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C E L L  B I O L O G Y

Ketogenic diet induces p53-dependent cellular 
senescence in multiple organs
Sung-Jen Wei1,2, Joseph R. Schell1,2, E. Sandra Chocron1,2, Mahboubeh Varmazyad1,2,  
Guogang Xu1,2, Wan Hsi Chen1,2, Gloria M. Martinez1,2, Felix F. Dong1,2, Prethish Sreenivas1,2, 
Rolando  Trevino Jr.1,2, Haiyan Jiang1,2, Yan Du3,4, Afaf Saliba3, Wei Qian5,6, Brandon Lorenzana1,2, 
Alia Nazarullah1,2, Jenny Chang5,6, Kumar Sharma3,7, Erin Munkácsy1,2, 
Nobuo Horikoshi1,2, David Gius1,2*

A ketogenic diet (KD) is a high-fat, low-carbohydrate diet that leads to the generation of ketones. While KDs im-
prove certain health conditions and are popular for weight loss, detrimental effects have also been reported. Here, 
we show mice on two different KDs and, at different ages, induce cellular senescence in multiple organs, including 
the heart and kidney. This effect is mediated through adenosine monophosphate–activated protein kinase 
(AMPK) and inactivation of mouse double minute 2 (MDM2) by caspase-2, leading to p53 accumulation and p21 
induction. This was established using p53 and caspase-2 knockout mice and inhibitors to AMPK, p21, and cas-
pase-2. In addition, senescence-associated secretory phenotype biomarkers were elevated in serum from mice on 
a KD and in plasma samples from patients on a KD clinical trial. Cellular senescence was eliminated by a senolytic 
and prevented by an intermittent KD. These results have important clinical implications, suggesting that the ef-
fects of a KD are contextual and likely require individual optimization.

INTRODUCTION
High-fat, low-carbohydrate (ketogenic) diets have become increas-
ingly popular over the past decades for both weight loss and other 
health conditions (1). The minimal consumption of carbohydrates 
during a ketogenic diet (KD) induces the liver to produce ketones (2, 3), 
which are subsequently used as an alternate energy source (1). KD 
has been shown to be effective in treating refractory epilepsy (4) and 
may also have beneficial effects against cancer (5) and neurodegener-
ative diseases (6, 7). In addition, multiple KD studies using murine 
models have shown anti-inflammatory effects (8, 9) and improve-
ments in midlife longevity (10, 11) and neurological (12, 13), meta-
bolic (14), and obesity (12) phenotypes. Conversely, there is also 
evidence that low-carbohydrate diets can be pro-inflammatory in 
mice (15, 16) and increase the risks of cardiac fibrosis (17, 18) and 
kidney damage (19). There is insufficient information regarding the 
mechanisms responsible for these divergent outcomes, which indi-
viduals may be at risk for adverse effects, or if any interventions could 
mitigate these risks.

It seems reasonable to suggest that the specific variables of the KD 
combined with those of the individual undergoing dietary intervention 
all contribute to determining the beneficial or detrimental effects. Im-
portant variables include the age of the individual and the duration and 
specific composition of the diet. Multiple studies suggest that the age at 
which dietary intervention is initiated may be important. For instance, 
12-month-old mice put on a KD showed reduced midlife mortality
and improved memory (10, 11) and skeletal muscle maintenance (20),

while, in contrast, mice starting a KD at 3 weeks of age showed im-
paired development (21). Potential side effects of long-term KD have 
also been reported (1, 17, 22, 23). In particular, children with intractable 
epilepsy, who clearly benefit from the use of a KD (4, 24, 25), were 
found to be at an increased risk for kidney stones, bone fractures, and 
growth disturbances when on a KD continuously for more than 6 years 
(24, 26).

Here, we show on two different KDs that mice accumulate senes-
cent cells in the normal tissue of multiple organs. We chose these two 
different KDs, Crisco versus cocoa butter–based, because these two 
diets contain very different ratios of saturated versus unsaturated 
fatty acids. KD-induced cellular senescence was not age-dependent 
and was observed in mice put on a 21-day KD starting at 6, 16, 24, 
and 52 weeks of age. Mice on a KD showed elevated p53, mediated by 
phosphorylated adenosine monophosphate–activated protein kinase 
α (pAMPKα) and mouse double minute 2 (MDM2) inactivation 
through caspase-2 cleavage, leading to induction of p21 and cellular 
senescence. Markers of the senescence-associated secretory pheno-
type (SASP) were increased in mouse serum following a 21-day KD 
as well as in human plasma from individuals on a 6-month KD clini-
cal trial at our institutions [University of Texas Health Science Center 
at San Antonio (UTHSCSA)]. Last, cellular senescence was prevent-
ed by administration of an intermittent KD (IKD) regimen. As cel-
lular senescence has been implicated in the pathology of organ 
disease, our results have important clinical implications for under-
standing the use of a KD.

RESULTS
Two different KDs induce cellular senescence
C57BL/6 male mice at 35 to 42 days old (or roughly 6 weeks) and 
weighting at least 15 grams were randomly assigned to either a control 
diet (17% calories from fat, 25% from protein, and 58% from carbohy-
drate) or a KD (90.5% calories from fat, 9.2% from protein, and 0.3% 
from carbohydrate) (Table 1) fed ad libitum and then euthanized after 
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7 or 21 days. The primary fat source in this KD was hydrogenated 
vegetable shortening (Crisco), with ~84% unsaturated fatty acids and 
14% saturated. Both diets were manufactured by Teklad and were 
used for all the experiments in this study, except where otherwise 
specified. We verified that calorie consumption on both the control 
and KD was identical (Fig. 1A), although a slight increase in body 
weight was observed in mice on the KD after 21 days (fig. S1A). We 
also verified that mice on the KD were in ketosis (Fig. 1B).

Because cellular senescence has been implicated in organ disease, 
including in the heart and kidneys (27–29), we assayed for a widely 
used biomarker, senescence-associated β-galactosidase (SA-β-gal) 
and found a significant increase after both 7- and 21-day KD in the 
heart (Fig. 1C), kidney (Fig. 1D), liver (fig. S1B), and brain (fig. S1C), 
compared to control. To verify that the apparent increase in cellular 
senescence was caused by KD, and not by a specific diet composition, 
including the percentages of saturated versus unsaturated fatty acids, 
we put mice on a cocoa butter–based KD from Research Diets Inc. 
(90% calories from fat, 10% from protein, and 0% from carbohy-
drate), with roughly 40% unsaturated fatty acids and 60% saturated. 
For this experiment, control mice were put on a protein-matched diet 
also from Research Diets Inc. (10% calories from fat, 10% from pro-
tein, and 80% from carbohydrates) (Table 1). Both the control and KD 
were fed ad libitum, and no difference in body weight was observed 
between the two groups over 21 days (fig. S1D). Serum ketone levels 
were also significantly increased on this KD (fig. S1E), and we saw 
elevated SA-β-gal in the heart (Fig. 1E), kidney (Fig. 1F), liver (fig. S1F, 
left), and brain (fig. S1F, right).

