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Abstract Notum, a negative feedback regulator of the Wnt signaling, has emerged as a promising

target for treating glucocorticoid-induced osteoporosis (GIOP). This study showcases an efficient strategy

for discovering the anti-Notum constituents from herbal medicines (HMs) as novel anti-GIOP agents.

Firstly, a rapid-responding near-infrared fluorogenic substrate for Notum was rationally engineered for

high-throughput identifying the anti-Notum HMs. The results showed that Bu-Gu-Zhi (BGZ), a known
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anti-osteoporosis herb, potently inhibited Notum in a competitive-inhibition manner. To uncover the key

anti-Notum constituents in BGZ, an efficient strategy was adapted via integrating biochemical, phyto-

chemical, computational, and pharmacological assays. Among all identified BGZ constituents, three fur-

anocoumarins were validated as strong Notum inhibitors, while 5-methoxypsoralen (5-MP) showed the

most potent anti-Notum activity and favorable safety profiles. Mechanistically, 5-MP acted as a compet-

itive inhibitor of Notum via creating strong hydrophobic interactions with Trp128 and Phe268 in the cat-

alytic cavity of Notum. Cellular assays showed that 5-MP remarkably promoted osteoblast differentiation

and activated Wnt signaling in dexamethasone (DXMS)-challenged MC3T3-E1 osteoblasts. In

dexamethasone-induced osteoporotic mice, 5-MP strongly elevated bone mineral density (BMD) and

improved cancellous and cortical bone thickness. Collectively, this study constructs a high-efficient plat-

form for discovering key anti-Notum constituents from HMs, while 5-MP emerges as a promising anti-

GIOP agent.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Osteoporosis (OP), a systemic bone metabolic disease, has

become a significant global health concern due to the aging

populations worldwide1,2. OP is characterized by decreased bone

mineralization and reduced bone mass, leading to an increased

risk of fractures3. As a prevailing skeletal disease of the elderly,

nearly 200 million osteoporotic patients are diagnosed annually,

while approximately 9.3 million osteoporotic fractures occur

globally each year4,5. OP can be subdivided into two main cate-

gories, primary and secondary osteoporosis. Primary OP is an age-

related disorder that encompasses postmenopausal osteoporosis

and senile osteoporosis. By contrast, secondary OP has a clearly

definable etiologic mechanism (such as malabsorption and medi-

cations), while glucocorticoid-induced osteoporosis (GIOP) is the

most common form of secondary OP6. Growing evidence

indicates a strong link between glucocorticoid (GC) therapy and

osteoporosis, making it the leading cause of drug-induced osteo-

porosis. Over 30% of patients on long-term GC treatment suffer

osteoporotic fractures7. Dexamethasone (DXMS), one of the most

commonly used GCs, can cause severe complications, including

femoral head necrosis, osteoporosis, and other bone-related dis-

orders8. The principal etiological factor of GC-related bone dis-

orders is believed to be GC-induced apoptosis of osteoblasts and

osteocytes. Although some medications (such as bisphosphonates,

anti-RANKL antibodies, and selective estrogen receptor modula-

tors like teriparatide) have been recommended to manage GIOP,

these agents may cause non-negligible toxicities or side effects9.

Thus, there is an urgent need to develop more efficacious thera-

peutic agents with favorable safety profiles for combating GIOP.

As a highly conserved signaling in biological evolution, the

Wnt signaling plays a crucial role in regulating stem cell renewal,

cell proliferation, and differentiation10,11. The Wnt signaling is

also essential for maintaining bone density and stimulating oste-

oblast activity12. However, long-term exposure to GCs signifi-

cantly suppresses the Wnt signaling and downregulates osteogenic

differentiation-related genes in both osteoblasts and osteoclasts13.

It is well-known that Wnt proteins are notoriously difficult to

target pharmacologically14, developing direct Wnt-based therapies

is a huge challenge. To overcome this limitation, researchers have

explored alternative druggable regulators of the Wnt signaling,

such as Notum15, Dickkopf (DKK) proteins16, sclerostin/SOST

family proteins17, secreted FZD-related proteins (sFRPs)18, and

Wnt inhibitory proteins (WIF proteins)10,19. Among all reported

druggable regulators of Wnt signaling, Notum, a palmitoyl protein

carboxylase, has attracted significant attention due to its systemic

multi-organ distribution and its crucial role in blocking the Wnt

signaling20. As an important α/ß-serine hydrolase, Notum nega-

tively regulates Wnt signaling by cleaving the palmitoleic acid

moiety from Wnt proteins, thereby blocking the binding of Wnt

proteins to frizzled receptor21. It has been reported that GCs (such

as DXMS) could upregulate Notum in osteoblasts, leading to

reduced cortical bone mass and triggering osteoporosis22. In

contrast, pharmacological inhibition or genetic blockade of Notum

could restore trabecular bone structure and enhance cortical bone

thickness and strength, making Notum a promising therapeutic

target for combating GIOP23-25. However, the potent Notum

inhibitors with optimal druglike properties and favorable safety

profiles are rarely reported, highlighting the urgent need to

develop more efficacious Notum inhibitors through interdisci-

plinary approaches.

Herbal medicines (HMs) are often used for GIOP management

in Asian countries26, while parts of them have demonstrated

clinically significant improvements in bone density and thera-

peutic benefits for GIOP patients27,28. However, the active anti-

GIOP components in HMs and related anti-GIOP mechanisms

remain largely unclear, primarily due to the absence of robust and

efficient methods for identifying the key anti-GIOP constituents

from crude herbal extracts. Structurally, Notum is a monomeric

serine hydrolase containing a mobile cap structural domain and an

α/ß hydrolase fold domain critical for its hydrolytic function21,29.

Notably, Notum possesses a single ligand-binding pocket (namely

its catalytic pocket), making it an attractive target for structure-

based drug discovery. To the best of our knowledge, all reported

naturally occurring Notum inhibitors are non-covalent agents29-36,

functionally through competitive inhibition by directly occupying

the catalytic pocket. More recently, several fluorescence-based

biochemical assays were constructed37-39 for rapidly discovering

Notum inhibitors. However, existing fluorogenic substrates for

Notum are constrained by their short-wavelength blue emission

(<580 nm)37,38,40, generating spectral interference when directly

screening herbal extracts or the phytochemicals (such as couma-

rins or flavanols) emitting with fluorescence signals. In contrast,

near-infrared fluorescent probes (NIRFPs) offer distinct advan-

tages, including minimal background interference, superior

spatiotemporal resolution, and enhanced tissue penetration41,42.
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Recent advances have enabled the successful application of

NIRFPs in enzyme modulator screening, disease diagnostics, and

organ function assessment43,44, which encouraged us to develop

more practical NIRFPs for highly efficient screening and char-

acterization of herbal medicines (HMs) with potent anti-Notum

effects.

This study aimed to construct a practical and efficient platform

for discovering the naturally occurring potent Notum inhibitors

from HMs to combat GIOP. Firstly, a novel, rapid-responding

near-infrared fluorogenic substrate for Notum was developed to

construct a practical fluorescence-based high-throughput

screening assay, which was subsequently used to assess the anti-

Notum potentials of the commonly used HMs. Following

screening of more than one hundred herbal extracts, Bu-Gu-Zhi

(BGZ), one of the most frequently used anti-osteoporosis herbs,

was found with potent and competitive inhibition against Notum.

These findings encouraged us to further uncover the key anti-

Notum constituents in BGZ and to decipher their anti-osteoporosis

effects and underlying molecular mechanisms. To achieve these

goals, a highly efficient platform that integrates biochemical,

phytochemical, computational, cellular, and in vivo assays, was

constructed (as depicted in Scheme 1). With the help of this

platform, three furanocoumarins, including 5-methoxypsoralen (5-

MP), psoralen, and isopsoralen, were identified as strong Notum

inhibitors (IC50 < 110 nmol/L), while 5-MP was the most potent

one (IC50 � 18.73 nmol/L). Further investigations showed that

psoralen and isopsoralen could cause significant organ injuries,

while 5-MP showed a favorable safety profiles in mice. These

findings prompted us to comprehensively investigate the in vitro

and in vivo anti-osteoporosis effects of 5-MP, as well as its reg-

ulatory effects on Wnt/ß-catenin signaling in osteoblasts.

