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1 INTRODUCTION 

1.1  The basic structure and physiological functions of the liver 

The liver is the largest solid organ and the largest gland in the human body. It has many 

functions, including the formation and excretion of bile, regulation of carbohydrate 

homeostasis, lipid synthesis and secretion of plasma lipoproteins, formation of proteins, 

and metabolism/detoxification of foreign substances (Cullen and Stalker 2016). 

Anatomically and physiologically, the liver can be divided into four lobes (as shown in 

Figure 1): left lobe, right lobe, quadrate lobe, and caudate lobe (Chamberlain 2003). 

The liver has two vessels entering the liver, the hepatic artery and the portal vein, and 

one vessel leaving the liver, which is the hepatic vein. After entering the liver through 

the hepatic portal, the hepatic artery and portal vein repeatedly branch into the liver to 

become interlobular arteries and interlobular veins, which further branch into the 

hepatic lobules and join the blood sinusoids. The arterial blood and venous blood are 

mixed in the blood sinusoid, exchange material with hepatocytes, and flow into the 

central lobular vein, and finally merge in the hepatic vein, which exits the liver and 

enters the inferior vena cava (Eipel, Abshagen et al. 2010). Lobules are the functional 

units of the liver. Each lobule is made up of millions of hepatocytes, which are the basic 

metabolic cell. The various functions of the liver are mainly carried out by hepatocytes. 

In addition, as an important digestive organ of the human body, the liver can produce 

bile and has a rich bile duct system. Primary canalicular bile is produced by hepatocytes, 

then modified by cholangiocytes and collected from the bile canaliculus to the common 

hepatic duct via the left and right hepatic ducts. The cystic duct and the common hepatic 

duct converge to form the common bile duct. Bile stored in the gallbladder finally enters 

the duodenum through the common bile duct for lipid metabolism and digestion 

(Strazzabosco and Fabris 2008). 
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Figure 1. Liver lobe structure (Chamberlain 2003) 

 

1.2  Liver regeneration and its basic processes 

The liver can remarkably regenerate itself in response to partial resection or injury 

(Michalopoulos and DeFrances 1997). After hepatectomy or liver injury, the number of 

hepatocytes decreases sharply, various feedback signals stimulate the proliferation of 

hepatocytes in the G0 phase, and the residual liver cells changed from a substantially 

non-growth state to a rapid growth state through cell proliferation to compensate for 

lost and damaged liver tissue and restore the physiological functions of the liver. This 

process is called liver regeneration (LR). At the same time, the body can accurately 

sense the size of the regenerating liver and stop liver regeneration in time. Liver 

regeneration is a highly organised tissue regrowth process and is the most important 

reaction of the liver to injury. The overall process of liver regeneration can be divided 
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into three phases: priming stage, proliferative phase, and termination phase. Firstly, 

under stimulation by some cytokines such as TNF-α (tumour necrosis factor alpha) and 

IL-6 (interleukin-6), quiescent hepatocytes convert from G0 to the G1 phase of the cell 

cycle. Secondly, with the help of mitogens, hepatocytes go beyond the G1 cell cycle 

restriction point to the S-phase starting point and then undergo mitosis. Finally, under 

the influence of some liver regeneration inhibitors, for example, TGF-β (transforming 

growth factor beta) and activin, hepatocytes terminate the whole proliferation process 

(Figure 2) (Tao, Wang et al. 2017). 

Figure 2. Outline of liver regeneration process (Tao, Wang et al. 2017) 

 

1.3  Gut flora and its physiological functions 

The human gut flora, also known as the gastrointestinal microbiota or gut microbiota, 

is composed of microorganisms normally present in the human intestine. Compared to 

other areas of the body, the human gut microbiota has the largest number of bacteria 

and the greatest number of species. There are about 10 trillion bacteria living in the 

human intestine (Sender, Fuchs et al. 2016). Since we were born, there have been a 

large number of intestinal flora in the intestine, which play an important role in our 
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health. The intestinal flora have many crucial physiological functions such as 

strengthening gut integrity or shaping the intestinal epithelium (Natividad and Verdu 

2013), harvesting energy (den Besten, van Eunen et al. 2013), protecting against 

pathogens (Baumler and Sperandio 2016), and regulating host immunity (Gensollen, 

Iyer et al. 2016). Moreover, some studies have confirmed a relationship between the 

intestinal flora and cancer immunotherapy. Routy et al. found that the gut flora played 

a key role in the effectiveness of immunotherapy. Sampling and analysis of patients 

with lung and kidney cancer found that patients who did not benefit from 

immunotherapy lacked a bacterium called Akkermansia muciniphila (Routy, Le 

Chatelier et al. 2018). Matson et al. also found a similar phenomenon that the 

composition of the commensal microbiota in metastatic melanoma patients is 

associated with the therapeutic efficacy of immunotherapy (Matson, Fessler et al. 2018). 

1.4  Gut microbiota and liver lipid metabolism  

The gut microbiota is closely associated with the liver lipid metabolism of the host. 

Dysbiosis of host gut microbiota affects the body’s lipid metabolism in many ways. For 

instance, the gut microbiota can bio-transform indigestible carbohydrates or dietary 

fibres in the colon tract into short-chain fatty acids (including acetic acid, propionic 

acid, iso-butyric acid, butyric acid, isovaleric acid, and valeric acid)(Alexander, 

Swanson et al. 2019). Among them, acetic acid, propionic acid, and butyric acid are the 

most important for host lipid metabolism. After being absorbed by the intestine, short-

chain fatty acids are converted into acetyl-CoA and propionyl-CoA in the liver and then 

used as raw materials to participate in glycogen synthesis, gluconeogenesis, and 

cholesterol synthesis, as well as other metabolic processes, which will eventually affect 

lipid metabolism in the host (den Besten, Lange et al. 2013).  

1.5  The relationship between the gut and the liver 

The crosstalk between the gut and liver is increasingly recognised. In fact, there is two-
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way communication between the gut and the liver, which is summarised in Figure 3 

(Tripathi, Debelius et al. 2018). 

1. The liver transports primary bile salts and antimicrobial molecules such as IgA 

(immunoglobulin A) to the intestinal cavity via the biliary tract, inhibiting 

microbial overgrowth and maintaining intestinal flora balance. 

2. Conversely, very few colonic microbiota-modified secondary bile acids; dietary 

metabolites such as TMA (trimethylamine), which is converted from choline by 

intestinal bacteria and can be converted to TMAO (trimethylamine N-oxide), and 

microbe-associated molecular patterns (MAMPs) are transferred to the liver via 

the portal vein and influence liver functions. 

3. The systemic circulation extends the gut-liver axis. Some inflammatory mediators, 

liver metabolites from the diet, endogenous or xenobiotic substances such as 

VLDL (very low-density lipoprotein, a type of lipoprotein cholesterol made by the 

liver), acetaldehyde, and TMAO are transported to the intestine via the capillary 

system and have positive (butyrate) or negative (acetaldehyde) effects on the 

intestinal barrier. 

Figure 3. Crosstalk between the gut and the liver (Tripathi, Debelius et al. 2018) 
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1.6  Liver regeneration mouse models 

The animal model of partial hepatectomy was based on a rat hepatectomy experiment 

performed by Higgins and Anderson in 1931(Higgins 1931). In this experiment, rats 

were anesthetised, and by making an incision 1-2 cm in length under the xiphoid 

process, the left and right lobe of the liver were revealed, then the liver pedicle was 

ligated and the liver lobe was removed along the edge of the ligature. In this way, a 70% 

partial liver resection model was completed in rats. 

A significant difference in liver composition between mice and rats is that mice have a 

gallbladder, while rats do not. In addition, they also differ in terms of liver volume and 

the respective lobes. However, mice and rats are similar in the basic liver leaflet 

structure, branches of the hepatic vein and portal vein, and the biliary system. The 

earliest and more mature mouse liver resection model was performed by Yokoyama and 

Wilson in 1952 (Yokoyama, Wilson et al. 1953). This experiment basically used the 

technique of the classic rat model to ligate and excise the left and middle lobes of the 

mouse liver. About 65% of the liver lobes were removed. This experiment measured 

the changes in mouse body weight and liver weight after surgery and monitored liver 

regeneration after surgery from the perspective of morphology, histology, and 

biochemistry. It was found that the liver weight of the mice recovered to the 

preoperative level on the day 8 after the operation. On the day 21, the body weight of 

the mice returned to the preoperative level. 

