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ABSTRACT
Introduction: Maternal smoking is a risk factor for childhood overweight and obesity. However, the mechanisms underlying this association are largely unknown. Smoking is associated with changes in the composition of the maternal microbiome and there is now considerable evidence to suggest that the infant microbiome may play an important role in the development of obesity. Therefore we hypothesized that fetal and neonatal exposure to nicotine, the major addictive component of cigarettes, would result in dysbiosis, an alteration in the composition of the microbiome, in postnatal life.
Methods: Nulliparous female Wistar rats were randomized to receive daily injections of saline (N=20) or nicotine bitartate (1.0 mg/kg/d; N=20) from 2 weeks prior to mating until weaning. We assessed markers of inflammation, gut permeability, and the composition of the gut microbiota in the offspring.
[bookmark: _GoBack]Results: At the phyla level, exposure to nicotine resulted in alterations in the proportion of both Firmicutes and Bacteriodetes at 26 weeks of age.  There were significant changes in a number of operational taxonomic units (OTUs) at 3, 12 and 26 weeks of age. Of note, a number of OTUs for Firmicute Clostridia Clostridiales Lachnospiraceae and Firmicute Clostridia Clostridiales Ruminococcus were decreased in the nicotine-exposed offspring which may suggest increased energy extraction in these animals. Although there was evidence of altered gene expression in pathways regulating inflammation and development, these did not result in increased inflammation or aberrant gut development
Conclusion: Maternal nicotine-exposure resulted in dysbiosis in the gut of the offspring; an effect that persisted into adulthood.  Since dysbiosis has been associated with increased weight gain and adiposity, these data suggest that alterations in the gut microbiome as a result of maternal nicotine-exposure may explain, in part, the increased risk of obesity in children born to mothers who smoke.  
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CHAPTER 1: INTRODUCTION

1.5 Maternal Smoking and Postnatal Obesity
Approximately one-fifth of Canadian women continue to smoke during pregnancy (Andres and Day 2000; Bergmann et al., 2003) despite the well-documented adverse obstetrical and neonatal outcomes including an increased risk of spontaneous abortion (George et al., 2006), placenta previa (Hung et al., 2007), placental abruption (Ananth et al., 1999), preterm birth (Fantuzzi et al., 2007; Kolas et al., 2000), stillbirth (Hogberg and Cnattingius, 2007), fetal growth restriction (Hammoud et al., 2005; Nordentoft et al., 1996), low birth weight (Jaddoe et al., 2008), and sudden infant death syndrome (Mitchell and Milerad, 2006). Despite these well-documented adverse effects, less then half of all current female smokers completely abstain from smoking during pregnancy (Fingerhut et al., 1990). Consequently maternal smoking remains a significant modifiable risk factor for adverse pregnancy outcomes.
Maternal smoking also has been shown to increase the risk of adult-onset metabolic diseases (obesity, hypertension, and type 2 diabetes) in the offspring (Behl et al., 2012). There are a number of epidemiological studies that have reported a positive association between maternal smoking and subsequent childhood obesity (Ino et al., 2011; Koshy et al., 2011; Raum et al., 2011; Gorog  et al., 2009; Power and Jefferis 2002; Reilly et al., 2005; Suzuki et al., 2009;). There are also several studies which report a dose-dependent associations between levels of maternal smoking during pregnancy and increased body mass index (BMI) (Oken et al., 2005; Power and Jefferis, 2002; Reilly et al., 2005; von Kries et al., 2002; Wideroe et al., 2003) or adiposity (Adams et al., 2005; Al Mamun et al., 2006; Oken et al., 2005; Power and Jefferis, 2002; Wideroe et al., 2003) in children.   Indeed a recent meta-analysis identified maternal smoking as a risk factor for childhood overweight and obesity (OR 1.47[95% CI 1.26-1.73])(Weng et al., 2012). These findings are especially significant as obesity and obesity-related diseases, such as diabetes and cardiovascular disease, in adulthood are caused mainly by childhood obesity (Frank et al., 2010).

There is now substantial evidence from human and animal studies to support the hypothesis that early life insults can increase the risk of obesity and dysmetabolism in later life. This has been named “fetal programming,” “Barker’s hypothesis,” and “the developmental origins of health and disease (DOHaD) hypothesis” (Swanson et al., 2009).  Barker posited that early-life metabolic adaptation to adverse fetal environment promotes survival at the expense of later health (Hales and Barker, 1992).

Since it is well established that maternal cigarette smoking results in intrauterine growth restriction (DiFranza et al., 2004) and that low birthweight is a significant risk factor for the development of adult onset diseases including obesity (Calkins and Devaskar 2011; Hales and Barker 2001; Chamson-Reig et al., 2006), it has been suggested that the effect of cigarette smoking to increase the risk of obesity in the offspring is simply a reflection of intrauterine growth restriction. However, the effect of maternal smoking to increase obesity in the offspring persisted even after adjustment for a wide range of confounding factors including adjustment for birthweight, socioeconomic status, maternal diet and birth weight (Mendez et al., 2008), suggesting that other factors may be responsible for the increased risk of obesity in the offspring of women who smoke during pregnancy. One such factor is alterations to the microbiome which may explain, in part, the increased risk of obesity in these children. 
1.2 Colonization and early life influences of the microbiome
The intestinal microbiota plays a significant role in many aspects of human health (Keeney et al., 2011). This is not surprising as the gut is the most densely colonized microbial community in the human body, weighing approximately 1.5 kg (Collado et al., 2009), containing over 1013 microorganisms, and including 500-1000 species  (Xu and Gordon 2003). This is collectively refered to as the microbiota, interacting with the host’s metabolism and immunity (Backhed et al., 2004). The mammalian microbiota is composed primarilyof four dominant phyla: Firmicutes, Bacteroidetes, Actinobacteria and Proteobacteria (Dethlefsen et al., 2007) with Firmicutes and Bacteroidetes accounting for >90% of the bacterial population in the colon. The importance of the human microbiota is particularly clear as alterations of the intestinal microbiota have been associated with short- and long-term health and disease issues such as intestinal bowel disease (IBD), allergy, diabetes, obesity and autism (Toivanen 2003; Berer et al., 2011; Williams et al., 2012; Mutlu et al., 2012; Kaplan et al., 2012).  

The development of the microbiota begins well before the infant is born (Madan et al., 2012; Arrieta et al., 2014). Contrary to what was previously thought, amniotic fluid and placenta are not sterile (DiGiulio 2012; Prince et al., 2014). Thus, while the majority of colonization occurs upon vaginal delivery, prenatal exposure to microbes is likely a natural part of in utero development (Arrieta et al., 2014). Upon vaginal delivery the neonate is exposed to maternal vaginal and gastrointestinal microbiota as well as bacteria from the surrounding environment (Kaplan et al., 2012). The microbiome of the infant then undergoes a rapid increase in diversity and stabilization of the biome throughout the first few years of life (Arrieta et al., 2014). This colonization is influenced by a variety of factors including mode of delivery, feeding practices (human milk versus formula), gestational age at birth and exposure to antibiotics early in life (Alderberth et al., 2006). Different colonization patterns may have long-term consequences for human health and disease. For instance, infants born via cesarean section lack exposure to maternal vaginal and gastrointestinal microbiota and consequently the guts’ of these infants are colonized with fewer potentially beneficial Bifidobacterium, Lactobacillus and Bacteroides and more Clostridium and Enterobacter (van Nimwegen et al., 2011).  It has been proposed that these alterations in the early colonization of the infant microbiome may account for the increased risk of asthma and allergic rhinitis in children born by cesarean section (Backhed et al., 2007). Cesarean sections are also associated with a significant increase in the risk of obesity (Li et al., 2013; Mesquita et al., 2013).  Along with mode of delivery and antibiotic use, maternal smoking may also potentially influence colonization.
1.3 Smoking and the Microbiome
Smoking can affect the host microbiome at many body sites including the oral-pharynegeal tract, gut, and vagina (Benjamin et al., 2012; Biedermann et al., 2013; Biedermann et al., 2014). Since the majority of infant colonization occurs through the transfer of the mother’s microbiome to offspring, and smoking changes the mothers microbiome these changes may affect the colonization patterns in the child.

 Firstly, smoking has previously been associated with changes in subgingival and oropharyngeal microbiota (Benjamin et al., 2012). Benjamin et al., (2012) reported an increase in Bacteriodetes/ Prevotella in the oral microbiome of smokers compared to non smokers. Recent studies suggest that the human placental microbiome is composed of nonpathogenic commensal microbiota which form a unique microbial niche similar to the human oral microbiome (Aagaard et al., 2014). From this, it has been suggested that oral microbiota may play a major role in the colonization of the placenta although the mechanism through which oral microbes find their way into the placenta remains to be found (Munyaka et al., 2014). Because smoking affects the oral microbiome, the placental microbiome may also be influenced by maternal smoke exposure. This may be especially important as the placenta is one of the first sites at which the fetus is exposed to microbes (Arrieta et al., 2014). 

Smoking also affects the vaginal microbiome. Cigarette smoking is strongly associated with a risk of bacterial vaginosis (Bradshaw et al., 2013; Thorsen et al., 2006). Smoking lowered the proportion of vaginal Lactobacillus spp. when compared to non-smokers (Brotman et al., 2014). The mother’s vaginal microbiome is one the primary colonizers of the infants microbiome (Arrieta et al., 2014) and therefore smoke induced changes to the mother’s vaginal microbiota are likely to impact the establishement of the infant’s microbiome.
Additionally, the intestinal microbiome is altered with smoking, and smoking cessation restores the microbiome to more closely resemble a non-smoker (Biedermann et al., 2013; Biedermann et al., 2014). Interestingly, the robust shift in microbial composition following smoking cessation mimicked the difference observed in obese vs lean humans and mice (i.e., a microbiome characterized by a lower proportion of Bacteroides and a higher proportion of Actinobacteria and Firmicutes). These results suggest that not only does smoking induce changes to the gut microbiome but also that the gut microbiota may play a role in weight gain often observed with smoking cessation. 
In support of these findings, an animal study by Allaid and colleagues (2013) suggests that Bifodobacterium sp. (Actinobacteria), and Clostridium sp., (Firmicutes) decreased in response to cigarette smoke exposure in colonic and ileal samples of murine gut.   This animal study suggests that the microbial changes are an effect of smoke exposure directly rather then the behavioral, or socioeconomic factors that are often associated with smoking. Also, importantly, there was no indication of any concomitant alteration in nutrition for any of these studies suggesting that the changes in gut microbiome as a result of smoking cessation are a direct result of the cessation and not an indirect effect due to dietary changes (Benjamin et al., 2012; Biedermann et al., 2013; Biedermann et al., 2014). 
Taken together these results indicate that smoking is an environmental factor that has the potential to modulate the composition of human microbiota. As of yet, it is unknown if maternal smoke exposure changes the infant microbiome and what the repercussion of these changes may be. This study is the first to look at this relationship. Furthermore, given the relationship between smoking and smoking cessation with weight management these findings may also implicate smoke induced changes to the microbiome with obesity (Biedermann et al., 2013; Biedermann et al., 2014).

1.4 Obesity, smoking and the microbiome
The intestinal microbiota coexists in a homoeostatic relationship with the host (Hooper et al., 2012). The intestinal microbiota benefits from a stable environment and nutrient supply that are provided in the intestinal tract, while the host gains products from microbial fermentation conversion of host indigestible components (dietary fibres) into short-chain fatty acids (SCFA; mainly acetate, propionate and butyrate), vitamin K and B12 production, and protection against potential pathogens through competitive exclusion (Collado et al., 2007).
Recently, there has been significant interest in the role of the gut microbiota in the development of obesity. Germ free (GF) mice are resistant to obesity even on a high fat diet (Preiss-Landl et al., 2002). However, when the microbiota from an obese mouse is transferred to a GF mouse a significant increase in body weight is observed within two weeks (Mutlu et al., 2012) even with a reduction in food intake.  These findings provide novel evidence that the bacteria community, at least in part, controls energy metabolism. 
There is also increasing evidence that the intestinal microbiome of obese individuals varies substantially from that of lean individuals (Turnbaugh et al., 2008; Backhed et al., 2004; Di Baise et al., 2012). The majority of research has suggested that obese individuals and animals have a significant decrease in the fraction of Bacteriodietes and an increase in the fraction of Firmicutes. A metagenomic comparison of the microbiome from obese and lean mice revealed an enrichment of genes involved in uptake and utilization of dietary carbohydrates and host mucins and other glycoproteins (Duncan et al., 2008). In particular, genes encoding components of the phosphotransferase system, the main sugar uptake system for a large proportion of intestinal bacteria, were enriched in the microbiota of the obese mice, while genes involved in motility were down regulated. This suggests a more efficient extraction of energy from nondigestible dietary components (Schwiertz et al., 2010). 
Importantly, as mentioned above, early-life changes in microbiota composition, or altered colonization patterns can increase susceptibility to developing obesity later in life (Arrieta et al., 2014). A study by Cho et al., (2012) found that sub-therapeutic doses of several classes of antibiotics, given at post natal day (PND) 21, are sufficient to alter the intestinal microbiota resulting in enrichment of key microbial genes involved in carbohydrate metabolism to create SCFAs, as well as systemic changes to hepatic lipid and cholesterol metabolism, leading to increased adiposity in young mice. These studies suggest that changes in colonization may influence the microbiome of the offspring later in life, leading to the obese phenotype observed (Penders 2006).
There are three main mechanisms in which the microbiome may mediate the increase in adiposity observed in offspring who were exposed to cigarette smoke in utero, (outlined in Figure 1), these include the suppression of fasting-induced adipose factor (Fiaf), SCFA production and inflammation of the gut.
1.4.1 Microbiota and FIAF
Fiaf, also known as angiopoietin-like protein 4 (Angptl4) acts as an inhibitor of lipoprotein lipase (LPL).  Fiaf is synthesized and secreted from intestinal epithelial cells; the secreted protein enters the circulation acts directly on LPL in adipocytes (Backhed et al., 2004). LPL is the rate-limiting enzyme for the hydrolysis of circulating triglycerides (TG) -rich lipoproteins, chylomicrons, and very low-density lipoproteins.  Adipocyte LPL activity leads to increased cellular uptake of fatty acids and adipocyte TG accumulation (Backhed et al., 2004; Merkel et al., 2002; Preiss-Landl et al., 2002). 
Conventionalization of the gut of GF mice transcriptionally suppresses Fiaf thereby increasing LPL activity (Backhed et al., 2004). In just two weeks of conventionalization a two fold increase in liver TG content is observed as well as an increase in LPL activity of 122% in epididymal fat pads (Tazoe et al., 2008). While the specific bacterial species responsible for Fiaf suppression have not yet been elucidated, there is no doubt that Fiaf is an important microbial mediator of weight gain and has the potential to be involved in the weight gain observed in children born to mothers who smoke. 
To date, there have been no studies to determine the relationship between smoking and Fiaf although the associations between smoking and alterations in the microbiome (Benjamin et al., 2012; Biedermann et al., 2013; Biedermann et al., 2014) and the microbiome and Fiaf suppression (Backhed et al., 2004; Tazoe et al., 2008) suggest that there may be a potential link between smoking and the expression of Fiaf. 
1.4.2 Microbiota and SCFA
The interaction between SCFA production and the microbiome has been examined in depth. While there is no doubt that SCFA are closely connected to the microbiome as well as obesity, there is considerable controversy as to whether elevated levels of SCFA increase the risk of weight gain or protect against the onset of obesity. 
As mentioned above, the majority of research has suggested that obese individuals and animals have an increase in the fraction of Firmicute phyla (Turnbaugh et al., 2008; Backhed et al., 2004; Di Baise et al., 2012). The Clostridia are a highly polyphletic class of Firmicutes, well known for their role in SCFA production. SCFA affects intestinal motility and intestinal hormone production (Buck et al., 2008) activating G-protein receptors 41 and 43 (GPR41 and GPR43), both of which are expressed in the distal small intestine and the large intestine. The potency orders of each SCFA for GPR41 is propionate >butyrate>>acetate, whereas GPR43 is equally sensitive to each SCFA. The activation of GPR41/GPR43 leads to the formation of peptide YY (PYY) in the enteroendocrine cells, which in turn slows intestinal transit (Buck et al., 2008). The consequences of this pathway include more complete nutrient absorption and potentially, subsequent weight gain. In fact, GPR41 is necessary to increase host adiposity (Frank et al., 2011) as GPR41-/- mice did not gain weight on a high fat diet or when colonized with the microbiome transferred from an obese mouse. 
Other aspects of the interaction between SCFA production and the microbiome are less clear. On the one hand, studies show that the composition of the gut microbiota appears to affect the efficiency of energy extraction from the diet, which may in turn lead to excess fat storage or obesity (Penders et al., 2006; Tilg and Kaser 2011). Intestinal microbiota, specifically Firmicutes, convert non-digestible dietary carbohydrates (dietary fiber) into SCFAs by fermentation; these SCFA can then be oxidized, providing additional energy to the host (Bergman 1990; Carding et al., 2015). SCFA can account for an estimated 10% of our energy requirement (Flint et al., 2012).

On the other hand, there are a number of studies reporting a decrease in F. Clostridia in individuals with obesity and various other pathologies related to inflammation of the gut (Liu et al., 2012; Zhu et al., 2013; Schnabl and Brenner 2014; Raman et al., 2013; Bajaj et al., 2012) suggesting that SCFAs are decreased in these instances. High intake of dietary fibre is associated with a reduced risk of obesity (Du et al., 2010) and one of the many mechanisms by which the fibre may protect against obesity is via the SCFA-mediated modulation of the secretion of gut hormones involved in the regulation of food intake and energy balance (Freeland and Wolever 2010). Positive metabolic health effects (such as satiety increase, blood glucose, and lower cholesterol levels) have been shown after ingestion of resistant starch and have been associated with increased fecal SCFA concentrations, particularly propionic and butyric acids (Topping and Clifton 2001; Freeland and Wolever 2010). Furthermore, a recent metagenomic study on obese versus lean subjects showed that butyrate-producing bacterial abundance was substantially decreased in obese subjects (Qin et al., 2012). Lastly, incubation of a human colonic epithelial cell line with butyrate was shown to increase transepithelial resistance by promoting the assembly of tight junction (TJ), protecting against the increased gut permeability often observed in conjunction with obesity (Peng et al., 2009). 
There is no current evidence linking smoking and SCFAs however given the relationship between smoking and the microbiome (Benjamin et al., 2012; Biedermann et al., 2013; Biedermann et al., 2014) as well as the effect of the microbiome on SCFA production (Penders et al., 2006; Tilg and Kaser 2011; Bergman 1990; Carding et al., 2015; Backhed et al., 2004; Backhed et al., 2007; Flint et al., 2008), it seems reasonable that changes to the offspring’s microbiome, induced by maternal smoking, may affect SCFA production. Given the need for clarification in the role of SCFAs in weight gain, this study is the first to analyze this connection.
1.4.3 Microbiota and Inflammation
An altered microbiome may also affect body weight homeostasis via its impact on inflammation. It is well established that obesity and associated metabolic disorders are characterized by chronic or “low-grade” inflammation (Akira and Takeda 2004). Mice fed a high fat diet had elevated expression of TNF-α mRNA in the ileum (Ding et al., 2010) while GF mice on a high fat diet do not show inflammation suggesting that the microbiome mediates the relationship between inflammation and diet.
Furthermore, an increase in Firmicutes and a decrease in Bacteriodetes (the microbiome changes most often observed in the obese phenotype) are present in the colon of IBD patients (Brun et al., 2007) suggesting that that this community composition is associated with inflammation.
Studies have also suggested that changes in microbiota can influence the integrity of intestinal epithelium and the tonus of mucosal inflammation (Poritz et al., 2007) although the mechanism for this is unclear. Dysbiosis is the alteration in the composition of the microbiome. Mucosal inflammation caused by dysbiosis leads to the degradation of TJ (Gibson et al., 1995), specifically, the reduction of expression and activity of TJ proteins.  Generally the intestinal epithelium maintains its paracellular permeability by the expression of TJ. The TJ associated proteins include the zona occludens-1 (ZO-1), claudins (CLDN) and occludins (OCLN) which comprise the TJ multi-protein complex (Furuse et al., 1998). In the digestive tract, these transmembrane proteins regulate intestinal permeability to macromolecules while acting as a barrier against proinflammatory cytokines (Al-Sadi et al., 2011). Their expression is dynamic and may be regulated by intracellular processes and extracellular stimuli. Modification to the TJ barrier function is closely associated with health and susceptibility to both intestinal and systemic diseases (Clayburgh et al., 2004; Martinez et al., 2013). 
Once the gut becomes more permeable through mucosal inflammation and subsequent decreases in TJ expression, lipopolysaccahrides (LPS), a major component of the outer membrane of Gram-negative bacteria, can leak into circulation and elicit a strong immune response (Hotamisligil et al., 2010). LPS activates pathogen-associated molecular pattern responses, via toll-like receptor 4 (Bayston and Cohen 1990). This activation induces extensive cell signaling, resulting in an inflammatory response as well as cytokine expression and secretion. These proinflammatory cytokines include TNFα, IL-1β,  IL-6, and COX-2- derived PGE2 (Bayston and Cohen 1990; Cani and Delzenne 2007). 
Many studies suggest that LPS may play a role in microbiota-mediated obesity as circulating levels of LPS are elevated in obese mice, rats, and humans. Continuous infusion of LPS triggers the development of obesity (Teixeira et al., 2012). In contrast, mice lacking the TLR4 adapter protein CD14 do not develop diet-induced obesity (de La Sere et al., 2010).  Therefore the development of intestinal epithelial inflammation appears to impair food intake regulation and propagate the appearance of obesity. Importantly, tobacco smoke also increases LPS exposure, by more than a hundred times compared with a nonsmoking environment (Baena-Cagnani et al., 2009). 
While there is no experimental evidence to support the hypothesis that perinatal exposure to cigarette smoke increases intestinal inflammation in the offspring both prenatal and postnatal smoke exposure increases expression of pro-inflammatory genes in the arteries of the neonate  (Russell 2005). Moreover, prenatal smoke exposure exacerbates experimental lung inflammation in mice through the induction of a strong T helper cell response in the lung marked by increased levels of IL­4, IL­5, and IL­6 and decreased levels of IL­2 and IFNγ (Höie et al., 2007). Maternal smoking during pregnancy and at birth was also found to be more common in adult IBD cases than in controls, at 23% versus 6.2% (OR 4.46 (95% CI 1.16–17.1) p[image: ]=[image: ]0.04), and in mothers of patients with Crohn’s disease, at 27.8% versus control mothers at 8.3% (OR 4.23 (95% CI 1.05–16.97) p[image: ]=[image: ]0.03) (Abraham et al., 2003). Taken together these findings suggest that it is biologically plausible that perinatal smoke exposure increases inflammation, at least to some extent, both systemically and in the gut.

