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Zusammenfassung 
 
 

Alle chronischen Lebererkrankungen im Endstadium bilden im Verlauf eine Leberzirrhose aus. 

Dies gilt auch für die cholestatischen Lebererkrankungen. Mangelernährung und Sarkopenie, 

der fortschreitende Verlust von Muskelmasse und Muskelkraft, sind die häufigsten 

Komorbiditäten von zirrhotischen Patienten und verschlechtern deren Lebensqualität und 

schlussendlich die Prognose. 

Die Mangelernährung wird durch verschiedene Faktoren ausgelöst, hauptsächlich Entzündung, 

aber auch Appetitlosigkeit, verringerte Nahrungsaufnahme, Verdauungsschwierigkeiten und 

Malabsorption. Die Sarkopenie wird durch ein Ungleichgewicht zwischen Abbau und Aufbau 

im Skelettmuskel hervorgerufen. Abbaumechanismen stehen dabei im Vordergrund. 

Nichtsdestoweniger sind die Mechanismen, die Sarkopenie in zirrhotischen Patienten auslösen, 

und das Zusammenspiel zwischen der Sarkopenie selbst und der Mangelernährung noch nicht 

geklärt. Das liegt auch an der Schwierigkeit, die entsprechenden Mediatoren auf molekularer 

Ebene zu identifizieren. 

Um Einblicke in diese Mechanismen zu erlangen, haben wir ein Modell für cholestatische 

Lebererkrankungen in C57BL/6J-Mäusen etabliert, denen zu diesem Zweck die Gallengänge 

ligiert wurden. Die Mäuse wurde in drei Gruppen randomisiert: (1) Die ligierten Tiere (BDL- 

Gruppe), (2) eine Gruppe mit einer Schein-Operation ohne Gallengangligatur (sham-Gruppe), 

und (3) die Kontrollgruppe ohne jegliche Operation. Nach der OP wurden täglich Gewicht und 

Gesundheitszustand der Mäuse erfasst. Die Muskelkraft wurde mittels Griffstärkemessgerät 

und die Muskelmasse mittels Magnetresonanztomografie ermittelt. In Stoffwechselkäfigen 

wurden die Stickstoffbilanz und der Gesamtenergieverbrauch mittels isotopmarkiertem Wasser 

gemessen. Die Mäuse wurden nach 7, 10 oder 14 Tage postoperativ durch zervikale Dislokation 

geopfert. Danach wurden Blut, Verdauungsorgane (Leber, Pankreas, Dünn- und Dickdarm) und 

Muskeln (Musculus Gastrocnemius und Quadrizeps femoris) entnommen. Mit Gewebeproben 

der nach 7 und 14 Tagen geopferten Mäuse wurde die fraktionelle Proteinsyntheserate (FPSR) 

mittels 2H5-Ring-Phenylalanine (2H5-Phe) und der flooding dose -Methode ermittelt. Es wurden 

Plasmakonzentrationen von Entzündungsmarkern, Aminosäuren, Metaboliten und Enzymen, 

die mit Leberschädigung in Verbindung stehen, bestimmt., Außerdem wurden die 

Urinkonzentrationen von Stickstoffmetaboliten und Aminosäuren gemessen. Das 

Muskelgewebe wurde histologisch untersucht und mittels q-RT-PCR die Genexpression 

analysiert. 
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Die Ligatur der Gallenwege löste eine cholestatische Lebererkrankung mit begleitender 

Fibrose, Nekrose, Entzündung, erhöhten Aktivitäten der Alaninaminotransferase, 

Aspartataminotransferase und alkalischen Phosphatase, sowie erhöhten Plasmaspiegeln von 

Bilirubin und Cholesterol aus. Die BDL-Mäuse zeigten eine Mangelernährung, die mit einer 

reduzierten Nahrungsaufnahme, Gewichtsverlust, sowie einer reduzierten Stickstoffbilanz und 

einem verminderten Gesamtenergieverbrauch verbunden war. Interessanterweise ist die 

reduzierte Stickstoffbilanz nicht nur auf eine reduzierte Nahrungsaufnahme zurückzuführen, 

sondern auch auf einen durch die Entzündung ausgelösten katabolen Status der Tiere, der dann 

zu einem massiven Stickstoffverlust führt. Die BDL-Mäuse zeigten erhöhte Werte für 

Entzündungsmarker wie IL6R-α, TNFRI, TNFRII, und VEGF bereits am siebten 

postoperativen Tag. Außerdem war die Expression von Genen, die mit Muskelschwund und 

Katabolismus assoziiert sind, im Muskelgewebe der BDL-Mäuse schon am siebten Tag erhöht. 

Diese Messungen, sowie die verringerte Muskelkraft und Muskelmasse, erhöhte Urinwerte von 

3-Methyl-Histidin (ein Metabolit des Aktins und dadurch ein Marker für Muskelabbau) und 

eine reduzierte FPSR im M. Gastrocnemius und Quadrizeps, deuten insgesamt auf einen 

sarcopenen Zustand der BDL-Mäuse hin. Dieser wird durch erhöhte Plasmakonzentrationen 

von konjugierten Gallensäuren, welche zusätzlich Entzündungsreaktionen und Muskelabbau 

stimulieren, verschlechtert. Der Muskelabbau beeinflusst den Gesamtenergieverbrauch, da 

dieser in BDL-Mäusen am wahrscheinlichsten auf einen reduzierten Energieverbrauch der 

Muskeln zurückzuführen ist. Außerdem wiesen die BDL-Mäuse veränderte Blutplasmaspiegel 

von Aminosäuren auf, wie etwa erhöhte Taurin- und erniedrigte Argininkonzentrationen. 

Insgesamt zeigten die BDL-Mäuse Anzeichen einer Mangelernährung und 

Entzündungsreaktion, sowie Veränderungen im Energie- und Proteinhaushalt, die mit der 

primären Leberschädigung einhergingen. Die negative Stickstoffbilanz und der Proteinabbau 

waren hauptsächlich im Muskel lokalisiert und verschlimmern dadurch vermutlich den 

Krankheitsverlauf. 

Zusammenfassend belegt die Studie, dass Mangelernährung und Sarkopenie bei cholestatischen 

Lebererkrankungen parallel auftreten und sichgegenseitig verstärken. Außerdem zeigt sich die 

Sarkopenie frühzeitig und ist ein multifaktorieller Prozess, der durch die Entzündung, einen 

systemischen pro-inflammatorischen und katabolischen Status, eine reduzierte Proteinsynthese, 

einen gesteigerten Muskelabbau, muskeltoxische Gallensäuren und ein Ungleichgewicht an 

Aminosäuren unterhalten wird. 
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1. SUMMARY 

 
Liver cirrhosis (LC) is the common end-stage of all progressive and chronic liver diseases, 

including cholestatic liver disease (CLD). Malnutrition is one of the main comorbidities of LC, 

and it is often present in cirrhotic patients together with sarcopenia, worsening the prognosis 

and the quality of life of LC patients. Malnutrition in LC is caused by several factors, including 

inadequate food intake, loss of appetite due to inflammation and gastrointestinal conditions, 

and nutrient malabsorption. Sarcopenia is triggered by an unbalance between skeletal muscle 

protein synthesis and degradation, in favour of catabolic processes. However, the mechanisms 

underlying sarcopenia in LC and the interplay between malnutrition and sarcopenia are still 

unclear, also due to the fact that the molecular mediators are hard to identify. 

To gain mechanistic insights into the development of sarcopenia, a C57BL/6J mouse model of 

CLD, using the bile duct ligation (BDL) surgery, has been established. The mice were randomly 

assigned to three different groups: the BDL surgery group, the Sham surgery group or the no 

surgery group (controls). After surgery, their weight and health conditions were monitored 

daily. Muscle strength was measured using a grip strength meter, and muscle volume was 

assessed using MRI. Mice were sacrificed via cervical dislocation either 7, 10 or 14 days after 

surgery, according to the experimental procedure. Metabolic cages (MC) experiments were 

performed to assess nitrogen balance (N-BAL) and total energy expenditure (TEE) using 

doubly labelled water. At d10, mice were sacrificed via cervical dislocation and blood and 

muscle were collected. Fractional protein synthesis rate (FPSR) of different tissues was 

assessed on post-operative days (d) 7 and d14 with the flooding dose method, using 2H5 ring- 

phenylalanine (2H5-Phe). Mice were sacrificed via cervical dislocation either 7,10 or 14 days 

after surgery, according to the experimental procedure; and blood, splanchnic organs and 

muscle tissue of the quadriceps femoris (M. quadriceps) and gastrocnemius (M. gastrocnemius) 

were collected. Plasma concentrations of inflammatory markers, amino acids, metabolites, and 

enzymes associated with liver damage, and urinary concentrations of nitrogen metabolites and 

amino acids were measured. Muscle tissue was used for histological investigations and gene 

expression analyses via q-RT PCR. 

The BDL surgery caused CLD, associated with fibrosis, necrosis, inflammation, and elevated 

activity of alanine aminotransferase, aspartate aminotransferase and alkaline phosphatase, as 

well as high concentrations of levels of bilirubin and cholesterol. Furthermore, the BDL mice 

showed signs of malnutrition, reflected in the reduced feed intake, progressive weight loss and 
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decreased N-BAL and TEE. Interestingly, the lower N-BAL showed by the BDL mice is not 

only a direct consequence of the decreased feed intake, as it can also be caused by an accelerated 

catabolic situation due to inflammation, which led to severe nitrogen loss. The BDL mice 

exhibit indeed inflammation, already in the early stages of the disease, as shown by the 

increased plasma concentrations of pro-inflammatory markers such as IL6R- α, TNFRI, 

TNFRII, and VEGF at d7. Furthermore, the BDL mice have an increased expression of genes 

associated with muscle atrophy and catabolism in M. quadriceps and M. gastrocnemius which 

is detected already at d7. These data, together with lower muscle strength and mass, increased 

concentrations of urinary 3-methyl-histidine (a marker of muscle protein breakdown, coming 

from actine degradation), and a decreased FPSR in both M. quadriceps and M. gastrocnemius 

point to a sarcopenic state in the BDL mice. This condition is further exacerbated by the high 

concentrations of circulating conjugated bile acids, which not only trigger further inflammation 

but also induce muscle atrophy. The muscle atrophy affects the TEE, as the BDL lower TEE is 

reasonably due to a diminished muscle energy expenditure. Moreover, the BDL mice displayed 

altered circulating concentrations of amino acids, such as low arginine concentration and 

increased taurine concentration. To summarize, the BDL mice showed signs of malnutrition, 

alteration of protein and energy metabolism as well as inflammation, mostly associated to liver 

injury. Specifically, the N loss and the protein catabolism are mainly localized in the muscle 

and are worsened by inflammation. 

In conclusion, the study shows that malnutrition and sarcopenia are present in parallel in CLD, 

and that they trigger each other in a sort of vicious circle. Furthermore, sarcopenia occurs early 

in CLD, and it is a multicausal process, involving inflammation, a systemic pro-inflammatory 

and catabolic state, reduced protein synthesis, degradation of muscle proteins, muscle toxicity 

of bile acids and amino acid imbalance. 
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2. INTRODUCTION 
 

2.1 Liver as a central organ in metabolism regulation 
 

The liver plays a crucial role in several metabolic functions, including amino acid regulation, 

fat storage, glucose synthesis, storage and breakdown, bile acid production and bilirubin 

metabolism. 

 

 
2.1.1 Liver and protein metabolism 

The main tasks of the liver in the protein metabolism refer to amino acid (AA) synthesis, 

interconversion and deamination, as well as plasma protein and urea synthesis. Dietary proteins 

are degraded in the digestive tract and the hepatocytes uptake of the resulting AAs occurs via 

several transporters (either sodium-dependent or -independent). The activity of the transporters 

is mostly influenced by the concentrations of glucagon and insulin1. Once internalized in the 

hepatocytes, the AAs can be disposed for hepatic protein synthesis or can be degraded by 

removal of the amino group via reversible transamination processes. Among the transaminase 

reactions, the one to form glutamate is particularly important, as glutamate is oxidatively 

deaminated to yield ammonium ion (NH4
+). This ion is toxic even at low concentrations and 

thus it must be metabolized by entering the urea cycle, by reacting with CO2, and adenosine 

triphosphate (ATP) to produce carbamylphosphate2. The urea cycle is an energy-dependent 

pathway occurring in the mitochondria and in the cytosol of the hepatocytes and converts toxic 

ammonia in urea. During the cycle, important intermediates such as ornithine, arginine and 

citrulline are also produced3. In general, substrate supply regulates the hepatic AA metabolism 

short-term, while in the long-term it is regulated by both substrate supply and glucagon, which 

activates AA transporters to increase the uptake. However, liver disease patients have 

disturbances of protein metabolism, depending on the stage and aetiology of the disease. It has 

been shown that liver disease patients have higher circulating concentrations of aromatic AAs, 

while the circulating branched chain AAs are present in lower concentrations than in healthy 

subjects2. Cirrhotic patients may also present high concentrations of leucine, marking protein 

breakdown and decreased protein synthesis in response to a meal2. These alterations clinically 

manifest as muscle wasting, protein-caloric malnutrition and low hepatic plasma proteins2. 
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2.1.2 Liver and lipid metabolism 
 

Hepatic lipid metabolism mainly revolves around fatty acids (FA). In fact, in the case of 

carbohydrates abundance, hepatocytes can convert them into FA; but they can also absorb 

dietary FA from the bloodstream and store them as triacylglycerol or cholesterol esters in lipid 

droplets. However, if there is an excess of fat storage the liver can develop consequences such 

as steatosis and fatty liver2, 4. In the liver, FA can be used for lipid biosynthesis or to produce 

energy through oxidation processes2. Specifically, lipogenesis is the synthesis of FA and 

triglycerides from non-lipid precursors, usually carbohydrates. In the fed state, the glycolysis 

converts glucose into pyruvate, which is to be used in the tricarboxylic acid cycle to produce 

citrate, which is e further converted to acetyl-CoA, the precursor of FA, by ATP citrate lyase5. 

The regulation of the hepatic lipid metabolism occurs at a genetic level, and it relies on two 

transcription factors: peroxisome proliferator-activated receptor α and the sterol regulatory 

element-binding protein 1-c. The first is a regulator of the key enzymes involved in the FA 

oxidation pathways, while the latter controls the expression of genes involved in lipogenesis6, 
7. Imbalances between lipid availability and consumption might lead to hepatic lipid 

accumulation, which in the long term could cause lipoperoxidative stress, non-alcoholic fatty 

liver diseases, steatosis and eventually liver cirrhosis (LC)2. 

 

 
2.1.3 Liver and carbohydrate metabolism 

 
Hepatic carbohydrate metabolism primarily involves glucose. One of the main functions of the 

liver is keeping the blood glucose levels in a physiological range, as blood glucose 

concentrations change depending on a fasted or fed state8, 9. In the hepatocytes, glucose is 

phosphorylated to glucose-6-phosphate, which not only maintains the intracellular glucose 

concentrations low but also serves as an intermediate compound for several pathways, including 

the glycogen synthesis, glycolysis and pentose phosphate pathway. Hepatic carbohydrate 

metabolism is regulated by insulin and glucagon, respectively down- and upregulating glucose 

biosynthesis. Furthermore, the hepatocytes have glucose-sensitive signalling pathways, mostly 

relying on the glucose kinase enzyme, working through a wide range of glucose fluctuations 

and thus allowing efficient trapping of glucose in hepatocytes in response to glycaemic changes. 

However, in the case of liver disease, the glucose metabolism is altered with reduced glucose 

and insulin uptake following carbohydrate administration. This alteration in the long term leads 

to peripheral insulin resistance2. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/adenosine-triphosphate-citrate-synthase
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2.1.4 Liver and bile acids metabolism 
 

The liver is the only organ that can synthetize bile acids. The bile acid biosynthesis can occur 

via two different pathways: the classic and the alternative pathways. The first one initially 

provides the hydroxylation, isomerization, reduction, and dihydroxylation of the cholesterol’s 

steroid rings in the cytosol and the endoplasmic reticulum, and then the steroid side chain 

oxidation in the mitochondria and the oxidative cleavage of the side chain in peroxisomes. The 

latter firstly oxidates the steroid side chain, then modifies the steroid rings and eventually 

provides an oxidative cleavage of the steroid side chain10. The bile acids formed through 

cholesterol modifications are subsequently conjugated mainly to taurine and glycine, increasing 

their ionization, amphipathic characteristics and solubility, but also to glucuronide. Afterwards, 

they are secreted into the bile through the bile acids export pumps. Once in the gallbladder, they 

bind to cholesterol and form micelles to avoid both cholesterol precipitation and epithelial 

injury due to bile acids toxicity. In the postprandial state, bile is secreted into the intestinal tract 

under the signal of the pancreatic hormone cholecystokinin. Most of the conjugated bile salts 

are reabsorbed in the ileum and colon and de-conjugated back to primary bile acids, cholic and 

chenodeoxycholic acid, by the bile salt hydrolase of the intestinal microbiota. In the gut, 

primary bile acids are converted to secondary bile acids. A portion of the secondary bile acids 

is finally excreted with the feces, but part of them is also reabsorbed in the colon and brought 

back to the liver via the bloodstream to contribute to the circulating bile acid pool11. 

 

 
2.2 Chronic Liver Diseases 

Chronic liver disease alludes to a disease process that involves progressive destruction and 

regeneration of liver parenchyma, culminating to fibrosis and cirrhosis. The main causes of 

chronic liver diseases include alcohol associated liver disease (AALD), metabolic dysfunction- 

associated steatotic liver disease (MASLD), and cholestatic liver disease (CLD). Specifically, 

AALD is one of the main cause of liver disease worldwide12 and accounts for around 27% of 

liver-related deaths globally13. It includes different phenotypes that go from asymptomatic 

disease to advanced stages with a high mortality rate. In fact, about 90% of alcohol abusers 

develop liver steatosis, but only about 10-20% of them will further progress to LC14. Cirrhotic 

patients are at risk to further develop either to decompensated LC (20-40%) or hepatocellular 

carcinoma (3-10%)15. On the other hand, advanced fibrosis can also lead to alcoholic hepatitis 

in about 10-35% of patients16. Interestingly, alcohol consumption plays a role also in the 

pathogenesis of MASLD. Alcohol has an effect on the MASLD progression to LC, and 
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metabolic risk factors such as obesity impact the natural history of AALD17, 18. MASLD can be 

diagnosed in adults suffering from hepatic steatosis and in the presence of obesity or 

overweight, type 2 diabetes mellitus (T2DM), or at least two risk metabolic conditions. Its 

detection can be performed via imaging techniques, blood biomarkers, or liver histology19, 20. 

Specifically, MASLD is the most frequent cause of chronic liver disease and accounts for most 

liver-associated morbidity and mortality21, as it affects about 30% of the worldwide adult 

population and its prevalence increased from 22% in the early 90s to 37% in 201922. 

Interestingly, the increasing prevalence of MASLD matches the increasing prevalence of 

obesity and overweight21. However, other important comorbidities for MASLD are 

cardiovascular diseases, which represent the main cause of mortality in MASLD patients – 

especially those with advanced liver fibrosis23, and T2DM. In fact, T2DM patients often suffer 

from steatotic liver disease (SLD), with many of them developing advanced LC24. 

Among the liver diseases not associated with alcohol abuse or metabolic conditions, CLD 

affects about 20% of the general population25. CLD is triggered by the blockage of bile flow 

from the liver to the duodenum. The stagnation of bile due to cholestasis results in the 

accumulation of bile salts, bilirubin, and other toxic compounds coming from the clearance of 

the liver, and thus in cellular damage which initiates the hepatic inflammatory and fibrogenic 

processes. These processes include: necrosis of hepatocytes and cholangiocytes, activation of 

macrophages, release of pro-inflammatory cytokines, neutrophils infiltration, hepatocytes and 

cholangiocytes proliferation, stellate cell activation and subsequent fibrosis, secondary biliary 

cirrhosis, and ultimately liver failure or progression into liver cancer26. The two most common 

types of CLD are primary biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC). 

