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Abstract

Context: During the inflammatory acute phase response, plasma glucose and serum Key Words
triglycerides are increased in humans. Fibroblast growth factor (FGF) 21 has plasma > FGF21
glucose and lipid-reducing actions, but its role in the acute inflammatory response in » LPS

human is unknown.

» inflammation

Objective: To investigate circulating levels of FGF21 after lipopolysaccharide (LPS)

infusion.

Design: Two randomized, single-blinded, placebo-controlled crossover trials were used.
Setting: The studies were performed at a university hospital clinical research center.
Patients and interventions: Study 1 (LPS bolus): Eight young, healthy, lean males were
investigated two times: (1) after isotonic saline injection and (2) after LPS injection

(bolus of 1ng/kg). Each study day lasted 4 h. Study 2 (continuous LPS infusion): Eight,
healthy males were investigated two times: (1) during continuously isotonic saline infusion
and (2) during continuous LPS infusion (0.06 ng/kg/h). Each study day lasted 4 h. Circulating
FGF21 levels were quantified every second hour by an immunoassay.

Results: A LPS bolus resulted in a late suppression (t=240 min) of serum FGF21 (P=0.035).
Continuous LPS infusion revealed no significant effects on FGF21 levels (P=0.82).

Conclusions: Our studies show that a bolus of LPS results in decreased FGF21 levels 4h

from exposure.
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Introduction

Fibroblast growth factor 21 (FGF21) is a hormone
involved in glucose and lipid homeostasis. It mediates
glucose uptake by human adipocytes additively and
independently to insulin (1). An increase in FGF21 leads
to decreased plasma glucose and triglyceride levels,
less hepatic fat and increased insulin sensitivity in
animal models (1, 2). Reduction of plasma triglycerides
and hepatic fat content is probably associated to a
reduced hepatic lipogenesis and increased hepatic
fatty acid oxidation and ketogenesis (3, 4, 5). FGF21
is predominantly produced in the liver (6) where it is
regulated by the transcription factor PPARa (3, 5, 7),

but also in the white adipose tissue and skeletal muscle
where it is regulated by other transcription factors
(8, 9). Free fatty acids (FFA) are among some of the
substrates that activate PPAR«x (10), and in concordance,
FGF21 increases during fasting in rodent models (5).
In humans, however, fasting is not associated with an
increase in FGF21 (11), and the only known stimulus
for acutely increased FGF21 levels is fructose and to
a lesser extent glucose ingestion (12). Interestingly,
increased levels of circulating FGF21 is associated
with type 2 diabetes, insulin resistance and obesity
(13, 14, 15).
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During the acute phase response (APR), temperature
and heart rate increase. A temperature >38°C and a heart
rate >90 beats per minute fulfills the severe inflammatory
response syndrome criteria. Also, metabolic and endocrine
changes manifest, including an increase in plasma
triglycerides and suppression of FFA oxidation (16), an
increased insulin resistance and thereby increased glucose
levels (17). These changes are initiated for the organism
to regain normal function (18). Considering the reducing
effects of FGF21 on lipid and glucose metabolism, FGF21 is
likely to play an important role in the metabolic reactions
to the APR. Whether FGF21 increases counter-regulatory
to the metabolic consequences of the APR or decrease
assisting these changes to manifest remain unknown.
Also, FGF21 was recently reported to improve the outcome
of inflammation such as sepsis and pancreatitis in animal
models (19, 20).

A way to mimic infection in healthy subjects is to
inject lipopolysaccharide (LPS) intravenously. LPS, a
component of the cell walls of Gram-negative bacteria,
activate the innate immune system through Toll-like
receptor 4. A study conducted in mice did not reveal
any acute effects of LPS infusion on FGF21, but FGF21
increased 16h after LPS exposure (19). This effect seems
to be consistent in humans where patients with systemic
inflammatory response syndrome (SIRS) and sepsis
both had increased FGF21 levels (21). We therefore
hypothesized that FGF21 would increase acutely in
humans during the APR to counter regulate the metabolic
consequences and thus improve the outcome. This could
potentially describe FGF21 as a new predictive acute
phase plasma protein.

Materials and methods

Study protocol 1

The study (22) was designed as a randomized placebo-
controlled crossover trial with two different study days.
Eight males, with BMI between 22 and 26 kg/m? (median
23kg/m?), age between 25 and 32 years (median 26 years),
healthy and without regular intake of medicine were
investigated two times: (1) After isotonic saline injection
(bolus saline) and (2) after an Escherichia coli endotoxin
(10,000 USP Endotoxin, lot HOK354; The United States
Pharmacopeial Convention, Inc., Rockville, Maryland,
USA) bolus injection of 1ng/kg of body weight (bolus
LPS). Each study day lasted 4h, and the study days were
separated by at least 21 days. The LPS bolus injection was

given at t=0min. Arterialized blood was sampled at t=0,
120 and 240 min for FGF21 analysis.

