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The power of early intervention to prevent NCDs
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Maternal & early childhood intervention
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Age Adapted from Godfrey et al, 2010
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« The life-course approach emphasizes the complex interactions between environmental exposures from pre-
conception onwards that influence chronic disease risk.

« Such an approach also helps mitigate the potential for transgenerational transmission of disease traits.
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The First Thousand Days Perspective (1)

Al Co-funded by the
LN Erasmus+ Programme
Rk of the European Union WHO program diagram depicts the horizontal perspective over the

first 1,000 days from conception through 2 years of age.
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« (Gene—environment interactions begin at conception to influence
maternal/placental/fetal triads, neonates, and children with short- and long-term
effects on organs and systems.
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Each panel highlights a different set of
networks at play in a biological system.
Genomics networks represent
interactions among DNA sequences that
may give rise to longer-range as well as
more local chromosome structures that
modulate gene activity, in addition to
inducing synergistic effects on higher-
order phenotypes. Genomics networks
drive molecular networks composed of
RNA, protein, metabolites, and other
molecules in the system.

Molecular networks are components of
cellular networks in which the complex
web of interactions among these
networks gives rise to the complex
phenotypes that define living systems.
Tissue networks comprise cellular
networks that are clearly influenced by
the molecular and genomics networks,
and organism networks comprise tissue
networks that are clearly defined by the
component cellular and molecular
networks

Complex phenotypes like disease
emerge from this complex web of
interacting networks, given genetic and
environmental perturbations to the
system
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The First Thousand Days Perspective (2)

The vertical diagnostic perspective depicts the flow of information
across biological systems through a hierarchy of networks.
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The Example of the Fetal/Neonatal Neurology Program
Co-funded by the
Erasmus+ Programme
of the European Union

« Proposed causal chain
of events with maternal Matemal genes
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Several “critical periods” (prenatal
period, childhood/adolescence,
adulthood, and old age) are identified
during which an individual is at greatest
risk of damage if exposed to putative
risk factors.

Normal development of ICV and brain
volumes (GM and WM) is presented for
these critical periods, and the possible
different risk factors influencing brain
development throughout these periods
are described.

Allegedly, genetics and epigenetic
influences could alter brain structure
and function throughout life, but
their impact would probably fade
with age. In addition, the spectrum of
age-related cognitive ability from birth to
old age is presented in this figure, with a
schematic view of our findings that small
birth size is related to poor cognitive
functioning only in those with lower
educational levels.

Genetcinfluentes

1€ trime ster 2™ brimester ¢ trimester 0 < 8 12 16 20 30 40 &0 60 70
Frenotol penod Chnldhood/Adolescence Advithood
) X ey
4 ) CRIVERSHR L FE 4 TSesTo
ONIVEKSIONDED oL chanbi o SUzA" JENA ez, UNIVErsité  vaversiow
COIMBRA o4 DI PAVIA Poitiers BSALAMANCA

Epigeneticinfuences

Spectrum of

B B Y W
oge-reloted o e e SN P 5
cognitive function o~ SN, -
’ - - <
since birth, e ~7

A hypothesized model of the origins
and life course of brain aging

Intrautering environmaent
Placental funcion
Maternal nutnson

Socioeconomic status Utestyle
» Nutrition 4 » Cardiovascuar
Educaton rick & disease

»

r )
\
\
Icv
Cam
s
~a Wiy

80 Age [yeors)

Old oge



* Non-communicable diseases (NCDs),
such as cardiovascular disease and
osteoporosis, affect individuals in all
countries worldwide.

* Given the very high worldwide
prevalence of NCDs across arange of
human pathology, it is clear that
traditional approaches targeting those
at most risk in older adulthood will not
efficiently ameliorate this growing
burden.

* It will thus be essential to robustly
identify determinants of NCDs across
the entire life course and,
subsequently, appropriate
interventions at every stage to reduce
an individual’s risk of developing
these conditions.

+ Alife course approach has the
potential to prevent NCDs, from before
conception through fetal life, infancy,
childhood, adolescence, adulthood

and into older age.

UNIVERSITATEA

Baird et al, 2017

UNIVERSIDADE B

COIMBRA din IASI

Co-funded by the
Erasmus+ Programme
of the European Union

»ALEXANDRU IOAN CUZA“
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Molecular mechanisms of transgenerational
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» As the basis of genetic information, DNA sequence is the — jioamasy . osmee) oemes) D
foundation of life on Earth. However, its proper @-0 w__:;,?mm
implementation requires another level of information, in B S S

the form of regulatory signals.

« The study of these signals is known as ‘epigenetics’, a
term originally coined by Conrad Waddington in 1942 that
has since undergone several redefinitions.

* In here, epigenetics denote “the study of molecules and ! _ ,. !
mechanisms that can perpetuate alternative gene activity o eccrsms oo echneivi ¢ bedoggrocnr

states in the context of the same DNA sequence”. Histone modifications -

* This definition encompasses those molecular signals =t
peripheral to the DNA that are generally referred to as {”}/ij :)/;}f
epigenetic, such as DNA methylation or modification of
histone proteins around which DNA wraps to form the f €
nucleosome (the basic structural unit of chromatin), as I ﬁ;}j@/ ’UJ
well as more recently discovered gene regulatory signals BN
such as 3D genome organization. It also includes both [ enas® D)
mitotic inheritance of these signals and inheritance across j@ﬁrﬂ :fﬂ /8
generations. J S o
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Intergenerational and transgenerational epigenetic
Co-funded by the inheritance

Erasmus+ Programme
Of the European Unlon Inter generational inheritance

» Epigenetic change can arise in an individual sporadically or by
exposure to some environmental stimulus.
» If this change is passed on to the next generation, it becomes a

heritable epigenetic mark.

* Inheritance in the immediate offspring of the individual in which RC“
the change arose is termed ‘intergenerational’.

* In mice this corresponds to inheritance in the F1 generation for
an exposed male parent or in the F1 and F2 generations for an ’
exposed female. /__QCC‘:; F2

* This is due to the exposure not only of the individual mouse but (;
also its germline and potentially, in the case of the female, of its
unborn offspring’s germline. Beyond these first generations
many epigenetic signals are lost, and inheritance does not
proceed past the intergenerational stage.

* In some cases, however, the signal is maintained in the F2/F3

generations and beyond. Past this point, it is termed
‘transgenerational’ epigenetic inheritance, because the
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- . ) . _ g . oo Lerss aof et ype: Maintenance of phenotype:
epigenetic signal is maintained even in the absence of the initial Inter generation sl only Transgener ational inheritance
stimulus or epigenetic trigger. |
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Epigenetics: where environment, society
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(A) No inheritance: epimutations in

the parental FO germline do not affect
the offspring (F1). Such epimutations are
presumably corrected during F1
preimplantation reprogramming.

(B) Intergenerational inheritance:
epimutations transmitted through the FO
germline escape preimplantation
reprogramming and alter development in
the F1 generation. However, these
epimutations are corrected in the
germline of F1 animals and are not
transmitted to the F2 generation.

(C) Transgenerational inheritance:
epimutations escape both
preimplantation and germline
reprogramming in F1 and subsequent

Environmental effect
on germline

. Not heritable Intergenerational Transgenerational
generations and affect development over inheritance inheritance
multiple generations.
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Phenotype

Multigenerational

Transgenerational

Female / Male

Environmental Exposure

o F1
FO
/
F |

Y

F2 Generation
First Unexposed

Multigenerational exposure and transgenerational inheritance

2%?%90

UNIVERSIDADE B

COIMBRA

Skinner, 20141

The crucial role of motherhood in

Co-funded by the
Erasmus+ Programme
of the European Union

Exposure Definition

Direct Coincident direct exposure of multiple generations to
an environmental factor or toxicant promoting a
toxicology in the multiple generations exposed

After the initial exposure, the transgenerational
phenotype is only transmitted through the germline

in the absence of direct exposure

None, except the initial
(ancestral) generation

Skinner & Guerrero-Bosagna, 2009 .
’ Gestating Female

Environmental Exposure

Multigenerational <
Exposures

F3 Generation
First Unexposed

Transgenerational
Inheritance
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« Larger grandmaternal
BMI indirectly
increased
grandchild’s BW via
maternal BW and BMI.

 Grandmaternal
smoking during
pregnancy indirectly
reduced grandchild’s
BW via maternal
smoking during
pregnancy and BW.
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Schoenmakers et al, 2022

Overview of potential maternal prenatal stressors

Co-funded by the
Erasmus+ Programme
of the European Union

EARLY LIFE COURSE MEDICINE

Several pathways affecting fetal
(neuro)development in utero, including
maternal HPA axis, maternal inflammation,
maternal gut microbiome and placental
dysfunction, and postnatal neurodevelopment
during the first 1000 days are evident.

The COVID-19 pandemic has a major impact on society, particularly
affecting its vulnerable members, including pregnant women and their
unborn children. Pregnant mothers reported fear of infection, fear of vertical
transmission, fear of poor birth and child outcomes, social isolation,
uncertainty about their partner’s presence during medical appointments
and delivery, increased domestic abuse, and other collateral damage,
including vaccine hesitancy.

