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Summary 

Obesity is associated with a systemic, low-grade inflammation. This inflammation can arise 

directly from the increased adipose tissue mass and an altered secretory profile of 

hypertrophic fat cells. In addition, pro-inflammatory stimuli in obesity can also arise from the 

gut. Studies in rodents have claimed that diet-induced obesity and associated diseases such 

as diabetes are linked to alterations in gut microbiota composition and diversity as well as to 

disturbed gut barrier function. This results in an elevated translocation of bacterial products 

such as lipopolysaccharide (LPS) into the circulation, where inflammatory processes are 

triggered. 

The present study aimed to investigate gut permeability and gut microbiota composition in 

severely obese patients compared to non-obese controls as well as their changes 6 months 

after bariatric surgery-induced weight loss. Anthropometric data, metabolic and inflammatory 

parameters, dietary protocols as well as gut permeability and gut microbiota composition 

were analysed in 17 morbidly obese patients (BMI ≥ 40 kg/m2) undergoing laparoscopic 

sleeve gastrectomy (LSG) as well as 17 age- and sex-matched non-obese controls (BMI 

< 30 kg/m2). Total caloric intake and diet composition of the obese patients before surgery 

was quite similar to the non-obese controls, while 6 months after surgery total caloric intake 

was drastically reduced. At this point, the obese patients had reduced their body weight by 

41.0 (33.7; 46.5) kg. Weight loss was accompanied by improvements in metabolic and 

inflammatory parameters. Gut permeability, assessed with a 4-probe sugar test, did not differ 

between obese patients and non-obese controls. Moreover, in an extended cohort of obese 

women no differences in gut permeability were detected between different classes of obesity. 

LSG, however, led to a significant decrease in gastroduodenal as well as small intestinal 

permeability and an increase in colonic permeability, while LBP levels were not affected. Gut 

microbiota analysis showed that alpha-diversity was decreased in patients with obesity 

compared to non-obese controls and increased after surgery. Differences were noted for the 

main phyla of gut microbiota of obese patients compared to non-obese controls. After 

surgery, there was a tendency towards the composition of non-obese controls, but changes 

were in most cases minor and not significant. Moreover, the effect of bariatric surgery on 

microbiota composition was quite variable among individuals with some patients showing a 

more stable microbiota than others. 

From the results of the present study it can be concluded that obesity is not associated with 

alterations in gut permeability. LSG, however, has a considerable impact on gut permeability 

with distinct changes of gastroduodenal, small intestinal and colonic permeability. Moreover, 
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LSG can affect gut microbiota composition, but changes are highly heterogeneous among 

individuals and no clear association with gut permeability can be seen. 

The second part of this thesis focussed on a recently discovered group of fatty acids, the 

FAHFAs (fatty acid esters of hydroxy fatty acids). As previous studies revealed anti-

inflammatory and anti-diabetic effects of FAHFAs, they might also be involved in obesity-

associated metabolic and inflammatory disturbances. Yet, the human serum levels of 

FAHFAs under different physiological and pathophysiological conditions have hardly been 

studied so far. In the present thesis, different FAHFA isomers were quantitatively analysed in 

serum samples from several human cohorts to investigate possible relations of endogenous 

FAHFA levels with factors such as BMI, weight loss, diabetic status, age, sex, and diet. 

In the cohort of obese subjects undergoing LSG, no changes in FAHFA levels were observed 

at six months after surgery. However, serum levels of most of the analysed FAHFAs were 

lower in obese than in non-obese subjects. As obesity is often associated with insulin 

resistance and FAHFAs have been credited with anti-diabetic effects, FAHFA levels were 

also investigated in diabetic compared to non-diabetic subjects in two other independent 

cohorts. In both cohorts no differences in FAHFA levels were observed. Next, FAHFA levels 

were investigated in dependence of sex and age. While there was no difference between 

sexes for all FAHFAs analysed, differences were found for several FAHFAs between 

different age groups. As a novel and interesting finding, the present study could show that 

dietary overfeeding in lean young men significantly increased FAHFA levels. Moreover, 

subjects on a vegetarian or vegan diet had substantially lower levels of FAHFAs compared to 

omnivores. 

To conclude, the present study showed that FAHFA serum levels are strongly regulated by 

diet. Moreover, BMI and age seem to be related to FAHFA levels, while there is no 

detectable association with sex and diabetic status. Future research is needed to better 

clarify the physiological role of FAHFAs in humans. 
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Zusammenfassung  

Adipositas ist mit einer chronischen, systemischen Entzündung assoziiert. Diese kann durch 

die vermehrte Fettgewebsmasse und das veränderte sekretorische Profil der hypertrophen 

Fettzellen hervorgerufen werden. Darüber hinaus können pro-inflammatorische Reize auch 

aus dem Darm kommen. Untersuchungen an Nagern haben gezeigt, dass 

ernährungsbedingte Adipositas und assoziierte Erkrankungen wie Diabetes mit 

Veränderungen in der Zusammensetzung und Diversität der Darmmikrobiota als auch mit 

einer gestörten Darmbarrierefunktion verknüpft sind. Beides kann zu einem erhöhten 

Übertritt von bakteriellen Produkten wie Lipopolysaccharid (LPS) in den Blutkreislauf führen, 

wodurch Entzündungsprozesse getriggert werden. 

Ziel der vorliegenden Studie war es, die Darmbarrierefunktion und die Zusammensetzung 

der Darmmikrobiota von adipösen Patienten vor und sechs Monate nach einer bariatrischen 

Operation zu untersuchen sowie im Vergleich zu nicht-adipösen Kontrollpersonen. Die 

Studie wurde mit 17 morbid adipösen Personen (BMI ≥ 40 kg/m2) durchgeführt, die sich einer 

laparoskopischen Schlauchmagenoperation unterzogen, sowie mit 17 nicht-adipösen 

Kontrollpersonen (BMI < 30 kg/m2), die bezogen auf Alter und Geschlecht den 

übergewichtigen Patienten entsprachen. Es wurden anthropometrische Daten und 

Ernährungsprotokolle erhoben, metabolische und inflammatorische Parameter gemessen 

sowie die Darmbarrierefunktion und die Darmmikrobiota untersucht. Die 

Gesamtenergiezufuhr sowie die Zusammensetzung der aufgenommenen Nahrung waren 

vergleichbar zwischen adipösen Patienten vor der Operation und nicht-adipösen Kontrollen. 

Sechs Monate nach der Operation war die Gesamtenergiezufuhr jedoch deutlich verringert. 

Zu diesem Zeitpunkt hatten die adipösen Patienten 41,0 (33,7; 46,5) kg Körpergewicht 

verloren. Der Gewichtsverlust war verbunden mit Verbesserungen der metabolischen und 

inflammatorischen Parameter. Die Darmbarrierefunktion wurde mit einem Vier-Zucker-Test 

gemessen und war nicht unterschiedlich zwischen adipösen und nicht-adipösen Personen. 

Darüber hinaus zeigten sich auch in einer erweiterten Kohorte von Frauen mit Adipositas 

keine signifikanten Unterschiede in der Darmbarrierefunktion zwischen den verschiedenen 

Schweregraden der Adipositas. Eine Schlauchmagenoperation führte allerdings zu einer 

Abnahme der gastroduodenalen Permeabilität sowie der Dünndarmpermeabilität und zu 

einer Erhöhung der Permeabilität des Kolons. Die LBP-Spiegel hingegen blieben 

unverändert. Die Analyse der Darmmikrobiota zeigte, dass im Vergleich zu nicht-adipösen 

Kontrollen die alpha-Diversität bei den adipösen Patienten verringert war, diese nach der 

Operation aber zunahm. Es zeigten sich auch Unterschiede in den vorherrschenden Phyla 

zwischen adipösen und nicht-adipösen Personen. Nach der Operation zeigte sich eine 

Tendenz hin zur Darmmikrobiota von nicht-adipösen Personen. Allerdings waren diese 
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Veränderungen in den meisten Fällen gering und nicht signifikant. Der Effekt der 

bariatrischen Operation auf die Zusammensetzung der Darmmikrobiota war sehr 

unterschiedlich zwischen den Individuen, wobei einige Patienten eine stabilere Mikrobiota 

aufwiesen als andere.  

Aus den Ergebnissen der vorliegenden Studie lässt sich schließen, dass Adipositas nicht mit 

einer Veränderung der Darmbarrrierefunktion assoziiert ist, während eine 

Schlauchmagenoperation einen deutlichen Effekt auf die Darmbarrierefunktion ausübt. Die 

Auswirkungen auf die Permeabilität der einzelnen Darmbereiche ist hierbei unterschiedlich. 

Darüber hinaus kann eine Schlauchmagenoperation Effekte auf die Zusammensetzung der 

Darmmikrobiota ausüben, wobei die Veränderungen individuell sehr verschieden sein 

können und sich keine klare Assoziation mit der Darmbarrierefunktion erkennen lässt.  

Der zweite Teil der Dissertation beschäftigt sich mit einer vor Kurzem entdeckten Gruppe an 

Fettsäuren, den FAHFAs (fatty acid esters of hydroxy fatty acids). Da Studien einen anti-

inflammatorischen und anti-diabetischen Effekt der FAHFAs zeigten, könnten diese 

Fettsäuren auch an Adipositas-assoziierten metabolischen und inflammatorischen Störungen 

beteiligt sein. Jedoch gibt es bisher kaum humane Daten zu den Serumspiegeln der FAHFAs 

unter verschiedenen physiologischen und pathophysiologischen Bedingungen. Ziel der 

vorliegenden Arbeit war es daher, in unterschiedlichen humanen Kohorten verschiedene 

FAHFA-Isomere in Serumproben quantitativ zu bestimmen und mögliche Zusammenhänge 

endogener FAHFA-Spiegel mit Faktoren wie BMI, Gewichtsverlust, diabetischem Status, 

Alter, Geschlecht und Ernährung zu untersuchen.  

In der Kohorte der adipösen Patienten, die sich einer Schlauchmagenoperation unterzogen, 

wurden sechs Monate nach der Operation keine Veränderungen der FAHFA-Spiegel 

gemessen. Jedoch waren die Gehalte der meisten FAHFAs in den adipösen Patienten 

verringert im Vergleich zu den nicht-adipösen Kontrollen. Adipositas geht häufig mit 

Insulinresistenz einher und den FAHFAs werden positive anti-diabetische Effekte 

zugeschrieben. Daher wurden die FAHFA-Gehalte zwischen Personen mit und ohne 

Diabetes in zwei verschiedenen Kohorten verglichen. Es konnten in beiden Kohorten keine 

Unterschiede zwischen Diabetikern und Nicht-Diabetikern festgestellt werden. Als nächstes 

wurden FAHFA-Gehalte in Abhängigkeit von Alter und Geschlecht untersucht. Während es 

keinen Unterschied zwischen den Geschlechtern gab, zeigten sich einzelne Unterschiede 

zwischen den verschiedenen Altersgruppen. Eine neue und interessante Erkenntnis der 

vorliegenden Arbeit war, dass Überernährung bei normalgewichtigen jungen Männern die 

FAHFA-Gehalte signifikant erhöht. Des Weiteren zeigen Vegetarier oder Veganer geringere 

FAHFA-Gehalte als Omnivore. 
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Zusammenfassend zeigt die vorliegende Arbeit, dass die FAHFA-Gehalte im Serum stark 

von der Ernährung beeinflusst werden. Außerdem zeigen sich Assoziationen der FAHFA-

Gehalte mit Alter und BMI, jedoch nicht mit Geschlecht oder diabetischem Status. Die 

physiologische Rolle der FAHFAs muss in zukünftigen Studien weiter aufgeklärt werden. 
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1. Introduction 

1.1 Obesity - a major health problem  

Obesity is defined as an excessive accumulation of body fat that may present a health threat 

(World Health Organization, 2020). By using the Body mass index (BMI) obesity and 

overweight in adults can be classified in a simple way (Table 1). Obesity can be categorised 

into class I to III. Furthermore, the term “super-obesity” is used occasionally in the context of 

literature about bariatric surgery. There is no definition of super-obesity by the World Health 

Organisation (WHO) and the term is not uniformly defined, but often used for patients with 

BMI ≥ 50 or ≥ 60 kg/m2. Obesity develops, when energy intake is exceeding energy 

expenditure in the long-term. Increased food consumption, mainly by energy-dense foods 

with a high content of fats and sugar, together with a sedentary lifestyle foster the 

development of obesity (World Health Organization, 2020). Nevertheless, also genetic 

factors involved in appetite regulation and energy expenditure can contribute to the disease 

(Albuquerque et al., 2015). The effect sizes of identified genetic loci, however, are small, and 

in most cases obesity is a complex and multifactorial disease. 

Table 1: Weight classification by BMI according to the WHO (World Health Organization, 2000) 

BMI (kg/m2) Classification of 

weight status 

< 18.5 Underweight 

18.5–24.9 Normal weight 

≥ 25.0 

25.0–29.9 

Overweight 

Pre-obesity 

≥ 30.0 

30.0–34.9 

35.0–39.9 

≥ 40.0 

Obesity 

Obesity class I 

Obesity class II 

Obesity class III 

The WHO reported that, according to the weight classification by BMI, in 2016, 39% of adults 

worldwide were overweight and 13% were obese. Thus, obesity has nearly tripled since 1975 

and the prevalence is further increasing (World Health Organization, 2020). Overweight and 

obesity are major risk factors for a variety of chronic non-infectious diseases, including type 2 

diabetes mellitus, cardiovascular disease and cancer (Field et al., 2001; Basen-Engquist and 

Chang, 2011), thereby increasing overall mortality risk (Borrell and Samuel, 2014). In 

addition to an increased morbidity and mortality risk, obese persons often suffer from 

restricted mobility, loss of quality of life and psychological problems (Forhan and Gill, 2013; 

Taylor et al., 2013). 
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1.2 Bariatric surgery – a modern option to treat morbid obesity 

The interdisciplinary German guideline for the prevention and therapy of obesity states that 

treatment of obesity should aim to reduce body weight and associated disorders together 

with an overall improvement in quality of life of the patient (Hauner et al., 2014). In addition, a 

stable weight should be reached in the long run. Thereby, bariatric surgery is commonly the 

last treatment option in case a basic therapy (including nutrition, exercise and behavioural 

therapy) as well as weight reduction programmes have not been successful. Indications for 

bariatric surgery are: 1) obesity grade III, 2) obesity grade II with substantial comorbidities, or 

3) obesity grade I with associated type 2 diabetes (specific cases) (Hauner et al., 2014). The 

most common bariatric procedures are Roux-en-Y gastric bypass (RYGB) and sleeve 

gastrectomy (SG), followed by adjustable gastric banding (AGB), mini gastric bypass (MGB) 

and biliopancreatic diversion with duodenal switch (BPD/DS) (Angrisani et al., 2017). SG and 

AGB are restrictive procedures, i.e. the stomach size is reduced and patients can eat less 

and experience early satiety (Nguyen and Varela, 2017). In SG, a partial gastrectomy is 

performed and a small tubular pouch remains with drastically reduced volume (Kehagias et 

al., 2016). RYGB, MGB and BPD/DS have a restrictive as well as a malabsorptive 

component, because part of the intestine is bypassed by the food and absorption of nutrients 

is hampered (Nguyen and Varela, 2017). In addition to reduced stomach capacity and block 

of nutrient absorption also hormonal changes can contribute to weight loss after bariatric 

surgery. Levels of Peptide YY (PYY) and Glucagon-like peptide-1 (GLP-1) have been found 

to be increased after surgery, while the “hunger hormone” ghrelin is decreased 

(Karamanakos et al., 2008; Yousseif et al., 2014).  

As reported by Angrisani and colleagues, SG has experienced the greatest rise in the last 

years and has outnumbered RYGB as the most common bariatric surgery procedure. In 

2014, 45.9% of bariatric surgeries worldwide were performed as SG, followed by RYGB 

(39.6%) and AGB (7.4%) (Angrisani et al., 2017). SG was originally performed as a first step 

operation in super-obese patients or in patients with high surgical risk before performing 

more complex operations like RYGB (Cottam et al., 2006; Tucker et al., 2008). However, as 

SG alone results in adequate weight loss, it has evolved as an autonomous procedure 

(Kehagias et al., 2016). Different recent reviews and meta-analyses reported weight loss 

after SG as similar or slightly less effective compared to RYGB (Malin and Kashyap, 2015; Li 

et al., 2016; Golzarand et al., 2017; Kang and Le, 2017; Osland et al., 2017). Furthermore, 

SG represents a shorter and easier operational technique compared to RYGB, and 

postoperative nutritional deficiencies are less prominent (Kehagias et al., 2016). 

Bariatric surgery not only dramatically reduces body weight of the patients, but also initiates 

improvements of associated disorders. It is therefore often referred to as “metabolic surgery”. 
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Type 2 diabetes for example can be ameliorated or completely resolved in 86.6% of patients 

(Buchwald et al., 2009). These metabolic improvements often precede the actual weight loss 

and may be related to changes in hormone secretion (Basso et al., 2011). 

1.3 Obesity and associated inflammation 

A systemic and subclinical state of inflammation is a characteristic of obesity and type 2 

diabetes. Circulating levels of a variety of pro-inflammatory cytokines and acute phase 

proteins are elevated in obese compared to lean subjects together with a decrease in anti-

inflammatory cytokines. There are no diagnostic criteria for the definition of this obesity-

associated low-grade inflammation; however, it differs from classical inflammation as it is 

low-grade, chronic and with locally induced pro-inflammatory mediators. (Shoelson et al., 

2007; Calder et al., 2011; Gregor and Hotamisligil, 2011) 

The chronic inflammation is a major driver of obesity-related metabolic dysfunction. Excess 

fat accumulation in the adipose tissue as well as other organs leads to increased non-

esterified fatty acids (NEFAs) in the circulation and dysregulation of inflammatory molecules 

that are important molecular players in the development of insulin resistance, type 2 

diabetes, non-alcoholic fatty liver disease (NAFLD) and cardiovascular events. (Jung and 

Choi, 2014) 

The inflammatory status of obese subjects can be reduced by diet, exercise and weight loss 

(Nicklas et al., 2005). Accordingly, also bariatric surgery can reverse obesity-associated 

macrophage infiltration and alterations in cytokine profiles and leads to overall improvements 

in the systemic inflammatory profile (Rao, 2012; Labrecque et al., 2017), which may 

contribute to the clear improvements in insulin sensitivity. 

1.3.1 Adipose tissue derived inflammation 

The pro-inflammatory status in obesity may arise directly from the adipose tissue. Today, we 

know that the functions of adipose tissue for the organism exceed by far pure energy 

storage. Next to fat storing cells, adipose tissue contains pre-adipocytes, endothelial cells, 

fibroblasts and immune cells such as leukocytes and macrophages (Wozniak et al., 2009). 

As an endocrine organ it secretes various cytokines, chemokines, acute phase proteins, 

hormones, growth factors and components of the alternative complement system (Calder et 

al., 2011). By secreting and receiving those factors the adipose tissue modulates energy 

homeostasis, adipocyte differentiation, insulin sensitivity, bone metabolism, endocrine and 

reproductive functions, inflammation, and immunity (Shoelson et al., 2007). 
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Leptin and adiponectin are the most prominent adipokines, i.e. cytokines produced by the 

adipose tissue. Leptin has inflammatory properties (Wozniak et al., 2009), and it can also act 

on the hypothalamus to suppress appetite function and achieve energy homeostasis (Inui, 

1999). In hypertrophic fat cells in obesity, leptin expression is increased (Jernås et al., 2006; 

Skurk et al., 2007); nevertheless, the suppression of hunger is decreased, because of leptin 

resistance in obesity (Sáinz et al., 2015). Adiponectin is an anti-inflammatory adipokine, 

whose expression is decreased in obesity (Arita et al., 1999). It can also act on energy 

homeostasis in the hypothalamus and has beneficial influence on vascular function and 

glucose homeostasis (Wozniak et al., 2009).  

In obesity, shape and composition of the cells in adipose tissue is altered together with their 

secretion pattern, which drives systemic inflammation and pathogenesis of metabolic 

disorders (Booth et al., 2016). Hypertrophy of adipocytes, which accompanies obesity, 

determines adipokine secretion and induces a shift towards a more pro-inflammatory profile 

(Skurk et al., 2007). In addition to adipocytes, the adipose tissue-resident immune cells 

contribute to the secretion of inflammatory molecules from adipose tissue and closely interact 

with adipocytes (Booth et al., 2016). In obesity, macrophage infiltration of adipose tissue can 

be observed (Weisberg et al., 2003; Xu et al., 2003), which is induced by the production and 

release of monocyte chemoattractant protein 1 (MCP-1) by adipocytes (Kanda et al., 2006; 

Ito et al., 2008).  

While under normal-weight conditions adipose tissue-resident macrophages express the M2 

(anti-inflammatory) phenotype, diet-induced obesity shifts macrophages into a M1 (pro-

inflammatory) phenotype (Lumeng et al., 2007). In addition to macrophage infiltration, an 

increase in mast cells and natural killer T (NKT) cells, as well as activation of natural killer 

(NK) cells seems to be involved in adipose tissue inflammation (Liu et al., 2009; Ohmura et 

al., 2010; Wensveen et al., 2015), while immunosuppressive regulatory T (Treg) cells are 

decreased (Feuerer et al., 2009).  

Cinti and colleagues observed that macrophages accumulate at sites of adipocyte death. As 

the frequency of adipocyte death increases with adipocyte size, it can be suggested that one 

of their functions is to clean up cell debris (Cinti et al., 2005). In addition, macrophages can 

directly influence adipocyte function. Experiments with co-culture of adipocytes and 

macrophages or with macrophage-conditioned media showed diminished differentiation of 

adipocytes (Constant et al., 2006; Lacasa et al., 2007), induction of a pro-inflammatory 

expression pattern (Suganami et al., 2005), increased lipolysis and reduced insulin 

responsiveness (Permana et al., 2006). These effects are most likely caused by macrophage 

secreted factors like tumour necrosis factor alpha (TNF-α) and interleukin 6 (IL-6) (Lagathu et 

al., 2003; Suganami et al., 2005).  
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TNF-α and IL-6, together with other cytokines secreted by immune cells and adipocytes, are 

main mediators of obesity-associated insulin resistance. They contribute to insulin resistance 

via the IKK-β/NFκB (inhibitor of nuclear factor kappa-B kinase subunit beta / nuclear factor 

kappa-light-chain-enhancer of activated B cells) and JNK (c-Jun N-terminal kinase) pathways 

in adipocytes, hepatocytes and associated macrophages. The kinases IKK-β and JNK both 

can phosphorylate the Ser 307 residue of insulin receptor substrate 1 (IRS-1). This prevents 

IRS-1 phosphorylation by the insulin receptor and its downstream signalling cascade. In 

addition, IKK-β activation leads to the translocation of NFκB into the nucleus and subsequent 

induced expression of inflammatory mediators, which can further contribute to insulin 

resistance. (Shoelson et al., 2007; Calder et al., 2011) 

Next to IKK-β and JNK kinases, the protein kinase R (PKR) is another important kinase in the 

mediation of inflammation and insulin resistance (Nakamura et al., 2010). The three kinases 

are activated by downstream signalling not only of cytokines, but also reactive oxygen 

species (ROS), endoplasmic reticulum stress, ceramides and Toll-like receptors (TLRs), 

which are activated for example by lipopolysaccharide (LPS) and free fatty acids (Shoelson 

et al., 2007). 

1.3.2 Gut derived inflammation 

Besides the adipose tissue, the gut has been identified as another source of pro-

inflammatory stimuli in obesity.  

The microbiota composition as well as the species and gene richness can have considerable 

impact on host inflammatory processes (Boulangé et al., 2016). In individuals with obesity, 

the microbiota composition is altered together with a decrease in bacterial richness 

compared to lean individuals (Turnbaugh et al., 2009; Verdam et al., 2013). Individuals with a 

low bacterial richness have been characterised by a more pronounced pro-inflammatory 

phenotype compared to individuals with a high bacterial richness (Le Chatelier et al., 2013). 

The importance of gut microbiota for inflammatory processes in obesity can also be seen in 

mice studies. Ding and colleagues could show that a high-fat diet (HFD) in conventionally 

grown mice induces inflammation prior to obesity and insulin resistance; however these 

effects were not present in germ-free mice (Ding et al., 2010). Furthermore, antibiotic 

treatment of obese mice has proven that the disturbance of obesity-associated gut 

microbiota can reverse its effect on endotoxemia, inflammation, body weight and insulin 

resistance (Cani et al., 2008). 

Microbial-derived products and metabolites are inducers of this bacterial-mediated 

inflammation. Short-chain fatty acids (SCFAs), for instance, can communicate with colonic 

endothelial cells and leukocytes via G protein-coupled receptors (GPCRs) and inhibition of 
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histone deacetylase (HDAC) to modulate inflammatory processes (Vinolo et al., 2011). While 

SCFAs mainly sustain anti-inflammatory actions (Vinolo et al., 2011), LPS is a major 

component of bacterial-derived pro-inflammatory signals (Boulangé et al., 2016). LPS is part 

of the outer membrane of gram-negative bacteria. It can pass the intestinal barrier and enter 

the circulation on different routes. First, it can use the paracellular route of migration, which is 

facilitated in case of impaired barrier function (Brun et al., 2007). Second, it can be 

incorporated into chylomicrons and transported together with dietary lipids (Ghoshal et al., 

2009). A HFD can therefore increase translocation of LPS (Cani et al., 2007a; Erridge et al., 

2007). In the blood, LPS is bound by lipopolysaccharide-binding protein (LBP) and this 

complex can then be further bound to cluster of differentiation 14 (CD14), a pattern 

recognition receptor on the surface of monocytes. CD14 forms a complex with Toll-like 

receptor 4 (TLR4) and an intracellular signalling cascade is activated, which includes the 

translocation of NFκB into the nucleus and subsequent transcription of inflammatory genes 

(Boulangé et al., 2016). The presence of endotoxins in the circulation is called 

“endotoxemia”, and levels 2-3 fold elevated to the normal state have been referred to as 

“metabolic endotoxemia”, which has been described as frequent feature in obesity and type 2 

diabetes (Creely et al., 2007; Trøseid et al., 2013; Jayashree et al., 2014).  

Next to the microbiota, nutrients from the gut can influence inflammatory processes. 

Following ingestion of a meal, induction of a pro-inflammatory state and oxidative stress has 

been described, whereby especially postprandial hyperglycaemia and saturated fatty acids 

foster this effect, while unsaturated fats, fibres, vegetables and anti-oxidative vitamins seem 

to be protective (Calder et al., 2011). The stimulation of an inflammatory response by 

nutrients may take place via activation of certain receptors and transcription factors (Dhindsa 

et al., 2004; Shi et al., 2006) and increase in oxidative stress (Mohanty et al., 2002). A 

general postprandial endotoxemia has been described in mice (Cani et al., 2007a) and 

humans (Erridge et al., 2007), especially after high-fat meals. Facilitated transport of LPS 

with dietary lipids, as described above, contributes to this effect.  

1.4 Obesity and gut permeability 

An impairment of the intestinal barrier function has been associated with obesity and related 

diseases. It may contribute to an increased translocation of bacterial products, like LPS, into 

the circulation and trigger a pro-inflammatory response. (Teixeira et al., 2012a) 

1.4.1 Structure of the intestinal barrier 

The intestinal barrier is a protective component of the gut that separates the external milieu 

(gut lumen) and the internal milieu of the host. It has to fulfil an important task: on the one 

hand, it has to protect the internal milieu from invasion of bacteria and bacterial products and 
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toxins and avert the loss of water and electrolytes; while on the other hand, it has to allow 

targeted absorption of nutrients and selected exchange of molecules across this barrier. The 

term “intestinal permeability” describes the functional feature of the intestinal barrier that can 

be measured with various tests. (Bischoff et al., 2014) 

According to Anderson and colleagues, the intestinal barrier can be divided into four different 

components: the physical, the chemical, the immunological and the microbial barrier 

(Anderson et al., 2012). Those four barrier components are presented in Figure 1 and will be 

explained in the following. Other researchers, however, define just two components of the 

gut barrier: the physical and the immunological barrier (Bischoff et al., 2014).  

 

 
Figure 1: Schematic representation of the four components of the intestinal barrier (adapted from 

Anderson et al., 2012; Cox et al., 2015) 

The physical barrier is composed of the epithelial cell line with intercellular junctional 

complexes in between. Together, they form the first line of barrier for external bacteria and 

pro-inflammatory molecules and allow selected passage of electrolytes and nutrients 

(Anderson et al., 2012). More than 80% of the epithelium is made up of enterocytes, and the 

rest consists of enteroendocrine cells, goblet cells and Paneth cells (van der Flier and 

Clevers, 2009). The cells are connected by tight junctions, gap junctions, adherens junctions 

and desmosomes (Figure 2). Adherens junctions and desmosomes are important for cell-cell 

adhesion and gap junctions play a role for intercellular communication (Anderson et al., 

2012). As summarised in the publication of Suzuki, the paracellular permeability is regulated 

by the tight junctions. Tight junctions are multiprotein complexes at the apical end of the 
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lateral membrane of intestinal epithelial cells. They contain transmembrane as well as 

cytosolic proteins and are anchored to the actin cytoskeleton. The paracellular permeability 

can thereby be regulated via contractions of the cytoskeleton. The tight junction dynamics 

can be regulated and affected by various stimuli, like cytokines, pathogens or nutrients 

(Suzuki, 2013). An endogenous physiological modulator of the tight junctions is zonulin, 

which is released by enterocytes and increases intestinal permeability (Fasano, 2000; Wang 

et al., 2000). 

The chemical barrier is represented by the mucus layer on top of the epithelial cells and 

presents a diffusion barrier for molecules and microbes (Anderson et al., 2012). The main 

components of the mucus layer are mucins, heavily glycosylated proteins that are secreted 

by goblet cells. Mucins can be classified as transmembrane mucins, which are on the 

surface of the enterocytes (glycocalyx), and gel-forming mucins, mainly MUC2, which form 

large polymers (Johansson et al., 2011). Expression, composition and secretion of the 

mucins are accessible for regulation through intestinal microbes and the activation of host 

immune cells (Deplancke and Gaskins, 2001). 

The immunological barrier consists of the immune cells of the lamina propria and 

antimicrobial peptides and cytokines that are secreted into the lumen (Anderson et al., 2012). 

Secretory immunoglobulin A (sIgA) is the first defence mechanism for the protection of the 

intestinal epithelium (Mantis et al., 2011). It blocks adherence of toxins and pathogens to the 

intestinal epithelium, entraps them in the mucus and transports them to Peyer’s patch M 

cells, where they are targeted to underlying dendritic cells in the lamina propria with further 

T-cell activation (Mantis et al., 2011). Interferon γ (IFN-γ) from T-cells further activates 

macrophages to produce TNF-α. The TH1 response is limited by a feedback mechanism 

through interleukin 10 (IL-10) from antigen-presenting cells (Anderson et al., 2012). In this 

process, sIgA may function in mucosal immunity and intestinal homeostasis by actively 

reducing the capacity of certain antigens to evoke severe pro-inflammatory responses 

following uptake via M cells (Mantis et al., 2011). The host intestinal immune system owns 

the tremendous ability to tolerate commensal bacteria and dietary antigens and preserve 

intestinal homeostasis while remaining responsive to pathogen infection (Bibiloni and 

Schiffrin, 2010). 

