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ARTICLE INFO ABSTRACT

Keywords: Excess osteoclast activity is found in many bone metabolic diseases, and inhibiting osteoclast differentiation has
Metabolic reprogramming proven to be an effective strategy. Here, we revealed that osteoclast precursors (pre-OCs) were more susceptible
OSt;Odla“ to thioredoxin reductase 1 (TXNRD1) inhibitors than bone marrow-derived monocytes (BMDMs) during receptor
?)I;Ng) 1 activator of nuclear factor kappa B ligand (RANKL)-mediated osteoclastogenesis. Mechanistically, we found that
SLC7AI1 nuclear factor of activated T-cells 1 (NFATcl) upregulated solute carrier family 7 member 11 (SLC7A11)
Disulfidptosis expression through transcriptional regulation during RANKL-induced osteoclastogenesis. During TXNRD1 inhi-

bition, the rate of intracellular disulfide reduction is significantly reduced. Increased cystine transport leads to
increased cystine accumulation, which leads to increased cellular disulfide stress and disulfidptosis. We further
demonstrated that SLC7A11 inhibitors and treatments that prevent disulphide accumulation could rescue this
type of cell death, but not the ferroptosis inhibitors (DFO, Ferro-1), the ROS scavengers (Trolox, Tempol), the
apoptosis inhibitor (Z-VAD), the necroptosis inhibitor (Nec-1), or the autophagy inhibitor (CQ). An in vivo study
indicated that TXNRD1 inhibitors increased bone cystine content, reduced the number of osteoclasts, and alle-
viated bone loss in an ovariectomized (OVX) mouse model. Together, our findings demonstrate that NFATc1-
mediated upregulation of SLC7A11 induces targetable metabolic sensitivity to TXNRD1 inhibitors during oste-
oclast differentiation. Moreover, we innovatively suggest that TXNRD1 inhibitors, a classic drug for osteoclast-
related diseases, selectively kill pre-OCs by inducing intracellular cystine accumulation and subsequent
disulfidptosis.

treatment [1,7-10]. During osteoclast differentiation, bone
marrow-derived monocytes (BMDMs) undergo metabolic reprogram-
ming in response to the stimulation of receptor activator of nuclear
factor kappa B ligand (RANKL) and other cytokines. This process renders
osteoclast precursors (pre-OCs) highly dependent on specific nutrients
for survival and differentiation, compared to BMDMs [11-13]. Limiting
these nutrients uptake or dampening their metabolic processes may
inhibit the osteoclastogenesis or selectively kill pre-OCs. However, while

1. Introduction

Osteoclast overactivity is a feature of many diseases, such as rheu-
matoid arthritis, osteoporosis, and bone metastasis. In these diseases,
mature osteoclasts (ma-OCs) exert bone-destructive effects through
bone resorption [1-6]. Inhibiting osteoclast differentiation has proven
to be an effective therapeutic strategy in basic research and clinical
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Abbreviations:

2 ME 2-mercaptoethanol

Acp5 Acid Phosphatase 5

AF Auranofin

BMD bone mineral density

BMDMs bone marrow-derived monocytes
BMSCs  bone marrow stromal cells
BV/TV  bone volume per tissue volume
CQ Chloroquine

Cs. Th  cortical thickness

CTL control

CTX-1 C-terminal telopeptide of type I collagen

CUT & Tag Cleavage under targets and tagmentation
DFO Deferoxamine
EV Empty vector

F-actin  actin filaments

Ferro-1 ferrostatin-1

GO Gene Ontology

GSH glutathione

H&E hematoxylin-eosin staining

HPLC-MS/MS High-performance liquid chromatography-tandem
mass spectrometry

KEAP1  kelch like ECH associated protein 1

KO knockout

LC-MS  Liquid Chromatographic Mass Spectrometer
L-Pen -Penicillamine

ma-OCs mature osteoclast

MAR mineral apposition rate

M-CSF  macrophage colony-stimulating factor

MFI mean fluorescence intensity
NAC N-acetylcysteine

Nec-1 Necrostatin-1

NFATcl nuclear factor of activated T-cells 1
NMR Nuclear Magnetic Resonance

NRF2 NF-E2-related factor 2

ROS reactive oxygen species

RANKL receptor activator of nuclear factor kappa B ligand
ovXx ovariectomized

PB periosteal bone

PCA Principal component analysis

PDGF-BB platelet-derived growth factor beta polypeptide b
PI propidium iodide

pre-OCs osteoclast precursors

ROS reactive oxygen species

RSL3 (1S,3R)-RSL3

SLC7A11 solute carrier family 7 member 11
SSZ sulfasalazine

TB trabecular bone

Tb-N number of trabeculae

Tb. Sp  trabecular separation

TRAP tartrate resistance acid phosphatase
TRi-1 TXNRD1 inhibitor 1

Trx thioredoxin

TSSs transcription start sites

TXNRD1 thioredoxin reductase 1
TXNRD2 thioredoxin reductase 2
TXNRDs thioredoxin reductases
WT Wild type

Z-VAD Z-VAD-FMK

therapies targeting metabolic vulnerabilities have been widely used in
cancer treatment [14-16], selective killing of pre-OCs has rarely been
investigated as a potential treatment for osteoclast-related diseases.
Cysteine is a nonessential amino acid and is indispensable for mul-
tiple biological processes [17]. Cysteine is the rate-limiting precursor for
synthesizing glutathione (GSH), one of the most crucial cellular anti-
oxidants. Under physiological conditions, cysteine can be synthesized
via the transsulfuration pathway or proteolysis. However, cells with
high cysteine demand or lacking the transsulfuration pathway obtain
cysteine mainly from the extracellular environment via amino acid
transporters. Since cysteine has a reduced thiol group, it will be oxidized
to cystine (cysteine in dimeric form with a disulphide bond) in the
oxidizing extracellular environment within 30 min [18]. Under this
condition, the cells import cystine via solute carrier family 7 member 11
(SLC7A11) [19] and then reduce the oxidizing cystine to cysteine by the
thioredoxin system [20,21]. The thioredoxin system and glutathione
systems contribute to antioxidant defence systems in mammals. The
thioredoxin system exerts antioxidative properties by reducing disul-
phide to dithiol [22-24]. Without TXNRD1, intracellular cystine with a
disulphide bond cannot be reduced to cysteine with a thiol group [21,
22]. Due to the extremely low solubility of cystine (less than 1/2000 of
cysteine), imported cystine tends to accumulate in cells, increasing
cellular disulfide stress [18]. Under high disulphide metabolic stress,
aberrant disulphide bonds are formed in actin cytoskeletal proteins,
leading to cell death [25]. Selenoprotein thioredoxin reductase 1
(TXNRD1) is the most common target for inhibiting the thioredoxin
system at present [21,26,27]. Auranofin (AF, also called Ridaura®), a
drug approved by the FDA in 1985 for the treatment of rheumatoid
arthritis [28], has been investigated due to its antitumor activity
mediated by targeting TXNRD1 [29-31]. Nevertheless, a number of
previous studies have focused on the anti-inflammatory role of AF in
osteoclast-related diseases [32-35], while its inhibition of TXNRD1 in

this field has not been reported. As a canonical inhibitor of TXNRDs, AF
not only binds TXNRD1 but also inhibits the mitochondrial enzyme
TXNRD2, glutathione S-transferase, and several phosphatases [35-37].
Recently, more specific targeting drugs have been developed to validate
TXNRD1 as a therapeutic target. Among these, TXNRD1 inhibitor 1
(TRi-1) is notable for its specific binding ability to TXNRD1 and has been
utilized in some basic studies [27,38].

We reveal that nuclear factor of activated T-cells 1 (NFATc1) regu-
lates SLC7A11 expression via transcription during RANKL-mediated
osteoclast differentiation. Metabolic reprogramming of cystine uptake
renders pre-OCs more vulnerable to TXNRD1 inhibitor-induced cell
death than BMDMs. We further demonstrate that increased cystine up-
take leads to F-actin contraction, which mediates disulfidptosis in pre-
OCs under TXNRD1 inhibition. Our study elucidates the underlying
mechanisms of TXNRD1 inhibitors for the treatment of osteoclast-
related diseases and proposes selective killing of pre-OCs as a feasible
therapeutic strategy for diseases with osteoclast overactivity.

