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Senescent cells accumulate in various organs with age-
ing, and its accumulation induces chronic inflammation
and age-related physiological dysfunctions. Several
remodelling of intracellular environments have been
identified in senescent cells, including enlargement
of cell/nuclear size and intracellular acidification.
Although these alterations of intracellular environ-
ments were reported to be involved in the unique
characteristics of senescent cells, the contribution
of intracellular acidification to senescence-associated
cellular phenotypes is poorly understood. Here, we
identified that the upregulation of TXNIP and its para-
log ARRDC4 as a hallmark of intracellular acidification
in addition to KGA-type GLS1. These genes were also
upregulated in response to senescence-associated intra-
cellular acidification. Neutralization of the intracellular
acidic environment ameliorated not only senescence-
related upregulation of TXNIP, ARRDC4 and KGA
but also inflammation-related genes, possibly through
suppression of PDK-dependent anaerobic glycolysis.
Furthermore, we found that expression of the intracel-
lular acidification-induced genes, TXNIP and ARRDC4,
correlated with inflammatory gene expression in het-
erogeneous senescent cell population in vitro and even
in vivo, implying that the contribution of intracellular
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pH to senescence-associated cellular features, such
as SASP.
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When proliferating cells are exposed to various insults,
such as DNA damage or oxidative stress, cells enter an irre-
versible cell cycle arrest state and become senescent cells.
Senescent cells exhibit several unique characteristics such
as cellular morphological changes (enlarged cell body and
nucleus), expression of CDK inhibitors p16 and p21, abnor-
mal β-galactosidase activity at pH 6 (senescence-associated
β-galactosidase, SA-βGal) and secretion of various inflam-
matory molecules, termed senescence-associated secretory
phenotype, SASP (1). Several mouse models have been
generated to identify senescent cells and analyse their
contributions to physiological ageing and disease in vivo.
For example, in INK-ATTAC mice, an engineered caspase-
8-FKBP fusion protein and GFP were expressed under the
p16 promoter (2). When AP20187 was administered to nat-
urally aged INK-ATTAC mice in order to induce cell death
specifically in p16 expressing senescent cells, various age-
ing phenotypes in multiple organs were ameliorated, and
healthy lifespan was prolonged. Previously, we generated
p16-CreERT2 mouse model that allows the visualization and
elimination of p16-high expressing senescent cells in vivo
and found that the elimination of senescent cells prevented
the progression of non-alcoholic steatohepatitis (3). Based
on these findings, senescent cells are thought to contribute
to age-related functional decline.

Several molecular pathways have been proposed as
mechanisms by which a small number of senescent cells
affect the function of entire organs. SASP is thought to play
an important role in senescent cell-induced development
of organ dysfunction (4). Mechanistically, the transcription
factor NF-κB is activated in senescent cells, leading to the
transcription of downstream inflammatory genes (5). The
innate immune pathway cGAS-STING also contributes to
the development of SASP by sensing cytoplasmic dsDNA
generated by genomic instability (6), micronuclei rupture,
transposable element activation (7, 8) and mitochondrial
DNA leakage (9). SASP is also regulated by senescence-
associated metabolic signaling, such as the nutrition-
sensing pathway mTOR signaling pathways (10, 11)
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and the NAMPT-mediated NAD+ metabolism (12).
Recently, it has been reported that glycolysis and lac-
tate production are enhanced in senescent cells and
that secreted lactate induces intracellular/extracellular
acidification and inflammatory milieu, leading to cancer
malignancy (13). Furthermore, we previously revealed
that glutaminolysis mediated by GLS1 was essential for
senescent cell survival through ammonia production and
neutralization of acidic intracellular environment to prevent
acidosis (14). Although these previous studies indicate the
close relationship between metabolism and SASP, it is
not fully understood how each metabolic change regulates
inflammatory signaling in senescent cells.

Cellular acidosis occurs in various physiological con-
ditions, such as exercise (15), metabolic dysfunctions (16,
17) and cancer (18). In addition to GLS1-mediated ammo-
niagenesis, intracellular acidification induces a wide vari-
ety of metabolic changes, including glycolysis (19), fatty
acid metabolism (20) and pentose phosphate pathway (19)
to adapt to the environmental changes. Furthermore, it has
been reported that intracellular acidification also modulates
inflammatory pathways, especially in immune cells and
other stromal cells through NLRP3 inflammasome and
MAPK pathways (21–23). Although senescence-induced
intracellular acidification has been reported in several cell
types and conditions (13, 14, 24), the relationships between
the intracellular acidification in senescent cells and their
cellular features are still unknown.

