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ANT2 Accelerates Cutaneous Wound Healing
in Aged Skin by Regulating Energy DO en
Homeostasis and Inflammation P
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An effective healing response is critical to healthy aging. In particular, energy homeostasis has become
increasingly recognized as a factor in effective skin regeneration. ANT2 is a mediator of adenosine triphosphate
import into mitochondria for energy homeostasis. Although energy homeostasis and mitochondrial integrity
are critical for wound healing, the role played by ANT2 in the repair process had not been elucidated to date. In
our study, we found that ANT2 expression decreased in aged skin and cellular senescence. Interestingly,
overexpression of ANT2 in aged mouse skin accelerated the healing of full-thickness cutaneous wounds. In
addition, upregulation of ANT2 in replicative senescent human diploid dermal fibroblasts induced their pro-
liferation and migration, which are critical processes in wound healing. Regarding energy homeostasis, ANT2
overexpression increased the adenosine triphosphate production rate by activating glycolysis and induced
mitophagy. Notably, ANT2-mediated upregulation of HSPA6 in aged human diploid dermal fibroblasts down-
regulated proinflammatory genes that mediate cellular senescence and mitochondrial damage. This study
shows a previously uncharacterized physiological role of ANT2 in skin wound healing by regulating cell pro-
liferation, energy homeostasis, and inflammation. Thus, our study links energy metabolism to skin homeostasis
and reports, to the best of our knowledge, a previously unreported genetic factor that enhances wound healing

in an aging model.
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INTRODUCTION

The skin forms a protective barrier against external stress
(Harris-Tryon and Grice, 2022) and is composed of multiple
layers that cooperate through intrinsic and extrinsic
signaling for maintaining tissue homeostasis (Mintie et al.,
2020). Wound healing is a regeneration process with a
tightly regulated sequence of biochemical events. These
biochemical events are classified into the following four
phases: blood clotting (hemostasis), inflammation, tissue
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growth (proliferation), and tissue remodeling (extracellular
cellular matrix maturation) (Stadelmann et al., 1998). A
disruption to any of these phases leads to unhealed wounds,
especially in diabetes, venous or arterial disease, infection,
and metabolic deficiencies associated with old age (Ellis
et al., 2018). Therefore, it is a prerequisite to the under-
standing of how wound healing phases are regulated and to
identifying the critical factors to restore the protective
barrier.

Inevitably, wound healing decelerates with age, which is
accompanied by a gradual decline in tissue integrity and func-
tion, including delayed epithelialization and granulation tissue
formation (Ding et al., 2021). In the wound healing process, fi-
broblasts are primary cells critical for all the general phases,
such as transforming responses from the acute inflammatory
state to adaptive immunity and initiating angiogenesis, epithe-
lialization, and collagen formation (Bainbridge, 2013; Buckley
et al., 2001; Reinke and Sorg, 2012; Virag et al., 2007). In
particular, dermal fibroblasts in aging skin are characterized by
loss of proliferation and decreased synthesis of dermal extra-
cellular matrix components, which are critical to skin homeo-
stasis and regeneration (Zhai et al., 2021). Although the
molecular and cellular factors underlying the healing ability of
aged skin remain elusive, functional restoration of dermal
fibroblasts in aged skin would be assumed to facilitate the
effective wound healing response.

Proper regulation of energy metabolism is essential for
wound healing. With increasing age, adenosine triphosphate
(ATP) production is decreased because of accumulated
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dysfunctional mitochondria and impaired mitochondrial qua-
lity control (Chistiakov et al., 2014). Meanwhile, glycolysis
compensates for a critical reduction in ATP generation in aged
skin (Prahl etal., 2008; Ravera etal., 2019; Schniertshauer etal.,
2018). An increased energy supply enables cellular restoration
and tissue damage repair. Interestingly, the wound healing
process is preferentially advanced through glycolysis, which
prevents excessive ROS production and quickly replenishes
energy. ATP and glycolytic intermediates are necessary for
macrophage and neutrophil function during the inflammatory
phase of wound healing (Caputa et al., 2019; Soto-Heredero
et al., 2020). In addition, increased lactate concentrations un-
der inflammatory conditions initiate signals for angiogenesis,
connective tissue deposition, and collagen synthesis (Beckert
et al., 2006; Lee, 2021). However, the modulation of meta-
bolic properties for effective wound healing in older adult in-
dividuals has been largely unexplored.

ANT2 is a mitochondrial translocator, which imports
glycolytic ATP into the mitochondrial matrix when oxidative
phosphorylation is impaired to meet the energy demand,
which maintains the mitochondrial membrane potential and
mitochondrial energy homeostasis and promotes cell survival
in cancer (Pak et al., 2013; Pan et al., 2020). In particular,
ANT2 is mainly expressed in proliferative and undifferentiated
cells, and its expression is reduced in aged cells (Chevrollier
et al., 2011). Notably, ANT2 expression is regulated by
proinflammatory cytokine pathways, including IFN-y and
TNF-a. pathways, which are involved in cellular senescence
through the TGFB/SMAD pathway (Hubackova et al., 2016).
Although many key functions of ANT2 have been character-
ized, whether ANT2 contributes to wound healing by regu-
lating energy metabolism and cellular homeostasis in aged
skin remains unknown.

In this study, we showed that ANT2 overexpression enhanced
wound healing in aged skin, particularly enhancing prolifera-
tion by shifting energy metabolism to glycolysis and alleviating
proinflammatory condition by upregulating HSP70. Collec-
tively, our data suggest that ANT2 could be, to the best of our
knowledge, a previously unreported therapeutic target for skin
wound healing during aging by compensating for the loss of cell
function throughout the lifespan.

RESULTS

ANT2 expression is downregulated in aged skin

To investigate the relationship between mitochondrial energy
homeostasis and skin maintenance during aging, we first
examined the expression of the adenine nucleotide translocase
genes in human aging. In the adenine nucleotide translocase
family, ANT2 is a major protein abundant in the skin
(Supplementary Figure Sta), according to the analysis of a
transcriptome dataset of cultured human dermal fibroblasts
(HDFs) from people aged between 1 and 94 years (Fleischer
et al., 2018). Interestingly, ANT2 expression was significantly
decreased with age (Supplementary Figure S1b). We also
analyzed a recently published single-cell RNA-sequencing
(RNA-seq) dataset of human skin samples from four elderly
(aged >60 years) and three young (aged <30 years) females
(Ahlers etal., 2022). We identified 66,201 fibroblasts belonging
to six clusters (0, 1, 2, 3, 8, and 10), which were confirmed by
the expression of the fibroblast markers (COL1A2, DCN, and
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LUM) used in this study (Supplementary Figure S1c). Among the
six fibroblast clusters, ANT2 transcript was significantly down-
regulated in the reticular cluster, expressing SLPI (cluster 1), and
the mesenchymal cluster, expressing ASPN (cluster 10)
(Supplementary Figure S1d and e). Immunohistochemical
staining targeting ANT2 in human skin confirmed the reduced
expression level of ANT2 in the dermal layer of aged skin
(Supplementary Figure S1f). Moreover, the ANT2 protein level
was reduced in replicative senescent HDFs (Supplementary
Figure S1g). Similarly, Ant2 showed patterns of gradually
decreasing expression during mouse aging, as indicated by
previous analysis of a transcript database of mouse skin
(GSE75192) (Aramillo Irizar et al., 2018) (Supplementary
Figure STh). Consistent with these results, ANT2 protein abun-
dance was found to decrease in mouse skin in an age-dependent
manner (Supplementary Figure S1i). Taken together, these data
suggest that ANT2 is associated with the impairment of skin
homeostasis in older adult individuals and can be considered a
potential therapeutic target to treat skin aging.

