Received: 17 April 2024 | Accepted: 2 May 2024

DOI: 10.1111/acel.14206

RESEARCH ARTICLE

Aging WILEY

Accumulation of senescent cells in the adrenal gland induces
hypersecretion of corticosterone via IL1f secretion

Noriyuki Okudairal | Mi-Ho Akimoto! | Takao Susa® | Miho Akimoto!® |
Harumi Hisakil | Masayoshi lizuka'?> | Hiroko Okinaga® | Julio A. Almunia* |
Noboru Ogiso® | Tomoki Okazaki® | Mimi Tamamori-Adachi’

1Department of Biochemistry, Teikyo
University School of Medicine, Tokyo,
Japan

?Medical Education Centre, Teikyo
University School of Medicine, Tokyo,
Japan

3Department of Internal Medicine, Teikyo
University School of Medicine, Tokyo,
Japan

4Department of Laboratory of
Experimental Animals, National Center for
Geriatrics and Gerontology (NCGG), Obu,
Aichi, Japan

Correspondence

Mimi Tamamori-Adachi, Department of
Biochemistry, Teikyo University School of
Medicine 2-11-1, Kaga, Itabashi-ku, Tokyo,
173-8605, Japan.

Email: madachi@med.teikyo-u.ac.jp

Funding information

JSPS KAKENHI Grant Numbers, Grant/
Award Number: 17K09891, 19K11651,
20K05943, 22K11788 and 23K10926

Abstract

Aging progresses through the interaction of metabolic processes, including changes
in the immune and endocrine systems. Glucocorticoids (GCs), which are regulated
by the hypothalamic-pituitary-adrenal (HPA) axis, play an important role in regulat-
ing metabolism and immune responses. However, the age-related changes in the
secretion mechanisms of GCs remain elusive. Here, we found that corticosterone
(CORT) secretion follows a circadian rhythm in young mice, whereas it oversecreted
throughout the day in aged mice >18 months old, resulting in the disappearance of
diurnal variation. Furthermore, senescent cells progressively accumulated in the zF
of the adrenal gland as mice aged beyond 18 months. This accumulation was accom-
panied by an increase in the number of Ad4BP/SF1 (SF1), a key transcription factor,
strongly expressing cells (SF1-high positive: HP). Removal of senescent cells with se-
nolytics, dasatinib, and quercetin resulted in the reduction of the number of SF1-HP
cells and recovery of CORT diurnal oscillation in 24-month-old mice. Similarly, ad-
ministration of a neutralizing antibody against IL1B, which was found to be strongly
expressed in the adrenocortical cells of the zF, resulted in a marked decrease in
SF1-HP cells and restoration of the CORT circadian rhythm. Our findings suggest
that the disappearance of CORT diurnal oscillation is a characteristic of aging in-
dividuals and is caused by the secretion of IL1p, one of the SASPs, from senescent
cells that accumulate in the zF of the adrenal cortex. These findings provide a novel
insight into aging. Age-related hypersecretory GCs could be a potential therapeutic

target for aging-related diseases.
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1 | INTRODUCTION

Aging is a major risk factor for dysfunction and disease development
in humans. Recent advances in aging research have identified the
p53-p21WAFL/CIPL) 41 p16/"49 (p16) retinoblastoma protein (pRB)
pathways as important pathways involved in senescence induction
(Beauséjour et al., 2003); (Sharpless & DePinho, 2005). As for the
causes of cellular senescence in humans, telomere length shorten-
ing, oncogene activation, and oxidative stress are induced by a num-
ber of physiological and pathological factors (Herbig & Sedivy, 2006)
(Jeyapalan & Sedivy, 2008). Moreover, senescent cells secrete in-
flammatory cytokines, chemokines, and growth factors, which is
known as the senescence-associated secretory phenotype (SASP)
(Rodier & Campisi, 2011). In recent years, the activation of long non-
coding RNAs and transposons has been associated with aging, and
antiaging drugs targeted to these are being researched (Akimoto
et al.,, 2022); (De Cecco et al,, 2019); (Lozano-Vidal et al., 2019);
(Okudaira et al., 2022). Previously, in mice monitored for p16 expres-
sion, the accumulation of senescent cells resulted in tissue damage
and senile disease (Yamakoshi et al., 2009). To determine the role of
senescence in aging-related diseases, the INK-ATTAC mouse model
was established in which plé-expressing senescent cells could
be eliminated (Baker et al., 2011). More recently, several senolyt-
ics, drugs that target cellular senescence, have been tested. These
studies have reported that the removal of senescent cells improved
functional impairment in individuals with aging. Therapeutics that
target senescent cells may prevent aging comorbidities by target-
ing a fundamental aging mechanism (Baker et al., 2016); (Johmura
et al., 2021); (Ogrodnik et al., 2019).

The adrenal gland is an endocrine hormone-producing organ es-
sential for homeostasis. The cortex of the adrenal gland is divided
into layers: the zona glomerulosa (zG), zona fasciculata (zF), and zona
reticularis (zR), each of which produces different steroid hormones
(Pignatti & Fltick, 2021). Glucocorticoid (GC), which is produced by
the zF of the adrenal gland, regulates metabolism, development, and
immune responses via the glucocorticoid receptor (GR). The adrenal
gland is a key component of the hypothalamus-pituitary-adrenal
(HPA) axis, which plays an important role in the adaptation of or-
ganisms to various stressors. Adrenocorticotropic hormone (ACTH)
binds to the melanocortin 2 receptor (MC2R), which is located in the
adrenal cortical fasciculate layer, another core player of the HPA axis.
It activates adenylyl cyclase, resulting in cAMP production followed
by PKA activation. Subsequent activation of specific transcription
factors, such as Ad4BP/SF1 (SF1), promotes the expression of fac-
tors in the adrenocortical steroidogenic pathway, steroidogenic
acute regulatory protein (StAR), cytochrome P450c11 (encoded
by CYP11A1), and cytochrome P45011B1 (encoded by CYP11B1)
at the transcriptional level, resulting in GC production (Schimmer
et al., 2011); (Shih et al., 2008); (Suda et al., 2011). SF1 is a nuclear
receptor transcription factor essential for adrenal function and for-
mation and is involved in steroid hormone production. SF1-binding
regions have been identified in the promoters of StAR, CYP11A1,
and CYP11B1 (Honda et al., 1993); (Morohashi et al., 1993). The GC

precursor cholesterol cannot permeate the mitochondrial mem-
brane and requires StAR to be transported from the cytosol into
the mitochondria. CYP11A1 and CYP11B1 are enzymes required for
the conversion of cholesterol to GC (Harvey, 2016). GC is a diurnally
varying hormone that plays an important role in homeostatic mecha-
nisms such as sleep as well as in gluconeogenesis, anti-inflammation
(Ikeda et al., 2013), cortical plasticity (Dufour et al., 2022), anxiety-
like behavior (Panagiotidou et al., 2014), the diurnal rhythm of neural
stem/precursor cells (Schouten et al., 2020), and proliferation in the
dentate gyrus (Schouten et al., 2020).

Previous reports showed that human plasma GC increases with
age (Van Cauter et al., 2000) and that the diurnal rhythm is irreg-
ular (Ferrari et al., 2008); (Yiallouris et al., 2019). The plasma level
of mouse corticosterone (CORT), a hormone equivalent to human
GC and whose diurnal rhythm allows young mice to adapt to stress-
ful environments (Gong et al., 2015); (Son et al., 2008), has also
been reported to increase with age (Ferrari et al., 2008); (Schouten
et al., 2020). We previously reported that a human adrenal-derived
cell line (H295R) with DNA damage exhibits enhanced GC produc-
tion mediated by GADD45A, which is a stress factor that induces
cellular senescence (Tamamori-Adachi et al., 2018). When the reg-
ulation of GC secretion is disrupted, the body is unable to respond
to stress (Lightman et al., 2020). Excess plasma GC results in the
development of diseases, such as osteoporosis, type Il diabetes
mellitus, hyperlipidemia, and immune system disorders, which are
also diseases that are more prevalent with age. In fact, GC has been
reported to be implicated in the cause of aging, resulting from re-
active oxygen species production, mitochondrial dysfunction, and
endoplasmic reticulum stress (Chrousos, 1995); (Gassen et al., 2017);
(Sapolsky et al., 2000). However, limited evidence suggests that
there is an age-related GC production mechanism that affects aging
itself and the development of age-related diseases. This study aimed
to compare CORT production between young and old mice and an-
alyze the molecular and cellular mechanisms of age-related changes
in the regulation of GC secretion in the adrenal gland.

2 | RESULTS

2.1 | GCis highly secreted throughout the day in
older male mice, resulting in diurnal variation loss

To confirm the diurnal rhythm of CORT, plasma samples were col-
lected every 6h (ZTO, 6, 12, 18; 08:00, 14:00, 20:00, 2:00, lights
on: ZTO, lights off: ZT12) from 6-month-old (young mice: YM) and
24-month-old (older mice: OM) mice. CORT concentrations were
measured in plasma samples using enzyme-linked immunosorbent
assay (ELISA; Figure 1a). Male YM exhibited a diurnal rhythm, with
a bottom value of <10ng/mL at ZTO and a peak value at ZT12.
For OM, higher values than the YM peak were obtained at all time
points (Figure 1a). By contrast, in female mice, lowest and high-
est CORT concentrations were measured at ZTO and ZT12, re-
spectively, not only in YM, but also in OM, indicating that diurnal
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FIGURE 1 Corticosterone synthesis increases throughout the day with age with disappearance of diurnal variation in male mice. (a)
Comparison of CORT levels in mouse plasma samples collected every 6h (ZTO, 6, 12, 18; 08:00, 14:00, 20:00, 2:00, lights on: ZTO, lights

off: ZT12) in 6-month-old mice (YM) and 24-month-old mice (OM) in the diurnal rhythm. (b) CORT production increased at ZTO and ZT12

in mice as aging progressed. CORT levels were measured in plasma samples using ELISA. (c) The difference between ZTO and ZT12 CORT
levels in the same individual was quantified. For the 6 M sample (YM), n=26. For the 24 M sample (OM), n=11. (d) Comparison of ACTH
concentrations between YM and OM at ZTO and ZT12. ACTH levels were measured in plasma samples using ELISA. (e) Analysis of the mRNA
expression of genes encoding steroid-producing enzymes in YM and OM at ZTO and ZT12. All data are presented as relative values and were
normalized to the expression of TATA-binding protein (TBP). (f) Immunofluorescent images of SF1 and StAR using a confocal laser scanning
microscope in the adrenal gland in YM and OM at ZTO and ZT12, respectively. Scale bar (solid line)=50um. zF, zona fasciculata; zG, zona
glomerulosa. (g and h) The percentage of SF1-HP and StAR-positive cells was quantified in YM and OM at ZTO and ZT12. (i) The percentage
of SF1-HP positive cells among StAR-positive cells in zF was quantified in YM and OM at ZTO and ZT12. SF1-HP; SF1-high positive cells.
Data are shown as the mean+ SD. Asterisks indicate statistical significance (*p <0.05, **p <0.001, ***p <0.0001, ns; not significant). The
guantitative results of immunostaining are summarized in Table S1.