Here, we show that intracellular acidification regulates
several transcriptomic signatures in senescent cells, includ-
ing glycolysis and SASP. Neutralization of intracellular
acid down-regulated inflammation, which is possibly medi-
ated by suppression of glycolysis. Furthermore, analysis of
scRNA-seq datasets revealed that the expression of intra-
cellular acidification-responsive genes may be positively
correlated with glycolysis and inflammation even in senes-
cent cell populations in vitro and in vivo. The present study
provides a novel insight into the importance of intracellular
acidification for senescence-associated traits.

Results

Acidification-induced transcriptome programme is activated
in senescent cells

To evaluate how intracellular acidification affects tran-
scriptional properties in senescent cells, we first analysed
a public RNA-seq dataset of acidic environment-induced
transcriptional reprogramming in human fibroblasts and
smooth muscle cells (25) (Fig. 1A). We examined well-
expressed, acid-responsive genes in both cell types, focus-
ing on three upregulated genes, GLS, TXNIP and ARRDC4
and a single downregulated gene, NCOA5 (Fig. 1B).
GLS (GLS1), especially a kidney-type isoform KGA, is
reported to be upregulated by HuC stabilization of its
mRNA in acidic environment and neutralized by ammonia
production in senescent cells (14). TXNIP and its paralog
ARRDC4 belong to the α-arrestin family and have been
reported to be induced by acidic conditions such as lactate
acidosis (26, 27). NCOA5 has been reported as a well-
conserved acid-responding gene in rat and human cell lines
(25). We validated the acid-induced differential expression
of these genes in hHCA2 primary human fibroblasts (28)
(Fig. 1C and D) and confirmed that both extracellular

acidification and lysosomal damage-induced proton
leakage led to similar expression changes in marker gene
expression.

Next, we obtained several public RNA-seq datasets
of senescent cells in vitro and found that intracellular
acidification-induced transcriptional changes were also
observed in almost all datasets containing several types
of senescent cells, such as nutlin3a-induced senescent cells
(29), replicative senescent cells (30), doxorubicin-induced
senescent cells and oncogene-induced senescent cells
(31) (Fig. 1E). In addition, we prepared nutlin3a-induced
senescent cells (n-Sen) from hHCA2 and mouse embryonic
fibroblasts (MEFs), and the consistent gene expression
changes were observed by qPCR (Fig. 1F and G). Senes-
cence induction was confirmed by the induction of p16
expression and suppression of LMNB1 expression, well-
known markers of senescence. We further validated the
age-dependent induction of acid-induced transcriptional
programme in publicly available single-cell RNA-seq
datasets. We analysed mouse stromal cells in the Tabula
Muris Senis dataset (32) and found that Txnip was well
expressed and showed age-related upregulation in several
tissue-derived stromal cells (Fig. 1H). The difference in
cardiac smooth muscle cells was not significant probably
due to small cell number, but an apparent upregulation in
aged population was observed (18 m, 21 m, 24 m vs 3 m:
logFC = 0.31, raw P = 0.012).

Together with previous reports that intracellular acid-
ification was detected in senescent cells of various cell
types (13, 14, 24), these results suggest that intracellu-
lar acidification-induced transcriptional reprogramming is
generally activated in senescent cells.

