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A B S T R A C T   

Pregnancy complications including fetal growth restriction, preeclampsia, and preterm birth, as well as gesta
tional diabetes, affect one in every four to five pregnancies. Accumulating evidence indicates that increased 
production of reactive oxygen species accompanies these complications. Given that reactive oxygen species are 
cell stress-inducing agents, they may have a causal role in disease pathophysiology, although the exact mech
anisms by which they contribute to pregnancy complications are not completely understood. Since many envi
ronmental and lifestyle factors and exposures are known to modulate reactive oxygen species production, the 
exposome of pregnant women could contribute to increased generation of reactive oxygen species. The objective 
of this review is to provide a comprehensive overview of the endogenous and exogenous exposome factors that 
regulate reactive species in healthy and complicated pregnancies. We also provide a description of dietary in
terventions aimed at the reduction of reactive species in order to attenuate adverse pregnancy outcome. Dietary 
interventions in general hold minimal risk in pregnancy and could therefore be considered a promising thera
peutic approach.   

1. Introduction 

The perinatal period is of cardinal importance for the lifelong health 
of every individual. Suboptimal fetal circumstances encompass risk 
factors for developing chronic disease later in life. Diabetes, hyperten
sion, stroke and coronary artery disease, for instance, have all been 
linked to suboptimal perinatal outcomes including placental malfunc
tion (Hoffman et al., 2021). Preeclampsia, fetal growth restriction 

(FGR), and preterm labour, common manifestations of the “great 
obstetrical syndromes”, have common aetiologies (Brosens et al., 2011). 
These conditions are each strongly linked to the growth and functional 
development of the placenta, and exhibit a long subclinical phase, 
becoming evident only when pregnancy progresses to the stage that the 
compensatory mechanisms can no longer be sustained. This subclinical 
phase provides a window of opportunity for potential interventions to 
protect against the later onset of overt symptoms. 

* Corresponding author. 
E-mail address: j.r.prins@umcg.nl (J.R. Prins).   

1 These authors contributed equally. 

Contents lists available at ScienceDirect 

Molecular Aspects of Medicine 

journal homepage: www.elsevier.com/locate/mam 

https://doi.org/10.1016/j.mam.2022.101098 
Received 3 November 2021; Received in revised form 23 March 2022; Accepted 25 March 2022   

mailto:j.r.prins@umcg.nl
www.sciencedirect.com/science/journal/00982997
https://www.elsevier.com/locate/mam
https://doi.org/10.1016/j.mam.2022.101098
https://doi.org/10.1016/j.mam.2022.101098
https://doi.org/10.1016/j.mam.2022.101098
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mam.2022.101098&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Molecular Aspects of Medicine 87 (2022) 101098

2

The term “great obstetrical syndromes” (GOS) was first used to 
describe pregnancy-related disorders with a placental component as part 
of their aetiology. GOS refers to preterm labour and premature rupture 
of membranes, preeclampsia, spontaneous pregnancy loss, stillbirth, and 
abnormal fetal growth (Brosens et al., 2011). GOS is steadily rising 
worldwide and around 15% of all pregnancies are complicated by GOS 
(Mastrolia and Cetin, 2020), most of them with a high recurrence risk. 
The overarching concept is that these aetiologies arise from events 
during fetal development that impact the maternal-fetal exchange of 
nutrients, oxygen, waste products, and toxins; initiating subclinical pa
thology that progresses to clinical manifestation over the course of 
pregnancy. These events include exposure to endogenous metabolites 
along with exogenous nutrients, as the consequence of different expo
some factors. The exposome is defined as the sum of all internal 
(endogenous) and external (exogenous) non-genetic factors that influ
ence human health throughout life, including perinatal life (Wild, 2005, 
2012). These factors can be subdivided into three domains: (1) an in
ternal domain (endo-exposome), for example hormones, inflammation 
and oxidative stress; (2) a specific external domain (ecto-exposome), for 
example infectious agents, diet and lifestyle; and (3) a general external 
domain that includes education, socio-economic status and mental 
burden (Wild, 2012). During pregnancy the developing fetus is exposed 
to different endo- and ecto-exposome factors, most notably including 
oxidative stress, nutrition, and inflammation (Robinson and Vrijheid, 
2015; Valero et al., 2021). A particular example of a complication of 
pregnancy in which the exposome is involved is gestational diabetes 
mellitus (GDM). GDM is a metabolic disease in which the combination of 
maternal predisposition and placental factors results in progressively 
impaired glucose tolerance that becomes evident from the end of the 
second trimester to the third trimester of pregnancy (American Diabetes, 
2020; Gabbay-Benziv and Baschat, 2015; Yamamoto et al., 2018). GDM 
is a pathology where different endo- and ecto-exposome factors disturb 
the maternal-fetal interaction (mainly through effects on the micro- and 
macrovascular endothelial function) resulting in negative consequences 
for the health of both the mother and the fetus with long-lasting post
natal sequelae (Valero et al., 2021). 

The pathogenesis underpinning each of the aforementioned preg
nancy complications remains elusive, although a variety of predisposing 
factors, including a pre-pregnancy maternal body mass index (BMI) of at 
least 30 kg/m2 and genetic predisposition, are recognized (Brosens 
et al., 2011). Both inflammation and excessive oxidative stress 
—imbalance between the production of reactive species, such as reac
tive oxygen species (ROS) and reactive nitrogen species (RNS), and the 
antioxidant defence system— are strongly associated with the ‘placental 
syndrome’ that underpins the great obstetrical syndromes (Mannaerts 
et al., 2018; Schoots et al., 2018). Placentation that is insufficiently deep 
results in maternal vascular malperfusion (Khong et al., 2016), sec
ondary to increased oxidative stress associated with impaired maternal 
immune regulation. On the other hand, suboptimal placental invasion 
can itself lead to an earlier and less organized initial onset of blood flow 
in the placental intervillous spaces, also resulting in excessive oxidative 
stress (Redman, 2014; Redman et al., 2022). Oxidative stress can thus 
have a significant role in both types of placental insufficiency due to 
abnormal remodelling of maternal vasculature and the resulting endo
thelial dysfunction (Aouache et al., 2018; Roberts, 2014; Schoots et al., 
2018). 

Oxidative stress and inflammation are closely related as inflamma
tory reactions cause oxidative stress and oxidative stress perpetuates an 
inflammatory response (Zhang, 2010). Inflammatory triggers that cause 
a shift from immune tolerance towards immune effector activation, and 
thus a harmful immune response, may result in reactions that can lead to 
increased oxidative stress and a higher risk of adverse pregnancy out
comes (Nadeau-Vallée et al., 2016). 

The exact role of oxidative stress and inflammatory processes in both 
the onset and the progression of pregnancy complications remains un
clear. However, the involvement of these processes in the pathology of 

GOS also provide promising therapeutic options (Robertson et al., 2019; 
Schoots et al., 2018). Many ecto-exposome factors are known to influ
ence oxidative stress pathways and inflammation, including dietary 
intake and (cessation of) smoking (Tenório et al., 2019). Options for 
pharmaceutical interventions during pregnancy are limited, as phar
maceutical companies are often reluctant to test medication in pregnant 
women. Dietary interventions carry only little risk in pregnancy, making 
dietary substrates a promising future therapeutic approach in pregnancy 
(Amati et al., 2019). In investigating the effect of dietary substrates on 
pregnancy complications, a wide variety of dietary treatment options 
have been reported, ranging from changes in complete dietary patterns 
to single nutrients or mineral supplementations. It is also known that the 
immune response can be modulated by dietary intake (Childs et al., 
2019). As such, nutrition can be considered a strong candidate for a 
modifiable ecto-exposome factor that can be targeted in order to reduce 
oxidative stress and inflammation in pregnancy. 

