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ABSTRACT

Pregnant women with overweight and obesity may exhibit altered circulating low-
grade inflammatory and metabolic profile and gut and vaginal microbiota which may
contribute to the development of gestational diabetes mellitus (GDM). These are
further exaggerated in obesity. In this thesis, the aim was to investigate the
interaction of low-grade inflammation, metabolism and gut and vaginal microbiota
in pregnant women with obesity and overweight and whether these are related to the
onset of GDM. Further, the effect of dietary intervention with fish oil and/or
probiotics on these factors were studied.

The study involved pregnant women with overweight and obesity (n = 99-434)
in early and late pregnancy. Blood, faecal and vaginal samples were analysed for
low-grade inflammatory and metabolic markers (metabolites, phosphorylated
insulin-like growth factor binding-protein 1 (phIGFBP-1), IGFBP-1, active matrix
metalloproteinase 8 (aMMP-8) and fatty acids) and gut and vaginal microbiota and
vaginal aMMP-§, respectively. The women were randomised into four intervention
groups (fish oil+placebo, probiotics+placebo, fish oil+probiotics, placebo+placebo)
from early pregnancy onwards. The fish oil capsules contained 2.4 g of n-3 long-
chain polyunsaturated fatty acids (n-3 LC-PUFAs): 1.9 g docosahexaenoic acid, 0.22
g eicopentaenoic acid, and the remaining amount other n-3 fatty acids and probiotics
Lacticaseibacillus rhamnosus HNOO1 and Bifidobacterium animalis ssp. lactis 420,
each with 10'° colony-forming units per capsule.

In early pregnancy, the pregnant women with obesity had higher level of low-
grade inflammatory markers and distinct metabolic profile and gut microbiota as
compared to the women with overweight. Low serum phIGFBP-1, IGFBP-1 and
high serum n-3 LC-PUFAs in early pregnancy were related to the onset of GDM.
Some vaginal bacterial genera and species were related to GDM. The fish oil and/or
probiotics intervention did not influence low-grade inflammation, serum phlGFBP-
1, IGFBP-1 or serum/vaginal aMMP-8 but it reduced the relative abundance of some
bacterial genera and species, namely fish oil reduced Ureaplasma urealyticum,
probiotics Ureaplasma, U. urealyticum and Prevotella disiens, fish oil+probiotics
Dialister invisus and P. timonensis, in vagina and increased serum n-3 LC-PUFAs.

In conclusion, obesity alters inflammatory and metabolic profile and gut
microbiota in pregnant women. Serum phlGFBP-1, IGFBP-1 and serum n-3 LC-
PUFAs as well as vaginal microbiota in early pregnancy were related to the onset of
GDM. The fish oil and/or probiotics resulted lower relative abundance of potential
pathobionts in vagina.

KEYWORDS: overweight, obesity, pregnancy, low-grade inflammation,
metabolism, gut microbiota, vaginal microbiota, fatty acids
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TIVISTELMA

Ylipaino ja lihavuus voivat nostaa veren matala-asteisen tulehduksen merkkiaineita
ja johtaa aineenvaihdunnan epédtasapainoon ja muuttaa mikrobistoa. Raskauden
aikana ndméd muutokset voivat aiheuttaa raskausdiabetesta. Tésséd véitoskirjassa oli
tavoitteena tutkia matala-asteisen tulehduksen, aineenvaihdunnan ja mikrobiston
yhteyksid keskenddn sekd niiden yhteyttd raskausdiabeteksen puhkeamiseen yli-
painoisilla seké lihavilla raskaana olevilla naisilla. Lisdksi, tavoitteena oli tutkia
kaladljyn ja/tai probioottien vaikutusta niihin kolmeen eri tekijain.

Tutkimukseen osallistui ylipainoisia ja lihavia raskaana olevia naisia (n = 99—
434) alku- ja loppuraskaudessa. Verindytteistd analysoitiin matala-asteisen
tulehduksen ja aineenvaihdunnan (aineenvaihdunnallinen profiili ja fosforyloitu
insuliinin kaltaista kasvutekijdd sitova proteiini 1 (phIGFBP-1), IGFBP-1 ja
aktiivinen matriksin metalloproteinaasi 8 (aMMP-8) sekd rasvahappoja)
merkkiaineita ja uloste- ja emditinndytteistdi mikrobiston koostumus. Tutkittavat
satunnaistettiin neljddn interventioryhméédn (kaladljy+lume, probiootit+lume,
kaladljy+probiootit, lume+lume) alkuraskaudessa. Kaladjykapselit sisélsivit 2.4 g n-3
pitkdketjuisia monityydyttyneitd rasvahappoja (n-3 LC-PUFA) (19 g
dokosaheksaeenihappoa ja 0.22 g eikosapentaeenihappoa) ja probioottikapselit
Lacticaseibacillus rhamnosus HNOO1 ja Bifidobacterium animalis ssp. lactis 420
-kantojen bakteereja (10'° pesidkkeen muodostavaa yksikkod/kanta).

Matala-asteinen tulehduksen ja monien rasva-aineenvaihdunnan merkkiaineiden
tasot veressd sekd suoliston Prevotellacaea-bakteerin suhteellinen osuus olivat
korkeammat lihavilla  verrattuna ylipainoisiin  naisiin  alkuraskaudessa.
Loppuraskaudessa raskausdiabetekseen sairastuneiden naisten veren phIGFBP-1- ja
IGFBP-1-tasot sekd emittimen erdiden bakteerien osuudet olivat matalammat ja
veren n-3 LC-PUFA-tasot korkeammat alkuraskaudessa verrattuna naisiin, jotka
eivit sairastuneet raskausdiabetekseen. Interventio vihensi eméttimen Ureaplasma-,
Prevotella- ja Dialister-suvun bakteereja ja nosti n-3 LC-PUFA-tasoja veressa.

Lihavuus voi muuttaa matala-asteista tulehdusta ja aineenvaihduntaa seka
mikrobistoa. Matalat phGFBP-1 ja IGFBP-1-tasot sekd muuttuneet n-3 LC-PUFA-
tasot olivat yhteydessd raskausdiabetekseen. Kaladljy ja/tai probiootit laskivat
mahdollisesti haitallisten bakteerien méaria emattimessa.

AVAINSANAT: ylipaino, lihavuus, raskaus, matala-asteinen tulehdus, aineenvaih-
dunta, suoliston mikrobisto, eméttimen mikrobisto, rasvahapot
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1 Introduction

Currently, overweight and obesity affects 49.1% and 17.0% of Finnish pregnant
women, respectively (N.B., 49.1% includes pregnant women with obesity, Official
Statistics of Finland, 2020), and has increased during the last decade (Official
Statistics of Finland, 2020). Overweight and obesity during pregnancy predisposes
pregnant women to gestational diabetes mellitus (GDM) which is a serious condition
affecting almost 16% of pregnancies (Official Statistics of Finland, 2020) and having
an impact on maternal and child health. Indeed, obesity itself can be defined as a
chronic relapsing progressive disease (Bray ef a/, 2017). GDM increases the risk for
adverse pregnancy outcomes, such as macrosomia and shoulder-dystocia (Metzger
et al, 2008), and the offspring have heightened risk for metabolic diseases in later
life (Baird et al, 2017). GDM is diagnosed only during pregnancy and it is based on
detection of glucose intolerance. Obesity during pregnancy and further diagnosed
GDM may be considered as serious public health emergencies.

Low-grade inflammation has been detected in subjects with overweight and
obesity and it has been suggested that low-grade inflammation may mediate the
development of obesity related metabolic diseases, such as GDM in pregnancy
(McElwain et al, 2021). It is of note that, the impact of the degree of overweight or
obesity on low-grade inflammation is not clearly established and thus the studies are
lacking. Other factors that contribute to the obesity mediated health effects are host’s
microbiota, and in particular gut microbiota may play a role (Cani et al, 2012). In
addition, vaginal microbiota has vast importance on women’s health. In pregnancy,
it has been showed that altered i.e., dysbiotic vaginal microbiota may be associated
even to preterm birth (Fettweis et al, 2019). However, the exact bacterial genera and
species which contribute to the health, in particular in pregnancy with overweight
and obesity and GDM, are unrevealed and more research are needed on this topic.
Furthermore, the previous studies show that also metabolic profile is strongly linked
to the subjects’ increased adiposity (Payab et al, 2021) but less is known about the
metabolic profile in pregnant women with overweight and obesity or GDM, and the
impact of the degree of overweight or obesity on metabolic profile is not extensively
studied. Thus, understanding the role of obesity, low-grade inflammation, gut and

11
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vaginal microbiota in overweight/obesity and GDM would allow planning and
setting up new interventions.

One opportunity to impact the risk for overweight and obesity associated
metabolic conditions could be fish oil and probiotics. Fish oil is rich in n-3 long-
chain polyunsaturated fatty acids (n-3 LC-PUFAs), which are crucial during
pregnancy since they support the visual and cognitive development of the foetus
(Larqué et al, 2012) and have beneficial effects on glycaemic control in GDM (Gao
et al, 2020). Similarly, probiotics may offer a mean to regulate glucose metabolism
(Laitinen et al, 2009) and reduce the incidence of GDM (Luoto ef al, 2010). Findings
from diet intervention studies suggest the dietary interventions can decrease fasting
glucose and lower the need for medication treatment in GDM (Yamamoto et al,
2018) as well as the incidence of GDM (Sparks et al, 2022), but the success is
variable. Thus, new means for preventing GDM are called for. Due to low-grade
inflammatory phenotype of overweight and obesity, n-3 LC-PUFAs and probiotics
would benefit subjects with overweight and obesity as n-3 LC-PUFAs and probiotics
show inflammation reducing capacity (Mokkala et al, 2017). However, the research
in pregnant subject is lacking, and less is known about the synergistic effects of both
fish oil and probiotics. Simultaneously, by identifying the pregnant women in
increased risk for GDM, means for preventing the disease could be offered to those
women specifically.

In this thesis the overall aim was to investigate the interaction of low-grade
inflammation, metabolism and gut and vaginal microbiota in pregnant women with
overweight and obesity and whether these are related to the onset of GDM. Further,
the effect of dietary intervention with fish oil and/or probiotics on these factors were
studied.

12



2 Review of the Literature

In this literature review, the current research on low-grade inflammation, gut and
vaginal microbiota and metabolic profile and metabolic markers, these including
IGFBP-1 and MMP-8 and fatty acids, in pregnant women with overweight and
obesity will be covered, followed by a review of previous studies on the impact of
fish oil and probiotics on these aforementioned factors in pregnant women.

2.1 Low-grade inflammation

Immunity can be divided into innate and adaptive immunity, which are activated, by
acute infection or trauma leading to rapid responses as well as rapid resolution of the
responses. In comparison to acute inflammatory responses, low-grade inflammation
is persistent low level systemic inflammatory response to altered metabolism in
overweight and obesity (Gregor & Hotamisligil, 2011). Low-grade inflammation
arises from several tissues, including gut, adipose tissue, pancreas and liver (Cani et
al, 2007; Ehses et al, 2007; Xu et al, 2003) as well as placenta (Hauguel-de Mouzon
& Guerre-Millo, 2006). In these tissues, various cells exhibit boosted inflammatory
signalling pathways leading in increased cytokine production, and simultaneously,
these tissues can exhibit increased immune cell infiltration (Gregor & Hotamisligil,
2011). Innate immune cells infiltrating in the tissues include proinflammatory
macrophages (Xu et al, 2003). Also, the immune cells of adaptive immunity, i.e. T
and B cells, are increased (Pantham et al/, 2015). Due to the boosted inflammatory
signalling pathways in the cells, increased pro-inflammatory cytokines, such as
interleukin 6 (IL-6), are detected in the tissues and circulation. Further, cytokines
induce liver to produce C-reactive protein (CRP). CRP belongs to pentraxin protein
family and it is ~25 kDA acute-phase protein which forms pentamere (~120 kDA)
in circulation and is traditionally used as determinant of systemic low-grade
inflammation, but also proinflammatory cytokines, such as tumour necrosis factor a
(TNF-a) and IL-6, have been utilised. Glycoprotein acetylation (GlycA), which
consist of acute-phase glycoproteins, is suggested to better reflect low-grade
inflammation (Mokkala et al, 2020a; Chiesa et al, 2022). GlycA consists of several
acute phase proteins while CRP is a single acute phase protein (Connelly et al, 2017).
The main proteins that are detected in circulation to measure GlycA rise slightly after

13
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than does hs-CRP (Connelly et al, 2017). Compared to high sensitivity (hs) CRP,
GlycA exhibit less intra-individual variability (Connelly et al, 2017).

211 Low-grade inflammation in pregnant women with
overweight and obesity

During pregnancy, the maternal immune system changes; the first and the third
trimesters are characterised as pro-inflammatory (Th1) whereas the second trimester
is characterised as anti-inflammatory (Th2), and involves both innate and adaptive
immune system in tightly regulated manner to allow the implantation and
placentation and not to reject the foetus as the pregnancy proceeds (Mor et al, 2011).
This is part of normal pregnancy. Obesity challenges the immune regulation of
pregnant women. In pregnant women with obesity, it has been shown that the switch
from Thl to Th2 response is impaired (Stewart et al, 2007), and circulating CRP
increases slightly during early pregnancy but then decreases towards end of
pregnancy in pregnant women with obesity, and the levels being higher in pregnant
women with obesity as compared to women with normal weight (Pantham et al,
2015), and further this predisposes the pregnant women to adverse health effects. It
is of note, that the obesity before pregnancy may elevate the levels of CRP which
may influence the findings. Compared to non-pregnant women, normal pregnant
women with uncomplicated pregnancy present higher concentrations of hs-CRP.

Specifically, low-grade inflammation in pregnant women with obesity was
recognised 20 years ago when higher concentrations of plasma CRP and IL-6 were
detected in pregnant women with obesity as compared to women with normal weight
(Ramsay et al, 2002). Other studies since have found that increased circulating levels
of CRP/hs-CRP is associated with increased adiposity, and it seems that this is
observed in all three trimesters (Table 1). However, in one study serum CRP
measured in the third trimester was not associated with obesity (Zacarias et al, 2018).
Less is known about the relation of degree of obesity on CRP/hs-CRP. Few studies
have investigated the impact of the degree of adiposity, evaluated by body mass
index (BMI), and compared women with overweight and obesity (Friis et a/, 2013;
Fujimori et al, 2015; Jadskeldinen et al, 2018; Witteveen et al, 2022). These findings
indicate pregnant women with obesity exhibited higher levels of CRP than their
counterparts with overweight. This was also seen when the women were divided to
two groups according to their pre-eclampsia status; levels of serum hs-CRP were
increased in women with obesity compared to overweight or normal weight in
women with and without pre-eclampsia (Jaédskeldinen et al, 2018).