Intracellular acidification contributes to SASP in senescent
cells

The report that acid-induced upregulation of a glutaminase
GLS1 is necessary for senescent cell survival suggests
that intracellular acidification-induced transcriptional
reprogramming may also govern other unique character-
istics of senescent cells. To investigate the contribution
of intracellular acidification to senescence-associated
transcriptional remodelling, we cultured senescent cells
in an alkaline environment to neutralize intracellular acid
(Fig. 2A, Supplementary Fig. S1). RNA-seq analysis of
senescent MEFs revealed global transcriptomic changes
with senescence and intracellular neutralization (Fig. 2B).
We also obtained transcriptome data of n-Sen and
proliferating MEFs and found that senescence-induced
expression changes of Txnip and other marker genes
were ameliorated by extracellular alkaline environment
(Fig. 2C and D), while the expression of Cdkn2a and
Cdkn1a and of proliferation-related genes such as Mki67
remained unchanged (Fig. 2E) in our RNA-seq dataset,
suggesting that intracellular acidification is not involved
in the maintenance of cessation of cell proliferation in
senescent cells. We also confirmed similar gene expression
changes in n-Sen hHCA2 cells (Fig. 2F). Senescence-
associated and alkali-induced expression changes of
Gls gene were not drastic in our RNA-seq data of
MEFs, probably because the contamination of the other
isoform, GAC. Significant expression changes of KGA
isoform were observed in response to senescence and
alkali treatment (Fig. 2D and F) as described in (14).
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Fig. 1. Activation of intracellular acidification-induced gene program in senescent cells. (A) Acid-induced expression changes of protein-coding
genes in human fibroblasts (CCDSK) and human smooth muscle cells (HAoSMC) in GSE220788. The significant positive correlation between the two
cell lines indicated the similar response to acidic stimulus. (B) Acid-induced expression changes of GLS, TXNIP, ARRDC4 and NCOA5 in the two cell
lines of GSE220788. (C, D) Gene expression changes in LLOMe-treated (C) and acid-stimulated (D) hHCA2. (E) Senescence-induced expression
changes of GLS, TXNIP, ARRDC4 and NCOA5 in several RNA-seq datasets of senescent cells. The datasets used in this figure were listed in
Materials and Methods section. MPF, HFF and Rep indicate mouse primary fibroblasts, human foreskin fibroblasts, and replicative senescence,
respectively. (F, G) qPCR validation of the gene expression changes in (E) using Nutlin3a-induced senescent hHCA2 cells and MEFs. (H) Age-related
upregulation of Txnip in stromal cells in Tabula Muris Senis datasets. For qPCR analysis, Student’s t test was used, ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001.
For RNA-seq analysis, Benjamini–Hochberg method was used, ∗Padj < 0.05; ∗∗Padj < 0.01; ∗∗∗Padj < 0.001.

A weak but significant negative correlation was found
between senescence-induced and alkali-induced gene
expression changes (Fig. 2G), indicating the transcriptional
dependence on intracellular acidification in senescent

cells. Genes whose expression changes were normalized
in alkali treatment were referred to as ‘rejuvenated
genes’, and those genes were enriched in inflammatory
pathways (Fig. 2G and H). In addition, in response to the
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neutralization of acidic intracellular environment, genes
related to mTORC1 signaling and Myc signaling were
upregulated (Fig. 2I). Previous studies have shown that
mTORC1 signaling is involved in lysosome quality control
and is inactivated in response to intracellular acidification
(33). In contrast, a subset of inflammation-related genes
was downregulated in alkali-treated cells (Fig. 2F and I).
Upregulation of inflammatory genes was also observed
in normal proliferating cells in response to lysosomal
proton leak (Fig. 2J) and acidic environment (Fig. 2K),
suggesting that intracellular acidification may contribute to
the induction or maintenance of inflammation and SASP.

Glycolysis contributes to intracellular acidification-induced
inflammation in senescent cells

Increased glucose uptake and glycolysis is one of the major
metabolic changes in senescent cells (13, 34, 35), but
contribution of these metabolic changes to SASP remains
unknown. Consistent with previous studies, several
glycolysis-related genes were upregulated in senescent
MEFs in our RNA-seq dataset (Fig. 3A). In general,
glycolysis is upregulated by hypoxia and other factors,
leading to lactate accumulation, and intracellular acidifi-
cation, especially in cancer cells (18). Consistent with a
previous report (13), we found that expression of pyruvate
dehydrogenase kinases (PDKs) and phosphorylation of
pyruvate dehydrogenase (PDH) increased in senescent
cells, which are a hallmark of anaerobic glycolysis and
promote lactate production instead of acetyl-CoA from
pyruvate (Fig. 3B). The decline of PDH activity was also
observed (Fig. 3C), indicating the enhancement of anaer-
obic glycolysis in senescent cells. Interestingly, several
studies have shown that intracellular acidosis induces the
accumulation of glucose-6-phosphate (G6P) to activate
the transcription factor MondoA and the transcription of
TXNIP and ARRDC4 (27). In addition, the hexokinase2
(HK2)-G6P axis modulates the transcriptional activity
of NF-kB and the activation (36) of the inflammasome
(37, 38). Thus, we speculated that enhanced glycolysis
may positively affect intracellular acidification-induced
inflammation in senescent cells.

