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I. ABSTRACT 
Background 

Caloric restriction (CR) lowers the incidence of multiple diseases, 

promotes longevity, and is one of the primary intervention tools applied 

for weight loss. 

Objectives 

The presented project aimed to investigate potential mechanisms 

required for the beneficial effects of CR in the gastrointestinal tract and 

the involvement of taurine, bile acids, and the gut microbiota in 

response to CR. 

Methods 

Mice were submitted to CR, over-night fasting, antibiotics treatment, 

and fecal transplant. For housing CR mice, wood, cellulose, and corncob 

beddings were used. Hunger level, bedding consumption, and feces 

production were evaluated. Metabolites, fatty acids, bile acids, GSH, 

taurine, and taurine conjugates were analysed using LC-MS. Cecum 

was sequenced to assess bacterial abundance. Antioxidative capacity 

was measured in the intestine epithelium using ESR. In connection with 

the glutathione system, gene expression, protein concentrations, and 

activity were measured. The expression of genes responsible for 

taurine and bile acid synthesis and transport were analysed. Taurine 

transport capacity was assessed by ex vivo intestinal sacs assay. 

Results 

CR applied to mice resulted in increased consumption of cage bedding 

which affected multiple physiological parameters as well as cecum 

microbiota and metabolome. CR increased taurine and bile acid (BA) 

production in the liver, export of BAs from the liver into the 
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gastrointestinal tract, and deconjugation of taurine-conjugated BAs. 

Subsequently, it promoted the creation of various taurine conjugates 

as well as their reabsorption into the bloodstream. Glutathione (GSH), 

next to CR, was identified as a promoter of intestinal taurine 

absorption. Depleting gut microbiota by applying antibiotics reduced 

the CR-driven conjugation of GSH and taurine, modified the 

composition of the BA pool; however, BA synthesis, transport, and 

taurine production remained unchanged. Reintroducing microbiota 

from CR mice to antibiotic-treated mice by fecal transplantation 

increased the conjugative capacity of GSH transferases and the 

occurrence of GSH-taurine and other taurine conjugates. 

Conclusion 

Our results show that CR significantly increases the consumption of 

cage bedding-derived fibre by mice. Therefore, future CR experiments 

involving rodents should provide information on the bedding used and 

should consider the effects of increased fibre consumption. 

Furthermore, a novel connection has been established between 

taurine, BAs, GSH, and the microbiota, which could be an important 

mediator of CR-related health benefits. 

Keywords 

Caloric restriction, fibre, GSH, taurine, bile acid, intestine.  
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II. ZUSAMMENFASSUNG 
Hintergrund 

Kalorienrestriktion (CR) senkt das Auftreten zahlreicher Krankheiten, 

fördert die Langlebigkeit und ist eines der wichtigsten Mittel zur 

Gewichtsreduktion. 

Ziele 

Ziel des Projekts war es, mögliche Mechanismen zu untersuchen, die 

für die positiven Auswirkungen von CR im Magen-Darm-Trakt 

verantwortlich sind. Dazu wurde die Rolle von Taurin, Gallensäuren und 

der Darmmikrobiota erforscht. 

Methoden 

CR Mäuse wurden über Nacht gefastet, mit Antibiotika behandelt und 

Fäkaltransplantation wurde durchgeführt. Für die Unterbringung der 

CR Mäuse wurden Holz-, Zellulose- und Maiskolbeneinstreu verwendet. 

Der Hunger, der Verbrauch von Einstreu und die Kotproduktion wurden 

erfasst. Metaboliten, Fettsäuren, Gallensäuren, GSH, Taurin und 

Taurin-Konjugate wurden mittels LC-MS analysiert. Der Zäkuminhalt 

wurde sequenziert. Die antioxidative Kapazität wurde mittels ESR 

gemessen. Im Zusammenhang mit dem Glutathionsystem wurden die 

Genexpression, die Proteinkonzentrationen und Aktivität gemessen. 

Die Expression von Genen, die für die Synthese und den Transport von 

Taurin und Gallensäuren verantwortlich sind, wurde analysiert. Die 

Taurin-Transportkapazität wurde mit Ex-vivo-Darmsäcken bewertet. 

Ergebnisse 

Die CR führte bei Mäusen zu einem erhöhten Konsum von 

Käfigeinstreu, was sich auf mehrere physiologische Parameter sowie 

auf die Mikrobiota und das Metabolom des Blinddarms auswirkte. CR 
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steigerte die Produktion von Taurin und Gallensäuren in der Leber, den 

Export von Gallensäure aus der Leber in den Gastrointestinaltrakt und 

die Dekonjugation von Taurin-konjugierten Gallensäuren. Zusätzlich 

förderte es die Bildung verschiedener Taurinkonjugate sowie deren 

Rückresorption in den Blutkreislauf. Neben CR förderte auch Glutathion 

(GSH) die intestinalen Taurinabsorption. Die Verringerung der 

Darmmikrobiota durch den Einsatz von Antibiotika verringerte die CR-

gesteuerte Konjugation von GSH und Taurin und veränderte die 

Zusammensetzung des Gallensäuren-Pools und die Gallensäuren-

Synthese. Der Transport und die Taurinproduktion veränderten sich 

jedoch nicht. Die Wiedereinführung der Mikrobiota von CR-Mäusen in 

antibiotisch behandelte Mäuse durch fäkale Transplantation erhöhte die 

Konjugationskapazität der GSH-Transferasen und das Auftreten von 

GSH-Taurin und anderen Taurin-Konjugaten. 

Schlussfolgerung 

Unsere Ergebnisse zeigen, dass sich die Ballaststoffaufnahme von 

Mäusen durch CR, aufgrund von erhöhtem Konsum des Käfigeinstreus 

erhöhte. Daher sollten künftige CR-Nagetierversuche Informationen 

über den verwendeten Einstreu liefern und die Auswirkungen der 

erhöhten Ballaststoffaufnahme berücksichtigen. Darüber hinaus wurde 

eine neue Verbindung zwischen Taurin, Gallensäuren, GSH und der 

Mikrobiota hergestellt, die die gesundheitsfördernden Eigenschaften 

von CR erklären könnte. 

Schlagwörter 

Kalorienrestriktion, Ballaststoffe, GSH, Taurin, Gallensäure, Darm. 
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III. ABBREVIATIONS 
 

Ad lib Ad libitum 

AT Antibiotics Treated 

BA Bile Acid 

BSEP Bile Salt Export Pump 

BSH Bile Salt Hydrolase 

C Cellulose bedding 

CC Corncob bedding 

CID Collision-Induced Dissociation 

CR Caloric Restriction 

CRM Caloric Restriction Mimetics 

DMEM Dulbecco’s Modified Eagle Medium 

DNA Deoxyribonucleic Acid 

DPP Dipeptidyl Peptidase 

ESR Electron Spin Resonance 

FT Fecal Transplant 

FXR Farnesoid X Receptor 

GC-MS Gas Chromatography-Mass Spectrometry 

GIT Gastro-Intestinal Tract 

GPx Glutathione Peroxidase 

GR Glutathione Reductase 

GSH Reduced Glutathione 

GSSG Oxidized Glutathione 

GST Glutathione S Transferase 

HPLC High-Pressure Liquid Chromatography 

IBAT Ileal Bile Acid Transporter 
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LC-MS Liquid Chromatography-Mass Spectrometry 

mRNA messenger Ribonucleic Acid 

MSI Metabolomics Standards Initiative 

MSTFA N-methyl-N-trimethylsilyltrifluoroacetamid 

Nrf2 Nuclear factor erythroid 2–Related Factor 2 

NTCP Sodium-dep. taurocholate co-transporting peptide 

OGTT Oral Glucose Tolerance Test 

ON Over Night fasting 

OTU Operational Taxonomic Unit 

PBS Phosphate-Buffered Saline 

PCR Polymerase Chain Reaction 

PLS Partial Least Square 

TauT Taurine Transporter 

TGR5 Takeda G-protein coupled Receptor 5  

W Wooden bedding 

WAT White Adipose Tissue 

 

1. Introduction 

1.1. Caloric Restriction 

Caloric restriction (CR) is a diet aiming to reduce the daily energy 

intake below the average consumption without malnutrition. CR is one 

of the primary intervention tools applied for weight management and 

health maintenance showing outstanding health benefits. Studies show 

that CR delays the onset of age-related decline, attenuates immune 
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senescence and sarcopenia, prevents atrophy of the brain grey matter, 

and neurodegenerative diseases, diminishes the rate of age-specific 

mortality, and lowers the incidence of diseases such as cancer, 

diabetes, atherosclerosis, and cardiovascular diseases [1-5]. 

Consequently, it has been repeatedly shown that CR extends the 

lifespan of multiple species, including yeast, fruit fly, rodents, and 

monkeys [6, 7]. Depending on the age at CR initiation, human studies 

suggest a life span increase of 1-5 years [8]; however, these studies 

were carried out on healthy test subjects between 20 and 65 years old, 

thus the benefits could vary for elderly and diseased. CR is known to 

modify gut microbiota composition [9, 10], which may in turn affect a 

number of pathologies like obesity, inflammatory bowel disease, or 

colorectal cancer [11]. Furthermore, CR decreases cardiometabolic risk 

factors, such as blood pressure, triglycerides, and cholesterol [12] and 

levels of circulating tumor necrosis factor-α [8]. 

At the end of the 20th century, interest arose for CR mimetics (CRM) 

that could mimic the biochemical and functional effects of CR without 

the need to reduce food intake significantly. Several pathways were 

identified that CRMs could target, such as the stimulation of autophagy 

by deacetylation of cellular proteins [13], disruption of cellular glucose 

metabolism [14], activation of sirtuins [15, 16], and AMPK [17, 18], 

and inhibition of mTOR [19]. So far discovered CRMs are HCA, 

resveratrol, spermidine, and aspirin, while there are a number of 

potential CRM candidates like quercetin, CAPE, curcumin, EGCG, and 

metformin [20]. Specifically, the gastrointestinal tract was not a focal 

point of the CR research so far. Thus, elucidating molecular pathways, 

changes in microbiota, and effects of different macronutrients in the 

intestine could benefit fundamental and CRM research, as well as the 

treatment of gastrointestinal diseases. 
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1.2. Fibre 

Dietary fibre includes all carbohydrates that have a degree of 

polymerization of three or more monomeric units and are neither 

hydrolyzed by endogenous enzymes nor absorbed in the small intestine 

[21]. Ingested fiber is fermented by gut bacteria and it constitutes a 

substrate for the formation of various metabolites [22, 23] and shapes 

bacteria composition [22, 24, 25]. Fibre affects nutrient digestion and 

absorption, improves glycaemic and lipaemic responses, regulates 

plasma cholesterol by limiting bile salt resorption, influencing gut 

transit and microbiota composition, growth, and metabolism [26].  

Epidemiological cohort studies showed that dietary fibre reduces the 

risk of cardiovascular disease, stroke, colorectal cancer, rectal cancer, 

and diabetes and reduces all-cause mortality [27]. Intervention studies 

shed some light on the clinical use of fibre, especially in the context of 

the gastrointestinal tract and inflammation [28-30]. These results were 

convincing enough for several associations to formulate 

recommendations for treating gastrointestinal disorders such as 

irritable bowel syndrome, inflammatory bowel disease, diverticular 

disease, and constipation [26]. Despite that, in the case of the 

therapeutic application, the data is conflicting on the type, source, dose 

of the fibre, and duration of the treatment [26], and thus the 

recommendations are often unspecific or controversial.  

1.3. Gut microbiota 

Gut microbiota research is crucial for this project and it is affected by 

both CR and fibre. The number of microorganisms inhabiting the 

human digestive tract is around 1013-14, which is equal to 

approximately the number of body cells in a human body [31]. 
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Moreover, the collective genome of the intestinal microbiota harbors 

100 times more genes than the human genome [32]. A major part of 

the gut microbial community consists of bacteria with 500-1000 

different species [33], with the most populous phyla constituting more 

than 90% of gut microbiota being Firmicutes and Bacteroidetes [32]. 

Once gut microbiota is established early in life, it remains relatively 

stable even for decades throughout adulthood [34]. This stable core 

consists of the most abundant phyla such as Bacteroidetes, Firmicutes, 

Proteobacteria, and Actinobacteria. However, minor changes in the 

microbiota, especially in lower-abundance bacterial taxa, may occur 

depending on multiple factors, including diet, age, body weight, 

humidity, environmental conditions, health status, and pregnancy [35-

38]. Microbiota contribute to the formation of the intestinal 

architecture, protect against colonization by opportunistic pathogens, 

metabolize residual dietary components, and supply essential nutrients 

[39]. Microbiota ferments fibre to its key bacterial metabolites, short-

chain fatty acids [40], while bile acids secreted by the host are 

metabolized to secondary bile acids by gut bacteria. Due to these 

functions, the microbiota has an immense impact on the well-being of 

the host, including metabolism, immune function, and physiology; 

therefore, a healthy microbiota is important for host’s overall health 

[41]. 

1.4. Bile acids 

Bile acids are synthesized from cholesterol in the liver by a complex 

network of enzymes. After being produced by activation of the key 

enzyme of the main synthesis pathway Cyp7a1, approximately 98% of 

BAs are amidated either with glycine or taurine. Conjugation reduces 

hydrophobicity and provides protection against toxicity. In the case of 
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rodents, 95% of BAs are taurine conjugated [42], while in humans, the 

glycine to taurine conjugation ratio is about three to one [43]. After 

conjugation, primary BAs are transported via the bile salt export 

protein (BSEP) across the canalicular membrane from the hepatocytes 

to the bile and are stored in the gall bladder. Following intake of food, 

the duodenum secretes cholecystokinin to stimulate gallbladder 

contraction and the release of BAs into the small intestine. Once 

reaching the intestine, BAs travel along the GI tract to solubilize 

monoacylglycerols and fatty acids and aid the digestion and absorption 

of lipids and fat-soluble vitamins. As the last steps of the enterohepatic 

circulation, in the ileum, 95% of BAs are reabsorbed via the ileal BA 

transporter (IBAT) and conveyed back to the liver through the portal 

vein where they are taken up by the sodium-dependent taurocholate 

co-transporting peptide (NTCP) [44, 45].  

The main components of the BA pool are the primary BAs cholic acid, 

chenodeoxycholic acid, and their conjugated variants. Their purpose 

exceeds the aid in digestion, as they have functional roles in the global 

mammalian system and undergo extensive enterohepatic recycling and 

gut microbial modification. In the intestine, BAs regulate bacterial 

overgrowth and proliferation, whereas bacterial enzymes modify 

primary BAs and produce the secondary BAs through deconjugation by 

bile salt hydrolase (BSH) and their subsequent dehydrogenation, 

dihydroxylation, and sulfation. The secondary BAs deoxycholic acid and 

lithocholic acid undergo further modifications, such as epimerisation, 

sulphation, glucuronidation, and conjugation with N-acetylglucosamine 

in the liver, kidney, and gut resulting in the tertiary BAs 

tauroursodeoxycholic acid, ursodeoxycholic acid, and sulpholithocholic 

acid [46]. Taurine and glycine are metabolized to CO2 and NH3 in the 

gut, which can be used by certain bacteria as energy sources [47]. BAs 

have many fundamental roles, such as signaling through the farnesoid 
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X receptor (FXR) and the G protein-coupled membrane receptor 5 

(TGR5). Through these receptors, a signaling cascade is activated, and 

gene expression is stimulated, regulating the metabolism of BAs, lipids, 

and carbohydrates and energy expenditure as well as inflammation, 

predominantly in enterohepatic organs [48, 49]. 

1.5. Taurine 

Taurine is a sulfur-containing amino acid present in high concentrations 

in red algae [50], seaweed [51], and in the animal kingdom except for 

protozoa [52]. In mammals, taurine can be found abundantly in bile, 

intestine, heart, skeletal muscle, brain, neural tissue, liver, kidney, 

retina, and leukocytes [53]. Synthesis of taurine occurs mainly in the 

liver and kidney through the cysteine sulfinate pathway. To a lesser 

extent, taurine is produced by the cysteamine dioxygenase (ADO), 

which converts the coenzyme A-derived cysteamine to the taurine 

precursor hypotaurine [54]. After synthesis, taurine is delivered to the 

target tissues by the circulation [52]. The capacity for endogenous 

synthesis and turnover rate varies in different animal species, and 

aging in mammals is accompanied by a reduced ability of taurine 

synthesis [55]. Taurine uptake from the diet is limited by the 

saturability of transporters in the intestine [56], while the excess of 

taurine within the body is eliminated through urine [55]. Taurine is 

involved in many actions connected with the prevention and protection 

of various organ dysfunctions and is therefore known as a 

polyfunctional molecule [57]. Crucial roles of taurine are assigned to 

developmental, cytoprotective, and survival attributes [58], hence the 

high concentration in colostrum. One of the most established biological 

actions of taurine is its conjugation with primary bile acids (BAs) to 

promote their water solubility in bile and decrease their membrane 
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permeability, thus, leading to efficient facilitation of the absorption of 

lipids and lipid-soluble vitamins and reduced cytotoxicity [45, 59]. 

Furthermore, its role in the optical and immune systems, osmotic 

regulation, reproduction, stabilization of membranes, cardiac muscle 

regulation, and inflammation [60, 61] make it one of the most essential 

substances in the body. Taurine protects against various diseases and 

disorders in different organ systems such as the integumentary [62], 

cardiovascular [63, 64], respiratory [65], muscular [66], circulatory 

[67], nervous [57, 68], and endocrine systems [69]. Due to its 

pharmacological potential, taurine and its derivatives have been 

clinically studied in the context of several disorders such as metabolic 

or inflammatory diseases [70].  

1.6. Glutathione 

Glutathione is a non-enzymatic antioxidant tripeptide (cysteine, 

glycine, and glutamic acid) found in animals, plants, fungi, and some 

bacteria and archaea. The two existing states of glutathione are 

reduced (GSH) and oxidized (GSSG) forms. GSH de novo synthesis is 

catalyzed by glutamate-cysteine ligase (GCL) and glutathione 

synthetase (GS) in the cytosol. GSH is the dominant form in most cells, 

whereas GSSG occurs more often in the endoplasmic reticulum (ER) 

[71]. To restore free GSH from GSSG, the enzyme glutathione 

reductase (GR) uses NADPH to cleave GSSG and produces two 

molecules of GSH [72]. 

In its reduced form, the exposed sulfhydryl group (-SH) of the cysteinyl 

moiety is a reducing agent and a nucleophile that reacts with toxins 

directly or through glutathione S-transferases (GST). GSTs are a family 

of enzymes catalyzing the conjugation of glutathione to electrophilic 

substrates, producing more water-soluble compounds for elimination 
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through urine and bile [73]. Additionally, GSH acts as a co-substrate 

of glutathione peroxidases (GPx), a group of enzymes responsible for 

the reduction of H2O2 and other oxides to their respective alcohols and 

oxygen. Eight different isoforms (GPx1-8) have been identified [74]. 

GR, GST, and GPx form the glutathione system, which is especially 

present in the gastrointestinal tract [75]. Age [76], sex [77], food [78], 

alcohol [79], drug intake [80], and bile acid homeostasis [81] can 

influence cellular glutathione concentration.  
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2. Aims of the Thesis 

This project aimed to untangle the effects of CR in the gastrointestinal 

tract and to identify underlying mechanisms contributing to the CR 

phenotype. 

2.1. Original Article 1: Cage bedding modifies metabolic 

and gut microbiota profiles in mouse studies applying 

dietary restriction 

The aims of the study were: 

• to investigate the consequences of CR on mice body parameters, 

metabolic organs, and outcome of metabolic assays; 

• to assay the amount of cage bedding consumed by mice and the 

ability of mice to extract energy from different types of bedding; 
• to verify the impact of mice cage bedding on gut microbiota, fibre 

fermentation in the cecum, and the phenotype shaped by CR. 

2.2. Original Article 2: Caloric restriction increases levels of 

taurine in the intestine and stimulates taurine uptake 

by conjugation to glutathione 

The aims of the study were: 

• to assess the mechanisms behind the increased concentration of 

taurine conjugated bile acids in the intestinal content of mice; 

• to identify transportation pathways of taurine in the intestine of 

mice; 
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•  to investigate the involvement of GSH in the optimization of the 

uptake of taurine and bile acids. 

2.3. Original Article 3: Microbiota contributes to the 

regulation of intestinal glutathione and taurine levels 

in response to caloric restriction 

The aims of the study were: 

• to analyze the role of the microbiota in bile acid deconjugation 

as well as GSH and taurine conjugation; 
• to identify changes in microbiota composition that can be linked 

to taurine and bile acid levels and synthesis; 

• to assess if microbiota takes part in the regulation of oxidative 

stress during caloric restriction. 

  



 

 
- 19 - 

3. Materials and Methods 

3.1. Study design: Original Article 1: Cage bedding modifies 

metabolic and gut microbiota profiles in mouse studies 

applying dietary restriction 

3.1.1 Experimental groups 

• W: ad libitum fed mice housed on wooden bedding 

• C: ad libitum fed mice housed on cellulose bedding 

• CC: ad libitum fed mice housed on corncob bedding 

• CR-W: calorie restricted mice housed on wooden bedding 

• CR-C: calorie restricted mice housed on cellulose bedding 

• CR-CC: calorie restricted mice housed on corncob bedding 

• ON-W: overnight fasted mice housed on wooden bedding 

• ON-C: overnight fasted mice housed on cellulose bedding 

• ON-CC: overnight fasted mice housed on corncob bedding 

• ON-E: overnight fasted mice housed in empty cages 

• ON-G: overnight fasted mice housed on metal grids 

3.1.2 Experimental procedure 

Ten weeks old C57BL/6NRj mice were housed for seven days in cages 

containing a mix of wooden, cellulose, and corncob beddings. Following 

the habituation period, mice were placed in single cages with one of 

the chosen beddings and were assigned to one of the experimental 

groups. The control groups were kept ad libitum. CR mice were 

submitted to two weeks of CR; which reduced their calorie intake to 

75% of their average daily consumption. To assess bedding 
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consumption and feces production, cage beddings were collected daily 

for three days, then dried and separated from the feces. CR mice's 

body weight was monitored daily. The hunger level of CR mice was 

estimated by measuring the time it took them to initiate the daily 

portion of the meal delivered at 5 PM. Fresh fecal samples were 

collected on days 12 and 13 of CR and from ad libitum-fed mice. Feces 

were snap-frozen in liquid nitrogen and stored at -80 °C. Additionally 

to the three beddings, two subgroups of ON (overnight) group were 

kept without bedding or on metal grids to prevent bedding 

consumption and coprophagy. ON mice were fasted overnight for 16 

hours with free access to water. The morning after the fast, mice were 

submitted an oral glucose tolerance test (OGTT). Mice received 3 mg 

intragastric bolus of glucose per gram body weight, and blood glucose 

levels were monitored over 2h. Afterward, the animals were given one 

week for recovery and the ON fasting procedure was repeated and 

followed by dissection. All mice were euthanized by isoflurane 

overdose, followed by blood withdrawal by cardiac puncture. Weight of 

the body, cecum, stomach, liver, and white adipose tissue (WAT) was 

measured. Samples of the liver, WAT, epithelium scrapings of the 

stomach and the intestine as well as cecum content and blood, were 

collected and stored at -80 °C. Blood was mixed with 10 μl/ml EDTA, 

20 μl/ml aprotinin, and 10 μl/ml dipeptidyl peptidase (DPP) IV. Plasma 

was separated from the blood cells by centrifugation for 10 min at 3 

600 x g 4 °C and was stored at -80 °C. 

