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Abstract

Fibroblast growth factor 21 (FGF21) is a promising target for treatment of obesity-
associated diseases including metabolic dysfunction-associated steatohepatitis (MASH) 
and atherosclerosis. We evaluated the effects of the bispecific anti-FGF21-β klotho 
(KLB) agonist antibody bFKB1 in a preclinical model of MASH and atherosclerosis. 
Low-density lipoprotein receptor knockout (Ldlr−/−).Leiden mice received a high-fat 
diet for 20 weeks, followed by treatment with an isotype control antibody or bFKB1 
for 12 weeks. Effects on plasma risk markers and (histo)pathology of liver, adipose 
tissue, and heart were evaluated alongside hepatic transcriptomics analysis. bFKB1 
lowered body weight (−21%) and adipose tissue mass (−22%) without reducing food 
intake. The treatment also improved plasma insulin (−80%), cholesterol (−48%), triglycerides 
(−76%), alanine transaminase (ALT: −79%), and liver weight (−43%). Hepatic steatosis and 
inflammation were strongly reduced (macrovesicular steatosis −34%; microvesicular 
steatosis −100%; inflammation −74%) and while the total amount of fibrosis was not 
affected, bFKB1 did decrease new collagen formation (−49%). Correspondingly,  
hepatic transcriptomics and pathway analysis revealed the mechanistic background 
underlying these histological improvements, demonstrating broad inactivation of 
inflammatory and profibrotic transcriptional programs by bFKB1. In epididymal 
white adipose tissue, bFKB1 reduced adipocyte size (−16%) and inflammation (−52%) 
and induced browning, signified by increased uncoupling protein-1 (UCP1) protein 
expression (8.5-fold increase). In the vasculature, bFKB1 had anti-atherogenic effects, 
lowering total atherosclerotic lesion area (−38%). bFKB1 has strong beneficial metabolic 
effects associated with a reduction in hepatic steatosis, inflammation, and athero
sclerosis. Analysis of new collagen formation and profibrotic transcriptional programs 
indicate that bFKB1 treatment may have antifibrotic potential in a longer treatment 
duration as well.
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1. Introduction

Chronic excessive food consumption combined with a sedentary lifestyle drives the 
current obesity pandemic. This lifestyle leads to metabolic complications that can 
induce development of metabolic dysfunction-associated steatotic liver disease 
(MASLD), which is characterized by hepatic steatosis. MASLD can progress into 
metabolic dysfunction-associated steatohepatitis (MASH), where hepatic steatosis is 
accompanied by infl ammation and ultimately fi brosis1. When lifestyle changes 

Graphical abstract. Overview of the effects of the FGF21 mimetic bFKB1 on the liver, white 
adipose tissue, and the vasculature. HFD, high-fat diet; IFN, interferon; IL, interleukin; MCP, 
monocyte chemoattractant protein; SMAD, suppressor of mothers against decapentaplegic; 
TGF, transforming growth factor; TNF, tumor necrosis factor; UCP, uncoupling protein; 
VEGF, vascular endothelial growth factor; YAP/TAZ, yes-associated protein/transcriptional 
coactivator with PDZ-binding motif.
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cannot be sustained, pharmacological interventions are required to manage 
progression of MASLD-MASH and accompanying cardiovascular disease, the 
primary cause of mortality in this patient population2. The high MASLD-MASH 
prevalence and lack of approved pharmacological therapy represents a great unmet 
clinical need.
	 Fibroblast growth factors (FGFs) are a family of signaling proteins with a variety 
of effects on metabolism, making them promising candidates for treatment of obesity-
related disorders. FGF21, a hepatokine that signals through three main FGF receptor 
(FGFR) isoforms, namely 1c, 2c, and 3c, bound by the obligatory coreceptor β-klotho 
(KLB)3, is of particular interest. However, while FGF21 has beneficial effects on 
obesity, blood glucose and lipid levels, its efficacy is limited by rapid clearance from 
the circulation4. Several approaches have been implemented to stimulate signaling 
through FGFR1 and KLB, including native mature FGF21, short-acting FGF21 
analogues and more recently, long-acting FGF21 analogues5. In various preclinical 
and clinical studies, these approaches have been shown to reduce obesity and 
improve energy and lipid metabolism6,7. Given their ameliorative effects on metabolic 
parameters, FGF21 interventions have therefore been suggested as therapeutic 
option for treatment of MASLD-MASH as well.
	 The bispecific anti-FGFR1-KLB agonist antibody bFKB1 was designed to activate 
the FGFR1/KLB complex similarly to recombinant human FGF21 yet without interfering 
with endogenous FGF binding.8 bFKB1 distinguishes itself from other FGF21 
analogues by specifically targeting FGFR1c/KLB, mainly present in adipose tissue, 
pancreas, and brain8,9, which is thought to provide beneficial metabolic effects 
without the adverse effects associated with long-term FGF21 administration8. On top 
of this receptor selectivity, bFKB1 does not induce cross-reactive antibody development 
against endogenous FGF218. Previous preclinical studies have demonstrated that 
bFKB1 treatment increases energy expenditure and ameliorates obesity and hyper-
lipidaemia6–8. However, its effects on MASLD-MASH and atherosclerosis have not 
been studied to date. In this study, we used Ldlr−/−.Leiden mice, that develop MASH 
and atherosclerosis in the context of an obese phenotype with insulin resistance, 
dyslipidemia, and hypertriglyceridemia10 as is typical for many patients with 
MASH11–13. The hyperlipidemic phenotype of low-density lipoprotein receptor 
knockout (Ldlr−/−).Leiden mice (with increased triglyceride and cholesterol levels, 
confined mainly to the atherogenic (very) low-density lipoprotein ((V)LDL) particles) 
allows investigation of efficacy of novel therapeutics for MASH and atherosclerosis 
simultaneously11,14,15. Ldlr−/−.Leiden mice also reflect underlying disease processes 
observed in man, shown by comparisons of transcriptomics and metabolomics 
profiles with those of patients11,12,16,17. Using this model, we demonstrate the beneficial 
effects of bFKB1 and mechanistic background of the changes on metabolic parameters, 
MASLD-MASH, adipose tissue, and atherosclerosis in an intervention study.
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2. Material and methods

2.1 Animals and experimental design
This study was approved by The Netherlands Central Authority for Scientific 
Procedures on Animals (AVD5010020172064) and animal welfare body of TNO (IVD 
TNO; TNO-430). The study was performed in compliance with European guidelines 
for the care and use of laboratory animals (European Directive 2010/63/EU). Mice 
were bred and housed at the AAALAC-accredited SPF animal facility at TNO (TNO 
Metabolic Health Research, Leiden, the Netherlands). We specifically selected male 
mice because they are more sensitive to diet-induced obesity and dysmetabolism than 
females18. 
	 Mice were group-housed (two to five animals per cage) in a temperature-
controlled room (21 ± 2°C), at 50%–60% humidity and on a 12 h light–dark cycle. All mice 
had free access to food and heat-sterilized tap water. Thirty mice (14–18 weeks old) 
were started on high-fat diet (HFD; D12451, Research Diets, New Brunswick, NJ, USA) 
containing 45 kCal% fat from lard, 35 kCal% from carbohydrates, and 20 kCal% from 
casein. After a 20-week induction period, mice were matched into two groups of 15 
mice each, based on body weight, plasma cholesterol, plasma triglycerides, and blood 
glucose concentrations. Group numbers were calculated a priori using GPower3.1, 
based on a minimal effect size of 50%, using a one-sided test with a 95% confidence 
interval and power of 0.80. One group received weekly intraperitoneal injections of 
an isotype control IgG antibody (5 mg/kg) (control group). The other group received 
weekly intraperitoneal injections of the monoclonal bispecific FGFR1/KLB agonist 
antibody bFKB1 (5 mg/kg) as described previously in detail8. Two mice from the 
bFKB1-treated group were removed from the study in week 11, based on humane 
end-point criteria due to body weight loss and cachexia and these mice were excluded 
from all analyses. Blood was sampled at t=0, t=6, and t=12 weeks from the tail vein into 
EDTA-coated tubes (Sarstedt, Nümbrecht, Germany) after a 5 h fasting period. After 
12 weeks of treatment, 5 h-fasted mice were sacrificed by gradual-fill CO2 asphyxiation. 
Hearts with aortic roots, livers, and epididymal white adipose tissue were isolated 
and weighed and subsequently formalin-fixed and paraffin-embedded for histological 
analysis or snap-frozen in liquid nitrogen and stored at −80°C.

