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Abstract

As the only mammalian appendage capable of complete regeneration, deer antlers serve
as an invaluable model to investigate cartilage regrowth, but the underlying mechanism
remains unclear. This study revealed that addition of palmitic acid (PA), an abundant
long-chain saturated free fatty acid, inhibited the proliferation and hypertrophy of antler
chondrocytes while promoting chondrocyte apoptosis. PA treatment activated NOTCH1
signaling and restrained the transport of Ca2+ from the cytosol to the endoplasmic retic-
ulum (ER) via RBPJ (recombination signal-binding protein for immunoglobulin kappa
J region)-targeted TMTC4 (transmembrane O-mannosyltransferase targeting cadherins
4), resulting in a reduction in ER Ca2+. Meanwhile, PA disrupted the structure and func-
tion of mitochondria-associated ER membranes (MAMs) via TGM2 (transglutaminase
2) through the cytosolic Ca2+-mediated PPP3CB (protein phosphatase 3 catalytic sub-
unit beta)-NFATC2 (nuclear factor of activated T cells cytoplasmic 2) pathway. Further
analysis demonstrated that PA induced mitochondrial dysfunction via MAM-mediated
mitochondrial Ca2+ insufficiency, thereby restricting mitophagy and attenuating lysosomal
acidification. This caused the leakage of mitochondrial reactive oxygen species (mtROS)
from depolarized mitochondria into the cytosol via the mitochondrial permeability tran-
sition pore, thereby inducing lipid peroxidation, while the addition of ROS scavengers
prevented the negative effects of chondrocyte proliferation and hypertrophy and protected
chondrocytes from apoptosis in the context of PA. Collectively, PA treatment regulated
the proliferation, apoptosis and hypertrophy of antler chondrocytes by disrupting MAM
function.
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1. Introduction
Antlers are bony cranial appendages that grow from the foreheads of male deer

and possess various pharmacological properties that are valuable in traditional Chinese
medicine [1,2]. Antlers are the only mammalian organs that undergo annual cycles of
complete regeneration, accompanied by an extraordinary growth rate of up to 2.75 cm
per day [2,3]. Antlers regrow from the pedicle, where mesenchymal cells and chondro-
cytes undergo rapid proliferation and differentiation and form vascularized cartilage and
bone, thus providing an unparalleled model to explore limb regeneration, angiogenesis,
chondrogenesis, endochondral ossification, and cartilage and bone development [1,2].
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Free fatty acids (FFAs), key energy substrates in organisms, undergo catabolism via
β-oxidation and are grouped into short-, medium-, and long-chain species according to
their aliphatic tail length [4,5]. In addition, FFAs also serve as signaling molecules that
modulate various physiological and pathological processes through interactions with
membranes or intracellular proteins [4,5]. Extensive evidence has established the roles
of short- and medium-chain FFAs in skeletal health [6–8]. Long-chain FFAs are further
categorized as polyunsaturated, monounsaturated or saturated FFAs [8]. Both polyun-
saturated FFAs and monounsaturated FFAs have been reported to participate in bone
and cartilage development, and their supplementation can prevent cartilage destruction,
enhance osteoblast activity and alleviate the phenotypes of osteoporosis, osteoarthritis and
rheumatoid arthritis [8–10]. In contrast, saturated FFAs, particularly palmitic acid (PA),
the most abundant long-chain saturated FFA, account for 28–32% of total serum FFAs and
can exhibit toxic effects on articular chondrocytes, where they can trigger oxidative stress,
mitochondrial dysfunction, and apoptosis, resulting in cartilage degeneration [11,12]. Fur-
thermore, PA can elicit endoplasmic reticulum (ER) stress and activate the unfolded protein
response signaling pathway in chondrocytes, thereby promoting cartilage lesion formation
in vivo [13,14]. Notably, oleic acid, a monounsaturated fatty acid, can partially reverse
or prevent PA-induced mitochondrial dysfunction [12]. Meanwhile, studies have found
that PA levels decline in soft (unossified) antler compared with the pedicle and increase
in ossified antler, implying the potential involvement of PA in antler regeneration [15,16].
Nevertheless, it remains largely unknown whether PA can directly modulate cartilage
development in dynamic antler regeneration.

The mitochondria-associated ER membrane (MAM) is a contact site between the
ER and mitochondria, with a distance of approximately 10–30 nm. It serves as a crucial
platform for calcium ion (Ca2+) and lipid exchange [17]. Accumulating data reveal that
MAMs play an important role in various biological functions, such as steroidogenesis,
insulin secretion, glucose homeostasis, metabolism, inflammatory responses, mitochondrial
oxidative phosphorylation, angiogenesis, etc. [18–21]. However, it is uncertain whether
MAMs are involved in cartilage development. Moreover, little information is available
regarding the regulation of PA on MAMs.

Mitophagy, a regulatory mechanism for eliminating damaged mitochondria, can pro-
tect chondrocytes from degeneration. [22,23]. Defective mitophagy leads to dysfunctional
mitochondria accumulation, persistent ROS generation, and cartilage degradation [24,25].
Given that PA elicits mitochondrial dysfunction, characterized by elevated superoxide,
reduced respiratory capacity, and decreased ATP production, PA may interfere with mi-
tophagy [11,12]. However, whether PA affects mitophagy or whether MAM dysfunction
contributes to PA-induced mitochondrial oxidative stress and impaired mitophagy re-
mains unexplored.

The present study reveals that PA inhibits the hypertrophy and proliferation of antler
chondrocytes and facilitates chondrocyte apoptosis. After activation of NOTCH1 signaling,
PA prevented the transport of cytosolic Ca2+ into the ER via recombination signal-binding
protein for immunoglobulin kappa J region (RBPJ)-targeted TMTC4 (transmembrane O-
mannosyltransferase targeting cadherins 4), resulting in the reduction of ER Ca2+ and
accumulation of cytosolic Ca2+. The latter disrupted the structure and function of MAMs via
Ca2+-mediated transglutaminase 2 (TGM2) and then induced mitochondrial dysfunction.
This was followed by impairment of mitophagy and leakage of mitochondrial reactive
oxygen species (mtROS), ultimately leading to lipid peroxidation, defective hypertrophy
and proliferation, and increased apoptosis in antler chondrocytes.
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2. Materials and Methods
2.1. Antler Collection and Chondrocyte Treatment

Antler tissues were collected from the growing tips (distal 5 cm) of five healthy three-
year-old sika deer. The chondrocytes were isolated as reported previously [26]. The primary
antler chondrocytes were characterized as previously described [27] and then cryopreserved
in liquid nitrogen for subsequent experiments. All animal experiment procedures were
approved by the Committee for the Ethics on Animal Care and Use of Jilin University
(SY201905030).

Passage-3 antler chondrocytes were cultured in complete medium consisting of 90%
DMEM-High Glucose and 10% fetal bovine serum. After saponification with NaOH (0.1
M) for 30 min and subsequent mixture with 20% BSA solution at 1:4, PA (100 µM, final
PA:BSA molar ratio of approximately 3.3:1) was administrated into the antler chondrocytes.
Then, the chondrocytes were treated with the γ-secretase inhibitor DAPT (10 µM, Selleck,
Houston, TX, USA), RBPJ inhibitor RIN1 (2 µM, MCE, Monmouth Junction, NJ, USA),
intracellular Ca2+ chelator BAPTA-AM (BAPTA, 10 µM, Selleck), calcineurin inhibitor
Tacrolimus (FK506, 50 nM, MCE), nuclear factor of activated T cell (NFATC) inhibitor VIVIT
peptide (VIVIT, 2 µM, MCE), mitochondrial permeability transition pore (mPTP) opening
inhibitor ER000444793 (ER093, 2 µM, MCE), ROS scavenger N-acetylcysteine (NAC, 1 mM,
Beyotime, Shanghai, China) or mitochondria-targeted ROS scavenger Mito-TEMPO (MT, 1,
5 or 10 µM, MCE) prior to the addition of PA. The control received the vehicle only.

2.2. In Situ Hybridization

In situ hybridization was performed as previously described [28]. Briefly, NOTCH1
(116 bp) and RBPJ (157 bp) fragments were amplified using specific primers and then
cloned into pGEM-T plasmid (Promega, Madison, WI, USA). These plasmids were further
amplified with T7 and SP6 primers to obtain the templates for probe labeling. Digoxigenin
(DIG)-labeled antisense and sense cRNA probes were generated in vitro using a DIG
RNA Labeling Kit (Roche, Mannheim, Germany). Frozen sections (10 µm thickness) were
prepared and then fixed with 4% paraformaldehyde for 1 h. After incubation with DIG-
labeled probes for 20 h, sheep anti-DIG antibody conjugated to alkaline phosphatase
was administered to the cryosections. Signals were visualized using BCIP/NBT and
then stained with methyl green (Sigma, St. Louis, MO, USA). The primers for cDNA
probe synthesis were as follows: NOTCH1 (5′-AACCGTAGCTCCTGAGAGCA-3′ and
5′-AGAGTCTGATCGTGCCCACT-3′) and RBPJ (5′-GAGCGAGGGGATCAAACAGT-3′

and 5′-CAGAACAACCATCGCGTTCC-3′).

2.3. Construction and Transfection of Overexpression Plasmid

Full-length TGM2 cDNA fragment was amplified by the specific primers designed
by SnapGene 7.0.2 software according to the Cervus elaphus TGM2 mRNA sequence
(accession number XM_043883725). The following primer sequences were used: 5′-
CTGAGATCTATGGCCGAGGAGCTGGTCCTG; and 5′-CTGGTCGACTTAGGAGGGGCC
AACGATGAC. After restriction enzyme digestion, the fragment was inserted into the
pCMV-4 × Flag vector. Subsequently, TGM2 overexpression plasmid was transfected into
antler chondrocytes using Lipofectamine 3000 reagent (Invitrogen, Thermo Fisher Scientific,
Waltham, MA, USA), followed by the addition of PA.

2.4. RNA Interference

Small interfering RNAs (siRNAs) targeting TMTC4, NOTCH1, PPP3CB or NFATC2
were designed via the DSIR web tool (http://biodev.cea.fr/DSIR/, accessed on 17 January
2026) according to the corresponding mRNA sequences from Cervus elaphus, and then
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synthesized by GenePharma (Suzhou, China). After the introduction of these siRNAs,
antler chondrocytes were treated with PA or RIN1 plus PA. Scrambled siRNA served as
a negative control (NC). The siRNA sequence and accession numbers are provided in
Table S1.

2.5. Transcriptome Sequencing (RNA-Seq)

After treatment with RBPJ inhibitor RIN1, total RNA was extracted using TRIzol
reagent (Life technologies, Carlsbad, CA, USA) according to the manufacturer’s instructions.
RNA concentration and purity were determined via NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, USA), while RNA integrity was evaluated using
the Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA, USA) (RIN
values for all samples were >9.0). A total amount of 1 µg RNA per sample (n = 3 biological
replicates per group) was utilized to construct the libraries using Hieff NGS Ultima Dual-
mode mRNA Library Prep Kit (Yeasen, Shanghai, China). Libraries were sequenced on an
Illumina NovaSeq6000 platform at Biomarker Technologies Co., Ltd (Beijing, China). Clean
reads were mapped to the Cervus elaphus genome after raw data processing. Differentially
expressed genes (DEGs) were screened with the criteria for p-value < 0.05 and |log2(fold
change, FC)| ≥ 1.5 and then used to perform KEGG and GO analysis using the BMKCloud
platform.