3.1.3 Metabolomics  

Extraction and analysis of cecal metabolites were performed based on 

the method by Weckwerth et al. [82] with slight modifications. Frozen 

samples weighing around 30 mg were transferred into “Precellys lysis 

kit” homogenizing tubes with 1.4 mm ceramic beads and 800 μl ice-
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cold MCW extraction buffer (methanol:chloroform:water = 2.5:1:0.5) 

was added. The samples were homogenized in a Precellys24 Tissue 

Homogenizer (Bertin Instruments) twice for 15 s at 5 000 rpm and 

were incubated on ice for 15 min. Next, samples were vortexed and 

centrifuged for 5 min at 10 500 rpm at 4 °C then the supernatant was 

transferred to a 2 ml Eppendorf tube. The extraction step was repeated 

by short vortexing the pellet with 400 μl ice-cold MCW followed by 15 

min incubation on ice and centrifugation for 5 min at 10 500 rpm at 4 

°C. The two supernatants were combined and to separate the 

chloroform phase from the water/methanol phase 400 μl H2O was 

added. After vortexing and centrifuging the samples for another 5 min 

at 14 000 rpm at 4 °C, the upper polar phase was transferred to a new 

Eppendorf tube, and both fractions were dried in a speed vac using an 

optimized pressure gradient to prevent boiling retardation. The polar 

fraction was dissolved in 50 μl of methoxamine hydrochloride solution 

(20 mg/ml pyridine) and incubated at 30 °C for 90 min with continuous 

shaking. Then 80 ml of N-methyl-N-trimethylsilyltrifluoroacetamid 

(MSTFA) was added to derivatize polar functional groups at 37 °C for 

30 min. The derivatized samples were stored at room temperature for 

120 min before injection. Gas chromatography-mass spectrometry 

(GC–MS) analysis was performed using a Leco Pegasus BT-TOF (Leco 

Instrumente GmbH, Mönchengladbach, Germany) equipped with a 

PAL3 Autosampler (CTC Analytics AG, Zwingen, Switzerland). 

Chromatographic separation and data validation were conducted as 

published earlier with slight modifications [83, 84]. Derivatized extract 

(1 µl) was injected on an HP-5MS column (30 m × 0.25 mm × 0.25 μm) 

(Agilent Technologies) in split less mode. Mass spectral data acquisition 

was performed using the following instrument parameters. Electron 

impact ionization was conducted at 70 eV and 1 mA emission current. 

Ion source and transfer line temperature were set to 250 °C. Mass 

spectra were collected at an acquisition rate of 10 spectra/sec and a 
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mass range of 40–600 Th using a relative detector voltage with an 

offset of -100 V from the optimized detector voltage. 

3.2. Study design: Original Article 2: Caloric restriction 

increases levels of taurine in the intestine and 

stimulates taurine uptake by conjugation to 

glutathione 

3.2.1 Experimental groups 

• Ad lib: ad libitum fed mice 

• CR: caloric restricted mice 

3.2.2 Experimental Procedure 

Male C57BL/6NRJ mice aged 12 weeks were randomly divided into 

experimental groups of nine control ad libitum fed (ad lib) or CR mice. 

The groups did not differ significantly in body weight when starting the 

experimental procedures. Animal food intake was measured for one 

week before the intervention to determine the amount of chow diet to 

be given daily under the 14 days of CR. 

Fresh fecal samples were collected on days 12 and 13 of CR and from 

ad libitum-fed mice. Feces were snap-frozen in liquid nitrogen and 

stored at -80 °C. All mice were euthanized by isoflurane overdose, 

followed by blood withdrawal by cardiac puncture. Weights of the body, 

cecum, stomach, liver, and white adipose tissue (WAT) were 

measured. Samples of the liver, WAT, epithelium scrapings of the 

stomach, duodenum, jejunum, ileum, colon as well as cecum content 

and blood were collected and stored at -80 °C. Blood was mixed with 
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10 μl/ml EDTA, 20 μl/ml aprotinin, and 10 μl/ml DPP IV. Plasma was 

separated from the blood cells by centrifugation for 10 min at 3 600 x 

g 4 °C and was stored at -80 °C. 

3.2.3 Intestinal sacs assay 

The freshly dissected small intestine was divided into five even parts. 

Part one is the proximal and part five is the distal small intestine. Part 

four was flushed with PBS and was loosely tied at the ends with a 

thread resulting in a 4 cm-long sac. Through an opening of the sac, a 

blunted needle was inserted and the intestine was filled with 200 μl of 

taurine (25 mg/ml) or taurine (25 mg/ml) and GSH (61.5 mg/ml) 

solutions. After this, the opening was closed tightly and the sac was 

transferred into a 50 ml falcon tube containing 10 ml of prewarmed 

Dulbecco’s Modified Eagle Medium (DMEM) and incubated in a 37 °C 

water bath. Samples of 200 μl DMEM were collected three times over 

1.5 h and stored at -20 °C until LCMS measurement. 

3.3. Study design: Original Article 3: Microbiota contributes 

to the regulation of intestinal glutathione and taurine 

levels in response to caloric restriction 

3.3.1 Experimental groups 

• Ad lib: ad libitum fed mice 

• CR: caloric restricted mice 

• AT: ad libitum fed mice treated with antibiotics 

• AT CR: caloric restricted mice treated with antibiotics 

• FT: ad libitum fed mice treated with antibiotics and receiving 

fecal transplant from ad libitum fed mice 
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• FT CR: caloric restricted mice treated with antibiotics and 

receiving fecal transplant from caloric restricted mice 

3.3.2 Experimental Procedure 

Male C57BL/6NRJ mice aged 12 weeks were randomly divided into ad 

lib, CR, AT, AT CR, FT, and FT CR experimental groups. To deplete gut 

microflora, AT, AT CR, FT, and FT CR groups were gavaged with 200 µl 

of an antibiotic cocktail (vancomycin 0.5 g/l, neomycin 1 g/l, ampicillin 

1 g/l, metronidazole 1 g/l; all from Sigma-Aldrich, Vienna, Austria). 

The AT and AT-CR groups were gavaged three times within 14 days of 

the experimental procedure, and the FT group was gavaged twice: 5 

and 3 days before microbiota transplant. After antibiotics treatment, 

the mice from the FT groups were gavaged with freshly extracted fecal 

microbiota from CR or ad libitum mice. The second gavage followed the 

first one after two days. To obtain inoculants, fresh feces were mixed 

with sterile PBS. The mixture was vortexed and centrifuged for 3 min 

at 1 000×g, and the isolated supernatant was immediately gavaged 

into FT or FT CR mice. FT and FT CR mice were dissected seven days 

after the first gavage. 

Body and organ weight measurement, as well as sample collection, 

preparation, and storage, was executed as described in Original Article 

2. 

3.3.3 Tissue lysate assay 

Freshly extracted tissue was lysed in 10x volume (w/v) of lysis buffer 

(150 mM NaCl, 1% IGEPAL, 50 mM Tris-HCL) by disrupting with a 

syringe and needle. Afterward, 5 µl of the lysate was mixed with 10 µl 

of 2 M GSH and 2 M taurine and filled up to 200 µl with the lysis buffer. 
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The lysates were incubated at 37 °C and samples were collected after 

10 and 20 min of incubation. 

3.4. Shared methods in the original articles 

3.4.1 Animals 

Male C57BL/6NRj mice purchased from Janvier Inc. Labs (Le Genest, 

France) were kept under a 12h light/12h dark cycle and housed in 

standard SPF conditions using a Tecniplast IVC system (cage type 2L, 

blue line) with free water access. If not stated otherwise mice were fed 

a standard chow (V1535 R/M-H Extrudate; ssniff Spezialdiäten GmbH, 

Soest, Germany). 

All animal experimentation protocols were approved by the Federal 

Ministry of Science, Research and Economy, Unit for Animal 

Experiments and Genetic Engineering in Austria (BMWFW-

66.006/0017-WF/V/3b/2016). All experiments were performed in 

agreement with the Austrian Federal Act on Animal Welfare. 

3.4.2 Sequencing and metataxonomic analysis 

The samples for sequencing were processed according to the previously 

published protocol [85]. Cecum samples were homogenized in MagNA 

Pure Bacteria Lysis Buffer from the MagNA Pure LC DNA Isolation Kit 

III (Bacteria, Fungi) in MagNA Lyser green beads tubes at 6 500 rpm 

for three 30 s cycles in a MagNA Lyser Instrument (all from Roche, 

Mannheim, Germany). The homogenized samples were mixed with 25 

μl lysozyme (100 mg/ml), incubated at 37 °C for 30 min, followed by 

adding 43.4 μl Proteinase K (20 mg/ml), and incubation at 65 °C 

overnight. Afterwards, the enzymes were heat-inactivated at 95 °C for 
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10 min and 250 μl lysed supernatant was used for DNA extracted on a 

MagNA Pure LC 2.0 following the instructions for the MagNA Pure LC 

DNA Isolation Kit III (Bacteria, Fungi) (Roche). PCRs reactions were 

run in triplicates using a FastStart High Fidelity PCR system and 

contained 5 μl of total DNA, 1 × Fast Start High Fidelity Buffer, 1.25 U 

High Fidelity Enzyme, 200 μM dNTPs, 0.4 μM primers, and PCR-grade 

water in 25 μl reaction volume (all reagents from Roche, Mannheim, 

Germany). The following target primers were applied for the 

amplification of phylogenetic informative hypervariable regions V1-V2: 

27F—AGAGTTTGATCCTGGCTCAG and 375R—CTGCTGCCTYCCGTA. 

The primers were used with Illumina adapters for indexing PCR reaction 

according to Illumina's 16S metagenomic sequencing library 

preparation guide. The PCR temperature cycles were as follows: initial 

denaturation at 95 °C for 3 min, 30 cycles of denaturation at 95 °C for 

45 s, annealing of primers at 55 °C for 45 s and extension at 72 °C for 

1 min, final extension step at 72 °C for 7 min and cooling to 4 °C. The 

PCR reaction triplicates were pooled and checked using 1% agarose gel 

and subsequent normalization of 20 μl PCR products was performed on 

a SequalPrep Normalization Plate (LifeTechnologies, Germany). Of the 

normalized PCR products, 15 μl was used as a template in a single 50 

μl indexing PCR reaction for eight cycles; the temperature cycles 

conditions were as described above for the targeted PCR. For the final 

sequencing library, 5 μl of PCR products from each sample were pooled, 

and 30 μl of the library was purified using a 1% agarose gel and the 

QIAquick gel extraction kit (Qiagen, Germany). The obtained library 

was quantified with QuantiFluor ONE dsDNA Dye on Quantus 

Fluorometer (Promega, Germany), its quality was verified using an 

Agilent BioAnalyzer 2100 (Waldbronn, Germany), and the 6 pM library 

was sequenced on a MiSeq desktop sequencer (Illumina, Netherlands) 

containing 20% PhiX control DNA (Illumina) with v2 chemistry for 500 

cycles. FastQ raw reads were used for subsequent data analysis. 
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Raw sequencing data in fastq format was imported into Galaxy web-

based platform [86] and analyzed with the QIIME2 2018.4 microbiome 

analysis pipeline. After initial quality control data was preprocessed 

with DADA268 using default parameters and removing specific primer 

sequences. The resulting feature representative sequences were 

classified with the QIIME2 pre-fitted sklearn-based taxonomy classifier 

against SILVA 16S rRNA database version 132 at 99% identity [87]. 

The resulting feature abundance table, also known as OTUs table over 

all samples, including taxonomy information, was used for all 

subsequent analyses. For the phylogenetic methods, representative 

sequences were aligned with MAFFT de novo multiple sequence aligner 

[88] followed by the creation of a phylogenetic tree with FastTree [89]. 

3.4.3 Gene expression 

RNA was isolated from intestinal scrapings using the RNeasy mini kit 

(Qiagen). Samples were thawed in lysis buffer, disrupted using a 

syringe and needle, and processed following the manufacturer’s 

protocol. SuperScript® II Reverse Transcriptase (Invitrogen™, Life 

Technologies) was used for the reverse transcription step. Quantitative 

real-time PCR (qRT-PCR) reactions were carried out using the 

QuantStudio™ 6 Flex Real-Time PCR System (Applied Biosystems, Life 

Technologies) with the SYBR Green PCR Master Mix (Applied 

Biosystems, Life Technologies). 

3.4.4 GSH, taurine, and taurine conjugates analysis 

The quantification protocol was adapted from the method of Ito et al. 

[90] and Budinska et al. [91]. Frozen liver and intestinal mucosa 

samples were cut on dry ice to the size of 7-10 mg and homogenized. 

Liver samples were transferred into Precellys homogenizing tubes with 
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1.4 mm ceramic beads and nine times the volume of ethanol absolute 

at −20 °C was added. Liver samples were homogenized in the 

Precellys®24 Tissue Homogenizer (Bertin Instruments) twice for 15 s 

at 5 000 rpm, vortexed for 30 s, and incubated at −20 °C. Intestinal 

samples were transferred into 1.5 ml Eppendorf tubes and were 

disrupted in five thawing and freezing cycles. Next, nine times the 

volume of ethanol absolute −20 °C was added, samples were vortexed 

for 30 s. After the homogenization, liver and intestinal samples were 

handled alike. Samples were incubated at −20 °C for 24 h and 

centrifuged for 10 min at 18 000 g. The supernatants were transferred 

to new tubes, and, to remove the debris, the centrifugation step was 

repeated. The supernatants were transferred into HPLC vials in a 

thermostatic autosampler kept at 4 °C. 60 μl of intestinal sacs samples 

were diluted with 600 μl ethanol, vortexed mixed, incubated for 20 min 

at −20 °C, and centrifuged at 15 000 g for 15 min at 4 °C. The 

supernatant was dried in a SpeedVac concentrator for 45 min at 60 °C, 

then dissolved in 70 μl ethanol. Samples (10 μl) were analyzed by LC-

MS in negative modus using an LCMS-8040 Liquid Chromatograph 

Mass Spectrometer (Shimadzu Corporation, Kyoto, Japan) with an 

Atlantis T3 3 μm column (2.1×15 0mm, Waters, Milford, MA, USA). 

The column temperature was 40 °C. The mobile phases consisted of 

0.1% formic acid in water (eluent A) and 0.1% formic acid in 

acetonitrile (eluent B). The gradient was maintained at an initial 5% B 

for 2.5 min, to 20% B at 8 min, and was set back to 5% B at 9 min 

with a hold for one minute. 

3.4.5 Identification of taurine and GSH conjugates 

Standards of GSH and taurine (both from Sigma-Aldrich, St. Louis, MO, 

USA) were prepared in 70% ethanol. To induce the conjugation of 

taurine to GSH 150 mmol of each was weighted in the same 2 ml 
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Eppendorf tube, 70% ethanol was added, vortexed shortly, and 

incubated for 30 min at room temperature. Standards were separated 

with the column and HPLC gradient described above and were 

fragmented with an LC-MS system (LCMS-8040, Shimadzu, 

Korneuburg, Austria). The MS instrument was operated in multiple 

reaction mode (MRM) with the following settings: nebulizing gas flow 

3 L/min, drying gas flow 12 L/min, desolvation line temperature 250 

°C, and heat block temperature 350 °C. Argon was used as the 

collision-induced dissociation (CID) gas with a collision energy of 20eV. 

The fragmentation pattern was compared to METLIN’s database. To 

identify GSH and taurine conjugates, samples were screened for 

precursor ions producing similar fragmentation patterns to GSH and 

taurine. The exact mass of the selected precursor ions was measured 

using an LC-ESI-TOF-system consisting of an Ultimate 3000 (Thermo 

Fischer Scientific, Waltham, Massachusetts, US) and a micrOTOF-Q II 

(Bruker Daltonics, Bremen, Germany) with an Atlantis T3 3 μm column 

(2.1×150 mm, Waters, Milford, MA, USA). The column temperature 

was 40 °C. The mobile phases consisted of 0.1% formic acid in water 

(eluent A) and 0.1% formic acid in acetonitrile (eluent B). The gradient 

was maintained at an initial 5% B for 2.5 min, to 20% B at 8 min, and 

was set back to 5% B at 9 min with a hold for one minute. 

3.4.6 Bile acid analysis 

Sample extraction and measurement of bile acids were carried out 

using a modified method by Rohn et al. [92]. Shortly, feces samples 

were weighted in Precellys homogenizing tubes with 1.4 mm ceramic 

beads, and nine times the volume of methanol absolute at -20 °C was 

added. Samples were homogenized in the Precellys 24 Tissue 

Homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France) 

twice for 15 s at 5 000 rpm, vortexed for 30 s, and centrifuged for 10 
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min at 5 000 g at 4 °C. The supernatants were transferred to new 1.5 

ml Eppendorf tubes, and, to remove the debris, the centrifugation step 

was repeated this time at 12 000 g. Supernatants were transferred into 

new Eppendorf tubes, and after the third centrifugation, supernatants 

were directly transferred into an HPLC vial. Samples (10 μl) were 

analyzed by LCMS in positive modus using an LCMS-8040 Liquid 

Chromatograph Mass Spectrometer (Shimadzu Corporation, Kyoto, 

Japan) with an Atlantis T3 3 μm column (2.1 × 150 mm, Waters, 

Milford, MA, USA). The column temperature was 30 °C. The mobile 

phase A consisted of water and eluent B was acetonitrile/methanol 

(3/1, v/v), both containing 0.1% formic acid and a concentration of 20 

mM ammonium acetate. The gradient was maintained from an initial 

30% B for 5 min, to 100% B at 25 min, which was kept constant for 

20 min. Afterward, the composition was set back to the initial ratio of 

30% B within 2 min, followed by 10 min of re-equilibration. 

3.4.7 Protein concentration and activity assays 

The levels of GSH and GSSG, as well as the activity of GST, GR, GPx 

(BioVision, CA, USA), and Nrf2 (Abcam, Cambridge, UK), were 

assessed using commercial assay kits according to the manufacturer’s 

recommendations. 

3.4.8 Electron spin resonance 

Frozen samples were cut into 15 μg pieces and 144 μl of oxygen-free 

KHB, and 6 μl of oxygen-free 10 mM CMH solution were added. The 

samples were incubated for 60 min in a 37 °C shaking incubator and 

quickly spun down. 100 μl of the solution from each sample was 

transferred to a fresh tube and snap-frozen in liquid nitrogen until 

measuring. Electron spin resonance (ESR) measurements were 
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performed at 150 K in a capillary tube (100 μl), which was placed into 

a high sensitivity resonator (Bruker ER 4122SHQE), using an X-band 

Bruker Elexsys-II E500 EPR spectrometer (Bruker Biospin GmbH) with 

a modulation frequency of 100 kHz and a microwave frequency of 9.4 

GHz. Spectra were recorded every 20 s, averaging every ten 

consecutive spectra. The sweep width was 450 G, the sweep time 20 

s, the modulation amplitude 5 G, the center field 3 400 G, the 

microwave power 20 mW, and the resolution 1 024 points. EPR spectra 

were simulated and the area under the curve was determined by 

double integration of the spectrum. A reference-free quantitation of the 

number of spins was performed, as described previously [93]. 

3.4.9 Statistics 

OTUs table was reduced by removing all OTUs present in less than 

three samples per group. The obtained data gathered from GCMS and 

LC-MS were normalized according to the fresh weight, then annotated 

and classified based on the Metabolomics Standards Initiative (MSI). 

Data transformation, alignment, and integrative analysis, including 

correlation coefficient, partial least square (PLS) regression, one-way 

ANOVA, hierarchical clustering, and correlation network analysis were 

performed with the statistical software COVAIN [94] under MATLAB 

environment. The amount of each metabolite and bacteria OTUs were 

z-scored across all samples. The correlation network associating 

metabolites (classified as MSI 1 and 2) and bacteria OTUs was 

constructed by Pearson’s correlation coefficients (cutoff value = 0.8). 

For network visualization, Girven-Newman algorithm [95] was applied 

and visualization was performed with Cytoscape v3.7.2. 

Concerning other data sets, the experimental groups were compared 

by applying one-way ANOVA with Bonferroni posthoc corrections for 
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multiple testing using SPSS Statistics 26 (IBM Corp., Armonk, NY, 

USA). Where applicable, differences between two experimental groups 

were analyzed using Student’s t-test with a statistical significance 

threshold set at p < 0.05. Each of the groups contained 8–10 biological 

replicates. 
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4. Summary of Findings and Discussion 

4.1. Original Article 1: Cage bedding modifies metabolic 

and gut microbiota profiles in mouse studies applying 

dietary restriction 

A growing problem of irreproducible results of metabolic research 

urged us to analyze potential critical factors contributing to disparities 

in rodent experiments. Therefore, we focused on the effects of 

consuming different kinds of beddings during CR and overnight (ON) 

fasting. The bedding consumption of CR mice was considerable; 

however, the amounts varied (22-55% of diet weight) between wood, 

cellulose, and corncob, suggesting differences in olfactory and 

gustatory properties, as well as in satiation. Changes in body weight 

loss, fat loss, cecum weight, stomach weight, and fecal output were 

strongly influenced by CR, while ON interventions resulted in less 

pronounced CR-like changes. Due to increased body weight loss, feces 

production, and poor fermentability, corncob was identified as the 

inferior energy provider compared to wood and cellulose. Mice from all 

ON groups had lighter stomachs and increased cecum weight compared 

to ad libitum and CR groups, indicating that a long-term food restriction 

triggers increased bedding or feces consumption. CR and ON groups 

showed increased plasma total and active ghrelin levels compared to 

ad libitum groups and CR groups showed a tendency towards increased 

total ghrelin levels compared to ON groups. However, bedding did not 

significantly influence the difference in ghrelin levels or how rapidly 

mice started consuming the daily feed portion; therefore, 

independently of the fibre composition, high fibre consumption cannot 

counterbalance hunger. We confirmed that a shift in the microbiome 
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occurs during CR regardless of the bedding type. However, compared 

to wood and cellulose, strong differences in cecal bacteria and 

metabolome were found in the group housed on corncob bedding which 

has the most distinct fibre profile compared to wood and cellulose 

beddings. Bedding consumption of CR mice correlated with fibre-

dependent microbial changes; therefore, it is important to consider 

that the main trigger of microbiota composition changes in CR animal 

trials may not be the nutrient restriction but the bedding consumption. 

Interestingly, elevated bedding consumption lowered the levels of all 

short- to medium-chain fatty acids in cecum content, which might 

indicate poor fermentability of insoluble fibre or increased uptake 

efficiency due to CR. Ad libitum-fed control mice consumed negligible 

amounts of bedding and showed similar body, microbial, and metabolic 

bacterial composition. 

In this article, we showed that restriction-related cage bedding intake 

modulates multiple physiological parameters.  