Although both PBC and PSC are slow progressive chronic diseases that lead to LC, the etiology 

of these two forms are different, as PBC’s hallmark is the granulomatous destruction of small 

intrahepatic bile ducts27, 28, while PSC is mainly characterized by inflammation and fibrosis of 

both intrahepatic and extrahepatic bile ducts and subsequent stenosis29, 30. Specifically, PBC 

has a silent onset with no hepatic dysfunctions and only minimal alterations of liver histology, 

which progresses to a long period of asymptomatic liver dysfunction and, eventually, cirrhosis 

and end-stage liver failure31, 32. Therapy with ursodeoxycholic acid (UDCA) has been proven 

effective in ameliorating liver functions in patients with PBC, however, the risk of progression 

to LC is still present in about one-third of the patients under treatment33. On the other hand, 

PSC can have a heterogeneous natural course, with asymptomatic initial phases of the disease, 

which is incidentally diagnosed via blood tests presenting altered hepatic parameters in 10-60% 

of the patients34–36. Contrary to the PBC, the PSC doesn’t have a gold standard therapy as no 
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medicament has been shown to improve long-term outcomes37. However, UDCA has shown 

some beneficial effects by improving serum biliary enzyme levels38. Overall, chronic insults to 

the liver can lead to impaired function, caused by inflammation, necrosis, fibrosis, 

hepatocellular dysfunction, and vascular remodeling, eventually culminating in LC39. If the 

cause of primary injury is mitigated, reversibility of the process is possible, however, the more 

the severity of fibrosis and progression of the disease are advanced, the fewer are the 

possibilities of a disease regression40 (Figure 1). 
 
 

 
Figure 1: Liver damage progression to liver cirrhosis (LC). Chronic liver injury leads to an enhanced fatty acid 

(FA) and cholesterol synthesis, which causes an excess of fat deposition in the hepatocytes (liver steatosis). Liver 

steatosis triggers oxidative stress and the activation of pro-inflammatory and pro-fibrogenic pathways, which lead 

to the recruitment in situ of immune cells, the activation of hepatic stellate cells (HSCs) and the consequent 

deposition of extra cellular matrix (ECM) (liver fibrosis). The chronic inflammation state and the continuous ECM 

deposition due to wound-healing processes eventually culminate in a state of non-reversible destruction of liver 

parenchyma and systemic inflammation (liver cirrhosis). If the primary causes of injury are alleviated and 

treatment is tempestively performed, it is possible to have a regression of the condition. However, if the disease 

progression and fibrosis are too advanced a regression is not possible40. Figure created with Biorender.com. 

 

 
2.2.1 Liver Cirrhosis 

 
LC is the end stage of all progressive and chronic liver diseases. According to the Cirrhosis 

Collaborators of the Global Burden of Disease, LC increased its health burden since 1990 and 

in 2017 caused 1.32 million deaths globally41, accounting for 3.5% of all deaths worldwide42. 

In particular, MASLD is becoming one of the main causes of liver disorders, contributing to 

exacerbating the burden of obesity and metabolic syndrome. On the other hand, the cases of 

alcoholic liver disease are also increasing worldwide (especially in Europe) and account for 

around 27% of liver-related deaths globally13. Specifically, LC is triggered by chronic liver 

insults that can result in impaired functions of the organ due to inflammation, necrosis, fibrosis, 



14  

hepatocellular dysfunctions, and vascular remodeling, eventually culminating in LC39. The 

inflammation in LC originates as a mild inflammatory response, a mechanism aiming to protect 

hepatocytes from injuries and repair tissue damage. However, when inflammation becomes too 

intense or the resolution phase fails, it becomes chronic and is accompanied by an important 

loss of hepatocytes. Furthermore, this leads to an activation of hepatic stellate cells (HSCs). 

This process causes the accumulation of collagen and other extracellular matrix (ECM) 

components, eventually leading to the destruction of hepatic parenchyma and innervation, and 

impaired liver function43, 44. Under normal circumstances, immune response in the liver is 

mediated by macrophages, Kupfer and dendritic cells, as well as natural killer and T-killer cells 

(NK and NKT, respectively) and circulating pro-inflammatory molecules such as cytokines, 

chemokines, acute phase proteins, and complement factors. Nevertheless, in case of further 

damage, circulating monocytes can be recruited in the hepatic parenchyma, to generate 

macrophages or myeloid and dendritic cells45. 

 

 
2.2.2 Pathogenesis of liver cirrhosis 

 
Liver injury triggers the activation of ECM-secreting myofibroblasts, which are not normally 

present in a healthy liver and are the primary source of accumulation of ECM 46. Investigations 

on the hepatic fibroblasts have identified liver-resident activated hepatic stellate cells (HSCs) 

and portal fibroblasts (PFs) as their main sources since they make up approximately 90% of the 

collagen-producing cells47. However, it must be considered that HSCs and PFs are activated 

under different kinds of stresses: in fact, the HSCs primarily respond to toxic liver injury, while 

the PFs are activated by cholestatic liver fibrosis47, 48. Murine models of LC induced by bile 

duct ligation (BDL) have shown PFs account for about 70% of the myofibroblasts at the onset 

of cholestatic liver injury (5 days after BDL), while the HSC are activated with disease 

progression (17 days after BDL) to eventually become the biggest portion of the myofibroblast 

population (20 days after BDL)47. However, other cell populations, such as bone marrow- 

derived cells, fibrocytes, and mesenchymal stem cells (MSCs) are also known to contribute to 

the onset of the disease46, 49, 50. Hepatocytes also contribute to the onset of fibrosis by expressing 

fibrogenic factors such as Notch, osteopontin, Transforming Growth Factor β (TGFβ), 

NADPH-oxidase4, TAZ, and Indian Hedgehog51–54. Furthermore, with the progression of the 

disease, the damaged hepatocytes secrete exosomes containing RNA able to activate the 

quiescent HSCs55. The chronic insults to the liver eventually lead to inflammation, which is a 

requirement for fibrosis. The pathogenesis of toxin-induced fibrosis changes according to the 
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triggering factor. In the case of non-alcoholic liver steatosis (NASH), mainly associated with 

metabolic syndrome, a two-hit etiology has been hypothesized56. The first hit is due to dietary- 

induced obesity and/or excessive accumulation of triglycerides, cholesterol, and fatty acids in 

hepatocytes (inducing the expression of caspase 2), as well as alteration in the release of 

adiponectin, leptin, or resistin, causing insulin resistance and inflammation57, 58. The second hit 

is associated with the production of reactive oxygen species, gut-derived LPS, mostly due to 

changes in the intestinal permeability, and additional release of pro-inflammatory (TNF, IL-6, 

IL-1β, IL-17 and leptin) and profibrogenic cytokines (TGFβ), leading to HSCs activation56, 59, 
60. In the case of alcoholic liver disease, the liver injury is directly attributed to alcohol, which 

activates fatty acids and cholesterol synthesis via the sterol regulator binding protein (SREBP) 

1 and SREBP2 pathway, which enhances the hepatic synthesis of fatty acids and triglycerides, 

causing an increase of hepatic fat droplets, ballooning degeneration and Mallory-Denk bodies 

formation in injured hepatocytes61–63. 

 

 
2.2.3 Liver cirrhosis and inflammation 

 
Systemic inflammation in LC is due to the persistent stimulation of immune cells, which 

produce elevated amounts of pro-inflammatory cytokines. These cytokines, together with 

enhanced expression of cell activation markers are detectable in the serum of cirrhotic 

patients64. Systemic inflammation is commonly diagnosed as the presence of systemic 

inflammatory response syndrome (SIRS), a state of alterations of most of the clinical and 

biochemical parameters of the body, such as heart and respiratory rate, white cell count, and 

body temperature. Eventually, it can lead to organ failure64. There are several circulating 

immune cells involved in systemic inflammation in LC, mostly neutrophils, monocytes, T- 

lymphocytes, and B-lymphocytes. While the neutrophils are responsible for the oxidative 

burst65, the monocytes are the primary source of TNF-α production together with T- 

lymphocytes66. T-lymphocytes are also major producers of interferon-γ (INF- γ) and interleukin 

(IL)-7 67, 68. In general, the activated circulating immune cells are responsible for elevated serum 

concentrations of pro-inflammatory markers, including TNF-α and TNF-α receptors I and II, 

IL-1β, IL-6, IL-17, and INF- γ66–70 (Figure 2). In liver diseases, the upregulation of these 

markers in immune cells is triggered by pathogen-associated molecular patterns (PAMPs) and 

damage-associated molecular patterns (DAMPs), which are produced and released by the leaky 

gut due to increased intestinal permeability, and the necrotic liver respectively. PAMPs and 

DAMPs  activate  specific  receptors,  such  as  the  toll-like  and  the nucleotide-binding 



16  

oligomerization domain-like ones, that in turn activate the expression of surface molecules on 

the immune cells (cytokine receptors and/or adhesion molecules) and the overexpression of 

cytokines. Among the cytokines produced by the immune cells, chemokines and growth factors 

play a crucial role in recruiting and activation of further inflammatory cells. These processes 

take place first in gut-associated lymphoid tissue and mesenteric lymph nodes. However, locally 

activated cells spread to the rest of the body via the bloodstream, causing a systemic 

inflammatory response64. Furthermore, fibrosis in the liver is driven by the activation of the 

HSCs and deposition of ECM due to hepatocyte injury, inflammation, and activation of the 

innate immune system. The HSC are activated by macrophages, including Kupffer cells 

secreting TGF-β, which is known as the most effective fibrogenic factor. In fact, upon 

hepatocytes’ apoptosis, neutrophils are recruited in the damaged liver and start secreting 

cytokines and cell-free DNA, which have also a strong pro-inflammatory effect71–73 (Figure 2). 
 
 
 
 

 
Figure 2: Pathophysiological processes of liver cirrhosis (LC). Chronic insults to the liver lead to apoptosis and 

necrosis of hepatocytes and subsequent release of damage-associated molecular patterns (DAMPs). DAMPs 

trigger the activation of Kupffer’s cell and the recruitment of macrophages, which secrete pro-inflammatory factors 

and cytokines. Cytokines and pro-inflammatory factors lead to hepatic stellate cells (HSCs) activation. Activated 

HSCs are the primary responsible of extra cellular matrix (ECM) deposition. Figure created with Biorender.com. 
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2.2.4 Complications and treatments of liver cirrhosis 
 

Although LC can be compensated for years, it takes constant monitoring to avoid the worsening 

of the condition and the following consequences and complications that can turn out to be fatal. 

Most of the fatal complications are driven by portal hypertension, caused by increased 

intrahepatic resistance and increased portal venous flow74. In general, patients with 

compensated LC have a better prognosis and life expectancy than those with the decompensated 

disease, whose mean survival is around 9 years75. During the compensated stage, mainly 

concerning the fat deposits and early ECM deposition in the liver parenchyma, the process can 

be considered reversible76. Several studies based on animal models showed the reversibility of 

the process. Most attempts are based on the increase of the fibrinolytic activity of the 

macrophages via the fibrinolytic matrix metalloproteinase50, 77, or on the apoptosis or 

inactivation of the HSCs78, 79. Although most of the data about fibrosis reversibility come from 

experimental preclinical settings, results from clinical settings are also available and 

encouraging80. The most common complication of LC is ascites75. It is known that about 15% 

of patients with ascites have a life expectancy of one year81, however intrahepatic portosystemic 

shunt (TIPS) can improve patients' survival82. The presence of oesophageal varices is another 

main complication of LC, present in about 85% of patients with decompensated disease83 and 

represents one of the most life-threatening complications. The mortality rate for patients 

suffering from variceal hemorrhage after six weeks is at least 20% 84. Treatments include anti- 

hypertensive medications, as well as endoscopic interventions or TIPS in cases of uncontrolled 

bleeding74, 85. Portal hypertension and sodium retention in LC patients can also lead to 

hepatorenal syndrome (HRS). HRS is a form of kidney impairment, characterized by a decrease 

in renal blood flow and glomerular filtration rate86. The main pharmacological treatments for 

HRS consist of the administration of anti-hypertensive drugs and albumin to improve renal 

perfusion87, however, in case of treatment failure, TIPS is the most used method88. 

Nevertheless, liver transplantation is the definitive way to possibly reverse HRS86. Another 

complication of LC is hepatic encephalopathy (HE). One of the key drivers of HE in LC patients 

is the toxic levels of ammonia in the bloodstream, reaching the brain due to the inability of the 

liver to metabolize it89. Treatments for HE include nutritional support90 and pharmacological 

therapy with lactulose and antibiotics91, 92. Nevertheless, lactulose ameliorates the symptoms 

but still fails to improve the survival rate93. However, once a cirrhotic decompensated state has 

been established, a complete regression to a healthy liver is not possible, although some 

strategies and treatments can ameliorate the condition76. Theoretically, the main treatment for 

decompensated LC is targeting the primary causes of complications, suppressing inflammation, 
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normalizing the blood circulation, and restoring the liver structure by fibrosis regression. 

However, despite the encouraging results of preclinical trials, none of these approaches resulted 

to be practicable in clinical settings94, 95. While liver transplantation remains the only available 

treatment for advanced decompensated LC76, correcting the patients’ life style to target the main 

risk factors is up to date the most used strategy to improve life expectancy and survival rate. 

 

 
2.3 Animal models of liver cirrhosis 

 
Animal models have a key role in preclinical studies of diseases as they can provide significant 

insights into the pathological mechanisms. Furthermore, animal studies are useful in developing 

new treatments and therapeutic approaches. However, it should be considered that, due to clear 

biological differences, animal models can imitate only selected characteristics of the human 

disease, thus it is extremely important to choose the appropriate one to address specific research 

questions 96. Ideally, an animal model should be chosen taking into account the following focal 

points: 1) it should reproduce the morphological features seen in human patients; 2) the disease 

progression should be as similar as possible as in human patients; 3) the model must be 

reproducible and with a low mortality rate; 4) the pathology must be reversible; 5) it must permit 

pathophysiological alterations and sequelae97. Up to date, several animals are used for 

experimental models of LC, but the most common are mice and rats98–103. However, there can 

be differences between rodents and animals with closer evolutionary relationships to humans, 

especially when it comes to investigating inflammatory and metabolic responses104. In this 

context, pigs are emerging as a good model for preclinical research, due to their anatomical and 

physiological similarity with humans105. Rabbits are also a good model for liver diseases 

(especially for viral hepatitis)106, and small primates are also emerging as preclinical models, 

as they are a good compromise between costs and similarity to human phisiology107. 

Nevertheless, rats and mice remain the most common models due to the low cost, ease of 

handling and breeding, and short life span108. Specifically, mice with a C57Bl/6 background 

are widely used for preclinical models of LC, since they develop obesity, insulin resistance, and 

fatty liver109. The main types of in vivo models for LC are: chemical, dietary, and surgical110. 

Among the chemical methods, the most widely used are the injection of carbon tetrachloride 

(CCl4) and thioacetamide (TAA). The first one is a toxic radical metabolite produced by the 

cytochrome P-450 in the hepatocytes. CCl4 damages the hepatocytes by inducing lipid 

peroxidation and impairing the structure of their plasma, lysosomal and mitochondrial 

membranes. The damage results in severe centrilobular necrosis111, 112. The necrosis triggered 
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by a single CCl4 administration is reversible and activates wound-healing processes, however, 

when it becomes chronic there is a progression to liver fibrosis and cirrhosis113. On the other 

hand, the TAA is not toxic. However, its intermediate thioacetamide-S-oxide is a reactive 

oxygen species causing cellular harm and hepatocyte necrosis96. TAA effects are particularly 

pronounced in rats114. Diet is also a way to induce liver damage. Among the most common 

methods are alcohol in drinking water, high-fat diets (HFD), and the Lieber-DeCarli (LdC) diet. 

Alcohol in drinking water represents the simplest method to induce LC. Basically, the water 

given to the mice is supplemented with alcohol and its quantity is rising over the experimental 

period115. With this method mice develop steatosis in about 10 weeks and oxidative stress, 

steatosis, mild fibrosis, inflammatory cell infiltrates, increased hepatic injury, and depletion of 

cellular antioxidant defense in some months116. On the other hand, it takes rats about 29 weeks 

to show fatty liver, inflammation, focal necrosis, and perivenular fibrosis117. The HFD model 

is based on the principle that the high amounts of fats in the feed will increase the free FA 

levels, causing hepatic insulin resistance, decreased FA oxidation, de novo lipogenesis in 

hepatocytes, weight gain, and eventually hepatic steatosis118. The mice models of HFD are 

designed to mimic the human pathophysiology of liver fibrosis and the diet composition is 

variable, thus also the pathological findings can vary119. Lastly, the LdC diet consists of a liquid 

feed supplemented with ethanol. Like with the alcohol in drinking water method, the amount 

of alcohol increases over the experimental period. Furthermore, the feed is supplemented with 

essential fat-soluble vitamins (A, D, E, K) and water-soluble vitamin B12, minerals, and 

fibers115. This method is mostly used to investigate alcoholic liver disease and over a 12-week 

experimental period leads to the development of fatty liver, mild inflammation, and moderate 

liver damage without fibrosis120. However, to overcome these limitations, the Tsukamoto- 

French method was established. This method is based on the direct infusion of the LdC diet 

supplemented with ethanol directly in the stomach of the animal, using a catheter and an 

infusion pump121.As far as surgical models are concerned, the most common is BDL. This 

model has been well established in rodents since 1932122, becoming one of the most common 

techniques to induce CLD123, which can progressively culminate in LC in response to 

cholestatic obstruction124, 125. The surgical obstruction of the common bile duct leads to the 

accumulation of bile in the liver, causing hepatic damage, inflammation, and eventually fibrosis 

and cirrhosis126. Normally, this surgery technique is performed through a midventral 

laparotomy, followed by the isolation of the common bile duct above the duodenum and its 

double ligation111. BDL triggers the proliferation of biliary epithelial cells as well as oval cells. 

The consequences are proliferation of the bile ductules, cholestasis, inflammation and fibrosis, 
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which causes secondary biliary cirrhosis culminating in liver failure126, 127. BDL procedure and 

the consequent CLD are very often associated with muscle wasting, diminished muscle weight, 

and decreased number of muscular fibers as well as scarce muscular strength and resistance128, 
129. Other surgical models include portocaval anastomosis, single and multi-step anhepatic 

models, and partial hepatectomy. The portocaval anastomosis is used to mimic a generalized 

liver failure and it is based on the hepatic artery ligation and partial hepatectomy, with ischemia 

or portacaval shunt. The anhepatic models are based on the total loss of liver function. The 

single step has mostly been performed on rats, rabbits, dogs, and pigs130–133 and it consists of 

ligation of the hepatic artery and the common bile duct. The blood flow is maintained via a 

shunt or anastomosis between the intrahepatic inferior vena cava and the portal vein, caudally, 

and the suprahepatic inferior vena cava, cranially133–135. On the other hand, the multi-step 

approach was established to be used on rats, and it is based on the posterior hepatic lobes via 

ligation of the portal branches, followed by the resection of the two anterior hepatic lobes after 

two weeks136. Models of partial hepatectomy have been performed in rats, mice, pigs, and 

baboons and normally involve about 70-95% of the total liver mass105. A 70% resection usually 

corresponds to the 20–30% recommended to avoid post-operative liver failure after hepatic 

resection of an otherwise healthy liver137. 

 

 
2.4 Skeletal muscle physiology 

Skeletal muscle plays a pivotal role in the uptake and storage of glucose138. Glucose is stored 

as glycogen, which can be easily degraded to glucose to provide the muscle with substrates for 

ATP synthesis, necessary for muscle contraction, even in case of inadequate dietary intake. 

Several enzymes are responsible for maintaining a correct ATP pool, and among these, creatine 

kinase and adenylate kinase play pivotal roles. In the presence of ADP, the enzyme creatine 

kinase allows the degradation of phosphocreatine in creatine with the formation of ATP. On the 

other hand, the enzyme adenylate kinase is able to produce a molecule of ATP and one of AMP 

starting from two ADP molecules. This is important because AMP represents an indicator of 

energy capacity in the skeletal muscle. An increase of AMP concentrations activates 5’- 

adenosine monophosphate kinase, which enhances glycogenolysis and glucose uptake in the 

skeletal muscle. At this point, glucose can be phosphorylated in glucose-6-phosphate and 

initiate the glycolytic process yielding pyruvate. The pyruvate can either translocate to 

mitochondria and enter the tricarboxylic acid cycle or be converted to lactate139, 140. Being 

glucose essential for muscle contraction, there are several pathways responsible for its 



21  

mobilization, depending on the muscle fiber type. Fast-twitching fibers present a myosin heavy 

chain (MHC) isoforms MHCIIa and MHCIIb which shorten fast and thus allow a faster muscle 

contraction141. This kind of muscle fibers depends on anaerobic metabolism (glycolysis), which 

can easily and rapidly generate ATP for a quicker contraction. However, glycolysis produces 

less ATP than the aerobic pathways, causing the fast fibers muscles to be fatigued soon142. On 

the other hand, slow-twitching fibers are characterized by the presence of MHC isoform MHCI. 

