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L I F E  S C I E N C E S

Metabolic rewiring caused by mitochondrial 
dysfunction promotes mTORC1-dependent 
skeletal aging
Kristina Bubb1, Julia Etich1, Kristina Probst1, Tanvi Parashar1, Maximilian Schuetter2,  
Frederik Dethloff2, Susanna Reincke1, Janica L. Nolte3,4, Marcus Krüger3,4,  
Ursula Schlötzer-Schrehard5, Julian Nüchel6, Constantinos Demetriades6,4, Patrick Giavalisco2,  
Jan Riemer4,7, Bent Brachvogel1,4,8*

Decline of mitochondrial respiratory chain (mtRC) capacity is a hallmark of mitochondrial diseases. Patients with 
mtRC dysfunction often present reduced skeletal growth as a sign of premature cartilage degeneration and aging, 
but how metabolic adaptations contribute to this phenotype is poorly understood. Here we show that, in mice 
with impaired mtRC in cartilage, reductive/reverse TCA cycle segments are activated to produce metabolite-
derived amino acids and stimulate biosynthesis processes by mechanistic target of rapamycin complex 1 (mTORC1) 
activation during a period of massive skeletal growth and biomass production. However, chronic hyperactivation 
of mTORC1 suppresses autophagy-mediated organelle recycling and disturbs extracellular matrix secretion to 
trigger chondrocytes death, which is ameliorated by targeting the reductive metabolism. These findings explain 
how a primarily beneficial metabolic adaptation response required to counterbalance the loss of mtRC function, 
eventually translates into profound cell death and cartilage tissue degeneration. The knowledge of these dys-
regulated key nutrient signaling pathways can be used to target skeletal aging in mitochondrial disease.

INTRODUCTION
Mitochondrial diseases are rare genetic disorders causing a decline 
of the mitochondrial respiratory chain (mtRC) function (1, 2). Orig-
inally, clinical phenotypes in mitochondrial diseases were described 
to arise mainly from energy depletion due to impaired mtRC func-
tion, but this concept neglected the importance of mitochondria for 
biosynthetic processes. Mitochondria produce metabolic precursors 
required for protein, lipid and nucleotide synthesis, as well as for 
extracellular matrix (ECM) production. Recent cohort studies showed 
that energy-consuming metabolic pathways become activated in pa-
tients with mitochondrial disease associated with perturbations in 
protein secretion, faster cellular aging, and skeletal growth retarda-
tion (3–5). Despite these findings, the precise molecular implica-
tions remain largely uncertain.

Skeletal growth is driven by the epiphyseal growth plate cartilage, 
a remarkable tissue that generates a high amount of biomass under 
metabolic challenging conditions. The avascular hypoxic growth plate 
relies mainly on glycolysis during early development but activates 
mitochondrial respiration later after birth (6). The metabolic switch 
is required to sustain the proliferation and differentiation of chon-
drocytes and secrete a large quantity of specialized ECM material for 
structural support in a postnatal period of massive skeletal growth. 

Later, during adolescence in humans, transient growth plate carti-
lage is resorbed and replaced by bone. This process known as age-
dependent growth plate fusion leads to physiological skeletal growth 
arrest in humans. In contrast, growth plates are often maintained 
throughout life in mice (7). We could recently show that the loss of 
mtRC function provokes growth plate fusion and growth retarda-
tion in elderly mutant mice with a cartilage-specific deletion of mi-
tochondrial DNA (mtDNA) (6, 8). Therefore, this mouse model of 
mitochondrial dysfunction mimics a skeletal aging situation in hu-
mans and allows us to now define the molecular basis of the physi-
ological aging response in growth plate cartilage with mitochondrial 
dysfunction.

In the present study, we used these transgenic mice expressing a 
mutant mitochondrial helicase (TwinkleK320E) driven by the Col2a1 
promoter to inactivate mtDNA-encoded genes that are crucial for 
mtRC function. A previously conducted detailed molecular analysis 
revealed that these mice show mtDNA depletion, leading to a marked 
reduction in mitochondrial membrane potential, adenosine triphos-
phate (ATP) production, and reactive oxygen species levels, while 
simultaneously increasing lactate production. The metabolic altera-
tions arise from the failure to switch from glycolysis to mitochon-
drial respiration in postnatal growth plate cartilage, as demonstrated 
by Seahorse experiments and in situ cytochrome c oxidase activity 
assays (6, 8). This now allows us to study the consequences of im-
paired mitochondrial respiration on postnatal metabolism and 
skeletal aging processes. Our results show that, when mtRC is dys-
functional, skeletal aging is accelerated, leading to premature trans-
formation of growth plate cartilage into bony tissue. In-depth 
biochemical characterization demonstrate that chondrocytes of the 
growth plate use the reverse tricarboxylic acid (TCA) cycle to compen-
sate for the loss of oxidative phosphorylation (OXPHOS)–driven me-
tabolite production in a strong reductive environment and can stimulate 
amino acid biosynthesis pathways in vivo to persistently hyperactivate 
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the mechanistic target of rapamycin complex 1 (mTORC1) during skel-
etal growth. In the long term, this hyperactivation disturbs autophagy-
dependent ECM synthesis and secretion pathways in vivo causing 
chondrocyte death and accelerating skeletal aging. Overall, we provide 
here a molecular scenario for how the rewiring of biosynthetic path-
ways in cells with chronic mtRC dysfunction translates into hyperac-
tive mTORC1-dependent signaling response that accelerates skeletal 
aging processes.

RESULTS
A skeletal aging response is induced in mice with mtRC 
dysfunction in cartilage
To define the in vivo impact of chronic mtRC dysfunction on skel-
etal aging processes, we monitored the progress of age-related 
growth plate cartilage degeneration in femur heads of transgenic 
CreTW mice with a chondrocyte-specific mtDNA deletion (Fig. 
1A). The loss of femur head cartilage transparency and increase in 
red color are indicative of age-related growth plate cartilage degen-
eration and secondary bone formation associated with expansion 
of the subchondral vasculature network (Fig. 1B). First signs of ag-
ing are already apparent at 3 months in CreTW mice compared to 
6 months in Cre mice indicating that the aging process is strongly 
accelerated in CreTW mice. Histomorphological analysis confirmed 
accelerated cartilage degeneration (loss of orange cartilage-specific 
safranin O staining) and its replacement with bony tissue (un-
stained) over time in CreTW mice (Fig. 1C, arrows). Cartilage is 
fully replaced by bone after 4 months but still intact in Cre control. 
Hence, femur head cartilage ages prematurely when the mtRC is 
dysfunctional in vivo.

TCA cycle enzyme and metabolite levels are elevated
Presumably, mtRC dysfunction causes alterations in the cellular me-
tabolism, which can contribute to the accelerated aging response in 
vivo. We then studied the metabolic consequences of chondrocyte-
specific mtDNA deletion/depletion in transgenic CreTW mice and 
determined the relative levels of glycolysis and TCA-cycle metabo-
lites (Fig. 2A) in femur head cartilage of 1-month-old mice using 
liquid chromatography–mass spectrometry (LC-MS)–based analy-
sis. At this age, morphological differences between Cre and CreTW 
femora were already detected and still sufficient amounts of carti-
lage could be isolated for LC-MS–based analysis. Notably, lactate 
and other glycolytic metabolites like frucose-6-phosphate and pyru-
vate (Fig. 2B) were increased in vivo in femur head cartilage of Cre-
TW mice compared to Cre control. In addition, levels of TCA cycle 
intermediates were elevated (Fig. 2C). These changes were accompa-
nied by an increase in most enzymes (12 enzymes) of the TCA cycle 
and a decrease in abundance of several other proteins (43 entities) 
involved in mitochondrial OXPHOS (Fig. 2D) as determined by 
proteome analysis (8) of femur head cartilage. Notably, we also de-
tected a reductive microenvironment with a decreased oxidized 
form of nicotinamide adenine dinucleotide (NAD+)/reduced form 
of NAD+ (NADH) ratio in CreTW cartilage (Fig. 2E), which is like-
ly a consequence of impaired electron transfer from NADH to oxy-
gen due to a defective mtRC. This characterization of the in vivo 
metabolic situation illustrates that chondrocyte-specific mtRC dys-
function activates glycolysis and, unexpectedly, increases TCA cy-
cle–derived metabolite levels in femur head cartilage.

TCA cycle activity is reversed to replenish metabolite loss
mtRC activity is tightly connected with the TCA cycle, and we hypoth-
esized that the loss of mtRC function redirects the passage of metabo-
lites through glycolysis and the TCA cycle in chondrocytes. Hence, we 
used 13C6 glucose feeding experiments to trace the metabolic fate of 
glucose-derived carbons in chondrocytes from 1-month-old Cre and 
CreTW mice. Chondrocytes were traced with 13C6 glucose for 2 hours 
followed by LC-MS–based analysis. This time point captures an equilib-
rium time point in chondrocytes, where metabolite concentrations and 
enrichments remain relatively stable (fig. S3). Characterization of the 
13C-enriched carbon (Fig. 3A, blue) revealed a small, but significant in-
crease of m+6 label for glucose-6-phosphate (Glu-6-P) and fructose-
1,6-bisphosphate (Fru-1,6-bP), along with an increase of m+3 label for 
3-phosphoglycerate (3-PG), phosphoenolpyruvate (PEP), and lactate in 
chondrocytes from CreTW compared to control (Fig. 3B). The results 
confirmed the stimulation of glycolytic processes in CreTW chondro-
cytes to compensate for the loss of OXPHOS-dependent energy produc-
tion and NAD+ regeneration. We then determined the 13C enrichment 
pattern of labeled carbon in the metabolites of the TCA cycle. Here, 
m+2 labels (clockwise/oxidative direction of the TCA cycle) for citrate, 
malate, fumarate, and succinate were significantly decreased, while 
m+3 labels of malate, fumarate, and succinate (reductive/counterclock-
wise anaplerotic entry of pyruvate into the TCA cycle) were significantly 
increased in CreTW chondrocytes compared to control (Fig. 3C fig. S3, 
B and D). Therefore, these labeling data indicate a pyruvate carboxyl-
ase–dependent pyruvate influx into oxaloacetate and a reverse (counter-
clockwise) activation of the TCA cycle segment from oxaloacetate to 
succinate. Similar molecular phenotypes have previously been described 
to occur when oxidative TCA cycle activity is blocked, leading to ex-
treme reducing conditions (9). This is in line with the detection of high-
er NADH levels and a decrease of the NAD+/NADH ratio in vivo in 
cartilage with defective mtRC (see Fig. 1G) (6). Hence, glucose-derived 
carbon atoms are fed into the TCA cycle to stimulate this reverse seg-
ment and replenish metabolites like oxaloacetate and fumarate, required 
for amino acid and nucleotide biosynthesis to support cartilage-driven 
skeletal growth when mtRC is dysfunctional.

