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Aims Fibroblast growth factor (FGF) 21, a key regulator of energy metabolism, is currently evaluated in humans for treat-
ment of type 2 diabetes and non-alcoholic steatohepatitis. However, the effects of FGF21 on cardiovascular benefit,
particularly on lipoprotein metabolism in relation to atherogenesis, remain elusive.

....................................................................................................................................................................................................
Methods
and results

Here, the role of FGF21 in lipoprotein metabolism in relation to atherosclerosis development was investigated by
pharmacological administration of a half-life extended recombinant FGF21 protein to hypercholesterolaemic
APOE*3-Leiden.CETP mice, a well-established model mimicking atherosclerosis initiation and development in
humans. FGF21 reduced plasma total cholesterol, explained by a reduction in non-HDL-cholesterol.
Mechanistically, FGF21 promoted brown adipose tissue (BAT) activation and white adipose tissue (WAT) browning,
thereby enhancing the selective uptake of fatty acids from triglyceride-rich lipoproteins into BAT and into browned
WAT, consequently accelerating the clearance of the cholesterol-enriched remnants by the liver. In addition,
FGF21 reduced body fat, ameliorated glucose tolerance and markedly reduced hepatic steatosis, related to
up-regulated hepatic expression of genes involved in fatty acid oxidation and increased hepatic VLDL-triglyceride
secretion. Ultimately, FGF21 largely decreased atherosclerotic lesion area, which was mainly explained by the
reduction in non-HDL-cholesterol as shown by linear regression analysis, decreased lesion severity, and increased
atherosclerotic plaque stability index.

....................................................................................................................................................................................................
Conclusion FGF21 improves hypercholesterolaemia by accelerating triglyceride-rich lipoprotein turnover as a result of activat-

ing BAT and browning of WAT, thereby reducing atherosclerotic lesion severity and increasing atherosclerotic
lesion stability index. We have thus provided additional support for the clinical use of FGF21 in the treatment of
atherosclerotic cardiovascular disease.
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1. Introduction

Atherosclerosis, which underlies life-threatening cardiovascular diseases,
is driven by hypercholesterolaemia.1 Apolipoprotein (Apo) B-containing
cholesterol-rich lipoproteins enter the arterial intima to trigger or prop-
agate a complex inflammatory cascade accompanied by cholesterol-
laden foam cell accumulation, fatty streak formation, and subsequently
the progressive development of atherosclerotic plaques.1 Cholesterol
homoeostasis in the circulation thus modulates the initiation and severity
of atherosclerosis. The attenuation of hypercholesterolaemia potently
reduces morbidity and mortality of atherosclerotic cardiovascular dis-
eases as consistently observed in extensive clinical studies.2 However,
many at-risk patients either fail to reach their target cholesterol levels
with current therapeutics such as statins or are intolerant to statins due
to their adverse effects.3 This leaves many patients with obvious residual
risks, indicating that additional effective therapeutics including novel
cholesterol-lowering agents are needed.

Fibroblast growth factor (FGF) 21, an endocrine hormone, has re-
ceived increasing attention for its ability to regulate energy homoeostasis
and counteract obesity-related disorders.4,5 Physiologically, FGF21 is in-
duced by a diverse range of stressors such as cold exposure, fasting/star-
vation, and ketogenic diet consumption, and in turn aids the adaptation
to the stressor by increasing adaptive thermogenesis, lipolysis, ketogene-
sis, and fatty acid (FA) oxidation, respectively.6–8 Moreover, patients
with obesity,9 type 2 diabetes,10 and non-alcoholic fatty liver diseases11

show higher serum FGF21 levels, demonstrating a compensatory FGF21
response in an attempt to overcome FGF21 resistance or maintain meta-
bolic homoeostasis. FGF21 treatment has multiple therapeutic benefits
for cardiometabolic disorders in rodents and humans, including allevia-
tion of insulin resistance5 and attenuation of non-alcoholic
steatohepatitis.12

FGF21 exerts its metabolic actions through cell-surface receptors
comprised of the conventional FGF receptor 1 in complex with

b-klotho, which is abundantly expressed in fat tissue.13 Despite adipose
tissue being its primary target organ,14 FGF21 also acts on the hypothala-
mus,15 hindbrain,16 and liver8 to sustain metabolic homoeostasis. FGF21
was recently shown to directly and indirectly (via the sympathetic ner-
vous system) act on adipose tissue to promote brown fat activation and
white fat browning, thereby increasing energy expenditure and promot-
ing weight loss.17,18

Studies on the role of FGF21 in atherosclerosis development are still
scarce and mainly derived from genetic studies, showing that FGF21-
deficiency in ApoE-knockout mice increases atherosclerosis.19 Strikingly,
FGF21 administration improves hypercholesterolaemia in obese non-
human primates20 and humans,21 implying that beneficial effects of
FGF21 on lipoprotein metabolism may attenuate atherosclerosis pro-
gression. Indeed, increased circulating FGF21 levels in atherosclerosis
patients are proposed to be a compensatory mechanism to prevent vas-
cular damage.22 A single study has evaluated the pharmacological effect
of FGF21 on atherosclerosis in FGF21 and ApoE double-knockout
mice.19 However, since ApoE is essential for mediating uptake of triglyc-
eride (TG)-rich lipoprotein remnants by the liver, ApoE-knockout mice
may not be the preferred model to study potential effects of FGF21 on
atherosclerosis development through modulation of plasma lipid
metabolism.

