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Tiivistelmä: 

Alkoholista riippumaton rasvamaksa (NAFLD) on maailman yleisin maksasairaus ja saattaa johtaa kirroosin 
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molekyylit saattavat vaikuttaa maksaan välillisesti rasvakudoksen kautta toll-like reseptorien (TLR) 

signaalireittejä aktivoiden. Tässä tutkimuksessa selvitettiin FLG:n ja LPS:n rasvasoluvälitteisiä vaikutuksia 

HepG2-hepatoomasoluihin. Hypoteesina oli, että FLG ja LPS lisäisivät HepG2 soluissa rasvan kerääntymistä, 

insuliiniresistenssiä ja tulehdusta, joita mitattiin kvantitatiivisella PCR:llä sekä western blotilla. Tulokset 
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Abstract:  

Non-alcoholic fatty liver disease (NAFLD) is the most common liver disease in the world, and may lead to 

development of cirrhosis or hepatocellular carcinoma. Lately the role of molecules from gut-derived bacteria, 

like flagellin (FLG) and lipopolysaccharides (LPS) in development of NAFLD has been recognized. These 

molecules could affect the liver indirectly through activation of adipose tissue toll-like receptor (TLR) 

pathways. In this study the potential adipocyte mediated effects of FLG and LPS on HepG2 hepatoma cells 

were explored. The hypothesis was that FLG and LPS would increase HepG2 fat accumulation, insulin 

resistance and inflammation measured with quantitative realtime PCR (qPCR) and western blot. According to 

the results especially adipocyte mediated FLG could have a role in fatty liver development.  
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1.  INTRODUCTION 

1.1.  Obesity and non-alcoholic fatty liver disease 

Non-alcoholic fatty liver disease (NAFLD) is the most common liver disease in the 

world. According to studies conducted around the world its prevalence ranges from 6 to 35 

% in the general population (for review see Vernon et al., 2011). NAFLD is notably more 

common in obese patients, as almost 90 % of patients going through bariatric surgery were 

diagnosed to have NAFLD (Mottin et al., 2005, Adams et al., 2009). As urbanization 

continues and people adopt the more sedentary city lifestyle, the obesity epidemic is going 

to keep growing and become a more common cause of premature mortality. In the year 2000, 

the number of overweight exceeded the number of underweight people for the first time in 

human history in year 2000 (Gardner and Halweil, 2000). Because of this ongoing 

development, it is important to understand the mechanisms behind the metabolic syndrome, 

and diseases linked to it, including NAFLD. 

The term NAFLD covers a spectrum of stages of fatty liver from simple steatosis 

to steatohepatitis (NASH), fibrosis, and cirrhosis (Cortez-Pinto and Camilo, 2004). For the 

diagnosis of NAFLD it is required for the patient to not have hepatic viral infections or 

history of alcohol abuse (Cortez-Pinto and Camilo, 2004). However, even if the patient does 

consume excessive amounts of alcohol, the possibility that the steatosis would be of non-

alcoholic origin cannot be excluded, which makes the definition problematic. The exact 

relationship between NASH and steatosis is still not completely clear, as inflammation has 

been proposed to in some cases precede steatosis and vice versa (for review see Tilg and 

Moschen, 2010). 

Approximately 10-20 % of the cases NAFLD never progress further from the 

simple steatosis stage (for review see Tilg and Moschen, 2010). NASH is considered to be 

the progressive form of NAFLD and it increases the probability of liver-based mortality due 

to the development of cirrhosis or carcinoma. According to the “two hit theory” hepatic fat 

accumulation, i.e. simple steatosis, is the first hit which predisposes the liver to further 

damage caused by reactive oxygen species (ROS) and inflammation (Day and James, 1998). 

However, more recent findings support multiple parallel rather than two consecutive hits as 
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a mechanism of development of liver inflammation (for review see Tilg and Moschen, 2010). 

Tilg and Moschen suggest that gut and adipose tissue derived factors could contribute to fat 

accumulation and inflammation, with genetic factors also playing a role. 

Patients with NAFLD have been shown to have an increased change of developing 

type 2 diabetes (Adams et al., 2009). Type 2 diabetes is characterized by insulin resistance, 

which is also associated with NAFLD. Adams et al. suggested that obesity is the causal factor 

for development of NAFLD, which would increase risk for developing type 2 diabetes. 

Hepatic insulin resistance is present in NAFLD, and the understanding the molecular 

mechanisms behind NAFLD development could therefore also help to understand the 

development of type 2 diabetes (Gastaldelli et al., 2007). 

1.2.  Adipose tissue inflammation and gut microbiota in NAFLD 

Adipose tissue is not just an inert fat storage, but also an important endocrine organ. 

Adipose tissue secretes adipocytokines, which are important in maintaining metabolic 

homeostasis and regulating inflammation (for review see Cao, 2014). For instance, leptin 

identified in 1994 has an important role in appetite and energy balance regulation (Zhang et 

al., 1994). Many important adipocytokines have been discovered afterwards. Tumor necrosis 

factor alpha (TNFα) is in adipose tissue mostly secreted by macrophages, and has an 

important role in the development of insulin resistance development (Hotamisligil et al., 

1994). TNFα also induces free fatty acid (FFA) release from adipocytes, and FFAs in turn 

induce further TNFα release from macrophages (Nguyen et al., 2005, Wang et al., 2008). 

This feedback loop can contribute to the chronic inflammation observed in obesity. The 

increase in circulating FFAs in obesity affect other organs as well, including liver. In obesity 

cases, the macrophages of the adipose tissue exhibit inflammation promoting phenotype and 

release more inflammation promoting hormones and ROS (Lumeng et al., 2007).  