2.6. Real-Time PCR

After various treatments, total RNA was extracted from antler chondrocytes using
TRlzol reagent, and then reversely transcribed into cDNA using the All-In-One 5 × RT
MasterMix (Applied Biological Materials Inc., Richmond, BC, Canada). Real-time PCR was
performed using the corresponding primers (Table S2) on Applied Biosystems QuantStudio
1 (Thermo Fisher Scientific) as described previously [26]. The reaction conditions were as
follows: 95 ◦C for 3 min, followed by 40 cycles of 95 ◦C for 15 s and 60 ◦C for 1 min. Finally,
the expression levels of different genes were analyzed using the 2−∆∆Ct method together
with normalization to GAPDH.

2.7. Western Blotting

Proteins were extracted from antler chondrocytes using RIPA Lysis Buffer (Beyotime).
Equal proteins were used to perform SDS-PAGE and then transferred to PVDF membranes.
After probing with various antibodies (Table S3), membranes were incubated with HRP-
conjugated secondary antibody (Proteintech, Rosemont, IL, USA) and visualized using
ECL chemiluminescent substrates.

2.8. Cell Apoptosis

Antler chondrocytes were incubated with FITC-labeled Annexin V and propidium
iodide (Beyotime) for 20 min after various treatments and then analyzed using flow cy-
tometry (Beckman Coulter, Brea, CA, USA) or visualized under a fluorescence microscope
(Olympus, Tokyo, Japan). Simultaneously, caspase 3 (CASP3) activity was assessed using
the corresponding kit (Beyotime).

2.9. Cell Proliferation

Chondrocyte proliferation was assessed using the EdU Cell Proliferation Kit with
Alexa Fluor 488 (Beyotime). Briefly, after incubation with EdU (10 µM) for 2 h, antler
chondrocytes were fixed with 4% paraformaldehyde and then permeabilized with 0.3%
Triton-X100, following by click reaction solution treatment (including Azide 488). Finally,
chondrocytes were analyzed using flow cytometry or visualized under fluorescence micro-
scope after the nuclear staining of Hoechst 33342 (Hoechst).

https://doi.org/10.3390/antiox15091108

https://doi.org/10.3390/antiox15091108


Antioxidants 2026, 15, 1108 5 of 24

2.10. Cell Viability Analysis

Cell viability was evaluated using an LDH release assay (Beyotime). After various
treatments, culture supernatants were collected and then incubated with LDH detection
working solution for 30 min. Absorbance was measured at 490 nm. Cells treated with LDH
release reagent served as the maximum release control, while untreated cells served as the
negative control. Cell viability was calculated according to the operating instructions of the
manufacturer.

2.11. Transmission Electron Microscopy (TEM)

After transfection with TGM2 overexpression plasmid and addition of PA, antler
chondrocytes were fixed with 2.5% glutaraldehyde and 1% osmic acid and then embedded
into epoxy resin. Sections (60 nm thickness) were stained with uranyl acetate and lead
citrate, followed by visualization using a HITACHI HT7800 transmission electron micro-
scope operated at an accelerating voltage of 80 kV. Finally, the distance between ER and
mitochondria was measured using ImageJ software (version 1.53c).

2.12. Analysis of MAMs

After the introduction of TGM2 overexpression plasmid and addition of PA, antler
chondrocytes were incubated with ER-Tracker Red (1 µM, Beyotime) and Mito-Tracker
Green (20 nM, Beyotime) fluorescent probes for 30 min. Images were captured using a
confocal laser scanning microscope (Nikon Corporation, Tokyo, Japan) and applied to
perform colocalization analysis with Pearson’s correlation coefficient (PCC) using ImageJ
software. Concurrently, the TGM2 overexpression vector was co-transfected with the
SPLICS Mt-ER Long P2A plasmid (Addgene, Watertown, MA, USA; #164107), which was
extensively used to detect variations in MAMs [29]. Following PA supplementation, images
were obtained under confocal microscopy, and fluorescence intensity was analyzed using
ImageJ software.

2.13. Measure of Mitochondrial Ca2+

After the introduction of TGM2 overexpression and the mito-GEM-GECO1 plasmid
(Addgene, #32461), antler chondrocytes were treated with PA for 12 h and then cultured in
Ca2+-free HBSS in the absence or presence of histamine (100 µM, MCE) or ATP (500 µM, Bey-
otime), which might stimulate Ca2+ transfer from the ER to mitochondria via MAMs [30,31].
Images were sequentially captured for 400 s at an interval of 20 s using a confocal mi-
croscope equipped with a ×20 objective at 450 nm (blue) and 510 nm (green) emission
wavelengths and 405 nm excitation. Background-subtracted blue and green fluorescence
intensities were analyzed using ImageJ software. Finally, the blue/green fluorescence ratio
was calculated. Meanwhile, chondrocytes were incubated with Rhod-2 AM (5 µM, Santa
Cruz) and subsequently visualized after Hoechst staining under a fluorescence microscope,
followed by calculation of fluorescence intensity using ImageJ software.

2.14. Sequence Alignment and Molecular Docking

NOTCH1 extracellular domain sequences from Homo sapiens and Cervus elaphus were
compared using DNAMAN software (version 9.0.1.116). The crystal structures of epidermal
growth factor (EGF)-like 11-13 (PDB: 4D0E) and NRR (PDB: 3ETO) of NOTCH1 extracellular
domain were obtained from the RCSB Protein Data Bank. The structures were used to
remove the water, ligands and ions using PyMOL software (version 2.4.0), and then polar
hydrogens were added by AutoDock4 software. The grid box covered the entire crystal
structure. A PA 3D structure (PubChem CID: 985) was acquired and then applied to
perform molecular docking. Docking was performed 10 times per independent run, with
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5 independent runs conducted. For each docking pose, the binding sites of PA on the
NRR were determined, and the number of bonds formed within each subdomain of
the NRR (LNR-A, LNR-B, LNR-C, and HD) was counted. The average number of PA
binding sites within each NRR subdomain was calculated across the 5 independent runs.
Images were visualized by PyMOL, AutoDock4 or Ligplot software. Finally, amino acid
residues of different binding domains in NOTCH1 extracellular domain were counted
using DiscoveryStudio software (version 23.1.100.23209).

2.15. Analysis of Binding Between PA and NOTCH1

After antler chondrocytes were lysed, the protein concentrations in supernatants were
measured. Subsequently, a protein sample (10 µg) was added to a 96-well plate that had
been coated with NOTCH1 polyclonal antibody (1:1000, Proteintech) and blocked with
1% BSA. Following incubation with the BODIPY™-FL-labeled PA (50, 100 or 200 µM, In-
vitrogen) or vehicle for 2 h, fluorescence intensity was measured using a Multi-Detection
Microplate Reader. Meanwhile, recombinant NOTCH1 NRR protein was coated on the
microplate surface. After incubation with BODIPY™ FL-labeled PA, fluorescence inten-
sity was measured. Finally, results were analyzed as F/F0, where F0 and F denote the
background-subtracted fluorescence intensities from the vehicle and BODIPY™-FL-labeled
PA treatment group, respectively.

2.16. KEGG and GO Analysis

Highly expressed genes (HEGs) of antler cartilage layers were obtained from the NCBI
database (accession ID: PRJNA831044) [3]. KEGG and GO analyses were performed using
the ClusterProfiler package. Images were plotted via the Bioinformatics online platform at
https://www.bioinformatics.com.cn/en (accessed on 30 March 2025).

2.17. Analysis of Cytosolic Ca2+

After various treatments, antler chondrocytes were incubated with Fluo-3 AM (2.5 µM,
Beyotime) for 30 min and then used to perform flow cytometry analysis to determine the
cytosolic Ca2+ changes.

2.18. Measurement of ER Ca2+

After TMTC4 siRNA was co-transfected with pcDNA-D1ER plasmid (Addgene,
#36325), an ER-targeted fluorescence resonance energy transfer (FRET) probe, antler chon-
drocytes were treated with PA for 12 h. Following replacement of the complete medium
with DMEM containing 2-Aminoethyl Diphenylborinate (2-APB, 50 µM, Selleck) and
azumolene (AZU, 20 µM, Selleck), which inhibited ER Ca2+ release, chondrocytes were
visualized under a confocal microscope equipped with a ×100 oil immersion objective at a
435 nm excitation wavelength and 460 nm and 535 nm emission wavelengths. Meanwhile,
images were consecutively captured for 400 s at intervals of 20 s using a confocal micro-
scope with a ×20 objective to record the dynamic changes in ER Ca2+. Finally, images were
pseudo-colored according to the emissions at 460 nm (red) and 535 nm (green) and then
the green/red fluorescence ratio was analyzed using ImageJ software. ER Ca2+ oscillation
was calculated using the F/F0, where F represents the green/red fluorescence ratio, and
F0 represents the baseline fluorescence intensity at 0 s. All data are presented as relative
changes in ER Ca2+ levels.

2.19. Measurement of ATP Content

After various treatments, ATP content was measured using a high-sensitivity commer-
cial kit (Beyotime), which exhibited good linearity for ATP concentrations ranging from
0.1 nM to 10 µM. Briefly, supernatants were collected after the lysis of antler chondrocytes
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and then mixed with the detection solution for 3–5 min. Relative light units (RLUs) were
measured using a luminometer (BioTek, Winooski, VT, USA). Finally, ATP content was
calculated according to the standard curve.

2.20. Measurement of mPTP

After various treatments, antler chondrocytes were incubated with calcein AM and
cobalt chloride for 30 min and then analyzed using flow cytometry or visualized after
Hoechst staining under a fluorescence microscope, followed by calculation of fluorescence
intensity using ImageJ software.

2.21. Intracellular and Mitochondrial ROS Detection

To determine the changes in intracellular ROS, antler chondrocytes were incubated
with DCFH-DA (10 µM, Beyotime) for 20 min, and then analyzed using flow cytometry.
For mtROS, after the addition of MitoSOX Red mitochondrial superoxide indicator (5 µM,
Invitrogen) and incubation with Hoechst, antler chondrocytes were visualized under
fluorescence microscopy, and fluorescence intensity was calculated using ImageJ software.

2.22. Measurement of SOD2 Activity

Antler chondrocytes were homogenized to obtain cell lysates. SOD2 activity was
determined using a SOD Activity Assay Kit (Beyotime). Briefly, samples were incubated
with SOD1 inhibitors A and B to inactivate SOD1, followed by the addition of WST-
8/enzyme working solution and reaction initiator working solution. After incubation for
30 min, absorbance was measured at 450 nm using a microplate reader. SOD2 activity was
calculated according to the operating instructions of the manufacturer.

2.23. Analysis of Mitochondrial Morphology

After the introduction of TGM2 overexpression and mito-DsRed plasmid (Addgene,
#55838), antler chondrocytes were treated with PA for 12 h and then photographed under
fluorescence microscope. Images were analyzed using ImageJ software to determine the
changes in mitochondrial network morphology.

2.24. Analysis of Mitochondrial Redox Potential

After the introduction of TGM2 overexpression and mito-roGFP plasmid (Addgene,
#82407) into antler chondrocytes, accompanied by PA treatment, images were captured at
405 nm and 488 nm excitation and 510 nm emission using a confocal microscope and then
visualized after the addition of pseudocolor using ImageJ software. Finally, mitochondrial
oxidized (red) and reduced (green) status was determined by analyzing changes in the
fluorescence ratio at 405 and 488 nm excitation.