The microbial barrier is the last of the four barriers and consists of commensal microbes and 

their products. They can limit the colonisation of pathogens by competition for adherence to 

epithelial membranes, production of antimicrobial molecules, induction of host immune 

responses and stimulation of mucin production (Anderson et al., 2012). In addition, they 

produce SCFAs which provide positive features for the host. Butyrate is an important energy 

source for intestinal epithelial cells, stimulates their proliferation and differentiation (Plöger et 
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al., 2012), increases colonic motility (Hurst et al., 2014) and may also have direct effects on 

tight junctions (Peng et al., 2009; Wang et al., 2012). 

 
Figure 2: Schematic representation of the molecular structure of different junctions between intestinal 

epithelial cells (adapted from Turner, 2009; Suzuki, 2013) 

Intestinal epithelial cells are connected through tight junctions, adherens junctions, desmosomes and gap 

junctions. Tight junctions are multiprotein complexes located at the apical end of the lateral membrane of the 

epithelial cells. They consist of transmembrane as well as cytosolic proteins. Occludin, claudins, junctional 

adhesion molecule (JAM) and tricellulin are transmembrane proteins of tight junctions and form the selective 

barrier in the paracellular pathway. Their intracellular part is connected to cytoplasmic scaffold proteins, e.g. 

zonula occludens proteins (ZO), which link the transmembrane proteins to the actin cytoskeleton. The paracellular 

permeability can therefore be regulated by the cytoskeleton. Phosphorylation of myosin light chain (MLC) by 

myosin light chain kinase (MLCK) or Rho-associated kinase (ROCK) leads to contractions of the actomyosin ring 

and thereby opens the paracellular passage. Adherens junctions and desmosomes ensure a tight bond between 

neighbouring epithelial cells. Together with gap junctions they also play a role in intercellular communication. 

(Suzuki, 2013) 

There are several ways for molecules to pass the intestinal epithelial barrier: 1) The 

paracellular route through the tight junctions, 2) the transcellular passive diffusion, 

3) endocytosis, followed by transcytosis and exocytosis and 4) active carrier-mediated 

absorption. Each transport mechanism depends on the structure of the membrane 

(composition, charge, and thickness), the physicochemical properties of the solute 

(molecular size, molecular volume, stereochemistry, charge, chemical stability, solubility and 

partition into membranes) and its interaction with the media (solvent). Additional 

physiological factors such as gastric emptying, gastrointestinal motility, intestinal pH, blood 

flow, lymph flow, pathological state, drug interactions, nutrition, and mucus dissolution are 
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important when assessing absorption of molecules. (Bjarnason et al., 1995; Le Ferrec et al., 

2001) 

1.4.2 Development and maturation of the intestinal barrier 

The development of the physical intestinal barrier already starts in utero. The basic structure 

is formed at the end of the first trimester, and by the end of the 22nd week the foetal 

absorptive epithelial cells resemble those of adults (Montgomery et al., 1999). In the early 

postnatal period, the intestinal barrier is still permeable to macromolecules and the “gut 

closure” occurs during the first days of live (Vukavić, 1984). This process is supported by 

hormones and growth factors in human milk which stimulate growth and maturation of the 

intestinal epithelium (Cummins and Thompson, 2002). Accordingly, during the first weeks of 

life, breast fed infants show decreased intestinal permeability in comparison to formula fed 

infants (Catassi et al., 1995; Taylor et al., 2009). The colonisation of the gastrointestinal tract 

with microbes and the formation of the microbial barrier, which already may start in utero and 

mainly takes place in the first weeks to years of life, is a further important step in the 

development of the intestinal barrier (Greenhalgh et al., 2016). The proper maturation of the 

intestinal barrier in newborns is of high importance, as a “leaky gut” predisposes the infant to 

infectious, inflammatory, and allergic diseases (Maheshwari and Zemlin, 2009). 

1.4.3 Impairment of barrier function and associated diseases 

Disruption of the intestinal barrier leads to an increased permeability followed by the elevated 

transmigration of bacteria and noxious agents into the lamina propria, where they induce a 

local immune reaction or enter the circulation and cause systemic inflammation (Bischoff et 

al., 2014; König et al., 2016). A variety of different gastrointestinal and also extra-intestinal 

diseases with an inflammatory component have been associated with an increased 

permeability. In inflammatory bowel diseases (IBD) intestinal barrier dysfunction is a main 

feature of the disease and precedes clinical manifestation (May et al., 1993); however, it is 

most likely not the sole driver to cause the disease. In critically ill patients in an intensive care 

unit, intestinal barrier disruption may be causative associated with the appearance of multiple 

organ failure (Doig et al., 1998). Patients with celiac disease exhibit alteration in tight junction 

structure (Schulzke et al., 1998; Montalto et al., 2002) and increased intestinal permeability 

(Bjarnason et al., 1983; van Elburg et al., 1993; Duerksen et al., 2005). These alterations 

may be caused by gliadin itself (Sander et al., 2005). Other diseases associated with 

intestinal barrier dysfunction are liver diseases (Lee et al., 2008; Miele et al., 2009), 

psychological disorders (Kelly et al., 2015), Parkinson’s disease (Forsyth et al., 2011) as well 

as obesity (Teixeira et al., 2012b) and obesity-associated disorders like diabetes (Horton et 

al., 2014). 



Introduction 

 

11 
 
 

As the integrity of the intestinal barrier is of high importance, it is interesting to look at the 

factors that can regulate or disturb barrier function. Many bacteria can interact with the 

intestinal barrier. This can be achieved via secreted peptides and toxins (Fasano et al., 1995; 

Ewaschuk et al., 2008), extracellular vesicles (Chelakkot et al., 2018), SCFAs (Peng et al., 

2007; Peng et al., 2009; Fukuda et al., 2011) or cellular structural components (Cario et al., 

2007). While commensal microbes are important for an intact barrier and probiotics can help 

to protect and restore barrier function (Rao and Samak, 2013), many pathogens also interact 

with the intestinal barrier to promote inflammatory responses (Barreau and Hugot, 2014). 

Besides bacteria, also nutrients (Amasheh et al., 2009), drugs like alcohol (Wang et al., 

2014) and nonsteroidal anti-inflammatory drugs (NSAIDs) (Bjarnason and Takeuchi, 2009), 

and exercise (Pals et al., 1997) can influence intestinal permeability.  

1.4.4 Gut permeability in obesity 

The hypothesis that increased intestinal permeability is a major feature of obesity and 

associated disorders like type 2 diabetes, NAFLD and cardiovascular disease came from 

mouse studies. A systemic low-grade inflammatory status is a characteristic of those 

diseases. This inflammation may arise from an increased translocation of gut microbiota-

derived LPS into the circulation, and LPS itself can also increase fasted glucose and insulin 

levels as well as adipose tissue mass (Cani et al., 2007a). The increased translocation of 

endotoxin in rodents is provoked by a HFD, which decreases intestinal barrier function and 

leads to an altered composition of the gut microbiota (Cani et al., 2007b; Cani et al., 2008; 

Lam et al., 2012). Intestinal permeability may therefore be an important trigger for obesity-

associated inflammation and alterations in glucose metabolism. Human data measuring 

permeability in obesity, however, are quite inconsistent. The most relevant studies are listed 

in Table 2. The role of intestinal permeability in disease pathogenesis is still unclear.  
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Table 2: Literature summary of the most relevant studies on gut permeability in obesity (human data) 

Authors Findings 

Wilbrink et al., 2020  Gastroduodenal permeability was increased in morbidly obese 

subjects compared to lean controls 

 Small intestinal and colonic permeability did not differ 

Genser et al., 2018  Small intestinal permeability was unaltered in obese compared to lean 

subjects 

 Impairments in tight junctions in jejunal samples of obese patients 

 LBP and zonulin in serum were increased in obese patients 

Pedersen et al., 2018  No difference in small intestinal as well as colonic permeability 

between lean and obese patients with and without diabetes 

Verdam et al., 2013  Small and large intestinal permeability were not related to BMI and 

microbiota composition 

 Higher gastroduodenal permeability in obesity 

Teixeira et al., 2012b  Increased paracellular permeability in obesity 

 Parameters of intestinal permeability were correlated with 

anthropometric and metabolic variables 

Gummesson et al., 2011  Positive association of intestinal permeability with visceral adiposity 

and fat content of the liver, but not with subcutaneous or total body fat 

Brignardello et al., 2010  Small intestinal as well as colonic permeability were not altered in 

obese subjects in comparison to lean subjects 

 

1.4.5 Gut permeability and bariatric surgery 

Although an increased permeability in human obesity could not consistently be proven, 

research over the last years could show that dietary interventions to reduce body weight of 

obese individuals are able to decrease intestinal permeability (Xiao et al., 2014; Damms-

Machado et al., 2017; Ott et al., 2017). The impact of excessive weight loss following 

bariatric surgery on intestinal permeability in humans has barely been studied so far 

(Table 3). Savassi-Rocha and colleagues could show, that RYGB led to a decrease in 

transcellular intestinal permeability at 1 month after surgery, which increased again at 6 

months after surgery (Savassi-Rocha et al., 2014). The effect of the less invasive SG has 

been studied in mice, showing that SG decreases intestinal permeability in these animals 

(Blanchard et al., 2017). Only very recently, the group of Wilbrink et al. published a study on 

gut permeability after sleeve gastrectomy. They found in their study cohort that the small 

intestinal permeability increased after surgery, while colonic permeability was not significantly 

altered. Gastroduodenal permeability decreased slightly, but not significantly, after surgery to 

values not different to controls (Wilbrink et al., 2020).  
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Table 3: Literature summary of gut permeability after bariatric surgery (human data) 

Authors Findings 

Savassi-Rocha et al., 2014  RYGB led to a decreased intestinal permeability (mannitol excretion), 

which returned to pre-operative values at 6 months after surgery 

 Subgroup of patients exhibited considerable increase in small 

intestinal permeability (lactulose excretion) 

Casselbrant et al., 2015  Measurements of protein expression of tight junctions and Ussing 

chamber measurements were performed with jejunal mucosal 

samples from RYGB surgery and 6-8 months post-surgery samples 

 Changes indicate decreased paracellular permeability after RYGB 

Wilbrink et al., 2020  Small intestinal permeability increased after sleeve gastrectomy 

 Colonic permeability was unaltered  

 Gastroduodenal permeability did decrease to values not different to 

controls; the decrease, however, was not significant 

 

1.5 Obesity and gut microbiota 

The composition and function of the gut microbiota has a major impact on the host, and 

alterations of this sensitive ecological system have been associated, among many others, 

with obesity and related diseases. 

1.5.1 Development and composition of the gut microbiota 

The human gut is a habitat for a vast and diverse microbial community that contains cells 

from all three domains of life: Bacteria, Eukaryota and Archaea. In addition, also viruses, 

mainly phages, are present. The dominating bacterial phyla in the gut are Bacteroidetes and 

Firmicutes, followed by Actinobacteria, Proteobacteria and Verrucomicrobia and the archaeal 

phylum Euryarchaeota. Typical representatives for Bacteroidetes are the genera 

Bacteroides, Prevotella and Xylanibacter, and Firmicutes is represented by Ruminiococcus, 

Lactobacillus and Clostriudium. As most studies investigating gut microbiota use faecal or 

colonic samples, the composition studied mainly represents the microbiota in the colon, while 

less is known about the upper parts of the gastrointestinal tract. (Barlow et al., 2015) 

The first contact to microbes and colonisation of the gastrointestinal tract already starts in 

utero. The intrauterine environment has been considered sterile for a long time. However, 

studies with human placental tissue revealed a complex and unique placental microbiome 

that may have metabolic and immunological impact on the foetus (Aagaard et al., 2014). 

During the process of birth, the newborn is then exposed to a variety of maternal and 

environmental microbes. A vaginal delivery exposes the child to the vaginal and faecal 

microbiota of the mother, dominated by Lactobacillus, Prevotella, or Sneathia spp., while on 

the contrary, a child born by Caesarean section has initial contact to bacteria of the skin and 
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bacteria of clinical environment resulting in a microbial profile that is dominated by 

Staphylococcus, Corynebacterium, and Propionibacterium spp. (Dominguez-Bello et al., 

2010). Further on, the type of feeding (breast versus bottle fed) has an influence on infant 

microbiota (Guaraldi and Salvatori, 2012; Fan et al., 2014). During the first years of life the 

infant microbiota is relatively variegated and volatile and changes with the introduction of 

new foods into the diet (Koenig et al., 2011). By the age of 2–5 years, microbiota profiles 

have reached a lower inter-individual variance and a higher intra-individual diversity, which 

increases stability of the bacterial community, and during adulthood, the microbiota is quite 

stable, until it becomes less stable and less diverse again in the elderly (Greenhalgh et al., 

2016). Despite high inter-individual variance and genetic, environmental and dietary 

influences, Arumugam and colleagues postulated the existence of three different robust 

microbial clusters that are not specific for nations or continents and not dictated by age, sex 

or BMI. These so called enterotypes show specific species composition and metabolic 

function and might represent different stable symbiotic states of host-microbe interaction. 

Enterotype 1 is characterized by high levels of Bacteroides, enterotype 2 by high levels of 

Prevotella and low levels of Bacteroides, and type 3 has a relative high abundance of 

Ruminococcus (Arumugam et al., 2011). However, the concept of enterotypes has also been 

met with controversy (Knights et al., 2014; Gorvitovskaia et al., 2016). 

16S rRNA sequencing methods today offer a good tool for in-depth analysis of large sample 

sets. However, it has to be kept in mind that faecal samples, which are generally used for 

determination of gut microbiota, do not necessarily represent the situation in the 

gastrointestinal tract. The distribution of microbes in the gut varies along the gastrointestinal 

tract, from the stomach with acidic environment down to the duodenum, intestine and finally 

the colon, where the highest content of microbes is present (O'Hara and Shanahan, 2006). In 

addition, there are differences in the composition of the microbiota of the mucosal surface 

and the lumen (Eckburg et al., 2005). Moreover, the functional genetic profile of the 

microbiota may be of more informative value and cannot be directly derived from the 

composition on higher taxonomic levels. With data from the Human Microbiome Project 

(HMP) it was shown that metabolic pathways are stable within healthy populations despite 

high variance on the phyla level (Huttenhower et al., 2012). 

1.5.2 Specific function of the gut microbiota and influence on the host  

The gut microbiota has important functions for the whole organism and therefore provides 

valuable contribution to human health. It is a quite stable community that protects the host 

against pathogens, for example via production of inhibitory molecules, nutrient competition or 

the stimulation of local immune cell responses (Ubeda et al., 2017). In addition, it contributes 

to nutrient and energy extraction from our diet. Complex carbohydrates and polysaccharides 
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that cannot be degraded enzymatically are fermented by the bacteria in the colon, providing 

energy for the microbes and generating end products like SCFAs of which acetate, butyrate 

and propionate are the most abundant ones (Tremaroli and Bäckhed, 2012). Butyrate is an 

important energy source for colonic epithelial cells and acetate and propionate for peripheral 

tissues (Bergman, 1990). Together, they provide about 10% of daily energy to the host 

(Bergman, 1990). The amount and types of SCFAs that are produced is dependent on 

dietary intake and microbiota composition, which can therefore define energy harvest 

(Tremaroli and Bäckhed, 2012). SCFAs can also serve as bioactive lipid mediators and 

thereby influence fatty acid (Ge et al., 2008) and glucose metabolism (Sakakibara et al., 

2006), inflammatory processes (Vinolo et al., 2011), vasodilatation (Mortensen et al., 1990), 

gut motility (Soret et al., 2010) and wound healing (Topçu et al., 2002). Next to fibre 

degradation, certain microorganisms make valuable contribution to vitamin K supply by 

synthesis of vitamin K2 (LeBlanc et al., 2013). Gut microorganisms also influence the bile 

acid pool of the host by deconjugation of primary bile acids and further metabolisation to 

secondary bile acids (Tremaroli and Bäckhed, 2012). Those can serve as signalling 

molecules and stimulate GLP-1 secretion via TGR5 receptor leading to enhanced glucose 

tolerance (Thomas et al., 2009). Another important function of gut microbiota is its influence 

on immune function. Microbiota can influence both innate and adaptive immune responses 

and the conditioning of the immune system in early life is of major importance for immune 

response in later life (Belkaid and Hand, 2014). As mentioned above, the microbiota may 

also alter gut permeability via interaction with diet and host mechanisms, thereby increasing 

inflammatory responses of the host. 

To conclude, gut microbiota is an important contributor to human health, and disruptions of 

microbiota composition can play a role in various disease pathologies. Though, in most 

cases it is difficult to assign disease pathologies to specific microbes, while it is rather a 

general shift in the delicate equilibrium that exerts influence on the host. 

1.5.3 Impacts on gut microbiota composition 

Gut microbiota composition is influenced by a variety of different factors. Next to age, which 

has already been mentioned above, genetic and environmental factors, nutrition, pre- and 

probiotics as well as drugs can shape gut microbiota composition.  

Genetic and environmental influences on microbiota have been studied in twin studies. The 

study of twins and their families by Turnbaugh et al. revealed that family members exhibit 

greater similarity in their microbial profile than non-related persons. Interestingly, there was 

no difference in the similarity between monozygotic and dizygotic twins and twin pairs were 

just slightly more similar than mother and child pairs, indicating an influence of both genetic 
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as well as environmental factors. The similarity in microbial communities was also reflected 

in similar metabolic profiles (Turnbaugh et al., 2009). 

In addition, the comparison of genetically different populations has revealed differences in 

microbial profiles. One study, for example, found significant differences in the microbiota of 

Columbians, Europeans and Americans (Escobar et al., 2014). Another study investigated 

people from the US, Malawi and Venezuela, and could also show significant differences of 

gut microbiota with pronounced separation of the US population (Yatsunenko et al., 2012). 

These human populations, however, do not only differ in genetic profiles, but also in 

environmental factors, diet, exercise, sanitation and drug intake. These factors may to a 

certain extent explain differences on a population level. In a study by Filippo and colleagues, 

comparing children from rural African regions with children from Europe, Africans exhibited 

higher abundance of Bacteroidetes and lower abundance of Firmicutes as well as higher 

levels of SCFAs than children from Italy. The phylum Bacteroidetes included the genera 

Prevotella and Xylanibacter, which can perform cellulose and xylan hydrolysis. The 

microbiota of African children seems therefore adapted to the extraction of energy from a 

rural African diet rich in fibres (Filippo et al., 2010). 

Thus, long-term dietary habits shape our gut microbiota, which adapts to dietary contents of 

specific nutrients like fibre or fat (Wu et al., 2011). Changes in dietary habits can induce 

alterations of the microbial composition (Ley et al., 2006; Wu et al., 2011), although these 

alterations are relatively small compared to inter-individual differences. The intake of pre- 

and probiotics or their combination (synbiotics) can also modulate human gut microbiota. 

This is of special interest for the prevention or alleviation of certain inflammatory and 

infectious diseases. Implementation of pre- and probiotics is discussed in formula fed infants 

(Vandenplas et al., 2015) as well as elderly people (Rondanelli et al., 2015) to make them 

less vulnerable to gastrointestinal disturbances or diseases associated with gut microbiota. In 

addition, the use of pre- and probiotics can have positive effects for the prevention and 

treatment of gastrointestinal diseases, like diarrhoea (Guarino et al., 2015) and IBD (Shen et 

al., 2014). 

1.5.4 Gut microbiota in obesity 

Disruption of the normal balance of the microbiota communities, so-called dysbiosis, has 

been associated with a variety of different disease pathologies. Growing evidence links 

obesity and the metabolic syndrome to an alteration in gut microbial composition (Barlow et 

al., 2015). The importance of microbiota for energy extraction and obesity is shown by the 

comparison of conventionally raised mice with germ-free mice, as shown by a study of 

Bäckhed and colleagues. Despite higher food intake, germ-free mice exhibit less body weight 
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and are protected from diet-induced obesity. After intestinal microbiota transplantation from 

conventional mice, however, they increase body fat and develop insulin resistance (Bäckhed 

et al., 2004). The microbiota from obese donors thereby results in greater rise in body fat 

than from lean donors (Turnbaugh et al., 2006), while transplantation of microbiota from 

RYGB-operated mice to germ-free mice promotes reduced fat deposition (Tremaroli et al., 

2015). In mice, the obese microbiota was described by a substantial decrease in the 

abundance of Bacteroidetes and an increase in Firmicutes (Ley et al., 2005). Human studies 

could partly support these findings; however, study results are more heterogeneous and also 

the results of systematic reviews and meta-analyses are not consistent concerning the 

association of Bacteroidetes/Firmicutes ratio and obesity (Walters et al., 2014; Sze and 

Schloss, 2016; Castaner et al., 2018; Crovesy et al., 2020). This may be caused by 

variations in population, diet and environment. Moreover, it suggests that the interplay 

between gut microbiota and obesity is more complex and abundance of the main phyla alone 

is not conclusive.  

The obese microbiome has been associated with higher capacity for energy extraction from 

food (Bäckhed et al., 2004), lower butyrate production (Brahe et al., 2013), metabolic 

endotoxemia and inflammatory processes (Cani et al., 2007b; Cani et al., 2008) and reduced 

diversity (Verdam et al., 2013). Furthermore, higher abundance of methanogenic Archaea 

has been described in obesity (Armougom et al., 2009; Zhang et al., 2009). The 

methanogens use H2 and formate, by-products of bacterial fibre degradation, to reduce CO2 

into methane (Bauchop and Mountfort, 1981), thereby relieving accumulation of H2 and 

allowing increased production of SCFAs (Samuel and Gordon, 2006). Elevated methane and 

H2 in breath test have also been associated with higher BMI and body fat (Mathur et al., 

2013). 

1.5.5 Gut microbiota and bariatric surgery 

The effect of weight loss on human microbiota composition has been studied in a number of 

different studies. Diet induced weight loss was accompanied by a modification of gut 

microbiota in most of the studies (Ley et al., 2006; Duncan et al., 2008; Santacruz et al., 

2009; Simões et al., 2014), yet some studies reported only minor effects on the gut 

microbiota composition (Ott et al., 2017; Alemán et al., 2018). In comparison to calorie-

restricted diet, bariatric surgery leads to a more pronounced weight loss together with a rapid 

improvement in metabolic parameters and the inflammatory status. These systemic changes 

often occur already days to weeks after surgery, before marked weight loss is observed 

(Jørgensen et al., 2012). A shift in microbiota composition may play a role in these processes 

and correlations between alterations of the microbiota after bariatric surgery and 

anthropometric, inflammatory and metabolic parameters have been made in human studies 
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(Furet et al., 2010; Graessler et al., 2013; Medina et al., 2017). F. prausnitzii for example, 

was found to increase after surgery and to correlate negatively with inflammatory parameters 

(Furet et al., 2010). Another study by Graessler and colleagues, however, could not confirm 

this association and reported a tendency to a decrease of F. prausnitzii and a positive 

correlation with blood glucose after RYGB (Graessler et al., 2013). Both studies though, 

reported an increase in the Bacteroidetes/Firmicutes ratio after surgery-induced weight loss. 

In general, most studies report an increase in Bacteroidetes and/or a decrease in Firmicutes 

after bariatric surgery (Luijten et al., 2019). However, there are still conflicting results, 

especially for SG, including an increase on the Bacteroidetes/Firmicutes ratio (Damms-

Machado et al., 2015), no effect (Campisciano et al., 2018), as well as a decrease of that 

ratio (Medina et al., 2017). Most studies that directly compare the effect of RYGB and SG 

found surgery-specific alterations of the composition and functions of the gut microbiota 

(Medina et al., 2017; Murphy et al., 2017), and in general alterations are more pronounced 

after RYGB (Luijten et al., 2019). As RYGB is a very invasive technique and alters the whole 

anatomy of the gastrointestinal tract, changes in microbiota composition may be partly 

dependent on that effect. In summary, despite a rising number of studies, our understanding 

of the effects of bariatric surgery on gut microbiota and the underlying mechanisms is still 

very limited. 

1.6 Adipose tissue and bioactive lipid mediators 

Adipose tissue is an important organ for the storage of a surplus of energy in the form of 

lipids and the provision of the same in times of energy demand. Moreover, it is an endocrine 

organ, secreting cytokines and bioactive lipids, thereby regulating whole body metabolic 

homeostasis (Booth et al., 2016). Bioactive lipid mediators are lipids, that do not only serve 

as energy source, but, through binding to specific GPCRs, also transmit signals to target 

cells and are involved in a variety of different physiological processes (Lopategi et al., 2016). 

In obesity, the excessive accumulation of fat in adipose tissue causes functional and 

secretory dysregulation (Booth et al., 2016). Dysregulation of lipid mediators have been 

associated with diseases such as inflammation, atherosclerosis, cancer, and metabolic 

syndrome (Murakami, 2011). The majority of inflammatory lipid mediators (eicosanoids) are 

pro-inflammatory and elevated circulating lipids are generally considered to be associated 

with inflammation and insulin resistance (Tripathy et al., 2003; Glass and Olefsky, 2012). 

Nevertheless, some fatty acids, such as omega-3 fatty acids, show beneficial metabolic 

effects (Kalupahana et al., 2011).  
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1.6.1 FAHFAs – a new class of bioactive lipids  

Recently, a new class of metabolically favourable fatty acids has been discovered, the fatty 

acid esters of hydroxy fatty acids (FAHFAs) (Yore et al., 2014). These fatty acids consist of a 

fatty acid and a hydroxy fatty acid which are joined by an ester bond. Initially, 16 family 

members of the FAHFAs were detected, consisting of 4 different fatty acids and their 

corresponding hydroxy fatty acids (Figure 3) (Yore et al., 2014). Until then, further FAHFAs 

have been described containing different fatty acids including also long chain unsaturated 

fatty acids like linoleic acid and docosahexaenoic acid (DHA) (Ma et al., 2015; Kuda et al., 

2016; Hancock et al., 2018; Hu et al., 2018; Zhu et al., 2018). In theory, every combination of 

a fatty acid and a hydroxy fatty acid is conceivable. For every member of the FAHFA group, 

different regioisomers exist, depending on the position of the hydroxy group of the hydroxy 

fatty acid. Moreover, FAHFAs can be present as different stereoisomers. Stereochemistry is 

important for bioactive lipid function, and also biosynthesis as well as degradation of FAHFAs 

have been shown to be stereo-selective (Nelson et al., 2017). Due to the high diversity of the 

FAHFA lipids and complexity of their structure, the detection of these lipids is challenging. 

 

Figure 3: Structure of different FAHFAs 

Structure of the four different fatty acids and four hydroxy-fatty acids that build up the 16 FAHFA family members 

discovered by Yore et al., 2014 (Adapted from Yore et al., 2014) 

FAHFAs have been found in different foods from plant as well as animal sources (Yore et al., 

2014; Zhu et al., 2018; Liberati-Čizmek et al., 2019) and dietary FAHFAs are most likely 

enzymatically digested (Kolar et al., 2016; Parsons et al., 2016). However up to date there is 

little knowledge concerning FAHFA metabolism upon oral intake.  

In the original publication by Yore et al., FAHFAs have been detected in blood and in a 

variety of different tissues, with the highest levels in brown and white adipose tissue and 

liver. Yet, the regulation of serum and tissue FAHFA levels do not seem to be based on 

dietary intake, and endogenous levels of different isomers do not correlate with those in the 

diet (Yore et al., 2014). Endogenous synthesis in the adipocyte is therefore the major 
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regulator of human FAHFA levels (Yore et al., 2014; Kuda et al., 2016). Moreover, FAHFA-

containing TGs may serve as a storage form for FAHFAs in adipose tissue and incorporation 

and release of FAHFAs from these TGs may contribute to regulation of FAHFA levels (Tan et 

al., 2019). The endogenous synthesis of FAHFAs takes place most likely via esterification of 

a hydroxy fatty acid with a saturated acyl-CoA (Yore et al., 2014; Kuda et al., 2016). The fatty 

acid can originate from de-novo lipogenesis in the adipocyte and the hydroxy fatty acid from 

membrane phospholipid hydroperoxides (Kuda et al., 2018). Lipolysis in adipocytes is 

induced in a glucose-dependent manner by the transcription factor carbohydrate-responsive 

element-binding protein (ChREBP), which seems to be one main regulator of FAHFA 

synthesis (Yore et al., 2014). Moreover, the Nrf2-regulated antioxidant system is involved in 

the biosynthesis of FAHFAs, as Nuclear factor-like 2 (Nrf2) can limit de-novo lipogenesis and 

Nrf2 target genes controlling redox status are involved in the remodelling of membrane 

phospholipid hydroperoxides and provision of hydroxy fatty acids (Kuda et al., 2018).  

1.6.2 Metabolic effects of FAHFAs  

The FAHFAs have first been described in a mouse model of adipose-selective 

overexpression of Glut4, called AG4OX mouse model. AG4OX mice have increased basal 

and insulin-stimulated glucose uptake in adipocytes despite increased body weight and 

increased body fat mass (Shepherd et al., 1993). Yore and colleagues could show that 

adipose tissue selective overexpression of Glut4 and the subsequent enhanced adipose 

tissue lipogenesis driven by ChREBP promote the synthesis of metabolically favourable fatty 

acids, the FAHFAs. Those are produced from newly synthesised long-chain fatty acids that 

are coupled via esterification to hydroxy fatty acids. AG4OX mice therefore have elevated 

FAHFA levels in white and brown adipose tissue as well as in serum (Yore et al., 2014).  

It has been known before that insulin resistance is associated with decreased expression of 

Glut4 and ChREBP in adipose tissue (Carvalho et al., 2001; Herman et al., 2012). Consistent 

with these observations, Yore and colleagues could show that palmitic acid hydroxy-stearic 

acids (PAHSAs) are reduced in serum and adipose tissue of obese, diabetic mice and 

insulin-resistant humans. Oral administration of PAHSAs could restore the levels in obese, 

diabetic mice, lower basal glycaemia and ameliorate insulin sensitivity. The mechanisms of 

these anti-diabetic effects of PAHSAs could be revealed in in vitro experiments: First, insulin 

secretion is enhanced through both direct effects on the β-cells of the pancreas as well as 

through stimulation of GLP-1 secretion in intestinal enteroendocrine cells. Second, insulin-

stimulated glucose transport into the adipocyte is increased via promotion of Glut4 

translocation to the membrane (Yore et al., 2014) (Figure 4). 
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In addition to their anti-diabetic effects, anti-inflammatory effects of PAHSAs have been 

described. PAHSAs can attenuate the LPS-induced activation and subsequent cytokine 

secretion of bone-marrow-derived dendritic cells (BMDC) as well as further T-cell activation 

(Yore et al., 2014; Lee et al., 2016). Furthermore, PAHSAs diminish the secretion of the 

inflammatory cytokines interleukin 1 beta (IL-1β) and TNF-α in macrophages (Yore et al., 

2014). Through these anti-inflammatory processes, orally induced PAHSAs can also prevent 

against chemically induced colitis (Lee et al., 2016). 

