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Abstract

Background: Fibroblast Growth Factor 21 (FGF21) is expressed in several metabolically active 

tissues, including liver, fat and acinar pancreas, and has pleiotropic effects on metabolic 

homeostasis. The dominant source of FGF21 in the circulation is the liver.

Objective and Methods: To analyze the physiological functions of hepatic FGF21, we 

generated a hepatocyte specific knockout model (LKO) by mating albumin-Cre mice with FGF21 

flox/flox (fl/fl) mice and challenged it with different nutritional models.

Results: Mice fed a ketogenic diet typically show increased energy expenditure; this effect was 

attenuated in LKO mice. LKO on KD also developed hepatic pathology and altered hepatic lipid 
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homeostasis. When evaluated using hyperinsulinemic euglycemic clamps, glucose infusion rates, 

hepatic glucose production and glucose uptake were similar between fl/fl and LKO DIO mice.

Conclusions: We conclude that liver derived FGF21 is important for complete adaptation to 

ketosis but has a more limited role in the regulation of glycemic homeostasis.
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1. Introduction

Fibroblast Growth Factor 21 (FGF21) is a relatively new addition to the endocrine FGF 

subfamily that also includes FGF19, a regulator of bile acid synthesis and secretion[1], and 

FGF23, a regulator of phosphate metabolism [2, 3]. FGF21 was originally described as a 

factor that increased glucose uptake in cultured adipocytes in an insulin independent manner 

via Glut1 [4]. Subsequently, exogenous FGF21 was shown to limit obesity and diabetes by 

inducing weight loss and reducing plasma glucose and triglycerides systemically in rodents 

and primates [5–8]. Early studies indicated that FGF21 is induced by both fasting and 

consumption of a ketogenic diet where it plays a role in the oxidation of fatty acids[9, 10]. 

However, the biology of FGF21 has proven to be quite complex as it is expressed in multiple 

organs including liver, fat, and pancreas and has downstream actions on multiple tissues, 

including the brain. In the brain, FGF21 acts on the paraventricular nucleus of the 

hypothalamus to regulate sympathetic outflow contributing to activation of brown adipose 

tissue and browning of white adipose tissue, and thus playing a role in thermogenesis in 

rodents[11].

In addition to its metabolic functions, FGF21 has anti-fibrotic and anti-inflammatory actions 

which have been best described in the liver, where it regulates carbohydrate and lipid 

metabolism as well as fatty acid oxidation under various conditions [9, 12, 13]. Animals 

consuming diets low in methionine and choline develop a marked induction of FGF21 and 

lipotoxic changes in the liver, and mice lacking FGF21 show exaggerated inflammation and 

fibrosis. Similar effects are seen in mice consuming high fructose diets. FGF21 also plays a 

protective role when liver homeostasis is challenged with other noxious stimuli such as 

alcohol, acetaminophen, carbon tetrachloride and diethylnitrosamine [12, 14–20].

FGF21 levels in the circulation correlate with levels of its synthesis in the liver and in 

rodents the liver has been shown as the predominant contributor to circulating FGF21. To 

better understand the hepatic contribution to systemic FGF21 biology, we generated mice 

lacking FGF21 expression in hepatocytes (LKO) by mating Alb-Cre mice to FGF21 fl/fl 

mice. As mice lacking FGF21 have atypical responses to both ketogenic and high fat/high 

sucrose diets we used these diets as a challenge to LKO to assess the relative contribution of 

liver derived FGF21 to the systemic response [17, 18, 21].

KD consumption in mice induces a dramatic rise in hepatic FGF21 expression accompanied 

by increases in circulating FGF21 levels which mediate many of the physiologic adaptations 
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to the diet including increased energy expenditure and activation of BAT[9, 17, 22–24]. No 

increase in circulating FGF21 was noted in LKO consuming KD confirming the liver as the 

source of circulating FGF21. Furthermore, the expected increase in activation of BAT and 

browning of iWAT was attenuated in LKO mice compared to fl/fl mice. While consumption 

of KD is not associated with excess morbidity or mortality or liver pathology in normal 

mice, LKO mice developed steatohepatitis [23], consistent with impaired lipid metabolism 

in mice lacking liver derived FGF21[17].]

Potent glucose lowering effects of FGF21 administration mediated by improved hepatic and 

peripheral insulin sensitivity in both lean and obese mice have been reported in acute and 

chronic studies [25, 26]. Mice lacking FGF21 globally showed worsened glucose tolerance 

than wild-type animals as assessed by a glucose tolerance test. However, when mice became 

obese eating a high fat high sucrose diet no difference was seen between WT and global 

FGF21-KO animals. [21, 27]. A recent report using clamps studies showed that the reduced 

systemic insulin sensitivity in lean FGF21KO mice can be restored after FGF21 

administration [28].

