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1. Introduction 

1.1 Liver and adipose tissue in metabolic diseases 

The World Health Organization (WHO) describes obesity as a complex condition that 

represents an escalating global epidemic. Obesity poses a major risk for a number of severe, 

diet-related noncommunicable diseases, including diabetes mellitus type 2 (T2DM), 

cardiovascular disease (CVD), hypertension, stroke, musculoskeletal disorders, and certain 

forms of cancer (WHO, Fact Sheet on Obesity and Overweight, 2018). Apart from its health 

implications, overweight and obesity are often perceived as a psychological burden and reduce 

overall quality of life. In parallel with excess weight gain and physical inactivity, the number of 

patients living with diabetes has increased worldwide (WHO, Global Report on Diabetes, 

2016). T2DM is characterized by tissues, including muscle, fat and liver, becoming less 

responsive or even resistant to insulin leading to uncontrolled blood glucose levels (Saltiel and 

Kahn, 2001). 

Adiposity and T2DM increase the risk to develop non-alcoholic fatty liver disease (NAFLD) 

(Lade et al., 2014). NAFLD refers to an excess accumulation of lipid droplets in the liver 

unrelated to alcohol abuse (Chalasani et al., 2012). A fatty liver is diagnosed when the relative 

triacylgliceride (TAG) content in the liver exceeds 5.6% (Szczepaniak et al., 2005). In parallel 

with other metabolic disorders, the prevalence of NAFLD is on the rise and represents a 

growing global health issue (Younossi et al., 2018). NAFLD covers a spectrum of liver 

conditions characterized by the accumulation of TAG in the liver (hepatic steatosis), which at 

an initial stage does not affect liver function and is considered benign. By various mechanisms 

not yet fully understood, the disease may progress to non-alcoholic steatohepatitis (NASH), 

the presence of inflamed liver tissue and hepatocellular damage, which predisposes for serious 

liver-related complications (e.g. fibrosis, cirrhosis, hepatocellular carcinoma) and extrahepatic 

diseases such as CVD and T2DM (Chalasani et al., 2012; Haas et al., 2016). For example, 

overweight but metabolically healthy individuals with fatty liver more often develop impaired 

glucose metabolism (Heianza et al., 2014).  

Emerging evidence point towards an important role of the complex crosstalk between 

metabolically active organs aiming to maintain or restore metabolic homeostasis through 

exchanging humoral messengers (Staiger et al., 2017). In particular, signaling between liver 

and adipose tissue has raised great interest (Kim, 2016; Moschen et al., 2012; Ye et al., 2017).  

Besides its function in storing lipids and providing free fatty acids (FFA) for TAG synthesis, 

adipose tissue secretes a variety of endocrine signaling factors, such as cytokines and 

adipokines (Fasshauer and Bluher, 2015). In response to chronic overnutrition, adipose tissue 
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may fail to adapt and becomes dysfunctional which is characterized by insulin resistance, 

inflammation, altered adipokine release and ectopic fat accumulation (Bluher, 2013; Kloting 

and Bluher, 2014). Donnelly et al. estimated that about 60% of hepatic fatty acids originate 

from adipose tissue (Donnelly et al., 2005; Fabbrini et al., 2008). Furthermore, adipose tissue 

insulin resistance is commonly associated with NAFLD and disease severity (Bril et al., 2014; 

Seppala-Lindroos et al., 2002). The inability of insulin to suppress lipolysis causes an 

increased supply of FFA, which are under healthy conditions only transiently stored or re-

secreted as very-low density lipoprotein (VLDL) but are accumulating when supplied in excess 

amounts (Bugianesi et al., 2005).  

In the obese state, adipose tissue also becomes the source of inflammatory cytokines that are 

released into the circulation. A low-grade systemic inflammation due to adipocyte hypertrophy 

and macrophage infiltration is one of the major contributing factors to chronic diseases such 

as NASH, CVD, and T2DM (Gregor and Hotamisligil, 2011). Especially abdominal obesity 

turned out to be a strong independent predictor of death (Pischon et al., 2008). 

1.1.1 Organokines mediate inter-tissue crosstalk  

It is well established that metabolic organs communicate with each other regarding the 

regulation of energy homeostasis and whole-body metabolism (Oh et al., 2016). The term 

organokines summarizes factors that are predominantly produced and secreted by the 

respective tissue and act through autocrine, paracrine or endocrine signaling thus mediating 

inter-tissue crosstalk (Choi, 2016). These factors are mostly low-molecular weight proteins and 

mainly include cytokines, hormones and growth factors (Stefan and Haring, 2013). Despite 

some inconsistencies in the terminology, cytokines are generally considered to be 

immunomodulatory agents, while other bioactive molecules are mostly categorized according 

to their major (but not exclusive) place of synthesis and secretion, including adipokines 

(adipose tissue), hepatokines (liver) or myokines (skeletal muscle) (Oh et al., 2016; Stefan and 

Haring, 2013). 

Adipokines signal adipose tissue functional status to peripheral and central target tissues, such 

as brain, liver, muscle, pancreas, and the immune system in order to induce metabolic 

adaptations (Fasshauer and Bluher, 2015; Stephens, 2012). Release of adipokines, such as 

leptin, adiponectin and chemerin, is altered in obesity which is thought to play a pivotal role in 

the onset of metabolic disease (Bluher, 2013). Marked differences in adaptive capacity and 

adipokine expression have been found between the visceral (VAT) and subcutaneous adipose 

tissue (SAT) depot (Wang et al., 2005). While SAT is less metabolically active, excess VAT 

has been shown to secrete several inflammatory factors and detrimental adipokines and is 
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associated with metabolic dysfunction, dyslipidemia and uncontrolled blood glucose levels 

(Ibrahim, 2010; Oh et al., 2016). 

Similar to adipocytes, hepatocytes secrete inflammatory markers into the circulation in states 

of energy excess (Stefan and Haring, 2013) . There is emerging evidence indicating that 

NAFLD alters the secretion of hepatokines from the liver  (Meex and Watt, 2017) . Several 

hepatokines have been linked to the induction of metabolic dysfunction  (Meex and Watt, 2017) . 

However, other proteins released from the liver , including fibroblast growth factor 21 (FGF21), 

are associated with  beneficial effects  on energy metabolism and metabolic parameters in blood 

(BonDurant and Potthoff, 2018).  

 

Figure 1 | Adipose tissue-liver crosstalk in metabolic disease. Chronic energy excess results in an expansion 
of adipose tissue and ectopic fat deposition such as an accumulation of lipids in the liver. Hypertrophic and hypoxic 
adipocytes become insulin resistant and release a variety of signaling molecules while apoptotic adipocytes attract 
resident macrophages that further amplify the inflammatory response. In parallel, stressed hepatocytes 
communicate with extrahepatic tissues aiming to restore metabolic homeostasis. These processes are thought to 
strongly affect the pathogenesis of metabolic diseases related to an increased release of inflammatory signals into 
the circulation. Figure modified from (Stefan and Haring, 2013), produced with graphics from servier medical art 
(servier.com), licensed under creative commons. 

Chemerin and FGF21 represent emerging endocrine factors that have been implicated in the 

regulation of metabolic homeostasis as well as the onset of metabolic disease, including 

obesity, T2DM, and NAFLD. Recently, in a cross-sectional cohort of more than 1000 subjects, 

Ebert and coworkers identified chemerin and FGF21 as potential biomarkers for facets of the 

metabolic syndrome (Ebert et al., 2018). The nutrient-dependent regulation of these two 

factors in blood, adipose tissue, and liver of obese subjects is the  major focus of this thesis.  

1.2 The hepatokine FGF21 

In humans, the FGF21 gene is located on chromosome 19 and encodes a protein of 208 amino 

acids. In 2000, FGF21 was first identified and characterized on the cDNA level (Nishimura et 
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al., 2000). Interest in FGF21 emerged when the human recombinant came up as a hit in an in 

vitro glucose uptake assay in murine 3T3-L1 adipocytes (Kharitonenkov et al., 2005). Since 

then FGF21 has been intensively studied, mainly in mice, as a potential therapeutic for obesity 

and T2DM. However, different strains of mice show variable effects on body weight and 

glucose/lipid metabolism (Gimeno and Moller, 2014). Similarly, FGF21 knock-out mice grow 

and develop normally and are fertile (Badman et al., 2009; Hotta et al., 2009). Data in humans 

are still fragmentary and its physiological role remains complex and under debate (Lewis et 

al., 2019). 

In mice and humans, 22 genes of the FGF superfamily exist which may be functionally grouped 

into three subfamilies (Oulion et al., 2012). (1) intracellular FGFs lacking a signal peptide 

(FGF11 – FGF14), (2) autocrine/paracrine acting FGFs with high heparin-binding capacities, 

and (3) circulating FGFs with low heparin-binding capacities (FGF19 and FGF21) (Goetz et 

al., 2007). FGF21, together with FGF19 and FGF23, belongs to the metabolically active FGFs 

which are devoid of proliferative activity (Kharitonenkov et al., 2005). FGF21 is produced and 

released into the circulation predominantly by the liver but has also been found to be 

expressed, to a lower extent, in pancreas, testes, gastrointestinal tract, brain, skeletal muscle, 

and brown and white adipose tissue (WAT) (Petryszak et al., 2016). In humans, expression in 

extrahepatic tissues is neglectable under basal conditions but extensively inducible in 

response to certain physiological stimuli or pathological conditions (Petryszak et al., 2016; 

Staiger et al., 2017). At the target site, FGF21 binds to and activates FGF receptor tyrosine 

kinases (FGFR) with seven isoforms existing in mammals (1b, 1, 2b, 2c, 3b, 3c, 4) (Lee et al., 

2018). Signal transduction involves phosphorylation of extracellular signal-regulated kinases 

(ERKs) and is dependent on the FGFR cofactor β-Klotho (KLB) (Ogawa et al., 2007). While 

FGFR1 and FGFR2 are rather ubiquitously expressed, the restricted KLB expression 

determines the tissue specificity of FGF21 (Ito et al., 2000; Yang et al., 2012).  

1.2.1 Role as a metabolic regulator 

In a large cross-sectional study with more than 800 subjects, serum FGF21 was shown to 

correlate with age, body mass index (BMI), fat mass, waist/hip circumference, as well as insulin 

and glucose metabolism (Kralisch et al., 2013). In diabetic or obese animal models, 

pharmacological application of FGF21 reduces body weight and prevents diet-induced obesity 

by increasing energy expenditure (BonDurant and Potthoff, 2018; Lundasen et al., 2007; 

Markan and Potthoff, 2016). Furthermore, infusions of FGF21 are effective in lowering blood 

glucose levels, improving lipid profiles, and increasing insulin sensitivity (Holland et al., 2013; 

Li et al., 2018; Lin et al., 2013). In contrast, circulating FGF21 levels are greatly increased in 

several obesity-associated disorders, including diabetes, the metabolic syndrome, and 

NAFLD. 
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In mice, hepatic Fgf21 expression is induced during fasting or ketosis in a Pparα dependent 

manner (Badman et al., 2007; Inagaki et al., 2007; Lundasen et al., 2007). Results from 

Badman and colleagues indicate that FGF21 is essential for preventing the accumulation of 

hepatic TAG and the development of fatty liver during ketogenic diet (Badman et al., 2009). 

Thus, it was proposed that FGF21 plays a role in the adaptation to ketosis (Domouzoglou and 

Maratos-Flier, 2011). However, subsequent studies in humans could not confirm the FGF21 

response to fasting as observed in mice (Staiger et al., 2017). FFA seem not to increase but 

rather decrease circulating FGF21 in humans (Dushay et al., 2010; Matikainen et al., 2012; 

Schmid et al., 2015). Treatment with PPARα or PPARγ agonists only modestly increase 

FGF21 expression. Furthermore, FGF21 blood concentrations only react to prolonged fasting 

of at least 7 days despite changes in tissue gene expression (Dushay et al., 2010; Fazeli et 

al., 2015; Galman et al., 2008). The fact that a rise in ketone bodies precedes the induction of 

FGF21 indicates that FGF21 is not driving starvation-mediated ketogenesis. Furthermore, 

markers of tissue breakdown were found to be predictive for serum FGF21 concentrations 

(Fazeli et al., 2015). Thus, the role of FGF21 during starvation in humans is still under debate. 

FGF21 was proposed to regulate the utilization of energy from tissue break-down during the 

late adaptive response to starvation (Fazeli et al., 2015). The discrepancy between mice and 

humans might be explained by the overall higher metabolism of mice (Staiger et al., 2017).   

A variety of liver-stress circumstances potently increase FGF21 production such as, fasting, 

endoplasmic reticulum (ER) stress, liver injury, fatty or inflamed liver, and liver cancer 

(Dasarathy et al., 2011; Domingo et al., 2010; Maida et al., 2016; Yang et al., 2013). 

Furthermore, FGF21 serum concentrations are associated with liver transaminases (Kralisch 

et al., 2013). A large body of evidence indicates that FGF21 is produced and released into the 

circulation when the function of the liver is compromised in any way to act on extrahepatic 

tissues, particularly adipose tissue, to restore and maintain metabolic homeostasis (Kim and 

Lee, 2015; Luo and McKeehan, 2013). 

In adipose tissue, FGF21 regulates genes involved in glucose uptake, lipogenesis and lipolysis 

(Keuper et al., 2019; Kharitonenkov et al., 2005; Staiger et al., 2017). These seemingly 

contradictory effects are thought to be dependent on the nutritional state of the adipocyte and 

the mode of FGF21 induction, i.e. pharmacological administration or physiological secretion 

(BonDurant et al., 2017). In mice, FGF21 increases energy expenditure by inducing browning 

of WAT thus increasing thermogenesis (Bargut et al., 2017; Coskun et al., 2008). Some of the 

beneficial effects of FGF21 on glucose homeostasis and energy expenditure depend on the 

induction of adiponectin in adipose tissue and FGF21 was identified as a potent regulator of 

adiponectin secretion (Holland et al., 2013; Lin et al., 2013). FGF21 also plays a role in the 

brain where it regulates features of starvation, such as growth inhibition, and altered circadian 
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rhythm (Sarruf et al., 2010) and affects nutrient preference (Soberg et al., 2017; von Holstein-

Rathlou et al., 2016).  

Due to its beneficial effects on glucose/lipid homeostasis and the maintenance of body weight, 

FGF21 arose as a promising therapeutic candidate for the treatment of metabolic disorders 

(Gimeno and Moller, 2014). FGF21 itself has a very short half-life but analogs with improved 

pharmacokinetics have been designed and are tested in clinical trials (Gimeno and Moller, 

2014). Results demonstrated that pharmacological application of FGF21 improves lipid and 

cholesterol metabolism, reduces insulin levels and induces modest weight loss (Sonoda et al., 

2017). However, one of its side effects is a decrease in bone mass. Furthermore, no glucose 

lowering effects were detected in any trial making it less attractive as an anti-diabetic drug 

(BonDurant and Potthoff, 2018). Studies reporting contradictory results suggest that the 

physiological effects differ from the pharmacological (Lewis et al., 2019; Staiger et al., 2017).  

1.2.2 Regulation by macronutrients 

The nutrient-dependent regulation of FGF21 is summarized in the following. It should be noted, 

that most of the knowledge on FGF21 physiology is derived from animal studies, including 

feeding, knock-out and overexpression studies. However, considerable discrepancies in 

FGF21 regulation seem to exist between mice and men (Staiger et al., 2017).  

A large body of evidence indicates that overfeeding of carbohydrates or simple sugars acutely 

induces hepatic FGF21 expression and increases circulating FGF21 levels (Dushay et al., 

2015; Lundsgaard et al., 2017; Soberg et al., 2017; von Holstein-Rathlou et al., 2016). The 

induction of FGF21 by sugar seems to be dependent on carbohydrate response element 

binding protein (ChREBP) (Fisher et al., 2017; Stamatikos et al., 2016). Recent evidence 

suggests that FGF21 is postprandially controlled by insulin rather than glucose per se (Samms 

et al., 2017). Moreover, FGF21 was shown to centrally affect appetite and macronutrient 

preference, e.g. in rodents and primates knock out of FGF21 increases sugar intake while 

FGF21 injection reduces the preference for sweets (Talukdar et al., 2016; von Holstein-Rathlou 

et al., 2016). In humans, a SNP in the FGF21 locus has been associated with increased 

consumption of candy (Soberg et al., 2017). The regulation of sweet preference by FGF21 was 

shown to be dependent on KLB expression in the brain (Talukdar et al., 2016). The data points 

towards FGF21 being involved in a negative feedback loop along the liver-brain axis regulating 

sugar consumption and possibly other reward systems (Staiger et al., 2017). It was suggested 

that FGF21 might be responsible for maintaining glucose homeostasis when a diet high in 

simple sugars is consumed (von Holstein-Rathlou and Gillum, 2019). 

There are contradictory data regarding the effect of dietary fat on FGF21, but fat seems to only 

moderately influence serum FGF21 levels. In vitro experiments in HepG2-cells indicate that 
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FGF21 is directly regulated by FFA in a PPARα dependent manner (Mai et al., 2009). In the 

same study, lipid infusions in healthy subjects increased serum FGF21 concentrations (Mai et 

al., 2009). However, modest increases in FGF21 in response to high-fat overfeeding 

(Heilbronn et al., 2013) and decreased FGF21 serum concentrations after an oral fat load have 

also been reported (Matikainen et al., 2012). A short-term (3-day) high-fat diet did not 

significantly increase FGF21 levels in contrast to an 8-fold induction of FGF21 after a 

carbohydrate-enriched diet (Lundsgaard et al., 2017). It has been proposed that high-fat diet, 

or more specifically diet-induced obesity, leads to an FGF21-resistant state as KLB, the FGF21 

co-receptor, was found to be downregulated with increasing FGF21 concentrations in obesity 

(Fisher et al., 2010; Gallego-Escuredo et al., 2015). 

The role of FGF21 in the metabolic adaptation to starvation was narrowed down by Laeger et 

al. who postulated that FGF21 is an endocrine signal of protein restriction, not energy 

restriction (Laeger et al., 2014). Subsequent studies confirmed that FGF21 is potently induced 

in response to dietary protein restriction (DPR) and that it is required for the adaptive changes 

in metabolism and behavior (Hill et al., 2017; Laeger et al., 2016; Maida et al., 2016; Morrison 

and Laeger, 2015). Furthermore, mice on DPR increase their energy intake in an attempt to 

compensate for the lack in essential amino acids (Gosby et al., 2016).  

Though the mechanisms inducing FGF21 in response to DPR have been extensively studied, 

the downregulation of FGF21 by high-protein diets has gained less attention. Markova and 

colleagues observed a pronounced decrease in circulating FGF21 in response to a 6-week 

high-protein diet in diabetic human subjects (Markova et al., 2017). Although others have 

reported similar responses, the decrease in circulating FGF21 after prolonged high-protein 

intake has rather been attributed to changes in glucose metabolism (Chalvon-Demersay et al., 

2016) or alleviation of hepatic cell stress due to reduced steatosis (Garcia-Caraballo et al., 

2013; Garcia Caraballo et al., 2017). 

In an attempt to reconcile the conflicting data on FGF21, Solon-Biet and colleagues used a 

nutritional modeling platform to compare the effect of 25 diets varying in fat, protein, and 

carbohydrate content in mice (Solon-Biet et al., 2016). The results indicate that FGF21 is 

induced by both, states of starvation and hyperphagia, and that its metabolic effects differ 

dependent on the nutritional state. FGF21 induction was highest when a low-protein diet was 

combined with high carbohydrate intakes (Solon-Biet et al., 2016).   

1.2.3 Response to metabolic stress 

De Sousa-Coelho and coworkers revealed that amino acid deprivation increases FGF21 via 

activation of the GCN2-branch of the integrated stress response (ISR) (De Sousa-Coelho et 

al., 2012). This pathway of the ISR is initiated by uncharged tRNAs activating the amino acid 
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sensing kinase general control non-derepressible 2 (GCN2) which phosphorylates eukaryotic 

translation initiation factor 2α (eIF2α) (De Sousa-Coelho et al., 2012) (Figure 2). eIF2α leads 

to overall protein synthesis reduction and induction of activating transcription factor 4 (ATF4). 

The purpose of this response is to halt protein synthesis in the face of a lack of building blocks 

in order to maintain cell homeostasis (Proud, 2014). ATF4 is a key factor of the ISR as it 

modulates a variety of genes involved in the adaptation to dietary stress, including the 

apoptosis controlling protein CHOP (De Sousa-Coelho et al., 2012). 

 

Figure 2 | Cellular stress pathways induce FGF21: Integrated stress response (ISR) and unfolded protein 

response (UPR). Figure modified from (Halliday and Mallucci, 2015; Way and Popko, 2016), produced with 
CorelDRAW®. 

Organelle stress is another potent inducer of hepatic FGF21 expression through eIF2α/ATF4 

signaling (Kim and Lee, 2014; Salminen et al., 2017a; Schaap et al., 2013). Kim and coworkers 

demonstrated that mitochondrial dysfunction, provoked by autophagy deficiency or inhibition 

of the mitochondrial respiratory chain, increased Fgf21 expression via GCN2/ATF4 (Kim et al., 

2013). An ISR related pathway is the unfolded protein response (UPR). Accumulation of 

unfolded proteins in the ER is sensed by the chaperone binding immunoglobulin protein (BiP, 

also known as GRP78), which mediates phosphorylation of eIF2a via the transmembrane 

kinase PERK (Figure 2). Furthermore, BiP activates splicing of X-box binding protein 1 (XBP1), 

a stress-induced transcription factor, via the kinase inositol-requiring enzyme 1 α (IRE1α) 

(Figure 2). Jiang and colleagues uncovered that FGF21 is induced by the IRE1α-XBP1s 

branch of the UPR and alleviates ER stress-induced hepatic steatosis (Jiang et al., 2014).  
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1.2.4 FGF21 and fatty liver disease 

Liver fat content is the strongest BMI-independent determinant for circulating FGF21 

concentrations (Liu et al., 2014; Staiger et al., 2017; Yilmaz et al., 2010). Conversely, FGF21 

serves as an independent predictor for the development of fatty liver (Liu et al., 2014; Yan et 

al., 2011) and is consistently elevated in patients with NAFLD or steatohepatitis (Dushay et al., 

2010; Maratos-Flier, 2017). Likewise, subjects with derailed glycaemia show increased FGF21 

serum concentrations as fatty liver is strongly linked to the pathophysiology of T2DM (Keuper 

et al., 2019; Staiger et al., 2017). Genetic manipulations of Fgf21 in mice indicate a causative 

link between FGF21 and liver fat (Garcia Caraballo et al., 2017; Maratos-Flier, 2017). Fgf21 

knock-down in mice consuming a ketogenic diet led to severe accumulation of TAG in blood 

and liver, reduced fatty acid oxidation and impaired hepatic clearance of TAG via VLDL 

particles, thus provoking fatty liver disease (Badman et al., 2009). Similarly, livers of Fgf21 

knockout mice fed a hepatotoxic high-fructose diet demonstrated signs of inflammation and 

fibrosis in their livers which were absent in controls (Fisher et al., 2017).  

Mechanistically, a substrate oversupply, as present in obesity, may cause an accumulation of 

unfolded proteins in the ER, exceeding its capacity and leading to activation of ER stress 

pathways (Hotamisligil, 2010). Unresolved ER stress and more specifically the UPR were 

shown to contribute to the development of fatty liver disease by suppressing the expression of 

a subset of metabolic transcription factors involved in the regulation of lipid homeostasis in the 

liver (DeZwaan-McCabe et al., 2017; Rutkowski et al., 2008). Several lines of evidence point 

towards a role of FGF21 in linking ER stress with NAFLD. FGF21 deficiency is associated with 

higher expression of ER stress markers and the accumulation of excess hepatic lipids upon 

tunicamycin treatment. Similarly, ER stress and hepatic fat content were reduced by FGF21 

overexpression (Kim et al., 2015; Maruyama et al., 2018). 

Thus, apart from its potential utility as an antidiabetic drug, FGF21 has been contemplated for 

the treatment of NAFLD. Recently, Sanyal and colleagues published the results of a 

randomized, double‐blind, phase 2a study examining the effect of pegbelfermin, a PEGylated 

FGF21 analogue in patients with NASH (Sanyal et al., 2019). The major finding was a 

significant reduction of hepatic fat content in the pegbelfermin treated group while the drug 

was well tolerated (Sanyal et al., 2019). However, liver fat content is considerably influenced 

by nutritional intakes, e.g. a Western style diet promotes hepatic TAG accumulation (Machado 

et al., 2015) while targeted nutritional intervention is highly effective in reducing liver fat 

(Barrera and George, 2014). Dietary strategies are needed and are to be preferred over 

pharmacological approaches (Rinella and Sanyal, 2016). Consequently, insights into the 

interplay between dietary protein, FGF21, and NAFLD pathogenesis in humans are of great 

interest (Ullah et al., 2019). 
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1.3 The adipokine chemerin 

The chemerin cDNA was originally discovered as a tazarotene (a synthetic retinoid) responsive 

gene and accordingly termed tazarotene-induced gene 2 (TIG2) and later RARRES2 (Goralski 

et al., 2007; Martensson et al., 2005; Nagpal et al., 1997). Chemerin itself was isolated and 

characterized in a screening for ligands of the orphan G-protein coupled receptor CMKLR1 

from human inflammatory fluids (Wittamer et al., 2003). Furthermore, it was shown to 

colocalize with immune cells in inflamed tissue and to have chemoattractant activity, recruiting 

leucocytes, in particular dendritic cells, macrophages and natural killer cells, to the site of 

inflammation (Parolini et al., 2007; Wittamer et al., 2003). Goralski and coworkers identified 

chemerin as a novel adipokine and demonstrated its role in adipogenesis and adipocyte 

metabolism (Goralski et al., 2007). Shortly after, Bozaoglu and colleagues published a study 

confirming chemerin’s association with obesity and the metabolic syndrome in murine models 

and also human subjects (Bozaoglu et al., 2007).  

Chemerin is highly expressed in WAT, liver and lung and is synthesized as an inactive 

precursor (Mattern et al., 2014). N-terminal truncation results in secretion of chemerin into the 

extracellular matrix or circulation but it requires further proteolytic C-terminal processing for 

chemerin to reach its full biological activity (Helfer and Wu, 2018; Mattern et al., 2014). A 

variety of proteases cleave chemerin thereby generating isoforms with different receptor 

affinity (Mattern et al., 2014). Thus, successive proteolytic processing provides a key 

regulatory mechanism affecting its localization and activity (Helfer and Wu, 2018).  

Three receptors for chemerin have been identified: its main receptor chemokine-like receptor 

1 (CMKLR1, also known as chemR23), C-C motif chemokine receptor-like 2 (CCRL2) and G 

protein-coupled receptor 1 (GPR1) (Mariani and Roncucci, 2015). CMKLR1 and GPR1 

transduce a signal in response to chemerin binding but only CMKLR1 signaling mediates 

chemotaxis of immune cells via NFκB and MAPK pathways (Bozaoglu et al., 2007; Wittamer 

et al., 2003). Instead, CCRL2 functions to concentrate chemerin on the cell surface (Helfer and 

Wu, 2018). 

Circulating chemerin concentrations have been shown to be moderately heritable (Bozaoglu 

et al., 2007; Bozaoglu et al., 2010; Mussig et al., 2009; Tonjes et al., 2014). In a meta-analysis 

of genome-wide association studies (GWAS) in three distinct cohorts, Tönjes and colleagues 

identified 4 SNPs with genome-wide significance to partly explain variation in serum chemerin 

levels (Tonjes et al., 2014).  

1.3.1 Role as a metabolic regulator 

Chemerin serum concentrations are positively associated with BMI, obesity and obesity-

related biomarkers (Bozaoglu et al., 2007; Chakaroun et al., 2012; Sell et al., 2009; Tonjes et 
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al., 2014). In addition, positive correlation with the adipokines leptin and resistin but non or a 

negative association with adiponectin were reported (Chu et al., 2012; Weigert et al., 2010). 

Circulating levels have been implicated in the development of metabolic disease, including 

insulin resistance and fatty liver disease (Docke et al., 2013; Ernst et al., 2010; Helfer and Wu, 

2018) and to be a weak predictor of T2DM (Bobbert et al., 2015). Treatment of NAFLD patients 

with metformin decreased serum chemerin concentrations concomitantly with improvements 

in NAFLD (Zhuang et al., 2015).  

Loss of chemerin or CMKLR1 signaling almost completely blocks adipogenesis in in vitro 

models and alters expression of genes important for glucose and lipid metabolism (Goralski et 

al., 2007). In the murine 3T3-L1 adipocytes it has been demonstrated that RARRES2 and 

CMKLR1 expression increase during differentiation and reach their highest levels in mature 

adipocytes (Goralski et al., 2007; Roh et al., 2007). Ohers have reported decreasing CMKLR1 

expression in fully differentiated adipocytes (Bozaoglu et al., 2007). However, most studies 

have been conducted in murine cell culture models and evidence from primary human 

adipocytes is limited (Ferland and Watts, 2015). 

Next to its chemoattractant activity, chemerin is suspected to promote angiogenesis. In co-

culture studies chemerin induced the growth of capillary-like structures through ERK1/2 

signaling (Nakamura et al., 2018). The angiogenic potential of chemerin was supported by 

another study in human endothelial cells (Kaur et al., 2010). These findings have led to the 

concept that chemerin promotes adipogenesis through the expansion of capillary blood flow in 

adipose tissue (Ferland and Watts, 2015). On the other hand, chemerin was reported to 

increase the generation of reactive oxygen species and to have proapoptotic, proinflammatory, 

and proliferative effects in human vascular cells indicating that chemerin contributes to obesity-

related vascular injury (Neves et al., 2015). 

Ernst and Sinal proposed a model in which elevated chemerin synthesis in obese WAT leads 

to increased release of pro-inflammatory, pro-diabetic adipokines, alters adipocyte function, 

fosters WAT inflammation, and negatively affects glucose uptake and vascular health thereby 

contributing to the development of metabolic disease (Ernst and Sinal, 2010).  

1.3.2 Regulation by macronutrients 

Only little is known about chemerin’s regulation in response to diet, particularly in humans. In 

obese human subjects, dietary weight-loss strategies were reported to decrease serum 

chemerin concentrations (Chakaroun et al., 2012). In accordance, excessive weight loss after 

bariatric surgery significantly reduced chemerin expression in omental and subcutaneous fat 

depots (Chakaroun et al., 2012). Furthermore, weight-loss maintenance diets decreased 

circulating chemerin levels while there was no effect of macronutrient composition (Hron et al., 



Introduction 

12 

2017). Evidence from animal studies indicate that nutritional status regulates chemerin 

expression in adipose tissue but not in liver (Stelmanska et al., 2013). 

In mice, high-fat chow increased serum chemerin levels which was attenuated by exercise 

(Lloyd et al., 2015). Similarly, expression of chemerin and its receptor are up-regulated in 

adipose tissue of mice fed a high-fat diet (Roh et al., 2007). In obese patients chemerin was 

found to positively correlate with low-density lipoprotein (LDL) cholesterol and negatively with 

high-density lipoprotein (HDL) cholesterol (Lorincz et al., 2014). Recently, Markova and 

coworker reported that circulating chemerin is downregulated by a high-protein diet in human 

T2DM patients (Markova et al., 2017).  

An epidemiological study in metabolically healthy obese adults categorized dietary patterns 

according to their inflammatory potential and found chemerin to be elevated in subjects with a 

high dietary inflammatory index (Mirmajidi et al., 2019). Subjects with a high dietary 

inflammatory index consumed more carbohydrates and less protein, less poly- and 

monounsaturated fats, less fiber, and more saturated fats (Mirmajidi et al., 2019).  

In summary, prior studies in humans on the effect of diet, particularly on the role of 

macronutrient composition, are limited. Insights on the regulation of chemerin in serum and its 

mRNA expression within adipose tissue are lacking and there is a need for dietary intervention 

studies in humans.   

1.3.3 Chemerin and adipose tissue inflammation 

Apart from its role in metabolic disease, chemerin has been implicated in various disorders, 

including NAFLD, specific cancers, allergic asthma, reproductive disorders, inflammatory 

bowel disease, hypertension, atherosclerosis, CVD, Lupus nephritis, rheumatoid arthritis, and 

psoriasis (Helfer and Wu, 2018). A potential link between these different roles of chemerin are 

its association with a derailed or insufficient functioning of the immune system (Helfer and Wu, 

2018). 

