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Abstract

BACKGROUND

The transforming growth factor B (TGFp) signaling pathway plays a crucial role in
the development of liver fibrosis by activating TGFp type II receptor (TGFBR2),
followed by the recruitment of TGFBR1 finally triggering downstream signaling
pathway.

AIM

To find drugs targeting TGFBR2 that inhibit TGFBR1/TGFBR2 complex formation,
theoretically inhibit TGFP signaling pathway, and thereby ameliorate liver
fibrosis.

METHODS

Food and Drug Administration-approved drugs were screened for binding
affinity with TGFBR2 by virtual molecular docking. We identified 6 candidates
and further explored their potential by Cell Counting Kit-8 (CCK-8) cell cytotoxic
experiment to validate toxicity and titrated the best cellular working concen-
trations. Next, we further demonstrated the detailed molecular working
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mechanisms using mutagenesis analysis. Finally, we used a mouse model to investigate its
potential anti-liver fibrosis effect.

RESULTS

We identified 6 drug candidates. Among these 6 drugs, dihydroergotamine (DHE) shows great
ability in reducing fibrotic gene expressions such as collagen, p-SMAD3, and a-SMA in TGFp
induced cellular model of liver fibrosis in LX-2 cells. Furthermore, we demonstrated that DHE
binds to TGFBR2. Moreover, mutation of Leu27, Phe30, Thr51, Ser52, 1le53, and Glu55 of TGFBR2
disrupted the binding of TGFBR2 with DHE. In addition, DHE significantly improved liver
fibrosis, as evidenced by Masson’s trichrome staining of liver sections. This is further supported by
the width and the velocity of the portal vein, and serum markers of liver function. In line with
those observations, DHE also decreased macrophages infiltration and extracellular matrix
deposition in the liver.

CONCLUSION
DHE alleviates liver fibrosis by binding to TGFBR2 thereby suppressing TGFp signaling pathway.
We show here that as far as drug repurposing, DHE has great potential to treat liver fibrosis.

Key Words: Liver fibrosis; Transforming growth factor § (TGFp) signaling pathway; TGFp type II receptor
(TGFBR2); Virtual screening; Drug-repurposing; Dihydroergotamine

©The Author(s) 2023. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: An effective and safe drug for treating liver fibrosis is urgently needed in current clinical
practice. Here, we investigated and discovered that dihydroergotamine (DHE) could alleviate liver fibrosis
by specific binding of transforming growth factor B type II receptor (TGFBR2) to disrupt the binding of
TGFBR2 with TGFB1, and ultimately suppressing its downstream TGFp signaling pathway. DHE may be
an effective anti-liver fibrosis drug, which could be employed in liver cirrhotic patients.
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INTRODUCTION

Liver fibrosis is the consequence of various chronic pathogenic factors[1], it is a dynamic process that is
characterized by an excessive accumulation of extracellular matrix[2]. Early liver fibrosis can be
reversed to a normal architecture by removal of underlying causes[2], but liver fibrosis could further
develop into cirrhosis without effective treatment[3]. Liver cirrhosis can be complicated by variceal
bleeding, hepatic encephalopathy, ascites, bacterial peritonitis, and hepatocellular carcinoma, which has
high mortality[4]. Liver cirrhosis can regress to early stage of disease, but it cannot be reversed to a
normal liver[5]. Therefore, it is very important to control the disease progression in the early reversible
stage of liver fibrosis.

Etiological treatment of liver fibrosis is most important and effective, such as antivirals, quitting
alcohol consumption, and weight loss[1]. However, effects of etiological treatment are limited and
insufficient, and difficult to prevent the development of liver fibrosis into cirrhosis. At present, liver
transplantation is a radical cure for cirrhosis but is associated with a high cost, organ shortages, and the
risk of immune rejection[6]. In addition, almost all current clinical trials targeting fibrosis are focused on
non-alcoholic steatohepatitis, specifically focusing on hepatic stellate cell (HSC) activation and/or
fibrogenesis[7]. However, there are still no approved antifibrotic therapies for liver fibrosis[7].
Therefore, it is urgent to develop new effective drugs.

Developing new drugs is a difficult, high-cost, and extremely low success rate procedure[8]. A good
strategy to address this problem is to investigate new indications of old drugs, a process called “drug
repurposing”[9]. Scientists have repurposed many old drugs such as propranolol[10], cimetidine[11],
sildenafil[12], and thalidomide[13]. Thus, drug repurposing is an attractive approach and has been
widely employed. Drugs that have been approved by Food and Drug Administration (FDA) have
passed preliminary clinical trials and are considered extremely safe. Therefore, FDA-approved drugs
may be good candidates for developing new indications. Molecular docking, a fast, efficient, and widely
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used technique in drug repurposing, is a computational strategy to predict binding sites between
ligands and targets based on their structures[9,14].

The activation of HSCs is considered the central effector of liver fibrosis[15]. There are many
associated signaling molecules, including transforming growth factor B (TGEp), platelet-derived growth
factor, and connective tissue growth factor[16]. The TGFp signaling pathway plays a crucial role in the
development of liver fibrosis[17]. A review paper illustrated that TGFp1 activates TGFp type II receptor
(TGFBR2), followed by the recruitment of TGFBR1. Afterward, TGFBR2 phosphorylates TGFBR1 thereby
triggering down-stream signaling pathway to regulate the expression of collagens and extracellular
matrix (ECM)[18]. Therefore, TGFBR2 is considered an important target for developing drugs against
liver fibrosis. Consistently, our group and others demonstrated that both inhibiting the expression of
TGFBR2 and exogenous extracellular domain of TGFBR2 supplement effectively alleviated liver fibrosis
[19,20].

