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As life expectancy continues to increase, clinicians are challenged by age-related renal impairment that involves podocyte
senescence and glomerulosclerosis. There is now compelling evidence that lithium has a potent antiaging activity that
ameliorates brain aging and increases longevity in Drosophila and Caenorhabditis elegans. As the major molecular target of
lithium action and a multitasking protein kinase recently implicated in a variety of renal diseases, glycogen synthase kinase 3§
(GSK3p) is overexpressed and hyperactive with age in glomerular podocytes, correlating with functional and histological signs
of kidney aging. Moreover, podocyte-specific ablation of GSK3f substantially attenuated podocyte senescence and glomerular
aging in mice. Mechanistically, key mediators of senescence signaling, such as p16™“** and p53, contain high numbers of
GSK3p consensus matifs, physically interact with GSK3, and act as its putative substrates. In addition, therapeutic targeting

Introduction

Thanks to improvements in living conditions, public health inter-
ventions, and progress in medical care, human life expectancy
has increased significantly in the past several decades (1). One
consequence of these changes is the rapid aging of the world pop-
ulation. Human aging is associated with molecular, structural,
and functional changes in a variety of organ systems, including
the kidney. With age, many individuals experience a progressive
decline in kidney function as well as macroscopic and microscopic
histologic alterations, with the key feature being glomerular aging
marked by global glomerulosclerosis (2, 3). Glomerular aging
involves senescence of various glomerular cells, in particular the
terminally differentiated podocytes, which are a critical constitu-
ent of the glomerular filtration barrier (3, 4). In addition, a char-
acteristic senescence-associated secretory phenotype (SASP) is a
pathognomonic feature of senescence in myriad tissues, including
the glomeruli (1, 3-5). Senescent glomerular cells like podocytes
may affect nearby cells in the glomeruli via profibrogenic SASP
paracrine signaling and cause glomerulosclerosis (5). Age-related
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of GSK3p by microdose lithium later in life reduced senescence signaling and delayed kidney aging in mice. Furthermore,
in psychiatric patients, lithium carbonate therapy inhibited GSK3p activity and mitigated senescence signaling in urinary
exfoliated podocytes and was associated with preservation of kidney function. Thus, GSK3f appears to play a key role in
podocyte senescence by modulating senescence signaling and may be an actionable senostatic target to delay kidney aging.

changes in the kidney may be accentuated by common comorbid-
ities, such as hypertension (1, 5) and diabetes mellitus (6), or by
preexisting kidney diseases (5). As life expectancy continues to
improve worldwide, clinicians will be increasingly challenged by
kidney aging, which predisposes to a high burden of kidney dis-
eases and systemic comorbidities (5). There exists an immense
unmet need to understand the molecular mechanism underlying
renal cell senescence and to develop a pragmatic actionable target
for retarding the process of kidney aging.

Research on the biology of aging has identified a number of
chemical agents that possess antiaging activity. Among these, lith-
ium, as a simple and common alkali metal ion, has been shown to
have potent aging-delaying or longevity/lifespan-increasing effects
and hence attracted much interest (7, 8). In Caenorhabditis ele-
gans, lithium administration in clinically relevant concentrations
increased survival by nearly 50% during normal aging (7, 9). More
recently, in Drosophila, lithium, administered either throughout
adulthood or only later in life, substantially promoted longevity and
health span (8). In fact, for centuries, lithium has been regarded as
a wonder drug that is capable of exerting miraculous effects on the
body (10). It has been noted for a long time that low-dose lithium
may promote longevity in humans. In support of this, large-scale
surveys revealed that lithium concentrations in drinking water were
inversely correlated with all-cause mortality in Japan (7) and in the
United States (11). In addition, lithium ameliorates certain neuro-
degenerative diseases, such as Alzheimer’s disease, by suppress-
ing the formation of B-amyloid plaques by suppressing B-amyloid
pathology (12, 13), a hallmark and presumed causative factor of brain
aging. Furthermore, leukocyte telomeres in humans taking lithium
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over long periods were approximately 35% longer than non-lithi-
um-treated controls (14, 15), indicating protection against telomere
shortening, a key mechanism implicated in aging (16). As a potent
mood stabilizer, lithium has been commonly and safely used for over
50 years as a US FDA-approved first-line therapy for affective disor-
ders (10). Of note, the usual psychiatric doses of lithium are relatively
high and sometimes, though uncommonly, associated with lithium
toxicity to peripheral organs, including the kidney (17, 18). However,
despite occasional reports of lithium nephrotoxicity in psychiatric
patients, the actual effect of microdose lithium on renal pathobiolo-
gy and kidney aging has been barely studied.

Biochemically, lithium affects numerous cell signaling path-
ways. Among these, glycogen synthase kinase 3 (GSK3) has been
shown to be the major molecular target of lithium action (19, 20).
GSK3 is a highly conserved, ubiquitously expressed, and consti-
tutively active serine/threonine protein kinase, originally charac-
terized as a key transducer of the insulin signaling cascade that
governs glycogenesis (20). Interest in GSK3 increased greatly with
the realization that it also plays a pivotal role in a variety of other
key signaling pathways involved in embryogenesis, tissue injury,
repair, and regeneration (20). GSK3 exists as 2 isoforms: GSK3a
and GSK3p (20). The 2 isoforms are differentially expressed in a
tissue-dependent pattern. In renal glomeruli, the B rather than
the a isoform of GSK3 is predominantly expressed and particular-
ly enriched in podocytes (21). Combined knockout (KO) of both
GSK3a and GSK3p specifically in glomerular podocytes in embry-
onic or adult mice caused severe podocyte injury, glomerulosclero-
sis, and heavy proteinuria (22). In contrast, podocyte-specific KO
of only GSK3 in mice either at the embryonic stage (22) or during
young adulthood (21, 22) resulted in no discernible phenotype.
There is also burgeoning evidence suggesting that therapeutic tar-
geting of GSK3p is likely renoprotective. To this end, GSK3p has
been shown to play a key role in regulating injury of various kidney
cells, like podocytes (21), and is centrally involved in pathogene-
sis of diverse kidney diseases, such as glomerular disease (23),
acute kidney injury (AKI) (24, 25), diabetic nephropathy (26), and
chronic kidney disease (CKD) (27, 28). However, the role of GSK3B
in renal cell senescence and kidney aging remains unknown. This
study aims to define this role and to test the effect of genetic or lith-
ium targeting of GSK3p on kidney aging.

Results

Kidney aging is associated with GSK3p overexpression in glomerular
podocytes. Age-related changes in the kidney have been described
previously (1-3). In non-neoplastic nephrectomy specimens pro-
cured from patients of varying ages (Supplemental Figure 1, A-J;
supplemental material available online with this article; https://doi.
org/10.1172/JCI141848DS1), hallmarks of kidney aging were evi-
dently noted in the aged group, including nephrosclerosis, glomer-
ulomegaly, glomerular basement membrane (GBM) thickening,
mesangial expansion, global glomerulosclerosis, focal tubular atro-
phy, interstitial fibrosis, and accumulation of extracellular matrix
in both glomeruli and interstitium, as shown by periodic acid-
Schiff (PAS) and Masson’s trichrome staining (Supplemental Fig-
ure 1, A and B). Semiquantitative morphometric analysis revealed
consistent, age-related increases in the percentage of globally scle-
rotic glomeruli and the extent of interstitial fibrosis (Supplemental
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Figure 1, E and F). Signs of age-related podocyte degeneration (2, 4)
were also noted, including reduced expression of podocyte marker
proteins podocin and Wilms’ tumor 1 (WT-1) on fluorescent immu-
nohistochemical staining (Supplemental Figure 1D), indicative of
podocyte loss, and ultrastructural lesions (Supplemental Figure
1C), such as variable effacement of podocyte foot processes, podo-
cytopenia, and cytoplasmic absorption droplets in podocytes. Mor-
phometric analysis (Supplemental Figure 1, G and H) confirmed
the histologic observations and demonstrated an age-dependent
podocyte foot process broadening and depletion of WT-1-positive
podocytes. The histological changes were associated with a modest
but statistically significant decline in kidney function as evaluated
by estimated glomerular filtration rate (eGFR) (Supplemental Fig-
ure 1I). Moreover, linear regression analysis (Supplemental Figure
1J) revealed a positive correlation between the average number of
WT-1-positive podocytes per glomerular cross section and eGFR,
consistent with a possible causative role of podocyte senescence in
age-related decline in kidney function.