ANT2 alleviates senescent phenotypes of HDFs

ANT2 is expressed in rapidly growing cells (Jang et al., 2008). As
shown in our data, ANT2 expression downregulates on aging;
therefore, we hypothesized that the overexpression of ANT2 ina
cultured replicative senescent HDF population would induce
cell proliferation. As expected, ANT2 overexpression in senes-
cent HDFs (i.e., ANT2-overexpressing [ANT2-OE] cells) signif-
icantly increased pH3S10, a cell proliferation marker, along
with the decreased expression of p16 and p21, which are
involved in cell cycle arrest (Coppé et al., 2011; Stuhldreier
et al., 2015; Tubita et al., 2022) (Figure 1a). Consistently,
ANT2-OE cells showed a significantly increased 5-ethynyl-20-
deoxyuridine incorporation compared with the mCherry-
overexpressing  (mCherry-OE)  senescent HDFs (i.e.,
mCherry-OE cells) (Figure 1b and c). To test whether ANT2
overexpression may induce cell death in severely damaged se-
nescent cells by apoptosis, we monitored the activation of cas-
pases involved in the intrinsic apoptosis pathway. The results
showed that caspase-9 and -3 were activated in the ANT2-OE
cells, but caspase-7 was not activated (Supplementary
Figure S2). Notably, caspase-7 was the primary executor in
apoptosis that affected cell viability (Lakhani et al., 2006). In
addition, activation of caspases is also associated with non-
apoptotic processes, including the regulation of mitochondrial
homeostasis by caspase-9 (An et al., 2020) and the regulation of
cell proliferation and size by caspase-3 (Yosefzon et al., 2018).
Collectively, these results indicate that ANT2 overexpression
may trigger cell proliferation, although ANT2-induced
apoptosis in senescent cells cannot be ruled out because
caspase-3 is also regarded as an executioner caspase capable of
inducing apoptosis upon activation. During cellular senes-
cence, morphological changes, including increased cell size
and granularity and accumulation of lipofuscin, an undegrad-
able autofluorescent age pigment, are accompanied by cell-
cycle arrest (Bertolo et al., 2019; Passos and von Zglinicki,
2007). Interestingly, ANT2 overexpression exhibited reduced
forward scatter (indicative of relative cell size), side scatter
(indicative of the subcellular organelle granularity), and auto-
fluorescence compared with mCherry overexpression
(Figure 1d and e). These data indicate that ANT2 triggers the
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Figure 1. Effect of ANT2 overexpression on alleviating senescent phenotypes in HDFs. (a) Immunoblots and quantification of pH3S10 and p16 and p21 protein
expression in mCherry-OE (control) and ANT2-OE senescent HDFs. B-Actin was used for normalization. The data are shown as the mean + SD; n
(biological replicate) = 3—4. (b, c) Images and quantification of EdU incorporation in mCherry-OE (control) and ANT2-OE senescent HDFs. The data are shown
as the mean =+ SD; n (view field) = 11. (d, e) Changes in cell morphology after transduction in senescent HDFs. Representative images showing the cell
morphology (d) and measurement of cellular features as indicated by flow cytometry (e). The data are shown as the mean =+ SD; n (biological replicate) = 10. (f,
g) Time-lapse images of wound closure in the mCherry-OE (control) and ANT2-OE senescent HDF monolayers 0, 12, 24, 36, 48, and 62 hours after scratching.
The cell migration terminal region is indicated by a yellow dotted line. Bar = 500 um. The migration area was quantified using

Image] software. The data are shown as the mean =+ SD; n (biological replicate) = 8. For statistical analyses in a—g, *P < 0.05, **P < 0.01, ***P < 0.001, and
#*xxP < 0.0001 as determined by unpaired t-test. ANT2-OE, ANT2-overexpressing; EdU, 5-ethynyl-20-deoxyuridine; FSC-A, forward scatter area; h, hour; HDF,
human dermal fibroblast; mCherry-OE, mCherry-overexpressing; SSC-A, side scatter area.
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alleviation of key features observed in senescent cell pop-
ulations, although the effect may be limited to the pre or early-
senescent cells in the population.

The cell cycle directly affects cell proliferation and
migration (Boehm and Nabel, 2001). Because collective cell
migration is considered a hallmark of wound repair (Grada
et al.,, 2017), we next examined the cell migratory ability
after ANT2 overexpression by performing a scratch assay.
Consistent with the facilitated wound repair induced by
ANT2 overexpression in aged mouse skin, the ANT2-OE cell
monolayer showed faster scratch closure than the mCherry-
OE cell monolayer (control) (Figure 1f and g). Taken
together, these results suggest that ANT2 overexpression
induces a beneficial effect in wound healing in part by alle-
viating senescence phenotypes of HDFs.

ANT2 overexpression accelerates in vivo wound healing in
aged skin

To determine whether enhanced ANT2 expression plays a
beneficial role in the homeostasis of aged skin, we tested the
effect of ANT2 overexpression on wound healing in aged skin
(Figure 2a). Mice were randomly assigned to two groups: a
control (mCherry-OE; mCherry) group and an ANT2-OE
(ANT2) group. Lentiviral particles overexpressing each of the
corresponding genes (Supplementary Figure S3a and b) were
subcutaneously injected into the mouse dorsal skin. Four days
after the injection, a full-thickness cutaneous wound (6 mm in
diameter) was made on the injection sites, and time-dependent
wound closure was measured. No erythema, edema, or irri-
tation was observed at the wound site in either the mCherry
(control) or ANT2 group (Figure 2b). As expected, ANT2
induced a significant promotion of wound healing on days 10
and 14 (Figure 2b and c) with a reduced granulation in the
wound site observed by H&E and Masson’s trichrome staining
(Figure 2d) (Braiman-Wiksman et al., 2007).

Next, we evaluated the effect of ANT2 in each phase of
wound healing by performing histological analyses. Compared
with the mCherry group (control), the ANT2 group exhibited a
reduced number of F4/80- and Ly6G-positive cells, representing
macrophages and neutrophils, respectively, in the wound site on
day 3 (inflammatory phase) (Figure 2e). On days 7—14 (prolif-
eration phase), the ANT2 group exhibited an increased number
of Ki-67—positive cells (Figure 2f and g), representing prolifer-
ating cells. Moreover, cells expressing CD31, a major angio-
genesis marker, were significantly recruited to wound healing
sites in the ANT2 group on day 14 (Figure 2g). Supplementing
data mentioned earlier, result of H&E staining showed that there
were more regular cells (mononuclear) than immune cells
(multinuclear) in the ANT2 group from day 3 to day 14
(Supplementary Figure S4a—d). Thus, these data support the
idea that ANT2 expression in the dermis promotes wound
healing in aged mice by modulating the degree of inflammation
and inducing cell proliferation and angiogenesis.

ANT2 improves ATP production by upregulating glycolysis

in aging

ANT2 plays an important role in cellular energy metabolism. In
particular, it maintains the mitochondrial membrane potential
by importing glycolytic ATP into the mitochondrial matrix
(Chevrollier et al., 2011). However, it is unclear how metabolic
process is altered and what is the beneficial effect after acquiring
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ATP by ANT2. Therefore, we examined real-time energy meta-
bolism by measuring the extracellular acidification rate (ECAR),
oxygen consumption rate, and proton efflux rate after ANT2
overexpression in senescent HDFs. The ECAR levels for basal
glycolysis, glycolytic capacity, and glycolytic reserve in the
ANT2-OE cells were significantly higher than those in the
mCherry-OE cells (control) in the glycolysis stress test, indi-
cating that the ANT2-OE cells showed increased glycolysis
compared with the control group (Figure 3a). Meanwhile,
ANT2-OE cells exhibited marginally increased basal respira-
tion, and the maximal respiration and spare respiration capacity
were decreased in a mitostress test, compared with those in the
control cells (Supplementary Figure S5a). In the proton efflux
rate analysis, ANT2-OE cells showed significantly increased
total ATP production, depending on glycolysis (Figure 3b). These
data suggest that the energy dependency of ANT2-OE cells shifts
toward glycolysis to accommodate the energy demand for
increased cell proliferation.

To investigate the detailed glycolysis-related energy meta-
bolic flux in the ANT2-OE senescent HDFs, we examined the
levels of the key glycolytic metabolites, including lactate and
pyruvate. Consistent with the shift toward glycolysis by ANT2
overexpression, the lactate level was elevated in ANT2-OE
cells, compared with that in mCherry-OE cells (Figure 3c).
However, the pyruvate level was not changed by ANT2
overexpression (Figure 3d). Because pyruvate fuels the
tricarboxylic acid cycle, we assessed the activity of pyruvate
dehydrogenase by monitoring the phosphorylation of pyru-
vate dehydrogenase at Ser293. Interestingly, the phosphory-
lation of pyruvate dehydrogenase was reduced in the ANT2-
OE cells (Supplementary Figure S5b), which indicated that
the tricarboxylic acid cycle would be activated in the con-
dition. Furthermore, the ratio of NADT/NADH was reduced,
along with elevated NADH level (Figure 3e), which supports
the activation of the tricarboxylic acid cycle by ANT2 over-
expression in senescent HDFs.

Next, we assessed cell migration on the basis of the
glycolytic rate to determine whether the increased glycolytic
ATP production due to ANT2 overexpression contributed to
wound healing. In the presence of sodium oxamate, a
competitive inhibitor of lactate dehydrogenase as a structural
analog of pyruvate (Seliger et al., 2014), which significantly
inhibited glycolytic capacity at concentrations >10 mM in
senescent HDFs (Supplementary Figure S6a), the cell migra-
tion rate was significantly reduced in both the ANT2-OE cells
and mCherry-OE cells (control) (Supplementary Figure S6b).
Collectively, our data show that ANT2 overexpression
increased glycolytic ATP production, which suggests that
ANT2 induction during aging can reprogram the energy
metabolism to promote wound healing.

