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Abstract 

Background  Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by disrupted bone homeosta-
sis. This study investigated the effect and underlying mechanisms of one-carbon metabolism enzyme methylenetet-
rahydrofolate dehydrogenase 2 (MTHFD2) on osteoclast differentiation and bone loss in RA.

Methods  The expression of MTHFD2 was examined in CD14 + monocytes and murine bone marrow-derived 
macrophages (BMMs). RNA-sequencing was performed to evaluate the regulatory mechanisms of MTHFD2 on osteo-
clastogenesis. Extracellular flux assay, JC-1 staining, and transmission electron microscopy were used to detect 
mitochondrial function and energy metabolism changes during osteoclast formation. Collagen-induced arthritis (CIA) 
mice were used to evaluate the therapeutic effect of MTHFD2 knockdown on bone loss. Bone volume and osteoclast 
counts were quantified by μCT and histomorphometry.

Results  Elevated MTHFD2 was observed in RA patients and CIA mice with a positive correlation to bone resorption 
parameters. During osteoclast formation, MTHFD2 was significantly upregulated in both human CD14 + monocytes 
and murine BMMs. The application of MTHFD2 inhibitor and MTHFD2 knockdown suppressed osteoclastogenesis, 
while MTHFD2 overexpression promoted osteoclast differentiation in vitro. RNA-sequencing revealed that MTHFD2 
inhibition blocked oxidative phosphorylation (OXPHOS) in osteoclasts, leading to decreased adenosine triphosphate 
(ATP) production and mitochondrial membrane potential without affecting mitochondrial biogenesis. Mechanisti-
cally, inhibition of MTHFD2 downregulated the expression of mitochondrial creatine kinase 1 (CKMT1), which in turn 
affected phosphocreatine energy shuttle and OXPHOS during osteoclastogenesis. Further, a therapeutic strategy 
to knock down MTHFD2 in knee joint in vivo ameliorated bone loss in CIA mice.

Conclusions  Our findings demonstrate that MTHFD2 is upregulated in RA with relation to joint destruction. MTHFD2 
promotes osteoclast differentiation and arthritic bone erosion by enhancing mitochondrial energy metabolism 
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through CKMT1. Thus, targeting MTHFD2 may provide a potential new therapeutic strategy for tackling osteoclas-
togenesis and bone loss in RA.

Keywords  Rheumatoid arthritis, Osteoclast differentiation, Methylenetetrahydrofolate dehydrogenase 2, Oxidative 
phosphorylation

Background
Rheumatoid arthritis (RA) is a chronic, systemic auto-
immune disease characterized by symmetric synovial 
inflammation and imbalanced bone homeostasis [1]. 
Over 45% RA patients are reported to exhibit bone ero-
sion at an early stage or even before the appearance of the 
first clinical symptoms [2]. Bone destruction progresses 
in time and contributes to joint damage and impaired 
functional capacity in patients with RA, constituting a 
critical contributor to disability [3, 4]. Furthermore, bone 
erosions are indicative of a more severe clinical course, 
establishing them as a critical outcome marker for RA 
patients [5].

Bone homeostasis depends on the equilibrium of oste-
oblast-mediated bone formation and osteoclast-triggered 
bone resorption [6]. In RA patients, coordinated bone 
metabolism is disrupted, as osteoclasts increase in num-
ber and are functionally overactive, resulting in local 
and systemic bone loss [2]. However, the mechanisms 
driving uncontrolled osteoclastogenesis and subsequent 
bone destruction in RA remain incompletely under-
stood. In recent years, inhibition of osteoclast forma-
tion by biologic disease-modifying antirheumatic drugs 
(bDMARDs) such as interleukin-6 blocking agents and 
anti-tumor necrosis factor-α antibodies has shown prom-
ising effects [7]. Denosumab, an anti-receptor activa-
tor of nuclear factor-κB ligand (RANKL) antibody, has 
demonstrated efficacy in inhibiting the progression of 
osteoclast-mediated bone erosion and enhancing bone 
mineral density (BMD) in RA patients [8–10]. How-
ever, a proportion of patients are refractory to multiple 
bDMARDs [11]. Additionally, intolerable side effects and 
the rebound effect following the denosumab discontinu-
ation restrict the application of these treatments [12, 13]. 
Therefore, comprehensive understanding of the molecu-
lar mechanisms underlying osteoclast differentiation and 
resorptive activity is pivotal to design novel therapeutic 
targets for RA.

Proper mitochondrial metabolism is essential for oste-
oclastogenesis and bone loss [14, 15]. Methylenetetrahy-
drofolate dehydrogenase 2 (MTHFD2) is an essential 
enzyme of mitochondrial one-carbon (1C) metabolism, 
catalyzing the interconversion of 5,10-methylene-THF 
to 10-formyl-THF and generating formate for de novo 
purine synthesis [16]. 1C metabolism comprises a series 
of interconnected metabolic pathways, including folate 

cycle, methionine cycle and transsulfuration path-
way [17]. Evidence suggests a correlation between 1C 
metabolism and RA [18–21]. Previous reports showed 
that genetic variations of 5,10-methylenetetrahydro-
folate reductase, a critical enzyme for intracellular folate 
homeostasis, linked to increased susceptibility to RA [18, 
19]. In addition, low doses of the antifolate drug meth-
otrexate (MTX), which inhibits dihydrofolate reduc-
tase (DHFR) in 1C metabolism, has long been used as 
an anchor DMARD in the management of RA [20, 21]. 
However, adverse effects involving mucosal, gastroin-
testinal, hepatic or hematologic toxicities are commonly 
observed in patients treated with MTX, partly attributed 
to the broad expression of DHFR in all dividing cells [22, 
23]. In contrast to DHFR, MTHFD2 is highly expressed 
in cancer cells and immune cells while is ordinarily low or 
absent in normal adult tissues [24]. Given the narrower 
range of cells that express this enzyme, MTHFD2 is an 
ideal target for treating cancer and autoimmune diseases. 
However, the roles of MTHFD2 in osteoclastogenesis and 
bone resorption remain unknown. We, therefore, tested 
the hypothesis that MTHFD2 orchestrates osteoclast for-
mation and inflammatory bone erosion in RA patients.

