Acta Pharmaceutica Sinica B 2025;15(4):2059—2076

Chinese Pharmaceutical Association
Institute of Materia Medica, Chinese Academy of Medical Sciences

Acta Pharmaceutica Sinica B

www.elsevier.com/locate/apsb
www.sciencedirect.com

ORIGINAL ARTICLE

Taxifolin attenuates liver fibrosis by regulating =
the phosphorylation of NDRG1 at Thr328 via
hepatocyte-stellate cell cross talk

Chuan Ding™"™', Zeping Wang", Kao Shi™', Sunan Li", Xinyue Dou",
Yan Ningb, Gang Chengb, Qiao Yangb, Xianan Sangb,
Mengyun Peng”, Qiang Lyu”, Lu Wang®, Xin Han®"", Gang Cao™""

“The First Affiliated Hospital of Zhejiang Chinese Medical University, Hangzhou 310000, China
®School of Pharmacy, Zhejiang Chinese Medical University, Hangzhou 310053, China

Received 4 July 2024; received in revised form 29 December 2024; accepted 3 January 2025

KEY WORDS Abstract  Taxifolin (TAX) is a natural compound known for its liver protection effect, but the mecha-
nism remains unknown. Phosphorylated proteomics analyses discovered that the phosphorylation level of

E?j;f"éf;osis_ NDRGI at T328 was a key event of TAX-improved liver fibrosis. We established models with NDRG1
pNDRGlng; knockout (KO) in vivo and in vitro, demonstrating that NDRG1 KO attenuated the development of hepa-
Hepatocyte; tocyte injury, and combining NDRG1 KO and TAX administration did not result in a reduction in pro-
Liver injury; tection against liver injury. Cellular thermal shift assay and surface plasma resonance analysis showed
HSCs; that TAX directly binds to NDRGI rather than its upstream kinase, subsequently demonstrating that
Cross-talk; TAX regulated phosphorylation of NDRG1 at T328 through binding to its C289 site. NDRG1 T328A
Proteomics (phosphorylated mutation) and T328E (mimic phosphorylation) in vivo and in vitro confirmed that

pNDRG1 13,5 exacerbates hepatocyte injury along with DNA damage, inflammatory response, and
apoptosis, thereby contributing to hepatic stellate cells (HSCs) activation. In contrast, TAX can inhibit
the above pathological abnormalities and block hepatocyte injury-triggered HSCs activation and fibrosis.
Overall, TAX is a potent liver protection drug primarily targeting NDRG1 and inhibiting pPNDRG 11355 in
hepatocytes.
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1. Introduction

Liver fibrosis, characterized by extracellular matrix buildup, is a
reversible wound-healing response to liver injury'~. If not treated,
it significantly contributes to long-term morbidity and mortality in
patients with chronic liver diseases, such as cirrhosis or hepato-
cellular carcinoma®. Research into pathophysiological factors
underlying liver fibrosis has advanced, mainly related mechanisms
and signaling pathways>®, but has not been fully translated into
treatments. Moreover, few drugs for liver fibrosis have been
approved by the Food and Drug Administration. Therefore, novel
therapeutic strategies and adequate drug preparations for liver
fibrosis are urgently needed.

Taxifolin (TAX), or dihydroquercetin, is a natural bioflavo-
noid’ compound with antioxidative, anti-inflammatory, and hep-
atoprotective properties®®. It has been used as a dietary
supplement because of its pharmacological properties and non-
toxicity'®!". TAX affects brain activity and alleviates mental fa-
tigue in healthy young people'?. It has been included in the Food
and Drug Administration-approved list and is mainly used as an
antiviral agent or liver protective'®. It can ameliorate hepatocel-
lular injury by inhibiting inflammation and hepatocyte regenera-
tion and modulating the phosphatidylinositol 3-kinase (PI3K)/
RAC-beta serine/threonine-protein  kinase (AKT) signaling
pathway'*. TAX reduces malondialdehyde levels by increasing the
activity of antioxidant enzymes, thus ameliorating CCly-induced
acute liver injury'>. TAX has potential therapeutic effects on liver
steatosis and even fibrosis induced by obesity'>. However, few
studies on TAX in liver fibrosis have been conducted, and the
possible mechanisms underlying the therapeutic effects of TAX on
liver fibrosis have not been comprehensively elucidated.

Post-translational modifications (PTM) are processes where
chemical adducts covalently bind to the amino acid side chains or C
or N terminals of proteins and are often accompanied by changes in
protein conformation and properties'®!”. PTM plays a critical role
in regulating various physiological and pathological processes,
providing insights into the mechanisms of liver diseases'®. Phos-
phorylation, the most common form of PTM in the liver, enables
cells to respond quickly to stimuli, regulates signal transduction and
subcellular activity effectively, and stabilizes a range of vital sub-
strates'®. During phosphorylation, interactions between kinases and
phosphatases lead to rapidly adding and removing phosphates,
facilitating precise control over signaling events”®?'. N-myc
downstream regulated 1 (NDRG1) belongs to the NDRG family,
is a substrate of the kinase serum/glucocorticoid regulated kinase 1
(SGK1), and its expression is upregulated by a stress response>>.
Unlike other NDRG proteins, NDRG1 has a unique three-tandem
(GTRSRSHTSE) repeat sequence with a phosphophosphoramic
acid attachment site near its C terminal®. Its phosphorylation,
including Thr346/356/366/328, is critical in multiple physiological
functions®*?°. NDRG1 knockdown can attenuate the expression of
adhesion molecules and cytokines induced by interleukin-18 and
tumor necrosis factor-a. Hence, NDRGI is a potential target for
alleviating inflammatory responses>’. Therefore, exploring the sites
of NDRG1 phosphorylation and its mechanisms is crucial for

managing inflammation-related diseases. Whether phosphorylation
modifications are involved in the anti-fibrosis effect of TAX is
unclear.

In the present study, we used phosphorylated proteomics com-
bined with a 4D label-free proteomics technology to screen
differentially expressed phosphorylated proteins and their sites in
our established liver fibrosis mice with TAX intervention. We found
that pPNDRGl1t3,g, rather than Thr346/356/366, was significantly
elevated in liver fibrosis and inhibited after TAX administration.
Due to these, we identified pNDRG1 35 as a core event of TAX-
improved liver fibrosis. However, the phosphorylation of NDRG1
at Thr 328 and its mediated activity in diseases, especially liver
fibrosis, has been little studied. The present study preliminary found
that pPNDRG1 3,5 enhanced NDRGI activity, and TAX intervention
reduced the phosphorylation level of NDRGI1. Therefore, starting
from the biological process mediated by NDRGI, the present study
will explore the role of pNDRGl 3¢ in liver fibrosis and the
intervention mechanism of TAX, aiming to propose a novel drug
treatment strategy for the liver.

2. Materials and methods

2.1. Reagents and antibodies

TAX was purchased from Chengdu DeSiTe Biological Technol-
ogy and labeled by biotin in Hwayen Biotechnologies. Recom-
binant Human Transforming growth factor-3 (TGEG) 1 (100-21)
was obtained from PeproTech, and lipopolysaccharide (LPS) was
purchased from Sigma—Aldrich. Dulbecco’s modified Eagle’s
medium (DMEM) and fetal bovine serum (FBS) were purchased
from GIBCO. Complete protease and PhosSTOP inhibitors were
purchased from Roche. Other reagents were purchased from
Beyotime Biotechnology.