Multiple factors have shown to cause chronic adipose tissue inflammation in 

obesity. Increased food intake increases the influx of nutrients into the adipose tissue and 

challenges its storage capacity. Obesity is associated with increased adipose tissue 

endoplasmic reticulum stress, which can be activated by lipids, nutrient deprivation or 

increase protein synthesis (Ozcan et al., 2004). In obesity, the influx of lipids is increased 
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and can overload the storage capacity of the adipose tissue. Endoplasmic reticulum stress 

activates unfolded protein response, which is linked to inflammation pathways (for review 

see Lee and Ozcan, 2014). Hypoxia is observed in obese adipose tissue, and it has been 

shown to cause a decrease in capillary density and blood flow into the tissue (Bolinder et al., 

2000; Pasarica et al., 2009). Hypoxia in adipose tissue can cause the polarity shift of 

macrophages from anti-inflammatory M2 type into pro-inflammatory M1 type (Fujisaka et 

al., 2013). However, adipocytes themselves also contribute to inflammation. Adipocytes are 

very similar to macrophages, with preadipocytes having phagocytotic capabilities and ability 

to develop into macrophage-like cells (Charriere et al., 2003). Many immune system related 

pathways active in macrophages are also active in adipocytes (For review see Wellen and 

Hotamisligil, 2003). 

Molecules derived from gut microbiota contribute to inflammation observed in 

obesity. The human gut hosts a microbiota of 10 – 100 trillion microbes with a combined 

genomic capacity hundred times our own (Gill et al., 2006; Turnbaugh et al., 2007). Our gut 

microbiota increases the efficiency of energy harvest from the diet and affects the 

development and balance of immune system (Gill et al., 2006). However, it is important that 

the gut microbes do not have access to the blood circulation and other sterile areas of the 

body. In obese individuals, the gut barrier is often compromised and microbes or microbe-

derived molecules can escape from the gut (Miele et al., 2009). Lipopolysaccharides (LPS) 

are components of the cell walls of Gram-negative bacteria, and they have been associated 

with development of NASH (Ruiz et al., 2007). Another bacterial surface molecule, flagellin 

(FLG), has also been associated to obesity. FLG is a structural protein of a bacterial motility 

organ flagellum. Obese individuals have more flagellated Clostridium cluster bacteria and 

increased FLG-activated signaling in adipose tissue (Pekkala et al., 2015a).  

1.3.  Toll-like receptors 

Structures like FLG and LPS, found in infectious agents but not the host, are 

recognized as pathogen associated molecular patterns (PAMP) by the innate immune system 

(Poltorak et al., 1998; Hayashi et al., 2001). The requirement of PAMPs in the form of 

adjuvants when inducing an adaptive immune response, led to the conclusion that there had 
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to be pattern recognition receptors (PRR) for PAMPs (Janeway et al., 1989). The first PRRs 

identified were Toll-like receptors (TLR), named after their Drosophila homolog toll. The 

Toll gene in Drosophila was discovered to have a role in the defense against fungal infections 

and sequence similarity with human interleukin receptor 1 (Gay and Keith, 1991; Lemaitre 

et al., 1996). The first discovered human toll homologue was TLR4, which was discovered 

to recognize LPS, a component of cell walls of Gram-negative bacteria (Poltorak et al., 

1998). Since then 13 mammalian TLRs have been discovered, ten of which have been shown 

to be present in humans (for review see Jimenez-Dalmaroni et a., 2016). All known human 

TLRs and their ligands are presented in Figure 1.  

 

Figure 1. The human TLRs, their ligands and cellular localization. Generally, the TLRs involved in recognition 

of foreign nuclear acids are intracellular, and other TLRs are present on the cell surface, but can also be 

internalized. Picture modified from Jimenez-Dalmaroni et al., 2016. The ligand for TLR10 is considered to be 

unknown, but it has been recognized to respond to Listeria monocytogenes infection and (Regan et al., 2013). 

 

TLRs are single pass transmembrane glycoproteins, which bind to their ligands as 

either homo- or heterodimers (for review see Jimenez-Dalmaroni et al., 2016). The ligand 

binds to the leucine-rich repeat ectodomain in the N-terminal, and the cytoplasmic C-

terminal has a toll-interleukin 1 receptor (TIR) domain for signal transduction (Bell et al., 
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2003; Xu et al., 2000). In mammals, the TIR domain is known to interact with five TIR-

domain containing adaptor proteins, MyD88, TRIF, MAL (aka. TIRAP), TRAM and SARM 

(Medzhitov et al., 1998; Fitzgerald et al., 2001; Yamamoto et al., 2002; Fitzgerald et al., 

2003; Carty et al., 2006). The adaptors mediate the signal eventually resulting in activation 

of different transcription factors, including NF-κB and CREB, which initiate transcription 

of various pro-inflammatory cytokines and interferons (for review see O’Neill et al., 2013). 

The role of some TLRs and other PRRs in chronic inflammation in obesity has been 

recognized. Mice with inhibited TLR2 and TLR4 signaling are protected against insulin 

resistance induced by high caloric diet (Shi et al., 2006; Caricilli et al., 2008). Inflammation 

is an energy intensive process, which requires concurrent redirection of resources in expense 

of other non-vital processes. Inflammation of adipose tissue has been shown to increase 

secretion of glycerol and ROS possibly through TLR5-mediated pathways (Pekkala et al., 

2015a). As the inflammation of the adipose tissue promotes catabolic functions, due to 

increased cytokine signaling and precursor availability, more lipids are released into the 

circulation forcing other organs like liver to adapt as well. 

2.  AIMS OF THE STUDY 

The study was conducted to explore the potential of adipocyte mediated effects of 

the gut bacteria-derived molecules LPS and FLG on hepatocytes. The hypothesis was, that 

especially adipocyte TLR5 activation would increase hepatic insulin resistance, fat 

accumulation and inflammation, which could be detected in transcription and 

phosphorylation levels of various proteins involved in the processes. 

3.  MATERIALS AND METHODS 

3.1.  Cell culture 

SGBS preadipocyte cells were cultivated in DMEM/F12 containing 10 % FBS 

(Invitrogen), 0.33 μM biotin (Sigma-Aldrich) 0.17 μM panthotenat (Sigma-Aldrich) and 

penicillin/streptomycin (Invitrogen). The cells were subcultured near confluent by removing 

the medium, washing the cells with PBS (Invitrogen), and detaching cells from the culturing 
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bottles with trypsin (0.05 %, 5 min, 37 °C, 5 % CO2). The trypsin activity was stopped with 

DMEM containing FBS. The cells were pelleted (7 min, 100xg), the supernatant was 

removed and the cells resuspended to new medium. The cells were counted using ScepterTM 

Handheld automated cell counter (Millipore) and the required number of cells were moved 

to new 75 cm2 flasks containing 20 ml medium. 