In the current study, FDA-approved drugs were screened for binding affinity with the TGFBR2 by
virtual molecular docking. We used cellular and mouse models to investigate its potential anti-liver
fibrosis effect. In addition, by using mutagenesis analysis we further demonstrated detailed molecular
working mechanism.

MATERIALS AND METHODS

Molecular docking of FDA-approved drugs and TGFBR2

The structures of FDA-approved drugs were downloaded from the ZINC database (https://
zinc12.docking.org/). Then, the files of each small molecular structures were generated using Open
Babel GUI (3.1.1). The TGFPR2-TGFB1 complex (PDB: 3KFD) was downloaded from the Protein Data
Bank (https:/ /www.rcsb.org/). The TGFBR2 structure was derived from the TGFBR2-TGFp1 complex
using AutoDock Vina software (https:/ /vina.scripps.edu/). AutoDock Vina software was employed to
screen for the lowest energy complex among complexes of the extracellular TGFBR2 domain and the
FDA-approved drugs.

Cell culture and viability experiments

The human HSC line LX-2 was purchased from the BeNa Culture Collection (Beijing, China) and
cultured in Dulbecco’s modified Eagle medium (DMEM, Gibco, United States) with 10% fetal bovine
serum (FBS, Gibco, United States) at 37 °C in a 5% CO, atmosphere. LX-2 was activated by human
recombinant protein TGFB1 (5 ng/mL) for 24 h, followed by drug treatment for 24 h. The expression of
fibrosis-related genes was analyzed.

Cell Counting Kit-8 (CCK-8, Beyotime Biotechnology, Shanghai, China) test was used to test the
cytotoxicity of a series of working concentrations of the candidate drugs on LX-2 cell. After 24 h of
treatment, the CCK-8 solution was added to each well for an additional 1 h of incubation (37 °C in a 5%
CO, atmosphere). A microplate analyzer was used to measure the optical density of each well at 450 nm.
Cell vitality was expressed as a percentage of optical density between the treatment wells and the
negative control cells.

Determination of Kd value between TGFBR2 and dihydroergotamine

The Kd value of the small molecules and the TGFBR2 protein was measured using a microscale thermo-
phoresis (MST)-Nanotemper instrument (Nanotemper, Germany). Micro thermophoresis is the
directional movement of particles in the micro temperature gradient. The affinity is determined by
measuring the change of micro thermophoresis caused by the change of hydration layer (usually caused
by the change of biomolecular structure/conformation). First, 100 pL each of 10 pM TGFBR2 and
different concentrations of the small molecules (diluted from 400 pM stock) were prepared. Second, TGF
BR2 was labeled with a fluorescent dye and mixed with the small molecules. Third, fluorescence was
measured to assess the binding behavior of the small molecule-TGFBR2 complex.

Molecular dynamics simulation

Molecular dynamics simulations were performed using Gromacs 2020.1, in which a charm36-mar2019
force field was chosen. The TGFBR2 or TGFBR2-small molecule complex was solved with TIP3P water
and immersed in a dodecahedron box extending to at least 1 nm of the solvent on all sides. The system
was neutralized with Na* and CI- by adding 0.15 M NaCl. It was energy-minimized using the steepest
descent algorithm for 5000 steps and creating a maximum force of < 1000 kJ/mol/nm. After energy
minimization, the system was equilibrated with a constrained “number of particles, volume, and
temperature” (NVT) and “number of particles, pressure, and temperature” (NPT) running for 100 ps.
Through NVT and NPT equilibration, the system was well-equilibrated at 300 K and 1 bar. Finally, MD
simulations of the TGFBR2 or complex were carried out for 200 ns; trajectories were saved every 10 ps
for analysis. The Verlet cut-off scheme and a Leap-frog integrator with a step size of 2 fs were applied.
The modified Berendsen thermostat was used for temperature coupling, the Parrinello-Rahman barostat
was used for pressure coupling, and the Particle Mesh Ewald method was used to determine long-range
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electrostatic interactions.

The root-mean-square displacement (RMSD) and root-mean-square fluctuation (RMSF) of TGFpR2
and the complex were calculated using GROMACS 2020.1. The content of the secondary structure was
calculated using DSSP software. The last MD simulation frame of the complex was extracted using
GROMACS 2020.1. LigPlot+ software (https:/ /www.ebi.ac.uk/thornton-srv/software/LigPlus/) was
used to analyze the detailed interactions between the extracellular TGFBR2 domain and small molecule.
PyMOL (http:/ /www.pymol.org/) was used to prepare the structural images.

Production and purification of site-directed mutagenesis of TGFBR2

The binding sites of TGFBR2 and small molecule were established using the molecular docking results.
The amino acids at the binding sites were mutated to alanine whose nucleotide sequence was GCG. The
sequences of mutated extracellular TGFBR2 and a 6X His-tag were inserted into a pMAL-c5x plasmid
that was synthesized by GenScript Biotech Corporation.