The anti-inflammatory as well as the anti-diabetic effects of FAHFAs are most likely mediated 

through the G protein-coupled receptor 120 and 40 (GPR120, GPR40) and possibly other 

unidentified receptors (Yore et al., 2014; Syed et al., 2018). The enhanced interest in the role 

of the newly identified FAHFAs has produced research in different fields, publishing effects of 

FAHFAs for example also in protection against type 1 diabetes (Syed et al., 2019), diabetes-

mellitus related cognitive impairment (Wen et al., 2020), induction of browning of white 

adipose tissue (Wang et al., 2018) and mediation of positive effects of cold exposure 

(Paluchova et al., 2020) and exercise training (Brezinova et al., 2020). Due to their favourite 

metabolic effects and endogenous origin, FAHFAs may provide important insights into 

metabolic and inflammatory disesase pathologies and possibly inherit a high potential for 

new treatment strategies. 

 
Figure 4: Anti-diabetic and anti-inflammatory effects of FAHFAs (Adapted from Muoio and Newgard, 2014) 
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2. Aim  

The gut barrier is a huge mucosal surface that separates the host internal milieu from the 

intestinal lumen and gut microorganisms. It has the important task to protect the host from 

possible pathogenic factors while it also represents a crucial point of communication and 

interaction of the host with external and microbial signals. Microbiota-derived products and 

metabolites can directly influence gut barrier function and gut permeability. The gut 

permeability is tightly connected with inflammation as increases in gut permeability lead to 

elevated translocation of microbial products, like LPS, from the gut into the circulation, where 

LPS causes inflammatory responses of the host and may also trigger insulin resistance. 

Therefore, gut permeability is regarded as an important determinant in diseases with 

inflammatory components, including obesity and type 2 diabetes. Bariatric surgery is an 

effective tool to rapidly improve obesity-associated metabolic and inflammatory disturbances; 

yet it is not clear, if changes in gut permeability are involved in these improvements. 

Therefore, the aim of the present study was to investigate gut permeability in morbidly obese 

patients before as well as after considerable weight loss induced by bariatric surgery in 

comparison to non-obese subjects. The investigated bariatric surgery procedure was SG, as 

the effect of SG on intestinal permeability has barely been studied so far and SG, as 

opposed to RYGB, is devoid of invasive anatomical changes in the intestine. To further 

investigate the influence of BMI, gut permeability was evaluated in different grades of 

obesity. Next to gut permeability, also inflammatory and metabolic parameters as well as the 

composition of the microbiota were studied to explore possible associations of these 

parameters with gut permeability.  

An additional aim of the study was to determine the levels of several FAHFAs in serum of 

obese patients before and after bariatric surgery in comparison to non-obese subjects. This 

group of fatty acids has potent anti-inflammatory and anti-diabetic effects and may be 

involved in obesity-associated metabolic and inflammatory disturbances. As data on 

endogenous FAHFA levels under different physiological and pathophysiological conditions 

are very limited, FAHFAs were also measured in further study cohorts to investigate possible 

influences of BMI, age, sex, diabetic status and diet. 
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3. Study interventions 

3.1 Ethics statement 

The declaration of Helsinki (in the revised version of Fortaleza, Brazil 2013) and the 

guidelines of the International Conference on Harmonization (ICH) of Good Clinical Practice 

(GCP) were basis of the human studies where appropriate. All participants gave written 

informed consent before they were included in the study. 

3.2 Approval and registration 

The study protocol was reviewed and approved by the Ethics Committee of the Faculty of 

Medicine at the Technical University of Munich (approval no. 387/14s). The study was 

registered in the German Clinical Trial Register (DRKS00009008).  

For the comparison of gut permeability within different BMI groups, data from a former study 

were used (Ott et al., 2017). This study was funded by the BMBF (Federal Ministry of 

Education and Research, grant no. 0315674) and registered in the German Clinical Trial 

Register (DRKS00006210). The study protocol was reviewed and approved by the ethics 

committee of the Faculty of Medicine of the Technical University of Munich, Germany 

(approval no. 5499/12). 

3.3 Study design 

This human study was a non-randomised, observational study. It was a multicentre study 

carried out at the Human Study Centre of the Else Kröner-Fresenius Centre of Nutritional 

Medicine in Freising-Weihenstephan, Germany, and at three surgical clinics: Chirurgische 

Klinik München-Bogenhausen, Chirurgische Klinik I Krankenhaus Landshut-Achdorf, 

Kreiskrankenhaus Schrobenhausen. The study design is depicted in Figure 5. Obese 

patients undergoing laparoscopic sleeve gastrectomy (LSG) were recruited in cooperation 

with the three clinics. In the weeks before surgery, patients recorded their food intake in a 7-

day dietary protocol, took faecal samples and performed a 4-probe sugar test to assess gut 

permeability. On the day before surgery, when patients came to the clinic for inpatient 

admission, they got anthropometric measurements. During surgery, blood samples as well 

as fat tissue samples from the visceral and subcutaneous fat depot were taken. Six months 

after the surgical procedure, the study programme was repeated (V2 = Visit 2). The range for 

the V2 visit of the study participants was between 25 and 39 weeks (5.8–9.0 months) after 

surgery. 

For control subjects (BMI 18.5–30 kg/m²) either patients with an abdominal surgery 

performed in one of the two cooperating clinics were recruited or subjects without any 
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surgical procedure. Control subjects underwent the same study programme as the obese 

patients: they recorded their food intake in a 7-day dietary protocol, got anthropometric 

measurements, collected faecal samples, performed the 4-probe sugar gut permeability test 

and provided fasting blood. From patients undergoing abdominal surgery, also visceral and 

subcutaneous fat tissue samples were taken. 

 

Figure 5: Study design for obese patients undergoing LSG 

Documentation of food intake, anthropometric measurements, gut permeability measurements and faecal sample 

collection were performed before surgery of obese study participants. During surgery blood and fat tissue 

samples were taken. Measurements before surgery and samples collected during surgery correspond to Visit 1 

(V1). Six months after surgery, the study programme was repeated (Visit 2 = V2). 

3.4 Study population  

Patients at the clinics were mainly recruited by direct information through the surgeons and 

dieticians at the clinics as well as with flyers (Appendix). Recruitment of control patients 

without surgery was carried out by distributing flyers and a call for participants (Appendix) 

among the staff at the campus Weihenstephan at the Technical University of Munich. 

Subjects who were interested in the study were screened according to our in- and exclusion 

criteria (Table 4). Subjects were informed in detail about the aims of the study, the study 

procedure, risks and rewards, expense allowance, rescission, utilization of study results and 

data protection before they gave written informed consent (Appendix).  

Twenty-five obese patients undergoing LSG at one of the three cooperating hospitals were 

initially enrolled in the study. Two study patients did not complete the visit 6 months after 

surgery. Six study patients had to be excluded because of intake of antibiotics, NSAIDs or 

corticosteroids during the study period. Therefore, 17 obese patients undergoing LSG 

remained in the final analysis.  
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As controls, 23 subjects were initially recruited. One subject did not complete the study. 

Analyses are performed with 17 obese study patients who completed the study and with 17 

controls who were matched in case of age and sex to the obese patients. 

Table 4: Inclusion and exclusion criteria for the study 

Inclusion Criteria Exclusion Criteria 

Male and female  Severe disease (e.g. cancer) 

Age 18–65 years Intolerance to lactulose, sucrose, sucralose, fructose 

BMI ≥ 40 kg/m² (patients with obesity undergoing 

laparoscopic sleeve gastrectomy) 

BMI 18.5–30 kg/m² (controls) 

Regular intake of antibiotics, laxative agents, 

immunosuppressive drugs, diarrhoea medication 

Written informed consent  Acute infections 

 Drug- or alcohol abuse 

 Antibiotic intake within the last 2 months 

 Insulin-dependent diabetes mellitus 

3.5 Data and sample collection 

A six digital code was used to encrypt all samples and data collected during the study. 

Written informed consent of the patients as well as all data sheets and the identification list 

were stored in a lockable cabinet. Pseudonymised data were recorded in a case report file 

(CRF) (Appendix) and transferred into an excel sheet (Excel version 2010).  
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4. Methods 

4.1 General patient information 

At each visit study participants received a questionnaire to gather information about the 

overall health status, medication, life style and anamnesis (Appendix). Additionally, for 

patients undergoing surgery, the case history was received from the clinic. 

4.2 Dietary behaviour 

Study participants recorded their diet in a 7-day dietary protocol (Appendix). Rarely, in case it 

was not possible for the study participants to write a dietary protocol because of lacking time 

until surgery, a recently conducted dietary protocol from the participant was used. Food items 

from the dietary protocols were entered into OptiDiet Plus (version 5.1.2.046, GOE mbH, 

Linden, Germany), which is based on data from the German Bundeslebensmittelschlüssel 

(BLS). The dietary protocol data were analysed by the programme. 

4.3 Anthropometric measurements 

Participants were instructed to avoid sports the day before anthropometric measurements. 

Measurements were performed without shoes, without outdoor clothing such as jackets and 

coats, and accessories such as bags and keys. 1 kg of measured body weight was 

subtracted to account for residual clothing. Height was assessed using a stadiometer and 

body weight and composition with a calibrated standard scale (Seca, Hamburg, Germany). 

BMI (kg/m²) was calculated by dividing body weight by height in meter squared. Waist 

circumference was measured with a soft tape mid-way between the lowest rib margin and 

the iliac crest. Hip circumference was measured with a soft tape at the widest part of the 

gluteal region. The waist-to-hip ratio is calculated by dividing the waist circumference (cm) by 

the hip circumference (cm). 

For the quantification of weight loss after surgery different parameters were used (Deitel and 

Greenstein, 2003) which were calculated as follows: 

Percent excess weight loss (%EWL) = [(pre-operative body weight (kg) − follow-up body 

weight (kg)) / (pre-operative body weight (kg) − ideal body weight (kg))] × 100 

Ideal body weight (kg) = 25 kg/m² × (height (m))2 

Percent total weight loss (%TWL) = [(pre-operative body weight (kg) − follow-up body 

weight (kg)) / pre-operative body weight (kg)] × 100 
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4.4 Gut permeability  

4.4.1 Sugar absorption test 

The integrity of the gut barrier was assessed by a validated 4-probe sugar test, which has 

been performed and described in detail before (Norman et al., 2012; Ott et al., 2017). This 

test is based on the assumption that larger oligosaccharides would not pass the gut barrier in 

a healthy situation. However, in case of barrier integrity loss, increased molecule permeation 

can occur mainly through the paracellular route. These molecules then enter the blood 

circulation and are detectable in urine after renal excretion. By combination of four different 

sugars the permeability of different sections of the gastrointestinal tract and different routes 

of passage (paracellular and transcellular) can be studied. 

Sucrose was used as a marker of gastroduodenal permeability (Meddings et al., 1993; 

Sutherland et al., 1994). This sugar has a molecular mass of 342.3 Da and normally passes 

the stomach and duodenum without being absorbed. Brush-border enzymes in the intestine 

(sucrase-isomaltase) degrade the disaccharide into the two monosaccharides glucose and 

fructose, which can then be absorbed. The appearance of sucrose molecules in the urine 

indicates a barrier loss of the oesophagus, stomach or duodenum. For the evaluation of 

small intestinal permeability, lactulose and mannitol were used. Both sugars are not 

hydrolysed in the human intestine and are not actively absorbed. They are fermented by 

bacteria as they reach the colon. Lactulose is a synthetic disaccharide composed of D-

galactose and fructose with a molecular weight of 342.3 Da. Due to its size it is assumed that 

it only passes the barrier via the paracellular way through tight junctions of epithelial crypts. 

Lactulose therefore functions as a tight junction marker. In contrast, mannitol can be used to 

assess small intestinal permeability of the transcellular route. This small monosaccharidic 

alcohol, with a molecular weight of only 182.2 Da, most likely passes the barrier 

transcellularly at the villus tips. Decreased urinary recovery indicates villus atrophy or 

diminished surface area of the intestine (Strobel et al., 1984; Ukabam and Cooper, 1984). 

The last of the four sugars used to determine gut permeability was sucralose. Sucralose has 

a molecular weight of 397.6 Da and is an artificial sweetener produced by chlorination of 

sucrose. Sucralose is not metabolised by the microbiota in the colon and therefore can be 

used for the assessment of large intestinal/colonic permeability (Meddings and Gibbons, 

1998; Anderson et al., 2004). Sucralose enters the circulation via the paracellular route in 

case of barrier loss. 

Study participants received detailed instructions for the test in both oral and written form 

(Appendix). They were instructed not to drink alcohol and not to take NSAIDs during the test 

day as well as during the two days before. Proton pump medication was also discontinued on 

the test day and the day before, in agreement with the physician. Smokers were told not to 
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smoke during the morning and the first sampling period of the test. After an overnight fast, 

patients collected their first morning urine as a baseline urine sample. Next, they ingested a 

100 ml solution of lactulose (10 g), mannitol (5 g) and sucrose (20 g) dissolved in water, and 

swallowed six pills containing sucralose (2 g in total). In the following 26 hours after ingestion 

of the sugars, participants were instructed to collect their whole urine in two different time 

intervals. Urine of the first five hours was collected for the assessment of gastroduodenal and 

intestinal permeability, i.e. quantification of lactulose, mannitol and sucrose. During this five-

hour time interval, participants were not allowed to eat or drink with the exception of drinking 

0.25 to 1.0 L of water at two hours after ingestion of the sugars. In addition, intake of 

medication was not allowed during that time interval. Urine of the next 21 hours was sampled 

in a new container and reflected colonic permeability, i.e. sucralose excretion was 

determined. 0.002 g of sodium acid (Sigma Aldrich, Steinheim, Germany) was added as 

preservative in each container for urine sampling. At the end of each sampling period, 

participants noted the total volume of the urine fraction and took two aliquots of urine (Urine 

Monovette® 10 ml, 10.252, Sarstedt, Nümbrecht, Germany) which were frozen immediately 

at -18°C. Frozen samples were taken to the study centre with cooling packs to avoid thawing. 

Samples were stored at -20 °C until analysis. 

The analysis of sugars in urine was performed as described by Norman and colleagues 

(Norman et al., 2012). First, protein content was removed by the use of sulphosalicylic acid. 

Next, amberlite-mixed bed-3 resin was used to desalt the urine. Sugars were separated with 

meso-erythritol and turanose as internal standards. Analysis and quantification was 

performed by high-performance liquid chromatography (HPLC) with pulsed electrochemical 

detection (chromatography module: 250, Dionex, Idstein, Germany). A 40 mm Carbopac PA-

1 column (Dionex; eluent 150 mmol NaOH) was used and the flow rate was set to 1 ml/min. 

Results are presented as percentage recovery of the ingested dose. 

For the comparison of gut permeability in different groups of BMI, we included data from a 

former study, which was performed within the same laboratories and by identical methods 

(Ott et al., 2017). Only women, that did fulfil the inclusion criteria for our study and were non-

smokers, were included in the analysis. 

4.4.2 Zonulin 

Next to the four sugar test, zonulin concentration was measured in plasma as an additional 

permeability marker. Zonulin has been identified in 2000 as the eukaryotic analogue to the 

zonula occludens toxin of Vibrio cholera (Fasano et al., 2000). Zonulin regulates tight 

junction function in the intestine and this effect is mediated by an intracellular cascade 

resulting in protein kinase C (PKC)-dependent polymerisation of actin filaments and the 
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following disassembly of tight junctions and increase in paracellular permeability (Fasano, 

2011). Circulating zonulin can be used as a marker for intestinal permeability. In this study, 

zonulin concentration in plasma was determined by ELISA (Immundiagnostik AG, Bensheim, 

Germany). 

4.5 Blood samples 

Blood from obese patients was drawn during surgery by the anaesthetists. At 6 months after 

surgery, blood was drawn again in a fasting state. One EDTA (ethylenediaminetetraacetic 

acid) Monovette (S-Monovette® 9 ml K3E, 02.1066, Sarstedt, Nümbrecht, Germany) and 

one serum monovette (S-Monovette® 7.5 ml Z-Gel, 01.1602, Sarstedt, Nümbrecht, 

Germany) were collected. The EDTA monovette was centrifuged immediately at 2,500 g for 

10 min at room temperature and plasma was aliquoted and stored at -80 °C. The serum 

monovette was allowed to clot for 30 min at room temperature and subsequently centrifuged 

at 2,500 g for 10 min at room temperature. Serum was aliquoted and stored at -80 °C. In 

addition, laboratory analyses of the last blood sampling before surgery and blood sampling 

from follow-up care of obese patients were received from the clinics. 

From control patients without surgery, blood was drawn in the morning in a fasting state. One 

EDTA Monovette (S-Monovette® 9 ml K3E, 02.1066, Sarstedt, Nümbrecht, Germany) and 

one serum monovette (S-Monovette® 7.5 ml Z-Gel, 01.1602, Sarstedt, Nümbrecht, 

Germany) were collected und handled in accordance with blood of obese patients. In 

addition, routine parameters (Table 5) were analysed at a certified laboratory (Synlab, 

Munich, Germany). 

Blood glucose levels of patients with obesity were received from laboratory analyses of the 

clinics. Blood glucose from patients with missing values and from all control patients were 

measured in frozen serum samples at the Synlab laboratory (Munich, Germany). 
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Table 5: Routine parameters analysed in blood of study participants 

Material 

(Monovettes Sarstedt) 

Parameters 

EDTA  Blood count Haemoglobin 
Erythrocytes 
MCH 
MCV 
Haematocrit 
MCHC 
RDW (Ery) 
Thrombocytes 
Leucocytes 

Serum Liver enzymes  ASAT 
ALAT 
γ-GT 

Function of liver and bile tracts Bilirubin 

Lipid profile Cholesterol 
Triglycerides  
HDL  
LDL 

Electrolytes Sodium 
Potassium 
Calcium 

Kidney function Creatinine 
GFR (MDRD) 
GFR (CKD-EPI) 

Uric acid levels Uric acid 

Thyroid function TSH 

ALAT, alanine transaminase; ASAT, aspartate transaminase; γ-GT, γ-glutamyltransferase; GFR, glomerular 

filtration rate; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MCH, mean corpuscular haemoglobin; 

MCHC, mean corpuscular haemoglobin concentration; MCV, mean corpuscular volume; RDW, red blood cell 

distribution width; TSH, thyroid-stimulating hormone. 

4.6 Faecal samples 

Study patients collected the stool samples at home. They received instructions for correct 

sampling both orally and in written form (Appendix). They were instructed to directly collect 

the stool sample into a sterile plastic container (1,000 ml, VWR International, Munich, 

Germany) and to avoid any contamination with toilet paper, water, urine or blood. 

Participants then collected one spoon of faecal sample with the Stool Collection Tubes 

containing Stool deoxyribonucleic acid (DNA) Stabiliser (Stratec, Berlin, Germany). This tube 

was vigorously shaken by hand and stored at room temperature until it was delivered to the 

study centre. Upon delivery, the stool tube was vortexed and frozen at -80 °C. Two additional 

faeces tubes (Sarstedt, Nümbrecht, Germany) were filled by the study patients from the 

same stool sample with one spoon of faecal sample each. These tubes were frozen 

immediately by the study patients and delivered with cooling packs to the study centre, 
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where they were stored at -80 °C. The faecal samples were delivered within a maximum of 

four days after sampling. 

4.7 Laboratory measurements 

4.7.1 Enzyme-linked immunosorbent assay (ELISA) 

Insulin, LBP and C-reactive protein (CRP) concentrations were measured in plasma using 

commercially available Enzyme-linked immunosorbent assay (ELISA) kits (Insulin: DRG 

Diagnostics, Marburg, Germany; LBP and CRP: R&D, Wiesbaden, Germany). The ELISAs 

were performed in accordance with the manufacturer’s protocol. The sandwich ELISA 

technique works with two different antibodies. The first antibody (capture antibody) is coated 

onto a 96-well plate. The sample is added to the plate and the proteins of interest can bind to 

the specific capture antibody. After incubation, the sample is removed and the plates are 

washed. Then, the biotinylated second antibody (detection antibody) is added and can bind 

to the antigen at a different epitope than the capture antibody. Excess of antibody is removed 

by washing. Next, the streptavidin-conjugated enzyme horseradish peroxidase is added, 

which can activate the chromogen 3,3’,5,5’-tetramethylbenzidine (TMB) in presence of H2O2 

into a blue coloured agent. Sulfuric acid stops the reaction and turns TMB yellow. The colour 

can be read at a microplate reader (Tecan Infinite M200, Crailsheim, Germany) at 450 nm 

and the optical density is proportional to the amount of antigen in the sample. A correction 

wavelength of 540 nm was used and subtracted from the measurement wavelength. A series 

of standards with known concentrations was measured with every plate and the resulting 

standard curve was used to interpolate unknown concentrations of the samples in GraphPad 

Prism (GraphPad Software, version 5, San Diego California, USA). A blank sample (reagent 

diluent) was measured with every plate and the blank optical density (OD) value subtracted 

from the sample OD values. A control sample was used to take into account variations 

between plates. 

4.7.2 ACS-ACOD-method for the quantification of free fatty acids 

The concentration of non-esterified fatty acids (NEFAs) bound to albumin in serum was 

determined by the ACS-ACOD Method with the use of a commercially available kit (Wako 

Chemicals GmbH, Neuss, Germany). NEFAs in the sample are converted by the action of 

Acyl-CoA synthetase (ACS) to AcylCoA, which is further oxidised to 2,3-trans-Enoyl-CoA by 

the enzyme Acyl-CoA oxidase (ACOD). The resulting hydrogen peroxide in the presence of 

peroxidase (POD) undergoes quantitative oxidation condensation with 4-aminoantipyrine and 

3-methyl-N-ethyl-N-(β-hydroxyethyl)-aniline (MEHA) to form a blue purple pigment (Figure 6). 

By measuring absorbance of this pigment the concentration of NEFAs in the sample can be 

determined. 
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Figure 6: Reactions of the ACS-ACOD Method 

ACOD, acyl-CoA oxidase; ACS, acyl-CoA synthetase; AMP, adenosine monophosphate; ATP, adenosine 5-

triphosphate disodium salt; MEHA, 3-methyl-N-ethyl-N-(β-hydroxyethyl)-aniline; POD, peroxidase. 

4.7.3 High-throughput 16S rRNA gene sequencing analysis 

Faecal samples were processed as described previously (Lagkouvardos et al., 2015). Briefly, 

microbial cells were lysed by beat-beating followed by heat treatment (95 °C, 5 min). After 

centrifugation, RNAse was added to the supernatant. Then, metagenomic DNA was purified 

by the use of genomic deoxyribonucleic acid (gDNA) columns (Macherey-Nagel, Düren, 

Germany). For concentration measurements and purity control the NanoDrop® system 

(Thermo Scientific Waltham, Massachusetts, USA) was used. 

A total amount of 24 ng DNA was used and the V3/V4 region of 16S ribosomal RNA (rRNA) 

genes was amplified (25 cycles) using the bacteria-specific primers 341F and 785R 

(Klindworth et al., 2013) and following a two-step procedure to limit amplification bias (Berry 

et al., 2011). 16S rRNA gene amplicons were purified (AMPure XP system, Beckmann 

Coulter Biomedical GmbH), pooled in an equimolar amount, and finally sequenced in paired-

end modus (PE275) using a MiSeq system (Illumina, Inc., San Diego, Kalifornien, USA) 

following the manufacturer’s instructions and a final DNA concentration of 10 pM and 15% 

(v/v) PhiX standard library. 

Raw sequence reads were processed using IMNGS (https://www.imngs.org/) (Lagkouvardos 

et al., 2016) with a pipeline based on UPARSE (Edgar, 2013). Parameters were: barcode 

mismatches allowed: 1; expected errors allowed: 3; 5’-end trim: 3; 3’-end trim: 3 nt; trim 

score: 3 nt; min. sequence length: 300 bp; max. sequence length: 600 bp. Operational 

taxonomic units (OTUs) were clustered at a threshold of 97% sequence similarity. To 

exclude artificial OTUs, only those with a relative abundance > 0.25% of total sequences in 

at least one sample were analysed further. For each OTU, the final taxonomy was assigned 

using the most detailed taxonomic classification among SILVA (Quast et al., 2013) and RDP 
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(Wang et al., 2007). OTUs with different abundances between the groups were further 

identified using EzTaxon (http://www.ezbiocloud.net/). Downstream analyses of composition 

and diversity were performed using the Rhea pipeline, a set of R scripts that allows 

standardized analysis of OTU tables, including normalization steps, alpha- and beta-diversity 

analysis, taxonomic composition, statistical comparisons, and calculation of correlations 

(Lagkouvardos et al., 2017). The Rhea scripts and details of the analysis can be found online 

(https://lagkouvardos.github.io/Rhea/). The final analysis (without patients taking proton 

pump inhibitors (PPIs)) delivered 497,737 quality- and chimera-checked reads 

(20,739 ± 6,344 per sample), which clustered in 394 OTUs (168 ± 41 OTUs per sample). To 

account for differences in sequence depth, normalisation of OTUs was performed via simple 

division to their sample size and successive multiplication by the size of the smaller sample. 

Generalized UniFrac distances were calculated for analysis of beta-diversity (Chen et al., 

2012). Assessment of diversity within samples (alpha-diversity) was performed on the basis 

of species richness and Shannon and Simpson effective diversity (Jost, 2007). The effect of 

LSG on taxonomic counts and OTUs was tested between obese patients before as well as 

after surgery with the Paired Wilcoxon Signed Rank Sum Test. Missing values were removed 

from the analysis. The comparison of obese patients before as well as after surgery with 

controls was performed by Kruskall Wallis Rank Sum Test and pairwise comparison by 

Wilcoxon Rank Sum Test. When needed, p-values were corrected for multiple comparisons 

according to the Benjamini-Hochberg method. 

4.8 Establishment of a LC-MS method for the analysis of FAHFAs 

4.8.1 FAHFA extraction 

FAHFA extraction from human serum samples was performed according to an adapted 

version of the protocol by Zhang and colleagues (Zhang et al., 2016). During all steps of 

sample processing, plastic pipette tips and plastic vials were avoided. A syringe-Pasteur 

pipette setup was used for pipetting of small sample volumes (Figure 7) and glass serological 

pipettes for bigger volumes. All glass vials were rinsed before use with a mixture of 1:1 

(vol/vol) chloroform:methanol to reduce fatty acid contamination. 

Citric acid buffer, pH 3.6 

Component Manufacturer Final concentration 

Sodium citrate tribasic dihydrate Merck, Darmstadt, Germany 100 mM 

Sodium chloride Sigma-Aldrich, Steinheim, 

Germany 

1 M 
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Samples from the different groups of one cohort were randomly assigned to FAHFA 

extraction batches, and one blank sample (H2O) was included in each batch. The first step of 

sample processing was the extraction of lipids from serum samples. Therefore, 900 µl of 

serum sample was used and samples were spiked with 1 ng of isotope labelled internal 

standard (10 µl of 0.1 µg/ml 13C4-9-PAHSA in methanol) to correct for loss of analyte during 

extraction. Afterwards, 2 ml of citric acid buffer, 3 ml of methanol (Merck, Darmstadt, 

Germany) and 6 ml of chloroform (Merck, Darmstadt, Germany) were added consecutively 

and samples were shaken vigorously for 30 sec and vortexed for 15 sec. Samples were 

centrifuged at 2,200 g for 12 min at 4 °C and the chloroform layer was transferred into a new 

sample vial. To remove possible residual aqueous contamination, the transferring step was 

repeated once. The samples were then dried under a gentle stream of N2 and were tightly 

stored at -80 °C. 

The second step was the FAHFA enrichment via solid phase extraction (SPE). All solvents 

used were of chromatographic grade (Merck, Darmstadt, Germany). SPE columns 

(HyperSep silica SPE column, 500 mg bed weight, 6 ml column volume; Thermo Scientific, 

Darmstadt, Germany) were washed with 8 ml of 95:5 (vol/vol) hexane:ethyl acetate and 8 ml 

of ethyl acetate. Afterwards, columns were conditioned with 15 ml of hexane. Samples, 

which were reconstituted in 200 µl of chloroform, were loaded onto the column. 

Subsequently, sample vials were washed with 100 µl of chloroform and the wash was added 

to the column. Neutral lipids were eluted with 15.5 ml of 95:5 (vol/vol) hexane:ethylacetate 

and FAHFAs were eluted with 15.5 ml of ethyl acetate. Both fractions were dried under a 

gentle stream of N2. The dried FAHFA fraction was reconstituted in 1 ml of chloroform, 

vortexed for 15 sec and transferred into a new sample vial. To ensure complete transfer of 

the lipids, this step was repeated twice. After evaporation of chloroform under a gentle 

stream of N2, the dried FAHFA fraction was again reconstituted in 200 µl of chloroform, 

vortexed for 15 sec and dried again under N2. The dried samples were stored at -80 °C until 

analysis. 
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Figure 7: FAHFA extraction from serum samples 

A) Syringe Pasteur pipette setup. B) Lipid extraction with phase separation. C) SPE manifold setup.   

4.8.2 LC-MS analysis of FAHFAs 

The chromatographic conditions are based on the work of Yore et al. (Yore et al., 2014) and 

Zhang et al. (Zhang et al., 2016). For liquid chromatography-mass spectrometry (LC-MS) 

analysis, samples were reconstituted in 100 µl of methanol. Chromatographic separation was 

performed with a Nexera ultra performance liquid chromatography (UPLC) equipped with a 

DGU-20A5R degassing unit, a LC-30AD pump, a SIL-30AC autosampler unit and a CTO-

30A column oven (Shimadzu, Duisburg, Germany). A Kinetex XB-C18 100 Å column (100 x 

2.1 mm) with 1.7 µm particle size was used (Phenomenex, Aschaffenburg, Germany). 

Injection volume was 10 µl and flow rate was 400 µl/min at 40 °C. The gradient program 

used to separate FAHFAs is shown in Table 6. With this method palmitic acid hydroxy-stearic 

acids (PAHSAs), oleic acid hydroxy-stearic acids (OAHSAs), stearic acid hydroxy-stearic 

acids (SAHSAs), and palmitic acid hydroxy-palmitic acids (PAHPAs) could be analysed. A 

chromatographic profile of the FAHFA standards is presented in Figure 8A and an exemplary 

chromatogram of one serum sample is presented in Figure 8B. The separation of PAHSA 

regioisomers was not sufficient for separate analysis. Therefore, they were analysed 

together, reported as tPAHSAs.  

Table 6: HPLC gradient program 

Time (min) A (%) B (%) 

0 10 90 

2 10 90 

17 0 100 

24 0 100 

25 10 90 

30 10 90 

Solvent A: 5 mM ammonium acetate, pH 5.  
Solvent B: acetonitrile / isopropyl alcohol / 5 mM ammonium acetate (55/40/5). 

A 

B C 
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After the first run of samples (obese patients before and after LSG in comparison to non-

obese controls), the HPLC method was modified to gain an improved separation of PAHSA 

regioisomers. The new HPLC method was an adaption to the protocol published in a recent 

paper (Kolar et al., 2018) and was used for all other study cohorts. The column used was an 

Acquity UPLC BEH C18 column (100 x 2.1 mm) with 1.7 µm particle size (Waters, Milford, 

MA, USA). 10 µl of sample were injected and flow rate was 300 µl/min at 40 °C. The running 

buffer used to separate FAHFAs was 93:7 methanol/water with 5 mM ammonium acetate 

and 0.03% ammonium hydroxide (v/v) under isocratic conditions.  

For the quantitation of FAHFAs, UPLC was coupled to a QTRAP 6500 mass spectrometer 

with IonDrive Turbo V source and the software Analyst Version 1.6.2. (AB Sciex, Darmstadt). 