ANT2 overexpression enhances the removal of damaged
mitochondria in aging

Mitochondrial turnover and function are closely related to
mitochondrial morphology, which has been reported to be an
aging marker in various tissues (Kataoka et al., 2020). Therefore,
we observed the mitochondrial morphology after ANT2 over-
expression. ANT2-OE cells showed smaller and more compact
mitochondria (Figure 4a—c). In contrast, LacZ-overexpressing
control cells showed elongated and interconnected
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Figure 2. ANT2-induced accelerated wound healing in aged skin. (a) Experimental procedures for in vivo wound healing measurement. (b, ¢) Monitoring of
time-dependent wound closure. Bar = 5 mm. Wound closure was quantified and presented as diameter, and wound closure was presented as

percentage (%). The data are shown as the mean + SD; n = 6—15 wound sites per group. (d) Microscopy images of H&E- and Masson trichrome—stained tissue
specimens. Arrows mark the ends of the granulation tissue. Bar = 400 pm. The distance was quantified on the basis of the images. Each point represents

a single wound. The data are shown as the mean + SD; n = 2—6 wound sites per group. (e—g) IHC staining for (e) F4/80 (macrophages) and Ly6G (neutrophils)
in the wound site on day 3 and for (f, g) Ki-67 (proliferation) and Cd31 (angiogenesis) on days 7 and 14. All fluorescence images below show the validation of
mCherry (control) or ANT2 overexpression in the corresponding tissue. Slides were counterstained with hematoxylin (IHC-stained slides) or DAPI
(fluorescent slides). Bar = 200 um (lower magnification) or 10 pm (higher magnification). The number of brown spots was quantified with IHC tools in ImageJ
software. The data are shown as the mean + SD. Each point represents the number of counted (positively stained) cells per view field. For statistical analyses in
c—g *P<0.05 **P<0.01, **P<0.001, and ****P < 0.0001 as determined by multiple t-tests (for ¢) or unpaired t-test (for d—g). IHC, immunohistochemical.
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mitochondria, similar to that observed in senescent HDFs.
Notably, no significant difference was found in the amount of
mitochondrial superoxide, mitochondrial membrane potential,
or opening of the mitochondrial transition pore between
the LacZ-overexpressing (control) and ANT2-OE cells
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(Supplementary Figure S7a). Furthermore, we examined the
ultrastructure of mitochondria in aged mouse skin. We
observed a loss of cristae and altered mitochondria morphology
in the old group and mCherry (control) group. On the other
hand, intact mitochondria were observed in the ANT2 group,
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Figure 3. ANT2-mediated mitochondrial energy metabolism shift to glycolysis in senescent HDFs. (a) Glycolysis stress test while monitoring ECAR in mCherry-
OE (control) and ANT2-OE senescent HDFs. Basal glycolysis, glycolytic capacity, and glycolytic reserve were quantified. The data are shown as the

mean £ SD; n = 7—10 samples per experiment. (b) Real-time ATP rate assay based on the OCR and PER in mCherry-OE (control) and ANT2-OE senescent
HDFs. The total ATP production rate, glycolytic ATP production rate, and mitochondrial ATP production rate were quantified. The data are shown as the mean +
SD; n = 10 samples per experiment. The black dotted lines indicate when the corresponding chemicals were added to the cells. (c—e) Significant
differences in lactate, pyruvate, NAD*, NADH, and NAD*/NADH ratio between mCherry-OE (control) and ANT2-OE senescent HDFs. The data are shown as
the mean + SD; n = 6—13 samples per experiment. For statistical analyses in a—e, *P < 0.05 and **P < 0.01 as determined by unpaired t-test. 2-DG, 2-deoxy-
D-glucose; ANT2-OE, ANT2-overexpressing; ATP, adenosine triphosphate; ECAR, extracellular acidification rate; HDF, human dermal fibroblast;
mCherry-OE, mCherry-overexpressing; min, minute; OCR, oxygen consumption rate; PER, proton efflux rate.
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similar to that observed in the young group (Figure 4d). The
aging- or ANT2-dependent changes in the ultrastructure in
mitochondria were similar to those observed in HDFs
(Supplementary Figure S7b).

Mitochondrial fragmentation and fission promote the
clearance of irreversibly damaged mitochondria by mitophagy
(Fu et al., 2020). In aging, the mitophagy rate declines,
resulting in the gradual accumulation of mitochondria, which
leads to decreased cellular function (Detienne et al., 2016).
Interestingly, in transmission electron microscopy images, the
structure of organelles surrounding mitochondria was
observed in the ANT2-OE group of aged mouse skin as well as
insenescent HDFs (Figure 4d and Supplementary Figure S7b). In
addition, the ANT2-OE group cells showed a narrower endo-
plasmic reticulum structure, similar to that of young HDFs,
compared with the extended endoplasmic reticulum charac-
teristic of the aging phenotype (Rellmann and Dreier, 2018;
Truschel etal., 2018) observed in the mCherry-OE cells (control)
and old HDFs (Supplementary Figure S7b). To determine
whether ANT2 induces mitophagy, we measured the expression
levels of mitophagy markers. The ANT2-OE cells exhibited
increased expression of Parkin and PINK1 and decreased p62
expression (Figure 4e) compared with the mCherry-OE (control)
cells. Similarly, Parkin was upregulated in the ANT2-OE aged
mouse skin (Supplementary Figure S7c). According to previous
reports, adenine nucleotide translocase leads to mitophagy in-
dependent of nucleotide exchange (Hoshino et al., 2019),
which supports our observations. Taken together, these results
indicate that ANT2 overexpression induces mitophagy to
remove dysfunctional mitochondria in aging cells.

To elucidate the role of mitophagy induction on the wound
healing—related phenotypes of ANT2-OE senescent HDFs,
we evaluated cell proliferation (by measuring 5-ethynyl-20-
deoxyuridine incorporation) and cell migration (by
measuring scratch wound healing) in the presence of mdivi-1
as a mitophagy inhibitor or oligomycin as an oxidative
phosphorylation inhibitor. Interestingly, mdivi-1 nullified the
ANT2-induced acceleration of cell migration and 5-ethynyl-
20-deoxyuridine incorporation (Supplementary Figure S8a
and b). Meanwhile, oligomycin did not show a significant
effect on the phenotypes (Supplementary Figure S8a and b).
These data collectively suggest that mitophagy activation in
ANT2-OE cells contributes to cellular remodeling to improve
wound healing in aged tissues.

ANT2 overexpression downregulates proinflammatory
cytokine release and senescence-associated secretary
phenotype expression in aging

To explore the key regulator of ANT2-mediated wound
healing effects in aging, we performed RNA-seq—based gene
expression profiling in mCherry-OE (control) and ANT2-OE
senescent HDFs (Figure 5a). Enrichment analysis of the
Gene Ontology biological process category indicated that
genes involved in the cellular response to cytokine-related
processes, including cytokine production, inflammatory
response, and chemokine production, were significantly
enriched (Figure 5b). In addition, genes involved in cell
proliferation, cell migration, extracellular structure organi-
zation, angiogenesis, regulation of wound healing, protein
refolding, and cellular response to unfolded protein, which
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are closely related to the wound healing process, were also
significantly enriched in the Gene Ontology biological pro-
cess terms. The results of gene set enrichment analysis
(Subramanian et al., 2005) showed that gene sets in cytokine
production and cellular senescence were negatively corre-
lated with ANT2 overexpression, whereas heat shock protein
binding, extracellular matrix structural constituent, positive
regulation of fibroblast migration, and positive regulation of
G1/S transition of mitotic cell cycle were positively corre-
lated with ANT2 overexpression (Figure 5c).

To verify the RNA-seq results, we measured the expression
levels of inflammatory cytokines in the mCherry-OE (control)
and ANT2-OE cells. As a result of RT-qPCR, the expression of
the proinflammatory cytokine or senescence-associated secre-
tory phenotype genes, including CXCL1, CXCL2, CCL5, IL6,
IL15, TNFa, ILTA, CXCL8, and IGFBP3, was decreased in the
ANT2-OE senescent HDFs (Figure 5d). Similar results were also
found through ELISAs performed using the postwound skin
obtained from aged mice, which showed reduced secretion of
TNFa on day 10 in the ANT2 group, and by RT-qPCR, which
showed decreased expression of the proinflammatory cytokine
genes, including Cxcl5, Il1a, Cxcl15, and Igfbp3 in the ANT2
group compared with those in the mCherry (control) group on
day 3 (Figure 5e and Supplementary Figure S9a). In addition,
the expression levels of the wound healing—related genes,
including those related to angiogenesis (e.g., TIMP1 and
LAMA2) and extracellular matrix (e.g., COLTAT and COLA2),
were upregulated (Figure 5d), which was associated with an
increase in CD31-positive cells and facilitated the healing of
aged mouse skin in the ANT2 group.

