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Abstract/Resumen

ABSTRACT

Pregnancy induces extraordinary immunometabolic changes in women’s physiology to
support maternal, placental and foetal demands during gestation, and thereby ensure a
successful pregnancy. However, this period is also very susceptible to dyshomeostasis,
and in some women characterized by an unfavourable genotype (e.g. diabetic family
history), or exposed to an adverse lifestyle (e.g. obesity, sedentary lifestyle), these
alterations might lead to short and long-term adverse outcomes. Indeed, the adverse
consequences related to a dysfunctional metabolic machinery in pregnancy have the
potential to negatively affect not only one life, but two (the mother and offspring), and
possibly next generations. Thus, the spotlight of reference institutions nowadays is on
searching effective strategies to promote an optimal maternal and intrauterine
environment, and break the maternal-foetal intergenerational diabesity cycle. In this
regard, physical activity (PA), physical fitness (PF) and exercise could be promising tools
to optimise metabolic control during pregnancy, and thus avoid potential complications
and future diseases. Unfortunately, evidence is very scarce and elusive, and many
questions remain still unrevealed. In the current Doctoral Thesis, we address knowledge
gaps, and provide a greater insight on i) the role of sedentary time (ST), PA, PF and
exercise in immunometabolism during pregnancy; and ii) the underlying mechanisms by

which these stimuli might induce metabolic changes. We show that:

Increasing moderate-to-vigorous PA levels, or meeting PA recommendations, could be
of utility to modulate the cytokine profile of women in early to middle pregnancy; but
not reducing ST (Study I). Additionally, lower ST in early to middle pregnancy is related
to higher expression of placental genes related to lipid transport in overweight-obese
women (Study Il); but moderate-to-vigorous PA has little effect. However, we could not
identify any metabolic factor underlying the relationship between lifestyle and placental
metabolism (Study Il). Increased PF, especially CRF and muscle strength in early to
middle pregnancy, is related to an improved metabolic phenotype, and may confer a
cardio-protector effect in maternal metabolism (Study lll); also indirectly via potentially
reducing excessive gestational weight-gain (Study VI). A concurrent exercise program
during pregnancy appears to be effective to modulate cytokines in pregnant women

without metabolic disruptions and their foetuses (Study IV). However, its direct effects



Abstract/Resumen

on other immunometabolic markers such as glucose, lipids, C-reactive protein, etc. are
hardly appreciable (Study V). Of note, few cytokines appear to mediate some of the
effects of exercise into maternal metabolism (Study V). Moreover, exercise robustly
reduces maternal weight-gain during pregnancy and postpartum weight-retention,
independently of other lifestyle behaviours and PF (Study VI). Although exercise is not
able to avoid excessive gestational weight-gain, it appears to protect against the

impaired metabolic phenotype related to exacerbated weight-gain (Study VI).

Thus, the findings from the present Doctoral Thesis increase our knowledge on the role
of ST, PA, PF and exercise on immunometabolism during pregnancy, and on the
underlying mechanisms by which these stimuli might be translated into metabolic

changes.
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RESUMEN

El embarazo induce adaptaciones metabdlicas importantes en las mujeres embarazadas
gue son necesarias para cumplir con las demandas maternas, placentarias y fetales
durante la gestacion, y asegurar un embarazo exitoso. Sin embargo, este periodo es muy
susceptible a desregulaciones metabdlicas, y en algunas mujeres con genotipo adverso
(ej. historial familiar de diabetes) o habitos inadecuados (ej. obesidad, sedentarismo),
dichas alteraciones pueden ser perjudiciales y dar lugar a consecuencias adversas a
cortoy largo plazo. De hecho, un metabolismo disfuncional durante el embarazo podria
afectar negativamente no solamente a la vida de la madre y al feto, sino también
posiblemente a las futuras generaciones. De ahi que las principales instituciones de
referencia a dia de hoy sigan buscando estrategias efectivas para favorecer un ambiente
materno e intrauterino 6ptimo, y romper asi el ciclo intergeneracional de obesidad-
diabetes. En este sentido, la actividad fisica (AF), condicidn fisica y el ejercicio fisico son
herramientas potenciales para optimizar el control metabdlico durante el embarazo, y
asi evitar posibles complicaciones y enfermedades futuras. Desafortunadamente, la
evidencia cientifica al respecto es muy escasa e imprecisa a dia de hoy, y muchas
preguntas permanecen sin respuesta. En la presente Tesis Doctoral, proporcionamos un
mayor conocimiento acerca del papel que el sedentarismo, actividad fisica, condicién
fisica y ejercicio desempenan en el inmunometabolismo durante el embarazo, y de los
mecanismos por los cuales dichos estimulos podrian inducir cambios metabdlicos.
Mostramos que:

Mayores niveles de AF moderada-vigorosa y cumplir con las recomendaciones de AF
(pero no menor tiempo de sedentarismo), parecen ser herramientas Utiles para modular
las concentraciones de citoquinas en mujeres embarazadas durante la gestacién
temprana (Estudio I). Ademds, un menor tiempo de sedentarismo durante la gestacién
temprana se relaciona con una mayor expresion placentaria de genes relacionados con
el transporte lipidico en mujeres con sobrepeso y obesidad (Estudio Il); mientras que la
AF moderada-vigorosa apenas tiene efectos. Sin embargo, no pudimos identificar
ningun factor metabdlico subyaciendo la relacion entre el estilo de vida y metabolismo
placentario (Estudio IlI). Una mejor condicidon fisica, especificamente capacidad

cardiorrespiratoria y fuerza muscular en la gestacién temprana, se relaciona con un

11
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mejor fenotipo metabdlico, y parece conferir un efecto cardioprotector en el
metabolismo materno (Estudio Ill); también indirectamente a través de reducir
potencialmente las ganancias de peso excesivo (Estudio VI). Un programa de ejercicio
concurrente durante el embarazo parece ser efectivo para modular positivamente las
citoquinas en las mujeres embarazadas sin disrupciones metabdlicas, y en sus fetos
(Estudio 1V). Sin embargo, los efectos directos del ejercicio sobre otros marcadores
inmunometabdlicos como la glucosa, lipidos, proteina C-reactiva, etc. son casi nulos o
dificilmente apreciables (Estudio V). Cabe destacar que algunas citoquinas parecen
mediar algunos de los efectos del ejercicio sobre el metabolismo materno (Estudio V).
Ademas, el ejercicio reduce robustamente las ganancias de peso maternas durante el
embarazo y la retencion de peso postparto, independientemente del estilo de vida y de
la condicion fisica (Estudio VI). Aunque el ejercicio no sea capaz de prevenir las
ganancias de peso excesivo, parece que puede proteger contra el fenotipo metabdlico

adverso relacionado con dichas ganancias (Estudio VI).

Por lo tanto, en la presente Tesis Doctoral proporcionamos evidencia cientifica sobre el
papel del sedentarismo, AF, condicién fisica y ejercicio sobre el inmunometabolismo
durante el embarazo, y sobre los mecanismos subyacentes por los cuales estos

estimulos podrian dar lugar a cambios metabdlicos.
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ABBREVIATIONS

ACOG: American College of Obstetrics and Gynaecology

Acox: peroxisomal acyl-coenzyme A oxidase 1

Acsl1: acyl-coA synthetase long chain

Aldoa: aldolase, fructose-bisphosphate A

B: unstandardized regression coefficient

BMI: body mass index

Cl: confidence interval

Cptl: carnitine palmitoyltransferase |

Crat: carnitine O-acetyltransferase

CRF: cardiorespiratory fitness

CRF85%MHR: time to reach the 85%MHR (Bruce treadmill test)
CRF85%THR: time to reach the 85%THR (Bruce treadmill test)
CRP: c-reactive protein

DALI: Vitamin D And Lifestyle Intervention for GDM prevention
DBP: diastolic blood pressure

DNA: deoxyribonucleic acid

DXA: dual-energy X-ray absorptiometry

ELISA: enzyme linked immunosorbent assays

Enol: enolase

Ex-NS: exercise (wheel) pre-conception & exercise gestation
Ex-S: exercise (wheel) pre-conception & exercise+stress gestation
Ex-Tr: exercise (treadmill) pre-conception & exercise gestation
F2F: face to face sessiones

FABP: fatty acid binding protein

FATP: fatty acid transport protein

Fbp: fructose-bisphosphatase

FFA: free fatty acids

FTO: fat mass and obesity associated gene (FTO alpha-ketoglutarate dependent
dioxygenase)

G6PB: glucose-6-phosphate dehydrogenase
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Abbreviations

GDM!: gestational diabetes mellitus
GESTAFIT: Gestation and Fitness

GLUT: glucose transporter

Gpd1: glycerol-3-phosphate dehydrogenase 1
Gpi: glucose-6-phosphate isomerase

GWG: gestational weight gain

Gyk: glycerol kinase

HbA1c: glycated hemoglobin

HDL-C: high density lipoprotein-cholesterol
HE: healthy eating

HOMA:homeostasis model assessment
IFN-y: interferon gamma

IGF: insulin like growth factor

IL: interlukin

IOM: Institute of Medicine

IQR: interquartile range

IR: insulin resistance

Lcad: long chain acly-CoA dehydrogenase
LDL-C: low density lipoprotein-cholesterol
Lipe: lipase E, hormone sensitive type

LIPP: Lifestyle Intervention in Preparation for Pregnancy
LPA: light physical activity

Lpl: lipoprotein lipase

MAR: missing at random

Mcad: medium-chain acyl-CoA dehydrogenase
MCAR: missing completely at random
MCR4: melanocortin 4 receptor

MDS: mediterranean diet score

MHR: maximum heart rate

MPA: moderate physical activity

mRNA: messenger ribonucleic acid

mTOR: mechanistic target of rapacycin complex
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MVPA: moderate-to-vigorous physical activity

OAZ1: ornithine decarboxylase antizyme 1

OGTT: oral glucose tolerance test

PA: physical activity

PARmed-X: physical activity readiness medical examination
PCK: phosphoenolpyruvate carboxykinase

PF: physical fitness

Pfkl: phosphofructokinase

Pgam1: phosphoglycerate mutase

Pgcla: peroxisome proliferator-activated receptor-y coactivator 1 alpha
Pgkl: phosphoglycerate kinase

Pkir: pyruvate kinase

PPAR-y: peroxisome proliferator-activated receptor gamma
PRKAB: protein kinase AMP-activated non-catalytic subunit beta
RCT: randomized controlled trial

RXR: retinoid X receptor

SBP: systolic blood pressure

SD: standard deviation

SE: standard error

Sed: sedentary pre-conception & sedentary gestation

Sed-S: sedentary pre-conception & sedentary+stress gestation
SLC25A20: solute carrier family 25 member 20 (acylcarnitine carrier protein)
SNAT: small neutral amino acid transporters

SNPs: single nucleotide polymorphism

ST: sedentary time

T2DM: type 2 diabetes mellitus

TBP: tata-box-binding protein

THR: target heart rate

TNF-a: tumour necrosis factor-a

Tpil: triosephosphate Isomerase 1

VAT: visceral adipose tissue

VO2max: maximal oxygen uptake
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VPA: vigorous physical activity
WDR45L: WD repeat-containing protein 45-like
B: B standardized regression coefficient

A: delta (change)
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General Introduction

GENERAL INTRODUCTION

THE COMPLEX NATURE OF PREGNANCY: THE IMPORTANCE OF AN ADEQUATE AND
TIMELY INTRAUTERINE PROGRAMMING

Pregnancy is a critical physiological period for women, which implies conspicuous
metabolic changes and adaptations'®. Its characteristic endocrine and
immunometabolic plasticity is indeed necessary to reprogram maternal physiology

during this stage, and promote an adequate maternal-foetal homeostasis!>.

Metabolic changes in lean healthy women

In early pregnancy (largely anabolic), lean women with normal glucose tolerance appear
to undergo a decrease in insulin sensitivity compared to pre-conception®, along with an
increase in insulin secretion® and maternal fat stores (lipogenesis)’. These pregnancy-
induced changes are necessary to store nutrients, and subsequently be able to meet the
maternal-placental-foetal demands in late gestation and lactation?3.

In late pregnancy, this predominant anabolic metabolism changes towards a catabolic
state, which is characterized by a more accentuated decrease in insulin sensitivity®, and
lower systemic glucose, free fatty acids (FFA) and amino acids®’. Additionally, there is a
considerable increase in systemic insulin and insulin release®®, endogenous glucose
production®?, lipolysis, and fat and lean mass’.

But, how are these late metabolic responses connected with each other? And why are
they important for the maternal-foetal homeostasis?

The progressive decrease in maternal insulin sensitivity from early pregnancy, which is
mainly dependent on the pre-conception insulin sensitivity and B-cell function?, leads to
an increase in insulin secretion, which influences placental phenotype’. In the normal
course of pregnancy, this continuous mother-placenta-foetus crosstalk appears to be
necessary to release placental factors such as hormones and cytokines'’. These
placental factors® along with other mechanisms (e.g. impaired insulin signalling, lipid
metabolism), “negatively” modulate maternal peripheral insulin sensitivity (in liver,
skeletal muscle, and adipose tissue), which facilitates nutrients availability towards the

foetus'31%, Thus, these metabolic adaptations are essential to provide the foetuses with
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substrates for an optimal development!3, while maintaining fuel requirements for
mothers, who are preparing for parturition.
Noteworthtily, these changes in maternal metabolism occur simultaneously with
fluctuations in immune responses (immunometabolism)>. Traditionally, it was
believed that pregnancy was associated with immune suppression, and thus with
increased susceptibility to infectious diseases®. However, recent evidence has overcome
this myth, showing that the maternal-placental-foetal immune interface is fundamental
for biological processes and homeostasis during pregnancy>*2. This immune condition is
actually very active and well-controlled during pregnancy®?. Thus, the maternal,
placental and foetal immune systems represent a unique-coordinated system that
modulate anti- and pro-inflammatory responses according to the trimester of
pregnancy, to ensure the maternal and foetal well-being®*! (i.e. a successful pregnancy).
The first and early second trimesters of pregnancy -1t immunological phase- are
accompanied by a maternal pro-inflammatory state that is necessary for blastocyst
implantation, decidualization and initial placentation'? (vasculogenesis and formation of
capillary networks)>*2. Noteworthily, this is a key vulnerability period very susceptible
to aberrations and disruptions¥4. In fact, this traditionally unperceived period is the
origin of multiple common pregnancy complications that arise during late pregnancy!!
(e.g. preeclampsia). This phase is followed by an anti-inflammatory state -2"¢
immunological phase-, during which placental development (angiogenesis'?) and foetal
growth occur>'?, Lastly, late pregnancy -3 immunological phase- is characterized by a
pro-inflammatory state to prepare the mother and foetus for the parturition (increased
myometrium cell contraction; softening of the cervical extracellular matrix; foetal
membranes rupture)®®. Of note, cytokines from maternal, placental and foetal origin
have a vital role in all these processes. They are continuously interacting among them,
together with other factors such as exosomes and hormones, to balance the pro- and
anti-inflammatory states**>'’. Unfortunately, the origin, metabolism and clearance of
these cytokines, and their interplay with the maternal-placental-foetal crosstalk, is
poorly understood.

Although the mechanisms underlying metabolic alterations still remain a
mystery, what is clear is that tightly-coordinated and timely maternal, placental and

foetal immunometabolic responses are required during gestation for a healthy
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pregnancy*>1%1> Any error in this complex molecular and biological machinery (e.g.
exacerbated pro-inflammatory responses, defects in signalling pathways) could lead to

birth defects'''’, pregnancy complications*'%*>, and future metabolic diseases*”1°,

A DYSFUNCTONAL METABOLIC MACHINERY: MATERNAL AND OFFSPRING SHORT AND
LONG-TERM ADVERSE CONSEQUENCES

Obesity and gestational diabetes mellitus

Adverse phenotypes such as obesity and gestational diabetes mellitus (GDM) are closely
related to exacerbated immunometabolic alterations, which predispose pregnant
women to an increased risk for birth complications and future maternal and offspring

diseases*”1°, This situation is especially worrisome if we consider that overweight,

obesity'®1% and GDM'%1° prevalence is increasing worldwide.

A -

Europe
6.1(1.8-31.0)
3 = ‘
s > 15’;;%' s

’ . * g ﬂ
North America . 7
i

s
and Caribbean J

7.0 (6.5-11.9)
Vg

| western Pacific
10.3 (4.5-20.3)

k/ .

America e

Central & South
11.2 (7.1-16.6) ‘

Sub-Saharan North Africa & South-East Asia
Africa Middle East 15.0 (9.6-18.3)
10.8 (8.5-13.1) 15.2 (8.8-20.0)

Figure 1. Worldwide prevalence (%) of obesity (upper image: general population) and gestational diabetes
mellitus in women (lower image). Upper image obtained from https://data.worldobesity.org/maps/.

/
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Lower image adapted from Mclntyre et al.1°, and created with mapchart.net. Of note, the figures indicated
above might be inaccurate regarding the screening of GDM, especially in developing countries.

Below, the main immunometabolic alterations associated with these adverse conditions

are introduced.

Metabolic alterations in obesity and GDM

From pre-pregnancy to early-pregnancy, obese women experience small increases in
insulin sensitivity, hepatic glucose production and insulin secretion?. In late pregnancy,
they show higher hepatic production (gluconeogenesis) and insulin levels than lean
women with normal glucose tolerance!, which is indicative of the impaired ability of
insulin to suppress endogenous glucose production (i.e. obesity further induces hepatic
insulin resistance). However, the increases in insulin levels and total insulin resistance
from pre-pregnancy are more pronounced in lean women than in obese women with
normal glucose tolerance?, since lean women usually begin their pregnancies with better
insulin sensitivity.

Concerning the lipid metabolism, lipolysis is predominant in early and late
gestation in obese women’?%, which supports the inability of insulin to suppress
lipolysist. These changes in lipid metabolism are accompanied by increased triglycerides,
total cholesterol, low-density lipoprotein-cholesterol (LDL-C) and high density
lipoprotein-cholesterol (HDL-C) with the advance of gestation®”:1929, Regarding body
composition, obese women have similar changes in lean and fat mass compared to lean
women, but more accentuated’.

As pregnancy progresses, obese women with GDM present similar changes to
obese women with normal glucose tolerance, but more pronounced: considerable
higher insulin resistance, glucose and insulin levels, and suppression of hepatic glucose
production?. Interestingly, they also show an impaired ability of insulin to supress FFA
levelst. This evidence indicates that the impaired insulin sensitivity in specific tissues,
along with defects in B-cell function (lower insulin secretion relative to the decrease in
insulin sensitivity), leads to lower glucose tolerance! and maternal hyperglycaemia.
Moreover, women with obesity and GDM are usually characterized by low grade tissue-
specific and systemic inflammation that affect insulin signalling, and contribute to insulin

resistance and dysfunctional metabolism?”1921,
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Metabolic dysfunction in obesity and GDM - Adverse outcomes for the maternal-foetal
health

But how are the above mentioned metabolic derangements (e.g. hyperglycaemia and
insulin resistance) connected with pregnancy complications?

In 1952, Jorgen Perdersen was one of the first researchers linking gestational metabolic
derangements and pregnancy complications, when he stated that maternal
hyperglycaemia resulted in foetal hyperglycaemia and hyperinsulinemia (foetal islet
tissue hypertrophy), and subsequent macrosomia®®. This hypothesis was an incredible
stimulus for subsequent generations of researchers to investigate the metabolic
dysfunction and related-pregnancy disorders. Indeed, from then on, smart evidence
proposing related interconnected mechanisms has been generated.

To comprehend the pathophysiology of these adverse conditions, one needs first
to recognize the metabolic changes occurring during “healthy and non-healthy”
pregnancies (see the previous section). Additionally, it is critical to understand that
pregnancies initiated with pre-gravid risk factors such as obesity, excessive
inflammation, prediabetes, etc. are characterized by unperceived metabolic dysfunction
(e.g. decreased insulin sensitivity and B-cell defects) that manifest later in pregnancy.
In these metabolically dysfunctional women, with the onset of pregnancy and the
associated immunometabolic changes, insulin is less effective in boosting glucose
uptake by skeletal muscle, liver and adipose tissue, and in supressing endogenous
glucose production®2°, This, along with the influence of placental factors?'??, provoke
an excessive endogenous glucose production and peripheral insulin resistance
(defective insulin signalling?®>2°), which leads to maternal hyperglycaemia and
exacerbated availability of nutrients for the placental-foetal growth”1°. This situation is
indeed potentially harmful for both the mother and foetus??.

Of note, both excessive maternal fasting and postprandial glucose levels, have
been strongly associated with pregnancy complications and future maternal-offspring
metabolic disruptions3%-37. Regarding the fetoplacental unit, these adverse metabolic
alterations create an environment of excessive nutrients in which the placenta and
foetus develop!®. The excessive availability of nutrients lead to greater transport of
glucose, lipids and amino acids through the placenta, as well as greater insulin levels

which induce foetal hyperinsulinemia’'°. The exacerbated insulin levels in the foetal
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compartment stimulate the use of excessive glucose to synthesize foetal FFA (hepatic
lipogenesis); and these foetal FAA together with maternal FFA (transported via placenta)
are used to synthesize triglycerides, which are stored as fat in white adipocytes (i.e.
foetal overgrowth)%2?,

In summary, maternal hyperglycaemia and foetal hyperinsulinemia negatively
modaulate the intrauterine environment, leading to short and long-term consequences
for both the mother (e.g. preeclampsia, type 2 diabetes mellitus) and the foetus (e.g.

neonatal adiposity, obesity)”1%21,

Mother Placenta Foetus

Pre-pregnancy risk factors
(e.g. obesity, prediabetes, and exacerbated inflammatory cytokines)

Excessive peripheral Insufficient insulin

insulin resistance production
Excessive endogenous Excessive peripheral Placental

glucose production insulin resistane factors Hyperglycaemia

' ' E== sid
hyperinsulinaemia
1 Glucose production J Glucose uptake
Excessive free Other
Lipid and amino fatty acids mechanisms

FDEfglycasiia acid metabolism

Short-term consequences
(e.g. neonatal adiposity and

hypoglycaemia)
Short-term consequences (e.g. preterm birth) Long-term consequences
Long-term consequences (e.g. T2DM) (e.g. obesity and T2DM)

Figure 2. Metabolic dysfunction in obesity and gestational diabetes mellitus: short and long-term
consequences. Adapted from Catalano et al.*°.

Moreover, there are other additional mechanisms/factors that underline the link
between these adverse phenotypes and pregnancy complications.

For instance, there is an accentuated increase in lipids (hyperlipidaemia) in women with
obesity and GDM, which might contribute to insulin resistance and foetal adiposity**°.
The maternal amino acid metabolism also appears to mediate foetal growth?. This might
be related to the capacity of amino acids to stimulate insulin secretion in the B-cells*®

(hyperinsulinemia).
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Placental mechanisms from early pregnancy for sub-optimal foetal development
Importantly, the obesity and GDM-associated early metabolic dysfunction does not only
influence maternal metabolism, but also dictates the placental phenotype from early
pregnancy??3%-4! and consequently the foetal phenotype by direct interaction. Among
the different placental mechanisms involved in this metabolic dysfunction, hormones
synthesized and secreted by the placenta can affect negatively its own metabolism?%39,
and induce maternal insulin resistance?. Moreover, the expression of placental genes
related to glucose, lipid and amino acid uptake and transport [e.g. glucose transporters
(GLUT), fatty acid transport and binding proteins (FATP and FABP, respectively), amino
acid transporters, etc.] are upregulated in these adverse conditions, which affects
nutrients uptake and their intracellular transport?>3%-41, Upstream placental signalling
molecules [peroxisome proliferator-activated receptor gamma (PPARgamma), retinoid
X receptor (RXR), mechanistic target of rapacycin complex (mTOR), etc.] expression is
also dysregulated, which affect placental signalling pathways and metabolic
homeostasis?>3%4!, These placentas from obese and diabetic women are also
characterized by low-grade inflammation [e.g. higher expression of interlukin-6 (IL-6)
and tumour necrosis factor-a (TNFa)], which postulates a negative role for the
inflammatory cytokines and mediators in this context!®. Whether this maternal-
placental inflammatory state directly translates into a pro-inflammatory environment in
the foetus, remains still under debate*?>*3, Moreover, placental and maternal reactive
oxygen species, which might be transmitted to the foetus, are also increased with
maternal obesity and diabetes'#?2, Hence, all these placental alterations modulate
placental growth and metabolism, contributing to an increased flux of nutrients into the
placental-foetal circulation -among other changes-, and leading to non-optimal foetal
development (e.g. foetal overgrowth)??. Thus, early maternal and placental phenotype
(conditioned by pre-gravid metabolic dysfunction) will symbiotically programme the
intrauterine environment from early pregnancy.

Other emerging mechanisms

We cannot either forget about epigenetics changes (e.g. DNA methylation) occurring in
obesity and GDM, since these changes could alter developmental pathways (especially
in pre- and peri-conception)®#*, and thus determine health later in life. Moreover,

alterations in the microbiome and human milk composition are also emerging
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mechanisms in obesity and diabetes that could regulate the intrauterine programming

and early neonatal health??.

Metabolic dysfunction in mild adverse phenotypes

It is necessary to highlight that not only severe adverse phenotypes such as those that
could be observed in obesity and GDM are susceptible to disease. In the presence of
unfavourable environmental (e.g. sedentary lifestyle*>#¢, unhealthy diet*’, smoking*,
pollutants and endocrine disruptors*®°) and predisposing factors (e.g. genetic
mutations!®>1->3), the physiological changes that accompany normal pregnhancies can be
dysregulated, thereby inducing metabolic alterations capable of provoking pregnancy
complications and metabolic disorders719>45> For instance, some studies have shown
that “a priori” healthy lean women, but with a previous GDM diagnosis or family history
of diabetes, can develop abnormal glucose tolerance and impaired metabolism during
pregnancy>®°®. In fact, the remarkable HAPO study has recently showed that the
contribution of mild hyperglycaemia to maternal and neonatal adverse outcomes is
independent of other conditions such as obesity and GDM3%3257; although its impact is
stronger when combined with them3%>7, Thus, a priori lower-risk groups such as normal-
weight women, who are characterized by less glucose intolerance than diabetic women
and represent a substantial proportion of Western women, might also manifest higher
susceptibility to negative outcomes under certain contexts.

Another potential mechanism predisposing women towards adverse metabolic
consequences, even in normal-weight women, is excessive gestational weight-gain and
postpartum weight retention, which are strong determinants for birth complications®8,
and maternal and offspring diseases®®®l. Hence, a major spotlight of some
institutions>®®2 (e.g. Institute of Medicine) nowadays is on achieving the recommended
gestational weight-gain not only in obese, but also in lean and overweight women.
Additionally, previous evidence has clearly shown that those women who present
individual cardiometabolic risk factors [dyslipidemia, increased glucose and insulin
levels, pre-pregnancy overweight, high waist circumference, high blood pressure] are
predisposed to an increased risk for adverse outcomes in pregnancy*>>63, Of note, this
risk is considerably higher with the presence of more/grouped cardiometabolic risk

factors>*>>83, Furthermore, exacerbated inflammation or an imbalance between pro-
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and anti-inflammatory responses, could alter maternal metabolism and placental-foetal
developmental pathways, leading to preterm birth, foetal loss and brain disorders,
congenital diseases, etc’11121764 Therefore, it is clear that any alteration in these
mechanisms which are related to a mild adverse phenotype, could negatively influence
the maternal-placental-foetal crosstalk, and therefore be fatal for the maternal-foetal
health>1%17,

Although we have mentioned some of the most studied mechanisms, there are
others less known (e.g. stem cells programming?**, exosomes?®, cytokines interaction®?),
and many others waiting to be discovered. Despite the remarkable progress in this field,
the link connecting mild and severe dysfunctional metabolism with adverse

consequences still remain poorly understood.