4.2. Original Article 2: Caloric restriction increases levels of 

taurine in the intestine and stimulates taurine uptake 

by conjugation to glutathione 

Our group research has previously discovered that CR leads to 

increased levels of taurine conjugated bile acids (BA) in the intestine 

[96]. Therefore, in this study, we tried to elucidate the effects of CR-

triggered changes in the BA pool of mice. Liver levels of taurine and 

taurine conjugates were not influenced by the CR. However, mRNA 

expression of genes associated with BA synthesis, transport, and 

cysteine metabolism was upregulated, while taurine transporter (TauT) 

was not affected. This suggested increased taurine and BA production 

and that taurine is not exported from the liver as free taurine but as 
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bile conjugate. Taurine conjugated BAs are transported to the 

intestine. Accordingly, we found increased taurine and taurine 

conjugates levels in CR compared to ad libitum control in the mucosa 

along the small intestine. The differences were more pronounced in the 

distal part of the small intestine compared to the duodenum. Among 

the detected taurine conjugates, we identified a GSH-taurine 

conjugate. Similar to other taurine conjugates in the CR group, GSH-

taurine levels increased in the small intestine, while free GSH levels 

decreased. Importantly, gene expressions connected with GSH 

synthesis were downregulated or remained unaffected in CR. Similarly, 

the antioxidant capacity and reactive oxygen species levels were not 

affected. However, the enzymatic activity of GR, that converts GSSG 

to GSH, was increased by CR. This could indicate a higher GSH demand 

that is driven by other function than antioxidative. Expression of GST 

genes increased in the epithelium of all parts of the GI tract from the 

stomach to the distal colon in the CR mice accompanied by an 

increased activity of GST as measured in jejunum. These changes lead 

to increased conjugation to taurine with GSH and were identified as the 

driver of the elevated GSH demand and intestinal levels. We 

hypothesized that GSH might aid taurine reabsorption. Therefore, we 

measured taurine transportation efficiency ex vivo in intestinal sacs. 

Results showed that increased transportation only occurred in CR 

intestinal sacs when a solution containing both taurine and GSH was 

infused. 

In summary, in this article, we characterized a novel function of GSH 

regarding the CR-associated taurine abundance in the small intestine. 

Additionally, we elucidated the mechanisms leading to increased 

taurine synthesis in the liver and transport to the small intestine. 
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4.3. Original Article 3: Microbial contribution to the caloric 

restriction-triggered regulation of the intestinal levels 

of glutathione transferases, taurine, and bile acids 

Following up on Original Article 2, we investigated whether the 

microbiota affects the levels of taurine, taurine conjugates, GSH, and 

BAs. To assess the role of the microbiota, mice were treated with a 

broad spectrum antibiotic cocktail and were submitted to ad libitum or 

CR diets. Antibiotics treatment (AT) diminished the CR-induced 

increase of GST mRNA expression and neutralized the increase of GST 

enzymatic activity. However, no differences were observed between 

the ad libitum-fed groups with or without antibiotics. Conjugation of 

taurine to GSH increased in jejunum epithelium in the CR group, and 

AT prevented the conjugation. Correspondingly, intestinal GSH level 

decrease was also mitigated in the CR group with antibiotics. Increased 

GSH-taurine levels correlated with decreased GSH levels in the 

intestine; however, GSSG remained unaffected. TauT was not affected 

by AT. Since AT did not show any effect, it was concluded that solely 

CR is the regulating factor on the expression of genes associated with 

BA synthesis and transport, as well as on cysteine metabolism. CR 

consistently increased BA levels in the plasma, small intestine, and 

liver and decreased BA levels in the feces. Compared to the CR group, 

a reverse trend was observed in the AT CR group. Furthermore, 

analysis of the small intestinal epithelium indicated an increase in BA 

deconjugation in the CR group and a decrease in the AT ad libitum and 

CR group. To further assess the role of the microbiota on taurine, 

taurine conjugates, GSH, taurine-GSH, and BAs levels, AT mice 

received microbiota from CR and ad libitum fed mice. CR transplant 

increased the occurrence of GSH-taurine in the jejunum, whereas no 

changes in the free taurine and taurine conjugates were observed. In 
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the ileum, GSH-taurine, taurine, and taurine conjugates levels were 

increased. 

In this article, we demonstrated that modulation of the levels of GSH, 

taurine, and its conjugates and the expression, as well as activity of 

GSTs, are microbiota dependent. AT partially or completely negates 

the tested parameters affected by CR. Microbiota transplant 

reintroduces the CR phenotype to a certain extent. Therefore, the 

microbiota is crucial for the response to CR; however, it requires other 

CR-related triggers to mimic CR fully. 
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5. Conclusions  

We found that outcomes of CR in mice might be influenced by the 

varying bedding-fibre consumption. The fibre intake during such 

interventions reaches up to 50% of the total weight of ingested food, 

which could lead to altered intestinal transit times, affected hunger 

perception, reduced bioavailability of certain nutrients by binding to 

fibre, and reshaped microbiota composition. Importantly, to a certain 

degree, indigestible fibre is broken down by microorganisms in the 

gastrointestinal tract, especially in the cecum and colon, where 

bacteria are most abundant. Such events lead to fibre type-dependent 

reshaping of the microbiota and consequently to an altered metabolite 

profile. Bedding-fibre intake can be determined by collecting and 

measuring the weight of the bedding mice were housed on. Measuring 

the weight of feces separated from the bedding gives an estimate of 

the fecal output, which correlates reversely with the microbial 

degradability of fibre [97]. Therefore, it could be assumed that CR mice 

with less feces production consumed more microbially degradable fibre 

and gained more calories from fibre derived short-chain fatty acids. 

However, measuring the weight of feces in the bedding does not deliver 

information on the degree of coprophagy. Thus, accurate measurement 

of feces production is not feasible and fibre fermentability or the 

amount of calories gained from the fibre cannot be concluded. 

Measuring the cecum weight while monitoring fibre consumption could 

give further information on the fermentability of the fibre. Restrictive 

diets could lead to increased bedding intake, which can be easily 

overlooked as the outcomes of a restriction are often attributed to the 

restriction alone. Neglecting the impact of unintentionally increased 

fibre intake might lead to flawed study conclusions. Therefore, we 
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propose that future metabolic experiments should report on the 

beddings used for housing mice. Furthermore, for enhanced 

comparability of interlaboratory experiments, the kind of bedding used 

should be similar. 

Caloric restriction results in a complex interplay of a plethora of 

underlying factors. Some of the mechanisms could be influenced by a 

specific diet, supplement, or drug. Therefore, expanding the knowledge 

about the underlying mechanisms of CR might lead to the identification 

of critical factors needed to mimic caloric restriction. Specifically, in this 

project, we discovered a number of pathways connected to CR and 

taurine that could pave the way to identifying CR mimicking agents.  

One of the intestinal responses to CR is the increased transport of 

taurine-conjugated BAs from the gall bladder to the intestinal lumen. 

Gene expression data indicates an increased taurine synthesis in the 

liver but not in the gastrointestinal tract. This could suggest an 

elevated taurine production and excretion from the liver into the 

intestinal tract. As the gene expression of TauT was not influenced in 

the liver, we hypothesised that taurine leaves the hepatocytes in the 

form of BA conjugates. After BAs are excreted to the duodenum and 

absorbed into the jejunum mucosa, the conjugated forms of BAs 

become less abundant and, at the same time, levels of taurine and 

non-BA related taurine conjugates increase. Supporting this, in the CR 

group, we found increased expression of genes related to BA synthesis 

and transport in the liver and an increased amount of unconjugated 

BAs in the blood. This shows that CR results in increased excretion of 

taurine conjugated BAs into the small intestine, where taurine is 

cleaved from the BAs, which leads to the formation of various types of 

taurine conjugates. Ex vivo analysis of taurine absorption from the 

intestine implied increased uptake of taurine-GSH conjugates in the CR 

group. Similarly, the plasma content of taurine-GSH, but not free 
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taurine, was increased in the CR group. Furthermore, feces content of 

free taurine is lower and plasma content is higher in the CR group 

indicating high efficiency of uptake in the gastrointestinal tract.  

Demonstrated by us, taurine absorption assisted by GSH has never 

been described before; therefore, the molecular background is thus far 

unknown. Similarly, little is known about the increased taurine 

excretion and absorption through the enterohepatic circulation during 

CR. In addition, taurine upregulates immune and anti-microbial genes 

in the gastrointestinal tract  [98-100], reduces superoxide anion 

formation, and takes a vital part in protein synthesis by binding to the 

tRNAs both of which are essential for normal mitochondrial functioning 

[101-103]. Consequently, as suggested before [104], taurine could be 

a prime CRM candidate.  

REDOX processes are often associated with CR [105]; however, our 

results show that anti-oxidative capacity and levels of reactive oxygen 

species are not influenced in the gastrointestinal mucosa of CR mice. 

Additionally, MnSOD, Cat, and Trx levels indicated reduced oxidative 

stress in the CR group, which should result in increased GSH 

preservation. Surprisingly, we observed decreased GSH levels and 

concluded that the increased GSH demand came from the conjugative 

activity, a result which was supported by increased GST gene 

expression and activity. Therefore, we propose that due to increased 

GST activity, free GSH levels decrease, elevating GSSG/GSH ratio, 

which activates GR in an attempt to reestablish the basic state ratio.  

A number of CR-related parameters are mediated by the microbiota, 

such as the effect on weight loss, levels of leptin and insulin, and 

metabolic factors such as fat browning, liver health, and glycemic 

control [106, 107]. After establishing that CR modulates the levels of 

GSH, taurine, taurine conjugates, and BAs, we investigated the role of 
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the microbiota, which is massively affected by CR. Firstly, antibiotic 

treatment partly neutralized or removed the features of the CR 

phenotype. The greatest effect was triggered in the distal part of the 

small intestine, which may be due to the higher bacterial abundance in 

that region. Secondly, fecal transplant from CR mice to ad libitum-fed 

mice partially reintroduced the phenotype. This data suggests a crucial 

role of the microbiota in response to CR. One of these roles is likely the 

hydrolysis of taurine-conjugated BAs upon increased BA excretion. 

Consequently, the intestinal content of free taurine and unconjugated 

BAs increase during CR. To regulate the levels of bioactive free taurine, 

taurine-GSH conjugate is formed. The occurrence of this conjugate 

enhances taurine absorption, especially in the ileum where the TauT 

gene expression is the highest. The preservation of taurine is crucial 

for the BA formation and secretion, thus plays a major role regulating 

cholesterol levels [108].  

Interestingly, ad libitum-fed mice were not influenced by antibiotics 

treatment regarding the measured parameters. This result supports 

the hypothesis that CR-specific microbiota plays a major role in the up- 

and down-regulation of taurine, GSH, taurine-GSH, BAs, and taurine 

conjugates. In the liver, the gene expression and BA production were 

not influenced by the antibiotics treatment; therefore, the microbial 

changes seem to act specifically in the intestine. Fecal transplant 

further confirmed the observed effects of the microbiota.  

In summary, we observed how CR changes the fibre intake of 

laboratory rodents and how this affects their microbiota. Furthermore, 

we described the CR enhanced enterohepatic circulation of taurine and 

bile acids and the factors responsible for the regulation of the free 

taurine levels.    
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Cage bedding modifies metabolic 
and gut microbiota profiles 
in mouse studies applying dietary 
restriction
A. Gregor1, L. Fragner2,3, S. Trajanoski4, W. Li3, X. Sun3, W. Weckwerth2,3, J. König1,3 & 
K. Duszka1,3*

Experiments involving food restriction are common practice in metabolic research. Under fasted 
conditions, mice supplement their diet with cage bedding. We aimed at identifying metabolic and 
microbiota-related parameters affected by the bedding type. We exposed mice housed with wooden, 
cellulose, or corncob cage beddings to ad libitum feeding, caloric restriction (CR), or over-night (ON) 
fasting. Additionally, two subgroups of the ON fast group were kept without any bedding or on a 
metal grid preventing coprophagy. Mice under CR supplemented their diet substantially with bedding; 
however, the amount varied depending on the kind of bedding. Bedding-related changes in body 
weight loss, fat loss, cecum size, stomach weight, fecal output, blood ghrelin levels as well as a 
response to glucose oral tolerance test were recorded. As fiber is fermented by the gut bacteria, the 
type of bedding affects gut bacteria and fecal metabolites composition of CR mice. CR wood and 
cellulose groups showed distinct cecal metabolite and microbiome profiles when compared to the CR 
corncob group. While all ad libitum fed animal groups share similar profiles. We show that restriction-
related additional intake of bedding-derived fiber modulates multiple physiological parameters. 
Therefore, the previous rodent studies on CR, report the combined effect of CR and increased fiber 
consumption.

It is commonly agreed that mice need to be housed with bedding and nesting material to fulfill the animals’ 
welfare requirements. Cage bedding is an important factor for animal well-being. It provides nesting material, 
helps to keep warmth, provides a proper walking surface, and buffers air ammonia content1. However, mice 
and rats fed at ad libitum and, even more, under dietary restrictions tend to consume cage bedding2. Moreover, 
multiple metabolic tests involving rodents are preceded by over-night (ON) fasting. Thus, the type of bedding 
and mice’s ability to extract energy from the bedding will impact the results of the metabolic tests. An even bigger 
impact is expected in the case of caloric restriction (CR). CR requires daily delivery of a limited, accurately dosed 
amount of food. In animal as well as in human studies CR has been shown to increase lifespan and health-span. 
It prevents the development of various diseases including age-related, neurological, and metabolic diseases as 
well as cancer3,4. For a successful CR experimental protocol, mice energy intake has to be strictly adjusted. Thus, 
uncontrolled energy uptake and fiber supplementation by consuming cage bedding can substantially influence 
the experimental outcome. Accordingly, in our previous publication5, we showed that mice submitted to CR 
develop an increased cecum size. We concluded that the enlarged cecum results from the accumulation of indi-
gestible fiber as a consequence of bedding consumption. The enlarged cecum is observed upon consumption of 
a high-fiber diet6–8 but it is also a phenotype typical to germ-free mice and indicates aggregation of fiber mass 
as well as disturbed nitrogen reabsorption in the small intestine9–11. Importantly, fiber can also reduce nutrient 
digestibility as it limits the access of enzymes to nutrients and it may also affect the passage rate of the digesta, 
especially if consumed in high amounts12. Accordingly, it has been noticed that feed conversion is reduced from 
animals housed on corncob (CC) bedding13. Two previous publications addressed the issue of the impact of 
the CC bedding on mice body weight and gut microbiota concluding that application of the CC bedding may 
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confound study results13,14. However, no one, thus far, compared different types of bedding considering metabolic 
research and microbiota.

Bedding consumption is particularly important in the context of the rapidly developing field of gut micro-
biota. Dietary fibers, including those present in cage bedding, may undergo complete or partial fermentation 
by the gut microbes15, leading to the production of short-chain fatty acids (SCFA) and stimulating the growth 
of certain bacterial species16. The metabolic end products of colonic microbiota play an important role in the 
maintenance of health and the development of disease15,17. Succeeding inconsistencies in scientific outcomes, 
the issue of reproducibility in microbiota research was inevitably raised18,19. We aim at studying the variability 
in research outcomes introduced by cage beddings as well as bringing awareness to the reproducibility of the 
studies involving fasting and CR by stressing the importance of bedding.

Results
Cage bedding affects mice body and organ weight.  To assay the impact of cage bedding we submit-
ted mice to two kinds of dietary restrictions in different housing conditions. The mice were held with one of the 
cage beddings: wooden (W), cellulose (C), or corncob (CC). The animals from over-night fasted (ON) groups 
were housed with one of three cage beddings (ON-W, ON-C, ON-CC) and additional groups without bedding 
(no bedding, ON-NB) or on a metal grid (ON-G). The grid was preventing the animals from contact with the 
cage bottom, thus limiting coprophagy. In parallel, to assess the long-term effects of bedding consumption we 
submitted mice to 14 days CR using the three kinds of cage bedding: wooden (CR-W), cellulose (CR-C), and 
corncob (CR-CC). Corresponding control groups (W, C, CC) were housed ad libitum with one of the assigned 
cage beddings. The mice housed with wooden bedding ate the biggest amount of bedding while mice on cel-
lulose bedding ate the least of bedding (all groups p < 0.001; Fig. 1a). With similar starting bodyweight (Supple-
mentary Fig. S1), overnight-fasted mice from ON-W, ON-C, ON-CC, ON-NB groups lost 13–14% body weight 
(Fig. 1b) while ON-G mice lost 16% body weight suggesting the impact of coprophagy and/or cage bedding con-
sumption on body weight. CR mice lost 20–22% body weight within 14 days with the CR–CC group losing the 
most. At the same time, all ad libitum mice gained 6–8% body weight. There were no differences in the weight of 
the stomach with its content between the ad libitum and CR groups (Fig. 1c) indicating comparable consump-
tion in hours prior to the dissection, even though CR mice had access to food for the last time the evening pre-
ceding the dissection. Mice from all ON groups had lighter stomachs than ad libitum fed and CR mice proving 
diminished consumption (W vs ON-W p = 0.004, C vs ON-C p = 0.006). Both ON-G (ON-W vs ON-G p = 0.002, 
ON-C vs ON-G p < 0.001, ON-CC vs ON-G p < 0.001) and ON-NB (ON-CC vs ON-NB p = 0.002) groups had 
smaller stomachs than other ON groups suggesting the lowest food intake. Among ON fasted groups, CC group 
had the heaviest stomach and its content implying increased consumption or slower digestibility of CC bedding 
compared to W and C. CR mice, which experienced long-lasting dietary restriction, had heavier stomach with 
its content than ON mice suggesting that long-term food restriction enhances supplementation with cage bed-
ding and/or feces. Mice from all CR groups showed an increased weight of cecum with its content compared to 
ad libitum mice (Fig. 1d) pointing toward an accumulation of indigestible fiber. The cecum of the CR-CC group 
was significantly smaller than the cecum of CR-W mice (p = 0.005) suggesting less fiber deposition. All ON fast 
mice showed decreased cecum weight compared to ad libitum mice. ON-G group had a statistically significantly 
lighter cecum than any other ON mice (ON-G vs ON-W p < 0.01, ON-G vs ON-C p < 0.01, ON-G vs ON-CC 
p < 0.01, ON-G vs ON-NB p = 0.007). All CR and ON mice had smaller liver than corresponding control mice 
(Supplementary Fig. S1). However, there was no impact of the type of bedding or lack of bedding on the liver size 
in relation to their body size in ON as well as CR groups. Similarly, CR mice had less epididymal white adipose 
tissue (eWAT) (Supplementary Fig. S1) and subcutaneous white adipose tissue (sWAT) (Supplementary Fig. S1) 
than control groups, however, there was no impact of the bedding type. Despite comparable total body weight 
loss between the different ON groups, the ON-NB group showed higher sWAT content compared to the ON-W, 
ON-C, and ON-CC groups.

Cage bedding impacts ghrelin and glucose levels in plasma.  Mice from CR and ON groups showed 
increased plasma total ghrelin levels compared to ad libitum groups (Fig. 1e; all groups p < 0.005). CR-W had a 
lower level of total ghrelin compared to CR-CC, however, the difference was not statistically significant (p = 0.06). 
The more pronounced pattern was measured for active ghrelin with values for CR-W stronger contrasting other 
CR groups and showing significant difference when compared to CR-C (p = 0.004; Fig. 1f). However, each day 
of CR, mice from all CR groups took a similar time to reach for a daily food portion suggesting equal hunger 
level (Supplementary Fig. S2). Additionally, the expression of Neuropeptide Y (Npy), leptin receptor (Lepr), and 
cholecystokinin receptor (Cckr) genes is modified by CR and ON fasting but not affected by the type of bed-
ding (Supplementary Fig. S2). Concerning the ON groups, the type of bedding or lack thereof did not influence 
plasma active ghrelin levels (Fig. 1f).

CR and ON groups had generally lower plasma glucose levels compared to ad libitum fed groups (Supplemen-
tary Fig. S2). Glucose concentration was lower in ON-NB and ON-G than other ON groups; however, due to mul-
tiple groups, not statistically significant in all instances (ON-W vs ON-NB p = 0.008, ON-C vs ON-NB p = 0.03, 
ON-CC vs ON-NB p = 0.05, ON-W vs ON-G p = 0.01, ON-C vs ON-G p = 0.04, ON-CC vs ON-G p = 0.03). Upon 
glucose load mice from ON-NB and ON-G groups showed decreased blood glucose levels starting from 30 min 
after glucose administration (Fig. 1g, Supplementary Fig. S2) suggesting increased uptake in peripheral tissues. 
The area under the curve of plasma glucose levels was smaller for ON-NB and ON-G compared to other ON 
groups (ON-W vs ON-NB p = 0.004, ON-C vs ON-NB p = 0.008, ON-CC vs ON-NB p = 0.003, ON-W vs ON-G 
p = 0.009, ON-C vs ON-G p = 0.01, ON-CC vs ON-G p = 0.004; Supplementary Fig. S2).
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Figure 1.   Cage bedding affects body parameters in dietary restricted mice. The amount of bedding 
consumed by mice submitted caloric restriction (CR) was measured daily between days 11 and 13 of the CR 
(a). Bodyweight changes were recorded for ad libitum, CR mice as well as over-night (ON) fasted mice and 
expressed as % change (b). Stomach (c) and cecum (d) weight were measured. Total (e) and active (f) ghrelin 
concentrations were analyzed in the mice plasma. Oral glucose tolerance test (OGTT) was performed after ON 
fasting (g). CR mice feces were collected and its weight (h), as well as energy content (i), was assessed. One-way 
ANOVA was applied to verify statistical significance. Asterisk (*) indicates statistical significance between the 
indicated groups after Bonferroni correction for multiple testing. The bars indicate the mean of eight to ten 
biological replicates ± SEM.
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Cage bedding affects energy content, microbiota, and metabolites in CR mice cecum.  To 
investigate the impact on the gastrointestinal tract we measured gene expression in the intestinal mucosa. As 
we previously published5, CR tends to increase the expression of metabolic genes (Pparaα, Acot4, Scd1) and 
decrease the expression of inflammatory genes (MyD88, Rsad2, Oasl1a, Irf7) (Supplementary Fig. S3). However, 
the type of bedding did not affect gene expression.

