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Abstract
Background The phenomenon of intercellular mitochondrial transfer from mesenchymal stromal cells (MSCs) has 
shown promise for improving tissue healing after injury and has potential for treating degenerative diseases like 
osteoarthritis (OA). Recently MSC to chondrocyte mitochondrial transfer has been documented, but the mechanism 
of transfer is unknown. Full-length connexin 43 (Cx43, encoded by GJA1) and the truncated, internally translated 
isoform GJA1-20k have been implicated in mitochondrial transfer between highly oxidative cells, but have not 
been explored in orthopaedic tissues. Here, our goal was to investigate the role of Cx43 in MSC to chondrocyte 
mitochondrial transfer. In this study, we tested the hypotheses that (a) mitochondrial transfer from MSCs to 
chondrocytes is increased when chondrocytes are under oxidative stress and (b) MSC Cx43 expression mediates 
mitochondrial transfer to chondrocytes.

Methods Oxidative stress was induced in immortalized human chondrocytes using tert-Butyl hydroperoxide (t-BHP) 
and cells were evaluated for mitochondrial membrane depolarization and reactive oxygen species (ROS) production. 
Human bone-marrow derived MSCs were transduced for mitochondrial fluorescence using lentiviral vectors. 
MSC Cx43 expression was knocked down using siRNA or overexpressed (GJA1 + and GJA1-20k+) using lentiviral 
transduction. Chondrocytes and MSCs were co-cultured for 24 h in direct contact or separated using transwells. 
Mitochondrial transfer was quantified using flow cytometry. Co-cultures were fixed and stained for actin and Cx43 to 
visualize cell-cell interactions during transfer.

Results Mitochondrial transfer was significantly higher in t-BHP-stressed chondrocytes. Contact co-cultures had 
significantly higher mitochondrial transfer compared to transwell co-cultures. Confocal images showed direct 
cell contacts between MSCs and chondrocytes where Cx43 staining was enriched at the terminal ends of actin 
cellular extensions containing mitochondria in MSCs. MSC Cx43 expression was associated with the magnitude 
of mitochondrial transfer to chondrocytes; knocking down Cx43 significantly decreased transfer while Cx43 
overexpression significantly increased transfer. Interestingly, GJA1-20k expression was highly correlated with incidence 
of mitochondrial transfer from MSCs to chondrocytes.
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Background
Osteoarthritis (OA) is a degenerative joint disease and 
the leading cause of disability in older adults, affect-
ing > 300  million people globally each year [1]. OA is 
characterized by the degradation of articular cartilage, a 
highly specialized soft tissue that provides load support 
and a highly lubricated surface for joint articulation. Car-
tilage is composed of chondrocytes embedded within a 
dense extracellular matrix (ECM) and has little capacity 
for self-repair, in part due to the avascularity of the tis-
sue. Despite decades of research, no available therapies 
prevent OA progression after cartilage injury [2, 3], and 
therefore, strategies to promote cartilage health and 
regeneration hold promise toward the pressing clinical 
need for effective OA treatments.

Mesenchymal stromal cell (MSC)-based therapies, 
including extracellular vesicles (EVs) derived from MSCs 
(EVs-MSCs), have recently emerged as a potential regen-
erative therapy for OA [4]. Injections of MSCs, or EVs-
MSCs, into joints after a traumatic injury have been 
reported to attenuate cartilage degradation and joint 
degeneration in pre-clinical models [5–7]. Addition-
ally, there has been significant clinical investigation of 
stem cell therapies for OA, with over 70 clinical trials 
completed and more than 40 currently underway [8]. Of 
note, MSC injections into human OA knee joints resulted 
in decreased pain and cartilage catabolic biomarkers 
one year after injection [9, 10]. While a growing body 
of evidence has identified therapeutic effects of MSCs 
including recruitment of endogenous stem cells and 
immunomodulation [11–13], the exact mechanism(s) 
underlying the beneficial effects of MSCs on cartilage 
repair remains unclear. One potential mechanism is the 
donation of whole-organelle mitochondria from MSCs 
to chondrocytes. This process of intercellular mitochon-
drial transfer has been shown to increase when cells are 
stressed, and transfer can rescue injured/stressed cells by 
restoring cellular bioenergetics, preserving cell viability, 
reducing oxidative stress, and improving tissue healing 
across multiple cell types including the lung, heart, and 
brain [14–24]. Recently, in orthopaedic tissues, mito-
chondrial transfer has been shown to improve tendon 
healing in vivo [25] and to occur from MSCs to chondro-
cytes [26–28].

Mitochondrial dysfunction is one of the earliest cel-
lular responses to traumatic injury in cartilage tissue 
[29], and mitochondrial-targeted therapies have effec-
tively decreased mitochondrial dysfunction and cartilage 

degeneration while preserving chondrocyte viability after 
injury in vitro [30, 31]. While these studies point to the 
therapeutic potential of mitochondrial transfer for car-
tilage repair, the mechanisms of mitochondrial transfer 
from MSCs to chondrocytes remain unknown. Mito-
chondrial transfer has been shown to occur through 
direct cell-cell contacts (i.e. tunneling nanotubules 
(TNTs)) or through microvesicles (including EVs) con-
taining mitochondria from donor cells [22]. Notably, the 
gap junction protein connexin 43 (Cx43) has been identi-
fied as a critical regulator of both EV- and TNT-mediated 
mitochondrial transfer in multiple cell types [14, 32–36]. 
In the context of cartilage, both pharmacologic- (car-
benoxolone disodium) and Cx43-mimetic peptide- (Gap 
27) mediated inhibition of gap junctions were found 
to decrease mitochondrial transfer between MSCs and 
murine chondrocytes [26].

