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Sustained life stress and low socioeconomic status are among the major causes of
aging-related diseases and decreased life expectancy. Experimental rodent mod-
els can help to identify the underlying mechanisms, yet very few studies address
the long-term consequences of social stress on aging. We conducted a randomized
study involving more than 300 male mice of commonly used laboratory strains
(C57BL/6], CD1, and Sv129Ev) chosen for the spontaneous aggression gradient
and stress-vulnerability. Mice were exposed to a lifelong chronic psychosocial stress
protocol to model social gradients in aging and disease vulnerability. Low social rank,
inferred based on a discretized aggression index, was found to negatively impact
lifespan in our study population. However, social rank interacted with genetic back-
ground in that low-ranking C57BL/6], high-ranking Sv129Ev, and middle-ranking
CD1 mice had lower survival, respectively, implying a cost of maintaining a given
social rank that varies across strains. Machine learning linear discriminant analysis
identified baseline fat-free mass as the most important predictor of mouse genetic
background and social rank in the present dataset. Finally, strain and social rank
differences were significantly associated with epigenetic changes, most significantly
in Sv129Ev mice and in high-ranking compared to lower ranking subjects. Overall,
we identified genetic background and social rank as critical contextual modifiers of
aging and lifespan in an ethologically relevant rodent model of social stress, thereby
providing a preclinical experimental paradigm to study the impact of social deter-
minants of health disparities and accelerated aging.
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With the world population age trajectory shifting upward, chronological and biological
aging has become a salient issue representing one of the strongest risk factors for morbidity
and mortality (1). A gradient for health and mortality outcomes exists both among and
within countries, with individuals occupying low socioeconomic status (SES) encountering
higher incidence of disease and lower survival (2—4). Nevertheless, a full understanding
of the interplay between psychosocial risk factors and noncommunicable diseases is yet
to be accomplished. For example, the role played by failure of adaptation to stress and
social determinants of health have been described as critical research areas (5, 6) and dif-
ferential exposure to stress as mitigated by individual coping capabilities has been indicated
as one of the pathways linking SES, health, and ultimately all-cause mortality (2, 7).

The process of aging is recapitulated across species giving rise and reason to animal
models, ranging from worms to nonhuman primates (8, 9). Laboratory mice are one of
the most commonly used model organisms in biomedical research, due to the potential
to translate findings obtained in controlled randomized experiments in a small-sized and
relatively short-lived social mammal to humans. Nevertheless, most of what we know of
the biology of aging in mice has been obtained from one strain characterized by minimal
genetic heterogeneity (10), the C57BL/6, and under baseline stress-free conditions, overall
limiting the scope of the results. Diversifying mouse strains in aging research and inves-
tigating the role of environmental stressors could elucidate factors contributing to the
known differences in lifespan and age-related traits among individuals.

The negative consequence of stress on health and aging are generally acknowledged and
have been reproduced in several social mammals including humans (3, 4); nevertheless,
individual differences are commonly observed between and among populations, and it is
unclear whether genetic predisposition or the relative degree of stress experienced by an
individual are critical determinants of disease accrual and lifespan. The present study was
designed to address this fundamental gap in knowledge and to test the hypothesis that
genetic background moderates the effect of social rank on health and aging. The design
of the present study is centered on the applicability of lifelong chronic psychosocial stress
(LCPS) (11) to identify contextual modifiers of healthspan and lifespan in male mice.
'This was achieved using a large randomized population-based design comprised of three
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associated with corresponding
epigenetic changes assessed via
DNA methylation in the liver.
Overall, our work provides a
biological base and a preclinical
model, to study the impact of
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different strains (C57BL/6], CD1, and Sv129Ev), chosen among
the most commonly employed in biomedical research and pre-
senting a gradient of agonistic behavior (12-16). The inbred
C57BL/6] strain was chosen due to its favored status especially in
aging research because of its susceptibility to age-related metabolic
disorders worsened by high-calorie diets, such as obesity, type-2
diabetes, and atherosclerosis as well as for its modest territorial
aggression (11, 17). The CD1 strain is the most popular outbred
strain employed in research and possesses demonstrated coping
capability and high territorial aggression (18, 19). Finally, the
inbred 129 strains present a high level of anxiety and stress vul-
nerability and predisposition to a passive coping strategy
(13, 19-22).

Our study identified contextual modifiers of health and longev-
ity. An index of contextual agonistic behavior was developed to
capture individual coping capabilities to the socially stressful situ-
ation. This index allowed us to highlight a gradient of vulnerability
linking social rank to survival probability, at the bottom of which
mice acquiring a low social rank manifested the shorter survival in
the study population. However, social rank differentially affected
survival vulnerability in the three strains, indicating low-ranking
C57BL/6], high-ranking Sv129Ey, and middle-ranking CD1 mice
as the more vulnerable groups. Strain and social rank differences
were associated with corresponding alterations in the patterns of
DNA methylation, a biological phenomenon increasingly impli-
cated in aging mechanisms and a multitude of diseases (23-25).
These results demonstrate that contextual factors such as genetic
background and social status shape health trajectory as well as life
expectancy in mice, offering a preclinical model for social deter-
minants of health and implicating epigenetic mechanisms.

Results

Genetic Background Is a Critical Modifier of Healthspan and
Lifespan under Chronic Psychosocial Stress (CPS). Healthspan and
lifespan of three mouse strains (C57BL/6], CD1, and Sv129Ev)
were characterized in the context of the exposure to a LCPS model
consisting of three phases: a baseline phase of 5 d (during which all
mice were singly housed), followed by a 4-wk CPS phase (during
which mice were exposed to daily defeats and sensory contact
housing), and an aging phase lasting until spontaneous death (or
euthanasia for humane reasons). In the aging phase, mice were
housed in sensory contact, thus experiencing a continued degree
of threat. This study used 346 male mice that were 12-wk old male
mice which were distributed as follows: Each C57BL/6] (N = 173)
mouse was randomized to be transferred as an intruder to the home
cage of eithera CD1 (N = 86) or Sv129Ev resident mouse (N = 87.
Note: 1 Sv129Ev mouse died before the completion of the CPS due
to an accidental unintentional event, and was therefore excluded
from the analysis). This group allocation was designed to elicit the
full spectrum of aggression and stress coping strategies enabling the
study of their impact on both lifespan and healthspan. At the same
time, this approach avoided the well-established low intrastrain
aggression manifested by inbred strains of mice (16, 26, 27). A
trained observer quantified aggression exhibited and received (see
Materials and Methods for further details) by each mouse using a
continuous scan sampling scoring system during the daily social
interactions occurring in the 4 wk of the CPS phase.

