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 ABSTRACT 
 Introduction  : Epigenetic clocks based on DNA methylation  patterns provide a powerful tool 
 for measuring biological ageing, but requiring genome-wide methylation data and high costs 
 limits their broad application across species and populations. 
 Methods  : We investigated whether simply quantifying  global DNA methylation levels could 
 serve as an inexpensive proxy for epigenetic ageing, using a captive colony of owl monkeys 
 (  Aotus nancymaae  ) using a colorimetric ELISA assay  to measure proportional content of 
 levels of blood and brain 5-methylcytosine (5-mC) across the genome, comparing owl 
 monkeys with known exposures to ageing accelerators and controls. 
 Results  : we found that global 5-mC declined significantly with chronological age in blood, 
 and in the brain of parents. Notably, this age-related blood hypomethylation in individuals 
 experiencing early life maternal rejection was accelerated. Parenting experience also 
 accelerated DNA methylation loss with age, but this effect was specific to the brain and not 
 seen in blood. Infection history did not impact blood 5-mC trajectories. Although multiple 
 regression models did not replicate all findings, likely due to sample size constraints, our 
 results demonstrate that global DNA hypomethylation tracks biological ageing in blood. 
 Discussion  : This simple metric successfully detected  accelerated epigenetic ageing induced 
 by early adversity, as well as distinct patterns relating to reproductive investment in the brain 
 - phenotypes typically identified by sophisticated epigenetic clocks. Quantifying global 
 methylation thus provides a cost-effective alternative approach to assessing susceptibility to 
 environmentally-driven accelerated ageing across primate species and populations where 
 DNA methylation arrays or sequencing are impractical. 
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 1.  Introduction 

 Predicting  poor  health  outcomes  in  primate  populations  is  of  interest  for  those  involved  in  the 
 conservation  and  preservation  of  primate  welfare.  One  predictor  of  diminishing  health  and  increased 
 mortality  across  primates  is  increased  chronological  age  (Bronikowski  et  al.,  2011).  Alteration  and 
 loss  of  epigenetic  information  in  a  genome  is  one  well  studied  cause  of  mammalian  ageing  (Fraga  & 
 Steller  2007;  Yang  et  al.,  2023)  and  it  is  associated  with  increased  mortality  (Marioni  et  al.,  2015).  In 
 the  last  decade  studies  have  shown  that  changes  in  DNA  methylation  levels  in  a  group  of  genomic  loci 
 predict  an  individual’s  age  (Hannum  et  al.,  2013;  Horvath  and  Raj  2018,  Bell  et  al.,  2019).  Not  all  age 
 equally,  those  exposed  to  harsh  environ  ments  and  poor  resource  availability  age  faster  (reviewed  in 
 Kenyon,  2010,  and  in  Pepper  et  al.,  2018).  Accordingly,  e  pigenomic  clocks  become  ‘accelerated’  in 
 response  to  stress  exposure  (McCrory  et  al.,  2022),  pathogens  (Horvath  &  Levine  2015),  lifestyle 
 habits  (Gao  et  al.,  2016)  and  toxins  (Xiao  et  al.,  2021),  dietary  changes,  psychiatric  illness,  amongst 
 others  in  humans  (reviewed  in  Oblak  et  al,  2021).  Then  application  of  genomic  tools  could  help 
 identify  wild  populations  at  increasing  chances  of  suffering  from  environmentally  triggered  frailty  and 
 disease  (Theissinger  et  al.,  2023).  Pan  primate  epigenomic  clocks  have  been  created  (Horvath  et  al., 
 2020)  which  could  answer  this  need.  However,  there  is  little  overlap  between  the  availability  of 
 financial  and  bioinformatic  resources  and  expertise  needed  to  apply  epigenetic  clocks  and  primate 
 habitat  nations  primarily  in  the  developing  south  (Davila  et  al.,  2004)  where  conservation  of  animals 
 is  applied  and  where  increasingly,  primate  populations  are  declining  (Estrada  et  al.,  2017).  Low-cost, 
 and low-tech alternative solutions are needed to bridge this gap. 
 Total  5-methylcytosine  (5-mC)  content  relative  to  total  cytosine  across  the  genome  also  decreases 
 with  age  (Wilson  &  Jones  1983,  Calvanese  et  al.,  2009).  Global  DNA  methylation  content  measured 
 using  an  ELISA,  can  be  measured  on  any  primate  genome,  irrespective  of  availability  of  a  fully 
 sequenced  genome  or  genome  biologists,  and  can  be  carried  out  in  basic  diagnostics  laboratories. 
 Furthermore,  global  DNA  methylation  loss  is  also  a  hallmark  of  tumours  (De  Smet  and  Loriot  2010), 
 is  associated  with  poor  cancer  prognosis  (Li  et  al.,  2014),  and  increased  risk  for  some  immune  and 
 psychiatric  illness  (reviewed  by  Pogribny  &  Beland  2009).  Global  loss  of  DNA  methylation  has  also 
 been  documented  in  populations  exposed  to  environmental  disruptors  and  stressors  (in  humans  Glad, 
 et  al.,  2017)  vertebrates  (wall  lizards  Paredes  et  al.,  2016;  alligators  Nilsen  et  al.,  2016,  hyenas 
 Laubach  et  al.,  2021)  and  specifically  primates  (squirrel  monkeys,  Seenayah  et  al.,  2024).  This 
 evidence,  together,  demonstrates  significant  parallels  between  ageing  and  responses  between  refined 
 epigenomic  clocks  and  simple  global  DNA  methylation.  Measurement  of  global  DNA  methylation 
 might also offer insight into accelerated ageing. 
 An  important  question  is  since,  cognitively  and  socially  complexity  is  a  salient  trait  in  primates, 
 stressful  environments  might  negatively  affect  the  sensitive  brains  of  primates.  As  tissues  age  by 
 accumulating  damage  with  time,  and  cell  types  display  different  lifespans  (Kline  &  Cliffton  1952, 
 Nowakowski,  2006),  cellular  functions,  vulnerabilities  (Horvath  et  al.,  2022)  and  evolutionary 
 constraints,  which  might  impact  how  they  age,  it  is  likely  that  blood  ageing  and  responses  differ  from 
 the  brain  responses  to  the  same  exposures.  Some  evidence  supports  this.  Epigenomic  ageing  clocks 
 which  allow  prediction  of  ageing  across  tissue  types  exist  (Horvath  et  al.,  2013).  However,  brain 
 cortex  specific  epigenetic  clocks  have  been  developed  (Shireby  et  al.,  2020)  which  demonstrate  the 
 differences  between  blood  and  cortical  brain  ageing  in  humans  (Grodstein  et  al.,  2021).  Outside 
 clocks,  there  is  evidence  that  for  some  primate  brains,  epigenomes  might  age  more  slowly  than  blood 
 (in chimpanzees and humans, Guevara et al., 2022). 
 We  propose  that  measuring  global  DNA  methylation  could  help  identify  primate  undergoing 
 accelerated  epigenetic  ageing,  and  what's  more,  distinguish  tissue-specific  ageing  vulnerabilities  to 
 ageing  exposures.  We  tested  these  hypotheses  in  an  ageing  population  of  owl  monkeys  (  Aotus 
 nancymaae  )  from  the  IVITA  captive  breeding  colony  in  Peru,  using  whole  blood  and  postmortem 
 brain  samples  .  This  colony  was  studied  as  it  has  individual  records  on  health,  environmental 
 exposures  and  reproductive  records  spanning  40  years  allows  us  to  interrogate  interaction  ageing 
 trajectories  of  global  DNA  methylation  and  life  exposures.  Since  data  comes  from  a  managed  colony, 
 factors  such  as  differences  in  nutrition  or  environmental  fluctuations,  known  contributors  to  DNA 
 methylation fluctuations are kept constant. 
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 In  this  paper  we  compared  measures  of  global  DNA  methylation  of  whole  blood  and  postmortem 
 brain  of  owl  monkeys  with  and  without  known  history  of  exposure  to  epigenomic  clocks  accelerators: 
 early  life  adversity  (Chaudhari  et  al.,  2022)  infections  (Horvath  &  Levine,  2015)  and  parity 
 investment  (Ryan  et  al.,  2018).  We  predict  that  when  facing  the  same  ageing  exposures  global  DNA 
 methylation  age  related  decline  between  blood  and  brain  samples  would  differ,  and  that  age  related 
 decline would be accelerated by exposure to above described exposures. 