2. Materials and methods

2.1. Chemicals and instruments

Citric acid and K2HPO4 were purchased from Sigma—Aldrich

(USA). 8-Octanoyloxypyrene-1,3,6-trisulfonic acid trisodium

salt (OPTS) was purchased from Sigma—Aldrich (USA). ABC99

Scheme 1 The methodological framework for uncovering the anti-Notum constituents from herbal medicines and investigating their anti-

osteoporotic effects. (1) Rational engineering of a rapid-responding near-infrared fluorogenic substrate for Notum. (2) Discovering the anti-

hNotum agents from herbal medicines. (3) In vitro osteoblast differentiation effects and in vivo anti-osteoporosis effects of 5-methoxypsoralen.
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was purchased from GlpBio Technology (USA).

5-Methoxypsoralen was provided by Shanghai BiDe Pharmaceu-

tical Technology Co., Ltd. (China), mass spectrometry and NMR

results for 5-MP are shown in Supporting Information Figs.

S1—S3. Isopsoralen and psoralen were provided by Chengdu

Pufei De Biotech Co., Ltd. (China). HPLC-grade optima®

acetonitrile (ACN) was purchased from Fisher Scientific (USA).

HPLC-grade formic acid (FA, 98%) was obtained from Aladdin

(China). Fetal bovine serum (FBS), penicillin—streptomycin

(10,000 U/mL), and cell culture medium (DMEM) were

acquired from Gibco (Thermo Fisher Scientific, USA). Culture-

treated plates were purchased from Corning (China). Cell

Counting Kit-8 was purchased from Shanghai Yeasen

Biotechnologies Co., Ltd. (China). Notum was expressed and

purified for subsequent biochemical analysis38. The herbal ex-

tracts used in this study were provided by Shanghai Standard

Technology Co., Ltd. (Shanghai, China). The ultrapure water used

in the experiment was produced by the Milli-Q ultrapure water

system.

2.2. Molecular docking simulations

Six crystal structures of Notum (PDB IDs: 6R8R, 6TUZ, 6YSK,

7BLS, 7BNB, and 8BTH) were downloaded from the Protein Data

Bank (http://www.rcsb.org/). PDBQT files were prepared for the six

receptor models by removing water molecules and excess hetero-

atoms, adding hydrogens, merging non-polar hydrogens, and adding

Kollman charges according to standard protocols. All fluorogenic

substrate candidates and constituents in HMs were drawn using

ChemDraw 20.0, subsequently, energy minimization was per-

formed using Chem3D 20.0. Molecular docking simulations were

conducted by AutoDock Vina software. The distance between the

carbonyl carbon of fluorogenic and the catalytic residue (Ser232) of

Notum was measured using Pymol. Visualization was conducted

using the Pymol and Discovery Studio software40,41.

2.3. Hydrolytic rates of DDAO esters in notum

The incubation system (200 μL) contained Notum (0.1 μg/mL),

CPB (0.1 mol/L, pH � 7.4), and DDAO ester. After pre-

incubating at 37 ◦C for 1 min, the reactions were initiated by

adding DDAO ester. Then, all samples were incubated in a

microplate reader (λex/λem � 600/660 nm, SpectraMax® iD3,

Molecular Devices, Austria) for 20 min at 37 ◦C and detected

every 2 min. The hydrolytic activity of Notum was calculated

using the quantitative calibration curve of the DDAO

(0.001—10 μmol/L) (Supporting Information Scheme S1).

2.4. Notum inhibition assays

The anti-Notum effects were tested according to a previously re-

ported high-throughput screening assay42. Briefly, a total of

200 μL incubation system comprising Notum, CPB (0.1 mol/L,

pH � 7.4), and each tested inhibitor (1 μL), were pre-incubated at

37 ◦C for 1 or 21 min. Upon addition of the substrates OPTS/DO,

all samples were incubated in a microplate reader (λex/λem � 403/

510 nm for OPTS, λex/λem � 600/660 nm for DO, SpectraMax®

iD3, Molecular Devices, Austria) for 20 min at 37 ◦C and detected

every 2 min. The residual activity (%) of Notum was calculated by

using the fluorescence intensity in the presence of inhibitors to the

control (DMSO only).

2.5. Homology modeling of notum and its mutants

The protein sequence of homo sapiens Notum was obtained from

the Uniprot database using the accession number Q6P988. The

crystal structure of human Notum, with the PDB code 7BLS and

a high resolution of 1.19 Å, was chosen as the primary template.

After that, the sequences of two Notum mutants (Trp128Gly and

Phe268Gly) were generated. Homology modeling was per-

formed by aligning the target protein sequence with the known

template using molecular operating environment (MOE)

sequence alignment tools. Transfer coordinates from the tem-

plate to the target in MOE when the residue identity is

conserved. Collect backbone fragments from a high-resolution

database and assemble alternative side chains from a rotamer

library for non-identical residues. Construct multiple models

based on loop and side-chain placements scored by a contact

energy function. Refine the final model through energy mini-

mization, selecting either a minimized Cartesian average struc-

ture or the best intermediate model.

2.6. Cell culture of MC3T3-E1 cells

The MC3T3-E1 cell line was purchased from the cell bank,

Chinese Academy of Science (Shanghai, China). The cells were

cultured in DMEM media supplemented with 10% FBS and 1%

penicillin—streptomycin solution in a humidified culture chamber

at 37 ◦C with 95% air and 5% CO2.

2.6.1. Alkaline phosphatase (ALP) staining and alizarin red S

(ARS) staining

MC3T3-E1 cells were seeded in 96-well plates at a density of

2 × 103 cells/well and cultured for 24 h. The medium was

replaced with an inducible medium, and the cells were cultured

with the simultaneous addition of DXMS and the target compound

(5-methoxypsoralen/psoralen/isopsoralen) for seven days, and the

medium was replaced every two days. Subsequently, the cells

were fixed in 4% paraformaldehyde at room temperature for

15 min, then washed 2 to 3 times with PBS, and stained with the

BCIP/NBT alkaline phosphatase staining kit. The cell staining

images were performed by Cytation 5 (BIOTEK, USA). Next, to

test the promoting effects of 5-methoxypsoralen on osteogenic

differentiation, a series of concentrations of 5-methoxypsoralen

were added in DXMS-challenged (200 μmol/L) MC3T3-E1

cells. The cells were cultured with DXMS and 5-methoxypsoralen

for 21 days, while the medium was replaced every two days. After

then, the MC3T3-E1 cells were fixed with 4% paraformaldehyde

for 15 min, then washed 2 to 3 times with PBS, followed by

staining with 0.2% ARS solution for 30 min. Following PBS

rinsing, the cell staining images were performed by Cytation 5

(BIOTEK, USA).

2.6.2. Quantitative real-time PCR (qPCR)

MC3T3-E1 cells were cultured for 7 days, the cells were washed

three times using pre-cooled PBS for total RNA analysis. RNA

was extracted using MolPure Cell/Tissue Total RNA Kit (Yeasen,

China) and determined by Nanodrop One (Thermo, USA).

Following the instructions provided by the manufacturer, cDNA

was synthesized using the Evo M-MLV RT Reverse Transcription

Kit II (AG11711, Accurate Biotechnology). qPCR was performed

using SYBR Green Pro Taq HS premixed qPCR kit (AG11701,

Accurate Biotechnology) in an RT fluorescence quantitative PCR

system (QuantStudio 6 Flex, Thermo Scientific, USA). The
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relative gene expression was calculated using GAPDH as an in-

ternal reference. The primer sequences are presented in Support-

ing Information Table S1.