variation was maintained in OM (Figure S1). Therefore, we fo- (18 M) and 24-month (24 M)-old mice in an age-dependent man-
ner compared with 6-month (6 M) and 12-month (12 M)-old mice
(Figure 1b). CORT PM (ZT12) levels were stable at 6M and 12M

cused on changes in CORT concentrations in male mice with aging.
CORT AM (ZTO) levels were significantly increased in 18-month
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and were upregulated at 18 M and 24 M. The differences between
ZT0 and ZT12 CORT concentrations for each individual as diurnal

amplitudes were determined, and a significant reduction was ob-

served in OM compared with YM (Figure 1c). Since GC secretion
is known to be mainly regulated by the HPA axis (Harvey, 2016),
we assayed ACTH, which is upstream of CORT in the HPA axis, to
investigate the involvement of the HPA axis in CORT hypersecre-
tionin ZTO. As shown in Figure 1d, the mean plasma ACTH level in
YM was only slightly higher at ZT12 than at ZTO, whereas in OM,
it was similar at ZTO and ZT12 and was the same as that at ZTO
in YM. Taken together, these findings indicate that the increase
in ZTO CORT levels in OM was not accompanied by an increase
in ACTH levels, suggesting that it is independent of the HPA axis.

CORT is produced in the zona fasciculata (zF) of the adrenal
gland (Pignatti & Flick, 2021). To analyze expression of aging
and senescence, and steroid-producing gene groups, the zF re-
gions of the adrenal gland, which are CORT-producing tissues,
were isolated using laser microdissection (LMD), followed by RNA
extraction. Sampling times were the ZTO (morning) and ZT12
(evening) points in YM and OM to determine the mechanism un-
derlying the increase in CORT production in OM. The mRNA ex-
pression of SF1, a master transcription factor that regulates the
expression of almost all genes involved in steroid hormone syn-
thesis, was increased 2.1-fold in OM (ZT0) compared with YM
(ZTO) (Figure 1e). Furthermore, the mRNA expression levels of
StAR, CYP11A1, and CYP11B1 were increased more than twofold
in OM (ZT0) compared with YM (ZT0) (Figure 1e). Immunostaining
of the adrenal glands was performed using SF1 and StAR antibod-
ies (Figure 1f, Figure S2a). SF1 was expressed in both zG and zF
of the adrenal gland, whereas StAR was strongly expressed in zF
(Figure 1f). The percentages of SF1-highly positive cells were ap-
proximately 10% (ZTO and ZT12, YM), and around 60% (ZTO and
ZT12, OM), which indicate an approximate 6-fold increase in zF
of OM (Figure 1g). The criterion for SF1-highly positive (HP) cells
was determined as cells with intensity greater than “9” as shown
in Figure S2b, while the intensity of most cells in the young mice
was less than nine. The percentages of StAR-positive cells were
approximately 4.5% (YM ZTO0), 13% (YM ZT12), and 80% (ZTO and
ZT12, OM) (Figure 1h). Thus, the rate of StAR-positive cells was

significantly higher at ZT12 than at ZTO in YM, which was con-
sistent with the mRNA expression results. Furthermore, at ZTO,
the number of these cells was about 17-fold larger in OM than in
YM. The percentage of cells expressing both high-level-SF1 and
StAR was less than 10% (ZTO and ZT12, YM), and more than 45%
(ZTO and ZT12, OM) (Figure 1i). These results suggest that the
age-dependent increase in plasma CORT levels at ZTO correlates

with the upregulation of SF1 and StAR expression.

2.2 | Senescent cells progressively accumulate
in the adrenal glands with aging

To determine whether adrenal glands also exhibited the aging
phenotype in OM, we evaluated the characteristics of senescent
cells. Quantification of p16 mMRNA expression in the zF of adrenal
gland showed an increase in OM (Figure 2a). Hematoxylin-eosin
(H&E) staining of YM and OM adrenal glands revealed that the zF
cells were aligned in YM, whereas cell alignment was disrupted in
OM (Figure 2b). Quantitative analysis of cell size indicated that
the cells were significantly larger in OM than in YM (Figure 2c).
H&E staining of female adrenal tissue was also similar to that of
males (Figure S3). To further confirm whether senescent cells ac-
cumulated in the adrenal glands in OM, immunofluorescence of
the cellular senescence markers p16 and yH2AX was performed.
As shown in Figure 2d,e, the percentage of p16 positive cells in
zF was very low in 6 M-old mice, increased modestly in 18 M, and
increased markedly to 80% in 24 M. The percentage of yH2AX-
positive cells was also very similar to that of p16 (Figure 2d,e,
Figure S4a,b). In addition, we assessed the expression of 53BP1
and B-galactosidase as other senescence markers. The percent-
age of cells positive for 53BP1 increased by approximately 14-
fold (53BP1:5.0% in YM and 68% in OM) and the positive area
for p-galactosidase was approximately 2% in YM and 50% in OM
(Figure 2f,g). The results indicate strong expression of senescence
markers in the zF regions, thus confirming the accumulation of
senescent cells in the zF of adrenal glands of OM. Because SF1
is a master regulator of adrenal gland development and steroid

hormone production, SF1-HP cells are considered to be CORT

FIGURE 2 Accumulation of cells expressing senescence markers in the zF layers of adrenal glands of old mice. (a) Analysis of mRNA
expression of the p16 senescence marker in YM and OM at ZTO and ZT12. Data are presented as relative values and were normalized

to TBP. (b) Tissue sections prepared from YM and OM adrenal glands were stained with hematoxylin-eosin (H&E) for histological
evaluation and assessed via light microscopy. (c) The size of cells in the H&E-stained adrenal glands was quantified in YM and OM. (d)
Immunofluorescent images of p16 and yH2AX in the adrenal gland at 6, 18, and 24 M. Each section was stained with an anti-p16 and yH2AX
antibody and observed using a confocal laser scanning microscope. (e) The number of p16- and YH2AX-positive cells in zF was quantified.
(f) Immunofluorescent images of 53BP1 and p-galactosidase (pgal) in the adrenal gland of YM and OM. Each section was stained with an
anti-53BP1 antibody and for p-galactosidase activity using the X-gal substrate and observed using a confocal laser scanning microscope or
a light microscope, respectively. (g) Quantification of 53BP1- and pgal-positive cells. (h) Immunofluorescent images of p16 and SF1 using

a confocal laser scanning microscope in the adrenal gland of YM and OM at ZTO and ZT12. (i) The percentage of p16- and SF1-HP cells

in zF was determined in YM and OM at ZTO and ZT12. Scale bar (solid line)=50pum. zF, zona fasciculata; zG, zona glomerulosa. Data are
shown as the mean+SD. Asterisks indicate statistical significance (**p <0.001, ***p <0.0001, ns; not significant). The quantitative results of

immunostaining are summarized in Table S1.
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along with the removal of senescent cells in the
adrenal gland

Senolytic drugs improve CORT levels

To determine whether senescent cells are involved in CORT overpro-
duction, we administered dasatinib (D) and quercetin (Q)—senolytic
drugs known to remove senescent cells (Farr et al., 2017)—to OM and
analyzed CORT levels,senescencemarkers,andsteroid-relatedfactors.
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FIGURE 3 Senolytic drugs suppress the production of CORT and the expression of SF1 at ZTO in old mice. (a) Schedule of DQ
administration experiments. (b) CORT levels at ZTO of YM and OM treated with senolytic drugs were determined (C: control, DQ: senolysis).
(c) The amplitude of ZTO and ZT12 in CORT was recovered by the senolytic drug treatment of OM. The difference between ZTO and ZT12
CORT levels in the same individual was quantified. For the control sample (C), n=3. For senolytic sample (DQ), n=6. (d) Comparison of
ACTH concentrations between control (C) and senolytic (DQ) treatment of OM. (e) Analysis of the mMRNA expression of genes encoding
senescence markers and steroid-producing enzymes in YM and DQ-treated mice. All data are presented as relative values and were
normalized to TBP. (f and i) Immunofluorescent images of p16, SF1, and StAR in the adrenal gland of DQ-treated mice. Each section was
stained with an anti-p16, SF1, and StAR antibody and observed using a confocal laser scanning microscope. Scale bar (solid line)=50pm.

zF, zona fasciculata; zG, zona glomerulosa. (C: control, DQ: senolysis). (g, h, and j) The number of p16-, SF1-, StAR-positive cells in zF was
quantified. SF1-HP; SF1-high positive cells. Data are shown as the mean +SD. Asterisks indicate statistical significance (*p <0.05, **p <0.001,
***p <0.0001, ns; not significant). The quantitative results of immunostaining are summarized in Table S1.
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yH2AX, or 53BP1 was significantly reduced by DQ, respectively, as
evidenced by the staining area of p-galactosidase (Figure S5b). The
liver and adrenal gland results confirmed that DQ treatment elimi-
nates senescent cells. Next, we determined whether DQ suppresses
the increase in blood CORT levels at ZTO in OM. The results indi-
cated that CORT levels at ZTO improved in the OM of the DQ group
but not at ZT12 (Figure 3b). Calculation of the individual amplitude of
CORT between ZTO and ZT12 indicated that the DQ-treated group
significantly recovered (Figure 3c). In contrast, there were no differ-
ences in plasma ACTH concentrations at ZTO between the control
and DQ groups (Figure 3d). We measured the expression levels of
aging-related and steroid-producing genes at ZTO. The expression of
p16, SF1, and CYP11B1 was significantly decreased in the DQ-treated
group (Figure 3e). StAR and CYP11A1 expression was downregulated
by DQ but not significantly (StAR and CYP11A1; OM control vs. OM
DQ, p=0.158, p=0.599, respectively). Inmunostaining analysis using
samples at ZTO revealed that the number of SF1-HP cells was sig-
nificantly decreased by DQ treatment as well as plé-positive cells
(Figure 3f-h, Figure S5c). Further analysis of StAR by double-staining
with SF1 revealed that DQ treatment significantly reduced StAR ex-
pression to almost basal levels (Figure 3i,j, Figure S5d); however, this
result was not consistent with the results of gene expression analysis
using RT-gPCR (Figure 3e,i,j), which indicates that StAR may be regu-
lated not only by transcription but also through post-transcriptional
mechanisms. These results indicate that senolytic drugs eliminate se-
nescent cells in the zF and improve the level and diurnal oscillations
of CORT accompanied by decreased expression of steroid-producing
factors. Excess secretion of CORT in OM may result from an increase
in senescent cells in the zF region of the adrenal gland.