Since its discovery, chemerin has consistently been associated with markers of inflammation 

or autoimmune disease and chemerin levels were found to be elevated in inflammatory fluids 

(Ernst and Sinal, 2010; Mariani and Roncucci, 2015). Its predicted structure differs from the 

typical chemokine structure but chemerin shows structural homology to cathelicidins which 

exhibit antimicrobial activity (Banas et al., 2013). Furthermore, two chemerin isoforms have 

been shown to inhibit the growth rate of Escherichia coli (Kulig et al., 2011). In humans, serum 

chemerin correlated with proinflammatory cytokines, such as tumor necrosis factor α (TNFα), 

interleukin 6 (IL6), and C-reactive protein (CRP) (Lehrke et al., 2009; Weigert et al., 2010) and 

chemerin expression was shown to be induced by TNFα (Sell et al., 2009). Within the tissue, 

active chemerin is proteolytically cleaved by proteases associated with coagulation or fibrolytic 
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cascades indicating that chemerin activation is the result of infectious or allergic inflammation 

(Zabel et al., 2005): 

The chemerin receptor CMKLR1 is expressed on various immune cells, including dendritic 

cells, macrophages and natural killer cells (Parolini et al., 2007; Zabel et al., 2006). The 

available evidence suggests that chemerin/CMKLR1 signaling is involved in the recruitment of 

these cells to the site of inflammation and plays a role in the initiation and progression of 

inflammation (Ernst and Sinal, 2010). However, a role for chemerin in the resolution of 

inflammation has also been reported (Laranjeira et al., 2018; Luangsay et al., 2009; Mariani 

and Roncucci, 2015). 
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2 Hypotheses and aims of the study 

The aim of this thesis was to investigate circulating levels and tissue-specific regulation of (1) 

FGF21 and (2) chemerin in a cohort of morbidly obese patients. The study participants were 

asked to adhere to a diet containing either high (HP: 30 EN%, n = 9) or low (LP: 10 EN%, n = 

10) protein amounts for 3 weeks prior to bariatric surgery (the LEMBAS study, cohort 1). Before 

and after the intervention, subjects were anthropometrically assessed and routine parameters 

in serum as well as hepatic fat content were determined. Furthermore, tissue biopsies from 

liver, SAT, and VAT were collected during surgery. The results obtained in the metabolically 

stressed subjects of cohort 1 were compared to data from 92 healthy twins with normal glucose 

tolerance and liver fat content (cohort 2). In the first part of the thesis, the study participants 

are characterized, and outcomes of the dietary interventions on anthropometric and routine 

clinical parameters are presented.  

The second part of the thesis aimed to investigate how FGF21 is regulated by acute and 

persistent high-protein intakes in metabolically stressed compared to healthy individuals. 

FGF21 is potently induced by various stressors, including nutrient deficiency or excess. 

Furthermore, previous results in diabetic human subjects indicate that not only low-protein but 

also protein-enriched diets may independently regulate FGF21. Considering that FGF21 has 

been implicated in the central regulation of appetite, it was hypothesized that the hepatokine 

might serve as a signal for both, the lack of essential amino acids and the accumulation of 

ammonia in order to restore macronutrient balance. Furthermore, elevated circulating FGF21 

levels have been associated with liver fat content and are sought to be predictive for steatosis 

and NAFLD. In the patients undergoing bariatric surgery as a treatment for excessive obesity, 

serum FGF21 concentrations were expected to be elevated and to be positively correlated with 

the accumulation of hepatic lipids. The latter was histologically and molecularly assessed in 

the hepatic tissue biopsies. 

In the third part of the thesis, the potential regulation of chemerin by diet and its association 

with metabolic disease was investigated. Chemerin has repeatedly been linked to inflammation 

and the pathogenesis of insulin resistance but discordant data exists on the potential role of 

chemerin in NAFLD. The collection of tissue biopsies from liver, SAT, and VAT during bariatric 

surgery allowed an analysis of chemerin not only in serum but within the tissue. It was 

hypothesized that chemerin is associated with inflammatory markers, particularly in the 

visceral depot. Furthermore, human primary adipocytes were isolated from the adipose 

biopsies and differentiated in vitro to gain mechanistic insights on chemerin’s effects on this 

cell type. 
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3 Materials and methods 

3.1 Material 

3.1.1 Chemical compounds and solutions 

Chemicals Company 

Basic  
BSA Standard G-Biosciences, USA 

Cell Lysis Buffer Cell Signaling, Danvers, USA 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich, St. Louis, USA 

Ethanol Carl Roth, Karlsruhe, Germany 

Ethylene diamine tetraacetic acid (EDTA) Carl Roth, Karlsruhe, Germany 

Formaldehyde Sigma-Aldrich, St. Louis, USA 

Hydrogen chloride solution Sigma-Aldrich, St. Louis, USA 

2-Mercaptoethanol Thermo Fisher Scientific, Waltham, USA 

Polyoxyethylene (10) tridecyl ether Sigma-Aldrich, St. Louis, USA 

Phosphatase Inhibitor Cocktail Roche Diagnostics, Basel, Switzerland 

Protease Inhibitor Cocktail Roche Diagnostics, Basel, Switzerland 

Rnase/DNase-free Water MP Biomedicals, Solon, USA 

RNase Inhibitor, Applied Biosystems Thermo Fisher Scientific, Waltham, USA 

Sodium chloride (NaCl) Merck, Darmstadt, Germany 

Sodium dihydrogen phosphate monohydrate 
(NaH2PO4 * H2O) 

Carl Roth, Karlsruhe, Germany 

Tween-20 AppliChem, Darmstadt, Germany 

Tween-40 Sigma-Aldrich, St. Louis, USA 

Cell culture  

Accutase detachment solution Sigma-Aldrich, St. Louis, USA 

Ammonium chloride  Merck, Darmstadt, Germany 

Antibiotic Antimycotic Solution  Sigma-Aldrich, St. Louis, USA 

Arachidonic acid Sigma-Aldrich, St. Louis, USA 

Biotin Sigma-Aldrich, St. Louis, USA 

Bovine serum albumin (BSA), fatty acid free, low 
endotoxin  

Sigma-Aldrich, St. Louis, USA 

Chemerin, human, recombinant R&D Systems, Minneapolis, USA 

Collagenase D from C. histolyticum Sigma-Aldrich, St. Louis, USA 

Dexamethasone Sigma-Aldrich, St. Louis, USA 
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Dulbecco's Modified Eagle Medium (DMEM)  Thermo Fisher Scientific, Waltham, USA 

Dulbecco's Phosphate Buffered Saline (DPBS) Thermo Fisher Scientific, Waltham, USA 

DMEM/F12 Thermo Fisher Scientific, Waltham, USA 

Earl’s Balanced Salt Solution (EBSS) Thermo Fisher Scientific, Waltham, USA 

Fatty Acid Supplement Mix Sigma-Aldrich, St. Louis, USA 

Fetal Bovine Serum (FBS) Biochrom GmbH, Berlin, Germany 

Hank's Balanced Salt Solution (HBSS)  Thermo Fisher Scientific, Waltham, USA 

Hes6 siRNA and negative control Qiagen, Hilden, Germany 

HyClone FBS Fisher Scientific, Waltham, USA 

Hydrocortisone Sigma-Aldrich, St. Louis, USA 

Insulin, human, recombinant Sigma-Aldrich, St. Louis, USA 

3-Isobutyl-1-methylxanthine (IBMX) Sigma-Aldrich, St. Louis, USA 

L-glutamine solution  Thermo Fisher Scientific, Waltham, USA 

Lipofectamine transfection reagent  Thermo Fisher Scientific, Waltham, USA 

MEM Amino Acids  Thermo Fisher Scientific, Waltham, USA 

MEM Non-essential Amino Acids (NEAA) Thermo Fisher Scientific, Waltham, USA 

Minimum Essential Medium (MEM) Thermo Fisher Scientific, Waltham, USA 

Oil Red O Sigma-Aldrich, St. Louis, USA 

Palmitic acid Sigma-Aldrich, St. Louis, USA 

Pantothenate  Sigma-Aldrich, St. Louis, USA 

Phosphate Buffered Saline (PBS) Thermo Fisher Scientific, Waltham, USA 

Preadipocyte Growth Medium Promo Cell, Heidelberg, Germany 

Preadipocyte Supplement Mix  Promo Cell, Heidelberg, Germany 

Red Blood Cell (RBC) Lysis Buffer Sigma-Aldrich, St. Louis, USA 

Rosiglitazone Sigma-Aldrich, St. Louis, USA 

Thapsigargin Sigma-Aldrich, St. Louis, USA 

Transferrin, human Sigma-Aldrich, St. Louis, USA 

Trichlormethan/ chloroform Carl Roth, Karlsruhe, Germany 

3,3′,5-triiodo-L-thyronine (T3) Sigma-Aldrich, St. Louis, USA 

Trypsin-EDTA  Thermo Fisher Scientific, Waltham, USA 

Tunicamycin Sigma-Aldrich, St. Louis, USA 

 

3.1.2 Assays 

Assay Company 

Routine parameters  
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ABX Cholesterol 100 Horiba ABX Diagnostics, Montpellier, France 

ABX Pentra ALT CP Horiba ABX Diagnostics, Montpellier, France 

ABX Pentra AST CP Horiba ABX Diagnostics, Montpellier, France 

ABX Pentra CREA Horiba ABX Diagnostics, Montpellier, France 

ABX Pentra CRP Horiba ABX Diagnostics, Montpellier, France 

ABX Pentra GGT CP Horiba ABX Diagnostics, Montpellier, France 

ABX Pentra Glucose HK CP Horiba ABX Diagnostics, Montpellier, France 

ABX Pentra HbA1c Horiba ABX Diagnostics, Montpellier, France 

ABX Pentra HDL Direct CP Horiba ABX Diagnostics, Montpellier, France 

ABX Pentra NEFA C Wako Chemicals, Neuss, Germany 

ABX Pentra TAG CP Horiba ABX Diagnostics, Montpellier, France 

ABX Pentra URAC Horiba ABX Diagnostics, Montpellier, France 

ABX Pentra UREA Horiba ABX Diagnostics, Montpellier, France 

ELISA   
Adiponectin, human R&D Systems, Minneapolis, USA 

Chemerin, human BioVendor, Brno, Czech Republic 

FGF21, human R&D Systems, Minneapolis, USA 

Insulin, human Mercodia, Uppsala, Sweden 

Leptin, human R&D Systems, Minneapolis, USA 

Omentin, human  BioVendor, Brno, Czech Republic 

Kits  

Agilent RNA 6000 Nano LabChip Kit Agilent technologies, Böblingen, Germany 

High Capacity cDNA Reverse Transcription Kit Thermo Fisher Scientific, Waltham, USA 

HumanOmniExpressExome BeadChips  Illumina, San Diego, USA 

NucleoSpin DNA Kit Macherey-Nagel, Düren, Germany 

NucleoSpin RNA II Kit Macherey-Nagel, Düren, Germany 

Power SYBR Green PCR Master Mix Thermo Fisher Scientific, Waltham, USA 

Protein Assay Kit  Bio-Rad Laboratories, Hercules, USA 

Primer Express 2.0, Applied Biosystems Thermo Fisher Scientific, Waltham, USA 

RNase-free DNase Set  Qiagen, Hilden, Germany 

RNeasy Lipid Tissue Kit Qiagen, Hilden, Germany 

Triglyceride Determination Kit Sigma-Aldrich, St. Louis, USA 

U-PLEX Biomarker Group 1(hu) Multiplex Assays Meso Scale Diagnostics, Rockville, USA 

QIAzol Lysis Reagent Qiagen, Hilden, Germany 
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3.1.3 Laboratory equipment 

Instruments Company 

ABX Pentra 4000 Horiba ABX SAS, Montpellier, France 

Agilent 2100 BioAnalyzer  Agilent technologies, Böblingen, Germany 

Biometra TS1 Thermo Shaker Biometra GmbH, Göttingen, Deutschland 

Bio–Plex 200 Multiplex system Bio-Rad Laboratories GmbH, Munich, Germany 

BOD POD COSMED, Rome, Italy 

BX50 upright microscope, XC50 camera Olympus, Tokyo, Japan 

Calibrated digital scale  Soehnle Professional, Nassau, Germany 

Infinite 200 PRO plate reader Tecan AG, Männedorf, Switzerland 

Labsonic homogenizer Braun, Melsungen, Germany 

MAGNETOM Avanto 1.5T MRI System Siemens Healthcare, Erlangen, Germany 

Mastercycler Eppendorf AG, Hamburg, Germany 

EON Microplate Spectrophotometer Bio Tek Instruments, Winooski, USA 

NanoDrop ND 1000 spectrophotometer Thermo Fisher Scientific, Waltham, USA 

QuickPlex SQ 120 ECL imager Meso Scale Discovery, Rockville, USA 

SpeedMill PLUS bead mill Analytik Jena, Jena, Germany 

Thermomixer Compact Eppendorf AG, Hamburg, Germany 

TissueLyser LT Qiagen, Hilden, Germany 

ViiA 7 real-time PCR system Thermo Fisher Scientific, Waltham, USA 

 

3.1.4 Software 

Software Company 

2100 Expert Bioanakyzer software, version 2.5 Agilent Technologies, Santa Clara, USA 

Bio-Plex Manager, version 6.0 Bio-Rad Laboratories GmbH. Munich, Germany 

CorelDraw Graphics Suite X7  Corel, Ottawa, Canada 

GraphPad Prism, version 6.0 GraphPad Prism Inc., La Jolla, USA 

i-control plate reader software Tecan AG, Männedorf, Switzerland 

ImageJ, Adiposoft plug-in Public Domain, BSD-2 

NanoDrop 100 Operating Software Thermo Fisher Scientific, Waltham, USA 

PRODI nutritional software Nutri-Science GmbH, Hausauch, Germany 

SPSS Statistics, version 24.0 IBM, Armonk, USA 

QuantStudio, Real-Time PCR Software Thermo Fisher Scientific, Waltham, USA 
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3.1.5 Primers  

Gene Forward Reverse 

Human   

Inflammation   

IL6 TGACAGCCAGTCCACCACAAT ATGGCTGGACGGTAACAGGAA 

MCP1 GATGCGTGGAGAGTCGAAAT CTATCCAGCTCACCGGTCTC 

TNFA GGCCAGGCTCTTCCTTGAAT TAGAGGAGTGTTCCAGGGCA 

Fibrosis   

ACTA2 TCAATGTCCCAGCCATGTAT CAGCACGATGCCAGTTGT 

COL1A1 GCCAAATATGTGTCTGTGACTCA GGGCGAGTAGGAGCAGTTG 

COL3A1 ACGAGCTGGTCAAGTTCGAG AGGCTCTTGATGGCTTCCTT 

COL6A1 CCGTGGACCTGATCAAGAG TCGATGACGTGGACGGATACT 

MMP9 TGGGTACAATGAGGAGTAGG CCTACTCCTCATTGTACCCA 

TGFB1 TCTCATTGCTGGAAAACTGC AAACAGGGAAACACTGTGCAT 

TIMP1 GGACCTCTCTCTAATCAGCCCTC TCGAGAAGATGATCTGACTGCC 

Lipid metabolism  
 

ACC1 TCGCTTTGGGGGAAATAAAGTG ACCACCTACGGATAGACCGC 

ATGL AGCTCATCCAGGCCAATGTCT GGTTGTCTGAAATGCCACCAT 

ChREBP CAGCTGCGGGATGAGATTGA AAACGCTGGTGTGTGTGGGTA 

FASN ACTGGGCAGTGAAGGAATTG CTAGCCATTGCGGATTTCAT 

HSL AGCCCTGAGAAAGGAGACATGTA TCTGCCAGTGCCTCTTTGCT 

LPL CATAGCAGCCACCTTCATTCC TCTGCAGTGAGATCTTCCTATTGG 

PGC1A CGAGGGCGATCTTGACAG TCTTTGCTCTGCTCCTG 

PPARA GCTTTGGCTTTACGGAATACCA TTCGATGTTCAATGCTCCACTG 

PPARG CTGGAGGAATTTCACAAGCACC GCCTCACAAATATTCCAGCTGG 

SCD1 CCACCGTTTCTTCGTGGAT TGCTCGCTCTAAGAGATGTTCC 

SREBP1c AATTGAGGGCTTTCGCCTTAG CCGGTAGTGAACCCGTTGAT 

ER stress   

ATF4 GGGTTCTCCAGCGACAAGGCTAAG AACAGGGCATCCAAGTCGAACTC 

BiP CGAGGAGGAGGACAAGAAGG CACCTTGAACGGCAAGAACT 

CHOP CCTGCAAGAGGTCCTGTCTTCA TCAGTCAGCCAAGCCAGAGAA 

XBP1u GTGAGCTGGAACAGCAAGTGGT CCAAGCGCTGTCTTAACTCCTG 

XBP1s CCGCAGCAGGTGCAGG GAGTCAATACCGCCAGAATCCA 

FGF21 pathway   

FGF21 GGGAGTCAAGACATCCAGGT GGCTTCGGACTGGTAAACAT 

FGFR1 GAATTGGAGGCTACAAGGTCCG TGCTGCCGTACTCATTCTCCAC 

FGFR2 CCCGTGGAGGAACTTTTTAAGC TGCCAACAGTCCCTCATCATC 

KLB CATTTACATCACCGCCAGTGG GGTATGCTTTCAGCACCTCCTG 
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Chemerin pathway   

CCRL2 TCGCCTGGTCAATGCTCTAAGT TGAGGATCAAAGCAT 

CMKLR1 ACGAAGACATCCCACCAATC GGGCAGTTCTTGGTCTCGT 

GPR1 GCGCCCTCCTTGGCTCAACA ATGCCATCTGGCACCCGCAC 

RARRES2 CATAACAGCAGGAGCTCATCGT ACGAGCCCATTCATAGACATCA 

Housekeeper   

HPRT1 TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT 

RPLP0 GCTTCCTGGAGGGTGTCC GGACTCGTTTGTACCCGTTG 

Murine   
Atf4 GGAATGGCCGGCTATGG TCCCGGAAAAGGCATCCT 

Fgf21 ACCGCAGTCCAGAAAGTCTCCT TGAGGCGATCCATAGAGAGCTC 

Hes6 TGTTCACCTCTCCCTGCCTTT TTCAGGTCAGGATTGCTGTGG 

Hprt TCCTCCTCAGACCGCTTTT CCTGGTTCATCATCGCTAATC 

Rplp0 CTGATCATCCAGCAGGTGTT CCAGGAAGGCCTTGACCTTT 

 

3.2 Clinical intervention studies 

For the results of this thesis, data from three different human cohorts have been analyzed as 

described in the following sections. Participants were medically examined and supervised by 

the responsible study doctor as well as trained study nurses. Analysis of routine blood 

parameters was supported by technical assistants in the laboratory. 

The human intervention studies were conducted in accordance with the Declaration of Helsinki. 

All participants provided written informed consent prior to study enrollment. Participants were 

informed about the study aim, physical examinations and associated risks. and had the right 

to resign from the study at any time point. Anthropometrical assessments and blood collections 

were performed at the clinical research center at the German Institute of Human Nutrition 

(DIfE), Department of Clinical Nutrition, Potsdam-Rehbruecke, Germany.  

3.2.1 LEMBAS: Protein intervention prior to bariatric surgery (cohort 1) 

For the LEMBAS study (“Diet-induced changes in liver fat and energy metabolism prior to 

bariatric surgery”), participants were recruited in cooperation with the Clinic for Nutritional 

Medicine of Dr. med. Anke Rosenthal, Berlin, Germany. Inclusion and exclusion criteria were 

as follows:    
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Table 1 | Inclusion and exclusion criteria. 

Inclusion criteria  Exclusion criteria 

• Age: 18 - 75 years  

• BMI > 30 kg/m² 

• Indication for bariatric surgery 

• Glucocorticoid therapy 

• Immunosuppression 

• Anemia 

• Severe liver disease (liver cirrhosis, HCC) 

• Chemotherapy (last 8 weeks) 

• Coagulopathy 

• Heart attack / stroke (last 6 months) 

• Past organ transplantation  

• Mental or psychiatric disorder 

• Addiction 

• Pregnancy  

• Insulin or long acting insulin analogue therapy 

(metformin, DPP-IV inhibitors, and diuretics were 

accepted) 

 

Subjects with an indication for bariatric surgery were recruited and randomized into two groups 

according to sex, age, and BMI. There were two hypocaloric diet groups: the low-protein (LP, 

10 EN% protein) and high-protein (HP: 30 EN% protein) group. The protein content was 

balanced with carbohydrates (LP: 55-65 EN% carbohydrates, HP: 35-45 EN% carbohydrates) 

while fats accounted for 25-35 EN% in both diets. The diets lasted for 3 weeks prior to bariatric 

surgery and were moderately hypocaloric (1500-1600 kcal/day). The participants received 

detailed food plans given as 10-day rotating menus compiled with the software PRODI (Nutri-

Science GmbH, Hausauch, Germany). Part of the foods (protein shakes in the HP group and 

vegan spreads in the LP group) were provided to the participants. The LP diet was rich in 

bread, rice, potatoes, fruits and vegetables, whereas the HP diet was high in low-fat dairy 

products, meat, eggs, fruits and vegetables and supplemented with protein shakes. 

Preparation of dietary plans and nutritional counselling was supported by the MSc student 

Kathleen Herz.  

Before (week 0) and after (week 3) the intervention, study subjects were anthropometrically 

assessed, fasting blood was drawn, body composition was determined by Air Displacement 

Plethysmograph (BOD POD, Cosmed, Rome, Italy), and hepatic fat content was determined 

by proton magnetic resonance spectroscopy (MRIspec). During surgery, blood as well as tissue 

biopsies from the subcutaneous adipose tissue (SAT), the visceral omental adipose tissue 

(VAT), and the liver were taken. Tissue collection during surgery was performed by one of two 

surgeons in a standardized manner. Processing of tissue biopsies was conducted within the 

surgery room maintaining sterility as far as possible. Tissue samples were immediately washed 

in ice cold PBS, aliquoted and either stored in liquid nitrogen (for RNA and protein isolation) or 

transported on ice in HBSS [for human mesenchymal stromal cell (hMSC) isolation] or 4% 

formaldehyde (for histology). There was a gap of approximately 3-5 days between completion 
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of the study and day of surgery during which participants were instructed to continue on the 

respective diet. 

In total, 20 participants had been recruited, 10 in each group. 1 participant in the HP group 

was later excluded from the study due to low compliance resulting in 19 participants finally 

completing the study (LP: n = 10, HP: n = 9; mean BMI: 44.8 ± 0.9 kg/m², mean age: 47.9 ± 

2.0 years). Baseline anthropometric and routine clinical measures are presented in Appendix 

Table A1. Furthermore, blood and tissue samples were collected during surgery only from 15 

additional patients not participating in the dietary interventions, termed the reference protein 

group (RP, n = 15).  

The LEMBAS study was approved by the Ethics Committee of the Charité-Universitätsmedizin 

Berlin (EA4/006/15) and was registered at the German Clinical Trials Register (Unique 

identifier: DRKS00009509). The study was supported by an EASD-grant “Identification of 

individual response criteria for reduction of hepatic fat by nutritional approaches and 

subsequent maintenance by dietary strategies” to Andreas F.H. Pfeiffer. 

3.2.2 Reference cohorts 2 and 3 

High protein intervention in heathy subjects (cohort 2)  

As a reference cohort, data from 92 healthy, non-obese twins (mean BMI: 22.5 ± 0.3 kg/m², 

mean age: 31.5 ± 1.5 years, 58 female/ 34 male) was analyzed. Details of recruitment, 

phenotyping of study participants, as well as the dietary interventions were published 

previously (Schuler et al., 2017). Baseline characteristics of the study participants as well as 

changes in anthropometric and routine clinical measures in response to the interventions are 

presented in Appendix Table A3.  

Study subjects followed an initial 6-week healthy diet (LF: 55 EN% carbohydrates, 30 EN% fat, 

15 EN% protein), as recommended by the German Nutrition Society (DGE, Bonn, Germany), 

to standardize for different dietary habits. This was followed by a 6-week high-fat diet (HF: 40 

EN% carbohydrates, 45 EN% fat, 15 EN% protein) high in saturated fats and animal fat 

products. A final 6-week high-protein diet (HP: 30 EN% carbohydrates, 40 EN% fat, 30 EN% 

protein) was completed by 24 subjects. Baseline characteristics of this smaller subcohort as 

well as changes in anthropometric and routine clinical measures are presented in Appendix 

Table A5. Clinical investigation days (CIDs) took place after 6 weeks of LF diet (LF6), 1 week 

of HF diet (HF1), 6 weeks of HF diet (HF6), and 6 weeks of HP diet (HP6). Study participants 

received standardized meals and snacks for one week before each CID. 

On each CID, participants were anthropometrically characterized, fasting blood samples were 

collected, liver fat was determined by MRIspec (at LF6, HF1, HF6), body composition was 

determined by dual-energy X-ray absorptiometry (DEXA, at LF6, HF6), and SAT biopsies were 
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taken. Participants were recruited at the German Institute of Human Nutrition (DIfE). The study 

was approved by the Ethics Committee of the Charité-Universitätsmedizin Berlin (EA4/021/09) 

and was registered at ClinicalTrials.gov (Unique identifier: NCT01631123). The NUGAT study 

was funded by the German Federal Ministry of Education and Research (BMBF, grant 

no.0315424). 

Short-term protein intervention (cohort 3) 

To investigate regulation of FGF21 in the short-term, 21 healthy, elderly subjects (mean BMI: 

25.6 ± 0.9 kg/m², mean age: 61.7 ± 1.5 years, 15 female/ 6 male) were randomized into two 

groups according to sex, age, and BMI. Baseline characteristics of the study participants as 

well as changes in anthropometric and routine clinical measures in response to the 

interventions are presented in Appendix Table A6. Dietary counselling and supervision of the 

study participants was supported by the MSc student Ulrike Hass.  

All participants followed an initial 3-day low-protein diet (LP: 10 EN% from protein) for 

standardization. Subsequently participants consumed diets containing either normal (NP: 15 

EN% from protein, n = 10) or high (HP: 30 EN% protein, n = 11) dietary protein for 3 

consecutive days. The diets were balanced with dietary fat while carbohydrates were kept 

constant at 45 EN%. Every 24 h serum samples were collected after overnight fast.  

Participants were recruited at the German Institute of Human Nutrition (DIfE). The study 

represents a subcohort of the NutriAct study which was approved by the Ethics Committee of 

the Landesärztekammer Brandenburg [AS 160(a)2015] and was registered at the German 

Clinical Trials Register (Unique identifier: DRKS00010049). The NutriAct study was supported 

by the NutriAct – Competence Cluster Nutrition Research Berlin-Potsdam funded by the 

Federal Ministry of Education and Research (grant no. FKZ: 01EA1408A).  

3.3 Methods 

3.3.1 Heritability 

Heritability of FGF21 and chemerin was estimated based on the ACE structural equation model 

in the 34 monozygotic (MZ) and 12 dizygotic (DZ) twin pairs of cohort 2. The ACE algorithm is 

based on comparisons of the degree of concordance of a phenotypic trait within and between 

MZ and DZ twin pairs. By calculating the degree of correlation, it was determined which 

proportion of variance in serum protein concentrations is attributed to additive genetic effects 

(A), or due to common environmental (C) and non-shared environmental (E) effects. 

Heritability analyses were performed by Dr. Andreas Busjahn (Healthtwist, Berlin) and Dr. 

Martin Osterhoff [Department of Clinical Nutrition, German Institute of Human Nutrition (DIfE)]. 
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3.3.2 Genotyping 

Genotyping of the study participants in cohort 2 has been described previously (Schuler et al., 

2017). In brief, genomic DNA was isolated from buffy coat and genotyped on 

HumanOmniExpressExome BeadChips (Illumina, San Diego, USA) at the Interdisciplinary 

Center for Clinical Research (IZKF, Leipzig, Germany). 

3.3.3 Anthropometric measurements 

At each CID (week 0, week 3), participants of the LEMBAS study were anthropometrically 

assessed. Body height was determined by a wall-mounted stadiometer and body weight was 

measured with a calibrated digital scale (Soehnle Professional, Nassau, Germany). BMI was 

calculated according to the following formula: BMI = body weight [kg] / body height² [m²]. Waist 

and hip circumferences were recorded and the waist-to-hip-ratio (WHR) was calculated 

accordingly.  

Body composition of the participants was determined by air displacement plethysmography 

(BOD POD, COSMED, Rome, Italy). The instrument consists of an airtight chamber and 

measures the volume of displaced air, recorded as a change in pressure, when a participant 

is seated inside. Based on body volume and body weight whole-body densitometry was 

calculated and the relative proportion of fat and fat-free mass was derived accordingly.  

3.3.4 Determination of routine parameters in blood  

Blood samples were collected after overnight fasting using a standard blood collection system 

(S-Monovette, Sarstedt, Germany). Depending on further analyses, plasma tubes contained 

EDTA or DPP4-inhibitors and were centrifuged (10 min, 3000 rpm, 4°C) immediately after 

blood sampling. Serum tubes contained a coagulation activator and were left to clot for 10 min 

before centrifugation. Samples were aliquoted and stored at -80°C until further use.   

Glucose and HbA1c 

Blood glucose concentrations were determined spectrophotometrically after 2-step enzymatic 

transformation to gluconate 6-phosphate and equimolar NADPH/H+. Absorption of NADPH 

was measured as 340 nm.  

Glycated hemoglobin (HbA1c) is expressed as a percentage of total hemoglobin and is 

determined spectrophotometrically in whole blood. The assay is based on the latex 

agglutination inhibition test. In this test, HbA1c prevents agglutination of latex particles covered 

with monoclonal mouse antibodies specific for HbA1c and thus reduced absorbance at 550 

nm. 
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Insulin and estimates for insulin resistance 

Insulin concentrations were determined by enzyme-linked immunosorbent assay (ELISA) 

(Mercodia, Uppsala, Sweden) according to the manufacturer’s instructions. 

Homeostasis Model Assessment for Insulin Resistance (HOMA-IR) index was calculated 

according to the formula: HOMA-IR = (fasting insulin in mU/l x fasting glucose in mmol/l) / 22.5. 

Index of adipose tissue insulin resistance (Adipo-IR) was calculated according to the formula: 

Adipo-IR = fasting insulin [mU/l] x fasting free fatty acids [mmol/l]. 

Blood lipids 

Triacylglycerides (TAG), total cholesterol, high-density lipoprotein cholesterol (HDL), and free 

fatty acids (FFA) were spectrophotometrically determined on an ABX Pentra 4000 analyzer 

(HORIBA ABX SAS, Montpellier, France) using the respective commercially available kit as 

listed in section 3.1.2. The measurements are based on enzymatic, colorimetric assays. From 

the obtained values for total cholesterol, TAG, and HDL, the concentration of low-density 

lipoprotein cholesterol (LDL) was calculated according to (Friedewald et al., 1972).   

C-reactive protein (CRP) 

CRP was determined by immunoturbidimetric assay (Horiba ABX SAS, Montpellier). Antibody-

labeled microbeads complex with CRP thus causing a change in light intensity due to the 

scattering effect of the dissolved particles. Turbidity was measured at 850 nm from which the 

CRP concentrations was calculated. 

Hepato- and adipokines 

Concentrations of chemerin, FGF21, omentin, leptin, and adiponectin were determined by 

commercially available ELISA kits (listed in section 3.1.2) according to the manufacturer’s 

instructions. 

Renal and hepatic biomarkers 

Serum concentrations of urea, uric acid, and creatinine, as well as activity of the liver enzymes 

aspartate aminotransaminase (AST), alanine aminotransaminase (ALT), and gamma-glutamyl 

transferase (γ-GT) were determined by on the ABX Pentra 4000 analyzer (HORIBA ABX SAS, 

Montpellier, France) using commercially available kits as listed in section 3.1.2.  

3.3.5 Histology 

Small tissue pieces from SAT, VAT, and liver were immediately fixated in 4% formaldehyde 

(Sigma-Aldrich, St. Louis, USA) and transported to the laboratory. After 24 h, the tissue 

biopsies were embedded in paraffin after which sections were cut in 2 µm thick slices and 

stained on glass slides. Preparation and staining of histological tissue sections was conducted 
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by Elisabeth Meyer [Max Rubner Laboratory, German Institute of Human Nutrition (DIfE)]. 

Images were acquired with a BX46 Upright Microscope (Olympus Tokyo, Japan). Evaluation 

of tissue sections was supported by the MSc student Elisabeth Friedl [(Department of Clinical 

Nutrition, German Institute of Human Nutrition (DIfE)].  

Adipose tissue biopsies 

Hematoxylin and eosin (H&E) staining 

For H&E staining, tissue sections were deparaffinized with Roti-Histol (Carl Roth, Karlsruhe, 

Germany) and stained according to standard protocols. Hematoxylin stains nuclei blue-purple 

while eosin stains the extracellular matrix and cytoplasm pink. Other cellular structures also 

become apparent taking on different shades between the two colors.  

