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Abstract 

Obesity has emerged as one of the major global socioeconomic healthcare burdens at 

present. Bariatric surgery, especially Roux-en-Y gastric bypass (RYGB) has been largely 

utilised to treat individual suffering from morbid obesity. In the current study, a 

hyperinsulinemic obese Zucker rat model was employed to study two different weight loss 

approaches, RYGB and caloric restriction. To understand the host metabolic-microbial 

cross-talk, the two major analytical platforms including nuclear magnetic resonance (NMR) 

spectroscopy and 16S rRNA gene Illumina MiSeq sequencing were used in companion with 

multivariate statistical analysis to extract useful information from data with high complexity. 

The aim of this study was to 1) characterise the genotype-associated metabolic and 

microbial fingerprints; 2) investigate the dynamic changes in biofluids from RYGB-treated or 

caloric restriction-treated obese Zucker rats; 3) investigate genotype-related, RYGB-

induced or caloric restriction-induced metabolic profiles and microbial shifts of the luminal 

contents; and 4) investigate the statistical correlation between metabolites and gut 

microbiota following either of the weight loss treatment.    

Metabolic observations of portal vein and peripheral blood plasma profiles in both obese 

and lean Zucker rats indicated the phenotype-independent absorption of short-chain fatty 

acids (SCFAs), choline and trimethylamine (TMA). However, phenotype-specific urinary 

host-microbial co-metabolites were revealed, suggesting distinct gut microbial metabolic 

activities in lean and obese Zucker rats. Furthermore, metabolic alterations induced by the 

RYGB surgery included the enhanced production of neuroactive metabolites, branched-

chain amino acid (BCAA) catabolism, aromatic amino acid metabolism with lower 

lipogenesis and SCFA production. Even though caloric restriction demonstrated some 

health benefit-related biochemical and microbial markers, its effectiveness as a resolution 

for metabolic syndrome, especially type-2 diabetes mellitus has not been observed in this 

study in spite of the significant weight reduction. 
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1. Introduction 

1.1 Introduction to obesity: prevalence, causes and treatments 

Obesity is an epidemic medical health condition, in which fat accumulation increases to 

the extent that health is adversely affected through the development of comorbidities. 

Approximately 1.5 billion adults over the age of 20 and 43 million children under the age 

of five are over-weight (Body Mass Index [BMI], a measure of weight relative to height 

≥25 kg/m2) and 500 million are clinically obese (BMI≥30 kg/m2) (World Health 

Organization [WHO], 2014) (Table 3-1). 

Table 1-1. Classification of obesity in adults  

BMI (kg/m2) Classification 

25 – 29.9 Overweight 

30 – 34.9 Obesity class I 

35 – 39.9 Obesity class II 

40 and over Obesity class III 

(Source: The World Health Organisation, 2014) 

Obesity has emerged as one of the major global socioeconomic healthcare burdens of 

the 21st century (World Health Organization, 2014). The WHO estimates a rising 

prevalence of approximately seven million per year, associated with a concomitant rise 

in obesity-related co-morbidities such as diabetes, metabolic syndrome, heart disease, 

sleep apnoea and cancer that may result in significantly increased healthcare cost and 

consumption of medical resources (Li et al., 2011a). In the United Kingdom, obesity rates 

are the highest in Europe and have increased remarkably over the past few years (World 

Health Organization, 2014). It has been reported that about 20% of the population are 

obese and costs the UK about £3 billion per year.  

High energy is derived from energy-dense food intake, in combination with markedly low 

physical activity, leading to excess energy storage and ultimately obesity (Zhang et al., 

2008a).  Although lifestyle modification is commonly used to reduce weight among obese 
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individuals, it has not yet to be reported for substantial long-term outcomes – insufficient 

weight reduction and inadequate reduction in obesity-associated complications (Mutch 

et al., 2009). Instead, bariatric surgery provides dramatic and sustained weight reduction 

in morbid obese patients and resolution of type 2 diabetes mellitus (Monte et al., 2012). 

Of three most common types of bariatric surgery including the Roux-en-Y gastric bypass 

(RYGB), Adjustable Gastric Band (AGB) and the Sleeve Gastrectomy (SG), RYGB has 

been largely employed as the gold standard procedure for the severe form of obesity 

(BMI ≥ 40 kg/m2 or BMI ≥ 35 kg/m2 with comorbidities). The idea of this treatment is to 

interfere with the ingestion and/or absorption of food. The RYGB operation results in 

changes in acid exposure to gastric remnant and proximal small bowel and restricts the 

amount and types of foods that can be ingested. Hence, it induces modest degree of 

nutrient malabsorption by shortening the length of small bowel resulting in intestinal 

dysmobility and altered gut microbiota (Aron-Wisnewsky, Dore & Clement, 2012). 

 

1.2 Studies of obesity on Zucker rat model  

Although numerous obesity studies have been performed in humans, animal models 

remain valuable for providing complementary insights into disease mechanisms (Oana 

et al., 2005).  The Zucker (fa/fa) rat has been one of the most commonly used rat models 

to study obesity over the last three decades (Oana et al., 2005). Obesity in these rats is 

caused by a mutation in a single recessive gene (fa) of the leptin receptor and is 

characterized by hyperphagia, hyperlipidaemia, hypercholesterolemia, leptin resistance, 

hyperinsulinemia, and development of adipocyte hypertrophy and hyperplasia (Unger, 

1997). 

 

A 1H NMR spectroscopy-based metabonomics study by Waldram et al. (Waldram et al., 

2009) reported higher levels of plasma lipids, choline and branched chain amino acids 

(BCAAs) and higher urinary concentrations of propionate, acetate and 3-methylglutarate 
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in Zucker obese (fa/fa) compared with the Zucker lean (fa/+) or (+/+) phenotype. 

Although many of the metabolic features that characterize the obese Zucker rat relate to 

energy metabolism, a core component of the phenotype suggests a differential signature 

in the obese phenotype arising from the gut microbiota. The role of the gut microbiota in 

creating an obesogenic environment is supported by many studies (Zhao et al., 2010). 

However, another previous analysis of the faecal microbial composition of lean and 

obese Zucker rats carried out by Lees et al. (Lees et al., 2014) found no significant 

phenotypic difference, with variation attributed to age and animal husbandry. Given the 

disagreement in findings between Waldram and Lees’ studies with regards to microbial 

composition of lean and obese Zucker rats, it is worth noting the different animal housing 

strategies employed: animals housed according to a single or mixed strains. In our study, 

we address this issue by housing animals individually. These previous studies suggested 

that a shift from investigation of biochemical composition to the metabolic functionality 

of the gut microbiota in obesity could be of great benefit. 

 

1.3 Effectiveness of obesity treatments 

According to WHO (2014), the broad principles to overcome overweight and obesity 

including lifestyle modification, pharmacotherapy and surgery have been largely 

employed depending on the BMI and comorbidities considered as the decision-making 

criteria for the appropriate approach: long-term behaviour modification (dietary change, 

enhanced physical activity, reduced sedentary behaviours and developed sleep 

patterns) and/or long-term weight maintenance strategies; and consideration of the use 

of pharmacotherapy, more intensive dietary therapies and bariatric surgery (Figure 1-1) 

(World Health Organization, 2014).  

Throughout this research project, the focus has been drawn on caloric restriction as part 

of life style modification and bariatric surgery, especially Roux-en-Y gastric bypass which 



Chapter 1 - Introduction 

25 
 

is the widely used gold standard procedure causing the most metabolic changes 

compared with other bariatric surgical types. 

 

 

Figure 1-1. Three main approaches for obesity treatment 

1.3.1 Caloric restriction 

Caloric restriction or energy restriction is a dietary regimen that promotes the reduction 

of calorie intake without incurring malnutrition or reduced essential nutrients. Caloric 

restriction was experimentally verified to possess beneficial health and lifespan effects 

in rodents over eight decades ago  (Speakman & Mitchell, 2011). The concept of limiting 

calorie intake, which has the beneficial effects on lifespan, was first discovered by McCay 

and colleagues in 1935 so that this strategy for weight loss has been long known (McCay, 

Crowell & Maynard, 1935). Despite a long history of caloric restriction, the underlying 

mechanisms are still not well understood.  

When animals are on energy restriction, their hunger increases and they show 

remarkable increase in physical activity at some certain time, which probably reflect food 

anticipatory activity and food-seeking behavior. This is consistent with the neuropeptide 

profile in the hypothalamus that indicates hunger, together with elevated neuropeptide Y 

(NPY) and Agouti-regulated peptide (AgRP) levels in response to diminished leptin 
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(Minor, Chang & de Cabo, 2009).  A previous study by Hambly et al (2007) showed the 

normalisation of hypothalamic neuropeptide pattern took place after the post-restriction 

hyperphagia, validating the level of hyperphagia as an indicator of the hunger during 

restriction (Hambly, Mercer & Speakman, 2007a). It was demonstrated that when mice 

were placed on 20% caloric restriction for between 50 and 100 days, the magnitude of 

the hyperphagic response they showed was independent of the previously given length 

of caloric restriction. Hyperphagia ended when body mass was normalised relative to the 

ad libitum fed controls. Hunger, therefore, did not diminish in mice under caloric 

restriction even when they were restricted for 100 days, which is equivalent to about 

11 years in humans (Hambly, Mercer & Speakman, 2007b).  

In regard to insulin resistance and metabolic syndrome, aging is accompanied by a 

noticeable increase in hepatic resistance to the action of insulin. In rats, 18 month-caloric 

restriction restores hepatic insulin sensitivity to the same levels observed in young rats 

aged 4-months-old (Barzilai et al., 1998a). Similarly to rats selectively bred for low 

aerobic running capacity, there is an age related development of the metabolic 

syndrome, including hyperinsulinemia, insulin resistance, visceral obesity and 

dyslipidaemia, and they further reported that hyperinsulinemia in these rats was related 

to impaired hepatic insulin clearance (Bowman et al., 2010). Following the 3-month 30% 

caloric restriction, the aforementioned metabolic abnormalities were reversed (Bowman 

et al., 2010). It was additionally shown that the age-related insulin resistance could be 

related with fat mass, especially visceral fat, elevation (Catalano, Stefanovski & 

Bergman, 2010). Both fat mass and visceral fat were decreased to about one-third, while 

lean body mass was not altered under caloric restriction condition and more importantly, 

a remodelling of body composition away from visceral fat in the calorie-restricted animals 

(Barzilai et al., 1998b). However, there are some contrasting data showing that 

individuals who lost least fat under caloric restriction survived the longest that is 

commonly known as the age and obesity paradox (Bertrand et al., 1980). Cao and 

colleagues (2001) showed that a key metabolic alteration during caloric restriction was 
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a shift from carbohydrate metabolism to fat metabolism and this is consistent with the 

work conducted by Kuhla and co-workers (2008) showing that the lifelong caloric 

restriction in mice induces a metabolic adaptation with reduced lipogenesis and 

enhanced lipolysis and ketogenesis (Cao et al., 2001; Kuhla et al., 2014). 

In parallel, it has been revealed that the beneficial effects of caloric restriction were 

exerted via the inhibition or stimulation of a relatively small number of metabolic 

pathways that interacted with and modulate a few key processes, such as oxidative 

stress and autophagy (Sanz, Caro & Barja, 2004; Ash & Merry, 2011). Studies in non-

human primates, and a limited amount of work in humans under relatively short-term 

restriction, have provided prominent results that caloric restriction provides similar 

beneficial effects (Fontana et al., 2004; Masoro, 2005).  

 

1.3.2 Bariatric surgery 

Despite the effectiveness of some extent of caloric restriction, patients who are severely 

obese with or without co-morbidities do require more meaningful and sustained weight 

loss. A non-surgical weight loss remedies that yields such effects do not exist. Therefore, 

it is not a surprise that the field of bariatric surgery has remarkably expanded from its 

modest beginning in the 1950s.    

The first jejuno-ileal bypass was performed in dogs by the three surgeons, Drs. Kremen, 

Linner and Nelson in 1954, which demonstrated the significant malabsorption of fat and 

weight loss (Kremen, Linner & Nelson, 1954), thus leading to the origin of bariatric 

surgery. A number of different operative procedures have been developed over time. 

Some proved as having high risk or harmful effects to patients have been abandoned 

while some have been evolved into safer and more effective variants.  

Roux-en-Y gastric bypass (Figure 1-2A) is the most common weight loss procedure 

performed in the United States and the United Kingdom and is considered as a combined 

approach of restrictive and malabsorptive procedures (Schmidt et al., 2013). It has been 
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reported that patients can lose more than 50% of their excess weight (MacLean et al., 

1993; MacLean, Rhode & Nohr, 2000; Pories et al., 1995). The mortality ranges from 

0.3% to 1.6% of which its thirty-day mortality is less than 1% (Suter et al., 2011; Lanyon 

& Maxwell, 2007; MacLean, Rhode & Nohr, 2000; Pories et al., 1995). However, there 

are some serious complications including deep venous thrombosis, pulmonary 

embolism, gastrointestinal leak, and long-term complications, such asanaemia, vitamin 

and mineral deficiencies (Khoursheed et al., 2011). In RYGB procedure, a 

small stomach pouch is generated and subsequently anastomosed to the jejunum. 

Bypass is then achieved by anastomosing the stomach remnant to a segment of 

jejunum, which creates an alimentary limb. The small intestine continues 

from the larger stomach remnant and is anastomosed to the jejunum via 

jejunojejunostomy to produce a biliopancreatic limb, which constructs the ‘Y’ 

configuration of the Roux-en-Y bypass (Bower et al., 2015; Mason & Ito, 1969). 

Adjustable gastric band (Figure 1-2B) is an reversible procedure that the adjustable 

silicone band is placed around the upper stomach, generating a 15 – 20 mL pouch and 

thus limiting food intake (Belachew et al., 1995). Approximately 40 – 60% of excess 

weight can be lost following the operation (Vella & Galloway, 2003; O’Brien, 2003). As 

this weight loss approach is solely restrictive, anaemia and vitamin deficiencies are 

concerned (Kothari et al., 2002). In addition to restriction-related complications, band 

slippage (2 – 4% risk), erosion into the stomach (1 – 2% risk) are also reported as 

common complications (Vella & Galloway, 2003).  
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Figure 1-2. Most common types of bariatric surgery. (A) Roux-en-Y gastric bypass, (B) laparoscopic adjustable banding, 

and (C) vertical sleeve gastrectomy. [Modified from original figure of Marihart et al (2014) (Marihart, Brunt & Geraci, 

2014)]. 

Sleeve gastrectomy (Figure 1-2C) involves the excision of the greater curvature of the 

stomach leaving tubular section along the lesser curvature and leading to early satiety 

and reduced appetite as a result of gastric restriction (Trelles & Gagner, 2007). A number 

of previous studies have shown that the results and complications of the sleeve 

procedure is between the band and RYGB. Although sleeve gastrectomy results in 

positive outcomes in weight loss, as a concern, the remaining stomach may dilate with 

time, potentially leading to weight loss failure and requiring the second bariatric 

procedure to be performed (Ser et al., 2010).   

The degree of weight loss related to bariatric surgery is dependent on the type of 

operation used. According to Swedish Obese Subjects (SOS) trial, the greatest total 

weight loss was associated with RYGB, followed by vertical banded gastroplasty (VBG) 

and laparoscopic adjustable gastric banding (LAGB) accounting for 25%, 17% and 13%, 

respectively (Sjöström et al., 2007a). Moreover, the meta-analysis results reported by 
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Buchwald (2015) stated that the degree of weight loss is lowest for restrictive procedures 

and highest for malabsorptive procedures (Buchwald & Oien, 2013). Another meta-

analysis conducted by Maggard and co-workers further showed that excessive weight 

loss was higher for patients who underwent RYGB (61.6%) or VGB (68.2%) compared 

with patients received LAGB which accounts for 47.5% (Maggard et al., 2005).   

Diabetes, hypertension and hyperlipidaemia are the most common co-morbidities 

contributing towards the devastating medical conditions of people worldwide. These 

three co-morbidities along with visceral obesity are the characteristics of  the metabolic 

syndrome, acting as strong risk factors for cardiovascular mortality (Grundy, 2008). 

However, these co-morbidities could be improved following RYGB with the resolution 

rate of 82% for diabetes, 70% for hypertension, 63% for hyperlipidaemia (Schauer et al., 

2000). The results obtained from SOS study further demonstrated that surgically treated 

patients showed significant reductions in hypertension (25%) and diabetes (75%) cases, 

and 43% improvement in levels of high density lipoprotein (Sjöström et al., 2007b). 

Moreover, non-alcoholic fatty liver disease (NAFLD) is improved by weight loss surgery 

(Klein et al., 2006). Despite the beneficial effects of bariatric surgery, faecal water from 

RYGB surgery rats was shown to be highly cytotoxic to mouse lymphoma cell line (Li et 

al., 2011b). This has raised our attention to investigating the factors, e.g. toxic microbial 

metabolites, which could contribute to the high cytotoxicity following RYGB.  

 

1.4 Gut microbiota  

Gut microbiota is composed of considerable numbers and species of microorganisms 

making up a bacterial community in the mammalian gastrointestinal tract (Sender, Fuchs 

& Milo, 2016). There are several hundred species available in the gut and the 

composition of the gut microbiota is relatively stable, comprising of Bacteroidetes and 

Firmicutes as the two most predominant bacterial phyla, followed by Actinobacteria, 
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Proteobacteria, Verrucomicrobiota and others (Eckburg et al., 2005; Lozupone, Hamady 

& Knight, 2006).  

 

1.4.1 Function of gut microbiota 

The gut microbiota is thought as the metabolically active organ providing the metabolic 

products that are beneficial for host (Lyra et al., 2010). Over the last decades, previous 

studies demonstrated the several main functions of gut microbiota, such as production 

of short-chain fatty acids (SCFA), production of vitamins, drug metabolism and other 

metabolic activity (Jandhyala et al., 2015).  

Short-chain fatty acids such as acetate, propionate and butyrate can be produced by the 

intestinal microbiota from undigested dietary carbohydrates (e.g. oligosaccharides) and 

endogenous substrates (e.g. mucin). These SCFAs have been shown to contribute to 

approximately 10% of the total caloric requirements of humans (Yuan et al., 2006; 

McNeil, 1984). Butyrate is the most preferred substrate, serving as a fuel for colonic 

mucosa. It has been shown to possess the inhibitory effect on histone deacetylases, 

resulting in hyperacetylation of chromatin and altered gene expression (Davie, 2003). 

Butyrate  has also been reported to inhibit inflammation and carcinogenesis and reduce 

oxidative stress (Canani et al., 2011). Propionate, instead, is mostly delivered to the liver 

and serves as a substrate in gluconeogenesis (Verbrugghe et al., 2012). In contrast, 

acetate acts as a de novo lipogenesis substrate in hepatocytes and adipocytes (Zambell, 

Fitch & Fleming, 2003).  

Food-related lactic acid bacteria (LAB) along with some other human gut microbiota such 

as bifidobacteria are involved in the de novo synthesis and supply of vitamins. This is 

vital as humans are incapable of biosynthesizing most vitamins; therefore, they must be 

provided exogenously (LeBlanc et al., 2013). Previous studies have also shown that 

fermented milks with high levels of B-group vitamins, such as, folate and riboflavin, can 

be produced by LAB-promoted and possibly Bifidobacterium-promoted biosynthesis. 
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Moreover, certain strains of LAB produce the complex vitamin cobalamin (or vitamin 

B12). Vitamin K is fat-soluble and essential micronutrient for vitamin K-dependent protein 

modification and activation that is involved in regulation of calcification, energy 

metabolism, and inflammation (Booth, 2009). Vitamin K contains a naphthoquinone ring 

structure and there are two major forms, namely phylloquinone (vitamin K1) and 

menaquinone (vitamin K2), which can be biosynthesized by the intestinal bacteria 

(Kindberg et al., 1987; Fujita, Kakuya & Ito, 1993).  

Intestinal microbiota has been reported to be capable of metabolizing drugs (Wilson & 

Nicholson, 2009). For example, digoxin, which is a widely used drug for treating a 

number of heart diseases, can undergo a significant metabolic conversion into cardio-

inactive metabolites by the activity of a common colonic microbiota in human, namely, 

Eggerthella lenta with the presence of arginine (Saha et al., 1983). The gut microbiota is 

also known to be able to degrade proteins releasing ammonia, sulfur-containing 

compounds, amines, indoles, p-cresol and phenol (Hughes, Magee & Bingham, 2000). 

Bioactive compounds produced by gut microbiota affect host physiology and hence 

metabolism so that understanding and controlling the composition as well as metabolic 

activity of the gut microbiota are of researchers’ interests.  

 

1.4.2 Host and microbiota co-metabolism and signalling in obesity  

Gut microbiota is composed of a diverse range of symbiotic gut bacteria and other 

microorganisms that coevolved with human and other coelomate animals. The 

colonization by gut microbiota is established soon after birth and the composition of core 

gut microbiota is essentially stable throughout adulthood even though the composition 

in early life varies (Nicholson et al., 2012). Human gastrointestinal (GI) tract harbours 

more than 1014 different species, 90% of which belong to two main phyla, namely, 

Bacteroidetes and Firmicutes. Different locations along GI tract harbour different number 

and species of the microbiota depending on variations in the environmental niche. Their 
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composition and activity depend on host genome, early life exposure to the microbiota, 

nutrition, lifestyle, medication and so on (Holmes et al., 2012). They are involved in the 

multiple host metabolic pathways giving rise to evolutionary fitness of host (Hamady & 

Knight, 2009). Host and microbiota co-metabolism and signalling involve a vast array of 

small molecules from food and xenobiotics. These molecules play vital roles in shuttling 

information between host cells and microbial symbionts. For example, dietary fibre or 

complex carbohydrate are digested and fermented by gut microbes in order to yield 

SCFAs. These SCFAs are essential for host health and disease risks and can be sensed 

by G-protein coupled receptors expressed by gut enteroendocrine cells (Tang et al., 

2011; Kimura et al., 2014). Another example of the gut microbial functions is bile acid 

metabolism. Glycine- or taurine-conjugated bile acids can be deconjugated by gut 

bacteria that possess bile salt hydrolases  (Ridlon, Kang & Hylemon, 2006). Turnbaugh 

et al. (2006) showed the role of the gut microbiota in weight regulation in a mouse model. 

The same publication also reported that the gut microbiota in obese individuals was more 

efficient than that of lean individuals in extracting energy from diet and promoting fat 

storage in adipose tissue (Turnbaugh et al., 2006). 

 

1.4.3 Gut microbiota in relation to obesity, caloric restriction and bariatric surgery  

Previous studies show that gut microbiota exert metabolic effects on host through 

several different mechanisms in order to interact with host and regulate energy 

metabolism (Jandhyala et al., 2015). Ley and co-workers (2005) have reported the 

difference between lean and obese animals and humans and further reported that the 

Bacteroidetes/Firmicutes ratio was lower in obese subjects than lean individuals (68). 

The Bacteroidetes/Firmicutes ratio of obese individuals who lost weight following 1-year 

carbohydrate-restricted and fat-restricted diets was found to be more similar to lean 

individuals and this phenomenon also occurred in an animal experiment (69). Turnbaugh 

and colleagues (2006) showed that mice receiving microbiota from obese donors gained 

more weight compared with the lean-type microbiota in spite of the equal food intake. In 
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contrast to mice with lean-type microbiota, the Bacteroidetes/Firmicutes ratio of mice 

receiving obese-type microbiota was lower with increased concentrations of 

fermentation end products and lower calories remaining in the faeces, indicating the 

transmissible obese-type energy extraction capabilities (Turnbaugh et al., 2006). 

Furthermore, rural African children demonstrated significantly higher proportion of 

Bacteroidetes compared with European children who usually had higher calorie intake 

(De Filippo et al., 2010). In line with the previous study mentioned above, fasted mice 

had greater the Bacteroidetes/Firmicutes ratio compared with the non-fasted mice 

(Crawford et al., 2009).  However, Ley and co-workers (2010) showed the inconsistent 

proportion of Bacteroidetes in obese and lean humans suggesting the inter-individual 

variation that may affect the composition of the gut microbiota (Ley, 2010).   

Mice treated with caloric restriction showed increased abundance of Proteobacteria and 

Verrucomicrobia in their faeces compared with ad libitum group and percentage body 

weight loss was related to Proteobacteria abundance (Bartley et al., 2017). Caloric 

restriction-induced changes in microbiota in animal experiments have also been 

observed in humans. After long-term caloric restriction, distinct alteration in the 

microbiota compared with obese adolescents was clearly seen in the treatment group 

and this approach has been demonstrated to induce shifts in total and E-galactosidase 

(EGAL)-containing microbiota, decreasing the Firmicutes/Bacteriodetes ratio, and thus 

enhancing the growth of Bacteroides, Roseburia, Faecalibacterium and Clostridium XIVa 

that possess some beneficial effects, evidenced by the similar structure and composition 

to lean adolescents (Ruiz et al., 2017). A previous study demonstrated that the 

abundance of Akkermansia muciniphila was inversely associated to fat mass and 

glucose intolerance in mice (Shin et al., 2014). In line with the animal study mentioned 

above, a study based on 49 overweight or obese adults who were calorie-restricted for 

6 weeks showed that the baseline Akkermansia muciniphila counts was inversely related 

to fasting glucose, waist-to-hip ratio, and adipocyte diameter in subcutaneous white 

adipose tissue (Dao et al., 2016). Individuals showing greater microbial gene richness 
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and Akkermansia muciniphila had the healthiest metabolic status, particularly in fasting 

glucose, triglycerides and body composition. In other words, higher abundance of 

baseline Akkermansia muciniphila  was associated with greater improvement in insulin 

sensitivity and other clinical parameters after caloric restriction (Dao et al., 2016).  

Some studies in human and rodents have demonstrated that bariatric surgery resulted 

in a marked shift in the composition of the gut microbiota, from predominantly Firmicutes- 

and Bacteroidetes-dominated toward Gammaproteobacteria-dominated community 

(Zhang et al., 2008b; Li et al., 2011a). This significant change in microbial profiles post 

RYGB is believed to contribute to postoperative weight loss. Liou et al. showed a 

reduction in body adiposity of animals transplanted with RYGB-microbiome compared 

with ones with Sham-microbiome (Liou et al., 2013). In addition, RYGB induces both 

metabolic alterations in energy metabolism and urinary excretion of host-gut microbial 

co-metabolites such as 4-cresyl sulfate, phenylacetateglycine and choline degradation 

products (Smith & Macfarlane, 1996). Another study showed that the higher levels of 

trimethylamine, hippurate and trigonelline in urine of RYGB-operated mice indicate the 

microbial disturbance caused by RYGB surgery (Seyfried et al., 2013). In addition to the 

changes in gut microbiota composition and metabolic effects, it has been found that 

faecal water of rat undertaken RYGB surgery is highly cytotoxic to rodent cells compare 

to sham-operated control (Li et al., 2011b). Prolonged cytotoxic loads could cause long-

term inflammation to host cells, potentially resulting in cancer risk, which is in agreement 

with a human study where obesity surgery was reported to be associated with an 

increased risk of colorectal cancer over time (Derogar et al., 2013).  

Collectively, metabolic activity and the composition of gut microbiota play significant 

roles in regulating host metabolism. In order to monitor the alteration of host-microbial 

co-metabolism, metabonomics, which is one of the omics methodologies, has been 

developed to accommodate the drive to express an organism’s behaviour at the global 

systems biology level.  
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1.5 Overview of metabonomics 

Metabonomics, defined as “the quantitative measurement of the dynamic 

multiparametric metabolic response of living systems to pathophysiological stimuli or 

genetic modification”, is able to reflect the metabolic fingerprints of biofluids and tissues 

(Nicholson, Lindon & Holmes, 1999). Metabonomics or metabolic profiling is 

underpinned by various high resolution spectroscopic analytical platforms in combination 

with multivariate data analyses to monitor the complex biological conditions and 

elucidate a map of host-microbial metabolic interaction (Nicholson et al., 2012).  

 

1.5.1 Outline of metabolic profiling methods 

Metabonomics involves several steps comprising of sample collection and preparation, 

analysis of biochemical composition, multivariate data analysis for biomarker 

identification and statistical model validation (Nicholson & Lindon, 2008). A wide 

spectrum of samples can be analysed with metabolic phenotyping such as urine, faeces, 

serum, plasma, tissues, saliva, sweat, breath culture media and cell extract using the 

high-throughput instruments, of which the main analytical platforms include nuclear 

magnetic resonance (NMR) spectroscopy and mass spectrometry (MS). Sample 

preparation is simple and straightforward in the case of NMR. For liquid chromatography-

MS, the extraction method is dependent on the nature of samples and the chosen 

analytical assays (Lenz & Wilson, 2007). Several studies have shown the effects of 

sample preparation on metabolic profiling, suggesting that appropriate protocols are 

essential (Yin, Lehmann & Xu, 2015; Gong et al., 2017). Data obtained from these 

technologies are considered as data-rich data sets with high complexity. Therefore, 

computer-based analytical tools, specifically pattern recognition, is required in order to 

extract significant information from large and complex data sets. Pattern recognition 

helps simplify huge and complex data and provide easy data visualisation of the 

similarities and differences between observations. These spectroscopic can also be 
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correlated with other clinical parameters such as body mass index and histological grade 

of pathology that need both statistical and biological validation for potential biomarkers 

before the applications in clinical diagnosis and surgical or therapeutic decision-making 

(Yong Chan, Mal & Pasikanti, 2012).  

