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Abstract 
Cellular senescence is a biological aging process that is exacerbated by obesity and leads to inflammation and age- and obesogenic-driven 
chronic diseases including type 2 diabetes. Caloric restriction (CR) may improve metabolic function in part by reducing cellular senescence and 
the pro-inflammatory senescence-associated phenotype (SASP). We conducted an ancillary investigation of an 18-week randomized controlled 
trial (RCT) of CR (n = 31) or Control (n = 27) in 58 middle-aged/older adults (57.6 ± 5.8 years; 75% Women) with obesity and prediabetes. We 
measured mRNA expression of select senescence and apoptosis genes in blood CD3 + T cells (qRT-PCR) and a panel of 25 plasma SASP pro-
teins (Luminex/multiplex; ELISA). Participants randomized to CR lost −10.8 ± 0.9 kg (−11.3% ± 5.4%) over 18 weeks compared with +0.5 ± 0.9 
kg (+0.03% ± 3.5%) in Control group. T-cell expression of senescence biomarkers, p16INK4a and p21CIP1/WAF1, and apoptosis markers, BCL2L1 and 
BAK1, was not different between CR and Control groups in age, race, and sex-adjusted mixed models (p > .05, all). Iterative principal axis factor 
analysis was used to develop composite SASP Factors, and the Factors comprising TNFRI, TNFRII, uPAR, MMP1, GDF15, OPN, Fas, and MPO 
were significantly altered with CR intervention (age, sex, race-adjusted mixed model time × treatment F = 4.17, p ≤ .05) and associated with the 
degree of weight loss (R2 = 0.12, p ≤ .05). Our study provides evidence from an RCT that specific circulating biomarkers of senescent cell burden 
are changed by CR in middle-aged and older adults with obesity and prediabetes. Future studies compare tissue and circulating levels of p16INK4a 
and pro-inflammatory SASP biomarkers in other populations, and interventions.
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Cellular senescence is a fundamental biological aging process 
that is induced or exacerbated by obesity (1,2). Several studies 
have shown a positive correlation between obesity and ele-
vated senescent cell burden in organs such as adipose tissue, 
liver, and pancreatic β cells (2–5). These senescent cells can 
secrete several pro-inflammatory and profibrotic proteins, 
growth factors, and matrix metalloproteinases that affect 
other cells and tissues both locally and at a distance result-
ing in further aging- and obesogenic-driven dysfunction and 
may accelerate aging-associated pathologies such as type 2 
diabetes (T2D), cardiovascular diseases (CVD), and other 

chronic diseases (1,6–12). Pharmacologic and nonpharmaco-
logic interventions that mitigate senescent cell burden and the 
pro-inflammatory senescence-associated secretome (SASP) 
mitigate obesity-induced metabolic dysfunction in mice 
(8,13,14). For example, in rodents, elevated adipose senes-
cent cell burden induced by aging or “fast-food” Westernized 
diet is accompanied by systemic inflammation, but lower se-
nescent cell abundance and SASP cytokine expression were 
linked to attenuated fat mass accumulation, and was accom-
panied by robust improvements in glucose tolerance, fasting 
insulin, and beta cell mass (8). Furthermore, transplanting 
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adipose tissue from obese humans into lean younger mice 
caused insulin resistance, but this insulin resistance was miti-
gated by eliminating the senescent cells from the transplanted 
human fat using senolytics (14). In sum, cell senescence and 
SASP signaling appear to play a causative role in aging- and 
obesity-related metabolic dysfunction in rodents.

Translating these findings to human health requires acces-
sible and informative biomarkers of senescent cell burden 
evaluated with randomized controlled trials (RCTs) capable 
of affecting aging biology and obesity. Promising blood-based 
cellular senescence biomarker candidates include cell expres-
sion of cyclin-dependent kinase inhibitors and apoptotic 
pathways and circulating proteins that are mediators and 
components of the SASP (15–17). However, these have rarely 
been evaluated in RCTs that target aging and obesity. Caloric 
restriction (CR) attenuates the effects of excess adiposity and 
obesity, and is one of the most robust interventions that alter 
biological aging, health, and life span across animal models 
(18). Moreover, CR reduces senescence markers in various 
mouse organs (19,20). Even short-term CR-initiated mid- to 
late life in mice reduces senescent cell burden in adipose tis-
sue, small intestine, and liver leading to a healthier aging phe-
notype (21,22). Evaluating the effects of CR in an RCT using 
easy-to-access circulating biomarkers of senescent cells and 
the SASP is a key step for clinical translation.

In this analysis, we leveraged an 18-week RCT designed to 
achieve 10% weight loss in the CR group compared with a 
health education control group (Control) in 58 middle-aged 
and older adults with obesity and prediabetes. We prospec-
tively collected blood samples and analyzed mRNA expres-
sion of select senescence and apoptosis gene transcripts 
(p16INK4a, p21CIP1/WAF1, BCL2L1, BAK1) in peripheral blood 
CD3 + T cells and a panel of 25 plasma SASP proteins in bio-
specimen collected before and after the 18-week intervention. 
We hypothesized that CR will reduce circulating biomark-
ers of cellular senescence and SASP proteins compared with 
Control, be associated with the degree of weight loss, and 
may correlate with improvements in metabolic health and 
function.