Adipocyte morphology was assessed using the software ImageJ with the Adiposoft plug-in 

(Parlee et al., 2014). From each tissue section, 5 representative images with 4X magnification 

were taken (calibrated to 1 pixel = 0.845 µm). The sections were analyzed fully automatically 

by the software avoiding any bias to be introduced by the user. Adipocyte diameter and area 

(in µm) were calculated and exported to Excel (Microsoft, Redmond, USA). Approximately 200 

± 100 cells/image were detected resulting in a total of at least 1000 cells assessed per subject 

in each depot. The average cell diameter and area from 5 representative images were taken 

for analyses. 

Cluster of differentiation (CD) 68 staining 

To assess adipose tissue macrophage infiltration, tissue sections were stained for CD68 (alias 

macrosialin). CD68 is a glycoprotein expressed on the cell surface of cells in the monocyte 

lineage such as tissue macrophages. Tissue sections were deparaffinized and incubated with 

anti-human CD68 primary antibody (monoclonal mouse, DAKO, Glostrup, Denmark) at a 1:100 

dilution for 1 h at room temperature. Subsequently the slides were incubated with secondary 

horseradish peroxidase (HRP)-conjugated anti-mouse antibody (Nichirei Biosciences, Tokio, 

Japan) for 30 min at room temperature. The substrate 3,3'-diaminobenzidine (Sigma-Aldrich, 

St. Louis, USA) was added, which was catalyzed to a brown colored product by the HRP 

enzyme at the site of CD68 antigen. Finally, a hematoxylin staining was conducted to mark 

cell nuclei. Thereafter tissue sections were dehydrated and mounted.  

Tissue sections were evaluated for crown-like structures (CLS), defined as >50% of an 

adipocyte surrounded by macrophages. Representative images at 4X magnification were 

taken and the number of CLS/ unit area were recorded. For data analysis, histological 

preparations were categorized into 4 categories according to 0, ≤ 1, ≤ 2, ≥ 3 CLS/ unit area.  
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Liver biopsies 

Liver tissue was H&E stained as described above. Representative images at 20X magnification 

were taken. Each biopsy was scored for grade of steatosis, lobular inflammation, 

hepatocellular ballooning, and fibrosis according to histological scoring systems for NAFLD. 

Severity of NAFLD was assessed by summarizing the scores obtained in each category and 

calculation of the NAFLD Activity Score (NAS) (Kleiner et al., 2005), as presented in Appendix 

Table A7, and Steatosis-Fibrosis (SAS) Score (Bedossa et al., 2012), as presented in 

Appendix Table A8.  

The NAS is an unweighted sum of scores of steatosis, lobular inflammation, and hepatocellular 

ballooning while fibrosis is assessed separately. NAS scores of 0 - 2 are categorized as not 

NASH, scores of 3-4 are borderline, and scores of 5-8 are considered diagnostic for NASH as 

assessed in a reference cohort (Kleiner et al., 2005). However, discrepancies between NAS 

and NASH diagnosis have been described (Rastogi et al., 2017).  

The SAF score uses steatosis as an entry criterion for the algorithm as NAFLD is defined by 

steatosis in > 5% of hepatocytes (Machado et al., 2006), thus not considering steatosis to 

grade disease severity. All cases with at least grade 1 steatosis were considered NAFLD 

(steatosis). Hepatocyte ballooning and lobular inflammation were used to assess disease 

activity. When both scores were at least grade 1, then the lesion was classified as NASH 

(Bedossa et al., 2012).  

3.3.6 Magnetic resonance imaging (MRI) and spectroscopy (1H-MRS) 

Intrahepatic lipids (IHL) were determined on a 1.5-T whole-body scanner (Magnetom Avanto, 

Siemens Healthcare, Erlangen, Germany) conducted at the Ernst von Bergmann Hospital 

(Department of Diagnostic and Interventional Radiology, Potsdam, Germany). Intrahepatic 

lipids (IHLs) were quantified by single voxel 1H Magnetic Resonance Spectroscopy (1H-MRS), 

given as the ratio of fat (methylene + methyl resonances) divided by water + fat. 

3.3.7 Enzymatic determination of hepatic TAG content 

HB-buffer 

• 10 mM NaH2PO4 * H2O 

• 1 mM EDTA (pH 7.4) 

• 1% polyoxyethylene (10) tridecyl ether 

Hepatic tissue was grinded in liquid nitrogen and dissolved in HB-buffer (10 µg/ 100 µl) followed 

by homogenization in the TissueLyser LT (Qiagen, Hilden, Germany). The tissue homogenate 

was centrifuged (30 min, 23100 xg, 4°C) and the lipid containing supernatant was collected. 

After incubation in the thermoshaker (5 min, 70°C) and cooling-down on ice (5 min), the 
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solution was centrifuged again, and the supernatant was collected. For normalization 

purposes, protein content of the sample was determined using the Protein Assay Kit (Bio-Rad 

Laboratories, Hercules, USA) which is based on the Lowry protein assay. 

Tissue TAG content was determined using the Triglyceride Determination Kit (Sigma-Aldrich, 

St. Louis, USA) according to the manufacturer’s manual. The assay is based on the enzymatic 

cleavage of TAG into glycerol and NEFAs by addition of the enzyme lipase. Absorption at 540 

nm was measured before and after addition of lipase. The TAG content was normalized to total 

protein content determined in the sample. 

3.3.8 Gene expression analysis 

RNA isolation from adipose tissue  

RNA was isolated from adipose tissue using the RNeasy Lipid Tissue Kit (Qiagen, Hilden, 

Germany) according to the manufacturer’s instructions. The Approximately 300 mg tissue each 

from SAT and VAT were used. Tissues were homogenized in the bead mill (SpeedMill, Analytik 

Jena, Jena, Germany) by addition of a guanidinium thiocyanate-based reagent (QIAzol, 

Qiagen, Hilden, Germany). After addition of chloroform (Carl Roth GmbH, Karlsruhe, 

Germany) and centrifugation, the homogenate separated into aqueous and organic phases. 

The aqueous phase was extracted, and RNA precipitated in ethanol (Carl Roth GmbH, 

Karlsruhe, Germany) prior to binding to the membrane of the provided columns. DNA, salts, 

and macromolecular contaminants were removed by several washing steps and inclusion of 

an incubation step with rDNase (Qiagen, Hilden, Germany). Pure RNA was eluted using 

RNase free water (MP Biomedicals, Solon, USA).  

RNA isolation from liver  

For RNA isolation from liver, the NucleoSpin RNA II Kit (Macherey-Nagel, Düren, Germany) 

was used according to the manufacturer’s recommendations. The tissue was homogenized by 

grinding in liquid nitrogen and subsequent mechanical shearing in the bead mill with added 

zirconium beads (SpeedMill, Analytik Jena, Jena, Germany). RNA preparation using this kit is 

based on adsorption of RNA to the silica membrane of a column, followed by two washing 

steps to remove salts, metabolites, and contaminants. An incubation step with rDNase was 

included to remove residual DNA. Pure RNA was eluted using RNase/DNase free water. 

RNA isolation from cell cultures 

For RNA isolation from cell cultures (HepG2, primary murine hepatocytes, primary human 

adipocytes) the NucleoSpin RNA II Kit (Macherey-Nagel, Düren, Germany) was used 

according to the manufacturer’s manual. Cells were harvested by addition of the provided Lysis 

Buffer supplemented with freshly added β-mercaptoethanol (Thermo Fisher Scientific, 
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Waltham, USA) and mechanical removal of adherent cells using cell scrapers. An incubation 

step with rDNase was included to remove residual DNA 

Determination of RNA quantity and quality 

RNA concentration and purity were estimated by spectrophotometric analysis using NanoDrop 

ND 1000 (Thermo Scientific, Wilmington, USA). The absorption of the sample was determined 

at 260 nm (RNA, DNA), 280 nm (protein, phenolic compounds or other contaminants), and 

230 nm (carbohydrates, phenols). A 260/280 ratio above 1.8 together with a 260/230 ratio 

between 2.0 - 2.2 was considered as “pure” RNA.    

For sensitive applications, quality and quantity of RNA was determined by capillary 

electrophoresis (Bioanalyzer, Agilent technologies, Böblingen, Germany) according to the 

manufacturer’s manual. After a denaturation step (2 min, 70°C), RNA was loaded onto the gel 

containing chip and separated by application of an electrical field. The resulting 

electropherogram, the RNA integrity number [(RIN, ranging from 1 (completely degraded) to 

10 (intact RNA)] and RNA quantity were provided by the instrument. A RIN value of above 7 

was considered sufficient for high-throughput RNA sequencing.  

cDNA synthesis 

For cDNA synthesis the High Capacity cDNA Reverse Transcription Kit (Thermo Fisher 

Scientific, Wilmington, USA) was used according to the manufacturer’s instructions. In brief, a 

mix consisting of provided buffer, random primers, RNase inhibitor, the enzyme reverse 

transcriptase and deoxyribonucleotide triphosphates (dNTPs) was produced and combined 

with 1µg of RNA. Synthesis of cDNA was performed in the Mastercycler (Eppendorf, Hamburg, 

Germany) as follows: enzyme activation for 10 min at 25°C, cDNA synthesis for 120 min at 

37°C, enzyme inactivation at 85°C for 5 min, cooling down to 4°C after which the samples were 

removed and stored at -20°C.  

Quantitative real-time polymerase chain reaction (qRT-PCR) 

Quantification of gene expression was performed using Power SYBR Green PCR Master Mix 

(Thermo Fisher Scientific, Waltham, USA) according to the manufacturer’s instructions. SYBR 

Green is a double-stranded DNA binding dye that emits a fluorescent signal upon intercalating 

with DNA. Apart from the dye, the provided Master Mix contained a hot-start DNA-polymerase, 

dNTPs, and a passive internal reference used to normalize non-PCR-related fluorescence 

fluctuations. cDNA samples were diluted in RNase/DNase free water. Standards were 

prepared by pooling cDNA from the respective tissue or cell type and subsequent serial 1:4 

dilutions.  
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Appropriately diluted cDNA was combined with the provided SYBR Green Master Mix as well 

as forward and reverse primers depending on the gene to be analyzed. Primers (Invitrogen, 

Carlsbad, USA) were designed using the software Primer Express 2.0 (Applied Biosystems, 

Thermo Fisher Scientific, Waltham, USA). Water was used as a no-template control to detect 

extraneous nucleic acid contaminations. Furthermore, a no-reverse transcriptase control was 

included to detected DNA contamination in the samples. Samples were measured in triplicates. 

The qRT-PCR reactions were run on the ViiA 7 Real-Time PCR System (Thermo Fisher 

Scientific, Waltham, USA). The PCR program were as follows: polymerase activation for 10 

min at 95 °C followed by 45 cycles denaturation for 15 s at 95°C, annealing and elongation for 

1 min at 60°C.  

Gene expression was quantified by the PCR software according to the standard curve method. 

Melt curves were analyzed for possible unspecific PCR products. Relative gene expression 

was normalized to the geometric mean of expression of the housekeeping genes RPLP0 and 

HPRT. Primer sequences are listed in section 3.1.5. 

3.3.9 Multiplex assay 

Wash Buffer 

• 1 ml 10X protease inhibitor  

• 1 ml 10X phosphatase inhibitor 

• 8 ml 1X PBS 

Lysis Buffer 

• 100 µl 10X protease inhibitor 

• 100 µl 10X phosphatase inhibitor 

• 100 µl 10X Cell Lysis Buffer 

• 700 µl 1x PBS 

IFNγ, IL1ß, IL6, IL10, MCP1, and TNFα were determined in serum and tissue lysates by MSD 

multiplex assay (Meso Scale Diagnostics, Rockville, USA). This technique is based on the 

ELISA principle and allows parallel measurement of up to 10 biomarkers. In principle, 

biotinylated capture antibodies are coupled with specific linkers that self-assemble onto unique 

spots on a 96-well plate. Analytes in the sample bind to the capture antibody and are detected 

with electrochemiluminescent (ECL) labeled antibodies. The intensity of the emitted light, 

which is proportional to the analyte present in the sample, is finally measured on the ECL plate 

reader (Meso Scale Diagnostics, Rockville, USA) .  

Serum samples were measured directly while adipose tissue lysates were prepared as follows. 

500 – 800 mg tissue was washed twice in Wash Buffer separated from any visible blood clots 

and centrifuged (5 min, 2000 xg, 4°C). Subsequently, Lysis Buffer was added (1:1) and 
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homogenized by mechanical disruption (SpeedMill, Analytik Jena, Jena, Germany) (2 x 3 min) 

and probe sonicator (Labsonic, Braun, Melsungen, Germany) (2 x 5 sec). Finally, the tissue 

homogenate was rotated for 30 min, centrifuged (5 min, 2000 xg, 4°C), and the supernatant 

was collected. 

The multiplex assay was conducted according to the manufacturer’s instructions. In brief, 

individually prepared linker-antibody-solutions were combined and coated on a 96-well plate. 

After overnight incubation and washing, samples and standards were added to the plate and 

incubated for 1 h at room temperature. The plate was washed 3 times and Read Buffer 

(provided) was added. The plate was analyzed on the MSD ECL imager (Meso Scale 

Diagnostics, Rockville, USA). 

3.3.10 Culture and treatment of HepG2 and primary murine hepatocytes 

HepG2 

HepG2 Growth Medium 

In MEM (without glutamine) 

• 2 mM glutamine 

• 10% FBS 

• 1% NEAA 

• 1% antibiotic/antimycotic solution  

Human hepatoma cells (HepG2, a gift from Christiane Bumke-Vogt, Department of 

Endocrinology, Diabetes and Nutrition, Charité-Universitätsmedizin Berlin, Berlin, Germany) 

were cultivated in HepG2 Growth Medium in a CO2-incubator (37°C, 5% CO2) (Heraeus, 

Hanau, Germany). Before confluence, cells were seeded in 6-well TPP plates (Techno Plastic 

Products, Trasadingen, Switzerland) at a density of 6 x 105/well and left to attach overnight. 

To study the effect of nitrogenous metabolites on FGF21 expression serum-free MEM medium 

(Thermo Fisher Scientific, Waltham, USA) was supplemented with different concentrations of 

ammonium chloride (Merck, Darmstadt, Germany) or glutamine (Thermo Fisher Scientific, 

Waltham, USA) as indicated in the results. During the last 6 h of the experiment, 5 µg/ml 

tunicamycin (Sigma-Aldrich, St.Louis, USA) or vehicle control (DMSO, Sigma-Aldrich) were 

added to induce FGF21 mRNA.   

Primary Hepatocytes 

Hepatocyte Complete Medium (HCM) 

In MEM: 

• 10% FBS 

• 1% penicillin-streptomycin 
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Isolation and treatment of primary hepatocytes was conducted by Steffi Heidenreich (Schupp 

lab, Institute of Pharmacology, Charité-Universitätsmedizin Berlin, corporate member of Freie 

Universität Berlin, Humboldt-Universität zu Berlin, and Berlin Institute of Health, Berlin, 

Germany).  

Primary hepatocytes were isolated from healthy male C57BL/6J mice by perfusing livers with 

EBSS (Thermo Fisher Scientific, Waltham, USA) followed by digestion buffer [5000 U/ml 

collagenase, type I (Worthington Biochemical, Lakewood, USA) in HBSS (Thermo Fisher 

Scientific, Waltham, USA)]. Hepatocytes were released from excised livers by carefully 

applying pressure on the liver lobes. The obtained cell suspension was filtered through a 100-

µm-mesh and separated by Percoll gradient centrifugation (Biochrom, Berlin, Germany). Cells 

were seeded at a density of 2.5 x 105 cells/well on 12-well collagen I-coated plates (BD 

Biosciences, San Jose, USA) Hepatocyte Complete Medium (HCM). For experiments, cells 

were allowed to settle down for 5 h in HCM, after which medium was changed to serum-free 

MEM overnight. One day after isolation, increasing concentrations of ammonium chloride or 

glutamine were added to the media for 24 h after which cells were harvested.  

RNA interference and adenoviral delivery 

To study the effect of Hes6 on Fgf21 expression, Hes6 was silenced using small interfering 

RNAs (siRNA) and overexpressed by means of an adenoviral vector. For siRNA experiments, 

isolated primary hepatocytes were allowed to settle down for 4 h in complete medium after 

which medium was changed to serum-free MEM (Thermo Fisher Scientific, Waltham, USA). 

Cells were transfected overnight with siRNA directed against Hes6 or negative controls (all 

Qiagen, Hilden, Germany) using lipofectamine transfection reagent (Thermo Fisher Scientific, 

Waltham, USA) according to the manufacturer’s recommendations. The next morning, medium 

was changed to hepatocyte complete medium and cells were harvested 48 h after transfection. 

For overexpression experiments, primary hepatocytes were transduced with adenoviral-

associated viral particles overexpressing Hes6 or GFP control. Viral load for Adeno-mHes6 

and Adeno-GFP was 1.1x1011 and 1.2x 1011 infectious units/ml, respectively, which was diluted 

1:100 and added to the wells at increasing concentrations (0.1 µl, 1 µl, and 10 µl). Hepatocytes 

were harvested 48h after transduction and expression of Hes6 and Fgf21 mRNA was 

determined by qRT-PCR. 

3.3.11 Culture, differentiation, and treatment of human primary adipocytes 

Isolation of human mesenchymal stromal cells (hMSCs) 

After transportation to the laboratory, SAT and VAT biopsies were repeatedly washed with 

PBS and cut with a scalpel into small pieces. Visible connective tissue or blood clots were 
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removed. Isolation of hMSCs was conducted based on the protocol provided by (Lee and Fried, 

2014) with minor modifications.  

The minced tissue was weighed and digested with collagenase D (Sigma-Aldrich, St. Louis, 

USA) to create a single cell suspension (30 min – 2 h, 37°C). Progress of tissue disaggregation 

was checked regularly. Under the cell culture bench tissue was further homogenized by 

shaking and gentle pipetting. If needed, the digested tissue was filtered through a sterilized 

funnel with an attached 250 µm nylon mesh and washed with PBS. The flow-through was 

transferred to a 50 ml tube and centrifuged (6 min, 350 xg, room temperature). 

After centrifugation three layers became visible: a fat layer on the top, medium in the middle 

and a cell pellet on the bottom. After aspiration of the upper layers, the cell pellet was 

resuspended in red RBC lysis buffer (Sigma-Aldrich, St. Louis, USA) and incubated for 10 min 

in the dark. After centrifugation (6 min, 350 xg) the cell pellet was resuspended in complete 

Preadipocyte Growth Medium (Promo Cell, Heidelberg, Germany), cells were counted using a 

hemocytometer and plated accordingly on Primaria cell culture plates (Corning, New York, 

USA). After overnight attachment, cells were washed twice with PBS and refed with 

Preadipocyte Growth Medium. Thereafter cells were washed as needed and refed twice a 

week. Before confluence, cells were either split or frozen in liquid nitrogen [5 x 105 cells/tube 

in 70% medium, 20% HyClone (Fisher Scientific, Waltham, USA), 10% DMSO].  

Primary adipocyte differentiation 

Adipocyte Differentiation Medium 

In DMEM/F12: 

• 500 µM IBMX 

• 25 nM dexamethasone 

• 0.2 nM T3 

• 8 µg/ml biotin 

• 5 mM panthothenat 

• 100 nM hydrocortisone 

• 20 nM human insulin 

• 0.01 µg/ml transferrin 

• 2 µM rosiglitazone 

 

Adipocyte Maintenance Medium  

In DMEM: 

• 10% FBS (HyClone) 

Preadipocytes were plated on 6-well Primaria plates (Corning, New York, USA) at a density of 

3 x 105 cells/well. Postconfluent cells were induced to differentiate by the addition of Adipocyte 
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Differentiation Medium. The medium was replenished twice per week for 14 days. Thereafter 

cells were washed twice with PBS and cultured in Adipocyte Maintenance Medium for at least 

5-7 days prior to an experiment. Degree of differentiation was determined by analysis of mRNA 

expression of adipocyte marker genes and Oil Red O staining (Sigma-Aldrich, St. Louis, USA) 

according to the manufacturer’s manual. The dye Oil Red O specifically stains triglycerides 

which can be quantified by measuring the absorbance at 518 nm.  

Stimulation of mature adipocytes 

Fully differentiated adipocytes from SAT were treated with increasing concentrations (0.1 nM 

– 30 nM) of recombinant human chemerin (R&D systems, Minneapolis, USA) or vehicle control 

(PBS with 0.1% BSA). Furthermore, mature adipocytes were treated with palmitic acid (350 

µM), arachidonic acid (200 µM), a fatty acid mixture (1%) (all Sigma-Aldrich, St. Louis, USA), 

or vehicle control [1% Tween-40 (Sigma-Aldrich, St. Louis, USA)]. After 24 h cells were 

harvested, and mRNA expression was determined by qRT-PCR.  

3.3.12 Animal studies 

Samples from a previously published study in ten-week old male C57BL/6 mice (Charles River, 

Sulzfeld, Germany) fed for 20 weeks with semisynthetic HF diets (20% w/w of fat) containing 

either an adequate (AP: 8.9 EN% protein) or high (HP: 44.8 EN% protein) amount of whey 

protein, or an AP diet supplemented with L-leucine corresponding to the leucine content of the 

HP diet (AP+L: 6% w/w leucine) (Freudenberg et al., 2012) were reanalyzed for expression of 

Fgf21 and Atf4. Furthermore, gene expression was assessed in samples from a 1-week trial 

conducted under the same conditions (Freudenberg et al., 2013). Here, the diet was 

supplemented with equimolar L-leucine or L-alanine to separate leucine specific effects (n = 

7-8 per group). The experiments were performed in accordance with the guidelines of the 

ethics committee of the Ministry for Environment, Health and Consumer Protection (State 

Brandenburg, Germany, Permission No. 23-2347-8-3-2008). 

3.3.13 Statistics 

Before data analysis, parameters were tested for plausibility by identifying outliers defined as 

a data point whose distance from the median exceeds 1.5 times the interquartile range of a 

box-and-whiskers plot. In view of the high variability of human data and the small cohort sizes, 

data points obtained in cohort 1 and 3 were only excluded if reasonable. In respective cases,  

findings were reanalyzed, and divergent results were reported.  

Variables were tested for normal distribution with the Shapiro-Wilk (cohort 1, cohort 3) or 

Kolmogorov-Smirnov (cohort 2) test depending on cohort size. Non-normally distributed 

variables were transformed with the natural logarithm (ln) and reassessed for normality. Paired 
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Student’s t-test or non-parametric Wilcoxon test were used to test for differences between two 

time points with a group. Unpaired Student’s t-test or non-parametric Mann-Whitney-U test 

were used to test for differences between two different groups. Multiple comparisons were 

performed by 1-way (> 2 groups) or repeated-measures ANOVA (> 2 time points) followed by 

post-hoc analysis (Bonferroni). 2-way ANOVA was applied to test for differences between 

groups defined by multiple independent variables. Pearson’s coefficient or Spearman’s rank 

correlation coefficient was used for correlation analysis of variables with normal and skewed 

distribution, respectively. For the primary cell culture experiments representative results of at 

least three independent experiments are shown.  

All statistical analyses were performed with SPSS software, version 24.0 (IBM SPSS. Chicago, 

IL, USA). Values are expressed as mean ± SEM unless otherwise stated. Statistical 

significance was designated at P < 0.05 and significant results were indicated with asterisks 

(*P < 0.05, **P < 0.01, ***P < 0.001). 
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4 Results 

4.1 The LEMBAS intervention study 

4.1.1 Baseline characteristics of the study participants 

For the LEMBAs study (cohort 1), morbidly obese subjects were recruited and randomly 

assigned to the low-protein (LP, 10 EN%) or high-protein (HP, 30 EN%) group. 20 participants 

completed the study, 10 in each group. One participant in the HP group was excluded from the 

study for reasons of noncompliance resulting in ultimately 9 subjects in the HP group. The 

randomization parameters are outline in Table 2. There were no significant differences in these 

parameters between the groups.  

Table 2 ӏ Randomization parameters.  

Parameter LP HP PLPvsHP 

Participants [n] 10 9  

Sex [f/m] 6 / 4 6 / 3  

Age [y] 47.2 ± 8.7 48.7 ± 9.1 0.188 

BMI [kg/m2] 45.2 ± 1.2 44.5 ± 1.3 0.693 

Data are mean ± SEM. 

The dietary interventions lasted for 3 weeks prior to bariatric surgery. At baseline and after the 

intervention serum was taken (LP: n = 10, HP: n = 7) and the participants were 

anthropometrically characterized (LP: n = 10, HP: n = 9). During bariatric surgery, serum as 

well as liver and abdominal adipose tissue biopsies from the subcutaneous and visceral 

(omental) fat depot were obtained (LP: n = 10, HP: n = 9).  

Furthermore, serum and tissue samples were collected from 15 additional subjects during 

surgery only. This group did not participate in the dietary interventions and was termed the 

reference protein (RP: n = 15) group.   

Table 3 ӏ Basic parameters of the RP group.  

Parameter RP 

Participants [n] 15 

Sex [f/m] 2 / 13 

Age [y] 45.6 ± 3.5 

BMI [kg/m2] 41.5 ± 1.1 

The RP group did not participate in the dietary interventions. However, serum and tissue samples were collected during surgery. 
Data are mean ± SEM. 
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4.1.2 Anthropometry and body composition 

The dietary interventions were moderately hypocaloric (1500-1600 kcal/d) aiming for a weight 

and particularly liver fat reduction in preparation for bariatric surgery.  The LP and HP diet 

differed in the amount of protein which was balanced by carbohydrates while keeping fat intake 

constant at 25-35 EN% (the study design is depicted in Figure 3A). The intervention groups 

received detailed food plans as well as dietary counseling before the intervention (the 

documents were prepared and provided to the study subjects by the MSc student Kathleen 

Herz). 

After three weeks on the respective diet, participants in both groups significantly lost body 

weight (LP: -5.31 ± 0.99 kg, HP: -4.69 ± 0.98 kg, PLPvsHP = 0.860). In accordance, BMI reduced 

in both groups in response to the hypocaloric interventions (LP: -1.73 ± 0.28 kg/m², HP: -1.54 

± 0.32 kg/m², PLPvsHP = 0.842) (Figure 3B). 

A        B    

 
 

 

 

 

 

 

Participants in both groups effectively reduced their waist circumference (PLP = 0.004, PHP = 

0.009), while the changes in hip circumference were only significant in the LP group  (PLP = 

0.019) (Table 4). The reductions in waist-to-hip ratio (WHR) remained not significant as well 

as the changes in fat mass which were determined by BOD POD measurement (Table 4). 

There were no significant differences between the gr oups in the anthropometric measures 

assessed. 

Figure 3 ӏ Design of the LEMBAS study and cha nges in BMI. A, Morbidly obese subjects consumed hypocaloric 
low-protein (LP, 10 EN%) or high-protein (HP, 30 EN%) diets 3 weeks prior to bariatric surgery. Subjects in the RP 
group did not participate in the dietary interventions. However, blood and tissue samples from these participants 
were collected during surgery. B, Body weight and body height were assessed before and after the 3 -week dietary 
interventions. BMI = kg/m². SRG indicates surgery. n.s., not significant. ***P < 0.001 different from week 0. 
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Table 4 ӏ Diet induced changes in anthropometric measures.  

Parameter Low Protein High Protein  
 Week 0 Week 3 PLP Week 0 Week 3 PHP PHPvsLP 

Waist circumf. [cm] 134.5 ± 4.4 129.9 ± 4.1 0.004 134.4 ± 5.4 127.7 ± 5.5 0.009 0.369 

Hip circumf. [cm] 136.0 ± 3.8 134.1 ± 3.9 0.019 139.8 ± 3.6 138.0 ± 3.8 0.444 0.548 

WHR 1.00 ± 0.04 0.97 ± 0.04 0.058 0.97 ± 0.04 0.93 ± 0.28 0.081 0.904 

Fat mass [kg] 69.8 ± 5.9 65.0 ± 4.9 0.052 77.4 ± 9.6 77.8 ± 8.8 0.252 0.898 

Fat mass [%] 53.0 ± 2.6 51.6 ± 2.1 0.421 54.8 ± 2.7 55.6 ± 2.8 0.839 0.873 

Lean mass [kg] 61.0 ± 4.5 60.9 ± 4.2 0.978 62.2 ± 5.2  60.6 ± 4.9 0.203 1.000 

Lean mass [%] 47.0 ± 2.6 48.4 ± 2.1 0.910 45.2 ± 2.7 44.4 ± 2.8 0.839 0.841 

Before (week 0) and after (week 3) the intervention participants were anthropometrically assessed. Fat mass and lean mass were 
determined by air displacement plethysmography (BOD POD) in the fasted state. Data are mean ± SEM. P-values refer to 
differences between the groups in absolute change from week 0 to week 3. Significant values (P < 0.05) are marked in bold. 
Circumf. indicates circumference, WHR, waist-to-hip ratio. 

4.1.3 Routine parameters in blood 

Changes in indicators of glucose metabolism are shown in Figure 4. Fasting glucose and 

insulin levels at baseline were not significantly different between the groups (Appendix Table 

A1). In both groups, LP and HP, participants significantly reduced their fasting insulin levels in 

response to the intervention (PLP = 0.007, PHP = 0.042, PLPvsHP not significant) while the 

reduction in fasting glucose was only significant in the LP group (PLP = 0.005, PLPvsHP = 0.029) 

(Figure 4). Mean glycated haemoglobin (HbA1c) was 6.3% [categorized as impaired fasting 

glycaemia (2009)] in the LP and 5.6% [categorized as normal glycaemia (2009)] in the HP 

group (PLPvsHP not significant). HbA1c, a long-term indicator of blood glucose levels, did not 

change in either group in response to the 3-week intervention. 

Two indicators of insulin sensitivity were calculated. The Homeostatic Model Assessment of 

Insulin Resistance (HOMA-IR) (Matthews et al., 1985) and the adipose tissue insulin 

resistance (Adipo-IR) (Gastaldelli et al., 2017). In the LP group, HOMA-IR decreased markedly 

from 11.7 ± 2.4 to 4.3 ± 0.6 (- 62.8%, PLP = 0.007) (Figure 4). In the HP group HOMA-IR 

decreased in response to the dietary intervention being marginally significant (- 40.0%, PHP = 

0.081). The improvements in HOMA-IR were not significantly different between the groups. 

Furthermore, the mean HOMA-IR in both groups was still in the range of severe insulin 

resistance (Salgado et al., 2010). Adipo-IR improved in both groups. However, statistical 

significance was only reached in the LP group (LP: - 40.6%, P = 0.034; HP: - 36.3 %, P = 

0.576) (Figure 4). The changes from week 0 to week 3 were not significantly different between 

the LP and HP group. 
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Figure 4 ӏ Diet induced changes in indicators of glucose homeostasis. Glucose, insulin, and FFA were 

measured in serum, HbA1c in whole blood, collected in the fasted state. Measures of insulin resistance were 
calculated as follows: HOMA-IR = (fasting insulin in mU/l x fasting glucose in mmol/l) / 22.5, Adipo-IR = fasting 
insulin in mU/l x fasting free fatty acids in mmol/l. *P < 0.01, **P < 0.01, P < 0.001 different from week 0. #P < 0.05 
difference in relative change in time between the groups. 

As an indicator for compliance, urea concentrations in serum were measured. Baseline urea 

levels were not significantly different between the groups (Appendix Table A1). In response to 

the intervention, urea strongly decreased in the LP group (P = 0.001) while it increased in the 

HP group (P = 0.031, P HPvsLP < 0.001) indicating compliance of the study participants (Table 

5).  

Serum creatinine was measured as an indicator for renal function. The creatinine levels of all 

participants, except one man in the LP group, were within the normal range [women: 45 to 90 

μmol/l, men: 60 to 110 μmol/l (Delanaye et al., 2017)]. Serum creatinine increased slightly in 

response to the LP diet with no effect on the number of participants being outside the normal 

range. Furthermore, hyperuricemia is often associated with obesity (Lin et al., 2006). In total, 
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eight participants (four in each group) had higher than normal serum uric acid levels [women: 

140–360 µmol/l, men: 200–430 µmol/l (Desideri et al., 2014)] at baseline. In response to the 

intervention creatinine levels in the LP group increased significantly (PLP = 0.013) such that 

one additional participant was characterized with abnormal creatinine levels (Table 5). In 

contrast, circulating creatinine concentrations declined insignificantly in the HP group which 

caused one participant to switch into the normal range category (Table 5). The changes in 

creatinine were significantly different between the groups (PLPvsHP = 0.015). 