2.25. Measurement of Mitochondrial Membrane Potential

To determine changes in the mitochondrial membrane potential, antler chondrocytes
were incubated with JC-1 fluorescent probe (Beyotime) and then analyzed using flow
cytometry. Concurrently, the mitochondrial membrane potential was visualized after
incubation with TMRM fluorescence dye (Invitrogen) and subsequent Hoechst staining,
followed by calculation of fluorescence intensity.

2.26. Measurement of Lipid Peroxidation

After various treatments, antler chondrocytes were incubated with C11-BODIPY581/
591 (Sigma) for 20 min. Images were captured using a fluorescence microscope, followed
by analysis of the green/red fluorescence ratio. Meanwhile, lysed chondrocytes were used
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to measure the variation in malondialdehyde (MDA) content according to the instructions
of the corresponding commercial kits (Beyotime).

2.27. Chromatin Immunoprecipitation (ChIP)

After RIN1 treatment, ChIP assay was performed as previously described [32]. Briefly,
antler chondrocytes were cross-linked with 1% formaldehyde and then fragmented by
ultrasonication. Immunoprecipitation was performed using anti-RBPJ antibody or con-
trol IgG. After incubation with Protein A/G agarose beads, DNA was purified and an-
alyzed by real-time PCR with specific primers. The primers used were as follows: 5′-
GAGATTTCCCTGGTGGCTCA-3′ and 5′-GGATGGAAAGTGAAAGCCGC-3′.

2.28. Plasmid Construction and Site-Directed Mutagenesis

The TMTC4 promoter sequence (−1210 to −910) containing RBPJ binding sites was
amplified using specific primers (5′-CTGCTCGAGGTGATACTGGGGGAAAAGCAG and
5′-CTGAAGCTTAGGGGAATCTTCTGGACCCAA) and cloned into the pGL6 luciferase re-
porter vector (Beyotime) to construct the wild-type pGL6-TMTC4 plasmid. Using this plas-
mid as the template, the corresponding mutant plasmid was generated by PCR-based site-
directed mutagenesis with the following primers: 5′-CCTGGGTTAACAAGATCCTCTGGA
GAAGGG and 5′-GAGGATCTTGTTAACCCAGGGATCGAAGCC.

2.29. Dual Luciferase Analysis

After the introduction of wild-type or mutant pGL6-TMTC4 plasmid, antler chondro-
cytes were treated with the RBPJ inhibitor RIN1 and then used to measure the luciferase
activity by the dual luciferase reporter gene assay kit (Beyotime). The pRL-SV40 plasmid
(Beyotime) was used for data normalization.

2.30. Detection of Mitophagosomes

After the introduction of EGFP-LC3 (Addgene, #21073) and mito-DsRed plasmids
(Addgene, #55838) for 24 h, antler chondrocytes were subjected to serum starvation and
then treated with PA in the absence or presence of intracellular Ca2+ chelator BAPTA,
calcineurin inhibitor FK506 or NFATC inhibitor VIVIT. Finally, images were captured
using a confocal microscope, followed by colocalization analysis of autophagosomes and
mitochondria.

2.31. Measurement of Mitophagy Flux

After the introduction of COX8-EGFP-mCherry plasmid (Addgene, #78520) and treat-
ment as previously described, images were captured using a confocal microscope, followed
by the quantification of red plots per cell using ImageJ software.

2.32. Colocalization Analysis of Mitochondria and Lysosomes

After various treatments, antler chondrocytes were incubated with Mito-Tracker Green
and Lyso-Tracker Red (50 nM, Beyotime) for 30 min. Images were captured using fluores-
cence microscopy. The PCC value was calculated using ImageJ software.

2.33. Measurement of Lysosomal Acidification

After various treatments, antler chondrocytes were incubated with LysoSensor Green
DND-189 (1 µM, Yeasen) for 1 h and analyzed using flow cytometry. Then, chondrocytes
were visualized after Hoechst staining under fluorescence microscopy, followed by analysis
of fluorescence intensity.
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2.34. Statistical Analysis

All experiments were performed with at least three independent biological replicates.
Statistical differences between two groups were assessed by the independent-samples T test
using GraphPad Prism software (version 8.0.1), while multiple comparisons were executed
using one-way ANOVA with Tukey’s multiple comparisons test. Data were presented as
mean ± SEM. p < 0.05 was considered statistically significant.

3. Results
3.1. Effects of PA on the Hypertrophy, Proliferation and Apoptosis of Antler Chondrocytes

To investigate the role of PA in the hypertrophy of antler chondrocytes, we analyzed its
effects on the expression of type X collagen (COL X), matrix metalloproteinase 13 (MMP13),
runt-related transcription factor 2 (RUNX2) and alkaline phosphatase (ALP), which are
well-established markers for hypertrophic chondrocytes [26]. Application of PA inhibited
the expression of COL X, MMP13, RUNX2 and ALP, followed by the most obvious effects at
100 and 150 µM (Figure 1A,B). Simultaneously, PA time-dependently decreased the mRNA
levels of the above genes, reaching their minimum at 12 h (Figure 1C,D). Consistently,
PA inhibited the proliferation of antler chondrocytes and reduced the number of EdU-
positive chondrocytes (Figure 1E–G). Conversely, administration of PA resulted in obvious
elevation of the chondrocyte apoptosis rate and a remarkable decline in anti-apoptotic
B cell leukemia/lymphoma 2 (BCL2) mRNA and protein (Figure 1H–K). Moreover, PA
up-regulated the expression of pro-apoptotic BCL2-associated X (BAX) and induced the
cleavage of CASP3, with a concomitant increase in CASP3 activity and CASP3 mRNA
(Figure 1J–L).

3.2. PA Activated NOTCH1 Signaling to Control the Hypertrophy, Proliferation and Apoptosis of
Antler Chondrocytes

Bulk RNA-Seq analysis of antler cartilage layers revealed the enrichment of HEGs
in the NOTCH and calcium signaling pathways and neuroactive ligand–receptor interac-
tions, among others (Figure 2A). Given the absence of NOTCH3 and NOTCH4 in antler
chondrocytes [33], the effects of PA on NOTCH1 and NOTCH2 expression were examined.
The results reveal that PA increased the expression of NOTCH1 and RBPJ, while it did
not alter the expression of NOTCH2 (Figure 2B). In situ hybridization results exhibit the
obvious localization of NOTCH1 and RBPJ in antler chondrocytes (Figure 2C). Meanwhile,
application of PA elevated the expression of hes family bHLH transcription factor 1 (HES1),
HES5, HES7, hes-related family bHLH transcription factor with YRPW motif 1 (HEY1),
HEY2 and HEYL, the known NOTCH signaling targets (Figures 2D,E and S1A–C). However,
silencing of NOTCH1 or addition of γ-secretase inhibitor DAPT counteracted the induction
of PA on the above genes (Figures 2D,E and S1A–D). Similarly, PA enhanced the expres-
sion of nuclear N1ICD and RBPJ protein, but this enhancement was neutralized after the
introduction of NOTCH1 siRNA or treatment with DAPT (Figure S1E,F). Further analysis
indicated the combination of PA and NOTCH1 (Figure 2F). A previous study showed that
the extracellular domain of NOTCH1 contains EGF-like repeats and a NRR composed of
three cysteine-rich Lin12-Notch repeats (LNRs) and a heterodimerization domain (HD) [34].
Because the NOTCH1 extracellular domain in Homo sapiens and Cervus elaphus exhibited
high homology (Figure S1G–I), the 3D structures of human EGF-like repeats and NRR were
used to perform molecular docking. The results suggest that PA might interact with the
HD of the NRR via hydrogen and hydrophobic interaction, with a total binding energy
of −3.75 kcal/mol, but not with the EGF-like repeats (Figures 2G–I and S1J). Consistently,
PA exhibited concentration-dependent affinity with NRR protein (Figure 2J,K). Moreover,
transfection with NOTCH1 siRNA and replenishment of DAPT neutralized the repres-
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sion of PA on the hypertrophy and proliferation of antler chondrocytes and protected the
chondrocytes against apoptosis in the context of PA (Figures S2A–H and S3A–J).

Figure 1. Effects of PA on hypertrophy, proliferation and apoptosis of antler chondrocytes. (A,B) De-
termination of COL X, MMP13, RUNX2 and ALP expression after treatment with PA (50, 100 and
150 µM). n = 4. (C,D) Analysis of COL X, MMP13, RUNX2 and ALP expression after treatment with
PA (100 µM) for 3, 6 and 12 h. n = 4. (E) Detection of chondrocyte viability after treatment with
PA for 12 h. n = 6. (F) Visualization of chondrocyte proliferation after treatment with PA. Scale bar,
50 µm. n = 6. (G) Flow cytometry analysis of chondrocyte proliferation after treatment with PA. n = 3.
(H) Flow cytometry analysis of chondrocyte apoptosis after treatment with PA. n = 3. (I) Visualization
of chondrocyte apoptosis after treatment with PA. n = 6. (J) Regulation of PA on the expression of
BCL2, BAX and CASP3 mRNA. n = 4. (K). Regulation of PA on the expression of BCL2, BAX and
cleaved CASP3 protein. n = 3. (L) Regulation of PA on CASP3 activity. n = 6. * p < 0.05 versus control.
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Figure 2. PA activated NOTCH1 signaling. (A) KEGG analysis of HEGs in antler cartilage layers.
(B) Regulation of PA on the expression of NOTCH1, NOTCH2 and RBPJ mRNA. n = 3. (C) In situ
hybridization analysis of NOTCH1 and RBPJ expression in antler cartilage. Scale bar, 60 µm. n = 3.
(D,E) Determination of RBPJ, HES1, HES5, HES7, HEY1, HEY2 and HEYL mRNA expression after
introduction of NOTCH1 siRNA and addition of PA. siNOTCH1, NOTCH1 siRNA. n = 3. (F) Analysis
of binding between PA and NOTCH1. n = 6. (G) Molecular docking analysis of binding poses between
PA and NRR of NOTCH1. (H) Two-dimensional diagram showing the binding of PA and NRR of
NOTCH1. (I) Average number of PA molecules interacting with amino acid residues in LNR and HD
of NOTCH1 at 5 independent repeats. (J) Analysis of binding between PA and NRR of NOTCH1 at
a constant NRR concentration of 1 µg/mL. n = 6. (K) Analysis of binding between PA and NRR of
NOTCH1 at a constant PA concentration of 100 µM. n = 6. * p < 0.05 versus control or NC, # p < 0.05
versus PA or NC plus PA treatment.