The increase in SA-β-gal on a 21-day KD was confirmed in heart 
and kidney tissue by immunohistochemistry (IHC) staining with an 
anti–SA-β-gal antibody (Fig. 1, G and H). We also tested two addi-
tional biomarkers of cellular senescence (30, 31): histone protein mac-
roH2A.1 (H2AY) and histone 3 lysine 9 trimethylation (H3K9me3). 
These experiments showed an increase in H2AY and H3K9me3 after a 
21-day KD by IHC (Fig. 1, G and H, with higher magnification shown 
in fig. S1G), as well as by immunoblotting for H2AY (fig. S1, H and I), 
compared to controls. Pathology analysis showed that 15 to 20% of the 
cells in the heart and 10 to 15% of the cells in the kidney stained posi-
tive for SA-β-gal, similar to what has been reported in murine models 
of acute myocardial infarction (32), bleomycin-induced lung cell dam-
age (33), and ionizing radiation (34).

Glucose and insulin tolerance tests (GTT and ITT, respectively) 
showed a deficit in glucose uptake following the 21-day KD compared 
to control (fig. S2A), with no significant change in insulin sensitivity 

(fig. S2B), similar to what others have reported that KD can reduce 
glucose tolerance after several weeks, while insulin sensitivity is gen-
erally not affected until several months on a KD (35). Last, serum 
analysis by IDEXX BioAnalytics showed free fatty acids, triglycerides, 
low-density lipoproteins, and high-density lipoproteins were all ele-
vated in mice on the 21-day KD (fig. S2C) compared to mice on the 
control diet, similar to what others have reported on a KD (36).

A KD activates p53 and induces p21
The p53 transcription factor plays a central role in multiple cellular 
stress responses, including growth arrest, DNA repair, apoptosis, and 
cellular senescence (37). To expand upon our initial findings, protein 
extracts from the heart (Fig. 2A), kidney (Fig. 2B), liver (fig. S2D), and 
brain (fig. S2E) were probed with an anti-p53 antibody. Compared to 
controls, all tissues showed a significant increase in p53 following 
both 7- and 21-day KD. We saw a similar increase in p53 phosphory-
lated at serine-18 (Fig. 2, A and B, and fig. S2, D and E), paralogous to 
phospho-p53Ser15 in humans, an established posttranslational modifi-
cation that increases p53 transcriptional activity in response to cellu-
lar stress (38, 39), such as glucose deprivation (40). While it has been 
previously reported that a KD can increase p53 transcription (10) and 
acetylation (10, 11), these results extend those to also show increased 
p53 protein and phosphorylation levels.

We next examined p16 and p21, both of which have also been 
shown to be involved in cellular senescence. Significant up-regulation 
of p21, but not p16, was observed in the heart (Fig.  2A), kidney 
(Fig.  2B), liver (fig.  S2D), and brain (fig.  S2E) following a 21-day 
KD. We also confirmed increased protein levels of both p53 and p21 
by IHC in the heart (Fig. 2C) and kidney (Fig. 2D). The number of 
cells with p21-positive nuclei, as measured from the IHC staining, 
was ~20% in the heart and 15 to 20% in the kidney, similar to SA-β-
gal. Last, we used reverse transcription quantitative polymerase chain 
reaction (RT-qPCR) to measure changes in gene expression in kidney 
following 21-day KD and found that these approximated the observed 
changes in protein levels (Fig. 2E).

We also verified a physical interaction between p53 and a p53 
DNA binding sequence by mixing tissue extracts with a biotin-labeled 
four–tandemly repeated p53 DNA binding sequence from the p21 
promoter, followed by immunoblotting with anti-p53 antibody 
(Fig. 2F and fig. S2F). These results were further validated in vivo us-
ing a chromatin immunoprecipitation (ChIP) binding assay of p53 
and phospho-p53 to two known binding sites in the p21 promoter in 
primary cells isolated from the heart (Fig. 2G) and kidney (Fig. 2H). 

Table 1. Diet composition for the Teklad and Research Diets Inc. While the percentages of calories from fat were roughly the same in both KDs, the lipid 
compositions were quite different. The fatty acid composition of the Teklad Crisco-based KD was 14% saturated and 84% unsaturated, consisting of 10% 
palmitic (C16:0), 4% stearic (C18:0), 23% oleic (C18:1), 51% linoleic (C18:2), and 7 to 10% α-linoleic (C18:3). In contrast, the Research Diets Inc. cocoa butter–based 
KD was roughly 60% saturated and 40% unsaturated, made up of 0 to 4% myristic (C14:0), 25 to 34% palmitic (C16:0), 34 to 40% stearic (C18:0), 1% arachidic 
(C20:0), 0 to 4% palmitoleic (C16:1), 26 to 35% oleic (C18:1), and 2 to 3% linoleic (C18:2) fatty acids.

Diet Inotiv Teklad Research Diets Inc.

% of calories Control Ketogenic Control Ketogenic

Carbohydrate 58% 0.3% 80% 0%

Protein 25% 9.2% 10% 10%

Fat 17% 90.5% 10% 90%

kcal/gram 3.1 6.7 3.8 6.7
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Fig. 1. Two different KDs induce cellular senescence. (A and B) Kilocalorie consumption (A) and serum ketone levels (B) in mice on control (CTRL) or Crisco-based KD 
(n = 5 mice per group). Data are represented as means ± SEM. P values were calculated by two-way analysis of variance (ANOVA). (C and D) Immunoblots showing
senescence-associated β-galactosidase (SA-β-gal) levels in heart (C) and kidney (D) tissue on control or 7- and 21-day Crisco-based KD (n = 6 mice per group). (E and
F) Immunoblots show SA-β-gal in heart (E) and kidney (F) tissue on control diet versus 21-day cocoa butter–based KD (n = mice 6 per group). (G and H) Immunohistochem-
istry (IHC) staining for SA-β-gal, histone protein macroH2A.1 (H2AY), and histone 3 lysine 9 trimethylation (H3K9me3) in heart (G) and kidney (H) tissue on control versus 
21-day Crisco-based KD (n = 4 mice per group). Scale bars, 100 μm. All measurements are of distinct biological samples. Representative blots and images are shown.
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Fig. 2. A KD activates p53 and induces p21. (A and B) Immunoblots show p53, phospho-p53Ser18 (pp53Ser18), p21, and p16 levels in heart (A) and kidney (B) tissue following 
control, 7-day KD, and 21-day KD (n = 6 mice per group). (C and D) IHC staining for p53 and p21 in heart (C) and kidney (D) tissue on control versus 21-day KD (n = 4 mice per 
group). Scale bars, 100 μm. (E) Reverse transcription quantitative polymerase chain reaction (RT-qPCR) quantification of p53, p21, and p16 mRNA in kidney tissue from mice on 
the control diet, 7-day KD, and 21-day KD (n = 3 mice per group). P values were calculated by two-tailed Student’s unpaired t test. (F) Kidney lysates were mixed with a biotin-
labeled four–tandemly repeated p53 DNA binding sequence (from the p21 promoter), recovered using streptavidin agarose beads, and immunoblotted with p53 antibody 
(n = 3 mice per group). Lanes labeled “s” were left empty. (G and H) Chromatin immunoprecipitation (ChIP)–qPCR analysis shows binding of p53 and phospho-p53Ser18 at two 
known p53 binding sites within the p21 promoter region in heart (G) (n = 3 mice per group) and kidney (H) (n = 5 mice per group) cells isolated from mice on control and 
31-day KD. P values were calculated by two-tailed Student’s unpaired t test. (I) Total RNAs were isolated from heart, kidney, and liver tissues for RNA sequencing (RNA-seq) from 
mice on the control diet and on 21-day KD (n = 3 mice per group). Sequence reads were mapped with HiSAT2 aligner and quantified by StringTie, and differential gene expres-
sion was identified by DESeq R. The resulting lists of hundreds of differentially expressed genes were processed by QIAGEN ingenuity pathway analysis (IPA) software to 
identify activated upstream regulators. Representative blots and images are shown. PPARα, peroxisome proliferator–activated receptor α.
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In all of these experiments, we saw increased interaction of p53 fol-
lowing a KD, providing additional data suggesting that p53 acts via 
p21 to induce cellular senescence on KD.