 2.  Methods 
 a.  Samples/Materials 

 This  study  used  IVITA  Owl  monkeys  (  Aotus  nancymaae  )  samples  from  the  IVITA  colony,  from  San 
 Marcos  University  (UNMSM)  in  Iquitos,  Peru.  The  materials  utilised  in  this  study  comprised  Owl 
 monkey  population  housed  in  the  Centre  for  conservation  and  reproduction  of  primates  of  the 
 veterinary  Institute  of  tropics  and  andes  (IVITA  from  their  acronym  in  spanish)  from  San  Marcos 
 University  (UNMSM),  located  in  the  city  of  Iquitos,  Peru.  Whole  blood  samples  were  also  obtained 
 using  standard  phlebotomy  techniques,  obtained  during  standard  sanitary  controls  for  the  colony 
 where  2cm  diameter  drops  were  stored  in  filter  paper  (  Whatman®  903  Protein  saver  card  )  and  stored 
 in  the  freezer  at  -20oC  until  processing.  A  total  of  48  blood  samples  were  included,  with  age 
 distribution  mean=10.02  years,  ranging  between  3  and  27  years  (SD=5.40),  23  females,  25  males  were 
 included. 
 Brain  samples  of  the  left  frontal  cortex  are  obtained  from  individuals  who  died  from  natural  causes, 
 0-2  hours  post-mortem  window,  which  were  stored  in  100%  ethanol  until  the  moment  of  extraction. 
 The  total  sample  was  n=41,  with  16=males,  17=females,  mean  age=  9.46  years,  ranging  2  and  31 
 years (SD=8.20) 
 All  DNA  extraction  prior  to  this  project  was  conducted  with  DNeasy  blood  and  tissue  kit  (Qiagen, 
 UK).  DNA  quality  and  quantity  were  quantified  using  a  Nanodrop  spectrophotometer  (2.0)  in  the 
 Laboratory for Ecology and Biodiversity in Cayetano Heredia University in Lima, Peru. 

 b.  Quantification of global DNA methylation using ELISA 
 The  MethylFlash  Global  DNA  Methylation  (5-mC)  ELISA  Easy  Kit  (Epigentek,  USA),  utilising  a 
 colourimetric  assay,  was  employed  for  brain  and  blood  samples.  The  ELISA  assays  were  conducted  at 
 the  Blizard  Research  Institute  of  Queen  Mary  University.  Ethical  approval  of  procedures  was 
 previously  awarded  to  Dr.  Paredes  for  the  conduction  of  this  work  at  QMUL.  Ethical  permits  were 
 obtained  from  the  Peruvian  authority  by  UNMSM  IVITA  staff  to  use  these  samples  for  research 
 purposes  (AUT-IFS-2021-040  (SERFOR  RDG  NO 
 D000334-2021-MIDAGRI-SERFOR-DGGSPFFS)). 
 Raw  optic  density  measures  were  obtained  by  measuring  colour  intensity  produced  during  ELISA 
 using  a  standard  plate  reader  at  450  nm.  ODs  were  standardised  using  a  standard  curve  using  a 
 4-factor  polynomial  curve  to  obtain  a  slope.  This  slope  was  then  used  to  convert  absolute  OD  values 
 into absolute global DNAm percentages. 

 c.  Data/Statistical analysis 
 A  linear  regression  analysis  was  conducted  separately  for  blood  and  brain  samples  to  examine  the 
 relationship  between  global  DNAm  and  age  while  adjusting  for  the  potential  confounding  effect  of 
 sex.  Pearson's  correlation,  quantile  normalisation  and  visualisation  of  the  data  were  performed  using 
 the  base  R  ‘stats’  package,  preprocessCore,  and  visualisation  packages  ggplot,  ggpubr,  cowplot  and 
 tidyr,  respectively.  To  investigate  the  effect  of  stressors  and  energy  investment  (maternal  rejection, 
 infections  and  parity)  on  global  DNAmethylation,  individuals  were  categorised.  For  parity  we  created 
 two  categories:  Individuals  with  parity  history  and  no  parity  history.  To  study  effects  of  early  life 
 adversity  individuals  were  divided  into;  maternally  rejected  and  not  rejected.  To  investigate  the  effect 
 of  infections,  we  extracted  history  of  treatments  based  on  individual  medical  records,  individuals 
 were  categorised  as  healthy  or  treated  (mostly  medication  to  treat  wide  spectrum  antiparasitic  and 
 antibacterial infections (Ivermectin) and diagnosis for tuberculosis (tuberculin test). 
 All  statistical  computations  were  conducted  using  the  statistical  program  R  (version  4.3.0; 
 http://www.r-project.org  ).  All  P  values  reported  are  two-tailed  and  statistical  significance  was  defined 
 as P<0.05. 
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 3.  Results 
 This  study  examined  global  DNA  methylation  patterns  in  blood  and  brain  tissue  across  the  lifespan  of 
 owl  monkeys  to  understand  how  early  life  adversity,  investment  in  reproduction  and  infections  impact 
 epigenetic  ageing  in  blood  and  when  possible,  in  brain  tissue.  Our  studies  show  that  when  considering 
 the  entire  cohorts,  blood  DNA  methylation  levels  decreased  with  age,  whereas  brain  DNA 
 methylation  levels  did  not.  Exposures  such  as  experiencing  early  life  adversity  accelerated  the  blood 
 DNA  methylation  decline  with  age  while  having  live  offspring  was  associated  with  lower  DNA 
 methylation  levels  in  brain  samples,  but  not  in  blood.  Infections  were  found  to  be  not  associated  with 
 differences or changes in global DNA methylation content in blood. 