Method
Study Design
We performed a prospective ancillary investigation to an RCT 
of 10% CR-based weight loss relative to Control conducted 
at Wake Forest University School of Medicine from 2017 
through 2020 (NCT02869659). The primary results from the 
parent trial are pending publication; for a preliminary report, 
see (23). Our ancillary study was conducted prospectively, 
with a biospecimen collection of randomized participants and 
biomarker analyses performed under masked conditions.

Study Design: Participants, Randomization, 
Intervention
In brief, inclusion criteria were age of 40–70 years, but the 
cellular senescence biomarkers ancillary study reported here 
was restricted to participants aged 50–70 years, as it was. 
Participants had a body mass index (BMI) of 30–50 or 27–30 
kg/m2, if waist circumference was >100 cm (men) or>89 cm 
(women); prediabetes (fasting blood glucose 100–125 mg/
dL OR HbA1c 5.7–6.4%); and sedentary (exercise <20 min-
utes; 2 d/wk). Participants did not have diabetes or use dia-
betes medications or insulin; did not have high triglycerides 

(>400 mg/dL) or uncontrolled hypertension (blood pressure 
>160/90 mmHg); were not regular smokers or heavy alcohol 
drinkers; had not had bariatric surgery; and did not have cur-
rent or past major chronic diseases that would limit their abil-
ity to complete the study. All participants provided written 
informed consent. The trial was approved by the Wake Forest 
School of Medicine Institutional Review Board and regis-
tered at clinicaltrials.gov (NCT02869659). The RCT used 
the Consolidated Standards of Reporting Trials (CONSORT) 
reporting guidelines (24); the CONSORT flow diagram of the 
cellular senescence biomarker ancillary study is presented in 
Supplementary Figure 1.

The 58 participants eligible for the study after screening 
were randomized 1:1 to CR (n = 31) or Control (n = 27) using 
a web-based randomization scheme with blocking stratified 
by gender and race. Participants randomized to the CR pro-
gram underwent a high-protein dietary CR intervention, 
targeting 10% baseline weight. The Medifast Achieve 4 & 
2 & 1 Plan was used to achieve a caloric deficit by provid-
ing 1 100–1 300 calories per day through 4 meal replace-
ment products (90–110 kcals, 11–15 g protein), 2 Lean & 
Green meals (each containing 5–7 oz. lean protein, 3 servings 
of nonstarchy vegetable, and up to 2 healthy fat servings), 
and 1 healthy snack (a serving of fruit, dairy, or grain). A 
Registered Dietitian led biweekly behavioral group coun-
seling sessions to monitor CR, encourage consumption of 
only CR plan-approved items, and discuss topics pertinent 
to weight control. Participants were encouraged to maintain 
baseline physical activity levels (all sedentary) and complete 
daily food logs, which were reviewed biweekly to verify diet 
compliance. Participants randomized to Control condition 
attended biweekly group behavioral education sessions and 
were monitored by study staff to ensure weight stability 
(within ±5% of baseline) throughout the study.

Cellular Measures of Senescence and Apoptosis
Fasted blood samples were collected in the early morning 
before and after the intervention for biomarker analyses of 
gene expression in CD3± T cells (primary) and plasma SASP 
proteins (secondary). Blood sample handling was performed 
using established standardized protocols by trained profes-
sional technicians under consistent conditions across all col-
lections. Most cell isolations were started within 2 hours of 
collection, and all cell isolations were completed in under 
4–6 hours. Cell isolation protocols were performed under the 
Biosafety Cabinet and in an isolated area with little traffic 
and no other samples or potential contaminants. CD3 ± T 
cells were isolated from K2 EDTA tubes by negative selection 
using magnetic bead separation, plasma was aliquoted, and 
both plasma and T-cell pellets were cryopreserved at −80°C at 
Wake Forest University School of Medicine’s Claude D. Pepper 
Center Integrative Biology Core’s biobank until CD3 + T-cell 
pellets were batch shipped to Sapere Bio for processing using 
previously validated methods (15,25). Briefly, total RNA 
was isolated, cDNA prepared, and expression of p16INK4a, 
p21CIP1/WAF1, BCL2L1, and BAK1 was measured by real-time 
TaqMan quantitative reverse-transcription polymerase chain 
reaction (qRT-qPCR) and normalized to housekeeping genes. 
Extensive external and internal controls were included per the 
standard operating protocols of Sapere Bio.

We examined plasma concentrations of 25 prototypical 
SASP components, including cytokines, chemokines, matrix 
remodeling proteins, and growth factors using a multiplex 
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assay were measured as previously described (16,17). In 
brief, the investigators induced senescence in endothelial 
cells, fibroblasts, preadipocytes, epithelial cells, and myo-
blasts to profile secreted proteins. This list of proteins was 
refined by evaluating associations between plasma senescent 
cell-secreted proteins and clinical data across the life span and 
in older adults undergoing surgery for prevalent age-related 
diseases or clinical events (16). All biomarker analyses were 
performed under masked conditions; technicians and inves-
tigators were blinded to treatment group assignment during 
assays and subsequent biomarker analyses.

