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Abstract

Background: Fibroblast growth factor 21 (FGF21) is a regulator of carbohydrate and lipid metabolism; however, the
regulation of Fgf21 gene expression by diet remains incompletely understood.

Objective: \We investigated the effect of a high-carbohydrate (HC) liquid diet, with and without supplementation with a
lipid emulsion (LE), and of a high-fat diet (HFD) compared with a low-fat diet (LFD) on the regulation of Fgf21 gene
expression in the liver of intact mice.

Methods: C57BL/6 male mice were fed standard feed pellets (SFPs), a purified HC liquid diet (adequate in calories and protein), or an
HC liquid diet containing an LE at either 4% or 13.5% of energy for 5 wk (Expt. 1) or 1 wk (Expt. 2). In Expt. 3, mice were fed a purified
LFD (~10% fat) or HFD (~60% fat) or were fed an HFD and given access to a running wheel for voluntary exercise for 16 wk.
Results: Fgf27 mRNA in liver and FGF21 protein in plasma were increased by 3.5- to 7-fold in HC mice compared with SFP
mice (P < 0.001), whereas the LE dose-dependently attenuated the induction of Fgf21 expression (P < 0.05). After 16 wk,
hepatic Fgf27 mRNA did not differ between LFD and HFD mice but was dramatically reduced in the HFD+exercise group
to <20% of the level in the HFD group (P < 0.0001).

Conclusions: In mice, hepatic Fgf21 expression was upregulated by 1 and 5 wk of feeding a lipogenic HC diet but not by
16 wk of feeding an obesogenic HFD, whereas the addition of fat as an LE to the HC formula significantly reduced Fgf21

gene expression and the plasma FGF21 protein concentration. Our results support a strong and reversible response of

hepatic Fgf21 expression to shifts in dietary glucose intake.
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Introduction

Fibroblast growth factor 21 (FGF21)!! is a peptide hormone
that belongs to an evolutionarily conserved gene family
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consisting of 22 members that regulate a variety of physiologic
processes (1). Several lines of evidence suggest that FGF21 is
a metabolic regulator of glucose and lipid homeostasis (1).
FGF21 has attracted attention due to reports that pharmacologic
administration of FGF21 can promote weight loss (2), improve
insulin resistance (3), and ameliorate dyslipidemia and reduce
hepatic steatosis (4) in rodents or primates. In particular,
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TABLE 1 Summary of macronutrient composition of diets used in Expts. 1, 2, and 3’
Expts. 1 and 2 Expt. 3
SFP HC HC+4%LE HC+13.5%LE LFD HFD

Macronutrients, % of energy

Carbohydrate 58 77 74 67 70 20

Protein 285 225 22 20 20 20

Fat 135 0.5 40 135 10 60
Source of carbohydrate Mixed Dextrose Dextrose  Dextrose Corn starch, maltodextrin, sucrose Maltodextrin, sucrose
Source of fat Mixed Intralipid Intralipid  Intralipid Soybean oil/lard Soybean oil/lard

" HC, high-carbohydrate diet; HFD, high-fat diet; LE, lipid emulsion; LFD, low-fat diet; SFP, standard feed pellet.

functional studies of FGF21 have reported that FGF21 facilitates
glucose uptake in differentiated mouse 3T3-L1 cells and primary
human adipocytes through upregulation of glucose transporter
1 (GLUT1) gene expression (3). Collectively, these studies
suggest that FGF21 could be a promising candidate for the
treatment of metabolic disorders.

Although the pharmacologic function of FGF21 has been
extensively studied, the physiologic role of FGF21 in energy
homeostasis is controversial and incompletely understood (5, 6).