Cx43 is a transmembrane protein (gene name GJA1) 
that forms pores at the cell membrane (hemichannels) 
which can communicate with the extracellular space 
and/or dock with channels on opposing cells to form 
gap junctions effecting direct intercellular communica-
tion. Recently, GJA1 was identified to undergo alterna-
tive translation to create multiple N-terminally truncated 
isoforms [37]. Of the truncated isoforms, GJA1-20k 
has been implicated in mitochondrial transfer as it aids 
in mitochondrial motility by mobilizing mitochondria 
along microtubules [38], recruits actin to organize cell 
trafficking pathways [39], and overexpression of GJA1-
20k increased mitochondrial transfer from astrocytes to 
neurons in vitro [40]. Additionally, GJA1-20k is critical 
for trafficking Cx43 hemichannels from the Golgi appa-
ratus to the cell membrane and could therefore support 
the Cx43-channel role of mitochondrial transfer as dis-
cussed above [14, 32, 37, 41]. These studies highlight the 
potential multi-faceted role of GJA1-20k in mitochon-
drial transfer, but GJA1-20k has not been investigated in 
mitochondrial transfer involving MSCs or chondrocytes.

The objectives of this study were to determine the effect 
of oxidative stress on intercellular mitochondrial trans-
fer from MSCs to chondrocytes, and to investigate the 
subcellular mechanisms of transfer, specifically the role 
of Cx43 and GJA1-20k. We hypothesized that (a) MSC-
chondrocyte mitochondrial transfer would increase when 
chondrocytes undergo oxidative stress, (b) mitochondrial 
transfer from MSCs to chondrocytes will occur predomi-
nantly through direct cell-cell contacts, (c) the magnitude 
of mitochondrial transfer will be dependent on Cx43 in 

Conclusions Overexpression of GJA1-20k in MSCs increases mitochondrial transfer to chondrocytes, highlighting 
GJA1-20k as a potential target for promoting mitochondrial transfer from MSCs as a regenerative therapy for cartilage 
tissue repair in OA.
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MSCs, where MSC Cx43 knockdown will decrease mito-
chondrial transfer and overexpression will increase trans-
fer, and (d) expression of the GJA1-20k isoform in MSCs 
will be more strongly correlated with the rate of mito-
chondrial transfer than full-length Cx43.

Methods
Ethics statement
The immortalized human chondrocyte cell line (T/C-
28a2) was kindly provided by Dr. Miguel Otero from 
the Hospital for Special Surgery, New York, NY. Human 
MSCs were purchased from RoosterBio.

Human cell culture
Human bone marrow-derived MSCs were purchased 
from RoosterBio (MSC-003) at passage 2. MSCs were 
cultured in MSC media (RoosterNourish, RoosterBio, 
KT-001) and incubated at 37  °C and 5% CO2. MSCs of 
passage 4–6 were used in experiments. To study the role 
of Cx43 in mitochondrial transfer from MSCs to chon-
drocytes, an immortalized human chondrocyte line was 
used as a demonstrated model for the study of Cx43 and 
gap junctions [42]. Chondrocytes were cultured in Dul-
becco’s modified Eagle’s medium (DMEM, no glucose, 
L-Glutamine, and sodium pyruvate; VWR, 11966025) 
with 10% fetal bovine serum (R&D Systems, S11550), 1% 
Penicillin/Streptomycin (VWR, 100X, 97063-708), 1% 
sodium pyruvate (Thermo Fischer, 200 mM, 11360070), 
2% L-Glutamine (Thermo Fisher, 200 mM, 25030081), 
45  mg/100 mL of D-Glucose (VWR, BDH9230). Chon-
drocytes of passage 4–8 were used in experiments.

Mitochondrial membrane polarization
JC-10 was used to quantify mitochondrial membrane 
potential as this stain exhibits mitochondrial potential-
dependent accumulation in the mitochondria as previ-
ously described [43]. Chondrocytes were seeded onto 
a black, flat-bottomed 96-well plate at 20,000 cells per 
well and allowed to culture overnight. Cells were stimu-
lated with tert-Butyl hydroperoxide (t-BHP: 0, 1, 12, 30, 
or 60 µM, Thermo Fisher Scientific, #180345000) in 1X 
OptiMEM for 24  h. FCCP is a potent mitochondrial 
oxidative phosphorylation uncoupler and was used as a 
positive control (20 µM, 20 min incubation at room tem-
perature, Sigma Aldrich, C2920). All cells were rinsed 
with PBS followed by incubation with JC-10 (10 µM, 
Enzo Life Sciences, ENZ-52305) for 45 min at room tem-
perature in the dark. Following incubation, cells were 
read on a plate reader with an excitation of 490 nm and 
540 nm. The ratio of emission at 525/590 was calculated 
for each well as the ratio of depolarized/polarized mito-
chondria within the cells.

Measurement of ROS
Chondrocyte ROS production was measured using the 
CellROX Green Flow Cytometry Assay Kit according to 
the manufacturer’s instructions (Invitrogen, C10492). 
After 24 h of +/- t-BHP stimulation, chondrocytes were 
rinsed with PBS, lifted, and incubated with CellROX 
Green (500 nM) for 30 min at room temperature in the 
dark. After incubation, cells were immediately analyzed 
using a Thermo Fisher Attune NxT flow cytometer. 
Unstained chondrocytes were used to set up gates.