Study protocol 2

The study was (23) designed as a randomized placebo-
controlled crossover trial with two different study
days. Eight males, with BMI between 22 and 32kg/m?
(median 25), age between 50 and 67 years (median
61 years), healthy and without regular intake of medicine
were investigated two times: (1) During continuous
saline infusion (C-Saline) and (2) during
continuous Escherichia coli endotoxin (10,000 USP
Endotoxin, lot HOK354; The United States Pharmacopeial
Convention, Inc.) infusion of 0.06ng/kg of body weight
per hour (C-LPS). Each study day lasted 4h, and the
study days were separated by at least one month. The
continuous infusion started at t=0min. Arterialized blood
was sampled at =0, 120 and 240 min for FGF21 analysis.

Both studies were conducted in accordance with the
Declaration of Helsinki, and all study subjects gave their
oral and written informed consent to participate in the
trial. The study protocols were approved by the Local
Ethics Committee.

isotonic

Blood samples and measurement

Blood was collected in 3.5mL vacutainers and

immediately centrifuged at 2500g for 10min at 4°C.
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Figure 1

Healthy males (n=8) underwent two interventions: (1) isotonic saline
injection (bolus saline) and (2) a LPS bolus injection (bolus LPS). The graph
depicts FGF21 concentrations (pg/mL) during the two conditions. The
Y-axis is logarithmic scaled. Points are medians and error bars are ranges.
*P<0.05.
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Table 1 Delta values for cytokines and vital parameters in study 1 for the study days: (1) isotonic saline injection (bolus saline)

and (2) LPS bolus injection (bolus LPS).

Unit Bolus saline Bolus LPS P value
AIL-1p pg/mL 1.3(0.0-5.8) 8.8 (7.3-15.3) NS
AlL-6 pg/mL 4.1 (2.0-10.5) 1166 (1016-1651) <0.0001
AIL-10 pg/mL 1.3(0.0-3.3) 62.5 (41-102) <0.0001
ATNF-a pg/mL 18 (15-21) 467 (370-613) <0.0001
ATemperature °C 0.6+0.12 2.8+0.24 <0.0001
AHeart rate Beats per minute 7.8+1.1 36.5+1.9 <0.0001
AMAP mmHg -6.3+2.7 -5.8+2.0 NS

Delta values (A) are calculated by subtracting the baseline value (time=0min) from the maximal value (measured at 60, 180, and 300 min). One-way
repeated measures ANOVA and Bonferroni corrected post hoc analysis were used to compare groups. Data are shown as mean +s.e. and as median

(interquartile range; 25-75%).

MAP, mean arterial pressure; NS, not significant.

Serum was then transferred to 2mL micro tubes and
stored at —80°C until analysis.

Human serum FGF21 was quantified by commercially
available monoclonal antibodies (R&D Systems, DY2539)
modified to time-resolved immunoflourometric assay.
Briefly, wells were coated with 0.2pg anti-FGF21 antibody
in 100 uL phosphate buffered saline (PBS) overnight at 4°C.
Residual protein-binding sites in the wells were blocked
with 1% Tween20 in PBS for 1h at room temperature
and washed in PBS containing 0.05% Tween 20 (PBS/Tw).
Recombinant FGF21 in the range from 3.9 to 500ng/L
was used as standard. Serum samples were diluted 4-fold
in PBS with 1% bovine serum albumin (BSA) (Sigma-
Aldrich) and incubated overnight at 4°C. All samples from
each subject were analyzed on the same plate to avoid
inter-assay variation. Bound FGF21 was determined by
incubation with 10ng biotinylated anti-FGF21 detection
antibody in 100pL PBS with 1% BSA at room temperature
for 2h followed by wash and addition of 10ng Eu®*-labeled
streptavidin (Perkin Elmer) in 100uL PBS/Tw containing
25puM EDTA for 1h at room temperature. After wash,
bound europium was detected by the addition of 200uL
of enhancement solution (Perkin Elmer), 5min of vigorous
shaking and reading the time-resolved fluorescence on a
DELFIA fluorometer (Victor?, Perkin Elmer). The limit of
detection was 1 pg/mL. The intra- and inter-assay variations
(%CV) were below 6 and 10%, respectively.