2. Materials and methods
2.1. Isolation and culture of BMDMs

BMDMs were isolated from wild-type or SLC7A11~/~ mice as pre-
viously described [39]. Briefly, 4-week-old C57BL/6J mice were
dissected under Zoletil 50 (50 mg/kg) anaesthesia, and the tibiae and
femora were collected. The bones were flushed using a syringe filled
with a-minimum essential medium containing 10% fetal bovine serum
(VWR, Australia) and 40 ng/mL murine macrophage colony-stimulating
factor (M-CSF) (R&D, USA) to obtain bone marrow cells. The suspended
cells were collected in 10 cm dishes, and the medium was replaced every
48 h. After 96 h, the adherent cells were washed three times with PBS
and identified by flow cytometry using FITC-F4/80 (BioLegend, USA)
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and APC-CD11b (BioLegend, USA) antibodies.
2.2. Preparation of pre-OCs and ma-OCs

Harvested BMDMs were cultured at a density of 8 x 103 /well (96-
well plates) or 4 x 10°/well (6-well plates) in a medium containing 20
ng/mL M-CSF (R&D, USA) and 50 ng/mL RANKL (R&D, USA).The
medium was replaced every 48 h. After 72 h, pre-OCs were identified
using a TRAP staining kit (Sigma-Aldrich, USA). The pre-OCs were
further induced with a medium containing 20 ng/mL M-CSF and 50 ng/
mL RANKL for two days. TRAP staining (Sigma-Aldrich, USA) and F-
actin formation assays (Yeasen, China) were performed to assess oste-
oclast differentiation and fusion.

2.3. Mice and experimental surgery

C57BL/6 wild-type mice were provided by Suzhou Syagen Labora-
tory Animal Co., Ltd. SLC7A11 knockout mice were generated using the
CRISPR/Cas9 system in the C57BL/6J mouse strain, and SLC7A11~/~
generation was performed by the Suzhou Syagen Laboratory Animal Co.,
Ltd (Fig. S2a). The exon 3 of the Slc7all gene (NCBI Reference
Sequence: NM_011990.2; Ensembl: ENSMUSGO000-00027737) was the
target of guide RNAs (gRNAs). Then, the mouse zygotes were micro-
injected with Cas9 mRNA and gRNAs. The following primers were used
to detect the FO generation pups by PCR: Primers 1, F1, 5'-TACTGT-
GATAAGCAGTGTAGAGGG-3, R1l, 5-GTTATAGGAAATGGCCGTCA-
GATG-3’; Primers 2, F1, 5-TACTGTGATAAGCAGTGTAGAGGG-3/, R2,
5’-AGAGACCAACCCATATT-ACCTGAC-3’ (Fig. S2b). The Animal Ethics
Committee of Fudan University Pudong Medical Center approved this
study (No. 20220725-1), and all animal experiments were conducted in
accordance with the National Institutes of Health (NIH, USA) Guide for
the Care and Use of Laboratory. All female mice at 8 weeks old were
randomly divided into a sham group, an ovariectomized (OVX) group,
an AF group, and a TRi-1 group (n = 6). In the OVX, AF, and TRi-1
groups, bilateral OVX was performed through a dorsal approach under
the anaesthesia of 50 mg/kg Zoletil 50. For the sham group, para-
ovarian adipose tissues were removed via the same approach. After
three days, in the sham and OVX groups, PBS containing 2% DMSO was
administered intraperitoneally. The AF group received AF (10 mg/kg)
dissolved in PBS containing 2% DMSO. The TRi-1 group received TRi-1
(5 mg/kg) dissolved in PBS containing 2% DMSO every two days for
eight weeks. Mice were injected with calcein (10 mg/kg) ten days and
three days before sacrifice. Body weights were recorded weekly. After
eight weeks, the bilateral tibiae, bilateral femora, and sera of the mice
were collected for the subsequent experiments. The uteruses of the mice
were measured. Hematoxylin-eosin (H&E) staining of mice viscera was
used to assess the drug toxicity in this study.

2.4. Bone resorption assay in vitro

Bone resorption activity was assessed as described previously [39].
Briefly, BMDMs were seeded onto bone slices in 96-well plates at a
density of 8000 cells/well, then cultured for seven days with a medium
containing 20 ng/mL M-CSF and 50 ng/mL RANKL. The bone slices were
removed and ultrasonicated to remove adherent cells, and the surfaces
were scanned with an electron microscope (GeminiSEM 500, Germany).
Quantification was achieved by measuring the percentage of the areas
resorbed in three random views using ImageJ software (NIH, USA).

2.5. Flow cytometry

Bone marrow cells were collected in 10 cm dishes and cultured with
M-CSF for 96 h. We washed adherent cells three times with PBS and
incubated them with FITC-F4/80 (BioLegend, USA) and APC-CD11b
(BioLegend, USA) antibodies. A fluorescence-activated cell sorter
(FACSCanto II, BD) was used for analyses, and CD11b"F4/80" cells
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were considered BMDMs.

To measure cystine uptake of BMDMs, pre-OCs, and ma-OCs, cells
were cultured with cystine-free medium for 1 h. After cystine starvation,
the cells were incubated with 5 uM cystine-FITC probes (Sigma-Aldrich,
USA) for 1 h, and the flow cytometry was used to analyse the fluores-
cence intensity. For fluorescent photos, the cells were incubated with
150 pM cystine-FITC probes for 4 h.

To measure cell death, 4 x 10° cells/well were seeded in 6-well
plates one day before treatment. Cells were harvested 24 h after
different treatments and incubated with 10 pL/mL propidium iodide (PI)
solution (BioLegend, USA) at 4 °C for 15 min and measured by flow
cytometry.

Cellular lipid peroxidation was assessed using Liperfluo (Dojindo,
Japan). One day before treatment, 4 x 10° cells/well were seeded in 6-
well plates. Cells were harvested 24 h after different treatments. After
incubation with 1 pM Liperfluo for 30 min, the cells were measured by
flow cytometry.

ROS Brite 570 (AAT Bioquest, USA) staining was used to detect
cellular ROS. One day before treatment, 4 x 10° cells/well were seeded
in 6-well plates. Cells were harvested 5 h after different treatments. After
incubation with 5 pL/mL100 x ROS Brite 570 stock solution for 30 min,
the cells were measured by flow cytometry.

2.6. Detection of TXNRDs reduction ability

Reduction of TRFS-Green (MedChemExpress, USA) by the combi-
nation of various Trx system components was performed after the cells
were pretreated with or without TXNRDs inhibitors [40]. In brief, first,
BMDMs and pre-OCs were pretreated with a medium containing no
drug, AF (0.5 pM, 1.0 pM) or TRI-1 (1.0 pM, 2.0 pM) for 3 h. Then, the
pretreated cells were incubated with TRFS (10 uM) for 2 h. The fluo-
rescence of the cells was detected with a fluorescence microscope
(Nikon, Japan).

2.7. Liquid chromatographic mass spectrometer (LC-MS) analysis

The identified BMDMs and pre-OCs (1 x 107 cells per sample) were
washed with PBS. A 1:1 mixture of methanol and acetonitrile (1:1, v/v)
was used to remove the protein and extract the metabolites. The mixture
was centrifuged to collect the supernatant. After vacuum centrifugation,
the supernatant was dried, then redissolved in acetonitrile: water (1:1,
v/v) solvent for LC-MS analysis. For untargeted metabolomics of polar
metabolites, extracts were analysed using a quadrupole time-of-flight
mass spectrometer (Sciex TripleTOF 6600) coupled to hydrophilic
interaction chromatography via electrospray ionization in Shanghai
Applied Protein Technology Co., Ltd. LC separation was performed on an
ACQUIY UPLC BEH Amide column with a gradient of solvent A (25 mM
ammonium acetate and 25 mM ammonium hydroxide in water) and
solvent B (acetonitrile). The gradient was 85% B for 1 min and was
linearly reduced to 65% in 11 min, then reduced to 40% in 0.1 min and
kept for 4 min, and then increased to 85% in 0.1 min, with a 5 min re-
equilibration period employed. The mass spectrometer was operated
in both negative ion and positive ionization modes. In MS acquisition,
the instrument was set to acquire over the m/z range of 60-1000 Da, and
the accumulation time for the TOF MS scan was set at 0.20 s/spectra.
The product ion scan is acquired using information-dependent acquisi-
tion (IDA) with high sensitivity mode selected.

2.8. High-performance liquid chromatography-tandem mass spectrometry
(HPLC-MS/MS)

The intracellular cystine levels were detected by HPLC-MS/MS as
described previously with modification [18,41]. Briefly, to ensure that
the cell amounts were consistent among groups, the treated cells were
digested by trypsin and counted by a cell counter (Beckman, USA). Then,
the cells were -centrifuged, resuspended with pre-cooled PBS,
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centrifuged again, and the supernatant was removed. Resuspend the
cells with pre-cooled extraction buffer consisting of 40% methanol, 40%
acetonitrile, and 20% water containing 100 mM formic acid and 1 mM
EDTA and detect the cystine level by HPLC-MS/MS. For bone samples,
the same protocol was followed as for cell samples after weighing and
grinding. The same method was used to detect intracellular GSH and
GSSG levels.

