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Abstract

FGF21 is a secreted protein that plays critical roles in regulating glucose and lipid metabolism. In

this study, we evaluated the effects of FGF21 gene transfer on C57BL/6 mice fed a high fat diet

(HFD). We demonstrate that transfer of the FGF21 gene using a hydrodynamics-based procedure

increased mRNA levels of FGF21 exclusively in the liver, consequently generating a sustained

high level of FGF21 protein in blood that peaked at 500 ng/ml one day after injection, leading to a

variety of beneficial effects including blockade of HFD-induced obesity, alleviation of fatty liver

and improvement in glucose homeostasis. These effects were associated with altered expression of

Ucp1, Dio2, Pgc1α, Pparγ2, Mgat1, F4/80, Mcp1 and Tnfα, which are involved in thermogenesis,

lipogensis and chronic inflammation in the liver and adipose tissues. Transfer of the FGF21 gene

in HFD-induced obese mice greatly increased expression of thermogenic genes in adipose tissue,

resulting in similar improvements in systemic metabolism including reduction of adiposity,

alleviation of fatty liver and attenuation of insulin resistance. Mechanistic studies on the effects of

FGF21 gene transfer in lean mice revealed that mice transferred with FGF21 gene displayed

suppressed lipogenesis in the liver and enhanced thermogenesis in brown adipose tissue which

was coincident with a significant improvement in glucose tolerance. Collectively, our results

suggest transfer of the FGF21 gene could be considered a promising approach for treating obesity

and its complications.
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Introduction

Fibroblast growth factor 21 (FGF21) is a member of the fibroblast growth factor family, but

unlike many other classical FGFs, FGF21 functions primarily as an endocrine hormone

rather than a growth factor regulating cell differentiation and proliferation [1]. Studies have

shown that FGF21 is able to generate a variety of beneficial effects in metabolic disorders.

For instance, Kharitonenkov et al reported FGF21 transgenic mice were resistant to diet-

induced obesity, and therapeutic administration of recombinant FGF21 protein greatly

reduced plasma glucose and lipids in ob/ob mice [2]. On the contrary, FGF21 deficiency led

to increased body weight, development of fatty liver, impaired glucose tolerance, and

elevated blood insulin [1, 3, 4]. Subsequent studies by Xu et al showed FGF21 dose-

dependently reduced body weight and improved metabolic homeostasis in diet-induced

obese mice, largely through increasing energy expenditure [5, 6]. Mechanistically FGF21

may be a key mediator of pharmacologic actions of PPARα and PPARγ [3, 7, 8]. Moreover,

a recent study by Spiegelman et al revealed FGF21 plays a physiological role in

thermogenic recruitment of white adipose tissue, and mice deficient in FGF21 display an

impaired ability to adapt to chronic cold exposure [9]. These actions partly rely on the

FGF21-PGC1α-UCP1 axis.

Despite beneficial effects, the FGF21 protein has a short half-life in vivo (less than 2 hr in

mice) [6], which compromises its potential application in disease treatment. Several

approaches, including fusion protein construction [10, 11] and chemical modification

[12-14], have been attempted to solve this issue. Although showing early signs of promise,

these engineered protein molecules may cause increased immunogenicity and antigenicity,

which may result in loss of drug effectiveness [15]. Additionally, since these engineered

proteins maybe eliminated within hours or days, multiple repeated injections are required to

maintain the therapeutic effects. These limitations make it necessary to develop new

approaches to apply FGF21 in treating metabolic disorders. As an alternative and more cost-

effective approach, FGF21 gene transfer may be able to generate a sustained high level of

circulating FGF21 which consequently leads to similar beneficial effects in metabolism.

In this study, we evaluated the effects of FGF21 gene transfer using hydrodynamic tail vein

injection in C57BL/6 mice fed a high-fat diet (HFD), and investigated its underlying

mechanism. Our data clearly shows FGF21 gene transfer produced a persistent high level of

FGF21 in circulation, leading to a blockade of HFD-induced obesity, insulin resistance and

fatty liver, which were associated with increased expression of genes involved in adaptive

thermogenesis in adipose tissue. In diet-induced obese mice, FGF21 gene transfer reduced

adiposity, improved glucose intolerance and alleviated fatty liver. Our results suggest

hydrodynamic transfer of the FGF21 gene can be considered a potential strategy for treating

obesity as well as its complications such as insulin resistance and fatty liver.