 

1.5.2 Basic principles of NMR spectroscopy 

NMR spectroscopy, a very robust and highly reproducible platform, exploits the spin 

property of nuclei, which is a physical phenomenon where nuclei can absorb and re-emit 

electromagnetic radiation in a magnetic field. 1H and 13C are the most commonly used in 

metabonomics, particularly 1H, because of its great abundance in biological samples and 

also high sensitivity to NMR. When the nuclei are excited by a strong and short 

radiofrequency pulse, the NMR absorption spectra are received for the spin-active nuclei 

and reflect the electronic and chemical environment of each nucleus in a time domain 

space that require Fourier transformation for the transformation into the frequency 

domain, enabling the NMR spectra interpretation based on the chemical shift scale (ppm: 

part per million), the number of the splitting pattern of peaks (peak multiplicity) and the 

distance between split peaks (coupling constant, J). The external magnetic field and the 

shielding effects of the electron cloud determine the resonance frequency of a nucleus, 

but a reference chemical shift scale is routinely used, allowing the comparison of spectral 

data obtained from instruments with different strengths of external magnetic field. Peak 

multiplicity and spin-spin couplings are due to the neighbouring nuclei interaction through 

electron bonds. NMR spectroscopy is quantitative; the peak integral area is proportional 

to the metabolite concentration. In the current thesis, the peak integral areas are 

considered as relative abundance to allow the comparison of the metabolite abundances 

between different samples. Another advantage of NMR spectroscopy is generation of 

macromolecule or lower-molecular weight molecule profiles by diffusion-edited 

spectroscopy, without the need of pre-separating process of the samples. This is very 

useful for profiling biochemical composition of blood plasma, which contains both small 
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molecules (e.g. amino acid and glucose) and macromolecules (e.g. lipids and 

lipoproteins).  

1H NMR spectra are typically acquired on a high-field NMR spectrometer using a 

standard one-dimensional (1-D) pulse sequence with water resonance suppression. A 

typically used standard sequence is [recycle delay (RD)-90˚-t1-90˚- tm-90˚-acquire free 

induction decay (FID)]. The water signal is suppressed by a selective irradiation during 

recycle delay and the mixing time (tm) allowing the better visualisation of other 

biochemical components. Two-dimensional (2-D) NMR spectroscopy, providing more 

detailed structural information, can be used for molecular identification. Typically, a small 

set of representative samples are chosen for the 2-D analysis as the acquisition time is 

much longer than for 1-D experiment. 1H-1H correlation spectroscopy (COSY) and 1H-1H 

total correlation spectroscopy (TOCSY) give information on the connectivities of proton. 

For example, they indicate which proton is adjacent to which cluster of protons. 1H-13C 

heteronuclear single-quantum correlation and 1H-13C heteronuclear multiple-bond 

correlation spectroscopy indicate correlation between protons and carbons in a molecule 

(Wishart, 2008; Markley et al., 2017).  

 

1.5.3 Basic principles of mass spectrometry 

Mass spectrometry, usually coupled with a separation system such as liquid 

chromatography (LC), gas chromatography (GC) or capillary electrophoresis (EC) to 

reduce the complexity of the biological sample, has been widely employed for both 

targeted and untargeted metabolic profiling experiments. Amongst the available 

separation techniques at present, ultra-performance liquid chromatography (UPLC) is 

often chosen since it reduces the experimental running time by approximately ten-fold 

compared with the conventional LC system. Another benefit of UPLC system is the 

reduction of ion suppression problem by the higher resolution of peak separation. 

Hydrophilic interaction LC (HILIC)-UPLC-MS has good retention of polar compounds and 
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has begun to be widely used in metabonomic study (Want et al., 2013; Vinaixa et al., 

2012). GC is appropriate for volatile compounds and has the advantage of well-

developed database for metabolite identification. Derivatisation is a prerequisite stage 

that becomes the limitation of this technique. GC-MS is, however, the preferred method 

for measuring SCFAs, hence a useful tool for characterising the functionality of gut 

microbiota in terms of energy production (Mulat & Feilberg, 2015). Capillary 

electrophoresis (CE)-MS is another analytical platform that is becoming more popular 

because of its low instrument cost and easy establishment. CE separates metabolites 

based on charge-to-mass ratios and is appropriate for analysing polar and charged 

compounds. However, this technique is still not suitable for high-throughput analysis and 

biomarker identification can be difficult as it requires other confirmation approach such 

as tandem MS or running standard chemicals (Ramautar, Somsen & de Jong, 2009).  

Following the separation system, a mass spectrometer produces multiple ions from the 

sample under investigation, it then separates them according to their specific mass-to-

charge ratio (m/z), and then records the relative abundance of each ion type. The first 

step in the mass spectrometric analysis of compounds is the generation of gas phase 

ions of the compound, basically by electron ionization. This molecular ion undergoes 

fragmentation. Each primary product ion derived from the molecular ion, in turn, 

undergoes fragmentation, and so on. The ions are separated in the mass spectrometer 

based on their m/z ratio, and are detected in proportion to their abundance. A mass 

spectrum of the molecule is thus created. It illustrates the result in the form of a plot of 

ion abundance against mass-to-charge ratio. Ions provide information concerning the 

nature and the structure of their precursor molecule. In the spectrum of a pure 

compound, the molecular ion, if present, appears at the highest value of m/z (followed 

by ions containing heavier isotopes) and the molecular mass of the compound is then 

obtained (Hoffmann & Stroobant, 2007). 
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1.5.4 Multivariate statistical analysis 

Multivariate statistical analysis, in metabonomics, comprises of both unsupervised and 

supervised multivariate statistical methods. Unsupervised approach such as principal 

component analysis (PCA) and hierarchical cluster analysis are used to generate a 

model that indicates the intrinsic similarities or differences without prior class 

membership information. The other type is supervised technique, for example, projection 

to latent structures (PLS) and projection to latent structures-discriminant analysis (PLS-

DA) that generate the statistical model involving the information of class membership 

which is used to optimise the separation between different classes and thus requiring 

the model validation (Worley & Powers, 2012).   

 

1.5.4.1 Principal component analysis (PCA) 

Principal component analysis is a commonly used unsupervised method. PCA can 

reduce the complexity of the metabolic information, identify outliers and detect pattern in 

data. Spectral data can simply be defined as an X matrix containing N rows 

(observations) and K columns (variables). Samples can be plotted in K dimensional 

space and usually be mean-centred, which means the average value of each variable is 

calculated and subtracted from data, improving the interpretability of the models. 

However, without proper scaling methods, it may highlight the variation in the prominent 

features, for instance, signals from metabolites present at high concentrations. A feature 

with a wide numerical range can contain a large variance while features present at low 

concentrations could possess smaller variance. To avoid the dominance of the variables 

with a large variance on the models, scaling is therefore essential in pre-processing of 

spectral data and optimising information recovery. There are several widely used scaling 

methods, for example, scaling to unit variance (UV) and Pareto scaling (PAR). For UV 

scaling method, each variable is divided by its standard deviation, such that the weight 

of a variable with a large variance will become smaller whilst a small variance of a 
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variable will be stretched. Therefore, all the variables have equal variance and no 

domination of some variables is seen, giving rise to small variations in the levels of low 

concentration signals in the spectral data to be detected. This scaling method is very 

useful when variables have a broad range of variance and are not directly comparable. 

However, scaling to unit variance could sometimes make models prone to artefacts 

generated by noise. Therefore, it is not typically used for UPLC-MS data. Instead, PAR 

scaling method is normally used for UPLC-MS data. In PAR scaling method, each 

variable is divided by the square root of its standard deviation. This method is 

compromising between no scaling and UV scaling. PCA compresses a large data set by 

reducing dimensionality without much loss of information. It defines an axis of the first 

principal component (PC1) through the mean centre of the data and minimises the 

square of the distance of each point to that axis, which is also called the coordinate 

value, or scores represented by tb where b is the number of the component. The first 

component, in other words, expresses the maximum variation in the data. Then, the 

second principal component (PC2) must meet three criteria; 1) it must pass through the 

centre point; 2) it must be orthogonal to the first component; and 3) it must best describe 

the data set using the remaining variables. The subsequent components in the same 

model follow the same rules and it is hence that all components occur in an order of 

significance. In case that a 2-D plane is defined by PC1 and PC2, all data points 

representing all observations are projected onto this plane and the resulting diagram is 

called scores plot, where the points in the same cluster sharing the similarity. The 

corresponding loading plot (pb, where b is the number of the component) illustrates 

variables influencing the score plot, revealing information on the relationship between 

the patterns of similarities or differences in the scores plot and suggesting the 

discriminatory metabolites between the two discrete conditions (Worley & Powers, 2012; 

Abdi & Williams, 2010). 
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1.5.4.2 Projection to latent structures (PLS) and orthogonal signal correction PLS 

(O-PLS) 

PLS, extensively used regression modelling, comprises X matrix (e.g. NMR spectral 

data) and Y matrix, representing quantitative values or some sorts of measurement of 

responses. PLS model indicates the linear connection between data set X and the 

corresponding response Y. The systematic variation in matrix X, which are not related to 

matrix Y, however, introduces some noise into the model and may compromise the 

strong and distinct correlation between the two matrices, resulting in concealing the 

metabolite biomarkers. O-PLS is an optimized method based on PLS. It applies the data 

filtering algorithm to the data set before conducting PLS analysis. The orthogonal signal 

correction is a mathematical tool, which can remove or suppress the systematic 

variations from matrices X and Y that are non-relevant to the correlation of X and Y. O-

PLS helps separate the systematic variation in matrix X into a linear correlation to Y, and 

a non-correlation to Y by adding orthogonal components (Trygg & Wold, 2002).  

 

1.5.4.3 Projection to latent structures-discriminant analysis (PLS-DA) and O-PLS-

DA 

PLS-DA is a special case of PLS and it addresses the separation between the discrete 

classes by the use of class membership indicator in matrix Y. Y contains quantitative 

values defining two or more classes encoded in discrete fashion. PLS-DA method gives 

a maximum separation of observations in matrix X based on the classification information 

in matrix Y. O-PLS-DA is the extension of PLS-DA approach and the O-PLS-DA models 

remove or suppress the variations that is uncorrelated to classification indicated in Y 

(Cloarec et al., 2005). 
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1.6 16S ribosomal RNA (rRNA) sequencing 

The microbiota have been shown to play an important role in diverse biological 

processes including immunity, metabolism, and digestion. Assessing the exact 

composition of the microbiota has proven challenging due to the unknown growth 

specificities of its members, and culture‐based approaches typically fail to capture the 

complete diversity of microorganisms. 16S ribosomal RNA (rRNA) sequencing is a 

common amplicon sequencing approach used to identify and compare bacteria within a 

given sample. 16S rRNA gene sequencing is a well-established method for studying 

phylogeny and taxonomy of samples from complex microbiomes or environments such 

as gastrointestinal tract (Shah et al., 2011).  

Ribosomes are complex organelle found in all living cells, which is involved in protein 

synthesis machinery. Ribosome consists of two subunits, each of which is composed of 

protein and a type of RNA, known as ribosomal RNA (Anon, 1972). Prokaryotic 

ribosomes consist of 30S subunit (small sub unit) and 50S subunit (large sub unit), where 

S stands for Svedberg unit, a non-SI unit for sedimentation rate. 30S subunit is 

composed of 16S ribosomal RNA and 21 polynucleotide chains, while 50S subunit is 

composed of two rRNA species, the 5S and 23S rRNAs (Malhotra, 2002). The presence 

of hypervariable regions in the 16S rRNA gene gives a species-specific signature 

sequence, which is useful for bacterial identification process. As a result, 16S rRNA gene 

sequencing has become prevalent in microbiology and microbial ecology as a rapid and 

accurate alternative to phenotypic methods of bacterial identification (Janda & Abbott, 

2007). 

The 16S rRNA sequencing experiment is typically carried out using 454 pyrosequencing, 

specifically 454 Genome Sequencer FLX machine, amplicons (sequence reads) of one 

or two tandem variable 16S rRNA gene regions are quantified and subsequently 

assigned to microbial phylogenies and hence to taxonomies. The Illumina genome 

analyzer instruments could routinely produce more than ten times the number of reads 

per run compared with the 454 Genome Sequencer FLX platform, albeit of much shorter 
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lengths, typically between 100 and 150 bp. Briefly, by extracting the entire DNA content 

of a microbiota sample and performing a targeted high‐throughput sequencing of the 

16S rRNA gene, a phylogenetic marker for prokaryotes, prediction of the composition of 

the entire bacterial community is made possible (Rapin et al., 2017).  

 

1.7 Research aims and objectives 

The overall aim is to investigate the host-microbial interactions in obesity, bariatric 

surgery and caloric restriction using a Zucker obese rat model.  

Objectives are as below:  

1) To investigate obese phenotype- and lean phenotype-specific metabolic profiles in 

biofluids (urine, faecal extracts, peripheral and portal vein plasma) of Zucker rat model 

(Chapter 3); 

2) To investigate metabolic profile alterations in biofluids (urine, faecal extracts, 

peripheral and portal vein plasma) post-RYGB surgery or caloric restriction in 

hyperinsulinemic obese Zucker rat model (Chapter 4);  

3) To investigate metabolic profile alterations in gastrointestinal contents (gastric, 

duodenal, upper-jejunal, lower-jejunal, ileal and colonic contents) post RYGB surgery or 

caloric restriction (Chapter 5); 

4) To investigate changes in gut microbial composition of gastrointestinal contents 

(gastric, duodenal, upper-jejunal, lower-jejunal, ileal and colonic contents) post RYGB 

surgery or caloric restriction in hyperinsulinemic obese Zucker rats (Chapter 5);   

5) To integrate the key metabolites with the microbial profiles to investigate mammalian-

microbial interactions following RYGB surgery (Chapter 5). 
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 2. Methodology 
 

This chapter describes study design and standard procedures for sample collection for 

1H NMR spectroscopy analysis and ultra-performance liquid chromatography mass-

spectrometry, together with general parameters availed in multivariate statistical analysis 

of spectroscopic data. Furthermore, 16S rRNA gene Illumina MiSeq sequencing of 

intestinal content samples are also mentioned in this chapter.  

 

2.1 Study design  

Thirty-one obese (fa/fa) and five lean (fa/+) male Zucker rats were housed individually 

and maintained under standard housing conditions of a 12h/12h light/dark cycle provided 

access to standard chow and water ad libitum. All experiments complied with the Animal 

(Scientific Procedure) Act 1986. Preoperatively, all animals were acclimatised for 2 

weeks. Thirty one obese Zucker (fa/fa) rats were randomised into four groups: (1) RYGB-

operated rats (RYGB, n =11); (2) sham-operated rats on ad libitum feeding (sham-obese, 

n = 5); (3) sham-operated with food restriction to match the body weight of the RYGB 

group (sham-BWM, n = 5); and five lean Zucker rats were also included as lean control. 

All operation procedures were performed by Dr Florian Seyfried (Department of Surgery, 

University of Wuerzburg, Germany). In brief, rats were anaesthetized using isoflurane 

(4% for induction, 3% for maintenance). The abdomen was shaved and a midline 

laparotomy was performed. The Sham-surgery comprised a gastrectomy (7mm) on the 

anterior wall of the stomach, which was subsequently closed, followed by a jejunotomy 

(7mm) which was subsequently closed. The RYGB procedure consisted of creating a 

small gastric pouch from the stomach and bypassing the remaining stomach and the 

duodenum (termed the ‘biliopancreatic’ limb) to form a Y-shaped structure. This structure 

was completed through the attachment of the biliopancreatic and alimentary limbs with 

a 10 cm common channel.  Urinary and faecal samples were collected at pre-operation 

and 1,2 and 3 weeks post-operation and directly stored at -80 °C. At 3-week post-

operation, the peripheral and portal vein blood were collected into lithium heparin vials 
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and centrifuged at ~2,400 x g for 20 minutes to obtain plasma which was snap-frozen at 

-80°C. In addition, gastrointestinal (GI) contents obtained from stomach, duodenum, 

upper-jejunum, lower-jejunum, ileum and colon were collected, snap-frozen and stored 

at  -80°C. 

 

Figure 2-1. Schematic diagrams illustrate (A) study design and (B) sample collection. 

 

2.2 Body weight and food intake measurement 

Animals and food were weighed on a daily basis during the experiment, using a Mettler 

balance with an accuracy of 0.1 g (Im Langacher, Switzerland). 

 

2.3 Measurement of oral glucose tolerance, glucose and fasting insulin  

An oral glucose tolerance test (OGTT) was performed at the beginning of the dark cycle 

in all animals.  In order to avoid oral gavage and therefore to reduce discomfort and 

pressure on the upper anastomosis, animals were trained to drink 10 ml/kg body weight 

of a 25% glucose solution within 10 min after an overnight fast on two occasions before 

the OGTT was performed. After an 8 hour overnight fast, blood glucose was measured 
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(Breeze 2® glucometer, Bayer, Zurich, Switzerland) in conscious rats at baseline, and 

15, 30, 60 and 120 minutes after glucose ingestion. Blood was obtained from the tail vein 

by a small incision. A drop of blood (approximately 1 μL) was applied directly to a 

glucometer and 100 µl were collected at each time point in tubes containing EDTA and 

a dipeptidyl peptidase-4 inhibitor. The plasma fraction was separated by centrifugation 

at 4°C, 8000 rpm and stored at -80°C. Total insulin was measured using the 

Ultrasensitive Rat Insulin ELISA (Merodia AB, Sweden 10-1251-10). 

 

2.4 Measurement of pH 

pH of gastrointestinal samples were measured using a pH meter (Thermo Scientific 

Orion) connected with a microprobe. The pH meter was calibrated for pH 4 – pH 10. 

Following the calibration, the microprobe was placed in the sample until the measure 

was obtained. The probe was then rinsed with deionised water before using with the 

subsequent sample.  

 

2.5 Sample preparation for 1H NMR analysis, pre-processing and statistical 

analysis of 1H NMR spectral data 

During sample preparation and 1H NMR spectral data acquisition, samples were 

randomised in order to reduce the confounding effect of any potential systemic time-

related variation in experimental factors, for example variation in room temperature. The 

sample preparation steps for 1H NMR analysis used throughout the study are all 

validated in-house protocols (Beckonert et al., 2007a; Dona et al., 2014). 

 

2.5.1 1H NMR spectroscopy-based metabolic profiling of faecal water 

Approximately 250 mg of homogenised faecal samples were mixed with 500 μL HPLC-

grade water in 1.5 mL microtubes. The mixtures were sonicated for 3 x 10 minutes at 

25°C and vortexed when each sonication cycle is completed. The mixtures were 

centrifuged at 16,000 x g for 10 min at 4°C. A total of 400 μL faecal water extract was 

transferred into a clean 1.5 mL microtubes and mixed with 250 μL of 0.2 M sodium 
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phosphate buffer (100% D2O, 0.01% TSP (3-(trimethylsilyl)propionic-2,2,3,3-d4 acid 

sodium salt) as a chemical shift reference, and 3 mM sodium azide (NaN3) as a 

bacteriostatic reagent, pH 7.4). The mixture was vortexed and centrifuged at 16,000 x g 

for 10 min at 4°C and 600 μL of supernatant was transferred into NMR tube with an outer 

diameter of 5 mm. 

 

1H NMR spectra of all faecal samples were acquired using a 600 MHz spectrometer 

(Bruker Avance III, Bruker Biospin, Germany) with 5 mm broadband inverse 

configuration probe with a z axis magnetic field-gradient capability operating at 600.13 

Mhz for proton. D2O solvent in the sample buffer was used to lock the magnetic field. A 

standard 1-dimensional (1-D) NMR pulse [recycle delay (RD)-90°-t1-90°-tm-90°-acquire 

free induction decay (FID)] was employed at 300 K for the acquisition of faecal water 

spectra. A total of 128 scans were recorded into 64 k data points with a spectral width of 

20 ppm. 

 

2.5.2 1H NMR spectroscopy-based metabolic profiling of urine samples 

Urine samples were prepared by combining 400 μL of urine with 250 μL of 0.2 M sodium 

phosphate buffer (100% D2O, 0.01% TSP, and 3 mM sodium azide (NaN3), pH 7.4). The 

mixture was vortexed and centrifuged at 16,000 x g for 10 min at 4°C and 600 μL of 

supernatant was transferred into NMR tube with an outer diameter of 5 mm pending for 

NMR analysis. 

 

1H NMR spectra of all urinary samples were acquired using a 600 MHz spectrometer 

(Bruker Avance III, Bruker Biospin, Germany) with 5 mm broadband inverse 

configuration probe with a z axis magnetic field-gradient capability operating at 600.13 

MHz for proton. D2O solvent in the sample buffer was used to lock the magnetic field. A 

standard 1-dimensional (1-D) NMR pulse [recycle delay (RD)-90°-t1-90°-tm-90°-acquire 

free induction decay (FID)] was employed at 300 K for the acquisition of urine spectra. 

A total of 128 scans were recorded into 64 k data points with a spectral width of 20 ppm. 
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2.5.3 1H NMR spectroscopy-based metabolic profiling of plasma samples 

Plasma samples were first vortexed before 400 μL was combined with 250 μL of saline 

solution (0.9% NaCl w/v, 20% D2O). The mixture was vortexed and centrifuged at 16,000 

x g for 10 min at 4 °C before 600 μL of the supernatant was transferred to a 5 mm outer 

diameter NMR tube. A Carr−Purcell−Meiboom−Gill (CPMG) pulse sequence 

[RD−90°−(ꞇ−180°−ꞇ)n−acquisition] was applied to plasma samples at 310 K (2ꞇn=76.8 

ms) in order to improve the visualization of signals generated from low molecular weight 

metabolites. A total of 32 scans were recorded into 72 k data points with a spectral width 

of 20 ppm.  

 

2.5.4 Pre-processing of 1H NMR spectra 

1H NMR spectra obtained from the rat samples were automatically pre-processed in 

TopSpin 3.1 software which included phasing, baseline correction and referencing to 

TSP peak in urinary and faecal spectra at G1H 0 or the anomeric proton from D-glucose 

at G1H 5.223 in plasma spectra.  

 

The high resolution integration of peaks in the spectra creates huge data matrices which 

require powerful software; MATLAB (MathWorks) has been employed in this study. The 

NMR spectra were subsequently transferred into MATLAB software and digitised into 20 

k data points with a resolution of 0.0005 ppm using a script developed in-house by Dr 

Olivier Cloarec at Imperial College London. The water peak was excised from urinary 

(G1H 4.72 and 4.90), faecal (G1H 4.50 and 5.10) and plasma (G1H 4.50 and 5.10) spectra 

in order to minimise the effect of the remaining baseline distortion caused by imperfect 

water suppression. In addition, regions between G1H 5.45 and 6.15 containing urea 

signals were removed from urinary spectra. Citrate (G1H 2.48 and 2.70) was removed 

from plasma spectra. If these regions of the spectra were not removed it would confound 

the multivariate statistical analysis.  



Chapter 2 – Methodology 
 

50 
 

 

Following the import of acquired and pre-processed spectra into MATLAB and the 

removal of uninformative regions, the spectral peaks were aligned to adjust for shifts in 

peak position due to small pH differences between samples.  

 

2.5.5 Multivariate statistical analysis of 1H NMR spectral data 

The resulting NMR spectra were imported into SIMCA 14.0 (Umetrics) to conduct 

principal component analysis (PCA) with a unit variance (UV) scaling method, followed 

by an orthogonal signal correction-projection to latent structures-discriminant analysis 

(O-PLS-DA) in MATLAB (R2014a) environment using in-house developed scripts. 

MATLAB was used to generate O-PLS-DA coefficient plots, with a colour visualization of 

correlation values (r2) of each variable. Red colour indicates higher correlation whilst 

blue indicates lower correlation of the variables with the classification. The fitness and 

predictability of the models obtained from OPLS-DA were determined by the R2 and Q2 

values, respectively. The O-PLS-DA models in the current study were established based 

on one PLS component and one orthogonal component using mean-centred and UV-

scaled spectral data sets. Metabolic profiles of urine, faeces at all time points and 

peripheral plasma at the last time point from both lean and obese Zucker rats were 

correlated with body weight using O-PLS regression analysis. Fasting insulin levels from 

all groups were statistically correlated with urinary and faecal profiles at the last time 

point, and the portal vein and peripheral plasma profiles using O-PLS regression 

analysis. The validation of all O-PLS-DA and O-PLS models involved in this study was 

assessed using 1,000-times permutation test. To assist metabolite assignment, J-

resolved spectroscopy (JRES) was carried out along with the use of in-house and public 

databases (Wishart et al., 2018) and previously published literatures (Beckonert et al., 

2007b; Foxall et al., 1993; Nicholson et al., 1984). Further assignment of metabolites 

was also accomplished with the use of statistical total correction spectroscopy 

(STOCSY) on 1-D spectra. 
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2.5.6 Univariate statistical analysis of selected 1H NMR metabolites 

Selected metabolites were integrated using an in-house MATLAB script written by Dr 

Jake Thomas Midwinter Pearce (Imperial College London). Resonances to be integrated 

were carefully selected such that no other peaks overlapped with the peak of interest. In 

addition, variation in integral width and baseline between samples was avoided so as 

not to confound the relative spectral intensities obtained. 

Univariate statistical analysis was performed on the integral values using R 3.1.0. When 

data from two groups were compared, a two-tailed heteroscedastic t-test with Benjamini-

Hochberg FDR correction was used to identify the statistical significance of differences 

between the groups. 

 

2.6 Ultra-performance liquid chromatography mass-spectrometry 

2.6.1 Aqueous and organic metabolite extraction 

Aqueous and organic metabolite extraction in this study was performed based on the 

optimized standard procedure previously developed by Dr Panagiotis Vorkas (Imperial 

College London). In brief, approximately 150 mg of intestinal contents obtained from 

stomach, duodenum, upper-jejunum, lower-jejunum, ileum and colon, along with faeces 

were weighed out and individually loaded into bead beating tubes (Percellys) filled with 

zirconia beads. A prechilled methanol (MeOH)/water solution (1:1) was added to the 

samples. The volume of the solution was adjusted according to weight of the sample 

starting up to a maximum weight with 1.5 mL, and reduced proportionally to sample 

weight (100 μL of solvent/28 mg of sample). Aqueous metabolite extraction was 

performed using a bead beater (Bertin Technologies) after freezing on dry ice. The bead 

beater was set to 6500 Hz for 40 s with another 2 cycles were performed separated by 

freezing of the samples on dry ice. Bead beating was followed by centrifugation 

(Eppendorf, Centrifuge 5417R, Germany) at 13000g for 20 min, at 4°C. Aliquots of 100 

μL (25 mg of tissue/100 μL of aliquot) of the supernatant were obtained into 
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microcentrifuge tubes. Samples were spun in a vacuum concentrator for 3 h at 45°C 

(Eppendorf Concentrator Plus, V-AQ mode) until dry and stored at -40°C.  

 

Following aqueous extraction, a solution of prechilled dichloromethane (DCM)/MeOH 

(3:1) was added to the residual pellet. The volume of the solution was proportional to the 

sample weight as described in previous paragraph. Samples were frozen on dry ice and 

reloaded into the bead beater (2 cycles, 6500 Hz, 40 s). Samples were centrifuged at 

13000g for 20 min, and 100 μL (25 mg of tissue/100 μL of aliquot) of organic phase 

supernatant was subsequently aliquoted into glass vials. Samples were allowed to 

evaporate at room temperature in extractor hood overnight and stored at -40°C prior to 

analysis.  

 

2.6.2 HILIC-UPLC-MS analysis of aqueous extracts 

The aqueous extracts were reconstituted in 200 μL of water and 150 μL of mixture was 

transferred into the capillary individually placed in the glass vial and 40 μL was 

transferred into the Total Recovery vials (Waters Corp, USA) after centrifugation for 20 

min at 13000g, 4°C.  

UPLC separation was conducted using an Acquity UPLC System (Waters Corp, USA). 

An Acquity UPLC BEH HILIC 2.1 X 100 mm, 1.8 μm, column (Waters Corp, USA) was 

used. Column temperature was set at 35°C. Mobile phase A consisted of acetonitrile 

(ACN)/water (95:5) and mobile phase B CAN/water (50:50). In both solutions ammonium 

acetate was diluted to 10 mM and formic acid to 0.1%. The elution gradient was set as 

follows: 99% A (0.0-2.0 min; 0.4 mL/min), 99-45% A (2.0-8.0 min; 0.4 mL/min), 45-1% A 

(8.0-9.0 min; 0.4 mL/min), 1% A (9.0-9.1 min; 0.4-0.8 mL/min), 1% A (9.1-11.0 min; 0.8 

mL/min), 1-99% A (11.0-11.1 min; 0.8 mL/min), 99% A (11.1-19.0 min; 0.8 mL/min), 99% 

A (19.0-19.1 min; 0.8-0.4 mL/min), 99% A (19.1-23.0 min; 0.4 mL/min). An injection 

volume of 5 μL was used for both positive and negative ionisation polarity modes. The 

autosampler was set at 4°C. Mass spectrometry was performed using a Xevo G2 QTof 

(Waters MS Technologies, U.K.) with an electrospray ionisation (ESI) source. Scans 
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were acquired with scan time of 0.2 s and interscan time of 0.02 s. Leucine enkephalin 

(0.25ng/μL, 50% ACN, 0.1% FA) was used for lock mass correction. Lock mass data 

were collected with scan time of 0.20 s and scan frequency of 30 s. Conditions in positive 

mode: m/z range: 50-1000, cone voltage 30C, capillary voltage 3KV, source temperature 

120°C. desolvation temperature 400°C, desolvation gas Flow 800L/h. Conditions in 

negative mode: m/z range: 50-1000, cone voltage 30C, capillary voltage 2.5KV, source 

temperature 120°C, desolvation temperature 350°C, desolvation gas 800L/h. 

