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A B S T R A C T   

Background: Fibroblast growth factor 21 (FGF21) is a hepatokine that produces metabolic benefits, such as im
provements of lipid profile. We performed a genome-wide association study (GWAS) to identify genetic variants 
associated with circulating FGF21 and investigated the causal effects of FGF21 on pertinent outcomes using 
Mendelian randomization (MR). 
Methods: We conducted a GWAS testing ~7.8 million DNA sequence variants with circulating FGF21 in a dis
covery cohort of 6259 Swedish adults with replication in 4483 Swedish women. We then performed two-sample 
MR analyses of genetically predicted circulating FGF21 in relation to alcohol and nutrient intake, cardiovascular 
and metabolic biomarkers and diseases, and liver function biomarkers using publicly available GWAS summary 
statistics data. 
Results: Our GWAS identified multiple single-nucleotide polymorphisms with genome-wide significant associa
tions (P < 5 × 10− 8) with circulating FGF21 on chromosomes 2 and 19 in or near the GCKR and FGF21 genes, 
respectively. The strongest signal at the FGF21 locus (rs2548957, β = 0.181, P < 2.18 × 10− 42) displayed in two- 
sample MR analyses robust associations with lower alcohol intake, lower circulating low-density lipoprotein 
cholesterol, apolipoprotein B, C-reactive protein, gamma-glutamyl transferase, and galectin-3 concentrations, 
and higher circulating insulin-like growth factor-I and alkaline phosphatase concentrations after correcting for 
multiple testing (P < 0.0018) whereas associations with fat mass, type 2 diabetes, and cardiovascular disease 
were largely null. 
Conclusions: We identified robust associations of certain genetic variants in or near the GCKR and FGF21 genes 
with circulating FGF21 concentrations. Furthermore, our results support a strong causal effect of FGF21 on 
improved lipid profile, reduced alcohol consumption and C-reactive protein concentrations, and liver function 
biomarkers including fibrosis. We found largely null or weak positive associations with fat mass, diabetes, and 
cardiovascular disease as well as higher insulin-like growth factor-I concentrations, which could indicate a 
compensatory increase to regulate the above FGF21 resistant states in humans.   

1. Introduction 

Fibroblast growth factor 21 (FGF21) is a hepatokine discovered in 

2000 [1–4]. Administration of FGF21 to rodents or monkeys produces 
metabolic benefits, such as reduced fat mass and improved glycemic 
control, insulin sensitivity, and lipid profiles (i.e., decreased 
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triglycerides and low-density lipoprotein cholesterol, and increased 
high-density lipoprotein cholesterol) [1,4–7]. Several studies in rodents 
have also demonstrated that FGF21 alleviates inflammation, reduces 
circulating markers of liver fibrosis and injury, and protects against non- 
alcoholic liver disease [5]. Based on preclinical observations, FGF21 
analogues designed to expand the half-lives of FGF21 have been assessed 
as potential therapeutic agents for metabolic disorders in individuals 
with obesity, type 2 diabetes, or non-alcoholic steatohepatitis. In 
humans these conditions appear to be FGF21 resistant states and most 
but not all [8] clinical trials in humans have demonstrated no effect of 
FGF21 analogues on the primary end points of glycemic control but 
significant improvements in lipid profile and markers of hepatocellular 
damage [5,7,9–13]. Moreover, FGF21 analogue treatment has been 
shown to increase circulating concentrations of insulin-like growth 
factor-I (IGF-I) in humans [7] and to reduce alcohol and sweet food 
intake in both mice and humans [14–17]. Given differences in FGF21 
biology between mice and humans, the normal physiological role of 
FGF21 in humans needs a better understanding by use of long-lasting 
experiments, longitudinal data analyses, and instrumental variable ap
proaches such as Mendelian randomization (MR) but suitable genetic 
instruments are presently not existent. 

In addition to nutritional and hormonal regulation of FGF21 pro
duction [4], circulating FGF21 concentration may be genetically 
modified. However, a genome-wide association study (GWAS) in 4201 
participants of the Taiwan Biobank identified no significant associations 
with circulating FGF21 [18]. Other GWAS analyses with a focus on 
macronutrient intake found that genetic variants in or near the FGF21 
locus (rs838133 and rs838145) were associated with increased relative 
carbohydrate intake but decreased relative protein and fat intake 
[8,19,20]. 