3.3. PA Restricted the Uptake of ER Ca2+ and Enhanced Cytosolic Ca2+ Levels via
RBPJ-Targeted TMTC4

RNA-Seq analysis revealed that after exposure to RBPJ inhibitor RIN1, 227 DEGs were
up-regulated, while 121 DEGs, which included TMTC4, were down-regulated (Figure 3A,B).
According to KEGG analysis, DEGs were enriched in the calcium signaling pathway,
osteoclast differentiation, and other related pathways. (Figure 3C). GO analysis indicated
the enrichment of DEGs in calcium ion transport, ossification, and other related pathways
(Figure S4A). Application of PA attenuated the expression of TMTC4 in antler chondrocytes,
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but this attenuation was reversed by knockdown of NOTCH1 or the addition of γ-secretase
inhibitor DAPT and RBPJ inhibitor RIN1 (Figures 3D and S4B). Bioinformatic analysis
of the TMTC4 promoter region revealed the presence of a potential RBPJ binding site
(Figure S4C), implying that TMTC4 may be a direct target of RBPJ. As expected, RBPJ bound
to the TMTC4 promoter region (Figure 3E). Moreover, RIN1 increased luciferase activity
after introduction of the TMTC4 promoter reporter plasmid, whereas mutation of this
binding site abolished the above effect (Figure 3F). Since TMTC4 is involved in maintaining
homeostasis of intracellular Ca2+ through its interaction with sarcoplasmic/endoplasmic
reticulum calcium ATPase 2 (SERCA2), a Ca2+ reuptake pump in ER [35], the expression of
SERCA2 was examined and the changes in Ca2+ in the ER and cytosol were analyzed. The
results indicate that PA diminished the expression of SERCA2, preventing the uptake of
Ca2+ into ER and resulting in the decline of ER Ca2+ levels and accumulation of cytosolic
Ca2+ (Figures 3G,H and S4D–F). Addition of RIN1 restored ER Ca2+ levels, improved
SERCA2 expression and neutralized the elevation of cytosolic Ca2+ in the context of PA,
but these effects were counteracted after the introduction of TMTC4 siRNA (Figures 3G,H
and S4D–G).

3.4. PA Disrupted MAM Function Through Ca2+-Mediated PPP3CB-NFATC2 Pathway with
TGM2 Involvement

After exposure to PA, TEM analysis revealed an increased distance between ER and
mitochondria in antler chondrocytes (Figure 4A,B). Consistent with this observation, the
colocalization of ER and mitochondria was obviously reduced, together with a decline
in the PCC value (Figure 4C,D), indicating disruption of MAMs. To further confirm the
changes in MAMs, the SPLICS Mt-ER Long P2A plasmid was transfected into antler
chondrocytes, followed by the addition of PA. The results reveal that PA attenuated the
fluorescence intensity of the SPLICS sensor (Figure S4H,I). MAM function was assessed
by monitoring mitochondrial Ca2+ dynamics upon stimulation with histamine and ATP,
which promoted Ca2+ transfer from the ER to mitochondria via MAMs [30,31]. In antler
chondrocytes, histamine and ATP increased the blue/green fluorescent ratio, indicating
enhanced MAM-mediated transfer of ER Ca2+ into the mitochondria (Figure 4E). But
application of PA neutralized the stimulatory effects of histamine and ATP on MAM
function (Figure 4E). It has been previously reported that TGM2 is required to maintain
the structure and function of MAMs [36]. The addition of PA diminished the expression
of TGM2, while overexpression of TGM2 improved the disruption of MAMs elicited by
PA (Figures 4A–E, S4H,I and S5A–C). Additionally, overexpression of TGM2 attenuated
the inhibitory effects of PA on chondrocyte hypertrophy and proliferation and protected
chondrocytes against PA-induced apoptosis (Figure S5D–N).

The underlying regulatory mechanism of PA on TGM2 was then elucidated. As
described above, PA induced the accumulation of cytosolic Ca2+, which might activate
calcineurin, comprising a catalytic subunit encoded by the protein phosphatase 3 catalytic
subunit alpha (PPP3CA), PPP3CB or PPP3CC gene and a regulatory subunit encoded by
the PPP3R1 gene, thereby promoting transcriptional activity of NFATC [37]. PA augmented
the expression of PPP3CB and NFATC2, with no significant changes in PPP3CA, PPP3CC,
PPP3R1, NFATC1, NFATC3 or NFATC4 expression. However, this augmentation was
weakened after attenuation of NOTCH1 or addition of DAPT, RIN1 and intracellular Ca2+

chelator BAPTA (Figure S6A–C). Silencing of TMTC4 counteracted the effects of RIN1 on
PPP3CB and NFATC2 in the context of PA (Figure S6D). Additionally, addition of calcineurin
inhibitor FK506 or attenuation of PPP3CB suppressed the up-regulation of NFATC2 by
PA (Figure S6E,F). Further analysis demonstrated that knockdown of PPP3CB or NFATC2
reversed the effects of chondrocyte hypertrophy, proliferation and apoptosis induced by
PA (Figures S6G–K and S7A–F). Moreover, addition of BAPTA, FK506 or NFATC inhibitor
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VIVIT abrogated the induction of PA on TGM2 (Figure S5A), indicating the involvement of
the Ca2+-mediated PPP3CB-NFATC2 pathway in the regulation of PA on TGM2.

Figure 3. PA restricted the uptake of ER Ca2+ via RBPJ-targeted TMTC4. (A) Volcano plot displays
DEGs after treatment with RBPJ inhibitor RIN1. (B) Heatmap exhibits the top 25 DEGs after treatment
with RIN1. (C) KEGG analysis of DEGs after treatment with RIN1. (D) Regulation of PA on TMTC4
expression in the absence or presence of DAPT and RIN1. n = 3. (E) ChIP analysis of binding
between the RBPJ and TMTC4 promoter regions. n = 3. (F) Assessment of luciferase activity after
introduction of wild-type or mutant pGL6-TMTC4 plasmid, followed by the addition of RIN1. n = 6.
(G) Visualization of ER Ca2+ variation after introduction of pcDNA-D1ER plasmid and subsequent
treatment with PA in the presence or absence of RIN1 and TMTC4 siRNA. siTMTC4, TMTC4 siRNA.
Scale bar, 10 µm. n = 3. (H) Analysis of ER Ca2+ uptake after above treatment. * p < 0.05 versus
control, # p < 0.05 versus PA treatment.
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Figure 4. PA disrupted MAM function and then induced mitochondrial dysfunction via TGM2.
(A,B) TEM analysis of ER-mitochondria distance after introduction of TGM2 overexpression plasmid
and addition of PA. Scale bar, 50 nm. n = 3. (C,D) Visualization of ER-mitochondria contact sites and
assessment of PCC values after above treatment followed by incubation with ER-Tracker Red and
Mito-Tracker Green. EV, empty pCMV-4 × Flag vector; 4F-TGM2, TGM2 overexpression plasmid.
Scale bar, 10 µm. n = 3. (E) Analysis of MAM function by measuring mitochondrial Ca2+ dynamics
after introduction of TGM2 overexpression and mito-GEM-GECO1 plasmids and treatment with PA,
followed by calculation of the blue/green fluorescent ratio under stimulation with histamine and
ATP. HAA, histamine and ATP. (F,G) Visualization of mitochondrial Ca2+ variation after various
treatments and incubation with Rhod-2 AM, and calculation of fluorescence intensity. Scale bar,
50 µm. n = 6. (H) Measurement of mitochondrial Ca2+ levels. n = 6. (I) Measurement of ATP content
after various treatments. n = 6. (J,K) Visualization of mitochondrial membrane potential after various
treatments and incubation with TMRM fluorescence dye, followed by calculation of fluorescence
intensity. Scale bar, 50 µm. n = 6. (L) Flow cytometry analysis of mitochondrial membrane potential
change behind various treatments and incubation with JC-1 fluorescent probe. n = 3. * p < 0.05 versus
EV, # p < 0.05 versus EV plus PA treatment.
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3.5. PA Induced Mitochondrial Dysfunction by Reducing Mitochondrial Ca2+ Content Through
MAM Disruption

In antler chondrocytes, PA diminished the fluorescence intensity of Rhod-2 and re-
duced the blue/green fluorescence ratio after introduction of mito-GEM-GECO1 plasmid,
indicating a decline of mitochondrial Ca2+ content (Figure 4F–H). It is well established that
mitochondrial Ca2+ is a crucial regulator of oxidative phosphorylation [38]. Application of
PA restrained the chondrocyte production of ATP (Figure 4I). Mitochondrial membrane
potential is a universal indicator of mitochondrial function [39]. PA depolarized the mi-
tochondrial membrane potential, as evidenced by the attenuation of TMRM fluorescence
intensity (Figure 4J,K). Flow cytometry analysis further substantiated the repression of PA
on mitochondrial membrane potential, as evidenced by the reduced red/green fluores-
cence ratio after incubation with the JC-1 fluorescent probe (Figure 4L). Concurrently, PA
disrupted the mitochondrial network, along with an obvious elevation in mitochondrial
individual and network counts and decreases in mean branch length and mean network
size (branches) (Figure S8A–E). However, overexpression of TGM2, which restored MAM
function, ameliorated the insufficiency of mitochondrial Ca2+ elicited by PA and neutral-
ized aberrant ATP production and mitochondrial depolarization while improving the
mitochondrial network in the context of PA (Figures 4F–L and S8A–E).

3.6. PA Inhibited Mitophagy via Ca2+-Mediated PPP3CB-NFATC2 Pathway

Mitophagy was crucial to mitochondrial quality control and removed dysfunctional
mitochondria from lysosomes [22]. PA induced the formation of mitophagosomes, as
evidenced by the elevated colocalization between autophagosomes and mitochondria,
while restricting mitophagy flux upon serum starvation (Figure 5A–D). Further analysis
revealed that PA attenuated the colocalization of mitochondria and lysosomes, followed by
an obvious reduction in the PCC value (Figure S8F,G). Consistently, PA weakened lysoso-
mal acidification, as indicated by the weakened fluorescence signal after incubation with
LysoSensor Green DND-189 (Figure 5E–G). As mentioned above, PA activated the Ca2+-
PPP3CB-NFATC2 pathway. It was next explored whether this pathway was involved in the
regulation of PA on mitophagy. These results demonstrate that the addition of intracellular
Ca2+ chelator BAPTA, calcineurin inhibitor FK506 and NFATC inhibitor VIVIT counteracted
the induction of PA on mitophagosomes and alleviated the defective mitophagy flux caused
by PA (Figure 5A–D). Consistently, treatment with FK506 and VIVIT reversed the decreased
colocalization of mitochondria with lysosomes and restored lysosomal acidification upon
PA stimulation (Figures 5E–G and S8F,G).

3.7. PA Facilitated Lipid Peroxidation by Inducing Leakage of mtROS into Cytosol Through mPTP
Opening

Analysis of HEGs exhibited enrichment of response to redox state, positive regulation
of chondrocyte differentiation, membrane depolarization, and more (Figure S9A). In antler
chondrocytes, PA induced the accumulation of mtROS and put the mitochondria in an
oxidized state, as indicated by an increased fluorescence ratio at 405 and 488 nm excitation
after introduction of mito-roGFP plasmid (Figure 6A–D). Consistently, PA attenuated the
activity of SOD2, an important antioxidant enzyme within the mitochondria (Figure S9B).
But overexpression of TGM2 alleviated the mitochondrial oxidized potential together with
an obvious reduction for mtROS and enhanced the activity of SOD2 in the context of PA.
(Figures 6A–D and S9B). Previous reports have demonstrated that mitochondria are the
main sources of ROS, and their dysfunction can promote mtROS leakage into the cytosol via
mPTP, resulting in lipid peroxidation [40,41]. Treatment with PA facilitated the opening of
mPTP, but this effect was abrogated after transfection with TGM2 overexpression plasmid
(Figure 6E,F). Meanwhile, application of PA enhanced the contents of lipid peroxidation
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marker MDA and intracellular ROS and gave rise to an increase in the green/red flu-
orescence ratio after incubation with C11-BODIPY581/591. In contrast, the addition of
mitochondria-targeted ROS scavenger MT dose-dependently reduced mtROS levels and
attenuated the accumulation of intracellular ROS upon PA stimulation (Figures 6G–J and
S9C). Similarly, mPTP opening inhibitor ER093 attenuated the induction of PA on intracel-
lular ROS (Figure 6G). Moreover, the addition of MT or ER093 neutralized the effect of PA
on lipid peroxidation, thereby improving hypertrophy and proliferation of antler chondro-
cytes and alleviating cellular apoptosis (Figures 6H–J, 7A–D and S9D–H). Furthermore,
the addition of ROS scavenger NAC, which ameliorated the lipid peroxidation induced by
PA, counteracted the inhibitory effect of PA on the hypertrophy and proliferation of antler
chondrocytes and protected the PA-treated chondrocytes from apoptosis (Figures 6H–J,
7A–D and S9D–H).

