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ABSTRACT: This study investigated the role of α-melanocyte-stimulating hormone (α-MSH) signaling in 

modulating sex-specific and inflammatory processes in aging related osteoarthritis (OA) models in vitro and in 

vivo. We aimed to determine if α-MSH elicits sex-dependent molecular effects on doxorubicin-induced 

senescence in OA and non-OA human chondrocytes in vitro, and to examine analogous sex-specific differences 

in senescence and inflammation in wild-type (WT) versus melanocortin receptor 1 (MC1R) signaling–deficient 

(MC1Re/e) mice during aging. In vitro, human articular chondrocytes (hCh) from OA- and non-OA donors were 

subjected to doxorubicin-induced senescence and treated with Nle4-D-Phe7 (NDP)-α-MSH. Senescence markers 

(senescence‑associated β‑galactosidase (SA-β-gal), CDKN2A, CDKN1A), oxidative stress (reactive oxygen-, 

nitrogen species (ROS/RNS)), metabolic activity, secretion of matrix metalloproteinases (MMPs) and pro-

inflammatory cytokine IL-6 were assessed. In parallel, in in vivo experiments, knee joint chondrocyte MC1R 

expression and apoptosis, as well as subchondral bone architecture, and synovial immune cell populations were 

analyzed in male and female WT and MC1Re/e mice aged up to 18 months.  NDP-α-MSH partly mitigated 

doxorubicin-induced senescence markers and significantly reduced ROS/RNS levels in hCh. Effects were sex-

specific and different between OA- and non-OA hCh in vitro. NDP-α-MSH also attenuated the secretion of pro-

inflammatory IL-6 without affecting MMP secretion. In vivo, MC1R signaling deficiency in mice exacerbated 

spontaneous age-related processes in a sex-dependent manner, particularly in female mice, and influenced 

subchondral bone parameters and synovial immune cell profiles. α-MSH signaling plays a protective role during 

joint aging and OA associated cartilage and subchondral bone alterations by mitigating senescence, oxidative 

stress, and inflammation, with notable sex-specific differences. These findings emphasize the need for 

personalized and sex-based approaches and identify the α-MSH – MC1R axis as a potential therapeutic target 

for age-related disease-modifying interventions in OA.  
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INTRODUCTION 

 

Aging is a multifactorial process marked by genomic 

instability, telomere shortening, epigenetic alterations, 

mitochondrial dysfunction, and altered intercellular 

communication. Senescent cells accumulate with age, 

defined by consistent cell-cycle arrest, enlarged 

morphology, and senescence‑associated β‑galactosidase 

(SA-β-gal) expression. Triggered by DNA damage and 

stress pathways, they remain metabolically active and 

adopt a senescence-associated secretory phenotype 

(SASP) rich in cytokines, chemokines, growth factors, 

and MMPs, which propagate senescence, drive 

inflammation, and promote matrix degradation. This 

secretory profile spreads senescence to neighboring cells 

and promotes chronic inflammation and extracellular 

matrix degradation, contributing to “inflammaging” [1–

3].  

Accumulation of senescent cells and SASP factors 

causes tissue deterioration and predisposes to age‑related 

diseases such as osteoarthritis (OA). Senolytic strategies 

aim to selectively eliminate senescent cells or attenuate 

the SASP. Although seno-therapies have demonstrated 

promising effects in preclinical OA models, heterogeneity 

among senescent cells and concerns about long‑term 

efficacy and safety highlight the need for careful 

translation [4]. 

OA is a heterogeneous, whole-joint disease affecting 

all joint tissues. Its pathology is driven by mechanical 

stress, metabolic and inflammatory factors, with age-

related changes such as matrix stiffening, mitochondrial 

dysfunction, senescent chondrocytes, reactive oxygen 

species (ROS) production, cytokine release, and impaired 

autophagy contributing to degeneration. Shortly, OA 

develops through an interplay of mechanical stress, 

inflammatory and metabolic factors [5,6]. OA risks rise 

with age particularly in females, with women over 55 

(around the menopause) experiencing higher prevalence, 

severity, and pain, partly linked to hormonal influences 

[7], obesity, joint anatomy and muscle strength [8,9]. 

Segal et al. found that 60% of subjects affected by OA 

were women, and that their perception of pain and 

radiological severity were higher compared to men. These 

findings correlated with the greater limitations of physical 

function and the increased need of analgesics in women, 

underscoring the need to integrate sex and gender in OA 

research and treatment [8]. 

Despite growing understanding of OA biology, 

treatments remain largely symptomatic – non‑steroidal, 

anti‑inflammatory drugs and corticosteroids relieve pain 

but do not halt structural damage. Joint replacement 

remains the ultimate remedy for the disease in its 

end‑stage. The lack of disease‑modifying OA drugs 

(DMOADs) underscores the need to explore novel 

therapeutic targets based on the biology of senescence and 

inflammation [9,10]. 

The melanocortin system comprises five G 

protein‑coupled receptors (MC1R – MC5R), peptide 

agonists derived from proopiomelanocortin (POMC) – 

adrenocorticotropic hormone (ACTH), α‑, β‑ and 

γ‑melanocyte‑stimulating hormones (MSHs) – and 

endogenous antagonists (agouti and agouti‑related 

protein) [11]. Traditionally linked to pigmentation, 

melanocortin signaling also regulates energy balance, 

stress responses, and inflammation processes [12]. 

POMC‑derived peptides, including ACTH and α‑MSH 

are present in the synovial fluid, and ACTH plays a role 

in the differentiation of mesenchymal cells and regulation 

of bone mass among others. Moreover, MC1-5R are 

expressed in synovium, articular cartilage and bone [13]. 

This local expression suggests that melanocortin peptides 

can act in an autocrine/paracrine manner to regulate bone 

mineralization, cell proliferation and differentiation, 

extracellular matrix synthesis and immune responses in 

joint tissues.  

Human articular chondrocytes (hCh) express MC1R, 

MC2R, and MC5R, and cartilage is recognized as a direct 

target of POMC-derived peptides [13]. Stimulation with 

α‑MSH increases intracellular cyclic (c)AMP levels and 

alters mRNA- and protein expression of 

pro‑inflammatory cytokines, collagens and MMPs, 

suggesting that hCh are important targets for 

melanocortin signaling [14]. α‑MSH and ACTH reduce 

cytokine production, inhibit NF‑κB‑dependent 

transcription, and modulate leukocyte trafficking [15]. In 

joint tissues, α‑MSH decreases synthesis of IL‑6, IL‑8 and 

MMP‑1/‑3 and promotes hCh homeostasis by increasing 

tissue inhibitor of metalloproteinases 3 (TIMP‑3) 

expression. These actions align with the need to suppress 

synovitis and catabolic remodeling in OA. Besides, 

melanocortin pathways mediate female-specific effects 

on pain and κ-opiod related analgesia [16], supported by 

the known interactions between the melanocortin system, 

energy metabolism and reproductive hormones. 