2.2 Biochemical analyses in plasma and liver
Fasted blood glucose levels were measured using a hand-held glucometer (Freestyle 
Light, Abbott, Chicago, IL, USA) at the time of blood sampling. Enzyme-linked 
immunosorbent assay (ELISA) was performed to determine plasma insulin levels 
(#90080; Chrystal Chem Inc., Elk Grove Village, IL, USA). Total cholesterol and 
triglycerides in plasma were measured using enzymatic assays (CHOD-PAP and 
GPO-PAP, respectively; Roche Diagnostics, Almere, the Netherlands). Total cholesterol 
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exposure was expressed as cholesterol concentration × study duration in weeks. 
Lipoprotein profiles for cholesterol were determined in plasma samples pooled per 
group and by means of fast protein liquid chromatography (FPLC) in accordance with 
previously described protocols19. Plasma alanine transaminase (ALT) and aspartate 
transaminase (AST) levels were determined by spectrophotometric activity assay 
using a Reflotron® Plus analyzer (Hoffman-La Roche, Mannheim, Germany).
	 For analysis of hepatic lipid content, liver tissue of six mice per group was 
homogenized in phosphate-buffered saline (PBS) and lipids were extracted as 
described previously in detail20. Representative samples were selected based on 
MASH histopathology to reflect group average and variation. In short, lipids were 
separated by high-performance thin-layer chromatography (HPTLC) on silica gel 
plates and subsequently stained and analyzed with the ChemiDoc Touch Imaging 
System (Bio-Rad Laboratories, Veenendaal, the Netherlands). Hepatic triglyceride, 
cholesteryl ester, and free cholesterol content was quantified using Image-lab version 
5.2.1. software (Bio-Rad Laboratories) and expressed per mg liver protein.
	 Intrahepatic concentrations of cytokines and chemokines were determined in 
homogenized liver tissue for 15 isotype control antibody-treated mice and 13 
bFKB1-treated mice. A multiplex immunoassay panel (#K0082207, V-PLEX Proinflam-
matory Panel 1 Mouse Kit, Mesoscale Discovery (MSD, MD, USA)) was carried out in 
accordance with the manufacturer’s protocol on a MESO QuickPlex SQ 120 reader 
(MSD). Total protein concentrations were determined with a BCA Protein Assay Kit 
(ThermoFisher Scientific, Waltham, MA, USA) in the same liver homogenates and 
cytokine and chemokine concentrations are expressed per mg protein.

2.3 De novo collagen synthesis
In the final 2 weeks of the study, de novo collagen formation was assessed by using 
stable isotope labelling and liquid chromatography mass spectrometry (LC–
MS)-based mass isotopomer analysis12,21. Mice received a bolus intraperitoneal 
injection of 100% 2H2O (17.5 mL/kg body weight) to bring total body water enrichment 
to approximately 2.5%. Mice received 4% 2H2O in the drinking water to maintain this 
level of body water enrichment until the study endpoint. Deuterated water 
incorporation into hydroxyproline was analyzed as described previously22. Mass 
spectrometry and analysis were performed by Metabolic Solutions (Nashua, NH, 
USA). New hydroxyproline content was expressed as μg per mg dry liver lobe.

2.4 Histological analysis of liver, adipose tissue, and heart
Formalin-fixed and paraffin-embedded tissue of the medial liver lobe was sectioned 
(3 μm) and stained with hematoxylin and eosin (H&E). A board-certified pathologist 
scored sections blindly for MASH by examining two H&E-stained sections per mouse 
using an adapted grading system of human MASH23,24. Hepatic macrovesicular and 
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microvesicular steatosis were determined at 50–100× magnification and expressed as 
percentage relative to the total liver area. During the progression of MASLD into 
MASH, macrovesicular and microvesicular steatosis develop simultaneously. The 
former is characterized by a single large lipid droplet filling the hepatocyte cytoplasm 
while the latter is characterized by multiple small lipid droplets filling the hepatocyte 
cytoplasm. Macrovesicular steatosis is mainly associated with lobular inflammation25 
while microvesicular steatosis is thought to be associated with mitochondrial 
dysfunction and oxidative stress26. For scoring of hepatic inflammation, the number 
of inflammatory foci was determined at 100× magnification in five non-overlapping 
fields (view size 4.2 mm2) and expressed as number of foci per mm2. For analysis of 
fibrosis, liver cross-sections were stained with Sirius Red (SR). Hepatic fibrosis area 
and stage were assessed in two SR-stained sections per mouse by the board-certified 
pathologist using the scoring system described by Tiniakos et al.27, where F0: absence 
of fibrosis, F1: fibrosis in perisinusoidal or periportal area, F2: fibrosis within both 
perisinusoidal and periportal areas, F3: bridging fibrosis and F4: cirrhosis.
	 Formalin-fixed and paraffin-embedded epididymal white adipose tissue (eWAT) 
was sectioned (5 μm), stained with hematoxylin-phloxine-saffron (HPS) and scanned 
for digital analysis (Aperio AT2, Leica Biosystems, Amsterdam, the Netherlands). 
Adipocyte size was analyzed using the Adiposoft28 plugin in ImageJ (version 1.53; 
NIH) at 20× magnification in three non-overlapping fields (1.56 mm2) as described 
previously12,18,29. Adipose tissue inflammation was quantified in the same fields used 
to quantify adipocyte size by determining the number of crown-like structures as 
described previously12,18,29. Adipose tissue inflammation was expressed as number 
per 1000 adipocytes29. 
	 Atherosclerosis severity was determined histologically in line with previously 
described protocols30,31. In short, aortic roots were paraffin-embedded and cross-
sectioned (5 μm) at 50 μm intervals and stained with HPS. Four sections per mouse 
were assessed for atherosclerotic lesion load and severity using the classification 
system of the American Heart Association31, where type I: early fatty streak; type II: 
regular fatty streak; type III: mild plaque; type IV: moderate plaque; and type V: 
severe plaque.

2.5 Protein expression in adipose tissue
Snap-frozen eWAT was homogenized in lysis buffer containing Tris–HCL (pH 7.4), 
150 mmol/L NaCl, 5 mmol/L CaCl2 (v/v), 1% Triton X-100 and cOmplete™ mini protease 
inhibitor cocktail (Roche Diagnostics). Samples were centrifuged for 15 min at 4°C, 
16 200 g, supernatant was collected, and this centrifuge step was repeated twice to 
remove excess fat. Protein concentrations were determined using the BCA Protein 
Assay Kit (ThermoFisher Scientific). Proteins (50 μg) in 2× SDS Laemmli Sample Buffer 
(1:1 v/v; Sigma-Aldrich, St Louis, MO, USA) were boiled for 6 min at 95°C, separated on a 
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4%–20% (w/v) SDS-page gel (mini-Protean TGX stain-free precast gel; Bio-Rad) and 
subsequently transferred onto Trans-blot Turbo mini PVDF blotting membranes 
(Bio-Rad) using the MIXED MW program on the Trans-blot Turbo Bio-Rad machine. 
Membranes were blocked in 5% (w/v) milk powder in tris-buffered saline with 0.1% 
Tween-20 (TBST) for 1 h at room temperature. Membranes were incubated overnight 
at 4°C with primary antibody heat shock protein 90 (HSP90; #4874-1:1000 v/v; Cell 
Signaling, Leiden, the Netherlands) or uncoupling protein 1 (UCP1; ab23841-1:1000 v/v; 
Abcam, Cambridge, UK) in 5% milk in TBST. Secondary antibody was added in 5% milk 
in TBST (anti-rabbit HRP conjugate #7074S-1:2000 v/v; Cell Signaling) and visualized 
using SuperSignal West Femto (ThermoFisher Scientific). Blots were analyzed with 
ChemiDoc Touch Imaging system (Bio-Rad) and UCP1 band intensities were 
normalized to HSP90.