Recognizing the potential antiaging effects of lithium (7, 8,10~
12, 14), we examined the expression of GSK3p, the molecular tar-
get of lithium action, in the kidney during aging. A post hoc analy-
sis of the renal cortical transcriptome was conducted based on the
Nephroseq data sets derived from the Rodwell Aging Kidney study
(29) of normal kidney tissues procured at nephrectomy for either
removal of a tumor or transplantation. As shown in Figure 1A,
renal cortical expression of GSK3p in subjects aged 45 to 60 years
was significantly higher than that in younger subjects. Moreover,
as determined by gene set enrichment analysis (GSEA) (Figure
1B), the expert-curated kidney-aging-related gene set RODWELL _
AGING_KIDNEY_ UP exhibited significant enrichment in high
expression of GSK3pB as compared with low expression of GSK3B
in normal and diseased glomeruli based on the Ju CKD Glom data
set (30). To verify the bioinformatics data, consecutive sections of
non-neoplastic nephrectomy specimens procured from patients of
different ages were subjected to immunostaining for GSK3p, the
senescence marker p16™&# (31); and the podocyte marker WT-1.
As shown in Figure 1C, glomerular expression of GSK3p was low-
est in the kidneys of young subjects. This expression progressively
increased with age in both cytoplasm and some nuclei, and was
mostly localized to the periphery of glomerular tufts in cells that
also stained positive for both WT-1 and p16™**4, hence suggest-
ing the coexistence of senescence and GSK3p overexpression in
glomerular podocytes. Furthermore, computerized morphomet-
ric analysis confirmed that glomerular expression levels of GSK3p
correlated positively with those of p16™4 (Figure 1D) but nega-
tively with the number of WT-1-positive podocytes per glomerular
cross section (Figure 1E). Moreover, glomerular expression levels
of GSK3p also correlated positively with the severity of glomeru-
losclerosis (Figure 1F) but negatively with eGFR (Figure 1G). Col-
lectively, these findings suggest that glomerular overexpression
of GSK3p is associated with kidney aging, podocytopenia, and
decline in kidney function during the aging process in humans.

Murine models of normal aging also demonstrate an association
between podocyte senescence and increased expression of GSK3p. To
validate the above findings, we examined a relevant, well-character-
ized, and extensively researched murine model of human aging (32)
in wild-type (WT) mice (Supplemental Figure 2A). Mice exhibited
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Figure 1. GSK3p expression in glomeruli increases with age and is mainly localized to glomerular podocytes. (A) Post hoc analysis of the renal cortical
transcriptome was conducted based on the Nephroseq data set derived from the Rodwell Aging Kidney study, with exclusion of subjects with abnormal
serum creatinine levels or blood pressure, or other comorbid conditions. The mRNA expression levels of GSK3f, expressed as log, median-centered inten-
sity, are shown for subjects aged 45 to 60 years (n = 9) versus younger subjects (n = 7). P value is shown. (B) Gene set enrichment analysis of glomerular
transcriptome derived from the Ju CKD Glom data set demonstrated that the expert-curated kidney-aging-related gene set RODWELL_AGING_KIDNEY_UP
is enriched in high GSK3p expression phenotype. Normalized enrichment score (NES) and nominal P values are shown. (C) Non-neoplastic nephrectomy
specimens were procured from patients of varying ages (young or Y, <30 years old; middle-aged or M, 30 to 59 years old; older subjects or O, 60 to 79 years
old) as elaborated in Supplemental Figure 1. Consecutive kidney sections were subjected to immunohistochemical staining for GSK3p and p16™**, along
with immunofluorescent staining for WT-1. Scale bars: 20 um. (D and E) Linear regression analyses of the relative glomerular staining intensity of GSK3
and (D) that of p16™*** or (E) the number of WT-1-positive podocytes per glomerular cross section (gcs) per subject (n = 6 subjects per group, 60 glomeruli
analyzed per group with 10 per subject). I0D, integrated optical density. (F and G) Linear regression analyses show that the average relative glomerular
staining intensity of GSK3p (F) positively correlated with the percentage of global glomerulosclerosis and (G) inversely correlated with estimated glomer-
ular filtration rate (eGFR) (n = 6). Spearman’s correlation coefficient (R) and P value are shown. Panel A was analyzed with 2-tailed, unpaired Student’s t

test. Panels D-G were statistically analyzed by linear regression.

a modest but consistent and significant decline in kidney function
that associated with age, as assessed by serum creatinine levels
(Supplemental Figure 2B), and proteinuria, measured by urinary
protein electrophoresis and by urinary albumin-to-creatinine ratios
(Supplemental Figure 2C), suggesting a progressive impairment
of the glomerular filtration barrier function. Moreover, PAS stain-
ing revealed that global glomerulosclerosis was increased in older
mice (Supplemental Figure 2D), along with other features of kidney
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aging such as tubular atrophy and interstitial fibrosis. In addition,
podocyte senescence and degeneration were more pronounced in
older mice, marked by variable broadening of podocyte foot pro-
cesses (Supplemental Figure 2, E and F), podocytopenia, cytoplas-
mic inclusions in podocytes, GBM thickening on electron microsco-
py, and distribution in the periphery of glomerular tufts of staining
for the acidic senescence-associated B-galactosidase (SA-B-gal)
activity (Supplemental Figure 2, E and G), one of the most reliable
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biomarkers of cellular senescence (31). In concert with podocyte
senescence, the average number of WT-1-positive podocytes in glo-
merular cross sections was diminished in aged mice (Supplemental
Figure 2, H and I), indicative of podocytopenia. This was associated
with reduced glomerular expression of the homeostatic podocyte
marker podocin and increased accumulation of the extracellular
matrix protein fibronectin, as shown by fluorescent immunohisto-
chemical staining (Supplemental Figure 2H) and by immunoblot
analysis of isolated glomeruli (Supplemental Figure 2J), consistent
with glomerular sclerosis.

To determine whether the pattern of GSK3B expression in
the kidney changed with age, consecutive mouse kidney sec-
tions were examined by peroxidase immunostaining for GSK3p
(Figure 2A) and for the senescence marker pl16™*A, In murine
glomeruli, GSK3p expression was mostly probed in glomerular
cells positive for podocin, as shown by dual-color fluorescent
immunohistochemical staining (Supplemental Figure 3), sug-
gesting a podocyte-enriched expression pattern. This expression
was increased with age (Figure 2A), in parallel with enhanced
glomerular and podocyte expression of p16™¥4 (Figure 2A). Lin-
ear regression analysis revealed a positive correlation between
GSK3p and pl6™¥# expression in glomeruli, as determined by
computerized morphometric analysis (Figure 2B). Moreover, glo-
merular expression levels of GSK3p correlated with the severity of
glomerulosclerosis (Figure 2C) and with serum creatinine (Figure
2D). Immunoblot analysis of isolated glomeruli confirmed the
morphologic findings and demonstrated progressively increased
expression of GSK3p with age, along with augmented expression
of the senescence signaling mediators (31) p16™4, p53, and p21,
and repressed expression of phosphorylated Rb (p-Rb) (Figure
2E). Inhibitory phosphorylation of GSK3p% was also reduced,
consistent with GSK3p hyperactivity. Linear regression analysis
revealed a negative correlation between p-GSK3p%/GSK3p ratios,
as estimated by densitometric analysis of immunoblots, and the
expression of p16™N¥*4 or p53 (Figure 2F), suggesting an association
between GSK3p hyperactivity and senescence in glomerular cells.
Accompanying the age-dependent glomerular overexpression of
GSK3B, the expression of a subset of SASP factors implicated in
fibrogenesis, TGF-B1, IGFBP3, and PAI-1 (1, 4, 5), also increased
in glomeruli, as shown by immunohistochemical staining (Figure
2G) or by immunoblot analysis of isolated glomeruli (Figure 2H).