 a.  Ageing has a significant hypomethylation effect on blood but not in brain DNA 
 The  effect  of  ageing  on  global  DNAmethylation  trajectories  was  investigated  in  both  tissues.  Pearson's 
 correlation  coefficient  analyses  indicated  a  statistically  significant  relationship  between  age  and  blood 
 5-mC%,  although  significant  correlation  was  weak  (p  <  0.05,  R  2  =  0.1).  The  negative  correlation 
 suggests  that  as  age  increased,  DNAm  levels  also  tended  to  decrease.  A  simple  linear  regression 
 analysis  revealed  a  significant  relationship  between  age  and  blood  global  DNAm  levels 
 (F(1,46)=5.14,  p  <  0.05).  The  negative  β1  coefficient  indicated  that  for  each  year  of  increase  in  age, 
 blood  DNAm  levels  decreased  by  approximately  0.33%  (see  Figure  1a).  This  correlation  coefficient 
 indicates  that  chronological  ageing  influences  blood  DNA  methylation  trajectories,  however,  factors 
 other  than  ageing  not  captured  by  our  model  played  a  greater  contribution  to  explain  DNA 
 methylation content. 
 A  similar  comparison  was  conducted  for  brain  DNA.  A  Pearson’s  correlation  coefficient  analysis 
 indicated  a  non-significant  relationship  between  age  and  brain  5-mC%  (p  =  0.60,  R  2  =  0.007).  The 
 negative  correlation  suggests  that  as  age  increased,  DNAm  levels  also  tended  to  decrease.  A  simple 
 linear  regression  analysis  revealed  a  non-significant  relationship  between  age  and  DNAm  levels 
 (F(1,39)=0.28,  p  =  0.60).  The  results  indicate  that  in  our  study,  brain  global  DNAmethylation  does  not 
 significantly decline with age. 
 Pearson's  correlations  examined  sex  differences  in  DNAm  levels  in  both  blood  and  brain  samples. 
 Blood  5-mC%  patterns  in  ageing  cohort  did  not  differ  between  sexes,  with  a  non  significant 
 association  between  age  and  DNAm  levels  in  males  (r  =  -0.31,  p  =  0.14),  supported  by  a 
 non-significant  linear  regression  (F(1,23)  =  2.37,  p  =  0.14).  Similarly,  in  females  we  identified  a 
 nonsignificant  pattern  (correlation  coefficient  r  =  -0.30,  p  =  0.16)  and  a  non-significant  linear 
 regression (F(1,22) = 2.13, p = 0.16)  (Figure 1a). 
 Brain  DNAm  ageing  patterns  did  not  differ  between  sexes  either,  with  non-significant  correlations  and 
 linear  regressions  for  both  males  (r  =  -0.26,  p  =  0.34;  F(1,13)  =  0.97,  p  =  0.34)  and  females  (r  =  -0.11, 
 p = 0.71; F(1,11) = 0.14, p = 0.71), shown in Figure 1b below. 
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 Figure  1  Ageing  trajectories  of  blood  and  brain  global  DNA  methylation  (5-mC%)  in  owl  monkeys  a) 
 Scatterplot  of  blood  global  DNAm  (5-mC)  across  owl  monkeys  of  different  ages.  Males  (n=25;  p  =  0.11)  and 
 females  (n=23;  p  =  0.14)  5-mC%~  age  trajectory  is  depicted  in  grey  and  black  regression  lines  respectively. 
 Both  combined  =  dashed  dark  grey.  b)  Scatterplot  of  brain  global  DNAm  (5-mC%)  across  owl  monkeys  of 
 different  ages.  Males  (n=16;  p=0.56)  and  females  (n=17;  p  =  0.76)  5-mC%~  age  trajectory  is  depicted  in  grey 
 and  black  regression  lines  respectively.  Both  combined  =  dashed  dark  grey.  Males  are  represented  by  circle  data 
 points  and  females  are  represented  by  triangle  data  points.  Linear  regression  analysis  identified  a  significant  and 
 negative  correlation  between  blood  5-mC  and  age  (p  <  0.05)  and  no  correlation  between  brain  5-mC  decline  and 
 increasing age (p = 0.60). 

 b.  Brain samples has higher global DNA methylation content than blood samples 

 An  independent  two-sample  t-test  was  performed  to  examine  the  differences  in  global  DNAm  levels 
 between  blood  and  brain  tissues.  The  analysis  revealed  a  statistically  significant  difference  in  global 
 DNAm  levels  between  blood  and  brain  (5-mC  blood  =6.05,  SD=5.66;  5-mC  brain  =11.20,  SD=6.93; 
 t(77.18)=-3.79,  p  <  0.001),  showing  that  in  owl  monkeys  there  are  differences  in  content  of  DNAm 
 between  these  two  tissue  types  that  persist  through  the  life  course.  As  DNA  methylation  is  affected  by 
 ageing,  and  blood  and  brain  studies  were  not  conducted  in  the  same  individuals,  we  controlled  for  age 
 by  using  a  linear  regression.  This  test  confirmed  a  significant  difference  between  blood  and  brain 
 tissues  (β=5.13,  95%  CI=[2.51,7.76],  p  <  0.001);  Figure  2.  The  owl  monkey  brain  samples  exhibited, 
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 on  average,  approximately  5.13%  higher  global  DNAm  compared  with  blood  samples,  after 
 accounting for age. 

 Figure  2.  Differences  in  global  DNA  methylation  (5-mC%)  content  in  brain  and  blood  of  owl 
 monkeys.  Scatter  plot  showing  blood  and  brain  normalised  5-mC  values  (  N  =89)  in  an  ageing  cohort. 
 Grey  circles  indicate  blood  samples,  (  N  =48)  and  black  squares  indicate  brain  samples,  (  N  =41).  The 
 grey,  black,  and  light  grey  dashed  lines  represent  the  linear  regression  fit  for  blood  samples,  brain 
 samples  and  the  combined  dataset,  respectively.  The  R-squared  values  are  -0.02,  0.1,  and  0.15, 
 respectively,  indicating  the  proportion  of  variation  in  global  DNA  methylation  that  can  be  explained 
 by age. 

 2.  Early  life  adversity  accelerates  blood  global  DNA  hypomethylation.  The  IVITA  colony  of  Owl 
 monkeys  has  reported  an  increase  in  events  of  spontaneous  maternal  rejection  soon  after  birth 
 (Sanchez  et  al.,  2006;  Osman  et  al.,  2020).  We  predicted  that  blood  epigenetic  ageing  would  be 
 accelerated  by  this  exposure  appearing  as  steeper  global  DNA  methylation  declines  with  age.  To  test 
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 this  we  first  compared  mean  5-mC%  in  rejected  and  non  rejected.  We  found  that  rejected  and  non 
 rejected  monkeys  had  similar  global  DNA  methylation  content  (Rejected  5mC  mean  =  6.57,  SD  =  6.24, 
 IQR  =  6.40;  Non  rejected  5mC  mean  =  5.48,  SD  =  5.02,  IQR  =  7.27,  Figure  3a).  However,  controlling 
 for  age,  a  linear  regression  analysis  showed  that  both  rejected  and  non  rejected  5-mC%  decline  with 
 age, but decline was only significant for the rejected (β=-0.46, 95% CI=[-0.86, -0.05], p < 0.05). 

 Figure  3.  Effect  of  Early  life  adversity  on  global  DNA  methylation  content  and  ageing  trajectories  .  a) 
 Boxplots  showing  the  difference  in  global  DNA  methylation  levels  of  blood  samples  between  rejected  (black 
 boxplot;  mean  =  6.57,  median  =  4.70),  and  not  rejected  (grey  boxplot;  mean  =  5.48,  median  =  4.59).  Welch  Two 
 Sample/Student's  T  -test  show  non-significant  differences  in  overall  5-mC%  (t(45.23)  =  -0.6675,  p  =  0.51).  For 
 each  box,  the  central  mark  represents  the  median;  the  lines  delineate  the  95%  confidence  interval  of  the  median; 
 edges  indicate  the  25th  and  75th  percentiles.  b)  Scatterplot  showing  the  relationship  between  global  DNA 
 methylation  ~  age  in  rejected  (black  regression  line)  and  not  rejected  (grey  regression  line)  owl  monkey  blood 
 samples.  Females  and  males  are  represented  by  triangles  and  circles  respectively.  Linear  regressions 
 demonstrate significant and negative relationship between 5-mC% and age in rejected but not in not rejected. 
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 3.  History  of  Infections  treatment  has  no  effect  on  DNA  methylation  ageing  patterns  in  blood. 
 As  repeated  infections  can  lead  to  accelerated  epigenomic  ageing  of  blood  tissues,  we  predicted  that 
 repeated  infections  would  accelerate  age-related  decline  of  global  DNA  methylation  in  owl  monkeys. 
 Comparative  analysis  between  two  groups:  individuals  with  a  history  of  medical  treatment  for 
 infections  and  those  with  an  absence  of  medical  histories  was  conducted.  An  independent  Two 
 Sample  T-test  revealed  a  statistically  non-significant  difference  in  global  DNAm  levels  between 
 healthy  and  previously  afflicted  (No  infection  5-mC%  =6.46,  SD=6.06)  (Infection  5-mC%  =4.26,  SD=2.99, 
 t(25.56)=1.59,  p  =  0.16),  shown  in  Figure  4a.  We  followed  up  with  a  linear  regression  to  investigate 
 differences  in  global  DNAm  decline  with  age  between  health  and  infection.  This  analysis  showed  that 
 age  had  a  marginally-significant  negative  association  with  global  DNAm  levels  in  both  healthy 
 individuals  (β=-0.33,  95%  CI=[-0.66,<0.01],  p  =  0.05);  and  a  no  association  in  those  treated  for 
 infections  (β=-0.49,  95%  CI=[-1.31,0.32],  p  =  0.20),  shown  in  Figure  4b.  However,  the  regression  line 
 shown for individuals with infection history has a steeper slope than healthy individuals. 