'The distribution of aggression corresponded to the expected gra-
dient of territorial aggression with CD1>C57BL/6]>Sv129Ev males
(81 Appendix, Fig. S1 A-C). Sv129Ev mice showed the lowest level
of aggression exhibited [F(2,342) = 19.98, P < 0.001, #% = 0.105,
obs. power = 0.999 Sv129Ev-CD1, P<0.001; SV129EV—C13)57BL/6],
P =0.004], and the highest level of aggression received [F(2,342) =
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Fig. 1. Mouse genetic strain affects survival in the LPCS protocol. (4) Survival
probability as a function of mouse strain is found to be significantly decreased
in SV129Ev (32 = 25.1 with 2 degree of freedom, P <0.001, d = 0.560; Pairwise
comparisons: log-rank test C57BL/6) vs. CD1, ns P > 0.999; C57BL/6] vs.
Sv129Ey, P < 0.001; CD1 vs. Sv129Ev, P = 0.009, after Bonferroni adjustment
for three comparisons). (B) Age (in months) when mice of the three strains
reached respectively 90%, 75%, 50%, 25%, or 10% survivorship within each
population (Left); % strain composition of overall surviving population both
at median and maximum (10%) survival of the general population (Right). (C)
Cox regression model examining the contribution of strain to the hazard of
experiencing death (HR, hazard ratio; Cl, confidence interval; LRT, likelihood
ratio test).

13.20, P<0.001,17%=0.072, obs. power = 0.997; Sv129Ev-C57BL/6],
P=0.043; Sv129£v-CD1, P < 0.001].

Although the three strains used in this study are common in
biomedical research, no previous work directly compared them,
prompting us to perform an initial strain comparison analysis.
Food intake, body weight, fat mass, fat-free mass, and plasma glu-
cose were significantly correlated with strain and chronological age
(SI Appendix, Fig. S1 D—H and Table S1). In general, C57BL/6]
mice consumed less calories than CD1 and Sv129Ev mice
(81 Appendix, Fig. S1D and Table S1). CD1 mice had an overall
significantly higher body weight, fat and fat-free mass than the
other two strains, which also differ significantly from each other
(81 Appendix, Fig. S1 E~G and Table S1). Body composition was
exactly opposite between C57BL/6] and Sv129Ev mice, in that
Sv129Ev mice maintained over time significantly more fat and
significantly less fat-free mass than C57BL/6] mice (S Appendix,
Fig. S1 Fand G and Table S1). Finally, plasma glucose levels (meas-
ured after 4 h of fasting) were found to be higher in C57BL/6]
compared to both CD1 and Sv129Ev mice (SI Appendix, Fig. STH
and Table S1).

Survival was significantly associated with genetic background.
Sv129Ev presented a significantly lower lifespan than either CD1
or C57BL/6] mice (HR = 1.91, P < 0.001), while CD1 mice did
not differ compared to C57BL/6] as reference group (Fig. 1 A-C).
Organ lesions detectable at necropsy differed by strain (S/ Appendix,
Fig. S24 and Table S2). Genital, hemorrhagic, and hepatic lesions
differed significantly as far as the proportion of animals affected in
each strain (SI Appendix, Fig. S2 B—J and Table S2). Across all

strains, individuals presenting with a higher number of lesions had
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alonger lifespan, indicating an age-related accumulation of macro-
scopic nonlethal organ lesions (S/ Appendix, Fig. S2 D, G, and ).
Sv129Ev mice died at a younger age than other strains while
having significantly fewer organ lesions detectable at necropsy
(SI Appendix, Fig. S2A and Table S2).

Additionally, we used machine learning approaches to identify
which of the measured variables could be the most informative
determinants to discriminate between the three genetic back-
grounds. The confusion matrix of the linear discriminant analysis
(LDA) model was ~94% accurate in the test set reproducing mouse
genetic background based on these predictors, thus matching
almost exactly their annotation (< 0.0001; S/ Appendix, Table S3).
‘The analysis of the contribution of the individual features to clas-
sifier performance evidenced that baseline fat-free mass and body
weight, followed by baseline fat mass were the most important

contributors to genetic background assignment (SI Appendix,
Table S3).

The Aggression Index as an Indicator of Contextual Agonistic
Behavior. In chronic social stress protocols, mice are traditionally
categorized as subordinate or dominant using an ethological
criterion: dominant when exhibiting high levels and receiving
low levels of aggression and subordinate in the opposite scenario
(28). Albeit this is a convenient dichotomization, it suffers from
several disadvantages in a population-based study, including
uncertain categorization of individuals manifesting rank switch,
low aggression, or open agonistic interactions without a clear
social-rank definition. To address these limitations, we developed
an approach to synthesize the level of contextual agonistic
behavior and to capture the individual coping capability to the
socially stressful situation designed after the Perceived Stress
Scale (PSS) (29, 30). This index has been extensively validated
against aging-related variables in humans (31, 32) and is based
on two opposite-sign dimensions: the first dimension evaluates
the level of perceived stress of an individual, while the second
dimension evaluates the extent to which the individual’s ability to
cope is perceived as surpassed. We adapted this construct to mice,
developing an aggression index calculated upon the respective
z-scores of either received or exhibited aggression, following a
reductionist principle similar to the one of principal component
analysis and that considered the consolidation of opposite-sign
variables (see Materials and Methods for details). Confirming its
biological relevance, the aggression index values were i) distributed
similarly to the expected aggression gradient exhibited by the
three strains CD1>C57BL/6]>Sv129Ev [F(2,342) = 29.22, P <
0. 001,17 = 0.147, obs. power = 1.0] (Fig. 2A4); and ii) clearly
dlscrlmmated dominant and subordinate mice [F(1,231) = 1073,
P <0.001, 77], = 0.821, obs. power = 1.0] (Fig. 2B). A multiple
regression analysis with healthspan variables measured at baseline
demonstrated that fat and fat-free mass are significant predictors
of the aggression index outcome, albeit in opposite directions
[R = 0.453, R2 = 0.205, F(2,342) = 44.15, P < 0.001]: fat mass
being negatively associated [regression coefficient(SE): -10.078
(0.021)], and fat-free mass positively predicting the aggression
index value [regression coefficient(SE): 0.092 (0.010)] (Fig. 2
C and D). Although only about 20% of the aggression index
variance was explained by the multiple regression model including
the two predictors, this result indicated a significant relationship
between aggression index and body composition. The limited
amount of the aggression index variance is plausibly explained
in consideration of the complexity of the behaviors between the
interacting animals.

When strain was included as a factor, fat-free mass still remained
significantly positively associated with aggression index within

PNAS 2023 Vol.120 No.16 2211755120

each strain [C57BL/6]: R = 0.206, R2 = 0.042, F(1,169) = 4.129,
P <0.05, regression coeflicient (SE):0.076 -(0.04); CD1: R = 0.422,
R2 =0.178, F(1, 83) = 13.205, P < 0.001, regression coefficient
(SE) 0.121 (0.03); Sv129Ev: R = 0.275, R2 = 0.076, F(1, 84) =
5.381, P < 0.05, regression coeflicient (SE) 0.096 79(0.04)] (Fig. 2
E-)). This suggests that baseline fat-free mass might represent a
more universal predictor for aggression index and social ranking,
because it proved true both in smaller populations when analyzed
within strain as well as across strains.