In 1993, Robbins et al. identified the MC1R gene as 

the murine extension locus, showing that the recessive 

yellow (e) allele produces a truncated, non-signaling 

receptor [17–19]. C57BL/6 mice homozygous for this 

allele (MC1Re/e) lack functional signaling, have less 

cartilage, and upon OA induction by surgical medial 

meniscus destabilization, develop more severe cartilage 

erosion, osteophytes, and increased subchondral bone 

mass. 

Overall, these data indicate that MC1R signaling is 

essential for preserving cartilage matrix integrity and 

limiting OA progression.  

Therefore, we ask if sex-specific and age-related 

changes in melanocortin signaling shed light on 
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differences between male and females in aging and allows 

us to establish a basis for POMC/MSH-related, sex-

specific therapies in age-associated diseases such as OA. 

 

MATERIALS AND METHODS 

 

Human samples 

 

Human articular cartilage explants were obtained from 

knee joints of OA-patients after total knee replacement 

surgery (Asklepiosklinikum, Bad Abbach, Germany) and 

from healthy individuals through cadaveric donations of 

femoral condyles (OHSU, Portland, OR, USA), using 

leftover sections of clinically certified, pristine cartilage 

from osteochondral allografts. The use of human tissue 

was approved by the ethics committee at the University of 

Regensburg (ethics vote: 22-2915_1-101, 

ethikkommission@ur.de) (Supplementary Table 1). 

Chondrocytes (hCh) were isolated as published 

previously [20]. They were cultivated using Dulbecco's 

Modified Eagle Medium (DMEM, Sigma-Aldrich, St. 

Louis, MO, USA) supplemented with 10% fetal bovine 

serum (FBS, Sigma-Aldrich, St. Louis, MO, USA) and 

1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, 

MO, USA) at 37 °C, 5% CO2 and 95% humidity. 

Experimental setup was performed as shown in 

Supplementary Fig. 1. From the start of the experiment 

(day –1), hCh were cultured in chondrogenic medium 

containing DMEM high glucose (4.5 g/L, 1% pen/strep), 

recombinant human TGF-β3 (10 ng/mL, Sigma-Aldrich, 

St. Louis, MO, USA), dexamethasone (0.1 µM, Sigma-

Aldrich, St. Louis, MO, USA), freshly prepared 

ascorbate-2-phosphate (50 µg/mL, Sigma-Aldrich, St. 

Louis, MO, USA), proline (40 µg/mL, Sigma-Aldrich, St. 

Louis, MO, USA), sodium pyruvate (110 µg/mL, Sigma-

Aldrich, St. Louis, MO, USA), and ITS+ Premix 

Universal Culture Supplement (Omnilab, Bremen, 

Germany). hCh were subjected to the following treatment 

regimen: pre-treatment with NDP-α-MSH (1 µM, Tocris 

(Bio-Techne), Minneapolis, MN, USA, day 0), induction 

of senescence with doxorubicin (1 µM, Sigma-Aldrich, 

St. Louis, MO, USA, day 1), a second NDP-α-MSH 

treatment (1 µM, day 4), and subsequent in vitro analyses 

at day 7 (Supplementary Fig. 1). For all experiments, 

NDP-α-MSH, a synthetic analogue of α-MSH with 

enhanced potency and enzymatic stability, was used to 

provide a longer-lasting agonist effect compared to native 

α-MSH (21). For all experiments, chondrocytes at passage 

1 and 2 were used.  

 

Animals 

 

Male and female Wild-type (WT) C57Bl/6J mice - 

serving as control animals - were purchased from Charles 

River Laboratories (Sulzfeld, Germany) at an age of 8 – 

10 weeks and maintained under standard housing 

conditions, including a 12-hour light/dark cycle. Male and 

female MC1Re/e mice [17] were bred inhouse and 

maintained under the same standard housing conditions. 

Mice were euthanized at 6, 12 and 18 months. Food and 

water were available to all mice ad libitum. 

 

RNA extraction and quantitative RT-PCR 

 

Total RNA was extracted from hCh using the RNeasy 

Mini Kit (Qiagen, Venlo, The Netherlands, Cat. No. 

74104) according to the manufacturer’s protocol. RNA 

quality and integrity was assessed by a Bioanalyzer 

(Agilent, Santa Clara, CA, USA). Equal amounts of RNA 

were used for reverse transcription across all samples to 

ensure standardized cDNA synthesis, which was 

performed using the AffinityScript QPCR cDNA 

Synthesis Kit (Agilent Technologies, Waldbronn, 

Germany) following the manufacturer’s protocol. 

Quantitative real-time PCR (qRT-PCR) was performed 

using Brilliant III Ultra-Fast SYBR QPCR (Agilent 

Technologies, Waldbronn, Germany) on an MX3005P 

QPCR System (Agilent, Santa Clara, CA, USA). Cycling 

conditions were as follows: initial denaturation at 95°C 

for 2 min, followed by 40 cycles of denaturation at 95°C 

for 5 s and annealing/extension at 60°C for 10 s. Relative 

gene expression levels were calculated using the ΔΔCt 

method and normalized to HPRT1, TFRC and GAPDH as 

internal reference genes (Supplementary Table 2). All 

qRT-PCR reactions were carried out in triplicates. 

 

MC1R gene sequencing 

 

Sequencing of the MC1R gene was performed using the 

Taqman SNP genotyping assay (ThermoFisher, Waltham, 

MA, USA). Each MC1R SNP was generated via the 

custom design tool. For the analysis of MC1R variants, 15 

ng of DNA was used. Published MC1R variants are: 

p.V60L (rs1805005), p.D84E (rs1805006), p.V92M 

(rs2228479), p.R142H (rs11547464), p.R151C (rs180 

5007), p.I155T (rs1110400), p.R163Q (rs885479), T314T 

(rs2228478) [22]. Mutant receptors with reduced cell 

surface expression and impairment in cAMP coupling 

(loss-of-function) are: V60L, D84E, R151C, I155T, 

R160W, R163Q [23]. Analyses of MC1R variants were 

performed according to the manufacturer’s protocol using 

the following RT-PCR program: 1 × 95˚C/10 min; 40 × 

92˚C/15 sec; 60˚C/60 sec; 4˚C/ cool down. 

 

Cellular senescence – SA-ß-galactosidase assay 

 

Senescence was assessed using a fluorometric SA-β-

galactosidase assay (Cellular Senescence Assay Kit, 
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#CBA231, Cell Biolabs Inc.), which measures SA-β-gal 

activity in cell lysates and allows normalization across 

samples with varying cell numbers, according to the 

manufacturer’s instructions. Fluorescence was measured 

with 360 nm excitation and 465 nm emission using ELISA 

Reader SpectraMax iD3 (Molecular Devices, Sunnyvale, 

CA, USA). 