The bedding was collected from CR mice cages every 24 h for three consecutive days and feces were separated, 
dried, and weighed. The CR mice produced fewer feces than ad libitum groups (for all groups p < 0.001; Fig. 1h) 
and the feces contained less energy; however the difference was not statistically significant when correcting for 
the number of experimental groups (W vs CR-W p = 0.04; Fig. 1i). Importantly, CR-CC produced more feces 
compared to the other CR groups (for both groups comparison p < 0.001; Fig. 1h). Further, we analyzed cecal 
microbiota as fermentation of indigestible food in mice is compartmentalized in the cecum. At the same time, 
microbiota and metabolites share similarities between cecum, colon, and feces20,21. All ad libitum fed mice 
groups shared similar microbial composition (Fig. 2a). We observed a strong shift in cecal bacteria composition 
from ad libitum to CR mice (Fig. 2a). In general, among the CR groups, CR-W and CR-C bacteria composition 
overlapped while CR-C was distinct (Fig. 2b-c). CR was accompanied by a non-statistically significant shift 
in the ratio of Firmicutes to Bacteroidetes (CC vs CR-CC p = 0.01; Supplementary Fig. S4). The strongest dif-
ferences on the phylum level were recorded for Proteobacteria (all ad libitum vs CR groups p < 0.001; Fig. 2d, 
Supplementary Fig. S4) and Deferribacteres (all ad libitum vs CR groups p < 0.001; Supplementary Fig. S4). The 
sequencing results were compared to published CR reports22–26 and the previously observed decrease in abun-
dance of Roseburia (C vs CR-C p = 0.004, CC vs CR-CC p < 0.055), Butyricicoccus (all ad libitum vs CR groups 
p < 0.001), Streptococcus (W vs CR-W p = 0.005, C vs CR-C p < 0.001, CC vs CR-CC p < 0.001), Anaerotruncus 
(C vs CR-C p = 0.001), and Lachnospiraceae (all ad libitum vs CR groups p < 0.001; Supplementary Fig. S4) as 
well as an increase in Lactobacillus (all ad libitum vs CR groups p < 0.001), Parabacteroides (W vs CR-W p = 0.02, 
C vs CR-C p < 0.001, CC vs CR-CC p < 0.01), and Odoribacter (W vs CR-W p = 0.02, C vs CR-C p = 0.03, CC 
vs CR-CC p < 0.001) in CR compared to ad libitum (Fig. 2e,f, Supplementary Fig. S4) were observed. In other 
reported CR-affected Operational Taxonomic Units (OTU) (e.g. Alistipes, Alloprevotella, Erysipelotrichaceae, 
Intestinimonas, Lachnoclostridium, Marvinbryantia, Roseburia, Ruminococcaceae)23–26 we observed inverse or no 
effect of CR (Supplementary Fig. S5). Importantly, there has also been little overlap between different published 
data sets. We identified phylum Deferribacteres (CR-W vs CR-CC p < 0.001, CR-C vs CR-CC p = 0.003), genus 
Lactobacillus (CR-W vs CR-CC p < 0.006, CR-C vs CR-CC p = 0.03) as well as the families Marinifilaceae (CR-W 
vs CR-CC p < 0.001, CR-C vs CR-CC p < 0.001), Clostridiales XIII UCG-001 (CR-W vs CR-CC p < 0.001, CR-C vs 
CR-CC p < 0.001), Deferribacteraceae (CR-W vs CR-CC p < 0.001, CR-C vs CR-CC p = 0.008), Burkholderiaceae 
(CR-W vs CR-CC p = 0.009, CR-C vs CR-CC p < 0.001), and Tannerellaceae (CR-C vs CR-CC p = 0.008) as bacteria 
affected the strongest (based on p-value) by the bedding type in CR mice, particularly by the difference between 
CC versus C and W beddings (Fig. 2e,g–k, Supplementary Fig. S4). Moreover, OTUs Odoribacter (CR-W vs 
CR-CC p < 0.001, CR-C vs CR-CC p < 0.001), Mucispirillum (phylum Deferribacteres) (CR-W vs CR-CC p < 0.001, 
CR-C vs CR-CC p = 0.003), Parasutterella (CR-W vs CR-CC p = 0.02, CR-C vs CR-CC p = 0.002), and Erysipela-
toclostridium (CR-W vs CR-CC p < 0.001, CR-C vs CR-CC p = 0.007), Eubacterium (from Xylanophilum group; 
CR-W vs CR-CC p = 0.019, CR-C vs CR-CC p = 0.007), Ruminoclostridium 6 (CR-W vs CR-CC p = 0.03, CR-C 
vs CR-CC p = 0.002) and Ruminococcus 1 (CR-W vs CR-CC p = 0.05, CR-C vs CR-CC p = 0.001) distinguished 
CR-CC from CR-W and CR-C (Supplementary Figs. S4 and S6). Correspondingly, the composition of cecal 
metabolites was affected by the restriction and bedding type (Fig. 3a). The metabolites composition was similar 
in the mice groups fed ad libitum while among CR groups, CR-W and CR-C were distinct from CR-CC. Variable 
importance for prediction (VIP) scores were calculated from the PLS and the top 25 highly significant metabo-
lites that cause the difference between the groups have been identified (Fig. 3b). The hierarchical clustering of 
metabolites further visualized the differences between the groups (Fig. 3c). Among the metabolites setting the 
CR groups apart, fumaric acid (CR-W vs CR-CC p = 0.03, CR-C vs CR-CC p = 0.002), fructose (CR-W vs CR-CC 
p = 0.001, CR-C vs CR-CC p = 0.001), and phosphoric acid monomethyl ester (CR-W vs CR-CC p = 0.02, CR-C 
vs CR-CC p = 0.001) were identified (Fig. 3c-f). The levels of SCFAs acetate (CR-W vs CR-CC p = 0.01, CR-C vs 
CR-CC p = 0.006) and butyrate (CR-W vs CR-CC p = 0.001, CR-C vs CR-CC p = 0.002), as well as medium-chain 
fatty acids (MCFAs), were decreased in all CR groups regardless of the type of bedding (Fig. 3g–i, Supplementary 
Fig. S7). The levels of propionate were significantly downregulated only for the CR-CC group (CC vs CR-CC 
p = 0.001, CR-W vs CR-CC p = 0.001, CR-C vs CR-CC p = 0.001; Fig. 3i). Further, we sought to identify which 
bacteria could contribute to the observed metabolomic changes. A correlation between changes in bacteria 
composition and metabolites occurrence revealed the co-dependence of multiple factors (Fig. 4, Table 1). Correla-
tion coefficients were calculated for the CR groups and depicted by Cytoscape into clusterings of cecal bacterial 
families and metabolites indicating strong interaction (Fig. 4).   

Discussion
Previously we showed that mice submitted to CR increased their cecum weight as a likely result of the accumula-
tion of indigestible fiber from bedding5. In the current project, we investigated the consequences of the increased 
consumption of cage bedding and how it influences the outcome of animal studies. We show the impact of cage 
bedding in restrictive dietary protocols, reflected by differences in body weight, adiposity, cecum size, glucose, 
and ghrelin levels in plasma as well as cecal microbiota and metabolites profile.

All CR mice consumed bedding, however, the amounts of eaten beddings varied suggesting a difference in 
preference (olfactory and gustatory properties), the capacity of the bedding to deliver energy, or offer satiety. The 
CR groups showed bedding-dependent variability in weight loss. The difference may be explained by the avail-
ability of fiber which, especially the soluble one, can serve as a source of energy (2 kcal/100 g)27. CR-W and CR-C 
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Figure 2.   Cage bedding impacts the composition of cecal microbiota. The composition of bacterial families (a) 
and microbial diversity (b) in the cecum was analyzed in ad libitum and CR fed mice. The data was presented 
as a heatmap of the hierarchical clustering analysis of bacterial families using COVAIN (c). The abundance of 
bacteria in the cecum was expressed as % (d–k). Asterisk (*) indicates statistical significance after Bonferroni 
correction for multiple testing. Groups were compared using one-way ANOVA. Error bars stand for the 
mean ± SEM. The data represents nine to ten biological replicates per experimental group.
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Figure 3.   Cage bedding impacts the composition of cecal metabolites. The metabolome of cecal content was analyzed 
(a) and the most important variables were summarized (b). Heatmap of hierarchical clustering analysis of annotated 
metabolites was created using COVAIN (c). Z-Scored metabolites figures show the relative deviation from the groups 
mean value (0) for fumaric acid (d), fructose (e), and phosphoric acid monomethyl ester (f) represent the most important 
annotated metabolites contributing to a distinct metabolic profile within the CR group. The cecum content of SCFAs 
was analyzed (g–i). Single data points are indicated by circles and medians as horizontal lines within each box. One-way 
ANOVA was applied to verify statistical significance. Asterisk (*) indicates statistical significance after Bonferroni post-
hoc analysis. Error bars stand for ± SEM; n = 8–10.
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groups consumed mostly cellulose which is fermentable to some extent (up to 70%—80%), even in humans28,29. 
Similarly, hemicellulose can be bacterially digested29 and it might improve the fermentability of cellulose30. 
While lignin is indigestible by human enzymes29, it was shown in vitro to be partially digestible by the human 
microbiome31 and in vivo by rats32. In order to compare the amount of energy taken up and extracted by mice 
from the ingested beddings energy content in feces was measured. We were not able to detect differences in fecal 
energy content (kJ/g) between the CR groups, however, it is important to notice that the CR-CC group produced 
more feces (g/day) and therefore secreted more total energy (kJ/day). This result is accompanied by the highest 
body weight loss for the CR-CC group. Therefore, we suspect that of the three beddings CC was the source of 
which the mice were able to absorb the least of energy. Importantly, it is impossible to state whether the differ-
ences in the measured amounts of feces result from disparities in the production or the consumption of feces.

The weight of the stomach with its content was considered in our study as an indicator of the scale of con-
sumption within the last hours prior to the dissection. The smaller stomach size in the animals housed on the 
grids proved our concept. Interestingly, although ON fasted animals consumed bedding their stomachs were 
much smaller than the stomachs of CR mice, whereas the difference between ad libitum and CR mice was minor. 
Therefore, prolonged restriction favors enhanced bedding consumption. Similarly to the stomach, the weight 
of the cecum with its content reflected the amount of fiber consumption. However, this was more specific in a 
way that it also pictured the intake over a prolonged period, fiber accumulation, and digestibility of the fiber in 

Figure 4.   Correlation network of bacteria with metabolites in the cecum. The correlation network depicts 
changes in bacterial families composition and metabolites occurrence characteristic to CR. Each node represents 
one metabolite (ellipse) or a bacterial family-level OUT (V-shape) and each edge represents a statistically 
significant correlation where the Pearson’s correlation coefficient ≥ 0.8. Girven–Newman algorithm was applied 
in network clustering analysis where modules (clusters, denoted by different colors) depict association patterns 
between metabolites and bacteria. The visualization was performed with Cytoscape v3.7.2. (http://www.cytos​
cape.org/).

http://www.cytoscape.org/
http://www.cytoscape.org/
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the given beddings. Interestingly, the size of the cecum reversely correlated with the amount of feces produced 
as CR mice had a smaller cecum when housed on CC bedding.

Since bedding and feces ingestion influence the outcomes of metabolic studies14,33,34 rodents may be kept on a 
metal grid short-term35 to prevent bedding consumption as well as limit coprophagy. However, this experimental 
setup cannot stop mice from eating feces directly from the anus. To completely cease coprophagy, the use of anal 
cups or neck restrainers would be necessary, which would be distressing to the animal and could interfere with 
normal feeding behavior. In our study, mice housed on the grid showed higher body weight loss as well as lighter 
stomach and cecum compared to conventionally fasted mice, indicating less consumption. It has previously been 
shown that rats housed in wire-bottom cages do not show any clinical pathology symptoms when compared to 
rats from solid bottom cages36. However, housing rats in wire-bottom cages overnight leads to immediate altera-
tions of heart rate, body weight, and locomotor activity, which might be related to stress response37. Therefore, 
the bodyweight loss in the mice fasted on the grid may also indicate the impact of additional stress or energy 
loss required for body temperature regulation when deprived of nesting material. When coprophagy was permit-
ted, ON fasted mice did not differ in cecum and body weight from mice with access to bedding indicating the 
importance and scale of coprophagy. Coprophagy occurs not only to compensate for energy during deprivation 
but also to supplement the diet with various nutrients of gut microbiota origin. Choline, cysteine, thiamine, iron, 
vitamin K, B12, and essential fatty acids are sourced from feces and if the animals are not allowed to consume 
feces, chow needs to be supplemented38–46. However, on an ad libitum balanced laboratory diet coprophagy might 
not be crucial, as its absence does not result in lower body weight or less progeny47. Most importantly, coprophagy 
leads to the re-inoculation of the gut, therefore, it is an important factor in microbiota composition. Moreover, 
bedding presence and not coprophagy was the deciding factor concerning glucose tolerance. Both groups, housed 
without bedding or kept on the grid showed lower glucose levels compared to any group submitted to ON in the 
presence of bedding despite the fact that the initial, fasting glucose levels were comparable between all the groups.

Since CR results in hunger, the impact of supplementation with different beddings on hunger was tested by 
assessing the speed of meal initiation. Bedding did not influence how rapidly the mice started consumption of 
the daily portion of chow. Nevertheless, after day two of CR, all groups ate nearly immediately following access 
to food, therefore, beyond this point small differences in the speed of the meal initiation were difficult to detect. 
Moreover, basal blood glucose levels and gene expression in the hypothalamus were comparable between the 
animals of different CR and ON groups. Importantly, the levels of active ghrelin, the “hunger hormone”, were 
increased in CR-CC and CR-C compared to CR-W. This indicates that the type of bedding may influence hunger 
perception.

Several publications reported changes in microbiota composition in CR compared to ad libitum fed mice. 
Data comparison revealed a few similarities of our results with previous studies22–26 concerning consistent trends 
in the abundance of selected OTUs, regardless of the type of bedding. Nevertheless, numerous differences in 
bacteria occurrence were found between ours and the published sequencing results. Obviously, microbiota 

Table 1.   Correlation of bacteria with metabolites in the cecum. Correlation p-values between annotated 
metabolites and the bacterial genus in the cecum of CR mice were calculated. For Operational Taxonomic Units 
(OTU) that could not be assigned on the genus level, the closest taxonomical level of identification was used. 
Characters before the name of the bacteria represent family (f), genus (g), and order (o). Coloured cells show 
statistically significant differences; red = negative correlation; green = positive correlation. Correlation coefficient 
analysis using Pearson’s correlation (r = 0.8) was done in COVAIN; p < 0.0083.
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Alanine 0.0420 0.0353 0.0079 0.0279 0.0091 0.0244 0.0084 0.0171 0.0113 0.0751 0.0255 0.0782 0.0103 0.0595 0.0238 0.0363 0.0191 0.0370

Asparagine 0.1260 0.0861 0.0017 0.0513 0.0029 0.1496 0.0238 0.1365 0.0091 0.1895 0.1326 0.2716 0.0000 0.1968 0.1477 0.1110 0.0279 0.1189

Glutamine 0.0025 0.0008 0.0308 0.0019 0.0097 0.0365 0.0151 0.0250 0.0143 0.0045 0.0138 0.0223 0.0634 0.0399 0.0580 0.0015 0.0018 0.0018

Isoleucine 0.0146 0.0221 0.1479 0.0490 0.1385 0.0307 0.0606 0.0036 0.1632 0.0061 0.0137 0.0015 0.3008 0.0049 0.0046 0.0128 0.0769 0.0079

Valine 0.0006 0.0038 0.0811 0.0146 0.0502 0.0050 0.0146 0.0004 0.0484 0.0026 0.0012 0.0004 0.1405 0.0051 0.0072 0.0009 0.0180 0.0004

Putrescine 0.0111 0.0154 0.0200 0.0192 0.0064 0.0563 0.0002 0.0334 0.0107 0.0438 0.0353 0.0530 0.0187 0.0297 0.0516 0.0143 0.0073 0.0144

Maltose 0.0006 0.0019 0.0367 0.0067 0.0195 0.0082 0.0046 0.0012 0.0225 0.0039 0.0022 0.0036 0.0726 0.0068 0.0083 0.0006 0.0068 0.0003

Raffinose 0.1200 0.0638 0.0054 0.0300 0.0019 0.1737 0.0580 0.1947 0.0056 0.1567 0.1415 0.2975 0.0022 0.2932 0.2542 0.0985 0.0156 0.1123

Ribose 0.0114 0.0010 0.0405 0.0003 0.0142 0.0269 0.0755 0.0423 0.0128 0.0046 0.0119 0.0423 0.0880 0.1309 0.1119 0.0046 0.0019 0.0069

Threonic acid 0.0075 0.0156 0.1552 0.0401 0.1283 0.0143 0.0549 0.0014 0.1344 0.0038 0.0058 0.0002 0.2865 0.0058 0.0058 0.0072 0.0614 0.0043

2-amino-butanoic acid 0.0098 0.0034 0.0684 0.0025 0.0245 0.0023 0.0793 0.0234 0.0086 0.0105 0.0024 0.0319 0.0926 0.1433 0.1030 0.0054 0.0038 0.0089

Hydrocinnamic acid 0.0148 0.0114 0.0040 0.0101 0.0023 0.0301 0.0010 0.0138 0.0064 0.0343 0.0188 0.0468 0.0096 0.0290 0.0204 0.0126 0.0053 0.0123

Glutaric acid 0.0065 0.0135 0.0309 0.0210 0.0176 0.0139 0.0009 0.0045 0.0184 0.0287 0.0097 0.0187 0.0392 0.0115 0.0118 0.0086 0.0131 0.0077

Glycolic acid 0.0900 0.0397 0.0003 0.0162 0.0008 0.1221 0.0402 0.1111 0.0069 0.0987 0.0906 0.2067 0.0029 0.1904 0.1325 0.0656 0.0116 0.0718

Butyrate 0.0011 0.0029 0.0343 0.0082 0.0189 0.0073 0.0036 0.0010 0.0213 0.0061 0.0024 0.0047 0.0653 0.0068 0.0070 0.0012 0.0076 0.0008

Valerate 0.0402 0.0598 0.1020 0.0775 0.0950 0.0090 0.0354 0.0045 0.0809 0.0680 0.0156 0.0289 0.1291 0.0322 0.0097 0.0420 0.0756 0.0387

Propanoic acid 0.0122 0.0277 0.0794 0.0544 0.0702 0.0622 0.0051 0.0102 0.1009 0.0256 0.0330 0.0117 0.1402 0.0002 0.0060 0.0165 0.0528 0.0110
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composition depends on multiple factors including different types of cage bedding, contributing to the differ-
ences in outcomes of similar experiments. Accordingly, strong differences in gut bacteria and metabolites were 
observed between beddings having the most distinct fiber profile (CC vs C and W), while C and W bedding, 
which stem from the same initial material, resulted in comparable microbiota composition. Fittingly, Rumino-
coccus, which abundance raises in response to high-cellulose diet48, was increased in CR-C and CR-W versus 
corresponding ad libitum groups but this was not present in CR-CC. Consequently, Ruminococcus was identified 
as one of the OTUs distinguishing CR-CC versus both CR-W and CR-C. Therefore, it is important to consider 
that the main trigger of microbiota composition changes in CR animal trials is not the nutrient restriction but 
the bedding consumption.

Lactobacillus which is known to mitigate inflammation and improve gut barrier function is stimulated by 
CR22,49. Also in our study CR strongly increased the abundance of Lactobacillus in mice cecum. This result cor-
responds well with our previous report5 showing a decrease in expression of the immune function-related gene 
in the intestine of CR mice. Importantly, the type of bedding affected the extent to which the bacteria levels 
increased, therefore, likely modulating inflammatory status.

A high-fiber diet affects body weight, GI-tract and liver status, microbiota composition, fiber fermentation, 
and general health8,50,51. However, most of the studies point toward a stronger impact of soluble versus insolu-
ble fiber since these are the vital substrates for SCFA production16,50,52,53. Despite high fiber intake and cecum 
enlargement suggesting an elevated fermentation, CR mice showed lowered levels of all short to medium-chain 
fatty acids. The lowered levels of SCFA may be associated with the decrease in the relative abundance of enzymes 
involved in butyrogenesis and acetogenesis upon CR23. However, an increase in propiogenesis-related enzymes 
has been reported in parallel23. Moreover, supplementation with fiber including cellulose or corn fiber does not 
result in an increased SCFA in the cecum54,55. The knowledge concerning insoluble fiber fermentation by gut 
microbiota is very limited. In general, compared to soluble fiber, cellulose is poorly fermented, it yields mostly 
acetate and less propionate or butyrate54,55, and the process takes place mostly in the distal colon where transit 
time is slower, and bacterial densities are higher56. There are multiple fecal strains digesting cellulose from both 
major phyla Bacterioidetes and Firmicutes57 and the main cellulolytic strains isolated from human feces have 
been classified as Ruminococcus sp, Clostridium sp, Eubacterium sp, and Bacteroides sp.57–60. Therefore, despite 
the lower fermentability of cellulose compared to soluble fiber, we assume that SCFA production increased in CR 
mice supplementing themselves with cage bedding. We propose that the produced metabolites are likely taken 
up more efficiently and utilized by the host due to CR-related energy shortage. Additionally, the levels of fumaric 
acid, an intermediate product of bacterial fermentation are increased in all CR groups and highest in CR-CC. 
This implies an increased fermentation particularly strongly stimulated by CC bedding.

We analyzed the correlation between the occurrence of the detected cecal microbiota and corresponding 
metabolites. We could confirm the previously published negative correlation between Bacteroides and fatty 
acids61,62, Oscillibacter and isoleucine63 and positive correlation between Alistipes and proline62, Lachnoclostridum 
and glutaric acid64, Bacteroides and spermidine65 as well as Blautia and malic acid and myo-inositol62. However, 
most of the observed correlations have not been reported before.

To summarize, based on the differences between mice kept with or without cage bedding we can conclude 
that mice consume bedding and feces during dietary restrictions and this influences their body, WAT, stomach 
and cecum weight, cecal microbiota and metabolites profile as well as plasma glucose and ghrelin level. There-
fore, we propose that the amount of energy extracted from fiber depends on the bedding type and contributes 
to the bodyweight differences. Moreover, in the to-date published reports on the effect of CR, particularly on 
microbiota, in mice or rats, it is impossible to distinguish between the effect of CR or the supplemented bedding 
making the results not comparable to human CR studies. The reproducibility of published results is a major issue 
in the scientific community. Our data indicate an important factor that needs to be taken into account when 
interpreting and designing experiments, particularly important when restrictive diets are considered. With 
great progress in the field of microbiota within the last few years and knowing the importance of dietary fiber 
as a source of prebiotics, it is important to indicate that gut bacteria composition is affected by the type of fiber 
present in mice cage bedding. We propose that for short-term restrictions, cages with grid floors are used. Due 
to ethical concerns, this approach cannot be applied to long-term experiments, instead it should be encouraged 
to routinely report not only the type of the diet but also cage bedding.

Materials and methods
Animal experiments.  Male C57BL/6NRj mice purchased from Janvier Inc. Labs (Le Genest, France) 
were housed in standard SPF conditions using a Tecniplast IVC system (cage type 2L, blue line). Mice were fed 
a standard chow (V1535 R/M-H Extrudate; ssniff Spezialdiäten GmbH, Soest, Germany). The animals were 
divided into control ad libitum, CR, and ON fast groups (Supplementary Table S1). Each of these groups was 
separated into three subgroups by the bedding type: wooden (Lignocel select), corncob (RehoFix MK 3500), 
cellulose (Arborcel Performance Small; all beddings from J. Rettenmaier & Söhne GmbH + Co KG; Vienna, 
Austria). The fiber composition of the beddings is presented in the Supplementary Fig. S1A. Additionally, two 
subgroups of the ON fast group were housed without any cage bedding or on a metal grid to prevent contact with 
cage bottom and coprophagy. The control group mice were kept ad libitum on each of the bedding. Each group 
of mice contained 10 animals; however, during the dissection some of the tissues were lost resulting in 8–10 
replicates for the presented results. Mice from CR groups were submitted to two weeks CR with 75% of normal 
food intake. Mice body weight was measured daily during the CR protocol. To estimate the hunger of the CR 
mice, a daily food pellet was placed in the cage and the time it took the mice to initiate the meal was measured 
with a stopwatch. Cage bedding was changed daily from the 11th day of CR for three consecutive days to assess 
the amount of bedding eaten. The harvested bedding was dried and feces were separated. The feces were dried 
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and used for verification of daily fecal mass production and energy content measurement by direct calorimetry 
(IKA-Kalorimeter C2000; IKA-Werke GmbH & Co. KG; Staufen, Germany). Fresh fecal samples were collected 
on days 12 and 13 of CR and from ad libitum fed mice. The feces were snap-frozen and stored at − 80 °C.