The mutated plasmid was transformed into BL21 (DE3) bacteria and induced with 0.8 mmol/L IPTG
for 16 h at 28 °C. Then, bacteria were collected and resuspended in phosphate buffered saline (PBS). The
mutated TGFBR2 protein was purified by HisTrap FF affinity chromatography and eluted with PBS
containing gradient concentrations of imidazole. Finally, the eluted proteins were concentrated and the
imidazole was removed by dialysis.

CCl, injury mouse model

Six-week-old male C57BL/6N mice were purchased from Vital River Laboratory Animal Technology
Co. Ltd. to induce a liver fibrosis model. The animal protocol was designed to minimize pain or
discomfort to the animals. The animals were acclimatized to laboratory conditions (23 °C, 12 h/12 h
light/dark, 50% humidity, ad libitum access to food and water) for 2 wk prior to experimentation. After
being transferred to our institute, the animals were randomly and evenly divided into four groups
(eight mice per group) according to their body weight: Corn oil, carbon tetrachloride (CCl,), low-concen-
tration treatment, and high-concentration treatment groups. The same volume of CCl, (0.5 pL/g of body
weight, Sigma-Aldrich, St. Louis, MO, United States) and corn oil were intraperitoneally injected three
times a week to induce a liver fibrosis model and in control animals for four weeks, respectively.
Intragastric gavage administration was carried out with conscious animals, using straight gavage
needles appropriate for the animal size. Then, the small molecule aqueous solution and water was
administered orally once a day as treatment and control for eight weeks, respectively. All animals were
euthanized for tissue collection. All animal studies were performed following the National Institutes of
Health’s Guide for the Care and Use of Laboratory Animals and conducted with the approval of the
Institutional Animal Care and Use Committee of the Institute of Zoology, Chinese Academy of Sciences.

B-mode ultrasonography

Small-animal B-ultrasound was used to inspect the portal veins. A high-resolution ultrasound imaging
system (Vevo LAZR, VisualSonics, Canada) was used to measure the width and velocity of the portal
vein. Mice were fasted for 12 h and shaved before the ultrasonic examination. Then, the mice were fixed
on the platform and examined after being anesthetized with Avertin. After coating the mouse’s
abdomen with the coupling gel, the probe was used to inspect the mouse’s portal vein.

Masson’s trichrome staining

Mouse liver tissues were fixed in 4% paraformaldehyde, embedded in paraffin, and sectioned at 5 pm
thickness. Then, the liver paraffin-embedded tissue sections were stained with a Masson’s trichrome kit
(G1281, Solarbio, Beijing, China) and observed under a 10x objective lens. Masson’s trichrome staining is
used to distinguish collagen fibrosis from muscle fibers. Muscle fibers were stained red and collagen
fibrosis was stained green or blue. The collagen area was quantified using Image] 1.52a software. And
one liver section was taken from each mouse for analysis.

Western blot analysis

Total proteins were extracted from the LX-2 cells or liver tissues using radioimmunoprecipitation assay
lysis buffer (50 mmol/L Tris-HCI, pH 7.4; 1% NP-40; 0.25% sodium deoxycholate; 150 mmol/L NaCl;
and 1 mmol/L ethylene diamine tetraacetic acid (EDTA)) containing a protease and phosphatase
inhibitor mixture (Roche Diagnostics). The proteins were separated on 10% sodium dodecyl sulfate
(SDS) polyacrylamide gels and transferred onto polyvinylidene fluoride membranes (Millipore). After
blocking with 5% skim milk in Tris-buffered saline-Tween 20 (0.02 M Tris base, 0.1% Tween 20, 0.14 M
NaCl, pH 7.4) for 1 h, the membranes were incubated with primary antibodies overnight at 4 °C. The
membranes were then incubated with horseradish-peroxidase (HRP)-conjugated secondary antibodies
for 1 h at room temperature. Supplementary Table 1 lists the antibodies.

Real-time quantitative PCR (RT-PCR) analysis
Total RNA was extracted from the LX-2 cells or liver tissues using TRIzolTM Reagent (Thermo Fisher
Scientific, United States) according to the manufacturer’s instructions. Complementary DNA (cDNA)
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was obtained from the reverse-transcribed RNA using a high-capacity cDNA reverse-transcription kit
(Promega, United States). The relative expression of genes was analyzed by RT-PCR (Light Cycler 480,
Roche, Sweden) with SYBR Green Master Mix (Promega, United States). Supplementary Table 2 lists the
primer sequences.

Isolation of liver mononuclear cells and flow cytometry analysis

Liver mononuclear cells (MNCs), including Kupffer cells, were isolated from mouse liver tissues. Liver
samples were collected from mice under deep anesthesia. The liver samples were cut into pieces,
transferred into 5 mL of enzyme mix [RPMI 1640 containing 1 mg/mL collagen IV (Sigma) and 20 U/
mL DNase I (Roche, Burgess Hill, United Kingdom)], and digested in a water bath at 37 °C for 30 min.
RPMI 1640 containing 10% FBS was added to arrest the digestion. The digested mixture was filtered
through a 70 pm strainer, centrifuged at 4 °C for 10 min at 1000 x g, and the pellet was washed in PBS
twice. Liver immune cells were subsequently isolated using a 33% Percoll cell separation solution after
centrifuging for 25 min at 2200 x g at room temperature. The red blood cells were removed using a red
blood cell lysis buffer (YESEN, Shanghai, China). Finally, liver immune cells were counted and stained
with anti-F4/80 antibody eFluor® 450 (eBioscience, San Diego, CA), brilliant violet 510™-conjugated
anti-CD45 antibody (Biolegend, San Diego, CA), and percp-cyanine5.5-conjugated anti-CD11b antibody
(eBioscience, San Diego, CA), which were then filtered into flow tubes through a 0.45 pum strainer. The
result of flow cytometry was analyzed using a BD Fortessa instrument (BD, NY, United States).