Methods
Human sample collection
Peripheral blood and synovial specimens were donated 
from healthy donors (HDs), osteoarthritis (OA) and RA 
patients at the First Affiliated Hospital of USTC (Univer-
sity of Science and Technology of China). The inclusion 
criteria were RA patients that aged 18  years older and 
fulfilled the 2010 defined RA classification criteria of the 
American College of Rheumatology (ACR)/ European 
League Against Rheumatism (EULAR) [25]. Exclusion 
criteria included a history of renal or hepatic diseases, 
severe infection, malignant tumors, and other rheumatic-
inflammatory diseases. All patients provided written 
informed consent to participate in the present study. All 
protocols were approved by the Research Ethics Commit-
tees of the First Affiliated Hospital of USTC. The proce-
dures complied with the principles of the Declaration of 
Helsinki.

Isolation of peripheral blood CD14 + monocytes
Peripheral blood mononuclear cells (PBMCs) were iso-
lated from whole blood collected from the HDs and 
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RAs by Ficoll-Hypaque density-gradient centrifuga-
tion (Sigma-Aldrich). CD14 + monocytes were isolated 
using CD14 + magnetic bead separation according to 
the manufacturer’s instructions (Miltenyi Biotech). 
CD14 + monocytes were stained with fluorescein iso-
thiocyanate-conjugated anti-CD14 antibody (BD Bio-
sciences) for flow cytometric analysis.

Enzyme‑linked immunosorbent assay (ELISA) assay
RA serum was collected and the serum levels of the bone 
resorption marker collagen C-terminal telopeptides of 
type I collagen (CTX-1) and active isoform 5b of tartrate-
resistant acid phosphatase (TRAP) were measured using 
ELISA kits (AC-02F1 and SB-TR201A, Immunodiagnos-
tics Systems, Maryland, USA) according to the manufac-
turer’s instructions.

Bone marrow macrophage (BMM) isolation and osteoclast 
differentiation
BMMs were isolated from 6-week-old wildtype (WT) 
male C57BL/6  J mice by flushing the femur and tibia. 
After removing red blood cells, BMMs were incubated 
in complete α minimum essential medium (α-MEM) 
(Gibco) at 37 °C overnight. After that, nonadherent cells 
were collected and further cultured in complete α-MEM 
with M-CSF (30 ng/mL) and RANKL (50 ng/mL) (Pepro-
Tech) supplemented or not with 10 µM MTHFD2i (Med-
ChemExpress) in mice osteoclast medium. New media, 
cytokines and inhibitor were replenished every 2  days. 
TRAP staining was performed on day 5 when osteoclasts 
were fully differentiated using the TRAP kit (Servicebio, 
Wuhan, China) following the manufacturer’s instruc-
tions. TRAP-positive cells with three or more nuclei were 
considered osteoclasts and were counted. For human 
osteoclast differentiation, CD14 + monocytes were cul-
tured in complete α-MEM with M-CSF (30 ng/mL) and 
RANKL (50  ng/mL) (PeproTech) supplemented or not 
with 7.5 µM MTHFD2i in human osteoclast medium and 
mature osteoclasts were characterized by TRAP staining 
on day 10. For bone resorption assay, 1 × 105 BMMs were 
seeded onto bovine cortical bone slices at the bottom of 
96-well culture plates. Resorption pits of osteoclasts on 
the slices were shown by scanning electron microscopy.

Cell viability test
1 × 105 cells were cultured in 96-well plates with 30  ng/
mL M-CSF and 50  ng/mL RANKL with or without dif-
ferent concentrations of MTHFD2i. Cell viability test 
was performed on day 6 and day 9 for CD14 + monocyte-
derived osteoclast precursors (OCPs) and on day 3 for 
BMM-derived OCPs. After indicated time, non-adherent 
cells in a 96-well plate were washed twice using PBS. 
Then cells were stained with 50 μL 0.5% crystal violet 

staining solution for 20  min at room temperature with 
gentle shake. The plate was then washed by PBS for four 
times and airdried for at least 1 h. Then, 200 μL metha-
nol was added to each well. The plate was incubated for 
20  min at room and then measured at 570  nm with a 
plate reader.

RNA extraction and quantitative real‑time polymerase 
chain reaction (qRT‑PCR)
Total RNA was extracted using the HiPure Total RNA 
Mini Kit (Magen, China) according to the manufacturer’s 
instructions. The concentration and purity of the mRNA 
were assessed by a Nanodrop spectrophotometer. Then 
mRNA was reverse transcribed to cDNA with the Fast-
King gDNA Dispelling RT Supermix (Tiangen, China). 
qRT-PCR was performed using the QuantiNova SYBR 
Green PCR Kit (QIAGEN, Germany) on the QuantStudio 
Q5 PCR system. Samples were analyzed in duplicate and 
normalized to the level of β-actin mRNA for murine and 
human samples. Relative gene expression was calculated 
by the 2−ΔΔCt method. Human and murine qPCR primer 
sequences are listed in Additional file 1: Table S1.

Western blot
For western blot, cells were lysed with radioimmunopre-
cipitation assay buffer supplied with phosphatase inhibi-
tor cocktail and protease inhibitor cocktail (Epizyme, 
Shanghai, China). The protein extracts were then sepa-
rated by SDS-PAGE electrophoresis and transferred to 
a polyvinylidenedifluoride membrane (Millipore, Mas-
sachusetts, USA). Antigen detection was performed 
using antibodies directed against MTHFD2 (Protein-
tech, 12270–1-AP), c‐Src (Proteintech, 11097–1-AP), 
CTSK (Cell Signaling, #57,056), β3 integrin (Epizyme, 
R013849), MMP9 (Abcam, ab228402), OXPHOS 
(Abcam, ab110413), CKMT1 (Proteintech, 15346‐1‐
AP), VDAC (Epizyme, R012378), Tomm20 (Epizyme, 
R013740), PGC1β (Proteintech, 22378–1-AP), phospho-
AMPK alpha 1 (Ser496) (Epizyme, R011713), AMPK 
alpha 1 (Cell Signaling, #5832), phospho-mTOR (Cell 
Signaling, #5536), mTOR (Cell Signaling, #2983) or β‐
actin (Proteintech, HRP-60008) overnight at 4  °C, fol-
lowed by probing with fluorescence-labeled secondary 
antibodies. To observe the results, chemiluminescence 
detection system (Bio-Rad) was used.