APPROACHES TO MODULATE METABOLISM AND PONTETIALLY AVOID PREGNANCY
COMPLICATIONS AND FUTURE DISEASES - A CLINICAL PERSPECTIVE

So far, we have exposed the mechanisms showing how mild and severe adverse
phenotypes can negatively impact immunometabolism, and the gravity of this issue for
the maternal and foetal health. Indeed, the negative consequences associated with
metabolic dysfunction during pregnancy, have the potential to affect not only one life,
but two, and possibly next generations.

Thus, it is of primordial importance to break the maternal-foetal
intergenerational diabesity cycle, and to promote an optimal maternal and intrauterine
environment. It should be a priority to find appropriate strategies to optimise metabolic
control during pregnancy, aimed at avoiding potential metabolic disruptions and related
short and long-term adverse consequences. Paradoxically, pharmacological drugs and
anti-inflammatory modalities have been previously employed for controlling
hyperglycaemia and exacerbated inflammation once that complications have arisen in
pregnancy!’%6-68 instead of paying more attention to its prevention. This is an important
point to consider since although unperceived, some drugs might have side effects, as
occurred with the thalidomide -teratogenic effects- in the past century®. In this regard,
physical activity (PA), physical fitness (PF) and physical exercise could be promising tools
-without side effects- to optimise metabolic control during pregnancy. The potential

utility of these approaches to regulate immunometabolic responses is supported by the
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70-80

extensive evidence in the general population’®%°, and several studies in pregnant

women and rodents (see below).

The importance of sedentary time and physical activity in pregnancy

Scientific evidence has clearly demonstrated the beneficial role of reducing sedentary
time (ST)”*”7 and increasing PA7* for metabolic health in the general population®.
However, in pregnancy, evidence regarding the role of these lifestyle behaviours in
immunometabolism is equivocal and elusive. For instance, previous literature has
suggested that reducing sedentary behaviours and increasing PA are not effective
strategies for the prevention of GMD?228>, whereas others have defended their
effectiveness for reducing prevalence of GDM and preeclampsia®®8, These
discrepancies between studies are likely due to methodological differences (use of self-
reported instruments to assess ST and PA levels vs. accelerometry®’, different metabolic
phenotypes, gestational ages, lifestyle interventions, supervision, etc.). Of note, recent
literature has suggested that PA is undoubtedly effective to manage GDM when started
before or earlier in pregnancy’.27.°9°1; which might be explained via gestational weight-
gain control, improved early placental phenotype®°2, and enhanced insulin signalling
and GLUT-4 translocation®¥3, among other mechanisms. Interestingly, a recent study
using accelerometry has also shown that reducing ST over the course of pregnancy is
more beneficial on the glucose-insulin axis than increasing moderate-vigorous physical
activity (MVPA) in obese women®®. Since the change in these behaviours appeared to
have limited effects on maternal metabolism, they also stated that lifestyle
interventions should target pre-pregnancy and early pregnancy. Indeed, using accurate
device-measures of ST and PA in pregnancy instead of self-reported questionnaires,
would be of high utility to reach a solid conclusion®.

Bearing all above in mind, and considering that early pregnancy is a key
vulnerability period where most pregnancy complications arise>!?, reducing ST and
increasing PA earlier in pregnancy might be a useful approach to better control
immunometabolic responses in this context. Unfortunately, only two studies so far have
explored the relationship of objectively measured ST and PA with individual
immunometabolic markers specifically in early pregnancy. One of them by Nayak et al.

45, observed that ST at early pregnancy was not associated with any glycaemic and lipid
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marker, or cytokine, in obese women. The other one, by van Poppel et al. **, showed
that higher MVPA at early pregnancy was associated with higher concentrations of
specific pro- and anti-inflammatory cytokines, and with lower fasting insulin and insulin
secretion in obese women. Thus, as appreciable, evidence regarding the role of ST and
PA on immunometabolism continues to be scant and equivocal in early pregnancy?’.

Noteworthily, it is possible that ST and PA, which are potential tools to better
regulate these immunometabolic responses (mainly in early pregnancy), could also
modulate positively placental development and metabolism. This indeed appears to be
of utmost relevance for an optimal intrauterine programming and foetal development.
In fact, in previous analyses of the DALI lifestyle trial®>, sedentary behaviour mediated
the lifestyle intervention effects on offspring adiposity in obese women. This further
supports the possibility that placental metabolism could play an intermediary role
between lifestyle and foetal outcomes, and open new opportunities for lifestyle to
enhance in utero perinatal metabolic programming. However, only three studies so far
have analysed the role of PA on the placental function and metabolism?¢-8, despite its
strong relevance. These studies have shown that PA in middle gestation is able to
modulate the expression of relevant placental molecules involved in glucose, fatty acid,
amino acid and water transport, and insulin and mTOR signalling. Unfortunately, none
of these studies have explored by which mechanisms ST or PA could potentially alter the
expression of placental genes involved in the transport of nutrients and metabolism
regulation, or could impact the foetal health.

Considering the scarce evidence, and the potential of these lifestyle behaviours
to impact immunometabolic responses and placental development, especially in early
pregnancy, further studies are indeed necessary to comprehend their role and the
underlying mechanisms. This is of basic and clinical interest to target regulation of

placental transcripts that could directly affect maternal and foetal health.

The unexplored role of physical fitness in maternal and neonatal metabolism

Physical fitness represents the individual’s ability to carry out daily tasks with vigour and
alertness, without undue fatigue’®. It mainly consists of several measurable health and
skill-related components: cardiorespiratory fitness (CRF), muscular strength, flexibility,

balance, and agility’®.
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In the general population, and across all ages, PF has shown an extraordinary potential
to confer a cardiometabolic-protector role 7%737980,93,93,100 gnd improve the impaired
phenotype associated with obesity’?2. However, and despite its clinical relevance,
whether PF has a similar effect in maternal and foetal metabolism during pregnancy has
not been explored so far. Although some studies have investigated how exercise affects
PF (contradictory results)1°-193, they did not explore its association with maternal and
foetal metabolism. Only few studies have focused on delivery outcomes, showing that
increasing PF might favour better new-born and birth outcomes'®+1%, Thus, it is of
clinical relevance to explore whether increasing PF could be a useful strategy to optimise
cardiometabolic markers during this period, and potentially confer a protector role in
the maternal and foetal metabolism. This information would be also of great utility to
design more effective and tailored exercise programs -focused on specific or combined

PF components- concerning the metabolic control in pregnancy.

The promising but poorly understood role of physical exercise in maternal and
neonatal metabolism

It is well-known that the investigation of exercise offers an extraordinary potential in the
discovery of new therapeutic interventions for diseases: immunometabolic, pulmonary
and congenital diseases, among others’%7>, Such are the benefits that exercise has been
postulated as the real polypill’®, with comparable if not further benefits than
pharmacological therapies in the treatment of certain pathologies!?’.

However, in pregnancy, exercise has been a “taboo” in the clinical practise for a long
time!%, Historically, pregnant women were advised to increase their energy intake and
avoid exercise due to concerns regarding foetal risk'®. Moreover, those women with
contraindications for exercise were traditionally prescribed with bed-rest'® (i.e. severe
form of sedentary behaviour with harmful consequences), without any advice for
rehabilitative exercise. Fortunately, this trend is changing over time!® thanks to the
countless evidence emphasizing the safety and benefits of exercise on metabolic,
physical, and mental aspects of health during pregnancy®¥'1%-113, However, this
traditional issue is still a matter of debate, because most of the “medical

contraindications for exercise in pregnancy” listed in the guidelines, are derived from
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expert opinions with scarce and poor evidence supporting the benefits of inactivity or
harm of exercise!?°.

Indeed, pre-gravid and prenatal exercise are first-line!!! strategies to reduce the
prevalence of GDM, excessive weight gains, pregnancy and birth complications, mental
disorders, and lumbar pain, among others®%19°-115. However, while most evidence is
based on preventing GDM and excessive gestational weight-gain, experiments
investigating the effects of exercise on maternal and foetal immunometabolism are
scarce. In this regard, exercise appears to positively modulate maternal-foetal
metabolism in normal-weight, overweight and obese women®%°2116-125 Nonetheless,
scientific evidence provides contradictory results, with some aerobic, concurrent
(aerobic+resistance), and mixed (exercise+diet) exercise interventions showing limited
or no effects on maternal metabolism??¢-132, Additionally, the effects of exercise (and its
underlying mechanisms) on foetal glucose and lipid metabolism have not been explored.
In view of the weak and scarce evidence, future studies exploring the influence of
concurrent exercise (which is apparently more effective'33) on the maternal-foetal
metabolism, and the underlying mechanisms, are necessary.

Similarly to the general population, skeletal muscle might play a pivotal role on
maternal and foetal metabolism. In the general population, muscle contractions during
and after an acute exercise stimulus induce a milieu of homeostatic perturbations within
the contracting muscle (depending on dose of exercise)®®. These perturbations
activate/inhibit specific signalling pathways that regulate transcription and translation
processes (excitation-transcription coupling)®**3*, and if challenged regularly, produce
chronic adaptations that dictate the muscle phenotype and related metabolic
adaptations. In pregnancy, normoglycaemic and hyperglycaemic pregnancies are
characterized by specific alterations and defects in signalling pathways and
transcription-translation processes in the skeletal muscle2?426.27 which means that the
skeletal muscle may be a key regulator of metabolic homeostasis in pregnancy. Thus, it
is plausible that similar pathways to those observed in the general population, could
explain some of the effects of exercise in pregnancy.

Moreover, the emerging role of skeletal muscle as a relevant endocrine
organ3>136 and its characteristic interplay with other organs via muscle contraction-

induced factors (myokines)®>13>137 could also partially explain the beneficial effects of
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exercise on immunometabolic health!3>136_ Actually, previous literature (few studies in
pregnant rodents®?, and one in pregnant women®), have indirectly suggested that
myokines might play a relevant role on the mother-placenta-foetus interface.
Unfortunately, none study has directly explored the role of myokines in pregnancy. Only
one previous study'38, focused on systemic cytokines, has shown that prenatal exercise
modulates systemic TNF-a. Surprisingly, none study has either explored the capacity of
cytokines to translate the effects of exercise into metabolic changes in pregnant women.
Thus, further studies are necessary to better understand the influence of exercise on
cytokines, and the role of cytokines as potential messengers of the exercise-induced
effects.

Preventing and limiting excessive gestational weight-gain and postpartum
weight retention, via exercise, might be another potential mechanism for improved
metabolic control. This is plausible since excessive weight-gain and retention are strong
determinants of impaired metabolism, pregnancy complications and future
diseases®®°9139-142, and exercise appears to be effective to control weight-gain and
weight retention!'4120.143144 = and avoid excessive weight-gain414314>  However,
evidence is equivocall#122143145146 " and has not considered whether the effects of
exercise on gestational weight-gain could be confounded by other lifestyle behaviours —
such as ST, PA, sleep and diet quality— or PF capacities. Moreover, little is known about
how these lifestyle behaviours and PF relate to gestational weight-gain, and if they could
partially explain the effects of exercise on weight-gain and metabolism. Additionally,
whether exercise protects maternal and foetal metabolism against the adverse
alterations related to excessive weight-gain, which might represent another indirect via
to avoid metabolic disruptions, remain also undermined. Taken together, further studies
with an integrative approach are necessary to understand the role of lifestyle (including
exercise) on the maternal and foetal metabolism.

Finally, to mention is that exercise could affect the maternal and foetal/neonatal
metabolism via modulating the placental metabolism and development®>°2, and via
other potential mechanisms not specifically addressed in this Doctoral Thesis: epigenetic

changes??, oxidative stress'#’, breast milk composition!'®, microbiome’, lipokines and

148 148 149

hepatokines'*, exosomes!*® and circadian rhythmicity'*®, among others.
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Overall aim

The overall aim of the present International Doctoral Thesis is to understand the role of

PA, PF and exercise on immunometabolism during pregnancy. This overall aim is

addressed in six specific aims which correspond to six different studies:

Part I. Role of sedentary and physical activity on immunometabolism

Part Il.

Part Ill.

Specific aim I: to analyse the association of ST and PA levels with
immunometabolic markers during early pregnancy; and to examine if meeting
the PA recommendations is associated with the immunometabolic profile of
pregnant women (Study I).

Specific aim Il: to analyse whether placental expression of GLUT1 as well as of
PPAR-y and its downstream targets FATP2, FATP3 and FABP4 are involved in the
association of sedentary behaviour with neonatal adiposity in offspring of obese
women; and to explore which maternal metabolic factors mediate changes in
these placental transcripts, and which cord blood metabolites related to these

placental mMRNAs mediate neonatal adiposity (Study I).

Role of physical fitness on maternal and foetal metabolism

Specific aim lll: to examine the association of PF with maternal and foetal
cardiometabolic biomarkers, and with clustered cardiometabolic risk in
pregnancy; and to explore whether being fit during pregnancy is a determinant
for improved metabolic control, and might counteract some of the adverse

alterations related to overweight and obesity (Study IlI).

Role of physical exercise on immunometabolism
Specific aim IV: to analyse the influence of a supervised concurrent exercise-
training program on inflammatory markers in maternal, and arterial and venous

cord serum (Study IV).
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e Specific aim V: to analyse the influence of a concurrent exercise program on
immunometabolic parameters in maternal, and arterial and venous cord serum;
to investigate whether exercise-induced changes in cytokines are related to
these maternal-foetal immunometabolic parameters during pregnancy, and if
these associations are dependent on exercise; and to explore the role of these
cytokines as mediators of the effects of exercise on immunometabolic

parameters (Study V).

PART IV. Lifestyle and physical fitness: strategies to manage gestational weight-gain

52

e Specific aim VI: to analyse the independent influence of lifestyle and PF on
maternal weight-gain and postpartum weight-retention, and their potential to
prevent excessive weight-gain during pregnancy; and to explore if exercise might
play a protector role attenuating the adverse outcomes related to exacerbated

weight-gain (Study VI).
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Methods

METHODS

The present International Doctoral Thesis is composed of six studies classified within
four different parts: Part | focuses on the influence of ST and PA on maternal and
placental immunometabolism; Part Il focuses on the role of PF on maternal and foetal
immunometabolism; Part Il focuses on the influence of physical exercise on
immunometabolism; and Part IV focuses on the search of strategies to manage
gestational weight-gain during pregnancy, and their potential to attenuate adverse
outcomes related to excessive weight-gain. All these parts address knowledge gaps
under the framework of two projects in pregnant women: the GESTAFIT and DALI

projects.
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THE GESTAFIT PROJECT: PART I-IV

Study design and population

The GESTAtion and FITness (GESTAFIT) project was initially a randomized controlled trial
that was carried out in Granada (southern Spain) between November 2015 and April
2018. The main aim of the GESTAFIT randomized controlled trial was to evaluate the
effects of a supervised concurrent exercise intervention on maternal and foetal health.
It was conducted at the “Sport and Health University Research Institute”, and at the “San
Cecilio and Virgen de las Nieves University Hospitals”, and was approved by the Clinical
Research Ethics Committee of Granada, Government of Andalusia, Spain (code: GESFIT-
0448-N-15). Three hundred and eighty-four pregnant women attended to their first
gynaecological visit at the hospital at 12" week of gestation, and were informed about
the current project. Finally, a total of 159 women were recruited after showing interest
in participating. All participants signed a personal informed consent. The inclusion and
exclusion criteria are detailed in Table 1.

The number of individuals to be included in the study was estimated based on the
change in maternal body weight. We employed the difference in weight-gain changes
(between the control and exercise group) from Ruiz et a.! as the expected effect size.
Thus, to detect a mean difference of 1.04 and standard deviation of 1.15 Kg in the
weight-gain change, with a 90% of statistical power and a=0.05, a total of 52 women
(i.e. 26 per group) was necessary. At the onset of the research project, the participants
were randomized to either the control or exercise group after the baseline assessments.
In order to allocate participants into the control or exercise group, a computer
generated simple randomization sequence was used (before participants enrolled in the
intervention). However, the randomized component was not possible in all the waves
of participants due to some difficulties related to the adherence of control women to
the intervention. Hence, roughly half of the women were finally allocated to the
control/exercise group according to their personal preference and convenience to
attend the exercise sessions. Thus, the GESTAFIT project was finally characterized by a

guasi-experimental design.
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Table 1. Inclusion and exclusion criteria in the GESTAFIT project

Inclusion criteria

- Pregnant women aged 25-40 years old with a normal pregnancy course.
- Answering “no” to all questions on the PARmed-X for pregnancy.

- Being able to walk without assistance.

- Being able to read and write properly.

- Informed consent: Being capable and willing to provide written consent.

Exclusion criteria

- Having acute or terminal illness.

- Having malnutrition.

- Being unable to conduct tests for assessing physical fitness or exercise during pregnancy.

- Having pregnancy risk factors (such as hypertension, type 2 diabetes, etc.).

- Having a multiple pregnancy.

- Having chromosopathy or foetal malformations.

- Having uterine growth restriction.

- Having foetal death.

- Having upper or lower extremity fracture in the past 3 months.

- Suffering neuromuscular disease or presence of drugs affecting neuromuscular function.

- Being registered in another exercise program.

- Performing more than 300 minutes of at least moderate physical activity per week.

- Being engaged in another physical exercise program

- Being unwilling either to complete the study requirements or to be randomized into the control
or intervention group.

Procedures

Women were evaluated at several time points during and after pregnancy by
experienced researchers: at 16" and 33" gestational weeks (2 days/assessment),
delivery (2 days/assessment), and postpartum (1 day/assessment). At 16" week (early-
middle pregnancy), an initial anamnesis was conducted by face-to-face interviews with
experienced personnel to collect data related to sociodemographic and clinical
characteristics, reproductive history, history of illness (hypertension, diabetes, obesity,
etc.), and alcohol and smoking habits. Other self-administered questionnaires were also
employed to collect health information related to sleep and diet quality, among others.
Additionally, anthropometrics (weight, height, and waist and hip circumference) and PF
(flexibility, muscle strength and CRF) were assessed. Before leaving, participants were
given accelerometers (along with a diary to daily report in-bed time, water activities,
etc.) to wear until the following appointment. At 17t week, the accelerometers along
and diaries were returned, and maternal blood was extracted by a trained nurse. After
the baseline assessment, the concurrent (aerobic+resistance) exercise intervention (3

days/week, 60 minutes/session, moderate with peaks of vigorous intensity) was
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initiated and performed until delivery. At 33"-34t week (late pregnancy), the above

assessments were performed with identical timing. Just after delivery, umbilical cord

blood samples (from artery and vein) were gathered by midwives, and the placenta and

perinatal obstetrics records were collected. Subsequently (one day after delivery), the

colostrum was obtained from mothers at the hospital. One month postpartum, the

mature milk from mothers was collected, maternal and neonatal buccal mucosa cells

were extracted, and anthropometrics, body composition, sleep, diet quality, and PF

were evaluated. Further information is provided in the methodological study of the

project?. The whole procedures of the project are presented in Figure 3.

Recruitment at Hospital

Inclusion and exclusion criteria
Informed consent
Self-reported pre-pregnancy weight

Second assessment (after the intervention)
First day evaluation:

Second day evaluation (week 34™):

Weight status and blood pressure
Physical Fitness

Lumbar and abdominal echography
Mental and physical health questionnaires
Nutritional assessment

Accelerometry

Accelerometers collection and review of
questionnaires

Blood sampling

Urine sampling

Weight and height measures

12 16

|

33 Delivery

Postpartum assessment

*  Body composition (dual-energy x-ray
absorptiometry)

+  Physical fitness

*  Lumbar and abdominal echography

*  Mental and physical health questionnaires

* Nutritional assessment

*  Maternal breastmilk sampling

*  Maternal and foetal gene expression

v

1.5 months after delivery

Week of 2estation ———

¢

First assessment (before the intervention)
First day evaluation:

Weight status and blood pressure
Physical Fitness
Lumbar and abdominal echography
Sociodemographic and clinical data
Mental and physical health questionnaires
*  Nutritional assessment
¢ Accelerometry
Second day evaluation (week 17%).

*  Accelerometers collection and review of
questionnaires

*  Blood sampling

*  Urine sampling

|

Sample collection at Hospital
* Placenta

Umbilical cord

Maternal blood

Maternal urine

Arterial and venous umbilical cord blood

Colostrum (the following day)

Figure 3. Assessments conducted along the GESTAFIT Project
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Methods

THE DALI STUDY: PART |

Study design and population
The DALI (Vitamin D and lifestyle intervention for GDM prevention) Lifestyle study was
a multicentre randomized controlled trial (2x2 factorial design) conducted between
2012 and 2015 in nine European countries: Austria, Belgium, Denmark, Ireland, Italy,
Netherlands, Poland, Spain and United Kingdom. The general aim was to make
overweight and obese women conscious about their capacity to influence their weight,
and minimize their gestational weight gain during pregnancy, which might help to
prevent GDM, among others maternal and foetal outcomes. The study was registered
as a randomized controlled trial on November-2011 (ISRCTN70595832) and was
individually approved by the local Clinical-Research Ethic Committees of each country.
From the 2009 women assessed for eligibility, 406 women were randomized into
lifestyle interventions, and 189 women with placental data were considered for our
analyses. Before getting involved in the project, they signed a personal informed
consent. Only pregnant women with a pre-pregnancy body mass index (BMI) >29 kg/m?,
with singleton pregnancy and aged 218 years, and who were assessed before than 19+6
days of gestation, were eligible to be included in the project. Regarding the exclusion
criteria, those pregnant women who were diagnosed with GDM before randomization
(using the International Association of Diabetes and Pregnancy Study criteria), had pre-
existing diabetes, were unable to walk 100 meters safely, had complex diets, were
characterized by serious medical conditions, or were unable to converse with the
lifestyle coach in another language for which translated materials existed, were
excluded from the DALI study. The number of women to be included in the study were
calculated based on the primary outcomes: gestational weight gain, fasting glucose and
insulin sensitivity in late pregnancy. A 20% drop out was considered when calculating
the participants necessary for each arm (80% power, a=5%). To detect a weight-gain
change of 4 kg (standard deviation of 6.5 kg), 80 women were needed in each arm. To
assess a fasting glucose difference of 0.3 mmol/L (standard deviation of 0.5 mmol/L), 85
women were needed in each arm. To detect a difference of 0.44 in the HOMA-IR

(standard deviation of 0.8), 101 women were needed in each arm.
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In the lifestyle trial, eligible women were randomly allocated to one of the four

following intervention arms: healthy eating (HE), physical activity (PA), HE+PA, and

control

group. A computerized

random number generator (pre-stratified for

intervention centre and 2x2 trial) was employed for the random allocation of

participants. The DALI team involved within measurements was kept blinded of the

intervention allocation of the participants. The trial schedule is shown in Figure 4.

Patient identification:

Included:

BMI at or above 29, singleton pregnancy, aged 18 years or more

'

Baseline / screenlr)‘g measurement + consent

Until 197" days gestation

v

Excluded:
[1] pre-existing diabetes; [2] not
able to walk at least 100meter
safely; [3] require complex diets; [4]

Excluded:

Control
N=110

A

GDM, hypercalciuria*,
hypercalcaemia*

have chronic conditions; [5] have
significant psychiatric disease; [6]
are unable to speak major language
of the country of recruitment; [7]
past or current abnormal calcium

Y Y A

I Randomisation | }

metabolism*;

oo

y A

PA + HE
N=110

=13-20 weeks F2F

+ 1-3 weeks F2F
-

Measurement 2 + ultrasound

—

+2-4 weeks F2F |

=

Placebo
PA + HE
N=110

VitD Placebo
N=110 N=110

Measurement 2 + ultrasound

Measurement 2 +

Lifestyle coaching intervention

Vitamin D Intervention (1600 IU/day)

24-28 weeks + 2-4 weeks F2F | 24-28 weeks ultrasound 24-28 weeks
A
&
~30 weeks F2F |
Measurement 3 + ultrasound Q,J Measurement 3 + ultrasound Measurement 3 +
35-37 weeks 35-37 weeks ultrasound 35-37 weeks
Birth

Figure 4. Trial schedule of the whole DALI study. Adapted from Jelsma et al.>.
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Procedures

Pregnant women were evaluated three times during pregnancy, and once after delivery,
by the research personnel (time points: baseline <20 gestational weeks, 24-28 weeks,
35-37 weeks, and delivery). At baseline, the sociodemographic and clinical
characteristics and sleep habits (questionnaires), and anthropometry and body
composition, were evaluated. Additionally, pregnant women underwent an oral glucose
tolerance test (OGTT). Blood samples in the OGTT were collected at 0, 60 and 120
minutes. Similarly to the GESTAFIT study, before leaving, women were given an activity
log and an accelerometer along with a food diary, to assess ST and PA levels, and
nutritional intake, respectively. These data and instruments were sent back with a reply-
paid envelope which was provided to them previously.

After baseline measurements, women were randomly allocated to the
aforementioned lifestyle-counselling intervention groups. Overall, the counselling
interventions consisted in five face to face and four optional booster telephone coaching
sessions during the course of pregnancy until 35™ week. Personal coaching involved
discussion of PA and/or HE habits. These lifestyle interventions were inspired on
motivational interviewing methods. Participants were not blinded for the intervention,
but were asked not to reveal their intervention group to the research team.

At 24-28 and 35-37 weeks, the aforementioned assessments with identical timing were
performed. At delivery, placental biopsies and cord blood samples were collected and
processed just after birth. Additionally, information about delivery was obtained from
perinatal obstetric records. Until 2 days after delivery, maternal and neonatal
measurements were conducted. The assessment procedures are further detailed

elsewhere3.

