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SUMMARY
Activating Nrf2 by small molecules is a promising strategy to treat postmenopausal osteoporosis. However,
there is currently no Nrf2 activator approved for treating chronic diseases, and the downstream mechanism
underlying the regulation of Nrf2 on osteoclast differentiation remains unclear. Here, we found that bitopertin,
a clinical-stage glycine uptake inhibitor, suppresses osteoclast differentiation and ameliorates ovariectomy-
induced bone loss by activating Nrf2. Mechanistically, bitopertin interacts with the Keap1 Kelch domain and
decreases Keap1-Nrf2 binding, leading to reduced Nrf2 ubiquitination and degradation. Bitopertin is associ-
ated with less adverse events than clinically approved Nrf2 activators in both mice and human subjects.
Furthermore, Nrf2 transcriptionally activates ferroportin-coding gene Slc40a1 to reduce intracellular iron
levels in osteoclasts. Loss of Nrf2 or iron supplementation upregulates ornithine-metabolizing enzyme
Odc1, which decreases ornithine levels and thereby promotes osteoclast differentiation. Collectively, our
findings identify a novel clinical-stage Nrf2 activator and propose a novel Nrf2-iron-ornithine metabolic
axis in osteoclasts.
INTRODUCTION

Postmenopausal osteoporosis is a metabolic disorder caused

by overactivated osteoclasts in the absence of estrogen.

Decreased bone mineral density (BMD) predisposes patients

to an increased risk of fragile fractures of the hip or vertebra,1,2

causing substantial disabilities and socioeconomic burden

worldwide.3 Osteoclasts differentiate from bone-marrow-

derived macrophages (BMDMs) under the stimulation of macro-

phage colony-stimulating factor (M-CSF) and receptor activator

of nuclear factor kB ligand (RANKL). Targeting osteoclasts with

bisphosphonate compounds is a mainstream strategy for the

treatment of osteoporosis.4 However, severe adverse effects

and poor adherence are barriers to standardized bisphospho-

nate therapy inmany patients, leading to undertreatment of oste-

oporosis.5 Discovering novel therapeutic targets is needed to

ensure better care for these patients.

Nuclear-factor-E2-related factor 2 (Nrf2) is a redox-related

transcription factor, the activation of which ameliorates post-

menopausal osteoporosis by suppressing osteoclast differentia-
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tion.6 Under non-stress conditions, Nrf2 is sequestered in the

cytoplasm by Keap1 and ubiquitinated by the Cul3 ubiquitin

ligase for proteasome degradation.7 During oxidative stress,

Nrf2 dissociates from Keap1 and translocates to the nucleus to

activate a variety of cytoprotective genes involved in cellular

antioxidant responses. The Nrf2-binding sites of these genes

are called antioxidant-responsive elements (AREs).7 Because

of the cytoprotective role, a number of Nrf2 activators have

been discovered. However, most of them are electrophilic and

indirect Nrf2 activators by covalently targeting cysteine 151 in

KEAP1, and only two of them have been approved for clinical

use, namely dimethyl fumarate (DMF) for treating the relapsing

forms of multiple sclerosis8 and omaveloxolone (OMA) for treat-

ing Friedreich’s ataxia.9 In addition to Keap1, these electrophilic

Nrf2 activators also interact with the cysteine residues of other

key enzymes or proteins and affect their function, leading to

‘‘off-target’’ and toxic effects.10 In humans, indirect Nrf2 activa-

tors are associated with a high incidence rate of adverse events

in clinical trials.11 Another strategy is to find a direct inhibitor of

the Keap1-Nrf2 interaction to selectively activate Nrf2.11
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Figure 1. Bitopertin ameliorates OVX-induced osteoporosis by suppressing osteoclast formation

(A) Schematic diagram for bitopertin treatment in OVX mice.

(B) The effects of bitopertin on femur trabecular bone mass.

(C) Trabecular morphological parameters in the sham, OVX, and bitopertin-treated groups (n = 6 per group).

(D) TRAP staining of distal femur slices in each group. Black arrows indicate osteoclasts.

(E) Osteoclast-related histomorphometric parameters in each group (n = 6 in each group).

(F) Serum CTX and P1NP levels in each group (n = 5).

(legend continued on next page)
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However, direct Nrf2 activators are usually large in molecular

size, which reduces their ability to enter the central nervous sys-

tem to treated related diseases, and there are currently no clini-

cally approved direct Nrf2 activators. Therefore, it remains a

challenge to develop safer and more effective Nrf2 activators

for clinical use.

Bitopertin is an oral, clinical glycine transporter 1 (Glyt1) inhib-

itor originally developed to treat schizophrenia.12,13 Recently, bi-

topertin was granted orphan drug designation by the FDA for the

treatment of erythropoietic protoporphyria (EPP), a rare, debili-

tating, and potentially life-threatening blood disorder. The effi-

cacy of bitopertin in treating EPP is being evaluated in two

ongoing phase-2 clinical trials, AURORA (NCT05308472) and

BEACON (ACTRN12622000799752).14 The potential clinical

use of bitopertin is based on its role in restricting glycine uptake.

Interestingly, patients with osteoporosis have significantly higher

serum glycine levels than those with normal BMD.15,16 Another

study revealed that glycine supports glutathione formation and

contributes to interleukin (IL)-1b production in BMDMs after

LPS stimulation, indicating a pro-inflammatory role of glycine.17

However, it remains unclear whether the elevated glycine levels

are causally related to osteoporosis and whether glycine affects

the differentiation of BMDMs into osteoclasts.

In this study, we ask whether blocking glycine uptake can sup-

press osteoclast activity and ameliorate osteoporosis. Unex-

pectedly, we find that bitopertin, but not glycine supplementa-

tion, ameliorates ovariectomy (OVX)-induced osteoporosis via

Nrf2 activation. Mechanistically, we found that bitopertin inter-

acts with the Kelch domain, reduces Keap1-Nrf2 interaction,

and decreases Nrf2 degradation. Bitoeprtin is safer and associ-

ated with fewer adverse events in human subjects than existing

clinical Nrf2 activators. More importantly, we uncovered a novel

Nrf2-iron-ornithine metabolic axis in osteoclast differentiation.

Our findings demonstrate a previously unrecognized therapeutic

effect of bitopertin in the treatment of osteoporosis and help

elucidate the molecular mechanism underlying the effects of

Nrf2 on osteoclasts.

RESULTS

Bitopertin ameliorates OVX-induced osteoporosis by
suppressing osteoclast formation in vivo

We first investigated the effect of bitopertin on the bone mass of

OVX mice via oral gavage (Figure 1A). The most commonly used

dose of bitopertin in previous clinical studies was 30 mg/

day.18–21 These studies did not report the body weight of the

subjects. We assumed the average body weight to be 60 kg

and the dose of bitopertin by body weight was 0.5 mg/kg. The

equivalent dose in mice was calculated to be 6 mg/kg using
(G) The effects of bitopertin on BMDM viability and osteoclast differentiation. Sc

(H) The influence of bitopertin on osteoclastic bone resorption and the resorptive a

and the black arrow indicates resorbed area. Scale bars, 200 mM.

(I) mRNA expression of osteoclast-related markers (n = 3) after bitopertin treatm

(J) TRAP staining of osteoclasts cultured in glycine-deprivedmedium (0mg/L), nor

medium. Scale bars, 400 mM.

(K) Glycine supplementation on the inhibitory effects of bitopertin on osteoclast

Data are presented as mean ± SEM. Statistical significance was determined by o

test. Significance: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, non-sig
the body surface area normalization method.22 Besides, a previ-

ous animal study utilized a dose of 30 mg/kg of bitopertin.23

Therefore, we selected 6 and 30 mg/kg of bitopertin as low

and high doses, respectively, in this study.

Low and high doses of bitopertin overtly improved trabecular

bone loss (Figure 1B); increased trabecular bone morphological

parameters, including BV/TV, Tb.N, and Tb.Th; and decreased

Tb.Sp (Figure 1C). However, cortical bonemass andmorpholog-

ical parameters, including Ct.Ar, Tt.Ar, Ct.Ar/Tt.Ar, and Ct.Th,

were not altered (Figures S1A and S1B). TRAP staining and his-

tomorphometry analysis showed reduced osteoclast formation

and decreased N.Oc/B.Pm andOc.S/BS in the femoral tissue af-

ter bitopertin treatment (Figures 1D and 1E). In contrast, bitoper-

tin did not affect osteoblast formation, N.Ob/B.Pm, Ob.S/BS

(Figures S1C and S1D), and mineral apposition rate of OVX

mice (Figure S1E). Similarly, bitopertin decreased the serum

levels of the bone resorption marker CTX but had no effect on

the bone formation marker P1NP (Figure 1F). These results indi-

cate that bitopertin ameliorates OVX-induced bone loss by sup-

pressing osteoclast-mediated bone resorption in vivo.

Bitopertin suppresses osteoclast differentiation in a
glycine-independent manner
In vitro, bitopertin dose-dependently suppressed osteoclast dif-

ferentiation at 5–15 mM, without affecting the viability of cultured

BMDMs (Figure 1G). Osteoclast resorption activity was abol-

ished by 15 mM bitopertin, similar to the effects of 1 mM zole-

dronic acid (Figure 1H). In addition, the mRNA and protein

expression of osteoclast-specific markers, including CTSK,

MMP9, and TRAP, were downregulated by bitopertin (Figures

1I, S2A, and S2B), but the differentiation and mineralization ac-

tivity of osteoblasts were not altered (Figures S2C and S2D).