Immunofluorescence staining
For F‐actin staining, osteoclasts were fixed with 4% para-
formaldehyde, permeabilized with 0.1% Triton X‐100 
and then incubated with Alexa Fluor 488‐ or Alexa 
Fluor 633-conjugated phalloidin (Solarbio) for 30  min. 
For Mitotracker Green staining, live cells were incu-
bated with 100  nM Mitotracker Green (Beyotime) in 
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pre-warmed α-MEM for 30 min at 37 °C in the dark. For 
JC-1 staining, OCPs after 48 h stimulation with RANKL 
and DMSO or MTHFD2i were washed and then stained 
with JC-1 Assay Kit (Beyotime) for 20 min at 37 °C in the 
dark. For mitochondrial superoxide staining, OCPs after 
48 h simulation with RANKL and DMSO or MTHFD2i 
were washed with warm α-MEM and stained with Mito-
SOX™ Red Mitochondrial Superoxide Indicator (Invit-
rogen) according to the manufacturer’s instructions. For 
flow cytometry assay of MitoSOX staining, cells were 
detached and centrifuged at 400 g for 5 min. Then, cells 
were subjected to flow cytometry analysis on Cytoflex LX 
(Beckman-Coulter). Fluorescence images were acquired 
with a Zeiss laser confocal microscope and analyzed with 
ImageJ software.

Lentiviral gene transduction and short hairpin RNA 
(shRNA) adenoviral knockdown
Short-hairpin RNA targeting MTHFD2 and scrambled 
shRNA (GenePharma) were bought from the Shanghai 
Hanbio Co., Ltd. MTHFD2‐overexpressing lentivirus 
was bought from the Shanghai GeneChem Co., Ltd. The 
target sequences for mouse MTHFD2 knockdown were 
CAC​ACG​ATC​CTT​GCA​GAC​ATT​GTA​A. Cells were 
washed and cultured in low-serum media (5% FBS) with 
lentiviral (MOI = 80) or adenoviral particles (MOI = 500) 
in the presence of 4 μg/ml polybrene (Hanbio, Shanghai, 
china) for 16 h. Efficiency of overexpression and shRNA 
knockdown was confirmed by Western blot 48 to 72  h 
later.

Transcriptome analysis
BMMs were cultured in the presence of M-CSF and 
RANKL with or without MTHFD2i for 2  days. After-
ward, cells were collected and total RNA was isolated 
using TRIzol reagent. RNA-seq analyses were entrusted 
to a professional biological company (Oebiotech, Shang-
hai, China). Genes with a fold change of 2 were con-
sidered as differentially expressed genes (DEGs) and 
analyzed using the DAVID Bioinformatics Resources 6.8. 
Among the DEGs, we performed Gene Ontology (GO) 
analysis and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) enrichment analysis by Rstudio and Gene Set 
Enrichment Analysis (GSEA) software.

Mitochondrial oxygen consumption rate (OCR) 
measurement
The mitochondrial respiratory activity was assessed by 
measuring OCR on Seahorse XFe96 Analyzer (Agilent, 
USA). Seahorse XF Cell Mito Stress test kit (Agilent, 
USA) was used according to the manufacturer’s instruc-
tions. Briefly, an equal number of OCPs were seeded 
on XFe96 cell culture microplates (Agilent) at a seeding 

density of 8 × 104 cells per well after stimulation with M‐
CSF and RANKL for 2 days, with or without MTHFD2i 
treatment. Before the assay, culture media was changed 
to XF DMEM (pH 7.4) supplemented with 1 mM sodium 
pyruvate, 2  mM glutamine, and 10  mM glucose. After 
30-min pre‐equilibration in a 37  °C non‐CO2 incubator, 
OCR was measured at 37  °C by using following drugs: 
1 μM oligomycin, 2 μM Trifluoromethoxy carbonyl cya-
nide phenylhydrazone, and 1  μM rotenone/antimycin 
A. Mitochondrial respiration parameters were further 
calculated by the Wave software as described previously 
[26].

Adenosine triphosphate (ATP) quantification assay
Intracellular ATP level was quantified using an ATP 
Determination Kit (Beyotime, China) according to the 
manufacturer’s instructions. Briefly, cultured cells or 
standard solution together with reaction mixture were 
added to the 96‐well cell culture plate. After 10-min incu-
bation, the plate was read using a luminescence detector. 
Intracellular ATP concentrations were then calculated 
using the standard curve.

Transmission electron microscopy (TEM)
1 × 106 OCPs at day 3 after culture with 50  ng/mL 
RANKL and DMSO or MTHFD2i were washed with PBS 
and fixed with 2.5% glutaraldehyde in 0.1  M phosphate 
buffer at 4  °C for 48  h. Then the cells were post‐fixed, 
stained and imaged as described before [15].

Creatine kinase activity assay
OCPs were lysed in the lysis buffer provided in the Cre-
atine Kinase Activity Assay Kit (Solarbio) and cellular 
creatine kinase activity was examined according to the 
manufacturer’s instructions.

Collagen‑induced arthritis (CIA) model
All animal experiments were approved by the Ani-
mal Ethics Committee of the First Affiliated Hospital of 
USTC. CIA was induced in 8-week-old male DBA/1  J 
mice by subcutaneous injection at the base of the tail with 
100  μL 2  mg/mL chicken type II collagen (Chondrex) 
in complete or incomplete Freund adjuvant (Chondrex) 
at day 0 and day 21, respectively. The clinical severity of 
CIA was assessed every 3 days starting on day 21. Each 
paw was scored using a 4-point scale: 0, normal; 1, mini-
mal swelling or redness; 2, obvious redness and swelling 
involving the entire forepaw; 3, severe redness and swell-
ing with limited movement; 4, joint deformity or ankylo-
sis or both [27].



Page 5 of 17Li et al. BMC Medicine          (2025) 23:124 	

Adeno‑associated virus (aav) treatment
In vivo knockdown of MTHFD2 was achieved using 
aav9 vectors. Murine MTHFD2-knockdown aav9 (aav-
MTHFD2) and the corresponding control aav9 (aav-
ctrl) were manufactured by Hanbio (Shanghai, China). 
CIA mice were randomly divided into different groups 
and then received knee joint injection of 5 μL aav 
(titer = 1 × 1012) viral particles of aav-MTHFD2 or aav-
ctrl at day 7 post first immunization. Before injection, 
mice were anesthetized with isoflurane.