2.6.3. Western blotting (WB)

The cells were cultivated in 6-well plates for 24 h and subse-

quently treated with DXMS or 5-methoxypsoralen for seven days.

The medium was replaced every two days. On the 7th day, the

cells were initially rinsed twice with PBS and lysed using RIPA

buffer, supplemented with 1% phosphatase inhibitor and 1%

protease inhibitor. The protein concentration of lysates was

determined by utilizing the Nanodrop One (Thermo Scientific,

USA) spectrophotometer. The proteins were separated using 7.5%

sodium dodecyl sulfate-polyacrylamide gel electrophoresis, fol-

lowed by membrane transfer, sealing, and overnight incubation of

the primary antibody at 4 ◦C. Subsequently, the PVDF membrane

was incubated with secondary antibody (titer 1:10,000) for 1 h at

room temperature. Protein bands were visualized using Enhanced

Chemiluminescence. The relative expression level of the proteins

was calculated by using GAPDH as an internal reference. Anti-

bodies against active ß-catenin (CST, USA), ß-catenin (Abways,

China), OPN (ABclonal, China), GSK3ß (Proteintech, USA),

Notum (Abcam, UK), RUNX2 (ABclonal, China) and GAPDH

(CST, USA) were used at a dilution of 1:1000, 1:1000, 1:1000,

1:1000, 1:1000, 1:1000 and 1:10,000, respectively. The Image J

analysis system was used to analyze chemiluminescent data.

2.7. Animals

SPF grade C57BL/6J mice were purchased from Shanghai SLAC

Laboratory Animal Co., Ltd. and housed in the Experiment Animal

Center of Shanghai University of Traditional Chinese Medicine. This

study was approved by the Animal Ethics Committee of Shanghai

University of Traditional Chinese Medicine (license No.

PZSHUTCM2404280002). Mice were maintained under specific

pathogen-free conditions and standard laboratory conditions. The

environmental conditions were 25 ± 2 ◦C, 50 ± 10% humidity, free

access to food and water, and 12 h/12 h light/dark cycles. All mice

were subjected to adaptive feeding for 7 days before the experiment.

2.7.1. Toxicity test of 5-methoxypsoralen, isopsoralen, psoralen

in mice

A total of 32 C57BL/6J mice (16 males and 16 females) with an

average weight of 18—20 g were randomly assigned into four

groups (4 males and 4 females). 5-Methoxypsoralen/isopsoralen/

psoralen was dissolved in 0.5% CMC-Na, and mice were

orally administered 5-methoxypsoralen/isopsoralen/psoralen

(200 mg/kg)/0.5% CMC-Na continuously for 14 days. The mice

were weighed every two days, and their status was observed. After

14 days, blood and tissues from all mice were obtained for safety

assessment. Aspartate aminotransferase (AST), aminotransferase

(ALT), ALP, albumin (ALB), blood urea nitrogen (UREA),

creatinine (CREA), creatine kinase (CK), total cholesterol (TC),

triglycerides (TG), and total protein (TP) levels of serum were

tested by utilizing a fully automated serum biochemistry analysis

(Thermo, USA). Hematoxylin and eosin (H&E) stains of the mice

organ were provided by Ningbo Yangming Medical Laboratory

Co., Ltd.

2.7.2. Tissue distribution of 5-methoxypsoralen

A total of twenty C57BL/6J male mice (aged 6 weeks, 18—20 g)

were randomly assigned into four groups (control group, after

administration 1 h group, 2 h group, and 3 h group).

5-Methoxypsoralen (40 mg/kg) was dissolved in 0.5% CMC-Na

and administered by gavage. Then, the mice were anesthetized

after being administered 0, 1, 2 and 3 h, respectively. The blood

and organs (including the liver, heart, spleen, lung, kidney, brain,

muscle, and femur) were rapidly removed for subsequent analysis.

After that, each tissue sample was weighed after the surface of the

tissue was aspirated. The tissues were then transferred to EP tubes

and dissected with scissors. PBS (pH 7.4) and magnetic beads

were added to the EP tubes, and the tissues were homogenized

using a tissue grinder (Thermo, USA). 40 μL of tissue supernatant

was diluted with 160 μL of LC-grade acetonitrile (with internal

standard) and vortexed for 1 min. The samples were centrifuged

at 20,000×g at 4 ◦C for 30 min. The concentration of

5-methoxypsoralen was then determined by LC—MS/MS analysis,

with the parameters of mass spectrometry analysis shown in

Supporting Information Table S2.

2.7.3. In vivo anti-osteoporosis tests

Thirty C57BL/6J male mice (aged 6 weeks) were randomly

assigned to five groups. All mice were subjected to adaptive

feeding for 7 days before the experiment. Osteoporosis model

mice were constructed by receiving dexamethasone (DXMS,

intraperitoneal injection) at a dose of 2.5 mg/kg for five weeks

(five times a week). The 5-methoxypsoralen-treated group of mice

was orally administered at low (20 mg/kg) and high (40 mg/kg)

doses daily. The parathyroid hormone 1—34 (PTH1-34, HY-P1252,

MCE, USA) was used as a positive drug for treating osteoporosis,

while this agent was administered via intraperitoneal injection

(100 μg/kg/day). Following treatment for five weeks, serum, fe-

murs, and tibias of each mouse in different groups were collected

for subsequent analysis.

2.8. Detection of serum biochemical indicators

Serum samples were collected and the levels of bone metabolism

indices, including alkaline phosphatase (ALP), osteocalcin/beta-

glucuronidase (OT/BGT), osteoprotegerin (OPG), and collagen

type I alpha 1 chain (Col-1A1), were measured using commercial

enzyme-linked immunosorbent assay (ELISA) kits (ABclonal

Biotech Co., Ltd., China) according to the manufacturer’s in-

structions for quantitative assays.

2.9. Micro-CT assessments

All extracted mouse right femurs were fixed in a 4% para-

formaldehyde solution. Subsequently, the specimens were scanned

using a Skyscan1172 (Bruker, Germany) to visualize bone

trabeculae and bone cortex. The scanning parameters were as

follows: voltage 80 kVp, current 124 μA, section thickness

9.91 μm, and threshold range 65—225. Meanwhile, 100—200

layers of the distal femur growth plate were defined as the distal

femur, and 300—400 layers were defined as the middle femur. The

results were then analyzed accordingly using MicroView software.

2.10. H&E staining

Tissue slices were immersed in 10% EDTA solution and subjected

to continuous decalcification using a multifunctional microwave

processor. After decalcification, tissue slices were rinsed with PBS

and H&E stained according to standard protocols (BBI, China).

Paraffin-embedded samples were cut into 4 μm-thick slices, then
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deparaffinized and rehydrated. Each slice was then stained with

H&E for 10 and 2 min, respectively, then rinsed with distilled

water and dehydrated.

2.11. Double labeling for assessing bone formation

Prior to specimen collection, 5 mg/kg calcein and 5 mg/kg

dimethylphenol orange were injected intraperitoneally into mice

on Days 14 and 1, respectively. The tibia sections were embedded

in a photosensitive resin (EXAKT, Germany) and exposed to light

for a 13.5-h period. The mineralized tissue was then sectioned and

milled using the EXAKT system, with the resulting sections cut

into 40 μm-thick slices43,44.

2.12. Immunofluorescence of the mouse femur

Sections were deparaffinized with xylene and ethanol, and the

antigen was recovered with Antigen Recovery Solution. Sections

were then incubated with a blocking solution for 30 min. A 1:100

dilution of anti-Notum antibody (ab106448, Abcam, UK) was

then applied and incubated at 4 ◦C overnight. The films were then

incubated with secondary antibodies-488-conjugated goat anti-

mouse IgG (H + L) (AS037, ABclonal, China) for 1 h at room

temperature and then washed. Subsequently, the films were

stained with fluorescent dyes and sealed with an anti-fluorescent

quenching encapsulant (containing DAPI) (Servicebio, China)

and sealing medium. The fluorescence signal was carried out

using a fluorescence microscope.