 

A standard QC strategy was used for UPLC-MS analysis. In brief, a pooled sample 

(Quality Control Sample, QC) of the reconstituted extracts was prepared. This sample 

was injected 10 times prior to initiating the run, in order to condition the column. The 

sample was reinjected once at the beginning, every 10 sample injections, and at the end 

of the run to assess instrument stability and analyte reproducibility. In addition, the 

extraction blank sample was also reconstituted in the same manner as other samples 

and run in order to assess the constituents and impurity of the extraction solvent.  

 

Metabolite assignments were performed based on five levels of assignment: 1) accurate 

mass matched to database, 2) accurate mass matched to database and tandem MS 

spectrum matched to in silico fragmentation pattern, 3) tandem MS spectrum matched 

to database or literature, 4) retention time and the molecular mass matched to standard 

compound, and 5) MS/MS spectrum matched standard compound. 

 

2.7 Community analysis of microbiota contained in the intestinal contents of 

stomach, duodenum, upper-jejunum, lower-jejunum, ileum and colon together 

with faeces using 16S rRNA gene Illumina MiSeq sequencing  

2.7.1 Isolation of DNA from gastrointestinal content and faecal samples 

Bacterial genomic DNA was isolated from gastrointestinal content and faecal samples 

using a PowerFecal® DNA isolation kit (MOBIO Laboratories, Inc., USA). A total weight 

of approximately 0.25 g was transferred to the prefilled-dry bead tube followed by the 
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addition of 750 μL of bead solution and 60 μL of solution C1 containing sodium dodecyl 

sulphate (SDS) prior to homogenisation and cell lysis. The mixture was heated at 65 °C 

for 10 minutes and subsequently bead-beaten at 5500 Hz for 2 cycles x 20 seconds. The 

mixture was centrifuged at 13,000 x g for 1 minute and approximately 400 μL of 

supernatant was transferred to a clean 2 ml collection tube. 

 

 

 

2.7.2 Illumina MiSeq sequencing 

DNA sequencing was undertaken by Research and Testing Laboratory (Austin, Tex) 

using the Illumina MiSeq. In brief, to determine the diversity and structure of the bacterial 

communities in different samples, the protocol as previously described by Caporaso et 

al (2011) was used. PCR amplifications were performed with the primers 515F (5-

GTGCCAGCMGCCGCGGTAA-3’) and 806R (5-GGACTACHVGGGTWTCTAAT-3’), 

which contains a 6-bp error-correcting barcode unique to each sample, for the V4 region 

of the 16S rRNA gene. The PCR products from different samples were quantified using 

a Qubit 2.0 fluorometer (Invitrogen, Carlsbad, CA) and mixed accordingly to achieve the 

equal concentration in the final mixture, which was used to construct PCR amplicon 

libraries. To minimize the impact of potential early round PCR errors, twenty independent 

PCR products for each sample were combined to construct PCR amplicon libraries. 

Sequencing was performed on an Illumina MiSeq platform. 

 

2.7.3 Phylogenetic identification and data analysis 

The 16S rRNA gene sequences were analyzed using the bioinformatics software 

package Mothur and the MiSeq SOP Pipeline. 16S rRNA gene sequence reads were 

quality checked and normalized to the lowest number of reads in Mothur. To maintain 

normalization and minimize artifacts, singletons and any Operational Taxonomic Units 

(OTUs), which were not found on more than 454 occasions in any sample, were collated 

as OTU singletons and OTU_rare phylotypes. Using the Vegan package of the R 
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statistical package, analysis was performed on the data sets contained within the files 

generated by Mothur (all OTUs were defined using a cutoff value of 97%). The Unifrac-

weighted distance matrix was analyzed in R using nonmetric multidimensional scaling 

ordination and the shared OTU file was used to determine the number of times that an 

OTU was observed in multiple samples, and was used for multivariate analysis in R. 

Operational Taxonomic Unit taxonomies (from phylum to genus) were determined using 

the RDP MultiClassifier script to generate the RDP taxonomy. Alpha and beta indices 

were calculated from these datasets with Mothur and R using the Vegan package. 
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3. Global Metabolic Profiling of Peripheral and Portal Vein 
Plasma, Urine and Faecal Water in the  

Lean and Obese Zucker Rats 

3.1 Aim 

The global aim of this study was to 1) monitor dynamic changes in urinary and faecal 

water profiles obtained from obese and lean Zucker rats over 4 weeks; 2) characterise 

the biochemical composition of the portal vein and peripheral blood, for the first time in 

Zucker obese animals; and 3) investigate the uptake of the gut microbial metabolites and 

their systemic circulation and metabolism in the host using 1H NMR spectroscopy in 

combination with multivariate statistical analyses. 

 

3.2 Materials and methods 

Male Zucker obese (fa/fa) and lean control (fa/+) rats (n = 12, per group) were housed 

individually, maintained under standard animal housing conditions (a 12h/12h light/dark 

cycle, ambient humidity and 22 °C), and provided access to standard chow and water 

ad libitum. Animals were acclimatised for two weeks prior to the onset of the experiment. 

Urinary and faecal samples were collected weekly using metabolic cages (Techniplast®) 

during the dark cycle (12 hours) over a 4-week period and directly stored at -80 °C. At 

week 4, the peripheral and portal vein blood were collected into a sodium heparin-coated 

tube and spun at 4 °C at 3600 g for 10 mins to obtain plasma, which was snap-frozen 

and stored at -80 °C. Measurement of body weight, food intake, oral glucose tolerance 

test and fasting insulin, preparation for 1H NMR spectroscopy analysis and spectroscopic 

data analyses have been described in Chapter 2. 

 

3.3 Results 
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3.3.1 Differences in body weight, food intake, oral glucose tolerance test and 

fasting insulin between Zucker obese (fa/fa) and lean (fa/+) rats 

The difference for all the phenotypic traits between lean and obese Zucker rats were 

measured. The mean body weight of obese rats (fa/fa) was significantly higher than that 

of lean rats (obese: 499.5 ± 40.9 g vs. lean: 379.5 ± 21.2 g, p < 0.0001) as obese rats 

consumed higher amount of food compared to lean animals over the 4-week study period 

(obese: 32.5 ± 0.9 g vs. lean: 24 ± 0.5 g, p < 0.0001, using two-way ANOVA) (Figures 3-

1A and 3-1B). Fasting glucose levels measured in serum of obese and lean Zucker rats 

were remarkably different (obese: 105.8 ± 8.7 mg/dL vs lean: 80.8 ± 3.9 mg/dL, p = 

0.0033). 

Similarly, both glucose and insulin levels were significantly greater in obese rats 

compared with lean rats during the OGTT (at 15, 30 and 60 mins). At 120 min, the 

glucose level normalized in obese rats and was comparable with lean rats, the insulin 

levels, nonetheless, remained higher. The glucose level of obese rats persisted at a high 

concentration for 1 hour after feeding, whilst in lean rats it started to decrease at 15 min 

(Figure 3-1C). Obese Zucker rats demonstrated significantly higher fasting insulin levels 

(1334.0 ± 134.2 pmol/L) than lean rats (135.7 ± 17.6 pmol/L, p < 0.001) (Figure 3-1C). 

 

Figure 3-1. Measurements of body weight, food intake, and OGTT glucose and insulin levels. (A) Measurement of 
body weight; (B) food intake, data are shown as mean ± SD (****p < 0.0001) and statistical differences determined 
by two-way ANOVA and (C) oral glucose tolerance test (OGTT) of lean and obese Zucker rats (n=12 per group). 
OGTT glucose (solid line) and insulin (dashed line) measurements of Zucker rats. Data are shown as mean ± SD 
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(*p < 0.05; ****p < 0.0001 of OGTT glucose and ++p < 0.01; +++p < 0.001; ++++p < 0.0001 of OGTT insulin by two-
way ANOVA).  

3.3.2 Urinary metabolic profiles of obese (fa/fa) and lean (fa/+) Zucker rats 

  

Figure 3-2. Principal component analysis of biofluid metabolic profiles. Principal component analysis of urinary 
(A), faecal (B) metabolic profiles of obese and lean Zucker rats over 4-week period and of obese peripheral, lean 
peripheral, obese portal vein and lean portal vein blood plasma (C) metabolic profiles at week 4. PCA trajectory 
scores plot of urinary and faecal data sets obtained from the average scores of PC1 against PC2 of each strain 
of rat at a particular time point and error bars are expressed by the standard error of mean of PC1 and PC2 of 
each time point. Percentage on each PC represents variation explained by each principal component and Q2 
represents predictive ability of the model. 

 

A global urinary metabolite profile shift of both lean and obese rats was observed over a 

4-week period, revealing in the PCA trajectory scores plot as a time-related shift along 

the first principal component (PC1) and a separation of obese rats from lean rats along 

the second principal component (PC2) (Figure 3-2A). PCA scores plots based on each 
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discrete time point illustrated distinct clustering of the two groups of rats along PC1 or 

PC2 (Figure 3-2A). This indicates that the two strains could be discriminated from the 

first time point and the metabolic difference persisted over the entire period of the study. 

O-PLS-DA analysis was employed to investigate the discriminatory metabolites between 

the obese and lean classes at each time point (Table 3-1). The loadings of the pairwise 

O-PLS-DA models identified significantly higher concentrations of urinary 2-

hydroxyvalerate, 2-hydroxybutyrate, 2-ketoisocaproate, methylmalonate, N-epsilon-

acetyllysine, N-acetylcysteine, 4-cresyl glucuronide, creatinine, proline, allantoin, indoxyl 

sulfate (IS) and unknown 3 (δ1H 8.08 (s); δ1H 8.57 (s)) in the lean Zucker rats, while 

higher concentrations of 1-methylnicotinamide, unknown 1 (δ1H 0.91 (s); δ1H 1.73 (t)) 

and unknown 4 (δ1H 8.32 (d, J=2.65)) levels were found in urinary samples of obese 

rats. The relative concentrations of 2-hydroxybutyrate, methylmalonate, creatinine, 

proline and phenylacetylglycine (PAG) were consistently lower in obese rats over a 4-

week period, whilst other metabolites such as 2-hydroxyvalerate, 2-ketoisocaproate 

were discriminating features at two or three time points. The O-PLS regression model of 

urinary profiles against insulin levels was invalid (R2X=7.91%; Q2Y=0.11, CV-ANOVA 

p=0.102). However, O-PLS regression analysis (R2X=24.8%, Q2Y=0.66, CV-ANOVA 

p<0.001) of urinary metabolic profiles against body weight demonstrated that 1-

methylnicotinamide was positively correlated with body weight, whereas metabolites 

such as 4-cresyl glucuronide, creatinine, PAG and IS were inversely correlated with body 

weight (Table 3-1).  
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 Table 3-1. Sum

m
ary of m

etabolic changes in urinary (u) and faecal (f) 1H NM
R profiles 

M
etabolites 

  

C
h

em
ical sh

ift 
O

-P
LS-D

A
 m

odels of obese and lean Zucker rats 
O

-P
LS regression  

W
eek 1 

(u):R
2X

=32.9%
, Q

2Y
=0.92,  

p = 0.001 
(f):R

2X
=69.2%

, Q
2Y

=0.48,  
p = 0.001 

W
eek 2 

(u):R
2X

=30%
, Q

2Y
=0.59,  

p = 0.001 
(f):R

2X
=54.8%

, Q
2Y

=0.38,  
p = 0.005 

W
eek 3 

(u):R
2X

=30.3%
,Q

2Y
=0.65,  

p = 0.001 
(f):R

2X
=60%

, Q
2Y

=0.39,  
p = 0.018 

W
eek 4 

(u):R
2X

=33.5%
,Q

2Y
=0.85,  

p = 0.001 
(f):R

2X
=66%

, Q
2Y

=0.71,  
p = 0.001 

B
ody w

eight b 

(u):R
2X

=24.8%
,Q

2Y
=0.66,  

p = 0.001 
(f):R

2X
=75.3%

, Q
2Y

=0.57,  
p = 0.001 

2-hydroxyvalerate 
0.84 (t) 

-0.9057 (u) 
**** 

-0.7163 (u) 
*** 

 
 

 
 

 
2-hydroxybutyrate 

0.86 (t); 1.60 (m
); 1.71 (m

) 
-0.9201 (u) 

**** 
-0.7458 (u) 

*** 
-0.6820 (u) 

** 
-0.7903 (u) 

*** 
-0.6461 (u) 

B
utyrate  

0.90 (t); 1.56 (m
); 2.16 (t) 

+0.8140 (f) 
**** 

+0.6433 (f) 
** 

 
 

+0.6218 (f) 
** 

 
U

nknow
n1  

0.91 (s); 1.73 (t) 
+0.8330 (u) 

*** 
+0.8093 (u) 

*** 
+0.5626 (u) 

** 
+0.9016 (u) 

**** 
+0.6234 (u) 

2-ketoisocaproate  
0.94 (d); 2.08 (m

); 2.60 (d) 
-0.7609 (u) 

** 
 

 
-0.7675 (u) 

 
-0.7728 (u) 

 
-0.6544 (u); 

Leucine 
0.96 (t); 1.71 (m

) 
 

 
 

 
 

 
 

 
-0.4898 (f) 

Isoleucine 
1.00 (d); 0.92 (t) 

 
 

 
 

 
 

 
 

-0.5066 (f) 
V

aline 
0.99 (d); 1.02 (d) 

 
 

 
 

-0.6779 (f) 
 

 
 

-0.5208 (f) 
Propionate 

1.06 (t); 2.19 (q) 
 

 
 

 
 

 
+0.8248 (f) 

**** 
+0.5425 (f) 

M
ethylm

alonate 
1.26 (d) 

-0.7644 (u) 
**** 

-0.633 (u) 
** 

-0.7353 (u) 
*** 

-0.8301 (u) 
** 

-0.6991 (u) 
Lactate 

1.33 (d); 4.11 (q) 
 

 
 

 
+0.7036 (f) 

** 
+0.6808 (f) 

*** 
 

A
cetate 

1.92 (s) 
 

 
 

 
+0.6865 (f) 

** 
+0.7308 (f) 

**** 
 

N
-epsilon-acetyllysine 

1.99 (s) 
 

*** 
-0.6556 (u) 

* 
 

 
-0.7728 (u) 

**** 
-0.6013 (u) 

N
-acetylcysteine

a 
2.05 (s) 

-0.8774 (u) 
 

-0.7045 (u) 
 

 
 

-0.9080 (u) 
*** 

-0.786 (u) 

N
-acetylglucosam

ine 
2.06 (s); 5.21 (d) 

-0.7761 (f) 
** 

 
 

 
 

 
 

 
4-cresyl glucuronide 

2.30 (s); 7.05(d); 7.2 (d) 
-0.7002 (u) 

*** 
-0.7132 (u) 

** 
 

 
-0.7848 (u) 

**** 
-0.537 (u) 

3-hydroxyphenyl propionic acid 
2.47 (t); 2.84 (t); 7.25 (t); 6.76 
(dd); 6.8 (s); 6.88 (d) 

 
 

 
 

 
 

+0.7289 (f) 
**** 

 

C
reatinine 

3.04 (s); 4.05 (s) 
-0.9108 (u) 

**** 
-0.7776 (u) 

**** 
-0.7739 (u) 

**** 
-0.9007 (u) 

**** 
-0.6284 (u) 

G
lycine 

3.57 (s)  
-0.6152 (f) 

 
 

 
 

 
-0.6299 (f) 

 
 

G
lycerol 

3.58 (dd); 3.65 (dd) 
0.6814 (f) 

 
 

 
+0.6814 (f) 

** 
+0.7366 (f) 

*** 
 

Proline 
4.14(d); 2.33 (m

); 2.02 (m
); 

3.32 (m
); 3.42 (m

) 
-0.8475 (u) 

* 
-0.8074 (u) 

* 
-0.6930 (u) 

** 
-0.7479 (u) 

** 
 

1-m
ethylnicotinam

ide 
4.48 (s); 8.19 (t); 8.90 (d); 8.96 
(d); 9.28 (s) 

+0.8902 (u) 
**** 

+0.8106 (u) 
**** 

 
 

+0.7993 (u) 
**** 

+0.5188 (u) 

A
llantoin 

5.40 (s) 
 

 
 

 
-0.7194 (u) 

 
-0.8457 (u) 

 
-0.6842 (u) 

U
nknow

n2 
5.64 (d); 8.57 (s) 

-0.7663 (f) 
** 

 
 

 
 

 
 

-0.5252 (f) 
C

ytosine 
5.97 (d); 7.51 (d) 

 
 

 
 

 
 

+0.8190 (f) 
**** 

+0.5498 (f) 
Phenylacetylglycine 

7.42 (m
); 7.35 (m

); 3.66 (s); 
3.74 (d) 

-0.6697 (u) 
** 

-0.6723 (u) 
** 

-0.5228 (u) 
* 

-0.7809 (u) 
**** 

-0.5421 (u) 

Indoxyl sulfate 
7.36 (s); 7.50 (d); 7.69 (d); 
7.21 (t); 7.27 (t) 

-0.8275 (u) 
*** 

-0.7128 (u) 
* 

 
 

-0.7515 (u) 
 

**** 
-0.6746 (u) 

 
U

nknow
n3 

8.08 (s); 8.57 (s) 
 

 
 

 
 

 
-0.7812 (u) 

*** 
 

U
nknow

n4 
8.32 (d, J=2.65 H

z) 
+0.8806 (u) 

**** 
+0.7187 (u) 

* 
0.6871 (u) 

** 
+0.8683 (u) 

**** 
+0.592 (u) 

“+” indicates higher correlation in obese Zucker rats, w
hereas “–“ indicates higher correlation in lean Zucker rats. Abbreviations: s, singlet; d, doublet; dd, double of doublets; t, triplet; bs, 

broad singlet; m
, m

ultiplet; q, quartet. aDatabase in Chenom
x. b“+” indicates higher correlation of m

etabolites w
ith increasing body w

eight, w
hereas “– “indicates higher correlation w

ith 
decreasing body w

eight. *, **, *** and **** indicate significant levels of m
etabolite differences betw

een lean and obese Zucker rats of each tim
e point at p<0.05, p<0.01, p<0.001 and p<0.0001, 

respectively using tw
o-tailed heteroscedastic t-test w

ith Benjam
ini-Hochberg correction. P values of all m

odels w
ere derived from

 perm
utation tests (n=1000). 
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  Table 3-2. Sum

m
ary of m

etabolic changes in plasm
a 1H NM

R profiles 

M
etabolites 

  

C
hem

ical shift 
O

-PL
S-D

A
 m

odels 
O

-PL
S regression m

odels 

obese peripheral (+) a 
vs. obese 

portal vein (-) 
(R

2X
=25.7%

, 
Q

2Y
=0.71,   

p = 0.001) 

lean peripheral (+) 
vs. lean portal  

vein (-) 
(R

2X
=19.9%

, 
Q

2Y
=0.79,  

p = 0.001) 

lean peripheral 
(+) vs. obese 

peripheral (-) 
(R

2X
=37.8%

, 
Q

2Y
=0.88,  

p = 0.001) 

lean portal vein (+) 
vs. obese portal 

vein (-) 
(R

2X
=32%

, 
Q

2Y
=0.83,  

p = 0.001) 

Peripheral 
plasm

a w
ith 

B
ody w

eight b 

(R
2X

=37.4%
, 

Q
2Y

=0.73,  
 p = 0.001) 

Peripheral 
plasm

a w
ith 

Fasting insulin
c 

(R
2X

=37.2%
, 

Q
2Y

=0.63, 
 p = 0.001) 

V
aline 

0.99 (d); 1.02 (d) 
 

 
 

 
-0.6779 

* 
 

 
 

 
Isoleucine 

1.00 (d); 0.92 (t) 
 

 
 

 
-0.6462 

* 
-0.8221 

 
 

 
Propionate 

1.06 (t); 2.19 (q) 
-0.7762 

*** 
-0.6460 

**** 
 

 
 

 
 

 
D

-3-hydroxybutyrate 
1.19 (d); 2.31 (dd); 2.41 (dd) 

 
 

+0.8581 
** 

 
 

 
 

 
 

Lactate 
1.33 (d); 4.11 (q) 

 
 

 
 

-0.7229 
*** 

 
 

 
 

A
lanine 

1.48 (d) 
 

 
 

 
+0.8294 

 
 

 
-0.5752 

 
A

cetate 
1.92 (s) 

-0.7003 
** 

-0.7786 
*** 

 
 

 
 

 
 

G
lutam

ine 
2.14 (m

); 2.46 (m
) 

 
 

 
 

+0.8759 
**** 

+0.6807 
**** 

-0.7962 
-0.8046 

Proline 
4.14(d); 2.33 (m

); 2.02 (m
); 3.32 

-0.9053 
 

-0.8688 
 

 
 

 
 

 
 

Pyruvate 
2.38 (s) 

-0.8901 
** 

-0.8122 
*** 

 
 

 
 

 
 

Succinate 
2.41 (s) 

 
 

-0.8920 
**** 

 
 

+0.8098 
**** 

 
-0.5918 

Trim
ethylam

ine 
2.89 (s) 

-0.8850 
**** 

-0.7965 
**** 

 
 

 
 

 
 

C
reatine 

3.04 (s); 3.93 (s) 
 

 
 

 
+0.6881 

*** 
+0.7818 

**** 
 

 
M

alonate 
3.12 (s) 

-0.7522 
**** 

-0.9043 
**** 

+0.7442 
*** 

+0.7346 
** 

-0.713 
 

Phenylalanine 
3.13 (dd); 3.28 (dd); 3.39 (m

); 4.00 
(dd); 7.39 (m

) 
 

 
-0.8606 

**** 
 

 
 

 
 

-0.6763 

choline 
3.17 (s) 

-0.8497 
**** 

-0.8878 
*** 

 
 

 
 

-0.7368 
 

2-deoxycytidine 
6.03 (d); 6.25 (t); 7.83 (d) 

 
 

 
 

+0.7613 
**** 

 
 

 
 

Fum
arate 

6.53 (s) 
-0.8308 

* 
-0.7770 

**** 
 

 
 

 
 

 
Tyrosine  

3.06 (dd); 3.26 (dd); 3.94 (dd); 6.90 
(d); 7.19 (d) 

 
 

-0.6701 
* 

+0.7676 
**** 

+0.8388 
**** 

-0.7134 
-0.6126 

Lipids C
H

3 - 
0.84 (bs) 

 
 

 
 

-0.8515 
**** 

-0.9285 
**** 

+0.8287 
+0.749 

Lipids (C
H

2 )n  
1.25 (bs) 

 
 

 
 

-0.9319 
**** 

-0.9032 
** 

+0.8067 
+0.7879 

Lipids C
H

2 C
=C 

2.00 (bs) 
 

 
 

 
-0.7925 

*** 
-0.6962 

*** 
+0.6251 

+0.8243 
Lipids =C

-C
H

2 -C
= 

2.76 (bs)  
 

 
 

 
-0.8531 

**** 
-0.9402 

**** 
+0.7805 

+0.766 
Lipids C

H
=C

H
 

5.29 (bs) 
 

 
 

 
-0.847 

**** 
-0.914 

**** 
 

+0.8102 
“+” or “–“ indicates higher correlation in either group of O

-PLS-DA pairw
ise com

parison m
odels. Abbreviations: s, singlet; d, doublet; dd, double of doublets; t, triplet; bs, broad singlet; m

, 
m

ultiplet; q, quatet. b,c“+” indicates higher correlation of m
etabolites w
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3.3.3 Faecal metabolic profiles of Zucker obese and lean rats 

Clustering of faecal water profiles from obese compared with lean Zucker rats was 

observed along the PC2 in both the time-related PCA trajectory plot and PCA scores 

plots at each individual time point (Figure 3- 2B). Faecal profiles of lean and obese rats 

exhibited a similar degree of variation in the PCA plot that is different from the urinary 

PCA trajectory. Faecal concentrations of lactate, short chain fatty acids (SCFAs including 

propionate, acetate, and butyrate), cytosine, and 3-hydroxyphenylpropionic acid (3-

HPPA) and glycerol, and lower levels of N-acetylglucosamine, valine and glycine were 

found in obese rats compared with lean animals (Table 3-1). As with the urinary data, 

correlation between the faecal metabolites and insulin levels was not robust (O-PLS 

regression model: R2X=13.23%, Q2Y<0, CV-ANOVA p=0.192). However, animal body 

weight was found to be directly correlated with faecal metabolites including propionate 

and cytosine, and inversely correlated with BCAAs (e.g. leucine, isoleucine and valine) 

and an unknown metabolite 2 (δ1H 5.64 (d), 8.57 (s)) (Table 3-1) based on the O-PLS 

regression analysis. 

 

3.3.4 Metabolic profiles of systemic and portal vein blood plasma from Zucker 
obese and lean rats 

The metabolic differences between obese and lean rats were greater than metabolic 

changes observed between portal and peripheral blood with the genotypes separating 

along the PC1 and the peripheral versus portal vein plasma separating along the PC2 

(Figure 3-2C). Within the lean or obese group, the peripheral and portal vein plasma 

metabolite profiles separated, with more distinct clustering observed in lean genotype 

along the PC2 (Figure 3-2C). A stronger class differentiation between the genotypes in 

either peripheral or portal vein blood was observed along PC1, with portal vein lean rat 

plasma samples clustering much tighter. SCFAs (e.g. propionate and acetate), 

metabolites involved in the tricarboxylic acid (TCA) cycle (e.g. pyruvate and fumarate), 

proline, choline, trimethylamine (TMA) and malonate were observed in higher 

concentrations in portal vein blood compared with the peripheral blood of both obese 



Chapter 3 -  Global Metabolic Profiling of Peripheral and Portal Vein Plasma, Urine and Faecal Water in the  
Lean and Obese Zucker Rats 

62 
 

and lean animals. Moreover, the portal vein blood of lean rats was shown to carry higher 

succinate, phenylalanine and tyrosine than the peripheral blood, but these metabolites 

were not found to differentiate peripheral and portal blood in obese rats. On the contrary, 

D-3-hydroxybutyrate was significantly higher in peripheral blood plasma compared with 

portal vein blood in the lean genotype. Both portal and peripheral blood plasma from 

obese Zucker rats showed higher lipids and isoleucine and lower glutamine, creatine, 

malonate and tyrosine in contrast to the lean animals. In obese animals, circulating blood 

plasma BCAAs including valine and isoleucine, and lactate were higher, and 2-

deoxycytidine was lower, compared to lean animals. Succinate was found to be higher 

in the portal vein blood of the lean, compared to obese rats (Table 3-2). O-PLS 

regression analysis was performed to probe the association between the plasma 

metabolic phenotype and the concentration of fasting insulin and body weight so the 

peripheral plasma metabolite profiles were correlated with body weight and fasting 

insulin levels separately. Both body weight and fasting insulin concentrations were 

directly correlated with plasma lipid concentrations, whilst glutamine and tyrosine were 

inversely correlated. Alanine, malonate and choline were inversely correlated with body 

weight, whereas succinate and phenylalanine were found to inversely correlate with 

fasting insulin levels. 

 

3.3.5 Inter-compartmental correlation analysis of biofluid metabolites 

To probe the inter-correlation among metabolites from three biofluid compartments 

including urine, faeces and plasma and uncover the differences in these correlation 

structures between lean and obese rats, correlation matrices were constructed for lean 

and obese animals separately without clustering to allow the direct comparison between 

two genotypes (Figure 3-3). The strong inter-correlations of lipid signals and their 

significantly positive correlation with glycolysis end products including pyruvate, lactate 

and alanine, 2-ketoisocaproate derived from leucine metabolism, and 4-cresyl 

glucuronide in the obese rats were the most prominent observations, whereas in lean 
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animals, only the correlation between lactate and all lipid signals was observed. 

Furthermore, BCAAs such as valine and isoleucine were positively correlated in obese 

rats, which were inversely correlated with alanine, pyruvate, IS and PAG and positive 

correlations between plasma acetate and propionate, and between urinary PAG, IS and 

4-cresyl glucuronide were observed in both groups. Nevertheless, these two urinary 

host-microbial co-metabolites were positively correlated with metabolites, for instance 4-

cresyl glucuronide and creatinine in obese rats, and inversely correlated with faecal 

valine, propionate and acetate in lean animals. 

 
Figure 3-3. Inter-compartmental correlation analysis of biofluids. Inter-compartmental correlation map of plasma 
(red), urinary (green) and faecal (black) metabolites from Zucker obese and lean rats with p-value < 0.05. Red 
denotes positive correlation, blue denotes negative correlation, and blank denotes no significant correlation. 
Key: 3-HPPA, 3-hydroxyphenyl propionic acid. Dashed-line box indicates different metabolic structures, where-
as solid-line box indicates similar metabolic structures between lean and obese rats. 
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3.4 Discussion 

Obese (fa/fa) and lean (fa/+) Zucker rats were phenotypically different in all biological 

matrices measured using a 1H NMR spectroscopy-based metabolic profiling approach 

and the global metabolic profiles of portal vein plasma of hyperinsulinemic obese Zucker 

rats in this study were reported for the first time providing the baseline metabolic 

information to further understand this particular type of obese animal model. Obese 

Zucker rats were significantly hyperphagic compared to lean controls as expected 

(Figurte S1), resulting in a greater food intake and body weight (Morton, Meek & 

Schwartz, 2014). 