Similarly, the mRNA expression of osteoblast-specific genes,

including Bglap2, Runx2, Alp, and Col1, was not altered by bito-

pertin treatment (Figure S2E).

Since bitopertin is a glycine uptake inhibitor, we then asked

whether its osteoclast-suppressive effects were mediated by

glycine. Interestingly, glycine deprivation or supplementation

did not affect osteoclast differentiation (Figure 1J), and the

inhibitory effects of bitopertin on osteoclast formation were

not rescued by glycine supplementation (Figure 1K). We then

knocked down the expression of the bitopertin target Glyt1 in

RANKL-treated BMDMs.Western blot showed a knockdown ef-

ficacy of 70% by adeno-shRNA transfection (Figure S2F). We

found that Glyt1 silencing did not affect osteoclast formation

(Figure S2G). Consistent with these in vitro results, in vivo

glycine administration to OVX mice did not alter trabecular

bone mass (Figure S2H) and bone morphometric parameters

(Figure S2I), indicating a glycine-independent role of bitopertin
ale bars, 400 mM.

rea in each group (n = 3). The red arrow indicates hydroxyapatite-coated area,

ent.

mal glycine concentration (50mg/L), and high glycine concentration (500mg/L)

differentiation. Scale bars, 400 mM.

ne-way ANOVA (C, E, F, H, and I) followed by Bonferroni multiple comparison

nificance.
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Figure 2. Bitopertin activates Nrf2 by inhibiting Keap1-Nrf2 interaction

(A) The design of the RNA sequencing assay.

(B) Differentially expressed genes among the three groups.

(legend continued on next page)
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in suppressing osteoclast differentiation and attenuating OVX-

induced osteoporosis.

Bitopertin activates Nrf2 by interacting with Keap1 and
suppressing Keap1-mediated Nrf2 ubiquitination
To investigate the target of bitopertin, we performed RNA

sequencing (RNA-seq) on MCSF-, RANKL-, and bitopertin-

treated BMDMs (Figure 2A). Principal-component analysis

(PCA) revealed distinct transcriptional patterns among the three

groups (Figure S3A). Using |log2(fold change)| > 0.5 and p < 0.05,

we identified 302 differentially expressed genes (DEGs) that

were downregulated by RANKL but upregulated by bitopertin,

and 493 DEGs that were upregulated by RANKL and downregu-

lated by bitopertin (Figure 2B). Among the 493 DEGs, we found

that RANKL-induced osteoclast-specific genes were all sup-

pressed by bitopertin treatment (Figure 2C). Kyoto Encyclopedia

of Genes and Genomes (KEGG) analysis on the 302 DEGs

showed that glutathione metabolism was the most significantly

enriched pathway (Figure 2D). Protein-protein interaction anal-

ysis in the STRING database followed by hub gene analysis in

the Cytoscape software identified ten hub genes among the

302 DEGs, including Gclm, Gclc, Nqo1, Hmox1, Ephx1, Prdx1,

Cat, Gstm1, Gsta3, and Srxn1 (Figures 2E and S3B). PCR assay

showed that all the ten hub genes were decreased by RANKL

and increased by bitopertin treatment (Figure S3C). Immunoblot-

ting assay showed increased expression of Gclm, Gclc, Nqo1,

and Hmox1 at the protein level after bitopertin treatment

(Figures S3D and S3E). Interestingly, all the ten hub genes

have the ARE sequence in their promoter region and can be acti-

vated by Nrf2 (Figure S3F).7 We reasoned that Nrf2 may be the

core regulator mediating the effects of bitopertin. To validate

this hypothesis, we examined the expression of Nrf2 at the

mRNA and protein levels. Interestingly, the mRNA expression

of Nrf2 was not changed by bitopertin treatment (Figure 2F),

but the protein level was significantly increased (Figure 2G). In

contrast, the expression of Keap1, the Nrf2 suppressor, was

not altered by bitopertin (Figure 2G). In vivo, tissue immunofluo-

rescence assay revealed increased expression of Nrf2 in the

femoral trabecular bone of bitopertin-treated mice (Figure 2H).

Using CTSK to label osteoclasts within the tissue, we found

the ratio of CTSK and Nrf2 double-positive osteoclasts was
(C) A heatmap showing the changes of osteoclast-specific genes among the thr

(D) KEGG pathway analysis of the 474 RANKL-decreased and bitopertin-activat

(E) Network analysis of the hub genes among the 474 DEGs. Protein-protein int

software was used to determine the hub genes in the network.

(F) The mRNA expression of Nrf2 after bitopertin treatment (n = 3).

(G) The protein expression of Nrf2 and Keap1 in BMDMs treated with bitopertin

(H) Immunofluorescence of CTSK and Nrf2 in the bonemarrow of distal femurs. Th

left panel. White arrows indicate the colocalization of Nrf2 and CTSK in osteoclast

GP, growth plate. Scale bars, 200 mM (left) and 50 mM (right).

(I) The ratio of CTSK and Nrf2 double-positive cells in CTSK-positive cells (n = 5

(J) Molecular docking showing the binding of bitopertin to the Kelch domain of K

(K) Three-dimensional simulation and the binding energy of bitopertin and Keap1

(L) SPR sensorgrams showing the interaction between different concentrations o

(M) SPR sensorgrams showing the interaction between bitopertin and the BTB,

(N) SPR sensorgrams showing the influence of bitopertin on Nrf2 and Keap1 inte

(O) Co-immunoprecipitation showing the influence of bitopertin on Nrf2-Keap1 in

(P) Nrf2 ubiquitination after bitopertin treatment.

Data are presented asmean ± SEM (F, G, and I). Statistical significancewas determ

followed by Bonferroni multiple comparison test (G). Significance: *p < 0.05; **p
significantly increased by bitopertin treatment (Figures 2H and

2I), indicating that Nrf2 is activated by bitopertin in osteoclasts

in vivo.

Subsequent in silico molecular docking analysis was per-

formed to investigate how bitopertin affects the Keap1-Nrf2

complex. The docking results showed that bitopertin has a

high binding affinity to Keap1 by forming hydrogen bonds to

the 420th and 606th valine residues and the 367th glycine residue

(Figures 2J and S3G), with a binding energy of �10.09 kcal/mol

(Figure 2K). The three amino acid residues are located in the

Kelch domain, which directly binds to Nrf2, implying that bitoper-

tin may disrupt Keap1-Nrf2 interaction. To validate this hypothe-

sis, we performed surface plasmon resonance (SPR) analysis to

investigate the interaction between bitopertin and Keap1. The

response signal intensity between Keap1 and bitopertin in the

SPR sensorgram increased with the concentration of bitopertin

(Figure 2L), with a binding constant (KD) of 0.723 mM, indicating

a strong binding affinity between the two molecules. Besides,

the response curve decreased after 120 s of experiment, sug-

gesting that the binding is reversible. To further map the bitoper-

tin binding region in Keap1, we overexpressed and purified the

Kelch domain, BTB domain, and Back domains of human

Keap1 protein and analyzed their binding with bitopertin. The

SPR sensorgrams showed that bitopertin specifically binds to

the Kelch domain of Keap1 at different concentrations

(Figures 2M and S4A). The KD value of bitopertin binding to the

Kelch, BTB, and Back domain was 1.41, 1.84, and 4.16 mM,

respectively (Table S4), indicating that bitopertin has a higher

binding specificity to the Kelch domain than the other two do-

mains. In a third SPR analysis, we overexpressed and purified

human Keap1 and Nrf2 and investigated whether their binding

could be affected by bitopertin. In the absence of bitopertin,

Nrf2 showed a high affinity to Keap1, with a KD of 0.018 mM

(Table S5). However, the interaction between the two proteins

was dose-dependently suppressed by bitopertin treatment

(Figure 2N).

Subsequently, we performed co-immunoprecipitation and

ubiquitination assays to investigate the effects of bitopertin on

Keap1-Nrf2 binding in BMDMs. The results showed that Nrf2-

immunoprecipitated Keap1 was diminished by bitopertin treat-

ment (Figure 2O). The ubiquitination level of Nrf2 was decreased
ee groups.

ed genes.

eraction network was created in the STRING database, while the Cytoscape

and related quantitative analysis (n = 3).

e right panel indicates the enlarged image of the white box labeled region in the

s in the femur tissue. Cb, cortical bone; BM, bone marrow; Tb, trabecular bone;

).

eap1.

interaction.

f bitopertin and human Keap1 protein.

Back, or Kelch domain of Keap1.

raction.

teraction in BMDMs.

ined by two-sided Student’s t test (I), one-way ANOVA (F), or two-way ANOVA

< 0.01; ***p < 0.001; ****p < 0.0001; NS, non-significance.
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(Figure 2P), and the protein stability of Nrf2 was increased after

bitopertin treatment (Figure S4B). Taken together, these data

suggest that bitopertin activates Nrf2 by directly binding to the

Kelch domain of Keap1 and decreases Keap1-Nrf2 interaction.