Materials and Methods

The pLIVE plasmid vector was purchased from Mirus Bio (Madison, WI), and the mouse

FGF21 gene was cloned from complementary DNA sequences of C57BL/6 mice using high-

fidelity DNA polymerase purchased from NEB (Ipswich, MA). The FGF21 gene was
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inserted into multi-cloning sites of the pLIVE vector using restriction enzyme digestion, and

thereafter confirmed using DNA sequencing. The same vector with green fluorescence

protein (GFP) gene was constructed using the same procedure. These plasmids were purified

using cesium chloride-ethidium bromide gradient centrifugation and kept in saline at −80 °C

until use. Optical density determination (260 and 280 nm) and 1% agarose gel

electrophoresis were performed to examine the purity of the plasmid preparations.

Animals and treatments

Male C57BL/6 mice purchased from Charles River Laboratories (Wilmington, MA) were

housed under standard conditions with a 12-hr light-dark cycle. All procedures performed on

animals were approved by the Institutional Animal Care and Use Committee at the

University of Georgia, Athens, Georgia (protocol number, A2011 07-Y2-A3). HFD (60%

kJ/fat, 20% kJ/carbohydrate, 20% kJ/protein) used in this study was purchased from Bio-

Serv (Frenchtown, NJ; #F3282). The procedure for standard hydrodynamic tail vein

injection in mice has previously been reported [16, 17]. Briefly, saline solution equal to 9%

body weight containing 20 μg plasmid DNA was injected into a mouse tail vein within 5-8

seconds. The adjusted hydrodynamic injection in obese mice was performed according to

lean mass. Briefly, 2.0-2.5 ml saline solution (equivalent to 8% lean mass of obese mice)

containing 20 μg plasmid DNA was injected into the tail vein of each of the obese mice

within 5-8 seconds.

Experimental design

In the experiment aimed confirming gene expression and protein production, two groups of

mice (~22 g, n=5 for each group) were injected with plasmid DNA containing GFP or the

FGF21 gene. Mice were euthanized using CO2 three days after plasmid injection for

assessment of mRNA and protein level. The acute effects of FGF21 gene transfer were

studied in a period of 7 days after hydrodynamic gene delivery. The prevention of HFD-

induced obesity was conducted on mice with starting body weight at ~30 g (n=5). The

treatment study was carried out in HFD-induced obese mice (~52 g, n=5) using adjusted

hydrodynamic procedure. Body weight and food intake were measured weekly, and body

composition analysis was performed at the conclusion of the experiment using

EchoMRI-100 (Echo Medical Systems, Houston, TX). Animals in the control group were

injected with plasmid DNA containing GFP gene and those in the other group with plasmid

DNA containing FGF21 gene.

Examination of FGF21 protein level in blood

Blood samples were collected from mouse tail veins using Microvette-CB300-LH

(#22-043975) purchased from Fisher Scientific (Pittsburgh, PA). Plasma was isolated by

centrifugation at 4,000 rpm for 5 minutes, and kept at -80 °C until use. Circulating FGF21

was measured using an enzyme-linked immunosorbent assay (ELISA) kit purchased from

Aviscera Bioscience (#SK00145-08, Santa Clara, CA), and ELISA was conducted following

a protocol provided by the manufacture.
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Examination of FGF21 mRNA level in hydrodynamically transfected mice

Total RNA was isolated from the mouse liver and white and brown adipose tissue using an

RNeasy kit (#74804) purchased from QIAGEN (Valencia, CA). One μg of total RNA were

used for the first strand cDNA synthesis using a Superscript RT III enzyme kit (#11752-050)

from Invitrogen. Quantitative real-time PCR (qPCR) was conducted using SYBR Green as

the detection reagent on the ABI StepOnePlus Real-Time PCR system. The data were

analyzed using the ΔΔCt method [18] and normalized to internal control of GAPDH mRNA.

Primers were synthesized at Sigma (St. Louis, MO). All primer sequences employed are

summarized in Supplementary Table 1. Melting curve analysis of all real-time PCR products

was conducted and showed a single DNA duplex.

Evaluation of glucose homeostasis

An intraperitoneal glucose tolerance test (IPGTT) was carried out in mice fasted for six hr.

Glucose solubilized in phosphate-buffered saline was injected (i.p.) at 2 g/kg, and the time-

point was set as 0 min. Blood glucose was measured at predetermined time-points (0, 30, 60,

and 120 minutes) using glucose test strips and glucose meters. Intraperitoneal insulin

tolerance test (ITT) was performed in mice fasted for four hr. Insulin (Humulin, 0.75 U/kg)

purchased from Eli Lilly (Indianapolis, IN) was injected (i.p.), and blood glucose was

measured at predetermined time-points identical to IPGTT. Blood insulin was measured

using an ELISA kit (#10-1113-01) purchased from Mercodia Developing Diagnostics

(Winston Salem, NC). HOMA-IR was calculated using the following formula as described

before [19]: HOMA-IR = (fasting insulin (ng/ml) × fasting plasma glucose (mg/dl)/405).