Plasma biochemical markers

Mouse blood samples were collected from the tail vein, collected into EDTA-containing tubes, and
gently shaken. Plasma was collected after centrifuging at 3000 x g for 15 min at 4 °C. Plasma alanine
aminotransferase (ALT) and aspartate aminotransferase (AST) levels were measured using a
biochemistry analyzer (Cobas ¢ 501, Roche, Sweden).

Statistical analyses

Data are expressed as mean * standard error of the mean. The statistical significance between groups
was analyzed using one-way ANOVA test. Statistical significance was set at P < 0.05 and P < 0.05, P <
0.01, P <0.001, and P < 0.0001 were denoted as a, b, ¢, and d, respectively. GraphPad Prism software
was used to perform all statistical analyses.

RESULTS

The docking analysis of FDA-approved small molecule drugs and TGFBR2

AutoDock Vina software was employed to dock drugs with the extracellular domain of TGFBR2 and
output the complex structures. The complex and the binding sites of TGFPR2 and TGFp1 were shown
(Figure 1A), and the structure of TGFPR2 was split from the complex (Figure 1B). The binding affinity of
each FDA-approved drug was evaluated (Figure 1C). Among those, darifenacin, cyproheptadine,
lifitegrast, difenoxin, phenytoin, dihydroergotamine (DHE), naldemedine, and irinotecan showed
higher scores out of 1615 drugs (Figure 1C). Darifenacin is a competitive muscarinic M receptor
antagonist used to treat urinary frequency, urgency, and incontinence caused by bladder hyperstimu-
lation[21]. Cyproheptadine is an antihistamine used to treat allergies[22]. Lifitegrast is a small molecule
integrin inhibitor primarily used to treat symptoms and signs of dry eye[23]. Difenoxin is a human
metabolite of diphenoxylate, which is a derivative of pethidine and can be used to treat functional
diarrhea and chronic enteritis[24]. Phenytoin is an effective voltage-gated Na* channel blocker used to
treat epilepsy, neuralgia, and arrhythmia[25]. DHE is an adrenergic receptor antagonist used to treat
severe orthostatic hypotension, migraine, and headache[26], which can bind with various receptors.
DHE is also an agonist at 5-HT1B, 5-HT1D, and 5-HT1F receptors, but it also binds to 5-HT1A and 5-
HT2A receptors. Naldemedine is an opioid receptor antagonist used to treat non-cancerous pain and
opioid-induced constipation[27]. Irinotecan is a semi-synthesis of water-soluble camptothecin
derivatives used to treat advanced colorectal cancer and postoperative adjuvant chemotherapy[28]
(Table 1). All the above drugs were purchased from Selleck Chemicals, except for difenoxin and
naldemedine which are banned from purchase as they are under management control. Therefore, we
performed the following experiments using the rest 6 small molecule drugs.

Cytotoxicity of candidate drugs

To investigate the cytotoxicity of these drugs, LX-2 cells were treated with 20 uM of each candidate for
24 h. The results demonstrated that irinotecan and cyproheptadine were cytotoxic to LX-2 cells at this
concentration (Figure 1D). Therefore, irinotecan and cyproheptadine were regarded as cytotoxic drugs
and excluded from subsequent experiments. Next, to identify the best range of concentrations that
would not influence the viability of these cells, LX-2 cells were treated with different concentrations of
the remaining drugs for 24 h. The results demonstrated that neither lifitegrast nor phenytoin was
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Table 1 The drugs with the highest affinity of transforming growth factor p type Il receptor

Name ZINC_ID Affinity (kcal/mol) Indications

Darifenacin ZINC000001996117  -7.6 Urinary frequency, urgency, and incontinence caused by bladder hyperstimulation
Cyproheptadine ~ ZINC000000968264  -7.4 Allergy

Lifitegrast ZINC000084668739  -7.4 Symptoms and signs of dry eye

Difenoxin ZINC000000601317  -7.3 Functional diarrhea and chronic enteritis

Phenytoin ZINC000002510358  -7.3 Epilepsy, neuralgia, and arrhythmia

DHE ZINC000003978005  -7.3 Severe orthostatic hypotension, migraine, and headache

Naldemedine ZINC000100378061  -7.3 Non-cancerous pain and opioid induced constipation

Irinotecan ZINC000001612996  -7.3 Advanced colorectal cancer and postoperative adjuvant chemotherapy

DHE: Dihydroergotamine.
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cytotoxic to LX-2 cells when concentrations were up to 100 pM and 150 pM, respectively (Figure 1E and
F). Darifenacin and DHE were cytotoxic to LX-2 cells when concentrations were beyond 50 pM and 20
M, respectively (Figure 1G and H). Therefore, to avoid interference on fibrosis-related gene expression
due to the cytotoxicity of candidate drugs, lifitegrast and phenytoin concentrations below 100 pM and
darifenacin and DHE concentrations below 20 pM were used to treat LX-2 cells.

