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ORIGINAL ARTICLE

Serum fibroblast growth factor 21 in human obesity: regulation by
insulin infusion and relationship with glucose and lipid oxidation

M Straczkowski'?, M Karczewska-Kupczewska'?, A Adamska', E Otziomek’, | Kowalska' and A Nikotajuk?

OBJECTIVE: Fibroblast growth factor 21 (FGF21) reduces plasma glucose and triglycerides, and increases free fatty acid oxidation in
animal models of diabetes. The aim of the present study was to assess the relationships of serum FGF21 with glucose oxidation
(GOx) and lipid oxidation (LOx) in the baseline and insulin-stimulated conditions in lean and obese subjects.

DESIGN: Cross-sectional study.

SUBJECTS: Eighty-four subjects with normal glucose tolerance, 42 lean (body mass index (BMI) <25 kgm ~2) and 42 overweight or
obese (BMI between 25 and 40kgm ~?).

MEASUREMENTS: Euglycemic hyperinsulinemic clamp and indirect calorimetry in the baseline state and during last 30 min of the
clamp. The change in respiratory quotient (ARQ) in response to insulin was used as a measure of metabolic flexibility. Serum FGF21
was determined in the baseline state and after the clamp.

RESULTS: Obese subjects had higher LOx in the baseline and insulin-stimulated conditions, lower insulin-stimulated GOx and ARQ
(all P<0.05). Fasting serum FGF21 did not differ between the groups. Insulin infusion resulted in an increase in serum FGF21 in the
obese (P=0.0001), but not in the lean group (P =0.76). Postclamp serum FGF21 was higher in the obese subjects (P=0.0007). In
this group, postclamp FGF21 was related to LOx during the clamp (r=0.32, P=0.044), change in GOx and LOx in response to
insulin (r= —0.44, P=0.005; r=0.47, P=0.002; respectively) and ARQ (r= — 0.50, P=0.001).

CONCLUSIONS: An increase in serum FGF21 in response to insulin in obese subjects might represent inappropriate response,

possibly associated with metabolic inflexibility in obesity and insulin resistance.
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INTRODUCTION

Fibroblast growth factor 21 (FGF21), a member of FGF family, has
been demonstrated to exert important metabolic actions.' It
increases glucose uptake by adipocytes, independently and
additively to insulin.' Administration of FGF21 to diabetic rodents
reduces plasma glucose and triglycerides (TG), and increases
insulin sensitivity.' FGF21-transgenic mice demonstrate lower
glucose levels, less liver fat, more brown adipose tissue and
better insulin sensitivity in comparison with their wild-type
littermates, and are resistant to diet-induced obesity.! Some
studies have provided evidence that the important mechanism
of beneficial FGF21 action involves an increase in fatty acid
oxidation, possibly through an induction of peroxisome
proliferator-activated receptor-y coactivator protein 1o (PGC10)%™
and also a rise in resting energy expenditure (REE).”

In humans, circulating FGF21 is increased in insulin-resistant
states, such as obesity,® impaired glucose tolerance,’ type 2
diabetes’”® and non-alcoholic fatty liver disease.” An inverse
relationship with whole-body insulin sensitivity and a positive
correlation with hepatic insulin resistance have also been
reported.” In another study, no association with insulin
sensitivity has been found, although serum FGF21 has been
observed to be related to measures of adiposity, lipid parameters
and y-glutamyltransferase activity.'® It has been hypothesized that
an increase in circulating FGF21 in insulin-resistant conditions may

represent a resistance to this factor or a compensatory response.®
In line with this, obese mice exhibit an impaired response to
exogenous FGF21."" ' However, the concept of FGF21-
resistance in obesity has been challenged, as ob/ob and diet-
induced obese mice were found to demonstrate preserved
metabolic response to exogenous FGF21, and glucose-lowering
and weight-loss effects of the compound were even enhanced in
these animals in comparison with their lean littermates.’?