There were little changes in blood lipids in response to the 3-week dietary interventions. In the 

HP group, serum TAG, HDL cholesterol and FFA remained unchanged while total cholesterol 

and LDL cholesterol decreased in response to the HP diet (HP: P = 0.040 and P = 0.033, 

respectively) (Table 5). In the LP group, LDL cholesterol showed a trend to decline in response 

to the diet (PLP = 0.052) while other blood lipids remained unchanged (Table 5). The absolute 

changes in blood lipids were not different between the groups.  

The liver enzyme aspartate aminotransferase (AST), alanine aminotransferase (ALT), and 

gamma-glutamyl transferase (γ-GT) were measured to assess hepatic function. There were 

no significant differences in AST. Before the intervention, γ-GT activity in serum was 

considerably but insignificantly higher in the LP group. In response to the LP diet, γ-GT levels 

were effectively reduced (- 24.3 U/l, PLP < 0.001) (Table 5). ALT activity was higher after the 

HP diet (PHP = 0.006) but still within the normal range [7 – 55 U/l (Giannini et al., 2005)] (Table 

5). 

Table 5 ӏ Diet induced changes in routine parameters in blood.  

Parameter Low Protein High Protein  

 Week 0 Week 3 PLP Week 0 Week 3 PHP PLPvsHP 

Renal        

Urea [mmol/l] 5.26 ± 0.39 3.17 ± 0.26 < 0.001 4.69 ± 0.47 6.04 ± 0.62 0.031 < 0.001 

Creatinine [μmol/l] 77.6 ± 7.7 85.2 ± 8.7 0.013 77.1 ± 6.1 75.6 ± 5.3 0.473 0.015 

Uric acid [μmol/l] 362 ± 30 390 ± 18 0.050 390 ± 39 362.8 ± 23.9 0.120 0.012 
        

Cardiovascular        

TAG [mmol/l] 2.11 ± 0.22 2.31 ± 0.28 0.515 1.48 ± 0.11 1.23 ± 0.08 0.077 0.172 

Cholesterol [mmol/l] 4.81 ± 0.35 4.46 ± 0.21 0.121 4.87 ± 0.44 4.17 ± 0.41 0.040 0.470 

HDL [mmol/l] 0.98 ± 0.07 0.92 ± 0.04 0.138 1.11 ± 0.10 1.02 ± 0.06 0.578 0.979 

LDL [mmol/l] 2.87 ± 0.30 2.50 ± 0.25 0.052 3.09 ± 0.38 2.58 ± 0.38 0.033 0.967 

FFA [mmol/l] 0.60 ± 0.06 0.72 ± 0.08 0.214 0.69 ± 0.06 0.69 ± 0.09 0.956 0.477 
        

Hepatic        

AST [U/l] 32.3 ± 6.6 34.7 ± 5.0 0.240 24.4 ± 3.4 36.6 ± 11.8 0.375 0.887 

ALT [U/l] 44.3 ± 10.8 43.8 ± 5.6 0.444 36.7 ± 8.3 50.3 ± 9.8 0.006 0.154 

γ-GT [U/l] 66.2 ± 24.1 41.8 ± 12.7 0.001 34.6 ± 10.9 56.1 ± 31.3 0.375 0.003 
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All parameters were measured in serum in the fasted state. Data are mean ± SEM. PLPvsHP-values refer to differences between 
the groups in absolute change from week 0 to week 3. Significant values (P < 0.05) are marked in bold. 

4.1.4 Liver fat and progression of NAFLD 

In preparation for bariatric surgery patients are routinely advised to consume an energy-

restricted diet aiming to reduce liver fat content due to its association with increased risks 

during surgery (Alami et al., 2007; Schouten et al., 2016). In order to assess whether the LP 

or HP diet were more effective in improving hepatic steatosis in the 3-week interventions 

preceding bariatric surgery several analyses to assess the degree of NAFLD in the morbidly 

obese study subjects were employed.  

First, the fatty liver index (FLI) (Bedogni et al., 2006), an algorithm based on waist 

circumference, BMI, TAG, and γ-GT for the prediction of fatty liver, was calculated. Both study 

groups had a baseline FLI of over 60% indicating hepatic steatosis (Bedogni et al., 2006). The 

FLI improved in the LP group by -16.8% (PLP = 0.010, n = 10) and in the HP group by -20.5% 

(PHP = 0.043, n = 7). Thus, both diets effectively improved FLI with no significant differences, 

neither in the absolute nor relative change, between the groups. 

Second, before and after the intervention intrahepatic lipids (IHL) were assessed by MRIspec 

(LP: n = 6, HP: n = 5). Hepatic fat content of all participants was considerably higher than the 

threshold of 5.56% for NAFLD definition (Szczepaniak et al., 2005). Baseline IHL levels were 

higher in the LP compared to the HP group (LP: 22.7 ± 3.5%, HP: 12.4 ± 2.2%, PLPvsHP = 0.032) 

(Appendix Table A1). In response to the protein enriched diet, IHL content in livers of the HP 

participants was extensively reduced, resulting in an overall decrease of - 42.6% (PHP = 0.014). 

In contrast, in the LP group, the IHL reduction (-11.5%) was not significant and two participants 

even had higher IHL content after the intervention. Comparison of the change in response to 

diet between the groups confirmed a significantly higher reduction of IHL in the HP group 

(absolute and relative change both PLPvsHP < 0.001). 

After the dietary interventions, liver tissue samples were collected from the participants 

undergoing bariatric surgery, including those of the RP group. Hepatic TAG content of the 

biopsies was determined enzymatically and compared to the MRIspec measurements. Both 

methods for determining hepatic lipids (in vivo by MRIspec or ex vivo in the tissue samples via 

enzymatic digestion) highly correlated (r = 0.790, P = 0.004) indicating that the data is robust. 

The ex vivo results confirmed that lipid content was considerably lower in the livers collected 

from the HP participants (1-way ANOVA P = 0.002, post-hoc Bonferroni PLPvsHP = 0.002, 

PLPvsRP= 0.031) (Figure 5C). However, it should be noted, that the MRIspec measurements 

already indicated that hepatic lipid contents of the LP participants were very high already 

before the intervention (Figure 5B). Hence, the lower hepatic TAG content in the HP group at 

week 3, as determined enzymatically, may not reflect a diet-specific effect. 
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In order to assess if the strong reduction of IHL in the HP group was due to either increased 

lipid oxidation or decreased lipid uptake, mRNA expression of genes involved in hepatic lipid 

metabolism were measured. Genes regulating fat uptake (LPL, PLPvsHP = 0.006), de novo 

lipogenesis (FASN: PLPvsHP = 0.005; SREBP1c: PLPvsHP = 0.025; ChREBP: PLPvsHP = 0.049), and 

synthesis of monounsaturated fatty acids (SCD1: PLPvsHP = 0.007) were significantly lower 

expressed in the HP than in the LP group (Figure 5D). However, lipid catabolism remained 

unaffected by the diets as no change in expression of genes involved in fatty acid β-oxidation 

(ACOX1 and PPARα both PLPvsHP not significant) were detected (Figure 5B).   

A       B                                             

                 
C               D                                                           

                   
Figure 5 ӏ Assessment of hepatic lipid content. A, FLI was calculated according to Bedogni et al. (Bedogni et 

al., 2006). B, IHL content was determined by MRIspec (LP: n = 6, HP: n = 5) before and after the intervention. C, 
Liver TAG content was determined ex vivo in the liver biopsies collected during surgery. D, Expression of genes 
involved in hepatic lipid metabolism as determined by qRT-PCR in the liver biopsies. Asterisks indicate statistical 
significance as follows *P < 0.05, **P < 0.01. *P < 0.05, ** P < 0.01. ##P < 0.01 difference in relative change between 
the groups. n.s. indictes not significant; LPL,  lipoprotein lipase; ACC1, acetyl-CoA carboxylase; FASN, fatty acid 
synthase; SREBP1c, sterol regulatory element-binding protein 1; ChREBP, carbohydrate-response element-
binding protein; PPARγ, peroxisome proliferator-activated receptor gamma; SCD1, stearoyl-CoA desaturase-1; 
ACOX1, peroxisomal acyl-coenzyme A oxidase; PPARα, peroxisome proliferator-activated receptor alpha 

Histological preparations of the tissue samples were produced and stained with hematoxylin 

and eosin (HE) by Elisabeth Meyer [Max Rubner Laboratory, German Institute of Human 
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Nutrition (DIfE)]. Liver biopsies were histologically assessed for severity of NAFLD in four 

categories: steatosis, hepatocellular ballooning, lobular inflammation, and stage of fibrosis 

(Figure 7). Based on the histological assessment, the SAF (Steatosis, Activity and Fibrosis) 

score and the NAS (NAFLD activity score, range: 0-8) were calculated.  

The NAS is intended to be used to grade disease activity after confirmed NAFLD diagnosis 

(Kleiner et al., 2005) . However, Bedossa and colleagues argue that grade of steatosis should 

not be considered for grading disease severity as no detrimental effect s of liver fat per se have 

been proven The authors developed a modified algorithm , the SAF score (Bedossa et al., 

2012). The SAF score differentiates between “normal”, “steatosis” (NAFLD), and “NASH”, 

whereas the NAS grades disease activity and includes the category “borderline” [for details 

see methods (section 3.3.5) and Appendix Table A7 and Table A8]. The histological scores 

obtained for the LEMBAS cohort are presented in Table 6.  

Table 6 ӏ Classification of study participants according to 
SAF and NAS score.  

 

 

 

 

 

 

 

 

Scores are calculated based on histological assessment of liver biopsies 
used to determine severity of NAFLD (according to Appendix T able A7 
and Table A8). Data are absolute number of participants.  

As expected, a higher histological NAFLD score was associated with a higher TAG content  

(Figure 7A-B, both scores 1-way ANOVA P < 0.001). Biopsies categorized as “normal” 

according to SAF score had a mean TAG content of 422.7 ± 48.0 µg/mg protein in the tissu e  

whereas the mean TAG content of those samples categorized as “NASH” was 1142.1 ± 119.2 

µg/mg (post-hoc Bonferroni P < 0.001 different from “normal”) (Figure 7A). Application of NAS 

instead of SAF resulted in only one participant being grouped in the “NASH” category while 

most samples were “borderline” ( Figure 7B and Table 6).  

The histological scoring systems, SAF and NAS score, have been reported to be positively 

correlated with liver enzymes (Rastogi et al., 2017). In the present study, only a weak positive 

correlation between NAS and γ-GT was found ( = 0.352, P = 0.044). Furthermore, correlation 

of γ-GT with NAS was mainly driven by the one participant categorized as “NASH”.  

Parameter LP HP RP 
SAF score    

Normal  0 3 5 

Steatosis 7 5 7 

NASH 3 1 3 

    

NAS    

Normal 0 3 5 

Steatosis 7 5 4 

Borderline 2 1 6 

NASH 1 0 0 

Figure 6 ӏ Histological preparation of        
liver tissue. Exemplary histological 
preparation of liver biopsy of a patient 
diagnosed as “NASH” according to SAF 
score. Arrow indicates steatosis, 
arrowhead indicates ballooning . 
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A         B 

             
 
 
 
 
 
 
 

            
 
 
 
Figure 7 ӏ Histological and molecular assessment of hepatic tissue biopsies. A-B, SAF and NAS scores, as 

determined histologically, are highly associated with the enzymatically determined TAG content in the tissue. C, 
mRNA expression of cytokines in hepatic tissue biopsies, D, mRNA expression of fibrosis-associated genes in 
hepatic tissue biopsies. ***P < 0.001 different from “normal” (B), *P < 0.05 difference between the groups (C).  

In addition, hepatic mRNA expression of inflammatory and fibrosis markers was assessed. 

Mean expression of the pro-inflammatory cytokines tumor necrosis factor α (TNFα), monocyte 

chemoattractant protein-1 (MCP1), interleukin 1β (IL1β), and interleukin 6 (IL6) were higher in 

the LP than in the HP or RP group though only MCP1 reached statistical significance (1-way 

ANOVA P = 0.023, post-hoc Bonferroni PLPvsHP =0.034) (Figure 7C). There were no differences 

in hepatic expression of the anti-inflammatory cytokine interleukin 10 (IL10) (Figure 7C).  

As an indicator for fibrosis, mRNA expression of the collagens type 1, 3 and 6 (COL1, COL3, 

COL6), as well as transforming growth factor β (TGFβ), metalloproteinase 9 (MMP9), tissue 

inhibitor of metalloproteinase 1 (TIMP1), and α-smooth muscle actin (ACTA2) were analyzed 

in the liver biopsies. Mean mRNA expression of all fibrosis-associated genes was higher in the 

LP than in the HP group though not being statistically significant (Figure 7D). 

4.1.5 Adipocyte morphology and adipose lipid metabolism  

Paired adipose tissue biopsies from SAT and VAT were collected during surgery. Small tissue 

pieces were histologically assessed by hematoxylin and eosin (HE-) staining to visualize 

adipocyte morphology and by CD68 staining (also known as Gp110 or macrosialin), a 
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transmembrane glycoprotein that specifically marks macrophages and monocytes within the 

tissue. Analysis of the histological adipose tissue preparations was supported by the MSc 

student Elisabeth Friedl. 

Already macroscopically SAT differed from VAT in terms of structure and color. SAT had a 

higher degree of pervading blood vessels and appeared tighter in its constitution (Figure 8A). 

In contrast, VAT biopsies were whiter and seemed almost semi-liquid (Figure 8B). Histological 

preparations and HE-staining made the mature adipocytes and their nuclei visible. As 

described in the literature (Green and Kehinde, 1975), adipocytes had a unilocular morphology 

with a large lipid droplet in the middle, displacing the cytoplasm and nucleus to the side (Figure 

8D) . 

A           B 

                

C      D 

            

Figure 8 ӏ Representative images of adipose tissue biopsies and HE-stained histological preparations. A-
B, Paired adipose tissue biopsies from subcutaneous (A) and visceral (B) fat depot collected during bariatric surgery 
(LP: n = 10, HP: n = 9, RP: n = 15). C, Representative microscopical image (4X magnification) of VAT showing 
blood vessels (arrow) and tissue segmentation by connective tissue. D, Microscopical image from SAT (10x 
magnification) showing lipid-filled adipocytes with peripheral nuclei (arrowheads). 

The adipocytes from the subcutaneous fat depot were significantly larger than those in the 

visceral depot (SAT: 87.1 ± 0.99 µm, VAT: 79.89 ± 0.90 µm, PSATvsVAT < 0.001) (Figure 9A, left 

panel). However, there were no differences in cell size between the intervention groups in 
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either depot (Figure 9A, right panel). The same results were obtained for adipocyte area, which 

was calculated based on cell size (PSATvsVAT < 0.001) (data not shown).  

Next, the data were assessed for differences in the distribution of cell size between the fat 

depots. As already indicated by the mean adipocyte diameter, a higher ratio of large cells was 

detected in the histological preparations of SAT (Figure 9B, left panel). There were no 

differences in mean cell size as well as cell size distribution between diabetic (n = 8) and non-

diabetic (n = 26) subjects in either fat depot (Figure 9B, right two panels). Selection of 

participants with the highest and lowest HbA1c resulted in significantly larger adipocytes in 

SAT in the high-HbA1c group compared to the low-HbA1c group (P = 0.032) (not shown), 

whereas there was no difference detected in VAT. 

A               

   

B 

       
Figure 9 ӏ Analysis of adipocyte morphology. Histological preparations were assessed for cell size in an 

automated manner using the software ImageJ. A, Adipocyte diameter was significantly higher in SAT compared to 
VAT (left panel) though no difference were detected between the groups in either fat depot (right panel). B, Relative 
share of cell diameter measurements in 3 µm intervals was calculated. A higher share of smaller cells and 
concomitantly a lower proportion of larger cells were detected in VAT (left panel). No differences in cell size 
distribution between subjects previously diagnosed with T2DM (n = 8) and non-diabetic subjects (n = 26) in SAT or 
VAT (middle and right panel, respectively). ***P < 0.001 for difference between adipose tissue depots. 

The data were then tested for an association between adipocyte morphology and 

anthropometric and clinical measures. No significant correlation between cell size and BMI, 

waist circumference, or waist-to-hip ratio in either fat depot was detected. Furthermore, no 

correlations in either depot were found between adipocyte size and fasting glucose, or HbA1c. 
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There was a weak correlation between fasting insulin and adipocyte size in VAT ( = 0.400, P 

= 0.021). 

Furthermore, the expression of genes involved in fat uptake (LPL), de novo lipogenesis (ACC1, 

FASN, SREBP1c), lipid storage (PPARγ, PGC1α, SCD1) and lipolysis (ATGL, HSL) were 

analyzed in the adipose tissue biopsies. In the subcutaneous fat depot, expression of LPL, 

FASN, and PPARγ were significantly different between the LP, HP, and RP group (1-way 

ANOVA, LPL: P = 0.047; FASN: P = 0.038, PPARy: P = 0.047) (Figure 10). However, post-

hoc tests did not reach statistical significance. In VAT, lipid metabolizing genes were not 

differentially expressed. 

 

Figure 10 ӏ Diet induced changes in expression of lipid metabolizing genes in adipose tissue. RNA was 

isolated from paired SAT and VAT biopsies collected during surgery. Gene expression was determined by qRT-
PCR. LPL indicates lipoprotein lipase; ACC1, acetyl-CoA carboxylase; FASN, fatty acid synthase; SREBP1c, sterol 
regulatory element-binding protein 1; PPARγ, peroxisome proliferator-activated receptor gamma; PGC1α, PPAR-
gamma coactivator 1 alpha; SCD1, stearoyl-CoA desaturase-1; ATGL, adipose triglyceride lipase; HSL, hormone-
sensitive lipase. P-values indicate significant differences between the groups as tested by 1-way ANOVA.  
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4.1.6 Systemic and adipose tissue inflammation 

In order to analyze the effect of the interventions on systemic inflammation, changes in the 

acute-phase protein CRP and pro-inflammatory cytokines MCP1, TNFα, IFNy, IL6 as well as 

the anti-inflammatory cytokine IL10 were analyzed in serum (Figure 11). Baseline values of 

these markers were not significantly different between the groups. Remarkably, in the morbidly 

obese subjects, baseline CRP levels were considerably elevated with more than 10 mg/l in 

both intervention groups indicating chronic metabolic inflammation (Frohlich et al., 2000). 

All inflammatory markers tended to decrease over the 3-week intervention but mostly without 

reaching statistical significance. There were no significant changes in MCP1, TNFα, IL10, and 

IFNγ in response to either diet (Figure 11). Circulating IL6 and CRP levels dropped slightly in 

the LP group (PLP = 0.024 and PLP = 0.020, respectively) (Figure 11). For none of these markers 

significant differences between the intervention groups were detected. 

 

  

   

Figure 11 ӏ Diet induced changes in circulating cytokines and CRP. All parameters were measured in serum 

in the fasted state. There were no significant differences in diet-induced changes in serum inflammatory markers 
between the intervention groups. Conc. indicates concentration *P < 0.05 different from week 0. 

Furthermore, MCP1, TNFα, and IL6 expression in the adipose tissue biopsies were analyzed. 

mRNA expression of all three cytokines was significantly higher in the subcutaneous depot (all 

P < 0.001) (Figure 12A) Similarly, MCP1 and IL6 protein levels were higher in lysates from 

SAT though only IL6 reached statistical significance (IL6: PSATvsVAT = 0.031) (Figure 12A). TNFα 

protein levels were extremely low in the lysed biopsies and only analyzable in 6 participants in 

SAT and 4 participants in VAT. Variation in TNFα data was therefore high. MCP1 protein levels 
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in the adipose tissue lysates were approximately 50x higher than the other markers assessed 

which was in accordance with MCP1 serum concentrations (Figure 11).  

There were no significant differences between the intervention groups in MCP1, TNFα, or IL6 

mRNA expression in either fat depot (all: 1-way ANOVA P > 0.05, thus no post-hoc analyses 

were conducted) (Figure 12C).  

A             B 
                                   

  
                  

C                                           

                   
Figure 12 ӏ Cytokine mRNA and protein expression in adipose tissue. Paired adipose tissue biopsies were 

collected during surgery from participants in the LP (n = 10), HP (n = 9), and RP (n = 15) group. A-B, Cytokine 
mRNA (A) and protein (B) expression were measured in SAT and VAT tissue lysates. C, mRNA expression of 
cytokines in SAT (left panel) and VAT (right panel). *P < 0.05, ***P < 0.001 difference SAT versus VAT. 

To assess tissue inflammation the presence of macrophages was histologically analyzed by 

CD68 staining. Quantified were the number of crown-like structures (CLS) per unit area of 

adipose tissue in SAT and VAT (Figure 13A). CLS are stained macrophages that surround 

dead or dying adipocytes and are a marker of chronic inflammation (Murano et al., 2008).  

In the histological preparations, significantly more CLS were detected in SAT than in VAT 

(SAT: 1.53 ± 0.16 CLS per unit area, VAT: 0.82 ± 0.141 CLS per unit area; P < 0.001 (Figure 

13B). Furthermore, in SAT density of CLS was significantly different between the intervention 

groups with participants in the LP group having the most and those in the HP group having the 

least CLS (LP: 2.22 ± 0.22, HP: 1.00 ± 0.24 CLS per unit area; 1-way ANOVA P = 0.010) 

(Figure 13C).  
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Participants were then categorized as CLS− or CLS+ in each fat depot based on the absence 

or presence, respectively, of CLS. In VAT, 12 participants (36.4%) were CLS− whereas in SAT 

only 4 participants (12.5%) had no CLS. In contrast in SAT, ≥3 CLS were found in the 

histological preparations of 5 subjects (15.6%) compared to only 2 (6.1%) in VAT (Figure 13D). 

No difference between CLS- and CLS+ participants were detected in the clinical parameters 

fasting insulin, fasting glucose, HbA1c, or HOMA-IR in either depot (data not shown). 

A           B 

      

C           D 

     

Figure 13 ӏ Analysis of CD68 stained crown-like-structure in adipose tissue biopsies. A, Representative 

picture of a CLS, tissue macrophages surrounding a dead adipocyte in SAT. B, Significantly more CLS in SAT 
versus VAT. C, Differences in number of CLS in SAT and VAT between the intervention groups (LP: n= 10, HP: n= 
9, RP: n= 15). D, Ratio of respective number of CLS in SAT compared to VAT. ***P < 0.001 difference between 
adipose tissue depots. 
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4.2 FGF21 is a metabolic integrator of protein metabolism 

In the following the results on the regulation of FGF21 by diet, particularly by protein, and its 

association with hepatic steatosis as assessed in the morbidly obese subjects (cohort 1) are 

presented. For comparison and for heritability estimates, data from a previously published 

dietary intervention study conducted in metabolically healthy twins (Schuler et al., 2017) 

(cohort 2, section 4.2.1 and 4.2.4) were analyzed. Furthermore, a short-term intervention study 

was conducted evaluating the acute regulation of FGF21 by dietary protein within 3 days 

(cohort 3, section 4.2.5). If not otherwise indicated, tables and figures refer to results of the 

LEMBAS study (cohort 1). 

4.2.1 Circulating FGF21 levels are heritable 

Heritability of circulating FGF21 was calculated using data obtained in the healthy, lean twins 

of cohort 2. Correlation of serum FGF21 in monozygotic twin pairs was high ( = 0.654, P < 

0.001) (Figure 14A) whereas there was no significant correlation of circulating FGF21 levels in 

dizygotic twin pairs (Figure 14B). Heritability of serum FGF21 was estimated based on the 

ACE structural equation model (He et al., 2016). The ACE model evaluates the degree of 

concordance of a phenotypic trait in monozygous compared to dizygous twins. It was applied 

to estimate the relative contribution of ‘A’ additive genetic, ‘C’ common environmental, and ‘E’ 

constant unique environmental components (Figure 14C). Based on this algorithm, heritability 

of circulating FGF21 was calculated to be 79.5%.     

A            B 

      
    
Figure 14 ӏ Heritability estimates for circulating FGF21 levels. A-B, Correlation of serum FGF21 in monozygotic 

(A) and dizygotic (B) twin pairs (cohort 2, n = 92). High correlation of serum FGF21 in monozygotic twin pairs and 
no correlation in dizygotic twin pairs indicate high heritability which was estimated to be 79.5% based on the ACE 
structural equation model. Asterisks indicate statistical significance of correlation coefficients as follows: ***P < 
0.001. n.s. indicates not significant. 
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4.2.2 Serum FGF21 strongly correlates with the amount of intrahepatic lipids 

Associations of FGF21 with anthropometric and clinical measures were evaluated in the 

LEMBAS study (cohort 1). In the morbidly obese study subjects, FGF21 was not correlated 

with age, BMI, fat mass, or WHR neither at baseline nor after the intervention (Appendix Table 

A2). Furthermore, there were no correlations between FGF21 and markers of lipid or glucose 

metabolism in the serum samples collected before the intervention. It should be noted though 

that anthropometric measurements as well as indices based on these were only collected from 

subjects of the two intervention groups, LP and HP group.  

Serum samples collected on the day of surgery include subjects of the RP group. Moderate 

positive correlations between FGF21 and TAG ( = 0.505, P = 0.003), NEFA ( = 0.456, P = 

0.008) and HbA1c ( = 0.455, P = 0.020) were detected in serum collected during surgery. 

Furthermore, FGF21 serum concentrations were higher in subjects previously diagnosed with 

T2DM (FGF21T2DM = 491.4 ± 90.5 pg/ml, FGF21noT2DM = 280.2 ± 35.9 pg/ml; P = 0.014).  

The strongest correlation was detected between circulating FGF21 concentrations and IHL 

after the intervention ( = 0.9; P < 0.001). There was a weak, positive correlation between 

baseline circulating FGF21 and AST ( = 0.527, P = 0.025) but not between FGF21 and ALT 

or γ-GT at either time point. A detailed analysis of the association of FGF21 with hepatic fat 

content is presented in the following section. 

4.2.3 FGF21 is associated with progression of NAFLD 

FGF21 was shown to be elevated in patients with fatty liver and has been proposed as a 

potential blood marker for NAFLD (Rusli et al., 2016). As outlined, circulating FGF21 

concentrations and hepatic fat content were highly correlated (Figure 15A and Appendix Table 

A2) in the obese study subjects with high prevalence of fatty liver. Furthermore, the TAG 

content determined enzymatically in the hepatic tissue biopsies was highly correlated with 

serum FGF21 ( = 0.606, P = 0.00186) (Figure 15B).  

Circulating FGF21 concentrations were significantly higher in patients previously diagnosed 

with NASH (FGF21NASH = 475.5 ± 70.0 pg/ml, FGF21nonNASH = 259.33 ± 36.8; P = 0.009). 

Furthermore, FGF21 concentrations in serum increased with severity of NAFLD according to 

histological SAF score (Figure 15C). Mean FGF21 levels in the “normal” group (n = 8) were 

130.6 ± 21.7 pg/ml whereas in the “NASH” group (n = 7) circulating FGF21 was 454.0 ± 104.0 

pg/ml (1-way ANOVA P = 0.004, post-hoc Bonferroni P = 0.007). Participants histologically 

diagnosed with “steatosis” (n = 18) had medium FGF21 levels of 372.9 ± 43.0 pg/ml (post-hoc 

Bonferroni P = 0.014 different from “normal”).  
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Application of the NAS instead if the SAF score resulted in only one participant categorized as 

“NASH”. FGF21 in serum of this patient was extraordinarily high with an astonishing 931.8 

pg/ml (the highest value in the cohort), which is in comparison to the mean FGF21 

concentrations in the “normal” subjects an increase of more than +700% (data not shown).  

A         B 

                  
C         D              

             
Figure 15 ӏ Association of FGF21 with fatty liver disease. A-B, Serum FGF21 is highly correlated with hepatic 

fat content as determined by MRI (A) and enzymatically (B). C-D, Serum FGF21 (C) and hepatic expression (B) 
increase with severity of NALFD according to the histological SAF score. FGF21 mRNA expression in the “normal” 
group was normalized to a value of 1 (D). *P < 0.05, **P < 0.01 different from “normal”. 

Based on these results the same analysis was conducted for FGF21 mRNA expression in the 

collected liver biopsies. Indeed, the same pattern was observed (Figure 15D). FGF21 mRNA 

expression in liver increased with severity of NAFLD and was highest in the "NASH” group (1-

way ANOVA P = 0.002, post-hoc Bonferroni P = 0.002 different from “normal”). Mean FGF21 

mRNA detected in livers of subjects histologically categorized as “NASH” was more than 4-

times higher than in the “normal” subjects. The difference between “steatosis” and “NASH” in 

hepatic FGF21 expression was borderline significant (P = 0.059) when post-hoc correcting 

with the stringent Bonferroni test (for comparison: post-hoc LSD P = 0.005). Again, the one 

participant diagnosed as “NASH” by applying the NAS score had extremely high hepatic 

FGF21 mRNA expression, which was over 4 times higher than the average FGF21 expression 

in the “normal” group. As serum concentrations and hepatic mRNA expression of this patient 
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were in accordance, both being extraordinarily high, the data seem to be the results of the 

(patho-) physiology and were not considered outliers. 

Separate analysis of the histological score components revealed that FGF21 serum 

concentrations, FGF21 mRNA expression, and FGFR2 mRNA were associated with 

“steatosis” (FGF21serum: P < 0.001, FGF21mRNA: P = 0.026, FGFR2mRNA: P = 0.057) and 

“ballooning” (FGF21serum: P < 0.001, FGF21mRNA: P < 0.001, FGFR2mRNA: P = 0.036) but not 

with “inflammation” or “fibrosis”. In contrast, FGFR1 mRNA was not associated with any of the 

histological score components.  

Finally, correlations between FGF21 and mRNA expression of fibrosis/inflammation markers 

were assessed. Hepatic FGF21 mRNA was positively associated with expression 

collagenases 1 and 3 (COL1:  = 0.346, P = 0.049; COL3:  = 0.393, P = 0.024) and α-smooth 

muscle actin (ACTA2:  = 0.497, P < 0.001) but not with MMP9, its inhibitor TIMP1, or TGFβ. 

Furthermore, there was no correlation between FGF21 mRNA and cytokines except for a weak 

correlation with TNFα ( = 0.401, P = 0.021). Interestingly, circulating FGF21 concentrations 

were strongly associated with TIMP1 concentrations in blood ( = 0.761, P < 0.001).  

4.2.4 A protein-enriched diet suppresses FGF21 

Before and after the dietary intervention, circulating FGF21 levels were measured in serum. 

The LP diet provoked an increase in FGF21 concentrations from 342.25 ± 76.36 pg/ml to 

486.52 ± 29.66 pg/ml (PLP = 0.049) (Figure 16A). In the HP group, circulating FGF21 fell by 

24.7% from 172.95 ± 36.76 pg/ml to 130.29 ± 29.25 pg/ml without significance. The difference 

between the groups in terms of the respective change in FGF21 was significant (PLPvsHP = 

0.014) (Figure 16A). The data indicates that serum FGF21 concentrations are bi-directionaly 

regulated by dietary protein. Notably, serum FGF21 levels varied widely between subjects and 

baseline FGF21 levels were almost twice as high in the LP group compared to the HP group 

(week 0: PLPvsHP = 0.052) (Figure 16A). 
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A         B 

    
Figure 16 ӏ Response of FGF21 to differing dietary protein content in obese subjects. FGF21 is bi-directionally 

regulated by dietary protein. A, FGF21 concentrations were measured in serum in the fasted state. B, Urea 
concentrations were measured in serum in the fasted state. *P < 0.05, ***P < 0.001 difference as indicated by 
brackets.  

As expected and outlined in section 4.1.4, serum urea decreased markedly in the LP group (- 

2.09 mmol/l, P < 0.001) indicating decreased ureagenesis in response to the lower protein 

nitrogen intake (Figure 16B). Similarly, but less pronounced, urea levels increased in the HP 

group (+ 1.35 mmol/l, P = 0.031) corresponding to the increase in dietary protein (Figure 16B 

and Table 4).  

The results obtained in the obese subjects were compared to the reference cohort 2 for several 

reasons: (1) to see if the responses are specific to metabolically stressed subjects with 

considerably elevated FGF21 levels or can be replicated in lean, healthy subjects, (2) to 

examine the effect of a long-term (6 weeks) HP diet, and (3) to assess data from a larger cohort 

with fewer variation in FGF21 concentrations. Mean BMI of the study participants in cohort 2 

was 22.5 kg/m² and mean age was 31 years while glucose tolerance, lipoprotein levels and 

hepatic fat content were normal (for other anthropometric and routine blood parameters see 

Appendix Table A3).  