Accordingly, pregnant women’s known vulnerability for mental health
problems has become a concern during the COVID- 19 pandemic, also
because of the known effects of prenatal stress for the unborn child.
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Examples of stressors during pregnancy
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of the European Union

Table 2. Stress during pregnancy and associated pregnancy complications in humans

Type of stress Pregnancy complications References
Exposure to Hurricane Katrina Induction of labour Oni et al. 2015
Increased perceived stress
Death of close relative Preeclampsia Laszlo et al. 2013
Gestational diabetes Laszlo et al. 2015
Obesity during pregnancy Gestational diabetes Chu et al. 2007
Overweight during pregnancy Preeclampsia Dempsey et al. 2003
Maternal low birth weight Preeclampsia Dempsey et al. 2003
Gestational diabetes Seghieri et al. 2002
Vitamin D deficiency Preeclampsia Bodnar et al. 2014

Stressful maternal events that can contribute to the development of various pregnancy complications as demonstrated in
epidemiological studies.
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Possible pathophysiological mechanisms linking prenatal

Co-funded by the
Erasmus+ Programme
of the European Union
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Maternal stress could activate adrenal production of
glucocorticoids (GCs) that can cross the placenta and
regulate fetal brain neurogenesis. GCs also enhance
production and release of placental CRH (pCRH) into
the fetal compartments, a neuropeptide that can exert
either neuroprotective or neuro-impairment effects.
Excess levels of GCs and pCRH have been associated
with structural fetal brain modifications, impaired
neurotransmission and disrupted programming of the
HPA axis of the fetus that involves epigenetic
modifications of the glucocorticoid receptor (GR) gene
and is linked with increased HPA axis reactivity of the
neonate and adverse behavioral and emotional
outcomes later in life. Additionally, maternal stress or
inflammatory conditions can enhance placental output
of serotonin (5-HT) to the fetal brain leading to
serotonergic dysfunction.

Excess maternal stress, can influence signals arising
from gut microbiota to affect placental CCL signaling.
The interplay between placental 5-HT, CCL-2 and
other inflammatory mediators ultimately drives fetal
neuroinflammation and IL-6 elevation in the fetal brain.
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The downstream effects of maternal care
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Maternal Care/Neglect
(licking/grooming, arched back nursing)
l Generational Transmission
Epigenetics | > Hormones/Growth Factors/Neurotransmitters
(DNA methylation, histone acetylation) (GH, ODC, cortisol, GABA, ACh, NEp)
Hormones/Growth Factors/Neurotransmitters Anatomy/Physiology
(GH, ODC, cortisol, GABA, ACh, NEp) / \
l Behavior/Cognition/Mood Health/Aging

Anatomy/Physiology (behavioral control, depression) (CVD, metabolic disorder, memory)

/ \

Behavior/Cognition/Mood Health/Aging
(behavioral control, depression) (CVD, metabolic disorder, memory)

* Maternal care alters gene expression (Epigenetics) in the offspring that then alters expression of various molecules
(Hormones/Growth Factors/Neurotransmitters) that impact quality of life (Behavior/Cognition/Mood) and longevity (Health/Aging).

The Epigenetic effects can be transmitted across generations to alter phenotypes in subsequent generations.
GH, growth hormone; ODC, ornithine decarboxylase; GABA, gamma-aminobutyric acid; ACh, acetylcholine; NEp, norepinephrine; CVD, cardiovascular disease.
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Hodes & Neill Epperson, 2019  niversipabe b

Methods and mechanisms of promoting resilience
Co-funded by the
Erasmus+ Programme
of the European Union Resilience is an active and dynamic process that is shaped in
part by genetic sex, gonadal steroids, and epigenetic

In preclinical models, resilience is ascribed to regulation of stress physiology and changes across epochs.

animals that experience a stressor, yet
demonstrate biological or behavioral
phenotypes similar to unstressed control

animals. Pre-clinical Clinical
In clinical research, the ability to experience
significant stress \.NlthOUI.SUbsequem Stress innoculation Post-stress “Coping” training
psy_c_hopathology IS cons!dered_ asign of Length of stress exposure nurturing environment | Biofeedback
resilience. However, studies of immune, Sense of control ~ Breathing techniques
hypothalamic-pituitary-adrenal (HPA) axis, and Genetic sex | Mindfulness
brain function suggest that such exposures Hormonal sex i EdUCi‘I;'O“ -
have a physiologic impact even in Epigenetic jgitampesonatiemotiona
tomatic individuals. Such alterations mecH > 7 R
asymp . ) . . HPA response - Support from family
create risk for adverse health conditions later in y Social support
life.

Proximal responses are defined as those

that occur within the same developmental

epoch as the stress exposure, and distal

responses as those that occur within a

subsequent developmental epoch.
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Relationship between stress effects on behavior

Co-funded by the across the life span and psychiatric disease (1)
Erasmus+ Programme
of the European Union

Emerging Proximal @ d Distal @ Brain regions
lliness

i . Hypothalamus- distal changes
Autism T Peripheral ¢ Fetal ¢Socral‘ in methylation status of Crf
T vasodilation energy behavior and Gr (male R).
P (H) (H) (H/R) Hippocampus- proximal changes
Disorder Risk of Risk of Anhedonia (R) NMDA/GABAA (female R),
stillbirth premature ) . distal changes NMDA/GABAA
. (H) birth(H) fPassive coping (R) Passive coping (R) (both sexes-R).
Attention B Neuronal atrophy CA3/2 (male R),
Deficit ¢ Fetal TConditioned place ¢Condltloned place  CA1/CA3 (female R).
Disorder growth preference (R) preference (R) Neocortex-distal increase in GR
(H) *Paired plus Spatial learning (R) binding (female R), distal decrease
inhibition (H/R) in binding (male R).
CRF Amygdala- distal effect of higher
Immunoreactivity (R) GR binding in adulthood F>M (R).
: Hypothalamus- proximal and
CORT
Autism ¢ .CORT lovels distal decrease in CRF mRNA
(both sexes H&R) in response to -
Spectrum frpri (male R), proximal decrease of
: ofispring CRF binding (both sexes R).
Disorder separation or . -
distress ( H&R) Hippocampus- proximal
o i decrease in CRF mRNA CA1/DG
Attention aterna (both sexes R), distal CA1
e care (R) dendritic atrophy, CA3 mossy fiber
Deficit *Impulsivity & Depression & expansion, reduced LTP, increase
Disorder conduct disorders (H) | anxiety (H) of CRF receptor expression
Social Explorato (male R).
*behawor (H/R) ¢ an)%ety (Rr;( Neocortex- distal increase in
correlation between blood OTX
fAnhedoma (HR) ¢We|ght gain (R)  Methylation and increase in
cpnnectlwty between vmPFC and
Cognitive Conditioned cingulate (both sexes H),
impairment (R) freezing (R) increase in activation of DLPFC
by tryptophan depletion post
menopause (female H), increase
in connectivity between ACC and
POA, PAG, thalamus, M1 during
early lactation (female R).
Amygdala- larger structure,
stronger activation by threatening
stimuli (both sexes H).
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Hodes & Neill Epperson, 2019
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Relationship between stress effects on behavior
across the life span and psychiatric disease (2)
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Q’ Distal

Emerging Proximal
lliness
Depression Intrusive Internalization | Social
thoughts/ trauma of trauma (H) behavior
) re-experience (H) after 2nd
Anxiety Weight TGeneralization stress (R)
Disorders gain (R) of fear cues (H)
. *Maternalized
Posttraumatic behavior (R)

Stress Disorder

Schizophrenia

Anhedonia T Anhedonia
(R)

Passive
coping (R)

after 2nd
stress (R)

Length of Blunting of
CORT

response
(both sexes R)

CORT
response
to stress (R)

HPA signaling
in pregnancy
(H/R)

*Anhedonia (R)
Passive
coping (R)
Blunting of
CORT

response
to stress (R)

Brain regions

Hypothalamus- proximal
decrease in DNA methylation of
Crf (R).
Hippocampus- proximal opposite
effects of acute stress on spine
density CA1 (R).
Neocortex- proximal
transcriptional sex differences
in MDD vs. controls (H/R),
distal decrease in GABA, 5HT
and dopamine pathway genes in
XY four core genotype mice (R).
Amygdala- proximal and distal
decrease in somatostatin
expression in XY four core
genotype mice (R).
VTA-proximal increase in
signaling from LH following stress
in females but not males (R).
NAc- Proximal transcriptional sex
differences between stress
controls (H & R), decrease in
ER-a (both sexes R), sex
differences in DNMT3a
expression after
stress /depression (H/R).

