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Abstract 
Overweight during pregnancy predisposes both the mother and foetus to health complications. Maternal complications include gestational diabetes, obstetric problems and type 2 diabetes later in life. Complications for the offspring are not only restricted to the foetal period or birth, such as prematurity and foetal macrosomia, but may also have long-term metabolic health implications through the mechanism of early nutrition programming. One of the key metabolic components characterizing overweight in the non-pregnant state is low-grade inflammation manifested by elevated levels of circulatory pro-inflammatory cytokines. In addition to adipose tissue and placenta, inflammatory response may originate from the gut. The extent to which overweight induces metabolic maladaptation during pregnancy and further compromises maternal and child health is currently poorly understood. In this review, we evaluate recent scientific literature and describe the suggested links between overweight, gut and low-grade inflammation associated metabolic disorders. We focus on overweight pregnant women and gestational diabetes, and discuss how specific dietary factors, probiotics and long-chain polyunsaturated fatty acids (fish oil), might confer health benefits in combatting against metabolic risk factors. 


Introduction 
International reports on the prevalence of overweight and obesity reveal a tremendous health concern with simultaneous economic impacts. The prevalence of overweight mounting to about a half of women in reproductive age (e.g. Flegal et al., 2012) predicts overweight related health problems including metabolic syndrome, type 2 diabetes and cardiovascular disease in years to come. The risk of gestational diabetes, preeclampsia, obstetric complications and macrosomia is multiplied in cases where the mother is overweight (Bautista-Castano et al., 2013). Moreover, maternal overweight may influence the health of future generations through the effects of developmental programming. During the critical foetal period, the nutritional, hormonal and metabolic environment afforded by the mother permanently changes the foetus’s structure, physiology and metabolism, and in unhealthy environments, can lead to metabolic diseases in adult life (Barker, 2010). Thus, the foetal nutritional environment has long-lasting health effects (Gluckman et al., 2010). Optimizing maternal nutrition ensures the healthy growth and development of the foetus in the short-term and further supports long-term health benefits to both mother and child. This raises an important question of whether reinforcing the old methods for improving nutrition in pregnant women are sufficient, particularly in overweight women who are at an increased risk for gestational diabetes (Chu et al., 2007; International Association of Diabetes and Pregnancy Study Groups Consensus Panel, Metzger et al., 2010).
Traditional approaches to modifying maternal nutrition during pregnancy have included lifestyle modifications, primarily by increasing exercise and modifying diets, particularly increasing intake of fruits, vegetables and foods containing dietary fibre and reducing intake of energy dense foods. Both approaches also aim to prevent excess pregnancy weight gain. Such interventions have resulted in beneficial modifications of maternal lifestyle habits. A meta-analysis evaluating 44 randomized controlled trials demonstrated that dietary based interventions were the most effective in reducing maternal gestational weight gain and improving obstetric outcomes (Thangaratinam et al., 2012). A recent study has also demonstrated the ability of lifestyle counselling to reduce incidence of gestational diabetes in high-risk pregnant women (Koivusalo et al., 2015). However, the clinical benefit of interventions has not been seen invariably (Poston et al., 2015). There may be multiple causes for the lack of efficacy, however one likely strong contributor is the continuous effort needed by both mothers and health care professionals in the modification of the life style habits (Ilmonen et al., 2012). New approaches conveniently executed within current health care settings for at risk groups are needed. These types of interventions could strengthen dietary effects using active compounds in the form of supplements or added dietary ingredients. 
The common underlying manifestation for overweight and related conditions appears to be low grade inflammation, i.e. continuously elevated levels of circulating inflammatory factors. One approach that has recently brought about vast research interest is immunomodulation by dietary compounds, i.e., the ability of nutrients to influence the activities of cells in the immune system (Calder et al., 2011). Furthermore, microbial compounds possess immunomodulatory properties that may be utilized to improve immune responses in clinically meaningful ways. Such dietary compounds include long-chain polyunsaturated fatty acids (LC-PUFA) (Sanders, 2009) and probiotics (live microorganisms which when administered in adequate amounts confer a health benefit on the host) (Hill et al., 2014).