 

Figure 3-4. Schematic illustration of systemic changes observed in biofluids from obese Zucker rats. Red 
indicates higher relative concentration, whereas blue indicates lower relative concentration of metabolites in 
obese rats compared with lean animals. Key: IPA, indole-3-propionic acid; NNMT: nicotinamide N-
methyltransferase; PAG, phenylacetylglycine; PEP, phosphoenolpyruvate. * indicates that these metabolites are 
higher in portal vein blood plasma in contrast to peripheral blood plasma independent of the animal genotypes. 

 

3.4.1 Muscle and adipose tissue metabolism 

Urinary creatinine and plasma creatine were observed in higher levels in the lean Zucker 

rats as compared to their obese counterparts, which is consistent with a previous study 
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in Zucker rats (Waldram et al., 2009). Higher levels of creatine in the white adipose tissue 

of lean Zucker rats compared with that of obese Zucker rats at two months old was 

previously reported, but such a change was not observed in rats at six months old (de 

Castro et al., 2013). Creatinine is obtained from creatine phosphate in muscle and 

creatinine formation results from the loss of a water molecule from creatine (Peters et 

al., 2014). Creatinine is delivered to kidney through the blood and removed from the body 

by glomerular filtration and partial tubular excretion (Bennett, Bevington & Walls, 1992). 

Twenty four-hour urinary excretion of creatinine was shown to be significantly correlated 

with fat-free mass (Peters et al., 2014). A cohort of 170 healthy individuals also 

demonstrated that the association of higher muscle mass with higher levels of physical 

activity, and the positive correlation of serum and urinary creatinine with the muscle mass 

and body weight, with a greater degree of correlation with muscle mass (Baxmann et al., 

2008). In the current study, the excretion of lower levels of urinary creatinine in the obese 

rats indicates of lower lean mass, compared with the lean rats. 

Elevated levels of urinary 1-methylnicotinamide were observed in the obese Zucker rats, 

which is in accord with previous findings in high fat diet (HFD)-induced male C57BL/6N 

obese mice (Riederer et al., 2009). 1-methylnicotinamide is a catalysis product of 

nicotinamide via nicotinamide N-methyltransferase (NNMT) which is found in both liver 

and adipose tissue (Trammell & Brenner, 2015). It has been found that levels of NNMT 

activity were highly expressed in 3T3-L1 adipocytes and murine adipose tissue, resulting 

in production of 1-methylnicotinamide, which is excreted into urine, and S-adenosyl-l-

homocysteine, which is further metabolized into homocysteine by S-adenosyl-l-

homocysteine hydrolase (Riederer et al., 2009). Although high NNMT expression in liver 

was shown to improve lipid parameters through sirtuin 1 stabilisation (Hong et al., 2015), 

Kraus et al (2014) reported that high NNMT expression in adipose tissue correlates with 

adiposity in both humans and mice (Kraus et al., 2014). Nicotinamide can be salvaged 

for via NAD+ re-synthesis that is essential for the fuel oxidation. When NNMT is highly 

expressed, nicotinamide may not be salvageable, limiting fuel oxidation and promoting 
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the storage of fat (Kraus et al., 2014). Hence, the higher level of 1-methylnicotinamide is 

indicative of a rich pool of NNMT in the adipose tissue of the obese rats. 

 

3.4.2 Microbial metabolism and host-microbial co-metabolism in obesity 

Faecal concentrations of SCFAs were found to be significantly higher in obese Zucker 

rats compared with lean rats, potentially resulting from the increased fermentation 

substrate bioavailability from higher food intake and/or increased microbial non-

digestible carbohydrate fermentation by the gut microbiota in the obese rats. Higher 

cecal concentrations of SCFAs have been reported in genetically obese C57BL/6J 

(ob/ob) mice, indicating the greater energy extraction ability of microbiota from obese 

mice (Turnbaugh et al., 2006). Higher levels of propionate and acetate, but not butyrate, 

were found in the portal vein blood compared with peripheral blood in both lean and 

obese animals. This could be attributed to the fact that colonocytes utilise a large part of 

butyrate as an important energy source. Acetate and propionate are, by contrast, 

absorbed and further utilised in the liver for cholesterol and long-chain fatty acid 

synthesis, and hepatic gluconeogenesis (den Besten et al., 2013). Concentrations of 

acetate and propionate in the portal vein blood plasma between the lean and obese 

animals did not significantly differ given the elevated faecal SCFAs, suggesting that the 

acetate and propionate absorption through hepatic portal vein circulation may not directly 

contribute to the obese phenotype in Zucker rats. Propionate production occurs via three 

known bacterial fermentation pathways (Figure 4) including the succinate pathway, 

where fumarate and succinate are produced as intermediates; the acrylate pathway, 

where pyruvate and lactate are intermediates; and the propanediol pathway, where 

propane-1,2-diol is an intermediate (Reichardt et al., 2014). Fumarate and pyruvate were 

shown to be absorbed into the hepatic portal circulation in both obese and lean animals 

in this study. Moreover, higher levels of hepatic portal succinate in the lean animals were 

detected compared with obese animals, but its level in the peripheral blood did not differ 

between the two phenotypes. This finding indicates an elevated uptake of succinate and 
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enhanced hepatic succinate metabolism (e.g. TCA cycle and adenosine triphosphate 

generation in mitochondria) in the lean animals. In lean Zucker rats, the previously 

mentioned succinate pathway for producing propionate could be suppressed, resulting 

in increased succinate availability in the intestinal lumen, leading to its increased portal 

vein blood concentrations. 

The relatively high faecal acetate concentrations of the obese animals suggest an 

imbalance of lactate-producing (e.g. Bifidobacteria) and lactate-utilizing bacteria (e.g. 

Eubacterium hallii or Anaerostipes caccae) in the gastrointestinal tract. A previous study 

reported the highest abundance of lactate-producing bacteria in T2DM, followed by 

obese and lean participants orderly (Remely et al., 2014). A positive correlation between 

faecal SCFAs and faecal lactate, an intermediate metabolite of SCFAs was observed in 

the current study. Lactate is found in low concentrations (<5 mmol/L) in faecal samples 

from healthy individuals, but it may accumulate in concentrations up to 90 mmol/L in 

patients with ulcerative colitis as previously reported (Vernia et al., 1988), which could 

be attributed to curtailment of lactate utilization at pH of 5.2.  

Higher levels of choline and TMA were detected in the portal vein blood compared with 

peripheral blood of the genotypes of the animals. Choline, a common dietary component, 

can be metabolized into TMA by the gut microbiota (Dumas et al., 2006). The 

unmetabolized choline and resulting TMA are absorbed and the latter is known to be 

further oxidised in the liver to trimethylamine-N-oxide involving flavin-containing 

monooxygenases (FMO) (Myers & Zatman, 1971). Although the strain-specific and 

genetically determined selections of the gut microbiota of high fat diet-fed animals were 

reported to be associated with choline metabolism (Dumas et al., 2006), TMA and 

choline were similar between two genotypes, indicating that the obesity phenotype of the 

Zucker rats could be independent of the microbial metabolism of choline. 

Microbial metabolism of aromatic amino acids (e.g. phenylalanine and tyrosine) and 

tryptophan were altered in obese Zucker rats, evidenced by lower urinary concentrations 

of host-microbial co-metabolites including 4-cresyl glucuronide, IS and PAG, and higher 
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faecal 3-HPPA compared to lean animals. 4-Cresol is metabolized from tyrosine via 4-

hydroxyphenylacetate by the gut microbiota and further metabolized into 4-cresyl 

glucuronide or 4-cresyl sulfate in the liver (Figure 3-4). PAG, a conjugation product of 

glycine and phenylacetate, is produced by microbiota from phenylalanine, and 3-HPPA 

is also a product from phenylalanine metabolism (Delaney et al., 2004). Indoxyl sulfate 

is produced in the liver from indole derived from the microbial metabolism of dietary 

tryptophan (Yokoyama & Carlson, 1979). Our findings are indicative of lower microbial 

activity for producing the precursors of these urinary host-microbial co-metabolites. 4-

Cresyl sulfate and phenylacetylglutamine (equivalent to phenyacetylglycine in rodents) 

was found to be inversely associated with BMI in UK and USA cohorts of the INTERMAP 

(International Study of Macro- and Micronutrients and Blood Pressure) epidemiologic 

study (Wijeyesekera et al., 2012), which are in line with our findings. A Roux-en-Y gastric 

bypass surgical model in rats also exhibited increased urinary IS, PAG, 4-cresyl 

glucuronide and 4-cresyl sulfate concentrations after weight loss (Li et al., 2011). Our 

results indicate that conversion of phenylalanine to 3-HPPA is greater in the obese 

Zucker rats, whereas in lean animals, production of phenylacetate from phenylalanine is 

likely to be enhanced and excreted as urinary PAG. Higher levels of tyrosine were also 

delivered into the portal vein blood in lean, compared to obese rats. A positive correlation 

of IS with PAG was observed in both genotypes. Moreover, a positive correlation 

between 4-cresyl glucuronide and PAG or IS was only seen in obese rats, suggesting 

that in obese animals the metabolism of tyrosine, phenylalanine and tryptophan could be 

closely inter-connected, whereas in lean rats, 4-cresol production from tyrosine may be 

disproportionally up-regulated in comparison to phenylacetate and indole. 

 

3.4.3 Branched chain amino acid metabolism 

Systemic circulating BCAAs - valine and isoleucine were higher and faecal BCAAs were 

lower in the obese compared with lean rats. Elevated plasma BCAAs in obese humans 

and animals have been previously reported (Wijekoon et al., 2004). Wijekoon and 
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colleagues (2004) (Wijekoon et al., 2004) demonstrated the significantly increased 

concentrations of plasma BCAAs in the Zucker obese rat compared to lean rat. Although 

a correlation between BCAAs and fasting insulin levels was not observed, a gradual 

increase in plasma BCAAs of obese and diabetic individuals was reported by Adeva et 

al (2012) (Adeva et al., 2012) and the study suggested that the metabolism of BCAAs is 

particularly responsive to the inhibitory insulin action on amino acid released by skeletal 

muscle and their metabolism is profoundly altered in conditions featuring insulin 

resistance, insulin deficiency, or both. 

 

3.4.4 Energy metabolism in obese rats 

Obese Zucker rats showed higher levels of lipids in both portal vein and peripheral blood 

plasma and higher concentrations of lactate peripheral blood plasma compared with lean 

rats, which are expected and in agreement with previous studies (Waldram et al., 2009; 

Llado, Palou & Pons, 1998; Serkova et al., 2006; Zhao et al., 2011). Glucose is oxidised 

to pyruvate and the latter is catalysed by lactate dehydrogenase, yielding lactate and 

NAD+ which is further required for the oxidation 3-phosphoglyceraldehyde during 

production of pyruvate from glucose (Phypers  and Pierce, J.M., 2006). Lipid signals 

(CH2C=C and CH=CH) in the obese animals were, furthermore, observed to be 

negatively associated with D-3-hydroxybutyrate, a ketone body produced in the liver 

mainly from the oxidation of fatty acids that is exported to peripheral tissues for use as 

an energy source (Mitchell et al., 1995). Change in the body’s fuel from carbohydrate to 

fat results in ketosis that has a significant effect on suppressing hunger (Dashti et al., 

2004). The more prominent inter-correlation among the metabolites involved in energy 

metabolism was observed in obese animals, evidenced by strong positive correlation 

between lipid signals and pyruvate, alanine or lactate. Alanine can be produced from 

pyruvate via alanine transaminase and a positive correlation between alanine and 

pyruvate was detected in obese rats, not in lean rats. Alanine can also be produced by 

BCAAs, contributing approximately 60% of the nitrogen for alanine synthesis (Haymond 
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& Miles, 1982). A negative correlation between alanine and valine and isoleucine was 

also observed in this study, indicating a down-regulated synthesis of alanine from BCAAs 

in obese animals. 

 

3.5 Summary 

This study has systematically demonstrated for the first time the metabolic profiles of 

urine, portal vein and peripheral blood plasma and faecal water of hyperinsulinemic 

obese Zucker rats. Metabolic observations of portal vein and peripheral blood plasma 

profiles in both obese and lean Zucker rats indicated the phenotype-independent 

absorption of SCFAs, choline and TMA. However, phenotype-specific urinary host-

microbial co-metabolites such as PAG, IS and 4-cresyl glucuronide were revealed, 

suggesting distinct gut microbial metabolic activities in lean and obese Zucker rats. The 

study also provided a baseline picture of metabolic profiles of a genetically obese rat 

model in order to further our understanding of utilising this animal model for future obesity 

studies. 
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4. 1H NMR-Based Metabolic Profiling of Peripheral and Portal 
Vein Plasma, Urine and Faecal Water in the Obese Zucker Rats 
Treated with Roux-en-Y Gastric Bypass or Caloric Restriction 

4.1 Aim 

The aim of this study was to 1) monitor dynamic changes in urinary and faecal water 

profiles obtained from obese Zucker rats with Roux-en-Y (RYGB) gastric bypass or 

caloric restriction; 2) characterise the biochemical composition of the portal vein and 

peripheral blood, for the first time in obese Zucker rats treated with RYGB or caloric 

restriction; and 3) investigate the uptake of the gut microbial metabolites and their 

systemic circulation and metabolism in the different group of rats using 1H NMR 

spectroscopy in combination with multivariate statistical analyses. 

 

4.2 Materials and methods 

Experimental design, animal experiment, sample collection, preparation for 1H NMR 

spectroscopy analysis and spectroscopic data analyses have been described in Chapter 

2. 

 

4.3 Results 

4.3.1 Differences in body weight, food intake, oral glucose tolerance test and 

fasting insulin between RYGB and caloric restriction groups in comparison with 

obese control 

The differences in body weight, food intake, oral glucose tolerance test and fasting 

insulin between RYGB, sham-BWM and sham-obese rats were measured. The mean 

body weight of sham-obese rats was significantly higher than that of RYGB and sham-

BWM rats observed on Day 6 onwards (sham-obese: 504.3 g ± 40.87 g; RYGB: 427.4 
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g ± 11.63 g; sham-BWM: 424.6 g ± 13.66 g) as obese rats consumed higher amount of 

food while RYGB and sham-BWM rats were prone to consume less despite the 

different weight loss strategies (sham-obese: 31.4 g ± 1.67 g; RYGB: 21.3 g ± 1.6 g; 

sham-BWM: 19.8 g ± 2.5 g) (Figure 4-1A and 4-1B). 

 

Figure 4-1. (A) Measurement of body weight; (B) food intake, data are shown as mean ± SD (***p < 0.001) and 
statistical differences determined by two-way ANOVA and (C) oral glucose tolerance test (OGTT) of RYGB (n=11), 
sham-BWM (n=5) and sham-obese Zucker rats (n=5). OGTT glucose (solid line) and insulin (dashed line) 
+measurements of Zucker rats. Data are shown as mean ± SD (OGTT glucose: +p < 0.05 (sham-BWM vs. sham-
obese); ^^p < 0.01, ^^^ p < 0.001 (RYGB vs. Sham-BWM); *** p < 0.001 (RYGB vs. sham-obese) and OGTT inulin: 
! p < 0.05, !!! p < 0.001 (Sham-BWM vs. sham-obese); ## p < 0.01 (RYGB vs. sham-obese) by two-way ANOVA).  

 

Fasting glucose level (at 30 and 60 mins) and insulin level (at 60 min) were significantly 

lower in RYGB compared with sham-obese rats (Figure 4-1C). Similarly, sham-BWM rats 

showed significantly lower levels of both glucose level at 30 min and insulin level at 60 
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min in comparison with sham-obese rats.  At 15 and 60 mins, glucose levels were 

significantly lower in caloric restriction group compared with RYGB group (Figure 4-1C). 

4.3.2 Caloric restriction effects on faecal, urinary, peripheral and portal vein 

plasma metabolic profiles of obese Zucker rats 

 

Figure 4-2. A PCA trajectory scores plot of faecal water 1H NMR spectral data set obtained from RYGB (blue), 
sham-BWM (green) and sham-obese (red) Zucker rats at pre-operation (square), 1-week (triangle), 2-week 
(diamond) and 4-week (circle) post-operations. Each dot represents the average scores of the first principal 
component (PC1) against the second principal component (PC2) of the spectral data from each group and the 
error bars are expressed by the standard error of the mean of PC1 and PC2 of each time point. 

 

A high degree of shift in faecal metabolic profiles of RYGB, sham-obese and sham-BWM 

rats was observed (Figure 4-2). The pre- and post-operation time points (time-related 

shift) are separated along the first principal component (PC1), whilst differentiation 

between RYGB- and sham-obese rats is along the second principal component (PC2). 

The sham-obese and sham-BWM rats showed similar degree of variation. 
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Figure 4-3. A PCA trajectory scores plot of urinary 1H NMR spectral data set obtained from RYGB (blue), sham-
BWM (green) and sham-obese (red) Zucker rats at pre-operation (square), 1-week (triangle), 2-week (diamond) 
and 4-week (circle) post-operations. Each dot represents the average scores of the first principal component 
(PC1) against the second principal component (PC2) of the spectral data from each group and the error bars are 
expressed by the standard error of the mean of PC1 and PC2 of each time point. 

 

The PCA trajectory scores plot (Figure 4-3) demonstrated a significant shift in global 

urinary metabolic profiles of RYGB rats compared with sham-obese and sham-BWM rats 

as the surgery-related shift is shown along PC1 and the time-related shift is along PC2. 

A tight clustering of sham-BWM and a different trajectory of the sham-rats compared with 

RYGB rats were observed in the PCA trajectory scores plot. 
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Figure 4-4. PCA scores plots (left panel) and O-PLS-DA cross-validated scores plots (right panel) of the faecal 
metabolic profiles between sham-BWM (green) and sham-obese (red) Zucker rats at pre-operation (square), 1-
week (star), 2-week (inverted triangle) and 3-week (dot) post-operations. Percentage on each PC represents 
variation explained by each principal component and Q2 represents predictability of the model. 
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Figure 4-5. PCA scores plots (left panel) and O-PLS-DA cross-validated scores plots (right) of the urinary 
metabolic profiles between sham-BWM (green) and sham-obese (red panel) Zucker rats at pre-operation (square), 
1-week (star), 2-week (inverted triangle) and 3-week (dot) post-operations. Percentage on each PC represents 
variation explained by each principal component and Q2 represents predictability of the model. 
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Figure 4-6. PCA scores plots (left panel) and O-PLS-DA cross-validated scores plots (right panel) of peripheral 
(dot) and portal vein (triangle) plasma metabolic profiles between sham-BWM (green) and sham-obese (red) 
Zucker rats. Percentage on each PC represents variation explained by each principal component and Q2 
represents predictability of the model. 

 

PCA and O-PLS-DA analyses demonstrated that faecal metabolic profiles obtained from 

sham-BWM were not significantly different from sham-obese (Figure 4-4 and Table 4-1). 

Moreover, urinary metabolic profiles of sham-BWM were compared with those of sham-

obese and the results showed that no distinct urinary metabolic difference was observed 

at pre-sham operation, 1- and 2-week post-sham operation (Figure 4-5 and Table 4-1). 

Although O-PLS-DA model comparing urinary metabolic profiles between sham-BWM 

and sham-obese at week 3 displayed valid statistical parameters (Table 4-1), there was 

no significant discriminatory metabolite obtained after Benjamini-Hochberg FDR 

correction. PCA and O-PLS-DA models comparing peripheral plasma and portal vein 

plasma between sham-BWM and sham-obese revealed the non-robust models, 

suggesting no metabolic differences between these groups (Figure 4-6 and Table 4-1). 
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4.3.3 Effects of Roux-en-Y gastric bypass on faecal metabolic profiles of obese 

Zucker rats 

Pairwise comparison including RYGB vs. sham-obese and RYGB vs. sham-BWM were 

carried out using PCA and O-PLS-DA in order to extract the detailed faecal metabolic 

alterations exerted through the two different weight loss strategies – RYGB and caloric 

restriction. 
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Figure 4-7. PCA scores plots (left panel) and O-PLS-DA cross-validated scores plots (right panel) of faecal 
metabolic profiles between RYGB (blue) and sham-obese (red) Zucker rats at pre-operation (square), 1-week 
(star), 2-week (inverted triangle) and 3-week (dot) post-operations. Percentage on each PC represents variation 
explained by each principal component and Q2 represents predictability of the PCA model. 

 

Table 4-1. Summary of O-PLS-DA statistical parameters for all pairwise 
comparison models demonstrated in Chapter 4. Significant models are bold. 

Biofluid Models Time point O-PLS-DA statistical parameters 
R2X Q2Y Permutation  

p value 

Fa
ec

es
 

RYGB vs. Sham-obese Pre-op 55.40% -0.61 0.802 
RYGB vs. Sham-obese 1-week post-op 47.10% 0.65 0.001 
RYGB vs. Sham-obese 2-week post-op 55.40% 0.67 0.001 
RYGB vs. Sham-obese 3-week post-op 68.80% 0.58 0.001 
RYGB vs. Sham-BWM Pre-op 55.70% -0.57 0.864 
RYGB vs. Sham-BWM 1-week post-op 49.30% 0.8 0.001 
RYGB vs. Sham-BWM 2-week post-op 61.90% 0.72 0.001 
RYGB vs. Sham-BWM 3-week post-op 64.70% 0.56 0.001 
Sham-BWM vs. Sham-obese Pre-op 60.60% -0.37 0.856 
Sham-BWM vs. Sham-obese 1-week post-op 64.20% 0.29 0.454 
Sham-BWM vs. Sham-obese 2-week post-op 67.80% -0.63 0.114 
Sham-BWM vs. Sham-obese 3-week post-op 56.10% 0.28 0.265 

U
rin

e 

RYGB vs. Sham-obese Pre-op 34.80% -1.26 0.994 
RYGB vs. Sham-obese 1-week post-op 35.50% 0.65 0.002 
RYGB vs. Sham-obese 2-week post-op 40.40% 0.67 0.001 
RYGB vs. Sham-obese 3-week post-op 42.90% 0.81 0.002 
RYGB vs. Sham-BWM Pre-op 33.80% -0.57 0.864 
RYGB vs. Sham-BWM 1-week post-op 32.40% 0.76 0.002 
RYGB vs. Sham-BWM 2-week post-op 35.40% 0.74 0.002 
RYGB vs. Sham-BWM 3-week post-op 64.70% 0.65 0.001 
Sham-BWM vs. Sham-obese Pre-op 60.60% -0.37 0.855 
Sham-BWM vs. Sham-obese 1-week post-op 64.20% 0.29 0.252 
Sham-BWM vs. Sham-obese 2-week post-op 67.80% 0.33 0.294 
Sham-BWM vs. Sham-obese 3-week post-op 53.00% 0.66 0.014 

Pl
as

m
a 

RYGB (Ps) vs. RYGB (Pp) 3-week post-op 27.63% 0.43 0.006 
Sham-BWM (Ps) vs. Sham-BWM (Pp)  3-week post-op 32.85% 0.51 0.106 
RYGB (Ps) vs. Sham-obese (Ps) 3-week post-op 32.50% 0.65 0.001 
RYGB (Pp) vs. Sham-obese (Pp) 3-week post-op 29.40% 0.63 0.001 
RYGB (Ps) vs. Sham-BWM (Ps) 3-week post-op 31.10% 0.75 0.001 
RYGB (Pp) vs. Sham-BWM (Pp) 3-week post-op 28.30% 0.82 0.001 
Sham-BWM (Ps) vs. Sham-obese (Ps) 3-week post-op 34.90% 0.42 0.158 
Sham-BWM (Pp) vs. Sham-obese (Pp) 3-week post-op 34.90% 0.35 0.272 
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Abbreviations: Ps, peripheral plasma; Pp, portal vein plasma; Pre-op, pre-operation; Post-op, post-operation. P 
values of all models were derived from permutation tests (n=1000). 

Prior to RYGB or sham surgery, there was no significant differences in the metabolic 

profiles of faeces between the two groups (Figure 4-7 and Table 4-1). A clear and 

significant separation between RYGB and sham-obese Zucker rats was observed at 1-, 

2- and 3-week post-operation along the PC2 in PCA scores plots (Figure 4-7, left panel). 

O-PLS-DA analysis was applied to investigate the metabolites that were discriminant 

between the RYGB and sham-obese classes at each time point (Table 4-1). The loadings 

of the pairwise O-PLS-DA models between RYGB and sham-obese rats identified 

relatively higher concentrations of faecal γ-amino butyric acid (GABA) and 

trimethylamine (TMA) over 3-week period after operation with relatively higher levels of 

faecal nicotinate at 1-week post-operation and faecal uracil at 2- and 3-week post-

operations in RYGB rats, whereas faecal levels of lactate, succinate, cytosine, tyrosine, 

γ-hydroxybutyrate, N-acetylglucosamine, 3-hydroxyphenyl propionic acid (3-HPPA) and 

short-chain fatty acids (SCFAs; e.g. propionate and acetate) were found in relatively 

lower concentrations in RYGB rats over the 3-week period after operation with lower 

relative level of N-acetylhistamine at only 1- and 2-week post-operations (Table 4-2). 
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 Table 4-2. Sum

m
ary of O

-PLS-D
A m

etabolic changes in urinary (U
) and faecal (F) 1H

 N
M

R
 profiles  

M
etabolite 

C
hem

ical shift 
Biofluid 

O
-PLS-D

A m
odels 

1-W
eek Post-op 

2-W
eek Post-op 

3-W
eek Post-op 

R
YG

B (+) vs. 
Sham

-obese (-) 
R

YG
B (+) vs. 

sham
-BW

M
 (-) 

R
YG

B (+) vs. 
Sham

-obese (-) 
R

YG
B (+) vs. 

sham
-BW

M
 (-) 

R
YG

B (+) vs. 
Sham

-obese (-) 
R

YG
B (+) vs. 

sham
-BW

M
 (-) 

Butyrate 
0.90 (t); 1.56 (m

); 2.16 (t) 
F 

 
 

 
 

-0.6661 
-0.7469* 

Isoleucine 
0.94 (t); 1.01 (d); 1.26 (m

);  
F 

 
-0.6275 

 
-0.8011* 

-0.7221 
 

Propionate 
1.06 (t); 2.19 (q) 

F 
-0.6703 

 
-0.7097* 

-0.6873 
-0.7718** 

-0.6055 
3-H

ydroxybutyrate 
1.21 (d); 2.28 (m

); 2.37 (m
) 

F 
 

-0.7745 
 

-0.7995 
 

 

M
ethylm

alonate 
1.25 (d); 3.17 (q) 

F 
 

-0.7469 
 

 
 

-0.7773 
Valerate 

1.30 (m
) 

F 
 

-0.7987 
 

-0.9091 
 

-0.6197 
Lactate 

1.33 (d); 4.11 (q) 
F 

-0.6729* 
 

-0.8276**** 
-0.895** 

-0.611** 
 

γ-H
ydroxybutyrate 

1.82 (s) 
F 

-0.6051* 
 

-0.8572* 
-0.9185* 

-0.8871** 
-0.8239* 

γ-am
ino-butyric acid 

1.91 (q); 2.30 (t); 3.02 (t) 
F 

0.7083 
0.7745 

0.7344 
0.6973 

0.804 
0.8065** 

Acetate 
1.92 (s) 

F 
-0.6601 

 
-0.9107**** 

-0.8752** 
-0.9248**** 

-0.8735** 
Proline 

2.03 (m
); 2.35 (m

); 3.38 (m
); 

4.16 (dd) 
F 

 
-0.8009 

 
-0.8917 

 
 

N
-acetyl-L-aspartate 

2.03 (s); 2.70 (dd) 
F 

 
 

-0.8349**** 
-0.9643*** 

-0.899** 
-0.8867* 

N
-acetylglucosam

ine 
2.06 (s); 5.22 (d) 

F 
-0.7426** 

-0.797** 
-0.6805*** 

-0.5971** 
-0.8857**** 

-0.6858**** 
Succinate 

2.41 (s) 
F 

-0.784 
-0.5721 

-0.75 
-0.702 

-0.829 
-0.8575 

α-Ketoglutarate 
2.45 (t) 

F 
 

-0.8237 
 

-0.7752 
 

-0.8371 
3-H

ydroxyphenyl propionic acid 
2.47 (t); 2.84 (t); 7.25 (t); 6.76 
(dd); 6.8 (s); 6.88 (d) 

F 
-0.8006** 

 
-0.971**** 

-0.7879* 
-0.9639**** 

-0.9013*** 

Pyridoxal 
2.49 (s); 5.12 (dd); 6.58 (s); 
7.61 (s) 

F 
 

 

 
-0.8721 

 
-0.7293** 

N
-acetylhistam

ine 
2.84 (t); 3.45 (m

); 7.03 (s); 7.95 
(s) 

F 
-0.7283* 

 
-0.949**** 

-0.767 
 

-0.7766*** 

Trim
ethylam

ine 
2.89 (s) 

F 
0.6903*** 

0.6631*** 
0.6778** 

0.6939** 
-0.8668* 

0.6226 
Xylose 

3.21 (dd); 3.42 (t); 3.51 (dd); 
3.63 (m

); 3.91 (dd); 4.57 (d); 
5.21 (d) 

F 

 

-0.7644 
-0.633 

-0.717* 

 
 

Arabinose 
3.51 (dd); 3.68 (m

); 3.82 (dd); 
3.90 (m

); 3.95 (m
); 4.02 (m

); 
4.52 (d); 5.31 (d) 

F 

 
 

 
-0.8769 

 
 

U
racil 

5.81 (d); 7.53 (d) 
F 

 
0.6199 

0.6289*** 
0.6005*** 

0.6522 
0.6146* 

C
ytosine 

5.97 (d); 7.51 (d) 
F 

-0.841** 
-0.8927** 

-0.9336** 
-0.9652*** 

-0.9399*** 
0.9679*** 

U
rocanate 

6.38 (d); 7.31 (d); 7.41 (s); 7.89 
(s) 