Here, we first performed a GWAS on circulating FGF21 concentra
tions in individuals of European ancestry. We then applied the two- 
sample MR design to better understand the potential therapeutic ef
fects of FGF21 on relevant phenotypes, including alcohol and nutrient 
intake, cardiovascular and metabolic biomarkers and diseases, and liver 
function biomarkers. With respect to a drug target such as FGF21, the 
MR design can utilize one or multiple genetic variants in a relevant gene 
and associated with the targeted drug as instrument(s) to assess the ef
fect of perturbing that drug target [21]. Through the random separation 
of genetic alleles at conception, MR can mimic the design of randomized 
clinical trials and reduce reverse causality and confounding. MR studies 
have commonly demonstrated to produce similar results as randomized 
clinical trials but in a more cost-effective and relatively inexpensive 
manner. Considering that genotype is fixed at birth, MR studies reflect 
the long-term (life-long) effect of higher, but still physiological in their 
range, concentrations of the exposure on health outcomes whereas 
clinical trials in humans investigate relative short-term effects of either 
physiological or high pharmacological concentrations of the exposure of 
interest. 

2. Materials and methods 

2.1. Study population 

The study population for the discovery and replication cohorts 
included participants of clinical subcohorts of the Swedish Mammog
raphy Cohort and Cohort of Swedish Men which are embedded in the 
Swedish Infrastructure for Medical Population-Based Life-Course and 
Environmental Research (SIMPLER) (https://www.simpler4health.se/). 
These population-based longitudinal cohorts were established in 
1987–1990 (Swedish Mammography Cohort) and 1997 (Cohort of 
Swedish Men) when all women who were born between 1914 and 1948 
and lived in Västmanland and Uppsala counties and all men who were 
born between 1918 and 1952 and lived in Västmanland and Örebro 
counties were invited to participate in these cohorts. Participants for the 
two clinical subcohorts were randomly selected from cohort participants 

living in Västmanland and Uppsala counties. The discovery cohort 
sample for the present study comprised 7384 women and men who 
participated in a health examination in Västerås (city in Västmanland 
County) between 2010 and 2019. The replication cohort comprised 
5022 women in Uppsala who participated in a health examination and 
provided a blood sample between 2003 and 2009. 

At the health examination, a fasting blood sample was drawn and 
other data such as weight and height were collected. Participants also 
completed questionnaires about their diet and other lifestyle factors and 
health status. After GWAS and protein data quality control (see below), 
6259 and 4483 participants remained for analysis in the discovery and 
replication cohort, respectively. 

The study was approved by the Ethical Review Authority, Sweden. 
All participants gave written informed consent. 

2.2. FGF21 measurement 

Blood samples were collected in the morning following an overnight 
fast. For lithium-heparin plasma preparation, blood samples were light- 
protected and after a delay of 15–20 min at room temperature, samples 
were spun in a centrifuge at 1615 g for 11 min at 4 ◦C. The plasma was 
then frozen in multiple tubes and stored at − 80 ◦C until analysis. The 
relative concentration of FGF21 in plasma was measured by a high- 
throughput multiplex immunoassay (Olink Proseek Multiplex CVD II; 
Olink Bioscience, Uppsala, Sweden), which provides normalized protein 
expression values on a log2 scale standardized per analysis plate. We 
used bridging samples from the two cohorts to standardize concentra
tions. For data analysis Olink NPX Manager software was applied, and 
one-unit higher NPX represents an approximate doubling of measured 
FGF21 concentration. The within and between run precision coefficient 
of variation was 4 % and 5 %, respectively. 

2.3. Genotyping and GWAS quality control 

Genotyping was performed for the same individuals for whom the 
protein analysis was done. For the discovery cohort, staff at Eurofins 
Genomics (Ebersberg, Germany) extracted DNA from 4 ml EDTA whole 
blood with use of QIAamp DNA Blood Midi Kit” (Cat. No. 51185) from 
Qiagen (Hilden, Germany). Subsequently, samples were genotyped at 
Eurofins Genomics with the Illumina Infinium Global Screening Array 
version 3 (GSAv3; Illumina, San Diego, CA, USA) including 654,027 
markers. Sample exclusion filters applied were: (1) samples with 
discordant sex information when comparing reported sex and sex 
determined by the X-chromosome; (2) non-European ancestry; (3) het
erozygosity outliers -/+3*IQR from Q1/Q3; (4) low sample call rate 
(<98 %); (5) HWE exact p-value <1 × 10− 7 (–hwe midp); (6) minor 
allele count <20; (7) markers not present in 1000G/HRC with matching 
alleles; (8) allele frequency difference > 0.15 compared with 1000G/ 
HRC. In total, 6903 samples passed quality control, and 533,425 marker 
sites. We imputed data by use of chr1-22,X: Michigan Imputation Server 
v1.2.4 using Eagle v2.4 + minimac v4 and both 1000G phase3 (v5) in 
tgp.ph 3/ and HRC v1.1 in in hrc1.1/ as reference panels. The final 
genetic dataset included approximately 7.8 million markers. 