To identify additional changes in signaling and transcription fol-
lowing a 21-day KD, RNA sequencing (RNA-seq) was done on heart, 
kidney, and liver tissue, and several hundred differentially expressed 
genes were identified. We used QIAGEN ingenuity pathway analysis 
(IPA) software to analyze these and identify enriched pathways and 
upstream regulators. This showed that p21, p53, and peroxisome 
proliferator–activated receptor α are activated upstream regulators 
on a KD (Fig. 2I) as shown by increased expression of their down-
stream targets compared to controls.

We also compared our RNA-seq data to an established list of 89 
p53-regulated genes involved in cellular senescence (41) and found 
significant enrichment in all three tissues (P < 0.0001 by Fisher’s exact 
test) (fig.  S3, A to E). IPA analysis also showed an enrichment in 
genes, as shown by heatmaps, associated with cellular senescence 
(fig. S4, A to C). We confirmed the altered levels of several genes from 
both datasets by immunoblot analysis; specifically, cyclin A2, mitotic 
checkpoint serine/threonine-protein kinase, Forkhead box protein 
M1, and Lamin B1 were all decreased, while Serpine1 (PAI-1) was 
increased (fig. S4, D to F), as others have reported in senescent cells 
(42, 43). Last, IPA analysis identified multiple pathways that poten-
tially contribute to the observed changes in metabolism and cellular 
senescence (fig. S4G).

KD-induced cellular senescence is dependent on 
p53 and p21
The above results delineate a pathway in which sustained KD activates 
p21 through p53, ultimately leading to cellular senescence in multiple 
organs. To determine the dependence of KD-induced cellular senes-
cence on this pathway, we first tested p53 by measuring p21 and SA-
β-gal in p53 knockout (KO) mice (Trp53tm1Tyj) (44) following a 21-day 
KD. In contrast to control or wild-type (WT) mice, neither p21 nor 
SA-β-gal was up-regulated in p53 KO mice on KD (Fig. 3, A and B, 
and fig. S5, A and B). Likewise, while a 21-day KD induced p53, p21, 
and SA-β-gal in WT mice, as shown by IHC (Fig. 3C), we saw mini-
mal to no elevation of these proteins in p53 KO mice (Fig. 3D). H2AY 
and H3K9me3 IHC staining was not observed in the p53 KO mice on 
a KD compared to p53 KO mice on control diet (fig. S5, C and D) or 
compared to WT mice on control diet or KD (Fig. 1, G and H). Last, 
we used RT-qPCR to further validate p21 and glb1 (SA-β-gal) expres-
sion in heart (Fig. 3E) and kidney tissue (Fig. 3F) of p53 KO and WT 
mice following a 21-day KD.

Next, we tested the dependence of KD-induced cellular senes-
cence on the increase in p21 by using a p21 inhibitor, UC2288, which 
decreases p21 mRNA independently of p53 (45). Starting on day 1 of 
a 21-day KD, UC2288 was administered every other day by oral ga-
vage at a dose of 15 mg/kg. Compared to mice given vehicle only on 
a KD, mice given UC2288 exhibited significantly lower levels of p21 
and SA-β-gal (Fig.  3, G and H, and fig.  S5E), similar control diet 
mice. Together, these data indicate that KD-induced cellular senes-
cence occurs through p53 up-regulation of p21.

A KD activates p53 through cleavage of MDM2
To further investigate the mechanisms underlying p53 activation on 
KD, we examined the nuclear-localized E3 ubiquitin ligase, MDM2, 
which promotes the nuclear export, cleavage, and degradation of p53 
(46, 47). Mice on a KD exhibited significantly increased cleaved 

MDM2 and reduced full-length compared to control mice (Fig. 4, A 
and B, and fig. S5, F to I). These data suggest that MDM2 inactivation 
may contribute to the stabilization and increase of p53 observed on 
KD. MDM2 is itself cleaved and inactivated by a complex known as the 
PIDDosome (48), which comprises p53-induced death domain pro-
tein 1 (PIDD1), receptor-interacting protein-associated interleukin-1β 
converting enzyme homolog 1/C. elegans cell death protein 3 (ICH-1/
CED-3) homologous protein with a death domain (RAIDD), and pro-
caspase-2 (which is cleaved to active caspase-2) (49). Compared to 
controls, mice fed a 7- or 21-day KD showed elevated PIDD1, RAIDD, 
and cleaved (active) caspase-2 (Fig. 4, A and B, and fig. S5F).

We next tested whether KD-induced p53 signaling requires  
caspase-2 activity. benzyloxycarbonyl-Val-Asp(OMe)-Val-Ala-Asp 
(OMe)-fluoromethylketone (Z-VDVAD-FMK) is a selective caspase 
inhibitor, specifically targeting caspase-2, caspase-3, and caspase-7 
(50–52). Mice were given Z-VDVAD-FMK (10 mg/kg) via intraperito-
neal injection on day 1 of a 31-day KD and every second day thereafter. 
The mice receiving the caspase inhibitor showed greatly reduced levels 
of cleaved MDM2 and markers of p53-induced cellular senescence 
compared to those given vehicle only while on KD (Fig. 4, C and D). 
The expected decrease in caspase-2 activity was confirmed by an in vitro 
activity assay using heart (Fig. 4E) and kidney (Fig. 4F) tissue lysates. 
To rule out an undetected dependence on caspase-3 or caspase-7, we 
probed heart and kidney lysates with antibodies to cleaved caspase-3, 
caspase-7, and poly(adenosine 5′-diphosphate–ribose) polymerase, a 
downstream target (fig. S6, A and B). This confirmed that neither cas-
pase-3 nor caspase-7 is activated by 7- or 21-day KD. Last, as further 
confirmation that caspase-2 is required for KD-induced cellular senes-
cence, we put caspase-2 KO mice (53) on a 21-day KD and saw no in-
crease in cleaved MDM2, p53, p21, or SA-β-gal compared to controls 
(Fig. 4, G and H, and fig. S6C). Together, our results provide evidence 
that a KD can inactivate MDM2 by caspase-2 cleavage and thereby 
induce cellular senescence via a p53 signaling axis.