The main objective of the current study was to evaluate the role of li-
poprotein metabolism in the effects of pharmacological FGF21 treat-
ment on atherosclerosis development. To that end, we used APOE*3-
Leiden.CETP mice, a translational model for human-like lipoprotein me-
tabolism that, in favourable contrast to ApoE or low-density lipoprotein
receptor (LDLR)-knockout mice, respond to the cholesterol-lowering
effects of lipid-lowering agents.23 Here, we report that FGF21 decreases
hypercholesterolaemia by accelerating TG-rich lipoprotein turnover as a
result of activating brown adipose tissue (BAT) and browning of white
adipose tissue (WAT), thereby reducing atherosclerotic lesion severity
and increasing the atherosclerotic lesion stability index.
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2. Methods

2.1 Animals
Female APOE*3-Leiden.CETP mice were obtained as previously de-
scribed.24 Mice at the age of 8–12 weeks were housed under standard
conditions (22�C; 12/12-h light/dark cycle) with ad libitum access to wa-
ter and a cholesterol-containing Western-type diet (WTD; 0.15% cho-
lesterol and 16% fat; Altromin, Lage, Germany). All mice were
acclimatized to housing and WTD for 3 weeks prior to the pharmaco-
logical intervention, to raise plasma cholesterol from �2 mM up to sta-
ble levels of �15 mM that are sufficient to induce atherosclerosis
development. Then, based on 4-h fasted plasma lipid levels, body weight,
and body composition, these mice were randomized to two treatment
groups receiving either recombinant FGF21 (AstraZeneca, 1 mg/kg body
weight, according to previous studies20,25) or vehicle [0.1% BSA in
sterile-filtered phosphate buffered saline (PBS)] via subcutaneous injec-
tion, 3 times per week (i.e. Monday, Wednesday and Friday at 1 pm). In a
first study, mice were treated for 16 weeks, in which indirect calorimetry
was assessed at week 8 and atherosclerosis development at week 16
(n = 16 mice per group). In a second study, mice were treated for
12 weeks, in which an intraperitoneal glucose tolerance test (IPGTT)
was performed at week 6 and very low-density lipoprotein (VLDL) pro-
duction was assessed at week 12 (n = 8 per group). Unless indicated oth-
erwise, mice were group housed (3–5 per cage) during the treatment
period to avoid stress caused by single housing. In the first study, mice
were euthanized with CO2 inhalation, and in the second study, mice
were euthanized with cervical dislocation. All animal experiments were
carried out according to the Institute for Laboratory Animal Research
Guide for the Care and Use of Laboratory Animals, and were approved
by the National Committee for Animal Experiments (Protocol No.
AVD1160020173305) and by the Ethics Committee on Animal Care
and Experimentation of the Leiden University Medical Center (Protocol
No. PE.18.034.014 and No. PE.18.034.044). All animal procedures were
conformed the guidelines from Directive 2010/63/EU of the European
Parliament on the protection of animal used for scientific purposes.

2.2 Recombinant FGF21 protein
FGF21 has a short half-life in vivo, and a Fc-fusion was designed to in-
crease circulation levels for longer duration of action.26 Recombinant
FGF21 protein was generated as described under Expanded Methods in
the Supplementary material online.

2.3 Measurement of body weight and body
composition
Body weight was determined weekly with a scale, and body composition
was determined biweekly in conscious mice using an EchoMRI-100 ana-
lyzer (EchoMRI, Houston, TX, USA).

2.4 Indirect calorimetry
In the first experiment, indirect calorimetry was carried out in fully auto-
mated metabolic cages (Promethion line, Sable Systems International,
Las Vegas, NV, USA) after 8 weeks of treatment. Mice (n = 8 per group)
were single housed and acclimatized to the system for 48 h, then further
monitored for 72 h (3 light/dark cycles). Food intake, physical activity, O2

consumption (mL/h/kg body weight), and CO2 production (mL/h/kg
body weight) were continuously monitored. Mice had ad libitum access
to food and water and received either FGF21 or vehicle every other day.
Energy expenditure, fat oxidation rate, and carbohydrate oxidation rate

were calculated27 and expressed per mouse. Besides, these values were
expressed per g lean mass.

2.5 Glucose tolerance test
In the second experiment, after 6 weeks of treatment, an IPGTT was
conducted with an injection of D-glucose (2 g/kg body weight) after 4 h
fasting (9:00–13:00; n = 8 per group). The IPGTT was performed as de-
scribed under Expanded Methods in the Supplementary material online.
Homoeostasis Model Assessment for Insulin Resistance (HOMA-IR)
was calculated with the following formula: [fasting serum glucose (mM)
� fasting serum insulin (mU/ml)]/22.5.

2.6 In vivo plasma decay and organ uptake
of VLDL-mimicking particles
VLDL-mimicking particles (average size 80 nm) labelled with glycerol
tri[3H]oleate ([3H]TO) and [14C]cholesteryl oleate ([14C]CO) were
prepared using a previously published method.28 After 16 weeks of
treatment, eight mice per group were selected and fasted for 4 h (9:00–
13:00) and intravenously injected (t = 0 min) with the VLDL-mimicking
particles (1.0 mg TG in 200mL PBS). Blood samples were collected from
the tail vein at 0 min (before injection) and 2, 5, 10, and 15 min after injec-
tion to measure the plasma decay of [3H]TO and [14C]CO. After
15 min, all mice were sacrificed by CO2 inhalation and perfused with ice-
cold PBS. Subsequently, tissues were isolated, and pieces from the mice
treated with VLDL-mimicking particles were transferred into High
Performance glass vials (PerkinElmer, Groningen, The Netherlands) and
dissolved overnight at 56�C in 0.5 mL Solvable (PerkinElmer, Groningen,
The Netherlands). Dissolved organs were mixed with 5 mL Ultima Gold
scintillation fluid (PerkinElmer, Groningen, The Netherlands), and vials
were placed in a Tri-Carb 2910TR Low Activity Liquid Scintillation
Analyzer (PerkinElmer, Groningen, The Netherlands) to assess 3H and
14C activity. Disintegrations per minute (dpm) of 3H and 14C were
expressed as percentage of the injected dose per gram tissue. Other
pieces of the tissues were either snap-frozen in liquid N2 (for molecular
analysis) or embedded in paraffin (for immunohistochemistry).

