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Senescence in pancreatic beta cells plays a major role in beta cell dysfunction, which
leads to impaired glucose homeostasis and diabetes. Therefore, prevention of beta cell
senescence could reduce the risk of diabetes. Treatment of nonobese diabetic (NOD)
mice, a model of type 1 autoimmune diabetes (T1D), with palmitic acid hydroxy stearic
acids (PAHSAs), a novel class of endogenous lipids with antidiabetic and antiinflamma-
tory effects, delays the onset and reduces the incidence of T1D from 82% with vehicle
treatment to 35% with PAHSAs. Here, we show that a major mechanism by which
PAHSAEs protect islets of the NOD mice is by directly preventing and reversing the ini-
tial steps of metabolic stress—induced senescence. In vitro PAHSAs increased Mdm?2
expression, which decreases the stability of p53, a key inducer of senescence-related
genes. In addition, PAHSAs enhanced expression of protective genes, such as those reg-
ulating DNA repair and glutathione metabolism and promoting autophagy. We dem-
onstrate the translational relevance by showing that PAHSAs prevent and reverse early
stages of senescence in metabolically stressed human islets by the same Mdm2 mecha-
nism. Thus, a major mechanism for the dramatic effect of PAHSASs in reducing the inci-
dence of type 1 diabetes in NOD mice is decreasing cellular senescence; PAHSAs may
have a similar benefit in humans.
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A major pathogenic factor in both type 1 and type 2 diabetes is pancreatic beta cell dys-
function. In type 1 diabetes, autoimmune attack on beta cells causes cytokine-induced stress
(1), endoplasmic reticulum stress (2), and other forms of metabolic stress that result in beta
cell destruction. In type 2 diabetes, stresses such as chronic inflammation, glucolipotoxicity,
oxidative stress, mitochondrial dysfunction, and persistent endoplasmic reticulum (ER)
stress, impair beta cell function and insulin secretion (3-5). A major contributing factor to
the development of both type 1 (6) and type 2 (7) diabetes is the appearance of a popula-
tion of senescent and dysfunctional beta cells. Cellular senescence is a stress response in
which cells can no longer respond to proliferative signals but remain metabolically active
and secrete cytokines and chemokines that constitute the “senescence-associated secretory
phenotype”, known as SASP (8-11). The SASP recruits immune cells locally to clear senes-
cent cells but can also lead to dysfunction and the entry of neighboring cells into senes-
cence. Therefore, there is a need to discover treatments that will prevent and reverse the
dysfunctional beta cell phenotype and the activation of senescence pathways in order to
blunt the progression to diabetes or even reverse it.

Changes in lipid metabolism are associated with cellular senescence and can contribute
to organismal aging (12-15). Certain lipids, such as omega-3 fatty acids, reduce the inci-
dence of type 1 diabetes in mouse models (16), although no information is available
about their effects on beta cell senescence. In addition to being fundamental elements of
cellular membranes and a key energy source for cellular metabolism via beta oxidation,
lipids play important roles as signaling molecules that modify cellular responses (15). In
2014, we identified a class of previously unknown signaling lipids named branched fatty
acid esters of hydroxy fatty acids (FAHFAs). A subfamily of FAHFAs known as palmitic
acid esters of hydroxy stearic acids (PAHSAs) exert antidiabetic and antiinflammatory
effects that improve glucose homeostasis and lower inflammation in mouse models of
both type 1 and type 2 diabetes (17-19). We found that PAHSA treatment reduced ER
stress and delayed the onset and markedly reduced type 1 diabetes incidence in nonobese
diabetic (NOD) mice (18). In addition, in insulin-resistant mice on a high-fat die,
PAHSAs improved insulin sensitivity and glucose tolerance and reduced adipose tissue
inflammation (17-19). In human islets, PAHSAs augmented glucose-stimulated insulin
secretion (17-19) and restored normal pulsatility of insulin secretion in islets from
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Significance

The incidence of type 1 and type 2
diabetes is increasing worldwide.
Senescence in pancreatic beta
cells is a major contributor to
diabetes development. New
treatments for cellular senescence
are needed to prevent diabetes
and its comorbidities. Available
senolytics kill senescent cells and
reduce cell mass. Here, we
discovered that the endogenous
lipids palmitic acid hydroxy stearic
acids (PAHSAs) prevent and
reverse beta cell senescence in
autoimmune diabetic mice, clonal
beta cells, and human pancreatic
islets exposed to metabolic
stressors. PAHSAs act by inducing
expression of negative regulators
of p53 such as Mdm2 and by
enhancing protective pathways
such as glutathione metabolism
and DNA repair. Therefore,
PAHSAs have the therapeutic
potential to modulate senescence
to prevent and reverse diabetes.
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people with type 2 diabetes (20). While some of the protective
effects are likely to result from alterations in immune responses,
the presence of protective effects of PAHSAs in a beta cell line
and in human islets ex vivo indicates direct effects on beta cells
independent of immune modulation.

Therefore, in this study, we sought to determine the mecha-
nisms underlying the beneficial effects of PAHSAs on beta cells.
We first performed RNA-sequencing (RNAseq) analysis on islets
from control and PAHSA-treated NOD mice. Dispersed isolated
islets were sorted by fluorescence-activated cell sorting (FACS)
to remove immune cells, and the analysis was performed on the
nonimmune cells in the islets. We found that genes involved in
pathways related to senescence, SASP, DNA repair, and glutathi-
one (GSH) metabolism were highly modified by PAHSAs.
While there are no universal markers for cellular senescence and
the senescent phenotypes vary by cell type, we found that PAH-
SAs prevented up-regulation of classic senescence-related genes,
such as p21°%" and p16"™**, and enhanced expression of protec-
tive genes, such as DNA repair and GSH metabolism-related
genes, in islets of NOD mice. PAHSAs also efficiently preserved
nuclear high mobility group box 1 (HMGBI) in beta cells in
NOD mice; nuclear exclusion of HMGBI is a key marker for
senescence (21).

Next, we demonstrated that PAHSAs directly modulate the
initiation of senescence in pancreatic beta cells in three models
of metabolic stress known to induce senescence (glucose toxic-
ity, ER stress, and cytokines) using a beta cell line MING.
Using these stress models, we identified Mdm2 as a key target
of PAHSAs. Mdm?2 is an oncoprotein that decreases the stabil-
ity of p53 (22), a tumor suppressor that can induce cell death
or promote entry into senescence. PAHSAs induce Mdm?2
expression and suppress p53 in NOD islets. We demonstrate
similar PAHSA effects in human islets subjected to metabolic
stress with a conserved effect on the Mdm2-p53 pathway.
Thus, PAHSAs constitute an effective treatment to reduce cel-
lular stress and initiation of metabolic stress—induced cell senes-
cence in a mouse model of type 1 diabetes and in human islets.