A KD activates p53 through AMPK
Because AMPK is also an established activator of p53 (54–56), we 
examined total and pAMPKα levels following a 21-day KD. We 
found an increase in phosphorylation at AMPKα threonine-172 in 
both the heart (Fig. 5A) and the kidney (Fig. 5B) compared to con-
trol, with no difference in total AMPKα. Blocking AMPK activity 
throughout a 21-day KD with daily intraperitoneal injections of 
dorsomorphin (5 mg/kg), an established inhibitor of AMPK activ-
ity (57), prevented phosphorylation of p53Ser18 as well as induction 
of p21 and SA-β-gal (Fig. 5, C and D). These results suggest that 
AMPK activation is also required for KD-induced cellular senes-
cence on a KD.

In addition to AMPK activity, we have shown that the PIDDo-
some, specifically caspase-2 activity, is required for the KD-induced 
increase in p53 and cellular senescence (Fig. 4). Because p53 has also 
been shown to regulate expression of Pidd1 (58), we next tested 
whether AMPK phosphorylation is required for up-regulation of the 
PIDDosome by blocking AMPK activity throughout a 21-day KD 
with daily intraperitoneal injections of dorsomorphin, an AMPK-
specific chemical inhibitor. These mice did not show an increase in 
PIDD1, RAIDD, or cleaved MDM2 (Fig. 5, E and F) compared to un-
treated mice on the KD. These experiments indicate that AMPK acti-
vation is required for the increase in p53, as well as the PIDDosome, 
and imply a potential positive feedback loop fueled by an increase in 
Pidd1 expression, as previously reported (58).
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Fig. 3. KD-induced cellular senescence is dependent on p53 and p21. (A and B) Immunoblots from heart (A) and kidney (B) tissue of control [wild type (WT)] or homo-
zygous p53 knockout (p53 KO) mice on control or 21-day KD (n = 6 mice per group). (C and D) IHC staining for p53, p21, and SA-β-gal levels in kidney tissue from WT (C) 
and p53 KO (D) mice on control or 21-day KD (n = 4 mice per group). Scale bars, 100 μm. (E and F) mRNA levels of p21 and glb1 in WT and p53 KO mice on control versus 
21-day KD in heart (E) and kidney (F) tissue (n = 4 mice per group). P values were calculated by two-sided Student’s unpaired t test. (G and H) Immunoblots of heart (G) 
and kidney (H) tissue from mice on control or 21-day KD during which mice were given UC2288, which chemically inhibits p21, at 15 mg/kg or vehicle every other day by 
oral gavage (n = 6 mice per group). Representative blots and images are shown.



Wei et al., Sci. Adv. 10, eado1463 (2024)     17 May 2024

S c i e n c e  A d v a n c e s  |  R e s e ar  c h  A r t i c l e

7 of 17

Fig. 4. A KD activates p53 through cleavage of MDM2. (A and B) Immunoblots show RAIDD, PIDD1, cleaved caspase-2, and cleaved MDM2 levels in heart (A) and kidney 
(B) from mice on control diet, 7-day KD, and 21-day KD (n = mice 6 per group). (C and D) Immunoblot analysis of heart (C) and kidney (D) tissue from mice on control or 
31-day KD during which mice on a KD were also administered either a selective caspase inhibitor Z-VDVAD-FMK (Casp Inh) at 10 mg/kg or vehicle, every other day by in-
traperitoneal injection (n = 6 mice per group). (E and F) Caspase-2 activity in heart (E) and kidney (F) lysate on a 21-day KD. P values were calculated by one-way ANOVA 
followed by Dunnett’s multiple comparisons test. (G and H) Immunoblots show cleaved MDM2, p53, p21, and SA-β-gal in heart (G) or kidney (H) from WT Casp2 and ho-
mozygous Casp2 KO mice on a control diet or 21-day KD (n = 5 mice per group). Representative blots are shown.
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A KD induces markers of the SASP
Senescent cells can adversely affect adjacent cells and the tissue mi-
croenvironment by secreting pro-inflammatory cytokines (37). To 
address this in our KD model, we used enzyme-linked immunosor-
bent assay (ELISA) to measure biomarkers of the SASP (59, 60), spe-
cifically, tumor necrosis factor–α (TNFα), interleukin-1β (IL-1β), 
IL-6, and C-C motif chemokine ligand 5 (CCL5). While these cyto-
kines are produced by various cells and have pleiotropic effects, they 
are frequently produced by senescent cells and have been shown to be 
pro-inflammatory (61). All were significantly increased in mouse sera 
following a 21-day KD (Fig. 6A). We also found similar up-regulation 
of SASP biomarkers in the heart, kidney, and liver tissue samples col-
lected after 7- and 21-day KDs (fig. S6, D to F).

We next examined the relevance of these observations to humans 
by analyzing plasma samples from a published clinical trial by our 

institution (62) in which patients of varying age, sex, and health condi-
tion were assigned to a KD, with fasting blood samples collected at the 
start of the trial (baseline) and after 3 and 6 months. Patients in this 
trial were monitored to confirm that they were in ketosis (62). In both 
male (Fig. 6B) and female patients (Fig. 6C), samples obtained after 
6 months KD showed a significant increase in both TNFα and IL-1β 
compared to baseline. We saw a similar trend in IL-6, with a significant 
increase in female patients after 6 months KD (Fig. 6C). In contrast, 
there was no change or only a modest increase in these pro-inflammatory 
biomarkers after 3 months on KD. These data support that a long-term 
KD can induce SASP in humans of varied age, sex, and health, similar 
to what we observed in mice on a 21-day KD. Last, we used a NIH 3T3 
cell culture model that suggests it may be the increased lipids or lipo-
proteins, rather than the increase in ketone levels, that play a role in 
p53-induced cellular senescence on a KD (fig. S8A).

Fig. 5. A KD activates p53 through AMPK. (A and B) Immunoblots show total AMPKα and phospho-AMPKα-Thr172 (pAMPKαThr172) levels in heart (A) and kidney (B) tissue 
in mice on the control diet or 21-day KD (n = 6 mice per group). (C and D) Mice on a 21-day KD were given dorsomorphin (DM), an inhibitor of AMPK activation, at 5 mg/
kg or vehicle through daily intraperitoneal injection. Immunoblots show p53, pAMPKαThr172, and SA-β-gal levels (n = 6 mice per group). (E and F) Mice on a 21-day KD were 
given DM, as above, and immunoblots show levels of PIDD1, RAIDD, and cleaved MDM2 (n = 6 mice per group). Representative blots are shown.
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A KD induces cellular senescence independent of age
Several studies suggest that the age at which one undergoes a KD 
plays a role in determining its effects, with several showing detrimen-
tal effects of KD during development (21, 24). Therefore, we sought 
to determine whether KD-induced cellular senescence is also ob-
served in older mice. As such, we tested mice that were 16, 24, and 
52 weeks of age when started on a 21-day KD. All mice, regardless of 
age, showed a significant increase in p53, p21, and SA-β-gal in both 
heart and kidney tissue on KD, compared to age-matched controls 
(Fig. 7, A to F), and comparable to mice starting the 21-day KD at 
6 weeks of age.

Last, we have shown that two KDs with very different ratios of 
saturated versus unsaturated fatty acids both induce SA-β-gal 
(Fig. 1, C to F). The 21-day cocoa butter–based KD also increased 
p53, pp53Ser18, p21, cleaved MDM2, RAIDD, and PIDD1 in the 
heart, kidney, liver, and brain (fig.  S7, A to D), as was also ob-
served in mice on the Crisco-based KD. These data support that 
cellular senescence can be induced by sustained KD, independent 
of age or lipid composition, and is not an artifact of reduced di-
etary protein.

