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Abstract

Background Connexin 43 (CX43) is a hemichannel (HC)- and gap junction (GJ)-forming protein that mediates

the exchange of small molecules between the intracellular and extracellular environments, as well as intercellular
communication. In addition to this canonical role, recent studies have shown that its functions range from
transcriptional regulation to intracellular homeostasis. The ability of CX43 to translocate into mitochondria suggests
its involvement in energy metabolism. However, the functions of mitochondrial CX43 (mt-CX43) in neural cells remain
unexplored.

Methods Our study investigated the expression and localisation of mt-CX43 through western blot and
immunofluorescence analyses in four immortalised human glioma cell lines: T98-G, A-172, CCF-STTG1, and U-87 MG.
Additionally, targeted metabolomic analysis was conducted to assess changes in key metabolic pathways.

Results Basal CX43 expression and extracellular stress factors, particularly cell density and extracellular pH
fluctuations, significantly modulated the mitochondrial localisation of CX43. Inhibition of the heat shock protein 90
(HSP90) chaperone system by geldanamycin (GA) resulted in a marked reduction in mt-CX43, suggesting an import
mechanism involving HSP90 and the translocase of the outer membrane (TOM) complex. In addition, the assessment
of key metabolites revealed increased purine biosynthesis in T98-G cells exposed to GA treatment, characterised by
lower basal CX43 expression and reduced mt-CX43 levels under stress conditions. Conversely, U-87 MG cells exhibited
a stable NAD*/NADH ratio and a significant increase in NADH levels, indicating a metabolic shift towards a more
resilient state.

Conclusions Our results suggest that mt-CX43 serves as a multifunctional regulator of metabolic adaptation and
stress response in glioma cell lines. Our results extend the role of mt-CX43 as an essential factor in cellular metabolic
plasticity, providing new insights into the modulation of metabolic imbalances and mitochondrial dysfunction.
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Connexin 43 (CX43) is a multifunctional protein known for its canonical role in forming hemichannels and gap
junctions, which mediate the exchange of signals and small molecules. Although this pore-forming function
occurs primarily at the plasma membrane, CX43 is also localised within mitochondria, suggesting a role in cellular
adaptation to energy demands and environmental stress. In this study, we investigated the role of mitochondrial
CX43 (mt-CX43) in glioma cell lines. We found that mt-CX43 levels vary depending on cell density and extracellular
pH. Furthermore, the import of CX43 into mitochondria requires a transport system involving heat shock protein
90 (HSP90). Inhibition of this system with geldanamycin caused a consistent reduction in mt-CX43, which was
associated with alterations in mitochondrial structure and metabolic pathways, including purine metabolism and
NADH turnover. Our findings suggest that mt-CX43 is required for cellular adaptation to metabolic stress and that
modulating mt-CX43 may represent a novel strategy to disrupt tumour survival mechanisms and improve glioma

treatment.
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Introduction
Connexins (CXs) are a family of proteins that regulate
intercellular communication by mediating the exchange
of ions, second messengers and small molecules between
cells and the extracellular environment [1-3]. In the
central nervous system (CNS), various CX isoforms are
expressed, with connexin 43 (CX43) playing a central role
in hemichannels (HCs) and gap junctions (GJs) coupling.
CX43, encoded by the GJAI gene, is one of the most
abundantly expressed connexin isoforms in the CNS,
enabling direct cell-to-cell signalling and maintaining
intracellular and extracellular homeostasis [4—6]. Recent
studies have shown that beyond its canonical role, CX43
is also present within mitochondria (i.e., mt-CX43), sug-
gesting a novel function in mediating mitochondrial
dynamics and cellular metabolism [7]. Previous stud-
ies have mainly focused on the role of mt-CX43 in car-
diomyocytes, where it is thought to be involved in HC
formation and regulation of mitochondrial potassium
uptake, reactive oxygen species (ROS) generation and
energy metabolism [8-10]. Despite this evidence, the
role of mt-CX43 in the CNS remains largely unexplored.
Given the distinct metabolic requirements and signalling
of neural cells, particularly in glial cells, there is grow-
ing interest in understanding how mt-CX43 contributes
to mitochondrial function in this context [11]. This phe-
nomenon is especially relevant in high-grade gliomas,
such as glioblastoma (GBM), an aggressive and resistant
tumour characterised by pronounced metabolic plastic-
ity and adaptation to environmental constraints such as
hypoxia, acidification, and nutrient deprivation [12—15].
CX43 is variably expressed in gliomas, and its levels have
been correlated with both tumour survival and prolifera-
tion [16]. This highlights the importance of determining
the subcellular localisation and function of CX43, rather
than merely its total expression levels [17].

To evaluate the involvement of mt-CX43 in mitochon-
drial homeostasis and metabolism, it is crucial to assess

potential changes in mt-CX43 resulting from alterations
in the extracellular environment. Notably, the formation
of GJs and the turnover of CX43 proteins are modulated
by environmental conditions in gliomas, with cell-to-cell
communication being critical for proliferation and self-
renewal [18, 19]. For instance, densely packed regions of
GBM are characterised by increased cell-to-cell contacts,
which are typical of a hyperproliferative tumour micro-
environment. This can activate kinases such as protein
kinase A (PKA) that phosphorylate specific serine resi-
dues on CX43, thereby promoting its assembly into GJ
plaques and enhancing intercellular communication [20].
Conversely, in tumour regions characterised by low den-
sity, reduced intercellular contact can alter intracellular
signalling and promote CX43 phosphorylation at specific
sites; these modifications have been directly linked to GJ
disassembly and protein internalisation [21]. CX43-based
GJs are also sensitive to pH and undergo conforma-
tional changes in response to extracellular acidification,
leading to channel closure and loss of intercellular com-
munication [22-24]. This is typical of the glioma micro-
environment, where the extracellular pH remains acidic
because of hypoxia and increased glycolysis [14, 25].
Here, chronic acidosis likely contributes to persistent GJs
occlusion and disrupts coordinated intercellular signal-
ling among tumour cells.

Studies have shown that acidic pH not only impairs the
function of GJs but also modulates the localisation and
expression of CX43 [26]. Therefore, the acidic tumour
microenvironment reduces classical GJ-mediated com-
munication and redirects CX43 to non-canonical func-
tions associated with glioma plasticity, invasiveness,
and resistance to metabolic stress. Although these data
provide valuable insights, the role of extracellular pH
fluctuations associated with mt-CX43 in the CNS is still
unknown and requires further investigation. These piv-
otal observations prompted us to hypothesise that a
proportion of internalised CX43, induced by cell den-
sity or stressors, may be redirected to intracellular
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compartments, including mitochondria, and that this
process is dynamically regulated by cells in response to
their physiological state.

To investigate the contribution of mt-CX43 to meta-
bolic adaptation, we selected four human glioma cell lines
(i.e., T98-G, A-172, CCF-STTGI, and U-87 MQG), based
on their differential GJAI expression levels. This choice
allowed us to compare cell lines with low, intermediate
and high levels of CX43 and to test whether basal CX43
abundance correlates with its mitochondrial localisation
and functional role under stress conditions.