The regulation of circulating FGF21 levels is complex and not
completely understood. Liver and circulating FGF21 were induced
by fasting and high-fat/low-carbohydrate ketogenic diet.? It has
been demonstrated that free fatty acids (FFA) increase circulating
FGF21 concentration, thus potentially explaining its elevated
levels in fasting, but also in obesity and type 2 diabetes."
Hyperinsulinemia also increased circulating FGF217¢f 1319 35 well
as its adipose tissue and muscle expression in humans.'*'® In
another study, insulin was reported to have a relatively minor role
in the regulation of circulating FGF21 under physiological
conditions.'” In patients with newly diagnosed type 2 diabetes,
short-term subcutaneous insulin infusion decreased plasma
FGF21." '8 The issue whether the regulation of circulating
FGF21 by insulin is dependent on overweight/obesity has not
been extensively studied so far.

Insulin resistance is associated with the so-called ‘metabolic
inflexibility’, that is, impaired switch from lipid oxidation (LOx) to
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glucose oxidation (GOx) in response to insulin,' as assessed by an
impaired increase in respiratory quotient (RQ) in response to
insulin. Given the actions of FGF21, it is a potential attractive
candidate for the modulation of metabolic flexibility. However,
there are limited data on the relation of FGF21 with GOx and LOx
in humans.

The aim of the present study was to assess the relationships of
serum FGF21 with GOx and LOx in the baseline and insulin-
stimulated conditions in lean and obese subjects.

SUBJECTS AND METHODS
Subjects

We examined 84 subjects with normal glucose tolerance, 42 lean (body
mass index (BMI) <25kgm 2 14 males and 28 females) and 42
overweight or obese (BMI >25kgm ~2,9 males and 33 females), matched
for age. None of the participants had morbid obesity, ischemic heart
disease, hypertension, peripheral vascular disease, infection or any other
serious medical problem; all were non-smokers and none was taking drugs
known to affect carbohydrate or lipid metabolism. Glucose tolerance status
was estimated on the basis of an oral glucose tolerance test (OGTT)
according to WHO criteria, and all participants had normal glucose
tolerance. All analyses were performed after an overnight fast. In women,
all analyses were performed between day 3 and 5 of their menstrual cycle.
The study protocol was approved by the Ethics Committee of the Medical
University, Bialystok, Poland. All participants gave written informed
consent before entering the study.

Anthropometric measurements

Anthropometric measurements were performed as previously described.”®
The BMI was calculated as body weight x height ~2 and expressed in
kg xm~2 The waist circumference was measured at the smallest
circumference between the rib cage and the iliac crest, with the subject
in the standing position. The percent of body fat was assessed by
bioelectric impedance analysis using a Tanita TBF-511 Body Fat Analyzer
(Tanita Corp., Tokyo, Japan).

Insulin sensitivity

Insulin sensitivity was evaluated with the euglycemic hyperinsulinemic
clamp technique, according to DeFronzo et al?' as described
previously.?>?? In the morning of the study, two venous catheters were
inserted into antecubital veins, one for the infusion of insulin and glucose,
and the other in the contralateral hand for blood sampling, with that hand
heated to ~60°C. Insulin (Actrapid HM, Novo Nordisk, Copenhagen,
Denmark) was given as a primed-continuous intravenous infusion for
120min at 40mUm ~2min ', resulting in constant hyperinsulinemia of

approximately — 100 plUml ~". Arterialized blood glucose was obtained
every 5min, and 20% dextrose (1.11 moll~") infusion was adjusted to
maintain plasma glucose levels at 5mmoll~". The rate of whole-body

glucose uptake (M value) was calculated as the mean glucose infusion rate
during the last 40 min of the clamp period, corrected for glucose space and
normalized per kg fat-free mass.

Indirect calorimetry

In the baseline conditions, before the clamp (for 30 min) and during the
last 30 min of the clamp, indirect calorimetry was performed using the
ventilated hood technique (Oxycon Pro, Viasys GmbH—Erich Jaeger,
Hochberg, Germany), as described previously.?> The measurements were
taken while the subjects were lying in the supine position. The average gas
exchange recorded over the two 30-min periods was used to calculate REE,
and the rates of GOx and LOx. Total glucose metabolism was calculated
from the clamp study. The non-oxidative glucose metabolism was
calculated in insulin-stimulated conditions by subtracting GOx from total
glucose metabolism. The change in RQ (ARQ) in response to insulin was
used as a measure of metabolic flexibility.