1.5 Rationale
It is well established that maternal smoking is a risk factor for childhood obesity (Weng et al., 2012). Smoking has also been suggested as an environmental factor modulating the composition of human gut microbiota (Amar et al., 2008) and the microbiota is a potential contributor to obesity (Power & Jefferis 2002; Syme et al., 2010). 
The establishment of the gut microbiota in infants is determined, at least in part, by colonization from the maternal vaginal and gut microbiomes (Alderberth et al., 2006). Smoking alters a woman’s vaginal and gut as well as oropharyngeal microbiome which may then be passed on to the offspring through the bacterial exposure in the placenta and amniotic fluid as well as during birth. This is important as early-life changes in microbiota composition, or altered colonization patterns can increase the susceptibility to developing obesity later in life (Arrieta et al., 2014).  
Numerous animal studies have used nicotine, the active component of tobacco smoke, as a model for smoke exposure. Nicotine crosses the placental barrier and is present in the fetal circulation and in amniotic fluid at higher levels than in maternal circulation (Andres and Day, 2000).  Animal studies have demonstrated that perinatal nicotine-exposure results in increased adiposity and body weight (Gao et al., 2005; Holloway et al., 2005), elevated blood pressure, altered perivascular adipose tissue and impaired glucose homeostasis in the offspring later in life (Gao et al., 2008; Bruin, Gerstein and Holloway 2005; Somm et al., 2009); outcomes which are similar to those reported in children who are born to women who smoke during pregnancy (George et al., 2006). Importantly, in these animal studies the maternal steady state levels of serum cotinine (the major metabolite of nicotine) resulting from the nicotine-exposure were within the range of cotinine concentrations found in “moderate” smokers (80–163 ng/ml) (George et al., 2006; Holloway 2006).
Given that smoking may alter the maternal microbiome and that the maternal microbiome plays a large role in the colonization of the infant microbiome I hypothesize that: the increased risk of postnatal obesity in children of women who smoke is due to alterations in the composition of the intestinal microbiome. 
1.5.1 Aim 1
Examine the effects of fetal and neonatal exposure to nicotine on the community composition and diversity of the gut microbiome in postnatal life.
1.5.2 Aim2
Determine the mechanism(s) by which changes in the microbiome increase adiposity in nicotine-exposed offspring.


        Figure 1: A representation of the three potential microbiome-mediated mechanisms for the increased adiposity observed in the nicotine exposed animals. 1) Dysbiosis, is associated either an increase or decrease in SCFA. If increased, SCFA produced by the gut microbiota activates Gpr41 and Gpr43. This activation leads to the formation of PYY and slows intestinal transit. This leads to more complete absorption and potentially, subsequent weight gain. SCFA is also a known regulator of inflammation therefore a decrease in SCFA would increase inflammation, permeability and subsequent weight gain 2) Changes in microbiota can influence the integrity of intestinal epithelium and the tonus of mucosal inflammation, degrading TJs and increasing the permeability of the gut. LPS then leaks into the circulation, activating a cascade of events further intensifying the inflammatory response. 3) Fiaf/Angpt14 is inhibited by dysbiosis, causing an increase in the expression of LPL, thereby increasing adiposity. Dysbiosis
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CHAPTER 2: METHODS
2.1 Aim 1:  Examine the effects of fetal and neonatal exposure to nicotine on the community composition and diversity of the gut microbiome in postnatal life.
2.1.1 Production of the animal model
For these experiments nulliparous female Wistar rats were randomized to receive nicotine bitartrate (1.0 mg/kg/d [=0.325 mg/kg/d nicotine free base]; Sigma Aldrich, St Louis, MO) or vehicle via daily subcutaneous injections (n=20 dams). All treatments were administered to dams for 2 weeks prior to mating (to acclimate them to the treatment) and then during pregnancy and lactation (Figure 2). This dose of nicotine is not materno-or feto-toxic and does not alter daily maternal caloric intake or weight gain during pregnancy (Gao et al., 2008). The maternal steady state levels of serum cotinine (the major metabolite of nicotine) resulting from this exposure is within the range of cotinine concentrations in pregnant smokers (George et al., 2006; Holloway 2006).  Previous animal cohorts from this model have shown increased body weight and adiposity in the male offspring (Gao et al., 2005, Holloway et al., 2005) but not female offspring (Xiong and Holloway, unpublished data). Animals were allowed to deliver normally.  Litters were culled to 8 pups per litter, retaining males and females in equal numbers, to ensure uniformity between treated and control litters. Pups were weaned at PND21.

2.1.2 Fecal Sample Collection
Stool was collected from the control and nicotine-exposed offspring at 3, 12 and 26 weeks of age for gut microbiota profiling (Figure 3).  Fecal samples were also collected from dams at weaning. Samples were individually stored at -80°C immediately after collection. 

2.1.3 Extraction of DNA from fecal samples 
DNA was extracted from each fecal sample using a standard extraction/purification method for mixed clinical samples as previously described (Sibley et al., 2011). This approach involved the basic steps of mechanical lysis, chemical lysis, and DNA purification in a series of 10 steps. Approximately 300 µL of feces was placed in a 2mL plastic screw top tube containing 0.2 g of 2.0 mm diameter ceramic beads, and suspended in 800 µL of 200 mM NaPO4 (pH 8) and 100 µL of GES.  The tube was homogenized at 3000 r.p.m for 3 minutes in a bead-beater instrument two times. Approximately 0.2 grams of 0.1 mm diameter ceramic beads were added and then homogenized at 1500 r.p.m for an additional 3 minutes. Samples were then subjected to a two-step enzymatic lysis. The first comprised of an incubation at 37°C water bath for 1-1.5 hours in a 110 µL solution of 50 µL of lysozyme (100 mg/mL in H2O), 50 µL of mutanolysin (10 U/µl) and 10 µL of RNase A (10 mg/mL in H2O). In the second stage, samples were incubated for 0.5-1.5 hours in 125 µL solution of 25 µL 25% sodium dodecl sulfate (SDS), 25 µL Proteinase K, and 75 µL 5 M NaCl. Screwcap tubes were then centrifuged at max speed for 5 minutes and then 900 µL of supernatant was removed and transferred to a 2 mL tube containing 900 µL (equal volume) of 25:24:1 phenol-chloroform-isoamyl alcohol. The solution was vortexed and then certrifuged at max speed for 10 minutes, and the top layer transferred to a sterile 1.5 mL tube.  Purification and final elution of DNA was done using a Zymo DNA clean and concentrator 250 kit  (Thermo Scientific, Waltham, MA).  DNA was eluted in 50 µL of sterile DNase/RNase free water pre-heated at 65°C. DNA concentration and quality in the extracts was determined with a Nanodrop 1000 spectrophotometer (Thermo Scientific, Waltham, MA). Extracted DNA was stored at -80°C until needed for PCR amplification.


2.1.4 Bacterial profiling of 16S rRNA genes using Illumina Miseq

Variable region 3 (V3) of bacterial 16S ribosomal RNA genes present in each fecal community was amplified by PCR, and the resulting amplicons were sequenced on an Illumina MiSeq 2000 instrument (Illumina Inc, San Diego, CA). Samples were amplified in triplicate using a Veriti® 96-Well Fast Thermal Cycler, model 9902 (Applied Biosciences® Burlington ON). The PCR reaction mixture in a volume of 60 μL contained 6 μL (10 pmol/μL) each of V3 forward and barcoded reverse primers, 1.5 μL magnesium chloride (MgCl2) (50 mM) solution, 6 μL 10 x PCR buffer, 1 uL deoxynucleotide solution (dNTPs) (10 mM each), 34.25 uL dH2O, 0.25 uL Taq Polymerase, and 5 uL Template DNA (30 ng total) with the following cycling conditions: 30 cycles (94°C, 30 s, 50°C, 30 s; 72°C, 30 s) after an initial denaturation of 2 min at 94°C. Amplicons from the triplicate reactions were pooled together, and separated electrophoretically on a 2% agarose gel. 

2.1.5 Microbial Sequencing and Analysis
Analysis was performed using an in-house bioinformatics pipeline that generates clusters of operational taxonomic units (OTUs), taxonomic assignment and various measures of alpha and beta-diversity. PCR products were sequenced using the Illumina Miseq with paired-end reads. Custom Perl scripts were developed in-house to process the sequences as outlined in Whelan and collegues (2014). First, Cutadapt (Martin 2011) was used to trim these sequences to the V3 region, ridding of any sequences surpassing this region. Next, sequences were aligned with their pair using PANDAseq (Masella et al., 2012); during this alignment, any mismatches or ambiguous bases were culled. Operational taxonomic units (OTUs) were picked using AbundantOTU and as described previously (Ye et al., 2011) with a clustering cutoff of 97%. Taxonomy of the resultant OTUs was assigned via comparison of a representative sequence of the unit to the Greengenes reference database (DeSantis et al., 2006) using the Ribosomal Database Project (RDP) classifier.
Comparative 16S rRNA gene sequence analysis was used to determine differences in the bacterial composition between groups. Results were summarized with the QIIME (Quantitative insights Into Microbial Ecology) software package. 
2.1.6 Statistical Analysis
Taxonomy was organized at the level of phyla, class, order, family, genus, and species into bar and area charts. OTU tables were then split by week and sex to isolate the treatment effects. Taxa were then summarized again at the phyla level to create boxplots in SigmaPlot (Systat Software Inc., San Jose, CA). This data was also used to run unpaired student t tests (α=0.05) comparing treated and control groups (within each sex) for each major phyla at weeks 3, 12 and 26. 
Beta diversity, the diversity between groups, was measured in Qiime using both Unweighted Unifrac and Bray Curtis distribution methods. This creates principle coordinate analysis (PCoA) plots showing the ecological distance between each sample to identify clustering. These distribution plots were used to create perma-anovas to compare the diversity of treated and control groups at every time point and in both sexes. If the perma-anova was significant (p<0.05) then the data was analyzed using a permdisp test to determine if the median distance in beta diversity is different between groups or simply the distribution pattern. Distance boxplots were then created to visualize these treatment effects on beta diversity.
Alpha diversity (Shannon and Chao1 Indices) was calculated using Qiime. Results were rarefied to the sample with the smallest sequence number in each group and the two groups were compared using a Mann Whitney rank sum test (α=0.05). 
The data were further analyzed by the Linear Discriminant Analysis (LDA) Effect Size (LEfSe) program from the Galaxy/Huttenhower lab (Segata et. al 2010) LEFSe is an algorithm for high-dimensional biomarker discovery that identifies genomic features (genes, pathways, or taxa) characterizing the differences between two or more biological conditions (or classes). 
Briefly, LEFSe uses the non-parametric factorial Kruskal-Wallis (KW) sum-rank test to detect features with significant differential abundance with respect to the class of interest; biological significance is subsequently investigated using a set of pairwise tests among subclasses using the (unpaired) Wilcoxon rank-sum test. As a last step, LEfSe uses Linear Discriminant Analysis to estimate the effect size of each differentially abundant feature.
Cladograms were made using LeFSe to visualize bacterial changes and to depict the relationship between different groups of taxa called “clades”. Corrections for multiple comparisons were made using the Benjamini Hochberg method with a q value of 0.25.
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) was used to predict the functional pathways affected by nicotine-exposure. First, OTUS were picked against a reference gene set which builds a biom formatted OTU table with OTUs assigned at 97% identity. Each OTU was normalized by its predicted 16S rRNA copy number as predicted in PICRUSt’s Precalculated Files (Langille et al., 2013), and then multiplied by each predicted functional trait. Finally the data is collapsed to the first, second and 3rd hierarchical level using the “categorize by function” script in qiime. LEFSe was then used to determine the pathways of significance and corrections for multiple comparisons were made using the Benjamini Hochberg method with a q value of 0.25.
2.2 Aim 2:  Determine the mechanism(s) by which changes in the microbiome increase adiposity in nicotine-exposed offspring.
2.2.1 Production of the Animal Model and Tissue Collection
Colon and ileum segments were collected at PND21 and 26 weeks of age from the saline and nicotine exposed animals generated in Aim 1. One segment of colon/ileum was fixed in neutral buffer 10% formalin (Fisher Scientific Pittsburg, PA) and one segment was flash frozen in liquid nitrogen, then stored at -80° C until further analysis. 
2.2.2 Tissue homogenization and RNA Isolation
For the duration of the process, colon and ileum samples were kept on crushed dry ice and all collection tubes pre-cooled. Frozen tissue was placed in the mortar and ground to a fine powder and kept chilled by liquid nitrogen. The resulting powder was stored at -80°C. Following disruption of tissue, purification and isolation of total colonic RNA was done following protocol from the Qiagen Allprep mini kit (Qiagen Inc. Toronto ON) and homogenized using a needle and syringe. 
Single-stranded cDNA was synthesized using 1 μg of RNA and a High Capacity reverse transcription kit (Applied Biosciences® Burlington ON). A starting material of 30 mg was used. Sample lysates were washed in 70% ethanol by running them through an RNeasy spin column (Qiagen Inc. Toronto ON) and were further purified through subsequent buffer washes. Resultant RNA was eluted from column in 30 μL of RNase-free water and immediately stored at -80°C until use for extraction of total RNA for quantitative real-time PCR analysis.
2.2.3 Evaluation of Gene Expression
Expression of selected genes was evaluated by quantitative real-time PCR (qPCR). qPCR was performed using PerfeCTa® SYBR® Green FastMix® (Quanta Biosciences, Gaithersburg), a Light-cycler 480 real-time PCR detection system (Roche Applied Sciences, Laval, Quebec) using specific primers coding for inflammatory markers (Tumor Necrosis Factor (TNFα), Interleukin 1 beta (IL-1β), Interleukin 6 (IL-6), Monocyte Chemoattractant Protein 1(MCP-1) TJ proteins (claudin 1, 3 (CLDN 1, 3) occludin (OCLDN), and zona occludin (ZO-1)) to evaluate gut permeability, genes involved in fatty acid synthesis and transportation (cluster of differentiation 36 (CD36), Diglyceride acyltransferase1, 2 (DGAT1,2), Fatty acid-binding protein (FABP4), Fasting-induced adipose factor (FIAF), G-protein receptor 41 and 43 (GPR41, 43), peptide YY (PYY)), and genes involved in carbohydrate synthesis and transportation (Facilitated Glucose Transporter (SLC2A2), Sodium-glucose transport proteins (SGLT1). 
Primers were designed for each target using Pubmed’s nucleotide database. The FASTA sequence was entered in Primer Express® Software (Version 3.0; Life Technologies) under the sequence tab section. Appropriate sequences were selected based on a ∆G < -9 and with minimal hairpins using Oligo Analyzer (Integrated DNA Technologies®, Coralville, Iowa). Primers were synthesized by MOBIX, McMaster University’s DNA sequencing and oligo synthesis facility. Before use, they were validated by assessing standard and melting point curves. Expression data were normalized to the geomean of β actin, 18S, and HPRT messenger RNA (mRNA) expression and presented as a relative message level. (Primer sequences can be found in Appendix A: Table 1-4) 

2.2.4 Histology
Formalin-fixed colon segments taken at PND21 and 6 months of age were embedded in paraffin, sectioned (5 microns thick) and stained with hematoxylin and eosin (H&E) using standard protocols. Nine sections at three different magnifications (3 sections per magnification) were examined per animal with a light microscope and photographed. Images were scored by a single investigator who was blinded to the experimental group using a scoring system that considers changes in crypt architecture, cellular infiltration of leukocytes, goblet cell depletion, and crypt abscess (Cooper et al., 1979). 

2.2.5 LAL Endotoxin Assays
To evaluate the effects of fetal and neonatal exposure to nicotine on intestinal permeability, we measured serum endotoxin levels at PND21 and 26 weeks of age. Serum samples (n=6 per group) were tested for Endotoxin using Genscript Limulus Amebocyte Lysate (LAL) endotoxin assay according to the manufacturer’s protocol (ToxinSensorTM Gel Clot Endotoxin Assay Kit Protocol, GenScript USA Inc., Piscataway, NJ). 
Absorbance of the reaction was read at 545 nm by spectrophotometer and the concentrations were calculated based on the standard curve.

2.2.6 Statistical Analysis
Analysis was performed using SigmaPlot (Systat Software Inc., San Jose, CA) and plotted using GraphPad Prism version 6.00 for Windows, (GraphPad Software Inc., San Diego, CA). The results are expressed as means ± S.E.M. Data were tested for normality with the Kolmogorov-Smirnov test and Grubbs test method to identify outliers. Comparisons between two means were tested by Student’s t test (α=0.05). 
Pearson’s correlations, using SigmaPlot were made between the significant OTUs in both male and female offspring at 26 weeks of age with all gene expression that was also found to be significantly different between males and females. 












 Figure 2: Timeline for nicotine model. Nulliparous female Wistar rats receive nicotine bitartrate (1.0 mg/kg/d [=0.325 mg/kg/d nicotine free base]; Sigma Aldrich, St Louis, MO) or vehicle via daily subcutaneous injections. All treatments are administered to dams for 2 weeks prior to mating (to acclimate them to the treatment) and then during pregnancy and lactation. Serum, as well colon and ileum segments were collected at 3 and 26 weeks of age. While fecal samples were collected at 3, 12 and 26 weeks of age.2 Weeks
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Figure 3: Outline of Genomic Preps. Fecal samples are collected at various time points, genomic DNA is extracted followed by the amplification of 16s rDNA by PCR. Community analysis is conducted by Illumina Miseq and data is processed through the bioinformatics pipeline and analyzed by Qiime, LEfSe and R.