14
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2.2 Microbiome

Human microbiome consist of multiple microbiomes in multiple sites in the body,
e.g., gut and vagina. Human body serves as a host for microbes, including bacteria,
viruses, fungi and archaea. Bacteria represents 1-3 % of human body weight
(National Institutes of Health, 2012). However, the most recent estimates state that
the percentage of bacteria of body weight is 0.3 % which accounts for 3.8x10'
bacterial cells, being the same as the number of human cells in the body (Sender et
al, 2016).

In gastrointestinal track, in the colon, the bacterial mass is the highest (10!
cells/mL) followed by ileum (108 cells/mL) and then duodenum and jejunum (10°-
10*cells/mL) (Sender et al, 2016). The major taxa in the phylum level are Bacillota,
Bacteroidota, Actinomycetota, Pseudomonadota and Verrucomicrobiota (formerly
Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria and Verrucomicrobia,
respectively (Oren & Garrity, 2021)) (Tremaroli & Béckhed, 2012). Ruminococcus,
Clostridium, Lactobacillus, Eubacterium, Faecalibacterium and Roseburia are
genera that belongs to Bacillota (formerly Firmicutes), Bacteroides, Prevotella and
Xylanibacterdegrade to Bacteroidota (Bacteroidetes formerly), Collinsella and
Bifidobacterium in Actinomycetota (formerly Actinobacteria) and Escherichia and
Desulfovibrio in Pesudomonadota (formerly Proteobacteria) (Tremaroli & Béckhed,
2012). Gut microbiome has vast importance in human physiology and health, as it
modulates host’s metabolism and function of immune and nervous systems (Adak &
Khan, 2019). Obesity can shift the gut microbial composition and diversity as
showed in non-pregnant humans (Crovesy et al, 2020) and experimental animals
(Ley et al, 2005). In obesity generally observed changes are increase in Bacillota
(formerly Firmicutes) and decrease in Bacteroidota (formerly Bacteroides). Further,
the obesity induced alterations in microbiota may lead to dysbiosis which is defined
as an imbalanced gut microbiota with an increase in gram-negative bacteria. The
gram-negative bacteria produce endotoxin lipopolysaccharide (LPS) (Cani et al,
2012), which is highly antigenic. The proposed mechanisms include increased
intestinal permeability and LPS leakage. Obesity may increase intestinal
permeability which means loss of intestinal epithelial cell tight junctions and
increased passage of molecules from intestine to the body. Due to the increased
intestinal permeability, LPS may leak from intestine to circulation (Vetrani et al,
2022). LPS is transferred to toll like receptor 4 and myeloid differentiation factor 2
complex in immune cells which activate proinflammatory signalling pathways and
expression of transcription factors, such as nuclear factor kB (Page et al, 2022).
Furthermore, LPS stimulates the proinflammatory macrophages. This all leads to
increased levels of low-grade inflammatory markers.

Vaginal microbiota consist of ~10® bacterial cells per millilitre of vaginal fluids
(Ravel et al, 2011). It is of note that the amount of bacterial cells varies depending
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on the vaginal microbial balance, e.g., in bacterial vaginosis the amount is higher,
10%? per gram (Danielsson et al, 2011). The most dominant phyla in the vagina are
Bacillota, Pseudomonadota, Actinomycetota and Bacteroidota (formerly Firmicutes,
Proteobacteria, Actinobaceria and Bacteroidetes, respectively) (Diop et al, 2019).
Oestrogen induces glycogen formation which favours growth of lactobacilli, which
makes the lactic acid producing Lactobacillus the major bacterial genus in vagina.
Due to this high abundance of Lactobacillus species, the vaginal microbiota is less
diverse than gut microbiota. The most dominant Lactobacillus species are L.
crispatus, L. iners, L. jensenii, and L. gasseri, forming four community state types
following the fifth one consisting of mainly strict anaerobic species from bacterial
genera Gardnerella, Atopobium, Mobiluncus, Prevotella and other bacteria from
order Clostridiales (Smith & Ravel, 2017). The acidic environment of the vagina, is
a first-line defence against pathogens. In non-pregnant women obesity can shift the
vaginal microbiota, as shown in previous study where women with obesity presented
less Lactobacillus dominant microbiota and higher abundance of anaerobic bacterial
species (Dialister unclassified, P. timonensis, Anaerococcus vaginalis) and a-
diversity and richness as compared to non-obese women (Raglan et al., 2021). Also,
increased expression of local pro-inflammatory markers were detected as compared
to non-obese women (Raglan et al, 2021). This study was done on middle-aged pre-
and post-menopausal women. However, similar finding has been found in
reproductive aged women with overweight/obesity; decrease in Lactobacillus and
increase in o-diversity were detected (Allen et al, 2022). Allen and co-workers
(2022) suggested that even though the increased adiposity increases the oestrogenic
levels, the increase in estrogenic levels have minor effects on vaginal microbiota and
the changes due to obesity are independent of estrogenic levels.

2.21 Gut microbiota in pregnant women with overweight
and obesity

During normal pregnancy, based on a few studies, gut microbiota appears to change
during pregnancy. One study suggests that remodelling occurs in gut microbiota
during pregnancy: from the first to the third trimester (Koren et al, 2012). However,
another study did not detect such remodelling (DiGiulio et al, 2015). Those studies
were done with pregnant women with varying BMI. In a study, which is part of the
main trial of this thesis, the gut microbiota of pregnant women with overweight and
obesity (n = 61; placebo group) changed from early to late pregnancy as analysed by
metagenomics, however, the changes were not evident after correcting for multiple
testing (Mokkala et al, 2021a).

As in non-pregnant individuals, overweight and obesity status can influence the
gut microbiota in pregnancy. Previous studies show, that pregnant women with
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overweight or obesity have decreased diversity as compared to their lean
counterparts (Stanislawski et al, 2017; Collado et al, 2008). The differences in
composition include lower abundance of bacteria belonging to the Bacillota
(formerly Firmicutes) (genus Lachnospira, family Christensenellaceae and genus
Finegoldia analysed by 16S ribosomal RNA (rRNA) gene sequencing
(overweight/obese, n = 52; normal weight, n = 171, Stanislawski et al, 2017)) and
higher abundance of those belonging to the Bacteroidota (formerly Bacteroidetes)
(genus Bacteroides) analysed by fluorescent in situ hybridization coupled with flow
cytometry and by quantitative real-time polymerase chain reaction (PCR)
(overweight, n = 18; normal weight, 36, Collado et al, 2008) in pregnant women
with overweight or/and obesity as compared to normal weight, faccal samples
collected in the first and the third trimester. In contrast, higher number of bacteria
belonging to the Bacillota (formerly Firmicutes, genus Stafylococcus) in the first
(Collado et al, 2008) and the third trimesters (Zacarias et al, 2018; Collado et al,
2008) in women with overweight and obesity have been detected. In one study,
Bifidobacterium and Bacteroides numbers were lower in overweight (n = 16) than
in normal weight (n = 34) analysed by quantitative real-time PCR. However, the
women with overweight had also lower fibre intake which may have affected the
findings (Santacruz et al, 2010). Not all studies utilising 16S rRNA gene sequencing
report association with BMI and gut microbiota (overweight/obese, n = 16; normal
weight, n = 36, Aatsinki et al, 2018). However, in that study mothers were divided
according to their microbiota, and Bacillota (formerly Firmicutes) dominant women
had higher proportion of normal weight women than Bacteroidota (formerly
Bacteroidetes) dominant women. Studies on the impact of the degree of adiposity
i.e. overweight and obesity on gut microbiota during pregnancy are lacking. One
study showed altered gut microbiota with increased BMI (Zacarias et al, 2018). In
conclusion of these studies, the gut microbial signature is influenced by overweight
and obesity during pregnancy, but whether the influence is similar to both BMI
groups, is not known. Interestingly, one previous study showed that fat mass, another
measure of adiposity which is derived from body composition measurement,
correlated directly with Bilophila and indirectly with Phascolarctobacterium in
pregnant women with normal weight and overweight/obesity (Ruebel et al, 2021).
The studies on body composition and gut microbiota in pregnancy are scarce
regardless.

22.2 Vaginal microbiota in pregnant women with overweight
and obesity

During pregnancy vaginal microbiota changes as pregnancy proceeds; increase in
species in Lactobacillus genus, and decrease in anaerobe or strict-anaerobe species
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have been detected (Romero et al, 2014a) which supports the fact that oestrogene
levels increases during pregnancy, as discussed by Allen et al. (2022). However,
some studies do not agree and these studies report no changes in taxonomic
composition or diversity (DiGiulio et al/, 2015) and report rather stable microbiota
during pregnancy as compared to in non-pregnant women (Romero et al, 2014b).

Studies on comparing vaginal microbiota in terms of normal weight, overweight
and obesity during pregnancy are very scarce. One previous study, where vaginal
samples were collected at 27-29 and 36-39 weeks of gestation from six normal
weight and 15 women with obesity and analysed by 16S rRNA gene sequencing,
showed trend of increased a-diversity and modulated taxonomic composition in
genus level by obesity and gestational weight gain status, particularly in the first
sampling time point (Faucher et al, 2020).

2.3 Metabolism

2.3.1 Metabolomics in pregnant women with overweight and
obesity

Development of high-throughput techniques, including nuclear magnetic resonance
(NMR) spectroscopy, has allowed investigation of human metabolism at a more
detailed level as compared to standard clinical laboratory techniques. Studies using
metabolomics techniques have shown that obesity modulate the metabolic profile of
non-pregnant and pregnant human subjects analysed from serum, plasma, urine,
serum of venous cord blood, adipose tissue, cord-blood, placenta tissue, and exhaled
breath condensate samples according to a recent systematic review (Payab et al,
2021). According to that review particularly increased levels of branched-chain
(BCAAs) and aromatic amino acids and some lipid derivates as well as some fatty
acids are related to obesity.

During normal pregnancy the metabolic status changes as study using NMR
spectroscopy showed; a decrease in plasma amino acids in early pregnancy and
increase in lipids throughout the pregnancy were observed (Pinto et a/, 2015). The
study indicates also that higher BMI in the third trimester is associated with higher
lipid and N-acetyl glycoprotein content. In other study, with a higher number of
participants (pregnant women, n = 322; non-pregnant women n = 3938), serum
lipoproteins and GlycA were increased during pregnancy (Wang et al, 2016).

The blood metabolic profile of pregnant women is altered due to
overweight/obesity (Hellmuth et al, 2017; Shearer et al, 2021; Foratori-Junior et al,
2022; Shokry et al, 2019; Wahab et al, 2022; Sandler et al, 2017; Kiveld et al, 2021).
In contrast, one small study did not find difference in lipids between pregnant women
with obesity (n = 10) as compared to normal weight (n = 10), metabolites were
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analysed by targeted liquid-chromatography tandem mass-spectrometry (Rauschert
et al, 2019). Study using NMR metabolomics found higher levels of several
lipoproteins all very low density lipoprotein (VLDL) subclasses and mean diameter
of VLDL particles, small high density (HDL) particles, cholesterol and triglycerides
in VLDL, total triglycerides, monounsaturated fatty acids (MUFAs), saturated fatty
acids (SFAs), and MUFAs to total fatty acids ratio, BCAAs and aromatic amino
acids and GlycA while lower levels of very large and large HDL lipoprotein
subclasses and mean diameter for HDL particles, and some fatty acid ratio measures
(e.g., PUFASs to total fatty acids) in pregnant women with obesity (n = 347) as
compared to normal weight (n =267) (Kivela et al, 2021). In another study, BCAAs
and ketones (acetoacetate, B-hydroxybutyrate) were high while histidine was low as
analysed by NMR spectroscopy in the second trimester in pregnant women with
overweight and obesity (Shearer et al, 2021). In contrast, Hellmuth et al. (2017) or
Wahab et al. (2022) did not find an association between BCAAs and prepregnancy
BMI while Shokry et al. (2019) did. In particular, plasma non-esterified fatty acids
(NEFAs) in the first and the second trimester, glutamic acid in the second trimester,
and some phospholipids in the first trimester, were directly and asparagine and some
phosphatidylcholines in the third trimester were indirectly associated with
prepregnancy BMI, as detected by targeted liquid chromatography coupled with
mass spectrometry (Hellmuth er al, 2017). Wahab et al. (2022) found that some
maternal serum amino acids, NEFAs, phospholipid, sphingomyelins and carnitine
concentrations analysed by targeted metabolomics in early pregnancy were related
to overweight and obesity. In most of the studies pregnant women with overweight
and obesity were combined into one group (Wahab et al, 2022) or handled as a
continuous variable (Hellmuth ez al, 2017; Shokry et al, 2019) or only individuals
with obesity were included (Foratori-Junior et al, 2022), thus not allowing the
evaluation of the degree of adiposity on metabolic profile. However, in a paper of
Sherearer et al. (2021) distinct metabolic profile in all BMI groups (normal weight,
overweight and obese) were visible in a heat map. Kivela et al. (2021) found that the
differences between normal weight versus obese and normal weight versus
overweight were similar except the effects were less strong between normal weight
and overweight than obese. All in all, metabolic profile is altered in pregnant women
with overweight and obesity as compared to normal weight, however, the exact
metabolites and their direction is not consistent between the studies and needs further
investigation. Nevertheless, the strongest evidence comes from lipids and amino
acids as those being higher in obesity. And less is known about the effect of the
degree of adiposity on metabolic profile of pregnant women.
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2.3.2 IGFBP-1 and MMP-8 in pregnant women with
overweight and obesity

In non-pregnant humans insulin-like growth factor 1 (IGF-1) and its binding protein,
insulin-like growth factor binding-protein 1 (IGFBP-1), are modulated by obesity;
IGFBP-1 levels reduce and IGF-1 levels rise in circulation due to obesity (Nam et
al, 1997). IGFBP-1 is regulated by insulin; insulin reduces the production of IGFBP-
1 and increases the production of IGF-1 (Lewitt et al/, 2014). Simultaneously,
IGFBP-1 regulates the bioavailability of IGF-1. It is of note that, the phosphorylation
of IGFBP-1 increases affinity of IGFBP-1 to IGF-1.

During normal pregnancy blood levels of IGFBP-1 have been mostly detected to
increase during pregnancy from the first to the third trimester (Skjaerbak et al, 2004;
Asvold et al, 2011) and also slight decrease in the third trimester has been detected
(Asvold et al, 2011). Another study suggests increase in pregnancy in two peaks,
one in gestational weeks 17-24 and other one just before delivery (Larsson et al,
2013). In a small study, which pregnant women (n = 23) with BMI ranking from 18
to 39 kg/m? were included, serum IGFBP-1 was negatively correlated with body
weight and fat in gestational weeks 14 and 32 (Olausson et al/, 2010). This was
consistent with a bit larger study in which serum IGFBP-1 correlated negatively with
BMI in the third trimester in pregnant women (Jansson et al, 2008). In another study
serum IGFBP-1 correlated negatively with BMI but not with weight in normal
weight pregnant women (n = 89) (Holmes ef al/, 2000). The studies focusing
specifically on pregnant women with overweight and obesity are lacking, but one
study including 12 pregnant women with obesity 12 normal weight pregnant women,
did not find difference in serum IGFBP-1 levels at term between the groups (Ferraro
et al, 2012). Regarding matrix metalloproteinase 8 (MMP-8), its levels in the blood
have been detected to be increased in subjects with obesity (n = 34) but not in
overweight (n = 76) as compared to normal weight subjects (n = 130) (Lauhio et a/,
2016). The literature on pregnant women with overweight and obesity and their
serum levels of MMP-8§ are lacking.