Loss of Nrf2 abolishes the effects of bitopertin on
osteoclast differentiation and OVX-induced
osteoporosis
We used Nrf2�/� mice to further validate Nrf2 as the target of bi-

topertin. Nrf2 knockout in BMDMs was validated at the protein

level (Figure S5A). Compared with wild-type (WT) mice, Nrf2�/�

mice showed decreased trabecular bone volume (Figure S5B);

lower BV/TV, Tb.N, and Tb.Th; and higher Tb.Sp in the sham

or OVX group (Figure S5C). In contrast to WT mice, bitopertin

did not increase trabecular bone mass, bone parameters, and

serum CTX levels in Nrf2�/� mice (Figures 3A–3C). Osteoclast

differentiation in vitro was promoted and the inhibitory effects

of bitopertin on osteoclasts were abolished after Nrf2 knockout

(Figure 3D). Furthermore, the reduced expression of osteo-

clast-related proteins by bitopertin was also reversed in

Nrf2�/� BMDMs (Figures S5D and S5E). Subsequent RNA-seq

(Figure S5F) and PCA showed distinct expression patterns in

the WT, WT + bitopertin, and Nrf2�/� + bitopertin groups (Fig-

ure S5G). Heatmap showed that Nrf2-ARE pathway genes

increased by bitopertin in the WT group were all downregulated

in the Nrf2�/� group (Figure 3E). Besides, bitopertin-induced in-

crease of Gclc, Gclm, and Nqo1 protein expression was also

abolished in Nrf2�/� BMDMs (Figures 3F and 3G). Gene set vari-

ation analysis (GSVA) demonstrated that bitopertin-activated

glutathione metabolism, xenobiotic metabolism, and drug meta-

bolism pathways in the previous KEGG analysis were sup-

pressed in Nrf2�/� BMDMs (Figure 3H). These results suggest

that the inhibitory effects of bitopertin on osteoclast differentia-

tion and OVX-induced bone loss is mediated by Nrf2 activation.

Comparison of the safety and efficacy of bitopertin and
other clinically approved Nrf2 activators in both mice
and human subjects
In this part, we compared the efficacy and safety of bitopertin

with the two clinically approved electrophilic Nrf2 activators,

OMA (30 mg/kg) and DMF (50 mg/kg). Zoledronic acid

(0.05 mg/kg) was used as positive control. After drug initiation,

the mean body weight of mice in the bitopertin and DMF groups

increased over time but decreased significantly in the OMA

group (Figure 4A). Due to severe side effects in the OMA group,

the experiment was terminated 4 weeks after treatment. Trabec-

ular bone morphological analysis showed that DMF and bitoper-

tin, but not OMA, prevented OVX-induced bone loss (Figure 4B).

Bone morphological analysis showed that DMF and bitopertin

increased BV/TV, Tb.N, and Tb.Th and decreased Tb.Sp (Fig-

ure 4C). The effects of bitopertin on trabecular bone mass and

on all morphological parameters were superior to DMF and

were similar to that of zoledronic acid. The three Nrf2 activators

did not cause any obvious histological abnormalities in the liver,

kidney, and heart tissue (Figure 4D). However, blood transami-

nase enzymes (alanine aminotransferase [ALT] and aspartate

transaminase [AST]) were significantly increased by DMF and

OMA, but not by bitopertin (Figure 4E). Serum albumin, creatine

kinase, and creatine kinase (CK)-MB were not changed, and
6 Cell Metabolism 36, 1–17, June 4, 2024
serum blood urea nitrogen (BUN) was decreased in all the three

activator groups (Figures 4E–4G).

In addition to these observations in animal models, we re-

viewed the incidence of adverse effects associated with the

Nrf2 activators in clinical trials (Table S6). We included bardoxo-

lone, another electrophilic Nrf2 activator that has shown prom-

ising therapeutic effects for treating Alport syndrome in clinical

trials but has not been approved for clinical use due to severe

adverse events.24 We found that the incidence of any adverse

event or any severe adverse event associated with DMF, OMA,

or bardoxolone was significantly higher than that associated

with bitopertin (Figure 4H), indicating that bitopertin may be a

safer candidate of Nrf2 activators for clinical use.

Nrf2 activates the transcription of the iron exporter
coding gene Slc40a1

Although Nrf2 inhibits osteoclast differentiation, the downstream

mechanism remains largely unknown.25 We performed RNA-seq

to explore the downstream molecular mechanism. WT and

Nrf2�/� BMDMs had distinct transcriptional patterns (Fig-

ure S6A). We identified 306 downregulated and 73 upregulated

DEGs in Nrf2�/� BMDMs, among which Slc40a1 was the most

significantly downregulated gene (Figure 5A). PCR assay

showed that Slc40a1 mRNA expression was almost completely

suppressed in Nrf2�/� BMDMs (Figure 5B), suggesting that

Slc40a1 is regulated by Nrf2. We then investigated how Nrf2 ac-

tivates Slc40a1 transcription. The JASPAR database suggested

two putative binding sites corresponding to the Nrf2-binding

motif at the promoter region of human SLC40A1 gene

(Figures S6B and S6C). The first and second binding sites are

located at �1,824 to �1,814 bp and �1,648 to �1,658 bp of

the SLC40A1 promote region, respectively (Figure S6D). Subse-

quently, we constructed luciferase reporter vectors containing

theWT, binding site-1 mutant, or binding site-2 mutant promoter

of SLC40A1 gene and transfected them into 293T cells.

Compared with the WT promoter group, the luciferase activity

was decreased in the binding site-2 mutated group, but not in

the binding site-1 mutant group (Figure 5C), suggesting that

the �1,648 to �1,658 bp region of SLC40A1 promoter is the

Nrf2-binding site. Chromatin immunoprecipitation (ChIP)-qPCR

analysis further validated the binding of Nrf2 to the promoter re-

gion of SLC40A1 (Figure 5D). Subsequently, we found that the

expression of Slc40a1 was decreased by RANKL but was

completely reversed by bitopertin (Figure S6E). Immunoblotting

assay showed that bitopertin increased the level of ferroportin,

the protein product of Slc40a1 in WT BMDMs, but not in

Nrf2�/�BMDMs (Figures 5E and 5F), indicating that bitopertin in-

creases the expression of Slc40a1 by activating Nrf2.

To further link the expression of Nrf2 and SLC40A1 to the inci-

dence of osteoporosis, we then analyzed the expression of

NFE2L2 (the gene encoding Nrf2) and SLC40A1 in human oste-

oclast precursors using single-cell RNA-seq data of the bone tis-

sue from patients with osteoporosis and healthy controls. We

identified 16 cell populations in the two groups by uniform mani-

fold approximation and projection (UMAP), including osteoclast

and osteoblast precursors (Figure 5G). Cell ratio analysis

showed higher proportion of osteoclast precursors in the osteo-

porosis group than the healthy control group (Figure 5H).

NFE2L2 was highly expressed in all the precursors, whereas
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Figure 3. Loss of Nrf2 abolishes the effects of bitopertin on osteoclast differentiation and OVX-induced osteoporosis
(A) Trabecular bone mass of bitopertin-treated wild-type and Nrf2�/� OVX mice.

(B) Bone morphological parameters of bitopertin-treated wild-type and Nrf2�/� OVX mice (n = 6 per group).

(C) Serum CTX level of bitopertin-treated wild-type and Nrf2�/� OVX mice (n = 6 for each group).

(D) The influence of bitopertin (15 mM) on osteoclast differentiation from wild-type and Nrf2�/� mice. Scale bars, 400 mM.

(E) The expression of Nrf2-ARE pathway genes of bitopertin-treated wild-type and Nrf2�/� osteoclasts.

(F) The protein expression of Gclc, Gclm, and Nqo1 of bitopertin-treated wild-type and Nrf2�/� osteoclasts.

(G) Quantitative analysis of Gclc, Gclm, and Nqo1 protein expression (n = 3).

(H) Gene set variation analysis (GSVA) of the pathways in bitopertin-treated wild-type and Nrf2�/� osteoclasts.

Data are presented as mean ± SEM (B, C, and G). Statistical significance was determined by one-way ANOVA (G) or two-way ANOVA followed by Bonferroni

multiple comparison test (B and C). Significance, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, non-significance.
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Figure 4. Comparison of bitopertin with clinically approved Nrf2 activators in mice and human subjects

(A) The body weight of OVX mice in each drug-treated group. OVX was performed at the age of 11 weeks and drug treatment was initiated at 12 weeks of age.

(B) Trabecular bone mass in each group.

(C) Bone morphological parameters in each group (n = 5).

(D) Hematoxylin and eosin staining of the liver, heart, and kidney tissue in each group. Scale bars, 400 mM.

(legend continued on next page)
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SLC40A1 was highly expressed in c-Fms+ macrophages (Fig-

ure 5I). In addition, the osteoporosis group showed lower pro-

portion of NFE2L2-positive (Figure 5J) or SLC40A1-positive pre-

cursors (Figure 5K). As NRF2 promotes the transcription of

SLC40A1, we then analyzed SLC40A1&NRF2 double-positive

cells, and the proportion of the double-positive c-Fms+ macro-

phages was also decreased in the osteoporosis group (Fig-

ure 5L). These results indicate that the NFE2L2-SLC40A1 axis

is suppressed in osteoclast precursors of patients with

osteoporosis.