Figure 5. PA inhibited mitophagy via Ca2+-mediated PPP3CB-NFATC2 pathway. (A) Analysis of
mitophagosomes after introduction of EGFP-LC3 and mito-DsRed plasmids in the absence or presence
of intracellular Ca2+ chelator BAPTA, calcineurin inhibitor FK506 and NFATC inhibitor VIVIT. The
white box marks the region magnified in the upper-right inset. Scale bar, 10 µm. (B) Assessment of
PCC value using ImageJ software. n = 6. (C) Visualization of mitophagy flux after introduction of
COX8-EGFP-mCherry plasmid, together with the aforementioned treatment. The white box marks
the region magnified in the upper-right inset. Scale bar, 10 µm. (D) The number of red plots per cell
using ImageJ software. n = 6. (E) Flow cytometry assay for lysosomal acidification following the
above treatments. n = 3. (F,G) Visualization of lysosomal acidification and analysis of fluorescence
intensity after aforementioned treatment and subsequent incubation with LysoSensor Green DND-189
fluorescent probe. Scale bar, 50 µm. n = 6. * p < 0.05 versus control, # p < 0.05 versus PA treatment.
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Figure 6. PA facilitated lipid peroxidation by inducing leakage of mtROS into cytosol through mPTP
opening. (A,B) Visualization of mtROS variation and calculation of fluorescence intensity after
introduction of TGM2 overexpression plasmid and addition of PA, followed by the incubation with
MitoSOX Red mitochondrial superoxide indicator. Scale bar, 50 µm. n = 6. (C,D) Measurement of
mitochondrial redox potential after introduction of mito-roGFP and TGM2 overexpression plasmids
and addition of PA, followed by analysis of the fluorescence ratio at 405 and 488 nm excitation.
Scale bar, 10 µm. n = 6. (E,F) Analysis of mPTP changes after introduction of TGM2 overexpression
plasmid and addition of PA and subsequent incubation with calcein AM and cobalt chloride, followed
by calculation of fluorescence intensity. Scale bar, 50 µm. n = 6. (G) Flow cytometry analysis of
intracellular ROS after treatment with PA in the absence or presence of mitochondria-targeted ROS
scavenger MT and subsequent incubation with DCFH-DA. n = 3. (H) Measurement of MDA content
after treatment with PA in the presence or absence of MT, mPTP opening inhibitor ER093 and ROS
scavenger NAC. n = 6. (I,J) Analysis of lipid peroxidation after above treatment and incubation with
C11-BODIPY581/591, followed by analysis of the green/red fluorescence ratio. Scale bar, 50 µm.
n = 6. * p < 0.05 versus control or EV, # p < 0.05 versus PA or EV plus PA treatment.
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Figure 7. PA controlled the hypertrophy, proliferation and apoptosis of antler chondrocytes via
mPTP-mediated mtROS leakage. (A) Determination of COL X, MMP13, RUNX2 and ALP expression
after treatment with PA in the absence or presence of MT, ER093 and NAC. n = 4. (B) Flow cytometry
analysis of chondrocyte proliferation behind above treatment. n = 3. (C) Visualization of chondrocyte
proliferation following above treatment. Scale bar, 50 µm. n = 3. (D) Flow cytometry analysis of
chondrocyte apoptosis following above treatment. n = 3. (E) Schematic depiction of PA regulatory
mechanism in antler chondrocytes. PA activated NOTCH1 signaling and prevented the transport
of cytosolic Ca2+ to ER via RBPJ-targeted TMTC4, resulting in the accumulation of cytosolic Ca2+

and subsequent activation of the PPP3CB-NFATC2 pathway. This disrupted MAMs via TGM2,
induced mitochondrial dysfunction accompanied by impaired mitophagy and facilitated leakage
of mtROS through mPTP opening, ultimately leading to lipid peroxidation, defective hypertrophy
and proliferation and increased apoptosis in antler chondrocytes. * p < 0.05 control, # p < 0.05 versus
PA treatment.
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4. Discussion
As the only mammalian appendages with full regenerative capacity, antlers undergo

rapid regrowth driven by chondrocyte proliferation and differentiation, which critically
modulates endochondral ossification. [2,3,42]. PA treatment restrained the proliferation of
antler chondrocytes. A similar result was also observed in the human T/C-28a2 chondro-
cyte cell line [12]. Moreover, PA blocked their differentiation into hypertrophic chondro-
cytes. Despite their unprecedented growing rate, antler cartilage did not become cancerous
but instead exhibited a high proportion of apoptotic chondrocytes, resulting in the re-
moval of aberrant cells [2]. Addition of PA increased the apoptosis of antler chondrocytes.
Consistently, administration of PA to male rats resulted in the degeneration of articular
cartilage, along with a significant elevation in chondrocyte apoptosis [43]. Together, these
observations indicate that PA plays an essential role in antler cartilage regeneration by
regulating the hypertrophy, proliferation and apoptosis of chondrocytes.

NOTCH1 exerts an important function in regulating chondrogenesis, cartilage de-
velopment and endochondral ossification. Upon ligand binding to its EGF-like repeats,
its extracellular domain is cleaved at site 2 (S2) via ADAM metalloprotease, followed by
subsequent S3 cleavage via γ-secretase, finally resulting in the release of N1ICD [34,44].
In antler chondrocytes, PA facilitated the elevation of N1ICD, whose activation resulted
in skeletal malformation, along with the decline of hypertrophic chondrocyte number
in the limb from day 18.5 embryo [44]. Silencing of NOTCH1 neutralized the inhibitory
effect of PA on the hypertrophy and proliferation of antler chondrocytes and protected
the PA-treated chondrocytes against apoptosis. Previous studies have demonstrated that
in the absence of EGF-like repeats, mutation of HD and LNR-C activated NOTCH1 sig-
naling [45,46]. Although molecular docking suggested that PA preferentially interacted
with the HD region of the NRR, direct evidence for their binding requires further inves-
tigation. Following the release and nuclear translocation of N1ICD, it binds to RBPJ and
then modulates the transcription of downstream target genes [34]. The present study has
identified TMTC4 as a direct downstream target of RBPJ. In neonatal organotypic cultures,
deletion of TMTC4 brought about the insufficiency of ER Ca2+ through its interaction with
the ER Ca2+ reuptake pump SERCA2, resulting in an increase in intracellular Ca2+ [35].
Application of PA accelerated the decline of ER Ca2+, attenuated SERCA2 expression and
induced the accumulation of cytosolic Ca2+. In contrast, addition of the RBPJ inhibitor
RIN1 counteracted the above effects, but this antagonistic role was neutralized after TMTC4
silencing. Taken together, these observations indicate that PA activates NOTCH1 signaling
and reduces ER Ca2+ uptake via RBPJ-targeted TMTC4, ultimately causing an increase in
cytosolic Ca2+.

Mitochondria have the ability to sequester cytosolic Ca2+ [47]. Intriguingly, PA di-
minished the content of mitochondrial Ca2+ in antler chondrocytes. It is well established
that MAM is crucial to mitochondrial Ca2+ homeostasis, and its disruption contributes to a
deficiency in mitochondrial Ca2+ levels [17,48]. Application of PA destroyed the structure
of MAM and weakened its function in transferring Ca2+ into mitochondria. A previous
study reported that deficiency of TGM2 disrupted MAMs and increased the distance be-
tween ER and mitochondria [36]. In antler chondrocytes, PA reduced the expression of
TGM2, whereas overexpression of TGM2 alleviated disrupted MAMs induced by PA and
concomitantly restored mitochondrial Ca2+ levels. Taken together, these data indicate that
PA attenuates mitochondrial Ca2+ content by disrupting MAMs through TGM2.

Mitochondria are important organelles for intracellular energy production, and their
dysfunction brings about cartilage matrix degradation, chondrogenesis disorder, chon-
drocyte apoptosis and senescence [49,50]. In hepatocytes and proximal tubular cells, PA
impaired mitochondrial function via lipotoxicity [51,52]. The present study revealed that
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treatment with PA induced mitochondrial dysfunction through MAM-mediated mitochon-
drial Ca2+ insufficiency. Mitophagy might selectively remove dysfunctional mitochon-
dria [22]. As expected, PA inhibited mitophagy flux and reduced the colocalization of
mitochondria with lysosomes in antler chondrocytes. Lysosomal acidification is crucial to
mitophagy [22]. Application of PA attenuated lysosomal acidification. These data reveal the
inhibitory effect of PA on mitophagy. Consistently, impaired mitophagy was also observed
in chondrocytes from osteoarthritic articular cartilage and resulted in cartilage degener-
ation, whereas improvement of mitophagy alleviated the symptoms of osteoarthritis in
mice [23].

Further analysis revealed that dysfunctional mitochondria contribute to excessive
production of mtROS [53]. PA promoted the production of mtROS in chondrocytes, atten-
uated SOD2 activity and kept the mitochondria in an oxidized state. It was previously
reported that prolonged mPTP opening is involved in the leakage of mtROS into the cy-
tosol [41]. Treatment with PA caused the opening of mPTP, whose blockage neutralized
the induction of PA on intracellular ROS. It is well known that elevated ROS is deleterious
to the extracellular matrix, mineralization proliferation and maturation of chondrocytes
and leads to lipid peroxidation [40,54,55]. Given the association between lipid peroxidation
and ferroptosis and the reported role of PA in inducing ferroptosis in osteoarthritis [56],
the regulation of ferroptosis by PA warrants further investigation. The addition of ROS
scavenger NAC mitigated lipid peroxidation and reversed the effects of hypertrophy,
proliferation and apoptosis in antler chondrocytes in the context of PA. Together, these
observations indicate that PA induces the mitochondrial dysfunction, subsequently pro-
moting leakage of mtROS into the cytosol through mPTP opening and thereby facilitating
lipid peroxidation. Although PA has been reported to induce ER stress in C2C12 myoblasts
and hepatocytes [57,58], its effect on ER stress in antler chondrocytes remains to be fully
elucidated. Therefore, the possibility that ER stress might act as a parallel or upstream event
contributing to chondrocyte impairment cannot be excluded. Meanwhile, protein-level
validation for several key proteins was limited in this study due to the lack of antibodies
with sufficient cross-reactivity with deer antigens.