For the replication cohort, staff at the Biobank at Karolinska Insti
tutet extracted DNA from 400 μl EDTA whole blood with the Chemagen 
STAR DNA Blood 400 kit (Perkin Elmer, Waltham, MA, USA) using a 
ChemagicStar-robot (Hamilton, Reno, NV, USA) based on magnetic bead 
separation. Subsequently, samples were genotyped at the SNP&SEQ 
Technology Platform, Science for Life Laboratory, Uppsala University 
with the Illumina Infinium Global Screening Array Multiple Disease 
version 1 (GSAv1; Illumina, San Diego, CA, USA) including 642,824 
markers. In the replication cohort, we used the same exclusion filters for 
quality control, leaving 535,329 sites and 4724 samples. For imputation 
of chr1-22 the Michigan Imputation Server v1.0.4 using Eagle v2.3 +
minimac v3 was used and for chrX the Michigan Imputation Server 
v1.2.4 using Eagle v2.4 + minimac v4, with reference panels 1000G 
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phase3 (v5) in tgp.ph 3/ and HRC v1.1 in in hrc1.1/. The final genetic 
dataset included approximately 7.8 million markers. 

2.4. GWAS analysis 

Analyses of the associations between genetic variants and circulating 
FGF21 concentrations were performed using linear regression and an 
additive genetic model, as implemented in SNPTEST [22]. Adjustments 
were made for age, sex (in the discovery cohort), and the first five ge
netic principal components, to correct for possible population stratifi
cation. Genetic variants associated with circulating FGF21 at the 
genome-wide significance threshold (i.e., P < 5 × 10− 8) in the discov
ery cohort were taken forward for replication analysis. Associations 
were considered replicated at an a priori P value <0.05 with the same 
direction in the replication cohort. All P values were from two-sided 
statistical tests. 

2.5. MR analysis 

A two-sample MR design was used to assess the potential causal ef
fects of increased circulating FGF21 concentrations on relevant pheno
types that have been previously found to associate with circulating 
FGF21 in animals or humans [1,4–7,9–17]. The phenotypes studied in 
the current MR study included intake of alcohol and nutrients (including 
total sugar, carbohydrate, protein, and fat), cardiovascular biomarkers 
and diseases (including triglycerides, low-density lipoprotein choles
terol, apolipoprotein B, high-density lipoprotein cholesterol, apolipo
protein A-I, C-reactive protein, coronary artery disease, atrial 
fibrillation, heart failure, and ischemic stroke), metabolic biomarkers 
and diseases (including whole body fat mass, fasting glucose, fasting 
insulin, IGF-I, and type 2 diabetes), and liver function biomarkers 
(including alanine aminotransferase, alkaline phosphatase [ALP], 
aspartate aminotransferase, gamma-glutamyl transferase, galectin-3, 
liver fat content, and non-alcoholic fatty liver disease). For all but 
three phenotypes, MR analysis to obtain the Wald ratio estimate of the 
association between genetically predicted circulating FGF21 and the 
phenotype (i.e., the ratio of the beta coefficient for the outcome divided 
by the beta coefficient for circulating FGF21) was conducted using the 
MR-Base platform [23] and the largest pertinent GWAS dataset available 
that contained the FGF21-associated single-nucleotide polymorphism 
(SNP) [23–31]. For type 2 diabetes, liver fat, content and non-alcoholic 
fatty liver disease, summary statistics data were obtained from the 
DIAMANTE consortium [32] and recent GWAS meta-analyses [33,34]. 
Associations with a P value <0.0018 (P = 0.05/28 tested phenotypes) 
were regarded strong associations, whereas associations with a P value 
between 0.0018 and 0.05 were regarded suggestive associations. 

2.6. MR assumptions 

The three core instrumental variable assumptions for an MR analysis 
are: 1) the genetic variant must be strongly associated with the exposure 
(the relevance assumption); 2) the genetic variant should not be asso
ciated with potential confounders (the independence assumption); and 
3) the genetic variant must affect the outcome through the exposure and 
not through other pathways (the exclusion restriction assumption). A 
single genetic variant could satisfy these assumptions if it has a genome- 
wide significant association with the exposure and is located in or near 
the gene encoding the exposure (e.g., FGF21), and with no pleiotropic 
associations with other phenotypes. In this MR study, we considered 
these conditions when selecting the instrumental variable for circulating 
FGF21 concentrations. 