A total of 92 study participants were standardized for 6 weeks on a low-fat, carbohydrate-rich, 

normal-protein healthy diet (LF: 55 EN% carbohydrate, 30 EN% fat, 15 EN% protein) as 

recommended by the German Nutrition Society after which they switched to a high-fat diet 

enriched in saturated fatty acids for 6 weeks (HF: 40 EN% carbohydrate, 45 EN% fat, 15 EN% 

protein). Finally, they continued for another 6 weeks on a high-protein diet by exchanging 15 

EN% of fat with protein while keeping carbohydrates constant (HP: 40 EN% carbohydrates, 30 

EN% fat, 30 EN% protein). The intervention was isocaloric to the individual energy 

requirements. Clinical investigation days (CIDs) took place after the low-fat diet (LF6), after 1 

and 6 weeks of the high-fat diet (HF1, HF6), and after 6 weeks on the HP diet (HP6). The 
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participants received standardized diets 1 week before each CID. A graphical abstract of the 

study design is depicted in Figure 17. From the full cohort (n = 92), 24 subjects continued on 

the HP diet. The mean age of this subcohort (n = 24) was 39 years. BMI, lipoprotein levels, 

liver fat content and glucose tolerance were within the normal range (Appendix Table A5).  

 

Figure 17 ӏ Study design of the dietary intervention in cohort 2. Clinical investigation days took place after 6 

weeks on a low-fat diet (LF6), after 1 (HF1), and 6 (HF6) weeks on an unhealthy high-fat diet, and after 6 weeks on 
a high-protein diet (HP6). CH indicates carbohydrates; F, fat; P, protein, SD, standardized diet.  

At screening participants had circulating FGF21 levels of 170.5 ± 20.5 pg/ml. After 

standardization on the healthy LF diet for 6 weeks FGF21 was 126.6 ± 21.9 pg/ml which rose 

back to baseline levels in response to the HF diet to 171.1 ± 20.0 pg/ml (PLF6vsHF6 = 0.005). In 

contrast, the HP diet induced a marked decrease of FGF21 from 160.3 ± 26.0 pg/ml to 60.6 ± 

11.3 pg/ml (PHP < 0.001), representing a -62.1% decrease from HF6 and - 64.5% from baseline 

FGF21 levels (Figure 18A). Serum urea levels rose in correspondence to the higher protein 

intake confirming compliance of the study participants (Figure 18B).  

 A           B 

      
Figure 18 ӏ Response of FGF21 to a HP diet in lean, healthy subjects (cohort 2, n = 24). HP diet potently 

decreases serum FGF21 concentrations. A, FGF21 concentrations were measured in serum in the fasted state on 
ELISA plates. Data for LF1, HF1 and HP6 were measured on the same plate (dots, analyzed by repeated measures 
ANOVA, statistical significance indicated by asterisks). Values for HP6 were measured on a separate plate together 
with reanalysis of the HF6 data (triangles, analyzed by T-test, statistical significance indicated by hashtags). The 
two measurements of FGF21 at HF6 were highly correlated (P < 0.001). B, Urea concentrations were measured in 
serum in the fasted state. *P < 0.05, **P < 0.01, ***P < 0.001 different from LF6; ###P < 0.001 different from HF6.  
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4.2.5 The protein-mediated downregulation of FGF21 is an acute response 

In order to test whether the observed downregulation of FGF21 requires long-term high-protein 

intake, a 3-day dietary study contrasting normal protein (NP: 15 EN%, n = 10) with high protein 

(HP: 30 EN%, n = 11) was conducted (cohort 3). The mean age of the participants was 61.7 ± 

1.5 years indicating “elderly” subjects in this cohort. Mean BMI (25.6 ± 0.90 kg/m²) was slightly 

above normal, which is assumed to be advantageous at higher age (Kvamme et al., 2012; 

Weiss et al., 2008). All baseline characteristics of the participants are summarized in Appendix 

Table A6. Recruitment and nutritional counseling of the study participants in cohort 3 was 

supported by the MSc student Ulrike Hass.  

Participants were randomized into the NP or HP group by age, sex, and BMI. All participants 

consumed an initial 3 days of low protein (LP: 10 EN%) after which they switched to either the 

NP or HP diet for another 3 days. The diets were balanced with dietary fat while carbohydrates 

were kept constant at 45 EN%. On each CID participants were weighed, and blood and urine 

were sampled. The study design is depicted in Figure 19A. 

A             B 

       
Figure 19 ӏ Study design of the short-term protein intervention in cohort 3. A, Twenty-one healthy subjects 

consumed an initial 3-day low-protein diet (LP, 10EN%) after which they switched for 3-days each to either a diet 
with normal (NP, 15 EN%) or high (HP, 30 EN%) dietary protein content. B, Protein intake according to nutritional 
journals. NP, dark grey; HP, light grey.  

In order to monitor dietary intakes, participants were asked to fill out nutritional journals. 

Habitual protein intake in the NP group was 15.9 ± 1.6 EN% and in the HP group 16.1 ± 1.0 

EN% (PNPvsHP not significant).  

Baseline urea levels differed between the groups as the NP group had significantly higher urea 

concentrations in blood compared to the HP group (NP: 5.27 ± 0.32 mmol/l, HP: 4.38 ± 0.26 

mmol/l, PNPvsHP= 0.040). As expected, the two diets significantly and oppositely affected serum 

urea concentrations (2-way ANOVA PTime < 0.001, PTimexGroup < 0.001) (Figure 20A). The initial 

LP diet led to a decline in urea in both groups.  
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Following this standardization period, the participants received dietary plans with either high 

or normal protein according to their respective group. In the NP group, urea modestly rose 

back to 4.79 ± 0.32 mmol/l in response to the 3-day 15 EN% protein (post-hoc Bonferroni Pd3vsd0 

not significant). In contrast, in the HP group serum urea increased strongly to 6.56 ± 0.38 

mmol/l (ANOVA repeated measures P < 0.001, post-hoc Bonferroni Pd3vsd0 < 0.001) reflecting 

the higher protein intake of 30 EN% (Figure 20A). Already within 24 h urea levels were 

significantly different from day 0 (post-hoc Bonferroni Pd1vsd0 = 0.003). The data indicates that 

the participants were compliant to the dietary protein instructions. 

Next, changes in serum FGF21 levels during the short-term protein interventions were 

analyzed. FGF21 serum concentrations were dose-dependently affected by the protein content 

of the diets (2-way ANOVA PTime < 0.001, PTimexGroup < 0.008). As expected, the initial 10 EN% 

protein phase led to a modest increase in circulating FGF21 to 295.3 ± 32.0 pg/ml in the NP 

group and 294.3 ± 65.6 pg/ml in the HP group (both not significant, PNPvsHP not significant) 

(Figure 20B). A modest increase in dietary protein to 15 EN% in the NP group induced an 

insignificant decrease in serum FGF21 to 200.7 ± 24.6 pg/ml within 24 h after which it 

increased slightly to 229.9 ± 20.0 pg/ml over the next two days (Figure 20B). On day 3, FGF21 

levels were not significantly different from neither the values at baseline nor after the LP diet 

(day 0). Protein intake in the control group resembled habitual protein intake.  

In contrast, in the HP group circulating FGF21 levels fell sharply within 24 h (ANOVA repeated 

measures P < 0.001, post-hoc Bonferroni Pd1vsd0 < 0.001) (Figure 20B). After 3 days on the HP 

diet FGF21 levels were lowest with 111.9 ± 20.1 pg/ml (post-hoc Bonferroni Pd3vsd0 < 0.001) 

which is less than half of baseline FGF21 serum concentrations and a reduction of -62.0% 

compared to serum concentrations after the initial protein-reduced phase (day 0) (Figure 20B). 

On day 2, serum FGF21 levels were significantly different between the groups. The difference 

between the groups was highest at day 3 (PNPvsHP < 0.001) (Figure 20B). The results indicate 

that FGF21 dose-dependently responds to the protein content of the diet.  
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A          B   

                  
C                     D    

                     
 
E              F      

        
Figure 20 ӏ Changes in FGF21 and urea in response to a short-term HP diet (cohort 3). A-B, Serum FGF21 

and urea concentrations were measured in the 21 healthy subjects at baseline, after the initial 3-days with 10 EN% 
protein, and on each day during the intervention with either 15 EN% protein in the NP (n = 10, dark line) or 30 EN% 
in the HP (n = 11, grey line) group. Raising the dietary protein content slightly decreased circulating FGF21 in the 
NP group (A). However, serum FGF21 decreased markedly in the HP group which was twice as high compared to 
the 15 EN% protein group. The amount of dietary protein consumed is reflected by the changes in serum urea (B). 
*P < 0.05, **P < 0.01, and ***P < 0.001 difference from day 0. #P < 0.05, ##P < 0.01 difference between groups at 
the respective time point. C, Box-and-whiskers plot of serum FGF21 concentrations identifying one measurement 
as an outlier. D, Individual changes in serum FGF21 concentrations after 3-days of the intervention. Serum FGF21 
concentrations decreased in every single participant in the HP group (light grey) while individual changes in the NP 
group (dark grey) varied. *P < 0.05, ***P <0.001 difference from day 0. E-F, Negative correlation between baseline 
serum FGF21 and urea (E) as well as between the relative change of serum FGF21 and urea concentrations (F) 
after the 3-day intervention. **P < 0.01, ***P <0.001 correlation coefficient. 
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One participant in the HP group had extraordinarily high baseline serum FGF21 levels of 885.6 

pg/ml. The value qualified as an outlier, defined as a data point whose distance from the 

median exceeds 1.5 times the interquartile range of a box-and-whiskers plot (Figure 20C). 

However, reanalysis of the data after eliminating this point still confirmed the above results; 

the decline in FGF21 levels in response to the HP diet was highly significant (1-way ANOVA 

PHP < 0.001, post-hoc Bonferroni Pd3vsd0 < 0.001). Furthermore, it is questionable if the data 

point can be considered an outlier taking into consideration the high variation of FGF21 

concentrations in humans. However, as both analyses led to the same conclusion the observed 

effect can be considered robust.  

Looking at the individual data, it stands out that serum FGF21 concentrations of every single 

participant in the HP group declined in response to the protein-enriched diet (Figure 20D, right 

panel). In contrast, mean FGF21 levels of the NP group fell slightly in response to the 15 EN% 

protein diet but FGF21 levels were even higher in some individuals after the 3-day intervention 

(Figure 20D, left panel).  

Next, the association of circulating FGF21 levels with serum urea, a marker of protein intake 

was tested. Indeed, at day 3 of the intervention circulating FGF21 levels were highly and 

negatively correlated with serum urea ( = -0.620, P = 0.003) (Figure 20E). In addition, the 

relative change of FGF21 during the intervention correlated strongly with the relative change 

of urea in the opposite direction (r = -0.689, P < 0.001) (Figure 20F). 

Changes in routine renal and cardiovascular parameters were not significant, neither within 

nor between the groups (Appendix Table A6). In consideration of the shortness of the 

intervention, changes in weight and BMI were not assessed. The liver enzymes and the 

inflammatory marker CRP remained unchanged during the 3-day intervention (Figure 21).  
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Figure 21 ӏ Changes of liver enzymes and CRP during the short-term protein intervention. No effect of  dietary 

protein content on concentrations of liver enzymes and CRP during the 3-day interventions in serum. NP, dark line; 
HP, grey line. *P < 0.05 different from day 0. P-values for Time and Time*Group effects were calculated by repeated 
measures ANOVA, post-hoc tests were not significant.  

The following table summarizes the results for baseline FGF21 serum concentrations as well 

as the respective changes during HP intervention obtained in the different cohorts (Table 7). 

FGF21 serum concentrations were elevated in metabolically stressed or elderly individuals. In 

all three cohorts, FGF21 serum levels were substantially reduced in response to a protein-rich 

diet, varying between -51% to -64%.  

Table 7 ӏ Summary of changes in serum FGF21 concentrations in response to dietary protein.  

Parameter Morbidly obese 
(Cohort 1) 

Healthy, young 
(Cohort 2) 

Healthy, old 
(Cohort 3) 

n (whole / HP group) 19/ 8 24 21/ 11 

Protein [EN%] 30 30 30 

Duration diet [weeks] 3 6 3 days 

Baseline FGF21 [pg/ml] – whole cohort  267.0 ± 48.8 170.5 ± 20.5 264.9 ± 27.2 

FGF21 before intervention [pg/ml] – HP group  173.0 ± 36.8 160.3 ± 26.0 249.4 ± 48.6 

FGF21 after intervention [pg/ml] – HP group 130.3 ± 29.2 60.6 ± 11.3 111.9 ± 20.1 

Data are mean ± SEM. 
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4.2.6 Dietary protein alters expression of the FGF21 pathway in liver but not in fat  

After evaluating the changes in FGF21 serum concentrations in response to dietary protein, 

tissue expression of FGF21 and its receptors were analyzed in the collected liver and adipose 

tissue biopsies from the subjects undergoing bariatric surgery. 

In accordance with serum levels, hepatic FGF21 mRNA expression was different between the 

intervention groups (1-way ANOVA P = 0.020) (Figure 22A). Relative FGF21 expression was 

lowest in the HP group and highest in the LP group (post-hoc Bonferroni PLPvsHP= 0.019) 

(Figure 22A). However, in both groups FGF21 mRNA levels were not significantly different 

from that measured in the RP group.  

It is well established that amino acid deficiency or single amino acid deprivation potently induce 

FGF21 via the kinase GCN2 and activation of the integrated stress response (ISR) involving 

phosphorylation of eIF2α and induction of the transcription factor ATF4 (De Sousa-Coelho et 

al., 2012; Laeger et al., 2014). In order to assess involvement of this pathway, mRNA 

expression of genes involved in the ISR were analyzed in the liver biopsies. Expression of the 

downstream IRS factors ATF4 was not significantly different between the intervention groups. 

There was also no difference in ATF4 expression when directly comparing the HP and LP 

group, not taking the RP group into consideration. The ER stress markers BiP, XBP1s and 

CHOP tended to be lower expressed in the HP condition though BiP only reached statistical 

significance when directly compared to the LP condition [BiP: PLPvsHP = 0.047 (T-test); 1-way 

ANOVA P = 0.128; XBP1s: 1-way ANOVA P = 0.026, post-hoc Bonferroni PHPvsRP = 0.023; 

CHOP: 1-way ANOVA P = 0.032, post-hoc Bonferroni PHPvsRP = 0.049] (Figure 22B). The 

XBP1s/XBP1u ratio remained unaffected by the protein content of the diet (Figure 22B).  

A           B  

           

Figure 22 ӏ Expression of FGF21 pathway and ISR genes in liver biopsies. A, Hepatic expression of FGF21 

and its receptors measured in liver lysates. B, Hepatic expression of genes involved in the integrated stress 
response. LP, dark column, HP, grey column, RP, medium shaded column. *P < 0.05, **P < 0.01, ***P < 0.001.           

L iv e r

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

F G F 2 1 K L B F G F R 1 F G F R 2

0

1

2

L P

H P

R P

*

* *

*

* * *

*

IS R  p a th w a y  ( liv e r )

R
e

la
ti

v
e

 m
R

N
A

 e
x

p
re

s
s

io
n

B iP A T F 4 X B P 1 s /X B P 1 u C H O P

0

1

2

*



Results 

63 

In humans, FGF21 expression is almost exclusively restricted to the liver under basal 

conditions (Petryszak et al., 2016). Large data repositories such as the Human Protein Atlas 

(HPA) or the Expression Atlas (EMBL-EBI, 2019: ID: ensg00000105550) confirm the 

predominant expression of FGF21 in the liver. In accordance, in the SAT and VAT tissue 

biopsies expression of FGF21 was not detectable but its receptors were well expressed. 

However, the interventions had no significant effect on KLB, FGFR1, or FGFR2 mRNA levels 

in both SAT and VAT (Figure 23A-B).  

Downregulation of the FGF21 receptor KLB has been described to compromise the action of 

FGF21 in metabolic disease (Fisher et al., 2010; Rusli et al., 2016). However, in the morbidly 

obese subjects KLB expression was not different among the intervention groups neither in 

adipose tissue nor in liver (Figure 22A and Figure 23). Furthermore, hepatic regulation of 

FGFR1 and FGFR2 was similar to FGF21 with their expression being lowest in the HP and 

highest in the LP group (1-way ANOVA FGFR1: P = 0.004, FGFR2: P = 0.001) (Figure 22A). 

Thus, no indications of a counter-regulation of FGF21 and its receptors were observed in this 

3-week intervention. 

A           B    

                
Figure 23 ӏ Expression of FGF21 pathway in adipose tissue biopsies. A-B, Hepatic expression of FGF21 and 

its receptors measured in SAT (A) and VAT (B). FGF21 mRNA was not detectable in the adipose tissue biopsies.  

4.2.7 Nitrogen metabolites suppress FGF21 in a hepatocyte-autonomous manner 

To test whether the downregulation of FGF21 in response to high protein is a hepatocyte-

autonomous response experiments in the hepatoma cell line HepG2 were conducted. HepG2 

cells are an immortalized cell line derived from human liver carcinoma cells. They are routinely 

used for in vitro studies with liver cells as they grow well and deliver reproducible data (Donato 

et al., 2015).  

Basal FGF21 expression is extremely low in HepG2 cells but extensively inducible by various 

stressors including ER stress (Kim et al., 2015; Schaap et al., 2013). Two ER stress inducers 
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that are commonly used to study ER stress in an in vitro setting were evaluated in terms of 

FGF21 induction. First, thapsigargin, a non-competitive inhibitor of the sarco/endoplasmic 

reticulum Ca²⁺ ATPase. Second, tunicamycin, an antibiotic that inhibits N-linked glycosylation 

and thereby blocks protein folding and transit through the ER. Both drugs effectively induced 

FGF21 expression in HepG2 while tunicamycin resulted in an almost 100-fold induction (Figure 

24A-B). Further experiments were conducted with tunicamycin only as previous experiences 

with handling tunicamycin already existed in the laboratory, e.g. the optimal dose in HepG2 

cells had been determined previously. 

A     B 

                 

Figure 24 ӏ ER stress-related FGF21 induction in HepG2 cells. FGF21 mRNA in hepatocytes is potently 

increased by chemicals known to induce cellular ER stress. A, HepG2 cells were treated with tunicamycin or vehicle 
control (DMSO) for 4 h after which FGF21 mRNA expression was determined. B, HepG2 cells were treated with 
increasing concentrations of thapsigargin or DMSO for 4 h after which FGF21 mRNA expression was determined. 
FGF21 expression in the DMSO condition was normalized to a value of 1. Differences between thapsigargin 
concentrations were not significant. Tm indicates tunicamycin; Tg, thapsigargin; DMSO, dimethylsulfoxid. 

The strong correlation between FGF21 and urea in the human intervention studies pointed 

towards an association of FGF21 with the urea cycle (section 4.2.4 and 4.2.5). The cycle 

functions to detoxify ammonia by converting it into harmless urea which is excreted via the 

kidneys. Incubation of HepG2 cells with ammonium (NH4Cl), dose-dependently prevented the 

tunicamycin-induced rise in FGF21 expression up to over 50% compared to control (P = 0.001) 

(Figure 25A).  

Furthermore, glutamine, a more physiologic supplier of ammonia, effectively blunted the ER-

stress-related FGF21 induction (1-way ANOVA P = 0.0495) (Figure 25B). Glutamine is the 

main vehicle to transport amino groups from peripheral oxidation to the liver for ureagenesis 

as levels of toxic ammonia are physiologically carefully controlled. Thus, the data indicates that 

the downregulation of FGF21 in response to HP intakes is regulated in a cell-autonomous 

manner. 
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Lastly, the expression of UPR genes was assessed. Tunicamycin leads to an accumulation of 

unfolded proteins in the ER which activates the UPR. As expected, tunicamycin treatment 

strongly induced expression of BiP, XBP1s, and ATF4 confirming activation of the UPR (Figure 

25C). Increasing ammonia concentrations prevented full induction of BiP and ATF4 expression 

(Figure 25C). However, this was not the case with the XBP1s/XBP1u ratio. XBP1 expression 

and the XBP1s/XBP1u ratio remained high with tunicamycin treatment even with increasing 

ammonia concentrations (Figure 25C).  

Finally, it was tested whether the responses obtained in HepG2 cells were reproducible in 

primary hepatocytes. Primary murine hepatocytes were isolated from C57BL/6J mice and 

treated with ammonium and glutamine by Steffi Heidenreich (Schupp lab, Institute of 

Pharmacology, Charité-Universitätsmedizin Berlin, Berlin, Germany). Fgf21 was well 

expressed in this cell type. Again, ammonium dose-dependently reduced basal Fgf21 

expression within 24 h (Figure 25E). Similarly, glutamine led to substantially decreased Fgf21 

mRNA levels when supplied in excess amounts to primary hepatocytes (Figure 25F). In 

summary the data indicates that the hepatic increase in ureagenesis and thus the flux of 

ammonia to the liver drives the decrease of FGF21. 
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A       B

 
 
C         

                  
  

D         E           

                      
Figure 25 ӏ Nitrogen metabolites suppress FGF21 in hepatocytes. A-B, Human HepG2 cells were cultivated 
with increasing concentrations of NH4Cl (A) or glutamine (B) in the media and stimulated with tunicamycin for 4 h 
after which FGF21 expression was analyzed. C, Expression of genes involved in the cellular UPR in the glutamine 
(left panel) and NH4Cl (middle and right panel) treated cells stimulated with tunicamycin or vehicle control. D-E, In 
primary hepatocytes, addition of increasing concentrations of NH4Cl (D) and glutamine (E) to the cell culture media 
for 24 h decreased Fgf21 mRNA expression in a dose-dependent manner. *P < 0.05, **P < 0.01, ***P < 0.001 
differences from control condition. Ctrl indicates control; n.s., not significant. 

Lastly, samples from two previously published studies in C57BL/6 mice were reanalyzed for 

Fgf21 expression in order to assess in mice the regulation of FGF21 by diets enriched in 
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protein as well as single amino acids only. In the first study mice were fed for 20 weeks ad-

libitum high-fat diets with either adequate protein (AP: 8.9 EN% protein), high-protein (HP: 44.8 

EN%), or an AP diet supplemented with L-leucine corresponding to the leucine content of the 

HP diet (AP+L: 6% w/w leucine, 14.2 EN% protein) (Freudenberg et al., 2012). In a short-term 

follow-up study, the same diets as well as an additional condition consisting of an AP diet 

supplemented with equimolar L-alanine (AP+A) were fed for 1 week (Freudenberg et al., 2013). 

Indeed, in the obese mice hepatic Fgf21 expression was potently reduced in the HP group 

compared to AP controls (Figure 26A). This effect was already observed after 1 week (Figure 

26B). Interestingly, both leucine and alanine supplementation of an AP diet were sufficient to 

induce a suppression of Fgf21. While hepatic Atf4 expression was moderately reduced in 

response to long-term intake of HP chow (or the single amino acid supplemented AP diet), 

Atf4 expression measured after 1 week remained unchanged by the diets (Figure 26A-B, right 

panels). The data indicates that HP intake or amino acid supplementation similarly reduce 

hepatic Fgf21 expression in mice. Furthermore, the HP-related suppression of Fgf21 was not 

dependent on changes in Atf4. 

A      B           

         
Figure 26 ӏ Hepatic Fgf21 expression in mice fed a HP or amino acid supplemented diet. A, Fgf21 and Atf4 

mRNA were measured in 30 weeks old C57BL/6 mice fed 20 weeks high-fat diets with adequate protein (AP: 8.9 
EN% protein), high-protein (HP: 44.8 EN%) or an AP diet supplemented with L-leucine corresponding to the leucine 
content of the HP diet (AP+L: 6% w/w leucine) (n = 9-10). B, In a 1-week short-term feeding study 11 weeks old 
male C57BL/6 mice were fed high-fat diets with AP, HP or AP supplemented with leucine (AP+L) or equimolar 
alanine (AP+A) (n = 7-8). Hepatic Fgf21 and Atf4 mRNA was determined by qRT-PCR. *P < 0.05, **P < 0.01, ***P 
< 0.001 different from AP.  

4.2.8 Identification of potential molecular pathways 

Promoter elements of the human FGF21 gene (Pubmed gene ID: 26291) were analyzed by an 

in-silico search for transcription factor binding sites using MatInspextor (Genomatix, Intrexon 

Bioinformatics GmbH, Germany) resulting in 497 hits. The results were narrowed down by 

selecting only repressors with hepatic expression. This approach yielded 5 hits, though 4 of 

them encode for functionally related binding sites with only slight variations in their sequence 

(Table 8). The respective DNA-binding transcription factor is human insulinoma-associated 

protein 1 (INSM1, also known as Zinc finger protein IA-1). In addition, MYC associated factor 
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X (MAX), a ubiquitously expressed transcriptional regulator that acts in complex with MYC or 

MAD, was identified. The MYC:MAX complex is a transcriptional activator, whereas the 

MAD:MAX complex acts as a repressor.  

Table 8 ӏ Identification of FGF21 promoter elements. 

Family 
information Matrix information Tissue Sequence 

Insulinoma 
associated factors 

Zinc finger protein insulinoma-
associated 1 (IA-1) functions as a 
transcriptional REPRESSOR 

Digestive System, 
Endocrine System, 
Liver, Pancreas 

tggctGGGGaggt 

Insulinoma 
associated factors 

Zinc finger protein insulinoma-
associated 1 (IA-1) functions as a 
transcriptional REPRESSOR 

Digestive System, 
Endocrine System, 
Liver, Pancreas 

tgagtGGGGcagt 

Insulinoma 
associated factors 

Zinc finger protein insulinoma-
associated 1 (IA-1) functions as a 
transcriptional REPRESSOR 

Digestive System, 
Endocrine System, 
Liver, Pancreas 

ttccaGGGGcggc 

Insulinoma 
associated factors 

Zinc finger protein insulinoma-
associated 1 (IA-1) functions as a 
transcriptional REPRESSOR 

Digestive System, 
Endocrine System, 
Liver, Pancreas 

tgtcgGGGGccga 

REPRESSOR MYC associated factor X ubiquitous ctggcCACGccccagcg 

Results are from MatInspector. DNA binding sites are marked with capital letters in sequence. 

However, this approach for identifying repressor binding sites in the FGF21 promotor misses 

out on those transcription factors that are not labeled as “repressors” whereas inclusion of all 

cases leads to an extensively long list of results. 

When trying to identify a potential molecular pathway, one faces the challenge that the 

enzymes involved in the urea cycle are still poorly elaborated and their regulation is rather 

complex (Morris, 2002). Similarly, a literature search for candidate transcription factors which 

are upregulated by high protein diets resulted in a variety of candidates. However, Martinez-

Jimenez et al. identified the HES6/HNF4α protein complex (Martinez-Jimenez et al., 2010), 

which coordinates a set of metabolizing enzymes during fasting and feeding conditions, as a 

putative negative regulator of Fgf21 expression. Although no HES6/ HNF4α binding sites were 

identified in the promotor analysis above, it might indirectly control FGF21 expression. 

Stimulation of HepG2 cells with ammonium (the cell culture model described in section 4.2.7.), 

dose-dependently increased HES6 mRNA expression while HNF4A mRNA expression 

remained unchanged (data not shown). Furthermore, Hes6 mRNA and protein were 

upregulated by dietary protein in the mice fed high-protein diets for 1 and 20 weeks (Figure 

26) confirming HES6 as an interesting candidate repressor of FGF21. 

In order to assess its effect on hepatic Fgf21 expression, Hes6 was overexpressed and 

silenced in primary murine hepatocytes. The respective experiments were carried out by Steffi 

Heidenreich (Schupp lab, Institute of Pharmacology, Charité-Universitätsmedizin Berlin, 
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Berlin, Germany). As expected, transfection of primary murine hepatocytes with Hes6-

targeting small interfering RNA (siRNA) effectively blunted Hes6 mRNA expression, already at 

the lowest siRNA concentration (1-way ANOVA P = 0.005) (Figure 27A). However, no effect 

on Fgf21 mRNA levels compared to control was observed (Figure 27A, right panel). Similarly, 

overexpression of Hes6 using an adenoviral vector did not reduce Fgf21 mRNA expression 

(Figure 27B) compared to GFP control. In the condition with the highest viral load, Fgf21 

expression was even increased (1-way ANOVA P = 0.012, post-hoc Bonferroni P = 0.015 

compared to control). The data indicates that Hes6 most likely is not a repressor of Fgf21.  

A  
                        Hes6 RNAi 

         (Primary Hepatocytes) 
 
 

      
B  

         Hes6 OX 
           (Primary Hepatocytes) 

 

      
Figure 27 ӏ Hes6 silencing and overexpression in primary murine hepatocytes. A-B, Hepatocytes isolated 

from C57BL/6J mice were treated with siRNA against Hes6 (A) or an adenoviral vector overexpressing Hes6 (Ad-
Hes6) for 48 h before cell harvest (B). Subsequently Hes6 (left panel) and Fgf21 expression (right panel) was 
analyzed by qRT-PCR. RNAi indicates RNA interference, OX, overexpression., Hes6, hes family bHLH transcription 
factor 6.
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4.3 Chemerin is regulated by diet and associated with adipose tissue inflammation 

4.3.1 Circulating chemerin levels are elevated in obesity 

The third part of this thesis addresses the regulation of chemerin in morbidly obese and healthy 

human subjects, its response to diet, and its association with NAFLD and adipose tissue 

inflammation. First, associations of serum chemerin with clinical parameters were assessed in 

both, the morbidly obese study subjects undergoing bariatric surgery (cohort 1) and the healthy 

reference cohort (cohort 2). If not otherwise indicated, tables and figures refer to results of the 

LEMBAS study (cohort 1).  

Circulating chemerin has been reported to increase with BMI and body fat mass and has 

repeatedly been linked to metabolic disorders, including T2DM and NAFLD (Bobbert et al., 

2015; Bozaoglu et al., 2007; Docke et al., 2013; Sell et al., 2009). However, in the morbidly 

obese subjects, chemerin in blood did not correlate with the anthropometric measures BMI, 

WHR or fat mass. Chemerin was also not associated with TAG, cholesterols, or FFA. 

Furthermore, chemerin did not correlate with clinical measures for insulin sensitivity, i.e. fasting 

glucose, fasting insulin, HbA1c, HOMA-IR, or Adipo-IR. In the samples collected during 

surgery, weak correlations between chemerin and total cholesterol (r = 0.422, P = 0.014) as 

well as fasting insulin ( = 0.391, P = 0.025) were detected. In this cohort of metabolically 

stressed patients, confirmed diagnosis of T2DM did not affect serum chemerin levels 

(chemerinT2DM = 191.2 ± 13.5 ng/ml, chemerinnonT2DM = 182.9 ± 9.0 ng/ml; P = 0.604). 

In summary, the reported associations of chemerin with obesity-related measures could not 

be replicated in cohort 1. However, most clinical measures assessed were shifted towards the 

diseased state. Thus, the parameters were rather representing the extreme than a normal 

distribution. All participants met the criteria for bariatric surgery, amongst others due to the 

abnormal serum parameters. Therefore, the correlation analysis was repeated in the healthy, 

normal weight, and insulin sensitive study subjects of cohort 2 (for details see section 3.2.2 

and Appendix Table A3). In addition, the greater cohort size (n = 92) enhanced the data.  

In the healthy, lean study subjects, baseline chemerin levels were considerably lower than 

those measured in the obese subjects of cohort 1 (cohort 2: 134.1 ± 2.5 ng/ml, n = 85; cohort 

1: 195.9 ± 9.3 ng/ml, n = 19). Correlation coefficients between chemerin and clinical 

characteristics measured in cohort 2 are presented in Table 9. Circulating chemerin 

significantly correlated with age and BMI at all 3 clinical investigation days (CIDs) (age: PLF = 

0.010, PHF1 = 0.001, PHF6 = 0.040; BMI: PLF = 0.032, PHF1 = 0.001, PHF6 = 0.024). Furthermore, 

chemerin was positively associated with absolute and relative fat mas (fat mass: PLF = 0.001, 

PHF6 = 0.023; % fat mass PLF = 0.018, PHF6 = 0.034). Similarly, chemerin correlated with WHR, 

a measure of central obesity (PLF = 0.017, PHF1 = 0.024). 
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Interestingly, circulating chemerin was positively associated with TAG, total cholesterol and 

LDL cholesterol after the high-carbohydrate, low-fat (LF) diet and after 1 week on the high-fat 

(HF) diet (all: PLF < 0.01, PHF1 < 0.05) but not after 6 weeks on the same diet. Chemerin was 

not associated with HDL cholesterol or FFA at any CID. Hepatic lipids (IHL) correlated with 

chemerin before (PLF = 0.005) and after the HF intervention (PHF6 = 0.244) (Table 9). Regarding 

parameters of glucose metabolism, a weak positive association between circulating chemerin 

and HbA1c at LF6 (P = 0.026) and with fasting glucose at HF1 (P = 0.003) was detected. 