METHODOLOGICAL OVERVIEW OF THE STUDIES INCLUDED

Table 2 shows the methodological overview of all studies included in the present

International Doctoral Thesis.
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Main predictor/independent var

Study Design Project Participants
(instruments)
Study | 50 Caucasian pregnant
Association of sedentary time and women (age: 3315 years,
Cross- Time spent in sedentary behaviou
physical  activity  levels  with GESTAFIT | body mass index: 24.2+4.1
sectional intensity levels (triaxial accelerometry)
immumometabolic markers in early kg/m?) from Granada,
pregnancy: The GESTAFIT project Spain
183 European pregnant | Lifestyle intervention (4 groups
Study Il
women (age: 3215 years, | counselling and recommendations: PA,
Association of sedentary time and
Randomized pre-pregnancy body mass | and control)
physical activity with placental
Controlled index: 33.6%3.9 kg/m?)
MRNAs related to glucose and lipid DALI
Trial (2x2 from  Austria, Belgium, | Sedentary time and PA level
metabolism in overweight-obese
factorial) Denmark, Ireland, Italy, | accelerometry), maternal anthropome
pregnant women: The DALI Lifestyle
J Netherlands, Poland, | measurements), cardiometabolic
study
Spain and United Kingdom | (standard methods), and insulin and lej
151 Caucasian pregnant
Study il Flexibility (back scratch test), lower-b
women [age: 3315 years,
Association of physical fitness during strength (chair stand test), upper-b
Longitudinal GESTAFIT | body mass index: 22.8

pregnancy with maternal and foetal

metabolism. The GESTAFIT project

(20.7, 26.5) kg/m?] from

Granada, Spain

strength (handgrip test) and cardi

fitness (Bruce test)
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Influence of a concurrent exercise
intervention

training during

Quasi-

58 Caucasian pregnant

women [age: 3415 years,

Supervised exercise intervention

Exercise group (n=21):

(aerobic+resistance) training program f

GESTAFIT | pre-pregnancy body mass
pregnancy on maternal and arterial | experimental week until delivery (3  days/
index: 23.243.8 kg/m?)
and venous cord serum cytokines: The minutes/session) of moderate-to-vigore
from Granada, Spain
GESTAFIT project Control group (n=37): usual care
88 Caucasian pregnant | Supervised exercise intervention
Study V
women [age: 3415 years, | Exercise group (n=44):
The effects of prenatal exercise on
Quasi- pre-pregnancy body mass | (aerobic+resistance) training program fi
maternal and foetal GESTAFIT
experimental index: 22.5 (20.5, 25.9) | week until delivery (3 days/
immunometabolism during
kg/m?] from Granada, | minutes/session) of moderate-to-vigore
pregnancy: the GESTAFIT project
Spain Control group (n=44): usual care
Supervised exercise intervention (sumn
control group n=54, exercise group n=4
Study VI 121 Caucasian pregnant
Quasi- bod | h
Influence of lifestyle and physical women [age: 3345 years, | UPPer-body — muscle  strengt
experimental, di . fi
fitness on gestational weight-gain GESTAFIT | pre-pregnancy body mass | cardiorespiratory fitness (Bruce test)

and postpartum weight retention.

The GESTAFIT project

and

longitudinal

index: 23.7#3.9 kg/m?]

from Granada, Spain

time and PA levels (triaxial accelerome
habits (food frequency questionnaire
duration and quality (triaxial accelerc

the Pittsburgh Sleep Quality Index)

DALI, Diabetes and Pregnancy Vitamin D And Lifestyle Intervention for Gestational Diabetes Mellitus Prevention; DXA, dual-ei

and fitness; HE, healthy eating; mRNA, messenger ribonucleic acid; PA, physical activity.
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ABSTRACT

Objectives: To analyze the association of sedentary time and physical activity (PA)
intensity levels with immunometabolic markers during early pregnancy; and to examine
if meeting the PA recommendations is associated with the immunometabolic profile of
pregnant women.

Methods: Fifty Caucasian pregnant women (age: 32.8+4.7years old, body mass index:
24.2+4.1kg/m?2, gestational age: 17+1.5weeks) participated in this cross-sectional study
(from September-2015 through May-2016). Sedentary time and PA intensity levels were
objectively measured with triaxial accelerometry (7 consecutive valid days). Fasting
serum glucose, total cholesterol, phospholipids, and triglycerides were assessed with
standard methods. Serum pro-inflammatory and anti-inflammatory cytokines
(fractalkine, interleukin-1pB, interleukin-6, interleukin-8, interleukin-10, interferon-y, and
tumor necrosis factor—a) were measured using Luminex xXMAP technology.

Results: Sedentary time and PA were not correlated with any glycemic or lipid marker
(p>0.05). After adjusting for the potential confounders, vigorous PA showed a positive
non-significant association with interleukin-6 (p=0.06), and bouts of moderate-vigorous
PA was inversely associated with interleukin-13 and interferon-y (p=0.02 and p=0.04,
respectively). Meeting the PA guidelines was inversely associated with interleukin-1
and positively associated with interleukin-8 (p=0.01 and p=0.04, respectively). These
associations disappeared after controlling for multiplicity.

Conclusions: Increasing the time spent in moderate-vigorous PA, or meeting the PA
recommendations, is associated with the cytokine profile of women without metabolic
disruptions in early pregnancy. However, sedentary time and PA do not seem to be
associated with glucose or lipids levels. These results should be interpreted cautiously
in view of the discrepancies after adjusting for multiple comparisons. Future studies in

this novel field of research are warranted before reaching any conclusion.
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INTRODUCTION
Pregnancy is a state characterized by significant endocrine and immunometabolic
plasticity, in which maternal physiology is reprogrammed and modulated for
maintaining an adequate maternofetal homeostasis.’® During early pregnancy (largely
anabolic), non-obese pregnant women with normal glucose tolerance seem to undergo
a slight decrease in insulin sensitivity along with an increase in lipogenesis.>*®
Moreover, pregnant women are predisposed to a mild pro-inflammatory state, with
elevated concentrations of cytokines.>* An uncontrolled exacerbation of glycemic and
lipid alterations and an imbalance between pro-inflammatory and anti-inflammatory
cytokines during early pregnancy, might lead to complicated pregnancies and adverse
outcomes.?®8 These adverse consequences include impaired fetal development®22 and
future maternal and child health diseases.t?>°

Paradoxically, pharmacological drugs and anti-inflammatory modalities have
been previously used for controlling aberrant inflammation once that complications
have been developed during pregnancy,>”'? instead of paying more attention to its
prevention. In this regard, other potential targets such as lifestyle behaviors [sedentary
time (ST) and physical activity (PA)] might help pregnant women to control and regulate
immunometabolic responses during early pregnancy.*11-14

To date, two studies'?>!> have suggested that ST is not associated with any
immunometabolic marker during early pregnancy. Furthermore, maintaining
appropriate PA levels during early pregnancy seems to be associated with lower risk of
developing gestational diabetes mellitus (GDM), better insulin sensitivity, and lower
plasma triglycerides and total cholesterol concentrations.**314 However, the role of PA
on inflammatory cytokines during early pregnancy is not clear.!? Thereby, previous
literature*!® has highlighted that more evidence is imperative regarding the impact of
ST and PA (intensity, frequency, and duration) on immunometabolic health. Considering
the potential influence of ST and PA on the intrauterine environment and the short-long
term maternal, fetal, and newborn health,*>'%12 it is of clinical interest to determine
whether ST, PA intensity levels, and meeting the PA recommendations for pregnancy
are associated with glycemic, lipid, and inflammatory markers during early pregnancy.
Moreover, to the best of our knowledge, no previous studies have analyzed this

relationship in early pregnant women without metabolic impairments, and
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independently of maternal age, obesity, ST, and PA. This study might guide future
research to focus on alternative non-side-effect therapeutic targets and related-specific
lifestyle interventions aimed at promoting a healthy physiological course of pregnancy.

Therefore, the main aims of this study were i) to analyze the association of ST
and PA intensity levels with immunometabolic markers during early pregnancy; and ii)
to examine if meeting the PA recommendations is associated with the

immunometabolic profile of pregnant women.

MATERIAL AND METHODS

Study design and participants

The procedures, along with the inclusion-exclusion criteria (Table S1) of the present
cross-sectional study, have been published elsewhere.'’” From the 109 pregnant women
contacted at “San Cecilio” University Hospital, Granada (southern Spain) during early
pregnancy (12™ week of gestation), we recruited 90 pregnant women (Figure S1). All
interested participants signed a written informed consent after being informed about
the study aims and procedures. This study was approved by the Clinical Research Ethics
Committee of Granada, Regional Government of Andalusia, Spain (code: GESFIT-0448-
N-15).

Procedures

The evaluation procedures were performed on 2 non-consecutive days. On the first
appointment (15%-17% gestational weeks), the recruited participants came to the
research center, and sociodemographic-clinical data, blood pressure, and body
composition were assessed. Before leaving, each participant was given an
accelerometer to wear during 9 consecutive days. One week later, participants attended
our research center for the extraction of blood samples in fasting conditions.
Measurements

Sociodemographic and clinical data

A clear and concise self-reported printed survey [with standardized questions and
answers (mostly for qualitative data) to ensure accuracy and consistency of data
recording] was used to collect sociodemographic (age, marital, and professional status
and educational level) and clinical (clinical history of CVD risk makers and drugs) data.

The participants were provided with instructions on how to complete such self-reported
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survey by our research team. The approximate duration for most pregnant women to
finish the survey was 15-20 minutes.
Body composition
Body weight and height were assessed using a scale (InBody R20; Biospace, Seoul, Korea)
and a stadiometer (Seca 22, Hamburg, Germany), respectively. Body mass index (BMI)
was calculated as weight (kg) divided by squared height (m?).
Blood pressure and resting heart rate
A blood pressure monitor (M6 upper arm blood pressure monitor Omron, The
Netherlands) was employed to assess systolic and diastolic blood pressure and resting
heart rate, while women were seated in a relaxed state. Measurements were taken
twice, five minutes apart, and the lowest value of the two measurements of each
parameter was used for posterior analyses.
Sedentary time and physical activity
Sedentary time and PA were objectively assessed with triaxial accelerometry (ActiGraph
GT3X+, Florida, US), using an epoch length of 60 seconds and a frequency rate of 30 Hz.
The participants wore the accelerometer on their waist during 9 consecutive days, 24
hours/day (for waking and sleeping hours, excepting water-based activities). A total of
7 days of recording with a minimum registration of >10hours/day was necessary to be
included in the analyses. “Accelerometer wear time” was calculated by deducting the
sleeping and non-wear time from the total registered time during the whole day (usually
1440 min). Bouts of 90 continuous minutes of 0 activity intensity counts were excluded
from the analyses.'® Sedentary time was calculated as the amount of time accumulated
below 200 counts/min (minimum length of 10 continuous minutes)!® and was expressed
in min/day. The time involved in different PA intensity levels (light, moderate, vigorous,
and moderate-vigorous) was calculated based on the recommended PA vector
magnitude cut points >200-2690, >2690-6166, >6167 counts/min, and >2690,%°
respectively, and was expressed in min/day. The time spent in bouted moderate-
vigorous physical activity (MVPA) was also calculated, and it was expressed in min/week.
Bouted MVPA was defined as the minutes spent in MVPA when accumulated in
periods of 210 consecutive minutes (up to 2 minutes below the cut point allowance). PA
categories were established according to the PA recommendations for pregnant

women: not meeting the PA recommendations (<150min/week of bouted MVPA) vs.
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meeting the PA recommendations (>150min/week of bouted MVPA). Data download,
cleaning, and analyses were performed using ActiGraph software (ActilLife v. 6.13.3).
Immunometabolic markers

Glycemic and lipid markers

Serum glucose, total cholesterol, high density lipoprotein (HDL) cholesterol, low density
lipoprotein (LDL) cholesterol, phospholipids, and triglycerides were assessed following
standard methods using an autoanalyzer (Hitachi-Roche p800, Switzerland).

Pro- and anti-inflammatory markers

Maternal pro-inflammatory and anti-inflammatory cytokines (fractalkine, interleukin
(IL)-1B, IL-6, IL-8, IL-10, interferon (IFN)-y, and tumor necrosis factor (TNF)-a were
measured using Luminex xMAP technology. More detailed information about blood
samples analyses is shown in Appendix S1.

Statistical analysis

Descriptive statistics for continuous and categorical variables was used to show the
sociodemographic and clinical characteristics of pregnant women. Pearson’s partial
correlations along with p-value and 95% bias corrected and accelerated confidence
intervals (1000 bootstrap samples) were used to examine whether ST, PA intensity
levels, and meeting the PA recommendations were correlated with immunometabolic
markers after adjusting for age and BMI.

Given the asymmetry of the outcome variables, linear regression models were
adjusted. Data preparation was employed for those outcome variables which were
statistically significantly (or showed borderline statistical significance) associated with
predictors in the Pearson’s partial correlation analyses. Particularly, optimum Box-Cox
transformations and censor of extreme outliers (for the outcomes) were performed to
improve the linear relation between the predictor and outcome variables. Subsequently,
linear regression analysis (enter method) was performed to analyze the association
between predictors (ST, PA intensity levels, and meeting the PA recommendations) and
transformed outcomes (inflammatory markers), after adjusting for potential
confounders. Model 1 was adjusted for maternal age and BMI; model 2 was adjusted for
maternal age, BMI, average accelerometer wear time, and bouted MVPA (for ST) or ST
(for PA predictors); model 3 was adjusted for maternal age, BMI, average accelerometer

wear time, and total PA (only for PA predictors).
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Adjustments for multiple comparisons were performed with the Hochberg
procedure (in view of the assumptions met) to control the overall type | error rate?22,
The analyses were performed using Statistica 12.0 (Statsoft Inc.) for the inference of the
Box-Cox transformations and SPSS 22.0 (IBM, NY, USA) for the rest of the analyses. The

level of significance was set at p<0.05.

RESULTS

From all the interested participants (n=109), the final study sample was composed of 50
Caucasian pregnant women (age 32.8+4.7 years old, gestational age at measurement
17+1.5 weeks, BMI 24.2+4.1 kg/m?) (Figure S1). The average BMI of pregnant women by
weight-status was: lean 21.6+2.2; overweight 26.7t1.4; and obese 32.8+1.8. The
sociodemographic and clinical characteristics of the study sample during early
pregnancy are presented in Table 1. Roughly, half of the study sample had not had
children previously, worked full time, and had received high education. Overall,
pregnant women spent ~54% of daytime in sedentary behaviors and 76% of them did
not attain the recommendations of MVPA levels. None of the pregnant women
consumed any medication.

Pearson’s partial correlations of ST and PA intensity levels with
immunometabolic markers (after adjusting for maternal age and BMI) during early
pregnancy are shown in Table 2. ST was not associated with any alteration of glycemic,
lipid, or inflammatory marker [rpartiai coefficient, (rpartial 95% confidence interval), p-
value: -0.232 to 0.163, (-0.468 to 0.422), p>0.05]. Light PA showed some evidence of
statistical significance with phospholipids [-0.249, (-0.487, 0.020), p=0.09]. Moderate PA
showed some evidence of statistical significance with IL-1B [-0.256, (-0.501, -0.017),
p=0.08] and IL-8 [0.272 (-0.070, 0.520), p=0.06]. Vigorous PA showed evidence of
statistical significance with IL-6 [0.269 (-0.020, 0.481), p=0.06]. Bouted MVPA was
positively associated with IL-8 [0.293 (-0.106, 0.541, p=0.04] and inversely associated
with IL-1B [-0.338 (-0.584, -0.162), p=0.02] and INF-y [-0.283 (-0.470, -0.006), p=0.05].
Meeting the PA recommendations was associated with IL-1B [-0.352, (-0.587, -0.096),
p=0.02] and IL-8 [0.330, (0.025, 0.601), p=0.02]. When additionally adjusting the
analyses for accelerometer wear time, the results did not change. Pearson’s partial

correlation coefficients, along with the 95% confidence intervals, are shown in Table S2.
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Table 1. Sociodemographic and clinical
immunometabolic markers concentrations in early pregnancy (n=50).

characteristics,

Study |

accelerometer data and

Age (years)
Average gestational age (weeks)
Body mass index (kg/m?)
Cohabitation, n (%)
Living alone
Living accompanied
Number of children, n (%)
0
1-2
>3
Professional status, n (%)
Worked full/part time
Unemployed/Retired/Housekeeper
Education level, n (%)
Non-university degree
University degree
Cardiometabolic disruptions/medication, n (%)

Hypertension diagnosis/Antihypertensive medication

Heart disease diagnosis/Medication for heart diseases

Diabetes diagnosis/Glycemic lowering medication or insulin treatment
High cholesterol diagnosis/Lipid lowering medication

Cardiovascular function
Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Resting heart rate (bpm)
Sedentary lifestyle and PA
Sedentary time (min/day)
Light PA (min/day)
Moderate PA (min/day)
Vigorous PA (min/day)
Moderate-vigorous PA (min/day)
Bouted moderate-vigorous PA (min/week)

Average vector magnitude counts (counts/day)

Steps (steps/day)

Average accelerometer wear time (min/week)
Serum glycemic and lipid markers
Glucose (mg/dL)

Cholesterol (mg/dL)

High Density Lipoprotein (mg/dL)
Low Density Lipoprotein (mg/dL)
Phospholipids (mg/dL)

Triglycerides (mg/dL)

Serum inflammatory markers
Fractalkine (pg/mL)

Interleukin 1 beta (pg/mL)
Interleukin 6 (pg/mL)

Interleukin 8 (pg/mL)

Interleukin 10 (pg/mL)

Interferon gamma (pg/mL)

Tumor necrosis factor alpha (pg/mL)

32.8 (4.7)
17 (1.5)
24.2 (4.1)
0 (0)

50 (100.0)
27 (54.9)
22 (43.1)
1 (2.0)
29 (58.0)
21 (42.0)
24 (48.0)
26 (52.0)
0 (0.0)
0 (0.0)
0 (0.0)
0 (0.0)
105.8 (9.1)
61.7 (7.3)
81.6 (10.7)
500.2 (94.1)
395.7 (85.9)
35.0 (21.9)
1.0 (3.2)
36.0 (22.2)
91.1 (116.0)
504569.8  (121894.7)
7578 (2600.7)
6523.1 (395.9)
86.5 (9.0)
184.8 (32.7)
77.6 (14.7)
134.2 (43.9)
187.9 (37.7)
118.8 (55.9)
380.8 (145.5)
6.8 (3.0)
5.9 (2.8)
20.3 (9.3)
22.5 (10.1)
24.0 (11.5)
5.6 (2.1)

Continuous variables are presented as Mean (Standard Deviation) and categorical variables as

Number (Percentage); PA, physical activity.
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Table 2. Partial correlations of sedentary time and physical activity intensity levels with serum
glycemic, lipid, and inflammatory markers during early pregnancy (n = 50).

Sedentar Bouted
time ¥ LPA MPA VPA MVPA MVPA
Glucose -0.127 0.087 -0.021 -0.186 -0.047 -0.046
Cholesterol -0.018 -0.053 0.056 -0.103 0.041 0.066
HDL 0.009 -0.002 0.165 -0.034 0.158 0.121
LDL -0.232 0.037 -0.019 -0.078 -0.030 0.012
Phospholipids 0.163 -0.249 0.136 0.065 0.144 0.128
Triglycerides 0.000 0.067 -0.067 -0.101 -0.080 0.048
Fractalkine 0.007 0.120 -0.087 0.014 -0.084 -0.156
Interleukin-1B 0.013 0.135 -0.256 -0.073 -0.263 -0.338*
Interleukin-6 0.021 -0.022 -0.041 0.269 -0.002 -0.100
Interleukin-8 -0.067 0.014 0.272 -0.178 0.243 0.293*
Interleukin-10 0.010 0.044 -0.047 0.195 -0.019 -0.129
Interferon gamma 0.005 0.090 -0.116 -0.029 -0.119 -0.283*
Tumor necrosis factor alpha -0.147 0.178 0.068 0.080 0.078 -0.006

LPA, light physical activity; MPA, moderate physical activity; VPA, vigorous physical activity;
MVPA, moderate-to-vigorous physical activity; HDL, high density lipoprotein; LDL, low density
lipoprotein. All values are presented as Pearson r coefficient; p-value and 95% bias corrected
and accelerated confidence intervals are based on 1000 bootstrap samples (the complete table
with 95% confidence intervals is shown in Supplementary material-TableS2). Partial correlations
were performed using age and body mass index as covariates. The accelerometer wear time was
also added as confounder and the results did not change (data not shown); numbers in bold
indicate evidence of statistical significance (p<0.09); numbers in bold with asterisks indicate
statistical significance * p<0.05.

The association of ST and PA intensity levels with transformed inflammatory
markers during early pregnancy is shown in Table 3. After adjusting for maternal age
and BMI (model 1), ST was not associated with any alteration of any transformed
inflammatory marker (p>0.05). When considering model 1, vigorous PA showed
evidence of statistical significance with IL-6 [B (standard error), B; p-value: 0.099 (0.052),
0.261; p=0.06], and bouted MVPA was inversely associated with IL-1 [-0.002 (0.001), -
0.325; p=0.02] and IFN-y [-0.003 (0.001), -0.307; p=0.04]. Meeting the PA guidelines was
inversely associated with IL-1f [-0.666 (0.259), -0.355; p=0.01] and positively associated
with IL-8 [0.150 (0.069), 0.31; p=0.04]. Overall, the results did not change when
considering the rest of the potential confounders (models 2 and 3). The rest of the

potential confounders for each model are described in the legend for Table 3.
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Table 3. Linear regression analysis assessing the association of sedentary time and physical
activity intensity levels with transformed serum inflammatory markers during early pregnancy

(n=50).
B* SE* " p-value Adjusted
Modell Model2 Model3 R2*
IL-18 Sedentary time 0.000 0.001 -0.025 0.86 0.40 -0.007
Light PA 0.002 0.001 0.179 0.21 0.07 0.07 0.027
Moderate PA -0.009  0.005 -0.24 0.09 0.08 0.08 0.053
Vigorous PA -0.015  0.037 -0.057 0.70 0.70 0.69 -0.004
Bouted MVPA -0.002  0.001 -0.325 0.02 0.02 0.02 0.100
Meeting PA guidelines -0.666 0.259 -0.355 0.01 0.01 0.01 0.120
IL-6 Sedentary time 0.000 0.002 0.011 0.94 0.96 0.034
Light PA 0.000 0.002 0.006 0.97 0.10 0.10 0.034
Moderate PA -0.002  0.008 -0.036 0.80 0.81 0.81 0.035
Vigorous PA 0.099 0.052 0.261 0.06 0.07 0.07 0.104
Bouted MVPA -0.001 0.001 -0.075 0.61 0.62 0.62 0.039
Meeting PA guidelines -0.369  0.953 -0.056 0.70 0.90 0.90 0.028
IL-8 Sedentary time 0.000 0.000 -0.040 0.78 0.84 -0.049
Light PA 0.000 0.000 0.007 0.96 0.30 0.30 -0.051
Moderate PA 0.002 0.001 0.197 0.18 0.20 0.20 -0.010
Vigorous PA -0.014 0.010 -0.218 0.14 0.15 0.15 -0.002
Bouted MVPA 0.000 0.000 0.22 0.14 0.15 0.15 -0.002
Meeting PA guidelines 0.150 0.069 0.31 0.04 0.04 0.04 0.046
INF-y Sedentary time 0.000 0.002 -0.006 0.97 0.52 -0.047
Light PA 0.001 0.002 0.125 0.395 0.36 0.36 -0.030
Moderate PA -0.005  0.007 -0.121 0.42 0.38 0.38 -0.032
Vigorous PA -0.016  0.046 -0.052 0.73 0.73 0.73 -0.044
Bouted MVPA -0.003  0.001 -0.307 0.04 0.04 0.04 0.049
Meeting PA guidelines -0.476  0.337 -0.208 0.17 0.16 0.16 -0.003

B, unstandardized regression coefficient; SE, standard error; B, standardized regression coefficient; PA,
physical activity; MVPA, moderate-vigorous physical activity; IL-1B, interleukin-1B; IL-6, interleukin-6; IL-8,
interleukin-8; IFNy, interferon gamma. Model 1 was adjusted for maternal age and body mass index; Model 2
was adjusted for maternal age, body mass index, accelerometer wear time, and sedentary time (for PA
predictors) or bouted MVPA (for sedentary time); Model 3 was adjusted for maternal age, body mass index,
accelerometer wear time, and total physical activity (only for PA predictors). *The values shown are derived
from Model 1. Optimum Box-Cox transformations and/ a subtle variation of winsorizing (convert back from a
z-score: replacing extreme scores (z>2.58) with a score equivalent to +2.58 standard deviations from the mean)

were performed on inflammatory markers.

Given that there is no consensus regarding the best cut-off point for estimating

ST in adults (validated with triaxial accelerometers),?®> we additionally examined the

associations between ST and transformed cytokines using the cut-point provided by
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Kozey-Keadle, et al.?* (postulated as one of the best approaches to estimate ST in
adults?®). The results remained similar after these sensitivity analyses (Table $3). Of
note, after controlling for multiplicity, all previous significant associations became non-

significant.

DISCUSSION

A major finding of the present study is that higher levels of bouted MVPA and meeting
the PA recommendations were associated with lower circulating IL-1B in early
pregnancy. Similarly, higher levels of bouted MVPA and meeting the PA
recommendations were associated with lower concentrations of IFN-y and higher
concentrations of IL-8, respectively. Pregnant women with greater levels of vigorous PA
showed a trend to have higher IL-6 concentrations, although this association was non-
significant. Neither ST nor PA intensity levels were associated with any glycemic or lipid
marker.

To facilitate the interpretation of the results in this novel field of research, we
firstly aimed at comparing the inmunometabolic status of pregnant women from our
sample with non-pregnant women from other studies (similar age range: 22-40 years
old, and BMI: 23.5-26.3 kg/m?). Overall, we could observe that pregnant women
presented similar glucose and total cholesterol levels?>?’; and greater LDL and HDL-
cholesterol®>?’, and triglycerides concentrations?>. Regarding the inflammatory
markers, pregnant women showed higher levels of IL-1%8, IL-6 2>-2%, |L-8%8, IL-10%8, IFN-
v?8, and TNF—a?>?72?% than non-pregnant women of similar characteristics. These
comparisons and previous evidence®3%3! seem to support the idea that early pregnant
women are predisposed to a mild pro-inflammatory profile, despite the fact that
changes on cardiometabolic markers are not very accentuated.

Previous studies have stated that ST is not associated with any glycemic or lipid
marker, or with any cytokine in the 15" week of gestation,'?!> which is in agreement
with the results of the current study. This lack of association between ST with glycemic
and lipid markers has been also observed in non-pregnant women of similar
characteristics.3%33 By contrast, Loprinzi, et al.3* found a positive association of ST with
LDL-cholesterol in pregnant women. This might be explained by the fact that they

combined data across the 3 trimesters of pregnancy, which might have led to equivocal
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conclusions. Hence, we hypothesize that ST stimulus might not be enough to induce
immunometabolic changes compared to the anabolic and pro-inflammatory alterations
predisposed by early pregnancy.

Our results also showed that PA intensity levels were not associated with any
glycemic or lipid marker. Overall, these results were in agreement with those reported
by Loprinzi, et al.>* However, previous literature has observed that PA is inversely
associated with plasma triglycerides and total cholesterol concentrations during early
pregnancy.*131% These discrepancies might be explained by the fact that previous
studies did not distinguish between gestational ages,'33* assessed PA with self-reported
questionnaires, or presented an appreciable greater statistical power.'>'434 Moreover,
the normative values observed in our study on several metabolic outcomes (related to
the healthier status of our participants), might also partially explain these differences.
Interestingly, in non-pregnant women of similar age (age range: 24-32 years, BMI: 27
kg/m?), previous evidence has shown that light PA is inversely associated with
triglycerides and total cholesterol concentrations,3® and MVPA is positively associated
with HDL-cholesterol.3?