Nrf2 reduces intracellular iron levels in osteoclasts via
activating Slc40a1

Slc40a1 is the encoding gene of ferroportin, the sole iron

exporter of mammalian cells. GSEA analysis of the RNA-seq

data showed that the iron uptake and transport pathway was

significantly changed between RANKL-treated Nrf2�/� and WT

BMDMs (Figure 6A). In addition to Slc40a1, we found Nrf2�/�

BMDMs also exhibited decreased expression of other iron-asso-

ciated genes, including Tfrc, Slc11a1, and Fth1 (Figure S6F).

Intracellular iron levels were significantly increased in Nrf2�/�

BMDMs or in RANKL-treatedWTBMDMs (Figure 6B). Treatment

with the Nrf2 activator bitopertin decreased intracellular iron in

RANKL-treated BMDMs, but this decrease was reversed in

Nrf2�/� BMDMs (Figure 6C). Subsequently, we knocked down

the expression of Slc40a1 by adeno-shRNA (Figure S6G) and

found that Slc40a1 silencing attenuated the iron-lowering effect

of bitopertin (Figure 6D), indicating that Slc40a1 is an essential

effector of Nrf2 in regulating osteoclast iron metabolism.

Then, we investigated whether iron metabolism mediates the

effects of Nrf2 on osteoclasts. Iron supplementation by ferric

ammonium citrate (FAC) to the culture medium facilitated osteo-

clast formation (Figure 6E). In Nrf2�/�BMDMs, the overactivated

osteoclasts were suppressed after iron chelation with deferox-

amine (DFO) (Figure 6F). DFO treatment also improved bone

loss (Figure 6G); increased BV/TV, Tb.N, and Tb.Th; and

decreased Tb.Sp (Figure 6H) in Nrf2�/�OVXmice. Histomorpho-

metric analysis revealed decreased osteoclast formation in the

DFO-treated Nrf2�/� OVX mice (Figures S6H and S6I), whereas

osteoblast formation was not changed (Figures S6J and S6K).

Collectively, these results suggest that Nrf2 knockout in

BMDMs increases intracellular iron level, activates osteoclast

differentiation, and exacerbates bone loss in OVX models. How-

ever, chelating iron with DFO can reverse osteoclast overactiva-

tion and bone loss caused by Nrf2 knockout.

Clinical association between iron overload and the risk
of osteoporosis
As iron promotes osteoclast differentiation, we then investigated

the association between iron overload and osteoporosis risk. A

previousgenome-wide association study (GWAS) by theGenetics

of Iron Status Consortium (GISC) has identified six SNPs that
(E) Serum alanine aminotransferase (ALT), aspartate transaminase (AST), and alb

(F) Serum creatine kinase and creatine kinase-MB (CK-MB) levels in each group

(G) Blood urea nitrogen (BUN) and creatinine levels in each Nrf2 activator group

(H) The incidence rate of any adverse event or any severe adverse event associate

Data are presented as mean ± SEM (C and E–H). Statistical significance was dete

and E–H). Significance: *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, no
correlate with serum iron levels in European ancestry, including

rs8177240, rs9990333, rs1800562, rs1799945, rs7385804, and

rs855791.26 In the genome sequencing data of UK Biobank par-

ticipants, we found only rs1799945 was detected. rs1799945

has three genotypes, C/C, C/G, and G/G. The C allele is associ-

ated with lower serum iron levels (effect size = �0.189) in the

GWAS,26 while G is an iron-increasing allele. Another GWAS

with more participants showed that the G allele of rs1799945 is

associated with iron overload (transferrin saturation > 50%),

with an odds ratio of 1.14.27We then analyzed the BMDofUKBio-

bank participants with different genotypes of rs1799945. As

shown in Figure 6I, participants with the G allele of rs1799945

had significantly lower BMD T score than those with the C/C ge-

notype, and the homozygous G/G genotype showed even lower

BMD T scores than the heterozygous G/C genotype, suggesting

that the G allele in rs1799945 also predisposes individuals to

lower BMD at the individual level.

rs1799945 is located in the homeostatic iron regulator (HFE)

gene, a master regulator of iron hemostasis.28 The C to G transi-

tion of rs1799945 causes a missense mutation of the HFE gene,

resulting in an inherited iron overload disorder called hemochro-

matosis.28 We then analyzed the risk of osteoporosis associated

with iron overload in a multivariate Cox regression model using

the individual data from UK Biobank. We found that after adjust-

ment for age and sex, patientswith hemochromatosis had a 2.17-

fold higher risk of developing osteoporosis than those without

(Figure 6J). Collectively, these results suggest that excessive

iron levels put individuals at higher risk of osteoporosis.

Nrf2 and iron regulate ornithine metabolism in
osteoclasts
Two recent studies have suggested that both Nrf2 and iron can

regulate nucleotide metabolism.29,30 We performed metabolo-

mics assay on DFO-treated Nrf2�/� BMDMs to investigate

Nrf2- and iron-regulated metabolic pathways (Figure 7A). PCA

suggested distinct metabolomic profiles between control and

DFO-treated Nrf2�/� BMDMs (Figure S7A). We identified 133

downregulated and 210 upregulated metabolites after DFO

treatment (Figure 7B). Metabolite KEGG analysis indicated that

the arginine and proline metabolism pathway was the most

significantly changed pathway (Figure 7C). The heatmap showed

that most of the differential metabolites in this pathway were up-

regulated after DFO treatment (Figure 7D). Among these metab-

olites, we focused on ornithine because it is an upstreammetab-

olite that can be metabolized into many of the other

metabolites.31 Ornithine is an intermediate amino acid produced

from arginine by arginase in the urea cycle and is further metab-

olized to citrulline by ornithine transcarbomylase (OTC), to pro-

line by ornithine aminotransferase (OAT), or to spermidine by

ornithine decarboxylase 1 (Odc1).31 Interestingly, the abundance

of ornithine was increased, and spermidine was decreased by

DFO treatment (Figure 7D). Supplementation of ornithine, but
umin levels in each group (n = 5).

(n = 5).

(n = 5).

d with bitopertin, DMF, OMA, or bardoxolone in clinical trials. See also Table S6.

rmined by one-way ANOVA followed by Bonferroni multiple comparison test (C

n-significance.
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Figure 5. Nrf2 activates the transcription of the iron exporter Slc40a1

(A) Volcano plot showing differentially expressed genes between wild-type and Nrf2�/� BMDMs.

(B) The mRNA expression of Slc40a1 in wild-type and Nrf2�/� BMDMs (n = 3 per group).

(C) Dual luciferase activity in the wild-type and mutant SLC40A1 promoter groups (n = 3 per group).

(D) ChIP-qPCR results showing the binding of NRF2 to the promoter of SLC40A1. Homologous IgG antibody was used as negative control in the ChIP assay, and

the input lysis was used as the positive control in the PCR analysis.

(E) The protein expression of ferroportin in bitopertin-treated wild-type and Nrf2�/� osteoclasts.

(F) Quantitative analysis of ferroportin protein expression (n = 3).

(G) Uniform manifold approximation and projection (UMAP) plot showing the main cell types of single-cell RNA sequencing analysis.

(H) The proportion of different cell types in the healthy controls and osteoporosis group.

(I) Relative expression of NFE2L2 and SLC40A1 in the myeloid linage of bone marrow cells.

(legend continued on next page)
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not spermidine, reversed the overactivation of osteoclasts from

Nrf2�/� BMDMs (Figure S7B). In WT BMDMs, intracellular orni-

thine levels were increased by activating Nrf2 with bitopertin

(Figure 7E). In contrast, Nrf2�/�BMDMs showed decreased orni-

thine levels (Figure 7F). However, DFO treatment significantly

increased ornithine levels in Nrf2�/� BMDMs (Figure 7F), indi-

cating that ornithine is a downstream metabolite regulated by

Nrf2 and iron to influence osteoclast differentiation.

Subsequently, we asked how intracellular ornithine levels are

regulated by Nrf2 and iron. We re-analyzed the RNA-seq data

of the WT and Nrf2�/� BMDMs, focusing on enzymes involved

in ornithine metabolism. We found that Nrf2�/� BMDMs showed

increased expression of Odc1, whereas Arg1 and Oat were less

affected, and Otc was not expressed in BMDMs (Figure S7C).

Supplementing iron to the culture medium increased Odc1

expression (Figure 7G). In contrast, Odc1 expression was sup-

pressed by the Nrf2-activator bitopertin in WT BMDMs (Fig-

ure 7H), or by the iron chelator DFO inNrf2�/�BMDMs (Figure 7I).

These results were consistent with the decreased spermidine

abundance in the DFO-treated group (Figure 7D), suggesting

that chelating iron in Nrf2�/� BMDMs suppresses Odc1 expres-

sion and prevents the conversion of ornithine to spermidine,

leading to increased ornithine levels.