Depression

Alzheimer’s
Disease

Association between
depression and
dementia (H)

Temporal
* associations

following stress (R)

T Menopause related

sleep and vasomotor
difficulties (H)

CORT response
to stress (H)
Impact of
stress on verbal

memory (H)
Temporal

associations

following acute stress (R)

f Weight loss (R)

f Memory impairment

after chronic stress (R)

Hypothalamus- proximal changes
in insulin and melanocortin-4
receptor expression (female R).
Hippocampus- proximal changes
in cell proliferation of DG in
females but not males (R),
decrease in cell proliferation
compared to young females (R)
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Programming of future generations during

Co-funded by the breastfeeding

Erasmus+ Programme
of the European Union

 Maternal metabolic é

condition, diet and /\ “N )\
behaviours adopted during / '\ =
lactation period may
predispose the offspring for

Maternal Diets MatemsliMetatolic Maternal Behaviours
Status

Infant Formulas

metabolic syndrome such as Obesity
obesity, insulin resistance Metabolic Programming Insulin Resistance
Diabetes

and diabetes, at adulthood.
« These conditions can also

have an impact in offspring

neurodevelopment and Neuronal Disorders ?

increase their susceptibility

for anxiety, depression,

learning and memory

impairments and higher risk Anxiety Me":°’y and Le:’"'"g Depression
. . mpairments
for autism spectrum disorder P
and attention deficit Autism Spectrum Attention Deficit
hyperactivity disorder. Disorder Hyperactivity Disorder
ey (7 Adde ¥ “%%&\
- RVERSIF b S ko W ko
3 o JENA T 2 TH);.“A‘. ‘ / NIVE :
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The intricate relation between metabolic and

Co-funded by the neurodevelopment disorders during breastfeeding

Erasmus+ Programme S
of the European Union FBY a1 « |
v/

* The possible mechanisms underlying ! T LI T :
neurodevelopmental and behaviour : / ~ !
alterations are still poorly understood. ! i T A :
Nevertheless, the consumption of i | !
hypercaloric diets, the metabolic status and S N T !
the behaviours adopted by the mother during RO ROV UR POV TRp PRy URp PR .
breastfeeding period, may predispose the : MEMORY D LEARNING E
offspring for the development of central b e L ey Y memonoerar !
insulin resistance and impairment of glucose P e :
metabOIism. T I T = e = TR S DN SO SRy,

« As consequence, this can potentiate Ty —— o TN

Amaro et al, 2022

alterations in BNDF signalling, GABAergic,
dopaminergic, and serotoninergic systems, in
different central brain regions, affecting the
proper neurodevelopment of the offspring.
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The epigenetic impacts of endocrine disruptors

Co-funded by the on female reproduction across generations

Erasmus+ Programme
of the European Union

* Exposureto endocrine
disruptors during prenatal
development causes
multigenerational effects
in the F1 and F2 - Developing
generations and ex%:)%%tre
transgenerational effects
in the F3 generation.

« TheFlandF2
generations are directly
exposed to the endocrine
disruptor as a fetus and
germ cell, respectfully.

« The F3 generation is not
directly exposed and the
mechanisms governing
the effects in the F3
generation are thought to
be epigenetic in nature.

Not exposed

Transgenerational

$2 TURUN
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Nicolella & de Assis, 2022

Co-funded by the

Parental pre-conception and in
utero exposure to chemical
substances, such as pesticides,
cause epigenetic alterations in the
germline that can be transmitted
between generations and affect
disease (including cancer)
susceptibility in the progeny.
Several mechanisms play a
potential role in intergenerational
and transgenerational
transmission of disease
predisposition including

(1) DNA methylation

(2) transcription factor-associated
DNA methylation patterns

(3) histone modifications

(4) non-coding RNAs.
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Epigenetic Inheritance: Intergenerational Effects
of Pesticides and Other Endocrine Disruptors

Erasmus+ Programme
of the European Union

Mechanisms of intergenerational and transgenerational epigenetic inheritance

i =

L J

Endocring
disruptors
-

1 @ ‘,’ )
NPDON

Methyl group
N L 2 ca e

Promoter  Target gene

DNA methylation

N

Histone modifications

v v \
miRNA tRNA others
- o0

Non-coding RNAs
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Transgenerational developmental programming

Rk Co-funded by the
LN Erasmus+ Programme
el of the European Union

* Potential mechanisms of

transgenerational Maternal line Oxidative stress Paternal line
. Epigenetics
developmental programming Mitochondrial
i dysfuncti
via maternal (orange) and < fi
phenotype

paternal (blue) lines.
 Mechanisms that involve

| / ] \ N\ / \
phenotype propagation de
novo in each subsequent / \
generation are highlighted in

green. Epigenetic Oocyte Epigenetic  Intrauterine Epigenetic germ-line MicroRNA, prions,
* Proposed mechanisms of germ-ine  mitochondria - |ESCEHEIIETEnVIEOnMENt transn{:s-on v;lses
developmental programming £

phenotype

to F1 generations are shown
in yellow.

Further generations: propagation v directly transmitted inheritance
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Diet and Transgenerational Epigenetic Inheritance

Co-funded by the of Breast Cancer: The Role of both Parents

Erasmus+ Programme
of the European Union

\ L1

* Maternal environmental
insults could directly
affect the developing
fetus’ mammary gland.

 However, the past
decade showed that
history of exposure in
the parental generation
could lead to
multigenerational and
transgenerational
predisposition for
breast cancer.

UNIVERSIDADE B

Cruz et al, 2020 COIMBRA

7
UNIVERSITATEA

L ALEXANDRU I0AN CUZA“
din 1ASI

£
€=,
A | .
(Lo Environmental chem|ca S

Life-style

Paternal Environmental Exposure

&
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Sperm epigenetic
reprogramming:
-Small non-coding RNAs

-Other?
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Environmental chemicals
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FO: Direct exposure

-Epigenetic programming of
i fetal mammary tissue and germline
| F1/F2: Intergenerational
|inheritance

OMother (F1)

| - Breast cancer risk

F3 and beyond: (\ :7 Mother (F2)

| Transgenerational inheritance— .
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Epigenetic transgenerational inheritance,

W Co-funded by the gametogenesis and germline development

*
LN Erasmus+ Programme
o of the European Union

Epigenetic mechanisms and processes (marks)

Epigenetic reprogramming (DNA methylation erasure) during

primordial germ cell development at gonadal sex determination and
- - | EPIGENETIC following fertilization in the early embryo.
. MECHANISMS
: . ~ | AND MARKS T

= DNA Methylation @
= Histone Modifications
= Chromatin Structure

i = Non-coding RNA

Pt 8 * RNA methylation
F1 generation F, generation

* One of the most important developing cell types in
any biological system is the gamete (sperm and egg).

» The transmission of phenotypes and optimally
adapted physiology to subsequent generations is in
large part controlled by gametogenesis.

* In contrast to genetics, the environment actively
regulates epigenetics to impact the physiology and
phenotype of cellular and biological systems.

* The integration of epigenetics and genetics is critical
for all developmental biology systems at the cellular Gonadal sex determination | Adult development Early embryogenesis
and organism level.

Methylation levels

X Adsdeds
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» Fetal DNA sequences are
not altered by epigenetic
changes, yet these
profoundly influence DNA
configuration.

» The processes of DNA
methylation, post-
translational histone
modification, RNA
modulation are involved
and can affect gene
availability and activation
over the lifespan.

‘ UNIVERSITATEA
HNIVERSIDADEE ALEXANDRU IOAN CUZA“

COIMBRA ” din IASI

Lurbe & Ingelfinger, 2021

Co-funded by the
Erasmus+ Programme
of the European Union

Epigenetic changes and developmental origins
of health and disease (1)

Paternal
Factors

Environment

Maternal
Factors

DNA
Sequences

Fetal expoéure and programming
Developmental Plasticity

Silencing Inactive = P
v

marks

Epigenetic marks
and changes

Epigenetics early life experiences
plus Mitosis resulting in long-term effects
some maternal effects

Epigenetics
plus germ-cell
reprogramming

transgenerational effects

Active

nucleosomes
some paternal effects
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Epigenetic changes and developmental origins

ISP Co-funded by the of health and disease (2)
L Erasmus+ Programme
e of the European Union .
Proteomic
OMICS and programming changes
« Avariety of noncoding events impact the Epigenetic Metabolomic
future health of offspring. changes changes

 New insights associated with a life course
perspective demand longitudinal rather
than cross-sectional studies.

« Itis essential to design new preconception
and birth cohorts with precise phenotypic
observations and long-term perspectives.
After that, it will be necessary to pair them -
with molecular studies.

* Theidentification of molecular changes, Other
together with later phenotypes, is critical to | changes and
better understanding the underlying exposures

mechanisms and to delineating sensitive
and specific biomarkers.

« This can facilitate the detection of risk and
monitor the efficacy of preventive
interventions to reduce the occurrence of

future disease.
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Hot spots of epigenetic action
Co-funded by the
Erasmus+ Programme
of the European Union Epigenetics of pregnancy: looking beyond the DNA code

Stage 1: from 5 — — e
gametes to : ) s -
embryo-
endometrium
cross-talk

. Stage 2

Stage 2: from T
placenta-fetus  —

crosstalk

to brain
development, with
an overview on
environmental
factors

as well (nutrition
and teratogens).

Placenta-Fetus
Crosstalk

N4
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Sandovici et al, 2022

The intergenerational inheritance of metabolic traits

Al Co-funded by the
LN Erasmus+ Programme
*oak of the European Union

Parental germline
exposures before
pregnancy affect sperm
and oocytes.

In utero exposures
experienced by the
developing embryo during
pregnancy due to adverse
maternal environments
may program sex-related
dimorphic effects on the
short-term and long-term
health of the offspring.
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- Diabetes )| Peri-conceptional ) - Diabetes

- Smoking y/ exposures ///// - Smoking

- Age | *Age

* Chemicals Q’ * Chemicals
- ART *ART

l

In utero exposures

Stress
Gestational diabetes -

Impaired pregnancy adaptations

N

Sexual dimorphic effects on
metabolic health in the offspring
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Multigenerational epigenetic inheritance:
Co-funded by the Transmitting information across generations

Erasmus+ Programme
of the European Union

Oocyte

* Numerous different parental (P0O) stresses ! \%“ )

can have multigenerational effects on

offspring.

