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Summary 

Autoimmune diseases of the skin become more and more prevalent, as the incidence is rising all over 

the world and the etiology is not completely understood. Two factors that might play a role in 

disease susceptibility and development are the mitochondrial genome and the microbiome. 

Mitochondria are essential for the organism in terms of energy metabolism, cell signaling and 

oxidative stress. The immune system is directly influenced by the mitochondrial function. The 

microbiome on the other hand populates all surfaces of the body, especially the intestine, and 

interacts directly with immune system through microbial metabolites. Shifts in the composition and 

diversity of the microbiome are an indicator for several autoimmune diseases.  

This study aims to investigate the role of the mitochondrial genome and the microbiome in terms of 

the autoimmune skin blistering disease Epidermolysis bullosa acquisita (EBA). Therefore, the 

conplastic mouse strain B6-mtFVB is used as model organism. This strain is of interest because 1) it 

carries a non-synonymous substitution in the mt-Atp8 gene, which was already identified to play a 

role in Bullous pemphigoid patients. 2)Its gut and skin microbiome differ from the common lab strain 

B6. 3) The strain seems to be protected to some extend in the experimental induced EBA model.  

First, does the mitochondrial mutation influence the immune system in terms of immune cell 

subpopulations and the integrity of the gut? Therefore, expression levels of tight junction proteins 

and cytokines in the gut were analyzed, immune cell subpopulations in skin and spleen were 

quantified via flowcytometry and immune cells in the skin were counted using 

immunohistochemistry. The amount of γδ T cells is significantly less in the back skin of B6-mtFVB mice, 

whereas there is no difference in the other parameters. Next, to what extend does the microbiome 

influence EBA disease development and what parameters are different in the microbiome of B6-

mtFVB mice? EBA experiments in germ-free mice revealed that the disease progression is significantly 

milder than in conventional housed mice. Furthermore, in the analysis of shotgun metagenomics 

data of cecum content significantly different indicator species, abundant pathways and gene families 

were identified. After checking the relationship of the indicator species to significantly different 

abundant metabolites found in metabolomic analysis from liver samples, the next question was 

whether the here identified metabolites Spermidine, D-Ribose, D-Glucosamine, N-acetyl-D-

Glucosamine and Oxalate could directly influence the disease outcome in EBA. The identified 

metabolites showed their anti-inflammatory potential in vitro as they reduced ATP, nitric oxide and 

TNFα production in RAW 264.7 cell macrophages after LPS exposure. The most promising 

metabolites Spermidine and N-acetyl-D-Glucosamine were tested in the EBA mouse model and N-

acetyl-D-Glucosamine showed an alleviating trend in male B6 mice.  
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In conclusion, this study indicates a correlation between the mitochondrial genome and the amount 

of γδ T cells in the skin. It also highlights the importance of the microbiome in terms of EBA disease 

development and identified promising metabolites such as N-acetyl-D-Glucosamine, which can be 

used in therapy approaches for EBA.  
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Zusammenfassung 

Autoimmunerkrankungen der Haut sind von immer größerem Interesse, da die weltweite 

Inzidenzrate steigt und die Ursachen noch nicht völlig bekannt sind. Zwei wichtige Ursachen in Bezug 

auf Krankheitsanfälligkeit und -entwicklung könnten das mitochondriale Genom und das Mikrobiom 

sein. Mitochondrien sind essentiell für den Organismus, da sie an Energiestoffwechsel, Zellsignalen 

und oxidativem Stress maßgeblich beteiligt sind. Daher beeinflusst ihre Funktion direkt das 

Immunsystem. Dahingegen bevölkert das Mikrobiom alle Körperoberflächen, insbesondere den 

Darm, und interagiert direkt mit dem Immunsystem via mikrobiellen Metaboliten. Veränderungen 

des Mikrobioms in der Komposition und Diversität sind Indikatoren für mehrere 

Autoimmunerkrankungen.  

Diese Studie untersucht die Rolle des mitochondrialen Genoms und des Mikrobioms in Bezug auf die 

blasenbildende Autoimmundermatose Epidermolysis bullosa acquisita (EBA). Als Modellorganismus 

dient dafür der konplastische Mausstamm B6-mtFVB. Dieser Mausstamm ist von Interesse, da er 1) 

eine nichtsynonyme Substitution im mt-Atp8 Gen trägt, dessen Rolle schon in Patienten mit bullösem 

Pemphigoid erkannt wurde; 2) sein Haut- und Darmmikrobiom sich vom Laborstamm B6 

unterscheidet, und 3) der Stamm im experimentell induzierten EBA-Modell milder betroffen ist als 

B6.  

Die erste Frage, die zu beantworten wäre, beschäftigt sich mit Einfluss des mitochondrialen Genoms 

auf das Immunsystem in Bezug auf Immunzellteilpopulation und Darmintegrität. Dafür wurden 

wurden Expressionslevel von Zytokinen sowie Proteinen der Tight Junctions analysiert, 

Immunzellteilpopulationen in Haut und Milz mittels Durchflusszytometrie analysiert und 

Immunzellen in der Haut mittels Immunhistochemie gezählt. Es konnte gezeigt werden, dass B6-mtFVB 

Mäuse signifikant weniger γδ T-Zellen in der Rückenepidermis aufweisen, während es bei den 

anderen Parametern keinen Unterschied gibt. Als nächstes wurde untersucht, in wie weit das 

Mikrobiom die Krankheitsentwicklung von EBA beeinflusst und welche mikrobiellen Parameter im 

Mikrobiom von B6-mtFVB Mäusen anders sind. EBA Experimente in keimfreien Mäusen offenbarten, 

dass der Krankheitsverlauf signifikant milder verläuft als in konventionell gehaltenen Tieren. Des 

Weiteren konnten in metagenomischen Datensätzen aus Proben des Ceacuminhalts signifikant 

unterschiedliche Indikatorspezies, genutzte Stoffwechselwege und Genfamilien identifiziert werden. 

Als nächstes wurden die Verbindungen der Indikatorspezies mit den aus metabolomischen Analysen 

identifizierten, signifikant unterschiedlich vorhandenen Lebermetaboliten untersucht. Daraus 

entstand die Frage ob die identifizierten Metabolite Spermidin, D-Ribose, D-Glucosamin, N-acetyl-D-

Glucosamin und Oxalat die Krankheitsentwicklung in EBA direkt beeinflussen können. In vitro konnte 

das entzündungshemmende Potential aller Metabolite festgestellt werden, da sie die ATP-, Stickoxid- 
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und TNFα Produktion in LPS-stimulierten RAW 264.7 Makrophagen reduzieren. Die 

vielversprechendsten Metabolite Spermidin und N-acetyl-D-Glucosamin wurden im EBA Mausmodell 

getestet und letzteres zeigte einen mildernden Trend in männlichen B6 Mäusen.  

Zusammenfassend zeigen diese Ergebnisse eine Korrelation zwischen dem mitochondrialen Genom 

und der Anzahl von γδ T-Zellen in der Haut. Außerdem heben sie die Bedeutung des Mikrobioms in 

Bezug auf den Krankheitsverlauf in EBA hervor und identifizierten vielversprechende Metabolite wie 

N-acetyl-D-Glucosamin, die als neue Therapieansätze für EBA dienen. 
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1 Introduction 

1.1 Mitochondria - Genome and function 

Mitochondria are important organelles of the animal cell. They are thought to originate from bacteria 

and therefore keep a bit of independence1. Mitochondria are called the powerhouse of the cell2, 

which describes their dominant role. They produce energy in form of ATP in dependence of oxygen, 

the so called aerobic respiration3. 

For the electron transport chain NADH and FADH2 are required, which are produced via the citric acid 

cycle or by glycolysis4. The electrons from the NADH and FADH2 are transferred to energy rich oxygen 

and protonic hydrogen (H+)3. This process is performed by NADH dehydrogenase, cytochrome c 

reductase and cytochrome c oxidase. The accumulated protons in the mitochondrial intermembrane 

space are utilized by the ATP synthase to phosphorylate ADP to ATP, fueled by the energy of the 

strong electrochemical gradient4. ATP/ADP translocase helps the ATP to leave the inner membrane, 

which then exits the outer membrane via porins5 Imbalance in the electron transport chain can cause 

in the formation of reactive oxygen species (ROS) such as superoxide which lead to oxidative stress 

and a decline in mitochondrial function6. 

Besides the energy supply mitochondria also possess other important functions such as signaling 

through reactive oxygen species7, calcium8 and hormones9–11. Additionally, they regulate the cellular 

metabolism, cellular differentiation, the cell cycle, cell growth and membrane potential4,12. Another 

important task is the programmed cell death including calcium-evoked apoptosis8,13,14. Moreover, 

mitochondria also function in heme synthesis reactions15, steroid synthesis16 and reporting the 

neuronal status towards the microglia in terms of cellular quality control17. And last but not least, 

mitochondria are essential for the function of the immune system18,19. For example in terms of T cell 

activation and differentiation, memory T cell formation, macrophage polarization and innate immune 

signaling response19–21. 

Mitochondria possess their own genome in form of a circular double-stranded DNA, which is in parts 

similar to bacterial genomes22. For humans the mitochondrial genome contains about 16 kilobases 

and encodes 37 genes23. Among these are 13 protein coding genes for the subunits of the respiratory 

complexes I, III, IV and V, 2 genes for 12S and 16S rRNA and 22 genes for tRNAs for each amino acid 

plus an extra gene for serine and leucine23–25. The mtDNA lacks introns24 and can be present in up to 

ten copies per mitochondrion26. Nevertheless, most proteins required for the mitochondrial function 

are encoded in the nuclear DNA of the cell and transported into the mitochondrion24. 

Replication of the mitochondria occurs through mitochondrial fission. The host cell tightly regulates 

this process which is mainly a response to the energy needs of the cell. Therefore, mitochondria 
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numbers differ between different cell types and are also randomly distributed during host cell 

division. The balance between mitochondrial fusion and fission dynamics is an important factor in 

several disease pathologies27–30. 

The mitochondrial genome was thought to be exclusively inherited by the mother as paternal 

mitochondria are ubiquitinylated for later destruction in the embryo31. Nevertheless, Luo et al. 

showed recently that biparental inheritance of mitochondria indeed occurs in humans in rare 

exceptions32,33. 

1.2 Role of mitochondria in diseases 

Playing a critical role in cell metabolism, mitochondrial dysfunction can cause diseases in every organ 

of the body34. Among these diseases are e.g., mitochondrial diseases35, cardiac dysfunction up to 

heart failure36,37, the onset of Alzheimer’s disease38, Parkinson’s disease39 and other 

neurodegenerative diseases40. But also mental health is affected by dysfunctional mitochondria as 

shown in attention-deficit/hyperactivity disorder41, autism42,43, bipolar disorder44, depression and 

schizophrenia45,46. 

In general, damaged mitochondria have the ability to be repaired47. Therefore, fusion of two 

malfunctioning mitochondria is required, then they reform and split again resulting in one functional 

mitochondrion and one that is damaged48. Dysfunctional mitochondria can also be transported away 

or accumulate and introduce programmed cell death34. Failures in repair, transport or destruction 

lead e.g. to the above-mentioned diseases.  

Another important factor for dysfunctional mitochondria is the production of reactive oxygen species 

(ROS). High levels of ROS can lead to oxidative stress which in turn damages cell structures and 

genetic information49. It was observed that an imbalance between antioxidant defenses and ROS 

production can interfere with cellular function e.g., in aging50. Additionally, mtDNA fragments that 

arise during mtDNA degradation by ROS damage can enter the cytosol of the cell and induce 

effective type I IFN production51–53. 

As mitochondria affect every cell of the human body their influence in complex diseases, especially in 

autoimmunity is critical. Further research to disentangle the influence of every single mitochondrial 

compartment is needed. 

1.3 Microbiome – general Overview 

The microbiome is a complex community of thousands of microorganisms such as bacteria, fungi and 

viruses that colonize different habitats such as skin, vagina, oral cavity and the gut54,55. The habitats 

are colonized after birth and differ in composition and abundance between location and 
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individuals54,55. The biggest community is the gut microbiome, consisting of over 1500 species and 

more than 50 phyla56,57. The most dominant phyla are Bacteroidetes and Firmicutes followed by 

Proteobacteria, Fusobacteria, Tenericutes, Actinobacteria and Verrucomicrobia58,59.  

The microbiome diversity and composition depend on several factors. Starting from the mode of 

delivery where infants harbor either vaginal or skin microbial communities60–62, breast feeding63 and 

aging64–70. But also other environmental factors such as the geographic location impacts the 

microbiome, probably because of different atmosphere, host genetics and lifestyles71–74. Lifestyle 

impacts can be e.g. smoking75,76 or how much exercise the individuum gets77. Another factor is usage 

of antibiotics, which will not only kill the harmful bacteria but also the commensals and therefore 

lead to dysbiosis78–80. Concentration and intake duration are a critical point to adjust antibiotic 

treatment81. 

One of the biggest impacts on the microbiome has diet. It can modulate the microbiota and their 

produced metabolites in a harmful or a useful direction82.The diet consumed mainly in Western 

society is rich on fats and proteins. This type of diet increases susceptibility to infection by reducing 

immunity and also increases the risk to develop metabolic diseases58. Correlating with a high fat and 

high protein diet is a suppression of Firmicutes and the abundance of bile tolerant species e.g. 

Bacteroides, Alistipes and Bilophila83,84. An essential food source on the other hand is dietary fiber 

consumption. It improves the intestinal barrier integrity85 and controls glucose levels to promote a 

healthier metabolic profile86. One additional sign of gut health is the fermentation of dietary fiber to 

short chain fatty acids (SCFAs). 

SCFAs such as acetate, propionate and butyrate are bioactive food components which can enter the 

colon and serve as an energy supply for intestinal epithelial cells as well as supporting the mucosal 

barrier integrity87–90. They are produced mainly by Firmicutes, Bacteroidetes and other anaerobic 

species, which increase in response to exercise91,92. SCFAs impact human health in different ways: 

Propionate and butyrate have anti-inflammatory properties as they prevent e.g. from allergic airway 

diseases93 or stimulate immune cells to produce cytokines94. Additionally, SCFAs have chemo-

preventive potential and can act as tumor suppressors95,96. Next, SCFAs also strengthen the blood 

brain barrier by increasing the production tight junction proteins97. All these effects are probably due 

to the fact that SCFAs are able to reduce the activity of histone deacetylase in several cells98. 

Consequently, disturbance of the microbiome especially when antagonistic to SCFA producing 

species will have pathogenic effects on the host99. 

Beside SCFAs the microbiome also produces other important metabolites. It produces e.g. vitamin B 

and K as well as biotin, cobalamin, nicotine, thiamine, riboflavin and therefore is essential in the 
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vitamin synthesis100. Additionally, the bacteria are able to produce bile acids as well as conjugated 

fatty acids and cholesterol for lipid digestion and cell signaling101. It was also shown that the gut 

microbiome can synthesize neurochemicals that lead to a crosstalk between gut, brain and central 

nervous system and therefore influences the mood and behavior of the host102–105. The microbial 

products influence the whole system of the host and is therefore an important factor for its health. 

Talking about health, the microbiome exhibits crucial functions for the host by counteracting 

pathogens through antimicrobial peptide production and immune system activation106,107. The 

immune system and the microbiome interact closely as it impacts the development and function of 

the immune system63,108–112. The immune system recognizes the microbiome through pattern 

recognition receptors such like Toll-like receptors or nucleotide-binding oligomerization 

domains113,114. These receptors can distinguish between microbe-associated molecular patterns 

(MAMPs) and pathogen-associated molecular patterns (PAMPs)115,116. Therefore, the microbiome is a 

critical factor in the balance of health and disease. 

1.4 Role of microbiome in diseases 

Lately, the importance of commensals in several disease pathologies including autoimmune diseases, 

has come into focus. The microbiome and the host form a complex symbiosis. Changes in this 

concept leading to dysbiosis have detrimental effects on both parts as dysbiosis is associated with 

several diseases such as gastrointestinal, metabolic, oncologic, neurologic, psychologic and immune 

related diseases59,117. 

The microbiome can contribute to disease development in different ways. Examples for diseases 

associated with microbial dysbiosis are Irritable bowel disease118, Inflammatory bowel diseases119,120, 

obesity and type 2 diabetes121–123, cardiovascular diseases124, asthma and allergic diseases125–127, 

psoriasis and atopic dermatitis128, and autistic spectrum disorders129. Additionally, changes in the 

metabolism and function of the microbiota can promote diseases as shown in liver disease130, 

obesity131, cardiovascular diseases123,132 or in the case of Staphylococcus epidermidis, which can 

switch its metabolism from a friendly to an inflammation promoting state133–136. Furthermore, the 

microbiome is able to regulate aspects of the immune system e.g., through high amounts of LPS that 

trigger cytokine expression, promoting antimicrobial peptide production or decreasing the barrier 

integrity of the respective surface117,137–139. This interference can be seen in type 1 diabetes140, 

psoriasis141–143, anxiety144, depression145 and Alzheimer’s disease59,146. And last but not least also 

single bacteria strains can have detrimental effects as seen in the carcinogenic properties of 

Helicobacter pylori or Fusobacterium nucleatum147,148. They produce compounds that are either 

harmful to host DNA or create a pro-inflammatory environment which enhances tumor 

development149. So the capacity of disease promotion depends on the host’s genetic predisposition, 
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the state of activation of the immune system, the localization of the microbe an the presence of 

other commensal and/or pathogenic microbes150. 

The microbiome can also be used as a therapeutic target. There are three different possibilities yet: 

Probiotics and prebiotics, fecal microbiota transplantations (FMTs) and phage therapy59. 

Probiotics are living bacteria such as Lactobacillus or Bifidobacteria that were shown to improve 

health in individuals when taken151,152. These bacteria produce SCFAs which lower the pH, can 

synthesize B and K vitamins, show antimicrobial activity against pathogens and stimulate the immune 

system of the host153,154. Diseases treated with probiotics are obesity, urinary tract infections, 

diarrhea, irritable bowel syndrome, cardiovascular diseases, diabetes, depression and anxiety155–158. 

Probiotics can also be given as prevention for dysbiosis e.g., in antibiotic therapy or long stress 

situations59,159.  Prebiotics are microbial products or other selected metabolites that modulate the 

function and organization of the gut microbiome to improve health160. They can strengthen the 

mucosal barrier, increase the host immunity or act as growth inhibitor for pathogens161. 

The principle of FMTs is to restore the dysfunctional and disturbed gut microbiome of patients by 

transplanting the fecal bacterial communities of healthy donors162. This therapy approach was 

already tested in diseases such as diarrhea, IBD, obesity, insulin resistance, metabolic syndrome, 

colon cancer, neuropsychiatric conditions, autism and Parkinson’s disease59,163–167. One big 

disadvantage of this method is the hard to predict safety of the transferred microbiome due to its 

complexity168,169. Furthermore, it was shown in several studies that phenotypes can be transplanted 

with the microbiome e.g., insulin resistance, obesity, cardiovascular diseases, metabolic syndromes 

and depression108,170–174. 

For phage therapy small viruses, bacteriophages, are used that attach to bacterial cells and infect 

them175. The infected cells are unable to reproduce and instead help to increase the amount of 

phages175. Phages have a big therapeutic potential as they are very specific in their target bacteria 

and therefore, can be used not only as antimicrobial agent but also for modulation purposes of the 

microbiome176. Nevertheless, the dose and timing of the phage treatment is still under investigation 

as the amplification rate of the phages is not constant and the hosts immune response also interferes 

with the treatment outcome177. 

1.5 Autoimmune skin blistering diseases 

As for other autoimmune diseases the etiology for autoimmune blistering diseases (AIBSs) is 

multifactorial. Trigger factors are the environment as well as age, gender, ethnicity and genetics of 

the patients178. Yet, compared to other autoimmune diseases like rheumatoid arthritis AIBDs 

incidence is still rare but nevertheless potentially fatal178. AIBD patients produce autoantibodies 
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targeting molecules in the dermal-epidermal junctions or the epidermis itself. Antibody binding leads 

to subsequent loss of cell-matrix and cell-cell contact and the inflammation develops in form of 

erosion and blister formation179,180. According to their antigen location AIBDs can be divided into 

pemphigus and pemphigoid diseases. 

Pemphigus diseases are described by targeting intraepidermal molecules. Those molecules are most 

of the time desmogleins 1 or 3, which are respectively expressed in the upper or lower layer of the 

epidermis178,181,182. Degradation of these structures leads to intraepidermal blister formation178. Most 

prominent pemphigus diseases accounting for nearly 90% of all cases are pemphigus vulgaris (PV) 

and pemphigus foliaceus(PF)178. Interestingly, the incidence of pemphigus diseases differs between 

populations with PV being more prevalent in Western populations and PF in South America and 

Northern Africa183. 

Pemphigoid diseases are described by antibodies targeting molecules in the dermal epidermal 

junctions. The subsequent inflammation in the dermal epidermal junctions results in the degradation 

of anchoring fibrils and filaments and next to subepidermal blister formation178. The most common 

pemphigoid disease in Central Europe is bullous pemphigoid (BP). Inflammatory cell infiltration as 

well as subepidermal blistering is characteristic for this disease178,180. The target proteins of BP are 

bullous pemphigoid antigen (BPAG) 1 and BPAG 2 (type XVII collagen), which are mostly bound by 

IgG and IgA184–186. 

Different treatment strategies exist for AIBDs. Starting from corticosteroids, both topical and 

systemic supplied187,188, immunosuppressant drugs such as azathioprine, dapsone, doxycycline, 

methotrexate, or mycophenolate mofetil189, anti-inflammatory drugs like tetracycline antibiotics and 

niacinamide190,191 up to biologic therapy approaches with intravenous immunoglobulins or the 

adjuvant rituximab192,193. Nevertheless, treatment of AIBD patients is challenging not only because of 

severe side effects of the drugs but also because only a minority achieve clinical remission189. 

1.6 Epidermolysis bullosa acquisita 

Epidermolysis bullosa acquisita (EBA) belongs to the pemphigoid diseases and is characterized by 

autoantibodies against the anchoring fibril type VII collagen194. The incidence of EBA is comparably 

rare with 0.2-0.5 cases per million/year and usually develops in adulthood194,195. EBA can be divided 

into two subtypes: the mechanobullous EBA characterized by skin fragility, scarring, 

noninflammatory tense bullae and the formation of milia, and the inflammatory EBA which is 

reminiscent of BP or other subepithelial AIBDs179,195. 

EBA is characterized by autoantibodies against type VII collagen a major component of anchoring 

fibrils196,197. These antibodies can be detected in serum of EBA patients198, with direct 
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immunofluorescence microscopy of perilesional skin199–202 and ELISA203. Type VII collagen has major 

antigenic epitopes, which are located in the noncollagenous (NC)1 domain, responsible for 

maintaining the structural integrity of the dermal epidermal junctions195,204. In EBA patients the 

number of these anchoring fibrils is reduced, explaining the skin fragility and bullous formation205,206. 

In theory, autoimmunity against type VII collagen could be influenced by the MHC locus HLA-DR2 

which is associated genetic factor in the disease onset179,207. 

EBA often co-occurs together with other diseases such as systemic lupus erythematosus, rheumatoid 

arthritis, diabetes, amyloidosis, multiple endocrinopathy syndrome, pulmonary fibrosis, thyroiditis, 

chronic lymphocytic leukemia and thymoma208. Most common is the association with inflammatory 

bowel disease (IBD)204. A potential link between these disease is the presence of type VII collagen in 

the colon and the presence of antibodies against type VII collagen in some IBD patients195,209–211. 

More studies are needed to elucidate the relationship between IBD and EBA. 

Optimal treatment approaches for EBA are lacking as the disease is difficult to treat and so rare that 

it is hard to get enough patients for randomized therapeutic trials212. So, to examine the 

pathogenicity of type VII collagen antibodies as well es the route of inflammation and possible 

therapy approaches passive transfer studies in animals were developed213–215. Briefly, rabbits were 

injected with murine type VII collagen and produce antibodies (IgG) against it. These antibodies were 

extracted from the serum and injected subcutaneously in the mice, which subsequently develop skin 

lesions comparable to EBA in humans214. Thus, this animal model is perfectly suited to examine the 

disease and try out new therapy approaches. 

1.7 B6-mtFVB mouse strain in EBA 

Genetic predisposition of the host is an important factor in the development of AIBDs. To investigate 

the influence of specific genes, especially in the mtDNA, Yu et al. generated conplastic mouse 

strains216. One of these strains is the B6-mtFVB mouse strain, which harbors the nuclear genome of the 

common lab strain B6 and the mitochondrial genome of FVB mice (Figure 1). This mitochondrial 

genome has three polymorphisms compared to wild type B6 mice (Table 1): An insertion in the mt-Tr 

repeat, a non-synonymous substitution in the mt-Nd3 gene, and a synonymous substitution in the 

mt-Atp8 gene from Aspartate to Tyrosine. 

 



 

8 
 

 

Figure 1: Schematic description of conplastic mouse line B6-mtFVB. The conplastic mouse line B6-mtFVB carries the nuclear 
genome of the B6 mice and the mitochondrial genome of the FVB mouse strain. 

 

Table 1: mtDNA polymorphisms in B6 and B6-mtFVB mice. Substitutions occur non-synonymously in the mt-Atp8 gene, 
synonymously in the mt-Nd3 gene; and in the mitochondrial arginine-tRNA. Asp: Aspartate; Met: Methionine; Tyr: Tyrosine; 
mtXXXX: position of the nucleotides in the mtDNA. 

Gene 

Nucleotide differences 

Consequence Position of the mutation C57BL/6J 

(B6) 

C57BL/6J-mtFVB/NJ (B6-mtFVB) 

mt-Atp8 mt7778 G T Asp → Tyr 

mt-Nd3 mt9461 C T Met → Met 

mt-Tr mt9821 8A 9A - 

 

The polymorphism in the mitochondrial encoded ATP synthase 8 gene is of special interest as it was 

shown to play a role in endotoxic liver failure217, aggravate diet-induced non-alcoholic steatohepatitis 

(NASH)218, diabetes219, anxiety220 and Alzheimer’s disease221. Additionally, it was shown that 

susceptibility to bullous pemphigoid in a German cohort is associated with mt-Atp8 gene222. 

Following these results, Schilf et al. performed the experimental induced EBA mouse model in wild 

type B6 and B6-mtFVB mice and could show that the conplastic mice develop significantly less disease. 

(Figure 2)223. 
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1.8 Microbiome of B6-mtFVB mice 

Besides the interesting disease results the skin and gut microbiome of B6 and B6-mtFVB mice was 

analyzed using 16S rRNA sequencing224. It could be shown that both the skin and the gut microbiome 

have a significant different beta diversity compared to wild type mice (Figure 3)224. 

 

 

 

 

 

 

 

Following these results, the microbiome went in focus of interest. Therefore, a targeted metabolomic 

analysis of bacterial produced SCFAs in liver, skin lymph nodes and thymus was performed. It was 

shown, that levels of Propionyl-L-carnitine are increased in tissues of B6-mtFVB mice compared to B6 

mice, whereas levels for butyrate and acetate are similar or decreased in tissues of conplastic mice 

Figure 2: Disease development of passive induced Epidermolysis bullosa acquisita in B6 and B6-mtFVB mice. B6-mtFVB mice 
(red) develop significantly less disease compared to wild type B6 mice (black). (Two Way ANOVA*** p<0.001, ** p<0.01. 
n = 17 males (B6), 20 males (B6-mtFVB)). Schilf et al. 2021223 

 

B) A) 

Figure 3: Beta diversities of microbial communities from A) gut and B) skin microbiome. Bacterial DNA was 
extracted for 16SrRNA amplicon next generation sequencing. Hirose et al. 2017.224 
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(Figure 4 A-C)223. Propionate was already shown to have anti-inflammatory properties as it 

suppresses colonic inflammation225, decreases immune response to microbial stimulation226, protects 

from allergic airway inflammation93 and improves insulin sensitivity in obese mice227. Treating wild 

type mice with propionate during the passive EBA model lead to a milder disease development, 

whereas butyrate had no effect (Figure 4 D)223. 

 

1.9 Objective 

This study aims to investigate three objectives: First, whether the mitochondrial mutation alone 

influences the disease outcome. Therefore, the influence of the mitochondrial mutation on skin, gut 

and immune tissues in terms of immune cell composition, cytokine expression and gut permeability 

changes is analyzed. 

Second aim is to what extend the microbiome alone influences the disease outcome by comparing 

the EBA development of germ-free and conventional housed B6 mice. Furthermore, to identify 

potential microbial species and/or metabolites that drive the disease outcome with the help of 

metabolomics from liver and shotgun metagenomics of cecum content. 

Third, examining the anti-inflammatory potential of the identified metabolites in vitro with assays in 

RAW 264.7 cell macrophages and in the disease setting. 
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D) 

C) 

Figure 4: Propionate levels are increase in B6-mtFVB tissues and propionate 
treatment mitigates EBA disease severity. Targeted metabolomics analysis 
were used to identify levels of A) Acetyl-L-carnitine, B) Propionyl-L-carnitine 
and C) Butyryl-L-carnitine of B6 (black) and B6-mtFVB mice (red). D) B6 mice 
were injected with pathogenic IgG and in parallel treated with SCFAs (yellow: 
butyrate or red: propionate). Propionate-treated EBA mice showed 
significantly reduced disease severity compared to those treated with PBS. 
Two-way ANOVA (*p<0.05). Schilf et al 2021.223 
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2 Methods 

2.1 Mouse strains and growth conditions 

Two mouse strains were used for the experiments: The C57BL/6J (B6) strain from Jackson laboratory 

(Bar Harbor, ME, USA) and the conplastic mouse strain C57BL/6J-mtFVB/NJ (B6-mtFVB) from Yu et al. 