2.7 Plasma lipid profiles and adiponectin
levels
Every 4 weeks, after 4-h fasting (9:00–13:00), tail vein blood was col-
lected into paraoxon-coated glass capillaries. Plasma was collected and
measured for TG, free fatty acid (FFA), and total cholesterol (TC) levels
using commercial enzymatic kits from Roche Diagnostics (Mannhein,
Germany). Plasma high-density lipoprotein cholesterol (HDL-C) levels
were measured using previously published approach.27 Plasma adiponec-
tin was measured before (week 0) and after (week 16) the treatment us-
ing Mouse Adiponectin/Acrp30 Quantikine ELISA Kit (R&D Systems,
Minneapolis, NE, USA).

2.8 Adipose tissue histology
Formalin-fixed paraffin-embedded interscapular brown adipose tissue
(iBAT) and subcutaneous white adipose tissue (sWAT) tissue sections
(5mm) were prepared for haematoxylin and eosin staining using standard
protocols,29 and uncoupling protein-1 (UCP-1) immunostaining as de-
scribed previously.30 The areas occupied by intracellular lipid vacuoles
and UCP-1 protein within the iBAT were quantified using Image J soft-
ware (version 1.52a; National Institutes of Health, Bethesda, Maryland).
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2.9 Liver histology and lipid measurements
Formalin-fixed paraffin-embedded liver samples were stained with hae-
matoxylin and eosin staining. The areas occupied by intracellular lipid
vacuoles were quantified using Image J software. Hepatic lipids were
extracted from frozen liver samples using a modified protocol from Bligh
and Dyer.31 Using commercial kits, TG, TC, and phospholipid (PL)
(Instruchemie, Delfzijl, The Netherlands) and protein (Pierce, Thermo
Fisher Scientific, Waltham, MA, USA) concentrations were determined.
Hepatic lipids were expressed as nmol lipid per mg protein.

2.10 Gene expression analysis
Using Tripure RNA isolation reagent (Roche, Mijdrecht, The
Netherlands), total RNA was extracted from snap-frozen tissues. Using
Moloney Murine Leukemia Virus Reverse Transcriptase (Promega,
Leiden, The Netherlands), complementary DNA for quantitative reverse
transcriptase-PCR was generated by reverse transcription of total RNA.
Then, mRNA expression was normalized to b-actin and Rplp0 mRNA
levels and expressed as fold change compared with the vehicle group.
Primer sequences are listed in the Supplementary material online.

2.11 Hepatic VLDL production
In the second experiment, at week 12, mice (n = 8) were fasted for 4 h
(9:00–13:00) and anaesthetized by the intraperitoneal injection (once) of
6.25 mg/kg Acepromazine (Alfasan, Woerden, The Netherlands),
6.25 mg/kg Midazolam (Roche, Mijdrecht, The Netherlands), and
0.31 mg/kg Fentanyl (Janssen-Cilag, Tilburg, The Netherlands).32

Anaesthesia was maintained by intraperitoneal injection (three times; ev-
ery 45 min) of 0.03 mg/kg Acepromazine, 0.03 mg/kg Midazolam, and
0.001 mg/kg Fentanyl.32 To ensure a proper deep plane of anaesthesia
throughout the experimental procedure, the reflexes of mice were
checked by pinching the toes of the foot, and body temperature was
monitored and maintained using a heating pad. Hepatic VLDL produc-
tion was assessed as described under Expanded Methods in the
Supplementary material online. Commercial kits were used for the mea-
surement of VLDL-TG, -TC, and -PL and -protein.

2.12 Atherosclerosis quantification
In the first experiment, at 16 weeks, hearts were collected, prepared,
and cross-sectioned (5mm) as described previously.27 Four sections with
50mm intervals were used per mouse for atherosclerosis measurements.
Sections were stained with haematoxylin–phloxine–saffron for histologi-
cal analysis using standard protocols.33 Lesions were classified by severity
according to the guidelines of the American Heart Association adapted
for mice.34 Various types of lesions were discerned: no lesions, mild
lesions (types 1–3), and severe lesions (types 4–5). Lesion composition
was assessed as described under Expanded Methods in the
Supplementary material online. Lesion area and composition were mea-
sured using Image J software. By dividing the relative collagen and
smooth muscle cell area by the relative area of macrophages within the
same lesion, the stability index was calculated.

2.13 Statistical analyses
Comparisons between vehicle and FGF21 groups were performed using
the unpaired two-tailed Student’s t-test. The square root of the lesion
area was taken to linearize the relationship with the plasma TC, non-
HDL-C, and HDL-C exposures and plasma adiponectin levels (at
16 weeks). To assess significant correlations between atherosclerotic le-
sion size and plasma TC, non-HDL-C and HDL-C exposures and plasma

adiponectin levels, univariate regression analyses were performed. Then,
to predict the contribution of plasma TC, non-HDL-C, and HDL-C
exposures and adiponectin to the atherosclerotic lesion size, multiple re-
gression analysis was performed. Data are presented as mean ± SEM,
and a P value less than 0.05 is considered statistically significant. All statis-
tical analyses were performed with GraphPad Prism 8 (GraphPad
Software Inc., CA, USA) except for univariate and multiple regression
analyses which were performed with SPSS 20.0 (SPSS, Chicago, IL USA)
for Windows.