GJA1 knockdown cell lines
siRNA was used to knockdown GJA1 expression in 
human MSCs based on previous work in other cell 
types [44]. GJA1 siRNA (Thermo Fisher Scientific, ID 
HSS178257) was used to knockdown GJA1 expression 
and Stealth TM RNAi (Thermo Fisher Scientific, ID 
12935112) was used as a negative control. Human MSCs 
were plated onto 6-well plates and cultures until 60% 
confluent. Cells were then incubated in 1X OptiMEM 
(Thermo Fisher Scientific, ID 31985070) containing 100 
pM of either GJA1 siRNA or Stealth RNAi and 2 µL of 
Lipofectamine (Invitrogen, STEM00001) per well for 
24  h. After incubation, media was replaced with MSC 
media and cells were cultured for 4 days until cells were 
lysed for confirmation of knockdown using western 
blotting or used in co-culture experiments as described 
below.

Cx43 and GJA1-20k overexpression cell lines
Lentiviral transduction was performed to create MSCs 
that overexpress GJA1 (GJA1 + MSCs) and GJA1-20k 
(GJA1-20k + MSCs) as previously described [41]. Briefly, 
lentivirus was created from pLenti6.3-LacZ (control), 
pLenti6.3-hGJA1, pLenti6.3-GJA1-20k according to 
manufacturer instructions (Thermo Scientific, ViraPower 
Lentiviral Expression System). Viruses were titered and 
used to infect MSCs on 6-well plates in RoosterGEM 
(RoosterBio, M40200). After 24  h, fresh MSC media 
replaced the lentivirus media and cells were cultured 
for an additional 24  h. Transfected cells were selected 
using 10  µg/ml blasticidin added to the medium, then 
expanded and screened for overexpression by western 
blotting and immunofluorescence.

Fluorescent cell labeling
MSCs and chondrocytes were fluorescently labeled to 
distinguish between cell types during imaging and to 
identify mitochondrial transfer events. Lentiviral trans-
duction was used to fluorescently label each cell type 
instead of using exogenous stains, which can be trans-
ferred between cells non-specifically. MSCs and chon-
drocytes were fluorescently labeled using mitochondrial 
or cytoplasm-targeted lentiviruses driven by an EF1α 
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promoter for co-cultures (Takara Bio USA, Inc.). Mito-
chondria were labeled with GFP (mtGFP) or mCherry 
(mtMCherry) (0017VCT, 0024VCT) and chondrocyte 
cytoplasm was labeled with mCherry (0037VCT). Chon-
drocytes and MSCs were transduced for 24 h in Rooster-
GEM as described above.

Western blotting
Cells were lysed in RIPA buffer (Pierce, 89900) supple-
mented with the HALT Protease and Phosphatase Inhibi-
tor Cocktail (Thermo Scientific, 87786). Western blotting 
was performed as previously described [41]. Briefly, cells 
were scraped into the RIPA buffer + HALT cocktail and 
centrifuged at 10,000 x g for 20 min at 4 °C. Supernatant 
was collected and stored at -80 °C. Protein concentration 
was quantified using the Bio-Rad DC Protein Assays with 
10–15 µg of protein loaded for each sample. NuPage 4X 
Sample Buffer (Thermo Scientific) supplemented with 
dithiothreitol (DTT, 400 mM) was added and samples 
were heated for 10 min at 70 °C before SDS-PAGE. Pro-
tein was transferred to a PVDF membrane using the iBlot 
2 system (Thermo Fisher, IB21001). Western blotting was 
performed with rabbit anti-Cx43 (1:5000; Sigma, C6219) 
and mouse anti–α-tubulin (1:5000; Abcam, ab7291) as 
the primary antibodies. The anti-Cx43 antibody targets 
the C-terminal domain and therefore targets both full-
length Cx43 and GJA1-20k. Goat secondary antibodies 
conjugated to Alexa Fluor 647 and 555 (1:2500; Thermo 
Scientific) and imaged on a VersaDoc 5000 MP (Bio-Rad).

Immunofluorescence
Cells were cultured on chambered coverglass slides 
(Nunc™ Lab-Tek™ II Chamber Slides™, Thermo Fisher, 
154526), fixed in 4% paraformaldehyde at 37  °C for 
20  min, and then stored in PBS at 4  °C until stain-
ing. Cells were permeabilized with 0.2% Triton X-100 
in PBS for 10  min then blocked with 5% goat serum in 
PBST (0.1% Tween-20 in PBS) for 1 h. Rabbit anti-Cx43 
(1:400, Sigma, C6219) was used as a primary antibody 
with a goat anti-rabbit secondary antibody conjugated 
to either Alexa Fluor 488 or 633 (1:500, Thermo Scien-
tific). The anti-Cx43 antibody targets the C-terminal 
domain and therefore targets both full-length Cx43 and 
GJA1-20k. Samples were mounted with cover glass using 
Pro-Long Glass Antifade Mountant with NucBlue (Invit-
rogen, P36983) and imaged on a Zeiss LSM 710 Confocal 
Microscope using a 63x oil immersion objective.

MSC and chondrocyte co-cultures
Contact Co-Cultures: Chondrocytes with mCherry cyto-
plasmic fluorescence were seeded onto 12-well plates for 
transfer quantification or on 2-well slides for imaging at a 
density of 35,000 and 40,000 cells, respectively, and cul-
tured overnight in chondrocyte media (detailed above). 