Results

PAHSA Treatment of NOD Mice Preserved the Beta Cell
Phenotype and Protected against Senescence. We per-
formed bulk RNAseq in islets from female NOD mice treated
for 6 wk with a combination of two different biologically active
PAHSA isomers, 5- and 9-PAHSA, or vehicle starting at 4 wks
of age. We previously reported that treatment with PAHSAs
exerts effects on immune cell populations (18, 19, 23). There-
fore, to avoid confounding results on gene expression, the iso-
lated islets were dispersed and sorted by FACS (6) to remove the
immune cells usually found in NOD islets. We chose a 6-wk
treatment period because typically, in our animal facility, NOD
mice do not develop diabetes untl 13 wks of age or later. At
10 wks of age, a significant amount of insulitis was present, and
the total number of CD45™ cells/g pancreas was similar in vehi-
cle- and PAHSA-treated NOD mice (18). At 15 wks of age, the
total number of CD45" cells had not changed in PAHSA-
treated NOD mice, but it increased 2.5-fold in the vehicle-
treated mice. We wanted to define the islet transcriptome before
mice developed hyperglycemia to avoid its effects on beta cell
gene expression. All mice were normoglycemic at the time the
islets were isolated (Fig. 14).

The principal component analysis (PCA) of the RNAseq
data showed that one sample in each group was an outlier (57
Appendix, Fig. S1A). Development of diabetes in NOD mice is
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heterogeneous; some mice become hyperglycemic early, others
late, and some not at all. Although none of the mice used in the
RNAseq study were hyperglycemic at the time that they were
killed, it is common to find NOD mice that develop other ill-
nesses, which could explain the biology behind these two outliers
(24). After removing these two outlier samples, there was distinct
clustering of genes between the vehicle- and PAHSA-treated
NOD mice (SI Appendix, Fig. S1B). The expression of 1,169
genes was statistically different, with 461 up-regulated and 708
down-regulated genes identified in PAHSA-treated versus
vehicle-treated mice. Among the most down-regulated genes
were major components of the SASP, including interleukin-6
(1l6) and Filip-1/ (SI Appendix, Fig. S1C). The beta cell identity
marker urocortin 3 (Uen-3), which is exclusively expressed in
murine beta cells (25), and the DNA repair factor MutY DNA
glycosylase (Mutyh; induced 84.6-fold) were among the top
up-regulated genes (S/ Appendix, Fig. S1C). Pathway analysis
showed that PAHSA treatment of NOD mice up-regulated
expression of beta cell identity (Fig. 1B), GSH metabolism,
DNA repair, and cell cycle (i.e., Chx2) genes and down-regulated
senescence genes (i.e., Mcll), cytokines, and genes involved in
ER stress, apoptosis (i.e., Casp4) (Fig. 1D), or cancer (S/
Appendix, Figs. S1 D and E and S2 A-D).

Further analysis indicated that PAHSAs preserved islet cell
identity by complementary mechanisms. PAHSAs up-regulated
expression of multiple genes associated with mature and func-
tional beta cells (Fig. 1B and SI Appendix, Figs. S1 D and E and
S2A) as well as genes important for other islet cell types, such as
the alpha cell gene glucagon (Gk) (Fig. 1B and S/ Appendix, Fig.
S2 A and E). PAHSAs also preserved beta cell identity by pre-
venting the up-regulation of “disallowed” genes, for example,
Ldha (lactate dehydrogenase), Oar (ornithine aminotransferase),
and the solute carrier transporter Sc/1642, which are normally
repressed or expressed at very low levels in beta cells (26) but are
induced in NOD mouse beta cells (Fig. 1C and SI Appendix,
Fig. S2 A and E). This up-regulation of disallowed genes, often
referred to as dedifferentiation, leads to dysfunctional cells and
reduced functional beta cell mass (27). The majority of genes
regulated by transcription factors that promote dedifferentiation
(28), such as Foxol, Arx, or Pbx1, were down-regulated by PAH-
SAs (8 Appendix, Fig. S3A4). However, the majority of genes
controlled by transcription factors influencing the beta cell phe-
notype, such as NFIA, RFX3, or Med2A, were up-regulated by
PAHSAs (SI Appendix, Fig. S3B).

Down-regulation of apoptosis (Fig. 1 D and E) is consistent
with our previous data that apoptosis was reduced in islets
from PAHSA-treated compared to vehicle-treated NOD mice
and in PAHSA-treated clonal beta cells (18). In our RNAseq
analysis, PAHSAs down-regulated some genes related to the Bcl2
pathway, such as Bnip3 and Bnip3/ (Fig. 1D), which can induce
autophagy and apoptosis or necrosis following mitochondrial
membrane permeabilization (29). In addition, terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) staining
in pancreas sections from NOD mice from the same age and
treatments as those from the RNAseq experiments demonstrated
that the percentage of apoptotic beta cells was decreased ~60%
in PAHSA-treated NOD mice compared to vehicle-treated mice
(Fig. 1E). Overall, these data show that at the gene level, PAH-
SAs preserved the mature and functional beta cell phenotype in
NOD mice and reduced apoptosis in the islet endocrine cell
population.