 Figure  4.  Relationship  between  global  DNA  methylation  and  infection  history  in  owl  monkey  blood 
 samples.  a.  Boxplot  representing  median  5-mC%  individuals  with  and  without  history  of  infection  treatment 
 (‘previous  infection’  n  =9;  ‘no  infection’  n  =39).  The  black  boxplot  represents  infection;  the  grey  box  plot 
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 represents  no  infection.  For  each  box,  the  central  mark  represents  the  median;  the  lines  delineate  the  95% 
 confidence  interval  of  the  median;  edges  indicate  the  25th  and  75th  percentiles.  b)  Scatterplot  showing  global 
 DNAm  (5-mC)  interaction  with  age  in  individuals  treated  for  infections  (black  regression  line,  n  =9)  and  with  no 
 infection  (grey  regression  line;  n  =39).  Males  are  represented  by  circle  data  points  and  females  are  represented 
 by triangle data points. 

 4.  Reproductive  investment  is  associated  with  lower  global  DNA  in  the  brain  but  not  in  blood 
 As  investing  in  having  offspring  can  impact  cognitive  performance  in  Aotus  spp,  and  it  has  been 
 associated  with  accelerated  epigenomic  ageing  in  humans  we  predicted  that  parenting  experience 
 would  accelerate  ageing  of  blood  and  brain.  Furthermore,  as  blood  cells  and  brain  cells  have  different 
 longevity  and  function,  we  predicted  different  ageing  trajectories  and  responses  to  parenting  between 
 tissues.  In  this  analysis,  we  only  included  individuals  age  3  or  older,  which  is  the  age  at  which  sexual 
 maturity is reached in owl monkeys. 

 First,  we  compared  blood  and  brain  DNA  methylation  between  ‘with  offspring’  versus  ‘no  offspring’, 
 including  both  sexes  (Figure  5a).  An  independent  Two  Sample  T-test  revealed  non-significant 
 differences  for  brain  and  in  blood  (Parents  5-mC%  =3.60,  SD=3.04  Non  parents  5-mC%  =5.44,  SD=3.65, 
 t(18.93.)=-1.38,  p  =  0.18)  but  significant  differences  in  content  of  DNA  methylation  for  the  brain 
 Parents  5-mC%  = 7.41, SD=7.88; Non parents  5-mC%  =13.23%,  SD=5.91, (t(16.60)=-2.19, p < 0.05). 

 We  then  explored  sex  effects  on  5-mC%.  Both  males  and  females  parents  showed  lower  content  of 
 global  DNA  methylation  for  both  tissues,  however,  differences  did  not  reach  statistical  significance 
 (Blood  males  independent  2-  sample  T  Test  (t(16.90)=-0.97,  p  =  0.35),  females  with  (M=  4.88,  SD= 
 3.92)  and  without  (M  =  7.94,  SD=  7.44)  parity  history  (t(17.13)=-1.27,  p  =  0.22)  or  (brain:  males  (M= 
 5.17,  SD=  5.95)  and  without  (M  =  11.63,  SD=  6.61)  parity  history  (t(11.67)=-1.97,  p  =  0.07),  brain 
 females  with  (M=  10.09,  SD=  9.71)  and  without  (M  =  13.39,  SD=  5.48)  (t(5.83)=-0.69,  p  =  0.52). 
 Due  to  small  sample  sizes,  we  could  not  distinguish  between  having  one  or  several  offspring  on 
 epigenetic ageing. 

 As  the  likelihood  of  being  a  parent  increases  with  age,  which  is  in  turn  a  predictor  of  DNA 
 hypomethylation,  independent  Welch  Two  Sample  T-tests  were  used  to  test  for  differences  in  age 
 distribution  in  parents  and  non-parents.  These  tests  demonstrated  a  significant  difference  in  the  mean 
 age  between  individuals  with  no  offspring  in  blood  (age  offspring  =  13.15  years,  SD  =  5.59;  age  no  offspring  = 
 7.79,  SD  =  4.04,  t(32.61)  =  3.6605,  p  <  0.05)  and  also  in  brain  (age  parents  =14.73,  SD  =  5.10);  age  non 

 parents  = 6.53, SD = 2.22. t(12.79) = 5.28, p < 0.05). 
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 Figure  5.  Differences  between  global  DNA  methylation  in  parents  and  non  parents  in  blood  and  brain.  a. 
 Boxplot  representing  blood  5-mC%  individuals  with  offspring  (black  boxplot  n=20)  and  without  offspring  (grey 
 boxplot,  n  =28).  b)  Boxplots  representing  brain  5-mC%  in  those  with  offspring  (black  boxplot  n=11)  and  without 
 offspring  (grey  boxplot,  n  =  19).  For  each  box,  the  central  mark  represents  the  median;  the  lines  delineate  the 
 95%  confidence  interval  of  the  median;  edges  indicate  the  25th  and  75th  percentiles.  Welch  Two  sample  T-test 
 demonstrated  non-significant  differences  in  mean/median  in  the  brain  ((t(17.71)=-1.78,  p  =  0.09))  and  in  blood 
 (t(18.93.)=-1.38, p = 0.18)). Males are represented by circles and females are represented by triangles. 

 Brain  age  related  DNA  methylation  decline  differs  between  parents  and  non-parents.  We  then 
 used  a  linear  regression  to  test  the  association  between  global  DNA  methylation  decline  and 
 increasing  ageing  in  both  tissues  (Figure  6a  and  6b).  As  we  did  not  identify  differences  between  sexes, 
 we  combined  ageing  trajectories  of  females  and  males.  A  noticeable  difference  from  scatter  plots  is 
 age  distribution  for  parents  and  non  parents  for  both  tissues  (Fig.  6a  and  6b).  Furthermore,  linear 
 regression  demonstrated  that  blood  DNA  methylation  decline  was  negatively  but  non  significantly 
 associated  with  age  for  both  parents  and  Non  parents  (blood  non  parents  5-mC%  β=-0.75,  95% 
 CI=[-1.71,0.20], p = 0.12,  blood Parents  5-mC%  (β=-0.29,  95% CI=[-0.67,0.095], p = 0.13). 
 We  identified  a  contrasting  pattern  in  the  brain  (Figure  6b).  For  non  parents  (grey  regression  line) 
 5-mC  %  was  non  significantly  associated  with  age,  and  there  was  a  mild  decline  (brain  non-parents  β=-0.43, 
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 95%  CI=[-1.98,1.12],  p  =  0.56),  whereas  for  parents,  the  negative  association  between  5-mC%  and 
 age was significant  (brain  parents  β=-1.37, 95% CI=[-1.91,-0.84],  p < 0.001) with a steeper decline. 

 Figure  6.  Global  DNA  methylation  changes  in  blood  and  brain  samples  of  different  ages  in  parents  and 
 non  parents.  a)  The  relationship  between  global  DNA  methylation  and  age  owl  monkey  blood  samples  from 
 individuals  with  offspring  (black  regression  line,  n  =20)  and  without  offspring  (grey  regression  line,  (  n  =22).  b) 
 Brain  global  DNA  methylation  and  age  owl  monkey  brain  samples  from  individuals  with  offspring  (black 
 regression  line,  n  =11)  and  without  (grey  regression  line,  n  =16).  Males  are  represented  by  circle  data  points, 
 females  are  represented  by  triangle  data  points.  The  size  of  the  data  points  represent  parental  investment  from 
 none,  small  and  high  investment;  small  to  large.  Linear  regressions  demonstrated  non-significant  declines  of 
 blood  5-mC  with  age  for  both  parents  and  non  parents  (p=0.12;  p=0.13).  For  brain  samples,  there  is  a  significant 
 negative  relationship  between  parents'  brains  5-mC%  and  increasing  age  (p  value  <  0.001)  but  this  was  not  seen 
 for non parents (p= 0.33). 