2.13. Statistical analysis

All data are expressed as the mean ± standard deviation (SD). The

Km, IC50, and inhibition kinetics constant (Ki) values were deter-

mined via non-linear regression analysis using GraphPad Prism

software. Nonparametric t-tests and one-way ANOVA were

employed for group comparisons, with statistical significance set

at P < 0.05. All statistical analyses were carried out using

GraphPad Prism software (GraphPad Prism 8.0), and Origin

(2025).

3. Result

3.1. Rational engineering of a near-infrared fluorogenic

substrate for Notum

Previous studies have found that Notum preferentially hydrolyzes

the substrates bearing a n-octanoate ester moiety21, which can be

used for designing the practical Notum-activatable fluorogenic

substrate via introducing a n-octanoate ester moiety on fluo-

rophores. Herein, ten near-infrared fluorophores (the emission

wavelengths >580 nm) were collected, and their corresponding

n-octanoate esters were designed and docked individually with six

reported crystal structures of Notum one by one (PDB ID: 6R8R,

6TUZ, 6YSK, 7BLS, 7BNB, and 8BTH). As shown in Supporting

Information Fig. S4, all designed fluorogenic substrate candidates

showed favorable binding affinities towards Notum, but only

DDAO n-octanoate (DO) showed high potential as a good sub-

strate for Notum, owing to the distance between the carbonyl

carbon of DO and the catalytic residue of Notum (Ser-232) was

within 5 Å. By contrast, other fluorogenic substrate candidates

showed oversized steric hindrance or excessively long

dimensions, showing that the distances between the carbonyl

carbon of substrates and catalytic residue Ser-232 of Notum

exceeded 5 Å, indicating that these substrates were hardly hy-

drolyzed by Notum. Considering that Notum has a large hydro-

phobic active pocket that can accommodate carbon chain lengths

of up to C16 (such as Wnt’s palmitoleic acid ester), further

structural modifications on DDAO were performed to synthesize

more DDAO esters as fluorescent substrate candidates for Notum

(DDAO 7-n-butyrate (DB), DDAO 7-n-hexanoate (DH), DO,

DDAO 7-n-decanoate (DDE), DDAO 7-n-dodecanoate (DDO),

DDAO 7-n-tetradecanoate (DT), DDAO 7-n-hexadecanoate

(DHE), which were fully characterized by NMR and high-

resolution mass spectrometry (Supporting Information Figs.

S5—S25). Meanwhile, the hydrolytic rates of seven fluorescent

substrate candidates in Notum were carefully evaluated, while

DDAO 7-n-octanoate (DO) showed the fastest hydrolytic rate and

the highest fluorescence intensity gain (Supporting Information

Fig. S26). The anti-interference activity of DO was also investi-

gated, and the results showed that the common metal ions and

amino acids could not affect DO hydrolysis and DDAO quanti-

fication (Supporting Information Fig. S27). These findings

suggest that DO is a rapid-responding near-infrared fluorescent

substrate for Notum, encouraging us to further investigate the

sensing properties of DO.

As shown in Fig. 1A—D, upon the addition of Notum, DO could

be rapidly hydrolyzed to release a bright fluorescence product

(DDAO), which emitted an NIR fluorescence signal around 660 nm.

The fluorescence signal around 660 nm was significantly enhanced

by 15.5-fold when DO was co-incubated with Notum for 20 min

(Fig. 1E). The hydrolytic product DDAO exhibited stable fluorescent

signals around 660 nm over a wide pH range (7.02—11.75) (Fig. 1F).

Moreover, good linear relationships were observed between fluo-

rescence intensity and Notum concentration (0—200 ng/mL), as well

as reaction time (0—20 min) (Fig. 1G and H). As shown in Fig. 1I,

Notum-catalyzed DO hydrolysis followed classical Fig. S6A―S6C)

Michaelis—Menten kinetics, with Km and Vmax values of 0.19 μmol/L,

and 1.13 μmol/min/mg Notum, respectively. These findings demon-

strate that DO is a rapid-responding Notum substrate, showing both

high binding affinity and rapid metabolic velocity. Meanwhile,

ABC99 (a potent Notum inhibitor) could dose-dependently inhibit

Notum-catalyzed DO hydrolysis, showing an IC50 value of

44.22 nmol/L (Fig. 1J). These results clearly demonstrate that DO is a

rapid-responding near-infrared fluorescent substrate for Notum,

making it a promising tool for constructing a fluorescence-based

biochemical assay for the efficient discovery of Notum inhibitors.

3.2. BGZ shows the most potent anti-Notum effect

Next, a fluorescence-based high-throughput screening method was

constructed using DO as a fluorescent substrate for screening and

characterization of naturally occurring inhibitors of Notum from

herbal medicines. The anti-Notum potential of 100 commonly

clinically used herbal medicines was tested at a single dose

(100 μg/mL, final concentration). As shown in Fig. 2A and Sup-

porting Information Table S3, all tested herbal medicine extracts

showed differential inhibitory effects against Notum-catalyzed

DO hydrolysis. Interestingly, among all tested herbal extracts,

BGZ, a commonly used anti-osteoporosis drug in clinical settings,

showed the most potent anti-Notum effect, with a residual enzyme

activity of only 1.66% at the dose of 100 μg/mL. Consequently,

the inhibitory potency of BGZ against Notum was carefully

studied. As shown in Fig. 2B, BGZ could dose-dependently inhibit
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Notum-catalyzed DO hydrolysis (IC50 � 6.98 μg/mL). It was also

found that the inhibitory effect of BGZ on Notum was not

significantly enhanced after prolonging the pre-incubation time,

suggesting that the inhibition of BGZ against Notum was

reversible (Supporting Information Fig. S28A). Subsequently, in-

hibition kinetic assays further revealed that BGZ strongly inhibi-

ted Notum-catalyzed DO hydrolysis in a competitive inhibition

manner, with a Ki value of 4.28 μg/mL (Fig. 2C and Fig. S28B).

These findings clearly demonstrate that BGZ exhibits potent and

competitive inhibition on Notum, prompting us to further uncover

the key anti-Notum constituents in BGZ via integrating multiple

technologies.

3.3. Global phytochemical analysis of BGZ by UHPLC—Q-

Orbitrap HRMS

Next, a global phytochemical analysis of BGZ was performed by

UHPLC—Q-Orbitrap HRMS, aiming to comprehensively identify

the major constituents in BGZ. As shown in Fig. 3 and Supporting

Information Table S4, a total of 83 constituents in BGZ were

Figure 1 Rational engineering of a near-infrared fluorogenic substrate for Notum. (A) The sensing mechanism of DO towards Notum. (B) The

absorption spectrum of DO and DDAO. (C) Emission spectrum of DO and DDAO. (D) Fluorescence response of DO towards increasing

concentrations of Notum (ranging from 0 to 200 ng/mL) at 37 ◦C for 20 min. (E) The change in the emission spectrum of DO in the presence of

Notum (200 ng/mL) at 37 ◦C for 20 min, λex � 600 nm. (F) Effects of pH on the fluorescence intensities of DO and DDAO. The different pH

values were adjusted by HCl and NaOH. λex � 600 nm. (G) The linear relationship between the fluorescence intensity of DDAO and the

concentrations of Notum (0—200 ng/mL). (H) The linear relationship between the fluorescence intensity of DDAO and the reaction time

(0—20 min). (I) Michaelis—Menten plot of DO hydrolysis in Notum. (J) The dose—inhibition curve of ABC99 against Notum.
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identified in both positive and negative ion modes45-47. These

constituents could be tentatively identified as coumarins, flavo-

noids, flavanones, chalcones, polyphenols, and other chemicals,

by comparing the MS/MS spectra with the commercially available

standards or previously reported phytochemicals or the natural

compound databases. The retention times, pseudo-molecular ions,

and molecular formula of all identified constituents in BGZ are

listed in Table S4.

