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Abstract 

The gut microbiome is a highly diverse ecosystem which influences host metabolism via for instance 

via conversion of bile acids and production of short chain fatty acids. Changes in gut microbiota 

profiles are associated with metabolic diseases such as obesity, type-2 diabetes, and non-alcoholic 

fatty liver disease. However, beyond alteration of the ecosystem structure, only a handful of specific 

bacterial species were shown to influence host metabolism and knowledge about molecular 

mechanisms by which gut bacteria regulate host metabolism are scant. The family Coriobacteriaceae 

(phylum Actinobacteria) comprises dominant members of the human gut microbiome and can 

metabolize cholesterol-derived substrates such as bile acids. Furthermore, their occurrence has been 

associated with alterations of lipid and cholesterol metabolism. However, consequences for the host 

are unknown. Hence, the aim of the present study was to characterize the impact of 

Coriobacteriaceae on lipid, cholesterol, and bile acid metabolism in vivo. For this purpose, a 

gnotobiotic mouse model colonized with a consortium of four Coriobacteriaceae strains was 

established (CORIO mice). Germ-free (GF) and specific pathogen-free (SPF) mice were used as 

controls. Mice were fed diets varying in their fat source and amount with or without 

supplementation of primary bile acids (BA). 

The most striking finding was that CORIO mice fed BA diet were characterized by a two-fold increase 

in white adipose tissue (WAT) mass. This increase in WAT mass was not associated with adipocyte 

hypertrophy but was accompanied by metabolic disturbances including increased plasma levels of 

leptin and insulin and marked changes in epididymal WAT proteome. Furthermore, changes in 

hepatic lipid metabolism including a higher concentration of fatty acids and shifts towards 

monounsaturated fatty acids were observed in these mice. Interestingly, systemic 

hypercholesterolemia was detected in all CORIO mice, regardless of the diet. In a second trial, the 

importance of dietary fat source (plant vs. animal) was demonstrated in SPF and GF mice. SPF mice 

fed BA in combination with a lard-based high-fat diet (L-HFD-BA) were characterized by higher WAT 

mass and disturbed glucose tolerance when compared to animals fed BA and a palm oil-based HFD-

BA (P-HFD-BA). In contrast, GF mice did not show these effects. Changes in gut microbiota profiles, 

such as a reduction in Lachnospiraceae was characteristic of SPF mice on L-HFD-BA. Impact of these 

different diets on Coriobacteriaceae-derived alterations of host metabolism will have to be 

investigated in the future. In summary, the present thesis demonstrates that the combination of gut-

derived Coriobacteriaceae and bile acid supplementation modulates host metabolism substantially. 

Moreover, dietary fat source plays an important role in the regulation of host metabolism and impact 

gut microbiota profiles.  
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Zusammenfassung 

Die Darmmikrobiota ist ein komplexes Ökosystem, welches den Wirtsmetabolismus unter anderem 

durch die Umwandlung von Gallensäuren oder die Produktion von kurzkettigen Fettsäuren 

beeinflusst. Veränderungen in der Darmmikrobiota sind mit verschiedensten metabolischen 

Erkrankungen wie Übergewicht, Typ-2-Diabetes und nicht-alkohol-bedingter Fettleber assoziiert. 

Bisher konnten jedoch nur wenige Bakterienarten identifiziert werden, die den Wirtsmetabolismus 

modulieren. Des Weiteren sind die molekularen Mechanismen, wie Darmbakterien auf den Wirt und 

damit auf die Entstehung von metabolischen Erkrankungen Einfluss nehmen nur wenig bekannt. 

Die Familie der Coriobacteriaceae (Phylum Actinobacteria) beinhaltet dominant vorkommende 

Mitglieder der humanen Darmmikrobiota und kann unter anderem Cholesterinderivate wie 

Gallensäuren umwandeln. Die Konsequenzen für den Wirt sind bisher jedoch unklar. Daher war das 

Ziel der vorliegenden Arbeit, den Einfluss von Coriobacteriaceae auf den Lipid-, Cholesterin- und 

Gallensäurestoffwechsel des Wirtes zu untersuchen. Dafür wurden keimfreie Mäuse mit einem 

Konsortium bestehend aus vier Coriobacteriaceae-Stämmen (CORIO Mäuse) kolonisiert. Keimfreie 

und spezifisch pathogen frei–gehaltene (SPF) Mäuse dienten als Kontrollen. Alle Mäuse wurden mit 

verschiedenen Diäten, die sich in ihrer Fettquelle und –menge sowie dem Zusatz primärer 

Gallensäuren (BA) unterschieden, gefüttert. 

Bemerkenswerterweise besaßen BA-gefütterte CORIO Mäuse doppelt so viel weißes Fettgewebe wie 

die Kontrollmäuse. Dieser Anstieg an weißer Fettmasse war nicht mit einer Zunahme der 

Fettzellgröße assoziiert, führte jedoch zu Stoffwechselstörungen wie erhöhte Plasmakonzentrationen 

von Insulin und Leptin und markanten Änderungen im Proteom des epididymalen Fettgewebes. 

Zusätzlich konnten in diesen Mäusen Veränderungen im hepatischen Lipidstoffwechsel wie zum 

Beispiel ein Anstieg an Fettsäuren und Verschiebungen in Richtung einfachungesättigter Fettsäuren 

beobachtet werden. Interessanterweise wurde in allen CORIO Mäusen, unabhängig von der Diät, 

eine Hypercholesterinämie festgestellt. In einem weiteren Versuch wurde die Relevanz der 

Nahrungsfettquelle (pflanzlich versus tierisch) in SPF und keimfreien Mäusen gezeigt. Hierbei zeigten 

SPF Mäuse, die mit einer Schweineschmalz- und Gallensäuren-angereicherten Diät (L-HFD-BA) 

gefüttert wurden, ein höheres Gewicht des weißen Fettgewebes sowie einer gestörten 

Glukosetoleranz. Diese Effekte wurden bei keimfreien Mäusen jedoch nicht beobachtet. 

Veränderungen in der Darmmikrobiota wie eine Reduktion der Lachnospiraceae war charakteristisch 

für L-HFD-BA gefütterte Mäuse. Der Einfluss dieser verschiedenen fettreichen Diäten auf Funktionen 

der Coriobacteriaceae und ihre daraus resultierenden Wirkungen auf den Wirtsmetabolismus bleibt 

zu untersuchen.  
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Zusammenfassend zeigt die vorliegende Arbeit, dass die Kombination von Coriobacteriaceae und 

Gallensäuregabe den Wirtsmetabolismus erheblich beeinflusst. Darüber hinaus spielt die Quelle des 

Nahrungsfettes eine wichtige Rolle in der Regulation des Wirtsstoffwechsels und beeinflusst das 

Profil der Darmmikrobiota. 
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1 Introduction 

The present thesis is primarily focused on the interplay between host metabolism and a specific 

taxonomic family of gut bacteria, the Coriobacteriaceae. Hence, the following sections in the 

introduction provide background information on the gut microbiota (the communities of 

microorganisms in the intestine), its functional role, and mechanisms involved in the regulation of 

host metabolic functions such as bile acid and lipid metabolism. 

1.1 The gut bacterial ecosystem and metabolic diseases 

The gut of each human individual harbors up to 3.8x1013 bacteria belonging to approximately 500 – 

1.000 species with the highest density in the colon, referred to as gut microbiota [1–3]. The widely 

stated ratio of bacterial to human cell of 10:1 was recently updated to closer to 1:1 by Sender et al. 

[2]. The gut microbiota is dominated by the phyla Firmicutes, Bacteroidetes, Actinobacteria, 

Verrucomicrobia and Proteobacteria. The diversity, composition, and metabolic functions of the gut 

microbiota vary highly between individuals and are influenced by diet, life-style, use of antibiotics as 

well as genetics [4–10]. The interplay between gut microbiota and the host as well as between gut 

microbes themselves plays an important role in digestion, immunity, and metabolism [11, 12]. 

Furthermore, the gut microbiota can modulate the absorption of dietary nutrients and influence the 

endocannabinoid system, which can further induce lipogenesis in adipocytes [13, 14]. This indicates 

that the interplay between diet and the gut microbiota is crucial for the host’s health. 

Several research groups assessed the effect of diet on the gut microbiota and the development of 

metabolic diseases, including obesity and type-2 diabetes (T2D). In human, obesity has been 

associated with changes in fecal microbiota profiles, including reduction and alterations in bacterial 

diversity [15–19]. Moreover, a negative correlation between the Bacteroidetes/ Firmicutes ratio and 

obesity was observed in mice and humans in some studies [16, 20–23], but not in others [24–26]. 

Fecal microbiota profiles in T2D patients were shown to differ from that in healthy persons, although 

results from different studies are conflicting [27–32]. These contradictory results could be due to 

differences in study design, number of subjects, consideration of confounders like anti-diabetic 

therapies and methodologies used for microbiome analysis [33, 34]. Infusion of microbiota from lean 

donors to patients with metabolic syndrome improved insulin sensitivity and increased the 

abundance of butyrate-producing gut bacteria as measured by Human Intestinal Tract Chip (a 

custom-made Agilent microarray) [35], suggesting that manipulation of the gut bacterial ecosystem 

might be one opportunity to increase insulin sensitivity and thereby human health. Moreover, 

compositional shifts in the gut microbiota were also observed in human patients and animals with 
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non-alcoholic fatty liver disease (NAFLD) or non-alcoholic steatohepatitis (NASH) as well as 

symptomatic atherosclerosis compared to healthy controls [36–41].  

Interestingly, feeding of high-fat diet (HFD) to mice and rats revealed that some animals are resistant 

whereas others are prone to the development obesity, which is usually accompanied by differences 

in microbial composition, gut permeability, plasma lipopolysaccharide concentration, and 

inflammation [42, 43]. Furthermore, various mouse strains differ in their response to HFD and in 

their gut microbiota, such as the obesity-resistant SWR/J and obesity-prone AKR/J mice [44, 45], 

suggesting an strong impact of the gut microbiota on the development of obesity. 

All the aforementioned publications show that changes in the gut microbiota diversity and 

composition are associated with metabolic diseases like obesity, T2D, NAFLD and NASH. However, 

causality and consequences of these differences are not fully clarified and knowledge of molecular 

mechanisms by which gut bacteria affect host health is scant. In the next paragraphs, known 

mechanisms how intestinal bacteria can modulate host health are presented.  

As toll-like receptors (TLRs) play an important role in host defense against pathogens, these data 

show that the interaction between gut microbes and the host are important for the development of 

metabolic diseases. In line with this, rats prone to diet-induced obesity (DIO) showed increased TLR4 

activation, increased intestinal permeability and plasma lipopolysaccharide (LPS) concentrations [43]. 

TLR5-deficient mice have increased fat mass and exhibit features of the metabolic syndrome like 

hyperlipidemia and insulin resistance [46]. Furthermore, chronic fructose feeding to TLR4 knock out 

mice resulted in strongly reduced hepatic steatosis and plasma alanine aminotransferase levels, a 

marker for liver damage [47]. The effects of obesity on gut barrier function and endotoxin 

concentrations are controversially discussed. Several authors also stated increased gut permeability 

and/ or LPS levels induced by HFD in mice [42, 48, 49], whereas others reported no evidence for an 

impaired gut barrier function of DIO in mice [50]. A recent publication showed that the housing 

conditions, which modulate gut bacterial composition, were crucial for gut barrier function when 

comparing conventional- and specific pathogen free (SPF)-housed mice [51]. Also the production of 

short chain fatty acids (SCFA) by the gut microbiota could be of importance in the development of 

metabolic diseases [25, 52]. However, results are conflicting and will therefore not be dealt with any 

further in this thesis. 

One host factor which might be influenced by the gut microbiota and modulate host adipose tissue is 

the fasting-induced adipose factor (Fiaf; also referred to as angiopoietin-like protein 4, Angptl4). Fiaf 

is a secreted inhibitor of lipoprotein lipase (LPL)-meditated lipolysis of plasma triglyceride-rich 

lipoproteins which increases plasma triglyceride levels and uptake into tissues [53]. The comparison 
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of GF and conventional mice fed a western-style, high-fat/ high-sugar diet, revealed the inhibition of 

intestinal Fiaf by the gut microbiota which might induce body weight gain and hints towards an 

important role of the microbiota in fat-storage in adipocytes [13, 54]. However, measurement of 

circulating Fiaf levels did not differ between GF and conventional housed mice [22]. Summed up, 

data regarding Fiaf are controversial and its role in microbiota-mediated fat storage remains to be 

investigated. 

Branched-chain amino acids (BCAAs) were associated with insulin resistance. Pedersen et al. (2016) 

revealed that serum BCAAs levels, synthesized by intestinal bacteria like Prevotella copri and 

Bacteroides vulgatus, were increased in insulin-resistant patients [55]. Furthermore, this study 

showed that Prevotella copri CB7 was able to induce insulin resistance and impair glucose tolerance 

in mice. In line with this, in obese and T2D patients, levels of BCAAs were negatively correlated with 

insulin resistance [56, 57]. However, more studies are needed to investigate how BCAAs modulate 

insulin resistance in detail.  

Choline metabolism by intestinal microbiota was shown to modulate the development of NAFLD. 

Feeding of HFD to a susceptible mouse strain (129S6) revealed that choline is excessively 

metabolized by the intestinal microbiota which then induced the development of NAFLD [58]. This is 

in line with the observations that the occurrence of this disease is also observed in mice fed a 

choline-deficient diet [59, 60]. Moreover, NASH patients had a higher abundance of alcohol-

producing bacteria like Escherichia coli which resulted in higher serum ethanol levels [38]. In line with 

this, obese ob/ob mice fed a standard laboratory diet, exhibited a higher endogenous ethanol 

production compared to wild type mice [61]. This might be a hint how obesity and the accompanied 

changes in gut microbiota composition could induce the development of NAFLD and it progression to 

NASH.  

Changes in bile acid composition as well as an increased bile acid pool were also observed in obesity 

and T2D [62–65]. Surprisingly, serum glycine- and taurine-conjugated forms of chenodeoxy and 

deoxycholic acid (CDCA and DCA, respectively), glycocholic acid (GCA) and total bile acid 

concentrations were increased after Roux-en-Y gastric bypass compared to overweight and obese 

patients [66]. Additionally, changes in fecal bile acid composition in NAFLD and NASH patients were 

accompanied with changes in the gut microbiota [67].  

More and more clinical studies evaluate the effects of modulating the bile acid metabolism via the 

two key regulators farnesoid X receptor (FXR; also referred to as FXR-α and Nr1H4) and the G 

protein-coupled bile acid receptor TGR5 (also referred to as GPBAR1) using semisynthetic agonists 

and antagonists as well as bile acid sequestrants [68, 69]. Only some will be introduced in the next 
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section. Treatment with FXR agonists like GW4064, WAY-362450 and obeticholic acid (OCA, INT-747) 

protected against cholestatic liver damage, cholesterol gallstones, lowers serum triglyceride and 

cholesterol levels and improves insulin sensitivity and inflammatory status in different animal models 

[70–79]. In a human trial, OCA increased insulin sensitivity, and reduced markers of hepatic 

inflammation and fibrosis in T2D and NAFLD patients [80]. Guggulsterone, which is the bioactive 

substance of the plant extract guggul and an antagonist of FXR, decreased hepatic cholesterol and 

exhibited hypolipidemic effects [69, 81, 82]. However, with respect to human trials the effect of 

Guggulsterone are not consistent [83]. One semi-synthetic TGR5 agonist, INT-777, induced intestinal 

GLP1 secretion and reduced the formation of vascular lesions in mice [84, 85]. Moreover, bile acid 

sequestrants like cholestyramine and colestimide are used for the treatment of 

hypercholesterolemia and dyslipidemia. These sequestrants form complexes with bile acids in the 

intestine leading to increased fecal bile acid and fat excretion. Thereby, they reduce FXR activation, 

increase bile acid de novo synthesis and thus decrease cholesterol levels [69, 86].  

In summary, the gut microbiota composition and function are important for the development of 

metabolic diseases. However, it is necessary to identify specific bacterial taxa involved in these 

diseases. So far, only a few bacterial strains exhibiting pro-obesity effects (e.g. Clostridium ramosum 

DSM1402 and Enterobacter cloacae B29) or anti-obesity effects like Akkermansia muciniphila MucT 

(ATTC BAA-835) have been identified [87–90]. As bile acid metabolism is affected by the gut 

microbiota and influences the host energy homeostasis, bacteria which interfere with bile acid 

metabolism are interesting targets in the context of metabolic disease development. The next 

section will focus on one specific family of gut bacteria which is able to transform bile acids: The 

Coriobacteriaceae. 

 

1.2 Coriobacteriaceae 

The family Coriobacteriaceae belongs to the phylum Actinobacteria and currently includes 15 genera: 

Adlercreutzia, Asaccharobacter, Atopobium, Collinsella, Coriobacterium (type genus), 

Cryptobacterium, Denitrobacterium, Eggerthella, Enterorhabdus, Gordonibacter, Olsenella, 

Paraeggerthella, Parvibacter, Senegalimassilia and Slackia (Figure 1) [91–104].  

Most Coriobacteriaceae grow as small rods or coccobacilli, are gram-positive, non-motile, non-spore-

forming, non-hemolytic, mesophilic, usually neutrophilic and acidotolerant. Most are strictly 

anaerobic but some are reported to be aerotolerant (Eggerthella lenta, Enterorhabdus spp.), 

microaerophilic (Olsenella spp.) or facultative anaerobes (Atopobium vaginae) [92, 93, 95, 105, 106]. 

When compared with Firmicutes and Bacteroides, Actinobacteria represent a minor fraction of the 
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sequence-based gut bacterial diversity (<2 to 5 % of total 16S ribosomal ribonucleic acid (rRNA) gene 

sequences). Nonetheless, some species such as Collinsella aerofaciens and Atopobium spp. are 

prevalent and dominant residents of the human intestine [1]. Moreover, Atopobium and 

Eggerthella spp. were shown to be correlated with several clinical pathologies including abscesses 

and bacteremia [107]. 

 

Figure 1: Phylogenetic tree of the family Coriobacteriaceae based on 16S rRNA gene sequences. 
The tree was created using the Maximum Likelihood method based on the General Time Reversible model. 
Sequences were obtained from the All-Species Living Tree (https://www.arb-silva.de/projects/living-tree). The 
tree is drawn to scale, with branch lengths measured in the number of substitutions per site. The analysis 
involved 40 nucleotide sequences. All positions with less than 70% site coverage were eliminated. That is, 
fewer than 30% alignment gaps, missing data, and ambiguous bases were allowed at any position. The 
percentage of trees in which the associated taxa clustered together is shown next to the branches. There were 
a total of 1426 positions in the final dataset. Evolutionary analyses were conducted in MEGA7 [108–113]. 
Species, selected for in vivo experiments, are shown in bold letters. 

 
Some species like Egg. lenta, C. aerofaciens and E. mucosicola express bile acid- and steroid-

metabolizing enzymes, which will be further explained in section 1.3 [114, 115]. Furthermore, the 

occurrence of Coriobacteriaceae was connected to host lipid and cholesterol metabolism [116, 117], 

and higher fecal cholesterol concentrations have been associated with decreased relative 

https://www.arb-silva.de/projects/living-tree
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abundances of Coriobacteriaceae [118]. In another study, their occurrence in the mouse gut 

correlated with decreased hepatic glycogen and glucose levels, enhanced triglyceride synthesis and 

the activity of Cyp3a11, a hepatic detoxification enzyme [117]. Additionally, Thorasin et al. (2015) 

could show that some Collinsella and Eggerthella species possess active lipases in vitro. However, 

until now it is not known whether this lipolytic activity also takes place in vivo and whether it 

modulates host metabolism [119]. 

All these studies indicate a possible function of Coriobacteriaceae on host lipid, cholesterol and bile 

acid metabolism. The four cultured species of this family that were selected for in vivo studies are 

presented in greater detail in the following section. 

Atopobium parvulum (A. parvulum) 

A. parvulum, formerly Streptococcus parvulus, was first 

described in 1937 by Weinberg et al. Its whole genome 

was sequenced in 2009 and it is reported to have one 

16S rRNA operon [97, 120]. It is frequently isolated from 

human oral cavity and known to play a role in oral 

infections. Additionally, its abundance in human feces 

increases with aging [121–123]. A. parvulum ferments 

glucose mainly to lactose, acetic and formic acid [107, 121, 124]. Interestingly, the genus Atopobium 

was shown to be overrepresented in cirrhotic patients [125, 126].  

Furthermore, A. parvulum may impact host metabolism via apelin [127]. Apelin is produced and 

secreted by the adipose tissue. Its expression is upregulated by insulin and it modulates glucose 

homeostasis. The plasma concentration of Apelin was found to be increased in obese patients and 

mice compared to lean controls [127, 128]. In contrast to A. parvulum, the occurrence of 

Eggerthella et rel. was negatively correlated to apelin expression [127]. Moreover, Atopobium spp. 

were higher abundant in mice having NASH than in NAFLD and healthy controls and their abundance 

was positively correlated with hepatic triglyceride levels, total plasma lipids and bile acids [126].  

Collinsella aerofaciens (C. aerofaciens) 

C. aerofaciens, formerly Eubacterium aerofaciens, was originally isolated from human feces [106, 

129] and belongs to the human core microbiome [1, 130–133]. It has also been found in feces of 

newborns [123]. The fermentation of different sugar sources by C. aerofaciens leads to the 

production of molecular hydrogen, ethanol, formate and lactate [100, 107].  

Figure 2: Scanning electron micrograph of 
A. parvulum [97] 
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Interestingly, the occurrence of the genus Collinsella was shown to correlate with increased intestinal 

cholesterol absorption and levels of plasma non-high density lipoprotein (HDL) in hamsters [118, 

134]. Furthermore, their abundance was higher in patients with symptomatic atherosclerosis, which 

is characterized by lipid and cholesterol accumulation and the recruitment of macrophages to the 

arterial wall [41], and patients with T2D compared to healthy subjects [135]. However, the authors of 

the latter study did not specify whether they adjusted for confounders like the use of antidiabetic 

drugs. Moreover, the abundance of C. aerofaciens was positively correlated with uptake of dietary 

protein, potassium, zinc, iron and vitamin B2 in Mongolian adults [136]. 

Eggerthella lenta (Egg. lenta) 

Egg. lenta, formerly Eubacterium lentum, was also 

originally isolated from human feces [106] and is part of 

the human core microbiome [91, 131]. The whole 

genome was sequenced in 2009 and contains three 

16S rRNA operons [120, 137]. The type strain is bile-

resistant, produces ammonia from arginine, can reduce 

nitrate and does not produce acids from glucose, [91, 

107, 137].  

The metabolism of dietary catechins, which have antioxidative and anti-inflammatory capacities, by 

Egg. lenta affects their bioavailability [138, 139]. Additionally, this species can dehydroxylate dietary 

lignans to the biologically active enterolignans, enterodiol and enterolactone [140]. Qin et al. (2012) 

showed that Eggerthella spp. were higher abundant in T2D patients compared to healthy controls. 

However, they did not include confounders like antidiabetic medication in their analysis [27]. 

Forslund et al. (2015) controlled for metformin treatment and did not observe a correlation between 

the occurrence of Eggerthella spp. and T2D [28]. Further, Egg. lenta is involved in mixed and invasive 

infections as well as bacteremia in immunocompromised hosts [137, 141–143].  

Enterorhabdus mucosicola (E. mucosicola) 

E. mucosicola was first isolated in 2009 from ileal mucosa of an inflamed TNFΔARE/wt mouse – which is 

a murine model of ileal inflammation - and can convert the isoflavones daidzein and genistein to the 

metabolic active compounds equol and 5-hydroxy-equol. Additionally, it is bile-sensitive [92, 144]. 

The relative abundance of Enterorhabdus spp. was found to be reduced in diabetic, leptin-resistant 

db/db mice [127]. Furthermore, prediabetic patients had a higher relative abundance of 

Enterorhabdus spp. compared to healthy controls, although the general abundance was quite low 

[145].  

Figure 3: Scanning electron micrograph of 
Egg. lenta [137] 
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As described above, some members of the family Coriobacteriaceae exhibit enzymes involved in 

bile acid transformation. Therefore, bile acid metabolism in general as well as enzymes, involved in 

bile acid transformation, expressed by Coriobacteriaceae are described in the next section. 