CHAPTER 3: RESULTS
3.1 Examine the effects of fetal and neonatal exposure to nicotine on the community composition and diversity of the gut microbiome in postnatal life.
3.1.1 Diversity
Fetal and neonatal exposure to nicotine resulted in a significant decrease in beta diversity (Bray Curtis and Unifrac) in male offspring at 26 weeks of age (Figure 8) but not at 3 or 12 weeks of age. There were no significant differences in beta diversity in female offspring at any age examined (Figures 4-6, 7, 9). 
Fetal and neonatal exposure to nicotine resulted in significant alterations in species in males at 26 weeks of age (p<0.01) while the Shannon index of diversity showed no difference (Figure 10, 11).  There were no significant differences in alpha diversity in female offspring at any age examined.
3.1.2 Phyla level changes
At 3 weeks of age male offspring had no significant phyla level changes (Figure 12). In male offspring at 12 weeks of age the relative abundance of Actinobacteria was significantly decreased in nicotine exposed offspring (p<0.05) (Figure 13). Actinobacteria abundance was also increased in nicotine-exposed male offspring at 26 weeks, although this did not reach statistical significance (p=0.07) (Figure 14).  At 26 weeks of age the relative abundance of Firmicutes was decreased in nicotine exposed offspring while the relative abundance of Bacteriodetes was increaed in nicotine exposed offspring although neither of these reached statistical significance (p=0.06 and p=0.07 respectively) (Figure 14).
In female offspring at 12 weeks of age the relative abundance of Bacteriodetes and Proteobacteria was significantly decreased in nicotine-exposed offspring (p<0.05), the relative abundance of Firmicutes was significantly elevated in nicotine-exposed offspring (p=0.01) (Figure 16). In females at 3 and 26 weeks of age there were no significant changes at the phyla level (Figure 15, 17).  The exact p values, means and SEM can be found in Appendix B: Table 1-3.
3.1.3 OTU level changes
Before correcting for multiple comparisons there were significant changes in a number of operational taxonomic units (OTUs) at all time points; these differences were observed in both male and female nicotine-exposed offspring (Table 1-2). Overall the most common differences observed involved Firmicutes Clostridia Clostridiales, most often the Lachnospiraceae and Ruminococcceae families. In nicotine exposed male offspring at 3 weeks of age there is an overall increase in both the Lachnospiraceae and Ruminococcceae families (Table 1). At 12 weeks of age an increase in the Lachnospiraceae family is observed while there is a decrease in Ruminococcceae in nicotine-exposed offspring (Table 1). At 26 weeks of age there is an overall decrease in Lachnospiraceae (Table 1). 
In female offspring there is a decrease in all Firmicutes Clostridia Clostridiales, both the Lachnospiraceae and Ruminococcceae families at 3 and 26 weeks (Table 2). However at 12 weeks of age there is an increase in Lachnospiraceae and Ruminococcceae families in the nicotine exposed offspring (Table 2). 
However, when adjusted for multiple comparisons, there were only 4 OTUs of significance, all found in female offspring at 12 weeks of age (Appendix C:Table 1). These OTUs are Firmicute Bacilli Lactobacillales Streptococcaceae Lactococcus, Proteobacteria Betaproteobacteria, Proteobacteria Betaproteobacteria Burkolderiales Alcaligenaceae, and Firmicute Clostridia Clostridiales Ruminococcus.
The gut microbiota of dams was significantly different between treatment groups at the OTU level as well (Table 3). There were 24 OTUs that differed between treated and control animals. 
3.1.4 Phylogenic relationship of all bacterial changes
Cladograms were produced to illustrate the relationship of various changes in the microbiome of both control and treated offspring at all ages and both sexes at multiple phylogenetic levels. They are taxonomic representation of statistically and biologically consistent differences between nicotine and control offspring. The most significant clustering occurs at 12 weeks of age for both males and females. In males, there is an increased abundance of Actinobacteria from the phyla level all the way to the genus level (Figure 18). In the females at 12 weeks, Firmicutes Staphylococcus, Staphylococaceae and Bacilliales are increase in abundance in nicotine-exposed offspring while Bacteriodetes and Proteobacteria are decreased in nicotine-exposed animals (Figure 19).
3.1.5 Metagenomic predictions
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt) was used to predict the functional pathways affected by nicotine-exposure (Langille et al., 2013). Because marker gene studies, such as 16S Illumina Sequencing, focus on only one gene they cannot directly identify metabolic functional capacities of the microbiome. Conversely, metagenomic sequencing samples all genes from a community and can produce detailed metabolic and functional profiles. Deep metagenomic sequencing is however prohibitively expensive and, therefore, PICRUSt was used as a predictive analysis. 

At the hierarchical level 2 in males at 3 weeks of age transport and catabolism, metabolism of other amino acids, and neurodegenerative diseases were predicted to be increased in the nicotine-exposed offspring (Table 4). There were no predicted pathways of significance at 12 or 26 weeks of age for male offspring (Table 4).
In females, at 3 weeks of age energy metabolism, biosynthesis of other secondary metabolites, and metabolism of cofactors and vitamins were predicted to be decreased in nicotine exposed offspring while, metabolism of other amino acids and signaling molecules and interactions were predicted to be increased in nicotine-exposed offspring (Table 4). At 12 weeks of age signal transduction, and membrane transport were predicted to be increased in nicotine exposed offspring while, metabolism of terpenoids and polyketides, metabolic diseases, folding sorting and degradation pathways as well as amino acid metabolism are predicted to be decreased in nicotine-exposed animals (Table 4). Lastly, at 26 weeks of age carbohydrate metabolism was predicted to be increased in nicotine-exposed offspring (Table 4).

While at level 3 in males at 3 weeks of age it is predicted that glycan degradation, sphingolipid metabolism, lysosome, cyano amino acid metabolism, one carbon pool by folate, phenylopropanoid biosynthesis, glucosaminoglycan degradation and lipid synthesis proteins are significantly increased in the nicotine exposed offspring while the sulfur relay system and pentosephospate pathway are decreased in nicotine-exposed animals (Table 5).  At 12 weeks of age it is predicted that the citrate cycle, glycolysis, gluconeogenesis, cysteine and methionine metabolism, and histidine metabolism are increased in the nicotine exposed offspring while protein folding and associated processing, other glycan degradation and porphyrin and chlorophyll metabolism is predicted to be decreased significantly in the nicotine-exposed animals (Table 5). While at 26 weeks of age energy metabolism is predicted to be increased in the nicotine exposed offspring while tetra cycline biosynthesis, signal transduction mechanisms, sulfur relay system, starch and sucrose metabolism, lyine biosynthesis and methane metabolism are decreased significantly in the nicotine-exposed animals (Table 5). 
In female offspring at 3 weeks it is predicted that the phosphotransferase system, secretion systems, other ion coupled transporters, benzoate degradation, synthesis and degradation of ketone bodies, nucleotide metabolism, tryptophan metabolism, drug metabolism, ethylbenzene degradation and primary immunodeficiency pathways are increased in the nicotine exposed offspring while biosynthesis and biodegradation of secondary metabolites, cell division, bisphenol degradation, biotin metabolism, carbohydrate metabolism, linoleic acid metabolism, tetracycline biosynthesis, nitrotoluene degradation, protein folding and associated processes, folate biosynthesis, lysine biosynthesis, transcription machinery, C5 branched di basic acid metabolism, pentose and glucuronate interconversions, valine leucine and isoleucine biosynthesis, argine and proline metabolism and methane metabolism are decreased significantly in the nicotine-exposed animals (Table 6). At 12 weeks of age transporters, the two component system, and glycerolipid metabolism are predicted to be increased in the nicotine exposed offspring while RNA degradation, restriction enzyme, 1 Trichloro 22 bis 4 chlorophenyl ethane DDT degradation, DNA replication, Protein export, one carbon pool by folate, peptideglycan synthesis, nicotinate ad nicotine amide metabolism, mismatch repair, lysine biosynthesis, folate biosynthesis, cysteine and methionine metabolism, terpenoid back bone biosynthesis, energy metabolism,homolgous recombination, cutrate cycle, DNA replication proteins, membrane and intracellular structural molecules, carbon fixation pathways in prokaryotes and oxidative phosphorylation are predicted to be decreased significantly in the nicotine-exposed animals (Table 6). Finally, in females at 26 weeks of age had no significantly different predicted pathways (Table 6).

3.2 Determine the mechanism(s) by which changes in the microbiome increase adiposity in nicotine-exposed offspring.

3.2.1 The effects of perinatal nicotine-exposure on gut permeability
Fetal and neonatal exposure to nicotine did not significantly alter serum endotoxin levels at PND21 (Figure 20) or at 6 months (Figure 21). 
Consistent with this observation there was no change in the gene expression of any of the TJ proteins in ileum or colon from male nicotine-exposed offspring. However, female nicotine-exposed offspring had increased expression of cldn3 (p=0.01) in the ileum and increased expression of cldn1 (p=0.01) in the colon at 3 weeks of age (Table 7).  

3.2.2 The effects of perinatal nicotine-exposure on gut inflammation
Nicotine-exposure did not significantly affect the degree of colon inflammation at any age studied (Figures 22 and 23). Furthermore, there were no differences in the mRNA expression of inflammatory markers between nicotine-treated and control offspring in either the ileum or colon at PND21. At 26 weeks of age there was a significant decrease in the expression of IL-10 (p=0.01) and IL-13 (p<0.05) in female nicotine-exposed offspring, however none of the genes examined were affected by nicotine-exposure in male offspring (Table 18). 
3.2.3 The effects of perinatal nicotine-exposure on the expression of genes involved in fatty acid transport
Nicotine-exposure resulted in a decrease in the expression of GPR43 (p<0.05) and DGAT2  (p=0.01) in the ileum and colon respectively (Table 9) in male offspring at weaning but this change did not persist to 26 weeks of age. 
In female offspring, nicotine-exposure resulted in a decreased expression of DGAT1 (p<0.05), GPR41 (p=0.05) and GPR43 (p<0.05) in the ileum at 26 weeks of age (Table 9).

3.2.4 The effects of perinatal nicotine-exposure on the expression of genes involved in carbohydrate synthesis and transport
At PND21 the gene expression of GCG (p=0.01) was decreased in the colon of male nicotine exposed animals (Table 10). No other targets involved in carbohydrate synthesis and transport, in either sex, were significantly different between treated and control offspring.

3.3 Correlation analysis
Correlations between OTUs and the genes which were significantly altered by nicotine-exposure are presented in a heat map (Figure 24). In male offspring at 26 weeks of age Firmicutes Clostridia Clostridiales Ruminococcaceae (OTU 44) was and positively correlated with the gene expression of GPR43.  In female offspring Firmicutes Clostridia Clostridiales Lachnospiraceae (OTU 90) was positively correlated with the gene expression of DGAT1.  Firmicutes Clostridia Clostridiales Lachnospiraceae (OTU 167) was positively correlated with the gene expression of both IL-10 and IL-13 (p<0.0001). 
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Figure 4: Beta diversity in Male rats- Week 3 A) PCOa plots and distance matrices comparing the microbial diversity of nicotine exposed and control male rats at 3 weeks of age.  B) The beta diversity between these two groups is not significantly different as defined by a permanova test using both a Bray Curtis and Unweighted Unifrac distribution. 
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Figure 5: Beta diversity in Female rats – Week 3 A) PCOa plots and distance matrices comparing the microbial diversity of nicotine exposed and control female rats at 3 weeks of age.  B) The beta diversity between these two groups is not significantly different as defined by a permanova test using both a Bray Curtis and Unweighted Unifrac distribution. 
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Figure 6: Beta diversity in Male rats – week 12 A) PCOa plots and distance matrices comparing the microbial diversity of nicotine exposed and control male rats at 12 weeks of age.  B) The beta diversity between these two groups is not significantly different as defined by a permanova test using both a Bray Curtis and Unweighted Unifrac distribution.
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Figure 7: Beta diversity in Female rats – week 12 A) PCOa plots and distance matrices comparing the microbial diversity of nicotine exposed and control female rats at 12 weeks of age.  B) The beta diversity between these two groups is not significantly different as defined by a permanova test using both a Bray Curtis and Unweighted Unifrac distribution.
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Figure 8: Beta diversity in Male rats – week 26 A) PCOa plots and distance matrices comparing the microbial diversity of nicotine exposed and control male rats at 26 weeks of age.  B) The beta diversity between these two groups is significantly different (p<0.05) as defined by a permanova test using both Bray Curtis and Unweighted Unifrac distribution.  
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Figure 9: Beta diversity in Female rats – week 26 A) PCOa plots and distance matrices comparing the microbial diversity of nicotine exposed and control female rats at 26 weeks of age.  B) The beta diversity between these two groups is not significantly different as defined by a permanova test using both a Bray Curtis and Unweighted Unifrac distribution.
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Figure 10: The Shannon Diversity Index in control and treated offspring, separated by sex and age. A) No significant difference in alpha diversity (Shannon Index) between nicotine-exposed and control in males. B) No significant difference in alpha diversity (Shannon Index) between nicotine-exposed and control in females. * nonequal variance-Mann Whitney rank sum test.
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Figure 11: The Chao1 Diversity Index in control and treated offspring, separated by sex and age A) Species richness is significantly increased in nicotine-exposed male offspring a 26 weeks of age. No significant difference in species richness (Chao1 Index) between nicotine-exposed and control in males at any other time point. B) No significant difference in species richness (Chao1 Index) between nicotine-exposed and control in females. * nonequal variance-Mann Whitney rank sum test.
[image: ]Figure 12: Box plots comparing relative abundance of all bacterial phyla in male offspring at 3 weeks.  No significant differences were observed between control and treated animals. 
[image: ]Figure 13: Box plot representations comparing relative abundance of all bacterial phyla in male offspring at 12 weeks.  No significant differences were observed between control and treated animals. 
[image: ]Figure 14: Box plot representations comparing relative abundance of all bacterial phyla in male offspring at 26 weeks.  No significant differences were observed between control and treated animals. 
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Figure 15: Box plot representations comparing relative abundance of all bacterial phyla in female offspring at 3 weeks.  No significant differences were observed between control and treated animals. 
[image: ]
Figure 16: Box plot representations comparing relative abundance of all bacterial phyla in female offspring at 12 weeks.  Bacteriodetes (p=0.02) and Proteobacteria (p=0.04) are decreased, in the nicotine exposed offspring while Firmicutes are increased (p=0.01).
[image: ]Figure 17: Box plot representations comparing relative abundance of all bacterial phyla in female offspring at 26 weeks.  No significant differences were observed between control and treated animals.

	Male 3 weeks
	 

	OTU#
	OTU name
	Elevated in: 

	4
	Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella
	NIC

	8
	Firmicutes Clostridia Clostridiales Lachnospiraceae
	NIC

	9
	Firmicutes Bacilli Turicibacteriales Turicibacteraceae
	CON

	21
	Firmicutes Clostridia Clostridiales Lachnospiraceae
	CON

	26
	Firmicutes Clostridia Clostridiales Ruminococcceae Oscillapira
	NIC

	30
	Firmicutes Clostridia Clostridiales Ruminococcceae Oscillapira
	NIC

	35
	Firmicutes Clostridia Clostridiales Lachnospiraceae
	NIC

	201
	Tenericutes Erysipelotichi Erysipelotichales Erysipelotichaceae Allobactulum
	CON

	394
	Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae Bacteroides
	CON

	
	
	

	Male 12 weeks
	 

	OTU#
	OTU name
	Elevated in: 

	12
	Firmicutes Clostridia Clostridiales
	NIC

	13
	Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacilles
	NIC

	21
	Firmicutes Clostridia Clostridiales Lachnospiraceae
	NIC

	26
	Firmicutes Clostridia Clostridiales Ruminococcceae Oscillapira
	CON

	31
	Firmicutes Clostridia Clostridiales
	NIC

	85
	Actinobacteria Actinobacteria Actinomycetales
	NIC

	107
	Firmicutes Clostridia Clostridiales
	NIC

	116
	Bacteroidetes Bacteroidia Bacteroidales
	NIC

	120
	Firmicutes Clostridia Clostridiales Clostridiales Family XIII Incertae Eubacterium
	NIC

	124
	Firmicutes Clostridia Clostridiales
	CON

	127
	Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus
	NIC

	128
	Firmicutes Clostridia Clostridiales Lachnospiraceae Clostridium
	NIC

	130
	Firmicutes Clostridia Clostridiales Ruminococcceae Oscillapira
	CON

	133
	Bacteroidetes Bacteroidia Bacteroidales
	NIC

	
	
	

	Male 26 weeks
	 

	OTU#
	OTU name
	Elevated in: 

	11
	Bacteroidetes Bacteroidia Bacteroidales Prevotellaceae Prevotella
	NIC

	21
	Firmicutes Clostridia Clostridiales Lachnospiraceae
	CON

	44
	Firmicutes Clostridia Clostridiales Ruminococcceae
	CON

	96
	Firmicutes Clostridia
	CON

	138
	Firmicutes Clostridia Clostridiales Lachnospiraceae Anaerostipes
	CON

	258
	Firmicutes Clostridia Clostridiales Ruminococcceae
	NIC

	276
	Firmicutes Clostridia Clostridiales Ruminococcceae
	NIC

	289
	Firmicutes Clostridia Clostridiales Ruminococcceae
	CON


Table 1: Operational taxonomic units of significant difference between treated and control (p<0.05) male offspring as identified by LeFSe. 

	Female 3 weeks
	 

	OTU#
	OTU name
	Elevated in: 

	7
	Firmicutes Clostridia Clostridiales Lachnospiraceae Blautia
	CON

	16
	Firmicutes Clostridia Clostridiales Ruminococcceae Ruminococcus
	CON

	138
	Firmicutes Clostridia Clostridiales Lachnospiraceae Anaerostipes 
	CON

	Female 12 weeks
	 

	OTU#
	OTU name
	Elevated in: 

	6
	Bacteroidetes Bacterioidia Bacteroidales Prevotellaceae Prevotella
	CON

	10
	Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacilles
	NIC

	20
	Firmicutes Clostridia Clostridiales Ruminococcceae Ruminococcus
	CON

	30
	Firmicutes Clostridia Clostridiales Ruminococcceae Oscillaspira
	NIC

	33
	Bacteroidetes Bacteroidia Bacteroidales
	CON

	39
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	NIC

	60
	Firmicutes Bacilli Staphylococceae Staphylococceae
	NIC

	62
	Firmicutes Clostridia Clostridiales Ruminococcceae Eubacterium
	NIC

	68
	Firmicutes Clostridia Clostridiales Ruminococcceae 
	NIC

	79
	Proteobacteria Betaproteobacteria Burkholderiales Alcaligua
	NIC

	91
	Firmicutes Clostridia Clostridiales Catabacteriaceae
	NIC

	133
	Bacteroidetes Bacteroidia Bacteroidales
	CON

	163
	Firmicutes Clostridia Clostridiales
	CON

	175
	Firmicutes Clostridia Clostridiales
	CON

	184
	Firmicutes Clostridia Clostridiales Lachnospiraceae
	NIC

	215
	Firmicutes Clostridia Clostridiales Lachnospiraceae
	CON

	220
	Firmicutes Clostridia Clostridiales Ruminococcceae 
	CON

	252
	Firmicutes Clostridia Clostridiales Ruminococcceae 
	CON

	268
	Firmicutes Clostridia Clostridiales Lachnospiraceae
	NIC

	317
	Firmicutes Bacilli Lactobacillales Streplolactococcus
	CON

	326
	Firmicutes Clostridia Clostridiales Lachnospiraceae
	NIC

	Female 26 weeks
	 

	OTU#
	OTU name
	Elevated in: 

	90
	Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospira
	CON

	118
	Firmicutes Clostridia Clostridiales Ruminococcceae 
	CON

	167
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	CON


Table 2: Operational taxonomic units of significant difference between treated and control (p<0.05) female offspring as identified by LeFSe.



	DAMS 3 weeks
	 

	OTU#
	OTU name
	Elevated in: (p<0.05)

	1
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	NIC

	7
	Firmicutes Clostridia Clostridiales Lachnospiraceae Blautia
	CON

	8
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	NIC

	10
	Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacilles
	CON

	30
	Firmicutes Clostridia Clostridiales Ruminococcceae Oscillaspira
	NIC

	35
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	NIC

	37
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	NIC

	42
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	NIC

	52
	Firmicutes Clostridia Clostridiales Ruminococcceae Eubacterium
	NIC

	61
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	NIC

	67
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	NIC

	83
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	NIC

	87
	Firmicutes Clostridia Clostridiales Ruminococcceae 
	NIC

	93
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	CON

	117
	Firmicutes Clostridia Clostridiales Ruminococcceae Ruminococcus
	NIC

	118
	Firmicutes Clostridia Clostridiales Ruminococcceae 
	NIC

	129
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	CON

	130
	Firmicutes Clostridia Clostridiales Ruminococcceae Oscillaspira
	NIC

	147
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	NIC

	173
	Firmicutes Clostridia Clostridiales 
	CON

	257
	Actinobacteria Actinobacteria Coriobacteriales Coriobacteriaceae
	CON

	292
	Firmicutes Clostridia Clostridiales Ruminococcceae 
	NIC

	402
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	NIC

	425
	Firmicutes Clostridia Clostridiales Lachnospiraceae 
	NIC



Table 3: Operational taxonomic units of significant difference between treated and control (p<0.05) dams as identified by LeFSe.

[image: ]Figure 18: Cladograms of male microbiome at 3, 12 & 26 weeks of age. Each circle’s diameter is proportional to the taxon’s abundance. This representation highlights high-level trends and specific genera - for example, multiple differentially abundant sibling taxa consistent with the variation of the parent clade. There are a number of differences between nicotine and control offspring as represented in red for bacteria increased in the control group and green for nicotine group, except for males at week 12, in this case bacteria increased in the nicotine exposed offspring are represented in red.
[image: ]Figure 19: Cladograms of female microbiome at 3, 12 and 26 weeks of age. Each circle’s diameter is proportional to the taxon’s abundance. This representation highlights high-level trends and specific genera.  There are a number of differences between nicotine and control offspring as represented in red for bacteria increased in the control group and green for nicotine group.