 

Reactive oxygen (ROS) and reactive nitrogen species 

(RNS) 

 

Reactive oxygen/nitrogen species (ROS/RNS) levels 

were determined using the OxiSelect™ In Vitro ROS/RNS 

Assay Kit (Green Fluorescence; Hölzel Diagnostika, 

Köln, Germany) according to the manufacturer’s 

protocol. Collected supernatants were stored at –80°C 

until use and diluted 1:7 in medium. Samples were 

centrifuged at 10,000xg for 5 min at 4°C prior to the assay. 

Fluorescence was measured using ELISA Reader 

SpectraMax iD3 (Molecular Devices, Sunnyvale, CA, 

USA). 

 

Mitochondral dehydrogenase activity 

 

Mitochondral dehydrogenase activity was assessed using 

the WST-1 Assay Kit (Abcam, Cambridge, UK; 

#ab65473) following the manufacturer’s instructions. 

Briefly, 1x104 cells were seeded in 100 µl F-12 medium 

without FCS in transparent 96-well plates (n=3). 

Subsequently, 10 µl of WST-1 reagent was added to each 

well, and the plates were incubated under standard culture 

conditions. After 1 h, absorbance was measured at 460 nm 

with a reference wavelength of 690 nm using ELISA 

Reader SpectraMax iD3 (Molecular Devices, Sunnyvale, 

CA, USA). 

 

Metabolic activity/cell viability  

 

Metabolic activity/cell viability was assessed using the 

CellTiter-Glo® Luminescent Cell Viability Assay 

(Promega, Madison, WI, USA; #G7570) according to the 

manufacturer’s protocol with minor modifications. 

Briefly, 1x104 cells were resuspended in 50 µl PBS 

(equivalent to 50,000 cells in 250 µl) and transferred into 

assay wells (n=3). An equal volume (50 µl) of CellTiter-

Glo® reagent was added, and the samples were mixed on 

an orbital shaker for 2 min to ensure cell lysis. After 

incubation for 10 min at room temperature, luminescence 

was measured using ELISA Reader SpectraMax iD3 

(Molecular Devices, Sunnyvale, CA, USA). 

 

Luminex multiplex ELISA 

 

Chondrocytes were cultivated and treated as previously 

described. Following incubation, supernatants were 

collected, analyzed, and stored at -80°C for long-term 

preservation. Luminex multiplex-ELISA of different 

proteins (Supplementary Table 3) was performed with 

cell supernatants (undiluted) using Bio-Plex 200 system 

with HTF (#171000205, Bio-Rad Laboratories, Hercules, 

CA, USA). The assays were performed according to the 

manufacturers’ protocol. 

 

Histology and immunohistochemistry of joint tissues 

 

Following dissection, knee joints were fixed for 24 h in 

4% paraformaldehyde/PBS and decalcified for 8 weeks in 

20% EDTA (pH 7.4). After embedding in paraffin, 6 μm 

frontal sections were cut using a microtome. To assess 

cartilage deterioration, 12 sections (six adjacent pairs at 

intervals of 60–90 μm) were deparaffinized, rehydrated, 

and stained using Safranin O, Weigert's iron hematoxylin, 

and Fast Green. Two independent investigators, blinded 

to experimental conditions, evaluated the sections 

according to modified OARSI guidelines [24]. 

Immunhistochemistry was performed as published 

previously [25] with a polyclonal anti-MC1R antibody 

(final concentration 18 µg/ml, Origene Technologies, 

Rockville, MD, USA, #TA321479). TUNEL staining was 

performed using Click-iT Plus TUNEL Assay Alexa Fluor 

647 (ThermoFisher, Waltham, MA, USA, #C10247), 

following the manufacturer's protocol. Digital images 

were captured using a BZ-X810 microscope (KEYENCE 

Deutschland GmbH, Neu-Isenburg, Germany) at 10x 

magnification. Mean OARSI scores from lateral and 

medial femoral condyles and tibial plateaus were 

calculated. MC1R- and TUNEL-positive cells were 

counted using QuPath open-source software [26]. 

Representative images were selected from the 

experimental group that best exemplified the median 

quantitative result for that group (Supplementary Fig. 2, 

3). 

To verify antibody specificity, isotype-matched 

controls, secondary antibody-only controls, and tissue 

sections known to be positive or negative for the 

respective targets were included in all immunostainings. 

 

FACS analyses of synovial membranes 

 

Synovial tissue pooled from 4 to 5 mice, aged 6 and 18 

months, was finely minced and subjected to enzymatic 

digestion using Liberase TL (1 U/mL) for 60 min at 37 

°C. The suspension was filtered through a 70–75 µm 

mesh, centrifuged at 300xg for 10 min, and resuspended 

in autoMACS® Running Buffer [27]. 

For surface staining, 2 μL of each fluorochrome-

conjugated antibody was added to 100 μL of the cell 
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suspension in staining buffer. Viobility™ Fixable Dye 

(Miltenyi, 130-130-421) was used as a live/dead 

discriminator according to the manufacturer's 

instructions. Samples were incubated for 10 min at 4°C in 

the dark, diluted with 1 mL autoMACS buffer, 

centrifuged at 300xg for 10 min, and resuspended in 100 

μL fresh autoMACS buffer. For intracellular staining (T-

cell panel), surface-stained cells were fixed with Fixation 

Buffer from FoxP3 Staining Buffer Set (Miltenyi, 130-

093-142) for 30 min at 4°C, washed, and permeabilized 

with Permeabilization Buffer for 10 min at 4°C. Cells 

were stained with antibodies against IL-17A, IL-4, CD25, 

and FoxP3 (2 μL each) for 30 min at 4°C in the dark, 

washed with autoMACS buffer, centrifuged, and 

resuspended for acquisition. Data were acquired using 

MACSQuant® 16 (Miltenyi Biotec) with standard 

compensation. Gating was performed sequentially on 

total cells → singlets → live cells, followed by lineage-

specific analyses (Supp. Fig. 8). For lymphoid analyses, 

CD3⁺ cells were gated as total T cells, with CD3⁺CD4⁺ 

cells defined as helper T cells and CD3⁺CD8⁺ cells as 

cytotoxic T cells. For myeloid analyses, gates were first 

restricted to non-lymphoid live singlets, after which 

CD11b⁺ cells were identified as the total myeloid 

compartment. Within this population, neutrophils were 

defined as CD11b⁺Ly6G⁺, and tissue macrophages as 

CD11b⁺F4/80⁺Ly6C^low, using Ly6C expression to 

distinguish macrophages from Ly6C^high monocytes. All 

flow cytometry data were analyzed in FlowJo (BD), and 

cell frequencies are reported as proportions of the 

respective live-cell parent gates [27]. 

 

Nano-CT analysis of bone 

 

The nano-CT analysis procedures employed in this study 

closely align with those outlined in our previous research 

[28–31]. Knee joints were harvested at 12 and 18 months 

and initially fixed in 4% paraformaldehyde (PFA) for 24 

h. After fixation, the samples were preserved at 4°C in a 

70% ethanol solution. 