MSCs with GFP mitochondrial fluorescence (mtGFP 
MSCs) were added in a 1:2 MSC:chondrocyte ratio for 
transfer quantification or 1:10 ratio for imaging and co-
cultured in 1X OptiMEM for 24 h. After 24 h, cells were 
processed for transfer quantification using flow cytom-
etry (see below) or imaging. For imaging, cells were fixed 
in 4% PFA for 20  min, mounted with cover glass using 
the ProLong Glass Antifade Mountant with NucBlue 
Stain (Thermo Fisher, P36983), and imaged on a Zeiss 
LSM 710 Confocal Microscope using a 63x oil immer-
sion objective. Contact vs. Transwell Co-Cultures: mtGFP 
Chondrocytes were seeded on 12-well plates at a density 
of 100,000 cells/well and cultured overnight in chondro-
cyte media. mtMCherry MSCs were then seeded for co-
cultures. For contact co-culture, 50,000 or 75,000 MSCs 
were added directly to the wells. For transwell co-cul-
tures, 50,000 or 75,000 mtMCherry MSCs were seeded 
onto transwell inserts (1 μm pore size, Corning, 353103) 
and placed into wells containing mtGFP chondrocytes. 
Both co-cultures were performed for 24 h in a 1:1 ratio 
of chondrocyte and MSC media and were then processed 
for flow cytometry to quantify transfer events.

Mitochondrial transfer quantification
After co-culture, cells were rinsed, lifted, and fixed at 
37  °C in 4% PFA for 20  min in the dark. Cells were re-
suspended in 4  °C FCM buffer (PBS with 0.5% BSA and 
2mM EDTA) and stored at 4  °C until analyzed. Cells 
were filtered (40 μm, Corning, 352235) and analyzed on 
a Thermo Fisher Attune NxT flow cytometer. Unstained 
cells and single-color control cells were used to set gates 
for identifying transfer events. For contact co-cultures, 
quadrant gates were used to quantify MSC to chon-
drocyte transfer events as cells that had both mCherry 
(chondrocyte cytoplasm) and GFP (MSC mitochondria). 
For experiments comparing contact versus transwell co-
cultures, an oval gate was used to identify MSC-chondro-
cyte mitochondrial transfer events, defined as cell-sized 
events positively staining for both GFP and mCherry.

Normalization and correlation of GJA1 expression and 
mitochondrial transfer
To investigate the relationship between MSC GJA1-43k 
(full length Cx43) and GJA1-20k expression with mito-
chondrial transfer, western blot data and mitochondrial 
transfer data were normalized to their respective con-
trols. Specifically, the GJA1 siRNA treated group was 
normalized to Stealth RNAi control, and the GJA1 + and 
GJA1-20k + overexpression groups were normalized to 
the LacZ control group. Error propagation was calcu-
lated for each normalized value from standard deviations 
of the group. A linear correlation was performed with 
normalized GJA1-43k or GJA1-20k as the independent 



Page 5 of 13Irwin et al. Stem Cell Research & Therapy          (2024) 15:359 

variable and the normalized percentage of mitochondrial 
transfer as the dependent variable.

Statistics
Statistical analyses were performed using GraphPad 
Prism. Significant differences were analyzed by unpaired 
Student’s t-tests for comparisons between two groups. 
Mitochondrial transfer percentage was compared 
between transwell and contact co-culture groups using 
a two-way ANOVA. For all other comparisons between 
more than two groups, a one-way ANOVA was used. 
For both one-way and two-way ANOVAs, a Tukey post-
hoc test was performed for multiple comparisons. A 
p-value < 0.05 was considered significant. Significance is 
denoted with asterisks or with letters where groups not 
sharing a letter are significantly different.

Results
Oxidative stress increases MSC to chondrocyte 
mitochondrial transfer
Mitochondria are the most important source of ROS in 
chondrocytes [45], and mitochondrial dysfunction in 
other cell types has been shown to elicit mitochondrial 
transfer from MSCs [25, 26, 46]. Therefore, to deter-
mine the effect of oxidative stress on MSC-chondro-
cyte mitochondrial transfer, chondrocytes were treated 
with t-BHP for 24  h (Fig.  1Ai). We found that t-BHP 

stimulation induced mitochondrial depolarization and 
increased ROS production in chondrocytes (Fig.  1B-D). 
Chondrocyte mitochondria were depolarized in a dose-
dependent manner by t-BHP stimulation, where concen-
trations greater than 12 µM significantly increased the 
ratio of depolarized to polarized mitochondria compared 
to unstimulated controls (p < 0.05, Fig. 1B). Similarly, 12 
µM and 30 µM t-BHP increased ROS in chondrocytes 
compared to unstimulated controls (p < 0.05, Fig.  1CD). 
MCherry Chondrocytes (cytoplasmic fluorescence) were 
co-cultured with mtGFP-MSCs (mitochondrial fluo-
rescence) in 2D contact co-cultures for 24  h (Fig.  1A). 
Confocal imaging confirmed mitochondrial transfer 
events with Z-stacks identifying the presence of GFP 
fluorescence within chondrocyte cell bodies (Fig.  1E). 
Flow cytometry was used to quantify the percent-
age of mitochondrial transfer events. Single color con-
trols were used to establish quadrant gates and identify 
co-staining events (cells that were both mCherry + and 
GFP+) as transfer events (Fig.  1F). Chondrocytes with 
t-BHP-induced oxidative stress had significantly more 
mitochondrial transfer events compared to unstimulated 
chondrocytes (p < 0.001, Fig. 1G-I).