3. Results 

3.1. GWAS 

Characteristics of the discovery and replication cohorts are presented 
in Table 1. The GWAS analysis identified multiple SNPs with genome- 
wide significant associations with plasma FGF21 concentrations on 
chromosome 2 in the GCKR (glucokinase regulatory protein) gene and 
on chromosome 19 in or near the FGF21 gene (Fig. 1). All SNPs were 
replicated (Supplemental Table 1). The strongest signals at the GCKR 
and FGF21 loci were rs1260326 (β = 0.174, P = 3.98 × 10− 34) and 
rs2548957 (β = 0.181, P = 2.18 × 10− 42), respectively (Table 2). The 
latter SNP explained 1.3 % of the variance in FGF21 concentration in the 
discovery cohort and 1.9 % in the replication cohort. 

3.2. Two-sample MR analysis 

For the two-sample MR analyses, rs2548957 near the FGF21 locus 
was used as instrumental variable for circulating FGF21 concentrations. 
There were no other independent SNPs (linkage disequilibrium R2 >

0.01) associated with circulating FGF21 in this locus. SNPs from the 
GCKR gene were not considered as instrumental variable because of the 
well-established strong pleiotropic associations of the GCKR locus with 
metabolic phenotypes. Details of the GWAS datasets used for the studied 
outcomes are shown in Table 3. 

Our MR analyses showed that higher circulating FGF21 instrumented 
by rs2548957 was strongly associated with lower alcohol consumption, 
lower circulating low-density lipoprotein cholesterol, apolipoprotein B, 
C-reactive protein, gamma-glutamyl transferase, and galectin-3 con
centrations, and higher circulating IGF-I and ALP concentrations (P <
0.0018; Table 3). There were suggestive associations between geneti
cally predicted higher circulating FGF21 and whole-body fat mass, 
circulating alanine aminotransferase, and type 2 diabetes risk, but no 
association with the other studied outcomes (Table 3). 

4. Discussion 

FGF21 is a hormone that regulates several aspects of energy ho
meostasis and metabolism in animals and humans. The magnitude and 
pleotropic character of its beneficial action on many, if not all, metabolic 
abnormalities in animals have led to extensive exploration of their 
biology in animals and later in humans and have revealed that the 
biology of FGF21 is different from that in animals from several points of 
view. Even though observational studies in humans project a picture 
consistent with FGF21 resistance in diabetes, obesity, and 

Table 1 
Characteristics of participants in the discovery and replication cohorts.  

Characteristica Discovery cohort (N 
= 6259) 

Replication cohort (N 
= 4483) 

Age, years 73.8 (5.3) 67.1 (6.8) 
Women 2170 (34.7 %) 4483 (100.0 %) 
Body mass index, kg/m2 26.6 (4.0) 25.9 (4.3) 
Alcohol intake, g/day 7.6 (3.4–13.8) 4.3 (1.5–8.0) 
Plasma FGF21, NPX 7.19 (1.24) 6.80 (1.23) 
Plasma triglycerides, mmol/L 1.25 (0.98–1.65) 1.12 (0.86–1.52) 
Plasma LDL cholesterol, mmol/ 

L 
3.13 (1.03) 3.53 (0.91) 

Plasma HDL cholesterol, mmol/ 
L 

1.51 (0.38) 1.58 (0.37) 

Plasma C-reactive protein, mg/ 
L 

1.60 (0.85–3.10) 1.50 (0.77–2.95) 

Plasma alanine 
aminotransferase, μkat/L 

0.20 (0.15–0.27) 0.20 (0.15–0.27)  

a Data are mean ± standard deviation, median (interquartile range), or 
number (%), as appropriate. HDL, high-density lipoprotein; LDL, low-density 
lipoprotein. 
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cardiovascular disease [35], novel FGF21-analogues have been designed 
and are now tested for therapeutic purposes although their success 
cannot be fully predicted based on existing experimental data. 

Several areas of FGF21 biology, including its association with alcohol 
or carbohydrate (sweets) intake in humans remain to be fully elucidated 
and initial attempts to develop novel medications to address obesity and 
hyperglycemia in type 2 diabetes patients resulted have not revealed 
very promising results. In contrast, robust, consistent, and durable ef
fects on lipid metabolism gradually shifted emphasis toward their use 
for hyperlipidemias and the efficacy of FGF21 analogues for cardio
vascular disease remains to be shown. Whether FGF21 analogues may 
have effects on alcohol or carbohydrate intake and whether they can 
provide a favorable efficacy vs safety balance for non-alcoholic steato
hepatitis, an unmet clinical need, or other conditions remains currently 
an active area of investigation. In that respect, methodologies that 
confer causal inferences and are not expensive or time consuming, such 
as MR studies, could provide invaluable information which could 
elucidate future randomized trial design and development of FGF21 
analogues as potential pharmacotherapies in the future. 