The following antibodies were used: NOD-like receptor family
pyrin domain containing 3 (NLRP3) (cs15101), Akt (cs4691),
p-PI3K  (cs17366), Caspasel (cs24232), SGKI (ab32374),
NDRGI1 (ab124689), Desmin (ab8592), a-smooth muscle actin
(a-SMA) (ab7817), PI3K (67071-1-1g), p-AKT (Ser473) (66444-
1-1g), F4/80, Mouse EGF-like module-containing mucin-like
hormone receptor-like 1 (F4/80) (28463-1-AP), Collagenl
(14695-1-AP), Fibronectin (FN1) (BA1772), Caspase8 (d35G2),
TGF-£1 (ab179695), Caspase9 (10380-1-AP), mammalian target
of rapamycin (mTOR) (7C10) (cs2983), p-mTOR (PAB36313),
Caspase3 (ab179517), SOD2 (24127-1-AP), GAPDH (GB11002),
DYKDDDK tag (20543-1-AP), PRKACB (12232-1-AP), AKT2
(17609-1-AP), PRKX (16651-1-AP), PDK1 (ab202468), and HA
tag (ab236632). In addition, we synthesized antibodies to the
specific phosphorylation of NDRG1 at the Thr328 position at
Proteintech for subsequent experiments.

2.2.  Animal experiments

Male BALB/c mice (20—22 g, 6—8 weeks) were purchased from
Charles River in Zhejiang and housed in the Experimental Animal
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Center of Zhejiang Medical University (Hangzhou, China). The
environment had a temperature of 22—24 °C, humidity of 40%—
60%, and a 12 h light/12 h dark cycle. All the mice had free access
to water and food. All animal experiments were approved by the
Animal Research Committee of Zhejiang Medical University (No.
TACUC-20231016-13).

After adaption, the mice were exposed to one of two different
regimens for liver injury modeling. (i) For CCly-induced
acute liver injury, the mice were randomly divided into six
groups (six mice per group): control group, TAX alone groups
(100 mg/kg), CCly group, and three CCl, plus TAX groups (25,
50, or 100 mg/kg). Specifically, the mice in the TAX groups were
treated with TAX for 1 week before CCly injection. The mice in
the CCl, group were given a single subcutaneous injection of 40%
CCl, (diluted in olive oil) at a 6 mL/kg dose. The mice in the
normal and TAX alone groups received an equal dose of olive oil
solution. All the mice were killed 48 h after CCl, injection. (ii)
For CCly-induced chronic liver injury, the mice were randomly
divided into six groups (six mice per group): control group, TAX
alone groups (100 mg/kg), CCl, group, and three CCl, plus TAX
groups (25, 50, or 100 mg/kg). Briefly, to establish liver fibrosis,
the mice in the CCl, groups were injected with 40% CCly (diluted
in olive oil) intraperitoneally at a dose of 3 mL/kg body weight
twice a week for 8 weeks. The mice in the TAX groups were
treated with TAX at different doses. The animals were sacrificed
9 h after the last TAX administration. All the mice in the two
regimens were treated with carotid artery catheterization under
anesthetization with isoflurane, and then blood was collected.
Finally, the entire liver was obtained and stored in a refrigerator at
—80 °C for subsequent experiments.

Liver-specific NDRG1 KO male mice were obtained using
CRISPR/Cas9-based adeno-associated virus-8 (AAV-8; catalog
GV487, GeneChem Technologies, sgRNA: CATGCCGATGTC
GTGATACGT). The establishment of NDRGI KO mice was
confirmed by PCR or Western blot analysis. For overexpression,
NDRGI1-KO  mice were injected with Ad-NDRGI
(NM_008681.2), Ad-NDRG1 (T328E) (NM_008681), or
Ad-NDRG1 (T328A, NM_008681; catalog GV651, GeneChem
Technologies) through the tail vein. After recovery, mice were
pretreated with TAX (100 mg/kg) for 1 week, followed by a single
injection of 40% CCly (diluted in olive oil) at a 6 mL/kg dose. All
mice were killed at 48 h after CCly injection with carotid artery
catheterization under anesthesia. Finally, blood and liver were
collected for subsequent experiments.

2.3.  Cell culture and treatment

The 293T cell line was obtained from the American Type Culture
Collection. Mouse AML12, rat HSC-T6, and human LX2 cells
were obtained from Procell Life Science & Technology Co., Ltd.
The cells were cultured in DMEM with 10% FBS and 1% peni-
cillin/streptomycin; AML12 cells were cultured in DMEM-F/12
supplemented with 10% FBS, 40 ng/mL dexamethasone, 1% P/S,
and 1% insulin—transferrin—selenium. All the cells were main-
tained in a humidified incubator with 37 °C and 5% CO.. For the
pharmacodynamic evaluation of TAX, HSC-T6 and human he-
patic stellate cells (LX-2) were activated by TGFg (10 ng/mL),
and AMLI12 cells were induced by LPS (1 pg/mL). All the cells
were treated with TAX (5, 25, and 125 pumol/L) for 24 h and
pharmacodynamically tested.

To achieve stable NDRG1 KO cell lines, we used CRISPR/
Cas9 technology on AMLI12. Single-guide RNA (sgRNA) with a
sequence of ACATGACGTGGACCTCGCTG was designed to
target NDRG1 using the CRISPR design tool (http://chopchop.
cbu.uib.no/). Specifically, the Cas9-sgRNA plasmids and the
packaging vectors psPAX2 and pMD2.G were added to 293T cells
using linear polyethylenimine (MW 40,000, Yeasen Biotech-
nology) according to the manufacturer’s protocols. The DNA-lipid
complex medium was removed and replaced with a standard
medium 6—8 h after transfection. After the virus was harvested at
48 and 72 h, the AML12 cells were treated with virus filtrated with
0.45 mm polybrene (16 pg) for 24 h. For overexpression, the cells
transfected with Ad-NDRGI1, Ad-NDRGI1 (T328E), or Ad-
NDRGI (T328A; catalog GV492, GeneChem Technologies) using
lentiviruses together with HiTransG P according to the protocols.
All the cells were screened with puromycin (1 pg/mL) for stable
NDRG1 KO or overexpression cell lines.

2.4.  4D-label free phospho-proteomics

The livers of normal and fibrosis mice were ultrasonically ho-
mogenized using a lysis buffer. After quantification, the protein
lysate was treated with trypsin digest and made into peptide
fragments. The obtained peptides were enriched, modified,
desalted, and vacuum drained for mass spectrometry detection.
Specifically, the peptides were dissolved by liquid chromatog-
raphy. Mobile phase A contained a water solution composed of
0.1% formic acid and 2% acetonitrile and was separated by a
NanoElute ultrahigh-performance liquid phase system. Mobile
phase B contained 100% acetonitrile and 0.1% formic acid. The
liquid phase gradient was as follows: 0—74 min, 2%—22% B;
74—80 min, 22%—35% B; 80—85 min, 35%—80% B; 85—90 min,
80% B. The flow rate was maintained at 450 nL/min. The peptides
were separated by the ultrahigh-performance liquid phase system,
injected into the Capillary ion source for ionization, and then
analyzed by timsTOF Pro mass spectrometry. The ion source
voltage was set at 1.75 kV, and the parent ion of the peptide
segment and its secondary fragments were detected and analyzed
using high-resolution TOF. The secondary mass spectrometry
scanning range was set at m/z 400—1500. The parallel cumulative
serial fragmentation mode was the data acquisition mode.

2.5.  Histological staining and immunofluorescence analyses

Liver samples fixed in 10% neutral formalin were dehydrated and
embedded in paraffin, and 5 pm-thick sections were prepared and
stained with HE, Masson, and Sirius red after dewaxing and hy-
dration. The sections were finally captured on camera with a Zeiss
microscope.