This narrative review summarizes current understanding of oxida
tive stress in pregnancy related to placental dysfunction and the po
tential for attenuating oxidative stress caused by endo- and ecto- 
exposome factors through dietary interventions. 

2. Exposome-induced oxidative stress and inflammation in 
pregnancy 

2.1. Oxidative stress in pregnancy 

Oxidative stress itself should be regarded as an endogenous factor, 
belonging to the endo-exposome oxidative stress (Wild, 2012). In broad 
terms, pregnancy is a physiological state of prolonged, mildly elevated 
oxidative stress due to the high oxygen metabolic need for fetal growth 
and development (Wu et al., 2016). This mildly elevated oxidative stress 
is the result of physiological inflammatory phenomena of pregnancy 
that are required for the angiogenic processes needed to expand the 
placental vascular bed (Wu et al., 2016). 

Common oxygen-derived ROS and RNS products include superoxide 
anion (O2

•–), hydrogen peroxide (H2O2), and hydroxyl radical (•HO), 
nitric oxide (•NO), and peroxynitrite (ONOO− ). Under physiological 
conditions, ROS and RNS play fundamental roles in cellular metabolism, 
cell signalling cascades, and the expression of genes. Increased meta
bolic activity of mitochondria in the placenta and over-generation of 
ROS induce oxidative stress during pregnancy (Aouache et al., 2018). 
ROS levels are negatively affected by several antioxidant enzymes that 
can be divided into two categories, namely, the enzymatic antioxidants 
superoxide dismutase (SOD), catalase (CAT), peroxiredoxin (Prx), and 
glutathione peroxidase (GPx), and the non-enzymatic antioxidants 
vitamin C, vitamin E, and glutathione (GSH). If this antioxidant capacity 
is not enough to scavenge the increased amount of ROS, oxidative stress 
leads to oxidative damage characterized by DNA- and protein damage 
and lipid peroxidation (Aouache et al., 2018) (Fig. 1). 

ROS and RNS are generated continuously from various sources, and 
in healthy pregnancy they are eliminated by the feto-placental unit 
producing abundant corresponding antioxidants (Wu et al., 2016). 
Under physiological conditions, cytotrophoblasts and villous stromal 
cells synthesize new antioxidants when exposed to ROS. Assuming that 
increased oxidative stress is of critical importance in the development of 
placental pathology, antioxidant therapy might be considered as a pre
ventive therapeutic option. For example, several clinical studies have 
been conducted to investigate efficacy of strategies to improve the 
antioxidant capacity of pregnant women in an effort to reduce the risk of 
GDM (Chan et al., 2021). This has been recently reviewed showing that 
dietary supplementation of vitamin D and myoinositol reduced the risk 
of GDM (Chan et al., 2021). 

Oxidative stress is measured in maternal blood and placental tissue 
by various indices. In maternal blood, malondialdehyde (MDA), the 
breakdown product of fatty acid oxidation, is an indicator of lipid per
oxidation and of oxidative damage. MDA normally binds to 
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thiobarbituric acid-reactive substances (TBARS) formed as a by-product 
of lipid peroxidation and is elevated in preeclampsia. In addition to the 
previously mentioned antioxidant enzymes, total antioxidant capacity 
and gasotransmitters are also used as indices. The antioxidant capacity 
in plasma can be measured by the Ferric Reducing Ability of Plasma 
(FRAP) as a reflection of the oxidative stress status (Benzie and Strain, 
1996). One of the best markers is free thiols, which have a strong pre
dictive capacity. Plasma-free thiols have recently been shown to be 
significantly decreased in preeclampsia reflecting oxidative stress (Bos 
et al., 2019; Schoots et al., 2021). Therefore, a required level of thiols 
might be required to protect the mother and fetus from this hypertensive 
disorder. Other components of the endo-exposome are involved in the 
modulation of angiogenesis in the feto-placental unit by an equilibrium 
between pro- and anti-angiogenic factors. Fetal or placental 
pro-angiogenic factors that are detectable in the maternal blood include 
placental growth factor (PlGF) and heme oxygenase-1 (HO-1). 
Anti-angiogenic factors include soluble fms-like tyrosine kinase 1 
(sFlt-1) and endoglin (ENG). Moreover, plasma markers of endothelial 
activation and placental dysfunction are the endo-exposome factors 
plasminogen-activator inhibitor 1 (PAI-1) and 2 (PAI-2). Finally, an 
increase in inflammation (endo-exposome) could contribute to oxidative 
stress, as pro-inflammatory cytokines are produced in response to ROS 
and subsequently stimulate further ROS production by target cells 
(Burton and Jauniaux, 2011). 

Oxidative stress can be aggravated by a variety of ecto-exposome 
factors including environmental pollutants, lifestyle factors such as to
bacco smoking, and the amount of dietary fat consumption (Pizzino 
et al., 2017). Also, heavy metals consumed as environmental contami
nants, such as arsenic, mercury, copper, and lead, are associated with 
higher oxidative stress increasing the risk of preeclampsia and preterm 
birth (Stone et al., 2021) and GDM (Gómez-Roig et al., 2021; Valero 
et al., 2021). Thus, adequate regulation of the inflammatory mediators 
and the ecto-exposome factors involved in triggering this state is 
essential for pregnancy success, and excessive ROS can perturb this. 

2.2. Placental pathology associated with oxidative stress 

The placental lesion most often related to oxidative stress and 
inflammation and the concurrent clinical conditions is maternal 

vascular malperfusion (MVM) (Fig. 2). This lesion is characterized, 
among other things, by placental hypoplasia (low weight, maldevelop
ment), infarction, accelerated villous maturation, and decidual arterio
pathy (Khong et al., 2016). Due to impaired spiral artery remodelling, 
the oxygen tension in the placenta rises disproportionately, leading to a 
rise in ROS and eventually to oxidative stress (Schoots et al., 2018). 
Another common placental lesion, chronic villitis of unknown aetiology, 
is often seen in (late) FGR (Fig. 3C and D). Due to a chronic lymphocytic 
CD8+ T cell infiltration of maternal origin the villi are damaged, thus 
reducing the amount of functional placental tissue available to partici
pate in the exchange of oxygen and nutrients to the fetus (Khong et al., 
2016). In GDM, the placental parenchyma shows, in varying degree, 
delayed maturation with decreased number of vasculosyncytial mem
branes (Fig. 3A and B) (Huynh et al., 2015); thereby reducing the ca
pacity of the placenta to deliver enough nutrients and oxygen to the 
fetus and remove the necessary waste products. As a compensatory 
mechanism, the number of villous capillaries increases, known as 
chorangiosis (Carrasco-Wong et al., 2020) (Fig. 3). However, the diffu
sion distance remains increased due to villous stromal proliferation. The 
increase in villous stromal cells and in villous capillaries results from 
disregulation of the glucose and oxygen metabolic pathways, although 
the exact mechanisms remains unclear (Jauniaux and Burton, 2006). 