PO generation
(exposed to stimuli)

 Intergenerational effects represent any effect
of parental stress on F1 progeny that either
directly acts on or is communicated through
PO germ cells or developing F1 embryos in
utero. By comparison, all effects that are
initiated in the PO generation and persist into
the F3 (or later) generations are
transgenerational effects. Effects that are
initiated in the PO generation and persist to
the F2 generation are intergenerational if any
germ cells of F1 animals have formed in utero
when the initiating event/stress was present
and transgenerational if no F1 germ cells have
formed.

* These original distinctions between *
intergenerational and transgenerational effects
in F2 progeny are still used as definitions in
the literature irrespective of the mechanisms
that mediate multigenerational effects in
progeny, including cases where such effects
might not be transmitted via germ cells.

—— F1 generation
~~ (not exposed to stimuli)
~—~ Intergenerational

~—~— F3+ generation
~~ (not exposed to stimuli)
o~ Transgenerational
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] UNIVERSITAT R e I : m vlelolfalsro
B &G 2022 UNIVERSIDADED ALE#EAXERTJS:I)&LEQUZA“ : FivA UNIVERSITA UIH;\ 7@1“Slte YRV RAG
urton reer, COIMBRA din 1ASI DI PAVIA dePoitiers D SALAMANCA



Developmental programming of aging trajectory
Co-funded by the
Erasmus+ Programme
of the European Union (

Maternal 4 Maternal
undernutrition K » 4 a overnutrition/
Gestation diabetes

» There is accumulating evidence that aging phenotype and

longevity may be developmentally programmed. - UGR-associated Macrosomia-associated
« Main mechanisms linking developmental conditions to p:“::ws:m; [ng;pmg;;mlg
later-life health outcomes include R T
- persistent changes in epigenetic regulation B w1 T —
- (re)programming of major endocrine axes such = e SR
as growth hormonef/insulin-like growth factor : :ywega;: R —
axis and hypothalamic-pituitary-adrenal axis '
and also early-life immune maturation. ( v : |
* Recently, evidence has also been generated on the role of C d R Moy | -—
telomere biology in developmental programming of aging -
trajectory. v
- In addition, persisting changes of intestinal microbiota e =t |
appears to be crucially involved in these processes. * 4 B
[ s ] [ Metaﬁssgcgm.] i

";: ey
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Birth weight predicts aging trajectory:

Co-funded by the A hyp0theS|S (1)
Erasmus+ Programme

of the European Union

Maternal
undernutrition

Genetic
predisposition

#h*

UNIVERSITATEA

UNIVERSIDADE B

AM Vaiserman, 2018 COIMBRA din 1AS|

»ALEXANDRU IOAN CUZA*

IUGR-associated
epigenetic
programming

Catabolic processes l
Anabolic processes l
Apoptosis
Insulin/leptin resistance
Impaired GH/IGF-I axis

HPA axis dysregulation

& FRIEDRICH-SCHILLER-

UNIVERSITAT
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Nutrient-poor
postnatal environment

Survival
advantage
Low birth
weight
(< 2.5kg)
Metabolic
syndrome,
Catch-up
growth T2D,CVD

Nutrient-rich
postnatal environment
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Co-funded by the
Erasmus+ Programme
of the European Union

Maternal Macrosomia-
overnutrition/ associated
Ge§tational epigenetic

diabetes programming

Catabolic processes

Anabolic processes

Increased adipocyte size

Genetic
predisposition

e,
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AM Vaiserman, 2018 COIMBRA

u

Impaired GH/IGF-I axis

Lypogenic enzyme activity

Birth weight predicts aging trajectory:
A hypothesis (2)

» The risk for age-related disease and longevity can be
programmed early in life.

« If this reasoning is correct, then both low and high
birth weights are predictors of short life expectancy,
while the normal birth weight is a predictor of
“‘normal” aging and maximum longevity.

|

Obesity
I High birth Brain tumors
weight Colorectal cancer
(> 4.5 kg)

Prostate cancer

Breast cancer
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Intrauterine growth restriction (IUGR) phenotypes are sex-

Co-funded by the specific—transgenerational inheritance
Erasmus+ Programme

of the European Union

AQ n
< Offspring phenotypes
Fo 4 % F1 F2 -
Intrauterine insults
Uteroplacental insufficiency | birth weight | B-cell mass, | first-phase insulin response, 1 insulin | body weight; sex-specific
Maternal undernutrition | insulin secretion, 1 insulin resistance,] glucose intolerance, sex-specific resistance; sex-specific altered glucose metabolism; sex-specific
High-fat diet | kidney weight, | glomerular number, | nephron, 1 renal cell apoptosis, 1 liver weight, impaired hepatic de novo lipogenesis
Low-protein diet 1 mean arterial pressure, Tblood pressure; sex-specific | nephron, Tblood pressure

Restraint stress

IncRNA: altered TCONS_0014139, TCONS_00014138, IncRNA: | H19
Kidney TCONS 00017119 ', Liver 1 H19 DNA methylation, ’)
| Dnmt3a expression, | p53 DNA methylation ‘ | Lxra DNA methylation °
v IncRNA: | Tugl; 1 Gehl DNA methylation, #  Sperm | Lxra DNA methylation

Fancrens | Pdx1 promoter histone H3 and H4 acetylation

miRNA: altered miR-709, miR-122, miR-192, miR-194,miR-26a,
let-7a, let-7b, let-7c, miR-494, miR-483, miRNA19a-3p

| genomic DNA methylation

1 H3 acetylation, | H3K4 dimethylation in Igf7

Epigenetic changes:

| Dnmtl expression, | genomic DNA methylation,

1 H3 acetylation

miRNA: altered miR-29, miR-128-3p, miR-34c-5p, miR-19b-3p,
miR-449a-5p, miR-30e-5p

Created with BioRender.com

Similar to human studies, altered epigenetic mechanisms such as non-coding RNA modifications, DNA methylation, and
histone modifications were also found in these offspring. Results obtained from different rat and mouse IUGR models.
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Cheong et al, 2016

Co-funded by the
Erasmus+ Programme
of the European Union

Sex-specific fetal programming and the
transgenerational transmission of diseases

Pertubations to in utero environment

Placenta mediated sex-specific adaptations

T Risk of adult diseases

T Risk of pregnancy
complications

Altered germ line

Y

The Journal of

Physiology

Transmission of adverse health to

future generations
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Transgenerational transmission of programmed

Co-funded by the
Erasmus+ Programme
of the European Union

* Female fetuses generally adapt well to perturbations in utero and alter
their developmental strategy in accordance with their environment.
However, when these F1 females become pregnant, programmed diseases
can be unmasked leading to the development of pregnancy complications.
This in turn creates a suboptimal intrauterine environment for the developing
F2 fetus. Similarly, F2 female fetuses are programmed for adult disease,
and when they become pregnant, pregnancy complications may arise
leading to programming consequences in the subsequent F3 generation.

+ If the cycle continues, this would result in transgenerational programming of
disease that may persist across multiple generations. Furthermore,
pregnancy complications impair the long-term health of the mother,
and she may experience long-term diseases even after the conclusion of
pregnancy. Although the maternal lineage has been thought to be mainly
responsible for the transgenerational transmission of disease in the past,
recent studies have demonstrated important roles of the paternal lineage.

* When the developing F1 male fetus is exposed to a suboptimal environment
in utero, this increases the risk of postnatal organ deficits and dysfunction.
This increased susceptibility to adverse health may impact on the germ cells
of these males during reproductive age and when they mate with a normal
female, the alterations in the germ line may be passed on to the
offspring. As the germ cells that give rise to the F2 generation were not
present during the initial insult, phenotypes observed in this generation are
sufficient to classify this as transgenerational transmission of programmed
disease.

B FRIEDRICH-SCHILLER
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outcomes through the maternal lineage

é Stress :z/\
FO pregnancy

F1 Male
X Adapt in utero
T Risk of disease

F1 Female
v/ Adapt in utero
J Risk of disease

:

F1 Male
Organ deficits
and dysfunction

Umask programmed diseases

F1 pregnancy R

pregnancy complications

Changes to
germ line
through epigenetic
modifications

x Adapt in utero | v/ Adapt in utero
1 Risk of disease | |, Risk of disease

F2 Male F2 Female

!