Relatively little is known about how FGF21 expression itself is
regulated. Most studies on the nutritional regulation of FGF21
have focused on how fasting and refeeding conditions regulate
FGF21 in mouse and human tissues (7-9). During fasting,
hepatic FGF21 is dramatically induced, suggesting that FGF21
regulates gluconeogenesis, ketogenesis, and FA oxidation (8, 10,
11). However, to our knowledge, no studies have yet investi-
gated if hepatic Fgf21 gene expression is regulated by a lipogenic
or an obesogenic diet. In the present study, we took advantage of
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carbohydrate (HC) liquid-formula diet, which induces hepatic lipid
accumulation, and in mice fed an obesogenic high-fat diet (HFD)
compared with a low-fat diet (LFD) to investigate the Fgf21 gene
expression response in mice with mild and more severe hepatic
steatosis, characteristic of nonalcoholic fatty liver disease. In mice
fed an HFD for 16 wk, we also examined whether physical activity
(exercise) can modulate Fgf21 transcript expression levels.
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Animal protocol. All animal protocols were approved by the Institu-
tional Animal Care and Use Committee of the Pennsylvania State
University. Male C57BL/6 mice (from Taconic in Expts. 1 and 2 and
from Jackson Laboratories in Expt. 3) were housed in plastic cages in
humidity-controlled rooms with a 12-h light/dark cycle. Mice were killed
with carbon dioxide in Expts. 1 and 2 or anesthetized and killed by
exsanguination in Expt. 3.
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FIGURE 3 fgf217 transcript levels in adipose tissue (A, B) and
muscle (C) of mice fed SFPs or a liquid HC diet alone or with an LE.
Fgf21 expression was measured in adipose tissue in Expt. 1 (5 wk)
(A) and Expt. 2 (1 wk) (B) and in muscle in Expt. 2 (C). Values are
means * SEMs, n = b5/group. One-factor ANOVA was used to
compare the treatments. Different letters indicate differences
between the treatment groups, P < 0.05. Fgf21, fibroblast growth
factor 21; HC, high-carbohydrate diet; LE, lipid emulsion; SFP,
standard feed pellet.

Diets and experimental designs. In Expts. 1 and 2, the liquid HC diet
was the only source of nutrition and hydration for the HC and HC +
lipid emulsion (LE) groups, whereas the standard feed pellet (SFP)
group, included as a reference group, was fed LabDiet (Purina), as
previously reported (12). Access to food and water was unrestricted.
The composition of diets used in these studies has been published (12—
14) and is shown in brief in Table 1. In Expts. 1 and 2, the liquid HC
diet was Clinimix E (Baxter, Abbott) composed of 76.8% of energy as
carbohydrate in the form of dextrose, 22.7% protein, and electrolytes,
supplemented with multiple vitamins (Pediatric Influvite; Baxter,

Abbott) and minerals and trace elements (Supplemental Table 1).
The basal HC diet contained 0.5% LE, which was included as a source
of essential FAs. Five-week-old male C57BL/6 mice were randomly
assigned into 4 groups: 1) SFP diet; 2) HC diet, as above; 3) HC diet
supplemented with 4% LE [designated as HC+4%LE, where the LE
was Intralipid 20% (Baxter)]; or 4) HC diet supplemented with 13.5%
LE (designated as HC+13.5%LE). The liquid diet was freshly prepared
and replaced daily, and any amount not consumed was recorded. Mice
were fed under these conditions for 5 wk (Expt. 1) or 1 wk (Expt. 2). In
Expt. 3, liver tissue was from a previously reported study of HFD-
induced metabolic syndrome (13). Briefly, male C57BL/6 mice were
randomly assigned to 3 groups, which were fed a purified LFD or an HFD
(Supplemental Table 2) or the same HFD plus exercise, by access to a
running wheel that mice used voluntarily, for the study period of 16 wk.
After mice were killed, tissues were rapidly dissected. For histologic
analysis, in Expts. 1 and 2 a portion of the left lobe of each liver was
embedded in Optimal Cutting Temperature compound (Sakura) (12),
whereas in Expt. 3, a portion of liver was fixed in phosphate-buffered
formalin. In each experiment, samples of liver were rapidly frozen in liquid
nitrogen and stored at —80°C before analysis.

RNA extraction and real-time PCR. RNA extraction and real-time
qPCR have been described elsewhere (14). Briefly, total RNA was
extracted from mouse liver and adipose tissue by using TRIzol reagent
(Life Technologies). The reverse-transcription reaction and real-time
PCR assays were performed as in reference 14 by using an input of 1 g
total RNA and the Reverse Transcription System (Promega). The
resultant cDNA was amplified by using the iQ SYBR Green Supermix
(Bio-Rad). The PCR reaction conditions for each cycle were as follows:
94°C for 5 min, followed by 40 cycles at 94°C for 30 s, 60°C for 30 s, and
72°C for 30 s. Primer sequences for mouse Fgf21 were as follows: 5'-
ACACAATTCCAGCTGCCTTG-3', 5'-TAGAGGCTTTGACACCCAGG-3'.
Each value for the mRNA of analyzed genes was normalized relative to
the mRNA for Gapdh (14), which was analyzed on the same plate. To
determine tissue distribution of mouse Fgf21 mRNA, relative levels of
Fgf21 transcripts were determined by qPCR in different tissues and
organs of 10-wk-old male C57BL/6 mice fed the SFP diet.