Furthermore, serum chemerin weakly and positively correlated with the adipokine leptin during 

the HF intervention (PHF1 = 0.018, PHF6 = 0.018), with visfatin before and after the HF diet (PLF 

= 0.021, PHF6 = 0.073), but not with adiponectin (Table 9).  

Table 9 | Correlation of chemerin with clinical measures in the healthy subjects of cohort 2. 

Correlation of chemerin with LF HF1 HF6 

Anthropometry    

Age 0.278** 0.354** 0.222* 
BMI 0.232* 0.341** 0.244* 
WHR 0.258* 0.245* 0.073 

Absolute fat mass 0.340* NA 0.266 
Relative fat mass 0.256* NA 0.229 
    

Lipid metabolism    

TAG 0.303* 0.240* 0.204 

Cholesterol 0.289** 0.263* 0.127 

LDL-c 0.288** 0.222* 0.105 

HDL-c 0.032 -0.073 -0.080 

FFA  0.046 -0.133 0.015 

IHL  0.316** 0.166 0.244* 
    

Glucose metabolism    

Glucose 0.186 0.314** 0.156 

Insulin 0.113 0.148 0.115 

HbA1c 0.262* 0.133 0.023 

HOMA-IR 0.129 0.175 0.161 

Adipo-IR 0.180 0.093 0.124 

    

Organokines    

Adiponectin -0.157 0.080 -0.087 

Leptin 0.212 0.258* 0.256* 
FGF21 0.123 0.053 0.133 
Visfatin 0.252* 0.016 0.227* 

Data are Pearson or Spearman correlation coefficients dependent on a normal or skewed distribution, respectively. Blood 
parameters were measured in the fasted state. IHL content was determined by MRIspec. Asterisks indicate statistical significance 
as follows *P < 0.05, **P < 0.01. Significant correlations (P < 0.05) are marked in bold. LF6 indicates clinical investigation day 
(CID) after 6 weeks on the low-fat, high-carbohydrate diet; HF1, CID after 1 week on the high-saturated fat diet; HF6, CID after 6 
weeks on the HF diet; NA, not assessed. 
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4.3.2 Serum chemerin concentrations have a genetic determinant 

Next, it was investigated in the 46 twin pairs of cohort 2 whether serum chemerin levels are 

genetically determined. Based on the ACE structural equation model, over 55% of variation in 

serum chemerin can be explained by additive genetic effects. In accordance, intrapair 

correlation of serum chemerin was high in monozygous twins (r = 0.745, P < 0.001) but 

chemerin values did not correlate in dizygous twins (r = 0.306, not significant) (Figure 28).  

A          B 

                     
Figure 28 ӏ Heritability estimates for circulating chemerin levels. A-B, Correlation of serum chemerin in 

monozygotic (A) and dizygotic (B) twin pairs (cohort 2, n = 85). High correlation of serum chemerin in monozygotic 
twin pairs and no correlation in dizygotic twin pairs indicates high heritability which was estimated to be 55% based 
on the ACE structural equation model. Asterisks indicate statistical significance of correlation coefficients as follows: 
***P < 0.001. n.s. indicates not significant.  

In cohort 2, genomic DNA had been isolated from blood cells and genotype information for a 

variety of genes was available. The association of serum chemerin with selected single 

nucleotide polymorphisms (SNPs) was investigated in order to identify genetic factors 

explaining the high heritability of serum chemerin. The SNP rs3735167 is located in the 5‘UTR 

of RARRES2 and has previously been associated with circulating chemerin levels (Tonjes et 

al., 2014). Genotype frequencies in the study cohort were AA (homozygous carrier) = 1, AG 

(heterozygous carrier) = 31, and GG (homozygous non-carriers) = 59.  

At all clinical investigation days, carriers of the SNP had significantly higher serum chemerin 

levels than non-carriers (HF1; AA/AG: 142.5 ± 3.6 ng/ml, GG: 129.2 ± 3.1 ng/ml; 2-way ANOVA 

PSNP = 0.004, PTime*SNP not significant) (Figure 29A). Concomitantly, carriers had higher 

RARRES2 expression in SAT at HF1 and HF6 (2-way ANOVA PSNP = 0.019, PTime*SNP not 

significant). However, the rs3735167 polymorphism had no effect on response to the HF diet 

in terms of serum chemerin or RARRES2 expression in adipose tissue (Figure 29A-B).  
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Interestingly, carriers of the SNP had a significantly lower ratio of body fat mass (dominant 

model, P = 0.010), while the relative contribution of VAT mass was higher in these subjects 

(PVAT = 0.038, P%VAT = 0.007) (Figure 29C-E). The SNP had no effect on SAT mass indicating 

that the higher body fat mass in SNP carriers is attributable to a higher ratio of interorgan fat. 

Furthermore, no difference in BMI, glucose tolerance or blood lipids were detected between 

carriers and non-carriers (data not shown).  

A           B 

    
C      D      E 

       

Figure 29 ӏ Effect of a SNP in the RARRES2 locus on chemerin concentrations. SNP rs3735167 is located in 

the 5‘UTR of RARRES2 and is associated with circulating chemerin in cohort 2. A-B, Carriers of the SNP (AA/AG) 
had significantly higher serum chemerin (A), paralleled by higher RARRES2 expression in SAT (B) than 
homozygous non-carriers (dominant model). However, the SNP did not affect response to diet. *P < 0.05 different 
from LF6. C-E, Significantly lower total fat mass (C) but higher visceral fat mass (D-E) in homozygous or 
heterozygous carriers of SNP rs3735167. *P < 0.05, **P < 0.01 difference between carriers and non-carriers. 

4.3.3 Chemerin is responsive to dietary interventions 

Subsequently it was investigated if and how serum chemerin levels are regulated by diet. In 

the morbidly obese study subjects of cohort 1, baseline chemerin levels were 193.6 ± 14.6 

ng/ml in the LP group and 198.7 ± 11.1 ng/ml in the HP group (PLpvsHP not significant). The 

hypocaloric interventions induced a drop in circulating chemerin in both groups (PLP = 0.018, 
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PHP = 0.061, PLPvsHP not significant) (Figure 31A). However, serum chemerin levels were not 

affected by the protein content of the diet as the changes in serum chemerin in response to 

the interventions were not different between the groups (Figure 30A).  

Expression of chemerin mRNA was analyzed in SAT, VAT and liver. RARRES2 was well 

expressed in all analyzed tissues. Contrary to expectations, tissue RARRES2 expression did 

not correlate with circulating chemerin concentrations neither from SAT, VAT nor liver. There 

was a modest association of RARRES2 expression between the two adipose tissue depots (r 

= 0.394, P = 0.021).  

Similar to serum chemerin, expression of RARRES2 in adipose tisse (Figure 33) or liver (Figure 

30B) was not affected by the the dietary protein content as mRNA expression in these tissues 

was not significantly different between the intervention groups. In accordance with the 

decrease in circulating chemerin in response to the calorie restriction, RARRES2 expression 

in SAT and liver was lower in the LP and HP groups compared to the RP group. Interestingly, 

hepatic expression of CMKLR1, the primary chemerin receptor, was significantly upregulated 

in the LP group (CMKLR1: 1-way ANOVA P = 0.029, post-hoc Bonferroni PLPvsHP = 0.042, 

CCRL2: 1-way ANOVA P = 0.481) (Figure 30B). 

A                B  

           

Figure 30 ӏ Response of chemerin to differing dietary protein content. Serum chemerin concentrations and 
hepatic mRNA levels were measured before and after the LP and HP interventions in the morbidly obese subjects 
(cohort 1). A, Serum chemerin concentrations decrease in response to the hypocaloric diet but are not affected by 
dietary protein content. **P < 0.01 different from week 0. B, Hepatic CMKLR1 expression is higher in the LP 
compared to the HP group. *P < 0.05 difference between groups determined by 1-way ANOVA followed by post-
hoc Bonferroni correction. n.s. indicates not significant.   

Elevated circulating chemerin concentrations have been associated with a sedentary lifestyle 

and high-fat chow in rats (Kaur et al., 2018; Lloyd et al., 2015; Roh et al., 2007). The effect of 

an unhealthy high-fat (HF) diet on serum chemerin was investigated in the metabolically 

healthy subjects of cohort 2. Furthermore, as the dietary intervention was isocaloric to the 
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individual energy requirements, the influence of changes in caloric intake could be eliminated 

which presumably accounted for the main effect in in cohort 1. 

In the healthy study subjects, a 1-week unhealthy HF diet enriched in saturated fatty acids 

induced a modest increase in circulating chemerin concentrations. After 6 weeks on the 

unhealthy HF diet, circulating chemerin levels were significantly elevated with 139.5 ± 3.1 ng/ml 

(ANOVA repeated measures P = 0.035) (Figure 31A). In accordance, adipose tissue 

RARRES2 expression increased during the HF intervention (ANOVA repeated measures P = 

0.006, post-hoc Bonferroni PHF6vsLF6= 0.003) (Figure 31B). Interestingly, the chemerin receptor, 

CMKLR1, was acutely downregulated after 1 week on the HF diet (ANOVA repeated measures 

P = 0.003, post-hoc Bonferroni PHF1vsLF6= 0.012) but returned to baseline levels after the full 6 

weeks on the HF diet (Figure 31C).  

A               B     C   

       

Figure 31 ӏ Response of chemerin to a high-fat diet (cohort 2). Serum chemerin concentrations and adipose 

tissue mRNA expression were measured before (LF6), after 1 week (HF1), and after 6 weeks (HF6) on the HF diet 
in the healthy, lean subjects (cohort 2). A, Serum chemerin increases significantly in response to the HF diet, B-C, 
RARRES2 expression in SAT is upregulated (B) in response to the HF diet while its receptor, CMKLR1, is 
transitionally downregulated (C), returning to baseline levels after prolonged HF intake. *P < 0.05, **P < 0.01 
different from LF6.  

4.3.4 Expression of CMKLR1 correlates with markers of hepatic fibrosis 

Reports on the role of chemerin in fatty liver disease are not concordant (Docke et al., 2013; 

Kajor et al., 2017; Krautbauer et al., 2013; Pohl et al., 2017; Wolfs et al., 2015). Associations 

of serum and hepatic chemerin were assessed in the obese subjects (cohort 1) with high 

prevalence of hepatic steatosis (described in section 4.1.4.).  

In cohort 1, correlation of chemerin with IHL, as determined by MRIspec, did not reach statistical 

significance, despite a moderate correlation coefficient (week 0: r = 0.458, P = 0.156; week 3: 

r = 0.392, P = 0.233). Furthermore, chemerin did not correlate with hepatic TAG content as 

assessed enzymatically. Although circulating chemerin increased with severity of NAFLD the 

data was statistically not significant. Lastly, serum chemerin concentrations were not 

significantly higher in patients previously diagnosed with NASH (chemerinNASH = 196.6 ± 9.6 

ng/ml, chemerinnonNASH = 177.9 ± 10.1 ng/ml; P = 0.248).  
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In accordance, no associations were found between serum chemerin and the histological 

assessment of steatosis, fibrosis, ballooning, or inflammation, neither with serum 

concentrations nor hepatic expression of RARRES2 or its receptors. However, RARRES2 

expression in SAT was weakly associated with liver fibrosis (P = 0.016) and inflammation (P = 

0.031). Chemerin in serum and hepatic mRNA were weakly correlated with expression of 

fibrosis-associated genes in liver. Circulating chemerin negatively correlated with collagenase 

6 mRNA in liver (COL6: r = - 0.389, P = 0.025) while hepatic RARRRES2 expression was 

negatively associated with TIMP1 concentrations in blood ( = -0.406, P = 0.019). Interestingly, 

hepatic CMKLR1 expression strongly and positively correlated with mRNA expression of COL1 

( = 0.653, P < 0.001), COL3 (r = 0.511, P = 0.002), COL6 (r = 0.453, P = 0.008), ACTA2 (r = 

0.685, P < 0.001), MMP9 ( = 0.644, P < 0.001), TGFβ (r = 0.632, P < 0.001), and TIMP1 (r = 

0.700, P < 0.001), but not with TIMP1 serum concentrations. 

4.3.5 Serum chemerin and tissue RARRES2 expression are differentially associated with 
markers of inflammation  

In the following, associations of chemerin with markers of inflammation are presented as assed 

in serum and tissue biopsies collected from (1) the morbidly obese and metabolically-stressed 

subjects of cohort 1 (serum, SAT, VAT, and liver), and (2) the healthy subjects of cohort 2 

(serum and SAT). As presented in section 4.1.6, circulating CRP levels in in the obese subjects 

were considerably elevated indicating chronic low-grade inflammation. In serum collected 

during surgery, circulating chemerin correlated with MCP1 (r = 0.381, P = 0.029), TNFα (r = 

0.409, P = 0.018), and, highly significantly, with IL6 ( = 0.665, P < 0.001) (Figure 32) but not 

with CRP, IFNγ, IL1β, or IL10. 

     

Figure 32 ӏ Correlation of chemerin with cytokines in serum. Chemerin, MCP1, TNFα, and IL6 were measured 

in serum collected during bariatric surgery. Asterisks indicate statistical significance of correlation coefficients: *P < 
0.05, **P < 0.01.  

In contrast to the circulating chemerin, RARRES2 did not correlate with any of the inflammatory 

markers analyzed in the obese subjects, neither in SAT nor in VAT. However, CMKLR1 

expression was strongly and positively associated with TNFα and MCP1 mRNA in SAT (TNFα: 
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 = 0.615, P < 0.001; MCP1: r = 0.539, P = 0.001) as well as TNFα mRNA in VAT ( = 0.520, 

P = 0.002).   

Next, the association of chemerin expression with infiltration of adipose tissue macrophages 

as assessed histologically (section 4.1.6) was investigated. Serum chemerin concentrations 

increased with number of CLS in VAT (no CLS: 186.8 ± 13.5 ng/ml; 1 CLS: 191.3 ± 12.1 ng/ml; 

2 CLS: 206.5 ng/ml; ≥ 3 CLS: 236.4 ± 52.5 ng/ml). However, this association remained 

insignificant. No difference between CLS- and CLS+ participants in chemerin serum 

concentrations or RARRES2 mRNA expression were detected in either SAT or VAT. However, 

there were only 4 participants categorized as CLS- in SAT.  

In liver, serum chemerin or hepatic mRNA did not correlate with histologically determined 

inflammation (section 4.3.1). In patients whose tissue sections showed hepatic inflammation 

(histological score ≥ 1), SAT expression of RARRES2 was elevated (P = 0.031). In accordance 

with adipose tissue, expression of the chemerin receptor CMKLR1 was positively correlated 

with TNFα ( = 0.386, P = 0.026) and MCP1 ( = 0.410, P = 0.020) mRNA in liver. Furthermore, 

hepatic CMKLR1 levels were positively associated with TNFα expression in SAT ( = 0.457, P 

= 0.007) but not in VAT. No associations between hepatic RARRES2 expression and mRNA 

quantity of any cytokine analyzed were found.  

In summary, chemerin was only weakly associated with markers of inflammation in serum, liver 

and adipose tissue in the morbidly obese subjects. Chemerin serum concentrations increased 

with macrophage infiltration in adipose tissue but no statistical significance was reached which 

might be due to the low number of observations.  

In the healthy subjects of cohort 2, circulating CRP concentrations were considerably lower 

than in the extremely overweight subjects of cohort 1. CRP levels in blood increased 

significantly in response to the unhealthy HF diet (LF: 0.29 ± 0.05 mg/l, HF1: 0.46 ± 0.06 mg/l, 

HF6: 0.64 ± 0.10 mg/l; ANOVA repeated measures P < 0.001) reflecting the high intake of 

saturated fats. In serum, chemerin was moderately and positively associated with circulating 

CRP concentrations at HF1 ( = 0.230, P = 0.034), with IL6 concentrations before and after 

the HF diet (LF6:  = 0.226, P = 0.038; HF6:  = 0.240, P = 0.026), as well as with the anti-

inflammatory cytokine IL1RA at LF6 (r = 0.284, P = 0.008) but not with serum concentrations 

of MCP1, TNFα, or IL10.  

In SAT, RARRES2 mRNA levels were strongly and positively associated with expression of 

TNFα (all CIDs r > 0.3 and P < 0.001), MCP1, the inflammasome component NLRP3 and with 

the macrophage markers CD14 (all CIDs P < 0.001) and CD68 (all CIDs P < 0.001) (Appendix 

Table A4). Interestingly RARRES2 mRNA levels were negatively associated with mRNA 

expression of NFkB, IL1β and EMR1 (Appendix Table A4). 
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Finally, a potential association with mRNA levels of the main chemerin receptor CMKLR1 and 

cytokine expression in SAT was assessed. CMKLR1 mRNA levels were positively associated 

with expression of TNFα, MCP1, and NLRP3 (all CIDs P < 0.001) but not with IL1β and only 

at HF6 with NFκB (Appendix Table A4). Furthermore, CMKLR1 expression was associated 

with CD14 (all CIDs P < 0.001) and CD68 expression (all CIDs P < 0.001) but not with EMR1 

(Appendix Table A4). 

In summary, chemerin is inconsistently associated with inflammatory cytokines depending on 

the study cohort, time point, and tissue analyzed. Furthermore, a negative association was 

found between RARRES2 and pro-inflammatory mediators, i.e. the cytokine IL1β and the 

transcription factor NFκB, as well as macrophage marker EMR1 in the healthy subjects 

pointing towards a role of chemerin not only in the onset but also the resolution of inflammation. 

Interestingly, mRNA expression of the chemerin receptor, CMKLR1, was consistently 

associated with expression of TNFα, a marker of systemic inflammation.  

4.3.6 Chemerin is associated with adipocyte cell size and lipid metabolism  

Chemerin has been shown to play a role in adipogenesis and adipocyte function (Goralski et 

al., 2007). In the paired adipose tissue biopsies, mRNA levels of RARRES2, CMKLR1, and 

CCRL2 were significantly higher in the subcutaneous fat depot (all PSATvsVAT < 0.001) whereas 

GPR1 expression was higher in the visceral fat depot (PSATvsVAT = 0.016) (Figure 33A). 

Furthermore, expression of RARRES2 was weakly correlated between the two adipose tissue 

depots (r = 0.394, P = 0.021).  

Next, potential differences between the intervention groups were analyzed. In accordance with 

the circulating chemerin, RARRES2 expression in fat was not significantly regulated by dietary 

protein. However, expression of CMKLR1 was downregulated in the HP group in both fat 

depots (SAT: ANOVA P = 0.032, post-hoc Bonferroni PLPvsHP = 0.028; VAT: ANOVA P = 0.040, 

post-hoc Bonferroni PHPvsRP = 0.040) (Figure 33B). GPR1 was regulated in a similar direction 

but without reaching statistical significance (Figure 33B). 
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A           

 

B          

              
Figure 33 ӏ Expression of RARRES2 and the chemerin receptors in adipose tissue. A, mRNA expression in 

SAT versus VAT. *P < 0.05, ***P < 0.001 difference between fat depot. B, Adipose tissue mRNA expression of 
chemerin pathway in VAT (left panel) and SAT (right panel). Differences between groups were assessed by 1-way 
ANOVA with post-hoc Bonferroni correction. *P < 0.05 difference between groups.  

As described previously (section 4.1.5), the adipocytes of cohort 1 were relatively large, as 

was expected from the obese study subjects. A positive association between adipocyte cell 

size and serum chemerin was found. Indeed, serum chemerin concentrations were positively 

correlated with adipocyte diameter (r = 0.438, P = 0.010) and area (r = 0.448, P = 0.009) in 

VAT but not in SAT. There were no significant associations between adipocyte cell size and 

RARRES2 expression in either tissue. 

As indicated by the murine data of Goralski and colleagues, chemerin seems to play a role in 

adipocyte lipid metabolism (Goralski et al., 2007). In SAT, RARRES2 mRNA levels were 

strongly associated with the expression of genes involved in lipid metabolism (Table 10). 

However, as these genes are participating in the same enzymatic processes, correlation 

among the genes was also high. In VAT, RARRES2 was moderately associated with genes 

involved in fat uptake and storage (PPARγ, PGC1α, LPL) but not with those involved in de 

novo lipogenesis (ACC1, FASN, SREBP1c) or lipolysis (ATGL, HSL) (Table 10).  
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Table 10 ӏ Correlation of RARRES2 with adipose tissue lipid metabolism in obese subjects. 

Correlation of RARRES2 with SAT VAT 

De novo lipogenesis   

ACC1 0.555*** 0.173 

FASN 0.659*** 0.289 

SREBP1c 0.634*** 0.219 
   

Fat uptake and storage   

PPARγ 0.634*** 0.487** 
PGC1α 0.345* 0.370* 
SCD1 0.392* 0.311 

LPL 0.475** 0.460** 
   

Lipolysis   

ATGL 0.547*** 0.319 

HSL 0.505** 0.293 

Data are Pearson or Spearman correlation coefficients dependent on a normal or skewed distribution, respectively. ACC1 
indicates acetyl-CoA carboxylase; ATGL, adipose triglyceride lipase; FASN, fatty acid synthase; HSL, hormone-sensitive lipase; 
LPL, lipoprotein lipase; PGC1α, peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PPARγ, peroxisome 
proliferator-activated receptor gamma; SCD1, stearoyl-CoA desaturase-1; SREBP1c, sterol regulatory element-binding protein 1. 
Asterisks indicate statistical significance as follows *P < 0.05, **P < 0.01. 

Correlation of RARRES2 with genes involved in lipid metabolism was also confirmed in the 

healthy subjects of cohort 2. Here, RARRES2 strongly and positively correlated with FASN, 

PPARα, PPARγ, PGC1α (only at LF6 and HF1), LPL, and ADIPOQ (encoding adiponectin) 

(all: r > 0.36, P < 0.001 at all CIDs) (Figure 34). Remarkably, the association between ADIPOQ 

and RARRES2 expression in SAT was highly significant at all time points with correlation 

coefficients of > 0.8 at LF6 and > 0.6 for both CIDs of the HF diet (Figure 34, lower right panel). 

Despite this strong correlation at the gene expression level, circulating chemerin and 

adiponectin were not associated at any time point. 
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Figure 34 ӏ Correlation of RARRES2 with lipid metabolism in SAT of lean subjects (cohort 2). Shown are 

mRNA concentrations measured at LF6 in SAT of the lean, healthy subjects. Asterisks indicate statistical 
significance of correlation coefficients as follows: ***P < 0.001. 

4.3.7 Mechanistic studies in differentiating and mature primary human adipocytes 

The collected adipose tissue biopsies from cohort 1 allowed it to study the expression of 

chemerin during differentiation as well as its effects on the mature cell in primary, human 

adipocytes. In order to isolate preadipocytes from the adipose tissue biopsies, the stromal 

vascular fraction was separated from the mature adipocytes, blood vessels, and connective 

tissue by enzymatic digestion and centrifugation (Figure 35A). Under cell culture conditions, 

mesenchymal stromal cells (MSCs) were isolated from the stromal vascular fraction and 

cultured in selective preadipocyte medium. Differentiation into adipocytes was induced by 

adding a hormonal cocktail (amongst others including insulin, rosiglitazone, dexamethasone 

and triiodothyronine) to the cell culture medium. During differentiation the typical adipocyte 

morphology became apparent with large, rounded, lipid-droplet filled cells (Figure 35A). 

Preadipocytes isolated from SAT grew fast and reliably differentiated into mature adipocytes 

whereas the successful differentiation of preadipocytes isolated from VAT seemed to be donor 

dependent. For the following experiments adipocytes isolated from SAT were used only. 

Degree of differentiation was determined microscopically and by qRT-PCR of the mature 

adipocyte markers GLUT4, FASN, and PPARγ (Figure 35B). Only well differentiated 

adipocytes were used for further experiments. 
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Figure 35 ӏ Differentiation of human mesenchymal stromal cells (MSCs) into mature adipocytes. A, Primary 

human MSCs were isolated from SAT and VAT biopsies by enzymatic digestion and expanded in selective 
preadipocyte medium. Differentiation was induced by addition of a hormonal cocktail to the cell culture medium. 
Successful differentiated adipocytes were round and filled with lipid droplets while preadipocytes had a fibroblast-
like morphology. B, Significant increases in mRNA expression of adipocyte markers during differentiation. **P < 
0.01, P < 0.001 different from day 0. 

RARRES2 expression was extremely low in proliferating preadipocytes and increased among 

induction of differentiation. At day 14 of differentiation, mature adipocytes had over 10x higher 

RARRES2 expression levels than at day 0 (1-way ANOVA P < 0.001, post-hoc Bonferroni 

Pd14vsd0 < 0.001) (Figure 36A). The chemerin receptors are predominantly expressed on 

immune cells but CMKLR1 is also expressed on adipocytes (Mariani and Roncucci, 2015; 

Wargent et al., 2015). As expected, mRNA expression of CMKLR1 was low in both, 

preadipocytes as well as mature adipocytes. Changes in CMKLR1 expression during 

differentiation were not significant (Figure 36B).  
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Figure 36 ӏ Expression of RARRES2 and CMKLR1 during adipocytes differentiation. Human MSCs were 

isolated from SAT and differentiated for 14 days into mature adipocytes by hormonal induction. RARRES2 and 
CMKLR1 expression were determined during differentiation by qRT-PCR. ***P < 0.001 different from day 0. 

To study the effect of chemerin on primary human adipocytes, fully differentiated cells were 

treated with increasing concentrations of recombinant human chemerin. Subsequently, mRNA 

expression of cytokines and lipid metabolizing genes was assessed.  

Treatment of in vitro differentiated adipocytes with recombinant chemerin did not affect IL6 or 

MCP1 expression (Figure 37A). Changes in TNFa and CCL3 could not be analyzed due to the 

low expression in this cell type. Furthermore, expression of genes involved in lipid metabolism 

were measured in chemerin treated cells. Recombinant chemerin had no effect on the 

expression of FASN, PPARγ, LPL, or ADIPOQ even at the highest concentration of 30 nM 

(Figure 37B).  
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Figure 37 ӏ Treatment of mature adipocytes with recombinant chemerin. Fully differentiated primary human 

adipocytes were treated with increasing concentrations of recombinant chemerin or vehicle control for 24 h. Addition 
of chemerin to the cell culture media had no effect on mRNA expression of cytokines (A), the adipokine adiponectin, 
or genes involved in lipid metabolism (B). 

As presented in the previous sections, serum chemerin levels increased in response to a HF 

diet 4.3.2). In order to test, whether FFA might trigger chemerin mRNA expression in 

adipocytes, fully differentiated adipocytes were treated with the saturated fatty acid palmitic 

acid (350 µM), the unsaturated fatty acid arachidonic acid (200 µM), or a commercially 

available fatty acid mixture. After 24 h cells were harvested and RARRES2 expression was 

analyzed. However, treatment of primary adipocytes with fatty acids did not induce RARRES2 

expression compared to vehicle control (data not shown).  
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5 Discussion 

5.1 The LEMBAS intervention study 

5.1.1 Low versus high dietary protein intakes prior to bariatric surgery 

The LEMBAS study evaluated the effects of a LP compared to a HP dietary intervention 3 

weeks prior to bariatric surgery. Both diets were effective in reducing body weight while the 

reduction in hepatic fat content was more pronounced in the HP group. Changes in serum 

parameters of glucose and lipid metabolism were not markedly different between the 

intervention groups.  

The mean BMI of the participants was in the range of class III obesity, the category with the 

highest associated risk to develop adiposity-related diseases, according to the WHO 

classification. Indeed, the prevalence of disease, especially diabetes, thyroid disease, 

hypertension, and hepatic steatosis, was high in the study cohort. Patients undergoing bariatric 

surgery are usually advised to follow a preoperative very low-calorie diet (VLCD, usually < 

1000 kcal/d) in order to achieve a short-term weight loss and to reduce related complications 

such as bleeding and infections (Alami et al., 2007; Schouten et al., 2016; Van Nieuwenhove 

et al., 2011). The VLCD is supposed to cut-down on liver size and intra-abdominal fat thus 

reducing the difficulty of the procedure (Cassie et al., 2011). Here, the dietary intervention was 

moderately hypocaloric (~ 1500 kcal/d). Both diets induced a significant reduction in body 

weight and BMI.  

In the LP group the loss in body weight tended to be attributable to a decrease in total fat mass 

(PLP = 0.052) while fat-free mass remained stable. In the HP group the data indicated an 

insignificant loss in lean mass. However, only 5 participants could be analyzed by BodPod in 

this group. It is well established that high protein intake during weight loss therapy supports 

maintenance of lean mass (Arentson-Lantz et al., 2015; Larsen et al., 2010; Paddon-Jones 

and Leidy, 2014). Furthermore, protein and particularly branched-chain amino acids (BCAA) 

are thought to increase muscle protein synthesis by activation of the mammalian target of 

rapamycin (mTOR) pathway and are therefore routinely consumed by athletes to build up 

muscle mass (Foure and Bendahan, 2017; Petzke et al., 2014). Due to its satiation effects, HP 

diets are often advised to support weight maintenance after weight reduction while conserving 

lean mass (Steenackers et al., 2018). 

Despite the well described beneficial effects of HP diets on lean body mass, satiety and weight 

maintenance, increased protein intakes have also been linked to unfavorable outcomes. In 

epidemiological studies an increase in the protein content of the diet has been associated with 

risk of T2DM (Asghari et al., 2018; Sluijs et al., 2010). Murine and human intervention studies 
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indicate that protein, particularly BCAA, induce hepatic lipogenesis and impair insulin 

sensitivity by activation of mTOR and phosphorylation of the insulin receptor substrate 1 (IRS1) 

(Newgard, 2012; Rietman et al., 2014; Weickert et al., 2011; Zoncu et al., 2011). Furthermore, 

a diet enriched in protein was shown to abolish the improvements in insulin action related to a 

body weight reduction (Smith et al., 2016). Lastly, high-protein diets have been linked to 

various kidney complications including renal dysfunction in susceptible individuals (Ahmed, 

1991; Blachley, 1984).   

In the present study, no adverse effects on glucose metabolism were observed in the HP 

group. Instead, improvements in fasting glucose as well as tissue insulin resistance, as 

assessed by HOMA-IR and Adipo-IR, were noted in both groups though the results of the HP 

group were not statistically significant. Unfortunately, whole body insulin sensitivity was not 

assessed in this cohort. However, the results are in line with findings in diabetic subjects 

demonstrating improved metabolic parameters after a 6-week HP intervention despite high 

BCAA intake in the animal protein group (Markova et al., 2017). Others reported improvements 

in glycemic control and blood lipids after elevated protein intakes (Dong et al., 2013; Gannon 

and Nuttall, 2004). In addition, dietary protein is known to stimulate pancreatic insulin secretion 

as well as hepatic insulin sensitivity (Layman et al., 2008; Smith et al., 2016).  

Furthermore, no adverse effects on renal parameters were detected in the HP group as 

assessed by serum uric acid and creatinine concentrations. Both dietary strategies had a 

positive influence on the low-grade inflammation present in the obese subjects as serum 

concentrations of CRP and pro-inflammatory cytokines were lower after the interventions. 

However, statistical significance was only reached in the LP group for CRP and IL6. In addition, 

some of the observed beneficial effects in the present study are likely related to the low energy 

content of the diets and the associated marked weight loss in both groups.  

5.1.2 Effects on hepatic fat content  

One of the main aims of the LEMBAS study was to compare the efficiency of a 3-week LP 

versus HP diet in eliminating liver fat in morbidly obese patients. The sole accumulation of 

lipids in the liver is considered benign but hepatic steatosis may progress to more severe forms 

of NAFLD (Younossi et al., 2018). Furthermore, NAFLD affects extrahepatic tissues and 

increases the risk to develop T2DM, CVD and chronic kidney disease (Byrne and Targher, 

2015). Thus, apart from the general aim to lose weight, a reduction in hepatic fat content is 

desirable for obese patients. Furthermore, liver fat content should be reduced in preparation 

for bariatric surgery as described above. 

Both intervention groups reduced their liver fat during the hypocaloric interventions. However, 

hepatic fat content decreased remarkably in every single participant in the HP group whereas 
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the loss in hepatic fat in the LP group was not significant. It should be noted that baseline IHL 

levels were higher in the LP than in the HP group, but all study participants analyzed had a 

hepatic fat content above the threshold for NAFLD.  