Histochemical and immunohistochemical examination

For histochemical examination using haematoxylin and eosin (H&E) staining, liver samples

were embedded into paraffin and cut at 6 μm in thickness. Staining was performed using a

commercial kit (#3500, BBC Biochemical, Atlanta, GA). Size measurement of adipocytes

was conducted under an optical microscope (ECLIPSE Ti, Nikon) using an NIS-Elements

imaging platform purchased from Nikon Instruments Inc. (Melville, NY). For Oil-red O

staining and Nile red staining, liver samples were frozen in liquid nitrogen and sectioned at

8 μm in thickness using a Cryostat. These sections were stained using Oil-red O (Electron

Microscopy Sciences, Hatfield, PA) for 30 min (counterstained using haematoxylin) or Nile

red (Sigma, St. Louis, MO) for 5 min (counterstained using DAPI). Immunohistochemical

(IHC) staining was carried out using an FGF21 antibody (#sc-16842) purchased from Santa

Cruz Biotechnology (Santa Cruz, CA) and a staining kit (#DAB150) purchased from

Millipore (Billerica, MA).

Determination of liver triglyceride

The procedure for quantitative determination of liver triglyceride has been previously

described [20]. Liver samples (200-400 mg) were homogenized in a mixture of chloroform

and methanol (2:1, volume ratio), and thereafter incubated overnight at 4°C. The tissue

homogenates were centrifuged at 12,000 rpm for 20 min, and the supernatants were dried

and re-dissolved in 5% Triton-X100. The triglyceride concentration was determined using a

commercial kit (#TR22203, Thermo-Scientific).
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Statistics

Statistical analysis was performed using the Student’s t test, and all results were expressed

as the mean ± SD. A P value below 0.05 (P < 0.05) was considered significantly different.

Results

Hydrodynamic transfer of FGF21 gene increased mRNA level in the liver and protein levels
of FGF21 in the circulation

Mice transferred with the FGF21 gene showed a markedly increased FGF21 mRNA level in

the liver as measured by reverse-transcription PCR 3 days after hydrodynamic injection

(Figure 1A). Hydrodynamic injection of FGF21 gene increased FGF 21 mRNA levels by

~364-fold exclusively in the liver (Figure 1B) but not in other organs such as the heart,

spleen, lung and kidney, confirming the liver specificity of the procedure. Strong green

fluorescence signals were observed in the liver and collected from mice transferred with the

GFP gene but not the FGF21 gene (Figure 1C). On the contrary, positive signals of FGF21

IHC staining were seen in livers transferred with the FGF21 gene but not in those transferred

with the GFP gene (Figure 1C). Hydrodynamic injection of the FGF21 gene generated a

sustained high level of circulating FGF21 which reached ~500 ng/ml one day after injection

and gradually decreased thereafter (Figure 1D).

FGF21 gene transfer blocked HFD-induced obesity and enlargement of adipocytes

Control mice that received the GFP gene showed an average rate of body weight gain at

~1.7 g/week, while that of mice with FGF21 gene was ~0.5 g/week (Figure 2A). Eventually,

the difference in the body weight between two groups was ~8.3 g (Figure 2A) which can be

easily recognized by the naked eye (Figure 2B). No significant difference was observed in

average food intake between control and treated groups (Figure 2C). Body composition

analysis showed that the difference in body weight gain was predominantly in fat mass, not

lean mass (Figure 2D). Measurement of the weight of fat pads showed significant difference

in epididymal white adipose tissue (EWAT), perirenal white adipose tissue (PWAT) and

inguinal (IWAT) between control and FGF21 groups (Figure 2E). H&E staining (Figure 2F)

showed FGF21 gene transfer greatly suppressed the HFD-induced enlargement of

adipocytes in EWAT, PWAT and IWAT, and a higher density of the cellular matrix in BAT

of treated mice compared to that of control mice. Quantification using the image system

showed the same conclusion (Figure 2G).

FGF21 gene transfer protected mice from HFD-induced fatty liver

Mice with the FGF21 gene transfer had a lower liver weight compared with that of control

mice (Figure 3A). Gross imaging showed the FGF21 gene transfer suppressed HFD-induced

enlargement of the liver (Figure 3B). H&E staining showed more vacuoles in the control

liver compared to that transferred with the FGF21 gene (Figure 3B). The red dots in Oil-red

O staining and Nile red staining confirmed these vacuoles were lipid droplets (Figure 3B).