Protein analysis. Liver tissue lysates (40 pg protein) were separated by
electrophoresis on 10% SDS-PAGE gels and transferred to a Millipore
Immobilon-FL. membrane. The blots were blocked with Odyssey
blocking buffer (LI-COR Biosciences) at room temperature for 1 h and
then incubated with monoclonal anti-FGF21 antibody (1:1000 dilution;
ab171941; Abcam) and monoclonal anti—B-actin antibody (1:1500
dilution; A2228; Sigma) overnight at 4°C. After washing 4 times for
7 min each in Phosphate buffered saline-Tween 20 (PBS-T) (0.1%, vol:
vol), the membranes were incubated with goat anti-rabbit IgG or rabbit
anti-mouse IgG at 1:7000 dilutions at room temperature for 1 h. After
washing, the protein bands were visualized (Odyssey Classic Imaging
System; LI-COR Biosciences), and all blots were normalized with
immunoblotted B-actin to adjust for protein loading. The protein band
was observed to comigrate with an authentic FGF21 protein standard
(ab63277; Abcam). For mouse plasma FGF21, an ELISA was run with the
use of a commercial kit from R&D Systems/Bio-Techne (catalog MF2100;
Mouse/Rat FGF-21 immunoassay), following the protocol provided.

Liver TG quantification. Liver TGs were quantified as previously
described (12) by extracting total lipid from 100-200 mg liver (15)
and applying the lipid extract to a column of 5% water-deactivated
aluminum oxide to separate TGs and phospholipid; TGs were
eluted with 25% diethyl ether in hexane. Finally, the glycerol of the
TG-containing eluate was determined spectrophotometrically by using
triolein as a standard (16).

Liver histology. For Oil Red O staining, frozen tissues embedded in
Optimal Cutting Temperature compound were cut into 8-pm-thick
sections, stained with Oil Red O, and counterstained with hematoxylin
dye. For hematoxylin and eosin staining, formalin-fixed and paraffin-
embedded liver tissues were cut into 6-wm sections and stained with
hematoxylin and eosin dyes.

Nutritional regulation of FGF21 expression 187



A _ 605 a
G — b
£ 40 ¢
D
=
2 20
Q
m
0-
Q 2
& &
B 15 &
< a
& 1.0 a
e =
N
&3’0.5- b
0.0 ry
Q Q
&
b
C 200 a
2 1501 L "
o
S 100
=
o
'_

D H&E staining

HFD+EXE

LFD HFD

FIGURE 4 Final body weights (A), Fgf27 mRNA expression (B), liver
TGs (C), and H&E staining (D) in the liver of mice fed an LFD or an HFD
(with or without exercise) in Expt. 3 (16 wk). In panel B, values were
normalized to Gapdh mRNA, and the mean for the LFD group was set
to 1.0. Values are means = SEMs, n = 9/group. One-factor ANOVA
was used to compare the treatments. Different letters indicate
differences between the treatment groups, P < 0.05. EXE, exercise;
Fgf21, fibroblast growth factor 21; H&E, hematoxylin and eosin; HFD,
high-fat diet; LFD, low-fat diet.

Statistical analysis. Data are presented as means * SEMs for the
number of replicates indicated. Statistical analysis was performed by using
1-factor ANOVA or Student’s ¢ test, as appropriate (Prism 5 software;
GraphPad). Student’s ¢ test was used to compare the difference between the
SEP reference group and HC diet only, because these diets are fundamen-
tally different in composition; the HC diet serving as the control group for
a 1-factor ANOVA used to analyze the results for all treatments in Expts.
1 and 2 and for Expt. 3. A significant difference was defined as P < 0.05.