Fig. 1 t-BHP-induced oxidative stress in chondrocytes increases incidence of mitochondrial transfer from MSCs. (A) Chondrocytes were cultured alone 
with or without t-BHP (12 µM, 24 h) to quantify mitochondrial polarization and ROS production (i) and prior to co-culture with MSCs (ii). (B) Ratio of depo-
larized to polarized mitochondria in chondrocytes after t-BHP or FCCP stimulation (n = 5–6). (C) Histograms represent ROS quantification for chondrocytes 
stimulated with t-BHP (pooled across n = 5 replicates). (D) Quantification of percentage of chondrocytes that were positive for CellROX green staining on 
flow cytometry (n = 5). (E) Z-projection of co-culture with chondrocytes and MSCs (red: chondrocytes; green: MSC mitochondria; blue: nuclei). Quadrant 
gate showing representative flow data for single color controls (F), co-cultures with unstimulated chondrocytes (G), and co-cultures with t-BHP stimu-
lated chondrocytes (H). (I) Quantification of mitochondrial transfer from co-cultures (n = 7). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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MSC-chondrocyte mitochondrial transfer occurs 
predominantly through actin-positive cellular extensions
To determine the importance of direct cell contacts in 
MSC-chondrocyte mitochondrial transfer, co-cultures 
were performed for 24 h in direct contact (i.e. cell types 
seeded in the same culture wells) or without direct con-
tact (i.e. cell types separated by transwell inserts; Fig. 2A). 
These experiments utilized lentiviral-labeled mtGFP 
chondrocytes and mtMCherry MSC. Contact co-cultures 
had a significantly higher incidence of transfer events 
compared to transwell co-cultures for MSC seeding den-
sities (p < 0.0001). After 24 h, contact co-cultures resulted 
in approximately 10% transfer events, whereas few (< 2%) 
transfer events were observed in the transwell co-cul-
tures (Fig.  2B-D). Notably, flow quantification revealed 
minimal mCherry + only events (Fig.  2D; lower right 
quadrant), confirming MSCs did not migrate across the 
transwell insert. Contact co-cultures with a higher MSC 
seeding density had a higher incidence of mitochondrial 
transfer (p < 0.01), but MSC seeding density had no effect 
on transfer in the transwell co-culture groups (p = 0.99).

To further examine cell-cell interactions during mito-
chondrial transfer, mtGFP-MSCs and unlabeled chon-
drocytes were directly co-cultured for 24  h, then fixed 
and stained with phalloidin to visualize the F-actin cyto-
skeleton for both cell types. Confocal imaging revealed 
actin-positive filapodial extensions in contact with 

adjacent chondrocytes that contained mtGFP fluores-
cence, indicating mitochondrial transfer had occurred 
(Fig.  2F-L). MSC filapodial extensions ranged in length, 
spanning up to 90 μm to reach an adjacent chondrocyte 
(Fig.  2F), and also ranged in diameter, measuring less 
than 1 μm (Fig. 2G, J). Notably, MSC mitochondria were 
located within these actin cellular extensions (Fig. 2G, J).

Cx43 staining is enriched in MSCs along actin-positive 
cellular extensions containing mitochondria
To investigate the role of Cx43 in mitochondrial transfer 
between MSCs and chondrocytes, Cx43 immunofluo-
rescence was performed after 24 h of contact co-culture. 
Confocal imaging revealed abundant actin-positive cel-
lular extensions from MSCs which ranged in size, some 
measuring over 150  μm in length from the cell body 
(Fig.  3). There were spatial variations in Cx43 staining 
where the distal extent of the cellular processes con-
tained mitochondria and had enriched Cx43 staining 
(Fig.  3). Additionally, cell-cell junctions had enriched 
Cx43 staining (Fig.  3D). Cx43 staining at the actin cel-
lular extensions was diffuse and not punctate, suggesting 
the presence of truncated Cx43 isoforms and not sites of 
connexon formation [37].

Fig. 2 Direct cell-cell contacts are critical for MSC-Chondrocyte mitochondrial transfer. (A) Chondrocytes (GFP mitochondrial fluorescence) and MSCs 
(mCherry mitochondrial fluorescence) were co-cultured for 24 h in either 2D contact on cell culture plates or with no direct contact using transwell in-
serts. (B) Single color controls were used to establish gating strategy for identifying transfer events. Representative data for co-cultures from contact (C) 
and transwell (D) co-cultures. (E) Quantification of mitochondrial transfer from flow cytometry (n = 3, groups not sharing a letter are significantly different, 
p < 0.01). (F-L) Z-projections from 2D contact co-cultures captured using confocal imaging with MSCs (GFP mitochondria) and unlabeled chondrocytes 
(green: MSC mitochondria; grey: actin; blue: nuclei). MSC actin-positive filapodial extensions contain mitochondria (white asterisks) and MSC mitochon-
dria localized in adjacent chondrocytes (white arrowheads)
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Cx43 knockdown in MSCs decreases mitochondrial transfer 
to chondrocytes
To evaluate the role of Cx43 expression in mediating 
mitochondrial transfer between MSCs and chondro-
cytes, siRNA was used to knockdown Cx43 expression 
in MSCs prior to co-culture. The knockdown of Cx43 
in MSCs was confirmed using western blot and normal-
ized to α-tubulin (Fig.  4A). Western blot quantification 
showed a significant decrease in full-length Cx43 and 
the truncated isoform GJA1-20k (n = 3; p < 0.0001 and 
p < 0.05, respectively). Additionally, GJA1 siRNA treat-
ment increased the relative expression of the 20k iso-
form to the full-length protein (GJA1-20k/Cx43, p < 0.01). 
Immunofluorescence confirmed the knockdown of Cx43 
in MSCs where there was a decrease in the punctate and 
diffuse staining within the cells (Fig. 4E, F). GJA1 siRNA 
treated and control (Stealth RNAi treated) mtGFP MSCs 
were co-cultured with mCherry chondrocytes for 24  h. 
Chondrocytes co-cultured with GJA1 siRNA-treated 
MSCs had fewer mitochondrial transfer events compared 
to control MSCs (p < 0.01, Fig.  4G-I). Notably, knocking 
down Cx43 in MSCs did not completely suppress mito-
chondrial transfer to chondrocytes.