2.3.3 Fatty acid metabolism in pregnant women with
overweight and obesity

During pregnancy serum levels of total SFAs, MUFAs and polyunsaturated fatty
acids (PUFAs) (both n-3 and n-6 LC- PUFAs) increases, however, eicosapentaenoic
acid (EPA) and arachidonic acid (AA) decrease while docosahexaenoic acid (DHA)
does not change according to a recent study with 479 pregnant women (fatty acid
measured as absolute concentration, Aparicio et al, 2021b). However, one systematic
review concluded an increase in DHA levels during pregnancy (measured as absolute
concentration) (Wilson et al, 2019). Maternal fatty acid metabolism changes during
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pregnancy to ensure optimal fatty acid transfer to foetus; in early pregnancy the lipid
stores are built up and are later on broken down for the utilization of the growth and
development of the foetus. For that, maternal diet is of importance to ensure optimal
growth and development of the foetus. Diet allows supply of essential fatty acids (n-
6 LC-PUFA, linoleic acid (LA) and n-3 LC-PUFA, a-linolenic acid (ALA)) which
cannot be synthesised by the body. LA is converted into AA while ALA can be
converted into EPA and DHA. In particular, DHA and AA are of importance since
those are required for the neurological development of the foetus (Larqué et al,
2012). Due to low conversion rate of EPA and DHA as well as the high foetal needs,
the intake of EPA and DHA from the diet is necessary.

Systemic review done in non-pregnant subjects show that overweight and
obesity alter the fatty acid levels (Fekete et a/, 2015). Similar to that overweight and
obesity are associated with the blood fatty acid status in pregnant women (Tomedi
et al, 2013; Al-Otaibi et al, 2020; Vidakovic et al, 2015; Aparicio et al, 2021a;
Penfield-Cyr et al, 2018; Gazquez et al, 2021; Scifres et al, 2014; Cinelli et al, 2016;
Chamorro et al, 2022). Specifically, studies show that the fatty acid status is
influenced with increasing BMI; content of some fatty acids, e.g., proportional
amount of red blood cell DHA and AA of total fatty acids at 20 gestational weeks
reduce (Tomedi ef al, 2013) and some, e.g., percentage by weight of total SFAs, total
n-6 LC-PUFAs and LA of total fatty acids increase (measured soon after delivery)
(Al-Otaibi et al, 2020) with increasing BMI (normal weight -> overweight -> obese).
In line with the study conducted with 476 pregnant women showed that
concentrations of total SFAs, n-6 LC-PUFAs, AA and ratio of n-6/n-3 LC-PUFAs
were higher in the first trimester and SFAs in the third trimester in women with
overweight and obesity than in normal weight (Aparicio et al, 2021a). One study did
not find difference in SFAs or MUFAs but lower erythrocyte total n-3 LC-PUFAs,
ALA, EPA, DHA and higher n-3/n-6 LC-PUFAs ratio (mol % of fatty acid) at 20—
24 gestational weeks in pregnant women with obesity as compared to non-obese
were detected (Chamorro et al, 2022). One study conducted with high number of
study subjects (n = 5363) at 20.5 weeks showed higher total SFAs, palmitic acid,
stearic acid and dihomo-y-linolenic acid (DGLA) and AA concentrations while
lower myristic acid and ALA concentrations in plasma glycerophospholipids in
pregnant women with overweight and obese as compared to normal weight women,
as well as higher palmitoleic while lower EPA and LA concentrations in pregnant
women with obesity but not in overweight than in normal weight women, and higher
total n-6 LC-PUFAs in overweight compared to normal weight (Vidakovic et al,
2015). This study shows that degree of adiposity is reflected in fatty acid levels in
plasma, as in study of Gazquez et al. (2021), in which palmitic acid, stearic acid and
n-6/n-3 LC-PUFAs ratio were higher while DHA was lower in serum phospholipids
(g/100g of fatty acids) in pregnant women with obesity than in women with
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overweight at 24 weeks of gestation. It seems that higher blood SFAs, n-6 LC-
PUFAs and n-3/n-6 LC-PUFAs ratio while lower n-3 LC-PUFAs are related to
overweight/obesity in pregnancy but not all studies are in line with each other.

2.4 Gestational diabetes mellitus

2.4.1 Pathogenesis

In early phase of normal pregnancy insulin sensitivity increases and simultaneously
glucose stores increase by the glucose uptake by the tissue. Towards later stages of
normal pregnancy insulin resistance takes over as stimulated by hormones that leads
to increase in blood glucose and further its transport to the foetus (Plows et al, 2018).
In pregnancy complicated by GDM this system fails. The two driving factors in
pathophysiology of GDM are B-cell dysfunction (fail to sense blood glucose and
release insulin) and insulin resistance (tissues fail to response to insulin due to the
failure in insulin signalling) (Plows et a/, 2018).

In the following chapter, the relation of low-grade inflammation, vaginal
microbiota and circulating MMP-8, IGFBP-1 and fatty acids in the onset of GDM
will be reviewed.

242 The relation of low-grade inflammation, vaginal
microbiota, IGFBP-1, MMP-8 and fatty acids to the
onset gestational diabetes mellitus

It has been postulated that low-grade inflammation may induce insulin resistance
when cytokines activate inflammatory signalling pathways, and thus interfere with
insulin signalling pathways (Chen et al, 2015). Previous studies indicate that the
levels of CRP in early pregnancy are increased in women developing GDM in later
pregnancy (n = 27-283 per group) (Bo et al, 2005; Qiu et al, 2004; Wolf et al, 2003;
Smirnakis et al, 2007; Maged et al, 2014; Kansu-Celik et al, 2020), but it is of note
that in some of those studies the findings were evident in both women with normal
weight and those with overweight (Qiu et al/, 2004) but in some studies the
adjustment with BMI attenuated the results indicating that BMI rather than GDM
influences the levels of CRP (Wolf et al, 2003). Syngelaki et al. (2016) did not report
differences in the levels of hs-CRP between women who developed GDM (n = 200)
and who did not (n = 800). In that study, the analyses were adjusted with many
maternal characteristics, e.g., cigarette smoking, age, racial orgin and history of type
2 diabetes. Also, in cross-sectional setting in pregnant women with GDM, increased
levels of CRP and hs-CRP have been detected as compared to women without GDM
(Alyas et al, 2019; Sifnaios et al, 2019). According to a recent systematic review
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(Amirian et al, 2020), out of 31 reviewed articles, in 20 of the articles, the association
between hs-CRP or CRP and GDM was reported. Two of those articles were
prospective. Interestingly, in one study the concentration of GlycA in early
pregnancy was associated with the onset of GDM in later pregnancy (Mokkala et al,
2020b).

Disturbed vaginal microbiota may be linked to adverse pregnancy outcomes,
such as preterm birth (Fettweis et al, 2019). GDM can increase the risk of preterm
birth but whether GDM affects adversely on vaginal microbiota or vaginal
microbiota causes GDM, is unclear. The literature on the relation of vaginal
microbiota in the onset GDM is lacking. Nevertheless, previous studies in which the
vaginal microbiota has been determined after the GDM diagnosis indicate that
vaginal dysbiosis (Rafat et al, 2022) and specific bacterial phyla (Firmicutes,
Actinobacteria, Bacteroidetes (formerly Bacillota, Actinomycetota, Bacteroidota))
and genera (Prevotella, Aerococcus, Veillonella, Klebsiella, Escherichia-Shigella,
Enterococcus, Enterobacter, Bacteroides) (Wang et al, 2018; Cortez et al, 2019) and
species (L. listeri, L. amylovorus, L. fructivorans) (Zhang et al, 2018) may be
associated with GDM. Cortez et al. (2019) reported lower diversity in women with
GDM than women without GDM.

As IGFBP-1 is regulated by insulin and may be linked to insulin resistance,
systematic review on circulating IGF-axis markers and their relation to GDM has
been conducted (Wang et al, 2019). Regarding IGFBP-1, its levels were reported in
five studies out of 12 studies. One study reported that IGFBP-1 measured in early
pregnancy was inversely associated with the development of GDM (GDM n = 74,
control n = 757), and two studies found lower levels of IGFBP-1 in mid-pregnancy
in women with GDM compared to controls. No studies on IGFBP-1 in late
pregnancy and its relation to GDM existed but one study investigated the effect of
GDM treatment on the serum levels of IGFBP-1 from early to later pregnancy when
GDM develops (Huhtala et al, 2020). Metformin and insulin combined increased
IGFBP-1 and metformin alone, as compared to insulin, increased IGFBP-1 more.

Lauhio et al. (2016) showed in vifro analyses that MMP-8 cleavages insulin
receptor, and the authors suggested that MMP-8 has a role in insulin signalling and
development of insulin resistance. The literature indicates that MMP-8 is related to
GDM as measured in serum and gingival crevicular fluid at the time of diagnosis
(Akcal1 et al, 2017) and in gingival crevicular fluid measured in early pregnancy
(Chaparro et al, 2021). Serum MMP-8 was not related to history GDM as measured
postpartum (Vilmi-Keréld et al, 2017). The literature on serum MMP-8 and its
association with GDM is very scarce.

GDM seems to alter the fatty acids in red blood cells, plasma and serum as
reviewed previously (Taschereau-Charron et al, 2017). Two of those studies
measured serum/plasma absolute concentrations of fatty acids of which other study
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showed higher SFAs and EPA in early pregnancy and higher MUFAs, AA, ALA,
EPA and DHA in late pregnancy in women with GDM diagnosed in later pregnancy
as compared to women without GDM. Two studies measured serum/plasma fatty
acids as percentage of total fatty acids in late pregnancy and found higher in SFAs
and MUFAs in total and SFA sand AA in phosphatidylcholine (PC) and cholesteryl
esters (CEs) and DHA in triacylglycerols (TAGs) while lower MUFAs and ALA in
PC and CEs in women with GDM diagnosed in late pregnancy. Tryggvadottir et al.
(2021) found that concentration of SFAs, MUFAs, PUFAs, n-6 PUFAs, n-3 PUFas
and total fatty acids in early pregnancy were higher in women who developed GDM.
This results did not change after taking into account the women’s BMI.

2.5 Dietary regulators of low-grade inflammation,
microbiota and metabolism

In the two following paragraphs the randomised controlled trials on two dietary
ingredients, namely n-3 LC-PUFAs and probiotics, on circulating low-grade
inflammatory markers and vaginal microbiota and n-3 LC-PUFAs on blood fatty
acids in pregnant women will be covered. It is of note that the literature on the impact
of fish oil and probiotics on IGFBP-1 and MMP-8 and the impact of probiotics on
fatty acids in pregnant women are lacking, and thus are not reviewed. However, the
studies in non-pregnant subjects are described briefly in relation to IGFBP-1 and
MMP-8§.

2.5.1 N-3 LC-PUFAs

The effect of n-3 LC-PUFAs on low-grade inflammation in pregnant women has
been evaluated in five studies (Table 2); only one study measured circulating CRP
(Haghiac et al, 2015) while others mainly cytokines and chemokines (Krauss-
Etschmann et al, 2008; Warstedt et al, 2009; Garcia-Rodriguez et al, 2012; Valentine
et al, 2021). Two studies did not find any effect (Garcia-Rodriguez et al, 2012;
Warstedt et al, 2009) as the others did (Krauss-Etschmann et a/, 2008; Garcia-
Rodriguez et al, 2012; Haghiac et al, 2015; Valentine et al, 2021). The study in
which CRP was measured included women with overweight or obesity. The
consumption of 800 mg DHA and 1200 mg of EPA, a total of 2 g of n-3 LC-PUFAs
daily (n = 25), from before 16 gestational weeks until delivery resulted in decrease
in plasma CRP as compared to placebo (n = 24). However, no effect was observed
in two proinflammatory cytokines, IL-6 or interleukin 8. They also measured adipose
and placental tissue messenger RNA levels of cytokines in a subset of women (n =
16) and found reduced levels of IL-6, interleukin 8, TNF-a and toll-like receptor 4.
The studies in which cytokines and chemokines were measured, n-3 LC-PUFAs
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were related to a decrease in tumour necrosis factor f and increase in interferon y
(INF-y) and interleukin 1 and no effect was seen in pro-inflammatory cytokines,
interleukin 4 or interleukin 13 (Krauss-Etschmann et al, 2008). Surprising was that
in one study the increase in IL-6 was associated with higher dosage of DHA
(Valentine et al, 2021).

Only one previous study has investigated the effect of n-3 LC-PUFAs on vaginal
microbiota in pregnant women, however, leading to no statistically significant results
(Hjelmsg et al, 2020). The previous evidence from non-pregnant human subjects is
lacking as well.

No previous studies on the impact of n-3 LC-PUFAs on blood IGFBP-1 or
MMP-8 in pregnant women exist. Yet one study demonstrated that fatty fish
(150g/week) does not affect the levels of plasma matrix metalloproteinase 9 in
pregnant women (Garcia-Rodriguez et al, 2012). The evidence from studies
including non-pregnant subjects shows fish oil supplementation (5 mL/d fish oil, n-
3 cod liver oil) increases the levels of IGF-1 in boys (n = 26) and reduces the serum
levels of insulin-like growth factor binding-protein 3 in girls (n =30) as compared to
sunflower oil (n =33, n = 26, respectively) in infants aged 9—18 months (Damsgaard
et al, 2016). Similarly, an increase in serum IGF-1 and decrease in IGFBP-1 were
detected in men with cardiovascular disease after 8-week 720 mg EPA and 480 mg
DHA daily supplementation (n = 31) as compared to placebo (paraffin, n =31)
(Gholambhosseini et al, 2015). Oppositely, 8-week low fat diet with n-3 LC-PUFAs
(3% of energy from n-3 LC-PUFAs) increased the levels of insulin-like growth
factor binding-protein 3 in postmenopausal women (n = 16) (Young et al, 2013).
Increase in IGF-1 was also detected. One study had similar findings as the previous
studies but did not find effect on IGFBP-1 after n-3 LC-PUFAs (powder 3 grams
daily, n = 17) or n-6 LC-PUFAs supplementation (powder 9 grams daily, n = 13) in
patients with Crohn’s disease (Eivindson ef a/, 2005).