Additional genes related to aging and to cellular senescence (9)
displayed down-regulation by PAHSA treatment (Fig. 1 Fand G
and SI Appendix, Fig. S2B). Genes commonly up-regulated either
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Fig. 1. PAHSA treatment of NOD mice preserves beta cell phenotype and protects beta cells from senescence. (A) NOD mice were treated with either PAH-
SAs (5- and 9-PAHSA) or vehicle by oral gavage for 6 wks from 4 wks of age until 10 wks of age before hyperglycemia occurred. (B-D) RNAseq data analysis
from NOD mouse islets revealed PAHSA effects on the preservation of the expression of genes responsible for maintenance of islet identity and hormones
(B), down-regulation of disallowed genes (C), and apoptosis (D). (E) Quantification of TUNEL assay in the beta cells of pancreas sections from NOD mice
treated with a combination of 5- and 9-PAHSA or vehicle for 6 wk (n = 5 to 7; *P < 0.05 by two-tailed Student's t test). (F-H) PAHSA treatment of NOD mice
also prevented up-regulation of aging-related (F), senescence-related (G), and SASP-related (H) genes. (/ and J). Genes involved in DNA repair (/) and GSH
metabolism (/) were maintained with PAHSA treatment. (K) Immunohistochemistry and quantification of pancreas sections from the same NOD mice as in A
showing P21P" and P16'™k4a (green), insulin (red), and DAPI (blue). Quantification of p21P" or p16"* was also performed in alpha cells; n = 5 to 7 mice/
group. (Scale bars, 50 pm.) Data are shown as means + SEM; *P < 0.001 versus vehicle p219P" or p16™4. Data were analyzed by two-tailed Student's ¢ test.
(L and M) Immunohistochemistry and quantification of pancreas sections from prehyperglycemic NOD mice (11 wk of age) and hyperglycemic (for vehicle-
treated mice) NOD mice (15 wks of age) treated for 6 or 11 wks with either PAHSAs or vehicle. (L) Nuclear HMGB1 (green), insulin (magenta), and DAPI images
are shown as well as quantification of HMGB1 at 11 wks of age in alpha cells. (M) yH2Ax (green), insulin (magenta), and DAP| images are shown as well as
image quantification; n = 4 to 6 (HMGB1) mice/group. (Scale bar, 50 um.) Data are shown as means + SEM (*P < 0.001 versus vehicle HMGB1 [L] or yH2Ax [M])
and were analyzed by two-tailed Student's t test.
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in cell aging, such as Neor2 (29) and Eps8/1, or in senescent cells,
such as prosurvival/antiapoptotic Be/2 family genes Mcl-1 and
Bcl2l1 (6, 7), were decreased in islets of PAHSA-treated NOD
mice (Fig. 1 F~-G). JfunB (30), an upstream regulator of p/ 6",
an effector of cellular senescence, was also decreased with PAH-
SAs. Several SASP factor genes were also down-regulated with
treatment (Fig. 14 and SI Appendix, Fig. S2 B and E). 1/6 was
the most down-regulated gene, decreasing 93.2-fold in the
PAHSA-treated mice, (SI Appendix, Fig. S20). Igfbp5 (Fig. 1G),
IL11 and IL34 (31), Ccl2 and Cxcl14 (Fig. 1H), and SASP tran-
scription factor STAT3 (87 Appendix, Fig. S3D) were also down-
regulated.

PAHSAs also up-regulated several cell protective pathways,
such as autophagy (Sgstml) (Fig. 1F), DNA damage response,
and DNA repair, that are commonly altered in senescence (32,
33) (Fig. 1]). These data suggest that PAHSAs enhance DNA
repair in damaged islet cells. The up-regulation of genes involved
in GSH metabolism, which protects against reactive oxygen spe-
cies (ROS) and glucose toxicity (34), with PAHSA treatment
(Fig. 1/ and S Appendix, Fig. S2 D and E) suggests that this
may be another protective pathway by which PAHSAs preserve
the beta cell phenotype in NOD mice. Overall, these results sug-
gest that under the metabolic stress conditions present in pancre-
atic islets of NOD mice, PAHSAs exert their beneficial effects
by preventing increased expression of genes involved in trigger-
ing and promoting senescence and by increasing the expression
of genes related to DNA repair and GSH metabolism, thus

reducing oxidative stress and progression to senescence.

Protein Levels of Hallmark Genes for Beta Cell Senescence
Are Regulated by PAHSA Treatment in NOD Mice. We did not
find differences in expression of the drivers of cellular senescence
9) p21 il or 1674 in the bulk RNAseq in islets from NOD
mice, but we found effects on the protein level by immunofluo-
rescence staining. In pancreas from similarly treated mice (before
development of hyperglycemia), fewer beta cells stained for
nuclear P21<%" (22% with vehicle treatment compared to 5%
with PAHSA treatment; Fig. 1K). Additionally, P16"™ immu-
nostaining was three-fold more intense in beta cells in vehicle-
treated NOD mice than in PAHSA-treated mice (Fig. 1K).
Exclusion of nuclear HMGBI protein is an established marker
of senescent cells (21, 31). In normoglycemic 11-wk—old NOD
mice, only 16% of the beta cells had nuclear HMGB1, whereas
with 6 wks of PAHSA treatment, 70% of the beta cells main-
tained nuclear HMGBI, further indicating that PAHSAs pre-
vented beta cell senescence. This difference persisted in NOD
mice at 15 wks of age (11 wks of treatment) when the vehicle-
treated, but not the PAHSA-treated, mice had become hypergly-
cemic (Fig. 1I). Because unrepaired DNA damage induces
cellular senescence, we performed immunostaining for the sensi-
tive molecular marker of DNA damage YH2Ax (35). In normo-
glycemic mice, the percentage of YH2Ax-positive beta cells was
37% in vehicle-treated mice versus 16% in PAHSA-treated mice
(Fig. 1M). By 15 wk of age (11 wk of vehicle or PAHSA treat-
ment), the percentage of beta cells positive for YH2Ax was higher
than in the younger animals but was still significantly lower in
PAHSA-treated mice (22% of beta cells) than in the now hyper-
glycemic vehicle-treated mice (56% of beta cells; Fig. 1M). At
both ages, PAHSA treatment prevented DNA damage in beta
cells, contributing to maintenance of the healthy and functional
beta cell population.

These results demonstrate that PAHSA treatment in NOD
mice has beneficial effects on key molecules that regulate senes-
cence in the islet and effectively prevents DNA damage, one of
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the main triggers of cellular senescence, which was present in
beta cells of NOD mice even before the onset of hyperglycemia.
Recently it has been reported that different cell types in isolated
mouse islets respond in a similar manner to cytokine exposure
(36). Therefore, we investigated the presence of senescence in
alpha cells, the second major cell type in pancreatic islets, in the
same pancreatic sections of 11-wk—old vehicle-treated NOD
mice. Our data show that alpha cells also became senescent
(Fig. 1 Kand I). However, the frequency of senescent alpha cells
was much lower than beta cells for all the markers examined:
22% of beta cells and 5% of the alpha cells for p21<"", higher
intensity staining for p16™ in beta cells (33 pixels/um?) than
in alpha cells (16 pixels/m?), and 84% of the beta cell popula-
tion lost nuclear HMGBI1 protein compared to only 11% of the
alpha cell population (Fig. 1 K and L, respectively). Therefore,
beta cells appear to be more affected by senescence than alpha cells
in vehicle-treated NOD mice. Nonetheless, PAHSAs also reduced
the expression of senescent markers in alpha cells (Fig. 1 K'and I).
In PAHSA-treated NOD mice, only 1.4% of the total alpha cell
population coexpressed p219P" compared to 3.7% in vehicle-
treated mice. Similarly, intensity of p16™* staining in alpha cells
from PAHSA-treated mice was reduced (3.5 pixels/ pm?) compared
to that observed in vehicle-treated mice (16.5 pixels/ pm?), and loss
of nuclear HMGB1 was seen only in 0.8% of the alpha cell popu-
ladon in PAHSA-treated mice compared to 11% in vehicle-treated
mice. These results show that senescence occurs in other islet endo-
crine cell types which has not been reported previously, and sup-
port the notion that PAHSAs have beneficial effects in many
different cell eypes (17-19, 23, 37).