In recent decades, genetic recombination technology has made a large variety of 

transgenic mice, and has also been applied to the study of liver regeneration. At the 

same time, researchers have been working to improve mouse liver resection models. In 

2008, Mitchell and Willenbring established a reproducible and easy-to-use 70% 

excision model in mice with zero intraoperative and postoperative mortality (Mitchell 

and Willenbring 2008). Thus, the mouse liver regeneration model has basically been 

standardised and unified. 
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1.7  Antibiotic treatment mouse models 

In order to explore the effects of the microbiota on physiology and disease in humans, 

two mouse experiment models have been established by researches: germ-free mouse 

model and antibiotic treatment regimen.  

Unlike germ-free conditions, in which mice remain sterile throughout their whole lives, 

antibiotic treatment can deplete bacteria that have colonised in the mouse intestine since 

birth. Germ-free mice lack early immune system establishment and development, 

whereas antibiotic treatment in adult mice specifically allows for the study of the role 

of bacteria in maintaining cell function and signalling pathways after development. 

There have also been some studies adding antibiotics to the drinking water of pregnant 

dams to limit the maternal transfer of microbes and then maintain the cage under 

antibiotic treatment to study the effects of bacterial depletion early in development 

(Lamouse-Smith, Tzeng et al. 2011, Deshmukh, Liu et al. 2014, Gonzalez-Perez, Hicks 

et al. 2016, Li, Hao et al. 2017). 

Due to the difference in mechanism of action, different antibiotics can selectively 

deplete different types of intestinal microbiota. For example, metronidazole and 

clindamycin both target anaerobes, vancomycin is only effective against Gram-positive 

bacteria, and polymyxin B specifically targets Gram-negative bacteria (Atarashi, 

Tanoue et al. 2011, Schubert, Sinani et al. 2015). 

Based on this, researchers have used different combinations of antibiotics. Furthermore, 

the treatment also can differ in term of antibiotic dose and duration of treatment. 

Normally, antibiotics are diluted in drinking water and some studies also add some 

sweeteners such as glucose or Splenda to mask any bitterness and ensure that mice drink 

the antibiotic-containing water (Abt, Osborne et al. 2012, Emal, Rampanelli et al. 2017). 

Although mice treated with antibiotics are not completely sterile, the reduction in the 

intestinal flora load has important links with organ function, which can be used for 
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further research. 

1.8  The relationship between gut microbiota, lipid metabolism, and liver 

regeneration 

It is well-known that the gut microbiota plays an important role in regulating host cell 

proliferation and tissue repair (Tsuei, Chau et al. 2014, Liu, Keane et al. 2015). For 

example, lipopolysaccharides (LPS) produced by Gram-negative bacteria can stimulate 

liver regeneration and tissue repair through TLR4 (toll-like receptors 4) (Rakoff-

Nahoum, Paglino et al. 2004). 

The gut microbiota also affects the metabolic phenotype of mammalian hosts and 

participates in microbial-host co-metabolism (Martin, Dumas et al. 2007). Changes in 

the gut microbiota are associated with metabolic disorders (Larsen, Vogensen et al. 

2010), metabolic syndrome, obesity (Bäckhed, Ding et al. 2004, Ley, Bäckhed et al. 

2005, Ley, Turnbaugh et al. 2006), and non-alcoholic steatohepatitis (Moschen, Kaser 

et al. 2013).  

Cell proliferation increases the energy required for biosynthesising macromolecules 

and the metabolic needs of precursors, while metabolic disorders inhibit cell 

proliferation. Therefore, gut microbiota, which is involved in both cell proliferation and 

lipid metabolism, may have a significant regulatory effect on liver regeneration through 

lipid metabolism. 

There are many extrahepatic molecular signalling networks involved in lipid 

metabolism that affect liver regeneration, for example, PPARs (peroxisome 

proliferator-activated receptors) and BAs (bile acids). PPARs are a group of nuclear 

receptor proteins that act as transcription factors to regulate gene expression (Michalik, 

Auwerx et al. 2006). This group of nuclear receptor proteins play important roles in cell 

differentiation, development, metabolism (carbohydrates, lipids, proteins), and 

carcinogenesis in higher organisms (Berger and Moller 2002, Feige, Gelman et al. 2006, 
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Belfiore, Genua et al. 2009, Dunning, Anastasi et al. 2014). There are currently three 

known subtypes of PPARs, namely PPAR-α, PPAR-β, and PPAR-γ (Berger and Moller 

2002). Although they share similar sequences, their physiological functions involved in 

controlling metabolism vary. For instance, PPAR-α mainly regulates fatty acid 

metabolism, while PPAR-γ participates in adipocyte differentiation. PPAR-β is mostly 

involved in regulating fatty acid oxidation in muscle fibres (Wang 2010, Grygiel-

Górniak 2014).  

Moreover, some studies have revealed that PPARs also play important roles in liver 

regeneration. In particular, Liu et al. found that the lack of activation of PDK1 

(phosphoinositide-dependent kinase-1) and E2f (E2 factor) mediated pathways due to 

PPAR-β deficiency resulted in delayed liver regeneration, which suggests that PPAR-β 

could regulate liver regeneration by modulating PDK1 and E2f signalling (Liu, Fang et 

al. 2013). However, Gazit et al. showed that liver regeneration was not suppressed, but 

rather modestly augmented in liver-specific PPAR-γ null mice maintained on a normal 

diet. Conversely, disruption of hepatic PPAR-γ expression in mice with diet-induced 

hepatic steatosis resulted in significant suppression of liver regeneration (Gazit, Huang 

et al. 2012). 

BAs have also been identified as key metabolic signals during liver regeneration, and 

BAs levels are tightly regulated by the host and gut microbiota (Huang, Ma et al. 2006). 

There is bidirectional gut-liver axis communication between intestinal microorganisms 

and BAs (Liu, Keane et al. 2015). On the one hand, the intestinal flora plays a key role 

in regulating the homeostasis of BAs. On the other hand, BAs can affect the distribution 

of the intestinal flora.  
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2 AIMS OF THE STUDY 

Liver-extrinsic factors, particularly the gut microbiota and its derived metabolites, have 

increasingly been recognised as causal contributors to liver regeneration. However, the 

underlying metabolism mechanisms remain unclear. Accordingly, we studied the 

importance of the gut-liver axis, and especially the gut microbiota, in a preclinical 

mouse model. 

The aims of this study can be summarised as follows: 

(1) To simulate and establish a clinical patient liver surgery model by feeding mice 

antibiotic-containing drinking water before and after partial hepatectomy. 

(2) To explore the relationship between gut microbiota imbalance, liver lipid 

metabolism, and liver regeneration in mice using this liver resection model. 

(3) To look for a new prognostic marker of liver regeneration that can be applied to 

liver surgery patients. 

 

 

 

 

 

 

 

 

 

 

 

 



13 

3 MATERIALS AND METHODS 

3.1 Materials 

3.1.1 Mouse line 

Female C67BL/6 mice aged 10-12 weeks were obtained from Charles River (Sulzfeld, 

Germany) and housed in specific pathogen-free facilities (ZPF, Klinikum rechts der Isar, 

Munich, Germany). Mice were used according to the guidelines and regulations. All 

animal experiments were institutionally approved by the government of Upper Bavaria.  

3.1.2 Chemicals and reagents  

Chemicals and reagents Supplier 

2-Mercaptoethanol Sigma-Aldrich, USA 

Acrylamide Solution Carl ROTH, Germany 

Ammonium Persulfate (APS) Sigma-Aldrich, USA 

Bovine Serum Albumin (BSA) Carl ROTH, Germany 

Bromophenol Blue Sigma-Aldrich, USA 

Citric Acid Carl ROTH, Germany 

Cell lysis buffer (10×)  Cell Signaling Technology, Germany 

DAB + substrate System Dako, Agilent Technologies, USA 

Dulbecco's Phosphate Buffered Saline Gibco, UK 

Dulbecco’s Modified Eagle’s Medium 

(DMEM) 

Gibco, UK 

FBS Superior Biochrom, Germany 

Dimethylsulfoxid (DMSO) Sigma-Aldrich, USA 

Pierce ECL Western Blotting Substrate Thermo Fisher Scientific, USA 

Ethanol Carl ROTH, Germany 

EDTA-free acid Carl ROTH, Germany 
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Glycin Carl ROTH, Germany 