 

1.3 Bile acid metabolism 

The liver plays an important role in the digestion of dietary compounds due to the production of bile. 

Bile is composed of water, conjugated bile acids, mucin, cholesterol, phospholipids, and anorganic 

salts and has a pH value of 7.1. In the gall bladder, mixed micelles are formed by these components 

[146, 147]. In humans, the majority of bile acids is conjugated to glycine whereas there are mainly 

taurine-conjugates in mice [148]. Upon stimulation by cholecystokinin (CCK), bile is secreted into the 

duodenum [86, 149]. The bile forms micelles with dietary lipids and lipid soluble vitamins. This 

process is necessary for cleavage and absorption of dietary fat [86, 149–152].  

Bile acids are water-soluble and amphipathic steroids. Primary bile acids, cholic acid (CA) and CDCA, 

which are converted to α- and β-muricholic acid (MCA) in rodents, are synthesized in liver 

hepatocytes from cholesterol via two different pathways: classical and acidic [86, 150, 151, 153]. In 

the classical pathway cholesterol is directly converted to 7-hydroxycholesterol, whereas in the acidic 

pathway it is transformed via two intermediates. In both pathways, the rate limiting enzyme is 

cholesterol 7α-hydroxylase (Cyp7a1) [86, 149, 150]. Bacterial modifications, including deconjugation, 

dehydroxylation, and dehydrogenation of primary bile acids, lead to the formation of 15 – 20 so 

called secondary bile acids [150]. As unconjugated bile acids are strongly cytotoxic, they are 

conjugated to taurine or glycine in the liver [86].  

Some intestinal bacteria, including Coriobacteriaceae and members of the genera Bacteroides, 

Clostridium, Lactobacillus, and Bifidobacterium are able to transform bile acids by various enzymes. 

Before transformation can take place, the bile acids have to be deconjugated which is mediated by 

microbial bile salt hydrolase (BSH) (Figure 4) [115, 154–156]. Hydroxysteroid dehydrogenases 

(HSDHs) can then epimerize various hydroxyl groups of bile acids via an oxo intermediate. This 

epimerization can be carried out by a single bacterial species (intraspecies) or in cooperation of 

different species (interspecies) [157]. In bacteria, several bile acid inducible (bai) genes involved in 

bile acid dehydroxylation were found [154]. Table 1 shows presence of BSH and HSDH genes in 

Coriobacteriaceae.  
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Figure 4: BSH and HSDH activity of Coriobacteriaceae  
[154, 156, 158, 159]. 

Table 1: Bile acid-converting enzymes in C. aerofaciens, Egg. lenta and E. mucosicola 

 C. aerofaciens Egg. lenta E. mucosicola 

Bile salt hydrolase EC 3.5.1.24 = 
choloylglycine hydrolase 

x
2,5

 x
5
 x

2,5
 

12α-HSDH (EC 1.1.1.176)  x
8
 x

7

 x
8
 

3 α-HSDH (EC 1.1.1.50)  x
8
 x

6,7
 x

8
 

3 β-HSDH (EC 1.1.1.51)   x
1

  

7 β-HSDH (EC 1.1.1.201)  x
5
   

21-HSDH (EC 1.1.1.150)   x
6,3

  
16 α-HSDH  x

4
  

1 = http://www.brenda-enzymes.org/; 2 = https://www.patricbrc.org/portal/portal/patric/Home; 3, [160]; 4, 
[161, 162]; 5, [158]; 6, [114]; 7, [157]; 8, [115] 

Most of the bile acids in the intestine (95 %) are actively or passively reabsorbed in the ileum, 

transported back to the liver via the portal vein where they are bound to albumin. Afterwards, they 

are again available for secretion. This process is called enterohepatic circulation and is important for 

cholesterol and bile acids homeostasis [86, 148, 149] (Figure 5). Due to this re-circulation and food 

intake-dependent release of bile acids, their serum concentration varies throughout the day. This 

implies that bile acids might also inform the peripheral tissue that nutrients and energy will become 

available [86]. Bile acids which escape re-absorption are excreted in feces, which is the only way for 

mammals to eliminate cholesterol and its derivatives [149].  

In the terminal ileum, mainly conjugated but also unconjugated bile acids are taken up by apical 

sodium bile acid transporter (ASBT, Slc10a2). This transporter has a higher affinity for dihydroxy bile 

acids like CDCA and DCA [148]. The transporters are under a tight control to ensure bile acid 
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homeostasis which is mainly regulated by FXR (described below) [148]. In mice and human, ASBT 

expression is inhibited by bile acids via an FXR-mediated and small heterodimer partner (SHP)-

dependent pathway [163]. Once in enterocytes, bile acids are bound to the intestinal bile acid-

binding protein (IBABP) and are transported to the basolateral side, where they can be secreted into 

the circulation via several transporters like the heterodimeric organic solute transporter (OST) α and 

β. In human and mice, OST expression is also regulated by FXR [148].  

 

Figure 5: Simplified representation of the uptake, distribution and target receptors of bile acids. 
ASBT, apical sodium bile acid transporter; FXR, farnesoid X receptor; GLP-1, glucagon like peptide 1; NP1L1, 
Niemann Pick 1 like 1 receptor; NTCP, sodium taurocholate Co-Transporting Polypeptide; OATP, organic anion 
transport peptide; TGR5, G-protein-coupled receptor 1. 

 

Hepatocytes take up conjugated and unconjugated bile acids from portal and sinusoidal blood mainly 

via the sodium taurocholate Co-Transporting Polypeptide (NTCP) and a subset of the family of 

organic anion transport peptide (OATP) [148]. The transport of bile acids across the canalicular 

membrane is critical and rate-liming as it regulates the bile flow. The bile acid concentration in the 

canalicular lumen is 100-1000 fold higher than in the cytoplasm. This concentration differences imply 

an ATP-dependent secretion of the bile acids which is mainly mediated by the bile salt export pump 

(BSEP) [148]. 

Beside their importance for dietary lipid absorption, bile acids regulate their own as well as 

cholesterol and lipid homeostasis and act as signaling molecules in many metabolic processes. The 

best investigated targets of bile acids are FXR and the G-protein-coupled receptor TGR5 [86]. 
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Furthermore, bile acids activate other receptors like muscarinic receptors, pregnane X receptor 

(PXR), the vitamin D receptor (VDR), Formyl-peptide receptors (FPRs) [164–167].  

FXR is known as the nuclear receptor for bile acids and was identified in 1995 by the research groups 

of Forman and Seol [168, 169]. FXR belongs to the nuclear receptor superfamily class II. Ligands of 

this receptor subfamily are endogenous lipophilic compounds like cholesterol, lipids, bile acids and 

metabolites thereof. Several receptors regulating host metabolism like retinoic acid receptor (RARα), 

PXR, peroxisome proliferator-activated receptor (PPAR), constitutive androstane receptor (CAR), liver 

X receptor (LXR) and retinoid X receptor (RXR) also belong to this receptor subclass. Their activation 

leads to the formation of a heterodimeric complex with RXR before binding to response elements in 

promoter regions of the target genes [148]. Bile acids, conjugated as well as unconjugated, are the 

natural ligands for FXR with the conjugated and unconjugated forms of CDCA being the most potent 

ones. Furthermore, glucose and insulin are regulators of FXR. FXR occurs, due to different promoter 

usage and alternative splicing, in 4 different isoformes (1 to 4), which differ in tissue distribution [86, 

170]. FXR-α is mainly expressed in liver, gut, kidney, adrenal cortex and adipose tissue [86, 171]. FXR 

is the key regulator of bile acid homeostasis but exhibits also a tremendous number of direct and 

indirect target genes involved in lipid, glucose, and cholesterol homeostasis (Table 2). 

Table 2: List of major direct and indirect targets of FXR 

Target Mode of action function 
ApoA-I inhibition HDL cholesterol reduction [172] 
APOB Inhibition Assembly and secretion of VLDL [173] 
APOC2 Induction Activation of LPL [173] 
APOC3 Inhibition Inhibition of LPL [173] 
ASBT Inhibition via SHP Ileal bile acid uptake [163] 
BAAT and BACS Activation Bile acid conjugation [170] 
BSEP Activation Bile export in gallbladder [174] 
ChREBP inhibition Hepatic glycolysis [175] 
CYP7A1 Inhibition via SHP Bile acid de novo synthesis [176] 
FGF19/15 Activation Inhibition of Cyp7a1 and stimulation of bile flow [177] 
HNF4 inhibition Bile acid homeostasis [174, 178] 
PPARα in humans activation Lipid, glucose and energy homeostasis [170, 179, 180] 

PPARγ activation 
Adipocyte differentiation, lipid storage and glucose metabolism 
[181–184] 

I-BABP Increase Ileal bile acid binding [185] 
Insulin signaling inhibition White adipose tissue [70] 
LPK Inhibition Glycolysis [170] 

LXR Inhibition via SHP 
Bile acid de novo synthesis [186], cholesterol and lipid 
homeostasis [187, 188] 

NTCP inhibition Hepatic uptake of bile acids [189] 
OST α and β Activation Bile acid transport [148] 
SHP activation Bile acid homeostasis [174] 
SREBP1c Inhibition via SHP main regulator of fatty acid and triglyceride biosynthesis [190] 
Apo, apolipoprotein; ASBT, apical sodium bile acid transporter; BAAT, bile acid-CoA:amino acid n-acetyltransferase; 
BACS, bile acid-CoA synthetase; BSEP, bile salt export pump; ChREBP, Carbohydrate-responsive element-binding protein; 
CYP7A1, cholesterol 7 -hydroxylase; FGF, fibroblast growth factor; HNF, hepatocyte nuclear factor; PPAR, peroxisome 
proliferator-activated receptor; I-BABP, ileal bile-acid-binding protein; LPL, lipoprotein lipase; LXR, liver X receptor; LPK, 
L-pyruvate kinase; NTCP, sodium taurocholate Co-Transporting Polypeptide; OST, organic solute transporter; SHP, small 
heterodimer partner; SREBP, sterol regulatory binding protein. 
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TGR5 is a member of the rhodopsin-like subfamily of GPCRs (Class A) and is conserved among 

mammals. The expression of TGR5 is universal but levels vary between tissues: high in gall bladder 

and low in brown adipose tissue (BAT), liver, intestine, monocytes/ macrophages and some areas of 

the central nervous system [86, 191–193]. Hepatic TGR5 is only expressed in sinusoidal endothelial 

cells, which are exposed to high bile acid concentrations from enterohepatic circulation [192]. Many 

bile acids can activate TGR5, with lithocholic acid (LCA) being most potent. TGR5 modulates glucose 

and energy homeostasis as well as inflammatory responses (Table 3).  

Table 3: TGR5 targets 

Target Mode of action function 

Type 2 iodothyronine deiodinase (D2) Activation Energy homeostasis [194] 
Glucagon-like peptide 1 (GLP1) in intestinal 
L-cells 

Activation Glucose homeostasis [192, 195, 196] 

Pro-inflammatory cytokines in macrophages Inhibition Immunomodulatory properties [197] 
Peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha (PGC1α) 

Activation Energy expenditure [86] 

 

All the aforementioned data clearly prove the important role of bile acids are important for lipid 

and cholesterol homeostasis. Interestingly, the metabolic syndrome is commonly defined by the 

presence of three of the following diseases: abdominal obesity, hyperlipidemia, 

hypercholesterolemia, hypertension and hyperglycemia [198]. Therefore, the next section deals 

with lipid metabolism and the effects of bile acids on it. 

 

1.3.1 Bile acids modulate lipid metabolism 

As described above, bile acids are needed for the emulsification of dietary lipids. Emulsified lipids can 

then be broken down to fatty acids and monoacylgylcerol (MAG) by gastric and pancreatic lipases 

(Figure 6). These cleavage products can be passively or actively absorbed by intestinal epithelia cells 

via fatty acid translocase (CD36/FAT) [199]. In the endoplasmic reticulum of intestinal epithelial cells, 

monoacylgylcerol acyltransferase (MGAT) and diacylglycerol acyltransferase (DGAT) re-synthesize 

triglycerides from the absorbed fatty acids and MAG. Triglycerides are then incorporated in 

chylomicrons in the Golgi apparatus and secreted due to their size into the lymph whereas short 

chain fatty acids are transported into systemic circulation [199, 200]. Interestingly, HFD feeding 

increases MGAT2 activity in small intestine which was associated with higher fat absorption [201]. In 

line with this, healthy subjects show a low hepatic MGAT activity whereas it is induced in diabetic 

and obese rodents [202, 203]. In the liver, triglycerides are packed in very-low-density lipoproteins 

(VLDL) which are secreted into circulation [199]. The secretion of chylomicrons and VLDL is for the 

supply of heart, skeletal muscle and adipose tissue with fatty acids which are used for energy 
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expenditure and storage. The release of fatty acids from chylomicrons and VLDL is carried out by 

lipoprotein lipases (LPL) [204].  

Bile acids further modulate lipid homeostasis via FXR. One target gene of FXR, sterol regulatory 

element binding protein 1c (SREBP1c) is a key factor in hepatic fatty acid and triglyceride synthesis. 

Interestingly, SREBP1c might also be activated by insulin [205, 206]. In ob/ob mice, hepatic SREBP1c 

protein levels and expression of its target genes were significantly higher compared to those of wild 

type mice which led to increased hepatic fatty acid synthesis and induced steatosis [207].  

 

 

Figure 6: Schematic overview of dietary lipid absorption. 
LPL, lipoprotein lipases; ER, endoplasmic reticulum; VLDL, very low density lipoprotein; WAT, white adipose 
tissue. 

 

FXR additionally regulates LXR via SHP. LXR increases expression of genes involved in cholesterol and 

lipid metabolism like Cyp7a1, hydroxymethyl glutaryl (HMG)-CoA synthase/reductase, apolipoprotein 

E, SREBP1c, fatty acid synthase (FAS) and LPL. The activation of LXR target genes results in increased 

lipogenesis in liver and adipose tissue and the reduction of hepatic gluconeogenesis [208]. 

Interestingly, LXR is also regulated by insulin [208]. In murine models of atherosclerosis, activation of 

LXR strongly reduced the formation of atherosclerotic plaques presumably by the reduction of 

plasma cholesterol concentration [209]. The LXR target gene stearoyl-CoA desaturase 1 (SCD1) 
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regulates the synthesis of monounsaturated fatty acids (MUFAs) like palmitoleic acid (C16:1n7) and 

oleic acid (C18:1n9). These two MUFAs are the most abundant ones in human plasma, membranes 

and adipose tissue [207, 210]. In liver, SCD1 expression was positively correlated with hepatic free 

fatty acids, cholesterol esters, phospholipids and total lipid concentrations and is important for 

triglyceride synthesis [211, 212]. Interestingly, in obese and hyperglycemic ob/ob mice, SCD activity 

in adipose tissue and liver was strongly increased compared to wild type mice [213, 214]. 

Furthermore, SCD gene expression was positively associated with triglyceride storage in adipocytes 

leading to an increase in cell volume [215]. Studies also showed that SCD expression was induced by 

dietary saturated fatty acids and inhibited by polyunsaturated fatty acids (PUFAs) [215, 216]. 

Therefore, changes in lipid and bile acid metabolism in patients with metabolic syndrome indicate 

that therapeutic modulation of bile acid homeostasis is a promising way to treat metabolic 

diseases. 
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2 Hypothesis and aim of the thesis 

The human gut microbiota is a highly diverse and complex ecosystem that influences metabolic 

responses of the host. However, little is known about specific bacteria and associated molecular 

mechanisms underlying the modulation of host metabolism. Some species of the bacterial family 

Coriobacteriaceae are dominant members of the microbiota and can metabolize bile salts and 

steroids. In animal models, the occurrence of Coriobacteriaceae as assessed by sequencing was 

found to be positively correlated with hepatic concentrations of triglycerides, activity of Cyp3a11, 

and plasma cholesterol levels. In humans, their relative abundance has been associated with chronic 

metabolic diseases such as obesity and type-2 diabetes. Hence, we hypothesized that 

Coriobacteriaceae-derived functions play an important role in host metabolic responses, in particular 

lipid homeostasis.  

Therefore, the primary aim of the present thesis was to assess the role of these bacteria in mouse 

metabolism, with particular focus on bile acid and lipid metabolism. For this purpose, GF mice were 

colonized with a consortium of four Coriobacteriaceae strains and were fed diets varying in their fat 

type and amount, with or without supplementation of primary bile acids. Major readouts included 

organ and tissue weights, metabolic parameters (e.g. leptin, insulin, glucose levels and tolerance 

test), bacterial colonization, bile acids/lipids composition and the expression of key enzymes involved 

in their metabolism.  
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3 Methods 

3.1 Occurrence of Coriobacteriaceae in human fecal metagenomes 

The genomes of Collinsella (C.) aerofaciens DSM 3979T, Atopobium (A.) parvulum DSM 20469T, 

Eggerthella (Egg.) lenta DSM 2243T and Enterorhabdus (E.) mucosicola DSM 19490T were mapped 

against an integrated gene catalogue (IGC) generated from human fecal samples [217] (Figure 7). 

This work was performed by Dr. Stanislas Mondot at INRA, France. Briefly, the reference dataset 

consisted of fecal metagenomes from normal weight, underweight, overweight, obese and morbid 

obese individuals (Table 4) of three different nationalities (185 Chinese, 177 Danish, and 59 Spanish). 

Coding sequences of the four strains were extracted and blasted [218] against the IGC database. Best 

blast hit sequences with both a similarity and query length coverage ≥ 90 % were retained and used 

as a proxy to collect information on the relative abundance of Coriobacteriaceae in each 

metagenome. The relative abundance of each gene was log10 transformed and averaged for each 

group of metagenomes. Finally, a z-score was applied on the averaged gene abundance. Significance 

(p-value < 0.05) was analyzed using Turkey HSD test with correction for false discovery rate. Results 

were illustrated as a heat map using the R programming environment. 

Table 4: classification of the metagenome data sets 

Category Abbreviation Number of metagenomes Body mass index (BMI) 

Under weight UW 19 <18.5 
Normal weight N 194 18.5 ≥ x ≤ 25 
Over weight OW 102 25 ≥ x ≤ 30 
Obese O 76 30 ≥ x ≤ 35 
Morbid obese MO 30 ≥ 35 
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Figure 7: Mapping of Coriobacteriaceae genomes to the integrated gene catalogue (IGC) database.  
This scheme illustrates the steps of metagenomic queries used to evaluate the occurrence of Coriobacteriaceae 
in human metabolic diseases. This work is a courtesy of Dr. Stanislas Mondot at INRA. BLASTN, basic local 
alignment search tool for nucleotide sequences; CDS, coding sequences; DB, data base; Fasta, fasta format; Q 
and H, Query and Hit of blast analysis. 

 

3.2 Strains and cultivation 

Four strains of the family Coriobacteriaceae were used for functional characterization in vitro and in 

vivo experiments: C. aerofaciens DSM 3979T (taxonomic ID: 411903), A. parvulum DSM 20469T (ID 

521095), Egg. lenta DSM 2243T (ID 479437) and E. mucosicola DSM 19490T (ID 1121866). All strains 

were cultivated on Wilkins-Chalgren-Agar or -broth (WCA, Fischer Scientific) supplemented with 

0.05 % (w/v) L-Cystein (Carl Roth), 0.02 % dithiothreitol (DTT; Sigma Aldrich) as reducing agents and 

0.0025 mg/ ml Phenosafranin (Sigma Aldrich) as redox potential indicator. The medium for 

A. parvulum also contained 0.02 % Tween80 (Fluka) to stimulate growth [107]. Strains were grown at 

37 °C under strictly anaerobic conditions either in an anaerobic chamber (Whitley Hypoxystation 

H85, Meintrup DWS Laborgeräte GmbH) containing a H2/ N2 gas mixture (10:90) or in Hungate tubes 

(VWR International) containing 9 ml WCA medium gassed with N2. Cryo-stocks were prepared from 

overnight cultures by mixing bacterial suspensions 1:1 with filter-sterilized glycerol in culture 

medium (40 % vol/ vol) under sterile but aerobic conditions before freezing at −80 °C in the form of 
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200 µl aliquots. For colonization of mice, the strains were cultivated overnight (approx. 16 h) in 

Hungate tubes previously inoculated with 200 µl pre-culture (consisting itself of one cryo-aliquot in 

9 ml medium in Hungate incubated for 24 h). Two dilutions of the bacterial cultures were counted 

using a Thoma Chamber and an average number of cells per ml was calculated for each strain. The 

strains were then mixed at an equal cell density of 5 x 109/ ml in an empty sterile, Hungate tube 

gassed with N2. 

3.3 Functional characterization of Coriobacteriaceae strains in vitro 

3.3.1 Bile salt hydrolase (BSH) activity assay 

BSH (choloylglycine hydrolase, EC 3.5.1.24) catalyzes the cleavage of conjugated bile acids to release 

free bile acids and the amino acids taurine or glycine. This process is needed for further 

transformation of bile acids. First, protein databases, including GenBank at the National Center for 

Biotechnology Information (NCBI) and BRENDA, were checked for the availability of BSH protein 

sequences in the four strains.  

Next, BSH activity was tested in vitro as described elsewhere [219] (Figure 8). Briefly, after 

autoclaving and cooling down to 50 °C in a water bath, WCA agar was supplemented with 0.5 % 

(w/ v) tauro-conjugated deoxycholic acid (TDCA; Sigma Aldrich) prepared as filter-sterilized stock 

solution of 12.5 %. After two days of equilibrium of the agar plates in the anaerobic chamber, all 

strains were grown for 72 hours at 37 °C. Clostridium sp. FSA-380-WT-2B was used as positive 

control. Active BSH cleaves the taurine moiety of TDCA and the resulting free bile acid molecules 

either precipitate around colonies, thereby forming a halo, or induce whitening of colonies. WCA 

agar plates without TDCA were used as controls. 

 
Figure 8: Principle of the in vitro BSH activity assay.  
The conjugated bile acid TDCA is cleaved into DCA and taurine in the presence 
of BSH. DCA precipitates and leads to the formation of halos around (B) or to 
whitening of (D) colonies. (A and C) Agar without TDCA used as growing 
negative controls. Figure was modified from the literature [219, 220].  

 

conjugated
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3.3.2 Lipase activity assay 

Lipase (triacylglycerol acylhydrolases, EC 3.1.1.3) activity of the Coriobacteriaceae strains was tested 

using Rhodamin B-olive oil agar (modified from Kouker and Jaeger (1987) [221]) (Figure 9). Briefly, 

autoclaved WCA agar was cooled down to 50 °C and supplemented with 2.5 % (v/ v) filter-sterilized 

olive oil (A&P, Tengelmann) and Rhodamin B (0.01 g/ l, Sigma Aldrich). The medium was poured into 

Petri dishes after vigorous mixing. After two days of equilibrium in the anaerobic chamber, the plates 

were inoculated with Coriobacteriaceae strains and incubated for 48 h. Escherichia (E.) coli and 

Acinetobacter johnsonii MG844 (a gift from Dr. Mareike Wenning, Chair for Microbial Ecology, TU 

Munich) were used as negative and positive control, respectively. Lipase activity leads to the release 

of free fatty acids that form a complex with Rhodamine B. This complex can be observed visually by 

exposing the plates with UV light (360 nm), resulting in fluorescence.  

 
Figure 9: Principle of the lipase activity assay.  
Strains were grown anaerobically on olive oil-rhodamin B WCA. Lipase-positive 
strains cleave triglycerides from oil into fatty acids and glycerin. The free fatty 
acids form a complex together with rhodamin B, resulting in visible fluorescence 
upon UV light. The picture shows Pseudomonas aeruginosa PAC1R (1), 
Staphylococcus aureus (2) and E. coli (3). 1 and 2 formed fluorescent halos 
around the colonies, indicating lipase activity, whereas 3 did not. Modified from 
Kouker and Jaeger (1987) [221].  

 

3.4 Strain-specific 16S ribosomal RNA (rRNA)-based real time quantitative 

polymerase chain reaction (qPCR) assay 

After animal experiments, it was necessary to specifically quantify the four Coriobacteriaceae strains 

used for colonization. Therefore, a qPCR assay based on 16S rRNA gene copy numbers was 

developed. Specificity and limit of detection were determined and standard curves were prepared 

for each strain (see details below). Additionally, primer sequences to detect all bacteria were taken 

from Haarmann and Knol (2006) [222].  