HepG2 hepatoma cells were grown in DMEM with glutamax, 100 U/ml penicillin, 

100 streptomycin, 1x natriumpyruvate and 10 % FBS (all from Invitrogen). For subculturing 

the medium was removed and the cells were washed with PBS. The cells were detached from 

the bottles with trypsin (0.05 %, 5 min, 37 °C, 5 % CO2) and trypsin was inactivated by 

adding medium. The cells were counted and transferred to new 75 cm2 flasks. 

The preadipocyte SGBS cells were differentiated into mature adipocytes with 

DMEM/F12 medium containing 0.01 mg/ml transferrin, 20 nM insulin, 100 nM cortisol, 0.2 

nM triiodothyronine, 25 nM dexamethasone, 250 μM IBMX and 2 μM rosiglitazone for four 

days (all from Sigma Aldrich). After that the cells were grown for 10 days in DMEM/F12 

supplemented with 0.33 μM biotin, 0.17 μM pantheonat, 0.01 mg/ml transferrin, 20 nM 

insulin, 100 nM cortisol and 0.2 nM triiodothyronine.  

For the experiments, adipocytes were exposed to 10 ng/ml FLG (Invivogen) or 100 

ng/ml LPS (Sigma-Aldrich) in medium containing transferrin (0.1 mg/ml), insulin and T3 

(24h, 37 °C, 5 % CO2). To study the adipocyte mediated effects on hepatocytes, the medium 

was collected and applied to HepG2 cells. For RNA extraction the HepG2 cells were treated 

with SGBS medium for 1h, 4h and 24h (37 °C, 5 % CO2). For protein extraction, the cells 

were exposed for 30 min in addition to the other exposure times. 

3.2.  RNA extraction 

In order to extract the total RNA, the treatment medium was removed from the 

plates and replaced cold PBS. The PBS was removed and the cells incubated with 500 μl of 

Tri-reagent (Ambion, 5 min, RT). The cells were scraped from the plates and removed 

suspended in the Tri-reagent. Chloroform was added and the tube was shaken for 15 s, and 

incubated for 8 min at RT. The homogenate was centrifuged (12.000xg, 15 min, 4 °C) and 

250 μl isopropanol was added to the aqueous phase. The suspension was shaken for 10 s and 
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incubated for 8 min at RT. After centrifugation (12.000xg, 8 min, 4 °C) the supernatant was 

removed. 0.5 ml of 75 % ethanol was added on the RNA pellet and centrifuged (7.500xg, 5 

min 4 °C). The supernatant was removed carefully and the pellet was air-dried for 5 min and 

suspended in 30 μl of RNAse free water. The RNA concentration was measured with 

NanoDrop spectrophotometer. 

3.3.  Quantitative realtime PCR (qPCR) 

cDNA synthesis was performed with High-Capacity cDNA Reverse Transcriptase 

Kit (Applied Biosystems, Foster City, California, USA). The reverse transcription reaction 

mix contained 2 μl 10x RT Buffer, 0.8 μl 25x dNTP mix, 2 μl 10x RT Random Primers, 1 μl 

MultiScribe Reverse Transcriptase (50 U/µl), 4.2 μl RNase free water and 1μg of RNA in 10 

μl (total reaction volume 20 μl). The reverse transcription reaction was run in Eppendorf 

thermal cycler 10 min at 25 °C, 2 h at 37 °C, 5 min at 85 °C, and kept at 4 °C. 

For qPCR the RNA samples were diluted 1:40 or 1:10 depending on the primers 

used (Table) The reactions had 1x IQTM SYBR® Green Supermix (2x, Bio-Rad), 1.25 μl of 

both primers, 5 μl of the diluted sample and 5 μl of water. The qPCR reactions were carried 

out with Bio-Rad CFXTM Real Time System with C1000 TouchTM Thermal cycler using the 

following program: 10 min at 95 °C, 40 x 10 s at 95 °C, 30 s at x °C (depending on the gene, 

see Table 1), 30 s at 72 °C and the melt curve 5 s at 65 °C. The mRNA expressions were 

normalized to β-actin and the fold changes in respect to control were calculated with ΔΔCt 

method. The relative mRNA levels of the controls were set to 1.  

 Tm Sample 

dilution 

 

SCD1 56 1:40 fwd:5’TGCAGGACGATATCTCTAGC’3 

rev:5'ACGATGAGCTCCTGCTGTTA’3 

PEPCK 56 1:40 fwd:5'AGCCTCTTCCACCTGGTGTT’3 

rev:5'AATCGAGAGTTGGGATGTGC,3 

PNPLA3 49 1:40 fwd:5’CTGTACCCTGCCTGTGGAAT’3 

rev:5’TCGAGTGAACACCTGTGAGG’3 

CS 49 1:10 fwd:5’GAGCAGGGTAAAGCCAAGAAT’3 

rev:5’CCCAAACAGGACCGTGTAGT’3 
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NFkappaB 51 1:40 fwd:5’ATGGCTTCTATGAGGCTGAG’3 

rev:5’CACAGCATTCAGGTCGTAGT’3 

Fasn 59 1:10 fwd:5’TATGCTTCTTCGTGCAGCAGTT’3 

rev:5’GCTGCCACACGCTCCTCTAG’3 

MMP9 61 1:10 fwd:5’GAGTGGCAGGGGGAAGATGC’3 

rev:5’CCTCAGGGCACTGCAGGATG’3 

IRS1 60 1:10 fwd:5’TATGCCAGCATCAGTTTCCA’3 

rev:5'GGATTTGCTGAGGTCATTTAGG’3 

β-actin 56 1:40 fwd:5’AGAGCTAGCTGCCTGAC’3 

rev: 5’GGATGCCACAGGACTCCA’3 

Table 1: The primers used for qPCR used to study the transcription levels in response to SGBS-adipocyte -

mediated FLG and LPS treatments in HepG2 hepatoma cells.  