To further confirm the regulation of Nrf2 on Odc1, we treated

Nrf2�/� BMDMs with the selective Odc1 inhibitor eflornithine

and induced osteoclast differentiation. Eflornithine treatment

reversed the overactivation of Nrf2�/� osteoclasts (Figure 7J)

and reduced the mRNA levels of osteoclast markers (Fig-

ure S7D). Eflornithine treatment also decreased iron-induced

osteoclast differentiation (Figure S7E). In vivo, eflornithine treat-

ment improved trabecular bone loss (Figure 7K), increased bone

parameters including BV/TV and Tb.N, and decreased Tb.Sp

(Figure 7L) in Nrf2�/� OVX mice. Bone histomorphometric anal-

ysis showed decreased osteoclast formation in the femur tissue

of eflornithine-treated Nrf2�/� OVX mice (Figures S7F and S7G),

whereas osteoblast formation was not affected (Figures S7H and

S7I). Collectively, these results suggest that Odc1 is regulated by

Nrf2 and iron to affect ornithine metabolism, osteoclast differen-

tiation, and bone mass.

DISCUSSION

The Keap1-Nrf2 axis responds to both oxidant and electro-

phile-induced stress. Nrf2 activation by small molecules is a

promising strategy for the treatment of oxidative and inflamma-

tory diseases, such as chronic kidney disease, type 2 diabetes,

and neurological disorders.32–34 Electrophilic Nrf2 activators,

including clinically approved DMA and OMA, have many disad-

vantages, such as high incidence of adverse events and off-

target effects. A novel strategy is to develop non-covalent

activators that directly inhibits Keap1-Nrf2 interaction. Never-

theless, the development of such activators also faces chal-

lenges and have shortages. For example, our data indicated

that Nrf2 showed a high affinity to Keap1, with a KD value of
(J and K) The proportion of NFE2L2-positive (J) or SLC40A1-positive (K) c-Fms+

(L) The proportion of NFE2L2 and SLC40A1 double-positive c-Fms+ macrophag

Data are presented as mean ± SEM (B, C, and F). Statistical significance was d

ANOVA followed by Bonferroni multiple comparison test (F). Significance: *p < 0
18 nM. To reach this KD value, direct Nrf2 activators will be

rather large in size and possess more functional groups to

counteract with Nrf2 to increase their binding affinity to

Keap1. The molecular weight increases as the KD decreases.35

Therefore, potent direct activators usually contain carboxylic

acids and are too large to penetrate the blood-brain barrier,

limiting their potential use in treating Nrf2-associated central

nervous system diseases.35

In this study, we identified bitopertin as a novel clinical-stage

Nrf2 activator with a KD value of 723 nM, which is lower than

that of most identified direct activators.35,36 Although the KD

value is higher than that of Keap1-Nrf2 interaction, the Nrf2-acti-

vating effects of bitopertin were confirmed by both in vitro and

in vivo results in this study. Our findings are also supported by

a previous study by Matte et al.23 They found that bitopertin

has in vivo antioxidative effects to reduce ROS levels in circu-

lating erythrocytes and decrease protein oxidation in the liver

of b-thalassemic mice. Besides, with clinically confirmed safety

and tolerability, bitopertin has superiority to existing clinically

approved Nrf2 activators in terms of their effects on blood

biochemistry and the incidence of adverse events associated

with them.More importantly, originally designed as aGlyt1 inhib-

itor to treat schizophrenia, bitopertin is able to permeate the

blood-brain barrier and enters the cerebrospinal fluid,19 which

can overcome the shortages of direct Keap1-Nrf2 interaction in-

hibitors. Conclusively, bitopertin may be a promising candidate

of Nrf2 activators to treat oxidative or inflammatory diseases,

particularly central nervous system diseases.

Activation of Nrf2 has been shown to inhibit osteoclast activity

and ameliorate bone loss in OVX models.37,38 The effects of Nrf2

on osteoclasts are generally thought to be mediated by sup-

pressing ROS production, and many Nrf2 activators have been

shown to inhibit osteoclast formation and bone resorption.39,40

However, because Nrf2 activates a number of cytoprotective en-

zymes, it remains largely unknown which downstream effector

mediates the effects of Nrf2 on osteoclasts.25 In this study, we

identified Slc40a1 to be a direct effector of Nrf2 in osteoclasts

and linked the effects of Nrf2 to cellular iron metabolism. A pre-

vious study using mouse cell lines has identified an Nrf2-binding

ARE sequence outside the promoter region of mouse Slc40a1

gene, revealing that Slc40a1 is a target of the Nrf2-ARE signaling

pathway.41 In this study, we revealed a novel binding site of Nrf2

in the promoter region of human SLC40A1 gene. In BMDMs from

Nrf2�/� mice, Slc40a1 transcription was almost abolished, lead-

ing to decrease of iron export and accumulation of intracellular

iron. Our data further revealed that RANKL treatment sup-

pressed Slc40a1 expression, accompanied by increased iron

levels in BMDMs. Excess iron can trigger ROS production via

the Fenton reaction, and elevated iron has been shown to pro-

mote osteoclast differentiation.42 We found Nrf2 activation

reduced intracellular iron levels by promoting ferroportin-medi-

ated iron export. Thus, the suppression of Nrf2 on ROS produc-

tion may be, at least in part, due to decreased intracellular iron

levels. These findings extend current knowledge and provide
macrophages in each group.

es.

etermined by two-sided Student’s t test (B), one-way ANOVA (C), or two-way

.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; NS, non-significance.
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Figure 6. Nrf2 reduces intracellular iron levels in osteoclasts via activating Slc40a1

(A) GSEA of the iron uptake and transport pathway between the wild-type and Nrf2�/� group.

(B) Intracellular iron levels in wild-type and Nrf2�/� BMDMs and in bitopertin-treated wild-type BMDMs (n = 4 per group).

(C) Intracellular iron levels in bitopertin-treated wild-type and Nrf2�/� BMDMs (n = 4 per group).

(D) Intracellular iron levels in the control, bitopertin, and Slc40a1 knockdown groups (n = 4 per group).

(legend continued on next page)
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novel insights into the effects of Nrf2 on ROS production and

osteoclast differentiation.

In addition to intracellular iron control, Nrf2 have also been re-

ported to reduce systemic iron load by activating the BMP6-hep-

acidin axis.43 Nrf2�/� mice showed higher systemic iron load

than WT mice.43 Thus, higher iron levels in Nrf2�/�osteoclasts
may result from overloaded systemic iron. In this case, osteo-

clasts would have increased iron uptake via Trf1 and DMT1.

However, our RNA-seq data revealed that Nrf2�/� osteoclasts

had decreased Tfrc gene (encoding Tfr1) expression, and the

expression of Slc11a1 (encoding DMT1) was not altered in

Nrf2�/� osteoclasts, indicating that Nrf2�/� osteoclasts are

less likely to absorb more iron from the systemic pool. On the

contrary, we found that the expression of Slc40a1 (encoding fer-

roportin) was decreased by over 40-fold in Nrf2�/� osteoclasts.

Dual luciferase assay and ChIP-qPCR assay evidenced that

Nrf2 binds to the promoter region of Slc40a1 gene. In vivo data

also showed that bitopertin potently activates Nrf2 expression

in osteoclasts of the femur bone marrow. These results suggest

that Nrf2 suppresses osteoclast differentiation by directly regu-

lating Slc40a1-mediated iron metabolism within the cells, rather

than by increasing the uptake from systemic iron pool.

Two recent studies have shown that both Nrf2 and iron are

regulators of nucleotide metabolism in tumor cells.29,30 In this

study, we revealed that Nrf2 and iron regulate Odc1 expression

and ornithine metabolism. Odc1 is upregulated in Nrf2�/� cells,

while the iron chelator DFO reduced Odc1 expression and

increased ornithine levels in Nrf2�/� osteoclasts, suggesting

that Nrf2�/� and iron control the ornithine metabolism via regula-

tion of Odc1. An early study revealed that the Odc1 inhibitor

eflornithine can suppress osteoclast differentiation from WT

BMDMs.44 In this study, we found that eflornithine suppressed

the differentiation of Nrf2�/� osteoclasts and improved osteo-

clastic bone loss in Nrf2�/� mice. These results suggest that

Odc1 is a downstream effector of Nrf2 to influence osteoclast

activity and that targeting the Nrf2-iron-Odc1 axis may be a

novel strategy for the treatment of osteoporosis.

There are many options to treat osteoporosis by targeting

osteoclast overactivation, including bisphosphonates and deno-

sumab, the anti-RANKL monoclonal antibody. Despite their

potent anti-resorptive effects, these drugs also have drawbacks.

Bisphosphonates may cause serious adverse events, including

osteonecrosis of the jaw,45 and poor patient compliance due

to fear of adverse events has been reported.5 The anti-resorptive

effect of denosumab is reversible and patients are at risk of

experiencing increased bone loss after drug discontinuation.46

Activating Nrf2 is a promising strategy to suppress osteoclast

differentiation and activity, andwe identified bitopertin as a novel

Nrf2 activator. It can improve OVX-induced bone loss by sup-

pressing osteoclast differentiation. The safety of bitopertin has

been validated in humans, and it is associated with lower rate
(E) Iron supplementation (ferric ammonium citrate, 20 mM) promotes osteoclast d

(F) Deferoxamine (DFO) treatment on osteoclast differentiation in wild-type and N

(G and H) Trabecular bone volume (G) and bone morphological parameters (H) o

(I) The BMD T score of UK Biobank participants with different rs1799945 genoty

(J) The risk of osteoporosis associated with hemochromatosis in multivariate Co

Data are presented asmean ± SEM (B–D, H, and I). Statistical significancewas det

way ANOVA followed by Bonferroni multiple comparison test (H). Significance: *
of adverse events than other clinically approved Nrf2 activators.