Results

Body weight and hepatic lipid accumulation in mice fed
the HC diet, without and with LE, for 5 and 1 wk. In Expt. 1,
body weight did not differ between any of the 4 groups (Figure
1A). Hepatic TGs were significantly higher in HC mice than in
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SFP mice, whereas the administration of LE ameliorated
hepatic TG content dose-dependently (Figure 1B). In the
1-wk study (Expt. 2), body weight also did not differ with
treatment (Figure 1C). Liver TGs were significantly elevated
after 1 wk of the HC diet, although not to the extent after 5§ wk
(note y axis scale, Figure 1D). Oil Red O staining in liver
sections, as shown for representative sections from Expt. 2 in
Figure 1E, showed less red staining in the liver of HC+13.5%LE
mice relative to the other 2 groups. Fgf21 transcripts were
present in several organs that are active in energy metabolism,
including skeletal muscle, liver, and adipose tissue, as well as in
several other tissues (Figure 1F). Thus, Fgf21 has a wide
distribution of expression, including substantial expression in
liver, the tissue on which we focused for most of the rest of our
studies.

Fgf21 gene expression is increased in liver in an HC diet-
induced mouse model of nonalcoholic fatty liver disease.
In Expt. 1, hepatic Fgf21 mRNA increased by >20-fold in mice
fed an HC diet for 5 wk (P < 0.001 compared with SFP; Figure
2A). However, supplementation of the HC diet with either 4%
or 13.5% LE attenuated Fgf21 levels dose-dependently (Figure
2A). Consistent with our observations on hepatic Fgf21
expression, plasma FGF21 protein was also significantly higher
in mice fed an HC diet and was lower with the addition of LE to
the HC diet (Figure 2B). In contrast, immunoblotting results
showed that FGF21 protein in liver was significantly reduced in
HC compared with SFP mice (P < 0.001; Figure 2C). To
determine if this metabolic response was very rapid, mice in
Expt. 2 were fed an HC diet for only 1 wk, with and without
13.5% LE. Hepatic Fgf21 mRNA was 5-fold higher after 1 wk
in the HC group than in the SFP group. However, Fgf21
expression was lower in mice fed HC+13.5%LE compared
with HC alone (Figure 2E). As observed in the 5-wk study,
plasma FGF21 also increased after 1 wk of feeding the HC diet
(Figure 2F). Plasma glucose did not differ between groups in
either of the experiments (Figure 2G, H).

Fgf21 transcripts were also determined in adipose tis-
sue in both our 5- and 1-wk experiments and in muscle in the
1-wk experiment. Fgf21 expression in adipose tissue did not
differ in either experiment (Figure 3A, B), whereas Fgf21
expression in muscle tissue was higher in mice fed the HC diet
and lower in mice fed the HC+13.5%LE diet (Figure 3C), which
is similar to that shown for Fgf21 mRNA in liver (Figure 2E).

Fgf21 gene expression is not upregulated in the liver of
mice fed an HFD but is suppressed by physical activity.
Next, we examined whether Fgf21 transcript levels are
regulated by an obesogenic HFD and by physical activity in
a mouse model of nonalcoholic fatty liver disease with
metabolic syndrome (13). Mice fed a purified HFD for 16 wk
weighed more than mice fed an otherwise equivalent LFD,
whereas the addition of exercise to the HFD, in the form of
voluntary running, partially but significantly ameliorated the
increase in body weight (Figure 4A). As shown by both
hepatic TGs (Figure 4C) and liver histology (Figure 4D), mice
fed an HFD for 16 wk developed steatosis and exercise
attenuated lipid accumulation in these mice. Fgf21 mRNA in
liver did not differ between HFD and LFD mice; however,
exercise reduced Fgf21 mRNA significantly (HFD compared
with HFD+exercise, P < 0.0001) (Figure 4B).