Oil-rhodamin B agar
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fatty acids glycerin

Fluorescence of the rhodamin B-fatty acid complex



Methods 
 

 

20 

Briefly, genomic DNA was isolated from pure cultures as follows: 600 µl overnight culture, 400 µl 

Phenol:Chloroform:IsoAmyl alcohol (25:24:1; Sigma Aldrich), and 500 mg autoclaved zirconia/silica 

beads (0.1 mm; BioSpec Products) were mixed. Bacterial cells were disrupted by mechanical lysis 

using a FastPrep®-24 (3 times, 40 sec; 6.5 m/ s) (MP Biomedicals) fitted with a 24 x 2 ml cooling 

adaptor, followed by heat treatment (95 °C, 5 min) and centrifugation (15000 x g, 5 min, 4 °C). 

Supernatants were treated with RNase (0.1 µg/ µl; VWR International) for 30 min at 37 °C. DNA was 

purified using the gDNA clean-up kit following the manufacturer’s instructions (Macherey-Nagel). 

Concentrations and purity were checked using NanoDrop® (Thermo Fisher Scientific) and samples 

were immediately used or stored at -20 °C. Purity of the strains was controlled by microscopic 

observation before DNA extraction and by sequencing the 16S rRNA gene using primer 27F (5'-

AGAGTTTGATCCTGGCTCAG-3') and 1492R (5'-GGTTACCTTGTTACGACTT-3'), as described previously 

[223].  

The Universal Probe Library (UPL) system from Roche was used for qPCR, where primer-probe 

combinations guarantee higher specificity than intercalate fluorescence systems. Primer and probes 

were designed using the Roche UPL assay design center 

(https://lifescience.roche.com/en_de/brands/universal-probe-library.html). The final primer pairs 

(Sigma Aldrich) and probes (Roche) used are listed in Table 5. A 2-step qPCR program was used for all 

assays (95 °C 5 min; 45 cycles of 95 °C for 10 sec and 60 °C for 20 sec; cooling at 4 °C). Specificity was 

validated in vitro using different genomic DNA and primer concentrations of each strain and mixtures 

thereof (Suppl. Fig. S1). A template DNA concentration of 2.5 ng/ µl and 200 nM of each primer 

(stock solution 20 µM) achieved the highest specificity and lowest background signal. Each qPCR 

approach was validated using equal mixture of all strains (each 2.5 ng/ µl) and increasing 

concentrations of the target strain. The ct-value only decreased with higher DNA concentrations of 

the target strain and was unaffected by raising concentrations of the non-target strains. 

Table 5: Primers and probes used for 16S rRNA copy number based qPCR 

Bacterial strain Forward primer Reverse primer 
UPL-Probe (# and 

sequence) 
Amplicon 

length [nt] 

A. parvulum gaagaacaccagtggcgaag tgtttgctcccctagctttc #73, gctgagga 74 
C. aerofaciens gtgttgccatcgggtgat aaggggcatgatgacttgac #70, ccgccgcc 92 
Egg. lenta ctaatccgagggctcaacc gcattccaccgctacacc #34, agaggcag 93 
E. mucosicola cgcctaagcggaacctcta gcattccaccgctacacc #91, gaggagag 109 
All bacteria (EUB) tcctacgggaggcagcagt  ggactaccagggtatctaatcctgtt  #66, cagcagcc 453 

 

For each strain, a standard curve was generated. Therefore, 16S rRNA genes were amplified in 

triplicates by standard PCR using pure genomic DNA of each strain and the universal primers 27F and 

1492R. For the EUB standard curve, fecal DNA of three SPF housed C57BL/6N mice was used as 

template for the standard PCR. PCR products were loaded on a 1.5 % agarose gel, specific bands 
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were excised, and amplicons were cleaned using the PCR clean-up system (Stratec Biomedical). DNA 

concentration was measured using the dsDNA high sensitivity kit for Qubit measurement 

(InvitrogenTM), and the number of amplicons was calculated with the “DNA Copy Number and 

Dilution Calculator” web tool of Thermo Fisher Scientific. Standard curves were performed from 1010 

to 101 gene copies spiked into fecal DNA of three germfree C57BL6/N mice, results in a total of 6 

replicates per strain per dilution. These standard curves (Table 6) were used for calculation of 16S 

rRNA copy numbers in fecal samples and intestinal content, then expressed per 1 µg DNA. Fecal and 

caecal DNA of GF mice was used as negative control. 

Table 6: Equation and Pearson coefficient for calculation of strain-specific 16S rRNA gene copy numbers 

Species Formula Coefficient of determination (r²) 

A. parvulum y = -1.555ln(x) + 42.442 0.995 
C. aerofaciens y = -1.688ln(x) + 43.564 0.999 
Egg. lenta y = -1.528ln(x) + 42.145 0.985 
E. mucosicola y = -1.796ln(x) + 46.151 0.995 
All bacteria (EUB) y = -1.828ln(x) + 44.134 0.997 

 

To help with the interpretation of results, copy numbers as obtained by the qPCR assays were 

determined from known cell numbers of each Coriobacteriaceae strain. For that purpose, liquid 

overnight cultures were prepared in triplicates, bacterial counts were calculated using a Thoma 

Chamber and DNA was isolated from 5 x 109 cells of each triplicate culture using the protocol 

described in 3.7. The qPCR assays and calculation of 16S rRNA copy numbers were performed as 

described above. Results are shown in Table 7.  

Table 7: 16S rRNA copy numbers corresponding to 5x10
9
 cells of each strain 

 

3.5 Design of animal experiments 

Male C57BL/6N mice were housed under SPF or GF conditions with 12 h light/dark cycles at 24 -

26 °C. To exclude litter and cage effects, the mice from different litters were mixed up and housed in 

at least three separate cages per experimental group. All mice were fed autoclaved standard chow 

diet (Ssniff Spezialdiäten GmbH) ad libitum and were sacrificed by CO2. Sterility of germfree mice was 

checked by cultivation of feces on blood agar, lysogeny broth (LB) agar and WCA (Sigma Aldrich) as 

well as gram staining. A mold-trap was used to indicate the presence of mold. No contaminations 

were observed during any time of the experiments.  

 
A. parvulum C. aerofaciens Egg. lenta E. mucosicola 

specific primer-probe combinations 9.5 ± 0.2 9.7 ± 0.1 9.3 ± 0.2 9.3 ± 0.5 

EUB  8.7 ± 0.2 8.8 ± 0.1 8.7 ± 0.1 8.5 ± 0.2 

Data are expressed as log10 16S rRNA copies/ 1µg DNA (mean ± standard deviation; n = 6 replicates per strain) 
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For identification of Coriobacteriaceae-specific effects on the host, germfree (GF) mice (n = 8-14) 

were associated with 1 x 109 cells per strain at week 5 of age (see section 3.2 for details on the 

preparation of strains) (Figure 10).  

 
Figure 10: Design of animal experiments.  
GF mice were associated with 10

9
 cells of each bacterial strain at the age of 5 weeks (CORIO mice). At week 8 of 

age, diet was changed from chow to the experimental control diet (CD) to allow metabolic adaptation. After 
two weeks, mice were randomly divided into the different feeding groups. In experiment 1, mice were fed 
either CD, CD supplemented with CA and CDCA (each 0.1%) (BA), or palm oil-based high-fat diet (P-HFD). In 
experiment 2, mice were fed either CD, BA, palm oil- or lard-based HFD supplemented with 0.1% CA and 0.1% 
CDCA (P- or L-HFD-BA). The feeding period was 16 weeks in experiment 1 and 8 weeks in experiment 2.  

 

One and two weeks after association, feces was collected from mice to assess the efficacy of 

colonization by cultivation (calculation of colony forming units) and 16S rRNA gene copy number 

assays by qPCR (see section 3.4). GF and SPF mice were used as controls. In all animal experiments, 

diet was changed from chow (Ssniff Spezialdiäten) to experimental control diet (CD) for two weeks 

prior to starting dietary challenges, to allow metabolic adaptation. Afterwards, mice were randomly 

divided into the different feeding groups: Experiment 1: CD, CD supplemented with CA and CDCA 

(each 0.1 %) (BA), or palm oil based high-fat diet (P-HFD); Experiment 2: CD, BA, palm oil- or lard-

based HFD supplemented with CA and CDCA (each 0.1 %) (P- or L-HFD-BA). All experimental diets 

were purchased from Ssniff Spezialdiäten GmbH and their composition is illustrated in Table 8 . In 

experiment 1, the feeding period was 16 weeks, while it was 8 weeks in experiment 2. 
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Table 8: Composition of the different diets used in animal experiments. 
All diets were purchased from ssniff Spezialdiäten GmbH. 
diet CD BA diet P-HFD P-HFD-BA L-HFD-BA 

product number S5745-E902 S5745-E905 S5745-E912 S5745-E915 S5745-E935 
energy [MJ/ kg] 15.3 15.3 19.7 19.7 19.7 

fat [kJ%] 13.0 13.0 48.0 48.0 48.0 
casein [%] 24.0 24.0 24.0 24.0 24.0 
corn starch [%] 47.8 47.6 27.8 27.8 27.8 
maltodextrin [%] 5.6 5.6 5.6 5.6 5.6 
saccharose [%] 5.0 5.0 5.0 5.0 5.0 
cellulose[%] 5.0 5.0 5.0 5.0 5.0 
L-cystin [%] 0.2 0.2 0.2 0.2 0.2 
vitamins [%] 1.2 1.2 1.2 1.2 1.2 

minerals/ trace elements [%] 6.0 6.0 6.0 6.0 6.0 

cholin-Cl [%] 0.2 0.2 0.2 0.2 0.2 
soy oil [%] 5.0 5.0 5.0 5.0 5.0 
palm oil [%] 

  
20.0 20.0 

 
porc lard [%] 

    
20.0 

cholic acid [%] 
 

0.1 
 

0.1 0.1 
chenodeoxycholic acid [%] 

 
0.1 

 
0.1 0.1 

fatty acid composition [%] 
     

C12:0 0.01 0.01 0.01 0.01 0.05 
C14:0 0.02 0.02 0.21 0.21 0.29 
C16:0 0.58 0.58 9.18 9.18 5.37 
C18:0 0.18 0.18 1.11 1.11 2.88 
C20:0 0.02 0.02 0.10 0.10 0.08 
C16:1 0.01 0.01 0.05 0.05 0.60 
C18:1 1.29 1.29 9.19 9.19 9.64 
C18:2 2.65 2.65 4.67 4.67 4.55 
C18:3 0.29 0.29 0.35 0.35 0.49 

 

Weekly, body weight of the mice was measured. At the end of the trials, fasting blood glucose was 

measured using the FreeStyle Lite system (Abbott - Diabetes Care). Therefore, mice were fasted for 

6 hours and one little piece of their tail was cut off for collecting blood. In the second experiment, in 

addition to fasting glucose levels, an oral glucose tolerance test (OGTT) was performed with 5 to 6 

mice per group to have a closer look at the glucose metabolism. For this purpose, fasted mice receive 

2 g glucose per kg body weight via gavage. Blood glucose levels were measured 15, 30, 60, and 

120 min after gavage. Total area under the curves (AUC) were calculated for each animal using the 

following formula: 

     
        

                                                                                . 

All mice were sacrificed with CO2 at the end of the feeding period. Organs were dissected, their 

weight was recorder whenever appropriate and they were either directly snap-frozen or fixed in 4 % 

formalin for 24 to 48 hours depending on the organ. 
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3.6  Ethical statement 

Animal use was approved by the local institution in charge (Regierung von Oberbayern, approval no. 

55.2-1-54-2531-156-13). All animals were housed in the mouse facility of the Technische Universität 

München, ZIEL - Institute for Food & Health. 

3.7 DNA isolation from feces and intestinal content 

Metagenomic DNA was obtained from fecal pellets or caecal content of the fist experiment after 

mechanical lysis using a Fastprep and two freezing and thawing cycles followed by purification via 

precipitation according to a protocol published previously [224]. Genomic DNA from ileal and colonic 

from the first experiment as well as caecal content from the second experiment was isolated using a 

modification of this protocol. Briefly, intestinal content was transferred into 2 ml tubes containing 

500 mg zirconia/silica beads (0.1 mm; BioSpec Products). After addition of 600 µl stool DNA stabilizer 

(Stratec Biomedical), 250 µl 4 M Guanidinethiocyanat (Sigma Aldrich), and 500 µl 5 % N-

laurolylsarcosine (Sigma Aldrich), samples were mixed and incubated for 60 min at 70 °C with 

constant shaking. This was followed by mechanical lysis using a FastPrep®-24 (3 times, 40 sec, 

6.5 m/ sec) (MP Biomedicals). After addition of 15 mg Poly(vinylpolypyrrolidone) (PVPP, Sigma 

Aldrich), the suspension was vortexed and centrifuged for 3 min at 15.000 x g and 4 °C. 500 µl of the 

clear supernatant was transferred in a new 2 ml Eppendorf tube, mixed with 5 µl RNase (VWR 

International, stock concentration 10 mg/ ml) and incubated for 20 min at 37 °C with constant 

shaking. Then the genomic DNA was purified following instructions of the NucleoSpin® gDNA clean-

up kit (Macherey Nagel). DNA quantity and quality was measured with NanoDrop® (Thermo Fisher 

Scientific).  

3.8 High-throughput 16S rRNA gene amplicon analysis 

Diet can modulate intestinal microbiota profiles, which can be analyzed by next generation 

sequencing (NGS) of 16S rRNA genes. For this purpose, metagenomic DNA using two different 

isolation protocols (see 3.7) was isolated from caecal content of SPF mice fed CD, HFD or BA diet for 

16 weeks (experiment 1), or CD, BA, P- or L-HFD-BA for 8 weeks (experiment 2). 

After DNA isolation, the V3/V4 region of 16S rRNA genes was amplified (25 cycles) from 12 ng of 

metagenomic DNA using primer 341F and 785R [225] following a 2-step procedure to limit 

amplification bias [226]. Libraries were double-barcoded (8-nt index sequence on each forward and 

revers primer). Amplicons were purified using the AMPure XP system (Beckmann Coulter), pooled in 

an equimolar amount, and sequenced in paired-end modus (PE275) using a MiSeq system (Illumina) 

following the manufacturer’s instructions. 
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Sequences were analyzed as described previously [227]. Raw sequence reads were processed using 

IMNGS (www.imngs.org) [228], a pipeline developed in-house based on UPARSE [229]. Parameters 

were: barcode mismatches allowed, 2; expected error allowed, 3; Phred quality threshold, ≥ 3; 

trimming length, 3 nt; min. sequence length, 300 nt; max. sequence length, 600 nt (see IMNGS 

website for further information). Operational Taxonomic Units (OTUs) were clustered at 97 % 

sequence similarity and only those occurring at a relative abundance  0.25 % total reads in at least 

one sample were further analyzed. For each OTU, the final taxonomy was assigned using the most 

detailed taxonomic classification among SILVA [230] and RDP [231]. Downstream diversity and 

composition analyses were done 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 [232]. EzTaxon classification 

[233] was used for OTUs showing significant differences in relative abundances between feeding 

groups to identify the closest described species.  

3.9 Blood measurements and hepatic triglycerides 

Blood samples were analyzed at INRA, Micalis (team AMIPEM), France. The procedures were as 

described previously [37]. Plasma insulin, leptin, TNFα, IL-6, IL-27, INFβ, INFγ, IL-1α, IL-1β, IL.23, IL-

17a, IL-12p70, IL-10 and MCP1 concentrations were measured using a Luminex 100 IS system 

(Luminex Corporation) with a Milliplex MAP mouse serum adipokine panel kit (Millipore). For hepatic 

triglycerides, portions of frozen liver were homogenized in chloroform-methanol (2:1) to extract total 

lipids. The organic extract was dried, reconstituted in isopropanol, and triglyceride concentrations 

were measured with a triglyceride determination kit (Sigma Aldrich) and expressed as mg/ g liver.  

3.10 Bile acid measurements 

Bile acids were measured at the Institute of Food Chemistry, University of Hamburg. Bile acid 

measurement was performed according to Wegner et al. (2016) [115]. Briefly, caecal content was 

lyophilized and homogenized. 5 mg of the powder were resuspended in 250 µl methanol containing 

an internal standard mixture (IS), vortexed for 10 min and centrifuged for 10 min at 12,000 x g and 

4 °C. Then, 5 µl supernatant were mixed with 40 µl methanol and used for liquid chromatography 

electrospray ionization tandem mass spectrometry (LC-ESI-MS/MS) analysis. Adipose tissue (100 mg) 

was spiked with 10 µl IS and mixed with 4 ml methanol. This suspension was then homogenized with 

an Ultra-Turrax (intensity 4) and centrifuged for 10 min at 12,000 x g and 4 °C. Afterwards, 1000 µl 

supernatant were transferred to a new glass vial, evaporated until dryness. The residue was re-

dissolved in 100 µl methanol and used for LC-ESI-MS/MS analysis.  
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The analysis of bile acids and cholesterol were performed on an Agilent 1260 Infinity Quaternary LC 

System (Agilent Technologies) coupled to a triple quadrupole API 4000 QTRAP® MS (AB Sciex 

Germany GmbH) equipped with a turbo ion spray source, operating either in positive or negative ion 

mode. A Kinetex® C18 reversed phase column equipped with a Kinetex® C18 security guard column 

(Phenomenex Inc.) was used for separation of the analytes (constant flow rate of 200 µl/ min.).  

3.11 Free fatty acids and lipid measurement 

Free fatty acids analysis: For the analysis of free fatty acids in WAT, 10-50 mg tissue were mixed with 

2 ml methanol and 10 µl IS. Then the samples were homogenized 3 times for 20 sec using Ultra-

Turrax (intensity 4) and centrifuged for 10 min at 4 °C and 4,000 rpm. 1 ml of the supernatant was 

then mixed with 3 ml Methyl tert-butyl ether and 50 µl IS, sonicated for 10 min at room temperature 

(RT) and homogenized for 10 min at RT using a vortex mixer (2200 U/ min). The last three steps were 

repeated three times. Then, the organic phase was taken off and sterile filtrated using a PTFE-filter. 

1.5 ml filtrate were transferred into a glass vial and dried using nitrogen flow. Afterwards, the residue 

was resuspended in 300 µl MTBE, transferred in a new glass vial and dried using nitrogen flow. Last, 

the residue was resuspended in 50 µl C19:0-Methanol solution (1 mg/ ml) and esterified using 25 µl 

trimethylsulfonium hydroxide solution and analyzed by gas chromatography flame ionization 

detector (GC-FID). The used GC-FID method is shown in Table 9. 

Table 9: Parameter and conditions used in the GC-FID method 

 

Lipid analysis: Measurement of total fatty acids and phospholipids was done at the Institute of 

Clinical Chemistry and Laboratory Medicine, University of Regensburg, Germany. Total lipid analysis 

was performed as described by [234]. Briefly, fatty acid methyl esters (FAME) were generated by 

overnight incubation with acetyl-chloride and methanol at RT. FAMEs were then extracted with 

Gas chromatograph Hewlett Packhard HP 6890 Series GC System 

mobile phase nitrogen 
flow rate 2 ml/ min 
column Agilent CP-SIL 88 (50 x 250 μm x 20 μm) 
Step °C/min next [°C] hold [min] run time [min] 

Initial - 90 2 2.00 
Ramp 1 15 150 0 6.67 
Ramp 2 3 180 0 16.67 
Ramp 3 30 230 10 28.34 

autosampler Agilent 6890 Series Injector 
Injector temperature 200 °C 
Injection volume 1 μl 
Split 75:1 
Software ChemStation, Agilent Version Rev.A.10.02 1757 
Integration conditions peak slope/ sensitivity: 15 

mind. peak width: 0.01 
mind. peak area: 2 
mind. peak height: 2 
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hexane. Afterwards, FAMEs were separated by a highly polar BPX70 column coated with 70 % 

cyanopropyl polysilphenyl-siloxane using a Shimadzu 2010 GC-MS system. FAMEs were characterized 

and identified by selected ion monitoring mode of the most intense fragments. Quantification was 

done using an external calibration with C21:0 as internal standard. The desaturation index as 

indicator for SCD1 activity was calculated as follows [235]:  

       
                      

                                                      
 

       
                      

                          
 

Phospholipids were isolated and measured as described by [236]. Briefly, lipids were isolated 

according to Bligh et al. (1959) [237]. Lipids were quantified by ESI-MS/MS in positive ion mode using 

a quadrupole mass spectrometer (Quattro Ultima, Micromass). Non-natural occurring lipid species 

were used as internal standards. Product ion spectra were generated in a negative ion mode using 

API 4000 Q-Trap (Applied Biosystems).  

3.12 Fluorescence In Situ hybridization (FISH) 

Fluorescence In Situ hybridization (FISH) was carried out on proximal colon in order to confirm the 

colonization status of CORIO mice. Therefore, formalin-fixed paraffin-embedded (FFPE) colon tissue 

was cut in 5 μm sections using a microtome (Leica Biosystems). Three different probes were used: (I) 

ATO291 (5’-GGTCGGTCTCTCAACCC-3’; binding to C. aerofaciens, A. parvulum and Egg. lenta; [123]), 

(II) EUB338 (5’-GCTGCCTCCCGTAGGAGT-3‘; binding to all bacteria, [238]) and (III) COR653 (5’-

CCCTCCCMTACCGGACCC-3’; binding to C. aerofaciens; [123]). 

Tissue sections were transferred onto Superfrost Plus microscope slides (Thermo Fisher Scientific) 

and dried overnight at RT. The following day, the tissue sections were heated up for 15 min at 60 °C 

and incubated three times for 2 min in xylene, followed by 2 min in 96 % ethanol, 80 % ethanol and 

60 % ethanol for deparaffinization. Thereafter, sections were fixed by incubation in 4 % 

formaldehyde for 5 min.  

Then, tissues were incubated for 5 min in 3x phosphate buffered saline (PBS, InvitrogenTM) and twice 

for 1 min in 1x PBS. Dehydration was performed by incubating the tissue sections in 60 % ethanol, 

80 % ethanol and 96 % ethanol for 3 min each. After drying the slides for 3 min, tissues were circled 

with a liquid barrier marker (Roti; Carl Roth) and put in a water filled incubation chamber. Each 

section was covered with 50 μl lysis buffer (20 mM Tris-HCl, 2 mM EDTA, 1.2 % (v/ v) Triton-X-100, 

40 mg/ ml lysozyme, sterile filtrated) and incubated for 45 min at 37 °C in a hybridization oven 

(Thermo Fisher Scientific) for permeabilization.  
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Subsequently, tissue sections were washed with water and a second dehydration step was carried 

out. Therefore, tissue sections were incubated in 60, 80 and finally 96 % ethanol for 3 min each. After 

a final wash with 1 x PBS, hybridization was carried out. Hence, hybridization buffer (50 °C; 20 mM 

Tris-HCl, 0.9 % NaCl, 0.01 % 20% SDS solution, sterile filtrated) containing 0.5 ng/ µl of the probes 

ATO291 and EUB338 or ATO291 and COR653 was pipetted cautiously on the tissue. To prevent 

draining of the tissue section, the hybridization chamber was filled with pre-warmed hybridization 

buffer and closed with parafilm. Tissues were incubated overnight at 50 °C. The following day, tissues 

were washed thrice with preheated washing buffer (48 °C; 20 mM Tris-HCl, 0.064 M NaCl, sterile 

filtrated). Then, the nuclei were stained with 4′,6-Diamidin-2-phenylindo (DAPI). Therefore, DAPI 

stock solution was added to the washing buffer (DAPI end concentration: 1 μg/ ml), the sections 

were incubated for 30 min at RT in the dark and then washed again thrice with preheated washing 

buffer. Following, sections were mounted with aqueous mounting reagent (Aquatex by Merck) and 

covered with a cover glass.  

Sections were analyzed with a confocal laser scanning microscope (Olympus FluoView FV10i) using 

the channels DAPI, Cy5.5 (blue) for EUB338 and COR653 and Cy3 (red) for ATO291. Double positive 

cells appeared pink. For all samples of one run, the same laser intensity was used. Sections of SPF 

and GF mice were used as controls. Of each mouse, three pictures were taken at 60 x magnification.  