Therefore, bitopertin may be a good candidate for treating oste-

oporosis and other Nrf2-associated diseases.
Limitations of the study
This study also has some limitations. First, we identified bitoper-

tin as a potent Nrf2 activator and revealed its therapeutic value in

treating osteoporosis in mouse models, but we were unable to

investigate its effects in human subjects. Second, bitopertin

has been assessed in many clinical trials for treating schizo-

phrenia, b-thalassemia, or EPP. These clinical trials were con-

ducted based on its effects as glycine uptake inhibitor, and no

clinical trial has been conducted to evaluate its efficacy as a

Nrf2 activator. Future studies are needed to investigate the role

of bitopertin in Nrf2-related diseases, such as chronic obstruc-

tive pulmonary disease, inflammation-related diseases. Finally,

we only investigated the effects of bitopertin in OVX models,

which mimic an endocrine disorder. It remains to be explored

whether the Nrf2-iron-Odc1 axis also takes effect in other oste-

oclast-related disorders, including inflammatory bone erosion

and metastatic bone diseases.
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Figure 7. Nrf2 and iron regulate ornithine metabolism via Odc1

(A) A schematic diagram of the metabolomics design.

(B) Volcano plot of the differential metabolites between control and DFO-treated Nrf2�/� BMDMs.

(C) Metabolite KEGG pathway analysis of the differential metabolites.

(D) Changes of metabolites in the arginine and proline metabolism pathway.

(legend continued on next page)
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti- CTSK antibody (for IF) Santa Cruz Cat# sc-48353; RRID:AB_2087687

Anti-CTSK antibody (for WB) Abcam Cat# ab207086; RRID:AB_2885178

Anti-TRAP antibody Abcam Cat# ab96372; RRID:AB_10679130

Anti-Glyt1 antibody Abcam Cat# ab113823; RRID:AB_10890812

Anti-MMP9 antibody Proteintech Cat# 10375-2-AP; RRID:AB_10897178

Anti- ubiquitin antibody Proteintech Cat# 10201-2-AP; RRID:AB_671515

Anti-Nrf2 antibody Proteintech Cat# 16396-1-AP; RRID:AB_2782956

Anti-Keap1 antibody Proteintech Cat# 10503-2-AP; RRID:AB_2132625

Anti-HO1 antibody Proteintech Cat# 10701-1-AP; RRID:AB_2118685

Anti-Nqo1 antibody Proteintech Cat# 11451-1-AP; RRID:AB_2298729

Anti-Gclc antibody ABclonal Cat# A1038; RRID:AB_2757927

Anti-Gclm antibody ABclonal Cat# A13989; RRID:AB_2760843

Anti-Odc1 antibody ABclonal Cat# A1948; RRID:AB_2763974

Anti-b-Actin antibody ABclonal Cat# AC004; RRID:AB_2737399

HRP Goat Anti-Rabbit lgG (H+L) ABclonal Cat# AS014; RRID:AB_2769854

HRP Mouse Anti-Rabbit lgG Light Chain ABclonal Cat# AS061; RRID:AB_2864055

Chemicals, peptides, and recombinant proteins

Recombinant mouse M-CSF protein Sino Biological Cat# 51112-MNAH

Recombinant mouse RANK L/TNFSF11 R&D Systems Cat# 462-TEC

Bitopertin Selleck Cat# S8219

Deferoxamine Selleck Cat# S5742

Eflornithine Selleck Cat# S4582

L-ornithine MedChemExpress Cat# 17437

Zoledronic acid MedChemExpress Cat# HY13777A

Calcein Sigma Cat# C0875

Alizarin Red S Solution Oricell Cat# ALIR-10001

Alizarin Complexone Sigma-Aldrich Cat# A3882

Mouse food Experimental Animal

Center of Tongji Hospital

Cat #230010367

Critical commercial assays

Iron Assay Kit (Colorimetric) Abcam Cat# ab83366

Ornithine Assay Kit (Fluorometric) Abcam Cat# ab252903

Mouse CTX ELISA kit Bangyi Biotechnology Cat# BYE30118

Mouse P1NP ELISA kit Bangyi Biotechnology Cat# BYE30834

Alkaline phosphatase stain Kit Beyotime Cat# C3206

TRAP staining kit Sigma-Aldrich NA

ChIP assay kit Beyotime Cat# P2078

Protein A/G magnetic beads MedChemExpress Cat# HY-K0202A

Immunoprecipitation assay buffer Beyotime Cat# P0013

Deposited data

Raw Data This paper Data S1

Transcriptomics and metabolomics data Mendeley.com Mendeley Data,

https://doi.org/10.17632/4kc5dn9ftm.1
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REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Cell lines

Mouse: MC3T3-E1 cell line Pricella Cat# CL-0378

Human: HEK-293T cell line Pricella Cat# CL-0005

Experimental models: Organisms/strains

Mouse: C57BL/6 (Wt) mice Vital River N/A

Mouse: C57BL/6 (Nrf2-KO) mice Prof. Peng Zhang Wuhan University

Oligonucleotides

Primers for Ctsk, see Table S2 Icongene N/A

Primers for Mmp9, see Table S2 Icongene N/A

Primers for Trap, see Table S2 Icongene N/A

Primers for Odc1, see Table S2 Icongene N/A

Primers for Slc40a1, see Table S2 Icongene N/A

Primers for Gclc, see Table S2 Icongene N/A

Primers for Gclm, see Table S2 Icongene N/A

Primers for Nqo1, see Table S2 Icongene N/A

Primers for Nfe2l2, see Table S2 Icongene N/A

ShRNA sequence targeting

mouse Slc40a1, see Table S3

ViGene Biosciences N/A

Recombinant DNA

Adenovirus for shRNA delivery ViGene Biosciences Cat# 20220106004

Plasmid: pADM-mCMV-copGFP ViGene Biosciences Cat# pAD100014-KD

Plasmid: PGL3-basic This paper N/A

Plasmid: pRL-TK This paper N/A

Software and algorithms

Osteomeasure OsteoMetrics Core facility of Biomedical, Xiamen University

R software (4.1.3) R Software Foundation https://www.r-project.org/

ImageJ software N/A https://imagej.nih.gov/ij/

Micro-CT system Scanco Medical N/A

STRING database N/A https://www.string-db.org/

MetaboAnalyst N/A https://www.metaboanalyst.ca/home.xhtml

Biacore T200 Evaluation Software Cytiva N/A

UK Biobank data UK Biobank Board https://www.ukbiobank.ac.uk/

Other

Biacore T200 system Cytiva N/A
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Kehan

Song (kehansong@tjh.tjmu.edu.cn).

Materials availability
All the materials used in this study were either commercially purchased or gifted via cooperation. No new reagents were generated in

this study.

Data and code availability
d The full-length, unprocessed western blots were provided in a PDF file. The primary values that were used to create all the

graphs in the paper were indicated in an Excel file. The two files were combined into Data S1 in the supplementary files.

The UK Biobank data used in this article can be requested from the corresponding authors for academic aims.

d No new code was generated in this study.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

UK Biobank data
Data from the UK Biobank (Application ID: 81888) were used to explore the association between iron overload and osteoporosis risk.

The UK Biobank is a population-based prospective study of the influence of lifestyle and genetic factors on disease risk. The UK Bio-

bank recruited over 0.5 million people aged 50 to 70 from the UK over a five-year period between 2006 and 2010. Each participant

gave informed written consent, completed a comprehensive lifestyle and exposure questionnaire, and underwent biological sample

testing and radiological examinations. All information was followed up from the date of initial recruitment. In this study, we used the

genome sequencing data from UK Biobank participants to investigate the association between single nucleotide polymorphisms

(SNPs) and BMD.We also used the clinical data to investigate the association between iron overload and the risk of developing oste-

oporosis. Cases of osteoporosis were identified using ICD 10 codes (Table S1).

Mouse model
Nrf2-/- mice generated by CRISPR-Cas9 technology were gifted by Prof. Peng Zhang of Wuhan University. All the animal studies and

procedures were approved by the Animal Care and Use Committee of our institution. Mice were housed under 25�C in specific-path-

ogen-free rooms with free access to water and food. Mouse food was provided by the Experimental Animal Center of Tongji Hospital

(#230010367). Mice were subjected to ovariectomy (OVX) at 12 weeks of age, as described in detail in our previous study.47 Drug

treatment was initiated one week after OVX. For bitopertin treatment, wildtype mice were randomly divided into sham, OVX,

OVX + bitopertin (6 mg/kg) and OVX + bitopertin (30 mg/kg) groups (n=6 for each group). Bitopertin was dissolved in dimethyl sulf-

oxide and further diluted in ddH2O containing 0.03% Tween 80, as introduced in a previous pharmacokinetic study of the drug.48

Bitopertin was administered via oral gavage five days a week for six weeks.