(2009)216. Both mouse strains were bred and housed in the animal facility of the University of Lübeck. 

They have food and water available ad libitum and live in a stable light-dark cycle as well as 

controlled temperature and humidity. All mice are checked daily by the animal care takers.  

All performed experiments were permitted by the ethical committee of the ministry of energy 

transition, agriculture, environment, nature and digitalization (MELUND) of Schleswig-Holstein and 

follow the guidelines of animal welfare. 

2.1.1 Germ-free mice  
Some experiments were performed in the germ-free mouse facility of the Max Planck Institute of 

Evolutionary Biology in Plön. B6 and B6-mtFVB mice lived under germ-free conditions in isolators. 

Lines were introduced via hysterectomy and raised by germ-free foster mothers. Everything entering 

the isolator was autoclaved and or incubated for 1 hour in 3% peracetic acid for decontamination. 

2.2 Cryotome sections of skin tissue 

Hair was shaved from the backs of the mice and the naked dorsal skin was taken for further analysis. 

The tissue was snap frozen in liquid nitrogen and stored at -80° C until further procedure. Then the 

tissue was positioned in a Tissue-Tek Cryomold Intermediate plastic using forceps and Tissue-Tek 

O.C.T. Compound was added to the tissue inside the –20° C cold cryotome chamber. After the 

compound was frozen, 6 µm thick sections were performed with the cryotome. The sections were 

directly put on microscopy slides and quality checked under the microscope. Then the microscopy 

slides were stored at -20° C. 

2.3 Immunohistochemistry of skin sections 

The prepared microscopy slides with cryo sections from 2.2 were incubated for 10 min at room 

temperature. Afterwards the sections were fixed on the slides due to 10 min incubation in cold 

Acetone at 4° C. To get rid of the remaining Tissue Tek residues and Acetone the slides were washed 

three times for 5 min in TBST (50 mM Tris, 150 mM NaCl, 0.05 % Tween 20, pH 7.6) and then circled 

with a hydrophobic Dako pen. At next the samples were blocked for 45 min at room temperature 

with TBS (50 mM Tris, 150 mM NaCl) with 3 % Biotin free BSA. Then the primary Biotin anti mouse 

CD3ε antibody (BioLegend, #100304, 1:100 in TBS) or the isotype control Biotin Armenian Hamster 

IgG (BioLegend, #400904, 1:100 in TBS) was applied and incubated for 1 h at room temperature, 

followed by 3 washing steps in TBST buffer for 5 min each. Then the fluorophore Streptavidin Dylight 
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594 (Thermo Scientific, #21842, 1:200 in TBS) was coupled for 30 min at room temperature in 

darkness, followed by 3 washing steps in TBST buffer for 10 min each. At a next step the Biotin anti-

mouse TCR γ/δ antibody (BioLegend, #118103, 1:100 in TBS) or its isotype control Armenian Hamster 

IgG was applied and incubated for 1 h at room temperature, followed by 3 washing steps with TBST 

buffer for 5 min each. Afterwards the second fluorophore Streptavidin Dylight 488 (Thermo 

Scientific, #21842, 1:200 in TBS) was coupled for 30 min at room temperature, followed by 3 washing 

steps with TBST buffer for 10 min each. At last step the cover slip was mounted with DAPI and slides 

should be stored at 4° C in the dark. Analysis was done with Keyence BZ-9000E fluorescence 

microscope (Keyence Deutschland GmbH, Germany) and ImageJ software. 

2.4 Generation and isolation of pathogenic IgG 

2.4.1 Isolation of total IgG via affinity purification 

To generate antibodies against murine collagen VII, rabbits were injected with murine collagen VII. 

Rabbit serum was collected and purified with protein G resin affinity chromatography. Briefly, 5 ml of 

protein G resin was incubated with 100 ml rabbit serum for 1 hour at 4°C to bind the Fc region of the 

IgG. PBS was used to wash out the free proteins followed by the elution of the IgG fraction with 

0.1 M glycine buffer (pH 2.8). At a next step, 1 M Tris-base (pH > 9) was used to neutralize the 

fraction. The solution was exchanged with PBS over night at 4°C and concentrated with 30.000 Da 

filter pore sized Amicon centrifugation tubes (Merck Millipore, Germany). The final concentration 

was adjusted to 25 mg/ml IgG. 

2.4.2 Titer determination of isolated total IgG 

To determine the titer of the isolated total IgG serial dilutions were prepared (1:5.000; 1:10.000; 

1:20.000; 1:30.000; 1:40.000; 1:50.000). These dilutions were tested on their binding efficiency on 

cryo-embedded mouse tail sections. The sections were thawed and washed with PBS. Then each 

section was circled with a wax pen and 50-100 µl of the antibody dilutions were added on top. Next, 

the slides were incubated for 1 hour in a wet box at 4°C. After washing the sections twice with PBS 

for 10 minutes 50 µl of 1:100 diluted swine anti-rabbit – FITC conjugated IgG/F(ab)2 antibody 

(Southern Biotech, # 6311-02, USA) were added to each section and incubated again at 4°C for 1 hour 

in a wet box. The slides were washed again 2 times with PBS for 10 minutes in the dark followed by 

liquid removal and mounting with 50% glycerol/PBS. The IgG titer was determined by using a 

Keyence BZ-9000E fluorescence microscope (Keyence Deutschland GmbH, Germany) to detect the 

green fluorescence limit at the dermal-epidermal junctions. Experience wise, a titer of 1:30.000 is 

wanted. 
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2.5 Antibody-transfer induced EBA 

Mice were injected subcutaneously in the neck with 3 mg total IgG on day 0 and 2. On day 2, 4, 7, 10 

and 14 mice are scored under anesthesia (10 mg/ml Ketamine and 1.5 mg/ml Xylazine). Therefore, 

the mice were weighed, and the affected body surface area was evaluated according to the 

formation of erythema, crusts, alopecia and erosion. Animals were sacrificed on day 14 by cervical 

dislocation to sample organs for further analysis. 

2.6 Flow Cytometry 

Single cell suspensions of different tissues such as blood, spleen or skin can be used for flow 

cytometric analysis. Cells are filtered with a 70 µm strainer and washed in PBS with 10 mM EDTA. 

Next, the cells are stained with Zombie Violet Dye (1:1000) for Live/Dead staining (BioLegend, 

#423113, USA) and incubate 30 minutes at room temperature. Afterwards 1:10 FcR Blocking Reagent 

(MACS Miltenyi, #130-092-575, Germany) was added and the cells incubate again for 10 min at 4°C. 

At a last step the antibodies of interest were added (Table 2) and incubated on ice for 20 minutes in 

the dark. Next all samples were washed with FACS buffer (2% FCS in PBS) and checked with Life 

technology Attune Nxt acoustic focusing cytometer (Thermo Fisher Scientific, USA). Data was 

analyzed using the FlowJo software. 

Table 2: Flow cytometry antibodies 

Target Clone Tag 

B220 (CD45R) RA3-6B2 APC 

CD3 17A2 APC-Cy7 

CD3 17A2 FITC 

CD4 RM4-5 APC 

CD8a 53-6.7 FITC 

CD11b M1/70 FITC 

CD11c N418 BV605 

CD45 30-F11 PE 

F4/80 BM8 APC-Cy7 

γδTCR GL3 APC 

Langerin (CD207) 4C7 APC 

Ly-6C HK1.4 BV605 

Ly-6G 1A8 FITC 

Zombie Violet Dye Life/dead staining Pacific Blue 

 

2.7 Cell viability Assay 

The procedure follows the protocol of the CellTiter-Glo® Luminescent Cell Viability Assay (Promega, 

#G7571, USA). Briefly, cells were stimulated and incubated over night at 37°C (20.000 cells per well in 

100 µl media) in an opaque-walled 96-well plate. After incubation equilibrate the plate to room 

temperature and add an equal volume of CellTiter-Glo® Reagent to the cells and mix. After 10 
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minutes incubation at room temperature for luminescent signal stabilization luminescence can be 

recorded with a TECAN infinite M200 Pro plate reader (Tecan Group, Switzerland). It is 

recommended to use a standard curve of known ATP concentrations to evaluate the viability in the 

tested wells. 

2.8 Nitric Oxide Production Assay 

The Griess assay by Koo et al.228 was used to detect the nitric oxide levels in culture supernatants. 

Briefly, cells were cultured over night with the respective treatment at 37°C (20.000 cells per well in 

100 µl media). Next, 50 µl of culture supernatants were transferred to flat bottomed 96-well plate 

and incubated with 50 µl 1% sulfanilamide in 5% phosphoric acid for 5 minutes room temperature. 

Afterwards 50 µl 0.1% N-(1-napthyl) ethylenediamine dihydrochloride (Sigma Aldrich, USA) were 

added and incubated again for 5 minutes at room temperature. The absorbance was measured using 

a TECAN infinite M200 Pro plate reader (Tecan Group, Switzerland) at wavelength 550 nm and 

subtracting the reference wavelength at 650 nm. To determine the nitric oxide values a standard 

curve ranging from 0 to 50 µM sodium nitrite is recommended. 

2.9 Cytotoxicity Assay 

The experiment follows the protocol of the Pierce LDH Cytotoxicity Assay Kit (Thermo Scientific, 

#13464269, USA). To perform the cytotoxicity assay, 50 µl of cell culture supernatant will be 

transferred to a fresh flat bottomed 96-well plate. Optimum cell number for RAW 264.7 

macrophages is 20.000 cells per well. As a control, untreated cells of the same experiment will be 

incubated with Lysis Buffer for 45 minutes at 37°C and then 50 µl supernatant were taken as well. 

Then 50 µl Substrate mix is added to the supernatants and the plate is incubated for 30 min at room 

temperature in the dark. Afterwards 50 µl Stop solution is added and to the supernatants and 

absorbance is measured in a TECAN infinite M200 Pro plate reader (Tecan Group, Switzerland) at 

490 nm and 680 nm. The percentage of cytotoxicity will be calculated first by subtracting the 

background 680 nm absorbance value from the 490 nm absorbance value and second by the 

following formula: (Compound-treated LDH activity – Spontaneous LDH activity)/(Maximum LDH 

activity – Spontaneous LDH activity) *100. 

2.10 Isolation of intestinal crypts for organoid culture 

The protocol follows the procedure by Sato et al.229 . Briefly, mice were sacrificed and cut open. The 

whole gut was removed from the body and the first 20 cm small intestine proximal from the stomach 

were taken into cold PBS. Next, the fat tissue and the stool were removed, the gut was opened 

longitudinally and flushed three times with cold PBS. Cut the small intestine into small pieces and 

wash it 15-20 times with 15 ml cold PBS until the buffer appears clear. The supernatant was removed 
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and the tissue was incubated in 25 ml Gentle Cell Dissociation reagent (Stemcell™ Technologies, 

#100-0485, Canada) for 15 minutes on a rocking platform at room temperature. After discarding the 

supernatant tissue was suspended in 10 ml PBS + 0.1% BSA. After tissue has settled down the 

supernatant was taken and filtered through a 70 µm strainer. The filtrate is labeled “Fraction 1”. This 

step is repeated to create fractions 2-4. Next, all fractions were centrifuged for 5 min at 290 xg at 4°C 

and the supernatant discarded. The pellet was resuspended in 10 ml cold PBS + 0.1% BSA and 

transferred into a 15 ml tube followed by a second centrifugation step for 5 minutes at 200 xg at 4°C. 

After discarding the supernatant, the crypts were resuspended in 10 ml cold DMEM/F-12 (with 

15 mM HEPES) media (Stemcell™ Technologies, #36254, Canada). 1 ml of each fraction was used in a 

6-well plate and checked under the microscope for the amount of crypts. The fraction with the most 

crypts was chosen and 10 µl were counted in a Neubauer counting chamber (Note: the complete 

area was counted) to determine the amount of crypts per ml. Next, the amount for 1500 and 3000 

crypts were calculated, transferred to fresh tubes and centrifuged again for 5 minutes at 200 xg at 

4°C. As much supernatant as possible is discarded and resuspended in 100 µl fully prepared 

IntestiCult™ Organoid Growth Medium (Mouse) (Stemcell™ Technologies, #06005, Canada). Also 

100 µl thawed Corning®Matrigel®Matrix (Corning, #356231, USA) were added and mixed carefully to 

avoid bubble formation. 50 µl of the mix were pipetted in the middle of a 24-well plate well to create 

a dome, 4 wells per concentration. The plate was incubated for 10 minutes at 37°C to set the 

Matrigel and then carefully 750 µl of fully prepared organoid growth media (Stemcell™ Technologies, 

#06005, Canada) were added around the dome. Empty wells were filled with PBS to avoid 

dehydration and the plate was incubated at 37°C and 5% CO2. Media was changed twice per week 

and after 7-10 days the organoids are mature enough for further applications. 

2.11 qPCR of tight junction proteins and cytokines 

2.11.1 RNA isolation 

For RNA isolation the innuPREP RNA MiniKit 2.0 (Analytik Jena, #845-KS-2040050, Germany) was 

used. To isolate RNA from tissue, samples were frozen in liquid nitrogen and mashed with a spatula. 

This procedure is repeated 2-3 times. Next, 450 µl Lysis Buffer were added and the samples were 

frozen and mashed again several times until the solution appears vicious.  200 µl Lysis Buffer were 

added and the samples were centrifuged for 1 minute at high speed. The supernatant was 

transferred to blue Spin Filter D column. Next, the samples were centrifuged again for 2 min at 

12.000 rpm. An equal amount of 70 % Ethanol was added to the flow through and pipetted up and 

down until the RNA is visible. The solution was transferred onto a purple Spin Filter R column and 

centrifuged again for 2 min at 12.000 rpm. The flow through was discarded and 75 µl DNase I Mix 

(ThermoScientific, #10649890, USA) was added to the membrane of the column and incubated at 
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room temperature for 15 min. Then, 500 µl Wash buffer HS was added to the column membrane and 

centrifuged for 2 min at 12.000 rpm. The flow through was discarded, 700 µl Wash buffer LS and 

centrifuged again for 2 min at 12.000 rpm. The flow through was discarded and the empty column 

was centrifuged again for 2 min at 12.000 rpm to dry the membrane. Next, 60 µl of DNase and RNase 

free water were added on the membrane and incubated for 5 min at room temperature. Last, the 

samples were centrifuged again for 1 min at 8.000 rpm and the purity and concentration of the flow 

through was measured with a NanoDrop 2000c (ThermoScientific, USA). 

2.11.2 cDNA synthesis 

For cDNA synthesis the First strand cDNA Synthesis kit (Thermo Scientific, #K1612, USA) was used. 

Briefly, 2 µg RNA in 10 µl volume were used. 1 µl Oligo Prime T18 was added and the mixture was 

incubated for 5 min at 65°C. Then, the Mastermix (4 µl 5x Buffer, 0.5 µl Ribolock (40 U/µl), 2 µl dNTP-

mix (10 mM), 2 µl M-Mulu-RT (20 U/µl), 0.5 µl H2O) was added to the RNA up to total volume of 20 µl 

and incubated for 1 hour at 37°C and afterwards for inactivation 5 min at 70°C. 80 µl H2O was added 

to the samples and stored at -20°C. 

2.11.3 quantitative real time PCR 

The quantitative real time PCR was performed as follows: Maxima Sybr Green qPCR Master 

(ThermoFisher, #K0221, USA) was used as a standardized master mix. The primer (Table 3) were 

diluted 1:10 with H2O (10 µl primer for + 10 µl primer rev + 80 µl H2O). 2 µl cDNA were used per well 

in triplicates. Then, 5 µl Sybr Green, 0.4 µl Primer mix (10 µM) and 2.6 µl H2O were mixed and added 

to each well. Next, the 96-well plate was sealed with a clear foil and quickly centrifuged to make sure 

all ingredients are at the bottom of the well. Then the 96-well plate was placed into the Mastercycler 

ep realplex 2 qPCR machine (Eppendorf, Germany) and the following program was turned on: 10 min 

at 95°C; then 40 cycles of 15 sec at 95°C, 30 sec at 60°C and 30 sec at 72°C; then for the melting curve 

15 sec at 95°C, 15 sec at 60°C and 15 sec at 95°C. The data was analyzed using the 2ΔCT method. 

Table 3: qPCR primer. Each sequence is written from 5’to 3’. 

Primer name Primer sequence 

β-Actin for CACTGTCGAGTCGCGTCC 

β-Actin rev CGCAGCGATATCGTCATCCA 

Claudin-1 for TCCTTGCTGAACTTGAACA 

Claudin-1 rev AGCCATCCACTACTTCTG 

Claudin-2 for TATGTTGGTGCCAGCATTGT 

Claudin-2 rev TCATGCCCACCACAGAGATA 

Claudin-4 for TCGTGGGTGCTCTGGGGATGCTTC 

Claudin-4 rev GCGGATGACGTTGTGAGCGGTC 

Claudin-15 for GCTTCTTCATGTCAGCCCTG 

Claudin-15 rev TTCTTGGAGAGATCCATGTTGC 

Occludin for CCTCCAATGGCAAAGTGAAT 
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Occludin rev CTCCCCACCTGTCGTGTAGT 

ZO-1 for CCACCTCTGTCCAGCTCTTC 

ZO-1 rev CACCGGAGTGATGGTTTTCT 

Defα-22-for AGCAGCCAGGGGAAGAG 

Defα-22-rev CCTCTATTGCAGCGACGT 

IL-1β for CTTCCAGGATGAGGACATGA 

IL-1β rev CACACCAGCAGGTTATCATCATC 

IL-6 for CTCCCAACAGACCTGTCTATAC 

IL-6 rev GTGCATCATCGTTGTTCATAC 

IL-8/KC for TGAGAGTGATTGAGAGTGGACCA 

IL-8/KC rev TCAGCCCTCTTCAAAAACTTCTCC 

IL-10 for TCCCTGGGTGAGAAGCTGAAG 

IL-10 rev CACCTGCTCCACTGCCTTG 

TNFα for CTGTAGCCCACGTCGTAGC 

TNFα rev TTGAGATCCATGCCGTTG 

GLP1 for GGCACATTCACCAGCGACTACA 

GLP1 rev GCCCTCCAAGTAAGAACTCACATC 

GLP1R for TCAGAGACGGTGCAGAAATG 

GLP1R rev CAGCTGACATTCACGAAGGA 

B2M for GCTATCCAGAAAACCCCTCAA 

B2M rev CATGTCTCGATCCCAGTAGACGGT 

Beclin for AATCTAAGGAGTTGCCGTTATAC 

Beclin rev CCAGTGTCTTCAATCTTGCC 

Lysozym-1 for GCCAAGGTCTACAATCGTTGTGAGTTG 

Lysozym-1 rev CAGTCAGCCAGCTTGACACCACG 

 

2.12 Protein Immunoblot analysis 

2.12.1 Stimulation of organoids 

Crypts from small intestines of B6 and B6-mtFVB mice were harvested according to 2.10 and let 

develop into mature organoids within 7 days. Then the organoids were counted and stimulated for 

48 h with or without 10 ng/ml IFNγ in organoid growth medium. 

2.12.2 Protein isolation 

To isolate proteins from organoids the crypts were harvested by pipetting up and down the media in 

the well to destroy the Matrigel dome. Then rinse the well with 500 µl PBS. Centrifuge the tubes and 

discard the supernatant. Mix 100 µl RIPA buffer (150 mM NaCl, 50 mM Tris-HCl (pH 7.4), 1mM EDTA, 

1% Na-deoxycholate, 1% NP-40. 0.1% SDS, sterile-filtered) and 1 µl Protease Inhibitor Cocktail Set III 

(Merck Millipore, #535140, USA) and add 30 µl to each crypt pellet and resuspend. Incubate 30 min 

on ice. Centrifuge 15 min at 12.000 xg at 4°C. 

To determine the protein concentration a BCA assay (Pierce BCA Protein Assay kit, Thermo Scientific, 

#23227, USA) was performed. All samples were measured in duplicates and with 1:10 dilution in a 

96-well plate. Briefly, 25 µl protein standard or 2.5 µl sample plus 22.5 µl H2O were added to a 96-
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well plate. Add 200 µl WR Solution to each well and pipette up and down. Incubate 30 min at 37°C 

and measure absorbance at 592 nm with a TECAN infinite M200 Pro plate reader (Tecan Group, 

Switzerland). 

2.12.3 SDS-PAGE 

To purify the wanted proteins an SDS-PAGE was performed. Therefore, a MOPS running buffer was 

prepared basically by mixing one bag of TRIS-MOPS-SDS Running Buffer Powder (GenScript, 

#M00138, USA) with 1 L Aqua dest.. 20 – 40 µg protein were used per sample and run in a final 

volume of 20 µl. SDS is added in 1:5 ratio. The mix was incubated for 5 min at 95°C. Ready-to-use 

ExpressPlus™PAGE gels (GenScript, #M41212, USA) were used, which were fixed in the BIO-RAD 

Mini-PROTEAN Tetra System electrophorese chamber (BIO-RAD Laboratories, USA) and filled with 

MOPS-buffer. 7 µl Spectra™ Multicolor Broad Range Protein Ladder (Thermo Scientific, #26634, USA) 

was used as well as 20 µl sample mix. The electrophoresis was started with 120 V and 84 mA for 60-

90 min. 

2.12.4 Western Blot 

To plot the SDS-PAGE gel an Amersham™ Protran® Premium Western-Blotting-Membrane, 

Nitrocellulose (Amersham GE Healthcare Life Science, #10600006, United Kingdom) was used and cut  

in the size of the gel and put in box with a filter paper underneath and on top. Then 50 µl ELPHO-

buffer (5 ml ELPHO Buffer 10x (15.3 g Tris, 72 g Glycine, 5 g SDS in 500 ml, pH 8.4), 10 ml Methanol, 

35 ml H2O) were added on top to soak the membrane and everything was incubated at 4°C until use. 

To plot the gel a Trans-Blot Turbo Transfer System (BIO-RAD Laboratories, USA) was used. The 

cassette was filled as follows: filter paper, membrane, SDS-gel, filter paper. Air bubbles were 

carefully removed with a roller and the cassette was put in the machine. The standard program with 

25 V for 30 min was used. 

Next, 4 % milk (nonfat dried milk powder, AppliChem, #A0830.1000, Germany) in TBST buffer was 

prepared. The membrane was put into a 50 ml Falcon tube, 3 ml milk were added and the whole mix 

was incubated for 1 h on a rocking platform at room temperature. Then the milk was discarded and 

the 1st antibody (Table 4) in 1:1000 dilution in TBST with 4% BSA was added to the membrane and 

incubated overnight on a rocking platform at 4°C. 

Next, the membrane was washed 3 times in TBST for 15 min each on a rocking platform at room 

temperature. Then, the 2nd antibody Polyclonal Goat Anti-Rabbit Immunoglobulins HRP (Agilent, USA) 

was added in a 1:4000 dilution in milk and incubated for 1 h on a rocking platform at room 

temperature. The membrane was washed 3 times with TBST for 15 min each on a rocking platform at 

room temperature. Next, the blot was developed by mixing 1:1 Peroxide Solution with Luminol 
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Reagent from the Immobilon Western Chemiluminescent HRP Substrate (Merck Millipore, 

#WBKLS0500, USA) and adding 1 ml of this mix to the membrane in a flat orientation. Pictures of the 

blot were taken with a Chemidoc (Bio-Rad, USA). 

Table 4: Westernblot antibodies 

Antibody name Company 

Beta Actin (13E5) Rabbit mAb Cell signaling technology, #4970S 

Claudin-2 (E1H90) Rabbit mAb Cell signaling technology, #48120S 

 

2.13 TNFα ELISA of RAW 264.7 cell macrophage supernatants 

2.13.1 Stimulation of RAW 264.7 cell macrophages 

RAW 264.7 cell macrophages were seeded with 20.000 cells per well in a 96-well plate and incubated 

in 100 µl DMEM high glucose media (Sigma Aldrich, #D6429, USA) at 37°C and 5% CO2. Stimulate the 

cells with 2 µl metabolites in the respective concentrations and 2 µl LPS (1 ng/ml, 5 ng/ml) and 

incubate the cells overnight. On the next day the supernatants can be harvested and stored at -80°C 

until use. 

2.13.2 TNFα ELISA 

The TNFα ELISA was performed using the Mouse TNF-α ELISA MAX™ Deluxe Set (BioLegend, 

#430204, USA). Briefly, one day prior to experiment a Mikrotest plate 96-well, F (Sarstedt, 

#82.1581.001, Germany) is coated with 100 µl Capture antibody in Coating buffer, sealed and 

incubated overnight at 4°C. On the next day, when all reagents are at room temperature, the plate is 

washed 4 times with 300 µl Wash buffer (0.05% Tween-20 in PBS). Then, 200 µl Assay Diluent A is 

added to the wells, the plate is sealed and incubated for 1 h on a rocking platform at room 

temperature to block non-specific binding. Afterwards, the plate is washed again for 4 times with 

300 µl Wash buffer and then the standard and the samples were added in 100 µl volume. The RAW 

264.7 cell supernatants were diluted 1:4 to achieve values in a good range according to the standard. 

The plate was sealed and incubated for 2 h on a rocking platform at room temperature, followed by 

an additional 4 times washing step. 100 µl Detection antibody were added next and the plate was 

sealed again and incubated for 1 h on a rocking platform at room temperature. After another 

washing step 100 µl diluted Avidin-HRP solution was added and the sealed plate was incubated for 

30 min on a rocking platform at room temperature. The plate was washed 5 times with 300 µl Wash 

buffer and to reduce background the wells were soaked for 1 min. Next, 100 µl TMB Substrate 

Solution was added, and the plate was incubated for 15 min in the dark. To stop the reaction 100 µl 

Stop solution (1 M H3PO4) was added. The color of the wells turned from blue to yellow and 
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absorbance as detected at 450 nm and 570 nm using a TECAN infinite M200 Pro plate reader (Tecan 

Group, Switzerland). 

2.14 Shotgun metagenomics of cecum content 

2.14.1 DNA isolation 

Cecum content from 10 B6 and 10 B6-mtFVB mice was taken and stored at -80°C. For DNA isolation 

the Qiagen AllPrep DNA/RNA/Protein kit (Qiagen, #80004, Netherlands) was used. First, the samples 

were placed in lysis buffer and homogenized in a Bead Ruptor 3 times for 45 sec, followed by a 2 h 

incubation at room temperature. After centrifuging for 30 sec and 13.000 rpm the supernatant was 

pipetted in a QIAshredder column (Qiagen, #79656, Netherlands) for further homogenization and 

centrifuged again. The flow through was used for further DNA isolation by adding it to an Allprep 

DNA spin column and centrifuge 30 sec at 10.000 rpm. The Flow through can be used for further RNA 

isolation. The membrane of the column is washed 2 times and then placed into a fresh 1.5 ml tube. 

50 µl preheated Elution buffer were added, 2 min at room temperature incubated and then 

centrifuged. The concentration of the eluted DNA was measured using a Nanodrop. The samples 

were stored at -20°C. 

2.14.2 Library preparation 

The library was prepared by Dr. Sven Künzel (Department of Evolutionary Genetics, Max Planck 

Institute for Evolutionary Biology, Plön) using the NextSeq 500/550 High Output Kit v2.5 (300 cycles) 

(Illumina, #20024908, USA) and the NextSeq 500 sequencing machine (Illumina, USA). Briefly, 50 ng 

of genomic DNA in 20 µl were used per sample. Add 25 µl TD Buffer and 5 µl TDE1 Buffer and mix. 

Afterwards, centrifuge samples at 280 xg at 20°C for 1 minute. Next, place the samples on a thermal 

cycler and incubate for 5 minutes at 55°C. Transfer 50 µl of the genomic DNA mix to a new plate and 

mix with 180 µl Zymo DNA binding buffer. Then, transfer the samples to the Zymo-Spin I-96 well 

plate and centrifuge for 2 minutes at 1300 xg at 20°C. Discard flow through and wash 2 times with 

300 µl Zymo wash buffer. Centrifuge for 2 minutes at 1300 xg at 20°C and place the Zymo-Spin I-96 

well plate on a fresh 96 well plate. Next, add 25 µl RSB and incubate 2 minutes at room temperature 

before centrifuging again. For DNA amplification add 5 µl of each index adapter to the samples. Next, 

add 15 µl NPM and 5 µl PPC. Transfer 20 µl of the mix to fresh plate and centrifuge for 1 minute at 

280 xg. For the amplification step, place the plate on a thermos cycler and run the following 

program: 72°C for 3 minutes, 98°C for 30 seconds followed by 5 cycles of 98°C for 10 seconds, 63°C 

for 30 seconds and 72°C for 3 minutes. To clean up the library, centrifuge the plate for 1 minute at 

280 xg and transfer the contents to a fresh plate. Add 30 µl thoroughly vortexed AMPure XP beads to 

the samples and pipette up and down 10 times to mix. Incubate 5 minutes at room temperature and 

place on a magnetic stand until the solution is clear. Remove the supernatant and wash 2 times with 
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200 µl of 80% Ethanol. Remove ethanol residuals and let the beads air dry for 15 minutes. For the 

next step, remove the plate from the magnetic stand, add 32.5 µl RSB to the beads and pipette up 

and down to mix. Incubate 2 minutes at room temperature and place the plate back on the magnetic 

stand to clear the solution. Transfer 30 µl of the supernatant to a fresh plate. Check the 

concentration of the libraries, normalize them to 2 nM and pool them. The pooled libraries are mixed 

with 0.2 N NaOH and afterwards with 200 mM Tris-HCL, pH 7, for denaturing and diluted to 20 pM. 