We reviewed recent relevant literature to explore whether modification of maternal nutrition by dietary components n-3 LC-PUFA and probiotics and by which mechanisms, induce health benefits in pregnant women, particularly when considering overweight status. We focused on LC-PUFA and probiotics, since in many recent studies they have been related to beneficial health outcomes. Further, the consumption of these dietary components is generally increasing, although due to insufficient scientific evidence no general recommendations for their consumption currently exist. 
Pregnancy complicated by maternal overweight
A range of metabolic changes takes place during pregnancy in order to meet the foetoplacental and maternal demands for gestation (Lain and Catalano, 2007). Early pregnancy is manifested as an anabolic state in which nutrients are stored and maternal fat stores increase. As pregnancy progresses, a catabolic state occurs, securing greater substrate availability for foetal growth. 
Glucose metabolism
In terms of glucose metabolism, an increase in glucose production and insulin sensitivity take place in early pregnancy to meet the increasing needs of placenta and foetus, whilst in late pregnancy insulin sensitivity decreases by 50 to 60% and insulin resistance increases to a condition resembling type 2 diabetes. Although not completely understood, the magnitude of decrease in insulin sensitivity during pregnancy is considered to be dependent on maternal insulin sensitivity prior to pregnancy, but is also related to hormones such as placental lactogen, progesterone, prolactin and cortisol, and cytokines or adipokines like TNF-α, leptin and adiponectin. Ethnicity and lifestyle factors also contribute to this condition (Lacroix et al., 2013; McIntyre et al., 2010). Furthermore, an increase in fat stores, particularly visceral fat, may relate to decreased insulin sensitivity in late gestation (Retnakaran et al., 2009).
In overweight pregnant women, glucose metabolism is further challenged as insulin sensitivity is more severely decreased and glucose production increased compared to the pregnancies of lean mothers (Lain and Catalano, 2010). The alterations in glucose metabolism, in extreme, may lead to the pathological condition, gestational diabetes. Along with insulin resistance, insulin secretion due to beta-cell dysfunction is inadequate in gestational diabetes. Furthermore, pregnancy-induced changes in lipid metabolism are aberrant, particularly triglyceride levels are elevated (Ryckman et al., 2015). This not only drives the development of foetal macrosomia, but may also be an underlying cause of resulting insulin resistance (Pantham et al., 2015). Although overweight is one of the key contributors of gestational diabetes, the exaggerated changes in insulin and lipid metabolism may reflect a chronic metabolic dysfunction that transiently manifests during pregnancy (Lain and Catalano, 2010) highlighting the importance of healthy lifestyle habits for women of fertile age. Many pregnancy-induced metabolic changes are physiological, and when abnormal, induce adverse health effects on the mother by impacting placental nutrient changes in the offspring (Figure 1). Another significant factor in the development of insulin resistance is inflammatory signalling. 
Inflammatory status
Compared to non-pregnant states, normal pregnancy is associated with altered and highly regulated inflammatory responses necessary for processes from implantation and the prevention of immune rejection of the foetus to parturition (Haugul-de Mouzone and Guerre-Millo, 2006;  Pantham et al., 2015). In overweight pregnancy and gestational diabetes the inflammatory profiles are altered and may be related to observed co-morbidities. The main source of inflammatory mediators during pregnancy is maternal adipose tissue. This is similar to other low-grade inflammation associated conditions, but further contributions to the condition are derived from placenta (Haugul-de Mouzone and Guerre-Millo, 2006). While observed changes during normal pregnancy include an increase in C-reactive protein (CRP), one of the markers of low grade inflammation, levels are even more increased in overweight and gestational diabetes pregnancies (Pantham et al., 2015).