We then examined our RNA-seq data and found that
glycolysis-related genes were downregulated in alkali-
treated senescent cells (Fig. 3D). Consistent with this,
the expression of Pdk4 was significantly downregulated
in response to an alkali environment (Fig. 3E), indicating
that glycolysis responded to changes in intracellular pH
in senescent cells. To investigate whether glycolysis
activity contributes to intracellular acidification-induced
transcriptional changes and SASP in senescent cells, we
cultured senescent cells in low glucose-containing media
and found that TXNIP/ARRDC4 and SASP-related genes
were downregulated in the glucose-restricted condition
(Fig. 3F). In contrast, administration of 2-deoxyglucose
(2-DG), a glucose analogue used to block glycolysis,
induced opposite expression changes in TXNIP/ARRDC4
and inflammatory genes (Fig. 3G). 2-DG is normally
imported into cells and metabolized to 2-deoxyglucose 6-
phosphate (2-DG6P) but cannot be further metabolized.
The upregulation of inflammation by 2-DG treatment
suggests that glucose or G6P, rather than other down-
stream glycolytic metabolites, may regulate intracellular
acidification-induced TXNIP/ARRDC4 expression and

inflammation in senescent cells. Taken together, these
results suggest that the intracellular acidification-related
glycolysis and G6P production may contribute to the strong
expression of SASP-related genes in senescent cells.

Expression of intracellular acidification marker genes TXNIP
and ARRDC4 predicts increased glycolysis and inflammation
in senescent cells

Recent studies have proposed that senescent cells exhibit
heterogeneous characteristics, such as immune surveil-
lance and inflammation (3, 29, 39). Based on our findings
that glycolysis and SASP were upregulated in response to
intracellular acidification in senescent cells, we hypothe-
sized that the heterogeneity of intracellular acidification
may lead to heterogeneous inflammatory states in senes-
cent cells.

Single-cell RNA-seq techniques allow the analysis
of transcriptomic heterogeneity at single-cell resolution
and have recently been applied to the field of ageing
and senescence. We obtained an scRNA-seq dataset of
senescent WI-38 fibroblasts in vitro (40), and a significant
upregulation of TXNIP and ARRDC4 was observed in
both replicative senescent and etoposide-induced senescent
populations (Fig. 4A). We extracted senescent cells highly
expressing TXNIP and ARRDC4 (TXNIP/ARRDC4high

senescent cells) and found that TXNIP/ARRDC4high senes-
cent cells exhibited higher expression of inflammatory
genes and glycolysis-related genes when compared to
TXNIP/ARRDC4low senescent cells (Fig. 4B–D). We further
analysed our previous scRNA-seq dataset of p16 high-
expressing cells (p16high cells) in vivo (3). We previously
performed scRNA-seq analysis of p16high senescent cells
from adult p16-CreERT2-tdTomato mice and found the het-
erogeneous senescence-associated phenotypes including
SASP. In the dataset, tdTomato+ cells represent p16high

cells, which were collected from p16-CreERT2-tdTomato
mice by FACS. We focused on proximal tubular (PTs)
cells in the kidney, and upregulation of inflammatory genes
and glycolysis-related genes was observed in Txnip high-
expressing, p16high senescent PTs (Fig. 4E and F).

In conclusion, the present study suggests that the
intracellular acidification contributes to the upregulation of
inflammatory genes in senescent cells. The acid-induced
inflammation may be due to increased glycolysis and G6P
production, which also activate the transcription of TXNIP
and ARRDC4. In addition, the cells highly expressing
TXNIP and/or ARRDC4 exhibit strong senescent char-
acteristics, suggesting the importance of intracellular
acidification for senescence-associated changes in cellular
phenotypes.