2.3. Inflammation in pregnancy 

Inflammatory responses are also considered endo-exposome factors. 
The immune system plays a fundamental role in pregnancy. The prin
cipal role of the immune system is to protect against potentially 
dangerous microbial infections and tumor cells. In pregnancy the 
maternal immune system, however, faces a major challenge. The em
bryo and gestational tissues arising from the fusion of the male and fe
male gametes express both paternal and maternal major 
histocompatibility (MHC) antigens. Therefore, the fetus is semi- 
allogeneic to the maternal immune system. The maternal immune sys
tem must remain tolerant to the semi-allogeneic embryo and gestational 
tissue on the one hand and facilitate normal immune competence to 
protect against pathogens on the other hand. Adaptation of the maternal 
immune system during early pregnancy is therefore required in order to 
create an environment in which both immune tolerance and immune 

Fig. 1. Increased oxidative stress and its conse
quences in pregnancy. Physiological oxidative 
stress is seen in pregnancy due to perturbation in the 
delicate balance between the availability and activity 
of antioxidants and pro-oxidants. In this physiological 
process, the normal metabolism in pregnancy gener
ates several pro-oxidants, mainly reactive oxygen 
(O2

•–, H2O2, •HO) or nitrogen (•NO, ONOO− ) species. 
The biological production and activity of these spe
cies is regulated by antioxidant mechanisms, 
including enzymes (SOD, CAT, Prx, GPx) and micro
nutrients (vitamin C, vitamin E, GSH). The equili
brated state of oxidative stress allows normal uterine 
vascular adaptation and placental development, 
securing a healthy pregnancy. When the metabolic 
state of a pregnant woman is altered, the pro-oxidant 
generation and biological activity surpass the pro
tective action of antioxidants. This phenomenon may 
be further changed due to reduced generation and 
biological activity of antioxidants. The result of this 
condition is dysregulated vascularization (Abnormal 
vascularization), resulting in diseases of pregnancy 
such as preeclampsia, gestational diabetes mellitus, 
and fetal growth restriction. O2

•– superoxide anion, 
H2O2 hydrogen peroxide, •HO hydroxyl radical, •NO 
nitric oxide, ONOO− peroxynitrite, SOD superoxide 
dismutase, CAT catalase, Prx peroxiredoxin, GPx 
glutathione peroxidase, GSH glutathione.   
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protection can coexist (Munoz-Suano et al., 2011; Poole and Claman, 
2004). 

The maternal immune response adapts to accommodate the fetus in 
multifactorial ways, and an aberration in any aspect can potentially lead 
to deterioration of fetal health. When such a deterioration occurs, this 
could be interpreted as derailment of the endo-exposome. To prevent a 
harmful maternal immune response towards the fetus, some parts of the 
immune response are evaded, while other parts are directed to induce 
antigen-specific tolerance (Munoz-Suano et al., 2011). Both maternal- 
and fetal factors cooperate to create an immunological ‘fetus friendly’ 
environment. The role and balance of different leukocyte lineages in 
gestational tissues are modified to secure a healthy pregnancy outcome. 
This includes restricting access and modifying the phenotypes of mac
rophages, dendritic cells, natural killer (NK) cells, and lymphocytes in 
various compartments of the uterus and placental membranes 
(Munoz-Suano et al., 2011; Robertson et al., 2019; van der Zwan et al., 
2020). This restricted access is modulated by the production of several 

endogenous factors including immunoregulatory cytokines, chemo
kines, hormones and prostaglandins from both uterus and placental 
tissue. 

Macrophages (especially the more anti-inflammatory subsets), den
dritic cells, and regulatory T-cells (Treg-cells) that mediate immune 
tolerance also influence vascular dynamics through their potent anti- 
inflammatory capacity. Treg-cells are central players in maintaining 
immune tolerance (Guerin et al., 2009). These cells are powerful sup
pressors of CD4+ Th1/Th17 cells, inhibit generation of CD8+ cytotoxic T 
cells and NK cells, and interact with macrophages and dendritic cells for 
suppressing inflammation and maintaining immune quiescence. Uterine 
NK cells promote structural changes in the decidual vasculature for 
placental invasion and development (Faas and de Vos, 2017). The fetus, 
and its placental tissue in particular, contribute by bypassing or inacti
vating various maternal immune cells, through regulation of MHC an
tigen expression, excretion of complement regulatory proteins, and 
displaying other protective proteins. The fact that trophoblast has 

Fig. 2. Histology of placental lesions in pre
eclampsia. Representative light microscope photo
graphs of Hematoxylin/Eosin-stained placental 
samples. The excessive oxidative stress and inflam
mation in preeclampsia results in structural abnor
malities in the placental vasculature leading to 
malperfusion. The most characteristics structural ab
normalities include (A, B) placental infarction (*), (C) 
accelerated villous maturation with increased syncy
tial knotting (arrowheads), (D) decidual arteriopathy 
with necrosis of the vessel wall (*), and (E) presence 
and influx of foamy macrophages (arrowheads).   

Fig. 3. Histology of placental lesions in gesta
tional diabetes mellitus and fetal growth restric
tion. Representative light microscope photographs of 
Hematoxylin/Eosin-stained placental samples. The 
excessive oxidative stress and inflammation in gesta
tional diabetes mellitus and fetal growth restriction 
result in structural abnormalities in the placental 
vasculature leading to altered perfusion and fetal 
growth. Gestational diabetes mellitus is accompanied 
by delayed maturation of the parenchyma where 
there is an increase in villous capillaries (A, B). Pla
centas from pregnancies with fetal growth restriction 
show with chronic villitis (E-F) presenting lympho
cytic infiltration (*) in the villi (C). Infiltration of T- 
cells is identified by positive CD3 staining (D).   
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modified expression of classical HLA class I (with absence of HLA-A and 
HLA-B, and attenuated HLA-C) is considered one of the key protective 
mechanisms from the fetal side. These classical HLA antigens are poly
morphic, and the paternally inherited antigens are therefore recognized 
as foreign. Nonclassical Ib antigens (HLA-E, HLA-F, HLA-G) are 
expressed instead. These Ib antigens are relative non-polymorphic and 
are not recognized as foreign by the maternal immune system (Poole and 
Claman, 2004). 

For GDM it is now becoming clear that inflammatory processes play a 
significant role in the disease pathophysiology. Underlying mechanisms 
include a shift away from a pro-tolerance immune environment due to 
diminishment of protective mechanisms or dominating exogenous or 
endogenous pro-inflammatory agents. For example, deficient signalling 
to A2B adenosine receptors activation results in a lower capacity to 
reduce the generation of O2

•– and ONOO− , thereby increasing oxidative 
stress. This phenomenon also leads to insufficient protection against 
inflammation due to reduced generation of the anti-inflammatory cy
tokines IL-10 and adiponectin, but increased generation of the pro- 
inflammatory cytokines TNF and IL-6 in GDM and gestational diabetes 
(Cabalín et al., 2019; Cornejo et al., 2021). In preeclampsia, failure of 
trophoblast cells to invade and remodel the maternal spiral arteries re
sults in exaggeration of a systemic inflammatory process. Immuno
competent cells are activated and hypoxic conditions, excessive 
inflammation and/or oxidative stress occurs resulting in increased 
trophoblast failure (Chiarello et al., 2020). 

3. Dietary interventions to prevent pregnancy complications 

Therapeutic approaches to modulate excessive oxidative stress and 
the associated adverse inflammatory reactions in pregnancy complica
tions could benefit pregnant women and their fetuses. However, due to 

potential teratogenic effects, pharmaceutical interventions during 
pregnancy are scarcely studied and thus have limited approvals for 
community use. Recently, prevention of pregnancy disorders through 
dietary intake has received more attention as a tractable and potentially 
effective intervention. 