The effect of n-3 LC-PUFAs on circulating fatty acids levels, has been evaluated
in supplement (Dunstan et a/, 2004; Bergmann et a/, 2008; Krauss-Etschmann et al,
2007; Farshbaf-Khalili et al, 2017) and whole fish (Miles et al, 2011) as well as
dietary counselling studies (Hautero et al, 2013). The studies demonstrate that all
approaches are able to increase the n-3 LC-PUFA levels in pregnancy as measured
from serum, plasma and blood cells. Some of the studies show effect on other fatty
acid classes e.g., n-6 LC-PUFAs, MUFAs and SFAs (Dunstan et al, 2004; Hautero
et al, 2013) but not all (Bergmann et al, 2008; Farshbaf-Khalili et a/, 2017). The
studies evaluating the effect of n-3 LC-PUFAs on blood fatty acids included women
with varying BMI, and some even excluded women with obesity.
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252 Probiotics

Only two previous studies have investigated the effect of probiotics on low-grade
inflammation in pregnant women (Jafarnejad et a/, 2016; Hajifaraji et al, 2018). The
studies included women with GDM and the intervention lasted eight weeks but the
women were supplemented with different probiotic mixtures (Table 3). Both
probiotic mixtures resulted decrease in CRP and TNF-a. The other study found
decrease in IL-6 after probiotic consumption (Jafarnejad et a/, 2016) while the other
did not (Hajifaraji et al, 2018) when compared to the placebo.

Eight studies have evaluated the effect of probiotics on vaginal microbiota
(Table 3). Out of those, five studies found no effect (Vitali et a/, 2012; McMillan et
al, 2018; Bisanz et al, 2015; Gille et al, 2016; Husain et al, 2020). Only one study
showed decrease in a-diversity and B-diversity after consumption of probiotics
including Lacticaseibacillus rhamnosus (formerly Lactobacillus rhamnosus GR-1
and Lactobacillus reuteri RC-14, respectively (Zheng et al, 2020)) for 30 days
(Vasundhara et al/, 2021). Information of women’s adiposity was not given. In
phylum level Liang et al. (2021) found no effect while Vasundhara et al. (2021) did,
as they found that probiotics increased relative abundance of Bacillota (formerly
Firmicutes) and decrease in Bacteroidota (formerly Bacteroidetes) and
Actinomycetota (formerly Actinobacteria) and no change in these bacterial in
placebo group. Those two studies used two different kind of probiotic mixtures.
Liang et al. (2021) found also changes in genus level as Ureaplasma and
Gardnerella increased in probiotic group as compared to control group while
Prevotella and Sneathia increased in control group as compared to probiotic group.
One study did not find effect in genus or species level (McMillan et al, 2018). Two
studies found effect in species level (Vasundhara et al, 2021; Yang et al, 2020). In
both studies bacterial species e.g., G. vaginalis, Fannyhessea vaginae (formerly
Atopobium vaginae (Plummer et al, 2021)), L. acidophilus as well as Lactobacillus
sp. were affected.

No previous studies on the impact of probiotics on blood IGFBP-1 or MMP-8 in
pregnant women exist. A recent study showed that 3-month supplementation with
probiotics (L. rhamnosus GG) was not able to affect serum MMP-8 in non-pregnant
patients with myocardial infarction as compared to placebo (inulin) (Moludi et a/,
2021). The effect of probiotics on IGFBP-1 or other IGFBPs in blood in non-
pregnant humans is not documented.

The effect of probiotics on circulating fatty acids in pregnant women has not
been evaluated previously but studies utilising other biological specimens have
shown that probiotics combined with dietary counselling modifies placental (Kaplas
et al, 2007) and breast milk (Hoppu et al, 2012) fatty acids.
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2.6 Summary of the literature

Pregnancy itself induces major changes in women’s physiology, however, in a
tightly regulated manner to ensure growth and development of the foetus.
Overweight and obesity can adversely affect these regulated changes which indeed
may contribute to the development of adverse pregnancy outcomes both in short and
long term, including GDM. These changes are detected in inflammatory and
metabolic profile as well as microbiota. However, it is not known well whether the
degree of adiposity is reflected in the changes, or which inflammatory and metabolic
markers or bacteria are involved and whether those are interrelated in pregnancy.
Similarly, the relation of these changes in development of GDM needs further
investigation to fill in the gap in knowledge. Further, to modulate these complex
interrelations dietary interventions should be explored as potential benefits are
expected. The approach studied in the current thesis was intervention by fish oil
and/or probiotics in an at-risk target group of pregnant women with overweight or
obesity.

2.7 Hypothesis

It is hypothesised that there is an interaction between microbiota, metabolism and
low-grade inflammation, and this further impacts maternal health in pregnant women
with overweight and obesity (Figure 1). Subsequently it may be possible to intervene
these factors with fish oil and probiotics. Specifically, it is hypothesised that the
levels of circulating low-grade inflammatory and metabolic markers as well as gut
microbiota are altered in obesity as compared to overweight, and further the altered
levels of circulating low-grade inflammatory and metabolic markers as well as the
unbalanced vaginal microbiota can increase the incidence of GDM. Eventually, the
altered levels of circulating low-grade inflammatory and metabolic markers as well
as vaginal microbiota can be modulated by fish oil and/or probiotics in pregnant
women with overweight and obesity.
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3 Aims

In this study, the overall aim was to investigate the interrelations of circulating
markers of low-grade inflammation and metabolism as well as microbiota, and the
means to intervene this complex relationship in pregnant women with overweight
and obesity.

The specific aims were to study in pregnant women with overweight and obesity:

1. The difference in circulating low-grade inflammatory markers and
metabolites as well as gut microbiota between pregnant women with
overweight and obesity (study I)

2. The interaction between circulating low-grade inflammatory and
metabolics markers (study L, II and IV) and vaginal microbiota (study I1I)

3. The relationships of circulating and vaginal low-grade inflammatory and
metabolic markers with the onset of GDM (studies II-1V)

4. The impact of fish oil and/or probiotics on circulating low-grade
inflammatory markers and circulating and vaginal metabolic markers
(study II and IV) and on vaginal microbiota (study III)
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4 Materials and Methods

4.1 Study design, participants and conduct

The data is derived from mother-infant clinical trial with double-blind randomised
placebo-controlled study design (ClinicalTrials.gov, NCT01922791). For the study
I, the baseline data are utilised and for studies II, III and IV the baseline in early
pregnancy and the second time point data in later pregnancy are used. The trial was
conducted in the Turku University Hospital and University of Turku in Finland and
the participants were recruited from Turku and neighbouring cities between October
2013 and July 2017. The recruitment protocol included recruitment advertisements
distributed to maternal welfare clinics and ultrasound measurement units as well as
advertisements shared in newspapers and social media. The inclusion criteria were a
signed consent form, age 18-45 years, BMI > 25 kg/m?, early pregnancy (< 18 weeks
of gestation) and absence of chronic diseases impacting metabolic and
gastrointestinal health, including type 1 and 2 diabetes and coeliac disease (asthma
and allergies were allowed). Exclusion criteria were BMI < 25 kg/m?, mid- or late
pregnancy, chronic diseases, continuous intake of other probiotic or fish/vegetable
oil supplements and increased bleeding tendency. In total 439 pregnant women were
recruited. One woman was later excluded since it was revealed that she had familiar
hypercholesterolemia, and thus did not fulfil the inclusion criteria, and therefore in
total 438 women were included in the study. The women were allocated into four
intervention groups according to their parity and history of GDM, and stratified
randomization (random permuted blocks of 4) and randomisation list of three blocks
was done by a statistician (T. Poussa, STAT-Consulting, Nokia, Finland). The four
dietary intervention groups were: 1) fish oil and placebo for probiotics, 2) probiotics
and placebo for fish oil, 3) fish oil and probiotics and 4) placebo and placebo.

The women visited the study centre in early and late pregnancy; the allocation to
the intervention groups was done at the first visit i.e. early pregnancy, and the second
visit took place at late pregnancy. Biological samples, i.e., serum, faecal and vaginal
samples were collected in early and late pregnancy, and those were used for
determining the predefined secondary outcomes of the main trial (hs-CRP,
microbiota, metabolites, fatty acids, IGFB-1, phIGFBP-1 and aMMP-8) (Figure 2).
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Early pregnancy GDM diagnosis Late pregnancy
(24-28 gws, OGTT
(<18 gws) offered for all (3436 gws)
/baseline/visit 1 /visit 2
I women) | .
l Fish oil and/or probiotics intervention
......................................... ITCTTTETCITEITTEREIY TETEREREITEREREY =2
! Studyl Serum samples | i
5 *  Hs-CRP and GlycA ;
i *  Metabolites | !
| Faecal samples i
i * Microbiota i
Studyr  Serum samples . Serum samples
* Hs-CRP and GlycA H * Hs-CRP and GlycA
* IGFBP-1 and phIGFBP-1 !,E) * IGFBP-1 and phIGFBP-1
+ aMMP-8 Y + aMMP-8
Vaginal samples , Vaginal samples
* aMMP-8 i * aMMP-8
Study Il Vaginal samples . Vaginal samples
*  Microbiota i * Microbiota
* aMMP-8 ! *+ aMMP-8
Serum samples é Serum samples
* Hs-CRP i * Hs-CRP
* IGFBP-1 and phIGFBP-1 - » IGFBP-1 and phIGFBP-1
* aMMP-8 ! * aMMP-8
Study v Serum samples : Serum samples
* Fatty acids A * Fatty acids
*  Hs-CRP e *  Hs-CRP
*  GlycA *  GlycA

Figure 2. Timeline of the secondary analyses of the main trial included in this thesis. aMMP-8,

4.2

The study conduct followed the guidelines laid down in the Declaration of Helsinki.

active matrix metalloproteinase 8; GDM, gestational diabetes mellitus; GlycA,
glycoprotein acetylation; gws, gestational weeks; hs-CRP, high-sensitivity C-reactive

protein; phIGFBP-1, phosphorylated insulin-like growth factor binding-protein 1; OGTT,

ora

| glucose tolerance test.

Ethics

The Ethics Committee of the Hospital district of Southwest Finland approved the
study protocol, which describes all the procedures done for study participants. Also,
the University hospital of Turku gave permission to the study conduct. All
participants who were included in the study gave written informed consent.
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4.3 Dietary intervention supplements

The women were provided two fish oil capsules and one probiotics capsule daily.
The fish oil capsules (Croda Europe Ltd., Leek, UK, Incromega E1070) contained
2.4 g of n-3 fatty acids in two capsules; 1.9 g docosahexaenoic acid (22:6 n-3, DHA),
0.22 g eicosapentaenoic acid (20:5 n-3, EPA) and the remaining amount other n-3
fatty acids such as DPA. The probiotics capsule contained Lacticaseibacillus
rhamnosus (formerly Lactobacillus rhamnosus HN0OO1) (ATCC SD5675; DuPont,
Niebiill, Germany) and Bifidobacterium animalis ssp. lactis 420 (DSM 22089;
DuPont), each with 10'° colony-forming units in one capsule.

The placebo capsules for fish oil consisted of 2.4 g medium-chain fatty acids
(capric acid C8 54.6% and caprylic acid C10 40.3%) while the placebo for the
probiotics consisted of microcrystalline cellulose. The flavour, size, shape and colour
was same for the respective active intervention capsule.

Of the women 88.4% reported good compliance (study capsules consumed > 5
days/week at both time points) and 91.8 + 15.9% of the capsules had been consumed
as calculated from the returned fish oil capsules (Pellonperi et al, 2019). Further,
principal component analysis showed a clear separation of the intervention groups
according to the lipids that reflect the intake of fish oil indicating a good compliance
(Mokkala et al, 2021b).

4.4 Clinical parameters

4.41 Body mass index

Prepregnancy BMI (kg/m?) was calculated by dividing the weight in kilograms with
height in meters. The weight was self-reported and obtained from maternal welfare
clinic records. Height was measured at the first study visit by using a wall
stadiometer in 0.1 cm accuracy. Overweight is BMI > 25 kg/m? and < 30 kg/m? while
obesity > 30 kg/m?>.

4.4.2 Body composition

The body composition of the pregnant women was measured by air-displacement
plethysmography (the Bod Pod system, software version 5.4.0, COSMED Inc.) and
the subsequent fat percentage was estimated using formula developed specifically
for pregnant women by Raaij (1988). The measurement of body composition is
described in more detail previously (Pellonperi et al, 2021).
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443 Diagnosis of gestational diabetes mellitus

The diagnosis of GDM was based on a 75 g 2-hour oral glucose tolerance test. The
test was offered to the pregnant women late pregnancy 24-28 gestation weeks
(Figure 2) in the maternal welfare clinics. GDM was diagnosed when one or more
values were at or above the threshold level: 0 h > 5.3, 1 h>10.0, and 2 h > 8.6
mmol/L, according to the Finnish Current Care Guidelines (The Finnish Medical
Society Duodecim, 2022).

444 Dietary intake

The women were instructed to fill in 3-day food diary prior to the study visits
including one weekend day and two weekdays. The research personnel checked the
food diaries to ensure the reporting was accurate and it was done with the help of
portion picture booklet. The daily intake of energy, energy yielding nutrients (energy
percent (E%) and grams (g)) and fibre (g) was calculated with a software (AivoDiet
2.0.2.3, Aivo, Turku, Finland). The food composition database was provided by the
the Finnish National Institute for Health and Welfare (www.fineli.fi).

445 Questionnaires and interview

The women fill in questionnaires about their clinical background information and
diaries about their health status and medication usage (e.g., antibiotics usage: the
women who had used vaginal antibiotics were excluded from the analyses in study
IIT) during pregnancy. The women were interviewed for usage of additional fish oil
and probiotics supplements after and during the study.

4.5 Blood sampling and analyses

Fasting blood samples (at least 9 hours overnight fasting) were drawn from
antecubital vein of the women in a certified laboratory (TYKSLAB, the Hospital
District of Southwest Finland) at both visits. The whole blood was separated to
plasma and serum. The serum aliquots were stored in -80°C for further analyses of
metabolomics, IGFBP-1, aMMP-8 and fatty acids.

4.5.1 Low-grade inflammation

The concentration of fasting serum hs-CRP was determined by an automated
colorimetric immunoassay on the Dade Behring Dimension RXL autoanalyzer
(Siemens Healthcare, Camberly, Surrey, UK) in a certified laboratory (TYKSLAB).
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The concentration of fasting serum GlycA was quantified by a high-throughput
proton NMR spectroscopy (Nightingale, Helsinki, Finland). GlycA consist of
multiple acute phase glycoproteins (al-acid glycoprotein, haptoglobin, al-
antitrypsin, al-antichymotrypsin and transferrin) of which signals are detected as
NMR-signals from N-acetyl sugar groups of glycoproteins (Otvos et al, 2015).

452 Metabolites

The metabolic profile of fasting serum samples was analysed by NMR spectroscopy
(Nightingale, Helsinki, Finland). The details of the analyses are described previously
(Soininen et al, 2015). The metabolomics platform quantified metabolites and their
ratios, these including 213 lipids and nine amino acids in the pregnant women.