Discussion

Intracellular pH is not only strictly maintained by various
homeostatic mechanisms (41), but is also used as a
mediator to respond to internal/external stimuli, such as
metabolic dysregulation (42), infection (43, 44) and tumour
microenvironment (45). Changes in intracellular pH modu-
late cellular properties through a variety of gene expression
regulation, including transcription (27, 46), mRNA
stabilization (14, 47), phase separation (48), splicing (49)
and RNA editing (50). In the present study, we found that
intracellular acidification drives several pH-dependent
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Fig. 2. Intracellular acidification-dependent gene expression in senescent cells. (A) Schematic illustration of senescence induction and intracellular
acid neutralization. (B) Differential gene expression analysis of alkali-treated senescent MEFs. Genes with |Log2FC| > 0.5 and Padj < 0.01 were
highlighted. (C-E) Alkali-induced expression changes of pH-responsive genes Gls, Txnip, Arrdc4, and Ncoa5 in n-Sen MEFs (RNA-seq: C, qPCR: D)
and senescence-related genes Cdkn2a, Cdkn1a, Mki67, and Lmnb1 (E). (F) qPCR analysis of alkali-induced expression changes of pH-responsive genes
in n-Sen hHCA2. (G) Senescence-induced and alkali-induced gene expression changes in MEFs. The significant negative correlation indicated the
intracellular acidification dependency of senescence transcriptome. Highlighted area indicates ‘rejuvenated genes’. (H) GO analysis of ‘rejuvenated
genes’. (I) GSEA results of differentially expressed genes in response to alkali. Positive values of normalized enrichment score indicate upregulation in
alkali-treated senescent MEFs. (J, K) qPCR analysis of gene expression changes in LLOMe-treated (H) and acid-stimulated (I) hHCA2. For qPCR
analysis, Student’s t test was used, ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001. For RNA-seq analysis, Benjamini–Hochberg method was used, ∗Padj < 0.05;
∗∗Padj < 0.01; ∗∗∗Padj < 0.001.

transcriptional programmes in both human and mouse
senescent cells (Fig. 1). Neutralization of the acidic
intracellular environment partially reversed senescence-

associated gene expression changes, including glycolysis-
related pathways and inflammation (Fig. 2). Cellular
experiments and analysis of scRNA-seq data suggested
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Fig. 3. Senescence-associated anaerobic glycolysis-dependent regulation of TXNIP/ARRDC4 and SASP. (A) Senescence-induced expression
changes of glycolysis-related genes in our RNA-seq data of MEFs. Genes with |Log2FC| > 0.5 and Padj < 0.01 were highlighted. (B) Immunoblotting of
proliferating and n-Sen hHCA2 cells. (C) PDH activity measurement of proliferating and n-Sen hHCA2 cells. (D) GSEA results indicated that
glycolysis-related genes were enriched in downregulated genes in response to alkali treatment of senescent MEFs. (E) Senescence-induced and
alkali-induced expression changes of pyruvate dehydrogenase kinase genes in our RNA-seq data of MEFs. (F, G) qPCR analysis of gene expression
changes in low glucose media-treated (D) and 2-DG-treated (E) n-Sen hHCA2. For qPCR analysis, Student’s t test was used, ∗P < 0.05; ∗∗P < 0.01;
∗∗∗P < 0.001. For RNA-seq analysis, Benjamini–Hochberg method was used, ∗Padj < 0.05; ∗∗Padj < 0.01; ∗∗∗Padj < 0.001.

that glycolysis is tightly coupled with intracellular
acidification and inflammation (Figs 3 and 4), although
detailed experiments are needed to clarify the molecular
links between intracellular acidification and senescence-
associated inflammation.

Although our transcriptome analysis revealed that
a proportion of senescence-associated gene expres-
sion changes depend on intracellular acidification, the
molecular mechanisms of pH-dependent transcriptional
reprogramming are still elusive. Our previous study showed
that an RNA-binding factor, HuC, binds to the AU-
rich motif of GLS1 and enhances its expression through