For immunofluorescence, liver samples stored at —80 °C were
embedded in the SAKURA Tissue-Tek O.C.T. compound and
frozen. The immunofluorescence of tissues or cells was observed
according to previous protocols. The samples were fixed with 4%
paraformaldehyde, washed with phosphate balanced solution
(PBS) three times, permeabilized with 0.3% Triton on ice, and
blocked with 5% goat serum. Then, the samples were coincubated
with the primary antibody at 4 °C overnight. The sample was
washed with PBS and reacted with corresponding secondary an-
tibodies, finally blocked with a DAPI-containing anti-fluorescence
quencher, and quantified using Image J.
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2.6.  Western blotting

The proteins were extracted with RIPA buffer supplemented with
1% phenylmethanesulfonyl fluoride, and protein concentration
was determined with a BCA assay kit. The treated proteins were
separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) and transferred to a polyvinylidene fluoride
membrane. The transferred membrane was blocked with 5%
nonfat milk powder for 1 h. After blocking, membranes were
added and incubated overnight at 4 °C. Then, the membrane was
incubated with horseradish peroxidase-conjugated secondary
antibody. After washing, the membranes were observed using
BeyoECL Moon (Beyotime, Nanjing, China) and imaged by a
Tanon-5200 apparatus (Tanon, Shanghai, China). The bands were
quantified by ImageJ (from the National Institutes of Health).

2.7.  Real-time PCR

Total RNA was extracted from mice by using a TRIzol reagent
(Beyotime, Nanjing, China), and total RNA from cells was ob-
tained through FastPure Cell/Tissue Total RNA Isolation Kit V2
(Vazyme, Nanjing, China) under an RNase-free condition. After
quantification with NanoDrop, cDNA was synthesized using a
cDNA synthesis kit (Yifiexue Biotechnology, Nanjing, China).
The RT-PCR experiments were performed on a CFX96 real-time
system (Bio-Rad, CA, USA) with MonAmp SYBR Green qPCR
SuperMix (Monad, Shanghai, China). A qPCR reaction system
was prepared according to the 2 x SYBR Green Fast qPCR
Master Mix Kit (Yifiexue Biotechnology, Nanjing, China) and was
performed on LightCycler 96 Instrument (Roche, Swiss Confed-
eration). All measured values were normalized with (-actin/
GAPDH according to the 27*%CT method. These primers are
listed in Supporting Information Table S1.

2.8.  Co-immunoprecipitation (CO-IP) and pull down

The cells were lysed for 25 min in ice-cold lysate buffer (P0O013;
Beyotime) containing a protease inhibitor cocktail (Roche) and
Phos-stop (Roche). The lysates were incubated with the specified
antibody beads for 8 h at 4 °C and washed three times with NP-40
to remove any remaining insoluble material. Western blotting was
used to examine the beads after they were boiled in 2 x loading
buffers. Bead-bound proteins from AMLI2 NDRGI1 over-
expression mutant cell lysates were separated by SDS-PAGE
and visualized by BeyoECL Moon after overnight incubation with
biotin or biotin-TAX beads in the absence or presence of unla-
beled TAX at 4 °C.

2.9.  Targets identification of TAX by small-molecule pull-down

Recombinant human NDRGI protein (ab87685) was incubated
with or without TAX overnight and separated by SDS-PAGE. The
gel bands were digested with trypsin, and peptides were extracted.
The peptides were lyophilized by vacuum centrifugation, resus-
pended in 0.1% formic acid-water solution, desalted using Mon-
ospin C18 column (GL Sciences, Inc.), and performed on a nano-
HPLC chromatography system (NanoElute, Bruker Daltonics)
connected to a hybrid trapped ion mobility spectrometry quadru-
pole time-of-flight mass spectrometer (TIMS-TOF Pro2, Bruker
Daltonics) via a CaptiveSpray nano-electrospray ion source. The
protein-containing band in the gel was excised, subjected to in-gel
digestion, and analyzed by LC—MS/MS. For MS analysis, survey

full-scan MS spectra (m/z 100—1700) were obtained in positive
electrospray mode. Data were searched against NDRG1 (Uniprot
ID: Q92597), and the modification site was determined using
Fragpipe (v20.0) for protein or peptide identification.

2.10.  Invitro SGKI kinase activity assay

HA-tagged SGKI1 plasmids were purchased from Tsingke
(Hangzhou, China) and transfected into 293T cells with Lip-
ofectamine 3000 according to protocols (ThermoFisher Scientific,
Rockford, IL, USA). Immunoprecipitation with tag antibody was
used to purify NDRG1 and SGK1 from AML12 and 293T cells,
respectively. Immunoprecipitated NDRGI1-Flag product was
incubated with SGK1-HA protein in the kinase buffer (20 mmol/L
Tris—HCI, pH 7.5, 5 mmol/L MgCl,, 1 mmol/L EGTA, and 0.03%
Brij-35, 0.2 mg/mL BSA) containing 20 pmol/L. ATP for 1 h at
30 °C in the absence or presence of TAX. Reactions were
terminated by adding 2 x loading buffer and analyzed with
Western blot.

2.11.  Surface plasmon resonance analysis (SPR)

The interactions of TAX with NDRGI1, AKT3, and SGK1 were
investigated using SPR (Nicoya Lifescience, Waterloo, Canada).
Recombinant NDRG1 and SGK1 were coupled onto a Sensor
Chip COOH (Nicoya Lifescience, Waterloo, Canada). To validate
the affinity between TAX and SGKI1 or AKT3, we injected
0—1 mmol/L TAX to pass over the sensor chip at a constant flow
rate of 20 pL/min in the running buffer (1% DMSO PBS). The
experiment was conducted at 25 °C, and all concentrations were
measured in triplicate. The analysis software used in this experi-
ment is TraceDrawer (Ridgeview Instruments ab, Sweden), and
the one-to-one analysis model was used.

2.12.  Cellular thermal shift assay (CETSA)

LX-2 cells were resuspended in HBSS solution supplementing a
protease inhibitor cocktail (Roche), subjected to three
freeze—thaw cycles in liquid nitrogen, and physically lysed. The
protein supernatant was incubated and placed with TAX on ice for
3 min; the reaction was set at different temperatures or concen-
tration gradients for 3 min. The protein—TAX mixture was
centrifuged at 4 °C at 12,000 rpm with a high-speed centrifuge
(18R, Dynamica VELOCITY, AU) for 20 min, and the supernatant
was collected for subsequent Western blotting.

2.13.  Flow cytometry

Cells were spread in a six-well plate at 3 x 10° cells/mL. After the
cells adhered, they were treated with LPS with or without TAX for
24 h, digested with trypsin, centrifuged at 1500 rpm for 5 min, and
rinsed with PBS twice. For flow cytometry, the cells were resus-
pended with binding buffer, reacted with annexin V-FITC at room
temperature, protected from light for 15 min, mixed with binding
buffer, transferred to the flow cytometry system, and detected by
BD flow cytometry within 1 h.

2.14.  TdT-mediated dUTP nick end labeling (TUNEL)
Tissue sections were fixed with 4% paraformaldehyde for 45 min.

Subsequently, the tissue sections were washed 2 times with PBS or
HBSS for 10 min each time. After washing, 0.3% Triton X-100 in
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PBS was added and incubated for 5 min at room temperature.
Prepare the appropriate amount of TUNEL assay solution ac-
cording to the ratio of TdT enzyme: fluorescent labeling solution:
TUNEL assay solution was evenly mixed at 1:5:10 ratio, 50 pL of
TUNEL test solution was added to one sample, and incubated at
37 °C for 60 min away from light. At the end of incubation, the
samples were washed 3 times with PBS. Finally, the samples were
sealed with an anti-fluorescence quenching sealing solution and
observed under a fluorescence microscope. The excitation wave-
length of the assay is 550 nm, and the emission wavelength is
570 nm (red fluorescence).

2.15.  Computational docking modeling

The structure of NDRG1 (PDB ID: 6ZMM)28 was obtained from
the RCSB Protein Data Bank (https://www.rcsb.org/structure/
6ZMM). The protein was prepared using Protein Preparation
Wizard in Maestro v11.7. Preparation involved removing water
molecules and restrained minimization to generate the lowest
energy structure at neutral pH while retaining critical amino acids.
TAX was prepared using LigPrep in the Schrodinger suite. The
OPLS3 force field was used with the following parameters: gen-
eration of all possible ionization states at pH 7.0 £ 2.0, desalting,
generation of tautomers for all conformers, and retention of one
low-energy conformer. Induced-fit docking of NDRG1 and TAX
was performed using Glide v8.0 (SP) and Prime v5.3 in Schro-
dinger Release 2017-1 Induced Fit Docking (Schrodinger, LLC,
NY, USA). A grid box was generated centered on residues
Cys289. Missing segments in the NDRGI structure were modeled
with AlphaFold before docking.