KD-induced cellular senescence is time-dependent 
and reversible
To further characterize cellular senescence on a KD, we euthanized 
mice after 4, 7, or 21 days on KD and assayed for p53, p21, and SA-β-
gal. We found that all three proteins were minimally increased after 
4 days on a KD, as compared to 7 and 21 days (Fig. 8, A and B). An 
important question is whether KD-induced senescent cells are cleared 
after the diet is stopped. Thus, to examine how long KD-induced cel-
lular senescence persists, we put mice on a 7-day KD and euthanized 
them either immediately (as done in previous experiments) or after 
having returned to a normal control diet for 1, 2, or 3 weeks. We ob-
served that upon return to normal control diet after a 7-day KD, p53, 
p21, and SA-β-gal levels are reduced after a week and continue to de-
crease toward control levels after 2 to 3 weeks on normal diet 
(Fig. 8, C and D).

An IKD does not induce cellular senescence
These data, showing that senescent cells can be cleared upon cessation 
of KD, led us to try interventions to either enhance clearance of senes-
cent cells or prevent their accumulation while on KD. Navitoclax 

Fig. 6. A KD induces markers of the SASP. (A) Mouse serum TNFα, IL-1β, IL-6, and CCL5, measured by ELISA in mice on a control or 21-day KD (n = 3 mice per group). P 
values were calculated by two-sided Student’s unpaired t test. (B and C) TNFα, IL-1β, and IL-6 measured by ELISA in plasma collected from male (B) (n = 5, except 4 at 
baseline) and female (C) (n = 11) patients at baseline and after 3 and 6 months on a clinical KD trial. P values were calculated by one-way ANOVA followed by Dunnett’s 
multiple comparisons test.
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(ABT-263) is a broad-spectrum senolytic that selectively removes se-
nescent cells by binding to and inhibiting multiple antiapoptotic Bcl-2 
family proteins, including BCL-2 and BCL-xL (63). To determine 
whether this senolytic would remove KD-induced senescent cells, 
mice were administered either ABT-263 at 50 mg/kg per day or vehi-
cle by oral gavage for 7 days immediately following completion of a 
21-day KD. Protein extracts from these mice suggest that ABT-263 
treatment successfully cleared most of the senescent cells, while ele-
vated p53, p21, and SA-β-gal were still observed in mice treated with 
vehicle only for 7 days after completing a 21-day KD and returning to 
normal control diet (Fig. 8, E and F, and fig. S8, B and C).

Several recent studies have reported benefits from various IKD pro-
tocols. An alternate-day KD improved cardiac function in a murine 
model of heart failure (64), while an alternate-week KD reduced midlife 
mortality, age-related memory loss, and other health issues in male 
mice (10). To evaluate whether an IKD would avoid p53 activation and 
cellular senescence, we placed mice on alternating 4-day KD and 7-day 
standard diet for three cycles (IKD), a 31-day KD (positive control), or 
a standard diet (negative control). In contrast to the sustained KD, the 
IKD did not increase p53 or cellular senescence (Fig. 8, G and H, and 

fig. S8, D and E), nor did IKD increase SASP biomarkers in the tissues 
(fig. S8, F and G). These data potentially have important clinical appli-
cation because they suggest that IKD may have fewer side effects than 
sustained KD while still potentially having a positive influence on 
health-related end points (10, 64).

DISCUSSION
It is increasingly evident that the effects of a KD are complex, and 
the health-related outcomes of its use likely depend on multiple fac-
tors (65). Some of the conflicting reports appear to revolve around 
whether a KD is pro- or anti-inflammatory. Multiple publications 
provide evidence that the primary ketone produced in ketogenesis, 
β-hydroxybutyrate (β-HB), may be anti-inflammatory (14, 66), sug-
gesting that this could play a mechanistic role in the beneficial ef-
fects of KDs (8, 10). In contrast, others have shown KDs are 
pro-inflammatory and lead to organ disorders, including cardiac fi-
brosis and kidney damage (15–19, 67) perhaps due to the increase in 
lipids or lipoproteins, which have been shown previously to be det-
rimental (68). An important study suggests that diet duration may 

Fig. 7. KD induces cellular senescence in mice of different ages. (A to F) Immunoblot assays of p53, p21, and SA-β-gal levels in heart and kidney tissue from mice on control or 
KD for 21 days at the age of 6 weeks (controls), 16 weeks [(A) and (B)], 24 weeks [(C) and (D)], and 52 weeks [(E) and (F)] (n = 5 mice per group). Representative blots are shown.
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be key in determining this outcome by showing a short-term KD 
improved murine metabolism through activation of tissue-specific 
resident immune cells, while a long-term continuous KD induced 
systemic inflammation, obesity, and glucose intolerance (9).

Our study builds on this idea and reveals a mechanism that may, at 
least in part, account for the detrimental effects of a long-term 
KD. Our experiments have shown that a KD can induce p53 signaling 
through AMPK activation combined with inactivation of MDM2 by 

caspase-2 cleavage, ultimately leading to an increase in p21 and cel-
lular senescence in multiple organs (fig. S9).

Because we observed that these changes in key organs such as the 
heart and kidneys, where the accumulation of senescent cells can con-
tribute to systemic inflammation and toxicity (3, 18, 19), we believe 
that they have important clinical implications. In this regard, two pub-
lications showed a long-term KD promoted cardiac fibrosis and dys-
regulated mitochondrial function, due to chronic inflammation (18, 

Fig. 8. Time course and interventions that prevent KD induced cellular senescence. (A and B) Immunoblots show p53, p21, and SA-β-gal immunoreactive protein 
levels in heart (A) and kidney (B) tissue from mice on control diet, 4-day KD, 7-day KD, and 21-day KD (n = 5 mice per group). (C and D) Immunoblot assays from mice 
placed on a 7-day KD and then switched to the normal control diet (ND) for 0, 7, 14, or 21 days (n = 5 mice per group). (E and F) Immunoblot analysis of heart (E) and 
kidney (F) proteins from mice on control or 21-day KD followed by administration of ABT-263 at 50 mg/kg or vehicle administered daily by oral gavage for 7 days (n = 6 
mice per group). (G and H) Immunoblot analysis of heart (G) and kidney (H) tissue from mice on control diet, 31-day KD, or IKD consisting of three cycles of 4 days KD and 
7 days control diet (n = 6 mice per group). Representative blots are shown.
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67), and while no mechanism involving cellular senescence was pro-
posed, it remains an intriguing idea. Furthermore, it was recently pub-
lished that KD-fed mice develop hepatic injury, steatosis, inflammation, 
glucose intolerance, and insulin resistance (22). In light of all these data 
and that our mice on a KD also showed reduced glucose tolerance, it 
could be hypothesized that metabolic dysfunction on a KD may lead to 
increased cellular senescence in specific conditions. There is an in-
creasing consensus that the buildup of senescent cells, whether by in-
creased induction or impaired clearance, contributes to age-related 
diseases and even aging itself (28, 29, 60, 69). Our analyses of SASP 
pro-inflammatory cytokines in patients suggest that cellular senes-
cence may also be associated with sustained KD in humans.