We also modulated the internalisation of CX43 into
mitochondria by inducing extracellular pH shifts (i.e.,
alkaline and acidic), with different results depending on
the cell line. Moreover, we combined pH modulation with
treatment with geldanamycin (GA), a heat shock pro-
tein 90 (HSP90) inhibitor known to impair the import of
CX43 into mitochondria by disrupting the HSP90-TOM
complex [27, 28]. We observed a shift towards increased
purine biosynthesis in T98-G cells and purine degrada-
tion in U-87 MG cells upon GA treatment. Our data sug-
gest that the function of mt-CX43 is critical for CNS cell
homeostasis and for modulating the cellular response
to extracellular stressors, opening potential avenues for
treating mitochondrial dysfunction in CNS diseases.

Methods

Selection and analysis of CNS cell line dataset

RNA-seq gene expression data from CNS cancer cell
lines were obtained from the Cancer Cell Line Encyclope-
dia (CCLE) and analysed using the UCSC’s Xena browser
(https://xenabrowser.net/, accessed in April 2025). Genes
of interest encoding 19 connexins (i.e., GJAI, GJA3,
GJC1, GJC2, GJC3, GJB5, GJB2, GJB3, GJB4, GJAS5, GJBS6,
GJB7, GJB1, GJA4, G]D4, G]D2, GJA10, GJA8, GJEI) were
selected for further analysis. Gene expression values were
retrieved in reads per kilobase of transcript per million
mapped reads (RPKM).

Cell culture and drug administration

The experiments were performed using the following
human cell lines: T98-G (Cat. No. #CRL-1690, RRID:
CVCL_0556, ATCC), A-172 (Cat. No. #CRL-1620, RRID:
CVCL_0131, ATCC), CCF-STTG1 (Cat. No. #CRL-1718,
RRID: CVCL_1118, ATCC), and U-87 MG (Cat. No.
#HTB-14, RRID: CVCL_0022, ATCC).

The cell lines were cultured at 37 °C in a humidified
atmosphere, 5% CO,, and were routinely sub-cultured
into standard culture flasks. Mycoplasma negative cells
with a passage < 25 were used in this study. For T98-G and
U-87 MG cells, the complete growth medium consisted
of: 10% foetal bovine serum (FBS, Cat. No. #26140079,
Gibco), 100 IU/ml penicillin-streptomycin (pen-strep,
Cat. No. #15140-122, Gibco), 1 mmol/l sodium pyruvate
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(Cat. No. #11360-039, Gibco), 1 mmol/l non-essential
amino acids (Cat. No. #11140-050, Gibco), and 1 mmol/l
L-glutamine (Cat. No. #25030-081, Gibco) in minimum
essential medium (MEM) (Cat. No. #ECB2071L, Euro-
clone). For A-172 cells, the complete growth medium
consisted of: 10% FBS (Cat. No. #26140079, Gibco), 1%
pen-strep 100 IU/ml (Cat. No. #15140-122, Gibco), 1
mmol/l sodium pyruvate (Cat. No. #11360-039, Gibco),
and 1 mmol/l L-glutamine (Cat. No. #25030-081, Gibco)
in Dulbecco’s modified Eagle medium (DMEM) supple-
mented with 4.5 g/L D-glucose (Cat. No. #11965092,
Gibco). For CCF-STTGI1 cells, the complete growth
medium consisted of: 10% FBS (Cat. No. #26140079,
Gibco), 100 IU/ml pen-strep (Cat. No. #15140-122,
Gibco), 1 mmol/l sodium pyruvate (Cat. No. #11360-039,
Gibco), in RPMI supplemented with 2.5 g/L D-glucose
(Cat. No. #ECB2000L, Euroclone).

To assess the effects of plating density, low plating den-
sity (LD) experiments were performed with cells plated
at a final density of 20,000 cells per cm? medium plat-
ing density (MD) experiments were performed by plating
cells at a final density of 40,000 cells per cm? and high
plating density (HD) experiments were performed by
plating cells at a final density of 80,000 cells per cm?.

Extracellular pH alterations were induced by adding
an appropriate amount of hydrochloric acid (HCI) (Cat.
No. #403871, Carlo Erba reagents) or sodium hydroxide
(NaOH) (Cat. No. #55881, Sigma-Aldrich) to bring the
pH steadily to pH=6.0 or pH=28.0. The culture media
were first supplemented with HCl or NaOH and then
incubated for 24 h at 37 °C in a humidified atmosphere
and 5% CO,. The pH was verified at this stage to ensure
that CO, levels did not alter the pH. All pH=6.0 media
had a mean pH+ SD of 6.0+ 0.1, and pH = 8.0 media had a
mean pH+SD of 8.0+0.1.

For lactate treatment, cells were treated with sodium
L-lactate (Cat. No. #71718-10G, Sigma-Aldrich) at a final
concentration of 20 uM in the growth medium for 24 h.
For GA treatment, cells were treated with GA (Cat. No.
#J63397.MB, ThermoScientific Chemicals) at a final con-
centration of 10 pM in dimethyl sulfoxide (DMSO) for
30 min. Control cultures were treated with an equiva-
lent amount of vehicle (i.e., growth medium or DMSO).
In DMSO-exposed cultures (with/without GA) the total
amount of DMSO was < 1%.

Western blot analysis and isolation of mitochondria

For Western blot analysis, cells were plated at either LD
(20,000 cells per cm?), MD (40,000 cells per cm?) or HD
(80,000 cells per cm?). After 12 h, the cells were treated
with either the vehicle or 20 uM sodium L-lactate for
an additional 24 h. The cell medium was then removed,
and the cultures were washed with PBS. The cells were
detached using a cell scraper (Cat. No. #CLS353087,
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Merck). Pellets were obtained by centrifugation at 300 x
g for 5 min, and either the total protein content or the
mitochondrial protein content was isolated. Total protein
content was obtained by incubating the cell pellets with
RIPA buffer (Cat. No. #R0278, Sigma-Aldrich) supple-
mented with protease inhibitor (1:100, Cat. No. #P8340,
Merck) at 4 °C for 20 min. The suspension was then cen-
trifuged at 13,000 x g for 5 min at 4 °C, and supernatants
were collected in a new series of tubes. Mitochondrial
protein content was obtained using the Mitochondria
Isolation Kit (Cat. No. ab11017, Abcam), according to the
manufacturer’s instructions. Briefly, cells were collected
using a cell scraper and centrifuged at 1,000 x g for 10
min. The cell pellets were frozen and thawed to weaken
the cell membranes, resuspended in reagent A and
incubated at 4 °C for 10 min. Homogenisation was per-
formed according to the manufacturer’s instructions. The
homogenates were centrifuged at 1,000 x g for 10 min at
4 °C, and the supernatant was collected in a new set of
tubes. This procedure was repeated with the pellets using
reagent B. The combined supernatants from both steps
were pooled together and centrifuged at 12,000 x g for
15 min at 4 °C to obtain isolated mitochondria. The total
mitochondrial protein content was recovered by resus-
pending the mitochondria in reagent C supplemented
with protease inhibitors and stored at — 80 °C until use.