Maternal overweight and gestational diabetes during pregnancy propagate the vicious cycle of metabolic disorders into the next generation. Inflammatory environment may be one mechanism by which offspring of overweight women are programmed for insulin resistance and other conditions in later life (Ingvorsen et al., 2015). A few studies have found that non-obese children born to obese mother (Leibowitz et al., 2012) or both parents being obese (Lieb et al., 2009) had higher levels of CRP compared to those born to lean suggesting a transfer of maternal inflammatory status to offspring. Currently, the mechanisms by which overt maternal inflammation impacts foetal metabolism and development as well as where and how maternal inflammatory factors meet foetal environment are yet to be determined. It is possible that maternal immune cells and cytokines infiltrate from placenta to foetus, thereby exposing the foetus to inflammation. Maternal obesity may also alter the inflammatory response in the placenta, enhancing the inflammatory response in the foetal environment (Rizzo and Sen, 2014). Alternatively, maternal inflammation may affect placental nutrient transfer to the foetus (Ingvorsen et al., 2015).
Target for interventions: low-grade inflammation
The body’s inflammatory response protects against invading pathogens through the interplay of a range of immune cells and inflammatory mediators such as cytokines. An unbalanced or persistent low-level inflammatory responsiveness may cause continuous alertness of the inflammatory system, known as low-grade inflammation. Although diagnostic criteria for low-grade inflammation have not yet been set, typical markers are considered to be elevated levels of pro-inflammatory cytokines, including tumour necrosis factor- α (TNF-α), IL-6, IL-1β and CRP. Low-grade inflammation has been associated with several lifestyle related chronic conditions including overweight, cardiovascular diseases and metabolic syndrome (Santos et al., 2005; Wang et al., 2013; Pfützner et al., 2006). An example where low-grade inflammation likely precedes the clinical condition is insulin resistance in peripheral tissues. Also insulin secretion in the pancreas may be impaired (Esser et al., 2014). Elevated levels of TNF-α, interleukins and adipokines may impair insulin actions by multiple means. For example, IL-1 beta induces activation of phosphorylation of the insulin receptors in target tissues, and if levels are chronically elevated, this eventually leads to blunting of insulin-signalling pathways in cells. IL-1 beta can also increase the expression of other inflammatory mediators and induce cellular and oxidative stress responses (Robbins et al., 2014)  The cellular stress in pancreas caused by cytokines may lead to islet dysfunction and eventually islet failure (O’Neill et al., 2013).
Adipose tissue is actively involved in overweight and obesity associated inflammation.  Further, there is growing evidence suggesting that the gut may also participate in the onset of the low-grade inflammation and hence act as another source in the development of metabolic diseases in non-pregnant population. Whether adipose tissue itself or together with gut and placenta act together as a source  inflammation associated metabolic disorders, such as gestational diabetes in overweight pregnant women, is not clear. 
Adipose tissue as a source of low-grade inflammation
Adipose tissue of lean subjects is characterized by a strictly regulated anti-inflammatory environment. The inflammatory response is highly controlled by adiponectin and other anti-inflammatory factors to maintain normal cellular functions (Han and Levings, 2013). The causes and mechanisms of overweight and obesity associated adipose tissue inflammation are not yet fully understood, but the expansion of adipose tissue, changes in immune regulation, and accumulation of macrophages are known contributors. In addition, adipose tissue originating hormones, adhesion molecules and attractants are involved in the inflammatory response (Sanders, 2009). Activation of toll-like receptor 4, TLR4, in macrophages by endogenous mediators, such as fatty acids released from adipose tissue or exogenous mediators (such dietary saturated fatty acids or gut origin LPS) seem to also be important (Han and Levings, 2013) As a consequence, the level of circulating inflammatory markers, such as TNF-α, IL-1 beta, IL-6, are increased in overweight subjects (Calder et al., 2011; Han and Levings, 2013; Gregor et al., 2011).
An increase in adipose tissue during pregnancy is a normal physiological response driven by maternal metabolic adaptations to pregnancy (Figure 1). Adipose tissue inflammation may also be considered a maternal metabolic adaptation during pregnancy that possibly facilitates the development of physiological insulin resistance. As adipose tissue inflammation in non-pregnant o populations is associated with type 2 diabetes, it is possible that a similar pathogenesis contributes to the onset of gestational diabetes. Recent studies indicate differential adipose tissue gene expression profiles between healthy women and those with gestational diabetes and suggest that excess adipose tissue contributes to adverse pregnancy outcomes (Bashiri et al., 2014, Liong and Lappas, 2015; Kleiblova et al., 2010).