Social Status Described with the Discretized Aggression Index
(DAI) Predicts Healthspan and Lifespan. Next, we applied the
aggression index to determine the role of the contextual aggression
gradient and resulting social rank on health and aging. In the
general population, the aggression index was significantly correlated
with the age at death of the individuals (Fig. 34), although this
association was significant in C57BL/6] (Fig. 3B) but not in CD1
or Sv129Ev mice (Fig. 3 Cand D). As a continuous variable, the
aggression index related to a significantly lower hazard ratio (HR =
0.81, 95% CI: 0.70-0.94) and to a significantly higher number of
lesions (ST Appendix, Fig. S3 A-D). Next, the aggression index was
categorized into discrete groups, named low, medium, and high
DAL, breaking the population on three groups based on tertiles
(Fig. 3 E'and F). The low-DAI group included all individuals that
exhibited little and received high aggression (N = 117); the medium-
DAI group included individuals that exhibited and received an
intermediate level of aggression (N = 114); finally, the high-DAI
group represented all individuals that exhibited high levels of
aggression while receiving lictle (N = 114) (Fig. 3F).

The DAI had a significant association with mouse survival prob-
ability, with a small but significant shift to the left for the survival
trajectory of mice belonging to the low-DAI category compared
to the high-DAI category (Fig. 3G) corresponding to approxi-
mately 2 mo of lower median age at death and a lower proportion
of mice reaching the median lifespan (Yates chi-squared = 7.66,
df = 2, P=0.0217, d = 0.301, obs. power = 0.999) (Fig. 3H).
There was an overall significant association of the DAI with the
hazard ratio that indicated ~20% increase of the risk of death in
low compared to the medium DAI, while the high-DAI group
was found to be protective with ~20% decreased hazard rate com-
pared to the medium DAI (Fig. 3/). In line with the observed
age-dependent accumulation of nonlethal organ lesions discussed
above for the strain comparison, both medium- and high-DAI
categories presented a heavier burden of lesions at necropsy (such
as hepatic, genital, pulmonary, splenic) both for duration and
representation in the sample population (see more details in
SI Appendix, Fig. S3 E-J). Nevertheless, the disease burden for all
three aggression index categories was inversely associated with
lifespan (see more details in ST Appendix, Fig. S3 H-)).

Finally, machine learning approaches were performed to iden-
tify which of the continuous variables in the collected dataset were
the most relevant determinants of DAI group classification. Our
LDA model was able to discriminate between mice in the three
groups (low, medium, and high DAI) with 60%, accuracy in the
test set (P < 0.0001; ST Appendix, Table S3). ROC analyses of the
combination of diagnostic variables revealed that the highest dis-
criminative performance was achieved by baseline fat-free mass,
followed by body weight in assigning DAI classification to our
study subjects (SI Appendix, Table S3), and thus identified impor-
tant predictors of achieved social rank during a dyadic social
encounter.

Genetic Background and DAI. The significant effect of genetic
background on both healthspan and survival (Fig. 1 and S Appendix,
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(HSD). In figures E through n, P < 0.05 are noted in red.

Fig. S1), somewhat limited the effect of the DAI categories when
assessed within each strain (87 Appendix, Fig. S4 and Table S4).
Food intake was the only healthspan parameter significantly
affected by the DAI in the C57BL/6] strain, where both the
medium- and the low-DAI groups consumed a higher amount of
food than their high-DAI counterparts. In contrast, only fat mass
was significantly increased in low compared to the high-DAI group
in CD1 mice (S Appendix, Table S4). Finally, in the Sv129Ev mice,
the high-DAI group exhibited a unique phenotype characterized by

https://doi.org/10.1073/pnas.2211755120

increased food intake and fat mass when compared to the low-DAI
group (SI Appendix, Table S4).

We next focused on the survival analysis. In addition to the
Kaplan—Meier (KM) estimator and Cox proportional hazards mod-
els, we evaluated the probability of genetic background or DAI
effects on survival by constructing the empirical distribution esti-
mate of treatment group effects. This was done using a Gaussian
kernel density estimation (KDE), based on smoothing histograms
of survivorship frequencies with a predefined bandwidth (33). To
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of the general population (Right). (/) Cox regression model examining the
contribution of DAI to the hazard of experiencing death (HR, hazard ratio; Cl,
confidence interval; LRT, likelihood ratio test).

quantify the similarity or difference among distributions thus
described, we estimated the overlapping area intersected by two
such KDE functions with an index 1 referred to as similarity index
(34) having a range of 0 (complete separation) to 1 (complete iden-
tity). We conducted such analyses within each strain to estimate
DAL effects (Fig. 4 A—F), and vice versa, within each DAI category

PNAS 2023 Vol.120 No.16 2211755120

to estimate strain effects (Fig. 4 G-L). In C57BL/6] mice, there was
a significant overall effect on survival due to social rank, with a
significantly lower median survival, higher hazard ratio, and lower
similarity in the distribution of survival in the low compared to the
other DAI groups (Fig. 4 A and D and SI Appendix, Tables S5 and
S6). In CD1 and Sv129Ev mice, there was no significant difference
due to DAI using the KM estimator. However, the KDE analysis
of survival distributions with the similarity index identified the CD1
mice of the medium DAI category (Fig. 4 Band E and SI Appendix,
Tables S5 and S6) and the Sv129Ev mice of the high DAI category
(Fig. 4 C and Fand SI Appendix, Tables S5 and S6) as the most
dissimilar distributions and associated with lower survivorship com-
pared to the other DAI groups within each strain.

Interestingly, the significant effect of strain on mouse survival
(Fig. 1) was absent within the category of low DAI (Fig. 4 G and
/), while still being evident both in medium- and high-DAI cat-
egories (Fig. 4 H, I, K, and L and SI Appendix, Table S5). The
incidence of deaths was similar across strains in both the low- and
the medium-DAI groups (Fig. 4 / and K), while the high-DAI
group showed a significantly lower similarity index when com-
pared to other two strains (Fig. 4Z). The result in the Sv129Ev
strain is notable in that the high-DAI group within this strain
exhibited lower aggression compared to the other two strains
(SI Appendix, Fig. S1 A-C), yet they showed the lower survival,
suggesting a high cost for maintaining dominance for this strain,
which is not directly measured by the aggression index per se.

Opverall, these data suggest that both strain and DAT have pre-
dictive power on survival: In particular, a higher cost of a low rank
is observed in C57BL/6], a greater cost of a high rank is observed
in the Sv129 and, a higher cost of middle rank is observed for
CD1 mice.