2.4 | IL1p expression is increased in aged adrenals,
but not accompanied by increased macrophage
infiltration

The results thus far indicate that accumulation of senescent cells is
involved in the oversecretion of CORT. Therefore, we investigated
if SASP is involved in CORT overproduction in adrenocortical se-
nescent cells. mRNA levels of many SASP factors increased in the
kidneys of OM, whereas only IL1 was upregulated in the adrenal
cortex (Figure 4a). Therefore, we focused on IL1f and found that
approximately half of the cells expressing low (as shown by arrows
in Figure 4b) and high (as shown by arrowheads in Figure 4b) lev-
els of SF1 in the adrenal zF, that is, adrenocortical cells, exhibited
strong immunostaining for IL1p in OM, whereas few cells displayed
this staining in YM (Figure 4b,c). In both IL1B-positive and -negative
cells, approximately 60% of the cells were SF1-HP cells (Figure 4c).
In DQ-treated mice, we observed a few IL1p-positive cells as well as
SF1-HP cells (Figure 4d,e), and mRNA levels tended to be suppressed
by DQ treatment (Figure 4f). Next, we investigated macrophage
infiltration. mMRNA levels of macrophage markers, namely, MRC1,
CD68, TREM2, CSF1, F4/80,and CD11b, did not increase in the OM or
DQ group compared with those in YM (Figure 4g). Immunostaining
of Ibal in adrenal zFs showed no increase in the OM and DQ groups

Aging

(Figure 4h,i). The level of IL1p in mouse plasma from YM, OM, and
DQ groups was not significantly different (Figure 4j). The data sug-
gest that IL1pB secreted from senescent adrenocortical cells in the zF
may affect neighboring cells in an autocrine and paracrine manner,

potentially promoting excessive CORT secretion in aged mice.

2.5 | Neutralization antibodies for IL1p inhibit
accumulation of senescent cells in aged adrenal
gland and CORT overproduction

To clarify the involvement of IL1p in excess CORT secretion in the
OM group, mice were treated with IL1p antibodies to suppress the
effects of IL1B. The experimental schedule is shown in Figure 5a.
Plasma IL1f levels were completely suppressed in mice treated with
IL1p antibodies (Figure Séa). Measurement of mouse plasma CORT
levels at ZTO revealed significant suppression in the IL1p-treated
group compared with the control group (Figure 5b). Immunostaining
of the adrenal glands showed a decrease in p16-, SF1-HP, and StAR-
positive cells (Figure 5c-g) but no change in yH2AX-positive cells
(Figure Séb,c). Ibal staining revealed no change in macrophage infil-
tration in the IL1p-treated group (Figure 5h,i).

As shown in Figure 5j, the IL1p antibody-treated group exhibited
a tendency toward decreased expression of IL1p-positive cells com-
pared with the control 1gG group (IgG 49% vs. IL1p 21%, p=0.072),
although this difference was not significant (Figure 5k). In contrast,
a significant decrease was observed in the number of SF1-HP cells
(1IgG 63% vs. IL1p 10%, p=0.0001; Figure 5I). Particularly in the
IL1p-negative cells, the reduction of the SF1-HP cells was highly sig-
nificant (p <0.0001; Figure 5m). These findings suggest that IL1p se-
creted from certain adrenocortical cells, potentially senescent cells,
may influence neighboring cells and activate steroidogenesis as part
of the SASP. Overall, these results indicate that IL1§ is not only in-
volved in the regulation of aging in the mouse adrenal gland but also
in the expression levels of SF1, that is, CORT production.

2.6 | Dexamethasone-induced aging in the mouse
adrenal gland

We have demonstrated that the diurnal variation in CORT con-
centration diminishes with aging, with levels remaining elevated
throughout the day (Figure 1a,b). To investigate whether chronic
administration of dexamethasone (Dex), a steroidal agent similar to
corticosterone, can induce aging, we administered Dex via drink-
ing water to 6-month-old mice, following the schedule outlined in
Figure 6a. We observed atrophy of adrenal zFs, with the rate of
pl6- or yH2AX-positive cells in atrophic zFs increasing to an extent
similar to that observed in aged mice (Figure 6b-d). Inmunostaining
of IL1B and Ibal in the adrenal glands of mice administered Dex
showed some cells expressing IL1p, albeit less strongly than their
expression in OM, accompanied by no increase in Ibal-positive cells
(Figure 6¢,f). In summary, chronic administration of GC induced at
least some phenotypes of aging.
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FIGURE 4 Expression of IL1p is induced in the aged adrenal zF, but without an increase in other SASPs or macrophage infiltration. (a)
The mRNA expression levels of SASP factors in the adrenal cortex and kidney of YM and OM are shown. Data are presented as relative
values and were normalized to TBP. (b, d, and h) Immunostaining of mice adrenal glands with IL1 (brown; b, d), SF1 (red; b, d), Ibal (brown;
h) in YM, OM, and DQ groups. h; nuclear stained (blue). Each section was stained with an anti-IL1p, -SF1, and Ibal antibodies and observed
using a light microscope. Scale bar (solid line)=50 um. zF, zona fasciculata; zG, zona glomerulosa. (C: control, DQ: senolysis). (b) a, b, and c are
enlarged views. Arrowheads indicate cells highly positive for SF1 (SF1-HP); arrows indicate SF1-negative cells. (c) Percentage of SF1-HP cells
among IL1B-positive and -negative cells in zF (Left panel). (c, e, and i) Percentage of positive cells for IL1B (C; right panel, €) and Iba1l (i) in zF.
(f and g) mRNA expression levels of IL15 and macrophage factors in the adrenal cortex in YM, OM, and DQ groups. IL1p data are presented
as relative values and normalized to both TBP and p2-microglobulin. (j) Measurements of IL1f levels in mouse plasma in YM, OM, and DQ
groups. Data are shown as the mean +SD. Asterisks indicate statistical significance (*p <0.05, **p <0.001, ***p <0.0001, ns; not significant).
The quantitative results of immunostaining are summarized in Table S1.
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FIGURE 5 Neutralizing antibodies against IL1p inhibit hypersecretion of CORT along with adrenal aging in mice. (a) Schedule of IL1p-
antibody administration experiments. Arrows indicate antibody administration. (b) CORT levels at ZTO treated with IgG and IL1p-antibodies
were determined. CORT levels were measured in plasma samples using ELISA. (c, d, h, and j) Immunofluorescence images of p16, SF1,
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IL1p antibodies and observed using confocal laser scanning microscopy and light microscopy. h indicates Ibal in brown and nuclear in blue.
jindicates IL1B in brown and SF1 in red. Scale bar (solid line)=50um. zF, zona fasciculata; zG, zona glomerulosa. (YM: young mice, IL13 and
1gG: antibody administered mice, OM: 24-month-old mice, 28 M: 28-month-old mice). (e-g, i, k, and I) Percentage of cells positive for p16,
SF1-HP, StAR, Ibal, and IL1B in zF. (m) The percentage of SF1-HP among IL1B-positive and IL1B-negative cells in zF was determined in I1gG
and IL1B-antibody. SF1-HP; SF1-high positive cells. Data are shown as the mean +SD. Asterisks indicate statistical significance (*p <0.05,
***p <0.0001, ns; not significant). The quantitative results of immunostaining are summarized in Table S1.
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guantitative results of immunostaining are summarized in Table S1.

2.7 | CORT-producing system differs in aged
female and male mice

In YM, females had diurnal rhythms at higher CORT concentrations
than males (Figure S1). In OM, CORT at ZTO was significantly lower

in females than in males, maintaining the diurnal rhythm (Figure 1a,

Figure S1; male vs. female, p=0.0009, Figure S7a). Thus, adrenal
cortexes obtained at ZTO were used to analyze differences in zFs
between males and females. Notably, SF1-HP cells were rarely ob-
served in OM (Figure S7b). A certain number of p16-, YH2AX, or
IL1B-positive cells were observed in OM (Figure S7b,c, Figure S8a-

c), although lower than the number observed in males, such cells
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were significantly reduced in the DQ group (Figure S9a-c). This in-
dicated the accumulation of senescent cells in the adrenal zF with
aging in females, albeit to a lesser extent than in males. The intensity
and number of IL1B-positive cells were also lower in females com-
pared to males of the same age and almost disappeared after DQ
administration (Figure S7c and S9d,e). Additionally, the percentage
of Ibal-stained cells significantly increased in females, reaching ap-
proximately 10% in OM, and decreased in the DQ group to a level
comparable to YM, whereas no such increase was observed in males
(Figure S7d). In summary, females exhibited less pronounced IL1p
expression and senescent cell accumulation than males. They also
differed from males in the absence of strong SF1 expression, CORT
hypersecretion, and in the presence of mild increase in macrophage

infiltrate.

3 | DISCUSSION

GC hypersecretion increases susceptibility to aging-related dis-
eases (Gassen et al., 2017). In this study, we found that while in YM,
CORT blood levels at ZTO and ZT12 represented the nadir and the
peak of circadian GC oscillations, respectively, they remained high
throughout the day in OM, resulting in the disappearance of the di-
urnal variation in male (Figure 1a and Figure S1). Concomitantly, the
adrenal glands accumulated senescent cells, and the administration
of senolytics, dasatinib (D), and quercetin (Q), suppressed increased-
CORT production at ZTO associated with aging, accompanied with
decreased senescent cells in adrenal zFs. We further found that
one of SASP factors, IL1f highly expressed in adrenocortical cells in
OM, and the inhibition of IL1p by administration of neutralizing an-
tibody against IL1p also decreased CORT production at ZTO in OM.
Collectively, these suggest that the increase in GC secretion in OM
is due to the secretion of IL1p from accumulated senescent adrenal
cells. This is the first report to demonstrate that senescent cells pro-
mote GC hypersecretion.

3.1 | Increased GC secretion and decreased diurnal
variation in OM

We examined blood levels of CORT in the morning (ZTO) at different
ages (in months) and found that the nadir level of CORT started to
increase at the age of 18 M and further increased to the same as the
peak time point of the day (ZT12) at 24 M in male mice (Figure 1b).
Yau et al. reported that nadir CORT levels significantly increased
in 18 M-20M mice compared with 4M-7M mice (Yau et al., 2001).
Because the increase in morning (ZTO) CORT in OM compared with
YM was larger than in evening (ZT12), the diurnal range of variation
disappeared. In humans, the level of cortisol, a main GC for human, in
the nocturnal nadir increased progressively with aging. Although the
diurnal rhythmicity of cortisol secretion was preserved in old age,
the relative amplitude was dampened (Ferrari et al., 2001); (Purnell
et al., 2004); (Van Cauter et al., 1996) (Van Cauter et al., 2000).
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These findings suggest that the persistence of high CORT levels

throughout the day and the decrease in diurnal variation are com-
mon features of aging in humans and mice. Based on our data, we
hypothesize that the elevation of the nadir CORT levels may be a
characteristic of the late-stage elderly.