3.4.  Western Blot 

For the protein extraction, the SGBS medium -treated HepG2 cultures were placed 

on ice, medium removed and the cells washed twice with PBS. For the removal of cells 100 

μl of lysis buffer consisting of 10 mM Tris, 150 mM NaCl, 2 mM EDTA, 1 % Triton-X-100, 

10 % glycerol and protease and phosphatase inhibitors (Thermo Scientific) was pipetted on 

each plate. The cells were scraped from the plate and moved to Eppendorf tubes and 

incubated on ice for 30 min. The cells were twice frozen in liquid nitrogen and thawed at 37 

°C. The tubes were removed from the heat block immediately when thawed. The samples 

were centrifuged for 10 min at 13.000 rpm in 4 °C. The supernatant was removed and stored 

at -80 °C. The protein concentrations were measured with MultiskanTM GO microplate 

spectrophotometer (Thermo Scientific) using PierceTM BCA Protein Assay Kit (Thermo 

Scientific) according to the manufacturer’s instructions. 

Protein samples of 15-30 μg were used for the western blot. The samples were filled 

to 25 μl with water and mixed with loading buffer (1X). TGXTM precast gels with 5-20 % 

(Biorad) gradient were used. The gels were run in running buffer at 250V until the dye front 

was close to the edge of the gel (about 40 min). The proteins were transferred to a membrane 

at 300 mA for 2.5 h. The secondary antibodies used were phosphorylated Akt substrate of 

160 kDa (AS160) (Thr642), ERK1/2 (Thr202/Tyr204), Akt (Ser473), mechanistic target of 

rapamycin (mTOR) (Ser2448), and eukaryotic translation initiation factor 4E-binding 

protein 1 (4E-BP1) (Thr37/46), all from Cell Signaling technology. The membranes were 
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imaged using Odyssey CLX imaging system (LI-COR-Biosystems). The bands were 

quantified using Image Studio, which is the manufacturer’s software. The intensities of the 

phosphorylated bands were normalized to the intensity of housekeeping protein GAPDH.  

3.5.  Oil Red staining 

The effect of the conditioned adipocyte medium on HepG2 hepatoma cell lipid 

content was studied with Oil Red O -staining (Sigma Aldrich). HepG2 cells were grown on 

12-well culture plate and exposed to either LPS or FLG -treated adipocyte medium for 24 h. 

The cells were fixed with 10 % formalin (10 min, RT and 1 h, 4 °C) and dried. Oil red 

working solution (Oil Red O 2.1 g/l, isopropanol 60 v/v%)(500 μl) was added to the wells 

(10 min, RT). The cells were washed three times with H2O, dried and incubated in 

isopropanol (100 %, 250 μl, 10 min, RT). Absorbance at 550 nm was measured with 

MultiskanTM GO microplate spectrophotometer (Thermo Scientific). 

3.6.  Immunofluorescence 

The effect of FLG on adipocyte lipid droplets was studied with 

immunofluorescence microscopy. SGBS-cells were grown and differentiated on cover slips 

for two weeks as described above. The cells were exposed to 10 ng/ml FLG for 3 h. The 

cells were fixed with 4 % PFA for 15 min, washed with PBS (2 x 5 min), treated with 0.5 % 

Triton X-100 (in PBS) for 5 min and then washed again with PBS (2 x 5 min). The cells 

were blocked with 5 % donkey serum (Sigma Aldrich) for 1 h and incubated at 4 °C O/N 

with primary antibodies against TLR5 (rabbit polyclonal, Pierce, Appleton, WI, USA 1:50 

in 1 % donkey serum) and perilipin (mouse monoclonal, Progen, Heidelberg, Germany 1:500 

in 1 % donkey serum). The secondary antibodies used were donkey anti-rabbit 488 

(Invitrogen) and donkey anti-mouse 555 (Alexa Fluor). To visualize the nuclei the cells were 

stained with DAPI. An inverted wide field microscope (Carl Zeiss) with confocal unit and 

40x oil immersion 1.4 N.A objective (Carl Zeiss) was used to image the cells. Images were 

taken by Dr. Paavo Rahkila. 
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3.7.  Statistical analysis 

The HepG2 western blot and qPCR data was analyzed with IBM SPSS statistics 

using one-way ANOVA and Bonferrini as post hoc. The statistical significance of the 

differences in SGBS medium exposed HepG2 lipid content was analyzed using Kruskal-

Wallis. The significance level was determined to be at p < 0.05. 

4.  RESULTS 

4.1.  Insulin signaling 

The medium from LPS treated adipocytes did not have any statistically significant 

effect on HepG2 cell insulin signaling (Figure 2). However, exposure to the FLG treated 

adipocyte medium lowered Akt phosphorylation at 30 min (p = 0.017) and 4 h (p = 0.035) 

(Figure 4A) and decreased IRS1 expression at 24 h (p = 0.002) (Figure 2B). Based on the 

results, FLG conditioned media decreased insulin signaling, whereas LPS-conditioned 

media did not.  

 

4.2.  Glucose metabolism 

Adipocyte mediated LPS treatment appeared to increase the glucose intake and 

metabolism, whereas FLG treatment showed moderate downregulation of glucose 

Figure 2. The effect of adipocyte mediated FLG and LPS treatments on Akt phosphorylation (A) and IRS1 

expression (B) in HepG2 cells. 
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metabolism. The western blot analysis showed an increase in AS160 phosphorylation at 1, 4 

and 24 h in response to adipocyte-mediated LPS treatment (Figure 3A). The qPCR results 

for PEPCK showed increased expression at 4 h due to the indirect LPS treatment (p 0.000) 

(Figure 3B). At 24 h the PEPCK expression was downregulated in response to both 

adipocyte-mediated FLG and LPS treatments (p = 0.003 and 0.041 respectively).  