Micro‑computed tomography
μCT scanning was performed as previously described 
[28]. Briefly, hind limbs of CIA mice were fixed in 4% par-
aformaldehyde and scanned with Micro‐CT (Pingsheng 
Healthcare Shanghai Inc., Shanghai, China) with the 
following scan parameters: 80 kV, 80 µA and 13 µm per 
pixel resolution. Images were 3D reconstructed and visu-
alized by NRecon and Avatar software, respectively. For 
analyzing bone volume, the region of interest was com-
puted for the following bone morphometric variables: 
bone volume/total volume (BV/TV), trabecular bone 
number (Tb.N), trabecular bone thickness (Tb.Th), tra-
becular bone separation (Tb.Sp), and BMD.

Bone histomorphometric analysis
CIA mice were sacrificed on day 42. Tibia were fixed 
overnight in 4% formalin followed by 3-week defalcation 
in EDTA until bones were pliable. Then osteoclasts and 
osteoblasts were identified by TRAP staining, osteocal-
cin (OCN) immunohistochemistry (IHC), and Toluidine 
Blue staining as previously described [29]. To quantify 
for histomorphometric parameters, images for each bone 
slice were captured blindly through light microscopy 
(Olympus, Japan) and three fields of view in the proximal 
tibia were randomly selected. In each view, trabeculae 
were outlined and osteoclasts or osteoblasts were traced. 
Then, the quantitative parameters, including osteoclast 
surface/bone surface (Oc.S/BS), osteoclast number/bone 
perimeter (N.Oc./B.Pm.) and osteoblast surface/bone 
surface (Ob. S/BS) were automatically analyzed with 

OsteoMeasure image analysis system (OsteoMetrics, 
USA).

Statistical analysis
Quantitative data are presented as the mean ± standard 
deviation. Statistical analysis between two groups was 
conducted using two-tailed Student’s t test. One-way 
analysis of variance (ANOVA) was used to compare mul-
tiple groups, followed by Tukey’s test. The correlation of 
MTHFD2 gene expression in human CD14 + monocytes 
with serum CTX-1 and TRAP5b levels was assessed by 
Spearman’s correlation test. Pearson’s correlation test was 
used to describe correlations between mice MTHFD2 
gene expression and osteoclast-specific gene expres-
sion. Analysis of all statistical data was carried out using 
GraphPad Prism (version 9.0). In all experiments, p < 0.05 
was regarded as statistically significant. For all experi-
ments, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
All representative experiments shown were repeated 
three or more times independently.

Results
MTHFD2 is highly expressed in OCPs and is positively 
correlated with osteoclast differentiation
To assess MTHFD2 expression in OCPs under pathologi-
cal conditions, PBMCs and circulating CD14 + mono-
cytes were isolated from RA patients and sex-matched 
HDs. Flow cytometry confirmed a purification rate 
of > 90% for CD14 + PBMCs (Additional file  1: Fig. S1). 
As depicted in Fig.  1A, the mRNA level of MTHFD2 
was significantly elevated in PBMCs and CD14 + mono-
cytes of RA patients compared to HDs. BMMs were 
obtained from WT and CIA mice. MTHFD2 was also 
highly expressed in BMMs of CIA mice than that of WT 
mice (Fig.  1B). To investigate the relationship between 
MTHFD2 expression in circulating OCPs and bone ero-
sion in RA, 22 patients with RA were included for sta-
tistical analysis. We observed that there was a positive 
correlation between MTHFD2 mRNA level in periph-
eral blood CD14 + monocytes and CTX-1 (r = 0.5848, 
p = 0.0043) and TRAP5b (r = 0.4799, p = 0.0238), both 

Fig. 1  Expression of MTHFD2 in human and murine OCPs and MTHFD2 level during osteoclastogenesis. A Expression of MTHFD2 in peripheral 
blood mononuclear cell (PBMC) (n = 21) and CD14 + monocytes (n = 14–22) from HDs and RA patients measured by RT-qPCR. B BMMs MTHFD2 
level of CIA mice compared to that of WT mice (n = 3). C Correlation between MTHFD2 level of CD14 + monocytes in RA patients with serum CTX-1 
and TRAP5b (n = 22). D MTHFD2 expression in synovium of OA and RA patients detected by IHC and semi-quantitatively analyzed by ImageJ (n = 3). 
Scale bars = 50 μm. E MTHFD2 expression in synovium of WT and CIA mice detected by IHC and semi-quantitatively analyzed by ImageJ (n = 3). 
Scale bars = 50 μm. F, G Protein level (F) and mRNA level (G) of MTHFD2 during osteoclast formation in human- and mice-derived OCPs (n = 3). 
H Murine MTHFD2 mRNA level at day 5 after RANKL stimulation was assessed for correlation to Ctsk and Atp6v0d2 mRNA level (n = 11). Symbols 
represent individual subjects in independent analysis. Data are shown as mean ± SD. ** = P < 0.01; *** = P < 0.001, **** = P < 0.0001, by Student’s t-test 
(A, B, D, E) and one-way ANOVA (F, G)

(See figure on next page.)
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are bone turnover markers (Fig. 1C). IHC was performed 
on synovium specimens of RA and OA patients. Knee 
joint tissues were collected from CIA and WT mice. IHC 

results revealed significantly higher MTHFD2 expression 
in RA samples compared to OA or WT group, respec-
tively (Fig. 1D, E).

Fig. 1  (See legend on previous page.)
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Next, we evaluated the expression of MTHFD2 during 
osteoclastogenesis. Human and murine OCPs were stim-
ulated with RANKL for osteoclast differentiation, and we 
observed that the protein and mRNA levels of MTHFD2 
were upregulated in both human CD14 + monocytes and 
murine BMMs after RANKL stimulation (Fig.  1F, G). 
Further, there was a strong positive correlation between 
the MTHFD2 mRNA expression and cathepsin K (CTSK) 
mRNA level (r = 0.8392, p = 0.0012) and d2 isoform of the 
vacuolar (H +) ATPase V0 domain (Atp6v0d2) mRNA 
level (r = 0.6124, p = 0.0452) in BMMs after RANKL stim-
ulation (Fig.  1H). These results suggest that MTHFD2 
expression is upregulated in inflammatory arthritis and is 
substantially induced during osteoclast formation.