2.16.  Computational MD simulation

After docking, the protein—ligand complex was solvated in a
truncated octahedron box of TIP3P water molecules with a buffer
distance of 15 A. Ionizable residues were protonated at pH 7 using
the Protein Preparation Wizard in Maestro. Sodium or chloride
counterions were added to neutralize the system. Molecular dy-
namics simulations were performed for 200 ns using Desmond at a
temperature of 300 K and pressure of 1 bar. The OPLS3 force field
was applied with a 2 fs time step. Long-range electrostatic in-
teractions were treated with the particle-mesh Ewald method
using a cutoff of 9 A. Bond lengths to hydrogen atoms were
constrained with M-SHAKE. Conformations were saved every
100 ps for analysis. Root means square deviation (RMSD) of the
protein backbone atoms, and TAX was calculated to assess the
equilibration and stability of the simulation. Protein—ligand con-
tacts and hydrogen bonds were analyzed to understand binding
interactions throughout the trajectory.

2.17.  Transcriptome sequencing: RNA-Seq

T328A-NDRG1-KO AMLI12 and T328E-NDRG1-KO
AMLI12 cells were plated into 6-cm cell dishes, and the cell cul-
ture medium was discarded after the cell confluence reached
80%—90%; the cells were washed twice with PBS, and 1 mL of
Trizol lysate was added to each well, and the lysate was collected
into 1.5 mL. 5 x 10° cells were required for each group, and three
replicates were set up simultaneously. RNA was extracted and
quality checked by Majorbio Biotechnology Co. After the quality
of RNA passed the test, the library was constructed, and tran-
scriptome  sequencing was performed on the machine.

Differentially expressed genes were analyzed by DESeq?2, differ-
ential gene analysis was performed to obtain the differentially
expressed genes between the two groups, and the screening
thresholds were: [log2FC| > =0.585 & P value < 0.05.

2.18.  Statistical analysis

Data were presented as mean =+ standard deviation (SD). Stu-
dents’s -test (within two groups) and one-way ANOVA (more
than two groups) were performed using GraphPad Prism 7.0. A P
of <0.05 was considered statistically significant.

3. Results

3.1.  TAX inhibits the development of liver fibrogenesis

To comprehensively explore the therapeutic effectiveness of TAX
against liver fibrosis, we established a mouse model of hepatic
fibrosis triggered by CCly (Fig. 1A). Blood chemistry examination
revealed that the administration of TAX resulted in a notable
decrease in the concentrations of aspartate transaminase, aspartate
transaminase, and total bilirubin induced by CCly in mice, hence
demonstrating its efficacy in mitigating liver injury (Fig. 1B—D).
To comprehensively assess the anti-hepatic fibrosis effect of TAX,
we measured the activation indices of the HSCs and the significant
proteins associated with collagen deposition (Fig. 1E and F, H-J),
which were confirmed in vitro (Supporting Information
Fig. SIA—S1M). The visual analysis of the liver images revealed
that treatment with TAX reduced liver scarring and granularity
(Fig. 1G). The liver samples from the fibrosis model were sub-
jected to pathological staining. The amount of produced collagen
fibers considerably increased in the H&E-stained samples of the
model group. The fibers surrounded the clusters of hepatocytes
and formed pseudo-lobar structures, and the hepatocytes exhibited
eosinophilic and balloon-like structures. Treatment with TAX
alleviated these changes (Fig. 1G). To assess the collagen
composition in the liver tissue, we carried out experiments using
Masson and Sirius Red staining. The model group revealed
massive collagen accumulation, which diminished after TAX
treatment (Fig. 1G). Consistent with these findings, immunofluo-
rescence analysis of liver sections showed that TAX significantly
reduced the levels of a-SMA and collagen I. This effect was
indicated by decreased spots at positive places (Fig. 1G). TAX
administration effectively restored the equilibrium of extracellular
matrix production during the onset of liver fibrosis.

3.2. Phosphoproteome association with the proteome identifies
possible TAX targets for liver fibrogenesis

Phosphoproteomics research is essential for elucidating cellular
signaling pathways, disease etiology, and the pivotal role of
phosphorylated proteins in biological drug development®. We
analyzed liver proteins through proteomics using 4D label-free
phosphoproteome after normalization (Supporting Information
Fig. S2A). Phosphoproteome revealed substantial alterations in the
pathophysiology of hepatic fibrosis. Most phosphorylation modi-
fications increased, and the expression of some of these phos-
phorylations was inhibited by TAX administration (Fig. 2A—D).
By comparing phosphorylated proteins and phosphorylation sites,
we found that the phosphorylation of NDRGI at T328, S333, and
T346 was significantly increased. The M/N phosphorylation ratio
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Figure 1

TAX mitigates CCly-induced liver fibrosis. (A) Experimental procedure. i.p., intraperitoneal. i.h., subcutaneous. (B—D) The results of

serum biochemical indices in mice (including ALT, AST, and TBIL) (n = 6 per group). (E) Western blot detected the protein expression levels of
a-SMA and collagen I (n = 3 per group). (F, and H—J) RT-PCR assessed the mRNA (mRNA) expression levels of Acta2, Collal, Timpl, and
Mmpl3 (n = 6 per group). (G) Liver picture, Scale bar: 1 cm; H&E (Scale bar: 200 pm, Boxes: 40 pm), Masson (Scale bar: 200 pm, Boxes:
40 pm), and Sirius staining (Scale bar: 100 um, Boxes: 80 um) of liver tissues. Immunofluorescence analysis for «-SMA and collagen I in the liver
tissues (scale bar: 100 um), n = 3—6 per group. Bars indicate the mean + SD; “ means N vs. CCly, #Hp < 0.001; “*” means CCly vs.
CCl+TAX, *P < 0.05, **P < 0.01, ***P < 0.001; “ns” means no significant.

at T328 was 13.41, while the others were 3.332 and 2.151,
respectively. At the same time, TAX intervention could signifi-
cantly inhibit the phosphorylation levels at T328 and has no sig-
nificant effect on the phosphorylation of NDRG1 at S333 and
T346, suggesting that pNDRGI1T328 may be a core event of
TAX-improved liver fibrosis (pNDRGlt3y5; Fig. 2D—F)