Cardiometabolic Health
Body weight was measured on a digital scale, height (cm) 
without shoes; height and weight were used to calculate BMI 
(kg/m2). Waist and hip circumference were assessed by tape 
measure (cm). Fasting lipoprotein lipids, metabolic panel, glu-
cose, insulin, and HbA1c were assessed from fasting blood 
draw. An estimate of insulin resistance by the homeostasis 
model assessment (HOMA) score was calculated using fasting 
insulin and glucose levels (insulin × glucose ÷ 22.5) (26,27). 
Blood pressure (3 trials) was measured in the seated position 
after a 5-minute rest and averaged.

Statistical Analyses
All statistical analyses were performed with SAS software 
(SAS Studio 3.8 Enterprise Edition). All hypothesis tests were 
2 sided at a nominal 0.05 of significance. Biomarker levels 
(cell expression and SASP protein markers) were inspected 
visually; most deviated from normality and were log trans-
formed. We used Spearman correlation coefficients to evalu-
ate associations between individual biomarker analyte levels. 
We analyzed the change in individual biomarkers between 
CR and Control groups using a linear mixed-effect model 
by examining the time × treatment effect. Linear regression 
analyses were used to examine the associations between 
changes in biomarkers and response to intervention (degree 
of weight lost). All models were adjusted for age, sex, and 
race. Hypotheses related to intervention effects were consid-
ered separately for these 2 classes of circulating biomarkers.

To reduce the dimension of the 25 multiplexed SASP pro-
teins, we conducted an exploratory iterative principal factor 
analysis with a Varimax rotation on assays performed at 
baseline, prior to randomization (see Supplementary Figure 
2 for overview). In brief, circulating SASP data was grouped 
using well-recognized criteria: (a) data were screened and 
correlation matrix evaluated; notably the minimum amount 
of data for factor analysis was not satisfied, with a final sam-
ple size of 56 (using listwise deletion for SASP factors), pro-
viding fewer than 10 cases per variable; (b) initial extraction 
of factors was based on estimation of communality threshold 
of 0.3; (c) determined the number of factors to be retained 
based on scree plot of the preliminary eigenvalues and pro-
portion of variance; (d) we evaluated initial factor analysis 
results after Varimax rotation; (e) chose a conservative fac-
tor loading cut point of 0.4 for SASP variables to remain in a 
factor, and confirmed factor analyses and SASP constituents 
within each factor by replicating analysis using least squares 
method rather than iterative principal factor analysis; (f) 
initial results were interpreted in the context of existing sci-
entific literature; and (g) estimated SASP factor-based scores 
were calculated as the mean of the items with primary load-
ings on each factor (denoted by “SASP Factor”). These SASP 

Factor scores were calculated at baseline and postinterven-
tion. Linear mixed-effect models and linear regression were 
used to examine the intervention effect on the 3 combined 
SASP Factors and individual proteins.

We explored associations between blood-based biomarkers 
and biomarkers with measures of cardiometabolic health. We 
used Spearman correlations between measures at baseline and 
change versus change scores, with change as log-fold differ-
ence (postintervention–baseline) in biomarkers and percent 
change with intervention for functional measures.

Results
VEGGIE Trial Patient Characteristics and Clinical 
Effects of Intervention
Participant characteristics at baseline are shown in Table 1. 
The CR intervention resulted in a change of body weight by 
−10.8 ± 0.9 kg (−11.3% ± 5.4%) whereas weight did not 
change in the Control group (+0.5 ± 0.9 kg; 0.03% ± 3.5%; 
adjusted for age, sex, and race, p < .001, Supplementary Table 
1). HbA1c (p < .001), waist circumference (p < .001), fasting 
insulin (p = .03), HOMA-IR (p = .03), and diastolic blood 
pressure (p = .03) were also reduced in the CR, but there were 

Table 1. Participant Characteristics in the Cell Senescence/SASP 
Biomarker Ancillary to VEGGIE

Baseline

Overall CR Control

Characteristics (N) 58 31 27

 � Women 43 23 20

 � Men 15 8 7

Race

 � Black/African American 20 14 6

 � White 35 15 20

 � Other 3 2 1

Mean ± SD Mean ± SD Mean ± SD

Age (yr) 57.6 ± 5.8 57.4 ± 6.2 57.7 ± 5.3

BMI (kg/m2) 37.0 ± 5.2 36.1 ± 5.3 37.9 ± 5.9

Body weight (kg) 103 ± 14 100.9 ± 15.4 105.6 ± 11.2

Waist circumference (cm) 111.9 ± 10.5 110.4 ± 12.1 113.5 ± 7.9

Fasting insulin (mIU/L) 18.1 ± 11 14.6 ± 7.0 21.9 ± 13.3

Hemoglobin A1c 
(HbA1c, %)

5.75 ± 0.35 5.74 ± 0.41 5.75 ± 0.26

Insulin Resistance Index 
(HOMA-IR)