 

4.3.  Fatty acid metabolism 

Based on the Oil Red staining the indirect FLG but not LPS treatment increased the lipid 

content of HepG2 -cells (Figure 4D). The expressions of stearoyl-CoA desaturase-1 (SCD1) 

(p = 0.015 for FLG and 0.000 for LPS), fatty acid synthase (FASN) (p = 0.040 for FLG and 

0.004 for LPS) and patatin-like phospholipase domain-containing protein 3 (PNPLA3) (p = 

0.027 for FLG and 0.021 for LPS) mRNA were decreased at 24 h in response to all treatments 

(Figure 4A-C). Adipocyte mediated FLG increased short term SCD1 and FASN expression 

(p = 0.000 for both), whereas LPS only decreased them (p = 0.006 for 1 h and 0.000 for 4 h 

SCD1, and 0.043 for 1 h and 0.000 for 4 h FASN) (Figure 4A and D). However, PNPLA3 

expression was increased by indirect LPS but not FLG (p = 0.002) (Figure 4B). 

 

Figure 3: AS160 phosphorylation (A) and PEPCK mRNA fold changes (B) in HepG2 cells in response to the 

adipocyte mediated FLG and LPS -treatments. 
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The confocal microscopy images revealed degradation of the lipid droplets as a 

result of adipocyte mediated FLG treatments, indicating release of lipids as a result of FLG 

treatment from adipocytes (Figure 5).  

Figure 4: FASN (A), PNPLA3 (B), and SCD1 (C) mRNA fold changes in HepG2 cells in response to the 

adipocyte mediated LPS and FLG treatments. 

Figure 5. Immunofluorescence images of untreated (left) and FLG treated (right) SGBS-adipocytes. Nuclei 

are labeled with blue (DAPI), TLR5 with green and perilipin indicating lipid droplets with red. 
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4.4.  Phosphorylation of intracellular signaling proteins  

According to the western blot results, the mTOR phosphorylation was significantly 

decreased at 24 h (p = 0.014) and 4EBP1 phosphorylation at 30 min (p = 0.030 (Figure 6A 

and B) due to the adipocyte mediated LPS treatment. ERK phosphorylation was increased 

with 30 min indirect FLG treatment (p = 0.009) (Figure 6C). 

 

4.5.  Inflammatory response and mitochondrial activity  

The citrate synthase (CS) transcription in HepG2 cells was shown to be increased 

in response to adipocyte mediated FLG treatment at 1 hour (p = 0.002) (Figure 7A). 

However, both the indirect LPS and FLG treatments decreased the expression at 24 h (p = 

0.002 and p = 0.015 respectively). NFκB expression was decreased in response to 1 h (p = 

0.018) and 4 h (p = 0.006) adipocyte mediated LPS treatment (Figure 7B). The indirect FLG 

Figure 6: mTOR (A), 4EBP1 (B) and ERK (C) phosphorylation in HepG2 cells in response to the adipocyte 

mediated FLG and LPS -treatments. 



21 

treatment also showed a decrease in NfκB expression at 4 h (p = 0.024). However, the 24-

hour exposure to FLG stimulated adipocyte medium increased the NfκB expression in 

HepG2 cells (p = 0.001). MMP9 expression was increased at 4 h (p = 0.002) in response to 

indirect FLG treatment but then again decreased at 24 h due to both FLG and LPS (p = 0.006 

and p = 0.013 respectively) (Figure 7C). 

 

5.  DISCUSSION 

5.1.  Glucose metabolism and insulin resistance 

Insulin has an important role in liver metabolism inducing glucose transport into 

cells, stimulating glucose storage as glycogen, and suppressing de novo gluconeogenesis and 

glycogenolysis i.e. the breaking down of glycogen (Shaw et al., 1997; Calera et al., 1998). 

Insulin resistance is known to be associated with liver steatosis and visceral obesity 

Figure 7: CS (A), NFкB (B), and MMP-9 (C) mRNA fold changes in HepG2 cells in response to the adipocyte 

mediated FLG and LPS -treatments 
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(Gastaldelli et al., 2007). According to the results of this study, the signals derived from the 

adipose tissue could play a role in the induction of the hepatic insulin resistance. 

The signaling adapter protein IRS1 interacts directly with insulin receptor and 

mediates the signal through PI3K pathway (Alessi et al., 1997). IRS1 is activated by 

phosphorylation of tyrosine residues by insulin receptor, and it provides a docking site for 

other signaling molecules (Sun et al., 1991). The results indicate that the inflammation in 

adipose tissue could decrease the hepatic IRS1 transcription. A slight but significant decrease 

in IRS1 expression in HepG2 cells was observed with 24 h of exposure to FLG-treated 

adipocyte medium. However, in addition to regulation at the transcriptional level, IRS1 is 

known to be inhibited by serine phosphorylation, and additionally suppressed by ubiquitin 

mediated degradation by suppressors of insulin signaling (SOCS) 1 and 3 (Tanti et al., 1994; 

Rui et al., 2002). SOCS1 and 3 mediate cytokine-induced insulin resistance, which likely 

plays a role in NAFLD. Yet, the transcriptional downregulation likely diminishes the 

intracellular IRS1 pool. 

The tyrosine phosphorylation of IRS1 provides a docking site for PI3 kinase, which 

phosphorylates PIP2 on the inner side of the plasma membrane into PIP3 (Alessi et al., 

1997). PIP3 provides docking sites for Akt and PDK1, and Akt is activated by 

phosphorylation at Thr308 position (Alessi et al., 1996). For the full Akt activation, 

phosphorylation of Ser473 by mTOR -complex 1 is also required (Sarbassov et al., 2005). 