These fibers shorten slower than the fast ones and have an aerobic metabolism, with high 

capillary density and the presence of oxidative enzymes which make them more resistant to 

fatigue143. Anyway, skeletal muscle represents a storage site for glucose, which is stored as 

glycogen and can be easily mobilized in case of inadequate dietary intake, either in an anaerobic 

or aerobic manner. However, while the liver (and to a certain extent the kidney as well) can 

mobilize glucose and release it into the circulation, the skeletal muscle uses it only for its own 

metabolic needs142. Furthermore, the skeletal muscle is a storage site of AA. Roughly 75% of 

the protein body pool is stored in the skeletal muscle and the AA coming from the proteolysis 

can be mobilized in case of further supply needs for gluconeogenesis and the glycogenesis142. 

Alanine and glutamine are among the main AA mobilized in case of proteolysis. The first enters 

the circulation by skeletal muscle and is internalized in the liver where it serves for 

gluconeogenesis, the latter is used as a gluconeogenic precursor, independently of the 

insulin/glucagon ratio144. 

In general, proteostasis (the balance between protein synthesis and protein breakdown) is the 

main factor in the maintenance of muscle mass145. Proteostasis is the result of the fine regulation 

of pathways associated with muscle growth and muscle catabolism. The main growth factor 

regulating muscle growth is insulin-like growth factor 1 (IGF-1), which enhances protein 

synthesis by activation of the PI3K/Akt/mTOR pathway. The PI3K/Akt pathway is also 

relevant in preventing muscle atrophy, as it inhibits the Forkhead box 0 proteins (Fox0), 

responsible for the ubiquitin/proteasome system (UPS) activation. Another way in which the 

PI3K/Akt pathway prevents muscle atrophy is the inhibition of the Smad pathways, which 

regulate the muscle-atrophy-associated myokine myostatin146 (Figure 3). In particular, 

myostatin belongs to the TGF-β family and is an inhibitor of protein synthesis147–149. 
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Figure 3: IGF-1 pathways regulating skeletal muscle protein synthesis. Insulin-like growth factor 1 

(IGF-1) binds to its receptor (IGF-1r), recruiting phosphoinositide 3-kinases (PI3K). PI3K 

phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4,5- 

trisphosphate (PIP3). PIP3 phosphorylates the protein kinase B (Akt), triggering the activation of the 

mammalian target for rapamycin (mTOR). This brings to the formation of the mTOR complex 1 

(mTORC1) and subsequent protein synthesis. Akt phosphorylation also traps Smad, preventing its 

translocation in the nucleus and the transcription if myostatin. Arrows indicate activation, capped lines 

indicate inhibition. Created with Biorender.com. 

 
On the other hand, muscle degradation is regulated by three main proteolytic systems: caspase- 

mediated protein cleavage, ATP-dependent ubiquitin-proteasome system and autophagy150, 151. 

The two latter systems are stimulated by the nuclear localization of the Forkhead box 0 proteins 

(Fox0), triggered by the inactivation of Akt. Once in the nucleus, Fox0 induces the expression 

of atrogin1 and Trim63 (also called MuRF1), the main atrophy-related ubiquitin ligases, 

responsible for muscle degradation152 (Figure 4). 
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Figure 4: Skeletal muscle degradation process. When Akt1 is inhibited, Fox0 is not phosphorylated and 

translocates in the nucleus. In the nucleus it activates the expression of Atrogin1 and Trim63 (MuRF1). 

Atrogin1 and Trim63 are the main atrophy-related ubiquitin ligases and lead to proteolysis via the 

ubiquitin-proteasome system. Created with Biorender.com. 

 
Ubiquitin-proteasome system and autophagy-mediated proteolysis can also be activated by 

myostatin149. 

 
2.4.1 The liver - skeletal muscle crosstalk 

The crosstalk between the liver and the skeletal muscle plays a pivotal role in maintaining 

glucose and lipid homeostasis, thus its alterations can lead to conditions such as insulin 

resistance153, often present in patients with advanced liver disease154. IL-6, one of the main 

mediators of inflammation, is also involved in insulin resistance both in the liver and skeletal 

muscle155, and therefore relevant to the disturbance of the liver-muscle axis. Short and transient 

physical activity leads to an increase in IL-6 concentrations, which can enhance muscle 

growth156. On the other hand, after intense and prolonged muscular efforts IL-6 stimulates 

hepatic glucose production157. Furthermore, the liver clears high circulating levels of IL-6 

coming from physical activity158. Skeletal muscle is also involved in the compensatory 

mechanisms of ammonia clearance when the damaged liver is unable to do it. Specifically, 
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skeletal muscle can convert ammonia to glutamine via glutamine synthase, but in case of 

damaged muscle tissue, this pathway cannot work properly leading to ammonia accumulation 

and toxicity and worsening the conditions of cirrhotic patients – also increasing the risk of 

hepatic encephalopathy159. Moreover, the liver and the skeletal muscle can secrete hepatokines 

and myokines which can affect the target tissue. In the case of decompensated LC, the liver 

secretes fibroblast growth factor 21 (FGF-21), which contributes to sarcopenia and impaired 

myogenesis by inhibiting the PI3K/Akt pathway160. On the other hand, myostatin not only 

inhibits muscle growth, but it can affect HSC by increasing the expression of procollagen type 

1 and thus playing a role in the fibrogenic process161. Another factor that contributes to the 

disturbances of the liver-skeletal muscle axis is gut microbiota. It is known that in cirrhotic 

patients inflammation causes altered gut permeability leading to dysbiosis, which is associated 

to increased frailty and sarcopenia162. 

 

 
2.5 Protein and energy metabolism 

 
 
 

2.5.1 Amino acids and protein metabolism 
 

The AA are organic chemical compounds containing both an alpha amino and a carboxyl group 

as functional groups. Among more than 300 AA existing in nature, only 20 are proteinogenic. 

Among these, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, tryptophan and 

valine are “indispensable”, meaning that the organism is not able to synthesize them itself and 

thus they need to be ingested with food. The indispensable AA are also needed as precursors 

for the “conditionally indispensable” AA (histidine, arginine, cysteine, glutamine, glycine, 

proline, tyrosine, asparagine). The remaining four proteinogenic AA (alanine, aspartic acid, 

glutamic acid, and serine) are synthesized by the human organism itself, starting from available 

precursors such as acetyl CoA or pyruvate163. However, some AA not involved in protein 

synthesis also play crucial roles in cell metabolism. They are not only precursors for a variety 

of compounds such as glucose, lipids, ketone bodies, and nucleotides but they can also play a 

role against oxidative stress and prevent accumulation of ammonia163. For instance, the urea 

cycle takes place in the liver, and it is responsible not only for arginine synthesis but also for 

ammonia detoxification via conversion to urea. In fact, the ammonia produced from protein 

catabolism or gut microbiota enters the urea cycle as carbamylphosphate to be used for the 

conversion of ornithine to citrulline by the ornithine carbamyltransfrease. The following steps 
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of the urea cycle lead to the synthesis of arginosuccinate first and arginine afterward. Arginine 

is further used to produce urea and to be reconverted to ornithine by the enzyme arginase3. 

Under physiological conditions, the organism has a constant pool of free AA, sustained by the 

protein breakdown, as well as endogenous synthesis and AA taken up with food. Any excess 

that cannot be used to synthesize proteins is dismantled to form intermediates of the Krebs’ 

cycle. Specifically, glucogenic AA are degraded to pyruvate (alanine, cysteine, glycine, serine, 

threonine, and tryptophan), α-ketoglutarate (arginine, glutamate, glutamine, histidine, and 

proline), succinyl-CoA (isoleucine, methionine, and valine), fumarate (aspartate, 

phenylalanine, and tyrosine) and oxaloacetic acid (asparagine, aspartate) and are used for the 

synthesis of glucose. On the other hand, ketogenic AA are degraded in acetyl-CoA (isoleucine, 

leucine, threonine, and tryptophan) and acetoacetate (leucine, lysine, phenylalanine, and 

tyrosine) and eventually used for the synthesis of ketone bodies and fatty acids164. 

 

 
2.5.2 Energy metabolism 

 
Fats, carbohydrates, and proteins are the major energy sources, with proteins being the main 

nitrogen and carbon suppliers and fats and carbohydrates producing energy via oxidation. 

Energy production relies on the oxidation–respiration chain, which releases water and promotes 

the conversion of ADP to ATP. Taking this into account, the oxidation of proteins is not 

favorable as it produces nitrogenous compounds that can be toxic if accumulated in exceeding 

quantities. Generally, when energy production exceeds energy consumption, the surplus is 

stored as glycogen reserves in muscles and liver. However, glycogen reserves are only short- 

term energy storage, whereas the long-term reserves are the subcutaneous fat reservoirs 

produced by the de novo lipogenesis 165. Despite this, the adipose tissue represents the main 

energy reservoir in the body. It has a lower metabolic rate compared to the fat-free mass (FFM), 

constituted by the smooth and skeletal muscles, the connective tissue, water, and the bone166. 

For this reason, FFM plays a central role in the total energy expenditure (TEE), which is the 

energy expended during oxidation of energy-yielding macronutrients within a 24-hour 

period167. TEE is determined by body size and composition as well as behavioral and 

environmental factors. In fact, TEE is the sum of three major components: resting energy 

expenditure (REE), diet-induced energy expenditure (DEE), and physical activity-induced 

energy expenditure (AEE). While DEE accounts for about 10% of the TEE, AEE is variable 

and depends mostly on the lifestyle, and REE accounts for 60-70% of TEE167, 168. Interestingly, 
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FFM is the parameter that mainly affects REE meaning that most of the oxidative processes 

take place in the metabolically active tissues167. 

 

 
2.6 Malnutrition and sarcopenia 

 
 

2.6.1 Characteristics of malnutrition 

Malnutrition is defined by the World Health Organization as “deficiency, excesses or 

imbalances in a person's intake of energy and/or nutrients” 169 and it is often observed in patients 

suffering from chronic and severe diseases, worsening their conditions and prognosis. In 

German hospitals 1 out of 4 patients is malnourished and usually, this condition is associated 

with longer hospital stays, malignant diseases, and several comorbidities170. However, the 

diagnosis of malnutrition can be difficult, as it also depends on the clinical picture, which can 

be very variable. Up to date, there are two main methods to diagnose malnutrition: the GLIM 

and the ESPEN. According to the GLIM criteria (Table 1), for a patient to be defined as 

“malnourished”, they should show at least one of the phenotypical criteria (non-volitional 

weight loss, low body mass index, and reduced muscle mass) and one etiological criterion 

(reduced food intake or assimilation, and inflammation or disease burden)171. 
 

Phenotypic criteria  Etiological criteria 

Weight loss (%) Low body mass 
index (Kg/m2) 

Reduced 
muscle mass 

Reduced food intake or 
assimilation Inflammation 

 

 
>5% within the 

past six months or 
>10% beyond six 

months 

<20 if <70 years 
or 

<22 if >70 years 

Asian population: 

<18.5 if <70 years 
or 

<20 if >70 years 

 

 
Reduced by 

validated body 
composition 
measuring 
techniques 

≤50% of energy 
requirements 

> 1 week 
or 

any reduction for >2 
weeks, or any chronic 

gastrointestinal condition 
that adversely impacts 
food assimilation or 

absorption 

 

 
Acute 

disease/injury or 
chronic disease- 

related 

Table 1: Classification of malnutrition according to the phenotypic criteria modified after Jensen et al. 

(2019)171 

Malnutrition can further be classified as moderate or severe according to the grade of the 

phenotype On the other side, the ESPEN criteria diagnose malnutrition when the body mass 

index is below 18.5 kg/m² or unintended weight loss occurs together with a reduction of body 

mass index or fat-free mass index. According to these criteria, malnutrition can be classified as 
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type 1, which is disease-related with inflammation; type 2, which is disease-related malnutrition 

without inflammation; and type 3, which is unrelated to any disease172. 

 

 
2.6.2 Characteristics of sarcopenia 

 
Sarcopenia is a progressive and generalized skeletal muscle disorder, associated with adverse 

outcomes including falls, fractures, physical disability, and mortality173. For a long time, this 

condition has been mostly associated with aging. However, lately, several contributing factors 

have been found. It has been established that sarcopenia can also begin earlier in life174–176 and 

that people affected by sarcopenia need optimal care as this condition has several personal, 

social, and economic burdens when untreated177. It has been estimated that 32% of patients 

suffering from digestive disease are affected by this condition178. The assessment of sarcopenia 

can be done using several parameters such as muscle strength, but the grip strength 

measurement and the chair stand test are among the most widely used methods179–181. Muscle 

quantification using non-invasive techniques such as MRI and computed tomography is also 

one of the most common methods to assess sarcopenia 181. According to the triggering cause, 

sarcopenia can be divided into two different types: primary sarcopenia is due to aging, whereas 

secondary sarcopenia is due to pathologies and can occur as a consequence of a systemic 

disease, especially ones invoking inflammation processes182. However, independently of the 

sarcopenia subtype, one of the main pathological causes is the imbalance between protein 

synthesis and degradation: under physiological circumstances, skeletal muscle mass is 

maintained by a balance between protein synthesis, protein breakdown, and regenerative 

capacity regulated by muscle satellite cell function183. In sarcopenic patients, the balance is 

shifted towards protein degradation. 

 
2.6.3 Malnutrition and sarcopenia in liver cirrhosis 

There are plenty of reasons for cirrhotic patients to be malnourished: negative energy balance 

due to poor food intake, loss of appetite due to inflammatory cytokines or alcohol-associated 

anorexia, presence of ascites causing early satiety because of gastric accommodation and 

impaired stomach expansion, abdominal pain as well as nausea and bloating184–186. 

Furthermore, patients affected by CLD often suffer from fat malabsorption, due to inadequate 

bile release187. Altered fat digestion also leads to vitamin deficiency; in fact, CLD patients are 

frequently lacking in vitamin A (33.5%), vitamin D (13.2%), vitamin K (7.8%), and vitamin E 

(1.9%)188. The etiology of cirrhotic malnutrition is multifactorial189. However, it is known that 
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the type of malnourishment in cirrhosis is primarily a protein‐caloric subtype190 and that 

sarcopenia represents one of the key features of malnourishment in patients with advanced 

decompensated chronic liver disease191. In fact, malnutrition and sarcopenia are often present 

in parallel in liver diseases and manifest clinically as malnutrition-sarcopenia syndrome192. The 

hallmarks of malnutrition-sarcopenia syndrome are a combination of diminished nutrient 

intake, inflammation, decreased body weight, and reduced muscle mass, strength, and physical 

function192. Cirrhosis mimics a state of accelerated starvation, with a defective adaptive 

response to fasting caused by the impairment of liver function, which differs from the fed state 

and the normal physiological conditions. In fact, in fed state carbohydrates and glucose are the 

main substrate for oxidation and production of energy, and the main muscle metabolic activity 

in this case is protein synthesis. Furthermore, under physiological conditions, the glycogen 

stored in the liver serves as a substrate for the glycogenolysis. However, in the case of LC the 

protein pool in muscle is degraded to produce substrates for gluconeogenesis. In fact, 

gluconeogenesis and fatty acid oxidation in the liver are elevated due to the short supply of 

glycogen. Thus, alanine, lactate, and glycerol (coming respectively from muscle protein 

breakdown, glycogen degradation, and adipose tissue), are delivered to the liver to serve as 

glucogenic substrates193, 194. Moreover, in starvation and depletion of carbohydrates and 

glucose, fatty acids become the main substrate for energy production. However, some tissues 

will not be able to use fatty acids and need to increase the rate of gluconeogenesis, thus 

glucogenic AA are degraded to serve as a substrate for the process. Hence, it is clear that a 

chronic fasted state like LC results in protein depletion, which added to anabolic resistance 

causes an impairment in the restoration of the protein pool and thus muscle loss195–198. 

Furthermore, in LC skeletal muscles should also compensate for the liver's inability of ammonia 

detoxification. This process happens in the mitochondria and glutamine is essential. Glutamine 

formation depends on the glutamate, produced from α-ketoglutarate. However, 

hyperammonaemia causes a shortage of glutamate, thus in skeletal muscle, the branched chain 

AA (BCAA) are catabolized to provide carbon skeletons for the three carboxylic acids, needed 

to restore α-ketoglutarate and to maintain appropriate levels of glutamate for ammonia 

clearance and glutamine formation. Glutamine is released in the bloodstream in exchange with 

BCAA. Hence, in conditions of hyperammonaemia, elevated BCAA uptake and muscle 

metabolism lead to the depletion of BCAA required for protein synthesis199–202. In general, a 

hyperammonic state induced by LC can affect skeletal muscle. Specifically, ammonia triggers 

the activation of myostatin via the NF-κB-dependent pathways, resulting in impaired muscle 

growth and protein turnover; oxidative stress and impairment of the mitochondrial functions 
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via shortage of α-ketoglutarate; and phosphorylation of the eukaryotic initiation factor 2 (eIF2), 

which impairs protein synthesis203, 204. In addition to this, cirrhotic patients’ conditions are 

usually worsened by insulin resistance, due to Insulin-like Growth factor-1 (IGF-1) decrease205. 

Interestingly, IGF-1 is not only associated with muscle growth and protein synthesis via 

activation of the mTOR pathway, but is also able to negatively regulate the myostatin 

pathway206, 207, so it is not surprising that sarcopenic cirrhotic patients often display IGF-1 

deficiencies208. However, studies reported that in case of cholestatic damage cholangiocytes 

start secreting IGF-1 in an attempt to restore the damaged tissue209. 
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3 AIMS OF THE STUDY 
 

The literature presented in the introduction highlights how malnutrition and sarcopenia are 

multicausal processes, where inflammation, accelerated catabolism, and nutrients 

malabsorption play a crucial and intertwining role. In LC patients, the liver injury mimics a 

state of accelerated starvation that exacerbates the two comorbidities. This is caused by the 

inability of the liver to adequately compensate the damage, because of its impaired liver 

function. It is known that the malnutrition-sarcopenia syndrome worsens the prognosis of the 

disease and negatively impacts patients’ expectancy and quality of life, however the 

mechanisms underlying sarcopenia in LC and its interplay with malnutrition remain unclear. 

This is due to the difficult identification of specific molecular mediators and biomarkers. In this 

context, the aim of this study was to investigate on the development of sarcopenia from the 

initial phases of cholestatic liver damage, using a 14-days experimental period murine 

C57BL/6J BDL model. Specifically, it was hypothesized that sarcopenia is an early event in 

CLD. In this regard, AA patters, molecular markers for inflammation and muscle damage, as 

well as plasma metabolites associated to liver damage and malnutrition were analysed. 

Furthermore, to gain deeper insights into the molecular pathways and mechanisms involved in 

sarcopenia, gene expression patterns in muscle quadriceps femoris and muscle gastrocnemius 

were analysed. All the data were measured at different time points (7-, 10- and 14-days post- 

surgery) to allow monitoring of the disease state over time. Furthermore, this comprehensive 

data acquisition can represent a starting point for setting up future mechanistic and 

interventional studies. 



31  

4 METHODS 

This doctoral thesis is part of the multicentric project EnErGie, thus all the methods described 

in this section have been performed by different researchers in different research centres. The 

surgical methods and the whole animal trial were performed in the Institute of Experimental 

Surgery of the Rostock University Medical Centre. The BDL surgery method was established 

by Dr. Sarah Rohde and later on carried out by Dr. Luise Ehlers, both from the Department of 

Medicine II, Division of Gastroenterology, Rostock University Medical Center. Daily 

monitoring (including muscle strength measurements) and the Luminex assay were performed 

by the employees of the laboratory of the Department of Medicine II, Division of 

Gastroenterology, Rostock University Medical Center. MRI measurements were carried out by 

the Core Facility “Multimodale Kleintierbildgebung” of the Rostock University Medical 

Center. Metabolic cages and fractional protein synthesis experiments were performed by me in 

collaboration with Dr. Ehlers. The derivatization 2H5-Phe in splanchnic tissue and muscle, as 

well as their 2H5-Phe enrichment measurement using a gas chromatography mass spectrometry 

(GC-MS) system, were performed by me with the collaboration of Mrs. Meike Statz at the 

Research Institute of Farm Animal Biology (FBN), Dummerstorf. Preparation of feces and 

urine samples for nitrogen content determination to calculate N-BAL, as well as RNA 

extraction from muscle, q-RT PCR experiments, and muscle histology experiments were 

performed by me at the FBN. Measurements of the N concentrations in feces and urine were 

performed by Mr. Thomas. Geick and Mrs. Katharina Groth. Measurements of isotope 

enrichment in plasma and urine were performed by Mrs. Kirsten Karpati and the TEE 

calculations were performed by Dr. Solvig Görs at the FBN Dummerstorf. Plasma 

concentrations of IGF-1, IGFBP-1, and IGFBP-3 were performed by Mrs. Birgit Mielenz. 