4.91 ± 3.06 4.02 ± 2.17 5.88 ± 3.59

Fasting glucose (mg/dL) 103.4 ± 8.3 102.7 ± 7.9 104.0 ± 7.9

Creatinine (mg/dL) 0.86 ± 0.18 0.86 ± 0.19 0.86 ± 0.16

LDL cholesterol (mg/dL) 113.2 ± 29.2 114.7 ± 28.4 111.4 ± 30.6

Total cholesterol (mg/dL) 187.8 ± 35.8 189.7 ± 37.1 185.8 ± 34.9

Systolic blood pressure 
(mmHg)

129.9 ± 18.5 131.9 ± 18.9 127.7 ± 18.0

Diastolic blood pressure 
(mmHg)

73.8 ± 8.5 75.4 ± 7.5 72.0 ± 9.3

Notes: BMI = body mass index; CR = Caloric restriction; HbA1c = 
hemoglobin A1c; HOMA = Homeostatic Model Assessment; SASP = 
senescence-associated secretory phenotype; SD = standard deviation.
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no differences between groups in fasting glucose or other 
health measures (Supplementary Table 1).

Effect of CR on Peripheral Blood T-Cell Expression 
of Cell Senescence and Apoptosis Markers
Overall, no changes were observed in peripheral blood 
CD3 + T-cell expression of cell senescence and apoptosis 
markers with CR versus Control dietary intervention (Figure 
1). In mixed models adjusted for age, sex, and race, no signif-
icant changes were observed in T-cell expression of p16INK4a, 
p21CIP1/WAF1, BCL2L1, or BAK1 expression (Supplementary 
Table 2). Simple linear regression was used to test if a change 
in T-cell gene expression significantly correlated with a 
change in weight, but no associations were observed (Figure 
1, Supplementary Table 2).

Effect of CR on Plasma SASP: Individual Markers 
and Composite SASP Factors
Log-change showed that levels of plasma SASP biomarkers 
were generally reduced over time with CR versus Control 
(Figure 2A). Of the 25 SASP biomarkers, 9 were significantly 
reduced in the CR group (Activin A, Fas, sICAM-1, MMP1, 
PAI-1, TNFRI, TNFRII, TNF-α, uPAR, VEGF) whereas 
1 factor (ADAMTS13) was lower in the Control group 
(Supplementary Table 3); only Activin A, sICAM-1, and 
TNFR1 were statistically significant at Bonferroni corrected 
p ≤ .002. Eight SASP biomarkers were significantly reduced 
with CR versus Control after adjustment for age, sex, and 
race (Supplementary Table 3).

The results of the exploratory factor analysis are shown in 
Figure 2B; a simplified overview and links between procedures 

and results are shown in Supplementary Figure 2. First, the fac-
torability of the 25 SASP proteins was examined and all plasma 
SASP biomarkers were correlated at least r = 0.25 with at least 
1 other biomarker (Supplementary Table 4); PDGF AA and 
PDGF-AB were highly correlated (r > 0.9) and averaged to cre-
ate a combined PDGF AA/AB item. Second, the initial extraction 
of factors revealed that MDC did not meet estimation of com-
munality threshold of 0.3 and was excluded from further anal-
ysis. Third, we determined that three factors would be retained 
based on (a) the scree plot of the preliminary eigenvalues (>1.0) 
and proportion of variance (>0.1) (Supplementary Figure 3), 
and (b) the eigenvalues of the reduced correlation matrix 
(>1.0) and proportion of the common variance explained 
>10% (Supplementary Table 5; Total = 9.70, Average = 0.39). 
Fourth, Varimax rotation was used to simplify the results. 
Fifth, we evaluated initial factor analysis results after rotation; 
the results and components of the 3 identified SASP factors are 
shown in Figure 2B. A total of 6 SASP proteins (GRO-α, TNF-
α, sICAM-1, SOST, ADAMTS13, and PARC) were eliminated 
from factor scores because they did not contribute to a sim-
ple factor structure and failed to meet the minimum criteria 
of having a primary factor loading of 0.4 or above. The fac-
tor analysis was confirmed using least squares method; factor 
numbers, and variables that comprise the 3 factors were the 
same (results not shown). Sixth, for interpretation of initial 
results, we provide a description of each SASP protein’s class 
and role in Supplementary Table 6. We opted against providing 
factor labels to limit overinterpretation of factor results given 
the small sample size and limitation that minimum amount of 
data for factor analysis was not satisfied, but finally, estimated 
SASP factor-based scores were created based on the mean of 
the items with primary loadings on each factor. For example, 
SASP factor 1 for participant 1 is the average of PDGF AA/
AB, Eotaxin, PAI-1, RANTES, VEGF, and MMP9, calculated 