3.2 | Age-related changes in adrenal glands

Previous reports have shown that excess GC secretion from human
cortisol-secreting tumors promotes cellular senescence in adrenal
glands (Pieroni et al., 2021). Increased expression of p21 has been
observed in tissue damaged by 30min of ischemia in the adrenal
glands of rats and humans following surgery (Didenko et al., 1996).
Telomere shortening is generally considered an aging-related phe-
nomenon, and a similar phenotype was observed with aging in
human male adrenal glands (Nonaka et al., 2020). Our study showing
the accumulation of senescent cells in the adrenal glands is the first
to observe adrenal aging at the molecular and cellular levels in natu-
rally aging mice. We observed an accumulation of cells in the adrenal
glands of OM with the previously known markers of senescent cells,
including p16, yH2AX, 53BP1, and p-galactosidase expression as
well as cell enlargement (Aguayo-Mazzucato et al., 2017); (De Cecco
etal, 2011) (He & Sharpless, 2017) (Kreiling et al., 2011). Analysis of
GC-producing tissues (zF) by age in months indicated that senescent
cells are observed from 18 M and approximately 80% of cells in the
zF at 24 M exhibited a senescent phenotype, indicating that senes-
cent cells accumulate with age. Morning GC secretion begins to rise
at the same monthly age as senescent cells begin to appear in the zF.
GC is further elevated with an increase in the number of senescent
cells, suggesting that senescence in the zF may be involved in morn-

ing nadir GC secretion.

3.3 | Improvement of GC production system
by senolytics

Senolysis induces selective cell death in senescent cells by exploiting
the differences in the biological characteristics between senescent
and normal cells. There are multiple mechanisms of senescence pro-
gression in vivo and treatment focuses on the phenomena that pro-
mote tissue aging. Dasatinib (D) and quercetin (Q), which represent
the first senolytic drugs that induce cell death in senescent cells,
were discovered because senescent cells are predisposed to apopto-
sis (Zhu et al., 2015). The administration of dasatinib (D) and querce-
tin (Q) to OM delays the onset of osteoporosis and other geriatric
diseases and extends longevity (Farr et al., 2017). The elimination
of senescent cells in genetically modified mice has many beneficial
effects and the development of senolytic drugs to induce senescent
cells to selective cell death is an active area of research. The number
of senescent cells that express p16, yH2AX, and 53BP1 as well as
the area of p-galactosidase staining was significantly reduced in the
adrenal zF of D- and Q-treated OM, indicating that senescent cells
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were removed. Concomitantly, CORT blood levels at ZTO were mark-

edly decreased to levels similar to that of YM, and the diurnal ampli-
tude of CORT was restored in the treated OM (Figure 3b). Similarly,
the expression of SF1 and CYP11B1, an enzyme that converts choles-
terol to CORT specifically expressed in the adrenal zF, were reduced
to YM levels (Figure 3e). Immunohistological analysis also indicated
markedly reduction of p16- and SF1-HP cells (Figure 3f-h). These
data provide further evidence that senescent cells are involved
in the overproduction of CORT at ZTO in OM. Notably, the thick-
ness of the adrenal zF does not thin and the number of cells does
not appear to decrease, even though senolytics remove senescent
cells, which constitute the majority in the OM adrenal zF. In the DQ
group, caspase9 mRNA levels were unchanged, TUNEL signal did not
increase, and Ki67 was unchanged, suggesting that neither cell death
nor proliferation was notably induced in adrenal zFs (Figure S10a-c).
Experiments with neutralizing antibodies for IL1p suggest that IL1p
promotes cellular senescence. In addition, Dex induced cellular se-
nescence, suggesting that GC is an SASP in adrenal zFs. Thus, we
hypothesized that the initial senescent cells induce surrounding cells
to enter a state of senescence via the secretion of IL1 and CORT.
It is presumed that DQ administration was initiated when senescent
cells were scarce, thereby preventing the subsequent emergence of
such cells. As a result, despite the removal of senescent cells, there
was no notable decrease in the cell numbers of the adrenal zF.

3.4 | Mechanisms of enhanced GC production
in the old adrenal gland

In this study, we found that the expression of IL1f, one of the main
SASPs, increased in adrenal zF cells in OM. In addition, inhibition
of IL1f by administration of a neutralizing antibody against IL13
ameliorated CORT hypersecretion. Histological analysis revealed
a reduction in senescent cells in the adrenal zFs following the
treatment. IL1B-induced cellular senescence in other cellular
systems (Shang et al., 2020), and our data suggest that in adrenal
tissue, aging adrenal cells secrete IL1# and promote senescence in
surrounding cells. Furthermore, treatment with an IL1f-neutralizing
antibody, despite the retention of some IL1B-positive or senescent
cells, led to a marked reduction in SF1-HP cells, suggesting that
secreted IL1p may contribute to the high expression of SF1 in the
adrenocortical cells of OM. This finding is supported by previous
studies demonstrating that IL1p promotes GC secretion in cultured
human H295R adrenocortical cells and rats (Tkachenko et al., 2011);
(Zieleniewski et al., 1995). Thus, we believe that IL1p acts directly on
adrenocortical cells and promotes strong expression of SF1, and the
subsequent secretion of CORT in OM. Possible origins of IL1p include
circulating plasma and infiltrating inflammatory cells, in addition to
local senescent adrenocortical cells in zFs. However, blood levels of
IL1B were not significantly elevated in aged individuals (Figure 4j). A
mild inflammatory cell infiltrate was observed in adrenal tissue, but

not significantly increased in GC-secreting zFs (Figure 4h,i). Thus,

it is possible that IL1p secreted by senescent adrenocortical cells
promotes GC secretion by affecting surrounding adrenocortical cells
in OM in an autocrine or paracrine manner. In summary, senescent
adrenal cells secrete IL1f, which affects surrounding cells, promotes
CORT secretion, and induces senescence.

3.5 | Another mechanism of morning (ZT0) GC
hypersecretion

We examined other processes in addition to SF1 as potential mech-
anisms of morning GC hypersecretion during aging. The steroid-
related factor StAR transfers cholesterol from the mitochondrial
inner membrane to the outer membrane (Son et al., 2008). The
mMmRNA expression of StAR in YM exhibited clear diurnal oscilla-
tion, whereas in OM, the ZTO nadir levels increased and the ZT12
peak levels decreased, resulting in the complete disappearance
of diurnal variation (Figure 1e). From the experiment showing the
removal of senescent cells by DQ administration, the nadir level
of StAR and CYP11A1 expression was decreased by D+Q treat-
ment, but a significant difference was not obtained (Figure 3e).
StAR and CYP11A1 are known to be regulated not only by SF1, but
also by the clock gene Bmal (Chen et al., 2013) (Son et al., 2008).
Therefore, we measured the expression of clock genes using the
same RNA samples as in Figure 1le. Clock and Bmal, as transcrip-
tion factors of the bHLH-PAS, play a central role in circadian clock
oscillations. Clock and Bmal form a heterodimer and bind to a DNA
cis sequence known as the E-box. The E-box-dependent transcrip-
tion mechanism of clock genes regulates the transcriptional activ-
ity of Period 2 (per2) and Cryptochrome 1 (CRY1). The expression
of Bmal, per2, Clock, and CRY1 was measured and diurnal variation,
which was calculated the differences between in ZTO and ZT12,
was reduced in OM compared with YM for all genes, suggesting
that clock gene expression may be affected by aging (Figure S11a).
In most tissues, including the adrenal glands, the number of
genes with diurnal variation in expression has been reported to
decrease with age, indicating weakened circadian control (Wolff
et al., 2023). Thus, we expected that rejuvenation through clear-
ance of senescent cells would improve clock gene oscillation.
However, contrary to expectations, when senescent cells were
removed, the mRNA level of the clock genes was not repressed
by DQ (Figure S11b). These results suggest that DQ does not re-
spond to the suprachiasmatic nucleus (SCN) or does not reach the
SCN through the blood-brain barrier. Therefore, the clock genes
are not affected, which indicates that StAR and CYP11A1 expres-
sion may not be sufficiently reduced. Thus, SFl-independent,
clock gene-dependent expression of StAR and CYP11A1 may be
involved, albeit partially, in morning CORT hypersecretion in OM.
Taken together, our results suggest that the main factor in aging-
related CORT hypersecretion is increased expression of SF1,
whereas SF1-independent StAR and CYP11A1 expression may
also be partially involved.
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3.6 | Dex promotes cellular senescence in the aged
adrenal cortex

In our study, chronic administration of Dex to YM resulted in the accu-
mulation of cells with increased expression of the senescence pheno-
types p16, and yH2AX (Figure 6b-f). GCs induced cellular senescence
in other cell types (Poulsen et al., 2014) (Wang et al., 2021) (Tong &
Chen, 2023). Consistently, our data indicate that GCs promote se-
nescence in adrenocortical zFs. Therefore, we speculate that when
even one senescent cell appears in the adrenal gland and GC secretion
increases, cellular senescence is induced in the neighboring cells, in-
creasing the number of senescent cells, that is, GC can be regarded as
an SASP in the adrenal cortex. These findings suggest that increased
GC secretion in the aging adrenal gland can further accelerate adre-
nal aging. However, questions regarding why the expression of an in-
flammatory SASP factor (IL1p) and macrophage infiltration are rarely
induced remain. This could be attributed to the expression of most in-
flammatory SASPs involving NF-kB activity (Liu et al., 2017), which is
inhibited by the GC-GR complex, leading to the suppression of SASPs
and inflammation. The lack of increase in inflammatory SASPs other
than IL1 in the adrenal cortex of aged mice is speculated to be due to
the excess secretion of GC. It is likely that GC overproduction locally
maintains low levels of SASP in the aged adrenal gland.