RNA stabilization (14). Another RNA-binding factor,
HuR, a homologue of HuC also plays an important
role in transcriptomic changes in the acidic tumour
microenvironment (47). It is possible that HuC stabilizes
RNAs of the acid-responsive gene subset in senescent
cells. In addition to RNA binding proteins, MondoA also
responds to intracellular acidosis through HK2-mediated
G6P production (26, 27). Previous studies reported that
MondoA not only modulates glucose metabolisms (51) but
also promotes TFEB activation and autophagy (52, 53),
indicating that activation of MondoA in acidic environment
in senescent cells is possibly a feedback response to
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Fig. 4. Transcriptomic signatures of TXNIP and/or ARRDC4 highly expressing cells in heterogenous senescent cell population. (A) Identification
of TXNIP/ARRDC4high senescent WI-38 cells from scRNA-seq datasets. ETO and Rep indicate etoposide-induced and replicative senescent cells,
respectively. Lines and values in the violin plots indicate expression thresholds to extract TXNIP/ARRDC4high and TXNIP/ARRDC4low cells. The
definition of TXNIP/ARRDC4high cells was described in Materials and Methods part. (B, C) Gene expression changes in TXNIP/ARRDC4high replicative
senescent cells (B) and etoposide-induced senescent cells (C). Genes with |Log2FC| > 0.05 and Padj < 0.01 were highlighted as differentially expressed
genes. ‘High’ and ‘Low’ indicate TXNIP/ARRDC4high and TXNIP/ARRDC4low senescent cells, respectively. (D) GSEA results of differentially expressed
genes in TXNIP/ARRDC4high senescent WI-38 cells. Positive values of normalized enrichment score indicate upregulation in TXNIP/ARRDC4high

senescent WI-38 cells. (E) Identification of Txniphigh- p16high senescent proximal tubule cells from the scRNA-seq dataset of kidney. (F) GSEA results of
differentially expressed genes in Txniphigh- p16high senescent proximal tubule cells. Positive values of normalized enrichment score indicate upregulation
in Txniphigh- p16high senescent proximal tubule cells. For RNA-seq analysis, Benjamini–Hochberg method was used, ∗Padj < 0.05; ∗∗Padj < 0.01;
∗∗∗Padj < 0.001.

maintain intracellular homeostasis. Further studies are
needed to identify the factors responsible for intracellular
acidification-induced transcriptional remodelling in senes-
cent cells.

Increased glucose uptake and G6P production occur
not only in acidic environments but also in response
to infection (37), diabetes (54) and cardiac reperfusion
injury (55, 56). Under these conditions, it is reported that
increased glucose uptake is reported to drive ‘unscheduled
glycolysis’, resulting in massive accumulation of G6P
rather than other glycolysis-related metabolites (57).
Unscheduled glycolytic overload and G6P accumulation
induce mitochondrial dysfunction, reactive oxygen species
(ROSs) production and AGE accumulation, which are
also well-known features of senescent cells. Consistent
with this, G6PD deficiency, which can lead to G6P
accumulation, is known to promote cellular senescence
(58). G6P is produced by mitochondria-localized HK2, and
G6P suppresses HK2 activity through its dissociation from

mitochondria. HK2 dissociation induces mitochondrial
dysfunction, mtDNA leakage, mPTP opening and NLRP3
inflammasome activation (37, 38, 57). Furthermore,
dissociated HK2 phosphorylates IκBα, leading to its
degradation and activation of NF-κB in cancer cells (36).
Based on these previous findings, it is suggested that the
HK2-G6P axis is involved in intracellular acidification-
induced inflammation in senescent cells.

In addition to G6P and HK2, TXNIP is another
candidate of molecular link between intracellular acidifi-
cation and inflammation. Thioredoxin-interacting protein
(TXNIP) not only interacts with thioredoxin and senses
redox states but also regulates a wide variety of signaling
pathways (59). TXNIP controls glucose metabolism
through multiple molecular pathways including the
direct binding to and inactivation of GLUT1/4 (60, 61).
TXNIP also responds to ROS, resulting in its subsequent
dissociation from thioredoxin and binding to the NLRP3
inflammasome (62). Recently, it has been reported that
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thioredoxin binds to NLRP1 inflammasome and inhibits
its activity, and that TXNIP is a potential activator of
NLRP1 inflammasome (63). Together with our data
showing a strong correlation between TXNIP expression
and inflammation in senescent cells, it is suggested that
TXNIP is involved in the induction of SASP in senescent
cells in an intracellular acidification-dependent manner. In
contrast, some reports showed that deficiency of TXNIP
or its upstream regulator MondoA accelerated cellular
senescence (52, 64), while age-related upregulation of
TXNIP and its contribution to diseases have been well
described (59, 65, 66). It remains to be investigated how
TXNIP upregulation contributes to the induction of cellular
senescence and the establishment of unique characteristics
of senescent cells.