3. Results

3.1 FGF21 decreases body fat mass by
increasing energy expenditure
We first examined whether FGF21 confers its beneficial effect on body
weight under atherogenic conditions. In line with previous studies,4

FGF21 potently prevented weight gain (Figure 1A). The body weight of
FGF21-treated mice was reduced compared to vehicle-treated mice af-
ter only 2 weeks of treatment (-12%) and thereafter stabilized but
remained significantly lower (-19% at week 16) than that of vehicle-
treated mice. FGF21 only marginally but significantly reduced body lean
mass (-6%) after 2 weeks of treatment, which stabilized during the re-
mainder of the treatment period (Supplementary material online, Figure
S1A). In contrast, FGF21-treated mice showed resistance to gain body
fat on the WTD, resulting in a lower fat mass (-46% at week 16) when
compared to the vehicle counterparts (Figure 1B). Therefore, the reduc-
tion of the body weight was mainly caused by fat mass loss. To under-
stand how FGF21 potently reduces fat mass, next we housed mice in
metabolic cages to measure whole-body energy metabolism. FGF21
treatment did not influence food intake (Figure 1C), nor physical activity
(Figure 1D). Rather, FGF21 treatment induced a robust and consistent in-
crease in energy expenditure (Figure 1E and Supplementary material on-
line, Figure S2A), explained mainly by markedly increased fat oxidation
(Figure 1F and G and Supplementary material online, Figure S2B–D), which
thus explains the potent effect of FGF21 treatment on preventing fat
mass gain.

3.2 FGF21 promotes brown fat activation
and white fat browning, and improves
glucose metabolism
Since the markedly increased FA oxidation is consistent with BAT activa-
tion,27 we next quantified intracellular lipid vacuoles and UCP-1 abun-
dance in both BAT and WAT. As compared to vehicle group, FGF21
administration reduced iBAT weight (-21%; Figure 2A), lowered the lipid
droplet content in iBAT (-56%; Figure 2B), and increased UCP-1 content
in iBAT (þ32%; Figure 2C), which is consistent with BAT activation.
Likewise, FGF21 decreased gonadal WAT (-53%; Figure 2D). Since brow-
ning predominantly occurs in sWAT,35 histological analysis was thus per-
formed in sWAT. FGF21 markedly reduced lipid droplet size and
increased the number of UCP-1 positive areas (Figure 2E), which may
suggest that FGF21 improves mitochondrial function in WAT. In line
with this suggestion, FGF21 up-regulated the expression of key genes in-
volved in mitochondrial biogenesis and dynamics (Figure 2F). Since mito-
chondrial dysfunction in adipocytes is the primary cause of adipose
tissue inflammation,36 we hypothesized that FGF21 would reduce inflam-
mation in WAT. Indeed, FGF21 decreased mRNA levels of tumour
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Figure 1 FGF21 decreases body fat mass by increasing energy expenditure. Body weight (A) and fat mass (B) were measured throughout the study
(n = 15–16). In week 8, food intake (C), physical activity (D), energy expenditure (E), fat oxidation rate (F), and carbohydrate oxidation rate (G) were moni-
tored, and values shown (E–G) were corrected for body lean mass (n = 8). (A–D) Data are represented as mean ± SEM. (E–G) For line graphs, data are
shown as mean for each group (12-h cycle; shaded area represents the dark cycle); for bar graphs, data are shown as mean ± SEM. Differences were assessed
using unpaired two-tailed Student’s t-test. **P < 0.01, ***P < 0.001.
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Figure 2 FGF21 promotes brown fat activation and white fat browning, and improves glucose metabolism. After 16 weeks of treatment, interscapular
BAT (iBAT) (A) and gonadal WAT (gWAT) (D) were weighed. In iBAT, the lipid content (B) and expression of uncoupling protein-1 (UCP-1) (C) were quan-
tified after haematoxyline & eosin (H&E) staining and UCP-1 immunostaining, respectively. The browning of subcutaneous WAT (sWAT) was determined
by H&E staining and UCP-1 immunostaining, and representative pictures are shown (E). The relative expression of genes involved in mitochondrial function
(F) and inflammation (G) in sWAT, and the relative mRNA levels of adiponectin in iBAT and sWAT (H) were measured. Fasting plasma adiponectin levels
were measured at week 0 and week 16 (I). The intraperitoneal glucose tolerance test (IPGTT) was performed after 6 weeks of the treatment, during which
plasma glucose (J) and insulin (K) levels were measured. In addition, the homoeostatic model assessment for insulin resistance (HOMA-IR) was calculated
(L). Data are represented as mean ± SEM (A–D, n = 14–16; F–H, n = 8–9; I, n = 10 or 15–16; J–L, n = 7–8). (A–I), data were obtained from the first experiment;
(J–L), data were obtained from the second experiment. *P < 0.05; **P < 0.01, ***P < 0.001 (unpaired two-tailed Student’s t-test). Adipoq, adiponectin; CoxIV,
mitochondrial cytochrome C oxidase subunit IV; Cox7a1, cytochrome C oxidase polypeptide 7A1; Il1-b, interleukin 1 b; Mfn1/2, mitofusin-1/2; Mttp, micro-
somal triglyceride transfer protein; Opa1, dynamin-like 120 kDa protein, mitochondrial; Pgc1a, peroxisome proliferator-activated receptor c coactivator 1-
a; Tnfa, tumour necrosis factor a.
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.
necrosis factor a (Tnfa; -60%) and Interleukin 1b (Il1-b; -57%) in sWAT
(Figure 2G).

Notably, FGF21 increased adiponectin (Adipoq) gene expression in
iBAT (þ35%), and sWAT (þ66%) (Figure 2H), accompanied by in-
creased adiponectin levels in the circulation (þ47%; Figure 2I). Since in-
creased adiponectin was shown to mediate the effect of FGF21 on
glucose homoeostasis and insulin sensitivity,37 an IPGTT was performed
in mice in a second experiment after 6 weeks of treatment. FGF21
slightly but significantly reduced fasting blood glucose levels (Figure 2J),
decreased the glucose excursion during the IPGTT, and lowered plasma
insulin levels (Figure 2K). Consistently, FGF21 decreased the HOMA-IR
index (Figure 2L), indicating that FGF21 increases insulin sensitivity also
under atherogenic conditions.