Glycine was administered via drinking water for six weeks. The doses of glycine inmice were translated from the doses of glycine in

human clinical trials, according to the body surface area normalization methods.22 Briefly, the clinical trial dose of glycine was 0.8

g/kg in human subjects,49,50 and the mouse equivalent dose was 10 g/kg based on body surface area normalization. We assumed

that a 0.02-kg mouse drinks 8 mL water per day, and the glycine concentration in the drinking water was calculated as 2.5%. This

concentration of glycine was further reduced to 0.5% as the low glycine supplementation group. Such doses were close to that (1%)

in other glycine animal studies published previously.49,51

To compare the efficacy and safety of bitopertin, and the other two clinically approved Nrf2 activators, DMF and OMA, and zole-

dronic acid, we used the mouse equivalent dose of DMF and OMA in clinical trials. The human dose of DMF and OMA in clinical trials

was 240 mg twice daily52 and 150 mg per day,34 respectively. Using the same dose translation approach as bitopertin, the mouse

equivalent dose of DMF and OMA was calculated to be 50 mg/kg twice daily and 30 mg/kg per day. We employed the doses and

frequencies of the three activators to compare their efficacy and safety in wild-type OVX mice. Zoledronic acid (0.05 mg/kg) was

given only once as positive control during the entire course of treatment.

For drug treatments in Nrf2-/- mice, the doses of bitopertin, deferoxamine (DFO), and eflornithine were 6 mg/kg, 30 mg/kg, and

500 mg/kg, respectively, according to previous studies.53,54 DFO and eflornithine were administered via intraperitoneal injection,

and the frequencies and courses of administration of the two drugs were the same as that for bitopertin in wildtype mice.

Cell culture
Osteoclast differentiation, TRAP staining, and bone resorptive assay

Osteoclast differentiation was induced from BMDMs obtained from the bone marrow of bilateral femurs and tibias of 8-week-old

mice. Bone marrow cells were diluted and cultured in alpha-modified Eagle’s medium (a-MEM; BOSTER Bio; Wuhan, China)

containing 30 ng/mL MCSF in 10-cm dishes for 16 h. The supernatants were then transferred to a new 10-cm dish. BMDMs

adhering to the bottom were used for subsequent experiments. To induce osteoclast differentiation, BMDMs were seeded

on 96-well plates at 23104 cells per well. Osteoclast differentiation was induced in a-MEM in the presence of 30 ng/mL

MCSF and 100 ng/mL RANKL for 5 days. Osteoclasts were then washed with PBS, fixed in paraformaldehyde (4%) for 15 mi-

nutes, and washed again with ddH2O. TRAP staining was performed with the TRAP staining kit (Sigma Aldrich). After staining,

multinucleated cells were counted as osteoclasts and the images were taken under a microscope. The bone resorption assay

was performed on hydroxyapatite-coated Osteo Assay strip well plates (Corning, USA). After five days of osteoclast induction,

cells were lysed and the hydroxyapatite surface was photographed under a microscope. The resorption area was measured

using Image J software.

Osteoblast differentiation, ALP staining, and mineralization assay

Osteoblast differentiation was induced using MC3T3 cells in a-MEM supplemented with b-glycerophosphate (10 mM), ascorbic acid

(50 mg/mL), and dexamethasone (10 nM). After seven days of osteoblast induction, ALP staining assay was performed according to

the instructions of the alkaline phosphatase staining kit (#C3206, Beyotime, Beijing, China). Alizarin red S staining was performed

21 days after osteogenic induction to evaluate the mineralization status. After seven days of induction, we also harvested cells

and extracted total RNA to evaluate the mRNA expression of osteoblast-related genes.
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METHOD DETAILS

Detection of bone mineral apposition rate
We performed calcein and alizarin red deposition experiment to evaluate the effects of bitopertin on mineral apposition of bone.

Briefly, Calcein (#C0875, sigma; 5mg/ml) was administrated to mice via intraperitoneally injection 7 days before sacrifice, followed

by alizarin red (#A3882, sigma; 0.015g/ml) intraperitoneally injection 2 days before sacrifice. The femora of each mouse were har-

vested after sacrifice and were fixed in 4% paraformaldehyde for one day, dehydrated by 30 percent sucrose for 3 days, followed

by embedding in O.C.T. Compound. Femur sections were obtained with a freezing microtome and the representative images of

the calcein and alizarin red deposition bands were obtained in a fluorescence microscope. The distance between the deposition

bands were measured by ImageJ software and the mineral apposition rate was calculated as the mean apposition distance (mM)

per day.

Micro-computed tomography (mCT) analysis
After the in vivo interventions, themice were sacrificed and the bilateral femurs of each experimental mouse were collected and fixed

in 4% paraformaldehyde. The left femurs were scanned in the mCT system (Scanco Medical) for bone morphological analysis. Scan-

ning parameters were set at 100 kV and 98 mA, with a resolution of 10 per pixel. Trabecular parameters included bone volume/tissue

volume (BV/TV), trabecular number (Tb.N), trabecular space (Tb.Sp), and trabecular thickness (Tb.Th). Cortical parameters included

cortical area (Ct.Ar), total area (Tt.Ar), Ct.Ar/Tt.Ar, and cortical thickness (Ct.Th). The built-in software of the mCT was used for bone

parameter analysis and three-dimensional reconstruction.

Histomorphometry analysis
The right femur of each mouse was decalcified in 10% EDTA solution for 2 weeks. The femurs were then embedded in paraffin and

were sectioned at 5mm thickness. Osteoclast formation was evaluated by TRAP staining and osteoblast formation was evaluated by

toluidine blue and fast green staining. Images of the areas of interest on the stained sections were taken at the same regions of each

femur slice. Histomorphometric parameters, including osteoclast number per bone perimeter (N.Oc/B.Pm), osteoclast surface

(Oc.S/BS), osteoblast number per bone perimeter (N.Ob/ B.Pm), and osteoblast surface per bone surface (Ob.S/BS), were analyzed

in the Osteomeasure Analysis System (Osteometrics). All analysis was performed according to the recommendation of the Nomen-

clature Committee of the American Society for Bone and Mineral Research.55

Immunofluorescence staining
Immunofluorescence staining was performed on the paraffin-embedded femur sections after dewaxing. Before staining, the femur

sections were blocked with 5% BSA solution for 30 min. Subsequently, the blocking solution was removed and the sections were

incubated with the primary antibodies at 4 �C overnight. On the next day, the femur sections were washed for three times, followed

by incubation with the second fluorescent antibody of the same origin to the primary antibody in darkroom for 1 h. The nuclei were

stained with DAPI solution at room temperature for 10 min. All the imagines were obtained under a fluorescence microscopy (#80i,

Nikon, Japan). The primary antibodies used for immunofluorescence staining were as follows: Nrf2 (#16396-1-AP, Proteintech

Group, Wuhan, China); CTSK (#sc-48353, Santa Cruz Biotechnology’’).

Enzyme-linked immunosorbent assay (ELISA)
CTX and P1NP were used as the serum markers of osteoclastic bone resorption and osteoblastic bone formation, respectively. We

used ELISA assay kits of CTX (Bangyi Biotechnology, Shanghai, China) and P1NP (Bangyi Biotechnology, Shanghai, China) to detect

the serum levels of the two markers. Blood samples were collected from the orbital venous plexus of each experimental mouse. The

serum was collected after centrifugation of the blood samples under 4�C at 2000 rpm for 30 min, and was used for ELISA assay ac-

cording to the manufacturer’s instructions.

Mouse blood biochemistry assay
Blood biochemistry assay was performed at Servicebio (Wuhan, China) to evaluate the influence of bitopertin and other Nrf2 activa-

tors on organ function or injury. Blood samples were prepared the same as that used in ELISA assay.We detected the serum levels of

ALT, ASL, and albumin as markers of liver function; blood urea nitrogen (BUN) and creatinine as markers of kidney function; creatine

kinase and Creatine Kinase MB (CK-MB) as markers of myocardial damage.

RNA sequencing and metabolomics assay
The BMDMs from wildtype or Nrf2-/- mice were used for RNA sequencing and metabolomics assay. For RNA sequencing, BMDMs

were seeded on 6-well plates with 13106 cells per well. Each group had four or five replicates from different mice and cells were

collected after three days of culture and intervention. Total RNA was extracted with TRIzol (Takara, Japan). For the metabolomic

assay, BMDMs were cultured in 10-cm dishes with 13107 cells per dish. After intervention, cells were collected in prechilled 80%

methanol and were subjected to three freeze-thaw cycles in liquid nitrogen. LC-MS/MS was used for the untargeted metabolomic

assay. All assays were performed by Novogene (Beijing, China).
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Bioinformatic analysis
RNA sequencing data were analyzed using R software (version 4.1.3). We identified differentially expressed genes (DEGs) by setting

the threshold of |log2Foldchange| as 0.5 and the P value as 0.05. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was

then performed to determine significantly enriched pathways of the DEGs. Protein-protein interaction (PPI) networks of the DEGs

were constructed in the STRING database: https://www.string-db.org/. The PPI networks were then subjected to Cytoscape soft-

ware. Then, the top 10 hub genes of the PPI network were determined by the Maximal Clique Centrality (MCC) algorithm in the

CytoHubba plugin of the software. In addition, we also performed GSEA for two-group sequencing and gene set variation analysis

(GSVA) analysis for three-group sequencing to investigate the changes in the pathways of interest.