Figure 1. Intervention effect on circulating T-cell expression of biomarkers of cellular senescence and apoptosis. Individual data points and mean ± SEM 
data are shown at baseline and 18-week postintervention of caloric restriction (CR, blue) or health education control (Control, orange) for CD3 + T-cell gene 
expression of log-transformed markers of cellular senescence p16INK4a (A), and p21CIP1/WAF1 (B), apoptosis marker BCL2L1 (C), and anti-apoptosis marker BAK1 
(D). Estimated means and SEM are shown in tables; mixed models adjusted for age, sex, and race were performed. Simple linear regression model with 
R2-values for log-fold change in gene expression with change in body with intervention in CR (blue) or Control (orange) groups for p16INK4a (E), p21CIP1/WAF1 (F), 
BCL2L1 (G), BAK1 (H). No significant changes or between group effects were observed. CR = Caloric restriction; SEM = standard error of the mean.
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Figure 2. Change in senescence-associated secretory phenotype (SASP) proteins with 18-week intervention of Caloric restriction (CR) or Control. (A) 
All data are as log-fold change in biomarker levels (post–pre) for CR (blue) or Control (orange) groups, displayed as waterfall chart with largest reduction 
in biomarker level with CR on the left, and largest increase with CR on the right. (B) An exploratory factor analysis using iterative principal axis factor 
with a Varimax (orthogonal) rotation was performed on assays prior to randomization to reduce dimensionality. The results of an orthogonal rotation 
of the solution are shown with three SASP Factors (note, capitalized “Factor” hereafter refers to the composite score from each of three Factors 
identified by iterative principal factor analysis). A conservative cut point of 0.4 for variables contributing to Factors to remain in factor analysis was 
used. A composite score for each Factor was calculated by averaging the values of each contributing factor determined in Panel B, for example, SASP 
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at baseline and at post 18-week intervention. In general, higher 
scores indicated elevated circulating SASP Factors.

Intervention effect on composite SASP Factor scores at 
baseline and 18-week postintervention of CR or Control is 
shown in Figure 2C–E and data in Supplementary Table 7. 
SASP Factor 2, which was comprised of TNFRI, TNFRII, 
uPAR, MMP1, GDF15, OPN, Fas, and MPO, was reduced 
with CR versus Control (p = .046). Simple regression analyses 
indicated that change in composite SASP Factor 2 associated 
with the degree of weight loss (R2 = 0.13 unadjusted; p = .01), 
but not SASP Factor 1 or SASP Factor 3.

Associations Between Biomarkers and Metabolic 
Health
We explored bivariate correlations between biomarkers and met-
abolic variables at baseline (Table 2) and change in biomarkers 
with change in cardiometabolic health parameters (Table 2). At 
baseline, T-cell expression of p16INK4a was positively correlated 
with baseline fasting insulin, HOMA-IR, and creatinine. SASP 
Factor 2 was positively correlated with body weight, BMI, waist 
circumference, and creatinine levels, but negatively correlated 
with low-density lipoprotein (LDL) cholesterol levels. Change 
in p16INK4a expression was also positively associated with change 
in fasting glucose, creatinine, LDL cholesterol, and change in 
p21CIP1/WAF1 expression with change in BMI and systolic blood 
pressure (p ≤ .05). In contrast, change in BCL2L1 expression 
was negatively correlated with insulin, glucose, and HOMA-IR 
(p ≤ .05 all). Changes in all 3 composite SASP Factors were 
positively associated with change in blood pressure, and SASP 
Factors 2 and 3 with change in BMI and waist circumference, 
and Factor 2 with change in fasting insulin (p ≤ .05, all).

Discussion
Plasma pro-inflammatory and apoptosis-related SASP mark-
ers were lowered in middle-aged and older adults with obesity 
and prediabetes randomized to an 18-week CR-based weight-
loss intervention. In contrast, circulating T-cell expression of 
key cell senescence biomarkers p16INK4a and p21CIP1/WAF1 was 
unchanged with CR and weakly correlated with 3 plasma 
composite SASP Factors. However, both p16INK4a expression 
and composite SASP Factors were independently associated 
with measures of obesity and metabolic health at baseline, 
and changes in these during the intervention correlated with 
changes in metabolic parameters. The results of this study 
suggest a nuanced relationship between circulating T-cell 
markers of cellular senescence and its secretome in persons 
undergoing a short-term CR intervention.

Functional Consequences of Cellular Senescence in 
Aging and Obesity
Whether or not cell senescence is at the nexus of inflammatory 
SASP proteins in persons with obesity and prediabetes cannot be 
inferred based on T-cell gene expression in this study. The tumor 
suppressor gene p16INK4a is a mediator of cellular senescence and 
may be a biomarker of molecular or cellular age in tissues includ-
ing T cells (15,28,29). Expression of p16INK4a is not thought to be 

an epiphenomenon of aging, but causally linked to both aging of 
the immune system and cellular senescence and immune aging 
can drive aging in solid organs (30). Cell senescence can be 
established and maintained by at least two major pathways—
the p53/p21CIP1/WAF1 and p16INK4a/pRB pathways. When induced, 
expression of p16INK4a may lead to permanent cell-cycle arrest 
and cellular senescence. Senescent cells can secrete SASP pro-
teins, which includes a variety of soluble signaling factors, such 
as pro-inflammatory cytokines, chemokines, growth modula-
tors, angiogenic factors, proteases, bioactive lipids, extracellular 
matrix components, and matrix metalloproteinases (MMPs), 
many of which were assayed in this study (31–34). Though there 
is disagreement in the field regarding definitive gene expression 
signatures of senescence, some investigators posit that neither the 
expression of either p16INK4a or the cell-cycle inhibitor p21CIP1/

WAF1 alone is both necessary and sufficient to reflect that a cell 
is, in fact, senescent. For example, the activation of p21CIP1/WAF1 
in senescent cells might be only transient and decreases after the 
establishment of growth arrest (35).