Notably, among the HSP70 family members, HSPA6
expression was markedly increased in the ANT2-OE cells,
according to RNA-seq data, which was confirmed by RT-qPCR
and western blot analysis (Figure 5d and f). Consistently,
HSP70 expression was significantly increased in the mouse
skin of the ANT2 group (Supplementary Figure S9b). In previ-
ous studies, HSP70 was considered a wound-healing agent
because it inhibited proinflammatory cytokine levels and
ameliorated cellular senescence (Jacquier-Sarlin et al., 1994;
Ko et al., 2021). To determine whether the decreased expres-
sion of proinflammatory cytokine genes in the ANT2-OE cells
was due to the increased expression of HSPA6, we knocked
down HSPA6 expression in the mCherry-OE (control) or ANT2-
OE cells using short interfering RNA against HSPA6
(Supplementary Figure S10a) and compared the expression of
proinflammatory cytokine genes. Interestingly, the expression
of many inflammatory cytokine genes, including CXCL1, IL6,
IL15, and ILTA, was increased in the ANT2-OE cells after short
interfering RNA treatment (Figure 5g). Similarly, VER-155008,
an HSP70 inhibitor, also induced the expression of the in-
flammatory cytokine genes, including IL6, IL15, LIF, and ILTA,
in the ANT2-OE cells (Supplementary Figure S10b). Collec-
tively, our data show that ANT2 specifically increases the
expression of HSPA6 in the HSP70 family, which reduces the
expression of senescence-associated secretory phenotype and
proinflammatory cytokines in aging. As an extended study to
elucidate the molecular mechanism of the anti-inflammatory
effect of ANT2 in aging, we investigated whether the change
in energy metabolism toward glycolysis by ANT2 over-
expression, as shown in Figure 3, affected the expression of
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inflammatory cytokines. When glycolysis was blocked by
treatment with 20 mM sodium oxamate or a low-glucose
medium for 48 hours, the expression levels of the proin-
flammatory cytokine genes, including CXCL1, CXCLS8, IL1A,
IL6, and TNFa, were significantly upregulated in the ANT2-OE
senescent HDFs (Supplementary Figure S11a and b). Consis-
tent with the reverse correlation between the glycolysis activity
and proinflammatory cytokine expression in this context, oli-
gomycin treatment, which inhibits mitochondrial ATP pro-
duction and consequently activates glycolysis, exhibited
further attenuation of several proinflammatory cytokines,
including CXCL1, IL6, and ILTA in the ANT2-OE senescent
HDFs (Supplementary Figure S11c). Meanwhile, mdivi-1 did
not modulate the expression of these cytokines (Supplementary
Figure S11d). It was previously reported that the overexpression
of HSP70 led to a shift in energy metabolism through increased
glycolytic metabolism (Wang et al., 2012), which implies that
there might be crosstalk between glycolysis and the HSP70-
mediated proinflammatory cytokine expression in ANT2
overexpression conditions. Taken together, our data collec-
tively suggest that ANT2-dependent HSPA6 upregulation and
enhanced glycolytic capacity attenuate unnecessary inflam-
matory signaling, contributing to wound healing.

DISCUSSION

Wound healing is primarily influenced by fine-tuned cellular
functions to maintain tissue homeostasis, for which the sup-
ply of sufficient energy is essential (Kotwal and Chien, 2017;
Wall et al., 2008; Wang et al., 2009). Continuous ATP syn-
thesis is required to maintain these energy levels, and ATP is
consumed in every aspect of the wound healing process as
well as to fuel cellular functions such as protein and lipid
biosynthesis, signal transduction, cell mitosis and migration,
and GF production (Clémencon et al., 2013). Because energy
homeostasis is vital, a better understanding of the influence of
this mechanism on wound healing is needed. ANT2, which
imports cytosolic ATP into the mitochondrial matrix, is
closely associated with mitochondrial integrity (Fan et al.,
2020). Considering the reduced levels of ANT2 in aged
mouse and senescent cells (Hubackova et al., 2019b; Kim
et al., 2012), which was consistent with our observation, it
is reasonable to speculate that ANT2 may play a role in
restoring energy homeostasis by supplying sufficient ATP to
the matrix and enhancing cellular function in aging. Our
results collectively suggest that ANT2 appears to be a po-
tential candidate to enhance wound healing by activating
glycolysis-dependent ATP generation and enhancing the
function of organelles, cells, and tissues in aging.

Cellular senescence is a conserved mechanism that occurs
during aging (Kirkland and Tchkonia, 2017). Senescent fibro-
blasts accumulate in aged skin and result in chronic non-
healing wounds (Chapman et al., 2019, Samdavid Thanapaul
et al., 2022). For example, senescent cells secrete a series of
senescence-associated secretory phenotype molecules that
modulate the surrounding microenvironment, directly or
indirectly affecting various processes during regeneration,
including angiogenesis. Preventing cellular senescence or
eliminating senescent cells mitigates chronic wounds (Wang
and Shi, 2020). Therefore, targeting senescent cells may be a
therapeutic strategy to ameliorate impaired wound healing in
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aged skin (Ding et al., 2021). Our data showed that the in-
duction of ANT2 alleviated several key features of cellular
senescence, resulting in increased cell proliferation and
migration as well as reduced lipofuscin levels. Aged skin and
senescent dermal cells commonly show low efficiency of ATP
synthesis because of the accumulation of dysfunctional mito-
chondria (Chapman et al., 2019). Interestingly, ANT2 is asso-
ciated with the maintenance of mitochondrial potential and
integrity during glycolysis, when the electron transport chain
function is impaired or its contribution to ATP generation is
minor (Giraud et al., 1998; Hubackova et al., 2019b;
Pedersen, 1978). We found that the ANT2 enhanced the
glycolytic capacity and total ATP production. We also
observed that an increase in the ANT2—mediated glycolytic
capacity enhanced the migratory ability and reduced the
expression of the inflammatory cytokines in senescent cells.
These outcomes were consistent with the characteristics of
glucose metabolism, which exerts a protective effect on the
skin by increasing cell proliferation factors and inhibiting
proinflammatory cytokines (Yoo et al., 2015). Although there is
the limitation that hallmarks of in vitro fibroblast senescence
do not completely correspond with those of human fibroblasts
isolated from intrinsically aged skin (Waldera Lupa et al.,
2015), our findings imply that the recovery of ANT2 levels
triggers the alleviation of cellular senescence, resulting in
stimulation of the wound repair process of aging.

Mitochondrial morphology is closely related to mitophagy,
which gradually replaces damaged, enlarged, and dysfunctional
mitochondria with normal organelles (Mishra and Chan, 2016).
Senescent cells present a mass of enlarged mitochondria owing
to their inadequate mitophagy capacity, which is caused by
impaired mitochondrial fission and inactive lysosomes (Brunk
and Terman, 2002). Notably, adenine nucleotide translocase
plays a critical role in mitophagy by interacting with TIM23 and
subsequently stabilizing PINK1 (Hoshino et al., 2019). More-
over, ANT2 overexpression restored the altered mitochondrial
morphology in senescent cells exposed to mitochondria-
targeted tamoxifen (Hubackova et al., 2019a). We also
confirmed that ANT2 activated PINK1/Parkin-mediated
mitophagy in cellular senescence. Notably, HSP70, which is
significantly upregulated by ANT2 overexpression in our study,
is known to participate in PINK1-mediated mitophagy by
regulating the stability of PINK1 (Zhengetal., 2018). Inaddition,
caspase activation shown in ANT2-OE senescent HDFs has
been reported to be associated with macroautophagy regulation
(An et al., 2020; Jeong et al., 2011). Taken together, these data
indicate that ANT2 is important to remove damaged mito-
chondria while maintaining energy homeostasis in aging. This
mitochondrial change could be a reason for reduced maximal
respiration in the ANT2-OE senescent cells.

Furthermore, it is noteworthy that ANT2 markedly induced
HSPA6 expression in senescent HDFs. HSPAG is a member of
the HSP70 family, known to be a key accelerator of wound
healing by activating the immune system and promoting
fibroblast proliferation (Jiang et al., 2016; Kovalchin et al.,
2006). We found that ANT2 decreased the expression of
proinflammatory cytokines in senescent HDFs, which
prompted us to speculate that the ANT2—HSP70 axis might
be linked to inflammation. We showed that knocking down
the expression of HSPA6 by short interfering RNA or an



HSP70 inhibitor in ANT2-OE cells reactivated the expression
of proinflammatory cytokines. Proinflammatory cytokines in
fibroblasts are stressors that exacerbate the chronic wound
state and cellular senescence (Harding et al., 2005). Thus,
downregulating the expression of proinflammatory cytokines
enhanced the healing ability to overcome the inflammatory
phase of a chronic wound state (Maxson et al., 2012).
Moreover, histological analysis revealed that ANT2 acceler-
ated wound healing by resolving inflammatory delay and
promoting proliferation in aging. However, the lack of an
HSPA6 ortholog in mice and rats limited our work (Maxson
et al., 2012). Other molecular mechanisms, including the
metabolic reprogramming toward glycolysis mentioned
earlier, could be presumed as part of the ANT2-dependent
downregulation of proinflammatory cytokines. Notably,
HSP70 plays a role in shifting energy metabolism toward
glycolysis (Wang et al., 2012). These findings and previous
evidence are expected to promote further investigation into
the relationship between ANT2 and HSP70 in the recovery of
cellular senescence and acceleration of wound healing.

The system we studied was the acute wound healing in
aged skin, in which senescent cells are accumulated, and
tissue homeostasis is disturbed (Franco et al., 2022; Sindrilaru
et al., 2011). In acute wound healing, it has been reported
that PDGF-AA from cells displaying senescent phenotypes in
a spatiotemporal manner plays a beneficial role in the repair
process (Demaria et al., 2014). Meanwhile, one of the char-
acteristics of senescent cells in physiological aging is the
secretion of proinflammatory cytokines, which is a contrib-
utor to the chronic inflammation associated with delayed
wound healing (Freund et al., 2010). In this study, we
revealed that ANT2 overexpression modulated the degree of
inflammation in the aged mouse skin and confirmed that
ANT2 overexpression downregulated the gene expression
related to proinflammatory cytokines in senescent HDFs. In
further studies, it is necessary (i) to differentiate the cell types
between senescent cells accumulated in aged tissues and
cells having senescent phenotypes involving tissue remod-
eling and (ii) to evaluate the age-dependent appearance of
temporarily emerging senescent cells during wound repair.