F2 Male and Female

Transgenerational
transmission
of diseases

The Journal of

Physiology
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pregnancy complications
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Diseases after
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Transgenerational transmission
of diseases
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Pre- and peri-implantation embryo adaptations

Co-funded by the to environmental stress

Erasmus+ Programme
of the European Union

. ) ) ) Pre-implantation development Foetal development Adulthood
» Critical events taking place during this : : : : ‘
developmental window (pluripotency emergence, | Pluripotency | Epigenetic g d‘
epigenetic reprogramming, lineage allocation and | Lineages allocation X inactivation t ‘
X chromosome inactivation) render the embryo Implantation @

survival.
* The adaptability due to developmental plasticity
(the ability of the genotype to produce different - Te——

especially sensitive to environmental stress. T—— é !
Such embryos and the resulting foetus :
e . |
respond to stressors by sex-specific mortality Svival rate —
or by adaptive responses in order to optimize 9
their developmental program and offspring k

Long term effects

: : B after birth
phenotypes in response to different Adaptability e «
environments) decrease throughout embryo and " D
foetal development until early postnatal life. Developmental plasticity e
« Later in adult life, this adaptability disappears and
only the brain maintains a certain degree of % t % Mortality : . ‘
plasticity. ' ‘ Optimize Consequences
« The female placenta (in pink), due to its : ' M . developmental for adult health
higher adaptability, buffers more efficiently | Enwronmental Shess l- . | - ‘ program‘,)offspﬁng (DOHaD)
the impact of endogenous and exogenous - survival
stressors on the foetus and it is less ARTs Endocrine
compromised than male foetus (in blue) under disruptors
similar stress conditions. However, : daptive responses
compensatory mechanisms can compromise Mzternal makmatrition gene expression
adult health according to the developmental . J metabolism
origins of adult health and disease (DOHaD). epigenetic regulation
;: dodede
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Sexual dimorphism during placental
development encompasses a wide
variety of pathways contributing to
growth, differentiation, and
metabolism of the placenta. Early
exposure models (IVF, ICSI, peri-
conceptional alcohol exposure)
show females to develop

Co-funded by the
Erasmus+ Programme
of the European Union

Sexual dimorphism in the formation, function
and adaptation of the placenta

Critical Windows — A Potential Model

Early Gestation Programming

the most deleterious phenotypes
e.g. differentiation, which may be
associated with female specific
disease phenotypes in adulthood
(e.g. metabolic disease.
Conversely, males seem most at

Chronic Exposures

Male | T TE cell count 531 }—<| T TS pool |_..| Placentomegaly |-I:

Perturbation

Adaptation

| Increased viability 7 |

> TE cell count

J Implantation /
invasion 129

A Sexratio |I

| Minimal fetal growth restriction ‘

| Favours male survival 3% |

Disease susceptibility

risk for exposures during mid-late
gestation and show limited
placental responsiveness, which
may come at a cost of fetal viability
later in gestation, as well as

earlier and more severe disease
phenotypes e.g. cardiovascular
disease.

Fermnale & Hormone / endocrine production Most affected
N Delayed development ?
L B-TGCs [78] o y ‘ and release
Altere;_:iﬁ_f ;ntal Altered GIyT accumulation, A Nutrient
diﬁg ortiation? junctional zone reduced invasion? (14 Availability ?
Mid- to Late-Gestation -
| Perturbation | | Adaptation I Viability | Disease susceptibility
3 OR P labyrinth Maintain growth / minimal fetal
Male vasculature Maintain nutrient growth deficit
b:_i ﬂCT”E{ﬂ transfer Decreased fetal viability, increased
profiferatian preterm, neonatal complications %%
- Most affected
A Sex ratio H Favours female survival %59 ‘
Eemale J- Labyrinth Reduced nutrient | Maintains viability but more

Vasculature 137 18

transfer |

severe fetal growth restriction
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Sexual dimorphic effects related to sex

Erasmus+ Programme
of the European Union " 4

a, X- and Y-chromosome-bearing spermatozoa may have differences in
their proteome content and some of these proteins are related to
metabolic processes.

b, X-linked genes that escape XCI result in gene dosage differences
between males and females, for example OGT, encoding O-linked-N-
acetylglucosamine transferase, or Kdm5c, encoding a histone
demethylase (Xa, active X chromosome; Xi, inactive X chromosome).

c, Gonadal steroid hormones have been suggested as the underlying
mechanism responsible for the sexual dimorphism observed in metabolic
diseases.

d, Upper, binding of testosterone (T) to the promoter regions of genes e
containing androgen-response elements leads to their transcriptional == -
upregulation (thicker blue arrow), which in turn is responsible for sex- @
related differential expression (sex-DE). Lower, interaction between /
oestrogen (E) and the splicing machinery induces retention of exon 2 into b ?
the mature mRNA of a hypothetical gene and leads to expression of a o
female-specific alternative transcript. ]

e, Sex hormones influence the composition of the gut microbiota, with Q@ o ™
lower GIn/Glu being described in male mice. _/‘
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Developmental epigenetic reprogramming leading

I Co-funded by the to sex-related effects on gene expression patterns

*
LN Erasmus+ Programme
e of the European Union

. . . . . O Unmethylated DNA
Key sex-related differences identified in mouse studies are colour coded (red, S 9* Pliaiias

(

O Maternal PN @ paternal PN

e e . ~7_{Mle H3K4me3
female specific; blue, male specific). Mature oocytes have large chromatin l T f\)f ) } - DNA demethylation . =Active DNA demethylation
blocks enriched in H3K4me3, associated with low DNA methylation levels and 3B @ /4 W %/tRFs zr;'(?nedsw S:«z‘: e \ *tRFs control early gene
. . . . . . Lf( to 7 | 1) | > —_— CJ ntre I{ on
contribute with histone variants, such as histone H1foo, acting as maternal $€° | b Il *Qy =N 2 b
. . . &, \\ pi1d
factors in the zygote. Actively transcribed ( —/ 0. \g

b/

gene bodies exhibit_high DNA met_hylation Ie\_/els. In sperm, most histones are S, Oocyte Sperm .\‘* Methylated DNA
replaced by protamines and DNA is overall highly methylated. Males also M

contribute to the zygote and early embryogenesis by small non-coding RNAs,

such as tRFs. At fertilization, the paternal pro-nucleus (PN) is subject to active

DNA demethylation. Oocyte-derived Stella protects maternal PN against active .. methylation - Passive DNA demethylation

demethylation, and methylation of maternal DNA is gradually diluted through  pestnataly, ::“2'1 el T alionas ;Z;fez;‘;’rﬂgg“gms
DNA replication during subsequent cell divisions, in the absence of nuclear Guided by SeR2 - H3K27mes3-dependent imprinting

Dnmtl. H3K4me3 inherited from the mother controls the maternal-to-zygotic

transition (MZT). Imprinted DMRs are protected against DNA demethylation by DNA methylation

binding of Zfp57 and Zfp445 in both sexes. %ﬁ%ﬁl%

Before implantation, female embryos initiate XCI. Binding of HP1 to the \
inactive X chromosome depletes its levels on autosomes, inducing sex-related /\
differences in gene expression for hundreds of genes. A few genomic loci are ;
transiently imprinted because of the inheritance of maternal H3K27me3. The : Y

embryo reaches its lowest DNA methylation levels at the blastocyst stage; the i 7
first cell differentiation event corresponds to the formation of the inner cell i )
mass (ICM, the future embryo proper) and trophectoderm (TE, the future (IAPs resistant) 9

placenta). After implantation, lineage establishment is accompanied by cell- - \__/
type-specific de novo DNA methylation. After the formation of the gonads, sex foee De novo DNA methylation

hormones recruit specific epigenetic modifiers (for example, Ezh2, which R aie by aehoen

contains an oestrogen response element, and Jhmd2a, which interacts with the
androgen receptor). In the developing embryo, PGCs are first demethylated
(with the exception of DNA demethylation-resistant sequences such as IAPSs,
followed by gain of DNA methylation in a sex-specific manner.

De novo DNA methylation is mediated by Nsd1 before birth in sperm, and
guided by Setd2 in oocytes, in the postnatal life.

On
)

©

Jhmd2a recruited by testosterone
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Co-funded by the
Erasmus+ Programme
of the European Union

a, Mitochondria are implicated in the conversion of
cholesterol (Ch) into pregnenolone (Pg), which is then
. . . . Ch—Pg —> NAD*
reticulum, in a sex-dependent manner. Mitochondrial «KG WO
metabolism (through the Krebs cycle) is also the source C”m“‘a"” mm"d“'””g
of substrates and cofactors used for chromatin Tostbsteron
remodelling. Pg = Estrogen
b, During female gametogenesis, differentiation of Progesterone
primordial germ cells (PGCs) into mature oocytes is b
accompanied by an increase in the total number of y N ?
mitochondria. In addition, oocyte maturity is associated =
with a selective amplification of a fraction of mitochondria
present in PGCs, which leads to a more homoplasmic
mature oocyte in comparison with the heteroplasmic
progenitor (depicted here by a reduction in the number of |
colours painting mitochondria in the oocyte), a process '
known as mitochondrial bottleneck.
c, In the white adipocytes of female mice, a locus on
chromosome 17 containing Ndufv2, controls in trans the
expression of at least 89 genes implicated in
mitochondrial biogenesis and oxidative phosphorylation.

converted into sex hormones in the endoplasmic ..--*M‘“V"G”A] /} //} \//’ //’ //J

Adipocyte
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Sex differences in placental and maternal

Size

« Sex-related differences in feto-placental unit - Guamineusein
development and function favour growth in SHIHSDZ Ay @\
males and survival in females.

« The fetus and the placenta are also influencing
maternal adaptations to pregnancy in a sex-
dependent manner, leading to increased risk
for pregnancy-related diseases in male-
bearing pregnant women and intergenerational
effects.