The glutamine-dependent reverse carbon enrichment from α-
ketoglutarate to citrate can further support metabolite replenishment 
in reductive situations when mtRC is impaired (10). To understand 
the consequences for the activation of this second reverse segment, 
13C5 glutamine was fed to the chondrocytes and the incorporation of 
glutamine-derived carbons into the TCA cycle metabolites was mea-
sured (Fig. 3A, green). Here, an increase in the m+5 pattern of a-
ketoglutarate, isocitrate, aconitate, and citrate was detected (Fig. 3D), 
indicating a glutamine-dependent reductive/counterclockwise carbon 
enrichment into this segment of the TCA cycle from α-ketoglutarate 
to citrate in cartilage with impaired mtRC function. In conclusion, our 
combined metabolic tracing analysis demonstrates the engagement of 
glycolytic pathways and the activation of two reverse segments of the 
TCA cycle to replenish metabolites required for biosynthetic reactions 
when mtRC is dysfunctional in cartilage.

Reverse TCA cycle activity stimulates amino 
acid–related pathways
Amino acids are among the direct products of TCA cycle–derived 
metabolites; we therefore studied their de novo biosynthesis in chon-
drocytes with defective mtRC function. Here, the combined metabo-
lite studies detected an increased carbon enrichment into glycine, 
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Fig. 1. Skeletal aging processes are accelerated in mutant mice with a defective mtRC in chondrocytes. (A) Breeding scheme: Generation of mice with a cartilage-
specific expression of TwinkleK320E mutant helicase (CreTW) (27). Consequences of Twinkle mutant expression for mitochondrial (mt) DNA and respiration complexes are 
illustrated. (B) Overview of the femur head morphology during aging in Cre and CreTW mice. The loss of transparency and the increase in red color shows age-related 
cartilage degeneration and secondary bone formation. (C) Histomorphological analysis of safranin O–stained femur head sections. Total femur head (orange) and growth 
plate cartilage (dark orange) are visualized. Arrows illustrate initiation sites of growth plate cartilage degeneration and its replacement with bony tissue (unstained). Scale 
bars, 500 μm (B) and 100 μm (C).
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Fig. 2. Glycolysis is activated, and TCA cycle metabolites accumulate in vivo in cartilage with a defective mtRC. (A) Scheme of glycolysis and TCA cycle. (B) Glyco-
lytic and (C) TCA cycle–derived metabolites in femur head tissue extracts of 1-month-old Cre and CreTW mice were quantified using LC-MS–based analysis. Raw data for 
peak values are provided in fig. S1. (D) Visualization of differentially abundant entities within the KEGG pathways “TCA cycle” and “OXPHOS” of CreTW mice using a pro-
teome dataset generated from femur head tissue extracts of 1-month-old Cre and CreTW mice [PXD027109 and (8)]. The number of color-coded regulated entities within 
each pathway is shown, with the corresponding log2 fold changes summarized in box plot to the right. Raw data for log2 LFQ are provided in fig. S2. (E) NAD+/NADH ratio 
determined in femur head extracts from 1-month-old Cre and CreTW mice using colorimetric quantification assays (n = 4 animals per genotype). Data presented as 
means ± SEM. Unpaired two-tailed Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 3. Engagement of the reverse TCA cycle segments in chondrocytes with impaired mtRC. (A) Overview of the 13C6 glucose and 13C5 glutamine enrichment analy-
sis in isolated ribcage chondrocytes. Circles represent the carbon atoms in metabolites. Blue color indicates the presence of 13C atom originating from13C6 glucose; green 
color originates from13C5 glutamine. (B to D) Incorporation of labeled metabolites derived from13C6 glucose (B) and (C) and from 13C5 glutamine (D) were determined by 
LC-MS–based analysis. Relative fold changes of the mass isotopomer distribution (MID) between genotypes are shown {n = 6 animals per genotype [13C6 glucose, (B) and 
(C)], n = 7 animals per genotype [13C5 glutamine, (D)]}. Raw data are provided in figs. S4 and S5. Quantitative data are means ± SEM. Unpaired two-tailed Student’s t test, 
*P < 0.05, **P < 0.01, ***P < 0.001.
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alanine, aspartate, and proline in CreTW chondrocytes compared to 
control (Fig. 4A and fig. S7, A and B). These carbon label experi-
ments could only be done in isolated chondrocyte cultures, and, 
therefore, consequences of the rewired metabolism for amino acid 
biosynthesis were next validated in vivo by LC-MS–based analysis 
using femur head cartilage. Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway enrichment analysis confirmed that enti-
ties of the “biosynthesis of amino acids” are among the most 
strongly enriched terms, along with the terms “oxidative phosphor-
ylation,” “TCA cycle,” and “carbon metabolism” in the proteome 
data of femur head cartilage from 1-month-old CreTW mice (Fig. 
4B). The levels of most proteins that are linked to “biosynthesis of 
amino acids” and interconversion were increased in CreTW mice 
compared to control. Among those, we identified enzymes predom-
inantly involved in the synthesis of glycolysis- and TCA cycle–de-
rived amino acids (Fig. 4C). More specifically, we found PHGDH, 
PSAT1, and PSPH enzymes that convert the glycolytic metabolite 
3-PG via serine to glycine, while ALDH18a1 and PYCR1 catalyze 
proline biosynthesis reactions.

Furthermore, we analyzed the steady-state levels of 19 amino ac-
ids in in vivo in femur head cartilage from 1-month-old Cre and 
CreTW mice by LC-MS–based analysis. Among those, the nones-
sential amino acids aspartate, glycine, and proline and the essential 
amino acids isoleucine, phenylalanine, and valine were significantly 
increased in abundance in CreTW femur head cartilage (Fig. 4D). 
These results suggest that TCA cycle metabolites enter amino acid 
biosynthesis pathways to generate a unique profile of amino acids in 
cartilage when the chondrocyte mtRC is dysfunctional in vivo pre-
sumably to sustain protein synthesis reactions required for skeletal 
growth (11).

Perturbations in amino acid levels promote 
mTORC1 signaling
To define signaling networks that detect and translate the increase in 
metabolites and amino acids into cellular responses, we studied the 
phosphoproteome in femur head cartilage from 1-month-old Cre 
and CreTW mice using mass spectrometry. Here, EasyPhos technol-
ogy was applied to maximize yield, coverage, and reproducibility of 
phosphopeptide quantification (12). In total, 2487 phosphoproteins 
were detected in femur head cartilage and among those, 40 proteins 
with 59 differentially phosphorylated sites were identified (Fig. 5A). 
Most phosphorylation sites correspond to nonvalidated sites previ-
ously identified by high-throughput proteomic analyses (https://
phosphosite.org). Among the 14 validated phosphorylation sites, 4 
correspond to mTOR signaling pathway targets (Fig. 5B), including 
the insulin receptor substrate 1 (pIRSS302) and the eukaryotic transla-
tion initiation factor 4E–binding protein 1 (p4E-BP1S65, p4E-BP1T70). 
Immunoblot analysis using femur head cartilage samples confirmed 
that the phosphorylation of the downstream mTORC1 targets ribo-
somal S6 kinase beta-1 (S6K1T389) and eukaryotic translation initia-
tion factor 4E-binding protein 1 (4E-BP1S65 and 4E-BP1T37/46) was 
strongly elevated in CreTW mice compared to controls (Fig. 5, C and 
D) accompanied by slightly higher total levels. In addition, the phos-
phorylation of adenosine monophosphate (AMP)–activated protein 
kinase (AMPK) on threonine-172 that is known to function as a 
negative upstream mTORC1 regulator (13, 14) was reduced in femur 
head cartilage of CreTW mice compared to control.

The phosphoproteomic signature and immunoblot analysis of 
cartilage with perturbed mtRC suggested that the elevated amino 

acid levels cause the activation of mTORC1; therefore, we studied 
the phosphorylation of mTORC1-specific downstream targets in re-
sponse to amino acid starvation in cultured chondrocytes from 
1-month-old Cre and CreTW mice using immunoblot analysis (Fig. 
5, E and F). The removal of amino acids strongly reduced the phos-
phorylation of the mTORC1 substrates S6K1 and 4E-BP1 in Cre and 
CreTW chondrocytes. After 2 and 16 hours of amino acid depletion, 
phosphorylation of ribosomal S6 kinase 1 (S6K1T398) decreased in 
Cre chondrocytes, whereas the decrease of p-S6K1 was significantly 
delayed in CreTW chondrocytes. Long-term amino acid depletion 
(16 hours) reduced total 4E-BP1 levels in both Cre and CreTW chon-
drocytes. However, a decrease in electrophoretic mobility of 4E-BP1 
as a measure for increased phosphorylation [hyperphosphorylated 
β- & -γ form, (15)] was detected in CreTW chondrocytes compared 
to Cre control as well as its persistent phosphorylation (p4E-BP1S65). 
This indicates that both mTORC1 targets remain hyperphosphory-
lated in chondrocytes with mtRC dysfunction despite external ami-
no acid removal. To further extend this analysis, we examined 
the amino acid–dependent association of mTOR with lysosomes, 
a critical requirement for sustaining mTORC1 signaling activity in 
cells (16). Here, we observed that mTOR preferentially localizes to 
LAMP2+ lysosomes in CreTW chondrocytes compared to controls, 
both under standard growth conditions and after amino acid deple-
tion (fig. S7, C and D).