2.9. Cleavage under targets and tagmentation (CUT & Tag)

The CUT&Tag assay was performed as described previously with
modifications [42]. Briefly, 5 x 10° pre-OCs were washed twice gently
with wash buffer. Each sample was incubated with 10 pL of concanav-
alin A-coated magnetic beads (Bangs Laboratories) at RT for 10 min. The
unbound supernatant was removed, and bead-bound cells were resus-
pended with dig wash buffer (20 mM HEPES pH 7.5; 150 mM NacCl; 0.5
mM spermidine; 1 x protease inhibitor cocktail; 0.05% digitonin; 2 mM
EDTA) and a 1:50 dilution of primary antibody or normal mouse IgG
(1:100, 12-371, Millipore) incubated on a rotating platform overnight at
4 °C. The primary antibody was removed using a magnet stand. The cells
were incubated with rabbit anti-mouse IgG H&L (1:100, ab611709,
Abcam) at RT for 60 min and washed with wash buffer on a magnet
stand for 2-3 times. The pA-Tn5 adapter complex (1:100) was prepared
in dig-med buffer (0.01% digitonin; 20 mM HEPES pH 7.5; 300 mM
NaCl; 0.5 mM spermidine; 1 x protease inhibitor cocktail) and incu-
bated with cells at RT for 1 h. Cells were washed with Dig-Med buffer
2-3 times. Then, we resuspended the cells in tagmentation buffer (10
mM MgCl; in Dig-Med Buffer) and incubated them for 1 h at 37 °C.
Phenol-chloroform-isoamyl alcohol extraction and ethanol precipita-
tion were used for DNA purification. For the amplification of libraries,
we mixed 21 pL of DNA, 2 pL of a universal i5, and a uniquely barcoded
i7 primer. A volume of 25 pL of NEBNext HiFi 2 x PCR Master mix was
added and mixed. The sample was placed in a Thermocycler with a
heated lid using the following cycling conditions: 72 °C for 5 min (gap
filling); 98 °C for 30 s; 14 cycles of 98 °C for 10 s and 63 °C for 30 s; final
extension at 72 °C for 1 min and hold at 8 °C. Library clean-up was
performed with XP beads (Beckman, Germany).

2.10. Luciferase assay

A SLC7A11 promoter fragment (202 base pairs, spanning from
50443437 to 50443638, chr3, GRCm38) was amplified by PCR and
cloned into the Kpnl and Xhol sites of pGL3-Basic to construct the re-
porter vectors. We confirmed the nucleotide sequences of the DNA
fragments cloned into the reporter vectors by Sanger sequencing. The
obtained vectors, together with the NFATc1 overexpression vector, were
co-transfected into MC3T3-E1 cells using Lipo3000 (Invitrogen, Can-
ada). In the mutant group, we constructed the reporter vector by
mutating the predicted binding sequence 5'-TTTC-3'to 5'-CCCT-3' to
Forty-eight hours after transfection, a dual luciferase reporter system
(Vazyme, China) was used to measure the luciferase activity in the cell
extracts according to the manufacturer’s instructions.

2.11. ELISA

Blood was collected from mice and clotted overnight at 4 °C before
centrifuging for 20 min at 3000 rpm, and sera were subpackaged and
stored at —80 °C for subsequent assays. The concentrations of the C-
terminal peptide of type I collagen (CTX-1) in mouse sera were exam-
ined with a mouse ELISA kit (MULTISCIENCES, China).

2.12. Cell viability assay
Cell viability was measured using a commercially available CCK-8 kit

(Dojindo, Japan) according to the manufacturer’s instructions. Briefly,
2 x 10* cells/well were seeded into 96-well plates one day before
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treatment. The medium was replaced with 100 pL CCK-8 working so-
lution (10 pL CCK-8 solution, 90 pL a-MEM) after different treatments.
After incubation in a cell incubator for 1 h, the absorbance (450 nm) of
each well was detected using a microplate reader (Infinite 200 pro,
Tecan, Switzerland).

2.13. Antibodies, primers, and reagents

The primary antibodies for Western blot analyses were mouse anti-
NFATcl (1: 100, sc-7294, Santa Cruz), rabbit anti-SLC7A11 (1: 1000,
A2413, ABclonal), rabbit anti-NRF2 (1:10000, 16396-1-AP, Pro-
teintech), rabbit anti-KEAP1 (1:5000, 10503-2-AP, Proteintech), rabbit
anti-HO-1 (1: 5000, A19062, ABclonal),rabbit anti-TXNRD1 (1:1000,
A4725, ABclonal), rabbit anti-Vinculin (1: 1000, A2752, ABclonal),
rabbit anti-f-Actin (1: 1000, AC006, ABclonal). The secondary anti-
bodies were horseradish peroxidase-conjugated goat anti-rabbit
(1:3000; 7074, Cell Signaling) and horseradish peroxidase-conjugated
goat anti-mouse (1:3000; 7076, Cell Signaling). The primers used for
PCR were as follows: Slc7all, Primers 1, 5'-GGTGGAACTGCTCGTAAT-
3’ (forward) and 5'-GCTGACACTCGTGCTATT-3’ (reverse); Slc7all,
Primers 2, 5-ATCTCCCCCAAGGGCATACT-3’ (forward) and 5-GCA-
TAGGACAGGGCT-CCAAA-3’ (reverse); Nfatcl, 5'-
CTGGTCTTCCGAGTTCAC-3° (forward) and 5-GTCTGTGCTCT-
GCTTCTC-3’ (reverse); Txnrdl, 5'-CGAGAACTATTGGCTTAGAGA-3’
(forward) and 5-ACCGATGGCGTAGATGTA-3’ (reverse); Gapdh, 5'-
ACCTGCCAAGTATGATGAC-3’ (forward) and 5-CTGTTGCT-
GTAGCCGTAT-3’ (reverse). Biological reagents such as 2-mercaptoetha-
nol (2 ME), Deferoxamine (DFO), 1-Penicillamine (L-Pen), N-acetylcys-
teine (NAC), Trolox, and Tempol were purchased from Sigma-Aldrich,
Inc. USA; AF, TRi-1, Sulfasalazine (SSZ), Ferrostatin-1 (Ferro-1),
(1S,3R)-RSL3 (RSL3), Z-VAD(OH)-FMK (Z-VAD), Necrostatin-1 (NEC-1),
and Chloroquine (CQ) were purchased from MedChemExpress, Inc.
USA.

2.14. 'H nuclear magnetic Resonance( g NMR)

A nuclear magnetic resonance spectrometer (AVANCE NEO
400MH?Z, Bruker, Belgium) was used to detect the H NMR spectrum of
AF, TRi-1, 2 ME, NAC and L-Pen using deuterated methanol as a solvent.
The 'H NMR spectrum of the mixtures of AF and 2 ME, AF and NAC, AF
and L-Pen, TRi-1 and 2 ME, TRi-1 and NAC, and TRi-1 and L-Pen were
detected separately by the same method after incubation at 37 °C for 24
h.

2.15. Fluorescent staining of F-actin

2 x 10* cells/well were seeded on chamber slides in 48-well plates
one day before treatments. Following treatments, the chamber slides
were washed with PBS and fixed with 4% paraformaldehyde for 15 min
at room temperature. The fixed cells were permeabilized with 0.3%
Triton X-100 in PBS for 8 min at room temperature. Next, the per-
meabilized cells were incubated with 100 nM TRITC Phalloidin (Yeasen,
China) for 30 min in the dark at room temperature. The cells were
stained with 10 pM DAPI (Dojindo, Japan) for 10 min in the dark at
room temperature. Fluorescence images were captured using a fluores-
cence microscope (Axio Imager Z2, Zeiss).