Nutritional interventions in patients with different forms of preg
nancy complication and different outcome measures have been exam
ined. One of these investigations is the Dietary Approaches to Stop 
Hypertension (DASH) (Asemi et al., 2013, 2014). This diet was origi
nally designed to normalize blood pressure in patients with hyperten
sion. The DASH dietary pattern is low in fat, with a focus on reduced 
saturated fats compared with a high-fat diet. The rationale for the study 
was that the DASH diet would be expected to have a beneficial effect on 
pregnancy outcomes and reduces macrosomia in fetuses of mothers with 
GDM. Unfortunately, analyses of the data are hampered by the many 
differences between these two diets besides the fat content. 

Furthermore, it is reported that dietary intervention in women at 
high risk for GDM may reduce inflammation and the risk of GDM. A 
reduction and improvement in carbohydrate quality rather than a re
striction in the high-fat content in the diet plays a major role. The 
habitual diet plays an important role in the improvement that can be 
expected from dietary adaptation as seen in women with GDM (Gar
cía-Patterson et al., 2019; Yamamoto et al., 2018). Therefore, dietary 
intake has been considered as a potential treatment option (Fig. 4). 
Below we summarize data of the most promising nutritional in
terventions, especially in relation to GOS. 

3.1. L-arginine 

The cationic amino acid L-arginine is considered as the biological 
precursor for •NO, a potent endothelium derived vasodilator (Moncada 

Fig. 4. Dietary and other interventions to prevent 
pregnancy complications. Among the several 
intervention strategies implemented to avoid preg
nancy complications, diet and supplementation with 
micronutrients are described. Diet interventions with 
a selection of healthy foods result in reducing insulin 
resistance and increasing the antioxidant capacity in 
pregnant women. Supplementation with essential 
trace elements such as Selenium reduced the level of 
prooxidant molecules. A generalized mechanism to 
improve placental function after diet or Selenium is a 
higher generation of nitric oxide (NO) by NO synthase 
(NOS) favoured by higher uptake of its substrate L- 
arginine (L-Arg). This pathway seems favoured 
compared with the use of L-Arg to the synthesis of 
polyamines and proteins. Supplementation of patients 
with the micronutrients vitamins E (Vit E), C (Vit C), 
and D (Vit D) diminishes the formation of lipid hy
droperoxides (LOOH) from peroxy radicals (LOO•) 
when the anion superoxide (O2

•–) levels are higher in 
membrane lipids. This phenomenon results from the 
action of Vit E reducing (red line) the formation of 
LOOH, causing oxidation of Vit E (oxVit E). Vit E is 
restored from oxVit E involving Vit C. These mecha
nisms result in a lower membrane lipids oxidation. Vit 
E, Vit C and Vit D function restore endothelial 
dysfunction in the vasculature and other tissues. 
Garlic flavonoids and Omega-3 fatty acids also 
restored placental function involving the mother-to- 
fetus transplacental transfer of icosapentaenoic acid 
(EPA), docosahexaenoic acid (DHA), and alpha- 
linolenic acid (ALA). DHA is reported to accumulate 

in the placenta in diseases showing reduced or deficient membrane transport activity for this type of Omega-3. A healthy diet, physiological levels of Selenium, 
vitamins and Omega-3 fatty acids result in reducing oxidative stress and inflammation in pregnancy. This phenomenon reduces ( ) the risk of developing gestational 
diabetes mellitus with a less more evident effect ( ) in preeclampsia. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)   
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et al., 1988). Increased synthesis of •NO is associated with normal 
vascular adaptation under physiological conditions, while decreased 
•NO synthesis has been reported in preeclampsia (Rytlewski et al., 
2005). It is proposed that uptake of L-arginine is a phenomenon linked to 
generation of •NO via the endothelial NO synthase (eNOS) in the feto
placental endothelium (Ramírez et al., 2018). This phenomenon seems 
to be restricted to the human cationic amino acid transporters 1 
(hCAT-1) since the Michaelis-Menten constant (Km) for its activity was 
in the range of this plasma membrane transporter isoform, i.e., apparent 
Km 50–350 μmol/L (Mann et al., 2003). Also, the potential link between 
L-arginine transport and •NO synthesis may involve a very high-affinity 
transport mechanism (Km ~2 μmol/L) describing system y+L activity 
(Mann et al., 2003; Ramírez et al., 2018). Thus, the availability of 
L-arginine for its uptake via hCAT1 and system y+L into nearby eNOS 
localized in the vascular endothelium may be critical for the vascular 
adaptive regulatory mechanisms opposing vasoconstriction in pre
eclampsia (Vadillo-Ortega et al., 2011). 

During pregnancy, an L-arginine rich diet as a source of substrate for 
the •NO synthesis and consequent vasodilation shows promise in pro
tecting against preeclampsia. Although L-arginine results in vasodilation 
through •NO, the influence of L-arginine administration on blood pres
sure is disputed and the mechanism underlying its antihypertensive 
action is unclear. While studies of high doses for short periods have not 
demonstrated effects on blood pressure, prolonged low doses dietary 
supplementation of L-arginine (3 g/day) for 3 weeks has shown to 
decrease blood pressure through increased synthesis and bioavailability 
of •NO in women with preeclampsia (Rytlewski et al., 2005). Although a 
recent meta-analysis suggests that intervention with L-arginine may 
reduce FGR and result in increased birth weight, no reduction in the 
occurrence of preeclampsia in human pregnancies could be confirmed 
(Terstappen et al., 2020). Another study showed however that in 
high-risk pregnancies, daily intake of medical food bars containing 
L-arginine plus antioxidant vitamins significantly reduced the incidence 
of preeclampsia compared to placebo (Vadillo-Ortega et al., 2011). The 
protective effects may be greatest when onset of the supplement is 
before 24 weeks of gestation (Terstappen et al., 2020; Vadillo-Ortega 
et al., 2011). 

In early-onset preeclampsia, the human placental microvascular 
endothelial cells (hPMECs) show reduced capacity of •NO synthesis 
compared with hPMECs from late-onset preeclampsia (Escudero et al., 
2009). The proposed mechanism behind these differences in the ca
pacity of NO synthesis in hPMECs involves an elevated extracellular 
adenosine concentration as reported in human umbilical blood in pre
eclamptic pregnancies. Adenosine activates A2A/A2B adenosine re
ceptors that induce the expression of VEGF which, via activation of 
VEGFR1/2, increases the activity if the inducible NOS form (iNOS) 
expressed in hPMECs. In early-onset, and in a minor degree in late-onset 
preeclampsia, the released VEGF in response to adenosine binds to sFlt-1 
restricting VEGF biological actions. It is worth noting that L-arginine is 
taken up by the endothelium via plasma membrane mechanisms with a 
maximal transport capacity –defined as the ratio between the maximal 
velocity of transport over the affinity of membrane transporters for this 
amino acid (Mann et al., 2003)- could be rate-limiting for the •NO 
synthesis via eNOS (McCabe et al., 2000). The transport activity via 
hCAT-1 isoform and hCAT-2B, a splice variant of hCAT-2A isoform, is 
the main mechanism leading to uptake of L-arginine (apparent Km 
50–350 μmol/L) and is concentrative leading to ~10-fold intracellular 
accumulation of L-arginine compared with its plasma concentration 
(~100 μmol/L). Since the affinity of eNOS for L-arginine is ~2–3 
μmol/L, it may be a limiting mechanism for the synthesis of NO in 
preeclampsia. Therefore, supplementing women with preeclampsia with 
this amino acid may not necessarily restore the reduced •NO synthesis 
by the feto-placental endothelium. 