We hypothesized that the increased amino acid biosynthesis ac-
tivity in CreTW chondrocytes contributes to elevated intracellular 
levels of amino acids, which in turn sustain the phosphorylation of 
downstream mTOR kinase target proteins. We therefore analyzed the 
impact of the endogenously elevated amino acids [aspartate (D), phe-
nylalanine (F), glycine (G), isoleucine (I), proline (P) and valine (V)] on 
mTORC1 activity. Chondrogenic cells were cultured for 2 hours 
in amino acid–depleted media and then stimulated for 2 hours with 
medium containing individual amino acids or medium supplemented 
with a mix containing all amino acids (Fig. 5, G and H). Immu-
noblot analysis revealed that phosphorylation of S6K1 and4E-BP1 
was weakly increased or even unaffected by stimulation with indi-
vidual amino acids, whereas supplementation with the “DFGIPV” 
amino acid mix resulted in strong mTORC1 activation. These re-
sults demonstrate the synergistic action of the elevated amino acid 
levels for mTORC1 signaling pathway activation in chondrogenic 
cells. Collectively, these findings suggest that the elevated amino 
acid levels stimulate the activation of mTORC1 in vivo in femur 
head cartilage.

The mTORC1-dependent downstream biosynthesis 
machinery is stimulated
mTORC1 is known to coordinate biosynthetic processes, e.g., pro-
tein, nucleotide, and lipid biosynthesis, required for basal cellular 
functions (17), and we therefore studied the enrichment of bio-
synthesis pathways in the proteome dataset of femur head carti-
lage. Enrichment analysis showed an overrepresentation of mRNA 
translation and nucleotide metabolism (ribosome, aminoacyl-tRNA 
biosynthesis) terms in vivo in CreTW mice compared to control (see 
Fig. 4B). On the basis of these findings, we used the nonradioactive 
surface sensing of translation (SUnSET) assay and slot blot analysis 
on puromycin-treated chondrocytes to study de novo protein bio-
synthesis (18). A stronger intensity for puromycin pulse–labeled 
proteins, as a direct measure of protein translation rate, was observed 
in CreTW chondrocytes compared to control (Fig. 6A). This is in 
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Fig. 4. Rewiring of the TCA cycle can stimulate de novo amino acid biosynthesis in vivo in femur head cartilage with mtRC dysfunction. (A) 13C6 glucose- (glycine, 
alanine, and aspartate) and 13C5 glutamine–dependent (proline) metabolite enrichment analysis into amino acid biosynthesis pathways using LC-MS–based analysis. Key 
enzymes are highlighted (scheme, left). Fold changes of the MID between genotypes is given (right, n = 6 animals per genotype for 13C6 glucose tracing; n = 7 animals per 
genotype for 13C5 glutamine tracing experiments). Raw data are provided in figs. S4 and S5. (B) KEGG pathway enrichment analysis of differentially abundant entities in 
femur head tissue extracts from 1-month-old Cre and CreTW mice as determined by mass spectrometry analysis; proteome dataset PXD027109 (8). Terms are ranked ac-
cording to the mean log2FC (FC, fold change) and −log10 P value. The number of color-coded regulated entities within each pathway is shown, with the corresponding 
log2 fold changes of the KEGG mmu01230 pathway Biosynthesis of amino acids summarized in box plot to the right. (C) Mean log2 fold change (log2FC, FDR 0.05) of the 
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entities with increased abundance, while blue represents entities with decreased abundance [(PXD027109 and (8)]. (D) Characterization of the amino acid content in fe-
mur head tissue extracts from 1-month-old Cre and CreTW mice using LC-MS–based analysis. Fold changes between Cre and CreTW mice are shown (n = 4 animals per 
genotype). Raw data are provided in fig. S1. Quantitative data are means ± SEM. Unpaired two-tailed Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 5. Metabolic perturbations are sensed by the mTORC1 signaling pathway in femur head cartilage of CreTW chondrocytes. The phosphoproteome of isolated 
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mixture (DFGIPV mix). Leucine (L) and standard growth medium (DMEM) were used as stimulation control. (H) Fold changes in S6K1 protein phosphorylation are shown 
(n = 3 biological samples per genotype). Quantitative data are means ± SEM, Unpaired two-tailed Student’s t test [(D) and (F)] or one-way analysis of variance (ANOVA) 
with Bonferroni’s multiple comparisons test (H), *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 6. Biosynthesis processes are stimulated in cartilage with mtRC dysfunction. (A) SUnSET assay to sense de novo translation rates in isolated ribcage chondro-
cytes of 1-month-old Cre and CreTW mice. Slot blot analysis of cells treated with puromycin (Puro). Cycloheximide (CHX) served as control to inhibit translational elonga-
tion. Puromycin-incorporation into peptides was determined by immunoblot (left). Fold changes between puromycin-treated Cre and CreTW chondrocytes are shown 
(graph, n = 7 animals per genotype). (B) Scheme of 13C6 glucose carbon enrichment analysis from oxaloacetate into carbamoylaspartate and uridine nucleotide synthesis 
and 13C5 glutamine carbon enrichment into triacylglycerides (TAG) of cultured Cre and CreTW chondrocytes (scheme). (C) Fold changes of the indicated isotopomers 
between genotypes are given (n = 6 animals per genotype). Raw data are provided in figs. S4 and S5. (D) Mass spectrometry analysis of fatty acyl chain species within the 
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cage chondrocytes (top). Lipid droplets are marked with arrows. Scale bar, 10 μm. Oil Red O visualization of neutral lipids. Scale bars, 100 μm. Quantification shows the Oil 
Red O–positive area normalized to the total area (μm2), (n = 5 biological replicates). Quantitative data are means ± SEM. Unpaired two-tailed Student’s t test, *P < 0.05, 
**P < 0.01, ***P < 0.001.
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line with the increased abundance of many ribosome-related terms 
when analyzing the proteome signature of CreTW cartilage in vivo 
compared to control. Together, the experiments therefore suggest 
that mTORC1 activates protein biosynthesis processes in femur head 
cartilage of CreTW mice. This was further validated by immunofluo-
rescence studies of femur head cartilage in vivo, where we observed 
an increased phosphorylation of the ribosomal protein S6 (S6) as 
downstream target of the mTOR-S6K1 signaling axis in the central 
expanded area of femur head cartilage with increased THBS1+-
containing ECM protein production and deposition (see Fig. 7A).

Presumably, rewiring of the TCA cycle and hyperactive mTORC1 
also stimulates nucleotide biosynthesis pathways, and we studied the 
carbon enrichment into these pathways using 13C6 glucose–labeling ex-
periments (Fig. 6B, blue). Here, an increased enrichment of m+3 inter-
mediates from oxaloacetate to aspartate-carbamoylaspartate into uridine 
monophosphate (UMP), -diphosphate (UDP), and -triphosphate (UTP) 
was detected in CreTW chondrocytes compared to control (Fig. 6C). 
Hence, carbon atoms of the TCA cycle feed preferentially into oxaloac-
etate/aspartate-dependent pyrimidine synthesis pathways when mtRC 
is defective. Moreover, the in vivo characterization of the proteome in 
femur head cartilage [PXD027109 (8)] revealed an increase of the multi-
functional protein CAD (glutamine-dependent carbamoyl-phosphate 
synthase: aspartate carbamoyltransferase: dihydroorotase). This enzyme 
catalyzes three rate-limiting steps of the pyrimidine nucleotide synthesis 
and is a downstream target of mTORC1 and S6K (19).

Last, we determined the impact of mtRC dysfunction and mTORC1 
activation on lipid homeostasis. Characterization of lipid species 
abundance by mass spectrometry revealed an increase in many nones-
sential and essential fatty acid subspecies within the pool of triacylg-
lycerides in vivo in femur head cartilage of CreTW mice compared to 
control (Fig. 6D). Accumulation of nonessential fatty acids can result 
from the reverse influx of glutamine to citrate into acetyl–coenzyme A 
(CoA)–dependent lipid generation in CreTW chondrocytes (20) as 
indicated by 13C5 glutamine tracing experiments, where we can detect 
an increase of glutamine-derived carbons via the TCA cycle into pal-
mitate and stearate in CreTW mice (Fig. 6E). The increase of several 
essential fatty acids also suggests a contribution from increased uptake 
or reduced lipolysis/release to the elevated pool of fatty acid subspecies.

Furthermore, active mTORC1 is known to induce the expression 
of lipogenic genes through SREBP1 cleavage and its translocaliza-
tion to the nucleus. Here, we detect reduced levels of full-length 
SREBP1 and increased levels of its shorter, cleaved form, indicative 
of increased SREBP1 cleavage (Fig. 6F) and an increased expression 
of genes encoding for key enzymes involved in the lipid pathway 
(Acaca, Acly, and Lpin1) in chondrocytes of CreTW mice compared 
to control (Fig. 6G). Moreover, in vivo characterization of protein 
abundance by LC-MS–based analysis [PXD027109 (8)] showed that 
enzymes, which converts citrate to acetyl-CoA (ACACA) and cata-
lyzes the first-rate limiting step of de novo fatty acid biosynthesis 
from acetyl-CoA to malonyl-CoA (ACLY), are significantly in-
creased in vivo in femur head cartilage. Apparently, the activation of 
the reductive carboxylation pathway and mTORC1-dependent lipo-
genic enzymes should result in the accumulation of lipids in cells, 
and we then studied lipid droplet organization in vivo in femur head 
cartilage. Here, we could show by electron microscopy analysis of 
femur head cartilage an increased number of intracellular lipid 
droplets in chondrocytes of CreTW cartilage (see Fig. 7C) and con-
firmed by holotomographic three-dimensional (3D) nanoscopy and 
Oil red O staining the accumulation of lipid droplets in isolated 

chondrocytes (Fig. 6H). Together, the results illustrate that mTORC1 
hyperactivation stimulates protein and nucleotide and lead to in-
creases lipid accumulation in vivo in cartilage when the mtRC is 
dysfunctional.

mTORC1 hyperactivation disturbs the autophagy-dependent 
secretory route
Active mTORC1 promotes cell growth also by inhibiting cellular catabo-
lism through repression of the autophagic flux (21), a process that facili-
tates the removal of dysfunctional mitochondria and is required to 
maintain vesicle-mediated transport and ECM secretion during skeletal 
growth (22). We then studied mTORC1 activation and consequences for 
autophagy-dependent organelle organization in femur head cartilage. 
Immunofluorescence studies on paraffin sections of 1-month-old femur 
head cartilage showed that the ribosomal protein S6 (S6) as down-
stream target of S6K1 was hyperphosphorylated in the disorganized area 
of femur head cartilage from CreTW mice but not in control mice (Fig. 
7A). This central area of femur head cartilage was previously described 
to be expanded with increased biomass of THBS1+-containing ECM 
material (8). In addition, immunofluorescence studies detected an in-
creased number of SQSTM1/p62-positive chondrocytes in the disorga-
nized THBS1+ area with activated mTORC1 signaling of the femur 
head cartilage from CreTW mice indicating that autophagy is impaired 
(Fig. 7B). The increase in total SQSTM1 levels was confirmed by im-
munoblot and proteome analyses in vivo using femur head cartilage from 
1-month-old CreTW mice (see Fig. 5C, PXD027109) (8). Moreover, we 
showed by immunoblot analysis that the turnover of LC3 and SQSTM1/
p62 is impaired in isolated chondrocytes from 1-month-old CreTW mice. 
This shift could be normalized by bafilomycin treatment (fig. S8).