For the ON fasted groups, food was removed in the evening and the mice were fasted 16 h with free water 
access. After ON fast, mice were submitted to an oral glucose tolerance test (OGTT) by gavaging 3 mg glucose 
per gram body weight. Afterward, the mice were fed ad libitum. One week later the ON fasting procedure was 
repeated and mice were sacrificed and dissected in the morning. Food from the cages of control mice was 
removed 2 h before the dissection. All mice were euthanized by isoflurane overdose, with blood drawn by 
cardiac puncture. The stomach and cecum with their content as well as adipose tissue and liver weight were 
recorded. Blood was mixed with 10 μl/ml EDTA, 20 μl/ml aprotinin, and 10 μl/ml dipeptidyl peptidase (DPP) 
IV. Plasma was separated from the blood cells by centrifugation for 10 min at 3,600xg 4 °C and was stored at 
− 80 °C. Stomach, small intestine, and colon scrapings as well as cecum content were snap-frozen and stored at 
− 80 °C until use.

All animal experimentation protocols were approved by the Federal Ministry of Science, Research and Econ-
omy, Unit for Animal Experiments and Genetic Engineering in Austria (BMWFW-66.006/0017-WF/V/3b/2016). 
The experiments were performed in agreement with the Austrian Federal Act on Animal Welfare.

Sequencing the 16S rDNA genes and metataxonomic analysis.  The samples for sequencing were 
processed according to the previously published protocol66. Cecum samples were homogenized in MagNA Pure 
Bacteria Lysis Buffer from the MagNA Pure LC DNA Isolation Kit III (Bacteria, Fungi) in MagNA Lyser green 
beads tubes at 6,500 rpm for three 30 s cycles in a MagNA Lyser Instrument (all from Roche, Mannheim, Ger-
many). The homogenized samples were mixed with 25 μl lysozyme (100 mg/ml), incubated at 37 °C for 30 min 
followed by adding 43.4 μl Proteinase K (20 mg/ml) and incubation at 65 °C overnight. Afterwards, the enzymes 
were heat-inactivated at 95 °C for 10 min and 250 μl lysed supernatant was used for DNA extracted on a MagNA 
Pure LC 2.0 following the instructions for the MagNA Pure LC DNA Isolation Kit III (Bacteria, Fungi) (Roche). 
PCRs reactions were run in triplicates using a FastStart High Fidelity PCR system and contained 5 μl of total 
DNA, 1 × Fast Start High Fidelity Buffer, 1.25 U High Fidelity Enzyme, 200 μM dNTPs, 0.4 μM primers, and 
PCR-grade water in 25 μl reaction volume (all reagents from Roche, Mannheim, Germany). The following target 
primers were applied for the amplification of phylogenetic informative hypervariable regions V1-V2: 27F—AGA​
GTT​TGA​TCC​TGG​CTC​AG and 375R—CTG​CTG​CCT​YCC​GTA. The primers were used with Illumina adapt-
ers for indexing PCR reaction according to Illumina’s 16S metagenomic sequencing library preparation guide. 
The PCR temperature cycles were as follows: initial denaturation at 95 °C for 3 min, 30 cycles of denaturation 
at 95 °C for 45 s, annealing of primers at 55 °C for 45 s and extension at 72 °C for 1 min, final extension step at 
72 °C for 7 min and cooling to 4 °C. The PCR reaction triplicates were pooled and checked using 1% agarose 
gel and subsequent normalization of 20 μl PCR products was performed on a SequalPrep Normalization Plate 
(LifeTechnologies, Germany). Of the normalized PCR products, 15 μl was used as a template in a single 50 μl 
indexing PCR reaction for 8 cycles; the temperature cycles conditions were as described above for the targeted 
PCR. For the final sequencing library, 5 μl of PCR products from each sample were pooled and 30 μl of the library 
was purified using a 1% agarose gel and the QIAquick gel extraction kit (Qiagen, Germany). The obtained library 
was quantified with QuantiFluor ONE dsDNA Dye on Quantus Fluorometer (Promega, Germany), its quality 
was verified using an Agilent BioAnalyzer 2100 (Waldbronn, Germany) and the 6 pM library was sequenced 
on a MiSeq desktop sequencer (Illumina, Netherlands) containing 20% PhiX control DNA (Illumina) with v2 
chemistry for 500 cycles. FastQ raw reads were used for subsequent data analysis.

Raw sequencing data in fastq format was imported in Galaxy web-based platform67 and analyzed with the 
QIIME2 2018.4 microbiome analysis pipeline. After initial quality control data was preprocessed with DADA268 
using default parameters and removing specific primer sequences. The resulting feature representative sequences 
were classified with the QIIME2 pre-fitted sklearn-based taxonomy classifier against SILVA 16S rRNA database 
version 132 at 99% identity69. The resulting feature abundance table, also known as OTUs table over all samples 
including taxonomy information was used for all subsequent analyses. For the phylogenetic methods, repre-
sentative sequences were aligned with MAFFT de novo multiple sequence aligner70 followed by the creation of 
a phylogenetic tree with FastTree71.

Metabolomics.  Extraction and analysis of cecal metabolites were performed according to Weckwerth 
et al.72 with slight modifications. Frozen samples (~ 30 mg) were transferred into “Precellys lysis kit” homogeniz-
ing tubes with 1.4 mm ceramic beads and 800 μl ice-cold MCW extraction buffer (methanol:chloroform:water = 
2.5:1:0.5) was added. The samples were homogenized in a Precellys24 Tissue Homogenizer (Bertin Instruments) 
twice for 15 s at 5000 rpm and were incubated on ice for 15 min. Next, samples were vortexed and centrifuged 
for 5 min at 10,500 rpm at 4 °C then the supernatant was transferred to a 2 ml Eppendorf tube. The extraction 
step was repeated by short vortexing the pellet with 400 μl ice-cold MCW followed with 15 min incubation on 
ice and centrifugation for 5 min at 10,500 rpm at 4 °C. The two supernatants were combined and to separate 
chloroform phase from the water/methanol phase 400 μl H2O was added. After vortexing and centrifuging the 
samples for another 5 min at 14,000 rpm at 4 °C, the upper polar phase was transferred to a new Eppendorf tube 
and both fractions were dried in a speed vac using an optimized pressure gradient to prevent boiling retardation. 
The polar fraction was dissolved in 50 μl of methoxamine hydrochloride solution (20 mg/ml pyridine) and incu-
bated at 30 °C for 90 min with continuous shaking. Then 80 ml of N-methyl-N-trimethylsilyltrifluoroacetamid 
(MSTFA) was added to derivatize polar functional groups at 37 °C for 30 min. The derivatized samples were 
stored at room temperature for 120 min before injection. Gas chromatography–mass spectrometry (GC–MS) 
analysis was performed using a Leco Pegasus BT-TOF (Leco Instrumente GmbH, Mönchengladbach, Germany) 
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equipped with a PAL3 Autosampler (CTC Analytics AG, Zwingen, Switzerland). Chromatographic separation 
and data validation were conducted as published earlier with slight modifications73,74. Derivatized extract (1 µl) 
was injected on an HP-5MS column (30 m × 0.25 mm × 0.25 μm) (Agilent Technologies) in split less mode. Mass 
spectral data acquisition was performed using the following instrument parameters. Electron impact ionization 
was conducted at 70 eV and 1 mA emission current. Ion source and transferline temperature were set to 250 °C. 
Mass spectra were collected at an acquisition rate of 10 spectra/sec and a mass range of 40–600 Th using a relative 
detector voltage with an offset of − 100 V from optimized detector voltage. Mass spectrometry data are stored at 
MetaboLights (https​://www.ebi.ac.uk/metab​oligh​ts/).

Statistical analysis.  OTUs table was reduced by removing all OTUs present in less than three samples per 
group. The obtained data of GC–MS and LC–MS were normalized to fresh weight, then annotated and classi-
fied according to the Metabolomics Standards Initiative (MSI). Data transformation, alignment, and integrative 
analysis including correlation coefficient, partial least square (PLS) regression, one-way ANOVA, hierarchi-
cal clustering, and correlation network analysis were performed with the statistical software COVAIN75 under 
MATLAB environment. The amount of each metabolite and bacteria OTUs were z-scored across all samples. 
The correlation network associating metabolites (classified as MSI 1 and 2) and bacteria OTUs was constructed 
by Pearson’s correlation coefficients (cutoff value = 0.8). For network visualization, Girven-Newman algorithm76 
was applied and visualization was performed with Cytoscape v3.7.2. (http://www.cytos​cape.org/).

Concerning other data sets, the experimental groups were compared applying one-way ANOVA with Bonfer-
roni post-hoc corrections for multiple testing. Where applicable, differences between two experimental groups 
were analyzed using Student’s t-test with statistical significance threshold set at p < 0.05. Each of the groups 
contained 8–10 biological replicates.

Data availability
The microbiota and metabolomics datasets generated during and analyzed during the current study are available 
in the European Nucleotide Archive [https​://www.ebi.ac.uk/ena/brows​er/view/PRJEB​37837​] and MetaboLights 
repository, [www.ebi.ac.uk/metab​oligh​ts/MTBLS​1631] respectively.

Received: 19 August 2020; Accepted: 17 November 2020

References
	 1.	 Ferrecchia, C. E., Jensen, K. & Van Andel, R. Intracage ammonia levels in static and individually ventilated cages housing C57BL/6 

mice on 4 bedding substrates. J. Am. Assoc. Lab. Anim. Sci. 53, 146–151 (2014).
	 2.	 Jensen, T. L., Kiersgaard, M. K., Sorensen, D. B. & Mikkelsen, L. F. Fasting of mice: a review. Lab. Anim. 47, 225–240 (2013).
	 3.	 Weindruch, R., Walford, R. L., Fligiel, S. & Guthrie, D. The retardation of aging in mice by dietary restriction: longevity, cancer, 

immunity and lifetime energy intake. J. Nutr. 116, 641–654 (1986).
	 4.	 Masoro, E. J. Caloric restriction and aging: an update. Exp. Gerontol. 35, 299–305 (2000).
	 5.	 Duszka, K. et al. Complementary intestinal mucosa and microbiota responses to caloric restriction. Sci. Rep. 8, 11338 (2018).
	 6.	 Moen, B. et al. Effect of dietary fibers on cecal microbiota and intestinal tumorigenesis in azoxymethane treated A/J min/+ mice. 

PLoS ONE 11, e0155402 (2016).
	 7.	 Hoover, W. H. & Heitmann, R. N. Effects of dietary fiber levels on weight gain, cecal volume and volatile fatty acid production in 

rabbits. J. Nutr. 102, 375–379 (1972).
	 8.	 Drew, J. E. et al. Dietary fibers inhibit obesity in mice, but host responses in the cecum and liver appear unrelated to fiber-specific 

changes in cecal bacterial taxonomic composition. Sci. Rep. 8, 15566 (2018).
	 9.	 Wostmann, B. S., Bruckner-Kardoss, E. & Knight, P. L. Jr. Cecal enlargement, cardiac output, and O2 consumption in germfree 

rats. Proc. Soc. Exp. Biol. Med. 128, 137–141 (1968).
	10.	 Loesche, W. J. Accumulation of endogenous carbohydrate-containing compounds in the cecum of the germfree rat. Proc. Soc. Exp. 

Biol. Med. 131, 387–392 (1969).
	11.	 Konishi, F., Oku, T. & Hosoya, N. Hypertrophic effect of unavailable carbohydrate on cecum and colon in rats. J. Nutr. Sci. Vitaminol. 

(Tokyo) 30, 373–379 (1984).
	12.	 Zijlstra, R. T., Jha, R., Woodward, A. D., Fouhse, J. & van Kempen, T. A. Starch and fiber properties affect their kinetics of digestion 

and thereby digestive physiology in pigs. J. Anim. Sci. 90(Suppl 4), 49–58 (2012).
	13.	 Ambery, A. G., Tackett, L., Penque, B. A., Hickman, D. L. & Elmendorf, J. S. Effect of Corncob bedding on feed conversion efficiency 

in a high-fat diet-induced prediabetic model in C57Bl/6J mice. J. Am. Assoc. Lab. Anim. Sci. 53, 449–451 (2014).
	14.	 Le Leu, R. K., Conlon, M. A., Bird, A. R. & Clarke, J. M. Housing experimental rats in solid-based cages with digestible bedding 

may confound outcomes of nutritional studies. J. Sci. Food Agric. 95, 2155–2158 (2015).
	15.	 Topping, D. L. & Clifton, P. M. Short-chain fatty acids and human colonic function: roles of resistant starch and nonstarch polysac-

charides. Physiol. Rev. 81, 1031–1064 (2001).
	16.	 Macfarlane, S. & Macfarlane, G. T. Regulation of short-chain fatty acid production. Proc. Nutr. Soc. 62, 67–72 (2003).
	17.	 Tan, J. et al. The role of short-chain fatty acids in health and disease. Adv. Immunol. 121, 91–119 (2014).
	18.	 Franklin, C. L. & Ericsson, A. C. Microbiota and reproducibility of rodent models. Lab. Anim. (NY) 46, 114–122 (2017).
	19.	 Schloss, P. D. Identifying and overcoming threats to reproducibility, replicability, robustness, and generalizability in microbiome 

research. mBio 9, e00525 (2018).
	20.	 Gu, S. et al. Bacterial community mapping of the mouse gastrointestinal tract. PLoS ONE 8, e74957 (2013).
	21.	 Zeng, H. et al. Integrating multiple analytical datasets to compare metabolite profiles of mouse colonic-cecal contents and feces. 

Metabolites 5, 489–501 (2015).
	22.	 Fraumene, C. et al. Caloric restriction promotes rapid expansion and long-lasting increase of Lactobacillus in the rat fecal micro-

biota. Gut Microbes 9, 104–114 (2018).
	23.	 Tanca, A. et al. Caloric restriction promotes functional changes involving short-chain fatty acid biosynthesis in the rat gut micro-

biota. Sci. Rep. 8, 14778 (2018).
	24.	 Zhang, C. et al. Structural modulation of gut microbiota in life-long calorie-restricted mice. Nat. Commun. 4, 2163 (2013).
	25.	 Liu, T. et al. A more robust gut microbiota in calorie-restricted mice is associated with attenuated intestinal injury caused by the 

chemotherapy drug cyclophosphamide. mBio 10, e02903 (2019).

https://www.ebi.ac.uk/metabolights/
http://www.cytoscape.org/
https://www.ebi.ac.uk/ena/browser/view/PRJEB37837
http://www.ebi.ac.uk/metabolights/MTBLS1631


12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20835  | https://doi.org/10.1038/s41598-020-77831-3

www.nature.com/scientificreports/

	26.	 Wang, S. et al. Gut microbiota mediates the anti-obesity effect of calorie restriction in mice. Sci. Rep. 8, 13037 (2018).
	27.	 Hervik, A. K. & Svihus, B. The role of fiber in energy balance. J. Nutr. Metab. 2019, 4983657 (2019).
	28.	 Slavin, J. L., Brauer, P. M. & Marlett, J. A. Neutral detergent fiber, hemicellulose and cellulose digestibility in human subjects. J. 

Nutr. 111, 287–297 (1981).
	29.	 Holloway, W. D., Tasman-Jones, C. & Lee, S. P. Digestion of certain fractions of dietary fiber in humans. Am. J. Clin. Nutr. 31, 

927–930 (1978).
	30.	 Crawford, D. F., Anthony, W. B. & Harris, R. R. Evaluation of concentrated hemicellulose extract as cattle feed. J. Anim. Sci. 46, 

32–40 (1978).
	31.	 Niemi, P. et al. Interactions of a lignin-rich fraction from brewer’s spent grain with gut microbiota in vitro. J. Agric. Food Chem. 

61, 6754–6762 (2013).
	32.	 Begum, A. N. et al. Dietary lignins are precursors of mammalian lignans in rats. J. Nutr. 134, 120–127 (2004).
	33.	 Potgieter, F. J., Wilke, P. I., van Jaarsveld, H. & Alberts, D. W. The in vivo effect of different bedding materials on the antioxidant 

levels of rat heart, lung and liver tissue. J. S. Afr. Vet. Assoc. 67, 27–30 (1996).
	34.	 Buddaraju, A. K. & Van Dyke, R. W. Effect of animal bedding on rat liver endosome acidification. Comp. Med. 53, 616–621 (2003).
	35.	 National Research Council. Guide for the Care and Use of Laboratory Animals 8th edn. (National Academies Press, New York, 

2011).
	36.	 Sauer, M. B. et al. Clinical pathology laboratory values of rats housed in wire-bottom cages compared with those of rats housed 

in solid-bottom cages. J Am Assoc Lab Anim Sci 45, 30–35 (2006).
	37.	 Giral, M., Garcia-Olmo, D. C. & Kramer, K. Effects of wire-bottom caging on heart rate, activity and body temperature in telemetry-

implanted rats. Lab. Anim. 45, 247–253 (2011).
	38.	 Barnes, R. H., Kwong, E. & Fiala, G. Effects of the prevention of coprophagy in the rat. III. Digestibility of protein and fat. J. Nutr. 

65, 251–258 (1958).
	39.	 Barnes, R. H., Tuthill, S., Kwong, E. & Fiala, G. Effects of the prevention of coprophagy in the rat. V. Essential fatty acid deficiency. 

J. Nutr. 68, 121–130 (1959).
	40.	 Barnes, R. H. & Kwong, E. Choline biosynthesis and choline requirement in the rat as affected by coprophagy. J. Nutr. 92, 224–232 

(1967).
	41.	 Barnes, R. H. & Fiala, G. Effects of the prevention of coprophagy in the rat. II. Vitamin B12 requirement. J. Nutr. 65, 103–114 

(1958).
	42.	 Barnes, R. H., Fiala, G. & Kwong, E. Prevention of coprophagy in the rat and the growth-stimulating effects of methionine, cystine 

and penicillin when added to diets containing unheated soybeans. J. Nutr. 85, 127–131 (1965).
	43.	 Barnes, R. H., Kwong, E. & Fiala, G. Effects of the prevention of coprophagy in the rat. IV. Biotin. J. Nutr. 67, 599–610 (1959).
	44.	 Kwong, E. & Barnes, R. H. Role of coprophagy in masking dietary deficiencies of cystine in the rat. J. Nutr. 105, 1457–1465 (1975).
	45.	 Schulze, J. & Haenel, H. Relationships between coprophagia, intestinal flora and vitamins in experimental animals. Z. Versuchstierkd 

11, 190–206 (1969).
	46.	 Neale, R. J. Coprophagy in iron-deficient rats. Lab. Anim. 16, 204–207 (1982).
	47.	 Ebino, K. Y., Yoshinaga, K., Saito, T. R. & Takahashi, K. W. A simple method for prevention of coprophagy in the mouse. Lab. 

Anim. 22, 1–4 (1988).
	48.	 Liu, T. W. et al. Nondigestible fructans alter gastrointestinal barrier function, gene expression, histomorphology, and the microbiota 

profiles of diet-induced obese C57BL/6J mice. J. Nutr. 146, 949–956 (2016).
	49.	 Pan, F. et al. Predominant gut Lactobacillus murinus strain mediates anti-inflammaging effects in calorie-restricted mice. Micro-

biome 6, 54 (2018).
	50.	 Zou, J. et al. Fiber-mediated nourishment of gut microbiota protects against diet-induced obesity by restoring IL-22-Mediated 

Colonic Health. Cell Host Microbe 23, 41–53 (2018).
	51.	 Desai, M. S. et al. A dietary fiber-deprived gut microbiota degrades the colonic mucus barrier and enhances pathogen susceptibility. 

Cell 167, 1339–1353 (2016).
	52.	 Weitkunat, K. et al. Effects of dietary inulin on bacterial growth, short-chain fatty acid production and hepatic lipid metabolism 

in gnotobiotic mice. J. Nutr. Biochem. 26, 929–937 (2015).
	53.	 Chassaing, B. et al. Lack of soluble fiber drives diet-induced adiposity in mice. Am. J. Physiol. Gastrointest. Liver Physiol. 309, 

G528-541 (2015).
	54.	 Knapp, B. K. et al. Soluble fiber dextrin and soluble corn fiber supplementation modify indices of health in cecum and colon of 

Sprague-Dawley rats. Nutrients 5, 396–410 (2013).
	55.	 Vince, A. J., McNeil, N. I., Wager, J. D. & Wrong, O. M. The effect of lactulose, pectin, arabinogalactan and cellulose on the produc-

tion of organic acids and metabolism of ammonia by intestinal bacteria in a faecal incubation system. Br. J. Nutr. 63, 17–26 (1990).
	56.	 Stark, A. H. & Madar, Z. In vitro production of short-chain fatty acids by bacterial fermentation of dietary fiber compared with 

effects of those fibers on hepatic sterol synthesis in rats. J. Nutr. 123, 2166–2173 (1993).
	57.	 Chassard, C., Delmas, E., Robert, C. & Bernalier-Donadille, A. The cellulose-degrading microbial community of the human gut 

varies according to the presence or absence of methanogens. FEMS Microbiol. Ecol. 74, 205–213 (2010).
	58.	 Wedekind, K. J., Mansfield, H. R. & Montgomery, L. Enumeration and isolation of cellulolytic and hemicellulolytic bacteria from 

human feces. Appl. Environ. Microbiol. 54, 1530–1535 (1988).
	59.	 Robert, C. & Bernalier-Donadille, A. The cellulolytic microflora of the human colon: evidence of microcrystalline cellulose-

degrading bacteria in methane-excreting subjects. FEMS Microbiol. Ecol. 46, 81–89 (2003).
	60.	 Betian, H. G., Linehan, B. A., Bryant, M. P. & Holdeman, L. V. Isolation of a cellulotytic Bacteroides sp. from human feces. Appl 

Environ Microbiol 33, 1009–1010 (1977).
	61.	 Neis, E. P., Dejong, C. H. & Rensen, S. S. The role of microbial amino acid metabolism in host metabolism. Nutrients 7, 2930–2946 

(2015).
	62.	 Cheng, W. et al. Effects of a galacto-oligosaccharide-rich diet on fecal microbiota and metabolite profiles in mice. Food Funct. 9, 

1612–1620 (2018).
	63.	 Han, J., Meng, J., Chen, S. & Li, C. Integrative analysis of the gut microbiota and metabolome in rats treated with rice straw biochar 

by 16S rRNA gene sequencing and LC/MS-based metabolomics. Sci. Rep. 9, 17860 (2019).
	64.	 Tang, Z. Z. et al. Multi-omic analysis of the microbiome and metabolome in healthy subjects reveals microbiome-dependent 

relationships between diet and metabolites. Front. Genet. 10, 454 (2019).
	65.	 Tofalo, R., Cocchi, S. & Suzzi, G. Polyamines and gut microbiota. Front. Nutr. 6, 16 (2019).
	66.	 Klymiuk, I. et al. The human gastric microbiome is predicated upon infection with Helicobacter pylori. Front. Microbiol. 8, 2508 

(2017).
	67.	 Afgan, E. et al. The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2018 update. Nucleic Acids 

Res. 46, W537–W544 (2018).
	68.	 Callahan, B. J. et al. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583 (2016).
	69.	 Yilmaz, P. et al. The SILVA and “All-species Living Tree Project (LTP)” taxonomic frameworks. Nucleic Acids Res. 42, D643-648 

(2014).
	70.	 Katoh, K., Misawa, K., Kuma, K. & Miyata, T. MAFFT: a novel method for rapid multiple sequence alignment based on fast Fourier 

transform. Nucleic Acids Res. 30, 3059–3066 (2002).