In the present study, the two-sample MR design was applied to study 
the causal effects of targeting FGF21, instrumented by a reliable genetic 
variant in the FGF21 gene region, on a wide range of health outcomes. 
Firstly, we conducted a GWAS analysis in nearly 11,000 adults of Eu
ropean ancestry and identified genome-wide significant associations of 
genetic variants in and near the GCKR and FGF21 gene regions with 
FGF21 concentrations. Secondly, we used the two-sample MR design 
and found evidence in support that higher circulating FGF21 concen
trations instrumented by the strongest signal near the FGF21 gene im
proves lipid profile and reduces alcohol consumption, C-reactive 

protein, gamma-glutamyl transferase, and galectin-3 concentrations, 
and increases IGF-I and ALP concentrations. 

The observed associations of genetically predicted higher FGF21 
concentrations with lower alcohol consumption and lower concentra
tions of gamma-glutamyl transferase, a widely used biomarker of heavy 
alcohol drinking, are consistent with a physiological role of FGF21 to 
regulate alcohol intake and provide support to results of previous 
studies, which have demonstrated that exogenous FGF21 treatment 
decreases alcohol consumption [14,16,17]. FGF21 treatment has also 
been reported to reduce sugar and sweet food consumption [14–16]. The 
lack of association between genetically predicted FGF21 concentrations 
and total sugar intake may be related to misclassification of sugar intake 
in the GWAS analysis in the UK Biobank. We also observed no significant 
association between genetically predicted FGF21 concentrations and 
macronutrient intake. These negative findings may also be due to 
misclassification of nutrient intake or to the true lack of associations of 
FGF21 with macronutrient preference in humans and need to be 
explored further. 

Despite reduced low-density lipoprotein cholesterol and apolipo
protein B concentrations with higher FGF21 concentrations, we found 
no evidence of a causal effect of FGF21 on coronary artery disease and 
ischemic stroke risk. These findings validate hyperlipidemia as a major 
pharmacotherapy target of FGF21 analogues and suggest that other risk 
factors, such as greater fat mass and prevalence of type 2 diabetes which 
are associated with increasing FGF21 concentrations, indicating a de
gree of FGF21 resistance [35], may counteract the beneficial effect of 
improved lipid profile. Both fat mass and type 2 diabetes are causal risk 
factors for coronary artery disease and ischemic stroke [36–38], and 
both tend to increase with increasing FGF21 levels herein indicating a 

Fig. 1. Manhattan plot of GWAS analysis of circulating FGF21 in the discovery cohort of 6259 women and men. The X-axis represents the genomic position. The Y- 
axis represents the -log10 (P) of SNPs. The solid line is the genome wide significance threshold (P < 5 × 10− 8). 

Table 2 
Lead SNPs associated with circulating FGF21 concentrations in GWAS analysis of the discovery and replication cohorts and in meta-analysis of both cohorts.  

SNP Chr Position Nearest gene EA/OA Discovery cohort (N = 6259) Replication cohort (N = 4483) Meta-analysis (N = 10,742) 

β (SE)a P value β (SE)a P value β (SE)a P value 

rs1260326  2  27,730,940 GCKR C/T 0.170 (0.019) 6.93 × 10− 20 0.180 (0.022) 3.97 × 10− 16 0.174 (0.014) 3.98 × 10− 34 

rs2548957  19  49,262,500 FGF21 A/G 0.167 (0.018) 3.77 × 10− 21 0.201 (0.021) 9.20 × 10− 22 0.181 (0.013) 2.18 × 10− 42 

Chr, chromosome; EA, effect allele; OA, other allele; SE, standard error; SNP, single-nucleotide polymorphism. 
a β coefficients represent the change in FGF21 concentrations per additional effect allele. For data analysis Olink NPX Manager software was applied, and one-unit 

higher NPX represents an approximate doubling of the measured FGF21 concentration. 
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level of FGF21 resistance. It remains to be shown whether very potent 
FGF21 analogues could potentially overcome the demonstrated FGF21 
resistance in obesity and type 2 diabetes [35], but our data support no 
role for long-term higher FGF21 concentrations within the physiological 
range to regulate energy homeostasis, obesity, and type 2 diabetes in 
contrast to hyperlipidemia. 

Our MR analysis confirmed the lack of association of circulating 
FGF21 with glycemic traits reported by previous clinical trials evalu
ating the effects of FGF21 analogues on glycemic control [5,7,9–13]. 
The observed positive association between genetically predicted circu
lating FGF21 and IGF-I concentrations is in line with the result of a 

clinical trial, which showed that treatment with an FGF21 analogue 
increased IGF-I concentrations [7]. We have previously found that 
genetically predicted higher IGF-I concentrations is associated with an 
increased risk of type 2 diabetes and several lines of evidence indicate 
that increasing IGF-1 can compensate for insulin resistance by acting 
through its own or the insulin receptor [39]. Hence, the observed sug
gestive association between genetically predicted FGF21 concentrations 
and type 2 diabetes might be mediated by FGF21 resistance and may 
reflect the existence of an underlying insulin resistance, which may be 
compensated, at least in part, through increased IGF-I which may act at 
the level of the insulin receptor in a compensatory manner [40,41]. 