Gut as a source for low-grade inflammation
Gut, as a source for low- grade inflammation has thus far been studied mainly in animal models. The primary route of gut originated low-grade inflammation appears to be an increased permeability of the intestine (Boroni Moreira and de Cássia Gonçalves, 2012; Cani et al., 2008; 2012). Cells of the intestine form a barrier enabling absorption of dietary nutrients while at the same time providing a defence against undesirable substances including pathogens, allergens and toxins. Data in human studies suggest that altered intestinal permeability may be a predisposing factor for metabolic conditions. Increased permeability, measured as increased serum zonulin concentration, have been detected in obesity (Zak-Gołąb et al., 2013), obesity associated insulin resistance (Moreno-Navarrete et al., 2012), type 1 diabetes (Sapone et al., 2006) and type 2 diabetes (Jayashree et al., 2014). Dysbiosis in microbiota composition, pathogenic bacteria, diet or nutritional deficiencies may induce alterations in the intestinal permeability, as described in animal studies (Ulluwishewa et al., 2011). Additionally, food components, such as high fat intake (Cani et al., 2008), alcohol and its metabolite acetaldehyde (Elamin et al., 2013) have been shown to increase intestinal permeability by regulating intracellular junction complexes responsible for the maintenance of intestinal barrier integrity.  
Increased intestinal permeability in turn predisposes to an increased risk for metabolic endotoxaemia and further low-grade inflammation with potential clinical manifestations including insulin resistance. Increased intestinal permeability allows the translocation of e.g. intestinal gram-negative bacteria’s outer membrane lipopolysaccharide (LPS) into blood circulation. This results in two to three times higher plasma LPS levels, a condition called metabolic endotoxaemia (Cani et al., 2007). Chronic and systemic exposure to this endotoxin may result in the activation of TLR4 mediated inflammatory responses and low-grade inflammation (Park and Parl, 2013; Tan and Kagan, 2014; Neves et al., 2013) (Figure 2) as shown in animal trials (Boroni Moreira and de Cássia Gonçalves, 2012; Cani et al., 2008).  In human, increased LPS values and higher LPS activity (LPS/HDL ratio) have been found in patients with type 2 diabetes (Kallio et al., 2015; Jayashree et al., 2014; Creely et al., 2007; Al-Attas et al., 2009) as well as in cardiovascular diseases (Kallio et al., 2015).
Only a few studies have examined intestinal permeability and metabolic endotoxaemia during pregnancy. One recent study showed increased intestinal permeability in healthy pregnant women compared to non-pregnant women (Kerr et al., 2014) suggesting an alteration in intestinal permeability is a normal event during pregnancy. Obese pregnant women have been reported to have increased circulating endotoxin levels compared to lean pregnant women (Basu et al., 2001) which may be due to the increased intestinal permeability associated with obesity. The consequences of the alterations in intestinal permeability for either mother or foetus are not yet known, although it maybe suspected to contribute to early nutrition programming effects.




Opportunities for dietary modification during pregnancy
Microbiota and Probiotics 
The human intestine contains a microbiome made up of a vast number of bacteria possessing a huge potential to impact also human body functions (Qin et al., 2010). During recent years, the microbial “organ” has been shown to contribute to the homeostasis of energy metabolism, and thus weight. In adult obesity, differences in phyla level, including an increased ratio of Firmicutes to Bacteroidetes has been detected (Ley et al., 2006; Turnbaugh et al., 2009,), although not all the results are consistent (Duncan et al., 2008; Jumpertz et al., 2011). Furthermore, gut microbiota has been shown to directly impact metabolism, including insulin sensitivity in humans (Carvalho et al., 2013; Vrieze et al., 2012; Le Chatelier et al., 2013). This relation of microbiota with human health opens up new possibilities to impact maternal metabolism with probiotics, the health beneficial microbes.