2.16. Micro-computed tomography (micro-CT) analyses

A microcomputed tomography (SkyScan 11772, Bruker, Belgium)
was used to scan the femora of the mice. The bone mineral density
(BMD), trabecular number (Tb. N), trabecular pattern factor (Tb. Pf),
bone volume per tissue volume (BV/TV), and cortical thickness (Cs. Th)
of the samples were analysed. The 3D images of the mouse distal femora
were reconstructed using Mimics 18.0 software (Materialise, Belgium).
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2.17. Bone histological analysis

A microtome (SM2500, Leica, Germany) was used to prepare 3-mm-
thick sections. The calcein labeling of the distal femur was detected at
515 nm using a fluorescence microscope. The average distances between
the two labels in the pictures were used to calculate the mineral appo-
sition rate (MAR), a crucial indicator of osteoblast activity. Then, the
femora were paraffin-embedded and cut into serial sections of 4 pm
thickness. Hematoxylin and eosin were used to stain the trabecular
bone. A TRAP staining kit (Sigma-Aldrich, USA) was used to detect
TRAP-positive cells. The pictures were analysed with ImageJ software
(NIH, USA).
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2.18. Statistical analysis

Each experiment was conducted independently three times. The data
are presented as the mean + SD. GraphPad Prism was used for statistical
analysis. Student’s t-test was used for comparisons of two groups with
normally distributed variables. One-way ANOVA with Tukey’s post hoc
test was used to analyse the differences between multiple groups. P
values below 0.05 were considered statistically significant.
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Fig. 1. Pre-OCs are more susceptible to TXNRD1 inhibitors than BMDMs, and safe doses of TXNRD1 inhibitors for pre-OCs do not impair osteoclast

differentiation and bone resorption.

a, schema for osteoclast differentiation stages in vitro. Analysis was conducted at DO (BMDMs), D3 (pre-OCs), and D5 (ma-OCs). (b to ¢), the viability of BMDMs and
pre-OCs was measured after 24 h of incubation with AF (b) or TRi-1 (¢). n = 3 per group. d, PI staining of BMDMs and pre-OCs was measured after 24 h of incubation
with AF (1.0 pM, 2.0 pM) or TRi-1 (2.0 pM, 5.0 pM). n = 3 per group. (e to g), BMDMs incubated with mediums containing M-CSF, RANKL, and maximum safe doses
of AF or TRi-1 for pre-OCs. TRAP staining and F-actin formation assay of ma-OCs on day 5 with quantification of TRAP-positive cell area (%) (f) and osteoclast size
(mm?) (8)- Scale bar, 50 pm. n = 3 per group. (h to i), bone resorption assay was conducted on bovine cortical bone slices and the bone slices were scanned on day 7
(h). Scale bar, 50 pm. n = 3 per group. Bone resorption area (%) (i) were used to evaluate the effects of different dose of AF and TRi-1 on bone resorption capacity. All
data in this figure are represented as mean + SD. ns, no significance, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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3. Results

3.1. Pre-OCs are more susceptible to TXNRD1 inhibitors than BMDMs,
and safe doses of TXNRD1 inhibitors for pre-OCs do not impair osteoclast
differentiation and bone resorption

To assess if BMDMs and pre-OCs show different sensitivities to
TXNRD1 inhibitors, we isolated BMDMs from C57BL/6 mice and
induced osteoclast differentiation by M-CSF and RANKL (Fig. 1, a). To
confirm that BMDMSs and pre-OCs met the experimental requirements,
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we used flow cytometry and TRAP staining to identify primary cells. The
CD11b"™ F4/807" cells in the BMDM samples were more than 95%
(Fig. S1a). The TRAP-positive cells in the prepared pre-OC samples were
more than 90% (Fig. S1, b and c). The cell viability of BMDMs and pre-
OCs at different doses of AF and TRi-1 was detected by CCK-8 assays
(Fig. 1b and c). The IC50 data showed that pre-OCs are more vulnerable
to AF and TRi-1. PI staining showed that AF (1.0 pM, 2.0 pM) and TRi-1
(2.0 pM, 5.0 pM) selectively killed pre-OCs in a dose-dependent manner
while not affecting BMDMs (Fig. 1, d, Fig. S1, d and e).

To determine whether AF and TRi-1 inhibit osteoclast differentiation
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Fig. 2. SLC7A11-mediated cystine uptake and subsequent cystine reduction to cysteine in pre-OCs promote the stress of cellular disulphide metabolism.
(a to b), the reductive abilities of TrxR with or without TXNRD1 inhibitors were detected by TRFS probes (a) and were quantified as MFI of TRFS (b). Scale bar, 20
pm. n = 5 per group. ¢, the relative quantitative results of intracellular GSH, GSSG, and GSH/GSSG in BMDMs and pre-OCs. n = 3 per group. d, the untargeted
metabolome results (pre-OC versus BMDM, SLC7A11 KO pre-OC versus WT pre-OC). n = 5 per group. (e to f), western blot analysis of SLC7A11 protein levels during
osteoclast differentiation. n = 3 per group. g, RT-qPCR analysis of Slc7al1 in BMDMs, pre-OCs, and ma-OCs. n = 3 per group. (h to j), cystine uptake of BMDMs, pre-
0OCs, and ma-OCs were detected by microscopy (h) and flow cytometry (i) after being incubated with cystine-FITC probes and were quantified as MFI of cystine-FITC
(§). Scale bar, 20 pm. n = 3 per group. All data in this figure are represented as mean + SD. ns, no significance, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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and bone resorption at safe doses for pre-OCs, we cultured BMDMs with
0.5 pM AF or 1 pM TRi-1 together with 20 ng/mL M-CSF and 50 ng/mL
RANKL for five days. The TRAP staining results revealed that AF and
TRi-1 at these doses did not impair the differentiation of osteoclasts. The
F-actin formation assays showed no difference in F-actin formation and
osteoclast size between the blank and drug-treated groups (Fig. 1e-g).
We seeded BMDM s on the surface of bovine bone slices and divided
them into six groups (blank group, RANKL group, AF 0.5 pM group, AF
1.0 pM group, TRi-1 1 pM group, and TRi-1 2 pM group). After seven
days of osteoclast induction, the surface morphology of the bone slices
was examined by scanning electron microscopy. There were no signifi-
cant differences in the area of bone resorption among the RANKL, AF
0.5 pM, and TRi-1 1.0 pM groups. The results suggested that AF and TRi-
1 could not inhibit osteoclast differentiation and bone resorption at
concentrations that did not impair pre-OCs. Meanwhile, the bone
resorption in AF 1.0 pM and TRi-1 2 pM groups was significantly
inhibited (Fig. 1h and i). These suggested that AF and TRi-1 might
impair bone resorption by selectively killing pre-OC. Since previous
studies reported that AF significantly reduced osteoclast numbers and
effectively alleviated bone loss in OVX mice in vivo, combined with our
experimental results, we proposed that AF and TRi-1 could treat diseases
with osteoclast overactivity by selectively killing pre-OCs rather than
directly inhibiting osteoclast differentiation or bone resorption.

3.2. SLC7A11-mediated cystine uptake and subsequent cystine reduction
to cysteine in pre-OCs promotes the stress of cellular disulphide metabolism

To explore the underlying mechanism of the difference in sensitivity
between BMDMs and pre-OCs, we first compared the inhibitory effect of
TXNRDs with or without TXNRD1 inhibitors. TRFS probes displayed a
fluorescence off—on change induced by TXNRDs-mediated disulphide
cleavage and subsequent intramolecular cyclization to liberate the
masked naphthalimide fluorophore and were used to detect the reduc-
tive abilities of TXNRDs in different groups [40]. The results showed no
significant difference in the inhibitory ability of TXNRDs in BMDMs and
pre-OCs, and the TXNRDs reductive abilities of the cells were inhibited
to an equal degree after AF (0.5 pM, 1.0 pM) or TRi-1 (1.0 pM, 2.0 pM)
treatment (Fig. 2a and b). Although TRFS-Green is not completely spe-
cific for thioredoxin reductase as recently reported [43], it can detect
intracellular disulfide reduction capacity. To exclude the possibility that
pre-OCs are more sensitive to TXNRD1 inhibitors due to low GSH levels
or increased GSSG levels, we determined intracellular GSH and GSSG
levels of BMDM and pre-OCs. Although GSH and GSSG levels were
significantly higher in pre-OCs than in BMDMs, there was no significant
difference in the ratio of GSH/GSSG (Fig. 2, c). These results suggested
that the differences in sensitivity were not caused by the reductive ac-
tivity of TXNRDs or GSH/GSSG. We proposed that differences in disul-
phide metabolic stress might be responsible for the differences in
susceptibility to TXNRD1 inhibitors between BMDMs and pre-OCs. We
compared metabolite changes in BMDMs and pre-OCs using the untar-
geted metabolome (Fig. S4, a and b). A total of 42 different DEMs were
found in BMDM s and pre-OC metabolites, 29 of which were upregulated
and 13 of which were downregulated (screening threshold: log2(FC) >
1, P < 0.05). However, we did not find disulphides among the 29
upregulated products. Since the intracellular disulphides were promptly
reduced in the presence of the TXNRDs system, we searched for the
disulphide-originated reduction products in the metabolites. Interest-
ingly, Cys-Thr-Lys was significantly increased in pre-OCs compared to
BMDMs (log2(FC) = 3.5375, P = 0.00000042612) (Fig. 2, d). Because
SLC7Al1-mediated cystine uptake is an essential source of intracellular
cysteine, we hypothesized that the significant increase in Cys-Thr-Lys
might be caused by increased SLC7All-mediated cystine uptake.
Intracellular disulfide stress is mainly derived from the reduction of
intracellular disulfide (e.g., cystine, GSSG, etc.) and from maintaining
the reactive cysteine residues in proteins [44]. As cystine is the most
abundant exogenous disulphide in cells, we reasoned that increased
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cystine uptake may lead to increased intracellular disulphide stress in
pre-OC [18,25]. To clarify the correlation between Cys-Thr-Lys and
SLC7Al1-mediated cystine uptake, we compared the changes in me-
tabolites in WT pre-OCs and SLC7A11 KO pre-OCs by the untargeted
metabolome. SLC7A11 KO mice were used for the preparation of
SLC7A11 KO pre-OCs (Fig. S2, a and b). A total of 112 DEMs were found,
of which 10 were increased and 102 were decreased (screening
threshold: log2(FC) > 1, P < 0.05), and Cys-Thr-Lys was found to be
significantly decreased in SLC7A11 KO pre-OCs compared to WT
pre-OCs (log2(FC) = -2.3752, P = 0.00002176) (Fig. 2, d). These results
suggested that the elevated Cys-Thr-Lys content during osteoclast dif-
ferentiation correlated with SLC7A11-mediated cystine uptake.