	Males 3 weeks
	Elevated in
	Pvalue

	Transport and Catabolism
	NIC
	0.0109

	Metabolism of Other Amino Acids
	NIC
	0.0372

	Neurodegenerative Diseases
	NIC
	0.0151

	
	
	


No changes in males at 12 or 26 weeks of age
	Females 3 weeks
	Elevated in
	Pvalue

	Energy Metabolism
	CON
	0.0129

	Biosynthesis of Other Secondary Metabolites
	CON
	0.0330

	Metabolism of Cofactors and Vitamins
	CON
	0.0209

	Metabolism of Other Amino Acids
	NIC
	0.0209

	Signaling Molecules and Interactions
	NIC
	0.0209



	Females 12 weeks
	Elevated in
	Pvalue

	Signal Transduction
	NIC
	0.0209

	Metabolism of Terpenoids and Polyketides
	CON
	0.0416

	Metabolic Diseases
	CON
	0.0416

	Membrane Transport
	NIC
	0.0209

	Folding Sorting and Degradation
	CON
	0.0128

	Amino Acid Metaboilsm
	CON
	0.0333



	Females 26 weeks
	Elevated in
	Pvalue

	Carbohydrate Metabolism
	NIC
	0.0112



Table 4: Predicted metabolic pathways of significance at the second level of hierarchy before corrections for multiple comparisons. Male offspring at 3 weeks of age had 3 significantly affected pathways but no altered pathways at 12 and 26 weeks of age.  Female offspring had 5 significantly affected predicted pathways at 3 weeks, 6 at 12 weeks and 1 at 26 weeks of age.




	Males 3 weeks
	Elevated in
	Pvalue

	Lysosome
	NIC
	0.0051

	Other Glycan Degradation
	NIC
	0.0078

	Cyanoamino Acid Metabolism
	NIC
	0.0150

	Sphingolipid Metabolism
	NIC
	0.0206

	Phenyl Propanoid Biosynthesis
	NIC
	0.0206

	Pentose Phosphate Pathway
	CON
	0.0278

	One Carbon Pool by Folate 
	NIC
	0.0278

	Lipid Biosynthesis Proteins
	NIC
	0.0491

	Sulfur Relay System
	CON
	0.0491

	Glycosaminoglycan Degradation
	NIC
	0.0491



	Males 12 weeks
	 
	 

	Protein Folding and Associated Processing
	CON
	0.0095

	Cysteine and Methionine Metabolism
	NIC
	0.0251

	Citrate Cycle TCA
	NIC
	0.0339

	Other glycan Degradation
	CON
	0.0339

	Glycolysis Gluconeogensis
	NIC
	0.0339

	Histidine Metabolism
	NIC
	0.0451

	Porphyrin and Chlorophyll Metabolism
	CON
	0.0451



	Males 26 weeks
	 
	 

	Starch and Sucrose Metabolism
	CON
	0.0016

	Energy Metabolism
	NIC
	0.0135

	Tetracycline Biosynthesis
	CON
	0.0204

	Signal Transduction Mechanisms
	CON
	0.0303

	Sulfur Relay System
	CON
	0.0367

	Lysine Biosynthesis
	CON
	0.0367

	Methane Metabolism
	CON
	0.0367



Table 5: Predicted metabolic pathways of significance for males at the third and final level of hierarchy before corrections for multiple comparisons. Male offspring at 3 weeks of age had 10 significantly affected predicted pathways, 7 at 12 weeks and 7 at 26 weeks of age.




	Females 3 weeks
	Elevated in
	Pvalue

	Cell Division
	CON
	0.0045

	Secretion System 
	NIC
	0.0059

	Benzoate Degradation
	NIC
	0.0059

	Linoleic Acid Metabolism
	CON
	0.0077

	Nucleotide Metabolism 
	NIC
	0.0077

	Synthesis and Degradation of Ketone Bodies
	NIC
	0.0077

	Tetracycline Biosynthesis
	CON
	0.0129

	Biosynthesis and Biodegradation of Secondary Metabolites
	CON
	0.0129

	Transcription machinery
	CON
	0.0164

	Bisphenol Degradation
	CON
	0.0164

	Methanemetabolism
	CON
	0.0164

	Carbohydrate Metabolism 
	CON
	0.0209

	Drug Metabolism Other Enzymes
	NIC
	0.0263

	Pentose and Glucuronate Inter Conversions 
	CON
	0.0263

	Tryptophan Metabolism
	NIC
	0.0263

	Nitrotoluene Degradation
	CON
	0.0330

	Lysine Biosynthesis
	CON
	0.0330

	Biotin Metabolism
	CON
	0.0330

	Folate Biosynthesis 
	CON
	0.0330

	Primary Immunodeficiency
	NIC
	0.0410

	Ethyl Benzene Degradation
	NIC
	0.0410

	Arginine and Proline Metabolism
	CON
	0.0410

	Phosphotransferase System PTS
	NIC
	0.0410

	Protein Folding and Associated Processing
	CON
	0.0410

	Valine Leucine and Isoleucine Biosynthesis
	CON
	0.0410

	C5 Branched di basic acid Metabolism
	CON
	0.0410

	Other Ion Coupled Transporters 
	NIC
	0.0410



	Females 12 weeks
	Elevated in
	   Pvalue

	Carbon Fixation Pathways in Prokaryotes
	CON
	0.0032

	Trischloro 22 bis 4 chlorophenyl ethane DDT Degradation
	CON
	0.0032

	Nicotinate and nicotine amide metabolism
	CON
	0.0043

	Restriction enzyme 
	CON
	0.0057

	Peptidoglycan biosynthesis
	CON
	0.0098

	One carbon pool by folate 
	CON
	0.0128

	Two component system
	NIC
	0.0164

	Mismatch pair
	CON
	0.0164

	Protein Export
	CON
	0.0209

	Glycolipid metabolism
	NIC
	0.0209

	Terpenoid back bone synthesis 
	CON
	0.0209

	Folate synthesis
	CON
	0.0209

	Transporters
	NIC
	0.0209

	Homologous recominbination 
	CON
	0.0292

	RNA degradation
	CON
	0.0292

	Oxidative phosphorylation
	CON
	0.0333

	DNA replication proteins
	CON
	0.0333

	Cysteine and Methionine metabolism
	NIC
	0.0333

	Citrate Cycle TCA
	CON
	0.0416

	Membrane and intracelluar structural molecules
	CON
	0.0416

	Lysine biosynthesis
	CON
	0.0416



No changes were observed in females at 26 weeks of age
Table 6: Predicted metabolic pathways of significance for females at the third and final level of hierarchy before corrections for multiple comparisons.  Female offspring at 3 weeks of age had 26 significantly affected pathways, 19 at 12 weeks but no altered pathways at 26 weeks of age.  





	 
	ILEUM WK 3-Tight Junction
	COLON WK 3- Tight Junction Proteins

	
	Male
	Female
	Male
	Female

	Gene
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p

	CLDN1
	1.34 ± 0.15
	1.10 ± 0.20
	0.36
	1.61 ± 0.53
	1.13 ± 0.16
	0.78*
	1.12± 0.17
	0.12 ± 0.28
	0.73*
	0.61 ± 0.01
	0.98±0.07
	0.01

	CLDN3
	1.42 ± 0.18
	0.89 ± 0.25
	0.1
	1.02 ± 0.28
	1.93 ± 0.29
	0.01*
	1.02 ± 0.05
	0.94 ± 0.11
	0.47
	0.83 ± 0.10
	1.05 ± 0.13
	0.19

	OCLDN
	0.91 ± 0.11 
	0.82 ± 0.16
	0.62
	0.77 ± 0.12
	1.35 ± 0.33
	0.18
	0.69 ± 0.05
	0.68 ± 0.07
	0.93*
	0.65 ± 0.15
	0.8 ± 0.08
	0.42

	ZO-1
	1.49 ± 0.24
	1.18 ± 0.20
	0.35
	0.97 ± 0.18
	1.43 ± 0.21
	0.13
	0.93 ± 0.07
	0.95 ± 0.12
	0.86
	0.90 ± 0.19
	1.05 ± 0.11
	0.57

	
	
	
	
	
	
	
	
	
	
	
	

	 
	ILEUM WK 26- Tight Junction Proteins
	COLON WK 26- Tight Junction Proteins

	 
	Male
	Female
	Male
	Female

	Gene
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p

	CLDN1
	2.40 ± 0.50
	1.84 ± 0.29
	0.32
	2.37 ± 0.69
	1.35 ± 0.22
	0.12
	0.05 ± 0.01
	0.10 ± 0.02
	0.2
	0.09 ± 0.05
	0.08 ± 0.02
	0.35*

	CLDN3
	0.92 ± 0.15
	1.09 ± 0.12
	0.41
	0.92 ± 0.07
	0.78 ± 0.17
	0.08*
	0.34 ± 0.04
	0.45 ± 0.08
	0.37
	0.37 ± 0.09
	0.31 ± 0.04
	0.48

	OCLDN
	0.56 ± 0.03
	0.62 ± 0.03
	0.23
	0.62 ± 0.05
	0.56 ± 0.01
	0.56*
	0.10 ± 0.01
	0.15 ± 0.02
	0.11
	0.11 ± 0.03
	0.08 ± 0.01
	0.29

	ZO-1
	0.81 ± 0.07
	0.77 ± 0.07
	0.7
	0.93 ± 0.08
	0.88 ± 0.17
	0.8*
	0.35 ± 0.04
	0.42 ± 0.06
	0.39
	0.34 ± 0.10
	0.40 ± 0.09
	0.27*








Table 7: The qPCR results for TJ proteins in ileum at week 3,  colon at week 3,  ileum at week 26 and colon and week 26. In female offspring the gene expression CLND3 (p=0.01) is elevated in the ileum of nicotine exposed offspring at 3 weeks of age.  The gene expression of CLDN1 (p=0.01) is elevated in the colon of nicotine exposed offspring at 3 weeks of age.
[image: ]Figure 20: Endotoxin Concentration PND21. A) The effect of nicotine-exposure on serum endotoxin levels at PND21 are not significantly different. B) Serum endotoxin levels of samples taken at PND21 were determined based on standards of known endotoxin endotoxin levels.
[image: ]             
Figure 21: Endotoxin Concentration Week 26. A) The effect of nicotine-exposure on serum endotoxin levels at week 26 are not significantly different. B) Serum endotoxin levels of samples taken at week 26 were determined based on standards of known endotoxin levels. 

[image: ]

Figure 22: Inflammatory scoring of male and female colon segments at PND21 (A) There was no significant difference in male colon inflammation scoring (B) There was no significant difference in male colon inflammation scoring Neither sex was significant. C) There is significant difference between sexes (p<0.05). D) Microscopic photographs of treatment and control for male and female.
[image: ]

Figure 23: Inflammatory scoring of male and female colon segments at 26 weeks of age. (A) There was no significant difference in male colon inflammation scoring (B) There was no significant difference in male colon inflammation scoring Neither sex was significant. C) There were no sex differences at 26 weeks. D) Microscopic photographs of treatment and control for male and female.





	 
	ILEUM WK 3- Inflammation  
	COLON WK 3- Inflammation  

	 
	Male
	Female
	Male
	Female

	Gene
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p

	IL-1
	1.10 ± 0.18
	0.81 ± 0.17
	0.27
	0.88 ± 0.16
	1.38 ± 0.32
	0.23
	1.18 ± 0.1
	1.18 ± .13
	0.99
	1.1 ±  0.26
	1.29 ± 0.07
	0.51

	IL6
	1.46 ± 0.34
	1.08 ± 0.18
	0.36
	1.41 ± 0.88
	1.60 ± 0.27
	0.68
	1.14 ± 0.23
	1.34 ± 0.62
	0.35
	0.94 ± 0.28
	0.67 ± 0.17
	0.47

	IL-10
	1.33 ± 0.29
	1.09 ± 0.54
	0.78*
	0.60 ± 0.23
	0.79 ± 0.15
	0.35
	1.53 ± 0.39
	0.99 ± 0.32
	0.29
	0.62 ± 0.14
	0.82 ± 0.17
	0.37

	IL-13
	0.81 ± 0.21
	082 ± 0.18
	0.97
	0.98 ± 0.23
	0.87 ± 0.13
	0.66
	0.76 ± 0.16
	0.87 ±  0.40
	0.41
	0.76 ± 0.19
	0.51 ± 0.08
	0.66*

	MCP1
	1.43 ± 0.35
	1.43 ± 0.26
	0.99
	1.12 ± 0.27
	1.53 ± 0.35
	0.42
	1.79 ± 0.3
	2.93 ± 0.66
	0.19
	2.92 ± 0.89
	2.53 ± 0.53
	0.82*

	TNFa
	0.87 ± 0.08
	0.97 ± 0.18
	0.64
	1.29 ± 0.29
	1.13 ± 0.15
	0.6
	1.87 ± 0.33
	1.35 ± 0.28
	0.27
	1.28 ± 0.28
	1.05 ± 0.17
	0.48

	 
	ILEUM WK 26- Inflammation  
	 
	COLON WK 26- Inflammation

	 
	Male
	Female
	Male
	 
	 
	Female
	 
	 

	Gene
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p

	IL-1
	2.24 ± 0.28
	2.43 ± 0.23
	0.59
	2.30 ± 0.22
	2.03 ± 0.17
	0.34
	1.76 ± 0.49
	2.26 ± 0.48
	0.53
	2.16 ± 0.47
	1.55 ± 0.28
	0.26

	IL-6
	2.20 ± 0.82
	1.08 ± 0.21
	0.71
	1.57 ± 0.40
	0.95 ± 0.23
	0.18
	2.06 ± 0.37
	1.89 ± 0.34
	0.77
	2.20 ± 0.55
	2.40 ± 0.81
	0.85

	IL10
	3.57 ± 0.85
	2.56 ± 0.34
	0.71
	4.01 ± 0.72
	2.04 ± 0.23
	0.01
	No working primer
	 
	
	

	IL13
	4.17 ± 1.07
	2.87 ± 0.37
	0.63
	4.95 ± 1.04
	2.57 ± 0.36
	0.03
	
	 
	
	

	MCP-1
	1.55 ± 0.51
	0.93 ± 0.19
	0.71
	1.91 ± 0.68
	0.66 ± 0.18
	0.06*
	1.17 ± 0.25
	0.77 ± 0.22
	0.26
	1.34 ± 0.43
	1.62 ± 0.56
	0.7

	TNFa
	2.27 ± 0.40 
	1.55 ± 0.22
	0.11
	3.63 ± 1.26
	1.68 ± 0.24
	0.19*
	1.3 ± 0.38
	1.41 ± 0.29
	0.82
	1.95 ± 0.51
	2.45 ± 0.93
	0.51*




Table 8: The qPCR results for inflammatory targets  in ileum at week 3,  colon at week 3,  ileum at week 26 and colon and week 26. In female offspring the gene expression of IL-10 (p=0.01) and IL-13 (p<0.05) is decreased in the ileum of nicotine exposed offspring at 26 weeks of age.

	 
	ILEUM WK 3- Fatty Acids
	COLON WK 3- Fatty Acids

	 
	Male
	Female
	 
	 
	Male
	Female

	Gene
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p

	CD36
	0.87 ± 0.10
	1.14 ± 0.16
	0.16
	1.29 ± 0.38
	1.58 ± 0.42
	0.46*
	No working primer

	DGAT1
	0.11 ± 0.02
	0.07 ± 0.01
	0.16*
	0.12 ± 0.02
	0.28 ± 0.18
	0.75*
	2.97 ± 0.18
	2.62 ± 0.23
	0.26
	2.37 ± 0.98
	2.99 ± 0.23
	0.2

	DGAT2
	1.30 ± 0.21
	1.32 ± 0.21
	0.96
	1.28 ± 0.32
	1.75 ± 0.29
	0.28*
	1.34 ± 0.09
	0.94 ± 0.07
	0.01
	1.11 ± 0.2
	1.34 ±0.2
	0.41

	FABP4
	1.22 ± 0.2
	1.22 ± 0.21
	0.95
	1.50 ± 0.42
	1.63 ± 0.17
	0.76
	1.76 ± 0.28
	1.54 ± 0.35 
	0.56
	1.51 ± 0.14
	1.59 ± 0.37
	0.52

	FIAF
	1.58 ± 0.19
	2.06 ± 0.70
	0.69*
	2.11 ± 0.51
	2.48 ± 0.51
	0.63
	2.07 ± 0.34
	1.79 ± 0.40
	0.61
	1.58 ± 0.25
	2.14 ± 0.27
	0.16

	GPR43
	1.67 ± 0.19
	1.04 ± 0.12
	0.02
	1.68 ± 0.30
	1.32 ± 0.21
	0.23*
	1.00 ± 0.18
	0.92 ± 0.15
	0.76
	0.83 ± 0.18
	1.19 ± 0.28
	0.28

	GPR41
	1.09 ± 0.14
	0.88 ± 0.12
	0.28
	0.89 ± 0.24
	1.20 ± 0.18
	0.31
	1.23 ± 0.27
	0.87 ± 0.21
	0.29*
	0.57 ± 0.07
	0.74 ± 0.11
	0.26

	PYY
	1.61 ± 0.25
	1.09 ± 0.30
	0.21
	1.58 ± 0.33
	1.63 ± 0.25
	0.9
	1.05 ± 0.06
	0.96 ± 0.10
	0.47*
	1.41 ± 0.44 
	0.96 ± 0.12 
	0.87*

	 
	ILEUM WK 26- Fatty Acids
	COLON WK 26- Fatty Acids

	 
	Male
	Female
	 
	 
	Male
	Female

	Gene
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p

	ABC
	0.08 ± 0.01
	0.07 ± 0.00
	0.17
	0.08 ± 0.01
	0.09 ± 0.01
	0.47
	0.64 ± 0.07
	0.87 ± 0.17
	0.82
	0.54 ± 0.07 
	0.87 ±0.2
	0.34*

	ABC
	2.31 ± 0.54
	2.51 ± 0.39
	0.76
	2.40 ± 0.27
	1.89 ± 0.25
	0.19
	0.95 ± 0.02
	1.40 ± 0.02
	0.22
	0.99 ± 0.03
	1.04 ±0.02
	0.89

	CD36
	3.31 ± 0.63
	3.94 ± 0.53
	0.46
	3.29 ± 0.42
	2.76 ± 0.28
	0.3
	0.18 ± 0.04
	0.20 ± 0.05
	0.79
	0.16 ± 0.04
	0.16 ± 0.04
	0.96

	DGAT1
	2.61 ± 0.46
	3.27 ± 0.49
	0.35
	3.15 ± 0.31
	2.27 ± 0.23
	0.04
	1.49 ± 0.87
	1.64 ± 0.62
	0.85*
	0.83 ± 0.17
	0.84 ± 0.23
	0.97

	DGAT2
	3.61 ± 0.29
	4.03 ± 0.45
	0.48
	3.68 ± 0.27
	2.99 ± 0.21
	0.06
	1.62 ± 0.38
	2.11 ± 0.44
	0.51
	1.57 ± 0.30
	1.47 ± 0.29
	0.83

	FABP4
	1.58 ± 0.19
	1.87 ± 0.21
	0.34
	2.02 ± 0.22
	1.90 ± 0.20
	0.72
	1.75 ± 0.22
	2.51 ± 0.47
	0.65*
	1.96 ± 0.32
	2.22 ± 0.31
	0.58

	FIAF
	0.77 ± 0.19
	0.99 ± 0.19
	0.26*
	1.29 ± 0.37
	0.72 ± 0.14
	0.25*
	0.36 ± 0.09
	1.09 ± 0.36
	0.23*
	0.53 ± 0.16
	0.56 ± 0.16
	0.97*

	GPR43
	0.77 ± 0.22
	0.58 ± 0.08
	0.38
	0.86 ± 0.28
	0.40 ± 0.08
	0.05*
	1.35 ± 0.28
	1.46 ± 0.29
	0.83
	1.60 ± 0.32
	1.04 ± 0.18
	0.45*

	GPR41
	1.17 ± 0.26
	0.93 ± 0.07
	0.37
	1.03 ± 0.10
	0.73 ± 0.14
	0.02*
	0.26 ± 0.07
	0.28 ± 0.06
	0.95*
	0.23 ± 0.05
	0.46 ± 0.16
	0.23

	PYY
	2.01 ± 0.41
	1.98 ± 0.37
	0.9
	1.86 ± 0.10
	1.66 ± 0.22
	0.56*
	0.44 ± 0.15
	0.46 ± 0.10
	0.91
	0.17 ± 0.03
	0.40 ± 0.13
	0.15



Table 9: The qPCR results for targets involved in fatty acid synthesis and transport in ileum at week 3, colon at week 3,  ileum at week 26 and colon and week 26. In male offspring the gene expression of GPR43 (p<0.05) is decreased in ileum nicotine exposed offspring at 3 weeks of age. The gene expression of DGAT2 (p=0.01) is decreased in the colon of nicotine exposed offspring at 3 weeks of age.  The gene expression of DGAT1 (p<0.05), GPR41 (p=0.05), GPR43 (p<0.05) is decreased in the ileum of nicotine exposed offspring at 26 weeks of age.