Inhibition of MTHFD2 attenuates osteoclastogenesis
To determine whether MTHFD2 is involved in the 
osteoclast differentiation, we firstly inhibited MTHFD2 
using a highly potent and selective inhibitor (MTHFD2i; 
DS18561882) and found that pharmacological inhibi-
tion of MTHFD2 (7.5  µM) disrupted the differentiation 
of human OCPs into multinucleated TRAP-positive 
cells without affecting cell viability (Fig.  2A, Additional 
file 1: Fig. S2A). Given the importance of actin cytoskel-
eton organization for osteoclast activation, spreading 
and function, we stained actin filaments using Alexa 
Fluor-488 conjugated phalloidin and found that MTH-
FD2i-treated OCPs had decreased actin belt formation, 
which may impair their function (Fig.  2B). Accordingly, 
MTHFD2i substantially suppressed RANKL-induced 
osteoclast-related gene expression, including tumor 
necrosis factor receptor superfamily, member 11A gene 
(Tnfrsf11a), nuclear factor of activated T-cells 1 (Nfatc1), 
Ctsk, TRAP-encoded gene Acp5, matrix metallopro-
teinase 9 (Mmp9), Atp6v0d2, and β3 integrin gene Itgb3 
(Fig. 2C). Subsequently, we isolated primary BMMs from 
mice, followed by RANKL stimulation in the presence or 
absence of 10 µM MTHFD2i. We found that MTHFID2i 
treatment did not cause toxic effects in BMMs as well, 
and that the trends in TRAP positive osteoclast forma-
tion and F-actin organization in the MTHFD2i-treated 
BMMs were similar as that of human OCPs (Fig. 2D, E, 
Additional file  1: Fig. S2B). Accordingly, RT-qPCR and 
Western blot analysis showed a marked reduction in the 
expression of osteoclast-associated markers after MTH-
FD2i treatment (Fig. 2F, G). Bone resorption activity was 
also reduced by pharmacological MTHFD2 inhibition, 
as evidenced by fewer resorption pits on cortical bovine 
bone slices (Fig.  2H). The differentiation of OCPs into 
osteoclasts is a multistep process. To clarify the stage at 
which MTHFD2i suppressed osteoclast formation, we 
did a time-course experiment of RANKL-induced osteo-
clast differentiation and added MTHFD2i at the early 

stage (1–2  days) or later stage (3–4  days) of differentia-
tion. We noted a significant reduction in the number of 
TRAP-positive cells during the early stage rather than 
the later stage of differentiation after MTHFD2i treat-
ment (Additional file 1: Fig. S2C). Collectively, these data 
suggest that pharmacological MTHFD2 inhibition sup-
pressed RANKL-induced osteoclast differentiation and 
function at the initiation stage.

MTHFD2 is a positive regulator of osteoclast differentiation
To further elucidate the role of MTHFD2 in osteoclas-
togenesis, an adenoviral vector with specific targeting 
MTHFD2 shRNA was used to knock down MTHFD2 
gene and protein expression in murine BMMs. Both 
mRNA and protein levels of MTHFD2 in the knock-
down group were significantly lower than that in the 
negative control (NC) group (Additional file 1: Fig. S3A). 
In accordance with MTHFD2i treatment, MTHFD2 
silencing in murine BMMs inhibited RANKL-induced 
osteoclast formation and decreased osteoclast number 
and spreading area (Fig.  3A, B); MTHFD2 knockdown 
also reduced the levels of a series of osteoclast markers 
(Fig.  3C). Western blot analysis confirmed decreased 
cytoplasmic levels of CTSK, c-Src, MMP-9, and IGTB3 in 
MTHFD2-knockdown osteoclasts (Fig. 3D). Overexpres-
sion (OE) of MTHFD2 using a lentiviral system in murine 
BMMs significantly enhanced osteoclast differentiation 
as evidenced by a significant increase in TRAP-positive 
osteoclasts and the formation of the F-actin belts (Fig. 3E, 
F, Additional file  1: Fig. S3B). In conformity, MTHFD2 
OE positively regulated the mRNA and protein levels 
of osteoclast-specific markers (Fig.  3G, H). Together, 
these data suggest that MTHFD2 plays a critical role in 
osteoclastogenesis.

MTHFD2 promotes osteoclast differentiation by increasing 
OXPHOS and ATP production
To better understand the potential mechanisms by 
which MTHFD2 promotes osteoclastogenesis, RNA-
sequencing was performed in RANKL-induced OCPs 
in the presence or absence of MTHFD2i for 48 h (Addi-
tional file  1: Fig. S4A, B). Using a minimum of two-
fold change and an adjusted p-value of < 0.05 as cutoff, 
MTHFD2 inhibition significantly altered the expression 
of 907 unique transcripts with 228 upregulated genes 
and 679 downregulated genes (Fig.  4A). GO analysis 
revealed that “osteoclast differentiation,” “bone resorp-
tion,” and “positive regulation of bone resorption” were 
among the ten most significantly enrichments with the 
downregulated genes, corroborating our in  vitro results 
(Additional file  1: Fig. S4C). KEGG pathway analysis 
showed a strong enrichment of oxidative phosphoryla-
tion (OXPHOS) pathway with the genes downregulated 
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after MTHFD2i treatment, which was confirmed by 
GSEA (Fig.  4B, C). Further, we found that MTHFD2i 
markedly reduced the levels of representative mito-
chondrial DNA-encoded respiratory chain subunits 

(CI, CII, CIII, and CV), which are crucial for OXPHOS 
(Fig.  4D). We then performed extracellular flux assay 
and analyzed OCR. Most parameters of OCR, includ-
ing basal respiration, ATP-coupled respiration, proton 

Fig. 2  Suppression of osteoclastogenesis through MTHFD2 inhibition. A, B Representative images of TRAP (A) and F-actin staining (B) 
of CD14 + monocyte-derived osteoclasts treated with DMSO or MTHFD2i (n = 4). Scale bars = 100 μm. C Expression of Tnfrsf11a, Nfatc1, Ctsk, Acp5, 
Mmp9, Atp6v0d2, and Itgb3 following 7.5 μM MTHFD2i treatment in CD14 + OCPs (n = 4). D, E Representative images of TRAP (D) and F-actin 
staining (E) of BMM-derived osteoclasts treated with DMSO or MTHFD2i (n = 4). Scale bars = 100 μm. F, G Protein level (n = 3) (F) and mRNA 
level (n = 4) (G) of osteoclast-associated markers following 10 μM MTHFD2i treatment in murine OCPs. H Bone resorption pits of BMMs-derived 
osteoclasts were detected by scanning electron microscopy. Scale bars = 1 mm. Data are shown as mean ± SD. * = P < 0.05; ** = P < 0.01; 
*** = P < 0.001, by Student’s t test
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leak, and maximal respiration were downregulated in 
MTHFD2i-treated cells (Fig. 4E, F). Moreover, ATP lev-
els were likewise significantly decreased in MTHFD2i-
treated OCPs (Fig. 4G). Meanwhile, MTHFD2-OE could 
promote the process of cellular OXPHOS as evidenced 
by increases in basal respiration, maximal respiration, 
non-mitochondrial respiration, and ATP concentration. 