3.7 | Diurnal rhythm of CORT was maintained in
female OM

In this study, we show that the GC diurnal rhythm in males
disappears with aging, but is maintained in females. In female YM,
SF1 is strongly expressed at ZTO, whereas few cells in aged mice
strongly express SF1. Takahashi et al. showed that DHT suppresses
SF1 expression and CORT is lower in males than females, and
reported differences in the regulation of CORT production,
as well as regulation of SF1 expression, in males and females
(Takahashi et al., 2024). The low CORT at ZTO in older female
mice may be due in part to the expression of SF1. Compared to
male mice, there were fewer cellular senescence markers, p16-,
and yH2AX-, as well as IL1p-, positive cells, whereas the degree of
inflammatory cell infiltration was mildly but significantly increased
(Figure S7b-d). Recently, Warde et al., Wilmouth et al., and
Lyraki et al. reported that adrenal hyperplasia or tumorigenesis
occur in Wnt-activated mouse lines; however, males had a better
prognosis, because cellular senescence in tumors is induced
earlier in males than females, and tumor cells are eliminated by
infiltrating inflammatory cells (Warde, Smith, Liu, et al., 2023)
(Wilmouth Jr. et al., 2022) (Lyraki et al., 2023) (Warde, Smith, &
Basham, 2023). Our natural aging model aligns with these findings,
indicating the accumulation of fewer senescent cells in the zF of
females compared with males. Consequently, induction of IL1f
expression is weaker in females, preventing CORT hypersecretion.
Furthermore, the induction of inflammatory cell infiltration
is clearly observed in females (Figure S8d). This is likely due to
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the apparent lack of GC oversecretion. In summary, the limited
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accumulation of senescent cells may lead to inadequate induction
of IL1B expression, potentially inhibiting CORT production and
facilitating macrophage infiltration. However, the present study
fails to fully explain the evident sex difference observed. This
remains a subject for future investigation.

4 | CONCLUSION

The findings reveal that same amount of CORT is secreted as that
of the peak secretion time in old mice during the time of day when
CORT is minimally secreted in young mice, resulting in disappearance
of circadian rhythm. This is caused by a SASP, IL1, secreted from
senescent adrenocortical cells. In this study, no experiments on
primates or humans were conducted. Although these are limitations,
the study is significant because it clarified the underlying mechanism
of adrenal senescence. Future studies will analyze the effects on

aging and the development of aging-related diseases.

5 | METHODS

51 | Animals

This study was approved by the Teikyo University Central Laboratory
Animal Facility (approval 20-028). All experiments were conducted
in accordance with approved guidelines. Mice (C57BL/6J) and were
purchased from Charles River Laboratories and NCGG Aging Farm
(Aichi, Japan). The mice were maintained at 22°C+2°Con a 12:12-h
reverse light/dark cycle, with the dark period starting at 8 AM. Mice
were housed in ventilated cages and maintained within a pathogen-
free facility with free access to a certified diet (standard mouse
diet, CRF-1, Charles River) and water. C57BL/6J breeding colo-
nies were maintained to generate animals. We randomly assigned
20-month-old C57BL/6J mice to once-monthly treatments by oral
gavage of dasatinib and quercetin (D+Q) or vehicle for 4 months.
D and Q were diluted in 10% PEG400 and administered at doses
of 5 and 50mg/kg, respectively, in 100 uL of solution. Neutralizing
antibodies for IL1p were in vivo Mab anti-mouse/rat IL1$ (200 g per
mouse, BioXCell, BE0246) and in vivo Mab polyclonal Armenian ham-
ster 1gG (200 pug per mouse, BioXCell, BEO091) for controls, admin-
istered intraperitoneally twice weekly for 7weeks. Dexamethasone
loading tests were conducted using water-soluble dexamethasone
(Sigma, D2915), adjusted to 0.0028 mg/mL in water, provided ad li-
bitum for 8 weeks, followed by 0.0014 mg/mL dexamethasone for
1week. The mice were then returned to water for 2weeks.

5.2 | Tissue collection

Mice were sacrificed in the morning (ZTO0), daylight (ZTé), even-
ing (ZT12), and late-evening (ZT18). Body mass was recorded and
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blood was collected via the tail and abdominal veins at the time of

death and stored at -80°C. Blood sampling from the tail vein was
performed within 15-30s to reduce stress on the mice. The adre-
nal glands and liver were embedded in optimal cutting temperature
compounds and stored at -80°C.

5.3 | RNA extraction from adrenal cortex by laser
microdissection

Cryosections (30pum) were prepared and dehydrated in graded etha-
nol solutions (70% once, 1 min, 80% once, 1min, 90% twice, 1 min,
100% twice, 1 min). After air-drying for 5min, laser capture was per-
formed under direct microscopic visualization of the adrenal cortex
(only the zona fasciculata region, excluding the zona glomerulosa
of the adrenal cortex) areas by melting the selected regions onto a
thermoplastic film mounted on optically transparent laser capture
microdissection caps (LMDé, Leica). The LMDé System was set to
the following parameters: power: 60, aperture: 20, speed: 15, and
specimen balance: 10. The transfer film was examined under a micro-
scope to ensure complete cell lysis. Total RNA was extracted using
a phenol-chloroform-based method (RNA iso Plus, Takara Bio, Inc.)
and using the RNeasy Micro Kit (Qiagen) based on the manufacturer's
instructions with some minor modifications. To eliminate potential
genomic DNA contamination, RNA samples were treated with DNase
| (RNase-Free DNase Set, QIAGEN) at 25°C for 15 min.

5.4 | Analysis of gene expression by quantitative
RT-PCR (RT-qPCR)

First-strand cDNA was prepared using random hexamers and
synthesized from 100ng of total RNA. The PrimeScript™ RT
reagent kit (Takara Bio, Inc.) was used for reverse transcription.
Quantitative PCR was performed using the Thermal Cycler Dice®
Real Time System Il (Takara Bio Inc.) and the recommended cycling
parameters, which included 1pL cDNA diluted 3-fold with EASY
Dilution solution (Takara Bio Inc.) and TB Green® Premix Ex Taq
TMII (Takara Bio, Inc.). The data were normalized to the expression
of TATA-binding protein and 2 microglobulin. The primer sequences
for each gene are listed in Table S2.

5.5 | Analysis of corticosterone, ACTH, and IL1$
using ELISA

Corticosterone (ADI-900-097, Enzo Life Sciences), ACTH (ab263880,
abcam), and IL1p (KE10003, Proteintech Group, Inc.) levels were
measured by ELISA based on the manufacturer's instructions. The
optical density (OD) was read on an ELISA Multiscan Plus plate
reader at 405 or 450nm. Negative control values resulting from the
addition of mouse serum were subtracted from the sample OD val-
ues. Each measurement was performed in duplicate.

5.6 | Fluorescence immunostaining

Cryosections (10pum) were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 20min. The fixed sections were
permeabilized with 0.2% Triton X-100 in PBS for 20min. After treat-
ment with 0.1% Triton X-100in PBS and 5% bovine serum albumin (BSA),
0.2% goat serum, and 0.2% donkey serum for 1h, the sections were in-
cubated with primary antibody overnight at 4°C, as detailed in Table S3.
After incubation, secondary antibodies conjugated with Alexa 647 or
Cy-3 was added for 2h at 25°C as detailed in Table S3. Nuclei were
stained using Hoechst 33258 (Invitrogen). The slides were mounted
using Dako fluorescent mounting medium (Dako UK Ltd., Ely, UK) and
examined using a fluorescence microscope (BZ-X800, KEYENCE), ZEISS
LSM 880 confocal laser scanning microscope (ZEISS), and Nikon Alsi
confocal laser scanning microscope (Nikon, Tokyo, Japan). Nikon NIS-

Elements and Image J were used to quantify the signal.

5.7 | Senescence-associated p-galactosidase
(SA-p -gal) assay

SA-B-gal staining was performed for the mouse adrenal glands and
liver. Cryosections were fixed with 2% formaldehyde (Sigma-Aldrich)
in PBS for 5min. After washing with PBS three times, the samples
were incubated in SA-p-gal solution (pH 6.0) at 37°C for 16-18h. Ice-
cold PBS was used to stop the reaction. In blinded analyses, for each
sample, 10 images were acquired from random fields using fluores-
cence microscopy (BZ-X800, KEYENCE).

5.8 | Immunohistochemistry

Adrenal glands obtained from mice were fixed in 4% paraformalde-
hyde. Fixation was by immersion or perfusion. The fixed samples
were prepared by Genostaff Co., Ltd. (Tokyo, Japan) as paraffin
blocks and sections (6 pum). Sample sections were deparaffinized and
antigen-activated (70°C for 20 min) in citrate buffer (10mM; pH 6.0).
Endogenous enzymes were inactivated by BIOXALL (Vector) and re-
acted with primary antibodies. InmPACT Vector Red AP Substrate
kit and ImmPRESS HRP Horse Anti-Rabbit IgG PLUS Polymer Kit
were used for secondary antibodies and chromogenic substrates. In
blinded analyses, for each sample, 10 images were acquired from
random fields using bright-field microscopy (BZ-X800, KEYENCE).

5.9 | TUNEL and H&E staining

Adrenal glands obtained from mice were fixed in 4% paraformal-
dehyde. Histopathological analysis of the adrenal glands was per-
formed after H&E and TUNEL staining (Genostaff Co., Ltd., Tokyo,
Japan). TUNEL staining was performed using in situ Apoptosis
Detection Kit (Takara MK500). The area of the cells was measured
using the ImagelJ software.
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5.10 | Statistical analysis

Quantitative data are expressed as the meanz+standard error.
Statistical analysis was performed using Student's t-test or one-way
analysis of variance followed by a post hoc Turkey's test using the
GraphPad Prism 10 software.

AUTHOR CONTRIBUTIONS

N.O, T.S, M.A, H.H, J. A, Noboru. O, and M.T-A performed
experiments using mouse. N.O and Mi-Ho A performed RT-qPCR.
N.O performed immunohistochemistry. N.O and M.T-A were
involved in the preparation of the manuscript. M.l, H.O, and T.O
designed experiments. All authors read and approved the final

manuscript.

ACKNOWLEDGMENTS

We thank the staff of the Central Experiment Animal Center
(University of Teikyo) for their help with animal husbandry. We
thank Dr. Masafumi Saito for helpful scientific discussion, and Misato

Terahara and Miho Akaba for technical assistance.

FUNDING INFORMATION

This research was supported in part by the JSPS KAKENHI Grant
Numbers (No. 19K11651 and 22K11788 to M.T-A, No. 20K05943
and 23K10926 to N.O, and No. 17K09891 to T.O).

CONFLICT OF INTEREST STATEMENT
All authors declare that they have no competing interest for the

current work.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available from

the corresponding author upon reasonable request.