Same happens to PhiX Control, which is combined with the denatured and diluted library afterwards. 

The library is now ready to be loaded on the cartridge for sequencing. 

2.14.3 Analysis of the sequencing data 

The analysis was performed by Dr. Axel Künstner and Michael Olbrich (both Department of Systems 

Biology, University of Lübeck). To assess the quality of the sequencing data fastp was used. At a next 

step BBDuk and KneadData (https://github.com/biobakery/kneaddata) were used to remove host 

contamination sequences. For species profiling as well as checking alpha and beta diversity the 

MetaWRAP pipeline230 as well as the mOTU_v2 profiler in combination with Utility commands were 

utilized231. With Kaiju232 as well as the Kraken2 Bracken pipeline233,234 indicator species were 

identified and visualized using the CRAN package corrr 0.4.3 and the Krona visualization tool 235. 

Next, pathway abundances were analyzed, using the HUMAnN2 pipeline followed by analysis with 

MaAsLin2 (Microbiome Multivariable Associations with Linear Models) 236,237. For this analysis data 

was grouped to UniRef90 gene families and mapped to Pfam (Protein Families), GO (Gene Ontology), 

KO (KEGG Orthology), eggNOG, Level-4 enzyme commission (EC) and MetaCyc databases. Only 

Features with minimum 10% non-zero values were analyzed. 

2.15 Metabolomics of liver tissue 

For metabolomics analysis approximately 100 mg liver tissue was freshly sampled. All samples were 

immediately frozen at -80°C. Next, all samples were sent on dry ice to “Leibniz-Institut für 

Nutztierbiologie” in Dummerstorf for Liquid chromatography – mass spectrometry (LC-MS). Samples 

were prepared for analysis as followed: All solvents should be prechilled before start of the 

procedure and everything is handled on ice. 75 mg of tissue was accurately weighed and added to a 

Precellys tube followed by the addition of 4 µl/mg methanol and 0.85 µl/mg water. At a next step, 

the tubes were placed in the Precellys 24 homogenizer and burst for 2 times 10 seconds at 6400 rpm. 

After transfering the mixture into a glass vial tube the Precellys tube was flushed with 1 µl/mg 

methanol/water mix (1:0.9), vortexed and transfered as well to the glass vial tube. Next, 5 µl/mg 

chloroform and 2 µl/mg water were added to the mix and vortexed for 30 seconds. After chilling the 

tube on ice for 30 seconds they were centrifuged at 1800 xg for 10 minutes at 4°C. The tube were left 

on room temperature for 5 minutes and then the upper (polar) and lower (non-polar) layer were 

https://github.com/biobakery/kneaddata
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separated into fresh tubes. The polar samples were lyophilized for 3-4 hours with no heat in a 

centrifuge evaporator and reconstituted in acetonitrile/water mix (3:1). The non-polar samples were 

lyophilized under a nitrogen steam and reconstituted in methanol/water mix (3:1). A pooled quality 

control was created for both polar and non-polar samples and all were centrifuged at 15.800 xg for 

15 minutes at 4°C. Then, all samples were transferred to UPLC vials. Now, LC-MS was performed. 

The obtained data was analyzed by Dr. Axel Künstner (Department of Systems Biology, University of 

Lübeck). The metabolites were mapped to KEGGCompoundIDs using Bioconductor package 

KEGGrest238. Then the data was log2 transformed to perform linear modeling using LIMMA239. The 

significantly different metabolites were plotted in a principal component analysis (PCA) and volcano 

plots. Moreover, an enrichment analysis was performed using metabolites with compound IDs and a 

p-value<0.1. The metabolites were enriched and analyzed using the Bioconductor package FELLA 

1.16.0 240,241 by running against KEGG database and the results could be visualized as pathway maps. 

Additionally, GO annotations from GO:0005739, which is the mitochondrial cellular function gene 

ontology were added to the identified pathway maps. 

2.16 Statistics 

For statistical analysis as well as for graph creation the GraphPad Prism8.0.2 software was used. The 

statistical tests are mentioned in the figure and/or table descriptions. All data with p-values < 0.05 

were stated as significant. 

Metagenomics and metabolomics data was further analyzed using respective packages of the R 

software environment v3.4.2 (R Core Team, 2017). 
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3 Results 

3.1 Does the mutation in the mt-Atp8 gene influences the immune system and the 

barrier integrity of the gut? 

3.1.1 Less γδ T cells in back skin sections of healthy B6-mtFVB mice 
First, the side of infection, the skin, was taken under closer inspection. Mice contain skin resident γδ 

T cells in the epidermis, which play a role and wound healing, immune barrier maintenance and 

immune response regulation upon injury245. To investigate whether the immune potential of the skin 

is different between B6 and B6-mtFVB mice the abundance of skin resident γδ T cells was checked via 

immunohistochemistry in back skin sections of healthy mice. γδ T cells were identified by double 

positive staining for γδ T cell receptor (green) and CD3+ (red) (Figure 5 A+B). 5 mice per strain, 3 

different sections per mouse and 3 different areas per section were used for analysis. B6-mtFVB mice 

showed significantly less γδ T cells in the epidermis of the back skin (p = 0.005, Welch two sample 

test) (Figure 5C)). 

 

Figure 5: Immunohistochemistry staining of γδ T cells in murine dorsal skin of B6 mice (A) and B6-mtFVB mice (B). γδ T cell 
receptor (TCR; clone GL3): green, CD3ε cells (clone 145-2C11): red, nuclei (DAPI): blue. Arrows indicate exemplarily γδ T cells. 
C) shows γδ T cell counts as mean of 10 sections per mouse. Error bars indicate the standard deviation to the mean. (Welch 
two sample test *p<0.05, **p<0.01), n = 5/group).  

 

To validate the immunohistochemistry findings of γδ T cell abundance in the skin of B6 and B6-mtFVB 

mice the immune cells were isolated out of skin layers from ears, stained and counted the living cells 

with a flow cytometer. Cells were stained for CD45 and γδ TCR as well as life dead staining. In 

Figure 6 you can see the real counts (A) as well as the percentage of viable single CD45+ γδ TCR + 

cells (B). No difference could be detected in the amount of γδ T cells in ears of B6 and B6-mtFVB mice. 

 

C 
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3.1.2 Amount of γδ T cells correlates with EBA disease severity in different body sites 
After the contradictory results of γδ T cell numbers in ears and back skin the disease severity in 

different areas of the body in the EBA data was analyzed (Figure 7). It is visible that there is no 

significant difference in the EBA severity in ears between B6 and B6-mtFVB mice (Figure 7A). But 

looking at the disease severity in the back area (Figure 7B) the difference is significant (Welch’s T-

test: p-value = 0.05), especially when comparing the area under the curve of the disease score of the 

back (Welch’s T-test: p-value = 0.0464) (Figure 7C). Thus the EBA disease severity in ears and back 

skin correlates with the numbers of γδ T cells found in the epidermis. The more γδ T cells present in 

the epidermis, the more severe is the disease. 

 

Figure 7: EBA severity in ears and back skin of B6 and B6-mtFVB mice. A) shows the scoring results (percentage of affected 
skin surface area) for both ears combined. B) shows the scoring results (percentage of affected skin surface area) for trunk 
and head-neck area combined as a representative for back. C) shows the area under the curve (AUC) for disease score of the 
back skin. EBA was induced as described in 2.5. (Welchs’s T test, * p-value ≤ 0.05, n = 3/group). 

 

 

Figure 6: Isolated γd T cells in epidermis of murine ears. A) shows total counts of single, viable CD45+ and γd TCR + 
cells, B) shows the percentage of single, viable CD45+ and γd TCR + cells. The error bars indicate the standard deviation 
to the mean. (n = 3) 

B 

 

A) B) 

A 

C) 
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3.1.3 No difference in immune cell subpopulations over EBA disease progression 
To investigate whether the immune cell subpopulation composition changes over disease 

progression of EBA and if the most involved cell populations differ between B6 and B6-mtFVB mice 

spleen and skin samples were taken on day 2, 4, 6, 12 and 16 of an EBA experiment, processed them 

into single cell solutions, stained them and analyzed via flow cytometry. All samples were gated for 

immune cells, followed by single cells, living cells and CD45+ cells (Figure 8) followed by the 

individual panels (Table 5). 

Table 5: Immune panel for flow cytometry analysis. 

Panel 1 2 3 4 

Cells Ear/spleen/blood Ear/spleen/blood Ear/spleen/blood Ear/spleen/blood 

FITC Ly-6G CD8a CD11b CD3 

PE CD45 CD45 CD45 CD45 

APC B220 CD4 Langerin gdTCR (GL3) 

APC-Cy7 CD3 CD3 F4/80  

Pacific Blue Zombie Zombie Zombie Zombie 

BV605 Ly-6C  CD11c  

 

 

Figure 8: Gating strategy for Flow cytometry analysis. First were gated for lymphocytes, then among these for single cells 
using FSC.A vs FSC.H. Next, pacific blue negative cells which reflect viable cells were gated and afterwards CD45+ cells were 
selected. 
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In Figure 9 the results of immune cell subpopulations in the spleen are shown. In A) you can see 

CD45+GR1+ Monocytes, which are up in the early phase of the EBA disease, then decrease until day 6 

and rise again to a peak on day 12. B6 and B6-mtFVB mice differ only in day 2 and 16, with more 

monocytes present in B6 mice at day 2 and less at day 16 compared to B6-mtFVB mice. The amount of 

CD4 T cells (B) is very high at the onset of disease (~20% of viable single cells) and slightly decrease 

over disease progression with no difference between strains. CD8 T cells (C) are present in high 

amounts at the beginning and decrease over the disease progression, in B6 faster than in B6-mtFVB, 

with a strong increase in the last days. B cells (D) rise at first days of EBA disease until Day 6 and 

decrease until the end of disease development, with B cells in B6-mtFVB mice starting at higher levels 

and decrease to lower levels at the end. In E) the progression of 11b+ myeloid lineage cells high 

amounts could be seen at the disease onset with steady decrease in cell numbers until Day 16 with 

no difference in mouse strains. γδT cells (F) show a decrease in cell numbers in the first days, then 

increase towards Day 12 and slightly decrease again with no difference between strains. 

In comparison Figure 10 shows the results of immune cell subpopulations in the skin during EBA 

disease development. Percentage of CD45+GR1+ Monocytes shown in A) does not differ between the 

two mouse strains and is extremely increased on day 12. CD4 T cells show a small increase on Day 4 

and then a steady increase until the end of disease development (B) with CD4 T cells in skin of B6-

mtFVB mice rising even more. CD8 T cells show a peak at Day 4 and Day 12 with no difference in 

mouse strains (C). B cells (D) show the same pattern as CD45+GR1+ Monocytes (A) but are present in 

extremely low percentage (peak on day 12 at 0.6% of viable single cells). The percentage of CD11b+ 

myeloid lineage cells increase in the first days of disease development (E) and decreases towards the 

end with CD11b+ myeloid lineage cells decreasing faster in skin of B6 mice. γδ T cells are increasing 

until Day 12 and then slightly decrease again (F) with cells in B6-mtFVB mice already reaching a first 

peak on Day 4 and showing a milder decrease until Day 16 compared to B6 mice. 
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Figure 9: Immune cell subpopulation analysis during EBA development in spleen of B6 and B6-mtFVB mice. Shown are the 
timely changes for A) CD45+ Gr1+ cells, B) CD4+ T cells, C) CD8+ T cells, D) B220+ B cells, E) CD11b+ cells and F) γd T cells. B6 
mice are shown in black, B6-mtFVB mice are shown in red. Error bars indicate the standard deviation to the mean. (n = 3). 
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Figure 10: Immune cell subpopulation analysis during EBA development in skin of B6 and B6-mtFVB mice. Shown are the 
timely changes for A) CD45+ Gr1+ cells, B) CD4+ T cells, C) CD8+ T cells, D) B220+ B cells, E) CD11b+ cells and F) γd T cells. B6 
mice are shown in black, B6-mtFVB mice are shown in red. Error bars indicate the standard deviation to the mean. (n = 3) 
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3.1.4 IFNγ treated organoids show Cld2 degradation in B6 mice 
On the other hand, the gut as first site of immunity was checked. It was already reported for other 

autoimmune diseases that gut permeability plays a role in disease onset and development242. Since 

Hirose et al. already show that the gut microbiome differs in beta diversity224 this study aims to 

identify whether the mutations in the mt-Atp8 gene influence the gut permeability. Therefore, focus 

was set on tight junction proteins, which have major roles in the integrity of epithelial barriers as well 

as trans-cellular transport functions243.  

Bardenbacher et al. showed that INFγ stimulation leads to increased permeability in intestinal 

organoids 244, therefore leading to the question whether there are differences between organoids 

generated from B6 mice compared to those generated from B6-mtFVB mice. 350 organoids per group 

were stimulated with and without IFNγ (10 ng/ml) for 48 h. Afterwards proteins were harvested and 

60 µg per group were used to detect Claudin 2 (Cld2) and as reference β-Actin (Actβ) in a Western 

blot (Figure 11). According to Bardenbacher et al. treatment with INFγ results in Cld2 fragmentation 

with a size of 15 kDa244. This finding could be proofed for organoids generated from B6 mice whereas 

the result for B6-mtFVB generated organoids is unclear. 
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Figure 11: Effect of IFNγ stimulation on Claudin 2 in organoids from B6 and B6-mtFVB mice. Western blot results of organoids 
treated with and without 10 ng/ml IFNγ of B6 and B6-mtFVB mice. Β-Actin as reference at 45 kDa, Claudin 2 with mature 
size at 20 kDa and denatured at 15 kDa. (n = 350 organoids/group). 
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3.1.5 No difference in tight junction protein expression in colon, small intestine and 

cecum tissue of healthy and EBA mice 
Additionally, the expression of more tight junction proteins (Claudin-2, Claudin-15, Occludin and 

Zonulin-1) was checked in three different gut parts (small intestine, cecum and colon) of healthy mice 

as well as mice at the peak of EBA disease severity (day 12) to see whether the gut permeability is 

different between B6 and B6-mtFVB mice and if the gut permeability changes with disease 

progression. In Figure 12 the result for healthy mice is shown. In the small intestine the expression of 

all tight junction proteins is slightly decreased in B6-mtFVB mice compared to wildtype B6. Whereas 

Claudin-2 is increased in the cecum and ZO-1 is increased in cecum and colon compared to healthy 

wildtype mice. 

The results for mice at the peak of EBA on day 12 is shown in Figure 13. For the small intestine 

Claudin-2 and Claudin-15 are slightly increased in B6-mtFVB mice. The other relation of the expression 

of the other tight junction proteins remains the same as in healthy mice. The expression pattern in 

Colon shows a change. Except for Claudin-2 all tight junction proteins are slightly more expressed in 

B6-mtFVB mice compared to B6 mice. 

Figure 12: Expression of tight junction proteins in the gut of healthy B6 and B6-mtFVB mice. Shown are the expression 
patterns in small intestine, cecum and colon. Values for B6 are shown in black and for B6-mtFVB in red. The expression was 
calculated using the 2ΔCT method with normalization to B6 mean value. (T-test, n = 6) 
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Figure 13: Expression of tight junction proteins in the gut of B6 and B6-mtFVB mice on EBA day 12. Shown are the expression 
patterns in small intestine and colon. Values for B6 are shown in black and for B6-mtFVB in red. The expression was 
calculated using the 2ΔCT method with normalization to B6 mean value. (T-test, n = 3) 

 

3.1.6 Cytokine expression is increased in small intestine of mice suffering from EBA  
Many molecules such as cytokines or hormones are known to enhance or counteract inflammation. 

Schilf et al. already showed that the mutation in the mt-Atp8 gene leads to reduced number of T 

cells, that produce the cytokine IL-17223. To investigate to what extend the mutation in the mt-Atp8 

gene also influences the gut epithelial cells this study asked if the hormone and cytokine expression 

in the small intestine as indicator of inflammation also differs between the two strains in healthy and 

diseased state. The expression patterns of glucagon like peptide 1 (GLP1) and its receptor as well as 

the cytokines IL-1β, IL-6, IL-8(KC), IL-10 and TNFα were checked. 

In Figure 14 it is shown that expression of GLP1 significantly decreases in the small intestine of EBA 

mice compared to healthy mice in both strains (B6: p = 0.0023, B6-mtFVB: p = 0.05). For the GLP1 

receptor expression only increases in EBA B6 mice whereas for B6-mtFVB mice the expression level 

stayed the same in healthy and disease state and are in general a bit lower than in B6 mice. 
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Figure 14: Expression of glucagon like peptide 1 (GLP1) and its receptor in small intestine of healthy and diseased mice. 
Healthy B6 mice are shown in grey and diseased B6 mice in white. Healthy B6-mtFVB mice are shown in red and diseased B6-
mtFVB mice are shown in orange. Error bars indicate the standard deviation to the mean. (Unpaired t-test, * p = 0.05, ** p = 
0.0023, n = 3) 

In Figure 15 the cytokine expression levels are shown. The levels of TNFα are increased in disease 

state for both mouse strains whereas expression levels of IL-1β are only increased in diseased B6 

mice. For IL-10 there is no difference between healthy and disease state for B6 mice, but the levels of 

IL-10 are increased in diseased B6-mtFVB mice. Next, the expression levels of IL-6 and IL-8 (KC for mice 

respectively) were checked (Supplemental Figure 1) but due to extremely low values (IL-6) or 

extreme outliers (IL-8) these results are hard to interpret. At least IL-8 showed high expression levels 

in disease state. 

 

Figure 15: Cytokine expression in small intestine of healthy and diseased B6 and B6-mtFVB mice. Healthy B6 mice are shown 
in grey, mice suffering from EBA in white. Healthy B6-mtFVB mice are shown in red, mice suffering from EBA in orange. Error 
bars indicate the standard deviation to the mean. (Unpaired t-test, n = 3) 

Additionally, to further test the potential anti-inflammatory effect of propionate as shown by Schilf 

et al.223, intestinal organoids were stimulated over night with different Propionate concentrations 

and checked the expression levels of GLP1, TNFα and IL-8 (KC) (Supplemental Figure 2). It seems like 

cytokine expression of IL-8 and TNFα as well as GLP1 is increasing with Propionate concentrations. 
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3.2 To what extent does the microbiome play a role in EBA disease development and 

is it and its metabolome impacted by the mutation in the mt-Atp8 gene? 

3.2.1    Germ-free mice are lesser affected by EBA disease than conventional housed mice 

The EBA experiment in 8 germ-free B6-Tac and 8 conventional B6-Tac mice was performed to check 

to what extend the microbiome is responsible for disease outcome. The mice were injected with 5 

mg pathogenic IgG on day 0, 2 and 4 of the experiment. On day 4, 7, 10 and 14 the mice were 

weighed and scored for disease symptoms. As shown in Figure 16 germ-free housed mice possess 

significantly milder disease than conventional housed mice (Day 7: p-value: 0.0031; Day 10: p-value < 

0.0001; Day 14: p-value < 0.0001). Nevertheless, the result seems to be antibody dose dependent, as 

3 doses of 3 mg total IgG did not show any difference between B6J germ-free and conventional mice 

(See Supplemental Figure 3). 

 

3.2.2    No difference in immune cell subpopulations in germ-free versus conventional 

housed mice 
To investigate to what extend the composition of immune cells differ between germ-free and 

conventional housed B6Tac mice an immune cell subpopulation analysis was performed. Therefore, 

single cells were isolated out of blood, skin and spleen tissue, stained them with antibodies of an 

immune panel (Table 5) and analyzed the composition with flow cytometry (Figure 17). All samples 

were gated for immune cells, followed by single cells, living cells and CD45+ cells. In blood samples 

(A), germ-free mice showed increased B- cells (B220+), slightly decreased CD3+ T cells and decreased 

monocytes (Ly6C+ Ly6G+). In samples from spleen (B), the same pattern can be seen for B cells, 

whereas CD3+ T cells are slightly increased, especially the CD8a+ cell subset. In skin samples (C) the 

CD3+ T cells are increased in germ-free mice, especially the γδ T cell subset, whereas monocytes are 

slightly decreased. 

Figure 16: EBA disease development in germ-free versus conventional housed mice. On the left the disease score is portrayed 
with germ-free mice in red and conventional mice in black. Mice were injected on Day 0, 2 and 4 with 5 mg total IgG each. 
On the right are example pictures of the mice on day 14. Error bars indicate standard deviation to the mean. (n = 8, Sidak's 
multiple comparison test, **: p-value = 0.0031; ****: p-value < 0.0001). 
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Figure 17: Immune cell subset analysis from germ-free and conventional housed mice. Immune cells derived from blood (A), 
spleen (B) and skin (C) were analysed. (n = 8 mice per housing condition). 

A) 

B) 

C) 
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3.2.3    Metabolomic analysis reveals a significant different metabolome between mice 

strains as well as candidate metabolites 
As it is already known that bacteria influence the metabolome in the gut through their metabolism 

and their own microbial metabolites towards a healthy or more inflamed state. Schilf et al.223 showed 

that microbial metabolites differ in their abundance in liver tissue of B6 and B6-mtFVB mice. A 

metabolomics analysis of liver tissue was performed to get an even closer look on the liver 

metabolome and to identify metabolites that differ in their abundance between the mouse strains 

and might play a role in disease development of EBA.  

The metabolomic analysis revealed that B6 and B6-mtFVB mice have different metabolites in their 

liver tissue. In Figure 18 is clearly shown that the significantly different abundant metabolites (limma, 

p < 0.05) cluster apart from each other in a principal component analysis with a difference in axis 1 

from 75.1%. Same could also be visualized in a volcano plot (Figure 19) with significantly different 

abundant metabolites (p-value [-log10] > 1) being mapped to KEGGCompoundIDs. 

 

 

Figure 18: Principal component analysis of significantly different abundant metabolites in liver tissue of B6 (black) and B6-
mtFVB mice (red). (n = 4). 
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Figure 19: Volcano plot of significantly different abundant metabolites in liver tissue of B6 and B6-mtFVB mice. All metabolites 
with a p- value [-log10] higher than 1 are mapped to KEGGCompoundIDs. (n = 4) 

Furthermore, to identify metabolites of interest and extend the knowledge of Schilf et al.223 the 

enrichment analysis for metabolites from liver tissue with p-values <0.1 and Compound IDs was 

performed by running against KEGG database, and the results for liver are shown in Table 6. For B6 

mice 60 compounds are significantly enriched in liver tissue, for B6-mtFVB 50 enriched metabolites 

could be identified. Further results containing enzymes, reactions and pathways can be found in 

(Supplemental Table 1). The results could be visualized as pathway maps (B6: Figure 20; B6-mtFVB: 

Figure 21). Additionally, GO annotations from the mitochondrial cellular function gene ontology 

(GO:0005739) were added to the identified pathway maps (B6: Figure 22; B6-mtFVB: Figure 23). 

Table 6: Significantly enriched metabolites of liver tissue of B6 and B6-mtFVB mice. (Limma, n = 4) 

KEGG ID KEGG name p-value (Limma) Enriched in 

C00071 Aldehyde 0.006889 B6-mtFVB 

C00093 sn-Glycerol 3-phosphate 0.006589 B6-mtFVB 

C00121 D-Ribose 0.008889 B6-mtFVB 

C00140 N-Acetyl-D-Glucosamine 0.00049 B6-mtFVB 

C00162 Fatty acid 0.006489 B6-mtFVB 

C00170 5'-Methylthioadenosine 0.00029 B6-mtFVB 

C00209 Oxalate 0.00439 B6-mtFVB 

C00315 Spermidine 0.00798929 B6-mtFVB 

C00329 D-Glucosamine 0.004789578 B6-mtFVB 

C00357 N-Acetyl-D-Glucosamine 6-phosphate 0.006189452 B6-mtFVB 

C00385 Xanthine 0.004089641 B6-mtFVB 
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C00461 Chitin 0.005289533 B6-mtFVB 

C00645 N-Acetyl-D-mannosamine 0.005089551 B6-mtFVB 

C00655 Xanthosine 5'-phosphate 0.004289623 B6-mtFVB 

C00670 sn-Glycero-3-phosphocholine 0.006489425 B6-mtFVB 

C00700 XTP 0.006789398 B6-mtFVB 

C00734 Chitosan 0.008889209 B6-mtFVB 

C00750 Spermine 0.00698938 B6-mtFVB 

C00927 Isonocardicin A 0.006389434 B6-mtFVB 

C01137 S-Adenosylmethioninamine 0.00498956 B6-mtFVB 

C01233 sn-Glycero-3-phosphoethanolamine 0.000789938 B6-mtFVB 

C01234 1-Aminocyclopropane-1-carboxylate 0.004089641 B6-mtFVB 

C01620 Threonate 0.001489875 B6-mtFVB 

C01672 Cadaverine 0.00798929 B6-mtFVB 

C01674 Chitobiose 0.003589686 B6-mtFVB 

C01739 Nocardicin E 0.007189362 B6-mtFVB 

C01762 Xanthosine 0.000689947 B6-mtFVB 

C01941 Nocardicin A 0.008589236 B6-mtFVB 

C03064 3-Dehydro-L-threonate 0.003689677 B6-mtFVB 

C03089 5-Methylthio-D-ribose 0.003489695 B6-mtFVB 

C04132 N-Acetyl-D-Glucosamine 6-sulfate 0.002589776 B6-mtFVB 

C04188 S-Methyl-5-thio-D-ribose 1-phosphate 0.006689407 B6-mtFVB 

C04438 1-Acyl-sn-glycero-3-phosphoethanolamine 0.001489875 B6-mtFVB 

C04501 N-Acetyl-alpha-D-Glucosamine 1-phosphate 0.005389524 B6-mtFVB 

C04517 1-(1-Alkenyl)-sn-glycero-3-phosphocholine 0.006889389 B6-mtFVB 

C04582 S-Methyl-5-thio-D-ribulose 1-phosphate 0.008689227 B6-mtFVB 

C04635 1-Alkenylglycerophosphoethanolamine 0.005789488 B6-mtFVB 

C05515 5-Ureido-4-imidazole carboxylate 0.008389254 B6-mtFVB 

C05973 2-Acyl-sn-glycero-3-phosphoethanolamine 0.001489875 B6-mtFVB 

C06023 D-Glucosaminide 0.007889299 B6-mtFVB 

C06156 alpha-D-Glucosamine 1-phosphate 0.007889299 B6-mtFVB 

C16352 7-Methylxanthosine 0.001789848 B6-mtFVB 

C16565 Aminopropylcadaverine 0.007789308 B6-mtFVB 

C17351 Nocardicin C 0.008589236 B6-mtFVB 

C17352 Isonocardicin C 0.007089371 B6-mtFVB 
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C17355 Nocardicin G 0.008289263 B6-mtFVB 

C18049 N-Acyl-L-homoserine lactone 0.002489785 B6-mtFVB 

C18168 Diacylglycerylhomoserine 0.00198983 B6-mtFVB 

C18169 Diacylglyceryl-N,N,N-trimethylhomoserine 0.003289713 B6-mtFVB 

C19787 5'-S-Methyl-5'-thioinosine 0.003089731 B6-mtFVB 

C00018 Pyridoxal phosphate 0.012088921 B6 

C00051 Glutathione 0.001289893 B6 

C00064 L-Glutamine 0.003089731 B6 

C00089 Sucrose 0.003189722 B6 

C00245 Taurine 0.002089821 B6 

C00250 Pyridoxal 0.000689947 B6 

C00268 Dihydrobiopterin 0.012888849 B6 

C00372 Dextran 0.009289173 B6 

C00385 Xanthine 0.002889749 B6 

C00519 Hypotaurine 0.008689227 B6 

C00534 Pyridoxamine 0.00498956 B6 

C00588 Choline phosphate 0.007289353 B6 

C00643 5-Hydroxy-L-tryptophan 0.002689767 B6 

C00647 Pyridoxamine phosphate 0.010089101 B6 

C00831 Pantetheine 0.011688957 B6 

C00847 4-Pyridoxate 0.008389254 B6 

C00864 Pantothenate 0.002389794 B6 

C00909 Leukotriene A4 0.000189992 B6 

C00971 4-Pyridoxolactone 0.00698938 B6 

C01210 N-Methylethanolamine phosphate 0.007389344 B6 

C01678 Cysteamine 0.008889209 B6 

C01725 Levanbiose 0.009289173 B6 

C01762 Xanthosine 0.010889029 B6 

C01959 Taurocyamine 0.01098902 B6 

C02165 Leukotriene B4 0.006489425 B6 

C02166 Leukotriene C4 0.002889749 B6 

C02282 Glutaminyl-tRNA 0.01298884 B6 

C02591 Sucrose 6'-phosphate 0.007089371 B6 

C02918 1-Methylnicotinamide 0.005589506 B6 
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C03149 N-Phosphotaurocyamine 0.009089191 B6 

C03193 (5-L-Glutamyl)-peptide 0.010189092 B6 

C03323 (2,1-beta-D-Fructosyl)n 0.005589506 B6 

C03451 (R)-S-Lactoylglutathione 0.011588966 B6 

C03492 D-4'-Phosphopantothenate 0.012488885 B6 

C04148 Phenylacetylglutamine 0.012188912 B6 

C04650 L-Phosphinothricin 0.006289443 B6 

C04805 5(S)-HETE 0.007189362 B6 

C04853 20-OH-Leukotriene B4 0.007889299 B6 

C05122 Taurocholate 0.01198893 B6 

C05356 5(S)-HPETE 0.006589416 B6 

C05465 Taurochenodeoxycholate 0.011888939 B6 

C05515 5-Ureido-4-imidazole carboxylate 0.012588876 B6 

C05646 5-Hydroxyindolepyruvate 0.005689497 B6 

C05648 5-Hydroxy-N-formylkynurenine 0.008289263 B6 

C05731 3-Ketosucrose 0.006489425 B6 

C05842 N1-Methyl-2-pyridone-5-carboxamide 0.002089821 B6 

C05843 N1-Methyl-4-pyridone-5-carboxamide 0.007489335 B6 

C05844 5-L-Glutamyl-taurine 0.010189092 B6 

C05939 Linatine 0.009089191 B6 

C05944 Pantothenol 0.006389434 B6 

C06215 Levan 0.009189182 B6 

C06457 Bialaphos 0.00298974 B6 

C06735 Aminoacetaldehyde 0.006089461 B6 

C13482 Phosphodimethylethanolamine 0.004189632 B6 

C14180 S-(Hydroxymethyl)glutathione 0.012788858 B6 

C15522 4a-Hydroxytetrahydrobiopterin 0.010389074 B6 

C16566 Glutathionylaminopropylcadaverine 0.013688777 B6 

C16688 Sucrose 6-phosphate 0.007689317 B6 

C17951 N-Acetylbialaphos 0.004889569 B6 

C17952 N-Acetylphosphinothricin 0.008689227 B6 
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Figure 20: Enriched metabolites and corresponding pathways in liver tissue of B6 mice. All shown metabolites were analyzed 
against the KEGG database and show a Limma p-value < 0.05. (n = 4) 
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Figure 21: Enriched metabolites and pathways in liver tissue of B6-mtFVB mice. All shown metabolites were analyzed against 
the KEGG database and show a Limma p-value < 0.05. (n = 4) 

 



 

42 
 

 

Figure 22: Enriched metabolite pathways with GO annotations from the mitochondrial cellular function gene ontology 
(GO:0005739) of liver tissue from B6 mice. (Limma, n = 4) 
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Figure 23:Enriched metabolite pathways with GO annotations from the mitochondrial cellular function gene ontology 
(GO:0005739) of liver tissue from B6-mtFVB mice. (Limma, n = 4) 
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3.2.4    Shotgun metagenomic analysis of cecum content reveals indicator species, 

different abundant pathways and gene families 
Additionally, to get a more detailed look into the microbiome of the mice and because the data of 

the 16S-rRNA sequencing analysis is limited, shotgun metagenomics sequencing was performed on 

cecum content of both mouse strains. Metagenomics analysis not only gives insight into the 

phylogeny of the samples but also into the pathway usage of the single species and significant 

activated gene families. 