Surprisingly, we found that hepatic FGF21 appears not to be essential for the maintenance of 

glycemia in lean or obese LKO mice, as they have similar ITT and GTT compared to fl/fl 

mice. Further, hyperinsulinemic euglycemic clamps performed on obese LKO mice and 

controls showed similar glucose homeostasis, glucose infusion rates and total glucose flux 

rates in the two groups.

Taken together, our data suggest that liver derived FGF21 is required for full adaptation to 

ketosis but is not necessary for the maintenance of normal glucose metabolism.

2. Materials and Methods

2.1 Generation of Liver specific FGF21 KO mice

To generate liver specific FGF21 KO mice C57/Bl6 embryonic stem cell lines containing a 

construct with the third exon of FGF21 flanked by LoxP sites (Fgf21tm1a(EUCOMM)Hmgu) 

were acquired from “The European Conditional Mouse Mutagenesis Program” [29] and 

injected into blastocysts of C57/Bl6 female mice by the Beth Israel Deaconess Medical 

Center Transgenic Core. Offspring were selected by chimeric coat color and bred to ensure 

germ line transmission. These mice were bred to germ line FLP-FRT mice to remove 

obsolete elements such as PhosphoGlycerate Kinase (PGK) neo cassette. Offspring were 

tested for the presence of one complete copy of the FGF21 flox allele, bred to homozygosity 

and subsequently with albumin-CRE transgenic mice (C57Bl/6J background) to generate 

LKO mice. Tissue specific recombination of exon 3 of the FGF-21 allele was confirmed by 

determining that offspring mice expressed the albumin-CRE and did not express exon 3 of 

the FGF-21 allele. DNA from several tissues was separated by gel electrophoresis and loss 

of exon 3 only occurred in the liver (data not shown). For the purpose of the experiments 

herein presented fl/fl littermates were used as WT controls.
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2.2 Animal experiments

As previous experiments showed that age can affect metabolic adaptations to stimuli, mid 

adult male mice (age 10–12 weeks) only were utilized in the herein presented experiments. 

LKO and C57BL/6J fl/fl littermate mice were split into four groups at about 12 weeks of age 

and thereafter fed standard chow (n = 18) or KD (n = 32) and remained on their respective 

diets until the end of the study (9 weeks). For metabolic studies of energy balance and for 

food intake assessment, they were singly housed with cage enrichment under a 12-hour 

light, 12-hour dark cycle (06:00 h-18:00 h) and an ambient temperature of 22±2°C.

LabDiet 5008 (Pharmaserv, Framingham, MA) consisting of (6.7% fat (cholesterol 223 

mg/kg, 0.02%), 23.6% protein and 56% carbohydrate in the form of starch 29.4%, 2.5% 

sucrose) kcal by weight was used as standard chow. F3666 (Bioserv, Frenchtown, NJ) 

consisting of 75.1% fat (cholesterol 880 mg/kg, 0.09%), 8.6% protein, and 3.2% 

carbohydrate (0% sucrose) by weight was used as KD. Mice had ad libitum access to food 

and water or water alone when fasted. All procedures were conducted in accordance with 

National Institutes of Health Guidelines for the Care and Use of Animals and were approved 

by the Institutional Animal Care and Use Committee.

For euthanasia, deep anesthesia was reached through intraperitoneal (IP) injection of 

ketamine/xylazine (ketamine 1 ml/kg, xylazine 100 μl/kg), mice were then euthanized by 

cardiac puncture exsanguination and cervical dislocation between 09:00 and 11:00 and 

rapidly dissected, tissues were harvested, flash frozen in liquid nitrogen and kept at −80° C 

until analyzed or fixed in 10% formalin for 24 hours for histological studies.

For the HFD study, WT and LKO mice (n=18) were put on a high sucrose high fat diet 

(Bioserv F3282; 59% fat, 14.9% protein, 26% carbohydrate (%Kcal); cholesterol 345 

mg/kg, 0.03%) for 9 weeks and evaluated at the Vanderbilt University Mouse Metabolic 

Phenotyping center.

2.3 Glucose Tolerance Test

On experimental week 5, mice were fasted for 16 hours before an intraperitoneal injection of 

D-glucose (2 g/kg body wt; Sigma, St. Louis, MO) at 4 hours after light onset. Tail blood 

glucose concentrations were measured at 0, 10, 20, 30, 60, 90 and 120 minutes using a 

handheld glucometer (OneTouch Ultra, Lifescan, Milpitas, CA).

2.4 Insulin Tolerance Test

Mice were fasted for 6 hours on experimental week 6 before an intraperitoneal injection of 

0.75 IU/Kg regular insulin (Eli Lilly and Co., Indianapolis, IN). Tail blood glucose 

concentrations were measured at 0, 15, 30, 60 and 75 minutes using a handheld glucometer 

(OneTouch Ultra, Lifescan, Milpitas, CA).