PA intensity levels were not associated either with TNF-a, IL-10 or fractalkine in
our study. Overall, these results are supported by previous studies in non-pregnant
women333>3¢ except for MVPA, which was inversely associated with TNF-a33. Regarding
exercise in the general population, most studies have shown that acute strenuous
exercise normally has either no effect or a slight effect on circulating TNF-a,3”3® and
increases IL-10 concentrations (partly mediated by 1L-6).37-3° However, in pregnancy,
regular exercise might suppress the alterations observed in TNF-a along each trimester
of pregnancy.?® Hence, due to the scarce evidence, it remains controversial whether
these trends are similar for PA stimulus during early pregnancy. Only one previous
study!? has observed that MVPA is positively associated with serum TNF-a and IL-10
during early pregnancy, contrary to our results. This difference might be explained by
the overweight-obese status of their sample compared to the more predominant
normal-weight phenotype of the pregnant women included in our study. Finally, findings
regarding the associations of ST and PA with fractalkine,*! cannot be commented with

regard to other studies, since it has never been explored in pregnant women.
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In the current study, bouted MVPA and meeting the PA recommendations were
inversely associated with IL-1B during early pregnancy, independently of maternal age,
obesity, and ST. By contrast, van Poppel, et al.}! observed that physically active pregnant
women (based on MVPA categorization) presented greater IL-1B concentrations. They
hypothesized that this result might have been caused by the more pronounced pro-
inflammatory status of pregnant women due to their overweight-obese status and
metabolic profile, differently to our study, in which most women were normal-weight.
This finding is relevant since IL-1 plays a meaningful role in the pathogenesis of obesity-
associated morbidity*?> and metabolic-inflammatory abnormalities.*>** Therefore,
strategies targeting IL-1B blockage are of clinical relevance. Several biological
pharmacological approaches targeting IL-1B (such as anakinra or canakinumab) have
been used in the prevention of cardiovascular and inflammatory events.*>** However,
evidence on maternal-fetal outcomes and risks when applying these medications during
pregnancy is insufficient to claim safety.’? In the light of our results, it seems that
increasing bouted MVPA levels is related to reduced IL-1B, which might contribute to
regulate immunometabolic responses and avoid dysregulations of the autoimmune
inflammation, in early pregnant women without metabolic impairments. This idea is
supported by van Poppel, et al.'* who showed that changes in circulating IL-1B were
inversely associated with fasting insulin and the first-phase insulin response in more
physically active pregnant women.

IL-6 has been usually considered a pro-inflammatory cytokine. However, in
response to muscle contraction, this myokine also stimulates the release of anti-
inflammatory cytokines such as IL-10 and IL-1 receptor antagonist.3’ In non-pregnant
women of similar characteristics to our participants, no association between levels of
PA and plasma IL-6 has been previously observed®*3. In early pregnancy, van Poppel, et
al.'* observed that more physically active pregnant women presented greater circulating
IL-6. Similarly, our findings suggest that pregnant women with greater levels of vigorous
PA might present higher IL-6 concentrations, although this association is non-statistically
significant (p=0.06). Regarding the other PA intensity levels, light, moderate, and MVPA
were not associated with IL-6 concentrations in our study. When interpreting these
results, despite the fact that vigorous PA seems to explain 10% of the variance in this

regression model (its adjusted R?is similar to those of the significant associations), we
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should consider that the levels of vigorous PA performed by pregnant women were
generally very low. If future studies in pregnant women with higher heterogeneity (i.e.
greater levels of vigorous PA) verify a positive association between vigorous PA and IL-6
levels during early pregnancy, the plausible hypotheses discussed in the Appendix S2
might be of interest. However, more studies are necessary first to better characterize
this association.

In the current study, light, moderate, vigorous, and bouted MVPA were not
associated with serum IL-8 concentrations. In young non-pregnant women (age 22
years, BMI 23,5 kg/m? unpublished data from the ACTIBATE project)*®, these
associations were also found to be non-significant. These results might be plausible since
muscle-derived IL-8 (at mRNA and protein levels), during and after strenuous
exercise,3”3846 exerts its effects locally in the myocytes and endothelium vascular cells
(in the contracting muscle) rather than in systemic circulation.3%%® Paradoxically, our
results showed that meeting the PA recommendations was positively associated with
circulating IL-8. We speculated that this finding might be explained through different
mechanisms. Similarly to the exhaustive exercise pathway (which involves eccentric
muscle contractions),3®4 the increased circulating IL-8 observed in people meeting the
PA recommendations, might be related to chemo-attraction of neutrophils and
macrophages. However, as aforementioned, PA intensity levels were not associated
with IL-8. Hence, we hypothesized that meeting the PA recommendations implies a
substantial strenuous stimulus (similar intensity, but greater and more maintained
duration compared to PA intensity levels) for triggering an inflammatory response.
Another explanation to the increased levels of IL-8 might be related to the first
immunological phase, predisposed by early pregnancy and necessary for a proper
implantation, and decidual and placental development.?? In the implantation site, the
differentiated immune cells play a pronounced role on angiogenesis, and on cytokine
secretion-regulation at the maternal-fetal interface.?® Moreover, exercise can enhance
placental growth? and angiogenesis®® through the upregulation of circulating
endothelial progenitor cells** and CXCR2 mRNA and protein expression in myocytes and
endothelium cells (IL-8-induced angiogenesis).3”#® This led us to contemplate that,
during implantation and placentation, meeting the PA recommendations might be

related to a more vascularized placenta (greater placental angiogenesis), and an
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increased release of circulating IL-8 facilitated by the maternal-fetal interface.
Unfortunately, these results and hypotheses have not been confirmed by other studies,
since these associations have never been explored.

Our results showed that IFN-y was inversely associated with bouted MVPA in
pregnant women. These results could not be confirmed, since there is no evidence
regarding this association. However, it has been previously suggested that physical
exercise has little effect on circulating IFN-y or that it attenuates IFN-y synthesis.3?
Therefore, increasing MVPA could be related to lower levels of IFN-y, which might
contribute to regulate an excessive chronic inflammatory environment during early
pregnancy.

Importantly, it is necessary to acknowledge that all significant associations
disappeared after adjusting for multiples comparisons. Hence, the results from the
present study should be interpreted cautiously. However, when interpreting these
analyses, it is also imperative to consider that: i) multiplicity adjustments primarily apply
to confirmatory hypotheses and corresponding analyses, not for exploratory
analyses?2°%>%; ij) the lack of statistical power have limited us to handle the necessary
a-adjustments®®°!, and iii) the Hochberg procedure is more conservative and less
powerful than other semi-parametric and parametric tests?22,

Some limitations need to be mentioned: (i) the cross-sectional design of the
study does not allow us to make causal inferences; (ii) the results should be interpreted
with caution given the small size of the studied sample; iii) only interested participants
were involved in the study; iv) a self-reported survey was used to collect
sociodemographic and clinical data. On the other hand, some strengths need to be
mentioned: (i) ST and PA intensity levels were objectively measured with accelerometry
(although the use of non-validated cut-points, unstandardized processing criteria, etc.
represent a weakness of this study, and an inherent limitation of the current evidence
in pregnancy); (ii) such a strict criteria (7 days of 210hours/day) for including data from
ActiGraph accelerometers in the analysis had never been used in previous studies; (iii)
the complete set of inflammatory markers assessed is noteworthy; (iv) this is the first
time that the association of ST and PA intensity levels with some cytokines (such as

fractalkine, IL-8, and IFN-y) has been explored during early pregnancy; and (v) we
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adjusted the analyses for essential confounders to avoid overrating the independent

influence of ST and PA on these metabolic outcomes.1112

CONCLUSIONS

The present study provides a novel and greater insight suggesting that increasing the
time in MVPA is associated with the cytokine profile of women without metabolic
disruptions in early pregnancy. PA could be an alternative-complementary therapeutic
target to control immunometabolic responses, which might favor the prevention of any
potential metabolic disruption. However, these results should be interpreted cautiously
in view of the discrepancies after controlling for multiplicity. Futures studies providing a
wider insight on how the intensity, duration, and frequency of PA (discriminating
properly from physical exercise constructs-mechanisms) influence all these

immunometabolic markers in early pregnant women are warranted.
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SUPPLEMENTARY MATERIAL

Appendix S1. Detailed information of blood samples analyses.

In standardized fasting conditions (8-9 a.m.) at our research center, venous blood
samples (5mL) of all pregnant women were extracted from the antecubital vein and
collected in EDTA vacuum tubes and serum tubes. Then, the samples were centrifuged
at 1750 rpm for 10 minutes at 4°C in a refrigerated centrifuge (GS-6R Beckman,
Fullerton, CA, USA) to separate serum from formed elements. Subsequently, serum was
aliqguoted and frozen at -802 C to avoid breaking the cold chain before the analysis in the
laboratory.

Serum glucose, total cholesterol, high density lipoprotein (HDL) cholesterol, low
density lipoprotein (LDL) cholesterol, phospholipids, and triglycerides were assessed
following standard methods using an autoanalyzer (Hitachi-Roche p800, F. Hoffmann-La
Roche Ltd. Switzerland). We employed Luminex xMAP technology based on MILLIPLEX
MAP kits to assess the cytokine profile from the collected serum in pregnant women.
Luminex xXMAP technology (Millipore, Darmstadt, Germany) is a mix of three existing
and proved technologies: use of microspheres, flow cytometry, and laser technology,
mixing digital signal processing and traditional chemistry immunoassay. Because of
robust multiplexing, xMAP technology potentially delivers more data in less time than
other bioassay products, with comparable results with enzyme linked immunosorbent
assay and microarray. The technology offers several other distinct advantages over
traditional methods such as speed and high throughput, versatility, flexibility, accuracy,
and reproducibility. Particularly, for maternal pro-inflammatory and anti-inflammatory
(fractalkine, interleukin-1pB, interleukin-6, interleukin-8, interleukin-10, interferon-y and
tumor necrosis factor-a) determination, we used Human Sepsis Magnetic Bead Panel 3
Multiplex Assay (cat. No. HTH17MAG-14K). We prepared samples, reagents, and
standards by following the manufacturer’s instructions. Equipment settings: 50 events
per bead, gate settings: 8,000-15,000, time out 60 seconds. Plate was read on LABScan
100 analyzer (Luminex Corporation, Texas, USA) with xPONENT software for data
acquisition. The average values for each set of duplicate samples or standards were
within 15% of the mean. We determined cytokine concentrations by comparing the

mean of duplicate samples with the standard curve for each assay.
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Appendix S2. Association between vigorous PA and IL-6 concentrations.

As aforementioned in the main manuscript, this cytokine might present a relevant role
during early pregnancy. In our study, we could observe that vigorous PA showed
evidence of statistical significance (positive relationship, p=0.06) with serum IL-6
concentrations. However, in view of the non-significant association (p>0.05), and aimed
at avoiding the over-interpretation of these results which might provoke misleading
conclusions, we have discussed this association separately in this section. Moreover, this
will allow readers to focus on the real-significant findings in the manuscript. If futures
studies confirm a positive association between vigorous PA and serum IL-6 levels, the
hypotheses stated below might help to partially understand this association.

Since circulating IL-6 is not related to local muscle damage,'?> we hypothesized
that the increased IL-6 observed with greater vigorous PA might be explained via similar
anti-inflammatory exercise-induced mechanisms.3 Given that IL-6 response is sensitive
to exercise intensity,? vigorous PA might contribute to greater systematic release of IL-
6 (as mRNA and protein levels increase largely within myocytes) compared to lower
intensities. Nonetheless, in disagreement with our results, previous literature®? has
indicated that PA is inversely associated with plasma IL-6 in several non-pregnant
populations. Since muscle-IL-6 is glycogen-dependent,’? they suggested that usual
muscle work (training adaptation), which leads to increased intramuscular glycogen
capacity, might explain the reduced circulating IL-6 levels and the upregulation of
muscular IL-6 receptors (via enhanced muscular IL-6 sensitivity). Therefore, differences
in glycogen stores in myocytes, predisposed by this complex anabolic-catabolic
transition,*® might explain the discrepancies between studies.>? Additionally, elevated
estrogen levels predisposed by this anabolic period,” might also partially explain the
greater IL-6 related to higher vigorous PA.%° These hypotheses should be considered
carefully given that the association between vigorous PA and IL-6 was borderline. Thus,
the underlying related-mechanisms remain controversial in pregnancy, and more

studies are necessary to verify these findings.
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Table S1. Inclusion and exclusion criteria in the GESTAFIT project.

Inclusion criteria

- Pregnant women aged 25-40 years old with a normal pregnancy course.
- Answering “no” to all questions on the PARmed-X for pregnancy.

- Being able to walk without assistance.

- Being able to read and write properly.

- Informed consent: Being capable and willing to provide written consent.

Exclusion criteria

- Acute or terminal illness.

- Malnutrition.

- Inability to conduct tests for assessing physical fitness or exercise during pregnancy.
- Underweight.

- Pregnancy risk factors (such as hypertension, type 2 diabetes, etc.).

- Multiple pregnancy.

- Chromosopathy or fetal malformations.

- Uterine growth restriction.

- Fetal death.

- Upper or lower extremity fracture in the past 3 months.

- Presence of neuromuscular disease or drugs affecting neuromuscular function.

- Being registered in another exercise program.

- Doing more than 300 minutes of at least moderate physical activity per week.

- Unwillingness either to complete the study requirements or to be randomized into

the control or intervention group.
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Table S2. Pearson r coefficients (with p-value and 95% bias corrected and accelerated
confidence intervals based on 1000 bootstrap samples) of sedentary time and physical activity

intensity levels with serum glycemic, lipid, and inflammatory markers (n = 50).

Sedentar

time 4 LPA MPA VPA MVPA E:\(/I)CLT

Glucose Pearson’sr -0.127 0.087 -0.021 -0.186 -0.047 -0.046
95% Cl Lower -0.367 -0.198  -0.255 -0.631 -0.281 -0.268

95% Cl Upper 0.077 0.362 0.229 0.291 0.228 0.187

Cholesterol Pearson’s r -0.018 -0.053  0.056 -0.103 0.041 0.066
95% Cl Lower -0.260 -0.326  -0.233 -0.393 -0.247 -0.251

95% Cl Upper 0.207 0.216  0.319 0.221 0.306 0.359

HDL Pearson’s r 0.009 -0.002  0.165 -0.034 0.158 0.121
95% Cl Lower -0.217 -0.251  -0.104 -0.335 -0.123 -0.205

95% Cl Upper 0.228 0.243 0.442 0.264 0.450 0.454

LDL Pearson’s r -0.232 0.037 -0.019 -0.078 -0.030 0.012
95% Cl Lower -0.468 -0.214  -0.326 -0.293 -0.334 -0.266

95% Cl Upper 0.041 0.271 0.305 0.266 0.292 0.308

Phospholipids  Pearson’s r 0.163 -0.249 0.136 0.065 0.144 0.128
95% Cl Lower -0.102 -0.487 -0.248 -0.217 -0.236 -0.251

95% Cl Upper 0.422 0.020  0.553 0.410 0.556 0.602

Triglycerides  Pearson’sr 0.000 0.067 -0.067 -0.101 -0.080 0.048
95% Cl Lower -0.288 -0.247  -0.325 -0.276 -0.343 -0.188

95% Cl Upper 0.281 0.382 0.265 0.029 0.260 0.354

Fractalkine Pearson’s r 0.007 0.120 -0.087 0.014 -0.084 -0.156
95% Cl Lower -0.283 -0.207  -0.390 -0.180 -0.376 -0.459

95% Cl Upper 0.315 0.382 0.123 0.257 0.127 0.115
IL-1B Pearson’s r 0.013 0.135  -0.256 -0.073 -0.263 -0.338*
95% Cl Lower -0.410 -0.207  -0.501 -0.249 -0.513 -0.584

95% CI Upper 0.321 0.496 -0.017 0.142 -0.015 -0.162

IL-6 Pearson’s r 0.021 -0.022  -0.041 0.269 -0.002 -0.100
95% Cl Lower -0.291 -0.251  -0.245 -0.020 -0.213 -0.308

95% CI Upper 0.284 0.198  0.153 0.481 0.220 0.113

IL-8 Pearson’s r -0.067 0.014  0.272 -0.178 0.243 0.293*
95% Cl Lower -0.324 -0.264  -0.070 -0.380 -0.118 -0.106

95% Cl Upper 0.156 0.274  0.520 0.228 0.503 0.541

IL-10 Pearson’s r 0.010 0.044  -0.047 0.195 -0.019 -0.129
95% Cl Lower -0.324 -0.228  -0.322 -0.059 -0.298 -0.363

95% CI Upper 0.292 0.295  0.202 0.451 0.231 0.072
IFNy Pearson’s r 0.005 0.090 -0.116 -0.029 -0.119 -0.283*
95% Cl Lower -0.296 -0.191  -0.367 -0.293 -0.360 -0.470

95% Cl Upper 0.237 0.360 0.213 0.306 0.203 -0.006

TNFa Pearson’s r -0.147 0.178  0.068 0.080 0.078 -0.006
95% Cl Lower -0.412 -0.083 -0.172 -0.161 -0.157 -0.232

0.077 0.503 0.290 0.316 0.310 0.286

95% ClI Upper
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LPA, light physical activity; MPA, moderate physical activity; VPA, vigorous; MVPA, moderate-
vigorous physical activity; HDL, high density lipoprotein; LDL, low density lipoprotein; IL-1pB,
interleukin-1B; IL-6, interleukin-6; IL-8, interleukin-8; IL-10, interleukin-10; IFNy, interferon
gamma; TNFa, tumor necrosis factor alpha; 95% Cl, 95% confidence interval. Partial correlations
were performed using age and body mass index as covariates. Accelerometer wear time was
also added as confounder and the results did not change (data not shown); Numbers in bold
indicate evidence of statistical significance; Numbers in bold with asterisks indicate statistical
significance * p<0.05.

Table S3. Linear regression sensitivity analysis assessing the association of sedentary time (cut-
point: Kozey-Keadle, et al.l%) with transformed serum inflammatory markers during early
pregnancy (n=50).

p-value
B* SE* B*
Model 1 Model 2
Sedentary time IL-1B 0.000 0.001 -0.028 0.85 0.411
IL-6 0.000 0.002 0.011 0.94 0.97
IL-8 0.000 0.000 -0.037 0.80 0.85
INF-y 0.000 0.002 -0.013 0.93 0.52

B, unstandardized regression coefficient; SE, standard error; B, standardized regression
coefficient; IL-1pB, interleukin-1B; IL-6, interleukin-6; IL-8, interleukin-8; IFNy, interferon gamma.
Model 1 was adjusted for maternal age and body mass index; Model 2 was adjusted for maternal
age, body mass index, accelerometer wear time, and bouted MVPA (for sedentary time). *The
values shown are derived from Model 1. Optimum Box-Cox transformations and/ a subtle
variation of winsorizing (convert back from a z-score: replacing extreme scores (z>2.58) with a
score equivalent to +2.58 standard deviations from the mean) were performed on inflammatory
markers.
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[ Enrollment ]

[ Analysis ]

Assessed for eligibility

Excluded (n=19)
Did not answer the phone (n=9)
Declined to participate (n=10)

v

Cited for 1st assessment (n=90)

Excluded (n=24)
_| Did not meet inclusion criteria (n=3)
Did not come to 1%t assessment (n=21)

\ 4

v

Completed assessment (66)
Analysed (n=50)

Loss of blood samples (n=6)

Lacked plasma glucose concentrations data (n=1)
Did not meet accelerometry criteria (n=8)
Lacked complete data (n=1)

Figure S1. Flowchart of the participants for the specific study aims
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ABSTRACT

Objectives: To explore i) the association of sedentary time (ST) and physical activity (PA)
levels during pregnancy with placental expression of genes related to glucose and lipid
metabolism in overweight-obese pregnant women; ii) maternal metabolic factors
mediating changes in placental transcripts; and iii) cord blood metabolites related to
these mMRNAs mediating neonatal adiposity.

Methods: A subsample of the DALI trial encompassing 183 pregnant women (age 3215y,
BMI at baseline 33.7 (31.7, 36.6) kg/m?) with placental tissue available was analysed. ST
and moderate-to-vigorous PA (MVPA) levels were objectively measured with
accelerometry at three time periods in pregnancy. Placental mRNAs (PPAR-y, FATP2,
FATP3, FABP4 and GLUT1) were measured with Nanostring technology using three
reference genes for normalization (OAZ1, TBP, and WDR45L).

Results: ST in early to middle pregnancy was inversely associated with placental FATP2
and FATP3 expression (p<0.05). At 24-28 weeks, maternal fasting insulin and
homeostatic model assessment-insulin resistance (HOMA-IR) index were inversely
associated with FATP2 mRNA. Higher fasting glucose and lower HOMA-B index (beta-cell
function) were related to greater FATP3 mRNA (all, p<0.05). FATP2 mRNA was inversely
associated with cord blood triglycerides and free fatty acids (p<0.01). MVPA at baseline
was inversely associated with GLUT1 mRNA, which was related to cord blood glucose
(all, p<0.05).

Conclusions: ST in early to middle pregnancy is associated with the expression of
placental genes linked to lipid transport. PA is hardly related to the expression of
placental molecules involved in glucose and lipid metabolism. It seems plausible that
strategies aimed at reducing sedentary behaviours during pregnancy can modulate
placental gene expression, which might help prevent unfavourable foetal and maternal

pregnancy outcomes.
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INTRODUCTION
The placenta is a multifunctional organ that regulates key aspects of pregnancy
maintenance and fetal development'*. Under pathological conditions such as obesity>
and gestational diabetes mellitus (GDM)*?, placental metabolism is often dysregulated®
8 Impaired placental development and function, especially in early pregnancy, is closely
related to pregnancy complications and future maternal and child diseases'?%>,
Unfortunately, the mechanisms connecting an obesogenic intrauterine environment to
short and long-term consequences in the offspring have remained elusive>®1°, Previous
literature has emphasized that maternal obesity is associated with changes in the
expression and activity of placental transporters such as glucose transporter 1
(GLUT1)>1%12 fatty acid transport protein (FATP) 291 and FATP31!3, and fatty acid binding
protein 4 (FABP4)>1415,

Interestingly, GLUT1, which is the main placental glucose transporter, and FATP2,
FATP3 and FABP4, which are relevant proteins for cellular free fatty acids (FFA) uptake
and intracellular transport, associate with excessive fat accumulation in offspring born
to obese women®121415 peroxisome proliferator-activated receptor gamma (PPAR-y) is
the master regulator of fatty acids related transcripts including FATP2, FATP3 and
FABP4!416-18 |t is associated with maternal obesity®'3, and also plays a fundamental role
in fatty acid metabolism, adipogenesis, and hence, in foetal development®!4!®, Thus,
obesity-related changes of these placental transporter isoforms could potentially alter
placental uptake and, by inference, transport of nutrients into the placental-foetal
circulation, thereby contributing to sub-optimal foetal growth (e.g. overgrowth).

Lifestyle behaviours [sedentary time (ST) and physical activity (PA)] can
counteract some obesity-related metabolic disruptions during pregnancy®®22, and
modulate concentrations of relevant maternal and cord serum molecules?®?3-?7,
However, there is a paucity of evidence about the influence of lifestyle on placental
transporters?®?°. Since improving lifestyle behaviours may represent a promising
strategy to prevent placental dysregulations and inadequate foetal development in
obese pregnant women, this information is imperative to guide clinical practice.

In previous analyses of the DALI lifestyle trial, sedentary behaviour, but not
MVPA, mediated intervention effects on offspring adiposity3°. Whether placental

transport of glucose, as well as placental lipid uptake and metabolism, could be involved
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in the negative association of sedentary behaviour with neonatal adiposity in obese
women, remains unknown. Thus, the main aims of the current study were to assess
whether placental expression of GLUT1 as well as of PPAR-y and its downstream targets
FATP2, FATP3 and FABP4 are involved in the association of sedentary behaviour with
neonatal adiposity in offspring of obese women. A secondary study aim was to explore
potential i) maternal metabolic factors mediating changes in these placental transcripts,
and ii) cord blood metabolites related to these placental mMRNAs mediating neonatal

adiposity.

MATERIAL AND METHODS

Study design and population

The DALI lifestyle study was a multicentre randomized controlled trial (RCT) using a 2x2
factorial design, and performed in nine European countries (Austria, Belgium, Denmark,
Ireland, Italy, Netherlands, Poland, Spain and United Kingdom) between 2012-2015. The
study was prospectively registered as RCT on November 2011 (ISRCTN70595832) and
was individually approved by local Clinical-Research Ethic Committees in each country.
All pregnant women with a pre-pregnancy body mass index (BMI) =29 kg/m? (eligible for
inclusion) provided signed informed consent. The rationale, along with the procedures
and inclusion-exclusion criteria of the DALI lifestyle study, have been previously
described elsewhere3!. Of note, women diagnosed with GDM using IADPSG criteria were
excluded from the trial.

Sample size

The required sample size for the main DALI trial was determined for the primary
outcomes (gestational weight gain, glucose and insulin sensitivity) but, given the
exploratory nature, not for the secondary outcomes analysed in this study.

Procedures

Women were assessed three times by the research midwife/nurse (time points: baseline
<20 gestational weeks, 24-28 weeks, 35-37 weeks). At baseline, sociodemographic and
clinical characteristics, body composition and anthropometry, sleep patterns were
assessed by questionnaire, and women underwent a 75g oral glucose tolerance test,
with samples taken at 0, 60 and 120 minutes. Before leaving, women were given an

activity log and an accelerometer along with a food diary, to assess ST and PA levels, and
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nutritional intake, respectively. After baseline measurements, women were randomly
allocated to the HE (healthy eating), PA (physical activity), HE&PA, or control group
(Figure S1; additional information about the lifestyle interventions can be found in
Appendix A). At 24-28 and 35-37 weeks, the same assessments were performed. At
delivery, placental tissue and cord blood samples were taken and processed within 30
minutes after birth, and data related to the delivery were obtained from perinatal
obstetric records. After delivery (<48h), maternal and neonatal measurements were
performed. The assessment procedures are further detailed elsewhere3!,

Exposures, Outcomes and Confounders

Sociodemographic-clinical data, obstetric history and other outcomes
Sociodemographic (age, ethnicity, among others) and clinical (e.g. pre-existing
conditions, co-morbidities, medications) data, reproductive history, adverse events
from the mother and neonate, and tobacco, alcohol and sleep habits, were obtained
from questionnaires and medical files.

Maternal body weight and height

Pre-pregnancy weight was self-reported. Maternal body weight was measured twice (no
shoes, light clothes) at each time point by calibrated electronic scales (SECA-888; SECA-
877). Height was measured once at baseline with stadiometers (SECA-206, Birmingham,
UK). Body mass index (BMI) was calculated [weight (Kg)/height(m)?].

Dietary habits

The frequency and amount of specified foods were used to estimate the servings per
week of foods rich in fibre, protein, fat and carbohydrates3?.