For imaging, the knee joints were scanned using a 

Scanco μCT 50 system (Scanco Medical, Brüttisellen, 

Switzerland) under ambient air conditions. The scanning 

parameters consisted of a source voltage of 90 kVp and a 

current of 88 μA. To mitigate beam hardening artifacts, a 

0.50-mm aluminum filter was utilized. Each scan was 

performed with an isotropic voxel size of 6.8 μm and an 

integration time of 1000 ms, facilitating the generation of 

three-dimensional overviews of the femorotibial joint. 

This allowed for the evaluation of topographical 

modifications in the subarticular and epiphyseal region. 

Image reconstruction was executed using Scanco's 

OpenVMS software. 

Bone morphometric indices were analyzed within 

two predefined volumes of interest (VOIs). The first VOI 

targeted the subarticular region, encompassing a 1.2 mm³ 

area located 300 mm distal to the epiphyseal line, which 

was assessed for subarticular trabecular morphometry. 

The second VOI comprised an approximately 0.2 mm³ 

region within the medial epiphysis, positioned between 

the inferior boundary of the subchondral bone plate and 

the epiphyseal line. In both VOIs, optimized threshold 

values for Scanco’s OpenVMS software were applied 

(lower threshold: 685.3 mg HA/cm³, upper threshold: 

3000 mg HA/cm³, Gauss Sigma: 0.8, Gauss Support: 1). 

Manual contouring was conducted while excluding the 

endocortical surface, in accordance with established 

guidelines. 

Subchondral bone plate thickness was quantified 

using ImageJ software in three equidistant coronal cross-

sections of the joint. The results for each condyle were 

presented as the mean ± SEM of 60 measurement points 

across the three coronal sections. 

To analyze tibial plateau morphology, the lengths of 

the lateral and medial condyles were measured. These 

were defined as the distances from the condylar center 

near the trochlear groove to the respective lateral or 

medial prominence. 

 

Mendelian randomization (MR) analysis 

 

We conducted two-sample MR analyses to explore the 

causal effects of the MC1R gene on the risk of OA as 

published previously [32]. Single-nucleotide 

polymorphisms (SNPs)identified as cis-eQTLs for MC1R 

were extracted from the GTEx v8 European-ancestry 

eQTL database. Linkage disequilibrium (LD) clumping 

was applied (window size = 100 kb, r² < 0.3), and variants 

with a minor allele frequency (MAF) ≤ 0.01 were 

excluded. In this analysis, MC1R gene expression served 

as the exposure, whereas knee OA served as the outcome. 

Harmonized exposure and outcome datasets were 

analyzed using the Wald ratio method to estimate the 

causal effects, as each exposure ultimately retained only a 

single valid instrumental variable. All MR analyses were 

performed using the TwoSampleMR R package (v0.5.6). 

To further assess the robustness of the findings and 

determine whether the observed associations may be 

attributable to linkage rather than a true causal 

relationship, additional sensitivity analyses were 

performed using the Summary-data–based Mendelian 

Randomization (SMR) framework together with the 

HEIDI (Heterogeneity in Dependent Instruments) test 

(https://yanglab.westlake.edu.cn/smr-portal/). Detailed 

information regarding the data sources, instrumental 

variable characteristics, and sensitivity analyses is 

provided in the Supplementary Table 4a-c. 
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Statistical analysis 

 

Data analysis and graphical representation were 

performed using GraphPad Prism version 10.5.0 (San 

Diego, CA, USA). Outlier detection was conducted with 

the ROUT method, setting Q=1% for OARSI scores and 

Q=5% for chondrocytes and supernatants data [33). All in 

vitro data were analyzed using RM one-way ANOVA 

with Šídák's multiple comparisons test post hoc test to 

identify treatment- and sex-related differences. 

Differences in OARSI scores between groups based on 

genotype and age were assessed using Kruskal-Wallis 

tests followed by Dunn's multiple comparisons test. 

MC1R and TUNEL scores, Nano-CT and synovial 

immune cell data were analyzed by two-way ANOVA 

with Uncorrected Fisher's LSD post hoc test to identify 

genotype- and age-related differences. OARSI, MC1R 

and TUNEL scores are represented as box plots indicating 

medians with interquartile ranges and whiskers indicating 

minimum and maximum values. Nano-CT results are 

presented as bar graphs showing means ± standard 

deviations.   

 

 
 
Figure 1. Genetic variants and MC1R mRNA expression in human articular chondrocytes. (A) Sex-specific MC1R gene 

sequencing results from OA- and non-OA hCh, highlighting wildtype (purple), heterozygous (green) and homozygous (yellow) single 

nucleotide polymorphisms (SNP). Numbers = donor numbers for each SNP. (B) MC1R mRNA expression levels in OA- and non-OA 

male and female hCh treated either with doxo (blue) or doxo combined with NDP-α-MSH (yellow) compared to untreated controls (0, 

dotted line). (C) Forest plot of Mendelian Randomization illustrating MC1R expression in different organs/tissues in knee OA. The 

higher the OR value the more likely is the biological relevance of the genetic correlation of the MC1R expression in the respective 

tissue. wildtype: these individuals do not contain one or more of the tested polymorphisms. 



 Schäfer N., et al.                                                                                       α-MSH-MC1R in Sex-Specific Joint Aging 

   

Aging and Disease • Volume 18, Number 2, April 2027                                                                         7 

 

RESULTS 

 

In this study we investigated the impact of α-MSH 

signaling on sex-specific senescence and inflammation 

processes in human articular chondrocytes (hCh) and 

mouse knee joints, integrating molecular and cellular in 

vitro analyses (Fig. 1 – 4), with in vivo outcomes (Fig. 5 

– 8). We have used NDP-α-MSH in the in vitro part as it 

is superior in stability and potency compared to 

unmodified α-MSH.  

Specifically, we tested whether NDP-α-MSH elicits 

sex-dependent molecular effects on doxorubicin (doxo)-

induced senescence in OA- and non-OA hCh in vitro, and, 

in parallel, examined aging processes in knee joints of 

female and male wild-type versus MC1R signaling–

deficient (MC1Re/e) mice (6 – 18 months), particularly 

with respect to senescence and inflammation. For the in 

vitro analyses, Supplementary Figure 1A outlines the 

experimental timeline. We titrated NDP-α-MSH across 

concentrations from 0.01 to 1 µM and selected a two 

doses scheme with 1 µM NDP-α-MSH (administered on 

day 0 and day 4; Supplementary Fig. 1A) for all in vitro 

analyses, based on optimal outcomes and consistency 

with previous studies [14,34), using this equipotent 

concentration to match the maximal biological effect of 

native α-MSH while benefiting from the greater potency 

and enzymatic stability of NDP-α-MSH for our long-term 

in vitro assays. Baseline characterization of OA- and non-

OA hCh responses to doxorubicin treatment comprised 

SA-β-gal activity (Supplementary Fig. 1B), caspase-3/7 

activity (Supplementary Fig. 1C), and cell diameter with 

representative images (Supplementary Fig. 1D), 

establishing initial responses prior to experimental 

manipulation. We detected a comparable doxo-induced 

senescence and no apoptosis in OA- and non-OA hCh. 