2.6 Gene expression analysis of liver tissue
Transcriptomics analysis of liver tissue was performed for n = 12 samples per group 
in line with previously described protocols12. Briefly, RNA was isolated from 
snap-frozen tissue from the left liver lobe using the RNA-Bee total-RNA isolation kit 
(Bio-Connect, Huissen, the Netherlands). RNA quality was evaluated using a 2100 
Bioanalyzer (Agilent Technologies, Amstelveen, The Netherlands). Total RNA was 
processed into tagged random sequence libraries (NEBNext Ultra II Directional RNA 
Library Prep Kit for Illumina, NEB #E7760S/L, Biolabs) and sample quality was 
checked for proper size distribution (300–500 bp peak, Fragment Analyzer). The 
mixed (multiplex) sample libraries were sequenced on an Illumina NovaSeq6000 
sequencer with a paired-read 150-cycle sequencing protocol at GenomeScan BV 
(Leiden, the Netherlands), resulting in ~20–40 million read counts per sample. 
Clustering and DNA sequencing using the NovaSeq6000 was performed according to 
manufacturer’s protocols. A concentration of 1.1 nM of DNA was used yielding paired 
end reads (2 × 150 bp). NovaSeq control software NCS v1.7 was used. Image analysis, 
base calling, and quality check was performed with the Illumina data analysis 
pipeline RTA3.4.4 and Bcl2fastq v2.20. One sample (in the isotype control antibody 
group) was excluded from analysis due to a technical error and a Principal Component 
Analysis (PCA) was carried out. Trimmed Fastq files were merged (in case of 
Paired-end reads) and aligned to the reference genome (Mus_musculus.GRCm38.
gencode.vM19) using the STAR 2.5 algorithm with default settings (https://github.
com/alexdobin/STAR). Based on the mapped read locations and the gene annotation, 
Htseq-count 0.6.1p1 was used to count the read mapping frequency/gene (transcript 
region) resulting in read mapping frequency per gene, that subsequently served as 
input for the differentially expressed genes (DEGs) analysis using the DESeq2-
method32. These were used as input for pathway analysis through Ingenuity Pathway 
Analysis (IPA, Ingenuity Systems Inc., Redwood City, CA, USA, accessed December 
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2020). IPA uses gene expression data of known downstream target genes to predict 
the activation state or deactivation state of upstream regulators (e.g., transcription 
factors, signaling proteins, and metabolites). Accordingly, positive z-scores (z > 2) 
indicate enhanced activity and negative z-scores (z < −2) indicate reduced activity of an 
upstream regulator12. The datasets obtained in this study are accessible at the NCBI 
Gene Expression Omnibus (GEO-ID: GSE255321).

2.7 Statistical analysis
All values were evaluated for normality using Shapiro–Wilk normality tests and for 
equality of variances using Levene’s test of homogeneity of variances. For normally 
distributed parameters, differences between groups were analyzed by a Student’s 
t-test in case of equal variances and a t-test with Welch correction in case of unequal 
variances. For non-normally distributed parameters, Mann–Whitney U testing was 
performed. For histopathological analyses, the null hypothesis that bFKB1 did not 
reduce development of MASH and atherosclerosis relative to the isotype control 
antibody-treated group was tested using one-sided tests. For all other data, the null 
hypothesis that these did not differ between groups was tested using two-sided tests. 
All data are presented as mean ± standard error of the mean (SEM) and a p-value<0.05 
was considered statistically significant with the exception for the upstream regulator 
analysis, where a p-value<0.01 was considered statistically significant. Statistical 
analyses were evaluated in SPSS (version 25, IBM Corp., Armonk, NY, USA).

3. Results

3.1  �The FGF21 mimetic agonist antibody bFKB1 improves metabolic 
parameters in obese Ldlr−/−.Leiden mice

Ldlr−/−.Leiden mice with a mean starting body weight of 29.7 ± 2.4 g were fed an 
energy-dense HFD for 20 weeks, which induced pronounced obesity as was evident 
from the 77% body weight increase (mean body weight at t=0: 52.5 ± 3.4). Hereafter, 
mice were treated with either bFKB1 or an isotype control antibody for 12 weeks 
while continuing on the HFD. During this period, bFKB1-treated mice lost weight 
relative to isotype controls (−21% at t=12) (Figure 1A) while food intake was significantly 
higher at several timepoints throughout the study (Figure 1B), resulting in a 17% 
higher cumulative food intake during the 12-week treatment period. Fasted blood 
glucose levels declined somewhat in the isotype control group toward the end of the 
study, a decline that was less pronounced in bFKB1-treated mice, resulting in 
significantly higher levels in this group (+12% at t=12) (Figure 1C). Plasma insulin levels 
on the other hand decreased significantly over time in bFKB1-treated mice relative to 
isotype controls (−80% at t=12) (Figure 1D). Similarly, plasma cholesterol concentrations 
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Figure 1. The bispecific anti-FGFR1/KLB agonist antibody bFKB1 improved metabolic 
parameters in Ldlr−/−.Leiden mice. Body weight (A), food intake (B), fasted blood glucose (C), 
plasma insulin (D), plasma cholesterol (E), lipoprotein profile for plasma cholesterol (F), plasma 
triglycerides (G), liver weight (H), and plasma alanine transaminase (ALT) and aspartate 
transaminase (AST) (I) were determined at several timepoints throughout the study or at the 
study endpoint. Values are presented as mean ± SEM for n=15 mice on HFD treated with isotype 
control antibody and n=13 mice on HFD treated with bFKB1. *p<0.05, **p<0.01, ***p<0.001 bFKB1 
versus isotype control antibody.
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were significantly reduced by bFKB1 (−48% at t=12) (Figure 1E) and further analysis  
of lipoprotein profiles revealed that in isotype control mice, plasma cholesterol  
was mainly contained in the pro-atherogenic VLDL and LDL particles (Figure 1F).  
The observed reduction in plasma cholesterol in bFKB1-treated mice was attributable 
to reductions in these atherogenic lipoproteins, without an effect on HDL particles.  
In addition to plasma cholesterol levels, the bFKB1 antibody significantly reduced 
plasma triglycerides as well (−76% at t=12) (Figure 1G). Liver weight was significantly 
lower in bFKB1-treated mice (−43%) (Figure 1H). Consistently, plasma concentrations 
of the hepatic function markers ALT and AST were significantly reduced at the study 
endpoint in bFKB1-treated mice compared with isotype controls (ALT: −79%; AST: −21%) 
(Figure 1I). These findings demonstrate that 33 weeks of HFD feeding induced severe 
obesity and metabolic dysfunction and that bFKB1 treatment during the last 12 weeks 
counteracted the observed metabolic complications despite increased caloric intake.

3.2  �Treatment with bFKB1 reduces adipocyte size, adipose tissue 
inflammation, and induces browning of white adipose tissue

Since expression of FGFR1c, one of the two main target receptors of bFKB1, is minimal 
in the liver, its beneficial metabolic effects are likely exerted via different organs. 
FGFR1c and KLB are highly expressed in adipose tissue, which is therefore presumed 
to play a large role in mediating the metabolic effects of FGF receptor agonists33,34. 
Consequently, we determined the effects of bFKB1 on adipose tissue parameters. 
At sacrifice, epididymal white adipose tissue (eWAT) weight was significantly reduced  
in bFKB1-treated mice relative to the isotype antibody controls (−22%) (Figure 2B). 
Morphological analysis of eWAT (Figure 2A) revealed a 16% reduction in adipocyte 
size (Figure 2C). Closer inspection of the distribution of cell size revealed that this 
reduction could predominantly be attributed to a significantly decreased number of 
large hypertrophic adipocytes (>8000 μm2) (−52%) (Figure 2D). Larger adipocytes are 
known to release more pro-inflammatory mediators than smaller adipocytes35. This 
link between adipocyte hypertrophy and inflammation was reflected here, indicated 
by a significant reduction in the number of crown-like structures in bFKB1-treated 
mice (−70%) (Figure 2E). Further Western blot analysis of eWAT homogenates revealed 
a strong significant increase in UCP1 expression in bFKB1-treated mice relative to 
isotype-treated controls (8.5-fold increase) (Figure 2F,G), indicative of white adipose 
tissue browning.