	 
	ILEUM WK 3- Carbohydrates
	ILEUM WK 26- Carbohydrates

	 
	Male
	Female
	Male
	 
	 
	Female
	 
	 

	Gene
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p

	GCG
	1.01 ± 0.12
	0.88 ± 0.18
	0.53
	1.36 ± 0.29
	1.35 ± 0.25
	0.80*
	1.93 ± 0.29
	2.08 ± 0.33
	0.75
	1.96 ± 0.19
	1.97 ± 0.22
	0.99

	SLC2A2
	2.28 ± 0.52
	1.41 ± 0.29
	0.23
	1.52 ± 0.34
	1.25 ± 0.45
	0.29
	No working primer
	
	
	

	SLC5A1 (SGLT1)
	1.68 ± 0.25
	1.21 ± 0.34
	0.2
	1.60 ± 0.45
	1.95 ± 0.41
	0.23*
	2.16 ± 0.56
	2.46 ± 0.38
	0.65
	2.37 ± 0.23
	1.75 ± 0.27
	0.11

	
	
	
	
	
	
	 
	 
	 
	 
	 
	 

	 
	COLON WK 3- Carbohydrates
	COLON WK 26- Carbohydrates

	 
	Male
	Female
	Male
	Female

	Gene
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p

	GCG
	1.49 ± 0.64
	0.78 ± 0.06
	0.01*
	1.34± 0.26
	1.43 ± 0.4
	0.85
	No working primer
	 
	
	
	

	SLC2A2
	1.57 ± 0.52
	0.69 ± 0.30
	0.29
	0.36 ± 0.08
	0.58 ± 0.22
	0.61*
	0.19 ± 0.03
	0.72 ± 0.36
	0.62*
	0.28 ± 0.09
	0.45 ± 0.15
	0.97*

	SLC5A1 (SGLT1)
	0.1 ±0.05
	1.00 ± 0.10
	1
	0.85 ± 0.16
	1.15 ± 0.1
	0.14
	0.65 ± 0.19
	2.32 ± 1.10
	0.62*
	0.87 ± 0.19
	0.92 ± 0.22
	0.87

	*non equal variance-Mann Whitney rank sums test



	
	
	
	
	
	


Table 10: The qPCR results for targets involved in carbohydrate synthesis and transport in ileum at week 3, colon at week 3, ileum at week 26 and colon and week 26. In male offspring the gene expression of GCG (p=0.01) is decreased in the colon of nicotine exposed offspring at 3 weeks of age. 

[image: ]
Figure 24: Heat map of correlations between significant OTUs and gene expression of significance. Genes that were differentially expressed in nicotine-exposed offspring and were analysed using Pearsons correlation coefficient to determine if their expression correlated with any of the OTUs that were altered by nicotine-exposure. A heat map was then made to identify those significant correlations. The correlation coefficient where there was a significant positive correlation are denoted by 4 shades of red coloring increasing in strength by increments of 0.25 in the correlation coefficient.  Significant negative correlations are denoted by 4 shades of blue coloring increasing in strength by increments of 0.25 in the correlation coefficient.
CHAPTER 4: DISCUSSION
4.1 Perinatal nicotine-exposure alters the adult gut microbiota 
Results from this study demonstrated that fetal and neonatal exposure to nicotine, as a model of maternal smoking, altered the gut microbiome in the offspring both in terms of species richness, and community composition. 
Both alpha and beta diversity differed significantly between treated and control male animals at 26 weeks of age. Beta diversity is the diversity between samples (Jost 2007) while alpha diversity is the within sample diversity (Chao, 1984). The Chao 1 index is commonly used to estimate the total number of species present in a community and is based upon the number of rare classes (i.e. OTUs) found in a sample (Chao, 1984), while community diversity, measured by the Shannon Index combines species richness and abundance into a single value of evenness (Gotelli, 2008; Shannon, 1948). Communities that are numerically dominated by one or a few species exhibit low evenness while communities where abundance is distributed equally amongst species exhibit high evenness.  The results of this study suggest that perinatal nicotine-exposure increases species richness, but does not change community diversity.  

At the phyla level, fetal and neonatal exposure to nicotine altered the proportions of Firmicutes and Bacteriodetes in female offspring at 12 weeks of age and changes in the proportions approached significance in male offspring at 26 weeks of age. These changes suggest that fetal and perinatal nicotine-exposure influences the community composition of the gut microbiota in both male and female offspring. It appears that the most systemic changes, changes in the microbiome that affect all levels of taxonomy, occur at 12 weeks of age for both males and females (Figures 18 and 19). This suggests that the nicotine-exposure creates significant dysbiosis at this age. 
An interesting result of this study was that we did not find significant changes in the gut microbiome at weaning (i.e., PND21, the end of the nicotine-exposure protocol) but by 12 weeks of age differences were evident between control- and nicotine-exposed offspring. Importantly in this model, we have preveiously reported increased weight gain and adiposity at 26 weeks of age, suggesting that the changes in the microbiome precedes the onset of an obese phenotype.
It has previously been shown potential mediators of the microbiome include puberty (Thoma et al., 2011), antibiotics and diet (Turnbaugh et al., 2009), however these insults were not present at 12 weeks of age. Results from our study suggest that there might have been subtle changes in the microbiome at 3 weeks of age, which altered the trajectory of colonization into young adulthood (12 weeks). Alternatively, it may be that fetal and neonatal exposure to nicotine does not directly influence the gut microbiome but rather impacts motility and gene expression, which subsequently has an impact on the microbiome later in life. Further investigations are required to clearly delineate the time course and mechanism of action to alter the micorbiome in the exposed offspring.
It is interesting that although we have not reported increased weight gain and adiposity in female nicotine-exposed offspring (Xiong and Holloway, unpublished data) there was an increase in the proportion of Firmicutes and Bacteriodietes in females at 12 weeks of age. Conversely, male nicotine-exposed animals did not have changes in the proportion of Firmicutes and Bacteriodietes and proportional changes which approached significance actually showed a decrease in Firmicutes and an increase in Bacteriodietes. This is surprising since nicotine-exposed male animals have been shown to have increased weight gain and adiposity (Holloway et al., 2005) and the majority of studies have found that in obese individuals the ratio of Firmicutes to Bacteroidetes increases and this is generally considered the “obese microbiome”. 
However in the current literature there is still some controversy regarding the composition of the microbiome in obesity.  Duncan et al. (2008) found that there was no difference in the proportions of Bacteroidetes and Firmicutes in the feces of lean and obese subjects (Blaut et al., 2010). In another study, overweight and obese subjects had a ratio of Bacteroidetes to Firmicutes in favor of Bacteroidetes (Backhed et al., 2007).  These observed differences may be caused by the detection methods used for quantification of the intestinal bacterial groups, differences in sample size or study populations and unaccounted for confounding factors, for example, diet (Fernandes et al., 2014).  Furthermore, it may actually be the abundance of specific Firmicutes that are more important to the organism’s proficiency for energy extraction and metabolism then the phyla as a whole. For example, some Firmicutes increase SCFA production while others do not (Meehan and Beiko 2014). Additionally, despite the lack of significant changes in the abundance of Firmicutes for the majority of groups analyzed, the results generated by PiCRUSt suggest that a number of metabolic pathways are still affected. At the phyla level small but important changes may be masked by the number of bacteria and overall variability within each sample.  For this reason it is important to look at the individual OTU level for significance not just the phyla level and overall diversity. 
There were significant changes in a number of operational taxonomic units (OTUs) at all time points; these differences were observed in both male and female nicotine-exposed offspring.  The majority of OTU level differences involved Firmicutes Clostridia Clostridiales from the families Lachnospiraceae and Ruminococcceae.   
Clostridia, specifically Lachnospiraceae, are the major producers of butyric acid (Louis et al. 2010; Attwood et al. 1996; Duncan et al. 2002; Charrier et al. 2006; Kelly et al. 2010). Butyric acid (also known as butanoic acid, butanoate, and butyrate) is an SCFA whose production prevents the growth of some microbes within the digestive tract (Zeng et al. 1994; Sun et al. 1998) and provides a source of energy for other microbes (Liu et al. 1999) and host epithelial cells (Hague et al. 1996; Pryde et al. 2002) implicating butyric acid as a potential regulator of weight gain (Duncan et al. 2008; Turnbaugh et al. 2008). 
There are a number of studies reporting a decrease in Lachnospiraceae in individuals with obesity and various other pathologies related to inflammation of the gut (Liu et al., 2012; Zhu et al., 2013; Schnabl and Brenner 2014; Raman et al., 2013; Bajaj et al., 2012). A diet rich in saturated fatty acids is known to decrease the proportion of Lachnospiraceae in mice (Liu et al., 2012).
Ruminocaccocaceae are also decreased in the current study. This corresponds to the findings of Daniel and collegues (2014) who found a decreased proportion of Ruminococcaceae in mice fed a high fat diet compared to controls suggesting that obesity is associated with a decrease in F. Ruminococcaceae.
A number of studies have reported a decrease in the proportion of Firmicutes in both obese and non alcoholic fatty liver disease (NASH) patients which is mostly explained by the decreased abundance in the families Lachnospiraceae and Ruminococcaceae (Zhu et al., 2013; Schnabl and Brenner 2014). In the current study Firmicutes Clostridia Clostridiales from both the families Lachnospiraceae and Ruminococcceae were decreased in the nicotine exposed offspring at 26 weeks of age in both sexes. This suggests that the nicotine-exposed offspring have a similar bacterial phenotype to that of individuals with obesity, and NASH.

4.2 Sex differences in the microbiota
The current animal model exhibits phenotypic sex differences, which may be explained at least in part, by the influence of female sex hormones on the microbiome. Numerous studies, both human and animal, have looked at the vaginal microbial composition throughout the menstrual cycle and have reported a variety of findings such as variation in the aerobic versus anaerobic communities over a menstrual cycle, and a greater proportion of non-Lactobacillus species present during menses (Eschenbach et al., 2000; Srinivasan et al., 2010; Hickey et al., 2013). Furthermore, there are profound changes in gut microbiome during pregnancy—a period of large hormonal flux which lends plausibility to the hypothesis that reproductive hormones might change the composition of the gut microbiome (Gohir, et al., 2015). The influence of female sex hormones on the gut may account for the sex differences observed in this animal model or alternatively, because the female nicotine-exposed offspring did not gain weight, the observed microbial changes in female offspring may be protective against nicotine-induced obesity. This can be explained by the female specific nicotine induced changes on the gene expression of GPR41 and DGAT1 in the ileum at 26 weeks of age. These changes are explained in depth below.
4.3 The effects of perinatal nicotine-exposure on the expression of genes involved in fatty acid transport
Indirectly, SCFAs affect intestinal motility and intestinal hormone production. SCFAs produced by the gut microbiota activate GPR41 (Buck et al., 2008). The activation of GPR41 leads to the formation of peptide YY (PYY) in the enteroendocrine cells which in turn slows intestinal transit (Buck et al., 2008, Krajmalnik-Brown et al., 2012). The consequences of this pathway include more complete nutrient absorption and potentially, subsequent weight gain (Krajmalnik-Brown et al., 2012).  It was expected that the gene expression of GPR41 and PYY would be increased in the male nicotine-exposed offspring by 26 weeks of age, matching their weight gain, however this was not the case.
In the nicotine exposed female animals GPR41 is down regulated. F. Lachnospiraceae is positively correlated with GPR41 expression in the ileum of female offspring at 26 weeks of age. F. Lachnospiraceae produce SCFA which act directly on the GPR41 receptors. Therefore a decrease in F.  Lachnospiraceae, as was seen in nicotine-exposed female offspring at 26 weeks of age, would suggest decreased production of SCFA thereby decreasing the expression of GPR41, and potentially increasing gut motility. Increasing gut motility could potentially protect the female from the weight gain observed in the male offspring of the same age as speeding up GI transit would allow for less time for absorption (Buck et al., 2008, Krajmalnik-Brown et al., 2012). These changes might help to explain why the female nicotine-exposed offspring do not have the increased weight gain (Xiong and Holloway, unpublished data) compared to what has been reported in males (Holloway et al., 2005). Because decreased GPR41 suggested that there might be nicotine-induced changes in GI motility, I attempted to measure motility using carmine red to determine intestinal transit time. However this functional test was unsuccessful, the method and results are documented in Appendix D.

The nicotine-induced decrease in the expression of DGAT1 in female offspring may also be implicated in protecting female rats from nicotine-induced obesity. The expression of DGAT 1 correlates with the abundance of F. Lachnospiraceae which is also decreased in the female, nicotine-exposed offspring. DGAT 1 catalyzes the conversion of diacylglycerol and fatty acyl CoA to triacylglycerol (Cases et al., 1998; Cao et al., 2011) therefore an increase in the expression DGAT 1 may be associated with obesity and other metabolic diseases. It may be involved in the production of very low density lipoprotein (VLDL). DGAT 1 -/- mice are protected from obesity.  Down-regulation of the expression of this gene may then prevent TG and VLDL production in the tissues of the female offspring protecting the female offspring from obesity as the inhibition of DGAT 1 has been suggested as a target for the treatment of metabolic disease (Cao et al., 2011).

4.4 The effects of perinatal nicotine-exposure on gut inflammation
It is well established that obesity and associated metabolic disorders are characterized by chronic or “low-grade” inflammation (Akira and Takeda 2004; Olson et al., 2012; Bose et al., 2012; Gelaye et al., 2010). Recent information suggests that inflammation may precede the obese phenotype and may be mediated by changes in the microbiome (Ley et al., 2010; Tilg and Kaser 2011). Furthermore, in adults, cigarette smoke has been shown to induce systemic inflammation (Renz et al., 2012) and maternal smoking during pregnancy was also found to be more common in inflammatory bowel disease, which is characterized by gut inflammation (Abraham et al., 2003). This suggests that smoking and specifically smoking during pregnancy can lead to increased gut inflammation of the offspring.

SCFA’s, which are produced by the F. Lachnospiraceae limit GI inflammation both by the induction of T regulatory cells and the direct inhibition of macrophage and neutrophil activation (Arpaia et al., 2013, Furusawa et al., 2013).  This suggests that SCFAs act as a homeostatic regulator of gut inflammation. Therefore a lack of F. Lachnospiraceae, as seen in the current study, suggests a lack of SCFA, and a decrease in SCFA might lead to potential inflammation.  These findings correlate with the expression of both IL-10 and Il-13, which were significantly decreased in the ileum of female, nicotine-exposed offspring at 26 weeks of age. Interestingly, both IL-10 and Il-13, are considered to be anti- inflammatory (Li et al., 2012). 
A lack of expression of IL-10 and Il-13, suggests an increase in inflammation of the ileum, or at very least a vulnerability to future inflammation. 
Furthermore, SCFAs, producted by F. Lachnospiraceae, suppress inflammation through GPR43 signaling in immune cells, such as neutrophils (Sina et al., 2009), and modulate secretion of the hormone GLP-1 by enteroendocrine L-cells in the distal small intestine and colon (Tolhurst et al., 2012; Maslowski et al., 2009). The gene expression of GPR43 is significantly decreased in the nicotine exposed female offspring at 26 weeks of age and F. Lachnospiraceae and F. Ruminococcaceae correlate significantly with the gene expression of GPR43.  Moreover, the expression of GPR43 is also significantly decreased in the ileum of male offspring at 3 weeks of age, following the same, although not significant trend at 26 weeks of age. Although we did not find evidmce of increased inflammation in the nicotine-exposed animals, the possibility exists that a decrease in GPR43, as seen in the current study, may further suggest an increased susceptibility in flammation of the ileum (Sina et al., 2009) and that nicotine-exposed animals might be more vulnerable to pro-inflammatory stimuli.
Notably, in the smoking adult, a recent review determined that cigarette smoke does not cause macroscopical or microscopical damage to the gut, however, smoking appears to make the small intestine more susceptible to events that trigger inflammation (Verschuere et al., 2012). The small bowel becomes less tolerogenic with a decrease of IL-10   (Eliakim and Karmeli 2003; Verschuere et al., 2011) and a recruitment of inflammatory cells towards the Peyer's patches (Eliakim and Karmeli 2003). Taken together, these results suggest that nicotine-exposed offspring may have increased susceptibility to inflammation.

4.4.1 The effects of perinatal nicotine-exposure on gut permeability
Because children born to women who smoke have an increased risk of IBD (Abraham et al., 2003) we predicted that nicotine-exposure would increase gut inflammation and intestinal permeability. Mucosal inflammation, leads to the degradation of TJs (Gibson et al., 1995), specifically, the reduction of expression and activity of TJ proteins. Once the gut is more permeable, LPS leaks into circulation and further propagates inflammation (Al-Sadi et al., 2011).  Importantly, continuous infusion of LPS triggers the development of obesity (Teixeira et al., 2012) which is observed in nicotine-exposed offspring (Holloway et al., 2005). Therefore I hypothesized that the gut of nicotine-exposed offspring may be more permeable as shown by disruption of TJ proteins and an increase in circulating LPS. 
In the ileum of nicotine exposed female offspring at 3 weeks of age there was an increase CLDN1, while in the colon there was an increase in the expression of CLDN3.  This is of interest as CLDN1 and CLDN3 are the TJ proteins most influenced by diet induced obesity and gut permeability (Cani et al., 2009). There was no significant difference in serum endotoxin levels at 3 or 26 weeks of age suggesting that the increase in gene expression of CLDN1 and 3 did not lead to significant changes in gut permeability overall.  
The lack of significant changes in TJ proteins later in life (i.e., 12 and 26 weeks of age) may help to explain why there were no functional changes observed in either endotoxin levels or inflammation. These results suggest that although the changes in gene expression were statistically significant they are not functionally relevant. Therefore increased inflammation leading to impaired gut permeability does not appear to be a mechanism in which changes to the microbiome influence weight gain following perinatal exposure to nicotine. 

4.5 The effects of perinatal nicotine-exposure on the expression of genes involved in carbohydrate synthesis and transport
The gene expression of GCG is decreased in the colon of male nicotine-exposed offspring at 3 weeks of age. GCG cleaves into proglucagon (Orskov et al., 1989). Proglucagon acts a precursor for glucagon, glucagon-like peptide (GLP-1) and glucagon-like peptide 2 (GLP-2) as well as a number of other components. It is produced by intestinal enteroendocrine L cells of the distal ileum and colon. GLP-2 increases activities of several intestinal brush-border enzymes, and delays gastric transit, thereby increasing the intestinal capacity for nutrient absorption (Thulesen 2004). Given the similarity of gene sequences encoding these two proteins it was not possible to target and quantify the gene expression of these genes separately. All that can be said with certainty is that GCG expression is involved in insulin regulation, food intake and nutrient absorption. Given that GCG expression is decreased in the colon of male nicotine exposed offspring at 3 weeks of age but not at 26 weeks of age suggests that its expression is directly altered by nicotine-exposure (which is still occurring at 3 weeks of age) but once the nicotine is removed there is not further influence. This may assist in explaining why some of the changes in gene expression at 3 weeks do not persist at 26 weeks. 