Strain and Social Rank Affect DNA Methylation Profiles. To
characterize the possible source of the biological cost associated
with strain and social rank, we tested DNA methylation changes,
one of the hallmarks of cellular aging and an accepted biomarker
of the aging process (35). Importantly, psychosocial stress has been
linked to epigenetic aging and even aging acceleration in humans
and other animals (2, 36, 37). Liver samples from a subset of the
cohort killed at 17 mo were assayed with the recently released
[llumina mouse methylation array [Infinium Mouse Methylation
BeadChip, (38)] that profiles over 285,000 markers across diverse
murine strains. Changes in the liver methylome have been shown
to reflect changes in epigenetic aging due to lifespan-extending
conditions in mice, with age-related methylation changes shared
by mice and humans (39). Furthermore, our previous data showed
the liver to be one of the organs mostly affected by lesions detectable
at necropsy in mice under lifelong psychosocial stress as well as
presenting social rank dependent changes in classic senescence
makers such as pl6 and p53 (11). The genome-wide DNA
methylation profiling returned 287,050 targets from our samples,
of which we retained 284,860 CpG probes. We excluded from
further analysis any CpHs and single-nucleotide polymorphisms
(SNPs) due to their low representation in our samples as well as
CpG loci with missing data for >5% of individuals in the sample.
'The distribution of the average methylation level of CpG loci was
found to be strongly dependent on strain (Fig. 54), in agreement
with previous data in rodents (40) and in humans, where shared
genetic ancestry partially explains differential methylation
between ethnic groups (41). In addition to genetic background,
environmental factors contribute to variation in methylation both
in rodents and humans (42). In the present study, we found that
methylation varied as a function of social status as captured by
the DAI (Fig. 5B). This result was confirmed by the unsupervised
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cluster analysis of the CpG probes and corresponding ~30,000
CpG islands, highlighting a segregation due to strain first and to
DAI within strain (Fig. 5 Cand D). Given that the experimental
design was established long before organ collection and that the
DALI was calculated a posteriori, on the entire population, no
CD1 dlassified as low-DAI category was available in the cohort
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Fig. 4. (A-C) Survival probability as a function of DAI
category within each of the three strains showing lower
survivorship in low C57BL/6) DAI mice (A) (32 = 7.72 with 2
degrees of freedom, P=0.023, d = 0.532), but no effect seen
in either CD1 (B) or Sv129Ev mice (C). (D-F) distribution of
death rates due to DAl smoothed through the KDE for each
of the three strains; dashed lines indicate median values for
each group and associated similarity index calculated for
each of the three strains (see Materials and Methods and
Results for details). (G-/) Survival probability as a function
of mouse strain within each of the DAI categories showing
that within low DAI (50% C57BL/6), 10.5% CD1, 39.5%
Sv129Ev) genetic background has no effect on survival (G),
whereas the association with strain is still discernible in
both medium (H) (x2 = 13.6 with 2 degrees of freedom, P <
0.001,d =0.736; 50% C57BL/6), 21% cd1, 29% Sv129Ev) and
High (/) (x2 = 10.5 with 2 degrees of freedom, P = 0.005, d
=0.637; 50% C57BL/6), 43% CD1, 7% Sv129Ev) DAI groups.
(/-L) Distribution of death rates due to strain smoothed
through the KDE for each of the three DAI groups; dashed
lines indicate median values for each group and associated
similarity indexes calculated for each of the three DAI groups
comparing the three strains (see Materials and Methods and
Results for details). * denotes significant differences after
Bonferroni correction for multiple comparisons across
groups (alpha 0.05/3 = 0.017 per test).

sampled at 17 mo for the DNA methylation assay. Nevertheless,
these results demonstrate that, similar to other outcome variables,
the power of DAI to predict the level of average methylation
is strain dependent. In the C57BL/6], low- and medium-DAI
mice clustered closer to each other, while medium and high DAI
segregated closer in the Sv129Ev strain (Fig. 5D). ANOVA showed
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(A and B) Empirical cumulative distribution function of the CpG loci methylation level (expressed as p value) in consideration of either strain (A) or DAI

pplies within the same B interval. (C and D) unsupervised cluster analysis of global

DNA methylation shows grouping by strain and DAI: (C) Heatmap limited for clarity to 30370 CpG islands. Highlighted are strain and DAI; CpG islands were

clustered in an unsupervised manner utilizing Euclidean distance and Ward.
level of individual CpG loci, highlighting unsupervised clusters due to strain a
loci methylation in consideration of the main effect of both strain and DAI. D

D2 clustering method. (D) Phyloepigenetic tree constructed from the methylation
nd to DAl within strain. (F) Tukey box-and-whisker plot of the average level of CpG
ue to the post hoc sample selection, no samples matched the low-DAI category of

the CD1 harvested at 17 mo for the tissue bank. Box plot shows median, upper, and lower quartiles, minimum and maximum values. (F) Multiple regression
scatterplot of observed and predicted average global CpG methylation levels based on strain and aggression index predictors. (G) Scatterplot of the correlation
between global CpG methylation level and aggression index in the general population. (H-/) Features of DMRs. Each point in the Manhattan plot represents the
location of a CpG region (x axis: autosomal chromosomes 1 to 19, chromosome X as 20 and chromosome Y as 21), defined by CpG loci grouped by Euclidean
distance, and the association -log10p (y axis) for the effect of DAl within each of the three strains (H) C57BL/6) (segment 28687 was included in the plot not in

scale for aesthetical reasons), (/) CD1, and (/) Sv129Ev. The genome-wide sign
at -log10(1e-05) (blue line).

a significant effect both of strain [F(2, 42) = 48.3, < 0.001, np
0.707, obs. power = 1.0] and DAI [F(2, 42) = 4.4, P=0.0179, 71
= 0.187, obs. power = 0.769] on global DNA methylation levels,
consisting of overall lower p values for C57BL/6] mice compared

PNAS 2023 Vol.120 No.16 2211755120

ificant threshold is set at -log10(5e-08) (red line) and the suggestive line threshold

to CD1 and Sv129Ev mice (Tukey’s HSD tests: C57BL/6] vs.
CD1, P =10.0001; C57BL/6] vs. Sv129Ey, P = 0.0001; CD1 vs.
SvI29Ev, P = 0.307), as well as lower methylation levels for the
high DAI compared to both the low and medium groups (Tukey’s
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HSD tests: high vs. low, P = 0.039; high vs. medium, P = 0.025;
low vs. medium, P = 0.996) (Fig. 5E).

A multiple regression analysis demonstrated that strain and
DAL are significant predictors of the average methylation level [R
=0.8426, R2 = 0.7100, F(3, 43) = 35.0959, P < 0.0001]: aggres-
sion index as a continuous predictor was negatively associated
[regression coefficient(SE): -0.0059 (0.0021)], and strain posi-
tively predicting the aggression index value with C57BL/6] rep-
resenting the reference [CD1 regression coefficient(SE): 0.076
(0.0019); Sv129Eyv regression coeflicient(SE): 0.0079 (0.0018)]
(Fig. 5F), explaining 72% of the dependent variable variance.