(Additional file  1: Fig. S5A, B). Of note, when assessing 
the number and morphology of mitochondria in OCPs 
by Mitotracker Green staining and TEM, no significant 
differences were observed (Fig.  4H, Additional file  1: 
Fig. S5C, D). Consistent with these findings, mitochon-
drial markers including translocase of outer mitochon-
drial membrane 20 (TOMM20) and voltage-dependent 

Fig. 3  MTHFD2 level regulates the differentiation of osteoclasts. A Representative images of TRAP staining of BMMs from WT mice transfected 
with short hairpin RNA for MTHFD2 knockdown (sh-MTHFD2) compared to NC group (n = 4). Scale bars = 100 μm. B Representative images 
of F-actin staining of sh-MTHFD2 BMMs compared to NC group (n = 4). Scale bars = 50 μm. C, D Expression of osteoclast markers in murine 
osteoclasts with MTHFD2 knockdown and RANKL stimulation (n = 3–4). E Representative images of TRAP staining of BMMs transfected 
with lentivirus containing murine full-length MTHFD2 cDNA vector (OE-MTHFD2) (n = 4). Scale bars = 100 μm. F Representative images of F-actin 
staining of OE-MTHFD2 BMMs (n = 4). Scale bars = 50 μm. G, H Expression of osteoclast markers in murine osteoclasts with MTHFD2 overexpression 
and RANKL stimulation (n = 3–4). Data are shown as mean ± SD. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Student’s t test
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anion channel (VDAC) remained unaltered (Additional 
file 1: Fig. S5E). Peroxisome proliferator-activated recep-
tor gamma coactivators-1β (PGC1β), which promotes 
mitochondrial biogenesis, was decreased after MTH-
FD2i treatment. However, lentiviral-mediated PGC1β 

reintroduction failed to rescue osteoclast differentiation 
and function (Additional file 1: Fig. S5F). We also tested 
the effect of MTHFD2i on the expression of key mol-
ecules that are involved in autophagy and mitophagy by 
qRT-PCR and we found that there are no differences in 

Fig. 4  MTHFD2 controls OXPHOS and ATP production in RANKL-stimulated BMMs. A Volcano plot showing differentially expressed genes 
and decreased Ckmt1 mRNA in MTHFD2i-treated OCPs versus DMSO-treated OCPs (n = 4). B Downregulated KEGG pathway enrichment results 
from RNA sequencing data in murine OCPs supplemented or not with 10 μM MTHFD2i for 48 h (n = 4). C GSEA results indicating significant 
difference in OXPHOS comparing MTHFD2i versus DMSO group (n = 4). Pathways with an adjusted p-value less than 0.05 are considered significantly 
enriched. D Representative ETC markers in OCPs were detected by Western blot (n = 3). E, F OCR (E) and mitochondrial function parameters (F) 
were analyzed by extracellular flux assay in OCPs stimulated with RANKL for 72 h (n = 3). G ATP levels of OCPs treated with DMSO or MTHFD2i 
(n = 4). H Representative images of Mitotracker Green staining in OCPs at day 3 (n = 3). Scale bars = 10 μm. I Representative images of JC-1 staining 
in OCPs at day 3 (n = 3). Scale bars = 20 μm. J Phosphorylation of AMPK and mTOR after MTHFD2i treatment at indicated time (n = 3). Data are shown 
as mean ± SD. ns = not significant, * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Student’s t test
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the tested genes, indicating that the suppressive capac-
ity of OXPHOS and ATP production was independent of 
autophagy or mitophagy (Additional file 1: Fig. S6).

Next, we analyzed the mitochondrial membrane poten-
tial in OCPs using dual-emission potentiometric dye 
JC-1. Upon stimulation with RANKL, a high proportion 
of red-labeled versus green-labeled fluorescence inten-
sity indicated an active mitochondrial electron trans-
port chain (ETC) function. However, the ratio of red/
green fluorescence intensity was noticeably reduced 
in MTHFD2i treatment group, indicating an impaired 
mitochondrial membrane potential (Fig.  4I). As mito-
chondrial respiratory chain is a major source of reactive 
oxygen species (ROS) generation, we further examined 
mitochondrial ROS levels by MitoSOX Red staining. 
Due to low ETC function, decreased mitochondrial ROS 
generation was observed following MTHFD2 inhibition 
(Additional file 1: Fig. S7A, B). Impaired ETC activity also 
resulted in reduced NAD + regeneration and a decreased 
ratio of NAD + /NADH (Additional file  1: Fig. S7C). To 
determine whether increasing NAD + concentration 
could rescue MTHFD2i-treated osteoclast formation, 
we added β-nicotinamide mononucleotide (NMN) to 
culture media, a product of the nicotinamide phosphori-
bosyltransferase reaction and a key NAD+ intermediate. 
However, the addition of NMN did not improve osteo-
clast generation in the presence of MTHFD2i (Additional 
file 1: Fig. S7D).

AMP-activated protein kinase (AMPK) plays a key role 
in restoring metabolic homeostasis [30]. Once cellular 
ATP is depleted, AMPK is activated and further inhibits 
the phosphorylation of mammalian target of rapamycin 
(mTOR), a downstream target of AMPK, leading to the 
initiation of catabolic pathways to augment ATP pro-
duction while turning off synthetic pathways that con-
sume ATP [31, 32]. Here, we observed that after RANKL 
stimulation, AMPK was rapidly activated accompanied 
with a significant low level of mTOR phosphorylation in 
MTHFD2i-treated OCPs, demonstrating a low energy 
status and increased energy stress (Fig. 4J). Together, our 
findings suggest that MTHFD2 can effectively increase 
RANKL-induced OXPHOS and ATP production to sup-
port osteoclastogenesis.