We next examined the changes in SLC7A11 during osteoclast dif-
ferentiation using RT-qPCR and Western blot, and the results showed
that SLC7A11 was increased at the gene and protein levels during this
process (Fig. 2e—g). We then used cystine-FITC probes to detect the
cystine uptake abilities of the cells at different stages of osteoclast dif-
ferentiation. The results showed that cystine uptake abilities were
significantly increased in pre-OCs compared to BMDMs (Fig. 2 h-j). The
above results indicated that SLC7Al1l-mediated cystine uptake and
subsequent cystine reduction to cysteine promotes disulphide stress of
pre-OCs.

3.3. NFATc1 promoted the transcription of SLC7A11 during
osteoclastogenesis

According to previous reports in the literature, stimulation of pri-
mary mouse peritoneal macrophages and RAW 264.7 cells with RANKL
upregulated KEAP1 and decreased the NRF2/KEAP1 ratio [45].
Numerous studies have reported that NRF2/KEAP1 plays an important
role in regulating the expression of SLC7A11 [46-48]. In our study, we
found that during osteoclast differentiation, SLC7A11 expression did not
remain consistent with NRF2/KEAP1 but was instead temporally
correlated with NFATcl, the core transcription factor of osteoclasts
(Fig. 3a—c). To clarify the upstream-downstream relationship between
NFATc1 and SLC7A11, we overexpressed NFATc1 in pre-OCs using a
lentiviral vector and found that the expression of SLC7A11 was also
upregulated (Fig. 3d-f). We used siRNA to knock down NFATcl
expression in pre-OCs, and SLC7A11 expression was also downregulated
(Fig. 3g-i). To further clarify the regulatory effect of NFATcl on
SLC7A11, we performed a CUT&Tag sequencing assay in pre-OCs using
an NFATcl antibody. The heatmap of NFATc1 binding sites showed that
the reads were predominantly enriched in the transcription start sites
(TSSs) (Fig. 3, j). Gene ontology (GO) analysis of the genes near the
peaks showed that the genes were enriched to cellular metabolic process
(Fig. 3, k). We found that NFATc1 binding peaks appeared in the pro-
moter region of SLC7A11 (NM_011990.2 and XM_006500776.3,
GRCm38/mm10), as shown in the bed graph (Fig. 3,1). We designed two
pairs of primers, Primers 1 for all the transcripts of SLC7Al1, and
Primers 2 for NM_011990.2 and XM_006500776.3. The RT-qPCR re-
sults showed that the fold change in SLC7A11 (NM_011990.2 and
XM_006500776.3) expression was much higher than that in total
SLC7A11 expression (Fig. S5, a and b), and the upregulated expression
of NM_011990.2 and XM _006500776.3 accounted for the predominant
increase in SLC7Al1l1 expression in pre-OCs (Fig.3m). In
NFATcl-overexpressing BMDMs, the fold change in SLC7A11
(NM_011990.2 and XM_006500776.3) expression was much higher than
that in total SLC7A11 expression (Fig. S5, ¢ and d), and the upregulated
expression of NM_011990.2 and XM_006500776.3 accounted for the
predominant increase in SLC7A11 overexpression (Fig.3n). These results
suggested that NFATcl upregulates SLC7A11 (NM_011990.2 and
XM_006500776.3) expression transcriptionally during osteoclasto-
genesis. Then, we predicted the potential transcription factor-binding
sites of NFATc1 via the Jaspar database (http://jaspar.genereg.net/),
and the predicted core sequences “TTTCCA” and “TGGAAA” are listed
(Fig. S3, a and b). However, no sequence containing either of these core
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Fig. 3. NFATc1 promoted the transcription of SLC7A11 during osteoclastogenesis

(a and b), western blot analysis of NFATc1, Nrf2, Keapl, SLC7A11, and HO-1 protein levels during osteoclast differentiation. n = 3 per group. ¢, RT-qPCR analysis of
Nfatc1 in BMDMs, pre-OCs, and ma-OCs. n = 3 per group. (d and e), western blot analysis of NFATc1 and SLC7A11 protein levels in empty vector (EV) and NFATc1
overexpression pre-OCs. n = 3 per group. f, RT-qPCR analysis of NfatcI and Slc7all in empty vector (EV) and NFATc1 overexpression pre-OCs. n = 3 per group. (g
and h), western blot analysis of NFATc1 and SLC7A11 protein levels in siControl (siCTL) and siNFATc1 pre-OCs. n = 3 per group. i, RT-qPCR analysis of Nfatc1 and
Slc7al1 in siControl (siCTL) and siNFATc1 pre-OCs. n = 3 per group. j, heatmap for the distribution of NFATc1 binding sites detected by CUT&Tag assay in pre-OCs.
TSS transcription, start site, TES, transcription end site. k, Gene Ontology (GO) analysis of the genes near the peaks. 1, genomic binding pattern of the Slc7al1 locus
showing the NFATc1-binding locations. m, RT-qPCR analysis using Primers 1 and Primers 2 of Slc7al1 in BMDMs and pre-OCs. n = 3 per group. n, RT-qPCR analysis
using Primers 1 and Primers 2 of Slc7al1 in EV and NFATc1 overexpression in BMDMs. n = 3 per group. o, Dual-Luciferase reporter assay conducted in MC3T3-E1
Eell line. n = 3 per group. All data in this figure are represented as mean + SD. ns, no significance, **P < 0.01, ***P < 0.001, ****P < 0.0001.

<

sequences was found in peak 9820. A previous study reported that
NFATC1 could combine with “ATTTCC” to play a transcriptional regu-
latory role [49]. Considering the predicted sequence “TTTCCA” and the
reported sequence “ATTTCC”, we speculated that “TTTC” in peak 9820
would be the core sequence of NFATcl. A luciferase reporter assay was
used to further confirm the binding site of NFATc1 in SLC7A11 regula-
tion. It was shown that NFATc1 promoted the SLC7A11 transcription,
while transcription was significantly down-regulated after we mutated
the binding site from 5-TTTC-3' to 5-CCCT-3’ (Fig. 3, o). The total of
these results indicated that NFATcl promoted the transcription of
SLC7A11 by binding the sequence “TTTC” located in the promoter re-
gion of NM_011990.2 and XM _006500776.3.

3.4. The ferroptosis inhibitors (DFO, Ferro-1), the ROS scavengers
(Trolox, Tempol), the apoptosis inhibitor (Z-VAD), the necroptosis
inhibitor (Nec-1), or the autophagy inhibitor (CQ) cannot rescue TXNRD1
inhibitor-induced cell death in pre-OCs

Cystine starvation or pharmacological SLC7A11 inhibition induces
ferroptotic cell death. Cystine deprivation leads to a shortage of cysteine
and impaired GSH synthesis. The subsequent increase in intracellular
lipid peroxidation leads to ferroptosis. Previous studies reported that the
TXNRD1 inhibitor AF blocked cystine reduction, impaired GSH syn-
thesis, and induced ferroptosis in cancer cells [29]. Our study indicated
that TXNRD1 inhibitor-induced cell death in pre-OCs differed from
ferroptosis. We used Liperfluo probes to evaluate cellular lipid peroxi-
dation, and no significant changes were found in pre-OCs or BMDMs
after TXNRD1 inhibitor treatments (Fig. 4a and b). We examined the
difference in sensitivity of BMDMs and pre-OCs to the ferroptosis
inducer RSL3, and the results showed that pre-OCs were significantly
more resistant to RSL3-induced ferroptosis than BMDMs (Fig. 4, c).
Furthermore, ferroptosis inhibitors [Ferrostatin-1 (Ferro-1) and iron
chelator deferoxamine (DFO)] could not rescue the cell death induced
by TXNRD1 inhibitors in pre-OCs (Fig. 4d and e). Overall, these results
showed that cell death in this context was different from ferroptosis.