Shotgun metagenomic sequencing was performed in Max Planck Institute for Evolutionary Biology in 

Plön, Germany on 10 samples per mouse strain. Sequencing quality was assessed using fastp 

program. Over 20 million read pairs per sample passed. 2 samples had host contamination over 70% 

and where therefore removed from further analysis.  

As a first step, the data was analyzed for phylogenetic properties such as most abundant phyla, 

families, genera and species (Figure 24) using mOTUs_v2. There is no significant difference in the 

abundance of phyla between the two mouse strains although B6-mtFVB mice have more Bacteroidetes 

and less Actinobacteria, Proteobacteria and Verrucomicrobia compared to B6 mice. Two significantly 

different abundant families could be found: Bifidobacteriaceae (more abundant in B6) and 

Bacteroidacea (more abundant in B6-mtFVB mice). Both families have a p-value lower than 0.05. 

Comparing the abundant genera in cecum content of B6 and B6-mtFVB mice there is a significant 

difference in the abundance of Bifidobacteria and Bacteroides, with first one being more present in 

B6 mice and the latter in B6-mtFVB mice (both p<0.05). Additionally, two significantly different 

abundant species could be identified, which are both more abundant in B6 mice: Lactobacillus 

hominis and Bifidobacterium animalis (both p<0.05) (Supplemental Figure 4).  
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Figure 24: Most abundant phyla, genera, families, and species in shotgun metagenomic data of cecum content from B6 and 
B6-mtFVB mice. (n = 10) 
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Afterwards, the alpha and beta diversity were assessed (Figure 25). Shotgun metagenomics data of 

B6 and B6-mtFVB mice shows no difference neither in alpha diversity (p = 0.1850) nor in beta diversity 

(Adonis test (9.999 permutations), p = 0.2023, R2 = 0.07099). Additionally, the 

Bacteroidetes/Firmicutes ratio was analyzed (Figure 26), which also shows no difference between 

strains (p = 0.1051). 

 

Figure 26: Bacteroidetes / Firmicutes ratio in shotgun metagenomics data of cecum content. 

 

Figure 25: Alpha and Beta diversity of shotgun metagenomics data. A) shows the number of observed species as proxy for 
alpha diversity, B) shows the beta diversity (PCoA Bray-Curtis, n = 10). 

A B 
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Furthermore, the shotgun metagenomics data was analyzed in more ways. First, functional profiling 

was performed by checking the differentially abundant pathways using the HUMAnN2 pipeline236 

(Table 7) and visualized them overall (Figure 27A) and for pathways correlated to short chain fatty 

acids (Figure 27B). The PCoA by Bray-Curtis does not show significant difference neither for all, not 

for SCFA related pathways. All different abundant pathways (p-value < 0.1) are listed in Table 7. 

There are 45 pathways more present in cecum content of B6 mice and 15 pathways are more present 

in B6-mtFVB mice. 

 

 

 

Table 7: Different abundant pathways in shotgun metagenomics data. Data was analyzed using the HUMAnN2 pipeline. All 
pathways with a p-value < 0.1 for differential abundance are shown and matched to the corresponding BioCyc database ID. 

BioCyc ID Pathway task p-value Up in 

ARGININE-SYN4-PWY L-ornithine de novo  biosynthesis 0.03998 B6-mtFVB 

ASPASN-PWY superpathway of L-aspartate and L-asparagine biosynthesis 0.09391 B6-mtFVB 

BIOTIN-BIOSYNTHESIS-

PWY 

biotin biosynthesis I 0.00532 B6 

CENTFERM-PWY pyruvate fermentation to butanoate 0.03386 B6 

FASYN-ELONG-PWY fatty acid elongation -- saturated 0.02089 B6 

FASYN-INITIAL-PWY superpathway of fatty acid biosynthesis initiation (E. coli) 0.02089 B6 

GLCMANNANAUT-

PWY 

superpathway of N-acetylglucosamine, N-

acetylmannosamine and N-acetylneuraminate degradation 

0.05031 B6-mtFVB 

GOLPDLCAT-PWY superpathway of glycerol degradation to 1,3-propanediol 0.08493 B6 

Figure 27: Principal Coordinate Analysis of bacterial pathway abundance in B6 and B6-mtFVB mice. A) All bacterial pathways 
present in the gut cluster apart between B6 (black) and B6-mtFVB mice (red), whereas the effect is not as clear for short chain 
fatty acid related pathways (B). (Bray Curtis analysis. n = 9 mice per strain) 

A B 
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HEME-BIOSYNTHESIS-

II 

heme biosynthesis I (aerobic) 0.03386 B6 

HEMESYN2-PWY heme biosynthesis II (anaerobic) 0.08980 B6 

HISDEG-PWY L-histidine degradation I 0.01061 B6-mtFVB 

HOMOSER-METSYN-

PWY 

L-methionine biosynthesis I 0.01876 B6 

HSERMETANA-PWY L-methionine biosynthesis III 0.0337 B6 

MET-SAM-PWY superpathway of S-adenosyl-L-methionine biosynthesis 0.01876 B6 

METSYN-PWY L-homoserine and L-methionine biosynthesis 0.01876 B6 

P108-PWY pyruvate fermentation to propanoate I 0.07724 B6 

P4-PWY superpathway of L-lysine, L-threonine and L-methionine 

biosynthesis I 0.07946 

B6 

P42-PWY incomplete reductive TCA cycle 0.05031 B6 

POLYAMSYN-PWY superpathway of polyamine biosynthesis I 0.03542 B6 

PWY-241 C4 photosynthetic carbon assimilation cycle, NADP-ME type 0.08774 B6 

PWY-4702 phytate degradation I 0.07724 B6 

PWY-5030 L-histidine degradation III 0.07701 B6-mtFVB 

PWY-5101 L-isoleucine biosynthesis II 0.06253 B6-mtFVB 

PWY-5104 L-isoleucine biosynthesis IV 0.06253 B6 

PWY-5347 superpathway of L-methionine biosynthesis (transsulfuration) 0.03147 B6 

PWY-5384 sucrose degradation IV (sucrose phosphorylase) 0.09001 B6 

PWY-5676 acetyl-CoA fermentation to butanoate II 0.09613 B6 

PWY-5690 TCA cycle II (plants and fungi) 0.03386 B6 

PWY-5913 TCA cycle VI (obligate autotrophs) 0.03542 B6 

PWY-5941 glycogen degradation II (eukaryotic) 0.06253 B6-mtFVB 

PWY-5973 cis-vaccenate biosynthesis 0.09391 B6-mtFVB 

PWY-5989 stearate biosynthesis II (bacteria and plants) 0.01835 B6 

PWY-6151 S-adenosyl-L-methionine cycle I 0.06253 B6-mtFVB 

PWY-6168 flavin biosynthesis III (fungi) 0.01876 B6-mtFVB 

PWY-6282 palmitoleate biosynthesis I (from (5Z)-dodec-5-enoate) 0.02089 B6 

PWY-6519 8-amino-7-oxononanoate biosynthesis I 0.00532 B6 

PWY-6545 pyrimidine deoxyribonucleotides de novo biosynthesis III 0.02443 B6 

PWY-6588 pyruvate fermentation to acetone 0.07724 B6 

PWY-6590 superpathway of Clostridium acetobutylicum acidogenic 

fermentation 

0.03386 B6 

PWY-6609 adenine and adenosine salvage III 0.07701 B6-mtFVB 

PWY-6628 superpathway of L-phenylalanine biosynthesis 0.09272 B6 
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PWY-7115 C4 photosynthetic carbon assimilation cycle, NAD-ME type 0.07724 B6 

PWY-7117 C4 photosynthetic carbon assimilation cycle, PEPCK type 0.08774 B6 

PWY-7219 adenosine ribonucleotides de novo biosynthesis 0.03998 B6-mtFVB 

PWY-7234 inosine-5'-phosphate biosynthesis III 0.09391 B6 

PWY-7282 4-amino-2-methyl-5-phosphomethylpyrimidine biosynthesis 

(yeast) 

0.01204 B6 

PWY-7388 octanoyl-[acyl-carrier protein] biosynthesis (mitochondria, 

yeast) 

0.02089 B6 

PWY-7456 mannan degradation 0.01395 B6 

PWY-7664 oleate biosynthesis IV (anaerobic) 0.02089 B6 

PWY-821 superpathway of sulfur amino acid biosynthesis 

(Saccharomyces cerevisiae) 

0.03386 B6 

PWY0-1479 tRNA processing 0.03386 B6 

PWY0-781 aspartate superpathway 0.04208 B6 

PWY0-845 superpathway of pyridoxal 5'-phosphate biosynthesis and 

salvage 0.01204 

B6 

PWY0-862 (5Z)-dodec-5-enoate biosynthesis 0.02089 B6 

PWY66-373 sucrose degradation V (sucrose &alpha;-glucosidase) 0.03386 B6 

PWYG-321 mycolate biosynthesis 0.02089 B6 

PYRIDOXSYN-PWY pyridoxal 5'-phosphate biosynthesis I 0.01204 B6 

RIBOSYN2-PWY flavin biosynthesis I (bacteria and plants) 0.01876 B6-mtFVB 

THRESYN-PWY superpathway of L-threonine biosynthesis 0.03147 B6-mtFVB 

TRNA-CHARGING-PWY tRNA charging 0.02443 B6-mtFVB 

 

Beside the pathway analysis indicator species for both strains were also analyzed using the 

Kraken2Bracken pipeline. Therefore, all identified 5718 species were checked and filtered for their 

abundance of > 0.01% in at least two samples. The remaining 922 species were analyzed for their 

indicator species potential and effect size (Cohens D). All species with a corrected p-value < 0.05 are 

displayed in Table 8. There are 39 indicator species for the microbiome of B6 mice and 18 indicator 

species for the microbiome of B6-mtFVB mice. The most prominent species for B6 mice are 

Ochrobactrum anthropic, Bacillus sonorensis, Desulfovibrio desulfuricans, Escherichia coli and 

Pseudoalteromonas sp. Scap06. The bacteria species D. desulfuricans also appeared in the random 

forest analysis and random core bacteria list of the 16SrRNA sequencing data set of Hirose et al. 224. 

The most prominent indicator species for B6-mtFVB mice are Dokdonia sp. MED134, Alistipes sp. 

Dk3624, Duncaniella sp. C9, Bradyrhizobium lablabi and Halomonas sp. JS92-SW72. The genus 

Alistipes already appeared in the indicator species analysis of the 16SrRNA sequencing analysis of 

cecum content 224. 
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Table 8: Indicator species identified for the microbiome of B6 and B6-mtFVB mice. Shown are all species that have a minimum 
abundance of 0.01 % in at least two samples and after the indicator species analysis and Šidák correction a p-value < 0.5. 
The Cohens D effect size for each identified indicator species is shown. 

Genus Species p-value (Šidák 

correction) 

Effect size 

(Cohens D) 

Indicator 

for 

Ochrobactrum Ochrobactrum anthropi 0.000119996 2.288466864 B6 

Bacillus Bacillus sonorensis 0.000559922 1.563185519 B6 

Desulfovibrio Desulfovibrio desulfuricans 0.003776428 1.409319749 B6 

Escherichia Escherichia coli 0.013196176 1.204798488 B6 

Pseudoalteromonas Pseudoalteromonas sp. Scap06 0.013653078 1.164110287 B6 

Brevibacterium Brevibacterium aurantiacum 0.014109874 1.162680755 B6 

Enterococcus Enterococcus saigonensis 0.015499472 1.157953194 B6 

Akkermansia Akkermansia glycaniphila 0.006569176 1.157412302 B6 

Desulfovibrio Desulfovibrio sp. DSM 107105 0.013951 1.139531783 B6 

Dehalococcoides Dehalococcoides mccartyi 0.014129732 1.127902209 B6 

Citrobacter Citrobacter sp. RHBSTW-00229 0.000899797 1.082788285 B6 

Megasphaera Megasphaera stantonii 0.012083276 1.062905569 B6 

Desulfovibrio Desulfovibrio sp. 86 0.024428956 1.055201445 B6 

Pectobacterium Pectobacterium carotovorum 0.027587068 1.028849739 B6 
 

Victivallales bacterium CCUG 44730 0.02877004 1.020183381 B6 

Desulfovibrio Desulfovibrio piger 0.033887932 0.989888538 B6 

Collinsella Collinsella aerofaciens 0.032944108 0.986935108 B6 

Hydrogenophaga Hydrogenophaga sp. PBC 0.011387396 0.965049684 B6 

Candidatus 

Solibacter 

Candidatus Solibacter usitatus 0.038090207 0.96485271 B6 

Paenibacillus Paenibacillus alvei 0.041226111 0.949529696 B6 

Slackia Slackia heliotrinireducens 0.042009287 0.941229705 B6 

Desulfovibrio Desulfovibrio alaskensis 0.042381184 0.940839544 B6 

Staphylospora Staphylospora marina 0.04353556 0.935216174 B6 

Bifidobacterium Bifidobacterium animalis 0.005991 0.932922299 B6 

Trueperella Trueperella pyogenes 0.023737436 0.926025897 B6 

Unclassified 

Tenericutes 

Tenericutes bacterium MZ-XQ 0.043437758 0.924144146 B6 

Pseudomonas Pseudomonas mendocina 0.036225842 0.924091539 B6 

Arabia Arabia massiliensis 0.038364803 0.910983447 B6 
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Desulfobulbus Desulfobulbus oralis 0.048887438 0.910477147 B6 

Olsenella Olsenella sp. oral taxon 807 0.020652256 0.898875467 B6 

Desulfovibrio Desulfovibrio sulfodismutans 0.049803952 0.892016581 B6 

unclassified 

Eggerthellaceae 

Eggerthellaceae bacterium zg-1050 0.041206528 0.874737781 B6 

Gordonibacter Gordonibacter pamelaeae 0.048867932 0.874362796 B6 

Olsenella Olsenella umbonata 0.003057659 0.849513918 B6 

Rickettsia Rickettsia canadensis 0.017661323 0.75528192 B6 

Psychrobacillus Psychrobacillus sp. AK 1817 0.022215231 0.748191152 B6 

Parolsenella Parolsenella catena 0.015757432 0.70902723 B6 

Libanicoccus Libanicoccus massiliensis 0.012659678 0.666765947 B6 

Olsenella Olsenella sp. GAM18 0.031015703 0.629366431 B6 

Dokdonia Dokdonia sp. MED134 0.001519422 -1.6420428 B6-FVB 

Alistipes Alistipes sp. Dk3624 0.001859135 -1.49754607 B6-FVB 

Duncaniella Duncaniella sp. C9 0.006768508 -1.33445537 B6-FVB 

Bradyrhizobium Bradyrhizobium lablabi 0.007426162 -1.30387798 B6-FVB 

Halomonas Halomonas sp. JS92-SW72 0.008402276 -1.25375795 B6-FVB 

Hydrogenophaga Hydrogenophaga sp. NH-16 0.011089086 -1.22834841 B6-FVB 

Tannerella Tannerella forsythia 0.013136572 -1.14813071 B6-FVB 

Bacillus Bacillus vietnamensis 0.013255778 -1.10733277 B6-FVB 

Parabacteroides Parabacteroides distasonis 0.021879 -1.07124303 B6-FVB 

Hymenobacter Hymenobacter sp. HDW8 0.02957799 -1.02114996 B6-FVB 

Alistipes Alistipes indistinctus 0.030247742 -1.01700864 B6-FVB 

Dysgonomonas Dysgonomonas sp. HDW5B 0.040246691 -0.95072585 B6-FVB 

Mucilaginibacter Mucilaginibacter paludis 0.034359671 -0.88648532 B6-FVB 

Flavobacterium Flavobacterium sp. I3-2 0.011606128 -0.88350231 B6-FVB 

Bacillus Bacillus horikoshii 0.013275644 -0.87684029 B6-FVB 

Runella Runella sp. HYN0085 0.028888297 -0.84992952 B6-FVB 

Myroides Myroides odoratimimus 0.046662568 -0.83620335 B6-FVB 

Bacillus Bacillus sp. JAS24-2 0.030523456 -0.82451591 B6-FVB 
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Additionally, I’ve also analyzed the significant different gene families using the microbiome 

multivariable association tool MaAsLin2237. The results are shown in Table 9. The data was analyzed 

by mapping against 6 databases (Pfam, GO, KO, eggNOG, Level-4 EC, MetaCyc). The found gene 

families belong to different fields, like phage DNA antirepressors, phage integrase proteins, 

transmembrane domains (2TM domain), ABC1 family, DNA binding domains, peptide transporters, 

replication, recombination and repair (ATP-dependent DNA helicase RecG, Transposase). The found 

significant gene families are all up in B6 and are associated with 3 Lactobacillus strains: Lactobacillus 

johnsonii, Lactobacillus murinus and Lactobacillus reuteri. 

Table 9: Significant different gene families in shotgun metagenomics data of cecum content of B6 and B6-mtFVB mice. The 
data was analyzed using the biobakery tool MaAsLin2 237. Data was mapped against Pfam, eggNOG, KO, GO, level-4 EC and 
MetaCyc databases. The data was log transformed. Analysis method was fitting linear models (LM). Method for correction 
of multiple testing is Benjamini Hochberg (BH). 

Data-

base 

Database 

ID 

Gene family Associated bacteria 

strain 

p-value 

(LM) 

q-value 

(BH) 

pfam PF03374 Phage antirepressor protein 

KilAC domain 

Lactobacillus johnsonii 8.19E+06 0.00118 

pfam PF08346 AntA/AntB antirepressor Lactobacillus johnsonii 9.18E+06 0.00118 

pfam PF14659 Phage integrase,  

N-terminal SAM-like domain 

Lactobacillus johnsonii 1.09E+07 0.00118 

pfam PF03382 Mycoplasma protein of 

unknown function, DUF285 

Lactobacillus murinus 1.61E+07 0.00131 

pfam PF03382 Mycoplasma protein of 

unknown function, DUF285 

 3.54E+08 0.02303 

pfam PF13239 2TM domain  3.13E+09 0.16980 

pfam PF03109 ABC1 family Lactobacillus murinus 7.72E+09 0.22810 

pfam PF04326 Putative DNA binding domain Lactobacillus murinus 7.27E+09 0.22810 

pfam PF06152 Phage minor capsid protein 2 Lactobacillus murinus 5.53E+08 0.22810 

pfam PF08352 Oligopeptide dipeptide 

transporter C terminal region 

Lactobacillus reuteri 7.54E+09 0.22810 

pfam PF13749 Putative ATP dependent DNA 

helicase recG C terminal 

Lactobacillus murinus 7.27E+09 0.22810 

eggNOG COG3666 Transposase Lactobacillus reuteri 1.23E+09 0.23556 

eggNOG ENOG4105

EUN 

Transposase Lactobacillus reuteri 1.23E+09 0.23556 
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3.2.5    Integrated analysis of metabolomics and shotgun metagenomics data lead to 3 

indicator species and 5 metabolite candidates for further tests 

At a next step, the indicator species list as well as the enriched metabolite data were manually 

checked if there is a correlation between the abundance of the metabolites as well as the species. 

First, all indicator species were filtered for their environment to select only the bacteria assciated 

with the gut. To control this manual selection a correlation analysis of the remaining species was 

performed using Spearman correlation to check whether the species abundance correlates 

(Figure 28A). It shows that most species are positively correlated or do not have a correlation at all. 

Only the abundance of Bacillus sonorensis and Bacillus species JAS24.2 is negatively correlated. This 

result underlines the shared habitat for the selected bacteria. Additionally, a network correlation 

analysis was performed using the CRAN package corrr 0.4.3. The results are shown in (Figure 28B). 

The closer the species cluster together the higher is the correlation in abundance. Figure 28B shows 

that the species cluster together according to mouse strains (Indicator species for B6-mtFVB mice are 

on the left and for B6 mice on the right) and to the analysis methods used (top: indicator species 

analysis according to Kraken2Bracken pipeline; Bottom: functional pathway analysis with HUMAnN2 

and significantly abundant gene families with MaAsLin2). 
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Figure 28: Abundance of bacteria species of mouse gut correlates to mouse strains. A) Correlation analysis of indicator 
species. B) Network correlation analysis. Positive correlation is depicted in blue and negative correlation in red. Analysis was 
performed using CRAN package corrr 0.4.3 (Spearman correlation). 

A) 

B) 
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To identify the association of the bacteria and the significantly different metabolites the webpage 

“Virtual Metabolic Human” (https://www.vmh.life/#home) was used. On this database one could 

search for the single strains and get a list of their associated metabolites. This way a manual heatmap 

of strains and metabolites was created (figure 29). At a next step, this data was compared to the 

16SrRNA data from Hirose et al.224 and further literature to decide for candidate species and 

metabolites according to these results. These are for the bacteria: Duncaniella sp. C9 (muris)246, 

Alistipes indistinctus224 and Lactobacillus reuteri247; and for the metabolites: Spermidine, D-

Glucosamine, N-acetyl-D-Glucosamine, D-Ribose and Oxalate. 

 

Figure 29: Integrative analysis of identified metabolites from liver tissue and indicator species in the microbiome of B6 and B6-mtFVB mice. 
The bacteria are present on the top and the metabolites are listed on the left side. Orange background refers to B6-mtFVB mice and green 
background to B6 mice. In the heat map green color means that the metabolite is considered with the bacterium and red color means it is 
not. Analysis was performed manually using the “Virtual Metabolic Human” webpage (https://www.vmh.life/#home).  
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D-Glucosamine

N-Acetyl-D-glucosamine amidohydrolase

sn-Glycerol 3-phosphate

Xanthine

D-Ribose 

N-Acetyl-D-glucosamine

5'-Methylthioadenosine

N-Acetyl-D-glucosamine 6-phosphate

N-Acetyl-D-mannosamine
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S-Adenosylmethioninamine
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5-Methylthio-D-ribose

1-Acyl-sn-glycero-3-phosphoethanolamine

N-Acetyl-alpha-D-glucosamine 1-phosphate

S-Methyl-5-thio-D-ribulose 1-phosphate
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Glutathione

L-Glutamine
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Pyridoxal

Dextran

Pyridoxamine

5-Hydroxy-L-tryptophan
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Pantothenate
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(R)-S-Lactoylglutathione
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Taurochenodeoxycholate

Levan 

Aminoacetaldehyde

S-(Hydroxymethyl)glutathione

4a-Hydroxytetrahydrobiopterin

Sucrose 6-phosphate
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3.3 Are the identified microbial metabolites good candidates for EBA therapy 

approaches? 

3.3.1    D-Ribose enhances tight junction protein expression of IFNγ stimulated organoids 
To check the effect of the identified metabolites on the permeability of the intestinal barrier, 

intestinal organoids with and without 2.5 ng IFNγ stimulation were treated with the metabolites 

(0.5 mM N-acetyl-D-Glucosamine, 25 mM D-Ribose, 8 µM Spermidine). Next, RNA was isolated and 

transcribed so the expression of the tight junction proteins Occludin and ZO-1 in the different groups 

could be tested. As seen in Figure 30 treatment with IFNγ leads to a decrease in the expression of 

both tight junction proteins. Treatment with D-Ribose leads to an increase in expression for both 

tight junction proteins, but especially for ZO-1. Spermidine treatment has no effect on Occludin 

expression but keeps the expression level of ZO-1 comparable to the level of untreated organoids. N-

acetyl-D-Glucosamine has no effect on the expression of both tight junction proteins. 

 

Figure 30: Expression of tight junction proteins in intestinal organoids during IFNγ treatment with and without metabolites. 
Intestinal organoids were treated with or without 2.5 ng IFNγ and the metabolites D-Ribose (25 mM), Spermidine (8 µM) 
and N-acetyl-D-Glucosamine (0.5 mM). (n = 170 organoids per treatment group) 

 

3.3.2    Metabolites cannot counteract INFγ induced cytokine expression in organoids 
To check the potential anti-inflammatory effect of the candidate metabolites, the organoid cultures 

were treated as described in the section before but this time the expression of pro-inflammatory 

cytokines interleukin 8 (IL-8) and TNFα was tested via qPCR (Figure 31). N-acetyl-D-Glucosamine 

reduces the expression of IL-8 both in IFNγ stimulated and unstimulated intestinal organoids. 

Especially for the IFNγ treated organoids, the expression of IL-8 is on the same level as for the 

untreated control. The other two metabolites have no anti-inflammatory effect on IL-8 and 

Spermidine even enhances the expression in combination with IFNγ. None of the metabolites 

influences TNFα expression in IFNγ treated and untreated intestinal organoids. 
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Figure 31: Cytokine expression in IFNγ stimulated organoids under metabolite treatment. Intestinal organoids were treated 
with or without 2.5 ng IFNγ and the metabolites D-Ribose (25 mM), Spermidine (8 µM) and N-acetyl-D-Glucosamine 
(0.5 mM). (n = 170 organoids per treatment group) 

3.3.3    Metabolites alleviate ATP and nitric oxide production in LPS stimulated RAW 264.7 

cell macrophages 
Moreover, the anti-inflammatory potential of all five identified metabolites was further investigated 

in three assays: 1) Cell viability assay (Figure 32), 2) Cytotoxicity assay (Figure 33) and 3) Nitric oxide 

production assay (Figure 34). The cell viability assay measures the release of ATP which is a sign for 

inflammatory cell activation248. The cytotoxicity assay measures the LDH production which is a proof 

for cell damage249. The nitric oxide assay measures the nitric oxide production which is produced as a 

defense product in macrophages250. RAW 264.7 cell macrophages were stimulated over night with 10 

ng/ml LPS and the respective metabolite concentrations (10 nM, 100 nM, 1 µM, 3 µM, 5 µM, 10 µM).  

Treatment with Spermidine leads to a decrease in ATP release when simultaneously treated with LPS. 

Additionally, it also decreases the nitric oxide production, the higher the Spermidine concentration 

the lower the nitric oxide production. But higher concentrations of Spermidine show cytotoxic 

potential (10 µM Spermidine ~ 15% cytotoxicity), which might cause the results for NO production. 