Parry and Hodson reviewed the existing literature on the influence of dietary macronutrients 

on the accumulation of liver fat (Parry and Hodson, 2017). Despite mixed results, one 

consistent finding was that a hypocaloric diet reduces hepatic TAG content (Parry and Hodson, 

2017). The present study indicates that among the hypocaloric diets, a HP strategy is more 

effective than a LP strategy in alleviating fatty liver in obese patients. This conclusion is 

supported by previous findings in mice (Freudenberg et al., 2013; Garcia-Caraballo et al., 

2013; Garcia Caraballo et al., 2017; Pichon et al., 2006) and men (Arciero et al., 2008; Markova 

et al., 2017). In addition, protein deficiency has been associated with hepatic steatosis and 

NASH (Meghelli-Bouchenak et al., 1989).  

The expression of genes involved in lipid metabolism were analyzed in the liver biopsies to 

gain mechanistic insights in regard to the pronounced loss of liver fat in the HP group. The 

liver accumulates TAGs when there is an imbalance between lipid supply (impaired FFA 

oxidation, increased FFA uptake, enhanced hepatic de novo lipogenesis) and lipid disposal via 

release of VLDL particles (Leclercq and Horsmans, 2008). Chronic nutrient oversupply may 

cause the storage capacity of adipose tissue to be exceeded leading to inflammation, insulin 

resistance and increased lipolysis within the tissue (Fabbrini et al., 2008). This causes an 

increased flux of FFA to be taken up by the liver (Donnelly et al., 2005). In the LEMBAS study 

the LP strategy induced only an insignificant increase in circulating FFA while there were no 

changes in FFA in the HP condition. Furthermore, in the HP condition, genes involved in fat 

uptake, de novo lipogenesis and lipid storage were lower expressed. However, the expression 

of genes involved in the break down and oxidation of fatty acids were not increased in the HP 

study subjects. In summary, the results indicate that the utilization of lipids in the liver was 

similar among the groups but that less fat was taken up by the liver in the HP condition.  

The differing amount of energy received from protein (10 EN% versus 30 EN%) in the two 

intervention groups was balanced by carbohydrates while dietary fat was kept constant. 

Carbohydrates are known to induce hepatic lipogenesis by activating ChREBP (Sevastianova 

et al., 2012). Indeed, ChREBP mRNA expression was found to be elevated in the LP compared 

to the HP group. Furthermore, consumption of simple sugars, particularly fructose is known to 

contribute to NAFLD (Softic et al., 2017; Stamatikos et al., 2016). However, independent from 

macronutrient composition, several rodent studies indicate a downregulation of genes involved 

in de novo lipogenesis and lipid storage upon HP feeding (Freudenberg et al., 2012; Marsset-

Baglieri et al., 2004; Noguchi et al., 2010). In summary, an exchange of dietary carbohydrates 
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with protein-rich foods seems to be advisable for patients with NAFLD (Kargulewicz et al., 

2014).  

Lastly, adipokines and hepatokines were shown to be dysregulated in obesity and fatty liver 

disease. The association of FGF21 and chemerin with hepatic lipid content and their potential 

role in the pathogenesis of NAFLD are discussed below (section 5.2.2 and 5.3.2, respectively). 

5.2 FGF21 

5.2.1 Regulation of FGF21 by dietary protein  

In the second part of this thesis, the regulation of FGF21 by dietary protein was analyzed in 

serum, liver, and adipose tissue. The main finding was that FGF21 is potently downregulated 

by high protein intakes as demonstrated in three different human dietary intervention studies 

as well as hepatic cell cultures. The data indicates that the decrease in FGF21 in response to 

HP intake occurs in both, metabolically healthy (cohort 2, cohort 3) and metabolically stressed 

individuals (cohort 1). Therefore, the FGF21 lowering effect of dietary protein seems to be 

robust and able to counteract the stress-related induction of FGF21 observed in the obese 

subjects. Furthermore, the data obtained in the short-term HP intervention study (cohort 3) 

demonstrates that the FGF21-decreasing effect of dietary protein is an acute response 

occurring within 24 h. Indeed, analyses of meal tolerance tests conducted in another 

intervention study confirmed that circulating FGF21 levels were reduced already within 3 h 

after a HP load (Seebeck et al., manuscript under revision). The response persisted upon 

prolonged HP intake as serum FGF21 concentrations remained low after 3 weeks (cohort 1) 

and 6 weeks (cohort 2) on the HP diet. The protein induced downregulation of FGF21 was also 

observed in different strains of mice being on either a high-fat or normal-chow diet background 

(Seebeck et al., manuscript under revision). 

Similar findings were reported from a human intervention study comparing ad-libitum diets 

containing either 10 EN%, 15 EN% or 25 EN% of protein. Consumption of a low protein diet 

led to a 1.6-fold induction of circulating FGF21 compared to the 15 EN% protein diet. 

Nevertheless, the HP diet decreased circulating FGF21 levels almost 4-fold compared to the 

control diet (Gosby et al., 2016). However, one might argue that the drop in FGF21 in response 

to a HP diet only reflects the reversal of the LP-related induction of FGF21. It is well established 

that FGF21 is an endocrine signal of protein restriction (Laeger et al., 2014). FGF21 is potently 

induced by low-protein diets and required for mediating the effects of DPR (De Sousa-Coelho 

et al., 2012; Laeger et al., 2014; Maida et al., 2016). However, in the morbidly obese subjects 

FGF21 levels dropped by 25% in response to the HP diet while there was no protein deficiency 

before the intervention.  
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Still there are some concerns with the data obtained in cohort 1. First, statistical significance 

was only reached in direct comparison to the LP group possibly due to the high inter-individual 

variation in FGF21 levels. Second, FGF21 was shown to be increased by energy restriction 

(Crujeiras et al., 2017) and metabolic stress (Waluga et al., 2017) which might have modulated 

the effect of the HP intervention on FGF21 concentrations in the obese subjects. Third, in the 

LP condition, it cannot be excluded that the increase in FGF21 was induced by a shortage in 

single amino acids in view of the hypocaloric interventions and the high body weight of the 

study participants, though 10 EN% protein is generally considered protein-sufficient for 

humans (DRI 2005). Lastly, baseline FGF21 concentrations were almost twice as high in the 

LP than in the HP group. Considering the above-mentioned confounding factors in cohort 1, 

data from two additional intervention studies were analyzed to assess the robustness of the 

HP-induced downregulation of FGF21. 

In response to the short-term protein intervention conducted in cohort 3, FGF21 responded 

dose-dependently to the change in protein intake within 24 h. Habitual protein intake was 

approximately 16 EN% and reducing protein in the diet to 10 EN% led to a modest, insignificant 

increase in FGF21. However, the 30 EN% HP diet induced an acute and pronounced decrease 

in FGF21 which was twice as high as the change in FGF21 serum concentrations in the 15 

EN% control diet, as well as compared to baseline FGF21 concentrations. In accordance, in 

the healthy and lean twins of cohort 2, increasing protein intake from 15 EN% to 30 EN% 

induced a pronounced and highly significant decrease in FGF21 serum concentrations that 

remained low for the duration of the study (6 weeks). The data supports the conclusion that 

the rapid and persistent decrease of FGF21 in response to high-protein happens 

independently from the low-protein induced increase in FGF21. As 15 EN% reflects habitual 

protein intake and are more than protein sufficient an undersupply in essential amino acids is 

very unlikely in this condition. In line with this conclusion, hepatic mRNA expression of ATF4 

and PPARα were not significantly different between the intervention groups in the liver biopsies 

obtained during surgery. The induction of FGF21 during protein restriction requires both, 

activation of the GCN2-ATF4 branch of the ISR and PPARα signaling (Laeger et al., 2014). 

The FGF21 lowering effect of dietary protein has previously been attributed to differences in 

carbohydrate content (Chalvon-Demersay et al., 2016). Indeed, FGF21 is acutely induced by 

overfeeding carbohydrates or simple sugars (Lundsgaard et al., 2017; Soberg et al., 2017; von 

Holstein-Rathlou and Gillum, 2019). In the present study, the protein content of the diet was 

balanced with carbohydrates, which constituted about 40 EN% in the HP and 60 EN% in the 

LP condition. Although the study subjects were advised to abstain from sugary products, there 

is still a bias introduced by the differing amount of carbohydrates in cohort 1. However, in the 

short-term intervention study (cohort 3) carbohydrates were kept constant at 45 EN%. Still, 

FGF21 was potently downregulated in a dose dependent manner upon increasing protein 
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content. Similarly, in the healthy subjects of cohort 2, FGF21 decreased by over 60% after 

switching from a HF to a HP diet while carbohydrates remained constant at 40 EN%. Therefore, 

the consistent and dose-dependent decrease in FGF21 in response to increasing protein 

occurred independently from changes in carbohydrate intake.  

In all cohorts analyzed, FGF21 was negatively correlated with serum urea pointing towards an 

association of FGF21 with the regulation of protein catabolism. Proteins are degraded to amino 

acids or simple derivative compounds by enzymatic hydrolysis of the peptide bond (Schutz, 

2011). Subsequently, amino acids are further broken down to intermediates of the citric acid 

cycle in order to obtain the stored energy. This requires removal of the amino group, i.e. 

oxidative deamination, resulting in the release of ammonia. Ammonia is a highly toxic 

compound that needs to be excreted by the organism for which it is converted to urea in a 

series of enzymatic reactions termed the urea cycle (Shambaugh, 1977). In support of an 

association of FGF21 with the urea cycle, the liver, where FGF21 is mainly produced, is the 

central tissue for amino acid catabolism and urea synthesis (Walker, 2014). Furthermore, a 

dysregulation of the urea cycle has been associated with fatty liver disease, a disorder tightly 

associated with circulating FGF21 concentrations (De Chiara et al., 2018). 

Ammonia and glutamine, which is readily degraded to ammonia (Li et al., 2016), dose-

dependently decreased Fgf21 expression as demonstrated in primary murine hepatocytes and 

HepG2 cell cultures. Indeed, the downregulation occurred even in the presence of the strong 

ER stress (and thus FGF21) inducer tunicamycin in the HepG2 cultures. In line with this data, 

previous studies have reported that non-essential amino acid supply affects Fgf21 expression 

and secretion at the hepatocyte level (Maida et al., 2016). Nevertheless, it remains to be 

resolved how ammonia or intermediates of the urea cycle are molecularly linked to the 

regulation of FGF21 expression. 

One might only speculate what the biological function of the HP induced downregulation of 

FGF21 is. Morrison and colleagues proposed that FGF21 senses nutrient intake and acts as 

a hepatic signal of nutrient imbalance, particularly protein deficiency (Hill et al., 2018; Morrison 

and Laeger, 2015). FGF21 is mainly secreted by the liver which is a critical regulator of energy 

and nutrient homeostasis and uniquely positioned to sense dietary protein intake via the portal 

circulation (Hill et al., 2018). In the context of a low protein diet, FGF21 is essential for 

mediating adaptive responses to protein restriction thereby mitigating its consequences 

(Morrison and Laeger, 2015). However, excessive protein intake likewise causes metabolic 

stress on the organism. Failure to excrete nitrogenous waste may lead to increased blood 

ammonia levels which are associated with a variety of clinical symptoms, including CNS 

abnormalities (Auron and Brophy, 2012). Apart from a scenario of protein excess, the organism 

benefits from noticing the abundancy of nitrogen metabolites as in this case anabolic 
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processes, such as muscle formation and synthesis of hormones and neurotransmitters, can 

be intensified while catabolic processes, such as autophagy, are blocked. 

Emerging data supports the notion that FGF21 senses nutrient status and serves as a signal 

to the brain and other tissues to adapt metabolically and behaviorally (Hill et al., 2018). It has 

been demonstrated in mice that FGF21 affects macronutrient intake via centrally modulating 

appetite and dietary preferences (Gillum, 2018; Soberg et al., 2017; Talukdar et al., 2016; von 

Holstein-Rathlou and Gillum, 2019). Furthermore, dietary protein restriction increases food 

consumption and triggers a preference for protein in the diet (BonDurant and Potthoff, 2018; 

Morrison and Laeger, 2015). Therefore, it was further investigated if decreased FGF21 serum 

concentration might likewise alter feeding behavior. Indeed, FGF21 deficient mice preferred 

the low-protein chow over the high-protein chow when given the choice between two isocaloric 

diets with different macronutrient composition while wildtype mice consumed similar amounts 

of both diets (Seebeck et al., manuscript under revision). Low FGF21 levels might therefore 

be indicative for a nitrogen-rich diet independently from fat and total energy intake and, in 

cooperation with classical energy balance signals (leptin, insulin, ghrelin, etc.), serves the 

organism to adjust accordingly (Hill et al., 2018).  

5.2.2 FGF21 and hepatic steatosis 

The strongest correlation between FGF21 and any parameter analyzed was with intrahepatic 

lipids (r = 0.9). Furthermore, severity of NAFLD, as assessed histologically, was associated 

with higher circulating FGF21 levels.  

Previously, HP chow was shown to decrease hepatic TAG content and to be able to reverse 

pre-existing diet-induced steatosis in mice (Freudenberg et al., 2012; Garcia-Caraballo et al., 

2013; Garcia Caraballo et al., 2017). Furthermore, circulating FGF21 levels and hepatic Fgf21 

mRNA expression were significantly reduced by HP feeding and plasma FGF21 correlated 

tightly with hepatic TAG content (Garcia-Caraballo et al., 2013; Garcia Caraballo et al., 2017). 

In line with the mouse data and the results of this study, Markova et. al. demonstrated in human 

diabetic subjects that prolonged HP intake reduced intrahepatic lipids by 36%-48% 

independently from the protein source and from changes in body weight (Markova et al., 2017). 

Concomitantly, FGF21 concentrations decreased by almost 50%, and correlated with the loss 

in IHL (Markova et al., 2017). 

Garcia-Caraballo and colleagues suspected that the downregulation of FGF21 upon HP 

feeding was provoked by the reduction in hepatic ER stress related to the loss in hepatic fat 

(Garcia-Caraballo et al., 2013). Markers of chronic ER stress were found in liver tissue of 

subjects with obesity and T2DM (Boden et al., 2008; Ozcan et al., 2004), metabolic disorders 

in which serum FGF21 levels are consistently elevated. Excessive ER stress signaling has 
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been shown to initiate a programmed cell-death pathway, involving CHOP and other pro-

apoptotic factors, leading to the removal of impaired hepatocytes thereby contributing to 

hepatic disorders such as NASH and NAFLD (Brenner et al., 2013). Jiang and co-workers 

demonstrated that the ER-stress dependent induction of FGF21 is mediated by the 

IRE1α/XBP1 branch of the unfolded protein response (UPR) (Jiang et al., 2014). In this murine 

model, pharmacologically triggered ER stress induced hepatic steatosis and an increase in 

FGF21 expression. FGF21 in turn ameliorated ER-stress induced TAG overload in the liver, 

which was shown by applying recombinant FGF21 to tunicamycin-treated mice (Jiang et al., 

2014).  

In the present study, the amount of spliced XBP1 was lower in the HP compared to the RP 

group. However, the XBP1s/XBP1u ratio (XBP1-spliced /XBP1-unspliced ratio) remained 

unaffected by the protein content of the diet. As IRE1α mediates splicing of XBP1 upon UPR 

activation, one would expect an increase in the active, spliced form relative to the unspliced 

form. However, expression of the ER chaperone BiP and the transcriptional repressor CHOP 

were also decreased in the HP condition. Similarly, in the in vitro studies, ATF4 and BiP were 

concomitantly reduced by stimulation with ammonia or glutamine while the XBP1/XBP1s ratio 

remained unaffected. Hence, a reduction or blockade of ER stress pathways by nitrogen 

metabolites might play a role in repressing FGF21. Indeed, free amino acids and derivatives 

have been implicated to function as unspecific chemical chaperones in the ER lumen by 

increasing the stability of native proteins (Welch and Brown, 1996). Furthermore, the decrease 

in BiP might reflect the reduction of unfolded proteins in the ER, the amount of which BiP is 

tightly correlated with (Halliday and Mallucci, 2015). Interestingly, the drug 4-phenylbutyric acid 

acts as a chemical chaperone approved by the US Food and Drug Administration for the 

treatment of urea-cycle disorders in humans (Engin and Hotamisligil, 2010).  

However, in the murine study by Garcia-Caraballo the reduction in ER stress was deduced 

from the phosphorylation status of eIF2α and the lower hepatic expression of Clec2 and Asns 

mRNA. These changes were only significant in comparison to the LP diet (which is well known 

to activate this pathway). In contrast, the classical ER stress markers Atf4, Chop (Ddit3), BiP, 

and Xbp1s were not differentially expressed (Garcia-Caraballo et al., 2013). In the study 

conducted by Markova et al. in diabetic subjects no signs of reduced ER stress were found in 

SAT biopsies in response to the HP intervention as determined by ATF4 and XBP1s though 

no liver biopsies were available (Markova et al., 2017).  

An additional key mechanism to restore homeostasis upon cellular stress is the induction of 

autophagy (Brenner et al., 2013). Autophagy contributes to the degradation of intracellular 

lipids (also known as “lipophagy”) and autophagic defects have been linked to the 

accumulation of TAGs in the liver (Singh et al., 2009). In the LEMBAS study, hepatic autophagy 
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was analyzed by the medical doctoral student Chenchen Xu. In brief, autophagic flux was 

upregulated by the LP diet but remained unchanged in the HP group. Thus, upregulation of 

autophagy did not concomitantly reduce hepatic fat content as has been hypothesized. 

However, autophagic flux was positively correlated with FGF21 concentrations (Xu, Markova, 

Seebeck et al, manuscript under revision).  

In summary, the results indicate that prolonged ER stress in the morbidly obese subjects may 

have been, at least in part, alleviated by the HP diet thus leading to decreased UPR signaling 

and autophagy. However, the downregulation of FGF21 upon HP intake seems to be controlled 

by other pathways than the GCN2/eIF2α/ATF4 mediated upregulation of FGF21 as ATF4 

remained unchanged and cannot explain the pronounced drop in FGF21 mRNA expression 

and circulating levels in the human cohorts. In addition, the mouse data showed that Atf4 

remained unchanged in the short-term (1 week) feeding study (Figure 26). In contrast, FGF21 

was immediately and potently downregulated in mice and humans (within 24 h). However, 

suppression of CHOP upon HP intake might have contributed to the significantly lower hepatic 

TAG content in the HP group. Unfortunately, hepatic expression of CHOP and other ER stress 

markers could not be analyzed in the remaining cohorts as liver biopsies were only collected 

in cohort 1.   

Interpretation of the results is further complicated by the fact that the HP group had lower IHL 

content already at baseline which decreased in response to the intervention. In addition, serum 

transaminases, indicators for liver stress, increased in the HP group (γ-GT significantly) while 

they decreased in the LP group, contradicting the conclusion that hepatic stress was lower 

after the HP than the LP intervention. Lastly, morbidly obese subjects have elevated ER stress 

per se and the hypocaloric diets together with a loss in IHL in both intervention groups caused 

a relieve of metabolic stress independent from the dietary protein content. 

5.2.3 FGF21: A potential biomarker for metabolic disease? 

FGF21 is a versatile metabolic regulator with pleiotropic effects in various organs. 

Pharmacological application of FGF21 provides multiple metabolic benefits including a 

reduction in body weight and glucose levels, improvements in blood lipids as well as insulin 

and leptin sensitivity, and a decrease in hepatic steatosis (Gimeno and Moller, 2014; Keuper 

et al., 2019). Therefore, several studies aimed to investigate mechanisms to induce 

endogenous FGF21 production and an increase in serum FGF21 concentrations generally is 

considered as a positive study outcome regarding metabolic health. 

In contrast, FGF21 levels are considerably and consistently elevated in conditions of metabolic 

stress (Keuper et al., 2019; Kralisch et al., 2013; Liu et al., 2014; Maratos-Flier, 2017) and 

FGF21 was even suggested as a biomarker for disease (Lewis et al., 2019). Recently it has 
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been demonstrated that serum FGF21 levels are increased in old patients with cachexia (Franz 

et al., 2019), which was also observed in the elderly subjects of cohort 3. Reviewing FGF21 

physiology, BonDurant and Potthoff suggest that the paradoxically high FGF21 levels in 

pathological states may fail to mediate metabolic improvements due to nonfunctional, 

proteolytically cleaved FGF21 which requires further investigation (BonDurant and Potthoff, 

2018; Zhen et al., 2016). Others proposed that a downregulation of KLB impairs FGF21 

signaling, similar to leptin or insulin resistance (Fisher et al., 2010). However, the connection 

of FGF21 secretion with hepatic steatosis, diabetes, alcohol, nutrient deprivation/excess and 

hepatotoxic agents has led to a broader view of FGF21 as a signal of metabolic or cellular 

stress (Hill et al., 2018). Indeed, various conditions of cellular or organelle stress induce FGF21 

even in tissues where FGF21 expression is normally low such as skeletal muscle (Itoh, 2014; 

Keipert et al., 2014; Kim et al., 2013). In addition, serum FGF21 reduced concomitantly with 

removal of the stressor, weight loss, or alleviation of hepatic steatosis. Therefore, changes in 

FGF21 levels are not easily interpreted as being either good or bad but may reflect a status of 

metabolic imbalance. In line with this interpretation, the action of FGF21 seems to be less 

needed after the HP intervention due to the diet-related improvements, e.g. in hepatic fat 

content. 

Interestingly, transgenic overexpression of FGF21 has been found to increase lifespan in mice 

(Zhang et al., 2012). In conditions of chronic stress FGF21 might act as metabolic regulator 

enhancing cellular resistance (Salminen et al., 2017a, b). Due to its interorgan action on energy 

metabolism, both peripheral and central, FGF21 alleviates many age-related metabolic 

disorders (Salminen et al., 2017b). Others argue that FGF21 is a starvation hormone and 

powerful caloric restriction mimetic in the liver (Fujii et al., 2019; Gokarn et al., 2018; 

Mendelsohn and Larrick, 2012; Solon-Biet et al., 2015). FGF21 overexpression or exogenous 

administration reproduces many of the beneficial effects achieved by fasting or dietary 

restriction, possibly by acting on growth hormones and attenuating IGF1 signaling (Inagaki et 

al., 2008; Mendelsohn and Larrick, 2012). In summary, FGF21 might on the one hand reflect 

metabolic stress or nutrient imbalance but on the other hand, when the dose of stress is 

tolerable, FGF21 induces adaptive responses overall strengthening the organism.  

5.3 Chemerin 

5.3.1 Genotype, obesity, and diet regulate circulating chemerin  

The major findings of the third part of this thesis are that chemerin levels are heritable, 

responsive to diet and dysregulated in obesity. While chemerin has consistently been linked 
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to obesity-related inflammation, it seems to be differently regulated in obese and lean human 

subjects. 

Chemerin serum concentrations were found to be considerably heritable, with 55% of the 

variation in circulating chemerin concentrations determined by additive genetic effects as 

calculated by the ACE structural equation model in monozygotic and dizygotic twin pairs 

(cohort 2). Others have reported moderate heritability of serum chemerin concentrations with 

an estimated 25% in a cohort with Mexican-Americans (n = 1354) (Bozaoglu et al., 2010) and 

16% in a cohort from Germany (n = 824) (Tonjes et al., 2014). The differences in estimated 

heritability might be explained by the methodology, i.e. genome-wide association studies 

(GWAS) in large cohorts compared to analysis of concordance of a trait between monozygotic 

and dizygotic twin pairs in a smaller cohort, which was the case in the present study.  

The SNP rs3735167 within in the RARRES2 locus was identified to be positively associated 

with serum chemerin concentrations, RARRES2 mRNA expression in adipose tissue, as well 

as visceral fat mass, though it did not affect the response to diet. Previously, Tönjes and 

colleagues identified the SNP rs7806429 with the strongest evidence for an association with 

serum chemerin levels as assessed in a GWAS meta-analysis of three independent human 

cohorts (Tonjes et al., 2014). While this SNP was not covered by the Illumina Chip used to 

genotype cohort 2, both SNPs, rs3735167 and rs7806429, are in strong linkage disequilibrium. 

In addition, the rs3735167 SNP was identified by GWAS in a Taiwanese population (n = 2197) 

as the lead RARRES2 polymorphism determining chemerin concentrations (Er et al., 2019). 

However, serum chemerin concentrations but not rs3735167 genotype were predictive for the 

long-term outcome of coronary artery disease in this study (Er et al., 2019). Nevertheless, 

SNPs in the RARRES2 locus have previously been associated with body fat distribution 

(Mussig et al., 2009) which was also observed in the present study. In two other GWAS studies, 

associations between RARRES2 polymorphisms and chemerin levels in blood did not reach 

genome-wide significance (Bozaoglu et al., 2010; Leiherer et al., 2016). In summary, the data 

indicates that serum chemerin levels are at least in part determined by genetic variation within 

the RARRES2 promotor region. 

Chemerin has repeatedly been shown to be associated with measures of obesity (Bozaoglu et 

al., 2007; Chakaroun et al., 2012; Docke et al., 2013; Sell et al., 2009). In the 92 healthy 

subjects of cohort 2, serum chemerin concentrations positively correlated with anthropometric 

measures including BMI, WHR, and fat mass. Furthermore, circulating chemerin levels were 

associated with cholesterol and TAG concentrations as well as markers of glucose 

homeostasis in blood. In contrast, no associations of serum chemerin with the above clinical 

parameters were found in the morbidly obese subjects of cohort 1. However, chemerin levels 

in blood were substantially elevated in the obese participants as were total fat mass and other 
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obesity-related measures. Thus, no correlation might have been determined in this relatively 

small cohort due to its particular characteristics, i.e. the clinical and anthropometric measures 

reflecting extreme obesity. 

Regulation of chemerin by diet was assessed in both, the healthy and the morbidly obese 

subjects. In the latter (cohort 1), chemerin concentrations decreased in response to the 

hypocaloric diets while the differing protein intake had no effect on serum chemerin or 

RARRES2 mRNA levels in adipose tissue or liver. In line with this data, both chemerin serum 

concentrations and mRNA expression have been demonstrated to decrease in rats fed a 

calorie restricted diet. In the same study, chemerin was upregulated in response to refeeding 

(Stelmanska et al., 2013) pointing towards regulatory mechanism depending on energy status. 

In accordance, chemerin levels dropped after overnight fast in mice (Wargent et al., 2015). 

In lean, healthy subjects (cohort 2), the 6-week HF diet enriched in saturated fatty acids 

induced a modest but significant increase in serum chemerin concentrations. The increase in 

blood chemerin levels was paralleled by a 20% upregulation of adipose tissue RARRES2 

expression. In contrast, Hansen and coworkers reported that plasma chemerin concentrations 

remained unchanged in mice fed a high-fat or cafeteria diet (Hansen et al., 2014). However, 

others demonstrated that plasma chemerin concentrations were elevated in the genetically 

obese ob/ob mice (Ernst 2010) or in diet-induced obese mice (Wargent et al., 2015). Knockout 

studies of the chemerin receptors Gpr1 (Rourke 2014, Ernst 2010) and Cmklr1 (Ernst et al., 

2012) (Wargent et al., 2015) in mice fed HF chow provided mixed results on chemerin’s effect 

on body weight, glucose homeostasis and energy expenditure. Interestingly, in the present 

study CMKLR1 was acutely downregulated after 1 week on the HF diet but returned to baseline 

levels after 6 weeks on the same diet. 

Apart from differences between mice and men, differences in the respective strain, sex, or age 

of mice or the duration and composition of diet (Helfer et al., 2016) might have contributed to 

the discordant results. Helfer and coworkers demonstrated that direct injection of a chemerin 

bolus in the murine brain had a bimodal effect on body weight and food intake (Helfer et al., 

2016). An acute chemerin injection decreased while chronic chemerin infusion increased body 

weight (Helfer et al., 2016). Furthermore, the timeframe dependent regulation of the chemerin 

receptor might as well contribute to the varying effects of chemerin. 

Interestingly, in both cohorts assessed, circulating chemerin did not correlate with adipose 

tissue or hepatic RARRES2 expression at any CID. Others have reported similar (Huang et 

al., 2012; Kajor et al., 2017) though adipose tissue and liver are considered the main 

contributors to chemerin concentrations in blood (Helfer and Wu, 2018). This observation might 

be explained by the extensive processing of chemerin which affects its localization and 

bioactivity (Mattern et al., 2014). Mass spectrometry analyses revealed that chemerin isoforms 
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in serum differed from those found in adipose tissue, and even among different fat depots 

(Chang et al., 2016). Increases in local chemerin concentrations have been shown to remain 

unparalleled by changes in serum chemerin (Huang et al., 2012). Dependent on the isoform, 

chemerin might be locally activated to act in an autocrine or paracrine manner without being 

secreted as has been shown to be the case at early stages of inflammation (Wittamer et al., 

2005). 

5.3.2 Chemerin and hepatic steatosis 

Serum chemerin increased with severity of NAFLD, as assessed histologically, though not 

reaching statistical significance. Circulating chemerin levels were also not significantly 

elevated in patients previously diagnosed with NASH. Furthermore, chemerin concentrations 

were not associated with hepatic fat content as determined by MRIspec. Neither hepatic 

chemerin mRNA nor serum levels were associated with histologically assessed grade of 

steatosis, fibrosis, or inflammation. Thus, in the morbidly obese subjects, no robust association 

of chemerin with hepatic steatosis and progression of NAFLD could be determined. In cohort 

2, there was a moderate positive correlation between circulating chemerin and IHL before and 

after the HF diet. Unfortunately, no hepatic tissue or information on the prevalence of NAFLD 

were available in this cohort but expected to be low in the lean participants.  

Studies evaluating the role of chemerin in NAFLD provided discordant results. Döcke and 

colleagues reported that serum chemerin and hepatic RARRES2 expression are elevated in 

livers of NASH patients (Docke et al., 2013). Others found chemerin expression to be 

independently associated with liver fibrosis, steatosis, and inflammation (Krautbauer et al., 

2013). In contrast, in a cohort of severely obese patients no association of hepatic RARRES2 

expression with features of NAFLD were found (Wolfs et al., 2015) which is in accordance with 

the results of the present study. Furthermore, in a study with moderately overweight subjects, 

hepatic chemerin mRNA was even reduced in livers of NASH patients and negatively 

associated with hepatic inflammation, fibrosis, and NASH score (Pohl et al., 2017). Animal 

studies also reported discordant findings with either increased (Krautbauer et al., 2013) or 

reduced (Deng et al., 2013) hepatic chemerin expression when fed a NASH-inducing diet. 

However, chemerin expression in SAT of the heavily obese subjects was found to be 

associated with hepatic fibrosis and inflammation which is in accordance with previous results 

(Wolfs et al., 2015).  

To reconcile the conflicting data, Pohl et al. suggest that NAFLD patients tend to have a higher 

BMI, are often insulin resistant, and prescribed with multiple medications, and that these 

factors might have interfered with the reported results (Pohl et al., 2017). Serum chemerin 

levels are associated with body weight, BMI, and waist-to-hip ratio, and those factors often 
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differ between patients with NAFLD and healthy controls (Bozaoglu et al., 2007; Pohl et al., 

2017). 

In the present study, BMI, body weight, and hepatic fat content were all elevated but 

comparable between subjects with or without NASH diagnosis. Furthermore, serum chemerin 

has been shown to remain unaffected in NAFLD or borderline NASH but to be elevated in 

confirmed NASH cases, the number of which was often low in respective studies (Docke et al., 

2013; Pohl et al., 2017; Ye et al., 2014). In the present study, only one of the 34 subjects were 

histologically categorized as NASH according to NAS score, 8 according to SAF score, and 12 

subjects had previously been diagnosed with NASH.  

Interestingly, while CMKLR1 mRNA levels were not elevated in NASH patients or associated 

with NAS score, there was a strong and consistent positive correlation between CMKLR1 

expression and fibrosis-associated genes indicating increased chemerin signaling in NAFLD. 

An association of CMKLR1 with liver fibrosis has previously been reported (Docke et al., 2013; 

Kajor et al., 2017; Krautbauer et al., 2013; Wanninger et al., 2012). In contrast, Gruben and 

co-workers demonstrated that genetic Cmklr1 deletion in mice did not affect development of 

fatty liver or insulin resistance. In Cmklr1 deficient mice, the upregulation of chemerin signaling 

might have be compensated by the remaining chemerin receptors, Ccrl2 and Gpr1 (Gruben et 

al., 2014). 

5.3.3 Chemerin and inflammation 

In both study cohorts, chemerin was associated with markers of inflammation though it was 

differentially regulated in the obese and lean subjects. In the morbidly obese participants 

(cohort 1), circulating chemerin was positively associated with serum MCP1, TNFα, and IL6, 

whereas in the healthy and lean subjects (cohort 2) serum chemerin was only associated with 

IL6 and the anti-inflammatory cytokine IL1RA but with none of the other cytokines assessed. 