Negative electrospray ionization mode was used and further MS-settings are shown in Table 

7. 

A calibration curve of a mixture containing all FAHFA standards was used for quantitation. 

Seven different concentrations of FAHFAs in methanol, ranging from 0 to 100 ng/ml, were 

used for the calibration curve. The following FAHFA standards were used: 5-PAHSA, 9-

PAHSA, 10-PAHSA, 12-PAHSA, 13-PAHSA, 9-SAHSA, 9-OAHSA, and 9-PAHPA (Biomol, 

Hamburg, Germany). A chromatographic profile of the FAHFA standards is presented in 

Figure 9A and an exemplary chromatogram of one serum sample is presented in Figure 9B. 

For each of the FAHFA standards, two multiple reaction monitoring (MRM) transitions were 

measured. The first one was used as quantifier and a second one as qualifier. The MRM 

transitions and the optimised collision energy (CE) and cell exit potential (CXP) are listed in 

Table 8. To distinguish between the different FAHFAs, the specific molecular mass of the 

mother ion, the specific MRM transitions as well as the retention time were utilised. Only 

those FAHFAs were quantified, whose retention time and ion ratios of the quantifying and 

qualifying MRM transition fitted the corresponding standard. By controlling the ratios of the 

two MRM transitions, we tried to exclude matrix effects and by using the 13C4-9-PAHSA 

internal standard, we corrected for errors during extraction. In the case of 5-PAHSA, the 

ratios of the MRM transitions did not always match that of the corresponding standard. 

Therefore, 5-PAHSA was excluded from the analysis. The peaks of 12- and 13-PAHSA could 

not be separated with our method. Therefore, 12- and 13-PAHSA were analysed together. 

The expression tPAHSAs stands for the total sum of PAHSAs analysed (9-, 10-, 12/13-

PAHSA) and the expression tFAHFAs stands for the total sum of FAHFAs analysed 

(PAHSAs, 9-OAHSA, 9-SAHSA, 9-PAHPA).  
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Table 7: MS parameters 

Parameter Setting 

Ion spray voltage  −4500 V 

Source temperature 450 °C 

Curtain gas 35 psi 

Ion source gas 1 55 psi 

Ion source gas 2 65 psi 

Collison gas nitrogen 

Collision activated dissociation (CAD) −2 

Declustering potential (DP) −40 V 

Entrance potential (EP) −10 V 

 

Table 8: Compound-specific MS parameters for FAHFA determination 

FAHFA 
Compound 

 Q1 (m/z) Q3 (m/z) Dwell Time 
(msec) 

Collision 
Energy 

(CE) 

Cell Exit 
Potential 

(CXP) 

13C4-PAHSA  541.5 259.1 100 −48 −15 

PAHSA Quantifier [M-H]- 
Qualifier [M-H]- 

537.5 
537.5 

255.1 
281.2 

100 
100 

−48 
−38 

−10 
−1 

OAHSA Quantifier [M-H]- 
Qualifier [M-H]- 

563.3 
563.3 

281.0 
299.2 

100 
100 

−38 
−38 

−31 
−15 

SAHSA Quantifier [M-H]- 
Qualifier [M-H]- 

565.3 
565.3 

282.8 
281.1 

100 
100 

−42 
−38 

−27 
−29 

PAHPA Quantifier [M-H]- 
Qualifier [M-H]- 

509.3 
509.3 

255.1 
253.1 

100 
100 

−36 
−34 

−27 
−25 
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Figure 8: Chromatographic profile of all FAHFA standards (A) and of one exemplary serum sample (B) - 

first method 

The LC-MS method enabled the separation of 5-, 9/10-, and 12/13-PAHSA as well as 9-OAHSA, 9-SAHSA and 9-

PAHPA. 13C4-9-PAHSA was used as internal standard. 
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Figure 9: Chromatographic profile of all FAHFA standards (A) and of one exemplary serum sample (B) - 

improved method 

The LC-MS method enabled the separation of 5-, 9-, 10-, and 12/13-PAHSA as well as 9-OAHSA, 9-SAHSA and 

9-PAHPA. 13C4-9-PAHSA was used as internal standard. 

4.8.3 MRM3 Method 

Multiple Reaction Monitoring Cube (MRM3) was performed for the different FAHFAs. Each 

single FAHFA standard at a concentration of 10 µg/ml in methanol:H2O (1:1) (vol/vol) was 

used to optimise MRM parameters. The final settings can be found in Table 9. MRM3 

enables not only the distinction between different FAHFA isomers, but also between different 

PAHSA regioisomers, as the branching position on the hydroxy-fatty-acid-backbone can be 

determined. For example, in a first step, 9-PAHSA is ionised to [M-H]- ion with a m/z ratio of 

537.5. Fragmentation of this mother ion produces three different daughter ions: 9-hydroxy-

stearic acid (m/z 299.3), palmitic acid (m/z 255.2) and octadecenoic acid (m/z 281.3). A 

further fragmentation of the hydroxy-stearic acid results in two fragments that are specific for 
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the position of the hydroxy-group. In the case of 9-hydroxy-stearic acid, the following 

fragments are produced: m/z 127.1 and m/z 155.1. Table 10 presents the 1st and 2nd 

precursor ions for fragmentation of the different FAHFAs and the respective collision energy. 

MS3 spectra of the different FAHFAs are shown in Figure 10 together with their specific 

fragmentation. For the analysis of human serum samples MRM3 could not be used for 

quantification, as the concentrations of the single FAHFAs in the samples were too low for 

reliable MS3 spectra. However, MRM3 was performed for selected probes with high FAHFA 

content to validate qualification of different FAHFAs. 

Table 9: MRM3 method - fixed parameters 

Parameter Setting 

Resolution Q1 Unit 

Resolution Q3 LIT 

Scan rate 10 000 Da/s 

Settling time 0 msec 

MR pause 1.5 msec 

Q0 trapping No 

LIT fill time 100 msec 

Q3 entry barrier 8 V 

Excitation time 25 msec 

Step size 0.12 Da 

Mass range 90-215 Da 

AF2 0.14 

AF3 m/z dependent standard parameters given by Analyst algorithm 

EXB m/z dependent standard parameters given by Analyst algorithm 

CES 1.5 V 

 

Table 10: MRM3 method - Precursor ions and collision energy 

FAHFA 
Compound 

1st Precursor 2nd Precursor Collision Energy (CE) 

PAHSA 537.5 299.3 -40 

OAHSA 563.3 299.3 -38 

SAHSA 565.5 299.1 -38 

PAHPA 509.3 271.2 -34 
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Figure 10: MRM3 method – specific fragmentation scheme and MS3 spectra for different FAHFAs 

MS3 spectrum and MS3 fragmentation scheme of 9-PAHPA (A), 9-SAHSA (B), 9-OAHSA (C), 9-PAHSA (D), 5-

PAHSA (E), 10-PAHSA (F), 12-PAHSA (G) and 13-PAHSA (H). 

E 

F 

G 

H 
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4.9 Human Study cohorts for FAHFA analysis 

Serum samples were collected within the framework of different clinical studies conducted in 

the same study unit (Human Study Center, Freising, Germany). Written informed content 

was obtained from all participants before their inclusion in the study.  

The cohort of obese patients undergoing bariatric surgery together with non-obese controls 

originated from the study on gut permeability as described in the first part of this thesis 

(Kellerer et al., 2019). The n number differs due to in- or exclusion of patients with 

medications that might influence the respective analysis.  

For the comparison of obese patients with and without diabetes, samples were provided from 

the German Obesity Biomaterial Bank (GOBB). The samples were collected during bariatric 

surgery. Subjects were classified as obese diabetic with BMI ≥ 40 kg/m2 and HbA1c ≥ 6.5% 

and as obese non-diabetic with BMI ≥ 40 kg/m2 and HbA1c < 5.7%. Both groups consisted of 

each 5 males and 5 females. None of the patients did regularly take insulin or oral 

antidiabetic medication. Values for blood glucose, HbA1c and CRP were collected from the 

lab reports of the clinic. 

To investigate the influence of age, three different age cohorts were used which were 

recruited and characterized in the course of the enable cluster (DRKS00009797). This cohort 

study investigated, inter alia, anthropometrics, body composition, energy metabolism and 

nutrition in four defined phases of life including children (3–5 years), adolescents (18–25 

years), middle-aged adults (40–65 years), and elderly people (75–85 years). The enable 

study participants were otherwise healthy and without any acute severe diseases. For the 

analysis of FAHFAs each 10 females and 10 males were used from the group of 

adolescents, middle-aged adults and elderly people (n=60 in total). 

The influence of nutrition was evaluated in vegetarians/vegans (n=10) and in omnivores 

(n=5) from the JPI-project FOODBALL (Brouwer-Brolsma et al., 2017) (DRKS00010133) as 

well as in omnivores from the study on gut permeability (n=4) of which 2 subjects were 

undergoing laparoscopic abdominal surgery. Omnivores were a cross-sectional group of 

healthy, lean (BMI < 25 kg/m2) volunteers that habitually followed a normal mixed diet 

including meat and fish (3 females, 6 males) and vegetarians/vegans were a group of 

vegetarian or vegan volunteers practicing a vegan diet for at least seven days (7 females, 3 

males). 

The group of men undergoing one week overfeeding intervention originated from a recently 

published study cohort (Ott et al., 2018) (DRKS00006211). In this overfeeding study lean 

(BMI < 27 kg/m2), healthy, young men were provided with a surplus of 1000 kcal above their 



Methods 

 

44 
 
 

calculated energy demand based on their measured resting metabolic rate. Saturated fatty 

acids from whipping cream were thereby the main source of the additional kcals. 

Anthropometric and biochemical analyses were performed as described in the respective 

study protocol and in brief as follows.  

4.9.1 Anthropometric measurements 

Anthropometric measurements were made without shoes, outdoor clothing such as jackets 

and coats, and accessories such as bags and keys. These measurements were corrected by 

one kg to account for residual clothing. In the enable, FOODBALL and overnutrition study, 

measurements were performed in underwear without correction. Height was determined 

using a stadiometer and body weight with a calibrated standard scale (Seca, Hamburg, 

Germany). BMI (kg/m²) was calculated by dividing body weight (kg) by height in meter 

squared (m2).  

4.9.2 Blood samples and biochemical analyses 

Blood samples were drawn in a fasting state. In patients with severe obesity, blood samples 

were taken during bariatric surgery in the cooperating clinic. Blood was drawn into a serum 

monovette (S-Monovette® 7.5 ml Z-Gel, 01.1602, Sarstedt, Nümbrecht, Germany), allowed 

to clot for 30 min at room temperature and subsequently centrifuged at 2,500 g for 10 min at 

room temperature (FOODBALL project: centrifugation at 4 °C). Serum was aliquoted and 

stored at -80 °C until analysis. Non-esterified fatty acids (NEFAs) were measured in plasma 

using a commercial test kit (Wako Chemicals GmbH, Neuss, Germany). Blood glucose was 

determined either by SynLab (Munich, Germany) or in frozen blood plasma with Hemocue 

(HemoCue AB, Ängelholm, Sweden). Blood glucose of the patients with obesity was 

recorded from the lab reports of the respective clinic. Insulin in plasma was either quantified 

by Synlab (Munich, Germany) or by commercially available ELISA kits (DRG Diagnostics, 

Marburg, Germany; DAKO, Glostrup, Denmark). HOMA-IR was calculated according to 

Matthews (Matthews et al., 1985): HOMA-IR = insulin (μU/mL) × glucose (mmol/L) / 22.5. 

4.10 Statistical analysis 

Statistical analyses and graphical outputs are performed with GraphPad Prism 5 (GraphPad 

Software, San Diego California, USA) and the R programming environment (R studio, 

Version 3.3.2). Boxplots are defined as follows: the bottom and the top of the box are defined 

by the 25th and 75th percentile and the centre by the median. The whiskers reach until the 

lowest data point still within 1.5 IQR (inter quartile range) of the lower quartile, and the 

highest data point still within 1.5 IQR of the upper quartile. Outliers are indicated by dots.  

Data are presented as median (25th percentile; 75th percentile), unless otherwise stated.  
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Data were checked for normal distribution using Shapiro-Wilk normality test. If all groups 

were normally distributed, parametric tests were used. Otherwise, the non-parametric 

alternative was applied. For the comparison of obese patients before and after surgery (LSG 

V1, LSG V2) the paired t-test / Wilcoxon Matched-Pairs test was used. For the comparison of 

obese patients with non-obese controls the unpaired t-test / Mann-Whitney test was used. 

For the comparison of obese diabetic and obese non-diabetic patients unpaired t-test / 

Mann-Whitney test was used. For the comparison of gut barrier function in dependence of 

BMI, Kruskal–Wallis and Dunn's multiple comparison tests were employed. P-values < 0.05 

are regarded as statistically significant. N.s. = not significant (p ≥ 0.05). Asterisks indicate 

significance levels as follows: *p < 0.05, **p < 0.01, and ***p < 0.001. 

Sample size calculation for gut permeability was based on recently published data (Ott et al., 

2017) using t-test assessing differences before and after the intervention for lactulose and 

zonulin. Regarding lactulose a study with an effect size of 1.1 will require a total sample 

number of 11. An effect size of 0.9 for zonulin revealed a subject number of 8. These 

numbers would give a power of 80% and an association at 5%. Power calculations were 

performed with the R-package pwr. 

For the analysis of faecal microbiota the programme Rhea was used (Lagkouvardos et al., 

2017) and analysis was performed as described in section 4.7.3.  

For FAHFA analysis, nonparametric tests were used due to small sample size and non-

Gaussian distribution of most of the FAHFA data. The Wilcoxon matched-pairs test was used 

to compare the same group at two different time points. Mann-Whitney test was used to 

compare two independent groups. Differences in the three different age groups were 

detected by the Kruskal-Wallis test and Dunn’s post test. Correlation analysis was performed 

by Spearman correlation. For multiple linear regression analysis all data were log10 

transformed.  

Images showing chemical structures, e.g. FAHFAs, were drawn with ChemDraw software 

(ChemDraw Professional 16.0., PerkinElmer Inc.). 
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5. Results  

5.1 Bariatric surgery and intestinal permeability 

In the following, the results of the human study investigating intestinal permeability in 

dependence of weight and weight loss after bariatric surgery are presented. Parts of the 

results of this human study have previously been published (Kellerer et al., 2019). The 

figures and tables containing data that have already been published in this publication are 

marked with an asterisk (*). If only parts of a table / figure were published in this publication, 

the corresponding table rows / parts of the figure are marked with an asterisk (*). Also parts 

of the corresponding text in the methods, results and discussion section have been published 

in this publication. 

Twenty-five obese subjects undergoing LSG were initially recruited. Two study patients did 

not complete the visit 6 months after surgery. Six study patients had to be excluded because 

of intake of antibiotics, NSAIDs or corticosteroids during the study period. As controls, 23 

subjects were initially recruited. One patient did not complete the study. Analyses are 

performed with 17 obese study patients who completed the study and with 17 control 

subjects who were matched in case of age and sex to the obese patients. Three of the 17 

subjects in each group were male, while the rest were female. The mean age (± SD) of 

obese study patients was 41.8 ± 9.1 years and the mean age of control subjects was 

41.7 ± 9.7 years. Additional information about the study patients, including lifestyle, is 

presented in the Supplemental Table 1. 

5.1.1 Anthropometric measurements 

Anthropometric parameters of study participants are presented in Table 11. The obese study 

patients undergoing LSG could reduce their body weight by 41.0 (33.7; 46.5) kg. This 

corresponds to a total weight loss (%TWL) of 26.0% (22.3%; 30.3%) and 50.9% (40.4%; 

64.8%) excessive weight loss (%EWL). Within the 6 months after surgery, the BMI of the 

patients declined by 13.8 (11.8; 15.7) kg/m2. Both waist as well as hip circumference 

decreased significantly. As the decrease in waist (-30.3 (-38.1; -22.0) cm) was more 

prominent than the decrease in hip circumference (-20.2 (-27.6; -15.8) cm) the waist-to-hip 

ratio also declined significantly (-0.07 (-0.11; -0.02)). The obese patients had a significantly 

greater waist-to-hip ratio compared to the non-obese controls, but this difference was not 

significant any more after surgery. Waist and hip circumference, however, were still 

significantly higher compared to the controls. The body composition of non-obese controls 

and of part of the obese patients after surgery was measured by bioelectrical impedance 

analysis. Data can be found in Supplemental Table 2. 
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Table 11*: Anthropometric data of study participants 

 Median  

(25th percentile; 75th percentile) 

p-value 

 n LSG V1 LSG V2 Controls LSG V1 

–  

LSG V2 

LSG V1 

- 

Controls 

LSG V2  

- 

Controls  

Body weight (kg) 17 152.0 

(133.9; 175.7) 

111.8 

(95.2; 136.7) 

62.7 

(56.8; 73.6) 

*** 

<0.001 

*** 

<0.001 

*** 

<0.001 

Body mass index (kg/m²) 17 52.5 

(47.0; 56.8) 

39.1 

(32.6; 44.0) 

21.5  

(19.6; 23.3) 

*** 

<0.001 

*** 

<0.001 

*** 

<0.001 

Waist circumference (cm) 14 144 

(129; 156) 

109 

(103; 128) 

74  

(69; 80) 

*** 

<0.001 

*** 

< 0.001 

*** 

<0.001 

Hip circumference (cm) 14 152 

(139; 172) 

135 

(116; 148) 

95 

 (86; 98) 

*** 

<0.001 

*** 

< 0.001 

*** 

<0.001 

Waist-to-hip ratio 14 0.87  

(0.82; 1.04) 

0.83  

(0.78; 0.92) 

0.81  

(0.74; 0.86) 

** 

0.007 

** 

0.006 

n.s. 

0.460 

Depending on the distribution of the data paired t-test or Wilcoxon matched-pairs test was used to compare obese 

patient before and after surgery (LSG V1 and LSG V2) and unpaired t-test or Mann-Whitney test to compare 

obese patients with non-obese controls. n.s. = not significant, ** p < 0.01, and *** p < 0.001. 

Weight loss (kg) at 6 months after surgery was neither dependent on initial body weight nor 

on initial BMI (Table 12). Though, Pearson correlation revealed a significant negative 

association between the initial body weight and the %EWL (Figure 11). The higher the initial 

body weight was, the lower was the %EWL. The coefficient of determination of the 

corresponding linear regression was R2 = 0.041. 

Table 12: Association of initial body weight and BMI with weight loss parameters 

 r p-value 

Weight loss / Body weight V1  -0.279 n.s. 0.278 

%TWL / Body weight V1 -0.351 n.s. 0.167 

%EWL / Body weight V1  -0.641 ** 0.006 

Weight loss / BMI V1 -0.466 n.s. 0.059 

%TWL / BMI V1 -0.046 n.s. 0.861 

%EWL / BMI V1 -0.450 n.s. 0.070 

Pearson correlation was used for correlation analysis. n = 17. n.s. = not significant, ** p < 0.01. 
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Figure 11: Association between percentage excessive weight loss (%EWL) and initial body weight of 

patients undergoing sleeve gastrectomy 

Linear regression was performed. %EWL was plotted against pre-operative body weight. n = 17. 

5.1.2 Dietary behaviour 

The study participants reported their diet in a 7-day dietary protocol. Six patients were 

regularly taking dietary supplements before surgery (one patient taking multivitamins) and 

nine patients after surgery (five patients taking multivitamins). From the control group, two 

subjects were regularly taking dietary supplementation (one patient taking multivitamins). A 

list of the supplements and their nutrient composition can be found in the supplemental data 

(Supplemental Table 3).  

According to the dietary protocols, the median total caloric intake of the obese patients 

before surgery was 1826 kcal/day and was significantly reduced by 51.7% six months after 

LSG to 882 kcal/day (Figure 12, Table 13). However, when regarding the macronutrient 

composition of the diet, the percentage portion of carbohydrates, fat and protein did not 

change significantly (Table 13, Figure 12). The total amount of all nutrients, micronutrients 

and vitamins was reduced after surgery, and this reduction was significant in most cases 

(Table 13). The median total caloric intake of the obese patients before surgery was not 

significantly different to the controls. Also the dietary composition was comparable except for 

significantly lower water and alcohol intake and higher protein intake in the obese group 

(%kcal) (Table 13).  

  



Results 

49 
 

Table 13: Dietary intake of total calories, water and different nutrients 

 
Median  

(25th percentile; 75th percentile) 

p-value 

 LSG V1 LSG V2 Controls LSG V1  

-  

LSG V2 

LSG V1 

-  

Controls 

LSG V2  

-  

Controls 

Total caloric intake / 

day (kcal/day) 

1826 

(1450; 2117) 

882 

(788; 1087) 

1979 

(1726; 2370) 

*** 

<0.001 

n.s. 

0.136 

*** 

<0.001 

Fat intake (g/day) 67.7 

(56.9; 84.2) 

37.0 

(29.4; 41.7) 

76.5 

(68.3; 104.0) 

*** 

<0.001 

n.s. 

0.063 

*** 

<0.001 

Fat intake (%kcal) 34.8  

(31.6; 37.3) 

34.1 

(31.0; 39.1) 

36.6 

(34.0; 41.2) 

n.s. 

0.704 

n.s. 

0.210 

n.s. 

0.530 

Carbohydrate intake 

(g/day) 

207.6 

(168.2; 226.3) 

101.9 

(74.0; 122.3) 

218.2 

(191.6; 255.8) 

*** 

<0.001 

n.s. 

0.191 

*** 

<0.001 

Carbohydrate intake 

(%kcal) 

46.5  

(41.4; 49.2) 

43.2  

(39.6; 48.2) 

44.0 

(41.3; 49.8) 

n.s. 

0.185 

n.s. 

0.744 

n.s. 

0.558 

Protein intake (g/day) 79.5 

(65.7; 96.4) 

38.2 

(34.4; 60.2) 

69.6 

(64.2; 82.7) 

*** 

<0.001 

n.s. 

0.389 

*** 

<0.001 

Protein intake (%kcal) 17.5  

(16.6; 19.9)   

18.7  

(16.4; 24.3) 

16.1 

(13.4; 17.2) 

n.s. 

0.126 

** 

0.002 

*** 

<0.001 

Fibre intake (g/day) 19.5 

(14.3; 22.7) 

8.2 

(6.1; 10.5) 

20.5 

(17.3; 24.7) 

*** 

<0.001 

n.s. 

0.285 

*** 

<0.001 

Water intake (l/day) 2.48 

(1.84; 2.89) 

1.71 

(1.49; 2.11) 

3.12 

(2.21; 3.52) 

* 

0.025 

* 

0.035 

*** 

<0.001 

Sucrose intake (g/day) 35.7 

(21.2; 47.6) 

19.4 

(17.7; 29.6) 

42.5 

(31.5; 50.7) 

** 

0.006 

n.s. 

0.130 

*** 

<0.001 

Alcohol intake (g/day) 0.2 

(0.0; 0.9) 

0.0 

(0.0; 0.2) 

3.2 

(0.8; 8.6) 

* 

0.025 

*** 

<0.001 

*** 

<0.001 

Saturated fatty acids 

(g/day) 

28.5 

(22.4; 32.4) 

14.5 

(12.9; 17.9) 

31.5 

(27.2; 49.8) 

*** 

<0.001 

n.s. 

0.073 

*** 

<0.001 

n3 – Fatty acids 

(g/day) 

1.4 

(0.9; 2.0) 

0.7 

(0.5; 1.1) 

1.4 

(1.0; 2.2) 

** 

0.004 

n.s. 

0.582 

*** 

<0.001 

n6 – Fatty acids 

(g/day) 

9.7 

(8.3; 14.9) 

4.3 

(3.7; 5.8) 

11.6 

(9.2; 16.1) 

*** 

<0.001 

n.s. 

0.256 

*** 

<0.001 

Cholesterol intake 

(mg/day) 

251 

(212; 416) 

158 

(112; 219) 

259 

(222; 340) 

** 

0.001 

n.s. 

0.904 

*** 

<0.001 

Sodium (g/day) 2.5 

(1.9; 3.4) 

1.2 

(1.0; 1.8) 

2.3 

(2.0; 2.8) 

*** 

<0.001 

n.s. 

0.740 

*** 

<0.001 

Potassium (g/day) 2.8 

(2.1; 3.3) 

1.5 

(1.3; 1.9) 

2.8 

(2.4; 3.2) 

*** 

<0.001 

n.s. 

0.674 

*** 

<0.001 

Calcium (mg/day) 813 

(548; 890) 

577 

(423; 1252) 

837 

(741; 1231) 

n.s. 

0.6360 

n.s. 

0.215 

n.s. 

0.098 

Magnesium (mg/day) 302 

(239; 336) 

199 

(164; 273) 

317 

(278; 422) 

** 

0.002 

n.s. 

0.318 

*** 

<0.001 

Phosphorus (mg/day) 1190 

(972; 1481) 

710 

(547; 1057) 

1221 

(1095; 1520) 

*** 

<0.001 

n.s. 

0.718 

*** 

<0.001 

Iron (mg/day) 11.3 

(9.0; 13.3) 

5.2 

(4.5; 8.6) 

9.9 

(9.2; 12.8) 

** 

0.002 

n.s. 

1.000 

** 

0.001 
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Median  

(25th percentile; 75th percentile) 

p-value 

 LSG V1 LSG V2 Controls LSG V1  

-  

LSG V2 

LSG V1 

-  

Controls 

LSG V2  

-  

Controls 

Zinc (mg/day) 9.8 

(7.9; 11.5) 

6.7 

(4.3; 10.5) 

9.6 

(8.5; 12.8) 

* 

0.020 

n.s. 

0.679 

** 

0.004 

Copper (mg/day) 1.6 

(1.3; 2.0) 

1.0 

(0.9; 1.3) 

1.7 

(1.5; 2.0) 

** 

0.004 

n.s. 

0.513 

*** 

<0.001 

Manganese (mg/day) 4.0 

(3.1; 5.1) 

2.2 

(1.7; 3.1) 

5.4 

(3.8; 6.8) 

** 

0.005 

n.s. 

0.098 

*** 

<0.001 

Iodine (µg/day) 94 

(62; 111) 

78 

(48; 148) 

101 

(80; 128) 

n.s. 

0.855 

n.s. 

0.483 

n.s. 

0.720 

Retinol equivalent 

(mg/day) 

0.9 

(0.7; 1.9) 

0.6 

(0.5; 1.2) 

1.3 

(1.0; 1.8) 

* 

0.037 

n.s. 

0.139 

** 

0.005 

Vitamin A (Retinol) 

(mg/day) 

0.3 

(0.2; 0.6) 

0.2 

(0.2; 0.5) 

0.4 

(0.3; 0.6) 

n.s. 

0.218 

n.s. 

0.428 

** 

0.007 

Vitamin D (Calciferol) 

(µg/day) 

2.6 

(1.1; 19.3) 

1.6 

(1.1; 18.6) 

2.7 

(1.4; 4.6) 

n.s. 

0.938 

n.s. 

0.877 

n.s. 

0.523 

Vitamin E 

(Tocopherol) (mg/day) 

12.3 

(6.7; 16.9) 

7.3 

(4.9; 13.8) 

13.5 

(10.7; 16.7) 

* 

0.042 

n.s. 

0.558 

** 

0.008 

Vitamin K (µg/day) 97.6 

(53.4; 150.0) 

48.1 

(25.0; 103.3) 

140.9 

(74.2; 192) 

n.s. 

0.098 

n.s. 

0.148 

** 

0.003 

Vitamin B1 (Thiamine) 

(mg/day) 

1.2 

(1.0; 1.3) 

0.6 

(0.5; 1.7) 

1.1 

(0.9; 1.5) 

n.s. 

0.088 

n.s. 

0.667 

* 

0.0496 

Vitamin B2 

(Riboflavin) (mg/day) 

1.4 

(0.9; 1.8) 

0.9 

(0.7; 2.4) 

1.3 

(1.1; 1.7) 

n.s. 

0.218 

n.s. 

0.973 

n.s. 

0.270 

Niacin equivalent 

(mg/day) 

30.1 

(27.1; 38.7) 

16.5 

(13.7; 24.0) 

28.6 

(25.9; 32.8) 

*** 

<0.001 

n.s. 

0.558 

** 

0.001 

Pantothenic acid 

(mg/day) 

4.4 

(3.1; 5.6) 

2.9 

(1.9; 7.0) 

3.9 

(3.5; 5.2) 

n.s. 

0.320 

n.s. 

0.836 

n.s. 

0.158 

Vitamin B6 

(Pyridoxine) (mg/day) 

1.6 

(1.2; 1.9) 

0.8 

(0.7; 2.1) 

1.5 

(1.4; 1.7) 

n.s. 

0.098 

n.s. 

0.931 

* 

0.025 

Biotin (µg/day) 45.6 

(28.1; 54.6) 

31.6 

(20.0; 72.1) 

44.9 

(31.6; 51.1) 

n.s. 

1.000 

n.s. 

0.918 

n.s. 

0.256 

Folic acid (µg/day) 220 

(159; 313) 

167 

(95; 338) 

254 

(207; 292) 

n.s. 

0.080 

n.s. 

0.318 

n.s. 

0.091 

Vitamin B12 

(Cobalamin) (µg/day) 

4.6 

(3.4; 5.8) 

4.0 

(1.9; 7.7) 

4.3 

(3.2; 5.2) 

n.s. 

0.449 

n.s. 

0.617 

n.s. 

0.931 

Vitamin C (Ascorbic 

acid) (mg/day) 

91.6 

(63.7; 140.6) 

65.1 

(25.4; 126.7) 

128.8 

(79.8; 156.7) 

n.s. 

0.130 

n.s. 

0.168 

* 

0.011 

Data were analysed from 7-day dietary protocols with the use of OptiDiet Plus. Depending on the distribution of 

the data paired t-test or Wilcoxon matched-pairs test was used to compare obese patient before and after surgery 

(LSG V1 and LSG V2) and unpaired t-test or Mann-Whitney test to compare obese patients with non-obese 

controls. n = 17 per group. n.s. = not significant, * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 12*: Caloric intake before and after sleeve gastrectomy 

A) Total caloric energy intake per day. 

B) Percentage energy intake of calories from the different macronutrients (carbohydrates, fat, protein). 

Depending on distribution of the data paired t-test or Wilcoxon matched-pairs test was used to compare obese 

patient before and after surgery (LSG V1 and LSG V2) and unpaired t-test or Mann-Whitney test to compare 

obese patients with non-obese controls. n = 17 per group. *** p < 0.001. 

5.1.3 Glucose metabolism 

According to the anamnesis, six obese patients had a diagnosed diabetes mellitus type 2 

before undergoing LSG. Diabetic patients were treated by metformin or nutritional therapy. 

None of them injected insulin. Regarding controls, no one had previously diagnosed 

diabetes, and blood glucose levels measured during the study were within the normal range, 

with the exception of two subjects who had fasting values above 100 mg/dl (101 and 106 

mg/dl), which indicates impaired fasting glucose. In patients with obesity fasting blood 

glucose and fasting insulin were all higher compared to lean participants and dropped after 

surgery (Table 14). Insulin was still significantly elevated compared to controls 6 months after 

surgery. Hb1Ac values dropped significantly from 5.4% to 5.3% after surgery (Table 14). 