In the general study population, although aggression index had a
statistically nonsignificant negative association with the average
methylation level [R = 0.273, R2 = 0.075, F(1, 45) = 3.64, P=0.063,
regression coeflicient (SE): -0.006 (0.003)] (Fig. 5G), a pattern
emerged in the data distribution. A closer inspection identified a
strain effect, which informed a follow-up analysis within each of the
three strains: C57BL/6] aggression index was not significantly asso-
ciated with methylation levels (S/ Appendix, Fig. S5A4), albeit showing
the wider distribution in {3 values; CD1 strain f and aggression index
values were narrowly distributed without a significant association
between the two (S Appendix, Fig. S5B); Sv129Ev mice had a sig-
nificant negative association between the two variables, explaining
approximately 30% of the sample variability, and their § values were
narrowly distributed (S Appendix, Fig. S5C). Taken together, the
global methylation patterns demonstrated to be strain-specific but
to be also reflective of individual social standing within each strain.

DNA methylation has given rise to several age predictors,
including epigenetic clocks in humans (24, 35, 43, 44). Only
recently, the methylation array used in this study has become
available for mice, for which the available clocks are of limited
transferability across datasets owing to analytical limitations (45).
For the current dataset a significant effect of strain was revealed
on the DNA methylation-based age predictor [F(2, 40) = 4.20, P
= 0.022, 2 = 0.173, obs. power = 0.705], while we could not
identify a significant effect of DAL In general, an older epigenetic
age was identified for Sv129Ev compared to the C57BL/6] strain
(Tukey’s HSD P = 0.0193) but not comparing Sv129Ev to CD1
(P = 0.5448) or C57BL/6] to CDI strain (P = 0.2813)
(SI Appendix, Fig. S5D). Future implementations of epigenetic
clocks based on mouse DNA methylation array-derived data will
likely allow the validity of this assessment to be improved.

Finally, using an epigenome-wide association study approach, we
identified differentially methylated CpG loci (DMLs) and regions
(DMRs) to investigate within each strain which features of the
genome display altered methylation patterns due to the effect of DAL
The reference group for each strain was inversely based on their
respective similarity index value (i.e., high vs. low DAL in C57BL/6]
mice; high vs. medium DAI in both CD1 and Sv129Ev). Only a
limited number of DMLs reached the multiple testing significance
threshold for whole-epigenome data (P < 5¢-08) or the commonly
accepted suggestive threshold (P < 1e-05) (S] Appendix, Fig. S6 A,
C, and E and Table S7). The highest significance was reached by
cg38646594 on Chromosome 2 resulting hypermethylated in high-
compared to low-DAI C57BL/6] mice, but no annotated gene cor-
responded to this probe yet, to the best of our knowledge. We
subsequently conducted a regional analysis identifying several DMRs
each containing >3 DMLs that were significantly associated with
DAI groups (Fig. 5 H—/ and SI Appendix, Table S8). Of these, ~65%
were hypermethylated in high- compared to low-DAI C57BL/6]
mice, ~21% in CD1 and ~70% in Sv129Ev where high was com-
pared to medium DAI. Gene cluster methylation that was sensitive
to DAI was found to be broadly related to immune system, metab-
olism of proteins, signal transduction, and gene expression

https://doi.org/10.1073/pnas.2211755120

(transcription) pathways identified using Reactome across all strains
(81 Appendix, Fig. S6 B, D, and F and Table S8). In the C57BL/6]
high-DATI group, we observed methylation changes when compared
to the reference group reflecting an altered gene expression for
111871-1[17/I [implicated in the control of TH1/TH2 balance (46)],
Adrb3 [a gene whose methylation levels have been reported to be
associated with metabolic dysregulation (47)], and Kenj14 [a gene
implicated in contractile function (48)]. CD1 high-DAI group
showed altered methylation at Uba5 [part of the UFMylation com-
plex involved in protection against apoptosis (49)] and Nphp3
[implicated in organelle biogenesis and maintenance (50)], as well
as Adrb3. Changes in the Sv129Ev high DAI group included:
Smarcd3 [whose hypermethylation has been associated with accu-
mulation of p21 in cells and DNA damage (51)], Spred2 (a key
negative regulator of MAPK signaling, also linked to metabolic
abnormalities), and Oip5 [implicated in cell cycle and chromatin
organization (52)].

Opverall, the results of the DNA methylation patterns reveal epi-
genetic changes in line with increased risk conferred by genetic back-
ground (strain) and social rank (DAI) on healthspan and lifespan.

Discussion

The development of experimental models recapitulating the neg-
ative effect of adverse social determinants of health and aging
(SDoHA) in humans is of crucial importance. However, studies
in mouse models of social stress are often neglected in aging stud-
ies, thus missing a critical opportunity in translational research.
Here, we present the larger study conducted to date on the con-
sequences of a lifetime of chronic social stress on healthspan and
survival of males of multiple mouse strains commonly used in
biomedical research, C57BL/6]J, Sv129Ev, and CD1. We demon-
strate that the link between chronic social stress and individual
vulnerability to aging-relevant outcomes is moderated by genetic
background and is modified by social rank, both of which can be
predicted using machine learning algorithm by baseline fat-free
mass. We also show an association between the negative effect of
social factors on health and aging, and changes in DNA methyl-
ation patterns in the liver, suggesting the existence of epigenetic
mechanisms linking negative social relationships and genetic back-
ground, possibly affecting individual biological age.

Genetic Background Is a Contextual Predictor of Healthspan and
Lifespan under Chronic Social Stress. Genetic background and
environmental factors shape healthspan and lifespan trajectories.
Specifically, it is well established that aging is associated with alterations
in body weight and body composition. Similar to humans, aging in
mice is linked to a biphasic trajectory due to accumulation of fat mass
(at least up to the seventh decade in humans and ~24 mo in mice)
followed by a decrease, and discrete glucose intolerance reflecting
the development of insulin resistance (53). Different murine genetic
backgrounds exhibit a wide range of adiposity throughout their
lifespan suggesting a strong genetic contribution. From a metabolic
vulnerability standpoint and under standard housing stress-free
conditions, the three strains used in this study are distributed along
a gradient, where C57BL/6] mice are considered obesity- and
type 2 diabetes-prone, CD1 intermediate, and Sv129Ev obesity-
resistant (18, 54-56). In our study, C57BL/6] mice developed and
sustained higher levels of plasma glucose compared to the other
strains independently from obesity (57-59), and could be at the
origin of the heightened vulnerability of this strain to the effect of
psychosocial stress on impaired glucose homeostasis (60).
Unexpectedly, Sv129Ev mice accumulated more fat mass than
C57BL/6], and lost fat-free mass over time in parallel to lower
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glucose levels, which can be considered an important risk factor.
Indeed, low glucose in mice is associated with increased mortality
(61), in contrast to primates where the opposite relationship is gen-
erally true. Excessive adiposity has also been hypothesized to depend
on their lower autonomic stress responsivity compared to the
C57BL/6] strain in which stress-induced sustained autonomic
response can contribute to limit fat mass accrual (13). Furthermore,
during the LCPS a sustained hyperphagic response was manifested
by Sv129Ev mice — more pronounced than in C57BL/6] subjects—
thus facilitating excessive fat accumulation. Obesity and excessive
adiposity are consistently found related to higher all-cause mortality
across human populations (3). The Sv129Ev strain proved to have
the shortest lifespan of all strains concomitant with excess adiposity.
This result is at odds with data published on the various Sv129
substrains in standard housing conditions that describe similar
lifespan to C57BL/6 and CD1 male mice (S] Appendix, Table S9),
overall, suggesting that stress vulnerability can play a critical role.