The results show that autophagy is persistently inhibited in carti-
lage of CreTW mice in regions with accumulation of THBS1+ ECM 
material, increased mTORC1 activity, and defective mtRC. We then 
applied electron microscopy to understand the consequences of au-
tophagy suppression for intracellular organelle organization in fe-
mur head cartilage of CreTW mice. Fragmented mitochondria were 
mainly found in CreTW chondrocytes but not in the respective con-
trol samples. The volume of the endoplasmic reticulum (ER) was 
frequently expanded, accompanied by a disorganized Golgi appara-
tus (Fig. 7C). Impaired ER and Golgi apparatus organization can 
disturb protein folding and secretion processes that are essentially 
required for ECM formation to stabilize skeletal growth. Proteins of 
the core matrisome were enriched in the proteome dataset from Cre-
TW cartilage (Fig. 7D). Among those, collagen IX, XI, fibromodulin, 
matrilin 1, and thrombospondin 1 are well described to modulate 
collagen fibril assembly and affect ECM secretion and organization. 
In line with these findings, we previously showed that mtRC failure 
induces an ECM-specific damage response associated with increased 
cross-linking and matrix stiffness in vivo (8), as well as sensitization of 
chondrocytes to cell death, premature cartilage degeneration, and 
growth plate closure (6). Therefore, these results illustrate that hyperac-
tive mTORC1 interferes with the autophagic flux, ER-Golgi–dependent 
ECM formation processes that eventually contribute to growth plate 
cartilage degeneration.

Redox imbalances are key targets to restore 
chondrocyte survival
Our results pointed to an activation of the reductive/reverse TCA 
cycle that stimulate mTORC1-dependent disturbance of organelle 
recycling and ECM assembly and secretion processes together with 
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Fig. 7. Autophagy, organelle organization, and core matrisome composition are disturbed in chondrocytes with mtRC dysfunction. (A) pS6 (Ser240/244) and 
THBS1 immunostaining on plane-matched paraffin sections of femur head cartilage from 1-month-old Cre and CreTW mice. Enlarged regions of interest (squares) are 
shown. The ratio of pS6+ cells within the THBS1+ area was determined (n ≥ 4 animals per genotype). (B) SQSTM1/p62 and THBS1 immunostaining on plane-matched 
paraffin sections of femur head cartilage from 1-month-old Cre and CreTW mice. Enlarged regions of interest (squares) are shown. The ratio of SQSTM1/p62+ cells within 
the THBS1+ area was determined (n = 4 animals per genotype). (C) Alcian blue/hematoxylin and eosin–stained sections of 1-month-old femur heads from Cre or CreTW 
mice. Electron microscopy analysis of chondrocytes in the THBS1+ region from femur head cartilage of 1-month-old Cre and CreTW mice. Mitochondria, ER, Golgi, and 
lipid organization is shown. (D) Venn diagram of differentially regulated matrisome-associated and core matrisome entities in the proteome (PXD027109) of femur head 
cartilage from 1-month-old Cre and CreTW mice. Quantitative data are means ± SEM. Unpaired two-tailed Student’s t test, **P < 0.01, ***P < 0.001. Scale bars, 100 μm (A) 
and (B).

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversitaets und Stadtbibliothek K

oeln on N
ovem

ber 04, 2025



Bubb et al., Sci. Adv. 11, eads1842 (2025)     18 April 2025

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

12 of 21

the amino acid biosynthesis machinery in CreTW mice. Amino ac-
ids can be key signals to recruit mTORC1 to the lysosome surface 
for activation (23) and may drive mTORC1 activation to sustain 
fundamental biosynthetic and secretory functions necessary for cell 
survival when mtRC is dysfunctional.

Therefore, we tested how CreTW chondrocytes, which show el-
evated mTORC1 activity even when cultured in −AA media, re-
spond to long-term amino acid starvation. Here, down-regulation 
of mTORC1 activity upon amino acid withdrawal is part of an im-
portant adaptive cellular response to nutrient insufficiency, as cells 
with aberrantly hyperactive mTORC1 cannot properly switch off 
anabolic functions despite the apparent metabolic imbalance lead-
ing to cell death (see Discussion). Microscopy analysis revealed a 
notable decrease in CreTW chondrocyte growth after 3 days in cul-
ture when exposed to amino acid–depleted conditions, as opposed 
to control cells (Fig. 8A). Combined AnxA5/SytoxBlue staining and 
flow cytometry analysis (24) showed that the proportion of dying 
cells was strongly increased in cultures of CreTW chondrocytes 
upon long-term amino acid depletion compared to Cre control (Fig. 
8, B and C). These findings illustrate the detrimental impact of 
chronic hyperactive mTORC1 signaling under metabolic challeng-
ing conditions, a situation also observed in the avascular growth 
pate cartilage during skeletal growth, where cell death is induced 
when mtRC is defective (6, 8).

We then hypothesized that restoring redox balance could allevi-
ate the effects of amino acid starvation on fundamental biosynthetic 
functions and cell survival. To test this, we treated amino acid–
starved chondrocytes with nicotinamide mononucleotide (NMN), a 
compound known to boost NAD+ levels and address redox imbal-
ance in cases of mtRC dysfunction (25), and with rapamycin to fully 
suppress mTORC1 signaling. In this context, the reduction in cell 
numbers was ameliorated in CreTW chondrocytes supplemented 
with increasing concentrations of NMN, compared to amino acid–
starved and rapamycin-treated cells as shown by microscopy analy-
sis (Fig. 8A). Flow cytometry analysis revealed that the proportion 
of dying cells was increased in cultures of CreTW chondrocytes 
upon amino acid depletion and rapamycin treatment (24), while the 
supplementation with increasing concentrations of NMN strongly 
reduced cell death (Fig. 8B), presumably by correcting the extreme 
reducing conditions and stimulating oxidative metabolic pathways. 
The results reveal that redox imbalances are key targets to restore 
chondrocyte survival and to prevent cartilage degeneration and pre-
mature aging processes caused by mitochondrial dysfunction.

DISCUSSION
Patients with mitochondrial diseases show signs of increased energy- 
consuming biosynthetic processes associated with lifespan reduction 
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and growth retardation. It was previously proposed that this meta-
bolic response protects cells from acute mtRC defects yet with po-
tential long-term consequences for aging processes (4). Here, we 
provide a molecular scenario for how energy-consuming biosyn-
thetic pathways are redirected in cells to compensate for the loss of 
mtRC activity but paradoxically trigger premature aging of growth 
plate cartilage. Moreover, we demonstrate how this knowledge can 
be used to target metabolic pathways and ameliorated cell death as a 
central outcome of mtRC dysfunction and skeletal aging pheno-
types in mitochondrial disease.

The TCA cycle operates in reverse to sustain the 
metabolite supply
The metabolite analysis by LC-MS–based analysis showed that lac-
tate levels are elevated as a consequence of increased glycolytic activ-
ity in adult cartilage with mtRC dysfunction. This metabolic shift 
toward glycolysis-driven lactate production was previously observed 
in cell lines with impaired mtRC, where glycolysis is engaged to pro-
duce energy and recycle NADH to NAD+ by oxidation of pyruvate into 
lactate (26), and lactate may also be released from cartilage to cause 
systemic lactic acidosis as observed in mutants with an epidermis- 
specific expression of the Twinkle mutant helicase (27). Here, the 
rewiring of the metabolism in skin epidermis results in high lactate 
levels in blood contributing to early postnatal death of the mice. 
However, we did not observe systemic metabolic effects of mito-
chondrial dysfunction in CreTW mice with a cartilage-specific ex-
pression of the Twinkle mutant helicase. CreTW mice have no 
impairment in survival rate (6) and changes in the blood pH, lactate, 
or glucose levels (fig. S9), and our detailed analysis of the phospho-
proteome did not provide evidence for the activation in the insulin 
or growth hormone pathways that may act systemically on skeletal 
growth. Cartilage is avascular, meaning that it lacks blood vessels 
and, as a result, accumulated lactate and any other metabolites can-
not be quickly distributed via the bloodstream as compared to other 
tissues. Therefore, we conclude that the metabolic phenotype of 
CreTW mice is restricted to cartilage, where we unexpectedly ob-
served a strong impact of mtRC dysfunction on TCA cycle metabo-
lism. We detected a higher abundance of the TCA cycle metabolites 
and enzymes indicative of an increase in TCA cycle activity and me-
tabolite production. The findings were rather unexpected as lack of 
electron transfer to the respiratory chain results in excess of NADH, 
which inhibits the function of pyruvate dehydrogenase complex and 
the metabolic flow of the TCA cycle (28–31). Apparently, the TCA 
cycle has a remarkable flexibility and reversibility in mammalian 
cells to sustain the metabolite supply in challenging situations when 
respiration is impaired (32–34).