D-Ribose treatment decreases the ATP release and nitric oxide production on LPS treated RAW 264.7 

cell macrophages on the same level for all five concentrations. D-Ribose does not show cytotoxic 

potential. 

Treatment with D-Glucosamine leads to decrease ATP release and nitric oxide production in LPS 

treated RAW 264.7 cell macrophages. The last one even slightly correlated with the metabolite 

concentration. D-Glucosamine does not show cytotoxic potential. 

N-acetyl-D-Glucosamine treatment shows a decrease in ATP release of LPS treated RAW 264.7 cell 

macrophages with a slight correlation in metabolite concentration. Nitric oxide production is also 

decreased, and no cytotoxic potential is indicated. 

RAW 264.7 cell macrophages treated with Oxalate and LPS also show decreased ATP release levels 

and nitric oxide production and no cytotoxic potential. 
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Figure 32: Cell viability assay results of LPS stimulated RAW 264.7 cell macrophages with metabolites. A) Spermidine, B) D-
Ribose, C) D-Glucosamine, D) N-acetyl-D-Glucosamine and E) Oxalate. (n = 20,000 cells per well in triplicates and 3 
experiments). Error bars indicate the standard deviation to the mean. 
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Figure 33: Cytotoxicity assay of LPS and metabolite treated RAW 264.7 cell macrophages. A) Spermidine, B) D-Ribose, C) D-
Glucosamine, D) N-acetyl-D-Glucosamine and E) Oxalate. (n = 20,000 cells per well in triplicates and 3 experiments). Error 
bars indicate the standard deviation to the mean. 
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Figure 34: Nitric oxide production of LPS and metabolite treated RAW 264.7 cell macrophages. A) Spermidine, B) D-Ribose, 
C) D-Glucosamine, D) N-acetyl-D-Glucosamine and E) Oxalate. (n = 20,000 cells per well in triplicates and 3 experiments). 
Error bars indicate the standard deviation to the mean. 
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3.3.4    TNFα production of RAW 264.7 cell macrophages stimulated with LPS is influenced 

by Spermidine, D-Ribose and N-acetyl-D-Glucosamine 
After the results of the three assays above another anti-inflammatory signal was checked via TNFα 

production in a TNFα ELISA. RAW 264.7 cell macrophages were stimulated for 48 h with 10 ng/ml LPS 

and 1 µM of the respective metabolites and then the culture supernatant was used for the assay. As 

shown in Supplemental Figure 5A none of the metabolites alone is increasing the TNFα production. In 

combination with LPS (Supplemental Figure 5B) D-Ribose and N-acetyl-D-Glucosamine are decreasing 

the TNFα production whereas Spermidine and especially Oxalate increase the amount of cytokine. 

To take a deeper look in the effects of the metabolites on TNFα production the three most promising 

metabolites according to the literature Spermidine, D-Ribose and N-acetyl-D-Glucosamine were 

tested in different concentrations on 1 ng/ml, 5 ng/ml and no LPS (Figure 35). Spermidine shows high 

TNFα production decreasing potential especially for 100 µM on all LPS concentrations (Figure 35). 

Although showing a significant decrease in TNFα production in smaller metabolite and higher LPS 

concentration before, D-Ribose doesn’t show any effect on TNFα production in none of the 

combinations anymore (Supplemental Figure 6A). N-acetyl-D-Glucosamine shows a slight dose 

dependent decrease in TNFα production in combination with 5 ng/ml LPS (Supplemental Figure 6B) 

whereas there is no effect in combination with 1 ng/ml LPS. 

 

Figure 35: TNFa production upon stimulation with Spermidine and LPS concentrations. The macrophages were treated with 
different Spermidine concentrations ranging from 0 µM, 1 µM, 10 µM and 100 µM and with 0 ng/ml, 1 ng/ml or 5 ng/ml LPS 
overnight. The supernatants were used for the TNFα ELISA. Error bars indicate standard deviation to the mean. (Paired T-
test, n = 3) 

 

 

 

 

Spermidine 
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3.3.5    Spermidine treatment has no effect on EBA development and severity 
After elucidating the anti-inflammatory potential of spermidine in vitro an experiment in animals was 

conducted. 20 mice were injected with either 5 mg/kg spermidine or PBS as a control on day 0, 2 and 

4 of the experiment. Higher concentration and more injections of spermidine had lethal effects on 

the mice. The mice were weighed daily and scored for disease signs on day 2, 4, 8 and 12. As seen in 

Figure 36A, Spermidine treatment does not impact disease severity in B6 mice, neither for males 

(Figure 36B) nor for females (Figure 36C). The same results apply for B6-mtFVB mice (Supplemental 

Figure 7), whereas the disease score for females treated with Spermidine is even higher than for the 

control group treated with PBS. 

 

3.3.6   N-Acetyl-D-Glucosamine treatment alleviates EBA disease severity in male B6 mice 
At a next step another metabolite, N-acetyl-D-Glucosamine was tested and its anti-inflammatory 

potential in vivo. Therefore, mice were substituted with 200 mg/kg body weight N-acetyl-D-

Glucosamine (NAG) or PBS. The experiment started with daily injections one week before applying 

the IgG to induce the disease and continue throughout disease development. The mice were 

weighed daily and scored for disease signs on day 2, 4, 8 and 12. As you can see in Figure 37 male B6 

mice treated with NAG develop a milder disease compared to the PBS treated mice (Day 12 p-

value=0.09). Female B6 mice treated with NAG only show a slight decrease in disease severity 

(Supplemental Figure 8A) and B6-mtFVB mice treated with NAG show absolutely no difference in 

disease severity compared to control mice (Supplemental Figure 8B). 

Figure 36: EBA development in B6 mice under Spermidine treatment. Mice treated with 5 mg/kg body weight Spermidine are 
displayed in grey, control mice treated with PBS are displayed in black. A) shows all sexes combined (3 males + 2 females per 
group), B) shows only male mice (3 per group), and C) shows only female mice (2 per group). Error bars indicate standard 
deviation to the mean. 

A B C 



 

63 
 

 

Figure 37: EBA disease development in N-acetyl-D-Glucosamine treated male B6 mice. Mice treated with N-acetyl-D-
Glucosamine (NAG) are shown in grey, the control group treated with PBS is shown in black. Mice were injected daily with 
NAG or PBS starting 1 week before onset of disease. Error bars indicate standard deviation to the mean. (Welch’s T-test, 
n = 10).  
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4 Discussion 

4.1 Mutation in the mt-Atp8 gene impacts the abundance of immune cells 
The skin is the main site of inflammation in Epidermolysis bullosa acquisita. Therefore, I checked the 

immune potential at the site of disease, specifically γδ T cells. γδ T cells represent only a small 

amount in circulating CD3+ lymphocytes, but play a vital role when it comes to murine skin 

immunity267,268. Skin resident γδ T cells have several functions such as wound healing, maintaining the 

skin homeostasis and protecting the barrier of the epithelial microenvironment of the skin in a 

physical and immune way245,267,269,270.  In Figure 5 it is clearly shown that B6-mtFVB mice have less γδ T 

cells than B6 mice in sections of back skin. Isolating and counting these cells from ears using flow 

cytometry the difference is not visible anymore. This difference can be explained by the sampling 

site, as Marshall et al. showed the density of γδ T cells differs between skin from ears, back and 

footpads245. Additionally, when comparing the disease severity in ears and back of the mice (Figure 7) 

the results fit to the presence of the γδ T cells. Ears have no difference in γδ T cells present in the skin 

and no difference in disease severity, whereas in back skin B6-mtFVB mice have less γδ T cells and less 

severe disease. In conclusion, it was proven that γδ T cells play a role in disease severity in mice. 

Why the number of γδ T cell is lower in the back of B6-mtFVB mice remains unknown. Probably, the 

generation or the maturation of these cells is affected by the mutation in the mt-Atp8 gene. A 

specific microenvironment is needed for the negative selection in the fetal thymus as well as for the 

maturation in the skin271,272. On the other hand it is known that γδ T cells can be activated by 

mitochondrial damage-associated molecular patterns273. So maybe an overactivation might lead to a 

decrease in number which was also proposed by Marshall et al. in terms of site specificity 245. Further 

experiments are needed to disentangle the role of the mitochondria.  

Beside the γδ T cells also further immune cell populations were checked in the spleen and the skin 

over the disease development of EBA in both mouse strains (Figure 9 + 10). The induction with the 

pathogenic IgG against type VII collagen leads to activation of the complement system and cytokines 

which then attracts macrophages and neutrophils to join the site of inflammation214,274–278. Due to a 

migratory feedback loop T cells migrate towards neutrophils activated by immune complex and 

attract further neutrophils to the site of inflammation277,279. For EBA disease progression γδ T cells 

are more important than CD4+ and CD8+ cells as shown by Bieber et al.279 My data shows a peak in 

the induction phase of EBA for 11b+ myeloid cells in spleen and skin samples and reduces in the 

latter phase of the disease whereas GR1+ cells rise with disease progression probably due to the 

migratory feedback loop with the T cells. CD4+ and CD8+ T cells are highest on Day 4 in spleen 

samples and slightly decrease with disease progression whereas the percentage of γδ T cells strongly 

rises. Overall there is no difference in the percentage of immune cell subpopulations between the 
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two mouse strains. For immune cells isolated from skin the trend is the same except for CD4+ T cells 

which extremely rise on Day 16 of the disease. Nevertheless, there is no difference observable in skin 

immune cell subpopulations between B6 and B6-mtFVB mice. 

Next, the focus was set on the gut. The gut epithelium is one of the most important interfaces 

between host and environment. It absorbs nutrients but also keeps pathogens from entering the 

body. Therefore, the permeability of the intestinal barrier is from great importance. Tight junction 

proteins are crucial players in maintaining the barrier integrity243,251 and have already shown to play a 

role in disease development of many autoimmune diseases such as IBD or Multiple sclerosis242,252–255. 

Therefore, the expression and stability of tight junction proteins in healthy and diseased gut of B6 

and B6-mtFVB mice were checked to see whether the mitochondrial mutation has a direct impact on 

the gut permeability.  

For stability I repeated the experiment from Bardenbacher et al.244 where I checked whether Claudin-

2 could be degraded by IFNγ. It was shown before that tight junction protein expression can be 

altered by inflammatory cytokines up to breakdown of the intestinal barrier244,256,257. In the Western 

blot results in Figure 11 the results from Bardenbacher et al. 244 could be amplified for IFNγ treated 

organoids generated from wild type mice. Nevertheless, the results for organoids generated from 

conplastic mice are not clear enough to conclude anything from this. Right now, it looks like Claudin-

2 proteins of conplastic mice are more stable towards IFNγ treatment than Claudin-2 proteins from 

wildtype mice. As both mouse strains produce Claudin-2 and even the expression pattern is not 

significantly different although slightly less in small intestine of B6-mtFVB mice. It was shown in rats 

that Claudin-2 is nitrated by oxidative stress up to degradation258. As due to the mitochondrial 

mutation the ROS levels are higher in different cell types in B6-mtFVB mice (as seen in dissertation of 

Paul Schilf, University of Lübeck, 2017259, maybe the Claudin-2 proteins are nitrated and thereby 

protected from degradation by IFNγ. 

Nevertheless, the expression patterns of all tested tight junction proteins do not differ between the 

mouse strains neither in healthy nor in disease state (Figure 12 + Figure 13). Although, the expression 

pattern is slightly less in B6-mtFVB small intestine and colon in healthy state and slightly up in disease 

state. Zeissig et al. showed that the expression of Claudin-2, -5 and -8 is decreased in active Crohn’s 

disease253 , but for active EBA it seems to be not the case. Therefore, one can infer that the 

expression of tight junction proteins and consequently the permeability of the intestinal barrier is not 

affected by the induction of EBA. 
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On the other hand, I checked the influence of the mitochondrial mutation on the immune system of 

the B6-mtFVB mice. Schilf et al. already showed that the conplastic mice have less IL-4 and IL-17 

producing CD4+ T cells relative to B6 mice223.  

As a first step focus was set on the cytokine and hormone production in the gut of B6 and B6-mtFVB 

mice. For hormones the expression of GLP-1 was checked, which was already shown to play a role in 

diabetes type II and psoriasis260–262. GLP-1 is a hormone with anti-inflammatory properties such as 

decreased cytokine production and inhibition of NF-κB activation260–262. In active disease state of EBA 

the expression of the hormone GLP-1 is significantly reduced in both mouse lines (Figure 14). It was 

shown before, that during the induction of passive EBA IgG deposits can be found in membranes of 

all organs of the gastrointestinal tract and inflammation occurs not only in the skin but also in the 

gut210. Therefore, the decrease of GLP1 is probably due to the gut inflammation. And as the 

expression of GLP-1 in tissue of B6-mtFVB mice does not differ from B6 mice, GLP-1 might not play a 

role in the milder disease outcome of B6-mtFVB mice at least in the gut. 

Additionally, it was shown before that dysbiosis of the intestinal microbiome, which often co-exists in 

inflamed guts, leads to decrease of the expression of GLP-1 receptor263,264. Interestingly, the 

expression for the GLP-1 receptor is staying on a comparable level for B6-mtFVB mice and even 

increasing for B6 mice. The increased expression of the receptor in B6 might be a kind of immune 

response as receptor binding can inhibit NF-κB activation and B6 mice suffer from severe disease 

development. 

Checking the expression of different cytokines, it is demonstrated in Figure 15 that in healthy 

condition B6-mtFVB mice express slightly less cytokines both pro-inflammatory (Il-1β, TNFα) and anti-

inflammatory (IL-10). It was shown in several studies as well as by Schilf et al. in this specific model 

that mitochondria influence the cytokine production223,265,266. Looking at the expression pattern in 

the disease state the results for B6 mice are as expected. Interestingly, for B6-mtFVB mice the 

expression patterns for the pro-inflammatory cytokines are not as high as for B6 but the expression 

for the anti-inflammatory cytokine IL-10 is increased. This pattern might be explained by the earlier 

starting remission of the EBA disease compared to B6 mice. 

In summary, I could show that B6-mtFVB mice have less γδ T cells in the epidermis of the back skin 

which are important for disease progression. Nevertheless, the percentage of the immune cell 

subpopulations is not impacted by the mitochondrial mutation. On the other hand, I could show that 

mutation in the mt-Atp8 gene has no influence on the expression of tight junction proteins nor on 

the expression of pro- and anti-inflammatory cytokines in the intestine, although there is a trend of 

slightly decreased expression in the conplastic mice.  
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4.2 The microbiome is crucial for disease development and influenced by the 

mitochondrial genome 
The microbiome is known to be a driver of health and disease and thus play a role in autoimmune 

diseases. It was shown before that higher richness and diversity of the skin microbiome prior to 

immunization alleviates EBA disease progression280. To further investigate the role of the microbiome 

in terms of EBA the induction of the disease was performed in a germ-free facility and compared the 

disease development of germ-free housed mice to conventional housed mice in parallel. The 

comparison of germ-free and conventional housed B6 mice during EBA treatment showed clear 

result. It could be revealed that germ-free mice developed significantly milder disease compared to 

conventional housed mice even on day 7 and seem to recover already on day 14 whereas 

conventional housed mice are still on their peak of disease. This clearly indicates the role of the 

microbiome in disease development. The same phenomenon was shown in the psoriasis mouse 

model under germ-free conditions281,282.  

It is known that the immune system needs the microbiome for a proper development283–286. 

Therefore, I checked via flow cytometry whether there are differences in the immune cell 

subpopulation between germ-free and conventional housed mice suffering from EBA. No difference 

could be detected in cell percentage, neither in blood, spleen nor skin samples, suggesting at least no 

impaired production of immune cells in germ-free mice. 

To take a closer look at the microbiome and its contributing mechanics metabolomics of liver tissue 

of B6 and B6-mtFVB mouse strains were performed. It was shown before that mice with different 

genetic backgrounds possess a diverse metabolome287. Additionally, it was proven that changes in 

the gut microbiome of mice directly impact the liver metabolome288 and that in disease changed 

metabolomes often co-exist with dysfunctional mitochondria289,290. I can see the same pattern when 

comparing the metabolome data which shows significant metabolites for each of the two mouse 

strains (Figure 18 + 19) indicating that the mutation in the mt-Atp8 gene influences the metabolome 

of the liver. Metabolic changes in the liver have direct consequences for other organs, as they also 

use liver originated metabolites291. This might be an answer to the different response to induced 

EBA. 

Bacterial species are known to have the potential for both beneficial and detrimental effects on the 

host depending on their environment. In phylogenic analysis of the shotgun metagenomics data two 

genera were significant abundant: Bifidobacteria in B6 an Bacteroides in B6-mtFVB mice. 

Bifidobacteria are often present in probiotics used to prevent gastrointestinal disorders292 as a 

disturbed composition of Bifidobacteria has been described in different diseases such as coeliac 
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disease293, IBD294 and atopy295,296. The mostly commensal genus Bacteroides can possess detrimental 

effects when entering the body elsewhere than the gut297,298. On the other hand, Bacteroides species 

produce capsular polysaccharides A (PSA), which contribute to the homeostasis, development and 

stimulation of the immune system298,299. PSA is also able to activate the production of anti-

inflammatory IL-10300, which expression levels were also slightly higher in intestine of B6-mtFVB mice. 

Additionally, Bifidobacteria species are producers of SCFAs acetate and propionate298, which anti-

inflammatory potential is already shown before301. In conclusion, the significantly more abundant 

Bacteroides species in B6-mtFVB mice might contribute to the milder disease progression in EBA. 

In further analyses such as indicator species and differential abundant gene families more bacterial 

species of interest were identified. These were Duncaniella sp. C9 (muris)246, Alistipes indistinctus224 

and Lactobacillus reuteri247. Duncaniella sp. C9 (muris) belongs to the family Muribaculaceae 

(formerly known as Bacteroidales S24-7246). This family was already identified among the indicator 

species in the 16S rRNA analysis of stool by Hirose et al.224 and expansion of D. muris is associated 

with improvement of intestinal health and colitis protection in mice302,303. Furthermore, Hirose et al. 

also identified bacteria from the genus Alistipes as indicator for B6-mtFVB mice224. This overlaps with 

the identified indicator species Alistipes indistinctus in the shotgun metagenomics data. The genus 

Alistipes is associated with health as well as diseases304. In liver cirrhosis a decrease in abundance of 

A. indistinctus correlates with disease decompensation304,305. On the other hand, an increase of 

A. indistinctus is correlated with systolic blood pressure304,306. Nevertheless, due to its identification 

in several independent studies, this species remains of great interest. Additionally, Lactobacillus 

reuteri was identified as it is associated with significant different abundant gene families in the 

shotgun data. L. reuteri is also known for beneficial and pathogenic effects in different diseases. In 

the mouse model experimental autoimmune encephalitis  as well as for necrotizing enterocolitis L. 

reuteri significantly reduces the disease severity247,307,308. Other studies showed effects promoting 

autoimmunity triggered by L. reuteri, e.g. in an inducible lupus model via imiquimod309,310. So, 

whether these species are friends or foes in terms of EBA severity needs to be investigated. 

Unfortunately, in the shotgun metagenomics data I could not see the difference in beta diversity nor 

in the Bacteroides/Firmicutes ratio between B6 and B6-mtFVB mice as it was shown before by Hirose 

et al.224. Nevertheless, the more detailed analysis of the shotgun metagenomics revealed differential 

abundant pathways between the two mouse strains. Although SCFA related pathways do not cluster 

apart from each other, there are several other pathway groups just like pathways involved in biotin 

biosynthesis, fatty acid metabolism and methionine biosynthesis related pathways. Biotin 

biosynthesis, the most significant different abundant pathway, was already shown to play a role in 

immune responses as biotin deficiency triggers inflammatory responses in CD4+ T cells in form of 
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pro-inflammatory cytokine production, enhanced differentiation towards Th1 and Th17 cells as well 

as activation of the mTOR signaling pathway311.  

Another interesting field are the methionine biosynthesis related pathways which are more 

abundant in B6 mice. Checking targeted metabolomics data from Paul Schilf (unpublished data) it 

shows that methionine concentration is significantly increased in liver of B6-mtFVB mice compared to 

B6 mice. Additionally, several of the identified metabolites found in B6-mtFVB mice are present in 

methionine metabolism and methionine salvage pathway (also seen in metabolomics  data from 

cecum content, Supplemental Table 2), whereas there is only one metabolite found in B6 mice which 

is identified with methionine pathways. It was shown before that methionine itself can function as an 

antioxidant that decreases ROS312. Although no difference in ROS production in liver mitochondria 

could be yet detected223, the mitochondrial mutation might still impact the mitochondrial ROS 

production in B6-mtFVB mice and thus mediated the microbiome towards methionine production as a 

counteraction. Furthermore, Liu et al. showed that methionine supplementation downregulates 

genes related to immune responses in the intestine during sleep deprivation312. Same might be the 

case for EBA in B6-mtFVB mice as it was already shown for an atopic dermatitis model that Seleno-L-

methionine supplementation significantly decreases lesion formation and cellular inflammatory 

parameters313. Further impacts of methionine in terms of EBA development and the mutation in the 

mt-Atp8 gene need to be investigated. 

To sum this up I aimed to investigate if the microbiome plays a role in disease development and 

could show that the presence of microbes leads to a much more severe disease development of EBA 

than the absence, while the percentage of immune cell subpopulations in spleen, skin and blood 

samples does not differ between conventional and germ-free housed mice. Furthermore, I could 

show that the mitochondrial mutation impacts the microbiome in the presence of indicator species, 

abundant pathways and expressed gene families. Further investigation is needed about the specific 

role of the identified metabolites, bacterial species and pathways in terms of EBA. 

4.3 Candidate microbial metabolites of conplastic mice possess anti-inflammatory 

potential  
Bacterial metabolites can have great impact on the immune system of the host. I identified five 

metabolites (Spermidine, D-Ribose, D-Glucosamine, N-acetyl-D-Glucosamine, Oxalate) that are 

already known for their mediating effects and are also associated with the identified bacterial genus 

Alistipes. 

Spermidine belongs to the polyamines. Polyamines are already known to play an important role in 

tissue regeneration, cell growth, proliferation, genomic stabilization, controlling apoptosis, inducing 

autophagy and possess antioxidative properties314–318. Spermidine in particular is associated with 
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beneficial health effects in terms of preventing post-menopausal osteoporosis319, protection from 

cardiac aging320, obesity prevention and improvement of glucose tolerance321, improvement of 

function and generation of memory  T cells314,322 and suppression of proinflammatory cytokine 

secretion314,320,323. Thus, this metabolite was of great interest to also play a role in EBA. In in vitro 

experiments I could prove the anti-inflammatory effects as it reduces ATP and NO production in RAW 

264.7 cell macrophages in the presence of LPS and a dose effect on TNFα production. Furthermore, I 

could show that in intestinal organoids Spermidine is keeping up expression levels of tight junction 

protein ZO-1 under IFNγ treatment indicating a barrier strengthening effect of this metabolite. On 

the other hand, I could also see a cytotoxic effect of high Spermidine concentrations in vitro and in 

the mouse model even before the induction of EBA, probably due to the autophagy activation of the 

metabolite. Low, not cytotoxic concentrations of Spermidine had no effect on our EBA mouse model. 

In conclusion, I could see anti-inflammatory effects of Spermidine in vitro but the optimal number of 

doses, concentration, and the route of supplementation needs to be further explored. 

The next metabolites I was interested in are the amino sugars N-acetyl-D-Glucosamine and D-

Glucosamine. The latter was already proven for prevention of osteoarthritis324, expending lifespan by 

inducing mitochondrial biogenesis and lowering blood glucose levels325, and reducing the production 

of NO and proinflammatory cytokines as well as inhibiting inflammation in the intestinal mucosa in 

an experimental model of IBD326. N-acetyl-D-Glucosamine inhibits proinflammatory cytokine 

production as well as Th1 and Th17 cell responses in an (MOG)-induced EAE mouse model327. Testing 

both amino sugars in vitro I could show the anti-inflammatory effects in terms of reduced ATP and 

NO production in RAW 264.7 cell macrophages exposed to LPS. Furthermore, I could also verify the 

suppressing effect of N-acetyl-D-Glucosamine in the expression of IL-8 and TNFα production in cells 

stimulated with LPS. In vivo N-acetyl-D-Glucosamine showed slightly alleviating effects in male B6 

mice during EBA. As N-acetyl-D-Glucosamine modulates the synthase of hyaluronic acid in 

keratinocytes and fibroblasts, which is necessary for maintaining skin elasticity and hydration328–330, 

further investigations in form of concentration titration or route of application needs to be 

performed. 

The last metabolite under investigation was the sugar D-Ribose. D-Ribose is of particular interest 

because supplementation with D-Ribose leads to improvement of cellular processes and 

mitochondrial function by increasing the production of ATP331. As the mitochondrial mutation 

influences its function in B6-mtFVB mice, it might also favor commensal bacterial species that 

synthesize D-Ribose to counteract the consequences. Furthermore, D-Ribose was also shown to play 

a role in several diseases such as cardiovascular diseases332 and chronic fatigue syndrome333. 

Interestingly, presence of D-Ribose decreases ATP-production in RAW 264.7 cell macrophages 
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stimulated with LPS. Moreover, the production of NO and TNFα is reduced in the presence of D-

Ribose under LPS stimulation, suggesting further anti-inflammatory effects of the metabolite. 

Another finding supporting this role is the strengthening barrier effect in organoids treated with 

IFNγ. D-Ribose enhances the expression of the tight junction proteins Occludin and especially ZO-1, 

which leads to a reduced gut permeability and therefore a reduced inflammatory potential in B6-

mtFVB mice. If this metabolite also plays a role in the development and severity of EBA needs to be 

tested. 

In conclusion, I identified promising candidate metabolites and could prove their anti-inflammatory 

potential in vitro in terms of cytokine, ATP and NO production as well as their influence on tight 

junction protein expression in intestinal organoids in an inflammatory setting. If all metabolites also 

play a role in alleviating EBA disease severity in B6-mtFVB mice needs to be further investigated. 

Nevertheless, N-acetyl-D-Glucosamine already showed a promising trend. 

4.4 Conclusion 
In conclusion, this study gave new insights in the complex relations between the mitochondrial 

genome, the immune system and the microbiome. I could show that mice with a mutation in the mt-

Atp8 gene have less γδ T cells in the epidermis of the back skin, which are important for the disease 

progression in EBA. Other immune related functions such as expression of tight junction proteins or 

cytokines in the gut do not seem to be infected by the mutation in the mt-Atp8 gene. More 

important is the microbiome itself. I could show that conventional housed mice develop much milder 

disease symptoms in EBA than conventional housed mice. Digging deeper in this topic, I could show 

that B6-mtFVB mice have a distinct microbiome and metabolome compared to B6 mice. The 

metabolome of the B6-mtFVB mice contains significantly different abundant metabolites which 

possess anti-inflammatory potential shown in vitro and in vivo for N-acetyl-D-Glucosamine. Thus, the 

mitochondrial genome influences the microbiome and the metabolites. Furthermore, I could 

intensify that the microbiome plays a major role in disease development in EBA. And that the 

mitochondrial mutation in the mt-Atp8 gene favors bacterial metabolites with anti-inflammatory 

potential. Now research is one step closer to disentangle the mechanisms in Bullous pemphigoid 

diseases, especially EBA, and has new promising candidate species and metabolites to test for 

therapy approaches. 

4.5 Outlook 
The results above lead to further questions and more ideas what to do. One of the future projects 

needs to be uncover the relationship of the mutation in the mt-Atp8 gene and the number of γδ T 

cells in the epidermis. Do the mitochondria directly influence the negative selection process in the 

thymus or the maturation in the skin? Or are the cells overactivated in B6-mtFVB mice and decline 
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faster? To uncover the last question one can check the amount of γδ T cells in the skin of juvenile up 

to aged mice and see whether the difference in the back skin between B6 and B6-mtFVB mice is 

increasing with age. And of course, cell culture experiments with immature γδ T cells and 

mitochondrial peptides. 

I already could show that the presence of the microbiome has a big impact on disease severity in 

EBA. To uncover the role of the mitochondrial mutation alone the experimental EBA needs be 

induced in germ-free B6 and B6-mtFVB mice. Furthermore, fecal microbiome transplantation 

experiments in gnotobiotic mice can tell whether the mitigating effect in EBA depends on the 

microbiome and whether this effect is transferable. 

Further project in terms of therapy approaches need more EBA experiments to test not only the 

effects D-Glucosamine and D-Ribose on disease severity, but also to titrate the concentrations and 

application times and routes of Spermidine and N-acetyl-D-Glucosamine. Application routes can be 

next to the already performed i.p. injection, gavage or topical. 

On the other hand, also the role of the identified bacteria species needs to be examined. Interesting 

would be the effects of bacterial supernatants on intestinal organoids and in immune cell culture 

such as RAW 264.7 cell macrophages. Parameters can be the same as for the metabolites, namely 

ATP, NO and cytokine production as well as the effects on the expression of tight junction proteins. 

Next step would be a co-culture with intestinal organoids and last but not least a the effect of the 

bacteria strains in a gnotobiotic mouse model during EBA development. 