Table 3 
Associations of circulating FGF21 concentrations instrumented by rs2548957 with relevant phenotypes in two-sample MR analysis.  

Phenotype Details of the phenotype GWAS used in two-sample MR analysis Two-sample MR analysis resulta 

Phenotype ID in the MR- 
Base platform 

Study or consortium First author’s last name, 
year [reference] 

Sample size or 
cases/controls 

β-coefficient or odds 
ratio (95 % CI) 

P value 

Alcohol and nutrients        
Alcoholic drinks per 
week 

ieu-b-73 GSCAN Liu, 2020 [24] 335,394 − 0.062 (− 0.083, 
− 0.041) 

6.77 ×
10− 9 b  

Total sugar intake ukb-b-17,079 UKBB Elsworth, 2018 [23] 64,979 0.012 (− 0.048, 0.071) 0.700  
Carbohydrate intake ukb-b-7244 UKBB Elsworth, 2018 [23] 64,979 0.034 (− 0.025, 0.093) 0.261  
Protein intake ukb-b-12,043 UKBB Elsworth, 2018 [23] 64,979 0.058 (0.000, 0.117) 0.051  
Fat intake ukb-b-12,379 UKBB Elsworth, 2018 [23] 64,979 0.051 (− 0.008, 0.110) 0.088 

Cardiovascular        
Triglycerides ieu-b-111 UKBB Richardson, 2020 [25] 441,016 − 0.019 (− 0.040, 

0.003) 
0.094  

LDL cholesterol ieu-b-110 UKBB Richardson, 2020 [25] 440,546 − 0.078 (− 0.100, 
− 0.055) 

1.92 ×
10− 11 b  

Apolipoprotein B ieu-b-108 UKBB Richardson, 2020 [25] 439,214 − 0.078 (− 0.100, 
− 0.055) 

1.25 ×
10− 11 b  

HDL cholesterol ieu-b-109 UKBB Richardson, 2020 [25] 403,943 − 0.021 (− 0.042, 
0.000) 

0.051  

Apolipoprotein A-I ieu-b-107 UKBB Richardson, 2020 [25] 393,193 − 0.019 (− 0.040, 
0.003) 

0.088  

C-reactive protein ukb-d-30710_irnt UKBB Neale, 2018 [23] 343,524 − 0.045 (− 0.071, 
− 0.019) 

7.77 ×
10− 4 b  

Coronary artery 
disease 

ebi-a-GCST005195 CARDIoGRAMplusC4D van der Harst, 2017 [26] 122,733/424528 0.988 (0.916, 1.066) 0.758  

Atrial fibrillation ebi-a-GCST006414 Six consortia/studiesc Nielsen, 2018 [27] 60,620/970216 0.969 (0.893, 1.051) 0.447  
Heart failure ebi-a-GCST009541 HERMES Shah, 2020 [28] 47,309/930014 0.988 (0.906, 1.101) 0.973  
Ischemic stroke ebi-a-GCST006908 MEGASTROKE Malik, 2018 [29] 34,217/406111 1.065 (0.931, 1.218) 0.358 

Metabolic        
Whole body fat mass ukb-b-19,393 UKBB Elsworth, 2018 [23] 454,137 0.022 (0.001, 0.004) 0.040  
Fasting glucose ebi-a-GCST90002232 MAGIC Chen, 2021 [30] 200,622 − 0.022 (− 0.053, 

0.010) 
0.179  

Fasting insulin ebi-a-GCST90002238 MAGIC Chen, 2021 [30] 151,013 − 0.003 (− 0.038, 
0.031) 

0.851  

Leptin ebi-a-GCST90012076 SCALLOP Folkersen, 2020 [31] 21,758 0.065 (− 0.053, 0.183) 0.283  
Insulin-like growth 
factor-I 

ukb-d-30770_irnt UKBB Neale, 2018 [23] NA 0.065 (0.039, 0.090) 5.85 ×
10− 7 b  

Type 2 diabetes NA DIAMANTE Mahajan [32] 74,124/824006 1.123 (1.043, 1.209) 0.002 
Liver disease        

Alanine 
aminotransferase 

ukb-d-30620_irnt UKBB Neale, 2018 [23] NA 0.027 (0.003, 0.051) 0.030  

Alkaline phosphatase ukb-d-30610_irnt UKBB Neale, 2018 [23] NA 0.236 (0.211, 0.262) 3.25 ×
10− 74 b  