3.13 Lable-free quantification of eWAT proteome 

Proteomic anaylsis of epididymal white adipose tissue (eWAT) was done in cooperation with Prof. 

Küster, Chair for Proteomics and Bioanalytics, TU Munich. Protein isolation was performed according 

to a protocol from Prof. Küster. Briefly, 30 mg snap frozen eWAT of 5 to 6 mice of each BA fed group 

were homogenized in 250 μl tissue lyses buffer (50 mM Tris/HCl pH 7.6, 8 M urea, 10 mM Tris(2-

carboxyethyl)phosphine hydrochloride, 40 mM Chloroacetamide, protease (cOmpete Protease 

Inhibitor Cocktail Tablets, Roche) and phosphatase inhibitor mixture (PhosSTOP, Roche)) using a 

sterile mortar and pestle on ice. Afterwards, protein concentration was measured using Pierce™ 

660nm Protein Assay (Thermo Fisher Scientific) following manufacturer’s instructions. For each 

sample, at total amount of 75 µg protein was diluted with four volumes of 50 mM Tris HCl (pH 7.6). 

Next, sequencing grade trypsin (Promega) was added in a protease-to-protein ratio of 1:100 (w/ w) 

using a 1 µg/ μl trypsin stock solution. Following, the samples were predigested for four hours at 

37 °C and 700 rpm. Thereafter, trypsin was again added in a 1:100 (w/ w) manner and samples were 

incubated overnight at 37 °C and 700 rpm. The next day, samples were cooled down to RT and 

acidified to a pH of 2 with 50 % (v/ v) formic acid (FA). Samples were then centrifuged at 14,000 x g 

for 5 min at RT and supernatants were used for desalting. 
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Desalting was performed using C18-Peptide Clean-up Sep-Pak columns 50 mg (Waters). First, 

columns were activated with 1.5 ml methanol (MeOH) and equilibrated with 1.5 ml 80 % acetonitrile 

(ACN), 20 % H2O and 0.1 % formic acid (FA). Following, columns were washed five times with 1.5 ml 

2 % ACN, 98 % H2O and 0.1 % FA. Then they were loaded with the samples. Flow through was 

recovered and applied a second time onto the column. Afterwards, peptides on the column were 

washed five times with 2 % ACN, 98 % H2O and 0.1 % FA. Finally, peptides were eluted twice by 

adding 150 μl 40 % ACN, 60 % H2O, 0.1 % FA. Then the eluates were dried completely using an acid-

resistant vacuum concentrator CentriVap Concentrator (Labconco). Dried peptides were resolved in 

100 μl of 0.1 % FA in H2O and protein concentration was determined using a Nanodrop 2000 

Spectrophotometer (Thermo Fisher Scientific). Samples were equalized to a final peptide 

concentration of 0.2 μg/ μl with 0.1 % FA in H2O.  

The peptides were then analyzed via LC-MS/MS on a nanoLC-Ultra 1D+ (Eksigent Technologies) 

coupled to a Q Exactive HF mass spectrometer (Thermo Fisher Scientific). Peptides were delivered to 

a trap column (75 μm x 2 cm, packed in house with Reprosil-Pur C18 ODS3 5 μm resin, Dr. Maisch 

HPLC) for 10 min at a flow rate of 5 μl/ min in 100 % solvent A0 (0.1 % FA in HPLC grade water). 

Peptides were separated on an analytical column (75 μm x 40 cm, packed in-house with Reprosil-

Gold C18 120, 3 μm resin, Dr. Maisch HPLC) using a 120 min gradient ranging from 4 – 32 % solvent B 

(0.1 % FA and 5 % DMSO in acetonitrile) in A (0.1 % FA and 5 % DMSO in HPLC grade water) at a flow 

rate of 300 nl/ min. The MS was operated in data dependent mode, automatically switching between 

MS1 (resolution: 60,000) and MS2 spectra (resolution: 15,000). Up to 20 peptide precursors were 

subjected to fragmentation by higher energy collision-induced dissociation and analyzed in the 

Orbitrap. Dynamic exclusion was set to 20 sec.  

Label free quantification was performed using MaxQuant (version 1.5.3.30) [239] by searching MS 

data against a mouse UniProt reference database (version 03.05.16, 24853 entries) using the search 

engine Andromeda [240]. Carbamidomethylated cysteine was used as fixed modification; variable 

modifications included oxidation of methionine and N-terminal protein acetylation. Trypsin/P was 

specified as proteolytic enzyme with up to two or respectively five allowed miscleavage sites. 

Precursor tolerance was set to 10 ppm and fragment ion tolerance to 0.05 Da. Label-free 

quantification [241] and match-between-runs options were enabled (matching time window: 2 min, 

alignment time window: 20 min) and results were filtered for a minimal length of seven amino acids, 

1 % peptide and protein false discovery rate as well as common contaminants and reverse 

identifications.  

Functional annotations were carried out with Perseus 1.5.4.1. The unique proteins were annotated 

with lipid metabolism related terms (filter: lipid metabolism, lipid synthesis, lipid catabolic 
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processes). Information about proteins was gathered via uniprot.org, 

http://www.ncbi.nlm.nih.gov/pubmed and KEGG database. A Venn diagram was generated using the 

proteome data received by mass spectrometry for each housing group (cutoff: detected in 4 out of 5 

samples for SPF mice; detected in 5 out of 6 in GF and CORIO mice). The Venn diagram itself was 

compiled using the webtool of bioinformatics and evolutionary genomics. 

The histone masses received from proteome analysis were used to calculate the cell volume of eWAT 

of the three colonization groups. For this approach, the proteomic ruler plugin 0.1.6 [242] for Perseus 

1.5.5.3 was used, following the instructions on 

http://www.coxdocs.org/doku.php?id=perseus:user:plugins:proteomicruler. The proteomic ruler 

approach is based on the assumption that the number of histones is constant in each cell, whereas 

the amount of protein depends on the cell volume. Therefore, the ratio of histone and protein mass 

can be a measure of the cell volume. 

3.14 RNA isolation 

3.14.1 Liver and ileum 

Distal ileum and liver were stored in RNAlater (Sigma Aldrich) at -80 °C. After thawing, the tissue was 

taken out of the RNAlater and added to RA1 buffer (Macherey Nagel) and β-Mercapthoethanol 

(Sigma Aldrich). One piece of liver (ca. 30 mg) was smashed with a plastic pastille. Ileal tissue was 

opened longitudinal, smashed and passed through a 0.9 mm syringe needle. Then the smashed 

samples were loaded on QIAshredder columns (QIAGEN). The flow through, which contains the RNA, 

was used for RNA isolation following manufacturer’s instructions (NucleoSpin® RNAII kit; Macherey-

Nagel). Quantity and purity of the RNA was measured using NanoDrop® (Thermo Fisher Scientific). 

3.14.2 White adipose tissue (WAT) 

Samples of epididymal (e) and mesenterial (m) WAT were stored in RNAlater at -80 °C. One piece of 

the sample (ca. 50 mg) was used for RNA Isolation. 1 ml Isol-RNA lysis reagent (5Prime/ VWR) was 

added to the sample. The samples were then homogenized using Ultra-Turrax (Art-Miccra D-1, ART 

modern Labortechnik) for 20 sec and incubated 5 min at RT. After centrifugation, the homogenates 

were taken off through the fat phase. 200 µl ice cold chloroform (Carl Roth) was added, mixed for 

15 sec by hand shaking and incubated for 3 min at RT. The samples were then centrifuged for 15 min 

at 12,000 x g and 4 °C to receive the aqueous RNA containing phase which was afterwards 

transferred in a new eppendorf tube. The RNA was then isolated following manufacturer’s 

instructions (Direct-zol RNA MiniPrep, Zymo Research). Quantity and purity of the RNA was 

measured using NanoDrop® (Thermo Fisher Scientific). 
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3.14.3 Reverse transcription (RT) PCR and qPCR 

Complementary DNA (cDNA) was synthesized from 500 ng (ileum and WAT) and 1000 ng (liver) RNA 

in 13 µl PCR-grade H2O using random hexamers and M-MLV RT Point Mutant Synthesis System 

(Promega) (Table 10). qPCR was performed using the LightCycler® 480 from Roche with 10 µM UPL-

Probe, 20 µM forward and reverse primer, ca. 125 ng/ µl cDNA and 2x Probe or SYBR Master Mix. For 

the reaction, either Brilliant III Ultra-Fast QPCR Master Mix from Agilent Technologies or SensiFASTTM 

SYBR No-ROX Mix 2x from Bioline was used. The used temperature settings for qPCR are displayed in 

Table 11. The used primer and probe combinations for the target genes are shown in Table 12. The 

expression of hepatic Il1β, Pparα and γ, Mlxipl, Acaca, Tnfα and Cd36 were analyzed via TaqManTM 

approach at INRA, France. Calculations were done using the 2-ΔΔCt method [243].  

 

Table 10: cDNA synthesis 
Components Volume per sample [µl] 

Random-Hexamer [200ng/µl]  1 
5 min. 70°C  
5 min. 4°C 

5x 1. Strang Puffer (Promega) 5µl 
PCR grade H2O 3,1 µl 
rRNasin® (Promega) 0.65 
dNTP Mix 10mM  1,25µl 
M-MLV (200U/µl) (Promega) 1µl 

10 min. 25°C 
50 min. 48°C 

 

Table 11: Temperature settings used for UPL and SYBR green based qPCR 
 UPL Probe based SYBR Green based  

Step Temperature 
[°C] 

Time Temperature [°C] Time Number of 
cycles 

Denaturation 95 3 min. 95 5 min. 1 
2 step cycle:      

Denaturation 
Annealing & Elongation 

95 
60 

5 sec. 
10 sec. 

95 
60 

10 sec. 
20 sec. 

45 

Melting curve   95 
65 
97 

5 sec. 
1 min. 
continuous 

 

cooling 40 30 sec 40 10 sec  
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Table 12: Primer and UPL probe combinations for the analyzed genes as well as their uniprot accession 
number 

Protein 
name 

Gene name 
(Mouse) 

Accession 
number 

Forward primer Reverse primer 
UPL 

Probe 

ASBT Slc10a2, Ntcp2 P70172 gactagctggtcaaccctggta gggggagaaggagagctgta 22 

BSEP 
Abcb11, Bsep, 
Spgp 

Q9QY30 accagggacactgatccaga gaagatgcattgccaatattca 6 

CYP7A1 Cyp7a1, Cyp7 Q64505 caccattcctgcaaccttct ttggccagcactctgtaatg 92 
FGF15 Fgf15 O35622 ggcaagatatacgggctgat tccatttcctccctgaaggt 69 
FXR Fxr, Nr1h4 Q60641 agaaatggcaaccagtcatgta gcaaagcaatctgatcttcgt 47 
HMG CoA 
reductase 

Hmgcr Q01237 tgcgtaagcgcagttcct ttgtagcctcacagtccttgg 19 

Leptin Lep, Ob P41160 caggatcaatgacatttcacaca gctggtgaggacctgttgat 93 
LXR

 a
 Nr1h3 Q9Z0Y9 agctctgcctacatcgtggt tcatggcccagcatcttc 

 
NPC1L1 Npc1l1 Q6T3U4 caacatcttcatctttgttcttgag gccaatgtgagcctctcg 110 
SCD1

 a
 Scd1 Q9Z0R9 tgcctcttcgggattttctactac tggaacgccatggtgttggc 

 
SHP Nr0b2, Shp Q62227 cgatcctcttcaacccagat ggtaccagggctccaagact 104 
Srebp1c Srebf1, Srebp1 Q9WTN3 atggattgcacatttgaagacatg agaggaggccagagaagcag   
TGR5 Tgr5, Gpbar1 Q80SS6 attcccatgggggttctg gagcaggttggcgatgac 81 

Housekeeper     

60S 
ribosomal 
protein 
L13a 

Rpl13a P19253 atccctccaccctatgacaa gccccaggtaagcaaactt 108 

GAPDH Gapdh P16858 gggttcctataaatacggactgc ccattttgtctacgggacga 52 
HPRT Hprt1 P00493 tcctcctcagaccgctttt cctggttcatcatcgctaatc 95 
a
 these targets were measured by SYBR green based qPCR 

 

3.15 Histology and immunohistochemistry (IHC) of liver and WAT 

Histology: Formalin-fixed paraffin embedded liver and adipose tissue samples were cut into 3.5 (liver) 

and 5 µm (WAT) thick sections using the Leica rotary microtome RM2255, mounted on SuperFrost® 

microscope slides and dried overnight. On the next day the sections were heat treated for 15 min at 

60 °C to melt the paraffin. Afterwards, the sections were automatically stained with hematoxylin (H) 

and eosin (E) with the multistainer station LeicaST5020 and covered with embedding medium (Carl 

Roth GmbH). Stained sections were then scanned using a M8 digital microscope (PreciPoint GmbH). 

The sections were examined in a blinded manner. 

Histopathological evaluation of the liver: Due to their functions, CORIO might have an impact on the 

development of NAFLD. Therefore, blinded histopathological evaluation of liver tissue section was 

performed at INRA, Micalis, AMIPEM, France to analyze NAFLD activity score. This was done using a 

semi-quantitative scoring system. Briefly, steatosis (0–3 points), lobular inflammation (0–3 points and 

ballooning (0–2 points) of hepatocytes was evaluated in a blinded manner. The points were then 

summed up to the total NAFLD activity score, which ranges from 0-8. 

Adipocyte size: HF feeding leads to an increase in fat mass. This increase can be either due to an 

increase in cell volume (hypertrophy) and in cell number (hyperplasia) [244]. Therefore, adipocyte 
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sizes were measured in six 10-fold pictures of different, not overlapping areas of H & E stained 

sections and analyzed using Image J software. The threshold was set once and kept for all pictures of 

one feeding group and WAT. The size was analyzed using the following settings: size (600-infinity), 

circularity (0.4-1), choose Outlines, exclude on edges and remove default option. Afterwards, analysis 

was done using GraphPad Prism version 7.00. 

IHC staining: IHC staining of liver sections (3.5 µm and mounted on SuperFrost® plus microscope 

slides) was used to identify the impact of CORIO and diet on infiltration of immune cell in the liver. 

Liver sections were stained at the Institute of Virology, Helmholtz Zentrum, Technical University 

Munich with antibodies for MHCII, F4/80, Ki67, B220 and CD3. The procedure was performed as 

described in Wolf et al. (2014) [245]. Stained sections were then scanned using a M8 digital 

microscope (PreciPoint GmbH). The sections were examined in a blinded manner. 

3.16 Immunofluorescence staining of FXR  

FXR, key regulator of bile acid metabolism, was analyzed on protein level by immunofluorescence (IF) 

staining. Therefore, frozen TissueTec® O.C.T.-embedded liver tissues were cut into 5 µm thick 

cryosections using a cryostat Microm HM560 (Thermo Fisher Scientific), mounted onto SuperFrost® 

Plus microscope slides (Thermo Fisher Scientific) and stored at -20 °C until further use. After thawing, 

cryosections were immediately fixed in 4 % formalin for 15 min at RT and washed 3 times with 0.1 M 

PBS for 5 min each. For permeabilization, liver sections were incubated for 5 min in 1x PBS containing 

0.3 % Triton-X-100 (AppliChem) [246].  

Following the permeabilization step sections were blocked in goat blocking buffer (1x PBS, 5 % goat 

serum) for 1.5 hours. After blocking, sections were incubated with the polyclonal rabbit anti-FXR 

antibody (H-130, Santa Cruz Biotechnology) diluted 1:75 in antibody dilution buffer (1x PBS, 

10 mg/ ml BSA 0.3 % Triton X-100) at 4 °C overnight. At the next day sections were washed three 

times 5 min with 1x PBS and incubated with the secondary antibody (goat anti-rabbit Alexa Fluor 594, 

Life Technologies) diluted 1:200 in antibody dilution buffer for 1.5 hours at RT. After rinsing three 

times in 1x PBS containing DAPI (1:1000) for 5 min, each tissue sections were cover slipped using 

Aquatex mounting medium. At least three images were taken at 60-fold magnification from 

randomly chosen areas using an Olympus FluoView FV10i confocal microscope.  

Volocity 3D image analysis software (Perkin Elmer Inc.) was used to quantify immunofluorescence 

intensities. By using the measurement tool of the software, in each image a certain area 

(representing as most of the tissue as possible) was selected for which the software automatically 

calculated the surface area in μm². In the next step, for each staining round a minimum threshold 

intensity was set based on the images of the control group (SPF fed CD). Thresholds were defined by 
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obtaining the best signal sensitivity as possible while minimizing measurements of background 

intensity. Based on this threshold, which was used for all images of one staining round, all intensities 

within one image that were above this threshold were calculated by the software and all intensity 

measurements were summed up to a total intensity. Based on the total intensity and surface area, 

the intensity per μm² was calculated for each image. Finally, the mean was calculated from all images 

of one mouse and graphs were made using GraphPad Prism version 7.00. 

3.17 Statistics 

Statistical analyses were performed with R or GraphPad Prism version 7.00 using one- or two-way 

ANOVA followed by pairwise comparison testing (Holm-Sidak Significance is indicated through the 

thesis as follows: ●, one-way ANOVA; * two-way ANOVA; *, ●, p < 0.05; **, ●●, p < 0.01; ***, ●●●, 

p < 0.001. 

Regression analysis was done by ANCOVA using Microsoft Office Excel 2016 with pairwise 

comparison based on a Students t-test adjusted for the mean of WAT mass and corrected for the 

error term from the ANOVA using the following calculation:    
   

     
 

              
 

  
 

 

  
 

          

          
 

 

Principal component analyses (PCA) were performed in R. ANOVA analysis of proteome data were 

carried out using R scripts of the RHEA package [232]. Graphics were created using GraphPad Prism 

version 7.00. Unless otherwise stated, data are presented as mean ± SD.  
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4 Results 

Coriobacteriaceae are dominant mammalian gut commensals able to convert bile salts and steroids. 

Hence, they may influence host health by modulating bile acid and lipid metabolism. First, it was 

important to characterize the four Coriobacteriaceae strains selected for in vivo experiments in 

greater detail. We thus tested their ability to deconjugate bile acids and to degrade lipids in vitro. In 

addition, their occurrence in human populations was investigated to assess possible links to 

metabolic diseases. These data are presented in section 4.1. Second, in vivo effects of 

Coriobacteriaceae in combination with bile acids were analyzed using a gnotobiotic mouse model, as 

detailed in section 4.2. Finally, the impact of dietary lipids and bile acids on host metabolism were 

investigated in section 4.3.  

 

4.1 Metabolic functions and occurrence of Coriobacteriaceae 

The host produces primary bile acids from cholesterol in the liver, which are then conjugated to the 

amino acids glycine or taurine to increase solubility and reduce toxicity prior to secretion into bile. 

Upon ingestion of food, bile acids are released into the duodenum to support the digestion of lipids 

and liposoluble dietary compounds in the small intestine. It is known that some Coriobacteriaceae 

strains can dehydrogenate bile acids via the action of hydroxysteroid dehydrogenase (HSDHs). 

However, this transformation is only possible under the condition that bile acids are present in 

unconjugated forms. The enzyme responsible for deconjugation is called bile salt hydrolase (BSH) 

(also referred to as choloylglycine hydrolase). Until now, no study focused on BSH activity in 

Coriobacteriaceae.  

The presence of BSH protein sequences in each of the four strains selected for in vivo experiments 

was tested by screening protein databases, which showed that C. aerofaciens and E. mucosicola have 

the ability to deconjugate bile acids (protein accession no. CUO91292.1 and WP_028027311.1, 

respectively). In contrast, no protein sequences annotated as BSH were found in the genome of 

Egg. lenta and A. parvulum.  

These results were confirmed in vitro by testing the ability of the strains to produce active BSH using 

an agar plate assay, in which deconjugation of bile acids results either in visible precipitates around 

colonies or induces whitening (see section 3.3.1 for technical details). C. aerofaciens was the only 

strain able to deconjugate TDCA in vitro resulting in formation of a halo around colonies (Figure 11A). 

Egg. lenta as well as A. parvulum grew on TDCA-supplemented agar plates, but neither precipitation 

nor difference in the appearance of colonies were observed. E. mucosicola did not grow on TDCA-

supplemented agar plates under the experimental conditions used. In addition to BSH, HSDHs, which 
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catalyze the dehydrogenation of bile acids, have been reported in Coriobacteriaceae. Egg. lenta and 

C. aerofaciens are known to possess 3α- and 12α-HSDH as well as 7β-HSDH, respectively [158, 162]. 

By performing fermentation experiments with primary bile acids and each of the Coriobacteriaceae 

strains, followed by quantification of single bile acids (in cooperation with AG Rohn at the University 

of Hamburg), we reported for the first time that E. mucosicola and C. aerofaciens are able to oxidize 

α-hydroxyl groups at position C3 and C12 to generate 3- and 12-oxo-bile acids [115].  

B

A

 
Figure 11: Coriobacteriaceae strains have the ability deconjugate bile acids and to cleave dietary 
triglycerides. 
(A) BSH activity was tested in vitro using WCA agar supplemented with 5 % TDCA. Active BSH results in 
precipitates, which either lead to formation of a halo surrounding colonies or induce their whitening. 
Clostridium sp. strain FSA-380-WT-2B was used as positive control (whitening). E. mucosicola did not grow 
on WCA agar plates supplemented with 5% TDCA and could thus not be tested. (B) Lipase activity was 
analyzed using olive oil-rhodamin B WCA agar plates. Lipase activity leads to the formation of a rhodamin 
B-fatty acid complex which can be visualized by UV light (360nm). E. coli and Acinetobacter johnsonii 
MG844 were used as negative and positive control, respectively.  

 

Since certain bacteria can catalyze lipolysis and thereby contribute to lipid metabolism, we tested the 

ability of Coriobacteriaceae to cleave triglycerides. Therefore, a lipase activity assay using rhodamin B 

olive oil agar was performed (see section 3.3.2 for technical details). This assay revealed that colonies 

of C. aerofaciens and A. parvulum were fluorescent upon exposure to UV light (Figure 11B), meaning 

that these strains are able to cleave triglycerides. 

With respect to the occurrence of Coriobacteriaceae in metabolic diseases, literature data proposed 

that their presence is associated with disturbed host metabolism and type-2 diabetes. To clarify 

whether the prevalence of the four strains used in our animal experiments is associated with 
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metabolic disorders in human subjects, we searched for matches between coding sequences in their 

genomes and shotgun sequencing data of the Integrated Gene Catalogue of [217] (see section 3.1 for 

technical details). This reference dataset consists of metagenomic sequences from feces from normal 

weight, underweight, overweight, obese and morbid obese individuals of three different nationalities 

(185 Chinese, 177 Danish, and 59 Spanish). Diabetic patients were excluded from the analysis due to 

missing information about medications. The BLAST search (similarity and query length 

coverage ≥ 90 %; p < 0.05) identified 2110 C. aerofaciens-related coding sequences from which 79 

were enriched in obese and morbid obese individuals (Figure 12A). In contrast, out of 3212 

Egg. lenta-related coding sequences 59 were less abundant in feces from obese and morbid obese 

individuals (Figure 12B). Sequences related to A. parvulum and E. mucosicola were not detected in 

this metagenomic dataset.  

A B

 

 

 

In combination with literature evidence, the data aforementioned support a link between the 

presence of Coriobacteriaceae and metabolic diseases, highlighting the importance of investigating 

the functions of this bacterial family and their mechanistic role in host physiology. 

 

Figure 12: Occurrence of Collinsella aerofaciens (A) and Eggerthella lenta (B) 

differs according to the metabolic status of  human hosts.  

Genomic sequences of the four Coriobacteriaceae strains were queried against 

the shotgun sequencing data of the Integrated Gene Catalog (Li et al. 2014), 

which contains fecal samples from the following groups of participant’s: 

underweight (UW, n = 19), normal weight (N, n = 194), overweight (OW, n = 102), 

obese (O, n = 76) and morbid obese (MO, n = 30). Sequence similarity and query 

length coverage was ≥ 90 %. Courtesy of Stanislas Mondot. 
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4.2 Coriobacteriaceae modulate host metabolism 

To test whether Coriobacteriaceae can influence host metabolism, in particular lipid, bile acid, and 

cholesterol metabolism in vivo, GF mice were associated with four Coriobacteriaceae strains (CORIO 

mice) and fed CD, palm oil based high-fat diet (P-HFD), or control diet supplemented with primary 

bile acids (BA) diet for 16 weeks (see experimental details in section 3.5). GF and SPF mice were used 

as controls. 