 4.  Combination  of  ageing  exposures  does  not  accelerate  epigenetic  ageing  in  blood  Multiple 
 regression  models  (2  and  3-way)  were  fitted  to  explore  the  cumulative  effect  of  all  the  variables  and 
 interactions  on  epigenetic  ageing.  Analysis  was  conducted  only  in  blood  DNA  methylation,  for  which 
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 we  had  data  for  three  exposures  (early  life  adversity,  infections  and  parental  investment).  We  predict 
 that cumulative exposures would expedite the epigenetic ageing process. 
 In  the  three-way  interaction  model,  the  interaction  between  infection  history,  maternal  rejection  and 
 parity  on  epigenetic  ageing  was  examined.  As  seen  with  the  individual  linear  regressions,  age  had  a 
 very  close  to  significant  hypomethylation  effect  on  global  5-mC,  suggesting  a  decrease  in  global 
 5-mC  with  increasing  age.  No  significant  effects  were  observed  for  sex,  infection  history,  maternal 
 rejection,  or  parity  on  global  DNA  methylation  ageing  trajectories.  A  non-significant  positive 
 association  was  found  between  having  offspring  and  global  DNAm  indicating  a  potential  increase  in 
 global  5-mC  for  individuals  with  offspring.  An  interaction  effect  was  examined  between  infection 
 history,  maternal  rejection,  and  parity.  However,  the  combined  interaction  on  epigenetic  ageing  did 
 not  reach  statistical  significance,  suggesting  that  their  joint  effect  does  not  significantly  influence 
 global 5-mC. 
 In  the  two-way  interaction  model,  only  the  interaction  between  infection  history  and  maternal 
 rejection  was  examined.  Similarly  as  seen  in  three  way  interaction,  age  did  have  a  significant 
 hypomethylation  effect  on  global  5-mC  (p<0.05).  As  shown  in  Table  1,  there  were  no  significant 
 interactions with other factors. 

 Variable  Coefficient 
 (Three-Way) 

 Std Error  t-value  p-value 

 (Intercept)  9.1675  3.1916  2.872  0.00663 ** 
 Age  -0.3699  0.1865  -1.983  0.05460 . 
 Sex (Male)  -1.4972  1.7446  -0.858  0.39616 
 Infection History (Infected)  -0.7181  4.5337  -0.158  0.87498 
 Rejection Status (Rejected)  3.8410  3.0656  1.253  0.21789 
 Parity History  0.4079  2.8441  0.143  0.88672 
 Infection History:Rejection 
 Status (Interact.) 

 -3.5160  5.7818  -0.608  0.54673 

 Infection History:Parity History 
 (Interac.) 

 3.8596  6.2352  0.619  0.53961 

 Rejection Status:Parity History 
 (Interaction) 

 -1.7458  3.7619  -0.464  0.64524 

 Infection History:Rejection 
 Status:Parity History 

 -4.7635  9.2528  -0.515  0.60966 

 Variable  Coefficient 
 (Two-Way) 

 Std Error  t-value  p-value 

 (Intercept)  9.30810  2.84091  3.276  0.00214 ** 
 Age  -0.35037  0.17251  -2.031  0.04877 * 
 Sex (Male)  -1.52702  1.67779  -0.910  0.36807 
 Infection History (Infected)  1.11160  3.04992  0.364  0.71738 
 Rejection Status (Rejected)  2.68441  1.78421  1.505  0.14011 
 Parity History  -0.06888  1.97028  -0.035  0.97228 
 Infection History:Rejection 
 Status (Interact.) 

 -4.96566  4.16705  -1.192  0.24025 

 Table.  1  Three-way  and  two-way  multiple  regression  models.  For  the  three-way  interaction  model, 
 we  explored  the  combined  influence  of  infection  history,  maternal  rejection,  and  parity  on  epigenetic 
 aging.  In  the  two-way  interaction  model,  we  focused  solely  on  the  interaction  between  infection 
 history  and  maternal  rejection.  Significance  is  indicated  by  asterisks  (*),  with  ***  (p  <  0.001),  ** 
 (0.001  ≤  p  <  0.01),  *  (0.01  ≤  p  <  0.05),  and  .  (0.05  ≤  p  <  0.1).  Three-Way  Model:  F  =  1.21;  df  (8,  39); 
 p  =  0.32;  R  =  0.20;  R-squared  =  0.03.  Two-Way  Model:  F  =  1.64;  df  (6,  41);  p  =  0.16;  R  =  0.19; 
 R-squared = 0.08. 
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 4.  Discussion 

 In  this  study,  we  explored  the  potential  of  global  DNA  methylation  measurements  to  act  as 
 surrogate  markers  of  epigenomic  ageing  clocks,  examining  interaction  of  5-mC%  with  ageing 
 in  blood  and  brain  samples.  Our  findings  confirm  global  DNA  methylation  declines  with  age 
 in  blood  and  in  the  brains  of  typical  individuals.  Furthermore,  our  study  demonstrates  that 
 measurement  of  blood  global  DNA  methylation  responds  to  early  life  adversity,  an  example 
 of  environmental  exposure,  by  accelerating  its  decline  with  age,  and  might  underlie  increased 
 morbidity and mortality in this stressed cohort. 
 One  of  the  key  observations  in  our  study  was  the  confirmation  of  age-related  declines  in 
 blood  DNA  methylation,  consistent  with  previous  reports  in  mammals.  This  decline,  evident 
 as  a  reduction  of  0.33%  in  blood  5-mC  content  per  year  lived,  reflects  a  widely  observed 
 phenomenon  in  ageing  research.  The  Pearson  correlation  between  chronological  age  and 
 blood  DNA  methylation,  explaining  10%  of  the  variance,  further  emphasises  the  association 
 between  ageing  and  epigenetic  changes.  These  results  align  with  existing  literature 
 documenting  age-related  declines  in  global  DNA  methylation  across  various  species 
 (Maegawa et al., 2010; Hannum et al., 2013; Horvath et al., 2013; Paoli-Iseppi et al., 2017). 
 However,  our  study  revealed  an  intriguing  discrepancy  between  blood  and  brain  tissue 
 regarding  DNA  methylation  dynamics  with  age.  While  blood  exhibited  the  expected 
 hypomethylation  decline,  consistent  with  previous  findings,  when  studying  all  brain  samples, 
 we  did  not  see  the  same  declining  trend.  This  unexpected  result  highlights  the  tissue-specific 
 complexities  of  epigenetic  regulation.  Previous  studies  have  reported  overall  reductions  in 
 global  DNA  methylation  content  in  human  brains  (Heyn  et  al.,  2012),  but  also  differences  in 
 ageing  patterns  between  cortical  and  pan-tissue  epigenomic  clocks  (Grodstein  et  al.,  2020; 
 Shirevy  et  al.,  2020)  suggesting  that  brain  ageing  rates  might  differ  to  those  seen  in  other 
 tissues.  Additionally,  studies  comparing  brain  and  blood  ageing  patterns  in  humans  and 
 chimpanzees  have  suggested  a  slower  rate  of  ageing  in  the  brain  relative  to  blood  (Guevara  et 
 al.,  2022),  which  might  explain  our  results.  It  is  also  possible  that  life  events  experienced  by 
 owl  monkeys  sampled  for  our  study  might  affect  blood  and  brain  differently,  which  would 
 affect interpretation of these results. 