In conclusion, we identified the function of ANT2 to pro-
mote wound healing in aged skin. Our data revealed the
specific roles of ANT2 in aging: ANT2 influences the overall
wound healing by promoting a metabolic shift to increase
total ATP production in a glycolysis-dependent manner,
inducing cell proliferation and mitophagy, and modulating
inflammatory cytokine production (Figure 5h). Importantly,
these findings bridge two processes that show functional
decline with aging, namely regeneration and energy meta-
bolism. Our findings illuminate a potential therapeutic
approach on the basis of a mitochondrial ATP translocator for
wound healing as well as senescence control in aged skin.

MATERIALS AND METHODS

Wound healing assay

C57BL/6 male mice (aged 25 months) were used for a wound healing
assay following the ethics guidelines of the Laboratory Animal
Research Center at the Daegu Gyeongbuk Institute of Science and
Technology (Daegu, Republic of Korea) (approval number DGIST-
IACUC-21090802-0000). A stented skin wound model was used to
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estimate the kinetics of tissue repair (Choi et al., 2016; Dunn et al.,
2013; Finley et al., 2013). Specifically, mice were anesthetized us-
ing 1.5% isoflurane in oxygen (flow rate = 1 I/min, Isotroy 100, Troikaa
Pharmaceutical, Ahmedabad, India), and anesthesia was maintained
in 1% isoflurane (SomnoSuite Anesthesia System, Kent Scientific,
Tokyo, Japan). The surgical region on the dorsal skin was prepared by
removing fur with clippers and applying depilatory cream, followed
by cleansing with three alternating scrubs (sterilized water, alcohol,
and povidone-iodine). Subcutaneous lentiviral particle injection (100
ul per site with approximately 0.6 x 10° particles/jtl) was administered
directly to the surgical region, and the region was marked and
covered. Four days after injection, full-thickness excisional wounds
were created using a sterile 6-mm biopsy punch (Kai Medical, Seki
City, Japan) on either side of the midline of the mouse. In the regions
surrounding the wounds, 0.5-mm ring-shaped silicone splints (1.0 and
1.5 mm outer and inner diameter, respectively) were affixed with tis-
sue adhesive (VetBond 1469c, 3M, Saint Paul, MN). A transparent
occlusive dressing (Tegaderm Film 1622 W, 3M) was placed over the
wounds to stabilize them. After surgery, the mice were housed in in-
dividual cages under a warming lamp. The wound area was measured,
and samples were excised at different time points (days 0, 3, 7, 10, and
14) for histological and gene expression analyses.

Cell culture

HDFs obtained from neonatal foreskin were purchased from ATCC
(PCS-201-010, ATCC, Manassas, VA) and maintained in DMEM
(LM001-05, WELGENE, Gyeongsan, Korea) supplemented with 10%
fetal bovine serum (S001-01, WELGENE), 1% penicillin (100 units/
ml), 10 pug/ml streptomycin, and 25 ng/ml amphotericin B (LS203-
01, WELGENE). The cells were maintained at 37 °C in 5% carbon
dioxide and routinely split at ratios of 1:4 during early passages (up
to passage 45), 1:3 (passages 46—47), and 1:2 during late passages
(passages 48—50). Determination of HDF senescence was based on
the following criteria: >90% of the cells were stained with
senescence-associated B-galactosidase assay (number 9860, Cell
Signaling Technology, Danvers, MA), and the population doubling
time of the cell cultures was 14 days or more.

Cell migration assay

Lentiviral-mediated mCherry-OE (as a control) or ANT2-OE senescent
HDFs (mCherry-OE or ANT2-OE, respectively) were seeded in 12-
well plates. Once the cells reached 90% confluence, the mono-
layers were scratched with a 200-pl pipette tip. The plates were then
incubated at 37 °C with 5% carbon dioxide for 62 hours. Images were
acquired every 12 hours. For inhibition of glycolysis, the cells were
treated with 20 mM sodium oxamate (sc-215880, ChemCruz, Santa
Cruz Biotechnology, Dallas, TX), 20 mM 2-deoxy-D-glucose (D8357,
Sigma-Aldrich, St. Louis, MO), or low-glucose DMEM (LM 001-11,
WELGENE) for 48 hours before cell monolayer scratching. For inhi-
bition of HSP70, 10 pM VER-155008 (SML0271-5MG, Sigma-Aldrich)
was added to the cell cultures. The same inhibitor concentrations were
also used in a RT-qPCR assay.

Cellular metabolic flux measurement

ANT2-OE and mCherry-OE (control) cells were cultured in Seahorse
XFe24 cell culture plates (V7-PS 100777-004, Seahorse Biosciences,
Billerica, MA) at a density of 2 x 10 cells/well 1 day before analysis.
On the day of the analysis, the media were replaced with fresh media,
and extracellular flux assay kits (Agilent Technologies, Palo Alto, CA)
were equilibrated with XF calibrant (pH 7.4) (number 100840-000,
Agilent Technologies). After incubation in a non—carbon dioxide
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condition at 37 °C, the oxygen consumption rate and ECAR were
simultaneously measured with a Seahorse XF metabolic analyzer
(Agilent Technologies).

Mitochondrial respiration was analyzed with a Seahorse XF Cell
Mito Stress Test Kit (number 103015-100, Agilent Technologies) ac-
cording to the manufacturer’s instructions. Specifically, Seahorse XF
base medium (number 102353-100, Agilent Technologies) supple-
mented with 4,500 mg/| D-glucose, 1 UM sodium pyruvate, and 4 mM
L-glutamine was used for the assay. The oxygen consumption rate was
recorded after sequential injection of oligomycin (1 uM), carbonyl
cyanide 4-(trifluoromethoxy)-phenylhydrazone (2 uM), and rotenone
(0.5 uM). Glycolytic flux was measured with a Seahorse XF Glycolysis
Stress Test Kit (number 103020-100, Agilent Technologies). For this
assay, the ECAR was monitored in cells grown in pH-adjusted (at 7.4)
Seahorse XF base medium supplemented with 2 mM L-glutamine and
sequential injection of glucose (10 mM), oligomycin (1 pM), and 2-
deoxy-D-glucose (50 mM). The ATP production rate was estimated
by monitoring the oxygen consumption rate and ECAR after sequential
injection of oligomycin (1.5 uM) and rotenone (0.5 uM) into the XF
base medium (pH 7.4) supplemented with 10 mM D-glucose, T mM
sodium pyruvate, and 2 mM L-glutamine. The raw data were
normalized to the total cellular protein concentration in each well and
analyzed with an XF Report Generator (Agilent Technologies).

Transmission electron microscopy

ANT2-OE or mCherry-OE senescent HDFs and proliferating HDF
(young cell) pellets were obtained and fixed in 2.5% glutaraldehyde
(in 0.1 M sodium cacodylate buffer) for 1 hour at room temperature.
After washing with cacodylate buffer, the pellets were embedded in
low-melting-point agarose (number 4250-050-02, Trevigen, Gai-
thersburg, MD) and cut into small pieces. Skin tissue samples from old
mice infected with lentivirus for overexpressing mCherry or ANT2 and
those from young mice were fixed in 2.5% glutaraldehyde and
washed with 0.1 M cacodylate buffer. The fixed samples were incu-
bated in 1% osmium tetroxide overnight at 4 °C. After washing with
cacodylate buffer, the samples were dehydrated with a series of graded
ethanol and 100% propylene oxide. The samples were then
embedded in medium-intensity resin (nadic methyl anhydride, EPON
epoxy, dodecenyl succinic anhydride, and benzyldimethylamine,
Electron Microscopy Sciences, Hatfield, PA). Ultrathin sections were
prepared using a cryo-ultramicrotome (EM UC7, Leica, Wetzlar,
Germany) and stained with lead citrate and uranyl acetate. The sec-
tions were then imaged with a Bio- transmission electron microscope
(FEI Tecnai G2 F20 TWIN TMP, Amsterdam, Netherlands).

Transcriptome analysis

After the completion of the wound healing assays, the mouse skin
samples were immediately frozen at —80 °C. Total RNA was extracted
from the frozen mouse skin samples or HDFs using QIAzol lysis reagent
(number 79306, Qiagen, Hilden, Germany) on ice, following the
manufacturer’s instructions. RNA purity and concentration were deter-
mined with a NanoDrop One (Thermo Fisher Scientific, Waltham, MA)
spectrophotometer. RNA integrity was assessed through electropho-
resis. The samples were used for mRNA expression analysis.