Collectively, PA restrained the hypertrophy and proliferation of antler chondrocytes
and promoted the chondrocyte apoptosis. PA could activate NOTCH1 signaling and
prevent the uptake of ER Ca2+ via RBPJ-targeted TMTC4, resulting in the accumulation
of cytosolic Ca2+. This disrupted MAMs, induced mitochondrial dysfunction, inhibited
mitophagy and facilitated the leakage of mtROS through mPTP, ultimately leading to lipid
peroxidation, defective hypertrophy and proliferation and increased apoptosis in antler
chondrocytes. However, as our conclusions are primarily based on in vitro experiments
using isolated chondrocytes, further in vivo studies are required to validate the physiologi-
cal relevance of these findings. The mechanism discovered in deer antlers may provide
broader insights for understanding the regulation of cartilage regeneration and repair in
other model animals, although cross-species extrapolation requires further investigation.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/antiox15091108/s1: Figure S1: Regulation of PA on NOTCH1
signaling and analysis of NOTCH1 extracellular domain sequences; Figure S2: PA controlled the
hypertrophy and proliferation of antler chondrocytes via NOTCH1 signaling; Figure S3: PA con-
trolled the hypertrophy and proliferation of antler chondrocytes via NOTCH1 signaling; Figure S14:
Regulation of PA on MAM, cytosolic Ca2+ and TMTC4, SERCA2 and TGM2 expression; Figure S5: PA
controlled hypertrophy, proliferation and apoptosis of antler chondrocytes via TGM2-mediated MAM;
Figure S6: PA controlled the hypertrophy and proliferation of antler chondrocytes via Ca2+-mediated
PPP3CB-NFATC2 pathway; Figure S7: PA controlled the apoptosis of antler chondrocytes via PPP3CB-
NFATC2 pathway; Figure S8: Effects of PA on mitochondrial morphology and mitophagy; Figure S9:

https://doi.org/10.3390/antiox15091108

https://www.mdpi.com/article/10.3390/antiox15091108/s1
https://www.mdpi.com/article/10.3390/antiox15091108/s1
https://doi.org/10.3390/antiox15091108


Antioxidants 2026, 15, 1108 21 of 24

Effects of PA on the proliferation and apoptosis of antler chondrocytes via mPTP-mediated mtROS
leakage; Table S1: Homologous siRNA sequences used in this study; Table S2: Primer sequences
using for qPCR; Table S3: Primary antibodies for Western blotting.

Author Contributions: Q.Z.: Conceptualization, data curation, formal analysis, investigation,
methodology, visualization, writing—original draft. Z.Y. (Zhanqing Yang): Data curation, formal
analysis, investigation, methodology, visualization. X.Y.: Data curation, formal analysis, investigation,
methodology. Y.X.: Data curation, methodology, validation. C.W.: Data curation, validation. B.L.:
Methodology, validation. Z.Y. (Zhanpeng Yue): Conceptualization, funding acquisition, methodology,
project administration, supervision, writing—review and editing. B.G.: Conceptualization, formal
analysis, funding acquisition, project administration, Supervision, writing—review and editing. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was financially supported by the National Natural Science Foundation of China
(32472983 and 32472987).

Institutional Review Board Statement: All animal experiment procedures were approved by the
Committee for the Ethics on Animal Care and Use of Jilin University (SY201905030, approval date: 30
May 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: The RNA-seq data presented in this study have been deposited in the
NCBI Sequence Read Archive (SRA) database under accession number PRJNA1512457.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
PA, palmitic acid; ER, endoplasmic reticulum; MAM, mitochondria-associated ER membrane;

N1ICD, NOTCH1 intracellular domain; RBPJ, recombination signal binding protein for immunoglob-

ulin kappa J region; TMTC4, transmembrane O-mannosyltransferase targeting cadherins 4; TGM2,

transglutaminase 2; mtROS, mitochondrial reactive oxygen species; mPTP, mitochondrial permeabil-

ity transition pore; NAC, N-acetylcysteine; CASP3, caspase 3; MDA, malondialdehyde; COL X, type

X collagen; MMP13, matrix metalloproteinase 13; RUNX2, runt-related transcription factor 2; ALP,

alkaline phosphatase; BCL2, B cell leukemia/lymphoma 2; BAX, BCL2-associated X protein; HES1,

hes family bHLH transcription factor 1; HEY1, hes-related family bHLH transcription factor with

YRPW motif 1; SERCA2, sarcoplasmic/endoplasmic reticulum calcium ATPase 2; PPP3CA, protein

phosphatase 3 catalytic subunit alpha.

References
1. Feleke, M.; Bennett, S.; Chen, J.; Hu, X.; Williams, D.; Xu, J. New physiological insights into the phenomena of deer antler: A

unique model for skeletal tissue regeneration. J. Orthop. Transl. 2020, 27, 57–66. [CrossRef] [PubMed]
2. Li, C.; Li, Y.; Wang, W.; Scimeca, M.; Melino, G.; Du, R.; Shi, Y. Deer antlers: The fastest growing tissue with least cancer occurrence.

Cell Death Differ. 2023, 30, 2452–2461. [CrossRef] [PubMed]
3. Qin, T.; Zhang, G.; Zheng, Y.; Li, S.; Yuan, Y.; Li, Q.; Hu, M.; Si, H.; Wei, G.; Gao, X.; et al. A population of stem cells with strong

regenerative potential discovered in deer antlers. Science 2023, 379, 840–847. [CrossRef] [PubMed]
4. Kimura, I.; Ichimura, A.; Ohue-Kitano, R.; Igarashi, M. Free fatty acid receptors in health and disease. Physiol. Rev. 2020, 100,

171–210. [CrossRef] [PubMed]
5. Samovski, D.; Jacome-Sosa, M.; Abumrad, N.A. Fatty acid transport and signaling: Mechanisms and physiological implications.

Annu. Rev. Physiol. 2023, 85, 317–337. [CrossRef] [PubMed]
6. Yang, K.L.; Mullins, B.J.; Lejeune, A.; Ivanova, E.; Shin, J.; Bajwa, S.; Possemato, R.; Cadwell, K.; Scher, J.U.; Koralov, S.B.

Mitigation of osteoclast-mediated arthritic bone remodeling by short chain fatty acids. Arthritis Rheumatol. 2024, 76, 647–659.
[CrossRef] [PubMed]

7. Lucas, S.; Omata, Y.; Hofmann, J.; Böttcher, M.; Iljazovic, A.; Sarter, K.; Albrecht, O.; Schulz, O.; Krishnacoumar, B.; Krönke, G.;
et al. Short-chain fatty acids regulate systemic bone mass and protect from pathological bone loss. Nat. Commun. 2018, 9, 55.
[CrossRef] [PubMed]

https://doi.org/10.3390/antiox15091108

https://doi.org/10.1016/j.jot.2020.10.012
https://www.ncbi.nlm.nih.gov/pubmed/33437638
https://doi.org/10.1038/s41418-023-01231-z
https://www.ncbi.nlm.nih.gov/pubmed/37864097
https://doi.org/10.1126/science.add0488
https://www.ncbi.nlm.nih.gov/pubmed/36821675
https://doi.org/10.1152/physrev.00041.2018
https://www.ncbi.nlm.nih.gov/pubmed/31487233
https://doi.org/10.1146/annurev-physiol-032122-030352
https://www.ncbi.nlm.nih.gov/pubmed/36347219
https://doi.org/10.1002/art.42765
https://www.ncbi.nlm.nih.gov/pubmed/37994265
https://doi.org/10.1038/s41467-017-02490-4
https://www.ncbi.nlm.nih.gov/pubmed/29302038
https://doi.org/10.3390/antiox15091108


Antioxidants 2026, 15, 1108 22 of 24

8. Bao, M.; Zhang, K.; Wei, Y.; Hua, W.; Gao, Y.; Li, X.; Ye, L. Therapeutic potentials and modulatory mechanisms of fatty acids in
bone. Cell Prolif. 2020, 53, e12735. [CrossRef] [PubMed]

9. Abshirini, M.; Ilesanmi-Oyelere, B.L.; Kruger, M.C. Potential modulatory mechanisms of action by long-chain polyunsaturated
fatty acids on bone cell and chondrocyte metabolism. Prog. Lipid Res. 2021, 83, 101113. [CrossRef] [PubMed]

10. Bastiaansen-Jenniskens, Y.M.; Siawash, M.; van de Lest, C.H.; Verhaar, J.A.; Kloppenburg, M.; Zuurmond, A.M.; Stojanovic-
Susulic, V.; Van Osch, G.J.; Clockaerts, S. Monounsaturated and saturated, but not n-6 polyunsaturated fatty acids decrease
cartilage destruction under inflammatory conditions: A preliminary study. Cartilage 2013, 4, 321–328. [CrossRef] [PubMed]

11. Mosquera, M.V.; Hermida, A.S.; Moreno, M.F.; Pereira, E.C.; Fernández, S.R.; Tajes, J.F.; Villar, N.O.; López, C.F.; Pérez, I.R.; García,
F.B. The effect of palmitate on human articular chondrocytes is partially reversed by oleic acid. Osteoarthr. Cartil. 2015, 23, A164.
[CrossRef]

12. Vázquez-Mosquera, M.E.; Fernández-Moreno, M.; Cortés-Pereira, E.; Relaño, S.; Dalmao-Fernández, A.; Ramos-Louro, P.; Durán
Sotuela, A.; Rego-Pérez, I.; Blanco, F.J. Oleate prevents palmitate-induced mitochondrial dysfunction in chondrocytes. Front.
Physiol. 2021, 12, 670753. [CrossRef] [PubMed]

13. Nazli, S.A.; Loeser, R.F.; Chubinskaya, S.; Willey, J.S.; Yammani, R.R. High fat-diet and saturated fatty acid palmitate inhibits
IGF-1 function in chondrocytes. Osteoarthr. Cartil. 2017, 25, 1516–1521. [CrossRef] [PubMed]

14. Tan, L.; Yammani, R.R. Nupr1 regulates palmitate-induced apoptosis in human articular chondrocytes. Biosci. Rep. 2019, 39,
BSR20181473. [CrossRef] [PubMed]

15. Smith, M.E.; Bazinet, R.P. Unraveling brain palmitic acid: Origin, levels and metabolic fate. Prog. Lipid Res. 2024, 96, 101300.
[CrossRef] [PubMed]

16. Ivankina, N.F.; Isay, S.V.; Busarova, N.G.; Mischenko, T. Prostaglandin-like activity, fatty acid and phospholipid composition
of sika deer (Cervus nippon) antlers at different growth stages. Comp. Biochem. Physiol. B Comp. Biochem. 1993, 106, 159–162.
[CrossRef] [PubMed]

17. He, Q.; Qu, M.; Shen, T.; Su, J.; Xu, Y.; Xu, C.; Barkat, M.Q.; Cai, J.; Zhu, H.; Zeng, L.H.; et al. Control of mitochondria-associated
endoplasmic reticulum membranes by protein S-palmitoylation: Novel therapeutic targets for neurodegenerative diseases. Ageing
Res. Rev. 2023, 87, 101920. [CrossRef] [PubMed]

18. Zhao, W.B.; Sheng, R. The correlation between mitochondria-associated endoplasmic reticulum membranes (MAMs) and Ca2+

transport in the pathogenesis of diseases. Acta Pharmacol. Sin. 2025, 46, 271–291. [CrossRef] [PubMed]
19. Doghman-Bouguerra, M.; Lalli, E. The ER-mitochondria couple: In life and death from steroidogenesis to tumorigenesis. Mol.