Measurements of NEFA and CK were performed by Mrs. Susanne Dwarf at the FBN 

Dummerstorf. Clinical chemistry measurements were performed at the Institute for Clinical 

Chemistry and Laboratory Medicine of the Rostock University Medical Centre. AA 

measurements and total energy expenditure calculations were performed at the FBN by Dr. 

Solvig Görs. Bile acids analyses were performed at the Greifswald University Medical Centre. 

Experiment planning, data curation, and evaluation have been performed by me in collaboration 

with Dr. Luise Ehlers, Dr. Solvig Görs, Dr. Quentin Sciascia, and Prof. Robert Jaster. 
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4.1 Animal model 

C57BL/6J mice were purchased from Charles River Laboratories (Sulzfeld, Germany) and bred 

in the local animal facility of the Rostock University Medical Center. The study protocol was 

approved by the Landesamt für Landwirtschaft, Lebensmittelsicherheit und Fischerei 

Mecklenburg-Vorpommern (LALLF/MV; approval no. 7221.3-1.1-046/18). All animals were 

treated following the German Animal Protection Act (TierSchG) and the European Union 

Directive, 2010/63/EU. The mice had ad libitum access to water and rodent chow diet 

(V1534-0; 19% crude protein, 3.3% crude fat, 4.9% crude fiber, 16.3 MJ ME/kg diet; ssniff 

Spezialdiäten GmbH, Soest, Germany). One week before surgery until the end of the 

experimental period, an additional 50 g of feed was provided daily in the form of a mixture of 

30% dry V1534-0 feed and 70% water. 

At approximately 17 weeks of age, male mice were randomly assigned to the experimental 

groups BDL, sham surgery, and no surgery (controls). Before surgery, the mice were 

anesthetized with isoflurane (5% for induction, 1.5% for maintenance), and carprofen (Pfizer 

GmbH, Berlin, Germany) at 5 mg/kg body weight (BW) was injected subcutaneously for pain 

prevention. The surgical procedure for BDL consisted of the common bile duct being exposed 

after midline laparotomy, ligated three times with a 5-0 polyester suture (Ethicon, Norderstedt, 

Germany), and transected between the two most distal ligations. The sham surgical procedure 

consisted of the common bile duct being exposed but neither ligated nor cut. The abdominal 

wall was closed in two layers using 6-0 prolene (Catgut, Markneukirchen, Germany)210. After 

the surgery, mice were daily monitored, and their BW and wellbeing were assessed. Analgesia 

was continued with metamizol (Ratiopharm GmbH, Ulm, Germany) dissolved in drinking 

water (1.25 mg/mL) until the end of the experiment. 

On days 7-14 after surgery (as specified below), the animals were sacrificed by an overdose of 

ketamine/xylazine hydrochloride followed by cervical dislocation. Blood was collected from 

the retro-orbital venous sinus in Lithium heparin tubes and centrifuged at 3,000 × g for 20 min 

at 4 °C to obtain plasma. Splanchnic tissues (jejunum, colon, liver, and pancreas) and 

quadriceps femoris and gastrocnemius muscles (M. quadriceps and M. gastrocnemius, 

respectively) were collected, and their wet weight was determined. All samples were stored 

under appropriate conditions until they were assayed as detailed below. 

 
4.1.1 Muscle strength measurements 

Skeletal muscle strength was determined non-invasively using a BIO-GS3 grip strength meter 

(Bioseb, Vitrolles, France). For this purpose, the device was set up horizontally, the mice were 
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held by the tail and lowered towards the device. The mice were allowed to grasp the triangular 

pull rod and were then pulled backward in the horizontal plane. The force exerted on the rod 

just before the mouse lost its grip was recorded as peak tension. Each animal was measured 

three times per time  point  and  the mean  value was used  for further calculations. 

 
 

4.1.2 Magnetic resonance image (MRI) of the quadriceps muscle 
 

MRI measurements of the M. quadriceps were performed for all animals at three time points: 

one day before surgery (d-1), 6 days after surgery (d6), and 13 days after surgery (d13). The 

volumes of the left and right M. quadriceps were determined in anesthetized mice (1.5-2.5 % 

isoflurane in oxygen). The respiratory rate (between 35 and 50 breaths/min) and body 

temperature of the animals were continuously monitored during the scan (triggered by 

respiration). The MRI was performed with a 7 Tesla MRI machine (Bruker BioSpec 70/30, 

gradient system: BGA 12 S HP, 86 mm volume coil in transmit mode, 2 x 2 receive surface 

coil, all Bruker Biospin GmbH, Ettlingen, Germany) using coronal T1 weighted FLASH 

sequences and T2 weighted TurboRARE sequences. T1w FLASH (cor): TR: 313 ms, TE: 2.9 

ms, field of view: 32.0 x 35.2, matrix size: 256 x 281, in-plane resolution 125 x 125 µm, FA: 

50°, 4 averages, slice thickness: 0.8 mm, 23 to 26 slices depending on the size of the mouse, no 

slice gap, TA: approx. 5:50 min depending on the respiration rate and consequent trigger. T2w 

TurboRARE (cor): TR: 1968 ms, TE: 25 ms, field of view: 32.0 x 35.2, matrix size: 256 x 281, 

in-plane resolution 125 x 125 µm, RARE factor: 8, 4 averages, slice thickness: 0.8 mm, 23 to 

26 slices, no slice gap, TA: approx. 4:40 min depending on the respiration rate and consequent 

trigger. Images were analysed using ITK-Snap software (version 3.8.0, Penn Image Computing 

and Science Laboratory "PICSL", University of Pennsylvania, USA). Volume evaluation was 

based on slice-wise independent placement of the regions of interest in each muscle using a T2- 

weighted image series of coronal slices. Muscle volumes on both sides were scored in mm3, 

and the average was calculated and related to d-1. 

 

 
4.1.3 Nitrogen balance (N-BAL) and total energy expenditure (TEE) assessment in 

metabolic cages 

Before and after BDL or sham surgery, mice were individually placed in metabolic cages 

(TECNIPLAST GmbH, Hohenpeißenberg, Germany), three times for 24 h each: from d6 to d5 

before surgery (d-6/-5), from d2 to d3 after surgery (d2/3) and from d9 to d10 after surgery 
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(d9/10). On d2 after surgery, mice were injected i.p. with 8 mg/g BW 2H2O (99.8 atom% 2H, 

Chemotrade, Leipzig, Germany) plus 12 mg/g BW H₂18O (97 atom% 18O, Eurisotop, Paris, 

France), sterilized by filtration through a 0.2 μm sterilized NALGENE® 4 mm nylon syringe 

filter (Thermo Scientific, Fisher Scientific GmbH, Schwerte, Germany) to determine TEE. 

Blood was collected on d10, and mice were euthanized as described above. During the three 

MC trials, feed and water intake as well as BW were monitored, and urine and feces were 

preserved. Urine was collected over 24 h in three different tubes: a 15 mL tube, containing 150 

μL of 50% sulfuric acid to prevent the loss of volatile N compounds and thus to be used to 

calculate N-BAL, N excretion, and urinary AA; and two 2 mL tubes containing no acid at two 

different time points from 1.5 to 2.5 h and from 22.5 to 24 h after the start of the MC trial, to 

be used for the measurement of 2H and 18O enrichment and to calculate TEE. To calculate the 

N-BAL, the dry matter of feed, urine, and feces was determined by drying the samples at 55 °C 

(urine and feed overnight, feces 24 h) and measuring the N concentration with an elemental 

analyzer (Thermo-Fisher Scientific GmbH, Waltham, MA, USA) in pre-dried tin capsules 

(IVA-Analysentechnik GmbH und Co. KG, Meerbusch, Germany). Subsequently, the 24 h N- 

BAL was calculated from the N concentrations in feed (Nfeed), urine (Nurine), and feces (Nfeces) 

as follows: 

 
N-BAL (g) = Nfeed – (Nurine + Nfeces) 

 
The TEE was assessed by isotope dilution using the doubly labeled water method211. The 

isotope ratios 2H/1H and 18O/16O corrected for isotopic background in the non-acidified urine 

samples and the plasma samples collected on d10 were analyzed by gas isotope ratio mass 

spectrometry (DELTA Plus XL, Thermo Quest, Bremen, Germany) coupled with a gas bench 

(GasBench II, Finnigan, Bremen, Germany)212. Tracer enrichments in plasma samples were 

equivalent to that of the 22.5 – 24 h urine samples collected at d10. If a d10 22.5 - 24 h urine 

sample could not be collected, the d10 plasma enrichment was used for TEE determination 

instead. The production of CO2 (rCO2) was calculated using the total water pool (W) and the 

rate constants for 18O (ko) and 2H (kh) excretion: 

 
rCO2 (mol CO2/d) = [(W/2078) (1.01 ko – 1.04 kh)] – [0.0246 (1.05W (1.01 ko – 1.04 kh)]213 
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The rCO2 was used to calculate the TEE according to the Brouwer equation213, 214, using a 

respiratory quotient (RQ) of 0.94 (mean RQ value taken from Guidotti et al., 2013)211 and 

taking into account the urinary N loss (NU) as follows: 

 
TEE (Kj/(g×d)) = 5.16 rCO2 + 16.18 rCO2/ RQ − 5.90 NU 

 

4.2 Histological assessment 
 

Liver, M. quadriceps, and M. gastrocnemius tissues underwent several histological procedures 

to assess the damage provoked by the BDL (haematoxylin/eosin (H/E) and direct red staining 

in the liver) as well as the signs of muscle damage induced by the CLD (H/E and ammonium 

sulfide staining in the M. quadriceps and M. gastrocnemius). The detailed protocols are 

described in the following paragraphs. 

 

 
4.2.1 Haematoxylin / Eosin (H/E) staining 

 
H/E staining allows for a comprehensive assessment of an organ by simultaneously staining 

cell nuclei and tissue, giving an overview of the organs’ conditions. H/E staining was performed 

on liver, M. quadriceps, and M, gastrocnemius tissues, albeit with different procedures. 

The liver was collected and embedded in a 4% formaldehyde solution (Grimm med Logistik 

GmbH, Torgelow, Germany) overnight. Afterward, the samples were processed in an 

automated tissue processor (Thermo Fisher Scientific, USA) and embedded in paraffin. Liver 

sections were then cut into 4 μm thick sections, transferred to a microscope slide and dried 

overnight at 55 °C. Subsequently, the sections were stained according to the protocol in Table 

2. 

Table 2. H/E staining protocol for liver sections 
 

Solution Time of incubation Procedure 

Xylene 10 min Deparaffinisation 

Xylene 10 min Deparaffinisation 

96% Ethanol 5 min Washing 

96% Ethanol 5 min Washing 

70% Ethanol 3 min Washing 

Distilled water 2 min Washing 
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Haematoxylin 1 min 15 sec Nuclei staining 

Running water 1 min Staining fixation 

Distilled water 5 sec. Rinsing 

Eosin + 2% acetic acid 1 min Tissue staining 

Distilled water 5 sec Rinsing 

70% Ethanol Briefly rinse Removing water excess 

96% Ethanol Briefly rinse Removing water excess 

96% Ethanol Briefly rinse Removing water excess 

Xylene 30 seconds Removing water excess 

Xylene 30 seconds Removing water excess 

 
 

The M. quadriceps and M. gastrocnemius were treated differently. Right after the extraction, 

the muscles were snap frozen in liquid nitrogen and stored at -80°C. For the histological 

analyses the muscles were cut at their thickest part in 12 µm sections using a cryostat microtome 

(CM3050 S, Leica, Bensheim, Germany) and mounted on a microscope slide. The H/E staining 

was performed according to the protocol in Table 3. 

Table 3. H/E staining protocol for frozen muscle sections 
 

Solution Time of incubation Procedure 

4% Formol-calcium 5 min Fixation 

Distilled water 5 min Washing 

Haematoxylin 5 min Nuclei staining 

Running water 20 min Rinsing 

Distilled water 5 min Rinsing 

Eosin + 3 drops of acidic acid 10 min Tissue staining 

Distilled water 3 min Rinsing 

70% Ethanol 1 min Removing water excess 

96% Ethanol 1 min Removing water excess 

Absolute ethanol 3 min Removing water excess 

Xylene 10 min Removing water excess 

 
In the case of the liver sections, the H/E staining allowed the assessment of the presence of 

necrotic tissue, inflammation, bile duct proliferation, and fibrosis. In the case of the muscle 
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sections, it allowed the count of the nuclei and fibers, as it is shown that a decrease in nuclei 

number is a sign of sarcopenia215, 216. To count nuclei and fibers, the H/E-stained samples were 

photographed in six randomly selected areas, using a light microscope with an integrated 

camera (Nikon Microphot SA, Nikon, Tokyo, Japan) at 20 x magnification. Nuclei and fibers 

were counted using the Cell^F imaging software (OSIS, Münster, Germany). 

 

 
4.2.2 Sirius red staining 

 
Sirius red staining is used to stain collagen fibers, to assess the presence of liver fibrosis. Liver 

sections were cut and dried as described in the paragraph above. The detailed staining protocol 

was performed according to Table 4. 

Table 4. Sirius red staining protocol for liver sections 
 

Solution Time of incubation Procedure 

Xylene 10 min Deparaffinisation 

Xylene 10 min Deparaffinisation 

96% Ethanol 5 min Deparaffinisation 

96% Ethanol 3 min Deparaffinisation 

70% Ethanol 2 min Deparaffinisation 

Distilled water At least 2 min Deparaffinisation 

Haematoxylin 8 min Nuclei staining 

Distilled water Briefly Rinsing 

Running water Up to 10 min Rinsing 

Sirius red 1 h Collagen staining 

Distilled water + 0.5% acetic 

acid 

1 min Rinsing 

Distilled water + 0.5% acetic 

acid 

1 min Rinsing 

Absolute ethanol Briefly rinse Removing water excess 

Absolute ethanol Briefly rinse Removing water excess 

Xylene Briefly rinse Removing water excess 

Xylene Briefly rinse Removing water excess 
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4.2.3 Ammonium sulphide staining 
 

This staining allowed the count of capillaries and fibers in frozen sections of muscle tissue. The 

sections were cut 12 µm thick as described above and then stained according to the protocol in 

Table 5. 

Table 5. Ammonium sulphide staining protocol for frozen muscle sections 
 

Solution Time of incubation Procedure 

4% Formol-calcium 5 min Fixation 

Distilled water 5 min Washing 

Incubation solution* 90 min (37 °C) Incubation 

Distilled water Briefly Rinsing 

2% Cobalt chloride 5 min Capillary staining 

Distilled water Briefly Washing 

1% Ammonium sulphide 3 min Capillary staining 

Distilled water Briefly Washing 

Eosin 3 min Tissue staining 

Distilled water At least 3 h Removing dye excess + 

avoiding contraction wrinkles 
*Incubation solution: 3% Na-β-Glycerol phosphate + Barbital + Distilled water + 2% CaCl2 + 5% MgSO4 

 
Fibers and capillaries were counted using the Cell^F imaging software (OSIS, Münster, 

Germany). 

 

 
4.3 Concentrations of free AAs in plasma and urine 

 
Two µL of plasma and acidified urine were ten-fold diluted with ultra-pure water and 40 mM 

phosphate buffer (pH 7.45), respectively. To allow fluorescence detection, primary AA were 

derivatized with ortho-phthaldoaldehyde and 3-mercaptopropionic acid, while secondary AA 

were derivatized using fluorenylmethyloxycarbonyl chloride. Both plasma and urinary free AA 

were analysed by reverse-phase HPLC system 1260 Infinity II with the G7129A autosampler, 

the G7112B binary pump, G7116A multicolumn thermostat, and G1321A fluorescence detector 

(Agilent Technologies, Germany). Separation occurred on a Gemini 250 × 4.6 mm 5 μm 

reversed-phase C18 110 Å column, with a pre-column 4 × 3 mm C18 (both Phenomenex, 

Aschaffenburg, Germany)217 by gradient dilution with a nonpolar phase, consisting of 45 % 
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methanol, 45 % acetonitrile and 10 % water at pH 7.45. An AA standard mix (Sigma-Aldrich, 

Germany) and an additional standard mix, consisting of asparagine (Reanat, Hungary), 

glutamine (Serva, Germany), and tryptophan (Reanat, Hungary), were used for quantification 

at concentrations of 5 µM, 10 µM, 20 µM, and 50 µM, respectively. A linear standard curve 

was calculated, and the slope was used for the determination of the plasma AA concentration, 

subtracting blank values and using a dilution factor of 10. Amino acid concentration (µmol/L) 

was calculated using the area under the peaks with the HP ChemStation software (Agilent 

Technologies, Waldbronn, Deutschland), according to the following equation (with dilution 

factor = 10): 

[AA] (µmol/L) = [(Areasample peak-Areablank)/(Standard curve slope)] x dilution factor 
 
 
 

4.4 Concentration of urinary N-metabolites 

Acidified urine samples were prepared as described in paragraph 4.3. Subsequently, they were 

diluted 1:50 with ultrapure water to analyse urea, while a 1:10 dilution with 20 mM phosphate 

buffer (pH 6.5) was used to analyse allantoin, creatine, creatinine, hippuric acid, and uric acid. 

Urea was analysed with a 1260 Infinity series HPLC system consisting of the temperature- 

controlled G1329A autosampler, the G1311C 1260 quaternary pump, and the G1362A 1260 

refractive index detector (all from Agilent Technologies, Waldbronn, Germany). A Rezex RCM 

monosaccharide column (300 × 7.8 mm, Phenomenex Inc., Aschaffenburg, Germany) column 

was used. Five µL of sample was added to the column at a constant 60 °C. The mobile phase 

was ultrapure water, which ran over the column at a flow rate of 0.5 mL/min. The same HPLC 

system was used for the measurements of allantoin, creatine, creatinine, hippuric acid, and uric 

acid, however, a Synergi 4 µm Hydro-RP 80 Å column (250 × 4.6 mm, Phenomenex Inc., 

Aschaffenburg, Germany) and the G1315D diode array detector (210 nm or 230 nm) (Agilent 

Technologies, Waldbronn, Germany) were used. Five µL of samples were added to the column 

at 25 °C. Phosphate buffer (20 mM, pH 6.5) was used as the eluent, which flowed over the 

column at a rate of 1 mL/min. A gradient elution was used to ensure sufficient separation of the 

AA with narrow peaks in a short analysis time. For this purpose, acetonitrile was added to the 

phosphate buffer, starting with 0 % at 5 min and going up to 10 % within 25 min. For the 

calibration, the urea (108487, Merck Chemicals GmbH, Darmstadt, Germany), allantoin (A- 

7878, Sigma Aldrich), creatine (91705, Chemapol), creatinine (91703, Chemapol), uric acid 

(229K17724817, Merck Chemicals GmbH, Darmstadt, Germany), and hippuric acid standard 

(71796, Berlin Chemie, Menarini) in concentrations of 10, 50, 100, 250 and 500 µM were used. 
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The concentration of the N-metabolites (mmol/L) was calculated using a linear standard curve, 

according to the equation: 

 

 
[N-metabolites] (mmol/L) = [(Areasample peak-Areablank)/ (Standard curve slope)] x dilution factor 

 
 
 

The dilution factors were set to 10 for urea and 50 for allantoin, creatine, creatinine, hippuric 

acid, and uric acid. The HP ChemStation and LC Open Lab programs (Agilent Technologies, 

Waldbronn, Germany) were used to evaluate the areas under the peaks. 