Few studies have investigated the impact of pregnancy on gut microbiota composition, and vice versa. Koren et al. (2012) suggests a longitudinal remodelling of gut microbiota during pregnancy. In the first trimester, microbiota composition resembles that of healthy non-pregnant subjects, but by the third trimester, composition changes mimicking disease-associated dysbiosis, which may be beneficial in normal pregnancy to ensure adequate nutritional and inflammatory environment supporting the growth of the foetus. However, in a recent study no such remodelling was detected (DiGiulio et al., 2015). Differences in microbiota composition have been found between normal weight and overweight pregnancies; Bacteroides and Staphylococcus were higher in overweight compared to normal-weight pregnancy (Collado et al., 2008). In another study, reduced numbers of Bifidobacterium, Bacteroides and increased numbers of Staphylococcus, Enterobacteriaceae and Escherichia coli were detected in overweight compared to normal weight pregnant women (Santacruz et al., 2010). 
Probiotic consumption during pregnancy is safe, as in cohort studies the usage has not been linked to preterm births, pre-eclampsia, nor abortions or other undesired pregnancy outcomes, even when probiotics have been used during conception and very early pregnancy (Lee et al., 2012; Brantsaeter et al., 2011; Myhre et al., 2011). On the contrary, habitual probiotic intake is linked to less spontaneous preterm deliveries (Myhre et al., 2011). Intervention studies in pregnancy reveal that probiotics appear to participate in the regulation of glucose and insulin metabolism, impacting the risk of developing metabolic diseases (table 1). 


Table 1: Pregnancy related outcomes and findings from probiotic interventions and association of probiotic intake during pregnancy in cohort studies.
	Study population
	Probiotic strain
	Length of intervention / categories
	Main findings
	References

	Intervention, Pregnant women, n=256
	L. rhamnosus GG, B. lactis Bb-12
	1st trimester to 6 months postpartum
	Probiotics with dietary counselling reduced blood glucose,  insulin levels, central adiposity and the risk for  incidence of GDM
	Ilmonen et al., 2011; Laitinen et al., 2009; Luoto et al., 2010

	Intervention, Pregnant women, n=70
	Probiotic yoghurt containing L. acidophilus LA-5 and B.lactis Bb-12
	h28 to h37, 9 weeks in total
	Probiotics reduced hs-CRP and prevented developing insulin resistance
	Asemi et al., 2011, 2013

	Intervention, Obese, pregnant women, n=175
	L. salivarius UCC118
	h24 to h28, 4 weeks
	Probiotic did not impact fasting glucose, metabolic profile or pregnancy outcomes
	Lindsay et al., 2014

	Intervention, GDM patients, n=149
	L. salivarius UCC118
	4-6 weeks
	Probiotic did not impact glycemic control
	Lindsay et al., 2015

	Intervention, GDM patients, n=64
	L. acidophilus LA-5, B. lactis Bb-12, Str. thermophilus STY-31, L. delbrueckii bulgaricus LBY-27
	8 weeks after GDM diagnosis in h24-h28
	Probiotic decreased significantly fasting blood glucose and insulin resistance levels, and reduced weight gain in the end of intervention period 
	Dolatkhah et al., 2015

	Cohort study, 33 399 women in 2002-2008
	Intake of probiotic milk products
	no, monthly, weekly, daily intake
	Daily consumption of probiotic milk products was associated with reduced risk for pre-eclampsia in primiparous women 
	Brantsaeter et al., 2011

	Cohort study, 950 cases, 17 938 controls
	Intake of probiotic milk products
	none, low, high intake
	High intake of probiotic milk products was associated with reduced risk of spontaneous preterm delivery
	Myhre et al., 2011 

	Prospective study, 104 cases, 200 controls
	Intake of Lactobacillus in early pregnancy
	exposed / non-exposed
	No association between Lactobacillus intake and adverse pregnancy outcomes (spontaneous abortion, malformations, pre-term birth, low birth weight)
	Lee et al., 2012


GDM = gestational diabetes mellitus; hs-CRP = sensitive C-reactive protein; HDL = high density lipoprotein; LDL = low density lipoprotein; h = gestational week.