MTHFD2 regulates CKMT1 expression during osteoclast 
differentiation
To identify potential MTHFD2 targets that promote 
OXPHOS and thus osteoclast formation, we investigated 
the differentially expressed gene profiles of MTHFD2i- 
versus DMSO-treated OCPs. Mitochondrial creatine 
kinase 1 (CKMT1) was one of the most strongly down-
regulated genes upon MTHFD2 inhibition (Fig.  4A). 
CKMT1 is an isoform of creatine kinase (CK) family and 

is implicated in ATP production and osteoclastogenesis 
[33, 34]. We validated that MTHFD2i-treated osteo-
clasts displayed markedly decreased mRNA and protein 
levels of CKMT1 (Fig. 5A, B). Similarly, CKMT1 protein 
expression was also downregulated in shMTHFD2 OCPs 
compared to the NC group (Fig.  5C). Nonetheless, no 
increasing CKMT1 level was observed in OE-MTHFD2 
OCPs (Additional file  1: Fig. S8). As expected, creatine 
kinase activity was significantly reduced in MTHFD2i-
treated OCPs (Fig. 5D). Phosphocreatine (Pcr), a product 
of CK-mediated enzymatic reaction, has been shown to 
activate the creatine pathway, thereby rescuing decreased 
intracellular ATP level and restoring normal mitochon-
drial respiration capacity [35]. We conducted comple-
mentary rescue experiments to investigate the functional 
importance of CKMT1 in osteoclast differentiation. 
The addition of exogenous Pcr significantly enhanced 
RANKL-induced osteoclast formation and actin ring for-
mation in the presence of MTHFD2i (Fig. 5E, F). More-
over, expression of osteoclast-associated markers was 
rescued by Pcr in the MTHFD2i-treated cells (Fig.  5G). 
Western blot showed that exogenous Pcr partly res-
cued the level of ETC components CIII and CV as well 
(Fig. 5H). These results underscore a key role of CKs in 
participating in MTHFD2 mediated osteoclastogenesis.

MTHFD2 knockdown ameliorates pathological bone 
resorption in CIA mice
To investigate the potential of targeting MTHFD2 in pro-
tecting against inflammatory bone loss, we analyzed bone 
mass in CIA mice with local aav injection for MTHFD2 
knockdown in the knee joints (Fig. 6A). The effectiveness 
of MTHFD2 silencing was confirmed by Western blot 
(Additional file 1: Fig. S9A). Local MTHFD2 knockdown 
did not lead to significant reduction of clinical arthritis 
scores (Fig. 6B, Additional file 1: Fig. S9B), nor observed 
difference in murine weight (Additional file 1: Fig. S9C). 
However, μCT reconstruction of the tibial revealed that 
MTHFD2 knockdown ameliorated bone destruction with 
significant increases in bone volume and Tb.N, Tb.Th, 
and BMD (Fig. 6C, D, Additional file 1: Fig. S9D). Moreo-
ver, TRAP staining demonstrated a marked enhancement 
of osteoclast quantity in CIA mice of NC group, whereas 
MTHFD2 knockdown reduced tibial osteoclast number 
and size (Fig. 6E, F). Additionally, reduced expression of 
several osteoclast markers, including CTSK, MMP9, and 
ITGB3, were found in knee joint cells from MTHFD2-
knockdown mice (Additional file  1: Fig. S9E). To test 
whether the high bone mass phenotype observed in aav-
MTHFD2 mice resulted from reduced osteoclast activity 
without changes in the osteoblast compartment, we per-
formed toluidine blue staining and OCN staining to ana-
lyze the osteoblast number and function in tibial bone 
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sections. As shown in Fig.  6G and H, osteoblasts num-
ber remained unchanged between two groups. Together, 
these findings suggest that MTHFD2 knockdown ame-
liorates inflammatory bone loss by reducing osteoclast 
numbers without affecting osteoblast function.

Discussion
Osteoclasts are the only cells capable of bone degradation 
in physiologic and pathologic contexts [36]. Recent find-
ings have highlighted that differentiation of osteoclasts 

is accompanied by dynamic metabolic reprogramming; 
however, the role of cellular metabolic changes in shap-
ing osteoclast formation remains to be elucidated. In this 
study, we demonstrated that MTHFD2 is upregulated in 
RA and during osteoclastogenesis. MTHFD2 positively 
regulates osteoclast formation and MTHFD2 silencing 
leads to an increased bone mineral density. Blockade of 
MTHFD2 function primarily dampens osteoclast differ-
entiation by suppressing OXPHOS and energy metabo-
lism through targeting CKMT1 at the early phase. 

Fig. 5  MTHFD2 regulates osteoclastic creatine kinases expression. A, B Relative mRNA (A) and protein (B) expression of CKMT1 following MTHFD2i 
treatment for 72 h (n = 3). C Relative protein expression of CKMT1 in MTHFD2-knockdown OCPs (n = 3). D Cellular creatine kinase activity 
of MTHFD2i-treated OCPs compared to control group (n = 4).E, F Representative images of TRAP staining (E) and F-actin staining (F) of OCPs 
stimulated with DMSO, MTHFD2i, or MTHFD2i+Pcr (n = 4). Scale bars = 100 μm. G Expression of osteoclast markers in murine osteoclasts 
with MTHFD2i, Pcr and RANKL stimulation (n = 4). H Representative ETC markers in MTHFD2i-treated OCPs following Pcr rescue were detected 
by Western blot (n=3). Data are shown as mean ± SD. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Student’s t test
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Fig. 6  MTHFD2 knockdown suppresses pathological bone resorption in vivo. A Schematic of CIA induction and intraarticular aav injection. B 
Arthritis scores were evaluated every three days (n = 6). C, D Representative tibial μCT images (C) and quantification of BV/TV, Tb.N, Tb.Th, and Tb.Sp 
(D) in WT-naïve, aav-NC CIA, and aav-MTHFD2 CIA groups (n = 5–6). E, F Representative images of TRAP staining (E) and quantification of Oc.N/BS 
and Oc.S/B.Pm of the tibia (F) (n = 5–6). Scale bars=50 μm. G Representative toluidine blue staining images of the tibia and quantification of Ob.S/
BS (n = 6). Scale bars = 50 μm. H Representative OCN IHC sections of the tibia and quantitative analysis (n = 6). Scale bars = 50 μm. Data are shown 
as mean ± SD. * = P < 0.05; ** = P < 0.01; *** = P < 0.001, by Student’s t test
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Collectively, we show a hitherto undiscovered role of 
MTHFD2 on bone homeostasis which primarily exerts 
its regulatory effects on osteoclastogenesis through 
OXPHOS and energy metabolism, offering potential 
therapeutic applications for diseases associated with 
exaggerated bone resorption.