Goat Serum Abcam, UK 

Hematoxylin Merck, Germany 

Hydrochloric Acid (HCL) Carl ROTH, Germany 

Hydrogen Peroxide (H2O2) (30%) Carl ROTH, Germany 

Histowax Leica, Germany 

Isoflurane CP CP-Pharma, Germany 

L-Glutamine solution Sigma-Aldrich, USA 

Methanol Carl ROTH, Germany 

Milk Powder Blotting Grade Carl ROTH, Germany 

MOPS Carl ROTH, Germany 

Mounting Medium Vector, USA 

Cell Proliferation Kit I (MTT) Roche, Germany 

Opti-MED medium Gibco, USA 

PageRuler Prestained Protein Ladder Thermo Fisher Scientific, USA 

Penicillin-Streptomycin Gibco, UK 

PBS Dulbecco Biochrom, Germany 

RNAse DNAse-free Water Ambion, USA 

Roticlear Carl ROTH, Germany 

Sodium Chloride (NaCl) Carl ROTH, Germany 

SDS Ultra-Pure Carl ROTH, Germany 

SCD1 inhibitor (ab142089) Abcam, UK 

SCD-siRNA (sc36464) Santa Cruz, USA 

Sodium Hydroxide (NaOH) Carl ROTH, Germany 

TEMED Carl ROTH, Germany 

Tris HCl Sigma-Aldrich, Germany 

Tris Base Sigma-Aldrich, Germany 
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Tween 20 Sigma-Aldrich, Germany 

Trypsin-EDTA solution Sigma-Aldrich, Germany 

 

3.1.3 Antibiotics and sweetener for mouse treatment 

Ampicillin Sigma-Aldrich, USA 

Vancomycin Sigma-Aldrich, USA 

Metronidazole Sigma-Aldrich, USA 

Fluconazole Sigma-Aldrich, USA 

Splenda TC Heartland, LLC, USA 

 

3.1.4 Kits 

NucleoSpin RNA Kit MACHEREY-NAGEL, Germany 

QuantiTect Reverse Transcription Kit QIAGEN, Germany 

KAPA SYBR FAST Kit Sigma-Aldrich, USA 

Lipofectamine RNAiMAX Reagent 

(2096425) 

Thermo Fisher Scientific, USA 

 

3.1.5 Buffers and solutions 

Immunohistochemistry buffers 

4% Tissue Fix Solution 

8% paraformaldehyde 250 mL 

Phosphate Buffered Saline 250 mL 

 

20 × Citrate buffer 

Citric acid (Monohydrate) 21.0 g 
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Distilled water 300 mL 

Adjust to pH 6.0 with 5M NaOH 

Constant volume with distilled water to 500 mL 

 

10x Tris Buffered Saline (10 × TBS) 

Tris Base 12.1 g 

NaCl 85 g 

Distilled Water 800 mL 

Adjust pH to 7.4 with 5M HCL 

Constant volume with distilled water to 1000 mL 

 

Washing Buffer (1× TBSA) 

10×TBS 100 mL 

BSA 1 g 

Constant volume with distilled water to 1000 mL 

 

Western blotting buffer 

1 × SDS lysis Buffer 

Glycerol 7.5 mL 

10% SDS 15 mL 

0.5 M Tris-HCL pH 6.8 6.25 mL 

0.5% Bromophenol Blue  1 mL 

14.3 M β-mercaptoethanol  2.5 mL 

Constant volume with distilled water to 50 mL 
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Electrophoresis buffer (20 × MOPS) 

MOPS  209.2 g 

Tris Base  121.2 g 

SDS 20 g 

EDTA-free acid 6 g 

Constant volume with distilled water to 1000 mL 

 

Running buffer (1 ×) 

Electrophoresis buffer (20×MOPS) 35 mL 

Constant volume with distilled water to 700 mL 

 

Transfer Buffer (10 ×) 

Tris Base 30 g 

Glycin 144 g 

Adjust pH to 8.3 with 5M HCL 

Constant volume with distilled water to 1000 mL 

 

Transfer buffer (1 ×) 

Transfer Buffer (10×) 100 mL 

Methanol 200 mL 

Constant volume with distilled water to 1000 mL 

 

Washing Buffer (1 × TBST) 

10×TBS 100 mL 

Tween 20 1 mL 
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Distilled Water 800 mL 

Constant volume with distilled water to 1000 mL 

 

Blocking buffer 

Skimmed milk powder 5 g 

Washing buffer 100 mL 

 

3.1.6 List of antibodies  

Primary antibodies  

Name  Catalog number Application Supplier 

Cyclin A2 ab181591 WB Abcam, UK 

Cyclin B1 4138S WB Cell Signaling 

Technology,USA 

Phospho-

RB(Ser807/811) 

8516S WB Cell Signaling 

Technology,USA 

CDK1 ab131450 WB Abcam, UK 

SCD1(CD.E10) ab19862 WB Abcam, UK 

SCD1 (C12H5) 2794S WB Cell Signaling 

Technology,USA 

Ki67 550609 IHC BD 

Biosciences,USA 

β-Tubulin 2146S WB Cell Signaling 

Technology,USA 

GAPDH sc32233 WB Santa Cruz,USA 
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Secondary antibodies 

Name  Catalog number Application Supplier 

Anti-Mouse IgG 

HRP Conjugate 

W402B WB Promega, USA 

Anti-Rabbit IgG 

HRP Conjugate 

W401B WB Promega, USA 

Simple Stain 

immuno- 

peroxidase Anti-

Mouse 

H2011 IHC N-Histofine, Japan 

 

3.1.7 Laboratory consumables 

Name Supplier 

Cotton bud Lohmann Rauscher, Austria 

Cover slips MENZEL, Germany 

Cell culture 10 cm Dish Corning, USA 

Cell culture 75 mL Flasks Greiner Bio-One, Germany 

Cell culture 96-well plates  Corning, USA 

96-well PCR microplate, Lightcycler-

type 

Starlab, Germany 

Conical Centrifuge tubes (15mL, 50mL) Greiner Bio-one, Germany 

Microscope Slide Thermo Scientific, USA 

Nitrocellulose Blotting Membranes Amersham, UK 

Single use Syringes(1mL) Braun, Germany 

Sterile needles BD, USA 

Tissue Cassette Medite, Germany 
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3.1.8 Laboratory equipment 

Name Supplier 

Analytic balance Sartorius, Germany 

Balance Sartorius, Germany 

Centrifuge Eppendorf, Germany 

Cell culture CO2 incubator Heraeus, Germany 

Electrophoresis / Electroblotting 

equipment / power supply 

Bio-rad, USA 

Electrophoresis equipment (large) Cleaver Scientific Ltd, UK 

Freezer -20°C SIEMENS, Germany 

Freezer -80°C Thermo Scientific, USA 

Multiskan FC Microplate Photometer Thermo Scientific, USA 

Incubator 37°C Thermo Scientific, Germany 

Low Voltage Power Supplies Analytik Jena, Germany 

Microscope (Axio) Zeiss, Germany 

Microwave oven Caso Ecostyle, Germany 

Microtome Leica, Germany 

Nanodrop Thermo Scientific, Germany 

PH-meter Thermo Fisher Scientific, USA 

Refrigerator 4°C LIEBHERR, Switzerland 

Real-time PCR amplification and 

detection instrument (Lightcycler 480) 

Roche, Switzerland 

Vortex Mixer NEOLAB, Heidelberg, Germany 

UVP ChemStudio Analytik Jena, Germany 

Ultrasound processor Diagenode bioruptor, Germany 

Vacuum tissue processor ASP200s Leica, Germany 

Clean Benches Heraeus, Germany 
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Shakers & Mixers Heidolph, Germany 

Tissue embedding machine Leica, Germany 

Tissuelyser II Qiagen, Germany 

 

3.2 Methods 

3.2.1 Antibiotic and Splenda treatment mouse model  

For antibiotic treatment, mice received 1 g/L ampicillin, 0.5 g/L vancomycin, 1 g/L 

metronidazole, 20 mg/L fluconazole, and 1.2% Splenda to block the bitterness of 

antibiotics in their drinking water for 3 days (72 h) before PHx (partial hepatectomy) 

and after PHx until sacrifice. Control mice went through the same treatment, but only 

1.2% Splenda was added to the drinking water. Drinking water for both groups was 

changed every three days. All mice were intraperitoneally injected with 100 µL D9-

choline 2 h before sacrifice for further analysis.  

3.2.2 Partial hepatectomy 

Partial hepatectomy (PHx) was performed in 10-12 weeks old female C67BL/6 mice 

between 10 and 12 AM as previously described (Mitchell and Willenbring 2008). Mice 

were anesthetised with isoflurane. According to this standard protocol, ligation and 

resection of the median lobe and the left lateral lobe were performed separately. After 

different treatment periods, mice were sacrificed. Then, the remnant liver lobes were 

immediately weighed, fixed in 4% paraformaldehyde or flash-frozen in liquid nitrogen, 

and stored at -80°C for further genomic and proteomic analysis. The remnant livers, 

colon content, caecal content, and faeces of mice were collected for further analysis. 