In an intervention with pregnant women, the probiotic L. rhamnosus GG together with B. animalis subsp.  lactis Bb-12 supplementation along with dietary counselling during pregnancy and lactation reduced central adiposity in the postpartum period (Ilmonen et al., 2011). In the same study, the probiotic intervention also improved glucose tolerance and insulin sensitivity during pregnancy and 12-months postpartum (Laitinen et al., 2009), and furthermore, reduced the risk of the mothers to develop gestational diabetes (Luoto et al., 2010). In another study with pregnant women, a probiotic intervention with 2 strains (L. acidophilus LA5 and B. lactis BB12) in yoghurt for 9 weeks did not affect serum insulin levels and HOMA-IR score when compared to baseline values, but significant differences were found when comparing changes in these variables between probiotic and placebo yogurts. Thus, it was concluded that daily consumption of probiotic yogurt helps maintain serum insulin levels and may help pregnant women prevent the development of insulin resistance (Asemi et al., 2013). In the same study, an attenuation of inflammation was detected in probiotic yoghurt group (Asemi et al., 2011), but no effects were seen in the blood lipid profile after intervention (Asemi et al., 2012). However, probiotic treatment with another stain (L. salivarius UCC118) for 4 four weeks in obese pregnancy did not reduce maternal fasting glucose (Lindsay et al., 2014), nor did it have an impact on glycemic control in women with abnormal glucose tolerance, after 4-6 weeks intervention (Lindsay et al., 2015). Yet, in another recent study, supplementation of women with GDM with four probiotics strains  (L. acidophilus LA-5, B.lactis BB-12, Streptococcus thermophilus STY-31 and L. delbrueckii bulgaricus LBY-27) along with dietary advice for eight weeks, resulted in significantly higher decrease in fasting blood sugar and insulin resistance compared to the placebo group with dietary advice only. In addition, a modest reducing effect on weight was found in the probiotic group (Dolatkhah et al., 2015). These findings indicate the importance of duration and dosage of the probiotics in intervention trials (early onset in pregnancy) as well as individual strain-specific properties of each probiotic strain.
Although the link between microbiota modulation and metabolic health has been demonstrated to some extent, the exact benefits and mechanisms of probiotic usage during pregnancy are not yet known. Probiotics may modulate multiple events responsible for low-grade inflammation and metabolic disorders, i.e., probiotics may increase the intestinal barrier integrity (Molinaro et al., 2012) and modulate gut microbiota composition. This modulation may reduce the content of gram-negative bacteria and LPS in intestine (Shen et al., 2013), thereby reducing the risk for metabolic endotoxaemia and subsequent low-grade inflammation, which damages insulin actions in body. Probiotics may also impact glucose metabolism by decreasing the abundance of saccharolytic microbiota. Lower levels of saccharolytic microbiota reduces the availability of gastrointestinal absorbable glucose and increases fasting induced adipocyte factor synthesis (FIAF), reducing lipid storage in adipocytes (Bäckhed et al., 2004) affecting obesity. Whether these alterations in metabolism due to probiotics truly could inhibit the development of e.g. gestational diabetes in pregnant women remains to be shown. 
n- 3 LC-PUFA
Dietary fat intake likely influences pregnancy outcomes with early nutrition programming effects on the foetus. The beneficial impacts are mainly attributable to the intake of n-3 LC-PUFA. Therefore, it has been concluded that pregnant women should aim to achieve intake of at least 200 mg docosahexaenoic acid (DHA) per day (Koletzko et al., 2007). Regular consumption of n-3 LC-PUFA either as fish or supplements during pregnancy results in increased circulating levels of n-3 PUFAs in maternal blood, cord blood and breast milk (Laitinen et al., 2006, Miles et al., 2011, Min et al., 2014). Regular and sufficient consumption of fish appears to be rare, and the consumption of supplements more likely yields the expected dietary intake of DHA (Jia et al., 2015). Typically a decrease in maternal serum DHA levels occurs over the course of pregnancy (Al et al., 2000) Furthermore, n-3 LC-PUFA levels are even lower in mothers with gestational diabetes (Min et al., 2006), although not all studies agree (Wijendran et al., 1999). 