 

 
4.5 Clinical chemistry and plasma metabolites concentrations 

 
Activities of aspartate aminotransferase (ASAT), alanine aminotransferase (ALAT), alkaline 

phosphatase (AP), pseudo-cholinesterase (PCHE), and lipase; the plasma levels of albumin, 

glucose, direct bilirubin, cholesterol triglycerides (TG), uric acid (UA), and urea; as well as 

plasma concentrations of Na, K, Ca, and Mg were determined using the chemistry analyser 

DxC 700 AU (Beckman Coulter, Krefeld, Germany) and systems reagents from Beckman 

Coulter for this analyser. Creatine kinase (CK) and non-esterified fatty acids (NEFA) were 

measured with an automatic enzymatic analyser (ABX Pentra 400 Clinical Chemistry Analyser, 

Horiba medical, Montpellier, France) using commercial kits (ABX Pentra CK NAC CP (Horiba 

medical, Montpellier, France); NEFA-HR (2) Assay (Fujifilm Wako Chemicals Europe GmbH, 

Neuss, Germany)). ELISA assays were used to determine plasma levels of IGF-1 (mouse IGF- 

I; Mediagnost, Reutlingen, Germany), IGF-1 binding protein (BP) 1 and 3 (mouse IGFBP-1; 

DuoSet Quantikine ELISA kit and mouse IGFBP-3; DuoSet Quantikine ELISA kit (R&D 

Systems Inc., Minneapolis, USA)), and myostatin (GDF-8/Myostatin Quantikine ELISA kit 

(R&D Systems Inc., Minneapolis, USA)) according to manufacturer’s instructions. Plasma 

levels of epithelial growth factor (EGF) and its receptor EGFR, hepatocyte growth factor 

(HGF), fibroblast growth factor 21 (FGF-21), interleukin 6 receptor alpha (IL-6Rα), tumour 

necrosis factor receptor I (TNFRI) and TNFRII, and vascular endothelial growth (VEGF) were 

determined with a bead-based multiplex assay using the Luminex technology. Therefore, a 

mouse-specific magnetic Luminex multiplex assay from Bio-Techne (Minneapolis, MN, USA) 

was employed according to the instructions of the manufacturer. The Luminex 100/200 device 

was operated via the xPONENT® 3.1-Software (Luminex Corporate, Austin, USA). 
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4.6 Assessment of bile acids concentration using targeted LC-MS/MS profiling 
 

Targeted metabolomics profiling of the plasma samples was performed with a MxP® Quant 

500 kit (BIOCRATES LifeSciences AG, Innsbruck, Austria) which was run on a LC-MS/MS 

AB SCIEX 5500 QTrap™ mass spectrometer (AB SCIEX, Darmstadt, Germany) with 

electrospray ionization coupled with a HPLC system (Agilent 1260 Infinity Binary LC, Santa 

Clara, United States). Ten µL of plasma were processed according to the manufacturer’s 

instruction using a fully automated assay combined flow injection (FIA) and mass selective 

detection. The isotope-labelled internal standards were partially integrated into the kit plate for 

metabolite quantification. After the measurements, the data were uploaded to the Biocrates 

MetIDQ software, where the peak integration and the calibration curves were checked as a pre- 

processing step, before performing the automatic calculation of the metabolites’ concentrations. 

Subsequently, for each metabolite, the median of the plate-specific medians of the pooled 

samples was calculated to reset the concentration to the original scale (µM concentrations). For 

each metabolite, the plate-specific coefficient of variation (CV) was calculated based on the 

pooled samples. Only metabolites with a CV < 25% on two plates were included in the final 

data sets. 

 

 
4.7 Fractional protein synthesis rate (FPSR) in selected tissues 

Fractional protein synthesis rate (FPSR) is defined as the rate that a labeled amino acid 

precursor is incorporated into a tissue protein218. The FPSR was measured using the flooding 

dose method219. 

Thirty min before euthanasia, mice were injected i.p. with 2H5-ring-phenylalanine (2H5-Phe; 

375 mg/g BW; 99.1 atom% 2H, Euriso-Top GmbH, Saarbrücken, Germany), dissolved in 0.9 % 

NaCl solution. The mice were euthanized as described in paragraph 4.1 and jejunum, colon, 

liver, pancreas, M. quadriceps, and M. gastrocnemius were collected, washed in 0.9 % NaCl 

solution, and snap-frozen in liquid nitrogen. To assess the enrichment of protein-bound 2H5- 

Phe, protein pellets were obtained from splanchnic tissues and M. quadriceps and M. 

gastrocnemius, as follows: After grinding in liquid nitrogen, 50 mg of tissue were precipitated 

using 0.2 M perchloric acid (HClO4) and homogenized on ice with a sonication tip (Sonotrode 

MS 1, Carl Roth, Karlsruhe, Germany) with 30 pulses for 0.5 seconds each and 80 % amplitude. 

Samples were incubated for 15 min on ice in a sonication bath and centrifuged (3000 x g, 4°C 

for 10 min) to separate the protein pellet from the supernatant. The pellet was washed with 0.2 
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M HClO4 and bi-distilled water and centrifuged at 12000 x g and 4 °C for 8 min. Afterward, it 

was dried under N2 flow at 60 °C and hydrolysed overnight in heating blocks at 110 °C using 

1 mL 6 N hydrochloric acid and 10 μL of 16 mg/ml ascorbic acid. The hydrolysed pellet was 

dried under N2 flow at 60 °C, derivatized with 70 µL of N-methyl-N-tert-butyldimethyl 

silyltrifluoroacetamide (MTBSTFA) (Acros Organics, Thermo Fisher Scientific GmbH, Geel, 

Belgium) and 50 µL of acetonitrile and incubated for 15 min in a sonication bath at 30 °C and 

then for further 30 min at 105 °C in heating blocks. Fifty μL of each sample was mixed with 50 

µL of ethyl acetate and transferred to an insert vial for measurements with the gas 

chromatography-mass spectrometry (GC-MS) system. Plasma was used to assess the 

enrichment of ²H5-Phe in the free precursor. Twenty-five µl plasma were precipitated using a 

3.5-fold amount of acetonitrile and centrifuged at 16.000 x g, 4 °C for 20 min. The supernatant 

was separated from the pellet and dried at 60 °C under N2 flow. Then, the samples were 

derivatized with 50 µL of MTBSTFA and 50 µL of acetonitrile and incubated for 15 min in a 

sonication bath at 30 °C and for further 30 min at 105 °C on heath blocks. Fifty μL of each 

sample was mixed with 50 µL of ethyl acetate and transferred to an insert vial for the 

measurements with GCMS. The samples were analysed using a GC-MS-QP2010 Ultra system 

(Shimadzu, Kyoto, Japan). The calibration of the instrument was different for protein pellet and 

plasma samples. The enrichments of ²H5-Phe used for the pellet ranged from 0 - 2.5 mole 

percent excess (MPE) in steps of 0.5 MPE, while for the plasma the ²H5-Phe enrichments 

ranged 0 - 50 MPE in steps of 10 MPE. The measurements of ²H5-Phe enrichment were 

performed according to Dänicke et al. (2006)219 with modifications as the fragments used for 

natural and enriched abundance of phenylalanine were m/z 234 and 239, respectively. However, 

for the measurements of the muscle samples the signal of the m/z 239 was too low and the 

resolution could not be appropriately increased without overloading the system, thus the method 

was modified after Welle et al. (2006)220, thus the fragment m/z 235 was used to measure the 

relative abundance of m/z 239. The abundances of the fragments m/z 234 and 235 were used to 

calculate the enrichment as the product of 239/235 x 235/234 minus the natural 2H5-Phe 

abundance in muscles. The GC separation was performed on a Zebron ZB-5HT column (30 m, 

0.25 mm inner diameter, 0.25 μm film thickness; Phenomenex, Aschaffenburg, Germany) in 

split mode with He as the gas carrier. The MS operated in selected ion monitoring mode, with 

the electron impact ionisation mode set to 70 eV at 200 °C, and the interface temperature set at 

260 °C. The split ratio was set to 50 for the pellet and to 10 for the plasma samples. The detector 

voltage was 0.8 kV for the pellet and 1.4 kV for the plasma. However, adjustments were made 

if the intensity of the signal was too low or too high. The GC-MS data obtained were analysed 
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using the software GCMS solution (Shimadzu, Japan). The peak areas were obtained by manual 

integration and the ²H₅-Phe enrichment was calculated as molar percent excess (MPE), 

according to the following equation: 
2𝐻5 

− Phe 𝑒𝑛𝑟𝑖𝑐ℎ𝑚𝑒𝑛𝑡 [𝑀𝑃𝐸] =  
𝑅 

𝑅+1 
∗ 100 

 

Where  

 
𝑅 = 

 
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑃ℎ𝑒(𝑀+5) 

− 
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑃ℎ𝑒(𝑀+0) 

 
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑃ℎ𝑒(𝑀+5) 

 

𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎𝑃ℎ𝑒(𝑀+0) 

 

 
𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 

 
Eventually, the FPSR was calculated in percent per day using the following formula221: 

 
 
 

% 
𝐹𝑃𝑆𝑅 [ ] = 

𝑑 

𝑀𝑃𝐸 𝑜𝑓 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 − 𝑏𝑜𝑢𝑛𝑑  2𝐻5 − Phe 
( 𝑀𝑃𝐸 𝑜𝑓 𝑓𝑟𝑒𝑒 𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟 ) 

 
 

𝑡𝑖𝑚𝑒 

 
∗ 100 

 

 
4.8 Concentration of free 1- and 3-methyl-histidine (1-MH and 3-MH) in M. 

quadriceps 

The concentrations of free 1-MH and 3-MH in M. quadriceps tissue (30 mg) were determined 

after homogenization by sonication with an ultrasonic tip (Sonotrode MS 0.5, Carl Roth, 

Stuttgart, Germany) using 25 pulses during 0.5 s each and 80% amplitude. Samples were then 

centrifuged at 3.000 × g for 10 min at 4 °C according to Zhao et al (2020)222. The supernatant 

was collected, diluted ten-fold with ultrapure water, and analysed using a reverse-phase HPLC 

system 1260 Infinity II with the G7129A autosampler, the G7112B binary pump, G7116A 

multicolumn thermostat and G1321A fluorescence detector (Agilent Technologies, Germany), 

accordingly to Kuhla et al. (2010) 217, but using a reverse phase column Gemini (250 × 4.6 mm, 

5 µm C18 110 Å (Phenomenex, Aschaffenburg, Germany). 

 

 
4.9 Gene expression in M. quadriceps and M. gastrocnemius 

 
Total RNA was extracted from 70 mg M. quadriceps and M. gastrocnemius tissue using TriFast 

buffer according to the manufacturer’s instruction (peqGOLD TriFast; VWR International 

GmbH, Hannover, Germany). Total RNA was quantified by a nanophotometer (Implen GmbH, 

Munich, Germany) and the quality was assessed with a Bioanalyzer 2100 and RNA 6000 Nano 

kit (Agilent Technologies, Waldbronn, Germany). The RNA integrity number ranged between 
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8.5 and 10. The cDNA was produced from 1 µg purified RNA, with the SensiFAST™ cDNA 

Synthesis Kit (Bioline, Berlin, Germany) according to the manufacturer’s instructions. Primers 

were made by Integrated DNA Technologies (IDT, Antwerp, Belgium), using pre-designed 

PrimeTime qPCR Primer Assays for mice. Primers were tested using serial dilutions (1/10, 

1/20, 1/50, 1/100, and 1/1000 diluted pooled cDNA), and a final cDNA dilution of 1/20 was 

selected for the q-RT PCR analyses, as this was the lowest dilution that resulted in sample cycle 

numbers (Cq) below 30. Primer details are presented in the appendix section (Table S1). 

Samples were analysed in duplicates in 96 well plates (Roche, Mannheim, Germany) using the 

LC 96 system (Roche Diagnostics, Mannheim, Germany). Two inter-run calibrators consisting 

of 10- and 20-fold diluted pooled cDNA, a no-template, and a no-enzyme control were added 

to each plate. The q-RT PCR was performed using the SensiFAST SYBR No-Rox Mix (Code: 

98050, Bioline, Berlin, Germany), according to the manufacturer instructions, with a total 

volume of 10 µL. Each target gene was analysed under the same conditions: enzyme activation 

and initial denaturation (95 °C for 30 s); denaturation/annealing repeated 40 cycles (95 °C for 

30 s, 60 °C for 20 s); and melt curve analysis from 65 to 98 °C with 1 °C increment every 5 

sec. LinRegPCR v 2014.5 was used to obtain the PCR efficiency, and the quantification cycle 

values (Ramakers et al., 2003). Average PCR efficiency and Cq values are reported in the 

appendix section (Table S1). The mRNA expression values of target genes were normalized to 

four stable reference genes: B2M, Polr2a, Rplp0, and Ppia. The PCR efficiency and Cq values 

were then obtained for each sample using LinRegPCR v 2014.5. The normalization of target 

genes mRNA was performed using the qBASEplus 2.0 software, taking into account 

amplification efficiencies, inter-run variations, and normalization factors. All data was reported 

as per the Minimum Information for Publication of Quantitative Real-Time PCR Experiments 

(MIQE) guidelines223. 
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4.10 Statistical analyses 
 

The data were analysed using GraphPad Prism (GraphPad Software, version 9.4.1, San Diego, 

CA, USA). Parametrical continuous dependent variables were analysed using a two-way 

repeated measurements (RM) ANOVA with a post-hoc Tukey’s test. Parametrical independent 

variables were analysed using a one-way ANOVA with Šidák’s multiple comparison test. Non 

parametrical variables were analysed using the Kruskal-Wallis test with Dunn’s multiple 

comparison test. The presentation of the data and the statistical tests used for data analysis are 

described in the legends of the tables and figures. Adjusted p-values of < 0.05 were considered 

statistically significant. 
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5 RESULTS 
 

The main findings described in this dissertation have been published and discussed in an 

original research article224. 

5.1 Cholestasis and markers of liver damage in a BDL mouse model 
 

Our findings are in line with previous studies in C57BL/6 mice, as they showed that BDL, but 

not sham surgery, caused a severe CLD with impressive necrosis and inflammation. The 

necrotic tissue (marked with an * in Figure 5 upper row) is visible as spots where the tissue 

architecture is altered and disrupted, appearing almost dissolving; while the inflamed areas are 

visible as darker immune cells infiltrations in the tissue (marked with an arrow in Figure 5 upper 

row). Moreover, a progressive beginning fibrosis, visible as collagen fibers stained in red 

(Figure 5 lower row) was observed from postoperative days 7 to 14 (Figure 5). 
 

 
Figure 5: H/E and Sirius Red staining of liver tissue sections of mice with BDL and sham surgery. Mice underwent 

BDL or Sham surgery and were sacrificed on postoperative days 7 (d7) and 14 (d14). Mice without surgery (d0) 

served as controls. Formalin-fixed paraffin-embedded sections of liver tissue were stained with H&E (upper row) 

and Sirius red (lower row). Typical pictures for each group (BDL (n=7/10) and Sham (n=9)) and time point (d0, 

d7 and d14) are shown (original magnification x100). Upper row: asterisks point to necrotic tissue and arrows to 

areas of inflammation, bile duct proliferation, and fibrosis. Lower row: collagen fibers are coloured red. Figure 

after Agrifoglio et al. (2025)224 

 
 
 

Furthermore, CLD was associated with strongly elevated levels of bilirubin as well as ASAT-, 

ALAT-, and AP-activities in blood plasma (Table 6). In addition, a pancreatic response to 

cholestasis was also observed in the BDL groups, as shown by the increased lipase activities. 

However, the albumin levels did not differ significantly between the experimental groups, and 

PCHE and urea were even increased in at least one of the BDL groups, while blood glucose and 

TG concentrations after BDL were lower. Moreover, BDL surgery was associated with 
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increased plasma concentrations of cholesterol and Ca (Table 6), while the levels of uric acid, 

Na, K, and Mg, and the urinary concentrations of urea and UA (Figure 6), did not differ between 

the sham and BDL groups. It was also found that plasma levels of individual bile acids showed 

a significant increase of taurocholic acid, taurochenodeoxycholic acid, and glycocholic acid 

after BDL surgery, while the concentration of cholic acid was diminished (Table 6). 

 

 
Table 6. Concentrations of plasma parameters of mice with BDL or sham surgery and in 

intact controls 
 

Parameter 

[unit] 

d0 

(n=34) 

Sham, d7 

(n=20) 

BDL, d7 

(n=18-20) 

Sham, d14 

(n=19) 

BDL, d14 

(n=17) 

Bilirubin [µmol/l] 2.5 ± 0.2 1.7 ± 0.2 338.5 ± 22.8*** 1.8 ± 0.2 317.7 ± 17*** 

ASAT [U/l] 96.9 ± 6.5 80.0 ± 9.0 1563.6 ± 200.3*** 73.6 ± 10.0 1217.7 ± 163.1*** 

ALAT [U/l] 34.7 ± 2.9 36.7 ± 5.0 809.0 ± 80.2*** 47.7 ± 13.1 594.1 ± 90.7*** 

PCHE [kU/L] 3.5 ± 0.1 3.2 ± 0.1 5.1 ± 0.1*** 3.1 ± 0.1 5.3 ± 0.2*** 

AP [U/L] 78.8 ± 2.7 55.1 ± 2.3 966.2 ± 90.3*** 60.9 ± 1.5 1623.4 ± 101.8*** 

Lipase [U/l] 64.7 ± 2.8 51.9 ± 3.2 208.6 ± 36.7*** 58.7 ± 3.1 449.2 ± 87.3*** 

Urea [mmol/L] 9.9 ± 0.2 10.1 ± 0.2 20.6 ± 3.5* 10.3 ± 0.3 13.1 ± 1.4 

Uric acid [mmol/l] 82.9 ± 14.3 156.6 ± 23.1 97.2 ± 10.6 118.8 ± 24.1 91.9 ± 10.2 

Albumin [g/L] 28.1 ± 0.4 27.2 ± 0.6 29.0 ± 0.7 25.8 ± 0.3 26.4 ± 0.7 

Glucose [mmol/l] 13.4 ± 0.8 15.9 ± 1.3 8.2 ± 0.4*** 14.8 ± 0.9 6.9 ± 0.4*** 

Cholesterol [mmol/l] 2.2 ± 0.1 2.2 ± 0.1 17.9 ± 2.3*** 2.1 ± 0.1 17.8 ± 1.9*** 

TG [mmol/l] 1.0 ± 0.1 1.2 ± 0.1 0.8 ± 0.1* 1.0 ± 0.1 0.7 ± 0.1 

Ca [mmol/l] 2.2 ± 0.03 2.2 ± 0.04 2.7 ± 0.05*** 2.2 ± 0.03 2.7 ± 0.04*** 

Na [mmol/l] 154 ± 1.0 158.8 ± 7.6 179.8 ± 9.7 170.4 ± 11 195.1 ± 14.3 

K [mmol/l] 4.4 ± 0.1 5.1 ± 0.2 5.4 ± 0.3 4.7 ± 0.3 5.7 ±0.3 

Mg [mmol/l] 1.1 ± 0.04 1.1 ± 0.06 1.3 ± 0.05 1.0 ± 0.03 1.2 ± 0.03 

TCA [µmol/l] 0.9 ± 0.4 0.8 ± 0.1 225.5 ± 23.2* 9.3 ± 5.2 203.1 ± 23.7* 

TCDA [µmol/l] 0.06 ± 0.02 0.05 ± 0.01 43.1 ± 5.1* 0.32 ± 0.16 28.3 ± 3.5 

GCA [µmol/l] 0.02 ± 0.00 0.03 ± 0.01 30.8 ± 7.4* 0.04 ± 0.01 11.2 ± 4.5 

CA [µmol/l] 0.11 ± 0.04 0.47 ± 0.08 0.084 ± 0.021* 2.7 ± 2.2 0.50 ± 0.14 

The mice were sacrificed on postoperative days 7 (d7) and 14 (d14). Mice without surgery (d0) served as controls. 

Data are presented as mean ± SEM. *p<0.05, ***p<0.001; BDL vs. sham-operated mice; One-way ANOVA with 

Šídák's multiple comparisons test (normally distributed data); Kruskal-Wallis-Test with Dunn's multiple 

comparisons test (not-normally distributed data). Abbreviations: TCA: taurocholic acid; TCDA: 

tauroursodeoxycholic acid; GCA: glycocholic acid; CA: cholic acid. Table from Agrifoglio et al. (2025)224 
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Figure 6: Concentrations of urinary N-metabolites of mice with BDL or sham surgery and in intact controls. Urine 

was collected at pre-operative d-6, and post-operative d3 and d10. The mice were sacrificed on postoperative d10. 

The control group did not undergo any surgical intervention, whereas the Sham group underwent sham surgery, 

and the BDL group underwent BDL surgery. Data are shown as box plots (min-max) with median (horizontal 

line). *p<0.05. Two-way RM ANOVA (Tukey‘s multiple comparisons test). Control n=5; Sham n=11; BDL n=11. 

 

 
5.2 CLD is associated with a catabolic state and an altered protein metabolism 

Mice with BDL-induced CLD showed lower feed and water consumption, associated with 

significant body weight loss during the two-week experimental period (Figure 7 A-C). 

Specifically, the water intake did not change in the control group. The Sham mice showed a 

decrease in water intake from d-6 to d3 (p<0.05), but the water consumption rose again on d10 

when compared to d3 (p<0.05) (Figure 7A). The BDL group showed a decrease in water intake. 