IPA analysis of our RNA-seq data identified multiple pathways 
differentially regulated on KD that could potentially contribute to the 
observed alterations in metabolism and cellular senescence (fig. S4G). 
Several pathways involving DNA damage are up-regulated in multi-
ple tissues while pathways involved in the cell cycle and replication 
are down-regulated. The down-regulation of these cell cycle and 
DNA replication pathways in particular suggests that there may be 
some difficulty for these cells to enter the synthesis phase (S phase). 
KD-induced disruptions to interphase have not been described yet in 
the literature but may hold some explanatory power for the success of 
the diet in other areas such as cancer therapy. Last, the differential 
regulation of genes involved in atherosclerosis is interesting because 
p53 is known to play a complex and tissue-dependent role in its pro-
gression (70).

Our study showed that an IKD can prevent the accumulation of 
senescent cells induced by sustained KD. This observation builds on 
that of others (10, 64), suggesting that an IKD may be more beneficial 
than a long-term continuous KD, perhaps by avoiding eventual pro-
inflammatory activation (9). These data may be of clinical relevance 
because it could be surmised that the accumulation of senescent cells 
in children on a continuous KD, as used for refractor seizures, could 
play a role in the documented long-term side effects (71–73). We did 
test the reversibility of a 7-day KD because this has been reported to 
have beneficial effects in middle-aged mice when applied intermit-
tently (10). Our results showed a significant reduction in p53, p21, 
and SA-β-gal after returning to a normal diet for 1-week, suggesting 
an IKD may be a potential alternative clinical intervention to a con-
tinuous KD.

An IKD could be especially relevant in the clinic, as this type of 
KD may be easier for patients to adhere to and could potentially offer 
many of the benefits of weight loss and improved health parameters 
without the risk of cellular senescence from sustained KD. In this 
regard, both an alternate-day and an alternate-week IKD have been 
reported to improve health parameters over a continuous KD in dif-
ferent murine models (10, 64), while a third study using a 3-day/
week IKD reported attenuated improvements relative to continuous 
KD (74). Further research is clearly needed to determine whether 
and for what conditions an IKD could be beneficial in humans, as 
well as the optimum regimen.

The results of our in vivo murine experiments in this study, as well 
as those from other laboratories, reinforce that the effects of KD are 
complex, with both potential benefits and side effects likely due to 
multiple factors, including the timing, composition of the diet and 
the genetics, endocrine factors, and health conditions of the indi-
vidual. As such, it is proposed that the use of a KD should be consid-
ered within the overall scope of personalized medicine, where the 
variables for each patient are taken into consideration to determine 

who will, and who will not, benefit from this dietary intervention as 
well as the specific regimen to follow.

MATERIALS AND METHODS
Human participants
The clinical study was a single-center, 6-month, stratified, randomized 
controlled trial. A sample size of 60 adults with overweight/obesity 
aged 18+ years old were enrolled, including 20 who have overweight/
obesity without type 2 diabetes or chronic kidney disease (protocol 
number HSC20190528H) and registered at http://ClinicalTrials.gov 
(ClinicalTrials.gov ID: NCT05071287). All of the patient samples were 
anonymized, and no patient information was provided for the data 
here. This clinical study has been previously published and contains all 
of the required information for the approval and presentation of 
clinical trials by the University of Texas Health Science Center at San 
Antonio (UTHSCSA) Institutional Review Board (62).

Mouse models
C57BL/6 (JAX strain no. 000664), B6.129S2-Trp53tm1Tyj/J (JAX strain 
no. 002101), and B6.129S4-Casp2tm1Yuan/J (JAX strain no. 007899) 
mice were obtained from the Jackson Laboratory and maintained in 
specific pathogen–free conditions at 21 ± 2°C with 12-hour:12-hour 
light:dark cycle in the Animal Facility at the Barshop Institute of UT 
Health San Antonio. The protocols for Trp53 and Casp2 genotyping 
were performed and optimized with reagents and conditions as rec-
ommended by the Jackson Laboratory. The sizes of PCR product for 
Trp53 WT, heterozygote, and homozygote are 321, ~110 and 321, 
and ~110 base pairs (bp), respectively. The sizes of PCR product for 
Casp2 WT, heterozygote, and homozygote are 304, 220 and 304, and 
220 bp, respectively. To control for background effects in the experi-
ments evaluating the dependency on Trp53 and Casp2, homozygous 
KO and WT mice were derived from the heterozygous strains to be 
used as KO and control groups.

All mice had free access to a pelleted rodent diet and water. Mice 
were age-matched for all experiments. When all mice in a cohort 
weighed at least 15 g (35 to 42 days old), they were randomly di-
vided into groups of four to six mice and fed either a KD or a con-
trol diet ad  libitum for 7, 21, or 31 days or cycled (4-day KD 
alternating with 7-day control diet), as specified for each experi-
ment. To assess the effects of a KD on mice of different ages, 
C57BL/6 male mice aged 16, 24, and 52 weeks were obtained from 
the Jackson Laboratory and assigned to either control or KD. Mice 
were euthanized, and tissues were harvested immediately upon the 
conclusion of the given diet, except in the experiments testing the 
persistence of KD-induced cellular senescence and the ABT-263 
senolytic, where mice were put on control diet for a specified num-
ber of days after the KD.

The primary diet that we used to induce ketogenesis was a Crisco-
based KD manufactured by Inotiv Teklad (TD.96355) and consisting 
of 90.5% calories from fat, 9.2% from protein, and 0.3% from carbo-
hydrates (0% sucrose). For the control diet, we used the traditional 
formula LM-485 (no. 7012) from Teklad, which consists of 17% calo-
ries from fat, 25% from protein, and 58% from carbohydrates. For 
the alternate KD, we used a cocoa butter–based KD (D10070801) 
consisting of 90% calories from fat and 10% from protein, paired 
with a control diet (D19082304) consisting of 10% calories from fat, 
10% from protein, and 80% from carbohydrates, both manufactured 
Research Diets Inc.

http://ClinicalTrials.gov
http://ClinicalTrials.gov
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To measure food consumption, mice were singly housed and as-
signed to either control diet or KD for 21 days (n = 5 mice per group). 
Daily food consumption was measured daily at 10:30 a.m. by weighing 
food pellets. Mice were fed 14 kcal of the control diet and KD for the 
first 3 days. After 3 days, when the mice were growing and gaining 
weight, food quantity was then adjusted to 20 kcal so that the mice 
would have more available than they could eat in a 24-hour period.

The p21 attenuator, UC2288, was prepared in solution con-
taining 5% dimethyl sulfoxide (DMSO), 40% polyethylene glycol 
300 (PEG300), and 5% Tween 80 in H2O. Male mice were put on a 
21-day KD and administered either vehicle or UC2288 at 15 mg/kg via 
oral gavage starting on day 1 and continuing every second day thereaf-
ter (for a total of 11 administrations).

The selective caspase inhibitor, Z-VDVAD-FMK, was prepared 
in solution containing 5% DMSO, 40% PEG300, and 5% Tween 80 
in H2O. Male mice were put on a 31-day KD and administered ei-
ther vehicle or Z-VDVAD-FMK at 10 mg/kg via intraperitoneal in-
jection on day 1 and every second day thereafter (for a total of 16 
administrations).