3.2. Fatty acids 

Omega-3 (N-3) fatty acids possess antioxidant and anti-inflammatory 
properties and play a role in promoting placental vasculature (Jones 
et al., 2014). The precise effect on lowering oxidative stress depends on 
the dosage, background diet and experimental conditions (Shoji et al., 
2009). The three types of omega-3s include eicosapentaenoic acid 
(EPA), docosahexaenoic acid (DHA), and alpha-linolenic acid (ALA). 
The long chain EPA and DHA are found in fatty fish, while ALA is found 
in oils from plant origin, such as flaxseed oil and chia seed. Interestingly, 
DHA supplementation in women with GDM, despite their pre-pregnancy 
BMI, resulted in an increased DHA level in the mother but not in the fetal 
circulation (Gázquez et al., 2021). This observation has been partially 
explained by a reduced placental transport of DHA likely through the 
major facilitator super family domain containing 2a (Mfsd2a) trans
porter (Prieto-Sánchez et al., 2017) resembling mechanisms operating in 
the blood-brain barrier (Nguyen et al., 2014). The reported accumula
tion in the placenta in GDM pregnancies may reflect reduced transport 
to the fetus (Larqué et al., 2014), since offspring born after GDM preg
nancies have been reported to have lower DHA status at birth. 

Thus, maternal supplementation with DHA in pregnancy may be 
useful to counteract GDM-associated oxidative stress and inflammatory 
response, while having minor or no direct effect on the fetus, and a likely 
positive indirect effect. 

Omega-3 fatty acids might act better in combination with vitamin E 
because of its sensitivity to oxidation and strong synergistic activity on 
related markers. In a co-administration trial in women with GDM, 
administration of 1000 mg n-3 fatty acids from flaxseed oil plus 400 IU 
vitamin E per day resulted in improved oxidative stress biomarkers 
(TAC, NO, and MDA) (Jamilian et al., 2017). There was no improvement 
of the inflammation biomarker ‘high-sensitive C-reactive-protein’ and 
other pregnancy outcomes (Jamilian et al., 2017). 

The short chain fatty acid alpha-linolenic acid (ALA) is known as a 
universal oxidant because of its hydrophobic and hydrophilic charac
teristics. Administration of ALA improved markers of glucose meta
bolism and some markers of liver function, and increased adiponectin 
(A), A/L ratio and A/H ratio and decrease of L/A values (Aslfalah et al., 
2019a, 2019b). Thus, although omega-3 fatty acids and especially ALAs 
seem to have beneficial effects on metabolic profiles, biomarkers of 
oxidative stress, inflammation, the effects on adverse pregnancy out
comes are less imminent. This phenomenon may in part be explained by 
the fact that an increase in the n6 linoleic acid will impact the produc
tion of LCPUFAs, e.g., suppressed DHA and EPA production favouring a 
higher ARA status. Interestingly, the modern Western diet contains an 
imbalance in the omega-6/-3 ratio due to lower omega-3 intake and 
higher omega-6 consumption (Simopoulos, 2002). 

3.3. Vitamin B12, C, D and E 

Vitamins and minerals have a substantial positive influence on the 
health of women and their fetuses. Adequate maternal micronutrient 
status is critical during pregnancy, and an inadequate micronutrient 
status associates with several pregnancy complications (Allen, 2005; 
Gomes et al., 2020). Antioxidant vitamin supplementation is considered 
a therapeutic or even preventive option for reducing inflammation and 
oxidative stress in placenta pathology. 

Vitamin B12 (cobalamins), member of the vitamin B complex, is a 
cofactor for several enzymes involved in carbohydrates, fatty acids and 
amino acids metabolism, maintaining fetal growth and maternal meta
bolic state. In addition to these functions, vitamin B12 is also a scavenger 
of ROS, particularly O2

•⁻ and vitamin B12 deficiency increases the risk of 
GDM (Krishnaveni et al., 2009; Lai et al., 2018; Offringa et al., 2021; 
Radzicka et al., 2019). Patients with GDM are increasingly treated with 
the oral hypoglycaemic drug metformin. Since metformin restricts the 
absorption of vitamin B12 (Aroda et al., 2016), metformin-treated 
women with GDM may present lower levels of vitamin B12 (Gatford 
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et al., 2013). However, metformin does not alter the active form of 
vitamin B12, holotranscobalamin, suggesting that a reduced absorption 
of vitamin B12 may not alter the level of its active form. Interestingly, no 
effects of vitamin B12 on the development of the classical GOS have been 
reported in the literature. 

Vitamin C and E are often supplemented in combination because in 
vivo and in vitro studies have shown that vitamin C and E act in synergy. 
Vitamin E is considered crucial in interrupting the cycle of lipid perox
idation, while vitamin C enhances the capacity of vitamin E to preclude 
lipid peroxidation by renewing oxidized vitamin E to its reduced form. 
Women at low risk of preeclampsia show no further risk reduction after 
supplementation of vitamin C solely (Kiondo et al., 2014), or after 
vitamin C plus E supplementation (Roberts et al., 2010; Rumbold et al., 
2015). A trend of lower incidence of pregnancy induced hypertension 
was shown after 100 mg tocotrienol-rich-fraction of palm oil vitamin E 
per day (Mahdy et al., 2013). However, in women with essential hy
pertension, there was no reduction in risk of superimposed preeclampsia 
or aggravation of hypertension after supplementation (Kalpdev et al., 
2011). These findings were similar to previous reports showing that 
supplementation did not reduce the incidence of preeclampsia, irre
spectively of risk at enrolment or early onset (Poston et al., 2006). In a 
group of pregnant women with type 1 diabetes mellitus, i.e. at high risk 
for developing preeclampsia, the DABIT trial also failed to demonstrate 
reduction of the risk of preeclampsia and gestational hypertension after 
supplementation with vitamin E combined with vitamin C (McCance 
et al., 2010). Similarly, another study assessed among high- and low-risk 
women whether vitamin C plus E supplementation reduces the risk of 
developing gestational hypertension (Xu et al., 2010). This study 
concluded that supplementation did not reduce the risk of preeclampsia, 
and unexpectedly found that supplementation with vitamins C and E 
increased the risk of fetal loss or perinatal death. 

The lack of beneficial effects of vitamins C and E supplementation in 
some studies could be explained by the fact that these women may have 
had an adequate antioxidant status at study initiation. There is some 
evidence that in women with low antioxidant status, such as in devel
oping countries and low socioeconomic status, early administration of 
enriched milk containing several minerals and vitamins starting in first 
trimester, including 200 mg vitamin C and 400 mg vitamin E, reduced 
the incidence of preeclampsia (Wibowo et al., 2012). The effects on 
birthweights are even more diverse, with some studies finding lower 
birth weights in the groups receiving antioxidants or high dose vitamin E 
(Boskovic et al., 2005; Poston et al., 2006). Furthermore, it might also 
well be that too high concentrations of antioxidants may affect the 
normal physiology of reactive species. 