Biochemical quantitative determination further verified that the FGF21 gene transfer

repressed HFD-induced triglyceride (TG) deposition in the liver (Figure 3C). No significant

change occurred in blood AST and ALT (Figure 3D). Gene expression analysis showed
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FGF21 gene transfer markedly repressed transcription of key genes involved in lipid

metabolism, including Pparγ2 (~51%), Cd36 (~72%), Fabp4 (~53%) and Mgat1 (~85%)

(Figure 3E). On the contrary, transfer of the FGF21 gene slightly, but significantly,

increased expression of genes for fatty acid β oxidation such as Cpt1a (~2.2-folds) and

Acadl (~1.8-fold) (Figure 3F). Additionally, FGF21 gene transfer slightly suppressed

expression of Scd1 (~45%) (Figure 3G).

FGF21 gene transfer prevented HFD-induced insulin resistance and glucose intolerance

Mice transferred with the FGF21 gene showed a decreased fasting glucose compared to

control mice (Figure 4A). IPGTT showed FGF21 gene transfer greatly suppressed the

elevation of the glucose profile induced by injection of glucose saline, demonstrating that

these mice possessed improved glucose tolerance (Figure 4B). Calculation of the AUC

provided the same conclusion confirming FGF21 gene transfer repressed the AUC of IPGTT

by ~40% (Figure 4C). Blood insulin levels for control and treated mice were ~4.1 ng/ml and

~1.9 ng/ml, respectively (Figure 4D). Compared to control, mice transferred with the FGF21

gene showed larger decreases in their glucose profiles in response to insulin injections,

indicating improved insulin sensitivity in these mice (Figure 4E). Calculation of the HOMA-

IR offered the same conclusion (Figure 4F). No significant difference was observed in H&E

staining of the islets between the two groups (Figure 4G).

Suppressed body weight gain was associated with altered gene expression in adipose
tissues

FGF21 gene transfer markedly suppressed expression of genes involved in chronic

inflammation of adipose tissue including Mcp1 (~92%), Tnfα (~76%), Ifnγ (~40%), Il1β

(~85%) and Il6 (~81%) (Figure 5A). Expression of macrophage marker genes such as F4/80

(~79%), Cd11b (~80%) and Cd11c (~95%) were also greatly decreased in mice transferred

with the FGF21 gene (Figure 5B). Additionally, mice transferred with the FGF21 gene

showed decreased mRNA levels of Leptin (~75%) and Fgf21 (~67%) in adipose tissue

(Figure 5C). On the contrary, all genes involved in adaptive thermogenesis including Ucp1

(~47.2-folds), Ucp2 (~2.4-folds), Ucp3 (~1.7-fold), Dio2 (~1.6-fold), Pgc1α (~1.9-fold),

Cidea (~2.8-folds) and Elovl3 (~29.3-folds) showed significant increase in the IWAT of

mice transferred with the FGF21 gene (Figure 5D). Similar changes were observed in the

BAT of mice transferred with the FGF21 gene (Figure 5E).

Hydrodynamic gene transfer to HFD-induced obese mice

The relation between body weight and fat mass, and body weight and lean mass in HFD-

induced obese mice with a body weight of 40-55 g was analyzed and plotted. As expected,

these obese mice had a high ratio of fat mass (28%-47% of body weight) (Figure 6A). Fat

mass increased at a rate of 0.64 g/g body weight while lean mass increased at a much lower

rate of 0.30 g/g body weight, suggesting the fat mass provided a larger contribution to the

increase in body weight in obese mice (Figure 6A and Figure 6B). With these findings, we

adjusted the hydrodynamic procedure, and calculated the saline volume based on lean mass

rather than total body weight. Although weaker than that of lean mice, the GFP signals in

obese mice using the adjusted procedure (8% lean mass as the injection volume) is still
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easily recognized (Figure 6C). Additionally, hydrodynamic injection in obese mice using the

adjusted procedure did not affect the gross morphology and lipid droplets in the liver (Figure

6C).