3.3 FGF21 promotes TG-derived FA
uptake by both brown and white fat and
accelerates cholesterol-enriched remnant
clearance by the liver
To investigate the role of BAT activation and WAT browning in VLDL
metabolism, we intravenously injected mice with VLDL-mimicking par-
ticles labelled with [3H]TO and [14C]CO at the end of the study. In
vehicle-treated mice, the plasma decay of [3H]TO (t1/2 = 5.0 min;
Figure 3A) was faster than of [14C]CO (t1/2 > 15 min; Figure 3C), indicating
that VLDL-TG-derived FA uptake precedes the clearance of VLDL rem-
nants. While BAT was relatively the most active tissue responsible for
the uptake of [3H]TO-derived [3H]oleate (Figure 3B), [14C]CO was
mainly effectively taken up by the liver (Figure 3D). FGF21 largely acceler-
ated the clearance of [3H]TO from plasma (t1/2 = 3.5 min; Figure 3A)
caused by a strongly increased uptake of [3H]TO-derived [3H]oleate by
iBAT (þ259%), subscapular BAT (þ261%), and sWAT (þ66%)
(Figure 3B). Concomitantly, FGF21 treatment accelerated the plasma
clearance of [14C]CO (t1/2 = 8.5 min; Figure 3C). This was mainly attrib-
uted to largely increased uptake of [14C]CO by the liver (þ128%), al-
though higher [14C]CO uptake was also observed in iBAT (þ159%),
subscapular BAT (þ157%) and sWAT (þ95%) (Figure 3D). These effects
were accompanied by increased hepatic expression of the Ldlr
(Supplementary material online, Figure S3A) and proprotein convertase
subtilisin/kexin 9 (Pcsk9) (Supplementary material online, Figure S3B).

3.4 FGF21 reduces hypercholesterolaemia
We next evaluated the effect of FGF21 on plasma lipid levels. FGF21 in-
creased fasting plasma FFA levels during the first 8 weeks of treatment
(Figure 4A), reflecting enhanced lipolysis in WAT, followed by an increase
in fasting plasma TG levels from week 12 onwards (Figure 4B). In con-
trast, FGF21 consistently decreased fasting plasma TC (Figure 4C) and
non-HDL-C (Figure 4D) levels, and increased fasting plasma HDL-C lev-
els after 16 weeks (Figure 4E), indicating that FGF21 improves hypercho-
lesterolaemia under atherogenic conditions.

3.5 FGF21 reduces hepatic steatosis
accompanied by up-regulated expression of
genes involved in fatty acid oxidation and
increased VLDL production
To elucidate the molecular mechanism responsible for FGF21-induced
increase of plasma TG levels, we first quantified the hepatic expression
of genes involved in lipid handling in livers obtained after 16 weeks.
FGF21 up-regulated mRNA expression of the fatty acid transporter,

cluster of differentiation 36 (Cd36) (Figure 5A), accompanied by up-
regulated expression of genes involved in de novo lipogenesis, including
acetyl-CoA carboxylase (Acc1), fatty acid synthase (Fasn), and diacylgly-
cerol O-acyltransferase 2 (Dgat2) (Figure 5B). FGF21-treated mice also
showed higher hepatic mRNA levels of carnitine palmitoyl transferase 1a
(Cpt1) and peroxisome proliferator-activated receptor a (Ppara), both
involved in hepatic FA oxidation (Figure 5C).

Interestingly, FGF21 also increased hepatic expression of microsomal
triglyceride transfer protein (Mttp) and ApoB (Figure 5D), suggesting that
FGF21 increases hepatic VLDL production. Indeed, FGF21 increased
both the production rate of VLDL-TG (Figure 5E) and VLDL-ApoB
(Figure 5F). Moreover, FGF21 decreased the amount of TC per ApoB
(Supplementary material online, Figure S4A) and did not affect the
amounts of TG, PL, and protein per ApoB (Supplementary material on-
line, Figure S4B–D), suggesting that FGF21-induced increase in plasma TG
is due to the increased hepatic VLDL particle production rather than en-
hanced VLDL lipidation.

Next, to evaluate the effects of FGF21 on hepatic lipid content, histo-
logical and biochemical analyses were performed. In line with previous
work,5 FGF21 reduced hepatic steatosis as evidenced by reduced intra-
cellular lipid vacuoles within the liver (-34%; Figure 5G) and decreased
levels of hepatic TG (-10%), TC (-32%), and PL (-7%) (Figure 5H).
Consistently, FGF21 reduced liver weight (-36%; Figure 5I). Lipid
homoeostasis has been shown to play a pivotal role in regulating the in-
flammatory response in the liver.38 In line, FGF21 reduced the hepatic
mRNA levels of F4/80, Tnfa, and monocyte chemoattractant protein-1
(Mcp-1) (Figure 5J). Collectively, these data suggest that FGF21 increases
hepatic FA uptake coupled to enhanced FA oxidation, TG synthesis, and
VLDL-TG production, which may together explain the FGF21-induced
reduction in steatosis.