13

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20835  | https://doi.org/10.1038/s41598-020-77831-3

www.nature.com/scientificreports/

	71.	 Price, M. N., Dehal, P. S. & Arkin, A. P. FastTree 2–approximately maximum-likelihood trees for large alignments. PLoS ONE 5, 
e9490 (2010).

	72.	 Weckwerth, W., Wenzel, K. & Fiehn, O. Process for the integrated extraction, identification and quantification of metabolites, 
proteins and RNA to reveal their co-regulation in biochemical networks. Proteomics 4, 78–83 (2004).

	73.	 Obermeyer, G., Fragner, L., Lang, V. & Weckwerth, W. Dynamic adaption of metabolic pathways during germination and growth 
of lily pollen tubes after inhibition of the electron transport chain. Plant Physiol. 162, 1822–1833 (2013).

	74.	 Doerfler, H. et al. Granger causality in integrated GC-MS and LC-MS metabolomics data reveals the interface of primary and 
secondary metabolism. Metabolomics 9, 564–574 (2013).

	75.	 Sun, X. & Weckwerth, W. COVAIN: a toolbox for uni- and multivariate statistics, time-series and correlation network analysis and 
inverse estimation of the differential Jacobian from metabolomics covariance data. Metabolomics 8, 81–93 (2012).

	76.	 Girvan, M. & Newman, M. E. Community structure in social and biological networks. Proc. Natl. Acad. Sci. USA 99, 7821–7826 
(2002).

Acknowledgements
Open access funding provided by the University of Vienna.

Author contributions
A.G. performed animal experiments, samples and data analysis as well as contributed to the manuscript writing; 
L.F. performed GC–MS metabolites analysis; S.T. and W.L. performed the bioinformatical analysis of microbiota 
composition; W.L. analyzed GC–MS experiments data; X.L. provided statistical analysis tool and methods; W.W. 
contributed with metabolomics platform, expert advice and supervised metabolomics analysis; J.K. contributed 
expert advice; K.D. designed and performed the experiments, analyzed samples and wrote the manuscript. All 
authors approved the final manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https​://doi.org/10.1038/s4159​8-020-77831​-3.

Correspondence and requests for materials should be addressed to K.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

https://doi.org/10.1038/s41598-020-77831-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/


 

 
- 53 - 

Original Article 2 

  



Available online at www.sciencedirect.com 

Journal of Nutritional Biochemistry 96 (2021) 108781 

RESEARCH PAPER 

Caloric restriction increases levels of taurine in the intestine and stimulates 

taurine uptake by conjugation to glutathione 

András Gregor a , Marc Pignitter b , Christine Fahrngruber a , Sebastian Bayer b , Veronika Somoza 

b , c , 
Jürgen König 

a , Kalina Duszka 

a , ∗

a Department of Nutritional Sciences, University of Vienna, Vienna, Austria 
b Department of Physiological Chemistry, University of Vienna, Vienna, Austria 

c Leibniz-Institut for Food Systems Biology, Technical University of Munich, Freising, Germany 

Received 13 November 2020; received in revised form 30 March 2021; accepted 29 April 2021 

Abstract 

Our previous study indicated increased levels of taurine-conjugated bile acids (BA) in the intestine content of mice submitted to caloric restriction (CR). 

In the current project, we found increased levels of free taurine and taurine conjugates, including glutathione (GSH)-taurine, in CR compared to ad libitum 

fed animals in the mucosa along the intestine but not in the liver. The levels of free GSH were decreased in the intestine of CR compared to ad libitum fed 

mice. However, the levels of oxidized GSH were not affected and were complemented by the lack of changes in the antioxidative parameters. Glutathione-S 

transferases (GST) enzymatic activity was increased as was the expression of GST genes along the gastrointestinal tract of CR mice. In the CR intestine, 

addition of GSH to taurine solution enhanced taurine uptake. Accordingly, the expression of taurine transporter (TauT) was increased in the ileum of CR 

animals and the levels of free and BA-conjugated taurine were lower in the feces of CR compared to ad libitum fed mice. Fittingly, BA- and GSH-conjugated 

taurine levels were increased in the plasma of CR mice, however, free taurine remained unaffected. We conclude that CR-triggered production and release 

of taurine-conjugated BA in the intestine results in increased levels of free taurine what stimulates GST to conjugate and enhance uptake of taurine from 

the intestine. 

© 2021 The Author(s). Published by Elsevier Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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1. Introduction 

Caloric restriction (CR) is one of the primary intervention

tools applied for weight loss and health maintenance, showing

remarkable health benefits. CR lowers the incidence of multiple

diseases and diminishes the rate of age-specific mortality, result-

ing in extended lifespan [1-5] . The metabolic adaptation to CR

and the origin of its beneficial effects stem from a synchronized

response of a composite network of pathways which results in

multiple whole-body outcomes including reduction of inflamma-

tion, resting metabolic rate, body temperature, fat metabolism,

and enhanced insulin sensitivity [1 , 6-8] . A reduction of oxidative

stress is claimed to be among the factors contributing to the

beneficial outcomes of CR [9-11] . Reduced glutathione (GSH) is

one of the most important non-enzymatic antioxidants which
∗ Corresponding author at: Kalina Duszka, Althanstrasse 14, 1090 Vienna, 

Austria, Tel. 43-14-27754992 
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serves as a scavenger of free radicals, aids in the reduction of

H 2 O 2 , and takes part in detoxification. Together with glutathione

peroxidases (GPx) and glutathione S-transferases (GSTs), GSH

forms the glutathione system, which is abundant in the gastroin-

testinal (GI) tract [12 , 13] . GPx catalyzes the reduction of reactive

oxygen species, mainly hydrogen peroxide on the cost of oxidation

of GSH to GSH disulfide (GSSG) [14] . Afterward, to complete the

cycle and maintain oxidative balance, GSH reductase (GR) converts

GSSG back to GSH [15] . GSTs function as a family of enzymes,

which catalyze the conjugation of GSH to different electrophilic

substrates, thereby producing water-soluble compounds that are

further directed to excretion via urine and bile [16] . The expression

of GSTs is directly regulated by nuclear factor erythroid-derived

2-like 2 (Nrf2) which is one of the primary transcription factor

modulating responses to oxidative stress on the gene expression

level. Nrf2 controls also the production of GSH by stimulating

the expression of rate-limiting enzymes in GSH synthesis: GSH

synthetase (GS) as well as a glutamate-cysteine ligase (GCL)

composed of catalytic (GCLC) and a modifier unit (GCLM) [17-20] .

Similarly, Nrf2 induces the expression of γ -glutamyl transpep-
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jnutbio.2021.108781&domain=pdf
http://www.sciencedirect.com
https://doi.org/10.1016/j.jnutbio.2021.108781
http://creativecommons.org/licenses/by/4.0/
mailto:kalina.duszka@univie.ac.at
https://doi.org/10.1016/j.jnutbio.2021.108781
http://creativecommons.org/licenses/by/4.0/


2 A. Gregor, M. Pignitter, C. Fahrngruber et al. / Journal of Nutritional Biochemistry 96 (2021) 108781 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

tidase (GGT), an enzyme present in cell membranes of many

organs including the intestine, and taking part in GSH metabolism

[20 , 21] . 

Bile is produced by the liver and mainly consists of water,

bilirubin, and bile acids (BAs). Upon secretion to the small in-

testines, BAs enhance lipid uptake. Once formed by activation of

the key enzyme of the classic synthesis pathway Cyp7a1, BAs are

conjugated to glycine or taurine. Contrary to humans, in mice, only

a minor fraction (ca. 5%) of BAs is conjugated to glycine and the

majority (ca. 95%) to taurine [22] . Taurine is one of the most abun-

dant free amino acids in the body [23] . It has anti-inflammatory

[24-27] , antioxidative [26 , 28-31] , and osmoprotective [30 , 32] prop-

erties. In the intestine of an immunosuppressive mouse model,

taurine increases the number of some immune cells and total cells

in Payer’s patches [33] , it reduces the growth of harmful bacteria,

increases the production of short-chain fatty acids [34] , and atten-

uates induced colitis [35 , 36] . In human intestinal epithelial Caco-2

cells, taurine stimulates the expression of anti-inflammatory fac-

tors [37] . The impact of taurine is primarily controlled by its con-

centration, which relies on TauT transporter as well as biosynthetic

enzymes cysteine dioxygenase (CDO) and cysteine sulfinate decar-

boxylase (CSAD) [38] . Therefore, taurine can be also synthesized

and the process takes place mainly in the liver [39] ; however, the

main source of taurine is dietary protein [40] . 

As reported previously [41] , we measured increased levels of

the taurine-conjugated BA taurocholic acid (TCA) and taurour-

sodeoxycholic acid (TUDCA) in the intestinal content of mice sub-

mitted to CR compared to ad libitum feeding. In the current study,

we explored the consequences of a CR-triggered increase in the

levels of intestinal taurine-conjugated BA. We hypothesized that

CR-associated elevated levels of taurine-conjugated BAs are accom-

panied by increased levels of free taurine that stems from decon-

jugation in the intestine. 

. Materials and Methods 

2.1. Animal care and experimental procedures 

Male C57Bl/6 mice purchased from Janvier Labs (Le Genest-Saint-Isle, France)

were kept under a 12-h light/12-h dark cycle in standard specific-pathogen-free

(SPF) conditions. The animals were fed a V153x R/M-H auto diet from SSNIFF-

Spezialdiäten GmbH (Soest, Germany) and housed with free water access. Mice

aged 12 weeks were randomly divided into experimental groups of control ad li-

bitum fed (ad lib) or CR mice. The study was confirmed on a second independent

group of animals. During the dissection, some samples were lost resulting in seven

to nine biological replicates in the first group and eight biological replicates in the

second group. The animals were assigned ID not associated with the experimental

group; therefore, throughout sample and data analysis group assignment was not

known. The groups did not differ significantly in body weight when starting the

experimental procedures. Animal food intake was measured for one week prior to

the intervention to determine the amount of chow diet to be given under CR. The

mice from the CR group underwent 14 days of CR that consisted of a ̃  25% reduc-

tion of daily food intake. The CR mice were fed one time per day with the defined

amount of chow. This extent of CR is efficient in triggering CR-related phenotypes

but prevents excessive body weight loss as presented previously [41] . The samples

of the stomach and intestinal mucosa as well as the liver were collected during

dissection, snap-frozen, and stored at -80 °C until use. 

During the desing and performance of the experiment the ARRIVE guidlies have

been followed. All animal experimentation protocols were approved by the Bun-

desministerium für Wissenschaft, Forschung und Wirtschaft, Referat für Tierver-

suche und Gentechnik (BMBWF-66.006/0008-V/3b/2018). All experiments were car-

ried out according to animal experimentation Animal Welfare Act guidelines. 

2.2. Intestinal sacs assay 

The freshly dissected small intestine was divided into five even parts. Part four,

counting from the duodenum was flushed with PBS, and ends were loosely tied

with a thread leaving a four cm-long sac. A blunted needle was introduced and

the intestine was filled with 200 µl of taurine (25 mg/ml) or taurine (25 mg/ml)

and GSH (61.5 mg/ml) solutions. The sacs were closed tightly and incubated in a

37 °C water bath in 10 ml of prewarmed Dulbecco’s Modified Eagle Medium (DMEM,
Sigma-Aldrich, St. Louis, MO, USA). Three 200 µl medium samples were collected

over 1.5 h for measurement of taurine transport. 

2.3. Protein concentration and activity assays 

The levels of GSH and GSSG, as well as the activity of GST, GR, GPx (all from

BioVision, Milpitas, CA, USA), and Nrf2 (Abcam, Cambridge, UK), were assessed us-

ing commercial assay kits according to the manufacturer’s indications. 

2.4. Electron spin resonance 

Frozen samples were cut into 15 μg pieces and 144 μl of oxygen-free KHB and

6 μl of oxygen-free 10 mM CMH solution were added. The samples were incu-

bated for 60 min in a 37 °C shaking incubator and quickly spun down. 100 µl of

the solution from each sample was transferred to a fresh tube and snap-frozen in

liquid nitrogen until measuring. Electron spin resonance (ESR) measurements were

performed at 150 K in a capillary tube (100 µl), which was placed into a high sen-

sitivity resonator (Bruker ER 4122SHQE), using an X-band Bruker Elexsys-II E500

EPR spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany) with a modula-

tion frequency of 100 kHz and a microwave frequency of 9.4 GHz. Spectra were

recorded every 20 s, averaging every 10 consecutive spectra. The sweep width was

450 G, the sweep time 20 s, the modulation amplitude 5 G, the center field 3400 G,

the microwave power 20 mW, and the resolution was 1024 points. EPR spectra were

simulated and the area under the curve was determined by double integration of

the spectrum. A reference-free quantitation of the number of spins was performed,

as has been described previously [42] . 

2.5. Gene expression 

RNA was isolated from intestinal scrapings using the RNeasy mini kit (Qiagen,

Hilden, Germany). Samples were thawed in lysis buffer, disrupted using a syringe

and needle, and processed following the manufacturer’s recommendations. Super-

Script II Reverse Transcriptase (Invitrogen, Life Technologies, Carlsbad, CA, USA) was

used for the reverse transcription step. Quantitative real-time PCR (qRT-PCR) reac-

tions were carried out using the QuantStudio 6 Flex Real-Time PCR System with

the SYBR Green PCR Master Mix (both from Applied Biosystems, Life Technologies,

Carlsbad, CA, USA). The primers used are listed in the supplementary data file. The

Ct values for each tested gene were normalized to Ct values of Eef1a1. The pre-

sented results show ��Ct averaged for biological replicates for each experimental

group. 

2.6. GSH and taurine conjugates detection 

The protocol was adapted from the method of Ito et al. [43] and Budinska et al.

[44] . Frozen liver and intestinal mucosa samples were cut on dry ice to the size of

7–10 mg and homogenized. Liver samples were transferred into Precellys homoge-

nizing tubes with 1.4 mm ceramic beads and according to the sample weight nine

times the volume of ethanol absolute at -20 °C was added. Liver samples were ho-

mogenized in the Precellys 24 Tissue Homogenizer (Bertin Instruments, Montigny-

le-Bretonneux, France) twice for 15 s at 50 0 0 rpm, vortexed for 30 s, and incu-

bated at -20 °C. Intestinal samples were transferred into 1.5 ml Eppendorf tubes and

were disrupted in five thawing and freezing cycles. Next, nine times the volume

of ethanol absolute -20 °C was added, samples were vortexed for 30 s. After the

homogenization, liver and intestinal samples were handled alike. Samples were in-

cubated at -20 °C for 24 h and centrifuged for 10 min at 180 0 0 g, the supernatants

were transferred to new tubes, and, to remove the remaining debris, the centrifu-

gation step was repeated. The supernatants were transferred into HPLC vials in a

thermostatic autosampler kept at 4 °C. 60 µl of intestinal sacs samples were diluted

with 600 µl ethanol, vortexed, incubated for 20 min at -20 °C, and centrifuged at

150 0 0 g for 15 min at 4 °C. The supernatant was dried in a SpeedVac concentrator

for 45 min at 60 °C, then dissolved in 70 µl ethanol. Samples (10 μl) were analyzed

by LCMS in negative modus using an LCMS-8040 Liquid Chromatograph Mass Spec-

trometer (Shimadzu Corporation, Kyoto, Japan) with an Atlantis T3 3 μm column

(2.1 × 15 0mm, Waters, Milford, MA, USA). The column temperature was 40 °C. The

mobile phases consisted of 0.1% formic acid in water (eluent A) and 0.1% formic

acid in acetonitrile (eluent B). The gradient was maintained at an initial 5% B for

2.5 min, to 20% B at 8 min, and was set back to 5% B at 9 min with a hold for

one minute. The area under the curve (AUC) corresponding to each molecule was

quantified and used to compare samples. 

2.7. Identification of conjugates 

Standards of GSH and taurine (both from Sigma-Aldrich, St. Louis, MO, USA)

were prepared in 70% ethanol. To induce the conjugation of taurine to GSH 150

mmol of each was weighted in the same 2 ml Eppendorf tube, 70% ethanol was

added, vortexed shortly, and was incubated for 30 min at room temperature. Stan-

dards were separated with the column and HPLC gradient described above and
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were fragmented with an LC-MS system (LCMS-80-40, Shimadzu, Korneuburg, Aus-

tria). The MS instrument was operated in multiple reaction mode (MRM) with the

following settings: nebulizing gas flow 3L/min, drying gas flow 12L/min, desolva-

tion line temperature 250 °C, and heat block temperature 350 °C. Argon was used as

the collision-induced dissociation (CID) gas with a collision energy of 20eV. The

fragmentation pattern was compared to METLIN ́s database. To identify GSH and

taurine conjugates, samples were screened for precursor ions producing similar

fragmentation patterns to GSH and taurine. For validation that the identified com-

pound contains taurine or GSH, samples were analyzed with the multiple reaction

monitoring (MRM) setting. For example, the fragmentation pattern of metabolite

m/z 249 shows taurine and the specific taurine fragment, according to the METLIN

database. The exact mass of the selected precursor ions was measured using an LC-

ESI-TOF-system consisting of an Ultimate 30 0 0 (Thermo Fischer Scientific, Waltham,

MA, US) and a micrOTOF-Q II (Bruker Daltonics, Bremen, Germany) with an Atlantis

T3 3 μm column (2.1 × 150 mm, Waters, Milford, MA, USA). The column temper-

ature was 40 °C. The mobile phases consisted of 0.1% formic acid in water (eluent

A) and 0.1% formic acid in acetonitrile (eluent B). The gradient was maintained at

an initial 5% B for 2.5 min, to 20% B at 8 min, and was set back to 5% B at 9 min

with a hold for one minute. The exact mass and fragmentation pattern of the se-

lected precursor ions were checked against the METLIN database. The compounds

identified as GSH or taurine conjugates are listed in supplementary table 2. 

2.8. Bile acid analysis 

Sample extraction and measurement of bile acids were carried out using a mod-

ified method by Rohn et al. [45] . Shortly, feces samples were weighted in Precellys

homogenizing tubes with 1.4 mm ceramic beads, and nine times the volume of

methanol absolute at -20 °C was added. Samples were homogenized in the Precellys

24 Tissue Homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France) twice

for 15 s at 50 0 0 rpm, vortexed for 30 s, and centrifuged for 10 min at 50 0 0 g at 4 °C.

The supernatants were transferred to new 1.5 ml Eppendorf tubes, and, to remove

the remaining debris, the centrifugation step was repeated this time at 120 0 0 g.

Supernatants were transferred into new Eppendorf tubes and after third centrifu-

gation, supernatants were directly transferred into an HPLC vial. Samples (10 μl)

were analyzed by LCMS in positive modus using an LCMS-8040 Liquid Chromato-

graph Mass Spectrometer (Shimadzu Corporation, Kyoto, Japan) with an Atlantis T3

3 μm column (2.1 × 150 mm, Waters, Milford, MA, USA). The column tempera-

ture was 30 °C. The mobile phase A consisted of water and eluent B was acetoni-

trile/methanol (3/1, v/v), both containing 0.1% formic acid and a concentration of

20mM ammonium acetate. The gradient was maintained from an initial 30% B for

5 min, to 100% B at 25 min, which was kept constant for 20 min. Afterward, the

composition was set back to the initial ratio of 30% B within 2 min, followed by 10

min of re-equilibration. 

2.9. Statistics 

The differences in the intestine mucosa GST expression between the experi-

mental groups were used to calculate the sample size. Within the study, data sets

with two groups (CR and ad libitum ) of seven to nine biological replicates were

compared using a two-sided student’s t-test to verify statistical significance. Addi-

tionally, for the ex vivo assay, statistical significance was assessed using one-way

ANOVA with Bonferroni post-hoc corrections for four groups of five to seven repli-

cates using SPSS Statistics 26 (IBM Corp., Armonk, NY, USA). A p-value lower than

0.05 was considered statistically significant. The presented data stems from two

technical replicates. 

3. Results 

3.1. CR increases the levels of free taurine and its conjugates along 

the intestinal mucosa but not in the liver 

As we previously published, CR is associated with increased lev-

els of taurine-conjugated BAs in the intestine [41] . To further ex-

plore this phenomenon, we studied the impact of CR on intestinal

taurine levels. In order to mirror previous experimental conditions,

male C57Bl/6 mice were submitted to 14 days caloric restriction

receiving 75% of the amount of standard chow that the animals

would voluntarily consume. The levels of taurine were measured in

the mucosa along the small intestine. We detected increased levels

of free taurine in the duodenum of CR compared to ad libitum fed

mice ( Fig. 1 A). To verify how taurine could be utilized in the intes-

tine, compounds containing taurine were analyzed. Multiple con-

jugates of taurine were detected and, accordingly, their levels were

increased in the mucosa of CR animals (conjugate with molecular
mass 249 is presented) ( Fig. 1 B). Among the compounds detected,

we identified a GSH-taurine conjugate. The conjugate showed an

increased concentration in intestinal mucosa samples of CR com-

pared to ad libitum fed mice. However, in the duodenum, this dif-

ference was not statistically significant ( Fig. 1 C). The levels of free

taurine, taurine conjugates, and GSH-taurine were statistically sig-

nificantly elevated in the jejunum ( Fig. 1 D-F), and the ileum of CR

animals ( Fig. 1 G-I). The differences in the amounts of the metabo-

lites were more pronounced in the distal compared to the proxi-

mal intestine and the concentration of taurine was the highest in

the ileum. The level of one of the taurine metabolites, taurine chlo-

ramine (TauCl), a compound with strong anti-inflammatory prop-

erties, was also increased in the ileum ( Fig. 1 J). While glycine lev-

els were not affected by the diet ( Fig. 1 K). We further verified if

CR also affects the liver in a similar way, but there was no differ-

ence in free taurine ( Fig. 2 A), conjugated taurine ( Fig. 2 B), or GSH-

taurine conjugates ( Fig. 2 C) levels between CR and ad libitum mice.

Importantly, the expression of genes associated with BAs synthesis

(Cyp7a1), transport (Ntcp), and cysteine metabolism (Cdo) was up-

regulated in CR liver while that of TauT was not affected by the

restriction ( Fig. 2 D). Contrary to the liver, the mRNA expression

of Cdo was not affected by CR in the mucosa of the ileum (Suppl

Fig. 1 A). 

3.2. CR impacts GSH and GST but does not influence REDOX response 

in the jejunum mucosa 

Since one of the identified taurine conjugates contained GSH,

we verified the levels of reduced (GSH) and oxidized (GSSG) glu-

tathione in the jejunum mucosa. The levels of GSH were sig-

nificantly decreased in the CR compared to ad libitum fed mice

( Fig. 3 A), while GSSG concentration was not affected by CR

( Fig. 3 B). To validate whether the rate of de novo synthesis or uti-

lization of GSH is modified during CR, expression of genes con-

nected with GSH synthesis (Nrf2, Ggt, Gclc, and Gs) and antiox-

idant activity (Grx1, Grx2, GPx1, and GPx2), as well as activity

of several of the factors, were measured in the mucosa of the

jejunum. The mRNA level of Nrf2 was downregulated in the CR

mice ( Fig. 3 C), although its transcriptional activity was not changed

( Fig. 1 D). Also, the expression of Ggt was downregulated ( Fig. 3 C).