(Supporting Information Table S2). To clarify the regulatory effect
of TAX on pNDRGl1r355, we analyzed the proteomic and phos-
phorylated proteomic data after the administration of TAX. The
results indicated that TAX inhibited the expression of this site
(Fig. 2E), indicating that the phosphorylation of pNDRG1t3,g is
involved in the pathogenesis of hepatic fibrogenesis and TAX
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Figure 2  Proteome and phosphoproteome reveal the potential mechanism of TAX anti-fibrosis. (A) Volcano plot analysis (n = 3 per group).
(B) Heatmap analysis (n = 3 per group). (C) Venn diagram analysis (n = 3 per group). (D) Volcano plot analysis (n = 3 per group).
(E) pNDRG 13,5 protein expression levels (n = 3 per group). Bars indicate the mean + SD; “# means N vs. CCly, P < 0.001; “*” means CCl,
vs. CCL4+TAX, ***P < 0.001; ns, not significant. (F) Cellular localization of pNDRGI1 3,5 in hepatocytes (ALB), mast cells (tryptase), and
macrophages (F4/80), n = 3—6 per group, respectively, Scale bar: 100 pm, Boxes: 40 um.
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Figure 3  TAX directly targets NDRGI1. (A—C) Validation of TAX regulation on pNDRGI in liver fibrosis/AMLI12 cells/liver injury models
(n = 3 per group). (D) In vitro kinase assay (n = 3 per group). (E) CO-IP assay (n = 3 per group). (F) SPR. (G) CETSA evaluated the effect of
TAX on the stability of NDRGI at different temperatures (37—64 °C) (n = 3 per group). (H) CETSA evaluated the effect of TAX on the stability
of SGK1 with the temperature increase (37—64 °C) (n = 3 per group). (I) CETSA evaluated the effect of TAX at different concentrations on the
stability of NDRGI at 37, 52 and 55 °C (n = 3 per group). (J) CETSA evaluated the effect of TAX at different concentrations on the stability of
SGKI at 37, 52 and 55 °C (n = 3 per group). (K, L) Hot melt curves based on the relative expression of NDRG1/SGK1 with the increase of
temperature (37—64 °C). (M, N) Hot melt curves based on the relative expression of NDRG1/SGKI1 treatment with TAX at different concen-
trations at 37, 52 and 55 °C. The curve was fitted using GraphPad Prism 7.0.
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Figure 4 TAX inhibits hepatocytes injury induced HSCs activation. (A) NDRGI protein-related functions. (B) Immunofluorescence for
HMGBI (Scale bar: 40 um), pNDRG 11355 (Scale bar: 40 pm), and y-H2AX (Scale bar: 100 pm) and flow cytometry (Scale bar, 20 and 50 pm),
n = 3—06 per group. (C, D) Western blot detected the expressions of inflammatory factors, HMGB1, and apoptotic factors in damaged hepatocytes
(n = 3 per group). (E—K) The mRNA expression of inflammatory factors, Hmgbl, and apoptotic factors in damaged hepatocytes (n = 6 per
group). (L) Diagram of co-culture of hepatocytes and hepatic stellate cells. (M) Protein expression of a-SMA and collagen I in LX-2 cells (n = 3
per group). Bars indicate the mean + SD; “ means N vs. LPS, " p < 0.001, P < 0.01; “*” means LPS vs. LPS + TAX, *P < 0.05,

#*p < 0.01, ***P < 0.001; ns, not significant.

exerts effects against liver fibrosis by targeting this site. Consid-
ering that HSCs are key cells in the pathogenesis of liver fibrosis,
and their activation is often used as a model of liver fibrosis
in vitro, we first detected the expressions of NDRGI1 and
PNDRGI1 13,5 in HSCs cells, including mouse hepatic stellate cells
(JS-1) and LX-2. We found that these protein expressions were
significantly reduced in activated HSCs (Fig. S2B and S2C). To

further clarify the function of this site in liver fibrosis, we per-
formed cellular localization of key cells and increased cells
involved in the development of liver fibrosis with pPNDRG11305.
The phosphorylation site was highly localized to the hepatocyte
marker albumin (ALB) but weakly localized to macrophages
(F4/80) and mast cells (tryptase; Fig. 2F). The expression of
pNDRG1 13,5 exhibited gradual reduction upon the administration
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Figure 5 NDRGI is a potential target for TAX to improve hepatocyte injury-triggered HSCs activation. (A) Experimental procedure. (B)
TUNEL stain, Scale bar: 100 pm (n = 3—6 per group). (C) The protein expressions of apoptosis factor in the liver (n = 3 per group). (D—F)
mRNA expressions of apoptosis factor in the liver (n = 6 per group). (G) The protein expression of inflammatory factors and HMGBI in the liver
(n = 3 per group). (H—J) mRNA expressions of inflammatory factors and Hmgb! in the liver (n = 6 per group). (K—M, O—Q) The mRNA
expression of inflammatory factors, Hmgbl and apoptotic factors (n = 6 per group). (N) The protein expression of inflammatory factors and
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of TAX, consistent with the findings of the phosphoproteomics
analysis (Fig. 2F), indicating that pNDRG1 3,3 may be involved
in the antifibrotic effect of TAX.

3.3.  TAX exerts dephosphorylation by directly targeting NDRG I

We validated pNDRGl1r355 in the livers of mice with hepatic
fibrosis and obtained results consistent with phosphoproteomics,
where pNDRGl 13,5 expression was markedly elevated at the
onset of hepatic fibrosis. By contrast, the phosphorylation of
NDRGT1 at the T328 site was inhibited after TAX administration
(Fig. 3A). Given that pNDRGI1 3,3 was localized in mouse he-
patocytes, we selected a mouse hepatocyte cell line
(AMLI12 cells). We stimulated AML12 cells using LPS, a classic
hepatocyte-injuried model, to observe the expression of
pNDRG1 13,8 with or without TAX administration’’. The results
are presented in Fig. 3B, which indicated an enormous spike in
pPNDRGI1 13,5 level after hepatocyte damage and subsequent in-
hibition by TAX. To investigate the role of pNDRGI1r3,g in he-
patocyte injury, we established a mouse model of acute liver
injury (Supporting Information Fig. S3A). Serum biochemical
indices and H&E staining showed that intervention with TAX
reduced hepatocellular damage and shrunk the lesion area after the
onset of acute liver injury (Fig. S3B—S3D). Notably, an abnormal
increase in pPNDRG1 3,4 level was also demonstrated in the acute
liver injury model. After TAX treatment, the expression of this
phosphorylation site decreased with the degree of liver injury
(Fig. 3C). Considering the relationship between NDRG1 and
SGKI1, kinase SGK1 was used to verify its phosphorylation and
TAX intervention. In the presence of SGK1, NDRG1 phosphor-
ylation was enhanced at the T328 site upon the administration of
ATP, suggesting that SGK1 is the upstream kinase of NDRG1 at
the T328 site (Fig. 3D). By comparing TAX before and after
administration, we found that TAX’s role in the regulation of
pNDRGl1 1355 is associated with kinase-substrate binding. After
TAX administration, the binding of SGK1 to NDRG1 was atten-
uated, and the phosphorylation of NDRGI1 at T328 diminished
(Fig. 3D and E). Meanwhile, we found that SGK1 can bind
directly to NDRG1, which is the basis for the kinase’s function. To
clarify how TAX affects the combination of SGK1 and NDRGI,
we carried out SPR experiments, indicating that TAX has a strong
affinity with NDRG1 (Kp = 6.17e-5) and a weak affinity with
SGKI1 (Kp = 5.72e-4) (Fig. 3F). These results were verified by
CETSA, which showed that TAX can bind to NDRGI, and the
bond was more substantial than that between TAX and SGK at
different temperatures and in different concentrations
(Fig. 3G—N). Moreover, we adopted iGPS1.0 software for pre-
dicting kinase-substrate regulations, which, based on RxRxxS/T
motif around NDRG1 3,5 and found that AKT3, AKT2, PKACB
PRKX and PDKI can regulate the phosphorylation of NDRGI at
T328 site (Supporting Information Fig. S4A). To further explore
the regulation of phosphorylation of NDRG1 by TAX through
direct binding to NDRG1, CETSA and SPR were carried out in
the present study, showing that TAX can bind to NDRG1 and the
bond was more substantial than that between TAX and other ki-
nases of NDRGI from the results of CEAST as well as SPR

(Fig. S4B—S4R). These results showed that NDRGI is the direct
target of the pharmacological effect of TAX.