3.6 FGF21 attenuates atherosclerosis
progression as mainly predicted by the
reduction of plasma non-HDL-C levels
Since FGF21 improved hypercholesteraemia, the most important risk
factor for atherosclerosis, we next investigated whether FGF21 alleviates
atherosclerosis progression. To this end, in the first experiment, athero-
sclerotic lesion area, severity and composition were determined after
16 weeks of treatment. Histological evaluation showed that FGF21
markedly decreased atherosclerotic lesion area throughout the aortic
root (Figure 6A and B), leading to a much lower mean atherosclerotic le-
sion area (-73%; Figure 6C). Moreover, FGF21 markedly improved lesion
severity as evident from less severe lesions (-74%; Figure 6D), more mild
lesions (þ68%; Figure 6D), and more non-diseased segments (þ440%;
Figure 6E). Notably, FGF21 significantly improved atherosclerotic stability
index (þ46%; Figure 6G) via reducing macrophage content (-24%;
Figure 6F and H) without influencing collagen and smooth muscle cell
content within the plaques (Supplementary material online, Figure S5A
and B and Figure 6H). Consistently, although the gene expression in aorta
tissue of vascular cell adhesion protein 1 (Vcam-1) was comparable be-
tween these two groups, FGF21-treated mice had lower mRNA levels
of intercellular adhesion molecule-1 (Icam-1; -41%) and Mcp-1 (-39%)
than the control group (Figure 6I).

Next, we evaluated the contribution of FGF21-induced TC and non-
HDL-C lowering to the attenuation in atherosclerosis. Univariate regres-
sion analysis revealed that the lesion area was predicted by plasma TC
(R2 = 0.719) and non-HDL-C (R2 = 0.706) but not HDL-C (P = 0.307; R2

= 0.037) (Figure 6J–L). Although a previous study showed that
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adiponectin can mediate the FGF21-induced reduction of atherosclero-
sis,19 we observed that plasma adiponectin levels predicted lesion area
to only a modest extent (P = 0.005; R2 = 0.259; Figure 6M). Taken to-
gether, in our experimental model FGF21 reduces atherosclerosis
mainly by reducing non-HDL-C.

4. Discussion

FGF21 has been proposed to be a physiological protector against meta-
bolic stress, while pharmacological doses of FGF21 mimetics to animal
models or human lead to profound effects on insulin sensitivity and lipid
profile.39 Although clinical trials are underway with long-acting analogs of
FGF21 to combat obesity, type 2 diabetes, and non-alcoholic steatohe-
patitis,40 the effect of pharmacological treatment with FGF21 on athero-
sclerosis development as well as underlying mechanisms are far from
being elucidated. Here, we used APOE*3-Leiden.CETP mice to show
that exogenous recombinant FGF21 primes adipose tissue to enhance
VLDL-TG hydrolysis and uptake of liberated FA by BAT and WAT, fol-
lowed by accelerated uptake of cholesterol-enriched remnants by the

liver. Accordingly, FGF21 markedly reduces circulating atherogenic
cholesterol levels, thereby potently attenuating atherosclerosis
development.

First, we demonstrated that FGF21 also in an atherogenic setting
enhances energy expenditure leading to prevention of body fat gain.
FGF21-induced weight loss has been reported to be caused in part by
the induction of energy expenditure in obese rodents and humans,
achieved by the recruitment of thermogenic pathways in brown fat and
the browning of white fat.25,41 Consistently, our histological and immu-
nologic analyses showed that FGF21 treatment markedly increased BAT
activation and WAT browning as determined by UCP-1 protein expres-
sion. We did not observe any effect of FGF21 on food consumption. In
diabetic rhesus monkeys, FGF21 at high doses up to 50 mg/kg did de-
crease food intake up to 60%, contributing to body weight lowering.21

However, FGF21 treatment at lower doses induced weight loss without
affecting food intake in wild-type mice,4 diet-induced obese mice,5 and
non-human primates,42 which is consistent with our data. Also, in our
study FGF21 did not seem to affect physical activity, while FGF21 in-
creased physical activity in diet-induced obese mice5 and stimulated tor-
por in 24 h-fasted wild-type mice.8 These seemingly divergent results

Figure 3 FGF21 promotes TG-derived FA uptake by brown fat and white fat and accelerates cholesterol-enriched remnant clearance by the liver. The
clearance of 3H (A) and 14C (C) from plasma and the uptake of 3H (B) and 14C (D) by various tissues were assessed. Data are represented as mean ± SEM
(n = 6–7). *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed Student’s t-test). EDL, extensor digitorum longus; gWAT, gonadal white adipose tissue;
iBAT, interscapular brown adipose tissue; sBAT, subscapular brown adipose tissue; sWAT, subcutaneous white adipose tissue; TA, tibialis anterior.
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..suggest a critical role of FGF21 in maintaining energy homoeostasis. At
least, in our lean APOE*3-Leiden.CETP mice treated with moderate
pharmacological doses of FGF21 (1 mg/kg; three times per week), pre-
vention of body fat gain is thus mainly attributed to enhanced energy ex-
penditure. The fact that we observed enhanced oxidation of FAs versus
carbohydrates is in line with selective classical BAT activation as induced
by cold exposure or b3-adrenergic receptor activation in both mice and
humans.27,43–45 Additionally, we observed that FGF21 slightly prevented
lean body mass gain. Although we did not perform detailed studies to in-
vestigate the specific organs affected, this may be attributed to a gener-
ally increased catabolic state induced by FGF21.

We also showed that FGF21 improves glucose tolerance and insulin
sensitivity under atherogenic conditions. A previous study showed that
the metabolic effects of FGF21 on glucose homoeostasis and insulin

sensitivity are mediated by adiponectin.37 Consistently, in our study
FGF21 up-regulated adiponectin expression in both BAT and WAT, ac-
companied by highly increased plasma adiponectin levels. We also
showed that FGF21 reduced inflammation in WAT, through which insu-
lin sensitivity may have improved.36 In white adipocytes, mitochondrial
function has been reported to be essential for adiponectin synthesis,46,47

and mitochondrial dysfunction has been postulated as the primary cause
of adipose tissue inflammation.36 Therefore, the beneficial effects of
FGF21 on glucose metabolism may be attributed to an improvement of
WAT mitochondrial function, which is in agreement with our findings.