 

 
 

Figure 2. Impact of NDP- α-MSH on senescence markers in chondrocytes. (A, E) SA-β-gal activity in OA- (A) and non-OA (E) 

hCh, (B, F) mRNA expression levels of CDKN2A (p16) in OA- (B) and non-OA (F) hCh, (C, G) mRNA expression levels of CDKN1A 

(p21) in OA- (C) and non-OA (G) hCh, (D, H) mRNA expression levels of IL-6 in OA- (D) and non-OA (H) hCh treated either with 

doxo (blue) or doxo and NDP- α-MSH (yellow) compared to untreated controls (0, dotted line); male hCh (m), female hCh (f). 

Statistical analysis was performed using non-parametric Kruskal-Wallis test followed by Dunn’s post hoc test for multiple 

comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, N = 8 – 15, α-MSH = NDP-α-MSH 

MC1R expression and genetic variants in human 

articular chondrocytes 

 

We elucidated the genetic and expression profiles of 

MC1R in hCh, differentiating between sexes and OA- and 

non-OA samples. These findings are of fundamental 

relevance because the MC1R, a highly polymorphic G 

protein–coupled receptor (GPCR), shows gene variant-

dependent functional differences that may modulate the 

anti-inflammatory actions of α-MSH, thereby 

contributing to OA pathogenesis [35). Fig. 1A presents 

the results of commonly known loss-of-function MC1R 
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missense mutations in OA (n = 58) and non-OA (n = 12) 

hCh using TaqMan® single nucleotide polymorphism 

(SNP) genotyping. All tested OA- and non-OA hCh were 

heterozygous for the MC1R variant I155T, and over 60% 

carried at least two heterozygous MC1R SNPs (Fig. 1A, 

green). One single non-OA hCh donor was homozygous 

for the mutation R163Q (Fig. 1A, yellow). Next, MC1R 

mRNA expression changes were measured in doxorubicin 

(doxo)- and doxo plus NDP-α-MSH-treated hCh. These 

treatments did not affect MC1R expression in OA hCh, 

however, sex-specific mRNA alterations were detected in 

non-OA hCh, with female donors exhibiting a significant 

MC1R transcript reduction relative to male donors (Fig. 

1B). To determine if MC1R RNA expression is directly 

associated to knee OA, we applied Mendelian 

Randomization (MR) (Fig. 1C). This method uses genetic 

variants as natural indicators of how active a gene is, 

helping to separate the gene’s true effect from other 

influences such as lifestyle or environmental factors. We 

combined data from two large-scale resources: the GTEx 

project to identify genetic MC1R variants predicting 

tissue-specific expression across multiple organs, and 

genome-wide association studies (GWAS) to evaluate the 

effect of these MC1R variants on knee OA risk. Results 

revealed consistent associations indicating that higher 

MC1R expression increases OA susceptibility. In 

summary, MR analysis uncovered tissue-specific causal 

effects of MC1R, with positive associations in sun-

exposed skin and musculoskeletal tissues, contrasting 

with protective or neutral effects in distinct brain regions, 

underscoring the complex central – peripheral interactions 

through which MC1R may modulate OA 

pathophysiology. The widespread tissue signal suggests a 

systemic mechanism rather than a joint-localized effect 

and underscores the clinical relevance of the MC1R for 

knee OA (Fig. 1C). These genetic and expression data 

provide a basic understanding for the subsequent 

functional in vitro studies. 

  

 

 
 
Figure 3. NDP-α-MSH modulates oxidative stress in chondrocytes. (A, D) Levels of Reactive Oxygen Species (ROS) and Reactive 

Nitrogen Species (RNS) in OA- (A) and non-OA (D) hCh. (B, E) Mitochondrial dehydrogenase activity in OA- (B) and non-OA (E) 

hCh, (C, F). Overall metabolic activity (ATP) in OA- (C) and non-OA (F) hCh treated either with doxo (blue) or doxo and NDP- α-

MSH (yellow) compared to untreated controls (dotted line); male hCh (m), female hCh (f). Statistical analysis was performed using 

non-parametric Kruskal-Wallis test followed by Dunn’s post hoc test for multiple comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001, 

**** p < 0.0001, N = 8 – 15, α-MSH = NDP-α-MSH 
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Figure 4. NDP-α-MSH effects on matrix metalloproteinase (MMP) and proinflammatory cytokine secretion. (A – C, E – G) 

Secretion levels of MMP-1, MMP-3, and MMP-13 in OA (A – C) and non-OA (F – H) hCh. (D, H) Secretion levels of Interleukin-6 

(IL-6) in OA (D) and non-OA (H) hCh treated either with doxo (blue) or doxo and NDP- α-MSH (yellow) compared to untreated 

controls (grey); male hCh (m), female hCh (f). Statistical analysis was performed using non-parametric Kruskal-Wallis test followed by 

Dunn’s post hoc test for multiple comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, N = 8 – 15, α-MSH = NDP-α-

MSH. 

Impact of NDP-α-MSH on senescence markers in 

human articular chondrocytes 

 

Here, we investigated the effects of doxo-induced 

senescence and NDP-α-MSH treatment on key 

senescence markers in OA- (Fig. 2A – D) and non-OA 

hCh (Fig. 2E – H). SA-β-gal activity, a widely recognized 

biomarker for cellular senescence, was induced in both 

OA- (Fig. 2A) and non-OA hCh (Fig. 2E) after doxo-

treatment. In non-OA male hCh, doxorubicin significantly 

increased SA-β-gal activity compared to control, and this 

increase was partially mitigated by NDP-α-MSH (Fig. 

2E). This sex-specific effect was not observed in non-OA 

female hCh or in OA hCh of either sex, where NDP-α-

MSH showed no significant effect. Next, mRNA 

expression levels of CDKN2A (p16) and CDKN1A (p21), 

cyclin-dependent kinase inhibitors that play a crucial role 

in cell cycle arrest and senescence, were determined. In 

OA hCh, CDKN2A mRNA induction was specifically 

detected in male hCh after the treatments (Fig. 2B), with 

no statistically significant differences between sexes and 

no changes in non-OA cells (Fig. 2F). CDKN1A mRNA 

expression was elevated in male OA and non-OA hCh 

after both treatments and in female OA hCh after 

doxo+NDP-α-MSH treatment (Fig. 2C, G). However, the 

increase in female OA hCh after doxorubicin treatment 

alone was only increased by trend (Fig. 2C). Significant 

more transcripts of IL6, a prominent pro-inflammatory 

cytokine associated with the senescence-associated 

secretory phenotype (SASP), were observed in male OA- 

(Fig. 2D) and male/female non-OA (Fig. 2H) hCh 

following doxorubicin treatment, whereas NDP-α-MSH 

restored IL6 mRNA levels to control values in non-OA 

cells of both sexes by trend (Fig. 2H) while this effect is 

lost in OA hCh (Fig. 2D). These data provide evidence for 

an anti-inflammatory potential of NDP-α-MSH in the 

context of cellular senescence, which is lost in OA.  