453 phlIGFBP-1 and IGFBP-1

The concentrations of fasting serum and vaginal IGFBP-1 and phIGFBP-1 were
analysed by immunoenzymometric assays (Actim, Espoo, Finland) as described
previously (Nuutila et al, 1999; Kruit et al, 2018).

454 aMMP-8

The concentration of fasting serum and vaginal aMMP-8 was analysed by a solid-
phase immunoenzymometric assay (MMP-8 IEMA, Actim, Espoo, Finland); the
analyses are described previously in Myntti et al. (2016), Myntti et al. (2017) and
Tuomainen et al. (2007) and in Publication II.

4.5.5 Fatty acids

The fatty acid composition of four serum lipid fractions (PC, CEs, TAGs, NEFAs)
was determined by gas chromatography (Agilent Technologies). The methodology
of these analyses are described in more detail in Fisk et al (2018). Briefly, internal
standards, dipentadecanoyl-PC, heneicosanoic acid, cholesteryl heptadecanoate and
tripentadecanoin, were added to each serum sample. Lipid was extracted into
chloroform—methanol (2:1 vol/vol). PC, NEFAs, CEs and TAGs were separated by
solid-phase extraction on aminopropyl silica cartridges. Fatty acids were removed
and simultaneously methylated to produce fatty acid methyl esters (FAMEs) by
heating in methanolic sulphuric acid. FAMEs were separated by gas chromatography
and were identified by comparison with retention times of thirty-seven FAMEs
standards run alongside the samples. Finally, the FAMEs were quantified using
ChemStation software (Agilent Technologies) and Microsoft Excel (Microsoft
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Corporation). The data are expressed as concentration (pug/mL) and percentage of
total fatty acids (%).

456 Glucose metabolism

The concentration of fasting plasma glucose was determined by an enzymatic
method utilizing hexokinase (Cobas 8000 automatic c702-analyzer, Roche
Diagnostics GmbH, Mannheim, Germany), fasting plasma insulin by
immunoelectrochemiluminometric assay (a modular E170 automatic analyser,
Roche Diagnostics GMbH, Mannheim, Germany) (TYKSLAB). Homeostatic model
assessment (HOMAZ2-IR) was calculated from fasting plasma glucose and insulin
(Wallace et al, 2004).

4.5.7 Endotoxin and intestinal permeability

Serum fasting LPS activity was determined by Limulus amebocyte lysate assay
coupled with a chromogenic substrate (HyCult Biochemistry, Uden, the
Netherlands). Serum fasting zonulin was measured by using a zonulin ELISA kit
(Immundiagnostik AG) as previously described (Mokkala et al, 2016).

4.6 Faecal and vaginal sampling and analyses

The pregnant women were asked to collect faecal sample in a sterile plastic pot at
home before the both study visit or previous evening. The samples were collected by
the study personnel in the visit and stored at 4°C and then transferred for DNA
extraction, which was done during the same day as the study visits. Extracted DNA
was frozen in -70°C for further analysis.

The vaginal samples for IGFBP-1 and aMMP-8 and microbiota analysis were
obtained by research personnel by sterile swabs in both visits as described previously
in Publication II and III. The samples for IGFBP-1 and aMMP-8 analyses were
stored in -20 °C, and samples for vaginal microbiota in -20 °C and then transferred
to -80 °C within one week and stored there until analysis.

4.6.1 Analysis of gut microbiota

Gut microbiota composition was analysed using 16S RNA gene sequencing as
described in detail previously (Mokkala et al, 2016). The relative abundance was
determined using operating taxonomic units which were a total of 731. The bacteria
with relative abundance >1% were included in the analyses. Chaol, observed
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species, phylogenetic diversity and Shannon index were analysed to study the
diversity and richness.

4.6.2 Analysis of vaginal microbiota

Bacterial DNA was extracted from the vaginal swab samples using a bead beating
method as previously described (Virtanen et al/, 2019). Sample preparation and
[lumina MiSeq sequencing of the V3-V4 16S rRNA gene amplicons were
performed as previously described (Virtanen ef a/, 2019) using 2 x 300 bp reads and
a MiSeq v3 reagent kit at the Biomedicum Functional Genomics Unit (FuGU),
Helsinki, Finland. In total 14,195,964 paired end reads for 234 samples were
obtained and the median read count was 56,205/sample (180-244,519 reads per
sample) (Publication III). The pre-processing trimming and annotation of sequencing
data are described in more detail in Publication III.

4.7 Statistics

The description of data analysed and statistical tests used in the studies I-IV are
summarised in Table 4A-B. The analyses of impact of the intervention on the
concentration of GlycA was only included in this thesis, for this Kruskal-Wallis and
One-way ANOVA were used. The statistical analyses in studies I-IV were
conducted with SPSS Statistics 24.0 (IBM, Chicago, IL, USA) for Windows. For
study III also R 3.6.3 was utilised.
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Post-hoc power was calculated for study I (GlycA and Prevotellaceae) and II
(aMMP-8) (Table 5). Calculations were done using two tailed test and 5 %
significance level with G*Power (version 3.1.9.7).

Table 5. Post-hoc power calculations for serum GlycA and Prevotellaceae (study I) and serum
aMMP-8 (study Il) between groups of interest.
Outcome Mean £ SD Mean £ SD Effect size | Achieved
n n power
Serum GlycA (mmol/L) 1.45+0.11 1.57 £0.19 0.77 97 %
52 48
Prevotellaceae? -8.24 £3.35 -9.17 £ 3.54 0.27 25%
(relative abundance, %) 48 43
Serum aMMP-8" (ng/mL)° |2.75 + 0.71 2.83+0.70 0.11 12 %
90 87

@Natural log-transformed variable
bFor serum aMMP-8 the groups are fish oil+probiotics and placebo+placebo.
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5 Results

5.1 Clinical characteristics of the pregnant women

The clinical characteristics of the pregnant women are presented in the Table 6 and
Table 7. In the study I there were 99 women in early pregnancy who were divided
according to the prepregnancy BMI; overweight BMI 25-29.99 kg/m? and obese
BMI > 30 kg/m? included. The pregnant women with obesity had higher body fat
percentage (p<0.001). The daily dietary intake of energy (overweight vs obese; 8090
+ 1503 vs 8194 £ 2203 kJ), carbohydrates (45 + 7 vs 47 = 6 E%) , protein (18 £ 5 vs
17 = 3 E%), fat (35 = 7 vs 34 = 6 E%) or fibre (19 £ 6 vs 20 + 7 g) did not differ
between the women with overweight or obesity. The pregnant women with obesity
had higher plasma fasting insulin (14.0 (9.0-17.0) vs 9.0 (7.0-11.0) mU/L, p<0.001)
and glucose (4.9 = 0.3 vs 4.7 £ 0.3 mmol/L, p=0.015) than their overweight
counterparts.

The baseline characteristics of the women who completed the intervention are
presented in Table 7. The characteristics of the women in the groups did not differ
except for number of women who smoked before pregnancy in study Il and IV. The
daily dietary intake of carbohydrates, protein, fat, and fibre, PUFAs, MUFAs, SFAs,
n-3 PUFAs or n-6 PUFAs did not differ between intervention groups in study IV
(see Table 1 in publication IV).

Table 6. Clinical characteristics of the pregnant women with overweight and obesity. Modified

from Original publication I.

Characteristics Pregnant women with Pregnant women with
overweight obesity

n 52 48

Age (years) 305 305

Gestational weeks 133 13'+£3

Prepregnancy BMI (kg/m?) 2712 34+4

Fat percentage (%) 39.8+4.6 48.3+3.8

Data are presented as mean + standard deviation.
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Results

The difference in circulating low-grade
inflammatory markers and metabolites and gut
microbiota between pregnant women with
overweight and obesity (study [)

The pregnant women with obesity exhibited statistically significantly higher level of
serum low-grade inflammatory markers, hs-CRP and GlycA, as compared to
pregnant women with overweight in early pregnancy (Table 8). Additionally, the
differences in serum zonulin, a marker of intestinal permeability, and a marker of
endotoxemia, serum LPS, were investigated, but the values of those markers did not

differ between the groups.

5.2

Table 8. Low-grade inflammatory, intestinal permeability and endotoxemia markers in pregnant
women with overweight and obesity. Modified from Original publication I.

Pregnant women with | Pregnant women P value
overweight with obesity

n 52 48

hs-CRP (mg/L) 4.0 (1.8-6.9) 6.1 (4.0-10.0) 0.002

GlycA (mmol/L) 1.45+0.11 1.57 £0.19 <0.001

Zonulin (ng/mL) 446 +8.7 48.9+13.1 0.05

LPS (EU/mL) 0.37 £ 0.06 0.37 £ 0.08 0.80

Data are presented as mean + standard deviation or median (interquartile range). P value <0.05 is
considered statistically significant.

The evaluation of nine amino acids and 219 lipids from NMR spectroscopy analysis
revealed that the concentrations of three BCA As and one aromatic amino acid (Table 9)
and 54 lipids (Figure 3) were higher in pregnant women with obesity than women with
overweight. The lipids that were higher in obese consisted mainly of concentrations of
several VLDL particles and lipid measures in several VLDL particles.

Table 9. The concentrations of branched chain and aromatic amino acids in pregnant women
with overweight and obesity. Modified from Original publication I.
Characteristics Pregnant women with | Pregnant women Adj. P value
overweight with obesity

n 52 48

Isoleucine (mmol/L) 0.04 (0.04-0.05) 0.05 (0.04-0.06) 0.024

Leucine (mmol/L) 0.06 (0.06-0.07) 0.07 (0.06-0.08) 0.026

Valine (mmol/L) 0.1 (0.1-0.2) 0.2 (0.1-0.2) 0.10
Phenylalanine (mmol/L) |0.08 (0.07-0.08) 0.08 (0.08-0.09) 0.050

Data are presented as median (interquartile range). The adjusted P value <0.12 is considered

statistically significant.
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Lipid measures for each lipoprotein subclass

Triglycerides

Small-HDL
Medium HDL

Large HDL

Very large HDL

Small LDL

Medium LDL

Large LDL

DL

Very small VLDL

Small VLDL

Medium VLDL

Large VLDL

Very large VLDL

lomicrons and extremely large VLDL

Free cholesterol Small HDL
Medium HDL

Large HDL

Very large HDL

Small LDL

Medium LDL

Large LDL

DL

Very small VLDL

Small VLDL

Medium VLDL

Large VLDL

Very large VLDL

Chylomicrons and extremely large VLDL
Cholesterol esters Small HDL
Medium HDL

Large HDL

Very large HDL

Small LDL

Medium LDL

Large LDL

DL

Very small VLDL

Small VLDL

Medium VLDL

Large VLDL

Very large VLDL

Chylomicrons and extremely large VLDL

'
*

Total cholesterol Small HDL
Medium HDL

Large HDL
Very large HDL

Small LDL

Medium LDL

Large LDL

DL

Very small VLDL

Small VLDL

Medium VLDL

Large VLDL

Very large VLDL

Chylomicrons and extremely large VLDL

Small HDL
Medium HDL
Large HDL

Very large HDL
Small LDL
Medium LDL
Large LDL

DL

Very small VLDL
Small VLDL
Medium VLDL
Large VLDL
Very large VLDL

Phospholipids

Total lipids Small HDL
Medium HDL

Large HDL
Very large HDL

Small LDL

Medium LDL

Large LDL

DL

Very small VLDL

Small VLDL

Medium VLDL

Large VLDL

Very large VLDL

6 2 Chylomicrons and extremely large VLDL

—
e ©= =lower in obese
[= == = higher in obese
p—
J—
»




Small HDL
Medium HDL
Large HDL

Very large HDL
Small LDL
Medium LDL
Large LDL

DL

Very small VLDL
Small VLDL
Medium VLDL
Large VLDL
Very large VLDL

Proportion of
triglycerides of
total lipids

Small HDL
Medium HDL
Large HDL

Very large HDL
Small LDL
Medium LDL
Large LDL

DL

Very small VLDL
Small VLDL
Medium VLDL
Large VLDL
Very large VLDL

Proportion of free
cholesterol of
total lipids

Proportion of
cholesterol
esters of

total lipids

Small HDL
Medium HDL
Large HDL

Very large HDL
Small LDL
Medium LDL
Large LDL

IDL

Very small VLDL
Small VLDL
Medium VLDL
Large VLDL
Very large VLDL

_Chylomicrons and extremely large VLDL

Small HDL
Medium HDL
Large HDL

Very large HDL
Small LDL
Medium LDL
Large LDL

DL

Very small VLDL
Small VLDL
Medium VLDL
Large VLDL
Very large VLDL

Proporion of total
cholesterol of
total lipids

Proportion of
phospholipids of
total lipids

Small HDL
Medium HDL
Large HDL

Very large HDL
Small LDL
Medium LDL
Large LDL

DL

Very small VLDL
Small VLDL
Medium VLDL
Large VLDL
Very large VLDL
nely large
Small
Medium HDL
Large HDL
Very large HDL
Small LDL
Medium LDL
Large LDL

DL

Very small VLDL
Small VLDL
Medium VLDL
Large VLDL
Very large VLDL

Lipoprotein particles

us and extremely large VLDL_

on

q
[
q
q
q
[=i

= =lower in obese
== = higher in obese
—
—
—
—
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Other lipid measures

Proportion of saturated fatty acids of total fatty acids
Proportion of monounsaturated fatty acids of total fatty acids
Proportion of polyunsaturated fatty acids of total fatty acids
Proportion of omega-6 fatty acids of total fatty acids
Proportion of omega-3 fatty acids of total fatty acids
Proportion of conjugated linoleic acid of total fatty acids
Proportion of 18:2 linoleic acid of total fatty acids
Proportion of 22:6 docosahexaenoic acid of total fatty acids
Saturated fatty acids
Monounsaturated fatty acids; 16:1, 18:1
Polyunsaturated fatty acids
Omega-6 fatty acids
Fatty acids

Omega-3 fatty acids
Conjugated linoleic acid
18:2, linoleic acid
22:6, docosahexaenoic acid
Total fatty acids
Estimated degree of unsaturation of fatty acids
Estimated description of fatty acid chain length
Ratio of apolipoprotein B to apolipoprotein A-I
Apolipoprotein B

Apoliporoteins
Apolipoprotein A-I

Glycerides and Aol Sholnes
phospholipids Sphingomyelins
Phosphatidylcholine and other cholines

Ratio of triglycerides to phosphoglycerides

Total phosphoglycerides

Ratio of diacylglycerol to triglycerides

Diacylglycerol

Triglycerides in HDL

Triglycerides in LDL

Triglycerides in VLDL

Serum total triglycerides

Cholesterol Free cholesterol

Esterified cholesterol

= =lower in obese
== = higher in obese

Total cholesterol in HDL3

Total cholesterol in HDL2

Total cholesterol in HDL

Total cholesterol in LDL

Remnant cholesterol (non-HDL, non-LDL -cholesterol)
Total cholesterol in VLDL

Serum total cholesterol

Lipoprotein Mean diameter for HDL particles

particle size Mean diameter for LDL particles

Mean diameter for VLDL particles

Figure 3. Median percentage differences in measures of lipids of pregnant women with obesity as
compared to pregnant women with overweight. Adjusted P values < 0.12 are considered
statistically significant. From Original publication I.
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The gut microbiota differed between the groups as the relative abundance of bacterial
family Prevotellaceae was higher in pregnant women with obesity as compared to
the pregnant women with overweight after adjusting for multiple variable
comparisons (3.69 £+ 9.03 vs 2.50 + 6.82, adj. p=0.19). a-Diversity indices (richness
index Chaol (376.4+58.7 vs 387.5+ 56.6, p=0.36), observed species (336.2 (296.2—
372.1) vs 348.6 (296.2-372.1), p=0.38), phylogenetic diversity (36.5 (31.7-39.8) vs
36.93 (31.5-41.8), p=0.53), Shannon index (5.4 (5.0-5.9) vs 5.48 (5.3-5.8), p=0.64)
or Firmicutes to Bacteroidetes ratio (0.89 (0.61-1.22) vs 0.92 (0.62—1.23), p=0.59)
did not differ between the groups.