F 
 

 

 
-0.9205 

 
-0.8685**** 
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 Tyrosine 

7.19 (d); 6.91 (d)  
F 

-0.7683* 
-0.678 

-0.632 
-0.7263** 

-0.6453*** 
-0.6328** 

N
icotinate 

7.53 (dd); 8.25 (dt); 8.61 (dd); 
8.95 (d)  

F 
0.6643 

0.6864 
 

0.6856** 
 

0.6439 

Xanthine 
7.79 (s) 

F 
 

 

 
-0.8399**** 

 
 

Form
ate 

8.46 (s) 
F 

 
 

 
-0.8121 

 
 

3-M
ethyl-2-oxovalerate 

0.90 (t); 1.12 (d); 1.46 (m
); 1.70 

(m
); 2.93 (m

) 
U

 
-0.7369* 

 
-0.7694** 

-0.6358 
-0.778 

-0.6859** 
U

nknow
n 1  

0.91 (s); 1.73 (t) 
U

 
-0.8216 

 
-0.675 

 
-0.859 

 

α -Ketoisocaproate  
0.94 (d); 2.08 (m

); 2.60 (d) 
U

 
 

 

 
-0.7384 

 
 

Propionate 
1.06 (t); 2.19 (q) 

U
 

 
 

0.6708*** 
0.6527*** 

 
 

α-Ketoisovalerate 
1.14 (d); 3.02 (m

) 
U

 
0.753 

 
0.762 

0.6183 
 

 

C
aproate 

1.30 (m
); 1.57 (m

) 
U

 
-0.738 

 
 

 
 

 

Lactate 
1.33 (d); 4.11 (q) 

U
 

-0.9764 
 

-0.7017 
-0.8446 

 
-0.8171 

Arginine 
1.66 (m

); 1.73 (m
); 1.92 (m

) 
3.25 (t); 3.77 (t) 

U
 

 
 

 
0.6639**** 

 
 

N
ε -acetyllysine 

1.99 (s) 
U

 
-0.8048 

 
 

 
 

 

N
-acetylalanine 

2.01 (s) 
U

 
-0.8048* 

 
 

 
 

 

N
α -acetyllysine 

2.03 (s); 3.01(t) 
U

 
-0.898** 

 
-0.8938** 

-0.8806** 
-0.8647 

-0.8819* 
N

-acetylcysteine 
2.05 (s) 

U
 

-0.6635 
 

 
 

 
 

M
ethionine 

2.14 (s); 2.65 (t) 
U

 
 

 
0.7428** 

0.6889*** 
 

 

Acetoacetate 
2.29 (s); 3.45 (s) 

U
 

 
 

 
 

 
0.7707*** 

4-C
resyl glucuronide 

2.30 (s); 7.05(d); 7.2 (d) 
U

 
 

 
0.7183*** 

0.7806**** 
 

 

M
alate 

2.40 (dd); 2.69 (dd); 4.31 (dd) 
U

 
 

 
-0.8302** 

-0.7655* 
 

-0.8778**** 
Succinate 

2.41 (s) 
U

 
 

 
 

 

 
-0.9548**** 

2-O
xoglutarate 

2.45 (t); 3.02 (t) 
U

 
-0.8208**** 

 
-0.9034**** 

-0.8211* 
-0.8678**** 

-0.8861*** 
Pyridoxal 

2.49 (s); 5.19 (dd); 6.58 (s); 
7.61 (s) 

U
 

 
 

 
 

 
-0.865 

C
itrate 

2.54 (d); 2.69 (d) 
U

 
-0.6872* 

 
-0.9249*** 

-0.8754** 
-0.7269* 

-0.8056** 
H

ypotaurine 
2.66 (t); 3.36 (t) 

U
 

 
 

 
0.9062**** 

 
0.7378**** 

H
PH

PA 
2.68 (m

); 6.97 (d); 6.91 (s); 
6.84 (dd); 5.01 (dd); 7.03 (t) 

U
 

 
 

 
 

 
0.8424**** 

D
im

ethylam
ine 

2.72 (s) 
U

 
 

 
-0.7555* 

 
 

 

Biliverdin 
2.80 (bs) 

U
 

-0.9049 
 

 
 

 
 

4-H
ydroxyphenylacetate 

2.81 (dd); 3.02 (dd); 4.22 (dd); 
6.86 (d); 7.19 (d) 

U
 

 
 

0.7897 
0.7567 

0.7422* 
0.814* 

Phenylalanine 
3.13 (dd); 3.28 (dd); 4.00 (dd); 
7.39 (m

) 
U

 
 

 
 

 
-0.6764 

** 
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 C

holine 
3.20 (s) 

U
 

 
 

0.6674*** 
0.6741*** 

 
 

5-H
ydroxytrptophan 

3.23 (dd); 3.41 (dd); 4.03 (dd); 
6.87 (d); 6.88 (d); 7.14 (s); 7.28 
(s); 7.41 (d);  

U
 

0.855** 
 

0.8916*** 
0.8214*** 

0.8085**** 
0.7614*** 

G
lycine 

3.57 (s)  
U

 
 

 

 
0.6363* 

 
 

G
lycerol 

3.58 (dd); 3.65 (dd) 
U

 
 

 
0.844* 

 
 

 

5-H
ydroxyindole-3-acetate 

3.59 (s) 
U

 
 

 
 

0.8189*** 
 

 

G
lyceraldehyde 

3.62 (m
); 3.79 (dd) 

U
 

 
 

 
 

 
0.7294** 

U
ridine 

3.81 (dd); 3.92 (dd); 4.14 (q); 
4.24 (t); 4.36 (t); 5.9 (s); 5.92 
(d); 7.87 (d) 

U
 

 
 

0.8421*** 
0.7762*** 

 
 

β-glucose 
4.67 (d) 

U
 

 
 

0.702*** 
 

 
 

Pyridoxal-5-phosphate 
4.94 (d); 5.16 (d); 2.50 (s); 7.77 
(s) 

U
 

-0.8576 
 

 
 

 
 

α-G
lucose 

5.25 (d) 
U

 
 

 
0.7318**** 

 
 

 

Allantoin 
5.40 (s) 

U
 

 
 

0.7251 
 

 
-0.8292**** 

U
rocanate 

6.38 (d); 6.44 (d) 
U

 
-0.7982* 

 
 

 
 

 

Fum
arate 

6.53 (s) 
U

 
 

 
-0.664* 

 
 

-0.7184** 
Tyrosine 

7.16 (d); 6.86 (d) 
U

 
0.7826**** 

 
0.6427*** 

 
0.6817*** 

0.7526*** 
Indoxyl sulfate 

7.21 (t); 7.36 (s); 7.50 (d); 7.69 
(d); 7.27 (t) 

U
 

0.7538** 
 

0.6761** 
 

0.6546*** 
0.6136** 

Phenylacetylglycine 
7.42 (m

); 7.35 (m
); 3.66 (s); 

3.74 (d) 
U

 
0.6636 

 
0.6663*** 

 
0.8069 

0.7785**** 

U
nknow

n 2 
8.08 (s); 8.57 (s) 

U
 

 
 

 
 

 
0.8456 

N
AD

 
9.36 (s); 9.15 (d); 8.83 (d); 8.40 
(s); 8.20 (m

); 8.14 (s); 6.12 (d); 
6.08 (d) 

U
 

-0.7472** 
 

 
 

 
 

 
 

 
 

 
 

 
 

 
  “+” indicates higher correlation, w

hereas “-” indicates higher correlation in either group of O
-PLS-D

A pairw
ise com

parison m
odels. Abbreviations: s, singlet; d, doublet; dd, double of doublets; 

t, triplet; bs, broad singlet; m
, m

ultiplet; q, quartet; F, faeces; U, urine; P
s , peripheral plasm

a; P
p , portal vein plasm

a; H
PHPA, 3-(3-hydroxyphenyl)-3-hydroxypropionic acid; N

AD
, nicotinam

ide 
adenine dinucleotide. *, **, *** and **** indicate significant levels of m

etabolite differences betw
een

 pairw
ise groups of each tim

e point at p<0.05, p<0.01, p<0.001 and p<0.0001, respectively using 
tw

o-tailed heteroscedastic t-test w
ith Benjam

ini-Hochberg correction.  
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4.3.4 Urinary metabolic differences between Roux-en-Y gastric bypass-treated 

and obese Zucker rats 

Pairwise comparison of RYGB vs. sham-obese, and RYGB vs. Sham-BWM were 

constructed to investigate RYGB-induced metabolic changes.  

 

Figure 4-8. PCA scores plots (left panel) and O-PLS-DA cross-validated scores plots (right panel) of urinary 
metabolic profiles between RYGB (blue) and sham-obese (red) Zucker rats at pre-operation (square), 1-week 
(star), 2-week (inverted triangle) and 3-week (dot) post-operations. Percentage on each PC represents variation 
explained by each principal component and Q2 represents predictive ability of the PCA model. 
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Urinary metabolic profiles of RYGB and sham-obese rats at pre-operation were not 

significantly different, evidenced by poor clustering in PCA scores plot and a negative 

Q2Y value of the O-PLS-DA model (Figure 4-8 and Table 4-1). In contrast, PCA scores 

plots (Figure 4-8) showed the class separation between RYGB and sham-obese along 

PC1 at all post-operation time points (1, 2 and 3 weeks). Likewise, O-PLS-DA cross-

validated scores plots clearly demonstrated the differentiation between these two groups 

post-operatively (Figure 4-8). The relative concentrations of urinary 5-

hydroxytryptophan, tyrosine, indoxyl sulfate (IS) and phenylacetylglycine (PAG) 

increased in RYGB compared with sham-obese rats over the 3-week post-operation 

period (Table 4-2). Moreover, higher relative concentrations of propionate, 4-cresyl 

glucuronide, methionine, choline, glycerol, uridine, α-glucose, β-glucose, and allantoin 

were only observed at 2-week post-operation (Table 4-2). In comparison to sham-obese 

rats, urinary concentrations of α-ketoisovalerate and 4-hydroxyphenylacetate was only 

found to be higher in RYGB rats at 1-week post-operation, and 2- and 3-week post-

operations, respectively (Table 4-2). In contrast, relative concentrations of urinary 3-

methyl-2-oxovalerate, unknown 1 (δ1H 0.91 (s); δ1H 1.73 (t)), Nα-acetyllysine, 2-

oxoglutarate and citrate were found to be significantly lower in RYGB compared with 

sham-obese rats throughout the 3-week period of post-operation (Table 4-2). Some 

discriminatory metabolites were significantly altered at a particular post-operation time 

point. For instance, urinary levels of caproate, Nε-acetyllysine, N-acetylalanine, N-

acetylcysteine, biliverdin, pyridoxal-5-phosphate, urocanate and nicotinamide adenine 

dinucleotide (NAD) were relatively lower in RYGB rats at 1-week post-operation, 

whereas urinary relative concentrations of malate, dimethylamine and fumarate were 

shown to be lower in RYGB rats at 2-week post-operation only (Table 4-2). Additionally, 

the urinary level of lactate significantly decreased during the first two weeks post-

operation (Table 4-2).    
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4.3.5 Peripheral and portal vein plasma metabolic differences between Roux-en-

Y gastric bypass-treated and obese Zucker rats 

 
Figure 4-9. PCA scores plots (left) and O-PLS-DA cross-validated scores plots (right) of peripheral (dot) and portal 
vein (triangle) plasma metabolic profiles of RYGB (blue) and obese (red) Zucker rats. Percentage on each PC 
represents variation explained by each principal component and Q2 represents predictive ability of the PCA 
model. 

Clustering between peripheral and portal vein plasma obtained from RYGB rats at 3-

week post-operation was not clearly seen on PCA scores plot. O-PLS-DA cross-

validated scores plot showed the significant separation between them (Figure 4-9). 

Relative concentrations of N,N,N-trimethyllysine, propionate and succinate were found 

to be significantly higher in portal vein plasma than peripheral plasma of RYGB rats 

(Table 4-3).  

Distinct class differentiation was not observed on PCA scores plots when comparing 

either the peripheral plasma profiles or the portal vein plasma profiles between RYGB 

and sham-obese rats (Figure 4-9, left panel). However, the corresponding O-PLS-DA 
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models were significant and identified the discriminatory metabolites as relatively lower 

levels of BCAAs (e.g. leucine and valine) in both peripheral and portal vein plasma in 

RYGB compared with sham-obese (Table 4-3). However, higher relative concentration 

of creatine accompanied with lower relative levels of 5-hydroxytryptophan, isoleucine, 

threonine, creatinine, very low-density lipoprotein (VLDL) and lipids (=C-CH2-) in RYGB 

compared with sham-obese rats were observed in peripheral plasma only (Table 4-3). 

Portal vein plasma concentrations of 3-hydroxybutyrate and malate of RYGB decreased, 

whereas the relative concentration of creatinine was found to be significantly higher in 

RYGB compared with the sham-obese control (Table 4-3).    
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 Table 4-3. Sum
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4.3.6 Faecal metabolic differences between Roux-en-Y gastric bypass- and caloric 

restriction-treated obese Zucker rats 

Faecal metabolic profiles of RYGB and sham-BWM (calorie-restricted group) at pre-

operation were similar as indicated in both the PCA scores plot and the O-PLS-DA cross-

validated scores plot with a very low Q2Y (-0.57) and a large p value (p=0.864) (Figure 

4-10 and Table 1). The group clustering on the PCA scores plots had become clearer 

over the 3-week post-operation period. The group separation along PC2 was observed 

at 2- and 3-week post-operation (Figure 4-10). O-PLS-DA analysis revealed the relatively 

higher concentrations of faecal GABA, TMA, uracil and nicotinate in RYGB rats 

compared with sham-BWM rats (Table 4-2). These findings were similar to the metabolic 

differences between RYGB and sham-obese rats. Metabolic differences between RYGB 

and sham-BWM rats included faecal uracil concentration that was present in RYGB 

faeces since the first week post-operation, and faecal nicotinate concentration that 

prolonged until the terminal time point.  

Concentrations of faecal N-acetylglucosamine, succinate, cytosine and tyrosine were 

relatively lower in RYGB compared with sham-BWM throughout post-operation period 

and relative concentrations of faecal propionate, N-acetyl-L-aspartate, 3-HPPA, N-

acetylhistamine were also lower in RYGB at either 1- and 2-week post-operation or 2- 

and 3-week post-operation (Table 4-2). Interestingly, RYGB rats showed lower relative 

levels of faecal valerate and α-ketoglutarate at 1-, 2- and 3-week post-operation, 

accompanied with lower relative concentrations of 3-hydroxybutyrate and proline after 

the first two weeks post-operation, decreased relative levels of methylmalonate at 1- and 

3-week post-operation and lower levels of xanthine and formate at 2-week post-operation 

that were only observed when comparing RYGB vs. sham-BWM but not RYGB vs. sham-

obese (Table 4-2).  
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Figure 4-10. PCA scores plots (left) and O-PLS-DA cross-validated scores plots (right) of faecal metabolic profiles 
of RYGB (blue) and sham-BWM (red) rats at pre-operation (square), 1-week (star), 2-week (inverted triangle) and 
3-week (circle) post-operations. Percentage on each PC represents variation explained by each principal 
component and Q2 represents predictive ability of the PCA model. 

 

4.3.7 Urinary metabolic differences between Roux-en-Y gastric bypass-treated 

and caloric restriction-treated obese Zucker rats 
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Figure 4-11. PCA scores plots (left) and O-PLS-DA cross-validated scores plots (right) of urinary metabolic 
profiles between RYGB (blue) and sham-BWM (red) rats at pre-operation (square), 1-week (star), 2-week (inverted 
triangle) and 3-week (circle) post-operations. Percentage on each PC represents variation explained by each 
principal component and Q2 represents predictive ability of the PCA model. 

PCA scores and O-PLS-DA cross-validated scores plots of the pairwise comparison 

between RYGB and sham-BWM at pre-operation suggested the similar urinary metabolic 

profiles of both groups (Figure 4-11). A clear class separation between RYGB and sham-

BWM along PC1 was observed at 1-week post-operation onwards (Figure 4-11). O-PLS-

DA analysis determined that higher relative concentrations of propionate, α-

ketoisovalerate, arginine, methionine, 4-cresyl glucuronide, choline, glycine, glycerol, 5-

hydroxyindole-3-acetate and uridine at only 2-week post-operation, together with 
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elevated levels of urinary hypotaurine, 4-hydroxyphenylacetate and 5-hydroxytryptophan 

at 2- and 3-week post-operation in RYGB (Table 4-2). Furthermore, relative 

concentrations of glyceraldehyde, tyrosine, IS, PAG and unknown 2 (δ1H 8.08 (s); δ1H 

8.57 (s)) were found to be higher in RYGB at 3-week post-operation only. Relative 

concentrations of urinary 3-methyl-2-oxovalerate, lactate, Nα-acetyllysine, 2-oxoglutarate 

and citrate were, however, found to be elevated in sham-BWM during 2- and 3-week 

post-operation (Table 4-2). In addition, sham-BWM showed higher relative 

concentrations of urinary 2-ketoisocaproate at only 2-week post-sham operation and 

phenylalanine, allantoin and fumarate at only 3-week post-sham operation in contrast to 

RYGB rats (Table 4-2). 

 

4.3.8 Peripheral and portal vein plasma metabolic differences between Roux-en-Y 

gastric bypass-treated and caloric restriction-treated obese Zucker rats 
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Figure 4-12. PCA scores plots (left) and O-PLS-DA cross-validated scores plots (right) of peripheral (circle) and 
portal vein (triangle) plasma metabolic profiles of RYGB (blue) and sham-BWM (green) Zucker rats. Percentage 
on each PC represents variation explained by each principal component and Q2 represents predictive ability of 
the PCA model. 

Metabolic profiles obtained from peripheral and portal vein plasma of sham-BWM were 

mildly separated along PC2 as indicated on PCA scores plot and such a separation was 

also observed on O-PLS-DA cross-validated scores plot (Figure 4-12). O-PLS-DA 

analysis revealed the significantly higher relative concentrations of N,N,N-trimethyllysine 

and propionate in the portal vein plasma compared with peripheral plasma in the sham-

BWM and RYGB rats. More interestingly, portal vein plasma carried higher relative levels 

of dimethylamine, formate, proline and pyruvate compared with the peripheral plasma in 

sham-BWM that were quite different from the RYGB rats (Table 4-3). 
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4.4 Discussion 

Roux-en-Y gastric bypass was found to systemically change the metabolic profiles of 

hyperinsulinemic obese (fa/fa) Zucker rats as indicated in the significant alteration of 

metabolites measured using 1H NMR spectroscopy-based metabolic profiling. This study 

revealed, for the first time, the global metabolic profiles of all biological matrices including 

portal vein plasma, peripheral plasma, faeces and urine obtained from RYGB- or caloric 

restriction-treated hyperinsulinemic obese Zucker rats (Figure 4-12).  

 

Figure 4-13. Schematic illustration of systemic changes observed in biofluid from RYGB-treated obese Zucker 

rats in comparison with either sham-obese or sham-BWM rats. Red indicates higher relative concentrations, 

whereas blue indicates lower relative concentrations of metabolites in RYGB group compared with either sham-

obese or sham-BWM rats. a indicates the metabolites obtained from comparison model between portal vein 

plasma or peripheral plasma within the RYGB group; b indicates metabolites obtained from the comparison model 

of RYGB vs. sham-BWM only; c indicates metabolites obtained from the comparison model of RYGB vs. sham-

obese only; d indicates metabolites obtained from comparison model between portal vein plasma or peripheral 

plasma within the sham-BWM group. Key: 3-HB, 3-hydroxybutyrate; 3-HPPA, 3-hydroxypropionate; PEP, 

phosphoenolpyruvate; IPA, indole-3-propionate; 5-HTP, 5-hydroxytryptophan; 2-OG, 2-oxoglutarate; TMA, 

trimethylamine; GABA, ү-amino butyrate; PAG, phenylacetylglycine; IS, indoxyl sulfate; VLDL, very low density 

lipoprotein. 

 



Chapter 4 - 1H NMR-Based Metabolic Profiling of Peripheral and Portal Vein Plasma, Urine and Faecal Water in the Obese Zucker Rats 
Treated with Roux-en-Y Gastric Bypass or Caloric Restriction 

 

95 
 

4.4.1 Increased microbially-derived neuroactive intermediates 

Higher concentrations of GABA were found in RYGB group compared with sham-obese 

rats and sham-BWM rats (Figure 4-13) that may result from the dramatic microbial 

changes in the GI tract following RYGB (data will be shown in Chapter 5). GABA, a 

neuroactive peptide has been demonstrated to derive from the microbial processing of 

putrescine and higher concentrations of GABA in post-RYGB faecal samples have been 

shown in the previous studies (Kurihara et al., 2010; Li et al., 2011a). GABA can also be 

produced by the decarboxylation of glutamate catalysed by glutamate decarboxylase 

(GAD) and cofactor, pyridoxal-5’-phosphate (PLP) (Ueno, 2000). GABA was shown to 

have hypotensive, tranquilising, diuretic, and anti-diabetic effects (Adeghate & Ponery, 

2002). GABA stimulates Glucagon-like peptide-1 (GLP-1) secretion from enterocytes and 

raises the level of GLP-1, which in turn promotes GABA formation from pancreatic islet 

of Langerhans β-cells to exert the autocrine and paracrine effects, for instance, regulation 

of Islet of Langerhans α-cell to inhibit glucagon secretion (Okafor et al., 2015). In addition 

to GLP-1 regulatory effect, GABA was found to inversely correlate with cell survival in 

the cytotoxic assay of which mouse lymphoma cell line was treated with RYGB-operated 

faecal water (Li et al., 2011b). The presence of GABA could indicate the altered intestinal 

microenvironment that is more favourable towards the GABA-producing bacteria 

following the RYGB operation. 

Relative concentration of 5-HTP was found to be lower in portal vein and peripheral 

plasma of RYGB when comparing RYGB vs. sham-BWM only but higher in urine when 

comparing RYGB with both sham-obese and sham-BWM (Figure 4-13). 5-HTP is a 

precursor of 5-hydroxytryptamine (5-HT) or serotonin which is a critical signalling 

molecule in the brain-gut-microbial axis (Yano et al., 2015; O’Mahony et al., 2015). 

Higher relative concentration of 5-HTP in urine could indicate that serotonin was lower in 

the tissue. The synthesis of 5-HT begins with the conversion of tryptophan, a precursor 

for both host serotonin and bacterial tryptamine biosynthesis, to 5-HTP and then 5-HT 
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catalysed by tryptophan hydroxylase (TRH) and aromatic L-amino acid decarboxylase 

(L-AADC) in the host, respectively. The newly synthesised 5-HT in the enterochromaffin 

(EC) cells is contained in the vesicle prior to secretion following mechanical or chemical 

stimulation of the mucosa (Nzakizwanayo et al., 2015). 5-HTP acts on G-protein-coupled 

receptor (GPCR) within the GI tract to modulate gut motility (Dale, Hollingworth & 

McKenna, 2011).  

 

4.4.2 Altered microbial activity on aromatic amino acid metabolism and 

biosynthesis of host-microbial co-metabolites following RYGB 

Microbial metabolism of aromatic amino acids (e.g. phenylalanine, tryptophan and 

tyrosine) was altered in obese Zucker rats-treated with RYGB, as evidenced by lower 

level of faecal 3-HPPA, higher levels of PAG in portal vein plasma and urine, and urinary 

IS in RYGB compared with either sham-obese or sham-BWM (Figure 4-13).  

With respect to the results previously reported in Chapter 3, faecal relative concentration 

of 3-HPPA was found to be higher in faeces obtained from obese Zucker rats compared 

with lean Zucker rats. However, the faecal level of this microbial polyphenol metabolite 

decreased post-RYGB operation (Figure 4-13). 3-HPPA is a keto-acid intermediate 

derived from phenylalanine which is metabolised by gut microbiota via phenylacetate 

(Diaz et al., 2001; Teufel et al., 2010) (Figure 4-13). In this study, the urinary 

concentration of PAG in RYGB rats was shown to be higher than that of sham-obese and 

sham-BWM rats. PAG is a host-microbial co-metabolite that results from the microbial 

metabolism of phenylalanine to phenylacetate, which is conjugated with glycine in the rat 

liver to produce PAG or with glutamine in the human liver to produce 

phenylacetylglutamine (Dinan & Cryan, 2017). Higher urinary PAG level post-RYGB 

found in this study is consistent with the previous study (Li et al., 2011a). Our findings 

indicate that RYGB results in the greater conversion of phenylalanine to PAG rather than 
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3-HPPA while in the sham-obese and sham-BWM rats’ production of phenylacetate from 

phenylalanine seems to be enhanced and excreted as 3-HPPA in faeces.  

Higher relative concentrations of urinary IS in RYGB rats, compared with sham-obese or 

sham-BWM rats, was observed in this study. Indoxyl sulfate is derived from the bacterial 

metabolite indole through hepatic biotransformation (Shimizu et al., 2012). Aerobic gut 

microbes such as Escherichia coli are mainly responsible for the indole pool which arises 

from dietary tryptophan metabolism (Li et al., 2011a). This metabolite is also considered 

a uremic toxin associated with atherosclerosis (Shimizu et al., 2012). The results in the 

current study may indicate the adverse effect of bariatric surgery on both the heart and 

the kidneys to act on the cardiorenal syndrome. 

Intestinal bacteria have been shown to be able to metabolise dietary tyrosine to 4-cresol 

that, upon the absorption from the gut, is glucuronidated in the liver to yield 4-cresyl 

glucuronide as a host-microbial co-metabolite and an end product of tyrosine 

biotransformation by anaerobic intestinal bacteria (Poesen et al., 2016) (Figure 4-13). In 

this study, the elevated concentration of 4-cresyl glucuronide, accompanied with higher 

levels of PAG and IS, further suggested increased microbial activity producing precursors 

of these urinary host-microbial co-metabolites.  

 

4.4.3 Beneficial effects associated with altered SCFA production  

SCFA production occurs in the distal small intestine and colon where non-digestible 

carbohydrates, such as resistant starch, dietary fibre, and other low-digestible 

polysaccharides, are fermented by the saccharolytic bacteria including the 

phyla Bacteroidetes, Firmicutes and Actinobacteria (den Besten et al., 2013). Lower 

concentrations of faecal SCFAs (e.g. acetate and propionate) were found in RYGB-

treated obese Zucker rats compared with sham-obese rats, which could result from the 

decreased bioavailability of the fermentation substrates due to a lower amount of food 
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intake and/or decreased microbial fermentation of non-digestible carbohydrates by the 

potent gut microbiota in the RYGB rats.   

Propionate stimulates the secretion of both GLP-1 and PYY from L-cells in the mucosa 

of gastrointestinal tract (Byrne et al., 2015). It has previously been found to inhibit 

cholesterol synthesis, thereby antagonizing the cholesterol-increasing action of acetate, 

and to inhibit the expression of resistin, an adipose tissue-specific secretory factor 

(ADSF) in adipocytes. It is, furthermore, known that propionate is a gluconeogenic 

substrate and inhibits the utilisation of acetate for lipid and cholesterol synthesis 

(Demigne et al., 1995; Byrne et al., 2015). A previous study reported that mice which 

received the caecal content from RYGB-operated animals showed greater production of 

propionate and lower production of acetate compared with the recipients with the caecal 

content from sham-operated mice (Liou et al., 2013). In this study, relative propionate 

concentration was found to be lower in faeces but higher in portal vein plasma of RYGB, 

accompanied with lower concentration of faecal acetate. These observations indicate 

that RYGB rats could exhibit greater production of propionate and lower production of 

acetate via microbial fermentation when comparing with sham-obese or sham-BWM rats. 

Luminal propionate could subsequently be taken to the liver through the portal vein blood 

in the RYGB animals, which resulted in lower faecal levels of propionate. The reduced 

faecal levels of acetate may affect the acetate bioavailability in the liver and adipose 

tissue and therefore decrease lipogenesis. The elevated levels of propionate may also 

assist the inhibition of acetate conversion into lipid in the liver and adipose tissue. 

 

4.4.4 Effects of RYGB on BCAA metabolism 

Peripheral plasma levels of BCAA were shown to be higher in obese Zucker rats 

compared with their lean counterparts as reported in Chapter 3. In the current study, 

BCAAs such as leucine and valine were lower in peripheral plasma of RYGB compared 

with sham-obese or sham-BWM rats (Figure 4-13). Moreover, leucine, valine and 
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isoleucine were found to be lower in portal vein plasma of RYGB rats (Figure 4-13). In 

addition to the decreased levels of BCAAs in both peripheral and portal vein plasma, 

higher level of α-ketoisovalerate, along with lower levels of α-ketoisocaproate and 3-

methly-2-oxovalerate were found to be excreted in urine of RYGB rats (Figure 4-13). α-

Ketoisovalerate, α-ketoisocaproate and 3-methly-2-oxovalerate are the breakdown 

products of valine, leucine and isoleucine, respectively (Karlsson, Ko & Blomstrand, 

2006).  Increases in plasma BCAAs and their C3 and C5 acylcarnitine metabolites have 

been reported to be involved in the pathogenesis of insulin resistance (Newgard et al., 

2009). The findings in the current study suggested that RYGB–induced improvement in 

insulin sensitivity decreases plasma BCAA concentrations by reducing skeletal muscle 

protein breakdown and the release of BCAA into the circulation. This is supported by 

previous studies showing that insulin infusion resulted in a marked decrease in total 

plasma BCAA concentrations (Magkos et al., 2013; Chen et al., 2011).  