All of the diabetic patients undergoing bariatric surgery could stop diabetes medication and 

returned to normal blood glucose values. From the patients undergoing surgery, the patients 



Results 

52 
*Adapted by permission from Springer Nature Customer Service Centre GmbH: Springer, Obesity Surgery,  
Kellerer, T., Brandl, B., Büttner, J. et al. Impact of Laparoscopic Sleeve Gastrectomy on Gut Permeability in Morbidly Obese Subjects. OBES SURG 29, 2132–2143 
(2019). https://doi.org/10.1007/s11695-019-03815-6, Springer Nature (2019) 
 

with diagnosed diabetes mellitus type 2 had significantly higher blood glucose and insulin 

values compared to the non-diabetic patients, while HbA1c was not significantly different 

(Table 15). 

Table 14*: Laboratory values of glucose metabolism in study participants 

 
Median  

(25th percentile; 75th percentile) 

p-value 

 n LSG V1 LSG V2 Controls LSG V1  

–  

LSG V2 

LSG V1 

– 

Controls 

LSG V2  

–  

Controls 

Fasting blood glucose 

(mg/dl)* 

15 91 

(80; 101) 

79 

(69; 89) 

89 

(82; 94) 

** 

0.002 

n.s. 

0.442 

* 

0.036 

Fasting insulin (µU/ml)* 15 51.9  

(27.4; 70.5) 

31.2  

(16.5; 42.0) 

12.4  

(8.9; 19.9) 

* 

0.015 

*** 

<0.001 

** 

0.009 

HbA1c (%) 11 5.4  

(5.3; 5.7) 

 5.3  

(5.1; 5.4) 

 

NA 

* 

0.013 

 

NA 

 

NA 

Wilcoxon matched-pairs test was used to compare obese patient before and after surgery (LSG V1 and LSG V2) 

and Mann-Whitney test to compare obese patients with non-obese controls. n.s. = not significant, * p < 0.05, ** p 

< 0.01, and *** p < 0.001. 

Table 15: Comparison of laboratory values of glucose metabolism between obese patients with and 

without diabetes mellitus type 2 

 Median  

(25th percentile; 75th percentile) 

p-value 

 n 

(non-diabetic/ 

diabetic) 

LSG V1 

non-diabetic 

LSG V1  

diabetic 

 

Fasting blood 

glucose (mg/dl) 

9/6 82 

(78; 99) 

99 

(91; 115) 

n.s. 

0.070 

Fasting insulin 

(µU/ml) 

9/6 31.1 

(26.9; 55.4) 

69.6 

(47.1; 74.7) 

* 

0.031 

HbA1c (%) 8/4 5.4 

(5.3; 5.6) 

5.8 

(5.4; 6.6) 

n.s. 

0.338 

Mann-Whitney test was used to compare the groups. n.s. = not significant, * p < 0.05. 

5.1.4 Metabolic and inflammatory parameters 

To gain an overview of overall health status of the study participants, laboratory routine 

parameters were collected and are listed in Table 16. In comparison to non-obese subjects, 

patients with obesity exhibited a more unfavourable blood lipid profile (higher triglycerides, 

lower high-density lipoprotein (HDL), higher LDL/HDL ratio), higher γ-glutamyltransferase (γ-

GT) values, higher amount of leucocytes, and higher levels of thyroid-stimulating hormone 
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(TSH), as well as lower mean corpuscular haemoglobin (MCH) and mean corpuscular 

haemoglobin concentration (MCHC) and lower bilirubin. Most of those parameters changed 

in the direction of the non-obese controls after surgery. 

Table 16: Metabolic profile of study participants 

 Median 

(25th percentile; 75th percentile) 

p-value 

 n LSG V1 LSG V2 Controls LSG V1 

- 

LSG V2 

LSG V1 

-  

Controls 

LSG V2 

 -  

Controls 

ASAT (U/l) 10 27 

(18; 41) 

16 

(15; 23) 

21 

(18; 23) 

* 

0.018 

n.s. 

0.240 

n.s. 

0.087 

ALAT (U/l) 17 27 

(14; 42) 

17 

(13; 28) 

19 

(17; 25) 

n.s. 

0.074 

n.s. 

0.407 

n.s. 

0.398 

γ-GT (U/l) 16 30 

(21; 41) 

16 

(10; 21) 

13 

(9; 19) 

*** 

<0.001 

*** 

<0.001 

n.s. 

0.428 

Creatinine (mg/dl) 16 0.72 

(0.64; 0.80) 

0.70 

(0.60; 0.80) 

0.77 

(0.69; 0.81) 

n.s. 

0.245 

n.s. 

0.355 

n.s. 

0.065 

Uric acid (mg/dl) 7 5.9 

(3.9; 8.7) 

5.4 

(3.9; 6.7) 

4.8 

(4.2; 4.9) 

n.s. 

0.256 

n.s. 

0.077 

n.s. 

0.218 

Bilirubin (mg/dl) 13 0.38 

(0.24; 0.60) 

0.59 

(0.49; 0.80) 

0.58 

(0.46; 0.63) 

** 

0.003 

* 

0.031 

n.s. 

0.644 

Sodium (mmol/l) 15 140 

(139; 143) 

142 

(141; 143) 

140 

(139; 142) 

* 

0.047 

n.s. 

1.000 

n.s. 

0.066 

Potassium (mmol/l) 16 4.3 

(4.2; 4.5) 

4.0 

(3.8; 4.4) 

4.3 

(4.2; 4.5) 

n.s. 

0.058 

n.s. 

0.730 

* 

0.023 

Calcium (mmol/l) 11 2.38 

(2.34; 2.45) 

2.35 

(2.31; 2.42) 

2.31 

(2.31; 2.36) 

n.s. 

0.838 

n.s. 

0.138 

n.s. 

0.337 

Triglycerides (mg/dl) 11 178 

(108; 216) 

96 

(75; 156) 

66 

(42; 126) 

* 

0.018 

** 

0.004 

n.s. 

0.093 

Total cholesterol (mg/dl) 11 195 

(166; 224) 

194 

(155; 223) 

196 

(155; 246) 

n.s. 

0.588 

n.s. 

0.583 

n.s. 

0.468 

LDL (mg/dl) 11 111 

(90; 149) 

126 

(86; 145) 

134 

(89; 144) 

n.s. 

0.736 

n.s. 

0.807 

n.s. 

0.950 

HDL (mg/dl) 11 47 

(38; 52) 

50 

(44; 56) 

74 

(61; 84) 

n.s. 

0.298 

*** 

<0.001 

*** 

<0.001 

LDL/HDL 11 2.37 

(2.10; 3.20) 

2.28 

(1.91; 3.10) 

1.56 

(1.17; 2.36) 

n.s. 

0.493 

* 

0.014 

* 

0.029 

Thrombocytes (G/l) 14 285 

(251; 345) 

278 

(234; 301) 

247 

(213; 286) 

n.s. 

0.114 

n.s. 

0.212 

n.s. 

0.822 

Leucocytes (G/l) 14 8.3 

(6.8; 9.6) 

6.2 

(5.4; 7.6) 

5.1 

(4.0; 7.1) 

** 

0.001 

*** 

<0.001 

n.s. 

0.128 

Erythrocytes (T/l) 14 4.8 

(4.7; 5.2) 

4.5 

(4.3; 4.9) 

4.7 

(4.5; 4.9) 

** 

0.007 

n.s. 

0.210 

n.s. 

0.525 

Haemoglobin (g/dl) 14 14.2 

(13.3; 15.2) 

13.2 

(12.9; 15.1) 

14.4 

(13.7; 14.6) 

* 

0.013 

n.s. 

0.947 

n.s. 

0.181 
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 Median 

(25th percentile; 75th percentile) 

p-value 

 n LSG V1 LSG V2 Controls LSG V1 

- 

LSG V2 

LSG V1 

-  

Controls 

LSG V2 

 -  

Controls 

Haematocrit (%) 14 43.4 

(41.4; 47.0) 

40.6 

(38.7; 44.4) 

40.8 

(39.6; 43.0) 

* 

0.012 

n.s. 

0.069 

n.s. 

0.936 

MCH (pg/Ery) 14 28.6 

(28.0; 30.2) 

30.0 

(28.8; 30.3) 

30.6 

(29.5; 31.0) 

n.s. 

0.235 

* 

0.042 

n.s. 

0.129 

MCV (fl) 14 89.6 

(86.0; 91.9) 

89.9 

(85.9; 92.0) 

87.4 

(85.1; 91.1) 

n.s. 

0.687 

n.s. 

0.367 

n.s. 

0.632 

MCHC (g/dl) 14 32.8 

(32.2; 33.7) 

33.0 

(32.0; 34.0) 

34.6 

(34.0; 35.3) 

n.s. 

0.812 

*** 

<0.001 

*** 

<0.001 

TSH (µU/ml) 13 1.9 

(1.4; 2.7) 

2.6 

(1.1; 2.7) 

1.3 

(0.7; 1.4) 

n.s. 

0.685 

* 

0.012 

n.s. 

0.058 

Depending on the distribution of the data paired t-test or Wilcoxon matched-pairs test was used to compare obese 

patient before and after surgery (LSG V1 and LSG V2) and unpaired t-test or Mann-Whitney test to compare 

obese patients with non-obese controls. n.s. = not significant, * p < 0.05, ** p < 0.01, and *** p < 0.001. 

In addition to the routine parameters, which were analysed in an external laboratory or 

provided by the clinic, levels of CRP and LBP, markers of systemic and gut-derived 

inflammation, were analysed by ELISA, as well as levels of NEFAs, which were measured by 

a commercial test kit. The level of NEFAs and CRP were markedly elevated in subjects with 

obesity compared to non-obese controls (NEFAs: 1.0 vs. 0.3 mmol/l; CRP: 0.56 vs. 

0.03 mg/dl). After bariatric surgery, levels were significantly reduced (NEFAs: 0.64 mg/dl; 

CRP: 0.35 mg/dl), however, still higher than those of controls (Figure 13A and13C). LBP was 

also significantly increased in obese patients before surgery in comparison to non-obese 

controls (0.56 vs. 0.43 mg/dl), but did not significantly decrease afterwards (Figure 13B). No 

significant differences in the levels of NEFAs, CRP and LBP were found between obese 

patients with and without diabetes (Table 17). In obese patients, CRP levels correlated 

positively and strongly with glucose levels (rho = 0.739; p < 0.001; Supplemental Table 4). 

This was the only significant correlation between inflammatory markers and markers of 

glucose metabolism in the obese patients and no correlation was found in the non-obese 

subjects (Supplemental Table 5). 
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Figure 13*: Plasma concentration of CRP (A), LBP (B), and NEFAs (C)  

Depending on the distribution of the data paired t-test or Wilcoxon matched-pairs test was used to compare obese 

patient before and after surgery (LSG V1 and LSG V2) and unpaired t-test or Mann-Whitney test to compare 

obese patients with non-obese controls. n = 15 per group. * p < 0.05, ** p < 0.01, and *** p < 0.001. 



Results 

56 
 

Table 17: Comparison of CRP, LBP and NEFA levels between obese patients with and without diabetes 

mellitus type 2 

 Median 

(25th percentile; 75th percentile) 

p-value 

 n  

(non-diabetic/ 

diabetic) 

LSG V1 

non-diabetic 

LSG V1  

diabetic 

 

CRP concentration 

in plasma (mg/dl) 

9/6 0.5 

(0.3; 1.0) 

0.7 

(0.5; 1.4) 

n.s. 

0.207 

LBP concentration in 

plasma (mg/dl) 

9/6 0.6 

(0.5; 0.8) 

0.6 

(0.4; 1.1) 

n.s. 

0.953 

NEFA concentration 

in plasma (mmol/l) 

9/6 1.0 

(0.7; 1.2) 

1.2 

(0.9; 1.7) 

n.s. 

0.440 

Mann-Whitney test was used to compare the groups. n.s. = not significant. 

5.1.5 Gut permeability after LSG 

A standardised 4-probe sugar test (Norman et al., 2012) was used to assess permeability 

within different sections of the gastrointestinal tract (Figure 14A-E). Lactulose is a marker of 

the paracellular route of small intestinal permeability. Urinary recovery of lactulose was 

decreased in patients with obesity after LSG compared to the status before LSG (0.19 vs. 

0.31 %urine recovery; p = 0.008). Moreover, urinary recovery of mannitol, a marker of the 

transcellular route in the small intestine, was decreased as well (8.7 vs. 12.4 %urine 

recovery; p = 0.012). The lactulose/mannitol ratio, often used as a small intestinal 

permeability index, was not altered by surgery-induced weight loss. Urinary recovery of 

sucrose was decreased after surgery (0.08 vs. 0.18 %urine recovery; p = 0.012), indicating 

decreased gastroduodenal permeability. On the contrary, excretion of sucralose increased 

(1.24 vs. 0.40 %urine recovery; p = 0.002), stating an increased permeability of the colon. 

When comparing non-obese and obese patients before surgery, no significant difference was 

found for any of the four sugars (Figure 14A-E).   

In addition to the 4-probe sugar test, the concentration of zonulin, a protein regulating tight 

junction function in the small intestine, was measured in plasma (Figure 14F). The 

concentration of zonulin did not change after LSG. There was no difference between the 

zonulin concentration of obese patients before surgery and non-obese controls, but obese 

patients after surgery had slightly lower zonulin levels compared to non-obese controls. 

Markers of gut permeability were also compared between obese patients with and without 

diabetes mellitus type 2 and no significant differences were found between those two groups 

(Table 18).  
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Figure 14*: Gut permeability of study participants 

Gut permeability was assessed using a 4-probe sugar test. Lactulose (A) and mannitol (B) represent markers of 

intestinal permeability. The lactulose / mannitol ratio (C) represents a permeability index of small intestinal 

permeability. Sucrose (D) reflects gastroduodenal permeability and sucralose (E) colonic permeability. Zonulin 

concentration in blood (F) is a marker for the tight junctions. 

Depending on distribution of the data paired t-test or Wilcoxon matched-pairs test was used to compare obese 

patient before and after surgery (LSG V1 and LSG V2) and unpaired t-test or Mann-Whitney test to compare 

obese patients with non-obese controls. A-D: n = 16, E: n = 15, F: n = 17. * p < 0.05, ** p < 0.01. 
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Table 18: Comparison of gut permeability markers between obese patients with and without diabetes 

mellitus type 2 

 Median  

(25th percentile; 75th percentile) 

p-value 

 n 

(non-diabetic/ 

diabetic) 

LSG V1 

non-diabetic 

LSG V2  

diabetic 

 

LM 

(% urine recovery) 

10/6 0.02 

(0.01; 0.03) 

0.03 

(0.01; 0.07) 

n.s. 

0.704 

Lactulose 

(% urine recovery) 

10/6 0.36 

(0.18; 0.49) 

0.27 

(0.17; 0.84) 

n.s. 

0.958 

Mannitol 

(% urine recovery) 

10/6 13.22 

(7.07; 20.45) 

11.83 

(9.59; 14.47) 

n.s. 

0.793 

Sucrose 

(% urine recovery) 

10/6 0.18 

(0.10; 0.24) 

0.17 

(0.10; 0.67) 

n.s. 

0.793 

Sucralose  

(% urine recovery) 

9/6 0.25 

(0.12; 0.72) 

0.76 

(0.21; 1.61) 

n.s. 

0.272 

Zonulin 

concentration in 

plasma (ng/ml) 

11/6 5.99 

(5.26; 6.48) 

5.55 

(4.43; 7.60) 

n.s. 

0.725 

Mann-Whitney test was used to compare the groups. n.s. = not significant. 

Another aspect of the analysis was to investigate, whether the change in body weight upon 

LSG influenced the change in gut permeability. Correlation analysis showed no significant 

correlation between body weight loss and the change in different markers of gut permeability 

(Table 19), except for a significant positive correlation between change in gastroduodenal 

permeability (Δ sucrose) and %EWL. This correlation, however, was mainly dependent on 

two individuals with the highest change in sucrose excretion (Figure 15). The linear 

regression model was not significant for this association. Thus, overall, the extent of weight 

loss does not seem to have an impact on the extent of change in gut permeability. 
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Table 19: Correlation of weight loss with changes in gut permeability in obese patients undergoing LSG 

 rho p-value 

Δ Lactulose (% urine recovery) / Δ Body weight  0.006 n.s. 0.987 

Δ Mannitol (% urine recovery) / Δ Body weight  0.309 n.s. 0.244 

Δ Sucrose (% urine recovery) / Δ Body weight  -0.121 n.s. 0.656 

Δ Sucralose (% urine recovery) / Δ Body weight  -0.089 n.s. 0.753 

Δ Zonulin / Δ Body weight 0.031 n.s. 0.907 

Δ Lactulose (% urine recovery) / Δ BMI -0.053 n.s. 0.848 

Δ Mannitol (% urine recovery) / Δ BMI 0.265 n.s. 0.321 

Δ Sucrose (% urine recovery) / Δ BMI -0.197 n.s. 0.463 

Δ Sucralose (% urine recovery) / Δ BMI  -0.039 n.s. 0.893 

Δ Zonulin / Δ BMI 0.197 n.s. 0.448 

Δ Lactulose (% urine recovery) / %TWL -0.091 n.s. 0.738 

Δ Mannitol (% urine recovery) / %TWL 0.444 n.s. 0.087 

Δ Sucrose (% urine recovery) / %TWL -0.406 n.s. 0.120 

Δ Sucralose (% urine recovery) / %TWL -0.257 n.s. 0.354 

Δ Zonulin / %TWL 0.002 n.s. 0.993 

Δ Lactulose (% urine recovery) / %EWL 0.179 n.s. 0.505 

Δ Mannitol (% urine recovery) / %EWL -0.388 n.s. 0.138 

Δ Sucrose (% urine recovery) / %EWL 0.526 * 0.038 

Δ Sucralose (% urine recovery) / %EWL  0.311 n.s. 0.259 

Δ Zonulin / %EWL 0.098 n.s. 0.708 

Spearman rank correlation was used for correlation analysis. n = 15-17. n.s. = not significant, * p < 0.05. 

 

Figure 15: Association between the change in sucrose urinary recovery (Δ sucrose) with the percentage 

excessive weight loss (%EWL) of patients undergoing sleeve gastrectomy 

Spearman correlation was performed. The change in sucrose urinary recovery (Δ sucrose = % urine recovery of 

sucrose at V2 - % urine recovery of sucrose at V1) was plotted against %EWL. n = 16. 
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5.1.6 Gut permeability in dependence of BMI 

As no difference in gut permeability between the non-obese and obese study group could be 

detected, a further aim was to investigate the influence of BMI on gut permeability. 

Therefore, participants from a previous weight loss study (Ott et al., 2017) were included. In 

this study, gut permeability was assessed with the same methods. The cohorts from the 

current study as well as from the previous weight loss study were combined and participants 

were assigned to one of the following groups: non-obese controls (BMI < 28 kg/m2), obesity 

class I (BMI 30–34.9 kg/m2), obesity class II (BMI 35–39.9 kg/m2), and obesity class III (BMI 

≥ 40 kg/m2). As men represented a minority and were not present in all of the groups, only 

female participants were used for analysis. The study characteristics are presented in Table 

20. The median age was comparable between the groups (p > 0.05). 

Table 20*: Characteristics of female study participants in different BMI groups 

 Median  

(25th percentile; 75th percentile) 

 Controls Obesity class I Obesity class II Obesity class III 

n* 15 11 7 13 

Age* 45 

(32; 52) 

47 

(38; 59) 

41 

(33; 54) 

40 

 (32; 50) 

Body weight (kg)* 62.1 

(56.3; 73.2) 

87.2 

(81.1; 90.7) 

101.4 

(99.4; 112.3) 

134.0 

(123.7; 154.1) 

Body mass index 

(kg/m²)* 

21.5 

(19.6; 23.5) 

33.1 

(31.3; 34.0) 

39.1 

(35.1; 39.3) 

48.5 

(44.6; 53.3) 

Total caloric intake / 

day (kcal/day) 

1964 

(1715; 2213) 

1780 

(1340; 1980) 

1690 

(1368; 1773) 

1826 

(1469; 2142) 

Carbohydrate intake 

(g/day) 

218.2 

(172.5; 238.3) 

200.0 

(141.0; 248.0) 

180.7 

(128.6; 198.3) 

202.5 

(167.4; 226.4) 

Fat intake (g/day) 

 

72.5 

(69.4; 97.0) 

64.3 

(44.4; 88.5) 

68.3 

(19.0; 76.6) 

73.5 

(57.2; 91.9) 

Protein intake 

(g/day) 

67.3 

(60.9; 83.5) 

64.6 

(62.0; 90,.5) 

66.0 

(53.7; 94.7) 

79.5 

(60.6; 90.3) 

Fibre intake (g/day) 21.1 

(18.8; 26.0) 

17.0 

(14.8; 22.0) 

18.0 

(14.2; 18.8) 

19.5 

(13.5; 21.1) 

When comparing gut permeability assessed by the four different sugars, no significant 

differences between the different groups of BMI could be detected (Figure 16A-E). The only 

significant result was detected for zonulin concentration, which was increased in obesity 

class I compared to controls (8.0 vs. 7.0 ng/ml) and decreased again at higher BMI classes 

(6.3 ng/ml in obesity class III) (Figure 16F). Levels of LBP were elevated in obesity compared 

to the controls, yet this was only significant for obesity class I (0.65 vs. 0.43 mg/dl, 

p = 0.0098) (Figure 16B). CRP was also increased in obesity, with a high variation in CRP 

level in the morbidly obese subjects (Figure 16A). 
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Figure 16*: Markers of gut permeability in dependence of BMI 

Gut permeability was measured with a 4-probe sugar test in female study participants in different BMI groups. 

Lactulose (A) and mannitol (B) represent markers of intestinal permeability. The lactulose/mannitol ratio (C) 

represents a small intestinal permeability index. Sucrose (D) reflects gastroduodenal and sucralose (E) colonic 

permeability. Zonulin concentration in blood (F) is a marker of tight junctions. P-values were determined using 

Kruskal–Wallis test and Dunn's multiple comparison test. n = 7–15 per group. * p < 0.05, *** p < 0.001. 
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Figure 17*: LBP (A) and CRP (B) levels in dependence of BMI 

LBP and CRP levels were measured in plasma of female study participants in different BMI groups. P-values 

were determined using Kruskal–Wallis test and Dunn's multiple comparison test. n = 7–15 per group. * p < 0.05, 

** p < 0.01, and *** p < 0.001. 

5.1.7 Gut microbiota composition 

Stool samples of study participants were analysed for gut microbiota composition. Five 

patients with obesity were regularly taking proton pump inhibitor (PPI) medication before 

surgery and seven patients after surgery, while none of the controls took PPIs. It is known 

that PPIs have an effect on gut microbiota. Therefore, in a first analysis, the samples were 

analysed in dependence of PPI medication. Figure 18B shows beta-diversity of patients with 

and without PPI medication before as well as after the surgery and of non-obese controls. As 

expected, there was a significant difference between the groups. Pairwise comparison of the 

groups (Supplemental Figure 1) revealed that the difference in microbiota composition 

between patients with and without PPI medication did not significantly differ before as well as 

after surgery. However, when compared with the non-obese control group, patients without 

PPI intake showed significant difference to the control group, while patients with PPI 

medication did not. Similar results were found for alpha-diversity, estimated by richness and 

Shannon-effective count, as well as the main phyla Bacteroidetes and Firmicutes (Figure 

18A, 18C). There were significant differences between obese patients with and without PPI 

medication, especially before surgery, and patients with PPI medication were more similar to 

controls than patients without PPI medication. Overall, differences between groups were 

detected for two phyla, six classes, seven orders, seven families, and 16 genera. 
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Figure 18*: Faecal microbiota analysis of study participants in dependence of PPI medication 

A) Diversity within samples (alpha-diversity) estimated by richness and Shannon-effective counts. Numbers in 

brackets below the x-axis indicate prevalence (number of analysed samples / number of total samples). B)* 

Multidimensional scaling (MDS) plot of phylogenetic distances (beta-diversity). C) Relative abundance of the main 

phyla Bacteroidetes and Firmicutes and of the family Streptococcaceae within the different groups.  

Controls: non-obese control subjects; PPI V1: obese patients with PPI medication before surgery; no PPI V1: 

obese patients without PPI medication before surgery; PPI V2: obese patients with PPI medication 6 months after 

surgery; no PPI V2: obese patients without PPI medication 6 months after surgery. 

Due to these observed differences, subjects which regularly took PPI medication before or 

after surgery were excluded from the analysis. Therefore, the final analysis was performed 

with 8 patients with obesity as well as their matched controls.  

The analysis delivered 497,737 quality- and chimera-checked reads (20,739 ± 6,344 per 

sample) which clustered in 394 operational taxonomic units (OTUs). 
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Alpha-diversity of the microbiota was different between subjects with and without obesity. 

Richness as well as Shannon effective number of species both were lower in patients with 

obesity compared to non-obese controls and increased after the surgery (Figure 19D). 

Subjects showed high inter-individual variance in beta-diversity. There was a significant 

difference (p = 0.004) between the three groups, and there seemed to be a shift of the 

microbiota composition of obese patients after surgery towards the composition of controls 

(Figure 19A). Pairwise comparison, however, showed no significant differences 

(Supplemental Figure 3). When combining obese subjects before and after surgery, the 

obese group differed significantly from the non-obese group (Figure 19B).          

When regarding the phylogram, four groups could be detected based on the similarity of the 

samples, with the control samples clustering together mainly in one group (Figure 19C). The 

patients P1-05, P1-20, P1-21 and P1-22 changed their microbiota composition after sleeve 

gastrectomy in the direction of the controls. The other four patients with obesity did not show 

major changes, whereas patient P1-18 exhibited a microbiota which was quite similar to the 

controls even before the surgery.  

When performing de-novo clustering into three groups based on the similarity of samples, 

one of the groups (group 3) solely consisted of controls. After deletion of the controls and 

editing of the samples according to their group, two separate clusters remained, which were 

not dependent on the time point of sampling (before vs. after LSG) (Supplemental Figure 4). 

Most of the patients remained in their cluster after surgery, with only two patients (P1-12 and 

P1-22) that changed clusters.  

A further intention was to look for significant differences in the relative abundance of 

taxonomic groups between the three study groups. Overall, there were differences detected 

for two phyla, three classes, four orders, five families and eight genera. The most abundant 

phyla in the samples were Firmicutes and Bacteroidetes, followed by Proteobacteria and 

Actinobacteria (Supplemental Figure 5). Bacteria from the phylum Bacteroidetes were more 

abundant in patients with obesity, while bacteria from the phylum Firmicutes were less 

abundant. The abundance of both phyla tended towards the control group after surgery 

(Figure 19E).  

Within the phylum Bacteroidetes, the class Bacteroidia and the order Bacteroidales showed 

significantly higher abundance in the obese group compared to the non-obese group and a 

tendency to decrease after surgery. The abundance of Bacteroidales almost completely 

represented the abundance of the whole phylum Bacteroidetes in the subjects. Difference 

was also found for the family Prevotellaceae, which was present in six out of eight patients 
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with obesity, but only in one single non-obese subject. Rikenellaceae significantly increased 

in abundance after the surgery. 

Within the phylum Firmicutes, there was an overall higher abundance of Clostridia in controls 

compared to obese individuals. This was also seen for the order Clostridiales, which almost 

completely represented the phylum Firmicutes, as well as the family Ruminococcaceae and 

several genera within the family Ruminococcaceae (Ruminococcaceae NK4A214, 

Ruminococcaceae UCG-005, Ruminococcaceae UCG-014, Subdoligranulum). Besides, two 

genera within the family Lachnospiraceae (Lachnospira, Anaerostipes) were significantly 

different between the groups. The genera Ruminococcaceae NK5A214 and Anaerostipes 

were, besides Rikenellaceae, the only taxonomic groups, that showed significant differences 

between obese patients before and after surgery. Ruminococcaceae NK4A214 was only 

present in samples of patients after surgery, while Aanaerostipes disappeared after surgery. 

The Selenomonadales and Acidaminococcaceae as well as the whole class of Negativicutes 

showed higher abundance in the obese group compared to the controls.  

No differences were found for the phylum Proteobacteria. However, when comparing obese 

and non-obese subjects, the relative abundance of Betaproteobacteriales and 

Burkholderiaceae from the phylum of Proteobacteria was higher in the obese group, while 

LSG did not lead to marked changes.  

Among the 394 OTUs analysed, nine showed significant differences between groups. Eight 

of them belonged to the class Clostridia within the phylum Firmicutes, while one belonged to 

Negativicutes (OTU 15: Phasolactobacerium faecium, 99.12% sequence similarity). Six of 

the OTUs were found in the family of Ruminococcacea and showed higher abundance in the 

non-obese controls compared to the patients with obesity (OTU 5: Subdolligranulum genus, 

98.38% sequence similarity;  OTU 40: Oscillibacter, 98.61% sequence similarity; OTU 41 

Ruminococcus genus, 98.84% sequence similarity; OTU 124: JN713389_g, 98.61% 

sequence similarity; OTU 765: Faecalibacterium, 97.91% sequence similarity). OTU 37 

belonged to the family Christenellacea (AB239481_g, 98.85% sequence similarity) and was 

only present in controls. OTU44 belonged to the family Lachnospiraceae (Anaerostipes 

hadrus, 99.07% sequence similarity) and is the only one that showed difference before and 

after surgery: it was present in five patients before surgery but did not occur in any patient 

after surgery. 
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Kellerer, T., Brandl, B., Büttner, J. et al. Impact of Laparoscopic Sleeve Gastrectomy on Gut Permeability in Morbidly Obese Subjects. OBES SURG 29, 2132–2143 
(2019). https://doi.org/10.1007/s11695-019-03815-6, Springer Nature (2019) 

 

Figure 19*: Faecal microbiota analysis of study participants (n = 8 per group) 

A)* Multidimensional scaling (MDS) plot of phylogenetic distances (beta-diversity) depicting the groups LSG V1, 

LSG V2 and Controls. B) Multidimensional scaling (MDS) plot of phylogenetic distances (beta-diversity) depicting 

the groups Obese (consisting of LSG V1 and LSG V2) and Controls. C)* Phylogram showing the hierarchical 

clustering of samples. D)* Diversity within samples (alpha-diversity). Numbers in brackets below the x-axis 

indicate prevalence (number of analysed samples / number of total samples). E)* Bacterial taxonomic groups with 

significant differences between groups. 

Controls: non-obese control subjects; LSG V1: obese patients before surgery; LSG V2: obese patients after 

surgery; Obese: LSG V1 and LSG V2. 
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5.2 FAHFAs 

So far, the results of the present study showed that weight loss by bariatric surgery is 

accompanied by marked metabolic and functional changes. A further aim was to investigate 

the role of body weight and bariatric surgery on the levels of a selected group of fatty acids 

credited with positive metabolic effects, the FAHFAs. 

Parts of the results of the following FAHFA analyses are included in a manuscript in 

submission (Kellerer et al., in submission). The figures and tables containing data that are 

included in that manuscript are marked with two asterisks (**). Also parts of the 

corresponding text in the methods, results and discussion section are included in that 

manuscript. 

5.2.1 Establishment of a LC-MS method for the quantification of FAHFAs in human 

serum samples 

In cooperation with the Bavarian Center for Biomolecular Mass Spectrometry (BayBioMS), 

an LC-MS method for the quantitative analysis of human serum-derived FAHFAs in the 

nano-molar range was established at our university. The final method allowed the separation 

and quantitation of 9-, 10-, and 12/13-PAHSA as well as 9-OAHSA, 9-SAHSA and 9-PAHPA. 