Finally, we found that senescent cells highly expressing
TXNIP and/or ARRDC4 exhibited a more inflammatory
phenotype in a heterogeneous population of senescent cell
in vitro and in vivo (Fig. 4). The acidic intracellular envi-
ronment in senescent cells is due to lysosomal proton
leakage induced by accumulation of protein aggregates
(14). Lysosomal dysfunction is also observed in age-related
immune activation inflammaging (67) and various age-
associated diseases including non-alcoholic fatty liver dis-
ease (68) and Alzheimer’s disease (69). These lines of pre-
vious work suggest that age-related accumulation of senes-
cent cells with dysfunctional lysosomes and acidic intracel-
lular environment may contribute to chronic inflammation
and disease progression. The senescent cells with intracel-
lular acidification may be an attractive therapeutic target for
age-associated physiological dysfunctions, e.g. by a TXNIP
expression inhibitor SRI-37330 (70).

Materials and Methods

Cells and treatments

The primary MEFs is prepared as described in (71) with
minor modifications. Briefly, mouse embryos at E12–
14 were isolated, and differentiated parts were manually
removed. The remaining fragments were digested in the
0.25% trypsin solution for 30 min at 37 ◦C after overnight
incubation at 4 ◦C. The digested fragments were triturated
with 10 mL pipette in the normal culture media [Dulbecco’s
Modified Eagle Medium (DMEM, high glucose, Nacalai
Tesque) with 10% Fetal Bovine Serum (FBS, Sigma) and
1× penicillin/streptomycin/amphotericin B (PSA, Nacalai
Tesque)]. Early passage hHCA2 (28), and MEFs were
maintained in the normal culture media at 37 ◦C under
5% CO2. hHCA2 cells were maintained with normoxia,
but MEFs were maintained with 3–5% O2 condition.

Nutlin3a-induced senescent cells (n-Sen) were prepared
as described in our previous work (14) with minor modifi-
cation. Cells were synchronized at G2 phase by treatment
with 9 mM of RO3306 (Roche) for 16–20 h, treated with
9 mM of RO3306 and 5 mM of nutlin3a (Sigma-Aldrich)
for 8 h and then with 5 mM of nutlin3a for 48 h. After
induction of cellular senescence, cells were maintained
in 100 nM of BI-2536-containing media for 14 days to
eliminate residual-proliferating cells.

For pH-adjusted experiments, CO2 Independent Media
(Gibco) with 1× GlutaMAX (Gibco) were used unless
otherwise described. pH was adjusted to acidic (6.5) or
alkali (8.5) by NaOH and HCl. Cells in culture dishes were

cultured in pH-adjusted media for 24 h in a 37 ◦C incubator
under atmospheric conditions before sampling. Neutral-
ization of intracellular pH was measured using pHrodo
Red AM (Thermo) under the 24-h treatment of BPTES
(Selleck) and decylubiquinone (Cayman), as described pre-
viously (14).

For glucose metabolism-related experiments, culture
media were replaced to DMEM (low glucose, Nacalai
Tesque) with 10% FBS and 1× PSA, or 2-DG (5 mM, TCI
chemicals) was added 24 h before sampling.

LLOMe (500 μM, Sigma) was added 24 h before sam-
pling.

RNA extraction and qPCR

Total RNA from cultured cells was extracted using TRI-
zol (Thermo Fisher) and purified using RNeasy Mini kit
(QIAGEN) according to the manufacturer’s instructions.
For qPCR analysis, concentration-adjusted RNA samples
were reverse-transcribed with ReverTra Ace qPCR RT
Master Mix (TOYOBO). Real-time PCR amplifications
were performed with THUNDERBIRD® SYBR® qPCR
Master Mix (TOYOBO) and monitored with StepOnePlus
(Applied Biosystems). The relative expression of each gene
was determined by normalization to beta-actin expression
for each sample. All the primers used in this study are
shown in Supplementary Table S1.