PAHSAs Prevented Senescence and Loss of Functional Beta
Cell Phenotype during Exposure to Different Metabolic Stress
Conditions. Induction of cellular senescence and the consequent
activation of a specific transcriptome program is heterogenous
and depends on multiple variables, including cell type, the source
of the metabolic stress, and its duration (38, 39). To follow-up
on the RNAseq data and test whether PAHSAs directly protect
the pancreatic beta cell, we exposed the clonal beta cell line
MING in vitro to well-defined metabolic stressors commonly
observed in diabetes and known to induce senescence—high glu-
cose (Fig. 24), cytokine-induced stress (Fig. 2B), and ER stress
(induced with thapsigargin; Fig. 2C). When MING cells were
treated with these stressors for different lengths of times, we
found that expression of senescence driver genes p21 Cipl (Fig. 2
D-F) and p1 G (Fig. 2 G-)) increased. Expression of p21 Cipl
was up-regulated 3-fold in response to cytokines (Fig. 2F) and
1.5-fold with thapsigargin (Fig. 2/). Cotreatment with PAHSAs
prevented this increase. Both, cytokines (Fig. 2H) and ER stress
(Fig. 21) increased pI Gkda expression, which was not prevented
by PAHSAs. The different dynamics between these two cyclin
dependent kinases inhibitors might be due to the fact that
p21“%P! tends to be expressed earlier after exposure to stress,
whereas p16™* expression is observed at later time points (38,
40). Because the cell analysis was performed very early after expo-
sure to the stressor, PAHSAs may require different lengths of
time for each metabolic stress condition to prevent increased

y2 6% as we observed in later experiments (SI Appendix, Fig.

S5). With high glucose, there was a trend for p21? and p16/"+%a
expression to be up-regulated and for PAHSAs to decrease this,
although the variability precluded statistical significance (Fig. 2 D
and G, respectively). Expression of the major SASP factor /6
was increased in response to all three metabolic stress conditions
(~3-fold with high-glucose, 2.5-fold with cytokines, and 1.7-fold
with ER stress), and cotreatment with PAHSAs prevented its
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Fig. 2. PAHSAs prevent and reverse the effects of metabolic stress in beta cells in vitro. (A-C) Schemas of studies to prevent the initiation of senescence
in MIN6 cells under different metabolic stress conditions: glucotoxicity (A), cytokine stress (B), and ER stress induced by thapsigargin (C). (D-R) PAHSA
treatment prevented some changes in gene expression in MIN6 cells exposed to metabolic stress conditions: high glucose (D, G, J, M, and P) cytokine
stress (E, H, K, N, and Q) or ER stress (F, /, L, O, and R). Expression of senescence-related genes /027':/”7 (D-F), p76’”k"" (G-1), and IL-6 (/-L), beta cell maturity
marker Ucn3 (M-0), and DNA damage gene H2Ax (P-R) is shown; n = 4 independent experiments. Data are shown as means + SEM (*P < 0.05, **P < 0.005,
and ***P < 0.001 versus control) and were analyzed by one-way ANOVA with Bonferroni multiple comparisons test; Cyto, cytokines; Thap, thapsigargin. (5-U)
Schema for reversal studies in MIN6 cells under different metabolic stress conditions: glucotoxicity (S), cytokine stress (7), and ER stress induced by thap-
sigargin (U). The stressors were present until the end of the experiment. (V) HMGB1 immunohistochemistry showing a reversal experiment in MING6 cells.
Separate channels are shown in S/ Appendix, Fig. S5. Quantification (W-Y) of loss of nuclear HMGB1 in MIN6 cells under three different metabolic stress
conditions: glucotoxicity (W), cytokine stress (X), and ER stress induced by thapsigargin (Y) (Scale bars, 100 pm, left three columns; Scale bars, 32 pm, right
three columns). Data are shown as means + SEM (**P < 0.005 and ***P < 0.001 versus control) and were analyzed by one-way ANOVA with a Bonferroni
multiple comparisons test.

PNAS 2022 Vol. 119 No.47 2206923119 https://doi.org/10.1073/pnas.2206923119 5 of 12


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2206923119/-/DCSupplemental

Downloaded from https://www.pnas.org by HARVARD UNIVERSITY CABOT SCIENCE LIBRARY on February 22, 2023 from IP address 128.103.147.149.

up-regulation (Fig. 2 /~I). Additionally, expression of the DNA
damage marker H2Ax was increased in all three metabolic stress
conditions, which was prevented by PAHSAs (Fig. 2 P-R).

We next studied the impact of metabolic stress conditions
on markers of the mature and functional beta cell phenotype.
Ucn-3 expression was reduced by 60% in high glucose (Fig. 2M),
and by 85% with cytokines (Fig. 2/NV) or thapsigargin (Fig. 20)
treatment. Cotreatment with PAHSAs prevented the decreased
Ucen-3 expression under high glucose and thapsigargin cond-
itions but had no benefit with cytokine-induced stress (Fig. 2/V).
With a longer time (48 h) of PAHSA treatment, Ucn-3 expres-
sion increased but not to control levels (87 Appendix, Fig. S4A4).
PDX1 activates genes essential for beta cell identity (41); PDX1
expression was ~50% reduced under all three metabolic stress
conditions (SI Appendix, Fig. S4 B-D), and PAHSA treatment
prevented this decrease.

Because FOXOL represses Pdx expression, and nuclear local-
ization of FOXO1 promotes nuclear export of PDX1 and a
consequent decrease in insulin synthesis (42), PDX1 protein
was evaluated by immunofluorescence. Nuclear FOXO1 was
observed under the same metabolic stress conditions as in Fig. 2
A-C in vehicle-treated cells, while PAHSA treatment prevented
nuclear FOXO1 localization (SI Appendix, Fig. S4E), consistent
with the preserved PdxI gene expression shown above (S/
Appendix, Fig. S4 B-D).

We next investigated whether PAHSAs could reverse the ini-
tial cellular changes induced by metabolic stressors that could
drive beta cell senescence (SI Appendix, Fig. S5 A-C). MING6
cells were exposed for 5 d to glucose toxicity, and PAHSAs were
added during the last 48 h (S Appendix, Fig. S5A). Expression
of p21 <l 16, Serpinel, and Ucn3 was up-regulated with high
glucose and was completely reversed with PAHSAs (87 Appendix,
Fig. S5D). Similarly, PAHSAs reversed the early effects of
cytokine-induced stress and ER stress (S/ Appendix, Fig. S5 B
and O). p2IC’P1, p16] mkda and ILG expression were increased
with cytokine exposure and thapsigargin, and PAHSAs reversed
this induction (SI Appendix, Fig. S5D). These results are consis-
tent with the changing pattern of expression of SASP factors
with different stressors and time (38). A summary of other genes
for which PAHSASs reversed stress-induced expression changes is
shown in SI Appendix, Tables S1-S3.