Detailed description of the method can be found in Methods. 

5.2.2 FAHFA concentrations after sleeve gastrectomy 

The effect of BMI and weight loss on FAHFA levels was analysed in our study cohort of 

morbidly obese subjects (BMI ≥ 40 kg/m2) before and 6 months after LSG together with age- 

and sex-matched non-obese controls (BMI < 30 kg/m2). The n number between the FAHFA 

analysis and the previous experiments differs according to in- or exclusion of participants 

with medications that might have influenced the respective analysis. Characteristics of the 

participants included in the FAHFA analysis can be found in Table 21. FAHFA levels of the 

samples were in the low nano-molar range. Inter-individual variation was high, especially in 

the non-obese control group. Significant differences were found between non-obese and 

obese subjects, with higher levels in the non-obese controls, with the exception of 9-PAHPA 

(Figure 20). At 6 months after surgery, the median weight loss of obese patients was 39.5 

(30.7; 44.7) kg. Together with weight loss, metabolic parameters of the patients improved, as 

determined by a decrease in fasting glucose and insulin, NEFA levels, and CRP 

concentration (Table 21). The levels of 9-OAHSA were significantly increased at 6 months 

after surgery, while all other FAHFAs were not altered (Figure 20).  
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Table 21**: Characteristics of morbidly obese patients undergoing bariatric surgery and non-obese 

controls used for FAHFA analysis 

 
Median 

(25th percentile; 75th percentile) 

p-value 

 

 n 

LSG V1 LSG V2 Controls LSG V1 

– 

LSG V2 

LSG V1 

– 

Controls 

LSG V2 

– 

Controls 

Age 
18 

46 

(35; 50) 

- 47 

(35; 51) 

- n.s. 

0.958 

- 

Body weight (kg) 
18 

136.0 

(119.8; 157.9) 

109.5 

(93.9; 136.6) 

63.3 

(56.2; 73.4) 

*** 

<0.001 

*** 

<0.001 

*** 

<0.001 

Body mass 

index (kg/m²) 
18 

52.6 

(46.2; 60.4) 

39.3 

(31.4; 45.0) 

21.6 

(19.6; 32.6) 

*** 

<0.001 

*** 

<0.001 

*** 

<0.001 

Fasting blood 

glucose (mg/dl) 
18 

95 

(82; 104) 

83 

(74; 90) 

89 

(84; 94) 

** 

0.001 

n.s. 

0.268 

n.s. 

0.074 

Fasting insulin 

(mg/dl) 
18 

38.3 

(26.9; 69.2) 

26.0 

(16.4; 39.2) 

11.5 

(9.5; 18.0) 

* 

0.013 

*** 

<0.001 

** 

0.002 

CRP (mg/dl) 
18 

0.55 

(0.39; 0.99) 

0.30 

(0.13; 0.56) 

0.03 

(0.02; 0.06) 

** 

0.008 

*** 

<0.001 

*** 

<0.001 

NEFA (mmol/l) 
18 

1.01 

(0.92; 1.54) 

0.54 

(0.35; 0.91) 

0.32 

(0.25; 0.41) 

*** 

<0.001 

*** 

<0.001 

** 

0.006 

Total caloric 

intake / day 

(kcal/day) 

18 
1747 

(1407; 2080) 

881 

(757; 1060) 

1990 

(1793; 2305) 

*** 

<0.001 

* 

0.021 

*** 

<0.001 

Fat intake 

(g/day) 
18 

66 

(56; 86) 

37 

(30; 40) 

79 

(70; 98) 

*** 

<0.001 

n.s. 

0.071 

*** 

<0.001 

Fat intake 

(%kcal) 
18 

35 

(33; 39) 

34 

(31; 43) 

36 

(34; 41) 

n.s. 

0.931 

n.s. 

0.438 

n.s. 

0.548 

Depending on the distribution of the data Wilcoxon matched-pairs test or paired t-test was used to compare obese 
patients before and after surgery (LSG V1 and LSG V2) and Mann-Whitney test or unpaired t-test to compare 
obese patients with non-obese controls. n.s. = not significant; * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 20**: FAHFA concentration in morbidly obese individuals before (LSG V1) and 6 months after 

laparoscopic sleeve gastrectomy (LSG V2) as well as in non-obese controls 

Wilcoxon matched-pairs test was used to compare obese patient before and after surgery (LS V1 and LSG V2) 
and Mann-Whitney test to compare obese patients with non-obese controls. n = 18 per group. * p < 0.05, ** p 
< 0.01, and *** p < 0.001. 

When analysing the change in tFAHFA and tPAHSA levels in obese patients, Spearman rank 

correlation revealed no significant correlation with the change in anthropometric, metabolic or 

dietary factors; solely the change in tPAHSAs was positively correlated with the alteration of 

NEFA levels (rho = 0.534, p = 0.024). However, this association was influenced mainly by 

one outlier (Supplemental Figure 6). 

Furthermore, the role of anthropometric, metabolic and dietary factors on tFAHFA and 

tPAHSA levels at baseline was investigated. When obese patients before surgery and non-

obese controls were analysed together, significant correlations were seen for tPAHSAs with 

BMI (rho = -0.398, p = 0.017), levels of NEFAs (rho = -0.652, p < 0.001), CRP (rho = -0.547, 

p < 0.001) and insulin (rho = -0.365, p = 0.029) as well as for tFAHFAs with BMI (rho = -

0.361, p = 0.031), NEFAs (rho = -0.618, p < 0.001) and CRP (rho = -0.457, p = 0.006) (see 

also Supplemental Figure 7). When combining these factors in a multiple linear regression 

model adjusted for obesity status, none of those factors had significant impact, except for 

NEFAs (Table 22). It should be mentioned, that CRP correlated with NEFAs (rho = 0.755, 

p < 0.001) and insulin (rho = 0.558, p < 0.001); and NEFAs also correlated with insulin 

(rho = 0.521, p = 0.001). When CPR and insulin were removed from the model, NEFAs still 

had a significant impact on tFAHFAs as well as tPAHSAs (Table 23). Additionally, the non-

obese and obese groups were also analysed separately, to exclude the influence of BMI. In 
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this analysis no significant correlations were noted between tFAHFAs or tPAHSAs and CRP, 

insulin or NEFAs. 

Table 22: Multiple regression analysis: FAHFA levels and metabolic factors adjusted for obesity status 

FAHFA Metabolic factors 

included as 

independent variables 

Coefficient p-value 

tPAHSAs CRP 

NEFAs 

Insulin 

Factor BMI 

-0.018 

-0.346 

  0.060 

-0.153 

n.s. 

n.s. 

n.s. 

n.s. 

0.837 

0.056 

0.592 

0.641 

tFAHFAs CRP 

NEFAs 

Insulin 

Factor BMI 

 0.006 

-0.344 

  0.072 

-0.133 

n.s. 

* 

n.s. 

n.s. 

0.936 

0.038 

0.484 

0.658 

A multiple regression analysis for FAHFA levels and metabolic factors adjusted for obesity status was performed: 
lm(log(FAHFA) ~ log(CRP) + log(NEFAs) + log(Insulin) + factor(BMI)). Factor BMI is 1 for obese subjects and 0 
for non-obese controls. Multiple adjusted R2 for the tPAHSAs model is 0.351 and for the tFAHFAs model 0.309. 
Estimated coefficients and p-values for the included metabolic factors are given. Asterisks indicate if the 
corresponding coefficient is not equal to zero. n = 36. n.s. = not significant; * p < 0.05. 

Table 23: Multiple regression analysis: FAHFA levels and NEFAs adjusted for obesity status 

FAHFA Metabolic factors 

included as 

independent variables 

Coefficient p-value 

tPAHSAs NEFAs 

Factor BMI 

-0.359 

-0.127 

* 

n.s. 

0.035 

0.581 

tFAHFAs NEFAs 

Factor BMI 

-0.344 

-0.040   

* 

n.s. 

0.028 

0.851 

A multiple regression analysis for FAHFA levels and NEFAs adjusted for obesity status was performed: 
lm(log(FAHFA) ~ log(NEFA) + factor(BMI)). Factor BMI is 1 for obese subjects and 0 for non-obese controls. 
Multiple adjusted R2 for the tPAHSAs model is 0.384 and for the tFAHFAs model 0.340. Estimated coefficients for 
the included metabolic factors are given. Asterisks indicate if the corresponding coefficient is not equal to zero. 
n = 36. n.s. = not significant; * p < 0.05. 

5.2.3 FAHFA concentrations in dependence of type 2 diabetes 

It was previously reported that PAHSA levels are reduced in insulin-resistant subjects and 

correlate with insulin sensitivity. Therefore, it was an aim to measured FAHFA levels in 

dependence of diabetes. FAHFAs were analysed in a group of diabetic obese individuals as 

well as and non-diabetic obese individuals from the GOBB cohort. Both groups were similar 

in age, body weight, BMI and CRP levels and consisted each of 5 females and 5 males 

(Table 24). Obese diabetic patients had significantly higher blood glucose levels as well as 
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higher HbA1c. Analysis of FAHFAs showed no significant differences in FAHFA levels 

between obese diabetic and obese non-diabetic patients (Figure 21). When diabetic and non-

diabetic subjects were combined, correlation analysis revealed positive correlation between 

body weight and tPAHSAs as well as tFAHFAs (rho = 0.666, p = 0.001; rho = 0.632, 

p = 0.003), and between BMI and tPAHSAs (rho = 0.451, p = 0.047). 

Table 24**: Characteristics of obese diabetic and non-diabetic individuals of the GOBB cohort 

 Median  

(25th percentile; 75th percentile) 

p-value 

 n 

(diabetic/ 

non-diabetic) 

Obese diabetic Obese non-diabetic Diabetic 

- 

non-diabetic 

Age 10/10 44 

(36; 47) 

42 

(35; 45) 

n.s. 

0.668 

Body weight (kg) 10/10 159.5 

(138.8; 171.1) 

145.5 

(122.7; 184.4) 

n.s. 

0.517 

Body mass index (kg/m²) 10/10 53.6 

(47.3; 57.3) 

46.7 

(42.2; 59.0) 

n.s. 

0.264 

Fasting blood glucose (mg/dl) 10/10 124 

(96; 223) 

82 

(73; 97) 

** 

0.005 

HbA1c (%) 10/10 7.1 

(6.7; 9.1) 

5.2 

(5.1; 5.3) 

*** 

<0.001 

CRP (mg/dl) 10/8 1.64 

(0.89; 3.00) 

1.35 

(0.60; 2.80) 

n.s. 

0.762 

Depending on the distribution of the data Mann-Whitney test or unpaired t-test was used to compare the groups.  
n.s. = not significant; ** p < 0.01, *** p < 0.001. 
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Figure 21**: FAHFA concentration in obese individuals with and without type 2 diabetes of the GOBB 

cohort 

Mann-Whitney test was used to compare the groups. n = 10 per group. 

Additionally, FAHFA levels of diabetic and non-diabetic individuals were analysed in a 

second cohort (enable cohort). Subjects all were healthy adults between 40 and 65 years. 

Patients assigned to the diabetic group had newly diagnosed diabetes due to elevated 

fasting glucose levels (≥ 126 mg/dl) and/or a 2h blood glucose value of ≥ 200 mg/dl in the 

oral glucose tolerance test (OGTT) of the enable programme. This group of newly diagnosed 

diabetic patients (n = 8) was compared with the non-diabetic adults showing normal fasting 

and 2h blood glucose levels (n = 20). The diabetic group had significantly higher fasting 

glucose and insulin levels and additionally higher body weight and BMI (Table 25). There 

were no significant differences in the analysed FAHFA levels between diabetic and non-

diabetic adult individuals (Figure 22). No significant correlations could be detected between 

tFAHFA or tPAHSA levels and anthropometric or metabolic parameters, when diabetic and 

non-diabetics were analysed together. 
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Table 25**: Characteristics of adult diabetic and non-diabetic individuals of the enable cohort 

 Median  

(25th percentile; 75th percentile) 

p-value 

 n 

(diabetic/ 

non-diabetic) 

Diabetic Non-diabetic Diabetic  

–  

Non-diabetic  

Age 8/20 55 

(49; 64) 

56 

(59; 58) 

n.s. 

0.607 

Body weight (kg) 8/20 98.4 

(95.9; 108.9) 

66.3 

(54.2; 75.0) 

*** 

<0.001 

Body mass index (kg/m²) 8/20 31.9 

(30.7, 33.4) 

21.8 

(20.6; 23.1) 

*** 

<0.001 

Fasting blood glucose (mg/dl) 8/20 118 

(93; 126) 

78 

(72; 82) 

*** 

<0.001 

Fasting insulin (µU/ml) 8/20 10.9 

(7.8; 14.7) 

2.0 

(2.0; 2.9) 

*** 

<0.001 

HOMA-IR 8/20 3.00 

(1.90; 4.35) 

0.39 

(0.36; 0.58) 

*** 

<0.001 

CRP (mg/dl) 8/20 0.32 

(0.29; 0.43) 

0.06 

(0.04; 0.12) 

** 

0.001 

Depending on the distribution of the data Mann-Whitney test or unpaired t-test was used to compare the groups.  
n.s. = not significant; ** p < 0.01, *** p < 0.001. 
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Figure 22**: FAHFA concentration in individuals with and without type 2 diabetes of the enable cohort 

Mann-Whitney test was used to compare the groups. Adults – diabetic: n = 8; Adults – non-diabetic: n = 20. 
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5.2.4 FAHFA concentrations in dependence of age and sex 

FAHFA concentrations were also measured in a group of healthy, non-diabetic individuals 

enrolled in the enable study cohort to investigate the association of FAHFA levels with age 

and sex. Adolescents and adults were all normal weight (BMI 18.5–25 kg/m2), while a slightly 

higher BMI for elderly people was accepted (up to 30 kg/m2) due to the natural increase in 

BMI with higher age. The group of elderly also showed slightly, but significantly increased 

fasting glucose levels and HOMA-IR compared to the younger groups (Table 26). However, 

levels were still in the normal range (Gayoso-Diz et al., 2013; Müller-Wieland et al., 2016), 

except for the HOMA-IR value of one adult and one elderly person (5.16 and 3.09, 

respectively). Regarding FAHFA analysis, the adult group showed significantly increased 

levels of 9-PAHPA, 9-PAHSA and 10-PAHSA as well as of tPAHSAs and tFAHFAs 

compared with the adolescents (Figure 23). In the elderly subjects the levels of those 

FAHFAs were not significantly different any more from the levels of the adolescents, except 

for 9-PAHPA, which remained still elevated (Figure 23). To investigate the influence of sex 

on FAHFA levels, the total of 30 females and 30 males from all age groups were compared 

and no differences were detected for FAHFA levels (Figure 24). The same was true for the 

separate analysis of females and males in each of the three different age groups (data not 

show).  

When all three different age groups were analysed together, there were no significant 

correlations between levels of tFAHFAs or tPAHSAs and anthropometric or metabolic 

variables. Separate analysis of the adult group showed significant negative correlations of 

BMI with tFAHFAs (rho = -0.672, p = 0.001) and tPAHSAs (rho = -0.504, p = 0.023), 

respectively (Supplemental Figure 8). A subsequent multiple linear regression analysis 

adjusted for age was performed and revealed an independent effect of BMI on tFAHFA as 

well as tPAHSA levels (Table 27). 

 

 

 

 

 



Results 

76 
 

Table 26**: Characteristics of individuals from three different age groups of the enable cohort 

 Median  

(25th percentile; 75th percentile) 

p-value 

 n Adol. Adults Elderly Analysis 

of 

variance 

Adol. 

 –  

Adults 

Adol.  

–  

Elderly 

Adults  

–  

Elderly 

Age 20/20/20  22 

(21; 23) 

56 

(59; 58) 

77 

(75; 80) 

*** 

<0.001 

*** 

<0.001 

*** 

<0.001 

*** 

<0.001 

Body weight 

(kg) 

20/20/20 66.2 

(58.9; 74.4) 

66.3 

(54.2; 75.0) 

69.2 

(61.9; 78.4) 

n.s. 

0.328 

- - - 

Body mass 

index (kg/m²) 

20/20/20 20.4 

(19.9; 21.3) 

21.8 

(20.6; 23.1) 

24.9 

(22.8; 26.9) 

*** 

< 0.001 

n.s. 

0.152 

*** 

<0.001 

*** 

<0.001 

Fasting blood 

glucose 

(mg/dl) 

20/20/20 77 

(73; 81) 

78 

(72; 82) 

87 

(81; 89) 

*** 

<0.001 

n.s. 

0.919 

*** 

<0.001 

*** 

<0.001 

Fasting insulin 

(µU/ml) 

20/20/20 2.0 

(2.0; 3.2) 

2.0 

(2.0; 2.9) 

2.9 

(2.0, 6.1) 

n.s. 

0.067 

- - - 

HOMA-IR 20/20/20 0.39 

(0.37; 0.58) 

0.39 

(0.36; 0.58) 

0.62 

(0.42; 1.32) 

** 

0.007 

n.s. 

1.0 

* 

0.027 

* 

0.013 

CRP (mg/dl) 20/20/20 0.04 

(0.02; 0.06) 

0.06 

(0.04; 0.12) 

0.13 

(0.08; 0.19) 

** 

0.004 

n.s. 

0.449 

** 

0.003 

n.s. 

0.176 

Adol. = Adolescents: 18–25 years; Adults: 40–65 years; Elderly: 75–85 years. Depending on the distribution of the 
data Kruskal-Wallis test with Dunn’s post test or one-way ANOVA and Tukey post test were used to compare the 
groups. n.s. = not significant; * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 23**: FAHFA concentrations in different age groups of the enable cohort 

Adolescents: 18–25 years; Adults: 40–65 years; Elderly: 75–85 years. Kruskal-Wallis test with Dunn’s post test 
was used to compare the groups. n = 20 per group. * p < 0.05, ** p < 0.01. 



Results 

77 
 

tF
A
H
FA

s

tP
A
H
S
A
s

9-
P
A
H
S
A

10
-P

A
H
SA

12
/1

3-
P
A
H
S
A

9-
O
A
H
S
A

9-
S
A
H
S
A

9-
P
A
H
P
A

0

5

10

15

20
Females

Males

F
A

H
F

A
 c

o
n

c
e
n

tr
a
ti

o
n

 i
n

 s
e
ru

m

(n
m

o
l/
l)

 
Figure 24**: FAHFA concentration in dependence of sex (enable cohort) 

Mann-Whitney test was used to compare females and males. n = 30 per group. 

Table 27: Multiple regression analysis: FAHFA levels and BMI adjusted for age  

FAHFA Coefficient BMI Adjusted R2 p-value 

tPAHSAs -1.067 0.154 * 0.024 

tFAHFAs -1.057 0.155 * 0.031 

A multiple regression analysis for FAHFA levels and BMI adjusted for age was performed: lm(log(FAHFA) ~ 
log(BMI) + factor(age)). Factor age = adolescents, adults, elderly. Estimated coefficients for BMI and adjusted R2 
of the model are given. Asterisks indicate if the corresponding coefficient is not equal to zero. n = 60. * p < 0.05. 

5.2.5 FAHFA concentrations in dependence of specific diets 

Last, it was of interest to investigate the association of systemic FAHFA levels with diet. 

Therefore, FAHFA levels of omnivores that habitually followed a normal mixed diet including 

meat and fish (3 females, 6 males) were compared with those of a group of subjects 

practicing a vegetarian or vegan diet (7 females, 3 males). Both groups slightly differed in 

age, but body weight, BMI and fasting glucose levels were similar (Table 28). The vegetarian 

group exhibited significantly lower levels of all different FAHFAs analysed compared to the 

omnivore group, with the exception of 9-SAHSA and 12/13-PAHSA (Figure 25).  
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Table 28**: Characteristics of vegetarians and omnivores  

 Median  

(25th percentile; 75th percentile) 

p-value 

 n 

(vegetarians/ 

omnivores) 

Vegetarians Omnivores Vegetarians  

-  

Omnivores 

Age 10/9 22 

(20; 23) 

28 

(26; 36) 

** 

0.002 

Body weight (kg) 10/9 63.8 

(56.4; 76.3) 

81.3 

(56.8; 84.1) 

n.s. 

0.206 

Body mass index (kg/m²) 10/9 21.6 

(19.8; 22.6) 

23.0 

(20.4; 24.9) 

n.s. 

0.159 

Fasting blood glucose (mg/dl) 10/9 88 

(86; 90) 

92 

(89; 100) 

n.s. 

0.061 

Depending on the distribution of the data Mann-Whitney test or unpaired t-test was used to compare the groups. 
n.s. = not significant; ** p < 0.01. 
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Figure 25**: FAHFA concentration in individuals following vegetarian diet (vegetarians) in comparison to 

individuals with normal diet (omnivores) 

Mann-Whitney test was used to compare the groups. Vegetarians: n = 10. Omnivores: n = 9 for for tFAHFAs, 
tPAHSAs, 9-OAHSA, 9-SAHSA and 9-PAHPA, and n = 5 for 9-PAHSA, 10-PAHSA and 12/13-PAHSA. * p < 0.05, 
** p < 0.01, and *** p < 0.001. 

To further explore the effect of diet on FAHFA levels, FAHFAs were analysed in a group of 

lean (BMI < 27 kg/m2), healthy, young men undergoing overfeeding for one week (Ott et al., 

2018). The median weight gain of participants was 1.2 (0.6; 1.4) kg of body weight during the 

period of overfeeding. Fasting blood glucose levels and levels of free fatty acids (NEFAs) 
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were decreased after the intervention, while fasting insulin and CRP levels were unaltered 

(Table 29). The levels of FAHFAs in fasted serum were increased after one week of 

overfeeding (Figure 26), which was highly significant for all different FAHFAs analysed. 

Spearman correlation analysis revealed no significant correlation at baseline between 

anthropometric, metabolic or dietary parameters and tPAHSA or tFAHFA levels, except for 

CRP and FAHFAs (rho = -0.560; p = 0.0499). Furthermore, no significant correlation was 

seen for an increase in tFAHFA or tPAHSA levels and changes of anthropometric, metabolic 

or dietary parameters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Results 

80 
 

Table 29**: Characteristics of young men undergoing short-term overfeeding 

 Median  

(25th percentile; 75th percentile) 

p-value 

 n T1 T2 T1 – T2 

Age 15 22 

(21; 24) 

- - 

Body weight (kg) 15 79.6 

(66.8; 82.8) 

79.6 

(68.1; 84.2) 

*** 

<0.001 

Body mass index (kg/m²) 15 23.3 

(21.3; 24.9) 

23.5 

(21.7; 25.2) 

*** 

<0.001 

Fasting blood glucose (mg/dl) 15 85 

(78; 87) 

80 

(71; 84) 

* 

0.037 

Fasting insulin (µU/ml) 15 4.3 

(4.0; 5.0) 

4.5 

(3.9; 5.2) 

n.s. 

0.265 

HOMA-IR 15 0.9 

(0.8; 1.1) 

0.9 

(0.8; 1.0) 

n.s. 

0.574 

CRP (mg/dl) 13 0.02 

(0.01; 0.03) 

0.04 

(0.01; 0.04) 

n.s. 

0.946 

NEFA (mmol/l) 15 0.37 

(0.28; 0.54) 

0.17 

(0.12; 0.23) 

*** 

<0.001 

Total caloric intake / day 

(kcal/day) 

15 2570 

(2330; 3490) 

4015 

(3910; 4252) 

*** 

<0.001 

Fat intake (g/day) 15 112 

(80; 131) 

214 

(209; 227) 

*** 

<0.001 

Fat intake (%kcal) 15 35 

(32; 39) 

48 

(48; 48) 

*** 

<0.001 

SFA intake (g) 15 50 

(32; 58) 

114 

(112; 117) 

*** 

<0.001 

SFA intake (%) 15 15 

(14; 17) 

25 

(25; 26) 

*** 

<0.001 

Protein intake (g) 15 96 

(80; 123) 

181 

(176; 191) 

*** 

<0.001 

Protein intake (%kcal) 15 14 

(13; 15) 

18 

(18; 18) 

** 

0.001 

Carbohydrate intake (g) 15 312 

(250; 380) 

341 

(332; 361) 

n.s. 

0.169 

Carbohydrate intake (%kcal) 15 44 

(42; 49) 

34 

(34; 34) 

*** 

<0.001 

Depending on the distribution of the data Wilcoxon matched-pairs test or paired t-test was used to compare 
participants before (T1) and after (T2) intervention. Intervention consisted of a 7 day overfeeding with a surplus of 
1000 kcal/day. n.s. = not significant; * p < 0.05, ** p < 0.01, and *** p < 0.001. 
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Figure 26**: FAHFA concentration in individuals undergoing short-term overfeeding 

Wilcoxon matched-pairs test was used to compare participants before (T1) and after (T2) intervention. 

Intervention consisted of a 7 day overfeeding with a surplus of 1000 kcal/day. n = 15. ** p < 0.01, *** p < 0.001. 
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6. Discussion  

The present study was performed with the aim to investigate complications of severe obesity. 

Especially, it was interesting to analyse whether gut permeability is altered in patients with 

obesity compared to non-obese controls and if sleeve gastrectomy can modulate 

permeability. The effect of sleeve gastrectomy on the microbiota composition as well as 

inflammatory and metabolic markers was an additional objective of the study.  

6.1 LSG induced energy restriction and weight loss 

The patients included in this study all had a BMI ≥ 40 kg/m² (obesity stage III) with or without 

comorbidities. They therefore fulfilled the indication for bariatric surgery, if conservative 

therapies are exhausted (Hauner et al., 2014). Patients underwent LSG, whereby about 90% 

of the stomach volume was removed, which created a stomach pouch with a residual volume 

of approximately 50-150 ml. The median weight loss within the first half a year after surgery 

was 40.2 kg. This corresponds to 50.9% excessive weight loss. In the studies summarised in 

a recent meta-analysis, the mean %EWL 6 months after LSG varied between 43.9% and 

67.8% (Ye et al., 2017). Weight loss is often achieved rapidly within the first year, while some 

studies report moderate weight regain after 2 to 6 years, assessed by decreasing %EWL 

(Himpens et al., 2010; Deitel et al., 2011; D'Hondt et al., 2011). Long-term follow up studies 

for sleeve gastrectomy are still rare. One recent review reported excessive weight loss 

between 56.4% and 62.5% within 5 to 11 years after surgery (Juodeikis and Brimas, 2017).  

Absolute weight loss during the first 6 months after surgery was neither dependent on initial 

body weight nor on BMI. However, initial body weight as well as initial BMI showed a 

significant negative correlation with %EWL. This indicates that all patients experienced 

similar absolute weight loss independent of initial body weight and therefore the %EWL was 

lower in patients with higher initial weight. Within the first 6 months after surgery, weight loss 

is very fast and most likely the maximal weight loss state is not reached yet. Therefore, those 

associations should be revised 12 to 48 months after surgery, to see if the maximal %EWL is 

dependent on initial body weight and if it takes longer for patients with higher initial body 

weight to reach the status of maximal %EWL. Livhits and colleagues reviewed the existing 

literature with follow up times ranging from 6 to 144 months and found suggestive evidence 

for a negative association between initial BMI or super-obesity and weight loss, especially 

when reported in relative terms as EWL, after bariatric surgery (Livhits et al., 2012). 

Besides weight loss, patients also reduced their waist as well as hip circumferences after 

surgery. As the decrease in waist circumference was higher than that of the hip, the waist-to-

hip ratio decreased as well. Increased waist circumference (> 94 cm for males, < 80 cm for 
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females) as well as increased waist-to-hip ratio (≥ 0.90 cm for males, ≥ 0.85 cm for females) 

indicate abdominal adiposity and an elevated risk of metabolic complications (World Health 

Organization, 2011). LSG could therefore decrease the patients risk for comorbidities; 

however, none of the patients reached the above mentioned cut-off points defined by the 

WHO by 6 months post-operative.  

The main reason for weight loss after sleeve gastrectomy is the reduced stomach size and 

the resulting decreased food intake and early satiety. The surgeons in our cooperating clinics 

used bougie sizes of 36 and 42 Fr (1 French (Fr) equals ⅓ mm), which are common sizes 

(Kehagias et al., 2016), and created sleeves with a remaining gastric volume of 

approximately 50–150 ml. Next to the restriction in stomach size, also accelerated gastric 

emptying and transit time can occur, that may diminish energy absorption from the diet 

(Melissas et al., 2008; Shah et al., 2010). Furthermore, hormonal changes after sleeve 

gastrectomy contribute to appetite regulation and weight loss (Kehagias et al., 2016). In the 

weeks after surgery, a nutritional therapy has to be implemented with stepwise progression 

to normal diet (Mechanick et al., 2013). One of our cooperating hospitals follows a 

standardised nutritional plan with prescribing a predominantly liquid diet during the first two 

weeks post-surgery, followed by two further weeks of pureed food. Afterwards, a balanced 

light normal diet is built up, whereby it is important to have small portion sizes and to pay 

attention to adequate liquid intake (Hüttl et al., 2016).  

According to dietary protocols, the obese study patients had an extremely reduced energy 

intake of 882 kcal/day (median) at 6 months after surgery compared to 1826 kcal/day before 

surgery. Bioelectrical impedance analysis (BIA) of body composition was measured in a 

subgroup of patients after surgery, which revealed a calculated basal metabolic rate of 

1956 kcal, which equates to 3130 kcal total energy expenditure using a PAL level of 1.6 

(Supplemental Table 2). As physical activity was not measured in the present study, an 

average PAL level of 1.6 was used, defining mostly sedentary activity with temporary 

standing and walking (Deutsche Gesellschaft für Ernährung, Österreichische Gesellschaft für 

Ernährung, Schweizerische Gesellschaft für Ernährung, 2019). Energy demand therefore by 

far exceeded energy intake and patients were still in a state of catabolism and proceeding 

weight loss. The total amount of all macronutrients, micronutrients and vitamins in the diet 

was reduced after surgery. The percentage of macronutrient intake, however, was not 

significantly altered, suggesting that dietary habits did not change much. The 

recommendation of the DGE (Deutsche Gesellschaft für Ernährung e.V.) that carbohydrates 

should represent more than 50 energy percent of the diet was not reached by the study 

patients. Thus, the percentage of fats and protein was slightly higher than recommended 

(recommendation: protein: <15 energy%, fats: 30 energy%) (Deutsche Gesellschaft für 
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Ernährung, Österreichische Gesellschaft für Ernährung, Schweizerische Gesellschaft für 

Ernährung, 2019). 

The median intake of all vitamins, except Niacin and Biotin, were below the 

recommendations, although nine patients took regular dietary supplements after surgery. 

Nutritional deficits are a well described complication after bariatric surgery, whereby patients 

undergoing malabsorptive and combined surgery techniques, such as RYGB, are more 

affected than those with restrictive SG (Gehrer et al., 2010). Deficiencies are most frequent 

for vitamin B12, iron, vitamin D and folic acid (Davies et al., 2007). Factors that can 

contribute to vitamin deficiencies after SG are caloric restriction, nausea and emesis, 

increased gastrointestinal transit time and resection of the gastric fundus (Davies et al., 

2007; Snyder-Marlow et al., 2010). Through the resection of the fundus, the number of 

parietal cells is reduced which produce the intrinsic factor for the absorption of cobalamin. 