Nonetheless, T-cell expression of p16INK4a is regarded as a 
potential biomarker of cellular aging and cell senescence for 
clinical trials (17,36,37). We did not reveal changes in p16INK4a 
expression with CR-based weight-loss intervention or associ-
ation with body weight. However, we did find direct asso-
ciations with cardiometabolic health parameters at baseline 
and change with intervention in persons who are obese with 
prediabetes. This suggests that T-cell p16INK4a expression may 
reflect health and functional status. This is consistent with 
previous studies that promote p16INK4a expression as a bio-
marker of aging associated with chronologic age and health 
(15,17,28). Studies find that p16INK4a mRNA expression in 
T cells differs by age, race, breast cancer risk, family history 
of cancer, marital status, annual income, and smoking status 
(38). Moreover, cellular senescence and p16INK4a expression 
have been shown to be important in the function of pancre-
atic β cells (39), but our observed association between T-cell 
p16INK4a expression and indices of insulin resistance is novel.

We did not find an association between T-cell p16INK4a expres-
sion and pro-inflammatory SASP Factors, which could be 
explained by the clinical characteristics of this patient population. 
Adipose tissue is a potent endocrine tissue. Adipose accumula-
tion and dysfunction in obesity drive chronic pro-inflammatory 
status, including many of the cytokines and chemokines assayed 
in our SASP panel. In this study, SASP Factors were associated 
with body weight, BMI, and waist circumference at baseline and 
changes in SASP Factors were associated with changes in these 
anthropomorphic estimates of obesity. Thus, it is possible that 
changes in adipose tissue mediated the change in cytokine signal-
ing in our study, but this was not reflected in the change in T-cell 
expression. Future work should directly explore the expression 
of p16INK4a and p21CIP1/WAF1 in adipose tissues and circulating cells 
and evaluate their associations with circulating SASP proteins 
in RCTs of CR and senolytics. Another plausible explanation 
is that CR might have a senomorphic effect on senescent cells, 
reducing inflammation and possibly preventing new senescent 
cell generation without changing the pre-existing senescent cell 
burden or altering T-cell p16INK4a expression (40).

Factor 1 score = average (PDGF AA + Eotaxin + PAI-1 + RANTES + VEGF + MMP9). Mixed models adjusted for age, sex, and race were performed, and 
Estimated means and SEM are shown and time × treatment interactions indicated as *p ≤ .05 for: SASP Factor 1 score (C), SASP Factor 2 score (D), 
and SASP Factor 3 score (E). Lower panels show simple regression models with R2 values for log-fold change in composite SASP Factors 1 (F), Factor 2 
(G), and Factor 3 (H) with change in body weight in CR (blue) or Control (orange) groups.

http://academic.oup.com/biomedgerontology/article-lookup/doi/10.1093/gerona/glad214#supplementary-data
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Caloric Restriction and Weight-Loss Intervention in 
Older Adults
CR with adequate nutrient intake is the most powerful inter-
vention for extending health span and life span in multiple 
animal models (20,22,41). A reduction of dietary calories by 

20% up to 50% results in a substantial extension of both 
average and maximal life span in most strains of mice. In 
this study, CR was administered to achieve 10% weight loss 
for the treatment of obesity and prediabetes. Calories were 
reduced to 1 100–1 300 calories per day, a reduction of ~50% 

Table 2. Bivariate Correlations (Spearman’s rs) Between Expression of Cell Senescence Biomarkers in CD3 + T Cells and 3 SASP Factor Variables and 
Cardiometabolic Biomarkers at Baseline (A) or Change With Intervention (B)