The water consumption on both d3 and d10 was lower when compared to d-6 (p<0.0001) 

(Figure 7A). Water consumption of control and sham mice did not differ. However, the BDL 

mice showed a significant reduction in water consumption compared to the sham mice at d3 

(p<0.05) and to both sham and control mice at d10 (p<0.0001 and p<0.05, respectively) (Figure 

7A). The control and sham mice also showed an unchanged food consumption, whereas the 

BDL mice decreased feed consumption over the experimental period (Figure 7B). There was a 

difference in feed intake within the BDL group both between d-2 and d3 (p<0.001) and between 

d-2 and d10 (p<0.001). Furthermore, the BDL mice showed reduced feed intake compared to 

sham mice at d3 (p<0.01) and to both sham and control mice at d10 (p<0.0001 and p<0.01, 

respectively) (Figure 7B). BDL surgery also resulted in a reduced N-BAL (Figure 8A), which 

reflects the lower feed intake and suggests a loss of total body protein. 
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Figure 7: Water and feed intake (A-B), body weight (C), N-BAL (D), TEE (E), and FPSR (F) of mice with BDL 

or sham surgery and in intact controls. TEE was calculated from postoperative d-3 to d10. Data are shown as box 

plots (min-max) with median (horizontal line) and mean (dot) (A, B) or as median ± interquartile range (C). 

Numbers of mice (controls-sham-BDL): 5-11-10 (A, B) and 14-19-17 (C). p<0.05, **p<0.01, ***p<0.001, 

****p<0.0001. Two-way RM ANOVA with Tukey‘s multiple comparisons test. In C, for a better overview, only 

the significant differences between the groups are shown, but not between the time points. Figure modified from 

Agrifoglio et al. (2025)224 

 
 
 

The BDL mice (Figure 8A) had a lower N-BAL both at d3 and d10 when compared to d-2 

(p<0.01 and p<0.05, respectively) while no difference in N-BAL was detected in the control 

(Figure 9A) and sham (Figure 8A) groups. Moreover, the BDL mice have a lower N-BAL than 
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control mice at d10 (p<0.05) (Figure 8A). Furthermore, mice with BDL surgery displayed a 

lower TEE than the control mice (Figure 8B) (p<0.05). 

 

 
Figure 8: N-BAL (A), TEE (B) of mice with BDL and sham surgery TEE was calculated from postoperative d-3 

to d10. Data are shown as box plots (min-max) with median (horizontal line) and mean (dot). Numbers of mice 

(controls-sham-BDL): 5-11-10 (A); 8-11-11 (B). *p<0.05, **p<0.01. Two-way RM ANOVA with Tukey‘s 

multiple comparisons test (A) Kruskal-Wallis-Test with Dunn's multiple comparisons test (B). Figure modified 

from Agrifoglio et al. (2025)224 

 
 
 

 
Measurements of FPSR in mice with BDL showed lower values in the liver, M. quadriceps and 

M. gastrocnemius, while the FPSR in the pancreas remained unaffected (Figure 9). Specifically, 

the BDL mice showed a decreased liver FPSR at d14 when compared to controls (p<0.05), 

while they exhibited a decreased M. quadriceps FPSR compared to controls both at d7 and d14 

(p<0.01 and p<0.001, respectively) and to sham mice at d7 (p<0.01) (Figure 9). Control mice 

also showed a higher M. gastrocnemius FPSR compared to Sham and BDL at d7 and d14 

(p<0.01. However, BDL had a lower M. gastrocnemius compared to sham mice both at d7 and 

14 (both p<0.01) (Figure 9). 
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Figure 9: FPSR of mice with BDL or sham surgery and in intact controls. The mice were sacrificed at d7 or d14 

post-surgery. Data are shown in box plots (min-max) with median (horizontal line) and mean (dot). Numbers of 

mice (controls-sham-BDL): 5-8-9 (d7); 6-8-9 (d14). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. Kruskal- 

Wallis-Test with Dunn's multiple comparisons test (M. quadriceps); one-way ANOVA with Šídák's multiple 

comparisons test (liver, colon, M. gastrocnemius, Jejunum, Pancreas). Figure modified from Agrifoglio et al. 

(2025)224 
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To investigate the protein metabolism in more detail, plasma levels of AAs were determined 

(Figure 10). Interestingly, only arginine showed a significantly lower concentration in the BDL 

groups, while levels of ornithine and citrulline, as well as aspartic and glutamic acid, histidine, 

and phenylalanine, were higher after BDL surgery. Specifically, BDL mice had lower arginine 

concentration when compared to controls at both d7 and d14 (both p<0.0001) and when 

compared to sham mice at d7 (p<0.0001). Vice versa, BDL had higher concentrations of 

ornithine than controls at d7 (p<0.01) and d14 (p<0.0001) and sham mice at d7 (p<0.0001). 

BDL mice also showed higher concentrations of citrulline when compared to controls at d14 

(p<0.05) and to sham mice at d7 (p<0.05). The concentration of aspartic acid was also increased 

in the BDL mice in comparison to controls at both d7 (p<0.001) and d14 (d<0.0001) and to 

sham mice at d7 (p<0.01). Glutamic acid followed the same pattern, as the BDL had higher 

concentrations than controls at d7 and d14 (p<0.05 and p<0.001, respectively) and sham mice 

(p<0.01). Histidine concentration was higher in BDL mice when compared to controls at d14 

and sham at d7 (p<0.01 and p<0.05, respectively). The BDL mice also displayed higher 

concentrations of phenylalanine compared to controls at both d7 (p<0.05) and d14 (p<0.0001) 

and to sham mice at d7 (p<0.05). BDL was also associated with strikingly increased plasma 

levels of taurine compared to controls at both d7 and 14 (both p<0.01) and to sham mice at d7 

(p<0.001) (Figure 10). 
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Figure 10: Concentrations of plasma free amino acids in mice with BDL or sham surgery and in intact controls. 

The mice were sacrificed on d0 (controls) and on postoperative days 7 (d7) and 14 (d14). Data are shown as box 

plots (min-max) with median (horizontal line) and mean (dot). BDL, d14: n=8; all other groups: n≥7; *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. One-way ANOVA with Šídák's multiple comparisons test (arginine, 

ornithine, citrulline, aspartic acid, phenylalanine); Kruskal-Wallis-test with Dunn's multiple comparisons test (all 

others). Figure from Agrifoglio et al. (2025)224 
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Plasma AAs that did not differ in concentration between mice with BDL and sham surgery are 

included in Table 7. The table also shows that neither the families of essential nor non-essential, 

branched-chain, ketogenic, or glucogenic AAs displayed differences between these 

experimental groups. 

 

 
Table 7. Concentrations of free amino acids in plasma that did not differ between mice 

with BDL or sham surgery and in intact controls 
 

Amino acid 
[µmol/L] 

Controls d0 
(±SEM) 

 
(n= 9-10) 

Sham d7 
(±SEM) 

 
(n= 11) 

BDL d7 
(±SEM) 

 
(n= 8-10) 

Sham d14 
(±SEM) 

 
(n= 10) 

BDL d14 
(±SEM) 

 
(n= 7-10) 

Cysteine 110 (± 4.09) 110 (± 5.32) 110 (± 8.41) 128 (± 6.22) 112 (± 11.4) 

Asparagine 38.5 (± 1.18) 40.6 (± 3.64) 55.1 (± 4.81) 49.0 (± 2.38) 65.7 (± 3.51) 

Serine 135 (± 7.36) 128 (± 6.19) 149 (± 10.2) 152 (± 5.23) 176 (± 7.72) 

Glutamine 632 (± 23.7) 618 (± 32.7) 769 (± 50.6) 711 (± 28.0) 855 (± 49.1) 

Glycine 268 (± 10.47) 263 (± 16.7) 275 (± 23.0) 298 (± 7.97) 318 (± 21.3) 

Threonine 185 (± 4.19) 166 (± 9.69) 166 (± 10.1) 198 (± 8.93) 200 (± 13.5) 

Alanine 505 (± 19.8) 487 (± 24.8) 530 (± 40.1) 594 (± 38.5) 584 (± 38.5) 

Anserine 1.77 (± 0.17) 2.31 (± 0.16) 5.39 (± 1.31) 2.43 (± 0.21) 7.04 (± 1.33) 

Tyrosine 171 (± 20.2) 155 (± 7.7) 115 (± 11.4) 200 (± 17.0) 121 (± 12.4) 

Valine 231 (± 6.22) 192 (± 6.81) 177 (± 12.4) 240 (± 18.0) 195 (± 14.6) 

Methionine 52.4 (± 1.51) 46.5 (± 2.99) 51.9 (± 3.70) 55.7 (± 2.77) 64.2 (± 3.65) 

Tryptophane 81.5 (± 2.09) 90.0 (± 5.17) 79.7 (± 4.73) 90.3 (± 4.93) 59.9 (± 7.5) 

Isoleucine 88.2 (± 3.08) 76.1 (± 4.12) 67.0 (± 5.78) 92.5 (± 8.24) 69.5 (± 5.73) 

Leucine 129 (± 5.73) 116 (± 7.64) 117 (± 9.87) 140 (± 13.2) 121 (± 8.22) 

Lysine 225 (± 7.07) 187 (± 7.05) 201 (± 16.0) 219 (± 16.6) 237 (± 11.1) 

Hydroxyproline 13 (± 1.65) 24.9 (± 3.93) 34.4 (± 4.58) 35.1 (± 4.21) 39.1 (± 4.81) 

Proline 102 (± 10.2) 147 (± 17.8) 173 (± 14.7) 203 (± 18.6) 228 (± 32.2) 

Essential AA 1263 (± 28.3) 1146 (± 52.0) 1115 (± 62.7) 1319 (± 78.3) 1249 (± 81.6) 

Non essential AA 1999 (± 65.1) 1987 (± 92.6) 2251 (± 148) 2379 (± 95.0) 2558 (± 155) 

BCAA 449 (± 13.9) 384 (± 18.0) 361 (± 27.4) 472 (± 38.7) 385 (± 28.1) 

Aromatic AA 437 (± 26.7) 426 (± 16.5) 442 (± 24.8) 496 (± 29.9) 472 (± 61.3) 
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Glutamine Family 856 (± 32.6) 885 (± 50.8) 1011 (± 70.0) 1027 (± 37.2) 1171 (± 79.7) 

Arginine Family 1056 (± 33.0) 1059 (± 54.8) 1290 (± 87.7) 1255 (± 50.0) 1535 (± 83.7) 

Ketogenic AA 355 (± 10.1) 303 (± 13.8) 319 (± 23.3) 359 (± 27.8) 359 (± 18.4) 

Glucogenic AA 908 (± 31.6) 879 (± 44.5) 955 (± 71.5) 1044 (± 49.9) 1078 (64.3) 

The mice were sacrificed on postoperative days 7 (d7) and 14 (d14). Mice without surgery (d0) served as controls. 

Data are presented as mean ± SEM. One-way ANOVA with Šídák's multiple comparisons test (normally 

distributed data); Kruskal-Wallis-Test with Dunn's multiple comparisons test (not-normally distributed data). 

Abbreviations: BDL: Bile duct ligation surgery group; Sham: Sham surgery group; BCAA: branched chains Aas. 

Table modified from Agrifoglio et al. (2025)224 

 

 
5.3 Sarcopenia and BDL-mediated CLD 

 
The MRI assessment showed that BDL, but not sham surgery, led to a decrease in the volume 

of the M. quadriceps over the two-week experimental period (Fig. 11A). In fact, the muscle 

volume of the BDL at d13 mice was lower than the one at d-1 and d6 (p<0.05). Furthermore, 

at d13 the BDL mice had a lower M. quadriceps volume than sham mice (p<0.05). Furthermore, 

the BDL group displayed a lower skeletal muscle-to-body weight ratio both for M. quadriceps 

and M. gastrocnemius (Figure 11B). Both ratios were lower than the controls and the sham 

mice at d14 (M. quadriceps, both p<0.01; M. gastrocnemius both p<0.0001). Noticeably, CLD 

was also associated with reduced muscle strength, which was already detectable on the second 

day post-BDL surgery (Figure 11C). 

To gain further insights on muscle status, histological stainings of M. quadriceps and M. 

gastrocnemius were used to assess capillary-to-fiber and nuclei-to-fiber ratio. Only histological 

photos of M. quadriceps are shown as exemplary histology (Figure 12A). The results show a 

trend towards a lower capillary-to-fiber and nuclei-to-fiber ratio in the BDL groups compared 

to sham-operated mice and controls (Figure 12B). 
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Figure 11: Muscle volume (A), muscle-to-body weight ratio (B) and muscle strength (C) are reduced in bile duct- 

ligated mice. Mice with BDL or sham surgery and untreated controls underwent repeated measurements of muscle 

volume by MRI (A) and muscle strength using a grip strength meter (C) at the indicated time points. On days 7 

and 14 after surgery, mice were sacrificed, and the muscle-to-body weight ratio was determined for the quadriceps 

and gastrocnemius muscles (B). Data are shown as box plots (min-max) with median (horizontal line) and mean 

(dot) (sham surgery: n=11, BDL: n=6), * p<0.05 (two-way RM ANOVA with Tukey‘s multiple comparisons test). 

On the left is an example image of the analysis of the quadriceps muscle volume (coronal view, left (red) and right 

(green) muscles are marked). Data in (B) are presented as box plots (min-max) with median (horizontal line) and 

mean (dot); n≥6; **p<0.01, ****p<0.0001. One-way ANOVA with Šídák's multiple comparisons test (M. 

quadriceps); Kruskal-Wallis-test with Dunn's multiple comparisons test (M. gastrocnemius). (C) Data are shown 

as median ± interquartile range (Sham: n=19, BDL: n=18), ** p<0.01 (two-way RM ANOVA with Tukey‘s 

multiple comparisons test). For a better overview, only the significant differences between the groups are shown, 

but not between the time points. Figure from Agrifoglio et al., (2025)224 
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Figure 12: Histological findings in M. quadriceps and M. gastrocnemius of mice with BDL and Sham surgery. 

(A) H&E (upper row) and Ammonium sulfide (lower row) staining of muscle quadriceps tissue sections of mice 

with BDL and sham surgery. Mice were sacrificed on postoperative d7 d14. Mice without surgery (d0) served as 

controls. (A) Typical pictures for each group (BDL (n=9/10) and Sham (n=8/9) and time point (d0, d7, and d14) 

are shown (original magnification x100). Upper row: black arrows point to nuclei. Lower row: grey arrows point 

to capillaries. Data in (B) are shown as box plots (min-max) with median (horizontal line) and mean (dot); (B): 

n=8-10; *p<0.05, ***p<0.001. One-way ANOVA with Šídák's multiple comparisons test (Nuclei:fiber ratio M. 

quadriceps; Kruskal-Wallis-test with Dunn's multiple comparisons test (all others). Figure modified from 

Agrifoglio et al. (2025)224 

 

 
Additionally, the concentrations of 1-MH were higher in M. quadriceps of mice with BDL than 

in the sham surgery (p<0.01 at d7; p<0.001 at d14) and control (p<0.01) groups, while levels 

of 3-MH did not differ between the experimental groups (Figure 13). On the other hand, the 

measurements of 3-MH and 1-MH in urine revealed that concentrations of 3-MH but not of 1- 

MH were higher after BDL surgery (Figure 13). 
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Figure 13: Markers of muscle catabolism in muscle lysate and urine in mice with BDL and Sham surgery. Mice 

were sacrificed on postoperative d7 and d14. Mice without surgery (d0) served as controls. Data are shown as box 

plots (min-max) with median (horizontal line) and mean (dot); Muscle lysate 1- and 3-MH controls: n=4, other 

groups: n=9. Urine 1- and 3-MH: controls: n=5; sham group and BDL: n=11. *p<0.05, **p<0.01, ***p<0.001, 

One-way ANOVA with Šídák's multiple comparisons test (1-MH and 3-MH in muscle lysates); two-way RM 

ANOVA with Tukey‘s multiple comparisons test (1-MH and 3-MH in urine). Figure modified from Agrifoglio et 

al. (2025)224 

To gain mechanistic insights into muscle pathology, we analysed the expression of various 

genes involved in anabolic and catabolic processes in M. quadriceps and M. gastrocnemius 

(Figure 14-15). When compared to sham and control groups, the M. quadriceps of mice with 

BDL had or tended to have higher mRNA levels of genes associated with atrophy and protein 
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degradation225 (Tripartite Motif Containing 63 (Trim63), Fbox protein32 (Fbxo32) and 

ubiquitin B) and the muscle growth inhibitor myostatin226. Specifically, in M. quadriceps 

(Figure 14) BDL mice had higher expression of Trim63 than control and sham mice both at d7 

and d14 (p<0.001). The expression of Fbxo32 was also enhanced in BDL mice when compared 

to controls and sham at d7 (p<0.01), while BDL displayed higher Mstn expression than sham 

mice at d14 (p<0.05). In M. gastrocnemius (Figure 15), the expression of Trim 63 was higher 

in BDL mice at d7 compared to the sham (p<0.01), while the expression of Fbxo32 was higher 

in the BDL group at d14, compared to sham (p<0.01). The BDL mice had also higher Ubb 

expression than the control and sham mice both at d7 and d14 (p<0.01). However, different 

expression profiles were observed for genes involved in the action of insulin and insulin-like 

growth factors (Figure 14-15). While insulin receptor substrate 1 (IRS-1) and IGFBP-5 were 

downregulated in the BDL mice compared to the other groups, the expression of IGF-1 receptor 

(IGF 1R) and IGFBP-3 was higher in the BDL groups (d7 and d14 after surgery, respectively). 

In addition, upregulation of phosphatidylinositol 3-kinase r1 subunit (Pik3r1) and Akt1, genes 

involved in the induction of muscle growth227, was observed in these mice. Specifically, in the 

M. quadriceps of BDL mice, Irs-1 was downregulated compared to the control and sham group 

at d7 (p<0.0001 and p<001, respectively) and d14 (p<0.001 and p<0.01, respectively). The 

BDL mice also showed a lower abundance of Igfbp-5 compared to both controls and sham mice 

at d7 and d14 (p<0.05). On the other hand, Igf1r was upregulated in the M. quadriceps of BDL 

mice compared to sham mice at d7 (p<0.01) and to control and sham groups at d14 (p<0.0001 

and p<0.001 respectively). The BDL mice also had higher expression of Igfbp-3 than controls 

and sham mice at d7 and d14 (p<0.0001). Expression of Akt1 was also increased in BDL mice 

compared to control and sham mice at d7 (p<0.05) and to control mice at d14 (p<0.0001). The 

Pik3r1 expression in the BDL group was also higher than in sham mice at d7 (p<0.01) and 

control and sham mice at d14 (p<0.01 and p<0.05, respectively). A similar gene expression 

pattern was found in the gastrocnemius muscle. Indeed, BDL mice had lower Irs-1 expression 

in M. gastrocnemius, than controls at d 7 (p<0.01) and controls and sham at d14 (p<0.001). The 

abundance of Igfbp-5 was also downregulated in BDL mice compared to controls and sham at 

d7 and at d14 (p<0.0001). However, theIgfbp-3 expression was higher in BDL mice compared 

to sham, both at d7 and d14 (p<0.01). The BDL mice also had higher expression of Akt1 than 

controls and sham at d7 (p<0.001 and p<0.05, respectively) and at d14 (p<0.0001). Expression 

of Pik3r1 was also upregulated in BDL mice compared to controls and sham both at d7 and d14 

(p<0.0001). 
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Figure 14: Effects of BDL on the expression of catabolic and anabolic genes in the muscle quadriceps. Mice 

underwent BDL or sham surgery and were sacrificed on postoperative days 7 (d7) and 14 (d14). Mice without 

surgery served as controls. Gene expression in the quadriceps muscle was quantified by real-time PCR as described 

in the Methods section. Relative gene expression levels are expressed as CNRQ (calibrated normalized relative 

quantity) values. Data are shown as box plots (min-max) with median (horizontal line) and mean (dot). n=8 mice 

per group; *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. One-way ANOVA with Šídák's multiple comparisons 

test (Trim63, IRS-1, IGF-1R, and IGFBP-3); Kruskal-Wallis-Test with Dunn's multiple comparisons test (all other 

genes). Figure from Agrifoglio et al. (2025)224 
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Figure 15: Effects of BDL on the expression of catabolic and anabolic genes in the muscle gastrocnemius. Mice 

underwent BDL or sham surgery and were sacrificed on postoperative days 7 (d7) and 14 (d14). Mice without 

surgery served as controls. Gene expression in the quadriceps muscle was quantified by real-time PCR. Relative 

gene expression levels are expressed as CNRQ (calibrated normalized relative quantity) values. Data are shown 

as box plots (min-max) with median (horizontal line) and mean (dot). n=8 mice per group; *p<0.05, **p<0.01, 

***p<0.001, ****p<0.0001. One-way ANOVA with Šídák's multiple comparisons test (Ubiquitin B, Myostatin, 

IRS-1, IGFBP-5 and Akt1); Kruskal-Wallis-Test with Dunn's multiple comparisons test (all other genes). Figure 

from Agrifoglio et al. (2025)224 
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5.4 Mediators of inflammation, catabolic, and anabolic processes in blood plasma 
 

In mice with BDL higher plasma concentrations of inflammation markers were observed than 

in intact controls and sham operated mice (Figure 16). Plasma protein concentrations of TNFRI 

in BDL mice were higher than in controls and sham both at d7 (p<0.0001) and d14 (p<0.001 

and p<0.0001, respectively). The levels of TNFRII were also higher in BDL mice than in 

controls at d7 (p<0.01) and in both control and sham mice on d14 (p<0.01). Plasma 

concentrations of IL6-Rα were also raised in BDL mice compared to control and sham mice at 

d7 (p<0.05 and p<0.01, respectively) and to sham mice at d14 (p<0.001). These results are 

consistent with a systemic proinflammatory state associated with CLD. Furthermore, the BDL 

mice also showed higher levels of VEGF (which is involved in vascular growth, but also in 

liver fibrosis228) when compared to both controls and sham at d7 (p<0.01 and p<0.05, 

respectively) and at d14 (p<0.05). Also, the concentration of the mediator of liver regeneration 

HGF29 was increased in the plasma of BDL mice when compared to the sham at both d7 and 

d14 (p<0.05). Strikingly, the levels of anabolic hormone IGF-1 and its binding protein IGFBP- 

1 were also elevated in BDL mice. In fact, BDL mice displayed higher concentrations of IGF- 

1 than sham mice at d7 (p<0.05) as well as higher concentrations of IGFBP-1 than their control 

and sham counterparts at d7 and d14 (p<0.001 and p<0.05, respectively for both time points). 