Podocyte-specific ablation of GSK3[ attenuates kidney aging in
mice. To determine whether GSK3 overexpression actually medi-
ates podocyte senescence and glomerular aging, we studied trans-
genic mice with doxycycline-inducible podocyte-specific KO of the
GSK3p gene (23). Mice with the KO genotype were fed with doxy-
cycline to induce the ablation of GSK3p and then maintained with
ad libitum access to water and standard chow. Littermates with
control genotypes (Con) were similarly treated (Figure 3A). Perox-
idase immunohistochemical staining of murine kidney tissues at
2 months of age revealed that GSK3p expression was selectively
suppressed in the periphery of glomerular tufts in KO mice (Figure
3B), consistent with successful ablation of GSK3p in podocytes. In
line with the above observations made in WT mice, signs of kidney
aging, including extracellular matrix accumulation in glomeruli and
the renal interstitium, increased numbers of globally sclerotic glom-
eruli (Supplemental Figure 4, A and B), broadening of podocyte foot
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processes (Supplemental Figure 4, C and D), and amplified expres-
sion of fibronectin in glomeruli (Supplemental Figure 4, C and E)
were observed in Con mice as early as 12 months of age and were
more pronounced at 24 months of age. In contrast, all these fea-
tures of kidney aging were attenuated in KO mice at both 12 and 24
months. In addition, glomerular staining for the senescence marker
pl6™X#A and SA-B-gal activity were also reduced in KO mice as com-
pared with Con mice (Figure 3, C and E). This was associated with
less podocyte loss and degeneration in KO mice, as shown by immu-
nostaining for WT-1 and podocin (Figure 3, C and D), along with
reductions in albuminuria (Figure 3F) and preservation of kidney
function, as reflected by serum creatinine levels (Figure 3G). The
improved kidney aging in KO mice, relative to Con mice, appeared
to be causally related to reduction in the senescence signaling activ-
ity in glomeruli, because immunoblot analysis of isolated glomeruli
revealed that KO mice had suppressed expression of p16™ 44, p53,
and p21, but augmented expression of p-Rb, which was associated
with more podocin expression as compared with Con mice (Figure
3H). In parallel, glomerular expression of the subset of SASP factors
implicated in fibrogenesis, TGF-B1, IGFBP3, and PAI-1, was dimin-
ished in KO mice (Figure 3,IandJ).

Some senescence signaling mediators may also regulate the
cell cycle (5). To determine whether cell cycle events in the kidney
were altered in KO mice, kidney sections were stained for a variety
of cell cycle markers, including Ki67, a marker for cell cycle entry,
as well as proliferating cell nuclear antigen (PCNA) and phospho-
histone H3 (p-H3), putative markers respectively for S and G,/M
phases. As shown in Supplemental Figure 5, A-D, very few cells in
glomeruli and a small number of renal tubular cells were positive
for Ki67 that was similarly expressed in Con and KO mice. These
proliferative cells were either in the S phase as probed by PCNA or
in the G, phase, which was quantified by subtracting the number of
cellsin the S or G,/M phase from the total number of proliferating
cells positive for Ki67. Cells in the G,/M phase that were positive
for p-H3 were rare in renal tubulointerstitium or glomeruli (Sup-
plemental Figure 5, A, E, and F). In contrast, proliferating podo-
cytes, marked by positivity for both WT-1 and Ki67 or other cell
cycle markers in glomeruli, were barely detected in both Con and
KO mice (Supplemental Figure 5, A and D). These findings suggest
that there is very minimal proliferation of glomerular podocytes
during the aging process, as would be expected in terminally dif-
ferentiated postmitotic cells (33).

GSK3p is essential and sufficient for senescence signaling in glo-
merular podocytes. To examine the role of GSK3p in senescence sig-
naling in podocytes, primary cultures of podocytes were prepared
from glomeruli isolated from KO and Con mice aged 12 months
(Figure 4A). Primary podocytes were then subjected to electropora-
tion-based transfection with an empty plasmid vector (EV) or plas-
mids encoding a hemagglutinin-tagged (HA-tagged) WT GSK3 or
dominant-negative kinase-dead (KD) mutant GSK3p, with a satis-
factory transfection efficiency, as confirmed by fluorescent immu-
nocytochemical staining for HA (Supplemental Figure 6A). Consis-
tent with the in vivo findings, senescence was significantly reduced
in primary KO podocytes as compared with Con podocytes, as
evidenced by staining for SA-B-gal activity or yH2AX (Figure 4B),
a molecular marker for DNA double-strand breaks and aging (31),
followed by absolute counting and quantification (Figure 4, D and
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Figure 2. GSK3p is overexpressed and hyperactive in glomerular podocytes during the aging process in mice, and is associated with podocyte senescence,
senescence-associated secretory phenotypes (SASPs), and kidney aging. (A) Mice were treated as elaborated in Supplemental Figure 2. Consecutive kidney
sections collected at 2, 12, or 24 months of age (mo) were subjected to peroxidase immunohistochemical staining. Zoomed-in views of boxed areas show
positive podocyte staining, as indicated by arrowheads. Scale bars: 20 um and 4 um (zoomed-in images). (B) Linear regression analysis reveals a signifi-
cant correlation between the relative glomerular staining intensity of GSK3p and that of p16™4A, as estimated by computerized morphometric analysis (n

= 6 mice, 60 glomeruli were analyzed per group with 10 per mouse). I0D, integrated optical density. (C and D) Linear regression analysis reveals significant
correlations between the average relative glomerular staining intensity of GSK3f and (C) the percentage of global glomerulosclerosis or (D) serum creatinine
levels (n = 6). (E) Representative immunoblot analysis of isolated glomeruli for indicated proteins. GAPDH served as a loading control. (F) Linear regression
analysis showed an inverse correlation between the relative p-GSK3p°¢/GSK3p ratios and the relative expression levels of p16™*“* or p53 in glomeruli based
on densitometric analysis of immunoblots (n = 6). (G) Kidney tissues were subjected to fluorescent immunochistochemical staining. Zoomed-in views of
boxed areas show positive staining for SASP factors in WT-1* podocytes. Scale bars: 30 um (left 3 columns) and 3 um (zoomed-in images). (H) Represen-
tative immunoblot of isolated glomeruli analyzed for SASP factors. Densitometric analyses of the expression levels of diverse SASP factors in glomeruli,
presented as relative levels normalized to B-tubulin based on immunoblot analysis. **P < 0.01 among different age groups (n = 6). Data are expressed as
mean + SD. Spearman’s correlation coefficient (R) and P value are shown in panels B-D and F. Panel H was analyzed by 1-way ANOVA.

J Clin Invest. 2022;132(4):e141848 https://doi.org/10.1172/)C1141848 5



;

RESEARCH ARTICLE

E). Primary KO podocytes also displayed less podocyte degen-
erative changes, marked by reduced expression of the podocyte
homeostatic marker synaptopodin, and disruption of the actin cyto-
skeleton as assessed by phalloidin staining (Figure 4B). The bene-
ficial effects of GSK3p KO seemed to be mediated by suppressed
senescence signaling, as shown by reduced expression of p16™&#
P53, and p21, and increased expression of p-Rb, as well as dimin-
ished expression of fibrogenic SASP factors PAI-1 and fibronectin,
as compared with Con podocytes similarly subjected to EV trans-
fection (Figure 4C and Supplemental Figure 6B). In contrast, recon-
stitution of WT GSK3p (Figure 4C and Supplemental Figure 6B) but
not KD GSK3 (Supplemental Figure 6C) in KO podocytes restored
the senescence signaling activity and degenerative changes (Figure
4B). Despite the differences in senescence signaling, no significant
differences in cell cycle profiles were observed between primary KO
podocytes and Con podocytes, as shown by flow cytometric analysis
(Supplemental Figure 7, A and B).