An anaplerotic replenishment of carbons into the TCA cycle can 
lead to reductive/reverse orientation of the cycle when OXPHOS is 
impaired (9). We now provide evidence that two sections of the re-
verse TCA cycle bypass the shortage in TCA cycle metabolites in 
chondrocytes with mtRC dysfunction. The use of the isotopic tracer 
13C6 glucose shows a carbon enrichment into the first segment of the 
reverse TCA cycle from pyruvate to oxaloacetate up to succinate. 
This segment runs counterclockwise only under very strong reduc-
tive conditions when the lack of mtRC dysfunction forces the SDH 
complex to reduce fumarate to succinate (9). The latter cannot be 
converted back to α-ketoglutarate due to the unidirectional nature 
of the reaction from α-ketoglutarate to succinyl-CoA (35), and, 
therefore, LC-MS–based analysis detects a strong accumulation of 

succinate in cartilage of CreTW mice. In addition, 15C5 glutamine 
tracing experiments revealed a carbon enrichment into a second 
segment of the reverse TCA cycle from glutamine to α-ketoglutarate 
into citrate. Activation of this second segment of the TCA cycle was 
associated with an increase of involved metabolites (α-ketoglutarate 
to citrate), enzymes (ACO2, IDH3, and ACLY), and transporters 
(e.g., SLC25A1) as shown by mass spectrometry. This segment, al-
ternatively referred to as glutamine-dependent reductive carboxyl-
ation pathway in the setting of respiratory dysfunction (32), was 
described to support chondrocyte growth and matrix production 
under glycolytic conditions (36), and we now demonstrate its im-
portance for chondrocytes experiencing mtRC dysfunction. In con-
clusion, glutamine and pyruvate act as alternative anaplerotic carbon 
sources that are redirected into two distinct sections of the reverse 
TCA cycle to sustain the metabolite generation in chondrocytes 
with impaired mtRC. This reverse TCA cycle activity and pyruvate/
glutamine metabolism are tightly coupled to produce metabolites 
for biosynthesis reactions. Moreover, metabolites of the reverse 
TCA cycle function as alternative electron acceptors to regenerate 
NAD+ in response to a reductive shift when electron flow to oxygen 
is impaired (9). Therefore, the redirecting of the TCA cycle fulfils a 
dual function: producing TCA cycle intermediates and replenishing 
NAD+ to sustain the biosynthetic pathways in growth plate cartilage 
with defective mtRC. Proline and aspartate synthesis pathways were 
previously described to facilitate NAD+ regeneration in cells with a 
disturbed electron transport chain (37, 38), and the engagement of 
these pathways in CreTW chondrocytes may further support the 
regeneration of NAD+. However, the activation of the reverse TCA 
cycle and its associated amino acid synthesis pathways could not 
fully restore redox/energy homeostasis in the long term. The NAD+/
NADH ratio and ATP levels were still significantly reduced in carti-
lage of 1-month-old CreTW mice [see Fig. 2E and (6)]. Last, amino 
acid biosynthesis pathways may also be activated to eliminate the 
excess of glutamine-derived amino groups and sustain the meta-
bolic input into the reductive carboxylation pathway. Therefore, the 
redirecting of the TCA cycle efficiently restores metabolites but im-
poses a higher energetic expense for these biosynthesis processes. This 
scenario was predicted by stochastic modeling of patients with mito-
chondrial diseases (39), and we now provide a molecular explanation 
for the increased metabolic expenses of mitochondrial diseases.

Rewiring of the TCA cycle can stimulate amino acid 
biosynthesis and mTORC1 signaling
We show here that de novo amino acid biosynthesis, as a result of 
metabolic rewiring of the TCA cycle, contribute to the activation of 
mTORC1 signaling in chondrocytes when mtRC is dysfunctional. 
Protein degradation and amino acid uptake from extracellular sourc-
es may further assist to the increase in amino acid levels. However, at 
present, our glutamine uptake experiments suggest that uptake 
plays a relatively minor role in this context (fig. S6). TCA cycle me-
tabolites can feed directly into amino acid biosynthesis pathways to 
increase a distinctive profile of amino acid in cartilage as demon-
strated by the carbon tracing, proteome, and amino acid profiling 
experiments. We detect a synergistic stimulatory impact of the ele-
vated amino acids on mTORC1 activity in chondrogenic cells as we 
observe a robust activation of the mTORC1 signaling pathway driv-
en by supplementation with the mix of all amino acids whose levels 
are elevated in CreTW chondrocytes but not by individual amino 
acids. These results suggest that endogenous amino acids may serve 
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as primary signals to sustain basal levels of mTORC1 activity in 
chondrocytes with defective mtRC, even under conditions of exog-
enous amino acid withdrawal. Notably, upon longer starvation 
times, this aberrant mTORC1 activation causes chondrocyte cell 
death (6), presumably due to a metabolic imbalance of nutritional 
demand and supply, as well as due to suppression of autophagy. In-
hibition of autophagy can compromise the degradation of substrates 
regulated by the ubiquitin-proteasome pathway (40), potentially 
feeding back to the mTORC1 signaling pathway. Notably, the mTOR 
target 4E-BP1 is known to undergo ubiquitination and subsequent 
degradation by the proteasome (41), and it is tempting to speculate 
that the observed increase in 4E-BP1 levels (see Fig. 5C) may result 
from impaired proteasomal degradation under conditions of dys-
functional mitochondrial respiration. A rapid autophagic response 
is typically necessary to protect cells from cell death, and similar 
examples were reported in previous studies using different models 
of aberrant mTORC1 activation or dysregulated translation that can 
lead to cellular or organismal death when combined with nutrient 
deprivation (23, 42–46). Endogenous TCA cycle–derived amino ac-
ids cannot fully restore mTORC1 activity, and cells undergo cell 
death after metabolic stress. Here, we could improve CreTW chon-
drocyte survival by providing the external NMN to regenerate 
NAD+ levels and stimulate oxidative metabolic pathways, whereas 
cell death was increased after supplementation with rapamycin and 
total inhibition of mTORC1 activity. Therefore, basal mTORC1 acti-
vation is essential for maintaining cell survival when mitochondrial 
respiration is impaired, but both its hyperactivation and complete 
inactivation are detrimental to cell survival. Redox imbalances are 
key targets for restoring chondrocyte survival to maintain an oxida-
tive microenvironment and are crucial for biochemical pathway ac-
tivation and for preventing cartilage degeneration and premature 
aging caused by mitochondrial dysfunction. Previous studies have 
shown that nicotinamide precursor supplementation can ameliorate 
phenotypes linked to mitochondrial dysfunction in vivo (25,  47), 
and our work now provides a mechanistic explanation for why these 
experiments are effective and reveals a therapeutic potential for res-
cuing skeletal aging response when mtRC is dysfunctional. The 
findings highlight the sensitivity of chondrocytes to redox balances 
as well as the importance of these pathways for chondrocyte sur-
vival when mtRC is defective. It may also explain why cell death is 
increased in late hypertrophic chondrocytes when mtRC is dysfunc-
tional (6, 8). Late hypertrophic chondrocytes activate OXPHOS to 
face additional bioenergetic challenges with the increased oxygen 
availability supplied by invading blood vessels at the chondro-
osseous junction (6, 48). Here, the failure to activate mtRC in Cre-
TW mice may impose further metabolic stress and trigger cell death.

The metabolic-signaling response accelerates 
cartilage degradation
It is the primary function of the mTORC1 signaling pathway to 
stimulate biosynthetic activities, and in this context, we detect the 
highest mTORC1 signaling activity in regions with excessive pro-
duction of ECM material and lipid droplet accumulation in femur 
head cartilage in vivo. Therefore, hyperactive mTORC1 drives bio-
synthetic processes required for skeletal growth when mtRC is dys-
functional but also may cause a local overproduction of proteins and 
lipids. The latter is frequently observed in other mouse mutants with 
mitochondrial dysfunction. Here, mice with specific ablation of the 
mitochondrial aspartyl-tRNA synthetase DARS2, the respiratory 

chain subunit SDHA or the assembly factor COX10 in intestinal 
epithelial cells showed accumulation of large lipid droplets (49), 
which was attributed to impaired trafficking of chylomicrons from 
the ER to the Golgi. We now expand this understanding of the im-
pact of mtRC dysfunction on lipid metabolism and show that mtRC 
dysfunction in cartilage activates mTORC1-dependent expression 
of lipogenic key enzymes and the glutamine-dependent reductive 
carboxylation pathway to stimulate nonessential lipid biosynthesis 
processes in vivo. Moreover, the increased abundance of essential 
fatty acids in cartilage suggests a contribution from enhanced lipid 
uptake and/or reduced lipolysis or release, both of which may be 
regulated by the mTORC signaling pathway (50). These results add a 
biochemical explanation for the accumulation of lipids observed in 
many mouse mutants with mitochondrial dysfunction in vivo.

The mTORC1 signaling pathway is a critical inhibitor of autopha-
gy to hinder organelle removal, and the latter could be crucial to 
equilibrate cellular responses in chondrocytes with defective mito-
chondria. It was earlier proposed that cells shut down autophagy to 
prevent the total loss of dysfunctional mitochondria in the long term 
and sustain their basal biosynthetic activity (51). This concept is in 
line with the observation that degradation of organelles is impaired 
after chronic mtRC inhibition by long-term treatment with rotenone 
(52). Moreover, yeast lacking the mt genome and RC activity show a 
reduction in the autophagic flux (53), and human embryonic kidney 
293 cells with chronic genetic defects in complex I activate the 
mTORC1 signaling pathway to suppress autophagy (54). In agree-
ment with these results, we detected an impairment of the autophagic 
flux in cartilage with fragmented mitochondria, disturbed ER-Golgi 
organization, and altered ECM secretion and extracellular assembly 
(6, 8). Hence, mTORC1 signaling pathway could be activated to pre-
vent total removal of defective yet biosynthetically active mitochon-
dria in chondrocytes via autophagy, whereas its prolonged suppression 
disturbs organelle to impair ECM secretion process and destabilizes 
growth plate cartilage.

The importance of the mTORC1 signaling axis for skeletal aging 
is also illustrated by the phenotype of mice with chronic activation 
of mTORC1 in cartilage. Col2a1-Cre–driven deletions of TSC1 to 
activate mTORC1 signaling in cartilage results in short stature and 
chondrodysplasia associated with reduced amounts of collagen X 
and MMP13 (55). Growth retardation/chondrodysplasia as well as 
impaired collagen X and MMP13 deposition are not only features of 
our CreTW mutants with mtRC dysfunction in cartilage (6) but also 
of those with defective autophagy in chondrocytes (22). Cartilage-
specific deficiency of Atg7, the protein product that is required for 
autophagosome membrane formation and inhibition of autophagic 
activity, triggers ER stress associated with dilated ER cisternae, re-
duced secretion of collagens II and IX due to retainment in the de-
fective ER, and ultimately, increased cell death.

These notable molecular and phenotypical similarities between 
mutants support our view that chronic reductive TCA cycle activity 
is sensed by amino acid–dependent stimulation of mTORC1 signal-
ing and inhibits the elimination of defective mitochondria by au-
tophagy. There are costs associated with this response, which is the 
increased disruption of the secretory pathway and the ECM as a 
whole, as well as premature growth plate degeneration and aging.