3.2.3 Generation of formalin-fixed paraffin-embedded sections 

Mouse or human liver tissue samples were fixed in 4% paraformaldehyde at room 

temperature for 48 to 72 h, then transferred into PBS. The samples were dehydrated in 
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a graded alcohol series using an automated vacuum tissue processor. Afterwards, the 

tissue samples were embedded in paraffin blocks and cut with a microtome into 3 µm 

sections. The sections were moved to an incubator for drying at 37°C overnight.  

3.2.4 Immunohistochemistry (IHC) analysis and quantification 

Immunohistochemistry staining was performed using the Dako Envision System. 

l Paraffin-embedded tissue sections were deparaffinised with Roticlear three times 

for 10 minutes each, rehydrated with a descending ethanol series (100%, 100%, 

100%, 96%, 70%, 50%, 3 minutes each), and then put into dH2O for 2 minutes. 

l Antigen retrieval was performed by treating the slides with citrate buffer (pH 6.0) 

in a 600W microwave oven for 15 minutes. Then, the slides were cooled down for 

20-30 minutes at room temperature. 

l The slides were washed in TBSA buffer for 5 minutes and blocked with 3% 

peroxidase, which was diluted with absolute methanol, for 10 minutes in the dark 

room. The slides were then washed again in TBSA buffer for three times, 5 minutes 

each. 

l The slides were blocked with TBSA/10% goat serum for 1 h at room temperature. 

l The primary antibodies were diluted to the recommended concentrations in PBS, 

pipetted onto the slides and incubated overnight at 4°C in a humidified slide 

chamber. 

l The slides were washed three times with TBSA for 10 minutes each and then 

incubated with a secondary antibody for 1 h at room temperature. 

l The slides were washed with TBSA three times, for 10 minutes each time. Then 

the DAB + substrate solution (20 µL DAB in 1 mL substrate buffer) was applied to 

the slides. The enzymatic reaction was terminated by water when it was ready. 

l The slides were counterstained with haematoxylin and rinsed under running tap 

water for at least 15 minutes. 

l The slides were dehydrated in an ascending ethanol series (50%, 70%, 96%, 100%, 
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100%, 100%, 3 minutes each) and cleared in changed Roticlear three times, for 10 

minutes each. 

l Finally, the slides were mounted with mounting medium and sealed with a 

coverslip. 

l Images were observed and photographed using an Axio microscope. For 

quantification, positively stained hepatocyte nuclei in five random high-power 

microscopic fields were counted and the mean was calculated. 

3.2.5 RNA isolation from liver tissue 

Total RNA was extracted from mouse liver tissue using NucleoSpin RNA Kit according 

to the manufacturer’s instructions. 

The steps are as below: 

l 20-40 mg liver tissue of each mouse was weighed with analytical balance and 

then placed in a 2 mL plastic tube containing 350 µL Buffer RA1 and 3.5 µL  

β-mercaptoethanol. The liver tissue was homogenised through high-speed 

shaking using a Tissuelyser II machine. The supernatant was carefully collected, 

and the rest was discarded. 

l The supernatant of homogenised lysate was applied to a NucleoSpin filter with a 

collection tube (2 mL) and centrifuged for 1 minute at 11,000 × g. 

l The filtrate was transferred into a new 1.5 mL microcentrifuge tube. 350 µL ethanol 

(70%) was added and mixed by vortexing (2 × 5 s). 

l Binding RNA. For each preparation, one NucleoSpin RNA column was prepared 

and placed in a collection tube. The lysate was pipetted up and down 2-3 times and 

loaded to the column. The columns were centrifuged for 30 s at 11,000 × g and 

then placed in a new collection tube (2 mL). 

l Desalting silica membrane. 350 µL MDB (membrane desalting buffer) was added 

to the columns and the columns were centrifuged at 11,000 × g for 1 minute to dry 

the membrane. 



24 

l Digesting DNA. The DNase reaction mixture was prepared in a sterile 1.5 mL 

microcentrifuge tube: for each isolation, 10 µL reconstituted rDNase was added to 

90 µL reaction buffer for rDNase. The mixture was mixed by flicking the tube.   

95 µL DNase reaction mixture was applied directly onto the centre of the silica 

membrane of the column and incubated at room temperature for 15 minutes. 

l Washing and drying silica membrane. 

First wash: 

200 µL Buffer RAW2 was added to the NucleoSpin RNA column and centrifuged 

for 30 s at 11,000 × g. Then the column was placed into a new collection tube (2 

mL). 

Second wash: 

600 µL Buffer RA3 was added to the NucleoSpin RNA column and centrifuged for 

30 s at 11,000 × g. The filtrate was discarded and the column was placed back into 

the collection tube. 

Third wash: 

250 µL Buffer RA3 was added to the NucleoSpin RNA column and centrifuged for 

2 minutes at 11,000 × g to dry the membrane completely. Then, the column was 

placed into a nuclease-free collection tube (1.5 mL). 

l Eluting RNA. The RNA was eluted in 60 µL RNase-free H2O and centrifuged at 

11,000 × g for 1 minute.  

The RNA concentrations were determined using a NanoDrop machine and the RNA 

samples were stored at -80°C for further analysis. 

3.2.6 Complementary DNA reverse transcription 

The RNA was reverse-transcribed using the QuantiTect Reverse Transcription Kit 

according to the instructions. 

The steps are described as below: 

l The RNA template was thawed on ice and the genomic DNA elimination reaction 
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was prepared as follow system: 

Component  Volume 

Template RNA, up to 1 µg variable 

RNase-free water variable 

gDNA wipeout buffer (7×) 2 µL 

Total volume 14 µL 

 

The reaction mix was incubated for 2 minutes at 42°C afterwards put on ice 

immediately. 

l The reverse-transcription master mix was prepared on ice as follow system: 

Component  Volume 

Genomic DNA elimination reaction 

mix 

14 µL 

Quantiscript reverse transcriptase 1 µL 

Quantiscript RT buffer (5×)  

RT primer mix 

4 µL 

1 µL 

Total volume 20 µL 

 

l The reaction mix was incubated at 42°C for 15 minutes and then incubated at 95°C 

for 3 minutes to inactive Quantiscript reverse transcriptase. The final cDNA was 

stored at -20°C. 

3.2.7 Quantitative real-time PCR (qPCR) 

Quantitative real-time PCR (qPCR) was performed in LightCycler 480 real-time PCR 

machine using KAPA SYBR FAST Kit. The cDNA was diluted 1:5 with the RNase-

free water prior to use. The relative mRNA expression levels were quantified against 

GAPDH or β-actin. 
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The qPCR reaction component was performed as follows in a 96-well PCR microplate: 

Component  Volume 

SYBR Green SuperMix 10 µL 

Primers 2 µL 

cDNA template 5 uL 

RNase-free water 3 µL 

Total volume 20 µL 

 

List of primers used for qPCR: 

Primer name Forward sense (5’ ->3’) Reverse sense (5’ -> 3’) 

Cyclin A2 

(Mouse) 

CTTGGCTGCACCAACAGT

AA 

CAAACTCAGTTCTCCCAAA

AACA 

Cyclin B1 

(Mouse) 

GCT TAGCGC TGA AAA 

TTC TTG 

TCT TAG CCA GGT GCT GCA 

TA 

Cyclin D1 

(Mouse) 

TTT CTT TCC AGA GTC ATC 

AAG TGT 

TGA CTC CAG AAG GGCTTC 

AA 

Cyclin E1 

(Mouse) 

TTT CTG CAG CGT CAT CCT 

C 

TGG AGC TTA TAG ACT TCG 

CAC A 

β-actin 

(Mouse) 

AAG GCC AAC CGT GAA 

AAG AT 

GTG GTA CGA CCA GAG GCA 

TA 

GAPDH 

(Mouse) 

AGG TGG GTG TGA ACG 

GAT TTG 

TGT AGA CCA TGT AGT TGA 

GGT CA 

 

The qPCR program ‘SYBR Green I 96-II’ was selected according to the manufacturer’s 

protocol. The data were analysed using LightCycler 480 v1.5 software.  
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3.2.8 Cell culture  

The human HCC (hepatocellular carcinoma) cell line HepG2 was purchased from 

American Tissue Culture Collection (ATCC, Manassas, VA). HepG2 cells were 

cultured in Dulbecco’s Modified Eagle Medium, 1% L-glutamine with 10% foetal 

bovine serum, and 1% penicillin/streptomycin at 37°C in a 5% CO2 cell culture 

incubator. 

3.2.9 Cell transfection assay 

The 4×105 HepG2 cells were seeded in 6-well plates one day before transfection. 