The expression profiles of samples were compared using tran-
scriptome sequencing data after sample quality control with a
TapeStation RNA Screen Tape system and a next-generation
sequencing library quality control with a TapeStation D1000 Screen
Tape at Microgen (Seoul, Korea). Transcriptome expression profile
differences between the ANT2-OE and mCherry-OE samples were
determined on the basis of nbinomWaldTest using DESeq2.
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Transcripts with fold change > 2 and Benjamini—Hochberg—adjusted
P-values < 0.05 were considered to be differentially expressed
mRNAs. Gene Ontology enrichment and Kyoto Encyclopedia of
Genes and Genomes analyses were performed with all the differen-
tially expressed mRNAs.

For the age-dependent ANT2 expression, public skin-aging RNA-
seq data of human (Fleischer et al., 2018) and mouse (GSE75192
[Aramillo Irizar et al., 2018]) were analyzed. In the public human
data, only fibroblast data with <10 passages were used for the data
analysis to exclude the replicative-senescence effects from high-
passaged samples. In the public mouse dataset, only skin data
among various tissue data were selected and used for the data
analysis. In this study, we reduced the group size to four by merging
two age groups (ages 9 and 15 months) among five age groups on the
basis of sample similarity. For RNA-seq processing, reads were
aligned against the corresponding sample organism’s reference
genome (CRCh38 for human data and GRCm38.p6 for mouse data)
using the STAR alignment tool (version 2.5.1a). To quantify the
expression level of each gene, the binary alignment map files
generated by the STAR (Dobin et al., 2013) were processed using the
high-throughput sequence analysis software package (Anders et al.,
2015). The DESeq2 R/Bioconductor package (Love et al., 2014) was
used to perform differential expression analysis and statistical testing
on the raw count data generated from the published dataset.

For the age-dependent ANT2 expression at the single-cell level,
public single-cell RNA-seq data of human skin samples from four
elderly (aged >60 years) and three young (aged <30 years) human
females (Ahlers et al., 2022) were reanalyzed using Cell Ranger
(version 3.0.2) and Seurat (version 2.3) software packages. The
sequence data were aligned to the human reference genome
(GRCh38) using Cell Ranger, and transcript quantification was per-
formed using the count function in Cell Ranger. Cells with low gene
expression (<200 genes) or high mitochondrial gene expression
(>20%) were removed from further analysis. The expression matrix
was then normalized using the LogNormalize and ScaleData
methods, and the top 1,000 most variable genes were selected for
principal component analysis. The first 30 principal components
were used to identify cell clusters using the FindClusters function
with a resolution of 1.0. The cell-type annotation was performed
using the same markers as the previously reported (Ahlers et al.,
2022). Specifically, we identified the cell markers for each cell
type within the clusters and annotated each cluster accordingly.

Statistical analysis
All data were analyzed using GraphPad Prism, version 7 (GraphPad
Software, San Diego, CA). Most of the analyses were performed
using t-tests (and nonparametric tests). The wound healing analysis
was performed with multiple t-tests (one per row as grouped anal-
ysis). The specific statistical analysis methods are described in the
figure legends, and the results are presented. Statistical significance
was set at P < 0.05.

For all other procedures, see Supplementary Materials and Methods.
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SUPPLEMENTARY MATERIALS AND METHODS
Production of lentiviral particles for protein overexpression
Human ANT2-open reading frame (NM_001152, OriGene,
Rockville, USA) and mouse ANT2-open reading frame
(NM_007451, OriGene) clones were amplified with Stbl3
competent E. coli and confirmed by sequencing. The genes
were subcloned into a plenti6.3/V5 plasmid (Invitrogen,
Waltham, MA) with FLAG, Myc, and V5 tags that were
distinguishable from those of the control vector marker.

The viruses were produced in human embryonic kidney
293T cells. Cells (8 x 10° were plated in T75 flasks 1 day
before transfection with 10 pg of each open reading
frame—containing plasmids, VSV.G and PAX2, using Lip-
ofectamine 2000 as the transfection reagent (11668-019,
Invitrogen) mixed at a 1:2 ratio with Opti-MEM (11058-021,
Gibco, Grand Island, NY). Fresh DMEM containing 5 mM
sodium butyrate (B5887,Sigma-Aldrich, St. Louis, MO) was
changed within 15 hours, and medium containing viral parti-
cles was harvested twice every 24 hours. After concentration
with a Lenti-X Concentrator (number 631232, Takara Bio,
Otsu, Japan), the viral particles were diluted in Dubellco’s PBS
(LB 001-02, WELGENE, Gyeongsan, Korea) and stored at —80
°C.

Histological and immunohistochemical analysis

In human skin samples, immunohistochemical staining of the
formalin-fixed, paraffin-embedded tissue sections (4-um
thick) for ANT2 expression detection was performed with a
Benchmark XT automated immunohistochemistry stainer
(Ventana Medical Systems, Tucson, AZ). A primary anti-
ANT2 antibody (MBS540797, MyBioSource, San Diego,
CA) was used. Detection was performed with an UltraView
Universal Alkaline Phosphatase Red Detection kit (Roche
Diagnostics, Basel, Switzerland). This study was approved by
the institutional review board of Ajou University Hospital
(Suwon, South Korea) (AJIRB-BMR-SMP-17-438).

Mouse skin samples were collected and immediately cut in
half vertically. The samples were fixed overnight with
formalin  (HT501128, Sigma-Aldrich) and embedded in
paraffin (Kyungpook National University Hospital BMRI,
Daegu, Korea). Paraffin sections (approximately 4-um thick)
were used for histological analysis after H&E, Masson’s tri-
chrome, or immunohistochemical staining for F4/80 (sc-
52664, Santa Cruz Biotechnology, Dallas, TX), Ly-6G/Ly-6C
(14-59321-82, Invitrogen), Ki-67 (MA5-14520, Invitrogen),
and CD31 (ab28364, Abcam, Cambridge, United Kingdom)
at Histoire (Seoul, Korea) and counterstained with H&E. The
immunoreactions were visualized under a microscope (Ste-
reo Investigator, Carl Zeiss, Jena, Germany), and the images
were quantified using an immunohistochemical image anal-
ysis toolbox in Image) software (Shu et al., 2013). The num-
ber of counted cells (positively stained cells) was normalized
per view field.

Immunofluorescence

Paraffin sections on slides were deparaffinized in a graded
series of xylene (534056, Sigma-Aldrich) and ethanol
(UN1170, Duksan, Seoul, Korea). The slides were incubated
in T mM EDTA buffer (pH 8.0, E522, VWR International,
Radnor, PA) at 100 °C for 10 minutes for antigen retrieval
(heat-induced epitope retrieval) followed by permeabilization
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in 0.25% Triton-X 100 for 10 minutes. Then, the slides were
incubated with primary antibodies against mCherry (1:300,
ab167453, Abcam) or Myc-tag (1:200—1:800, C3956, Sigma-
Aldrich), and the immunoactivity was detected with a Cy3
anti-rabbit 1gG (1:100, 711-165-152, Jackson Immuno
Research Laboratories, West Grove, PA) secondary antibody.
The sections were counterstained with DAPI (H-1200, Vector
Laboratories, Burlingame, CA), and the immunoreactions were
visualized with an imaging microscope (AXIO Observer, Carl
Zeiss).

Analysis of mitochondrial morphology and function

To visualize the mitochondrial morphology, LacZ-
overexpressing (as a control) or ANT2-overexpressing se-
nescent human dermal fibroblasts (HDFs) were cultured in
six-well plates. The cells were stained with MitoTracker
deep red (10 uM, 1:500, Thermo Fisher Scientific, Waltham,
MA) and Hoechst 33342 (10 ug/ml, 1:20,000) for 30 mi-
nutes. The cells were observed with a fluorescence micro-
scope (AXIO Observer, Carl Zeiss) at low magnification
(x40) or a confocal microscope (High-Resolution Live Cell
Imaging System - FV1200, Olympus, Tokyo, Japan) at high
magnification (x1,000). The mitochondrial area was
analyzed using the Image) method with the specifications—
eight-bit image, contrast limited adaptive histogram equal-
ization, tubeness value = 1.5—and then converted into bi-
nary images (Bosch and Calvo, 2019).