The selective AMPK inhibitor, dorsomorphin, was prepared 
in 1× phosphate-buffered saline (PBS). Male mice were put on a 
21-day KD and administered dorsomorphin at 5 mg/kg via daily 
intraperitoneal injection starting on day 1 of the experiment (for a 
total of 21 administrations).

The senolytic ABT-263 was formulated in solution containing 5% 
DMSO, 40% PEG300, and 5% Tween 80 in H2O. For the treatment of 
KD-induced senescence, male mice were fed with KD for 21 days, 
followed by the administration of vehicle or ABT-263 by oral gavage 
at 50 mg/kg per day for seven consecutive days (during which time 
they were fed control diet).

All animal experiments were carried out in compliance with Na-
tional Institutes of Health (NIH) Guidelines for Humane Care and 
Use of Laboratory Animals and were approved by the UT Health San 
Antonio Institutional Animal Care and Use Committee.

Cell lines
Human embryonic kidney epithelial 293T cells were purchased from 
Life Technologies (Carlsbad, CA), and NIH 3T3 mouse fibroblasts 
were obtained from American Type Culture Collection (Manassas, 
VA). Cells were cultured in the respective recommended media at 
37°C, 5% CO2 (95% air), and 95% relative humidity. All cell lines 
used in this study were confirmed mycoplasma-free using the Myco-
Alert Mycoplasma Detection Kit (Lonza) and routinely checked for 
cell line identify using short tandem repeat genotyping as compared 
with the COGcell database (www.COGcell.org).

Ketone body measurement
The level of ketone bodies in mice was quantitatively measured 
using the Keto-Mojo GK+ Bluetooth Glucose & Ketone Testing 
Kit (Keto-Mojo). The ketone body test strip was firmly inserted 
into the meter and then brought the tip of the strip to the droplet 
on the area of the saphenous vein of mice punctured by a 26-gauge 
needle. The strip draws the whole blood into the blood channel 
via capillary action. The meter starts to measure the amount of 
the β-ketone (β-HB) when the channel is completely full of blood. 
β-HB is converted by the enzyme β-HB dehydrogenase to aceto-
acetate. The magnitude of electrical current resulting from this 
enzymatic reaction is proportional to the amount of β-HB present 
in the sample.

Glucose and insulin tolerance tests
Mice were fasted for 6 hours before the GTT. They were not fasted 
before the ITTs. Both GTT and ITT were performed using a Coun-
tour Next EZ glucometer and glucose strips. A bolus of glucose (1.5 g/
kg) or insulin (0.75 U/kg) was injected intraperitoneally into the mice. 
Glucose was then monitored over the following 2 hours.

Western blotting and imaging
Total protein lysate preparation from cells and organ tissues for pull-
down or immunoblot are described (75, 76). Protein concentrations 
were determined by the bicinchoninic acid (BCA) Protein Assay Kit 
(Pierce), and 20 μg from each sample was separated by NuPAGE bis-
tris 4 to 12% gradient SDS–polyacrylamide gel electrophoresis (PAGE) 
(Invitrogen) and transferred onto polyvinylidene difluoride mem-
brane (Bio-Rad), probed with the primary antibodies, with horseradish 
peroxidase (HRP)–conjugated mouse or rabbit secondary antibodies 
(Cell Signaling Technology) and enhanced chemiluminescence (Ther-
mo Fisher Scientific; SuperSignal West Femto Maximum Sensitivity 
Substrate).

Immunoblots were imaged by ProteinSimple FluorChem M using 
Auto Exposure feature that takes successively longer exposures of the 
membrane until an optimum exposure is achieved. Images are ac-
quired in standard resolution, using 4 × 4 pixel binning (832 × 
626–pixel images). Multichannel imaging captures fluorescent mark-
ers immediately adding chemiluminescent. The system includes three 
tools to enhance visibility of the results: brightness control (using non-
linear gamma adjustment), exposures view, and color inversion. Den-
sitometric analysis of protein quantitation was determined by ImageJ 
software v0.5.5 (NIH; http://imagej.nih.gov/ij, Java 1.8.0- internal).

Immunohistochemistry
IHC staining for five mouse proteins (SA-β-gal, H2AY, H3K9me3, p53, 
and p21) was done at the Dr. Mary and Ron Neal Cancer Center, Hous-
ton Methodist. Tissue blocks of formalin-fixed, paraffin-embedded 
mouse tissues were processed by the Laboratory Medicine core, UT 
Health San Antonio using the standard methods. Tissue sections were 
fixed in 3% hydrogen peroxide followed by proteinaceous blocking so-
lution (Avidin/Biotin Blocking Kit). Tissue sections were incubated 
with the indicated antibodies (see table S1), followed by addition of sec-
ondary antibody with EnVision+ System, HRP polymer (mouse or 
rabbit) and diaminobenzidine (DAB) substrate (Dako), and DAB spar-
kle (Biocare). When adequate color development was seen, slides were 
washed in water to stop the reaction, counterstained with Meyer’s he-
matoxylin (Dako), and covered with a Permount mounting medium 
(Richard-Allan Scientific). The micrographs were taken under a light 
microscope (Leica). Representative images are shown.

Quantitative PCR analysis of mRNA expression
Total RNAs were extracted and purified from mouse organ tissues or 
cells using TRIzol reagent (Invitrogen) and the RNeasy Mini Plus Kit 
(QIAGEN), and cDNA was prepared with the High-Capacity cDNA 
Reverse Transcription Kit plus RNase inhibitor (Applied Biosystems) 
per instructions. qPCR primers used are listed in table S1. We used 2× 
PowerUp SYBR Green Master Mix (Applied Biosystems) and Micro-
Amp Optical 384-Well Reaction Plate with Barcode using ABI Quant-
Studio 5 RT-PCR system (Applied Biosystems). qPCR thermal cycling 
was 2 min at 50°C, 10 min at 95°C, 15 s at 95°C, and 1 min at 60°C for 
40 cycles. The ΔΔCT data were analyzed by QuantStudio Design & 
Analysis Software v1.5.1 (Applied Biosystems).

http://www.COGcell.org
http://imagej.nih.gov/ij
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Gene cloning and mutagenesis
The total RNAs (1 μg) isolated from NIH 3T3 mouse fibroblasts were 
reverse-transcribed into single-stranded cDNA by the High-Capacity 
cDNA Reverse Transcription Kit (Applied Biosystems). The cDNA 
fragments encoding Trp53 were PCR-amplified by the Expand High 
Fidelity PCR System (Sigma-Aldrich). The double-stranded DNA 
fragment was digested with Sgf1 and Mlu1-HF restriction enzymes 
and sequentially inserted in-frame into the Sgf1 and Mlu1 restriction 
sites of pCMV6-entry-mycDDK (OriGene) mammalian expression 
vector using LigaFast Rapid DNA Ligation System (Promega). The 
DNA sequence was verified by Psomagen using an automated ABI-
3730xl DNA Analyzer and ABI PRISM BigDye Terminator v3.1 Cy-
cle Sequencing Kit (Applied Biosystems). All plasmids were prepared 
using Hi-Speed Plasmid Midi Kits from QIAGEN (Valencia).