The end-of-life pathology of the three strains is well character-
ized in standard conditions (62—64). Our data describe a wide
spectrum of abnormal organ findings with a strain-specific signa-
ture: i) biliary and pulmonary findings more common in CD1;
ii). genital lesions more abundant in C57BL/6]; and iii) the
Sv129Ev strain, manifested fewer lesions than the other strains
possibly due to their shorter survival time that limited the accu-
mulation of nonlethal organ lesions.

In consideration of the above, the lifespan shortening of
Sv129Ev mice can be proposed to be the result of an overall stress
vulnerability leading to hyperphagia-driven increased fat mass,
commonly linked to sustained inflammation (65).

Social Status Is a Contextual Modifier of Healthspan and Lifespan.
Attention has recently been called to complement the classical
biological pillars of aging with “social hallmarks of aging” (5) in
order to explain the significant amount of variance in age-related
diseases. Low SES, adverse life events, psychological states, and
behaviors are introduced as interconnected elements comprising the
contributors to social adversity that crucially affect health and aging
(5, 66). Among them, low SES is proposed as the most fundamental
because it is connected to multiple types of resources and is linked to
damaging biological changes affecting both developmental capacity
and age-related health outcomes (5, 66).

We aimed at assessing if social gradients could affect healthspan
and lifespan in our mouse model. We developed an aggression
index including both active (aggression exhibited) and passive
(aggression received) behaviors. This index was modeled after one
of the most widely used instruments to measure the perception of
stress in humans, the PSS (29, 30), also shown to predict biological
aging and survival (31, 32). Importantly, our aggression index, and
thus social rank, was predicted by baseline fat-free mass both across
strains and within each strain, thus adding to recent data of bio-
logical predictors of social rank in male mice (67) and altogether
suggesting that genetic determinants of quantifiable physiological
features can predispose to high or low social rank attainment.

We categorized the DAI using the tertiles of its distribution:
The high-DAI group indicates social dominance; the low-DAI
group corresponds to the expression of social subordination; the
medium-DAI group reflects a continuum of undefined and/or
unstable social rank. In the general population, mice belonging
to the low-DAI category had a significantly shorter life expectancy
compared to their high- and medium-DAI counterparts. However,
the detrimental consequences on healthspan and lifespan due to
social rank were modulated by the genetic background: a low social
rank was associated with a higher cost in C57BL/6J; a high social
rank was associated with a higher cost in Sv129Ev; and finally, in
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CD1 a higher cost of achieving an intermediate rank (character-
ized by various degrees of rank instability) emerged. Strain vul-
nerability in response to chronic subordination stress exposure has
previously been established (68), and our work extends this char-
acterization to a longevity study.

In humans, morbidity and mortality rates are higher for indi-
viduals of low SES compared to those of high SES, with people in
lower SES groups reporting greater chronic stress (3, 4, 69). Seminal
work by McEwen and others defined the concept of allostatic load,
by theorizing that the subjugation to stress would lead individuals
to suffer physiological consequences to a degree mitigated or exac-
erbated as a function of differential coping strategies (70).
Heightened chronic stress in low-SES individuals may translate to
different biologic risk factors for diseases (3, 71) because stress
exposure can impact health directly and indirectly by various mech-
anisms including for example immune activation (72, 73).
Consistently, chronic inflammation, splenomegaly, and increase in
the levels of circulating proinflammatory cytokines have recently
been shown in mice selectively bred for subordinate traits in the
test tube challenge that manifest a significant survival deficit (74).
Human longevity stratifies on the basis of race and SES among
other factors (4). Overall, our model in a controlled experimental
condition recapitulates critical variables linking SES to health and
aging in a model organism where social factors can be randomized
and mechanistic studies conducted. Furthermore, our data show
that the extent to which the DAI modifies life trajectory in male
mice is dependent on the genetic predisposition (the strain in this
study) that defines individual stress susceptibility, coping capacity,
and the trade-off of achieving and maintaining social status.

Genetic Background and Social Status Reflections on Epigenetic
Changes. Phenotypic outcomes are thought to be the product of
the interplay between environmental and genetic factors resulting
in epigenetic changes (23), with genome-wide CpG methylation
representing one of the main mechanisms linked to both aging
and cumulative life stress effects (23, 36). Consistent with this
premise, evidence of genome-wide methylation changes, both due
to strain and DAI, were found in the present study. In particular, the
Sv129Ev strain had the higher degree of overall global methylation
compared to both CD1 and C57BL/6] mice; on the other hand,
a low social rank (reflected by low DAI) was found to be linked to
higher global methylation levels. While the understanding of the
implications of age-related DNA methylation changes in mice is
a field still in its infancy (75, 76), available data reveal age-related
changes in promoters and increased methylation in development
and differentiation-related pathways (25). More importantly, the
relevance of methylation patterns changes is underscored by the
tendency of evolutionarily conserved elements between humans
and mice to gain methylation during aging (75).

'The epigenetics of aging has gained momentum in the last dec-
ade, due to the growing availability of epigenetic clock predictors
for both mice and humans (24, 35, 39, 77, 78). We took advantage
of an existing mouse age predictor (38) that highlighted a signifi-
cant age acceleration in the Sv129Ev compared to the C57BL/6]
strain, in line with their overall healthspan and lifespan character-
istics but without differences with regard to CD1 mice. It must be
pointed out that this age predictor has been developed mostly in
the C57BL/6 and Sv129 strain, so it might not be as accurate for
CD1 mice. Nevertheless, this epigenetic clock predictor did not
support an age acceleration due to DAL in contrast to the effect
seen in global methylation levels. While previous and present data
are in agreement with the methylome and DNA age-related vari-
ance due to a strain-level factor (40), the contribution of social
standing on age acceleration warrants further testing and the
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development of dedicated algorithms that should be calibrated
with social standing variables.

To gain insight on the plausible functional consequences of the
global methylome remodeling, we conducted differential methyl-
ation analyses, highlighting distinct methylation signatures within
each strain due to DAI and followed them with gene pathway
analyses. Immune system, metabolism of proteins, signal trans-
duction, and gene expression-related pathways were found to show
methylation changes due to DAI across all strains (see Resulzs for
details). These changes include several genes implicated in the
regulation of TH1/TH2 balance as well as metabolism, including:
Adrb3 [a gene whose methylation levels have been reported to be
associated with metabolic dysregulation (47)], which was found
to be differentially regulated in high-DAI subjects of C57BL/6]
and CD1 strains vs. respective reference groups; Spred2 [a key
negative regulator of MAPK signaling, also linked to metabolic
abnormalities (79)], which was increased high-DAI groups.