FGF21 gene transfer decreased body weight and reduced adipocyte size in HFD-induced
obese mice

We measured mRNA and protein levels of FGF21 in obese mice two weeks after injection

and found hydrodynamic injection of FGF21 gene markedly increased mRNA level of

FGF21 in the liver (~17-folds), and consequently elevated circulating FGF21 in the serum

(~40-folds) (Supplementary Figures 1A-B). No significant change was observed in AST and

ALT at the end of the experiment (Supplementary Figure 1C). As expected, hydrodynamic

transfer of the FGF21 gene greatly decreased the body weight of obese mice by ~7.8 g

within two weeks, while control mice receiving the GFP gene did not show a significant

change in body weight (Figure 7A and Figure 7B). No significant difference was observed

in average food intake between the two groups (Figure 7C). Determination of body

composition showed the decrease in body weight was mainly derived from fat mass, not lean

mass (Figure 7D). Mice receiving the FGF21 gene showed reduced fat pad weight at EWAT

(~0.9 g), PWAT (~0.6 g) and IWAT (~1.0 g) (Figure 7E). H&E staining showed FGF21

gene transfer greatly suppressed the size of adipocytes in EWAT, PWAT and IWAT (Figure

7F). The same conclusion was provided by quantification using an imaging system (Figure

7G). Surprisingly, mice transferred with the FGF21 gene showed a significantly higher

density of the cellular matrix in BAT compared to that of control (Figure 7F).

FGF21 gene transfer alleviated fatty liver in HFD-induced obese mice

Transfer of the FGF21 gene in obese mice greatly decreased liver weight and reduced its

size (Figure 8A and Figure 8B). H&E staining showed the total amount of vacuoles was

markedly reduced by FGF21 gene transfer (Figure 8B). Consistently, Oil-red O staining and

Nile red staining showed less red dots in the liver of mice receiving the FGF21 gene (Figure

8B), suggesting the severity of fatty liver had been alleviated in these mice. This conclusion

was further confirmed by biochemical quantification showing TG levels were ~72 and ~31

mg/g tissue in mice receiving the GFP gene and FGF21 gene, respectively (Figure 8C).

Gene expression analysis showed the transcription of multiple genes involved in lipids and

glucose metabolism was significantly reduced in the liver of obese mice transferred with the

FGF21 gene, including Pparγ2 (~65%), Cd36 (~47%), Fabp4 (~32%), Mgat1 (~77%), Fas

(~65%), Scd1 (~95%) and G6p (~44%) (Figure 8D).

FGF21 gene transfer in HFD-induced obese mice altered gene expression in adipose
tissues and improved glucose metabolism

We determined the expression of genes involved in adaptive thermogenesis in IWAT, and

found most of them markedly increased in obese mice transferred with the FGF21 gene,

including Ucp1 (~36.6-folds), Ucp3 (~2.1-folds), Dio2 (~3.6-folds), Pgc1α (~2.0-folds),

Cidea (~6.4-folds) and Elovl3 (~21.7-folds) (Figure 9A). Similar changes were observed in

BAT of these mice (Figure 9B). FGF21 gene transfer greatly repressed elevation of glucose

profile in IPGTT (Figure 9C). Calculation of the AUC provided the same conclusion (Figure
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9D). Blood insulin was ~5.5 ng/ml and ~3.0 ng/ml for control and treated mice, respectively

(Figure 9E). Consistently, mice receiving the FGF21 gene showed higher insulin sensitivity

in ITT (Figure 9F). No significant change was observed between two groups in H&E

staining of the pancreatic islets (Figure 9G).

Effects of FGF21 gene transfer on lean mice

Next, we investigated the effects of FGF21 gene transfer on lean mice. Mice receiving the

FGF21 gene showed a reduction in the size of adipocytes in IWAT and a higher density of

cellular matrix in BAT without a significant change in liver (Figure 10A). IPGTT and the

following AUC calculation demonstrated FGF21 gene transfer improved glucose tolerance

even in lean mice (Figure 10B and Figure 10C). Gene expression analysis of liver samples

showed FGF21 gene transfer markedly reduced transcription of key genes involved in

lipogenesis, such as Pparγ2 (~63%), Fabp4 (~48%), Mgat1 (~97%), Srebp1c (~59%) and

fas (~61%) (Figure 10D). On the contrary, the expression of multiple thermogenic genes

was greatly increased in BAT of mice receiving FGF21 gene, such as Ucp1 (~2.5-folds),

Dio2 (~5.0-folds), Pgc1α (~2.8-folds) and Elovl3 (~7.5-folds) (Figure 10E).