3.4. Discovering the key anti-Notum constituents in BGZ

To efficiently uncover the key anti-Notum constituents that

inhibited Notum in BGZ, docking-based virtual screening was

used to discover the natural compounds in BGZ with high-binding

affinities towards Notum. As shown in Fig. 4A, 83 constituents in

BGZ exhibited differential predicted binding energy within

the catalytic pocket of Notum, with five constituents

Figure 2 BGZ shows the most potent anti-Notum effect. (A) The inhibitory potentials of 100 herbal medicines (100 μg/mL, final concen-

tration) against Notum-catalyzed DO hydrolysis. P2 refers to the extract of BGZ. (B) Dose—response curves of BGZ extract against Notum, with

the IC50 values of 6.98 μg/mL. (C) Inhibition kinetics of BGZ extract toward Notum. All data are expressed as mean ± SD (n � 3).

Figure 3 Global phytochemical analysis of BGZ by UHPLC—Q-Orbitrap HRMS in both positive and negative ion modes.
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(including isopsoralen, psoralen, coumestrol, 5-methoxypsoralen,

and 8-methoxypsoralen) showing high binding affinities (the

predicted binding energy < − 9.0 kcal/mol) towards Notum

(Fig. 4B—F and Table 1). After then, the anti-Notum effects of

these five constituents in BGZ (isopsoralen, psoralen, coumestrol,

5-methoxypsoralen, and 8-methoxypsoralen) were tested. As

shown in Fig. S28C, 5-methoxypsoralen, isopsoralen, psoralen,

8-methoxypsoralen, and coumestrol dose-dependently inhibited

the hydrolytic activity of Notum, showing the IC50 values of

18.73 ± 2.08, 76.67 ± 5.03, and 107.6 ± 10.44 nmol/L,

9.45 ± 1.38 and 12.84 ± 2.44 μmol/L, respectively (Fig. 4G—I,

Fig. S28D and S28E). These findings suggested that three

furanocoumarins (including 5-methoxypsoralen, psoralen, and

isopsoralen) in BGZ acted as potent Notum inhibitors. Meanwhile,

OPTS (a commonly used substrate for Notum) was used to verify

the inhibitory effects of three newly identified potent Notum in-

hibitors that were discovered by DO-based fluorescence assay. As

expected, 5-methoxypsoralen, isopsoralen, and psoralen could

dose-dependently inhibit Notum-catalyzed OPTS hydrolysis,

showing similar IC50 values of 11.21 ± 0.60, 71.86 ± 11.02, and

99.93 ± 10.85 nmol/L, respectively (Fig. 4J—L). These findings

clearly demonstrate that the furanocoumarins, including 5-

methoxypsoralen, isopsoralen, and psoralen, are potent anti-

Notum constituents in BGZ, with IC50 values below 110 nmol/L.

Figure 4 Discovering the key anti-Notum constituents in BGZ. (A) The predicted binding energies of all identified constituents in BGZ to-

wards Notum. (B—F) The chemical structures for five constituents in BGZ with high binding affinities towards Notum. Dose-dependent inhibition

curves of 5-methoxypsoralen (G), isopsoralen (H), and psoralen (I) against Notum-catalyzed DO hydrolysis. Dose-dependent inhibition curves of

5-methoxypsoralen (J), isopsoralen (K), and psoralen (L) against Notum-catalyzed OPTS hydrolysis. All data are expressed as mean ± SD

(n � 3).
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3.5. Safety assessment of 5-MP, psoralen, and isopsoralen

Considering that anti-osteoporosis agents are typically required

for long-term use, and some furanocoumarins have been reported

with hepatotoxicity48, it is necessary to investigate the safety

profiles of three furanocoumarins with strong anti-Notum effects.

In this work, the safety profiles of 5-methoxypsoralen (5-MP),

isopsoralen, and psoralen were tested at a consecutive high dose of

200 mg/kg in mice (Fig. 5A). As shown in Fig. 5B, oral admin-

istration of 5-MP for 14 consecutive days in healthy mice showed

favorable safety profiles, the overall mortality rate of 5-MP was

0% and no organ injury was observed. Serum biochemical indi-

cator testing (Fig. 5C) demonstrated that oral administration of 5-

MP decreased the levels of TC and TG in mice, but no significant

difference in the serological indicators of organ injury (such as

ALT, AST, CK, and CREA) was observed between 5-MP treated

mice and the control group. Additionally, no significant difference

in organ coefficient was observed, except a slight decline in the

spleen coefficient (Fig. 5D). Pathological examination showed no

observable organ injuries in the hearts, livers, spleens, lungs, or

kidneys of mice following 5-MP treatment (Fig. 5E).

In sharp contrast, both isopsoralen and psoralen showed sig-

nificant toxicity to healthy mice. As shown in Supporting Infor-

mation Fig. S29A and S29B, after seven days of treatment with

isopsoralen, the mice began to die, while their body weights

significantly decreased. After oral administration of psoralen for

14 consecutive days, no death was observed in this group, but the

body weights of psoralen-treated mice were decreased signifi-

cantly. Compared to the control group, significant abnormalities in

serum biochemical indicator levels were observed in mice plasma

after oral administration of either psoralen or isopsoralen

(Fig. S29C—S29J). Both psoralen and isopsoralen caused elevated

serum levels of AST and ALT, suggesting that both agents could

trigger liver damage. Moreover, psoralen could also elevate the

levels of ALP, CREA, UREA, and TG in serum, while isopsoralen

was found to decrease the levels of CK, UREA, and TG. As shown

in Fig. S29K—S29M, the organ coefficients of the heart, liver, and

kidney were remarkably elevated in both psoralen and

isopsoralen-treated mice. Furthermore, H&E staining showed that

both psoralen and isopsoralen resulted in varying degrees of organ

injury (Supporting Information Fig. S30). Psoralen caused dis-

rupted arrangement of cardiomyocytes and inflammatory infiltra-

tion, loosening of cell—cell junctions in the vicinity of liver

lobules, and enlargement of cell gaps, accompanied by inflam-

matory infiltration in glomeruli. Similarly, isopsoralen induced

inflammatory infiltration, disrupted the arrangement of car-

diomyocytes, and increased necrotic cells and glomerular area in

the liver. These observations clearly demonstrate that 5-MP dis-

plays favorable safety profiles, while psoralen and isopsoralen can

cause multiple organ injuries in mice.

3.6. Inhibitory mechanisms of 5-MP against Notum

Next, the inhibitory mechanisms of 5-MP (the most potent

Notum inhibitors identified from BGZ) against Notum were

investigated by performing a suite of inhibition kinetic assays,

computational simulations, as well as enzyme mutation and

functional assays. As shown in Fig. 6A, 5-MP potently inhibited

Notum-catalyzed DO hydrolysis in a competitive inhibition

manner, showing a Ki value of 23.54 nmol/L. To validate the

competitive inhibition manner of 5-MP against Notum, another

Notum substrate OPTS (a commonly used substrate for Notum)

was also used to verify the inhibitory mechanism of 5-MP

against Notum. As expected, inhibition kinetic analyses

showed that 5-MP strongly inhibited Notum-catalyzed OPTS

hydrolysis in a competitive manner, with a Ki value of

15.10 nmol/L (Supporting Information Fig. S31). As shown in

Fig. 6B and C, 5-MP could be well-docked into the catalytic

cavity of Notum, where this agent formed strong π—π stacking

interactions and hydrogen bonding interactions with several

surrounding amino acids (such as Trp128 and Phe268). These

observations suggest that 5-MP acts as a canonical competitive

inhibitor for Notum, while Trp128 and Phe268 may play

important roles in Notum inhibition by 5-MP.