We evaluated loss of HMGBI protein nuclear localization in
MING cells subjected to the three metabolic stress conditions
because this is a marker of senescence (21) (Fig. 2 $~0U). Under
all stress conditions, nuclear exclusion of HMGBI increased to
30 to 40% compared to 2 to 5% under control conditions,
while PAHSAs overwhelmingly restored nuclear HMGBI local-
ization (Fig. 2 V=Yand SI Appendix, Fig. S5 E-G).

Overall, in MING cells, the three metabolic stress conditions
present in type 1 diabetes (hyperglycemia, cytokines, and ER
stress) increased markers of DNA damage and decreased
markers of mature and functional beta cells. Most of these
changes were prevented or reversed with PAHSAs (Fig. 2 and
SI Appendix, Figs. S4 and S5 and Tables S1-S3).

PAHSAs Targeted Upstream Effectors of Senescence, DNA
Repair, and GSH Metabolism to Protect Beta Cells under
Metabolic Stress Conditions. P53 is a major initiator of senes-
cence (Fig. 34) (43-45), and many factors that negatively regulate
p53 were up-regulated by PAHSAs in the RNAseq data. Under
nonstress conditions, the main negative regulator of p53 is
MDM2 (22, 46-48), which binds to and promotes the transloca-
tion of P53 out of the nucleus for degradation (49-51). Also, YY1
(Ying Yang 1), Cbx2 (Chromobox 2), and Kapl/Trim28 (Fig. 3B)
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interact with Mdm2 and are negative regulators of p53 (4345,
52-54). In addition, the accumulation of Sgszml (autophagy
related) indirectly regulates p53 by controlling the NRF2-mediated
induction of Mdm2 (55).

To test whether PAHSAs regulated p53, we knocked down
Mdm2 (to prevent p53 degradation) in MING cells and exposed
them to cytokines, as previously described (Fig. 27), and ER
stress (Fig. 2U and SI Appendix, Fig. S5 B and C). Knockdown
of Mdm?2 resulted in 60% and 85% decreases in its expression in
the presence of cytokines (Fig. 3C) or thapsigargin (Fig. 3D),
respectively. Forty-eight hours of continuous cytokine exposure
further reduced Mdm?2 expression (Fig. 3C). Addition of PAH-
SAs for the last 24 h increased Mdm2 expression in control small
interfering RNA (siRNA)-transfected cells (Fig. 3C, white bars)
but not in cells with Mdm2 knockdown (Fig. 3C, gray bars).
Similarly, with thapsigargin-induced ER stress, PAHSAs increased
expression of Mdm2 in control siRNA-infected cells but had no
effect in Mdm2 siRNA-transfected cells (Fig. 3D, gray bars).
Mdm?2 knockdown resulted in increased P53 expression at 24 h
and 48 h of cytokine exposure (87 Appendix, Fig. S6A) and after
9 h of ER stress induction (S/ Appendix, Fig. S6B), validating the
physiological relevance of these models.

In these studies with cytokines and thapsigargin, cells transduced
with control siRNA had increased expression of senescence-related
genes and decreased Ucn3 expression, all of which PAHSA treat-
ment reversed (Fig. 3 Cand D and SI Appendix, Fig. S6 A and B,
white bars). Importanty, PAHSAs alone in the absence of meta-
bolic stressors did not affect the expression of senescence-related
genes; that is, in the absence of stressors, the expression in cells
treated with PAHSASs was similar to that in cells treated with vehi-
cle (Fig. 3 Cand D and SI Appendix, Fig. S6 A and B). Other
senescence-related genes, such as p53 and swtifin (Sfn), a down-
stream target of P53 and inducer of cell cycle arrest (56), were
increased in response to cytokines and thapsigargin in MING cells
with control siRNA and decreased toward dimethyl sulfoxide
(DMSO) control levels with PAHSA treatment (87 Appendix, Fig.
S6 A and B, white bars). PAHSAs decreased Sf7z expression under
ER stress. PAHSAs did not alter expression of p21 Cipl y 2 6 ”M“,
1L6 (Fig. 3 Cand D, gray bars), p53, Mutyh, Chop, or Ucn3 (SI
Appendix, Fig. S6 A and B, gray bars) in cells transfected with
Mdm2 siRNA and exposed to cytokines or ER stress conditions.
PAHSAs also had some beneficial effects in Mdm2-knockdown
cells after ER stress (S/ Appendix, Fig. S6B). This indicates that
additional pathways that do not involve Mdm2 may also mediate
the effects of PAHSAs on some genes.