ORCID

Mimi Tamamori-Adachi "= https://orcid.org/0009-0000-6647-7328

REFERENCES

Aguayo-Mazzucato, C., van Haaren, M., Mruk, M., Lee, T. B., Jr., Crawford,
C., HollisterLock, J., Sullivan, B. A., Johnson, J. W., Ebrahimi, A.,
Dreyfuss, J. M., Van Deursen, J., Weir, G. C., & Bonner-Weir, S.
(2017). p cell aging markers have heterogeneous distribution and
are induced by insulin resistance. Cell Metabolism, 25(4), 898-910.
e895. https://doi.org/10.1016/j.cmet.2017.03.015

Akimoto, M., Susa, T., Okudaira, N., Hisaki, H., lizuka, M., Okinaga,
H., Okazaki, T., & Tamamori-Adachi, M. (2022). A novel LncRNA
PTH-AS upregulates interferon-related DNA damage resistance
signature genes and promotes metastasis in human breast cancer
xenografts. The Journal of Biological Chemistry, 298(7), 102065.
https://doi.org/10.1016/j.jbc.2022.102065

Baker, D. J., Childs, B. G., Durik, M., Wijers, M. E., Sieben, C. J., Zhong,
J., Saltness, R. A., Jeganathan, K. B., Verzosa, G. C., Pezeshki, A.,
Khazaie, K., Miller, J. D., & van Deursen, J. M. (2016). Naturally oc-
curring plé(Ink4a)-positive cells shorten healthy lifespan. Nature,
530(7589), 184-189. https://doi.org/10.1038/nature16932

Aging —WlLEY 150f 17

Baker, D. J., Wijshake, T., Tchkonia, T., LeBrasseur, N. K., Childs, B. G., van
de Sluis, B., Kirkland, J. L., & van Deursen, J. M. (2011). Clearance
of plélnk4a-positive senescent cells delays ageing-associated dis-
orders. Nature, 479(7372), 232-236. https://doi.org/10.1038/natur
e10600

Beauséjour, C. M., Krtolica, A., Galimi, F., Narita, M., Lowe, S. W., Yaswen,
P., & Campisi, J. (2003). Reversal of human cellular senescence:
Roles of the p53 and p16 pathways. The EMBO Journal, 22(16),
4212-4222. https://doi.org/10.1093/emboj/cdg417

Chen, H., Zhao, L., Kumazawa, M., Yamauchi, N., Shigeyoshi, Y.,
Hashimoto, S., & Hattori, M. A. (2013). Downregulation of core
clock gene Bmall attenuates expression of progesterone and
prostaglandin biosynthesis-related genes in rat luteinizing granu-
losa cells. American Journal of Physiology. Cell Physiology, 304(12),
C1131-C1140. https://doi.org/10.1152/ajpcell.00008.2013

Chrousos, G. P. (1995). The hypothalamic-pituitary-adrenal axis and
immune-mediated inflammation. New England Journal of Medicine,
332(20), 1351-1362. https://doi.org/10.1056/nejm19950518332
2008

De Cecco, M., lto, T., Petrashen, A. P,, Elias, A. E., Skvir, N. J., Criscione,
S. W,, Caligiana, A., Brocculi, G., Adney, E. M., Boeke, J. D., Le, O,
Beauséjour, C., Ambati, J.,, Ambati, K., Simon, M., Seluanov, A.,
Gorbunova, V., Slagboom, P. E., Helfand, S. L., ... Sedivy, J. M. (2019).
L1 drives IFN in senescent cells and promotes age-associated in-
flammation. Nature, 566(7742), 73-78. https://doi.org/10.1038/
s41586-018-0784-9

De Cecco, M., Jeyapalan, J., Zhao, X., Tamamori-Adachi, M., & Sedivy,
J. M. (2011). Nuclear protein accumulation in cellular senescence
and organismal aging revealed with a novel single-cell resolution
fluorescence microscopy assay. Aging (Albany NY), 3(10), 955-967.
https://doi.org/10.18632/aging.100372

Didenko, V. V., Wang, X., Yang, L., & Hornsby, P. J. (1996). Expression
of p21(WAF1/CIP1/SDI1) and p53 in apoptotic cells in the adrenal
cortex and induction by ischemia/reperfusion injury. The Journal of
Clinical Investigation, 97(7), 1723-1731. https://doi.org/10.1172/
jci118599

Dufour, D., Dumontet, T., Sahut-Barnola, |., Carusi, A., Onzon, M.,
Pussard, E., Wilmouth, J. J., Olabe, J., Lucas, C., Levasseur, A.,
Damon-Soubeyrand, C., Pointud, J. C., Roucher-Boulez, F.,
Tauveron, |., Bossis, G., Yeh, E. T, Breault, D. T., Val, P., & Martinez,
A. (2022). Loss of SUMO-specific protease 2 causes isolated gluco-
corticoid deficiency by blocking adrenal cortex zonal transdiffer-
entiation in mice. Nature Communications, 13(1), 7858. https://doi.
org/10.1038/s41467-022-35526-5

Farr, J. N., Xu, M., Weivoda, M. M., Monroe, D. G., Fraser, D. G., Onken,
J. L., Negley, B. A, Sfeir, J. G., Ogrodnik, M. B., Hachfeld, C. M.,
LeBrasseur, N. K., Drake, M. T., Pignolo, R. J., Pirtskhalava, T.,
Tchkonia, T., Oursler, M. J., Kirkland, J. L., & Khosla, S. (2017).
Targeting cellular senescence prevents age-related bone loss in
mice. Nature Medicine, 23(9), 1072-1079. https://doi.org/10.1038/
nm.4385

Ferrari, E., Cravello, L., Falvo, F., Barili, L., Solerte, S. B., Fioravanti, M.,
& Magri, F. (2008). Neuroendocrine features in extreme longevity.
Experimental Gerontology, 43(2), 88-94. https://doi.org/10.1016/j.
exger.2007.06.010

Ferrari, E., Cravello, L., Muzzoni, B., Casarotti, D., Paltro, M., Solerte, S.
B., Fioravanti, M., Cuzzoni, G., Pontiggia, B., & Magri, F. (2001). Age-
related changes of the hypothalamic-pituitary-adrenal axis: patho-
physiological correlates. European Journal of Endocrinology, 144(4),
319-329. https://doi.org/10.1530/eje.0.1440319

Gassen, N. C., Chrousos, G. P, Binder, E. B., & Zannas, A. S. (2017).
Life stress, glucocorticoid signaling, and the aging epigenome:
Implications for aging-related diseases. Neuroscience and
Biobehavioral Reviews, 74(Pt B), 356-365. https://doi.org/10.
1016/j.neubiorev.2016.06.003



https://orcid.org/0009-0000-6647-7328
https://orcid.org/0009-0000-6647-7328
https://doi.org/10.1016/j.cmet.2017.03.015
https://doi.org/10.1016/j.jbc.2022.102065
https://doi.org/10.1038/nature16932
https://doi.org/10.1038/nature10600
https://doi.org/10.1038/nature10600
https://doi.org/10.1093/emboj/cdg417
https://doi.org/10.1152/ajpcell.00008.2013
https://doi.org/10.1056/nejm199505183322008
https://doi.org/10.1056/nejm199505183322008
https://doi.org/10.1038/s41586-018-0784-9
https://doi.org/10.1038/s41586-018-0784-9
https://doi.org/10.18632/aging.100372
https://doi.org/10.1172/jci118599
https://doi.org/10.1172/jci118599
https://doi.org/10.1038/s41467-022-35526-5
https://doi.org/10.1038/s41467-022-35526-5
https://doi.org/10.1038/nm.4385
https://doi.org/10.1038/nm.4385
https://doi.org/10.1016/j.exger.2007.06.010
https://doi.org/10.1016/j.exger.2007.06.010
https://doi.org/10.1530/eje.0.1440319
https://doi.org/10.1016/j.neubiorev.2016.06.003
https://doi.org/10.1016/j.neubiorev.2016.06.003

OKUDAIRA ET AL.

16 of 17 Wl LEY- Aging

Gong, S., Miao, Y. L., Jiao, G. Z., Sun, M. J,, Li, H., Lin, J., Luo, M. J,, &
Tan, J. H. (2015). Dynamics and correlation of serum cortisol and
corticosterone under different physiological or stressful conditions
in mice. PLoS One, 10(2), e0117503. https://doi.org/10.1371/journ
al.pone.0117503

Harvey, P. W. (2016). Adrenocortical endocrine disruption. The Journal
of Steroid Biochemistry and Molecular Biology, 155(Pt B), 199-206.
https://doi.org/10.1016/j.jsbmb.2014.10.009

He, S., & Sharpless, N. E. (2017). Senescence in health and disease. Cell,
169(6), 1000-1011. https://doi.org/10.1016/j.cell.2017.05.015

Herbig, U., & Sedivy, J. M. (2006). Regulation of growth arrest in senes-
cence: Telomere damage is not the end of the story. Mechanisms of
Ageing and Development, 127(1), 16-24. https://doi.org/10.1016/j.
mad.2005.09.002

Honda, S., Morohashi, K., Nomura, M., Takeya, H., Kitajima, M., & Omura,
T. (1993). Ad4BP regulating steroidogenic P-450 gene is a member
of steroid hormone receptor superfamily. The Journal of Biological
Chemistry, 268(10), 7494-7502.

Ikeda, Y., Kumagai, H., Skach, A., Sato, M., & Yanagisawa, M. (2013).
Modulation of circadian glucocorticoid oscillation via adrenal
opioid-CXCR7 signaling alters emotional behavior. Cell, 155(6),
1323-1336. https://doi.org/10.1016/j.cell.2013.10.052

Jeyapalan, J. C., & Sedivy, J. M. (2008). Cellular senescence and organ-
ismal aging. Mechanisms of Ageing and Development, 129(7-8), 467-
474, https://doi.org/10.1016/j.mad.2008.04.001

Johmura, Y., Yamanaka, T., Omori, S., Wang, T. W., Sugiura, Y., Matsumoto,
M., Suzuki, N., Kumamoto, S., Yamaguchi, K., Hatakeyama, S.,
Takami, T., Yamaguchi, R., Shimizu, E., lkeda, K., Okahashi, N.,
Mikawa, R., Suematsu, M., Arita, M., Sugimoto, M., ... Nakanishi, M.
(2021). Senolysis by glutaminolysis inhibition ameliorates various
age-associated disorders. Science, 371(6526), 265-270. https://doi.
org/10.1126/science.abb5916

Kreiling, J. A., Tamamori-Adachi, M., Sexton, A. N., Jeyapalan, J. C.,
Munoz-Najar, U., Peterson, A. L., Manivannan, J., Rogers, E. S.,
Pchelintsev, N. A., Adams, P. D., & Sedivy, J. M. (2011). Age-
associated increase in heterochromatic marks in murine and pri-
mate tissues. Aging Cell, 10(2), 292-304. https://doi.org/10.1111/j.
14749726.2010.00666.x