 

4.4.5 Effects of caloric restriction on metabolic alteration in comparison with 

RYGB operation 

Urinary level of 5-hydroxyindole-3-acetate (5-HIAA) was only found to be higher in RYGB 

when compared with sham-BWM rats in the current study (Figure 4-13). 5-HIAA is a 

breakdown product of serotonin that transmits signals between nerve cells and is 

excreted in the urine. 5-HIAA was reported to be significantly associated with four 

metabolic syndrome components including central obesity, raised triglycerides, raised 

blood pressure, and raised fasting plasma glucose (Afarideh et al., 2015). This means 

that, despite the similar weight loss, caloric restriction provides lower risk of developing 

the aforementioned metabolic conditions compared with RYGB approach.  

Sham-BWM rats exhibited lower levels of hypotaurine in urine compared with RYGB only 

(Figure 4-12). Hypotaurine is a product of the enzyme cysteine dioxygenase (CDO) that 

catalyses the conversion of cysteine to cysteine sulfonate which, in turn, can be 
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converted into hypotaurine catalysed by cysteinesulfonate decarboxylase (CSAD) 

(Cummins et al., 2014). In addition, hypotaurine, a taurine precursor, can act as a 

hydroxyl radical scavenger and inhibit lipid peroxidation, and therefore prevent iron (Fe2+) 

self-oxidation (De Carvalho et al., 2017). Furthermore, taurine is proposed to generate 

several physiological effects, for example, regulation of calcium homeostasis in both 

skeletal muscle and cardiac tissue (Huxtable, 1992), increased muscle force (Schaffer et 

al., 2010), improved lipid metabolism (Murakami, 2015), and increased insulin sensitivity 

(Cappelli et al., 2014). In addition, taurine may improve carbohydrate metabolism and 

favour glycogen re-synthesis (Ito et al., 2009). Higher relative concentration of urinary 

hypotaurine in RYGB rats may contribute to the profound resolution of metabolic 

syndrome in the obese Zucker rats, whereas lower urinary hypoxanthine level in sham-

BWM rats may result from the impacts of caloric restriction that enhances catabolism of 

stored energy source such as glycogen. Hypoxanthine is a purine-based organic 

compound. It is formed during the purine catabolism as a product of xanthine oxidase 

action on xanthine. It is also a reaction intermediate in adenosine metabolism and in 

formation of nucleic acids by the salvage pathway (Robillard, Bone & Hammond, 2008).      

Urinary concentration of 3-hydroxybutyrate (3-HB) was found to be lower in sham-BWM 

compared with RYGB but this is not observed when comparing RYGB with sham-obese 

rats (Figure 4-13). When blood glucose is low, ketones are produced through fatty acid 

β-oxidation in the liver and disseminated via the blood stream. This glucose replacement 

ensures sufficient energy support for the body, especially the brain (Nehlig, 2004). 3-HB 

is synthesized in the liver from acetyl-CoA and can be, therefore, used as an energy 

source by the brain when blood glucose is low. Gut microbiota play a key role in 

enhancing 3-HB production during starvation and moderating the steady-state ketogenic 

profile.  It is thought to be a consequence of the enhanced stored energy afforded by gut 

microbial SCFA production (Crawford et al., 2009). A previous study has demonstrated 

that when either colonic SCFA or 3-HB production is enhanced, gut microbial-regulated 

metabolites in the circulation are capable of directly mediating effects on host cells via 
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GPCR signalling (Selkrig et al., 2014). Results in the current study demonstrate that 

caloric restriction approach may not be powerful enough to exert the metabolic changes 

despite the similar weight loss and restricted amount of food compared with RYGB.  

4.5 Summary 

Collectively, metabolic alterations induced by the RYGB operation include the enhanced 

production of neuroactive metabolites including GABA and 5-HTP that can exert their 

effects on hormonal regulation and gut motility, respectively. Many microbial metabolites 

and host-microbial co-metabolites were altered in the faecal, urinary and plasma 

metabolic profiles following the RYGB surgery. Even though caloric restriction 

demonstrates some metabolic changes that represent the health benefits, its 

effectiveness as a resolution for metabolic syndrome, especially T2DM has not been 

observed in this study in spite of the significant weight reduction. However, the underlying 

mechanisms of gut-brain-microbe axis after the weight loss surgery should be further 

addressed. 
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5. UPLC-MS-Based Metabolic Profiling and 16S rRNA Gene 
Sequencing of Gastrointestinal Contents Obtained from Obese 

Zucker Rats-treated with RYGB or Caloric Restriction 

5.1 Aim 

The aim of this study was to (1) investigate genotype-related metabolic profiles of the 

luminal contents obtained from Zucker obese and lean rats; (2) examine effects of caloric 

restriction on the luminal content of obese Zucker rats; (3) investigate RYGB-induced 

metabolic alteration in the luminal contents; (4) assess the gut microbial shifts caused 

by either caloric restriction or RYGB operation along the gastrointestinal tract; and (5) 

investigate the statistical correlation between the metabolites and the gut bacteria, which 

are significantly changed by either caloric restriction or RYGB operation. 

 

5.2 Materials and methods 

Experimental design, animal experiment, sample collection, preparation for UPLC-MS 

spectrometry analysis, UPLC-MS data analyses along with DNA isolation for Ilumina 

MiSeq sequencing and phylogenetic identification and data analysis have been 

described in Chapter 2. It is noted that 16S rRNA sequencing experiment was performed 

on the five randomised representatives of each group due to the limited amount of some 

samples and cost-effectiveness of the analytical platform.  

 

5.3 Results 

5.3.1 Changes in pH after caloric restriction or RYGB operation 
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Figure 5-1. Measurement of pH in different gastrointestinal contents of sham-obese, sham-BWM and RYGB 
groups. Data are shown as mean ± SEM (* p < 0.05; ** p < 0.01 and *** p < 0.001) and statistical differences 
determined by one-way ANOVA.   

Contents obtained from distal stomach (bypassed portion) of RYGB and stomach of 

caloric restriction groups (3.68 ± 0.15 and 4.18 ± 0.41, respectively) showed higher pH 

than that of sham-obese rats (1.88 ± 0.01) (Figure 5-1). However, pH of duodenal 

contents was similar in all groups.  More interestingly, upper-jejunal pH of RYGB (3.65 

± 0.07) was much lower than sham-BWM and obese control. Lower compartments of the 

GI tract, including lower-jejunum, ileum and colon, demonstrated lower pH values in the 

RYGB animals compared with either sham-BWM or sham-obese rats.  

 

5.3.2 Genotype-related metabolic profiles of gastric and intestinal contents of 

obese and lean Zucker rats 

PCA and O-PLS-DA pairwise comparison models were constructed in order to visualise 

the metabolic fingerprints indicating the genotype-related metabolic differences, and 

RYGB or caloric restriction-induced changes in each luminal compartment (Table 5-1).  
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Table 5-1. Summary of O-PLS-DA statistical parameters for all pairwise 
comparison models demonstrated in Chapter 5. 

GI content Model O-PLS-DA statistical parameter 

R2X Q2Y Permutation 

P value 

POS NEG POS NEG POS NEG 

Stomach 
content 

Sham-lean vs. Sham-obese 49.7% 55.2% -0.24 0.35 1 0.140 

Sham-BWM vs. Sham-obese 61.3% 55.9% 0.14 0.59 0.352 0.014 

RYGB vs. Sham-obese 69.7% 61.5% 0.88 0.91 0.002 0.002 

RYGB vs. Sham-BWM 77.4% 74.5% 0.98 0.98 0.002 0.002 

Duodenum 
content 

Sham-lean vs. Sham-obese 47.8% 48.9% 0.24 0.30 0.340 0.196 

Sham-BWM vs. Sham-obese 45.4% 46.3% 0.67 0.58 0.05 0.022 

RYGB vs. Sham-obese 49.3% 40.5% <0 <0 1 0.500 

RYGB vs. Sham-BWM 49.3% 46.1% 0.18 <0 0.216 0.476 

Upper-
jejunum 
content 

Sham-lean vs. Sham-obese 57.0% 63.0% 0.60 <0 0.008 0.756 

Sham-BWM vs. Sham-obese 60.0% 67.7% 0.66 <0 0.05 0.940 

RYGB vs. Sham-obese 61.9% 57.7% 0.67 <0 0.008 0.728 

RYGB vs. Sham-BWM 60.0% 21.4% 0.66 <0 0.05 0.846 

Lower-
jejunum 
content 

Sham-lean vs. Sham-obese 52.2% 51.1% 0.67 0.73 0.04 0.002 

Sham-BWM vs. Sham-obese 47.9% 44.9% <0 <0 0.644 0.512 

RYGB vs. Sham-obese 26.6% 42.0% 0.69 0.77 0.002 0.002 

RYGB vs. Sham-BWM 43.0% 46.2% 0.67 0.71 0.001 0.846 

Ileum 
content 

Sham-lean vs. Sham-obese 54.3% 48.6% 0.71 0.61 0.014 0.046 

Sham-BWM vs. Sham-obese 49.5% 40.0% 0.69 0.34 0.034 0.234 

RYGB vs. Sham-obese 42.1% 38.4% 0.88 0.59 0.002 0.002 

RYGB vs. Sham-BWM 49.5% 38.9% 0.57 0.65 0.004 0.004 

Colon 
content 

Sham-lean vs. Sham-obese 53.2% 53.2% 0.50 0.50 0.096 0.002 

Sham-BWM vs. Sham-obese 59.0% 40.0% 0.04 0.34 0.406 0.002 

RYGB vs. Sham-obese 33.8% 38.4% 0.52 0.59 0.024 0.002 

RYGB vs. Sham-BWM 38.4% 38.9% 0.62 0.65 0.01 0.002 
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Abbreviations: GI, Gastrointestinal; POS, Positive electrospray ionisation mode; NEG, Negative electrospray 
ionisation mode. Bold indicates significant statistical models. 

PCA scores plots (Figure 5-2) of HILIC-MS (ESI+) data obtained from the duodenal, 

upper-jejunal, lower-jejunal and ileal contents showed distinct clustering between Zucker 

obese and lean rats along PC1 (38.2%), PC2 (18.4%), PC1 (38%) and PC1 (38.1%), 

respectively. A clear clustering between the two genotypes was also observed in the 

PCA scores plot of the HILIC-MS (ESI-) data of the lower-jejunal content along the PC1 

(Figure 5-2). O-PLS-DA analysis was applied to investigate the genotype-related 

metabolic changes and permutation testing was used to confirm the model robustness 

(Table 5-1). Significant metabolic differences between Zucker obese and lean rats were 

observed in the upper-jejunal contents (ESI+ mode), lower-jejunal contents (ESI+ & ESI- 

modes), ileal content (ESI+ & ESI- modes), and colonic content (ESI- mode). Metabolic 

features for class discrimination were visualised in S-plots in SIMCA with the cut-off 

values of p(corr)>0.5 and p[1]>0.05 were used as selection criteria that were availed 

throughout this study.  A total of 25 significantly altered features were identified, nine in 

ESI+ and 16 in ESI- modes, from upper-jejunum, ileum and colon contents compared 

between Zucker obese and lean rats (Table 5-2). In the positive ionisation mode, levels 

of taurine, cytosine and 5-hydroxymethyluracil in the upper-jejunum content were higher 

and levels of decanoylcarnitine and lysophosphatidylcholine (LysoPC) (O-18:2) were 

lower in obese rats compared with lean animals (Table 5-2).  

Lower-jejunal content of obese Zucker rat contained lower concentrations of L-

asparagine and L-tryptophan detected in the positive ionisation mode but higher levels 

of S-adenosylhomocysteine observed in the negative ionisation mode (Table 5-2). 

In the ileal content, relative concentrations of arachidonyl-1-thio-glycerol, arachidonic 

acid, cholesterol sulfate, D-glucuronic acid, D-CEHC and J-glutamylglutamic acid were 

found to be significantly lower, whereas the concentrations of N1-acetylspermidine and 

pantothenic acid were found to be higher in obese rats compared with lean animals. The 

relative concentrations of cycteinyldopa, octadecanedioic acid and pantothenic acid in 
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colonic contents were significantly higher in the lean animals, whereas the levels of 4-

pyridoxic acid and hippuric acid were higher in obese rats (Table 5-2). 
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Figure 5-2. PCA scores plots of HILIC-UPLC-MS data sets of the luminal content from stomach (A), duodenum 
(B), upper-jejunum (C), lower-jejunum (D), ileum (E) and colon (F) of lean (black) and obese (red) Zucker rats at 
3-week post-operation. Left and right panels represent positive (1) and negative (2) modes. 
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Table 5-2. List of metabolites found in different gastrointestinal contents obtained 
from pairwise O-PLS-DA analysis between Zucker obese and lean rats 

Metabolite GI 
Content** 

LoA* Molecular 
formula 
[Adduct] 

Retentio
n time 
(min) 

m/z 
observed 

m/z 
theoretical 

∆pp
m 

CV
% 

HILIC 
Positive Mode 

L-Asparagine 

 

LJb 2 C4H8N2O3 
[M+H]+ 

 

6.72 132.0531 
 

132.0535 
 

3 9 

L-Tryptophan LJb 2 C11H12N2O2 
[M+H]+ 

 

5.53 204.0901 
 

 204.0899 
 

4 14 

Taurine 

 
UJa 3 C2H7NO3S  

[M+Na]+ 
 

5.70 125.0144 
 

125.1470 
 

0 
 

10 

Cytosine 

 
UJa 2 C4H5N3O 

[M+Na]+ 
 

3.88 111.0422 
 

111.0000 3 21 

5-Hydroxymethyluracil UJa 1 C5H6N2O3 
[M+H]+ 

 

5.70 142.0413 
 

142.0378 2 11 

Decanoylcarnitine 

 
UJb 1 C17H34NO4 

[M+H]+ 
 

6.07 316.2216 316.2448 -1 11 

lysoPC(O -18:2) 

 
UJb 1 C26H53NO6P 

[M+H]+ 
 

7.07 506.2604 506.3610 0 16 

Arachidonoyl-1-thio-
Glycerol 

Ib 1 C23H38O3S 
[M+NH4]+ 

5.3402 
 

394.246 
 

394.3000 
 

7 27 

Arachidonic acid 

 
Ib 1 C20H31O2  

[M+H]+ 
 

0.78 303.2350 303.2324 
 

4 26 

Cholesterol sulfate 

 
Ib 1 C27H45O4S 

[M+H]+ 
2.64 465.2858 465.3039 

 
5 27 

N1-Acetylspermidine 

 
Ia 1 C12H28N4O 

[M+H]+ 
8.50 187.168 

 
187.1865 

 
2 12 

HILIC 
Negative Mode 

        

S-
Adenosylhomocysteine 

LJa 1 C14H20N6O5S 
[M-H]- 

6.41 384.1112 
 

384.1216 3 6 

Luteinizing hormone-
releasing factor 

Ib 1 C50H70N16O11 
[M-H2O-H]- 

4.41 1070.5730 
 

1,070.5400 
 

26 22 

D-Glucuronic acid 

 
Ib 2 C6H10O7 

[M-H]- 
6.09 194.0417 

 
194.0430 

 
7 3 

α-CEHC 

 
Ib 1 C16H22O4 

[M-H]- 
0.83 278.1522 

 
278.1520 

 
1 9 

γ-Glutamylglutamic 
acid 

 

Ib 1 C10H16N2O7 
[M-H2O-H]- 

0.70 276.1036 
 

276.0960 
 

14 9 

Pantothenic Acid 

 
Ia / Cb 2 C9H17NO5 

[M-H]- 
3.84 219.1100 

 
219.1110 

 
6 16 

Nα-acetyllysine 

 
Ia 1 C8H16N2O3 

[M-H]- 
6.35 188.115 

 
188.1000 

 
9 11 

N2-Acetyl-L-ornithine 

 
Ia 1 C7H14N2O3 

[M-H]- 
6.56 174.1001 

 
174.1000 

 
6 13 

Succinic acid 

 
Ia 5 C4H6O4 

[M-H]- 
3.80 118.0274 

 
118.0266 

 
2 4 
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Glycocholic Acid 

 
Ia 2 C26H43NO6 

[M+Cl]- 
5.63 465.8241 

 
465.3090 

 
8 26 

Cysteinyldopa 

 
Cb 1 C12H16N2O6S 

[M-H2O-H]- 
0.69 316.1349 

 
316.0730 

 
15 13 

Octadecanedioic acid 

 
Cb 1 C18H34O4 

[M-H]- 
0.79 314.2446 

 
314.2000 

 
4 7 

4-Pyridoxic acid 

 
Ca 1 C8H9NO4 

[M-H]- 
0.90 183.052 

 
183.0530 

 
10 7 

Hippuric acid 

 
Ca 5 C9H9NO3 

[M-H]- 
5.94 179.0342 

 
179.0580 

 
29 14 

*LoA: Level of Assignment; 1: Accurate mass matched to database, 2: Accurate mass matched to database and 
tandem MS spectrum matched to in silico fragmentation pattern, 3: Tandem MS spectrum matched to database 
or literature, 4: Retention time and the molecular mass matched to standard compound, 5: MS/MS spectrum 
matched standard compound. **GI contents involved in the analyses comprise of lower-jejunum (LJ), upper-
jejunum (UJ), ileum (I) and colon (C). a indicates metabolite with higher intensity in obese Zucker rats, whereas b 
indicates metabolite with higher intensity in lean Zucker rats. 

 

5.3.3 Effects of caloric restriction on metabolic profiles of gastric and intestinal 

contents 

HILIC-UPLC-MS data obtained from gastrointestinal contents of sham-BWM and sham-

obese rats were analysed to examine the metabolic effects of caloric restriction on the 

luminal contents along the gastrointestinal tract. PCA scores plots of gastrointestinal 

contents between these two groups are shown in Figure 5-3. The gastric content of 

sham-BWM rats clustered together and differentiated from that of sham-obese rats along 

PC1 (R2X=18.1%) in the positive ionisation mode (Figure 5-3: A-1) and along PC2 

(R2X=20%) in the negative ionisation mode (Figure 5-3: A-2). Likewise, a distinct 

separation of duodenal contents between sham-BWM and sham-obese rats along PC1 

was observed in both ionisation modes (Figure 5-3: B-1 and B-2). However, such clear 

clustering between these two groups was not observed in jejunal, ileal and colonic 

contents (Figure 5-3: C-F).  
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Figure 5-3. PCA scores plots of GI content data set including stomach (A), duodenum (B), upper-jejunum (C), 
lower-jejunum (D), ileum (E) and colon (F) contents of sham-BWM (green) and sham-obese (red) Zucker rats at 
3-week post-sham-operation analysed using HILIC-UPLC-MS positive (1) and negative (2) modes. 
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O-PLS-DA analyses showed significant classification between the sham-obese and 

sham-BWM in the gastric (negative ionisation mode), duodenal (both ionisation modes), 

upper jejunal (positive ionisation mode), ileal (positive ionisation mode) and colonic 

(negative ionisation mode) contents (Table 5-1). The significantly altered features, which 

are related to caloric restriction, are summarised in Table 5-3. The higher relative levels 

of alanyl-leucine and glutathionylspermidine and lower PC(7:0/8:0) were observed in the 

gastric contents of the BWM rats compared with that of the obese animals. A large 

number of altered metabolites were found in the duodenal contents between the obese 

and BWM animals. For example, relative concentrations of 3-aminopropanal, 

homoserine lactone, cysteine, L-phenylalanine and merodesmosine were higher in 

sham-BWM rats compared with sham-obese rats. Sham obese rats, on the other hand, 

exhibited higher duodenal levels of G-tocopherol, PS(12:0/14:1), PS(18:0/18:1), 

phosphatidylcholine (PC) (O-12:0/O-1:0), PC(16:0/20:3), PC(18:3/22:6), TG(17:0/18:1), 

PG(P-18:0/0:0), glycocholic acid and deoxycholic acid glycine conjugate in contrast to 

the BWM animals. In the upper jejunal content, concentrations of PS(18:2/22:2), 7-

hydroxy-3-oxocholanoic acid, hypotaurine, isotricosanoic acid, cis-(homo)2aconitate, 

tetracosahexaenoic acid, taurine and nicotinic acid were found to be higher in the obese 

rats. A range of metabolites including homovanillic acid, L-furosine, butyro-betaine, N-

acetyl-L-glutamate 5-semialdehyde, 2-aminooctanoic acid and glycyl-asparatate in the 

ileal contents were higher in sham-BWM contents when comparing with the obese group. 

Moreover, higher relative concentrations of L-furosine and lower concentrations of 

Austalide I were found in the colonic contents from sham-BWM rats compared with their 

obese counterparts (Table 5-3). 
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Table 5-3. List of metabolites found in different gastrointestinal contents obtained 
from pairwise O-PLS-DA analysis between caloric restriction-treated and obese 
Zucker rats 

Metabolite GI 
Content 

LoA* Molecular 
formula 
[Adduct] 

Retention 
time (min) 

m/z 
observed 

m/z 
theoretical 

∆pp
m 

CV
% 

HILIC                                                                                                                                                                                       
Positive Mode 

3-Aminopropanal Da 3 C3H7NO 

[M+H]+ 

6.20 73.0526 

 

73.0528 7 6 

Homoserine lactone Da 1 C4H7NO2 

[M+H]+ 

6.24 101.0482 

 

101.0477 10 14 

Cysteine Da 2 C3H7NO2S 

[M+H]+ 

5.64 121.0201 

 

121.0197 7 7 

L-Phenylalanine Da 5 C9H11NO2 

 [M+H]+ 

5.71 165.1691 

 

165.079 10 8 

δ-Tocopherol Db 1 C27H46O2 

[M+Na]+ 

4.80 402.3523 

 

402.3498 7 18 

PC(O-12:0/O-1:0) Db 1 C21H46NO6P 0.85 439.2911 439.3063 22 6 

    [M+NH4]+      

PS(15:0/0:0) Db 1 C21H42NO9P 

[M+H]+ 

4.78 483.2631 

 

483.2597 8 13 

PS(12:0/14:1) Db 1 C32H60NO10P 

[M+H]+ 

0.88 649.3854 

 

649.3955 15 8 

PC(16:0/20:3) Db 1 C44H82NO8P 

[M+H]+ 

0.86 783.5630 

 

783.5778 10 23 

PS(18:0/18:1) Db 1 C42H80NO10P 

[M+H]+ 

0.86 806.5641 

 

806.5785 17 11 

PC(18:3/22:6) Db 1 C48H78NO8P 

[M+H]+ 

4.97 827.5329 

 

827.5465 5 18 

TG(17:0/18:1) Db 1 C58H110O6 

 [M+NH4]+ 

5.51 902.7980 

 

902.8302 29 29 

PS(18:2/22:2) UJb 1 C46H82NO10P 

[M+H]+ 

0.87 839.5590 

 

839.5676 10 14 

7-Hydroxy-3-
oxocholanoic acid 

UJb 1 C24H38O4 

[M+H]+ 

0.86 390.2724 

 

390.2770 1 8 

Hypotaurine UJb 2 C2H7NO2S 

[M+H]+ 

6.36 109.0128 

 

109.0197 9 14 

Isotricosanoic acid UJb 1 C23H46O2 

[M+H]+ 

0.86 354.3426 

 

354.3498 3 14 
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cis-(homo)2aconitate UJb 1 C8H10O6 

[M+H]+ 

4.27 202.0433 

 

202.0477 10 22 

Tetracosahexaenoic acid UJb 1 C24H36O2 

[M+H]+ 

5.90 356.2680 

 

356.2715 8 10 

Taurine UJb 5 C2H7NO3S 

[M+H]+ 

5.70 125.0122 

 

125.0146 0 5 

Nicotinic acid UJb 5 C6H5NO2 

[M+H]+ 

4.77 123.0321 

 

123.0320 6 12 

Homovanillic acid Ia 1 C9H10O4 

[M+H]+ 

0.72 182.0525 

 

182.0579 1 19 

L-Furosine Ia 1 C12H18N2O4 

[M+H]+ 

9.25 254.1235 

 

254.1267 4 26 

Butyrobetaine Ia 3 C7H16NO2 
[M+H]+ 

7.76 144.1326 145.1388 1 16 

N-Acetyl-L-glutamate 5-
semialdehyde 

Ia 1 C7H11NO4 

[M+H]+ 

7.09 173.0680 

 

173.0688 0 15 

2-Aminooctanoic acid Ia 1 C8H17NO2 

[M+H]+ 

5.55 159.1260 

 

159.1259 5 13 

Glycyl-Aspartate Ia 1 C6H10N2O5 

[M+H]+ 

7.61 190.0537 

 

190.0590 4 13 

HILIC                             
Negative Mode 

        

Alanyl-Leucine Sa 1 C9H18N2O3 

[M-H]- 

6.46 202.1284 

 

202.1000 

 

2 10 

Glutathionylspermidine Sa 1 C17H34N6O5S 

[M-H2O-H]- 

7.14 434.245 

 

434.2311 17 9 

PC(7:0/8:0) Sb 1 C23H46NO8P 

[M+Cl]- 

5.34 495.2732 495.2961 14 11 

L-Phenylalanine Da 5 C9H11NO2 

[M-H]- 

5.71 165.0821 

 

165.0790 10 15 

Merodesmosine Da 1 C18H34N4O6 

[M-H]- 

6.50 402.1660 402.2478 1 19 

Glycocholic Acid Db 3 C26H43NO6 

[M-H]- 

5.63 465.9309 465.3090 3 22 

PG(P-18:0/0:0) Db 1 C24H49O8P 

 [M+H-H2O]+ 

4.94 496.3236 

 

496.3165  17 

Deoxycholic acid glycine 
conjugate 

Db 1 C26H43NO5 

[M-H]- 

0.88 449.2174 449.3141 19 12 

Austalide I Cb 1 C27H34O8 

[M-H]- 

5.22 486.2282 

 

486.2254 8 10 
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L-Furosine Ca 1 C12H18N2O4 

[M-H]- 

6.48 254.1098 

 

254.1267 5 8 

*LoA: Level of Assignment; 1: Accurate mass matched to database, 2: Accurate mass matched to database and 
tandem MS spectrum matched to in silico fragmentation pattern, 3: Tandem MS spectrum matched to database 
or literature, 4: Retention time and the molecular mass matched to standard compound, 5: MS/MS spectrum 
matched standard compound. **GI contents involved in the analyses comprise of stomach (S), duodenum (D), 
upper-jejunum (UJ), ileum (I) and colon (C). a indicates metabolite with higher intensity in sham-BWM rats, 
whereas b indicates metabolite with higher intensity in sham-obese Zucker rats. 

 

 

5.3.4 Effects of RYGB on metabolic profiles of gastric and intestinal contents  

In order to investigate the effects of RYGB on metabolic profiles of gastric and intestinal 

contents, UPLC-MS data sets of gastrointestinal contents obtained from RYGB-operated 

and sham-obese rats were analysed using pairwise PCA and O-PLS-DA methods. PCA 

scores plots of both positive and negative ionisation modes clearly demonstrated the 

inherent separation in the gastric content between these two groups along the PC1 (ESI+ 

mode, R2X=60.6% and ESI- mode, R2X=55%) (Figure 5-4: A-1 and A-2). Moreover, 

distinct class separation was also observed in the upper-jejunal, lower-jejunal and ileal 

contents when comparing these two groups in the positive ionisation mode, of which the 

class differentiations occurred along PC1 (R2X=47.9%), PC2 (R2X=17.8%) and PC 2 

(R2X=19.2%), respectively (Figure 5-4: C-1, D-1 and E-1). Additionally, lower jejunal 

contents obtained from RYGB and sham-obese rats were significantly different and 

separated along PC2 (R2X=16.7%) in the negative ionisation mode (Figure 5-4: D-2).  
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Figure 5-4. PCA scores plots of GI content data set including stomach (A), duodenum (B), upper-jejunum (C), 
lower-jejunum (D), ileum (E) and colon (F) contents of RYGB (blue) and sham-obese (red) Zucker rats at 3-week 
post- operation analysed using HILIC-UPLC-MS positive (1) and negative (2) modes. 
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O-PLS-DA illustrated the significantly discriminatory features between RYGB and sham-

obese rats in gastric (both ionisation modes), upper-jejunal (positive ionisation mode), 

lower-jejunal (both ionisation modes), ileal (both ionisation modes) and colonic (both 

ionisation modes) contents (Table 5-4). Relative concentrations of PC(6:0/8:0), 

cytochalasin B and taurine are higher in the gastric content from the bypassed stomach 

of RYGB-operated rats compared with obese animals. In contrast, the levels of sucrose, 

dextrin, 1,6-kestotetraose, cysteic acid, trigonelline and 2-methylpropyl propanoate in 

the gastric contents were higher in the obese animals compared with RYGB group. In 

the upper jejunal contents, higher levels of choline and hypoxanthine, and lower levels 

of isoleucine, L-phenylalanine, L-arginine and sodium taurocholate were observed in 

RYGB-operated rats compared to obese rats. Relative concentrations of 2-piperidone 

was higher, whereas relative concentrations of 7-methyladenine and valyl-glutamine 

were lower in lower-jejunal contents of RYGB compared to its obese counterpart. In the 

ileal contents, RYGB animals exhibited relatively higher concentrations of dehydroabietic 

acid, creatine and 2-hydroxyhexadecanoic acid and relatively lower concentrations of N-

hydroxybenzenesulfonamide, fructosamine, allantoin and ascorbate 2-sulfate compared 

to sham-obese rats. Relative colonic concentrations of both 3-indolepropionic acid and 

isoleucyl-lysine were lower in colonic contents of RYGB in comparison with obese 

animals.   