3.4. TAX regulates NDRG1-mediated biological function in
liver fibrosis

To explore whether TAX can target the regulation of NDRG1, we
explored whether TAX has a regulatory effect on NDRG1-related
biological functions. Literature reviews showed that NDRGI
mainly regulates apoptosis, DNA damage, inflammation, and
cell—cell interaction that is closely associated with the develop-
ment of liver fibrosis (Fig. 4A)*'"*. Given that the phosphoryla-
tion of NDRGI increases in hepatocyte injury, LPS-induced
AMLI12 cells were used in the present study. The markers of
DNA double-strand breaks, gamma H2AX (y-H2AX), and high-
mobility group box-1 protein (HMGBI1) consistently increased
after the upregulation of NDRG1 phosphorylation at T328. At the
same time, these were inhibited after TAX administration
(Fig. 4B, C and E, Supporting Information Fig. S5A, S5E and
S5F). Immunoblotting results showed that NLRP3 inflammatory
vesicle components and caspase-1 spliceosome increased after the
maturation and release of IL-18 and upregulation of TGF-3
expression during hepatocyte damage. Still, this increase was
mitigated by TAX (Fig. 4C—F, G and H). Furthermore, TAX
contributed to the inhibition of hepatocyte apoptosis, as indicated
by the decreased apoptosis ratio of AML12. The critical proteins
involved in apoptosis were downregulated, such as cleaved cas-
pase 3, caspase 8, and caspase 9 in AMLI12 induced by LPS
(Fig. 4B and D, I—K). This effect was mainly manifested by the
inhibition of macrophage recruitment, NLRP3 inflammasome
activation, caspasel shear body formation, IL18 maturation, and
an increase in TGFg in vivo (Fig. SSA—S5D). HSCs activation
induced by the injury of hepatocytes and the release of inflam-
masome particles is a core event of liver fibrosis. Thus, we
collected supernatants from AMLI12 cells treated with LPS and
TAX to stimulate LX-2. The a-SMA and collagen I expression
levels in LPS without TAX intervention were significantly higher
than in the standard group (Fig. 4L—M). These results indicated
that TAX facilitated the cross-talk between hepatocytes and he-
patic stellate cells and alleviated liver fibrosis by regulating
NDRG1-related biological functions. These results revealed that
TAX intervention alleviated inflammation and necrosis, suggest-
ing that TAX can regulate NDRG1-related tasks to a certain extent
in fibrosis.

3.5. NDRGI is a potential target for TAX to improve hepatocyte
injury-triggered HSCs activation

To explore the importance of the target NDRGI1 for TAX, we
established NDRG1 knockout (NDRG1-KO) mutant mice, which
were injected with AAVS via the tail vein to induce liver injury
(Fig. 5A). We examined the anti-hepatic injury efficiency of TAX
after knockdown of NDRGI1 by H&E staining and found that
TAX’s therapeutic effect on liver injury can be eliminated after
NDRG1-KO (Supporting Information Fig. S6A—S6C). Moreover,
no considerable changes in apoptosis after TAX treatment in the

HMGBI (n = 3 per group). (R) Immunofluorescence for y-H2AX (Scale bar: 40 um) and flow cytometry (n = 3—6 per group). (S) The ex-
pressions of «-SMA and collagen I in LX-2 (n = 3 per group). Bars indicate the mean + SD; “*” means group vs. CCl;—KO, or LPS-KO,

#*p < 0.01, #*P < 0.001; ns, not significant.
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NDRG1-KO group, which manifested by TUNEL staining and the
expressions of factors in caspase cascade reaction, such as cas-
pase3 and caspase9 (Fig. SB—E). In addition, the knockdown of
NDRGI also weakened the regulatory effect of TAX on the in-
flammatory response, mainly manifested in the expression and
release of inflammatory factors, such as HMGBI1, cleaved cas-
pasel, NLRP3, and mature of IL-18 (Fig. SF—J). Similar results
showed that the knockdown of NDRGI eliminates the sensitivity
of hepatocytes to TAX in damaged hepatocytes with NDRG1 KO
in vitro. Specifically, TAX had little significant effect on injury-
related events in AML12, such as DNA damage, apoptotic reac-
tion, and release of inflammatory factors (Fig. SK—R). To suffi-
ciently explore whether TAX plays an anti-apoptotic role by
targeting NDRGI, this study conducted a reverse verification on
NDRG1-KO cells that replenishment with NDRGI; that is,
NDRGI1 was overexpressed in hepatocytes with NDRG1-KO cells.
Subsequently, expressions of apoptosis-related factors, such as
caspase 3 and caspase 9, were detected, showing that the
expression level of apoptosis-related factors in NDRG1-KO he-
patocytes was significantly increased after NDRGI over-
expression and up to the level that similar to LPS alone group,
while significantly decreased after TAX administration (Fig. S6G
and S6H). Given the relationship between injured hepatocytes and
activated HSCs, supernatant from NDRG1-KO AMLI12 cells with
LPS and TAX was transferred to HSCs, showing that expression
levels of a-SMA and collagen I were increased in the HSCs
(LX2), which are the markers for HSCs activation, of note, TAX
administration had little effect on hepatic stellate cell activation
induced by supernatant, mainly as «-SMA and collagen I had no
significant changes compared with the NDRGI-KO group
(Fig. 5S), which were verified by NDRG1-KO mutant mice, to be
specific, compared to TAX-treated wild-type mice fibrosis, related
factors did not further decrease in TAX-treated NDRG1KO mice
compared to TAX-treated wild-type mice (Fig. SOD—S6F). These
indicated that NDRGI are potential targets for TAX to improve
hepatocytes injury induced HSCs activation, thereby intervening
the formation of liver fibrosis.

3.6. TAX inhibits the phosphorylation of NDRGI at T328 by
binding to cysteine 289

To investigate whether NDRGI is a direct target for TAX to
improve liver fibrosis, we performed LC—MS/MS and a pull-
down assay (Fig. 6A and B). Specifically, we performed biotin
modification on TAX and conjugated it to magnetic beads for
Western blot analysis. The results showed that NDRG1 was pulled
down by TAX-conjugated magnetic beads rather than TAX and
biotin, further confirming that TAX can directly bind to NDRG1
(Fig. 6B). Then, we incubated the NDRG1 recombinant protein
in the presence or absence of TAX to LC—MS/MS analysis. Three
possible sites on NDRG1 were found for TAX binding: His 63
(H63), Aspl189 (D189), and Cys289 (C289) (Supporting Infor-
mation Fig. STB—S7E, Fig. 6C and D). The cysteine-containing
tryptophan peptide was evaluated and found to have complete
information about the b and y ions before and after adding the
peptide. The calculated mass of the peptide shown in Fig. 6D was
255.02 Da, which was 152.01 Da greater than that of the peptide
MADCGGLPQISQPA, which contains Cys289 and has a calcu-
lated mass of 103.01 Da. The mass difference of 152.01 Da
perfectly matched that of the TAX cleavage fragment 1
(Fig. S7A). Further, Schrodinger’s Induced Fit Docking protocol
showed that NDRGI protein could directly bind to TAX with a

docking score of —7.442 kcal/mol. In addition, the chromone ring
of TAX occupied a shallow hydrophobic pocket near Cys289 at
the interface between the NDRG1 cap and core domains (Fig. 6E,
Supporting Information Fig. S8A). Similarly, A 200 ns molecular
dynamics simulation of the protein—ligand complex showed that
the root-mean-square deviation (RMSD) of the protein backbone
atoms showed that both the protein backbone and TAX stabilized
after approximately 75 ns, indicating NDRG1 and TAX ligand
were calculated over the trajectory to assess equilibration
(Fig. 6F), all of which suggesting that TAX may stably bind to
NDRG1 by occupying hydrophobic pockets near the domain
interface Cys289 and interacting with key amino acid residues
such as Gly290, Leu292, Ala287, Leu292, Tyr211, Val207, and
11e295 (Fig. S8B and S8C). This demonstrates the molecular basis
for the potential inhibitory activity of cyclopentadiol against
NDRGI. Notably, sequence comparison in Fig. 6G showed that
the C289 residue in NDRG1 was conserved across species, sug-
gesting that the combination of TAX and NDRG at C289 plays a
specific biological function. To verify whether NDRG1 binds to
TAX at C289, we induced mutation through the conversion of
amino acids at H43, D189, and C289 of NDRGI to alanine, that
is, H43A, D189A, and C289A, respectively, according to a pre-
viously described method**. Mutant NDRG1 was transfected into
AMLI12 cells, and the corresponding NDRG1 mutant proteins
were obtained using CO-IP with Flag. Pull-down experiments of
alanine-mutated NDRG1 proteins further supported that TAX
covalently modifies C289 but not the H63 and C189 sites of
NDRG1 (Fig. 6H). We further investigated whether the C289
mutation affects the inhibitory effect of TAX on phosphorylation
at the T328 site of NDRG1. These results were supported by an
in vitro Kinase reaction, showing that only the C289 mutated
NDRGI1 (C289A) cannot be inhibited by TAX to inhibit the
SGKl1-induced phosphorylation of NDRGI1 at T328 (Fig. 6l).
These results suggest that TAX can directly bind to NDRG1 and
affect its phosphorylation, especially at T328.