Sedentary time and physical activity

ST and PA levels at <20, 24-28, and 35-37 weeks were objectively measured with
Actigraph uniaxial/triaxial accelerometers (GT3X+ or GT1M; Pensacola, Florida, USA),
using an epoch length of 60 seconds, and sampling frequency of 60-80 Hz. Women waist-
wore the devices for at least 3 days (for sleeping and waking hours, excepting water-
based activities). A minimum register of 3 days (2 weekdays and 1 weekend day; 8
hours/day) was required to be included in the analyses. Considering the information
filled in activity logs by the participants, “accelerometer wear time” was estimated by
deducting the non-wear and sleeping time from the time registered during the whole

day. The time spent in sedentary, light and moderate-to-vigorous PA (MVPA) behaviours
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was calculated based on the vertical axis cut points €100, 101-1951, 21952 counts/min
(respectively) provided by Freedson, et al.32, and was expressed in min/day. Data
download, cleaning, and analyses were performed using ActiGraph software (Actilife
version 6.8.1).

Neonatal adiposity>°

Triceps, subscapular, supra-iliac, and quadriceps skinfold thickness was measured
(within 48 hours after birth); and values were summated. All skinfold measurements
were performed twice.

Laboratory methods

Placental tissues collection

At delivery, placental biopsies were collected from each of the four quadrants from the
central part in relation to the cord insertion. Each of these placental biopsies were
equally divided into maternal and foetal parts and stored in cryotubes filled with RNA-
later (Sigma-Aldrich, St. Louis, MO, USA). These cryotubes were stored in freezer at -
202C until shipped to the central lab in Graz for analyses.

RNA isolation

After removing RNA-later at the central lab, two pieces from each of maternal and fetal
side (approx. 20mg/piece) were pooled. Subsequently, 700uL of Quiazol were added to
each pooled sample, and then the homogenization was done using the MagNa Lyser
Instrument (Roche: 2-3runs, 6500rpm, 20s). Standard procedures were performed with
the miRNeasy Mini Kit (Qiagen, #217004) for RNA isolation and DNAse digestion in the
lysates. RNA concentration and quality were determined using the QlAexpert System
(Qiagen) and Agilent 2100 Bioanalyses System, respectively. An RNA integrity number
>4 for lysates was required to be included in the analyses.

Gene expression analysis by nCounter system

Overall, the quantification of the different placental mRNAs (PPAR-y, FATP2, FATP3,
FABP4 and GLUT-1) were analysed by molecular counting using the NanoString nCounter
Analysis Technology (NanoString Technologies, Seattle, WA). The probes for the
investigated genes were part of a customized CodeSet (nCounterTM PlexSetTM) with in
total 24 probes, including probes for three validated housekeeping genes [ornithine
decarboxylase antizyme 1 (OAZ1), WD repeat-containing protein 45-like (WDR45L) and

tata-box-binding protein (TBP)], that was used for hybridization according to the
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manufacturer’s protocol (Appendix B). A total of 490 ng RNA per sample was applied for
hybridization. Quality control and normalization was done utilizing the NanoString
nSolver Analysis Software v4.0 (NanoString Technologies).
Blood samples - Laboratory analyses
Maternal blood was collected at baseline, 24-28 and 35-37 weeks. From maternal fasting
blood samples, plasma glucose, insulin, glycated haemoglobin (HbAlc), insulin, lipids
(triglycerides, FFA, total cholesterol, high- and low-density lipoprotein cholesterol (HDL-
C; LDL-C), and leptin concentrations were measured. Cord blood (from placental
chorionic vessels) was processed within 30 minutes of birth. From cord venous blood
samples, plasma glucose, C-peptide, the aforementioned lipids, and leptin were
determined. All the analytes were quantified by conventional clinical chemistry
methods, but insulin and leptin (ELISA).
Insulin resistance and beta-cell function
For insulin resistance and beta-cell function, the homeostasis model assessment
(HOMA)-IR and HOMA-B were calculated, respectively, according to standard
formulas33.
Statistical analysis
Descriptive statistics were performed to show the characteristics (Table 1), and ST and
PA levels of participants during pregnancy (Table 2). To detect differences between
groups, analyses of variance (normal distribution, homoscedasticity) and Kruskal-Wallis
tests (non-normal distribution) were performed for quantitative variables, and Chi-
square tests for qualitative variables. Few influential outliers in some outcome variables
were handled (Appendix C). Subsequently, Box-Cox transformations were used for
models characterized by asymmetry of placental mRNA. Interaction between offspring
sex and the independent/predictor variables (intervention and ST/MVPA) was assessed
in linear regression analyses. Afterwards, multilevel analyses were used to take into
account the clustering effect of the different countries. All multilevel analyses were
based on a two-level hierarchy (country and individual), with random intercept and
slope.

To address the first aim, linear regression analyses (multilevel models) were
employed to assess the effects of a PA-counselling intervention on placental mRNAs

(per-protocol basis; Table S1). Multilevel linear regression analyses were also used to
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examine the association of ST and PA levels at the different time points (baseline, 24-28
and 35-37 weeks), and changes in ST and PA levels (from baseline to 24-28 and 35-37
weeks), with placental mRNAs content (Table 3). For the secondary aims, linear
regression, moderation and mediation analyses (see Appendix D) were used to explore
maternal lifestyle-related metabolic factors mediating placental transcript changes, and
measured mRNA-related cord blood metabolites mediating neonatal adiposity (Tables
4-5, Tables S2-S11, Figures S3-S6).

Potential confounders identified from previous literature that modified the
relationship between the predictors and outcomes (change in the regression coefficient
>15%) were included in the models. Specifically, the main cofounders included in the
analyses (specified in each table), besides site, were: the intervention group, gestational
week at delivery, smoking at baseline, the relative percentage of daily ST
[(ST/accelerometer wearing time)*100; when analysing MVPA] or MVPA (when
exploring ST), and the requirement for prostaglandins at delivery (induction of labour)34.
All the assumptions related to the generalization of the results were met. The statistical
analyses were conducted using SPSS 22.0 (IBM, NY, USA). The statistical level of
significance was set at p<0.05. False discovery rate corrections were made using

Benjamini-Hochberg’s step-up procedure?.

109



Study Il

RESULTS

Placental mRNAs were analysed in a subsample of the DALl cohort (n=183 for
intervention analyses, and n=112 for “ST and PA” analyses; see Flow Chart in Figure S1).
Sociodemographic and clinical characteristics, and ST and MVPA levels of the
participants during pregnancy are shown in the Tables 1 and 2. The expression of
placental genes and their bivariate Pearson correlations are shown in Figure S2.
Associations of sedentary time and physical activity with placental mMRNAs

No differences (all p>0.05) in placental mRNAs were found between the HE & PA, HE or
PA groups compared to the control group (Table S1). Given that there were no
differences between intervention groups (Table S1), all intervention groups were
combined to one cohort to assess the associations between ST and MVPA with placental
mRNAs. This provides the opportunity to explore greater variation in placental mRNAs,

and increases statistical power.

Table 1. Sociodemographic and clinical characteristics of pregnant women (n=112).

Maternal age (years) 32.7 5.3
Gestational age (weeks)

At baseline 14.7 2.3

At delivery 39.7 1.3
Ethnicity, n (%)

Maternal European descent 85 (75.9)
Living with a partner, n (%) 108 (96.4)
High educational level, n (%) 62 (55.4)
Working, n (%) 91 (81.3)
Body composition

BMI pre-pregnancy (kg/m?) 33.6 3.9

GWG, baseline to 35-37 weeks (kg) 8.1 4.6
Dietary behaviour (baseline) (n=107)

Fibre (number consumed per week) 29.5 (20.3, 42.8)

Protein (number consumed per week) 7 (5,12)

Fat (number consumed per week) 4 (2, 8)

Carbohydrates (humber consumed per week) 39 (26, 58)
Multiparous, n (%) 56 (50)
Female offspring sex, n (%) 55 (49.1)
Active smoking at baseline, n (%) 15 (13.4)
Developed GDM during pregnancy, n (%) 40 (37.7)
Placental weight (g) (n=103) 634.4 151.4
Weight of the neonate (g) 3540.9 500.4
Sum of skinfolds (mm) (n=103) 20.4 4.4
Cord blood parameters (n=89)

C-peptide (ug/L) 0.7 (0.5, 0.9)

Glucose (mmol/L) 4.6 (3.6, 5.4)

Triglycerides (mmol/L) 0.4 (0.3,0.7)

Free fatty acids (mmol/L) 0.3 (0.2, 0.4)

Leptin (ug/L) 8.5 (4.2,12.4)

BMI, body mass index; GWG, gestational weight gain; GDM, gestational
diabetes mellitus. Continuous variables are presented as mean - standard
deviation, or median (interquartile range), unless otherwise indicated.
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Table 2. Sedentary time and physical activity levels during pregnancy (n=112).

Sedentary time and PA levels

Baseline (<20 weeks) n=112
Sedentary time (min/day) 577.7 (102.5)
MVPA (min/day) 40.0 (24.3, 56.0)
Relative percentage of daily sedentary time (%) 71.2 (64.8, 79.4)
Relative percentage of daily MVPA (%) 4.6 (3.0, 6.8)
24-28 weeks n=72
Sedentary time (min/day) 596.8 (100.9)
MVPA (min/day) 39.0 (24.2, 56.9)
Relative percentage of daily sedentary time (%) 72.8 8.4
Relative percentage of daily MVPA (%) 4.6 (2.9, 7.0)
35-37 weeks n=64
Sedentary time (min/day) 593.2 (102.1)
MVPA (min/day) 31.2 (16.8, 46.8)
Relative percentage of daily sedentary time (%) 74.0 (7.1)
Relative percentage of daily MVPA (%) 4.3 (2.8)
Changes in sedentary time and PA levels from baseline
24-28 weeks minus baseline n=72
Sedentary time (min/day) 12.4 (88.5)
MVPA (min/day) -2.4 (25.4)
35-37 weeks minus baseline n=64
Sedentary time (min/day) -12.6 (-65.0, 67.2)
MVPA (min/day) -13.9 (-27.9, 4.6)

PA, physical activity; MVPA, moderate-to-vigorous physical activity. Data are mean (standard
deviation) or median (interquartile range=Q3, Q1).

The associations of ST and MVPA levels at each time point, and absolute changes in ST
and MVPA levels from baseline to either 24-28 or 35-37 weeks with placental mRNAs,
are shown in Table 3. Notably, most of the significant associations were found with ST,
and not with MVPA. After adjusting for confounders (model 2), ST at baseline was
inversely associated with FATP2 and FATP3 mRNA levels (p=0.03 and p=0.05). At 24-28
or 35-37 weeks, no statistically-significant associations were found, except for PPAR-y
mRNA which was inversely associated with ST at 24-28 weeks (model 1, p=0.05; model
2, p=0.06). The change in ST from baseline to 24-28 weeks was inversely associated with
FABP4 mRNA (model 2, p=0.05). From baseline to 35-37 weeks, the change in ST showed
an inverse association with GLUT1 mRNA (model 1, p=0.01), which was not significant
after adjusting for additional confounders (model 2). MVPA at baseline was inversely
associated with GLUT1 mRNA (model 1, p<0.05), but not when additionally adjusted for

ST (model 2). No further associations with (changes in) MVPA were found.

111



Study Il

Table 3. Linear regressions assessing the association of objectively measured sedentary time and physical
activity levels at each time point with targeted placental transporters mRNAs (n=112).

Baseline <20 weeks (n=112) 24-28 weeks (n=88) 35-37 weeks (n=79)
Placental ST/PA Model 2 Model 2 Model 2
. Model 1 Model 1 Model 1
mRNAs (min/day) (n=97) (n=80) (n=70)
B SE p-value p-value B SE p-value p-value B SE p-value p-value
ST 0.000 0.000 0.63 0.27 -0.001 0.000 0.05 0.06 0.000 0.000 0.56 0.45
PPAR-y (au)¢
MVPA -0.001 0.002 0.62 0.19 0.000 0.002 0.96 0.62 0.000 0.002 0.96 0.94
(au) ST -0.001 0.001 0.05 0.03 -0.002 0.001 0.06 0.31 -0.001 0.001 0.29 0.48
FATP2 (au
MVPA 0.002 0.003 0.48 0.48 -0.001  0.003 0.82 0.35 0.003 0.004 0.54 0.78
ST -0.002 0.001 0.09 0.05 -0.002 0.002 0.30 0.13 0.000 0.002 0.92 0.55
FATP3 (au)
MVPA 0.002 0.006 0.78 0.43 -0.006  0.006 0.33 0.28 -0.003 0.007 0.67 0.36
be ST 0.001 0.001 0.56 0.41 -0.001 0.001 0.43 0.89 0.000 0.001 0.78 0.34
FABP4 (au)
MVPA 0.000 0.004 0.94 0.40 0.001 0.004 0.91 0.97 -0.009 0.005 0.06 0.08
ST 0.001 0.000 0.10 0.67 0.000 0.000 0.73 0.35 0.000 0.000 0.77 0.37
GLUT1 (au)3¢
MVPA -0.005 0.002 0.01 0.14 -0.002 0.002 0.23 0.43 -0.003 0.002 0.20 0.21
Changes Baseline to 24-28 weeks (n=72) Baseline to 35-37 weeks (n=64)
Placental
RNA in ST/PA Model 1 Model 2 Model 1 Model 2
mRNAs
(min/day) B SE p-value p-value B SE p-value p-value
(au)? ST -0.001 0.001 0.10 0.10 0.000 0.001 0.81 0.69
PPAR-y (au) e
MVPA 0.000 0.002 0.85 0.89 0.000 0.002 0.86 0.82
ST 0.000 0.001 0.88 0.70 0.000 0.001 0.77 0.40
FATP2 (au)
MVPA 0.001 0.003 0.68 0.45 -0.001 0.004 0.89 0.52
(au) ST 0.000 0.002 0.79 0.58 0.001 0.002 0.60 0.97
FATP3 (au
MVPA -0.011  0.006 0.09 0.27 -0.011 0.007 0.15 0.11
. ST -0.002 0.001 0.08 0.05 -0.001 0.001 0.47 0.39
FABP4 (au)e
MVPA -0.001 0.005 0.78 0.76 -0.004 0.005 0.45 0.61
(au)¢ ST -0.001 0.001 0.15 0.25 -0.001 0.001 0.01 0.10
GLUT1 (au) %
MVPA 0.000 0.002 0.88 0.76 0.002 0.002 0.45 0.49

B, unstandardized regression coefficient; SE, standard error; FABP, fatty acid binding protein; FATP, fatty acid
transport protein; GLUT1, glucose transporter 1; PA, physical activity; PPAR-y, peroxisome proliferator-activated
receptor gamma; ST: sedentary time. Winsorizing of extreme outliers and/or optimum Box-Cox transformations were
performed on mRNAs at the different time point analyses (baseline?, 24-28t week®, 35-38th week¢, changes baseline
to 24-28th week?, and changes baseline to 35-37th week®). The models 1 were adjusted for the intervention group,
smoking at baseline, and gestational week at delivery. In the single time point analyses, the model 2 was additionally
adjusted for the relative % of daily ST or MVPA at the respective time point, and the requirement of prostaglandins
at delivery. In the analyses of changes from baseline, the model 2 was adjusted for the intervention group, gestational
age at delivery, and the relative percentage of ST (35-37t week) or MVPA (baseline).

None of these results changed when multilevel analyses were adjusted in a stepwise
manner for the relative percentage of daily ST, light PA or MVPA at baseline, maternal
age, BMI, sleep, fat percentage, gestational weight-gain, development of GDM, protein,
fat and carbohydrate consumption, maternal/paternal ethnicity, parity, or mode of
delivery (data not shown). Only when additionally adjusting for development of GDM,
ST at 24-28 weeks was inversely associated with PPAR-y mRNA (p<0.05).
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Association of maternal metabolic and adiposity parameters with placental mRNAs

Since maternal ST was highly related to insulin and insulin sensitivity in this cohort??, the
hypothesis that maternal metabolic parameters drive the associations between ST and
placental mRNAs was tested (Table 4). To assess whether associations between
maternal metabolic parameters and mRNAs were independent of ST, linear regression

models were additionally adjusted for ST (model 2).

Table 4. Linear regression associations of maternal metabolic parameters (at 24-28 weeks, and 35-37
weeks) with placental mRNAs (n=171).

Predictors 24-28 weeks Predictors 35-37 weeks
Outcomes Predictors Model 1 Model 2 Model 1 Model 2
B SE B p-value p-value B SE B p-value p-value
Fasting glucose -0.06 0.0 -0.06 0.48 0.09 0.04 0.07 0.04 0.63 0.63
Fasting insulin 0.00 0.0 -0.09 0.26 0.64 0.00 0.00 -0.07 0.38 0.16
HbAlc 0.09 0.0 0.08 0.31 0.92 0.03 0.09 0.03 0.71 0.28
PPAR-y Insulin resistance (HOMA-IR) -0.03 0.0 -0.10 0.21 0.60 -0.01 0.01 -0.05 0.51 0.20
B-cell function (HOMA-B) 0.00 0.0 -0.03 0.71 0.54 0.00 0.00 -0.09 0.24 0.71
Triglycerides 0.03 0.0 0.04 0.62 0.59 0.00 0.04 0.01 0.95 0.55
Free fatty acids -0.15 0.1 -0.08 0.33 0.39 -0.04 0.14 -0.02 0.79 0.85
Leptin 0.00 0.0 o0.00 0.96 0.78 0.00 0.00 0.01 0.95 0.85
Fasting glucose -0.23 0.1 -0.11 0.16 0.06 -0.03 0.15 -0.02 0.85 0.57
Fasting insulin -0.02 0.0 -0.16 0.04 0.67 -0.01 0.01 -0.09 0.27 0.36
HbAlc 0.14 0.1 0.07 0.41 0.08 -0.21 0.18 -0.10 0.24 0.71
FATP2 Insulin resistance (HOMA-IR) -0.07 0.0 -0.17 0.03 0.37 -0.03 0.03 -0.08 0.31 0.45
B-cell function (HOMA-B) 0.00 0.0 -0.11 0.14 0.93 0.00 0.00 -0.04 0.58 1.00
Triglycerides -0.12 0.1 -0.10 0.22 0.08 -0.07 0.09 -0.06 0.46 0.09
Free fatty acids -0.05 0.3 -0.01 0.88 0.34 -0.26 0.27 -0.07 0.35 0.26
Leptin 0.00 0.0 -0.09 0.24 0.87 -0.01 0.00 -0.11 0.18 0.26
Fasting glucose -0.64 0.2 -0.18 0.02 0.003 -0.27 0.24 -0.09 0.27 0.19
Fasting insulin 0.00 0.0 o0.03 0.75 0.16 0.01 0.01 0.11 0.19 0.43
HbAlc 0.63 0.2 0.18 0.03 0.23 0.47 029 0.13 0.11 0.15
FATP3 Insulin resistance (HOMA-IR) -0.02 0.0 -0.02 0.79 0.46 0.04 0.04 0.08 0.30 0.58
B-cell function (HOMA-B) 0.00 0.0 0.18 0.02 0.008 0.00 0.00 0.11 0.16 0.16
Triglycerides 0.29 0.1 0.14 0.07 0.56 0.31 0.15 0.17 0.03 0.69
Free fatty acids -0.29 0.5 -0.04 0.58 0.99 0.48 0.46 0.08 0.30 0.09
Leptin -0.01 0.0 -0.10 0.21 0.28 -0.00 0.01 -0.05 0.55 0.40
Fasting glucose -0.02 0.1 -0.01 0.93 0.11 -0.23 0.15 -0.13 0.12 0.15
Fasting insulin 0.01 0.0 0.07 0.37 0.20 0.00 0.01 0.06 0.44 0.20
HbAlc 0.17 0.1 0.08 0.35 0.10 -0.15 0.18 -0.07 0.41 0.84
FABP4 Insulin resistance (HOMA-IR) 0.03 0.0 0.07 0.38 0.33 0.02 0.03 0.05 0.53 0.35
B-cell function (HOMA-B) 0.00 0.0 0.06 0.42 0.25 0.00 0.00 0.12 0.12 0.07
Triglycerides 0.05 0.1 0.04 0.61 0.28 -0.05 0.09 -0.04 0.61 0.65
Free fatty acids -0.11 0.3 -0.03 0.74 0.31 0.31 0.28 0.09 0.27 0.19
Leptin 0.00 0.0 o0.01 0.94 0.69 -0.00 0.00 -0.01 0.94 0.86
Fasting glucose 0.10 0.0 0.09 0.28 0.42 0.05 0.08 0.05 0.54 0.40
Fasting insulin 0.00 0.0 0.06 0.46 0.95 0.00 0.00 0.00 0.96 0.60
Glucose | \pa1c 005 01 -0.05 058 0.53 011 010 009 0.28 0.09
transporter Insulin resistance (HOMA-IR)®  0.01 0.0 0.05 0.52 0.81 0.00 0.01 0.00 0.98 0.75
a B-cell function (HOMA-B) 0.00 0.0 0.11 0.18 0.24 -0.00 0.00 -0.05 0.56 0.45
1 Triglycerides? 0.02 0.0 0.03 0.68 0.90 0.06 0.05 0.10 0.25 0.23
Free fatty acids -0.06 0.1 -0.03 0.70 0.52 0.15 0.15 0.08 0.32 0.05
Leptin 0.00 0.0 0.04 0.60 0.96 0.00 0.00 0.14 0.09 0.38
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The results remained similar when only women with ST and PA data (n=112) were included in the analyses,
except for the association of FATP2 with insulin and HOMA-IR, and of FATP3 with HbAlc, which showed
the same trend but non-significant (p<0.1); and the association of FATP2 with HbAlc, which become
significant (p=0.04). B, unstandardized regression coefficient; B, standardized regression coefficient; SE,
standard error; FABP, fatty acid binding protein; FATP, fatty acid transport protein; HbAlc, glycated
hemoglobin; PPAR-y, peroxisome proliferator-activated receptor gamma. Subtle variation of winsorizing
was performed on extreme outliers of mMRNAs? and metabolic parameters®. The results remained similar
after handling outliers. Model 1 was adjusted for the intervention group, smoking at baseline, and
gestational week at delivery; model 2 was additionally adjusted for the relative percentage of ST at
baseline, and the requirement of prostaglandins at delivery (N=93). All the coefficients of determination
were equal o below to 0.07. Moderation analyses showed that glucose was inversely associated with
FATP2 in male foetuses (data not shown).

At 24-28 weeks, higher fasting insulin and HOMA-IR were associated with lower FATP2
mRNA (only model 1, p<0.05). Higher glucose levels and lower HbAlc and HOMA-B were
related to lower FATP3 mRNA (p<0.05). Higher HDL-C was associated with higher GLUT1
MRNA (p<0.05). At 35-37 weeks, higher triglycerides were related to higher FATP3 mRNA
(p<0.05), and higher HDL-C was associated with higher GLUT1 mRNA (p<0.05). After
controlling for false discovery rates, only the association between glucose and FATP3
(24-28 weeks) remained significant.

Maternal adiposity was not related to mRNAs (Table S2, p>0.05). In mediation analyses,
maternal metabolic parameters did not mediate the relationship of ST or MVPA with

placental mRNAs (Table S3, p>0.05).

Association of placental mRNAs with cord blood metabolic parameters, and neonatal
adiposity after birth

Subsequently, the hypothesis that placental mRNAs are associated with glucose and
lipid transport related foetal metabolites, and proxy measures of neonatal adiposity
(sum of skin folds, cord blood leptin) was tested (Table 5). FATP2 mRNA was inversely
associated with cord triglycerides and FFA (p<0.01). After separating the analyses by
foetal sex, the association of FATP2 mRNA with cord FFA was only observed in female
foetuses (Table S4, p=0.01). GLUT1 mRNA was positively associated with cord glucose
(model 1, p=0.02). Greater FABP4 and PPAR-y mRNAs were associated with higher cord
leptin (p<0.05); these associations were not observed with the sum of skinfolds. When
controlling for false discovery rates, only the associations of cord triglycerides and FFA
with FATP2 remained significant. Mediation analyses showed that PPAR-y mRNA

exerted an indirect effect on neonatal sum of skinfolds via cord blood leptin (positive
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association, p<0.05; data not shown). No other cord metabolic parameter mediated the

association of placental mRNAs with neonatal adiposity (Table S5, p>0.05).

Table 5. Linear regression associations of placental mRNAs with cord blood glycaemic (n=142) and lipid parameters
(n=146), and neonatal adiposity (n=161).

Model 1 Model 2 Adjusted Adjusted
Outcomes Predictors
B SE B p-value p-value R2¢ R2d
PPAR-y 0.08 0.09 0.08 0.35 0.72 0 0
FATP2 0.04 0.05 0.07 0.42 0.63 0 0
C-peptide? FATP3 0.01 0.03 0.03 0.71 0.86 0 0
FABP4 0.04 0.04 0.09 0.33 0.51 0 0
Glucose transporter 1 -0.03 0.08 -0.03 0.75 0.75 0 0
PPAR-y 0.37 021 0.15 0.08 0.76 0.01 0.04
FATP2 -0.08 0.11 -0.06 0.50 0.84 0 0.02
Glucose?? FATP3 -0.04 0.07 -0.05 0.55 0.17 0 0.02
FABP4 -0.01 0.09 -0.01 0.92 0.80 0 0.33
Glucose transporter 1 0.46 0.20 0.19 0.02 0.22 0.04 0.06
PPAR-y 0.03 0.07 0.04 0.61 0.66 0 0.04
FATP2 -0.14 0.03 -0.34 <0.001 <0.001 0.13 0.14
Triglycerides?® FATP3 -0.02 0.02 -0.10 0.24 0.21 0 0.05
FABP4 0.02 0.03 0.06 0.50 0.43 0 0.03
Glucose transporter 1 0.10 0.06 0.15 0.07 0.14 0.02 0.04
PPAR-y 0.04 0.04 0.09 0.28 0.94 0 0.05
FATP2 -0.06 0.02 -0.26 <0.001 0.005 0.07 0.10
Free fatty
FATP3 0.01 0.01 0.04 0.60 0.86 0 0.04
acids?
FABP4 0.01 0.02 0.04 0.61 0.43 0 0.04
Glucose transporter 1 0.07 0.04 0.17 0.04 0.21 0.03 0.07
PPAR-y -0.33 099 -0.03 0.74 0.89 0 0.04
FATP2 0.34 048 0.06 0.47 0.69 0 0.04
Sum of skinfolds
FATP3 0.15 0.28 0.04 0.59 0.41 0 0.04
(thickness)
FABP4 0.10 048 0.02 0.84 0.83 0 0.04
Glucose transporter 1 -0.30 0.85 -0.03 0.72 0.97 0 0.04
PPAR-y 356 136 0.21 0.01 0.02 0.04 0.13
FATP2 0.20 0.72 0.02 0.78 0.86 0 0.09
Cord blood leptin? FATP3 0.66 040 0.13 0.10 0.05 0.01 0.11
FABP4 142 0.65 0.18 0.03 0.05 0.04 0.12
Glucose transporter 1 1.76 1.28 0.11 0.17 0.31 0.01 0.10

The results did not change when only those women with ST and PA data (n=112) were included in the analyses. B, unstandardized
regression coefficient; B, standardized regression coefficient; SE, standard error; FABP, fatty acid binding protein; FATP, fatty acid
transport protein; PPAR-y, peroxisome proliferator-activated receptor gamma. 2 Asubtle variation of winsorizing was performed
on extreme outliers of cord blood parameters. ® Optimum Box-Cox transformations were conducted on cord blood markers. The
results remained similar after handling outliers. Model 1 was adjusted for the intervention group, smoking at baseline, and
gestational week at delivery; and model 2 was additionally adjusted for maternal age, consumption of food rich in protein and
delivery route (metabolic parameters N=137; neonatal adiposity, N=152). The coefficient of determination values shown are
derived from unadjusted ¢ and model 19.
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Sensitivity analyses

Additional sensitivity analyses of groups with high/low ST or MVPA and obese class I-1lI
are shown in Tables S6-S11. The association between FATP2 mRNA and cord
triglycerides was more noticeable in women with higher ST levels at early pregnancy

(p<0.05).