RNA-seq and data processing

Proliferating MEFs, n-Sen MEFs and n-Sen MEFs under
pH 7.4/8.5 media (HEPES-buffered normal culture media)
were used for transcriptomic analysis. Sequencing of
extracted RNA samples was performed at Novogene inc.
(China). Briefly, PolyA-tailed mRNAs were isolated, and
strand-specific RNA-seq libraries were prepared. Sequenc-
ing of 150-bp paired-end reads was performed on the
NovaSeq 6000 Sequencing System (Illumina). Sequenced
reads were quality-controlled using fastp (v0.23.2) and
aligned to mouse 10 mm genome using HISAT2 (v2.1.0).
TPM values were calculated with TPMcalculator (v0.0.4),
using aligned bam files and a reference gene annotation
file (Ensembl 95). Read counts for each gene features
were calculated using featureCounts function in subread
package (v2.0.2) and used for differential gene expression
analysis using DESeq2 (v1.34.0). Genes with |log2FC| > 2
in senescence-associated changes and |log2FC| > 0.5 in
alkali-associated changes were used to extract ‘rejuvenated
genes’ in response to alkali stimulation (Fig. 2G and H).
GO analysis was performed using ShinyGO (v0.77).

Measurement of PDH activity

PDH activity was determined using PDH Enzyme Activity
Microplate Assay Kit (abcam, ab109902) according to
the manufacturer’s instructions. Cell lysates were prepared
from 1 × 107 cells and adjusted to 150 mg/ml. The rela-
tive activities were determined based on OD450 values at
30 min after the reaction initiation.

Immunoblotting analyses

Immunoblotting was performed, as described previously
(14). Cells were lysed in TBSN buffer (20 mM Tris–
HCl (pH 8.0), 150 mM NaCl, 0.5% NP-40, 5 mM EGTA,
1.5 mM EDTA and 0.5 mM Na3VO4). The resulting lysates
were clarified by centrifugation at 15,000× g for 20 min
at 4 ◦C before immunoprecipitation with the specified
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antibody. For whole lysates, cells or tissues were directly
lysed with Laemmli buffer (2% SDS, 10% glycerol, 5% 2-
mercaptoethanol, 0.002% bromophenol blue and 62.5 mM
Tris–HCl at pH 6.8). The whole lysates (20–50 μg)
were separated by SDS-PAGE, transferred to a PVDF
(Immobilon-P; Millipore) membrane and then subjected
to immunoblotting with the indicated antibodies using
the ECL detection system. Antibodies used in this study
were follows: anti-PDK1 (CST, 3062), anti-PDK4 (abcam,
ab110336), anti-P-PDHA1 (abcam, ab177461) and anti-
PDHA1 (abcam, ab168379).

Data processing of publicly available bulk RNA-seq and
scRNA-seq data

The bulk RNA-seq datasets of acid-stimulated human cell
lines (GSE220788), n-Sen MPFs (GSE198397), replicative
senescent HFF and WI-38 (GSE63577) and damage-
induced senescent WI-38 and IMR90 (GSE130727)
were obtained from the Gene Expression Omnibus
(GEO). Downloaded raw fastq files were processed as
described above. The raw matrix files of the single-cell
RNA-seq dataset of replication-induced and etoposide-
induced WI-38 cells (GSE226225) were obtained from
GEO and processed with Seurat (v4.3.0) package in
R. Cells with the following criteria were extracted
(nFeature_RNA > 3000 & nFeature_RNA < 10,000 &
percent.mt < 5 & nCount_RNA < 100,000). Expression
levels of each gene were calculated by log-transformation
(scale.factor = 10,000) and scaling. TXNIP/ARRDC4high

cells were determined as follows: TXNIP > 0.25 and
ARRDC4 > 0.15 for the etoposide-induced senescent cells,
and TXNIP > 0.15 and ARRDC4 > 0.1 for the replicative
senescent cells (Fig. 4A). These thresholds were calculated
from the position of the neck of the violin plots. For
the single-cell RNA-seq dataset of p16high cells in vivo
(GSE155182), processed and quality-controlled data were
obtained from GEO, and data of FACSorted tdTomato+
proximal tubule cells were extracted. Txniphigh cells were
determined as Txnip > 0, and Arrdc4 was not used because
the dataset failed to detect its expression. For the Tabula
Muris Senis dataset, processed and quality-controlled data
were obtained from the website.

Differential gene expression analysis was performed
by FindMarkers function in Seurat, and genes that were
expressed in less than 0.1% of cell populations were
removed from the results. GSEA analysis was performed
by fgsea package (v1.20.0) in R, using ‘Hallmark’ gene sets
obtained from MsigDB using msigdbr package (v7.5.1).

Supplementary data

Supplementary data are available at JB Online.
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