To examine mitochondrial function, flow cytometry
analysis was carried out. Briefly, LacZ-overexpressing (con-
trol) or ANT2-overexpressing HDFs were plated in 60-mm
dishes and allowed to grow to 85% confluence. After
washing with Dubellco’s PBS, the cells were incubated with
MitoTracker deep red (100 nM, Thermo Fisher Scientific) to
estimate mitochondrial density, MitoSOX (5 pM, Thermo
Fisher Scientific) to measure the amount of mitochondrial
superoxide, or tetramethylrhodamine methyl ester (100 nM,
Thermo Fisher Scientific) to measure the mitochondrial
membrane potential for 30 minutes at 37 °C. After staining,
the fluorescence intensity from a single cell was measured
with an LSRFortessa (BD Biosciences, San Jose, CA) flow
cytometer. The tetramethylrhodamine methyl ester intensity
of each population was normalized to that of MitoTracker.
In addition, after this assay, the values of forward scatter
(cell size), side scatter (cell granulation), and FITC (auto-
fluorescence of lipofuscin) were acquired. To measure the
mitochondrial permeability transition pore opening, a
MitoProbe Transition Pore Assay Kit (M34153, Thermo
Fisher Scientific) was used according to the manufacturer’s
instructions. Specifically, LacZ-overexpressing (control) and
ANT2-overexpressing HDFs were harvested as described
earlier. The samples were treated as follows: group | (cal-
cein), group Il (calcein + cobalt chloride), and group lII
(calcein + cobalt chloride + ionomycin). Cells were stained
with calcein AM (2 uM), cobalt chloride (80 mM), and
ionomycin (100 pM) in 1x Hank’s balanced salt solution
(LB203-04, WELGENE) for 15 minutes at room temperature.
The change in fluorescence intensity between groups Il and
[, indicating continuous activation of the mitochondrial
permeability transition pore, was measured by flow cytom-
etry analysis.
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Western blot analysis

Cells were lysed in an SDS sample buffer containing Tris-
hydrogen chloride (pH 6.8), 50% glycerol, 10% SDS, B-mer-
captoethanol, and 1% bromophenol blue. The tissues were
homogenized in RIPA buffer (RC2002-050-00, Biosesang,
Yongin, South Korea) that included a proteinase inhibitor
(1862209, Thermo Fisher Scientific), phosphatase inhibitor
(1862495, Thermo Fisher Scientific), and 5x sample buffer.
The lysed samples were boiled at 95 °C for 5 minutes and
stored at —20 °C. After protein quantification with protein
assay reagents (numbers 5000114, 5000113, and 5000115,
Bio-Rad Laboratories, Hercules, CA), the solubilized proteins
(30—40 pg) from the cells and tissues were separated by SDS-
PAGE (10—15% gel, depending on the molecular weight of the
target protein) and then transferred onto a nitrocellulose
membrane (number 10600003, Amersham Pharmacia
Biotech, Amersham, United Kingdom). The membrane was
blocked with 5% BSA (100-10SB, LEE BioSolutions, Maryland
Heights, MO) diluted in Tris-buffered saline containing 0.05%
Tween-20 for 1 hour and then incubated with primary anti-
bodies overnight. Next, the membrane was incubated with
horseradish peroxidase—conjugated secondary antibodies.
Immunoreactive proteins were visualized by chem-
iluminescence (number P90720, MilliporeSigma, Burlington,
MA) with an ImageQuant LAS-4000 digital imaging system
(GE Healthcare, Milwaukee, WI). Protein bands were quan-
tified using Image Quant TL software 8.1.

The primary antibodies used for western blotting were as
follows: anti-ANT2 (1:1,000, E2BD, Cell Signaling Technol-
ogy, Danvers, MA), anti-ANT2 (1:1,000, provided in Pusan
National University, Busan, South Korea), anti—a-tubulin
(1:4,000, T5168, Sigma-Aldrich), anti-p16 (1:1,000,
ab108349, Abcam), anti—f-actin (1:50,000, A1978, Sigma-
Aldrich), anti-Flag (1:1,000, A8592, Sigma-Aldrich), anti-
pH3S10(1:1,000, 9701S, Cell Signaling Technology), anti-p21
(1:1,000, 2947S, Cell Signaling Technology), anti-p62
(1:1,000, P0067, Sigma-Aldrich), anti-Parkin (1:200, sc-
32282, Santa Cruz Biotechnology), anti-PINK1 (1:1,000,
BC100-494, Novus Biologicals, Centennial, CO), anti-HSPA6
(1:1,000, ab69408, Abcam), anti-Caspase-3 (D3R6Y)
(1:1,000, number 14220, Cell Signaling Technology), anti-
Caspase-7 (D2Q3L) (1:1,000, number 12827, Cell Signaling
Technology), anti-Caspase-9 (1:1,000, number 9508, Cell
Signaling Technology), anti-PDHAT1 (phosphorylated $293)
(1:1,000, ab92696, Abcam), and anti-PDHA1 antibody
(9H9AF5) (1:1,000, ab110330, Abcam). Secondary antibodies
used included anti-rabbit IgG, horseradish peroxidase—linked
(1:1,000, number 7074, Cell Signaling Technology); anti-
rabbit 1gG, horseradish peroxidase—linked (1:5,000, Jackson
ImmunoResearch, West Grove, PA); and anti-mouse IgG,
horseradish peroxidase—linked (1:5,000, Jackson Immuno-
Research).

RT-qPCR
Total RNA was isolated from cells and mouse skin samples, as
described earlier. cDNA was synthesized using Transcriptor
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First Strand cDNA Synthesis Kit (04 896 866 01, Roche
Diagnostics). Real-time PCR was performed with KAPA SYBR
FAST gPCR Master Mix (2x) Kit (07959397001, Sigma-
Aldrich) on a Light Cycler 480 Il detection system (Roche
Diagnostics). PCR was performed using the following
parameters: 95 °C for 5 minutes, 45 cycles of 95 °C for 10
seconds, 60 °C for 10 seconds, and 72 °C for 10 seconds,
followed by 95 °C for 5 seconds and 65 °C for 1 minute. The
relative expression of each target gene was calculated
through the comparative Ct method. The mRNA expression
levels of GAPDH and RPST1 were used as the internal con-
trols for normalization. The primers used for the RT-PCR are
listed in Supplementary Table S1.

RNA interference

RNA interference experiments were performed using HDFs.
Complementary RNA oligonucleotides were derived from
HSPA6 cDNA (AccuTarget Genome-wide Predesigned
siRNA, 10 nmol, BioRP, Bioneer, Daejeon, South Korea). A
pair of nonspecific scrambled RNA oligonucleotides (Bio-
neer) was used as a control. Transfection was performed once
mCherry-overexpressing (control) and ANT2-overexpressing
senescent HDFs reached 80% confluence in six-well plates.
The cells were treated with a mixture containing a short
interfering RNA duplex (30 pM) and Lipofectamine RNAi-
MAX (13778-500, Invitrogen) in Opti-MEM for 48 hours at 37
°C. Then, the medium was replaced with fresh DMEM, and
the cells were harvested 24 hours later for subsequent
experiments.

ELISA

Skin samples were collected from mice injected with lenti-
viral particles containing the mCherry (control) or ANT2 gene
on day 7. Proteins were extracted from the dissected mouse
skin samples with lysis buffer on ice, as described in the
western blot analysis section. The concentration of TNFa was
measured with a mouse ELISA kit (R&D Systems, Minneap-
olis, MN) according to the manufacturer’s instructions.
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Supplementary Figure S1. Downregulation of ANT2 expression in aging. (@) Changes in the expression of ANT family mRNA with age. (b) Scatter plot showing
the ANT2 mRNA expression pattern in cultured fibroblasts from human skin. The Pearson-R value in the graph shows gene expression and age across all
samples. The circles represent samples from males, and the triangles represent samples from females. The brown line denotes the regression line for the samples.
(a, b) Public skin-aging RNA-seq data (Fleischer et al., 2018) were analyzed. (c) UMAP plot of the single-cell RNA-seq data (Ahlers et al., 2022) with

21 cell clusters identified. The bottom panel displays the expression of fibroblast markers in each of the 21 cell clusters. Cell clusters 0, 1, 2, 3, 8, and 10 were
identified as fibroblast cells. (d) Violin plot of the expression of fibroblast markers in each of the four subclusters: reticular, papillary, proinflammatory, and
mesenchymal. Cell clusters 0 and 1 were assigned to reticular fibroblasts, cell cluster 3 was assigned to papillary fibroblasts, cell cluster 2 was assigned to
proinflammatory fibroblasts, and cell cluster 10 was assigned to mesenchymal fibroblasts on the basis of the expression of specific markers. (e) Dot plot
comparing the expression of ANT2 between young and old groups in each cell-type cluster. In clusters 1 (reticular) and 10 (mesenchymal) (red boxes), ANT2
expression is decreased in the aged group. (f) IHC staining of ANT2 in young (top) and old (bottom) skin tissue sections from subjects aged 28 years and

68 years. The arrow indicates stained cells in the dermis. Bar = 100 um. (g) Immunoblots and quantification of ANT2 expression in nonsenescent or senescent
HDFs. The expression level was normalized to that of B-actin (loading control). The data are shown as the mean + SD; n (biological replicate) = 3. (h) Box and
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Supplementary Figure S1. Continued.