2.5 Hyperinsulinemic euglycemic clamp

The study was conducted in the Vanderbilt University Mouse Metabolic Phenotyping Center. 

The surgical procedures utilized to implant chronic catheters have been described previously 

[30–32]. Briefly, mice were anesthetized with isoflurane. The left common carotid artery 
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and right jugular vein were catheterized for sampling and infusing, respectively. Animals 

were individually housed, and all metabolic experiments were performed following a 5-day 

postoperative recovery period as previously described. Briefly, conscious, unrestrained mice 

were fasted at 7:00 (t=−300 min). 2 hours prior to initiation of the clamp a 1 μCi bolus of [3 

−3H]-D-glucose was given into the jugular vein (t=−120 min) followed by a constant 

infusion at a rate at 0.05 μCi/min. Two hours later, a baseline arterial blood sample was 

drawn and blood glucose, [3-3H]-D-glucose, hematocrit and plasma insulin were measured. 

A 145 min hyperinsulinemic-euglycemic (4 mU/kg/min) clamp was then initiated. [3-3H]-D-

glucose was added to the variable glucose infusion that was used to maintain euglycemia 

and the constant infusion of [3-3H]-D-glucose was discontinued so as to clamp arterial 

glucose specific activity at a constant level. At t=80, 90, 100 and 120 min, blood samples 

were taken to determine [3-3H]-D-glucose specific activity. At t=120 min, a 13 μCi bolus of 

2-deoxy [14C] glucose ([2-14C]DG) was administered into the jugular vein catheter. At 

t=122, 125, 130, 135, and 145 min arterial blood was sampled to determine blood glucose, 

plasma [3-3H]-D-glucose and [2-14C]DG. Arterial insulin concentration was measured at 

100 and 120 min. At t=145 min mice were then anesthetized. The soleus, gastrocnemius, 

white superficial vastus lateralis (Quad), liver, heart, EWAT, IWAT, BAT and brain were 

excised, immediately frozen in liquid nitrogen, and stored at −70 °C until future tissue 

analysis. Immunoreactive insulin was assayed using a Rat Radioimmunoassay kit cross-

reacting with mice insulin (Perkin Elmer). Tissues and plasma samples were deproteinized 

as described and used to measure [3-3H]-D-glucose, ([2-14C]DG and [2-14C]DG -phosphate 

([2-14C]DGP). Glucose flux rates were assessed using non-steady state equations assuming a 

volume of distribution (130 ml/kg). Tissue-specific clearance (Kg) of [2-14C]DG and an 

index of glucose uptake (Rg) were calculated as previously described [33]: 

Kg=[2-14C]DGPtissue/AUC [2-14C]DGplasma, Rg=Kg × [glucose]plasma, where 

[2-14C]DGPtissue is the [2-14C]DGP radioactivity (dpm/g) in the tissue, AUC 

[2-14C]DGplasma is the area under the plasma [2-14C]DG disappearance curve (dpm/mL/

min), and [glucose]plasma is the average blood glucose (μg/|μl) during the experimental 

period (t=102–125 min). Data are presented as mean ± standard error of the mean (SEM).

2.6 Indirect calorimetry

Mice were maintained on a 12-hour light, 12-hour dark cycle and metabolic rate was 

measured on experimental week 6 by indirect calorimetry using a Comprehensive Lab 

Animal Monitoring System (CLAMS, Columbus Instruments) as previously described [34]. 

Ambulatory activity, O2 consumption, and CO2 production were simultaneously 

determined. Food and water were available ad libitum. All mice were acclimatized to 

monitoring cages for 48 h prior to the beginning of an additional 72 h of hourly automated 

recordings of physiological parameters, which were averaged and binned to create day and 

night depictions of metabolic rate.

2.7 Body composition analysis

Body composition was assessed using an EchoMRI 3-in-1 quantitative Nuclear Magnetic 

Resonance (qNMR) system (Echo Medical Systems, Houston, TX) on experimental week 7. 

Lean and fat mass were measured in live conscious mice that had ad libitum access to food 

and water.
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2.8 Feeding and weight collection

Food intake was measured over a 7-day period towards the end of the study in individually 

housed mice with cage enrichment and is reported as a daily mean. Body weights were 

determined weekly using a tabletop scale between 09:00 and 11:00 in ad libitum fed group 

housed mice.

2.9 Serum Analysis

Blood was collected by cardiac puncture into centrifuge tubes before centrifugation at 

10,000 rpm for 15 min. Serum was separated and stored at −80°C. Serum FGF21 and insulin 

concentrations were measured according to the manufacturer’s instructions using 

quantitative ELISAs specific for mouse FGF21 and insulin (R&D Systems and Crystal 

Chem, respectively). ALT and AST (Pointe Scientific, Canton, MI), triglycerides, β-

hydroxybutyrate, total cholesterol, glucose (StanBio, Boerne, TX) were measured in 

duplicate using enzyme colorimetric assays.