Furthermore, also the secretion of gastric acid is diminished, which is important for vitamin 

B1 as well as iron metabolism and absorption (Davies et al., 2007; Bal et al., 2012). Proton 

pump inhibitors additionally reduce gastric acid secretion.  

Dietary intake of patients with obesity shortly before surgery was quite similar to the controls. 

Even total energy intake was not different between groups (1826 vs. 1979 kcal/day), which 

may not have been expected. Though, it has to be considered that obese patients recorded 

their diet shortly before surgery. All patients have had nutritional counselling and were 

encouraged to aim for a slight weight reduction already before surgery to prove motivation as 

well as to reduce liver volume and enhance metabolism, which facilitates the surgical 

procedure and reduces the risk of complications. Furthermore, underreporting is a well-

described effect for self-reported dietary intake, with greater prevalence in people with 

overweight and obesity, as well as elderly people and females (Braam et al., 1998; 

Johansson et al., 2001; Gemming et al., 2014). As study patients were matched for age and 

sex, the difference in BMI may account for higher underreporting in patients with obesity 

versus controls. Moreover, estimation of portion sizes may differ between lean and obese 

subjects. Finally, the transfer of the data from the dietary record to the OptiDiet programme 

can contain sources of error, for example if special food items are not listed in the database 

and similar products have to be selected. It was tried to minimize those effects by detailed 

information for the participants and the use of standardization lists for food items and portion 

sizes. The composition of the diet, i.e. the content of macro- and micronutrients as well as 

vitamins was also very similar between obese patients before surgery and non-obese 

controls. The higher intake of protein in percent of the total energy intake in the obese 

patients may be due to the consumption of protein drinks by some of the participants and the 

general recommendation of protein rich diets for achieving weight loss.  
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Regarding the non-obese controls, total energy expenditure was calculated according to 

bioelectrical impedance analysis, using a PAL level of 1.6. This calculated total energy 

expenditure (2247 kcal) was higher than the reported dietary intake (1979 kcal/day). The 

above mentioned factors as well as an overestimation of the physical activity level could 

contribute to this discrepancy.  

6.2 Effect of LSG on metabolic and inflammatory parameters 

In our study cohort, overall metabolic status was impaired in the obese group compared to 

the control group. Regarding liver enzymes, γ-GT was significantly elevated in patients with 

obesity. Liver enzymes in blood are enhanced in case of liver damage and disease. NAFLD 

is a common comorbidity in obesity, with steatosis being the hallmark of this disease 

(Fabbrini et al., 2010). The prevalence of NAFDL increases with increasing BMI and can be 

prevalent in more than 90% of patients with morbid obesity undergoing bariatric surgery 

(summarised by Chalasani et al., 2012). Fatty acid accumulation and inflammation of the 

liver are closely associated with insulin resistance and cardiovascular disease (Fabbrini et 

al., 2010; Gaggini et al., 2013). The decrease in circulating liver enzymes after bariatric 

surgery, also seen in our study cohort, reflects the effect of weight loss on the reduction in 

chronic liver damage. 

Dyslipidemia and an increase in NEFAs are further consequences of NAFLD and adiposity. 

In obesity, release of free fatty acids from adipose tissue is increased and ectopic fat storage 

in liver, muscle and other tissue occurs; moreover, in the pathogenesis of NAFDL and insulin 

resistance, de novo lipogenesis in liver is elevated and fatty acids are esterified into 

triglycerides (TG) and either stored in the liver or secreted as very low-density lipoprotein 

(VLDL) (Jung and Choi, 2014). In accordance with this, TG and NEFAs were elevated in our 

obese study patients, while HDL was decreased. Interestingly, LDL was not significantly 

different between non-obese and obese subjects. After surgery, the concentration of TGs 

decreased significantly, which has been seen in most studies on bariatric surgery so far 

(Heffron et al., 2016). Levels of NEFAs also decreased after surgery, as observed before 

(Thomas et al., 2016; Farey et al., 2017). This may be due to a decrease in adipose tissue 

mass as well as a decrease in insulin-resistance, as insulin has anti-lipolytic effects and 

inhibits the release of NEFAs from adipose tissue (Bierman et al., 1957). 

Erythrocytes decreased after surgery in our study cohort together with a decrease in 

hemoglobin concentration. A shortage of iron, folic acid or vitamin B12, which are essential 

for the formation of erythrocytes, may be responsible. Dietary protocols revealed a significant 

decrease in iron uptake and intake was clearly below the recommendations (men: 

10 mg/day, menstruating women 15 mg/day) (Deutsche Gesellschaft für Ernährung, 
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Österreichische Gesellschaft für Ernährung, Schweizerische Gesellschaft für Ernährung, 

2019). The increase in bilirubin after surgery can further hint to an elevated erythrocyte 

breakdown. Leucocytes were significantly elevated in obesity and also thrombocytes were 

slightly increased, however, not reaching statistical significance. Systemic low-grade 

inflammation, as commonly observed in obesity, can explain these findings (Zaldivar et al., 

2006; Samocha-Bonet et al., 2008). Both leucocytes as well as thrombocytes decreased 

after bariatric surgery, which is in accordance with former studies (Iannelli et al., 2013; 

Johansson et al., 2013), and possibly reflect a decrease in systemic inflammation. 

LBP was measured as a marker for gut-derived inflammation. LPS is a key factor in the 

inflammatory process of obesity. Elevated concentrations in the circulation are due to high fat 

diets, an increase in gut permeability or alterations in the microbiota profile (Tuomi and 

Logomarsino, 2016). As LPS has a short half-life and its accurate quantification in blood 

samples is difficult (Novitsky, 1998), LBP was used as a surrogate marker. It was suggested 

that LPS is a sufficient trigger for the onset of obesity, insulin resistance and type 2 diabetes 

(Cani et al., 2007a). Moreover, LPS and LBP levels were reported to be associated with 

insulin resistance (Moreno-Navarrete et al., 2012; Jayashree et al., 2014). It was therefore 

also investigated, if LBP levels differed between diabetic and non-diabetic obese subjects 

before surgery. In the present study cohort, there was no effect of diabetes on LBP levels. 

However, as some of the diabetic patients were taking metformin before surgery, which 

might have an effect on LBP levels (Moreno-Navarrete et al., 2012), it might not be possible 

to draw reliable conclusions about LBP levels in dependence on diabetes. After surgery, LBP 

levels did not significantly decrease. This may point towards unaltered gut permeability and 

gut microbiota composition at 6 months after surgery. Other studies have recorded reduced 

LPS and LBP levels after bariatric surgery (Tuomi and Logomarsino, 2016). However, it can 

take up to one year until this decrease becomes significant (van Dielen et al., 2004).  

Systemic inflammation, measured by CRP levels, was increased in obesity. Inflammation 

plays an important role in the development of diabetes and CRP has been postulated to be a 

predictor of an elevated diabetes risk (Hu et al., 2004); yet it was not able to see any 

difference in CRP levels between obese diabetic and non-diabetic subjects. Just as for LBP, 

a possible association of diabetes with CRP might have been masked by the metformin 

intake of diabetic patients, as metformin can lower CRP levels (Carter et al., 2005). After 

bariatric surgery, CRP was significantly decreased. Selvin and colleagues showed that 

weight loss per se, irrespective of the method of weight loss (i.e. life style change, dieting, 

exercise or bariatric surgery), decreases CRP levels, and the magnitude of weight loss 

correlates with the decline in CRP (Selvin et al., 2007). As LBP levels were unaltered, 

metabolic endotoxemia does not seem to be responsible for the decrease in CRP. Therefore, 
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other factors, such as a reduction of adipose tissue with a decrease of macrophage 

infiltration and inflammatory cytokine production, may have contributed to the overall decline 

in the inflammatory load (Labrecque et al., 2017). 

Before surgery, as expected, patients with obesity had significantly elevated fasting glucose 

and insulin levels, and levels were higher in obese diabetic compared to non-diabetic 

patients. At six months after surgery, there was an improvement in glucose metabolism, seen 

by a reduction in fasting glucose and insulin. The reduction in systemic inflammation and free 

fatty acids may have contributed to this. Moreover, alterations in gastrointestinal hormones 

(Basso et al., 2011; Jacobsen et al., 2012), the enforced hypocaloric diet after surgery 

(Henry et al., 1985) and improved ß-cell function (Kashyap et al., 2010) could contribute to 

these improvements. Patients with diagnosed type 2 diabetes showed improvement or even 

resolution of the disease. For obese patients with diabetes, it has been shown that bariatric 

surgery is more effective than medical therapy alone to improve or even resolve diabetes in 

the long term (Schauer et al., 2017). Overall, our study patients showed improvements in 

metabolic and inflammatory markers, proving that this type of bariatric surgery is a metabolic 

surgery. 

It has to be mentioned that blood glucose levels and routine laboratory parameters of 

patients with obesity were received from laboratory reports of the clinics. Therefore, there 

were not the same clear standardised fasting conditions as for samples from the control 

subjects, and there hence may be some bias. Insulin and inflammatory parameters of 

patients with obesity were measured from blood drawn during surgery. Non-diabetic obese 

patients received dexamethasone as anti-emetic agent during surgery, which increases 

glucose levels and has anti-inflammatory and immunosuppressive properties. Therefore, it 

cannot be excluded that there was a confounding effect of dexamethasone as well as the 

surgical procedure per se on insulin and inflammatory parameters of obese patients at V1. 

6.3 LSG induced significant changes in gut permeability 

For assessment of gut permeability a standardized 4-probe sugar test (Norman et al., 2012) 

was used. Next to the sugar test, also 51Cr-EDTA and polyethylene glycols (PEGs) can be 

used for in vivo determination of gut permeability. In a previous study of our group, the sugar 

test was used in parallel to the PEG test (Ott et al., 2017). While the sugar test provided 

information on the localisation of altered barrier function, the PEG test provided size-

dependent assessment of gut permeability. Both tests revealed similar outcome (Ott et al., 

2017). However, the analysis of PEGs was challenging with high background levels. 

Moreover, the parallel performance of both tests increased complexity and was challenging 

for study participants. In contrast to the study by Ott et al., the participants of the present 
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study performed the permeability test at home. We therefore tried to minimize complexity of 

the test to avoid errors during test performance. Thus, we decided to solely use the sugar 

test in combination with zonulin levels in blood to determine gut permeability in the present 

study.  

The present study could show that gastroduodenal as well as small intestinal permeability in 

patients with obesity were decreased 6 months after LSG. Regarding small intestinal 

permeability, the decrease in permeability was seen for the paracellular as well as for the 

transcellular route of permeation. As both routes of permeation were changed in the same 

direction, the L/M ratio was not altered. It is generally assumed, that the urinary recovery rate 

of mannitol is proportional to the intestinal mucosal area and therefore remains stable, while 

the urinary recovery of lactulose is dependent on the tight junction regulation (Gaggiotti et al., 

1995; Sigalet et al., 2000; Savassi-Rocha et al., 2014). As the intestine is not affected by 

LSG, the mannitol excretion rate is assumed to be stable. However, an accelerated gastric 

emptying and an increase in intestinal peristalsis have been described after LSG (Shah et 

al., 2010; Melissas et al., 2013), which, at least in part, could contribute to the observed 

decrease in urinary recovery of lactulose as well as mannitol. Yet, recent studies on gut 

permeability after caloric restriction and associated weight loss also reported a decrease in 

gastroduodenal as well as small intestinal permeability (Xiao et al., 2014; Damms-Machado 

et al., 2017; Ott et al., 2017), which would support the assumption that our findings are not 

solely dependent on changes in peristalsis, but also on caloric restriction and weight loss.  

Gastroduodenal permeability was also decreased after surgery. This could hint to a reduction 

in inflammation and ulcerative lesions in the mucosa of the esophagus, stomach and 

duodenum (Sutherland et al., 1994). However, as gastroduodenal permeability was not 

elevated in obese patients before surgery, this explanation is not likely. Alternatively, a 

reduction of gastric surface area due to gastrectomy could result in a reduction of urinary 

excretion of sucrose. Moreover, caloric restriction per se can decrease gastroduodenal 

permeability, as described in a recent study (Ott et al., 2017). 

In contrast to gastroduodenal and intestinal permeability, the permeability of the colon was 

increased after surgery. Therefore, permeability of the different sections of the 

gastrointestinal tract seems to be regulated by different mechanism. As weight loss induced 

by caloric restriction decreases colonic permeability (Ott et al., 2017), other mechanisms 

apart from weigh loss have to be responsible for the alteration in colonic permeability after 

LSG, and those still need to be elucidated.  

In addition to the sugar test, plasma zonulin concentration has been measured in the study. 

This protein interacts with tight junctions, thereby increasing paracellular intestinal 
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permeability (Fasano et al., 1995). Despite a decrease in paracellular permeability, the 

concentration of zonulin was not altered 6 months after LSG. This result indicates that other 

factors, such as nutrients, may be involved in the regulation of intestinal paracellular 

permeability, as measured by lactulose excretion. Several studies so far have demonstrated 

the potential influence of nutrients on gut barrier function and translocation of LPS (Osanai et 

al., 2007; Bergheim et al., 2008; Suzuki and Hara, 2010). 

Moreover, it is important to note that recently there have been concerns regarding the 

preciseness of the widely used zonulin ELISA kit which was also used in the present study. 

After completion of the data, a study was published that claimed that the kit in question does 

not detect zonulin (pre-haptoglobin 2), but rather a variety of other proteins that are 

structurally and possibly functionally related to zonulin, such as members of the mannose-

associated serine protease family (Scheffler et al., 2018). The impreciseness of the kit could 

provide an explanation for the discrepancy between decreased paracellular intestinal 

permeability and unaltered zonulin levels in the present study. 

The effect of bariatric surgery on gut permeability has barely been studied so far in other 

studies. In a human study by Savassi-Rocha and colleagues, RYGB surgery led to a 

decrease in urinary excretion of mannitol at 1 month after surgery, but values returned to 

preoperative levels at 6 months after the procedure (Savassi-Rocha et al., 2014). 

Gastroduodenal and colonic permeability have not been investigated. The results from this 

study are most likely due to the surgery specific shortening of the intestine and subsequent 

intestinal adaptions (Savassi-Rocha et al., 2014). In comparison to RYGB, sleeve 

gastrectomy is a less invasive procedure that reduces stomach size, but does not directly 

affect the intestine. Therefore, it is likely that the observed alterations in gut permeability 6 

months after LSG are primarily dependent on weight loss and caloric restriction rather than 

on the surgical procedure itself. Yet, as mentioned before, modifications in gastric emptying 

and small bowel transit time may be contributing factors. The results of our present study are 

largely supported by a recent study by Blanchard and colleagues that investigated the effect 

of sleeve gastrectomy on gut permeability in diet-induced obese mice. In these mice, the 

paracellular and transcellular jejunal permeability decreased after sleeve gastrectomy, 

whereas colonic permeability was increased (Blanchard et al., 2017). Just recently, however, 

the group of Wilbrink and colleagues published the results of another human study on gut 

permeability after LSG (Wilbrink et al., 2020). Part of that study had previously been 

published as a conference abstract (Ovink-Wilbrink et al., 2014). This group reported a slight 

decrease in gastroduodenal permeability in obese patients 6 months after LSG to levels not 

significantly different to lean controls. The decrease, however, was not significant. Small 

intestinal permeability, assessed by lactulose/rhamnose ratio, was increased at 6 months 
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after surgery, and colonic permeability was unaltered. The authors concluded from their 

results, that disaccharides (paracellular route of transport) are not affected, while 

monosaccharides (transcellular route of transport) are reduced after SG (Wilbrink et al., 

2020). This conclusion cannot be supported by our study, as we found differences in urinary 

secretion of monosaccharides as well as disaccharides after surgery. We do not have a clear 

explanation for the differences in the results of our study and the study by Wilbrink et al., as 

study designs were quite similar; however, in part different sugars were used for assessment 

of permeability. 

In our study participants, the change in gut permeability was not associated with weight loss 

parameters. Therefore, the change in gut permeability seems to be independent of the 

excess of weight loss, and caloric restriction may be more important for alterations in gut 

permeability. As reported from the dietary protocols, the total caloric intake 6 months after 

surgery was still significantly decreased in comparison to the pre-surgery state. The same 

conclusions have been made by a recent study that showed that most effects of caloric 

restriction and associated weight loss on gut permeability disappeared in the follow-up period 

with normal diet, although participants did not gain substantial weight (Ott et al., 2017).  

The decrease in gut permeability also did not correlate with the reduction in overall 

inflammation, measured by CRP, or with alterations in LBP levels. Interestingly, LBP levels 

did not decrease after surgery, although intestinal permeability was decreased. However, as 

colonic permeability in contrast to intestinal permeability increased after surgery, there was 

no overall decrease in paracellular permeability that could restrain the translocation of LPS. 

Moreover, LPS can use other routes of translocation into the circulation, for example via 

chylomicron incorporation (Ghoshal et al., 2009). 

Gut permeability was also compared between obese diabetic and non-diabetic patients, as 

permeability has been shown to be increased in both type 1 as well as type 2 diabetes 

mellitus (Mooradian et al., 1986; Damci et al., 2003; Secondulfo et al., 2004; Bosi et al., 

2006; Sapone et al., 2006; Horton et al., 2014; Sato et al., 2014). While in type 1 diabetes 

increased intestinal permeability precedes the clinical manifestation of the disease and is 

likely to contribute to the pathogenesis (Bosi et al., 2006; Sapone et al., 2006), its role in the 

progression of type 2 diabetes is not clearly defined yet. In our cohort of obese patients, we 

could not see any differences in gut permeability in the diabetic patients, which might be due 

to the small study groups. Moreover, as in most other human studies, part of our diabetic 

patients was taking metformin as anti-diabetic agent. The effect of metformin on intestinal 

permeability is not known yet. While there is evidence from rodent studies, that metformin 

protects against the loss of tight junction proteins and subsequent elevation of plasma 

endotoxin levels in high-fructose diet and high-fat diet conditions (Moreno-Navarrete et al., 
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2012; Spruss et al., 2012), another study could not find a significant effect of metformin on 

intestinal permeability and systemic endotoxin levels (Shin et al., 2014). Human clinical data 

regarding the effect of metformin on intestinal permeability are still missing.  

Furthermore, other drugs might interact with mechanisms regulating intestinal permeability. 

PPIs can increase gastro-duodenal permeability (Mullin et al., 2008) and NSAIDs gastro-

duodenal as well as small intestinal permeability (Bjarnason et al., 1986; Lambert et al., 

2012). We tried to control for possible influences of medication in the present study. Patients 

with regular NSAID intake were excluded. Moreover, participants were not allowed to take 

PPIs and NSAIDs for at least 48 hours before the permeability test as well as during the test. 

No differences in the permeability were detected between PPI users and non-users. 

Moreover, permeability of obese patients was similar to non-obese controls before surgery. 

Therefore, the efforts to exclude possible influences of medication in measurement of gut 

permeability in the present study seemed to be effective and an effect of medication on gut 

permeability is not likely in our cohort. 

Interestingly, we could not detect any difference in gut permeability between obese patients 

before surgery and non-obese subjects. Gut permeability in obesity has been contrarily 

discussed so far. While some studies observed an elevated small intestinal permeability in 

obesity (Gummesson et al., 2011; Teixeira et al., 2012b), others did not (Brignardello et al., 

2010; Verdam et al., 2013). We therefore wanted to further investigate gut permeability in 

obesity and compared different classes of obesity. We did not find any differences in gut 

permeability between the various classes of obesity as well as between non-obese and 

obese patients. Solely the concentration of zonulin in plasma was elevated in obesity class I 

and decreased again at higher BMI values. This increase in zonulin was not reflected by an 

increase in small intestinal paracellular permeability. As mentioned before, the possible 

impreciseness of the zonulin kit might make the reliability of these data questionable 

(Scheffler et al., 2018). We therefore cannot conclude any association of BMI and gut 

permeability. It is possible that not BMI itself, but rather diet, especially high-fat diets, and 

associated changes in gut microbiota influences gut permeability (Cani et al., 2007b; Cani et 

al., 2008). As these factors may differ between study cohorts, this can provide an explanation 

for the conflicting results between the studies. In the present study, non-obese and obese 

individuals showed similar dietary intake and composition, which supports this hypothesis. 

Interestingly, a recent study did also not see differences in small intestinal permeability 

assessed by L/M ratio in obese compared to lean subjects in a fasted state, but impairments 

were found in tight junctions in jejunal samples of obese patients and these impairments of 

the barrier were exacerbated under lipid challenge ex vivo (Genser et al., 2018). It is 

therefore conceivable that lipid challenges can contribute to barrier dysfunctions in obesity. 
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Despite unaltered gut permeability, the levels of LBP were increased in obesity, suggesting 

increased levels of systemic endotoxin. Apart from an increase in gut permeability, LPS can 

enter the circulation through incorporation into chylomicrons (Ghoshal et al., 2009). The 

increased levels of LBP can contribute to an increased overall inflammation, measured by 

CRP, but other factors, such as an increased adipose tissue mass and its pro-inflammatory 

secretion pattern may also explain this surge in inflammation (Skurk et al., 2007). The 

different classes of obesity showed similar median levels of LBP and CRP, yet not all were 

statistically significantly different to the non-obese control group, which may be due to small 

sample size in the subgroups of obesity. 

Overall, we cannot confirm impairment of gut permeability in obesity. However, weight loss 

induced by LSG resulted in modification of gut permeability in morbidly obese patients. 

Recent studies with modification of the diet and caloric restriction, associated with moderate 

weight loss, could demonstrate a reduction of gastroduodenal, small intestinal and colonic 

permeability (Xiao et al., 2014; Ott et al., 2017). Furthermore, obese patients with steatosis 

showed reduction of intestinal permeability after a weight-reduction programme (Damms-

Machado et al., 2017). Together, these results suggest that body weight per se does not 

influence gut barrier function, whereas interventions such as caloric restriction and 

consecutive weight loss can initiate distinct improvements in permeability. 

6.4 The effect of PPI use and LSG on gut microbiota 

Alterations in gut permeability have been associated with changes in gut microbiota 

composition (Cani et al., 2007b; Cani et al., 2008; Cani et al., 2009). This finding, however, 

could not be confirmed in humans (Verdam et al., 2013). In this study, the aim was to 

compare gut microbiota composition in non-obese and obese patients as well as before and 

after bariatric surgery and to investigate possible associations with gut permeability.   

Gut microbiota was analysed in all study participants. Part of the patients with obesity was 

taking proton pump inhibitors to treat gastroesophageal reflux disease (GERD) before as well 

as after surgery. The risk of GERD is increased in obesity (Hampel et al., 2005) and PPI 

medication is common. Around 30% of patients undergoing bariatric surgery are taking 

regularly PPIs before surgery (Sheppard et al., 2015). Some bariatric surgery procedures 

can improve GERD symptoms by decreasing body weight and altering the anatomy of the 

gastrointestinal tract (Sise and Friedenberg, 2008). Sleeve gastrectomy, however, is more 

likely to increase GERD risk as well as intensity, but the reasons for that are not clearly 

defined yet (Sheppard et al., 2015). 

PPIs block acid transport in the proton pumps of parietal cells in the stomach. The resulting 

decrease in pH is limited to the stomach and the proximal duodenum, while most of the small 
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intestine and the colon is unaffected (Freedberg et al., 2014). Nevertheless, PPIs can 

influence bacterial composition in the whole gastrointestinal tract and therefore the faecal 

microbiota composition (Freedberg et al., 2014; Hojo et al., 2018; Reveles et al., 2018).  

In the present study, study participants did not take PPIs for at least 48 hours before the 

intestinal permeability test, but as expected, for microbiota composition, effects of regular 

PPI intake cannot be reversed within this short time. We could confirm differences in 

microbiota composition due to PPI intake. This was especially true for obese patients before 

surgery, which showed significant differences in alpha- as well as beta-diversity and relative 

abundance of the main taxa. Interestingly, alpha-diversity, which has been reported to be 

unaffected (Reveles et al., 2018; Takagi et al., 2018) or decreased (Imhann et al., 2016; 

Jackson et al., 2016) by PPIs, was higher in PPI users in the present study. This may be an 

effect of high variability between samples as well as small sample size.  

Beta-diversity was different in obese patients with and without PPI intake and was reflected 

in differences within single taxonomic groups. Nearly all studies on PPIs so far revealed an 

increase in members of the family Streptococcaceae (Imhann et al., 2016; Jackson et al., 

2016; Hojo et al., 2018; Reveles et al., 2018; Takagi et al., 2018), which could be confirmed 

with the present data. Streptococcus bacteria are commensal members of the microbiome in 

the oral cavity (Dewhirst et al., 2010). A decrease in gastric pH, which normally functions as 

a barrier against ingested microbes, could lead to increased translocation of oral bacteria into 

the deeper gastrointestinal tract and may explain the increased abundance of Streptococcus 

(Imhann et al., 2016; Hojo et al., 2018). Furthermore, we found differences for several other 

taxa. Overall, the composition of the gut microbiota of our patients was considerably altered 

by the intake of PPIs. Therefore PPI use is a confounding factor in studying microbiota in 

obesity and bariatric surgery. However, this has not been considered in most studies so far. 

In the present study we thus decided to exclude PPI users from the final analysis, to reveal 

surgery-induced differences independent of PPI intake.  

The presence of diabetes mellitus and therapeutic treatment with metformin may also have 

influences on gut microbiota composition and function (Forslund et al., 2015; Wu et al., 

2017). In the present study, two patients in the final microbiota analysis were taking 

metformin. We did not see essential differences in the gut microbiota of these patients 

compared to those of untreated obese patients and exclusion of metformin-treated patients 

did not change the main findings of the analysis. Therefore, the effect of bariatric surgery is 

likely to have stronger impact on the gut microbiota than anti-diabetic medication, as also 

concluded by a former study (Kikuchi et al., 2018). We thus decided to keep those patients in 

the final analysis. 
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When comparing non-obese and obese subjects, alpha-diversity was lower in the obese 

patients. Previous studies reported similar results (Turnbaugh et al., 2009; Verdam et al., 

2013) and low bacterial richness has generally been associated with weight gain and 

metabolic disturbances such as insulin resistance and inflammation (Le Chatelier et al., 

2013). Furthermore, non-obese and obese individuals clustered together and showed 

differences in their microbial composition. Most strikingly, the relative abundance of 

Bacteroidetes was enhanced in obesity, whereas Firmicutes were more abundant in the 

control group. This finding is in contrast to the proposed hypothesis of an increased 

Firmicutes/Bacteroidetes ratio in obesity (Ley et al., 2005). Conflicting data to this common 

hypothesis have already been published before (Collado et al., 2008; Schwiertz et al., 2010). 

Though, in humans, factors such as sample cohort, diet, exercise, comorbidities, medication 

and environment may have a greater impact on microbiota composition as obesity per se 

and the postulation of a specific type of microbiota being a biomarker for obesity may not yet 

be possible. Moreover, specific functional profiles of the microbes together with microbial 

derived products, like SCFAs, may differ more significantly in obesity and weight loss 

(Schwiertz et al., 2010; Graessler et al., 2013; Damms-Machado et al., 2015) and have to be 

investigated further. 

However, the induction of the enterotype concept in 2011 can lead to the conclusion that 

comparative microbiota analysis between human study groups so far may be not conclusive, 

as far as the enterotype of the subjects has not been investigated (Arumugam et al., 2011). 

The concept of human enterotypes states that each human individual fits into one of three 

clusters of well-balanced, defined, and stable microbial communities and these defined 

communities are thereby not dependent on factors such as nationality, age, or BMI 

(Arumugam et al., 2011; Costea et al., 2018). As most investigations conducted so far did not 

select study groups on the basis of enterotypes, the comparisons of taxonomic differences 

are not conclusive. Indeed, in our study cohort, it seems that patients with obesity and non-

obese controls derived from different enterotypes. While controls resembled enterotype 3 

with a high abundance of Firmicutes, especially Ruminococcus, patients with obesity are 

more likely to have originated from enterotype 1 with a low richness and a high abundance of 

Bacteroidetes (Arumugam et al., 2011). Characteristic of enterotype 2 would be an 

enrichment of Prevotella (Arumugam et al., 2011). We therefore cannot draw reliable 

conclusions by comparing the gut microbiota of our non-obese and obese study cohort. 

When investigating the effects of weight loss after LSG on the gut microbiota, there was an 

increase in alpha-diversity after surgery. A previous study attained similar results after SG in 

comparison with a more pronounced increase in bacterial richness after RYGB (Murphy et 

al., 2017). Taxonomic changes tended towards the composition of our non-obese study 



Discussion 

 

95 
 

group, yet were in most cases minor and not significant. Regarding the main phyla, 

Bacteroidetes tended to decrease, while there was a trend to increased abundance of 

Firmicutes. Similar outcome was observed in the microbiome of obese patients after SG in a 

recent study (Medina et al., 2017), while other studies noticed an opposite trend (Damms-

Machado et al., 2015; Sanmiguel et al., 2017; Kikuchi et al., 2018). Significant alteration after 

surgery in our study was observed for the family Rikenellaceae, which increased in 

abundance. Furthermore, the genus Ruminococcaceae NK4A124, which was not present in 

any patient before surgery, came up afterwards, and the whole family of Ruminococcaceae 

tended to increase after surgery. Most members of Ruminococcaceae are able to degrade 

complex plant polysaccharides (Biddle et al., 2013). Fibre intake, however, which would 

support growth of fibre degrading bacteria, was drastically decreased after surgery. However, 

an increased peristalsis and accelerated gastric emptying after SG (Shah et al., 2010; 

Melissas et al., 2013) could elevate passage of undigested nutrients to the colon and 

contribute to adaptation of microbiota. Anaerostipes hadrus disappeared in obese patients 

after surgery. A reduction in Anaerostipes abundance has been reported after RYGB 

(Graessler et al., 2013; Aron-Wisnewsky et al., 2018) and bilio-intestinal bypass (Patrone et 

al., 2016) and has been associated with changes in anthropometric parameters (Aron-

Wisnewsky et al., 2018). A general decline in butyrate producing bacteria, such as 

Anaerostipes hadrus, has also been described after LSG (Damms-Machado et al., 2015), 

whereby this did not lead to changes in faecal SCFAs. The changes in microbial metabolism 

and resulting metabolites, such as SCFAs, are potentially more important for microbiota-host 

interactions and improvements after bariatric surgery and should be investigated in more 

detail in future studies. 

It is particularly noteworthy, that LSG had a varying impact on the gut microbiota composition 

of individual patients in our cohort. While some underwent considerable shifts in the direction 

of the controls or changed between the two observed clusters after surgery, others remained 

quite stable. High inter-individual differences in microbial changes after surgery have also 

been observed in a former study (Aron-Wisnewsky et al., 2018). In our study, this shift in 

microbiota seemed to be independent of changes in weight, diet, metabolic parameters or 

gut permeability, i.e. no differences in changes of these parameters could be seen in patients 

that experienced considerable shifts in their microbiota and those who did not. Yet, our 

sample sizes were too small to perform statistical tests. Therefore, the factors triggering 

microbiota changes after LSG are still unclear. Other studies, which investigated microbiota 

after SG so far, have also not yielded consistent results regarding microbiota composition 

and diversity (Patil et al., 2012; Damms-Machado et al., 2015; Tremaroli et al., 2015; Liu et 

al., 2017; Medina et al., 2017; Murphy et al., 2017; Sanmiguel et al., 2017; Campisciano et 

al., 2018; Kikuchi et al., 2018; Paganelli et al., 2019; Palmisano et al., 2019). It is possible 
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that this is also due to differences in enterotype status between study cohorts. Enterotypes 

may vary in their resilience as well as their recovery after interventions such as weight loss. 