Equal amounts of protein were electrophoresed and
transferred to nitrocellulose membranes (Cat. No.
#1704158, Bio-Rad). The membranes were blocked with
5% non-fat milk (Cat. No. #A0830,0500, ITW Reagents)
in 0.1% Tween-20 (Cat. No. #P9416, Sigma-Aldrich) in
PBS for 1 h and incubated overnight at 4 °C with the fol-
lowing primary antibodies: 1:1,000 rabbit anti-Connexin
43 (Cat. No. #C6219, RRID: AB_476857, Sigma-Aldrich),
1:1,000 mouse anti-B-actin (Cat. No. #sc-47778, RRID:
AB_2714189, Santa Cruz Biotechnology), 1:10,000 mouse
anti-SDHA (Cat. No. #abl14715, RRID: AB_301433,
Abcam). The following day, the membranes were washed
with 0.1% Tween-20 in PBS and then incubated with
appropriate HRP-conjugated secondary antibodies:
1:5,000 goat anti-mouse IgG (H+L) (Cat. No. #31430,
RRID: AB_228307, Invitrogen); 1:10,000 goat anti-rabbit
IgG (H+L) (Cat. No. #31460, RRID: AB_228341, Invit-
rogen). Bands were detected using a ChemiDoc Imag-
ing System (Bio-Rad) and densitometric analysis was
performed using Image] software. The relative expres-
sion levels of CX43 or mt-CX43 were determined by
dividing the intensity of CX43 or mt-CX43 bands by the
intensity of B-ACTIN or SDHA of the same membrane.
Uncropped membranes are shown in the supplementary
information file — Uncropped Gels and Blots images.

For the time-course experiment on pH-dependent
mt-CX43 expression and to evaluate the temporal
dynamics of CX43 mitochondrial translocation after
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alkalinisation, cells were exposed to extracellular medium
adjusted to pH=6.0 for 12 h, and then pH was shifted
to pH=8.0 by complete medium change. Mitochondrial
fractions were isolated as described above at 0, 30, 60,
120 and 180 min and subjected to western blotting for
mt-CX43 quantifications. Relative mt-CX43 levels were
calculated as fold change over time 0.

Immunofluorescence staining

For immunofluorescence analysis, cells were seeded on
24-well plates with 12 mm coverslips at a final density
of 20,000 cells per cm? (i.e., LD) or 80,000 cells per cm?
(i.e., HD) and incubated for 12 h at 37 °C and 5% CO,.
Cells were treated with either vehicle or GA and exposed
to extracellular pH alterations (i.e., pH=6.0, pH=7.0,
or pH=8.0). At specific time points, the medium was
removed, cells were rinsed with PBS, and fixed with
4% paraformaldehyde (PFA, Cat. No. #158127, Sigma-
Aldrich) for 10 min at room temperature. The PFA was
then removed, the cells were washed in PBS and stored at
4 °C until use.

Immunocytochemistry was performed as previously
described [29, 30]. Briefly, fixed cells were rinsed in PBS
and then blocked with 10% normal goat serum (NGS,
Cat. No. #16210064, ThermoFisher Scientific), and 0.1%
Triton X-100 (Cat. No. #93443, Sigma-Aldrich) in PBS
for 1 h at room temperature. Samples were then incu-
bated with the following primary antibodies: rabbit anti-
Connexin 43 (1:100, Cat. No. #C6219, RRID: AB_476857,
Sigma-Aldrich), mouse anti-mitochondria (1:100, Cat.
No. #ab92824, RRID: AB_10562769, Abcam) overnight at
4 °C. The following day, samples were washed three times
with 0.1% Triton X-100 in PBS and incubated for 1 h at
room temperature with the appropriate combination of
the following fluorescent secondary antibodies diluted in
0.1% Triton X-100 in PBS: goat anti-mouse Alexa Fluor-
546 (1:1,000, Cat. No. #A11003, RRID: AB_141370, Invi-
trogen), goat anti-rabbit Alexa Fluor-647 (1:1,000, Cat.
No. #A21244, RRID: AB_2535812, Invitrogen).

After incubation, samples were washed three times
with 0.1% Triton X-100 in PBS, and F-actin was stained
with Alexa Fluor 488 Phalloidin (PHD, 1:300, Cat. No.
#A12379, Invitrogen). Samples were washed, and nuclei
were counterstained with DAPI (Cat. No. #D1306, Invit-
rogen). Coverslips were mounted with Fluoromount TM
Aqueous Mounting Medium (Cat. No. #F4680, Sigma-
Aldrich), and images were acquired using a Leica TCS
SP8 confocal microscope.

Quantification of CX43 distribution, colocalisation and
mitochondrial morphological parameters

To analyse the intracellular distribution of CX43, confo-
cal microscopy images were processed using Fiji software
(v. 2.16.0/1.54p) [31]. Images were acquired from at least
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five randomly selected regions of interest (ROIs) per cov-
erslip. Z-stack images were acquired, the cell perimeter
was outlined using the selection tool, and the total cell
area was quantified. For subcellular distribution, subplas-
malemmal and nuclear regions were segmented based on
their proportional relationship to the total cell area. The
subplasmalemmal region was estimated as 30% of the
total cell area, while the nuclear region was defined using
the selection tool and a nuclear region with DAPI-posi-
tive area was drawn as a reference.

On a selected region of interest (RO, i.e., subplasma-
lemmal and nuclear), the CX43 distribution was evalu-
ated using the LPX Filter2d plugin using the “Fftswap”
filter. Quantification of pixel intensity was performed for
each compartment, and data were normalised to the total
CX43 intensity.

Colocalisation analysis of CX43 with the mitochondrial
marker was assessed using the Coloc 2 plugin in Fiji soft-
ware (v. 2.16.0/1.54p). Pearson’s correlation coefficient
was calculated on dual-channel confocal immunofluo-
rescence images to determine the spatial colocalisation
between CX43 and mitochondria. To ensure the robust-
ness of colocalisation analysis, a total number of #>18
cells from 7 > 3 biological replicates were quantified.

Morphological analysis of stained mitochondria was
performed with the Mitochondria Analyser plugin [32],
run in Fiji, version 2.14.0/1.54p [31]. To describe the
morphology of the mitochondria, the total number of
individual mitochondrial particles and the total branch
length/mito were calculated.

Targeted metabolomics and metabolite ratio analysis

For the analysis of metabolites, cells were trypsinized,
resuspended in PBS (1x10° cells/ml) and centrifuged
at 300 x g for 5 min at room temperature. The resulting
cell pellet was deproteinized using a precipitation solu-
tion containing 75% acetonitrile and 25% KH,PO,, (10
mM, pH=7.4) followed by centrifugation at 20,890 g for
10 min at 4 °C. The obtained supernatant was mixed with
chloroform to extract the aqueous phase. The selected
metabolites were separated using a C18 chromatogra-
phy column (Hypersil C-18, 250 x 4.6 mm, 5 pm particle
size) integrated with a high-performance liquid chroma-
tography (HPLC) system (ThermoFisher Scientific, Van-
quish LC System). A diode-array detector HL (Thermo
Fisher Scientific) at wavelengths of 206 nm and 260 nm
was used for the identification and quantification of
metabolites.

Principal component analysis

Principal component analysis (PCA) was conducted using
the metabolite data. A scree plot was generated, display-
ing the variance explained by each component, and a
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correlation plot showing the contributions of the princi-
pal components (PCs) as cosine squared (cos?). The PCA
results are shown as a biplot, with each variable repre-
sented by coloured arrows. All analyses were performed
using RStudio software (Version: 2024.09.1 + 394).