4.6 Metagenomic predictions
Using 16S information, PICRUSt was able to recapture key findings from the Human Microbiome Project and accurately predict the abundance of gene families in host-associated and environmental communities, with quantifiable uncertainty demonstrating that phylogeny and function are sufficiently linked that this ‘predictive metagenomic’ approach should provide valuable insight (Langille et al., 2013).  The results derived from PiCRUSt predicting the metagenomic pathways affected by the nicotine-exposure vary substantially between sexes and at each of the three ages.
In this animal model, the offspring are exposed to nicotine throughout pregnancy and lactation. Therefore samples taken at 3 weeks of age represent the maximum length of nicotine-exposure and the most relevant changes in the predicted metagenomics pathways. Indeed, at 3 weeks of age there are a number of key pathways, which are altered by nicotine-exposure which may help to explain some of the phenotypic changes observed in these animals.
In the microbiome of male nicotine-exposed offspring lipid biosynthesis proteins and sphingolipid metabolism, both components of lipid metabolism are predicted to be upregulated. Lipid biosynthesis proteins include fatty acid synthase (FAS), desaturase, elongase, polyketide synthase, acyl-CoA synthetase, and phospholipid acyltransferase. 
A recent study by Ma and colleagues (2015), which employs the same animal model used in the current study found that nicotine-exposed offspring exhibited significantly elevated levels of circulating and hepatic TGs in the male offspring, along with increased expression of FAS, the critical hepatic enzyme in de novo TG synthesis. Nicotine-exposure led to an increase in hepatic Liver X receptor (LXRα) protein expression, the nuclear receptor that regulates FAS as well as enriched binding to the putative LXRE element on the FAS promoter in male offspring. Predicted increases in lipid biosynthesis proteins in the nicotine-exposed male offspring may provide increased availability of lipids to be absorbed across the intestinal epithelium thereby increasing circulating TGs and the substrates for de novo synthesis of hepatic TGs.
Ma et al., (2015) also reported an enhanced acetylation of histone H3 surrounding the FAS promoter, a hallmark of chromatin activation suggesting that nicotine-exposure epigenetically regulates the hepatic lipogenic pathway. There is also evidence of other nicotine induced epigenetic changes to the lung and pancreas (Ivorra et al., 2015). This is especially relevant as in the current study in nicotine-exposed male offspring at 3 weeks of age the one carbon folate pool is predicted to be ugregulated while in female’s folate biosynthesis and methane metabolism are decreased in nicotine exposed animals. Given that folate, a coenzyme of one-carbon metabolism, is directly involved in methyl group transfer for DNA methylation (Kim et al., 2009) if microbial changes in the gut induced by nicotine-exposure increase the production of folate this may alter postnatal DNA methylation. Furthermore, postnatal increases in folate availablility may help explain why epigenetic and phenotypic changes in this animal model only appear later in life.  
4.7 Strengths and Limitations
The amplification of the 16S rRNA gene is the current gold standard for microbial community analysis. Its use in this study is significant strength. The 16s rRNA gene has the advantage of encoding several conserved regions that are exclusive to all bacteria and hypervariable regions that confer specificity to a large number of bacterial species. For example, primers that target regions V1–V2 fail to amplify important bacterial groups, such as Bifidobacterium (Palmer et al., 2007). The use of these primers led to the erroneous conclusion that Bifidobacteria were an unimportant bacterial group in the infant intestine. The Illumina platform provides sequencing of DNA fragments of up to 150[image: ]bp in length but it sequences 10–100 more samples, at a much higher sequencing depth and lower cost than the 454 pyrosequencer.
A major limitation of this study is the lack of functional tests for permeability, motility and inflammation. Without these studies it is difficult to determine if the observed changes are functionally important. Furthermore given that SCFA production is predicted to be involved in the outcomes of this study, a second limitation is the lack of measure for SCFA levels.
A third limitation is the lack of significant OTU and predicted metagenomic results when they are adjusted for multiple comparisons. This is due to the fact that there are between 250 and 400 individual OTUs per group as well as 328 potential metagenomic pathways evaluated at the third hierarchal level. Improved filtration and clustering, potentially by taxa, is required so that less comparisons are made. This approach, as well as increased sample size, will improve statistical power.
CHAPTER 5: FUTURE DIRECTIONS
There are 3 main future directions which are logical extensions of this project. The first is to establish if it is altered colonization which influences later microbiome, or rather physiological changes from nicotine-exposure which influence the microbiome later in life. The most effective way to do this is to compare the current results to a model of nicotine-exposure in a GF rat and to conventionalize the offspring after direct nicotine-exposure cesses (PND21). From these results it would become clear how the microbiome influences both the physiological changes associated with nicotine-exposure. These experiments would answer whether or not is altered colonization which influences later microbiome or rather physiological changes from nicotine-exposure which influence the microbiome later in life. If indeed the microbiome of nicotine-exposed offspring influences the physiological changes observed in this model (increased adiposity, beta cell mass depletion and increased circulating and hepatic triglycerides) a probiotic given to either the mother throughout pregnancy/lactation or the offspring at PND21 may be benficial. There is evidence that infants administered probiotics early in life have improved health related outcome (Fouhy et al., 2012) and therefore this may be an advantageous future direction. 
Lastly, in unpublished data from an earlier cohort following the same design as the current study the relative mRNA expression of tryptophan hydroxylase 1(Tph1) (p>0.05) and monoamine oxidase (MaoA) (p>0.05) was decreased in the pancreas of exposed offspring at PND21.  Tph1 catalyzes the biosynthesis of serotonin or 5-hydroxytryptomine (5-HT), while MaoA catalyzes the breakdown of serotonin (5-HT).  Also in the liver at PND21 Tph1, DDC and almost all serotonergic receptors are up regulated in the nicotine-exposed offspring (Appendix F). These findings suggest that 5-HT system is affected by fetal and perinatal nicotine-exposure. Importantly, approximately 95% of 5-HT is synthesized in the gut (Camilleri 2009; Gershon 2000) and changes in peripheral serotonin pathways have been implicated in obesity (Donovan and Tecott 2013) therefore it is important to consider whether or not nicotine effects on adverse postnatal metabolic outcomes are mediated via the serotonergic system. 
Pilot data were obtained from this animal cohort to determine if the develpmemnt of the serotonergic system was affected by nicotine exposure (methods and results can be found in Appendix E). Nicotine exposure did not affect the number of serotonergic neurons present at PND1 but since most of the gut serotonin is made in enterochromaffin cells (Camilleri 2009) the possibility exists that nicotine exposure can alter serotonin synthesis and/or signaling in the gut as we have shown in other peripheral tissues (i.e., pancreas and liver). 

CHAPTER 6: CONCLUSIONS AND CLINICAL APPLICATIONS
Maternal nicotine exposure resulted in dysbiosis in the gut of the offspring in postnatal life. Since dysbiosis has been associated with increased weight gain and adiposity, these data suggest that alterations in the gut microbiome as a result of maternal nicotine exposure may explain, in part, the increased risk of obesity in children born to mothers who smoke.  Furthermore, since nicotine replacement therapy (conventional and e-cigarettes) are used for smoking cessation during pregnancy (Benowitz and Dempsey 2004; Peters and Morgan 2002), these results also suggest that children born to mothers who use NRT during pregnancy may also have changes in their microbiome in postnatal life. If these changes in the microbiota are indeed related to an increased risk of metabolic disturbances in adulthood, then NRT during pregnancy may also confer a similar risk of obesity in the offspring, however this remains to be determined in human populations. 
Although maternal nicotine exposure resulted in dysbiosis in the offspring, inflammation of the gut, gut permeability and altered carbohydrate and fatty acid transport expression do not appear to be the mechanistic pathways by which nicotine-induced changes in the microbiome. The mechanisms still remains to be determined but may include alterations in the serotonergic pathways.

Once it becomes clear which bacterial populations influence the observed weight gain in nicotine exposed offspring it will become possible to determine how best to target and eradicate those bacteria as well as to justify which probiotic treatments are most likely to succeed (Tazoe et al., 2008).

APPENDICES
Appendix A: Table 1
List of primers for ileum at 3 weeks of age.
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Appendix A: Table 2
List of primers for colon at 3 weeks of age.
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Appendix A: Table 3 
List of primers for ileum at 26 weeks of age.
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Appendix A: Table 4
 List of primers for colon at 26 weeks of age.
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Appendix B
	Female- Week 3
	 
	 

	Phyla
	Control
	Nicotine
	Pvalue

	Actinobacteria
	2.0e-3 ± 3.0e-4
	3.0e-3 ± 1.0e-3
	0.89*

	Bacteriodetes
	0.15 ± 0.04
	0.16 ± 0.02
	0.68

	Cyanobacteria
	7.8e-5 ± 3.4e-5
	6.2e-5 ± 2.5e-6
	0.60*

	Deferribacteres
	2.7e-6 ± 1.5e-6
	1.3e-6 ± 1.3e-6
	0.18*

	Firmicutes
	0.83 ± 0.04
	0.81 ± 0.02
	0.78

	Proteobacteria
	7.0e-3 ± 2.0e-3
	8.0e-3 ± 2.0e-3
	0.56

	TM7
	5.3e-5 ± 2.2e-5
	4.6e-5 ± 1.5e-5
	0.53*

	Tenericutes
	5.0e-3 ± 1.0e-3
	3.0e-3 ± 9.0e-4
	0.2

	Verrucomicrobia
	5.5e-3 ± 5.0e-3
	4.0e-3 ± 3.6e-3
	0.47*

	Female- Week 12

	Actinobacteria
	1.6e-2 ± 1.4e-2
	7.0e-3 ± 1.3e-3
	0.28*

	Bacteriodetes
	0.19 ± 0.03
	0.11 ± 0.02
	0.02*

	Cyanobacteria
	4.3e-4 ± 2.2e-4
	5.8e-4 ± 1.9e-4
	0.37*

	Deferribacteres
	5.0e-5 ± 2.4e-5
	4.5e-5 ± 1.5e-5
	1.00*

	Firmicutes
	0.76 ± 0.03
	0.86 ±0.02
	0.01*

	Proteobacteria
	4.1e-3 ± 5.3e-4
	2.6e-3 ±4.3e-4
	0.04

	TM7
	3.5e-4 ± 9.6e-5
	5.0e-4 ± 1.1e-4
	0.37

	Tenericutes
	0.01 ± 3.4e-3
	8.4e-3 ± 1.4e-3
	0.37*

	Verrucomicrobia
	2.8e-4 ±1.0e-4
	1.1e-3 ± 7.4e-4
	0.10*

	Females- Week 26

	Actinobacteria
	7.1e-3 ±2.5e-3
	4.1e-3 ± 9.3e-4
	0.25*

	Bacteriodetes
	0.27 ± 0.05
	0.27 ± 0.03
	0.93

	Cyanobacteria
	7.3e-4 ± 1.8e-4
	6.2e-4 ± 1.7e-4
	0.53*

	Deferribacteres
	1.0e-4 ± 3.5e-5
	7.6e-5 ± 2.0e-5
	0.48*

	Firmicutes
	0.68 ± 0.04
	0.68 ± 0.03
	0.98

	Proteobacteria
	3.9e-3 ± 6.1e-4
	3.2e-3 ± 4.3e-4
	0.36

	TM7
	5.5e-4 ± 2.5e-4
	5.5e-4 ± 3.5e-4
	0.39*

	Tenericutes
	8.9e-3 ± 1.2e-3
	0.01 ± 2.6e-3
	0.48*

	Verrucomicrobia
	1.9e-3 ± 1.1e-3
	7.0e-3 ± 2.7e-3
	0.13*

	*non equal variance-mann whitney
	
	


Table 1: Comparison of the relative abundance of major gut phyla between control and nicotine exposure in female rats from samples taken at week 3, 12, and 26. The relative abundance of Bacteriodetes are significantly decreased in nicotine exposed offspring (p<0.05) from gut microbiota collected at week 12. The relative abundance of Firmicutes are significantly elevated in nicotine exposed offspring (p=0.01) from gut microbiota collected at week 12 from gut microbiota collected at week 12. The relative abundance of Proteobacteria are significantly decreased in nicotine exposed offspring (p<0.05) from gut microbiota collected at week 12.
	Male- Week 3
	 
	 

	Phyla
	Control
	Nicotine
	Pvalue

	Actinobacteria
	2.6e-3 ± 5.6e-4
	2.2e-3 ± 6.8e-4
	0.46*

	Bacteriodetes
	0.13 ± 6.8e-4
	0.21 ± 0.05
	0.34*

	Cyanobacteria
	5.9e-5 ± 1.2e-5
	1.3e-4 ± 6.0e-5
	0.88*

	Deferribacteres
	7.0e-6 ± 7.0e-6
	2.6e-6 ± 2.6e-6
	0.96*

	Firmicutes
	0.85 ± 7.1e-3
	0.77 ± 0.05
	0.46*

	Proteobacteria
	0.02 ± 8.2e-3
	5.5e-3 ± 1.5e-3
	0.09*

	TM7
	1.3e-4 ± 1.1e-4
	3.6e-5 ± 2.8e-5
	0.78*

	Tenericutes
	4.9e-3 ± 2.0e-3
	2.7e-3 ± 7.6e-4
	0.34*

	Verrucomicrobia
	3.3e-3 ± 2.8e-3
	1.7e-3 ± 1.6e-3
	0.23*

	Males- Week 12
	 
	 
	 

	Actinobacteria
	4.1e-3 ± 1.2e-3
	0.01 ± 1.8e-3
	0.04*

	Bacteriodetes
	0.16 ± 0.04
	0.19 ± 0.02
	0.48*

	Cyanobacteria
	4.4e-4 ± 1.1e-4
	4.5e-4 ± 1.2e-4
	0.95*

	Deferribacteres
	8.1e-5 ± 2.7e-5
	4.1e-5 ± 1.3e-5
	0.16

	Firmicutes
	0.80 ± 0.04
	0.77 ± 0.02
	0.4

	Proteobacteria
	3.6e-3 ± 5.2e-4
	2.9e-3 ± 3.4e-4
	0.32

	TM7
	8.9e-4 ± 3.3e-4
	5.6e-4 ± 1.6e-4
	0.34

	Tenericutes
	6.3e-3 ± 6.1e-4
	0.01 ± 1.8e-3
	0.05

	Verrucomicrobia
	7.1e-4 ± 4.7e-4
	7.2e-4 ± 4.7e-4
	0.37

	Males- Week 26
	 
	 
	 

	Actinobacteria
	5.5e-3 ± 7.5e-4
	3.7e-3 ± 8.0e-4
	0.07*

	Bacteriodetes
	0.21 ± 0.03
	0.33 ± 0.05
	0.07

	Cyanobacteria
	5.9e-4 ± 3.3e-4
	2.5e-4 ± 4.6e-5
	0.82*

	Deferribacteres
	1.5e-5 ± 9.7e-6
	5.8e-5 ± 2.1e-5
	0.10*

	Firmicutes
	0.74 ± 0.03
	0.63 ± 0.04
	0.06

	Proteobacteria
	3.9e-3 ± 4.4e-4
	3.3e-3 ± 3.3e-4
	0.31

	TM7
	3.6e-4 ± 1.6e-4
	2.5e-4 ± 7.4e-5
	0.97*

	Tenericutes
	8.2e-3 ± 2.1e-3
	7.5e-3 ± 1.2e-3
	0.82*

	Verrucomicrobia
	3.1e-4 ± 1.7e-4
	2.3e-3 ± 1.4e-3
	1.00*

	*non equal variance-mann whitney
	



Table 2: Comparison of the relative abundance of major gut phyla between control and nicotine exposure in malerats from samples taken at week 3, 12, and 26. In male offspring the relative abundance of Actinobacteria are significantly increased in nicotine exposed offspring (p<0.05) from gut microbiota collected at week 12. They are also increased at 26 weeks, although not significant (p=0.07).  The relative abundance of Firmicutes are decreased in nicotine exposed offspring, although not significant (p=0.06). The relative abundance of Bacteriodetes are increaed in nicotine exposed offspring (p=0.07) at 26 weeks of age.


	Dams- Week 3
	 
	 

	Phyla
	Control
	Nicotine
	Pvalue

	Actinobacteria
	7.0E-3 ± 2.4E-3
	5.2E-3  ± 1.5E-3
	0.52

	Bacteriodetes
	3.3E-1 ± 6.2E-2
	2.5E-1  ±  4.3E-2
	0.34

	Cyanobacteria
	8.8E-4 ± 2.1E-4
	7.5E-4 ± 1.3E-4
	0.6

	Deferribacteres
	5.5E-5 ± 1.8E-5
	1.3E-4 ± 5.4E-5
	0.24

	Firmicutes
	6.3E-1 ± 5.9E-2
	6.9E-1 ± 4.3E-2
	0.37

	Proteobacteria
	5.4E-3 ± 8.1E-5
	5.6E-3 ± 7.5E-4
	0.82

	TM7
	4.7E-4 ± 2.7E-4
	3.5E-4 ± 1.8E-4
	0.7

	Tenericutes
	7.5E-3 ± 1.7E-3
	8.5E-3 ± 1.5E-3
	0.65

	Verrucomicrobia
	1.1E-3 ± 8.0E-4
	1.2E-3 ± 6.9E-4
	0.92

	*non equal variance-mann whitney
	
	



Table 3: Comparison of the relative abundance of major gut phyla between control and nicotine exposure in dams from samples taken at week 3 post delivery. There are no significant differences at the phyla level.














Appendix C: Table 1
OTUs of significance after correction for multiple comparisons, false Detection rate of 0.25.

	Females 12 weeks
	 
	 
	 

	OTU name
	Elevated in:
	Original P-value
	Benjamini-Hochberg P-value

	Firmicute Bacilli Lactobacillales Streptococcaceae Lactococcus 
	CON
	0.001459846
	0.159522973

	Proteobacteria Betaproteobacteria
	CON
	0.003246107
	0.159522973

	Proteobacteria Betaproteobacteria Burkolderiales Alcaligenaceae
	CON
	0.003246107
	0.159522973

	Firmicute Clostridia Clostridiales Ruminococcus
	CON
	0.0043329
	0.1863147












Appendix D: Motility test
Total GI transit time was attempted to be studied using carmine red, a substance not absorbed by the gut lumen. A solution of carmine red (300 μl; 6%) was suspended in 0.5% methylcellulose and 1 mL was administered by gavage through a 21 gauge round-tip feeding needle to 3 rats as previously described (Li et al., 2011).  A 2 mL jello cube containing 1mL of the carmine red and methylcellulose solution was also given to 3 different rats at the same time. The time at which gavage took place or jello was eaten was recorded as T0. After gavage or jello consumption, fecal pellets were monitored at 30 minute intervals for the presence of carmine red in a pilot study to determine the critical window for carmine red to first be observed. Total GI transit time is considered as the interval between T0 and the time carmine red is first observed in the stool.
A number of pilot studies were attempted to determine motility without an invasive procedure. In the first two pilot motility tests the carmine red was given at 7AM and did not appear before 7PM. The next morning however red stool was observed in the cages. The solution given by gavage gave a much stronger red color in stool compared to the jello method therefore only gavage was used for the following attempts.
A third pilot was completed with the gavage administered at 11PM.  The following morning red stool was observed in one animal at 9 AM while stool was not observed until 145 PM in the other animal. This in-group variability suggests that this method may not be possible at a statistically relevant power. 

Appendix E- Whole mount prepations 
METHODS
Whole mounts were prepared following a modified protocol from Li et al., (2006). Briefly, fresh ileum and colon tissues were cut open along the mesenteric border and the contents were flushed with PBS.  The tissue was stretched flat and pinned to a Sylgard silicone-coated plate (Dow Corning, Midland, MI, USA) with the mucosa facing up. The tissue was then fixed for 2 hours in 4% formaldehyde, washed and then the mesenteric plexus, the mucosa, submucosa, submucosal plexus, and circular muscle layer were carefully peeled away from the underlying muscle layers using fine forceps, under a stereomicroscope.  Whole mount preparations were then permeabilized and blocked by incubation in 4% normal goat serum (NGS) and 0.4% Triton x-100 in PBS.  To visualize neuronal cell bodies, all whole mounts were incubated overnight at room temperature with antibodies to human neuronal protein HuC/HuD (biotinylated monoclonal mouse anti-HuC/D; dilution 1:50; Molecular Probes, Invitrogen Canada Inc., Burlington, ON). Serotonergic neurons were labeled by overnight incubation with antibodies to 5-HT (polyclonal rabbit anti 5-HT; dilution 1:2000; ImmunoStar, Cedarlane). Antibody binding was detected by incubation with streptavidin conjugated to Alexa Fluor 594 (1:500; Molecular probes) and donkey anti-rabbit antibodies (1:200; Molecular Probes) conjugated to Alexa Fluor 488. The tissues were mounted on glass slides with Vectashield medium (Vector Laboratories Canada Inc., Burlington On) to minimize photobleaching.
Immunostained tissues were viewed and photographed with Retiga QImaging digital camera mounted on a Leica DMRXA2 microscope (Nussloch, Germany) operated by a Macintosh computer (Apple Computers, Markham, ON). Images were viewed and analyzed using Volocity Imaging software (Improvision Inc., Montreal, QC). 10 randomly selected photographs were taken with a 20X objective.  The intestinal segments were divided into upper and lower segments. Five images were taken in row from each segment to ensure that the largest section of the whole-mount segment is sampled from, as well as to ensure the most consistent sampling. 
To assess relative density of myenteric neurons in male and female offspring the total number of HuC/D-positive neurons in each photograph were counted manually and expressed per unit area. On the same 10 images 5-HT immune-positive neurons were manually counted and expressed both per unit area as well as a percentage of HuC/D positive neurons. 
RESULTS
At PND21 the gene expression of SERT, Pet1, MAO and Tph1 was not significantly different between nicotine exposed animals and control in either the ileum or colon (Appendix E, Table 1).
At 26 weeks of age the gene expression of SERT (p=0.01) is decreased in the ileum of female nicotine exposed animals.  No other targets involved in serotonin synthesis and gut motility, in either sex, were significantly different between control and nicotine exposed offspring. 
In alignment with the PCR results at 3 weeks of age there were also no significant differences between the percentage of HuC/D positive neurons, and the number of serotonergic neurons per number of cell bodies as well as number of serotonergic neurons per area when comparing whole mount preparations of colon and ileum from nicotine treated offspring and control offspring in either sex (Table 2, Figure 1-2).

However, there were a number of differences between sexes. The number of serotonergic neurons per cell body was significantly elevated in female rats at PND21 (p>0.01) in the ileum (Appendix E, Figure 1). The percentage of HuC/D positive neurons per area and field were also significantly elevated in female rats at PND21 (p>0.01) in the ileum (Appendix E, Figure 1). The number of serotonergic neurons per cell body as well as per area were significantly elevated in female rats at PND21 (p>0.01) in the colon (Appendix E, Figure 2).