Anti-fibrotic effect of candidate drugs in cellular model

Increased expression of collagen and alpha-smooth muscle actin (a-SMA) are principal markers of HSC
activation[29]. LX-2 cells were treated with different concentrations of drugs for 24 h after TGFp1
stimulation. The results demonstrated that lifitegrast and phenytoin did not decrease the protein levels
of collagen IIT and a-SMA after TGFB1 stimulation (Figure 2A and B). Moreover, darifenacin did not
decrease the protein levels of collagen III, p-SMAD3, and a-SMA as much as DHE (Figure 2C and D).
Consistently, DHE significantly decreased the mRNA expression of collagen I alpha 1 (COL1A1),
collagen I alpha 2 (COL1A2), collagen III alpha 1 (COL3A1), and a-SMA compared with darifenacin
(Figure 2E and F). Taken together, DHE (PubChem CID: 10531) was the most effective small molecule
drug that suppressed the TGFp1 induced LX-2 activation.

The binding affinity of DHE to TGFBR2

We further verified the molecular docking result by MST-Nanotemper. The results demonstrated that
the fluorescence intensity of TGFBR2 changed gradually in proportion to the DHE concentration
(Figure 3A). The affinity is determined by measuring the change of micro thermophoresis caused by the
change of hydration layer, and results showed the binding affinity of DHE to TGFBR2 with a Kd value
of 17.64 pM.

Molecular dynamics simulation of DHE and TGFBR2

To identify the specific binding mode of DHE and TGFBR2, we used the complex structure obtained
from AutoDock vina to perform the molecular dynamics simulation with GROMACS 2020.1 software
for 200 ns. The results demonstrated that the RMSD of the backbone atoms of TGFBR2 and TGFp
R2[DHE in the simulation system reached equilibrium after 100 ns (Figure 3B). The RMSFs of the TGFp
R2 skeleton carbon atoms in the two simulated systems were almost identical (Figure 3C). The
secondary structural elements of TGFBR2 in the complex simulation were only slightly changed
(Figure 3D and Table 2). The coil and 3-helix components of TGFBR2 decreased in the complex
simulation system (Table 2). Finally, we extracted the simulated complex structure and analyzed the
amino acid sites of TGFBR2 bound to DHE by Ligplot+ software (Figure 3E and F). In conclusion, our
molecular dynamics simulations showed that the binding of DHE to TGFBR2 has little effect on the
structure of TGFBR2. We also obtained the binding sites of TGFPR2 to DHE by stimulations.

Leu27, Phe30, Thr51, Ser52, lle53, and Glu55 of TGFBR2 bind with DHE

Molecule docking demonstrated that Leu27, Phe30, Thr51, Ser52, 11e53, and Glu55 of TGFBR2 were
binding sites for DHE (Figure 3F). To verify these binding sites, we mutated the above-mentioned
amino acids to alanine. The DNA sequences of mutated extracellular TGFBR2 were synthesized
(Table 3) and the binding affinity was measured. The results demonstrated that the mutated TGFBR2 no
longer bound to DHE (Figure 3G). Thus, the above-mentioned binding sites of TGFBR2 predicted by
molecule docking were the exact binding sites of TGFPR2 and DHE, and this further verified the
binding of TGFPR2 and DHE. Therefore, we inferred that the binding of TGFp1 and TGFBR2 was
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Table 2 Content of secondary structural analysis from DSSP method

Structure Coil B-Sheet B-Bridge Bend Turn 3-Helix
TGEBR2 0.58 03 0.42 0.02 0.12 0.13
TGFBR2-DHE 0.56 03 0.42 0.02 0.12 0.12

TGFpR2: Transforming growth factor p type II receptor; DHE: Dihydroergotamine.

Table 3 DNA sequence of extracellular transforming growth factor B type Il receptor before and after mutation

Before mutation

After mutation

DNA sequence of ACGATCCCACCGCACGTTCAGAAGTCGGTTAATAACGACA ACGATCCCACCGCACGTTCAGAAGTCGGTTAATAACGACA
TGFBR2 TGATAGTCACTGACAACAACGGTGCAGTCAAGTTTCCACA TGATAGTCACTGACAACAACGGTGCAGTCAAGTTTCCACA

extracellular ACTGTGTAAATTTTGTGATGTGAGATTITTCCACCTGTGACA AGCGTGTAAAGCGTGTGATGTGAGATTTTCCACCTGTGACA
domain ACCAGAAATCCTGCATGAGCAACTGCAGCATCACCTCCA  ACCAGAAATCCTGCATGAGCAACTGCAGCATCGCGGCGG

TCTGTGAGAAGCCACAGGAAGTCTGTGTGGCTGTATGGA
GAAAGAATGACGAGAACATAACACTAGAGACAGTTTGCC
ATGACCCCAAGCTCCCCTACCATGACTTTATTCTGGAAGAT
GCTGCTTCTCCAAAGTGCATTATGAAGGAAAAAAAAAAGC
CTGGTGAGACTTTCTTCATGTGTTCCTGTAGCTCTGATGAG
TGCAATGACAACATCATCTTCTCAGAAGAATATAACACCA
GCAATCCTGACTTGTTGCTAGTCATATTTCAA