Furthermore, in the obese subjects no association of RARRES2 expression in either SAT, VAT 

or liver with inflammatory factors was detected. In contrast, data obtained in the lean subjects 

indicate strong correlation of RARRES2 with expression of several cytokines, the macrophage 

markers CD14 and CD68 and the inflammasome component NLRP3 but also a negative 

association with mRNA levels of NFκB, IL1β and EMR1.  

The positive association of RARRES2 with the two macrophage markers CD14 and CD68 on 

the one hand and the negative associated with EMR1 (the human homolog of F4/80) on the 

other hand, seems contradictory. However, Khazen et al. demonstrated that CD14 and CD68 

are not macrophage-specific markers and are also highly expressed on human adipocytes 

(Khazen et al., 2005). The authors suggest EMR1 to be the most specific macrophage marker. 



Discussion 

99 

As chemerin has been shown to play a role in adipocyte differentiation and function, the strong 

correlation with CD14 and CD68 mRNA might be independent from inflammatory processes. 

It is well accepted that chronic nutrient overload induces adipose tissue inflammation (Solinas 

and Karin, 2010). Hypertrophic, apoptotic adipocytes induce resident macrophages to release 

chemokines and cytokines further amplifying the inflammatory response through the 

recruitment of immune cells to adipose tissue (Kloting and Bluher, 2014; Solinas and Karin, 

2010). Chronically inflamed adipose tissue is causally linked to obesity-induced insulin 

resistance (Xu et al., 2003). Klöting and colleagues investigated what distinguishes insulin-

resistant from insulin-sensitive obese subjects and identified macrophage infiltration and 

altered adipokine release, including chemerin, to be the best predictors for insulin resistance 

in obesity (Kloting et al., 2010). Insulin-resistant obese subjects had significantly higher 

circulating chemerin concentrations independently from total body fat mass (Kloting et al., 

2010). Furthermore, a causal role of chemerin in the induction of skeletal muscle insulin 

resistance has been demonstrated (Sell et al., 2009). 

However, in the present study chemerin serum concentrations were not significantly different 

between subjects previously diagnosed with T2DM compared to insulin-sensitive subjects. 

While chemerin concentrations in serum increased with number of crown-like structures (CLS) 

in VAT the data was not statistically significant. Furthermore, RARRES2 expression was not 

different between CLS- and CLS+ study subjects as determined in both adipose tissue depots. 

In cohort 2, serum chemerin and adipose tissue expression of RARRES2 and CMKLR1 were 

not or even negatively associated with expression of the macrophage marker EMR1. Lastly, 

visceral fat mass and adipokine release from VAT are mainly associated with metabolic 

disease while SAT is considered benign (Ibrahim, 2010). Here, RARRES2 expression in VAT 

was relatively low and did not correlate with chemerin levels measured in serum. In support, 

Weigert and coworkers demonstrated that the contribution of chemerin release from VAT to 

circulating levels is neglectable (Weigert et al., 2010). In summary, an association of chemerin 

with macrophage infiltration and a clearly pro-inflammatory role of chemerin cannot be 

deduced from the available data. Nevertheless, the lack of statistical significance might be due 

to the small cohort size of the LEMBAS study. 

Interestingly, in the lean subjects RARRES2 expression in SAT was negatively associated with 

gene expression of NFκB, IL1β and EMR1. Indeed, emerging data indicates that chemerin is 

involved in both, the onset and resolution of inflammation (Mariani and Roncucci, 2015). 

Dranse and colleagues demonstrated that inhibition of chemerin increases macrophage 

recruitment and NFκB signaling pointing towards an anti-inflammatory role of chemerin. 

However, discordant data have also been reported. Yamawaki and coworkers demonstrated 

that chemerin inhibits NFκB activation in human vascular endothelial cells (Yamawaki et al., 
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2012) while others reported increased NFκB signaling in skeletal muscle cells (Sell et al., 2009) 

and human microvascular endothelial cells (Kaur et al., 2010) in response to chemerin. Thus, 

chemerin post-receptor signaling might differ depending on the respective site within the body.  

5.3.4 Chemerin and adipocyte function 

In the adipose tissue biopsies of the obese human subjects, RARRES2 as well as the chemerin 

receptors CMKLR1 and CCRL2 were markedly higher expressed in SAT than in VAT. In 

contrast, a higher mRNA level of GPR1 was detected in the visceral fat depot. No differences 

in chemerin pathway expression were found between the intervention groups, except for 

CMKLR1. CMKLR1 was lower expressed in the HP compared to the LP group in both adipose 

tissue depots, as well as liver. However, as tissue biopsies were collected during bariatric 

surgery, no data was available on chemerin pathway expression before the intervention. Thus, 

the downregulation of the chemerin receptor in the HP group might not represent a diet-

induced effect but a consequence of the inherent characteristics of the participants, e.g. 

hepatic fat content was significantly higher in the LP group already at baseline which may 

affect chemerin expression as discussed above (section 5.3.2).  

RARRES2 and CMKLR1 expression were strongly associated with ADIPOQ mRNA levels in 

SAT. Furthermore, strong associations between RARRES2 and expression of lipid 

metabolizing genes were detected in SAT in both, the obese and lean subjects. These results 

are in line with previous reports demonstrating that chemerin is required for normal adipocyte 

function and stimulates lipolysis in adipocytes (Bozaoglu et al., 2007; Goralski et al., 2007). An 

induction of chemerin and its receptor by adiponectin has also been reported (Reverchon et 

al., 2014; Wanninger et al., 2012). However, in this and previous studies circulating chemerin 

was not associated with adiponectin concentrations in blood pointing towards a tissue-specific 

function.  

In vitro differentiation of primary human preadipocytes revealed that RARRES2 expression 

increases during differentiation and is highest in the mature adipocyte. Similar data has also 

been reported in 3T3-L1 adipocytes (Bozaoglu et al., 2007; Goralski et al., 2007), murine 

primary adipocytes (Dranse et al., 2016), and human primary adipocytes (Roh et al., 2007). In 

contrast, contradictory reports exists regarding changes in mRNA expression of the chemerin 

receptor, CMKLR1, upon induction of differentiation. In the present study, CMKLR1 mRNA 

was not significantly different before and after differentiation. Others reported increased 

(Bozaoglu et al., 2007; Dranse et al., 2016; Roh et al., 2007) or decreased (Goralski et al., 

2007) expression in mature adipocytes. Sell and colleagues reported increased CMKLR1 

expression during the first 3 days upon induction of differentiation in human adipocytes after 

which CMKLR1 mRNA returned to baseline levels. This observation might explain discordant 
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data of previous studies in 3T3-L1 adipocytes and is in line with the results obtained in the 

present study. In summary, there is agreement that chemerin release and signaling via its own 

receptor is essential for adipocyte differentiation and metabolic function (Goralski et al., 2007). 

It has also been proposed that chemerin promotes healthy expansion of adipose tissue by 

favoring adipocyte hyperplasia versus hypertrophy (Dranse et al., 2016). 

The addition of recombinant chemerin to the cell culture media of fully differentiated adipocytes 

had no effect on RARRES2 expression. Furthermore, it did not alter the expression of key 

cytokines and genes involved in lipid metabolism. While treatment of murine adipocytes with 

oleic acid and palmitic acid has been shown to induce chemerin (Bauer et al., 2011) this was 

not the case in the present study. Stimulation of mature human adipocytes with saturated or 

unsaturated fatty acids or a commercially available fatty acid mixture did not change chemerin 

expression. The in vitro experiments indicate that other factors within the tissue are essential 

for mediating chemerin’s action. These results might also be explained by the existence of 

multiple chemerin isoforms in adipose tissue and the observation that substantial differences 

exist between endogenous and synthetic chemerin (Dranse et al., 2016). Thus, properties of 

the recombinant chemerin used in this study, for which activity has been proven in a 

chemotaxis assay, might differ from native chemerin isoforms synthesized in adipose tissue.  

In summary, efforts to elucidate the physiology of chemerin are hampered by the complex 

regulation and various isoforms of chemerin. Chemerin levels differ depending on time of the 

day, eating habits, and level of satiety/starvation (Parlee et al., 2010). Furthermore, 

fundamental differences exist between species and most studies have been conducted in 

mice, e.g. homology between the murine and human CMKLR1 receptor is estimated to be 80% 

(Ferland and Watts, 2015). In addition, sex, age, and body composition were shown to affect 

chemerin concentrations. Most importantly, chemerin is extensively processed by different 

proteases and the resulting chemerin isoforms differ in function and localization, even showing 

opposing effects. Lastly, there are vast differences in chemerin and CMKLR1 expression 

depending on location within the body and tissue RARRES2 expression does not correlate 

with circulating chemerin levels. Thus, results on chemerin regulation and physiology need to 

be interpreted according to the specific experimental design and study circumstances and may 

not be generalized. Future studies should consider the complexity of chemerin regulation and 

investigators need to carefully plan their methodology.    

5.4 Study limitations 

The LEMBAS study assessed the effect of a 3-week low versus high protein diet on serum 

parameters and associated molecular changes in visceral and subcutaneous adipose tissue 

as well as liver of morbidly obese human subjects. Particularly paired adipose and hepatic 
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tissue samples are difficult to obtain and hence there is a lack of molecular studies in human 

tissue. Thus, the LEMBAS study provides unique and most valuable data adding to the 

understanding of human physiology.  

However, the study also has some limitations that should be mentioned. First, the study 

subjects were morbidly obese and in part multiply medicated which might have interfered with 

the results. Together with the small cohort size and heterogeneity of the study participants this 

caused high variation in some parameters assessed. Statistical significance was often not 

reached in the HP group which might in part be explained by the above factors. Second, 

although participants were randomized into the two intervention groups, subjects in the HP 

group had lower hepatic fat content, less severe NAFLD score, and lower FGF21 and γ-GT 

concentrations in serum. Third, interpretation of the results in terms of the dietary protein 

content is complicated by (1) the low energy content and (2) the differing amounts of 

carbohydrates in the diets. Both factors contribute own, independent effects that cannot be 

fully detangled from the protein effect.  

Lastly, the high protein content in the HP diet was achieved by supplementing the diet with 

protein shakes which were shown to be less accepted and tolerated than a standard diet 

(Schouten et al., 2016). However, compliance of the study participants was assessed by 

means of serum urea levels which reflect dietary protein intake. As expected, serum urea 

significantly decreased in the LP group and increased in the HP group. The differences in 

serum urea between the groups were highly significant at the end of the intervention. 

Furthermore, the findings on FGF21 regulation by HP diet are supported by evidence obtained 

in cohort 2 and 3 as well as the cell culture data. Nevertheless, additional long-term studies in 

large cohorts are needed to be able to generalize results, to evaluate the durability of the 

induced changes, and to detect group differences.  
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6 Summary 

The hepatokine FGF21 and the adipokine chemerin have been implicated as metabolic 

regulators and mediators of inter-tissue crosstalk. While FGF21 is associated with beneficial 

metabolic effects and is currently being tested as an emerging therapeutic for obesity and 

diabetes, chemerin is linked to inflammation-mediated insulin resistance. However, dietary 

regulation of both organokines and their role in tissue interaction needs further investigation. 

The LEMBAS nutritional intervention study investigated the effects of two diets differing in their 

protein content in obese human subjects with non-alcoholic fatty liver disease (NAFLD). The 

study participants consumed hypocaloric diets containing either low (LP: 10 EN%, n = 10) or 

high (HP: 30 EN%, n = 9) dietary protein 3 weeks prior to bariatric surgery. Before and after 

the intervention the participants were anthropometrically assessed, blood samples were 

drawn, and hepatic fat content was determined by MRS. During bariatric surgery, paired 

subcutaneous and visceral adipose tissue biopsies as well as liver biopsies were collected. 

The aim of this thesis was to investigate circulating levels and tissue-specific regulation of (1) 

FGF21 and (2) chemerin in the LEMBAS cohort. The results were compared to data obtained 

in 92 metabolically healthy subjects with normal glucose tolerance and normal liver fat content. 

(1) Serum FGF21 concentrations were elevated in the obese subjects, and strongly associated 

with intrahepatic lipids (IHL). In accordance, FGF21 serum concentrations increased with 

severity of NAFLD as determined histologically in the liver biopsies. Though both diets were 

successful in reducing IHL, the effect was more pronounced in the HP group. FGF21 serum 

concentrations and mRNA expression were bi-directionally regulated by dietary protein, 

independent from metabolic improvements. In accordance, in the healthy study subjects, 

serum FGF21 concentrations dropped by more than 60% in response to the HP diet. A short-

term HP intervention confirmed the acute downregulation of FGF21 within 24 hours. Lastly, 

experiments in HepG2 cell cultures and primary murine hepatocytes identified nitrogen 

metabolites (NH4Cl and glutamine) to dose-dependently suppress FGF21 expression. 

(2) Circulating chemerin concentrations were considerably elevated in the obese versus lean 

study participants and differently associated with markers of obesity and NAFLD in the two 

cohorts. The adipokine decreased in response to the hypocaloric interventions while an 

unhealthy high-fat diet induced a rise in chemerin serum levels. In the lean subjects, mRNA 

expression of RARRES2, encoding chemerin, was strongly and positively correlated with 

expression of several cytokines, including MCP1, TNFα, and IL6, as well as markers of 

macrophage infiltration in the subcutaneous fat depot. However, RARRES2 was not 

associated with any cytokine assessed in the obese subjects and the data indicated an 

involvement of chemerin not only in the onset but also resolution of inflammation. Analyses of 



Summary 

104 

the tissue biopsies and experiments in human primary adipocytes point towards a role of 

chemerin in adipogenesis while discrepancies between the in vivo and in vitro data were 

detected.  

Taken together, the results of this thesis demonstrate that circulating FGF21 and chemerin 

levels are considerably elevated in obesity and responsive to dietary interventions. FGF21 was 

acutely and bi-directionally regulated by dietary protein in a hepatocyte-autonomous manner. 

Given that both, a lack in essential amino acids and excessive nitrogen intake, exert metabolic 

stress, FGF21 may serve as an endocrine signal for dietary protein balance. Lastly, the data 

revealed that chemerin is derailed in obesity and associated with obesity-related inflammation. 

However, future studies on chemerin should consider functional and regulatory differences 

between secreted and tissue-specific isoforms. 
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8 Appendix 
 

Table A1 ӏ Baseline characteristics of the LEMBAS study participants (cohort 1). 

Parameter LP HP PLPvsHP 

N 10 9  

Sex [f/m] 6 / 4 6 / 3  

Age [y] 47.2 ± 8.7 48.7 ± 9.1 0.188 

BMI [kg/m²] 45.2 ± 1.2 44.5 ± 1.3 0.693 

Glucose [mmol/l] 7.94 ± 1.04 6.39 ± 0.19 0.374 

Insulin [mU/l] 32.8 ± 6.5 21.1 ± 3.2 0.187 

HOMA-IR 11.7 ± 2.4 6.10 ± 1.06 0.263 

HbA1c [%] 6.34 ± 0.62 5.60 ± 0.07 0.263 

Urea [mmol/l] 5.26 ± 0.39 4.69 ± 0.47 0.110 

TAG [mmol/l] 2.11 ± 0.22 1.48 ± 0.11 0.021 

Cholesterol [mmol/l] 4.81 ± 0.35 4.87 ± 0.44 0.922 

HDL [mmol/l] 0.981 ± 0.065 1.11 ± 0.10 0.302 

LDL [mmol/l] 2.87 ± 0.30 3.09 ± 3.84 0.655 

FFA [mmol/l] 0.599 ± 0.064 0.69 ± 0.06 0.333 

IHL [%] 22.7 ± 3.53 12.3 ± 2.2 0.032 

CRP [mg/l] 10.1 ± 1.8 10.9 ± 3.0 0.827 

AST [U/l] 32.3 ± 6.6 24.4 ± 3.4 0.335 

ALT [U/l] 44.3 ± 10.8 36.7 ± 8.3 0.597 

γ-GT [U/l] 66.2 ± 24.1 34.6 ± 10.9 0.288 

Morbidly obese subjects consumed a hypocaloric low-protein (LP, 10 EN%) or high-protein (HP, 30 EN%) diet 3 weeks prior to 
bariatric surgery. Parameters in blood were measured after overnight fast. IHL were determined by MRIspec. Data are mean ± SEM. 
Statistical differences in baseline parameters between the groups were tested by unpaired Student’s t-test or Mann-Whitney-U 
test dependent on a normal or skewed distribution, respectively. Significant values (P < 0.05) are marked in bold. 
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Table A2 ӏ Correlation of FGF21 with anthropometric and routine clinical parameters in LEMBAS. 

Correlation of FGF21 with Baseline Surgery† 

Anthropometry   

Age 0.067 0.078 

BMI 0.133 0.196 

WHR 0.322 - 0.007 

Absolute fat mass - 0.176 - 0.108 

Relative fat mass - 0.269 - 0.235 
   

Lipid metabolism   

TAG 0.089 0.505** 
Cholesterol 0.172 0.136 

LDL-c 0.110 0.036 

HDL-c - 0.111 0.012 

NEFA  - 0.049 0.456** 
IHL  0.509 0.900*** 
   

Insulin sensitivity   

Glucose 0.018 0.302 

Insulin 0.160 - 0.078 

HbA1c 0.317 0.455* 
HOMA-IR 0.251 0.026 

Adipo-IR 0.183 0.119 
   

Liver transaminases   

ALT 0.362 0.259 

AST 0.527* 0.273 

γ-GT 0.412 0.106 
   

Organokines   

Adiponectin - 0.216 - 0.120 

Leptin 0.133 0.182 

Omentin 0.207 0.134 

Chemerin 0.046 0.107 

Data are Pearson or Spearman correlation coefficients dependent on a normal or skewed distribution, respectively. Asterisks 
indicate statistical significance as follows *P < 0.05, **P < 0.01, **P < 0.001. Significant values are marked in bold. 
† Blood parameters at baseline as well as all anthropometric measurements, and indices based on these measurements, are 
representative for the two intervention groups, LP and HP group. Blood samples collected during surgery include the RP group. 
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Table A3 ӏ Changes in anthropometric and routine clinical parameters in cohort 2, n = 92. 

Parameter LF6 HF1 HF6 P 

Sex [f/m] 58/34    

Age [y] 31.5 ± 1.5    

BMI [kg/m²] 22.5 ± 0.3 22.5 ± 2.3 22.7 ± 0.3 < 0.001 
Glucose [mmolLl] 5.22 ± 0.08 5.15 ± 0.06 5.22 ± 0.06 0.550 

Insulin [mU/l] 4.71 ± 0.33 5.55 ± 0.38 5.11 ± 0.37 0.006 
HOMA-IR 1.09 ± 0.08 1.29 ± 0.09 1.21 ± 0.09 0.012 
HbA1c [%] 5.02 ± 0,04 5.06 ± 0.04 5.12 ± 0.04 0.040 
Urea [mmol/l] 3.80 ± 0.11 4.31 ± 0.12 4.19 ± 0.10 < 0.001 
TAG [mmol/l] 0.954 ± 0.044 0.894 ± 0.037 0.909 ± 0.039 0.449 

Cholesterol [mmol/l] 4.29 ± 0.09 4.47 ± 0.09 4.70 ± 0.09 < 0.001 
HDL [mmol/l] 1.27 ± 0.03 1.32 ± 0.04 1.41 ± 0.04 < 0.001 
LDL [mmol/l] 2.59 ± 0.07 2.71 ± 0.08 2.86 ± 0.08 < 0.001 
FFA [mmol/l] 0.607 ± 0.022 0.575 ± 0.021 0.499 ± 0.019 < 0.001 
IHL [%] 2.15 ± 0.43 2.15 ± 0.43 2.33 ± 0.44 0.715 

CRP [mg/l] 0.294 ± 0.047 0.462 ± 0.064 0.644 ± 0.095 < 0.001 
AST [U/l] 20.3 ± 0.4 19.8 ± 0.4 20.5 ± 0.5 0.353 

ALT [U/l] 18.2 ± 0.6 18.5 ± 0.6 18.0 ± 0.8 0.682 

γ-GT [U/l] 13.8 ± 1.1 12. ± 0.9 14.4 ± 1.2 0.043 

Healthy, lean subjects (n = 92) were standardized for 6 weeks on a healthy low-fat diet (LF: 30 EN% fat, 55 EN% carbohydrates, 
15 EN% protein) after which they switched to a high-saturated-fat diet (HF: 45 EN% fat, 40 EN% carbohydrates, 15 EN% protein) 
for 6 weeks. Parameters in blood were measured after overnight fast. IHL were determined by MRIspec. Data are mean ± SEM. 
Statistical differences between CIDs were tested by ANOVA repeated measures. Significant values (P < 0.05) are marked in bold. 
LF6 indicates clinical investigation day (CID) after 6 weeks on the LF diet; HF1, CID after 1 week on the HF diet; HF6, CID after 
6 weeks on the HF diet.   
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Table A4 | Correlation of chemerin with expression of inflammatory markers in SAT (cohort 2). 

Correlation of 
RARRES2/CMKLR1 with LF HF1 HF6 
    

RRRES2    

TNFα 0.321*** 0.427*** 0.557*** 
MCP1 0.443*** 0.279** 0.343** 
IL6 0.321** 0.270* 0.207 

NLRP3 0.648*** 0.535*** 0.616*** 
NFκB -0.527*** -0.632*** -0.458*** 
IL1β -0.313** -0.261* 0.145 

CD14 0.490*** 0.348** 0.445*** 
CD68 0.670*** 0.640*** 0.737*** 
EMR1 -0.443*** -0.227* - 0.209 
    

CMKLR    

TNFα 0.268* 0.500*** 0.389*** 
MCP1 0.318** 0.261* 0.517*** 
IL6 0.093 0.133 0.231 

NLRP3 0.526*** 0.422*** 0.458*** 
NFκB - 0.047 - 0.063 -0.329** 
IL1b 0.023 0.017 - 0.227 

CD14 0.469*** 0.519*** 0.444*** 
CD68 0.557*** 0.578*** 0.609*** 
EMR1 0.054 0.200 - 0.297* 
    

Gene expression of cytokines and macrophage markers were determined by qRT-PCR in SAT biopsies of cohort 2. Data are 
Pearson or Spearman correlation coefficients dependent on a normal or skewed distribution, respectively. Asterisks indicate 
statistical significance as follows *P < 0.05, **P < 0.01, **P < 0.001. Significant values are marked in bold. TNFα indicates, tumor 
necrosis factor alpha; MCP1, monocyte chemoattractant protein 1; IL, interleukin; NLRP3, NLR family pyrin domain containing 3; 
NFκB, nuclear factor kappa-light-chain-enhancer of activated B cells; CD, cluster of differentiation; EMR1, EGF module-containing 
mucin-like receptor.  
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Table A5 ӏ Changes in anthropometric and routine clinical parameters in cohort 2, HP subcohort, n = 24. 

Parameter LF6 HF1 HF6 HP6 P 

Sex [f/m] 14/10     

Age [y] 39 ± 3     

BMI [kg/m²] 23.72 ± 0.44 23.70 ± 0.44 23.93 ± 0.46 23.94 ± 0.48 0.011 

Glucose [mmolLl] 5.38 ± 0.15 5.24 ± 0.14 5.49 ± 0.15 5.75 ± 0.14 0.003 

Insulin [mU/l] 4.54 ± 0.65 4.70 ± 0.56 5.88 ± 0.90 3.56 ± 0.33 0.002 

HOMA-IR 1.16 ± 0.19 1.10 ± 0.14 1.45 ± 0.23 0.90 ± 0.08 0.020 

HbA1c [%] 4.91 ± 0.11 4.94 ± 0.11 4.94 ± 0.09 4.94 ± 0.09 0.178 

Urea [mmol/l] 4.00 ± 0.17 4.38 ± 0.20 4.15 ± 0.15 6.09 ± 0.18 0.000 

TAG [mmol/l] 1.01 ± 0.09 0.87 ± 0.07 0.92 ± 0.09 0.73 ± 0.04 0.086 

Cholesterol [mmol/l] 4.38 ± 0.19 4.41 ± 0.22 4.82 ± 0.21 4.38 ± 0.17 0.001 

HDL [mmol/l] 1.18 ± 0.06 1.21 ± 0.07 1.36 ± 0.09 1.22 ± 0.067 0.000 

LDL [mmol/l] 2.74 ± 0.16 2.71 ± 0.18 2.97 ± 0.19 2.73 ± 0.14 0.051 

FFA [mmol/l] 0.570 ± 0.050 0.543 ± 0.038 0.462 ± 0.034 0.596 ± 0.029 0.087 

IHL [%] 2.16 ± 0.59 2.52 ± 0.91 2.96 ± 0.68 NA 0.470 

CRP [mg/l] 0.55 ± 0.16 0.54 ± 0.13 0.47 ± 0.13 0.28 ± 0.07 0.132 

AST [U/l] 19.91 ± 0.73 19.33 ± 0.81 20.50 ± 0.90 20.79 ± 0.85 0.243 

ALT [U/l] 17.80 ± 0.90 18.45 ± 1.27 17.63 ± 1.34 18.24 ± 0.94 0.900 

γ-GT [U/l] 13.60 ± 2.28 11.10 ± 1.45 14.36 ± 1.87 15.06 ± 1.57 0.068 

At the end on the high-saturated-fat intervention, 24 subjects of cohort 2 agreed to continue on a 6-week high-protein diet (HP: 
30 EN% fat, 40 EN% carbohydrates, 30 EN% protein) diet. Changes in anthropometric and routine clinical parameters of this 
subcohort (n = 24) are shown. Parameters in blood were measured after overnight fast. IHL were determined by MRIspec. Data are 
mean ± SEM. Statistical significance between CIDs were tested by ANOVA repeated measures. Significant values (P < 0.05) are 
marked in bold. NA, indicates not assessed.  
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Table A6 ӏ Changes in anthropometric and routine clinical parameters in cohort 3 , n = 21.  

Healthy, elderly subjects (n = 21) first consumed a low -protein diet for 3 days (10 EN% pr otein, 45 EN% carbohydrates, 45 EN% fat), followed by 3 days of a protein -enriched diet (HP: 30 EN% protein, 45 
EN% carbohydrates, 25 EN% fat , n = 11) or a diet reflecting habitual protein intake (NP: 15 EN% protein, 45 EN% carbohydrates, 40 EN% fat, n  = 10). Routine blood parameters were measured at baseline 
and at day 3 after each diet. Data are mean ± SEM.  Significant values are  marked in bold  (P < 0.05). NA indicates not assessed.

Parameter Baseline  10 EN% 30 EN% versus 15 EN% 

 HP NP PNPvsHP HP NP PNPvsHP HP NP PNPvsHP 

N  11 10        

Sex [f/m] 8/3 7/3        

Age [y] 62.0 ± 1.5 61.3 ± 2.7 0.820       

BMI [kg/m²] 25.7 ± 1.3 25.5 ± 1.3 0.906 NA NA NA NA NA NA 

Glucose [mmol/l] 5.24 ± 0.09 5.71 ± 0.22 0.060 5.71 ± 0.22 5.24 ± 0.09 0.137 5.71 ± 0.22 5.24 ± 0.09 0.235 

HbA1c [%] 5.52 ± 0.12 5.56 ± 0.05 0.754 NA NA NA NA NA NA 

Urea [mmol/l] 4.38 ± 0.26 5.27 ± 0.32 0.040 3.13 ± 0.16 3.67 ± 0.17 0.099 6.56 ± 0.38 4.79 ± 0.32 0.005 

Creatinine [μmol/l] 77.1 ± 3.4 76.8 ± 2.7 0.945 76.95 ± 3.20 78.84 ± 2.51 0.863 74.15 ± 3.19 77.90 ± 3.24 0.512 

Uric acid [μmol/l] 297.6 ± 24.9 302.4 ± 21.5 0.887 289.0 ± 24.3 298.9 ± 23.9 0.705 276.09 ± 22.8 309.4 ± 26.9 0.314 

TAG [mmol/l] 1.02 ± 0.06 1.35 ± 0.19 0.106 0.82 ± 0.05 0.94 ± 0.08 0.282 1.04 ± 0.06 1.0 ± 0.10 0.809 

Cholesterol [mmol/l] 5.97 ± 0.30 6.09 ± 0.28 0.691 5.72 ± 0.30 5.98 ± 0.33 0.605 5.92 ± 0.33 5.91 ± 0.36 1.000 

HDL [mmol/l] 1.63 ± 0.10 1.68 ± 0.13 0.782 1.67 ± 0.10 1.67 ± 0.12 1.000 1.63 ± 0.11 1.62 ± 0.11 0.918 

LDL [mmol/l] 3.88 ± 0.25 3.80 ± 0.26 0.834 3.68 ± 0.22 3.87 ± 0.31 0.809 3.81 ± 0.25 3.84 ± 0.33 0.973 

FFA [mmol/l] 0.478 ± 0.040 0.457 ± 0.034 0.536 0.541 ± 0.056 0.474 ± 0.059 0.334 0.578 ± 0.099 0.514 ± 0.079 0.359 

AST [U/l] 28.0 ± 9.3 21.4 ± 1.9 0.479 21.04 ± 1.73 25.67 ± 3.13 0.197 20.46 ± 1.82 23.68 ± 2.00 0.223 

ALT [U/l] 23.0 ± 3.5 21.2 ± 3.8 0.349 21.81 ± 2.36 23.39 ± 4.72 0.426 20.02 ± 1.90 21.80 ± 3.62 0.705 

γ-GT [U/l] 21.8 ± 3.5 29.4 ± 4.5 0.195 22.15 ± 4.07 28.28 ± 3.74 0.152 20.18 ± 3.67 27.04 ± 3.65 0.114 

FGF21 [pg/ml] 249.4 ± 48.6 281.9 ± 22.8 0.557 294.3 ± 65.6 295.3 ± 32.0 0.705 111.9 ± 20.1 229.9 ± 30.0 0.004 
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Table A7 | Components of NAFLD Activity Score (NAS) and Fibrosis Staging. 

Item Extent Score 

NAS components 
   

Steatosis† 

< 5% 0 

5 - 33% 1 

> 33 - 66% 2 

< 66% 3 

Lobular Inflammation†† 

No foci 0 
< 2 foci per 20x field 1 

2 - 4 foci per 20x field 2 

> 4 foci per 20x field 3 

Hepatocyte Ballooning 
None 0 

Few balloon cells# 1 

Many cells/prominent ballooning 2 

   

Fibrosis stage (evaluated separately from NAS) 

Fibrosis 

None 0 

Perisinusoidal or periportal 1 

Mild, zone 3, perisinusoidal 1A 

Moderate, zone 3, perisinusoidal 1B 

Portal/periportal 1C 

Perisinusoidal and portal/periportal 2 

Bridging fibrosis 3 

Cirrhosis 4 

Components of NAS score according to (Kleiner et al., 2005). Total NAS score represents the unweighted sum of scores for 
steatosis, lobular inflammation, and ballooning, and ranges from 0-8. Fibrosis stage is evaluated separately from NAS. 
† Low- to medium-power evaluation of parenchymal involvement by steatosis. 
†† Overall assessment of all inflammatory foci. 
# Few indicates rare but definite ballooned hepatocytes and cases that are diagnostically borderline. 
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Table A8 | Components of Steatosis, Activity, and Fibrosis (SAF) Score. 

Item Extent Score 

SAF components   
   

Steatosis† 

< 5% 0 
5 - 33% 1 
> 33 - 66% 2 
< 66% 3 

Activity††   

Hepatocellular ballooning 

Normal hepatocytes 0 

Presence of clusters of hepatocytes with a rounded shape and 
pale cytoplasm 

1 

Same as grade 1, but with at least one enlarged ballooned 
hepatocyte (at least 2-fold size that of normal cells) 

2 

   

Lobular inflammation# 

None 0 

≤ 2 foci per 20X field 1 

>2 foci per 20X field 2 

Fibrosis stage   

Fibrosis 

None 0 

Perisinusoidal or portal/periportal 1 

Perisinusoidal and portal/periportal 1A 

Bridging fibrosis 1B 

Cirrhosis 1C 

Components of SAF score according to (Bedossa et al., 2012). Cases with steatosis ≥ 1 were considered NAFLD. Severity of 
disease was categorized as NASH if activity and fibrosis scores ≥ 1.  
† Quantities of large or medium-sized lipid droplets, but not foamy microvesicules. 
†† 0 = no activity, 1 = mild activity, 2 = moderate activity, 3 = severe activity. 
# Foci of two or more inflammatory cells within the lobule. 
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