 Our  exploration  of  the  impact  of  maternal  rejected  owl  monkeys  on  DNA  methylation 
 dynamics  provided  evidence  of  the  value  of  measuring  5-mC%  to  detect  epigenetic  ageing 
 acceleration  linked  with  early  life  experiences.  Consistent  with  the  developmental  origins  of 
 health  and  disease  (DOHaD)  framework,  which  proposes  that  early  life  conditions  shape 
 long-term  health  outcomes  (Baker  &  Osmond,  1986)  through  epigenetic  mechanisms 
 (Gluckman  and  Hanson,  2011)  our  study  demonstrated  differences  in  DNA  hypomethylation 
 decline  in  blood  samples  from  individuals  exposed  to  maternal  rejection  (Figure  4b).  In  this 
 owl  monkey  population,  maternal  rejection  has  been  associated  to  increased  mortality  in 
 infancy  (Sanchez  et  al  2006),  elevated  cortisol  secretion  and  frequency  of  treatments  for 
 infections  (Osman  et  al  2021),  and  reduction  in  reproductive  output,  increased  rates  of 
 maternal  rejection,  and  early  death  in  adulthood  (Farinha  2023).  Acceleration  of  global  DNA 
 methylation  decline  is  then  added  to  possible  mechanisms  which  mediate  increased  morbidity 
 and  mortality  in  this  cohort  of  rejected  owl  monkeys.  Furthermore,  our  finding  corroborates 
 previous  evidence  suggesting  a  link  between  early  life  stress  and  accelerated  epigenetic 
 ageing  in  both  humans  and  non-human  animals  (Bateson  &  Nettle,  2018,  Pepper  et  al.,  2018; 
 Sheldon  et  al.,  2022;  Nettle  et  al.,  2017).  Considering  the  breadth  of  literature  on  the  effect  of 
 early  life  adversity  on  behaviour,  cognition  and  neuronal  epigenome  through  the  lifecourse 
 (Maccari  et  at;  2014;  Vaiserman  &  Koliada  2017)  effects  on  brain  epigenetic  ageing  of  owl 
 monkeys brains are likely, which will be assessed in future studies. 
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 In  contrast,  our  analysis  did  not  reveal  significant  differences  in  DNA  methylation  dynamics 
 between  individuals  treated  for  infections  and  healthy  controls,  although  a  trend  towards 
 accelerated  epigenetic  ageing  was  observed  in  the  group  treated  for  infections  (Figure  4b). 
 This  finding  underscores  the  complexity  of  environmental  exposures  and  their  differential 
 effects  on  epigenetic  regulation.  Factors  such  as  the  type,  duration,  and  severity  of  infections, 
 as  well  as  individual  variability  in  immune  responses,  may  contribute  to  the  variability  in 
 DNA  methylation  patterns  observed.  Moreover,  the  small  sample  size  of  individuals  treated 
 for  infections  (n=9)  and  variability  of  treatments  length  and  causing  infecting  agent  not 
 recorded  adds  to  statistical  noise,  and  limits  the  statistical  power  to  detect  significant  effects, 
 highlighting  the  need  for  larger  studies  with  standardised  protocols  to  elucidate  the  impact  of 
 infectious diseases on epigenetic ageing in this species. 

 Our  next  ageing  exposure  case  study  yielded  striking  results  on  the  effects  of  parenting  on 
 ageing  trajectories  of  different  tissues.  Individuals  with  a  history  of  successful  reproduction 
 exhibit  lower  DNA  methylation  levels  compared  to  non-parents,  but  this  effect  was  only 
 significant  for  brain  tissue  (Figure  5a  and  5b).  However,  we  also  identified  a  significant 
 difference  in  age  distribution,  with  parents  being  significantly  older  than  non  parents,  and  this 
 effect  is  seen  for  both  blood  and  brain  cohorts.  As  ageing  is  associated  with  DNA 
 hypomethylation,  we  can  not  conclude  from  statistically  lower  DNA  methylation  in  the  brain 
 of  parents  is  attributable  to  parenting  experience  alone.  We  drew  further  insight  from  linear 
 regressions  analysis  (Figure  6a  and  6b).  Starting  our  analysis  in  blood  (6a)  we  observed  an 
 overall  lack  of  overlap  in  age  between  parents  and  non  parents  in  both  tissues,  which  is 
 expected  for  populations  studied  within  the  context  of  a  breeding  colony,  where  all  animals 
 that  reach  the  age  of  sexual  maturity  are  paired  to  produce  young.  Despite  age  differences,  we 
 in  blood  see  the  expected  DNA  methylation  declining~ageing  trajectory,  although  this 
 correlation  was  statistically  insignificant  for  parents  and  non-parents,  suggesting  other  factors 
 contribute  to  blood  global  DNA  methylation  content.  Inspection  of  linear  regression  of  brain 
 samples  (6b)  shows  a  markedly  different  picture.  For  non-parents  there  is  a  non-significant 
 and  mild  decline  (β=-0.43,  R  2  =0.03)  in  global  DNA  methylation  and  age.  However, 
 measurement  of  5-mC%  in  animals  reaching  parenting  age  is  accompanied  by  a  significant 
 and  strong  decline  (β=-1.37)  in  global  DNA  methylation  content,  with  a  strong  association 
 (R  2  =0.8)  between  increasing  age  and  lower  DNA  methylation  (Figure  6b).  By  comparing 
 parenting  effects  across  tissues  we  can  conclude  that  significant  ageing  acceleration  is 
 induced  by  parenting  in  brains  but  not  in  blood.  This  result  suggests  that  brain  global  DNA 
 methylation  does  decline  with  age,  when  assessment  is  focused  on  ‘typical’  individuals  that 
 produce  offspring  in  a  breeding  colony.  Also  our  finding  is  consistent  with  the  disposable 
 soma  theory  of  ageing,  which  proposes  an  evolutionary  trade-off  between  reproduction  and 
 somatic  maintenance  (Kirkwood,  1977).  Since  in  owl  monkeys,  parenting  in  males  and 
 females  is  associated  with  cognitive  plasticity  (Bardi  et  al.,  2014),  and  in  humans,  parenting 
 is  associated  with  structural  changes  in  prefrontal  cortex  in  mothers  (Kim  et  al.,  2010),  it  is 
 likely  that  parenting  exerts  greater  ageing  effects  on  the  brain  of  owl  monkeys  when 
 compared to blood. 

 Multiple  regression  analysis  revealed  significant  DNA  hypomethylation  effects  with  age  but 
 did  not  detect  significant  acceleration  effects  of  exposures  on  epigenetic  ageing.  The 
 discrepancies  between  simple  and  multiple  regression  models  could  be  explained  by  various 
 factors.  Including  all  variables  in  the  one  (multiple  regression)  model  allowed  us  to  examine 
 their  associations  with  global  DNAm  while  controlling  for  the  effects  of  each  other.  The  lack 
 of  significant  interactions  between  the  variables  could  indicate  that  their  combined  effects  are 
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 additive  rather  than  interactive  i.e.  The  presence  of  one  stressor  might  have  a  similar  effect  on 
 global  DNAm  regardless  of  the  presence  of  other  stressors.  Additionally,  compared  to  the 
 simple/individual  regressions,  the  multiple  regression  includes  interaction  terms  that  capture 
 the  combined  effects  of  multiple  variables  and  therefore  the  coefficients  represent  the  change 
 in  global  DNAm  in  one  predictor/variable  while  holding  the  others  constant.  Then  having 
 more  predictors/variables  increased  the  model  complexity  compared  to  the  simple  regressions 
 which  captures  more  nuances  in  the  data  and  so  it  is  harder  to  interpret  effects.  As  our  sample 
 size  was  small,  it  is  likely  that  the  multiple  regression  model  did  not  have  enough  power  to 
 detect  effects  that  were  significant  in  the  individual  simple  regressions  (Jenkins  and 
 Quintana-Ascenio 2020; Serdar et al.,  2021). 