The impact of higher n-3 LC-PUFA intake during pregnancy on infants are various, including improved neurodevelopmental and cognitive function and potential reduced risk for allergic disease (Larque et al., 2012). Here, maternal nutrition is of particular importance as the fatty acids are derived from the maternal dietary intake and from maternal adipose tissue, and thus depend on the quantity and composition of maternal PUFAs and the subsequent placental transfer of fatty acids. As pregnancy progresses, the foetal demands for DHA increase and are mediated by their preferential placental transfer to the foetus (Gil-Sánchez et al., 2010). However, an impaired placental DHA uptake has been demonstrated by tracer studies in gestational diabetes pregnancies (Araújo et al., 2013; Pagán et al., 2013). Importantly, no adverse effects of administration during pregnancy, even with high doses (up to 2.7 g LC-PUFA per day), used in randomized controlled studies have been detected (Koletzko et al., 2007) These results warrant further studies with n-3 LC-PUFA supplementation, particularly in conditions complicated by obesity and gestational diabetes.
The impacts of n-3 LC-PUFA on maternal health are less well studied. Due to increased foetal demand, the proportion of DHA in maternal serum is reduced over the course of the pregnancy but may be replenished by supplementation (Al et al., 2000). Supplementing may prolong gestational length, along with small increases in birth weight and reduced risk of preterm birth, although not all studies have found impacts resulting from increased consumption (Szajewska et al., 2006; Makrides et al., 2006; Horvath et al., 2007; Saccone et al., 2015a; 2015b). A systematic review by Larque et al. (2012) found no impact of LC-PUFA on maternal hypercholesterolemia or hypertriglyceridemia, nor changes in blood pressure or maternal depression. Regarding maternal immune responses, n-3 LC-PUFA supplementation during pregnancy has been shown to reduce LPS-induced prostaglandin E2 secretion from whole blood culture supernatants (Warstedt et al., 2009). Eicosapentaenoic acid (EPA) and DHA also increase adipokine secretion from adipose tissue as well as reduce the expression of several proinflammatory cytokines, which could be a potential mechanism for improved insulin sensitivity (Kalupahana et al., 2011). N-3 LC-PUFA may also increase insulin secretion by pancreatic beta cells, although the evidence is thus far mainly from experimental research (Wang and Chan, 2015).
A three-month supplementation of EPA (2 g/d) resulted in decreased glucose levels as well as insulin resistance (HOMA-IR) in overweight type 2 diabetic patients (Sarbolouki et al., 2013). Additionally, an improvement in insulin sensitivity was detected in overweight, premenopausal, non-diabetic women with raised inflammatory status after 12-weeks supplementation with 1.3 g EPA and 2.9 g DHA, whilst no impact in the inflammatory status of reference group was detected (Browning et al., 2007). The evidence in non-pregnant populations on the potential benefits of increased dietary intakes of n-3 LC-PUFA regarding glucose and insulin metabolism may be transferrable to pregnancy, which metabolically resembles type 2 diabetes. 
Observational studies have associated low LC-PUFA intake with an increased risk of gestational hyperglycaemia or gestational diabetes (Bo et al., 2001; Wang et al., 2000). One study also found an association between LC-PUFA intake and an increased risk for gestational diabetes (Radesky et al., 2008), although no differentiation for n-3 or n-6 LC-PUFA was made in any of these studies. Regarding randomized controlled trials during pregnancy, a relatively low dose of EPA (180 mg) and DHA (120 mg) administered to women with gestational diabetes for 6 weeks showed no benefit in terms of glucose levels between the intervention and placebo groups, but did show an improved insulin resistance as assessed by change in HOMA-IR index (Samimi et al., 2015). In the same study, a decrease in high-sensitivity CRP was detected (Jamilian et al., 2015). Another clinical trial investigated the impact of supplementing n-3 LCPUFA fish oil containing 800 mg/d DHA to pregnant women from the second half of the pregnancy onwards, but did not show benefits in reducing the risk for gestational diabetes (Zhou et al., 2012). It remains to be shown whether a higher dose from early pregnancy onwards of n-3 LC-PUFA would be beneficial in terms of regulating pregnancy related deterioration in glucose metabolism and insulin resistance when also considering the inflammatory status (obese vs. non-obese pregnant women). Nevertheless, increasing evidence suggests a critical role of n-3 LC-PUFAs, and particularly DHA, during pregnancy for the health of both the mother and child. 