PpI6™*4 and p53, key mediators of senescence signaling, colocal-
ize and physically interact with GSK3p as its putative substrates in
glomerular podocytes. To further examine the molecular mecha-
nisms underlying the GSK3p modulation of senescence signaling,
the physical interaction between GSK3p and diverse senescence
signaling molecules were examined in isolated glomeruli and cul-
tured podocytes. Homogenates of isolated glomeruli and lysates
of cultured murine podocytes were processed for immunoprecip-
itation by using an anti-GSK3p antibody followed by immunoblot
analysis for a number of selected senescence signaling transduc-
ers, including p16™4) p53, p21, p19, Rb, CDK2, and CDK4 (34,
35). As shown in Figure 5A, among these senescence mediators,
pl6™¥#4 and p53 evidently coprecipitated with GSK3 in both glo-
merular homogenates and podocyte lysates. To further validate
this finding, mouse kidney sections and cultured podocytes were
examined by dual-color immunofluorescent staining for GSK3
and p16™4 or p53 (Figure 5, B and C). Once again, p16™< or p53
colocalized with GSK3p staining in the periphery of glomerular
tufts, consistent with podocyte localization. Moreover, in cultured
podocytes, a discrete area of GSK3p staining distributed mainly in
the cytoplasm and, to a lesser extent, in nuclei, colocalized with
pl6™X4A or p53, as shown by laser scanning confocal fluorescence
microscopy. These findings suggest that GSK3p may physically
interact with p16™%*A and p53. A growing body of evidence sug-
gests that p16™ 4 and p53 undergo posttranslational regulation,
including phosphorylation (36-39). Indeed, phosphorylation of
pl6™K4A and p53 at serine 152 and 37, respectively, is required for
the prosenescence signaling activities (38, 40, 41). As a ubiqui-
tously expressed serine/threonine kinase, GSK3p is known to cat-
alyze the phosphorylation of a number of substrate proteins (20).
To further test whether GSK3p regulates p16™*** and p53 phos-
phorylation, the amino acid sequences of p16™¥* and p53 were
examined by computational active site analysis for putative con-
sensus phosphorylation motifs for GSK3p. As shown in Figure 5D,
in silico analysis revealed that a number of amino acid residues in
pl6™¥#4 and p53 reside in the consensus motifs for phosphorylation
by GSK3p with statistically significant prediction scores, suggest-
ing that p16™*** and p53 are putative substrates for GSK3p.

To further validate the role of GSK3p in the regulation of cellular
senescence signaling, GSK3p activity was specifically manipulated

The Journal of Clinical Investigation

in murine podocytes by ectopic expression of a constitutively active
(S9A) or the KD GSK3p mutant, or by lithium, a chemical inhibitor
of GSK3p. Fluorescent immunocytochemical staining confirmed
satisfactory and comparable lipofectamine-based transfection of
podocytes with plasmids encoding S9A or KD (Figure 6A). The
phosphorylation of serine residues in p16™*** and p53 was increased
in podocytes expressing S9A but abrogated in KD-expressing or
lithium-treated cells (Figure 6B). Importantly, senescence signaling
was induced in S9A-expressing podocytes, marked by increased
expression of p16™¥*A p53, and p21, and reduced expression of p-Rb
(Figure 6C and Supplemental Figure 8), resulting in amplified podo-
cyte senescence, as probed by YH2AX or SA-B-gal activity staining
(Figure 6, D-F). Enhanced podocyte senescence was associated
with podocyte degenerative changes, characterized by diminished
expression of synaptopodin and disruption of the phalloidin-la-
beled actin cytoskeleton (Figure 6D). Conversely, KD overexpres-
sion suppressed senescence signaling and podocyte senescence
and degeneration (Figure 6, C-F).

Therapeutic targeting of GSK3p by microdose lithium intercepts
the senescence signaling pathway and attenuates kidney aging in mice.
To examine whether GSK3p-regulated senescence signaling could
provide a therapeutic target for modifying the kidney aging process,
aging mice were treated with lithium, a known inhibitor of GSK3p.
Of note, the dose of lithium needed to attain effects on peripher-
al organs is much less than the psychiatric dose (18). A pilot study
was performed to determine the lowest optimal dose of lithium that
could effectively block the activity of GSK3p in the aging kidney
(Figure 7A). WT mice aged 12 months received a single microdose
of lithium chloride (40 mg/kg, s.c.) or equal molar amounts of sodi-
um chloride as controls. Mice were then sacrificed every other day.
Immunoblot analysis of whole kidney homogenates demonstrat-
ed that lithium markedly induced inhibitory phosphorylation of
GSK3p%, whereas sodium chloride had no effect. This effect of lith-
ium gradually waned, and by day 8, renal expression of phosphory-
lated GSK3p%° was almost comparable to that on day O (Figure 7B).
Accordingly, once-weekly injection of microdose lithium or sodium
was used in subsequent studies and administered to mice aged 12
months (Figure 7C). After 3 or 6 months of treatment, lithium but
not sodium treatment markedly ameliorated albuminuria, as shown
by urine protein electrophoresis and by urinary albumin-to-creati-
nine ratios (Figure 7D), and improved kidney function, as assessed
by serum creatinine levels (Figure 7E). In addition, lithium treat-
ment significantly attenuated podocytopenia, characterized by
diminished WT-1-positive cells per glomerular cross section, and
mitigated cellular senescence in glomeruli, marked by SA-p-gal
activity staining (Figure 7, F and G). Mechanistically, senescence
signaling activity in isolated glomeruli was abrogated by lithi-
um treatment, as evidenced by repressed expression of p16™K4
p53, and p21, along with elevated expression of p-Rb, as well as
diminished production of SASP factors TGF-f1, PAI-1, and fibronec-
tin, as shown by immunoblot analysis in combination with densi-
tometry (Figure 7, H and I). Moreover, as shown by staining for Ki67
(Supplemental Figure 9, A-D), lithium treatment slightly increased
the number of proliferative cells in renal tubules, which were mostly
in G, and S phases (Supplemental Figure 9, C and F). Nevertheless,
the number of glomerular cells or podocytes positive for Ki67 or
any other cell cycle markers was similar in kidneys from lithium- or
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Figure 3. Podocyte-specific ablation of GSK3f in mice mitigates podocyte senescence and senescence-associated secretory phenotypes (SASPs)

and improves kidney aging. (A) Schematic diagram illustrates the animal experimental design. (B) Kidney specimens collected from podocyte-specific
GSK3B-knockout (KO) and control (Con) mice at 2 months of age (mo) were processed for peroxidase staining for GSK3B, as shown by representative micro-
graphs. Arrowheads indicate GSK3f-positive podocytes. Scale bars: 20 um. (C) Kidney specimens were subjected to fluorescent immunostaining for WT-1
and podocin, peroxidase immunostaining for p16'™*4A, and SA-B-gal activity staining, as shown by representative micrographs. Scale bars: 20 um. (D and E)
The average number of (D) WT-1* podocytes and (E) SA-B-gal* foci per glomerular cross section (gcs) by absolute counting. *P < 0.05 (n = 6 mice per group).
(F) Spot urine was collected at the indicated time points, and an aliquot (20 pL) was resolved by SDS-PAGE followed by Coomassie brilliant blue staining.
Bovine serum albumin (BSA; 1, 2, and 4 pg) served as standard control. Urine samples were processed for albumin ELISA analysis with adjustment for
creatinine concentrations. *P < 0.05 (n = 6). (G) Serum creatinine levels in KO mice were significantly lower than those in Con mice. *P < 0.05 (n = 6). (H)
Representative immunoblot analysis of glomeruli isolated from Con and KO mice for indicated proteins. B-Tubulin served as a loading control. (1) Kidney
specimens collected at 24 months were processed for fluorescent immunohistochemical staining for SASP factors. Scale bars: 50 um. (J) Representative
immunoblot analysis of glomeruli isolated at 24 months for SASP factors. Densitometric analyses of the expression levels of SASP factors in glomeruli,
presented as relative levels normalized to B-tubulin based on immunoblot analysis. *P < 0.05, **P < 0.01 (n = 6). Data are expressed as mean + SD. Panels
D-G and ) were analyzed by 2-tailed, unpaired Student’s t test.
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Figure 4. Cellular senescence and senescence-associated secretory phenotypes (SASPs) are mitigated in primary podocytes derived from KO mice and rein-
stated after GSK3p reconstitution. (A) Primary podocytes were cultured from glomeruli isolated from 12-month-old control mice (Con) and mice with podo-
cyte-specific GSK3p knockout (KO). Representative micrographs show freshly isolated glomeruli and primary cultures of podocytes. Scale bars: 75 um. (B-E)
Primary podocytes were subjected to electroporation-based transfection with either an empty plasmid vector (EV) or a plasmid encoding the HA-conjugated
WT GSK3p by using the Amaxa Nucleofection kit. (B) Cells were processed for SA-B-gal activity staining or immunofluorescent staining for synaptopodin
(SYNPO; red) or yH2AX (green) followed by counterstaining with DAPI for nuclei or with rhodamine-phalloidin for F-actin (red). Scale bars: 20 um (top 2 rows)
and 30 pm (bottom row). (C) Cell lysates were processed for immunoblot analysis for indicated proteins, including SASP factors like fibronectin (FN) and PAI-1.
B-Tubulin served as a loading control. (D) Absolute count of the number of YH2AX* cells expressed as percentages of the total number of cells per microscopic
field. *P < 0.05 versus all other groups (n = 3). (E) Quantification of the SA-B-gal* cells as percentages of the total number of cells per microscopic field. *P <
0.05 versus all other groups (n = 3). Data are expressed as mean + SD. Panels D and E were analyzed by 1-way ANOVA followed by Tukey's test.

sodium-treated mice (Supplemental Figure 9, B, D, and E), suggest-
ing that lithium had minimal effects on podocyte proliferation or
cell cycle profiles during aging.