3.3  �bFKB1 improves hepatic gene expression in Ldlr−/−.Leiden 
mice on HFD

To investigate how treatment with bFKB1 affected the liver, next-generation 
sequencing analysis of liver RNA was performed. A Principal Component Analysis 
(PCA) was carried out to visualize the entire transcriptome of each individual mouse 
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(Figure 3A). The two component models explained 31% (PC1) and 10% (PC2) of the 
variation in the data. While there was an overlap between isotype control-treated 
mice and bFKB1-treated mice, both groups cluster clearly in their respective groups. 
bFKB1 treatment resulted in 3941 diff erentially expressed genes (DEGs) relative to 
isotype control-treated mice. Next, we further investigated the nature of these DEGs 
and their involvement in specifi c biological pathways or processes was carried out, 

Figure 2. Adipocyte size and adipose tissue inflammation are reduced by bFKB1. 
Representative histological photomicrographs of HPS-stained epididymal white adipose tissue 
(eWAT) (A), epididymal WAT weight (B), average adipocyte size (C), adipocyte size distribution 
as percentage of total adipocytes (D), number of crown-like structures (CLS) per 1000 adipocytes 
(E), uncoupling protein 1 (UCP1) protein expression in epididymal WAT normalized to HSP90 
expression (F), and representative images of the Western blot bands (G). Values are presented 
as mean ± SEM for n=15 mice on HFD treated with isotype control antibody and n=13 mice on HFD 
treated with bFKB1. *p<0.05, **p<0.01, ***p<0.001 bFKB1 versus isotype control antibody.
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and showed that 97 pathways were significantly enriched, of which the pathways 
with Z-scores ≤−2.0 and ≥2.0 (indicative of consistent inactivation or activation of a 
pathway) are shown in Figure 3B (the complete list is provided in Supplementary 
Figure S1). Among these, there were several pathways involved in lipid metabolism 
(e.g., bile acid and cholesterol biosynthesis and fatty acid oxidation pathways, all 
increased), inflammatory processes (e.g., leukocyte extravasation and IL-8 signaling, 
both decreased) as well as fibrosis (e.g., integrin signaling, decreased). In bFKB1-treated 
mice, the glucose-6-phosphate (GP6) signaling pathway was significantly inactivated 
as well. GP6 is the first intermediate of glucose metabolism and plays a pivotal role in 
several metabolic processes, including glycogen synthesis, de novo lipogenesis, and 
the pentose phosphate pathway36. This inactivation of the GP6 signaling pathway is 
reflected by the reduced insulin concentrations (Figure 1D), indicative of improved 
insulin sensitivity. A more elaborate breakdown of the hepatic transcriptomics data 
obtained in this study will be provided per pathological aspect of MASH.

3.4 bFKB1 improves steatosis and lipid accumulation in the liver
To investigate the consequences of the beneficial metabolic changes induced by 
bFKB1, its effects in the liver were examined next. The HFD-induced development of 
pronounced hepatic steatosis, which was reduced by bFKB1 (Figure 4A). Mice treated 
with the isotype control antibody developed both macrovesicular and microvesicular 
steatosis (Figure 4B,C). bFKB1 significantly lowered hepatic macrovesicular steatosis 
(−34%) and completely nullified hepatic microvesicular steatosis (−100%). Biochemical 
analysis of liver lipids revealed that bFKB1 significantly reduced hepatic triglycerides 
relative to isotype controls (−62%) (Figure 4D). Similar reductions were observed for 
hepatic cholesteryl esters (−56%) (Figure 4E) and hepatic-free (unesterified) cholesterol 
(−34%) (Figure 4F) compared to isotype controls. To obtain more insight into how bFKB1 
affected molecular processes in the liver, gene profiling analysis was performed. 
An upstream regulator analysis was carried out, which predicts the activation state 
of a protein, transcription factor or enzyme based on expression of downstream 
genes. Consistent with the observed effects on hepatic lipid accumulation, bFKB1 
strongly activated ACOX1, indicative of increased fatty acid (beta) oxidation (Figure 4G). 
Moreover, bFKB1 modified regulators of lipogenesis including AGT and NR1I2, 
suggestive of reduced de novo lipogenesis.
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Figure 3. bFKB1 improves hepatic transcriptomics profile in Ldlr−/−.Leiden mice. 
Principal Component Analysis (PCA) in high-fat diet (HFD)-fed Ldlr−/−.Leiden mice treated 
with isotype control antibody or bFKB1 (A). Each dot represents the entire transcriptome of an 
individual mouse. The first principal component (PC1) accounts for as much variability in the data 
as possible and the second component (PC2) accounts for as much of the remaining variability. 

Differentially expressed pathways
Activation

z-score
p-value

Signaling by Rho Family GTPases -4,3 0,000
Integrin Signaling -4,1 0,000
GP6 Signaling Pathway -4,0 0,000
Reelin Signaling in Neurons -3,6 0,009
Fcy Receptor-mediated Phagocytosis in Macrophages and Monocytes -3,6 0,000
Tec Kinase Signaling -3,5 0,000
Paxillin Signaling -3,3 0,001
Rac Signaling -3,1 0,000
Actin Cytoskeleton Signaling -3,0 0,000
Leukocyte Extravasation Signaling -2,9 0,000
IL-8 Signaling -2,9 0,000
Regulation of Actin-based Motility by Rho -2,8 0,002
Coronavirus Pathogenesis Pathway -2,8 0,001
Coronavirus Replication Pathway -2,6 0,007
Thrombin Signaling -2,5 0,009
Glycolysis I -2,4 0,002
Agrin Interactions at Neuromuscular Junction -2,3 0,001
Macropinocytosis Signaling -2,1 0,005
NRF2-mediated Oxidative Stress Response -2,1 0,001
Bile Acid Biosynthesis, Neutral Pathway 2,0 0,003
Cholesterol Biosynthesis I 2,0 0,003
Cholesterol Biosynthesis III (via Desmosterol) 2,0 0,003
Cholesterol Biosynthesis II (via 24,25-dihydrolanosterol) 2,0 0,003
Fatty Acid β-oxidation I 2,4 0,006
EIF2 Signaling 2,7 0,000
LXR/RXR Activation 3,0 0,000
RhoGDI Signaling 3,4 0,000

bFKB1 versus isotype 
control antibody

(A)

(B)
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Figure 4. bFKB1 reduces hepatic steatosis and improves liver lipid concentrations. 
Representative histological photomicrographs of H&E-stained liver cross-sections (A), 
macrovesicular steatosis (B) and microvesicular steatosis (C) as percentage of surface area were 
determined at the study endpoint for n=15 mice on HFD treated with isotype control antibody 
and n=13 mice on HFD treated with bFKB1. Hepatic concentrations of triglycerides (D), cholesteryl 
ester (E), and free cholesterol (F) were determined at the study endpoint for n=6 mice per group. 
Values are presented as mean ± SEM. *p<0.05, **p<0.01, ***p<0.001 bFKB1 versus isotype control 
antibody. Activity of upstream regulators in homogenized liver tissue is expressed as z-score 
that indicates the predicted activation state of a transcription factor or regulator. A z-score 
<−2 indicates relevant inhibition (green) and z-score >2 indicates relevant activation (red). 
The p-value indicates significant enrichment of genes downstream of a regulator with p<0.01 
was considered statistically significant (gray). Hepatic expression of genes involved in beta-
oxidation and positive and negative regulators of lipogenesis (G).