Accelerated biological aging is increasingly associated with
changes in methylation patterns and cellular senescence (23-25),
and recently a mechanistic link has been proposed between the
epigenome and stress (80), uncovering one of the possible avenues
through which social stress responses shaped the rate of aging (11)
in the present study.

Limitations of the Study and Future Direction. Studies in laboratory
mice present several advantages to model SDoHA in humans: i)
Numerous wild-derived, outbred, variable, and inbred strains exist,
allowing to study complex interactions between gene variants as well
as epigenetic and environmental factors (15, 81); ii) mice are one of
the shortest-lived mammals (median lifespan ~2 y); and finally iii),
they are amenable to conduct intent-to-treat randomization designs
of social variables, which are unfeasible and unethical in humans.
Despite these advantages, this field is still in its infancy, and our
study represents the larger to date. Yet, this study has limitations.
First, in our paradigm social adversities started at young-adult age.
In human and nonhuman primates adverse childhood experience
is one of the strongest predictors of health and aging (3, 82). Thus,
in future studies the application of social stress could range from
preconception to old age. Second, our study lacks a reference
group. Partially addressing this limitation, our data show that the
DAI group showing the lower adverse effect of LCPS manifested a
lifespan similar to published studies in standard housing conditions
(81 Appendix, Table S9). Furthermore, in a lifelong study focused
on SDoHA it is difficult, if not impossible, to define a priori a
single reference/control condition since common housing practice
(e.g., individual housing, grouping with siblings, grouping with
nonsiblings) can per se elicit chronic stress and impact aging (83).
Thus, future studies are necessary to compare such social factors for
their impact on healthspan and lifespan. Last, this study was limited
to male mice. Although a social rank can be identified in female
laboratory mice (84, 85), female laboratory mice do not manifest
territorial behavior, and their aggression is significantly less than
the one of males or wild female mice (86). Additionally, no study
describes the effect of social stress or social rank on aging or lifespan
in female mice. Thus, future studies should attempt to develop
models of adverse social relationships including social isolation and
social instability with the potential to affect aging of female mice.

Conclusion

Our study identified genetic and social factors determining the
degree of vulnerability to the negative effect of chronic stress on sur-
vival and additionally shows how agonistic behavior and social rank
may be significant modifiers of healthspan, DNA methylation
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pattern, and lifespan. Overall, our study represents an important
contribution toward the development of animal models allowing
the identification of the biological bases of social determinants of

health.

Materials and Methods

Animals. C57BL/6J (Jackson Labs), CD1 (Charles River Labs), and Sv129Ev
(Taconic Farms) male mice were purchased at 10 wk of age and housed at
12:12-h light:dark cycle at 22 + 2 °C. At 12 wk of age, mice were randomly
allocated to the experimental conditions. The diets (Research diet) used in this
study were a standard diet (D12405B), a high-fat diet (D12451), and a mature
rodent maintenance diet (D10012M) (Further details in S/ Appendix, Methods).
Cages contained corn cob bedding that was changed every 7 d. Cotton nestlets
were placed in the cages for enrichment. Animal experiments were approved by
the IACUC, University of Minnesota.

LCPS Model. This study was designed to analyze the survival and healthspan
of the mice as a function of genetic background as well as of an unbiased seg-
regation based on contextual aggression received/exhibited. The LCPS model
consisted of three phases: a baseline phase of 5 d, during which all mice were
singly housed, followed by a 4-wk CPS phase in which mice were exposed to daily
defeats and sensory contact housing, and an aging phase lasting until sponta-
neous death or euthanasia for humane reasons. In the aging phase, mice were
housed in sensory contact thus experiencing a continued degree of threat stress
related to the previous encounters.

Each C57BL/6J (N = 173) male mouse was randomized using a simple ran-
domization procedure of flipping a coin (87) to be transferred as an intruder to
the home cage of eithera CDT (N = 86) or Sv129Ev (N = 87) resident mouse. The
CD1 strain manifests high territorial aggression, while the Sv129Ev manifests a
much lower level of territorial aggression and can thus be considered a weaker
dominant (12-14).

Mortality (age at death) was the primary outcome. Animals were checked daily
to determine vital status, and date of death was recorded to the nearest day.
Mice found dead at each daily inspection were considered as censored deaths
and were necropsied. Conditions considered cause for euthanasia, as approved
by the IACUC, University of Minnesota included: prolonged respiratory distress,
tumor growth that impedes activity (such as motion, eating, or drinking), severe
deformities or self-mutilation, inability to eat or drink, or ataxia that prevents
normal functions of eating and drinking.

Healthspan Outcomes. Body weight (in g) and food intake (in kcal), body com-
position (fat mass and fat-free mass, both in g, Echo MRI 3-in-1, Echo Medical
System), and 4-h fasting plasma glucose (in mg/dL, Accu-chek Aviva, Roche) were
recorded regularly.

DAI. Aggression was measured during the daily social interactions by direct obser-
vation. Both aggression exhibited and received by each mouse was recorded in
the course of the full social interaction using a continuous scan sampling scoring
system. Aggression exhibited consisted of initiating aggressive grooming, biting,
kicking, boxing, and chasing; aggression received consisted of receiving the afore-
mentioned behaviors while displaying either upright postures or flight behavior,
and squeaking vocalizations (88). Based on the data recorder over the 4-wk CPS
phase, total counts of aggression exhibited and received were calculated. An
aggression index was obtained on the total values of aggression exhibited (xb)
and received (rcvd) by the experimental subjects, using the z-scores z = (x—p)/o
of the two parameters, where x is the observed aggression exhibited value for
Z,,, and x is the observed aggression received values for z,.,q, 1t is the respective
mean and o is the SD: z,, = (Xx—p)/o; 2,44 = (x—p)/o. For each individual, z,,,
and z,., were averaged after changing the sign of z,.,4 giving rise to the formula:
Aggression index = [z,, + (=2,,4)]/2. The obtained score was then discretized
according to tertiles as well as by visual observation of the frequency distribution
of values in three categories: low, medium, and high.

DNA Methylation Sample Preparation. As previously described (11),in a sec-
ond experiment 70 C57BL/6J, 35 CD1, and 35 Sv129Ev mice purchased from the
respective vendor at 10 wk of age were exposed to LCPS. Mice were killed at 17 mo
of age for the collection of tissue specimens. The dissection was rapidly executed
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after asphyxiation by CO2 by removing major organs, cut into appropriate size
pieces, and either flash frozen in liquid nitrogen or placed in 4% paraformalde-
hyde (PFA) for preservation. Flash-frozen tissue samples were stored at —80 °C.
A subset of 48 liver samples was subsequently selected for DNA methylation
analysis (n = 18 C57BL/6J,n =12 CD1,n = 16 Sv129Ev). DNAwas purified from
the liver tissue using standard approached described in S/ Appendix, Methods.

DNA Methylation and Array Processing. The DNA methylation assay was per-
formed at the University of Minnesota Genomics Center (https://genomics.umn.
edu/) according to the standard manufacturer's protocol (http:/illumina.com/)
as detailed in S/ Appendix, Methods.