GSK3p-regulated cellular senescence in renal tubules. In addition
to glomeruli, increased expression of GSK3B was also detected
focally in cortical tubules in aging kidneys in humans (Figure 1C).
In mice, the expression and activity of GSK3p likewise increased
focally in cortical renal tubules with age, as determined by immu-
nohistochemical staining and by immunoblot analysis of whole
kidney specimens (Supplemental Figure 10, A and B). This was
associated with focally increased renal tubular expression of senes-
cence mediators p16™N*** and p53, suggesting that GSK3p-regulated
senescence signaling is also operative and contributes to aging in
other compartments of the kidney. Renal tubular overexpression of

GSK3p and senescence markers was marginally reduced by podo-
cyte-specific ablation of GSK3p in aging mice (Supplemental Fig-
ure 10, C and D), possibly secondary to prevention of glomerular
aging and proteinuria. However, they were substantially mitigated
by microdose lithium treatment (Supplemental Figure 10, E and F),
suggesting that GSK3B-promoted cellular senescence could also be
apharmacological target in other compartments of the kidney.
Lithium therapy in psychiatric patients inhibits GSK3f and
mitigates senescence signaling in podocytes, concomitant with bet-
ter-preserved kidney function. To determine whether lithium
alters GSK3p-regulated senescence signaling and kidney aging
in humans, a group of psychiatric patients who received long-
term treatment with lithium carbonate was studied. All patients
had received routine therapeutic drug monitoring of lithium and
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anti-GSK3p antibody or preimmune IgG, followed by immunoblot analysis (I1B) of immunoprecipitates for GSK3p, p16™**, and p53 in parallel with input
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had no evidence of lithium overdose or toxicity. Another group of
psychiatric patients, who were matched for age, sex, and dura-
tion of mental diseases but never treated with lithium carbonate,
served as controls (Supplemental Table 1). Turnover and shedding
of renal epithelial cells, such as glomerular podocytes, is a nor-
mal ongoing process and is associated with continuous excretion
of renal parenchymal cells into the urine (42). Exfoliated cells
in the urine have been successfully utilized as a type of noninva-
sive liquid kidney biopsy for research and diagnostic purposes
(42, 43), and were collected in our patients (Figure 8, A and B). As
shown in Figure 8C, multicolor fluorescent immunocytochemical
staining demonstrated that the level of inhibitory phosphorylation
of GSK3p% was inversely associated with that of the prosenes-
cence signaling mediator p16™*** in urinary exfoliated cells, in
support of the hypothesis that GSK3p also modulates senescence
signaling in humans. This morphologic finding was corroborated
by statistical analysis of individual urinary exfoliated cells cat-
egorized based on 4 patterns of staining, i.e., p16"p-GSK3p%,

J Clin Invest. 2022;132(4):e141848

pl6Mip-GSK3B%H) pl6op-GSK3p®P, and pl6lop-GSK3p™Hhi (Table
1). Lithium-treated patients tended to excrete more of the
pl6°p-GSK3p*Hi cells expressing high levels of phosphorylated
GSK3B% and low levels of pl6™**A, consistent with an antiaging
activity (Table 1). Moreover, in urinary WT-1-positive podocytes
derived from lithium-treated patients, the level of phosphorylated
GSK3pB% was also enhanced as expected (Figure 8C), and associ-
ated with reduced expression of p16™*#* (Figure 8D). In parallel,
podocyte degeneration was attenuated in lithium-treated patients,
marked by retention of the podocyte homeostatic marker synap-
topodin (Figure 8E), whereas urinary exfoliated cells positive for
the senescence marker YH2AX (Figure 8F) were diminished, sug-
gesting that lithium therapy confers a rejuvenating effect on kid-
ney cells, including podocytes. Indeed, lithium-treated patients
demonstrated a trend toward better kidney functions as indicated
by preservation of eGFR and lower urinary albumin-to-creatinine
ratios (Supplemental Table 1), despite comparable age, sex, dura-
tion of mental disease, and comorbidities.
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Figure 6. GSK3p regulates the phosphorylation of p16'"*“* and p53, resulting in modulation of senescence signaling in podocytes. Conditionally immor-
talized murine podocytes were transiently lipotransfected with a control empty plasmid vector (EV), or plasmids encoding the HA-conjugated domi-
nant-negative kinase dead (KD) mutant of GSK3p or constitutively active (59A) mutant of GSK3p in the presence or absence of lithium chloride (LiCl, 10
mM) or an equal volume of vehicle. (A) After different treatments, cells were subjected to immunofluorescent staining for HA, which revealed a transfec-
tion efficiency of approximately 80%. Scale bar: 20 um. (B) Whole cell lysates were processed for immunoprecipitation (IP) by using an anti-p16™% or -p53
antibody, followed by immunoblot analysis (IB) of immunoprecipitates for phosphorylated serine (p-Ser), in parallel with input controls. (C) Representative
immunoblot analysis of cell lysates for indicated molecules. B-Tubulin served as a loading control. (D) Cells were subjected to SA-B-gal activity staining, or
to immunofluorescent staining for synaptopodin (SYNPO; red) or yH2AX (green) followed by counterstaining with DAPI for nuclei or with rhodamine-phal-
loidin for F-actin (red). Scale bars: 20 um. (E) Absolute count of the number of YH2AX* cells as percentages of the total number of cells per microscopic
field. *P < 0.05 versus all other groups (n = 3). (F) Quantification of the SA-B-gal* cells as percentages of the total number of cells per microscopic field.
**P < 0.01versus all other groups (n = 3). Data are expressed as mean + SD. Panels E and F were analyzed by 1-way ANOVA followed by Tukey's test.

Discussion

Kidney aging is an emerging challenge. It impairs kidney function
and predisposes older people to AKI, CKD, and other diseases (1,
3). As yet, there are no treatments to slow or halt kidney aging.
This study demonstrates that GSK3p is a key regulator of senes-
cence signaling in the kidney. Genetic or pharmacologic targeting
of GSK3p in podocytes attenuates senescence and SASP in glom-
eruli and mitigates kidney aging. Our findings have significant
therapeutic potential because lithium, a standard inhibitor of
GSK3B, is an FDA-approved agent for treating affective mental
illness (18). If validated in large clinical trials, low-dose lithium

_JCI et

might also be an effective antiaging medication for the kidney
and, potentially, other organ systems.