 In  conclusion,  our  results  suggest  global  DNA  methylation  analysis  provides  a  cost-effective 
 approach  to  assess  biological  ageing,  and  captures  the  effect  of  ageing  exposures  in  a  tissue 
 specific  manner.  This  method  requires  only  small  blood  samples  and  basic  laboratory 
 equipment  available  in  diagnostic  laboratories  (elisa  plate  reader,  DNA  extraction), 
 facilitating data collection from a greater number of individuals and populations. 

 Lastly,  whereas  this  study  shows  how  in  an  owl  monkey  colony  DNA  methylation  trajectories 
 respond  to  ageing  exposures  in  captive  settings,  this  knowledge  can  be  extrapolated  to 
 primates  facing  stressors  of  the  wild:  habitat  fragmentation  (Arroyo-Rodriguez  et  al.,  2010, 
 Rangel-Negrin  et  al.  2014)  and  climate  change  (  Kamilar  &  Beaudrot  2018  )  known  stressors  of 
 primates.  Testing  how  wild  populations  DNA  methylomes  age  in  response  to  ecological 
 stressors warrants further investigation. 

 5.  References List 

 Arroyo-Rodríguez V, Dias PA. Effects of habitat fragmentation and disturbance on howler monkeys: 
 a review. American Journal of Primatology: Official Journal of the American Society of 
 Primatologists. 2010 Jan;72(1):1-6. 
 Barker DJ, Osmond C. Infant mortality, childhood nutrition, and ischaemic heart disease in England 
 and Wales. The Lancet. 1986 May 10;327(8489):1077-81. 
 Bardi, M., Eckles, M., Kirk, E., Landis, T., Evans, S. and Lambert, K.G. (2014) 'Parity modifies 
 endocrine hormones in urine and problem-solving strategies of captive owl monkeys (Aotus spp.)', 
 Comparative medicine, 64(6), pp. 486–495. 
 Bateson M, Nettle D. Why are there associations between telomere length and behaviour?. 
 Philosophical Transactions of the Royal Society B: Biological Sciences. 2018 Mar 
 5;373(1741):20160438. 
 Bell CG, Lowe R, Adams PD, Baccarelli AA, Beck S, Bell JT, Christensen BC, Gladyshev VN, 
 Heijmans BT, Horvath S, Ideker T. DNA methylation aging clocks: challenges and recommendations. 
 Genome biology. 2019 Dec;20:1-24. 
 Bronikowski AM, Altmann J, Brockman DK, Cords M, Fedigan LM, Pusey A, Stoinski T, Morris 
 WF, Strier KB, Alberts SC. Aging in the natural world: comparative data reveal similar mortality 
 patterns across primates. Science. 2011 Mar 11;331(6022):1325-8. 
 Calvanese V, Lara E, Kahn A, Fraga MF. The role of epigenetics in aging and age-related diseases. 
 Ageing research reviews. 2009 Oct 1;8(4):268-76. 
 Chaudhari PR, Singla A, Vaidya VA. Early adversity and accelerated brain aging: A mini-review. 
 Frontiers in Molecular Neuroscience. 2022 Mar 22;15:822917. 
 Dávila AM, Steindel M, Grisard EC. Tropical diseases, pathogens, and vectors biodiversity in 
 developing countries: need for development of genomics and bioinformatics approaches. Annals of 
 the New York Academy of Sciences. 2004 Oct;1026(1):41-6. 

 15 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 30, 2024. ; https://doi.org/10.1101/2024.03.27.586982doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.27.586982


 De Smet C, Loriot A. DNA hypomethylation in cancer: epigenetic scars of a neoplastic journey. 
 Epigenetics. 2010 Apr 1;5(3):206-13. 
 Estrada A, Garber PA, Rylands AB, Roos C, Fernandez-Duque E, Di Fiore A, Nekaris KA, Nijman V, 
 Heymann EW, Lambert JE, Rovero F. Impending extinction crisis of the world’s primates: Why 
 primates matter. Science advances. 2017 Jan 18;3(1):e1600946. 
 Farinha, J (2023) Exploring the Health Effects of Chronic Stress Through Parental Rejection and 
 Intergenerational Epigenetic Inheritance (MSc thesis, University College London, London, United 
 Kingdom). 
 Glad CA, Andersson-Assarsson JC, Berglund P, Bergthorsdottir R, Ragnarsson O, Johannsson G. 
 Reduced DNA methylation and psychopathology following endogenous hypercortisolism–a 
 genome-wide study. Scientific Reports. 2017 Mar 16;7(1):44445. 
 Gao X, Zhang Y, Breitling LP, Brenner H. Relationship of tobacco smoking and smoking-related 
 DNA methylation with epigenetic age acceleration. Oncotarget. 2016 Jul 7;7(30):46878. 
 Gluckman, P.D. and Hanson, M.A. (2011) 'The role of developmental plasticity and epigenetics in 
 human health', Birth Defects Research Part C: Embryo Today: Reviews, 93(1), pp. 12–18. 
 Grodstein F, Lemos B, Yu L, Iatrou A, De Jager PL, Bennett DA. Characteristics of epigenetic clocks 
 across blood and brain tissue in older women and men. Frontiers in neuroscience. 2021 Jan 
 7;14:555307. 
 Guevara EE, Hopkins WD, Hof PR, Ely JJ, Bradley BJ, Sherwood CC. Epigenetic ageing of the 
 prefrontal cortex and cerebellum in humans and chimpanzees. Epigenetics. 2022 Dec 
 2;17(12):1774-85  . 
 Hannum G, Guinney J, Zhao L, Zhang LI, Hughes G, Sadda S, Klotzle B, Bibikova M, Fan JB, Gao 
 Y, Deconde R. Genome-wide methylation profiles reveal quantitative views of human aging rates. 
 Molecular cell. 2013 Jan 24;49(2):359-67. 
 Heyn  H,  Esteller  M.  DNA  methylation  profiling  in  the  clinic:  applications  and  challenges.  Nature 
 Reviews Genetics. 2012 Oct;13(10):679-92. 
 Horvath S, Raj K. DNA methylation-based biomarkers and the epigenetic clock theory of ageing. 
 Nature reviews genetics. 2018 Jun;19(6):371-84. 
 Horvath S, Levine AJ. HIV-1 infection accelerates age according to the epigenetic clock. The Journal 
 of infectious diseases. 2015 Nov 15;212(10):1563-73. 
 Horvath  S.  DNA  methylation  age  of  human  tissues  and  cell  types.  Genome  biology.  2013 
 Oct;14:1-20. 
 Jenkins DG, Quintana-Ascencio PF. A solution to minimum sample size for regressions. PloS one. 
 2020 Feb 21;15(2):e0229345. 
 Kamilar JM, Beaudrot L. Effects of environmental stress on primate populations. Annual Review of 
 Anthropology. 2018 Oct 21;47:417-34. 
 Kenyon, C. (2010) 'The genetics of ageing', Nature, 464(7288), pp.504-512. 
 Kim P, Leckman JF, Mayes LC, Feldman R, Wang X, Swain JE. The plasticity of the human maternal 
 brain: longitudinal changes in brain anatomy during the early postpartum period. Behavioral 
 neuroscience. 2010 Oct;124(5):695. 
 Kirkwood, T.B.L. (1977) 'Evolution of ageing', Nature, 270(5635), pp.301–304. 
 Kline DL, Cliffton EE. The life span of leucocytes in the human. Science. 1952 Jan 4;115(2975):9-11. 
 Laubach ZM, Greenberg JR, Turner JW, Montgomery TM, Pioon MO, Sawdy MA, Smale L, 
 Cavalcante RG, Padmanabhan KR, Lalancette C, vonHoldt B. Early-life social experience affects 
 offspring DNA methylation and later life stress phenotype. Nature communications. 2021 Jul 
 20;12(1):4398. 
 Li J, Huang Q, Zeng F, Li W, He Z, Chen W, Zhu W, Zhang B. The prognostic value of global DNA 
 hypomethylation in cancer: a meta-analysis. PloS one. 2014 Sep 3;9(9):e106290. 
 Maccari S, Krugers HJ, Morley-Fletcher S, Szyf M, Brunton PJ. The consequences of early-life 
 adversity: neurobiological, behavioural and epigenetic adaptations. Journal of neuroendocrinology. 
 2014 Oct;26(10):707-23. 
 Marioni RE, Shah S, McRae AF, Chen BH, Colicino E, Harris SE, Gibson J, Henders AK, Redmond 
 P, Cox SR, Pattie A. DNA methylation age of blood predicts all-cause mortality in later life. Genome 
 biology. 2015 Dec;16:1-2. 