Lightman, S. L., Birnie, M. T., & Conway-Campbell, B. L. (2020). Dynamics
of ACTH and cortisol secretion and implications for disease.
Endocrine Reviews, 41(3), bnaa002. https://doi.org/10.1210/en-
drev/bnaa002

Liu, T., Zhang, L., Joo, D., & Sun, S. C. (2017). NF-«B signaling in inflam-
mation. Signal Transduction and Targeted Therapy, 2, 17023. https://
doi.org/10.1038/sigtrans.2017.23

Lozano-Vidal, N., Bink, D. I., & Boon, R. A. (2019). Long noncoding RNA
in cardiac aging and disease. Journal of Molecular Cell Biology, 11(10),
860-867. https://doi.org/10.1093/jmcb/mjz046

Lyraki, R., Grabek, A., Tison, A., Weerasinghe Arachchige, L. C., Peitzsch,
M., Bechmann, N., Youssef, S. A., de Bruin, A., Bakker, E. R. M.,
Claessens, F., Chaboissier, M. C., & Schedl, A. (2023). Crosstalk
between androgen receptor and WNT/j-catenin signaling causes
sex-specific adrenocortical hyperplasia in mice. Disease Models &
Mechanisms, 16(6), dmm050053. https://doi.org/10.1242/dmm.
050053

Morohashi, K., Zanger, U. M., Honda, S., Hara, M., Waterman, M. R., &
Omura, T. (1993). Activation of CYP11A and CYP11B gene promot-
ers by the steroidogenic cell-specific transcription factor, Ad4BP.
Molecular Endocrinology, 7(9), 1196-1204. https://doi.org/10.1210/
mend.7.9.8247022

Nonaka, K., Aida, J., Takubo, K., Yamazaki, Y., Gao, X., Komatsu, A.,
Takakuma, S., Kakizaki, M., Inoshita, N., Gomi, F., Ishiwata, T.,
Chong, J. M., Arai, T., & Sasano, H. (2020). Correlation between
telomere attrition of zona fasciculata and adrenal weight reduction
in older men. The Journal of Clinical Endocrinology and Metabolism,
105(3), e200-€210. https://doi.org/10.1210/clinem/dgz214

Ogrodnik, M., Zhu, Y., Langhi, L. G. P,, Tchkonia, T., Kriiger, P., Fielder,
E., Victorelli, S., Ruswhandi, R. A., Giorgadze, N., Pirtskhalava, T.,
Podgorni, O., Enikolopov, G., Johnson, K. O., Xu, M., Inman, C.,
Palmer, A. K., Schafer, M., Weigl, M., lkeno, Y., ... Jurk, D. (2019).
Obesity-induced cellular senescence drives anxiety and impairs
neurogenesis. Cell Metabolism, 29(5), 1061-1077.e8. https://doi.
org/10.1016/j.cmet.2018.12.008

Okudaira, N., Ishizaka, Y., & Tamamori-Adachi, M. (2022). Resveratrol blocks
retrotransposition of LINE-1 through PPAR « and sirtuin-é6. Scientific
Reports, 12(1), 7772. https://doi.org/10.1038/s41598-022-11761-0

Panagiotidou, E., Zerva, S., Mitsiou, D. J., Alexis, M. N., & Kitraki, E.
(2014). Perinatal exposure to low-dose bisphenol a affects the neu-
roendocrine stress response in rats. The Journal of Endocrinology,
220(3), 207-218. https://doi.org/10.1530/joe-13-0416

Pieroni, J., Yamazaki, Y., Gao, X., Tezuka, Y., Ogata, H., Omata, K., Ono, Y.,
Morimoto, R., Nakamura, Y., Satoh, F., & Sasano, H. (2021). Cellular
senescence in human aldosterone-producing adrenocortical cells
and related disorders. Biomedicine, 9(5), 567. https://doi.org/10.
3390/biomedicines?050567

Pignatti, E., & Fltick, C. E. (2021). Adrenal cortex development and re-
lated disorders leading to adrenal insufficiency. Molecular and
Cellular Endocrinology, 527, 111206. https://doi.org/10.1016/j.mce.
2021.111206

Poulsen, R. C., Watts, A. C., Murphy, R. J,, Snelling, S. J., Carr, A. J., &
Hulley, P. A. (2014). Glucocorticoids induce senescence in pri-
mary human tenocytes by inhibition of sirtuin 1 and activation of
the p53/p21 pathway: In vivo and in vitro evidence. Annals of the
Rheumatic Diseases, 73(7), 1405-1413. https://doi.org/10.1136/
annrheumdis-2012-203146

Purnell, J. Q., Brandon, D. D., Isabelle, L. M., Loriaux, D. L., & Samuels,
M. H. (2004). Association of 24-hour cortisol production rates,
cortisol-binding globulin, and plasmafree cortisol levels with body
composition, leptin levels, and aging in adult men and women. The
Journal of Clinical Endocrinology and Metabolism, 89(1), 281-287.
https://doi.org/10.1210/jc.2003-030440

Rodier, F., & Campisi, J. (2011). Four faces of cellular senescence. The
Journal of Cell Biology, 192(4), 547-556. https://doi.org/10.1083/
jcb.201009094

Sapolsky, R. M., Romero, L. M., & Munck, A. U. (2000). How do glucocor-
ticoids influence stress responses? Integrating permissive, suppres-
sive, stimulatory, and preparative actions. Endocrine Reviews, 21(1),
55-89. https://doi.org/10.1210/edrv.21.1.0389

Schimmer, B. P, Tsao, J., Cordova, M., Mostafavi, S., Morris, Q., &
Scheys, J. O. (2011). Contributions of steroidogenic factor 1 to the
transcription landscape of Y1 mouse adrenocortical tumor cells.
Molecular and Cellular Endocrinology, 336(1-2), 85-91. https://doi.
org/10.1016/j.mce.2010.11.024

Schouten, M., Bielefeld, P., Garcia-Corzo, L., Passchier, E. M. J., Gradari,
S., Jungenitz, T., Pons-Espinal, M., Gebara, E., Martin-Suérez, S.,
Lucassen, P. J., De Vries, H. E., Trejo, J. L., Schwarzacher, S. W., De
Pietri Tonelli, D., Toni, N., Mira, H., Encinas, J. M., & Fitzsimons,
C. P. (2020). Circadian glucocorticoid oscillations preserve a pop-
ulation of adult hippocampal neural stem cells in the aging brain.
Molecular Psychiatry, 25(7), 1382-1405. https://doi.org/10.1038/
s41380-019-0440-2

Shang, D., Hong, Y., Xie, W., Tu, Z., & Xu, J. (2020). Interleukin-1p drives
cellular senescence of rat astrocytes induced by Oligomerized am-
yloid 3 peptide and oxidative stress. Frontiers in Neurology, 11, 929.
https://doi.org/10.3389/fneur.2020.00929

Sharpless, N. E., & DePinho, R. A. (2005). Cancer: Crime and punishment.
Nature, 436(7051), 636-637. https://doi.org/10.1038/436636a

Shih, M. C., Hsu, N. C., Huang, C. C., Wu, T. S., Lai, P. Y., & Chung, B.
C. (2008). Mutation of mouse Cypllal promoter caused tissue-
specific reduction of gene expression and blunted stress response
without affecting reproduction. Molecular Endocrinology, 22(4),
915-923. https://doi.org/10.1210/me.2007-0222


https://doi.org/10.1371/journal.pone.0117503
https://doi.org/10.1371/journal.pone.0117503
https://doi.org/10.1016/j.jsbmb.2014.10.009
https://doi.org/10.1016/j.cell.2017.05.015
https://doi.org/10.1016/j.mad.2005.09.002
https://doi.org/10.1016/j.mad.2005.09.002
https://doi.org/10.1016/j.cell.2013.10.052
https://doi.org/10.1016/j.mad.2008.04.001
https://doi.org/10.1126/science.abb5916
https://doi.org/10.1126/science.abb5916
https://doi.org/10.1111/j.14749726.2010.00666.x
https://doi.org/10.1111/j.14749726.2010.00666.x
https://doi.org/10.1210/endrev/bnaa002
https://doi.org/10.1210/endrev/bnaa002
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1093/jmcb/mjz046
https://doi.org/10.1242/dmm.050053
https://doi.org/10.1242/dmm.050053
https://doi.org/10.1210/mend.7.9.8247022
https://doi.org/10.1210/mend.7.9.8247022
https://doi.org/10.1210/clinem/dgz214
https://doi.org/10.1016/j.cmet.2018.12.008
https://doi.org/10.1016/j.cmet.2018.12.008
https://doi.org/10.1038/s41598-022-11761-0
https://doi.org/10.1530/joe-13-0416
https://doi.org/10.3390/biomedicines9050567
https://doi.org/10.3390/biomedicines9050567
https://doi.org/10.1016/j.mce.2021.111206
https://doi.org/10.1016/j.mce.2021.111206
https://doi.org/10.1136/annrheumdis-2012-203146
https://doi.org/10.1136/annrheumdis-2012-203146
https://doi.org/10.1210/jc.2003-030440
https://doi.org/10.1083/jcb.201009094
https://doi.org/10.1083/jcb.201009094
https://doi.org/10.1210/edrv.21.1.0389
https://doi.org/10.1016/j.mce.2010.11.024
https://doi.org/10.1016/j.mce.2010.11.024
https://doi.org/10.1038/s41380-019-0440-2
https://doi.org/10.1038/s41380-019-0440-2
https://doi.org/10.3389/fneur.2020.00929
https://doi.org/10.1038/436636a
https://doi.org/10.1210/me.2007-0222

OKUDAIRA ET AL.