Regarding preterm birth, there are conflicting reports of the effects of 
vitamin C and E supplementation. As ascorbic acid is one of several 
factors associated with preterm premature membrane rupture (PPROM, 
<37 weeks of gestation), it is thought to have a potential preventive 
effect. Vitamin C is involved in collagen synthesis and may maintain the 
integrity of the chorioamniotic membranes. In fact, reduced vitamin C 
levels are associated with spontaneous preterm birth. Contradictory 
results of supplementation are found regarding the risk of premature 
rupture of membranes (PROM). Supplementation of 100 mg vitamin C 
per day has been shown to reduce the incidence of PROM in healthy 
pregnant women (Casanueva et al., 2005). Whereas other trials found 
higher rates of PROM and PPROM (Steyn et al., 2003; Xu et al., 2010). 

Besides vitamin C and E and their combination, vitamin D has also 
been studied extensively in pregnant women. Vitamin D is shown to 
have an immunomodulatory effect, and may play a role in maintaining 
immune tolerance in pregnancy (Schröder-Heurich et al., 2020). Studies 
on the effects of supplementation with vitamin D on GOS show incon
sistent findings (Haugen et al., 2009; O’Callaghan and Kiely, 2018). 
Some studies report no influence of administration of vitamin D on the 
prevalence of preeclampsia (Mirzakhani et al., 2016; Sablok et al., 
2015), whilst others describe a positive effect on the prevalence of 
preeclampsia (Ali et al., 2019; Fogacci et al., 2020). There are 

contradictory reports on the effect of birth weight and the prevalence of 
preterm labor (Ali et al., 2019; Fogacci et al., 2020; Harreiter et al., 
2019; Sablok et al., 2015). Both Fogacci et al. (2020) and Ali et al. 
(2019) found a decrease in the prevalence of FGR. It is reported that 
supplementation with vitamin D in 2487 women reduced the risk of 
preeclampsia, FGR and preterm birth and was dependent on the doses of 
vitamin D but independent of supplementing with vitamin D alone or 
together with calcium (Fogacci et al., 2020). Although these findings are 
difficult to reconcile, it remains possible that a beneficial effect of 
vitamin D supplementation to prevent or alleviate the signs and symp
toms of preeclampsia may apply in certain high risk populations (Ali 
et al., 2019; Fogacci et al., 2020; Sablok et al., 2015). 

More extensively the effects of vitamin D on women with GDM have 
been described. Women with GDM showed low vitamin D levels 
compared with the level of this micronutrient in normal pregnancies 
(>20 ng/L, measured as serum 25-hydroxyvitamin D, 25(OH)D) (Far
rant et al., 2009; Gunasegaran et al., 2021; Liu et al., 2020; Palacios 
et al., 2019; Zhang et al., 2008). Vitamin D supplementation varied 
between 200 and 1000 IU/day (5–25 mg/day) to reduce the risk of 
developing GDM. Vitamin D in combination with calcium or in combi
nation with omega-3 fatty acids improve the glucose and lipid meta
bolism of patients with GDM (Gunasegaran et al., 2021; Huang et al., 
2021). However, supplementation of vitamin D is an approach that has 
been not conclusive in women with GDM (Ali et al., 2019; Palacios et al., 
2019; Sablok et al., 2015). A unique intramuscular administration of a 
high dose of vitamin D (300,000 IU) has been shown to improve the 
status of its metabolic product 25(OH)D3 in women with GDM (Hos
seinzadeh-Shamsi-Anar et al., 2012). Recently, co-administration of 
vitamin D in combination with zinc, magnesium and calcium in women 
with GDM showed a significant reduction in serum high-sensitivity 
C-reactive protein and plasma malondialdehyde concentrations, as 
well as a significant increase in total antioxidant capacity levels 
compared to placebo (Jamilian et al., 2019). 

Even when vitamin D levels are improved, there is a question of how 
this approach relates to the duration of the beneficial effect in these 
patients and their fetuses and newborns. The biological actions of 
vitamin D include activation of vitamin D receptors in the fetoplacental 
endothelium (Molinari et al., 2011; Uberti et al., 2014; Wu et al., 2021) 
protecting against oxidative stress and endothelial dysfunctional meta
bolism, including a reduced mitochondrial oxidative phosphorylation 
(Uberti et al., 2014). Thus, lower level of vitamin D and altered acti
vation of vitamin D receptor in GDM may increase O2

•– which scavenges 
NO limiting most biological actions of this gasotransmitter (Mahdi et al., 
2021). HUVECs from GDM show increased eNOS activity, thus, a 
reduced eNOS activation due to deficient vitamin D activation of 
vitamin D receptors and the increased NO scavenging by O2

•– may not be 
enough to limit the NO-mediated inhibition of cytochrome c oxidase 
seen in GDM (Sobrevia et al., 2020). 

3.4. Selenium 

Similar to vitamins, minerals with antioxidant function are also 
associated with pregnancy outcomes and have been used in several 
trials. A good example of this is selenium. Selenium (Se) is an essential 
trace element that functions via incorporation in protein forming sele
noproteins. These proteins have both antioxidant and anti-inflammatory 
effects. Se possesses anti-inflammatory activity due to its regulatory 
effect on expression of pro-inflammatory genes, including selenoprotein S 
gene and the release of pro-inflammatory cytokines. 

Selenium is mostly obtained from dietary intake of nuts, cereals, 
meat, mushrooms, fish, and eggs. The dose of intake remains subject of 
discussion; one study recommends dosage of 10 up to 56 μg/day while 
others recommend the intake of 25–50 μg/day, irrespective of diet. The 
recommended allowance is 55 μg Se/day for healthy adult non-pregnant 
women; however, it is likely that substantially higher levels are required 
during pregnancy. Higher blood level of Se associates with improved 
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markers of oxidative stress, inflammation, insulin metabolism and 
obstetrical outcomes. The concentration of Se varies in a wide range in 
both pregnant women and non-pregnant women, due to variable global 
distribution and ubiquitous dietary sources. The blood concentration of 
Se reflects the daily intake and higher blood concentration of D-glucose 
correlates with lower Se blood levels in pregnant women with GDM 
(Hawkes et al., 2004), a phenomenon likely due to the potential state of 
insulin resistance in these women. 

Supplementation with Se decreases oxidative stress and alleviates 
inflammation in pregnant women. Selenium reduces inflammation by 
inhibiting NF-κB, toll-like receptors and 38 kDa mitogen-activated 
protein kinases (p38mapk) pathways in several cell types including 
HUVECs (Zheng et al., 2008). Oxidative stress is also reversed by Se due 
to its capacity to activate D-glucose uptake and metabolism thus 
reducing the state of hyperglycaemia seen in patients with GDM (Kar
amali et al., 2020). In a trial performed in Iranian women from Arak 
(Asemi et al., 2015; Jamilian et al., 2018; Razavi et al., 2016), admin
istration of Se did not change the maternal HOMA β-cell function, lipid 
profile, plasma NO level, or total antioxidant capacity. Although Se 
supplementation resulted in beneficial effects on glucose metabolism 
and oxidative stress and inflammation markers in pregnant women, it 
did not reduce the incidence of PE, and no similar results were described 
for FGR and preterm birth. These results should be considered with 
caution however, since they refer to a small sample size and women 
from the Arak region have higher selenium concentrations than women 
from other regions of Iran. 

Serum levels of least 100 μg Se/L are needed for maintaining 
adequate Se mediated antioxidant capacity. Because both plasma levels 
below 45 μg/L and decreased GPx activity are associated with advanced 
pregnancy outcomes, supplementation should be considered for those 
having suboptimal blood Se levels. However, the underlying mechanism 
of the role of Se and the Se-dependent enzymes stays unclear. Moreover, 
the dosage, timing and duration of Se supplementation during preg
nancy is still subject of debate. 