Akt is involved in many cellular processes, including cell motility, survival and growth, 

making it an important proto-oncogene (for review see Vivanco and Sawyers, 2002). In 

metabolism, it mediates the insulin signal to stimulate glucose transport, and suppress of 

gluconeogenesis and glycogenolysis (Shaw et al., 1997; Calera et al., 1998). The results 

indicated decreased Akt activity as a result of indirect exposure to FLG, as Akt Ser473 

phosphorylation was decreased at 30 min and 4 h in response to the treatment. However, 

changes in IRS1 expression were not observed prior to those time points. This could be 

explained by IRS1 being acutely regulated primarily through phosphorylation and through 

transcription in the long term. Unfortunately, Akt Thr308 phosphorylation was not measured 

in this study, as it might have provided information on IRS1 activity in addition to the 

transcription levels measured with qPCR. 
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One of the proteins activated by phosphorylated Akt is AS160, which induces the 

glucose transporter (GLUT) 4 translocation from intracellular vesicles to the plasma 

membrane, thus regulating glucose intake (Kane et al., 2002; Larance et al., 2005). The 

phosphorylation of AS160 was observed to increase with longer than 1 hour indirect LPS, 

but not FLG treatment. Interestingly, increased phosphorylation was observed with indirect 

LPS treatment, which had no effect on Akt phosphorylation. However, in addition to Akt, 

AMP-activated protein kinase (AMPK) phosphorylates AS160 to activate it (Kramer et al., 

2006; Treebak et al., 2006). Unfortunately, in this study the phosphorylation levels of AMPK 

were not determined as they could have been increased in response to the treatments and 

further increased the phosphorylation of AS160. Nevertheless, GLUT4 mediated glucose 

transport is not as important in hepatocytes as in e.g. muscle cells, because the main glucose 

transporter in liver is subtype 2, which is independent of insulin action (Nevado et al., 2006). 

Whether AS160 affects also GLUT2 subcellular localization is currently not known. 

In mammals mTOR is a part of two multimeric protein kinase complexes, which 

are both involved in Akt signaling. One of these is mTORC2, which activates Akt, and the 

other mTORC1, which in turn is activated through phosphorylation of Ser2448 indirectly as 

a result of Akt activation (Chiang and Abraham, 2005; Sarbassov et al., 2005). In this study, 

indirect LPS treatment decreased mTOR Ser2448 phosphorylation in the long term, which 

could indicate lower insulin response. However, mTOR complexes are involved in many 

other signaling pathways, including sensing ATP and amino acid availability. Therefore, the 

decrease could be unrelated to insulin signaling, and as discussed, indirect LPS did not 

decrease primary markers of insulin signaling.  

Insulin regulates protein synthesis on the translational level through activation of 

eIF4E, which binds 5’-cap on mRNA to initiate translation (Pause et al., 1994). eIF4E is 

bound and repressed by 4EBP1, which is inactivated by phosphorylation by mTOR (Brunn 

et l., 1997). For eIF4E release, 4EBP1 needs to be phosphorylated on multiple residues, and 

phosphorylation of Thr37 and 46 is considered to be a priming event for subsequent 

phosphorylation (Gingras et al., 1999). Indirect LPS treatment decreased both mTOR and 

4EBP1 Thr37/46 phosphorylation, although chronologically in the wrong order, as 4EBP1 

phosphorylation was downregulated before mTOR. In muscle cells increased AMPK activity 
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4EBP1 Thr37/46 phosphorylation has been shown to be decreased (Dreyer et al., 2006). 

Dreyer et al. also detected a temporal disconnect between decreased mTOR and 4EBP1 

phosphorylation. In cultured myotubes 4EBP1 phosphorylation can occur in response to 

ERK1/2 independent of mTOR, but in the light of the results of this study, this mechanism 

does not seem to be prevalent in HepG2 cells (Pekkala et al., 2015b). Together with the 

results discussed above showing increased AS160 phosphorylation, this could indicate that 

indirect LPS signaling might increase MAPK signaling in HepG2-cells.   

PEPCK is an enzyme which catalyzes the rate limiting step of gluconeogenesis in 

the liver (Nelson and Cox, 2008). The PEPCK mRNA levels give a good indication of the 

activity of the gluconeogenesis, as the enzymes of gluconeogenesis are primarily regulated 

on the transcriptional level as modules (Nelson and Cox, 2008). Therefore, when PEPCK 

expression is high, other enzymes of gluconeogenesis should be upregulated as well. PEPCK 

transcription is suppressed by insulin and activated by glucagon via cAMP (Sasaki et al., 

1984). In mice LPS has been shown to decrease PEPCK expression in both the adipose tissue 

and the liver (Feingold et al., 2012). According to Feingold et al. TNF/IL signaling is 

required to be functional in order to LPS to decrease the PEPCK expression in the liver, but 

not in the adipose tissue. Therefore, LPS would not impact liver directly, but through 

cytokine signaling. The results of this study show an initial increase in PEPCK expression 

with indirect LPS treatment. However, a 24 h indirect treatment with either FLG or LPS 

appeared to downregulate PEPCK expression. Therefore, the results showed a decrease in 

liver gluconeogenesis, consistent with other studies on the effects of inflammatory stimulus 

on PEPCK expression (Hill and McCallum, 1992; Chang et al., 1996). In humans in vivo, 

visceral adiposity increases gluconeogenesis independently of liver fat content, the important 

factor being an increased FFA influx (Gastaldelli et al., 2007). Possibly the lipids in the LPS-

conditioned adipocyte medium were up taken at 4 h by the HepG2 cells, resulting in 

increased gluconeogenesis and PEPCK transcription in short term only. However, if this was 

the case, the same effect should have been observed also in indirect FLG treatments. 

Nevertheless, the long term decrease in PEPCK expression is consistent with lipid influx 

rather than increased hepatocyte fat content being responsible for increased gluconeogenesis.  
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5.2.  Lipid metabolism 

The adipocyte mediated FLG but not LPS treatment increased hepatocyte fat 

accumulation according to the Oil Red -measurements. Elevated short-term SCD1 and FASN 

expression was observed in response to adipocyte mediated FLG treatment but not LPS 

treatment, supporting the potential role of TLR5 in NAFLD development. In addition, on 

the contrary to what is expected to occur in NAFLD, PNPLA3 expression was acutely 

elevated by indirect LPS treatment and will be discussed below. Nevertheless, all adipocyte 

mediated treatments decreased the expression of all studied genes involved in fatty acid 

metabolism in the long term. Further analysis of the LFG treated SGBS-cells showed that 

70 % of the treated cells had lipid droplet degradation in contrast to only 30 % in the 

untreated cells and that FLG increased glycerol secretion (Munukka et al., 2016). Therefore, 

FLG does increase the release of lipids from adipocytes, which among other factors, could 

then affect the lipid content of the hepatocytes. 