Aspartate 
aminotransferase 

ukb-d-30650_irnt UKBB Neale, 2018 [23] NA − 0.022 (− 0.047, 
0.003) 

0.078  

Gamma-glutamyl 
transferase 

ukb-d-30730_irnt UKBB Neale, 2018 [23] NA − 0.076 (− 0.100, 
− 0.052) 

7.71 ×
10− 10 b  

Galectin-3 ebi-a-GCST90012009 SCALLOP Folkersen, 2020 [31] 21,758 − 0.247 (− 0.357, 
− 0.137) 

1.17 ×
10− 5 b  

Liver fat NA UKBB Haas, 2021 [33] 32,192 0.022 (− 0.063, 0.107) 0.640  
NAFLD NA Three studies Anstee, 2020 [34] 1484/17781 1.337 (0.954, 1.874) 0.092 

CARDIoGRAMplusC4D, Coronary ARtery DIsease Genome wide Replication and Meta-analysis plus Coronary Artery Disease Genetics; CI, confidence interval; DIA
MANTE, DIAbetes Meta-ANalysis of Trans-Ethnic association studies; GIANT, Genetic Investigation of ANthropometric Traits; GSCAN, GWAS and Sequencing Con
sortium of Alcohol and Nicotine use; HDL, high-density lipoprotein; HERMES, Heart Failure Molecular Epidemiology for Therapeutic Targets; irnt, inverse rank-normal 
transformed; LDL, low-density lipoprotein; MAGIC, Meta-Analyses of Glucose and Insulin-related traits Consortium; NA, not available; NAFLD, non-alcoholic fatty liver 
disease; OR, odds ratio; UKBB, UK Biobank. 

a Beta coefficients (standard deviation unit) and odds ratios are scaled per approximate doubling of genetically predicted circulating FGF21 concentrations. 
b Significant at the Bonferroni corrected significance threshold (P < 0.0018), accounting for multiple comparisons. 
c Atrial Fibrillation Consortium, UKBB, Nord-Trøndelag Health Study, Diabetes Epidemiology: Collaborative analysis of Diagnostic criteria in Europe, Michigan 

Genomics Initiative, and DiscovEHR. 
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In our study, we also found an inverse association between geneti
cally predicted FGF21 and C-reactive protein concentrations, a marker 
of systemic inflammation, supporting a protective role of FGF21 in 
inflammation. We demonstrate, however, that improvements in 
inflammation and hyperlipidemia are not sufficient to result in 
improved cardiovascular disease outcomes in the presence of resistance 
to it effects in obesity and type 2 diabetes. 

The prominent influence of FGF21 on circulating ALP is a novel 
finding that needs further exploration. The vast majority of circulating 
ALP activity is normally derived from liver and bone, and it is well 
known that serum ALP elevations occur in cholestatic liver disease and 
bone disorders [42]. The normal physiology of the enzyme is less known, 
and this study cannot differentiate between liver vs. bone as the source 
of ALP but the concomitant association with increased gamma-glutamyl 
transferase may be pointing to a liver etiology. The physiological ac
tivity of ALP involves the provision of phosphate to tissue (mainly bone) 
or the activation or inactivation of substrates via dephosphorylation. 
There seems to be no evidence of hyperphosphatemia or other delete
rious effects of elevated serum ALP concentration but ALP knockout 
mice display accelerated fat absorption, suggesting that ALP inhibits fat 
absorption [43] – adding to our observation that FGF21 influences blood 
lipids. Multiple studies have suggested that intestinal ALP might also 
diminish gut inflammation, possibly via dephosphorylation of toxic 
bacterial lipopolysaccharides or enhancement of the barrier function of 
the intestinal epithelium [44,45]. The axis between FGF21, ALP activity, 
blood lipids, and inflammation needs further exploration. 

Among other liver disease biomarkers, very weak or no association 
was observed between genetically predicted FGF21 and alanine 
aminotransferase, liver fat, and non-alcoholic fatty liver disease indi
cating that FGF21 in physiological concentrations may have a minor or 
no effect on early stages of the non-alcoholic fatty liver disease process 
[46,47]. Nevertheless, we observed a strong inverse association of 
genetically predicted FGF21 with galectin-3 concentrations, which have 
previously been reported to be higher in patients with liver fibrosis 
including liver cancer, liver failure, and liver cirrhosis compared with 
healthy volunteers [48]. Thus, FGF21 in physiological concentrations 
may have more significant effects on late stages of nonalcoholic stea
tohepatitis including fibrosis as well as cirrhosis and progression to liver 
failure and cancer. 