5.3 The interaction between low-grade
inflammatory and metabolic markers and
vaginal microbiota

5.3.1 The interaction between circulating low-grade
inflammatory markers and metabolites, phIGFBP-1,
IGFBP-1 and aMMP-8 (study | & Il)

In early pregnancy hs-CRP correlated with 59 lipids and GlycA with 171 lipids in
all pregnant women with overweight and obesity (n = 99) (adj. p<0.05, see exact
values in original publication I, Supplementary table 1c). GlycA and hsCRP
correlated directly with isoleucine and phenylalanine, and GlycA correlated with
leucine and alanine (Table 10).

Table 10. The Spearman correlation coefficients (rho) between GlycA and hs-CRP and amino
acids in pregnant women with overweight and obesity (n = 99). Modified from Original

publication I.

The correlation between GlycA | The correlation between hs-

with amino acids CRP with amino acids
Amino acids Rho Adj. P value Rho Adj. P value
Isoleucine (mmol/L) 0.64 0.01 0.27 0.03
Leucine (mmol/L) 0.44 0.04 0.23 0.07
Phenylalanine (mmol/L) |0.50 0.01 0.40 <0.001
Valine (mmol/L) 0.08 0.39 0.11 0.34
Glycine (mmol/L) -0.02 0.39 0.04 0.67
Histidine (mmol/L) -0.09 0.07 -0.19 0.14
Tyrosine (mmol/L) -1.6E-04 0.67 0.12 0.34
Alanine (mmol/L) 0.36 <0.001 0.15 0.24
Glutamine (mmol/L) -0.09 0.15 -0.06 0.60

Adjusted P value <0.05 is considered statistically significant.
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Serum hsCRP and phIGFBP-1, IGFBP-1 and aMMP-8 correlated weakly between
each other’s in the women (n = 346—428). In particular, direct correlations were seen
between serum hs-CRP and serum IGFBP-1 (r=0.121, p=0.02) in early pregnancy.
In late pregnancy hs-CRP correlated directly with serum aMMP-8 (r=0.137, p=0.01)
and change in serum aMMP-8 (r=0.118, p=0.03). Further, the change in hs-CRP
correlated directly with late pregnancy serum IGFBP-1 level (r=0.142, p=0.008).
Indirect correlations were detected between hs-CRP in early pregnancy and the
serum phlGFBP-1 in early and late pregnancy (r=-0.131, p=0.007, r=-0.206,
p<0.001, respectively) and serum MMP-8 (r=-0.189, p<0.001) in late pregnancy.

53.2 The interaction between circulating low-grade
inflammatory marker, phIGFBP-1, IGFBP-1, aMMP-8
and vaginal aMMP-8 and vaginal microbiota (study Ill)

Serum hs-CRP, phIGBFP-1, IGFBP-1 or aMMP-8 did not correlate with vaginal a-
diversity either at early or late pregnancy but vaginal aMMP-8 correlated directly
with a-diversity in late pregnancy (rtho=0.38, p<0.001). Any of the markers did not
correlate with bacteria at genus level whilst vaginal aMMP-8 correlated negatively
with species level bacteria, L. fornicalis (tho=-0.38, p=0.02) in early pregnancy and
L. crispatus (tho=-0.40, p=0.005) in late pregnancy.

5.3.3 The interaction between circulating low-grade
inflammatory markers and fatty acids (study V)

The correlations between hs-CRP, GlycA and n-3 LC-PUFAs are visualised in
Figure 4 and 5. The concentration of hs-CRP correlated inversely with % of DHA
and % of total n-3 LC-PUFAs in serum PC and % of total n-3 LC-PUFAs in serum
TAGs whereas GlycA directly with the concentration of DHA and the concentration
of total n-3 LC-PUFASs in serum PC, CEs and TAGs and concentration of EPA in
serum PC and TAGs in early pregnancy. EPA was not associated with hs-CRP. In
late pregnancy hs-CRP did not correlate with DHA or total n-3 LC-PUFAs but
GlycA correlated directly with the concentrations of DHA in serum NEFAs and the
concentration of DHA and total n-3 LC-PUFAs in serum TAGs but also indirectly
with % of DHA and % of total n-3 LC-PUFAs in serum TAGs.
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Total n-3 LC-PUFA (%)
Total n-3 LC-PUFA

18:3n-3 (ug/mL)
(ng/mL)

20:4n-3 (ug/mL)
20:5n-3 (ug/mL)
22:5n-3 (ug/mL)
22:6n-3 (ug/mL)

18:3n-3 (%)
20:4n-3 (%)
20:5n-3 (%)
22:5n-3 (%)
22:6n-3 (%)

=

'y

PC
hsCRP
NEFAs
GlycA
hsCRP
CEs
GlycA -
hsCRP
TAGs
e *

Pearson correlation coefficient

[

-02 -0.1 -005 0 0.05 01 02

Figure 4. The heatmap describing the Pearson correlation coefficients between early pregnancy
serum hs-CRP and GlycA and n-3 LC-PUFAs in PCs, NEFAs, CEs and TAGs. Red
colour indicates positive correlations while blue negatives, **p<0.01, *p<0.05. n varies
between 359 and 361. The following variables were natural log-transformed: hsCRP,
PC 18:3n-3 %, PC 18:3n-3 pg/mL, PC 20:4n-3 %, PC 20:4n-3 pg/mL, PC 20:5n-3 %,
PC 20:5n-3 pg/mL, PC 22:5n-3 pg/mL, NEFA 18:3n-3 %, NEFA 18:3n-3 pyg/mL, NEFA
20:4n-3 %, NEFA 20:4n-3 pg/mL, NEFA 20:5n-3 %, NEFA 20:5n-3 ug/mL, NEFA 22:5n-
3 pg/mL, NEFA 22:6n-3 %, NEFA 22:6n-3 pg/mL, CE 18:3n-3 %, CE 18:3n-3 pg/mL,
CE 20:4n-3 %, CE 20:4n-3 pg/mL, CE 20:5n-3 %, CE 20:5n-3 pg/mL, CE 22:5n-3 %,
CE 22-5n:3 pg/mL, CE 22:6n-3 %, CE 22:6n-3 pg/mL, TAG 18:3n-3 %, TAG 18:3n-3
pug/mL, TAG 20:4n-3 %, TAG 20:4n-3 pg/mL, TAG 20:5n-3 %, TAG 20:5n-3 pg/mL, TAG
22:5n-3 pg/mL, TAG 22:6n-3 %, TAG 22:6n-3 pg/mL, PC n-3 total pg/mL, NEFA n-3
total %, NEFA n-3 total pg/mL, CE n-3 total %, CE n-3 total ug/mL, TAG n-3 total %.
From Original publication IV.
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Figure 5. The heatmap describing the Pearson correlation coefficients between late pregnancy
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serum hs-CRP and GlycA and n-3 LC-PUFAs in PCs, NEFAs, CEs and TAGs. Red
colour indicates positive correlations while blue negatives, **p<0.01, *p<0.05. n varies
between 307 and 311. The following variables were natural log-transformed: hsCRP,
PC 18:3n-3 %, PC 18:3n-3 ug/mL, PC 20:4n-3 %, PC 20:4n-3 ug/mL, PC 20:5n-3 %,
PC 20:5n-3 ug/mL, PC 22:5n-3 ug/mL, PC 22:6n-3 ug/mL, NEFA 18:3n-3 %, NEFA
18:3n-3 ug/mL, NEFA 20:4n-3 %, NEFA 20:4n-3, ug/mL, NEFA 20:5n-3 %, NEFA 20:5n-
3 ug/mL, NEFA 22:5n-3 %, NEFA 22:5n-3 ug/mL, NEFA 22:6n-3 %, NEFA 22:6n-3
ug/mL, CE 18:3n-3 %, CE 18:3n-3 ug/mL, CE 20:4n-3 %, CE 20:4n-3 ug/mL, CE 20:5n-
3 %, CE 20:5n-3 ug/mL, CE 22:5n-3 %, CE fatty acid 22:5n-3 ug/mL, CE 22:6n-3 %, CE
22:6n-3 ug/mL, TAG 18:3n-3 %, TAG 18:3n-3 ug/mL, TAG 20:4n-3 %, TAG 20:4n-3
ug/mL, TAG 20:5n-3 %, TAG 20:5n-3, ug/mL, TAG 22:5n-3 ug/mL, TAG 22:6n-3 %,
TAG 22:6n-3 ug/mL, PC n-3 ug/mL, NEFA n-3 total %, CE n-3 total %, TAG n-3 total %,
NEFA n-3 total ug/mL. From Original publication IV.



Results

5.4 The relation of low-grade inflammatory and
metabolic markers and vaginal microbiota to
the onset of gestational diabetes mellitus

5.4.1 The relation of circulationg low-grade inflammatory
marker, phIGFBP-1, IGFBP-1, aMMP-8 and vaginal
aMMP-8 to the onset of gestational diabetes mellitus
(study II)

The concentration of marker of low-grade inflammation, hs-CRP, or aMMP-8 in
early pregnancy were not associated with the onset GDM. Interestingly, phIGFBP-1
and IGFBP-1 were related to the onset of GDM as their concentrations in early
pregnancy were lower in women who developed GDM in later pregnancy as
compared to those women who did not develop GDM (Table 11).

Table 11. The concentrations of serum aMMP-8, phIGFBP-1 and IGFBP-1 and vaginal aMMP-8
measured in early pregnancy in those women developed GDM and in those who did
developed GDM later in pregnancy. Modified from Original publication II.

Women who developed |Women who did not P value®®

GDM develop GDM

mean + SD n mean + SD n
Serum hs-CRP (mg/L)? 1.7+0.6 83 1.6+0.8 276 |0.22
Serum phlGFBP-1 (ng/mL) |635 + 315 82 753 £ 335 271 0.005
Serum IGFBP-1 (ng/mL)®> |3.8+0.7 82 40+0.7 269 |0.042
Serum aMMP-8 (ng/mL)® [2.9+0.6 82 29+0.6 270 |0.77
Vaginal aMMP-8 (ng/mL)> |3.0+1.5 29 34+15 69 0.19

aTest between women who developed GDM and who did not: ANOVA
®Natural log-transformed variables

°Adjusted for intervention

P value <0.05 is considered statistically significant.

The results of phIGFBP-1 and IGFBP-1 were confirmed with logistic regression
analysis. Higher values of early pregnancy phIGFBP-1 (OR for 100 unit increase in
phIGFBP-1 values 0.89, 95%CI 0.82-0.97, p=0.005, adjusted for intervention) and
IGFBP-1 (OR for one unit increase in log scale in IGFBP-1 values 0.70, 95%CI
0.50-0.99, p=0.044, adjusted for intervention) were associaciated with decreased
risk for GDM. When the analyses were adjusted for prepregnancy BMI and
intervention, the result remained essentially the same for phIGFBP-1 (OR for 100
unit increase in phIGFBP-1 values 0.90, 95%CI 0.82-0.98, p=0.019), but IGFBP-1
was not related to the risk of GDM anymore (OR for one unit increase in log scale
in IGFBP-1 values 0.75, 95%CI 0.52—-1.09, p=0.13).
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542 The relation of vaginal microbiota to the onset of
gestational diabetes mellitus (study III)

Vaginal microbiota in early pregnancy was altered in women who developed GDM
in later pregnancy. There were differences in bacterial genera and species between
women who developed and who did not develop GDM, in particular the relative
abundance of Megasphaera and Corynebacterium, Ureaplasma, M. elsdenii,
Veillonella montpellierensis and Bifidobacterium dentium were lower in women
who developed GDM as compared to those women who did not develop GDM in
later pregnancy (Table 12).

Table 12. The genera and species with FDR < 0.25 in early pregnancy in those women developing
GDM in later pregnancy and those not developing GDM. Modified from Original

publication Il1.

Mean relative abundance (5/95%

quantile) (%)

Women developing | Women not Effect size |Adj. P
Taxon GDM developing GDM (Log2FC) value
Megasphaera 0.54 (<0.01/0.02) 1.23 (<0.01/10.31) |-23.3 <0.001
Corynebacterium <0.01 (<0.01/0.02) |0.01 (<0.01/0.06) 5.1 0.01
Ureaplasma 0.01 (<0.01/0.04) 0.01 (<0.01/0.07) 5.0 0.01
Gardnerella 7.80 (<0.01/48.83) |7.32(<0.01/47.26) |3.2 0.22
Megashaera elsdenii | 0.54 (0/0.02) 1.23 (0/10.31) -24.3 <0.001
Veillonella 0.01 (0/0) 0.16 (0/0.38) -24.0 <0.001
montpellierensis
Bifidobacterium 0 (0/0) 0.68 (0/0) -23.0 <0.001
dentium

Adjusted P value <0.05 is considered statistically significant.

54.3 The relation of circulating fatty acids to the onset of
gestational diabetes mellitus (study V)

When the relation of serum fatty acids to the risk of developing GDM was
investigated (Figure 6 a—d), it was shown that the concentration of DHA (22:6n-3)
in serum CEs was associated with 47% increased risk of GDM (p=0.03), in serum
TAGs, the concentrations of EPA (20:5n-3), DHA (22:6n-3) and total n-3 LC-
PUFAs were associated with 43% (p=0.03), 106% (p<0.001), 100% (p=0.001),
increased risk for GDM as well as in serum NEFAs the concentration of DHA was
associated with 95% increased risk for GDM (p=0.01). Also, some n-6 LC-PUFAs
were associated with increased risk for GDM, e.g., the concentration of AA and
concentration of total n-6 LC-PUFAs were associated with 70% (p=0.01) and 108%
(p=0.008) increased risk for GDM. However, the % of total n-6 LC-PUFAs was
associated with 75% decreased risk for GDM (p=0.03).
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5.5

Results

The impact of fish oil and/or probiotics on low-

grade inflammatory and metabolic markers and

vaginal microbiota

5.5.1

1, IGFBP-1, aMMP-8 and vaginal aMMP-8 (study II)

The intervention had no effect on the concentrations of serum hs-CRP (Table 13),
GlycA (Table 14) or serum phlGFBP-1, IGFBP-1, aMMP-8 or vaginal aMMP-8

(Table 15).