Gray and blue clusters represent the isotype control and bFKB1 groups, respectively. Heatmap 
showing significantly enriched pathways in bFKB1-treated mice versus isotype control-treated 
mice (B). Z-scores indicate predicted activation (≥2.0, red) or inactivation (≤−2.0, green) and gray 
color indicates statistical significance (p<0.01).
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3.5  �Treatment with bFKB1 reduces inflammation and cytokine 
expression in the liver

Inflammation is a driving factor in progressing MASLD into MASH. bFKB1 significantly 
reduced the number of inflammatory cell clusters in the liver (−74%) (Figure 5A,B). 
Consistently, bFKB1 reduced intrahepatic protein concentrations of the pro-inflammatory 
cytokines interleukin (IL)-1β, IL-6, interferon (IFN)-γ, monocyte chemoattractant 
protein (MCP)-1, and tumor necrosis factor (TNF)-α as well as the anti-inflammatory 
cytokine IL-10 (Figure 5C). Hepatic expression of the anti-inflammatory cytokine 
IL-27p28/IL-30, on the other hand, was significantly increased in bFKB1-treated mice. 
Other cytokines including IL-2, IL-4, IL-17A/F, IL-33, interferon-γ-induced protein 
(IP)-10, and keratinocyte chemoattractant/human growth-regulated oncogene 
(KC/GRO), were not significantly altered with the intervention. An upstream regulator 
analysis of pro- and anti-inflammatory cytokines revealed ameliorative effects of 
bFKB1 intervention at the transcriptomics level as well (Figure 5D). For example, 
in line with protein expression data, the upstream regulator analysis revealed 
reduced activation of the pro-inflammatory cytokines IL-1β, IL-6, IFN- , and TNF. 
Consistently, members of the nuclear factor κ light-chain-enhancer of activated B cells 
(NF-κB) family also tended to be predicted to be inactivated with z-scores of 1.5–1.7.

Figure 4. Continued.

Upstream regulator
Activation

z-score p-value
Beta-oxidation (mitochondrial & peroxisomal)

PPARA -0,4 0,000
ACOX1 5,3 0,000
CPT1A -
CPT1B -1,1 0,012
CPT2 -
ABCD1 -
ABCD2 -
ACAA1 -
ACAA2 -
ACAT1 N/A 1,000
EHHADH N/A 0,031

Regulators of lipogenesis
SREBF1 -0,7 0,000
NR1H2 -0,5 0,008
NR1H3 -1,0 0,000
AGT -3,0 0,000
NR1I3 -0,7 0,000
NR1I2 -2,5 0,000

bFKB1 versus isotype 
control antibody

(G)
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3.6  �bFKB1 limits new collagen formation in the liver and improves 
hepatic expression of regulators of fibrosis

Hepatic fibrosis was assessed in Sirius Red-stained liver sections (Figure 6A), 
revealing no significant difference in collagen deposition between mice treated with 
isotype control antibody or bFKB1 antibody (Figure 6B). Correspondingly, bFKB1 did  
not affect fibrosis stage: in both groups fibrosis was present within both perisinusoidal 
and periportal areas (stage F2 fibrosis) (Figure 6C). However, examination of de  
novo collagen formation in Ldlr−/−.Leiden mice revealed that bFKB1 had significant 
attenuating effects on the absolute amount of newly formed hydroxyproline in the 
liver during the final 2 weeks of the study (−49%) (Figure 6D). A reason for this 
apparent discrepancy is the presence of a relatively high amount of pre-existent 
collagen at the start of the treatment period, which contributes significantly to the 
total amount of collagen at the endpoint10. At the transcriptomics level, bFKB1 had 
broad inactivating effects on transforming growth factor (TGF)-β and suppressor of 
mothers against decapentaplegic (SMAD) signaling (downstream of TGFβ) (Figure 
6E). One master regulator was significantly activated in bFKB1-treated mice, namely 
SMAD7, an inhibitory SMAD that functions as TGFβ receptor antagonist. Other 
important regulators of profibrotic processes were significantly inactivated in 
bFKB1-treated mice as well, including VEGF-A and YAP/TAZ signaling (Figure 6E). 
Further investigation of collagen expression revealed the significant downregulation  
of several collagen sub-types including COL1A1, COL3A1, and COL4A1 and of genes 
involved in collagen crosslinking, for example, LOX and LOXL2 (supplementary 
Figure S2). These expression patterns underline the inhibitory effects of bFKB1 on 
new collagen formation in the liver. Although total liver fibrosis at endpoint was not 
affected, bFKB1 reduced new collagen synthesis and had broad beneficial effects on 
genes and upstream regulators involved in fibrotic processes, suggesting that 
prolonged treatment with bFKB1 may be effective in reducing hepatic fibrosis.



92

CHAPTER 4

Figure 5. bFKB1 improves hepatic inflammation and cytokine expression. Representative 
histological photomicrographs of H&E-stained liver cross-sections with arrows indicating 
clusters of aggregated inflammatory cells (A). Inflammation expressed as the number of 
inflammatory aggregates pre mm2 (B). Concentrations of significantly modified cytokines 
measured in liver homogenates expressed as pg/mg protein (C). Values are presented as 
mean ± SEM for n=15 mice on HFD treated with isotype control antibody and n=13 mice 
on HFD treated with bFKB1. *p<0.05, **p<0.01, T: Tendency (p<0.10), bFKB1 versus isotype 
control antibody. Activity of upstream regulators in homogenized liver tissue is expressed 
as z-score that indicates the predicted activation state of a transcription factor or regulator. 
A z-score <−2 indicates relevant inhibition (green) and z-score >2 indicates relevant 
activation (red). The p-value indicates significant enrichment of genes downstream of a 
regulator with p<0.01 was considered statistically significant (gray). Hepatic expression 
of pro-inflammatory and anti-inflammatory cytokines (D). IFN, interferon; IL, interleukin; 
IP, interferon gamma-induced protein; KC/GRO, keratinocyte chemoattractant/growth-
regulated oncogene; MCP, monocyte chemoattractant protein; TNF, tumor necrosis factor.
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IL-1β 3,14 ± 0,48 1,71 ± 0.27*
IL-2 0,09 ± 0,01 0,08 ± 0,01
IL-4 0,07 ± 0,01 0,04 ± 0,00
IL-6 8,00 ± 0,96 5,16 ± 0.43T
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MCP-1 3,17 ± 0,46 1,74 ± 0.28*
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HFD + isotype control HFD + bFKB1
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Figure 5. Continued.

Upstream regulator
Activation

z-score p-value

Pro-inflammatory cytokines
IL1 -3,3 0,001
IL1A -2,9 0,000
IL1B -3,2 0,000
IL2 -2,2 0,000
IL3 -0,5 0,007
IL5 -2,5 0,018
IL6 -1,7 0,000
IL6R -0,8 0,048
IL7 - -
IL7R N/A 0,021
IL9 - -
IL12B - -
IL12 (complex) -2,1 0,020
IL15 -0,8 0,000
IL17A -1,9 0,005
IL18 N/A 1,000
IL21 - -
IL27 - -
IL33 -3,3 0,000
IFNL1 -2,0 0,215
IFNA2 -3,1 0,117
IFNA4 - -
IFNB1 -0,9 0,006
IFNE - -
IFNG -4,3 0,000
IFNL1 -2,0 0,215
IFNL3 - -
CSF1 -2,8 0,000
CSF2 -3,4 0,002
CSF3 -2,5 0,000
MIF - -
OSM -3,3 0,000
TNF -3,7 0,000
Tnf (family) - -
Tnf receptor - -
TNFSF11 -1,8 0,000

Anti-inflammatory cytokines
IL1RN 2,1 0,003
IL4 -0,8 0,000
IL10 -0,4 0,000
IL10RA 1,8 0,000
IL11 -0,8 0,007
IL13 -2,1 0,000

bFKB1 versus isotype 
control antibody

(D)
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Figure 6. Treatment with bFKB1 reduces formation of new collagen in the liver and reduces 
hepatic expression of upstream regulators of fibrosis. Representative histological photo-
micrographs of Sirius Red-stained liver cross-sections (A), fibrosis as percentage of surface 
area (B), fibrosis stage (C), and absolute newly formed hydroxyproline (D). Values are presented 
as mean ± SEM for n=15 mice on HFD treated with isotype control antibody and n=13 mice on 
HFD treated with bFKB1. **p<0.01 bFKB1 versus isotype control antibody. Activity of upstream 
regulators in homogenized liver tissue is expressed as z-score that indicates the predicted 
activation state of a transcription factor or regulator. A z-score <−2 indicates relevant inhibition 
(green) and z-score >2 indicates relevant activation (red). The p-value indicates significant 
enrichment of genes downstream of a regulator with p<0.01 was considered statistically 
significant (gray). Hepatic expression of genes involved in transforming growth factor (TGF)-
beta signaling and other regulators of fibrosis (E).
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3.7  �The anti-FGFR1/KLB agonist antibody bFKB1 improves  
HFD-induced atherosclerosis

Atherosclerosis development in the aortic root was determined next. Prolonged HFD 
feeding resulted in development of severe atherosclerotic lesions (Figure 7A). 
Cholesterol exposure (concentration × weeks) throughout the whole study, including 
the 20-week run-in on HFD was significantly lower in bFKB1-treated mice compared 
to untreated controls (−22%) (Figure 7B). Accordingly, bFKB1 significantly reduced the 
total atherosclerotic lesion area compared to isotype control antibody mice (−38%) 
(Figure 7C). Atherosclerotic lesions in the isotype control antibody group were 
predominantly severe type V lesions accompanied by some type IV lesions (Figure 
7D). The lesion-lowering effect of bFKB1 could be attributed specifically to a significant 
reduction in severe type V lesions compared to controls (−35%). These data indicate 
that bFKB1 attenuates the progression of atherosclerosis to more severe lesions, 
which is mainly caused by the marked cholesterol-lowering effect of bFKB1.