In addition to SNPs at the FGF21 locus, SNPs in the GCKR gene was 
strongly associated with circulating FGF21 in the present GWAS. The 
GCKR locus is widely reported to have pleiotropic effects on metabolic 
phenotypes, such as triglycerides [49–51], but primarily fasting glucose 
[51], and type 2 diabetes [32], and is also strongly associated with 
alcohol [24,52] and macronutrient [53] intake. It is plausible that ge
netic variations in GCKR do not directly affect FGF21 concentrations but 
is otherwise associated with other traits, such as alcohol consumption 
and nutritional factors, and most important genetic forms of diabetes 
and hyperglycemia. Previous evidence indicates that sugar ingestion 
and high-carbohydrate diets provoke changes in circulating FGF21 
concentrations and hepatic expression in mice and humans [4]. Given 
that the GCKR gene, which encodes the glucokinase regulator protein, is 
a highly pleiotropic locus that associates with multiple phenotypes and 
unspecific for FGF21, we did not include genetic variants from this locus 
as instrument for circulating FGF21 in the MR analysis. 

We are not aware of any previous GWAS for circulating FGF21 in 
populations of European ancestry, as done herein, but there is a GWAS 
for this hormone conducted in Taiwanese adults [18]. That GWAS found 
no genome-wide significant associations with circulating FGF21 which 
may be related to insufficient power due to the small sample size (n =
4201 participants). 

The strongest SNP near the FGF21 locus that was identified in our 
GWAS is in modest linkage disequilibrium (R2 ≈ 0.3) with SNPs 
(rs838133 and rs838145) previously found to associate with relative 
intake of macronutrients in GWAS analyses [19,20]. The SNP rs838133 
has also been reported to be strongly associated with alcohol 

consumption, fat mass, lipids, liver enzymes (gamma-glutamyl trans
ferase, ALP, and AST), and CRP concentrations [8,54], suggestively 
associated with major cardiovascular diseases (except for strong asso
ciation with venous thromboembolism), Alzheimer’s disease, and life
span [54], but not associated with glycemic traits or type 2 diabetes 
[8,54]. A weak association was found between rs838145 and FGF21 
protein concentrations in 377 individuals (P = 0.01) [20]. We observed 
moderate associations of both rs838145 and rs838133 with circulating 
FGF21 in the present discovery (P = 1.48 × 10− 6 for rs838145, P =
0.046 for rs838133) and replication (P = 1.25 × 10− 6 for rs838145, P =
0.002 for rs838133) cohorts. 

A strength of our investigation is the relatively large sample size of 
the GWAS and the consistency of the results in two independent study 
samples. Another strength is that we could examine the potential causal 
associations of long-term higher FGF21 concentrations within the 
physiological range on a wide range of phenotypes in large study sam
ples and in a relatively inexpensive way compared with a clinical trial 
and can thus inform clinical trials and rationale drug development 
programs in a very cost-effective manner. An additional advantage is 
that there was no sample overlap between the GWAS for FGF21 and the 
GWAS outcome datasets and therefore our MR findings could not be 
biased toward the observational association. 

A limitation is that effect of the SNPs on protein function is not 
known. Another possible shortcoming is that FGF21 concentrations 
were measured on a relative scale and the values cannot be converted to 
absolute concentrations in plasma, but this would not have influenced 
the conclusions and inferences of this study. A further limitation is that 
we were unable to assess the associations of genetically predicted FGF21 
concentrations with insulin resistance as neither rs2548957 nor a suit
able proxy SNP was available in publicly available GWAS datasets of 
insulin resistance but provide the data herein that can form the basis for 
more detailed studies in the future. A possible limitation is that the study 
populations comprised individuals of European ancestry and the general 
populations. Hence, our findings may not be generalizable to non- 
European populations or to specific patients, such as diabetes patients. 
Finally, we cannot assess any associations or effects of clearly supra
physiological FGF21 concentrations that are expected to be reached by 
the several compounds currently in clinical trials in humans which could 
overcome FGF21 resistance in states such as obesity and diabetes [35]. 
We can only draw robust inferences for FGF21 concentrations within the 
normal physiological range in relation to hyperlipidemias, liver dis
eases, type 2 diabetes, and cardiovascular disease in addition to physi
ological associations with alcohol consumption and carbohydrate intake 
which could also be drug development targets in the future. 

5. Conclusions 

This GWAS identified robust associations of genetic variants in or 
near the GCKR and FGF21 genes with circulating FGF21 concentrations. 
Furthermore, our findings support a causal role of FGF21 within the 
physiological range on alcohol consumption, blood lipids, systemic 
inflammation, IGF-I, and liver function in humans. 
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