A. Baseline Versus Baseline (Groups Combined, n = 55)

Baseline p16INK4a p21CIP1/WAF1 BCL2L1 BAK1 SASP 1 SASP 2 SASP 3

p16INK4a 0.25 0.13 −0.16 −0.03 −0.20 −0.19

p21CIP1/WAF1 0.29* −0.29* 0.14 −0.25 0.00

BCL2L1 −0.03 0.10 0.02 0.13

BAK1 −0.08 0.24 0.04

Body weight 0.25 −0.23 −0.12 0.23 0.06 0.44* 0.05

BMI 0.19 -0.17 -0.05 0.27 0.05 0.31* -0.09

Waist circumference 0.31* 0.12 0.21 0.19 0.15 0.48* 0.16

Fasting Insulin 0.28* −0.05 0.18 −0.06 0.20 0.07 0.12

HbA1c −0.18 0.25 0.25 −0.23 −0.05 −0.01 −0.07

HOMA 0.33* −0.02 0.16 −0.10 0.20 0.05 0.09

Fasting glucose −0.03 −0.05 0.05 0.03 0.14 −0.14 0.11

Creatinine 0.31* 0.00 −0.08 0.09 0.08 0.39* 0.27

LDL cholesterol 0.22 0.10 0.04 −0.07 −0.18 −0.29* −0.21

Total cholesterol 0.10 0.05 0.11 −0.1 −0.16 −0.26 −0.21

Systolic blood pressure 0.06 0.02 0.13 −0.26 0.08 −0.09 −0.03

Diastolic blood pressure −0.15 0.00 0.19 −0.25 −0.11 −0.12 −0.06

B. Change Versus Change (Groups Combined, n = 52)

∆ p16INK4a ∆ p21CIP1/WAF1 ∆ BCL2L1 ∆ BAK1 ∆ ASP 1 ∆ SASP 2 ∆ SASP 3

∆ p16INK4a −0.19 0.17 −0.01 −0.02 −0.18 0.16

∆ p21CIP1/WAF1 0.39* −0.28* 0.28* −0.11 0.14

∆ BCL2L1 −0.63* 0.19 −0.10 0.20

∆ BAK1 −0.13 0.19 −0.14

∆ Body weight −0.04 0.20 −0.10 −0.02 0.10 0.31* 0.24

∆ BMI −0.03 0.28* −0.01 −0.08 0.12 0.27* 0.28*

∆ Waist circumference 0.18 0.18 −0.02 −0.06 0.12 0.44* 0.32*

∆ Fasting Insulin 0.00 −0.08 −0.32* 0.02 0.21 0.14 0.31*

∆ HbA1c 0.03 0.08 0.00 −0.03 −0.23 0.15 0.06

∆ HOMA −0.01 −0.02 −0.26* −0.04 0.18 −0.14 −0.16

∆ Fasting glucose 0.32* 0.03 −0.32* 0.11 0.14 −0.14 0.11

∆ Creatinine 0.30* −0.23 −0.11 −0.06 0.01 0.08 −0.06

∆ LDL cholesterol 0.27* 0.08 −0.04 0.02 −0.16 0.19 0.12

∆ Total cholesterol 0.15 0.08 0.00 −0.05 0.08 0.20 0.16

∆ Systolic blood pressure −0.11 0.30* −0.05 0.07 0.34* 0.32* 0.25*

∆ Diastolic blood pressure −0.01 0.08 −0.22 0.00 0.16 0.13 0.15

Notes: Strength of association by color intensity (color guide top; positive rs blue, negative rs orange). p21 (p21CIP1/WAF1). BMI = body mass index; CR = 
Caloric restriction; HbA1c = hemoglobin A1c; HOMA = Homeostatic Model Assessment; LDL = low-density lipoprotein; SASP = senescence-associated 
secretory phenotype.
*bold, p ≤ .05.
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of caloric intake prior to randomization in some participants. 
The mechanisms mediating the health benefits of CR for 
weight loss in the context of obesity versus CR interventions 
designed to extend life span in the absence of obesity are not 
fully understood.

CR does reduce senescence markers in various mouse 
organs and in the human colon mucosa (3,20,21,42). It is 
speculated that CR reduces the generation of senescent cells 
by preventing cellular damage that may induce cells to senes-
cence (20,43). Accumulating evidence also supports obesity 
as a condition that accelerates or exacerbates biological aging 
and targeting cell senescence can enhance metabolic function 
in old animals (44). Thus, either through CR-specific biolog-
ical pathways or indirectly through mechanisms mediated 
by reducing obesity, we hypothesized that CR should have 
a meaningful effect on senescence biomarkers and the senes-
cent secretome. The broad effects of CR versus Control on 
circulating pro-inflammatory SASP markers certainly suggest 
a strong intervention effect that could lead to meaningful 
change in biological aging, disease risk factors, and health. 
Moreover, as speculated above, CR could have a senomor-
phic effect by reducing inflammatory secretome by existing 
senescent cells without leading to apoptosis or senescent cell 
clearance in the timeframe studied in this RCT. However, this 
hypothesis would need to be tested in model systems.

Estimated SASP Factor Scores
Given our limited sample size, we prefer not to overinter-
pret effects on individual components of the estimated SASP 
Factors, but we did observe a statistically significant effect 
of CR on SASP Factor 2 only. SASP Factor 2 consists of 
pro-inflammatory cytokines, and factors related to immune 
cell regulation, extracellular matrix remodeling, and apop-
tosis. In obesity, adipose tissue macrophages are polarized 
into pro-inflammatory M1 macrophages which secrete 
pro-inflammatory cytokines, and in aging and obesity, senes-
cence macrophages in adipose tissue are a source of inflamma-
tion including TNF family cytokines (for review, see (45,46)). 
Our data suggest that short-term CR weight loss may alter 
adipose tissue secretion of these cytokines, but whether this is 
mediated by change in senescent cell burden in adipose tissue 
or M1 versus M2 macrophage polarization cannot be deter-
mined by circulating cytokine levels alone. It will be import-
ant for future studies to explore tissue-specific effects that 
may lead to altered circulating biomarker levels, and the cell 
types these circulating SASP proteins originate from.