The finding that the ROS level in BMDMs was significantly elevated
after RANKL stimulation is acknowledged [50]. Moreover, our study,
together with previous research [51], suggested that TXNRD1 inhibitors
increased intracellular ROS. As pre-OCs have higher basal ROS levels
than BMDM:s, higher ROS levels in pre-OCs after TXNRD1 inhibitor in-
terventions might render pre-OCs more sensitive to TXNRD1 inhibitors
(Fig. 4f and g). Unexpectedly, although ROS scavengers (Trolox and
Tempol) could inhibit intracellular ROS levels (Fig. 4i and j), they could
not rescue cell death in this case (Fig. 4, h). These results indicated that
cell death in this context was not caused by ROS per se.

To further investigate the type of cell death induced by 2 uM AF or 5
pM TRi-1 in pre-OCs, we used the apoptosis inhibitor Z-VAD, the
necrotrophic apoptosis inhibitor Nec-1 and the autophagy inhibitor CQ
to rescue cell death. The results showed that neither Z-VAD, NEC-1 nor
CQ were effective in rescuing this type of cell death (Fig. 4, k and 1).

3.5. Treatments that prevent disulphide accumulation or pharmacological
SLC7A11 inhibition rescued the cell death induced by TXNRD1 inhibitors
in pre-OCs

The HPLC-MS/MS results showed that the intracellular cystine levels
of pre-OCs were significantly higher than those of BMDMs after treat-
ment with TXNRD1 inhibitors (Fig. 5, a). N-acetylcysteine (NAC), a
chemically stable cysteine supplement, inhibits intracellular ROS levels
by promoting GSH synthesis on the one hand and diminishes intracel-
lular disulphide accumulation through disulphide exchange on the other
hand. Our results suggested that NAC obviously reduced the cellular
cystine concentration and rescued the cell death caused by TXNRD1
inhibitors in pre-OCs (Fig. 5b and c).

t-Penicillamine (L-Pen) is widely used clinically to treat cystinuria, a
disease caused by cystine accumulation in the bladder. This treatment
displaces the disulphide bond in cystine, thereby reducing the cystine to
a soluble substance (Cys-Cys + penicillamine — Cys + Cys-penicilla-
mine). Although 1-penicillamine cannot be metabolized to cysteine and
promote GSH synthesis, similar to NAC, it reduced intracellular cystine
accumulation and rescued cell death caused by TXNRD1 inhibitors in
pre-OCs (Fig. 5d and e).

Moreover, 2-mercaptoethanol (2 ME) is often used to disrupt the
disulphide bonds that hold the protein structure and makes it convenient
for protein analysis. This molecule was used in this study to reduce the
disulphide accumulated in pre-OCs. The results showed that 2 ME
reduced intracellular cystine content and rescued cell death in this
context (Fig. 5f and g).

To exclude the possibility that these reductants (NAC, 2 ME, L-Pen)
rescued the phenotype by reacting directly with AF or TRi-1, we
examined drug interactions using 'H NMR and the results suggested that
no significant interactions occurred between the reducing molecules and
the TXNRD1 inhibitors when incubated in deuterated methanol solution
at 37 °C for 24 h (Fig. S7, a to k).

Although the three kinds of disulphide-reducing agents above were
proven to be effective in reducing intracellular cystine accumulation and
rescuing TXNRD1-induced cell death in pre-OCs, all of these disulphide
reducers are not cystine-specific and can reduce other molecules such as
GSSG or proteins. Therefore, we used sulfasalazine (SSZ) to investigate
the effect of blocking cystine uptake rather than reducing intracellular
disulphides on TXNRD1 inhibitor-induced cell death. The HPLC-MS/
MS and CCK-8 results showed that SSZ effectively reduced intracellular
cystine accumulation and rescued TXNRD1-induced cell death (Fig. 5h
and i).

3.6. NFATc1 knockdown in pre-OCs reduced cell sensitivity to TXNRD1
inhibitors, SLC7A11 knockout abolished the difference in sensitivity of
BMDMs and pre-OCs to TXNRD1 inhibitors, and overexpression of
SLC7A11 or NFATc1 in BMDMs increased cell sensitivity to TXNRD1
inhibitors

To further clarify that NFATc1-regulated SLC7A11-mediated cystine
uptake renders pre-OCs more susceptible to TXNRD1 inhibitors, we
knocked down NFATc1 in pre-OCs and found that NFATc1 knockdown
significantly reduced intracellular cystine levels after TXNRD1 inhibitor
treatments and decreased the sensitivity of pre-OCs to TXNRD1
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Fig. 5. Treatments that prevent disulphide
accumulation or pharmacological
SLC7A11 inhibition rescued the cell death
induced by TXNRD1 inhibitors in pre-OCs.
NFATc1 knockdown in pre-OCs attenuated
TXNRD1 inhibitor-induced cystine accu-
mulation and decreased the sensitivity to
TXNRD1 inhibitors. SLC7A11 knockout
eliminated the difference in sensitivity of
BMDMs and pre-OCs to TXNRD1
hibitors, and overexpression of SLC7A11
or NFATcl in BMDMs increased cell
sensitivity to TXNRD1 inhibitors

a, the HPLC-MS/MS results of intracellular
cystine concentrations in BMDMs, BMDMs
treated with TXNRD1 inhibitors, pre-OCs, and
pre-OCs treated with TXNRD1 inhibitors. n =
3 per group. b, the viability of pre-OCs was
measured after 24 h of incubation with a
medium containing 2 pM AF or 5 pM TRi-1
with or without 5 mM NAC. n = 3 per
group. ¢, the HPLC-MS/MS results of intra-
cellular cystine concentrations in pre-OCs
treated with TXNRD1 inhibitors and pre-OCs
treated with both TXNRD1 inhibitors and
NAC. n = 3 per group. d, the viability of
BMDMs and pre-OCs was measured after 24 h
of incubation with a medium containing 2 pM
AF or 5 pM TRi-1 with or without 500 pM t-
Penicillamine (L-Pen). n = 3 per group. e, the
HPLC-MS/MS results of intracellular cystine
concentrations in pre-OCs treated with
TXNRD1 inhibitors and pre-OCs treated with
both TXNRD1 inhibitors and L-pen. n = 3 per
group. f, the viability of BMDMs and pre-OCs
was measured after 24 h of incubation with a
medium containing 2 pM AF or 5 pM TRi-1
with or without 2 mM 2-Mercaptoethanol
(2 ME). n = 3 per group. g, The HPLC-MS/
MS results of intracellular cystine concentra-
tions in pre-OCs treated with TXNRD1 in-
hibitors and pre-OCs treated with both
TXNRD1 inhibitors and 2 ME. n = 3 per
group. h, the viability of BMDMs and pre-OCs
was measured after 24 h of incubation with
medium containing 2 pM AF or 5 pM TRi-1
with or without Sulfasalazine (SSZ) (low
dose 100 pM, high dose 400 pM). n = 3 per
group. i, the HPLC-MS/MS results of intra-
cellular cystine concentrations in pre-OCs
treated with TXNRD1 inhibitors and pre-OCs
treated with both TXNRD1 inhibitors and
SSZ. n = 3 per group. (j and k), the viability
of siCTL and siNFATc1 pre-OCs was measured
after 24 h of incubation with AF (j) or TRi-1
(k). n = 3 per group. 1, The HPLC-MS/MS
results of intracellular cystine concentrations
in siCTL and siNFATc1 pre-OCs treated with
TXNRD1 inhibitors, n = 3 per group (m and
n), the viability of SLC7A11 KO BMDMs and
pre-OCs was measured after 24 h of incuba-
tion with AF (m) or TRi-1 (n). n = 3 per group
(o and p), western blot analysis of SLC7A11
protein levels in EV and SLC7Al1 over-
expression BMDMs. n = 3 per group. q, RT-
qPCR analysis of Slc7all in EV and
SLC7A11 overexpression BMDMs. n = 3 per
group. (r and s), the viability of EV, NFATc1
overexpression, and SLC7A11 overexpression
BMDMs was measured after 24 h of incuba-
tion with AF (r) or TRi-1 (s). n = 3 per group.
All data in this figure are represented as mean

in-
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+ SD. ns, no significance, **P < 0.01, ***P <
0.001, ****P < 0.0001.

<
<

inhibitors (Fig. 5, j to 1).

To further clarify that SLC7Al1-mediated cystine uptake leads to
differences in BMDMs and pre-OCs to TXNRD1 inhibitors, we extracted
BMDMs from SLC7A11~/~ mice and compared the differences in the
sensitivity of SLC7A11~/~ BMDMs and pre-OCs to AF and TRi-1. We
found that although SLC7A11~/~ BMDM and pre-OCs were more sen-
sitive to AF and TRi-1 than WT, the difference in sensitivity between
BMDM and pre-OCs was abolished (Fig. 5, m and n). A previous study
revealed that mammalian thioredoxin and glutathione systems were
able to provide electrons to each other and serve as a backup system for
each other [21]. The deleted SLC7All-mediated cystine uptake
impaired GSH synthesis and resulted in glutathione system breakdown.
Under this condition, the thioredoxin system functions as the predomi-
nant antioxidant system to maintain intracellular redox homeostasis,
and inhibition of TXNRD1 might lead to oxidative stress-induced cell
death.