Statistical analysis

Data analysis was performed using GraphPad Prism soft-
ware version 8.0.1. The sample size for each experiment
is reported in the figure legends. Quantifications were
performed by operators blinded to the treatment, and
no data points were excluded from the analysis ex-ante.
Outliers were identified using the ROUT method with
a Q=1%. Data were assessed for normal distribution by
using the Shapiro—Wilk test or the D’Agostino & Pearson
test, depending on sample size, followed by evaluation of
homogeneity of variance. Datasets that passed both tests
were analysed with a two-tailed unpaired Student’s t-test
for comparisons of n=2 groups, or one-way or two-way
analysis of variance (ANOVA), followed by the Holm-
Sidak post hoc test for multiple comparisons, for com-
parison of n>3 groups.

Datasets with non-normal distribution were analysed
using the Kruskal-Wallis test. Data are presented as the
mean or mean fold change (FC)+tstandard deviation
(SD). For all statistical tests, p-values <0.05 were consid-
ered statistically significant.

Results

Mitochondrial localisation of CX43 is regulated by cell
density and the baseline expression of CX43

To determine differences among glioma cell lines with
respect to baseline CXs expression, we first performed a
transcriptomic analysis using a publicly available dataset
via UCSC Xena (Fig. 1a).

Our analyses showed that the mRNA levels of CXs iso-
forms were heterogeneously expressed in the CNS cell
lines, with GJA1, encoding CX43, having an average raw
reads per kilobase per million (RPKM) of approximately
49.22 among all available cell lines. Interestingly, GJC1,
encoding CX45, was the second most highly expressed
gene with an average RPKM of 7.44. All other CX genes
analysed were markedly less expressed in the CNS cell
lines, with an average RPKM of approximately 0.09,
or were undetectable. Based on GJAI expression, we
selected four glioma cell lines exhibiting low, medium,
or high GJAI expression levels, namely T98-G (33.40
RPKM; low), A-172 and CCF-STTG1 (46.31 RPKM for
A-172; 79.54 RPKM for CCF-STTG1; intermediate), and
U-87 MG (132.80 RPKM for U-87 M@G; high; Fig. 1a).

To test protein levels and the potential effects of plat-
ing cell density (i.e., low density, LD; medium density,
MD; and high density, HD), total CX43 expression levels
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Fig. 1 Connexin isoforms are heterogeneously expressed in glioma cell lines. a Heatmap showing RNA-seq data from publicly available datasets on the
expression levels of CX isoforms in glioma cell lines, expressed as log, RPKM. The cells are ordered by abundance in GJAT. Unavailable/not-detected data
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Gervasi et al. Cell Communication and Signaling (2025) 23:512

were assessed by Western blot analysis (Fig. 1b). Our
data showed that there were no significant changes in
total CX43 levels among LD, MD, and HD in all cell lines
tested at 24 h (Fig. 1b).

To assess the effect of potential stressors or inducers on
CX43 expression levels, T98-G, A-172, CCF-STTG], and
U-87 MG cells were exposed to extracellular L-lactate in
either LD or HD. We first assessed the total protein con-
tent of LD and HD cultures in control and lactate-treated
cells. Our results showed no significant changes in any of
the conditions or cell lines tested (Fig. 2a-d), suggesting
that total CX43 expression is not affected by lactate or
cell density. We then investigated possible effects of cell
density or L-lactate stimulation on mt-CX43.

We found that T98-G and A-172 cells, which are
characterised by a relatively lower total CX43 content
compared to the other cell lines tested, showed a sig-
nificant reduction of approximately 40% in mt-CX43
under HD culture conditions (0.60+0.06 in T98-G HD,
and 0.60+0.04 in A-172 HD, FC versus LD; Fig. 2e-f).
Mt-CX43 expression levels were not significantly affected
in CCF-STTG1 cells (Fig. 2g), whereas U-87 MG cells,
which are characterised by a higher total CX43 content,
showed a 2.40-fold increase in mt-CX43 expression levels
when cultured in HD (Fig. 2h).

To further explore intracellular CX43 localisation, we
performed confocal-assisted imaging and quantified
colocalisation between CX43 and mitochondria in T98-G
(Fig. 3a-b), A-172 (Fig. 3c-d), CCF-STTG1 (Fig. 3e-f), and
U-87 MG (Fig. 3g-h) cells.

We also assessed the percentage of CX43 occupancy
in the subplasmalemmal (Figure S1) and nuclear regions
(Figure S2). The results showed a reduction in the pro-
portion of mt-CX43 in CX43 low-expressing cell lines
(i.e., T98-G and A-172) under HD culture conditions,
compared to LD (0.24+0.07 HD T98-G vs. 0.51+0.08
LD T98-G; 0.33+0.11 HD A-172 vs. 0.46+0.08 LD
A-172; Fig. 3a-d), and a significant increase in mt-CX43
in the HD U-87 MG cell line (0.49 £0.09 HD U-87 MG
vs. 0.29+0.11 LD U-87 MG; Fig. 3g-h). In CCF-STTG1
cells, no significant changes in mt-CX43 were observed
between LD and HD (0.31+0.10 HD CCF-STTG1 vs.
0.30+0.13 LD CCF-STTGI; Fig. 3e-f). Interestingly, the
subplasmalemmal fraction of CX43 was significantly
affected by cell density in A-172 cells (3.51+2.46 HD
A-172 vs. 0.62+£0.32 LD A-172; Figure S1), and in CCF-
STTG1 cells (2.29+1.37 HD CCE-STTGL1 vs. 0.26+0.13
LD CCF-STTGI; Figure S1). In contrast, the nuclear
fraction was significantly increased in HD CCF-STTG1
cells (5.74+3.18 HD CCF-STTG1 vs. 1.47 +1.14 LD CCF-
STTG]I; Figure S2), with no significant changes in any of
the other cell lines tested.
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High-density cultures promote mitochondrial fusion in
T98-G cells and fission in U-87 MG cells

Given the changes in mitochondrial CX43 localisation,
we investigated whether mitochondrial morphology
was similarly affected (Figure S3). Our analysis revealed
that T98-G cells remodelled the mitochondrial network
under HD conditions by significantly reducing the num-
ber of individual mitochondrial particles (0.54+0.28
HD T98-G, FC versus LD; Fig. 4a-b) and increasing the
total length of branches per mitochondrion (2.51+1.60
HD T98-G, FC versus LD; Fig. 4a-b). The A-172 cell line
showed minimal changes in mitochondrial morphology
and network, with a slight increase in the total number of
individual mitochondrial particles (1.63+1.09 HD A-172,
EC versus LD; Fig. 4c-d) and no significant changes in
mitochondrial branch length per mitochondrion (Fig.
4c-d). CCE-STTG1 cells were characterised by substan-
tial remodelling of mitochondrial content, showing a
strong increase in both morphological parameters tested
(number of individual mitochondrial particles: 2.03 +0.73
HD CCE-STTG], EC versus LD; total branch length per
mitochondrion: 2.21+1.15 HD CCF-STTG1, FC versus
LD; Fig. 4e-f). Importantly, HD U-87 MG cells, charac-
terised by increased mt-CX43 content, showed a signifi-
cant increase in the number of mitochondrial particles
(3.04+1.77 HD U-87 M@, EC versus LD; Fig. 4g-h) in
conjunction with a decrease in the total branch length per
mitochondrion (0.67 +0.26 HD U-87 MG, FC versus LD;
Fig. 4g-h). These observations were supported by a bip-
lot correlation analysis of the number of mitochondrial
particles and the total branch length per mitochondrion,
which showed that the observed morphological changes
were consistent with mitochondrial fusion in T98-G cells
and mitochondrial fission in U-87 MG cells (Fig. 4i).