 

Impact of NDP-α-MSH on oxidative stress and 

metabolic activity in human articular chondrocytes 

 

We investigated the impact of doxorubicin and NDP-α-

MSH on oxidative stress and metabolic parameters in OA- 

and non-OA hCh. Reactive Oxygen Species (ROS) and 

Reactive Nitrogen Species (RNS) are key indicators of 

oxidative stress. Doxorubicin induced ROS/RNS in male 

OA hCh, which was ameliorated by NDP-α-MSH (Fig. 

3A); in female non-OA hCh, NDP-α-MSH even reduced 

ROS/RNS levels below untreated controls (Fig. 3D). 

Mitochondrial dehydrogenase activity is an indicator of 
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mitochondrial function and cell viability. Doxo treatment 

induced mitochondrial dehydrogenase activity in male 

and female OA and non-OA hCh (Fig. 3B, E). However, 

NDP-α-MSH did not affect doxo-induced mitochondrial 

function neither in OA- nor non-OA female and male hCh 

(Fig. 3B, E). Lastly, the overall metabolic activity was 

assessed by ATP release in response to the treatments. 

Metabolic activity increased in Doxo treated male and 

female OA hCh with no effect of NDP- α-MSH treatment 

or sex (Fig. 3C) whereas in non-OA samples no 

significant changes in ATP release was observed (Fig. 

3F).  

In summary, these results provide evidence that NDP-

α-MSH partly counteracts doxorubicin-induced oxidative 

stress in OA sex-dependently and helps to maintain 

physiological oxidative levels. Of note, doxo does not 

induce oxidative stress in chondrocytes from healthy 

donors.  

 

 

 
 

 

 

 

Figure 5. Differences in cartilage 

degradation during aging in 

MC1Re/e and WT mice. Cartilage 

was evaluated for grades of 

destruction according to the OARSI 

guidelines for murine OA. (A, B) 

OARSI scores for the medial and 

lateral compartments of knee joints in 

male WT (grey) and MC1Re/e (green) 

mice at 6, 12, and 18 months of age. 

(C, D) OARSI scores for the medial 

and lateral compartments of knee 

joints in female WT (grey) and 

MC1Re/e (green) mice at 6, 12, and 18 

months of age. Statistical analysis 

was performed with Kruskal-Wallis 

and Dunn’s test for multiple 

comparisons. * p < 0.05, ** p < 0.01, 

*** p < 0.001, N = 10 – 15. 

Impact of NDP-α-MSH on sex-specific matrix 

metalloproteinase and IL-6 secretion in human 

articular chondrocytes 

 

Here, we analyzed the effect of doxo- and NDP-α-MSH 

treatment on the secretion of MMPs and IL-6, crucial 

mediators of cartilage degradation and inflammation in 

aging and age-related diseases like OA. MMP-1 and -3 

secretion was not affected by both treatments in OA hCh 

(Fig. 4A, B) whereas in non-OA hCh secretion of both 

MMPs was significantly increased in male samples only 

after doxo treatment with no effect of NDP-α-MSH 

treatment (Fig. 4E, F). MMP-13 secretion was doxo-

dependent induced in male and female OA cells (Fig. 4C) 

and in male non-OA hCh only (Fig. 4G) with no further 

effect of NDP-α-MSH.  

Secretion of pro-inflammatory IL-6 was doxo-

dependent increased in female and male OA samples (Fig. 

4D) and non-OA hCh with a slight mitigation by NDP-α-

MSH in non-OA hCh (Fig. 4H). This analysis underscores 

the potent sex-dependent catabolic and inflammatory 

effects of doxo-induced senescence on hCh with a mild 

impact of NDP-α-MSH. 
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Sex- and genotype-specific differences in murine 

cartilage degeneration during aging  

 

Our in vivo investigations were performed with adult WT- 

and MC1Re/e mice to elucidate the role of MC1R 

signalling in spontaneous aging processes, with a 

particular focus on sex-specific differences and aging-

associated OA like cartilage and subchondral bone 

changes. 

The OARSI scoring system was employed to assess 

cartilage degeneration for the medial and lateral 

compartments of knee joints in male and female WT and 

MC1Re/e mice at 6, 12, and 18 months (Fig. 5). The 

OARSI scores increased significantly in the medial 

compartment for male MC1Re/e mice with increasing age 

and a significant increase compared to male WT at 18 

months. Scores of male WT mice remained low and did 

not increase up to 18 months (Fig. 5A). The lateral 

compartment was not affected by genotype and increasing 

age, however, showed overall higher scores than the 

medial compartment (Fig. 5B). The OARSI scores for 

female mice increased significantly age-dependent in both 

compartments (Fig. 5C, D) with a significant higher score 

for MC1Re/e mice compared with WT at the age of 12 

months in the medial compartment (Fig. 5C). 

 

 
Figure 6. MC1R expression and apoptotic chondrocytes in MC1Re/e compared to WT mice. (A, B) Percentage of MC1R-

positive chondrocytes in the medial and lateral knee compartments of male WT and MC1Re/e mice at 6, 12, and 18 months. (C, D) 

Percentage of MC1R-positive chondrocytes in the medial and lateral knee compartments of female WT and MC1Re/e mice at 6, 12, 

and 18 months. (E, F) Percentage of TUNEL-positive chondrocytes in both compartments of knee joints of male and female WT 

and MC1Re/e mice at 6, and 18 months, indicating apoptotic cell death. Statistical analysis was performed with two-way ANOVA 

with Uncorrected Fisher's LSD post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, N = 8 – 13 

These findings provide evidence that MC1R 

signaling deficiency can influence the severity and 

progression of cartilage degeneration in a sex- and age-

dependent manner. Of note, males are partly protected 

from cartilage degeneration, which is lost when MC1R 

signaling is abolished. 

Sex- and genotype-specific differences in murine 

chondrocyte apoptosis and MC1R expression during 

aging 

 

Further analysis characterized the cellular changes within 

the articular knee cartilage, focusing on chondrocyte 

MC1R protein expression (Fig. 6A-D, Supplementary 

Fig. 2) and apoptosis (Fig. 6E, F, Supplementary Fig. 3). 
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MC1R-positive chondrocytes were quantified compared 

to total chondrocyte numbers in the medial and lateral 

knee compartments of male and female WT and MC1Re/e 

mice at 6, 12 and 18 months. While male WT mice 

exhibited an age-dependent increase in MC1R positive 

chondrocytes in both compartments (Fig. 6A, B), in 

female WT MC1R positive chondrocytes decreased with 

age (Fig. 6C, D). The number of MC1R positive 

chondrocytes in MC1Re/e mice did not change 

significantly except for an age-associated decrease in the 

medial compartment of female mice. These data provide 

evidence of MC1R presence within knee cartilage during 

aging and sex-dependent alterations in its expression with 

female mice loosing MC1R protein and male mice 

increasing its expression.  