The anti-inflammatory role of LC-PUFA serving as a precursor for anti-inflammatory eicosanoid synthesis is well known. Additional mechanisms impacting how PUFA affects health may be related to PUFA effects on gut microbiota and intestinal permeability. PUFA has been shown to enhance the intestinal integrity in animal and in vitro studies (Li et al., 2008a; 2008b; Xiao et al., 2013). In pigs, oil supplements rich in EPA and DHA decreased endotoxin transport, a mechanism thought to be associated with cell membrane lipid raft mediated permeability (Mani et al., 2013).  In a recent study with mice, n-3 PUFA enriched fish oil supplementation modified gut microbiota composition into LPS-suppressing and/or anti-inflammatory bacteria, and decreased levels of LPS-producing and/or pro-inflammatory bacteria. In addition, a decrease in metabolic endotoxaemia and low-grade inflammation was found (Kaliannan et al., 2015).
Conclusions
Normal pregnancy involves several maternal physiological alterations in order to meet the need for foetal growth and development. Normal maternal metabolic adaptations to pregnancy, such as an increase in insulin resistance, altered immune responses and enlargement of adipose tissue are also features of metabolic disorders resembling type 2 diabetes. However, obesity and overweight during pregnancy may result in maladaptation manifested by excessive insulin resistance and inflammatory states, subsequently increasing the risk for clinical disorders in both mother and child. The sources for low-grade inflammation in non-pregnant population include increased intestinal permeability and consequent metabolic endotoxaemia. Furthermore, adipose tissue enlargement in obesity is a well-known initiating factor. The current knowledge as to whether similar alterations and possible additional potential mechanism are involved in adverse outcomes in obese and overweight pregnancy is limited and needs further investigations. 
As the prevalence of overweight and obesity as well as gestational diabetes are increasing worldwide, a search for preventive measures is necessary. Studies untangling the impact of lifestyle components such as diet on furthering the interactions of lipid and glucose metabolism with pro-inflammatory mediators may reveal novel intervention opportunities. The finding that inflammation is an important contributor to metabolic disorders has opened new approaches for using specific dietary components including n-3 LC-PUFA and probiotics as immunomodulatory components in combating these disorders. Several studies have shown beneficial effects resulting from these components on health of both mother and child, although results are not consistent. Well-planned randomized clinical trials are needed to clearly demonstrate the effects of these dietary components during pregnancy and throughout the lifespan of both the mother and child.
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Figure 1. Maternal metabolic adaptations in healthy pregnancy and disturbances in overweight/obese women and gestational diabetes (GDM). ↑denotes increase (suggested by literature but not confirmed)
Figure 2. Sources and consequences of low-grade inflammation and suggested mechanisms for modification by probiotics and long-chain polyunsaturated fatty acids (LC-PUFA). Aberrant microbiota and particular dietary components along with overweight/obesity status may increase the intestinal permeability (1). Subsequently increased passage of lipopolysaccharide (LPS) to systemic circulation causes metabolic endotoxaemia (2) and low-grade inflammation (3). The detailed mechanisms of action are: LPS binding protein (LBP) extracts LPS from bacterial outer membrane (a) and transports LPS aggregates to adipose tissue where it binds to cell surface CD14. CD14 presents LPS to TLR4-MD-2 complex (b), after which it activates (c) multiple inflammatory pathways, such as NF-kB, IFN regulatory factors (IFR) and MAPK. This results in pro-inflammatory cytokine production and thus low-grade inflammation. The following clinical manifestation is insulin resistance and potentially onset of GDM. 
Inhibition by probiotics and/or LC-PUFA is presented by (-).
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