A beneficial effect of low-dose lithium on aging has also been
reported in experimental organisms like C. elegans and flies (7-9),
and is supported by epidemiologic evidence in humans (7, 11). In
rodent models, microdose lithium conferred protection against AKI
(24, 44-46), CKD (27, 47), and glomerular injury (48, 49). Howev-
er, clinical use of lithium in psychiatric patients has been reported
to have adverse renal effects and deleterious clinical consequenc-
es, including nephrogenic diabetes insipidus, which is attributed to
effects of high-dose lithium on distal renal tubules and often resolves
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Figure 7. Once-weekly microdose lithium treatment later in life suppresses podocyte senescence and senescence-associated secretory phenotypes
(SASPs) in mice, resulting in a retarded renal aging. (A) Schematic diagram illustrates the pilot experiment to optimize the regimen of lithium therapy in
mice. (B) On indicated days (d) after LiCl or NaCl treatment, protein was extracted from whole kidneys (pool of 3 animals per group) for immunoblot analysis
for indicated molecules. (C) Schematic diagram illustrates the experimental design in WT aging mice. (D) Spot urine was collected at the indicated month
(mo) and an aliquot (20 uL) was resolved by SDS-PAGE followed by Coomassie brilliant blue staining. Bovine serum albumin (BSA; 1, 2, and 4 pg) served

as standard control. Urine samples were processed for albumin ELISA analysis with adjustment for creatinine concentrations. *P < 0.05 (n = 6). (E) Renal
function was assessed by serum creatinine levels. *P < 0.05 (n = 6). (F) Kidney specimens were subjected to immunofluorescent staining for WT-1or SA-B-
gal activity staining. Scale bars: 20 um. (G) The average number of WT-1* cells and SA-B-gal* foci per glomerular cross section (gcs) by absolute counting. *P
< 0.05 (n = 6 mice per group). (H) Representative immunoblot analysis of isolated glomeruli. Densitometric analyses of the expression levels of indicated
proteins, presented as relative levels normalized to B-tubulin based on immunoblot analysis. **P < 0.01, ***P < 0.001, ****P < 0.0001 (n = 6). (I) Represen-
tative immunoblot analysis of glomeruli isolated at 18 months for SASP factors fibronectin (FN), PAI-1, and TGF-B1. Densitometric analyses of the expression
levels of indicated proteins, presented as relative levels normalized to -tubulin based on immunoblot analysis. **P < 0.01, ***P < 0.001 (n = 6). Data are
expressed as mean + SD. Panels D, E, and G-1 were analyzed by 2-tailed, unpaired Student’s t test.
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Figure 8. Long-term lithium carbonate therapy in psychiatric patients inhibits GSK3p activity and attenuates cellular senescence in urinary exfoliated
cells. (A) Schematic diagram depicts preparation of urinary exfoliated cells from psychiatric patients treated either with lithium carbonate [Li (+), n =12] or
without lithium carbonate [Li (-), n = 12]. Scale bars: 100 um. (B) Immunofluorescent staining of urinary exfoliated cells for synaptopodin (red) with DAPI
counterstaining for nuclei, as shown by fluorescence microscopy and differential interference contrast (DIC) microscopy. Arrowheads indicate synaptopo-
din-positive podocytes, while arrows indicate synaptopodin-negative urinary cells. Scale bars: 20 pm. (€) Multicolor immunofluorescent staining of urinary
exfoliated cells for phosphorylated GSK3 at serine 9 (p-GSK3p%%), p16™ A, and WT-1. Arrows indicate WT-1-positive urinary podocytes with p-GSK3p**'°p16"
staining pattern. Arrowheads indicate WT-1-positive urinary podocytes with p-GSK3B**"p16" staining pattern. Scale bars: 100 um. (D) Quantification of cells
with high and low expression of p16™*** among all WT-1* urinary cells. **P < 0.01 (n = 12). (E) Immunofluorescent staining of urinary exfoliated cells for syn-
aptopodin (SYNPO) followed by counterstaining with DAPI. Scale bars: 20 pm. (F) Immunofluorescent staining of urine exfoliated cells for yH2AX followed
by counterstaining with DAPI. Scale bars: 20 um. Absolute count of the number of YH2AX-positive cells as percentage of the number of urinary exfoliated
cells per microscopic field. **P < 0.01(n = 12). Data are expressed as mean + SD. Panels D and F were analyzed by 2-tailed, unpaired Student'’s t test.

after cessation of lithium (50). Nevertheless, the bulk of epidemio-
logic data suggest lithium nephrotoxicity is actually uncommon and
usually associated with high serum levels of lithium and longer dura-
tion of lithium therapy (18, 51). Of note, comparatively high doses of
the lipophobic lithium ion are required to reach therapeutic levels in
cerebrospinal fluid and treat mental diseases (18, 52). Accordingly,
the psychiatric dose of lithium is much greater than that associated
with beneficial effects on peripheral organs like the kidney. While
the optimal dose of lithium for kidney protection is still unknown,
evidence suggests that a dose less than one-third of the neurobio-
logical dose seems to be sufficient to block renal GSK3p activity in

animal models (18). As shown in this and other studies, this low dose
has significant effects on diverse signaling pathways (18, 24, 49), and
on kidney aging, with no noticeable adverse effects.

Besides the senescence signaling pathway, GSK3p has many
other targets, with p-catenin being a major one (20). Although
B-catenin is essential for podocyte homeostasis (53), excessive
B-catenin activation may contribute to podocyte injury (54). Con-
ditional ablation of GSK3p in podocytes, however, barely affected
the B-catenin pathway and was not associated with any renal phe-
notypes in young mice, as shown by us (21) and by Hurcombe et
al. (22). This is probably attributable to compensation for the loss
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Table 1. Relationship between p-GSK3p%° and p16™‘*A expression
in urinary exfoliated cells collected from lithium-treated and
non-lithium-treated psychiatric patients

p16INK4A
Treatments p-GSK3p* - Pvalue
Low High
" Low 201 532
Non-lithium treated High 304 163
- Low 261 298
Lithium treated High 493 148
<0.01

The expression patterns of p-GSK33* and p16™“A in urinary exfoliated cells
were revealed by immunofluorescent staining as shown in Figure 8C. One
hundred random urinary exfoliated cells from each patient were analyzed

and pooled together for the lithium-treated or non-lithium-treated group.
The impact of lithium therapy on the expression patterns of p16™* and
p-GSK3B°® in urinary exfoliated cells was analyzed by Mantel-Haenszel y? test.

of GSK3p by GSK3a, which seems to be redundant with GSK3f in
mediating Wnt/B-catenin signaling (55). In support of this, Hur-
combe et al. (22) demonstrated that podocyte-specific KO of both
GSK3a and GSK3p in embryonic or adult mice activated B-catenin
and disrupted Hippo signaling in podocytes, resulting in severe
podocyte injury, glomerulosclerosis, and heavy proteinuria. Con-
sistently, by using compound KOs of GSK3a and -, Doble et al.
(55) also demonstrated that genetic deletion of at least 3 of the
4 alleles of both isoforms of GSK3 is required to cause an appre-
ciable change in B-catenin activity, suggesting that there may be
a therapeutic window within which chemical inhibitors can effec-
tively block GSK3p signaling without altering B-catenin levels in
peripheral organs, like the kidney. Our data suggest that micro-
dose lithium may be one such inhibitor to satisfy this need.

Global glomerulosclerosis is the histological hallmark of kid-
ney aging (1, 2). Podocyte inadequacy due to senescence and loss
together with glomerular fibrogenesis induced by SASP paracrine
signaling is a fundamental pathogenic mechanism that promotes
age-related glomerulosclerosis (56, 57). Glomerular podocytes are
highly specialized and terminally differentiated cells with limited
capacity to proliferate (33). In fact, the beneficial effects of GSK3p
KO or inhibition in glomerular aging were not associated with sig-
nificant podocyte proliferation. In addition to podocyte senescence,
age-related changes in other compartments of the kidney may also
contribute to kidney aging. In particular, renal tubular atrophy is
another hallmark of kidney aging and was observed in the present
study and associated with GSK3p overexpression and senescence in
renal tubular epithelial cells. In light of the finding that renal pro-
genitors with the potential to regenerate glomerular podocytes (58)
are physically located in renal proximal tubules (59), it is conceiv-
able that targeting GSK3f-regulated senescence in renal tubules
may spare renal progenitors, promote podocyte regeneration, and
thereby attenuate glomerular and kidney aging. Indeed, the bene-
ficial effect of lithium therapy on renal aging coincided with rein-
forced cell cycle progression in cortical renal tubular cells.

How does GSK3p modulate podocyte senescence? Our data sug-
gested that GSK3p may have a direct effect on senescence signaling
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by interacting with key senescence signaling mediators like p16™*+*
and p53, which are putative substrates for GSK3p. Thus, it is conceiv-
able that age-related GSK3p hyperactivity increases phosphorylation
of p16™*4* and p53, which is required for their prosenescence activi-
ties (37-39, 58), thereby promoting senescence signaling activity and
kidney aging. It is possible that GSK3p may target other substrates
and signaling pathways in addition to p16™¥#4 and p53 (20). Consis-
tent with this speculation, Nrf2, mTOR, AMPK, and other mediators
have also been implicated in modifying the senescence signaling
pathway (4, 5). Our finding by no means rules out the contribution of
other GSK3p-regulated pathways to kidney aging.