Biochemical analyses

Plasma glucose was measured immediately by the enzymatic method
using a glucose analyzer YSI 2300 STAT Plus (YSI Inc., Yellow Springs, OH,
USA). Serum insulin was determined with a monoclonal immunoradio-
metric assay (Medgenix Diagnostics, Fleunes, Belgium). Serum total
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cholesterol, high-density lipoprotein-cholesterol and TG were assessed
by enzymatic methods (Cormay, Warsaw, Poland), and low-density
lipoprotein—cholesterol was calculated with Friedewald’'s formula. Serum
FFAs were assayed using a commercially available kit (Wako Chemicals,
Richmond, VA, USA). Serum FGF21 concentration in all subjects was
measured before and after the clamp by enzyme-linked immunosorbent
assay (BioVendor Laboratory Medicine, Modrice, Czech Republic), with
sensitivity of 7pgml ', and intra-assay and inter-assay coefficients of
variation below 3.7% and 3.9%, respectively.

Statistical analysis

The statistics were performed with the STATISTICA 8.0 software (Krakow,
Poland). Parameters with abnormal distribution (FGF21, insulin, TG, FFA)
were log-transformed before analyses. In the Results, these parameters
were again transformed to absolute values for the purpose of data
presentation. Serum FGF21 levels before and after the clamp were
compared using a paired Student’s t-test. Differences between the groups
were estimated with an unpaired Student’s t-test. The relationships
between variables were evaluated using the Pearson’s product-moment
correlation analysis and multiple regression analysis. The level of
significance was accepted at P<0.05.

RESULTS

The clinical characteristics of the study groups are presented in
Table 1. By definition, the obese group had higher BMI, waist
circumference and the percent of body fat (all P<0.0001). Also,
the obese group had higher postload glucose, fasting and
postload insulin (all P<0.001) and TG (P=0.002), and lower
high-density lipoprotein—-cholesterol (P=0.036) (Table 1).

During the clamp, no difference was observed in steady-state
insulin (lean, 99.74 + 24.69 vs obese, 107.52 +31.00 plUml ™~ - NS)
and FFA (lean, 0.14+0.08 vs obese 0.18+0.16 mmoll~'; NS)
between the groups. The obese group had lower insulin sensitivity
(P<0.001), non-oxidative glucose metabolism (P=0.002), RQ and
GOx during the clamp (both P=0.003), and higher LOx in the
baseline state and during the clamp (P=0.02 and P=0.01;
respectively). Metabolic flexibility was impaired in this group
(P=0.02) (Table 2). REE was higher in the obese group both in the
baseline conditions and during the clamp (P<0.001 and P=0.001;
respectively) (Table 2). In the baseline state, this difference
remained significant after calculating the REE/fat-free mass ratio
(30.12+3.37 vs 32.97 +4.28kcal per day per kg fat-free mass;
P=0.0016).

Fasting serum FGF21 did not differ between the lean and obese
groups. Hyperinsulinemia resulted in an increase in serum FGF21
in the obese (P=0.0001), but not in the lean group (P=0.76). In
consequence, postclamp serum FGF21 was higher in the obese

Table 1. Clinical characteristics of the study groups
Lean group Obese group
(h=42) (n=42)

Age (years) 2424 +4.56 26.05+ 6.80
BMI (kgm ~ 2) 22.16+2.01 30.85+4.61*
Waist (cm) 75.34+7.58 97.08 £ 13.54*
Percent body fat 22.65+6.69 37.54 +8.44%
Fasting glucose (mgdl~") 81.23+7.39 84.54 £ 8.50
Postload glucose (mgdl ™~ b 78.26 £ 16.44 94.18 + 23.69*
Fasting insulin (ulUml ") 9.98 £4.95 16.33+8.71*
Postload insulin (ulUml~") 29.43 +19.51 67.75+62.13*
Cholesterol (mgdl ") 174.89 +29.29 172.25 +35.06
Triglycerides (mgdl ") 73.75+29.81 129.72 + 142.55*
HDL-cholesterol (mgdIl ™ D) 61.73+12.46 56.35+ 10.30*
LDL—cholesterol (mgdl ") 96.94 +30.36 91.56 £ 29.83
Fasting FFA (mmol |~ " 0.52+0.26 0.63+0.29