4.2.1 Colonization of GF mice with the Coriobacteriaceae consortium 

Before assessing in detail diet- and bacteria-driven effects on the host, we tested the efficacy of gut 

colonization by the Coriobacteriaceae. GF mice were associated with four strains at the age of five 

weeks, and fecal samples were collected one and two weeks after association for cultivation and 

16S rRNA gene-targeted qPCR. In addition, luminal content was collected from different gut locations 

at the end of the trial (26 weeks of age) (see experimental details of 16S rRNA gene-targeted qPCR in 

section 3.4). DNA isolation protocols, which differed between feces, caecal and luminal content are 

described in section 3.7. 

Cultivation of fecal samples showed that CORIO mice were colonized at a mean cell density of 

approximately 5 x 1011 cfu/ g feces at one and two weeks after colonization (Figure 13A). Because 

cultivation does not allow testing of individual strains, and growth on agar plates was dominated by 

two of the four strains (C. aerofaciens and Egg. lenta; data not shown), 16S rRNA gene-targeted qPCR 

assays specific for each of the strains was established and applied to DNA extracted from fecal 

samples. Results clearly indicated the presence of all four Coriobacteriaceae strains (Figure 13B). One 

week after colonization, C. aerofaciens (log10 7.0 ± 0.5 gene copy numbers per 1 µg fecal DNA) and 

Egg. lenta (log10 6.2 ± 0.5 copies/µg) colonized mice more efficiently than A. parvulum 

(log10 3.7 ± 0.9 copies/µg) and E. mucosicola (log10 5.0 ± 0.7 copies/µg). After two weeks of 

colonization, C. aerofaciens, Egg. lenta, and E. mucosicola showed unchanged colonization densities, 

whereas that of A. parvulum increased to 5.1 ± 0.3/ µg.  

In general, one main difference between GF and SPF mice is caecum volume: GF mice have a highly 

enlarged caecum with smoother content than SPF mice, and association of GF mice with a complex 

microbiota is known to restore normal caecum size. CORIO and GF mice had a 5.2- to 15.4-fold higher 

caecum to body weight ratio compared to SPF mice regardless of diet (Figure 13C). Hence, 

colonization with Coriobacteriaceae was not efficient in restoring caecum size. In contrast, CORIO 

mice on CD had significantly heavier caeca compared to GF (123.5 ± 31.6 vs. 97.9 ± 31.3 mg/ g body 

weight; p = 0.029). In addition to colonization, diet can also modulate caecum mass. Diets with a high 

content of fat are known to reduce caecum volume, which was also observed in our study (SPF mice: 

CD: 273.3 ± 50.2 vs. P-HFD: 234.8 ± 67.1 mg/ g body weight; p < 0.0001). A novel observation is that 
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BA diet resulted as well in a significant decrease in caecum size in GF and CORIO mice compared to 

CD feeding (p < 0.001), whereas this effect was not significant in SPF mice (CD: 273.3 ± 50.2; BA: 

228.7 ± 42.2 mg/ g body weight; p = 0.249). 
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Figure 13: Coriobacteriaceae colonized GF mice at relatively low population densities. 
(A) Colonization efficacy was analyzed by anaerobic cultivation of fecal pellets, one and two weeks after 
association. (B) Strain-specific 16S rRNA gene-based qPCR analysis of fecal DNA to quantify the abundance 
of all four individual strains. Grey dotted lines indicate the detection limits of each qPCR assay. (C) Caecum 
to body weight ratios revealed diet and colonization effects. (D) Heat map of 16S rRNA gene-based qPCR 
quantifications in ileal, caecal, and colonic contents 21 weeks after colonization. EUB primers were used to 
analyze total bacterial counts. (E) FISH analysis in proximal colon from P-HFD-fed CORIO mice (Panel B) 
using the 16S rRNA-specific probes ATO291, COR653 or EUB338. GF (Panel A) and SPF mice (Panel C) were 
used as controls. Bacterial cells stained with two probes appear purple. Arrows indicate stained bacteria. 
CD; P-HFD; BA; Abbreviations: A.p., A. parvulum; C.a., C. aerofaciens; E.l., Egg. lenta; E.m., E. mucosicola; 
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For detailed description of the statistical analysis see section 3.17; In panel A-C, the number of mice in each 
group is indicated below the x-axis (n = number of mice measured). 

 

At the end of the study (21 weeks after colonization and 16 weeks of feeding), lower densities of the 

four strains were detected in all gut compartments from proximal ileum through distal colon: values 

ranged from log10 0 to 9 16S rRNA gene copies/ µg and marked inter-individual variations were 

observed (Figure 13D and Suppl. Fig. S2). Coriobacteriaceae seemed to colonize distal parts of the 

gut (caecum and colon) at higher population densities than proximal parts, especially in the case of 

C. aerofaciens. Comparing colonization efficiency between strains, E. mucosicola was poorly 

detected, but its abundance was significantly higher when mice were fed P-HFD. This diet effect was 

also observed for the other three strains. In contrast, feeding of the BA diet resulted in a slight to 

strong reduction in bacterial gene counts (23 and 100 % compared to CD depending on the strain and 

gut location considered). 

Moreover, the colonization of mice with Coriobacteriaceae was confirmed by FISH staining of colonic 

tissue sections using two different combinations of nucleotide probes (ATO29 + EUB338 and ATO29 + 

COR653) (see experimental details in section 3.12) (Figure 13E). In tissue sections of CORIO mice, 

bacterial cells were mainly observed in P-HFD fed mice. CD- and BA-fed mice were only sparsely 

populated. In all tissue sections of SPF mice, bacteria could be detected and ATO291- as well as 

COR653-positive cells were also found. No bacteria were detected in gut sections from GF mice. 

In conclusion, assessment of the colonization by Coriobacteriaceae showed that the strains were 

able to colonize the gut of GF mice, but at relatively low population densities. Furthermore, the 

abundance of Coriobacteriaceae was generally higher in mice fed P-HFD. 

 

4.2.2 CORIO mice fed BA diet were characterized by increased fat mass 

The primary aim of the mouse experiments was to assess the impact of Coriobacteriaceae in 

combination with diet on the host metabolism. Body weight measurement showed that 16-week P-

HFD feeding triggered a 1.4-fold increase in body weight compared to CD in all three colonization 

groups (CORIO: 44.9 ± 3.9 vs. 31.0 ± 2.7 g; GF: 42.5 ± 3.1 vs. 31.4 ± 2.3 g; SPF: 49.0 ± 4.9 vs. 

34.4 ± 2.9 g) (Figure 14A). Body weight development throughout the experiment showed that all P-

HFD-fed mice constantly gained weight overtime (Suppl. Fig. S3). Within the P-HFD group, SPF mice 

were characterized by a body weight significantly higher than that of GF and CORIO mice. No 

significant colonization differences in body weight were observed within CD and BA groups.  

The most striking observation in this experiment was that CORIO mice fed the BA diet had a two-fold 

increase in white adipose tissue (WAT) mass (2120.1 ± 623.2 mg) compared to GF 
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(1127.4 ± 530.8 mg) and SPF mice (841.7 ± 549.3 mg) (Figure 14B), in spite of similar body weight. 

Regression analysis of WAT and body weight within the BA group confirmed this significant 

difference between the three colonization groups (Figure 14C) (CORIO vs. SPF p = 0.00006; CORIO vs. 

GF p = 0.0273; GF vs. SPF p = 0.0465; t-Test). P-HFD feeding significantly increased WAT mass by 

approximately four-fold compared to CD and BA diet (Figure 14B), albeit no CORIO-specific effects 

were observed.  
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4.2.3 BA feeding induced metabolic disturbances in CORIO mice 

Diet-induced obesity via HF feeding is usually associated with comorbidities such as insulin resistance 

and eventually diabetes. In SPF mice, measurement of fasting glucose in blood revealed a significant 

increase in glucose levels by 26 to 39 % after P-HFD compared to CD and BA feeding, despite high 

inter-individual differences (Figure 15A). In GF and CORIO mice, P-HFD did not significantly increase 

fasting glucose levels compared to CD and BA diet. No effect of the colonization status of mice was 

observed in any of the diet groups. Another indicator of diabetes is the circulating concentration of 

insulin, which was five- to seven-fold higher in all P-HFD mice, independent of the colonization status 

(Figure 15B). In line with the aforementioned increased fat mass, BA feeding was associated with 

50 % increased plasma insulin levels in CORIO mice (1.8 ± 1 ng/ ml) compared to GF controls 

Figure 14: Coriobacteriaceae increased fat 
mass in mice fed BA diet. 
(A) Body weight measurement after 16 weeks 
of feeding. (B) Sum of epididymal, 
mesenteric, and inguinal WAT. BA-fed CORIO 
mice showed a nearly two-fold increase in fat 
mass compared to GF and SPF mice on the 
same diet. (C) Regression analysis of WAT and 
body weight of BA-fed mice showed 
significant differences between CORIO, GF 
and SPF mice. CD; P-HFD; BA; For detailed 
description of the statistical analysis see 
section 3.17; Number of mice in each group 
are indicated below the x-axis (n = number of 
mice measured). 
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(0.8 ± 0.3 ng/ ml). Levels in CORIO mice were higher than in SPF, but results did not reach significance 

(1.8 ± 1.0 vs. 1.2 ± 1.0 ng/ ml; p = 0.2380).  
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Figure 15: CORIO mice fed BA diet showed signs of metabolic disturbances. 
(A) Fasting blood glucose measured in all mice after a 6 h fasting period. Measurement of systemic insulin 
(B) and leptin (C) levels. (D) Transcription analysis of leptin in mWAT and eWAT revealed increased 
expression in BA-fed CORIO mice. CD; P-HFD; BA; For detailed description of the statistical analysis see 
section 3.17; Number of mice in each group are indicated below the x-axis (n = number of mice 
measured). 

WAT produces and secrets adipokines, including leptin, which has signaling functions of importance 

for host metabolism (e.g. leptin reduces hunger feeling and is also referred to as the satiety 

hormone). It is reported that obese patients have higher circulating levels of leptin due to increased 

fat mass, which can eventually lead to leptin resistance and thereby to uncontrolled hunger feeling. 

As expected, P-HFD feeding significantly increased systemic levels of leptin compared to CD and BA 

diet, a phenomenon that was independent of colonization (Figure 15C). Interestingly, CORIO mice fed 

BA diet had 3.5- to 5.8-fold higher circulating levels of leptin compared to both GF and SPF mice 

(11.5 ± 8.0 vs. 3.3 ± 2.9 and 2.0 ± 1.4 ng/ ml, respectively). In line with this observation, a four-fold 

increased Lep (gene of leptin) expression was observed in mWAT from CORIO compared to GF and 

SPF mice fed BA diet (Figure 15D). In eWAT, BA-fed CORIO mice had three-fold higher Lep expression 

levels compared to SPF mice, but difference with GF mice did not reach significance.  
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Altogether, the data presented in section 4.2.1 to 4.2.3 indicate that Coriobacteriaceae in 

combination with dietary supplementation of primary bile acid modulated host metabolism. The 

phenotype included increased fat mass and signs of metabolic disturbances (high insulin and leptin 

levels). To assess mechanisms behind the observed effects in greater detail, further 

characterization of adipose tissues was carried out. 

 

4.2.4 Shifts in WAT mass were accompanied by functional changes 

The Coriobacteriaceae-induced increase in WAT mass under BA feeding can either be due to 

increased fat cell size (hypertrophy) or increased fat cell number (hyperplasia). Therefore, WAT 

sections were H & E stained and adipocyte areas were measured in mice fed BA or P-HFD. P-HFD 

feeding led in all colonization groups to a higher abundance of larger adipocytes compared to BA diet 

(Figure 16A). No statistically significant differences in adipocyte size between the three colonization 

statuses could be observed, neither in the BA (Figure 16B) nor in the P-HFD (Suppl. Fig. S4) feeding 

groups. In the case of BA feeding, these results were confirmed by cell volume estimation in eWAT 

based on histone mass as obtained by proteome analysis (see below) (Figure 16C). These data hint at 

hyperplasia and the possible involvement of cell proliferation pathways as no obvious signs of 

hypertrophy were observed in CORIO mice with increased WAT mass.  
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Figure 16: P-HFD, but not the combination of CORIO and BA diet, induced hypertrophy of adipocytes. 
(A) Adipocyte sizes distribution in eWAT of P-HFD- and BA-fed mice of all three colonization groups revealed 
diet-induced changes. (B) Adipocyte sizes were measured in mWAT and eWAT from BA-fed mice to assess 
differences related to colonization. No differences were observed, which speaks in favor of a hyperplasia and 
not hypertrophy of adipocytes. (C) This observation was confirmed by calculation of cell volume using histone 
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mass based on proteome analysis of eWAT. P-HFD; BA; Number of mice measured in each group are indicated 
in brackets (n = number of mice measured). 

 

To obtain detailed information about possible pathophysiological cellular mechanisms associated 

with increased WAT mass, non-targeted proteome analysis of eWAT collected from BA-fed mice was 

performed (n = 5-6 per colonization group). Principle component analysis (PCA) analysis of eWAT 

proteomes based on label-free quantification intensity of individual proteins clustered according to 

colonization status, despite marked inter-individual differences (Figure 17A).  

A B

C

 

Figure 17: Coriobacteriaceae modulated eWAT proteome in BA-fed mice. 
(A) PCA analysis of eWAT proteomes revealed that protein landscape separated according to colonization 
status. (B) Venn diagram showing shared and unique proteins. (C) CORIO mice (n = 6) were characterized by 
19 proteins with significantly different signal intensities compared to SPF (n = 5) and GF mice (n = 6). Of those 
19 proteins, 3 were related to lipid metabolism (black boxes). All values are fold changes relative to CORIO 
mice: < 1, lower intensity than CORIO; > 1, higher than CORIO; ATP1A2, sodium/potassium-transporting 
ATPase subunit alpha-2; TR-AP, tartrate-resistant acid phosphatase type 5; CCDC22, coiled-coil domain-
containing protein 22; TCP-1-eta, t-complex protein 1 subunit eta; CHD, mitochondrial choline 
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dehydrogenase; CORO1b, coronin-1B; COX5a, mitochondrial cytochrome c oxidase subunit 5A; EHD1, EH 
domain-containing protein 1; GST 1-1, glutathione S-transferase Mu 1; MAAI, maleylacetoacetate isomerase; 
HEBP1, heme-binding protein 1; MFE-2, peroxisomal multifunctional enzyme type 2; NPR3, natriuretic 
peptide receptor 3; LLRep3, 40S ribosomal protein S2, RPS27a, ubiquitin-40S ribosomal protein S27a; RPS9, 
40S ribosomal protein S9; HC-II, Heparin cofactor 2; VIM, vimentin; MSN, Moesin. 

Venn diagram analysis was performed to identify shared and unique proteins according to bacterial 

colonization status and revealed that the three groups of mice shared 1102 proteins, whereas 94 

proteins were unique to SPF, 18 to GF, and 82 to CORIO mice (Figure 17B). Of the 82 CORIO-specific 

proteins, 12 (14.6 %) were related to lipid metabolism, against 2 of 18 in GF (11.1 %) and 5 of 94 

(5.3 %) in SPF mice (Table 13). These differences in the prevalence of lipid metabolism-related 

proteins between CORIO and GF/ SPF mice were not statistically significant (p > 0.05; Chi-squared 

test). One CORIO-specific protein caught our attention: cell death activator 3 (CIDEC; FSP27). CIDEC is 

localized at the membranes of lipid droplets in adipocytes and liver and favors lipid storage [247]. 

Serial comparison of proteomics data revealed 19 proteins which were significantly different 

comparing CORIO to GF and SPF mice. Of those, three were related to lipid metabolism (Figure 17C). 

Table 13: Lipid metabolism-related proteins unique to the respective colonization group* 
 Protein name Gene name Accession number 

CORIO mice Acyl-CoA dehydrogenase family member 11  Acad11 Q80XL6 
Acyl-CoA:lysophosphatidylglycerol 
acyltransferase 1  

Lpgat1 Q91YX5 

 3-ketoacyl-CoA thiolase B, peroxisomal  Acaa1b, Acaa1 Q8VCH0 
 Phosphatidylinositol-glycan-specific 

phospholipase D  
Gpld1 O70362 

 STIP1 homology and U box-containing protein 1  Stub1, Chip Q9WUD1 
 Extended synaptotagmin-2  Esyt2, Fam62b Q3TZZ7 
 Cell death-inducing DFFA-like effector protein C  Cidec, Fsp27 P56198 
 

Sulfotransferase 1A1  
Sult1a1 , St1a1, Stp, 

Stp1 
P52840 

 Beta-2-glycoprotein 1  Apoh, Q01339 
 Protein VAC14 homolog  Vac14 Q80WQ2 
 Cholinephosphotransferase 1  Chpt1, Cpt1, Dn4 Q8C025 
 Lambda-crystallin homolog  Cryl1, Cry Q99KP3 

GF mice Selenocysteine lyase  Scly, Scl Q9JLI6 

 Ferrochelatase, mitochondrial  Fech P22315 

SPF mice Serine protease HTRA2, mitochondrial  Htra2, Omi, Prss25 Q9JIY5 
 Apolipoprotein C-III  Apoc3 P33622 
 Lysophosphatidic acid phosphatase type 6  Acp6, Acpl1, Lpap Q8BP40 
 Retinol-binding protein 1  Rbp1, Crbpi, Rbp-1 Q00915 
 Isopentenyl-diphosphate Delta-isomerase 1  Idi1 P58044 
 

* Proteins were found in at least 5 of 6 CORIO or GF mice and 4 of 5 SPF mice  

Measurement of free fatty acids in mWAT of mice from the BA group revealed that CORIO mice had 

significantly lower levels of lauric, myristic, palmitic, palmitoleic, stearic, oleic, linoleic, arachidic, 

eicosenoic and eicotrienoic acid compared to GF and SPF mice fed the same diet (Table 14). 
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Table 14: CORIO mice fed BA had lower levels of long-chain free fatty acids in mWAT 

 GF CORIO SPF 

lauric acid (C12:0) 10.8 ± 4.3 5.8 ± 1.8 
a, b

 13.2 ± 7.8 

myristic acid (C14:0) 145.8 ± 61.5 77.2 ± 14.7 
a, b

 188.2 ± 113.2 

palmitic acid (C16:0) 1694.0 ± 687.6 930.0 ± 262.8 
a, b

 2202.6 ± 1261.2 

palmitoleic acid (C16:1) 816.8 ± 414.2 513.3 ± 110.9
a, b

 763.2 ± 431.2 

stearic acid (C18:0) 293.9 ± 107.9 170.2 ± 94.6 
a, b

 395.8 ± 211.9 

oleic acid (C18:1) 2643.2 ± 961.0 1533.5 ± 478.3 
a, b

 3001.2 ± 1655.4 

linoleic acid (C18:2) 1185.8 ± 485.5 767.3 ± 282.5 
a, b

 1904.7 ± 1037.9 

arachidic acid (C20:0) 74.9 ± 34.6 48.1 ± 13.6
 b

 112.2 ± 63.3 

eicosenoic acid (C20:1) 50.8 ± 22.5 27.5 ± 11.8 
a, b

 97.6 ± 62.2 

eicotrienoic acid (C20:3) 14.8 ± 7.5 9.3 ± 5.2 
a, b

 17.1 ± 10.0 

C20:3 n6/C20:4n6 41.6 ± 27.3 20.1 ± 7.8 
a, b

 68.1 ± 55.3 

Data are expressed as µg free fatty acids/g mWAT (mean ± standard deviation); Significance (p < 0.05; one-way ANOVA 
and Holm-Sidak for pairwise tests) is indicated by superscript letters: 

a
 between CORIO (n = 13) and GF (n = 12) mice; 

b
 

between CORIO and SPF (n = 9) mice.  

 

In summary, CORIO mice fed BA diet had significantly higher WAT mass than GF and SPF mice fed 

the same diet, which might be due to an increase in the number of adipocytes. This increased fat 

mass led to metabolic disturbances as well as changes in eWAT proteome, including proteins 

involved in lipid metabolism. Since the liver is a master regulator of host lipid metabolism, we 

assessed hepatic physiology in greater detail.  

 

4.2.5 Coriobacteriaceae modulated liver physiology 

The liver is the central organ for metabolism of nutrients and metabolites absorbed in the intestine 

and transported via portal blood and for lipid, bile acid, and cholesterol homeostasis. The fact that 

Coriobacteriaceae modulate lipid homeostasis in WAT hints at possible effects on liver physiology. 

Coriobacteriaceae are involved in the metabolism of bile acids, synthesized from cholesterol in the 

liver. Moreover, Martinez et al. (2013) showed that the occurrence of Coriobacteriaceae was 

associated with cholesterol absorption and synthesis [116]. Hence, we first analyzed in detail 

cholesterol homeostasis in the mice. 

CORIO mice were characterized by cholesterol levels of approximately 150 to 210 µM in systemic 

plasma, which was significantly elevated compared to GF (ca. 1.5-fold) and SPF mice (ca. 2.5-fold) 

(Figure 18A). Strikingly, this CORIO-associated hypercholesterolemia was observed in all diet groups. 
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Levels in GF mice were generally 1.7-fold higher than in SPF, with concentrations of 55 to 205 µM 

depending on diet. Moreover, in agreement with the interesting WAT phenotype described above, 

higher levels of cholesterol were also observed in iWAT of BA-fed CORIO mice 

(CORIO, 110.6 ± 107.2 µg/ g iWAT; GF, 47.7 ± 33.1; SPF, 74.6 ± 49.7) (Figure 18B).  

The observed systemic hypercholesterolemia raised the question whether CORIO mice have altered 

secretion, absorption or de novo synthesis of cholesterol. Therefore, cholesterol levels were 

measured in caecal content, but CORIO mice did not show any changes, regardless of the diet (Figure 

18C). Interestingly, significantly higher cholesterol levels were observed in the caeca of GF mice fed 

P-HFD (2.6 ± 0.3 vs CORIO: 1.9 ± 0.7 and SPF: 1.7 ± 0.2 mg/ g content). In portal plasma, CD-fed 

CORIO mice had two-fold higher cholesterol levels compared to GF and SPF mice (Figure 18D). No 

CORIO-specific differences were found in the other two dietary groups in portal blood, indicating that 

cholesterol absorption was not increased in those mice. Accordingly, the mRNA expression of the 

ileal cholesterol transporter Niemann Pick C1 like protein 1 (NPC1L1) was not affected (Figure 18E). 

Expression of the key enzyme for cholesterol de novo synthesis, HMG CoA reductase, did not show 

significant differences regarding colonization status or diets either (Figure 18F). 
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Figure 18: Coriobacteriaceae induced hypercholesterolemia. 
(A) Measurement of systemic cholesterol levels revealed hypercholesterolemia in CORIO mice regardless 
of the diet. Cholesterol levels in iWAT (B), caecal content (C), and portal plasma (D). (E) Transcription 
analysis of the cholesterol transporter Npc1l1 in total ileal tissue. (F) Hepatic expression of Hmgcr, the key 
enzyme in cholesterol de novo synthesis. CD; P-HFD; BA; For detailed description of the statistical analysis 
see section 3.17; Number of mice in each group are indicated below the x-axis (n = number of mice 
measured). 

 

A common liver dysfunction associated with dietary and microbial factors is non-alcoholic fatty liver 

disease (NAFLD), which is characterized by steatosis (fat accumulation), changes in bile acid 

composition, and is also associated with hypercholesterolemia. Therefore, Coriobacteriaceae might 

influence the development of NALFD via their metabolic functions.  
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Measurement of liver weight showed that P-HFD triggered a significant increase in all three 

colonization groups, accompanied by increased NAFLD activity score (Figure 19A and B). No 

differences in liver weight or NAFLD score were observed between CD and BA fed mice. Another 

marker for NAFLD is an increased hepatic triglyceride content. P-HFD-fed mice had 3.4- to 11.3-fold 

higher triglyceride load compared to CD- and BA-fed mice (Figure 19C). Interestingly, hepatic 

triglyceride content was higher in CORIO mice fed the BA diet compared to GF and SPF on the same 

diet (12.0 ± 4.3 vs. 10.2 ± 3.3 and 4.3 ± 3.2 mg/ g, respectively), but results did not reach significance 

in GF mice.  