Next, we reported that FGF21 alleviates WTD-induced hypercholes-
terolaemia, with a marked initial reduction of non-HDL-C levels and in-
creased HDL-C levels after prolonged intervention. This is in agreement
with human studies showing that administering either FGF21 or FGF21

Figure 4 FGF21 reduces hypercholesterolaemia. Throughout the study, fasting plasma levels of free fatty acids (FFA) (A), triglycerides (TG) (B), total cho-
lesterol (TC) (C), non-high density lipoprotein-cholesterol (non-HDL-C) (D) and high density lipoprotein-cholesterol (HDL-C) (E) were measured. Data
are represented as mean ± SEM (n = 14–15). *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed Student’s t-test).
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analogs improves the plasma lipid profile.21,48 Mechanistic studies
revealed that FGF21 enhances lipolytic conversion of VLDL by BAT and
by WAT. Consistently, a clinical trial has shown that FGF21 treatment
up-regulated gene/protein expression related to thermogenesis in hu-
man adipocyte.49 Given that our data are in line with classical BAT

activation, the increased uptake of liberated FAs by WAT is probably the
direct consequence of browning.27 The avid uptake of generated VLDL
remnants resulting from lipolysis by BAT and browned WAT by the liver
is likely mediated via the ApoE-LDLR pathway, since we previously ob-
served that clearance of VLDL remnants generated by BAT and

Figure 5 FGF21 reduces hepatic steatosis accompanied by up-regulated expression of genes involved in fatty acid oxidation and increased VLDL particle
production. After 16 weeks of treatment, the relative mRNA expression levels of genes involved in fatty acid uptake (A), de novo lipogenesis (B) and fatty acid
oxidation (C), very low-density lipoprotein (VLDL) production and secretion (D) and inflammation (J) were determined in the liver. The hepatic VLDL-TG
(E) and VLDL-ApoB (F) production rates were assessed after 12 weeks of the treatment. After 16 weeks of treatment, the hepatic lipid content was assessed
by H&E staining (G), and triglyceride (TG), total cholesterol (TC), and phospholipid (PL) levels (H) were determined within the liver, and liver weight (I) was
measured. Data are represented as mean ± SEM (A–D and J, n = 8–10; E–F, n = 7–8; G–H, n = 14–16). (A–D) and (G–J), data were obtained from the first ex-
periment; (E–F), data were obtained from the second experiment. *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired two-tailed Student’s t-test). Acc1, acetyl-
CoA carboxylase; ApoB, apolipoprotein B; Cd36, cluster of differentiation 36; Cpt1, carnitine palmitoyl transferase 1; Dgat2, diacylglycerol O-acyltransferase
2; Fasn, fatty acid synthase; Mcp-1, monocyte chemoattractant protein 1; Mttp, microsomal triglyceride transfer protein; Ppara, peroxisome proliferator-acti-
vated receptor a; Srebp1c, sterol regulatory element-binding transcription factor 1; Tnfa, tumour necrosis factor a.
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Figure 6 FGF21 protects against atherosclerosis progression as largely predicted by the reduction of plasma non-HDL-C levels. At week 16, hearts were
collected, the valve areas of their aortic roots were stained with haematoxylin–phloxine–saffron (HPS), and representative pictures are shown (A). Lesion
area as a function of distance from the aortic valves was determined by calculating the lesion area of four consecutive cross-sections starting from the ap-
pearance of open aortic valve leaflets (B). From the four cross-sections, the mean atherosclerotic lesion area was determined (C). Lesions were categorized
according to lesion severity (D), and the percentage of non-diseased segments was scored (E). The valve area of aortic root was stained with Sirius Red, an
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..browned WAT is impaired in ApoE-deficient and LDLR-deficient
mice.27 Consistently, we found that FGF21 treatment markedly in-
creased hepatic Ldlr expression, albeit that hepatic Pcsk9 levels were also
increased upon FGF21 treatment. Likely, the increase in hepatic Ldlr ex-
pression aims to compensate for the reduced hepatic cholesterol levels
by increasing the uptake of cholesterol from the circulation, while Pcsk9
regulates Ldlr expression to maintain the homoeostasis of this process.
However, in contrast to classical BAT activation, we did not observe a
lowering in plasma TG, which was even increased by prolonged FGF21
treatment. Notably, while b3-adrenergic receptor activation did not in-
crease plasma FFA,27 FGF21 increased FFA levels already after short-
term treatment, which has been described as a compensatory mecha-
nism to adapt to the highly increased energy expenditure.50,51

Therefore, it is likely that FGF21 induces more massive lipolysis in WAT
as compared to classical BAT activation, which subsequently induces
substrate-driven VLDL production in the liver. This would be in full
agreement with the observed increased hepatic expression of genes in-
volved in FA uptake, de novo lipogenesis, and VLDL production and in-
creased VLDL-TG production rate.

We also observed that FGF21 treatment reduces hepatic lipid levels.
While a high FFA flux to the liver may lead to hepatic steatosis, e.g. as ob-
served in CD36-deficient mice,52 both TG, TC, and PL levels were lower
in FGF21- vs. vehicle-treated mice. Besides that FGF21 increases VLDL
production, which already limits accumulation of TG in the liver, FGF21
probably also up-regulates hepatic FA oxidation, further indicating a role
of FGF21 in maintaining circulating FFA and hepatic lipid homoeostasis.
Interesting, a previous study demonstrated that FGF21 lowers plasma
TG by reducing FFA and consequently hepatic VLDL lipidation.18 This
seeming discrepancy with our study is likely explained by different diets
and different treatment periods. While our mice received WTD contain-
ing 16% fat and FGF21 treatment for 16 weeks, in the study of Schlein
et al.,18 mice were fed a high-fat diet (60% fat) and treated with FGF21
for only 10 days. During a short-term FGF21 intervention period on
high-fat diet, the diet may provide sufficient chylomicron-TG to maintain
the whole-body energy homoeostasis. As compared to high-fat diet,
WTD contains limited TG that may not meet the need for the increased
whole-body metabolism, especially during prolonged FGF21 treatment.
Moreover, we showed that FGF21 treatment reduces hepatic inflamma-
tion, which is consistent with previous studies showing that FGF21 inhib-
its inflammation during non-alcoholic steatohepatitis development.40,53