Abbreviations: FFA, free fatty acids; HDL, high-density lipoprotein; LDL,

low-density lipoprotein. *P<0.05 vs lean subjects
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Table 2. Insulin sensitivity, glucose and lipid oxidation, and non-
oxidative glucose metabolism in the study groups
Lean group Obese group
(n=42) (n=42)
M (mgkg ~' FFM per min) 1043 £3.56 7.06 £ 3.56*
REE—basal (kcal per day) 1520.5+283.9  1897.9+283.3*
REE—clamp (kcal per day) 1611.3+265.8 1788.3 £ 220.8*
GOx—basal 1.42+0.85 1.36 +0.89
(mgkg ~ " FFM per min)
GOx—clamp 2341094 1.65 £ 1.05*
(mgkg " FFM per min)
LOx—basal 1.05 % 0.35 1.27 £ 0.49*
(mgkg ~" FFM per min)
LOx—clamp 0.83+0.46 1.12+0.51*
(mgkg ' FFM per min)

ARQ 0.05+0.06 0.02 £ 0.05*
NOGM (mgkg ' FFM per min) 7.90+£3.59 5.47 £3.50*
Abbreviations: FFM, fat-free mass; GOx, glucose oxidation; LOx, lipid
oxidation; NOGM, non-oxidative glucose metabolism; REE, resting energy

expenditure; RQ, respiratory quotient. *P <0.05.
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Figure 1. Fasting and postclamp serum FGF21 in the lean and obese
groups. *P<0.05 vs lean subjects and #P < 0.05 vs the baseline state.

group (P=0.0007) (Figure 1). The increase in FGF21 during the
clamp was also present when overweight (n =21, 126.15 £ 110.96
vs 158.67 +£105.60ngl~'; P=0.013) and obese subjects (n= 21,
137.78 £104.74 vs 222.11 £144.63 ngl’1; P=0.003) were ana-
lyzed separately. In all the conditions, no difference was observed
in serum FGF21 between men and women. No correlations were
found between basal or postclamp FGF21 and steady-state insulin
or FFA in the entire group or within the subgroups of lean and
overweight/obese subjects.

In the obese group, postclamp FGF21 was related to high-
density lipoprotein—-cholesterol (r= — 0.32, P=0.047), RQ and LOx
during the clamp (r= —0.32 and r=0.32; respectively, both
P=0.044), change in GOx and LOx in response to insulin
(r= —044, P=0.005 Figure 2a and r=047, P=0.002;
Figure 2b, respectively; that is, the higher postclamp FGF21, the
lower increase in GOx and lower decrease in LOx during the
clamp) and ARQ (r= —0.50, P=0.001) (Figure 2c). These
correlations were not observed in the lean group. No relationships
between the changes in FGF21 and those in the substrate
oxidation rates were noted.

In the obese group, after adjustment for gender, BMI and
fasting insulin, associations with AGOx (= —0.37, P=0.016),
ALOx (=0.43, P=0.006) and ARQ (r= —0.44, P=0.004) were
still significant, whereas those with RQ and LOx during the clamp
were close to significant (= —0.29, P=0.08 and [=0.29,
P =0.08; respectively).
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Table 3 shows correlations of fasting and postclamp serum
FGF21 with other estimated parameters in the entire study group.
These relationships were not significant when lean and obese
subjects were analyzed separately.

DISCUSSION

The main finding of our study was that serum FGF21 was
increased in response to insulin infusion in overweight/obese, but
not in lean subjects, and that it was associated with substrate
oxidation in insulin-stimulated conditions.