 

Table 5-4. List of metabolites found in different gastrointestinal contents obtained 
from pairwise O-PLS-DA analysis between RYGB-treated and obese Zucker rats 

Metabolite GI 
Conte

nt 

LoA* Molecular 
formula 
[Adduct] 

Retention 
time (min) 

m/z 
observed 

m/z 
theoretical 

∆pp
m 

CV
% 

HILIC 
Positive Mode 

Cysteic acid Sb 2 C3H7NO5S 
 [M+H-H2O]+ 

9.98 169.6261 169.005 11 10 

Trigonelline Sb 4 C7H7NO2 
  [M+H]+ 

6.52 137.0472 
 

137.0477 
 

0 6 

2-Methylpropyl propanoate Sb 1 C7H14O2 
 [M+H-H2O]+ 

5.80 130.1339 130.0994 5 17 
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PC(6:0/8:0) Sa 1 C22H44NO8P 
[M+H-H2O]+ 

0.86 481.2827 481.2085 11 22 

Cytochalasin B Sa 1 C29H37NO5 
[M+H-H2O]+ 

4.44 479.2680  479.2672 7 21 

Choline UJa 5 C5H13NO 
  [M+H]+ 

5.59 104.9431 
 

104.0997 28 9 

Hypoxanthine UJa 4 C5H4N4O 
[M+H]+ 

2.15 136.0412 
 

136.0385 0 5 

Isoleucine UJb 

Ca 
5 C6H13NO2 

[M+H]+ 
5.80 131.0980 

 
131.0946 14 10 

L-Phenylalanine UJb 5 C9H11NO2 
[M+H]+ 

5.71 165.0790 
 

165.0790 4 3 

L-Arginine UJb 

Ca 
5 C6H14N4O2 

[M+H]+ 
7.99 174.1131 

 
174.1117 5 2 

Sodium taurocholate UJb 3 C26H38O12 
[M+NH4]+ 

4.08 557.2396 
 

537.2736 18 4   

2-Piperidinone LJa 1 C5H9NO 
[M+H]+ 

6.38 99.0680 
 

99.0684 3 5 

7-Methyladenine LJb 1 C6H9N5O 
[M+H]+ 

5.26 149.0697 
 

149.0701 0 12 

Dehydroabietic acid Ia 1 C20H28O2 
[M+H]+ 

0.73 300.2075 
 

300.2089 1 17 

N-
hydroxybenzenesulfonamide 

Ib 1 C6H7NO3S 
[M+H]+ 

6.08 173.1160 
 

173.0147 0 8 

Fructosamine Ib 1 C6H13NO5 
[M+H]+ 

1.95 179.0801 
 

179.0794 7 23 

3-Indolepropionic acid Cb 1 C11H11NO2 
[M+H]+ 

0.80 189.0792 
 

189.0790 4 8 

Isoleucyl-Lysine Cb 1 C12H25N3O3 
[M+H]+ 

7.98 259.1902 
 

259.1896 4 19 

HILIC 
Negative Mode 

Sucrose Sb 5 C12H22O11 
[M-H]- 

6.19 342.1161 
 

342.1162 7 10 

Dextrin Sb 3 C18H32O16 
[M-H]- 

6.36 504.1690 
 

504.1690 16 26 

1,6-Kestotetraose Sb 1 C24H42O21 
[M-H]- 

7.18 666.2220 
 

666.5790 0 10 

Taurine Sa 5 C2H7NO3S 
[M-H]- 

5.78 125.0151 
 

125.0147 21 6 

Valyl-Glutamine LJb 1 C10H19N3O4 
[M-H]- 

6.26 245.0435 245.1376 1 5 

Creatine Ia 5 C4H9N3O2 
[M-H]- 

0.92 131.0670 
 

131.0695 24 19 

2-Hydroxyhexadecanoic acid Ia 1 C16H32O3 
[M-H]- 

0.75 272.2351 
 

272.2351 3 11 

Allantoin Ib 3 C4H6N4O3 
[M-H]- 

1.50 158.0440 
 

158.044 4 11 

Ascorbate 2-sulfate Ib 1 C6H8O9S  
[M-H]- 

0.64 255.9892 
 

255.9889 2 16 
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*LoA: Level of Assignment; 1: Accurate mass matched to database, 2: Accurate mass matched to database and 
tandem MS spectrum matched to in silico fragmentation pattern, 3: Tandem MS spectrum matched to database 
or literature, 4: Retention time and the molecular mass matched to standard compound, 5: MS/MS spectrum 
matched standard compound. **GI contents involved in the analyses comprise of stomach (S), upper-jejunum 
(UJ), lower-jejunum (LJ), ileum (I) and colon (C). a indicates metabolite with higher intensity in RYGB-treated rats, 
whereas b indicates metabolite with higher intensity in sham-obese Zucker rats. 

In order to further investigate the RYGB-induced but weight loss-independent metabolic 

responses along the gastrointestinal tract, metabolic profiles of the gastrointestinal 

contents collected from RYGB rats were compared with those of sham-BWM rats. PCA 

scores plots clearly showed the group differentiation between RYGB and sham-BWM 

rats in both ionisation modes along PC1 (ESI+ mode, R2X=58.1% and ESI- mode, 

R2X=52.1%) (Figure 5-5: A-1 and A-2), similar to when compared with those of sham-

obese rats (Figure 5-4: A-1 and A-2). In addition, upper-jejunal content obtained from 

RYGB was differentiated from that of sham-BWM rats along PC1 (R2X=45.7%) and the 

ileal content of the RYGB group was separated from sham-obese group along PC2 

(R2X=16.9%) in the positive ionisation mode (Figure 5-5).  
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Figure 5-5. PCA scores plots of GI content data set including stomach (A), duodenum (B), upper-jejunum (C), 
lower-jejunum (D), ileum (E) and colon (F) contents of RYGB (blue) and sham-BWM (green) Zucker rats at 3-week 
post- operation analysed using HILIC-UPLC-MS positive (1) and negative (2) modes. 
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O-PLS-DA illustrated the significantly discriminatory features between RYGB and sham-

BWM rats in gastric (both ionisation modes), upper-jejunal (ESI+), lower-jejunal (ESI+), 

ileal (both ionisation modes) and colonic (both ionisation modes) contents (Table 5-5). 

Relative concentrations of agmatine, trigonelline, levanbiose, glycogen, and dextrin were 

lower while relative concentrations of creatinine, nicotinamide, taurine, 

imidazolepropionic acid, L-carnitine, adrenaline, L-acetylcarnitine, prostaglandin H2 and 

PS(8:0/8:0) were higher in gastric contents of RYGB compared to sham-BWM rats. In 

upper-jejunal contents, RYGB animals exhibited greater relative concentrations of 

pantothenic acid, nicotinic acid, N-acetylcadaverine and isonicotinamide and lower 

relative concentrations of L-phenylalanine, N2-acetyl-L-ornithine, deoxycorticosterone 

and tetracosahexaenoic acid compared to caloric restriction group. Lower-jejunal 

contents of RYGB animals carried relatively higher concentrations of 3-

methylbutyrolactone but lower concentrations of trigonelline, cytidine, 1-methyladenine 

and hydroxypropionylcarnitine in comparison to sham-BWM rats. Relative 

concentrations of 2-oxoisocaproate, tyramine-O-sulfate and L-ornithine were higher, 

whereas relative concentrations of β-D-glucosamine, phosphatidylinositol phosphate 

(PIP) (18:2/18:0) and methyl β -D-glucopyranoside were lower in ileal contents of RYGB 

compared with caloric restriction group. Colonic contents collected from RYGB animals 

demonstrated higher relative concentration of uric acid, whereas sham-BWM rats 

exhibited higher relative concentrations of 3-indolepropionic acid, cytosine, 4-

methyoxytyramine, proline betaine and 5-phenylvaleric acid in their colonic contents 

compared to RYGB. 

 

Table 5-5. List of metabolites found in different gastrointestinal contents obtained 
from pairwise O-PLS-DA analysis between RYGB-treated and caloric-restricted 
obese Zucker rats 
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Metabolite GI 
Conten

t 

LoA* Molecular 
formula 
[Adduct] 

Retenti
on time 
(min) 

m/z 
observed 

m/z 
theoretical 

∆pp
m 

CV
% 

HILIC 
Positive Mode 

Agmatine Sb 2 C5H14N4 
[M+H]+ 

8.32 130.1220 
 

130.1218 6 3 

Trigonelline Sb 

LJb 
4 C7H7NO2 

[M+H]+ 
6.52 137.0471 

 
137.0477 0 6 

Levanbiose Sb 1 C12H22O11 
[M+Na]+ 

6.25 342.1161 
 

342.1162 1 27 

Creatinine Sa 5 C4H7N3O  
[M+H]+ 

3.02 113.0590 
 

113.0589 7 12 

Nicotinamide Sa 3 C6H6N2O 
[M+H]+ 

6.16 122.0483 
 

122.0480 6 21 

Taurine Sa 3 C2H7NO3S 
[M+H]+ 

5.79 125.0141 
 

125.0147 0 25 

Imidazolepropionic acid Sa 1 C6H8N2O2 
[M+H]+ 

6.31 140.0580 
 

140.0586 1 15 

L-Carnitine Sa 3 C7H15NO3 
[M+H]+ 

7.64 161.1051 
 

161.1052 3 3 

Adrenaline Sa 3 C9H13NO3 
[M+H]+ 

7.64 183.0866 
 

183.0895 10 12 

L-Acetylcarnitine Sa 1 C9H17NO4 
[M+H]+ 

7.31 203.1148 
 

203.1158 0 20 

Prostaglandin H2 Sa 1 C20H32O5 
[M+H]+ 

0.85 352.2230 
 

352.2250 6 11 

Pantothenic acid UJa 2 C9H17NO5 
[M+H]+ 

4.26 219.1100 
 

219.1107 0 10 

Nicotinic acid UJa 5 C6H5NO2 
[M+H]+ 

4.77 123.0321 
 

123.0320 6 12 

N-Acetylcadaverine UJa 1 C7H16N2O 
[M+H]+ 

5.96 144.1261 
 

144.1262 3 6 

Isonicotinamide UJa 1 C6H7N3 
[M+H]+ 

5.55 121.9172 
 

121.0640 6 6 

L-Phenylalanine UJb 5 C9H11NO2 [M+H]+ 5.71 165.0792 
 

 165.0790 4 3 

N2-Acetyl-L-ornithine 
 

UJb 1 C7H14N2O3 
[M+H]+ 

6.56 174.0998 
 

174.1000 
 

1 7 

Deoxycorticosterone UJb 1 C21H30O3 
[M+H]+ 

5.37 330.2195 
 

330.2195 4 7 

Tetracosahexaenoic acid UJb 1 C24H36O2 
[M+H]+ 

5.90 356.2680 
 

356.2715 8 10 

Cytidine LJb 1 C9H13N3O5 
[M+H]+ 

6.48 243.0860 
 

243.0855 5 16 

1-Methyladenine LJb 1 C6H7N5 
[M+H]+ 

5.26 149.0701 
 

149.0701 4 12 

Hydroxypropionylcarnitine LJb 1 C10H19NO5 
[M+H]+ 

5.27 233.1272 
 

233.1263 6 13 

3-Methylbutyrolactone LJa 1 C5H8O2 
[M+H]+ 

6.37 100.0540 
 

100.0525 3 2 
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beta-D-Glucosamine Ib 1 C6H13NO5 
[M+H]+ 

1.95 179.0800 
 

179.0794 8 23 

3-Indolepropionic acid Cb 1 C11H11NO2 
[M+H]+ 

0.80 189.0791 
 

189.079 4 8 

Cytosine Cb 2 C4H5N3O 
[M+H]+ 

3.83 111.0426 
 

111.0433 4 8 

4-Methoxytyramine Cb 1 C9H13NO2 
[M+H]+ 

6.28 167.0938 
 

167.0946 1 29 

Proline betaine Cb 1 C7H13NO2 
[M+H]+ 

6.53 143.0941 
 

143.0946 1 6 

5-Phenylvaleric acid Cb 1 C11H14O2 
[M+H]+ 

3.17 178.0990 
 

178.0994 2 13 

HILIC 
Negative Mode 

Glycogen Sb 2 C24H42O21  
[M-H]- 

7.18 666.2221 
 

666.2219 1 10 

Dextrin Sb 3 C18H32O16 
[M-H]- 

6.36 504.1687 
 

504.1690 2 26 

Levanbiose Sb 1 C12H22O11 
[M-H]- 

6.19 342.1162 
 

342.1162 3 7 

PS(8:0/8:0) Sa 1 C22H42NO10P 
[M-H]- 

0.87 511.2590 
 

511.2546 7 5 

Taurine Sa 3 C2H7NO3S 
[M-H]- 

5.78 125.0151 
 

125.0147 3 6 

PIP(18:2/18:0) Ib 1 C45H84O16P2 
[M-H]- 

5.91 942.5150 
 

942.5235 10 11 

Methyl beta-D-
glucopyranoside 

Ib 1 C7H14O6 
[M-H]- 

2.91 194.0785 
 

194.0790 4 7 

2-Oxoisocaproate Ia 1 C6H10O3 
[M-H]- 

0.91 130.0630 
 

130.063 6 24 

Tyramine-O-sulfate Ia 1 C8H11NO4S 
[M-H]- 

3.44 217.0411 
 

217.0409 3 9 

L-Ornithine Ia 1 C5H12N2O2 
[M-H]- 

6.98 132.0900 
 

132.0899 5 9 

Uric acid Ca 3 C5H4N4O3 
[M-H] 

4.60 168.0283 
 

168.0283 6 16 

*LoA: Level of Assignment; 1: Accurate mass matched to database, 2: Accurate mass matched to database and 
tandem MS spectrum matched to in silico fragmentation pattern, 3: Tandem MS spectrum matched to database 
or literature, 4: Retention time and the molecular mass  matched to standard compound, 5: MS/MS spectrum 
matched standard compound. **GI contents involved in the analyses comprise of stomach (S), upper-jejunum 
(UJ), lower-jejunum (LJ), ileum (I) and colon (C). a indicates metabolite with higher intensity in RYGB-treated rats, 
whereas b indicates metabolite with higher intensity in sham-BWM rats. 
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5.3.5 Gastrointestinal microbial shifts following RYGB surgery and caloric 

restriction 

Bacterial community of gastrointestinal contents was characterised using 16S rRNA 

gene Illumina MiSeq sequencing to assess the composition of the gut bacterial 

community of RYGB-treated, caloric restriction-treated, and obese Zucker rats. Non-

metric multidimensional scaling (NMDS) plots based on weighted UniFrac matrices 

revealed different gradient structures of taxonomic composition for each gastrointestinal 

compartment and showed the shifts of centroids (indicated by arcs) and variance of 

bacterial profiles of each compartment (circled areas) (Figure 5-6). Gastric bacterial 

profiles of RYGB was shown to carry the different centroid shift direction compared with 

those of sham-BWM and sham-obese rats. This phenomenon persisted in the 

duodenum, upper-jejunum, lower jejunum and ileum, but not in the colonic content 

(Figure 5-6). Furthermore, as indicated by the overlapped areas in each plot (Figure 5-

6), RYGB and sham-BWM rats, to some extent, appeared to contain similar bacterial 

community profiles in the stomach, duodenum and colon. Despite the similar direction of 

centroid shift of sham-BWM and sham-obese rats in the stomach, sham-BWM animals 

showed the markedly higher degree of variance in the bacterial profiles compared with 

sham-obese group (Figure 5-6A). Obese group exhibited the smallest variance in the 

duodenal bacterial profiles (Figure 5-6B). Upper-jejunal bacterial community profiles of 

all three groups were remarkably different in both shift direction and degree of variance 

(Figure 5-6C). Lower-jejunal bacterial community profiles of four out of five animals in 

RYGB group clustered tightly with much lower variation and exhibited a different 

projection of centroid shift when compared with sham-BWM and sham-obese groups 

(Figure 5-6D). Likewise, the similar pattern was observed in the ileal bacterial profiles 

but with a more similar projection among the three groups (Figure 5-6E). All three groups 

of animals were demonstrated to contain the similar bacterial communities in their 

colonic contents in spite of a different direction of the shift in sham-obese group (Figure 

5-6F).  
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Figure 5-6. Non-metric dimensional scaling (NMDS) plots of the weighted UniFrac distances of bacterial 

community data obtained from different gastrointestinal contents including stomach (A), duodenum (B), upper-

jejunum (C), lower-jejunum (D), ileum (E) and colon (F) contents of RYGB (blue), sham-BWM (green) and sham-

obese (red) rats. 

Firmicutes were the most predominant bacteria residing in the stomach of sham-obese 

rats with the mean relative abundance of 50.06% (Figure 5-7). Following caloric 

restriction treatment, the mean relative abundance of Firmicutes was two-fold greater 

compared with sham-obese control, whereas a compositional shift from Firmicutes to 

Proteobacteria was observed in the gastric content of RYGB animals (Figure 5-7). Sham-

obese and sham-BWM rats demonstrated the similar bacterial abundance in their 

duodenal contents with predominant Firmicutes accounting for 59.09% and 64.40%, 

respectively. Proteobacteria remained highly abundant in the duodenal content from 

RYGB group (30.87%) (Figure 5-7). More interestingly, upper-jejunal content obtained 

from sham-BWM rats showed a large abundance of Actinobacteria (59.93%) compared 

with those of RYGB group (3.73%) and of sham-obese group (5.89%) (Figure 5-7). It is 



Chapter 5 - UPLC-MS-Based Metabolic Profiling and 16S rRNA gene Sequencing of Gastrointestinal Content Obtained 
from Obese Zucker Rats-treated with RYGB or Caloric Restriction 

 

125 
 

also noted that bacterial composition of RYGB group was similar to that of sham-obese 

group with slightly small proportion of Bacteroidetes and Actinobacteria (Figure 5-7). The 

mean relative abundance of Proteobacteria remained the highest in the lower-jejunal 

content of RYGB (23.63%) among these three groups, whereas lower-jejunal contents 

of sham-obese and sham-BWM carried only 1.64% and 0.44% of Proteobacteria, 

respectively (Figure 5-7). Despite that Firmicutes was the most predominant phylum in 

all animal groups, sham-BWM group showed the highest proportion of Firmicutes 

(82.6%), followed by the sham-obese (64.49%) and RYGB (62.79%) groups (Figure 5-

7). Sham-obese and sham-BWM groups demonstrated very similar bacterial 

composition in their ileal contents but RYGB group exhibited much greater abundance 

of Proteobacteria (23.63%) and Bacteroidetes (10.07%) compared with the other groups 

(Figure 5-7). Apart from a greater abundance of Proteobacteria in RYGB colonic content, 

all three groups of animals depicted similar degree of bacterial composition in their 

colonic contents (Figure 5-7), which is accordant with the NMDS plot (Figure 5-6F). 
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Figure 5-7. Pie charts representing the percentages of the mean relative abundances of bacteria at the phylum 
level in different luminal regions along the gastrointestinal tract of obese hyperinsulinemic (sham-obese), RYGB-
operated (RYGB) and diet restriction-treated (sham-BWM) Zucker rats. Data was shown in percentage of relative 
abundance ± SD 
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5.3.6 Caloric restriction-induced bacterial alteration along gastrointestinal tract 

 

Figure 5-8. PCA scores plots of bacterial profiles from GI contents including gastric (A), duodenal (B), upper-
jejunal (C), lower-jejunal (D), ileal (E) and colonic (F) contents between sham-BWM (green) and sham-obese (red) 
rats using 16S rRNA gene sequencing analysis at the genus level. 

 

To further extract detailed information and visualise the significant changes in gut 

bacterial alteration for each gastrointestinal compartment, pairwise comparison models 

were constructed. Bacterial profiles of all gastrointestinal compartments of sham-BWM 

rats were compared with sham-obese rats in order to examine the effects of caloric 

restriction on the gut bacterial changes. PCA scores plots showed the group 

differentiation between sham-BWM and sham-obese group in bacterial profiles of 

stomach, duodenum and upper-jejunum determined by PC2 (18.7%), PC2 (5.8%) and 

PC1 (86.2%), respectively (Figure 5-8A-C). However, clear class separation between 

sham-BWM and sham-obese groups was not observed in lower-jejunal, ileal and colonic 

microbial profiles (Figure 5-8D-F).  
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Pairwise comparisons using two-sided non-parametric t-test with Welch’s correction 

were conducted at the genus level. Significant differences were found in the higher 

relative abundance of gastric Bifidobacterium (P=0.04), Lactobacillus (P=0.03) and 

Parasutterella (P=0.01) in sham-obese compared with sham-BWM (Figure 5-9). 

 
Figure 5-9. Box plots of the significantly altered gut microbiota between sham-BWM (green) and sham-obese 
(red) rats at the genus level. Two-sided non-parametric t-test with Welch’s correction was performed. Asterisks 
indicate significant differences: * P<0.05 and ** P<0.01. 

In addition, sham-obese rats showed higher relative abundance of duodenal 

Allobaculum (P=0.01) and Parasutterella (P=0.02) (Figure 5-8). Furthermore, the relative 

abundance of ileal Asaccharobacter (P=0.02) and Enterorhabdus (P=0.04) were shown 

to be greater in sham-obese group (P<0.05) compared with BWM group (Figure 5-9). 

On the contrary, a greater relative abundance of Asaccharobacter (P=0.006) and 

Bacteroides (P=0.04) in the upper-jejunal contents, together with higher relative 

abundance of Turicibacter in the lower-jejunal contents (P=0.03) was observed in sham-

BWM group compared with sham-obese group (Figure 5-9). 
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5.3.7 Gastrointestinal bacterial shifts following RYGB operation 

Class separation between RYGB and sham-obese groups was observed in the gastric 

and duodenal contents, determined by PC2 (24.1%) and PC1 (60.3%), respectively and 

more clearly seen in lower-jejunum along PC1 (58.1%) and ileum along PC1 (48.9%) 

(Figure 5-10).  

 

 

Figure 5-10. PCA scores plots of bacterial profiles from GI contents including gastric (A), duodenal (B), upper-
jejunal (C), lower-jejunal (D), ileal (E) and colonic (F) contents between RYGB (blue) and sham-obese (red) rats 
using 16S rRNA gene sequencing analysis at the genus level. 

 

There were two bacterial genera including Clostridium XI (P=0.0362) and Lactobacillus 

(0.0379) that were significantly differentiated in the gastric contents between RYGB and 

sham-obese rats (Figure 5-11). The relative abundance of Allobaculum was higher in 

duodenal content of sham-obese group (P=0.01), whereas duodenal content collected 

from RYGB contained higher relative abundance of Escherichia (P=0.04) (Figure 5-11). 

Upper-jejunal contents obtained from RYGB carried greater relative abundance of 

Akkermansia (P=0.01) and Acinetobacter (P=0.004), along with higher relative 

abundance of Allobaculum (P=0.002), Clostridium XIVa (P=0.02), Enterococcus 
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(P=0.01), Escherichia (P=0.003) and Streptococcus (P=0.02) in their lower-jejunal 

content (Figure 5-10). Moreover, the relative abundance of ileal Blautia (P=0.02), 

Clostridium IV (P=0.001), Clostridium XI (P= 0.03), Clostridium XIVa (P=0.02), 

Enterococcus (P=0.02), Escherichia (P=0.01) and Streptococcus (P=0.04) were found 

to be significantly higher in RYGB group (Figure 5-11). On the other hand, ileal content 

from sham-obese rats exhibited higher relative abundance of Enterorhabdus (P=0.01) 

(Figure 5-11).  
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Figure 5-11. Box plots show the significantly altered gut microbiota between RYGB (blue) and sham-obese (red) 
rats at the genus level. Two-sided non-parametric t-test with Welch’s correction was performed. Asterisks 
indicate significant differences: * P<0.05 and ** P<0.01. 
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5.3.8 Gastrointestinal bacterial differences between RYGB and caloric restriction 

PCA scores plots showed the inherent separation of bacterial profiles between RYGB 

and sham-BWM groups in stomach, upper-jejunum, lower-jejunum and ileum 

determined by PC2 (22.4%), PC1 (73.7%), PC1 (69.1%) and PC1 (59.2%) (Figure 5-

12).  

 

 
Figure 5-12. PCA scores plots of bacterial profiles from GI contents including gastric (A), duodenal (B), upper-
jejunal (C), lower-jejunal (D), ileal (E) and colonic (F) contents between RYGB (blue) and sham-BWM (green) rats 
using 16S rRNA gene sequencing analysis at the genus level. 

 

RYGB rats showed higher relative abundance of upper-jejunal Acinetobacter (P=0.005) 

and Akkermansia (P=0.01), lower-jejunal Asaccharobacter (P=0.004), Blautia (P=0.02), 

Clostridium XIVa (P=0.02), Entrococcus (P=0.01), Escherichia (P=0.003), Olsenella 

(P=0.01) and Streptococcus (P=0.03) accompanied with greater relative abundance of 

Blautia (P=0.008), Clostridium genera including Clostridium IV (P=0.001), Clostridium XI 

(P=0.04), Clostridium XIVa (P=0.02) and Clostridium XVIII (P=0.02), Enterococcus 

(P=0.0288), Escherichia (P=0.003) and Streptococcus (P=0.03) in ileal content of RYGB 

(Figure 5-13). However, the relative abundance of Asaccharobacter in the upper-jejunal 

content (P=0.04), Lactobacillus in the lower-jejunal, ileal and colonic contents (P=0.005, 
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P=0.005 and P=0.05, respectively), and Prevotella in colonic content (P=0.0442) were 

found to be higher in sham-BWM rats compared with RYGB rats (Figure 5-13). 
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Figure 5-13. Box plots show the significantly altered gut microbiota between RYGB (blue) and sham-BWM (green) 
rats at genus level. Two-sided non-parametric t-test with Welch’s correction was performed. Asterisks indicate 
significant differences: * P<0.05 and ** P<0.01. 

 

 

5.3.9 Correlation analysis of metabolome and microbiome data 
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Figure 5-14. O-PLS regression analysis of the selected significantly altered metabolites detected using HILIC-
UPLC-MS against discriminatory bacterial genera; A, O-PLS scores plots and B, corresponding S-line plots 
showing the correlated features to either increased or decreased relative abundance of bacteria. 

 

HILIC-UPLC-MS metabolites considered discriminating factors between the two groups 

of pairwise comparison models in each gastrointestinal content were selected and further 

analysed using O-PLS approach to investigate the statistical correlation with the 

discriminatory bacterial genera of the true-matched sample set. Eleven valid O-PLS 

models (permutation P<0.05) were obtained (Figure 5-14). The results showed that 

Acinetobacter highly contained in upper-jejunal content of RYGB rats was positively 

correlated with hypoxanthine (R2X=78.1%, R2Y=75.1%, Q2Y=0.55, permutation 

P=0.002) (Figure 5-14: A-1 and B-1). Furthermore, higher relative abundance of 

Asaccharobacter in upper-jejunal content was shown to be strongly associated with L-

arginine but inversely correlated with hypoxanthine (R2X=80%, R2Y=53.4%, Q2Y=0.25, 

permutation P=0.008) (Figure 5-14: A-2 and B-2). Significantly higher level of 3-

methylbutyrolactone in lower-jejunal content of RYGB group was strongly correlated with 

increased relative abundance of Blautia (R2X=95.8%, R2Y=75.1%, Q2Y=0.54, 

permutation P=0.36) and Clostridium XIVa (R2X=95.8%, R2Y=75.1%, Q2Y=0.54, 
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permutation P=0.036) (Figure 5-14: A-4 – B-5). The higher relative abundance of Lower-

jejunal Allobaculum was also found to be correlated with glycocholic acid (R2X=95.8%, 

R2Y=85.1%, Q2Y=0.62, permutation P=0.002) (Figure 5-14: A-3 and B-3). Escherichia 

found in lower-jejunal content, together with of RYGB was additionally demonstrated to 

be positively associated with L-ornithine (R2X=67.2%, R2Y=72.1%, Q2Y=0.48, 

permutation P=0.048) (Figure 5-14: A-6 and B-6). Higher levels of L-ornithine observed 

in RYGB were positively associated with ileal Streptococcus (R2X=67.5%, R2Y=83.6%, 

Q2Y=0.61, permutation P=0.002), ileal Costridium XIVa (R2X=68.4%, R2Y=71.1%, 

Q2Y=0.24, permutation P=0.012), lower-jejunal Clostridium IV (R2X=68%, R2Y=82.2%, 

Q2Y=0.53, permutation P=0.002) and lower-jejunal Clostridium XVIII (R2X=64.9%, 

R2Y=67.5%, Q2Y=0.21, permutation P=0.044) (Figure 5-14: A-7 – B-10).  

 

5.4 Discussion 

Gastrointestinal contents obtained from RYGB, sham-BWM and sham-obese groups 

were, for the first time in studying mechanisms of RYGB surgery, analysed using both 

HILIC-HPLC-MS and 16S rRNA gene Illumina MiSeq sequencing platforms. The results 

obtained from both analytical approaches provide further understanding and insights of 

the metabolic and microbial changes along the gastrointestinal tract, in addition to the 

findings of the biofluids discussed in Chapters 3 and 4. 