CGTGTGCGAAGCCACAGGAAGTCTGTGTGGCTGTATGGA
GAAAGAATGACGAGAACATAACACTAGAGACAGTTTGCC
ATGACCCCAAGCTCCCCTACCATGACTTTATTCTGGAAGAT
GCTGCTTCTCCAAAGTGCATTATGAAGGAAAAAAAAAAGC
CTGGTGAGACTTTCTTCATGTGTTCCTGTAGCTCTGATGAG
TGCAATGACAACATCATCTTCTCAGAAGAATATAACACCA
GCAATCCTGACTTGTTGCTAGTCATATTTCAA

TGFpR2: Transforming growth factor p type II receptor.

blocked by the binding of DHE and TGFBR?2, further preventing the TGFp signaling cascade.

DHE alleviated liver fibrosis in mouse

To explore whether DHE could alleviate fibrosis in vivo, we used two different concentrations of DHE
to treat a CCl,-induced mouse fibrosis model. Six-week-old C57BL/6N mice were intraperitoneally
injected three-time per week with CCl, and corn oil (control group) during the whole experimental
periods (Supplementary Figure 1). After four weeks, the mice intraperitoneally injected with CCl, were
randomly divided into three groups: CCl, and the 2 and 5 mg/kg DHE treatment groups. The aqueous
solution of DHE was orally gavaged to the mice in the treatment groups. For vehicle treatment, water
was provided by oral gavage to the mice in the corn oil and CCl, group (disease group).

It is well known that more serious the degree of liver fibrosis, the wider the portal vein and the
slower its velocity. The results demonstrated that the portal vein in the CCl, group was significantly
wider than that in the corn oil group. Interestingly, the width of the portal vein in the 2 mg/kg DHE
treatment group was significantly decreased (Figure 4A). Furthermore, the velocity of the portal vein in
the treatment groups was also improved (Figure 4B). After eight weeks of treatment, there were no
significant differences in body weight, liver weight, spleen weight, or the ratio of liver weight to body
weight among the four groups (Figure 4C and Supplementary Figure 2A). Gross liver specimens of the
CCl, group were paler and had a rough appearance. However, it was back to normal appearance by
DHE treatment compared to the CCl, group (Figure 4D). The level of plasma ALT of the CCl, group
mice was significantly higher than corn oil group. Whereas, DHE treatment significantly decreased the
level of ALT compared with CCl, group mice. In addition, the level of plasma AST was significantly
decreased after 2 mg/kg DHE treatment (Figure 4E). Collagen area were visualized by Masson’s
trichrome and quantified by using Image] 1.52a software. DHE treatment in both dosages significantly
reduced collagen accumulation compared with those of the CCl, group (Figure 4F and G). Taken
together, these results demonstrated that DHE significantly protected from liver fibrosis in CCl,-
induced mouse fibrosis model.

DHE decreased the liver macrophages infiltration and ECM deposition

The infiltration of macrophages reflects the severity of liver inflammation. To investigate the degree of
macrophages infiltration, the liver immune cells were extracted and labeled with CD45", F4/80*, and
CD11b* antibodies followed by flow-cytometric analysis. The results demonstrated that the DHE
treatment at both dosages significantly reduced proportion of CD11b* cells (Figure 5A and B, and
Supplementary Figure 2B-F). Consistent with the result of flow cytometry, the mRNA levels of tumor
necrosis factor alpha (TNFa) and F4/80 which are two important indicators of liver inflammation
significantly decreased upon DHE treatment (Figure 5C). On the other hand, the accumulation of ECM
is another important sign of liver fibrosis. The results demonstrated that the mRNA levels of COL1A1,
COL1A2, and a-SMA significantly decreased in the DHE treatment group more than those of the CCl,
group (Figure 5D). The mRNA levels of COL3A1 also decreased in the DHE treatment groups
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Figure 1 Screening Food and Drug Administration-approved drugs for binding to transforming growth factor B type Il receptor. A: The
combination of transforming growth factor 8 type Il receptor (TGFBR2) and transforming growth factor 3 1 (TGFB1); B: The structure of TGFBR2; C: The affinity of
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each Food and Drug Administration-approved drug and TGFBR2. The affinity of TGFBR2 and darifenacin, cyproheptadine, lifitegrast, difenoxin, phenytoin,
dihydroergotamine (DHE), naldemedine, and irinotecan was -7.6, -7.4, -7.4, -7.3, -7.3, -7.3, -7.3, and -7.3 kcal/mol, respectively; D: Cell viability of LX-2 treated with
20 pM of the drugs for 24 h (n = 5); E-H: Cell viability following LX-2 treatment with different concentrations of darifenacin, DHE, lifitegrast, and phenytoin for 24 h (n =
6). All data are presented as mean + standard error of the mean. One-way ANOVA test was performed. 2P < 0.05, °P < 0.01, °P < 0.001, and °P < 0.0001. TGF:
Transforming growth factor B; TGFBR: Transforming growth factor B receptor; DHE: Dihydroergotamine.
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Figure 2 Treatment inhibiting the activation of LX-2 cells. A and B: After LX-2 cell was activated with transforming growth factor p 1 (TGFB1) (5 ng/mL) for
24 h, different concentrations of lifitegrast and phenytoin were added for 24 h, and the protein levels of collagen Il and a-SMA were detected by western blot; C and
D: After LX-2 was activated with TGFB1 (5 ng/mL) for 24 h, different concentrations of darifenacin and dihydroergotamine (DHE) were added for further treatment for
24 h, and the protein levels of collagen Ill, a-SMA, and p-SMAD3 were detected by western blot; E: Real-time polymerase chain reaction (RT-PCR) was performed to
detect the expression of COL1A1, COL1A2, COL3A1, and a-SMA of LX-2 after different concentrations of darifenacin treatment (n = 6); F: RT-PCR was performed to
detect the expression of COL1A1, COL1A2, COL3A1, and a-SMA of LX-2 after different concentrations of DHE treatment (n = 5-6). All data are presented as means
+ standard error of the mean. One-way ANOVA test was performed. 2P < 0.05, °P < 0.01, °P < 0.001, and P < 0.0001. TGFp: Transforming growth factor ; TGFBR:
Transforming growth factor B receptor; DHE: Dihydroergotamine.