We measured protein levels of p53 and MDM2 in response
to cytokines and ER stress with Mdm2 knockdown. Total P53
and phosphorylation of P53%"%, which is crucial for its stabiliza-
tion and to promote cell cycle arrest (57, 58), were increased in
cells with Mdm2 knockdown compared to in control siRNA-
treated cells, indicating potential progression to senescence
(Fig. 3 F-H). PAHSAs had no effect on phosphorylated or total
p53 in control siRNA cells in the absence of stressors. P53°""
levels increased under both metabolic stress conditions when
Mdm?2 was knocked down, and no further increase was observed
with stressors (Fig. 3 £ and F). PAHSA treatment reversed the
increase in total P53 and P53°"® only in the control siRNA
cells, indicating that MDM2 mediates these PAHSA effects.
PAHSAs also reduced the ratio of P53 to total P53 with
cytokine stress and ER stress in control siRNA cells but not in
MDM2-knockdown cells (Fig. 3 G and H). Both stress condi-
tions reduced MDM2 and YY1 protein levels. PAHSAs main-
tained MDM2 protein levels and increased YY1 levels in control
siRNA cells but not in MDM2-knockdown cells (Fig. 3 E-H).
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Fig. 3. Mechanism by which PAHSAs protect beta cells under metabolic stress conditions. (A) Proposed model for the mechanism by which PAHSAs
reduce stress-induced senescence in beta cells: reduction of p53 by preserving or increasing expression of its negative regulator Mdm2. (B) PAHSA treat-
ment preserved the expression of genes related to Mdm2 and p53 regulation in NOD mouse pancreatic islets (6 wk of treatment, 10 wk of age). (C) PAH-
SAs reversed cytokine stress-induced changes of senescence and SASP-related gene expression in MING6 cells transfected with siRNA for Mdm2 (gray bars)
or control siRNA (white bars); n = 4 independent experiments, each with three replicates per condition. Data show means + SEM; *P < 0.05 versus DMSO
and PAHSA siRNA control; #P < 0.05 versus cytokines siRNA control; %P < 0.05 different from all other conditions; *P < 0.05 different from all conditions
except DMSO and PAHSA controls; P < 0.05 different from both DMSO and PAHSA conditions. (D) PAHSAs reversed ER stress-induced senescence and
SASP-related gene expression in MING cells transfected with siRNA for Mdm2 (gray bars) or control siRNA (white bars). Data show means + SEM; *P < 0.05
versus DMSO and PAHSA siRNA control; #P < 0.05 different from DMSO and PAHSA controls and thapsigargin siRNA control; #P < 0.05 different from all
other conditions; *P < 0.05 different from all except DMSO and PAHSA controls; “P < 0.05 different from all except thapsigargin siRNA control; P < 0.05
different from both DMSO and PAHSA conditions. Data in C and D were analyzed by one-way ANOVA with Bonferroni multiple comparisons test. (E and F)
Western blotting analysis of p53, phospho-p53°¢™">, MDM2, YY1, and vinculin in MIN6 cells with reversal by PAHSAs of cytokine-stress (E) and ER stress
(F) induced by thapsigargin. Cells were transfected with either siRNA for Mdm2 or control siRNA (n = 3 replicates per condition). Data are representative
of three different Western blots. (G) Quantification of the data in £ showing means + SEM; *p < 0.05 different from all except DMSO siRNA control condi-
tions; *P < 0.05 versus DMSO siRNA control and cytokines 48 h + PAHSAs 24 h siRNA control; P < 0.05 versus all conditions; ®P < 0.05 versus all condi-
tions except DMSO siRNA Mdm2. (H) Quantification of F; &p < 0.05 versus all conditions; #P < 0.05 versus DMSO siRNA control conditions and thapsigargin
+ PAHSASs 3 h siRNA control; “P < 0.05 versus all conditions except DMSO siRNA for Mdm2. Data were analyzed by one-way ANOVA with a Bonferroni mul-
tiple comparisons test. (/) PAHSAs preserved and reversed GSH protein levels, which decreased with cytokine exposure in MIN6 cells. Quantification of
total GSH, GSSH, and GSH (reduced GSH). White bars show controls containing DMSO, and gray bars show PAHSAs (dissolved in DMSO). Data are shown
as means + SEM; *P < 0.05 versus all conditions; #P < 0.05 versus cytokines without PAHSAs. Data were analyzed by one-way ANOVA with a Bonferroni
multiple comparisons test; Cyto, cytokines, Thap, Thapsigargin. (/) Model illustrating the mechanism by which PAHSAs exert their beneficial effects on pan-
creatic beta cells under metabolic stress conditions. PAHSAs act through Mdm2 and its cofactors to destabilize p53. PAHSAs also alter DNA repair mecha-
nisms and autophagy to preserve the beta cell population. In addition, PAHSAs regulate p53 through the transcription factors E2F1 and E2F6. The effect
of PAHSAs on p53 results in decreased expression of downstream genes related to senescence, SASP, and apoptosis. In addition, PAHSAs increase the
expression of genes related to GSH metabolism to protect the beta cell from metabolic stress.
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These data indicate that maintaining MDM2 levels is necessary
for the PAHSA effects on P53. To summarize, cytokine and ER
stress decreased Mdm?2 expression, and PAHSAs reversed this
effect, which would destabilize P53 and thus halt progression to
cellular senescence.

We also investigated whether PAHSAs affected genes related
to GSH metabolism in MING cells, a pathway that protects
against oxidative stress and maintains redox homeostasis. Cyto-
kines decreased total GSH and oxidized GSH (GSSH) and
reduced GSH protein content; PAHSA treatment reversed these
changes (Fig. 31). This effect is likely to contribute to the benefi-
cial effects of PAHSAs on maintaining healthy beta cells.

Fig. 3/ shows a model for the mechanism by which PAHSAs
exert their beneficial effects directly on beta cells. This is based on
the RNAseq data in islets from NOD mice and the mechanistic
experiments in MING cells. PAHSAs decrease P53 stability by
increasing expression of its negative regulators Mdm2, Trim28
(Kapl), and YY1 (44-48) (Fig. 3)). Also, PAHSA treatment
increased Cbx2 expression (Fig. 3B); decreased Chx2 expression
induces senescence (43). Cbx2 inhibits Arf, which regulates p53
stability in part by inhibiting Trim28 (Kapl)-Mdm2 binding
(48). Trim28 and other transcription factors involved in regulat-
ing cell cycle, E2F1 and E2F6 (47, 48, 59, 60), were up-regulated
with PAHSA treatment in NOD islets (Figs. 1/). E2F1 impairs
insulin secretion and affects beta cell identity (61). Further pro-
tection is conferred by effects of PAHSAs to reduce DNA
damage by enhancing expression of regulators of DNA repair,
autophagy, and GSH metabolism. In addition, PAHSAs decreased
expression of Makpll (p38), which is highly up-regulated upon
DNA damage (62) and phosphorylates p53 on Serl5, inducing
cell cycle arrest and promoting IL-6 expression/release and
STAT3 phosphorylation (63, 64). MDM2 may mediate some of
these PAHSA effects on senescence in addition to DNA repair
since MDM2 can also regulate the redox state and GSH metabo-
lism (65).

PAHSAs Prevented and Reversed Cellular Senescence Induced
by Metabolic Stress in Human Islets. We next determined
whether PAHSAs similarly modulated the initiation of senes-
cence in human islets exposed to cytokines (Fig. 44). We used
islets from six nondiabetic donors aged 24 to 39 y since the
percentage of senescent beta cells increases with age (7) (87
Appendix, Table S4). Cytokine treatment increased expression
of P21°" (Fig. 4B), P16"™** (Fig. 4C), SEN (Fig. 4D), and
IL6 (Fig. 4E), and PAHSA treatment prevented these increases
in islets from all of the human donors (Fig. 4H and S/
Appendix, Fig. S7A). Mdm2 (Fig. 4F) and YY1 (Fig. 4G)
expression was reduced with cytokine treatment and was
restored by PAHSAs in islets from all donors. We found that
PAHSAs prevented the decreased expression of Mdm2 cofac-
tors (TRIM28, YY1, and CBX2), the DNA repair gene
MUTYH, and autophagy-related gene SQSTM1I. These results
suggest that in human islets, the mechanism of action of PAH-
SAs is similar to that in murine MING pancreatic beta cells.