Figure 6. Continued.

Upstream regulator
Activation

z-score
p-value

TGF beta signaling
Tgf beta -3,2 0,000
TGFB1 -4,7 0,000
TGFB2 -1,8 0,000
TGFB3 -2,1 0,011
TGFBR1 -1,8 0,000
TGFBR2 -2,2 0,000
Smad N/A 0,028
SMAD1 -2,0 0,001
SMAD2 -0,8 0,007
SMAD3 -1,9 0,000
SMAD3-EP300 N/A 1,000
SMAD4 -1,7 0,000
Smad2/3/4 N/A 1,000
Smad2/3-Smad4 -2,0 0,007
Smad3-Smad4 N/A 1,000
SMAD7 1,8 0,000

Other regulators of fibrosis
PDGFB -1,4 0,011
VEGFA -2,0 0,000
VEGFB 0,1 0,046
YAP1 -2,3 0,000
TAZ -1,5 0,000

bFKB1 versus isotype 
control antibody

(E)
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4. Discussion

The current obesity pandemic and accompanying rise in metabolic complications 
necessitates development of therapeutic interventions and FGF21 forms an interesting 
target due to its benefi cial metabolic eff ects. Previous preclinical studies have 
demonstrated that the FGF21 mimetic bFKB1 increases energy expenditure and 
may ameliorate obesity and hyperlipidaemia6–8. Using a model that shows high 
 translatability to humans with obesity and associated comorbidities, we have 
demonstrated the benefi cial eff ects of bFKB1 on metabolic parameters, liver steatosis, 
liver infl ammation, adipose infl ammation, and atherosclerosis. Furthermore, analysis 
of new collagen synthesis and gene expression profi les in the liver indicated a slow- 
down of fi brosis-related processes.
 In this study, while treatment with bFKB1 increased food intake at several 
timepoints, body weight was signifi cantly reduced throughout the treatment period. 
This is indicative of increased energy expenditure, consistent with reported eff ects 

Figure 7. bFKB1 reduces atherosclerosis parameters in Ldlr−/−.Leiden mice. Representative 
images of HPS-stained liver cross-sections (A), total cholesterol exposure calculated as 
concentration × weeks (B), atherosclerotic lesion area per cross-section (C), and lesion size per 
type (D) were determined at the study endpoint. Values are presented as mean ± SEM for n=15 
mice on HFD treated with isotype control antibody and n=13 mice on HFD treated with bFKB1. 
*p<0.05 bFKB1 versus isotype control antibody.
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of this and other FGF21 analogues in preclinical studies6,7. bFKB1 significantly and 
strongly reduced plasma insulin concentrations as well, indicative of improved 
insulin sensitivity compared to untreated controls, where insulin remained high 
throughout the study. We demonstrate that in white adipose tissue, bFKB1 increases 
protein expression of the thermogenic protein UCP1, which enables conversion of 
energy to heat upon stimulation by cold exposure37. This is indicative of white adipose 
tissue browning and thereby increased energy expenditure, which may in turn 
explain the increased food intake observed in these mice. Consistently, FGF21 has 
been shown to play a role in thermogenic recruitment of white adipose tissues and 
browning thereof, and FGF21-deficient mice were demonstrated to have impaired 
ability to adapt to cold exposure38. In addition, Kolumam et al. reported that bFKB1 
significantly increased energy expenditure without changing the relative rate of fat 
and carbohydrate utilization8. 
	 Hepatic expression of the FGF receptor isoform 1c is low and the hepatic effects of 
bFKB1 observed here are therefore likely indirect, for example by signaling through 
other organs such as adipose tissue or brain. Lan et al. demonstrated that KLB 
expression in neuronal tissue is particularly indispensable for FGF21 signaling, 
resulting in weight loss and improved glycemia7. The improved insulin resistance 
induced by FGF21 analogues contributes to lowering of free fatty acid levels in the 
circulation39. The resulting reduction in flux of free fatty acids from adipose tissue to 
the liver ultimately improves liver health as well, therefore making the liver a tertiary 
target of FGF21 signaling. In our study, bFKB1 treatment significantly reduced 
inflammation in the epididymal white adipose tissue depot, which is likely to have 
directly contributed to alleviating hepatic inflammation. Previously, it was 
demonstrated that surgical removal of inflamed epididymal white adipose tissue 
attenuated MASH development, signifying its causal involvement in MASH 
pathogenesis40. In addition, bFKB1 indeed improved hepatic steatosis and triglyceride, 
cholesteryl ester, and free cholesterol concentrations. The latter data are in line with 
clinical data, with bFKB1 showing substantial and dose-dependent reduction of liver 
fat in a phase 1b study41. 
	 Hepatic inflammation is a driving factor in progressing MASLD into MASH and 
was shown here to be drastically improved by bFKB1, as demonstrated by the reduced 
number of aggregated inflammatory cells. Moreover, bFKB1 reduced gene and protein 
expression of pro-inflammatory cytokines including IL-1β, IL-6, and TNF, that are (in 
part) regulated through the NF-κB signaling pathway. In an in vitro study in 
macrophages, FGF21 was shown to have anti-inflammatory effects mediated by the 
nuclear transcription factor-E2-related factor 2 (Nrf2)42, which inhibits both NF-κB 
activation and nuclear translocation43. In the aforementioned in vitro studies, the 
authors demonstrate that FGF21 suppressed NF-κB signaling and consequently 
reduced secretion of downstream effector pro-inflammatory cytokines42. Our 
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findings illustrate that the beneficial effects of the FGF21 mimetic bFKB1 on metabolic 
parameters and adipose tissue inflammation translate into reduced hepatic steatosis 
and inflammation.
	 In the current study, mice were fed an HFD for 32 weeks in total, with intervention  
in the final 12 weeks. This exposure to the HFD resulted in development of substantial 
hepatic fibrosis in both perisinusoidal and periportal areas. Treatment with bFKB1 
did not affect total hepatic collagen deposition at the study endpoint. However, de 
novo collagen synthesis during the final 2 weeks of the study and expression of 
collagen genes at endpoint were significantly decreased. These data demonstrate that 
while pre-existing collagen is unaffected by the treatment, intervention with bFKB1 
does reduce the deposition of newly formed collagen, thereby preventing further 
progression of hepatic fibrosis. FGF21 inhibits the activation of stellate cells via 
downregulation of TGFβ32, which we confirmed here, with bFKB1 intervention 
resulting in broad inactivation of TGFβ signaling, with concomitantly reduced 
downstream activation of SMAD signaling. Additionally, our upstream regulator 
analysis revealed a significant inactivation of YAP/TAZ signaling in bFKB1-treated 
mice. TAZ is the downstream activator in the Hippo pathway that plays a critical role 
in progression of MASLD into MASH32. In a clinical study, it was demonstrated that 
compared to patients with simple steatosis, livers of patients with MASH exhibited 
increased TAZ expression44. Moreover, elevated hepatic-free cholesterol concentrations 
are known to stabilize TAZ, ultimately promoting collagen synthesis, secretion, and 
fibrogenesis45. Here, bFKB1 reduced hepatic-free cholesterol concentrations and 
since changes detected at the transcriptomics level have been shown to precede 
changes in histologically measured fibrosis16, the effects of bFKB1 on YAP/TAZ 
signaling may ultimately translate into reduced hepatic fibrosis. Other preclinical 
studies have demonstrated the attenuating effects of FGF21 analogues on hepatic 
fibrosis, either in preventive46 or treatment settings47. Similarly, in a clinical study in 
patients with MASH with stage F2/F3 fibrosis, treatment with the long-acting 
pegylated FGF21 analogue pegozafermin resulted in improved fibrosis and MASH 
resolution48. In a different clinical phase 2b study, it was shown that after 24 weeks, 
intervention with the bivalent Fc-FGF21 analog efruxifermin improved liver fibrosis 
and resolved NASH49, leading to further evaluation in a phase 3 clinical study. 
Considering the substantial effects of bFKB1 on processes involved in fibrogenesis 
observed here, a longer treatment duration may eventually result in improvement in 
histologically measured fibrosis as well.
	 Cardiovascular complications are the main cause of death in patients with 
MASLD-MASH17. Consequently, therapeutics for MASLD-MASH should preferably 
also have beneficial effects on cardiovascular risk factors and disease end points. 
Therefore, we studied the effects of bFKB1 on progression of pre-existent atheroscle-
rosis. Despite the 20-week induction period that elevated plasma cholesterol levels 
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substantially, 12 weeks of bFKB1 intervention reduced cholesterol levels to such an 
extent that total cholesterol exposure was significantly reduced relative to controls. 
The ameliorative effects of bFKB1 on plasma cholesterol and triglycerides are 
consistent with other preclinical6,8 and two clinical studies41,50 that used the same 
intervention. Consequently, progression of pre-existent atherosclerosis11,14 was 
significantly reduced, which could primarily be attributed to a reduction in severe 
type V lesions. Using a preventive study design, similar effects were reported in 
another study that used recombinant human FGF21 in non-obese mice, showing 
reduced lesion severity and improved lesion stability51. Apart from preclinical data, 
no clinical studies have been carried out that studied the application of FGF21 
interventions in cardiovascular disease. However, some clinical studies report 
improvements in lipid profiles with bFKB1 and other FGF21 analogues52,53, which in 
the long run may be expected to result in improved cardiovascular outcomes. We add 
to these data by demonstrating the significant beneficial effects of bFKB1 on athero-
sclerosis in a model with established obesity and insulin resistance.
	 In conclusion, we have demonstrated the beneficial effects of the FGF21 mimetic 
bFKB1 in a preclinical model showing high translatability to humans with obesity and 
associated comorbidities (See Graphical abstract). Treatment with bFKB1 reduced 
plasma lipids, hepatic steatosis, hepatic inflammation, and newly formed collagen in 
the liver. Additional anti-atherosclerotic effects alongside reduced adipose tissue 
inflammation demonstrate that bFKB1 has potential for the treatment of metabolic 
complications as a result of obesity.
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7. Supplementary material