(Figure 5D). Meanwhile, the protein levels of a-SMA and p-SMAD3 were significantly decreased in the
DHE treatment group compared to those of the CCl, group (Figure 5E and F). Thus, we demonstrated
here that, DHE significantly decreased the liver macrophages infiltration and ECM deposition.

DISCUSSION

TGFp1 is regarded as the most potent fibrogenic cytokine, which activates TGFBR2, followed by the
recruitment of TGFBR1, therefore triggers HSC activation[30]. In the current study, we aimed to screen
drugs targeting TGFBR2 and further blocking TGFB down-stream signaling pathway from FDA-
approved small molecule library. Among these 6 candidate drugs, DHE significantly decreased the
protein and mRNA expression of fibrotic-related genes in LX-2 cells. The results of the affinity
experiment demonstrated that DHE binds with TGFBR2 at Leu27, Phe30, Thr51, Ser52, 11e53, and Glu55.
DHE also significantly alleviated liver fibrosis by decreasing macrophages infiltration and ECM
accumulation in CCl,-induced mouse fibrosis model. Thus, we demonstrate here for the first time that
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Figure 3 The binding affinity and sites of dihydroergotamine and transforming growth factor B type Il receptor. A: Transforming growth factor
type Il receptor (TGFBR2) bound to dihydroergotamine (DHE) with a Kd of 17.64 uM; B: Molecular dynamics simulation results of DHE and TGFBR2. Root-mean-
square deviation of TGFBR2 skeleton atom; C: Root-mean-square fluctuation of backbone Ca atoms of TGFBR2 skeleton atom; D: The secondary structure
components of TGFBR2 and complex simulation systems in 0-200 ns; E and F: The binding sites of DHE and TGFBR2; G: The binding affinity of TGFBR2 mutants
with DHE. TGFp: Transforming growth factor 3; TGFBR: Transforming growth factor 8 receptor; DHE: Dihydroergotamine.
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DHE, an anti-headache agent, is used in the treatment of liver fibrosis.

Developing a new drug needs more than a decade and significant investment[8]. Drug repurposing is
a potential tool to accelerate the drug discovery process, which has been employed to develop therapies
for coronavirus disease 2019[31], antimicrobials[32], and rare diseases[33]. The chemical structure of
DHE is similar to that of many natural neurotransmitters, including epinephrine, norepinephrine,
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Figure 4 Dihydroergotamine alleviated fibrosis in CCl,-induced liver fibrosis model mice. A: The width of the portal vein (left panel); portal vein
width of mice in each group (right panel, n = 7); B: The velocity of the portal vein (left panel); the velocity of mice in each group (right panel, n = 7); C: Body weight,
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liver weight, spleen weight, and liver weight/body weight of mice in each group (n = 6-8); D: Gross liver specimens of the mice in each group; E: An automated
biochemistry analyzer determined the enzymatic activities of serum levels of alanine aminotransferase and aspartate aminotransferase (n = 6-7); F: Masson’s
trichrome staining was performed on liver sections; G: Collagen area in Masson’s trichrome staining (n = 7-8). All data were presented as means + standard error of
the mean. One-way ANOVA test was performed. 2P < 0.05, °P < 0.01, °P < 0.001, and P < 0.0001. TGFB: Transforming growth factor p; TGFBR: Transforming
growth factor B receptor; DHE: Dihydroergotamine.
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Figure 5 Dihydroergotamine decreased the inflammatory infiltration of macrophages and extracellular matrix deposition in the liver. A and
B: The flow cytometric analysis of CD11b* cells (n = 6-8); C: The effects of dihydroergotamine (DHE) treatment on the mRNA expression levels of inflammation-related
genes (n = 6-8); D: The effects of DHE treatment on the mRNA expression levels of extracellular matrix-related genes (n = 6-8); E: The protein levels of p-SMAD3 and
a-SMA in liver tissues of mice in each group were detected by western blot (n = 3). All data are presented as means + standard error of the mean. One-way ANOVA
test was performed. P < 0.05, °P < 0.01, °P < 0.001, and °P < 0.0001. TGFp: Transforming growth factor ; TGFBR: Transforming growth factor p receptor; DHE:
Dihydroergotamine.

dopamine, and serotonin[26]. It can modulate noradrenergic, serotonergic, and dopaminergic
neurotransmission[34]. DHE is an adrenergic receptor antagonist used to treat severe orthostatic
hypotension, migraine, and headache[26], which can bind with various receptors. DHE is also an
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agonist of 5-HT1B, 5-HT1D, and 5-HT1F receptors, but it also binds to 5-HT1A and 5-HT2A receptors
[26]. In the current study, surprisingly, we found that DHE also bind with TGFBR2 at reasonable
affinity. Furthermore, we also identified specific binding sites by mutagenesis analysis. These results
imply that DHE not only specifically targets 5-HT, but also TGFBR2. It further highlights wide-spread
function of DHE in physiology/pathophysiology.