DISCUSSION

This is the first large-scale study examining the influence of objectively measured ST and
MVPA at different time periods in pregnancy on targeted placental mRNAs in
overweight-obese pregnant women. The overall result was that MVPA had little, if any,
effect on placental mRNAs. Strikingly, however, more time spent sedentary, especially
in early pregnancy, was associated with lower FATP2 and FATP3 mRNA in term placenta
samples. Although higher maternal insulin and insulin resistance (24-28 weeks) were
associated with lower FATP2, and higher glucose, poorer beta-cell function (24-28
weeks), and lower triglycerides (35-37 weeks) with lower FATP3 expression, none of
these metabolic parameters mediated the relationship of ST or MVPA with transporter
MRNAs. This might be due to lack of power in our mediation analyses. Contrary to our
expectations'®!*, FATP2 mRNA was inversely associated with cord blood triglycerides
and FFA, and was not associated with neonatal adiposity. In addition to trans-placental
transport, FFA uptake into foetal tissues contributes to the steady-state levels in cord
blood, which might account for the inverse association of FATP2 mRNA with cord blood
triglycerides and FFA. Moreover, other placental transporters and transcripts/proteins
could play a role in determining cord blood levels of triglycerides and FFA.

It is worth noting that PPAR-y was not associated with ST or MVPA. This is
surprising since it is a transcriptional regulator of FATPs and FABPs acting upstream of
FATP2, FATP3 and FABP4'416-18: and these transporters were related to ST. A possible
explanation is that we measured mRNAs only, and not proteins. However, PPAR-y
expression was positively correlated with FATP2, FATP3 and FABP4 mRNA (see Figure
S2). The higher levels of these placental transporters with lower ST levels, although at
various time periods, prompted the hypothesis that PPAR-y upregulation could
indirectly explain lifestyle-induced changes on FATP2, FATP3 and FABP4 mRNA.
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However, we did not find PPAR-y mediating the association between ST and FATP2,
FATP3 or FABP4 (data not shown), which might be due to a lack of statistical power.

In agreement with an earlier study?®, our findings also suggested that higher
MVPA during early pregnancy was related to down-regulated placental GLUT1
expression; although this association was dependent on ST levels. However, another
study?® did not observe any association. Methodological differences (e.g.
measurements/devices employed, statistical power, or maternal phenotype) could
explain discrepancies in findings. Given that most of the associations were reported with
ST during early to middle gestation, a potential explanation is that reducing ST during
this period might have induced diverse structural, metabolic and molecular
changes?®293637 in placental cells that remain throughout pregnancy until parturition,
and might dictate placental phenotype>2%282937 However, we cannot fully exclude that
there might also be an acute influence of currently unknown drivers in later pregnancy
that account for placental alterations. If future studies confirm our findings, strategies
aimed at reducing ST during this vulnerable tipping point during which pregnancy
complications arise>#, might be of high relevance for targeting placental regulation of

these transcripts.

LIMITATIONS

The main strength of the current study is that it included objective device-based
measurements of ST and MVPA at three time points in pregnancy. Furthermore, the
cohort is very well phenotyped, with important information on maternal and cord blood
metabolic parameters available. In addition, maternal diet and sleep duration were
considered for the analyses, since they could be important confounders of the
association between ST/MVPA and placental mRNA. The sample size was large enough
to assess sex differences in associations of placental mRNAs with both maternal and
foetal metabolites. Some limitations need to be acknowledged as well. First, the
representativeness of the sample might be compromised because we only analysed
placental samples from a subgroup of women (Figure S1). Hence, some selection biases
might be present. We preferentially selected women for mRNA analyses from the

intervention groups with PA counselling, since we expected the most relevant changes
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in ST and MVPA levels in these groups. Thus, women from the HE groups are
underrepresented in this study. Another limitation of the current study is that only gene
expression, and not protein, was analysed in pooled placental tissues. Furthermore,

statistical power might have been too limited for mediation analyses.

CONCLUSIONS

The present study showed that ST at specific periods of pregnancy, and changes in ST
from baseline, were associated with the expression of different placental genes linked
to intracellular lipid transport. However, PA levels during pregnancy were hardly related
to transporter mRNAs. Therefore, the role of PA on these placental mRNAs of
overweight-obese women is debatable. Strategies aimed at lowering ST behaviours are
more likely to regulate neonatal growth and adiposity by modulating the expression of
relevant placental molecules, which is of clinical interest for the prevention of future
maternal and offspring-adult diseases. Future studies i) earlier in pregnancy?, ii)
considering the crosstalk between muscle, placenta and other organs3?, iii) and
epigenetic changes®?, and iv) distinguishing clearly normal and pathological conditions
during pregnancy, are necessary to better understand the role of the placenta in linking

maternal lifestyle with neonatal outcomes.
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Appendix A. Lifestyle interventions

The general goal of lifestyle interventions was to make women conscious about their
capacity to influence their weight, and minimize their gestational weight gains during
pregnancy. Accordingly, they were advised not to exceed a weight gain greater than 5kg,
or to maintain their weight if they have already gained >5kg before starting the
interventions. As previously further described?, after the randomization and baseline
measurements, five face to face and four optional booster telephone coaching sessions
(see in the figure below) were scheduled for each participant with the same lifestyle
coach through the intervention. Importantly, four of these five face-to-face coaching
appointments should have taken place before the second measurement (24-28 weeks),
and the different interventions should have finished before 35 weeks. Lifestyle
interventions were inspired on motivational interviewing methods. Depending on the
lifestyle group, personal coaching involved discussion of PA and/or HE habits (see
below), and specific material was provided to the participants to support them to

progress and change their behaviour.

Lifestyle messages used during coaching sessions

Physical activity (PA) intervention

1) “Be active every day”: Incorporate light and moderate PA as much as possible into daily life (e.g.

by parking further away from destination or undertake special activities for pregnant women).

2) “Sit less”: Reduce sedentary time.

3) “Build your strength”: Incorporate upper and/or lower limb resistance exercise as PA.
4) “Take more steps”: increase the number of steps taken per day.

5) “Be more active at weekends”: Be more active during the weekends.

Healthy Eating (HE) intervention

1) “Replace sugary drinks”: Reduce intake of sugary drinks (e.g. replace with water).

2) “Eat more non-starchy vegetables”: Eat more non-starchy vegetables.

3) “Increase fibre consumption”: Choose high-fibre, over low fibre products (=5 g fibre/100 g).

4) “Watch portion size”: Be conscious about the amount of food eaten each meal.

5) “Eat protein”: Increase intake of proteins (e.g. meat, fish, beans).

6) “Reduce fat intake”: Reduce fat intake (e.g. snack, fast food, fried foods).

7) “Eat less carbohydrates”: Reduce intake of carbohydrates (e.g. potatoes, pasta, rice, snacks,
candy).
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In the PA group, participants were encouraged to increase PA levels based on previous
American College of Obstetrics and Gynaecology recommendations?, and received
information manuals, pedometers (Yamax Digiwalker SW-200), and flexible elastic
dynabands (Thera-Band, Akron, USA) along with a training video. In the HE group, the
action plan aimed at improving dietary habits, and participants were provided with
information manuals along with additional data about healthy eating and related myths.
The PA & HE group consisted of a combination of both PA and HE groups. The control
group did not receive any lifestyle intervention, but usual care from their
midwives/obstetricians. Lifestyle coaches attended meetings, and were provided with
personal digital assistants and manuals, presentations in English, training courses about
motivational interviewing, and feedback by experts, to achieve the maximum

standardization of interventions across the different study centres.

+2-4 wk
(25 wk)

'?3
£
3

13-20th wk ! +1-3 wk

Lifestyle coaching intervention

Life coaching intervention schedule. F2F, face to face sessions. Picture phone, booster telephone call

sessions.
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Appendix B. Target sequence of placental genes
Nanostring technology: customized CodeSet (nCounterTM PlexSetTM)

Specie: Homo sapiens

Gene
Gene Target Sequence
(HUGO)
FATP2 ACACCATTGAGATCACTGGAAC AAACACCGCAAAATGACCCTGGTGGAGGAGGGCTTTAACCCTGCTGTCATCAAAGATGCCTTGTATTTCTTGGA SLC27A2
FATP3 TGCTAAAGGATGTCTTCCGGCCTGGGGATGTTTTCTTCAACACTGGGGACCTGCTGGTCTGCGATGACCAAGG CTCCGCTTCCATGATCGTACTGG SLC27A3
FABP4 GGTGGAATGCGTCATGAAAGGCGTCACTTCCACGAGAGTTTATGAGAGAGCATAAGCCAAGGGACGTTGACCTGGACTGAAGTTCGCATTGAACTCTACA FABP4
GLUT1 AGGCTCCATTAGGATTTGCCCCTTCCCATCTCTTCCTACCCAACCACTCAAATTAATCTTTCTTTACCTGAGACCAGTTGGGAGCACTGGAGTGCAGGGA SLC2A1
OAZ1 GGTGGGCGAGGGAATAGTCAGAGGGATCACAATCTTTCAGCTAACTTATTCTACTCCGATGATCGGCTGAATGTAACAGAGGAACTAACGTCCAACGACA OAZ1
PPAR-y CAGATCCAGTGGTTGCAGATTACAAGTATGACCTGAAACTTCAAGAGTACCAAAGTGCAATCAAAGTGGAGCCTGCATCTCCACCTTATTATTCTGAGAA PPARG
TBP ACAGTGAATCTTGGTTGTAAACTTGACCTAAAGACCATTGCACTTCGTGCCCGAAACGCCGAATATAATCCCAAGCGGTTTGCTGCGGTAATCATGAGGA TBP
WDR45
CTGCCCAGGGACCTTGGTCTCGAAGCCATACGTGGTTGTCTGCTTTCCTAAGGACTCCCATTTCCAGTATTAAAGAGAGAATCATCATCAAGGCACCGTA WDR45B

Appendix C. Outlier detection and management

Nowadays, the presence of outliers is one of the most enduring and pervasive
methodological changes in biomedical science research3>. Worryingly, there is a lack of
consensus about how addressing outliers (i.e. how defining, identifying and handling
them). Since the decisions that researchers make about this issue have important
implications, we have included this section to promote transparency and the critical
interpretation of the results, as previously recommended by several authors3>,
Although no specific guidelines exist about how addressing outliers, several studies31°
(especially that one from Aguinis, et al. °) have previously provided smart advices and
recommendations to address them in the best possible way. Accordingly, the different
steps to address outliers in the present study have been performed proceeding with the
following recommendations. We have identified and handled outliers according to the
basis for multilevel (primary aims) and regression analyses (secondary aims).

Error outliers

Singles construct techniques (box plots, descriptive statistics, percentage analyses, etc.)
were performed to initially identify error outliers. Subsequently, we also employed
multiple construct techniques to identify error outliers. Particularly, we identified error

outliers based on the outlyingness of the observation in term of its residual score and
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scores of predictors (standardized residuals and studentized residuals). When it was not
possible/appropriate to correct these data points, and we were sure that their
inaccuracy was related to human errors, device malfunction, miscalculations or similar
circumstances (i.e. we had determined the cause of the identified outlying observation),
these error outliers were removed from the respective database. Since these potential
error outliers could have been caused by inherent variability in the data (in this case they
would represent a legitimate part of the population), we were very prudent when
identifying and handling them. We paid special attention to the reasoning behind the
classification of data points as error outliers.
Interesting outliers
After the application of this first filter to the database, there were several remaining
interesting outliers, which required additional analyses in depth. Thereby, we aimed at
analysing these interesting outliers with quantitative approaches (e.g., we tried to
analyse differences in how predictors were able to predict high and low outlier scores).
However, the number of outliers was minimum, and only appreciable in few outcomes,
which prevented us from performing these analyses properly. As consequence, we did
not finally perform these analyses.
Influential outliers
Since it is not legitimate to simply drop the remaining potential outliers from the
analyses (they tend to increase error variance, reduce the power of statistical test, etc.),
nor plainly deleting them without any basis (they could be part of the inherent variability
of the distribution of data), we analysed more in depth the influence of these outliers in
the model. Aimed at checking their influence, we analysed how the deletion of specific
outliers could affect the change of the model fit (e.g., changes in R%; model fit outliers),
parameters estimates (intercept, slope, regression coefficients, etc.; prediction outliers)
and the assumptions of the model. If these remaining unusual cases were not finally
identified as influential outliers, or they were identified but influenced the model
slightly, these potential outliers were not handled (as observed in some mRNAs, and
maternal glycaemic/lipid and neonatal adiposity markers: Tables 3-5 and Tables S1-54).
In this case, these unusual data points were dropped in the analyses since they
did not affect either the results or assumptions of the tests, and they could be caused

by inherent variability in the data. By contrast, if these remaining unusual cases were
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confirmed as influential outliers which affected the model fit and parameter estimates
(as observed in some outcomes variables in the Tables 3-5 and Table $1-S11), those
influential outliers we handled. As general rule (some exceptions such as in Table 4 and
Table S3), no handling of outliers was performed in predictor variables since residual
values from models were small, and/or potential extreme values from predictors did
not/scarcely influence the fit and coefficients of the model® (checked with changes in
the coefficient of determinations, changes in the intercepts and slopes, Cook’s
distances, centered leverage values, DFBETAS values, and the studentized residuals). In
order to handle influential outliers (when identified), a subtle variation of winsorizing
[convert back from a z-score: replacing extreme scores (z>2.58; value equivalent to a
probable outlier) with a score equivalent to +2.58 standard deviations from the mean]
was employed to handle these outliers. After handing these outliers, data distribution
improved, and some of the problematic issues related to the assumptions of some
models disappeared. Subsequently, data preparation was employed for those models
characterized by asymmetry (skewness, kurtosis, etc.) of placental mRNAs, and the
violation of some assumptions related to the generalization of the results. Specifically,
optimum Box-Cox transformations were used to reduce the impact of potential source
of bias, and improve the goodness of fit of the data. After dealing with these
“problematic” outcomes, the results remained similar (but with better and more

symmetrical distribution of data) to the analyses without data preparation.

Appendix D. Statistical analyses (for the secondary aims)
Several extreme values of some outcome variables were confirmed as influential outliers
in these sensitivity analyses. Hence, these influential outliers were handled. Particularly,
a subtle variation of winsorizing was employed to handle these outliers (Appendix C).
Subsequently, data preparation was employed for those models (specified in the Tables
4-5 and Tables S4-S11) characterized by asymmetry of outcome variables, and the
violation of some assumptions related to the generalization of the results. Specifically,
optimum Box-Cox transformations were used to reduce the impact of potential source
of bias and improve the goodness of fit of the data.

After considering relevant confounders suggested by previous literature,

bivariate correlations and stepwise linear regressions were employed to identify
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potential confounders in the different sensitivity analyses. Particularly, those
statistically significant confounders, which were strongly related to the outcomes and
might influence the model, were chosen.

Firstly, linear regressions analyses were performed to explore the association of
maternal glycaemic and lipid parameters (at 24-28 and 35-37 weeks), and maternal
adiposity (35-37 weeks), with placental mRNAs (Table 4 and Table S2). The maternal
metabolic and adiposity parameters were introduced in the models as predictors, and
the placental mRNAs as outcomes. The model 1 was adjusted for the intervention group,
and smoking at baseline and gestational week at delivery; model 2 was additionally
adjusted for the relative percentage of daily ST at baseline, and the requirement of
prostaglandins at delivery. Linear regression associations grouped by foetal sex were
performed for those models in Table 4 and Table S2 which showed foetal sex
dependency. Additionally, simple mediation analyses (Table S3, and Figure S3) were
conducted to investigate the potential role of maternal glycaemic and lipid markers (at
24-28 and 35-37 week) as mediators of the association between ST (at baseline and 24-
28 week), MVPA (at baseline) and changes in ST (from baseline to 35-37 week), with
placental mRNAs. These mediation analyses were only conducted for those associations
which were statistically significant in previous analyses and were especially related to
our main hypotheses. All the models were adjusted for lifestyle intervention, smoking
at baseline and gestational week at delivery. Foetal sex dependency of all pathways in
the mediation models from Figure S3 were tested through conditional process analyses
(moderated mediation) (see Figure S4). No potential effect modification by foetal sex
was found in any pathway. Therefore, sexes were combined in all mediation models.

Secondly, linear regression analyses were used to examine the individual
association of placental mRNAs with cord serum glycaemic and lipid parameters (Table
5), neonatal adiposity (Table 5), and maternal metabolic markers (data not shown: none
significant association) after birth. The placental mMRNAs were introduced in the models
as predictors, and the aforementioned maternal and neonatal variables as outcomes.
The model 1 was adjusted for the intervention group, smoking at baseline, and
gestational week at delivery; and the model 2 was additionally adjusted for maternal
age, consumption of food rich in protein and delivery route. Linear regression

associations grouped by foetal sex (Table S4; analyses of simple slopes) were performed
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for those models in Table 5 which showed foetal sex dependency (i.e. a statistically
significant interaction-term; presence of potential effect modification). Additionally,
simple mediation analyses (Table S5, and Figure S5) were conducted to investigate the
potential role of cord blood metabolic parameters as mediators of the association
between placental mMRNAs and neonatal adiposity. These mediation analyses were only
conducted for those associations which were statistically significant in previous
analyses, and/or might allow us to better understand some mechanisms related to
neonatal adiposity. All the models were adjusted for the intervention group, smoking at
baseline, and gestational week at delivery. We did not employ parallel multiple mediator
models to avoid problems with collinearity, which in turn might increase sample
variance and affect the indirect effect and confidence interval coefficients. Foetal sex
dependency was also tested in all the pathways of these mediation models from Figure
S5 through conditional process analyses (moderated mediation — see schematic diagram
Figure S6). No potential effect modification by foetal sex was found in any pathway.
Therefore, sexes were combined in all mediation models.

Lastly, simple slope analyses (moderation analyses) were performed to analyse
if the associations between placental mRNAs and maternal/neonatal outcomes (at/after
birth) differed depending on the level of ST and MVPA, and the weight status category
(Table S6-S11). These linear regressions were only conducted for those models which
were statistically significant (or showed evidence of statistical significance) in Table 5,
and Tables S4-S5, and were of clinical interest to better understand our main results
(Table 3 and Table S1). Specifically, these associations were tested separately in the
following groups (the groups were categorized according the median, except for weight
status):

i) Women with low ST vs. high ST levels at baseline (low ST <584min/day; high ST
>584min/day) (Table S6).

ii) Women with low ST vs. high ST levels at 24-28 weeks (low ST <590min/day; high
ST >590min/day) (Table S7).

iii) Women who increased less ST vs. women who increased more ST, from baseline
to 24-28 weeks (increased less ST from baseline, <20min/day; increased more ST from

baseline, >20min/day) (Table S8).
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iv) Women with low MVPA vs. high MVPA levels at baseline (low MVPA <40min/day;
high MVPA >40min/day) (Table S9).

V) Women with low MVPA vs. high MVPA levels at 24-28 weeks (low MVPA
<33min/day; high MVPA >33min/day) (Table $10).

vi) Overweight-obese class-1 women vs. obese class-2 women (overweight-obese

class-1, BMI pre-pregnancy<35; obese class-2 and 3, BMI pre-pregnancy >35, Table S11).

The model 1 was adjusted for the intervention group and gestational week at
delivery; and the model 2 was adjusted for gestational week at delivery, and delivery
route. All the assumptions related to the generalization of the results (linearity, normal
distribution of the residuals, no perfect multicollinearity, etc.) were met in the different
models from all the analysis addressing the secondary aims. The statistical analyses were
conducted using SPSS 22.0 (IBM, NY, USA). The simple mediation and conditional
process analyses were performed with the PROCESS version 3.4.1. The statistical

significance was set at p<0.05.
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Table S1. Linear regression analyses assessing the effects of the lifestyle counselling intervention on placental |

HE+PA vs. control HE vs.
HE+PA HE PA Control
Placental (n=54) (n=23) (n=52) (n=54) Model 1 Model 2 Model 1
mRNAs

B SE p-value p-value B SE |
PPAR-y 7.01 0.42 7.13 0.34 7.02 0.40 6.95 0.37 0.07 0.07 0.31 0.42 0.17  0.09
FATP2 3.32 0.74 341 0.87 3.17 0.78 3.19 0.85 0.10 0.15 0.49 0.68 0.17 0.19
FATP32 3.92  (2.63,4.55) 3.79 (2.94,4.6) 391 (2.72,4.78) 335 (2.75,3.86) 0.22 0.25 0.37 0.25 042 032
FABP4 7.72 0.80 8.02 0.95 7.59 0.84 7.80 0.79 -0.09 0.15 0.57 0.48 0.20 0.20
GLUT 12 11.4 0.45 113 0.38 11.43 0.45 11.3 0.42 0.07 0.08 0.39 0.50 -0.05 0.10

Data are mean (standard deviation) or median (interquartile range=Q3, Q1). B, unstandardized regression coeff;
acid binding protein; HE, healthy eating; PA, physical activity; PPAR-y, peroxisome proliferator-activatec
coefficients indicate the raw differences in means on placental mRNAs between conditions. @ Winsorizing of ex
optimum Box-Cox transformations were performed on placental mRNAs. Model 1 was unadjusted; and model
and requirement of prostaglandins at delivery. The sample size involved in the comparison of differences betw
2 (HE+PA, n=47; HE, n=21; PA, n=48; control, n=47).
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Table S2. Linear regression associations of maternal adiposity parameters (at 35-37t
week of gestation) with placental mRNAs (n=173).

] Model 1 Model Adjusted Adjusted
Outcomes Predictors

B SE B p-value p-value R2P R2¢
Sum of skinfolds 0.00 0.00 -0.08 0.35 0.80 0 0
Fat percentage -0.01 0.01 -0.10 0.19 0.97 0 0

PPAR-y
Weight 0.00 0.00 0.04 0.58 0.57 0 0
Body mass index -0.01 0.01 -0.11 0.17 0.68 0 0.01
Sum of skinfolds -0.00 0.00 -0.08 0.31 0.50 0 0.06
Fat percentage -0.00 0.02 -0.02 0.84 0.46 0 0.06

FATP2
Weight -0.00 0.00 -0.07 0.35 0.50 0 0.06
Body mass index -0.01 0.02 -0.04 0.63 0.59 0 0.05
Sum of skinfolds 0.00 0.00 0.09 0.29 0.50 0 0.01
Fat percentage 0.03 0.03 0.08 0.31 0.49 0 0.01

FATP3
Weight 0.00 0.01 0.02 0.83 0.23 0 0
Body massindex -0.02 0.03 -0.06 0.44 0.48 0 0
Sum of skinfolds 0.00 0.00 0.09 0.28 0.41 0 0.02
Fat percentage 0.02 0.02 0.06 0.47 0.73 0 0.01

FABP4
Weight 0.00 0.00 0.05 0.50 0.69 0 0.01
Body mass index -0.01 0.02 -0.06 0.48 0.65 0 0.01
Sum of skinfolds 0.00 0.00 -0.05 0.56 0.61 0 0
Glucose Fat percentage -0.01 0.01 -0.06 0.45 0.44 0 0
transporter 1> Weight -0.00 0.00 -0.06 0.46 0.20 0 0
Body mass index -0.00 0.01 -0.03 0.67 0.44 0 0

The results did not change when only those women with ST and PA data (n=112) were
included in the analyses. B, unstandardized regression coefficient; B, standardized
regression coefficient; SE, standard error; FABP, fatty acid binding protein; FATP, fatty
acid transport protein; PPAR-y, peroxisome proliferator-activated receptor gamma.
aSubtle variation of winsorizing was performed on extreme outliers (z value>2.58) of
placental mRNAs. The coefficient of determination values shown are derived from
unadjusted ® and model 1¢. The results remained similar after handling outliers. Model
1 was adjusted for the intervention group, smoking at baseline, and gestational week at
delivery; and model 2 was additionally adjusted for the percentage of ST at baseline, and
the requirement of prostaglandins (N=91).
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Table S3. Simple mediation analyses assessing the potential role of glycaemic (n=107) and lipid (n=102) param
mediators of the relationship between sedentary time and physical activity levels with placental mRNAs. Scher

Effect of the predictor

Effect of mediator on the

Outcome (Y) Predictor (X) Mediator (M) B 95% ClI B 95% ClI
. Insulin (24-28 weeks) 0.013 -0.004 0.030 -0.009 -0.030 0.001 -0.(
FATP2 ST (baseline)
HOMA-IR (24-28 weeks) 0.003 -0.001 0.007 -0.049 -0.127 0.030 -0.(
Glucose (24-28 weeks) 0.000 -0.000 0.001 -0.860 -1.620 -0.091 -0.(
. HbAlc (24-28 weeks) -0.000 -0.001 0.000 0.503 -0.292  1.298 -0.(
FATP3 ST (baseline)
HOMA-B (24-28 weeks) 0.397 -0.361 1.156 0.001 0.000 0.001 -0.(
Triglycerides (35-37 weeks) -0.000 -0.002 0.001 0.257 -0.132 0.647 -0.(
Glucose (24-28 weeks) 0.002 -0.001 0.004 0.139 -0.104 0.383 -0.(
) Insulin (24-28 weeks) -0.083 -0.156 -0.001 0.002 -0.008 0.012 -0.(
Glucose MVPA (baseline)
HDL-C (24-28 weeks) 0.002 -0.001 0.004 0.350 0.068 0.634 -0.(
transporter 1°
HDL-C (35-37 weeks) 0.001 -0.002 0.004 0.349 0.091 0.606 -0.(
Change ST HDL-C (35-37 weeks) -0.002 -0.003 -0.001 0.168 -0.183 0.519 -0.(

B, unstandardized regression coefficient; Cl, confidence interval; FATP, fatty acid transport protein; HbA1
homeostasis model assessment (insulin resistance); HOMA-B, homeostasis model assessment (B-cell function)
time. Confidence intervals are shown as 95% bias corrected and accelerated Cl, and are based on 5000 boots
winsorizing was performed on extreme outliers (z value>2.58) of placental mRNAs. ® N=64. All models were
smoking at baseline and gestational week at delivery. When additionally adjusting for the relative percentage c
point, the results remained similar. Conditional analyses (Figure S4) showed a significant inverse association of

in male fetuses.
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Table S4. Linear regression associations (grouped by fetal sex) of placental mRNAs
concentrations with neonatal (n=147) and maternal metabolic (n=110) parameters.