Moreover, all of these studies, including our own research, have been performed with small 

samples sizes and different analytical techniques. Comorbidities and medication of patients 

with obesity can further increase variability. In the future, larger study cohorts that are 

stratified according to the enterotype status of the patients and controls are needed. 

An association of gut permeability and microbiota composition has been previously reported 

in mouse studies (Cani et al., 2007b; Cani et al., 2007a; Cani et al., 2008; Cani et al., 2009) 

and even single species, like Akkermansia muciniphila, have been found to be potentially 

involved in barrier defects observed in obesity (Everard et al., 2013). In our human study, we 

could not observe such an association. Non-obese and obese patients before surgery had 

similar gut permeability, yet differences in microbial composition of the gut. This is similar to 

two further human studies, which noted altered microbiota composition in obese compared to 

non-obese subjects, but no alteration in intestinal permeability and no association of 

intestinal or colonic permeability with gut microbiota (Brignardello et al., 2010; Verdam et al., 

2013). One study in diabetic patients, however, reported that high colonic permeability is 

associated with altered abundance of some microbial taxa, e.g. Enterobacteriales, in diabetic 

and non-diabetic patients (Pedersen et al., 2018). Overall, the relation of gut permeability 

and gut microbiome in humans seems to be more complex compared to the situation in 

rodents and needs further research in human cohorts. 
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6.5 FAHFA levels under different physiological and pathophysiological 

conditions 

Thus far, the present study showed that weight loss induced by LSG leads to marked 

improvements in glucose metabolism and in the inflammatory status of patients. The 

decrease in adipose tissue mass and remodelling of adipose tissue is one main driver for 

these processes and the function of lipids and adipokines in these processes has extensively 

been studied (Booth et al., 2016; Magkos et al., 2016). We further were interested to 

investigate the role of a special class of lipids, the FAHFAs, in this context of surgery induced 

weight loss. FAHFAs have been attributed with potent anti-inflammatory and anti-diabetic 

effects, which could be involved in the overall improvements after weight loss. However, 

research about FAHFAs is still in its infancy, as this class of lipids has been discovered just a 

few years ago. 

As a first step, we established at our university a method for extraction and HPLC-MS/MS 

based detection and quantification of FAHFAs from human serum samples. By the use of 

previously published protocols (Yore et al., 2014; Zhang et al., 2016; Kolar et al., 2018) and 

their adaption and optimisation, we were able to quantitatively analyse 9-OAHSA, 9-SAHSA, 

9-PAHPA as well as PAHSAs, separated into 9-, 10-, and 12/13-PAHSA. Similar to 

previously published data (Yore et al., 2014; Zhang et al., 2016; Kolar et al., 2018), the peaks 

of 12- and 13-PAHSA could not be separated by our method and were therefore quantified 

together. We detected peaks for 5-PAHSA; however, the ratios of the MRM transitions did 

not always match that of the corresponding standard. This was probably due to an overlay of 

5-PAHSA with a ceramide contaminant (Zhang et al., 2016; Kolar et al., 2018). We thus 

excluded 5-PAHSA from our analysis. The levels of FAHFAs detected in human serum 

samples were in the low nano-molar range. They were thus slightly lower, yet comparable to 

the levels in human serum analysed by Yore and colleagues (Yore et al., 2014) and higher 

compared to those analyzed by Zhu and colleagues (Zhu et al., 2017). Differences in the 

analytical procedures and sensitivity of the respective methods may be responsible for these 

slight differences. However, although this might limit the comparability to the other studies it 

does not interfere with the interpretation of our well defined sample sets. 

In our study population of non-obese subjects and obese patients undergoing LSG, we 

investigated the effect of BMI and excessive weight loss on serum FAHFA levels. The n 

number slightly differed in comparison to the above analysis of gut permeability, as for the 

FAHFA measurements we did not exclude patients with special medication or antibiotic 

treatment during the study period. As a first result we could see, that the morbidly obese 

patients showed decreased FAHFA levels in blood compared to the non-obese control 

subjects. Furthermore, a decrease in body weight at 6 months after bariatric surgery did not 
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significantly alter serum FAHFA levels. A longer period of follow-up would be of interest to 

see if FAHFA levels remain reduced or if they just slowly increase over time. As blood 

samples of patients with obesity were taken during surgery, we cannot exclude a possible 

confounding effect of surgery. However, we could confirm an effect of BMI in another cohort 

of healthy adults aged 18–85 years, where BMI, independent of age, had significant 

influence on FAHFA levels. In mice, it has been shown, that high-fat diet-induced obesity 

results in decreased 5- and 12/13-PAHSA levels, while other PAHSAs were not significantly 

altered (Yore et al., 2014). Moreover, in these mice PAHSA levels in adipose tissue were 

differently affected than those in serum. In humans, lower levels of palmitoleic-acid-hydroxy-

palmitic-acid (POHPA) have been reported in overweight compared to normal weight 

subjects, but no differences were seen for other groups of FAHFAs in this study cohort 

(López-Bascón et al., 2016). Another group of researchers reported reduced levels of 

PAHSAs in breast milk of obese compared to lean mothers (Brezinova et al., 2018). This 

result could indicate lower levels also in adipose tissue and serum; however, this has not 

been analysed in the study. Therefore, our own and previous studies show that BMI has 

impact on FAHFA levels, and this impact seems to be tissue-specific and isomer-specific.  

PAHSAs have been credited with potent anti-diabetic effects. The administration of PAHSAs 

to mice resulted in improved insulin sensitivity and glucose tolerance (Yore et al., 2014; Syed 

et al., 2018). These effects are obtained by enhanced insulin secretion, induced directly at 

the beta-cells via GPR40 as well as by enhanced GLP-1 secretion in the gut (Yore et al., 

2014; Bandak et al., 2018; Syed et al., 2018). Moreover, insulin-stimulated glucose uptake in 

the adipocyte is promoted via binding to the receptor GPR120 (Yore et al., 2014). The 

reduced levels of PAHSAs in obesity could represent one mechanism, by which obesity 

contributes to insulin resistance. We therefore next investigated FAHFA levels in diabetic 

compared to non-diabetic individuals. We could not detect any significant differences 

between diabetic and non-diabetic subjects in two independent cohorts. Moreover, no 

correlations between fasting glucose, fasting insulin or HOMA-IR and tFAHFAs or tPAHSAs 

were seen in the enable cohort of normalweight to obese subjects. But, in the morbidly obese 

cohort (GOBB), a positive correlation of FAHFAs and BMI was reported. As this cohort 

consists solely of very obese patients, the positive correlation with BMI does not necessarily 

contradict the finding of lower FAHFA levels in obese compared to lean subjects in our 

previous cohort. A possible explanation may be the high variance in the FAHFA 

concentrations and increasing variance with higher BMI in this data set. A larger cohort may 

thus be needed to validate these findings. 

Also, reduced levels of PAHSAs in insulin-resistant compared to insulin-sensitive subjects 

have been reported previously (Yore et al., 2014). However, both groups differed in BMI, 
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which may have caused this result, as we observed differences in dependence on BMI but 

not diabetic status. It is also interesting to note that we found lower levels of FAHFAs in 

subjects maintaining a vegetarian/vegan diet compared to omnivores, despite the appraisal 

of vegetarian diets being protective for the development of diabetes (Olfert et al., 2018). 

Moreover, the group of young men undergoing overfeeding for one week showed 

significantly increased FAHFA levels after the intervention, but unaltered insulin sensitivity 

measured by the euglycemic hyperinsulinemic clamp technique (Ott et al., 2018). It is 

therefore questionable, if reduced FAHFA levels represent an independent risk factor for the 

development of diabetes.  

Next to BMI and diabetic status, we were interested in other factors that possibly are 

associated with serum FAHFA levels. We therefore investigated if FAHFA levels differed 

between sexes and between different groups of age. While sex did not seem to be related to 

FAHFA levels, we found higher levels of most FAHFAs in adults compared to adolescents. 

When comparing adolescents and elderly subjects, FAHFA levels were not different any 

more, except for 9-PAHPA. This observation is quite interesting, however needs further 

investigation. Changes in the regulation of metabolic pathways with age or differences in 

dietary habits which we could not analyse in this study could provide possible explanations 

for these results and should be further investigated. 

Finally, we investigated FAHFA levels in dependence of diet. As a novel finding, we 

described a considerable influence of the dietary background on serum FAHFA levels in 

healthy human subjects. Individuals following a vegetarian or vegan diet showed significantly 

lower serum levels of FAHFAs compared to omnivores. In a second study cohort, we 

analysed FAHFAs in a group of young men before and after one week of defined 

overfeeding. There was a considerable increase in levels of all FAHFAs analysed.  

To date, only little is known about the origin of FAHFAs in the circulation. Although FAHFAs 

have been found in different foods (Yore et al., 2014; Zhu et al., 2018; Liberati-Čizmek et al., 

2019), their uptake from dietary sources has yet to be shown. Interestingly, animal products, 

such as beef and egg, seem to contain more FAHFAs compared to plant products (Yore et 

al., 2014), which would explain our finding of higher FAHFA levels in omnivores compared to 

vegetarians. However, FAHFAs can also be synthesized endogenously in adipose tissue via 

esterification of hydroxyl-fatty acids with fatty acids. This has been confirmed at least in mice 

where dietary supplementation with the non-endogenous hydroxy fatty acid 9-hydroxy 

heptadecanoic acid (9-HHA) was used to detect the corresponding FAHFA 9-palmitic-acid-

hydroxy-heptadecanoic-acid (9-PAHHA) in blood serum (Yore et al., 2014). Furthermore, it 

was assumed, that levels of FAHFAs in serum and adipose tissue mainly reflect endogenous 

synthesis rather than dietary intake, as isomer distribution in the diet differs from isomer 
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distribution in serum and tissue (Yore et al., 2014). Moreover, FAHFA levels in serum and 

adipocytes may be regulated via synthesis and breakdown of FAHFA-TGs in adipocytes 

(Tan et al., 2019). Therefore, it can be assumed that the higher concentrations of FAHFAs in 

serum from omnivores in comparison to vegetarians do not predominantly result from higher 

intakes of FAHFAs with the diet. The fat content and fatty acid composition of an ovo-lacto-

vegetarian or vegan diet, however, differs from that of a diet containing fish and meat, as a 

vegetarian or vegan diet results in lower intake of total fatty acids and saturated fatty acids 

compared to non-vegetarians (Mann et al., 2006; Fernandes Dourado et al., 2011). The 

differences in amount and type of fatty acids that are taken up and deposited in adipocytes 

may influence the endogenous synthesis of FAHFAs. The results of the overfeeding study 

may be in agreement with this. The intake of a surplus of 1000 kcal, mainly provided by 

whipping cream, containing high amounts of saturated fatty acids, resulted in a marked 

increase in endogenous FAHFA levels. The FAHFAs analysed also contain mainly saturated 

fatty acids (palmitic and stearic acid) and only 9-OAHSA contains a mono-unsaturated fatty 

acid (oleic acid). It can be speculated that the levels of other FAHFAs, containing 

unsaturated fatty acids, or FAHFAs derived from PUFAs (Kuda et al., 2016) may not have 

been increased after the overfeeding period. However, correlation analysis by Spearman 

rank correlation revealed no significant correlation of the increase in tPAHSAs or tFAHFAs 

and changes in dietary parameters, such as total energy intake, total fat intake, and 

saturated fat intake. Therefore, endogenous FAHFA production does not seem to be directly 

correlated to the intake of dietary fats or energy. Future studies still need to clearly identify 

the origin of circulating FAHFAs with regard to dietary intake or endogenous production. 

In summary, the present study provides important data for getting an overview of serum 

FAHFA levels under different physiological and pathophysiological conditions. Especially the 

influence of diet, as seen with the overnutrition of SFAs, is an important new finding. For the 

comparison of different groups the small sample sizes may partially yet be a limitation of the 

present study. In combination with large variability in FAHFA contents this may reduce the 

power to detect differences. Also confounding is a general issue in observational studies, 

even if we tried to match groups for various factors. Further research will be needed to 

confirm the results of the present study. 
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7. Conclusion and outlook 

The present study provided valuable data to the barely studied field of gut permeability in 

obesity as well as after bariatric surgery. Using a 4-sugar test, the permeability of different 

sections of the gastrointestinal tract was analysed. It was shown that gut permeability is not 

altered at different stages of obesity compared to non-obese controls. However, when 

analysing obese patients before and after LSG, a considerable effect on gut permeability with 

distinct changes of gastroduodenal, small intestinal and colonic permeability could be 

detected. It cannot be distinguished if the effect is driven by caloric restriction or the surgical 

procedure per se. However, as previous studies revealed similar effects of non-surgical 

weight reduction and caloric restriction on gut permeability, it seems likely that the alterations 

in gut permeability after LSG are also mainly dependent on these factors. For future studies it 

would be interesting to analyse the effect of different restrictive as well as malabsorptive 

bariatric surgery procedures on gut permeability to see if the effects are surgery-dependent. 

A strength of the present study is that gut microbiota composition was analysed together with 

intestinal permeability. In patients undergoing LSG there was an increase in alpha-diversity 

after surgery and taxonomic changes tended towards the composition of the non-obese 

controls, yet were in most cases minor and not significant. As reported in previous studies, 

the effect of bariatric surgery on gut microbiota composition was quite heterogeneous with 

some patients showing a more stable microbiota than others. This study thus did not show a 

clear association between gut microbiota composition and gut permeability in obese patients 

after LSG. Obese patients showed lower alpha-diversity and compositional differences 

compared to non-obese controls, with a higher abundance of Bacteroidetes in the obese 

group and a higher abundance of Firmicutes in the control group. As it can be speculated 

that obese and non-obese subjects derived from different enterotypes, future studies should 

be stratified to the enterotype status of the study participants. 

The second part of the thesis provided an overview of serum FAHFA levels in different 

human cohorts and identified possible factors related to them. BMI could be identified as one 

factor, as obese patients had significantly lower FAHFA levels than non-obese controls. 

However, no difference could be detected between diabetic and non-diabetic subjects. Thus, 

the influence of FAHFAs on insulin-resistance and diabetes in humans is still unclear and 

has to be further investigated. The present study could also show that FAHFA levels do not 

differ between sexes, while differences related to age were detected. As a novel and 

interesting finding, it could be shown that the FAHFA levels of subjects on a vegetarian or 

vegan diet are substantially lower than those of omnivores. Moreover, differences were 

detected before and after dietary overfeeding. This points at a profound influence of specific 

dietary factors on endogenous FAHFA levels. 
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To sum up, the present data contribute to the understanding of this relatively new group of 

metabolically active fatty acids, as the research about FAHFAs, especially in humans, is just 

at the beginning. Future research is needed to further investigate the origin and regulation of 

circulating FAHFA levels, for example by tracking FAHFAs and fatty acids of nutritional 

origin. 
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8. Supplemental data 

Supplemental Table 1: Ethnical origin and lifestyle criteria of study participants 

 LSG V1 LSG V2 Controls 

Ethnical Origin    

White/Caucasian 17 (100%) 17 (100%) 17 (100%) 

Africans 0 (0%) 0 (0%) 0 (0%) 

Asians 0 (0%) 0 (0%) 0 (0%) 

Others 0 (0%) 0 (0%) 0 (0%) 

Sports  3 x NA  1x NA 

Never 1 (6%) 0 (0%) 0 (0%) 

Seldom and irregular 7 (41%) 3 (18%) 4 (24%) 

Once a week 6 (35%) 2 (12%) 2 (12%) 

Several times a week 0 (0%) 12 (71%) 9 (53%) 

Every day 0 (0%) 0 (0%) 1 (6%) 

Smoking    

Non-smoker (never smoked) 10 (59%) 10 (59%) 10 (59%) 

Non-smoker (former smoker) 3 (18%) 2 (12%) 6 (35%) 

Smoker (< 10 cigarettes/day) 0 (0%) 3 (18%) 1 (6%) 

Smoker (> 10 cigarettes/day) 4 (24%) 2 (12%) 0 (0%) 

Alcohol consumption 3 x NA   

Never/seldom 12 (71%) 14 (82%) 5 (29%) 

< ½ a bottle of bear or ⅛ l of wine a day 2 (12%) 3 (18%) 11 (65%) 

1 bottle of beer or ¼ l of wine a day 0 (0%) 0 (0%) 1 (6%) 

> 1 bottle of beer or ¼ l of wine a day 0 (0%) 0 (0%) 0 (0%) 

Dietary supplements    

Brewer’s yeast 0 (0%) 0 (0%) 1 (6%) 

Biotin 0 (0%) 1 (6%) 0 (0%) 

Calcium 1 (6%) 3 (18%) 0 (0%) 

Folic acid 1 (6%) 2 (12%) 0 (0%) 

Iron 0 (0%) 1 (6%) 0 (0%) 

Magnesium 2 (12%) 1 (6%) 1 (6%) 

Vitamin B12 2 (12%) 1 (6%) 0 (0%) 

Vitamin D3 4 (24%) 4 (24%) 0 (0%) 

Vitamin E 1 (6%) 0 (0%) 0 (0%) 

Multivitamin preparations 1 (6%) 5 (29%) 1 (6%) 

Data were assessed by questionnaire. n = 17 per group. 
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Supplemental Table 2: Body composition measured by bioelectrical impedance analysis in obese patients 

after surgery (LSG V2) and non-obese controls 

 Median  
(25th percentile; 75th percentile) 

p-value 

 n 
(LSG V2/ 
Controls) 

LSG V2 Controls LSG V2  
-  

Controls 

Fat mass (kg) 10/17 53.8 
(33.2; 62.9) 

15.8 
(14.0; 23.6) 

    *** 
<0.001 

Fat mass (%) 10/17 44.0 
(40.4; 51.8) 

27.3 
(23.8; 34.5) 

*** 
<0.001 

Lean mass (kg) 10/17 57.5 
(48.8; 73.9) 

46.3 
(40.8; 53.3) 

** 
  0.004 

Lean mass (%) 10/17 56.0 
(48.2; 59.6) 

72.8 
(65.5; 76.2) 

*** 
<0.001 

Basal metabolic rate 
(kcal/day) 

10/17 1956 
(1526; 2323) 

1404 
(1311; 1518) 

*** 
<0.001 

Total energy expenditure 
(kcal/day) (with PAL = 1.6) 

10/17 3130 
(2441; 3717) 

2247 
(2097; 2428) 

*** 
<0.001 

Visceral fat (l) 10/17 2.83 
(1.61; 6.30) 

0.63 
(0.23; 1.17) 

*** 
<0.001 

Depending on the distribution of the data unpaired t-test or Mann-Whitney test was used for comparison of the 

two groups. ** p < 0.01, *** p < 0.001. 
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Supplemental Table 3: Dietary supplements and their constituents 

Dietary supplement Ingredients Amount per daily dose 

Bierhefe Plus, altapharma 
(3 tablets, daily dose) 

Biotin 
Folic acid 
Niacin equivalent 
Pantothenic acid 
Vitamin B1 (Thiamine) 
Vitamin B2 (Riboflavin) 
Vitamin B6 (Pyridoxine) 
Vitamin B12 (Cobalamin) 
Zinc 

150 
200 
16 
6 

1.1 
1.4 
1.4 
2.5 

2 

µg 
µg 
mg 
mg 
mg 
mg 
mg 
µg 
mg 

Biotin Plus, Abtei Kieselerde 
(2 tablets, daily dose) 

Biotin 
Calcium 
Copper 
Folic acid 
Magnesium 
Pantothenic acid 
Vitamin B2 (Riboflavin) 
Vitamin C (Ascorbic acid) 
Zinc 

350 
120 

1 
200 
60 
6 

1.4 
40 
5 

µg 
mg 
mg 
µg 
mg 
mg 
mg 
mg 
mg 

Calcium + Vitamin D3, Multinorm (1 
tablet, daily dose) 

Calcium 
Vitamin D (Calciferol) 

400 
2.5 

mg 
µg 

Gelenk Aktiv Tonikum, Salus (30 
ml, daily dose) 

Carbohydrates 
Manganese 
Sodium 
Vitamin C (Ascorbic acid) 

11 
0.3 

0.01 
80 

g 
mg 
g 
mg 

Langzeit Vitamine A-Z Depot, 
Doppelherz 

Biotin 
Calcium 
Copper 
Folic acid 
Iodine 
Iron 
Magnesium 
Niacin equivalent 
Pantothenic acid 
Phosphorus 
Retinol equivalent 
Vitamin B1 (Thiamine) 
Vitamin B2 (Riboflavin) 
Vitamin B6 (Pyridoxine) 
Vitamin B12 (Cobalamin) 
Vitamin C (Ascorbic acid) 
Vitamin D (Calciferol) 
Vitamin E (Tocopherol) 
Vitamin K 
Zinc 

300 
137 
0.9 
450 
100 
2.1 

56.3 
18 
12 

105 
0.4 
3.5 

4 
5 

2.5 
150 

5 
10 
20 
5 

µg 
mg 
mg 
µg 
µg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
µg 
mg 
µg 
mg 
µg 
mg 

Langzeit Vitamine A-Z, Multinorm (1 
tablet, daily dose) 

Biotin 
Calcium 
Folic acid 
Iodide 
Magnesium 
Niacin equivalent 
Pantothenic acid 
Phosphorus 
Retinol equivalent 
Vitamin B1 (Thiamine) 
Vitamin B2 (Riboflavin) 
Vitamin B6 (Pyridoxine) 
Vitamin B12 (Cobalamin) 
Vitamin C (Ascorbic acid) 
Vitamin D (Calciferol) 
Vitamin E (Tocopherol) 
Vitamin K 
Zinc 
 
 

150 
199 
200 
100 
100 
17 
6 

155 
0.4 
1.4 
1.6 

2 
1 

60 
5 

10 
30 

2.25 

µg 
mg 
µg 
µg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
µg 
mg 
µg 
mg 
µg 
mg 
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Dietary supplement Ingredients Amount per daily dose 

Langzeit Vitamine A-Z, Generation 
50+, Multinorm 

Biotin 
Calcium 
Folic acid 
Iodide 
Magnesium 
Niacin equivalent 
Pantothenic acid 
Phosphorus 
Retinol equivalent 
Vitamin B1 (Thiamine) 
Vitamin B2 (Riboflavin) 
Vitamin B6 (Pyridoxine) 
Vitamin B12 (Cobalamin) 
Vitamin C (Ascorbic acid) 
Vitamin D (Calciferol) 
Vitamin E (Tocopherol) 
Vitamin K 
Zinc 

50 
160 
300 
75 

140 
16 
6 

124 
0.4 

1.65 
2.1 
2.1 

3.75 
120 

5 
12 
75 
2 

µg 
mg 
µg 
µg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
µg 
mg 
µg 
mg 
µg 
mg 

Lutschtabletten frisch & fruchtig, 
Centrum 

Biotin 
Folic acid 
Iron 
Magnesium 
Manganese 
Niacin equivalent 
Pantothenic acid 
Retinol equivalent 
Vitamin B1 (Thiamine) 
Vitamin B2 (Riboflavin) 
Vitamin B6 (Pyridoxine) 
Vitamin B12 (Cobalamin) 
Vitamin C (Ascorbic acid) 
Vitamin D (Calciferol) 
Vitamin E (Tocopherol) 
Vitamin K 
Zinc 

50 
200 
4.5 
40 
0.5 

5 
2.5 

0.33 
0.5 
0.5 
0.5 

1 
50 
3 
5 

10 
2.8 

µg 
µg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
µg 
mg 
µg 
mg 
µg 
mg 

Nutrition Tropfen, Multibionta (16 
drops, daily dose) 

Niacin equivalent 
Pantothenic acid 
Retinoläquivalent 
Vitamin B1 (Thiamine) 
Vitamin B2 (Riboflavin) 
Vitamin B6 (Pyridoxine) 
Vitamin C (Ascorbic acid) 
Vitamin D (Calciferol) 
Vitamin E (Tocopherol) 

8.0 
2.7 
0.8 
1.3 
1.2 
1.2 
67 
6.7 
6.7 

mg 
mg 
mg 
mg 
mg 
mg 
mg 
µg 
mg 

Sport Basis, Ortho Therapia (1 
capsule, daily dose) 

Calcium 
Folic acid 
Magnesium 
Manganese 
Niacin equivalent 
Pantothenic acid 
Potassium 
Retinol equivalent 
Vitamin B1 (Thiamine) 
Vitamin B2 (Riboflavin) 
Vitamin B6 (Pyridoxine) 
Vitamin B12 (Cobalamin) 
Vitamin C (Ascorbic acid) 
Vitamin D (Calciferol) 
Zinc 

168 
400 
79 
1.0 
32 
12 

300 
0.12 
2.2 
2.8 
2.8 

5 
40 
10 
1.5 

mg 
µg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
µg 
mg 
µg 
mg 

Orthomol Immun Trinkfläschchen (1 
vial á 20 ml, daily dose) 

Biotin 
Copper 
Folic acid 
Iron 
Manganese 
Niacin equivalent 
Pantothenic acid 

165 
0.5 
800 

8 
2 

60 
18 

µg 
mg 
µg 
mg 
mg 
mg 
mg 
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Dietary supplement Ingredients Amount per daily dose 

Retinol equivalent 
Vitamin B1 (Thiamine) 
Vitamin B2 (Riboflavin) 
Vitamin B6 (Pyridoxine) 
Vitamin B12 (Cobalamin) 
Vitamin C (Ascorbic acid) 
Vitamin D (Calciferol) 
Vitamin E (Tocopherol) 
Vitamin K 
Zinc 

0.45 
25 
25 
20 
6 

950 
5 

150 
60 
10 

mg 
mg 
mg 
mg 
µg 
mg 
µg 
mg 
µg 
mg 

Vitamine A-Z, Centrum Biotin 
Calcium 
Copper 
Folic acid 
Iodide 
Iron 
Magnesium 
Manganese 
Niacin equivalent 
Pantothenic acid 
Phosphorus 
Retinol equivalent 
Vitamin B1 (Thiamine) 
Vitamin B2 (Riboflavin) 
Vitamin B6 (Pyridoxine) 
Vitamin B12 (Cobalamin) 
Vitamin C (Ascorbic acid) 
Vitamin D (Calciferol) 
Vitamin E (Tocopherol) 
Vitamin K 
Zinc 

62.5 
162 
0.5 
200 
100 

5 
100 

2 
20 
7.5 
125 
0.8 
1.4 

1.75 
2 

2.5 
100 
5.0 
15 
30 
5 

µg 
mg 
mg 
µg 
µg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
mg 
µg 
mg 
µg 
mg 
µg 
mg 
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Supplemental Table 4: Correlation of inflammatory parameters with parameters of glucose metabolism in 

obese patients before LSG 

 rho p-value 

LBP / Glucose 0.321 n.s. 0.209 

LBP / Insulin -0.069 n.s. 0.795 

CRP / Glucose 0.739 *** < 0.001 

CRP / Insulin 0.461 n.s. 0.065 

NEFA / Glucose 0.226 n.s. 0.383 

NEFA / Insulin 0.135 n.s. 0.605 

Spearman rank correlation was used for correlation analysis. n = 15. n.s. = not significant; *** p < 0.001. 

Supplemental Table 5: Correlation of inflammatory parameters with parameters of glucose metabolism in 

non-obese controls 

 rho p-value 

LBP / Glucose 0.198 n.s. 0.447 

LBP / Insulin 0.275 n.s. 0.285 

CRP / Glucose -0.163 n.s. 0.531 

CRP / Insulin -0.022 n.s. 0.936 

NEFA / Glucose -0.184 n.s. 0.479 

NEFA / Insulin -0.108 n.s. 0.680 

Spearman rank correlation was used for correlation analysis. n = 15. n.s. = not significant. 



Supplemental data 

 

109 
 

 

Supplemental Figure 1: Non-metric multidimensional scaling (NMDS) plots of phylogenetic distances (beta-diversity) as pairwise comparison between groups – 

analysis with participants taking PPIs 

Controls: non-obese control subjects, n = 17; PPI V1: obese patients with PPI medication before surgery, n =5; no PPI V1: obese patients without PPI medication before surgery, 
n = 12; PPI V2: obese patients with PPI medication 6 months after surgery, n = 7; no PPI V2: obese patients without PPI medication 6 months after surgery, n = 10. 
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Supplemental Figure 2: Rarefaction curves of all samples analysed 

Rarefaction curves are depicting the number of species at different sequencing depths for each sample. The 

curves indicate that all samples reached saturation approximately between 11.000 and 35.000 sequences. n = 24 

(8 per group). 

 

 

Supplemental Figure 3: Non-metric multidimensional scaling (NMDS) plots of phylogenetic distances 

(beta-diversity) as pairwise comparison between groups – analysis without participants taking PPIs 

Controls: non-obese control subjects; LSG V1: obese patients before surgery; LSG V2: obese patients after 

surgery. n = 8 per group. 
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Supplemental Figure 4: Multidimensional scaling (MDS) plots of phylogenetic distances (beta-diversity) 

after de-novo clustering of samples of obese patients 

LSG V1: obese patients before surgery; LSG V2: obese patients after surgery. n = 8 per group. 
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Supplemental Figure 5: Taxonomic composition of the samples at phylum level (A), class level (B), order 

level (C), family level (C) and genus level (E) 

Taxonomic binning is performed by summing up the relative sequence abundance of all analysed OTUs that 

share the same assignment at a given level. Each bar represents one study participant at a certain time point. 

n = 8 per group. 
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Supplemental Figure 6: Association between change in tPAHSA levels (A) or change in tFAHFA levels (B) 

with change in NEFA levels of patients undergoing LSG 

Spearman rank correlation was used for correlation analysis. Change in total PAHSA (Δ tPAHSAs = tPAHSAs at 

V2 – tPAHSAs at V1) or total FAHFA levels (Δ tFAHFAs = tFAHFAs at V2 – tFAHFAs at V1) was plotted against 

change in NEFA levels (Δ NEFAs = NEFAs at V2 – NEFAs at V1). n = 18. 
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Supplemental Figure 7: Correlation of tFAHFAs and tPAHSAs with metabolic factors 

Spearman rank correlation was performed for the combined group of obese patient before surgery (LSG V1) and 

non-obese controls (Controls). The concentration of tFAHFAs (log10) or tPAHSAs (log10) was plotted against the 

concentration of insulin, CRP or NEFAs (log10). n = 18 per group. 
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Supplemental Figure 8: Association between tPAHSA levels (A) or tFAHFA levels (B) with BMI of subjects 

from the adult cohort 

Spearman rank correlation was used for correlation analysis. Total PAHSA or total FAHFA concentration in serum 

(log10) was plotted against BMI (log10). n = 20. 
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Call for participants (control subjects) 
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Participant information and informed consent for obese study participants 
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Participant information and informed consent for control patients with operation 
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Participant information and informed consent for control patients without operation 
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CRF for obese study participants 
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CRF for controls 
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Questionnaire for obese study participants at V1 
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Questionnaire for obese study participants at V2 
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Questionnaire for controls 
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Dietary protocol and instruction 
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Instruction manual for faecal sampling 
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Instruction manual for gut barrier test  
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