PAHSA treatment of human islets not only prevented, but
also reversed, the increased expression of these senescence
markers induced by cytokines (Fig. 4 /~O and SI Appendix, Fig.
S7B). Similar to reversal studies in MING cells, Mdm2 expres-
sion decreased with cytokine stress in human islets and was
restored or even increased beyond control levels by PAHSAs
(Fig. 4N). In addition, changes in gene expression in response to
PAHSAs in human islets (Fig. 4 7, IV, and O and SI Appendix,
Fig. S7B) were consistent with the mechanism suggested by
RNAseq and confirmed in MING cells.
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Interestingly, the only gene that we tested for which PAHSAs
appeared to have different effects in the human islets compared to
NOD mouse islets was E2F1. In islets from NOD mice treated
with PAHSAs, E2F] expression was increased compared to in
vehicle-treated mice (Fig. 1F), but in human islets, PAHSAs
decreased E2F1 expression (SI Appendix, Fig. S7B). The function
of this transcription factor is controversial since it has been impli-
cated in both proliferation and prosenescence (59, 66, 67).

PCA of the genes analyzed in stressed human islets (S7
Appendix, Fig. S8) showed that islets treated with PAHSAs and
cytokines had clearly distinct gene expression from those treated
only with cytokines in both prevention and reversal studies. In
human islets treated with cytokines and PAHSAs, 70% of beta
cells had nuclear localization of HMGBI protein compared to
20% with cytokines alone (Fig. 4 P and @), consistent with
PAHSA effects in the NOD islets and in MING cells.

In conclusion, in human islets as in mouse beta cells, PAHSA
treatment prevented and reversed the initiation of senescence
induced by cytokine stress, which is the main metabolic stress
that contributes to the pathophysiology of type 1 diabetes. The
high percentage of beta cells with nuclear localization of HMGB1
protein supports the reversal potential of PAHSAs, which would
protect human beta cells from permanent senescence after expo-
sure to Stressors.

Discussion

In humans and mice, senescent pancreatic beta cells contribute to
the development and progression of type 1 and type 2 diabetes.
Senotherapeutics have been proposed as a new approach for delay-
ing or blunting the progression of diabetes. Senolytic drugs kill
senescent cells (68) by overcoming their resistance to apoptosis,
while senomorphic agents reduce the secretion of SASPs (69, 70)
without killing the cells. Senolysis results in improved glucose
homeostasis with potential deleterious effects on beta cell mass (6,
7). Our previous observation that PAHSAs delayed/prevented dia-
betes in NOD mice and reduced apoptosis and necrosis in beta
cells in vitro when beta cells were exposed to cytokines (18) sug-
gested that PAHSAs act through other mechanisms to maintain
functional beta cell mass. Here, we show that PAHSA treatment
reduced the frequency of apoptosis (TUNEL staining) in islets of
NOD mice even before the onset of hyperglycemia and the
expression of senescence markers and SASPs in NOD islets and
in beta cells that were exposed to metabolic stress conditions that
are found in type 1 and type 2 diabetes. In addition, we found
that PAHSA treatment in NOD mice and in MING beta cells
and human pancreatic islets exposed to metabolic stressors in vitro
preserved the nuclear localization of HMGBI in the beta cells.
Nuclear exclusion of HMGB1 has been described as one of the
initial signs of cellular senescence (21). PAHSAs modulate the
induction of cellular senescence by regulating p53 through multi-
ple mechanisms that preserve and/or restore senescent beta cells to
their previous healthy state (Fig. 3/). Enhanced expression of
genes involved in DNA repair and autophagy by PAHSAs may
also contribute to their beneficial effects. Overall, our data indi-
cate that PAHSAs act as modulators of cellular senescence and
might therefore be an effective approach to blunt or prevent the
progression to diabetes.

We made the important observation that alpha cells also
became senescent and that PAHSAs have beneficial effects to
reduce senescence in alpha cells too. This finding is important
since activation of senescence pathways contributes to release of
SASP components that will affect neighboring cells and spread

senescence. Previous work showed that PAHSAs affect immune
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Fig. 4. PAHSAs prevent and reverse the initiation of senescence induced by metabolic stress in human islets. (A) Schemas of prevention and reversal
experiments of PAHSA treatment during cytokine-induced stress in human islets from six different donors. (B-G) PAHSAs prevented up-regulated expression
of senescence and SASP genes islets from all human donors (n = 6). Data are shown as means + SEM; *P < 0.05 versus all conditions; #p < 0.05 versus con-
trol DMSO. Data were analyzed by one-way ANOVA with a Tukey's multiple comparisons test. (H) Heat map of PCR-determined expression of genes related
to the mechanism by which PAHSAs prevent senescence in beta cells represented in /. Data are from human islets exposed to cytokines in the prevention
study. (/) Heat maps of PCR-determined expression of genes related to the mechanism by which PAHSAs reverse senescence in beta cells represented in
Fig. 3/. Data are from human islets exposed to cytokines in the reversal study. (J-0) PAHSAs reversed the decreased expression of senescence and SASP-
related genes to levels similar to control conditions. PAHSAs maintained or increased MDM2 and YY1 expression. Data are shown as means + SEM; *P < 0.05
versus all conditions; #*P < 0.05 versus control DMSO. Data were analyzed by one-way ANOVA with a Tukey’s multiple comparisons test. (P and Q) Quantifica-
tion (P) and representative pictures (Q) of nuclear HMGB1 in beta cells from human islets. Cytomix (Cyto, combination of recombinant human IL1p, Tnfa and
IFNy. (Scale bar, 50 pm.) Data are shown as means + SEM; *P < 0.05 versus all conditions. Data were analyzed by one-way ANOVA with a Tukey's multiple

comparisons test.
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cells (18, 19, 23, 37), so some of the beneficial effects of
PAHSASs on beta cells in the NOD mice could also be indirect
via the immune cells and alpha cells. However, we show that
PAHSAs do have direct effects on beta cells using MING cells
and human islets. Thus, the beneficial effect of PAHSAs in the
NOD mice are due to 1) direct effects on the islet cells and 2)
indirect effects on the islet cells by attenuation of the infiltrat-
ing immune cells. These effects are not mutually exclusive.

Our experiments in MING cells exposed to metabolic stres-
sors that contribute to the development of diabetes demon-
strated the functional significance of the RNAseq data. PAHSAs
both prevented and reversed early changes induced by high glu-
cose, cytokines, and ER stress that could lead to senescence.
PAHSA treatment also prevented and reversed the beta cell
aberrant morphology, reduced expression of senescence-related
genes, and restored expression of genes characteristic of the
functional beta cell phenotype, such as Ucn-3 and Pdx1. While
we found that PAHSA treatment of MING cells under all three
metabolic stress conditions reversed the early expression of
senescence genes, such as p21“”’and SASP factors ILG or Ser-
pinel, to levels similar to control conditions, expression of
p16™%and Ucn3 were changed only under some of the stress
conditions. Thus, the benefit of the PAHSAs may vary with the
stage in the progression of senescence, the inducers of stress,
and the timing of exposure to the stress or to PAHSAs. Our
data showing that PAHSAs can reverse the effects of metabolic
stress in human islets exposed to metabolic stressors are consis-
tent with previous microfluidic data showing that PAHSA treat-
ment of islets from people with type 2 diabetes increased
glucose-stimulated insulin secretion and restored the normal
oscillatory dynamics of insulin secretion (20).