Continuous local and systemic inflammation aggravates liver injury, which is a critical factor in liver
fibrosis. The innate immune system plays a pivotal role from the onset to the end stage of chronic liver
disease[35]. Hepatic macrophages are considered as the first line of defense against pathogens, are a key
cellular determinant in the process of fibrosis[36]. Bone marrow monocyte-derived macrophages and
Kupffer cells are two distinct subsets of macrophages in the liver, which have been identified as key
regulators of liver inflammation and key to the progression or regression of liver fibrosis. Kupffer cells,
which are resident macrophages in liver tissue, exert anti-inflammatory effects[37]. Activated
macrophages produce large amounts of TGFpB, which activates HSC into myofibroblast-like cells and
synthesizes ECM[38]. This inflammatory response is also evident in the CCl,-induced mouse model,
especially in the increased number of macrophages in liver. Consistent with previous results, we also
found that the macrophages infiltration was significantly increased after CCl, treatment. We speculate
that, upon binding to TGFpR2, DHE prevents recruitment of TGFpR1 to TGFBR2, thereby inhibiting TGF
B down-stream signaling pathway. Consistently, F4/80 and TNFa mRNA expression also significantly
decreased upon DHE treatment. Taken together, DHE might reduce macrophages infiltration and
finally prevent liver inflammation.

Activated HSCs secreting ECM represent a critical event in development of liver fibrosis[37]. In the
fibrotic liver, type I and III collagens are deposited instead of laminins, type IV collagen, and
proteoglycans in the normal liver[17]. Various mechanisms of HSC activation have been postulated,
including TGFp/SMAD pathway, Notch, Wnt/B-catenin, Hedgehog, and Hippo signaling[16]. In the
current study, we revealed that DHE significantly reduced TGFp induced HSCs activation in LX-2
cellular model through specific blocking of TGFp signaling pathway. It explained clearly the significant
reduction of ECM by DHE treatment. Taken together, our data show that DHE alleviated liver fibrosis
by binding to TGFBR2, preventing the binding of TGFp1 and TGFBR2, and blocking TGFf1 signaling to
reduce liver inflammation.

CONCLUSION

Our study demonstrated that DHE alleviated liver fibrosis while decreasing inflammation-related gene
expression and HSC activation. The mechanism of its action is likely to be associated with decreased
macrophages infiltration and ECM accumulation. Considering that liver fibrosis can be reversed, DHE
might open-up new avenue to treat liver fibrosis in the future.

ARTICLE HIGHLIGHTS

Research background

The transforming growth factor B (TGFp) signaling pathway plays a crucial role in the development of
liver fibrosis by activating TGFp type II receptor (TGFBR2), followed by the recruitment of TGFBR1
finally triggering downstream signaling pathway.

Research motivation

TGFpBR2 is considered an important target for developing drugs against liver fibrosis. Previous studies
demonstrated that both inhibiting the expression of TGFBR2 and exogenous extracellular domain of
TGFBR2 supplement effectively alleviated liver fibrosis.

Research objectives

To find drugs targeting TGFPR2 that inhibit TGFpR1/TGFBR2 complex formation, theoretically inhibit
its downstream TGFp signaling pathway, and thereby ameliorate liver fibrosis, we screened drugs
approved by the Food and Drug Administration (FDA) to identify potential TGFBR2 blockers.

Research methods

FDA-approved drugs were screened for binding affinity with TGFBR2 by virtual molecular docking. We
identified 6 candidates and further explored their potential by Cell Counting Kit-8 cell cytotoxic
experiment to validate toxicity and titrated the best cellular working concentrations. Next, we further
demonstrated the detailed molecular working mechanisms using mutagenesis analysis. Finally, we used
a mouse model to investigate its potential anti-liver fibrosis effect.
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Research results

Dihydroergotamine (DHE) shows great ability in reducing fibrotic gene expressions such as collagen, p-
SMAD3, and a-SMA in TGFp induced cellular model of liver fibrosis in LX-2 cells. Furthermore, we
demonstrated that DHE binds to TGFBR2 with a Kd value of 17.64 pM. In addition, DHE significantly
improved liver fibrosis, as evidenced by Masson’s trichrome staining of liver sections, the width and the
velocity of the portal vein, and serum markers of liver function. In line with those observations, DHE
also decreased macrophages infiltration and extracellular matrix deposition in the liver.

Research conclusions

DHE could alleviate liver fibrosis by binding to TGFPR2 thereby suppressing its downstream TGFp
signaling pathway. We show here that as far as drug repurposing, DHE has great potential to treat liver
fibrosis.

Research perspectives

Considering that liver fibrosis can be reversed, DHE might open-up new avenue to treat liver fibrosis in
the future.
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