Lipofectamine RNAiMAX transfection reagent was used to transfect according to the 

manufacturer’s instructions as follows: 

l 9 µL lipofectamine RNAiMAX reagent was diluted in 150 µL Opti-MEM medium. 

l 5 µL SCD-siRNA or 5µl control siRNA was diluted in 150 µL Opti-MED medium.  

l Diluted SCD-siRNA or control siRNA was added to diluted lipofectamine 

RNAiMAX Reagent (1:1 ratio) and the complex was incubated for 5 minutes at 

room temperature. 

l SCD-siRNA or control siRNA complex was added to the cells. The cells were 

incubated for 48 h at 37°C.  

After 48 h, cells were harvested for further analysis. 

3.2.10 Immunoblot analysis 

Protein extraction from liver tissue 

l A piece of frozen liver tissue weighing 20-40 mg was lysed in 400-800 µL 1×SDS 

lysis buffer in a 2 mL tube on ice. 

l The liver samples were disrupted using Tissuelyser II with metal beats for 3 

minutes. 

l The liver samples were transferred to an ultrasound processor (Diagenode 
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bioruptor) for sonification for 5 minutes. 

l The liver samples were put on ice and centrifuged at high speed briefly.  

l The supernatant of liver samples was transferred to a new 1.5 mL tube. 

l The liver samples were heated for 5 minutes at 95°C and stored at 20°C.  

Protein extraction from cultured cells: 

l The medium of HepG2 cells was aspirated off and the cells were washed with 10 

mL DPBS.  

l 2.5 mL Trypsin-EDTA solution was added to the HepG2 cells. The cells were put 

in a 37°C incubator for about 10 minutes until the cells were loose. The plate was 

tapped to help cells come off of the plate. 

l Then, 8 mL DMEM was added to the plate and the cells were resuspended.  

l The HepG2 cells were transferred to a 15 mL tube and centrifuged at 1500 rpm for 

4 minutes at room temperature.  

l Then, HepG2 cells were washed with 5 mL DPBS and resuspended well in 150 µL 

lysis buffer. 

l Then, HepG2 cells were transferred to an ultrasound processor (Diagenode 

bioruptor) for sonification for 5 minutes. 

l 150 µL 1×SDS lysis buffer was added to the cell samples and then the samples 

were boiled at 95°C for 5 minutes and stored at -20°C.  

SDS-polyacrylamide gel electrophoresis (SDS-PAGE): 

l The protein samples were heated at 60°C for 5 minutes. The separating and 

stacking gels were made as follows: 

Lower separating gel (10% for two gels) 

H2O 4.1 mL 

Acrylamide 30% 3.3 mL 
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Tris-HCl 1.5M pH8.8 2.6 mL 

SDS 10% 100 µL 

APS 10% 50 µL 

TEMED 15 µL 

Total volume 10 mL 

 

Upper stacking gel (10% for two gels) 

H2O 3 mL 

Acrylamide 30% 750 µL 

Tris-HCl 1.5M pH8.8 1.3 mL 

SDS 10% 50 µL 

APS 10% 25 µL 

TEMED 10 µL 

Total volume 5 mL 

 

l Two SDS-PAGE gels were put in electrophoresis equipment and filled with    

750 mL 1× running buffer. 

l 15 µL of each sample and 3 µL of protein molecular weight markers were loaded 

into each well of the SDS-PAGE gels. The proteins were separated by gel 

electrophoresis in running buffer at 80 V for around 30 minutes, and then the 

voltage was increased to 110 V until finish. 

l The protein from the gel to the membrane: the proteins were transferred from the 

gel onto a nitrocellulose membrane using an electroblotting equipment (Trans-Blot 

SD Wet Transfer Cell) on ice. The protein was transferred over 1.5 h at 300 mA. 

l The membrane was blocked with 5% non-fat milk for 1 h at room temperature to 

avoid the non-specific antibodies binding.  

l The membrane was washed with TBST three times for 3 minutes each and then 
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incubated with the primary antibodies diluted with BSA solution on a shaker 

overnight at 4°C.  

l On the second day, the membrane was washed with TBST three times for 5 minutes 

each. Then the membrane was incubated with secondary antibody diluted with 5% 

non-fat milk for 1 h on a shaker at room temperature. Finally, the membrane was 

washed again with TBST three times for 5 minutes each. 

l Detection of protein: the membrane was incubated with the mixture of Pierce ECL 

Western Blotting Substrate for signal development. The protein signal was detected 

using the UVP ChemStudio system (Analytik Jena). The relative protein 

expression levels were analysed using ImageJ image analysis software 

(https://imagej.nih.gov/ij/). 

3.2.11 MTT assay 

To evaluate the influence of SCD1 (stearoyl-CoA desaturase1) on cell proliferation, the 

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay was 

performed in HepG2 cells after SCD1 inhibitor treatment. 

The HepG2 cells were seeded at a density of 2×103 cells per well in a 96-well plate 

with a complete medium 24 h before treatment. 

l Then HepG2 cells were treated with 10µM SCD1 inhibitor or 1‰ DMSO control 

medium for 24, 48, 72, and 96 h. 

l 20 µL MTT reagent was added to the cells and the 96-well plate was put in a 

37°C incubator for 4 h. 

l After 4 h, the 96-well plate was taken out and 150 µL DMSO was added. Then, 

the plate was shaken in a dark room for 10 minutes. 

l The absorbance of each well was read at 570 nm using a Multiskan FC Microplate 

Photometer (Thermo Scientific) system according to the manufacturer’s instructions.  
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3.2.12 Statistical analysis 

All statistical analysis was performed using GraphPad Prism 8.0 (GraphPad, San Diego, 

USA). Variations were indicated by using the standard error presented as mean ± SEM. 

Statistical differences were analysed using the two-tailed unpaired or paired Student’s 

t-test or the Mann-Whitney U test. The Kaplan-Meier method was used in the survival 

analysis. Linear regression was used in the correlation analysis. A P-value less than 

0.05 was considered to be a significant difference. Statistically significant differences 

are displayed as *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. 
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4 RESULTS 

4.1 Oral antibiotic therapy seriously impairs regeneration of the liver and the 

survival rate after PHx 

To evaluate whether liver regeneration is affected by oral antibiotic therapy, the mouse 

liver weight to body weight (liver/body weight) ratio was determined and Ki67 

immunohistochemistry staining was performed using liver tissue after PHx in control 

or antibiotic-treated mice to assess liver recovery over time. At first, we measured the 

liver/body weight ratio of mice just after PHx (0 h), and showed that mice in the 

antibiotic-treated group had a significantly lower value than the control group (Figure 

4A). To eliminate the influence of that at the beginning, we calculated a normalised 

liver/body weight ratio in the following timepoints. Mice treated with antibiotics had a 

significantly reduced liver/body weight ratio at 24, 48, 72, and 96 h after PHx compared 

to control mice (Figure 4B). Antibiotic treatment was carried out as described in 3.2.1. 

 

 

Figure 4. Liver/body weight ratio and normalised liver/body weight ratio 

Liver/body weight ratio (A) and normalised liver/body weight ratio (B) were 
determined and calculated at 0 h and following timepoints after PHx (n=5-10 mice per 
timepoint in each group). Data were analysed using the two-tailed unpaired Student’s 
t-test or the Mann-Whitney U test. Data are presented as mean ± SEM. *P < 0.05, **P 
< 0.01, ***P < 0.001. ABX: antibiotic treatment group, Ctrl: control group. 
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Following partial hepatectomy, some antibiotic-treated mice did not survive to the 

preset long experimental endpoints (for example 96 h and 168 h). Therefore, we 

wondered if the antibiotic treatment has an influence on the survival of mice after 

surgical intervention. We performed a survival analysis showing that, compared to 

control mice, antibiotic-treated mice did not tolerate the PHx well and showed 

significantly higher mortality before reaching the experimental endpoint (Figure 5).  

 

Figure 5. Survival rate in antibiotic-treated and control mice after hepatectomy 

Survival was estimated by the Kaplan-Meier method, and the differences in survival 
rate were evaluated with a log-rank test. Data are presented as mean ± SEM.  

 

The Ki67 protein, as a widely used cellular marker for proliferation, is present during 

all active phases of the cell cycle (G1, S, G2, and mitosis) (Bruno and Darzynkiewicz 

1992). Accordingly, anti-Ki67 immunohistochemistry staining was performed in mouse 

liver sections. The results show that antibiotic-treated mice displayed a significant 

decrease in the number of Ki67-positive hepatocytes per field at 32, 40, 48, and 72 h, 

but had a significantly higher number at 168 h after PHx (Figure 6, 7), which suggests 

that hepatocytes proliferation was delayed in mice due to the effects of antibiotic 

treatment. In conclusion, these data suggest that oral antibiotic therapy disrupts the 

homeostasis of the gut microbiota, and as a consequence, liver regeneration in mice and 

post-hepatectomy survival are affected.  
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Figure 6. Representative immunohistochemical images for Ki67 in the mouse liver  

The expression of Ki67 in the mouse liver in different groups after PHx was detected 
using IHC staining; representative images are shown above (Scale bars: 50 µm). 
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Figure 7. Quantification of Ki67-positive hepatocytes in the mouse liver at 

different timepoints after PHx  

Data were analysed using the two-tailed unpaired Student’s t-test or the Mann-Whitney 
U test. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01. 