Our data showing that PAHSAs preserved or enhanced protec-
tive pathways, such as DNA repair and GSH metabolism, pro-
vide additional mechanisms by which PAHSAs protect pancreatic
beta cells. Consistent with the up-regulaton of DNA repair
genes, genes related to apoptosis, such as Casp9, were reduced
with PAHSA treatment, suggesting that PAHSAs actively con-
tribute to repair damaged cells, resulting in avoidance of the
excessive apoptosis usually observed in NOD mice (18, 71) and
preserving beta cell mass. PAHSA treatment reduced expression
of Bcl2[1 (known as Bel-xf), an antiapoptotic gene that maintains
cell cycle arrest that is a feature of cellular senescence (6, 72) and
also impairs mitochondrial signaling for insulin secretion (73).
The beneficial effect of PAHSAs on GSH metabolism is impor-
tant since GSH prevents oxidative stress that contributes to aging
and senescence in many cell types (74, 75) including beta cells.
GSH metabolism regulates ROS content and mitochondria func-
tion in beta cells (76, 77), and reduced GSH accelerates cellular
senescence in fibroblasts and adipocytes (78).

Mechanistically, our data indicate that regulation of the p53
pathway underlies the effects of PAHSAs. p53 is critical for the
senescence process; it can induce either cell cycle arrest or apopto-
sis. Stabilization of p53 under stress conditions results in cell cycle
arrest, and p53 degradation is necessary to overcome this arrest
(78). Mdm2, the central regulator of p53, exerts its effects by
inactivating p53 transcriptional activity, reducing its nuclear local-
ization and protein stability and promoting its degradation (79,
80). However, under stress conditions, Mdm2 expression is
reduced, which blocks p53 degradation and promotes either apo-
ptosis or entrance into cellular senescence (81, 82). Activation of
p53 or inhibition of Mdm2 impairs glucose-stimulated insulin
secretion by decreasing expression of pyruvate carboxylase, leading
to glucose intolerance in mice (82). PAHSA treatment prevented
and reversed the down-regulation of Mdm?2 or increased it after
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cells were exposed to metabolic stress. Knockdown of Mdm?2 in
cells exposed to metabolic stressors stabilized p53 as expected,
which would result in cell cycle arrest and progression to senes-
cence. Mdm2 knockdown prevented PAHSAs from reducing
senescence markers (Fig. 3)), suggesting that repression of p53
through induction of Mdm?2 is necessary for the beneficial effects
of PAHSASs on senescence.

Besides suppressing p53 expression to prevent cell cycle arrest
and senescence, PAHSA treatment may promote removal of
damage in cells by increasing autophagy, which would be another
mechanism to prevent senescence (83). PAHSA treatment
increased the expression of Sgszml/p62, which encodes a multi-
functional protein that promotes autophagy, decreases inflamma-
tion, and prevents oxidative stress (50, 51). It is involved in the
regulation of GSH production, mitochondrial integrity, and
reduction of mitochondrial ROS, and regulates senescence by
activating Nrf2-mediated induction of Mdm2 (84). A recent pre-
print indicated that PAHSAs promote autophagy in SH-SY5Y
cells, a neuroblastoma cell line (85).

Inhibitors of Mdm?2 are well described as an effective therapy
against cancer by blocking proliferation of cancer cells (81, 86,
87). Therefore, there could be a concern that inducing Mdm2
expression might promote tumorigenesis. However, we previ-
ously showed that PAHSA treatment of NOD mice did not
have tumorigenic effects in the pancreas or any other organ
(18). Yet the question of the effects of PAHSA treatment in
aged mice or mice in early-cancerous stages needs further study.

Our results have high translational potential for diabetes in
humans since we demonstrated that PAHSAs also blocked initia-
tors of senescence induced by metabolic stress in human islets.
The increased expression of negative regulators of p53 (Mdm2,
YY1, Kapl, and Cbx2) after PAHSA treatment in the human
islets suggests that the mechanisms downregulating p53 and
thus reducing senescence may be the same as in mouse islets
(Fig. 3)). The possibility of using PAHSASs to prevent or reverse
the initiation of senescence in humans will depend on safety and
efficacy of prolonged treatment. In mice, the safety of prolonged
PAHSA treatment (up to 6.5 mo) was demonstrated by histolog-
ical and functional assays (18, 88). In addition, PAHSA treat-
ment not only prevents type 1 diabetes in NOD mice but also
restores hepatic and systemic insulin sensitivity in insulin-
resistant C57BL/6 mice on a high-fat diet (17, 37). In humans,
serum and adipose PAHSA levels positively correlate with insulin
sensitivity (19). Exercise training increases adipose and serum
PAHSA levels in elderly women (89) and may predict VO, max
(90). Therefore, PAHSA treatment in humans to prevent or
reverse the initiation of cellular senescence in beta cells is likely
to be safe, and clinical trials are warranted.

In summary, we demonstrated that the beneficial effects of
PAHSA treatment on both mouse and human pancreatic beta
cells are mediated by preventing and reversing initiation of
stress-induced beta cell senescence, and we identified the mech-
anism. PAHSAs induce the expression of Mdm?2 and its related
transcription factors (i.e., ChxI, YY1, and Kapl) to down-
regulate p53. Additionally, enhanced expression of genes
involved in DNA repair and autophagy by PAHSAs may con-
tribute to their beneficial effects on beta cells. Thus, PAHSAs
potentially represent modulators of cellular senescence that
exert their beneficial effects without loss of cells.

Materials and Methods

Animals. NOD female mice were considered hyperglycemic with two consecu-
tive glucose measurements >250 mg/dL following ad libitum feeding.
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Cell Lines. MIN6 cells were used for the induction of beta cell dysfunction,
senescence, and transfection experiments.

Human Islets. Human islets from nondiabetic donors younger than 40 y old
were obtained from Prodo Laboratories, Inc.
See additional details in SI Appendix, SI Materials and Methods.

Data, Materials, and Software Availability. RNAseq data have been
deposited in GEO repository with accession number GSE216057 (91). All other
study data are included in the article and/or SI Appendix.
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