Overall, our findings underscore the importance of the reverse 
TCA cycle and the amino acid–dependent activation of the mTORC1 
signaling pathway to equilibrate cellular responses in cartilage (Fig. 9). 
This adaptation increases the metabolic expenses for skeletal growth 
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over time and reduces the lifespan of growth plate cartilage leading 
to growth impairment as a sign of premature skeletal aging, a phe-
nomenon frequently observed in patients with mitochondrial dis-
ease. Restoring the redox balance by boosting NAD+ to activate 
oxidative metabolism can be a key target to ameliorate these conse-
quences and improve the aging outcome.

MATERIALS AND METHODS
Mouse breeding and tissue collection
All experiments were performed in accordance with the German ani-
mal protection law (Institutional Review Board: “Landesamt für Natur, 
Umwelt und Verbraucherschutz Nordrhein-Westfalen”). Transgenic 
Col2a1-Cre C57BL/6 mice with cartilage-specific mtRC dysfunction 
(CreTW) (6) were generated by breeding mice expressing Cre recombi-
nase under the control of a Col2a1 promotor (Col2a1-Cre C57BL/6N) 
(56) with R26-K320E-TwinkleloxP/+ animals (Fig. 1A) (27). Standard 
irradiated mouse chow and water was supplied ad libitum. Femur head 
tissue extracts were collected from female 1-month-old mice (±1 day) 
after cervical dislocation and snap frozen in liquid nitrogen. Heterozy-
gous Col2a1-Cre-R26-K320E-TwinkleloxP/+ mice (CreTW) were com-
pared to Col2a1-Cre (Cre) littermates.

Isolation of primary ribcage chondrocytes and cell culture
The ribcage of female 1-month-old mice was used to isolate suffi-
cient numbers of primary chondrocytes. Femur head tissue could 

not be used because of insufficient yield in cell numbers. Dissected 
ribcages were preincubated in collagenase P [2 mg/ml in Dulbecco’s 
modified Eagle’s medium (DMEM)/F12, 10% fetal calf serum (FCS), 
and 1% (100 U/ml) penicillin-streptomycin (P/S)] for 30 min, and 
the adherent connective tissue was removed and chondrocytes iso-
lated by collagenase II digest (450 U/ml in DMEM/F12, 10% FCS, 
and 1% P/S) over night (18 to 20 hours). Isolated rib cage chondro-
cytes were cultured in DMEM/F12, 10% FCS, 1% P/S, ASC [ascorbate 
(44 μg/ml; Sigma-Aldrich), and l-ascorbate-2-phosphate (130 μg/ml; 
Sigma-Aldrich)] at 37°C/5% CO2. After 24 hours, chondrocytes 
were detached by collagenase II (2 mg/ml in DMEM/F12, 10% FCS, 
and 1% P/S) incubation for 1 hour, centrifuged, resuspended in me-
dium, and plated in 45.000 cells per 48-well unless otherwise stated. 
ATDC5 cells, a chondrogenic cell line, was grown at 37°C/5% CO2 
in DMEM/F12, 5% FCS, and 1% P/S and used for stimulation ex-
periment 24 hours after plating.

Paraffin sections and immunofluorescence analysis
Femora of 1-month-old mice were isolated and fixed in 4% parafor-
maldehyde overnight. After 4 weeks of decalcification in 0.5 M 
EDTA (pH 8), by changing the solution once a week, femora were 
embedded in paraffin and sectioned (7 μm) using a microtome 
(HM355 S, Thermo Fisher Scientific, Waltham). The organization of 
the femur head cartilage was assessed by hematoxylin/eosin/Alcian 
blue staining. Moreover, target proteins in femur cartilage were ana-
lyzed by immunofluorescence. To unmask epitopes, the sections 

Fig. 9. Molecular consequences of mitochondria dysfunction in cartilage for skeletal aging processes. The reverse TCA cycle is activated to replenish carbon loss due 
to dysfunctional electron transport chain (ETC) in CreTW cartilage and increases amino acid levels to activate the mTORC1 signaling pathway. mTORC1 hyperactivation 
disturbs organelle and ECM organization associated with age-related chondrocyte death and premature cartilage degeneration.
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were incubated with hyaluronidase (5 mg/ml; Sigma-Aldrich) for 
30  min at 37°C and proteinase K (10 μg/ml; Sigma-Aldrich) for 
10 min at 50°C. The following primary antibodies were used: mouse 
anti-THBS1 (1:1000, Santa Cruz Biotechnology), rabbit anti-pS6 
(1:100, CST, #5364), and rabbit anti-SQSTM1 (1:200, MBL, #PM045). 
Corresponding secondary antibodies coupled to Cy3 (1:800, Jackson 
ImmunoResearch) or Alexa Fluor 488 (1:1000, Invitrogen, Thermo 
Fisher Scientific) were used to visualize the binding of the primary 
antibody. Sections were analyzed using a Nikon Eclipse TE2000-U 
microscope (Nikon). Brightness and contrast were adjusted for vi-
sualization.

SDS-PAGE and immunoblotting
Femur head cartilage of 1-month-old mice was lysed in 80 μl of radio-
immunoprecipitation assay (RIPA) buffer containing 5% NP-40, 0.25% 
Triton X-100, 2,5% 750 mM NaCl, and 100 mM tris-HCl (pH 7.4) 
supplemented with protease inhibitor (#P8340, Sigma-Aldrich) and 
phosphatase inhibitor (#4906837001, Sigma-Aldrich) cocktails and 
incubated over night at 4°C. Cultured primary chondrocytes as well 
as stimulated ATDC5 cells in 48-well plate were lysed in 60 μl of 
RIPA buffer supplemented with inhibitor cocktails, disrupted by 
sonication (20 s, 60% amplitude, Branson), and debris was removed 
by centrifugation before SDS–polyacrylamide gel electrophoresis 
(SDS-PAGE). Equal amounts of protein lysates were loaded, and 
proteins were transferred to a nitrocellulose membrane (Whatman) 
or polyvinylidene difluoride membrane (IPVH00010, Merck Milli-
pore) for SREBP1 protein detection. Membranes were stained with 
Ponceau S (Serva) and blocked with 5% nonfat dry milk or bovine 
serum albumin in TBS-T buffer [50 mM tris-HCl (pH 7.4), 150 mM 
NaCl, and 0.1% Tween-20], before adding primary antibody over-
night at 4°C. The following primary antibodies were used: rabbit 
anti–4E-BP1 (1:2000, CST), rabbit anti–p-4E-BP1 S65 (1:500, CST), 
rabbit anti–p-4E-BP1 T37/46 (1:1000, CST), rabbit anti–p-AMPK 
T172 (1:1000, CST), rabbit anti-AMPK (1:1000, CST), rabbit anti–
p-S6K1 T389 (1:1000, CST), rabbit anti-S6K1 (1:1000, CST), anti-
rabbit SQSTM1 (1:1000, MBL), mouse anti-SREBP1 (1:500, Thermo 
Fisher Scientific), and ACTA1 (1:2000, Millipore). After washing 
with TBS-T buffer the corresponding secondary antibody labeled 
with horseradish peroxidase (DAKO, Santa Clara) was added for 
1 hour at room temperature (RT). Antibody binding was visualized 
by enhanced chemiluminescence (ECL) using 10 mM tris (pH 8.8), 
12.5 μM luminol, 2.3 μM coumaric acid, and 5.3 μM hydrogen per-
oxide, or Amersham ECL Prime Western Blotting detection reagent 
(VWR) or Trident femto Western HRP Substrate (Gentex) depend-
ing on the primary antibody. To detect chemiluminescence signal 
x-ray films (Valmex) were used. Exposure was adjusted to the linear 
range, and band intensities were quantified via ImageJ software.

Cellular treatments
Primary isolated ribcage chondrocytes were precultured for 24 hours 
before amino acid starvation. Standard growth medium (DMEM/F12, 
10% FCS, 1% P/S, and ASC) was removed, and cells were carefully 
washed for two times with phosphate-buffered saline (PBS). Amino 
acid–free DMEM/F12 (D9811-01, US Biologicals) containing 10% 
dialyzed FBS (F0392, Sigma-Aldrich) and 1% P/S was applied for 
2 and 16 hours of incubation. Rapamycin (100 nM; LC-Laboratories 
R-5000) or 500, 750, and 1000 μM of NMN (Selleck chemicals GmbH 
S5259) were supplemented for cell death rescue experiments.

ATDC5 cells were similarly plated and starved for amino acids. 
Single amino acids [aspartate (D), phenylalanine (F), glycine (G), 
isoleucine (I), proline (P), valine (V)], amino acid mixture contain-
ing all six amino acids (D + F + G + I + P + V), leucine (L), and 
standard growth medium (DMEM/F12, 10% FCS, and 1% PS) as a 
stimulatory control were supplied to amino acid–free DMEM/F12 
[DMEM/F12 amino acid–free, 10% dialyzed FCS (Sigma-Aldrich), 
and 1% P/S] in a five times higher concentration than in DMEM to 
mimic the described accumulation in CreTW cartilage. Cells were 
lysed accordingly and subjected for further SDS-PAGE/immunob-
lot analysis.

NAD/NADH quantitation
Femoral heads were isolated from 1-month-old animals, immedi-
ately snap-frozen in liquid nitrogen, and stored at −80°C until fur-
ther processing. The NAD/NADH ratios were determined using a 
NAD/NADH quantification kit (Sigma-Aldrich) following the man-
ufacturer’s instructions.

Surface sensing of translation
Primary isolated chondrocytes were seeded at a density of 15,000 
cells per 48-well plate. Cells were either untreated or pretreated with 
the translation inhibitor cycloheximide at a concentration of 10 μg/
ml for 5 min before labeling with puromycin. Subsequently, puro-
mycin (10 μg/ml) was added for 10 min to enable its incorporation 
into nascent peptides. The cells were then lysed using RIPA buffer, 
and 20 μl of the resulting lysate was applied to a nitrocellulose mem-
brane using vacuum (slot blot analysis). A puromycin antibody at a 
dilution of 1:7500 in 5% milk TBS-T (MABE343, Sigma-Aldrich) 
followed by the corresponding secondary antibody labeled with 
horseradish peroxidase (DAKO, Santa Clara), and chemilumines-
cence was used to detect the puromycin incorporation.