Finally, we observed that FGF21 treatment markedly reduces athero-
sclerosis development. Univariate regression analysis revealed that the
reduction in atherosclerotic lesion area was mainly predicted by the re-
duction in non-HDL-C. In line with this, clinical trials have shown that
early interventions to lower non-HDL-C levels can reverse and even
eradicate earlier stages of atherosclerosis.1 FGF21 also increased the
atherosclerotic plaque stability index via decreasing the lesion macro-
phage content relative to the smooth muscle cell and collagen content.

This may indicate that besides lowering cholesterol to reduce athero-
sclerosis initiation, FGF21 may also regulate inflammation which would
be in agreement with our observation that FGF21 reduces spleen weight
(-26.6%; Supplementary material online, Figure S1B) and inhibits the ex-
pression of the Icam-1 and Mcp-1 in the aorta. In addition, FGF21 was
shown to regulate foam cell formation and inflammatory responses in
oxidized low-density lipoprotein-induced macrophages in vitro.54 A pre-
clinical study showed that adiponectin may mediate the anti-
inflammatory effects of FGF21 in atherosclerosis.19 In line, FGF21 in-
creased adiponectin in our study and plasma adiponectin levels explained
�26% of the variation in atherosclerotic lesion area. However, adipo-
nectin may not play a protective causal role in coronary heart diseases
pathogenesis in humans.55 From studies using FGF21 deficient ApoE-
knockout mice, it was implied that endogenous FGF21 reduces hepatic
cholesterol synthesis, thereby protecting against atherosclerosis.19 In
contrast, we found that FGF21 treatment up-regulated the hepatic ex-
pression of genes involved in cholesterol synthesis, including 3-hydroxy-
3-methylglutaryl-CoA reductase (Hmgcr; Supplementary material online,
Figure S3C) and sterol regulatory element-binding protein-2 (Srebp2;
Supplementary material online, Figure S3D), likely as a compensatory re-
sponse to decreased cholesterol levels. Since FGF21 has been proposed
to play a key role in hepatic cholesterol clearance in wild-type mice,7 and
ApoE-knockout mice have an abrogated hepatic uptake of remnant lipo-
proteins, these data obtained in ApoE-knockout mice probably have lim-
ited translational value for humans.

This study is not without limitations. First, we used recombinant lipo-
proteins that acquire all exchangeable apolipoproteins but do not have
apoB.28 Nevertheless, our previous studies have shown that they truly
mimic TG-rich lipoprotein metabolism in mice, since ApoB is mainly re-
quired for their synthesis while ApoE is essential for their clearance.
Second, the long-circulating recombinant FGF21 protein may not fully
represent the wild-type native protein. However, the in vitro activities are
comparable between these two proteins (e.g. Erk phosphorylation and
bKlotho binding activity),26 and the main purpose of our study was to ex-
plore a pharmacological FGF21-based strategy, for which long-
circulating recombinant FGF21 is evidently preferred over short-lived
endogenous FGF21.

In conclusion, our present study uncovers that the anti-atherogenic
effects of FGF21 are mainly mediated through reducing hypercholester-
olaemia. Mechanistically, FGF21 activates BAT and induces browning of
WAT, resulting in accelerated catabolism of TG-rich lipoproteins fol-
lowed by rapid uptake of their remnants by the liver. Given that chronic
administration of a long-acting form of FGF21 in obese patients reduces
plasma TC and non-HDL-C levels,21,48 and FGF21 is a biomarker of sub-
clinical atherosclerosis in humans,56 our study supports the development
of FGF21 as a powerful therapeutic for the treatment of hypercholester-
olaemia and atherosclerosis.

Figure 6 Continued
anti-a-actin antibody and an anti-MAC3 antibody to quantify the content of collagen, smooth muscle cells, and macrophages (F) within the lesions,
respectively. Representative pictures are shown (H). The stability index (collagen and smooth muscle cell content/macrophage content of the
lesions) was calculated (G). The relative expression of genes involved in inflammation was measured in aorta (I). The square root (SQRT) of the ath-
erosclerotic lesion area was plotted against the plasma TC (J), non-HDL-C (K) and HDL-C (L) exposure during the 16-week treatment period and
plasma adiponectin levels at week 16 (M). Linear regression analyses were performed. Data are represented as mean ± SEM (B–E and J–M, n = 14–
15; F–G, n = 12–15; I, n = 8–9). *P < 0.05, ***P < 0.001 (unpaired two-tailed Student’s t-test). Icam-1, intercellular adhesion molecule 1; Mcp-1, mono-
cyte chemoattractant protein 1; Vcam-1, vascular cell adhesion molecule 1.
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Translational perspectives
Current therapeutics does not fully block atherosclerosis development, indicating a need for additional effective therapeutics. Here, we demon-
strate that pharmacological treatment with recombinant FGF21 potently protects against atherosclerosis in APOE*3-Leiden.CETP mice.
Mechanistically, FGF21 reduces hypercholesterolaemia by accelerating triglyceride-rich lipoprotein turnover as a result of enhancing adipose tissue
thermogenesis, thereby alleviating atherosclerotic lesion formation and severity. Consistent with our animal findings, FGF21 administration in obese
patients has shown to reduce several cardiovascular risk factors such as obesity and dyslipidemia. Therefore, our present results, together with avail-
able clinical data, suggest that FGF21 is a promising therapeutic for atherosclerotic diseases.
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