Discussion

In this study, we demonstrated that FGF21 gene transfer by hydrodynamic tail vein injection

generated a sustained high level of circulating FGF21 (Figure 1), leading to a blockade of

HFD-induced obesity (Figure 2) and fatty liver (Figure 3) and glucose intolerance (Figure

4). These beneficial effects were associated with increased expression of genes for adaptive

thermogenesis and suppressed expression of genes involved in chronic inflammation in

adipose tissues (Figure 5). HFD-induced obese mice transferred with the FGF21 gene using

adjusted hydrodynamic injection (Figure 6) showed decreased adiposity (Figure 7),

alleviated fatty liver (Figure 8), increased expression of genes for thermogenesis and

improved glucose homeostasis (Figure 9). Mechanistic studies on the acute effects of FGF21

gene transfer revealed that FGF21 modulated transcription of a variety of genes involved in

lipogenesis and thermogenesis in liver and brown adipose tissue, resulting in an

improvement in glucose tolerance even in lean mice (Figure 10).

The suppressive effect of FGF21 gene transfer on adiposity can be attributed to its action in

elevating expression of genes for thermogenesis. Accumulating evidence suggests FGF21 is

actively involved in adaptive thermogenesis which is critical to maintain the homeostasis of

body temperature. For example, a previous study by Hondares et al using neonatal mice

demonstrated that FGF21 produced by the liver increased expression of thermogenic genes

within BAT, leading to activation of BAT thermogenesis [21]. Subsequent studies by

Hondares et al and Chartoumpekis et al consistently demonstrates that in response to

thermogenic activation by cold exposure or β3-adrenergic stimulation, BAT becomes a

source of systemic FGF21, further enhancing BAT thermogenesis in an autocrine manner

[22, 23]. Consistent with these previous reports, in this study, we observed that FGF21 gene

transfer greatly increased expression of multiple genes critical for thermogenesis in BAT

such as Ucp1, Dio2, Pgc1α and Elovl3 (Figure 5E, Figure 9B and Figure 10E). In addition

to BAT, white adipose tissue may also be targets of FGF21 for thermogenesis. The initial
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study completed by Spiegelman and colleagues provided convincing evidence that FGF21 is

able to regulate PGC1α and browning of white adipose tissue [9]. Following studies by Lee

et al and Kim et al prove that FGF21 derived from beige cells and muscle is capable of

promoting a brown fat-like thermogenic program in white adipocytes and elevating energy

expenditure [24, 25]. In line with these above studies, our data showed that mice receiving

the FGF21 gene exhibited significant increase in transcription of thermogenic genes in WAT

including Ucp1, Dio2, Pgc1α, Cidea and Elovl3 (Figure 5D and Figure 9A), indicating an

enhanced thermogenesis may occur in this tissue. Due to these facts, we believe that FGF21

gene transfer negatively regulated adiposity, at least in part, through increasing

thermogenesis in adipose tissue.

FGF21 plays important roles in maintaining glucose homeostasis by regulating glucose

uptake in peripheral tissues as well as stimulating signal pathways in pancreatic β cells.

Previous studies by Kharitonenkov et al demonstrate that FGF21 stimulates glucose uptake

in adipocytes by increasing GLUT1 expression, and systemic administration of FGF21

reduced plasma glucose to near normal levels in diabetic rodents as well as nonhuman

primates [2, 26]. Xu et al provided compelling evidence showing FGF21 is able to reduce

blood glucose and insulin in diet-induced obese mice, and the improvement of insulin

resistance is independent of reduction in body weight and adiposity [5]. Moreover, Wente et

al demonstrates that FGF21 protected pancreatic β cells from glucolipotoxicity and

cytokine-induced apoptosis via the Erk1/2 and Akt signaling pathways [27]. In line with

these previous reports, our data clearly show that FGF21 gene transfer significantly reduced

hyperinsulinemia and attenuated insulin resistance in mice fed a HFD, consequently leading

to significant improvements in glucose tolerance (Figure 4 and Figure 9). Interestingly, we

also observed an acute effect of FGF21 gene transfer in glucose homeostasis in lean mice

(Figure 10) which was consistent with a very recent study by Shulman and colleagues

showing that infusion of FGF21 was able to improve insulin responsiveness in regular

chow-fed wild-type mice [28]. The acute effect may be explained by the insulin-independent

activity of FGF21 in enhancing glucose uptake in muscle and adipose tissue [29, 30]. In

addition, mounting evidence suggests that macrophage infiltration and chronic inflammation

in adipose tissue is positively correlated with insulin resistance and glucose intolerance

[31-33]. Therefore, in this study, we measured expression of their marker genes, and found

that all were greatly repressed in the adipose tissue of mice receiving FGF21 gene (Figure

5A-B). Suppressed chronic inflammation may also contribute to improved glucose

tolerance. However, the possibility that FGF21 may improve glucose tolerance through its

effects on the central nervous system cannot be excluded [34].