 

4.2 Induced dysbiosis of gut microbiota affects liver cell cycle regulators after PHx 

To investigate the mechanisms underlying impaired liver regeneration in antibiotic-

treated mice after PHx, the mRNA levels and protein expression of various cell cycle 

regulators were determined. As shown in Figure 8A and 8B, mRNA levels of cyclin D1 

and E1, which are responsible for the late G1-phase of the cell cycle, were decreased in 

antibiotic-treated mice compared to control mice from 0 to 40 h and 32 to 40 h after 

PHx.  

Moreover, the mRNA levels of the regulator cyclin A2 and B1, which are effective in 

the S and G2 phase of the cell cycle, respectively, were significantly reduced in 

antibiotic-treated mice compared with control mice from 0 to 72 h except for 40 h and 

72 h regarding cyclin B1 after PHx (Figure 8C, D).  
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Figure 8. Relative hepatic mRNA levels of cyclin D1, E1, A2, and B1 in two groups 

of mice after PHx 

Hepatic mRNA levels of cyclin D1 (A), E1 (B), A2 (C), and B1 (D) in antibiotic-treated 
mice were normalised to GAPDH and compared with control mice. Data were analysed 
using the two-tailed unpaired Student’s t-test or the Mann-Whitney U test. Data are 
presented as mean ± SEM. *P < 0.05, **P < 0.01. 

 

In addition to the detection of cell cycle regulators at the mRNA level, the protein 

expression of cyclin A2 and B1 was further confirmed by western blot. In agreement 

with the mRNA results, the expression of cyclin A2 and B1 was markedly diminished 

in antibiotic-treated mice compared to control mice from 40 to 72 h and at 48 h 

timepoint after PHx, respectively (Figure 9,10). 
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Figure 9. Protein expression of different cell cycle regulators in the mouse liver  

The protein levels of phosphorylated-RB, cyclin A2, cyclin B1, and CDK1 at the 
indicated timepoints after PHx were analysed by Western blot. Representative gels are 
depicted.  

 

Figure 10. Quantification of mouse hepatic protein expression of p-RB, cyclin A2, 

cyclin B1, and CDK1  

Data were pooled from at least three independent experiments and were analysed using 
the two-tailed unpaired Student’s t-test or the Mann-Whitney U test. Data are presented 
as mean ± SEM. *P < 0.05, **P < 0.01, ****P < 0.0001.  
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Furthermore, the protein expression level of p-Rb, which is required in the process 

beyond the G1/S restriction point in the cell cycle, was also tested. The results show 

that phosphorylation of Rb protein was strongly diminished in the liver of antibiotic-

treated mice from 40 to 72 h after PHx (Figure 9, 10).  

Based on the above results, the expression of another relevant cell cycle regulator 

CDK1 (cyclin dependent kinase1), which is activated by cyclin A2 and B1 and acts as 

an essential driver of the cell cycle, was also examined using western blot. In 

accordance with the results on cyclin A2 and B1, the downregulation of CDK1 

expression was also found in antibiotic-treated mice from 40 to 72 h after PHx (Figure 

9, 10). 

Of note, the mRNA levels of cyclin E1, cyclin A2 and cyclin B1, as well as the protein 

expression of cyclin A2, CDK1, and p-RB, was found to catch up at the late timepoint 

after PHx in antibiotic-treated mice, and showed a significant increase at the 168 h 

timepoint (Figure 8B, C, D; Figure 9; Figure 10A, B, D). This is consistent with earlier 

research showing that liver regeneration is delayed after PHx in antibiotic-treated rats, 

as well as germ-free and lipopolysaccharide-resistant mice, suggesting that the products 

of the gut microbiota are responsible for promoting liver regeneration after PHx 

(Cornell 1985, Cornell, Liljequist et al. 1990). 

Taken together, these results indicate that induced dysbiosis of the gut microbiota by 

oral antibiotics impedes hepatocyte proliferation in mice by affecting liver cell cycle 

regulators after PHx. 

4.3 Lipid metabolising enzyme SCD1 promotes cell proliferation in vitro  

Based on our previous results (Anna Sichler, AG Janssen, Department of Surgery, 

Technische Universität München, personal communication), oral antibiotics in drinking 

water affects the lipid content and synthesis in mice and results in a down-regulation of 

the lipid enzyme SCD1 (stearoyl-CoA desaturase1) in the mouse liver.  
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To further confirm the relationship between the lipid metabolising enzyme SCD1 and 

hepatocyte proliferation in vitro, an MTT assay and cell transfection were conducted in 

human hepatoma HepG2 cells.  

Firstly, we interfered with SCD1 expression by transferring control SCD-siRNA to 

HepG2 cells in vitro. Then, western blot was performed on the cells 48 h after 

transfection. As shown in Figure 11A and B, not only the expression of SCD1 but also 

the expression of the cell cycle regulator cyclin A2 were significantly decreased 

compared to the control group. 

To verify the effect of SCD1 on cell proliferation, an MTT assay was carried out in 

HepG2 cells. The principle of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) detection is that the succinate dehydrogenase in the 

mitochondria of living cells can reduce exogenous MTT to the water-insoluble blue-

purple crystal formazan and deposit it in cells, while dead cells have no such function 

(Mosmann 1983, Vistica, Skehan et al. 1991). Dimethyl sulfoxide (DMSO) can 

dissolve formazan in cells, and its light absorption value is measured at a wavelength 

of 500-600 nm with an enzyme-linked immunoassay, which can indirectly reflect the 

number of living cells. Within a certain range of cell number, the amount of MTT crystal 

formation is proportional to the number of cells. This method has been widely used to 

measure cellular metabolic activity as an indicator of cell viability, proliferation, and 

cytotoxicity. 

From the results of the experiment (Figure 11C), the absorbance value at 570 nm of the 

SCD1 inhibitor treated group was significantly lower than that of the control group at 

48, 72, and 96 h after treatment, which indicates that the SCD1 inhibitor could decrease 

the cell proliferation of HepG2 cells. This part of the results shows that SCD1 is 

essential to hepatoma cell proliferation in vitro. 
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Figure 11. The promoting effect of SCD1 on cell proliferation in vitro 
(A) SCD1 and cyclin A2 protein expression in HepG2 cells after transfection with 
control siRNA or SCD-siRNA determined by western blot using GAPDH as a loading 
control. (B) Quantification of mouse hepatic protein expression of SCD1 and cyclin A2 
using ImageJ. (C) An MTT assay was conducted to assess cell viability at 24, 48, 72 
and 96 h in HepG2 cells after being treated with an SCD1 inhibitor (10 µM) or DMSO 
control. Data are shown as the absorbance of triplicate measurements. Data were 
analysed using the two-tailed unpaired Student’s t-test or the Mann-Whitney U test and 
presented as mean ± SEM. *P < 0.05, **P < 0.01. 
 

4.4 The regenerating liver tissue of patients highly expresses SCD1 

After completing the mouse partial hepatectomy model and in vitro experiments, we 

went further to examine the correlation of the key metabolic enzyme SCD1 and liver 
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regeneration in patients. Therefore, we selected three patients who had undergone 

preoperative ALPPS (associating liver partition and portal vein ligation for staged 

hepatectomy) intervention before liver surgery.  

First of all, to safely perform liver resection, preoperative ALPPS treatment was applied 

in patients with insufficient FRL (future remnant liver) as described previously 

(Popescu, Alexandrescu et al. 2017). After 7 to 14 days, FRL volumetry was measured 

by CT scan to determine that if the liver had grown enough to safely perform a liver 

resection, then the part of the liver with the tumour was removed by the surgeon. 

Meanwhile, one piece of tissue from the embolised part of the liver and new growth 

part of the liver in the patient was cut off and labelled as hypotrophy or hypertrophy, 

respectively, for further analysis. 

Moreover, the expression of the key fatty acid metabolism enzyme SCD1 was 

determined in the liver samples and compared by western blot. The results indicate that 

the expression of SCD1 in the hypertrophy of the liver tended to be higher than that in 

the hypotrophy of the liver in all three patients (Figure 12A and B). Interestingly, 

through the evaluation of liver regeneration volumetry by CT scanning and calculation 

of the liver regeneration index of the three patients (Melanie Laschinger and Fabian 

Lohöfer, Department of Surgery, Technische Universität München, personal 

communication), we found that patient 1, who had the highest expression of protein 

SCD1 in liver of the three patients, also had the highest regeneration index post-ALPPS 

intervention (Figure 12C). 