Another direction for further projects can also focus on the role of methionine and its corresponding 

pathways in terms of EBA. Tests on immune cell metabolism in response to methionine 

supplementation or metabolites triggering the identified methionine related pathways may be of 

interest. 
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6 Appendix 

6.1 Supplemental Figures and Tables 

6.1.1 Supplemental Figures 

 

 

 

Supplemental Figure 1: Cytokine expression of IL-6 and IL-8 in small intestine of healthy and diseased B6 and B6-mtFVB 

mice. Healthy B6 mice are shown in black, diseased mice are shown in grey. Healthy B6-mtFVB mice are shown in red, 
diseased mice are shown in orange. Error bars indicate standard deviation to the mean. (n = 3) 

Supplemental Figure 2: Expression of IL-8, TNFα and GLP1 upon stimulation with propionate. Shown are the expression 
patterns of A) IL-8, B) TNFα and C) GLP-1. On the x-axis different propionate concentrations are shown with control 
equals no propionate. 
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Supplemental Figure 3: EBA in germ-free versus conventional housed B6J mice. Mice were injected with 3 mg total IgG on 
days 0, 2 and 4 and weighed and scored under anesthesia. Shown are the results from both sexes together (A), males (B) and 
females (C). Error bars indicate standard deviation to the mean. (Conventional housed mice: males n = 17, females n = 5; 
germ-free housed mice: males n = 21, females n = 13) 

 

 

Supplemental Figure 4: Abundance pattern of significantly different abundant species in cecum content of B6 and B6-mtFVB 
mice (p < 0.05). A) Bifidobaterium animalis, B) Lactobacillus hominis. 
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Supplemental Figure 5: TNFα production of metabolite and LPS treated RAW 264.7 cell macrophages. The macrophages 
were treated with 1 µM of the respective metabolite A) and together with 10 ng/ml LPS B) over night and the supernatants 
were used for the TNFα ELISA. Error bars indicate standard deviation to the mean. (Mann-Whitney test, **p = 0.022, n = 2 in 
triplicates). 

 

Supplemental Figure 6: TNFa production upon stimulation with different metabolite and LPS concentrations. The 
macrophages were treated with different concentrations of A) D-Ribose and B) N-acetyl-D-Glucosamine, together with 
0 ng/ml, 1 ng/ml and 5 ng/ml LPS overnight. The supernatants were used for the TNFα ELISA. 
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Supplemental Figure 7: EBA disease score in B6-mtFVB mice during Spermidine treatment. A) shows the results of both sexes 
combined (5 mice per group), B) shows the results for males (3 mice per group) and C) for females (2 mice per group). Mice 
treated with Spermidine are displayed in orange, control mice treated with PBS are displayed in red. Mice were treated with 
5 mg/kg spermidine or PBS as a control on day 0, 2 and 4. Error bars indicate standard deviation to the mean. (Mann-
Whitney test, n = 2) 

A B C 

A 

B 

Supplemental Figure 8: EBA disease development during N-acetyl-D-glucosamine (NAG) treatment in B6 females and B6-
mtFVB males. A) shows disease development in female B6 (black: control, grey: NAG; n = 3); B) shows disease development in 
male B6-mtFVB mice (red: control, n = 7; orange: NAG, n = 6). Mice were injected daily with NAG or PBS starting 1 week 
before onset of disease. Error bars indicate standard deviation to the mean. 



 

99 
 

6.1.2 Supplemental Tables 
Supplemental Table 1: Significantly different abundant metabolites enriched in liver tissue of B6 and B6-mtFVB mice. KEGG 
database was used for entries. (Limma, n = 4). 

KEGG.id Entry.type KEGG.name p.score Enriched 
in 

mmu04142 pathway Lysosome - Mus musculus (mouse) 0.008889 B6-mtFVB 

mmu05231 pathway Choline metabolism in cancer - Mus musculus (... 0.00439 B6-mtFVB 

M00133 module Polyamine biosynthesis, arginine => agmatine ... 0.008489 B6-mtFVB 

M00368 module Ethylene biosynthesis, methionine => ethylene 0.00519 B6-mtFVB 

2.4.1.90 enzyme N-acetyllactosamine synthase 0.00369 B6-mtFVB 

2.4.2.1 enzyme purine-nucleoside phosphorylase 0.008689 B6-mtFVB 

2.4.2.28 enzyme S-methyl-5'-thioadenosine phosphorylase 0.00349 B6-mtFVB 

2.5.1.16 enzyme spermidine synthase 0.00449 B6-mtFVB 

2.5.1.22 enzyme spermine synthase 0.00439 B6-mtFVB 

2.7.1.59 enzyme N-acetylglucosamine kinase 0.00179 B6-mtFVB 

3.1.1.5 enzyme lysophospholipase 0.00049 B6-mtFVB 

3.1.22.1 enzyme deoxyribonuclease II 0.008889 B6-mtFVB 

3.1.4.2 enzyme glycerophosphocholine phosphodiesterase 0.00029 B6-mtFVB 

3.1.4.45 enzyme N-acetylglucosamine-1-phosphodiester alpha-N-... 9E-05 B6-mtFVB 

3.10.1.1 enzyme N-sulfoglucosamine sulfohydrolase 0.006889 B6-mtFVB 

3.2.1.14 enzyme chitinase 0.00319 B6-mtFVB 

3.2.1.169 enzyme protein O-GlcNAcase 0.00169 B6-mtFVB 

3.2.1.50 enzyme alpha-N-acetylglucosaminidase 0.00019 B6-mtFVB 

3.2.1.52 enzyme beta-N-acetylhexosaminidase 0.00259 B6-mtFVB 

3.3.2.2 enzyme lysoplasmalogenase 0.00349 B6-mtFVB 

3.4.14.9 enzyme tripeptidyl-peptidase I 0.008889 B6-mtFVB 

3.4.23.34 enzyme cathepsin E 0.008889 B6-mtFVB 

5.1.3.8 enzyme N-acylglucosamine 2-epimerase 0.00279 B6-mtFVB 

5.3.1.23 enzyme S-methyl-5-thioribose-1-phosphate isomerase 0.008889 B6-mtFVB 

5.4.2.3 enzyme phosphoacetylglucosamine mutase 0.008689 B6-mtFVB 

R00022 reaction chitobiose N-acetylglucosaminohydrolase 0.00169 B6-mtFVB 

R00178 reaction S-adenosyl-L-methionine carboxy-lyase [S-aden... 0.00439 B6-mtFVB 

R00179 reaction S-adenosyl-L-methionine methylthioadenosine-l... 0.00199 B6-mtFVB 

R00273 reaction oxalate:oxygen oxidoreductase 0.00429 B6-mtFVB 

R00466 reaction Glyoxylate:oxygen oxidoreductase 0.008689 B6-mtFVB 

R00522 reaction Oxalate carboxy-lyase 0.005989 B6-mtFVB 

R00631 reaction aldehyde:NAD+ oxidoreductase 0.00509 B6-mtFVB 

R00646 reaction Ascorbate + Oxygen + H2O <=> Threonate + Oxal... 0.00149 B6-mtFVB 

R00997 reaction 1-aminocyclopropane-1-carboxylate aminohydrol... 0.005889 B6-mtFVB 

R01030 reaction sn-Glycero-3-phosphocholine glycerophosphohyd... 0.00359 B6-mtFVB 

R01200 reaction N-Acetyl-D-Glucosamine amidohydrolase 0.00159 B6-mtFVB 

R01201 reaction ATP:N-acetyl-D-Glucosamine 6-phosphotransfera... 0.00189 B6-mtFVB 

R01204 reaction Acetyl-CoA:D-Glucosamine N-acetyltransferase 0.00169 B6-mtFVB 

R01206 reaction [1,4-(N-Acetyl-beta-D-glucosaminyl)]n glycano... 0.00309 B6-mtFVB 

R01207 reaction N-acetyl-D-Glucosamine 2-epimerase 0.00269 B6-mtFVB 

R01401 reaction methylthioadenosine methylthioribohydrolase 0.00129 B6-mtFVB 

R01402 reaction S-methyl-5'-thioadenosine:phosphate S-methyl-... 0.00239 B6-mtFVB 
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R01470 reaction sn-Glycero-3-phosphoethanolamine glycerophosp... 0.00039 B6-mtFVB 

R01558 reaction oxalate:CoA ligase (AMP-forming) 0.005689 B6-mtFVB 

R01559 reaction Succinyl-CoA:oxalate CoA-transferase 0.007989 B6-mtFVB 

R01561 reaction adenosine:phosphate alpha-D-ribosyltransferas... 0.006389 B6-mtFVB 

R01676 reaction Guanine aminohydrolase 0.008789 B6-mtFVB 

R01920 reaction S-adenosylmethioninamine:putrescine 3-aminopr... 0.00249 B6-mtFVB 

R01966 reaction beta-D-glucosaminide glucosaminohydrolase 0.007589 B6-mtFVB 

R02053 reaction phosphatidylethanolamine 2-acylhydrolase 0.00359 B6-mtFVB 

R02054 reaction phosphatidylethanolamine 1-acylhydrolase 0.00409 B6-mtFVB 

R02141 reaction Xanthine + H2O <=> 5-Ureido-4-imidazole carbo... 0.006189 B6-mtFVB 

R02143 reaction Xanthosine ribohydrolase 0.00089 B6-mtFVB 

R02297 reaction Xanthosine:orthophosphate ribosyltransferase 0.00069 B6-mtFVB 

R02333 reaction Chitin amidohydrolase 0.008189 B6-mtFVB 

R02334 reaction [1,4-(N-Acetyl-beta-D-glucosaminyl)]n glycano... 0.00509 B6-mtFVB 

R02705 reaction ATP:N-acyl-D-mannosamine 6-phosphotransferase 0.007389 B6-mtFVB 

R02719 reaction xanthosine 5'-phosphate phosphohydrolase 0.00099 B6-mtFVB 

R02720 reaction XTP pyrophosphohydrolase 0.005989 B6-mtFVB 

R02745 reaction 1-(1-alkenyl)-sn-glycero-3-phosphocholine ald... 0.00409 B6-mtFVB 

R02746 reaction 1-Acyl-sn-glycero-3-phosphocholine acylhydrol... 0.008289 B6-mtFVB 

R02869 reaction S-adenosylmethioninamine:spermidine 3-
aminopr... 

0.00399 B6-mtFVB 

R03072 reaction S-Adenosyl-L-methionine:nocardicin-E 3-amino-... 0.005789 B6-mtFVB 

R03073 reaction nocardicin-A epimerase 0.008589 B6-mtFVB 

R03415 reaction 1-(1-alkenyl)-sn-glycero-3-phosphoethanolamin... 0.00119 B6-mtFVB 

R03416 reaction 1-Acyl-sn-glycero-3-phosphoethanolamine aldeh... 0.00179 B6-mtFVB 

R03417 reaction L-2-Lysophosphatidylethanolamine aldehydohydr... 0.00169 B6-mtFVB 

R03733 reaction L-Threonate:NAD+ 3-oxidoreductase 0.00369 B6-mtFVB 

R04143 reaction ATP:S5-methyl-5-thio-D-ribose 1-phosphotransf... 0.006689 B6-mtFVB 

R04420 reaction 5-methylthio-5-deoxy-D-ribose-1-phosphate ket... 0.008689 B6-mtFVB 

R04480 reaction Acyl-CoA:1-acyl-sn-glycero-3-phosphoethanolam... 0.00449 B6-mtFVB 

R04864 reaction 2-Acyl-sn-glycero-3-phosphoethanolamine O-acy... 0.006389 B6-mtFVB 

R05199 reaction protein-N(pi)-phosphohistidine:N-acetyl-D-glu... 0.00259 B6-mtFVB 

R05332 reaction Acetyl-CoA:D-Glucosamine-1-phosphate N-acetyl... 0.006989 B6-mtFVB 

R05963 reaction H2O + Globoside <=> N-Acetyl-D-galactosamine ... 0.00369 B6-mtFVB 

R06004 reaction GM2 + H2O <=> GM3 + N-Acetyl-D-galactosamine 0.00369 B6-mtFVB 

R07392 reaction S-methyl-5-thio-D-ribulose-1-phosphate hydro-... 0.008889 B6-mtFVB 

R07809 reaction G13074 + H2O <=> G01391 + N-Acetyl-D-
glucosam... 

0.00049 B6-mtFVB 

R07810 reaction G13073 + H2O <=> G01391 + N-Acetyl-D-
glucosam... 

0.00259 B6-mtFVB 

R07816 reaction G13038 + H2O <=> G13039 + N-Acetyl-D-
glucosam... 

0.00039 B6-mtFVB 

R07917 reaction S-adenosyl-L-methionine:xanthosine N7-methylt... 0.00169 B6-mtFVB 

R07918 reaction 7-methylxanthosine ribohydrolase 0.00429 B6-mtFVB 

R08193 reaction N-Acetyl-D-Glucosamine 1-phosphate 1,6-phosph... 0.008489 B6-mtFVB 

R08359 reaction S-adenosylmethioninamine:cadaverine 3-aminopr... 0.005789 B6-mtFVB 

R08940 reaction acyl-[acyl-carrier protein]:S-adenosyl-L-meth... 0.00249 B6-mtFVB 
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R08968 reaction ATP:N-acetyl-D-Glucosamine 1-phosphotransfera... 0.00179 B6-mtFVB 

R09072 reaction S-adenosyl-L-methionine:1,2-diacyl-sn-glycero... 0.00199 B6-mtFVB 

R09073 reaction S-adenosylmethionine:diacylglycerylhomoserine... 0.00329 B6-mtFVB 

R09076 reaction spermidine:oxygen oxidoreductase (spermidine-... 0.008189 B6-mtFVB 

R09323 reaction G13057 + H2O <=> N-Acetyl-D-Glucosamine + 
G13... 

0.00049 B6-mtFVB 

R09660 reaction S-methyl-5'-thioadenosine amidohydrolase 0.00189 B6-mtFVB 

R09668 reaction S-methyl-5'-thioinosine:phosphate S-methyl-5-... 0.00559 B6-mtFVB 

R09942 reaction N,N'-diacetylchitobiose:phosphate N-acetyl-D-... 0.00269 B6-mtFVB 

R10831 reaction G00711 + H2O <=> G10008 + N-Acetyl-D-
glucosam... 

0.00049 B6-mtFVB 

R10881 reaction S-adenosyl-L-methionine:nocardicin-G 3-amino-... 0.00489 B6-mtFVB 

R10882 reaction Nocardicin-C,NADPH:oxygen oxidoreductase 0.008789 B6-mtFVB 

R10883 reaction nocardicin-C epimerase 0.008589 B6-mtFVB 

R10903 reaction Nocardicin G <=> Nocardicin E 0.008089 B6-mtFVB 

R11317 reaction G05477 + H2O <=> G10920 + N-Acetyl-D-
glucosam... 

0.00049 B6-mtFVB 

R11617 reaction oxamate amidohydrolase 0.00489 B6-mtFVB 

C00071 compound Aldehyde 0.006889 B6-mtFVB 

C00093 compound sn-Glycerol 3-phosphate 0.006589 B6-mtFVB 

C00121 compound D-Ribose 0.008889 B6-mtFVB 

C00140 compound N-Acetyl-D-Glucosamine 0.00049 B6-mtFVB 

C00162 compound Fatty acid 0.006489 B6-mtFVB 

C00170 compound 5'-Methylthioadenosine 0.00029 B6-mtFVB 

C00209 compound Oxalate 0.00439 B6-mtFVB 

C00315 compound Spermidine 0.007989 B6-mtFVB 

C00329 compound D-Glucosamine 0.00479 B6-mtFVB 

C00357 compound N-Acetyl-D-Glucosamine 6-phosphate 0.006189 B6-mtFVB 

C00385 compound Xanthine 0.00409 B6-mtFVB 

C00461 compound Chitin 0.00529 B6-mtFVB 

C00645 compound N-Acetyl-D-mannosamine 0.00509 B6-mtFVB 

C00655 compound Xanthosine 5'-phosphate 0.00429 B6-mtFVB 

C00670 compound sn-Glycero-3-phosphocholine 0.006489 B6-mtFVB 

C00700 compound XTP 0.006789 B6-mtFVB 

C00734 compound Chitosan 0.008889 B6-mtFVB 

C00750 compound Spermine 0.006989 B6-mtFVB 

C00927 compound Isonocardicin A 0.006389 B6-mtFVB 

C01137 compound S-Adenosylmethioninamine 0.00499 B6-mtFVB 

C01233 compound sn-Glycero-3-phosphoethanolamine 0.00079 B6-mtFVB 

C01234 compound 1-Aminocyclopropane-1-carboxylate 0.00409 B6-mtFVB 

C01620 compound Threonate 0.00149 B6-mtFVB 

C01672 compound Cadaverine 0.007989 B6-mtFVB 

C01674 compound Chitobiose 0.00359 B6-mtFVB 

C01739 compound Nocardicin E 0.007189 B6-mtFVB 

C01762 compound Xanthosine 0.00069 B6-mtFVB 

C01941 compound Nocardicin A 0.008589 B6-mtFVB 

C03064 compound 3-Dehydro-L-threonate 0.00369 B6-mtFVB 
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C03089 compound 5-Methylthio-D-ribose 0.00349 B6-mtFVB 

C04132 compound N-Acetyl-D-Glucosamine 6-sulfate 0.00259 B6-mtFVB 

C04188 compound S-Methyl-5-thio-D-ribose 1-phosphate 0.006689 B6-mtFVB 

C04438 compound 1-Acyl-sn-glycero-3-phosphoethanolamine 0.00149 B6-mtFVB 

C04501 compound N-Acetyl-alpha-D-Glucosamine 1-phosphate 0.00539 B6-mtFVB 

C04517 compound 1-(1-Alkenyl)-sn-glycero-3-phosphocholine 0.006889 B6-mtFVB 

C04582 compound S-Methyl-5-thio-D-ribulose 1-phosphate 0.008689 B6-mtFVB 

C04635 compound 1-(1-Alkenyl)-sn-glycero-3-phosphoethanolamin... 0.005789 B6-mtFVB 

C05515 compound 5-Ureido-4-imidazole carboxylate 0.008389 B6-mtFVB 

C05973 compound 2-Acyl-sn-glycero-3-phosphoethanolamine 0.00149 B6-mtFVB 

C06023 compound D-Glucosaminide 0.007889 B6-mtFVB 

C06156 compound alpha-D-Glucosamine 1-phosphate 0.007889 B6-mtFVB 

C16352 compound 7-Methylxanthosine 0.00179 B6-mtFVB 

C16565 compound Aminopropylcadaverine 0.007789 B6-mtFVB 

C17351 compound Nocardicin C 0.008589 B6-mtFVB 

C17352 compound Isonocardicin C 0.007089 B6-mtFVB 

C17355 compound Nocardicin G 0.008289 B6-mtFVB 

C18049 compound N-Acyl-L-homoserine lactone 0.00249 B6-mtFVB 

C18168 compound Diacylglycerylhomoserine 0.00199 B6-mtFVB 

C18169 compound Diacylglyceryl-N,N,N-trimethylhomoserine 0.00329 B6-mtFVB 

C19787 compound 5'-S-Methyl-5'-thioinosine 0.00309 B6-mtFVB 

mmu04630 pathway JAK-STAT signaling pathway - Mus musculus (mo... 0.011189 B6 

mmu04977 pathway Vitamin digestion and absorption - Mus muscul... 0.009689 B6 

M00119 module Pantothenate biosynthesis, valine/L-aspartate... 0.009689 B6 

1.13.11.19 enzyme cysteamine dioxygenase 0.008889 B6 

1.13.11.34 enzyme arachidonate 5-lipoxygenase 0.00359 B6 

1.14.14.94 enzyme leukotriene-B4 20-monooxygenase 0.010389 B6 

1.14.16.4 enzyme tryptophan 5-monooxygenase 0.00209 B6 

1.2.3.1 enzyme aldehyde oxidase 0.00459 B6 

1.4.3.5 enzyme pyridoxal 5'-phosphate synthase 0.009989 B6 

2.1.1.1 enzyme nicotinamide N-methyltransferase 0.011689 B6 

2.5.1.151 enzyme alkylcobalamin dealkylase 0.009689 B6 

3.3.2.6 enzyme leukotriene-A4 hydrolase 0.00099 B6 

3.4.19.13 enzyme glutathione gamma-glutamate hydrolase 0.007989 B6 

3.4.19.14 enzyme leukotriene-C4 hydrolase 0.006489 B6 

3.5.1.92 enzyme pantetheine hydrolase 0.007489 B6 

3.5.4.3 enzyme guanine deaminase 0.00539 B6 

4.1.1.11 enzyme aspartate 1-decarboxylase 0.007389 B6 

4.1.1.15 enzyme glutamate decarboxylase 0.008289 B6 

4.1.1.28 enzyme aromatic-L-amino-acid decarboxylase 0.010889 B6 

4.1.1.29 enzyme sulfinoalanine decarboxylase 0.007789 B6 

4.4.1.20 enzyme leukotriene-C4 synthase 0.00029 B6 

R00021 reaction L-glutamate:ferredoxin oxidoreductase (transa... 0.00359 B6 

R00093 reaction L-glutamate:NAD+ oxidoreductase (transaminati... 0.00349 B6 

R00114 reaction L-glutamate:NADP+ oxidoreductase (transaminat... 0.00359 B6 

R00173 reaction pyridoxal-5'-phosphate phosphohydrolase 0.00389 B6 

R00174 reaction ATP:pyridoxal 5'-phosphotransferase 0.00379 B6 
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R00253 reaction L-Glutamate:ammonia ligase (ADP-forming) 0.00319 B6 

R00256 reaction L-glutamine amidohydrolase 0.00309 B6 

R00257 reaction Deamido-NAD+:L-glutamine amido-ligase (AMP-
fo... 

0.00539 B6 

R00277 reaction pyridoxamine-5'-phosphate:oxygen oxidoreducta... 0.011489 B6 

R00494 reaction glutathione gamma-glutamylaminopeptidase 0.008289 B6 

R00527 reaction S-Formylglutathione hydrolase 0.010289 B6 

R00573 reaction UTP:L-glutamine amido-ligase (ADP-forming) 0.008089 B6 

R00575 reaction HCO3-:L-glutamine amido-ligase (ADP-forming, ... 0.012989 B6 

R00576 reaction L-Glutamine:pyruvate aminotransferase 0.009189 B6 

R00578 reaction L-aspartate:L-glutamine amido-ligase (AMP-for... 0.008589 B6 

R00579 reaction glutamine racemase 0.011089 B6 

R00768 reaction L-glutamine:D-fructose-6-phosphate isomerase ... 0.011989 B6 

R00801 reaction sucrose glucohydrolase 0.006089 B6 

R00803 reaction sucrose:phosphate alpha-D-glucosyltransferase 0.00309 B6 

R00805 reaction sucrose-6F-phosphate phosphohydrolase 0.006589 B6 

R00806 reaction UDP-glucose:D-fructose 2-alpha-D-glucosyltran... 0.00309 B6 

R00807 reaction Sucrose:(acceptor) 3-oxidoreductase 0.006489 B6 

R00811 reaction protein-Npi-phospho-L-histidine:sugar phospho... 0.006989 B6 

R01021 reaction ATP:choline phosphotransferase 0.009589 B6 

R01072 reaction 5-phosphoribosylamine:diphosphate phospho-alp... 0.008989 B6 

R01103 reaction Raffinose galactohydrolase 0.00539 B6 

R01269 reaction S-Adenosyl-L-methionine:nicotinamide N-methyl... 0.007189 B6 

R01580 reaction Pyridoxamine-5'-phosphate:2-oxoglutarate amin... 0.012989 B6 

R01595 reaction Arachidonate:oxygen 5-oxidoreductase 0.00369 B6 

R01676 reaction Guanine aminohydrolase 0.00529 B6 

R01681 reaction hypotaurine:NAD+ oxidoreductase 0.00419 B6 

R01682 reaction 3-Sulfo-L-alanine carboxy-lyase (taurine-form... 0.00339 B6 

R01684 reaction taurine:2-oxoglutarate aminotransferase 0.00449 B6 

R01685 reaction taurine:ferricytochrome-c oxidoreductase (dea... 0.005889 B6 

R01686 reaction L-arginine:taurine amidinotransferase 0.011789 B6 

R01687 reaction (5-L-glutamyl)-peptide:taurine 5-glutamyltran... 0.010189 B6 

R01707 reaction pyridoxal:NAD+ 4-oxidoreductase 0.00509 B6 

R01708 reaction Pyridoxine:NADP+ 4-oxidoreductase 0.00539 B6 

R01709 reaction pyridoxal:oxygen 4-oxidoreductase 0.00279 B6 

R01710 reaction pyridoxamine:oxygen oxidoreductase (deaminati... 0.00349 B6 

R01711 reaction pyridoxine:oxygen oxidoreductase (deaminating... 0.00399 B6 

R01712 reaction pyridoxamine:pyruvate aminotransferase 0.00299 B6 

R01713 reaction Pyridoxamine:oxaloacetate aminotransferase 0.00329 B6 

R01768 reaction hypoxanthine:NAD+ oxidoreductase 0.005689 B6 

R01769 reaction Hypoxanthine:oxygen oxidoreductase 0.00479 B6 

R01814 reaction L-Tryptophan,tetrahydrobiopterin:oxygen oxido... 0.00259 B6 

R01823 reaction Sucrose:1,4-alpha-D-glucan 4-alpha-D-glucosyl... 0.007089 B6 

R01917 reaction gamma-L-glutamyl-L-cysteinyl-glycine:spermidi... 0.010089 B6 

R01918 reaction gamma-L-glutamyl-L-cysteinyl-glycine:spermidi... 0.009589 B6 

R02037 reaction S-Adenosyl-L-methionine:ethanolamine-phosphat... 0.010689 B6 

R02103 reaction xanthine:NAD+ oxidoreductase 0.005889 B6 
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R02107 reaction Xanthine:oxygen oxidoreductase 0.00489 B6 

R02120 reaction Sucrose:1,6-alpha-D-glucan 6-alpha-D-glucosyl... 0.009289 B6 

R02141 reaction Xanthine + H2O <=> 5-Ureido-4-imidazole carbo... 0.006089 B6 

R02142 reaction XMP:pyrophosphate phosphoribosyltransferase 0.006189 B6 

R02143 reaction Xanthosine ribohydrolase 0.008889 B6 

R02297 reaction Xanthosine:orthophosphate ribosyltransferase 0.009089 B6 

R02411 reaction 1-alpha-D-Galactosyl-myo-inositol:sucrose 6-a... 0.012989 B6 

R02467 reaction Cysteamine:oxygen oxidoreductase 0.008889 B6 

R02473 reaction (R)-Pantoate:beta-alanine ligase (AMP-forming... 0.006089 B6 

R02474 reaction Pantothenate amidohydrolase 0.006189 B6 

R02493 reaction ATP:pyridoxal 5'-phosphotransferase 0.007489 B6 

R02494 reaction pyridoxamine-5'-phosphate phosphohydrolase 0.007889 B6 

R02530 reaction (R)-S-Lactoylglutathione methylglyoxal-lyase ... 0.008589 B6 

R02576 reaction Phenylacetyl-CoA:L-glutamine alpha-N-phenylac... 0.012189 B6 

R02700 reaction 5-Hydroxy-L-tryptophan:2-oxoglutarate aminotr... 0.005689 B6 

R02701 reaction 5-Hydroxy-L-tryptophan decarboxy-lyase 0.00249 B6 

R02702 reaction 5-hydroxy-L-tryptophan:oxygen 2,3-dioxygenase... 0.006089 B6 

R02797 reaction Taurocholate amidohydrolase 0.009289 B6 

R02895 reaction D-Proline + L-Glutamine <=> Linatine 0.009089 B6 

R02973 reaction (R)-pantetheine amidohydrolase 0.007189 B6 

R02992 reaction 4-pyridoxolactone lactonohydrolase 0.009289 B6 

R03018 reaction ATP:pantothenate 4'-phosphotransferase 0.006089 B6 

R03057 reaction (7E,9E,11Z,14Z)-(5S,6S)-5,6-Epoxyicosa-7,9,11... 0.00039 B6 

R03058 reaction arachidonate:oxygen 5-oxidoreductase 0.00039 B6 

R03059 reaction (7E,9E,11Z,14Z)-(5S,6S)-5,6-Epoxyicosa-7,9,11... 9E-05 B6 

R03652 reaction L-Glutamine:tRNA(Gln) ligase (AMP-forming) 0.013089 B6 

R03720 reaction Choloyl-CoA:glycine N-choloyltransferase 0.009589 B6 

R03785 reaction ATP:taurocyamine N-phosphotransferase 0.009089 B6 

R03866 reaction (6Z,8E,10E,14Z)-(5S,12R)-5,12-dihydroxyicosa-... 0.007889 B6 

R03905 reaction Glu-tRNA(Gln):L-glutamine amido-ligase(ADP-fo... 0.012789 B6 

R03927 reaction Pantothenate + 2 Reduced acceptor <=> Pantoth... 0.006389 B6 

R03977 reaction chenodeoxycholoyltaurine amidohydrolase 0.008489 B6 

R04085 reaction Aldehyde:oxygen oxidoreductase 0.007489 B6 

R04194 reaction Sucrose:2,1-beta-D-fructan 1-beta-D-fructosyl... 0.00559 B6 

R04212 reaction Asp-tRNA(Asn):L-glutamine amido-ligase (ADP-f... 0.011789 B6 

R04734 reaction 4a-hydroxytetrahydrobiopterin hydro-lyase 0.012789 B6 

R05140 reaction sucrose:2,6-beta-D-fructan 6-beta-D-fructosyl... 0.009289 B6 

R05320 reaction Taurine, 2-oxoglutarate:O2 oxidoreductase (su... 0.006089 B6 

R05652 reaction taurine:pyruvate aminotransferase 0.00459 B6 

R05815 reaction cobyrinate:L-glutamine amido-ligase (ADP-form... 0.013689 B6 

R05839 reaction pyridoxamine:2-oxoglutarate aminotransferase 0.00559 B6 

R06868 reaction S-Adenosyl-L-methionine:methylethanolamine ph... 0.007089 B6 

R06869 reaction S-Adenosyl-L-
methionine:phosphodimethylethano... 