To further verify the crucial roles of Trp128 and Phe268 in the

binding of 5-MP within the catalytic cavity of Notum, two mutates

(including W128G, and F268G) of Notum were constructed. Func-

tional assays revealed that the Notum mutate (W128G) totally lost

the hydrolytic function after replacing Trp128 with Gly128, while

the hydrolytic rate of DO in F268G Notum was also significantly

decreased (Fig. 6D). These findings clearly suggested that both

Trp128 and Phe268 in Notum played crucial roles in substrate

recognition and catalysis. Docking simulations revealed that the

distance between the carbonyl carbon of DO and the catalytic res-

idue of the native Notum (Ser-232) was 4.0 Å, suggesting that DO

could be easily hydrolyzed by native Notum (Fig. 6E). By contrast,

W128G Notum showed that the distance between the ester bond of

DO and the catalytic serine (Ser-232) was 7.0 Å (greater than 5 Å),

making DO was hardly hydrolyzed by W128G Notum (Fig. 6F). To

the best of our knowledge, this is the first report to reveal the crucial

role of Trp128 in the enzymatic function of Notum.

We also tested the inhibitory potential of 5-MP against DO

hydrolysis in F268G Notum. As shown in Supporting Informa-

tion Fig. S32A, compared to the native Notum, the inhibitory

effect of 5-MP against F268G Notum was significantly reduced

(> 67-fold), showing the IC50 value of 1.21 μmol/L. Consis-

tently, docking results showed that the binding affinity of 5-MP

and F268G Notum was significantly weakened (− 8.0 kcal/mol)

compared to the native Notum (− 9.27 kcal/mol) (Fig. S32B and

Supporting Information Table S5). Meanwhile, the key amino

acids involved in the interactions between 5-MP and F268G

Table 1 Anti-Notum effects of 5-methoxypsoralen, isopsoralen, psoralen, 8-methoxypsoralen, and coumestrol.

Compound Molecular formula MW Predicted binding

energy (kcal/mol)

IC50 (DO as probe)

5-Methoxypsoralen C12H8O4 216.19 �9.27 18.73 � 2.08 nmol/L

Isopsoralen C11H6O3 186.16 �9.62 72.67 � 5.03 nmol/L

Psoralen C11H6O3 186.16 �9.58 107.60 � 10.44 nmol/L

8-Methoxypsoralen C12H8O4 216.19 �9.19 9.45 � 1.38 μmol/L

Coumestrol C15H8O5 268.22 �9.49 12.84 � 2.44 μmol/L
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Notum were also changed compared to the native Notum

(Fig. S32C and S32D). These findings suggest that both Trp128

and Phe268 of Notum profoundly affect the ligand recognition

and substrate catalysis, while 5-MP could potently inhibit Notum

via creating strong interactions with these two residues within

the catalytic cavity of Notum.

3.7. 5-MP prompts osteoblast differentiation in MC3T3-E1 cells

Previous studies have demonstrated that blocking Notum can

promote osteoblast differentiation, restore normal trabecular bone

structure, and increase cortical bone thickness and strength23,25.

Considering that increased expression level of alkaline phospha-

tase (ALP) is an early indicator of osteoblast differentiation49, the

effects of 5-MP on ALP levels in MC3T3-E1 cells are first tested.

As shown in Supporting Information Fig. S33A, dexamethasone

(DXMS) could dose-dependently induce MC3T3-E1 cell injury,

while approximately 50% of cells were diminished at 200 μmol/L.

As shown in Fig. S33B—S33D, 5-MP, psoralen, and isopsoralen

exhibited weak cytotoxicity towards MC3T3-E1 cells within the

tested concentration range (0—20 μmol/L). Subsequently, the ef-

fects of 5-MP on the osteogenic differentiation of MC3T3-E1 cells

Figure 5 The safety profiles of 5-MP in healthy mice. (A) Animal experimental road map. (B) The changes in the body weight of mice. (C) The

serum biochemical indicators in control mice and 5-MP-treated mice. (D) The organ coefficient ratios of control mice and 5-MP-treated mice. (E)

H&E staining of heart, liver, spleen, lung, kidney, brain, large intestine, and small intestine in control and 5-MP groups. Scale bar � 200 μm.
**P < 0.01 versus Control, ***P < 0.001 versus Control. All data are expressed as mean ± SD (n � 8).
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were investigated. As shown in Fig. 6G and H, compared to the

control cells (DMSO only), DXMS reduced the ALP level in

MC3T3-E1 cells. As expected, 5-MP could dose-dependently

mitigate the reduced ALP levels induced by DXMS, suggesting

that 5-MP could significantly promote osteoblast differentiation

via inhibiting Notum. Isopsoralen and psoralen could also exhibit

osteoblast differentiation effects, but their promoting effects on

osteoblast differentiation were relatively weak (Supporting

Figure 6 Inhibitory mechanisms of 5-MP against Notum. (A) Inhibition kinetics of 5-MP against Notum-catalyzed DO hydrolysis. (B) The

stereo overview of molecular docking of 5-MP into the crystal structure of Notum (PDB ID: 7BLS). (C)The detailed view of 5-MP with Notum.

(D) The hydrolytic rates of DO in native, W128G, and F268G Notum. (E) The detailed view of molecular docking of DO with native Notum. (F)

The detailed view of molecular docking of DO with W128G Notum. (G) The effects of 5-MP on ALP levels in MC3T3-E1 cells under DXMS

treatment. (H) The quantitative results correspond to Fig. 6G. (I) The imaging features of ARS staining of 5-MP. (J) The quantitative results

corresponding to Fig. 6I. Scale bar � 1 mm. #P < 0.05 versus Blank; ##P < 0.01 versus Blank; ###P < 0.001 versus Blank; nsP > 0.05 versus

DXMS; *P < 0.05 versus DXMS; **P < 0.01 versus DXMS; ***P < 0.001 versus DXMS. All data are expressed as mean ± SD (n � 3).
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Information Fig. S34). Specifically, 5-MP at a low dose (0.5 μmol/

L) showed more significant pro-differentiation effects on MC3T3-

E1 cells than isopsoralen or psoralen at a relatively high dose

(5 μmol/L).

The level of calcium salt is another key marker of bone cell

proliferation and differentiation50. ARS forms complexes with

calcium salts in a chelating manner, which is frequently used to

assess intracellular calcification51. Herein, the promoting effects

of 5-MP on osteogenic differentiation were verified by ARS

staining. As shown in Fig. 6I and J, DXMS significantly inhibited

calcification in MC3T3-E1 cells, while 5-MP significantly

reversed the intracellular calcium loss triggered by DXMS. These

results clearly suggest that 5-MP shows significant pro-

differentiation effects on osteoblasts, which encourages us to

further investigate the in vivo anti-osteoporosis effects of this

phytochemical.

3.8. 5-Methoxypsoralen activates Wnt/ß-catenin signaling in

MC3T3-E1 cells

To validate whether 5-MP activates the Wnt/ß-catenin signaling

pathway in MC3T3-E1 cells by inhibiting Notum, the expression

levels of Notum and several canonical indicators (including

ß-catenin, RUNX2 and GSK3ß) of both Wnt signaling and

osteoblast differentiation are examined following 5-MP treat-

ment. As shown in Fig. 7A and B, compared to the control cells,

DXMS significantly upregulated the mRNA levels of both

Notum and GSK3ß, as well as revised the mRNA levels of ß-

catenin, OPN and RUNX2 (Fig. 7C—E), suggesting that both

Wnt signaling and osteoblast differentiation were suppressed. As

expected, 5-MP significantly reversed the abnormal mRNA

levels of these key indicators (Notum, GSK3ß, ß-catenin, OPN

and RUNX2) induced by DXMS. Meanwhile, the protein levels

of six key proteins (active ß-catenin, ß-catenin, OPN, RUNX2,

Notum and GSK3ß) related to Wnt signaling and osteoblast

differentiation were also assayed. Similarly, compared to the

control group, DXMS significantly up-regulated the protein

levels of both Notum and GSK3ß and down-regulated the pro-

tein levels of active ß-catenin, total ß-catenin, OPN and

RUNX2. By contrast, 5-MP significantly reversed the abnormal

protein expression of both Notum and GSK3ß, as well as the

reduced protein levels of active ß-catenin, total ß-catenin, OPN

and RUNX2 that were triggered by DXMS (Fig. 7F—L). These

findings suggest that 5-MP significantly activates the Wnt/ß-

catenin signaling pathway in osteoblasts and reverses DXMS-

induced abnormal overexpression of both Notum and GSK3ß,

encouraging us to further investigate the anti-osteoporosis ef-

fects of 5-MP in vivo.