3.5. Iron 

Pregnant women are at risk of developing iron deficiency anemia. 
Therefore, the World Health Organization (WHO) recommends iron 
supplementation early in pregnancy (World Health Organization 
(WHO), 2016). Anemic pregnant women have a higher incidence of 
preterm birth and offspring with low birth weight (Casanueva and 
Viteri, 2003). Korkmaz et al. (2014) found in a randomized double-blind 
controlled trial that iron supplementation during first trimester is 
associated with higher levels of oxidative stress. No correlation with 
preeclampsia was found (Korkmaz et al., 2014). On the other hand, 
Siddiqui et al. (2011) found an increased risk of developing pre
eclampsia in women with pre-existent high serum iron levels (Siddiqui 
et al., 2011). Also, in a study in which iron supplementation before 16 
weeks gestational age was started, an increased risk of developing hy
pertension after 20 weeks gestational age was apparent (Jirakittidul 
et al., 2018). Iron influences the production of ROS in the placenta 
contributing to oxidative stress (Casanueva and Viteri, 2003) via the 
formation of hydroxide (OH− ) and hydroxyl radical (•HO) (Mannaerts 
et al., 2018). It is interesting that both a low haemoglobin (Hb) status as 
well as a high Hb status are associated with pregnancy complications 
(Aly et al., 2016; Casanueva and Viteri, 2003; Yong et al., 2022). In
crease in iron (both pre-existent plasma ferritin levels and supplemen
tary iron) is also associated with a higher risk of developing GDM (Asadi 
et al., 2019; Mannaerts et al., 2018; Zhang et al., 2021). So, although 
iron supplementation could be beneficial in anemic pregnant women, 
iron levels need to be monitored to prevent overload and secondary 
complications like GDM. 

4. Discussion and conclusion 

Oxidative stress and inflammation are involved in the pathophysi
ology of various pregnancy complications collectively described as “the 
Great Obstetrical Syndromes”. Nutrient and dietary interventions can 
play a role in favourably attenuating the processes of oxidative stress 
and inflammation by configuring a more protective exposome. It is 
known that unhealthy diets characterized by energy dense but not 
nutrient dense foods result in more unfavourable outcomes attributable 
to inflammation and oxidative stress. However, the beneficial effects of 
various dietary interventions on pregnancy outcomes through modula
tion of inflammatory processes and oxidative stress is still controversial. 
Research on this topic is challenging for several reasons:  

(1) A causative relation between adverse outcomes, dietary intake, 
oxidative stress and inflammation is hard to prove, largely 
because of the complex heterogeneity of many risk factors that 
include not only ecto-exposome and endo-exposome, but also 
inter-related and independent factors like BMI and smoking, as 
well as socio-economic status and ethnicity.  

(2) The onset of supplementation during pregnancy might simply be 
too late to have a beneficial effect. Most of the tested in
terventions are initiated in the second trimester of pregnancy 
while most likely the underlying causal events giving rise to 
placental dysfunction occur prior to that time. Therefore, intro
duction of antioxidant or vitamin supplementation before or 
around conception might be more effective, since a woman’s 
health and nutrition status before pregnancy is crucial for 
improving pregnancy health (Hanson et al., 2015).  

(3) The interventions have been conducted in a wide variety of study 
populations (baseline characteristics), mostly in studies with a 
small number of participants and different outcome measure
ments. There were differences in nutritional state, race, social 
economic status, background, food patterns, culture, start, 
duration, dosage and route of administration of the interventions. 
Due to differences in study design and objectives, the outcomes 
cannot be compared directly.  

(4) The susceptibility of the developing fetus is an important 
consideration, so once potential interventions are identified they 
must be evaluated for their safety and any effects on the devel
opment of the embryo and fetus.  

(5) Dietary intake exists of many constituents that interact together. 
It is not to be expected that changing one single component for a 
limited period of time will lead to immediately measurable effect. 

(6) Systematic report bias can occur through non-objective self-re
ported food questionnaires and interventions can be confounded 
by this bias. 

In other diseases, for example inflammatory bowel disease (IBD), 
preventive dietary interventions are thought to be useful (Campman
s-Kuijpers and Dijkstra, 2021). Some of the underlying oxidative stress 
and immunological inflammatory mechanisms are comparable between 
IBD and pregnancy complications. Therefore, the proven effective 
treatment of diet in IBD might be translated to candidate dietary treat
ments for pregnancy complications (Campmans-Kuijpers and Dijkstra, 
2021). In contrast, the desired effect in IBD patients (less disease ac
tivity) is different to that in pregnancy (less FGR and hypertension), 
which could influence patient motivation. In the future, diets with focus 
on changes in multiple nutritional aspects could be developed as a 
candidate intervention, considering the potency as well as the 
complexity of nutrition. Since a balanced diet consisting of healthy foods 
is by definition not harmful, it might be beneficial if it also solves 
nutritional deficiencies. Because pharmacotherapeutic treatment is 
restricted in pregnancy, pregnant woman reasonably would be expected 
to benefit from healthy nutritional approaches, regardless of impact on 
GOS outcomes. 
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A limitation of the current review is that a considerable proportion of 
the included studies were published by only a limited number of 
research groups. Most trials were of small sample size, short duration 
and often local dietary recommendations and/or supplementation 
guidelines were not known, nor patient compliance reported. Most 
randomized controlled trials of supplementation during pregnancy to 
reduce pregnancy complications reported controversial or negative re
sults, despite the expected protective associations between dietary 
antioxidant and pregnancy outcomes demonstrated in observational 
studies. 

In summary, the multiple exogenous and endogenous factors 
involved in placental and fetal development and growth are crucial el
ements of the exposome to which the mother and fetus are exposed 
(Kupper and Huppertz, 2021; Valero et al., 2021). Dietary interventions 
envisage reaching levels of the modulatory factors involved in sup
pressing oxidative stress to a physiological level, in order to promote 
positive pregnancy outcomes in women at high risk for pregnancy 
complications. In this phenomenon, the activation of the endo-exposome 
as consequence of dietary interventions might be essential to explain the 
inflammation and redox regulatory mechanisms involved in achieving a 
healthy pregnancy. Evaluation of dietary interventions will need to ac
count for the many other factors that predispose to GOS. For example, 
increased maternal age is associated with increased pregnancy compli
cations like preeclampsia and GDM (Attali and Yogev, 2021), and an 
interaction between age and nutritional effects may exist. 

In conclusion, nutrition is considered key to maternal optimal health 
before and during pregnancy to optimize birth outcomes. Inflammation 
and oxidative stress have been implicated in the most common preg
nancy complications like GOS, and interest in diet as a possible positive 
factor has grown. Now is the time for further assessment of anti- 
inflammatory and fully-fledged nutrition in pregnancy with attention 
on the timing, duration and contents of the dietary intervention, with 
the benefit of a reduced risk of potential adverse effects compared to 
pharmacotherapeutic interventions. 
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Ozegowska, E., Zawiejska, A., Hill, D.J., Snoek, F.J., 2019. The effects of lifestyle 
and/or vitamin D supplementation interventions on pregnancy outcomes: what have 
we learned from the DALI studies? Curr. Diabetes Rep. 19, 162. https://doi.org/ 
10.1007/s11892-019-1282-7. 

Haugen, M., Brantsæter, A.L., Trogstad, L., Alexander, J., Roth, C., Magnus, P., 
Meltzer, H.M., 2009. Vitamin D supplementation and reduced risk of preeclampsia in 
nulliparous women. Epidemiology 20, 720–726. https://doi.org/10.1097/ 
EDE.0b013e3181a70f08. 