5.4.1 An obese phenotype-related gastrointestinal metabolic and microbial 

fingerprints  

In this study, sham-obese rats contained higher levels of taurine in the upper-jejunal 

contents and elevated levels of ileal N1-acetylspermidine, pantothenic acid and succinic 

acid, accompanied with higher levels of 4-pyridoxic acid and hippuric acid in the colonic 

contents, compared with lean Zucker rats. It is noted that significant metabolites with the 

level of assignment below 3 will not be discussed due to higher uncertainty of the 

metabolite identification. 
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Taurine is one of the end products of sulphur metabolism and involved in several 

physiological events such as neuromodulation, osmoregulation, immunomodulation, 

antioxidation, retinal and cardiac function and brain development (Huang, Guo & Yuan, 

2014). Taurine is thought to play an important role in the intestinal functions when 

present at high concentrations in the small intestine, for example, exerting a protective 

effect on gastric injury and colonic damage through its antioxidant properties (Son et al., 

1996), maintaining mucosal thickness of the small intestine and height of villus during 

the total parenteral nutrition (Tsuchioka, Fujiwara & Sunagawa, 2006) and maintaining 

normal serum concentrations of insulin-like growth factor-I (IGF-I), which promote 

intestinal development (Hu et al., 2000; Park, Monaco & Donovan, 1999). In addition, 

taurine was previously shown to lower blood glucose levels and improve hyperglycaemia 

(Tsuchiya & Kawamata, 2017). Tsuchiya and colleagues (2017) reported that taurine 

could suppress the increase of hepatic portal glucose concentrations via suppression of 

sodium-glucose cotransporter 1 (SGLT1) activity in the rat jejunal tissue dependant on 

the presence of chloride ions (Tsuchiya & Kawamata, 2017). However, in this study, 

luminal taurine was found in relatively higher concentration that could be due to higher 

food intake of obese rats compared with lean rats that was previously reported in Chapter 

3. 

Succinic acid is a dicarboxylic acid and a component of the tricarboxylic acid (TCA) cycle 

(Bechthold et al., 2008). In Chapter 3, it was reported that there was an elevated uptake 

of succinic acid and enhanced hepatic succinate metabolism in lean animals leading to 

decreased succinic acid availability in the gut lumen with its increased portal vein blood 

concentration. It is accordant with the results in this Chapter in which higher level of ileal 

succinic acid was observed in obese animals indicating less succinic acid uptake through 

portal vein. Higher ileal succinic acid indicates greater abundance of succinate in the 

obese animals.  The increase in caecal succinate concentration was also previously 

reported to be significantly correlated with the abundance of Bacteroides (Fischbach & 

Sonnenburg, 2011). In this study, a larger abundance of Bacteroides was observed in 
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sham-obese Zucker rats. It is, however, noteworthy that Prevotella which are important 

succinic acid producers were not found to be correlated with the increase in succinic acid 

concentration in the current study.  This may be due to the fact that the growth of 

Prevotella is promoted by diet enriched in dietary fibres and depleted in presence of fat 

(De Filippo et al., 2010), whereas Bacteroides abundance has been associated with 

protein- and animal fat-rich diet (Wu et al., 2011). 

Hippuric acid level was also significantly higher in colonic content of sham-obese rats. It 

is the glycine conjugate of benzoic acid, and has long been associated with the microbial 

degradation of certain dietary components, hepatic function and toluene exposure, and 

is also commonly used as a measure of renal clearance (Lees et al., 2013). Moreover, 

hippuric acid could be related to age progression and gender effects on metabolism in 

Type-2 diabetes and the changes in the profile of microbial metabolites in biological fluids 

can be related to the level of specific families of bacteria (Palau-Rodriguez et al., 2015; 

Delzenne & Cani, 2011).  

4-Pyridoxic acid is the catabolic product of vitamin B6 and this metabolite can be further 

broken down by the gut microbiota via 4-pyridoxic acid dehydrogenase catalysing the 

four electron oxidation of 4-pyridoxic acid to 3-hydroxy-2-methylpyridine-5, 5-

dicarboxylate with nicotinamide adenine dinucleotide as a cofactor (Coburn et al., 2002). 

Previous studies showed that bacteria belonging to genus Pseudomonas possess 4-

pyridoxic acid dehydrogenase, hence promoting vitamin B6 oxidation (RODWELL et al., 

1958; Yagi, Kishore & Snell, 1983). This indicates that, in obese animals, vitamin B6 may 

be absorbed through enterocytes less than that in lean animals. As a result, it is 

metabolised by the intestinal microbiota that is evident by higher colonic concentration 

of 4-pyridoxic acid in obese animals. Alternatively, it could also be due to greater nutrient 

flux in the gut since food intake was higher in obese animals. 
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5.4.2 Caloric restriction reverses metabolome and microbiome of obese Zucker 

rats to leaner phenotype 

Obese hyperinsulinemic Zucker rats with caloric restriction showed higher 

concentrations of 3-aminopropanal, homoserine lactone, cysteine, L-phenylalanine, 

merodesmosine in duodenal content, homovanillic acid, butyrobetaine and N-acetyl-L-

glutamate 5-semialdehyde in ileal contents, and L-furosine in both ileal and colonic 

contents.  

3-Aminopropanal is a reactive aldehyde that has been shown to mediate progressive 

neuronal necrosis and glial apoptosis (Ivanova et al., 2002). Higher concentration of this 

metabolite indicates increased activity of polyamine oxidase that catabolises polyamines 

(e.g. spermine, spermidine and putrescine) to yield 3-aminopropanal (Li et al., 2003). 

Although polyamine metabolites are required for mammalian cell proliferation and for 

embryonic development, accumulation of these polyamines, especially spermine, have 

been shown in obese children and are related to biomarkers of oxidative/nitrosative 

stress, inflammation and leptin (Ishii et al., 2012; Codoñer-Franch et al., 2011) so that 

caloric restriction may play an important role in lowering polyamines as evident by higher 

concentration of 3-aminopropanal.  

Levels of amino acids such as essential amino acid (e.g. phenylalanine), sulfur-

containing amino acid (e.g. Cysteine) and alpha-amino acid (e.g. merodesmosine and 

L-furosine) were higher in sham-BWM rats. Phenylalanine is an essential amino acid 

and the precursor of the amino acid tyrosine and is also a precursor for catecholamines 

including tyramine, dopamine, epinephrine, and norepinephrine (Matthews, 2007). 

Cysteine is unique amongst the twenty natural amino acids as it contains thiol group that 

can undergo redox reactions and is also an important source of sulfur in human 

metabolism (Dong & Coquelet, 1980). Merodesmosine is a member of the class of 

compounds known as alpha amino acids and is found in animal foods (Francis, John & 

Thomas, 1973). Higher concentrations of these amino acids in the duodenal content of 
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sham-BWM rats suggest either lower amino acid absorption or enhanced production of 

amino acids through endogenous protein metabolism or bacterial process during caloric 

restriction. L-furosine, another alpha amino acid that showed its higher concentration in 

both ieal and colonic content of sham-BWM rats, is primarily located in the cytoplasm 

and can also be found extracellularly (Henle, Zehetner & Klostermeyer, 1995). Moreover, 

furosine, a glycation product of collagen, has been shown as a strong inverse predictor 

of life span in both ad libitum and caloric restricted mice suggesting that glucose 

tolerance is impaired in aging mice leading to early death or alternatively, a process 

responsible for decreased collagen turnover rate may be responsible for decreased 

removal rate of damaged cellular organelles from critical life span controlling tissues 

(Hamelin et al., 2003).  In this study, concentration of L-furosine was higher in sham-

BWM rats compared with sham-obese rat indicating that early onset of caloric restriction 

may enhance hypercatabolic state that may result in increased carbonyl and oxidative 

stress to ileal and colonic epithelial cells. In addition to increased ileal and colonic 

concentration of furosine, significantly higher relative abundance of colonic Oscillibacter 

was observed that is consistent with the previous study by Qu et al (2017) demonstrating 

that Oscillibacter showed a dramatic increase with advanced glycation end products 

(AGEs) and reduced proximal colon transepithelial resistance in a high-fat diet group 

(Qu et al., 2017; Lam et al., 2012).  

Although significant alteration of metabolome was not observed in lower-jejunal content 

between calorie-restricted obese Zucker rats and their obese counterparts, the presence 

of lower relative abundance of lower-jejunal Turicibacter in obese animal found in this 

study is in line with a previous study conducted by Everard et al (2014) of which they 

showed markedly reduced abundance of this bacterial genus in mice fed a high fat diet 

(Everard et al., 2014). Our findings may raise the question whether this taxon might have 

anti-inflammatory properties. 

Concentration of butyrobetaine, a highly water-soluble derivative of gamma-amino 

butyric acid, was increased and this metabolite can be microbially converted into L-
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carnitine, then trimethylamine (TMA) and trimethylamine-N-oxide (TMAO), which was 

shown to be proatherosclerotic metabolite (Koeth et al., 2014). Moreover, a previous 

study by Koeth et al (2014) demonstrated that gut microbial metabolism of butyrobetaine 

to TMA/TMAO, but not butyrobetaine itself directly, was associated with enhanced 

atherosclerosis. This is evident as mice supplemented with butyrobetaine and treated 

with oral antibiotics to suppress gut microbe, TMA/TMAO production did not have an 

increase in aortic root and atherosclerotic plaque area (Koeth et al., 2014). This suggests 

that caloric restriction may alter the gut microbiome in the ileum, resulting in less 

abundance of bacteria that are capable of metabolising butyrobetaine to TMA or TMAO, 

hence lower risk of atherosclerosis.  

 

5.4.3 RYGB-related effects improve gastrointestinal health of obese Zucker rats  

Comparing with sham-obese rats, RYGB rats demonstrated lower concentrations of 

gastric trigonelline, sucrose and dextrin but higher concentrations of PC(6:0/8:0) and 

cytochalasin B in gastric content. Moreover, the upper-jejunal content of RYGB 

contained higher levels of choline, hypoxanthine with lower levels of isoleucine, L-

phenylalanine, L-arginine and sodium taurocholate, and low levels of lower-jejunal 7-

methyladenine. Ileal concentrations of creatine and 2-hydroxyhexadecanoic acid were 

increased while ileal levels of fructosamine, N-hydroxybenzenesulfonamide, allantoin 

and ascorbate-2-sulfate, together with colonic level of 3-indoleproprionic acid were 

markedly decreased.  

Cysteic acid or 3-sulfoalanine is water-soluble and an extremely strong acidic compound 

that is primarily located in the mitochondria of the cells. It is a crystalline amino acid 

formed in the oxidation of cysteine and is also a precursor of taurine (Edgar et al., 1994). 

Taurine is among the few naturally occurring organic sulfonic acids that is a recognized 

constituent of human bile and plays role in reducing oxidative stress, providing 

cardiomyocyte osmoregulation, and membrane stabilization (Schaffer et al., 2010). 
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Furthermore, effect of taurine on gut microbiota could regulate the gut micro-ecology, 

which might be of benefit to health by inhibiting the growth of harmful bacteria 

(Proteobacteria, especially Helicobacter – a residential microbiota in stomach), 

accelerating the production of SCFA and reducing LPS concentration (Yu et al., 2016). 

In the current study, greater concentration of taurine accompanied with lower 

concentration of cysteic acid may indicate the upregulated taurine production through 

cysteic acid decarboxylation. Despite a number of species-dependent beneficial effects 

of genera Lactobacillus and Allobaculum that was shown to be significantly higher in 

obese animals, Clostridium cluster XI is a pathogen-associated cluster with C.difficile  as 

one of the members and it has been shown to strikingly increase in obese mice and 

associated with hepatocellular carcinoma development (Qiao et al., 2014; Gomes, Costa 

& Alfenas, 2015; Hara, 2015). In the present study, RYGB has been shown to lower the 

relative abundance of Clostridium cluster XI in stomach, together with beneficial effects 

of greater taurine concentration suggesting the reduced risk of tumorigenesis.    

Decreased concentrations of vitamin B3 metabolite (e.g. trigonelline) and polysaccharide 

metabolites (e.g. sucrose and dextrin) in stomach of RYGB group were observed. This 

could be due to the lack of food arrival in the distal stomach (bypassed gastric section).  

Choline is important as a precursor of acetylcholine, as a methyl donor in various 

metabolic processes, and in lipid metabolism (Wells & Remy, 1965). It is also known as 

dietary precursors for TMA and further TMAO production by the gut microbiota (King, 

1984). As higher concentration of faecal TMA in RYGB-treated rats was previously 

reported in Chapter 4, greater concentration of choline in upper-jejunal content, in this 

Chapter, indicates the rich pool of TMA precursors in post-RYGB operation. 

Hypoxanthine is a naturally occurring purine derivative and a reaction intermediate in the 

metabolism of adenosine and in the formation of nucleic acids by the salvage pathway 

(Saugstad, 1975). Higher concentrations of upper-jejunal hypoxanthine in the current 

study, along with hepatic hypoxanthine and its urinary concentration in the previous 
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studies (Wu et al., 2015; Narath et al., 2016) might indicate the modification of nucleotide 

metabolism after bariatric intervention.  

Lower levels of amino acids including isoleucine, phenylalanine and arginine in the 

upper-jejunal content post-RYGB operation may reflect the enhanced absorption of 

amino acids post-RYGB. Previous study shows that despite exclusion of a major part of 

the stomach and the mixing of gastropancreatic secretions in the distal part of jejunum, 

RYGB does not appear to impair protein digestion and an accelerated appearance of 

amino acids, derived from protein ingested was also observed (Azim & Kashyap, 2016). 

Accelerated protein digestion and amino acid absorption can influence the metabolic and 

hormonal changes that occur following RYGB. Amino acids such as leucine and 

phenylalanine are capable of stimulating insulin secretion from pancreatic beta-cells and 

GLP-1 secretion from intestine L-cells (Magkos et al., 2013).  

A previous study by Zhang and co-workers (2009) reported that obese and lean 

individuals possessed Firmicutes as the dominant gut bacteria, whereas post-gastric 

bypass individuals demonstrated the proportional increase of Gammaproteobacteria 

(Zhang et al., 2009). Later in 2011, Li and colleagues further demonstrated, in a non-

obese rat model, the substantial shifts of the main gut phyla towards higher abundance 

of Proteobacteria, especially Enterobacter hormaechei post-RYGB operation compared 

with sham-operated rats (Li et al., 2011). In addition, a study by Liou et al (2015) 

confirmed that transfer of the gut microbiota from RYGB-treated mice to non-operated, 

germ-free mice resulted in weight reduction and decrease of fat mass in the recipient 

animals relative to recipients of microbiota induced by sham surgery (Liou et al., 2013). 

In this study, the microbial alterations along the gastrointestinal tract in the RYGB- and 

caloric restriction-treated obese Zucker rat in response to obese Zucker rat control have 

been reported for the first time. Microbial shifts have been clearly observed following 

RYGB intervention as evidenced by increases in duodenal Escherichia, upper-jejunal 

Akkermansia and Acinetobacter, lower-jejunal Allobaculum, Enterooccus, 

Streptococcus, ileal Blautia and Enterorhabdus. More interestingly, Clostridium cluster 
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XIVa, IV and XI were increased along lower-jejunum and ileum. These microbial 

alteration in RYGB compared with obese control were mostly similar to the comparison 

between RYGB and sham-BWM group, with the more significant models. Akkermansia, 

especially the strain Akkermansia muciniphila which is a mucin-degrading bacterium and 

has been inversely associated with body fat mass and glucose intolerance, showed 

greater improvement in insulin sensitivity markers and other clinical parameters after 6-

week caloric restriction in human (Dao et al., 2016). However, caloric restriction 

performed in the obese Zucker rat model did not show the significant changes in this 

taxon, so this means that RYGB may exert a stronger degree of restricted calorie intake 

in the Zucker rats. However, Clostridium cluster XIVa is known for polysaccharide 

fermentation and butyrate-producing bacteria in the gut that results in more efficient 

energy extraction from diet (Jiao et al., 2017).  Enterococcus also increased in obese 

animals which could release bile salt hydrolase (BSH) that convert conjugated bile acids 

into free bile acids through deconjugation (Jiao et al., 2017). Blautia genus was shown 

in high abundance in the participants with glucose intolerance even while consuming 

fewer carbohydrates and fat (Egshatyan et al., 2016).  

Acinetobacter, a genus of Gram-negative bacteria belonging to the wider class of 

Gammaproteobacteria, was directly correlated with hypoxanthine in RYGB. Wang and 

colleagues demonstrated that bacterial xanthine dehydrogenase from Acinetobacter 

baumannii catalyses the oxidation of hypoxanthine to xanthine and also xanthine to uric 

acid by an oxidative hydroxylation mechanism (Wang et al., 2016). In addition, L-

ornithine showed the positive correlation with several genera, for instance, Escherichia, 

Clostridium clusters IV and XVIII in lower-jejunum and Streptococcus and Clostridium 

cluster XIVa in ileum. Some bacteria may utilise L-ornithine as a carbon and energy 

source, for example, E.coli first decarboxylates L-ornithine to putrescine which is 

transaminated to gamma-aminobutyraldehyde, and oxidized to gamma-aminobutyric 

acid (GABA) (Shaibe, Metzer & Halpern, 1985). This is also accordant with high 

concentration of GABA observed in the faecal samples collected from RYGB rats. 
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Asaccharobacter, bacterial genus from the family of Coriobacteriaceae and 

predominantly found in sham-BWM group was positively correlated with L-arginine 

(Minamida et al., 2008). Strains of this bacterium were unable to metabolise glucose or 

other carbohydrates as sole carbon sources; growth was enhanced in the presence of 

arginine which is the first decarboxylated to agmatine, which is hydrolysed to urea and 

putrescine. (Minamida et al., 2008).  

 

5.5 Summary 

In the current study, RYGB has been shown to provide the health effects, evidenced by 

the altered metabolites that are associated with the modification of nucleotide 

metabolism and enhanced absorption of amino acids after bariatric intervention. In 

addition to the changes in metabolic profiles, RYGB showed the increases in the 

abundance of some bacterial genera such as duodenal Escherichia, upper-jejunal 

Akkermansia and Acinetobacter, lower-jejunal Allobaculum, Enterooccus, 

Streptococcus, ileal Blautia and Enterorhabdus and some of which had been revealed 

in the previous studies to provide beneficial effects on host health. Besides, caloric 

restriction may play an important role in lowering polyamines as evident by higher 

polyamine catabolism end-products and alter the gut microbiome in the ileum, resulting 

in less abundance of bacteria that are capable of metabolising atherosclerosis risk-

related metabolites.  
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6. Summary and future work 

6.1 Summary and general discussion 

The application of an NMR spectroscopy- or mass spectrometry-based metabolic profiling 

in combination with 16S rRNA sequencing have been proven to assist the characterisation 

of host-microbial interactions at a systems biology level (Osaka et al., 2017; Foschi et al., 

2017). Multivariate statistical data analyses have been employed in this study to aid the data 

analysis and visualisation, especially the identification of biomarkers and signaling 

molecules of host-microbial metabolic interactions. This thesis, based on a hyperinsulinemic 

obese Zucker rat model, has focused on understanding the obese phenotype-related 

metabolic fingerprints in biofluids, especially portal vein plasma which has been reported for 

the first time (Chapter 3), the effects of caloric restriction or RYGB surgery on the metabolic 

alterations in biofluids (Chapter 4), and gastrointestinal metabolic and microbial changes 

following caloric restriction or RYGB (Chapter 5). Distinct metabolome and microbiome 

alterations at the systematic level after either caloric restriction or gastric bypass have been 

studied and reported in this thesis. 

 

6.1.1 Summary of animal randomisation and sham-operation  

Animal randomisation: Obese Zucker rats were, in this study, randomised into three 

different treatment groups: sham-obese, sham-BWM and RYGB. The metabolic profiles of 

these three groups of rats at the pre-operation time point were compared using both 

unsupervised and supervised statistical analyses, and invalidity of the models indicated no 

significant differences between obese animals allocated into different treatment groups prior 

to the intervention.  
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Sham-operation: Sham-operation conducted in this study was proven that it does not 

induce the metabolic alterations in this animal model as indicated by the invalid statistical 

models between obese control animals at pre-sham operation and post-sham operation time 

points. Therefore, it can be ensured that there was no metabolic alteration as a consequence 

of sham-operation throughout the study.    

 

6.1.2 Summary of energy metabolism 

Enhanced lipogenesis, indicated by elevated peripheral and portal vein levels of several lipid 

species, was clearly observed in hyperinsulinemic obese Zucker rats compared with the 

lean genotype (Figure 6-1). Lipogenesis involves the conversion of acetyl-CoA, which is an 

intermediate in the metabolism of glucose, into fatty acid and the energy can be efficiently 

stored in the form of fats (Turkenkopf et al., 1980). RYGB-treated obese Zucker rats, 

instead, showed significantly lower levels of lipids with higher urinary concentration of 3-

hydroxybutyrate, which is a ketone body. These observations indicated a shift from the use 

of carbohydrates to fats as the main fuel of the body, resulting in ketogenesis, which has an 

effect on hunger suppression. However, such a metabolic event was not observed following 

caloric restriction. 
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Figure 6-1. Schematic illustration of the suggested metabolic alterations based on altered metabolites found in obese, 

caloric restriction and RYGB groups of this study. Abbreviations: BCAA, branched-chain amino acid; GI, 

gastrointestinal; SCFA, short-chain fatty acid.  

 

6.1.3 Summary of BCAA metabolism 

BCAAs are considered the insulin resistance-related biomarkers and have been found in 

high concentrations, together with low alanine level in the obese rat suggesting a down-

regulation of alanine synthesis from BCAAs. On the other hand, RYGB showed the 

increased catabolism of BCAAs, evidenced by higher concentrations of urinary BCAA 

breakdown products (e.g. α-ketoisovalerate), accompanied with lower concentrations of 

pyridoxal, a form of vitamin B6 required as cofactor to catalyze the reaction (Figure 6-1). 

Decreases in BCAA levels after RYGB may be predominantly caused by the gastric bypass 

procedure and is not due to weight loss as caloric restriction group was unable to show such 

metabolic shifts. Effects of RYGB on reducing BCAA levels found in this study is in line with 

a previous study showing that RYGB procedure promotes BCAA catabolic gene expression 

in adipose tissue (She et al., 2007). It is, however, interesting that several studies reported 
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the beneficial effects of caloric restriction on glucose metabolism and reversal of insulin 

resistance. This suggests that caloric restriction could exert its effect on improvement of 

insulin resistance through other mechanisms without affecting BCAA concentrations.  

 

6.1.4 Summary of polyamine catabolism 

Polyamine biosynthesis may be upregulated as indirectly shown by the higher level of N1-

acetylspermidine in the ileal contents of obese group, which could in turn indicate an 

enhanced activity of enzyme SSAT in obese rats. Although polyamine is required for cell 

proliferation, accumulation of polyamine has been considered as the biomarkers of 

oxidative/nitrosative stress and inflammation (Codoñer-Franch et al., 2011). In the current 

study, caloric restriction induced higher levels of polyamine catabolism products (e.g.3-

aminopropanol) in the duodenum, which may indicate an increased activity of polyamine 

oxidase and a lower risk of oxidative stress and inflammation. 

 

6.1.5 Summary of gut microbiota-related metabolisms 

SFCA metabolism: Obese Zucker rats showed the elevated fermentation substrate 

bioavailability and increased microbial non-digestible carbohydrate fermentation by the gut 

microbiota. Such a metabolic phenomenon was altered in RYGB-treated rats as lower 

concentrations of faecal propionate and acetate, potentially resulting from lower abundance 

of SCFA-producing bacteria such as Lactobacillus  were observed in lower-jejunal, ileal and 

colonic contents of RYGB in this study (Figure 6-1). Interestingly, portal vein plasma of both 

RYGB and caloric restriction groups carried high level of propionate but not acetate, 

collectively indicating the up-regulated gluconeogenesis despite the differences in weight 

loss approach. 
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Choline metabolism: As discussed in Chapter 3, obese phenotype of the Zucker rats could 

be independent of microbial choline metabolism. However, RYGB procedure seems to 

promote microbial conversion of choline into TMA found in faeces, indicating higher 

abundance of TMA producers in the gut. Consistently, RYGB group showed greater 

abundance of Clostridium cluster XIVa and Escherichia in the lower-jejunal content (Chapter 

5) and these two bacterial genera were shown to be able to produce TMA (Rath et al., 2017). 

Therefore, microbial choline metabolism is likely to be enhanced by RYGB surgery (Figure 

6-1). 

 

Aromatic amino acid metabolism: The conversion of phenylalanine into 3-HPPA was 

preferred in caloric restriction and obese groups, whereas RYGB showed the enhanced 

conversion of phenylalanine into PAG, which could be considered as RYGB-specific 

metabolic route for phenylalanine metabolism (Figure 6-1). RYGB also demonstrated 

increased catabolism of tryptophan into indole. This microbial conversion may result from 

increased abundance of Gram-negative bacteria such as Escherichia (Li & Young, 2013). 

Furthermore, the conversion of tyrosine into 4-cresyl glucuronide was also enhanced, 

potentially resulting from elevated abundance of bacteria belonging to the genus 

Clostridium, of which some Clostridium species had the ability to convert tyrosine into 4-

cresol (Dawson et al., 2011). 

 

Metabolism of microbially-derived neuroactive intermediates: Higher faecal 

concentration of GABA in the current study suggested that RYGB procedures may alter the 

microenvironment to favour the growth of GABA-producing bacteria, such as Lactobacillus 

and Bifidobacterium in the lower-jejunum (Figure 6-1). The GI tract motility could be 

modulated following RYGB (Ardila-Hani & Soffer, 2011), also evidenced by greater level of 



Chapter 6 – Summary and future work 

152 
 

serotonin precursor (5-HTP) in this study. This suggests that RYGB could change the GI 

motility by increased levels of serotonin precursor.  

 

6.1.6 Summary of hepatic succinate metabolism 

Obese Zucker rat showed high ileal level and faecal excretion of succinate. In contrast, 

RYGB promotes the portal vein succinate uptake and possibly hepatic succinate 

metabolism. Together with previous findings in the decreased levels of tricarboxylic acid 

(TCA) cycle intermediates in urine following RYGB, these findings suggested enhanced 

TCA cycle activity after RYGB surgery (Li et al., 2011) (Figure 6-1). 

This study has systemically demonstrated for the first time the metabolic profiles of urine, 

portal vein and peripheral plasma, faecal water, gastrointestinal contents along with the 

microbial profiles of gastrointestinal contents of RYGB-, caloric restriction-treated obese 

Zucker rats in comparison with obese Zucker rats. As explained in Chapter 3, obese Zucker 

rats had distinct gut microbial metabolic activities that promote the production of SCFAs, 

especially acetate (Figure 3-4) which in turn enhances hepatic lipogenesis (Figure 6-1). 

Caloric restriction has demonstrated some metabolic changes such as increased polyamine 

catabolism and aromatic amino acid metabolism, providing the health benefits. Metabolic 

alterations induced by the RYGB surgery include the enhanced production of neuroactive 

metabolites, succinate metabolism, BCAA catabolism, aromatic amino acid metabolism with 

lower lipogenesis and SCFA production, and microbial shifts which also affect the microbial 

choline metabolism. 

 

 

 



Chapter 6 – Summary and future work 

153 
 

6.1.7 Implications 

The findings in the current study collectively suggest that bariatric surgery, particularly 

RYGB is crucial for effective and sustainable weight loss and improvement of metabolic 

syndromes in severely co-morbid obese individuals whom lifestyle modification and 

pharmacotherapy are less effective. RYGB has, however, been shown to involve the 

production of oxidative stress-related metabolites and inflammation-related gut microbiota 

that may contribute to the adverse effects on health in a long-term period. The results in this 

thesis emphasise the need to further investigate the long-term metabolic derangements  

induced by the RYGB procedure and their impact on human health. Therefore, it is 

noteworthy that oxidative stress and inflammation should be carefully monitored throughout 

the follow-up appointments.  

 

6.2 Future work 

Future work should focus on the following aspects: (1) mechanisms underlining the effects 

on caloric restriction on improvement of insulin resistance. Although BCAAs have so far 

been reported to be associated with insulin resistance and it is further confirmed in this study 

for the role of RYGB in resolving such the metabolic condition by reducing plasma BCAA 

levels. However, caloric restriction-induced improvement of insulin resistance seems to be 

independent of lowering BCAA levels. Therefore, the impact of caloric restriction on insulin 

resistance and its related mechanisms should be further investigated. An experiment on 

nervous and hormonal regulation post-caloric restriction could be of interest to further 

address this question.  (2) Confirmation of suggested metabolic pathways reported in this 

study. A great number of metabolites were observed to be altered in different biofluids and 

gastrointestinal contents in regards with RYGB or caloric restriction and several metabolic 

pathways have also been suggested. The next step would be to experimentally confirm 
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these metabolic changes, for example, measuring the enzyme activity that is related to the 

biosynthesis or biodegradation of altered metabolites in appropriate cell line or in vivo. (3) 

Validation of suggested bacterial activity. This study showed a number of changes in 

microbial composition after the RYGB or caloric restriction intervention. The subsequent 

step would be to conduct the experiments on isolating beneficial bacteria from the biofluids 

and gastrointestinal contents in order to study their biological functions in vitro and in vivo. 

This would further our understanding at both the mechanisms underlining host-microbial 

metabolism and the use of ‘good bacteria’ on microbiota transplantation to improve gut 

health. (4) Pro-inflammatory responses and oxidative stress status following RYGB. Several 

pro-inflammation- and oxidative stress-related metabolites were observed in this study. It 

would be interesting to experiment on host pro-inflammatory cytokines and manifestation of 

reactive oxygen species in biofluids and tissue samples in both animal and human 

population studies. This piece of information would aid the post-RYGB prognosis and 

preventive medicine.              
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