Previous studies have identified FGF21 as a key regulator for enhancing lipid oxidation and

suppressing de novo lipogenesis. Using diet-induced obese mice and ob/ob mice as animal

models, Coskun et al demonstrated that FGF21 was able to increase fat utilization, energy

expenditure and futile cycling in adipose tissue, leading to profound improvement in fatty

liver [35]. Similarly, Xu et al demonstrated that daily injections of FGF21 inhibited

SREBP1 and suppressed the expression of a wide array of genes involved in fatty acid and

triglyceride synthesis, resulting in a dramatic reduction in hepatic triglyceride levels [5].

Consistent with these findings, we observed an acute effect of FGF21 gene transfer on the
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liver of lean mice showing markedly repressed expression of multiple genes involved in

lipogenesis including Pparγ2, Fabp4, Mgat1, Srebp1c and Fas (Figure 10D). Moreover,

FGF21 gene transfer in mice fed a HFD greatly suppressed transcription of several key

genes for lipogenesis in liver, leading to a corresponding alleviation of fatty liver (Figure 3

and Figure 8).

FGF21 possesses potent activity in inducing energy expenditure, increasing glucose uptake,

enhancing lipids oxidation as well as suppressing triglyceride synthesis, consequently

producing profound improvements in systemic metabolism [36]. Due to the capability of

generating a variety of beneficial effects in metabolism, FGF21 has attracted considerable

interest as a potential therapeutic agent in treating obesity and its complications [36, 37].

Despite these beneficial effects, the application of FGF21 in clinic is limited by its short

half-life which is less than 2 hours in mice [6]. Multiple approaches have been attempted to

solve this issue. For example, several studies report that polyethylene glycol (PEG)

conjugation largely prolongs the bioactivity of FGF21 in vivo with an acceptable level of

vacuole formation rate in the kidney which was a common risk associated with PEG

conjugation [12-14]. Hecht R et al constructed a fusion protein consisting of a mutated

FGF21 (L98R, P171G) and the Fc region of human immunoglobulin IgG1, which prolonged

the half-life of native FGF21 from 1-2 to 11 hr for Fc-FGF21 in mice [10]. Although

displaying prolonged half-life in vivo, these engineered proteins still require multiple

repeated injections to maintain the therapeutic effects. In this study, FGF21 gene transfer via

hydrodynamic injection generated a persistent high level of circulating FGF21 (Figure 1),

leading to similar levels of improvements in metabolic disorders induced by HFD feeding,

showing great promise for potential clinical application. Meanwhile, since potential toxicity

of FGF21 in skeletal homeostasis has been indicated in previous studies [38-40], additional

studies are needed to examine whether the gene therapy approach employed in this study

will result in the same effect. Further study is needed to establish the relationship between

skeletal homeostasis and the level and duration of FGF21 expression. Similarly, an

investigation to explore how FGF21 leads to bone loss and the new strategies to block the

side effect is desirable.

In summary, in this study, we demonstrate that hydrodynamic transfer of the FGF21 gene

can generate multiple beneficial effects in metabolic disorders, including reduction of

adiposity, alleviation of fatty liver and improvement of insulin resistance. Our data strongly

suggest that transfer of the FGF21 gene using hydrodynamic injection could be an effective

approach for treating obesity and its complications which affects approximately 35%

Americans.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hydrodynamic tail veil injection of plasmid DNA containing FGF21 gene increased
FGF21 mRNA levels in the liver, and generated a sustained protein level of FGF21 in the
circulation
(A) Reverse-transcription PCR examination of FGF21 mRNA levels using liver samples

collected from mice. (B) Quantitative determination of FGF21 mRNA levels using qPCR at

major organs. (C) Representative images of green fluorescence and FGF21 IHC staining of

the mouse liver. (D) Hydrodynamic injection of FGF21 gene generated persistent high level

of circulating FGF21. Samples in (A)-(C) were collected 3 days after hydrodynamic

injection. Values in (B) and (D) represent average ± SD (n = 5). ** P < 0.01 compared with

control mice.
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Figure 2. FGF21 gene transfer blocked HFD-induced adiposity and enlargement of adipocytes
(A) Growth curve. (B) Representative images of mice at end of the experiment (Bar length =

1 cm). (C) Food intake. (D) Body composition. (E) Weight of fat pad. (F) Representative

images of H&E staining of adipose tissues. (G) Average diameters of adipocytes. Values in

(A), (D) and (E) represent average ± SD (n = 5). Values in (G) represent average ± SD of

total number of adipocytes seen in five tissue slices (50 adipocytes per slice). ** P < 0.01

compared with control mice.
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Figure 3. FGF21 gene transfer protected mice from HFD-induced fatty liver
(A) Liver weight. (B) Representative images of liver histological examinations (Bar length =

1 cm). (C) Liver triglyceride. (D) Blood concentration of aspartate aminotransferase and

alanine aminotransferase in mice at the end of 8-week feeding period. (E), (F) and (G)

Relative mRNA levels of key genes involved in lipid and glucose metabolism in the liver.