3.9. 5-MP shows favorable tissue distribution after

intragastrical administration

Given the high structural similarity of both human Notum and

mouse Notum (∼90%), mice are used for further pharmaco-

logical investigations (Supporting Information Table S6). Prior

to the animal experiments, the tissue distribution of 5-MP in

mice was carefully investigated to determine whether this agent

could be distributed to bone tissue after intragastrical adminis-

tration. As shown in Supporting Information Fig. S35, following

a single oral dosing (40 mg/kg) of 5-MP in mice, 5-MP showed

high exposure in the plasma and the liver. 5-MP was also

detected in various tissues and organs of mice, especially in

skeletal muscle and femur. Notably, the exposure levels of 5-MP

in mice plasma (44.6 nmol/L, after administration 3 h) were

much higher than the half-maximal inhibitory concentration of

5-MP against Notum (IC50 � 18.73 nmol/L), while the exposure

level (8.3 nmol/L, after administration 2 h) of 5-MP in femur was

comparable to its IC50 value. These findings clearly suggest that

5-MP can be well-absorbed into the circulating system and then

distributed to the key organs for treating osteoporosis (such as

the femur and skeletal muscle) after oral administration,

indicating that this agent may be effective for treating osteopo-

rosis in vivo.

3.10. 5-MP ameliorates DXMS-induced osteoporosis in mice

Encouraged by the above-mentioned findings, we next investi-

gated the in vivo anti-osteoporosis effects of 5-MP in GIOP mice.

As shown in Fig. 8A—C, DXMS could cause a significant

reduction in body weight gain compared to the control group.

Although neither PTH (positive control for osteoporosis) nor

5-MP (20 and 40 mg/kg) could significantly reverse the weight

loss induced by DXMS, both PTH, and 5-MP remarkably

improved the serum levels of four osteogenic markers, including

alkaline phosphatase (ALP), osteocalcin/beta-glucuronidase (OT/

BGT), osteoprotegerin (OPG), and Col-1A1. Compared to the

control group, the serum levels of four markers were significantly

decreased in DXMS-challenged mice, while both PTH and 5-MP

(20 and 40 mg/kg) substantially increased the serum levels of all

tested osteogenic markers (Fig. 8D—G).

Micro-CT imaging revealed sparse trabeculae and thinner

cortical bone in DXMS-challenged mice compared to the control

group (Fig. 9), confirming the successful establishment of the

osteoporosis model. In contrast, 5-MP significantly improved both

trabecular and cortical bone thickness. Micro-CT quantification

revealed significantly greater trabecular and cortical bone thick-

ness at both distal and mid-femur regions in 5-methoxypsoralen-

treated mice compared to DXMS-challenged mice (Fig. 9B—E).

5-MP treatment significantly enhanced both bone volume fraction

(bone volume fraction over total volume (BV/TV)) and bone

mineral density (BMD) in distal and mid-femur regions

(Fig. 9F—I). These micro-CT findings were corroborated by H&E

staining (Fig. 10A). Most notably, double labeling demonstrated

active new bone formation in 5-MP-treated mice, in stark contrast

to the DXMS-challenged group (Fig. 10B).

Immunofluorescence analysis was also used to explore the

spatial expression patterns of Notum in murine bone tissue. As

shown in Fig. 10C, Notum (red) in the bone collected from healthy

mice showed a very weak fluorescence signal, suggesting very low

Notum expression levels in healthy mice. Compared to the healthy

mice, the red signal of Notum was significantly increased in both

cortical and cancellous bone tissues from DXMS-challenged

mice, indicating that DXMS could upregulate Notum expression

in both cortical and cancellous bone tissues. By contrast, either

PTH or 5-MP significantly decreased the immunofluorescence

signals of Notum in cortical bone tissues, but both agents hardly

decrease the immunofluorescence signals of Notum in marrow

cavity (Fig. 10C). Furthermore, the expression levels of Notum in

mouse femurs were detected by Western blot analysis (Supporting

Information Fig. S36). These findings suggested that both PTH

and 5-MP effectively reverse Notum overexpression in cortical

bone tissues of DXMS-challenged mice. These observations

clearly show that 5-MP is an efficacious anti-GIOP agent, capable

of significantly mitigating DXMS-induced osteoporosis in mice
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via inhibiting the hydrolytic activity of Notum and reversing

DXMS-induced Notum overexpression.

4. Discussion

Notum, a palmitoyl protein carboxylase, has attracted increasing

attention due to its crucial role in blocking the Wnt signaling20.

Growing evidence suggests that Notum is a druggable regulator of

the Wnt signaling, and has been validated as a promising thera-

peutic target for treating GIOP. Studies have demonstrated that the

knockdown of Notum or pharmacological inhibiting Notum ac-

tivity would bring markedly positive effects on enhancing both

bone density and cortical bone thickness in mice25. However, to

the best of our knowledge, the potent Notum inhibitors with

favorable safety profiles are rarely reported. Inspired by the

clinical efficacy of some commonly used herbal medicines (HMs)

for treating GIOP, we aimed to identify the potent Notum in-

hibitors from HMs. To directly assess the anti-Notum activities of

HMs, we have devised a rapid-responding and high binding-

affinity NIR fluorescent substrate for Notum (termed DO),

which emits a long emission wavelength (660 nm) and shows a

high signal-noise ratio. Phytochemicals in HMs, such as couma-

rins and flavonoids, are known to emit fluorescence signals, but

their emission wavelengths are typically short (< 560 nm). Thus,

the DO-based biochemical assay minimizes interference from the

background fluorescence emitted by phytochemicals in crude HM

extract (Supporting Information Table S7).

With DO in hand, we subsequently constructed a practical

platform for high-throughput screening and characterization of

HMs with anti-Notum effects. The anti-Notum effects of more than

Figure 7 The newly identified anti-Notum agent 5-MP activates Wnt/ß-catenin signaling in MC3T3-E1 cells. Relative mRNA levels of Notum

(A), GSK3ß (B), ß-catenin (C), OPN (D) and RUNX2 (E) in DXMS-challenged MC3T3-E1 cells with or without PTH and 5-MP treatment. (F)

The regulatory effects of PTH and 5-MP on the protein levels of activeß-catenin, ß-catenin, OPN, RUNX2, Notum, and GSK3ß in MC3T3-E1

cells. Statistical analysis of protein expression (G—L). Data are represented as mean ± SD from three independent assays. n � 3. #P < 0.05

versus Control; ##P < 0.01 versus Control; ###P < 0.001 versus Control, *P < 0.05 versus DXMS; **P < 0.01 versus DXMS; ***P < 0.001 versus

DXMS.
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100 HMs were screened using DO as the fluorogenic substrate.

Interestingly, our results showed that BGZ, a commonly used anti-

osteoporosis drug in clinical settings, potently inhibited Notum-

catalyzed DO hydrolysis (IC50 � 6.98 μg/mL). Given that

Notum only has a single ligand-binding cavity and all reported

naturally occurring inhibitors of Notum are competitive inhibitors,

we adopted an efficient strategy for discovering Notum inhibitors by

integrating docking-based virtual screening and DO-based

biochemical assay. The results revealed that five selected constitu-

ents (including isopsoralen, psoralen, coumestrol, 5-

methoxypsoralen, and 8-methoxypsoralen) with high binding af-

finities (predicted binding energy < − 9.0 kcal/mol) all exhibited

anti-Notum activity, with three of these compounds showed potent

anti-Notum effects (IC50< 110 nmol/L). Notably, all of these newly

identified Notum inhibitors in BGZ are furanocoumarins, suggest-

ing that the furanocoumarins are the key anti-Notum constituents in

BGZ. Meanwhile, these agents could also serve as lead compounds

for developing more efficacious Notum inhibitors. These results

clearly demonstrate the utility of docking-based screening of

Notum inhibitors for the efficient discovery of Notum inhibitors,

which guides the rapid discovery of Notum inhibitors from HMs.