MSC GJA1-20k expression mediates mitochondrial transfer 
to chondrocytes
To investigate the roles of full-length Cx43 (GJA1-43k) 
and GJA1-20k in mediating MSC-chondrocyte mito-
chondrial transfer, lentiviral transduction was performed 
to overexpress Cx43 (GJA1+; all isoforms) or GJA1-20k 
(GJA1-20k+) in MSCs. Overexpression of Cx43 and 
GJA1-20k was confirmed using western blot and immu-
nofluorescence (Fig.  5A-G). Western blot quantifica-
tion confirmed a significant increase in full-length Cx43 
in GJA1 + MSCs compared to LacZ (control) MSCs 
(p < 0.05), and a significant increase in GJA1-20k in 
GJA1 + and GJA1-20k + MSCs compared to LacZ (con-
trol) MSCs (p < 0.05 and p < 0.01, respectively). The ratio 
of GJA1-20k to full-length Cx43 was significantly higher 
in the GJA1-20k + MSCs compared to both GJA1 + and 
LacZ MSCs, indicating an increased expression of the 
20k isoform relative to the full-length Cx43 expression 
(p < 0.01). From confocal imaging, GJA1 + MSCs had 
enriched diffuse and punctate Cx43 staining compared 
to LacZ MSCs. GJA1-20k + MSCs had enriched diffuse 
Cx43 staining throughout the cell body compared to both 

Fig. 3 Cx43 staining is enriched along actin cellular extensions containing mitochondria in MSCs. MSC actin cellular extensions were observed in contact 
co-cultures with chondrocytes after 24 h (mtGFP MSCs; unstained chondrocytes). Cells were stained for Cx43 and actin (phalloidin). Merged z-projections 
and individual channels are shown (green: MSC mitochondria; red: Cx43; grey: actin; blue: nuclei). (A) MSC mitochondria and Cx43 staining are found 
within MSC filapodial extensions. (B, C) Cx43 staining is enriched at the terminal end of MSC filapodial extensions that are actin-positive, and (D) Cx43 
localizes to apparent cell-cell junction between a MSC and chondrocyte
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GJA1 + and LacZ MSCs, but no apparent difference in 
punctate staining compared to LacZ (Fig. 5E-G).

To investigate the effect of Cx43 overexpression on 
MSC-chondrocyte intercellular mitochondrial trans-
fer, GJA1 + and GJA1-20k + MSCs were co-cultured with 
chondrocytes for 24  h and transfer events were quanti-
fied using flow cytometry. GJA1 + MSCs had an increased 
incidence of mitochondrial transfer compared to LacZ 
controls (p < 0.05). Interestingly, GJA1-20k + MSC cocul-
tures had the highest incidence of mitochondrial trans-
fer; significantly more than GJA1 + MSCs, and 2-fold that 

of LacZ controls (p < 0.001 and p < 0.0001, respectively; 
Fig. 5K). To further understand the relationship between 
Cx43 isoform expression and incidence of MSC-chon-
drocyte mitochondrial transfer, both MSC siRNA and 
Cx43 overexpression data were normalized with respect 
to control protein expression and mitochondrial transfer 
incidence (stealth RNAi and LacZ for siRNA and Cx43 
overexpression, respectively), and linear correlations 
were performed with normalized values. These analyses 
revealed no correlation between the expression of full-
length Cx43 in MSCs and the incidence of mitochondrial 

Fig. 4 GJA1 siRNA knocks down Cx43 expression in MSCs and decreases incidence of mitochondrial transfer. (A) Western blot analysis of full length Cx43 
(GJA1-43k) and the truncated isoform GJA1-20k in MSCs after GJA1 siRNA treatment. Cx43 (B) and GJA1-20k (C) expression were normalized to α-tubulin 
(n = 3). (D) Relative isoform expression was calculated as the ratio of GJA1-20k to Cx43 (n = 3). (E-F) Representative images of Cx43 immunofluorescence 
for control (Stealth RNAi) and GJA1 siRNA treated MSCs. (G-H) Representative data from flow cytometry analyses of co-cultures. (I) Quantification of mi-
tochondrial transfer events from co-cultures using flow cytometry (n = 8). Full-length western blot for quantification is presented in Supplementary Fig. 2. 
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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transfer to chondrocytes (R2 = 0.00, Fig. 5L). In contrast, 
we found a strong positive correlation between MSC 
GJA1-20k expression and the incidence of mitochondrial 
transfer (R2 = 0.93, Fig. 5M).

Discussion
The objectives of this study were to investigate the role 
of oxidative stress-induced mitochondrial dysfunction on 
MSC-chondrocyte mitochondrial transfer and to exam-
ine the role of Cx43 in the mechanism of transfer. Here 
we show that t-BHP-induced oxidative stress in chon-
drocytes increases mitochondrial transfer from MSCs 
to chondrocytes, and that GJA1-20k is a key mediator of 
mitochondrial transfer through direct cell-cell contacts. 
These data agree with evidence in chondrocytes and 
other cell types that mitochondrial dysfunction and oxi-
dative stress in injured cells initiates mitochondrial dona-
tion by MSCs [14, 25, 26]. Recently, our group reported 
that chondrocytes treated with the mitochondrial stress-
ors rotenone and antimycin had increased mitochondrial 
transfer from MSCs [26]. Rotenone and antimycin inhibit 
complex I and III of the electron transport chain, respec-
tively, and results in the inhibition of ATP production 
and the subsequent increase in ROS due to the incom-
plete transfer of electrons through ATP synthase. In 
tendon and in the data presented here in chondrocytes, 
cells were directly stimulated with an oxidant that led to 
increased ROS production and increased mitochondrial 
transfer [25]. Altogether, these data directly link cellular 
oxidative stress and mitochondrial transfer incidence.