Geldanamycin inhibits extracellular pH-mediated
translocation of CX43 to the mitochondria
Given the demonstrated modulatory effect of pH alteration
on CX43 expression and function [33], we next analysed the
effects of acidic (i.e., pH = 6.0) and alkaline (pH = 8.0) extra-
cellular pH alterations on mt-CX43 localisation (Fig. 5a-d).
Our data showed a significant reduction in mt-CX43
expression in T98-G cells exposed to pH=6.0 (0.53 + 0.06,
FC versus pH =7.0; Fig. 5a), and near-normal levels when
cultured at pH=8.0 (1.12+0.18, FC versus pH="7.0; Fig.
5a). This phenomenon was also observed in CCF-STTG1
cells, which showed a significant decrease in mt-CX43 at
pH=6.0 (0.48+0.10, FC versus pH="7.0; Fig. 5¢), and a
slight but non-significant increase at pH=8.0 (1.22+0.12,
EC versus pH="7.0; Fig. 5¢). Interestingly, A-172 and U-87
MG cells showed no significant changes in the mt-CX43
expression levels, either at pH=6.0 (1.06+0.14 A-172
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Fig. 2 Mitochondrial localisation of CX43 is affected by cell density and basal expression. a-d Western blot analysis of total CX43 protein in T98-G
(@), A-172 (b), CCF-STTG1 (), and U-87 MG (d) cell lines cultured under LD or HD, and untreated or treated with 20 uM lactate. Data are expressed as
mean £ SD of FC versus LD control from n> 3 independent replicates. e-h Western blot analysis for CX43 on mitochondrial protein content (mt-CX43) of
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Fig. 3 Mitochondrial localisation of CX43 is reduced in low expressing cell lines at high plating density. a-b Representative confocal images of CX43
(white) and Mito (red) in LD and HD T98-G cells (a) and quantification of Pearson’s correlation coefficient (b). c-d Representative confocal images of CX43
(white) and Mito (red) in LD versus HD A-172 cells (c) and quantification of Pearson’s correlation coefficient (d). e-f Representative confocal images of CX43
(white) and Mito (red) in LD and HD CCF-STTG1 cells (e) and quantification of Pearson’s correlation coefficient (f). g-h Representative confocal images
of CX43 (white) and Mito (red) in LD versus HD U-87 MG cells (g) and quantification of Pearson’s correlation coefficient (h). Data are shown as dot plot
and violin plot, with the middle line representing the median and the thin lines the quartiles from n >3 biological replicates. ****p-value <0.0001. Mito:

mitochondrial marker; LD: low density; HD: high density.

and 0.87+0.05 U-87 M@, FC versus pH=7.0; Fig. 5b and
d), or at pH=8.0 (1.12+0.12 A-172 and 1.00+0.15 U-87
MG, FC versus pH=7.0, Fig. 5b and d).

We extended our analysis to T98-G, assessing the effect
of extracellular alkalinisation over time. Here, we found
a significant linear correlation between mt-CX43 expres-
sion levels and alkalinisation of the extracellular milieu
over time (R*>=0.6307; p-value = 0.0004; Fig. 5e), with an
increase in mt-CX43 at 180 min post-alkalinisation of
approximately 40% compared with 0 min post-alkalinisa-
tion (Fig. 5e).

To modulate CX43 shuttling between the cytoplasm
and mitochondria, we exposed cell cultures to an acidic
pH for 12 h and then increased the extracellular pH to
8.0, with or without an inhibitor of mitochondrial pro-
tein import (i.e., geldanamycin — GA, Fig. 5f). We per-
formed confocal-assisted imaging and quantified the
colocalisation of CX43 with mitochondria at pH=6.0,

pH=8.0, and pH =8.0 with GA (Fig. 5g-j). We confirmed
a significant increase in Pearson’s correlation coef-
ficient at pH=8.0 in T98-G cells (0.43+0.08 pH=8.0
vs. 0.33+£0.09 pH=6.0, Fig. 5g) and CCE-STTGI cells
(0.27+0.08 pH=8.0 vs. 0.20+0.08 pH=6.0, Fig. 5i). At
pH=8.0, no changes were observed in A-172 and U-87
MG compared to the controls at pH=6.0 (0.44+0.09,
pH=8.0, vs. 0.40+0.05 pH=6.0 for A-172; 0.35+0.11,
pH=8.0vs.0.37+0.15, pH=6.0 for U-87 MG; Fig. 5h and
j). Importantly, GA treatment significantly reduced the
proportion of mt-CX43, as evidenced by Pearson’s cor-
relation coefficient at pH=238.0 in all the tested cell lines
(0.32+0.09 T-98 G pH=8.0+GA, Fig. 5g 0.33+0.10
A-172 pH=8.0+GA, Fig. 5h; 0.21+0.07 CCF-STTG1
pH=8.0+GA, Fig. 5i; 0.28 +0.11 U-87 MG pH=8.0+GA,
Fig. 5j). These data confirmed the modulatory effect of
GA on suppressing the HSP90-mediated mitochondrial
import of CX43.
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Fig. 4 High-density culture conditions reshape mitochondrial dynamics in T98-G cells and U-87 MG cells. a-b Representative confocal images of Mito
(red) in LD and HD T98-G cells (@) and quantification of the number of individual mitochondrial particles and total branch length per mito (b). c-d Rep-
resentative confocal images of Mito (red) in LD and HD A-172 cells (c) and quantification of the number of individual mitochondrial particles and the
total branch length per mito (d). e-f Representative confocal images of Mito (red) in LD and HD CCF-STTG1 cells (e) and quantification of the number
of individual mitochondrial particles and the total branch length per mito (f). g-h Representative confocal images of Mito (red) in LD and HD U-87 MG
cells (g) and quantification of the number of individual mitochondrial particles and the total branch length per mito (h). i Biplot analysis of the data in
(b, d, f and h) for T98-G, A-172, CCF-STTG1, and U-87 MG cells. The arrows indicate the shift of parameters from LD to HD cultures. Data in (b, d, f and h)
are expressed as FC versus LD and shown as dot plot and violin plot, with the middle line representing the median and the thin lines the quartiles from
n >3 biological replicates. *p-value < 0.05; **p-value <0.01; ***p-value <0.001; ****p-value <0.0001. Mito: mitochondrial marker; LD: low density; HD: high

density; FC: fold change

Mitochondrial CX43 levels are associated with metabolic
alterations and recovery from stress