Values in (A), (C) and (D)-(G) represent average ± SD (n = 5). * P < 0.05 compared with

control mice, ** P < 0.01 compared with control mice.
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Figure 4. FGF21 gene transfer prevented HFD-induced insulin resistance and glucose
intolerance
(A) Blood glucose. (B) Profiles of blood glucose concentration as function of time upon

intraperitoneal injection of glucose. (C) Area under the curve of IPGTT. (D) Blood insulin.

(E) Profiles of glucose concentration (percentage of initial value) as a function of time upon

intraperitoneal injection of insulin. (F) Results of HOMA-IR analysis for insulin resistance.

(G) Representative images from the H&E staining of the pancreas. Values in (A)-(E)

represent average ± SD (n = 5). ** P < 0.01 compared with control mice.
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Figure 5. FGF21 gene transfer altered expression of genes in adipose tissues
(A) Relative mRNA levels of genes involved in chronic inflammation. (B) Relative mRNA

levels of macrophage marker genes. (C) Relative mRNA levels of key adipokines. Relative

mRNA levels of thermogenic genes in inguinal white adipose tissue (D) and brown adipose

tissue (E). Values in (A)-(D) represent average ± SD (n = 5). * P < 0.05 compared with

control mice, ** P < 0.01 compared with control mice.
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Figure 6. Adjustment of hydrodynamic tail vein injection in HFD-induced obese mice
The correlation of body weight to fat mass (A) and lean mass (B) in HFD-induced obese

mice showed that fat mass provided a larger contribution to increase of body weight in obese

mice. Values in (A) and (B) were collected from 64 obese mice. (C) Representative images

of liver slice after hydrodynamic injection of GFP gene in lean mice and obese mice.
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Figure 7. FGF21 gene transfer decreased body weight and reduced adipocyte size in HFD-
induced obese mice
(A) Body weight change. (B) Representative images of mice at end of the experiment (Bar

length = 1 cm). (C) Food intake. (D) Body composition analysis. (E) Weight of fat pad. (F)

Representative images of H&E staining of adipose tissues. (G) Diameters of adipocytes.

Values in (A), (D) and (E) represent average ± SD (n = 5). Values in (G) represent average ±

SD of total number of adipocytes seen in five tissue slices (50 adipocytes per slice). ** P <

0.01 compared with control mice.
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Figure 8. FGF21 gene transfer alleviated fatty liver in HFD-induced obese mice
(A) Liver weight. (B) Representative images of liver histological examinations (Bar length =

1 cm). (C) Liver triglyceride. (D) Relative mRNA levels of genes involved in lipids and

glucose metabolism in the liver. Values in (A), (C) and (D) represent average ± SD (n = 5).

* P < 0.05 compared with control mice, ** P < 0.01 compared with control mice.
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Figure 9. FGF21 gene transfer in HFD-induced obese mice altered gene expression in adipose
tissues and improved glucose metabolism
FGF21 gene transfer increased expression of thermogenic gene in inguinal white adipose

tissue (A) and brown adipose tissue (B). (C) Profiles of blood glucose concentration as

function of time upon intraperitoneal injection of glucose. (D) Area under the curve of

IPGTT. (E) Blood insulin. (F) Profiles of glucose concentration (percentage of initial value)

as a function of time upon intraperitoneal injection of insulin. (G) Representative images

from the H&E staining of the pancreas. Values in (A)-(E) represent average ± SD (n = 5). **

P < 0.01 compared with control mice.
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Figure 10. Acute effects of FGF21 gene transfer in lean mice
(A) Representative images of H&E staining of liver, inguinal white adipose tissue and

brown adipose tissue. (B) Profiles of blood glucose concentration as function of time upon

intraperitoneal injection of glucose. (C) Area under the curve of IPGTT. (D) Relative

mRNA levels of key genes for lipogenesis in the liver. (E) Relative mRNA levels of

thermogenic genes in brown adipose tissue. Samples were collected 7 days after injection.

Values in (B)-(E) represent average ± SD (n = 5). ** P < 0.01 compared with control mice.
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