Triacylglycerol detection
Samples of snap-frozen femur head tissue of 1-month-old mouse 
were pulverized using 2.8-mm ceramic beads (CK28 hard tissue ho-
mogenizing tubes, Precellys tissue homogenizer, Bertin) at 0°C for 
3× 20 s at 6800 rpm with 30-s breaks. Pulverized tissue was homog-
enized in Milli-Q water (1 mg/10 μl). The protein content of the 
homogenate was routinely determined using bicinchoninic acid.

To 50 μl of the homogenate 450 μl of Milli-Q water, 1.875 ml of 
methanol/chloroform 2:1 (v/v) and internal standards (40 μl of d5-
TG Internal Standard Mixture I, Avanti Polar Lipids) were added. 
Lipid extraction was performed as previously described (57).

Triacylglycerols were analyzed by nano-electrospray ionization 
(ESI) tandem mass spectrometry with direct infusion of the lipid 
extract (Shotgun Lipidomics) as previously described (57–59). En-
dogenous lipid species were quantified by referring their peak areas 
to those of the respective internal standard. The calculated lipid 
amounts were normalized to the protein content of the tissue ho-
mogenate.

Lipid visualization in cell culture using label-free 
holotomographic imaging and Oil Red O staining
Primary isolated ribcage chondrocytes were plate in Ibidi dishes (μ-
dish 35 mm, low, ibi-treated, Thermo Fisher Scientific), cultured for 
3 days, and analyzed by label-free holotomographic imaging (3D 
Cell Explorer-fluo, Nanolive). The measurement of the refractive in-
dex enables visualization of the mitochondrial network and lipid 
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droplets without using additional staining. Brightness and contrast 
were adjusted for better visualization, equally.

Oil Red O staining was conducted on primary isolated chondro-
cytes after 7 days of culture. First, the cells were fixed for 5 min using 
ice-cold MeOH, were washed with tap water, and incubated with 
60% isopropanol for 5 min. Six parts of the Oil Red O stock solution 
(0.5 g of Oil Red O per 100 ml 99% isopropanol) were freshly diluted 
with four parts Aqua Dest and immediately used to incubate the 
cells for 20 min. Last, the cells were differentiated for 5 min with 
60% isopropanol and washed with Aqua Dest. Pictures of stained 
cell layer were taken using Nikon Eclipse TE2000-U microscope. 
Quantification of Oil Red O stained area was conducted using 
ImageJ software and data was analyzed and visualized using Graph-
Pad Prism.

RNA isolation, quality control, and quantification by qPCR
Adherent chondrocyte cultures were cultured for 7 days and col-
lected in TRIzol Reagent (Life Technologies), and RNA was isolated 
by phenol-chloroform extraction. The concentration was deter-
mined using the NanoDrop 2000 spectrophotometer (Thermo Fish-
er Scientific, Darmstadt, Germany), and RNA quality was assessed 
by micro-capillary electrophoresis (2100 Bioanalyzer, Agilent, Santa 
Clara, CA) according to the manufacturer’s specifications. One mi-
crogram of nondegraded RNA with an RNA integrity number above 
8 was reversely transcribed using Omniscript Reverse Transcription 
Kit (Qiagen) according to manufacturer’s recommendations. cDNA 
(5 ng/5 μl) was used for the Takyon No ROX SYBR 2X MasterMix 
dTTP Blue (Eurogentec) in a total volume of 20 μl in clear FrameStar 96 
semi-skirted plates (4titude, Dorking, UK). Thermal cycling param-
eters were 3 min at 95°C followed by 40 cycles of 10 s at 95°C, 20 s 
at 60°C, and 40 s at 72°C. Gene-specific primers (Sigma-Aldrich, 
Darmstadt, Germany) were used for the detection of Acaca, Acly, 
Actb, and Lpin1 Mapk7. Quantitative polymerase chain reaction 
(qPCR) analysis was performed with the StepOnePlus Real-Time 
PCR System (Applied Biosystems, Foster City, CA), and specificity 
of gene amplification was confirmed by melting curve analysis. 
Primers used for gene expression analysis are listed (table S1). Mul-
tiple reference gene normalization (mean of Mapk7 and Actb) was 
used to avoid biased misinterpretation of expression data. The fold 
change (FC) was calculated using the ΔΔCt method (60), log2-
transformed, and displayed on a log2-scaled axis to represent the 
expression changes in a similar manner across the order of magni-
tude. Six biological replicates were analyzed per genotype.

Phosphopeptide enrichment and proteomic analysis
Isolated femur head cartilage pooled from three animals was pulver-
ized using 2.8-mm ceramic beads (CK28 Hard tissue homogenizing 
tubes, Precellys tissue homogenizer, Bertin) at 0°C for 3× 20  s at 
6800 rpm with 30-s breaks. The resulting powder was mixed with 
sodium deoxycholate (SDC) lysis buffer [4% (w/v) SDC in 100 mM 
tris-HCl (pH 8.5)] and immediately heated at 95°C for 5 min before 
being sonicated. The samples were further processed and measured 
using the established EasyPhos method (12). Raw files were pro-
cessed using MaxQuant (version 1.5.3.8) and its implemented An-
dromeda search engine and LFQ algorithm. Perseus (version 1.5.5.3; 
Max Planck Institute of Biochemistry) was used to perform the two-
sided Student’s t test and calculate permutation-based false discovery 
rate (S0 = 0.1; number of randomizations = 500). Data visualization was 
conducted using Instant Clue software 0.5.2 (University of Cologne) for 

volcano plot and intensity value plot generation. Plots were generated 
using DAVID and the associated Flaski apps (https://flaski.age.mpg.de, 
developed and provided by the MPI-AGE Bioinformatics core facility) 
using the 12 to 15 most significant KEGG terms from each analysis, after 
depletion of disease-related terms.

Metabolite extraction of polar metabolite
Metabolites were extracted from snap-frozen femur head tissue of 
1-month-old or from primary isolated rib cage chondrocytes after 
13C6 glucose and 13C5 glutamine treatment. For the extraction of fe-
mur head tissue, the deep-frozen material was pulverized two times 
for 1 min at 25 Hz in 2-ml Eppendorf tubes (www.eppendorf.com) 
using a ball mill-type grinder equipped with a 48-sample holder (Tis-
sue Lyser 2: www.quiagen.com). For each sample, one liquid nitro-
gen–cooled 5-mm stainless steel metal ball was added to the Eppendorf 
tube. Between the first and the second homogenization, the sample 
holder with the samples was recooled in liquid nitrogen for 30 s to 
make sure that the tissue was continuously frozen. Metabolites from 
these pulverized samples was extracted in 850 μl of extraction buffer 
(80% ultra-performance liquid chromatography (UPLC)-grade meth-
anol/water, VWR), which was precooled to −20°C. After the buffer 
was added, each sample was immediately vortexed until the cell pellet 
was homogenously suspended. The samples were then incubated on 
an orbital mixer at 4°C for 30 min at 1500 rpm (VWR). In a subse-
quent step, the samples were sonicated for 10 min in an ice-cooled 
bath-type sonicator (VWR). After sonication, the samples were cen-
trifuged for 5 min at 21100g at 4°C and the cleared, metabolite-
containing, supernatant was transferred to fresh 1.5-ml Eppendorf 
tubes, while the protein-containing pellets were kept for protein 
quantification (DirectDetect IR spectrometer: Merck Millipore). The 
collected supernatant was placed into a Speed Vac concentrator (Ep-
pendorf) and concentrated at 30°C to dryness.

Metabolite extraction of primary rib cage chondrocytes was per-
formed after 120 min of 68% heavy glucose [13C6 glucose (2151 g/
liter) and glucose (1 g/l 12C6)] treatment in alpha minimum essential 
medium and after 1 and 24 hour 2.5 mM 13C5 glutamine treatment 
in glutamine-free DMEM/F12 medium. The cells were washed with 
75 mM ammonium bicarbonate buffer (pH 7.4) and snap-frozen in 
liquid nitrogen for metabolite extraction.

For the extraction of metabolites from primary rib cage chon-
drocytes, an extraction buffer containing methanol:acetonitrile:water 
(40:40:20, v/v/v) along with internal standards (U13C15N-amino ac-
ids, 13C10-ATP, 13C10

15N5-AMP, 15N5-ADP, and citric acid D4) was 
added. The mixture was incubated for 20 min at −20°C. Following 
incubation, the wells were repeatedly washed with extraction buffer 
to ensure complete lysis and harvest of cells/material. To promote 
cell lysis, cell lysates were frozen and thawed before centrifugation at 
4°C, 21,000g. The supernatant was carefully transferred to remove 
any cellular debris, while the pellet was used for protein quantifica-
tion. The supernatant was then dried in a SpeedVac concentrator set 
to 20°C at 1000 rpm until complete dryness.

Anion-exchange chromatography triple quadrupole mass 
spectrometry for the analysis of TCA cycle metabolites from 
femur head tissue
The dried pellet of the metabolite extract was resuspended in 150 μl 
of UPLC-grade water (VWR) and transferred to 2-ml glass vials 
with 200 μl inserts (CZT). These vials were placed in a precooled 
auto sampler 6°C of the ion chromatography system (ICS 5000+, 
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Thermo Fisher Scientific). The used protocol was adopted from a 
previously published method (61).

In brief, 10 μl of the resuspended metabolite extract were inject-
ed, using full-loop mode with an overfill factor of 3, onto a Dionex 
IonPac AS11-HC column (2 mm by 250 mm, 4-μm particle size, 
Thermo Fisher Scientific) equipped with a Dionex IonPac AG11-
HC guard column (2 mm by 50 mm, 4 μm, Thermo Fisher Scientif-
ic), which was held at a temperature of 30°C. Compound were eluted 
from the column using a potassium hydroxide gradient, which was 
generated by the eluent generator deionized water (Merck Millipore). 
The metabolite separation was carried out at a flow rate of 380 μl/min, 
applying the following gradient: 0 to 5 min, 10 to 25 mM KOH; 5 to 
21 min, 25 to 35 mM KOH; 21 to 25 min, 35 to 100 mM KOH; 25 to 
28 min, 100 mM KOH; 28 to 32 min; 100 to 10 mM KOH. The 
column was reequilibrated at 10 mM for 6 min before ejecting the 
subsequent sample.