3.7. pNDRGI 13,5 is a core event in TAX-regulated damaged
hepatocyte-triggered HSCs activation

To clarify the specific mechanism of TAX on pNDRG173,5 and its
mediated function in the liver, Ad-NDRG1 (T328E) or Ad-NDRG1
(T328A) that mimics nonphosphorylated mutant and phosphory-
lation of NDRGI1 at T328, respectively, were constructed and
injected into NDRG1-KO mice via the tail vein (Fig. 7A). After
acclimation, the mice received single CCly injections to construct
liver injury. Interestingly, there was little significant difference in
blood biochemistry between T328A and T328E (Fig. 7B and C). In
contrast, the images of the livers and H&E staining showed that
compared with the T328A group, the T328E group showed severe
liver cell damage, reversed after TAX intervention (Fig. 7D). Of
note, T328A and TAX treatment groups showed minor liver
damage, and there was no significant difference between them.
Compared with T328A, T328E exacerbated inflammatory reactions
in the livers of mice, which was mainly manifested by the acti-
vation of NLRP3 inflammasome and an increase in HMGB1. At
the same time, these effects were ameliorated by TAX adminis-
tration (Fig. 7E—I), confirmed in AMLI2 cells with NDRGI1
T328A or T328E (Supporting Information Fig. S9A—S9F). To
further explore the role of NDRGI1 phosphorylation in hepatocyte
injury, we used Co-IP technology to explore the proteins that
interact with NDRG1 (Supporting Information Fig. S10A). After
screening and verification, we found that NDRGI can interact with
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Figure 6 TAX inhibits the phosphorylation of NDRG1 at T328 by binding to cysteine 289. (A) Schematic diagram. (B) Pull down. (C, D)
LC—MS/MS analysis. (E) Docking modeling. (F) The root-mean-square deviation (RMSD). (G) A comparative analysis of NDRG1 sequences
from various species and isoforms was conducted. (H) Pull down evaluated the combination of Bio-TAX and NDRGI1 (n = 3 per group). (I)
In vitro kinase assay detected the effect of SGK1 on NDRGI phosphorylation (n = 3 per group).
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Figure 7 pNDRGI 13,5 is a core event of a TAX-improved liver injury and fibrosis. (A) Experimental procedure. (B, C) Serum biochemical
indices (ALT and AST) (n = 6 per group). (D) The gross appearance of livers (Scale bar, 1 cm), H&E staining (n = 6 per group), Scale bar:
200 pm, 40 um (Boxes). (E) The protein expressions of HMGB1 and NLRP3 in the liver (n = 3 per group). (F—K) The mRNA levels of Nirp3,
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calreticulin (CRT), which was confirmed by the results of immu-
nofluorescence and CO-IP (Fig. SI0B—S10D). Moreover, over-
expression of NDRGI can lead to increased membrane
displacement of CRT, resulting in increased accumulation of cal-
cium ions (Fig. SIOE—S10G). Furthermore, NDRG1 phosphory-
lation (T328E) could increase the interaction between NDRG1 and
CRT and the expression of calcium ions. At the same time, these
phenomena were not significant in cells with NDRG1 phosphory-
lation mutation (T328A) (Fig. S10G and S10H). Considering the
relationship between CRT-mediated- calcium ion and apoptosis33,
we speculated that the mechanism of pNDRG1T328 in liver cell
injury might be due to apoptosis caused by calcium overload.
Subsequently, the expressions of apoptosis-related indicators in
hepatocytes were detected. The results showed that TAX alleviated
apoptosis in acute liver injury and hepatocyte exacerbated by
T328E (Fig. 7J—L, Fig. S9G—S9J). To explore the role of hepa-
tocyte pPNDRGl1 13,5 in liver fibrosis, the expressions of fibrotic
factors were detected in the present study, showing that the
expression levels of @-SMA and collagen I were higher in T328E
group than those in the other group and could be reversed by TAX
administration (Fig. 7M—O0). Of note, compared to TAX-treated
mice, T328E (T328E-TAX) overexpression also abolishes TAX-
reduced liver fibrosis (Fig. 7M). Given that the presence or
absence of NDRGI can influence damaged hepatocyte triggered
HSCs activation, to explore further the role that pPNDRG1 13,5 plays
in this process, the co-culture system of hepatocytes and HSCs was
established in vitro, the results showed that the expression levels of
a-SMA and collagen I were higher in T328E-NDRG1 KO-
AMLI12 cell supernatant than those in the TAX-treated as well as
T328A samples (Fig. S9K). To further explore the exploration and
validation of the mechanisms of crosstalk between hepatocytes and
HSCs in-depth, we measured the expressions of exosome-related
factors in supernatants, including CD63 and CDS81, showing that
LPS could increase the expressions of CD63 and CDS81, which
initially confirmed that the crosswise between hepatocytes and
HSCs may be carried out by exosomes (Supporting Information
Fig. S11A). Moreover, we examined the effect of NDRG1 phos-
phorylation (T328A and T328E) on the release of exosomes in
damaged hepatocytes, which also confirmed that the phosphory-
lation of NDRG1 (T328E) can enhance the activation of LX2 cells
by promoting the formation of exosomes (Fig. S11B), all of these
revealed the mechanisms of crosstalk between hepatocytes and
HSCs to a certain extent. These suggest that TAX improves HSC
activation and fibrosis through its regulation of pNDRGl 3,5 in
hepatocytes.

3.8.  pNDRG3:5-mediated PI3K—AKT—mTOR pathway
participates in the amelioration of TAX on liver fibrosis

Although our study explored the role of pNDRGT328 in liver
fibrosis, such as inflammation and apoptosis, the precise mecha-
nism by which pNDRG1T328 operates concerning the biological
function of NDRGI remains obscure. Therefore, we collected
T328A-NDRG1 KO-AML12 and T328E-NDRG1 KO-
AMLI12 cells for RNA sequencing analysis. A comparative anal-
ysis showed increased gene expression in cells after T328A and

T328E treatments. These differential genes were enriched in the
PI3BK—AKT—mTOR pathway (Fig. 8A, Supporting Information
Fig. S12A). We first performed PI3K—AKT—mTOR signaling
pathway assay for further verification in NDRG1 KO AML12 cells
treated with LPS plus T328A or T328E. T328E, as compared with
T328A, activated the signaling pathway, and the results were
confirmed in NDRG1-KO mice injected with Ad-NDRG1 (T328A
or T328E), indicating that pPNDRGr3,5 regulates hepatocyte injury
about the PI3BK—AKT—mTOR pathway (Fig. 8B and C). These
changes induced by T328E were reversed by TAX administration
in vivo and in vitro. To further reveal whether the regulatory effect
of TAX on the PI3BK—AKT—mTOR pathway is related to its
binding with NDRGI, we detected the relevant indicators of this
pathway in NDRG1-KO mice and AMLI12 cells. Without NDRGI,
the PI3K—AKT—mTOR pathway was inhibited, followed by the
regulatory effect of TAX (Fig. 8D and E, Fig. S12B and S12C).
Given that pNDRGl1r3,5 was screened during liver fibrosis and
identified in injured hepatocytes, its role in the mediation of
PI3BK—AKT—mTOR pathway and regulation of TAX were
detected in liver fibrosis and LPS-induced AML 12 cells. We
found that the PI3BK—AKT—mTOR signaling pathway was acti-
vated at the onset of injury and disease and inhibited by TAX
in vivo and in vitro, consistent with the results of TAX-regulated
disease cure (Fig. 8F and G). These results supported our hy-
pothesis that TAX inhibits the PI3K—AKT—mTOR signaling
pathway by preventing the phosphorylation of NDRGI at the T328
site, thereby impeding the hepatocyte-hepatic stellate cell cross-
talk, ultimately ameliorating liver fibrosis.