TUNEL-positive chondrocytes, indicative of 

apoptotic cells, were determined in the knee joints of male 

and female WT and MC1Re/e mice at 6 and 18 months.  

Male WT mice had more apoptotic cells than MC1Re/e 

mice at both ages (Fig. 6E), whereas no difference in 

numbers were observed in females due to a high 

variability in MC1Re/e mice at both ages (Fig. 6F). These 

findings further support a sex-dependent, MC1R-

associated effect in aging murine chondrocytes. 

 

 
 
Figure 7. Subchondral bone morphology parameter in MC1Re/e compared to WT mice. Ultra-high resolution nano-CT analysis 

of medial subchondral bone morphology:  bone volume/total volume (BV/TV), trabecular number (Tb.N.), trabecular thickness 

(Tb.Th.), connectivity density (Conn.D.) and subchondral bone plate thickness (SBP) in male (A – E) and female (F – J) wild-type 

(WT, grey) and MC1Re/e (green) mice at 12 and 18 months. Statistical analysis was assessed using two-way ANOVA with 

Uncorrected Fisher's LSD post hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, N = 3 – 4. 

Sex- and genotype-specific differences in murine 

subchondral bone morphology during aging 

 

The following results address the subchondral bone 

architecture, a key determinant of joint health and OA 

pathology, in male and female WT and MC1Re/e mice at 

12 and 18 months. Bone volume/total volume (BV/TV, 

Fig. 7A, F), trabecular number (Tb.N., Fig. 7B, G), 

trabecular thickness (Tb.Th., Fig. 7C, H), connectivity 

density (Conn.D., Fig. 7D, I), and subchondral bone plate 

thickness (SBP, Fig. 7E, J) decreased overall with age in 

both genotypes (except for Tb.Th. which only decreased 

in MC1Re/e mice), but particularly obvious in male mice. 

In female mice, age- and genotype associated changes 

were less obvious. Overall, subchondral bone parameters 

(except for Tb.Th.) showed lower values in females than 

in males. In contrast, bone surface (BS, Supplementary 

Fig. 4A, D) and bone volume (BV, Supplementary Fig. 

4B, E) increased with age mostly in MC1Re/e mutants, 

without sex-specific differences (Supplementary Fig. 4). 

Representative nano-CT images of SBP and subarticular 

bone are depicted in Supplementary Figure 5 and 6. 

These data reveal the impact of MC1R signaling 

deficiency on bone remodeling and integrity in a sex- and 

age-specific manner, suggesting a critical role for MC1R 

signalling in maintaining subchondral bone homeostasis 

during aging. 
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Figure 8. Synovial immune cell populations in female MC1Re/e compared to WT mice. Flow cytometry analysis shows the 

percentages of various synovial immune cell populations in female WT (grey) and MC1Re/e (yellow) mice at 6 and 18 months. (A) 

Shows mouse knee synovial tissues analyzed by FACS for synovial immune cells. (B – D) Represent myeloid-lineage of total CD11b+ 

cells and within that population separately neutrophils and macrophages, whereas (E – G) depict total T cells, and within that population 

separately CD4+ and CD8+ T cells. Statistical analysis was assessed using two-way ANOVA with Uncorrected Fisher's LSD post hoc 

test. * p < 0.05, N = 4 – 8. 

Sex-specific differences in synovial immune cell 

populations of WT and MC1Re/e mice 

 

Finally, a cell type-specific flow cytometry analysis 

(FACS) of synovial immune cell populations was 

performed, offering insights into the inflammatory status 

of the joint in the context of MC1R signaling deficiency 

and aging (Fig. 8, Supplementary Fig. 7 and 8). 

Percentages of several synovial immune cell subsets from 

WT and MC1Re/e mice at 6 and 18 months of age, 

including CD11b+ cells, neutrophils, macrophages and T 

cells, were counted (36,37) (Fig. 8A). CD11b+ cells and 

neutrophils increased with age in female MC1Re/e mice 

(Fig. 8B, C), while at 6 months these mice had fewer 

CD11b+ cells, specifically macrophages, than WT (Fig. 

8B, D). For T cell analysis (Fig. 8E-G) in aged female WT 

mice fewer CD4+/8+ T cells than in 6 months mice were 

counted (Fig. 8F), whereas no clear age-related changes 

were detectable for MC1Re/e mice. No equivalent cell 

count changes were observed in male WT and MC1Re/e 

mice (Supplementary Fig. 7). Immune cell profiling is 

crucial for understanding the underlying mechanisms by 

which MC1R signaling modulates joint inflammation and 

provides further evidence for its involvement in the 

synovial immune response within the joint. 

 

DISCUSSION 

 

OA is a multifactorial joint disease driven not only by 

mechanical stress but also by systemic aging processes 

[5,6]. One of the key factors is the accumulation of 

senescent cells, which secrete pro-inflammatory SASP 

that promote chronic inflammation, matrix degradation, 

and pathological tissue remodeling [1,2,38]. In addition to 

senescent chondrocytes, senescent fibroblast-like 

synoviocytes in the osteoarthritic joint also promote OA 

progression. Synovial fibroblasts, synovial macrophages, 

osteoblasts and adipocytes are involved in the production 

of SASPs in addition to chondrocytes during aging in the 

joint thereby contributing directly to cartilage loss and 

subchondral bone changes in OA [39]. 

Our study provides evidence that α-MSH-MC1R 

signaling plays a critical role in modulating sex-specific 

senescence and inflammatory processes in human 

articular chondrocytes and in aging processes in mice, 

thereby highlighting its potential as a novel therapeutic 

target. The initial investigations into MC1R expression 

and genetic variants in OA- and non-OA hCh revealed 

differential expression patterns and the presence of 

various heterozygous SNPs in both OA- and non-OA cells 

and one homozygous SNP in non-OA samples. This 

finding is particularly important as the MC1R is known to 

mediate the anti-inflammatory effects of α-MSH and 

related peptides [15,40]. Alterations in MC1R expression 

or function, as suggested by the detected SNPs, could 

compromise the endogenous protective mechanisms 

mediated by α-MSH, thereby contributing to OA 

pathogenesis. The Mendelian Randomization analysis 

further underscored the clinical relevance of MC1R gene 

expression in knee OA, aligning with previous studies that 
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have implicated melanocortin signaling in joint 

homeostasis and pathology [13,14,34]. These genetic and 

expression data provide a foundational understanding of 

the results of subsequent functional studies. 

The in vitro experiments demonstrated some impact 

of NDP-α-MSH on senescence markers in hCh. 

Doxorubicin-induced senescence, characterized by 

increased SA-β-gal activity and elevated expression of 

cell cycle inhibitors like p16 (CDKN2A) and p21 

(CDKN1A), was not mitigated by NDP-α-MSH treatment. 