SCD1 catalyzes the rate limiting step in the synthesis of monounsaturated fatty 

acids (Jeffcoat et al., 1979). Contradictory results of the role SCD1 in NAFLD have been 

reported. Increased SCD1 activity has been proposed to be an adaptation to increased FFA 

influx, resulting in benign storage of the lipids in the form of triglycerides (Li et a., 2009, 

Kotronen et al., 2009). Pharmacological or genetic inhibition of SCD1 results in decreased 

steatosis, but increased saturated fatty acid- induced liver damage (Li et al., 2009). This could 

be due to increased diacylglycerol induced insulin resistance through protein kinase C 

(Kotronen et al., 2009). Therefore, SCD1 would first help to manage the increased fatty acid 

influx, but nevertheless contribute to the increased fat accumulation, which ends up being 

harmful in the long run. However, high SCD1 activity has also been shown to be protective 

of liver fat accumulation (Stefan et al., 2008). Stefan et al. proposed that decreased SCD1 

activity would decrease the export of triglycerides in very low density lipoprotein vesicles. 

Nevertheless, SCD1 activity does seem to prevent either the fat accumulation or the damage 

caused by it. In adipocytes however, SCD1 appears to play a very different role, as SCD1 

knockout prevents adipose tissue inflammation induced by LPS (Liu et al., 2010).  

In this study, adipocyte- mediated FLG treatment showed an increase in SCD1 

expression in hepatocytes, whereas LPS treatment decreased it at every time point. This 
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could indicate that the FLG but not LPS treatment increased the influx of fatty acid 

components from adipocytes into hepatocytes, which is consistent with previous studies 

(Pekkala et al., 2015a). Increased substrate availability would therefore increase SCD1 

expression. However, in the long term the exposures to the conditioned adipocyte medium 

decreased SCD1. This could be caused by inflammation promoting substances released form 

adipocytes disturbing the hepatocyte lipid metabolism. As high SCD1 activity should be 

preventative of liver damage, decreased SCD1 could be interpreted as harmful to 

hepatocytes, therefore supporting the role of adipose tissue inflammation in NAFLD 

progression.  

FASN is the enzyme that catalyzes the de novo FA synthesis from acetyl-coenzyme 

A (Nelson and Cox, 2008). FASN is highly expressed in murine steatosis models and cultured 

hepatocytes (Dorn et al., 2010). However, according to Dorn et al., in NASH models the 

FASN levels do not differ from the healthy liver controls. It is not clear, whether the 

downregulated FASN is a symptom or a prerequisite for NAFLD progression. It could have 

a similar role to SCD1, first helping to adapt to increased lipid influx, then getting 

overpowered and downregulated.  

PNPLA3, also known as adiponutrin, is a protein with lipase activity expressed 

highly in the liver (Pingitore et a., 2014). A loss of function PNPLA3 point mutation, which 

changes isoleucine 148 into methionine increases the susceptibility to hepatic fat 

accumulation and development of hepatic inflammation (Romeo et al., 2008; Pingitore et 

al., 2014). As a major genetic determinant, PNPLA3 isoleucine to methionine mutation is 

considered an important factor behind different prevalence of NAFLD in different ethnic 

groups (Romeo et al., 2008). However, it is not a risk factor for metabolic syndrome as a 

whole, but independently for NAFLD (Speliotes et al., 2010). The results of this study 

showed a long term decrease in PNPLA3 transcription in response to both indirect LPS and 

FLG treatments. A decreased expression of PNPLA3 might cause effects similar to those of 

the loss of function point mutation, and therefore contribute to hepatic fat accumulation. 

SCD1, FASN and PNPLA3 are all regulated on a transcriptional level by sterol 

regulatory element-binding protein (SREBP) 1c (Shimomura et al., 1998; Huang et al., 

2010). SREBP-1c levels are elevated in steatosis but not in NASH models (Dorn et al., 
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2010). The roughly similar expression of SCD1, FASN and PNPLA3 in response to the 

indirect treatments with LPS and FLG could be explained by them having similar effects on 

SREBP-1c activity. SREB-1c is activated by insulin, which is consistent with the results 

showing decreased insulin signaling in response to adipocyte mediated FLG (Foretz et al., 

1999). In contrast, in this study LPS did not decrease insulin signaling, but did decrease 

expression of studied genes involved in lipid metabolism. This suggests that indirect LPS 

affected on the lipid metabolism through a different pathway, or decreased insulin signaling 

but not in the ways measured in this study. 

5.3.  Inflammation 

Inflammation plays an important role in the development of NAFLD, especially in 

the potential progression into NASH. However, inflammation contributes also to insulin 

resistance and fat accumulation, though the exact underlying mechanisms are still under 

research. The results of this study indicate that the adipose tissue could be an important factor 

in inducing the inflammation resulting from altered gut microbiota.  

The citric acid (TCA) cycle has been shown to be elevated in patients with NAFLD 

(Sunny et al., 2011). CS catalyzes the reaction in the TCA-cycle that converts Acetyl-CoA 

and oxaloacetate into citrate and coenzyme A (Nelson and Cox, 2008). The results of this 

study show an increase in the expression of CS mRNA with 1-hour adipocyte mediated FLG 

but not with LPS treatment. This could be due to increased substrate influx due to indirect 

FLG but not LPS treatment. Increased mitochondrial activity in NALFD has been interpreted 

as an adaptation to increased lipid availability (Koliaki et al., 2015). However, this results in 

inefficiency and proton leakage observed in patients with NASH (Koliaki et al., 2015). The 

increase in HepG2-cell CS expression observed because of adipocyte mediated FLG 

treatment could be indication of NAFLD-like condition. However, CS-mRNA levels do not 

necessarily give the whole picture of TCA cycle activity, since CS as and TCA-cycle as a 

whole is subject to multiple different ways of regulation. Nevertheless, downregulation of 

CS expression was observed with 24-h treatment with both FLG and LPS. Decreased 

mitochondrial activity has been shown to contribute to fat accumulation in NAFLD (Koliaki 

et al., 2015). FLG stimulation through adipocytes appears to decrease production of 
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mitochondrial respiratory chain ATP5A (Munukka et al., 2016). Therefore, the role of 

mitochondrial activity is likely to be different in different stages of NAFLD progression, and 

it is difficult to estimate which stage is best represented by the cell culture experiments. 