4. Discussion

In this study, we established liver injury and liver fibrosis models*>~
and identified that TAX can be used as a dietary supplement for liver
protection. Phosphorylated proteomics combined with protein mo-
lecular analysis and in vivo functional studies revealed that the
mechanism of TAX on liver fibrosis may be the phosphorylation of
NDRGI1 at T328 and its mediated DNA damage, hepatocyte
apoptosis, inhibited release of DAMPs, and activation of HSCs. We
further demonstrated that the antifibrotic effect of TAX is closely
related to the interaction between damaged hepatocytes and acti-
vated hepatic stellate cells by regulating pNDRG11355.

As a stress response gene, NDRGI is regulated by various
pathophysiological stimuli and plays a key role in apoptosis and
necrosis® %, However, in the liver, NDRGI1 is associated with
aggressive tumor behavior and is considered a biomarker for he-
patocellular carcinoma metastasis and recurrence and poor prog-
nosis***°. The functional role of NDRG in liver fibrosis remains
unknown. The present study found for the first time that the
phosphorylation of NDRG1 at T328 changes considerably. Owing
to the well-known catalysis effect of SGK1 on NDRG1*!, a pre-
vious study has reported that SGK1 can phosphorylate NDRGI1 at
Thr346/356/366**, while these have little impact on the liver
protection of TAX. The present study revealed that the phos-
phorylation of NDRGI1 at T328 was catalyzed by SGK1 and
weakened after TAX intervention because TAX directly affected
the binding of SGK1 to NDRGI. CETSA and SPR analysis

Caspl, Il1b, Hmgb1, Casp3 and Casp9 in the liver (n = 6 per group). (L) TUNEL stain, Scale bar: 100 um (n = 3—6 per group). (M) The protein
expressions of a-SMA, collagen I (n = 3 per group). (N, O) The mRNA expressions of Acta2, Collal (n = 6 per group). Bars indicate the
mean =+ SD; ““” means T328A vs. T328A-TAX, “P < 0.05, **P < 0.01; “*” means T328A vs. T328E, °P < 0.05, "**P < 0.001; ““” means T328E

vs. T328E-TAX, “P < 0.01, ““°P < 0.001; “ns” means no significant.
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Figure 8

pressions of PI3K—AKT—mTOR pathway related proteins (n =

Taxifolin inhibits the pNDRG 1 13,5-regulated PI3K—AKT—mTOR signaling pathway. (A) Top enriched pathways. (B—E) The ex-
3 per group). (F) Western blot detected the expressions of the

PI3BK—AKT—mTOR signaling pathway in CCly-induced liver fibrosis mice (n = 3 per group), (G) Western blot detection of TAX on the
activation of PI3K—AKT—mTOR signaling pathway in LPS-induced AML12 cells (n = 3 per group).

showed that the binding force of TAX on NDRGI was more
potent than that of its upstream kinase SGKI1. Importantly, TAX
binding to upstream kinases that may catalyze NDRG1 was
weaker than its binding to NDRG1. These data suggest that TAX
regulates the phosphorylation of NDRG1 by directly binding to
NDRGI1 and preventing its association with upstream kinase, thus
preventing the phosphorylation of NDRGI1.

Liver fibrosis is often accompanied by hepatocyte injury that
activates HSCs and is closely related to the biological process
mediated by NDRG1%7*** Hence, to elucidate whether NDRG1
is the direct target of TAX and to improve liver fibrosis, exploring
the effects of NDRGI1-mediated DNA damage, apoptosis, inter-
cellular interaction, and TAX intervention is critical*>*¢. In
addition, it has been shown that apoptosis is closely related to the

inflammatory response and that apoptotic factors (including BAK)
can target cellular mitochondria to induce programmed cell death,
which activates the release of IL-18 from the NLRP3 inflamma-
some*’. The current data suggested that although NDRGI
knockout can ameliorate liver tissue lesions to some extent,
TAX has little significant effect on hepatocyte injury in the
absence of NDRGI. Further studies showed that NDRG1 knock-
down inhibited HSC activation induced by hepatocyte damage and
weakened the regulation of TAX, indicating that NDRGI is a
target of TAX. This result was further validated in the pull-down
assays, leading to an intriguing and emerging question: is the
inhibition of TAX on NDRG1 phosphorylation related to different
mechanisms or associated with TAX—NDRGI complex crystal
structural biology? Although further studies are needed to



pNDRGI1T328 is a core event of TAX-improved liver fibrosis

2075

disfigure these mechanisms, the present study verified that TAX
binds to the C289 of NDRGI and thereby reduces the association
between NDRG1 and SGK1 and promotes the phosphorylation of
NDRGI1 being unaffected in the presence of SGKI.

To clarify whether the weakening effect of NDRG1 on TAX
liver protection is related to its phosphorylation at T328, we
constructed animal and cell models that fully simulated
NDRGI 358 with or without phosphorylation and implemented
TAX intervention. Compared with NDRG1 T328E, over-
expression of NDRG1 T328A in NDRG1 KO cells causes little
liver injury and weakens the effect of TAX on liver protection.
Interestingly, the hepatoprotective effect of TAX was closely
associated with the inhibition of hepatocyte injury and consequent
HSC activation, which was enhanced by simulated NDRG1
phosphorylation mutation (T328E mutation). Moreover, tran-
scriptomic sequencing revealed that the differential genes of
NDRG T328A and T328 E in the liver cells were mainly enriched
in the PI3K—AKT—mTOR pathway, which is a classic pathway in
liver fibrosis and primarily involved in the occurrence of inflam-
mation and apoptosis. Moreover, the regulatory effect of TAX on
pNDRGl1 38 is also related to the PI3K—AKT—mTOR
pathway*®>°. In general, TAX can affect the phosphorylation of
NDRG1, especially T328, and exerts its adverse effects by directly
binding to C289 of NDRGI.

In brief, we revealed a crucial role of phosphorylation modi-
fication of NDRGI in the livers of fibrosis mice with TAX inter-
vention. The specific site of NDRGI1 phosphorylation Thr328,
which participates in hepatocyte injury in liver fibrosis and pro-
motes the activation of HSCs, was first identified. We found that
TAX reduced phosphorylation of NDRG1 at Thr328 in the liver
and demonstrated that a mutant (T328E) that mimics NDRGI1
phosphorylation enhanced the DNA-damaging and apoptotic ef-
fects of NDRG1 in hepatocytes. The non-NDRG1 phosphorylated
mutant (T328A) inhibited these effects in the hepatocytes. The
phosphorylation of NDRG1 at Thr328 significantly increased in
the hepatic fibrosis model and was reduced considerably by TAX.
The underlying mechanism was that TAX could directly target
NDRG1 and inhibit its phosphorylation at Thr328, thereby
decreasing its pro-apoptotic effect.

5. Conclusions

In summary, given the vast need for therapeutic targets and drug
therapy in liver fibrosis, these findings highlighted that inhibiting
phosphorylation at the Thr328 site of NDRG1 in hepatocytes is a
potential strategy for TAX in preventing and treating liver fibrosis.
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