The eluting metabolites were detected in negative ion mode us-
ing ESI multi reaction monitoring on a Xevo TQ triple quadrupole 
mass spectrometer (Waters) applying the following electronic and 
gas settings: capillary voltage 1.5 kV, desolvation temperature 550°C, 
desolvation gas flow 800 liter/hour, and collision cell gas flow 0.15 ml/
min. For the analysis of the targeted metabolites, two transitions 
were measured (qualifier and quantifier). The used transition and 
settings used for the relative quantification were pyruvic acid: mass/
charge ratio (m/z) precursor mass (M−H+) 87, fragment mass (M−
H+) m/z 59, used cone voltage 20 V, used collision energy 8 V; lactic 
acid: m/z precursor mass (M−H+) 90, fragment mass (M−H+) m/z 
43, used cone voltage 26 V, used collision energy 12 V; citric acid: 
m/z precursor mass (M−H+) 191, fragment mass (M−H+) m/z 
111, used cone voltage 18 V, used collision energy 10 V; aconitic 
acid: m/z precursor mass (M−H+) 173, fragment mass (M−H+) 
m/z 85, used cone voltage 16 V, used collision energy 12 V; isocitric 
acid: m/z precursor mass (M−H+) 191, fragment mass (M−H+) 
m/z 111, used cone voltage 18 V, used collision energy 12 V; α-
ketoglutaric acid: m/z precursor mass (M−H+) 145, fragment mass 
(M−H+) m/z 56 used cone voltage 18 V, used collision energy 12 V; 
succinic acid: precursor mass (M−H+) 117, fragment mass (M−
H+) m/z 55, used cone voltage 20 V, used collision energy 14 V; fu-
maric acid: precursor mass (M−H+) 115, fragment mass (M−H+) 
m/z 27, used cone voltage 22 V, used collision energy 8 V; and malic 
acid: precursor mass (M−H+) 132, fragment mass (M−H+) m/z 71, 
used cone voltage 22 V, used collision energy 16 V. Peak integration 
and subsequent data analysis were performed using the TargetLynx 
software (Waters).

Anion-exchange chromatography high-resolution mass 
spectrometry for the analysis of TCA cycle metabolites from 
primary rib cage chondrocytes
Similar to the targeted analysis of TCA cycle intermediates, the 
analysis of rib cage chondrocytes was performed on a Thermo 
Fisher Scientific anion-exchange system. However, instead of the 
above described ICS5000+ system, an Integrion system was used. 
Parameters and chromatograohic columns were identical. The 
parameters for the HRMS analysis were the following: spray volt-
age 3.2 kV, capillary temperature was set to 300°C, sheath gas 
flow 50 arbitrary units (AU), aux gas flow 20 AU at a temperature 
of 330°C, and a sweep gas flow of 2 AU. The S-lens was set to a 
value of 50.

LC-MS–based analysis of steady-state and 13C-traced 
amino acids
Amino acid analysis was performed according to an adopted ben-
zoyl chloride derivatization protocol from the Kennedy laboratory 
(62,  63). For this purpose, the dried metabolite pellet was resus-
pended in 50 μl of UPLC-grade water (VWR) and transferred to 
2-ml glass vials with 200-μl inserts (CZT). In the first step, 25 μl of 
100 mM sodium carbonate (Sigma-Aldrich) were added, followed 
by the addition of 25 μl of 2% benzoyl chloride (Sigma-Aldrich) in 
UPLC-grade acetonitrile (VWR). The samples were placed in an Ac-
quity iClass UPLC (Waters) sample manager at 20°C connected to a 
Q-Exactive (QE) -HF high-resolution accurate mass orbitrap–type 
mass spectrometer (Thermo Fisher Scientific).

For the analysis, 2 μl of the derivatized sample were injected onto 
a 100 mm–by–1.0 mm HSS T3 column, packed with 1.8-μm parti-
cles (Waters). The flow rate was 100 μl/min, and the buffer system 
consisted of buffer A (10 mM ammonium formate, 0.15% formic 
acid in water) and buffer B (acetonitrile). The gradient was, as described 
in Wong et al. (62, 63): 0% B at 0 min; 0 to 15% B 0 to 0.1 min; 15 
to 17% B 0.1 to 0.5 min; 17 to 55% B 0.5 to 14 min; 55 to 70% B 14 to 
14.5 min; 70 to 100% B 14.5 to 18 min; 100% B 18 to 19 min; 100 to 
0% B 19 to 19.1 min, 19.1 to 28 min 0% B.

The QE-HF mass spectrometer was operating in positive ioniza-
tion mode monitoring in the mass range m/z 50 to 750. The applied 
resolution was 60.000, with an acquired gain control ion target of 3E6 
and a maximal ion time of 100 ms. The heated ESI source was operat-
ing with a spray voltage of 3.5 kV, a capillary temperature of 250°C, a 
sheath gas flow of 60 AU, and an auxiliary gas flow of 20 AU at a tem-
perature of 250°C. The S-lens was set to 60. Data analysis was per-
formed using TraceFinder 4.1 (Thermo Fisher Scientific) targeting the 
derivatized proteinogenic amino acids as described previously (62, 63).

LC-HRMS data analysis
The LC-MS data analysis of the amine and the TCA compounds was 
performed using the TraceFinder software (version 5.1, Thermo 
Fisher Scientific). The identity of each compound was validated by 
authentic reference compounds, which were measured at the begin-
ning and the end of the sequence. For data analysis the area of all 
detectable isotopologs mass peaks of every required compound 
were extracted and integrated using a mass accuracy <3 parts per 
million and a retention time tolerance of <0.05 min as compared to 
the independently measured reference compounds. If no indepen-
dent 12C experiments were carried out, where the pool size was de-
termined from the obtained peak area of the 12C monoisotopolog, 
the pool size determination was carried out by summing up the 
peak areas of all detectable isotopologs per compound. These areas 
were then normalized, as performed for untraced 12C experiments, 
to the internal standards, which were added to the extraction buffer, 
followed by a normalization to the fresh weight of the analyzed sam-
ples. The relative isotope distribution of each isotopolog was calcu-
lated from the proportion of the peak area of each isotopolog toward 
the sum of all detectable isotopologs. Calculations and corrections 
for natural isotope abundance were performed using the AccuCor 
R-package (64).

Electron microscopy
Isolated P28 femur head cartilage was directly fixed in 2.5% glutaral-
dehyde (Serva) for 24  hours at 4°C. After fixation, the tissue was 
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cooled on ice and subjected to multiple steps including incubation 
with 0.1 M Sörensens phosphate buffer (0.1 M KH2PO4) two times 
for 30 min, 2% osmium tetroxide (Sigma-Aldrich) incubation for 
2 hours, and again 0.1 M Sörensens phosphate buffer two times for 
30 min. Moreover, the tissue was incubated in an ethanol gradient from 
30, 40, 50, to 60% for 30 min each. Afterward, 1% uranyl acetate di-
luted in 70% EtOH was applied for 1 hour. Afterward, ethanol gradi-
ent was conducted from 70, 80, 90, 95, to 100% for 30 min each. Last, 
the samples were removed from ice and followed by EPON embed-
ding according to the manufacturer’s instructions (Sigma-Aldrich). 
Therefore, the samples were preincubated in propyl enoxide two 
times for 30 min and afterward subjected to propyl enoxide-EPON 
(3:1) for 5  hours. This solution was exchanged to propyl enoxide-
EPON (1:1) mixture for overnight incubation. Last, the tissue was 
embedded in EPON and polymerized for 2 days before microscopy. 
To evaluate the ultrastructure, the samples were cut in ultrathin sec-
tions and analyzed by transmission electron microscopy in a blinded 
manner (LEO 906E; Oberkochen).

Flow cytometry
Primary isolated ribcage chondrocytes were precultured in standard 
growth medium (DMEM/F12, 10% FCS, 1% P/S, and ASC) for 
24 hours before amino acid starvation for 3 days. Apoptosis was de-
tected as previously described (24). Specifically, cell culture medium 
and collagenase-dissociated chondrocytes were combined and sub-
jected to sequential washes in PBS and AnxA5-binding buffer (10 mM 
Hepes, 140 mM NaCl, and 2.5 mM CaCl2 (pH 7.4)]. Chondrocytes 
were stained with AnxA5-Cy2 (1:100, Immundiagnostik, AP1011AG) 
and SYTOX Blue Dead Cell Stain (1:200, Life Technologies, S34857) in 
50 μl of AnxA5-binding buffer for 15 min at RT in the absence of light, 
diluted with 150 μl of AnxA5-binding buffer, and stored on ice until 
cellular fluorescence was quantified using a BD FACS Canto II instru-
ment. A uniform cell population was gated in the FSC/SSC plot, and 
within this population, the proportion of AnxA5+ and AnxA5+/Sytox-
Blue+ cells were quantified as percentage of cell death.

Declaration of generative AI and AI-assisted technologies in 
the writing process
During the preparation of this work, the author used Chat GPT-4 
(non-turbo) to improve language and readability. After using this tool/
service, the author reviewed and edited the content as needed and 
takes full responsibility for the content of the publication. The follow-
ing prompts were used: Conciseness & Clarity: You often ask for short-
ening or rephrasing while keeping the meaning intact. Formal & 
Precise Wording: You prefer avoiding overly enthusiastic language in 
professional communication. Avoiding Specific Words: Sometimes, 
you request alternatives for words like “moreover” or “appreciate.” Sci-
entific & Technical Accuracy: Your edits often refine explanations in 
manuscripts related to ECM, cartilage, and mitochondrial function. 
Grammar & Flow: You want smooth, well-structured sentences, avoid-
ing redundancy.

Statistical analysis
All relevant information on the statistical details of experiments is 
provided in the figure legends. To determine statistical significance 
between two groups, the unpaired two-tailed Student’s t test was 
used, and to compare multiple groups, one-way analysis of variance 
(ANOVA) with Bonferroni’s multiple comparisons test was con-
ducted using GraphPad Prism. Individual mean values ± SEM are 

presented. Significance was calculated for n ≥ 3 and is given in the 
figure legends. *P < 0.05, **P < 0.01, ***P < 0.001.

Supplementary Materials
This PDF file includes:
Supplementary Materials and Methods
Figs. S1 to S9
Table S1
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