The analysis of the metabolomics data was performed in the MetaboAnalyst platform (V5.0): https://www.metaboanalyst.ca/. In

the platform, the statistical analysis module was used for principal component analysis (PCA) and fold-change calculation. In this

module, the orthogonal Partial Least Squares - Discriminant Analysis (orthoPLS-DA) model was used to calculate variable impor-

tance in projection (VIP). We used VIP > 1, |log2(fold change)| > 0.5, and P < 0.05 as benchmarks to screen for differential metabolites.

Finally, we analyzed the involved pathway of the identified differential metabolites in the enrichment analysis module.

Single-cell RNA-sequencing data processing and analysis
Weobtained single-cell RNA-sequencing data of bone tissue from osteoporosis patients (GEO: GSM4423510)56 and healthy controls

(GEO: GSE169396)57 from the Gene Expression Omnibus (GEO) database. Data from different samples were integrated using the

Seurat package and batch effects were adjusted using the Harmony package in R software. For data analysis, the Seurat package

was used to perform nonlinear dimensional reduction. A total of 2500 highly variable genes were selected for principal component

analysis. The functions RunUMAP and FindClusters were used to select principal components. The FindAllMarkers function was

used to identify differential expression genes (DEGs) and the ggplot2 package was used for plotting. Osteoclasts in the bone marrow

differentiate from the myeloid lineage of bone marrow cells that include common myeloid progenitor (CMP), monocytes and macro-

phages. We defined c-Fms+ monocytes and c-Fms+ macrophages as osteoclast precursors that express c-Fms in the plasma sur-

face and possess the ability to differentiate into mature osteoclasts. The cell ratio of osteoclast precursors in the control and disease

group and the expression of NFE2L2 and SLC40A1 in this cell population were analyzed.

Molecular docking
The three-dimensional (3D) crystal structure file of Keap1 (PDB: 7OFE) was downloaded from the RCSB Protein Data Bank database:

https://www.rcsb.org/, while the structure file of bitopertin (ZINC: ZINC53294263) was downloaded from the ZINC database. Molec-

ular docking of the two structures was performed in Autodock software (version 1.5.7) after addition of hydrogen atoms and removal

of water molecules. The binding energy of the twomolecules was then calculated in Autodock to evaluate the binding affinity. The 3D

model diagram of Keap1-bitopertin binding was generated in the PyMoL software, while the 2D-diagram was generated in the

Maestro software (version 13.5). We calculated the binding free energy of Keap1-bitopertin in Autodock to evaluate the docking per-

formance between the two molecules. In general, a binding energy of less than -7.0 kcal/mol indicates a very good binding affinity.

Surface plasmon resonance (SPR) analysis
SPR analysis was run on a Biacore T200 system (Cytiva) with a Series S Sensor Chip CM5. Briefly, the ligand (Keap1 protein, Keap1

Kelch domain, Keap1 BTB domain, or Keap1 Back domain) was immobilized to the CM5 Chip via covalent bonds to the amino acid

residues in immobilization buffer. Subsequently, different concentrations of bitopertin were diluted in the analyte buffer and were in-

jected into the flowing channel to allow interaction between Keap1 and bitopertin. The interacting phase included 120 s of association

phase and 300 s of dissociation phase. The data were analyzed in a Biacore T200 Evaluation Software (Cytiva).

Dual luciferase reporter assay
The regulation of Nrf2 on Slc40a1 transcription was evaluated by dual luciferase reporter assay. we constructed three luciferase re-

porter vectors containing the wildtype promoter, the binding site 1 mutated promoter, and the binding site 2 mutated promoter of the

Slc40a1 gene. These promoters were constructed into the pGL3-basic plasmids. To create themutant Slc40a1 promoter constructs,

the first predicted Nrf2 binding site CTGACTTAGCC was mutated to AGTCAGGCTAA, while the second predicted binding site

GTGTCTCAGCAwasmutated to TGTGAGACTAC. The Slc40a1 promoter plasmids were then co-transfected with human Nrf2-over-

expressing plasmids and pRL-TK plasmids into HEK-293T cells. After 48 hours of incubation, the cells were lysed and assayed for

luciferase activity. Firefly luciferase activity was normalized to Renilla luciferase activity for the final analysis.

Chromatin immunoprecipitation and PCR (ChIP-qPCR) assay
ChIP assay was performed by using a ChIP assay kit (#P2078, Beyotime, Beijing, China). Detailed procedures were performed ac-

cording to the manufacturer’s instructions. The Nrf2 antibody used for immunoprecipitation in this assay was obtained from Protein-

tech (#16396-1-AP, Wuhan, China). The PCR assay was performed by using the following primers of human SLC40A1 gene (F,

TCTACGGGAAGTAATTTT; R, GGTAAATAAACCCCTCCACT). The PCR products were detected by electrophoresis with 2%

agarose gel.
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Measurement of intracellular iron and ornithine
Intracellular iron and ornithine levels were measured using the Iron Assay Kit (Colorimetric; # ab83366, Abcam) and Ornithine Assay

Kit (Fluorometric; #ab252903, Abcam), respectively. For sample preparation, BMDMs were cultured on 10-cm dishes and were sub-

jected to various interventions. After three days, cells were harvested with cell scrapers and the total number of harvested cells was

counted. The cells were then washed with ice-cold PBS for three times and lysed in 100 mL iron or ornithine assay buffer. The

following procedures were performed according to the instructions of the two assay kits to obtain the final concentration of iron

or ornithine in the 100 mL buffer. For data analysis, we calculated the absolute content of ornithine or iron in the harvested cells.

The final amount of iron or ornithine was presented as that per 13106 cells to compare their differences.

Real-time quantitative PCR (RT-qPCR)
Total RNA was extracted from cell samples using TRIzol reagent (Takara, Japan) as previously described.47 The final RNA sample

was dissolved in ddH2O, and a total of 1 mg RNA from each group was reverse transcribed into cDNA in a volume of 20 mL by using

the HiScript III All-in-one RT SuperMix Perfect for qPCR (Vazyme Biotech, Nanjing, China). RT-qPCR was then performed to detect

the cDNA of target genes by using the HiScript II Q RT SuperMix for qPCR (VazymeBiotech, Nanjing, China). The forward and reverse

PCR primers are listed in Table S2. For data analysis, the expression of the target genes was normalized to that of b-actin.

Western blot assay
Total proteins were extracted from cell samples by using the RIPA buffer containing 1% proteinase inhibitor and 1% phosphotrans-

ferase inhibitor. The samples were then sonicated and centrifuged at 12,000 rpm for 30 minutes. The supernatants were collected

and the protein concentration wasmeasured using the bicinchoninic acid (BCA) kit (Boster Biotechnology, Wuhan, China). For West-

ern blotting, proteins were separated in SDS-PAGE by electrophoresis (80V) and transferred to PVDFmembranes (#IPVH00010,Milli-

pore, Boston, USA). The membranes were then blocked in 5% BSA dissolved in TBS (with 0.1 % Tween 20) for 1 hour at room tem-

perature and incubated with primary antibodies overnight at 4�C. The next day, the membranes were washed for three times and

incubated with the secondary antibodies for 1hour. The final protein bands were detected with ECL solution (Yeasen, Shanghai,

China) and analyzed using the ChemiDoc XRS system (BioRad, California, USA).

Protein-protein interaction and Nrf2 ubiquitination assay
To detect the interaction between Nrf2 and Keap1 and Nrf2 ubiquitination, cells were cultured on 10-cm dishes with or without bi-

topertin treatment for 48 hours. The cells were then treatedwithMG132 (10 mM) for 4 hours, washedwith pre-chilled PBS, and lysed in

the immunoprecipitation (IP) assay buffer (Beyotime Biotechnology, Beijing, China). After centrifugation, the total protein content in

the lysates was quantified, and 500 mg of protein in the lysates was incubated with the Protein A/G magnetic beads (#HY-K0202A,

MedChemExpress) for 2 hours at 4�C. The beads were pre-washed and incubated with primary Nrf2 antibody (2 mg) for 2 hours at

4�C. The antigen-antibody-bead complex was then washed five times with IP buffer, resuspended in 13 SDS loading buffer, and

boiled at 95�C for 5 minutes. Samples in the SDS loading buffer were further subjected to Western blot analysis.

Adenovirus transfection
Adenovirus-mediated shRNA interference was used to knock down the expression of Slc40a1 in BMDMs. Four shRNAs targeting the

Slc40a1mRNAwere constructed in an adeno vector (ViGene Biosciences, Shandong, China). The sequence of each shRNA is shown

in Table S3. Scramble sequences of the same length were incorporated into the same type of vector as the control group. For adeno-

virus transfection, cells were incubated with Slc40a1 adenovirus or control adenovirus for 12 hours at a multiplicity of infection (MOI)

of 200 per cell. The mediumwas then removed and the cells were cultured for another two days before various interventions or treat-

ments. Knockdown efficiencies were determined by Western blot.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data from the current study were analyzed using GraphPad Prim 7. Each experiment was performed in three independent replicates.

Data were expressed as mean ± SEM (standard error of mean) for each group. Unpaired Student t-test was used to compare differ-

ences between two groups, while one-way or two-way ANOVA followed by Bonferroni multiple comparison test was used to

compare differences among three or more groups. The sample sizes of animal study and the replicates of cell experiments in

each statistical analysis are indicated in the figure legends. In all statistical tests, a P-value less than 0.05 was considered as statis-

tically significant.
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