Interestingly, the BDL mice showed lower myostatin concentration than controls and sham 

mice both at d7 and d14 (p<0.001 and p<0.05, respectively for both time points) (Figure 16)). 

No differences were found for the concentrations of the hepatokines FGF-21, IGFBP-3, EGF- 

1, and EGFR1 between mice with BDL and sham surgery 
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Figure 16: Plasma protein concentrations of mediators of inflammation, catabolic, and anabolic processes. Mice with BDL or sham surgery were sacrificed on postoperative days 

7 (d7) and 14 (d14). Mice without surgery served as controls. Data are shown as box plots (min-max) with median (horizontal line) and mean (dot). n≥7 mice per group; *p<0.05, 

**p<0.01, ***p<0.001, ****p<0.0001. One-way ANOVA with Šídák's multiple comparisons test (TNFR1); Kruskal-Wallis-Test with Dunn's multiple comparisons test (all other 

protein. Figure modified from Agrifoglio et al. (2025)224 
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6 DISCUSSION 

This study aimed to gain a comprehensive insight into the molecular mechanisms linking 

malnutrition and sarcopenia in chronic liver disease and specifically to study the development 

of sarcopenia from the early stages of BDL-induced CLD, hypothesizing that it occurs already 

in the initial phases of the disease. To serve this purpose, a 14-days experimental murine 

C57BL/6J BDL model was used. This model allowed the investigation of the development of 

sarcopenia from the initial course of cholestatic liver damage. It also enabled the identification 

of alterations in AA patterns, concentrations of molecular markers for inflammation and muscle 

damage, plasma metabolites associated with liver damage and malnutrition, and molecular 

pathways in skeletal muscle. The data acquired in this work may serve as a starting point to set 

up future mechanistic and interventional studies, particularly needed in clinical settings. In fact, 

patients suffering from end-stage liver disease are often additionally affected by disease-related 

malnutrition and sarcopenia, which worsen the prognosis and the course of the disease. In this 

regard, it has been estimated that in German hospitals 1 out of 4 patients suffers from 

malnutrition, and that this condition is usually associated with longer hospital stays, malignant 

diseases, and several comorbidities and thus with a high burden170. In the case of cirrhotic 

patients, malnutrition is defined as a protein-caloric subtype and its etiology ranges from a 

negative nitrogen balance to several gastrointestinal conditions, including fat malabsorption in 

the case of CLD184–187. The prevalence of malnutrition in patients with liver diseases varies 

from 20% to 90% according to the methods and criteria used for its diagnosis189.On the other 

hand, sarcopenia has been estimated to be a comorbidity affecting around 32% of patients with 

gastrointestinal conditions173, 178. The main cause of sarcopenia is an imbalance between protein 

synthesis and protein breakdown, a condition that is enhanced in LC patients, due to a pro- 

inflammatory state and accelerated catabolism182, 183. Although the prognostic significance of 

malnutrition and sarcopenia in liver diseases is clear, the diagnosis is difficult. This is due to a 

lack of validated biomarkers, preventing an early diagnosis. Furthermore, the 

pathophysiological mechanisms have not yet been fully clarified229. Given these premises, this 

preclinical animal study allowed the investigation and monitoring of malnutrition and 

sarcopenia over the course of the disease and especially from the very early starting point of 

liver damage. 



65  

6.1 Cholestasis and markers of liver damage in a BDL mouse model 
 

This study shows that BDL surgery led to a severe cholestatic liver injury, including necrosis, 

inflammation, and fibrosis, as shown by the histological findings. While the liver of the control 

and sham mice did not display any histological alteration, the BDL group showed necrosis and 

initial fibrosis both at d7 and d14 after surgery, similar to what has been previously shown124. 

In fact, in the case of cholestasis, there is an impaired bile formation or excretion, which causes 

the accumulation of biliary constituents beyond the limits of the normal cellular architecture of 

the liver, as the accumulation of BA leads to hepatocyte swelling, and triggers inflammation. 

This leads to cellular damage and alteration of the hepatic parenchyma230. In addition, the BDL 

mice exhibited several hallmarks of liver damage, such as increased ALAT, AP, and ASAT 

plasma concentrations as well as higher levels of bilirubin and cholesterol. Increased plasma 

levels of ALAT, ASAT, and bilirubin were reported before in BDL mice231, while high plasma 

AP concentrations are indicators of cholestasis232. Furthermore, the BDL mice displayed lower 

plasma concentrations of TG. This is likely a consequence of cholestasis, as it could be the 

result of an absorption disorder due to a lack of bile acids in the intestine and reduced micelle 

formation233. BDL mice also feature hypercholesterolemia, which is also associated with 

cholestatic disorders234. Cholesterol plays a major role in cell membrane integrity and 

function235 and it is mainly synthetized and stored in the liver, which is responsible of its 

conversion into bile salts or its excretion via bile236. However, in case of biliary obstruction bile 

acids’ intrahepatic concentration increases drastically. The hepatocytes exposed to high 

concentrations of bile acids go through inflammatory processes and eventually cell death and 

disruption, with the release of cellular components, including cholesterol237. Moreover, it has 

been shown that the bile acid TCA, whose concentration was elevated in BDL mice plasma, 

can activate HSCs and thus further contribute to LC progression238. However, CLD did not 

cause general organ failure during the experimental period, as shown by the increased IGF-1 

and HGF-1 plasma concentrations in the BDL mice. It has been reported that interlobular 

cholangiocytes overexpress IGF-1 in response to primary biliary cirrhosis, which was 

interpreted as an attempt to prevent apoptosis and counteract liver damage209. In this regard, the 

BDL mice also expressed higher concentrations of the bile acid TCDA, which in experimental 

settings has proved to ameliorate CLD. In fact, administration of TCDA after BDL has 

improved bile flow, and reduced fibrosis and gene expression of pro-apoptotic markers239, 240. 

Furthermore, the BDL mice exhibited higher concentrations of HGF-1, which is secreted from 
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peripheral organs such as kidneys and lungs, as well as from Kupffer cells in response to hepatic 

injury to trigger liver regeneration241, 242. Altogether this data suggests that BDL induced 

progressive liver damage, which however did not result in liver failure over the 14d 

experimental period. 

 

 
6.2 Malnutrition and metabolic changes as a result of cholestatic liver disease 

 
This murine model of CLD induced via BDL was associated with decreased feed and water 

intake, as well as with a reduced BW in the BDL mice compared to the Sham group. In 

principle, lower feed intake and BW could be due to surgical stress. However, the stable BW, 

feed, and water intake in the Sham group over the time course of the experiments show that 

these decreases in the BDL group are not related to the surgery itself. Our findings are in line 

with other studies128, 231, which also found an association between BDL surgery weight loss and 

reduced feed intake. In general, reduced dietary intake is crucial in the pathogenesis of 

malnutrition in liver disease patients. However, there are several mechanisms contributing to 

malnutrition in liver diseases such as malabsorption, poor dietary intake, increased intestinal 

protein loss, low protein synthesis, and alterations in substrate utilization. Fat malabsorption is 

often present in CLD, mostly due to insufficient bile release187. As far as inadequate food intake 

is concerned, it has been shown that there are several factors influencing the appetite and 

consequent food intake in liver disease. In fact, gastroparesis, ascites, and gut dysmotility are 

known causes of reduced food intake in liver conditions, which can even be worsened in case 

of hospitalization and starvation due to endoscopies243, 244. Another cause of appetite loss can 

be attributed to the dysregulation of hunger hormones. Furthermore, the BDL mice displayed a 

decreased N-BAL, mostly due to a decreased food intake, and TEE, when compared to the 

Sham operated ones. The TEE is the sum of resting energy expenditure, diet, and activity- 

induced energy expenditure168. The lower TEE can be explained by the lower energy needed to 

metabolize the smaller amount of ingested food and as a result of the lower energy needed to 

maintain and move a lighter body168. However, the BDL mice showed a TEE reduction of 

around 20%, which is coherent with the approximately 20% body weight loss on d3 and d10, 

but not with the 50% decrease in feed intake. Given that resting energy expenditure is the 

parameter that mostly affects TEE and that muscle energy expenditure is the primary 

contributor to resting energy expenditure245, it is plausible that the weight loss of BDL mice is 

primarily a loss of metabolically active tissue, such as skeletal muscle. Furthermore, while feed 

and therefore protein intake was reduced by approximately 50% of the intake prior to BDL 



67  

surgery, N-BAL was reduced by 87% at d10 when compared to the N-BAL observed in healthy 

mice before surgery. The lower N-BAL is likely related to a disproportionately greater N loss 

due to the enhanced protein catabolism associated with inflammation in liver disease246, as 

suggested by the increased plasma levels of the pro-inflammatory markers IL-6Rα, TNFRI, and 

TNFRII in BDL mice. The reduced feed/protein intake and the pro-inflammatory state of the 

BDL mice are also likely to be major contributors to the reduced rates of protein synthesis in 

the liver and skeletal muscle, potentially exacerbating the lower N-BAL. These data point to a 

catabolic state in BDL mice. To gain deeper insights into protein metabolism, analyses of 

plasma levels of AA were performed. Interestingly, plasma levels of most AA remained 

constant after BDL. However, BDL mice showed altered concentrations of all the AA related 

to the urea cycle. Specifically, arginine concentration was lower in BDL mice both at d7 and 

d14, while ornithine and citrulline concentrations were increased. It has been reported that rats 

undergoing BDL surgery exhibit low arginine concentrations, due to high circulating levels of 

arginase247, which would also explain the increased ornithine levels after surgery. Another 

possibility is that the low plasma arginine concentration could be due to an enhanced oxidation 

by Nitric oxide synthase (NOS). NOS oxidizes arginine to produce nitric oxide which is an 

important signaling molecule with potentially both hepatoprotective and hepatotoxic actions248– 
250. Furthermore, citrulline is a byproduct of NOS reactions which could explain the higher 

plasma levels of citrulline in BDL mice. However, synthesis of citrulline from ornithine cannot 

be excluded either, as cannot be excluded a leakage of these two AA from the damaged 

hepatocytes. The BDL mice also displayed strikingly increased plasma taurine concentrations. 

This could be caused by an underutilization for bile acids conjugation and a leakage from 

damaged hepatocytes251. The BDL mice also showed an increase in plasma levels of anserine, 

1-MH, and histidine, which likely also derived from muscle leakage upon damage. 

Despite these altered AA patterns, the BDL mice didn’t show any alteration in the plasma levels 

of aromatic and branched-chain amino acids, in contrast to what commonly happens in case of 

decompensated LC252. The BDL mice also showed no difference in the concentrations of 

essential, non-essential, ketogenic, and glucogenic AA, when compared to controls and sham. 

 

 
6.3 Cholestatic liver disease impairs muscle physiology and leads to sarcopenia 

 
Mice undergoing BDL surgery displayed decreased muscle strength, and muscle volume 

compared to sham-operated mice, and a lower muscle-to-body weight ratio than sham and 

controls. These results are in line with other studies, as decreased muscle strength and volume 
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after BDL surgery have been reported128, 253. Moreover, the BDL mice showed reduced FPSR 

in both M. quadriceps and M. gastrocnemius when compared to both sham and control groups. 

It is known that one of the main mechanisms of sarcopenia is an imbalance between muscle 

protein synthesis and muscle protein breakdown254, thus this data altogether points to a 

sarcopenic state of the BDL mice. To gain deeper insights into the muscle status of the mice, 

we assessed the capillary:fiber ratio and the nuclei:fiber ratio in both M. quadriceps and M. 

gastrocnemius, using ammonium sulfide and H/E staining, respectively. Mice undergoing BDL 

surgery showed decreased capillary:fiber ratio and nuclei:fiber ratio. Both conditions further 

highlight a sarcopenic state after BDL. In fact, capillaries play an essential role in supporting 

metabolic and energetic requirements and maintaining skeletal muscle homeostasis255, and it 

has been shown that capillary rarefaction may contribute to a diminished muscle mass and 

impaired physical function by limiting transcapillary transport of essential AA, nutrients, 

hormones, and oxygen256. On the other hand, the number and spatial distribution of the nuclei 

in the muscle are essential for muscle size and for securing the cytosolic transport and 

distribution of proteins within the myonuclear domain257–259, thus nuclei loss, especially via 

apoptosis, is a major contributing factor to sarcopenia260. In addition, urinary and plasma 

samples were analysed to find markers of sarcopenia. The BDL mice showed higher urinary 3- 

MH concentrations than the sham and control groups. In fact, 3-MH is a marker for myofibrillar 

protein breakdown, coming from actine and myosin degradation261–264. The analyses of plasma 

samples reported in this study showed that BDL mice displayed strikingly high concentrations 

of taurine and, on the opposite, concerning low circulating levels of arginine. These results 

point to sarcopenia. Another reason for the increased taurine levels in the circulation of BDL 

mice could be due to injured muscle tissue, as it is the most abundant free AA in skeletal muscle 

and it is also essential for muscle contraction265. As for the lower circulating levels of arginine, 

it is important to remember that arginine plays a crucial role in muscle homeostasis. In fact, it 

not only is an amidine donor for guanidoacetic acid, necessary for creatine synthesis266, but it 

also serves as a substrate for nitric oxide synthase to produce nitric oxide, a regulator of several 

skeletal muscle functions including excitation-contraction coupling, regulation of blood flow, 

myocyte differentiation, respiration, and glucose homeostasis267. Moreover, to investigate the 

mechanisms leading to sarcopenia, we analysed the mRNA levels in M. quadriceps and M. 

gastrocnemius. BDL mice overexpress genes associated with muscle atrophy such as Mstn, 

Trim-63, and Fboxo-32. Mstn encodes myostatin, a myokine of the TGF-β family that 

negatively regulates skeletal muscle cell proliferation and differentiation. When myostatin 

binds to its receptor, it activates pathways that lead to activation of genes negatively associated 
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with muscle growth such as Fboxo-32 and Trim63268. Fboxo-32 encodes for F-box protein 32, 

which initiates and maintains proteolysis in skeletal muscle268, while Trim63 encodes an E3 

ubiquitin ligase which plays a major role in the atrophy of skeletal muscle and is essential for 

the degradation of myosin heavy chain proteins, myosin light chain, myosin binding protein, 

and for muscle-type creatine kinase269. Interestingly, despite the overexpression of myostatin 

in skeletal muscle, the circulating levels of the myokine are lower in the BDL mice. This might 

be consistent with processes of counter-regulation and regeneration after the initial liver injury 

and the resulting muscle wasting. However, it was also shown that there is a progressive 

decrease in myostatin levels as cirrhosis progresses270. The BDL mice also showed increased 

expression of genes related to cell growth and proliferation pathways, such as Pik3r1 and Akt- 

1271. This may be compatible with an attempt at counteracting the muscle damage with ongoing, 

although insufficient, repair processes. Taken together, the gene expression profiles suggest 

that degenerative processes occur in the skeletal muscles of mice with BDL-induced CLD, 

which in turn may induce compensatory counter-regulation. 

 

 
6.4  Relationship between inflammation, malnutrition and sarcopenia in cholestatic liver 

disease 

CLD causes inflammation due to the retention of bile caused by cholestasis26. The BDL mice 

showed increased plasma circulation of pro-inflammatory markers such as IL-6Rα, TNFRI, 

TNFRII and VEGF, meaning that systemic inflammation associated to CLD is present in this 

model. During cholestasis, cell death is mediated by bile acid-associated death receptors, among 

which TNFR is highly expressed in the hepatocytes272. On the other hand, TNFRII has no death 

domain273, but it can collaborate with TNFR in inducing cell death274, 275. The high plasma 

concentrations of IL6R-α in BDL mice indicate inflammation associated to liver damage, as 

IL6 binds to IL6R-α in the event of liver injury and triggers the acute phase response276, 277. 

Furthermore, IL6R-α was higher in the plasma of BDL mice 7 days after surgery than 14 days 

after surgery, suggesting that inflammation occurs already in the early stages of the disease. If 

the liver injury persists, the acute phase response turns into chronic inflammation with massive 

production of cytokines, which trigger VEGF production by hepatic stellate cells278. The BDL 

mice also displayed increased concentrations of VEGF, which not only stimulates angiogenesis 

and fibrogenesis but is also positively associated with liver disease severity228, 279, 280. The 

formation of new vessels, which modify the normal liver vascularization, is a process closely 

related to the progression of fibrosis278. This pro-inflammatory status found in the BDL mice 
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has an effect on both the nutritional status and the muscle metabolism of the BDL mice. In fact, 

inflammation is known to be one of the pivotal causes of inadequate food intake, as systemic 

inflammation not only causes an increase of cytokine production but exerts pro-anorectic 

effects281. Pro-inflammatory factors have also been shown to have an effect on the neural 

system and to be able to alter appetite by involving peripheral sensory neurons as well as 

neurotransmitters282. Inflammation also triggers several brain-induced responses such as fever, 

anorexia, and taste alterations283. Moreover, inflammation is associated with enhanced protein 

catabolism in liver disease246, making it a factor that plays a major role in the decreased protein 

synthesis in both liver and skeletal muscle. This causes an alteration in the nitrogen metabolism, 

reflected in the diminished N-BAL in the BDL mice. Furthermore, TNF is one of the major 

contributors to the activation of the ubiquitin-proteasome system, which is responsible for 

muscle breakdown284. Thus, taken altogether, the data suggests that inflammation is an early 

event caused by BDL surgery and that it plays a crucial role in both CLD-associated 

malnutrition and sarcopenia. 

 

 
6.5 Conclusions 

In summary, this study has shown that a BDL mouse model is associated with cholestatic liver 

damage over a 14-day observation period (Figure 17), as evidenced by histological hepatic 

changes and increased enzymatic activities of ALAT, ASAT, and AP, as well as higher blood 

bilirubin and cholesterol levels. However, the cholestasis did not lead to a generalized organ 

failure during the experimental period, as shown by the increased IGF-1 and HGF-1 plasma 

concentrations in the BDL mice, which probably represent a mechanism to counteract the CLD. 

The BDL mice group developed malnutrition (reflected in the lower BW, N-BAL, and TEE), 

alteration of the protein and energy metabolism, and inflammation associated with liver injury, 

as shown by the increased plasma concentrations of inflammatory markers such as IL6R-α, 

TNFRI, TNFRII, and VEGF. In this model, the inflammation is likely to play a role in the 

exacerbation of malnutrition, in the N loss, and in enhanced protein catabolism, which is most 

likely taking place in muscle tissue (Figure 17). In fact, our model shows that BDL is associated 

with sarcopenia. The sarcopenic state is due to an imbalance between protein synthesis and 

protein catabolism, which in this mouse model is reflected in the high urinary concentrations 

of 3-MH, and the lower FPSR in muscle tissue in the BDL mice. The BDL mice also showed 

several other hallmarks of muscle wasting, such as decreased grip strength, lower muscle 

volume, capillary:fiber ratio and nuclei:fiber ratio, as well as the overexpression of genes 
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associated with muscle atrophy and catabolism in M. quadriceps and M. gastrocnemius. The 

simultaneous overexpression of genes associated with sarcopenia, muscle growth, and cell 

proliferation indicates a further attempt of the tissue to limit the damage with ongoing repair 

processes, similar to what happens in the liver. The high concentrations of circulating 

conjugated bile acids further exacerbate the condition, as they not only trigger further 

inflammations but also induce muscle atrophy. In addition, the altered circulating 

concentrations of amino acids such as arginine and taurine show how liver damage, 

malnutrition, inflammation, and muscle damage are processes tightly intertwined. In fact, the 

early development of sarcopenia after BDL (which takes place in the initial phases of the CLD, 

right after liver damage and not only after a latency period in which malnutrition first develops) 

is a multicausal process featuring reduced protein synthesis, increased muscle protein 

breakdown, low arginine levels (possibly related to nitrosative stress), a systemic pro- 

inflammatory and catabolic state. 