Full-length Cx43 has been implicated in mitochon-
drial transfer through multiple mechanisms including 
gap junction communication [14, 26, 32] and gap junc-
tion internalization [34]. Gap junction signaling through 
Cx43 was found to stimulate the formation of TNTs and 
microvesicles in MSCs [14], which are two mechanisms 
of mitochondrial transfer that have been previously iden-
tified for MSCs to chondrocytes [26, 47]. In the current 
study, transwell co-cultures resulted in significantly lower 
levels of mitochondrial transfer compared to contact co-
cultures, suggesting direct cell-contacts are the primary 
route of transfer in this model system. Microvesicle-
mediated mitochondrial transfer can occur from MSCs 
to chondrocyte but has been reported at low efficien-
cies (< 1%) [47]. Notably, here we found enriched Cx43 
staining at cell-cell junctions between MSCs and chon-
drocytes, and it has previously been shown that Cx43 is 
enriched at chondrocyte cell junctions [42, 48, 49]. While 
there are likely multiple mechanisms of mitochondrial 
transfer occurring between MSCs and chondrocytes, 
these data highlight the role of Cx43 in increasing trans-
fer events.

Recently, over-expression of the truncated isoform 
GJA1-20k in astrocytes was found to significantly 
increase mitochondrial transfer to neurons in vitro 
[40], but, to the author’s knowledge, GJA1-20k has not 
been evaluated in MSCs. Here, we report that MSCs 
express GJA1-20k and that MSC expression of GJA1-20k 
strongly correlates with the incidence of mitochondrial 
transfer. GJA1-20k has been identified as a regulator of 

Fig. 5 GJA1-20k overexpression in MSCs increases mitochondrial transfer and MSC GJA1-20k expression correlates with transfer incidence. Western blot 
analysis of full length Cx43 (GJA1-43k) and the truncated isoform GJA1-20k in MSCs after lentiviral transduction (LacZ (control), GJA1+, GJA1-20k+). Cx43 
(B) and GJA1-20k (C) expression were normalized to α-tubulin (n = 3). (D) Relative isoform expression was calculated as the ratio of GJA1-20k to Cx43 
(n = 3). (E-G) Representative images of Cx43 immunofluorescence for LacZ (control), GJA1+, and GJA1-20k + MSCs. (H-J) Representative data from flow 
cytometry analyses of co-cultures. (K) Quantification of mitochondrial transfer events from co-cultures using flow cytometry (n = 8). (L-M) Linear correla-
tions for normalized protein expression of full-length Cx43 (GJA1-43k) and GJA1-20k with normalized incidence of mitochondrial transfer (groups normal-
ized to their respective controls). Groups not sharing a letter are significantly different (p < 0.05). Full-length western blot for quantification is presented in 
Supplementary Fig. 3. Uncropped western blot in (A) can be found in Supplementary Figs. 8 and 9
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mitochondrial motility and dynamics through interac-
tions with microtubules and the actin cytoskeleton [38, 
44, 50, 51]. Additionally, GJA1-20k is known to stabilize 
actin filaments in cardiac intercalated discs and is critical 
for trafficking Cx43 hemichannels from the Golgi appa-
ratus to the cell membrane where gap junctions can form 
[37, 41]. Previous reports have identified the importance 
of Cx43 channel function in mitochondrial transfer [14, 
26, 32, 52], and therefore elevated levels of GJA1-20k may 
increase transfer through augmented trafficking of GJA1-
43k hemichannels to the cell membrane. Notably, expres-
sion of GJA1-20k is regulated by multiple cell signaling 
pathways including Smad3, ERK, P13K/Akt/mTOR, and 
MNK1/2, and has been implicated as a means for cells to 
control Cx43 hemichannel and gap junction formations 
post-transcriptionally [37, 41, 53, 54]. These data sug-
gest that GJA1-20k aids in the transport of mitochon-
dria from MSCs to adjacent cells and may assist through 
mobilization of mitochondria through TNTs, packaging 
of mitochondria within microvesicles (EVs), trafficking 
of full-length Cx43 hemichannels to the cell membrane, 
or through the formation of actin cellular extensions 
(Fig.  6). Future studies are warranted to further investi-
gate these mechanisms confirm the hypotheses proposed 
in Fig. 6.

Here, ectopic alteration of Cx43 expression in the MSC 
population caused significant changes in the incidence of 
mitochondrial transfer; whereby knocking down Cx43 
decreased transfer events and overexpression of full-
length Cx43 and the 20k truncated isoform increased 
transfer events. While these data suggest Cx43 expres-
sion and isoform regulation is important for MSCs to 
donate mitochondria, this study did not explore the effect 
of Cx43 expression in chondrocytes. Here, we focused on 
MSCs, as there is mounting evidence from clinical trials 
on the use of MSCs for treating clinical OA [4, 9]. Fur-
ther, since MSCs are generally harvested and expanded 
in culture, they represent a more readily manipulated 
therapy. However, it is likely that chondrocyte Cx43 
expression could also influence mitochondrial transfer 
between these cell type with important potential clinical 
implications; evidence suggests that while healthy chon-
drocytes have low levels of Cx43, in clinical OA, chon-
drocytes have over a 3-fold increased expression of Cx43 
[48]. Therefore, overexpression of Cx43 in chondrocytes, 
like that seen in OA, may lead to increased mitochon-
drial transfer events from MSCs, as increased Cx43 gap 
junction communication was found to increase TNT 
and microvesicle release from MSCs [14]. t-BHP was 
used in this study to induce oxidative stress and resulted 