Statistics

Normal distribution was assessed by QQ plots using Stata
13.1 (StataCorp LP). Study 1 results are not normally
distributed and are thus expressed as medians (range),
and the statistical analysis was performed on logarithmic
transformed normally distributed data (not shown).
Normal distribution is achieved by excluding one

outlying study subject, but we had no reasons to do so as
wide inter-individual variance is a well-known issue for
FGF21 (24). For Study 2, results are normally distributed
and thus expressed as means+s.t. The statistical analyses
were performed by using SigmaPlot 11.0 (Systat Software,
Inc.). A two-way ANOVA (time x treatment) for repeated
measurements with Student-Newman-Keuls method as
post hoc analysis was used to test for differences between
both groups in both ftrials. P<0.05 was considered
statistically significant.

Results

Study 1

Overall, serum FGF21 levels were significantly different
between saline and LPS (timextreatment interaction,
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Figure 2

Healthy males (n=8) underwent two interventions: (1) isotonic saline
injection (C-Saline) and (2) continuous LPS infusion (C-LPS). The graph
depicts FGF21 concentrations (pg/mL) during the two conditions. Points
are means+s.t. No statistical difference was detected.
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P=0.004) (Fig. 1). Post hoc analysis revealed significant
difference of the intervention at t=240min where serum
FGF21 was significantly lower after bolus LPS (27.0 (9.4-
280.9) pg/mL) vs bolus saline (51.3 (17.8-436.7) pg/mL),
P=0.035. The suppression in FGF21 was >50% of the
concentration from t=120min in 6/8 of the study
subjects, and only one study subject did not decline (data
now shown).

Table 1 list extracted vital parameters and cytokine
response to LPS; for the full metabolic response, see the
primary article (22).

Study 2

Overall, serum FGF21 levels were not significantly
different between C-Saline and C-LPS (time xtreatment
interaction, P=0.82) (Fig. 2); thus, no post hoc analysis was
performed.

In this study, we did not achieve an APR reaction; for
the full metabolic response, see the primary article (23).

Discussion

The aim of this investigation was to explore the acute
effect of LPS on FGF21 levels. We report a late suppression
in serum FGF21 after a LPS bolus in Study 1. It is
teleologically meaningful if FGF21 levels are suppressed
during acute inflammation permitting the metabolic
consequences to be established. FGF21 has also lately
been recognized to directly inhibit macrophage-mediated
inflammation (25), which also makes suppression in the
acute state meaningful. In Study 2, we did not find the
same suppression. We believe this is explained by a much
lower accumulated LPS dose (0.24ng/kg accumulated
over 4h vs 1ng/kg instantaneously), and thus, not an
APR powerful enough to influence FGF21 kinetics. In
study 1, we did not find increased FGF21 levels despite
a sufficient inflammatory response and we can therefore
exclude FGF21 as a rapid (<4 h) biomarker of LPS-induced
inflammation. Our findings for Study 1 are not consistent
with the previous results in mice in which no difference
in FGF21 levels was detected 4 h after LPS injection (19).
Sixteen hours after injection in mice, an increase in
FGF21 was reported (19), and increased FGF21 levels were
reported in patients with sepsis or SIRS (21). However, in
our study, no blood was sampled later than 4h after LPS
exposure, and we are unable to confirm a possible late
increase in humans. The late increase is probably explained
by eitherdirect stimulation through inflammatory cytokines,

reduced clearance or it may be provoked by increased FFA
and glucose levels (16, 17). The source of FGF21 during the
APR in mice seems to be white adipose tissue and skeletal
muscle (19). As synthesis of FGF21 in white adipose tissue
cell lines was not stimulated by cytokines (19), and we
actually found a suppression in human serum FGF21 after
LPS bolus exposure, we believe that the late inflammatory
FGF21 response in both mice and human is caused by the
secondary metabolic effects to the APR, but further studies
are required to confirm this hypothesis.

There are certain limitations to our study. First, we
cannot exclude that the dose of LPS was too low to induce
an APR powerful enough to increase FGF21 levels, but
given the clinical affection of our study subjects in Study 1
(Table 1), this is unlikely. Another limitation is the
study period that is too short to catch effects beyond 4h
from LPS exposure. A final limitation is the well-known
wide inter-individual variance (24) that we specifically
encountered in Study 1.

Conclusion

Our studies show that a LPS bolus results in decreased
FGF21 levels 4h from exposure. This suggests that the
late increase in FGF21 is regulated by the metabolic
adaptations to the APR and that FGF21 is not a part of
the APR itself.
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