Circulating low-grade inflammatory marker, phlIGFBP-

Table 13. The concentrations of early and late pregnancy as well as change from early to late
pregnancy of serum hs-CRP in the intervention groups. Data are expressed as mean +
SD and 95% Confidence Intervals for mean change (95%Cl). Modified from Original

publication 1.
Hs-CRP Fish oil + Probiotics + Fish oil + Placebo + n P
(mg/l)® placebo placebo probiotics placebo value?
Early 1.68+0.76 |1.63+0.79 1.58+0.74 |1.57+0.80 |108/10
pregnancy 9/108/1
09
Late 1.39+0.85 |1.32+0.80 1.29+0.78 |1.26+0.74 |93/94/9 |0.72
pregnancy 0/92
Mean change |-0.29 -0.33 -0.32 -0.30 92/94/9 | 0.97
0/91
95%CI -0.43—(-0.15) {-0.46—(-0.20) |-0.45—(-0.18) |-0.44—(-0.16)

aTest between the intervention groups: One-way ANOVA
®Natural log-transformed variables
P value <0.05 is considered statistically significant.
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5.5.2 Vaginal microbiota (study Ill)

The intervention influenced the vaginal microbiota in genus and species level.
Specifically, the following changes were detected from early to late pregnancy: the
relative abundance of Corynebacterium increased in fish oil+placebo group, the
relative abundance of Sneathia, Prevotella, Fenollaria, Peptinophilus, Dialister and
Campylobacter decreased in the probiotics+placebo group, the relative abundance
of L. acidophilus decreased in the fish oil+probiotics group and the relative
abundance of Parvimonas and P. micra increased in the placebo+placebo group (all
adj. P<0.05).

Additionally, the following differences were seen in late pregnancy when the
active groups were compared to the placebo+placebo group: the relative abundance
of G. vaginalis and U. urealyticum were lower in the fish oil+placebo group, the
relative abundance of Ureaplasma, U. urealyticum and P. disiens were lower in the
probioticst+placebo group and the abundance of Corynebacterium, Anaerococcus
and D. invisus and P. timonensis were lower in fish oil+probiotics group when
compared to the placebo+placebo group (all adj. P<0.05).

It is of note that the difference in relative abundances of Corynebacterium and
Anaerococcus between the fish oil+probiotics and the placebo+placebo group and
the difference in the abundance G. vaginalis between fish oil+placebo and the
placebo+placebo group comparison was evident already at baseline (p<<0.001).

a-Diversity increased in the fish oil+placebo group (p=0.03). No differences
were seen in a- or B-diversity at late pregnancy between the active groups and
placebo+placebo group. See details in the Publication III.

55.3 Circulating fatty acids (study V)

The impact of the intervention on the serum n-3 and n-6 LC-PUFAs in PC, NEFAs,
CEs and TAGs are presented in the Tables 1-4 in the publication IV. Here, the results
on fatty acids on PC fraction are described. Regarding n-3 LC-PUFAs, the % and
concentration of DHA, EPA and total n-3 LC-PUFAs differed between fish oil and
fish oil+probiotics groups compared to probiotics and placebo groups, all of those
being statistically significantly higher in the fish oil and fish oil+probiotics groups
compared to probiotics and placebo groups (p<0.05 in all comparisons).

Regarding the n-6 LC-PUFAs, there were lower % or concentrations of total n-
6 LC-PUFAs, LA, eicosadienoic acid (EDA) and DGLA in groups receiving fish oil
than groups receiving probiotics or placebo. Specifically, the % of total n-6 LC-
PUFAs was statistically significantly lower in the fish oil and fish oil+probiotics
groups compared to the probiotics and placebo groups (p<0.001 for all comparisons).
The % of LA was lower in the fish oil+probiotics group compared to the probiotics
group (p=0.02) and the % of DGLA was lower in fish and fish oil+probiotics group
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as compared to probiotics group (p<0.001) and placebo groups (p=0.002) and also
the concentration of DGLA was lower in fish oil group as compared to the probiotics
group (p=0.01). There were also differences between the groups in % and the
concentration of EDA between fish oil and probiotics (p=0.001 & p=0.005) or
placebo group (p=0.01) (see details on EDA in study IV).

The n-6/n-3 PUFA ratio were lower in the fish oil and fish oil+probiotics group
compared to probiotics and placebo group (p<0.001).
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To summarise, it was shown that the obesity status was related to increase in
circulating low-grade inflammatory markers and lipid and amino acid metabolites as
well as changes in gut microbiota composition. In particular, hs-CRP, GlycA, lipids
(mainly concentrations of several VLDL particles and lipid measures in several
VLDL particles) and Prevotellaceae tended to be higher in obesity. The circulating
low-grade inflammatory markers were associated with circulating metabolites,
phIGFBP-1, IGFBP-1, aMMP-8 and n-3 LC-PUFAs. Importantly, vaginal aMMP-8
was directly associated with a-diversity while indirectly with two Lactobacillus
species. The circulating levels of phlGFBP-1 and IGFBP-1 were lower and
circulating levels of n-3 LC-PUFAs were higher in women who developed GDM in
later pregnancy than compared to women who did not. The relative abundance of
some vaginal microbial genera and species in early pregnancy were affected by the
GDM in late pregnancy, namely the relative abundance of Megasphaera and
Corynebacterium, Ureaplasma, M. elsdenii, V. montpellierensis and B. dentium
being lower in women developing GDM in women who developed GDM in later
pregnancy as compared to those who did not. Lastly, the intervention with fish oil
and/or probiotics had an effect on serum fatty acids as fish oil and fish oil+probiotics
increased the levels of several n-3 LC-PUFAs and moreover fish oil, probiotics and
fish oil+probiotics decreased the abundance of potential pathobionts, namely fish oil
Ureaplasma urealyticum, probiotics Ureaplasma, U. urealyticum and P. disiens and
fish oil+probiotics D. invisus and P. timonensis. However, the intervention did not
influence the circulating levels of hs-CRP, GlycA, phIGFBP-1, IGFBP, aMMP-8 or
vaginal aMMP-8. The summary of the findings is presented in Figure 7.
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Figure 7. Summary of the results on the interrelations of low-grade inflammatory and metabolic
markers as well as gut and vaginal microbiota and their role in obesity and GDM and
the effect of the fish oil and/or probiotics intervention in this thesis. aMMP-8, active
matrix metalloproteinase 8; BCAAs, branched-chain amino acids; GDM, gestational
diabetes mellitus; GlycA, glycoprotein acetylation; hs-CRP, high sensitivity C-reactive
protein; n-3 LC-PUFAs, n-3 long-chain polyunsaturated fatty acids; phlGFBP-1,
phosphorylated insulin-like growth factor binding-protein 1, VLDL, very low density

lipoprotein.

6.1 The obesity status: the relation to health effects
and mechanisms

The obesity associated low-grade inflammation as found in this thesis may be linked
to changes in lipid and amino acid metabolism (increased VLDL lipoproteins and
BCAAs) which may contribute to adverse pregnancy outcomes as GDM (Mokkala
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et al, 2020b). Interestingly, increased VLDL lipoproteins and BCAAs have been
previously linked to metabolic aberrations such as type 2 diabetes (Wang et al,
2011). The previous studies in pregnant women are few as shown in the literature
review of this thesis but the literature indicates that as the adiposity increases there
are changes in low-grade inflammation (Friis et al, 2013), metabolism (Kivela et al,
2021) and gut microbiota (Zacarias et al, 2018), however, the previous literature
focuses mainly on comparing normal weight to overweight or obese. As the adiposity
increases in pregnancy, the risk for a congenital malformation and premature death,
miscarriages, GDM, macrosomia and shoulder dystocia, both preterm and post-term
birth, caesarean section, infections after caesarean section, thromboembolism and
even maternal mortality increase (The Finnish Medical Society Duodecim, 2021).
Indeed, development of new risk markers for identification of those women who are
at increased risk for adverse health effects would benefit the patient themselves but
also the public health, further decreasing the burden and costs in health care. Based
on this study, circulating low-grade inflammatory and metabolic markers, i.e.
metabolites, and gut microbiota, could be potential markers to be used in
identification of those women who are at increased risk for adverse pregnancy
outcomes. Yet, more studies on their potential role of markers in overweight/obesity
status in pregnancy and subsequent adverse pregnancy outcomes are needed.

The mechanisms that contribute to the increasing inflammatory status with
increasing adiposity may lie in the altered immunoregulation of enlarged adipose
tissue. In obesity, increased CD8+ and CD4+ T cells can express INF-y which
promote proinflammatory macrophage accumulation and stimulate pro-
inflammatory cytokine expression in adipose tissue (Choe et al, 2016) whereas
regulatory T cells and invariant natural killer T cells which secrete anti-inflammatory
cytokines are decreased (Zatterale er al, 2020). Thus, the infiltration of
proinflammatory macrophages are increased which leads to increased expression of
proinflammatory cytokines e.g., IL-6 and TNF-a (Zatterale et al/, 2020). Also, the
increased circulating LPS, which passage may be increased due to gut microbiota
dysbiosis and increased intestinal permeability, can activate proinflammatory
macrophages (Wu et al, 2016), linking gut microbiota to immune regulation of
adipose tissue in obesity.

In this thesis the pregnant women with obesity exhibited tendency to have higher
the relative abundance of bacterial family Prevotellaceae as compared to women
with overweight. Family Prevotellaceae consists of gram-negative bacteria, e.g.,
Prevotella, and belongs to the phylum Bacteroidota (formerly Bacteroidetes)
(Rosenberg, 2014). Previously, Prevotellaceae has been detected in individuals with
obesity (Duan et al, 2021) but also metabolically healthy individuals with obesity
(Olivares et al,2021). It might be that the increased LPS derived from Prevotellaceae
have a role in obesity induced low-grade inflammation. However, the levels of LPS
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did not differ between the women with overweight and obesity in this thesis,
suggesting that Prevotellaceae alone is not able to induce detectable levels of LPS.

Concentrations of triglycerides, free cholesterol, cholesterol esters,
phospholipids and total lipids in several sizes of VLDL particles, total cholesterol in
VLDL and different sizes of VLDL particles were higher in pregnant women with
obesity than in overweight. As reviewed by Franssen et al. (2011), obesity can cause
dyslipidemia, which includes increased secretion and clearance of VLDL which may
cause increased levels of VLDL and simultaneously decreased levels of HDL. The
imbalance between VLDL and HDL particles may be due to the enzyme cholesteryl
ester transfer protein which mass and activity may increase in obesity, and thus
increase the transfer of cholesterol esters from HDL to VLDL (Arai et al, 1994;
Franssen et al, 2011). Also, in obesity the free fatty acids levels increase due to
increased release and decreased clearance (Boden, 2008), which contributes to
increased triglyceride content of VLDL (Nielsen & Karpe, 2012).

Regarding the increased levels of BCAAs in women with obesity, it may be due
to the altered catabolism of BCAAs, e.g., the previous studies suggest that the
enzymes that regulate BCAAs catabolism loss their function, or it may be that the
increased insulin levels stimulate protein breakdown from muscle, and thus the
levels of BCAAs increase in circulation (Vanweert et al, 2022).

6.2 Interaction between low-grade inflammation,
metabolism and microbiota

There was an interaction between circulating low-grade inflammatory and metabolic
markers, in particular the concentrations of hs-CRP and GlycA were associated with
several lipid metabolites and amino acids. Previous studies in pregnant women are
lacking but the studies done in non-pregnant women show that higher circulating hs-
CRP are linked with increased circulating BCAAs (Hamaya ef al, 2021). In that same
study reduced HDL-cholesterol and increased triglycerides were related to higher
levels of BCAAs. It seems that obesity related low-grade inflammation is related to
alterations in lipid and amino acid metabolism. It is of note that GlycA correlated
with higher amount of metabolites than hs-CRP suggesting that GlycA may be better
marker than hs-CRP. This was seen also in correlation analyses between hs-CRP,
GlycA and n-3 LC-PUFAs. However, the associations between hs-CRP and
metabolites were more consistent than the associations between GlycA and fatty
acids, e.g., the correlations between hs-CRP and fatty acids are only negative while
correlations between GlycA and fatty acids are both positive and negative which
may be due to the multiple acute phase proteins of GlycA (Otvos et al, 2015). It is
of note that GlycA correlated higher number of n-3 LC-PUFAs than did hs-CRP.
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The level of hs-CRP was associated with phIGFBP-1 and IGFBP-1, negatively
with phIGFBP-1 and positively with IGFBP-1. A negative association of IGFBP-1
and hs-CRP have been detected previously in non-pregnant subjects (Heald et al,
2003; Rahman et al, 2021). The associations between hs-CRP and aMMP-8 were
both positive and negative. In one previous study done in women with history of
GDM, hs-CRP was directly associated with circulating MMP-8 (Vilmi-Keréld et al,
2017).

Interestingly, vaginal aMMP-8 was directly associated with vaginal microbial a-
diversity while indirectly with two Lactobacillus species. When vaginal microbiota
goes towards dysbiosis e.g., in bacterial vaginosis (Danielsson et al/, 2011) the
diversity increases and Lactobacillus species decrease which indicates that aMMP-
8 may be linked with altered vaginal microbiota.

6.3 Gestational diabetes mellitus: mechanisms

There are current consensus about the pathophysiology of GDM as presented in the
literature of this thesis. However, the the exact molecular mechanisms of the
pathophysiology of GDM are not known. The mechanism may be related to the
outcomes that were studied in this thesis. In contrast to the hypothesis, hs-CRP in
early pregnancy did not differ between women who developed GDM and who did
not in this thesis, but previous studies suggest that low-grade inflammation has role
in GDM pathophysiology (Amirian et al, 2020). Mechanistically, proinflammatory
cytokines, e.g., TNF-a, and IL-6, can activate protein kinases (protein kinase C via
IkB kinase) which can inhibit insulin receptor substrate 1 (IRS-1) in B-cells. By
inhibiting IRS-1, insulin and its binding to the insulin receptor do not result in
activation of further downstream insulin signalling cascades, and thus glucose
uptake is not activated by glucose transporter 4 (Plows et a/, 2018), which can result
in insulin resistance and further hyperglycaemia.

GDM may induce changes in metabolism, the known changes include increased
triglyceride and decreased HDL (Lain & Catalano, 2007). In this thesis that was not
investigated but previously it has been shown that metabolomics profile in early
pregnancy is associated to the onset GDM (Mokkala et al, 2020b).