	 
	ILEUM WK 3- 5HT
	ILEUM WK 26- 5HT

	 
	Male
	Female
	Male
	Female

	Gene
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p

	MAO
	2.52 ± 0.41
	1.41 ± 0.26
	0.07
	3.02 ± 0.61
	1.96 ± 0.23
	0.22*
	2.60 ± 0.60
	2.09 ± 0.21
	0.91*
	2.45 ± 0.29
	2.43 ± 0.30
	0.80*

	PET1
	1.12 ± 0.19
	0.78 ± 0.18
	0.21
	0.89 ± 0.25
	1.10 ± 0.23
	0.46*
	2.48 ±  0.33
	2.13 ± 0.23
	0.39
	2.29 ± 0.21
	2.27 ± 0.42
	0.97

	SLC6A4
	1.65 ± 0.36
	1.30 ± 0.29
	0.48
	1.39 ± 0.37
	1.80 ± 0.30
	0.39
	3.21 ± 0.71
	3.86 ± 0.46
	0.44
	3.76 ± 0.29
	2.62 ± 0.25
	0.01

	TPH1
	1.50 ± 0.38
	2.08 ± 0.48
	0.35
	1.38 ± 0.28
	1.30 ± 0.20
	0.8
	2.36 ± 0.57
	1.70 ± 0.18
	0.26
	1.50 ± 0.15
	2.52 ± 0.82
	0.87

	
	
	
	
	
	
	 
	
	
	
	
	
	

	 
	COLON WK 3- 5HT
	COLON WK 26

	 
	Male
	 
	 
	Female
	 
	 
	Male
	Female

	Gene
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p
	Control
	Nicotine
	p

	MAO
	1.86 ± 0.17
	1.86 ± 0.16
	0.9
	1.63 ± 0.43
	1.86 ± 0.16
	0.64
	2.47 ± 0.26
	3.51 ± 0.45
	0.19
	4.67 ± 1,27
	2.50 ± 0.42
	0.11

	PET1
	1.56 ± 0.21
	1.06 ± 0.07
	0.29*
	1.37 ± 0.23
	1.06 ± 0.07
	0.25
	0.25 ± 0.07
	0.28 ± 0.08
	0.91*
	0.29 ± 0.06
	0.17 ± 0.03
	0.09

	SLC6A4
	1.04 ± 0.07
	0.84 ± 0.12
	0.14
	0.84 ± 0.16
	0.84 ± 0.12
	0.62
	0.52 ± 0.11
	0.99 ± 0.21
	0.2
	0.98 ± 0.15
	2.05 ± 0.60
	0.63*

	TPH1
	0.96 ± 0.14
	0.62 ± 0.11
	0.1
	0.87 ± 0.17
	0.62 ± 0.11
	0.84
	0.27 ± 0.06
	0.27 ± 0.08
	0.99
	0.36 ± 0.10
	0.24 ± 0.05
	0.16*

	*non equal variance-Mann Whitney rank sums test
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	


Table 1: The qPCR results for serotonergic targets in ileum at week 3, colon at week 3,  ileum at week 26 and colon and week 26. In female offspring the gene expression of SLC6A4 (p=0.01) is decreased in the ileum of nicotine exposed offspring at 26 weeks of age.














	Males-IL WK3
	Saline
	Nicotine
	p-value

	5ht/HU
	0.00
	0.00
	0.35*

	5ht/area
	0.00
	0.05
	0.35*

	HU/field
	39.73±4.56
	50.62 ± 4.47
	0.89

	HU/area
	0.00
	0.00
	0.12

	Female-IL WK3
	
	
	

	5ht/HU
	0.08
	0.04
	0.07

	5ht/area
	0.00
	0.00
	0.10

	HU/field
	71.99 ± 0.66
	70.57 ±4.69
	0.66

	HU/area
	0.00
	0.00
	0.66

	Male-COL WK3
	
	
	

	5ht/HU
	0.00
	0.00
	0.31

	5ht/area
	0.00
	0.01
	0.31

	HU/field
	55.46 ± 3.76
	57.76 ±4.69
	0.10

	HU/area
	0.01
	0.00
	0.10

	Female-COL WK3
	
	
	

	5ht/HU
	0.05
	0.03
	0.14

	5ht/area
	0.00
	0.00
	0.13

	HU/field
	68.07 ± 11.25
	67.42 ± 9.22
	0.79

	HU/area
	0.00
	0.00
	0.79



Table 2: Whole mount analysis. Serotonergic neurons as well as cell body numbers were analyzed and compared per area. There were no significant differences between treated and control animals.
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Figure 1:  Sex differences were assessed in whole mount ileum sections. Serotonergic neurons as well as cell body numbers were analyzed and compared per area. The number of serotonergic neurons per cell body was significantly elevated in female rats at PND21 (p>0.01)in the ileum. The number of cell bodies per area and per field were also significantly elevated in female rats at PND21 (p>0.01) in the ileum.
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Figure 2: Sex differences were assessed in whole mount colon sections. Serotonergic neurons as well as cell body numbers were analyzed and compared per area. The number of serotonergic neurons per cell body as well as per area were significantly elevated in female rats at PND21 (p>0.01).
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Figure 3: Visualization of sex differences in the ileum at PND21. There were significant sex differences between the numbers of serotonergic neurons per number of cell bodies (p<0.01) in the ileum. There were also significant sex differences between the number of cell bodies per field and the number of cell bodies per area
Appendix F: Table 1
Unpublished results-by Omar Shawaf

	Two-Way ANOVA Nicotine-Treated PND21 Livers Gene Expression Analyses (Comparative, Ct Method)

	
	Control Fold
	
	Nicotine
	
	
	
	P-Values

	DDC
	Mean
	SEM
	Mean
	SEM
	 
	Interaction
	0.0074

	Male
	1.523
	0.550
	17.347
	3.988
	 
	Treatment 
	0.0002

	Female
	2.204
	0.730
	5.332
	1.330
	 
	Gender
	0.0156

	Htr2b
	Mean
	SEM
	Mean
	SEM
	 
	Interaction
	0.1189

	Male
	1.673
	0.570
	11.518
	2.889
	 
	Treatment 
	0.0002

	Female
	2.034
	0.761
	6.424
	1.301
	 
	Gender
	0.174

	MaO
	Mean
	SEM
	Mean
	SEM
	 
	Interaction
	0.2719

	Male
	1.459
	0.374
	0.959
	0.198
	 
	Treatment 
	0.963

	Female
	1.216
	0.260
	1.676
	0.670
	 
	Gender
	0.5841

	SLC6A4
	Mean
	SEM
	Mean
	SEM
	
	Interaction
	0.8335

	Male
	1.413
	0.332
	1.308
	0.333
	
	Treatment
	0.5744

	Female
	1.229
	0.304
	0.998
	0.166
	
	Gender
	0.4108

	TPH1
	Mean
	SEM
	Mean
	SEM
	 
	Interaction
	0.0748

	Male
	1.394
	0.435
	5.939
	0.875
	 
	Treatment 
	0.0009

	Female
	2.473
	0.814
	3.998
	0.951
	 
	Gender
	0.6012



Appenidx F: Table 2- Serotonergic Receptors
	Two-Way ANOVA Nicotine-Treated PND21 Livers Gene Expression Analyses (Comparative, Ct Method)

	 
	Control Fold
	 
	Nicotine
	 
	 
	 
	P-Values

	5Htr2c
	Mean
	SEM
	Mean
	SEM
	 
	Interaction
	0.1886

	Male
	1.328
	0.355
	7.268
	1.701
	 
	Treatment 
	0.002

	Female
	2.421
	0.979
	4.989
	1.285
	 
	Gender
	0.6392

	Htr2a
	Mean
	SEM
	Mean
	SEM
	 
	Interaction
	0.0478

	Male
	1.685
	0.617
	9.976
	2.733
	 
	Treatment
	0.0041

	Female
	2.094
	0.68
	3.765
	0.977
	 
	Gender
	0.0806

	Htr1d
	Mean
	SEM
	Mean
	SEM
	 
	Interaction
	0.0476

	Male
	2.058
	0.807
	7.625
	1.673
	 
	Treatment
	0.074

	Female
	4.492, N=6
	1.804
	4.187
	1.191
	 
	Gender
	0.726

	Htr7
	Mean
	SEM
	Mean
	SEM
	 
	Interaction
	0.0026

	Male
	1.532
	0.642
	12.269
	2.647
	 
	Treatment 
	0.001

	Female
	2.219
	0.893
	2.761
	0.698
	 
	Gender
	0.008

	Htr1a
	Mean
	SEM
	Mean
	SEM
	 
	Interaction
	0.9674

	Male
	1.208
	0.363
	4.146
	0.488
	 
	Treatment 
	< 0.0001

	Female
	1.608
	0.507
	4.498
	0.783
	 
	Gender
	0.5255

	Htr1b
	Mean
	SEM
	Mean
	SEM
	 
	Interaction
	0.347

	Male
	3.094
	1.208
	11.055
	1.825
	 
	Treatment 
	< 0.0001

	Female
	2.252
	0.71
	7.516
	1.639
	 
	Gender
	0.1307

	Htr3b
	Mean
	SEM
	Mean
	SEM
	 
	Interaction
	0.3956

	Male
	1.084
	0.317
	5.595
	1.128
	 
	Treatment 
	0.0039

	Female
	4.017
	1.524
	6.582
	1.215
	 
	Gender
	0.0929

	Htr5a
	Mean
	SEM
	Mean
	SEM
	 
	Interaction
	0.0177

	Male
	1.706
	0.497
	9.21
	2.205
	 
	Treatment 
	0.004

	Female
	1.959, N=6
	0.73
	2.779
	0.602
	 
	Gender
	0.0273

	Htr5b
	Mean
	SEM
	Mean
	SEM
	 
	Interaction
	0.4878

	Male
	1.867
	0.557
	9.344
	2.001
	 
	Treatment 
	0.0004

	Female
	3.668
	1.469
	8.9
	1.938
	 
	Gender
	0.674

	Htr6
	Mean
	SEM
	Mean
	SEM
	 
	Interaction
	0.0454

	Male
	1.251
	0.361
	9
	1.904
	 
	Treatment 
	0.0006

	Female
	2.67
	1.078
	4.955
	1.251
	 
	Gender
	0.3243
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A) Relative abundance of major bacterial
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A) Treatment effect on Male Colon — PND21
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A) Treatment Effect on Male Colon — 26 weeks
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IL WK3

Gene Forward Sequence Reverse Sequence
18s 5’-GCG ATG CGG CGG CGT TAT-3’ 5’-AGA CTT TGG TTT CCC GGA AGC-3’
Bactin 5’-ACG AGG CCC AGA GCA AGA-3’ 5°-TTG GTT ACA ATG CCG TGT TCA-3’
CLDNI 5'-CGT GAC TGC TCA GGC CAT CT-3' 5'-CGG TGC TTT GCG AAA CG-3'
CLDN3 5'-GAC CAC CCC ACC TTC CAG AT-3' 5'-CTG TCC TCT TCC AGC CTA GCA-3'
IL-1B 5’-GAC CTG TTC TTT GAG GCT GAC A-3’  5’-AGT CAA GGG CTT GGA AGC AA-3’
IL-13 5’-GAC AGC TGG CGG GTT CTG T-3’ 5’- GGC ATT GCA ACT GGA GAT GTT-3’
IL-10 5'-CCC AGA AAT CAA GGA GCATTT G-3' 5'-CAG CTG TAT CCA GAG GGT CTT CA-3'
IL-6 5’-CCC ACC AGG AAC GAAAGT CA-3’ 5’-GCG GAG AGA AAC TTC ATA GCT GTT-3’
MCP1 5'-CGG TTT CTC CCT TCT ACT TCC TG-3' 5'-GCT CTG CCT CAG CCT TTT ATT G-3'
OCLDN 5'-GAG AGA TGC ACG TTC GAC CAA-3' 5GAATTT CGT CTT CCG GGT AAA A-3
TNFa 5’-CCC AGA AAA GCA AGC AAC CA-3’ 5’-GCC TCG GGC CAG TGT ATG-3’
701 5'-AGT GTC ATT CAC ATC CTT CTT GTT
5'-GCT CAC CAG GGT CAA AAT GTT T-3' CT-3'
CD36 5'“TCT CAC ACA ACT CAG ATA CTG CT-3'  5-GCA CTT GCT TCT TGC CAA CT-3'
DGATI 5'-GAA CAA AGAG GTC TTG CAG ACG
5'-CAG ACC AGC GTG GGC G-3' ATG-3'
DGAT2 5'-GAA CAA AGA GGT CTT GCA GAC GAT-3' 5-AAT AGG TGG GAA CCA GAT CAG-3'
FABP4 5'TCA TCC GGT CAG AGA GTA CTT TTA
AA-3' 5'-CGA ATT CCA CGC CCA GTT T-3'
FIAF 5'-CAG GAC TGG GAT GGC AAT-3' 5'-CCT CAC CCC CCA AAT GG-3'
GPR43 5'-CTT CGG GAA AGG TTT GCT ACT ACT-3' 5-TCC CCT GCC CAG CAT AGA-3'
GPR41 5'-CGG CTT TGT GGG CAA CAT-3' 5'-AGT CAT CTT CTC CCG GAA GCT-3'
PYY 5'-CAG CGG TAT GGG AAAAGA GAAG-3'  5'-CGT CTG TGA AGA GCA GTT TGG A-3'
MAO 5'TGG GTT GAA CCC GAG TC-3' 5'TGA TCT TGA GCA GAC CAG GC-3'
PETI1 5'-GCA CTG CGC TAC TAC TAC GA-3' 5'-CCC TGG AAG TCA AAG CGG TA-3'
SLC6A4 5'-AAA CGG GTG CAT TTC CAT ATG-3' 5'-GGC GTA ACC AAT GCC TTT GA-3'
TPH1 5'-GCC TGC TTT CTT CCA TCA GT-3' 5'-AGA CAT CCT GGA AGC TTG TGA-3'
GCG 5'-CCA AGA GGA ACC GGA ACA AC-3' 5'-CCC TTC AGC CCT CTC AA-3'
SLC2A2 5'-CTG TCT GTG TCC AGC TTT GCA-3' 5'-CAA GCC ACC CAC CAA AGA AC-3'
SLC5A1

(SGLT1)

5'-CCT TGA GCC CCG CTG TTA C-3'

5'-TGC GAA TGC GCT CAT AGG-3'









IL WK3	

Gene	 Forward Sequence	 Reverse Sequence	

18s	 5’-GCG ATG CGG CGG CGT TAT-3’ 	 5’-AGA CTT TGG TTT CCC GGA AGC-3’ 	

Bactin	 5’-ACG AGG CCC AGA GCA AGA-3’ 	 5’-TTG GTT ACA ATG CCG TGT TCA-3’ 	

CLDN1	

5'-CGT GAC TGC TCA GGC CAT CT-3' 	 5'-CGG TGC TTT GCG AAA CG-3' 	

CLDN3	

5'-GAC CAC CCC ACC TTC CAG AT-3' 	 5'-CTG TCC TCT TCC AGC CTA GCA-3' 	

IL-1B	

5’-GAC CTG TTC TTT GAG GCT GAC A-3’ 	 5’-AGT CAA GGG CTT GGA AGC AA-3’ 	

IL-13	

5’-GAC AGC TGG CGG GTT CTG T-3’ 	 5’- GGC ATT GCA ACT GGA GAT GTT-3’ 	

IL-10	

5'-CCC AGA AAT CAA GGA GCA TTT G-3' 	 5'-CAG CTG TAT CCA GAG GGT CTT CA-3' 	

IL-6	

5’-CCC ACC AGG AAC GAA AGT CA-3’ 	 5’-GCG GAG AGA AAC TTC ATA GCT GTT-3’ 	

MCP1	

5'-CGG TTT CTC CCT TCT ACT TCC TG-3' 	 5'-GCT CTG CCT CAG CCT TTT ATT G-3' 	

OCLDN	

5'-GAG AGA TGC ACG TTC GAC CAA-3' 	 5'-GAA TTT CGT CTT CCG GGT AAA A-3 	

TNFa	

5’-CCC AGA AAA GCA AGC AAC CA-3’ 	 5’-GCC TCG GGC CAG TGT ATG-3’	

ZO1	

5'-GCT CAC CAG GGT CAA AAT GTT T-3' 	

5'-AGT GTC ATT CAC ATC CTT CTT GTT 

CT-3' 	

CD36	

5'-TCT CAC ACA ACT CAG ATA CTG CT-3'	 5'-GCA CTT GCT TCT TGC CAA CT-3'	

DGAT1	

5'-CAG ACC AGC GTG GGC G-3' 	

5'-GAA CAA AGAG GTC TTG CAG ACG 

ATG-3' 	

DGAT2	

5'-GAA CAA AGA GGT CTT GCA GAC GAT-3' 	5'-AAT AGG TGG GAA CCA GAT CAG-3' 	

FABP4	

5'-TCA TCC GGT CAG AGA GTA CTT TTA 

AA-3' 	 5'-CGA ATT CCA CGC CCA GTT T-3' 	

FIAF	

5'-CAG GAC TGG GAT GGC AAT-3'	 5'-CCT CAC CCC CCA AAT GG-3'	

GPR43	

5'-CTT CGG GAA AGG TTT GCT ACT ACT-3' 	5'-TCC CCT GCC CAG CAT AGA-3'	

GPR41	

5'-CGG CTT TGT GGG CAA CAT-3' 	 5'-AGT CAT CTT CTC CCG GAA GCT-3' 	

PYY	

5'-CAG CGG TAT GGG AAA AGA GAA G-3'	 5'-CGT CTG TGA AGA GCA GTT TGG A-3'	

MAO	

5'-TGG GTT GAA CCC GAG TC-3' 	 5'-TGA TCT TGA GCA GAC CAG GC-3'	

PET1	

5'-GCA CTG CGC TAC TAC TAC GA-3' 	 5'-CCC TGG AAG TCA AAG CGG TA-3' 	

SLC6A4	

5'-AAA CGG GTG CAT TTC CAT ATG-3' 	 5'-GGC GTA ACC AAT GCC TTT GA-3' 	

TPH1	

5'-GCC TGC TTT CTT CCA TCA GT-3' 	 5'-AGA CAT CCT GGA AGC TTG TGA-3' 	

GCG	

5'-CCA AGA GGA ACC GGA ACA AC-3'	 5'-CCC TTC AGC CCT CTC AA-3'	

SLC2A2	

5'-CTG TCT GTG TCC AGC TTT GCA-3' 	 5'-CAA GCC ACC CAC CAA AGA AC-3' 	

SLC5A1 

(SGLT1)	

5'-CCT TGA GCC CCG CTG TTA C-3' 	 5'-TGC GAA TGC GCT CAT AGG-3'	
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COL WK3

Gene

Forward Sequence

Reverse Sequence

18s
Bactin
CLDNI1
CLDN3
1IL-1B
1L-13
1L-10

IL-6

MCPI
OCLDN
TNFa

701
CD36
DGAT1

DGAT2
FABP4
FIAF
GPR43
GPR41
PYY
MAO
PETI
SLC6A4
TPH1
GCG
SLC2A2
SLC5AL
(SGLT1)

5’-GCG ATG CGG CGG CGT TAT-3’
5’-ACG AGG CCC AGA GCA AGA-3’
5'-CGT GAC TGC TCA GGC CAT CT-3'
5'-GAC CAC CCC ACC TTC CAG AT-3'
5’-GAC CTG TTC TTT GAG GCT GAC A-3’
5’-GAC AGC TGG CGG GTT CTG T-3°
5'-CCC AGA AAT CAA GGA GCATTT G-3'

5’-CCC ACC AGG AAC GAAAGT CA-3’
5'-CGG TTT CTC CCT TCT ACT TCC TG-3'
5'-GAG AGA TGC ACG TTC GAC CAA-3'
5’-CCC AGA AAAGCAAGCAAC CA-3

5'-GCT CAC CAG GGT CAAAAT GTT T-3'
no working primer

5'-CAG ACC AGC GTG GGC G-3'

5'-GAA CAA AGA GGT CTT GCA GAC GAT-3'
5'-TCATCC GGT CAG AGA GTA CTT TTA AA-3'

5'-CAG GAC TGG GAT GGC AAT-3'

5'-CTT CGG GAAAGG TTT GCT ACT ACT-3'
5'-CGG CTT TGT GGG CAA CAT-3'

5'-CAG CGG TAT GGG AAAAGA GAAG-3'
5'-TGG GTT GAA CCC GAG TC-3'

5'-GCA CTG CGC TAC TAC TAC GA-3'
5'-AAA CGG GTG CAT TTC CAT ATG-3'
5-GCC TGC TTT CTT CCA TCA GT-3'
5'-CCA AGA GGAACC GGAACAAC-3
5'-CTG TCT GTG TCC AGC TTT GCA-3'

5'-CCT TGA GCC CCG CTG TTA C-3'

5’-AGA CTT TGG TTT CCC GGA AGC-3’
5’-TTG GTT ACA ATG CCG TGT TCA-3’
5'-CGG TGC TTT GCG AAA CG-3'

5'-CTG TCC TCT TCC AGC CTA GCA-3'
5’-AGT CAA GGG CTT GGAAGC AA-3’
5’- GGC ATT GCA ACT GGA GAT GTT-3’
5'-CAG CTG TAT CCA GAG GGT CTT CA-3'
5’-GCG GAG AGA AAC TTC ATA GCT
GTT-3’

5'-GCT CTG CCT CAG CCT TTT ATT G-3'
5-GAATTT CGT CTT CCG GGT AAAA-3
5’-GCC TCG GGC CAG TGT ATG-3’
5'-AGT GTC ATT CAC ATC CTT CTT GTT
CT-3'

5'-GAA CAAAGAG GTC TTG CAG ACG
ATG-3'