Fig. 6 Hypothesized role of Cx43 and GJA1-20k in MSC to chondrocyte mitochondrial transfer. Our previous work implicated gap junction communica-
tion in MSC to chondrocyte mitochondrial transfer (i, Fahey + Scientific Reports 2022). Results presented here confirm the importance of Cx43 in mediating 
this phenomenon and reveal distinct roles for the full-length protein and the N-terminal truncated isoform (GJA1-20k). Given our imaging data and previ-
ous evidence that GJA1-20k increases trafficking of mitochondria along actin cytoskeletal elements (ii, iii) and recruits actin to organize cell trafficking 
pathways (iv), we propose that GJA1-20k likely aids in mitochondrial transfer by facilitating transport of mitochondria from MSCs to adjacent cells through 
mobilization of mitochondria via TNTs (ii), the formation of actin cellular extensions (iv), and/or packaging of mitochondria within microvesicles (iii). Future 
studies are warranted to further investigate these mechanisms

 



Page 11 of 13Irwin et al. Stem Cell Research & Therapy          (2024) 15:359 

in an increase in transfer events but did not affect Cx43 
or GJA1-20k expression in chondrocytes (Supplemen-
tary Fig. 1). These data suggest oxidative stress in chon-
drocytes may drive increased mitochondrial transfer 
through pathways independent of changes in Cx43 pro-
tein expression.

To investigate the role of Cx43 and GJA1-20k in mito-
chondrial transfer, we used molecular methods to knock-
down or overexpress the protein in MSCs using siRNA 
and lentiviral transduction, respectively. Interestingly, 
GJA1 siRNA increased the relative expression of the 
20k isoform the full-length protein (GJA1-20k/Cx43, 
p < 0.01). As both Cx43 and GJA1-20k arise from the 
same mRNA, this may be due to GJA1-20k potentially 
having a longer half-life. Immunostaining was performed 
to confirm overexpression of Cx43 protein following len-
tiviral transduction in the MSCs. These images revealed 
differences between the GJA1 + and GJA1-20k + MSCs; 
GJA1-20k + MSCs had enriched diffuse staining through-
out the cell body compared to both GJA1 + and LacZ 
(control), but there was no apparent difference in punc-
tate Cx43 staining compared to LacZ. This is consistent 
with prior work demonstrating localization of GJA1-20k 
to the cytoplasm within the vesicular transport pathway 
and mitochondria [37, 41, 50].

While our findings shed light on the mechanisms 
mediating MSC-chondrocyte mitochondrial transfer and 
this work is the first to explore the role of GJA1-20k in 
MSCs, this study has limitations. First, we chose to study 
MSC-chondrocytes mitochondrial transfer in mono-
layer cell culture. This model does not account for the 
3D tissue niche chondrocytes inhabit in vivo, namely a 
dense, highly charged, avascular ECM. Our recent work 
demonstrated that MSCs can transfer mitochondria to 
chondrocytes in impact-injured cartilage tissue explants 
[26]. Specifically, MSCs homed to areas of microcrack-
ing on the articular surface of cartilage and transferred 
their mitochondria to chondrocytes within cracks (up 
to 70  μm from the articular surface) and up to 100  μm 
from the ECM defect [26]. There is promising evidence 
that MSC injections preserve cartilage tissue after injury 
in the short-term [9, 10]. Mitochondrial transfer could 
be a driving cause of the observed therapeutic benefit, as 
the transfer of mitochondria from MSCs to stressed cells 
has been shown to be protective against injury in vivo in 
lung epithelial and tendon cells [14, 25]. Given the cur-
rent findings that Cx43-20k overexpression increases 
mitochondrial donation by MSCs, further in situ and 
in vivo studies are warranted to determine the effect on 
chondrocytes in their native tissue environment. Addi-
tionally, while full-length Cx43 is upregulated in OA 
[48], it is unknown if chondrocyte GJA1-20k expression 
is altered in disease. Future studies investigating changes 
in chondrocyte GJA1-20k expression with disease would 

shed further light on the potential shift in mitochondrial 
transfer incidence from MSCs to chondrocytes in OA. 
Knocking down Cx43 in the MSC population did not 
fully suppress MSC-chondrocyte mitochondrial trans-
fer, indicating the involvement of Cx43-independent 
mechanisms. In addition to Cx43, other proteins have 
been identified as regulators of mitochondrial transfer 
between MSCs and other cell types, such as Miro1 [20, 
22, 23]. While multiple proteins are likely involved in reg-
ulating mitochondrial transfer, the data presented here 
identified Cx43 as a critical mediator of transfer between 
MSCs and chondrocytes. Additionally, our work incorpo-
rates the impact of GJA1-20k to reveal a key role for this 
internally translated Cx43 isoform, for the first time, in 
mitochondrial transfer between MSCs and chondrocytes.

Conclusions
The data presented in this study highlights a role for the 
truncated Cx43 isoform GJA1-20k in MSC to chondro-
cyte mitochondrial transfer and is the first to evaluate the 
role of GJA1-20k in MSC mitochondrial donation. In this 
experimental model, we found direct cell-cell contacts to 
be the primary route of MSC-chondrocyte mitochondrial 
transfer, with GJA1-20k serving as a key mediator in this 
process. Collectively, these data suggest new strategies 
for promoting mitochondrial transfer as a regenerative 
therapy for cartilage repair, including increasing cell-cell 
contacts and increasing GJA1-20k expression in MSCs.
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