When comparing the groups, concentrations of phlGFBP-1 and IGFBP-1 were
lower in women who developed GDM later pregnancy as compared to those who did
not. This was confirmed with logistic regression analyses in which both markers
were associated with decreased risk of GDM. When the logistic regression analysis
was adjusted for prepregnancy BMI, lower IGFBP-1 was not related to the risk of
GDM anymore. This means that the relation of IGFBP-1 on GDM is dependent on
BMI, and thus phIGFBP-1 but not probably IGFBP-1 could be a marker of GDM
regardless of the BMI. The production of IGFBP-1 is regulated by insulin; insulin
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suppresses the gene expression of IGFBP-1 and also regulates the acute endogenous
levels of IGFBP-1 (Rajpathak ef al, 2009), as detected in insulin resistance as insulin
levels increases. Moreover, IGFBP-1 can block the binding of IGF-1 to IGF receptor
and further inhibit the action of IGF-1 (Aguirre ef al, 2016). Thus, in diabetic state
insulin levels rises, which decreases the the levels of IGFBP-1 which increases the
IGF-1 binding and further the tissue specific effects. E.g., IGF-1 have been linked to
excess foetal growth (Liu et al, 1996), possibly linking the reduced IGFBP-1 levels
and GDM to macrosomia. As stated in the literature review of this thesis, the
phosphorylation of IGFBP-1 increases affinity of IGFBP-1 to IGF-1. This relates to
findings of one study in which the highly phosphorylated isoform of IGFBP-1 in
cord blood was decreased in women with GDM as compared to women without
GDM, suggesting that GDM affects the levels of the highly phosphorylated
phosphoisoform which may lead to increased bioavailability of IGF-1 and increase
the foetal growth (Loukovaara et al, 2005).

As described before in this thesis, MMPs may cleavage insulin receptor (Delano
& Schmid-Schonbein, 2008) and Lauhio et al. (2016) suggest that MMP-8 has a role
in insulin signalling and development of insulin resistance. They found that serum
levels of MMP-8 were higher in subjects with obesity as compared to normal weight
subjects in clinical study setting. Furthermore, the insulin receptor was degraded by
MMP-8 in vitro. Therefore, as the insulin receptor is degraded the insulin signalling
fails, further inducing insulin resistance.

It is not known whether altered vaginal microbiota are the cause or consequence
of GDM. However, there might be a link between GDM, bacterial vaginosis and
further preterm birth, e.g., one study found association between vaginal dysbiosis,
GDM and e.g., increased rate of bacterial vaginosis, premature rupture of membranes
and preterm birth (Rafat er al, 2022). The link between vaginal microbiota and
preterm birth might lie in increased microbe-induced inflammation possibly due to
e.g., bacterial vaginosis or urinary tract infection, via premature rupture of
membranes (Fettweis et al, 2019). Thus, it would be important to find novel
biomarkers e.g., possibly MMP-8 in identifying those cases in early phases of GDM
development to intervene the drastic and reversible outcomes, such as preterm birth.
The alterations in vaginal microbiota leads to reduced abundance of beneficial
Lactobacillus species. The importance of Lactobacillus dominant vaginal microbiota
lies in following facts (Amabebe & Anumba, 2018): Oestrogen stimulates glycogen
formation in vaginal epithelium which is further metabolised a-amylase to maltose,
maltotriose and a-dextrines by human which are further metabolised to lactic acid
by Lactobacillus species. Lactic acid lowers the pH and protects the vaginal
epithelium from pathogens that cannot live in acidic environment. Other factors that
have a role in the first-line defence in vagina, are bacteriocins produced by
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lactobacilli and mucin that serves an antimicrobial, physical and immunological
defence against invading pathogens.

N-3 LC-PUFAs can resolve inflammation caused by pro-inflammatory cytokines
and AA derived eicosanoids, and thus the protective role of serum n-3 LC-PUFAs
against GDM could be their inflammation resolving properties. N-3 LC-PUFAs can
bound to peroxisome proliferator-activated receptors which inhibits the production
of pro-inflammatory cytokines via inhibiting the translocation of transcription factor
to the nucleus in adipose tissue or even pancreatic tissue (Wang & Chan, 2015).
Moreover, n-3 LC-PUFAs may modulate the function and structure of lipid rafts in
cell membranes of B-cells resulting changes in B-cells’ function (Wang & Chan,
2015). Another protective mechanism could that n-3 LC-PUFAs may stimulate the
adipokine secretion from adipose tissues which in turn promotes insulin secretion
from B-cells (Wang & Chan, 2015).

It is of note that studies have been able to find different physiological subtypes
of GDM which exhibit distinct risks for adverse perinatal outcomes (Powe et al,
2020). This aspect would be important to take into account in future studies.

6.4 N-3 LC-PUFAs and probiotics

The intervention with n-3 LC-PUFAs and/or probiotics did not influence circulating
low-grade inflammatory marker, hs-CRP, or phIGFBP-1, IGFBP-1, aMMP-§ or
vaginal aMMP-8, however, it had an effect on vaginal microbiota and circulating
fatty acids.

N-3 LC-PUFAs and probiotics have inflammation resolving capacity (Mokkala
et al, 2017). It was hypothesised that the consumption of fish oil rich in n-3 LC-
PUFAs (Mokkala et al, 2017) would have an impact on low-grade inflammation,
however, it was not detected. The reason that the intervention did not have an impact
on the low-grade inflammation, remains to be unsolved. It might be that the
overweight and obesity of the women is so high burden to women that the
intervention is no able to impact on the circulating levels of hs-CRP. It might be also
that the GDM status influences the findings as in this same trial it was previously
shown that the response to the fish oil and/or probiotics intervention was related to
the GDM status; the women with GDM were resilient to the intervention effects in
terms of metabolites (Mokkala et al, 2021b). It remains to be solved if the response
to the intervention in terms of low-grade inflammation is related to GDM status. It
is of note that in the same trial, the incidence of GDM, was not influenced by the
intervention (Pellonperé et a/, 2019). These two results are in line since one would
expect to find an effect on both, as insulin resistance may be mediated through low-
grade inflammation. One could also speculate that as the effects of probiotics are
strain-specific, that in this trial the probiotic strains were not optimal in modulation
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of inflammation, or the timing or duration was not right. However, the probiotic
strains were chosen based on scientific basis. L. rhamnosus HNOO1 is a well-
characterised probiotic strain (Dekker et al, 2007) and B. lactis 420 has shown to
decrease tissue inflammation, insulin resistance and hyperglycaemia in experimental
animals (Amar ef a/, 2011) and inflammation in humans (Roessler et al, 2008; Klein
et al, 2008) as discussed in Publication II. In this trial the intervention was initiated
in early pregnancy (mean 13.8 £ 2.1 gestational weeks) and lasted to late pregnancy
(mean of 35.2 £ 1.0 gestational weeks) i.e., the duration of the intervention being
approximately 22 weeks, while in previous studies done in pregnant women which
have found statistically significant decrease in hs-CRP after probiotic intervention
the duration was eight weeks (Jafarnejad et al, 2016; Hajifaraji et a/, 2018) indicating
that the duration of the intervention in this trial was not optimal. However, in those
two studies, the timing of the intervention and the population were different as those
were initiated in mid-pregnancy at the time of GDM diagnosis, and further done in
women with GDM. Additionally, the studies were done in Iranian pregnant women
while those of this thesis were European.

The previous research on the effects of fish oil and/or probiotics on the levels of
phIGFBP-1, IGBFP-1 or aMMP-8 is very scarce and conducted mainly in non-
pregnant women. More studies are needed to fill in the gap in knowledge on this
topic.

In contrast, the fish oil and fish oil+probiotics were able to induce changes in the
serum fatty acids and vaginal microbiota. Indeed, by dietary means i.e., increase in
n-3 LC-PUFAs intake, one can beneficially affect the circulating fatty acid levels
which is supported by other studies (see Table 2). Novel is the investigation of the
effect of probiotics on serum fatty acids, which did not result in statistically
significant results. This might be due to the probiotic-strain or duration as a study
investigating the effects of 4-week standardised diet plus the probiotic L. plantarum
299v on cardiovascular health resulted in decrease in percentage of MUFAs and an
increase in PUFAs in plasma phospholipids in patients with rheumatoid arthritis
(Hulander et al, 2021). In contrast, one other study found no effects on serum fatty
acids in PC, CEs, TGs after 3-week L. rhanmosus GG probiotic intervention in
healthy non-pregnant subjects (Lahti et a/, 2013), suggesting that the effects of
probiotics might be related to the study population. The previous studies
investigating the effects of probiotics on circulating fatty acids in pregnant women
are lacking, and thus consistent conclusions cannot be made.

As probiotics target microbiota, the results that probiotics modulate vaginal
microbiota are not surprising, however, the finding is important since the probiotics
were able to reduce the relative abundance of potential low-abundant pathobionts.
Pathobionts have symbiotic relationship with its host, however, in case of
perturbations in the environment potential pathobionts can act as a pathogens and
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cause harm to the host. Thus, when there are reductions in beneficial lactic acid
producing lactobacilli e.g., in disease state such as GDM, the pathobionts might take
over, in worst case scenario, and lead to adverse pregnancy outcomes. Probiotics
and/or fish oil could be beneficial in preventing adverse pregnancy outcomes by
inhibiting the growth of potential harmful bacteria. The mechanisms how oral
probiotics may act in vagina may include modulation of vaginal immunity (Vitali et
al, 2012) or production of possible metabolites by probiotics or by direct modulation
of the microbial composition. Similarly, the fish oil and the combination of fish oil
and probiotics reduced the potential pathobionts, which can be considered novel
finding. The mechanisms behind the ability of fish oil to modulate vaginal
microbiota are not known, it might be related to oestrogen metabolising action of the
probiotics (Baker et al/, 2017) or the n-3 LC-PUFAs incorporation of the probiotic
strain cell wall (Kankaanpdi er al/, 2004) and its effect on the function of the
probiotic.

6.5 Strengths and limitations

The strength of this thesis is well-characterised study population with relatively high
number of study subjects. Another strength is the study design of randomised
controlled trial. Novelty of this study lies in the intervention with combination of
fish oil and probiotics of which effect on circulating low-grade inflammatory
markers, phIGFBP-1, IGFBP-1, aMMP-8, fatty acids or vaginal aMMP-8 or vaginal
microbiota in pregnant women that has not been investigated before. However,
although predefined, the power calculations of the trial was originally calculated on
the bases of incidence of GDM and fasting glucose (Pellonperi ef al, 2019) and the
child allergic diseases but not on the basis of the outcomes of this thesis. The post-
hoc power calculations were conducted to estimate retrospectivly the achieved
power of the study I regarding outcomes e.g., GlycA and Prevotellaceae and study
I on aMMP-8. However, the post-hoc power calculations are not recommended by
the statistical experts (Heckman et al, 2022) but these calculations may guide in
designing the further studies and to evaluate if used sample size is efficient to detect
the difference repeatedly. It is of note that the statistical and clinical significance are
two different aspects (Ranganathan et al, 2015). For example, in study I
Prevotellaceae was statistically significantly higher in women with obesity
compared to overweight, but the achieved power was low. This was probably due to
the high individual variability. It may be assumed that BMI affects gut microbial
composition but on the other hand it is likely that other factors, such as dietary intake
of fibre (Desai et al, 2016), can modulate gut microbiota.

Advantage is that the reported compliance of the intervention was good as of the
women 88.4% reported good compliance and 91.8 + 15.9% of the capsules had been
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consumed as calculated from the returned fish oil capsules (Pellonperi ef al, 2019).
This was confirmed with principal component analysis which showed a clear
separation of the intervention groups according to the lipids reflecting the intake of
fish oil (Mokkala et al/, 2021b). Moreover, the intervention with fish oil and/or
probiotics was well-tolerated with no major adverse effects (Pellonpera et al, 2019).
Advantages related to the well-characterised study population include the
information on usage of antibiotics which may affect vaginal microbiota, and thus
the antibiotic users within eight weeks before the sampling were excluded in study
III. However, we did not exclude the antibiotic users in the study I in which the gut
microbiota was assessed, yet, there were no antibiotic users in the time of the
sampling. However, a recent antibiotic usage before the sampling may influence the
gut microbiota (Elvers et al, 2020). Another aspect that might influence the findings
of the vaginal microbiota is the contamination of the samples during the sampling
process. The well-characterised data allowed also excluding subjects with current
acute infections that could confound the findings from analysis of low-grade
inflammatory markers in the study IV. We did not assess the association of GlycA
with phIGFBP-1, IGFBP-1, aMMP-§8 or vaginal aMMP-8 or vaginal microbiota,
which needs to be done in future studies.

The utilisation of metabolomics platform which detects over 200 metabolites
increases the knowledge of metabolism in pregnancy and its relation to the
overweight/obesity status. However, targeted NMR based method was utilised
which compromises known metabolites in the body. Non-targeted metabolomics
would offer screening of novel metabolites related to the thesis outcomes. The
development of “omics” techniques allows deeper understanding and also the field
of gut microbiota research is developing fast. In the trial 16S rRNA sequencing was
chosen for gut and vaginal microbiota composition analysis as the purpose was to
obtain a comprehensive view of the gut and vaginal microbial composition. Since
methods are developing, the metagenomics approach would provide deeper and finer
understanding of the taxonomical features and even functional capacity gut
microbiota of the overweight/obesity status.
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Conclusions

The main findings of this thesis are:

1.

88

The circulating low-grade inflammatory markers, metabolites and gut
microbiota differ in pregnant women with overweight and obesity; the low-
grade inflammatory markers, several lipid measures in VLDL particles and
BCAAs and Prevotellaceae being higher in pregnant women with obesity.

The interaction between the circulating low-grade inflammatory markers,
metabolites, phIGFBP-1, IGFBP-1, aMMP-8 and fatty acids as well as vaginal
aMMP-8 and vaginal microbiota was evident, in particular the higher level of
hs-CRP was associated with the lower level of phIGFBP-1 and n-3 LC-PUFAs
and the higher level of IGFBP-1. However, hs-CRP was not associated with
vaginal microbial diversity, genera or species. Interestingly, the higher vaginal
aMMP-8 was associated with the higher a-diversity and lower L. fornicalis
and L. crispatus. The higher level of GlycA was associated with the higher
and lower levels of n-3 LC-PUFAs. Both hs-CRP and GlycA were associated
with several lipids and BCAAs.

The lower circulating levels of phGFBP-1 and IGFBP-1 and the higher levels
of n-3 LC-PUFAs as well as the lower abundance of few vaginal microbial
genera and species were related to the onset of GDM.

The intervention with fish oil and/or probiotics did not have an effect on the
circulating low-grade inflammatory markers or phlGFBP-1, IGFBP-I,
aMMP-8 or vaginal aMMP-8 but it influenced the vaginal microbiota by
decreasing the relative abundance of potential pathobionts, and the circulating
fatty acids as fish oil and the combination of fish oil and probiotics increased
the levels of n-3 LC-PUFAs. However, the probiotics alone did not have an
effect on the circulating fatty acids.
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