Cell. Endocrinol. 2017, 441, 176–184. [CrossRef] [PubMed]
20. Larrañaga-SanMiguel, A.; Bengoa-Vergniory, N.; Flores-Romero, H. Crosstalk between mitochondria-ER contact sites and the

apoptotic machinery as a novel health meter. Trends Cell Biol. 2025, 35, 33–45. [CrossRef] [PubMed]
21. Jiang, T.; Ruan, N.; Luo, P.; Wang, Q.; Wei, X.; Li, Y.; Dai, Y.; Lin, L.; Lv, J.; Liu, Y.; et al. Modulation of ER-mitochondria tethering

complex VAPB-PTPIP51: Novel therapeutic targets for aging-associated diseases. Ageing Res. Rev. 2024, 98, 102320. [CrossRef]
[PubMed]

22. Narendra, D.P.; Youle, R.J. The role of PINK1-Parkin in mitochondrial quality control. Nat. Cell Biol. 2024, 26, 1639–1651.
[CrossRef] [PubMed]

23. Fang, G.; Wen, X.; Jiang, Z.; Du, X.; Liu, R.; Zhang, C.; Huang, G.; Liao, W.; Zhang, Z. FUNDC1/PFKP-mediated mitophagy
induced by KD025 ameliorates cartilage degeneration in osteoarthritis. Mol. Ther. 2023, 31, 3594–3612. [CrossRef] [PubMed]

24. Ansari, M.M.; Suminda, G.G.D.; Khan, R.; Son, Y.O. Mitochondrial-ER stress crosstalk in osteoarthritis: From ageing-associated
chondrocyte dysfunction to emerging therapeutics. Ageing Res. Rev. 2026, 121, 103252. [CrossRef] [PubMed]

25. Tan, S.; Sun, Y.; Li, S.; Wu, H.; Ding, Y. The impact of mitochondrial dysfunction on osteoarthritis cartilage: Current insights and
emerging mitochondria-targeted therapies. Bone Res. 2025, 13, 77. [CrossRef] [PubMed]

26. Zhang, Q.; Zhang, Y.; Li, B.; Wang, C.; Yang, Z.; Guo, B.; Yue, Z. Melatonin promotes the proliferation and differentiation of antler
chondrocytes via RUNX2 dependent on the interaction between NOTCH1 and SHH signaling pathways. Cell Biol. Int. 2025, 49,
329–342. [CrossRef] [PubMed]

27. Guo, B.; Wang, S.T.; Duan, C.C.; Li, D.D.; Tian, X.C.; Wang, Q.Y.; Yue, Z.P. Effects of PTHrP on chondrocytes of sika deer antler.
Cell Tissue Res. 2013, 354, 451–460. [CrossRef] [PubMed]

28. Yu, H.F.; Yang, Z.Q.; Xu, M.Y.; Huang, J.C.; Yue, Z.P.; Guo, B. Yap is essential for uterine decidualization through Rrm2/GSH/ROS
pathway in response to Bmp2. Int. J. Biol. Sci. 2022, 18, 2261–2276. [CrossRef] [PubMed]

29. Vallese, F.; Catoni, C.; Cieri, D.; Barazzuol, L.; Ramirez, O.; Calore, V.; Bonora, M.; Giamogante, F.; Pinton, P.; Brini, M.; et al. An
expanded palette of improved SPLICS reporters detects multiple organelle contacts in vitro and in vivo. Nat. Commun. 2020, 11,
6069. [CrossRef] [PubMed]

30. Zhang, J.R.; Shen, S.Y.; Zhai, M.Y.; Shen, Z.Q.; Li, W.; Liang, L.F.; Yin, S.Y.; Han, Q.Q.; Li, B.; Zhang, Y.Q.; et al. Augmented
microglial endoplasmic reticulum-mitochondria contacts mediate depression-like behavior in mice induced by chronic social
defeat stress. Nat. Commun. 2024, 15, 5199. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15091108

https://doi.org/10.1111/cpr.12735
https://www.ncbi.nlm.nih.gov/pubmed/31797479
https://doi.org/10.1016/j.plipres.2021.101113
https://www.ncbi.nlm.nih.gov/pubmed/34217732
https://doi.org/10.1177/1947603513494401
https://www.ncbi.nlm.nih.gov/pubmed/26069676
https://doi.org/10.1016/j.joca.2015.02.927
https://doi.org/10.3389/fphys.2021.670753
https://www.ncbi.nlm.nih.gov/pubmed/34211401
https://doi.org/10.1016/j.joca.2017.05.011
https://www.ncbi.nlm.nih.gov/pubmed/28545881
https://doi.org/10.1042/BSR20181473
https://www.ncbi.nlm.nih.gov/pubmed/30674641
https://doi.org/10.1016/j.plipres.2024.101300
https://www.ncbi.nlm.nih.gov/pubmed/39222711
https://doi.org/10.1016/0305-0491(93)90022-w
https://www.ncbi.nlm.nih.gov/pubmed/8403846
https://doi.org/10.1016/j.arr.2023.101920
https://www.ncbi.nlm.nih.gov/pubmed/37004843
https://doi.org/10.1038/s41401-024-01359-9
https://www.ncbi.nlm.nih.gov/pubmed/39117969
https://doi.org/10.1016/j.mce.2016.08.050
https://www.ncbi.nlm.nih.gov/pubmed/27594532
https://doi.org/10.1016/j.tcb.2024.08.007
https://www.ncbi.nlm.nih.gov/pubmed/39379268
https://doi.org/10.1016/j.arr.2024.102320
https://www.ncbi.nlm.nih.gov/pubmed/38719161
https://doi.org/10.1038/s41556-024-01513-9
https://www.ncbi.nlm.nih.gov/pubmed/39358449
https://doi.org/10.1016/j.ymthe.2023.10.016
https://www.ncbi.nlm.nih.gov/pubmed/37838829
https://doi.org/10.1016/j.arr.2026.103252
https://www.ncbi.nlm.nih.gov/pubmed/42431012
https://doi.org/10.1038/s41413-025-00460-x
https://www.ncbi.nlm.nih.gov/pubmed/40887466
https://doi.org/10.1002/cbin.12272
https://www.ncbi.nlm.nih.gov/pubmed/39737592
https://doi.org/10.1007/s00441-013-1670-2
https://www.ncbi.nlm.nih.gov/pubmed/23824099
https://doi.org/10.7150/ijbs.67756
https://www.ncbi.nlm.nih.gov/pubmed/35414789
https://doi.org/10.1038/s41467-020-19892-6
https://www.ncbi.nlm.nih.gov/pubmed/33247103
https://doi.org/10.1038/s41467-024-49597-z
https://www.ncbi.nlm.nih.gov/pubmed/38890305
https://doi.org/10.3390/antiox15091108


Antioxidants 2026, 15, 1108 23 of 24

31. Gomez, L.; Thiebaut, P.A.; Paillard, M.; Ducreux, S.; Abrial, M.; Crola Da Silva, C.; Durand, A.; Alam, M.R.; Van Coppenolle, F.;
Sheu, S.S.; et al. The SR/ER-mitochondria calcium crosstalk is regulated by GSK3β during reperfusion injury. Cell Death Differ.
2016, 23, 313–322. [CrossRef] [PubMed]

32. Li, B.Y.; Yang, Z.Q.; Xing, Y.F.; Zhang, Q.L.; Wang, C.H.; Yue, Z.P.; Guo, B. YAP regulates the hypertrophy and apoptosis of antler
chondrocytes through maintaining calcium homeostasis and mitochondrial function. Cell. Signal. 2025, 136, 112137. [CrossRef]
[PubMed]

33. Ma, L.; Duan, C.C.; Yang, Z.Q.; Ding, J.L.; Liu, S.; Yue, Z.P.; Guo, B. Crosstalk between Activin A and Shh signaling contributes to
the proliferation and differentiation of antler chondrocytes. Bone 2019, 123, 176–188. [CrossRef] [PubMed]

34. Zack, S.R.; Alzoubi, O.; Satoeya, N.; Singh, K.P.; Deen, S.; Nijim, W.; Lewis, M.J.; Pitzalis, C.; Sweiss, N.; Ivashkiv, L.B.; et al.
Another Notch in the belt of rheumatoid arthritis. Arthritis Rheumatol. 2024, 76, 1475–1487. [CrossRef] [PubMed]

35. Li, J.; Akil, O.; Rouse, S.L.; McLaughlin, C.W.; Matthews, I.R.; Lustig, L.R.; Chan, D.K.; Sherr, E.H. Deletion of Tmtc4 activates the
unfolded protein response and causes postnatal hearing loss. J. Clin. Investig. 2018, 128, 5150–5162. [CrossRef] [PubMed]

36. D’Eletto, M.; Rossin, F.; Occhigrossi, L.; Farrace, M.G.; Faccenda, D.; Desai, R.; Marchi, S.; Refolo, G.; Falasca, L.; Antonioli, M.;
et al. Transglutaminase type 2 regulates ER-mitochondria contact sites by interacting with GRP75. Cell Rep. 2018, 25, 3573–3581.e4.
[CrossRef] [PubMed]

37. Zhang, Y.; Liu, R.B.; Cao, Q.; Fan, K.Q.; Huang, L.J.; Yu, J.S.; Gao, Z.J.; Huang, T.; Zhong, J.Y.; Mao, X.T.; et al. USP16-mediated
deubiquitination of calcineurin A controls peripheral T cell maintenance. J. Clin. Investig. 2019, 129, 2856–2871. [CrossRef]
[PubMed]

38. Murphy, E.; Steenbergen, C. Regulation of mitochondrial Ca2+ uptake. Annu. Rev. Physiol. 2021, 83, 107–126. [CrossRef] [PubMed]
39. Huang, J.C.; Duan, C.C.; Jin, S.; Sheng, C.B.; Wang, Y.S.; Yue, Z.P.; Guo, B. HB-EGF induces mitochondrial dysfunction via

estrogen hypersecretion in granulosa cells dependent on cAMP-PKA-JNK/ERK-Ca2+-FOXO1 pathway. Int. J. Biol. Sci. 2022, 18,
2047–2059. [CrossRef] [PubMed]

40. Dai, Y.; Guo, Y.; Tang, W.; Chen, D.; Xue, L.; Chen, Y.; Guo, Y.; Wei, S.; Wu, M.; Dai, J.; et al. Reactive oxygen species-scavenging
nanomaterials for the prevention and treatment of age-related diseases. J. Nanobiotechnol. 2024, 22, 252. [CrossRef] [PubMed]

41. Bonora, M.; Giorgi, C.; Pinton, P. Molecular mechanisms and consequences of mitochondrial permeability transition. Nat. Rev.
Mol. Cell Biol. 2022, 23, 266–285. [CrossRef] [PubMed]

42. Yuan, J.; Guo, L.; Wang, J.; Zhou, Z.; Wu, C. α-parvin controls chondrocyte column formation and regulates long bone
development. Bone Res. 2023, 11, 46. [CrossRef] [PubMed]

43. Sekar, S.; Shafie, S.R.; Prasadam, I.; Crawford, R.; Panchal, S.K.; Brown, L.; Xiao, Y. Saturated fatty acids induce development of
both metabolic syndrome and osteoarthritis in rats. Sci. Rep. 2017, 7, 46457. [CrossRef] [PubMed]