We used lentivirus to overexpress SLC7A11 and NFATc1 in BMDMs.
Overexpression efficiencies were detected using RT-qPCR and Western
blot (Fig. 3d-f, Fig. 5, o to q). The results showed that overexpression of
SLC7A11 or NFATc1 increased the susceptibility of BMDMs to AF and
TRi-1 compared to controls (Fig. 5, r and s).

BMDM+AF BMDM+TRi-1

DAPI F-ACTIN

MERGE

2ME TRi-1+2ME

DAPI F-ACTIN

MERGE

pre-OC+AF

To confirm that the phenotypes were due to inhibition of TXNRD1,
we knocked down TXNRD1 in BMDMs and found that TXNRD1 knock-
down significantly increased the sensitivity of BMDMs to TXNRD1 in-
hibitors (Fig. S6, d to h).

We examined the mRNA and protein levels of BMDMs and pre-OCs
after treatment with 0.5 pM AF or 1 pM TRi-1 for 24 h. The results
showed that although the mRNA levels of SLC7A11 in BMDMs and pre-
OCs changed 24 h after the treatments, no significant changes were
observed in the protein levels (Fig. S6, a to c). The results suggested that
the rate of cystine uptake in BMDMs and pre-OCs did not change
significantly 24 h after the treatments. Therefore, we can exclude the
possibility that the change in cystine uptake rate after the TXNRD1 in-
hibitor treatments affects the validity of our results.

3.7. TXNRD1 inhibition induced F-actin contraction in pre-OCs

Recent research has shown that actin cytoskeleton proteins are
particularly susceptible to disulfide stress caused by excessive accumu-
lation of intracellular cystine, and the aberrant disulfide bonds between
actin cytoskeleton proteins lead to cell death. The researchers named
this type of cell death disulfidptosis and identified cystine accumulation

pre-OC+TRi-1

AF+L-Pen

TRi-1+L-Pen AF+NAC TRi-1+NAC AF+SSZ TRi-1+SSZ

Fig. 6. F-actin contracted during TXNRD1 inhibitor-induced cell death
a, Rhodamine labelled phalloidin staining of F-actin and DAPI staining of nuclei in BMDMs and pre-OCs treated with or without AF (2 puM) or TRi-1 (5 pM) for 3h.
Scale bar, 20 pm
b, F-actin and DAPI staining of pre-OCs treated with AF (2 pM) or TRi-1 (5 pM) with or without 2 ME (2 mM), L-Pen (500 pM), NAC (5 mM), and SSZ (400 pM). Scale
bar, 20 pm.
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and F-actin contraction as the two hallmarks of this type of death [25].
To exclude the effect of cell death on cell morphology, we performed

Redox Biology 63 (2023) 102711

the F-actin morphology of BMDMs (Fig. 6 a). Treatments that prevented
disulfide accumulation or pharmacological SLC7A11 inhibition rescued

F-actin staining before obvious cell death induction (Fig. S6 i). The F-actin contraction induced by TXNRD1 inhibitors (Fig. 6 b).

F-actin staining results showed that 2 pyM AF or 5 pM TRi-1 significantly
contracted the F-actin of pre-OCs, whereas it had no significant effect on
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Fig. 7. TXNRD1 inhibitors increased cystine content in mouse femurs, reduced TRAP-positive cells, and attenuated bone loss in OVX mice

a, schema for in vivo experiments. b, representative micro-CT images of femora [periosteal bone (PB) and trabecular bone (TB)] of sham, OVX, and drug-treated mice.
n = 6 per group. (c to g), quantitative micro-CT of BMD, BV/TV, Tb. Sp, Tb. N, and Cs. Th. n = 6 per group. h, TRAP staining and H&E staining, the trabecular bone
(TB). Arrow, TRAP" cells; BM, bone marrow. Scale bars, 20 pm. n = 6 per group. i, quantification of TRAP™ cells/bone surface according to TRAP staining images. n
= 6 per group. j, quantification of BV/TV according to H&E staining images, n = 6 per group. k, images of calcein double labeling of PB and TB. Scale bar, 20 pm. (1
and m), quantification of mineral apposition rate (MAR) in calcein double labeling. n = 6 per group. n, serum CTX-1 levels. n = 6 per group. o, t1b1a cystine
concentrations. n = 3 per group. All data in this figure are represented as mean + SD. ns, no significance, *P < 0.05, **P < 0.01, *** o < 0.0001.
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3.8. TXNRD1 inhibitors increased cystine content in mouse femora,
reduced TRAP-positive cells, and attenuated bone loss in OVX mice

To further determine the protective effects of TXNRD1 inhibitors in
vivo, we intraperitoneally injected AF (10 mg/kg) or TRi-1 (5 mg/kg)
into OVX mice every two days. We recorded the body weights of the
mice every week (Fig. S8 b). After 8 weeks, we used micro-CT to scan the
distal femora of the mice, and the relevant parameters [bone mineral
density (BMD), bone volume per tissue volume (BV/TV), trabecular
separation (Tb. Sp), number of trabeculae (Tb. N), and cortical thickness
(Cs.Th)] showed that bone loss was significantly attenuated after
treatment with AF (10 mg/kg) or TRi-1 (5 mg/kg) (Fig. 7b-g). The re-
sults of H&E staining showed that there were more bone trabeculae in
the AF or TRi-1 group than in the OVX group. TRAP staining results
showed fewer TRAP-positive cells in the AF group and TRi-1 group than
in the OVX group (Fig. 7h—j). The results of calcein double labeling for
measuring femoral bone formation showed that the mineral apposition
rate (MAR), compared to the sham groups, was significantly higher in
the OVX group and did not change significantly in the drug-treated
groups (Fig. 7, k to m). The results indicated that TXNRD1 inhibitors
significantly downregulated bone turnover rate and did not significantly
impair bone mineralization deposition in vivo. The ELISA results of C-
telopeptide of type I collagen (CTX-1) showed that bone resorption was
inhibited in the drug-treated groups (Fig. 7, n). The HPLC-MS/MS re-
sults showed that the cystine contents of mouse tibiae were significantly
increased in the drug-treated groups compared to the sham group and
the OVX groups (Fig. 7, 0). Combined with the results of the in vitro
experiments, we proposed that cystine accumulation in pre-OCs
accounted for the elevated cystine levels in bone tissue. The uteruses
of the mice in the OVX and drug-treated groups were smaller than those
of the sham group (Fig. S8a). H&E staining of organs after sacrifice
indicated that intraperitoneal AF (10 mg/kg) or TRi-1 (5 mg/kg) in-
jection during this process had no significant toxic to these organs in
OVX mice (Fig. S8 c).

4. Discussion

In this study, we demonstrated that during RANKL-mediated osteo-
clastogenesis, pre-OCs are more susceptible to TXNRD1 inhibitors than
BMDMs. Untargeted metabolomic analysis revealed that Cys-Thr-Lys
was significantly increased in pre-OCs. Excessive cystine uptake dur-
ing osteoclast differentiation might lead to an increase in Cys-Thr-Lys
and add metabolic stress of disulphides in pre-OCs, thus rendering
pre-OCs more susceptible to TXNRD1 inhibitors. Further studies
revealed that NFATcl upregulates SLC7A11 through transcriptional
regulation during osteoclast differentiation, resulting in increased
cystine uptake of pre-OCs. During TXNRD1 inhibition, the rate of
intracellular disulfide reduction is significantly reduced. The accumu-
lation of cystine increased cellular disulphide stress, formatting the
aberrant disulphide bonds between actin cytoskeleton proteins and
leading to cell death. We further demonstrated that the SLC7A11 in-
hibitor SSZ and treatments that prevent cystine accumulation could
rescue this type of cell death, whereas the ferroptosis inhibitors (DFO,
Ferro-1), the ROS scavengers (Trolox, Tempol), the apoptosis inhibitor
(Z-VAD), the necroptosis inhibitor (Nec-1), or the autophagy inhibitor
(CQ) could not. In vivo studies showed that TXNRD1 inhibitors increased
bone cystine content, reduced the number of osteoclasts in bone tissue,
and alleviated bone loss in OVX mice.