whisker plot showing the Ant2 expression pattern in mouse skin tissue. Public skin-aging RNA-seq data (GSE75192 [Aramillo Irizar et al., 2018]) were analyzed.
Transcriptome alterations in four age groups: young (aged 2 months), middle-aged (9—15 months), old (aged 24 months), and oldest old (aged 30 months). (i)
Immunoblots and quantification of ANT2 expression in the skin of male mice aged 4 and 25 months. The expression level was normalized to

that of a-tubulin (loading control) for quantification. The data are shown as the mean + SD; n (biological replicate) = 3. For the statistical analyses shown in g
and i, *P < 0.05 and **P < 0.01, as determined by unpaired t-test. For those in h, *P < 0.05 and **P < 0.01, as determined by one-way ANOVA. ANT,
adenine nucleotide translocase; FPKM, fragments per kilobase of transcript per million mapped reads; HDF, human dermal fibroblast; IHC,
immunohistochemical; RNA-seq, RNA sequencing; UMAP, Uniform Manifold Approximation and Projection; yr, year.
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Supplementary Figure S2. ANT2-induced changes of caspase activation in senescent HDFs. Immunoblots and quantification of caspases-9, -7, and -3 in the
mCherry-OE (control) and the ANT2-OE senescent HDFs. The expression level was normalized to that of B-actin. The data are shown as the mean £ SD; n
(biological replicate) = 3. For statistical analyses, *P < 0.05, ***P < 0.001, and ****P < 0.0001 as determined by unpaired t-test. ANT2-OE, ANT2-
overexpressing; HDF, human dermal fibroblast; mCherry-OE, mCherry-overexpressing.

www.jidonline.org 2310.e5


http://www.jidonline.org

S-H Woo et al.
ANT2 Involvement in Facilitating Wound Healing in Aged Skin

2310.e6

Control (mCherry) ANT2

), 2%

anti-mCherry 1gG s , S e

(from rabbit)

 anii i 2 Ser
I:I 200 um 200 um

100 pm 100 pm

anti-Myc 1gG
(from rabbit)

200 um 200'um

v .‘ i - ‘ lvr » i
anti-rabbit IgG
(from Donkey)

200 pm 200 um

Day 14

Control (mCherry)

(ANT2) V5-tag

Supplementary Figure S3. Validated ANT2 overexpression in aged mouse skin after lentiviral transduction. (@) Immunofluorescence showing ANT2 or
mCherry overexpression in mouse skin 7 days after subcutaneous lentiviral injection. DAPI was used for counterstaining. Bar = 200 pm and 100 pm. Continuous
images were stitched with Image]J software. (b) Immunohistochemical staining for ANT2 (as V5-tag) in the mCherry-OE (control) and the ANT2-OE mouse skin

tissue on day 14 after wounding. Bar = 200 pm. ANT2-OE, ANT2-overexpressing; mCherry-OE, mCherry-overexpressing.
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Supplementary Figure S4. Nuclear morphology in ANT2-overexpressing aged mouse skin during wound healing. (a—d) H&E staining images of major cellular
nuclei in a wound site. Bar = 400 pm (top) and bar = 20 pm (bottom) from day 3 to day 14.
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Supplementary Figure S5. ANT2-mediated changes in the OCR and the activation of PDH in senescent HDFs. (a) Mitochondrial stress test with monitoring
OCR in mCherry-OE (control) and ANT2-OE senescent HDFs. Basal respiration, mitochondrial ATP production, maximal respiration, and spare respiratory
capacity were quantified. The black dotted lines indicate when the corresponding chemicals were added to the cells. The data are shown as the mean & SD; n =
7—8 samples per experiment. (b) Immunoblots and quantification for monitoring the activation of PDH in mCherry-OE (control) and ANT2-OE senescent HDFs.
HDFs were normalized by B-actin. The data are shown as the mean + SD; n (biological replicate) = 3. For statistical analyses, *P < 0.05, **P < 0.01, and ****P
< 0.0001 as determined by unpaired t-test. ANT2-OE, ANT2-overexpressing; ATP, adenosine triphosphate; FCCP, carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone; HDF, human dermal fibroblast; mCherry-OE, mCherry-overexpressing; min, minute; OCR, oxygen consumption rate; PDH, pyruvate
dehydrogenase; p-PDH, phosphorylated pyruvate dehydrogenase.
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Supplementary Figure S6. The migratory capacity of HDFs as determined by increased glycolysis after ANT2 overexpression in senescent cells. (a) The
concentration of Oxa, an inhibitor of glycolysis, depends on ECAR changes to determine the optimal dose of the chemical for carrying out a scratch wound
healing assay. A total of 20 mM Oxa was used for the experiments. (b) Time-lapse images showing wound closure in senescent HDFs 0, 12, 24, 36, 48, and 68 h
after scratch. The terminal cell migratory region is indicated by a yellow dotted line. Bar = 500 pm. The migration area was quantified with

Image) software. The data are shown as the mean =+ SD; n (biological replicate) = 8. Significant data are represented as the mean + SD. For statistical analyses,
*P < 0.05, **P < 0.01, **P < 0.001, and ****P < 0.0001 as determined by multiple t-tests. ECAR, extracellular acidification rate; h, hour; HDF, human
dermal fibroblast; min, minute; Oxa, sodium oxamate.
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Supplementary Figure S7. Changes in mitochondrial morphology and properties by ANT2 overexpression in senescent HDFs. (a) Quantitative data for
MitoSOX (mitochondrial ROS level), TMRM (MMP), and mPTP. The data are shown as the mean =+ SD; n (biological replicate) = 3. (b) TEM images of HDFs.
Damaged mitochondria (white arrows) and swollen ER (blue) were observed in the old and mCherry-OE (control) groups. On the other hand, intact
mitochondria and narrow ER were observed in the young and ANT2-OE groups. Mt denotes mitochondria, *Mt denotes mitophagy, and L denotes lysosome.
Bar = 0.5 pm. (c) Immunoblots and quantification of Parkin and PINK1 expression in mCherry-OE (control) and ANT2-OE mouse skin tissues. a-Tubulin was
used for normalization. The data are shown as the mean + SD; n (biological replicate) = 6. For statistical analyses in a and ¢, unpaired t-test was used. ANT2-
OE, ANT2-overexpressing; ER, endoplasmic reticulum; HDF, human dermal fibroblast; mCherry-OE, mCherry-overexpressing; MMP, mitochondrial membrane
potential; mPTP, mitochondrial permeability transition pore; NS, nonsignificant; TEM, transmission electron microscopy; TMRM, tetramethylrhodamine methyl
ester.
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Supplementary Figure S8. Migration and proliferation capacity determined by mitophagy in ANT2-OE senescent cells. (a) A total of 10 pM mdivi-1 and 5 pM
oligomycin were used for the experiments. Time-lapse images showing wound closure in senescent HDFs 0, 12, 24, 36, 48, and 68 h after scratch. The
terminal cell migratory region is indicated by a yellow dotted line. Bar = 500 pm. The migration area was quantified with ImageJ software. The data are shown as
the mean + SD; n (biological replicate) = 3. (b) Images and quantification of EdU incorporation in four groups of senescent HDFs. The data are shown as the
mean =+ SD; n (view field) = 12. Significant data are represented as the mean =+ SD. For statistical analyses in a, *P < 0.05 and **P < 0.01 as

determined by multiple t-tests, and for those in b, *P < 0.05 and ****P < 0.0001 as determined by unpaired t-tests. ANT2-OE, ANT2-overexpressing;

EdU, 5-ethynyl-20-deoxyuridine; h, hour; HDF, human dermal fibroblast.
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Supplementary Figure S9. Expression of proinflammatory cytokine genes at the inflammation phase in ANT2-overexpressed aged skin. (a) Expression of
proinflammatory cytokine genes in the mCherry (control) group and ANT2 group of mouse skin on day 0 and day 3. The data are shown as the

mean =+ SD; n (biological replicate) = 2—3. (b) Immunoblots and quantification of HSP70 expression in mouse skin tissues of the mCherry (control) group and
ANT2 group. a-Tubulin was used for normalization. The data are shown as the mean + SD; n (biological replicate) = 5. For statistical analysis in a

and b, *P < 0.05 and **P < 0.01 as determined by unpaired t-tests.
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Supplementary Figure S10. Expression of proinflammatory cytokine gene after HSP70 inhibition in ANT2-OE senescent HDFs. (a) The expression of HSP70
family genes after HSPA6 knockdown using siRNA in mCherry-OE (control) and ANT2-OE senescent HDFs. The data are shown as the mean + SD; n
(biological replicate) = 3. (b) The expression of proinflammatory cytokine genes after VER-155008, an HSP70 inhibitor, was added to mCherry-OE (control) and
ANT2-OE senescent HDFs. The data are shown as the mean + SD; n (biological replicate) = 3—4. For statistical analysis in a and b, *P < 0.05, **P < 0.01, ***P
< 0.001, and ****P < 0.0001 as determined by unpaired t-test. si denotes siRNA. ANT2-OE, ANT2-overexpressing; HDF, human dermal fibroblast;
mCherry-OE, mCherry-overexpressing; siRNA, short interfering RNA.
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Supplementary Figure S11. Expression of proinflammatory cytokine gene after inhibition of glycolysis, oxidative phosphorylation, or mitophagy in ANT2-OE
senescent HDFs. (a—d) The expression of proinflammatory cytokine genes after (a) 20 mM sodium oxamate treatment, (b) under low-glucose medium culture
conditions, (c) 5 UM oligomycin treatment, and (d) 10 pM mdivi-1 treatment. The data are shown as the mean £ SD; n (biological replicate) = 3. For
statistical analysis, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 as determined by unpaired t-test. ANT2-OE, ANT2-overexpressing; HDF,
human dermal fibroblast.
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Supplementary Figure S11. Continued.
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