To further investigate the relationship between the lipid metabolism enzyme SCD1 and 

liver regeneration in the three patients, we performed a correlation analysis regarding 

the regeneration index and the expression of protein SCD1 in the hypertrophic liver the 

three patients. Due the limited number of patients, there is no significant correlation 

between these parameters (Figure 12D). 
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Figure 12. The expression of SCD1 in human liver tissue and its relationship with 

liver regeneration 

(A) The protein expression of SCD1 in the hypotrophy and hypertrophy in three patients’ 
livers was determined by western blot. (B) Quantification of protein expression of 
SCD1 in the hypotrophy and hypertrophy of three patients’ livers. (C) Regeneration 
index of three patients’ livers post-intervention. (D) Correlation analysis of SCD1 
expression with the liver regeneration index of hypertrophic part in three patients’ liver 
post-intervention. Correlations were analysed by linear regression. Statistical 
significance was analysed using a paired two-tailed Student’s t-test. Data are presented 
as mean ± SEM. Hypo: hypotrophy, Hyper: hypertrophy, P1: patient 1, P2: patient 2, 
P3: patient 3. 
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5 DISCUSSION 

5.1 A mouse model to simulate clinical antibiotic treatment 

In the present study, we performed a mouse model that simulated some features of 

clinical perioperative antibiotic therapy during liver surgery. Under normal 

circumstances, patients who undergo liver surgery are not recommended to use 

antibiotics to prevent infection. Some randomised controlled trials also showed that 

antibiotic prophylaxis after liver resection is unnecessary (Hirokawa, Hayashi et al. 

2013). However, we know that the liver is not only a metabolic organ but also an 

important immune organ of the human body (Parker and Picut 2005, Racanelli and 

Rehermann 2006, Robinson, Harmon et al. 2016). Liver disease, especially in patients 

with end-stage cirrhosis, is usually accompanied by liver insufficiency, which further 

causes the decline of the function of the body’s immune system. Consequently, there 

are situations in which antibiotics are needed to prevent or treat infection in the 

perioperative treatment of clinical liver surgery patients; this is the purpose of our study. 

We aim to simulate the situation of these patients through experimental antibiotic-

treated mice to further evaluate liver regeneration.  

5.2 The effect of antibiotic administration on the mouse gut microbiota 

In order to induce the dysbiosis of mice gut microbiota, we treated mice with drinking 

water with or without antibiotics during the period around partial hepatectomy in our 

study. Regarding the duration of antibiotic treatment, some studies have found that total 

microbiota load and diversity in the gut is dramatically reduced, particularly after 

several days of antibiotic treatment, but recovers after three to four weeks in mice and 

humans (De La Cochetiere, Durand et al. 2005, Puhl, Uwiera et al. 2012, Panda, El 

khader et al. 2014). Moreover, it has also been shown that antibiotic treatment causes 

obvious enlargement of the cecum in mice and an increase in the overall length of the 

intestine, which is concordant with what we observed in our treated mice. However, 
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there were no pathologic changes related to increased caecal size or length of the 

intestine (Puhl, Uwiera et al. 2012). In some similar research models, mice were orally 

administered antibiotics for four weeks (Wu, Sun et al. 2015). Comparatively, we did 

not treat the mice with antibiotics for that long, but chose a short-term treatment period 

of three days before PHx. After that, we determined the diversity and composition of 

microbial communities in the caecal content of mice on the basis of 16S rRNA 

sequences, as the cecum plays a vital role in microbial fermentation and the production 

of volatile fatty acids in mice (Eyssen and Parmentier 1974, Hedrich 2004). More 

importantly, the mouse cecum is crucial for maintaining a normal microbial equilibrium 

in the large intestine, which is important for achieving colonisation resistance 

(Voravuthikunchai and Lee 1987). As expected, antibiotic administration significantly 

altered the caecal microbiota composition at the phylum level and decreased the 

diversity of the microbiota in mice compared with the control group, which suggests 

that our mouse model successfully induced severe dysbiosis of the gut commensal 

microbiota in mice (Anna Sichler, AG Janssen, Department of Surgery, Technische 

Universität München, personal communication). 

5.3 The effect of antibiotic administration on the SCFAs content in the mouse colon 

and the synthesis of phosphatidylcholine 

In our study, we found that, after three days of antibiotics combination treatment, the 

major perturbation of the microbial component showed a conspicuous decrease in the 

composition ratio of Firmicutes and Bacteroidetes, but an increased composition ratio 

of Cyanobacteria (Anna Sichler, AG Janssen, Department of Surgery, Technische 

Universität München, personal communication). 

Based on a previous study (Blaut and Clavel 2007), we know that short-chain fatty acids 

(SCFAs), including acetic, propionic, and butyric acid, are the principal end products 

of fermentative metabolism by human colon bacteria. Furthermore, for example, there 

are also some studies showing that butyrate-producing bacteria are present in several 
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different classes within the Firmicutes (Louis and Flint 2009, Louis, Young et al. 2010), 

whereas acetate and propionate are mainly produced by Bacteroidetes (Levy, Thaiss et 

al. 2016, Feng, Ao et al. 2018). Remarkably, those two are indeed the kinds of bacteria 

that were notably decreased in the composition ratio at the phylum level when we 

checked the relative abundance of colon content bacteria in antibiotic-treated mice 

compared to the control mice. 

Different SCFAs perform various biological functions in the host. For instance, butyric 

acid is the main energy substance of colonic epithelial cells (Cummings, Pomare et al. 

1987, Al-Lahham, Peppelenbosch et al. 2010), and acetic acid often participates in the 

production of cholesterol and fatty acid precursors, while propionic acid is mainly 

involved in gluconeogenesis in liver and intestines (Delzenne and Williams 2002, 

De Vadder, Kovatcheva-Datchary et al. 2014). Although several studies have releveled 

that SCFAs have a stimulatory effect on epithelial cell proliferation in the large intestine 

in rats (Sakata and Von Engelhardt 1983, Ichikawa, Shineha et al. 2002), their potential 

directly contributions to liver regeneration still need to be further investigated.  

Accordingly, we queried how the SCFAs content changes in the mouse colon after 

antibiotic treatment. As determined by GC-MS/MS, we found that nearly the entire 

SCFAs content in the mouse colon was significantly decreased compared with the 

control group at early timepoints after PHx (Josef Ecker, ZIEL-Institute for Food and 

Health, Technische Universität München, personal communication).  

Phospholipids are the main fundamental component of the cell membrane, PC 

(phosphatidylcholine) represents about half of the membrane phospholipid content 

(Esko and Raetz 1980, Sharma, Ghosh et al. 2017). Cell membrane growth occurs 

throughout much of the cell cycle and is an indispensable part of cell proliferation (Tzur, 

Kafri et al. 2009, McCusker and Kellogg 2012). Therefore, we also measured the PC 

level with labelled D9-choline between the antibiotic-treated and control groups. We 

found that newly synthesized PC was significantly reduced in antibiotic-treated group 
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compared to the control group (Josef Ecker, ZIEL-Institute for Food and Health, 

Technische Universität München, personal communication).  

As the most abundant constituent of cell membranes, PC is an important support 

nutrient for all known cell types, including hepatocytes (Alberts, Johnson et al. 2002). 

The wide range of liver functions, as well as its capacity for ongoing renewal, depends 

on its ability to make new cell membranes, which are on average 65% PC (Kidd 1996). 

Taken together, we drew the conclusion that antibiotic administration impaired liver 

regeneration indirectly by affecting the content of SCFAs and newly synthesised PC.  

5.4 The effect of antibiotic administration on fatty acid metabolism enzymes and 

the influence of SCD1 on hepatoma cell proliferation in vitro 

To our knowledge, the structure of PC (phosphatidylcholine) consists of a choline head 

group, a glycerophosphoric acid, and two fatty acids which include one saturated fatty 

acid and one unsaturated fatty acid. As the key enzymes required for fatty acid 

metabolism, FASN (fatty acid synthase), SCD1, and ELOVL6 (elongation of very long 

chain fatty acids protein 6) play vital roles in the biosynthesis process of saturated fatty 

acids and unsaturated fatty acids in mammals (Guillou, Zadravec et al. 2010). Hence, 

we hypothesised that antibiotic treatment affects the level of these enzymes in the 

mouse liver. 