Cell transduction
Transfection of 293T cells with empty vector control (pCMV6-entry-
mycDDK) or mouse Trp53 (pCMV6-Trp53-mycDDK) was conducted 
as described in the Amaxa’s nucleofector Cell and Transfection Data-
base (Lonza) using the Nucleofector 2b System of Amaxa (Lonza). 
After nucleofection, the cells were plated and incubated at 37°C for 
48 hours. Total protein lysates were then extracted and analyzed by 
SDS-PAGE and immunoblotted with specific antibodies to confirm 
the protein expression.

Pull-down
For pull-down studies, 3 mg of protein lysates were incubated at 4°C 
overnight with biotin labeled four–tandemly repeated p53 DNA 
binding sequence (Biotin-TP53 4BS) and pulled down using the EZ-
view Red Streptavidin Affinity Gels. The protein complexes were 
washed four times with modified 1× radioimmunoprecipitation as-
say (RIPA), eluted by glycine-HCl (pH 3.5), neutralized with tris-
HCl/NaCl (pH 8.0), and then concentrated using Amicon Ultra-0.5 
Centrifugal Filter Units (10-kDa molecular weight cutoff). The sam-
ples were resolved by 4 to 12% SDS-PAGE and immunoblotted with 
the indicated antibodies.

Chromatin immunoprecipitation
ChIP analysis was performed as previously described (77). Briefly, 
primary heart and kidney cells were dissociated from fresh isolated 
mouse tissues using the Multi Tissue Dissociation Kit 2 (no. 130-110-
203) and the gentleMACS dissociator (no. 130-093-235) per the man-
ufacturer’s instructions (Miltenyi Biotec). Six million cells were fixed 
in 1% formaldehyde at room temperature for 15 min and the protein/
DNA cross-linking reaction was stopped by adding 125 mM glycine 
for 5 min. The fixed cells were collected by centrifugation at 1250g for 
3 min at 4°C and rinsed with cold PBS twice. Cell pellets were resus-
pended in complete shearing buffer with 700 μl of tris(hydroxymethyl)
aminomethane + ethylenediaminetetraacetic acid (TE) protease in-
hibitors and phosphatase inhibitors and sonicated for 10 cycles, 30-s 
on/30-s off, at low power to shear cross-linked protein/DNA to an 
average size of 200 to 1000 bp with Bioruptor Pico (Diagenode). Ali-
quots of the sheared chromatin DNA were used as input. The chroma-
tin extracts (200 μl) with protein/DNA fragments were adjusted to 
RIPA buffer (200 mM NaCl) and ChIP-ed at 4°C overnight with rota-
tion using 5 μg of mouse anti-p53 (Cell Signaling Technology) or 
anti–phospho-p53Ser15 (Cell Signaling Technology) antibody. The 
normal mouse immunoglobulin G antibody was used as negative 
control. Followed by incubation with protein A–coated magnetic 

beads for 6 hours at 4°C, the beads were washed four times with wash 
buffer RIPA buffer, RIPA buffer (200 mM NaCl), LiCl buffer, and 
TE. The beads were resuspended in 100 μl of TE, 2.5 μl of 10% SDS, 
and 5 μl of proteinase K (10 mg/ml) and incubated overnight (65°C). 
Fragments of chromatin DNA were washed, decross-linked, eluted, 
and enriched using Mini elute columns in 50 μl of elution buffer. The 
real-time qPCR (at 1:5 dilution ratio) reactions were performed with 
two sets of Cdkn1a (p21) mouse promoter primers (site 1, 1.9 kb; and 
site 2, 2.8 kb) using ABI QuantStudioTM 5 Real-Time PCR system 
(Applied Biosystems). Relative occupancy values were calculated by 
determining the apparent ChIP efficiency (ratios of the amount of im-
munoprecipitated DNA to that of the input sample) and normalized 
to the level observed at a control region, which was defined as 1.0.

RNA-seq analysis
For RNA-seq, DNA-free total RNAs were isolated from heart, kidney, 
and liver tissues of mice on a 21 day of control or KD, using TRIzol 
reagent (Invitrogen) and the RNeasy Mini Plus Kit (QIAGEN) per 
manufacturer’s instructions. The concentrations of total RNA samples 
were measured by NanoDrop. The quality of the total RNA samples 
was analyzed by Bioanalyzer. Samples (1 μg/10 μl) that pass quality 
control steps (RNA integrity number > 4) are then put through a se-
ries of steps to create a sequencing library by NovaSeq 6000 Illumina 
system using the appropriate sample preparation kit in the Genome 
Sequencing Facility, Greehey Children’s Cancer Research Institute, 
UT Health San Antonio, San Antonio, Texas. Sequence reads were 
mapped to the UCSC/mm9 mouse genome using the HiSAT2 aligner, 
and quantification was carried out via StringTie. Differential expres-
sion analysis was done using the DESeq R package, and the following 
significance criteria were applied to the resulting gene list: FPKM > 1, 
adjusted P < 0.05, and fold change > 1.5. The differentially expressed 
genes were then processed using QIAGEN IPA software to determine 
pathway enrichment, upstream analysis, and significance scores.

Caspase-2 enzyme activity assays
The in vitro assay of caspase-2 enzyme activity was performed by Col-
orimetric Caspase-2 Assay Kit (Abcam) per the instructions. Total 
protein lysates were prepared from four organ tissues (heart, kidney, 
liver, and brain), isolated from the mice fed with a 31-day KD, and 
administered either vehicle or selective caspase inhibitor Z-VDVAD-
FMK at 10 mg/kg via intraperitoneal injection on day 1 every second 
day thereafter. The tissue lysates (100 μg/50 μl each) were added to the 
50 μl of 2× reaction buffer (containing 10 mM dithiothreitol) and in-
cubated with 5 μl of the 4 mM acetyl-Val-Asp-Val-Ala-Asp-para-
nitroaniline (VDVAD-p-NA) substrate (200 μM final concentration) 
at 37°C for 1 hour. The samples were read at 405 nm in a 96-well 
plate reader (SpectraMax iD3, Molecular Devices). Fold increase in 
VDVAD-dependent caspase activity was determined by comparing 
the results of KD samples with the level of the control diet.

Enzyme-linked immunosorbent assays
ELISA immunoassays determined the concentrations of the SASP 
secretory proteins TNFα, IL-1β, IL-6, and CCL5/RANTES in mouse 
serum and tissue lysates and human plasma using the appropriate 
the Cytokine/Chemokine ELISA Kit (see Table 2 for ELISA Kits and 
detection limits) in accordance with the manufacturer’s instruc-
tions. Quantitative data were calculated and analyzed using linear 
dose-response standard curves obtained from purified recombi-
nant proteins.
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Statistical analysis
Except where otherwise noted, analyses were performed in Micro-
soft Excel v2308 or GraphPad Prism 10.1.0. Statistical differences 
were calculated as indicated by two-way analysis of variance (ANOVA), 
one-way ANOVA followed by Dunnett’s multiple comparisons test, 
or unpaired Student’s t test. P values were two-sided, and tests were 
considered significant at P  <  0.05. All measurements were taken 
from distinct samples, and replicates are biological. All experiments 
were consistently repeatable. The number of replicates (mice) for 
each experimental group is given in the figure legends and the Sup-
plementary Materials. In immunoblot experiments, three mice are 
shown per group.

Supplementary Materials
This PDF file includes:
Figs. S1 to S9
Table S1
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