0.00419 B6 

R06871 reaction Phosphocholine phosphohydrolase 0.009989 B6 

R06982 reaction S-(hydroxymethyl)glutathione formaldehyde-lya... 0.008989 B6 

R07034 reaction Glutathione: 5-HPETE oxidoreductase 0.007089 B6 
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R07213 reaction L-tryptophan,tetrahydrobiopterin:oxygen oxido... 0.00559 B6 

R07456 reaction D-ribulose 5-phosphate,D-glyceraldehyde 3-pho... 0.006989 B6 

R07965 reaction 7-methylxanthine:oxygen oxidoreductase (demet... 0.00539 B6 

R07966 reaction 7-methylxanthine:oxygen oxidoreductase (demet... 0.00529 B6 

R07967 reaction 3-methylxanthine:oxygen oxidoreductase (N3-de... 0.00529 B6 

R07968 reaction 3-methylxanthine:oxygen oxidoreductase (N3-de... 0.00519 B6 

R07969 reaction 1-methylxanthine:oxygen oxidoreductase (N1-de... 0.007289 B6 

R07970 reaction 1-methylxanthine:oxygen oxidoreductase (N1-de... 0.007189 B6 

R08351 reaction glutathione:glutathionylaminopropylcadaverine... 0.013189 B6 

R08353 reaction glutathione:glutathionylspermine ligase (ADP-... 0.013589 B6 

R08355 reaction glutathione:glutathionylaminopropylcadaverine... 0.013489 B6 

R08408 reaction Aldehyde:oxygen oxidoreductase 0.00209 B6 

R08678 reaction S-sulfanylglutathione:oxygen oxidoreductase 0.013289 B6 

R08745 reaction 3alpha,7alpha-dihydroxy-5beta-cholanoyl-CoA:t... 0.009489 B6 

R08874 reaction N-acetylphosphinothricin amidohydrolase 0.008989 B6 

R08876 reaction N-acetylbialaphos amidohydrolase 0.00309 B6 

R08938 reaction acetyl-CoA:phosphinothricin N-acetyltransfera... 0.008889 B6 

R09875 reaction leukotriene-C4 hydrolase 0.006289 B6 

R10784 reaction (2->6)-beta-D-fructanan 6-(beta-D-fructosyl)-... 0.009289 B6 

R11309 reaction Dextran <=> Isomaltose 0.009389 B6 

R11311 reaction Levan <=> Levanbiose 0.009289 B6 

R11481 reaction Bialaphos <=> L-Phosphinothricin 0.00299 B6 

C00018 compound Pyridoxal phosphate 0.012089 B6 

C00051 compound Glutathione 0.00129 B6 

C00064 compound L-Glutamine 0.00309 B6 

C00089 compound Sucrose 0.00319 B6 

C00245 compound Taurine 0.00209 B6 

C00250 compound Pyridoxal 0.00069 B6 

C00268 compound Dihydrobiopterin 0.012889 B6 

C00372 compound Dextran 0.009289 B6 

C00385 compound Xanthine 0.00289 B6 

C00519 compound Hypotaurine 0.008689 B6 

C00534 compound Pyridoxamine 0.00499 B6 

C00588 compound Choline phosphate 0.007289 B6 

C00643 compound 5-Hydroxy-L-tryptophan 0.00269 B6 

C00647 compound Pyridoxamine phosphate 0.010089 B6 

C00831 compound Pantetheine 0.011689 B6 

C00847 compound 4-Pyridoxate 0.008389 B6 

C00864 compound Pantothenate 0.00239 B6 

C00909 compound Leukotriene A4 0.00019 B6 

C00971 compound 4-Pyridoxolactone 0.006989 B6 

C01210 compound N-Methylethanolamine phosphate 0.007389 B6 

C01678 compound Cysteamine 0.008889 B6 

C01725 compound Levanbiose 0.009289 B6 

C01762 compound Xanthosine 0.010889 B6 

C01959 compound Taurocyamine 0.010989 B6 

C02165 compound Leukotriene B4 0.006489 B6 
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C02166 compound Leukotriene C4 0.00289 B6 

C02282 compound Glutaminyl-tRNA 0.012989 B6 

C02591 compound Sucrose 6'-phosphate 0.007089 B6 

C02918 compound 1-Methylnicotinamide 0.00559 B6 

C03149 compound N-Phosphotaurocyamine 0.009089 B6 

C03193 compound (5-L-Glutamyl)-peptide 0.010189 B6 

C03323 compound (2,1-beta-D-Fructosyl)n 0.00559 B6 

C03451 compound (R)-S-Lactoylglutathione 0.011589 B6 

C03492 compound D-4'-Phosphopantothenate 0.012489 B6 

C04148 compound Phenylacetylglutamine 0.012189 B6 

C04650 compound L-Phosphinothricin 0.006289 B6 

C04805 compound 5(S)-HETE 0.007189 B6 

C04853 compound 20-OH-Leukotriene B4 0.007889 B6 

C05122 compound Taurocholate 0.011989 B6 

C05356 compound 5(S)-HPETE 0.006589 B6 

C05465 compound Taurochenodeoxycholate 0.011889 B6 

C05515 compound 5-Ureido-4-imidazole carboxylate 0.012589 B6 

C05646 compound 5-Hydroxyindolepyruvate 0.005689 B6 

C05648 compound 5-Hydroxy-N-formylkynurenine 0.008289 B6 

C05731 compound 3-Ketosucrose 0.006489 B6 

C05842 compound N1-Methyl-2-pyridone-5-carboxamide 0.00209 B6 

C05843 compound N1-Methyl-4-pyridone-5-carboxamide 0.007489 B6 

C05844 compound 5-L-Glutamyl-taurine 0.010189 B6 

C05939 compound Linatine 0.009089 B6 

C05944 compound Pantothenol 0.006389 B6 

C06215 compound Levan 0.009189 B6 

C06457 compound Bialaphos 0.00299 B6 

C06735 compound Aminoacetaldehyde 0.006089 B6 

C13482 compound Phosphodimethylethanolamine 0.00419 B6 

C14180 compound S-(Hydroxymethyl)glutathione 0.012789 B6 

C15522 compound 4a-Hydroxytetrahydrobiopterin 0.010389 B6 

C16566 compound Glutathionylaminopropylcadaverine 0.013689 B6 

C16688 compound Sucrose 6-phosphate 0.007689 B6 

C17951 compound N-Acetylbialaphos 0.00489 B6 

C17952 compound N-Acetylphosphinothricin 0.008689 B6 
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Supplemental Table 2: Significantly different abundant metabolites enriched in cecum content of B6 and B6-mtFVB mice. 
KEGG database was used for entries. (Limma, n = 3). 

KEGG ID Type KEGG name p-value 
(Limma) 

Enriched in 

mmu00270 pathway Cysteine and methionine metabolism - Mus 
musc... 

0.010339 B6-mtFVB 

mmu00330 pathway Arginine and proline metabolism - Mus 
musculu... 

0.00411 B6-mtFVB 

M00134 module Polyamine biosynthesis, arginine => 
ornithine... 

0.007659 B6-mtFVB 

1.14.18.2 enzyme CMP-N-acetylneuraminate monooxygenase 0.011959 B6-mtFVB 

1.2.1.32 enzyme aminomuconate-semialdehyde 
dehydrogenase 

0.00547 B6-mtFVB 

2.1.1.22 enzyme carnosine N-methyltransferase 0.00418 B6-mtFVB 

2.1.4.1 enzyme glycine amidinotransferase 0.010219 B6-mtFVB 

3.1.3.29 enzyme N-acylneuraminate-9-phosphatase 0.005669 B6-mtFVB 

3.4.13.18 enzyme cytosol nonspecific dipeptidase 0.00525 B6-mtFVB 

4.1.3.3 enzyme N-acetylneuraminate lyase 0.005949 B6-mtFVB 

R00199 reaction ATP:pyruvate,water phosphotransferase 0.011449 B6-mtFVB 

R00200 reaction ATP:pyruvate 2-O-phosphotransferase 0.010889 B6-mtFVB 

R00396 reaction L-alanine:NAD+ oxidoreductase 
(deaminating) 

0.008059 B6-mtFVB 

R00554 reaction ATP:L-arginine Nomega-phosphotransferase 0.010439 B6-mtFVB 

R00559 reaction L-Arginine:oxygen 2-oxidoreductase 
(decarboxy... 

0.00527 B6-mtFVB 

R00562 reaction N2-(D-1-carboxyethyl)-L-arginine:NAD+ 
oxidore... 

0.00016 B6-mtFVB 

R00563 reaction N2-(D-1,3-dicarboxypropyl)-L-
arginine:NADP+ o... 

0.010379 B6-mtFVB 

R00679 reaction L-tryptophan:oxygen 2-oxidoreductase 
(decarbo... 

0.00058 B6-mtFVB 

R00832 reaction succinyl-CoA:L-arginine N2-
succinyltransferas... 

0.00021 B6-mtFVB 

R00999 reaction O-Succinyl-L-homoserine succinate-lyase 
(deam... 

0.0006 B6-mtFVB 

R01117 reaction CTP:N-acetylneuraminate 
cytidylyltransferase 

0.0041 B6-mtFVB 

R01164 reaction L-histidine:beta-alanine ligase (ADP-forming) 0.00082 B6-mtFVB 

R01166 reaction Nalpha-(beta-alanyl)-L-histidine hydrolase 0.00058 B6-mtFVB 

R01288 reaction O4-succinyl-L-homoserine:hydrogen sulfide 
S-(... 

0.00108 B6-mtFVB 

R01295 reaction benzoate,[reduced NADPH---hemoprotein 
reducta... 

0.00089 B6-mtFVB 

R01419 reaction Benzaldehyde:NAD+ oxidoreductase 0.006419 B6-mtFVB 

R01420 reaction benzaldehyde:NADP+ oxidoreductase 0.007589 B6-mtFVB 

R01422 reaction benzoate:CoA ligase (AMP-forming) 0.008089 B6-mtFVB 

R01423 reaction 5'-Benzoylphosphoadenosine 
benzoylhydrolase 

0.007119 B6-mtFVB 

R01424 reaction N-Benzoylglycine amidohydrolase 0.006819 B6-mtFVB 
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R01426 reaction Benzoate + Acetate + NADH + H+ <=> trans-
Cinn... 

0.006539 B6-mtFVB 

R01777 reaction Succinyl-CoA:L-homoserine O-
succinyltransfera... 

0.00073 B6-mtFVB 

R01803 reaction N-acetylneuraminate,ferrocytochrome-
b5:oxygen... 

0.007089 B6-mtFVB 

R01804 reaction phosphoenolpyruvate:N-acetyl-D-
mannosamine C-... 

0.00551 B6-mtFVB 

R01805 reaction N-Acetylneuraminate 9-phosphate 
phosphohydrol... 

0.00535 B6-mtFVB 

R01811 reaction N-Acetylneuraminate pyruvate-lyase (N-
acetyl-... 

0.005699 B6-mtFVB 

R01937 reaction 2-Oxoadipate + Ammonia + NAD+ <=> 2-
Aminomuco... 

0.00047 B6-mtFVB 

R01938 reaction 2-Oxoadipate + Ammonia + NADP+ <=> 2-
Aminomuc... 

0.00074 B6-mtFVB 

R01989 reaction L-Arginine:4-aminobutanoate 
amidinotransferas... 

0.00033 B6-mtFVB 

R01990 reaction 4-Guanidinobutanoate amidinohydrolase 0.00048 B6-mtFVB 

R02025 reaction L-methionine:oxidized-thioredoxin S-
oxidoredu... 

0.0014 B6-mtFVB 

R02144 reaction S-adenosyl-L-methionine:carnosine N-
methyltra... 

0.00469 B6-mtFVB 

R02262 reaction L-Fuculose-1-phosphate lactaldehyde-lyase 0.00221 B6-mtFVB 

R02931 reaction S-Adenosyl-L-methionine:isoflavone 4-O'-
methy... 

0.00284 B6-mtFVB 

R03096 reaction Indole-3-acetamide amidohydrolase 0.00045 B6-mtFVB 

R03163 reaction L-fucose aldose-ketose-isomerase 0.012059 B6-mtFVB 

R03177 reaction 4-Guanidinobutanal:NAD+ 1-oxidoreductase 0.00537 B6-mtFVB 

R03178 reaction 2-oxo-5-Guanidinopentanoate carboxy-lyase 0.010189 B6-mtFVB 

R03180 reaction 4-Guanidinobutanamide amidohydrolase 0.00524 B6-mtFVB 

R03210 reaction 6-Carboxyhexanoyl-CoA:L-alanine C-
carboxyhexa... 

0.00076 B6-mtFVB 

R03231 reaction S-Adenosyl-L-methionine:8-amino-7-
oxononanoat... 

0.011219 B6-mtFVB 

R03241 reaction ATP:L-fuculose 1-phosphotransferase 0.007569 B6-mtFVB 

R03260 reaction O-Succinyl-L-homoserine succinate-lyase 
(addi... 

0.0014 B6-mtFVB 

R03887 reaction 2-aminomuconate aminohydrolase 0.00497 B6-mtFVB 

R03889 reaction 2-Aminomuconate semialdehyde:NAD+ 6-
oxidoredu... 

0.005709 B6-mtFVB 

R04018 reaction Acylneuraminyl hydrolase 0.006279 B6-mtFVB 

R04020 reaction Indole-3-acetamide hydro-lyase 0.00065 B6-mtFVB 

R04189 reaction N2-succinyl-L-arginine iminohydrolase 
(decarb... 

0.00182 B6-mtFVB 

R04217 reaction N2-succinyl-L-ornithine:2-oxoglutarate 5-
amin... 

0.010799 B6-mtFVB 

R04435 reaction phosphoenolpyruvate:N-acetyl-D-
mannosamine-6-... 

0.011749 B6-mtFVB 

R04691 reaction Stylopine + S-Adenosyl-L-methionine <=> (S)- 0.011399 B6-mtFVB 
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c... 

R04699 reaction protopine,[reduced NADPH---hemoprotein 
reduct... 

0.005679 B6-mtFVB 

R04700 reaction (S)-cis-N-Methylstylopine,[reduced NADPH--
-he... 

0.00546 B6-mtFVB 

R04701 reaction 6-Hydroxyprotopine <=> 
Dihydrosanguinarine + ... 

0.010659 B6-mtFVB 

R04916 reaction 5-(2'-Formylethyl)-4,6-dihydroxypicolinate + 
... 

0.00083 B6-mtFVB 

R04917 reaction 5-(2'-Formylethyl)-4,6-dihydroxypicolinate + 
... 

0.00165 B6-mtFVB 

R04918 reaction 5-(2'-Formylethyl)-4,6-dihydroxypicolinate + 
... 

0.011129 B6-mtFVB 

R04946 reaction O4-succinyl-L-homoserine:L-selenocysteine 
Se-... 

0.011319 B6-mtFVB 

R05621 reaction Benzoate + NADH + H+ + Oxygen <=> 
(1R,6S)-1,6... 

0.006249 B6-mtFVB 

R05622 reaction Benzoate + NADPH + H+ + Oxygen <=> 
(1R,6S)-1,... 

0.007389 B6-mtFVB 

R06793 reaction 2-hydroxy-2,3-dihydrogenistein hydro-lyase 
(g... 

0.010889 B6-mtFVB 

R07514 reaction 6-
hydroxypseudooxynicotinemonooxygenase 

0.007739 B6-mtFVB 

R08197 reaction L-arginine:pyruvate aminotransferase 0.012109 B6-mtFVB 

R08630 reaction trihomomethionine:2-oxo-acid 
aminotransferase 

0.0003 B6-mtFVB 

R08638 reaction tetrahomomethionine:2-oxo-acid 
aminotransfera... 

0.00037 B6-mtFVB 

R08672 reaction trihomomethionine,[NADPH---hemoprotein 
reduct... 

0.00528 B6-mtFVB 

R08673 reaction tetrahomomethionine,[NADPH---
hemoprotein redu... 

0.00497 B6-mtFVB 

R08838 reaction benzoate,NADPH:oxygen oxidoreductase (2-
hydro... 

0.007729 B6-mtFVB 

R09088 reaction Benzoate + Pyruvate <=> Pyruvophenone + 
CO2 

0.010459 B6-mtFVB 

R09471 reaction 6-Hydroxypseudooxynicotine + 2 H2O <=> 6-
Hydr... 

0.00178 B6-mtFVB 

R09834 reaction UDP-2,4-bis(acetamido)-2,4,6-trideoxy-beta-
L-... 

0.007599 B6-mtFVB 

R09841 reaction phosphoenolpyruvate:2,4-bis(acetylamino)-
2,4,... 

0.00502 B6-mtFVB 

R09843 reaction CTP:pseudaminate cytidylyltransferase 0.011709 B6-mtFVB 

R10124 reaction pimeloyl-[acyl-carrier protein]:L-alanine C-
p... 

0.006089 B6-mtFVB 

R10699 reaction L-lysine:8-amino-7-oxononanoate 
aminotransfer... 

0.006639 B6-mtFVB 

R10917 reaction L-dihydroanticapsin:NAD+ oxidoreductase 0.006439 B6-mtFVB 

R11049 reaction 5-(N-Methyl-4,5-dihydro-1H-pyrrol-2-
yl)pyridi... 

0.006449 B6-mtFVB 

R11064 reaction L-alanine:L-anticapsin ligase (ADP-forming) 0.00551 B6-mtFVB 
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R11604 reaction L-arginine:oxygen oxidoreductase 
(deaminating... 

0.011819 B6-mtFVB 

C00001 compound H2O 0.011289 B6-mtFVB 

C00014 compound Ammonia 0.011339 B6-mtFVB 

C00062 compound L-Arginine 0.005979 B6-mtFVB 

C00074 compound Phosphoenolpyruvate 0.011939 B6-mtFVB 

C00091 compound Succinyl-CoA 0.011209 B6-mtFVB 

C00111 compound Glycerone phosphate 0.011579 B6-mtFVB 

C00151 compound L-Amino acid 0.006179 B6-mtFVB 

C00161 compound 2-Oxo acid 0.007669 B6-mtFVB 

C00180 compound Benzoate 0.00165 B6-mtFVB 

C00270 compound N-Acetylneuraminate 0.00093 B6-mtFVB 

C00342 compound Thioredoxin 0.007199 B6-mtFVB 

C00343 compound Thioredoxin disulfide 0.007119 B6-mtFVB 

C00386 compound Carnosine 0.00078 B6-mtFVB 

C00424 compound (S)-Lactaldehyde 0.007959 B6-mtFVB 

C00645 compound N-Acetyl-D-mannosamine 0.010659 B6-mtFVB 

C00814 compound Biochanin A 0.00284 B6-mtFVB 

C01035 compound 4-Guanidinobutanoate 0.00033 B6-mtFVB 

C01037 compound 7,8-Diaminononanoate 0.011149 B6-mtFVB 

C01092 compound 8-Amino-7-oxononanoate 0.00098 B6-mtFVB 

C01099 compound L-Fuculose 1-phosphate 0.00241 B6-mtFVB 

C01118 compound O-Succinyl-L-homoserine 0.00093 B6-mtFVB 

C01262 compound beta-Alanyl-N(pi)-methyl-L-histidine 0.010759 B6-mtFVB 

C01297 compound 6-Hydroxypseudooxynicotine 0.00212 B6-mtFVB 

C01682 compound Nopaline 0.010339 B6-mtFVB 

C01721 compound L-Fuculose 0.007429 B6-mtFVB 

C02220 compound 2-Aminomuconate 0.00047 B6-mtFVB 

C02291 compound L-Cystathionine 0.011309 B6-mtFVB 

C02647 compound 4-Guanidinobutanal 0.00535 B6-mtFVB 

C02693 compound (Indol-3-yl)acetamide 0.00061 B6-mtFVB 

C02938 compound 3-Indoleacetonitrile 0.006009 B6-mtFVB 

C02989 compound L-Methionine S-oxide 0.0014 B6-mtFVB 

C03078 compound 4-Guanidinobutanamide 0.00526 B6-mtFVB 

C03296 compound N2-Succinyl-L-arginine 0.00023 B6-mtFVB 

C03415 compound N2-Succinyl-L-ornithine 0.010069 B6-mtFVB 

C04137 compound D-Octopine 0.00033 B6-mtFVB 

C04425 compound S-Adenosyl-4-methylthio-2-oxobutanoate 0.011219 B6-mtFVB 

C05189 compound Protopine 0.00079 B6-mtFVB 

C05190 compound 6-Hydroxyprotopine 0.010359 B6-mtFVB 

C05654 compound 5-(2'-Formylethyl)-4,6-dihydroxypicolinate 0.010749 B6-mtFVB 

C05655 compound 5-(2'-Carboxyethyl)-4,6-dihydroxypicolinate 0.00118 B6-mtFVB 

C05945 compound L-Arginine phosphate 0.010439 B6-mtFVB 

C06128 compound GM4 0.006279 B6-mtFVB 

C06163 compound (S)-cis-N-Methylstylopine 0.010499 B6-mtFVB 

C06241 compound N-Acetylneuraminate 9-phosphate 0.010499 B6-mtFVB 

C06321 compound (1R,6S)-1,6-Dihydroxycyclohexa-2,4-diene-1- 0.006429 B6-mtFVB 
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ca... 

C06433 compound 5'-Benzoylphosphoadenosine 0.007119 B6-mtFVB 

C06563 compound Genistein 0.007279 B6-mtFVB 

C12631 compound 2-Hydroxy-2,3-dihydrogenistein 0.010479 B6-mtFVB 

C17220 compound 2-Oxo-7-methylthioheptanoic acid 0.00547 B6-mtFVB 

C17221 compound Trihomomethionine 0.00023 B6-mtFVB 

C17224 compound 2-Oxo-8-methylthiooctanoic acid 0.005869 B6-mtFVB 

C17225 compound Tetrahomomethionine 0.0003 B6-mtFVB 

C17246 compound 6-Methylthiohexanaldoxime 0.00528 B6-mtFVB 

C17249 compound 7-Methylthioheptanaldoxime 0.00497 B6-mtFVB 

C19631 compound 6-Hydroxy-3-succinoylpyridine 0.007389 B6-mtFVB 

C19972 compound 2,4-Bis(acetamido)-2,4,6-trideoxy-beta-L-
altr... 

0.00146 B6-mtFVB 

C20082 compound Pseudaminic acid 0.011069 B6-mtFVB 

C20083 compound CMP-pseudaminic acid 0.011709 B6-mtFVB 

C20940 compound L-Dihydroanticapsin 0.010889 B6-mtFVB 

C20941 compound L-Anticapsin 0.00051 B6-mtFVB 

C20942 compound Bacilysin 0.00551 B6-mtFVB 

mmu00770 pathway Pantothenate and CoA biosynthesis - Mus 
muscu... 

0.00119 B6 

mmu04022 pathway cGMP-PKG signaling pathway - Mus 
musculus (mo... 

0.00159 B6 

mmu04024 pathway cAMP signaling pathway - Mus musculus 
(mouse) 

0.007289 B6 

mmu04080 pathway Neuroactive ligand-receptor interaction - 
Mus... 

0.00269 B6 

mmu04261 pathway Adrenergic signaling in cardiomyocytes - 
Mus ... 

0.00069 B6 

mmu04664 pathway Fc epsilon RI signaling pathway - Mus 
musculu... 

0.00169 B6 

mmu04923 pathway Regulation of lipolysis in adipocytes - Mus 
m... 

0.00029 B6 

mmu04924 pathway Renin secretion - Mus musculus (mouse) 0.00019 B6 

mmu05032 pathway Morphine addiction - Mus musculus (mouse) 0.006989 B6 

mmu05034 pathway Alcoholism - Mus musculus (mouse) 0.008089 B6 

mmu05310 pathway Asthma - Mus musculus (mouse) 0.00309 B6 

mmu05410 pathway Hypertrophic cardiomyopathy (HCM) - Mus 
muscu... 

0.007589 B6 

M00037 module Melatonin biosynthesis, tryptophan => 
seroton... 

9E-05 B6 

M00038 module Tryptophan metabolism, tryptophan => 
kynureni... 

0.008989 B6 

M00042 module Catecholamine biosynthesis, tyrosine => 
dopam... 

0.00039 B6 

1.2.1.32 enzyme aminomuconate-semialdehyde 
dehydrogenase 

0.00199 B6 

2.1.1.28 enzyme phenylethanolamine N-methyltransferase 0.00039 B6 

2.1.1.4 enzyme acetylserotonin O-methyltransferase 0.006289 B6 

2.3.1.87 enzyme aralkylamine N-acetyltransferase 0.00019 B6 
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2.7.1.20 enzyme adenosine kinase 0.00449 B6 

2.7.1.33 enzyme pantothenate kinase 0.00019 B6 

2.7.11.12 enzyme cGMP-dependent protein kinase 0.007989 B6 

3.2.1.14 enzyme chitinase 0.006789 B6 

3.4.15.1 enzyme peptidyl-dipeptidase A 0.00019 B6 

3.4.19.14 enzyme leukotriene-C4 hydrolase 0.00299 B6 

3.4.21.20 enzyme cathepsin G 0.010789 B6 

3.4.21.4 enzyme trypsin 0.010389 B6 

3.4.21.78 enzyme granzyme A 0.00269 B6 

3.4.22.1 enzyme cathepsin B 0.00079 B6 

3.4.23.15 enzyme renin 0.00019 B6 

4.1.1.105 enzyme L-tryptophan decarboxylase 0.007189 B6 

4.1.1.45 enzyme aminocarboxymuconate-semialdehyde 
decarboxyla... 

0.006989 B6 

4.6.1.2 enzyme guanylate cyclase 0.009589 B6 

6.3.2.51 enzyme phosphopantothenate---cysteine ligase 
(ATP) 

0.012089 B6 

R00045 reaction 3,4-dihydroxy-L-phenylalanine:oxygen 
oxidored... 

0.00529 B6 

R00183 reaction adenosine 5'-monophosphate 
phosphohydrolase 

0.00089 B6 

R00185 reaction ATP:adenosine 5'-phosphotransferase 0.00239 B6 

R00192 reaction S-Adenosyl-L-homocysteine hydrolase 0.00349 B6 

R00563 reaction N2-(D-1,3-dicarboxypropyl)-L-
arginine:NADP+ o... 

0.00509 B6 

R00693 reaction Acetyl-CoA:L-phenylalanine N-
acetyltransferas... 

0.00429 B6 

R00982 reaction Anthranilate:CoA ligase (AMP-forming) 0.010489 B6 

R00983 reaction 2,3-Dihydroxyindole:oxygen 2,3-
oxidoreductase... 

0.012089 B6 

R00987 reaction L-Kynurenine hydrolase 0.007189 B6 

R00988 reaction N-Formylanthranilate amidohydrolase 0.010189 B6 

R00991 reaction Anthranilate <=> 2-
Formaminobenzoylacetate 

0.010389 B6 

R01206 reaction [1,4-(N-Acetyl-beta-D-glucosaminyl)]n 
glycano... 

0.006789 B6 

R01245 reaction Adenosine ribohydrolase 0.009389 B6 

R01411 reaction 5-Methylcytosine aminohydrolase 0.010389 B6 

R01413 reaction thymine:acceptor oxidoreductase 0.010089 B6 

R01560 reaction Adenosine aminohydrolase 0.010389 B6 

R01561 reaction adenosine:phosphate alpha-D-
ribosyltransferas... 

0.008789 B6 

R01567 reaction ATP:thymidine 5'-phosphotransferase 0.005989 B6 

R01569 reaction thymidylate 5'-phosphohydrolase 0.005889 B6 

R01570 reaction thymidine:phosphate deoxy-alpha-D-
ribosyltran... 

0.006789 B6 

R01773 reaction L-Homoserine:NAD+ oxidoreductase 0.012089 B6 

R02078 reaction L-Tyrosine,L-dopa:oxygen oxidoreductase 0.00519 B6 

R02092 reaction dTDP phosphohydrolase 0.00499 B6 
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R02094 reaction ATP:dTMP phosphotransferase 0.00469 B6 

R02101 reaction 5,10-Methylenetetrahydrofolate:dUMP C-
methylt... 

0.010589 B6 

R02335 reaction UDP-N-acetyl-D-glucosamine:chitin 4-beta-
N-ac... 

0.006789 B6 

R02473 reaction (R)-Pantoate:beta-alanine ligase (AMP-
forming... 

0.005889 B6 

R02474 reaction Pantothenate amidohydrolase 0.00239 B6 

R02533 reaction S-Adenosyl-L-
methionine:phenylethanolamine N-... 