A C

B

GF 
(n=11)

CD

CORIO
(n=11)

CD

SPF 
(n=10)

CD

GF 
(n=8)
HFD

CORIO
(n=12)
HFD

SPF 
(n=12)
HFD

GF 
(n=12)

BA

CORIO 
(n=14)

BA

SPF 
(n=11)

BA

0

500

1000

1500

2000

2500

3000

3500

4000

4500

liver weight

[m
g

]

***

GF 
(n=11)

CD

CORIO
(n=11)

CD

SPF 
(n=10)

CD

GF 
(n=8)
HFD

CORIO
(n=12)
HFD

SPF 
(n=12)
HFD

GF 
(n=12)

BA

CORIO 
(n=14)

BA

SPF 
(n=11)

BA

0

50

100

150

triglyceride concentration

[m
g

/g
 l
iv

e
r]





***

GF 
(n=11)

CD

CORIO
(n=11)

CD

SPF 
(n=10)

CD

GF 
(n=8)
HFD

CORIO
(n=12)
HFD

SPF 
(n=12)
HFD

GF 
(n=12)

BA

CORIO 
(n=14)

BA

SPF 
(n=11)

BA

0

1

2

3

4

5

6

7

NALFD activity score

li
v
e
r 

h
is

to
p

a
th

o
lo

g
ic

a
l 
s
c
o

re
 (

0
-8

)

***

 

Figure 19: P-HFD induced NAFLD and CORIO mice fed BA had higher hepatic triglyceride levels. 
(A) Liver weight measurement after 21 weeks of feeding. (B) Histopathological evaluation and representative 
pictures for P-HFD and BA diet of H&E stained liver sections. (C) Hepatic triglyceride concentrations. CD; P-HFD; 
BA; For detailed description of the statistical analysis see section 3.17; Number of mice in each group are 
indicated below the x-axis (n = number of mice measured). 

 

This increase in hepatic triglycerides and the increased fat mass observed in BA-fed CORIO mice 

might be due to changes in the endogenous hepatic lipid metabolism (Figure 20A). Lipidomics of liver 

tissue revealed that BA-fed CORIO mice had a 1.6-fold higher amount of total fatty acids than SPF 

mice (152.6 ± 56 vs. 95.3 ± 26.5 nmol/ mg; p = 0.002), but differences in GF mice were not significant 

(131.2 ± 23.8 nmol/ mg; p = 0.383) (Figure 20B). Looking at fatty acid composition, a shift from 

polyunsaturated fatty acids (PUFAs) to monounsaturated fatty acids (MUFAs) was found in BA-fed 
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CORIO mice (Figure 20C). In line with this, CORIO mice had 2.5 to 12.6 % higher levels of C18:1(n-9) 

and 2.9 to 6.7 % lower levels of C18:2 (n-6) compared to GF and SPF mice (Figure 20D).  

Next, we asked whether the observed different proportions of MUFAs were due to differences in 

fatty acid desaturation capacities. Therefore, the desaturation index was calculated for C16:0 and 

C18:0. In BA-fed CORIO mice, the C16:0 desaturation index was 1.3- to 2.1-fold higher compared to 

GF and SPF mice, respectively (Figure 20E). Furthermore, the C18:0 desaturation index was 2.2- to 

2.6-fold higher in GF and CORIO than SPF mice. This increases desaturation capacity would imply a 

higher activity of hepatic SCD1, the key enzyme for fatty acid desaturation. However, measurement 

of hepatic Scd1 mRNA expression did not show any differences (Suppl. Fig. S5). As SCD1 is beside 

others regulated by SREBP1c, the mRNA expression of Srebf1c was measured. Interestingly, CORIO 

mice fed BA diet showed a 1.9-fold higher expression compared to SPF mice (Figure 20F).  
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Figure 20: Coriobacteriaceae modulated hepatic fatty acid amount and composition in BA-fed mice. 
(A) Overview of endogenous fatty acid synthesis [248]. (B) Calculation of the total amounts of detected fatty 
acids (FA). (C) Amounts of total saturated (SA), monounsaturated (MU) and polyunsaturated fatty acids (PUFA). 
(D) Hepatic total FA composition. Black boxes indicate significant differences. (E) Desaturation index, which is 
the ratio of monounsaturated to saturated FA, was used to analyze the activity of the hepatic enzyme Stearoyl-
CoA desaturase (SCD1). (F) Hepatic expression of sterol regulatory binding protein 1c (Srebp1c), which controls 
fatty acid de novo synthesis. BA; For detailed description of the statistical analysis see section 3.17. Number of 
mice in each group are indicated in brackets (n = number of mice measured); FASN, fatty acid synthase; ELOVL, 
elongation of very long chain fatty acids protein 
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The lipidomics results aforementioned showed that Coriobacteriaceae interfere with hepatic lipid 

metabolism. The gut microbiota in SPF mice triggered down-regulation of the fatty acid transporter 

CD36 (also referred to as FAT) when fed CD and BA but not P-HFD diet. (Figure 21A). However, no 

Coriobacteriaceae-specific effects were observed. Interestingly, expression analysis of hepatic Pparγ, 

a key modulator of glucose and lipid homeostasis, revealed 2.7- to 6.9-fold higher levels in CORIO 

than GF and SPF mice fed BA diet (Figure 21B) Furthermore, Pparγ expression was 2.9- to 45-fold 

induced by P-HFD, depending on the colonization and diet with the highest induction in SPF mice. 

Furthermore, the expression of Nr1h3, which codes for liver X receptor (LXR), a key regulator of lipid 

and cholesterol homeostasis, was reduced by 20 % in CORIO than SPF mice which is a minor but 

significant difference (Figure 21C). 
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Figure 21: Diet and colonization status modulated expression of genes involved in 
hepatic lipid metabolism. 
Hepatic mRNA expression of Cd36 (A), a fatty acid transporter, and Pparγ (B), a 
modulator of lipid and glucose homeostasis as well as Nr1h3 (C), a regulator of bile acid, 
cholesterol and lipid metabolism CD; P-HFD; BA; For detailed description of the 
statistical analysis see section 3.17; Number of mice in each group are indicated below 
the x-axis (n = number of mice measured). 
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In summary, all CORIO mice were characterized by systemic hypercholesterolemia and increased 

cholesterol levels in iWAT when fed BA diet. Additionally, BA-fed CORIO mice had higher hepatic 

triglyceride levels, accompanied by increased fatty acids content and shifts in their composition. 

 

4.2.6 Colonization with Coriobacteriaceae resulted in slight modulation of host bile acid 

metabolism 

Coriobacteriaceae are capable of deconjugating bile acids and can further oxidize them via HSDH 

activity in vitro. Whether Coriobacteriaceae possess these functions in vivo has not been investigated 

yet. Therefore, bile acid composition of systemic and portal plasma as well as caecal content was 

analyzed in all dietary and colonization groups. Within the BA feeding groups, results for CORIO mice 

have to be handled carefully, due to low animal numbers. 

PCA analysis of bile acid composition in systemic plasma revealed that SPF mice were most distant 

from CORIO and GF mice (Figure 22A). Only minor differences in bile acid composition were observed 

when comparing CORIO to GF and SPF mice. Calculation of total systemic bile acid concentration did 

not reveal significant differences in either of the groups (data not shown). In portal plasma, 

colonization with Coriobacteriaceae or a complex microbiota (SPF mice) was associated with 

decreased total bile acid amounts compared with GF, in mice fed P-HFD (Figure 22B). Within the BA 

group, CORIO mice had the highest amount of total bile acids (253.1 ± 138.8 µM). However, results 

reached significance only when compared with SPF mice (88.5 ± 50 µM), not with GF 

(190.3 ± 73.4 µM). A closer look at single bile acids in portal plasma of BA-fed mice showed that 

TCDCA levels were significantly higher in CORIO mice (8.0 ± 4.2 µM) compared to GF (2.2 ± 1.7 µM) 

and SPF mice (1.2 ± 0.6 µM).  
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Figure 22: Bile acid composition in systemic and portal plasma is modulated by colonization and diet. 
(A) PCA analysis of the systemic bile acid composition within the three feeding groups. (B) Total bile 
acids and TCDCA concentration were measured in portal plasma. CD; P-HFD; BA; For detailed 
description of the statistical analysis see section 3.17; Number of mice in each group are indicated 
below the x-axis (n = number of mice measured). 

 

Bile acids are re-absorbed in the intestine (primarily the ileum) as part of the enterohepatic cycle. 

Therefore, we measured mRNA levels of the ileal bile acid transporter ASBT (gene: Slc10a2) and 

observed a three-fold higher expression in CORIO mice fed CD compared to SPF mice (Figure 23A). In 

line with this, mRNA expression of Fxr, a key nuclear receptor for bile acids, was 2.4- to 2.9-fold 

higher in CORIO mice fed CD (Figure 23B). BA feeding strongly increased ileal Shp expression by 11- 

to 60-fold in all colonization groups compared to CD (Figure 23C). This effect was more pronounced 

in CORIO and SPF mice which showed 4.4- to 6.1-fold higher levels than GF mice. No differences in 

the expression of the FXR target gene Fgf15/19 and the bile acid receptor Tgr5 could be observed 

between the colonization groups (Suppl. Fig. S6).  
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Next, bile acid composition in caecal content was analyzed. Levels of total bile acids were 7.7- to 

11.5-fold higher in SPF mice compared to the other colonization groups when fed CD or P-HFD 

(Figure 24A). In GF and CORIO mice, BA feeding resulted in an increase of total ceacal bile acids 

concentrations up to SPF levels. Interestingly, BA feeding in SPF mice was not associated with 

increased caecal concentrations of bile acids when compared to the other diets. GF and CORIO mice 

fed P-HFD and especially BA diet showed much higher levels of conjugated bile acids than SPF mice 

(mostly tauro-conjugates) (Figure 24B and C). Levels of unconjugated bile acids were 39- to 651-fold 

lower in CORIO and GF compared to SPF mice, regardless of diet (Figure 24D). Oxo-bile acids were 

only detected in SPF mice (Figure 24E).  

Figure 23: Colonization with 
Coriobacteriaceae combined with CD 
modulated the ileal expression of genes 
involved in bile acid metabolism.  
Transcription analysis of the ileal bile acid 
transporter Slc10a2 (A), the key modulator 
of bile acid metabolism Fxr (B) and the FXR 
target gene Shp (C). CD; P-HFD; BA; For 
detailed description of the statistical analysis 
see section 3.17; Number of mice in each 
group are indicated below the x-axis (n = 
number of mice measured). 
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Absorbed bile acids can directly or indirectly modulate hepatic bile acid metabolism including de 

novo synthesis via FXR. Hence, hepatic Fxr expression was analyzed, which revealed that CD-fed 

CORIO mice had significantly higher expression levels compared to GF mice (1.6 ± 0.3-fold increase) 

(Figure 25A). To clarify whether FXR protein levels were as well higher in CD-fed CORIO mice, liver 

tissue sections were stained for FXR (Figure 25B). Calculation of the intensity/ µm² showed no 

differences for CD- and P-HFD-fed mice. However, CORIO (1122 ± 358 intensity/ µm²) and SPF mice 

(985 ± 385 intensity/ µm²) fed BA diet had significantly higher levels than GF mice 

(586 ± 271 intensity/ µm²).  

Figure 24: Diet and colonization with a 
complex microbiota modulated caecal bile 
acid composition. 
Measurement of caecal total (A), conjugated 
(B), tauro- (C) and unconjugated (D) as well 
as oxo bile acids (E). CD; P-HFD; BA; For 
detailed description of the statistical analysis 
see section 3.17; Number of mice in each 
group are indicated below the x-axis (n = 
number of mice measured). 
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Figure 25: Coriobacteriaceae modulated hepatic bile acid metabolism. 
(A) Hepatic mRNA expression of Fxr. (B) Quantification of hepatic FXR stained by IF. (C) Expression of hepatic 
Cyp7a1, which is one target gene of FXR and key modulator of bile acid de novo synthesis. (D) Transcriptional 
analysis of Bsep, which is responsible for the secretion of bile salts into the canaliculus of hepatocytes. CD; P-
HFD; BA; For detailed description of the statistical analysis see section 3.17; Number of mice in each group 
are indicated below the x-axis (n = number of mice measured). 

 
One target gene of FXR is Shp, which usually leads to the repression of bile acid de novo synthesis via 

Cyp7a1. Analysis of hepatic Shp expression did not show any differences within the feeding groups 

but its expression was increased after BA feeding (Suppl. Fig. S7). Transcriptional analysis of Cyp7a1 

showed that CD- and P-HFD-fed CORIO mice had three- to two-fold higher levels than GF mice (Figure 

25C). Furthermore, FXR activates the hepatic bile acid transporter BSEP, involved in trafficking of bile 
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acids from hepatocytes to the gallbladder. However, Bsep expression was reduced by 35 % in CD- and 

P-HFD-fed CORIO compared to SPF mice (Figure 25D).  

Beside the liver, bile acids can also modulate metabolism in WAT. Fxr as well as Tgr5 expression in 

eWAT was two-times lower in CORIO mice fed BA diet compared to SFP mice (Figure 26A). In mWAT, 

Tgr5 was significantly lower expressed in CORIO and GF than in SPF mice fed BA diet (Figure 26B), 

whereas no differences were observed for Fxr expression (Suppl. Fig. S8). To see whether these 

expression levels were associated with changes in bile acid concentrations, total bile acid amounts 

were measured in eWAT, mWAT and iWAT of BA-fed mice (Figure 26C). In general, the highest 

amounts of bile acids were found in mWAT (10-fold higher vs. iWAT and eWAT). In mWAT, CORIO 

(7732 ± 4345 ng/ g tissue) and GF mice (5431 ± 4761) had significantly higher bile acid levels than SPF 

mice (1453 ± 1020 ng/ g tissue). Furthermore, GF mice (316 ± 216 ng/ g tissue) had four-fold higher 

bile acid levels compared to SPF mice (79 ± 56) in iWAT. No differences were observed in eWAT. 
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Metabolic dysregulation can be associated with alterations of immune responses, and bile acids are 

known to regulate inflammatory pathways. Hence, we assessed whether Coriobacteriaceae modulate 

immune infiltration in the liver. Therefore, IHC staining of hepatic MHCII-, F4/80-, Ki67-, CD3- and 

B220-positive cells was performed. CORIO mice fed BA diet were characterized by 55 % lower 

amounts of MHCII-positive cells compared to GF and SPF mice (Figure 27). Regarding F4/80-positive 

Figure 26: Total bile 
acid concentration was 
highest in mWAT of GF 
and CORIO mice.  
(A) mRNA Expression of 
Fxr and Tgr5 in eWAT. 
(B) Transcription 
analysis of Tgr5 in 
mWAT. (C) Total bile 
acid concentration in 
mWAT, iWAT and 
eWAT. BA; For detailed 
description of the 
statistical analysis see 
section 3.17; Number of 
mice in each group are 
indicated below the x-
axis (n = number of 
mice measured). 
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cells (including mostly macrophages like Kupffer cells in the liver), BA-fed CORIO and GF mice had 

two-fold less positive cells than SPF mice. No differences were observed regarding MHCII- and F4/80-

positve cells in CD- and P-HFD-fed mice as well as in Ki67-, CD- and B220-positive cells in neither of 

the groups (data not shown). Furthermore, hepatic inflammation was assed via Tnf-α and Il-1β 

expression (Suppl. Fig. S9). However, no differences were found. 
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Figure 27: CORIO mice fed BA diet had lower hepatic infiltration with MHCII positive cells. 
(A) IHC staining of liver tissue with MHCII (upper panel) and F4/80 (lower panel) antibodies was 
performed to reveal differences in hepatic immune cell in filtration within BA fed mice. (B) 
Quantification of hepatic MHCII and F4/80 positive cells. BA; Arrows indicate counted cells; For detailed 
description of the statistical analysis see section 3.17; Number of mice in each group are indicated 
below the x-axis (n = number of mice measured). 
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All the data aforementioned prove that intestinal Coriobacteriaceae can modulate host 

metabolism - in particular lipid homeostasis. In order to characterize the effects of these gut 

bacteria in more detail, we aimed at assessing the impact of fat source (plant or animal) in 

combination with BA feeding.  

Unfortunately, these experiments were completed with GF and SPF mice only, because the isolator 

hosting CORIO mice became contaminated towards the end of the trial. The experiments with CORIO 

mice could not be repeated at a later time point because of the sake of comparison and due to the 

fact that the breeding isolator of C57BL/6N mice was contaminated as well. Hence, the next section 

focuses on the impact of different dietary fat source in combination with BA on host metabolism in 

GF and SPF mice.  

 

4.3 The impact of dietary fat source on host metabolism depends on the gut 

microbiota 

To test the influence of a combination of different fat sources and bile acids, mice were fed either 

CD, BA, palm oil- or lard-based HFD supplemented with bile acids (P- or L-HFD-BA) for 8 weeks (see 

experimental details in section 3.5).  

 

4.3.1 Bile acid supplementation prevented diet-induced obesity in GF but not in SPF mice 

Feeding two different HF-BA diets for 8 weeks resulted in increased body weight in SPF mice by 1.1- 

to 1.2-fold (Figure 28A). Although mean body weight was higher in the L-HFD-BA (36.3 ± 2.6 g) vs. P-

HFD-BA group (34.6 ± 4.1 g), results did not reach significance (p = 0.234). Interestingly, GF mice did 

not gain weight when fed any of the two HF-BA diets. Of note, GF mice were characterized by lower 

body weight compared to SPF mice from start and throughout the whole trial, regardless of diet 

(Suppl. Fig. S10).  

Inspection of WAT revealed higher fat mass in SPF mice fed both HFD-BA compared to CD and BA 

(Figure 28B). Interestingly, SPF mice on L-HFD-BA had 1.5-fold higher WAT mass than those fed P-

HFD-BA (3145 ± 880 vs. 2049 ± 1332 mg; p < 0.01). In GF mice, no significant diet-induced changes in 

total WAT weight were observed. Regression analysis confirmed the significant differences in WAT 

mass between SPF mice fed the P- or L-HFD-BA (Figure 28C). 
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Figure 28: Bile acid supplementation prevented body weight gain in GF mice fed HFD. 
(A) Body and (B) total WAT mass after 8 weeks of feeding. (C) Regression analysis of total WAT and body 
weight. CD; BA; P-HFD-BA; L-HFD-BA; For detailed description of the statistical analysis see section 3.17; 
Number of mice in each group are indicated below the x-axis (n = number of mice measured). 

 

Next, we assessed whether the WAT mass differences observed had any pathophysiological 

consequences on the metabolic status of mice. Fasting blood glucose levels were generally higher in 

SPF vs. GF mice; this difference reached significance in the case of L-HFD-BA feeding (154 ± 21.8 vs. 

88.5 ± 11.9 mg/ dl), indicating possible detrimental effects on glucose homeostasis in these mice 

(Figure 29A). Half of the fasted mice were challenged with an OGTT, which showed that L-HFD but 

not P-HFD in combination with BA triggered glucose intolerance (Figure 29B). Statistical comparison 

of areas under the curve (AUC) confirmed the significance of this observation with 

30771 ± 4156 mg/ dl x min for L-HFD-BA vs. 23195 ± 2599 for P-HFD-BA (p = 0.0034) (Suppl. Fig. S11). 

Besides obesity, HF feeding is usually associated with comorbidities like insulin resistance. 

Measurement of circulating levels of insulin and leptin revealed higher levels in mice on both HF-BA 

diets under SPF but not GF conditions (Figure 29C). However, no differences were observed between 

the two HFDs. Measurement of the plasma cytokines TNFα, IL-6, IL-27, INFβ, INFγ, IL-1α, IL-1β, IL.23, 

IL-17a, IL-12p70, IL-10 and MCP1 did not show any diet or colonization dependent changes (data not 

shown). 
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In summary, differences between the two HF-BA diets were observed in SPF but not GF mice. The 

most striking result was the increased WAT mass and impaired glucose tolerance in SPF mice fed L-

HFD-BA. 
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Figure 29: L-HFD-BA but not P-HFD-BA altered glucose tolerance in SPF mice. 
(A) Measurement of glucose levels after 6h of fasting. (B) OGTT showed that SPF mice fed L-HFD-BA diet 
had impaired glucose tolerance. (C) Levels of insulin and leptin were measured in systemic plasma by 
Milliplex MAP mouse serum adipokine panel kit. CD; BA; P-HFD-BA; L-HFD-BA; For detailed description 
of the statistical analysis see section 3.17; Number of mice in each group are indicated below the x-axis 
(n = number of mice measured). 

 

4.3.2 Diet and colonization status modulated hepatic lipid and bile acid metabolism 

The liver is the central organ for lipid, bile acid, and cholesterol metabolism. Long-term HFD feeding 

is known to increase liver weight and induce NALFD, and these effects can be counteracted by the 

addition of BA in the diet. HFD-BA feeding for 8 weeks reduced liver to body weight ratios in GF mice 

by 10 to 13 % and in SPF mice by 20 to 26 % when compared to BA diet alone (Figure 30A). No 

statistically significant differences between the colonization groups were seen. Histological 

observation of liver sections revealed no, or only mild signs of steatosis in HFD-BA fed SPF but not GF 

mice (data not shown). Next, we wanted to identify whether this phenotype resulted in changes in 

liver physiology. Therefore, hepatic lipid metabolism was analyzed in fasted animals (n = 4 – 7). Gene 
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expression analysis of Acaca, which encodes the rate-limiting enzyme in long-chain fatty acid 

synthesis, showed a two-fold higher expression in SPF mice fed CD compared to all diets containing 

BA (Figure 30B). Expression of other lipid metabolism-related genes, including Cd36, Srebf1c, Mlxipl, 

Pparα, and Pparγ, did not show differences related to colonization or diet (Suppl. Fig. S12). 

A B

PC
SM PE

PE-P PS
PG PI

LPC
C
er C

E
FC

0

10

20

30

40

50

hepatic lipid classes

%
 o

f 
a
ll
 d

e
te

c
te

d
 l
ip

id
 c

la
s
s
e
s

BA (n=5)

P-HFD-BA (n=7)

L-HFD-BA (n=6)

CD (n=6)

PC
SM PE

PE-P PS
PG PI

LPC
C
er C

E
FC

0

10

20

30

40

50

hepatic lipid classes

%
 o

f 
a
ll
 d

e
te

c
te

d
 l
ip

id
 c

la
s
s
e
s

BA (n=5)

P-HFD-BA (n=7)

L-HFD-BA (n=6)

GF (n=5)

GF

SPF

P
C

S
M P

E

P
E
-P P

S
P
G P

I

LP
C

C
er C

E
FC

0

10

20

30

40

50

hepatic lipid classes

%
 o

f 
a
ll
 d

e
te

c
te

d
 l
ip

id
 c

la
s
s
e
s

BA (n=5)

P-HFD-BA (n=4-7)

L-HFD-BA (n=5-6)

CD (n=5-6)

P
C

S
M P

E

P
E
-P P

S
P
G P

I

LP
C

C
er C

E
FC

0

10

20

30

40

50

hepatic lipid classes

%
 o

f 
a
ll
 d

e
te

c
te

d
 l
ip

id
 c

la
s
s
e
s

BA (n=5)

P-HFD-BA (n=4-7)

L-HFD-BA (n=5-6)

CD (n=5-6)C

GF 
(n=10)

CD

SPF 
(n=12)

CD

GF 
(n=9)
BA

SPF 
(n=10)

BA

GF 
(n=9)

P-HFD-
BA

SPF 
(n=11)
P-HFD

-BA

GF 
(n=11)
L-HFD

-BA

SPF 
(n=9)

L-HFD
-BA

30

40

50

60

70

80

liver to body weight ratio

[m
g

/g
]

***
***

*

***
***

*

GF
(n=5)
CD

SPF
(n=6)
CD

GF
(n=5)
BA

SPF
(n=6)
BA

GF
(n=4)

P-HFD-
BA

SPF
(n=7)

P-HFD
-BA

GF
(n=4)

L-HFD
-BA

SPF
(n=6)

L-HFD
-BA

0.0

0.5

1.0

1.5

2.0

2.5

Acaca

m
R

N
A

e
x
p

re
s
s
io

n
(f

o
ld

o
f

S
P

F
B

A
) ** **

 
Figure 30: Short-term HFD-BA feeding reduced liver to body weight ratio. 
(A) Liver to body weight ratio. (B) mRNA expression of Acaca, the rate-limiting enzyme of long-chain fatty 
acid biosynthesis. (C) Measurement of lipid classes in the liver of SPF (upper panel) and GF mice (lower 
panel) fed the four different diets. The black box indicates the major and significant finding. PC, 
phosphatidylcholine; SM, sphingomyelin; PE, phosphatidylethanolamine; PE-P, plasmalogen; PS, 
phosphatidylserine; PG, phosphatidylgcerol; PI, phosphatidylinositol; LPC, lyso-PC; Cer, ceramide; CE, 
cholesterol ester; FC, free cholesterol; CD; BA; P-HFD-BA; L-HFD-BA; For detailed description of the 
statistical analysis see section 3.17; Number of mice in each group are indicated below the x-axis or in 
brackets (n = number of mice measured). 
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Thereafter, hepatic lipid classes in fasted mice were measured. The major finding was that the 

amounts of cholesterol esters (CEs) were influenced by diet and colonization status (Figure 30C). BA 

feeding of GF mice increased the levels of CEs by 50 % compared to CD feeding. In SPF mice, L-HFD-

BA-fed mice had a two-fold higher concentration of CEs than mice fed with CD, BA and P-HFD-BA. 