This is a critical finding, as cellular senescence in 

chondrocytes is increasingly recognized as a key driver of 

OA progression, contributing to matrix degradation and 

inflammation through SASP [5,39]. However, the 

reduction in IL6 mRNA expression and partly secretion 

by NDP-α-MSH, especially detected in senescent non-OA 

hCh, supports the anti-inflammatory and anti-senescent 

properties of NDP-α-MSH, These results are consistent 

with prior research showing that α-MSH and activation of 

MC1,-2 and -5Rs can reduce release of pro-inflammatory 

cytokines and support chondrocyte homeostasis [41–43]. 

Beyond senescence, our study revealed that NDP-α-

MSH effectively modulates oxidative stress in hCh. 

Doxorubicin increased ROS/RNS levels, mitochondrial 

dehydrogenase activity, and metabolic activity, 

particularly in OA hCh, with a trend toward stronger 

responses in males, suggesting sex-dependent oxidative 

stress and mitochondrial dysfunction. Those are well-

established contributors to OA pathology and are 

intimately linked to the aging process and the induction of 

senescence [44,45]. NDP-α-MSH treatment significantly 

ameliorated oxidative stress effects, highlighting its 

antioxidant capabilities. This is particularly relevant given 

that oxidative stress can trigger inflammatory cascades 

and accelerate chondrocyte apoptosis, further 

exacerbating age-related joint degeneration [44]. 

Furthermore, our findings demonstrate that 

senescence induction promotes the secretion of key matrix 

metalloproteinases (MMPs) and IL-6 in a sex-dependent 

manner with overall higher secretion levels in males than 

females. MMP-1, MMP-3, and in particular MMP-13 as 

components of SASP are central to the enzymatic 

breakdown of the extracellular matrix in articular 

cartilage, and their elevated levels are hallmarks of OA 

[46,47]. However, NDP-α-MSH treatment elicited only 

weak effects. These findings contrast with previous 

reports showing that NDP-α-MSH down modulates 

cytokine-induced responses and inhibits NF-κB-

dependent transcription to promote matrix preservation 

[41–43], raising the question of whether the identified 

MC1R SNPs might contribute to the limited effects of 

NDP-α-MSH. 

Our in vivo studies using MC1Re/e mice provided 

insights into the role of MC1R in aging associated with 

OA-like processes in the knee joints and revealed 

significant sex-specific differences. The observed 

exacerbation of degradative processes in knee cartilage 

and subchondral bone in MC1Re/e mice in a sex-

dependent manner, suggests that endogenous MC1R 

signaling plays a protective role in maintaining joint 

health. This aligns with translational studies indicating an 

inverse correlation between synovial fluid α-MSH levels 

and OA severity in humans [48–50]. Further analysis of 

cellular changes within the articular cartilage, focusing on 

MC1R protein expression and chondrocyte apoptosis, 

revealed age- and sex-dependent alterations. The age-

dependent increase in MC1R expression in chondrocytes 

in male WT mice, contrasting with lower expression in 

female WT chondrocytes, suggests a complex interplay 

between sex, aging, and MC1R signaling in cartilage 

homeostasis. The observation that male WT mice 

contained more apoptotic chondrocytes than MC1Re/e 

mice at both 6 and 18 months, while no differences were 

observed in females, further supports a sex-dependent, 

MC1R-mediated effect of aging on cartilage. 

Chondrocyte apoptosis is a critical event in OA 

pathogenesis, contributing to cell loss and subsequent 

cartilage matrix degradation, a process often accelerated 

in the aging joint [51]. The protective role of MC1R 

signaling against apoptosis, particularly in males, 

highlights a potential mechanism by which this pathway 

preserves chondrocyte viability during aging and might 

contribute to a higher OA prevalence in females. 

Subchondral bone architecture, a key determinant of 

joint health and OA pathology, also exhibited age- and 

sex-dependent changes influenced by MC1R signaling 

deficiency. Parameters such as bone volume/total volume 

(BV/TV), trabecular number (Tb.N.), trabecular thickness 

(Tb.Th.), connectivity density (Conn.D.), and 

subchondral bone plate (SBP) thickness decreased with 

age, clearly stronger in MC1Re/e mutant mice. Overall, 

reduced bone volume, trabecular structure, and SBP 

thickness, particularly in female MC1Re/e mice – align 

with reports that women have a higher knee OA 

prevalence than men [8,52]. These findings underscore 

the broader systemic and sex-dependent role for the 

melanocortin system in maintaining musculoskeletal 

homeostasis, extending beyond cartilage to subchondral 

bone, which is subject to age-related deterioration and 

contributes to OA progression [28–30]. The interplay 

between cartilage and subchondral bone is crucial for 

proper joint function, and age-related changes in bone 

quality can significantly impact joint mechanics and 

progression of OA. 

Finally, FACS analysis of synovial immune cell 

populations offered insights into the inflammatory status 

of the joint in the context of MC1R signaling deficiency. 

The age-dependent increase in CD11b+ cells in MC1Re/e 
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mice, alongside differences in CD8+ T cell numbers, 

provides evidence for the involvement of MC1R in 

modulating the immune response within the joint. Chronic 

low-grade inflammation, or inflammaging, is a hallmark 

of aging and a significant contributor to OA pathogenesis 

[38,53]. The observed alterations in immune cell 

populations in MC1Re/e mice suggest that MC1R 

signaling plays a role in regulating this age-related 

inflammatory response, potentially by modulating the 

recruitment or activation of immune cells within the 

synovial environment. 

 

Conclusions 

 

Collectively, our findings strengthen the understanding of 

α-MSH signaling as a regulator of joint health, 

particularly in the context of sex-dependent aging and 

aging-related diseases as OA. The ability of NDP-α-MSH 

to partially counteract cellular senescence, oxidative 

stress, and the production of inflammatory mediators in 

chondrocytes positions it as a potential therapeutic target. 

Furthermore, the sex-specific influence of MC1R 

deficiency on aging and OA-related processes in mice 

underscores the physiological relevance of this pathway 

and highlights the importance of personalized approaches 

in future therapies of aging related joint diseases. 

 

Limitations 

 

This study provides important insights into the sex-

specific role of NDP-α-MSH and the MC1R signaling 

axis in aging and OA development, yet several limitations 

should be considered. The in vitro experiments relied on 

2D cultures and doxorubicin-induced senescence, which 

do not fully reflect the 3D joint microenvironment or 

natural aging/OA stressors, highlighting the need for more 

physiological models. While the aged MC1Re/e mouse 

model offered pathophysiological insights, it represents a 

genetic system that cannot capture the multifactorial 

nature of human aging and OA development, with the 

observed sex-specific effects needing further mechanistic 

investigations. Moreover, the downstream pathways of α-

MSH signaling remain to be defined, and future studies 

should employ pathway-specific tools, post-traumatic OA 

models, and in vivo analyses of dosage, timing, and 

delivery strategies to enable clinical translation. As a final 

limitation, the OA- and non-OA cohorts differed 

significantly in age (P < 0.0001). Therefore, age may act 

as a confounder and should be considered when 

interpreting between-group comparisons. 
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