0.00219 B6 

R02911 reaction acetyl-CoA:aralkylamine N-acetyltransferase 0.00029 B6 

R02919 reaction 4-[(1R)-1-Hydroxy-2-(methylamino)ethyl]-
1,2-b... 

0.00089 B6 

R02920 reaction S-Adenosyl-L-methionine:catechol O-
methyltran... 

0.008889 B6 

R02971 reaction ATP:pantothenate 4'-phosphotransferase 0.011189 B6 

R02972 reaction N-((R)-Pantothenoyl)-L-cysteine carboxy-
lyase 

0.00019 B6 

R03018 reaction ATP:pantothenate 4'-phosphotransferase 0.00099 B6 

R03130 reaction S-Adenosyl-L-homocysteine:N-
acetylserotonin O... 

0.00019 B6 

R03210 reaction 6-Carboxyhexanoyl-CoA:L-alanine C-
carboxyhexa... 

0.00519 B6 

R03269 reaction N-[(R)-4'-Phosphopantothenoyl]-L-cysteine 
car... 

0.011489 B6 

R03889 reaction 2-Aminomuconate semialdehyde:NAD+ 6-
oxidoredu... 

0.006089 B6 

R03916 reaction (5-glutamyl)-peptide:amino-acid 5-
glutamyltra... 

0.005989 B6 

R03927 reaction Pantothenate + 2 Reduced acceptor <=> 
Pantoth... 

0.005989 B6 

R04230 reaction (R)-4'-phosphopantothenate:L-cysteine 
ligase ... 

0.011689 B6 

R04231 reaction (R)-4'-phosphopantothenate:L-cysteine 
ligase 

0.011989 B6 

R04323 reaction 2-Amino-3-carboxymuconate semialdehyde 
carbox... 

0.008289 B6 

R04391 reaction ATP:pantothenate 4'-phosphotransferase 0.00019 B6 

R04903 reaction 5-Hydroxyindoleacetaldehyde:NAD+ 
oxidoreducta... 

0.011189 B6 

R04904 reaction 5-hydroxyindoleacetaldehyde:oxygen 
oxidoreduc... 

0.009589 B6 

R04905 reaction S-Adenosyl-L-methionine:N-acetylserotonin 
O-m... 

0.006289 B6 

R04906 reaction 5-Hydroxyindoleacetate <=> 5-
Hydroxyindoleace... 

0.006689 B6 

R05055 reaction Leukotriene D4 + H2O <=> Leukotriene E4 + 
Gly... 

0.00249 B6 

R05357 reaction amidinoproclavaminate amidinohydrolase 0.005889 B6 

R05466 reaction deoxyamidinoproclavaminate,2-
oxoglutarate:oxy... 

0.006189 B6 
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R06613 reaction 5,10-
methylenetetrahydrofolate,NADPH:dUMP C-
m... 

0.006189 B6 

R06977 reaction L-2,4-diaminobutyrate:2-oxoglutarate 4-
aminot... 

0.010689 B6 

R07514 reaction 6-
hydroxypseudooxynicotinemonooxygenase 

0.011789 B6 

R08626 reaction dihomomethionine:2-oxo-acid 
aminotransferase 

0.00069 B6 

R08638 reaction tetrahomomethionine:2-oxo-acid 
aminotransfera... 

0.00039 B6 

R08670 reaction dihomomethionine,[NADPH---hemoprotein 
reducta... 

0.010289 B6 

R08673 reaction tetrahomomethionine,[NADPH---
hemoprotein redu... 

0.010289 B6 

R09079 reaction carboxyspermidine:NADP+ oxidoreductase 0.006689 B6 

R09257 reaction feruloyl-CoA:putrescine feruloyltransferase 0.00389 B6 

R09471 reaction 6-Hydroxypseudooxynicotine + 2 H2O <=> 6-
Hydr... 

0.005689 B6 

R09805 reaction L-Aspartate-4-semialdehyde:NAD+ 
oxidoreductas... 

0.006189 B6 

R09875 reaction leukotriene-C4 hydrolase 0.00109 B6 

R10091 reaction N2-citryl-N6-acetyl-N6-hydroxy-L-lysine:N6-
ac... 

0.00549 B6 

R10147 reaction L-aspartate-4-semialdehyde hydro-lyase 
[addin... 

0.011889 B6 

R10699 reaction L-lysine:8-amino-7-oxononanoate 
aminotransfer... 

0.011289 B6 

R11022 reaction 2-Aminomuconate semialdehyde <=> 
Picolinic ac... 

0.011189 B6 

R11323 reaction dTTP diphosphohydrolase 0.009689 B6 

R12505 reaction hydrogen sulfide:L-aspartate-4-
semialdehyde s... 

0.006289 B6 

C00079 compound L-Phenylalanine 0.008789 B6 

C00108 compound Anthranilate 0.006489 B6 

C00134 compound Putrescine 0.007689 B6 

C00151 compound L-Amino acid 0.008589 B6 

C00178 compound Thymine 0.00039 B6 

C00212 compound Adenosine 0.00049 B6 

C00364 compound dTMP 0.00109 B6 

C00441 compound L-Aspartate 4-semialdehyde 0.006089 B6 

C00461 compound Chitin 0.006789 B6 

C00788 compound L-Adrenaline 0.00129 B6 

C00822 compound Dopaquinone 0.00519 B6 

C00831 compound Pantetheine 0.00539 B6 

C00864 compound Pantothenate 0.00029 B6 

C00978 compound N-Acetylserotonin 0.00029 B6 

C01092 compound 8-Amino-7-oxononanoate 0.00529 B6 

C01187 compound 3-Deoxy-D-manno-octulosonate 0.006489 B6 
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C01297 compound 6-Hydroxypseudooxynicotine 0.006489 B6 

C01674 compound Chitobiose 0.011289 B6 

C01682 compound Nopaline 0.00499 B6 

C02320 compound R-S-Glutathione 0.00259 B6 

C02376 compound 5-Methylcytosine 0.010389 B6 

C03519 compound N-Acetyl-L-phenylalanine 0.00429 B6 

C03824 compound 2-Aminomuconate semialdehyde 0.00499 B6 

C04079 compound N-((R)-Pantothenoyl)-L-cysteine 0.00029 B6 

C04352 compound (R)-4'-Phosphopantothenoyl-L-cysteine 0.005789 B6 

C04409 compound 2-Amino-3-carboxymuconate semialdehyde 0.007789 B6 

C05554 compound Aerobactin 0.00549 B6 

C05588 compound L-Metanephrine 0.008189 B6 

C05634 compound 5-Hydroxyindoleacetaldehyde 0.007889 B6 

C05635 compound 5-Hydroxyindoleacetate 9E-05 B6 

C05660 compound 5-Methoxyindoleacetate 0.006289 B6 

C05729 compound R-S-Cysteinylglycine 0.006389 B6 

C05832 compound 5-Hydroxyindoleacetylglycine 0.006689 B6 

C05944 compound Pantothenol 0.005989 B6 

C05951 compound Leukotriene D4 0.00079 B6 

C06657 compound Guanidinoproclavaminic acid 0.005789 B6 

C06658 compound Proclavaminic acid 0.010989 B6 

C10164 compound Picolinic acid 0.011189 B6 

C10497 compound Feruloylputrescine 0.00389 B6 

C17216 compound 2-Oxo-6-methylthiohexanoic acid 0.008689 B6 

C17217 compound Dihomomethionine 0.00079 B6 

C17224 compound 2-Oxo-8-methylthiooctanoic acid 0.006989 B6 

C17225 compound Tetrahomomethionine 0.00049 B6 

C17245 compound 5-Methylthiopentanaldoxime 0.010289 B6 

C17249 compound 7-Methylthioheptanaldoxime 0.010289 B6 

C20333 compound N2-Citryl-N6-acetyl-N6-hydroxy-L-lysine 0.011089 B6 
 

6.2 Materials  

Material Company 

Acetone Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Albumin Fraktion V Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

AllPrep DNA/RNA/Protein Mini Kit Qiagen, Hilden, Germany 

Amersham™ Protran® Western blotting 
membranes, nitrocellulose 

GE Healthcare Bio-Sciences AB, Uppsala, Sweden 

Amicon® Ultra-15 Centrifugal Filter Units Merck KGaA, Darmstadt, Germany 

Calcium chloride Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Cell Strainer, 70 µm Sarstedt, Nümbrecht, Germany 

CellTiter-Glo® Luminescent Cell Viability 
Assay 

Promega, Madison, USA 

Combitip Adv Biop 10.0 ml 100 pcs Eppendorf SE, Hamburg, Germany 

Corning® Matrigel® Matrix Corning Inc., Corning, USA 

Costar® 24-well Clear TC-treated Multiple 
Well Plates 

Corning Inc., Corning, USA 



 

116 
 

D-(+)-Glucosamine hydrochloride Sigma-Aldrich, St. Louis, USA 

D(+)-Glucose Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

D-(-)-Ribose Sigma-Aldrich, St. Louis, USA 

Dako Pen Dako Deutschland GmbH, Hamburg, Germany 

DAPI Fluoromount G Southern Biotech, Birmingham, USA 

di-Potassium hydrogen phosphate Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

di-Sodium hydrogen phosphate dihydrate Merck Millipore, Burlington, USA 

Disposable Biopsy Punch pfm medical AG, Cologne, Germany 

DNase I, RNase-free (1 U/µl) Thermo Fisher Scientific GmbH, Dreieich, Germany 

DNeasy® Blood & Tissue Kit Qiagen, Hilden, Germany 

DPBS (1x) Gibco, Thermo Fisher Scientific GmbH, Dreieich, 
Germany 

Dulbecco’s Modified Eagle’s Medium – high 
glucose 

Sigma-Aldrich, St. Louis, USA 

Dulbecco’s Modified Eagle’s Medium – low 
glucose 

Sigma-Aldrich, St. Louis, USA 

Dulbecco’s Modified Eagle’s Medium: 
Nutrient Mixture F-12 

Stemcell™ Technologies, Vancouver, Canada 

eBioscience™ Fixation/Permeabilization 
Concentrate 

Invitrogen, Waltham, USA 

eBioscience™ Fixation/Permeabilization 
Diluent 

Invitrogen, Waltham, USA 

eBioscience™ Permeabilization Buffer (10X) Invitrogen, Waltham, USA 

eBioscience™ RBC Lysis Buffer Invitrogen, Waltham, USA 

EDTA SERVA Electrophoresis GmbH, Heidelberg, Germany 

ELISA MAX™ Deluxe Set Mouse TNF-α BioLegend, San Diego, USA 

EMPROVE® ESSENTIAL Ph Eur,BP,JPE,NF,E 
338 ortho-Phosphoric acid 85% 

Merck Millipore, Burlington, USA 

Epredia™ SuperFrost Plus™ Adhesion slides Thermo Fisher Scientific GmbH, Dreieich, Germany 

ExpressPlus™ PAGE Gel Genscript Biotech Corp, Piscataway Township, USA 

FBS Superior Sigma-Aldrich, St. Louis, USA 

FcR Blocking Reagent, mouse Miltenyi Biotec, Bergisch Gladbach, Germany 

20% Galactose Solution Alpha Teknova, Hollister, USA 

GeneRuler 1kb DNA Ladder, ready-to-use Thermo Fisher Scientific GmbH, Dreieich, Germany 

GeneRuler Ultra Low Range DNA Ladder, 
ready-to-use 

Thermo Fisher Scientific GmbH, Dreieich, Germany 

Gentle Cell Dissociation Reagent Stemcell™ Technologies, Vancouver, Canada 

Germocid Peracetic Disinfectant Powder GIMA, Milan, Italy 

Glucose Solution (200 g/L) Gibco, Thermo Fisher Scientific GmbH, Dreieich, 
Germany 

GlutaMAX™ Gibco, Thermo Fisher Scientific GmbH, Dreieich, 
Germany 

Glycerol Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Glycine Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Guanidine hydrochloride Sigma-Aldrich, St. Louis, USA 

HBSS (1x) Gibco, Thermo Fisher Scientific GmbH, Dreieich, 
Germany 

HEPES Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Hydrochloric acid (2N) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Immobilon Western Chemiluminescent HRP 
Substrate 

Merck Millipore, Burlington, USA 
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innuPREP DOUBLEpure Kit Analytik Jena, Jena, Germany 

innuPREP RNA Mini Kit 2.0 Analytik Jena, Jena, Germany 

IntestiCult™ OGM Mouse Basal Medium Stemcell™ Technologies, Vancouver, Canada 

Ketamine hydrochloride  Sigma-Aldrich, Darmstadt, Germany  

LE Agarose Biozym Scientific GmbH, Hessisch Oldendorf, 
Germany 

L-Glutamic acid Sigma-Aldrich, St. Louis, USA 

Lipopolysaccharides from Escherichia coli 
O111:B4 

Sigma-Aldrich, St. Louis, USA 

Maxima SYBR Green/ROX qPCR Master Mix Thermo Fisher Scientific GmbH, Dreieich, Germany 

Methanol Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Microtest Plate 96 Well, F Sarstedt, Nümbrecht, Germany 

Microvette® Sarstedt, Nümbrecht, Germany 

N-Acetyl-D-Glucosamine Sigma-Aldrich, St. Louis, USA 

NextSeq 500/550 High Output Kit v2.5  Illumina, San Diego, USA 

N-(1-napthyl) ethylenediamine 
dihydrochloride 

Sigma-Aldrich, St. Louis, USA 

Nonfat dried milk powder AppliChem GmbH, Darmstadt, Germany 

NP-40 Alternative Merck Millipore, Burlington, USA 

Nunc™ MicroWell™ 96-Well, Nunclon Delta-
Treated, Flat-Bottom Microplate 

Thermo Fisher Scientific GmbH, Dreieich, Germany 

96 PCR Plate half skirt flat Sarstedt, Nümbrecht, Germany 

PCR SingleCap 8er-SoftStrips 0.2 ml Biozym Scientific GmbH, Hessisch Oldendorf, 
Germany 

Percoll™ GE Healthcare Bio-Sciences AB, Uppsala, Sweden 

Phire™ Hot Start II DNA Polymerase Thermo Fisher Scientific GmbH, Dreieich, Germany 

Phor Agarose Biozym Scientific GmbH, Hessisch Oldendorf, 
Germany 

Pierce™ BCA Protein Assay Kit Thermo Fisher Scientific GmbH, Dreieich, Germany  

Pierce™ LDH Cytotoxicity Assay Kit Thermo Fisher Scientific GmbH, Dreieich, Germany  

Potassium chloride Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Potassium dihydrogen phosphate Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Protease Inhibitor Cocktail Set III, Animal-
Free 

Merck Millipore, Burlington, USA 

Protein G Resin Genscript Biotech Corp, Piscataway Township, USA 

QIAshredder Qiagen, Hilden, Germany 

RevertAid First Strand cDNA Synthesis Kit Thermo Fisher Scientific GmbH, Dreieich, Germany 

RNAlater™ Sigma-Aldrich, St. Louis, USA 

RPMI 1640 PAN-Biotech GmbH, Aidenbach, Germany 

RPMI Medium 1640 Gibco, Thermo Fisher Scientific GmbH, Dreieich, 
Germany 

SDS Pellets Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Serological pipette 5 ml Sarstedt, Nümbrecht, Germany 

Serological pipette 10 ml Sarstedt, Nümbrecht, Germany 

Serological pipette 25 ml Sarstedt, Nümbrecht, Germany 

Sodium azide Sigma-Aldrich, St. Louis, USA 

Sodium chloride Sigma-Aldrich, St. Louis, USA 

Sodium deoxycholate Sigma-Aldrich, St. Louis, USA 

Sodium dihydrogen phosphate dihydrate Merck Millipore, Burlington, USA 

Sodium hydroxide Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Sodium nitrite Carl Roth GmbH & Co. KG, Karlsruhe, Germany 
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Sodium oxalate Sigma-Aldrich, St. Louis, USA 

Sodium palmitate Sigma-Aldrich, St. Louis, USA 

Sodium propionate Sigma-Aldrich, St. Louis, USA 

Sodium Pyruvate 100mM Gibco, Thermo Fisher Scientific GmbH, Dreieich, 
Germany 

Spectra™ Multicolor Broad Range Protein 
Ladder 

Thermo Fisher Scientific GmbH, Dreieich, Germany 

Spermidine Sigma-Aldrich, St. Louis, USA 

Sucrose Sigma-Aldrich, St. Louis, USA 

Sulfanilamide Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

TC-Flask T75, Stand., Vent. Cap Sarstedt, Nümbrecht, Germany 

TC Plate 6 Well, Standard, F Sarstedt, Nümbrecht, Germany 

TC Plate 24 Well, Standard, F Sarstedt, Nümbrecht, Germany 

TC Plate 96 Well, Standard, R Sarstedt, Nümbrecht, Germany 

Tissue-Tek Cryomold Intermediate plastic Sakura Finetek, Torrane, USA 

Tissue-Tek O.C.T. Compound Sakura Finetek, Torrane, USA 

Titripur® Sodium hydroxide solution Merck Millipore, Burlington, USA 

Tris Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Tris-MOPS-SDS Running Buffer Powder Genscript Biotech Corp, Piscataway Township, USA 

Triton™ X-100 Sigma-Aldrich, St. Louis, USA 

Trypan Blue Stain (0.4%) Gibco, Thermo Fisher Scientific GmbH, Dreieich, 
Germany 

Tween® 20 Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

UltraPure™ Distilled Water Invitrogen, Waltham, USA 

Xylazine hydrochloride Sigma-Aldrich, Darmstadt, Germany 

 

Antibody Clone Dilution Isotype Company Application 

Biotin anti-mouse 
CD3ε Antibody  

145-2C11  1:100  Armenian 
Hamster IgG  

BioLegend  IHC 

Biotin anti-mouse TCR 
γ/δ Antibody  

GL3  1:100  Armenian 
Hamster IgG  

BioLegend  IHC 

Streptavidin Protein, 
DyLight™ 488 
conjugate  

 1:200   Thermo Fisher 
Scientific  

IHC 

Streptavidin Protein, 
DyLight™ 594 
conjugate  

 1:200   Thermo Fisher 
Scientific  

IHC 

swine anti-rabbit – 
FITC conjugated 
IgG/F(ab)2 antibody 

 1:200  Southern 
Biotech 

IHC 

CD45R (B220) 
Antibody, anti-mouse, 
APC 

RA3-6B2 1:50 Rat IgG2a, κ Miltenyi Biotec FC 

APC/Cyanine7 anti-
mouse CD3 Antibody 

17A2 1:100 Rat IgG2b, κ BioLegend FC 

FITC anti-mouse CD3 
Antibody 

17A2 1:100 Rat IgG2b, κ BioLegend FC 

APC anti-mouse CD4 
Antibody 

RM4-5 1:100 Rat IgG2a, κ BioLegend FC 

CD8a Monoclonal 53-6.7 1:100 Rat IgG2a, κ eBioscience FC 
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Antibody, FITC 

FITC anti-
mouse/human CD11b 
Antibody 

M1/70 1:100 Rat IgG2b, κ BioLegend FC 

Brilliant Violet 605™ 
anti-mouse CD11c 
Antibody 

N418 1:20 Armenian 
Hamster IgG 

BioLegend FC 

PE anti-mouse CD45 
Antibody 

30-F11 1:100 Rat IgG2b, κ BioLegend FC 

APC/Cyanine7 anti-
mouse F4/80 
Antibody 

BM8 1:20 Rat IgG2a, κ BioLegend FC 

TCRγ/δ Antibody, 
anti-mouse 

GL3 1:10 Armenian 
Hamster IgG 

Miltenyi Biotec FC 

APC anti-
mouse/human CD207 
(Langerin) Antibody 

4C7 1:100 Mouse IgG2a, 
κ 

BioLegend FC 

Brilliant Violet 605™ 
anti-mouse Ly-6C 
Antibody 

HK1.4 1:20 Rat IgG2c, κ BioLegend FC 

FITC anti-mouse Ly-6G 
Antibody 

1A8 1:200 Rat IgG2a, κ BioLegend FC 

Zombie Violet™ 
Fixable Viability Kit 

 1:1000  BioLegend FC 

β-Actin (13E5) Rabbit 
mAb #4970 

monoclonal 1:1000  Cell signaling 
technology 

WB 

Claudin-2 (E1H90) 
Rabbit mAb 

monoclonal 1:1000  Cell signaling 
technology 

WB 

Polyclonal Goat Anti-
Rabbit 
Immunoglobulins/HRP 

polyclonal 1:4000  Agilent 
Technologies 

WB 

 

 

Primer name Primer sequence Supplier 

β-Actin for CACTGTCGAGTCGCGTCC biomers.net GmbH, Ulm, Germany 

β-Actin rev CGCAGCGATATCGTCATCCA biomers.net GmbH, Ulm, Germany 

Claudin-1 for TCCTTGCTGAACTTGAACA biomers.net GmbH, Ulm, Germany 

Claudin-1 rev AGCCATCCACTACTTCTG biomers.net GmbH, Ulm, Germany 

Claudin-2 for TATGTTGGTGCCAGCATTGT biomers.net GmbH, Ulm, Germany 

Claudin-2 rev TCATGCCCACCACAGAGATA biomers.net GmbH, Ulm, Germany 

Claudin-4 for TCGTGGGTGCTCTGGGGATGCTTC biomers.net GmbH, Ulm, Germany 

Claudin-4 rev GCGGATGACGTTGTGAGCGGTC biomers.net GmbH, Ulm, Germany 

Claudin-15 for GCTTCTTCATGTCAGCCCTG biomers.net GmbH, Ulm, Germany 

Claudin-15 rev TTCTTGGAGAGATCCATGTTGC biomers.net GmbH, Ulm, Germany 

Occludin for CCTCCAATGGCAAAGTGAAT biomers.net GmbH, Ulm, Germany 

Occludin rev CTCCCCACCTGTCGTGTAGT biomers.net GmbH, Ulm, Germany 

ZO-1 for CCACCTCTGTCCAGCTCTTC biomers.net GmbH, Ulm, Germany 

ZO-1 rev CACCGGAGTGATGGTTTTCT biomers.net GmbH, Ulm, Germany 

Defα-22-for AGCAGCCAGGGGAAGAG biomers.net GmbH, Ulm, Germany 

Defα-22-rev CCTCTATTGCAGCGACGT biomers.net GmbH, Ulm, Germany 
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IL-1β for CTTCCAGGATGAGGACATGA biomers.net GmbH, Ulm, Germany 

IL-1β rev CACACCAGCAGGTTATCATCATC biomers.net GmbH, Ulm, Germany 

IL-6 for CTCCCAACAGACCTGTCTATAC biomers.net GmbH, Ulm, Germany 

IL-6 rev GTGCATCATCGTTGTTCATAC biomers.net GmbH, Ulm, Germany 

IL-8/KC for TGAGAGTGATTGAGAGTGGACCA biomers.net GmbH, Ulm, Germany 

IL-8/KC rev TCAGCCCTCTTCAAAAACTTCTCC biomers.net GmbH, Ulm, Germany 

IL-10 for TCCCTGGGTGAGAAGCTGAAG biomers.net GmbH, Ulm, Germany 

IL-10 rev CACCTGCTCCACTGCCTTG biomers.net GmbH, Ulm, Germany 

TNFα for CTGTAGCCCACGTCGTAGC biomers.net GmbH, Ulm, Germany 

TNFα rev TTGAGATCCATGCCGTTG biomers.net GmbH, Ulm, Germany 

GLP1 for GGCACATTCACCAGCGACTACA biomers.net GmbH, Ulm, Germany 

GLP1 rev GCCCTCCAAGTAAGAACTCACATC biomers.net GmbH, Ulm, Germany 

GLP1R for TCAGAGACGGTGCAGAAATG biomers.net GmbH, Ulm, Germany 

GLP1R rev CAGCTGACATTCACGAAGGA biomers.net GmbH, Ulm, Germany 

B2M for GCTATCCAGAAAACCCCTCAA biomers.net GmbH, Ulm, Germany 

B2M rev CATGTCTCGATCCCAGTAGACGGT biomers.net GmbH, Ulm, Germany 

Beclin for AATCTAAGGAGTTGCCGTTATAC biomers.net GmbH, Ulm, Germany 

Beclin rev CCAGTGTCTTCAATCTTGCC biomers.net GmbH, Ulm, Germany 

Lysozym-1 for GCCAAGGTCTACAATCGTTGTGAGTTG biomers.net GmbH, Ulm, Germany 

Lysozym-1 rev CAGTCAGCCAGCTTGACACCACG biomers.net GmbH, Ulm, Germany 

 

6.3 Equipment 

Equipment Company 

Aesculap Isis rodent shaver li-ion battery Agntho's AB, Lidingö, Sweden 

Allegra® X-15R Centrifuge  Beckman Coulter  

Analytical scale ABS/ABJ-BA-def-1019  Kern & Sohn GmbH, Balingen, Germany  

Attune™ NxT Flow Cytometer Thermo Fisher Scientific GmbH, Dreieich, Germany  

Bio-photometer plus 8.5 mm  Eppendorf SE, Hamburg, Germany  

C100 Touch™ Thermal Cycler Bio-Rad Laboratories GmbH, Munich, Germany 

Centrifuge 5810R  Eppendorf SE, Hamburg, Germany  

CFI Plan Apo λ 10x lense  Keyence Deutschland GmbH, Neu-Isenburg, Germany  

CFI Plan Apo λ 20x lense  Keyence Deutschland GmbH, Neu-Isenburg, Germany  

ChemiDoc Imaging System Bio-Rad Laboratories GmbH, Munich, Germany 

Cryostat CM3050 S  Leica Mikrosysteme Vertrieb GmbH, Wetzlar, 
Germany  

Eppendorf Xplorer® Eppendorf SE, Hamburg, Germany 

Freezer -20˚  Liebherr Hausgeräte GmbH, Ochsenhausen, Germany  

Freezer -80˚  Thermo Fisher Scientific GmbH, Dreieich, Germany  

Freezer: Comfort NoFrost  Liebherr  

Fresco™ 21 Microcentrifuge Thermo Fisher Scientific GmbH, Dreieich, Germany 

Fridge: Comfort  Liebherr  

Gelaire Laminarflow Class 100 Gelman Instrument Company 

GeneAmp® PCR System 9700  Applied Biosystems  

HandyStep S dispenser  BRAND GmbH, Wertheim, Germany  

HERAcell incubator  Heraeus Instruments GmbH, Hanau, Germany  

Incubator Thermo Scientific BB 15 CO2 Thermo Fisher Scientific GmbH, Dreieich, Germany 

Infinite M200 PRO  Tecan Group, Männedorf, Switzerland 

Inverted microscope AE2000 Binocular Motic Deutschland GmbH, Wetzlar, Germany 

Keyence microscope BZ-9000E  Keyence Deutschland GmbH, Neu-Isenburg, Germany  
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Laminar hood  NuAire, Plymouth, Minnesota, USA  

Mastercycler ep realplex2  Eppendorf SE, Hamburg, Germany  

Micro centrifuge Micro Star 17R  VWR International GmbH, Darmstadt, Germany  

Microtome  Leica Mikrosysteme Vertrieb GmbH, Wetzlar, 
Germany  

Microwave: 700 & Grill  Severin  

Mikro 120 Microliter Centrifuge  Hettich, Tuttlingen, Germany  

Mini-PROTEAN Tetra System electrophorese 
chamber 

Bio-Rad Laboratories GmbH, Munich, Germany  

NanoDrop 2000c spectrophotometer  Thermo Fisher Scientific GmbH, Dreieich, Germany  

Neubauer cell counting chamber  Laboroptik GmbH, Friedrichsdorf, Germany  

NextSeq 500 System Illumina, San Diego, USA 

pH meter HI208  HANNA instruments, Vöhringen, Germany  

Potter-Elvehjem glass homogenizer  Kimble Chase, Rockwood, USA  

Power Pac 300 Bio-Rad Laboratories GmbH, Munich, Germany  

Power Pac basic  Bio-Rad Laboratories GmbH, Munich, Germany  

Precellys 24 Homogenizer  Bertin Instruments, Rockville, USA  

Precision balance 440-47N  Kern, Balingen, Germany  

QUANTUM ST4 1100 imaging system  Vilber Lourmat Deutschland GmbH, Eberhardzell, 
Germany  

Qubit® Fluorometer  Thermo Fisher Scientific  

Refrigerator  Siemens, Munich, Germany  

2720 Thermal Cycler Applied Biosystems, Waltham, USA 

Trans-Blot® Turbo™ Transfer System Bio-Rad Laboratories GmbH, Munich, Germany 

Vortex  Vortex-Genie® 2-Scientific Industries Inc., Bohemia, 
New-York,USA  
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6.4 Conference contributions 

Poster presentations: 

1st Frontiers in Microbiome Autumn School, Ebberup, Denmark, October 2019 

Conference “New Developments in Immunology, Inflammation and Infection” (NDI3), Borstel, 

Germany, November 2019 

47th Annual Meeting of the Arbeitsgemeinschaft Dermatologische Forschung (ADF), Berlin (virtual), 

Germany, March 2021 

3rd International Symposium of the RTG1743 Genes, Environment and Inflammation, Kiel (virtual), 

Germany, May 2021 

 

Oral presentations: 

47th Annual Meeting of the Arbeitsgemeinschaft Dermatologische Forschung (ADF), Berlin (virtual), 

Germany, March 2021 
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