This was not observed in GF mice. 

A closer look at phosphatidycholine (PC), which is the major component of cell membranes, showed 

that HFD-BA feeding regardless of the fat source significantly reduced the concentrations of PC 34:1 

by 3 to 3.5 % in SPF but not GF mice (Figure 31). Additionally, the concentration of PC 36:4 was 

increased by 2.6 % in P-HFD-BA-fed compared to L-HFD-BA SPF mice.  
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Figure 31: Diet and colonization status modulated hepatic PC species. 
Measurement of hepatic PCs in the liver of SPF (upper panel) and GF mice (lower panel) fed the four 
different diets. Black boxes indicate the major and significant findings. CD; BA; P-HFD-BA; L-HFD-BA; For 
detailed description of the statistical analysis see section 3.17. Number of mice in each group are 
indicated in brackets (n = number of mice measured). 

 

The next lipid class we looked at was lyso-PC (LPC), which is formed from PC (Figure 32). In SPF mice, 

BA-supplementation alone and in combination with HFD reduced the levels of LPC 16:0 by 5.5 to 

6.2 %. However, only L-HFD-BA feeding reduced LPC 16:0 levels in GF mice by 5 %. The levels of LPC 

18:1 were significantly reduced by BA-supplementation in GF and SPF mice. In contrast, in both 

colonization groups P- and L-HFD-BA feeding increased the concentration of LPC 18:2 by 3.5 to 6.4 %. 

Furthermore, P-HFD-BA-fed SPF but not GF mice had 2 % higher levels of LPC 20:4 compared to BA-

fed mice. 
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Figure 32: Diet and colonization status modulated hepatic LPC species. 
Measurement of lipid classes in the liver of SPF (upper panel) and GF mice (lower panel) fed the four different 
diets. Black boxes indicate significant differences. CD; BA; P-HFD-BA; L-HFD-BA; For detailed description of the 
statistical analysis see section 3.17. Number of mice in each group are indicated in brackets (n = number of 
mice measured). 

 

As the liver is also responsible for bile acid and cholesterol homeostasis, we analyzed bile acid 

composition in systemic plasma of fasted mice. PCA plots were generated for the different 

colonization and feeding groups to identify diet and colonization induced changes in bile acid 

composition (Figure 33A). This analysis showed that the different diets had a stronger effect on bile 

acid composition in SPF compared to GF mice.  

Additionally, the compositions of SPF and GF mice are clearly separated within each diet group. 

Looking closer at the single bile acids, we found over 3.4-fold higher concentrations of CA, DCA and 

TDCA in SPF mice compared to GF mice (Figure 33B). Additionally, CA concentration was 50 % higher 

in BA- than in L-HFD-BA-fed SPF mice. For the bile acids TCA and T-β-MCA, at least 4.8-fold higher 

levels were observed in GF compared to SPF mice. Surprisingly, no differences in circulating 

cholesterol levels were observed (Suppl. Fig. S13). 

 

Summed up, the results indicate that the colonization status, the dietary supplementation of 

primary bile acid and the dietary fat source change hepatic lipid profile as well as bile acid 

metabolism.  
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4.3.3 Dietary fat source modulates gut microbiota profiles 

As described above, one main difference between GF and SPF mice is caecum weight. Therefore, the 

caecum to body weight ratio was calculated. BA, P- and L-HFD-BA feeding of GF reduced the caecum 

weight by over 1.5-fold (Figure 34A). As in the literature described, we also observed reduced 

Figure 33: Bile acid composition was modulated by 
colonization status and diet. 
(A) PCA analysis of the systemic bile acid composition 
within the colonization and feeding groups. (B) 
Measurement of CA, TCA, DCA, TDCA and T-β-MCA in 
systemic plasma. CD; BA; P-HFD-BA; L-HFD-BA; For 
detailed description of the statistical analysis see 
section 3.17; Number of mice in each group are 
indicated below the x-axis (n = number of mice 
measured). 
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caecum weight in SPF mice fed HFD. Measurement of viable bacteria in caecal content of SPF mice by 

anaerobic cultivation revealed no differences between diets (Figure 34B). No viable bacteria were 

observed in GF mice, which was also confirmed by gram staining (data not shown).  

High-throughput sequencing of 16S rRNA gene amplicon libraries was performed to identify diet-

induced shifts in caecal microbiota profiles from SPF mice. Beta-diversity analysis revealed a 

significant clustering of samples according to diet. (Figure 34C). A clear separation induced by the 

diet was also observed in the 16 weeks feeding experiment (Suppl. Fig. S14A). Analysis of alpha-

diversity, assessed by Shannon effective counts, was 1.2-fold lower in BA- than in CD-fed mice (Figure 

34D). However, dietary intervention did not change microbial richness. In contrast, no differences in 

alpha-diversity were observed in the long-term feeding experiment (Suppl. Fig. S14B). 

Diet-induced shifts in caecal microbiota composition were already visible at the phylum level (Figure 

34D). The relative abundance of Firmicutes was 1.2-fold higher in CD- and P-HFD-BA- than in BA-fed 

mice. BA feeding increased the relative abundance of Deferribacteres by 32 % and of Proteobacteria 

by 41 % compared to CD feeding. In the first feeding experiment, the abundance of Firmicutes was 

also 1.2-fold lower and the abundance of Proteobacteria 40 % higher in BA than CD mice (Suppl. Fig. 

S14C). The relative abundance of Coriobacteriaceae was reduced in BA-fed groups but this difference 

did not reach significance (Figure 34F). 

A deeper look at the level of single molecular species showed that the four dietary interventions 

were characterized by the presence of specific OTUs (Figure 34G). Most of the OTUs characteristic 

for CD mice belonged to the families Ruminococcaceae and Rikenellaceae, whereas BA feeding 

increased the relative abundance of OTUs belonging to Oscillospiraceae spp. and Alistipes spp. 

Interestingly, P-HFD-BA as well as the long-term P-HFD feeding increased the relative abundance of 

an OTU with closest match to Acetatifactor muris. L-HFD-BA feeding was characterized by the OTUs 

with was closest to Clostridium lactatifermentans.  

As the duration of dietary intervention is also important for modulating the gut microbiota, we 

looked at changes in the gut microbiota induced by CD and BA diet fed 8 or 16 weeks (Figure 35). A 

clear separation of the feeding groups and duration was found when looking at beta-diversity (Figure 

35A). Of note, different DNA isolation protocols were used for these two studies (see section 3.7 for 

technical details). Therefore, the results have to be handled with caution.  

Alpha diversity analysis revealed a moderate but significant reduction in Shannon effective score 

induced by 8 weeks BA feeding (Figure 35B). No differences were observed in richness of molecular 

species. Interestingly, the relative abundance of Proteobacteria and the corresponding family 

Desulfovibrionaceae were significantly reduced by the longer feeding period of both diets (Figure 35C 
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and D). Moreover, BA diet increased the abundance of Desulfovibrionaceae independent of duration. 

In the CD-fed groups, long-term feeding resulted in a reduced relative abundance of 

Deferribacteraceae whereas Rikenellaceae were increased in their relative abundance. In contrast, 

long-term BA feeding decreased the relative abundance of Lachnospiraceae and increased the one of 

Bacteroidaceae. With respect to Coriobacteriaceae, BA feeding reduced their relative abundance 

compared to CD regardless of the feeding duration (Figure 35E). However, this difference did not 

reach significance. Furthermore, each diet as well as feeding duration was characterized by specific 

OTUs (Figure 35F). Interestingly, short-term CD feeding was characterized by one OTU with a 100 % 

sequence similarity to Faecalibaculum rodentium.  

Summarizing all aforementioned results, the dietary fat source had important effects on host 

metabolism like glucose tolerance and hepatic lipid metabolism which then seems to modulate 

WAT mass. Furthermore, it changed caecal microbiota composition which may consequently affect 

the host. Further investigation is needed to dissect these differences in more detail. 
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Figure 34: Diet modulated caecal microbiota profile of SPF mice. 
(A) Measurement of caecum to body weight ratio showed colonization status and diet induced changes. (B) 
Viable bacterial cell counts were assessed by anaerobic cultivation of caecal content. (C) Analysis of β-diversity 
revealed significant differences in bacterial composition induced by the diet. (D) Shannon effective species 
counts and richness. (E) At phylum level, significant differences between the four feeding groups could be 
observed. (F) The relative abundance of the family Coriobactericeae. (G) Relative abundance heat map of OTUs 
characteristic for the different diets (classification was done with EzTaxon). CD; BA; P-HFD-BA; L-HFD-BA; 
*p<0.05; **p<0.01; ***p<0.001 (serial comparison was performed with the Rhea R package [232]). NGS was 
performed on the 16S ribosomal RNA gene amplicons of the V3/V4 region (450bp) of caecal content using 
MiSeq platform. IMNGS and Rhea were used for sequence analysis. Number of mice in each group are 
indicated below the x-axis (n = number of mice measured, or positive mice per total number of mice).  
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Figure 35: Caecal microbiome is modulated by diet. 
(A) Analysis of β-diversity via MDS plot. (B) Shannon effective and richness species counts. At phylum (C) and 
family level (D), changes were observed between the two diets as well as the two feeding periods. (E) The 
relative abundance of Coriobacteriaceae. (F) Relative abundance heat maps of OTUs characteristic for the 
different groups, diets and feeding times (classification was done with EZBioCloud). CD; BA; w., weeks; 
*p<0.05; **p<0.01; ***p<0.001; NGS was performed on the 16S ribosomal RNA gene amplicons of the V3/V4 
region (450bp) of caecal content using the MiSeq platform. Sequence analysis was done using IMNGS and 
Rhea. Number of mice in each group are indicated below the x-axis (n = positive mice per total number of 
mice). 
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5 Discussion 

Coriobacteriaceae are prevalent and dominant members of the human gut microbiota and are able 

to metabolize bile acids, steroid hormones, and lipids. Furthermore, several studies associated their 

occurrence with increased cholesterol and lipid metabolism as well as T2D and obesity. However, no 

mechanistic study about the role of Coriobacteriaceae on host metabolism is currently available. 

 

5.1 Gut-derived Coriobacteriaceae modulate host metabolism 

To confirm the association between Coriobacteriaceae and host metabolism in human, the genomes 

of the four Coriobacteriaceae strains used in our experiments were mapped against the human fecal 

integrated gene catalogue of Li et al. (2014) [217]. This analysis revealed that the relative abundance 

of C. aerofaciens-like sequences was enriched in obese and morbid obese subjects and reduced in 

underweight, normal and overweight. In line with these result, the occurrence of C. aerofaciens or 

the family Coriobacteriaceae in general was found to be higher abundant in obese patients [26, 249, 

250]. Interestingly, Forslund et al. (2015) found a lower relative abundance of C. aerofaciens in non-

diabetic controls compared to metformin treated and non-treated diabetic subjects in the Danish 

MetaHIT study [28]. With respect to Egg. lenta, our analysis revealed a strong correlation with 

overweight but not with obesity. Additional work is required to obtain a clearer consensus in results. 

Nevertheless, evidence is there that Coriobacteriaceae might affect host metabolism and health as 

several publications showed a positive correlation between the occurrence of this family and host 

cholesterol, lipid and energy metabolism [117, 118].  

Our animal study is the first that provides experimental evidence that gut-derived Coriobacteriaceae 

influence host metabolism. Until now, only a few specific bacterial species were shown to induce 

body weight changes and shifts in associated metabolic phenotypes. Clostridium ramosum and 

Lactobacillus ingluviei increased body weight after colonization of mice [87, 251]. Additionally, HFD-

fed GF mice associated with Enterobacter cloacae B29, isolated from a morbid obese patient, 

developed obesity which was accompanied by massive increase in fat mass and insulin resistance 

[90]. Moreover, Prevotella copri increased systemic levels of branch chain amino acids (BCAA), 

induced insulin resistance and impaired glucose tolerance in mice [55]. Also in humans, increased 

circulating levels of various amino acids are increased in obesity and BCAA and aromatic amino acid 

levels positively correlated with insulin resistance [56, 252, 253]. Interestingly, Coriobacteriaceae 

possess various aminopeptidases influencing amino acid availability, nitrogen cycling processes and 

ammonia production which could be an additional function of this family to interact with host 

metabolism [107].  
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In other studies, the occurrence of Akkermansia muciniphila was negatively correlated with obesity 

and T2D in mice [88, 254]. In human, the abundance of this species was inversely correlated with 

adipocyte diameter [89]. Moreover, Bacteroides uniformis and some bifidobacteria and lactobacilli 

exhibit anti-obesity effects in mice [255–259]. With respect to Coriobacteriaceae, another study 

showed that Tempol, a synthetic antioxidant, was successful in lowering obesity in high-fat diet-fed 

mice and decreased the relative abundance of Lactobacillaceae, Coriobacteriaceae, and Clostridiales. 

The treatment also lowered BSH activity, changed bile acid composition (e.g. increased intestinal T-β-

MCA concentrations), and reduced activation of intestinal FXR [260].  

The most striking phenotype in gnotobiotic mice colonized with Coriobacteriaceae and fed BA diet 

was a doubling of eWAT, mWAT and iWAT mass beside no increase in body weight. This massive 

increase in total WAT weight was accompanied by changes in eWAT proteome. Three proteins 

involved in lipid metabolism were characterized by significantly higher occurrence in CORIO mice 

compared to GF and SPF controls. One of these proteins was the natriuretic peptide receptor 3 

(NPR3), which was already shown to be positively associated with obesity and diabetes [261, 262]. 

NPR3 is highly expressed in adipose tissue and kidney and is involved in the clearance of active atrial 

natriuretic peptide (ANP), which induces lipolysis in adipocytes via NPRA [263–267]. Additionally, 

insulin increases NPR3 levels in WAT of rodents and humans and represses the lipolytic action of ANP 

[268–270]. In our study, CORIO mice fed BA diet displayed signs of metabolic disturbances including 

increased insulin and leptin levels compared to GF and SPF mice, which might explain the increased 

abundance of NPR3 in the WAT of these mice. In our experiments, insulin levels were generally 

higher compared to literature [37, 48, 271, 272]. This might be explained by the fact that insulin 

levels were measured in the systemic plasma of already dead mice [273]. As NPR3 is regulated by 

insulin and induces the clearance of the pro-lipolytic protein ANP, this could be a hint towards 

reduced lipolysis in adipose tissue of BA-fed CORIO mice. To strengthen the hypothesis of lower 

lipolysis and to identify a possible disturbance in glucose tolerance in BA-fed CORIO mice, further 

measurement such as total lipid composition in adipose tissues, plasma lipid profiling, and protein 

levels of ANP are necessary. 

Proteome analysis of eWAT also led to the identification of 12 proteins unique for CORIO mice and 

related to lipid metabolism. One of these proteins is Acyl-CoA dehydrogenase family member 11 

(ACAD11), which is involved in fatty acid oxidation. ACAD11 was increased in mice with higher body 

weight following colonization with Lactobacillus ingluviei [251, 274]. Another unique protein in BA-

fed CORIO mice was apolipoprotein H (APOH), which is bound to VLDL and HDL and increases LPL 

activity [275–277]. APOH is known to be positively correlated with fasting glucose, lipids and 

lipoprotein levels, as well as metabolic syndrome via retinol binding protein 4 [278–280]. The most 
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interesting protein unique for BA-fed CORIO mice is CIDEC (also referred to as FSP27). CIDEC is a 

protein involved in lipid droplet formation in adipocytes. CIDEC is directly upregulated by insulin and 

fatty acids via the FAT/CD36 transporter. It inhibits lipolysis via inhibition of adipose triglyceride 

lipase and increases the size of lipid droplets [247, 281–283]. CIDEC is a target gene of PPARα in 

hepatic steatosis and PPARγ in adipose tissue, which are among several signaling pathways regulated 

by FXR [170, 171, 284, 285]. CIDEC-knockout mice exhibit increased insulin sensitivity and energy 

expenditure as well as decreased fat mass. Additionally, they are protected from diet-induced 

obesity [283, 286, 287]. Furthermore, the abundance of CIDEC is reduced in visceral adipose tissue of 

obese patients [288]. Interestingly, obese patients are characterized by increased lipolysis, which 

might due to insulin-resistance and increasing inflammatory status in these patients. This could in 

turn lead to reduced CIDEC levels and PPARγ activity as well as increased activity of the hormone 

sensitive lipase (HSL) [289]. The high abundance of CIDEC in eWAT of BA-fed CORIO mice might hint 

towards a lower lipolysis. More experiments like the measurement of HSL protein levels in eWAT or 

the usage of CIDEC knockout mice would help to further dissect the in vivo effects of gut-derived 

Coriobacteriaceae. 

In addition to changes in eWAT proteome, we observed changes in hepatic lipid and bile acid 

metabolism as BA-fed CORIO mice showed higher levels of hepatic FXR. Interestingly, complete 

knockout of FXR (FXR-/-) has been associated with low leptin levels, impaired glucose and insulin 

homeostasis, and lower fat mass possibly due to increased energy expenditure [70, 290]. 

Furthermore, complete and intestine-specific knockout or inhibition of FXR by glycine-β-MCA 

resulted in a reduction of weight and fat mass gain upon HFD feeding [291–293]. Surprisingly, liver-

specific knockout of FXR did not prevent the development of DIO, which hints at a role of non-

hepatic FXR in the regulation of body composition [291, 294]. In line with this observation, feeding of 

mice with HFD plus GW4064, a synthetic FXR agonist, increased their body weight and fat mass and 

reduced bile acid pool and energy expenditure compared to HFD alone [295]. In contrast, treatment 

of DIO C57BL/6J mice with the intestinal FXR agonist fexaramine (Fex) increased ileal FGF15 

expression, leading to reduction of body weight due to increased browning of adipose tissues and 

thereby thermogenesis [296]. As FXR is a major modulator of fat storage in adipocytes and liver, the 

interplay between FXR and Coriobacteriaceae-specific effects should be analyzed in greater detail. 

One opportunity would be the usage of GF FXR-/- mice with the four Coriobacteriaceae strains or the 

application of FXR antagonists like glycine-β-MCA to assess whether the observed massive increase in 

WAT mass can be prevented.  

In the liver of CORIO mice fed BA diet, we found a three-fold increase in hepatic Pparγ mRNA 

expression. As described above, PPARγ is one target gene of FXR, the expression of which was 
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induced in the liver of BA-fed CORIO mice. PPARγ was previously found to be induced in murine 

models of obesity and directly activated CIDEC, resulting in increased lipid storage in the liver [284, 

297–300]. Furthermore, the desaturation enzyme SCD1 seemed to be more active in the liver of BA-

fed CORIO mice as assessed by hepatic desaturation capacities. Interestingly, SCD1 is an indirect 

target gene of PPARγ via LXR [300, 301]. Therefore, the activation of FXR could induce PPARγ in BA-

fed CORIO mice which further activates SCD1. This could then increase unsaturation of fatty acids 

and thereby induce shifts in fatty acid profiles. Targeted protein analysis is needed to specify 

whether hepatic protein levels of PPARγ and SCD1 as well as LXR and SREBP1c are higher abundant in 

these mice. Additionally, hepatic lipid class profiling could be helpful for the interpretation of the 

results. 

Strikingly, all CORIO mice had a systemic hypercholesterolemia, regardless of diet. Furthermore, we 

found increased cholesterol levels in iWAT of BA-fed CORIO mice. This is in line with the literature, as 

a positive correlation between the relative abundance of Coriobacteriaceae and plasma total 

cholesterol, non-HDL cholesterol (VLDL and LDL), plasma and hepatic triglyceride concentrations and 

cholesterol absorption was observed in human and animal studies [116–118, 134]. Additionally, 

sequences assigned to the genus Collinsella were found to be enriched in patients with symptomatic 

atherosclerosis, even though plasma cholesterol levels did not differ from controls [41]. Further 

analysis of HDL, LDL and VLDL in systemic plasma would help dissecting the effects of 

Coriobacteriaceae on cholesterol metabolism and in line with this the development of 

atherosclerosis. 

The measurement of free fatty acids (FFA) in adipose tissue revealed that BA-fed CORIO mice have 

lower abundance of lauric, myristic, plamitic, palmitoleic, stearic, oleic, linoleic, arachidic, eicosenoic 

and eicotirenoic acid in mWAT compared to GF and SPF mice. This could imply that these mice store 

FFA as triglycerides or export them into the circulation. Interestingly, mesenterial adipose tissue 

mass is negatively associated with its 18:0 content and positively with the desaturation index [302]. 

In contrast, Kunesova et al. (2012) described the higher abundance of some of those fatty acids in 

adipose tissue before weight loss in women [303]. Further analyses like total fatty acid and lipid class 

composition in WAT are needed to specify the influences of Coriobacteriaceae on lipid metabolism. 

Interestingly, the regulation of lipid metabolism and adipocyte homeostasis by Coriobacteriaceae 

was only observed when diet was supplemented with primary bile acids, suggesting that 

Coriobacteriaceae modulate bile acid metabolism via BSH and HSDH activity. BA-fed CORIO mice 

were characterized by increased concentrations of TCDCA in portal plasma, which is a potent 

activator of FXR [304]. Increased FXR may contribute to increased triglyceride storage in the liver and 

WAT via PPARγ as discussed above. Furthermore, increased concentrations of bile acids in the gut of 
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BA-fed mice most likely favored emulsification of lipids [305–307]. This may in turn increase the 

contact surface for lipases from C. aerofaciens and A. parvulum, as we found that these two strains 

exhibited lipase activity in vitro. As a consequence, the concentration and absorption of fatty acids 

would increase and thereby contribute to the observed increase in WAT mass. Increased intestinal 

uptake of fatty acids could further result in increased uptake into adipocytes via FAT/CD36, with 

subsequent activation of CIDEC expression and thereby inhibition of lipolysis [247, 308]. To test this 

hypothesis, FAT/CD36 protein levels as well as free fatty acid concentrations in portal and systemic 

plasma should be analyzed. Additionally, fatty acid uptake could be investigated by using fluorescent 

fatty acids or 13C-labeled fatty acids [309–311]. Furthermore, overexpression and knockout of active 

lipases in Coriobacteriaceae strains could be an option to investigate the effects of bacterial lipases 

on host metabolism in greater detail. 

Although our data clearly hint at a substantial impact of Coriobacteriaceae on the metabolism of 

mice, population densities of the bacteria were relatively low in gnotobiotic mice. This may be a 

result of either incomplete DNA isolation from intestinal contents or the dependence of 

Coriobacteriaceae on other bacterial strains for effective colonization of the intestinal tract. Rey et al. 