5'-AAT AGG TGG GAA CCA GAT CAG-3'
5'-CGAATT CCA CGC CCAGTT T-3'
5'-CCT CAC CCC CCA AAT GG-3'
5'-TCC CCT GCC CAG CAT AGA-3'
5'-AGT CAT CTT CTC CCG GAA GCT-3'
5'-CGT CTG TGA AGA GCA GTT TGG A-3'
5-TGA TCT TGA GCA GAC CAG GC-3'
5'-CCC TGG AAG TCA AAG CGG TA-3'
5'-GGC GTAACC AAT GCCTTT GA-3'
5'-AGA CAT CCT GGA AGC TTG TGA-3'
5'-CCC TTC AGC CCT CTC AA-3'
5'-CAA GCC ACC CAC CAAAGAAC-3'

5'-TGC GAA TGC GCT CAT AGG-3'









COL WK3	

Gene	 Forward Sequence	 Reverse Sequence	

18s	 5’-GCG ATG CGG CGG CGT TAT-3’ 	 5’-AGA CTT TGG TTT CCC GGA AGC-3’ 	

Bactin	 5’-ACG AGG CCC AGA GCA AGA-3’ 	 5’-TTG GTT ACA ATG CCG TGT TCA-3’ 	

CLDN1	

5'-CGT GAC TGC TCA GGC CAT CT-3' 	 5'-CGG TGC TTT GCG AAA CG-3' 	

CLDN3	

5'-GAC CAC CCC ACC TTC CAG AT-3' 	 5'-CTG TCC TCT TCC AGC CTA GCA-3' 	

IL-1B	

5’-GAC CTG TTC TTT GAG GCT GAC A-3’ 	 5’-AGT CAA GGG CTT GGA AGC AA-3’ 	

IL-13	

5’-GAC AGC TGG CGG GTT CTG T-3’ 	 5’- GGC ATT GCA ACT GGA GAT GTT-3’ 	

IL-10	

5'-CCC AGA AAT CAA GGA GCA TTT G-3' 	 5'-CAG CTG TAT CCA GAG GGT CTT CA-3' 	

IL-6	

5’-CCC ACC AGG AAC GAA AGT CA-3’ 	

5’-GCG GAG AGA AAC TTC ATA GCT 

GTT-3’ 	

MCP1	

5'-CGG TTT CTC CCT TCT ACT TCC TG-3' 	 5'-GCT CTG CCT CAG CCT TTT ATT G-3' 	

OCLDN	

5'-GAG AGA TGC ACG TTC GAC CAA-3' 	 5'-GAA TTT CGT CTT CCG GGT AAA A-3 	

TNFa	

5’-CCC AGA AAA GCA AGC AAC CA-3’ 	 5’-GCC TCG GGC CAG TGT ATG-3’	

ZO1	

5'-GCT CAC CAG GGT CAA AAT GTT T-3' 	

5'-AGT GTC ATT CAC ATC CTT CTT GTT 

CT-3' 	

CD36	

no working primer	

DGAT1	

5'-CAG ACC AGC GTG GGC G-3' 	

5'-GAA CAA AGAG GTC TTG CAG ACG 

ATG-3' 	

DGAT2	

5'-GAA CAA AGA GGT CTT GCA GAC GAT-3' 	 5'-AAT AGG TGG GAA CCA GAT CAG-3' 	

FABP4	

5'-TCA TCC GGT CAG AGA GTA CTT TTA AA-3' 	5'-CGA ATT CCA CGC CCA GTT T-3' 	

FIAF	

5'-CAG GAC TGG GAT GGC AAT-3'	 5'-CCT CAC CCC CCA AAT GG-3'	

GPR43	

5'-CTT CGG GAA AGG TTT GCT ACT ACT-3' 	 5'-TCC CCT GCC CAG CAT AGA-3'	

GPR41	

5'-CGG CTT TGT GGG CAA CAT-3' 	 5'-AGT CAT CTT CTC CCG GAA GCT-3' 	

PYY	

5'-CAG CGG TAT GGG AAA AGA GAA G-3'	 5'-CGT CTG TGA AGA GCA GTT TGG A-3'	

MAO	

5'-TGG GTT GAA CCC GAG TC-3' 	 5'-TGA TCT TGA GCA GAC CAG GC-3'	

PET1	

5'-GCA CTG CGC TAC TAC TAC GA-3' 	 5'-CCC TGG AAG TCA AAG CGG TA-3' 	

SLC6A4	

5'-AAA CGG GTG CAT TTC CAT ATG-3' 	 5'-GGC GTA ACC AAT GCC TTT GA-3' 	

TPH1	

5'-GCC TGC TTT CTT CCA TCA GT-3' 	 5'-AGA CAT CCT GGA AGC TTG TGA-3' 	

GCG	

5'-CCA AGA GGA ACC GGA ACA AC-3'	 5'-CCC TTC AGC CCT CTC AA-3'	

SLC2A2	

5'-CTG TCT GTG TCC AGC TTT GCA-3' 	 5'-CAA GCC ACC CAC CAA AGA AC-3' 	

SLC5A1 

(SGLT1)	

5'-CCT TGA GCC CCG CTG TTA C-3' 	 5'-TGC GAA TGC GCT CAT AGG-3'	
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IL WK26

Gene Forward Sequence Reverse Sequence

18s 5’-GCG ATG CGG CGG CGT TAT-3’ 5’-AGA CTT TGG TTT CCC GGA AGC-3’
Bactin 5°-ACG AGG CCC AGA GCA AGA-3’ 5"-TTG GTT ACA ATG CCG TGT TCA-3’
CLDNI1 5'-CGT GAC TGC TCA GGC CAT CT-3' 5'-CGG TGC TTT GCG AAA CG-3'

CLDN3 5-GAC CAC CCC ACC TTC CAG AT-3' 5'-CTG TCC TCT TCC AGC CTA GCA-3'
IL-1B 5’-GAC CTG TTC TTT GAG GCT GAC A-3’ 5’-AGT CAA GGG CTT GGA AGC AA-3’
IL-13 5’-GAC AGC TGG CGG GTT CTG T-3’ 5’- GGC ATT GCA ACT GGA GAT GTT-3’
IL-10 5'-CCC AGA AAT CAA GGA GCA TTT G-3' 5'-CAG CTG TAT CCA GAG GGT CTT CA-3'
IL-6 5’-CCC ACC AGG AAC GAA AGT CA-3’ 5’-GCG GAG AGA AAC TTC ATA GCT GTT-3
MCP1 5'-CGG TTT CTC CCT TCT ACT TCC TG-3' 5'-GCT CTG CCT CAG CCT TTT ATT G-3'
OCLDN 5'-GAG AGA TGC ACG TTC GAC CAA-3' 5-GAATTT CGT CTT CCG GGT AAA A-3
TNFa 5°-CCC AGA AAA GCA AGC AAC CA-3’ 5°-GCC TCG GGC CAG TGT ATG-3’

Z01 5'-GCT CAC CAG GGT CAA AAT GTT T-3' 5-AGT GTC ATT CAC ATC CTT CTT GTT CT-3'
CD36 5'-CAT GAT TAA TGG CAC AGA TGC-3' 5'-ACC TCA GTG TTC GAC ACT TCT CAA-3'
DGAT1 5'-CAG ACC AGC GTG GGC G-3' 5'-GAA CAAAGAG GTC TTG CAG ACG ATG-3'
DGAT2 5-GAA CAA AGA GGT CTT GCA GAC GAT-3' 5'-AAT AGG TGG GAA CCA GAT CAG-3'
FABP4 5'TCA TCC GGT CAG AGA GTA CTT TTA AA-3' 5'-CGA ATT CCA CGC CCA GTT T-3'

FIAF 5'-CAG GAC TGG GAT GGC AAT-3' 5'-CCT CAC CCC CCA AAT GG-3'

GPR43 5'-TCG TGG AAG CTG CAT CCA-3' 5'-GCG CGC ACA CGA TCT TT-3'

GPR41 5-GCT TGT GTG CCT TGG ACT CA-3' 5'-TGG CTC TTC TCC GTT CTT TAC CT-3'
PYY 5'-CAG CGG TAT GGG AAA AGA GAA G-3' 5'-CGT CTG TGA AGA GCA GTT TGG A-3'
MAO 5'-TGG GTT GAA GAA CCC GAG TC-3' 5'-TGA TCT TGA GCA GAC CAG GC-3'

PETI1 5'-CCC TGC TGA TCA ACA TGT ACC-3' 5'-GCC AGC AGC TCC AGT AGA AA-3'
SLC6A4 5'-AGC GAT GTG AAG GAG ATG CT-3' 5'-GGA CGA CAT CCC TAT GCA GT-3'

TPHI 5'-GCC TGC TTT CTT CCA TCA GT-3' 5'-AGA CAT CCT GGA AGC TTG TGA-3'
GCG 5'-CTC CCG TGC TCA A-3' 5-TTG TTC CGG TTC CTC TTG GT-3'
SLC2A2 no working primer 5'-CAA GCC ACC CAC CAA AGA AC-3'
SLC5A1

(SGLT1)  5.GGA ACT GGA AGC TGC ATG GA-3' 5'_AGT GGA CCC CGC AGA TGA T-3'









IL WK26	

Gene	 Forward Sequence	 Reverse Sequence	

18s	 5’-GCG ATG CGG CGG CGT TAT-3’ 	 5’-AGA CTT TGG TTT CCC GGA AGC-3’ 	

Bactin	 5’-ACG AGG CCC AGA GCA AGA-3’ 	 5’-TTG GTT ACA ATG CCG TGT TCA-3’ 	

CLDN1	

5'-CGT GAC TGC TCA GGC CAT CT-3' 	 5'-CGG TGC TTT GCG AAA CG-3' 	

CLDN3	

5'-GAC CAC CCC ACC TTC CAG AT-3' 	 5'-CTG TCC TCT TCC AGC CTA GCA-3' 	

IL-1B	

5’-GAC CTG TTC TTT GAG GCT GAC A-3’ 	 5’-AGT CAA GGG CTT GGA AGC AA-3’ 	

IL-13	

5’-GAC AGC TGG CGG GTT CTG T-3’ 	 5’- GGC ATT GCA ACT GGA GAT GTT-3’ 	

IL-10	

5'-CCC AGA AAT CAA GGA GCA TTT G-3' 	 5'-CAG CTG TAT CCA GAG GGT CTT CA-3' 	

IL-6	

5’-CCC ACC AGG AAC GAA AGT CA-3’ 	 5’-GCG GAG AGA AAC TTC ATA GCT GTT-3’ 	

MCP1	

5'-CGG TTT CTC CCT TCT ACT TCC TG-3' 	 5'-GCT CTG CCT CAG CCT TTT ATT G-3' 	

OCLDN	

5'-GAG AGA TGC ACG TTC GAC CAA-3' 	 5'-GAA TTT CGT CTT CCG GGT AAA A-3 	

TNFa	

5’-CCC AGA AAA GCA AGC AAC CA-3’ 	 5’-GCC TCG GGC CAG TGT ATG-3’	

ZO1	

5'-GCT CAC CAG GGT CAA AAT GTT T-3' 	 5'-AGT GTC ATT CAC ATC CTT CTT GTT CT-3' 	

CD36	

5'-CAT GAT TAA TGG CAC AGA TGC-3'	 5'-ACC TCA GTG TTC GAC ACT TCT CAA-3'	

DGAT1	

5'-CAG ACC AGC GTG GGC G-3' 	 5'-GAA CAA AGAG GTC TTG CAG ACG ATG-3' 	

DGAT2	

5'-GAA CAA AGA GGT CTT GCA GAC GAT-3' 	 5'-AAT AGG TGG GAA CCA GAT CAG-3' 	

FABP4	

5'-TCA TCC GGT CAG AGA GTA CTT TTA AA-3' 	 5'-CGA ATT CCA CGC CCA GTT T-3' 	

FIAF	

5'-CAG GAC TGG GAT GGC AAT-3'	 5'-CCT CAC CCC CCA AAT GG-3'	

GPR43	

5'-TCG TGG AAG CTG CAT CCA-3' 	 5'-GCG CGC ACA CGA TCT TT-3'	

GPR41	

5'-GCT TGT GTG CCT TGG ACT CA-3' 	 5'-TGG CTC TTC TCC GTT CTT TAC CT-3' 	

PYY	

5'-CAG CGG TAT GGG AAA AGA GAA G-3'	 5'-CGT CTG TGA AGA GCA GTT TGG A-3'	

MAO	

5'-TGG GTT GAA GAA CCC GAG TC-3' 	 5'-TGA TCT TGA GCA GAC CAG GC-3'	

PET1	

5'-CCC TGC TGA TCA ACA TGT ACC-3' 	 5'-GCC AGC AGC TCC AGT AGA AA-3' 	

SLC6A4	

5'-AGC GAT GTG AAG GAG ATG CT-3' 	 5'-GGA CGA CAT CCC TAT GCA GT-3' 	

TPH1	

5'-GCC TGC TTT CTT CCA TCA GT-3' 	 5'-AGA CAT CCT GGA AGC TTG TGA-3' 	

GCG	

5'-CTC CCG TGC TCA A-3'	 5'-TTG TTC CGG TTC CTC TTG GT-3'	

SLC2A2	

no working primer	 5'-CAA GCC ACC CAC CAA AGA AC-3' 	

SLC5A1 

(SGLT1)	

5'-GGA ACT GGA AGC TGC ATG GA-3' 	 5'-AGT GGA CCC CGC AGA TGA T-3'	
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COL WK26

Gene Forward Sequence Reverse Sequence

18s 5’-GCG ATG CGG CGG CGT TAT-3’ 5’-AGA CTT TGG TTT CCC GGA AGC-3’
Bactin 5’-ACG AGG CCC AGA GCA AGA-3’ 5°-TTG GTT ACA ATG CCG TGT TCA-3’
CLDNI1 5'-CGT GAC TGC TCA GGC CAT CT-3' 5'-CGG TGC TTT GCG AAA CG-3'

CLDN3 5'-GAC CAC CCC ACCTTC CAG AT-3' 5'-CTG TCC TCT TCC AGC CTA GCA-3'
IL-1B 5’-GAC CTG TTC TTT GAG GCT GAC A-3’ 5’-AGT CAA GGG CTT GGA AGC AA-3’
IL-13 no working primer

IL-10 no working primer

IL-6 5’-CCC ACC AGG AAC GAAAGT CA-3’ 5’-GCG GAG AGA AAC TTC ATA GCT GTT-3’
MCP1 5-CGG TTT CTC CCT TCT ACT TCC TG-3' 5'-GCT CTG CCT CAG CCTTTT ATT G-3'
OCLDN 5'-GAG AGA TGC ACG TTC GAC CAA-3' 5'-GAATTT CGT CTT CCG GGT AAA A-3
TNFa 5’-CCC AGA AAA GCAAGC AAC CA-3 5’-GCC TCG GGC CAG TGT ATG-3’

701 5'-GCT CAC CAG GGT CAA AAT GTT T-3' 5'-AGT GTC ATT CAC ATC CTT CTT GTT CT-3'
CD36 5-TCT CAC ACA ACT CAG ATA CTG CT-3' 5'-GCA CTT GCT TCT TGC CAA CT-3'

DGAT1 5'-CAG ACC AGC GTG GGC G-3' 5'-GAA CAAAGAG GTC TTG CAG ACG ATG-3'
DGAT2 5'-GAA CAAAGA GGT CTT GCA GAC GAT-3'  5'-AAT AGG TGG GAA CCA GAT CAG-3'
FABP4 5'-TCATCC GGT CAG AGA GTA CTT TTA AA-3' 5-CGA ATT CCA CGC CCA GTT T-3'

FIAF 5'-CAG GAC TGG GAT GGC AAT-3' 5'-CCT CAC CCC CCA AAT GG-3'

GPR43 5'-TCG TGG AAG CTG CAT CCA-3' 5'-GCG CGC ACACGATCT TT-3'

GPR41 5'-GCT TGT GTG CCT TGG ACT CA-3' 5'-TGG CTC TTC TCC GTT CTT TAC CT-3'
PYY 5'-CAG CGG TAT GGG AAA AGA GAA G-3' 5'-CGT CTG TGA AGA GCA GTT TGG A-3'
MAO 5'-TGG GTT GAA GAA CCC GAG TC-3' 5'-TGA TCT TGA GCA GAC CAG GC-3'

PET1 5'-CCC TGC TGA TCA ACA TGT ACC-3' 5'-GCC AGC AGC TCC AGT AGA AA-3'
SLC6A4  5-AGC GAT GTG AAG GAG ATG CT-3' 5'-GGA CGA CAT CCC TAT GCA GT-3'

TPHI 5'-GCC TGC TTT CTT CCATCA GT-3' 5'-AGA CAT CCT GGAAGC TTG TGA-3'
GCG no working primer

SLC2A2  5-CTG TCT GTG TCC AGC TTT GCA-3' 5'-CAA GCC ACC CAC CAAAGA AC-3'
SLC5A1

(SGLT1)

5'-GGA ACT GGA AGC TGC ATG GA-3'

5'-AGT GGA CCC CGC AGATGAT-3'









COL WK26	

Gene	 Forward Sequence	 Reverse Sequence	

18s	

5’-GCG ATG CGG CGG CGT TAT-3’ 	 5’-AGA CTT TGG TTT CCC GGA AGC-3’ 	

Bactin	

5’-ACG AGG CCC AGA GCA AGA-3’ 	 5’-TTG GTT ACA ATG CCG TGT TCA-3’ 	

CLDN1	 5'-CGT GAC TGC TCA GGC CAT CT-3' 	 5'-CGG TGC TTT GCG AAA CG-3' 	

CLDN3	 5'-GAC CAC CCC ACC TTC CAG AT-3' 	 5'-CTG TCC TCT TCC AGC CTA GCA-3' 	

IL-1B	 5’-GAC CTG TTC TTT GAG GCT GAC A-3’ 	 5’-AGT CAA GGG CTT GGA AGC AA-3’ 	

IL-13	 no working primer	

IL-10	 no working primer	

IL-6	 5’-CCC ACC AGG AAC GAA AGT CA-3’ 	 5’-GCG GAG AGA AAC TTC ATA GCT GTT-3’ 	

MCP1	 5'-CGG TTT CTC CCT TCT ACT TCC TG-3' 	 5'-GCT CTG CCT CAG CCT TTT ATT G-3' 	

OCLDN	 5'-GAG AGA TGC ACG TTC GAC CAA-3' 	 5'-GAA TTT CGT CTT CCG GGT AAA A-3 	

TNFa	 5’-CCC AGA AAA GCA AGC AAC CA-3’ 	 5’-GCC TCG GGC CAG TGT ATG-3’	

ZO1	 5'-GCT CAC CAG GGT CAA AAT GTT T-3' 	 5'-AGT GTC ATT CAC ATC CTT CTT GTT CT-3' 	

CD36	

5'-TCT CAC ACA ACT CAG ATA CTG CT-3'	 5'-GCA CTT GCT TCT TGC CAA CT-3'	

DGAT1	

5'-CAG ACC AGC GTG GGC G-3' 	 5'-GAA CAA AGAG GTC TTG CAG ACG ATG-3' 

	

DGAT2	

5'-GAA CAA AGA GGT CTT GCA GAC GAT-3' 	 5'-AAT AGG TGG GAA CCA GAT CAG-3' 	

FABP4	

5'-TCA TCC GGT CAG AGA GTA CTT TTA AA-3' 	5'-CGA ATT CCA CGC CCA GTT T-3' 	

FIAF	

5'-CAG GAC TGG GAT GGC AAT-3'	 5'-CCT CAC CCC CCA AAT GG-3'	

GPR43	 5'-TCG TGG AAG CTG CAT CCA-3' 	 5'-GCG CGC ACA CGA TCT TT-3'	

GPR41	 5'-GCT TGT GTG CCT TGG ACT CA-3' 	 5'-TGG CTC TTC TCC GTT CTT TAC CT-3' 	

PYY	

5'-CAG CGG TAT GGG AAA AGA GAA G-3'	 5'-CGT CTG TGA AGA GCA GTT TGG A-3'	

MAO	 5'-TGG GTT GAA GAA CCC GAG TC-3' 	 5'-TGA TCT TGA GCA GAC CAG GC-3'	

PET1	 5'-CCC TGC TGA TCA ACA TGT ACC-3' 	 5'-GCC AGC AGC TCC AGT AGA AA-3' 	

SLC6A4	 5'-AGC GAT GTG AAG GAG ATG CT-3' 	 5'-GGA CGA CAT CCC TAT GCA GT-3' 	

TPH1	 5'-GCC TGC TTT CTT CCA TCA GT-3' 	 5'-AGA CAT CCT GGA AGC TTG TGA-3' 	

GCG	

no working primer	

SLC2A2	 5'-CTG TCT GTG TCC AGC TTT GCA-3' 	 5'-CAA GCC ACC CAC CAA AGA AC-3' 	

SLC5A1 

(SGLT1)	

5'-GGA ACT GGA AGC TGC ATG GA-3' 	 5'-AGT GGA CCC CGC AGA TGA T-3'	
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