Supplementary figure 1. Complete list of the 97 differentially expressed pathways. Heatmap 
showing significantly enriched pathways in bFKB1-treated mice versus isotype control-treated 
mice. Z-scores indicate predicted activation states of transcription factors or key regulators: 
z-score≤-2.0 indicates relevant inactivation (green) and z-score≥2.0 indicates relevant activation 
(red). N/A indicates an insufficient number of differentially expressed genes to link gene effects 
to an upstream regulator. Grey colour indicates statistical significance (p<0.01).

Differentially expressed pathways
Activation

z-score p-value

Signaling by Rho Family GTPases -4,3 0,000
Integrin Signaling -4,1 0,000
GP6 Signaling Pathway -4,0 0,000
Reelin Signaling in Neurons -3,6 0,009
Fcγ Receptor-mediated Phagocytosis in Macrophages and Monocytes -3,6 0,000
Tec Kinase Signaling -3,5 0,000
Paxillin Signaling -3,3 0,001
Rac Signaling -3,1 0,000
Actin Cytoskeleton Signaling -3,0 0,000
Leukocyte Extravasation Signaling -2,9 0,000
IL-8 Signaling -2,9 0,000
Coronavirus Pathogenesis Pathway -2,8 0,001
Regulation of Actin-based Motility by Rho -2,8 0,002
Coronavirus Replication Pathway -2,6 0,007
Thrombin Signaling -2,5 0,009
Glycolysis I -2,4 0,002
Agrin Interactions at Neuromuscular Junction -2,3 0,001
NRF2-mediated Oxidative Stress Response -2,1 0,001
Macropinocytosis Signaling -2,1 0,005
Ephrin Receptor Signaling -1,9 0,001
Phospholipase C Signaling -1,9 0,004
RhoA Signaling -1,9 0,009
mTOR Signaling -1,9 0,000
HIF1α Signaling -1,9 0,000
Xenobiotic Metabolism General Signaling Pathway -1,8 0,002
14-3-3-mediated Signaling -1,7 0,002
VEGF Signaling -1,7 0,004
Hepatic Fibrosis Signaling Pathway -1,7 0,000
Regulation of Cellular Mechanics by Calpain Protease -1,6 0,000
p70S6K Signaling -1,6 0,002
ERK/MAPK Signaling -1,6 0,003
Pancreatic Adenocarcinoma Signaling -1,5 0,001
Death Receptor Signaling -1,5 0,002
MSP-RON Signaling In Cancer Cells Pathway -1,5 0,001
Senescence Pathway -1,5 0,006
ILK Signaling -1,4 0,001
Renin-Angiotensin Signaling -1,4 0,006
Choline Biosynthesis III -1,3 0,001
Endothelin-1 Signaling -1,3 0,001
Amyotrophic Lateral Sclerosis Signaling -1,3 0,000
Production of Nitric Oxide and Reactive Oxygen Species in Macrophages -1,3 0,000
Osteoarthritis Pathway -1,1 0,008
Tumor Microenvironment Pathway -0,9 0,003
Gαq Signaling -0,7 0,000
Melatonin Signaling -0,7 0,010
Ferroptosis Signaling Pathway -0,5 0,004
Endocannabinoid Cancer Inhibition Pathway -0,5 0,002
VDR/RXR Activation -0,4 0,002
Phospholipases -0,3 0,001
Acute Phase Response Signaling -0,3 0,004

Differentially expressed pathways
Activation

z-score p-value

FXR/RXR Activation N/A 0,000
Clathrin-mediated Endocytosis Signaling N/A 0,000
Hepatic Fibrosis / Hepatic Stellate Cell Activation N/A 0,000
Germ Cell-Sertoli Cell Junction Signaling N/A 0,000
Caveolar-mediated Endocytosis Signaling N/A 0,000
FAK Signaling N/A 0,000
Atherosclerosis Signaling N/A 0,000
RAR Activation N/A 0,000
Phagosome Formation N/A 0,000
Remodeling of Epithelial Adherens Junctions N/A 0,000
Virus Entry via Endocytic Pathways N/A 0,000
Epithelial Adherens Junction Signaling N/A 0,000
IL-12 Signaling and Production in Macrophages N/A 0,000
Gap Junction Signaling N/A 0,000
Agranulocyte Adhesion and Diapedesis N/A 0,001
Sertoli Cell-Sertoli Cell Junction Signaling N/A 0,001
α-tocopherol Degradation N/A 0,001
CMP-N-acetylneuraminate Biosynthesis I (Eukaryotes) N/A 0,001
Granulocyte Adhesion and Diapedesis N/A 0,001
Tight Junction Signaling N/A 0,002
Role of Tissue Factor in Cancer N/A 0,002
Molecular Mechanisms of Cancer N/A 0,002
Zymosterol Biosynthesis N/A 0,002
MSP-RON Signaling Pathway N/A 0,002
Mechanisms of Viral Exit from Host Cells N/A 0,004
Regulation of eIF4 and p70S6K Signaling N/A 0,004
Uracil Degradation II (Reductive) N/A 0,007
Thymine Degradation N/A 0,007
Guanine and Guanosine Salvage I N/A 0,007
Leucine Degradation I N/A 0,009
Coagulation System 0,0 0,000
Stearate Biosynthesis I (Animals) 0,0 0,003
Semaphorin Neuronal Repulsive Signaling Pathway 0,3 0,004
Sperm Motility 0,3 0,009
Estrogen Biosynthesis 1,1 0,005
PPAR α/RXR α Activation 1,2 0,008
Aryl Hydrocarbon Receptor Signaling 1,4 0,006
Bupropion Degradation 1,6 0,001
Acetone Degradation I (to Methylglyoxal) 1,6 0,004
Bile Acid Biosynthesis, Neutral Pathway 2,0 0,003
Cholesterol Biosynthesis I 2,0 0,003
Cholesterol Biosynthesis III (via Desmosterol) 2,0 0,003
Cholesterol Biosynthesis II (via 24,25-dihydrolanosterol) 2,0 0,003
Fatty Acid β-oxidation I 2,4 0,006
EIF2 Signaling 2,7 0,000
LXR/RXR Activation 3,0 0,000
RhoGDI Signaling 3,4 0,000

bFKB1 versus 
isotype 

bFKB1 versus 
isotype 
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Supplementary figure 1. Continued.