(2013) associated mice with a minimal consortium of 8 species, including C. aerofaciens, alone or plus 

Desulfovibrio (D.) piger, a sulphate-reducing bacterium. They could show that D. piger increased the 

abundance of C. aerofaciens [312] and concluded that H2 and formate produced by C. aerofaciens are 

substrates for D. piger. This indicates that the combination of Coriobacteriaceae with other bacterial 

strains might be necessary to improve colonization efficacy. Differences in colonization may also 

explain the marked inter-individual differences observed within groups, especially with respect to 

gene expression and bile acid composition in various tissues. Another reason may be the relatively 

low and variable fasting time before sacrification, ranging from 6 to 9 h.  

 

5.2 The dietary fat source exhibits an important impact on host 

metabolism 

In the second animal experiment of the present thesis, we wanted to investigate the combined effect 

of supplementing bile acids and fat to diets, including various fat types (animal or plant). Due to 

contamination of the isolator housing the CORIO mice, novel data pertaining to the main fatty 

phenotype described above could not be generated, and the interpretation of results was restricted 

to the impact of different fat sources in combination with bile acids on host metabolism in GF and 

SPF mice. 

The impact of dietary fat source and amount on host metabolism and the development of metabolic 

diseases has already been pointed out by others. For instance, the response of GF mice to HFD, i.e. 
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their susceptibility to diet-induced obesity, was shown to be dependent on the type of high calorie 

diet given to the animals, with a particular importance of dietary fat source [22, 54]. Kübeck et al. 

(2016) revealed that lard-based HFD-fed GF mice were resistant to DIO, whereas palm oil-based HFD-

fed mice were not. This resistance to DIO was due to a higher metabolic rate and a less efficient fat 

absorption. The main difference between these two diets was their cholesterol content, with lard-

based HFD containing 10 % more than palm oil-based HFD. As cholesterol can modulate bile acid and 

lipid metabolism, these and other authors proposed that dietary cholesterol content drives the 

response of mice to high-fat diets [116, 313, 314]. Furthermore, the fatty acid composition of the 

diet can modulate body weight gain as well as host metabolism [268–270]. The two diets, L- vs. P-

HFD-BA, used in our own studies, mainly differ in their amounts of C16:0 (5.37 vs. 9.18 %, 

respectively), C18:0 (2.88 vs. 1.11 %) and C16:1 (0.6 vs. 0.05 %).  

In our study, bile acid supplementation (0.1 % CA and 0.1 % CDCA) to L- and P-HFD prevented body 

weight gain in GF mice. In contrast, SPF mice fed these diets gained weight with no statistically 

significant difference between the two groups. This combination of CA and CDCA in the diets has no 

precedent in the literature. Interestingly, L-HFD-BA feeding to SPF mice resulted in exacerbated 

increase in WAT mass and impairment of glucose tolerance. Moreover, supplementation of this bile 

acid combination to the diet suppressed the obese phenotype previously found to be associated with 

P-HFD feeding in GF mice [313]. Others reported that 0.5 % (w/w) CA in the diet induced weight loss 

in mice that had been previously fed a HFD for 17 weeks, and completely prevented weight gain in a 

mouse model for obesity and diabetes [190, 194]. This discrepancy in results between our own 

experiments and the studies by Watanabe et al. can be due to differences in the amount of CA in the 

diet.  

The texture of diets can also be important for their effects on host metabolism. Powdered isocaloric 

diets were shown to induce a weight gain comparable to that of a high-fat feeding due to an increase 

in food intake, an effect that was less severe with HFDs [315–317]. Powder vs. pellet standard 

carbohydrate diet was associated with shifts in the gut microbiota of mice, with a reduction in 

Shannon effective counts and marked changes in β-diversity [318]. This effect might also be 

important in the present study, as the two HFDs used were slightly different in texture. Although 

both diets were administered as pellets, they were crumbly and the mice easily scattered them into 

cages. This was more pronounced in the L-HFD- than the P-HFD-BA groups. Hence, the effect of the 

two different diets on fat mass could also have been impacted by this difference in texture. 

Assessment of food intake, energy expenditure via indirect calorimetry, and fecal fat and energy 

content via Fourier transform-infrared spectroscopy (FT-IR) would be helpful for the interpretation of 

results. 
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We demonstrated that the gut microbiota as well as the diet can modulate hepatic lipid composition. 

The strongest effect was observed in cholesterol esters, which were highly increased in SPF mice fed 

L-HFD-BA compared to the other diets and to GF mice. Difference between SPF and GF mice had 

been previously observed by Caesar et al. (2016), but results comparing diets varying in fat type are 

novel. Despite the increase in hepatic cholesterol esters, no differences were observed in systemic 

cholesterol levels. Further analysis of WAT lipid as well as hepatic fatty acid composition should be 

performed to reveal possible differences between the two HFD-BA diets. 

In the present study, analysis of bile acid composition revealed a strong impact of animal housing and 

a mild impact of diet. We observed that serum levels of TCA, T-β-MCA were increased by bile acid 

supplementation of CD- as well as L- and P-HFD in GF, but not SPF mice. In literature, strong 

differences between GF, which were characterized by the presence of only primary bile acids and 

their conjugates in intestinal content and serum, and conventional or SPF mice were also reported by 

others. Interestingly, GF mice had higher levels of T-MCAs, which are potent FXR antagonists [178, 

313, 319]. Furthermore, higher levels of T-β-MCA were shown to reduce FXR activity and preventing 

weight gain in cold exposed mice [320]. This may partly explain the resistance of GF mice to weight 

gain under bile acid supplementation of HFD. Surprisingly, we detected low levels of DCA, a 

secondary bile acid, in the plasma of GF mice which was also reported by Sayin et al. (2013) [319].  

Amplicon sequencing of 16S rRNA genes from the caecal content of SPF mice including both the long-

term (16 weeks) and short-term (8 weeks) feeding trials revealed diet-induced changes in gut 

microbiota diversity and composition. Within the short-term feeding experiment, the main 

differences in abundances were found between CD and the other three diets. Interestingly, feeding 

of bile acids alone or in combination with HFDs did not reduce richness and only slightly reduced 

Shannon effective counts. Only few publications assessed differences in the intestinal microbiome 

induced by bile acid supplementation in mice. Isalm et al. (2011) observed that feeding of different 

CA concentrations to rats reduced alpha-diversity of the caecal microbiota with increased relative 

abundance of Lachnospiraceae, Erysipelotrichaceae and γ-Proteobacteria [321]. Moreover, feeding of 

1 % CA to mice increased the relative abundance of phylogenetic groups that include 7-α-

dehydroxylating bacteria (producing DCA from CA), such as Clostridium cluster XIVa [322]. 

When comparing the two types of HFDs used in our experiments, P-HFD-BA significantly increased 

the relative abundance of Lachnospiraceae, including one specific OTU with 92.6 % similarity to 

Acetatifactor muris. This was also the case for P-HFD in the long-term feeding trial. 

Acetatifactor muris was originally isolated from the caecum of an obese mouse [323]. This species is 

the closest relative, yet still distant (usually <94 % sequence identity), of numerous molecular species 

also found by others to have higher abundance in HFD-fed mice [51, 228, 313, 324].  
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In the recent study, the relative abundances of the family Desulfovibrionaceae (within the delta-

Proteobacteria) was increased in response to bile acid supplementation of CD as well as the two HFD. 

One OTU belonging to the genus Desulfovibrio was characterized by higher relative abundances in L-

HFD-BA mice. In line with this finding, relative abundances of Desulfovibrionaceae, which are 

sulphate-reducing and endotoxin-producing bacteria, were found to be significantly increased in 

obese and metabolically impaired mice fed HFD by others [324–326]. In contrast, the occurrence of 

Desulfovibrionaceae was increased in lean individuals from preschool children and Japanese study 

populations [19, 327].  

Another OTU also characterized by higher relative abundance following L-HFD-BA-feeding could be 

identified at the species level as Clostridium lactatifermentans, a lactate-fermenting bacterium which 

produces the short-chain fatty acids (SCFA) acetate, propionate, butyrate and isovalerate [328]. 

Although this species is characteristic for L-HFD-BA feeding and produces SCFAs, an interpretation is 

difficult as the role of SCFAs in metabolic diseases is controversially discussed [20, 25, 52]. Therefore, 

measurement of fecal SCFA would be needed for interpretation of our results. 

6 Conclusion and perspective 

The first part of this thesis identified that Coriobacteriaceae are linked to hypercholesterolemia 

regardless of diet. Furthermore, the combination of Coriobacteriaceae and BA diet induced a 

doubling of WAT mass which was accompanied by modulation of hepatic lipid metabolism and 

increased plasma levels of insulin and leptin. NPR3 and CIDEC were abundant in eWAT of BA-fed 

CORIO mice, and the expression of these proteins might be induced via an insulin- and/ or 

FXR/PPARγ-dependent signaling pathway in adipocytes. This may finally result in reduced lipolysis 

and increased lipid storage. Furthermore, C. aerofaciens and A. parvulum possess active lipases in 

vitro which could, in combination with BA diet, increase fatty acid absorption. 

Further research will be needed to confirm and strengthen the results of the present thesis. The use 

of knockout models or selective antagonists for FXR and PPARγ would help dissecting the influence of 

Coriobacteriaceae in vivo. Moreover, a longer feeding period of BA-fed CORIO mice or in combination 

with HFD could further aggravate the observed metabolic disturbances and eventually lead to the 

development of T2D, highlighting also the need to perform OGTT in these mice. Generation of 

genetically modified Coriobacteriaceae, which overexpress the target function, would be a potent 

method to unravel whether lipase activity or bile acid transformation of the used strains are 

responsible for the observed phenotype. With respect to the lipase activity, labeled fatty acids could 

be used to address the hypothesis of a higher absorption rate of dietary lipids in BA-fed CORIO mice. 

Colonization densities of Coriobacteriaceae at the end of the trial were relatively low, although 
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higher levels were found in P-HFD-fed mice. Different approaches could be followed to counteract 

this problem: (I) combine bile acids and HFD as in the second part of the thesis; (II) use of HFD alone 

for 8 weeks to support better colonization by Coriobacteriaceae followed by a combination of HFD 

and primary bile acids. Moreover, it is important to assess whether Coriobacteriaceae can induce the 

observed phenotype also in the presence of endogenous gut microbes, for instance by using mice 

colonized with a minimal consortium such as the Oligo-Mouse-Microbiota (Oligo-MM12) [329].  

In the second part of this thesis, it could be clearly shown that the dietary fat source in combination 

with bile acids and the gut microbiota are major modulators of host lipid metabolism. Comparing the 

two HFD-BA diets, L-HFD-BA feeding more strongly increases WAT mass, impaired glucose tolerance 

and modulated hepatic lipid composition than P-HFD-BA. Further analyses are needed to investigate 

in greater detail mechanisms that may explain the differences in host metabolic phenotypes 

observed between the two HFD-BA diets. Measurement of SCFA, bile acids, cholesterol and lipid 

metabolism, and metatranscriptomics are ongoing. If marked phenotype and diet-driven changes are 

observed in the metatranscriptomics data and on this basis, minimal consortia could be designed. 

Association of mice with those consortia could then be used to assess whether similar phenotypes 

are observed as in the present trial. This could help to identify specific bacterial species which induce 

or prevent weight gain in mice and can further be tested in humans. 
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7 Supplementary Figures 

 
Suppl. Fig. S1: Validation of 16S rRNA gene-based qPCR. 
(A) Graphical representation of 16S rRNA gene-based qPCR using UPL (Roche) approach with 2.5 ng target DNA 
of pure cultures of A. parvulum DSM 20469

T
, C. aerofaciens DSM 3979

T
, Egg. lenta DSM 2243

T
 and E. 

mucosicola DSM 19490
T
. (B) Selectivity of the 16S rRNA gene based qPCR for the four strains was tested using a 

Mixture (Mix) of 2.5 ng DNA of each of the four strains spiked with three different concentrations of the target 
strain (in bold) and each of the three other strains. Decrease of Ct values with increasing concentrations of the 
target strain but not the three others confirmed the specificity of the qPCR assay. See section 3.4 for technical 
details. A.p., A. parvulum; C.a., C. aerofaciens; E.l., Egg. lenta; E.m., E. mucosicola.  
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Suppl. Fig. S2:Coriobacteriaceae were capable to colonize GF mice. 
Colonization efficacy for each diet of the single strains as well as 
total bacteria is visualized for proximal (n = 8) (A) and distal ileum 
(n= 3 – 10) (B), caecum (n = 11 – 14) (C), proximal (n = 7 – 8) (D) and 
distal colon (n = 2 – 9) (E). In addition to that, the colonization of all 
bacteria together (F) and the single strains (G-J) was analyzed. CD; 
P-HFD; BA; For detailed description of the statistical analysis see 
section 3.17. Abbreviations: A.p., A. parvulum; C.a., C. aerofaciens; 
E.l., Egg. lenta; E.m., E. mucosicola; pI, proximal ileum; dI, distal 
ileum; pC, proximal colon; dC, distal colon. 

Suppl. Fig. S3: Body weight 
development over time. 
CD; P-HFD; BA. Number of mice in 
each group are indicated in brackets 
(n = number of mice measured). 
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Suppl. Fig. S6: Ileal expression of bile acid and FXR target genes Tgr5 and Fgf15. 
CD; P-HFD; BA. Number of mice in each group are indicated below the x-axis (n = number of mice measured). 
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Adipocyte area 
distribution of eWAT 
and iWAT of P-HFD-
fed mice. 
Number of mice in each 
group are indicated in 
brackets (n = number of 
mice measured). 

Suppl. Fig. S5: Hepatic 
expression of Scd1 in BA-fed 
mice. 
Number of mice in each group 
are indicated below the x-axis (n 
= number of mice measured). 

Suppl. Fig. S7: Hepatic expression of Shp. 

CD; HFD; BA; For detailed description of the 

statistical analysis see section 3.17. Number 

of mice in each group are indicated below 

the x-axis (n = number of mice measured). 



Supplementary Figures 
 

 

82 

GF
(n=12)

BA

CORIO
(n=14)

BA

SPF
(n=11)

BA

0

10

20

30

Fxr

m
R

N
A

e
x
p

re
s
s
io

n
(f

o
ld

o
f

G
F

)

 
 

GF
(n=11)

CD

CORIO
(n=11)

CD

SPF
(n=10)

CD

GF
(n=9)
HFD

CORIO
(n=12)
HFD

SPF
(n=12)
HFD

GF
(n=10)

BA

CORIO
(n=14)

BA

SPF
(n=10)

BA

0

1

2

3

4

5

6

Tnf

m
R

N
A

e
x
p

re
s
s
io

n
(f

o
ld

o
f

G
F

C
D

)

GF
(n=11)

CD

CORIO
(n=11)

CD

SPF
(n=10)

CD

GF
(n=9)
HFD

CORIO
(n=12)
HFD

SPF
(n=12)
HFD

GF
(n=11)

BA

CORIO
(n=14)

BA

SPF
(n=11)

BA

0.0

0.5

1.0

1.5

2.0

2.5

IL-1

m
R

N
A

e
x
p

re
s
s
io

n
(f

o
ld

o
f

G
F

C
D

)

 
Suppl. Fig. S9: Expression of hepatic Tnfα and Il-1β. 
CD; P-HFD; BA; For detailed description of the statistical analysis see section 3.17. Number of 
mice in each group are indicated below the x-axis (n = number of mice measured).  
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Suppl. Fig. S10: HFD-BA feeding induced body weight increase in SPF but not GF mice. 
CD; BA; P-HFD-BA; L-HFD-BA. 
 

Suppl. Fig. S8: Expression of Fxr in mWAT of 
BA-fed mice. 
BA; Number of mice in each group are 
indicated below the x-axis (n = number of 
mice measured). 
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Suppl. Fig. S12: Expression analysis of genes involved in lipid homeostasis: Cd36, Srefb1, Pparα, Pparγ 
and Mlxipl. 
CD; BA; P-HFD-BA; L-HFD-BA. Number of mice in each group are indicated below the x-axis (n = number of 
mice measured). 
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Suppl. Fig. S13: Diet did not influence systemic 
cholesterol levels after 8 weeks of feeding. 
CD; BA; P-HFD-BA; L-HFD-BA. Number of mice in 
each group are indicated below the x-axis (n = 
number of mice measured).  
 

 

Suppl. Fig. S11: L-HFD-BA feeding reduced 
glucose tolerance. 
AUC values of the OGTT of fasted mice. CD; 
BA; P-HFD-BA; L-HFD-BA. For detailed 
description of the statistical analysis see 
section 3.17. Number of mice in each group 
are indicated below the x-axis (n = number 
of mice measured). 
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Suppl. Fig. S14: Long-term dietary intervention modulated microbiota composition of SPF mice. 
(A) β-diversity via a MSD plot. (B) Shannon effective and richness. Analysis of the relative abundance revealed 
diet induced changes on phylum (C) and family level (D). (E) The relative abundance of the family 
Coriobactericeae. (F) Relative abundance heat map of OTUs characteristic for one diet and for CD- and BA-fed 
mice (identification was done using EZBioCloud); CD; P-HFD; BA; *p<0.05; **p<0.01; ***p<0.001; NGS was 
performed on the 16S ribosomal RNA gene amplicons of the V3/V4 region (450bp) of caecal content using the 
MiSeq platform. Sequence analysis was done using IMNGS and Rhea. Number of mice in each group are 
indicated below the x-axis (n = positive mice/total number of mice). 
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Abbreviations 

A. parvulum; A.p. Atopobium parvulum 

Acaca Acetyl-CoA carboxylase 1 

ACAD11 Acyl-CoA dehydrogenase family member 11 

ACN Acetonitrile 

Angptl4 Angiopoietin-like protein 4 

ANP Atrial natriuretic peptide 

APO Apolipoprotein 

ASBT Apical sodium bile acid transporter 

AUC Area under the curves 

BA Control diet supplemented with 0.1 % cholic and chenodeoxycholic acid 

BAAT Bile acid-CoA:amino acid n-acetyltransferase 

BACS Bile acid-CoA synthetase 

bai Bile acid inducible 

BAT Brown adipose tissue 

BCAA Branched-chain amino acids 

BLASTN Basic local alignment search tool for nucleotide sequences 

bp Base pairs 

BSEP Bile salt export pump 

BSH Bile salt hydrolase 

C Carbon 

C. aerofaciens; C.a. Collinsella aerofaciens 

CA Cholic acid 

CAR Constitutive androstane receptor 

CCK Cholecystokinin 

CD Control diet 

CD3 Cluster of differentiation 3 

CD36/FAT Cluster of differentiation 36/ fatty acid translocase 

CDCA Chenodeoxycholic acid 

cDNA Complementary DNA 

CDS Coding sequences 

CE Cholesterol ester 

Cer Ceramide 

ChREBP Carbohydrate-responsive element-binding protein 

CIDEC/ FSP27 Cell death inducing DFFA like effector C 

CORIO Coriobacteriaceae-associated mice 

Cyp3a11 Cytochrome P450, family 3, subfamily a, polypeptide 11 

Cyp7a1 Cholesterol 7α-hydroxylase 

D2 Type 2 iodothyronine deiodinase 

DAPI 4′,6-Diamidin-2-phenylindo 

DB Data base 

db/ db Homozygous leptin receptor knockout mice 

DCA Deoxycholic acid 

DGAT Diacylglycerol acyltransferase 

DIO Diet-induced obesity 

DNA Deoxyribonucleic acid 

DSM Deutsche Sammlung von Mikroorganismen 

DTT Dithiothreitol 

E. coli Escherichia coli 

E. mucosicola; E.m. Enterorhabdus mucosicola 
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EDTA Ethylenediaminetetraacetate 

Egg. lenta; E.l. Eggerthella lenta 

EHD1 EH domain-containing protein 1 

ELOVL Elongation of very long chain fatty acids protein 

EUB Eubacterial 

eWAT Epididymal white adipose tissue 

FA Formic acid 

FAME Fatty acid methyl esters 

FAS/ FASN Fatty acid synthase 

Fasta Fasta format 

FC Free cholesterol 

FFA Free fatty acids 

FFPE Formalin-fixed paraffin-embedded 

FGF Fibroblast growth factor  

Fiaf Fasting-induced adipose factor 

FISH Fluorescence In Situ hybridization 

FPR Formyl-peptide receptors 

FXR Farnesoid X receptor 

GAPDH Glyceraldehyde 3-phosphate dehydrogenase 

GC-FID Gas chromatography flame ionization detector 

GF Germ-free 

GLP-1 Glucagon like peptide 1 

GPCR G protein-coupled receptor 

h Hour 

H & E  Hematoxylin and eosin staining 

HCl Hydrogen chloride 

HDL High density lipoprotein 

HFD High fat diet 

HMG Hydroxymethyl glutaryl 

HPLC High performance liquid chromatography 

HPRT Hypoxanthine-guanine phosphoribosyltransferase 

HSDH Hydroxysteroid dehydrogenases 

IBABP Intestinal bile acid-binding protein 

IF Immunofluorescence 

IGC Integrated gene catalogue 

IL Interleukin 

INF Interferon 

iWAT Inguinal white adipose tissue 

KEGG Kyoto Encyclopedia of Genes and Genomes 

LB Lysogeny broth 

LCA Lithocholic acid 

LC-ESI-MS/MS Liquid chromatography electrospray ionization tandem mass spectrometry 

LDL Low-density lipoprotein 

Lep Leptin gene 

L-HFD Lard based high-fat diet 

L-HFD-BA L-HFD plus 0.1 % cholic and chenodeoxycholic acid 

LPC Lyso-PC 

LPGAT1 Acyl-CoA:lysophosphatidylglycerol acyltransferase 1 

LPL Lipoprotein lipases 

LPS Lipopolysaccharides 
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X 

LXR (gene: Nr1h3) Liver X receptor 

MAG Monoacylgylcerol 

MCA Muricholic acid 

MCP Monocyte chemoattractant protein 

MeOH Methanol 

MFE-2 Peroxisomal multifunctional enzyme type 2 

MGAT Monoacylgylcerol acyltransferase 

MHCII  Major histocompatibility complex II 

min Minutes 

Mlxipl MLX-interacting protein-like, gene of ChREBP  

mRNA Messenger RNA 

MUFA Monounsaturated fatty acid 

mWAT Mesenterial white adipose tissue 

NaCl Sodium chloride 

NAFLD Non-alcoholic fatty liver disease 

NASH Non-alcoholic steatohepatitis 

NCBI National Center for Biotechnology Information 

NP1L1 Niemann Pick 1 like 1 receptor 

NPR3 Natriuretic peptide receptor 3 

NTCP Sodium taurocholate Co-Transporting Polypeptide 

O.C.T. Optimum cutting temperature 

OATP Organic anion transport peptide 

OCA Obeticholic acid 

OGTT Oral glucose tolerance test 

OST Organic solute transporter 

OTU Operational Taxonomic Units 

PBS Phosphate buffered saline 

PC Phosphatidylcholine 

PCA Principle component analysis 

PCR Polymerase chain reaction 

PE Phosphatidylethanolamine 

PE-P Plasmalogen 

PG Phosphatidylgcerol 

PGC1α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

P-HFD Palm oil based high-fat diet 

P-HFD-BA P-HFD plus 0.1 % cholic and chenodeoxycholic acid 

PI Phosphatidylinositol 

PPAR Peroxisome proliferator-activated receptor 

PS Phosphatidylserine 

PUFA Polyunsaturated fatty acid 

PXR Preganane X receptor 

Q and H  Query and hit of blast analysis 

qPCR Quantitative polymerase chain reaction 

RARα Retinoic acid receptor 

rRNA Ribosomal ribonucleic acid 

RT Room temperature 

RXR Retinoid X receptor 

SA Saturated fatty acids 

SCD1 Stearoyl-CoA desaturase 1 

SCFA Short chain fatty acids 
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SDS Sodium Dodecyl Sulfate 

sec Seconds 

SHP Small heterodimer partner 

SM Sphingomyelin 

sp. Species 

SPF Specific pathogen free 

SREBP1c Sterol regulatory element binding protein 1c 

T2D Type 2 diabetes 

TDCA Tauro-conjugated deoxycholic acid 

TGR5 G protein-coupled bile acid receptor 

TLR Toll-like receptor 

TNF Tumor necrosis factor 

UPL Universal Probe Library 

V3/V4 Variable regions 3 and 4 

VDR Vitamin D receptor 

VLDL Very-low-density lipoprotein 

WAT White adipose tissue 

WCA Wilkins-Chalgren-Agar 
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