 16 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 30, 2024. ; https://doi.org/10.1101/2024.03.27.586982doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.27.586982


 Maegawa S, Hinkal G, Kim HS, Shen L, Zhang L, Zhang J, Zhang N, Liang S, Donehower LA, Issa 
 JP. Widespread and tissue specific age-related DNA methylation changes in mice. Genome research. 
 2010 Mar 1;20(3):332-40. 
 McCrory C, Fiorito G, O’Halloran AM, Polidoro S, Vineis P, Kenny RA. Early life adversity and age 
 acceleration at mid-life and older ages indexed using the next-generation GrimAge and Pace of Aging 
 epigenetic clocks. Psychoneuroendocrinology. 2022 Mar 1;137:105643. 
 Nettle D, Andrews C, Reichert S, Bedford T, Kolenda C, Parker C, Martin-Ruiz C, Monaghan P, 
 Bateson M. Early-life adversity accelerates cellular ageing and affects adult inflammation: 
 experimental evidence from the European starling. Scientific Reports. 2017 Jan 17;7(1):40794. 
 Nilsen FM, Parrott BB, Bowden JA, Kassim BL, Somerville SE, Bryan TA, Bryan CE, Lange TR, 
 Delaney JP, Brunell AM, Long SE. Global DNA methylation loss associated with mercury 
 contamination and aging in the American alligator (Alligator mississippiensis). Science of the total 
 environment. 2016 Mar 1;545:389-97. 
 Nowakowski  RS.  Stable  neuron  numbers  from  cradle  to  grave.  Proceedings  of  the  National  Academy 
 of Sciences. 2006 Aug 15;103(33):12219-20. 
 Oblak L, van der Zaag J, Higgins-Chen AT, Levine ME, Boks MP. A systematic review of biological, 
 social and environmental factors associated with epigenetic clock acceleration. Ageing research 
 reviews. 2021 Aug 1;69:101348. 
 Osman M, Olkun A, Maldonado AM, Lopez-Tremoleda J, Sanchez-Perea N, Paredes UM. Parentally 
 deprived juvenile Owl monkeys suffer from long-term high infection rates but not from altered hair 
 cortisol concentrations nor from stereotypic behaviours. Journal of Medical Primatology. 2021 
 Dec;50(6):306-12. 
 Paredes, U., Radersma, R., Cannell, N., While, G.M. and Uller, T. (2016) 'Low incubation 
 temperature induces DNA hypomethylation in lizard brains', Journal of Experimental Zoology Part A: 
 Ecological Genetics and Physiology, 325(6), pp.390-395. 
 Paoli-Iseppi  D,  Deagle  BE,  McMahon  CR,  Hindell  MA,  Dickinson  JL,  Jarman  SN.  Measuring  animal 
 age  with  DNA  methylation:  From  humans  to  wild  animals.  Frontiers  in  Genetics.  2017  Aug 
 17;8:290930. 
 Pepper GV, Bateson M, Nettle D. Telomeres as integrative markers of exposure to stress and 
 adversity: A systematic review and meta-analysis. R Soc Open Sci. 2018; 5: 180744. 
 Pogribny IP, Beland FA. DNA hypomethylation in the origin and pathogenesis of human diseases. 
 Cellular and Molecular Life Sciences. 2009 Jul;66:2249-61. 
 Rangel-Negrín A, Coyohua-Fuentes A, Chavira R, Canales-Espinosa D, Dias PA. Primates living 
 outside protected habitats are more stressed: the case of black howler monkeys in the Yucatán 
 Peninsula. PloS one. 2014 Nov 6;9(11):e112329. 
 Ryan CP, Hayes MG, Lee NR, McDade TW, Jones MJ, Kobor MS, Kuzawa CW, Eisenberg DT. 
 Reproduction predicts shorter telomeres and epigenetic age acceleration among young adult women. 
 Scientific reports. 2018 Jul 23;8(1):11100. 
 Sánchez N, Galvéz H, Montoya E, Gozalo A. Mortalidad en crías de Aotus sp.(Primates: Cebidae) en 
 cautiverio: una limitante para estudios biomédicos con modelos animales. Revista peruana de 
 medicina experimental y salud pública. 2006 Jul;23(3):221-4. 
 Seenayah, S., Sanchez, N.P., and Paredes, U. (2024) 'Long-Term Quarantine is Associated with High 
 Cortisol and Low DNA Methylation in New World monkeys', bioRxiv. 
 Serdar, C.C., Cihan, M., Yüksek, D. and Serdar, M.A. (2021) 'Sample size revisited: analysis for 
 regression models with oversampling', SORTS, 45(2), pp. 209-224. 
 Sheldon EL, Ton R, Boner W, Monaghan P, Raveh S, Schrey AW, Griffith SC. Associations between 
 DNA methylation and telomere length during early life: Insight from wild zebra finches (Taeniopygia 
 guttata). Molecular ecology. 2022 Dec;31(23):6261-72. 
 Shireby GL, Davies JP, Francis PT, Burrage J, Walker EM, Neilson GW, Dahir A, Thomas AJ, Love 
 S, Smith RG, Lunnon K. Recalibrating the epigenetic clock: implications for assessing biological age 
 in the human cortex. Brain. 2020 Dec 1;143(12):3763-75. 
 Theissinger  K,  Fernandes  C,  Formenti  G,  Bista  I,  Berg  PR,  Bleidorn  C,  Bombarely  A,  Crottini  A, 
 Gallo  GR,  Godoy  JA,  Jentoft  S.  How  genomics  can  help  biodiversity  conservation.  Trends  in  genetics. 
 2023 Jul 1;39(7):545-59. 

 17 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 30, 2024. ; https://doi.org/10.1101/2024.03.27.586982doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.27.586982


 Vaiserman AM, Koliada AK. Early-life adversity and long-term neurobehavioral outcomes: 
 epigenome as a bridge?. Human genomics. 2017 Dec;11:1-5. 
 Wilson VL, Jones PA. DNA methylation decreases in aging but not in immortal cells. Science. 1983 
 Jun 3;220(4601):1055-7. 
 Xiao C, Beitler JJ, Peng G, Levine ME, Conneely KN, Zhao H, Felger JC, Wommack EC, Chico CE, 
 Jeon S, Higgins KA. Epigenetic age acceleration, fatigue, and inflammation in patients undergoing 
 radiation therapy for head and neck cancer: a longitudinal study. Cancer. 2021 Sep 
 15;127(18):3361-71. 
 Yang JH, Hayano M, Griffin PT, Amorim JA, Bonkowski MS, Apostolides JK, Salfati EL, Blanchette 
 M, Munding EM, Bhakta M, Chew YC. Loss of epigenetic information as a cause of mammalian 
 aging. Cell. 2023 Jan 19;186(2):305-26. 

 18 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted March 30, 2024. ; https://doi.org/10.1101/2024.03.27.586982doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.27.586982