The immunomodulatory capacities of MTHFD2 have 
gained increasing attention in recent years. Sugiura et al. 
identified MTHFD2 as a metabolic checkpoint that regu-
lates de novo purine synthesis and directs T cell prolif-
eration, differentiation, and cytokine production [37]. 
MTHFD2i treatment has been shown to ameliorate mul-
tiple inflammatory diseases in vivo, including models of 
Delayed Type Hypersensitivity, Experimental Autoim-
mune Encephalomyelitis, and inflammatory bowel dis-
ease [37]. Moreover, MTHFD2 depletion could impair 
germinal center B cell frequency and responses such as 
antigen-specific antibody production [38]. It also played 
key roles in Epstein-Barr virus-driven B cell growth and 
survival, which causes B cell lymphomas [39]. Notably, 
several reports highlighted the crucial roles of MTHFD2 
in protecting mitochondrial function. Previous work 
has demonstrated that in embryonic stem cells, mito-
chondrial MTHFD2 preserves the integrity of the mito-
chondrial respiratory chain and prevents mitochondrial 
dysfunction by interacting with ETC Complex III [40]. 
Moreover, MTHFD2 activates mitochondrial metabo-
lism and promotes prostate cancer cell proliferation, 
whereas MTHFD2i with enzalutamide inhibits castra-
tion-resistant prostate cancer progression [41]. Likewise, 
MTHFD2 promotes basal and maximal extracellular 
acidification rate in renal cell carcinoma cells [42]. In 
our study, MTHFD2 is a potent regulator in orchestrat-
ing mitochondrial respiratory activity critical for the dif-
ferentiation of both murine and human OCPs. During 
osteoclastogenesis, MTHFD2i predominantly inhibits 
OXPHOS and ATP production, which disrupts the mito-
chondrial membrane potential and results in AMPK-
mTOR activation and reduced mitochondrial superoxide 
levels. In CIA mice, MTHFD2 silencing ameliorates bone 
loss by reducing the number of osteoclasts without 
affecting osteoblasts. The reason aav-mediated knock-
down primarily impacts osteoclasts may be attributed to 
the extremely low expression of MTHFD2 in osteoblasts 
(data not shown), which renders the effect of MTHFD2 
knockdown on osteoblasts negligible.

Upregulation of energy metabolism is a hallmark of 
osteoclastogenesis; RANK/RANKL signaling promotes 
mitochondrial respiration and ATP production to meet 
the intensely increased energy requirements [43]. Mito-
chondria generate energy mainly through OXPHOS, 
the most efficient way to supply energy, which has been 
identified as the primary bioenergetic source of ATP for 

osteoclastogenesis [14]. In contrast, glycolysis serves as 
the major metabolic pathway that meets ATP demand 
during mature osteoclasts-mediated bone resorption 
[14]. Efficient energy metabolism is essential for the 
proper functioning of each stage. The reprogramming 
of energy metabolism in immune cells governs cell fate 
and function. OXPHOS generates ATP through reac-
tions occurring in ETC, which includes complexes I, II, 
III, IV, and ATP synthase enzyme (Complex V). Deletion 
of ETC Complex I subunit Ndufs4 has been reported to 
cause mitochondrial dysfunction and failure of osteoclas-
togenesis, underscoring the critical role of mitochondrial 
function and ATP generation for osteoclast differentia-
tion [44]. Interestingly, our RNA-seq data revealed that 
MTHFD2 inhibition predominantly attenuates OXPHOS 
during osteoclast differentiation, unveiling the potential 
of MTHFD2i to suppress the generation and function of 
osteoclasts by interfering with intrinsic energy metabolic 
pathways. Since osteoclasts are in a state of high‐energy 
demand, mitochondrial biogenesis is also promoted dur-
ing differentiation [45]. PGC1β acts as a master regulator 
of mitochondrial biogenesis and respiration of osteo-
clasts, which has been linked to osteoclast activation and 
bone destruction in RA and osteoporosis [45, 46]. Inter-
estingly, recent studies have shown that mitochondrial 
biogenesis and genetic deletion of PGC1β impair bone 
resorbing function of osteoclasts but not their differen-
tiation [47]. In conformity, our data demonstrated that, 
although PGC1β was decreased following MTHFD2 
inhibition, PGC1β reintroduction was unable to rescue 
osteoclast formation.

CKs play vital roles in preserving cellular energy bal-
ance by facilitating the reversible transfer of phosphate 
groups between ATP and creatine, leading to the produc-
tion of phosphocreatine and ADP [48]. Recent studies 
have underscored the significant role of CKs in regulat-
ing OXPHOS. Brain-type cytoplasmic creatine kinase 
silencing was shown to significantly attenuate OXPHOS 
and ATP generation without affecting mitochondrial 
mass [49]. Likewise, depletion of CKMT1 directly dis-
rupts mitochondrial homeostasis and impairs OXPHOS 
in intestinal epithelial cells and cancer cells, thus being a 
promising therapeutic target [35, 50, 51]. During osteo-
clastogenesis, RANKL stimulation upregulates CKMT1 
expression to generate substantial amount of phospho-
creatine, which acts as a cellular energy reservoir and 
provides ATP at sites where high energy is required [52]. 
In this study, we demonstrated that CKMT1 expression 
and cellular CK enzymatic activity were reduced during 
osteoclastogenesis when suppressing MTHFD2 activity 
using inhibitor and shRNA knockdown system. Despite 
the addition of phosphocreatine could promote osteo-
clast formation, several questions remain unanswered. 
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One limitation of this work is that the mechanistic reg-
ulation of CKMT1 by MTHFD2 inhibition has yet to 
be investigated. In addition, more validation of the link 
between CKMT1 and OXPHOS following MTHFD2 
inhibition would be beneficial.

Conclusions
In summary, we showed that RANKL increases 
MTHFD2 expression, and we identified that MTHFD2 
inhibition significantly suppressed CKMT1 expression, 
which, in turn, affected OXPHOS and ATP production, 
eventually impaired osteoclastogenesis and inflammatory 
bone resorption in  vitro and in  vivo. Hence, targeting 
MTHFD2 may serve as a promising therapeutic approach 
to improve inflammatory bone loss.
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