Statistical Analysis. The survival analyses were implemented in R Studio using the
methodological references given below. Survival probability was assessed through
the use of the nonparametric Log-rank (Mantel-Haenszel) test to compare the differ-
encesin KM survival curves using the "survival” package of the R language (version
3.2-11).When significant, pairwise comparisons were conducted using Bonferroni
corrected log-rank test performed between two groups of interest at a time. The
"coxme” survival package was used to fit the Cox proportional hazard model to actual
lifespans to calculate the hazard ratio (HR) where “pair” was fitted as random factor.
Median and maximum survival were assessed using chi-square tests to determine
statistical significance. Maximum lifespans were calculated as the proportion of
mice that were still alive when the total population reached 90% mortality (89).
Median and maximum survival presented as percentages were analyzed using
the Gao-Allison method (90) for testing differences at survival milestones with tau
for median and maximum survival calculated per strain and DAI group. Multiple
linear regression models were conducted to test for the predictive value of base-
line healthspan parameters (i.e., food intake, body weight, fat mass, fat-free mass,
and glucose) on the aggression index. All parameters that resulted nonsignificant
contributors were excluded from further analysis (i.e. diet). The overall healthspan
was analyzed by entering food intake, body weight, body composition (fat mass and
fat-free mass), and glucose in mixed effects linear models as dependent parameter
using the "nlme" package of the R language (version 3.1-152). The models for all
parameters were tested and run using time, strain, or DAl as fixed factors; time
and individual nested within pair for random factors; the models also included
an autocorrelation function for individual repeated measures as well as an uncon-
strained optimization using the BFGS variable metric algorithm. Machine learning
was applied to the entire dataset comprising the baseline healthspan variables, the
aggression index, age, and lesions at death, to identify their relative importance
as classifiers for genetic background and DAI (for the latter the aggression index
variable was omitted from the model as a predictor). LDA models were validated
by partitioning the dataset into two samples: the training set (80% of the dataset)
for either genetic background or DAI (high, medium and low categories) selected
atrandom, and the validation set with the remaining 20%. The models were fitted
with the leaming sample and validated by using the validation sample to assess
their accuracy. LDA was conducted using the "caret” (version 6.0-91) package in R.
The model classification accuracy was assessed in the validation set calculating the
overall accuracy (%) and the , which provides an overall accuracy assessment for
the classification based on commission and omission errors for all classes. The death
distribution was visualized as density plots using a Gaussian kernel density estimate
(KDE) technigue to smooth the histogram of survivorship frequencies using a pre-
defined bandwidth (33), thus constructing the probability density function of the
variable death. The degree of similarity between distribution was analyzed using a
similarity index calculated with the R package "overlapping” (version 1.7)(34).This
similarity index estimates the overlapping of the area intersected by two density
functions. It is considered a normalized measure (values 0 indicating complete
separation, to 1 indicating identity) of association that provides a way to quantify
the agreement between two real probability distributions in terms of their density
function (34). Similarity indexes between different groups were statistically com-
pared two at a time using Fisher's transformation, assessing the observed z test
statistic at a Bonferroni corrected alpha level for statistical significance using the
R package “cocor” (version 1.1-3). A P-value of <0.05 was considered statistically
significant for these outcomes when Bonferroni's multiple comparison correction
was not required or other significance criteria needed to be adopted (see below).
For DNAmethylation data, heatmaps were generated for CpG islands (defined
as regions >500 bp, >55% GC and expected/observed CpG ratio of >0.65; this
restricted the sample for this analysis to ~30,000 CpG islands) using the R
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package "pheatmap” (version 1.0.12) to incorporate strain and DAI to cluster
CpGislands by Euclidean distance and the Ward.D2 clustering method. Similarly,
all CpG loci underwent hierarchical clustering using the R "ape” package (ver-
sion 5.6) to verify the segregation due to DAl within each strain. Multiple linear
regression models were conducted to test for the predictive value of baseline
healthspan parameters (i.e., food intake, body weight, fat mass, fat-free mass,
and glucose), strain and aggression index on the level of CpG loci methylation.
The R package "SeSAMe" (version 1.2.4) was used following its default pipeline
(91)for DNAage prediction as well as for differential methylation analyses. Mouse
DNAage prediction uses a function looking for overlapping probes and estimates
age using an aging multitissue model built from 321 MM285 probes (lllumina
array 44) trained similarly to the human Horvath clock on C57BL/6 and Sv129
strains (absolute mean error = 1.2 mo). To evaluate differential methylation
levels for each CpG locus, linear models were fitted using DAI as a covariate for
each strain. These models were constructed with the appropriate reference group
estimates (low DAl for C57BL/6J; medium DAl for both CD1and Sv129Ev strain).
The Benjamini-Hochberg (BH) correction was applied to control for false discov-
ery rate (FDR). This analysis was followed by DMR analysis on the significantly
differentially methylated probes using Euclidean distance to group CpG markers
and then combined P-values for each segment.Sensible Step-wise Analysis of
DNA Methylation (SeSAMe) annotates DMRs to University of California, Santa
Cruz (UCSC) RefGene from the Illumina annotation file. Manhattan plots were
then generated using the "qqman” R package (version 0.1.8) for DMLs and DMRs
identified across the genome and significance thresholds were applied using
the Bonferroni correction for multiple comparisons (P < 5e—08) as well as a
suggestive threshold (P < 1e—05). Pathway analysis was performed using the
ReactomePA pathway analysis tool [Pathway Browser 3.7, Database release 39,
(92)] that uses hypergeometric distribution testing to determine enriched path-
ways in the analyzed dataset (17 to 24 genes per dataset), producing a probability
score corrected for FDR with the BH method.

The following estimators of effect size are included. Conditional and
Marginal R for linear mixed models, partial eta2 (2) for ANOVAs, Cohen's
d for chi-square tests, nQ[H] for Kruskal-Wallis tests and r for Wilcoxon rank
sum tests. For survival analyses, KM survival analyses are complemented with
Cox PH regressions, providing HR and its Cl. For power calculation, we provide
observed power values for ANOVA-related results. The least powerful design in
our study are the three groups’ comparisons, where under alternate hypoth-
eses referring to noncentral distributions with 2 and 341 degree of freedom,
we have 80% power to explain approximately 17% of the variance. Wherever
applicable, power calculations were executed with G*Power 3.1.9.7. For lin-
ear mixed models, due to their complexity, simulation-based power analyses
were employed for the fixed effects with the “simr" R package (version 1.2.0).
Additional details on the statistical design and software used can be found
in SI Appendix, Methods.

Data, Materials, and Software Availability. All data can be accessed at
Mendeley Data (https://doi.org/10.17632/kfkhgw359t.1) (93). The DNAm data
are deposited in NCBI Gene Expression Omnibus (https://www.ncbi.nIm.nih.gov/
geo/query/acc.cgi?acc=GSE216631)(94, 95). R codes can be found in the Zenodo
repository (https://doi.org/10.5281/zen0do.7737666) (96).
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