In previous studies, we have identified a number of small molecule
drugs that could alleviate OVX-induced bone loss in mice by preventing
pre-OC fusion or inhibiting osteoclast differentiation [39,52-54]. In the
course of these studies, we found that the susceptibility of cells to certain
drugs changes during osteoclast differentiation. We found that pre-OCs
were more sensitive to TXNRD1 inhibitors and selected a safe dose based
on the CCK-8 results of pre-OCs. Interestingly, TXNRD1 inhibitors have
no significant effect on osteoclast differentiation and resorption at such
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doses. However, AF was approved by the FDA in 1985 as a treatment for
rheumatoid arthritis and has been proven to alleviate bone destruction.
Previous studies showed that AF reduced the number of osteoclasts and
alleviated bone loss in OVX mice [55,56]. Accordingly, we deduced that
TXNRD1 inhibitors do not work by inhibiting osteoclast differentiation
but by selectively killing pre-OCs. As the Trx system’s reductive capacity
and GSH/GSSG ratio did not change significantly in BMDMs and
pre-OCs, we speculated that the changes in disulphide metabolism might
cause the difference in sensitivity. Interestingly, the results of the
untargeted metabolome did not reveal significant changes in disulphide
levels, but the levels of the cysteine-containing tripeptide Cys-Thr-Lys
were significantly increased. Since the intracellular conversion of
cystine to cysteine is an immediate process, more cystine uptake may
improve intracellular cysteine and increase the content of Cys-Thr-Lys.
Previous research reported that NRF2/KEAP1 is downregulated during
osteoclast differentiation [45]. Meanwhile, a number of studies have
reported that NRF2/KEAP1 play a key role in upregulating SLC7A11
[46-48]. However, our study found that, unlike other NRF2-regulated
genes, SLC7A11 expression was increased during osteoclast differenti-
ation. NFATc1 is a crucial transcription factor in osteoclast differentia-
tion and has recently been reported to be involved in the metabolic
reprogramming of many immune cells [57]. We found a temporal cor-
relation between NFATcl and SLC7A11 expression. Knockdown or
overexpression of NFATc] led to increased and decreased expression of
SLC7A11. The CUT&Tag results showed that NFATc1 binds to the pro-
moter region of slc7all. However, the reported core sequence of
NFATc1 was not found among the NFATc1-binding sequences. A pre-
vious study showed that NFATc1 could bind 5'-ATTTCC-3' to play a
transcriptional role, and 5'-TTTC-3' was found in peak 9820. Accord-
ingly, we speculated that 5-TTTC-3' in the peak might be the core
sequence of NFATcl. Subsequent dual-luciferase reporter assays verified
our hypothesis. In this study, we first reported the transcriptional
regulation of SLC7A11 by NFATc1 and identified a new core sequence of
NFATc1. Previous studies have shown that the activation of many im-
mune cells is highly dependent on SLC7A11-mediated cystine uptake, as
cystine is critical for maintaining intracellular redox homeostasis
[58-60]. However, its regulatory mechanism still needs to be clarified.
NFATCc1 is also essential for the differentiation of these cells, but its
regulation of slc7all has not been reported. Our study coupled the
immune cell core transcription factor NFATc1 and the cystine transport
system, providing new evidence that NFATcl mediates the metabolic
reprogramming of immune cells and regulates cellular redox
homeostasis.

AF has recently been widely reported as an antitumor agent due to its
inhibitory effect on TXNRD1 [30,36,61]. However, as a drug approved
by the FDA for the treatment of rheumatoid arthritis, its inhibition of
TXNRD1 has not been investigated in related diseases. Our study
demonstrated that AF selectively kills pre-OCs by inhibiting TXNRD1 to
alleviate osteoclast-related disease. TRi-1, a specific TXNRD1 inhibitor,
was used to validate this finding. Previous studies have shown that AF is
an effective ferroptosis inducer [29]. For human hepatocytes, low con-
centrations of AF induced cellular ferroptosis by upregulating hepcidin
expression, and high concentrations of AF led to ferroptosis by depleting
cysteine through TXNRD1 inhibition [29]. We found that cellular lipid
peroxidation levels in pre-OCs did not improve after AF treatment, and
cell death could not be rescued by ferroptosis inhibitors. Therefore, we
concluded that this cell death phenotype is different from ferroptosis.
Interestingly, we examined the difference in sensitivity of BMDMs and
pre-OCs to the canonical ferroptosis inducer RSL3, and the results sug-
gest that pre-OCs resist RSL3-induced ferroptosis, which contrasts with
the results that pre-OCs are more sensitive to apoptosis and TXNRD1
inhibitors [62]. Since cells with high expression of SLC7A11 or low
expression of HO-1 tended to be more resistant to ferroptosis, we
inferred that increased SLC7A11 levels and decreased HO-1 levels in
pre-OCs led to the resistance [63,64]1To clarify our findings, further
studies are needed in the future. AF has been reported to significantly
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increase intracellular ROS levels, leading to impaired oxidative stress
[51]. Activation of ROS is critical for osteoclast differentiation, and the
ROS levels in pre-OCs are higher than those in BMDMs. This difference
in ROS levels may account for the difference in sensitivity to TXNRD1
inhibitors. The ROS scavengers Trolox and Tempol were used to
decrease intracellular ROS levels but could not rescue cell death. These
results suggested that ROS per se did not drive cell death in this context.
A previous article reported that cells with high SLC7A11 expression are
more sensitive to NADPH depletion because pumped-in cysteine cannot
be reduced to cysteine in this case and induces cell death [18]. Our
experiments revealed that the disulphide reducer 2 ME and thiol com-
pounds such as NAC and penicillamine rescued the cell death induced by
TXNRD1 inhibition. This evidence suggests that cell death in this context
is caused by disulphide accumulation. We further pharmacologically
inhibited SLC7A11, and cell death could be rescued, suggesting that
cystine uptake is the main source of intracellular disulphide stress. The
latest study showed that actin cytoskeleton proteins are particularly
susceptible to disulfide stress [25]. Our research showed that increased
cystine uptake during TXNRD1 inhibition in pre-OCs increases intra-
cellular disulfide stress, leading to cystine accumulation and F-actin
contraction, resulting in disulfidptosis. Together, our findings suggest
that TXNRD1 inhibitors induced pre-OC death is disulfidptosis and
complement the pharmacological mechanisms of TXNRD1 inhibitors.

In this research, we compared the susceptibility of BMDMs and pre-
OCs to TXNRD1 inhibitors but did not explore the drug toxicity on other
SLC7A11Psh cells, Although in vivo experiments showed that AF and
TRi-1 had no significant toxic effects on mouse viscera and did not affect
osteoblast differentiation at therapeutic concentrations, the drugs could
damage other SLC7A11%8" cells. A targeted drug delivery system, such
as using liposome-encapsulated drugs to target the cells, may prevent
such inadvertent damage. In addition, pre-OCs play a vital role in pro-
moting angiogenesis and fracture healing. Pre-OCs secrete cytokines
such as platelet-derived growth factor beta polypeptide b (PDGF-BB) to
promote the growth of H-type blood vessels and accelerate bone
regeneration [65]. Selective killing of pre-OCs may lead to side effects
such as nonunion of fracture. When using TXNRD1 inhibitors to treat
osteoclast-related diseases or cancers, special attention should be given
to PDGF-BB levels, and the dosing regimen should be adjusted accord-
ingly. To demonstrate that it is TXNRD1 and not other targets of AF and
TRi-1 that lead to the observations, TXNRD1 KO BMDMs are required for
the following research. In addition, it has been reported that bone
marrow stromal cells (BMSCs) effectively take up cystine and reduce it
to cysteine, which is then released into the microenvironment for uptake
by tumor cells to promote GSH synthesis [66]. In our experiments, the
effects of the in vivo microenvironment on BMDMs and pre-OCs were not
explored. Since cells import cysteine via the non-SLC7A11 pathway,
high concentrations of cysteine in the microenvironment may directly
affect the susceptibility of cells to TXNRD1 inhibitors or modulate
SLC7A11 and other gene expressions to exert indirect effects. In vitro
coculture of BMDMs and BMSCs may clarify the source of intracellular
cysteine during osteoclast differentiation.

Together, our study found that TXNRD1 inhibitors cause cystine
accumulation in mouse bone tissue, reduce the number of osteoclasts
and alleviate bone loss in OVX mice. In vitro experiments showed that
TXNRD1 inhibitors selectively killed pre-OCs. Cell death in this context
was distinct from ferroptosis, ROS per se induced cell death, apoptosis,
necroptosis, and autophagy. It is a novel form of cell death known as
disulfidptosis, characterised by cystine accumulation and F-actin
contraction. NFATcl-mediated upregulation of SLC7A11 leads to
increased cystine uptake in pre-OCs and renders pre-OCs more sensitive
to TXNRD1 inhibitors. Our study provides a new theoretical basis for AF,
a canonical clinical drug, and suggests TXNRD1 inhibitors as a treatment
for osteoclast-overactive diseases.
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