Male fetuses

Female fetuses

Outcomes Predictors
B SE B p-value p-value® B SE B p-value p-value®
Cord serum parameters (N=78) (N=69)
Glucose®® FATP2  -0.08 0.17 -0.06 0.62 0.56 -0.06 0.16 -0.05 0.71 0.89
Triglycerides® FATP2  -0.11 0.05 -0.26 0.02 0.02 -0.15 0.05 -0.39 0.002 0.00
. FATP2  -0.05 0.03 -0.19 0.10 0.10 -0.08 0.03 -0.34 0.01 0.01
Free fatty acids®
FATP3 0.01 0.02 0.04 0.70 0.70 0.00 0.02 0.03 0.85 0.92
Maternal lipids (N=61) (N=49)
. PPAR-y 0.57 0.26 0.27 0.03 0.03 -0.53 039 -0.19 0.18 0.10
Free fatty acids
PPAR-y -0.13 0.11 -0.16 0.24 0.25 -0.05 0.15 -0.06 0.73 0.85

B, unstandardized regression coefficient; B, standardized regression coefficient; SE,
standard error; FATP, fatty acid transport protein; GLUT1, glucose transporter; HDL-C, high
density lipoprotein-cholesterol; IL, interleukin; LDL-C, low density lipoprotein-cholesterol;
PPAR-y, peroxisome proliferator-activated receptor gamma. ?Subtle variation of winsorizing
was performed on extreme outliers (z value>2.58) of cord blood parameters. ® Optimum
Box-Cox transformations were conducted on cord blood parameters. The analyses were
adjusted for the intervention group, smoking at baseline, and gestational week at delivery.
These models were additionally adjusted for maternal age, consumption of food rich in
protein and delivery route ( Nmale=73 and Nfemale=64 for cord serum lipids; ¢ Nmale=59,
Nfemale=46 for maternal lipids).
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Table S5. Simple mediation analyses assessing the potential role of cord glycaemic and lipid parameters as mediators

MRNAs and neonatal adiposity (n=140). Schematic diagram in Figure S5.

Effect of the predictor

Effect of mediator on the

Direct effect of tl

Outcome (Y) Predictor (X) Mediator (M) B 95% ClI B 95% ClI B 95% ClI
PPAR-y Glucose® 0.445 -0.010 0.900 0.343 -0.503  1.188 -0.695 -2.865 1.
Cholesterol® -0.210 -0.440 0.019 0.086 -0.648  1.020 0.322 -0.786 1.

FATP2 Triglycerides? -0.142 -0.208 -0.076 -2.271 -5.133  0.590 -0.039 -1.198 1.

Free fatty acids® -0.066 -0.107 -0.025 -2.351  -7.037  2.335 0.127 -1.001 1.

FATP3 FFA? 0.016 -0.009 0.040 -2.660 -7.190 1.870 0.204 -0.423 0.

GLUTL Glucose® 0.446 0.305 0.861 0.365 -0.482  1.212 -0.858 -2.850 1.

Free fatty acids®  0.082 0.010 0.155 -2.249 -6.840  2.342 -0.533 -2.469 1.

Sum of Glucose?® 0.366 -0.080 0.813 0.857 -0.264  1.978 3.617 0.806 6.
skinfolds PPAR-y Triglycerides® 0.066 -0.072 0.203 3.454 -0.251  7.158 3.381 0.501 6.
Free fatty acids®  0.067 -0.018 0.152 -2.243  -8.326  3.839 3.759 0.827 6.

Cholesterol® -0.227 -0.466 0.012 1.154 0.614  2.246 0.196 -1.293 1.

FATP2 Triglycerides? -0.135 -0.199 -0.070 4271 0.260 8.2884 0.509 -1.055 2.

Free fatty acids® -0.063 -0.105 -0.022 -1.316  -7.715 5.083 -0.149 -1.696 1.

FATP3 Free fatty acids®  0.007 -0.018 0.032 -1.456 -7.548  4.636 0.837 -0.009 1.

GLUTL Glucose?® 0.493 0.083 0.904 0.925 -0.234  2.084 1.576 -1.126 4.

Free fatty acids®  0.077 0.002 0.152 -2.028 -8.250  4.194 2.075 -0.593 4.

The results did not change when only those women with ST and PA data (n=112) were included in the analyses. B, unstandardize
interval; FATP, fatty acid transport protein; GLUT1, glucose transporter 1; PPAR-y, peroxisome proliferator-activated rec
shown as 95% bias corrected and accelerated Cl, and are based on 5000 bootstrap samples. ? A subtle variation of winsori
(z value>2.58) cord blood markers. ® Optimum Box-Cox transformations were conducted on cord blood parameters.
intervention group, smoking at baseline, and gestational week at delivery. When additionally adjusting for the delive
Conditional analyses (Figure S6) showed a significant direct effect of PPAR-y on sum of skinfolds (inverse association whe
foetuses; and a positive significant association of cord cholesterol with cord leptin only in male foetuses.
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Table S6. Associations of placental mRNAs with neonatal and maternal metabolism parameters, and neonatal
adiposity, in women with low or high ST levels at_ baseline (<20 weeks).

Outcomes Predictors Low sedentary time (n=52) High sedentary time (n=52)
B SE B  p-value® p-value? B SE B  p-valuet p-value®
Cord blood (at birth) (N=41) (N=44)
PPAR-y -0.01 0.14 -0.01 0.95 0.85 0.12 0.13 0.16 0.34 0.60
FATP2 0.12 0.08 0.22 0.13 0.35 0.07 0.07 0.17 0.33 0.56
C-peptide® FATP3 -0.01 0.04 -0.06 0.72 0.73 -0.02 0.04 -0.08 0.63 0.38
FABP4 0.04 0.07 0.10 0.56 0.51 -0.04 0.06 -0.10 0.53 0.43
GLUT1 -0.25 0.12 -0.33 0.05 0.05 0.15 0.14 0.17 0.30 0.69
PPAR-y 0.25 0.47 0.08 0.61 0.31 0.47 0.31 0.22 0.14 0.79
FATP2 -0.03 0.26 -0.02 0.92 0.60 -0.14 0.19 -0.11 0.44 0.96
Glucose® FATP3 -0.10 0.15 -0.11 0.50 0.17 -0.03 0.09 -0.05 0.72 0.10
FABP4 -0.34 0.24 -0.23 0.16 0.31 0.13 0.16 0.12 0.42 0.76
GLUT1 0.53 043 0.20 0.23 0.58 0.46 0.36 0.18 0.21 0.58
PPAR-y -0.10 0.07 -0.22 0.17 0.07 0.03 0.08 0.05 0.76 0.71
FATP2 0.05 0.04 0.20 0.21 0.22 -0.06 0.05 -0.20 0.21 0.31
HDL-C* FATP3 -0.03 002 -024 0.14 0.16 -0.01 0.03 -0.06 0.69 0.46
FABP4 0.00 0.04 -0.01 0.96 0.81 -0.01 0.04 -0.03 0.87 0.86
GLUT1 -0.12 0.06 -0.33 0.03 0.01 0.05 0.10 0.08 0.61 0.70
PPAR-y 0.05 0.12 0.07 0.67 0.78 0.08 0.12 0.11 0.48 0.43
FATP2 -0.12 0.06 -0.28 0.07 0.05 -0.17 0.07 -0.38 0.01 0.02
Triglycerides® FATP3 -0.06 0.03 -0.27 0.08 0.18 -0.01 0.04 -0.05 0.76 0.95
FABP4 0.01 0.06 0.04 0.82 0.63 0.06 0.06 0.16 0.29 0.29
GLUT1 -0.01 0.10 -0.01 0.95 0.85 0.24 0.13 0.28 0.07 0.10
PPAR-y 0.00 0.07 o0.01 0.96 0.46 0.01 0.07 0.03 0.86 0.79
Free fatty FATP2 -0.04 0.04 -0.17 0.28 0.22 -0.08 0.04 -0.33 0.04 0.09
N FATP3 -0.01 0.02 -0.07 0.64 0.62 0.01 0.02 o0.07 0.68 0.79
acids FABP4 003 003 -016 032 051 004 004 015 034 0.37
GLUT1 0.03 0.05 0.09 0.56 0.96 0.11 0.08 0.23 0.16 0.21
Maternal blood (<48h postnatal) (N=52) (N=52)
PPAR-y -0.63 0.78 -0.12 0.42 0.45 -0.03 0.51 -0.01 0.95 0.87
FATP2 -0.62 042 -0.21 0.15 0.28 -0.18 0.29 -0.09 0.53 0.51
Glucose® FATP3 -0.45 0.22 -0.29 0.04 0.10 -0.32 0.14 -0.30 0.03 0.02
FABP4 -0.85 0.41 -0.28 0.04 0.04 -0.06 0.25 -0.03 0.82 0.69
GLUT1 -0.23 0.60 -0.06 0.70 0.87 -0.94 0.58 -0.23 0.11 0.31
PPAR-y -2.52 9.13 -0.05 0.78 0.99 10.45 6.55 0.26 0.12 0.63
Leptin? FATP2 216 5.09 0.08 0.67 0.93 -4.42 3.28 -0.21 0.19 0.17
FATP3 266 2.09 0.22 0.21 0.22 0.29 1.81 0.03 0.87 0.95
FABP4 1.86 4.77 0.07 0.70 0.60 3.40 3.39 0.16 0.32 0.32
GLUT1 -0.61 6.21 -0.02 0.92 0.93 2.79 6.91 0.07 0.69 0.99
Neonatal adiposity (at birth) (N=41) (N=41)
PPAR-y 250 215 0.16 0.25 0.51 3.71 226 0.24 0.11 0.07
Cord blood FATP2 1.72 1.15 0.22 0.15 0.11 -1.05 1.43 -0.11 0.47 0.54
leptin® FATP3 0.76 059 0.18 0.21 0.23 0.24 0.71 0.05 0.74 0.67
FABP4 0.81 1.10 0.11 0.47 0.27 1.92 1.12 0.25 0.09 0.12
GLUT1 -1.07 1.99 -0.08 0.59 0.25 3.63 248 0.22 0.15 0.28

B, unstandardized regression coefficient; 8, standardized regression coefficient; SE, standard error; FABP, fatty acid
binding protein; FATP, fatty acid transport protein; GLUT1, glucose transporter 1; HDL-C, high density lipoprotein-
cholesterol; PPAR-y, peroxisome proliferator-activated receptor gamma. Low sedentary time <584min/day; high
sedentary time >584min/day. ® A subtle variation of winsorizing was performed on extreme outliers (z value>2.58)
of outcomes. ® Optimum Box-Cox transformations were conducted on outcomes. ¢ Model 1 was adjusted for the
intervention group and gestational week at delivery; ¢ model 2 was adjusted for gestational week at delivery, and
delivery route (low ST, N=52; high ST, N=51). The results remained similar when adjusting for foetal sex and the
relative percentage of MVPA at 35-37 weeks.
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Table S7. Associations of placental mRNAs with neonatal and maternal metabolism parameters, and
neonatal adiposity, in women with low or high ST levels at 24-28 weeks.

Outcomes Predictors Low sedentary time (n=43) High sedentary time (n=40)
B SE B p-value® p-value® B SE B p-value® p-value®
Cord blood (at birth) (N=37) (N=37)
PPAR-y 0.07 0.17 0.07 0.69 0.84 0.09 0.20 0.09 0.65 0.36
FATP2 0.02 0.10 0.03 0.86 0.80 -0.09 0.09 -0.20 0.32 0.59
C-peptide® FATP3 0.02 0.04 0.10 0.60 0.83 -0.07 0.05 -0.26 0.19 0.55
FABP4 -0.05 0.09 -0.09 0.61 0.39 -0.04 0.07 -0.11 0.57 0.89
GLUT1 0.20 0.15 0.24 0.18 0.42 -0.01 0.19 -0.01 0.96 0.78
PPAR-y 0.74 0.50 0.27 0.15 0.81 -0.08 0.47 -0.03 0.87 0.90
FATP2 -0.28 0.31 -0.17 0.37 0.29 -0.17 0.24 -0.14 0.49 0.68
Glucose™ FATP3 0.07 0.13 0.09 0.63 0.53 -0.07 0.13 -0.10 0.61 0.25
FABP4 -0.07 0.28 -0.05 0.80 0.62 0.02 0.18 0.02 0.92 0.97
GLUT1 0.88 0.42 0.37 0.05 0.17 0.12 0.47 0.05 0.80 0.42
PPAR-y -0.07 0.09 -0.14 0.44 0.11 0.02 0.12 0.03 0.88 0.88
FATP2 -0.01 0.06 -0.03 0.88 0.96 0.01 0.05 0.02 0.93 0.92
HDL-C FATP3 0.00 0.02 -0.01 0.95 0.39 0.03 0.03 0.20 0.28 0.30
FABP4 0.04 0.05 0.16 0.39 0.26 0.01 0.04 0.02 0.91 0.81
GLUT1 0.06 0.08 0.13 0.50 0.90 -0.06 0.11 -0.10 0.58 0.38
PPAR-y 0.06 0.11 0.09 0.59 0.66 0.14 0.17 0.13 0.43 0.28
FATP2 -0.03 0.07 -0.06 0.73 0.53 -0.19 0.07 -0.44 0.01 0.01
Triglycerides® FATP3 -0.05 0.03 -0.27 0.13 0.04 -0.04 0.04 -0.14 0.41 0.60
FABP4 0.06 0.06 0.16 0.35 0.40 0.01 0.06 0.02 0.93 0.82
GLUT1 -0.03 0.10 -0.06 0.75 0.85 0.23 0.16 0.23 0.15 0.14
PPAR-y 0.12 0.08 0.25 0.13 0.75 0.00 0.10 0.00 0.99 0.81
Free fatty FATP2 -0.08 005 -0.29 0.10 0.09 -0.07 004 -0.31 0.10 0.20
acids® FATP3 -0.01 0.02 -0.05 0.80 0.89 0.02 0.03 0.12 0.51 0.30
FABP4 0.03 0.04 0.10 0.56 0.35 0.04 0.04 0.16 0.35 0.24
GLUT1 0.12 0.07 0.27 0.11 0.10 0.06 0.09 0.11 0.54 0.60
Maternal blood (<48h postnatal) (N=43) (N=40)
PPAR-y -0.01 0.82 0.00 0.99 0.66 0.35 0.80 0.07 0.67 0.88
FATP2 -0.43 0.47 -0.15 0.38 0.17 -0.41 0.37 -0.19 0.28 0.30
Glucose? FATP3 -0.15 0.22 -0.12 0.50 0.41 -0.39 0.18 -0.34 0.03 0.03
FABP4 -0.54 042 -0.21 0.21 0.17 -0.23 0.29 -0.13 0.44 0.32
GLUT1 0.06 0.65 0.02 0.93 0.52 -1.11 0.72 -0.24 0.13 0.16
PPAR-y 7.05 12.05 0.11 0.57 0.31 5.62 8.96 0.12 0.54 0.74
Leptin® FATP2 -1.62 6.38 -0.05 0.80 0.67 -0.58 4.03 -0.03 0.89 0.41
FATP3 2.21 2.11 0.19 0.31 0.28 0.92 2.00 0.08 0.65 0.93
FABP4 2.28 5.73 0.07 0.70 0.51 5.96 3.44 0.30 0.09 0.12
GLUT1 1.92 6.57 0.06 0.77 0.84 -5.14 8.43 -0.11 0.55 0.30
Neonatal adiposity (at birth) (N=37) (N=34)
PPAR-y 3.15 3.12 0.17 0.32 0.85 7.32 2.72 0.41 0.01 0.00
FATP2 3.51 1.85 0.32 0.07 0.08 -1.37 1.32 -0.18 0.31 0.64
Cord blood leptin® FATP3 114 075 0.27 0.14 0.40 032 078 0.08 0.69 0.43
FABP4 1.46 1.69 0.15 0.40 0.41 1.22 1.03 0.20 0.24 0.18
GLUT1 4.07 2.73 0.26 0.15 0.24 0.88 2.81 0.05 0.76 0.99

B, unstandardized regression coefficient; B, standardized regression coefficient; SE, standard error;
FABP, fatty acid binding protein; FATP, fatty acid transport protein; GLUT1, glucose transporter 1; HDL-
C, high density lipoprotein-cholesterol; PPAR-y, peroxisome proliferator-activated receptor gamma. Low
sedentary time <590min/day; high sedentary time >590min/day). ® Asubtle variation of winsorizing was
performed on extreme outliers (z value>2.58) of outcomes. ® Optimum Box-Cox transformations were
conducted on outcomes. ¢ Model 1 was adjusted for the intervention group and gestational week at
delivery;  model 2 was adjusted for gestational week at delivery, and delivery route (low ST, N=43; high
ST, N=40). The results remained similar when adjusting for foetal sex and the relative percentage of
MVPA at 35-37 weeks.
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Table S8. Associations of placental mRNAs with neonatal and maternal metabolism parameters, and
neonatal adiposity, in women who increased less or more ST from baseline to 24-28 weeks.

Outcomes Predictors Increased less ST from baseline (n=43) Increased more ST from baseline (n=40)
B SE B p-valuec p-valued B SE B p-value© p-valued
Cord blood (at birth) (N=30) (N=30)
PPAR-y 0.14 0.16 0.17 0.39 0.62 0.10 0.20 0.10 0.64 0.40
FATP2 -0.09 0.08 -0.23 0.26 0.12 0.06 0.14 0.10 0.67 0.76
C-peptide? FATP3 0.02 0.05 0.07 0.73 0.80 -0.03 0.06 -0.11 0.63 0.91
FABP4 -0.01 0.09 -0.02 0.92 0.62 0.03 0.09 0.07 0.75 0.28
GLUT1 0.25 0.20 0.30 0.22 0.12 -0.33 0.19 -0.33 0.10 0.10
PPAR-y 0.57 0.46 0.24 0.23 0.94 0.25 0.61 0.09 0.68 0.46
FATP2 -0.11 0.24 -0.09 0.64 0.74 -0.71 0.43 -0.40 0.12 0.79
Glucose®* FATP3 0.06 0.14 0.10 0.65 0.36 -0.20 0.19 -0.24 0.29 0.17
FABP4 0.17 0.25 0.14 0.50 0.91 -0.13 0.29 -0.11 0.65 0.53
GLUT1 1.01 0.57 0.39 0.09 0.11 0.05 0.68 0.02 0.94 0.23
PPAR-y 0.05 0.09 0.10 0.58 1.00 -0.13 0.11 -0.25 0.23 0.43
FATP2 -0.03 0.05 -0.13 0.50 0.49 0.09 0.08 0.26 0.26 0.06
HDL-C* FATP3 -0.02 003 -0.13 0.52 0.97 000 0.03 -0.01 0.96 0.93
FABP4 0.07 0.05 0.26 0.18 0.19 -0.04 0.05 -0.18 0.41 1.00
GLUT1 -0.05 0.12 -0.09 0.67 0.57 -0.12 0.11 -0.22 0.32 0.06
PPAR-y -0.01 0.15 -0.02 0.94 0.86 0.16 0.16 0.18 0.33 0.37
FATP2 -0.16 0.07 -0.44 0.02 0.02 -0.19 0.11 -0.34 0.09 0.14
Triglycerides® FATP3 004 004 -0.17 0.44 0.87 003 0.05 -0.13 0.52 0.81
FABP4 0.07 0.08 0.18 0.40 0.23 0.03 0.07 0.08 0.69 0.59
GLUT1 0.08 0.18 0.10 0.69 1.00 0.11 0.17 0.12 0.53 0.40
PPAR-y 0.10 0.10 0.18 0.34 0.47 -0.06 0.08 -0.15 0.45 0.75
Free fatty FATP2 -0.14 0.04 -0.53 0.00 0.02 -0.07 0.05 -0.29 0.20 0.81
acidsa FATP3 0.00 0.03 0.02 0.93 0.47 -0.01 0.02 -0.09 0.68 0.94
FABP4 0.08 0.05 0.27 0.17 0.06 -0.07 0.03 -041 0.04 0.35
GLUT1 0.01 0.12 0.01 0.97 1.00 0.17 0.07 0.44 0.03 0.18
Maternal blood (<48h postnatal) (N=34) (N=34)
PPAR-y 0.23 0.83 0.05 0.79 0.94 0.10 0.89 0.02 0.91 0.89
FATP2 -0.44 0.43 -0.18 0.32 0.39 -1.06 0.61 -0.34 0.10 0.13
Glucose® FATP3 -0.54 0.24 -0.41 0.04 0.04 -0.58 0.23 -0.46 0.02 0.03
FABP4 -0.01 0.43 -0.01 0.98 0.96 -0.56 0.39 -0.26 0.16 0.10
GLUT1 -0.84 0.69 -0.23 0.24 0.44 -1.37 094 -0.27 0.16 0.20
PPAR-y -6.60 13.09 -0.11 0.62 0.92 1.72 9.96 0.04 0.86 0.91
Leptin? FATP2 -6.05 4.54 -0.29 0.20 0.09 5.80 7.30 0.20 0.44 0.30
FATP3 0.40 2.85 0.04 0.89 0.77 3.28 250 0.28 0.20 0.30
FABP4 -5.33 590 -0.21 0.38 0.55 5.29 5.12 0.21 0.31 0.29
GLUT1 9.26 7.42 0.33 0.23 0.74 -16.76 11.03 -0.31 0.14 0.07
Neonatal adiposity (at birth) (N=30) (N=27)
PPAR-y 1.32 241 0.10 0.59 0.85 10.06 3.07 0.50 0.00 0.02
Cord blood FATP2 1.19 1.19 0.17 0.33 0.31 -1.79 2.52 -0.15 0.48 0.47
leptin® FATP3 0.49 0.70 0.13 0.49 0.38 0.45 1.00 0.09 0.66 0.36
FABP4 1.53 1.23 0.22 0.23 0.25 1.86 1.56 0.23 0.25 0.22
GLUT1 2.34 3.02 0.17 0.45 0.28 -3.82 3.55 -0.20 0.29 0.50

B, unstandardized regression coefficient; B, standardized regression coefficient; SE, standard error;
FABP, fatty acid binding protein; FATP, fatty acid transport protein; GLUT1, glucose transporter 1; HDL-
C, high density lipoprotein-cholesterol; PPAR-y, peroxisome proliferator-activated receptor gamma; ST,
sedentary time. Women who increased less ST from baseline, <20min/day; who increased more ST from
baseline, >20min/day. ? A subtle variation of winsorizing was performed on extreme outliers (z
value>2.58) of outcomes. ® Optimum Box-Cox transformations were conducted on outcomes. ¢ Model 1
was adjusted for the intervention group and gestational week at delivery; ¢ model 2 was adjusted for
gestational week at delivery, and delivery route (increased less ST, N=34; increased more ST N=34). The
results remained similar when adjusting for foetal sex and the relative percentage of MVPA at 35-37
weeks.
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Table S9. Associations of placental mRNAs with neonatal and maternal metabolism parameters, and neonatal
adiposity, in women with low or high MVPA levels at_baseline (<20 weeks).

Outcomes Predictors Low MVPA (n=52) High MVPA (n=52)
B SE B p-valuec  p-valued B SE B p-value® p-valued

Cord blood (at birth) (N=44) (N=46)
PPAR-y 005 012 0.06 0.69 0.85 0.14 0.14 0.16 0.30 0.59
FATP2 -0.06 0.08 -0.12 047 0.66 001 0.07 0.2 0.88 1.00
C-peptide? FATP3 -0.05 005 -0.18 0.25 0.12 001 0.03 005 0.74 0.58
FABP4 0.02 006 0.5 0.76 0.80 0.03 0.08 0.5 0.75 0.80
GLUT1 0.15 015 0.16 0.31 0.78 -0.17 011 -022  0.14 0.11
PPAR-y 0.14 033 0.07 0.68 0.47 052 049 0.16 0.29 0.76
FATP2 -0.03 020 -0.02 091 0.85 026 024 -016 030 0.84
Glucose* FATP3 005 0.12 -006 070 0.20 005 012 -007 067 0.06
FABP4 008 016 0.08 0.62 0.95 035 029 -019 023 0.33
GLUT1 058 042 0.23 0.17 0.93 059 041 021 0.16 0.65
PPAR-y 008 008 0.16 0.32 0.67 -0.14 0.08 -0.26  0.09 0.13
FATP2 -0.03 005 -0.10 058 0.41 -0.03 0.05 -009 057 0.75
HDL-C? FATP3 0.02 0.03 0.10 0.55 0.92 -0.04 0.02 -030  0.05 0.09
FABP4 0.02 004 0.9 0.56 0.69 -0.04 005 -0.14 0.0 0.71
GLUT1 0.02 0.09 0.04 0.83 0.62 006 0.08 -0.11  0.48 0.41
PPAR-y 002 010 0.2 0.88 0.82 009 013 0.11 0.50 0.55
FATP2 -0.15 0.06 -038 0.1 0.04 -0.17 0.07 -0.37 0.01 0.02
Triglycerides® FATP3 0.02 004 0.10 0.52 0.55 -0.08 003 -034  0.03 0.04
FABP4 0.06 005 0.17 0.24 0.21 -0.03 0.08 -006 0.72 0.98
GLUT1 023 011 030 0.04 0.30 0.04 0.13 005 0.75 0.85
PPAR-y 001 006 -0.02 091 0.24 0.03 0.07 0.06 0.67 0.49
Free fatty FATP2 -0.06 004 -027 0.4 0.15 -0.10 0.04 -036 001 0.06
acids? FATP3 002 002 0.6 0.36 0.53 -0.02 002 -012 043 0.52
FABP4 0.00 003 -001 097 0.87 0.00 0.04 -001 094 0.38
GLUT1 0.11 007 0.28 0.11 0.54 0.07 0.07 0.5 0.33 0.37

Maternal blood (<48h postnatal) (N=51) (N=53)
PPAR-y 060 052 -0.16 026 0.26 020 0.70 0.04 0.78 0.78
FATP2 -0.02 030 -001 095 0.78 -0.44 040 -015 0.8 0.23
Glucose® FATP3 -0.13 0.8 -0.11 046 0.49 048 018 -036  0.01 0.01
FABP4 026 026 -0.14 032 0.21 022 040 -0.08  0.59 0.37
GLUT1 031 055 -008 058 0.83 056 0.65 -0.12 039 0.51
PPAR-y 307 572 0.09 0.60 0.63 1.24  9.43 0.02 0.90 0.94
Leptin? FATP2 590 336 -031  0.09 0.08 352 439 0.13 0.43 0.80
FATP3 049 199 -0.04 081 0.89 061 194 0.5 0.76 0.52
FABP4 250 331  0.13 0.46 0.53 323 477 o011 0.50 0.69
GLUT1 11.70 565 0.34 0.05 0.05 894 6.84 -021 0.0 0.12

Neonatal adiposity (at birth) (N=42) (N=42)
PPAR-y 252 195 0.7 0.20 0.29 331 262 0.20 0.21 0.14
Cord blood FATP2 001 132 0.00 1.00 0.91 1.00 1.25 0.12 0.43 0.41
. FATP3 066 077 0.12 0.40 0.61 038 0.60 0.10 0.53 0.42
leptin® FABP4 144 093 021 013 0.11 096 154 010  0.54 0.40
GLUT1 518 234 030 0.03 0.32 254 220 -017 026 0.34

B, unstandardized regression coefficient; 8, standardized regression coefficient; SE, standard error; FABP, fatty acid
binding protein; FATP, fatty acid transport protein; GLUT1, glucose transporter 1; HDL-C, high density lipoprotein-
cholesterol; MVPA, moderate-to-vigorous physical activity; PPAR-y, peroxisome proliferator-activated receptor
gamma. Low MVPA <40min/day; high MVPA>40min/day. 2 A subtle variation of winsorizing was performed on
extreme outliers (z value>2.58) of outcomes. ® Optimum Box-Cox transformations were conducted on outcomes.
¢ Model 1 was adjusted for the intervention group and gestational week at delivery; ¢ model 2 was adjusted for
gestational week at delivery, and delivery route (low ST, N=51; high ST, N=52). The results remained similar when

adjusting for foetal sex and the relative percentage of ST at baseline.
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Table S10. Associations of placental mRNAs with neonatal and maternal metabolism parameters, and neonatal
adiposity, in women with low or high MVPA levels at 35-37 weeks.