To establish a link between CX43 shuttling and the
modulatory effect of GA, we investigated mitochondrial
morphology parameters in GA-treated cells compared

to control cells cultured at pH=28.0 (Figure S4). Using
immunofluorescence analysis, we quantified individual
mitochondrial particles in T98-G after GA treatment and
found a significant increase in the total number of indi-
vidual mitochondrial particles (1.40+0.43 T98-G + GA,
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Fig. 5 Geldanamycin inhibits the mitochondrial shuttling of CX43 in cells exposed to alkaline extracellular pH. a-d Western blot analysis for CX43 on
mitochondrial protein levels (mt-CX43) of T98-G (a), A-172 (b), CCF-STTGT (c), and U-87 MG (d) cell lines at pH=7.0, pH=6.0, and pH=8.0. Data are shown
as a dot plot and mean +SD of FC versus pH=7.0 from n=3 independent replicates. e Linear regression analysis of Western blot quantification of mito-
chondrial protein content (mt-CX43) in T98-G cells exposed to pH=8.0 at 0, 30, 60, 120, and 180 min. Data are shown as a dot plot of FC versus pH=6.0
and as a dot plot from n=3 independent replicates. R-squared, p-value, and equation of the linear regression analysis are reported. f) Schematic repre-
sentation of the experimental setup for GA treatment and mt-CX43 assessment. g-j) Representative confocal images of CX43 (white) and Mito (red) at
pH=6.0, pH=8.0,and pH=8.0+ GA and quantification of Pearson’s correlation coefficient of T98-G (g), A-172 (h), CCF-STTG1 (i), and U-87 MG (j) cell lines.
Data are shown as dot plot and violin plot, with the middle line representing the median and the thin lines the quartiles from n >3 biological replicates.
*p-value <0.05; **p-value <0.01; **p-value < 0.001. Mito: mitochondrial marker; GA: geldanamycin; FC: fold change
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FC versus control; Fig. 6a-b) associated with an
unchanged total branch length per mitochondrion (Fig.
6a-b).

Interestingly, A-172 cells were not affected by GA treat-
ment in their total number of mitochondrial particles
(Fig. 6¢c-d), showing a reduction in total branch length
per mitochondrion (0.56+0.33 A-172+GA, FC versus
control; Fig. 6¢c-d). Mitochondrial parameters in CCE-
STTG1 cells were also slightly affected by GA treatment,
with a significant reduction of the number of mitochon-
drial individual particles (0.58+0.20 CCF-STTG1 +GA,
EC versus control; Fig. 6e-f) and no changes in the total
branch length per mitochondrion (Fig. 6e-f). U-87
MG, characterised by stable mt-CX43 in response to
pH alterations and reduced mt-CX43 upon GA treat-
ment, showed no significant changes in mitochondrial
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morphological parameters in response to GA (Fig. 6g-h).
To correlate the modulation of mt-CX43 with metabolic
reprogramming associated with extracellular pH-medi-
ated stress, we conducted a targeted metabolomics analy-
sis (Fig. 7a). We first performed a PCA and extracted PC1
and PC2, which explained approximately 82.1% of the
total variance (Figure S5). These data showed an appar-
ent clustering of the tested cell lines exposed to pH=8.0
and pH=8.0+GA, highlighting the impact of critical
metabolites contributing to the clusters (Fig. 7b-i, S5).
Our data revealed that T98-G cells, which are suscepti-
ble to pH alterations and in which CX43 plays a role in
mitochondrial morphological changes, responded to GA-
mediated mt-CX43 reduction by significantly increasing
the levels of IMP (0.58+0.07 GA vs. 0.29+0.02 control,
nmol/1x10° cells, Fig. 7b), and uracil (0.0089 +0.0022
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Fig. 6 Geldanamycin induces remodelling of mitochondrial morphological parameters. a-b Representative confocal images of Mito (red) in control and
GA T98-G cells (a) and quantification of the number of individual mitochondrial particles and the total branch length per mito (b). c-d Representative
confocal images of Mito (red) in control and GA A-172 cells (c) and quantification of the number of individual mitochondrial particles and the total branch
length per mito (d). e-f Representative confocal images of Mito (red) in control and GA CCF-STTG1 cells (e) and quantification of the number of individual
mitochondrial particles and the total branch length per mito (f). g-h Representative confocal images of Mito (red) in control and GA U-87 MG cells (g) and
quantification of the number of individual mitochondrial particles and the total branch length per mito (h). Data in (b, d, f, and h) are expressed as FC
versus control and shown as dot plot and violin plot, with the middle line representing the median and the thin lines the quartiles from n=> 3 biological
replicates. **p-value <0.01; ***p-value <0.001. Mito: mitochondrial marker; GA: geldanamycin; FC: fold change
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Fig. 7 Altered mitochondrial CX43 levels induce opposite metabolic shifts in T98-G and U-87 MG cells. a Heatmap of 29 metabolites showing their
abundance and the relative changes in T98-G cells at pH=28.0, T98-G cells at pH=8.0+GA, U-87 MG cells at pH=28.0, and U-87 MG cells at pH=8.0+GA.
Data are shown as log,, metabolite abundance and log, FC versus control pH=8.0 from n =3 biological replicates. b-h) Abundance of IMP (b), uracil (c),
AMP (d), inosine (e), uric acid (f), nitrate (g), NADH (h) in T98-G cells at pH=8.0, T98-G cells at pH=8.0+GA, U-87 MG cells at pH=8.0, and U-87 MG cells
at pH=8.0+GA. Data are expressed as dot plots and mean + SD of metabolite abundance in nmol per 1 x 10° cells from n=3 biological replicates. i Ratio
between metabolite abundances of NAD*/NADH in T98-G cells at pH=8.0, T98-G cells at pH=8.0+GA, U-87 MG cells at pH=8.0, and U-87 MG cells at
pH=28.0+GA. Data are presented as dot plots and mean + SD of ratios from n= 3 biological replicates. *p-value < 0.05; **p-value < 0.01; ***p-value < 0.001;
****p-value <0.0001. j Schematic representation of the metabolic pathways differentially affected by GA in T98-G and U-87 MG cells. GA: geldanamycin;

n.d. not detected; FC: fold change.

GA vs. 0.0030+0.0003 control, nmol/1x10° cells, Fig.
7c), with stable high levels of AMP (0.85+0.12 GA
T98-G vs. 0.83+0.09 control T98-G, nmol/1x 10° cells,
Fig. 7d) and reduced inosine (0.012+0.001 GA T98-G
vs. 0.011+0.003 control T98-G, nmol/1x 10° cells, Fig.
7e), compared to U-87 MG cells (AMP: 0.015+0.007
GA U-87 MG vs. 0.009+0.002 control U-87 MG,
nmol/1 x 10° cells, Fig. 7d; inosine: 0.084 +0.017 GA U-87
MG vs. 0.045+0.008 control U-87 MG, nmol/1x10°
cells, Fig. 7e). Interestingly, GA treatment decreased the
levels of uracil in U-87 MG cells (0.0181 +0.0029 GA vs.
0.0248 +0.0035 control, nmol/1 x 10° cells, Fig. 7c) with a
significant increase of inosine (Fig. 7e).

Concomitantly, T98-G cells showed undetectable levels
of uric acid (Fig. 7f) and significantly increased nitrosa-
tive stress (nitrate: 1.35+0.12 GA vs. 1.06+0.10 control,
nmol/1x10° cells, Fig. 7g), while U-87 MG showed a
slight decrease in nitrate levels under GA treatment
(0.99+0.04 GA vs. 1.20+0.14 control, nmol/1 x 10° cells,
Fig. 7g).

Quantitative analysis of metabolites in U-87 MG cells
revealed a substantial increase in NADH (0.16 +0.03 GA
vs. 0.07 £0.01 control, nmol/1 x 10° cells; Fig. 7h) coupled
with a slight but non-significant reduction in the NAD*/
NADH ratio (11.16+4.21 GA vs. 18.02+3.98 control,
ratio; Fig. 7i).