Hawkes, W.C., Alkan, Z., Lang, K., King, J.C., 2004. Plasma selenium decrease during 
pregnancy is associated with glucose intolerance. Biol. Trace Elem. Res. 100, 19–30. 
https://doi.org/10.1385/BTER:100:1:019. 

Hoffman, D.J., Powell, T.L., Barrett, E.S., Hardy, D.B., 2021. Developmental origins of 
metabolic diseases. Physiol. Rev. 101, 739–795. https://doi.org/10.1152/ 
physrev.00002.2020. 

Hosseinzadeh-Shamsi-Anar, M., Mozaffari-Khosravi, H., Salami, M.-A., 
Hadinedoushan, H., Mozayan, M.R., 2012. The efficacy and safety of a high dose of 
vitamin d in mothers with gestational diabetes mellitus: a randomized controlled 
clinical trial. Iran. J. Med. Sci. 37, 159–165. 

Huang, S., Fu, J., Zhao, R., Wang, B., Zhang, M., Li, L., Shi, C., 2021. The effect of 
combined supplementation with vitamin D and omega-3 fatty acids on blood glucose 
and blood lipid levels in patients with gestational diabetes. Ann. Palliat. Med. 10, 
5652–5658. https://doi.org/10.21037/apm-21-1018. 

Huynh, J., Dawson, D., Roberts, D., Bentley-Lewis, R., 2015. A systematic review of 
placental pathology in maternal diabetes mellitus. Placenta 36, 101–114. https:// 
doi.org/10.1016/j.placenta.2014.11.021. 

Jamilian, M., Hashemi Dizaji, S., Bahmani, F., Taghizadeh, M., Memarzadeh, M.R., 
Karamali, M., Akbari, M., Asemi, Z., 2017. A randomized controlled clinical trial 
investigating the effects of omega-3 fatty acids and vitamin E Co-supplementation on 
biomarkers of oxidative stress, inflammation and pregnancy outcomes in gestational 
diabetes. Can. J. Diabetes 41, 143–149. https://doi.org/10.1016/j.jcjd.2016.09.004. 

Jamilian, M., Mirhosseini, N., Eslahi, M., Bahmani, F., Shokrpour, M., Chamani, M., 
Asemi, Z., 2019. The effects of magnesium-zinc-calcium-vitamin D co- 
supplementation on biomarkers of inflammation, oxidative stress and pregnancy 
outcomes in gestational diabetes. BMC Pregnancy Childbirth 19, 107. https://doi. 
org/10.1186/s12884-019-2258-y. 

Jamilian, M., Samimi, M., Afshar Ebrahimi, F., Aghadavod, E., Mohammadbeigi, R., 
Rahimi, M., Asemi, Z., 2018. Effects of selenium supplementation on gene expression 
levels of inflammatory cytokines and vascular endothelial growth factor in patients 
with gestational diabetes. Biol. Trace Elem. Res. 181, 199–206. https://doi.org/ 
10.1007/s12011-017-1045-8. 

Jauniaux, E., Burton, G.J., 2006. Villous histomorphometry and placental bed biopsy 
investigation in type I diabetic pregnancies. Placenta 27, 468–474. https://doi.org/ 
10.1016/j.placenta.2005.04.010. 

Jirakittidul, P., Sirichotiyakul, S., Ruengorn, C., Techatraisak, K., Wiriyasirivaj, B., 2018. 
Effect of iron supplementation during early pregnancy on the development of 
gestational hypertension and pre-eclampsia. Arch. Gynecol. Obstet. 298, 545–550. 
https://doi.org/10.1007/s00404-018-4821-6. 

Jones, M.L., Mark, P.J., Waddell, B.J., 2014. Maternal dietary omega-3 fatty acids and 
placental function. Reproduction 147, R143–R152. https://doi.org/10.1530/REP- 
13-0376. 

Kalpdev, A., Saha, S.C., Dhawan, V., 2011. Vitamin C and E supplementation does not 
reduce the risk of superimposed PE in pregnancy. Hypertens. Pregnancy 30, 
447–456. https://doi.org/10.3109/10641955.2010.507840. 

Karamali, M., Dastyar, F., Badakhsh, M.H., Aghadavood, E., Amirani, E., Asemi, Z., 2020. 
The effects of selenium supplementation on gene expression related to insulin and 
lipid metabolism, and pregnancy outcomes in patients with gestational diabetes 
mellitus: a randomized, double-blind, placebo-controlled trial. Biol. Trace Elem. Res. 
195, 1–8. https://doi.org/10.1007/s12011-019-01818-z. 

Khong, T.Y., Mooney, E.E., Ariel, I., Balmus, N.C.M., Boyd, T.K., Brundler, M.-A., 
Derricott, H., Evans, M.J., Faye-Petersen, O.M., Gillan, J.E., Heazell, A.E.P., 
Heller, D.S., Jacques, S.M., Keating, S., Kelehan, P., Maes, A., McKay, E.M., 
Morgan, T.K., Nikkels, P.G.J., Parks, W.T., Redline, R.W., Scheimberg, I., Schoots, M. 
H., Sebire, N.J., Timmer, A., Turowski, G., van der Voorn, J.P., van Lijnschoten, I., 
Gordijn, S.J., 2016. Sampling and definitions of placental lesions: amsterdam 
placental workshop group consensus statement. Arch. Pathol. Lab Med. 140, 
698–713. https://doi.org/10.5858/arpa.2015-0225-CC. 

Kiondo, P., Wamuyu-Maina, G., Wandabwa, J., Bimenya, G.S., Tumwesigye, N.M., 
Okong, P., 2014. The effects of vitamin C supplementation on pre-eclampsia in 
Mulago Hospital, Kampala, Uganda: a randomized placebo controlled clinical trial. 
BMC Pregnancy Childbirth 14, 283. https://doi.org/10.1186/1471-2393-14-283. 

Korkmaz, V., Ozkaya, E., Seven, B.Y., Duzguner, S., Karsli, M.F., Kucukozkan, T., 2014. 
Comparison of oxidative stress in pregnancies with and without first trimester iron 
supplement: a randomized double-blind controlled trial. J. Matern. Neonatal Med. 
27, 1535–1538. https://doi.org/10.3109/14767058.2013.863869. 

Krishnaveni, G.V., Hill, J.C., Veena, S.R., Bhat, D.S., Wills, A.K., Karat, C.L.S., Yajnik, C. 
S., Fall, C.H.D., 2009. Low plasma vitamin B12 in pregnancy is associated with 
gestational ‘diabesity’ and later diabetes. Diabetologia 52, 2350–2358. https://doi. 
org/10.1007/s00125-009-1499-0. 

Kupper, N., Huppertz, B., 2021. The endogenous exposome of the pregnant mother: 
placental extracellular vesicles and their effect on the maternal system. Mol. Aspect. 
Med. 100955 https://doi.org/10.1016/j.mam.2021.100955. 

Lai, J.S., Pang, W.W., Cai, S., Lee, Y.S., Chan, J.K.Y., Shek, L.P.C., Yap, F.K.P., Tan, K.H., 
Godfrey, K.M., van Dam, R.M., Chong, Y.S., Chong, M.F.F., 2018. High folate and 
low vitamin B12 status during pregnancy is associated with gestational diabetes 
mellitus. Clin. Nutr. 37, 940–947. https://doi.org/10.1016/j.clnu.2017.03.022. 
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