Among the newly identified three furanocoumarins with strong

anti-Notum effects, 5-methoxypsoralen showed the best combi-

nation of both pharmacological activity and safety. In contrast,

both isopsoralen and psoralen showed evident organ injuries,

suggesting that these agents could not be suitable for long-term

administration for treating GIOP. These findings also suggested

that introducing a methoxy moiety at the C-5 site of fur-

anocoumarin could strongly enhance anti-Notum activity while

improving safety in vivo. Increasing evidence indicates that

compounds containing furan rings may be metabolically activated

by mammalian cytochrome P450 enzymes (CYPs) to generate

reactive intermediates, which further covalently bind to GSH or

macromolecules to trigger hepatotoxicity. By contrast, hepato-

toxicity was significantly reduced when the furan ring was satu-

rated. In vitro assays found that both psoralen and isopsoralen

could be metabolically bioactivated by CYPs to generate reactive

intermediates, which further covalently bind to GSH. However,

5-methoxypsoralen was preferentially metabolized by CYP

enzymes to produce a stable metabolite (5-hydroxypsoralen),

which could be further metabolized by phase II metabolizing

enzymes (such as UDP-glucuronosyltransferase enzymes) and

Figure 8 The therapeutic effects of 5-MP against DXMS-induced osteoporosis in mice. (A) The detailed schedule of animal experiments. Body

weight of the mice during the experiment (B), and the comparison of the body weights within each experimental group at the last weighing(C).

The bone metabolism index of serum levels, including ALP (D), COL1A1 (E), OT/BGP (F), and OPG (G). ##P < 0.01 versus Control;
###P < 0.001 versus Control, nsP > 0.05 versus DXMS, *P < 0.05 versus DXMS;**P < 0.01 versus DXMS; ***P < 0.001 versus DXMS. All data

are expressed as mean ± SD (n � 6).
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then excreted from the body. Meanwhile, we did not detect

reactive intermediates of 5-MP in phase I metabolic systems using

GSH as a trapping agent. These findings partially explain why

5-methoxypsoralen shows high safety profiles in mice without any

observations of hepatotoxicity. In the future, medicinal chemists

can design more furanocoumarin derivatives as potent Notum

inhibitors by saturating the furan ring or introducing additional

metabolically labile sites for CYPs.

Notably, most of the reported Notum inhibitors show relatively

weak anti-Notum effects (Supporting Information Table S8),

while most of them have not been subjected to in vivo tests, such

as safety assessment, and in vivo anti-GIOP effects. By contrast, 5-

MP, a naturally occurring Notum inhibitor, demonstrates signifi-

cant anti-osteoporosis activity at both the cellular and animal

levels, as well as showing favorable safety profiles in vivo. Given

its favorable safety profile, high oral bioavailability (69.6%—

Figure 9 The therapeutic effects of 5-MP against DXMS-induced pathological osteoporosis. (A) The characteristic images of micro-CT

illustrate the distal femur bone and trabecular bone. The contrastive analyses of the cortical thicknesses (B), trabecular thicknesses (C), BV/

TV (%) (D), and BMD (E) of the distal femur. The contrastive analyses of the cortical thicknesses (F), trabecular thicknesses (G), BV/TV

(%) (H), and BMD (I) of the middle femur. ###P < 0.001 versus Control, *P < 0.05 versus DXMS; **P < 0.01 versus DXMS; ***P < 0.001

versus DXMS. All data are expressed as mean ± SD (n � 6).
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94.0% in rats)52,53 and relatively long half-life (t1/2 � 4.21 h)54,

long-term oral administration of 5-methoxypsoralen may result in

higher plasma exposure levels and enhanced anti-osteoporosis

effects. In this work, we quantified the exposure levels of

5-methoxypsoralen in plasma and the femur after a single oral

dose of 5-methoxypsoralen (40 mg/kg) to mice. The results

showed that the plasma exposure levels of 5-methoxypsoralen

(44.6 nmol/L) were much higher than the half-maximal inhibi-

tory concentration of 5-methoxypsoralen against Notum

(IC50 � 18.73 nmol/L), while the exposure level (8.3 nmol/L) of

5-methoxypsoralen in the femur was comparable to its half-

maximal inhibitory concentration. Notum is an exocytosis pro-

tein, and 5-methoxypsoralen in the circulating system can bind to

the peripheral Notum secreted by osteoblasts. These findings

provide an explanation for why 5-MP could significantly alleviate

DXMS-induced osteoporosis and activate Wnt/ß-catenin signaling

in mice, suggesting that 5-MP may serve as a promising lead

compound for developing novel anti-GIOP agents. In the future,

structural modifications on 5-MP or bone-targeted drug delivery

systems of 5-MP should be performed to get more efficacious anti-

Notum agents or to elevate the bone-targeting ability of this agent.

Furthermore, it has been reported that activating Wnt/ß-catenin

signaling is a feasible strategy for liver regeneration55-57.

Considering that Notum is highly expressed in the liver, and the

newly identified Notum inhibitor (5-MP) prefers to be distributed

into the liver, 5-MP can be used as a potent activator of Wnt/ß-

catenin signaling to promote liver regeneration. In the future, the

in vivo efficacy of 5-MP for promoting liver regeneration should

be investigated systematically.

5. Conclusions

In summary, this work showcases a practical and efficient platform for

discovering naturally occurring potent Notum inhibitors from HMs

for combating GIOP. Firstly, DO, a rapid-responding near-infrared

fluorogenic substrate for Notum was developed to construct a prac-

tical fluorescence-based high-throughput screening assay, which was

then used for assessing the anti-Notum potentials of the commonly

used HMs. Following high-throughput screening, BGZ, a frequently

used anti-osteoporosis herb, was found with strong and competitive

inhibition on Notum. After that, a highly efficient strategy was

Figure 10 5-MP ameliorates DXMS-induced osteoporosis in mice. (A) H&E staining of the distal femur bone. Scale bar: 500 μm. (B) The

characteristic images of double labeling. Scale bar: 100 μm. (C) Immunofluorescence imaging of distal femur bone, blue for DAPI, and red for

Notum. Scale bar: 100 μm. The white arrows indicate cortical bone, and the orange arrows indicate marrow. The white lines indicate the location

of the cortical bone above and the marrow cavity below.
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adopted to uncover the key anti-Notum constituents in BGZ, via

integrating phytochemical profiling, docking simulation-based virtual

screening, and DO-based biochemical assays. The results demon-

strate that three furanocoumarins in BGZ, including 5-MP, psoralen,

and isopsoralen, are naturally occurring potent Notum inhibitors

(IC50 < 110 nmol/L). Among these three furanocoumarins, 5-MP

showed favorable safety profiles and impressive anti-osteoporosis

effects. 5-MP could strongly promote calcium formation and acti-

vate Wnt signaling in DXMS-challenged MC3T3-E1 osteoblasts. A

tissue distribution study showed that 5-MP could distribute into bone

and skeletal muscle following oral administration in mice. Subse-

quent in vivo tests showed that 5-MP markedly enhanced bone density

and increased the thickness of cancellous and cortical bone in DXMS-

induced osteoporotic mice. Collectively, a practical and integrated

strategy was constructed for efficiently identifying the key anti-

Notum constituents from herbal medicines, while 5-MP, a newly

identified Notum inhibitor from the Chinese herb BGZ, holds great

promise for treating GIOP and promoting bone repair.
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