To strengthen our evidence, we analysed purine
metabolite ratios via the adenylic ratio [(AMP +IMP)/
(adenosine + inosine + hypoxanthine + uric acid)], IMP
turnover [(IMP)/(inosine + hypoxanthine + uric acid)],
and guanylic ratio [(GMP+IMP)/(guanosine+ino-
sine + hypoxanthine + uric acid)] (Figure S5). We found
significantly higher ratios in T98-G cells compared
to U-87 MG cells (Figure S5). Moreover, our analysis
revealed that GA-induced mt-CX43 reduction mediates
a significant increase in the adenylic ratio (6.94+1.20
GA vs. 5.20+0.47 control; Figure S5) and IMP turnover
(22.17£4.39 GA vs. 14.01 +4.14 control; Figure S5) in
T98-G cells. While we observed no significant changes
in the guanylic ratio between control and GA-treated
T98-G and U-87 MG cells (Figure S5).

Collectively, these findings indicate increased purine
biosynthesis in T98-G cells and increased purine deg-
radation in U-87 MG cells (Fig. 7j), with recovery after
stress and metabolic reprogramming due to increased

NADH levels in U-87 M@, suggesting a rearrangement of
glycolysis and mitochondrial metabolism.

Discussion

CX43 is one of the most abundant GJ-forming proteins,
playing an essential role in mediating intercellular com-
munication [34, 35]. By assembling into HCs and GJs,
this protein enables the direct transfer of ions and small
molecules between the cytosol and extracellular space,
and between adjacent cells, respectively, thereby contrib-
uting to cellular homeostasis [5, 36]. Alongside its well-
established canonical roles, the non-canonical functions
of CX43 have gained increasing attention, suggesting
that this protein may contribute to physiological pro-
cesses beyond the traditional GJ-forming proteins [37,
38]. These include regulation of cell proliferation, apopto-
sis and involvement in inflammatory responses [39-41].
Notably, CX43 has also been found inside mitochondria,
where previous studies in cardiomyocytes and the heart
have demonstrated a pivotal role in metabolism, oxida-
tive stress response and mitochondrial activity [10, 11].
However, while the role of CX43 in GJ-mediated inter-
cellular communication has been extensively studied
over several decades, the presence and activity of CX43
in mitochondria are a very recent discovery and many
aspects remain to be further addressed and investigated.

The first study demonstrating the presence of CX43
within mitochondria was conducted by Boengler et al.
in cardiomyocytes, where CX43 was isolated from mito-
chondrial fractions [8]. The authors demonstrated that
mt-CX43 can regulate mitochondrial potassium influx
and contribute to cardioprotection during ischemic pre-
conditioning [8]. Subsequent studies corroborated these
findings and proposed a mechanism for CX43 import
into mitochondria, involving HSP90 and the translocase
of the outer membrane TOM complex [42, 43].

From a functional perspective, mt-CX43 has been iden-
tified as a significant contributor to diazoxide-induced
cardioprotection. Its reduction has been shown to impact
ADP-stimulated respiration and to decrease the respira-
tory control ratio, confirming the influence of mt-CX43
on mitochondrial bioenergetics [9]. In addition to respi-
ration, mt-CX43 has been shown to influence mitochon-
drial volume and ROS production [44]. These findings
further support the hypothesis that mt-CX43-based
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HCs mainly remain closed under homeostatic condi-
tions to prevent dissipation of the membrane potential,
but transiently open under stress to enhance metabolic
adaptation [9, 45]. Regarding its function in neural
cells, although CX43 is the most abundantly expressed
CX, and is involved in key physiological and pathologi-
cal processes such as astrocyte-neuron communication,
cell proliferation, and neuroinflammation, the role of
mt-CX43 in the CNS remains largely unexplored. An
important in vivo study by Hou et al. addressed this gap
by demonstrating that mt-CX43 accumulates in the mito-
chondria of neurovascular unit cells following cerebral
ischemia-reperfusion injury in rats [46]. These findings
revealed that mt-Cx43 contributes to neuroprotection
by maintaining the mitochondrial membrane potential,
reducing ROS production, and limiting cell injury, in line
with previously observed mechanisms in models of car-
diovascular diseases [46].

Herein, we first investigated the shuttling of mt-CX43
into the mitochondria of four selected glioma cell lines,
and we describe how environmental and cellular condi-
tions dynamically regulate this process. Specifically, we
showed that T98-G cells, which are characterised by low
basal CX43 expression, display minimal mt-CX43 levels
that further decrease under HD, while U-87 MG cells,
which have high endogenous CX43 protein levels, upreg-
ulate mt-CX43 under HD conditions. These findings sug-
gest that the basal CX43 expression and cell confluence
are significant determinants of mitochondrial localisation
of CX43, opening new avenues for studying the intracel-
lular trafficking and function of this protein in CNS cell
populations.

In addition to examining mitochondrial localisation,
we also evaluated the distribution of CX43 in other sub-
cellular compartments, namely the subplasmalemmal
region and the nuclear compartment, to better frame its
functional plasticity. As expected, CX43 was abundant in
the subplasmalemmal region, particularly in A-172 and
CCE-STTG]1 cells seeded in HD, consistent with its role
as HC- and GJ-forming protein [47, 48]. Interestingly,
we also detected a marked nuclear localisation of CX43
in CCF-STTG1 cells, confirming reports that correlate
nuclear CX43 with transcriptional modulatory functions
[49, 50]. These observations provide further interest-
ing insights into CX43 and strengthen the idea that its
localisation at the subcellular level is tightly controlled
and relevant for its function. From this perspective, the
presence of CX43 in the mitochondria is an intriguing
aspect, suggesting that glioma cells may utilise the CX43
pool to coordinate their response to stress at multiple
cellular levels. CX43 is not restricted to a specific com-
partment but appears to function as a multi-organelle
protein, potentially enabling glioma cells to orches-
trate complex responses to environmental stressors. To
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further investigate mt-CX43-mediated modulation of
the mitochondrial network, we evaluated morphological
markers of fusion and fission as a function of cell den-
sity. Interestingly, we observed cell line—specific differ-
ences by detecting increased mitochondrial fusion in HD
T98-G cells, whereas mitochondrial fission was observed
in U-87 M@ cells. This opposing behaviour suggests that
cells preferentially activate mitochondrial remodelling
strategies depending on baseline CX43 levels under simi-
lar environmental conditions. This divergence may reflect
intrinsic differences in their bioenergetic profiles or stress
adaptation mechanisms.

To explore potential metabolic regulators of mito-
chondrial CX43 translocation, we assessed the effects of
lactate-induced modulation of mitochondrial dynamics
[51-53]. However, following lactate exposure, we did not
observe significant differences in mt-CX43 levels in the
tested cell lines. These findings suggest that, although
lactate can modulate mitochondrial morphology and
function, it does not appear to have a significant effect
on the mitochondrial localisation of CX43. Since our
observations provided direct evidence for the presence
of CX43 in the mitochondria, we decided to modulate
its translocation from the cytoplasm to the mitochon-
dria, by treating the cells with GA, a known inhibitor of
the HSP90 chaperone system that impairs protein fold-
ing and prevents the correct binding of the protein to the
mitochondria by the TOM translocation complex [27].
GA is a broad-spectrum inhibitor of HSP90, thus exert-
ing pleiotropic and off-target effects on a wide range of
proteins which could be directed from the cytoplasm to
the mitochondria [54]. In this work, we tried to minimise
potential off-target effects by using a concentration of 10
UM and an exposure time of 30 min, taking into account
the short half-life of CX43, which undergoes rapid turn-
over [55].