The expression of other genes connected with GSH synthesis and

its anti-oxidative role was not affected ( Fig. 3 C). The activity of GR

which is responsible for the conversion of GSSG to GSH was in-

creased in the CR animals ( Fig. 3 E), whereas the activity of GPx

was not significantly affected and showed high variability (Suppl

Fig. 1 B). To verify the functional outcome of the anti-oxidative role

of GSH in the CR intestine, the total antioxidant capacity was as-

sessed ( Fig. 3 F) and the levels of reactive oxygen species were

measured by means of ESR ( Fig. 3 G) in the intestinal mucosa.

Both of the parameters were not affected. Additionally, the expres-

sion on manganese superoxide dismutase (MnSOD), catalase (Cat),

thioredoxin 1, and 2 (Trx1 and Trx2) were decreased in the intesti-

nal mucosa of CR mice (Suppl fig. 1 C). Therefore, we decided to

focus on the conjugating function of GSH and found increased ac-

tivity of GST in the intestine of CR compared to ad libitum fed

mice ( Fig. 3 H). We also measured gene expression in six distinct

parts of the GI tract (stomach, duodenum, jejunum, ileum, proxi-

mal colon, and distal colon) ( Fig. 3 I). Fittingly with the enzymatic

activity results, the expression of Gst genes was consistently in-

creased in mucosa of the different parts of the GI tract. However,

the range of upregulation varied between different forms of Gst.

Additionally, Gsta4 showed the opposite trend of decreased expres-

sion in CR compared to ad libitum mice in jejunum; however, not

statistically significant. 
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Fig. 1. Caloric restriction (CR) increases the levels of free taurine and its conjugates along the intestinal mucosa. The levels of free taurine (A, D, G), taurine conjugate 

with m/z 249 (B, E, H), and GSH-taurine conjugate (C, F, I) were measured in the mucosa of the duodenum (A-C), jejunum (D-F), and ileum (G-I). Symilarly, the levels of 

taurine chloramine (TauCl; J) and glycine (K) were assessed in the mucosa of ileum. Statistical significance was assessed using a two-tailed Student’s t-test; ∗P < .05; n = 6-8. 

Error bars stand for ±SEM. 
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Fig. 2. CR does not affect the levels of taurine and its conjugates in the liver but regulates BA production and cysteine-related gene expression. The levels of free taurine 

(A), taurine conjugate with m/z 249 (B), and GSH-taurine conjugate (C) were measured in the liver. Gene expression was assessed in the liver of CR and ad libitum fed mice 

(D). Cyp7a1: cholesterol 7 α-hydroxylase; Ntcp: Na + /taurocholate cotransporting polypeptide; Cdo: cysteine dioxygenase; TauT: taurine transporter. Two-tailed Student’s t-test 

was applied to assess statistical differences between the groups; ∗P < .05. Bars indicate the mean of eight to nine biological replicates ±SEM. 

Fig. 3. CR impacts glutathione (GSH) and glutathione-S transferase (GST) in the jejunum mucosa. The levels of reduced GSH (A) and oxidized GSH (GSSG) (B) were 

measured in the jejunum mucosa using commercial assays. Gene expression was measured in the mucosa of the jejunum of CR and ad libitum mice (C). The activity of nuclear 

factor erythroid 2-related factor 2 (Nrf2) (D) and glutathione reductase (GR) (E) as well as antioxidant capacity (F), were measured in the mucosa of the jejunum utilizing 

commercial assays. Electron spin resonance (ESR) was applied to assess the levels of reactive oxygen species in the mucosa of the jejunum (G). GST activity was measured 

in the jejunum mucosa using commercial assays (H). Gene expression of the different GST subtypes was measured in the mucosa of six parts of the GI tract (St-stomach, 

D-duodenum, J-jejunum, I-ileum, PC-proximal colon, DC-distal colon) of CR and ad libitum fed mice (I). Nrf2: nuclear factor erythroid 2-related factor 2; Ggt: gamma-glutamyl 

transpeptidase; Gcl: glutamate-cysteine ligase; Gs: glutathione synthase; Grx1: glutathione reductase 1; Grx2: glutathione reductase 2; GPx1: glutathione peroxidase 1; GPx2: 

glutathione peroxidase; Gsta3: GSH S-transferase α 3; Gsta4: GSH S-transferase α 4; Mgst1: microsomal GSH S-transferase 1; Mgst2: microsomal GSH S-transferase 2.Two- 

tailed Student’s t-test was applied to assess statistical differences between the groups; ∗P < .05. Error bars indicate ±SEM. Figures in panels A-I represent the mean of eight to 

nine biological replicates. 
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Fig 4. Both GSH and CR stimulate uptake of taurine in the intestine. Taurine uptake was assessed using ex vivo intestine sacs infused with a solution containing taurine 

or taurine and GSH. The concentration of transported taurine was measured in the surrounding medium at the indicated time points (A). The expression of TauT mRNA was 

measured in the mucosa of the ileum (B). Feces were analyzed for the levels of free taurine (C) and bile acids conjugated with taurine: TCA (D) and TDCA (E) and glycine (F). 

The levels of chenodeoxycholic acid (CDCA; G), TUDCA (H), TCA (I), free taurine (J), and GSH-conjugated taurine (K) were measured in mice plasma. The groups presented in 

panel A were compared using ANOVA. Student’s t-test was applied to assess statistical differences between the groups in panels B-E; ∗P < .05. Error bars indicate ±SEM. The 

figure in panel A represents the mean of five to seven replicates while in panels B-E eight biological replicates. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3. GSH and CR stimulate uptake of taurine in the intestine 

The strongest difference between CR and ad libitum mice in the

expression of GSTs was observed in the duodenum and jejunum

( Fig. 3 I), however, the difference in taurine and its conjugates in-

creased along the small intestine and peaked in the ileum ( Fig. 1 ).

Therefore, for the next experiments, ileum was applied. To verify

the functionality of the occurrence of GSH-taurine conjugates, we

incubated ex vivo intestinal sacs of CR and ad libitum fed mice

which were infused with taurine or a mix of taurine and GSH

solutions to measure uptake of taurine. The levels of taurine in the

surrounding medium were measured at three time points over 1.5

h of incubation. The uptake of taurine did not change between CR

and ad libitum fed mice when sacs were infused with a taurine

solution ( Fig. 4 A). Similarly, a solution containing taurine and GSH

did not impact taurine uptake in ad libitum fed mice. However, in-

cubation of the intestine of CR mice with taurine and GSH solution

strongly increased the concentration of taurine in the surrounding
medium. Therefore, CR and GSH jointly increased the uptake of

taurine. Correspondingly, the mRNA expression of TauT, the main

intestinal transporter responsible for capturing taurine between

the meals [46] , was higher in ileum mucosa of CR compared to

ad libitum fed mice ( Fig. 4 B). In accordance, the levels of free

taurine and taurine-conjugated BA (TCA and TDCA) were lower

in the feces of CR compared to ad libitum fed mice ( Fig. 4 C-E).

CR completely removed glycine from feces ( Fig. 4 F). Furthermore,

the levels of chenodeoxycholic acid (CDCA; Fig. 4 G) and taurine

conjugated BAs TUDCA and TCA ( Fig. 4 H-I) were higher in the

plasma of CR compared to ad libitum mice corresponding well

the suggested increased BA synthesis in the liver and enhanced

intestinal uptake. Despite TUDCA and TCA showing a very strong

trend towards increased levels in CR mice the results were not

statistically significant ( P = .07 and P = .06 respectively). Importantly,

CR did not affect the plasma levels of free taurine ( Fig. 4 J) but

strongly increased the levels of GSH-taurine ( Fig. 4 K) confirming

that the conjugation by GSH is necessary for the uptake of taurine.
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4. Discussion 

To contribute to building the full picture of the molecular

mechanism of intestinal response to CR we focused on one of

the previously reported by us phenotypes [41] connected with in-

creased levels of taurine-conjugated BAs in the intestinal contents.

In the current study, we prove that CR is associated with increased

levels of free and conjugated taurine in the intestinal mucosa. The

increased level of intestinal and plasma BAs matches well with el-

evated expression of BA synthesis- and transport-related genes in

the liver of CR mice presented in this study. Correspondingly, based

on gene expression data, the synthesis of taurine is likely to in-

crease in the cysteine dioxygenase-associated cysteine metabolic

pathways in the liver but not in the intestinal epithelium. How-

ever, the expression of the TauT in the liver was not affected, sug-

gesting that taurine is not exported from the liver as free taurine

but as bile conjugate. Further, we report that during CR, the levels

of taurine increase along the small intestine but not in the liver.

Our results show that the amount of BA-derived taurine increases

in the CR intestine and various types of conjugates are created to

bind taurine. Conjugation of taurine to GSH enhances taurine re-

uptake from the intestine and CR affects plasma levels of GSH-

conjugated but not free taurine. Importantly, the impact of GSH

on taurine uptake has never been described before and the molec-

ular background of this interaction is not known. Correspondingly,

we showed that the level of taurine bound to BAs as well as free

taurine is lower in the feces and higher in plasma of CR compared

to ad libitum mice indicating increased efficiency of uptake in the

small intestine. 

The BAs are secreted to the proximal intestine upon lipid con-

sumption and travel along the GI tract to solubilize lipids aiding

digestion and absorption. However, the secretion of motilin, a hor-

mone stimulating BAs secretion, increases also during fasting [47] ,

which likely triggers the observed phenotype. Once reaching the

distal intestine, 95% of BAs are reabsorbed and recirculated to the

liver [48] . The amount of free taurine, GSH-taurine, and other tau-

rine conjugates are increased in all parts of the intestinal mucosa

in CR compared to ad libitum mice. However, in this study, the dif-

ferences between CR and ad libitum fed mice are stronger in the

distal intestine compared to the duodenum. Most likely, this is due

to increased BA reabsorption and high expression of TauT in the

ileum [46] . 

While, as we showed previously, CR results in the reduction of

levels of multiple metabolites in the GI tract [41] , taurine is an in-

triguing example of a molecule with an increased concentration,

suggesting a physiological role. The role of enterohepatic circula-

tion or accumulation of taurine during CR has never been investi-

gated. However, we hypothesize that taurine could serve as a reg-

ulator of metabolic adjustment as it had been shown to reduce

the hepatic secretion of lipids while enhancing fatty acid oxida-

tion and ketogenesis which are processes characteristic to fasting

and CR [49] . Additionally, as published before [41] , CR results in

the downregulation of the immune and anti-microbial genes in the

intestine. Fittingly, taurine [ 24-27 , 34] , as well as BAs [50-52] are

known for their anti-inflammatory role and impact on microbiota.

Therefore, the increased levels of BAs and taurine in the intes-

tine during CR could contribute to the previously described phe-

notype. Importantly, taurine supplementation, similarly to CR has

been shown to reduce endoplasmic reticulum stress and extend

lifespan in C. elegans [53] . Consequently, taurine has already been

suggested as a supplement mimicking the beneficial outcomes of

CR [54] . An important aspect of mimicking CR is the enhancement

of mitochondrial function. Taurine reduces the generation of su-

peroxide in mitochondria and is required for normal mitochondrial

structure and metabolism. This is likely a consequence of creating
5-taurinomethyluridine-tRNA 

Leu conjugate which is vital for mito-

chondrial protein expression [55-58] . Therefore, compartmentaliza-

tion of taurine and organelle-specific biological activity may be a

key to unveiling its contribution to the beneficial outcomes of CR. 

Seeing the changes of GSH levels in the context of CR we, first,

hypothesized changes in the REDOX response, which are often as-

sociated with CR. However, contradictory data concerning oxidative

stress in CR have been reported [59-63] . Our results show that in-

testinal mucosa does not respond to CR by modulating the levels

of reactive oxygen species or anti-oxidative capacity. Surprisingly,

the shifted ratio of GSH/GSSG was not reflected in the total ox-

idative stress. Assuming diminished oxidative stress during CR, as

reflected by MnSOD, Cat, and Trx expression, the requirement for

GSH is reduced, and therefore, the level of GSH would not influ-

ence the oxidative stress balance. We conclude that it is not the

oxidative but the conjugative activity of GSH that is involved in

the intestinal response to CR and that GST is activated during CR

to conjugate taurine which is likely released from BAs. We show

that GST gene expression increases and accordingly, the activity of

GST and the occurrence of GSH conjugate are elevated in the mu-

cosa of CR mice. Due to the higher demand from the GST side,

the level of free GSH decreases. Consequently, the GSSG/GSH ra-

tio is elevated, and this activates GR which converts GSSG to GSH

and reestablishes the basic state ratio. It is, however, possible that

the decreased level of GSH could also partly result from the CR-

accompanied shortage of nutrients, substrates to synthesize GSH,

and food-derived GSH. The reduced expression of Ggt , coding for

GSH hydroxylase which digests external GSH in order to deliver

amino acids for absorption and intracellular GSH synthesis, may

reflect the reduced availability of the extracellular GSH. 

In summary, we describe a novel role of GSH in the handling

of CR-associated abundance of taurine in the small intestine. In-

terestingly, the role of BAs secreted not in the context of food

consumption is not known. Importantly, the here described CR-

triggered upregulation of GST expression and activity, a link be-

tween intestinal GSH and BA-derived taurine as well as the impact

of GSH on taurine absorption has never been established before.

With this and future studies, we build upon our previous publica-

tions, focusing on a specific novel piece of regulation and aiming

at the development of a more detailed molecular picture of the re-

sponse of the intestine to CR. Currently, the mechanism behind the

remarkable health benefits of CR is largely undetermined, particu-

larly in the GI tract. Based on our previous work we speculate that

BA and taurine could contribute to the CR-triggered reduction of

intestinal inflammation or increased efficiency of nutrient uptake.

However, the exact physiological purpose and consequences of this

regulation and its relevance to human physiology need to be fur-

ther investigated. 
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Microbial contribution to the caloric restriction-triggered regulation of the 
intestinal levels of glutathione transferases, taurine, and bile acid
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Jürgen Königa, and Kalina Duszka a

aDepartment of Nutritional Sciences, University of Vienna, Vienna, Austria; bDepartment of Physiological Chemistry, University of Vienna, 
Vienna, Austria; cCore Facility Computational Bioanalytics, Medical University of Graz, Graz, Austria; dLeibniz-Institut for Food Systems Biology, 
Technical University of Munich, Munich, Germany

ABSTRACT
Recently we showed that caloric restriction (CR) triggers an increase in the levels of free taurine, 
taurine-conjugated bile acids (BA), and other taurine conjugates in intestinal mucosa while decreas
ing glutathione (GSH) levels in wild-type male mice. In the current project, we decided to investi
gate whether the microbiota is involved in the response to CR by depleting gut bacteria. The 
antibiotics treatment diminished CR-specific increase in the levels of free taurine and its conjugates 
as well as upregulated expression and activity of GSH transferases (GST) in the intestinal mucosa. 
Further, it diminished a CR-related increase in BAs levels in the liver, plasma, and intestinal mucosa. 
Transplant of microbiota from CR mice to ad libitum fed mice triggered CR-like changes in MGST1 
expression, levels of taurine and taurine conjugates in the mucosa of the ileum. We show for the 
first time, that microbiota contributes to the intestinal response to CR-triggered changes in BA, 
taurine, and GST levels.
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Introduction

Gut microbiota is a complex and dynamic entity 
characterized by its high variability in composition 
between different hosts. The inter-individual differ
ences are induced by multiple factors including 
childbirth delivery, gender, antibiotic treatments, 
origin, age, and to a great extent by the diet.1–5 

The type, amount, and timing of the meals are all 
factors shaping the microbiota.6–8 Accordingly, 
caloric restriction (CR) affects gut bacteria9–14 and 
the composition changes seem to mediate some of 
the beneficial outcomes of CR, including reduced 
body weight, decreased blood leptin, and insulin 
levels.15 Yet, the mechanism behind and function
ality of CR-specific microbiota are not known. The 
microbiota plays a major role in numerous aspects 
of the host’s health and disease by modulating the 
availability of energy and nutrients, as well as sig
naling molecules, e.g. hormones, neurotransmit
ters, ligands, etc.; thereby affecting the host on 
multiple levels.16 Among others, microbiota 
directly interacts with bile acids (BA) and submits 
them to various modifications, including 

deconjugation of BAs and taurine.17 Multiple bac
terial processes result in the generation of second
ary BAs, of which the function and signaling vary 
from the primary BAs.18 Reversely, BAs,19 similarly 
to taurine20,21 modulate gut bacteria composition. 
Taurine reduces the growth of harmful bacteria and 
stimulates the production of short-chain fatty 
acids.20 Taurine increases the number of selected 
immune cells, total cells in Payer’s patches,21 and 
attenuates induced colitis in the mouse 
intestine.22,23 Besides anti-inflammatory24–28 activ
ity taurine has also, antioxidative,27,29–32 and 
osmoprotective31,33 properties.

A complex network of enzymes and transcrip
tion factors controls BA synthesis and circulation 
between the liver and intestine. High levels of BAs 
inhibit the activity of the key enzyme of the classic 
synthesis pathway, cholesterol 7 α-hydroxylase 
(Cyp7a1) via farnesoid X receptor (FXR) or fibro
blast growth factor 19 (FGF19).34,35 FXR is acti
vated by BAs and, besides establishing a negative 
feedback loop, it regulates the expression of BA 
transporters and impacts inflammation.36
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Moreover, FXR also takes input from gut micro
biota thereby integrating the connection between 
BAs, bacteria, and inflammation. Our recent origi
nal study indicated that the liver in CR animals 
shows increased mRNA expression of cysteine 
dioxygenase (CDO), an enzyme responsible for 
the metabolism of cysteine to taurine.37 The CR 
animals also show enhanced expression of 
Cyp7a1, Ntcp (Na+/taurocholate cotransporting 
polypeptide), which are necessary for BA synthesis 
and transport. Further, we demonstrated that CR 
results in increased levels of taurine-conjugated 
BAs in the intestinal content and mucosa.14,37 BAs 
in the intestine undergo deconjugation and this 
leads to high levels of free taurine. 
Simultaneously, CR stimulates the expression and 
activity of glutathione (GSH) S-transferases (GST) 
that conjugate taurine leading to an increase in 
GSH-taurine conjugate levels. The occurrence of 
GSH-taurine conjugate in conjunction with CR 
triggers enhanced intestinal uptake of taurine.37 

Knowing the vast role of gut bacteria in the meta
bolism of BAs, we hypothesized that microbiota 
may contribute to the CR-triggered phenomena. 
Here, we present novel results showing that micro
biota is required for the CR-triggered phenotype 
associated with GSH and taurine conjugation as 
well as intestinal uptake.

Results

CR triggers strong microbiota composition changes 
in the cecum on multiple phylogenic levels 
(Figure 1a, Suppl fig S1). We researched the impact 
of taurine on microbiota and compared the pub
lished results20,21 with our sequencing data of ad 
libitum fed and CR mice cecum. Among the bac
teria already known to be affected, we found 
Firmicutes, Clostridiales, and Lachnospiraceae 
downregulated in the CR mice whereas 
Proteobacteria, Bacilli, and Lactobacillales were 
upregulated (Figure 1b-g). Interestingly, the exact 
opposite regulation was reported after the admin
istration of taurine.20,21

In order to assess the role of microbiota in the 
previously described CR-triggered intestinal 
phenotype,37 we applied a mouse model with 
depleted gut microbiota by treatment with a wide 
spectrum antibiotic cocktail. We submitted the 

antibiotics-treated mice to CR (AT CR) and control 
ad libitum feeding (AT) (Figure 2a). In accordance 
with our earlier report,37 CR increases GST (Mgst1 
and Gsda3) mRNA expression and enzymatic activ
ity (Figure 2b-c). Antibiotics treatment diminished 
the CR-induced changes in GST gene expression 
(Figure 2b-c) and prevented an increase in GST 
activity (Figure 2d). However, no differences were 
observed between ad libitum and AT ad libitum 
conditions (Figure 2d). CR compared to ad libitum 
conditions increased production of GSH-taurine 
conjugate when jejunum tissue lysate was incubated 
with a solution containing taurine and GSH 
(Figure 2e). Antibiotics treatment neutralized the 
impact of CR but did not affect the outcomes of ad 
libitum feeding (Figure 2e). Accordingly, the reduc
tion in GSH level in CR compared to ad libitum 
mice was lessened by dosing antibiotics (figure 2f). 
The concentration of oxidized GSH (GSSG) was not 
affected by CR or microbiota depletion (Figure 2g). 
As previously shown,37 the CR-triggered imbalance 
in GSH/GSSG ratio leads to the introduction of 
glutathione reductase (GR) activity (here not statis
tically significant after correction for multiple test
ing) aiming at neutralization of the disparity. The 
CR animals with depleted intestinal microbiota did 
not show differences in GR activity compared to ad 
libitum mice (Figure 2h). CR-elicited differences in 
intestinal mRNA expression of the factors involved 
in GSH synthesis, NRF2, and GGT1, were offset by 
bacteria depletion (Figure 2i-j). Searching for the 
molecular mechanism, we quantified the levels of 
butyrate, which is one of the short-chain fatty acids 
produced by microbiota and has been reported to 
induce GST activity.38 However, in CR animals, the 
amount of cecal butyrate is strongly reduced com
pared to ad libitum mice (Figure 2k).

We reported previously that the levels of oxida
tive stress-related factors were not affected by CR in 
the intestinal mucosa.37 Similarly, microbiota 
depletion did not modify it (Suppl fig S2A-B). 
Nevertheless, the modulation of microbiota neutra
lized the CR-specific differences in the expression 
of oxidative stress-related factors catalase, manga
nese superoxide dismutase (Mn-Sod), and thiore
doxin 2 (Trx2) (Suppl fig S2 C-E).

As we published before,37 CR elevates free taur
ine and taurine conjugates in the mucosa of jeju
num and ileum. In the current study, the levels of
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GSH-taurine conjugates showed a tendency toward 
increased levels in CR mice; yet, not statistically 
significantly. The depletion of microbiota mini
mized the difference between CR and ad libitum 
fed mice in the mucosa of the jejunum (Figure 2l-n) 
and ileum (Figure 2o-r, Suppl fig S2 F-I) in terms of 

GSH-taurine conjugate, other taurine conjugates, 
and free taurine. Further, the mRNA expression 
of taurine transporter TauT, which was increased 
in the ileum of CR mice, was not different between 
AT and AT CR animals (Figure 3a). In agreement 
with the expression pattern of TauT and our

Figure 1. Caloric restriction (CR) modifies microbiota composition in the cecum. Cecum microbiota was sequenced and the results are 
shown as a Cladogram representing the Linear discriminant analysis Effect Size (LEfSe) results on the hierarchy induced by the taxa. 
Only significantly changed taxa names with the corresponding color are shown. The figure presents results with a linear determinant 
analysis (LDA) score bigger than 2 and a p-value smaller than .05. (a). The abundance of Firmicutes (b), Clostridiales (c), 
Lachnospiraceae (d), Proteobacteria (e), Bacilli (f), and Lactobacillales (g) in the cecum of ad libitum and CR mice was presented. Two- 
tailed Student’s t-tests were used to compare the experimental groups of the panels B-G.
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Figure 2. Microbiota depletion neutralizes the CR phenotype in the intestine. The mice were fed ad libitum or submitted CR with (AT 
and AT CR) or without antibiotics treatment (Ad lib and CR) to deplete microbiota (a). Gene expression of the different glutathione-S 
transferase (GST) subtypes (b-c), and GST activity (d) were measured in the jejunal mucosa. Tissue lysate of jejunum mucosa was 
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previous publication,37 CR reduced the levels of 
taurine and its conjugates in the mice’s feces 
(Suppl fig S2 J-K). In the liver, the expression of 
genes associated with BA synthesis (Cyp7a1) and 
transport (Ntcp) as well as cysteine metabolism 

(cysteine sulfonate decarboxylase; Csd) was regu
lated by CR and not by microbiota depletion 
(Figure 3b-d). Importantly, antibiotics treatment 
did not impact the expression of any of the mea
sured genes in ad libitum fed mice.

incubated with a solution containing GSH and taurine and occurrence of GSH-taurine conjugate was assessed (e). The levels of reduced 
glutathione (GSH) (f) and oxidized GSH (GSSG) (g) were measured in the jejunal mucosa. The activity of GSH reductase (GR) (h), as well 
as expression of nuclear factor erythroid 2-related factor 2 (Nrf2; I) and γ-glutamyl transpeptidase (Ggt1; J) mRNA, was assessed in the 
mucosa. Butyrate content was quantified in the feces of CR and ad libitum mice (k). The levels of GSH-taurine conjugate (l, o), taurine 
conjugate m/z 249 (m, p), and free taurine (n, r) were measured in the jejunum (l-n) and ileum (o-r). Two-tailed Student’s t-tests were 
used to compare the experimental groups of the panel K. Statistical significance between experimental groups in other panels was 
evaluated using ANOVA with Bonferroni correction for multiple testing; n = 6–8 (panels B-D and F-R), n = 4 (panel E); *p < .05. Data are 
presented as the mean±SEM.