To test our conjecture, we assessed the mRNA levels of FASN, ELOVL6, and SCD1, 

as well as the protein expression of SCD1. The results showed that, except for FASN 

and ELOVl6, the mRNA level and the protein expression of SCD1, were dramatically 

decreased in antibiotic-treated mice at early timepoints after PHx compared to control 

group mice. Taken together, these results suggest that antibiotic administration impairs 

mouse liver regeneration indirectly through an effect on SCD1 level (Anna Sichler, AG 

Janssen, Department of Surgery, Technische Universität München, personal 

communication).  
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As a key enzyme in fatty acid metabolism, SCD1 has been found to play important 

roles in a variety of digestive system cancers, including liver cancer. For example, some 

findings show that SCD1 promotes metastasis of colorectal cancer cells through 

monounsaturated fatty acids production and suppressing PTEN (phosphatase and tensin 

homolog) in response to glucose (Ran, Zhu et al. 2018) and promotes gastric cancer 

stem cell stemness through the Hippo/YAP (Yes-associated protein) pathway (Gao, Li 

et al. 2020). Huang et al. found that inhibition of SCD1 impairs cell proliferation and 

triggers autophagy-induced apoptosis in human HCC cells via AMPK (AMP-activated 

protein kinase) activation (Huang, Jiang et al. 2015). Consistently, we also confirmed 

the essential function of SCD1 for human hepatoma HepG2 cell proliferation in vitro 

in our study. Although we also performed SCD-siRNA transfection assays in the mouse 

hepatocyte cell line AML-12, there was no difference between the experimental and 

control groups regarding the expression of cell proliferation markers (data not shown). 

Given that little research has been done in this area, more investigations are needed in 

the future. 

5.5 The relationship between SCD1 and liver regeneration in patients 

Hepatectomy has developed as an effective oncologic treatment for many primary liver 

malignancies and metastatic liver tumours. If possible, hepatectomy could provide the 

best survival outcome in many clinical situations. However, many patients with primary 

hepatocellular carcinoma require extensive hepatic resection due to the large size of the 

tumour adjacent to important vascular structures, resulting in an insufficient volume of 

the remaining liver for radical first-stage resection. The generally accepted safe 

minimum FLR (future liver remnant) threshold for hepatectomy in patients varies as 

20% for a normal liver, 30% for a chemotherapy-related injured liver, and 40% for a 

cirrhotic liver (Abdalla, Adam et al. 2006, Ribero, Chun et al. 2008). Thus, ensuring 

adequate FLR is one of the key factors in determining liver tumour resection; the main 

methods currently used to increase FLR volume include associated liver partition and 
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portal vein ligation for staged hepatectomy (ALPPS) and portal vein embolization 

(PVE). 

The PVE technique uses percutaneous puncture to apply a steel coil or embolic agent 

to embolize the affected portal vein and induce hyperplasia in healthy liver tissue; 

normally, it needs about four to six weeks to achieve sufficient FLR, while ALPPS 

allows the healthy liver to receive adequate portal venous blood flow and nutrients by 

blocking the portal trunk of the affected liver and the traffic branches of the healthy 

liver origin. Comparatively, the short interval between ALLPS procedures (about one 

to two weeks after surgery) minimises the risk of tumour progression and results in a 

higher tumour resection rate than PVE, but PVE is less invasive (Schadde, Ardiles et 

al. 2014, Lau, Lai et al. 2017).  

Therefore, for primary hepatocellular carcinoma patients with insufficient FLR, 

appropriate methods to increase FLR volume should be selected in consideration of the 

patient’s age, tumour and organ function. For example, one study recommended that 

ALPPS be reserved for FLR/ESLV (estimated standard liver volume) <30% and PVE 

for FLR/ESLV 30% to 40% (Chan, Zhang et al. 2021). 

To evaluate post-hepatectomy liver regeneration in patients, many studies on the 

predictors of liver regeneration have also been conducted during PVE or ALPPS 

procedure. For example, Sparrelid et al. sampled plasma at six time points and collected 

liver lobe biopsies at both stages of ALPPS from 10 patients with colorectal liver 

metastases treated with neoadjuvant chemotherapy and ALPPS. They measured the 

levels of several mediators such as IL-6, HGF (hepatocyte growth factor), TNF-α, EGF 

(epidermal growth factor), and VEGF (vascular endothelial growth factor) in plasma at 

each time point and detected the expression of mRNA for markers of proliferation and 

apoptosis in biopsies from the left and right lobes taken at both stages. Through 

regression analysis, they found that IL-6 and HGF seem to be early mediators of 

hypertrophy after stage 1 of the ALPPS procedure. Moreover, the peak HGF plasma 
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level correlated with the degree of FLR growth in patients subjected to ALPPS 

(Sparrelid, Johansson et al. 2018).  

Similarly, Hoekstra et al. also found that serum bile salts and TG (triglyceride) at 5 h 

after PVE positively correlated with an increase in FLR volume. Following liver 

surgery, serum TG levels at 5 h and 1 day after resection were associated with liver 

remnant volume after three months (Hoekstra, van Lienden et al. 2012). Hayashi et al. 

further confirmed that the increase of the serum bile acid level in patients on day 3 after 

PVE is a useful predictor of effective hypertrophy of the non-embolized lobe (Hayashi, 

Beppu et al. 2009). 

Therefore, we queried whether the lipid metabolism enzymes involved in our study are 

correlated with liver regeneration in patients following surgery. Accordingly, we 

selected three patients who underwent treatment ALPPS to achieve sufficient FLR 

before liver resection. Consistent with above studies, we extracted small pieces of the 

hypotrophy and the hypertrophy of liver tissue directly and compared the expression of 

SCD1 respectively.  

In combination with the assessment of liver regeneration volumetry after ALPPS 

intervention in three patients, as we hypothesised, we found that the expression of 

SCD1 was higher in the patient who had the highest regeneration index in the liver after 

intervention. Although there was not a significant difference due to the limited number 

of cases, it is still a promising tendency and could eventually leads to a new treatment 

strategy in clinical application. Further studies are indicated, with a larger number of 

patients.  

In conclusion, this antibiotic-treated mouse liver resection model could provide a 

reference for the rational use of antibiotics in the perioperative period for clinical liver 

surgery patients if necessary. 
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6 SUMMARY 

In this study, using an experimental antibiotic-treated mouse model, we found that liver 

regeneration was severely impaired and the survival rate was decreased in antibiotic-

treated mice after partial hepatectomy due to the dysbiosis of gut microbiota. 

Furthermore, compared with control mice, the expression of various cell cycle 

regulators was also significantly decreased in antibiotic-treated mice at most timepoints 

after partial hepatectomy. In the end, building on the results of our colleagues, the 

promoting influence of SCD1 on hepatoma cell proliferation was confirmed by an in 

vitro assay. Importantly, the relationship between SCD1 and liver regeneration in 

patients was also investigated.  

In summary, our study established a mouse model of partial hepatectomy with antibiotic 

treatment to investigate the effect of the gut microbiota on liver regeneration. The 

results revealed that perioperative antibiotic therapy affects the balance of commensal 

bacteria and could impair liver regeneration. This may lead to a new strategy regarding 

the use of antibiotics in patients around the time of liver surgery. Furthermore, we also 

found that SCD1 could be a predictor of liver regeneration in patients. 
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7 ABBREVIATIONS 

ALPPS Associating liver partition and portal vein ligation for staged 

hepatectomy 

AMPK AMP-activated protein kinase 

BAs Bile acids 

CT Computed Tomography 

E2f E2 factor 

EGF Epidermal growth factor 

ELOVL6 Elongation of very long chain fatty acids protein 6 

ESLV Estimated standard liver volume 

FASN Fatty acid synthase 

FLR Future liver remnant  

GC-MS/MS Gas Chromatography-Tandem Mass Spectrometry 

HCC Hepatocellular carcinoma 

HGF Hepatocyte growth factor 

Hippo/YAP Hippo/Yes-associated protein 

IgA Immunoglobulin A 

IHC Immunohistochemistry 

IL-6 Interleukin-6 

LPS Lipopolysaccharides 

LR Liver regeneration 

MAMPs Microbial-associated molecular patterns 
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MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide 

PC Phosphatidylcholine 

PDK1 Phosphoinositide-dependent kinase-1 

PHx Partial hepatectomy 

PPARs Peroxisome proliferator-activated receptors 

PTEN Phosphatase and tensin homolog 

PVE Portal vein embolization 

SCFAs Short-chain fatty acids 

SCD1 Stearoyl-CoA desaturase1 

TG Triglyceride 

TGF-β Transforming growth factor beta 

TMA Trimethylamine 

TMAO Trimethylamine N-oxide 

TNF-α Tumour necrosis factor alpha 

TLR4 Toll-like receptors 4 

VEGF Vascular endothelial growth factor 

VLDL Very low-density lipoprotein 
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