Potential effects of CR on SASP Factor 3, SASP Factor 1, or 
their constituents are less clear. SASP Factor 2 is also comprised 
of senescence-associated proteins that drive extracellular matrix 
remodeling and inflammation. Obesity drives excess deposi-
tion of extracellular matrix in adipose tissue, and both diet and 
exercise have been shown to induce adipose tissue extracellu-
lar matrix remodeling (for review, see (47)). It is possible that 
larger future trials may reveal statistically significant changes 
in adipose tissue ECM remodeling linked to SASP signaling in 
older adults that we were not powered to detect. Despite com-
mon factorability at baseline many of the constituent proteins 
within SASP Factor 1 responded to CR weight-loss interven-
tion in strikingly different ways. For example, Activin A and 
PAI-1 demonstrated the largest log-fold decreases observed in 
the CR group, and MMP9 showed the largest log-fold increase. 
The combined SASP Factor 1 may have effectively canceled 
out the change in individual components. Larger intervention 

studies are needed to re-evaluate SASP grouping and their com-
bined effects.

Circulating T-Cell and SASP Biomarker Validation
The purpose of this study was to evaluate intervention-induced 
change in circulating biomarkers of cellular senescence and 
SASP proteins, which is a small but important step in bio-
marker assessment. The circulating biomarkers were pur-
posely selected given use in existing cohort studies. For 
example, a 7-protein SASP panel consisting of GDF15, FAS 
ligand, OPN, TNFR1, activin A, macrophage inflammatory 
protein-1 α, (MIP-1α), and interleukin-15 (IL-15) predicted 
adverse events within 12 months of surgery for severe aortic 
stenosis; the receiver-operating curve (ROC) area under the 
curve was 0.84, respectively, compared with predictive ability 
of frailty index of 0.66, and age plus sex of 0.56 (16). The 
same SASP biomarker panel was used in a post hoc analy-
sis of baseline data and biospecimens obtained from older 
females and males with mobility limitations who participated 
in the Lifestyle Interventions in Elders (LIFE) study, a large, 
single-blind, randomized clinical trial conducted at 8 centers 
across the United States. In this study, the 10-protein SASP 
panel was more closely associated with physical performance 
(ROC = 0.86) than models comprised of traditional factors 
such as chronologic age, sex, race, and BMI (ROC = 0.59) 
(48). Moreover, the same SASP panel and CD3 + T-cell 
expression were evaluated in a small single-arm open 12-week 
structured exercise program, which found that the interven-
tion lowered the expression of key markers of the senescence 
program, including p16INK4a, and p21CIP1/WAF1 in CD3 + T cells, 
and the circulating concentrations of multiple SASP proteins 
(17). The current study is the first randomized clinical trial 
to evaluate circulating cell senescence and SASP biomarker 
assays. Leveraging similar assays permits a common currency 
across studies, which could permit future meta-analyses and 
biomarker validation studies.

Limitations and Future Directions
This is a preliminary investigation performed as an ancillary 
to an existing clinical trial, so we acknowledge several limita-
tions. There was a slightly higher number of missing data for 
CD3 + T cells given the technical challenge of cell isolation 
and expression levels; this may have a minor impact on analy-
ses by limiting sample size, but technical losses were balanced 
between treatment groups and did not bias the analyses. 
Important next steps should confirm our findings by evalu-
ating the T-cell expression of p16INK4a and pro-inflammatory 
SASP biomarkers in other populations that include an older 
age range than the 50–70-year-old adults included herein, 
and using other types of interventions, such as pharmaco-
logic intervention with rapamycin, metformin, or senolytics. 
Our 18-week clinical trial duration was relatively brief; it is 
unknown if weight-loss maintenance versus immediate effects 
of CR intervention may alter the circulating expression of 
senescence markers. Effects of CR and other pharmacologic 
interventions of longer duration are needed to inform factor 
analyses of SASP cytokines and chemokines, as are larger 
cohorts with longer longitudinal follow-up. Finally, senescent 
cell abundance is tissue, cell, and inducer dependent; exten-
sive tissue mapping for these rare cells across tissues is now 
underway. It is of high importance to evaluate tissue level and 
circulating cell expression of markers of cellular senescence 
longitudinally and in populations with varying risk factors 



The Journals of Gerontology, Series A: Biological Sciences and Medical Sciences, 2024, Vol. 79, No. 1 9

and exposures. Such information, together with biomarker 
analyses in clinical trials as performed in this study, will pro-
vide a better understanding of the interaction between tissues, 
biomarkers of senescence, and the responsiveness of biomark-
ers to interventions.

Conclusion
This study provides evidence that a CR-based intentional 
weight-loss intervention in middle-aged and older adults with 
obesity and prediabetes is associated with change in circulat-
ing SASP proteins but not T-cell expression of the biomarkers 
of senescence, p16INK4a or p21CIP1/WAF1, and therefore may be 
senomorphic but not senolytic. However, there were associa-
tions between both p16INK4a and SASP biomarkers with car-
diometabolic health risk factors. Although promising, these 
results are not definitive. Larger, prospective trials with a 
comparison of tissue and circulating levels of select biomark-
ers are needed to validate and build upon our findings and to 
guide clinical trials designed to test interventions that target 
cellular senescence.
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