Altogether, the comprehensive data collected in this study lay the foundations to further set up 

mechanistic and interventional studies focused on the deeper molecular mechanisms regulating 

the liver-muscle axis and taking into account the metabolic alterations described in this work. 
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Figure 17. Main findings of the study. This 14-days murine model of CLD induced via BDL surgery is 

associated with cholestatic liver damage, malnutrition, and sarcopenia. In this model, the inflammation 

is likely to play a role in the exacerbation of malnutrition, in the N loss, and in enhanced protein 

catabolism, which is most likely taking place in muscle tissue. Abbreviations: BDL: bile duct ligation; 

CLD: cholestatic liver disease; BW: body weight; AA: amino acids, N-BAL: nitrogen balance; TEE: 

total energz expenditure; ALAT: alanine aminotransferase; ASAT: aspartate aminotransferase; FPSR: 

fractional protein synthesis rate; 3-MH: 3-methyl histidine 
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8 APPENDIX 

 
8.1 Abbreviations 

 
µL Microliter 
µM Micromolar 
µm Micrometre 
1-MH 3-methyl-histidine 
2H5-Phe 2H5-ring-phenylalanine 
3-MH 1-methyl-histidine 
AA Amino acid 
ADP Adenosine diphosphate 
AEE Activity-induced energy expenditure 
Akt1 AKT Serine/Threonine Kinase 1 
ALAT Alanine aminotransferase 
AP Alkaline phosphatase 
ASAT Aspartate aminotransferase 
ATP Adenosine triphosphate 
B2M Beta-2-Microglobulin 
BCAA Branched chain amino acids 
BDL Bile duct ligation 
BW Body weight 
Ca Calcium 
CA Cholic acid 
cDNA Complementary DNA 
CK Creatinkinase 
CLD Cholestatic liver disease 
Cq Cycle numbers 
CV Coefficient of variation 
CYP7A1 Cholesterol 7alpha-hydroxylase 
DAMP damage-associated molecular patterns 
DEE Diet-induced energy expenditure 
DNA deoxyribonucleic acid 
DNA Deoxyribonucleic acid 
ECM Extra cellular matrix 
EGF Epithelial growth factor 
EGFR Epithelial growth factor receptor 
eIF2 eukaryotic initiation factor 2 
ELISA Enzyme-linked immunosorbent assay 
FA Fatty acids 
Fbxo32 F-Box Protein 32 
FFM Free fat mass 
FGF-21 Fibroblast growth factor 21 
Fox0 Forkhead box 0 proteins 
FPSR Fractional protein synthesis rate 



ii  

 

G Gram 
G6P Glucose 6 phosphate 
GCA Glycocholic acid 
GC-MS Gas chromatography mass spectrometry 
GDF-8 Growth differentiation factor 8 
H/E Haematoxylin/Eosin 
HGF Hepatocyte growth factor 
HPLC High pressure liquid chromatography 
HSC Hepatic stellate cells 
IGF-1 Insulin-like growth factor-1 
Igf1r Insulin Like Growth Factor 1 Receptor 
Igfbp3 Insulin Like Growth Factor Binding Protein 3 
Igfbp5 Insulin Like Growth Factor Binding Protein 5 
IGFBP-x Insulin-like growth factor binding protein-x 
IL-x Interleukin-x 
INF- γ Interferon-γ 
Irs1 Insulin Receptor Substrate 1 
Kg Kilograms 
Kg Kilogram 
LC Liver cirrhosis 
LC Liquid chromatography 
MC Metabolic cage 
Mg Milligram 
Mg Magnesium 
Min Minute 
MIQE Minimum Information for Publication of Quantitative Real-Time PCR Experiments 
mL Millilitre 
MPE Mole percent excess 
MRI Magnetic resonance imaging 
mRNA Messenger ribonucleic acid 
MS Mass spectrometry 
Mstn Myostatin 
MTBSTFA N-methyl-N-(tert-butyldimethylsilyl)trifluoroacetamide 
mTOR Mammalian target of rapamycin 
MuRF1 Muscle RING-finger protein-1 
N Nitrogen 
Na Sodium 
NADPH Nicotinamide adenine dinucleotide phosphate 
NAFLD Non-alcoholic fatty liver disease 
NASH Non-alcoholic steatohepatitis 
N-BAL Nitrogen balance 
NEFA Non-esterified fatty acids 
NK Natural killer cells 
NKT T-killer cells 
PAMP pathogen-associated molecular pattern 



iii  

 

PBC Primary biliary cholangitis 
PCHE Pseudo-cholinesterase 
PF portal fibroblasts 
Pik3r1 Phosphoinositide-3-Kinase Regulatory Subunit 1 
Polr2a RNA Polymerase II Subunit A 
Ppia Peptidylprolyl Isomerase A 
PSC primary sclerosing cholangitis 
q-RT PCR Quantitative real time polymerase chain reaction 
REE Resting energy expenditure 
RNA Ribonucleic acid 
Rplp0 Ribosomal Protein Lateral Stalk Subunit P0 
SIRS systemic inflammatory response syndrome 
SREBP sterol regulator binding protein 
TCA Taurocholic acid 
TCDA Tauroursodeoxycholic acid 
TEE Total energy expenditure 
TG Triglycerides 
TGFβ Transforming Growth Factor β 
TGR5 Takeda G protein-coupled receptor 5 
TierSchG Tierschutzgesetz 
TNF Tumour necrosis factor 
TNFR-x Tumour necrosis factor receptor-x 
Trim63 Tripartite Motif Containing 63 
UA Uric Acid 
UBB Ubiquitin B 
UDCA ursodeoxycholic acid 
VEGF Vascular endothelial growth 
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8.4 Materials and methods 
 

Product Manufacturer Catalog number 
0.2 μm sterilized 
NALGENE® 4 mm nylon 
syringe filter 

Thermo Scientific, Fisher 
Scientific GmbH, Schwerte, 
Germany 

10353291 

0.2 tubes Eppendorf AG, Hamburg, 
Germany 951010006 

0.5 mL tubes Sarstedt AG und Co.KG, 
Nürmbrecht, Germany 72.699 

0.9% NaCl Merck KGaA, Darmstadt, 
Germany 3957.1 

1 mL syringes B BRAUN Melsungen, 
Germany 9161406 

1.5 mL tubes Sarstedt AG und Co.KG 
Nürmbrecht, Germany 72.690.001 

15 mL tubes Sigma-Aldrich CLS430055 

2 mL tubes Eppendorf AG, Hamburg, 
Germany 0030120094 

2H2O (99.8 atom% 2H) Chemotrade, Leipzig, 
Germany 116A73 

2H5-ring-phenylalanine Euriso-Top GmbH, 
Saarbrücken, Germany IND625P-GMPB041A 

5-0 polyester suture thread Ethicon, Norderstedt, 
Germany 1721373 

6-0 prolene suture thread Catgut, Markneukirchen, 
Germany 17403100 

7 Tesla MRI machine Bruker Biospin GmbH, 
Ettlingen, Germany 

BioSpec 70/30 und 94/30 | 
Bruker 

70% ethanol (absolute 
ethanol diluted in distilled 
water) 

WALTER CMP GmbH & Co 
KG 603-002-00-5 

96% ethanol WALTER CMP GmbH & Co 
KG 603-002-00-5 

Absolute ethanol WALTER CMP GmbH & Co 
KG 603-002-00-5 

ABX Pentra 400 Clinical 
Chemistry Analyser 

Horiba medical, Montpellier, 
France RAB125IEN 

ABX Pentra CK NAC CP Horiba medical, Montpellier, 
France A11A01632 

Acetic Acid J.T.Baker, Schwerte, 
Germany 6052 

Allantoin standard Sigma Aldrich A-7878 

Bioanalyzer 2100 Agilent Technologies, 
Waldbronn, Germany G2939BA 

Biocrates MetIDQ 
software 

BIOCRATES LifeSciences 
AG, Innsbruck, Austria - 

BIO-GS3 grip strength 
meter Bioseb, Vitrolles, France BIO-GS3 



vi  

 

Cell^F imaging software OSIS, Münster, Germany - 

Creatine standard Chemapol GmbH Frankfurt, 
Germany 91705 

Creatinine standard Chemapol GmbH Frankfurt, 
Germany 91703 

Cryostat microtome 
CM3050 S Leica, Bensheim, Germany 210137 

Elemental analyser Thermo-Fisher Scientific 
GmbH, Waltham, MA, USA 11206100 

Eosin Medite GmbH 13017-0100 

Filter Tips (0.1-1000 µL) Eppendorf AG, Hamburg, 
Germany 0030078691 

Freezer (-20 °C) Phillipp Kirsch GmbH 
Offenburg, Germany Froster-Labex®-95 

Freezer (-80 °C) SANYO Electric Co., Ltd., 
Japan MDF-U73V 

G1311C 1260 quaternary 
pump 

Agilent Technologies, 
Waldbronn, Germany G7111B 

G1312A binary pump Agilent Technologies, 
Waldbronn Germany DE63060036 

G1316A thermostated 
column compartment 

Agilent Technologies, 
Waldbronn Germany DE63071068 

G1321A fluorescence 
detector 

Agilent Technologies, 
Waldbronn Germany DE60557927 

G1362A 1260 refractive 
index detector 

Agilent Technologies, 
Waldbronn, Germany G7162A 

G1379B degasser Agilent Technologies, 
Waldbronn Germany JP82008681 

G7112B binary pump Agilent Technologies, 
Germany DEAGO01783 

G7116A multicolumn 
thermostat 

Agilent Technologies, 
Germany DEAEM02800 

G7129A autosampler Agilent Technologies, 
Germany DEAEQ11354 

Gas bench GasBench II, Finnigan, 
Bremen, Germany 111 83 42 

Gas isotope ratio mass 
spectrometer 

DELTA Plus XL, Thermo 
Quest, Bremen, Germany IQLAAEGAATFABHMZZZ 

GCMS solution software Shimadzu, Japan - 
GC-MS-QP2010 Ultra Shimadzu, Kyoto, Japan 20525076083 
GDF-8/Myostatin 
Quantikine ELISA kit 

R&D Systems Inc., 
Minneapolis, USA DGDF80 

GraphPad Software, 
version 9.4.1 San Diego, CA, USA - 

H2
18O (97 atom% 18O) Eurisotop, Paris, France OLM-240-10G 

H2SO4 
Honeywell Charlotte, North 
Carolina, USA 30743 

HClO4 
Merck Chemicals GmbH 
Darmstadt, Germany 1005190510 



vii  

 

Heating block Techne, Cole-Parmer®, 
Staffordshire, UK 10325804 

Haematoxylin Medite GmbH  
Hippuric acid standard Berlin Chemie, Menarini 71796 

HP ChemStation software Agilent Technologies, 
Waldbronn, Germany - 

ITK-Snap software 
(version 3.8.0) 

PICSL, University of 
Pennsylvania, USA - 

Ketamine 550mg/10mL Ratiopharm GmbH 7538814 

LC 96 system Roche Diagnostics, 
Mannheim, Germany 5815916001 

LC Open Lab software Agilent Technologies, 
Waldbronn, Germany - 

Luminex 100/200 Luminex Corporate, Austin, 
USA APX10031 

Metabolic cages TECNIPLAST GmbH, 
Hohenpeißenberg, Germany 01-814-25 

Metamizol Ratiopharm GmbH, Ulm, 
Germany 3530394 

Microcentrifuge Thermo-Fisher Scientific 
GmbH, Waltham, MA, USA 10196832 

Microscope cover slips Paul Marienfeld 
GmbH&Co.KG 107222 

Microscope slides Paul Marienfeld 
GmbH&Co.KG 810000 

Mikrovette® 500 LH 
(Lithium heparin) 

Sarstedt AG und Co.KG 
Nürmbrecht, Germany 20. 1345 

mouse IGFBP-1; DuoSet 
Quantikine ELISA kit 

R&D Systems Inc., 
Minneapolis, USA DY1588-05 

mouse IGFBP-3; DuoSet 
Quantikine ELISA kit 

R&D Systems Inc., 
Minneapolis, USA MGB300 

mouse IGF-I ELISA kit Mediagnost, Reutlingen, 
Germany E25 

MTBSTFA 
Acros Organics, Thermo 
Fisher Scientific GmbH, 
Geel, Belgium 

TS-48927 

MxP® Quant 500 kit BIOCRATES LifeSciences 
AG, Innsbruck, Austria 21094.12 

Nanophotometer Implen GmbH, Munich, 
Germany P300 

NEFA-HR (2) Assay 
Fujifilm Wako Chemicals 
Europe GmbH, Neuss, 
Germany 

91797 

Pipette tips (1-1000 µL) Sarstedt AG und Co.KG, 
Nürmbrecht, Germany 70.762.010 

reverse phase column 
Gemini (250 × 4.6 mm, 5 
µm C18 110 Å 

Phenomenex, Aschaffenburg, 
Germany 00G-4435-E0 



viii  

 

Rezex RCM 
monosaccharide column 
(300 × 7.8 mm) 

Phenomenex Inc., 
Aschaffenburg, Germany 00H-0130-K0 

RNA 6000 Nano kit Agilent Technologies, 
Waldbronn, Germany NC1783726 

SensiFAST SYBR No-Rox 
Mix Bioline, Berlin, Germany BIO-98005 

SensiFAST™ cDNA 
Synthesis Kit Bioline, Berlin, Germany BIO-65054 

Sirius red Sigma-Aldrich 8185575 

Sonotrode MS 1 Carl Roth, Karlsruhe, 
Germany 9106601 

Synergi 4µm Hydro-RP 80 
Å column (250 × 4.6 mm) 

Phenomenex Inc., 
Aschaffenburg, Germany 00G-4375-E0 

the G1315D diode array 
detector (210 nm or 230 
nm) 

Agilent Technologies, 
Waldbronn, Germany G7115A 

Tissue cassette Simport Scientific Inc. M499 
 
TriFast buffer 

peqGOLD TriFast; VWR 
International GmbH, 
Hannover, Germany 

 
30-2010P 

Universal Centrifuge Thermo-Fisher Scientific 
GmbH, Waltham, MA, USA 10196832 

Urea standard Merck Chemicals GmbH, 
Darmstadt, Germany 108487 

Uric acid standard Merck Chemicals GmbH, 
Darmstadt, Germany 229K17724817 

xPONENT® 3.1-Software Luminex Corporate, Austin, 
USA - 

Xylazine MEDISTAR 
Arzneimittelvertrieb GmbH 7099786 

Xylene J.T.Baker 8118.1 
Zebron ZB-5HT column 
(30 m, 0.25 mm inner 
diameter, 0.25 μm film 

thickness 

 
Phenomenex, Aschaffenburg, 
Germany 

 
Zebron ZB-5HT 
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8.4.1 Table S1. PCR primers, PCR efficiencies and Cq values for each primer 
 

IGF-1 signalling genes 
 

Gene Name Gene 
Abbreviation 

PrimeTime qPCR 
Primer Assay 

 
Sequence F/R 

 
Tissue PCR 

Efficiency 

Quantification 
cycle value 

(Cq) 
Insulin Like Growth Factor 1 
Receptor Igf1r Mm.PT.58.11619137 5‘-GCCTACCTCAATGCCAACA-3‘ M. gastrocnemius 2.03 28 

5‘-TCTCGTAGATGTCTCGTGTCA-3‘ M. quadriceps 2.03 29 
Insulin Like Growth Factor 
Binding Protein 3 Igfbp3 Mm.PT.58.6744601 5‘-CATCTGAAGTTCCTCAATGTGC-3‘ M. gastrocnemius 2.13 28 

5‘-CCATACTTGTCCACACACCA-3‘ M. quadriceps 2.16 28 
Insulin Like Growth Factor 
Binding Protein 5 Igfbp5 Mm.PT.58.11593699 5‘-GTACCTGCCCAACTGTGAC-3‘ M. gastrocnemius 2.11 25 

5‘-GCTTCATTCCGTACTTGTCCA-3‘ M. quadriceps 2.16 25 

Insulin Receptor Substrate 1 Irs1 Mm.PT.58.43919344 
5`-CCAGCATCAGCTTCCAGAA-3‘ M. gastrocnemius 2.06 26 

5‘-TGTGAATTGTGAAATAGTTCGAGTC-3‘ M. quadriceps 2.02 27 
Myokine genes 

Gene Name Gene 
Abbreviation 

PrimeTime qPCR 
Primer Assay Sequence F/R Tissue PCR 

Efficiency 

Quantification 
cycle value 

(Cq) 

Myostatin MSTN Mm.PT.58.13573446 
5‘-GCCATGATCTTGCTGTAACCT-3‘ M. gastrocnemius 2.13 26 
5‘-CAGTCAAGCCCAAAGTCTCT-3‘ M. quadriceps 2.11 26 

Proteolysis genes 
 

Gene Name Gene 
Abbreviation 

PrimeTime qPCR 
Primer Assay 

 
Sequence F/R 

 
Tissue PCR 

Efficiency 

Quantification 
cycle value 

(Cq) 

F-Box Protein 32 Fbxo32 Mm.PT.58.7025875 5‘-TGAATAGCATCCAGATCAGCA-3‘ M. gastrocnemius 2.06 24 
5‘-GATGTTCAGTTGTAAGCACACAG-3‘ M. quadriceps 2.04 25 

Tripartite Motif Containing 63 Trim63 Mm.PT.58.32840172 5‘-GCTACCTTCCTCTCAAGTGC-3‘ M. gastrocnemius 2.01 24 
5‘-CCTCTGCTATGTGTTCTAAGTCC-3‘ M. quadriceps 1.99 24 

Ubiquitin B UBB Mm.PT.58.29038744 
5‘-CCAGTGGGCAGTGATGG-3‘ M. gastrocnemius 1.98 20 

5‘-GCTTACCATGCAACAAAACCT-3‘ M. quadriceps 2.01 20 
Protein synthesis genes 

 
Gene Name Gene 

Abbreviation 
PrimeTime qPCR 

Primer Assay 

 
Sequence F/R 

 
Tissue PCR 

Efficiency 

Quantification 
cycle value 

(Cq) 
AKT Serine/Threonine Kinase 
1 Akt1 Mm.PT.58.8333433 5‘-GACGTAGCCATTGTGAAGGAG-3‘ M.gastrocnemius 2.20 28 

5‘-GCCGTTCCTTGTAGCCAAT-3‘ M.quadriceps 2.12 28 
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Phosphoinositide-3-Kinase 
Regulatory Subunit 1 Pik3r1 Mm.PT.58.5285167 

5‘-AGAAAGGACTGGAATGTTCGAC-3‘ M.gastrocnemius 2.25 27 
5‘-GCATCTGCTAAGACGTGTAGC-3‘ M.quadriceps 2.17 26 
Reference genes 

 
Gene Name Gene 

Abbreviation 
PrimeTime qPCR 

Primer Assay 

 
Sequence F/R 

 
Tissue PCR 

Efficiency 

Quantification 
cycle value 

(Cq) 

Beta-2-Microglobulin B2M Mm.PT.39a.2221483 
5 

5‘-TGGTCTTTCTGGTGCTTGTC-3‘ M.gastrocnemius 2.09 24 
5‘-GGGTGGAACTGTGTTACGTAG-3‘ M.quadraceps 2.15 24 

Peptidylprolyl Isomerase A Ppia Mm.PT.39a.2.gs 5‘-CAAACACAAACGGTTCCCAG-3‘ M.gastrocnemius 2.09 24 
5‘-TTCACCTTCCCAAAGACCAC-3‘ M.quadriceps 2.13 24 

Ribosomal Protein Lateral 
Stalk Subunit P0 Rplp0 Mm.PT.58.43894205 5‘-TTATAACCCTGAAGTGCTCGAC-3‘ M.gastrocnemius 2.03 23 

5‘-CGCTTGTACCCATTGATGATG-3‘ M.quadriceps 2.01 22 

RNA Polymerase II Subunit A Polr2a Mm.Pt.39a.2221484 
9 

5‘-GGTCCTTCGAATCCGCATC-3‘ M.gastrocnemius 2.15 28 
5‘-CAGGGTCATATCTGTCAGCATG-3‘ M.quadriceps 2.14 28 
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