In summary, the senescence signaling pathway in glomerular
podocytes is regulated by GSK3p, which shows increased expres-
sion and activity with age. Targeted inhibition of GSK3f in podo-
cytes via conditional KO or pharmacologic blockade with micro-
dose lithium is able to intercept the senescence signaling, mitigate
podocyte senescence, and slow kidney aging. Our findings suggest
that GSK3p-regulated senescence signaling may be an attractive
target for therapeutic interventions aimed at delaying kidney aging.

Methods

Antibodies and plasmids. The following antibodies were purchased from
commercial vendors: mouse anti-GSK3f (sc-377213, Santa Cruz Bio-
technology); rabbit anti-GSK3p (9315, Cell Signaling Technology); rabbit
anti-GSK3p (ab32391, Abcam); rabbit anti-p16™%# (ab189034, Abcam);
mouse anti-pl6™&# (sc-1661, Santa Cruz Biotechnology); mouse anti-
WT-1 (sc-7385, Santa Cruz Biotechnology); goat anti-WT-1 (sc-15421,
Santa Cruz Biotechnology); mouse anti-phosphorylated GSK3p at serine
9 (anti-p-GSK3p%) (sc-373800, Santa Cruz Biotechnology); rabbit anti-
p-GSK3p® (9336, Cell Signaling Technology); mouse anti-p-Rb (sc-
377527, Santa Cruz Biotechnology); rabbit anti-p53 (sc-6243, Santa Cruz
Biotechnology); mouse anti-p53 (sc-126, Santa Cruz Biotechnology);
mouse anti-p21 (sc-6246, Santa Cruz Biotechnology); mouse anti-GAP-
DH (sc-32233, Santa Cruz Biotechnology); mouse anti-IGFBP3 (sc-
365936, Santa Cruz Biotechnology); rabbit anti-PAI-1 (sc-8979, Santa
Cruz Biotechnology); rabbit anti-TGF-f1 (sc-146, Santa Cruz Biotechnol-
ogy); rabbit anti-B-tubulin (2128, Cell Signaling Technology); goat anti-
podocin (sc-22298, Santa Cruz Biotechnology); rabbit anti-HA (3724, Cell
Signaling Technology); rabbit anti-yH2AX (9718, Cell Signaling Tech-
nology); goat anti-synaptopodin (sc-21537, Santa Cruz Biotechnology);
mouse anti-synaptopodin (sc-515842, Santa Cruz Biotechnology); rab-
bit anti-fibronectin (sc-9068, Santa Cruz Biotechnology); rabbit anti-fi-
bronectin (ab2413, Abcam); rabbit anti-p19 (ab80, Abcam); rabbit anti-
CDK2 (ab32147, Abcam); rabbit anti-CDK4 (ab199728, Abcam); rabbit
anti-phosphorylated serine (ab9332, Abcam); rabbit anti-Ki67 (ab16667,
Abcam); rabbit anti-PCNA (13110, Cell Signaling Technology); rabbit
anti-p-H3 (53348, Cell Signaling Technology); mouse IgG isotype con-
trol (31903, Invitrogen); rabbit IgG isotype control (02-6102, Invitrogen);
goat anti-mouse IgG horseradish peroxidase-conjugated (HRP-conju-
gated) antibody (31432, Invitrogen); goat anti-rabbit IgG HRP-conjugat-
ed antibody (65-6120, Invitrogen); rabbit anti-goat IgG HRP-conjugated
antibody (A16142, Invitrogen); donkey anti-rabbit IgG Alexa Fluor 488
(A21206, Invitrogen); chicken anti-mouse IgG Alexa Fluor 594 (A21201,
Invitrogen); chicken anti-goat IgG Alexa Fluor 594 (A21468, Invitrogen);
goat anti-mouse IgG Alexa Fluor 405 (A31553, Invitrogen); donkey anti-
goat IgG Alexa Fluor 488 (A11055, Invitrogen); and chicken anti-mouse
IgG Alexa Fluor 488 (A21200, Invitrogen).
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The control empty plasmid vector and plasmids encoding WT
GSK3p (HA-GSK3B/pcDNA3), the constitutively active GSK3f mutant
(HA-GSK3B S9A/pcDNA3), and the KD dominant-negative GSK3p
mutant (HA-GSK3B K85A/pcDNA3) were provided by Gail V.W.
Johnson (University of Alabama at Birmingham, Birmingham, Ala-
bama, USA) and Jim Woodgett (University of Toronto) as used as
described previously (24).

Animal experimental design. The triple-transgenic mice (NPHS2"™
TRE®* GSK3p"") for doxycycline-inducible podocyte-specific GSK3p
KO were bred as previously described (21) on a mixed genetic back-
ground of C57BL/6 x FvB. Male KO mice received doxycycline hydro-
chloride (TCI) treatment at 4 to 6 weeks old via drinking water (2 mg/
mL with 5% sucrose, protected from light) for 2 weeks to induce podo-
cyte-specific GSK3p ablation. Male littermates lacking any transgenes
were designated as control mice (Con) and similarly treated. Trans-
genic mice and additional WT male mice were fed standard chow ad
libitum with free access to water and were euthanized at 2, 12, or 24
months of age. In a separate experiment, WT C57BL/6 male mice aged
12 months were randomized to receive once-a-week subcutaneous
injections of lithium chloride (40 mg/kg) or an equal molar amount of
sodium chloride as controls. Mice were euthanized on 0, 2, 4, 6, 8 days,
or 3 or 6 months after the first injection. Spot urine, blood, and kidney
tissues were collected for further examinations. Six mice were random-
ly assigned to each group for each observed time point.

Bioinformatics analysis of age-related renal transcriptome data.
Age-related renal cortical transcriptome data are publicly available
from www.Nephroseq.org based on data sets derived from the Rod-
well Aging Kidney (29) study and were analyzed. After excluding sub-
jects with abnormal serum creatinine levels or blood pressure, or other
comorbid conditions, such as diabetes and hypertension, the mRNA
expression levels of GSK3p were retrieved and analyzed. To further
investigate the biological pathways associated with GSK3p in normal
and diseased glomeruli, glomerular transcriptome data originating
from the Ju CKD Glom study (30) were analyzed by GSEA using the
expert-curated kidney-aging-related gene set for specimens with high
expression of GSK3p versus those with low expression of GSK3p based
on gene expression microarray analysis. GSEA was performed by
employing GSEA v4.1.0 software (http://software.broadinstitute.org/
gsea/index.jsp). In addition, GPS 5.0 (http://gps.biocuckoo.cn/) was
used to predict GSK3p phosphorylation consensus motifs in the amino
acid sequences of p16™#* (NCBI accession number AAK83159.1) and
P53 (NCBI accession number BAA82343.1).

Urinary and serum measurements. Equal volumes of urine samples
were examined by SDS-PAGE followed by Coomassie Brilliant Blue
(Sigma-Aldrich) staining. Urine albumin concentrations were assayed
using a mouse albumin ELISA quantitation kit (Bethyl Laboratories
Inc). Urine and serum creatinine levels were measured by a creati-
nine assay kit (BioAssay Systems) according to the manufacturer’s
instructions. Albumin-to-creatinine ratios were calculated to assess
the severity of albuminuria.

Glomerular isolation and primary culture of podocytes. Glomeru-
lar isolation from mouse kidneys was carried out as reported previ-
ously (21). Briefly, mice were euthanized and immediately perfused
via left ventricular cannulation with ice-cold, sterile phosphate-buft-
ered saline (PBS) until the kidneys had blanched. After the left kid-
ney was resected for histological and other examinations, the right
kidney was further perfused via abdominal aorta cannulation with
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PBS containing Dynabeads M-450 (Dynal Biotech ASA) or magnet-
ic iron oxide particles (Sigma-Aldrich). Then, the right kidney was
collected and cortices were minced into 1-mm? pieces and digested
in collagenase A at 37°C for 30 minutes with gentle shaking. Tissues
were pressed gently through a 100-pum cell strainer (BD Falcon),
and glomeruli were gathered using a magnetic particle concentra-
tor. Primary podocytes were prepared from the isolated glomeruli as
described previously (21). In brief, enriched glomeruli were plated on
collagen type I-coated Petri dishes at 37°C in RPMI 1640 medium
(Life Technologies) supplemented with 10% fetal bovine serum (FBS,
Life Technologies), 1 mM sodium pyruvate (Sigma-Aldrich), 100 pg/
mL streptomycin, and 100 U/mL penicillin (Life Technologies) in a
humidified incubator with 5% CO,. Podocytes at passage 1 or 2 were
characterized by the expression of multiple podocyte-specific mark-
ers and used in subsequent experiments.