« Characteristics and parameters enhanced in a
sex-specific manner are shown in blue (males)  :Peedampsa
and red (females), respectively, while those
that have not been explored so far for sex-
related effects are shown in black.
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- Placental hormones
* Placental metabolites

(DiAcSpm)

- Fetal hormones

(Testosterone)
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Survival

- Efficiency
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Co-funded by the

of the European Union

* Suboptimal exposures during peri-
conceptional or intrauterine
development can lead to sexually
dimorphic molecular changes that
contribute to sex-related
differences in the frequency, age
of onset and severity of metabolic
disease in adult life.

* The suboptimal metabolic milieu
can exert detrimental effects on
the germline, thus contributing to
the intergenerational inheritance of
metabolic diseases.

ERVs, endogenous retroviruses; LTRs, long terminal repeats;
NcRNA,
non-coding RNA.

‘ UNIVERSITATEA
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Erasmus+ Programme

Pathways leading to sex differences in the
Intergenerational inheritance of metabolic disease

Suboptimal pre-conceptional
exposures

Metabolic disease (type 2 diabetes,
obesity, metabolic syndrome)

Suboptimal intrauterine exposures

Maternal germline
\-- Dl e
AN
Ovary \% ]

& N
Oocyte ::_'

=/

Sex modifiable responses
- Histone marks

+ Histone varants

- Imprinted DMRs

- ncRNAs (tRFs - sperm)
* Mitochondria

Sperm ‘\\g J

Fertilization

Altered epigenetic Age effects

reprogramming

- DNA methylation
(LTRs, ERVs)

= Histone marks

If )
§ &) Matemal effects
U

Estrogen decline

Sexually dimorphic responses

s - Epigenome
SN * Transciptome
ol . ':fr' Altered epigenetic - Microbiota
4 programming - Mitochondria
u * Cell differentiation « Cellular metabolism
- XCl - Hormones

- DNA methylation
- Histone marks

= ncRNAs

- Gene expression

Age effects

Placental hormones i
« Testosterone decline

- Accelerated ageing
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Let’s Talk about Placental Sex, Baby (1)

Al Co-funded by the
L Erasmus+ Programme _ -
* gk of the European Union In fem_ales, mcr_ea_sed feto-placen_tal adaptability and placental reserve
capacity result in increased survival rates at the expense of a reduced

growth trajectory, whereas the opposite is observed in males.

Female Male
Feto-placental Feto-placental
adaptability adaptability

Plfeo:enrt:elf Growth TGFDWlh
capacity trajectory trajectory

Placental
reserve
capacity

Increased survival Increased intrauterine

morbidity and mortality risk
« The occurrence of pregnancy complications differ according to fetal sex with a higher cardiovascular and
metabolic load for the mother in the presence of a male fetus.

o
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UNIVERSITATEA

o i w YLIOPISTO
. ‘ ¢ : Université VNiVERSIDAD
eakinetal 2020 (SNGRR e e UREESE e

Aredets




Let’s Talk about Placental Sex, Baby (2)

Co-funded by the
Erasmus+ Programme
of the European Union

Understanding Mechanisms That Drive Female- and Male-
Specific Fetal Growth and Developmental Outcomes

* Alterations in female and

A

o' Increased growth
Q Increased placental

male placental transcript QIMarkers of early placentatal reserve capacity

expression across gestation A el it SR

may contribute to sex-

specific feto-placental growth 135: 22 = X-linked

and function outcomes. 13 = autosomal

It is postulated that the 2z 123; 15 = Y-linked

differential expression of ¢ b e Buscem otal 2514

transcripts in females 3 T 67; 16 = Xdinked

increases placental reserve & I &'13 = Y-linked

capacity and feto-placental Q Sy = peaten

. GO ™= immune function; Placental reserve

adaptability to an altered external stimuli response capacity

maternal environment at the HB-CGB
0% protein  transiation; guster

expense of a re_:duced growth Shiohio el arid rbesa 175: 20 = XJlinked

trajectory, relative to males. | function Q 55 = autosomal

Sun ef a/. 2020

GO = gene ontology; LHB-CGB = luteinising
hormone beta subunit and chorionic

gonadotropin beta subunit. Gestation
x 2t
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Let’s Talk about Placental Sex, Baby (3)

Al Co-funded by the
LN Erasmus+ Programme
kel of the European Union Female Male

Sex-specific differences in androgen
and glucocorticoid-mediated signalling
within the

feto-placental unit. Females prioritise
pathways regulated by glucocorticoids
to enhance placental

reserve capacity at the detriment of
growth, whereas males prioritise
androgen-mediated signalling
pathways to enhance growth at the
expense of placental reserve capacity

AR-mediated signalling l

|

W Growth

APIacemal reserve capacity|

AR-mediated signalling l

v

AGrowth

VPIacentaI reserve capacity| /
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Yao et al, 2021

Co-funded by the
Erasmus+ Programme
of the European Union

Developmental programming of the female

reproductive system

Adverse environmental & maternal conditions

Environmental conditions during pregnancy can
adversely impact the reproductive phenotype of
female offspring with consequences for fertility and
future reproductive capacity. These changes are
mediated via programmed changes in the
structure, maturation, and function of reproductive
tissues and the HPG axis.

Reproductive alterations may or may not be
dependent on a change in birthweight and may be
secondary to changes in the placenta in utero, as
well as to programmed alterations in offspring
growth rate and/or the production of HPA
hormones, insulin, leptin, and IGFs postnatally.
Reproductive programming may be observed as
changes in the timing of puberty onset and
menopause/reproductive decline, altered
menstrual/estrous cycles, polycystic ovaries, and
elevated risk of reproductive tissue cancers. These
reproductive outcomes can affect the fertility and
fecundity of the female offspring and may lead to
negative impacts on the second generation.
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Endocrine
disruptors

Altered maturation of the
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T Female genitalia
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Co-funded by the
Erasmus+ Programme
of the European Union

* There is emerging evidence that
paternal risk factors, such as paternal
obesity, diabetes mellitus, nutritional
habits, advanced age and exposure to
environmental chemicals or cigarette
smoke, are clearly associated with
adverse effects in metabolic and
cardiovascular health in their offspring.

« Compared to maternal programming,
pre-conceptional paternal factors might
also have also a substantial effect in
the sense of trans-generational
programming of their offspring and
need further research.
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Life cycle of paternal programming metabolic and
cardiovascular health of their offspring

Caloric Alcohol  gnyironmental
over-nutrition l impacts
High-Fat Diabetes

Diet ~ ’mellltus

High-Carb. - Birth
Diet ’ I \ weight
Age Smoking

BMl increased
(overweight/ obesity)

~ ‘ Pre-gestational Health

( Pre-gestational
* Age

* Smoking “ :
* BMI (overweight/obesity) S Malproglrammmg Of ‘a
* Caloric overnutrition ( "']Z”ﬁfss ] the cardlo—metabollc.:
« Nutritional habits p— system of the offspring
* Diabetes mellitus [ el ]
* Own birth weight Dyslipo-
. etc prote|nem|a
. . i
Metabolic
syndrome
Cardiovascular
diseases

Postnatal Adaption
childhood

adolescence

adulthood
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Impact of Early Nutrition, Physical Activity and Sleep
Cofunded by the 0N the Fetal Programming of Disease in the Pregnancy
Erasmus+ Programme

of the European Union
« Adequate caloric intake, protein, mineral, vitamin, and

long-chain fatty acids, have been noted for their ,
relevance in the ospring brain functions and behavior. \ “ \ 5“ A "“‘
« Fetus undernutrition/malnutrition causes a delay in growth | | | |
and have detrimental eects on the development and ] l
subsequent functioning of the organs. Pregnancy is a
particularly vulnerable period for the development of food
preferences and for modifications in the emotional
response. i \
« Maternal obesity increases the risk of developing \ |
perinatal complications and delivery by cesarean section \& /
and has long-term implications in the development of l
metabolic diseases.
* Physical exercise during pregnancy contributes to overall
improved health post-partum. It is also interesting to "
highlight the relevance of sleep problems during
pregnancy, which influence adequate growth and fetal ‘

development.

in utero development
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Effects of maternal under-or
PSS Co-funded by the overnutrition in male offspring reproductive phenotype
W Erasmus+ Programme

o of the European Union
Programming (FO0)
Male offspring (F1) reproductive phenotype:
Maternal
obesity * Delay in sexual development markers
» Low testosterone serum levels
* Increased oxidative stress
» Decreased sperm quality
Maternal -
protein * Reduced fertility
restriction * Premature aging of reproductive capacity
Interventions in F1 from obese mothers
Exercise

Restores hormonal, oxidative
— stress and sperm quality —
parameters

Improves male offspring
reproductive capacity
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Zambrano et al, 2021

Co-funded by the
Erasmus+ Programme
of the European Union

Male reproductive axis Influence of testosterone

Brain
Cognition, memory
and sex drive

Muscle
Muscle mass
and strength

Inhibin

Skin
Facial and
body hair

- Bone
Bone density

Leydig cells
Testosterone

Sex organs
Sperm production,
prostate growth,
erectile function
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Male reproductive axis and the ageing-related changes

Age-related changes in

male reproductive system

= Decrease in testicular
size and weight

= Decay in testosterone
secretion

= Decline in sperm
production

= Prostate enlargement

= Diminished prostate
secretion

= Reduced libido

= Sperm DNA
fragmentation
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Overview of the effects of paternal exercise on

Co-funded by the physiological systems in the offspring

Erasmus+ Programme
of the European Union

Nervous system

Paternal treadmill exercise improved the spatial learning
and memory capability of male offpring, accompanied by
increased expression of BDNF and reelin in
hippocampus [54], while induced lower percentage of
global hippocampal DNA methylation [76].