Figure 3. Microbiota and CR jointly regulate the levels of BAs. Gene expression of taurine transporter (TauT) (a), cholesterol 7 α- 
hydroxylase (Cyp7a1; B), Na+/taurocholate cotransporting polypeptide (Ntcp; C), and cysteine sulfonate decarboxylase (Csd; D) was 
measured in the mucosa of the ileum. The levels of selected bile acids were measured in the liver (e), plasma (f), mucosa of the ileum 
(g), and feces (h) applying HPLC-MS/MS. Total BAs content was quantified in the mucosa of the ileum using a commercial kit (i). The 
ratio of CA to TCA (j), DCA to TDCA (k), and UDCA to TUDCA (l) was calculated based on BAs concentration measured in the ileum. 
Statistical significance between the experimental groups was evaluated using ANOVA with Bonferroni correction for multiple testing; 
n = 8; *p < .05. Data are presented as mean±SEM. Heatmaps were created by using Z-Scored data, showing the relative deviation from 
the groups’ mean value, and visualized by using the MATLAB extension COVAIN.
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Concerning BAs, CR consistently increased 
levels of the measured BAs in the liver, plasma, 
and ileum but much less in the feces (Figure 3e-h, 
Suppl table S1) correspondingly to our previous 
report.37 However, the differences in the liver, 
plasma, and ileum were not statistically significant 
for each BA. Similarly, despite a visible trend, the 
differences in the concentrations of total BAs in the 
ileum of ad libitum compared to CR mice lacked 
statistical significance (Figure 3i). In the ileum, 
antibiotics lowered TDCA, TLCA, and UDCA 
levels. In the liver, the treatment decreased TDCA 
and TLCA but increased TUDCA; whereas in 
plasma it increased the levels of CA, TCA, and 
TUDCA (Figure 3e-g, Suppl table S1). Antibiotics 
blunted the CR-related increase in most BAs in all 
tissues. However, the levels of CA, TCA, and TDCA 
remained statistically significantly higher in AT CR 
compared to AT group in the plasma and of TCA in 
the ileum (figure 3f-g, Suppl table S1). In general, 
the AT and AT CR treatments resulted in similar 
patterns of BAs levels changes in the ileum, liver, 
and plasma (Figure 3e-g, Suppl table S1). 
Interestingly, a comparison of the ratios of taurine- 
conjugated (TCA, TDCA, TUDCA) versus their 
unconjugated counterparts (CA, DCA, UDCA) in 
the epithelium of jejunum indicated an increased 
rate of BAs deconjugation in the CR animals 
(Figure 3j-l). These differences were not present 
for AT and AT CR animals due to reduction or 
depletion of the BAs levels. The differences between 
ad libitum and CR taurine-conjugated and uncon
jugated BAs ratios were much less pronounced in 
fecal samples (Suppl fig S3A-C).

In order to confirm the role of microbiota, we 
performed fecal transplants from CR and ad libi
tum fed mice to another group of mice with 
depleted bacteria and fed ad libitum (FT, FT CR) 
(Figure 4a). Microbiota transplant did not change 
levels of taurine conjugated BAs in the liver, 
plasma, or epithelium of ileum (Suppl table S1). 
The CR transplant triggered a CR-like increase in 
MGST1 gene expression (Figure 4b) but no statis
tically significant changes in GSDA3 (Figure 4c) 
expression, GST activity (Figure 4d), or GSH levels 
(Figure 4e). Notably, FT CR mice experienced 
a CR-like increase in GSH-taurine conjugates in 
the jejunum, whereas no changes in the free taurine 
and taurine conjugates were measured (Figure 4g- 

h). In the ileum mucosa, the levels of GSH-taurine, 
free taurine as well as taurine conjugates were 
increased in FT CR compared to FT mice 
(Figure 4i-k, Suppl fig S3D-I).

Discussion

In the previous study, we showed that CR modu
lates the level of GSH, taurine, and its conjugates as 
well as the expression and activity of GSTs.14,37 

Here we demonstrate that the regulation is micro
biota-dependent. Crucially, treatment with antibio
tics partly neutralizes or completely removes all of 
the tested parameters affected by CR. The trans
plant of the microbiota of CR mice to ad libitum fed 
mice reintroduces the CR phenotype to a certain 
extend. Therefore, the microbiota is a vital part of 
the response to CR but it requires other CR-related 
triggers to fully mimic CR. It has previously been 
reported that microbiota mediates the effect of CR 
on weight loss, levels of leptin and insulin,15 and on 
metabolic improvements including fat browning, 
liver health, and better glycemic control.39 

Additionally, CR suppresses microbial genes for 
lipopolysaccharides (LPS) synthesis modulating 
the immune response.39 Therefore, the here pre
sented data adds a fitting piece to a picture of 
microbiota-based response to CR.

The microbiota plays a vital role in the metabo
lism of BAs and bacterial contribution to the 
observed phenotype is likely connected with the 
regulation of the conversion of taurine-conjugated 
BAs.40 We propose a model in which upon 
increased release of BAs to the intestine during 
CR, microbiota acts to deconjugate BAs from taur
ine and therefore raises the levels of free taurine 
and taurine-deconjugated BAs species. The sudden 
increased appearance of bioactive taurine requires 
mechanisms to regulate its availability and activity, 
which may be executed by GSH, leading to the 
generation of taurine-GSH conjugates. 
Interestingly, microbiota transplant triggered 
greater changes in the ileum compared to the jeju
num which may be explained by increasing bacter
ial abundance along the small intestine and greater 
capacity of the intestine to take up taurine due to 
high expression of the taurine transporter TauT in 
the distal intestine.41 Notably, maintenance of 
proper taurine levels contributes to increased BA
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formation and secretion and thereby to the regula
tion of cholesterol levels.42 Furthermore, the 
enhanced BAs and taurine uptake in the CR intes
tine previously reported by us14 likely contributes 
to diminished or reversed differences for BAs and 
taurine respectively in the feces compared to the 
intestine of CR and ad libitum fed mice.

The microbiota has been shown to modulate 
hosts’ amino-acid and GSH metabolism.43 

Interestingly, the antibiotics treatment of CR mice 
adjusted (up or down) the levels of GHS-taurine, 
other taurine conjugates or free taurine, GSH levels, 
GSTs gene expression and GST enzymatic activity 
to the levels measured in ad libitum fed mice. 
Importantly, the antibiotics cocktail did not 

influence the levels in ad libitum fed mice. 
Therefore, we hypothesize that a CR-specific 
microbiota is responsible for up- and down- 
regulation of the levels of the compounds and 
gene expression. This hypothesis was further con
firmed by the results of the fecal transplant 
approach. Moreover, this regulation seems to be 
intestine-specific and does not affect gene expres
sion and or BAs production in the liver. As 
expected,44 the antibiotics treatment decreased 
BAs levels in the intestine of ad libitum fed mice. 
Furthermore, we observed a consistent impact of 
antibiotics on CR-related changes in BAs composi
tion in the liver, plasma, and mucosa of ileum in 
antibiotics-treated mice. Antibiotics also strongly

Figure 4. Microbiota can partly induce a CR-like phenotype in the intestine. The mice were fed ad libitum, submitted CR, or treated with 
antibiotics followed by fecal bacteria transfer (FT ad lib and FT CR; A). Gene expression of the different GST subtypes (b-c), GST activity 
(d), as well as levels of GSH (e), were measured in the jejunal mucosa. The levels of GSH-taurine conjugate (f, i), free taurine (g, j), and 
taurine conjugate m/z 249 (h, k) were measured in the jejunum (f-h) and ileum (i-k). Statistical significance between CR and ad libitum 
groups was evaluated using two-tailed Student’s t-tests; n = 8; *p < .05. Data are presented as mean±SEM.
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dampened CR-triggered increase in BAs levels; 
however, the treatment did not neutralize it com
pletely. Furthermore, transplantation of CR- 
specific microbiota did not affect BAs levels. 
Therefore, microbiota contributes to the regulation 
of CR-triggered increase in the levels of BAs but it is 
not the pivotal factor.

Interestingly, taurine has been reported to reduce 
the abundance of phylum Proteobacteria, class 
Bacilli, and order Lactobacillales, while increasing 
phylum Firmicutes, order Clostridiales,20 as well as 
family Lachnospiraceae.21 In our sequencing results, 
we found the exact opposite impact of CR on gut 
microbiota composition. It may seem contradictory 
considering that the levels of taurine increase in the 
intestine mucosa during CR. However, due to more 
efficient uptake during CR37 the level of taurine 
likely decreases in the intestinal lumen, where 
microbiota resides. Taurine (together with hista
mine, and spermine) was suggested to shape the 
host-microbiota interface through activation of 
Nlrp6 inflammasome signaling, resulting in intest
inal epithelial cell IL-18 secretion and downstream 
modulation of anti-microbial peptide 
transcription,45 thereby impacting the microbiome 
composition and risk of auto-inflammation. Still, 
more research is required to verify if CR-driven 
changes in taurine levels affect Nlrp6.

Besides GST, also other antioxidative proteins 
were affected in the intestine during CR in this 
study. Nonetheless, contrary to GST, the expression 
of antioxidative proteins is reduced, most likely due 
to a reduction in oxidative stress accompanying 
CR.46–49 Yet, contradictory data concerning oxida
tive stress in CR have been reported,50 e.g. the 
expression of SOD and other anti-oxidative enzymes 
in CR remains controversial.50–52 Moderate CR has 
also been reported to increase the activity of Mn- 
SOD and GSH concentration in the liver.52 

Therefore, the impact of CR may be tissue-specific.
In summary, we have shown for the first time 

that microbiota contributes to the intestinal 
response to CR by modulating GST activity, levels 
of GSH, taurine, BAs, and CR-stimulated BAs con
jugation. Therefore, gut bacteria may be necessary 
to profit from the beneficial impact of CR. 
However, the exact meaning behind the CR- 
driven increase in taurine and its conjugates in 

the intestine is not clear. Moreover, further inves
tigation is required to unveil the mechanisms of 
microbial activity during CR.

Materials and methods

Animal care and experimental procedures

Male C57Bl/6 mice were purchased from Janvier 
Labs (Le Genest-Saint-Isle, France) and kept under 
a 12 h light/12 h dark cycle in standard specific- 
pathogen-free (SPF) conditions. The mice were 
given V153x R/M-H auto diet from SSNIFF- 
Spezialdiäten GmbH (Soest, Germany) and free 
water access. Mice aged 12 weeks were randomly 
divided into experimental groups of eight mice, as 
follows: Ad lib – control ad libitum fed; CR – calorie 
restricted; AT – antibiotics-treated; AT CR – anti
biotics-treated and calorie restricted; FT – ad libitum 
fed, antibiotics-treated with fecal microbiota trans
plant from Ad lib mice; FT CR – ad libitum fed, 
antibiotics-treated with fecal microbiota transplant 
from CR mice. The groups did not differ significantly 
in body weight at the beginning of the experimental 
procedures. The antibiotics treatment and FT were 
performed and controlled as previously reported.14 

The mice from the CR and AT-CR groups were 
submitted to 14 days of CR reduced to ~ 75% of 
daily food intake. To deplete gut flora, mice from 
the AT, AT-CR, FT, and FT CR groups were repeat
edly gavaged with 200 µl of an antibiotic cocktail 
(vancomycin .5 g/l, neomycin 1 g/l, ampicillin 1 g/l, 
metronidazole 1 g/l; all from Sigma-Aldrich, Vienna, 
Austria). The AT and AT-CR groups were gavaged 
three times within 14 days of the experimental pro
cedure, and the FT group was gavaged twice: 5 and 
3 days before microbiota transplant. After gut flora 
depletion, the mice from the FT groups were gavaged 
twice at a 2-day interval with freshly extracted fecal 
microbiota from CR or ad libitum mice. To obtain 
inoculants, fresh feces were mixed with sterile PBS. 
The mixture was vortexed and centrifuged for 3 min 
at 1000 ×g, and the isolated supernatant was imme
diately gavaged into FT mice. FT mice were killed 
7 days after the first gavage.

All animal experimentation protocols were 
approved by the the Bundesministerium für 
Wissenschaft, Forschung und Wirtschaft, Referat
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für Tierversuche und Gentechnik (BMBWF- 
66.006/0008-V/3b/2018). All experiments were car
ried out according to animal experimentation 
Animal Welfare Act guidelines.

Sequencing the 16S rDNA genes and 
metataxonomic analysis

The samples for sequencing were processed accord
ing to the previously published protocol.53 Cecum 
samples were homogenized in MagNA Pure 
Bacteria Lysis Buffer from the MagNA Pure LC 
DNA Isolation Kit III in MagNA Lyser green 
beads tubes in a MagNA Lyser Instrument (all 
from Roche, Mannheim, Germany). Next, the sam
ples were mixed with 25 μl lysozyme (100 mg/ml), 
incubated at 37°C for 30 min, 43.4 μl Proteinase 
K (20 mg/ml) was added followed by incubation at 
65°C overnight. The enzymes were heat-inactivated 
and 250 μl of supernatant was used for DNA extrac
tion on a MagNA Pure LC 2.0 following the instruc
tions for the MagNA Pure LC DNA Isolation Kit III 
(all from Roche, Mannheim, Germany). PCRs reac
tions were run in triplicates using a FastStart High 
Fidelity PCR system with 5 μl of total DNA, 1x Fast 
Start High Fidelity Buffer, 1.25 U High Fidelity 
Enzyme, 200 μM dNTPs, .4 μM primers, and water 
in 25 μl reaction volume (all reagents from Roche, 
Mannheim, Germany). The target primers V1-V2: 
27 F – AGAGTTTGATCCTGGCTCAG and 
375 R – CTGCTGCCTYCCGTA were applied for 
the amplification of phylogenetic informative hyper
variable regions using Illumina adapters for an 
indexing PCR reaction. The PCR reaction products 
were checked on an agarose gel and their normal
ization was performed on a SequalPrep 
Normalization Plate (LifeTechnologies, Carlsbad, 
CA, USA). Next, 15 μl of the product was used as 
a template in a single 50 μl indexing PCR reaction 
for 8 cycles. Finally, 5 μl of PCR products from each 
sample were pooled and 30 μl of the library was 
purified using an agarose gel and the QIAquick gel 
extraction kit (Qiagen, Hilden, Germany). The 
obtained library was quantified with QuantiFluor 
ONE dsDNA Dye on Quantus™ Fluorometer 
(Promega, Walldorf, Germany), its quality was ver
ified using an Agilent BioAnalyzer 2100 
(Waldbronn, Germany) and the 6 pM library was 

sequenced on a MiSeq desktop sequencer contain
ing 20% PhiX control DNA (Illumina, Eindhoven, 
Netherlands) with v2 chemistry for 500 cycles.

Raw sequencing data in fastq format was 
imported in Galaxy web-based platform54 and ana
lyzed with the QIIME2 2018.4. The data was pre
processed with DADA255 using default parameters 
and removing specific primer sequences. The 
resulting feature representative sequences were 
classified with the QIIME2 pre-fitted sklearn- 
based taxonomy classifier against SILVA 16S 
rRNA database version 132 at 99% identity.56

Protein concentration, activity assays, and total bile 
acids concentration

The levels of total bile acids, GSH and GSSG, as well 
as the activity of GR (all from BioVision, Milpitas, 
CA, USA), were assessed using commercial assay 
kits according to the manufacturer’s indications.

Tissue lysate assay

Freshly extracted tissue was lysed in 10x volume 
(w/v) of lysis buffer (150 mM NaCl, 1% IGEPAL, 50 
mM Tris-HCL) by disrupting with syringe and 
needle. Afterward, 5 µl of the lysate was mixed 
with 10 µl of 2 M GSH and 2 M taurine and filled 
up to 200 µl with the lysis buffer. The samples were 
incubated at 37°C for 20 min.

Electron spin resonance

ESR assay was performed as previously 
published.37 Shortly, 144 μl of oxygen-free KHB 
and 6 μl of oxygen-free 10 mM CMH solution 
were added to 15 μg tissue pieces. The samples 
were incubated for 60 min in a 37°C shaking 
incubator, spun down and 100 µl of the solution 
was used for the measurement. ESR measurements 
were performed at 150 K in a capillary tube 
(100 µL) placed into a high sensitivity resonator 
(Bruker ER 4122SHQE), using an X-band Bruker 
Elexsys-II E500 EPR spectrometer (Bruker 
BioSpin GmbH, Rheinstetten, Germany) applying 
modulation frequency of 100 kHz and a microwave 
frequency of 9.4 GHz. Spectra were recorded every 
20 s, averaging every 10 consecutive spectra. The
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sweep width was 450 G, the sweep time 20 s, the 
modulation amplitude 5 G, the center field 
3400 G, the microwave power 20 mW, and the 
resolution was 1024 points. EPR spectra were 
simulated and the area under the curve was deter
mined by double integration of the spectrum. 
A reference-free quantitation of the number of 
spins was performed, as has been described 
previously.57

Gene expression

Intestine samples were thawed in lysis buffer, dis
rupted using a syringe and needle. Liver samples 
were homogenized using Precellys®24 Tissue 
Homogenizer (Bertin Instruments, Montigny-le- 
Bretonneux, France). RNA from both types of tis
sues was isolated using the RNeasy mini kit 
(Qiagen, Hilden, Germany). For reverse transcrip
tion, SuperScript® II Reverse Transcriptase 
(InvitrogenTM, Life Technologies, Carlsbad, CA, 
USA) was used. Quantitative real-time PCR (qRT- 
PCR) reactions were performed using the 
QuantStudioTM 6 Flex Real-Time PCR System 
with the SYBR Green PCR Master Mix (both from 
Applied Biosystems, Life Technologies, Carlsbad, 
CA, USA). The Ct values were normalized to 
Eef1a1. The results show ΔΔCt averaged for biolo
gical replicates for each experimental group. The 
sequences of the primers used were published 
before.37

Detection and identification of GSH and taurine 
conjugates

The detection protocol was performed as published 
previously.37 Briefly, 7–10 mg of intestinal mucosa 
samples were homogenized using syringe and nee
dle and disrupted in five thawing and freezing 
cycles. Next, nine times the volume of ethanol 
absolute −20°C was added, vortexed for 30 s and 
samples were centrifuged for 10 min at 18,000 g at 
4°C and the supernatants were analyzed by LCMS 
in negative modus using an LCMS-8040 Liquid 
Chromatograph Mass Spectrometer (Shimadzu 
Corporation, Kyoto, Japan) with an Atlantis T3 
3 μm column (2.1x150 mm, Waters, Milford, MA, 
USA). The column temperature was 40°C. The 
mobile phases consisted of .1% formic acid in 

water (eluent A) and .1% formic acid in acetonitrile 
(eluent B). The gradient was maintained at an 
initial 5% B for 2.5 min, to 20% B at 8 min, and 
was set back to 5% B at 9 min with a hold for 
one minute.

Identification of conjugates was performed as 
previously.37 Shortly, standards of GSH and taurine 
(both from Sigma-Aldrich, St. Louis, MO, USA) 
were prepared in 70% ethanol. Standards were frag
mented in negative modus using an LCMS-8040 
Liquid Chromatograph Mass Spectrometer 
(Shimadzu Corporation, Kyoto, Japan) with an 
Atlantis T3 3 μm column (2.1x150 mm, Waters, 
Milford, MA, USA). The mobile phases and the 
gradient was conforming with the detection proto
col. The fragmentation pattern was compared to 
METLIN´s database. Precursor ions in the tested 
samples were compared to fragmentation patterns 
of GSH and taurine. The exact mass of the selected 
precursor ions was measured using an Ultimate 
3000 (Thermo Fischer Scientific, Waltham, MA, 
US) and a micrOTOF-Q II (Bruker Daltonics, 
Bremen, Germany) with an Atlantis T3 3 μm col
umn (2.1x150 mm, Waters, Milford, MA, USA) 
kept at 40°C. The mobile phases and the gradient 
were set the same as for GSH, taurine, and conju
gated detection. The mass and fragmentation pat
tern of chosen precursors was verified using the 
METLIN database. The compounds identified as 
GSH or taurine conjugates were previously 
published.37

Bile acid analysis

As reported previously,37 bile acids were measured 
with LCMS. Liver samples were weighted in 
Precellys homogenizing tubes with 1.4 mm ceramic 
beads, and nine times the volume of methanol 
absolute at −20°C was added. Samples were homo
genized in the Precellys 24 Tissue Homogenizer 
(Bertin Instruments, Montigny-le-Bretonneux, 
France) twice for 15 s at 5000 rpm, vortexed for 
30 s, and centrifuged for 10 min at 5000 g at 4°C. 
The supernatants were transferred to new 1.5 ml 
Eppendorf tubes, and, to remove the remaining 
debris, the centrifugation step was repeated this 
time at 12,000 g. Supernatants were transferred 
into new Eppendorf tubes and after second centri
fugation, supernatants were directly transferred into
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HPLC vials. Intestinal samples were processed as 
described above in the method for GSH and taurine 
analysis. Plasma samples (50 μl) were extracted with 
150 μl MeOH, vortexed for 30 s, and shaken con
tinuously for 10 min with a laboratory rocker. 100 μl 
of the supernatant was evaporated, re-dissolved in 
50 μl methanol, and transferred into an HPLC vial. 
After the extraction, samples were handled alike. 
Samples (10 μl) were analyzed by LCMS in positive 
modus using an LCMS-8040 Liquid 
Chromatograph Mass Spectrometer (Shimadzu 
Corporation, Kyoto, Japan) with an Atlantis T3 
3 μm column (2.1 × 150 mm, Waters, Milford, 
MA, USA). The column temperature was 30°C. 
The mobile phase A consisted of water and eluent 
B was acetonitrile/methanol (3/1, v/v), both con
taining .1% formic acid and a concentration of 
20 mM ammonium acetate. The gradient was main
tained from an initial 30% B for 5 min, to 100% B at 
25 min, which was kept constant for 20 min. 
Afterward, the composition was set back to the 
initial ratio of 30% B within 2 min, followed by 
10 min of re-equilibration.
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