Cell culture and transfection. Conditionally immortalized mouse
podocytes in culture were a gift from Stuart Shankland (University of
Washington, Seattle, Washington, USA) and cultured under permissive
conditions as described previously (49). Briefly, cells were cultured in
RPMI 1640 medium containing 10% FBS, 0.075% sodium bicarbon-
ate (Sigma-Aldrich), 1 mM sodium pyruvate, 100 U/mL penicillin, and
100 pg/mL streptomycin in a humidified incubator with 5% CO,. Cells
were cultured at 33°C with 50 U/mL recombinant mouse IFN-y (Mil-
lipore) on collagen type I-coated plastic Petri dishes and were trans-
ferred to a 37°C incubator without IFN-y to induce differentiation.
Conditionally immortalized podocytes were transfected by using Lipo-
fectamine 3000 reagent (Invitrogen) according to the manufacturer’s
instructions. Transient transfection of primary podocytes was conduct-
ed via electroporation by using an Amaxa Nucleofection kit (Lonza Bio-
science) as previously described (60). The transfection efficiency was
evaluated based on HA expression.

SA-p-gal activity staining. Senescent cells are characterized by the
overexpression and accumulation of endogenous lysosomal -galacto-
sidase, a hydrolase that catalyzes the hydrolysis of p-galactosides into
monosaccharides only in senescent cells (31). For detection of SA-B-gal
activity, cryosections of mouse kidneys or cultured podocytes were
processed by using a commercial kit (9860, Cell Signaling Technolo-
gy). The frozen sections were then counterstained with Nuclear Fast
Red (N3020, Sigma-Aldrich).

Flow cytometric cell cycle analysis. Primary podocytes were har-
vested and fixed with 70% ethanol for 30 minutes at 4°C. Cells were
centrifuged at 500g, washed with PBS, followed by ribonuclease
(100 pg/mL) treatment for 10 minutes at 37°C and propidium iodine
(50 pg/mL) labeling. Cell cycle analysis was performed with a FACS-
Calibur flow cytometer (Becton Dickinson) at an excitation wave-
length of 488 nm, and data were analyzed by using ModFit LT soft-
ware (Verity Software House).

Western immunoblot analysis and immunoprecipitation. Isolated renal
glomeruli or whole kidney specimens were homogenized and cultured
podocytes were lysed in radioimmunoprecipitation (RIPA) buffer sup-
plemented with protease inhibitor cocktail (4693159001, Roche Diag-
nostics). Samples were processed for immunoblot analysis as specified
previously (21) by using primary and secondary antibodies. Immunopre-
cipitation was performed as previously described (21), and immunopre-
cipitates were processed for immunoblot analysis for indicated proteins.

Clinical studies. For examination of age-related histologic fea-
tures of the kidney, discarded non-neoplastic nephrectomy specimens
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were procured from patients who underwent radical nephrectomy due
to renal tumor at different ages (young, less than 30 years old; mid-
dle-aged, 30-59 years old; older subjects, 60-79 years old) with exclu-
sion of those with abnormal serum creatinine levels or blood pressure
as well as comorbid conditions, such as diabetes, hypertension, or coex-
isting kidney diseases. Kidney specimens were prepared and banked
at the Renal Pathology Laboratories at the First Affiliated Hospital of
Zhengzhou University. Additionally, psychiatric patients receiving
lithium carbonate treatment and psychiatric patients matched for age
and sex but never treated with lithium carbonate were included in this
study. All clinical and biochemical data were collected from medical
chart reviews. Exclusion criteria included noncompliant patients, anec-
dotal evidence of drug overdose or toxicity, coexisting renal diseases
as demonstrated by kidney dysfunction, abnormal urinalysis or imag-
ing, and underlying conditions like diabetes, hypertension, and malig-
nancy. Excess samples of clean-catch midstream urine were collected
during the routine health checkups from all patients and prepared for
analyses of urinary exfoliated cells.

Immunofluorescent staining. Frozen kidney sections or cultured
podocytes were fixed with 4% paraformaldehyde (Sigma-Aldrich),
permeabilized, and stained with primary antibodies followed by sec-
ondary antibody staining using Alexa Fluor 488 or 594. Filamentous
actin (F-actin) in podocytes was stained by rhodamine-phalloidin
(PHDRI, Cytoskeleton Inc.). Finally, sections or cells were coun-
terstained with 4',6-diamidino-2-phenylindole (DAPI) (ab104139,
Abcam) and visualized using a fluorescence microscope (EVOS XL
Core Imaging System, Thermo Fisher Scientific) or a Leica TCS SP5
laser scanning confocal microscope.

Renal histology assessment and immunohistochemical analysis. For-
malin-fixed, paraffin-embedded kidney specimens were prepared as
3-um-thick sections. For general histology, sections were processed for
PAS and Masson trichrome staining by routine procedures. The mor-
phologic features of all the sections were assessed by a single observ-
er in a blinded manner. Global glomerulosclerosis was quantified by
counting the number of globally sclerotic glomeruli per total number
of glomeruli per specimen. The score of interstitial fibrosis was esti-
mated by semiquantitative morphometric analysis of the Masson tri-
chrome staining that was graded as follows: 0, <5% of the interstitial
area affected; 1, 5% to 25% of the interstitial area affected; 2, >25% to
50% of the interstitial area affected; and 3, >50% of the interstitial area
affected. Peroxidase immunohistochemical staining was conducted by
using Vectastain ABC kits (Vector Laboratories) and primary antibod-
ies against indicated proteins. As negative controls, the primary anti-
body was replaced with IgG isotype controls from the same species and
no staining was noted. Computerized morphometry of immunohisto-
chemical staining was performed as described previously (61) by using
Image-Pro Plus software (Media Cybernetics).

Transmission electron microscopy. Kidney cortical tissues were cut
into small pieces (1 mm?), fixed with 2.5% glutaraldehyde, and embed-
ded in Epon 812 (Electron Microscopy Sciences). Samples were evalu-
ated by an investigator in a blinded manner. The length of the peripher-
al GBM was measured by using Image] software (NIH) and the number
of slit pores overlying this GBM length was counted. The arithmetic
mean of the foot process width was calculated by using an equation as
described previously (62).
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Analyses of urinary exfoliated cells. Urinary exfoliated cells were
isolated using a previously described protocol (43) with minimal mod-
ification. In brief, urine samples were centrifuged and urine sediments
were deposited to a slide evenly by using a cell spreader. Cells were fixed
with 4% paraformaldehyde, permeabilized, and stained sequentially
with primary antibodies and Alexa Fluor 350, 488, or 594 secondary
antibodies, followed by nuclear counterstaining with DAPI. The results
were visualized using a fluorescence microscope.

Statistics. All in vitro experiments were performed at least 3 times.
Numerical data are presented as mean + SD. Statistical analysis was
performed using GraphPad Prism 8.0. Comparisons among multi-
ple groups were performed using 1-way ANOVA alone or followed by
Tukey’s test. Data from 2 groups were compared by 2-tailed, unpaired
Student’s ¢ test. Linear regression analysis was applied to test possible
relationships between 2 parameters. Categorical data were analyzed
using Fisher’s exact test. Matched categorical data of the staining pat-
terns of urinary cells were analyzed by Mantel-Haenszel i’ test. P< 0.05
was considered statistically significant.

Study approval. All animal experiments were conducted accord-
ing to protocols approved by the Institutional Animal Care and
Use Committee (IACUC) at the Rhode Island Hospital and the Uni-
versity of Toledo. The clinical study of urine samples and discarded
nephrectomy specimens was approved by the Institutional Review
Board of the First Affiliated Hospital of Zhengzhou University in
Zhengzhou, China, and conformed to the ethical guidelines of the
1975 Declaration of Helsinki.
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