Outcomes Predictors Low MVPA (n=45) High MVPA (n=29)
B SE B p-value® p-value! B SE B p-value® p-value!

Cord blood (at birth) (N=37) (N=25)
PPAR-y 0.19 0.8 0.19 0.30 0.42 0.47 021 042 0.04 0.42
FATP2 -0.10  0.09 -0.20 0.27 0.46 0.02 0.10 0.04 0.85 0.87
C-peptide® FATP3 -0.01 0.05 -0.02 0.92 0.71 0.02 0.05 0.10 0.63 0.88
FABP4 0.01 0.08 0.02 0.93 0.75 0.21 015 0.27 0.17 0.73
GLUT1 039 019 035 0.06 0.03 0.03 0.15 0.03 0.87 0.75
PPAR-y 0.00 0.34 0.00 1.00 0.24 0.54 079 0.17 0.50 0.93
FATP2 -0.19 017 -0.21 0.25 0.50 0.14 030 0.1 0.66 0.71
Glucose® FATP3 -0.18 0.10 -0.35 0.06 0.03 0.05 0.16  0.08 0.75 0.55
FABP4 011  0.15 -0.14 0.46 0.36 -0.50 051 -0.23 0.34 0.31
GLUT1 073 037 033 0.06 0.23 0.28 053 0.13 0.61 0.78
PPAR-y 0.02 013 0.04 0.85 0.82 0.05 0.14  0.08 0.74 0.57
FATP2 0.01 0.05 0.03 0.87 0.90 0.02 0.06  0.09 0.71 0.73
HDL-C* FATP3 0.03 0.03 0.20 0.32 0.43 -0.03 0.03 -0.21 0.35 0.20
FABP4 0.00 0.05 0.01 0.96 0.93 0.11 0.09 0.27 0.24 0.50
GLUT1 0.09 013 0.14 0.48 0.58 -0.06 0.10 -0.14 0.56 0.30
PPAR-y 035 0.17 036 0.05 0.08 0.06 0.22 0.06 0.81 0.59
FATP2 -0.19 0.07 -0.44 0.01 0.07 -0.18 0.09 -0.44 0.06 0.07
Triglycerides® FATP3 0.00 0.05 -0.01 0.94 0.93 -0.10 0.05 -0.43 0.05 0.06
FABP4 0.02 0.07 0.06 0.76 0.74 0.17 0.15 0.25 0.28 0.25
GLUT1 034 018 034 0.06 0.12 0.06 0.16  0.08 0.73 0.72
PPAR-y 0.09 0.09 0.19 0.29 0.33 0.17 012 0.28 0.19 0.06
Free fatty FATP2 -0.05 004 -0.21 0.21 0.53 -0.09 0.05 -0.36 0.10 0.12
. FATP3 0.02 0.02 020 0.28 0.14 -0.05 0.03 -0.35 0.08 0.30
acids FABP4 0.01 0.04 0.06 0.73 0.33 0.05 0.09 0.3 0.55 0.18
GLUT1 011 0.09 021 0.22 0.79 0.13 0.09 031 0.15 0.05

Maternal blood (<48h postnatal) (N=45) (N=29)
PPAR-y 0.08 0.83 0.02 0.92 0.86 1.05 1.02 018 0.31 0.21
FATP2 -0.19 034 -0.09 0.59 0.48 0.09 0.45  0.04 0.84 0.62
Glucose® FATP3 -0.38 020 -0.31 0.07 0.02 0.00 0.22  0.00 1.00 0.72
FABP4 -0.13 034 -0.06 0.71 0.23 -0.66 0.68 -0.17 0.34 0.26
GLUT1 -0.52 0.67 -0.13 0.44 0.88 -0.59 0.77 -0.14 0.46 0.39
PPAR-y 7.68 821 0.16 0.36 0.27 -30.55 18.67 -0.51 0.13 0.48
Leptin® FATP2 -2.78 327 -0.14 0.40 0.67 -4.85 6.82 -0.21 0.49 0.79
FATP3 145 2.09 0.3 0.49 0.11 -0.52 3.27  -0.05 0.88 0.90
FABP4 -0.36 3.87 -0.02 0.93 0.18 13.48 17.68 0.24 0.46 0.87
GLUT1 6.56 6.07 0.19 0.29 0.86 7.02 1490 0.16 0.65 0.84

Neonatal adiposity (at birth) (N=34) (N=25)
PPAR-y 717 3.09 035 0.03 0.01 2.48 414 0.14 0.56 0.96
FATP2 -0.83  1.58 -0.09 0.60 0.99 -0.18 1.76  -0.02 0.92 0.88
Cord blood leptin® FATP3 151 092 0.28 0.11 0.10 0.15 0.83 0.04 0.86 0.98
FABP4 155 136 0.20 0.26 0.37 -0.97 2.69 -0.08 0.72 0.71
GLUT1 6.60 3.43 030 0.07 0.04 0.04 272 0.00 0.99 0.84

B, unstandardized regression coefficient; B, standardized regression coefficient; SE, standard error; FABP, fatty acid
binding protein; FATP, fatty acid transport protein; GLUT1, glucose transporter 1; HDL-C, high density lipoprotein-
cholesterol; MVPA, moderate-to-vigorous physical activity; PPAR-y, peroxisome proliferator-activated receptor
gamma. Low MVPA <33min/day; high MVPA >33min/day). 2 A subtle variation of winsorizing was performed on
extreme outliers (z value>2.58) of outcomes. ® Optimum Box-Cox transformations were conducted on outcomes.
¢ Model 1 was adjusted for the intervention group and gestational week at delivery; ¢ model 2 was adjusted for
gestational week at delivery, and delivery route (low MVPA, N=44; high MVPA, N=29). The results remained similar
when adjusting for the sex of the foetus and the relative percentage of sedentary time at baseline.
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Table S11. Associations of placental mMRNAs with neonatal and maternal metabolism parameters, and neonatal
adiposity, in obese class-1, and class-2 and -3 women (body mass index at pre-pregnancy).

Outcomes Predictors Obese class-1 women (n=122) Obese class-2 and 3 women (n=49)
B SE B p-value® p-valued B SE B p-value® p-valued
Cord blood (at birth) (N=101) (N=47)
PPAR-y 0.14 0.10 0.14 0.18 0.19 0.00 0.15 0.00 0.99 0.79
FATP2 0.00 0.05 0.01 0.96 0.61 0.10 0.08 0.19 0.22 0.28
C-peptide? FATP3 0.00 0.03 0.00 0.99 0.91 0.01 0.05 0.02 0.89 0.79
FABP4 0.03 0.05 0.07 0.51 0.30 0.04 0.08 0.08 0.61 0.67
GLUT1 0.05 0.09 0.05 0.62 0.92 -0.30 0.15 -0.30 0.05 0.11
PPAR-y 0.32 0.27 0.12 0.23 0.52 0.61 0.36 0.26 0.10 0.49
FATP2 -0.13 0.13 -0.10 0.34 0.67 0.11 0.21 0.08 0.60 0.50
Glucose?® FATP3 -0.07 0.07 -0.09 0.35 0.13 0.06 0.17 0.05 0.75 0.75
FABP4 0.00 0.12 0.00 0.97 0.36 0.04 0.19 0.03 0.84 0.21
GLUT1 0.51 0.23 0.22 0.03 0.10 0.50 0.39 0.20 0.21 0.97
PPAR-y 0.12 0.06 0.21 0.04 0.14 -0.16 0.07 -0.35 0.03 0.08
FATP2 -0.02 0.03 -0.05 0.62 0.64 -0.02 0.04 -0.09 0.56 0.48
HDL-C* FATP3 0.02 0.02 0.0 0.36 0.50 -0.04 003 -0.23 0.12 0.19
FABP4 0.06 0.03 0.22 0.04 0.06 -0.08 0.04 -0.32 0.04 0.06
GLUT1 0.00 0.05 0.01 0.96 0.79 0.01 0.07 0.02 0.88 0.85
PPAR-y 0.10 0.08 0.12 0.23 0.21 -0.06 0.12 -0.08 0.61 0.62
FATP2 -0.13 0.04 -0.32 0.00 0.003 -0.14 0.06 -0.34 0.02 0.02
Triglycerides® FATP3 0.00 0.02 0.01 0.91 0.75 -0.13 0.04 -0.44 0.002 0.003
FABP4 0.05 0.04 0.14 0.18 0.11 -0.05 0.06 -0.14 0.36 0.40
GLUT1 0.11 0.07 0.17 0.10 0.15 0.14 0.11 0.18 0.24 0.31
PPAR-y 0.02 0.05 0.04 0.68 0.86 0.08 0.06 0.19 0.21 0.31
Free fatty FATP2 -0.07 0.03 -0.26 0.01 0.04 -0.06 0.03 -0.27 0.06 0.04
acids? FATP3 0.01 0.02 0.04 0.70 0.61 0.00 0.02 0.02 0.90 0.88
FABP4 0.03 0.03 0.11 0.31 0.28 -0.02 0.03 -0.09 0.55 0.79
GLUT1 0.06 0.05 0.13 0.20 0.22 0.12 0.06 0.29 0.04 0.24
Maternal blood (<48h postnatal) (N=122) (N=49)
PPAR-y 0.36 0.46 0.07 0.44 0.90 0.14 0.53 0.04 0.80 0.96
FATP2 -0.26 0.22 -0.11 0.23 0.32 0.05 0.27 0.03 0.85 0.87
Glucose? FATP3 -0.16 0.12 -0.12 0.19 0.20 -0.09 0.19 -0.07 0.63 0.70
FABP4 -0.08 0.21 -0.04 0.71 0.35 -0.13 0.27 -0.07 0.62 0.51
GLUT1 0.19 0.39 0.04 0.64 0.54 -0.65 0.51 -0.17 0.21 0.17
PPAR-y 3.20 5.26 0.07 0.55 0.59 11.37 12.02 0.18 0.35 0.32
Leptin? FATP2 -1.48 240 -0.07 0.54 0.62 1.50 4,97 0.06 0.77 0.57
FATP3 1.32 1.30 0.12 0.31 0.25 -0.88 3.02 -0.05 0.77 0.75
FABP4 6.41 246 0.29 0.01 0.01 0.53 5.18 0.02 0.92 0.73
GLUT1 5.08 432 0.14 0.24 0.37 -13.76 8.73 -0.28 0.13 0.07
Neonatal adiposity (at birth) (N=99) (N=42)
PPAR-y 4.06 1.70 0.23 0.02 0.02 2.76 2.29 0.18 0.24 0.32
Cord blood FATP2 -0.50 0.88 -0.06 0.57 0.85 1.49 1.23  0.17 0.23 0.37
leptin® FATP3 0.81 0.45 0.17 0.08 0.05 -0.44 0.86 -0.07 0.61 0.86
FABP4 0.93 0.78 0.12 0.24 0.16 2.08 1.14 0.25 0.08 0.16
GLUT1 1.88 1.48 0.12 0.21 0.36 -0.07 2.54 0.00 0.98 0.41

B, unstandardized regression coefficient; B, standardized regression coefficient; SE, standard error; FABP, fatty acid
binding protein; FATP, fatty acid transport protein; GLUT1, glucose transporter 1; HDL-C, high density lipoprotein-
cholesterol; PPAR-y, peroxisome proliferator-activated receptor gamma. Overweight-obese class-1 women, BMI
pre-pregnancy 29 to 35 kg/m?; obese class-2 and 3 women, BMI pre-pregnancy >35 kg/m?. ? A subtle variation of
winsorizing was performed on extreme outliers (z value>2.58) of outcomes. ® Optimum Box-Cox transformations
were conducted on outcomes. ¢ Model 1 was adjusted for the intervention group and gestational week at delivery;
4 model 2 was adjusted for gestational week at delivery and delivery route (obese-1 women, N=122; obese-2 and
-3 women, N=48). The results remained similar when adjusting for foetal sex and the relative percentage of MVPA
at 35-37 week.
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Figure S1. CONSORT flow chart diagram for the DALI lifestyle trial (n=183).
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Figure S2. Graphical representation of placental gene expression in pregnant women (a: n=183, b:
n=112), and bivariate Pearson correlations between placental mRNA levels (n=112). a.u, arbitrary units.
FABP, fatty acid binding protein; FATP, fatty acid transport protein; GLUT, glucose transporter; PPAR-y,
peroxisome proliferator-activated receptor gamma. Numbers with asterisks indicate statistical
significance * p<0.05, ** p<0.01.
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Figure S3. Schematic diagram of the simple mediation analyses investigating the mediator role
of maternal glycaemic and lipid parameters (at 24-28 and 35-37 weeks) on the association
between ST and MVPA with placental mRNAs. X, predictor; M, mediator; Y, outcome; C,

confounder.

Glycaemic/Lipid
markers

2-way interactions checked:
XW1
Xw2
Mw

Foetal sex (W)

Figure S4. Schematic diagram of the conditional process analyses testing the moderator role of
fetal sex in all pathways of the mediation models from Figure S3. X, predictor; M, mediator; Y,

outcome; W, moderator.
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Figure S5. Schematic diagram of the simple mediation analyses investigating the mediator role
of cord blood metabolic parameters on the association of placental mRNAs with neonatal
adiposity (<48 hours after delivery). X, predictor; M, mediator; Y, outcome; C, confounder.
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Figure S6. Schematic diagram of the conditional process analyses testing the moderator role of
fetal sex in all pathways of the mediation models from Figure S5. X, predictor; M, mediator; Y,
outcome; W, moderator.
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ABSTRACT

Background: Physical fitness (PF) is a cornerstone of metabolic health across all ages.
However, its role on maternal and foetal metabolism during pregnancy remains
unexplored.

Objectives: To analyse i) the association of PF with maternal and foetal cardiometabolic
markers, and with clustered cardiometabolic risk during pregnancy; and ii) whether
being fit might counteract the adverse alterations related to overweight-obesity (“Fat
but Fit paradox”).

Methods: A total of 151 pregnant women (age 3315 years) participated in this study.
Several PF components (test) were objectively assessed at 16" and 33" gestational
week: flexibility (back-scratch), lower-body (chair stand) and upper-body muscle
strength (handgrip), and cardiorespiratory fitness (CRF; modified Bruce); and an overall
PF cluster was computed. Maternal venous and arterial, and venous cord serum
glycaemic and lipid markers, cortisol and C-reactive protein (CRP) were measured with
standard biochemical methods. Blood pressure was also assessed. A cardiometabolic
risk cluster was created.

Results: PF was associated with several maternal, but not foetal, cardiometabolic
markers (p<0.05). Additionally, lower-body and upper-body muscle strength, CRF,
overall PF (16t week), and CRF changes (16™-33™ week) were inversely associated with
clustered cardiometabolic risk (p<0.05). Normal-weight and fit women showed lower
insulin and insulin resistance, triglycerides, low density lipoprotein-cholesterol, CRP, and
diastolic blood pressure than overweight-obese and unfit women at 16" week (p<0.05).
Conclusions: Greater PF, especially muscle strength and CRF in early-middle pregnancy,
is related to a better metabolic phenotype, and might provide a protector effect on
maternal metabolism. “Keep yourself fit and normal-weight” should be a key message

for pregnant women.
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INTRODUCTION

Pregnancy induces well-known physiological and metabolic adaptations to meet
placenta and foetal demands®. However, dysregulated metabolic changes (e.g.
exacerbated systemic glucose and lipids) in a priori healthy, and adverse phenotypes,
can lead to pregnhancy complications!™ and negative consequences for the mother and
the child3”. In fact, previous studies have shown that those women who present more
cardiometabolic risk factors are predisposed to an increased risk for adverse outcomes
in pregnancy (e.g. GDM, preterm birth, foetal demise)8°.

Accordingly, it should be a priority in pregnancy to find appropriate tools to
optimise metabolic control, and avoid exacerbated cardiometabolic markers. In this
regard, the potential of physical fithess (PF) to confer a cardio-protector role in
metabolism!%13, and improve the impaired phenotype associated with obesity!* is
undeniable, at least in the general population (across all ages). Whether PF has a similar
effect in maternal and foetal metabolism during pregnancy has not been explored so
far, despite its clinical relevance. Of note, this information is also imperative to design
more tailored and effective exercise programs —focused on specific or combined PF
components— regarding metabolic control during pregnancy, an unperceived
“ingredient in the recipe” of exercise programming until now.

Therefore, the main aim of this study was to analyse the association of PF with
maternal and foetal cardiometabolic biomarkers -glycaemic and lipid markers, cortisol,
C-reactive protein and blood pressure, and with clustered cardiometabolic risk in
pregnancy. A secondary aim was to explore whether being fit during pregnancy was a
determinant for improved metabolic control, and might counteract some of the adverse

alterations related to overweight and obesity (the “Fat but Fit” paradox).

MATERIAL AND METHODS

Study design and population

The GESTAFIT project was a quasi-experimental trial performed at the “San Cecilio and
Virgen de las Nieves University Hospitals” and at the “Sport and Health University
Research Institute” (Granada, Spain) between November-2015 and April-2018. Briefly,
pregnant women were divided into a control or exercise group. Exercisers performed a

supervised concurrent (aerobic+resistance) exercise training from the 17" week until
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delivery (3 days/week, 60 minutes/session), and controls continued with their daily
lifestyle’>®. The inclusion criteria (Table S1) and the general procedures have been
previously described®!’. From those participants visiting their gynaecologist at 12t
week, 159 pregnant women who showed interest were finally enrolled in the study.
After being individually informed about the methodology, and before starting the
project, women signed a personal written consent. The GESTAFIT project was approved
by the Clinical Research Ethics Committee of Granada, Government of Andalusia, Spain
(code: GESFIT-0448-N-15).

General procedure

The participants were evaluated by experienced researchers at several time points: 16-
17t week (2 days), 33-34t" week (2 days) and delivery (1 day). At 16" week (early-middle
pregnancy), clinical characteristics, blood pressure, height and weight, sleep and dietary
habits, and PF were evaluated. Before leaving the research facilities, each woman was
provided with two accelerometers to wear in the wrist and waist until the next week. At
17t week, these devices were personally returned, and maternal fasting blood was
extracted by a nurse. At 33" week (late pregnancy), these assessments were conducted
with the same timing than 16™ week. Just after delivery, maternal, and arterial and
venous cord blood samples were collected by the hospital personnel, and obstetric
information was gathered. The general procedures of the GESTAFIT project are shown
in Figure S1.

Outcomes

Clinical data, obstetric history and perinatal records

Sociodemographic (e.g. educational level) and clinical (e.g. medications, diseases) data,
reproductive and obstetric history, maternal-neonatal adverse events, and smoking
habits, were collected from the medical history and questionnaires. Information about
the offspring sex, abortions, type of delivery, etc. was obtained from perinatal records
(partogram).

Cardiovascular function

Systolic and diastolic blood pressure (SBP; DBP), and resting heart rate, were assessed
twice using a digital sphygmomanometer (M6 upper-arm Omron Health-Care Europe,
the Netherlands), with women seated and relaxed at rest, without talking. The lowest

score of two correct assessments was used for the analyses.
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Height and weight

Height was assessed with a calibrated stadiometer (Seca 22, Hamburg, Germany). Pre-
conception weight was self-reported, and weight through pregnancy (16t and 33"
week) was measured, with subjects in light clothes and wearing no shoes, using an
electronic scale (InBody R20; Biospace, Seoul, Korea). Body mass index (BMI) was
calculated as: weight (Kg) /height (m?).

Dietary habits and Mediterranean diet adherence

A 105-items food frequency questionnaire was employed by a trained nutritionist to
assess the consumption and frequency of different foods'®. This information, along with
the grams consumed of these products, were employed to estimate total energy intake
(kcal/day) using the Evalfinut software. The Mediterranean diet score index!® (MDS:
lower punctuation indicates lower adherence to the Mediterranean dietary pattern) was
also calculated.

Sedentary time and physical activity

Triaxial accelerometry (ActiGraph GT3X+, Florida, US) placed in the waist was employed
to objectively evaluate sedentary time (ST) and moderate-to-vigorous physical activity
(MVPA), as previously done?°. A minimum register of 7 days (10 hours/day) was required
to use this data for the analyses. Sedentary time (<200 counts/min) and MVPA (2690-
6166 counts/min) were estimated according to the recommended vector magnitude
counts cut-points??,

Sleep duration and quality

Triaxial accelerometers (ActiSleep, ActiGraph GT3X+, Florida, US), located in the non-
dominant wrist, were used to assess sleep efficiency and duration (Cole-Kripke
algorithm)?. The filters, analyses criteria (e.g. 7 days, 10 hours/day), etc. were similar to
those described previously?®. Self-reported sleep quality was assessed using the
Pittsburgh Sleep Quality Index Questionnaire??23; lower score indicates better sleep
quality.

Physical fitness

All PF tests were performed within the same day for each woman to avoid unnecessary
burdens —this will have increased drop-out from the study. The order followed was as

shown below, in order to minimize the potential carry-over effects (e.g. fatigue) induced
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by PF tests, and to optimise recovery between tests. All women were encouraged to do
their best when performing the tests.

Lower-body muscle strength was assessed with the Chair stand test?*, which
consists of standing up from a seated position (back straight and feet flat) to a full stand
the maximum number of times within 30 seconds. More repetitions are indicative of
better strength. To avoid women pushing with their arms, these were crossed at the
chest level. This PF component was expressed in relative terms (i.e. divided by individual
weight).

Upper-body flexibility (i.e. overall shoulder range of motion) was assessed with
the back scratch test!®?* which consists of measuring the distance or overlap (in
millimetres) between the middle fingers of both hands behind the back, with a
measuring tape. When the middle fingers overlapped in the back, the score was positive
(+mm); if they did not, the score was negative (-mm). The largest score (i.e. highest
overlap or minimum distance between fingers) obtained from two trials for each arm
was registered, and the average was used for analyses.

Upper-body muscle strength was measured with the handgrip strength test'?16,
which consist of squeezing the grip (adapted to participants’ hand size?®) of a digital
dynamometer (TKK5101 Grip-D; Takey, Japan) as strong as possible. Women were
emphasized to use the correct technique (straight bipedal position, arm completely
extended, and without other body movements) to facilitate standardized measures. The
best score of two trials for each hand was chosen, and the average was employed for
the analyses. This PF component was expressed in relative terms (divided by weight). Of
note, hand-grip is usually employed in clinical studies as a proxy of overall muscle
strength?2,

Cardiorespiratory fitness (CRF) was assessed with the submaximal modified
Bruce protocol®®?’. This treadmill test consists in increasing the slope and speed during
5 progressive workload stages each 3 minutes (stage 1: 2.7km/h, 10% inclination; stage
2: 4km/h, 12%; stage 3: 5.5km/h, 14%; stage 4: 6.8km/h, 16%; stage 5: 8km/h, 18%).
During the trial, women were encouraged to first reach the 85% of the age-predicted
maximum heart rate (85%wmur), and subsequently the 85% of the target heart rate
(85%tHr). The 85%tHr Was calculated according to the heart rate reserve (Karvonen

formula)?® to consider the within-individual basal heart rate. The test was finished when
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women reached the 85%rtHr, or when they reported to reach volitional fatigue. If women
did not reach at least the 85%wmHr, their data was not considered for the quantitative
analyses. Previous authors have shown that not only time to exhaustion during the
maximal Bruce treadmill test, but also time to 85%tHr during the submaximal modified
Bruce treadmill test are highly correlated with the direct measurement of the maximal
volume of oxygen consumption (Vozmax) in women (r=0.92, r=0.82; respectively)?.
Hence, and considering that exercising until volitional exhaustion might be an unsafe
and unethical practice in pregnant women (potential burden to maternal/foetal health),
time to 85%mur and 85%tvr Were regarded as proxies of cardiorespiratory fitness
(hereinafter CRFgs%mHr and CRFgsytHr). CRFss%mHr and CRFssytHr Were highly correlated
(r=0.9, see Figure S2). Heart rate was continuously controlled with a monitor (Polar
V800, Finland). Although cardiopulmonary submaximal exercise testing is usual and safe
in pregnancy?®, a harness was employed to secure women (not for support) during the
test to prevent any potential fall and the consequent risk. None complication or adverse
consequence led us to stop the tests.

Overall physical fitness

A clustered PF index (overall PF) was created as the mean of the z-scores [(value-
mean)/standard deviation)] of upper-body flexibility, upper-body muscle strength, and
CRFgs%mnr. Higher scores indicate better PF. Lower-body muscle strength was not
considered for this cluster due to the reduced sample size (only assessed in a subsample
of women).

Laboratory methods

Blood collection

In standardized fasting conditions (8-9 a.m.), maternal venous blood samples -5mL-
were extracted from the antecubital vein. Immediately after delivery, maternal and cord
arterial and venous blood samples were extracted by midwives. All blood samples were
collected in serum tubes, and subsequently centrifuged, aliquoted and frozen (802C)
until posterior analyses.

Cardiometabolic markers

Glucose, lipids and C-reactive protein

At 16%-33¥ week, maternal glucose, total cholesterol, triglycerides, high density

lipoprotein-cholesterol (HDL-C), low density lipoprotein-cholesterol (LDL-C), and C-

158



Study I

reactive protein (CRP) levels were assessed with spectrophotometric enzyme assays
(AU5822-Clinical Chemistry Analyser, Beckman-Coulter, CA, USA). Maternal, and arterial
and venous cord serum glucose, total cholesterol, triglycerides, HDL-C, and LDL-C
concentrations were measured with spectrophotometric determination (BS-200
Chemistry Analyzer, Mindray Bio-medical Electronics, Shenzen, China) as well.

Insulin and cortisol

Paramagnetic-particle-based chemiluminescence immunoassays (UniCel-DxI800 Access
Immunoassay analyser, Beckman Coulter, CCA, USA) were employed to measure
maternal insulin and cortisol levels.

Insulin resistance

Conventional formulas®® were used to estimate the homeostasis model assessment
(HOMA)-IR (insulin resistance).

Clustered cardiometabolic risk

A clustered cardiometabolic risk scores was created from the z-scores of BMI at pre-
pregnancy, and fasting glucose, triglycerides, HDL-C (inverted score), and blood pressure
((SBP+DBP)/2) at 16th and 33rd week. Higher scores indicate greater cardiometabolic
risk.

Statistical analysis

Descriptive statistics were employed to show the clinical characteristics (T