44. Mead, T.J.; Yutzey, K.E. Notch pathway regulation of chondrocyte differentiation and proliferation during appendicular and axial
skeleton development. Proc. Natl. Acad. Sci. USA 2009, 106, 14420–14425. [CrossRef] [PubMed]

45. Malecki, M.J.; Sanchez-Irizarry, C.; Mitchell, J.L.; Histen, G.; Xu, M.L.; Aster, J.C.; Blacklow, S.C. Leukemia-associated mutations
within the NOTCH1 heterodimerization domain fall into at least two distinct mechanistic classes. Mol. Cell. Biol. 2006, 26,
4642–4651. [CrossRef] [PubMed]

46. Gordon, W.R.; Roy, M.; Vardar-Ulu, D.; Garfinkel, M.; Mansour, M.R.; Aster, J.C.; Blacklow, S.C. Structure of the Notch1-negative
regulatory region: Implications for normal activation and pathogenic signaling in T-ALL. Blood J. Am. Soc. Hematol. 2009, 113,
4381–4390. [CrossRef] [PubMed]

47. Cartes-Saavedra, B.; Ghosh, A.; Hajnóczky, G. The roles of mitochondria in global and local intracellular calcium signalling. Nat.
Rev. Mol. Cell Biol. 2025, 26, 456–475. [CrossRef] [PubMed]

48. Szabadkai, G.; Bianchi, K.; Várnai, P.; De Stefani, D.; Wieckowski, M.R.; Cavagna, D.; Nagy, A.I.; Balla, T.; Rizzuto, R. Chaperone-
mediated coupling of endoplasmic reticulum and mitochondrial Ca2+ channels. J. Cell Biol. 2006, 175, 901–911. [CrossRef]
[PubMed]

49. Shao, Y.; Zhang, H.; Guan, H.; Wu, C.; Qi, W.; Yang, L.; Yin, J.; Zhang, H.; Liu, L.; Lu, Y.; et al. PDZK1 protects against
mechanical overload-induced chondrocyte senescence and osteoarthritis by targeting mitochondrial function. Bone Res. 2024, 12,
41. [CrossRef] [PubMed]

50. Jiang, W.; Liu, H.; Wan, R.; Wu, Y.; Shi, Z.; Huang, W. Mechanisms linking mitochondrial mechanotransduction and chondrocyte
biology in the pathogenesis of osteoarthritis. Ageing Res. Rev. 2021, 67, 101315. [CrossRef] [PubMed]

51. Win, S.; Than, T.A.; Le, B.H.A.; García-Ruiz, C.; Fernandez-Checa, J.C.; Kaplowitz, N. Sab (Sh3bp5) dependence of JNK mediated
inhibition of mitochondrial respiration in palmitic acid induced hepatocyte lipotoxicity. J. Hepatol. 2015, 62, 1367–1374. [CrossRef]
[PubMed]

52. Yamamoto, T.; Takabatake, Y.; Takahashi, A.; Kimura, T.; Namba, T.; Matsuda, J.; Minami, S.; Kaimori, J.Y.; Matsui, I.; Matsusaka,
T.; et al. High-fat diet-induced lysosomal dysfunction and impaired autophagic flux contribute to lipotoxicity in the kidney. J. Am.
Soc. Nephrol. 2017, 28, 1534–1551. [CrossRef] [PubMed]

https://doi.org/10.3390/antiox15091108

https://doi.org/10.1038/cdd.2015.101
https://www.ncbi.nlm.nih.gov/pubmed/26206086
https://doi.org/10.1016/j.cellsig.2025.112137
https://www.ncbi.nlm.nih.gov/pubmed/40957486
https://doi.org/10.1016/j.bone.2019.03.036
https://www.ncbi.nlm.nih.gov/pubmed/30928640
https://doi.org/10.1002/art.42937
https://www.ncbi.nlm.nih.gov/pubmed/38961731
https://doi.org/10.1172/JCI97498
https://www.ncbi.nlm.nih.gov/pubmed/30188326
https://doi.org/10.1016/j.celrep.2018.11.094
https://www.ncbi.nlm.nih.gov/pubmed/30590033
https://doi.org/10.1172/JCI123801
https://www.ncbi.nlm.nih.gov/pubmed/31135381
https://doi.org/10.1146/annurev-physiol-031920-092419
https://www.ncbi.nlm.nih.gov/pubmed/33141632
https://doi.org/10.7150/ijbs.69343
https://www.ncbi.nlm.nih.gov/pubmed/35342363
https://doi.org/10.1186/s12951-024-02501-9
https://www.ncbi.nlm.nih.gov/pubmed/38750509
https://doi.org/10.1038/s41580-021-00433-y
https://www.ncbi.nlm.nih.gov/pubmed/34880425
https://doi.org/10.1038/s41413-023-00284-7
https://www.ncbi.nlm.nih.gov/pubmed/37607905
https://doi.org/10.1038/srep46457
https://www.ncbi.nlm.nih.gov/pubmed/28418007
https://doi.org/10.1073/pnas.0902306106
https://www.ncbi.nlm.nih.gov/pubmed/19590010
https://doi.org/10.1128/MCB.01655-05
https://www.ncbi.nlm.nih.gov/pubmed/16738328
https://doi.org/10.1182/blood-2008-08-174748
https://www.ncbi.nlm.nih.gov/pubmed/19075186
https://doi.org/10.1038/s41580-024-00820-1
https://www.ncbi.nlm.nih.gov/pubmed/39870977
https://doi.org/10.1083/jcb.200608073
https://www.ncbi.nlm.nih.gov/pubmed/17178908
https://doi.org/10.1038/s41413-024-00344-6
https://www.ncbi.nlm.nih.gov/pubmed/39019845
https://doi.org/10.1016/j.arr.2021.101315
https://www.ncbi.nlm.nih.gov/pubmed/33684550
https://doi.org/10.1016/j.jhep.2015.01.032
https://www.ncbi.nlm.nih.gov/pubmed/25666017
https://doi.org/10.1681/ASN.2016070731
https://www.ncbi.nlm.nih.gov/pubmed/27932476
https://doi.org/10.3390/antiox15091108


Antioxidants 2026, 15, 1108 24 of 24

53. Inigo, J.R.; Chandra, D. The mitochondrial unfolded protein response (UPRmt): Shielding against toxicity to mitochondria in
cancer. J. Hematol. Oncol. 2022, 15, 98. [CrossRef] [PubMed]

54. Morita, K.; Miyamoto, T.; Fujita, N.; Kubota, Y.; Ito, K.; Takubo, K.; Miyamoto, K.; Ninomiya, K.; Suzuki, T.; Iwasaki, R.; et al.
Reactive oxygen species induce chondrocyte hypertrophy in endochondral ossification. J. Exp. Med. 2007, 204, 1613–1623.
[CrossRef] [PubMed]

55. Deng, C.; Zhou, Q.; Zhang, M.; Li, T.; Chen, H.; Xu, C.; Feng, Q.; Wang, X.; Yin, F.; Cheng, Y.; et al. Bioceramic scaffolds with
antioxidative functions for ROS scavenging and osteochondral regeneration. Adv. Sci. 2022, 9, e2105727. [CrossRef] [PubMed]

56. Li, S.; Han, J.; Cao, J.; Han, H.; Lu, B.; Wen, T.; Bian, W. ADORA2B, transcriptionally suppressing by MYC, promotes ferroptosis of
chondrocytes via inhibition of the PI3K/Akt pathway in mice with osteoarthritis. Environ. Toxicol. 2024, 39, 2487–2501. [CrossRef]
[PubMed]

57. Peng, G.; Li, L.; Liu, Y.; Pu, J.; Zhang, S.; Yu, J.; Zhao, J.; Liu, P. Oleate blocks palmitate-induced abnormal lipid distribution,
endoplasmic reticulum expansion and stress, and insulin resistance in skeletal muscle. Endocrinology 2011, 152, 2206–2218.
[CrossRef] [PubMed]

58. Ryu, G.; Ko, M.; Lee, S.; Park, S.I.; Choi, J.W.; Lee, J.Y.; Kim, J.Y.; Kwon, H.J. Urolithin A protects hepatocytes from palmitic
acid-induced ER stress by regulating calcium homeostasis in the MAM. Biomolecules 2024, 14, 1505. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/antiox15091108

https://doi.org/10.1186/s13045-022-01317-0
https://www.ncbi.nlm.nih.gov/pubmed/35864539
https://doi.org/10.1084/jem.20062525
https://www.ncbi.nlm.nih.gov/pubmed/17576777
https://doi.org/10.1002/advs.202105727
https://www.ncbi.nlm.nih.gov/pubmed/35182053
https://doi.org/10.1002/tox.24131
https://www.ncbi.nlm.nih.gov/pubmed/38174997
https://doi.org/10.1210/en.2010-1369
https://www.ncbi.nlm.nih.gov/pubmed/21505048
https://doi.org/10.3390/biom14121505
https://www.ncbi.nlm.nih.gov/pubmed/39766212
https://doi.org/10.3390/antiox15091108

	Introduction 
	Materials and Methods 
	Antler Collection and Chondrocyte Treatment 
	In Situ Hybridization 
	Construction and Transfection of Overexpression Plasmid 
	RNA Interference 
	Transcriptome Sequencing (RNA-Seq) 
	Real-Time PCR 
	Western Blotting 
	Cell Apoptosis 
	Cell Proliferation 
	Cell Viability Analysis 
	Transmission Electron Microscopy (TEM) 
	Analysis of MAMs 
	Measure of Mitochondrial Ca2+ 
	Sequence Alignment and Molecular Docking 
	Analysis of Binding Between PA and NOTCH1 
	KEGG and GO Analysis 
	Analysis of Cytosolic Ca2+ 
	Measurement of ER Ca2+ 
	Measurement of ATP Content 
	Measurement of mPTP 
	Intracellular and Mitochondrial ROS Detection 
	Measurement of SOD2 Activity 
	Analysis of Mitochondrial Morphology 
	Analysis of Mitochondrial Redox Potential 
	Measurement of Mitochondrial Membrane Potential 
	Measurement of Lipid Peroxidation 
	Chromatin Immunoprecipitation (ChIP) 
	Plasmid Construction and Site-Directed Mutagenesis 
	Dual Luciferase Analysis 
	Detection of Mitophagosomes 
	Measurement of Mitophagy Flux 
	Colocalization Analysis of Mitochondria and Lysosomes 
	Measurement of Lysosomal Acidification 
	Statistical Analysis 

	Results 
	Effects of PA on the Hypertrophy, Proliferation and Apoptosis of Antler Chondrocytes 
	PA Activated NOTCH1 Signaling to Control the Hypertrophy, Proliferation and Apoptosis of Antler Chondrocytes 
	PA Restricted the Uptake of ER Ca2+ and Enhanced Cytosolic Ca2+ Levels via RBPJ-Targeted TMTC4 
	PA Disrupted MAM Function Through Ca2+-Mediated PPP3CB-NFATC2 Pathway with TGM2 Involvement 
	PA Induced Mitochondrial Dysfunction by Reducing Mitochondrial Ca2+ Content Through MAM Disruption 
	PA Inhibited Mitophagy via Ca2+-Mediated PPP3CB-NFATC2 Pathway 
	PA Facilitated Lipid Peroxidation by Inducing Leakage of mtROS into Cytosol Through mPTP Opening 

	Discussion 
	References