Discussion

Since FGF21 was discovered more than a decade ago (17), a
number of studies have focused on its pharmacologic effects (18,
19), whereas fewer studies have addressed the regulation of
FGF21 expression under dietary or physiologic conditions.
Fgf21 mRNA is broadly expressed (20) (Figure 1F), suggesting
involvement with physiologic processes that are shared by
numerous tissues. Previous studies have shown that Fgf21
expression is elevated in the adaptive response to starvation,
under the control of the transcription factor PPAR-« (7, 9, 11).
In the present study, we tested whether a lipogenic HC diet, rich
in simple carbohydrate (dextrose), and an obesogenic HFD
containing an excess of calories as fat would similarly affect
Fgf21 expression in vivo. In liver, Fgf21 mRNA was dramatically
upregulated in mice fed our lipogenic HC diet, which is in
agreement with results from studies conducted in isolated rat
hepatocytes cultured with high glucose (21). In contrast, Fgf21
mRNA levels did not differ between mice fed the obesogenic
HFD and those fed the LFD. Together, these results suggest a
relation between fat produced de novo from excess carbohy-
drate, likely in the liver, and Fgf21 expression in liver, but not
necessarily with hepatic steatosis per se. Moreover, we have
shown that the addition of exogenous lipid in the form of LE to
the HC diet reduced Fgf21 gene expression. However, causal
relations still must be tested. It should be noted that the mice in
our HC feeding study were not obese, although hepatic lipogen-
esis was elevated as shown by the expression of lipogenic
enzymes and other factors and hepatic lipid accumulation (12,
14). Thus, a positive energy balance per se was not the cause of
these results. Interestingly, the level of Fgf21 mRNA in liver was
not predictive for FGF21 protein in this tissue, although the
pattern of Fgf21 mRNA in liver was similar to that for plasma
FGF21 protein. This might not be a paradoxical finding because
FGF21 is a peptide hormone that is secreted into blood where it
may regulate glucose uptake by extrahepatic tissues, such as
adipose and muscle, thus contributing to homeostasis. Indeed,
we observed that plasma glucose concentrations remained
unchanged in mice fed the HC compared with the SFP diet,
which may suggest that increased plasma FGF21 facilitated
glucose uptake by adipose and muscle tissues. Recently, it has
been suggested that FGF21 expression is related to protein
adequacy (22). Of note, protein was adequate in all of the diets
in our studies, and yet shifts in carbohydrate and lipid
availability, or exercise in the presence of HFD, were sufficient
to alter Fgf21 gene expression.

In our studies LE supplementation suppressed Fgf21 expres-
sion in the liver of mice fed an HC diet. The LE we used,
Intralipid, is a soybean oil-based emulsion that is rich in C-18:1
and C-18:2(n-6) unsaturated FAs. The addition of this LE to the
HC diet was previously shown to reduce the expression of
several lipogenic genes, such as sterol-response element binding
protein 1C (SREBPF1), fatty acid synthase (FAS), acetyl-CoA
carboxylase 1 (ACC1), and patatin-like phospholipase domain
containing 3 (PNPLA3/adiponutrin) (14). Alternatively, the
suppression of FGF21 expression could be the consequence of
reduced de novo lipogenesis, due to the presence of sufficient
amounts of exogenous FAs. Nevertheless, we did not observe an
effect of the obesogenic HFD that was fed in Expt. 3 on hepatic
Fgf21 gene expression. Compared with other studies in which
mice were fed a ketogenic diet that contained only 0.78%
carbohydrate (7), the obesogenic diet fed to mice in Expt. 3 is
still higher in carbohydrate (20% carbohydrate, 20% protein,
and 60% fat). This may suggest that hepatic FGF21 expression

remains stable when there is no demand for de novo glucose
production. In Expt. 3, voluntary exercise dramatically reduced
the level of Fgf21 transcripts in the liver of mice fed an HFD.
Consistent with this, a recent study showed an ~65% lower
hepatic Fgf21 mRNA due to exercise in Otsuka Long-Evans
Tokushima Fatty rats (23), a model of type 2 diabetes with
obesity (24). Conversely, the FGF21 concentration in serum was
significantly increased after 2 wk of physical activity in young
healthy women (25). However, elevated serum/plasma FGF21
could be derived from other organs, such as adipose, muscle, and
pancreas. A limitation of our study is that plasma FGF21 was
not measured in Expt. 3. Our data from Expt. 3 do not support
the idea that the expression of FGF21 is associated with insulin
resistance or is due simply to general overnutrition. Instead, our
data support that the change in FGF21 expression in the liver is
related to the diet composition, in particular the amount of
carbohydrate, which, in the case of our HC diet, has been shown
to be lipogenic. In summary, the present experiments add to our
understanding of FGF21 regulation by showing that the
expression of Fgf21 mRNA is regulated in mouse liver by a
lipogenic HC diet, but not by an obesogenic HFD, although both
of these diets resulted in hepatic lipid accumulation.
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