Son, G. H., Chung, S., Choe, H. K., Kim, H. D., Baik, S. M., Lee, H,, Lee,
H. W., Choi, S., Sun, W,, Kim, H., Cho, S., Lee, K. H., & Kim, K.
(2008). Adrenal peripheral clock controls the autonomous circadian
rhythm of glucocorticoid by causing rhythmic steroid production.
Proceedings of the National Academy of Sciences of the United States
of America, 105(52), 20970-20975. https://doi.org/10.1073/pnas.
0806962106

Suda, N., Shibata, H., Kurihara, |., lkeda, Y., Kobayashi, S., Yokota, K.,
Murai-Takeda, A., Nakagawa, K., Oya, M., Murai, M., Rainey, W.
E., Saruta, T., & Itoh, H. (2011). Coactivation of SF-1-mediated
transcription of steroidogenic enzymes by Ubc9 and PIAS1.
Endocrinology, 152(6), 2266-2277. https://doi.org/10.1210/en.
2010-1232

Takahashi, F., Baba, T., Christianto, A., Yanai, S., Lee-Okada, H. C.,
Ishiwata, K., Nakabayashi, K., Hata, K., Ishii, T., Hasegawa, T.,
Yokomizo, T., Choi, M. H., & Morohashi, K. |. (2024). Development of
sexual dimorphism of skeletal muscles through the adrenal cortex,
caused by androgen-induced global gene suppression. Cell Reports,
43(2), 113715. https://doi.org/10.1016/j.celrep.2024.113715

Tamamori-Adachi, M., Koga, A., Susa, T., Fujii, H., Tsuchiya, M., Okinaga,
H., Hisaki, H., lizuka, M., Kitajima, S., & Okazaki, T. (2018). DNA
damage response induced by etoposide promotes steroidogene-
sis via GADD45A in cultured adrenal cells. Scientific Reports, 8(1),
9636. https://doi.org/10.1038/541598-01827938-5

Tkachenko, 1. V., Jaaskeldinen, T., Jaaskeldinen, J., Palvimo, J. J., & Voutilainen,
R. (2011). Interleukins 1a and 1/ as regulators of steroidogenesis in
human NCI-H295R adrenocortical cells. Steroids, 76(10-11), 1103-
1115. https://doi.org/10.1016/j.steroids.2011.04.018

Tong, L., & Chen, D. (2023). Senescence of bone marrow fat cells: A new
clue for glucocorticoid-induced bone deterioration. Cell Metabolism,
35(4), 551-553. https://doi.org/10.1016/j.cmet.2023.03.009

Van Cauter, E., Leproult, R., & Kupfer, D. J. (1996). Effects of gender and
age on the levels and circadian rhythmicity of plasma cortisol. The
Journal of Clinical Endocrinology and Metabolism, 81(7), 2468-2473.
https://doi.org/10.1210/jcem.81.7.8675562

Van Cauter, E., Leproult, R., & Plat, L. (2000). Age-related changes in slow
wave sleep and REM sleep and relationship with growth hormone
and cortisol levels in healthy men. JAMA, 284(7), 861-868. https://
doi.org/10.1001/jama.284.7.861

Wang, T., Yang, L., Liang, Z., Wang, L., Su, F., Wang, X., You, X., & He,
C. (2021). Targeting cellular senescence prevents glucocorticoid-
induced bone loss through modulation of the DPP4-GLP-1 axis.
Signal Transduction and Targeted Therapy, 6(1), 143. https://doi.org/
10.1038/541392-02100528-0

Warde, K. M., Smith, L. J., & Basham, K. J. (2023). Age-related changes
in the adrenal cortex: Insights and implications. Journal of the
Endocrine Society, 7(9), bvad097. https://doi.org/10.1210/jendso/
bvad097

Warde, K. M., Smith, L. J.,, Liu, L., Stubben, C. J., Lohman, B. K., Willett, P.
W., Ammer, J. L., Castaneda-Hernandez, G., Imodoye, S. O., Zhang,
C., Jones, K. D., Converso-Baran, K., Ekiz, H. A., Barry, M., Clay, M.
R., Kiseljak-Vassiliades, K., Giordano, T. J., Hammer, G. D., & Basham,
K. J. (2023). Senescence-induced immune remodeling facilitates
metastatic adrenal cancer in a sex-dimorphic manner. Nature Aging,
3(7), 846-865. https://doi.org/10.1038/s43587-02300420-2

Wilmouth, J. J., Jr., Olabe, J., Garcia-Garcia, D., Lucas, C., Guiton,
R., Roucher-Boulez, F., Dufour, D., Damon-Soubeyrand, C.,

- S 17 of 17
Aging & wiLey- Y
Sahut-Barnola, |, Pointud, J. C., Renaud, Y., Levasseur, A., Tauveron,
l., Lefrancois-Martinez, A. M., Martinez, A., & Val, P. (2022).
Sexually dimorphic activation of innate antitumor immunity pre-
vents adrenocortical carcinoma development. Science Advances,
8(41), eadd0422. https://doi.org/10.1126/sciadv.add0422
Wolff, C. A., Gutierrez-Monreal, M. A., Meng, L., Zhang, X., Douma, L.

G., Costello, H. M., Douglas, C. M., Ebrahimi, E., Pham, A., Oliveira,

A. C,, Fu, C., Nguyen, A., Alava, B. R., Hesketh, S. J., Morris, A. R.,

Endale, M. M,, Crislip, G. R., Cheng, K. Y., Schroder, E. A, ... Esser, K.

A.(2023). Defining the age-dependent and tissue-specific circadian

transcriptome in male mice. Cell Reports, 42(1), 111982. https://doi.

org/10.1016/j.celrep.2022.111982
Yamakoshi, K., Takahashi, A., Hirota, F., Nakayama, R., Ishimaru, N., Kubo,

Y., Mann, D. J., Ohmura, M., Hirao, A., Saya, H., Arase, S., Hayashi,

Y., Nakao, K., Matsumoto, M., Ohtani, N., & Hara, E. (2009). Real-

time in vivo imaging of plélnk4a reveals cross talk with p53. The

Journal of Cell Biology, 186(3), 393-407. https://doi.org/10.1083/

jcb.200904105
Yau, J. L., Noble, J., Kenyon, C. J., Hibberd, C., Kotelevtseyv, Y., Mullins,

J. )., & Seckl, J. R. (2001). Lack of tissue glucocorticoid reactivation

in 11beta -hydroxysteroid dehydrogenase type 1 knockout mice

ameliorates age-related learning impairments. Proceedings of the

National Academy of Sciences of the United States of America, 98(8),

4716-4721. https://doi.org/10.1073/pnas.071562698
Yiallouris, A., Tsioutis, C., Agapidaki, E., Zafeiri, M., Agouridis, A. P,

Ntourakis, D., & Johnson, E. O. (2019). Adrenal aging and its im-

plications on stress responsiveness in humans. Front Endocrinol

(Lausanne), 10, 54. https://doi.org/10.3389/fend0.2019.00054
Zhu, Y., Tchkonia, T., Pirtskhalava, T., Gower, A. C., Ding, H., Giorgadze,

N., Palmer, A. K., lkeno, Y., Hubbard, G. B., Lenburg, M., O'Hara,

S. P, LaRusso, N. F., Miller, J. D., Roos, C. M., Verzosa, G. C.,

LeBrasseur, N. K., Wren, J. D., Farr, J. N., Khosla, S., ... Kirkland, J.

L. (2015). The Achilles' heel of senescent cells: From transcriptome

to senolytic drugs. Aging Cell, 14(4), 644-658. https://doi.org/10.

1111/acel.12344
Zieleniewski, W., Zieleniewski, J., & Stepien, H. (1995). Effect of inter-
leukin-1a, IL-1b and IL-1 receptor antibody on the proliferation and
steroidogenesis of regenerating rat adrenal cortex. Experimental
and Clinical Endocrinology & Diabetes, 103(6), 373-377. https://doi.
org/10.1055/s-0029-1211381

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Okudaira, N., Akimoto, M.-H., Susa,
T., Akimoto, M., Hisaki, H., lizuka, M., Okinaga, H., Almunia, J.
A., Ogiso, N., Okazaki, T., & Tamamori-Adachi, M. (2024).
Accumulation of senescent cells in the adrenal gland induces
hypersecretion of corticosterone via IL1p secretion. Aging
Cell, 23, €14206. https://doi.org/10.1111/acel.14206



https://doi.org/10.1073/pnas.0806962106
https://doi.org/10.1073/pnas.0806962106
https://doi.org/10.1210/en.2010-1232
https://doi.org/10.1210/en.2010-1232
https://doi.org/10.1016/j.celrep.2024.113715
https://doi.org/10.1038/s41598-01827938-5
https://doi.org/10.1016/j.steroids.2011.04.018
https://doi.org/10.1016/j.cmet.2023.03.009
https://doi.org/10.1210/jcem.81.7.8675562
https://doi.org/10.1001/jama.284.7.861
https://doi.org/10.1001/jama.284.7.861
https://doi.org/10.1038/s41392-02100528-0
https://doi.org/10.1038/s41392-02100528-0
https://doi.org/10.1210/jendso/bvad097
https://doi.org/10.1210/jendso/bvad097
https://doi.org/10.1038/s43587-02300420-2
https://doi.org/10.1126/sciadv.add0422
https://doi.org/10.1016/j.celrep.2022.111982
https://doi.org/10.1016/j.celrep.2022.111982
https://doi.org/10.1083/jcb.200904105
https://doi.org/10.1083/jcb.200904105
https://doi.org/10.1073/pnas.071562698
https://doi.org/10.3389/fendo.2019.00054
https://doi.org/10.1111/acel.12344
https://doi.org/10.1111/acel.12344
https://doi.org/10.1055/s-0029-1211381
https://doi.org/10.1055/s-0029-1211381
https://doi.org/10.1111/acel.14206

	Accumulation of senescent cells in the adrenal gland induces hypersecretion of corticosterone via IL1β secretion
	Abstract
	1|INTRODUCTION
	2|RESULTS
	2.1|GC is highly secreted throughout the day in older male mice, resulting in diurnal variation loss
	2.2|Senescent cells progressively accumulate in the adrenal glands with aging
	2.3|Senolytic drugs improve CORT levels along with the removal of senescent cells in the adrenal gland
	2.4|IL1β expression is increased in aged adrenals, but not accompanied by increased macrophage infiltration
	2.5|Neutralization antibodies for IL1β inhibit accumulation of senescent cells in aged adrenal gland and CORT overproduction
	2.6|Dexamethasone-­induced aging in the mouse adrenal gland
	2.7|CORT-­producing system differs in aged female and male mice

	3|DISCUSSION
	3.1|Increased GC secretion and decreased diurnal variation in OM
	3.2|Age-­related changes in adrenal glands
	3.3|Improvement of GC production system by senolytics
	3.4|Mechanisms of enhanced GC production in the old adrenal gland
	3.5|Another mechanism of morning (ZT0) GC hypersecretion
	3.6|Dex promotes cellular senescence in the aged adrenal cortex
	3.7|Diurnal rhythm of CORT was maintained in female OM

	4|CONCLUSION
	5|METHODS
	5.1|Animals
	5.2|Tissue collection
	5.3|RNA extraction from adrenal cortex by laser microdissection
	5.4|Analysis of gene expression by quantitative RT-­PCR (RT-­qPCR)
	5.5|Analysis of corticosterone, ACTH, and IL1β using ELISA
	5.6|Fluorescence immunostaining
	5.7|Senescence-­associated β-­galactosidase (SA-­β-­gal) assay
	5.8|Immunohistochemistry
	5.9|TUNEL and H&E staining
	5.10|Statistical analysis

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