Increased mitochondrial activity produces more ROS, which can activate cell stress 

responses. In addition, increased amounts of ROS have been shown to be released from 

adipocytes in response to FLG treatment (Pekkala et al., 2015a). ROS activate ERK 

phosphorylation, which in turn can lead to inflammatory stimulus and has been linked to 

NASH development (Conde de la Rosa et al., 2006). The results of this study show a short-

term increase in ERK phosphorylation due to indirect FLG but not LPS treatment. This could 

indicate a role for the adipose tissue TLR5 in the induction of hepatic inflammation, as ERK 

is involved in inflammatory signaling. However, ERK is a part of multiple signaling 

pathways, and whether this is part of inflammation is not clear. 

NF-κB is a transcription factor, which promotes the transcription of genes involved 

in cell survival and inflammation (Sen and Baltimore 1986; for review see Hoesel and 

Schmid, 2013). Generally, NF-κB promotes cell survival, and is inactivated by cellular 

damage by ROS in order to promote JNK mediated apoptosis (Tang et al., 2002; Ventura et 

al., 2004). In response to FLG and LPS conditioned adipocyte medium, NF-κB expression 

was generally decreased. This could indicate a proapoptotic response to ROS released from 

adipocytes and increased cellular respiration. However, the transcription levels of NF-κB do 

not represent its regulation completely, as NF-κB is kept from binding DNA and exported 

from the nucleus by the inhibitor of κB (IκB) (Baeuerle and Baltimore, 1988). The 

intracellular localization of NFκB was not determined in this study, and therefore it is not 

known whether NFκB did activate the transcription of its target genes. The indirect FLG 

treatment also increased the NF-κB transcription at 24 h, which could suggest increase in 

proinflammatory cytokine production as a long-term response. However, due to the dual role 

of NF-κB, its effects cannot be interpreted without further data on activation of the target 

gene transcription. In addition, the role of the NF-κB in the protection against ROS 

specifically in adipocytes has been questioned (Conde de la Rosa et al., 2006). 

NFκB signaling is linked to IRS1 through IκB kinase, which inactivates IRS1 

through serine phosphorylation (Arkan et al., 2005). In NFκB signaling IKK phosphorylates 
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IκB targeting it for degradation through phosphorylation, thus allowing NFκB to enter to the 

nucleus and initiate transcription of the target genes. Therefore, the potential interplay 

between these two pathways and whether NFκB is in this case allowed to enter the nucleus 

could be investigated by determination of IKK phosphorylation levels in response to 

adipocyte mediated FLG and LPS treatments. 

Matrix metalloproteinases (MMP) are involved in breaking down the extracellular 

matrix (for review, see Nagase et al., 2006). MMP expression is regulated by many factors, 

including ROS (Svineng et al., 2008). MMP-9 plays both good and bad roles in liver (Han, 

2006). During fibrosis development MMP-9 expression rapidly increases (Iredale et al., 

2013). However, the good role is that it can also resolve fibrosis. Therefore, in long-term 

MMPs are usually downregulated in established fibrotic tissues. This agrees with the 

findings of this study displaying an increase in the expression of MMP-9 in response to 

treatments at 4 h and a decrease at 24 h. 

5.4.  Future perspectives 

NAFLD is a complicated disease, with a varying history and causes in different 

individuals. However, subacute chronic inflammation is clearly important in NAFLD 

development, as it is also present in other components of metabolic syndrome such as obesity 

and dyslipidemia. Other innate immunity receptors, like Nod-like receptors, have been 

shown to contribute to the chronic inflammation observed in obesity (Vandanmagsar et a., 

2011). LPS could also act directly on the liver to induce NAFLD as a result of gut microbiota 

induced endotoxemia (Henao-Mejia et al., 2012). However, more research is needed to 

pinpoint the most important mediators of inflammation to provide innate immunity based 

medical solutions to NAFLD. 

Interesting subjects of future research could be the role of adipocyte mediated LPS 

in the activation of AMPK in hepatocytes, and the role of FLG in NAFLD development, 

potentially in animal models. An upside of cell culture study is the capability to pinpoint the 

exact molecular mechanisms without convoluting outside factors. However, the cell culture 

model does not necessarily completely represent the in vivo situation, as for instance dead 

cells in adipocyte medium could have caused some inflammatory effects on the hepatocytes. 
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Also, the role of adipose tissue macrophages is likely to be significant in any endocrine 

signaling done by adipose tissue. On the other hand, as discussed, adipocytes have many 

similar properties to immune cells, and could be responsible for a lot of the inflammatory 

signaling. 

As the global obesity epidemic continues to grow, understanding of NAFLD and 

other obesity related conditions will more important than ever before. The growing 

understanding of the underlying molecular mechanism behind NAFLD development and 

progression will help to develop pharmaceutical solutions. Amelioration of the chronic 

inflammation in obesity through medication targeting innate immunity receptors, especially 

TLRs, can prove to become a powerful tool in prevention of obesity related conditions. 

Furthermore, more precise knowledge of the effects of different dietary components such as 

fatty acids as potential PRR ligands can help to provide more effective dietary counseling. 

The understanding of gut microbiota and recognition of its significance can provide softer 

alternatives to medication in the form of probiotics and prebiotics, which help to cultivate 

more health promoting gut microbe composition. 

5.5.  Conclusion 

In conclusion, the results support the role of gut-derived FLG as an activator for 

adipocyte TLR5 signaling, which in turn contributes to the NAFLD development. In 

comparison to adipocyte mediated effects of LPS through TLR4, adipocyte mediated 

treatment of HepG2 cells with FLG decreased insulin signaling, increased inflammation and 

lipid accumulation more. These results provide insight into still unclear molecular 

mechanisms behind the development and progression of NAFLD.   
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