Differentially expressed pathways
Activation

z-score p-value

Signaling by Rho Family GTPases -4,3 0,000
Integrin Signaling -4,1 0,000
GP6 Signaling Pathway -4,0 0,000
Reelin Signaling in Neurons -3,6 0,009
Fcγ Receptor-mediated Phagocytosis in Macrophages and Monocytes -3,6 0,000
Tec Kinase Signaling -3,5 0,000
Paxillin Signaling -3,3 0,001
Rac Signaling -3,1 0,000
Actin Cytoskeleton Signaling -3,0 0,000
Leukocyte Extravasation Signaling -2,9 0,000
IL-8 Signaling -2,9 0,000
Coronavirus Pathogenesis Pathway -2,8 0,001
Regulation of Actin-based Motility by Rho -2,8 0,002
Coronavirus Replication Pathway -2,6 0,007
Thrombin Signaling -2,5 0,009
Glycolysis I -2,4 0,002
Agrin Interactions at Neuromuscular Junction -2,3 0,001
NRF2-mediated Oxidative Stress Response -2,1 0,001
Macropinocytosis Signaling -2,1 0,005
Ephrin Receptor Signaling -1,9 0,001
Phospholipase C Signaling -1,9 0,004
RhoA Signaling -1,9 0,009
mTOR Signaling -1,9 0,000
HIF1α Signaling -1,9 0,000
Xenobiotic Metabolism General Signaling Pathway -1,8 0,002
14-3-3-mediated Signaling -1,7 0,002
VEGF Signaling -1,7 0,004
Hepatic Fibrosis Signaling Pathway -1,7 0,000
Regulation of Cellular Mechanics by Calpain Protease -1,6 0,000
p70S6K Signaling -1,6 0,002
ERK/MAPK Signaling -1,6 0,003
Pancreatic Adenocarcinoma Signaling -1,5 0,001
Death Receptor Signaling -1,5 0,002
MSP-RON Signaling In Cancer Cells Pathway -1,5 0,001
Senescence Pathway -1,5 0,006
ILK Signaling -1,4 0,001
Renin-Angiotensin Signaling -1,4 0,006
Choline Biosynthesis III -1,3 0,001
Endothelin-1 Signaling -1,3 0,001
Amyotrophic Lateral Sclerosis Signaling -1,3 0,000
Production of Nitric Oxide and Reactive Oxygen Species in Macrophages -1,3 0,000
Osteoarthritis Pathway -1,1 0,008
Tumor Microenvironment Pathway -0,9 0,003
Gαq Signaling -0,7 0,000
Melatonin Signaling -0,7 0,010
Ferroptosis Signaling Pathway -0,5 0,004
Endocannabinoid Cancer Inhibition Pathway -0,5 0,002
VDR/RXR Activation -0,4 0,002
Phospholipases -0,3 0,001
Acute Phase Response Signaling -0,3 0,004

Differentially expressed pathways
Activation

z-score p-value

FXR/RXR Activation N/A 0,000
Clathrin-mediated Endocytosis Signaling N/A 0,000
Hepatic Fibrosis / Hepatic Stellate Cell Activation N/A 0,000
Germ Cell-Sertoli Cell Junction Signaling N/A 0,000
Caveolar-mediated Endocytosis Signaling N/A 0,000
FAK Signaling N/A 0,000
Atherosclerosis Signaling N/A 0,000
RAR Activation N/A 0,000
Phagosome Formation N/A 0,000
Remodeling of Epithelial Adherens Junctions N/A 0,000
Virus Entry via Endocytic Pathways N/A 0,000
Epithelial Adherens Junction Signaling N/A 0,000
IL-12 Signaling and Production in Macrophages N/A 0,000
Gap Junction Signaling N/A 0,000
Agranulocyte Adhesion and Diapedesis N/A 0,001
Sertoli Cell-Sertoli Cell Junction Signaling N/A 0,001
α-tocopherol Degradation N/A 0,001
CMP-N-acetylneuraminate Biosynthesis I (Eukaryotes) N/A 0,001
Granulocyte Adhesion and Diapedesis N/A 0,001
Tight Junction Signaling N/A 0,002
Role of Tissue Factor in Cancer N/A 0,002
Molecular Mechanisms of Cancer N/A 0,002
Zymosterol Biosynthesis N/A 0,002
MSP-RON Signaling Pathway N/A 0,002
Mechanisms of Viral Exit from Host Cells N/A 0,004
Regulation of eIF4 and p70S6K Signaling N/A 0,004
Uracil Degradation II (Reductive) N/A 0,007
Thymine Degradation N/A 0,007
Guanine and Guanosine Salvage I N/A 0,007
Leucine Degradation I N/A 0,009
Coagulation System 0,0 0,000
Stearate Biosynthesis I (Animals) 0,0 0,003
Semaphorin Neuronal Repulsive Signaling Pathway 0,3 0,004
Sperm Motility 0,3 0,009
Estrogen Biosynthesis 1,1 0,005
PPAR α/RXR α Activation 1,2 0,008
Aryl Hydrocarbon Receptor Signaling 1,4 0,006
Bupropion Degradation 1,6 0,001
Acetone Degradation I (to Methylglyoxal) 1,6 0,004
Bile Acid Biosynthesis, Neutral Pathway 2,0 0,003
Cholesterol Biosynthesis I 2,0 0,003
Cholesterol Biosynthesis III (via Desmosterol) 2,0 0,003
Cholesterol Biosynthesis II (via 24,25-dihydrolanosterol) 2,0 0,003
Fatty Acid β-oxidation I 2,4 0,006
EIF2 Signaling 2,7 0,000
LXR/RXR Activation 3,0 0,000
RhoGDI Signaling 3,4 0,000

bFKB1 versus 
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Supplementary figure 2. Single gene expression of collagens and collagen-crosslinking genes. 
Gene expression changes are presented in 2log fold-change (2logR). Red colour indicates 
upregulated gene expression, green colour indicates downregulated gene expression. P-values 
indicate significantly upregulated or downregulated genes and a p-value <0.01 was considered 
statistically significant (grey).

Single gene expression 2logR p-value
Collagens

COL1A1 -1,5 0,000
COL1A2 -1,4 0,000
COL3A1 -1,4 0,000
COL4A1 -1,0 0,000
COL4A2 -1,0 0,000
COL4A3 -0,1 0,808
COL4A4 -0,5 0,117
COL4A5 -0,6 0,043
COL4A6 -0,8 0,004
COL5A1 -0,5 0,001
COL5A2 -1,1 0,000
COL5A3 -0,2 0,110
COL6A1 -0,4 0,010
COL6A2 -0,5 0,021
COL6A3 -0,6 0,010
COL6A4 -0,1 0,838
COL6A5 -0,4 0,347
COL6A6 -0,6 0,045

Collagen-crosslinking genes
PLOD1 -0,2 0,001
PLOD2 -0,1 0,805
PLOD3 0,1 0,173
LOX -1,1 0,002
LOXL1 -0,7 0,002
LOXL2 -1,0 0,000
LOXL3 -0,4 0,030
LOXL4 0,0 0,845
FKBP10 -0,6 0,006
TGM2 -0,7 0,000

bFKB1 versus 
isotype 