Fasting serum FGF21 did not differ between lean and
overweight/obese subjects. This result is not consistent with other
studies,®'® which reported an increase in circulating, fasting
FGF21 in obesity. This difference may be potentially explained by
much younger age in our study group and relatively
uncomplicated obesity. Also, in the study of Mraz et al,' the
mean BMI in the obese group was within morbid obesity range,
being substantially higher than in our study.

Serum FGF21 was increased in response to insulin infusion in
overweight/obese subjects, but not in lean individuals. Upregula-
tion of circulating FGF21 by insulin has been reported in previous
studies.”®'® Insulin upregulates adipose tissue FGF21 mRNA
expression,'® and this may be a potential mechanism underlying
the increased serum FGF21 observed in the obese subjects. In a
study performed by Vienberg et al,'® the effect of insulin infusion
on serum FGF21 was observed despite the fact that obesity was an
exclusion criterion.'® However, our data are in agreement with
those of Mraz et al.,'> who observed no increase in serum FGF21 in
lean subjects. In their study, a rise was found only in obese
subjects with type 2 diabetes.”> Obese subjects with normal
glucose tolerance were not examined in that particular
experiment,'® in contrast to our study.

In the current study, both fasting and postclamp FGF21 were
positively related to REE, and postclamp FGF21 was also related to
substrate oxidation in insulin-stimulated conditions, particularly in
the obese subjects. No association between FGF21 and REE was
reported by Vienberg et al,'® possibly because of different
inclusion criteria than in our study, as mentioned above.

In the fasting state, it is favorable to rely mainly on fatty acid
oxidation, as it may prevent ectopic fat accumulation in the liver,
muscles and other tissues. However, in response to insulin, GOx
increases and fatty acid oxidation decreases rapidly. This process is
important for the postprandial glucose metabolism and, as already
mentioned, is called metabolic flexibility.'® The obese subjects in
our study demonstrated impaired metabolic flexibility. In
consequence, in insulin-stimulated conditions their GOx rate was
lower and LOx rate was higher in comparison with lean subjects.

In our opinion, it is important that FGF21 is associated with
substrate oxidation mainly in insulin-stimulated conditions and
mainly in obesity. An increase in fatty acid oxidation is the well-
described action of FGF21 ,and we think that the above
correlations, which show that FGF21 increases with a rise in LOx,
indirectly suggest that this action is preserved. Thus, our results
may be interpreted in line with the previously mentioned study,
showing normal metabolic response to FGF21 in two animal
models of obesity and insulin resistance.'? In the present study,
FGF21 was directly associated with LOx in the insulin-stimulated
conditions, that is, when maintaining fatty acid oxidation might
not necessarily be beneficial. Indeed, postclamp FGF21 was
inversely related to metabolic flexibility. Thus, we propose the
hypothesis that obesity and insulin resistance represent a state of
inappropriate FGF21 regulation, rather than FGF21-resistance. This
may be of potential importance, as hyperinsulinemia obtained
during the clamp may mimic postprandial insulin response in
obese subjects.

Our study has its limitations. We interpret our results on the
basis of correlative analysis, referring to the previously known
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Table 3.

Relationships of basal and postclamp serum FGF21 with
other estimated parameters in the entire study group (n = 84)

Basal FGF21

Postclamp FGF21

r P r P
BMI NS 0.41 <0.001
Waist girth 0.26 0.018 0.46 <0.001
% body fat NS 0.34 0.003
Fasting insulin NS 0.26 0.019
TG 0.35 0.001 0.30 0.006
REE—Dbasal 0.34 0.002 0.42 <0.001
REE—clamp 0.36 0.001 0.36 0.001
REE/FFM—basal NS 0.24 0.034
M NS —0.23 0.039

Abbreviations: BMI, body mass index; FFM, fat-free mass; FGF21, fibroblast
growth factor 21; REE, resting energy expenditure; TG, triglycerides.

FGF21 metabolic actions. However, as there are limited human
data on the relationship between FGF21 and substrate oxidation,
we believe that our results may be useful for further studies.

In conclusion, an increase in serum FGF21 in response to insulin
in obese subjects might represent inappropriate response,
possibly associated with metabolic inflexibility in obesity and
insulin resistance.
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