Paternal treadmill exercise increased cell proliferation,
enhanced mitochondrial activity in hippocampus and
performance of nonspatial and spatial cognitive tasks in

| the offspring, accompanied by increased of gene

expression related to cell cycle and proliferation [75]

Endocrine system
Paternal swimming training upreguleted lipogenesis-
genes Cpt1, Ppar-1a and Prkaa2, as well as induced a
increase Prkaa2 and pAMPK levels in the liver of
offspring exposed to high-fat diet. The alterations were
accompanied by decreased of steatosis level [55].

Swimming exercise in high-fat diet-fed fathers led to
partial restoration of pancreatic islet cell morphology
(islet cell density) and the expression of two pancreatic
microRNAs (let7d-5p, 194-5p) in male offspring [22].

.

Urinary system
Swimming exercise in high-fat diet-fed father decrease
renal fat and adipocyte size of the gonadal in female
offspring [53].

Fat tissue
Different paternal exercise protocols decreased adiposity
markers (Total and index adiposity, total adipose weight,
visceral cross-sectional area of adipocyte) in offspring
[21,22,24, 25,26,53).

Adult Offspring (F1)

Blood circulation

Swimming exercise in high-fat diet-fed
fathers reduced cholesterol, leptin and C-
reactive protein concentration [53], plasma
free fatty acids and blood insulin in the
offpring [22].

@

Cardiovascular system

Paternal RT upreguleted LV proteins
associated with muscle contraction,
metabolic processes, antioxidant activity,
transport, and transcription regulation
regardless of offspring diet [25]

Musculoskeletal System

Running wheels in high-fat diet-fed fathers
improves glucose uptake in different skeletal
muscles [26] and increase the expression of
insulin signaling (GLUT4, IRS1 and PI3K)
markers [21]

There is no difference in bone mass
between offspring from trained father and
sedentary fathers [53].

Paternal RT upreguleted tendon proteins
associated with ECM organization and
transport in the offspring exposed to high-fat
diet [24]

« Different exercise protocols might induce beneficial effects on distinct tissues and organs in the first
generation (F1).

o

Vieira de Sousa Neto et al, 2021

12

UNIVERSITATEA
L ALEXANDRU I0AN CUZA“
din 1ASI

UNIVERSIDADE B

COIMBRA

FRIEDRICH-SCHILLER-

UNIVERSITAT

JENA

(f?
L)

B

UNIVERSITA
DI PAVIA

Aot

¢ N

Univeérsité
de Poitiers

VNiVERSIDAD

$2 TURUN
YLIOPISTO

P SALAMANCA



Co-funded by the
Erasmus+ Programme
of the European Union

Western
diet

Microbiota
Co-
morbidities Stress Obesity
PREGNANCY
Sub-acute
STRESS infections
MORBIDITY INFLAM
2
INFECTION -
MICROBIOME ~
L3
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Zavatta et al, 2022

Etiological factors

Role of Inflammaging on the Reproductive

Function and Pregnancy (1)

@ SHORT TERM OUTCOMES
+ FGR
- =

- S~ * Preeclampsia
\\ - GDM
* Preterm birth
~ I\ » Recurrent miscarriage
Age » Cesarean Section
I,
<«
INFLAMMAGING PREGNANCYw CHILD GROWTH
INFLAMMATION + AGING

/\ LONG TERM OUTCOMES
/ Chronic diseases
Fetal programming

Second
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Co-funded by the
Erasmus+ Programme
of the European Union

« Fertility spontaneously
declines as women age.

« However, higher levels of stks_tiig:ors:
iInflammation lead to a Obesity
faster reduction of the Age

ovarian reserve, as well as
are associated with poor
guality embryos and
inadequate endometrial
receptivity in In-Vitro
Fertilization (IVF)
treatments.

* Reduction of risk factors
has a positive impact on
inflammation and, in turn,
on female fertility.
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Inflammaging and pregnancy effect on aging

Co-funded by the trajectories and age-related diseases outbreak
Erasmus+ Programme
of the European Union

. Physiological inflammation

Inflammaging
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A genetic switch model of aging
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ok of the European Union

* In young organisms energy is invested
into repair, maintenance, stress
resistance and homeostasis pathways.

This keeps the organismin ayouthful ~ Repair, Maintenance, oy
state with low risk of disease and death Stress Resistance. Homeostasis {\‘(3\\\
by internal causes. : SCQ,Q 663&‘(\

* At some point during or after
reproduction a genetic switch, or
switches, occurs in which the repair,
maintenance, stress resistance and
homeostasis pathways are turned off, or
turned down, even though these
pathways are still able to function
optimally. The genetic switch may also

Reproduction

trigger a redistribution of resources from L

somatic maintenance to reproduction. Young . . Old
» The decline resulting from the loss of Genetic SWItCh(eS)

these survival pathways increases

susceptibility to disease and the chance

of death, thereby causing aging.
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Epigenetics, DNA damage, and aging

Al Co-funded by the
LN Erasmus+ Programme
*oak of the European Union

Nuclear genome instability

Oxidative, hydrolytic, Base mismatches S5Bs and DSBs
and methylation damage

&
#

[ ]
DNA damage

Old

-

=

o
—

Dysregulation of epigenetic mechanisms

DNA methylation Transposons Histone PTMs,
histone variants

I ,
(S, T S0

 Aging is determined, in part, by interrelated mechanisms that affect nuclear genome integrity:

macromolecular damage to DNA and epigenetic alterations.
DSBs, double-strand breaks; PTMs, posttranslational modifications; SSBs, single-strand breaks.
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Epigenetics of aging and aging-related diseases
Al Co-funded by the
LN Erasmus+ Programme

o of the European Union

During aging, various epigenetic

alterations occur including = —
accumulation of histone variants, /=/ ' |
changes in chromatin accessibility 7 _~ miRNA- LN
_ : : - Accumulation
mediated by chromatin remodeling induced .
) / . of histone
complexes, loss of histones and / transcriptome- ;
. ; variants
heterochromatin, imbalance of wide changes _

activating/repressing histone

modifications and aberrant | Aberrant / Transcription \ Altered DNA

expression/activity of miRNAs. histone Translation |methylation

These deregulations can affect modifications| Stabilization patterns

transcription and, subsequently, : __ Degradation /

translation, as well as the \ g : Inflammation
stabilization or degradation of ‘ /// Loss of G Cancer
molecular components. | histones and £ ri i Osteopor.osm .
Consequently, these aberrant . hetero- B ey Neurodegenerative diseases
epigenetic processes can promote - chromatin y Diabetes

morbidities, which are frequently
observed in the elderly populations,
including inflammation, cancer,
osteoporosis, neurodegenerative @
diseases, and diabetes.
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Sikder et al, 2022
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Normal young cells accumulate
DNA damage and senesce. A few
of the damaged old cells acquire
mutations such as activation of
oncogenes to induce oncogene
induced senescence.

Senescent cells after acquiring
enormous DNA damage might be
directed towards apoptotic
pathway. Some cells however,
escape death by acquiring other
mutations and gain self-renewal
property behaving as potential
stem cells. Tumor cells once
formed is also facilitated by the
aging stroma for its growth and
metastasis.
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Model of how aged cells potentiate tumor formation
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There are several stimuli or triggers that activate cellular senescence
(red outline). Some of these are depicted in the figure such as the
formation of Reactive Oxygen Species (ROS) both from external
factors or internal such as mitochondrial dysfunction. Others
include the expression of certain oncogenes, e.g., RAS (Rat sarcoma
virus) or the loss of tumour suppressor genes, e.g., PTEN (Phosphatase
And Tensin Homolog). The shortening of telomeres due to the lack of
telomerase enzyme also elicits cellular senescence. Additionally,
mitochondrial dysfunction, which can be due to mitochondrial
malfunction, increase in mitochondrial size or mass, mitochondrial fusion
or mitochondrial fragmentation can also induce senescence. As there is
no gold standard biomarker of senescence, a combination of several
biomarkers are used to identify this cellular phenotype both in vitro and in
vivo. Some of these biomarkers are the release of a senescence-specific
secretome, the senescence-associated phenotype (SASP) formed by
proteins, vesicles, metabolites. Other biomarkers the presence of DNA
damage and the establishment of a stable cell cycle arrest. Furthermore,
chromatin alterations such as heterochromatin foci (senescence-
associated heterochromatin foci, SAHF) or the presence of chromatin in
the cytoplasm (cytoplasmic chromatin fragments, CCF) are also present
during senescence. Finally, the most extensively used biomarker of
senescence is the presence of senescence-associated -3- galactosidase
activity (SA-B-Gal) which is due to an increase in lysosomal activity,
although it is important to take into account that this feature is not
exclusive of senescent cells.