Our results, demonstrating that GA significantly
reduced the expression of mt-CX43, are in line with
previous studies on cells isolated from rat hearts, which
showed mitochondrial localisation of CX43. In particu-
lar, localisation of mt-CX43 in the inner mitochondrial
membrane follows translocation via the TOM complex
[27]. To date, the effects of GA treatment on glioma cell
lines exposed to alterations in extracellular pH have not
been investigated. Our work suggests that mt-CX43 is
imported by a chaperone-mediated mechanism that is
actively used by the cell to support the entry of CX43 into
mitochondria. Interestingly, these effects were observed
after a short treatment with GA (i.e., 30 min post-treat-
ment). This rapid reduction in mt-CX43 levels suggests
a CX43 turnover between the cell cytoplasm and mito-
chondria, which may also be linked to the short half-life
of CX43 [55, 56]. Moreover, this study supports a direct
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involvement of mt-CX43 and metabolic alterations asso-
ciated with extracellular pH fluctuations.

To correlate the modulation of mt-CX43 with meta-
bolic reprogramming associated with extracellular pH-
mediated stress, we analysed the metabolic differences
between T98-G and U-87 MG cells exposed to pH =
8.0 and pH = 8.0 + GA. The tumour microenvironment
is typically characterised by an acidic extracellular pH,
which is a central hallmark of glioma biology and is well
known to regulate proliferation and resistance to thera-
pies [57]. For this reason, we initially tested both acidic
(pH 6.0) and alkaline (pH 8.0) conditions to reproduce
a wide range of extracellular fluctuations. Our results
indicated that acidification reduced the mitochondrial
translocation of CX43 in T98-G but not in U-87 MG
cells, whereas alkalinisation induced an accumulation of
mt-CX43. This observation prompted us to investigate
further the alkaline conditions to uncover the biological
mechanisms related to mt-CX43 shuttling within mito-
chondria. However, it is important to emphasise that,
although extracellular acidosis is the prevailing state in
gliomas, localised fluctuations towards more alkaline val-
ues may occur, especially in intracellular pH [58]. Such
microenvironmental heterogeneity may contribute to
glioma metabolic plasticity and provide a rationale for
exploring both acidic and alkaline shifts in relation to
mt-CX43. Direct assessment of intracellular pH would
therefore be an important next step in understanding
how intracellular homeostasis intersects with mitochon-
drial CX43 trafficking and function.

In T98-G cells, which showed low basal CX43 expres-
sion and reduced mt-CX43 levels under HD stress, we
observed a marked accumulation of purine and pyrimi-
dine intermediates, including IMP and uracil, after GA
treatment. Elevated levels of IMP suggest upregulation of
the purine biosynthetic pathway. This hypothesis is also
supported by the unchanged level of inosine in T98-G
cells, implying that IMP serves as a precursor for purine
biosynthesis, rather than a product of its degradation.
We have recently found that purine metabolism is asso-
ciated with tumour proliferation and resistance to che-
motherapy, with the combined approach of guanosine
and inosine with temozolomide improving chemotherapy
efficacy in GBM cell lines [59]. Accumulation of uracil
may indicate increased replication stress and impaired
DNA repair, possibly due to misincorporation of ura-
cil into DNA or disruption of polymerase function [60].
Increased nitrate levels may indicate an enhanced nitric
oxide metabolism and oxidative stress, which further
support the hypothesis of activation of redox stress adap-
tation mechanisms in the absence of mt-CX43.

In U-87 MG cells exposed to GA, we observed a reduc-
tion in uracil levels in contrast to the T98-G results,
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indicating a different metabolic response. Moreover, we
observed a significant increase in NADH levels with a
stable NAD*/NADH ratio. Higher NADH levels indi-
cate increased glycolysis, potentially reflecting a meta-
bolic reprogramming under metabolic stress [61, 62].
T98-G cells, which express low levels of CX43 at baseline,
seem to depend on mt-CX43 to enhance anabolic purine
metabolism. U-87 MG cells, on the other hand, contain
high levels of CX43 at baseline and shift to increased
NADH production, in line with their more glycolytic,
stress-tolerant nature and increased purine degradation.
These differences may rely on the intrinsic metabolic
reprogramming and suggest that mt-CX43 contributes
to tumour heterogeneity. Glioma cells undergo meta-
bolic reshaping to produce specific metabolites that
promote the invasion and proliferation of healthy tissue.
Therefore, the observed differences following mt-CX43
variations should be considered, as these may represent
potential targets for novel therapeutic strategies.

From a translational perspective, our findings indicate
that mt-CX43 may play a role in the stress adaptation of
gliomas and may represent a potential vulnerability in
tumour biology. Targeting mt-CX43 could disrupt glioma
metabolic adaptability, a major driver of therapy resis-
tance and tumour recurrence.

Conclusions

Our results support a correlation between mt-CX43 and
metabolic adaptation in response to stress in glioma cell
lines. Indeed, we provide evidence for the regulation of
mt-CX43 expression by cell density, extracellular pH fluc-
tuations, and protein turnover between the cytoplasm
and mitochondria via chaperone-mediated import. Sig-
nificantly, the reduction of mt-CX43 by GA was asso-
ciated with changes in mitochondrial morphological
parameters and cell line-specific metabolic changes. In
T98-G cells, the reduction in mt-CX43 was associated
with a stress-adaptive phenotype. Conversely, U-87 MG
cells showed more pronounced metabolic reprogram-
ming, which may be associated with increased tumour
aggressiveness. These findings highlight the importance
of CX43 compartmentalisation, especially within mito-
chondria, which is emerging as a critical determinant of
glioma stress adaptation. This work supports the hypoth-
esis that the modulation of mt-CX43 may represent a
novel target for metabolic reprogramming to develop
more effective and personalised treatments for glioma.
Our findings expand the understanding of CX43 beyond
its canonical role in GJs by highlighting its capacity to
function as a multi-compartmental signalling protein
that integrates mitochondrial activity, metabolic plastic-
ity, and stress adaptation.
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Abbreviations

CCLE Cancer Cell Line Encyclopedia

CNS Central nervous system

Cos? Squared cosine

X Connexin

CX43 Connexin 43

DMEM Dulbecco'’s Modified Eagle Medium
DMSO Dimethyl sulfoxide

FBS Foetal bovine serum

FC Fold change

GA Geldanamycin

GBM Glioblastoma

GJ Gap junction

HC Hemichannel

HD High density

HPLC High-performance liquid chromatography
HSP90 Heat shock protein 90

LD Low density

MD Medium plating density

MEM Minimum essential medium

Mito Mitochondrial marker

mt-CX43  Mitochondrial Connexin 43

NGS Normal goat serum

PC Principal component

PCA Principal component analysis

PFA Paraformaldehyde

PHD Phalloidin

PKA Protein kinase A

RPKM Reads per kilobase of transcript per million mapped reads
ROI Region of interest

ROS Reactive oxygen species

TOM Translocase of the outer membrane
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