Mitochondria
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Cell cycle arrest

Cellular Senescence and Ageing

Senescence-associated
secretory phenotype (SASP)

Reactive Oxygen Species
(ROS)

O

Proteins,
vesicles,
metabolites...
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Oncogene Activation/
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Tabke 1 | Interventions to increase healthspan and/ or lifespan

From discoveries in ageing research to
therapeutics for healthy ageing

Ini= re=rtion

Target or process

Major efiects

Rapamycin

Sanalytics

MAD pracursors

Sirtuin-acttvating compounds

Matformin

Exarriza

Calorie restriction

mTOR

Cellular senescence

MNAD metabolizm
Sirtulrs

Mitachondrial mspimtion
Lirikoroerni

Several targets, Including
mTOR and sirtuins

Garoprotective effects In mice and dogs. Human clinical trials with mpamycin and mpalogs as
undiersay.

Protctive against age-related disease in mice. Ongoing clinical trials in human dissaszes,
Including arthritts and eye degenaration.

Garoprotactive In animal models. Supplements avallable for human consumption, but no
clinical trials have been mported yat

Garoprotective In rodents and nor-human primates but mked msulis In humans; SRT2104
may hawe effects bayond mitigating some ape-associated conditions.

Azzpclated with Increasad lifespan In human patients with diabetes and decreasad risk of
cancar. TAME trial Is planned to testaffects In individuals without diabetes,

Azzpclated with reduced risk of age-mlated dissase, Improved quality of Ife and Increased
life=pan In humans.

Enhanced Ifespan and protection from disease Inworms, flies, mice, mts and non-human
primates. Assoclaied with decrasad risk factors for diseasea In humans.

Saveral key Imera ntions that ane cunsntly under iImsstigation in human trals for their potential to mceese health=pan and Mespan am desonbed (s taot for further detal).

Genes and
environment

.. UNIVERSIDADE B
Campisi et al, 2019 COIMBRA

Hallmarks of ageing

s Stem cell exhaustion

s Alterad intercellular communication
= Ganetic instability

. Tek .,

= Epigenatic sfterations

= | ceas of protecatasis

« Deregulated nutrient sansing

= Mitochondrial dysfunction

= Celiular sanescence
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Chronic diseases of ageing
= Disbetes
inflarmmation » Cardiovascular diseases
{gtroke, myocardial infarction) Disability
« Alzheimer's disease Mortality
Ageing = Dstecporosis mﬂ ¢
= Sarcopenia
= Cancer
= Macular degensration and glaucoma
= Dgtacarthritis
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Better Future of Healthy Aging 2020 Conference topics

Co-funded by the
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R e
All people, regardless of their origin, should be granted the gelf‘g R | eettnsse Q’ﬁ‘p
opportunity to live a long and healthy life. o& € oikgng Modern Urban Planning in the "\ "
Yet, the environments in which we live can promote health S/ Service of Healthy Ageing  \ %

Ischemic, hypoxic,

hemorrhagic brain
disorders & ageing

or degrade it. Environment and spatial epidemiology play S
an important role in defining the health risks of a 47
population. g' | Neuroscience and
(4]
=
L
]
<

The Role of IT Companies in
the Innovation Practices for
Healthy Ageing

An other important factor is the accessibility to quality dpsisie i

Disorders and Ageing Mobile Technologies and

BETTER FUTURE

health regardless of social status and other sources of ‘ primaryHealticare :

I i i H H Good Clinical Practices
qepnva_tlon' POpUIa!:I(-)n agmg makes these ISSUEeS for the I:'nlprovemer:t of OF HEALTHY AGEING Computer Technologies 8

i in Health S b

InCreasmeg mF)re VISIble_ . . . the Age Related Diseases (BFHA 2020) in O:agzaatnig::;n);srt‘?jm ‘%)
Healthy aging is about creating the social climate and Healthy Ageing | =
opportunities that enable people to thrive throughout their Demographic S
lives Challenges  Epidemiological , (7

. in the European Trends on memun:y Baszd

i 1 i iati : pproaches an

The COVID-19 pandemic has shown the importance of Ageing Societies ?‘;;e;éllg?ezf Sl il

every person’s involvement in creating a healthy

for Healthy Ageing 4
environment, healthy relationships, building solidarity, and |

Bioethics and Frailty Syndrome
Ageing and Diseases

social awareness of health needs. Let us use this newly 4067 e e €\
obtained attitude to improve the care for the elderly and Yo Ay Diseases Caused by Ageing 9\«\

lead the world to a better future of aging. HEALTH SYSTEMS“?‘" m
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Sex and gender differences across the life span

nrﬁn

Based on preclinical and clinical research: “ '

(a) maternal and paternal life experience can impact fetal programming and offspring behavior in a
m TURUN
YLIOPISTO

Co-funded by the
Erasmus+ Programme
of the European Union

Aﬂﬁ'

a b c

sex-specific manner; (b) Postpartum depression is associated with behavioral differences in
female and male infants and young children; (c) Neuropsychiatric conditions are more common
among prepubertal males than prepubertal females. Limited early life stress may lead to resilience
to depression among women. (d) Onset of sex differences in affective disorders and female-
specific mood disorders at puberty. Ovarian hormones modulate brain neurochemistry, structure,
and (e) Prenatal stress contributes to risk for diseases that exhibit sex differences across the life
span (f) Mid-life is associated with marked hormonal shifts for women, but not men. Estradiol
effects on stress responses varies in pre- vs post-menopausal women; (g) Females are at greater
risk of dementia and adverse effects of many pharmacologic agents used in the treatment of adult
disorders.
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The impact of sex differences on genomic research
Co-funded by the

Erasmus+ Programme
of the European Union

f 20,000 Genes
Gendered X GENES 'M;;'\l'gm Y GENES
The detectable sex differences in .
. . ) i behavior Gendered
genetics, genomics and epigenomics \ \ -
/ - behavior

consequences of gendered behavior profilesin tissues and organs MIGHT IMPACT
(such as e.g. different exposures to
risk factors, health behavior, stress

GENETICS GENOMICS EPIGENOMICS

have multiple origins. Sex-specific and N
imprinted autosomes contribute, as ! T |
well as (sex) hormones and the Sex differencesin gene expression

exposure etc.).
Sex differences in genomics and (Sex) | l
epigenomics might have an impact on | umoness |
gendered behavior, but currently this Sex differences ]
cannot be postulated. The identified in health & disease
sex differences in health and disease CANBE CAN HELP
can be better understood using a sex- UNDERSTOOD - UNDERSTAND
specific focus in their analysis. USING Sex-specific
descriptive & predictive

Computational modeling
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Table 1
Definitions.

Sex - sex is a biological concept used to define differences between female and male

organisms. Some individuals do not conform to the binary female-male
categorization. These individuals have been historically called “intersex”
individuals. Other definitions, such as individuals with “differences of sexual
development” (DSD) are more inclusive. In the medical field DSD is often

translated into “disorders of sex development™

Gender — gender is a multidimensional construct, which encompasses at least three

different levels: the subjective perception of an individual, the perception

through others and the interaction between the two. Different scholars might use

different terminologies to describe similar concepts.

- gender identity (subjective perception) is the subjective knowledge of one’s

identity as woman, man, queer, non-binary etc.

- gender roles or gender norms (perception through others) are the perceptions of

one’s role in society based on one’s gender

- gendered behaviors or gender relations (interaction between the two) describe how

the interaction between individuals is affected by gender
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sensitive genomics research

In formulating the research question, consider the potential role of sex differences
Review the literature

Consider biological plausibility

Justify, when inclusion of both sexes is not needed (e.g. when invest gating diseases
that only affect one sex such as prostate cancer)

Identify the sex of the analyzed biological material

Some commercially available cell lines are only male (e.g. fibroblasts derived from
neonatal foreskin)

Ascertain the stability of karyotype (e.g. culture passage and type of cell might lead
to alterations over time)

Ascertain that medium, stining and collection technique do not impact the cells in
a sex-specific manner

Report details on all participants

Report sex-disaggregated overall participant numbers and numbers in all potential
sub-populations

Include information about all samples from all tissues disaggregated by sex

If multiple tests are performed on the same individual, consider reporting data on
hormonal status and variations thereof (e.g. phase of the menstrual cycle in fertile
women, menopause, andropause, hormonal therapy)

Report aspects that could induce sex-specific bias if animal samples are being
used (e.g. animal chow, bedding, number of animals in cages, use of antibiotics
etc.)

Report aspects that could induce sex-specific bias if human samples are being
analyzed (e.g. pharmacotherapy, parity, exposure to hormonal and genetic
modifiers etc.)

Conduct every analysis in sex-disaggregated manner

Consider potential interactions between sex and other factors such as age or
hormonal status

Report all analysis results in sex-disaggregated manner

Sex has to be an integral part of genomics experiment annotations in public
databases

Discuss the identified sex differences and identify future research needs
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Do not forget to do research in transgender health:

Co-funded by the Inclusion for a better care

Erasmus+ Programme
of the European Union

Female Intersex Male
Woman Attracted
' to
Sex
women
Chromosomal
and Anatomic
- Gender .
" Identity Sexual Bisexual,
Gender (- - Orientation Asexual
: nternal sense o
Fluid being male' Se If The gender(s) a Pansexual
fe ‘ person is attracted
‘ﬁ )
Gender Expression Attracted
How one manifests one’s self through social T
norms of masculine, feminine or variant 0
Man Men

C—

Feminine Androgynous Masculine
 To reduce the inequities experienced by the transgender community, the provision of inclusive health

care is essential.
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Thank You!
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