2.10 Histologic Analysis

Paraffin embedding and sectioning was performed by the HDDC histology core B at 

BIDMC. Sections (5 μm) were stained with Hematoxylin/Eosin (H&E) or PicroSirius Red 

(SR). Slides were analyzed in a blinded fashion by an experienced pathologist (F.S.). Each 

slide was graded based on the Non Alcoholic Fatty Liver Disease (NAFLD) Activity Score 

[35] that looks at steatosis, inflammation, and ballooning, as well as the Metavir score [36] 

that assesses the degree of fibrosis.

2.11 Hepatic Lipid Content Analysis

Hepatic lipids were extracted using a modified Folch method [37]. Briefly, approximately 

150 mg of liver were homogenized in chloroform:methanol (2:1) and incubated overnight at 

room temperature. Saline (0.9%) was then added, and each sample was centrifuged for 10 

minutes at 2000 g. The upper organic phase was removed, and the lower phase was 

dehydrated overnight using a vacuum pump. Lipids were then resuspended, and triglycerides 

and total cholesterol content were determined using colorimetric assays (StanBio, Boerne, 

TX) and normalized to gram of liver wet weight.

2.12 RNA extraction and quantitative Real Time PCR

RNA was isolated from flash-frozen tissue using a Direct-zol™ RNA MiniPrep (Zymo 

Research) according to manufacturer’s instructions. A deoxyribonuclease (QIAGEN) step to 

digest the genomic DNA was included. cDNA was made from 500 ng isolated RNA using 

oligo(dt) and random hexamer primers and reverse transcriptase (QuantiTech RT kit; 

QIAGEN). Quantitative PCR was performed using the 7900HT (Applied Biosystems) 

thermal cycler and SYBR Green PCR master mix (Applied Bio-systems). Relative 

expression of mRNAs was calculated and normalized to levels of 36B4 for all tissues using 

the 2−ΔΔCt method. Primer sequences are available upon request.
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2.13 Immunoblot

Brown adipose tissue (BAT) was homogenized in lysis buffer in the presence of protease 

inhibitors. Protein concentration of the extracts was determined with the Pierce BCA protein 

assay kit (Thermo Fisher, Waltham, MA). 1 μg of total protein was used for western blots 

(4–15% Criterion gel, Biorad Laboratories; nitrocellulose, Protran; Schleicher and Schuell, 

Keene, NH). For Uncoupling Protein 1 (UCP1) immunoblots, membranes were blocked in 

5% BSA/0.1% Tween in TBS overnight, and then incubated for 2 hours at room temperature 

with an anti UCP1 monoclonal antibody (Abcam, Cambridge, UK) diluted 1:10000 in 5% 

BSA/0.1% Tween in TBS. Histone H3 was used as loading control. The blots were 

developed using Super Signal West Pico chemiluminescent reagent (Pierce, Rockford, IL). 

Band intensity was quantified using ImageJ software (U. S. National Institutes of Health, 

Bethesda, Maryland, USA).

2.14 Sympathetic nerve activity measurements

Measurement of sympathetic nerve activity (SNA) to BAT was performed under anesthesia 

[induced with Ketamine (91 mg/kg body weight) and Xylazine (9.1 mg/kg body weight) and 

maintained with α-chloralose (initial dose: 12 mg/kg, then sustaining dose of 6 mg/kg/hr)] 

with body temperature maintained at 37.5 °C using a heat lamp as previously described on a 

separate cohort of WT and LKO mice (n=24) [38–40]. SNA was recorded in mice 

consuming KD for 24 hours or >10 weeks to observe and differentiate an acute and a 

chronic response to the diet.

2.15 Statistical analysis

All data are given as mean ± SEM. Statistical analysis was performed using GraphPad Prism 

5 software (La Jolla, CA). Significance was determined using either an unpaired two tailed 

student t-test, two-way ANOVA with repeated measures or two-way ANOVA followed by 

Bonferroni’s post-hoc test where appropriate. Statistical analysis for indirect calorimetry 

data was performed by analysis of covariance using web-based analysis tool CalR[41] taking 

into account body mass as covariate. Differences were considered significant at a level of p 

<0.05. Significance is designated by asterisks with *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001.

3. Results

3.1 LKO mice demonstrate partial induction of FGF21 in adipose tissue

We first investigated the contribution of liver derived FGF21 to circulating levels upon KD 

challenge in fl/fl (control) and LKO mice with ad libitum access to food and water. Fl/fl 

mice responded as expected to KD diet with approximately a 75-fold increase in FGF21 

serum levels (fl/fl chow 210.5 ± 71.15 pg/ml; vs KD: 15677 ± 3192 pg/ml; p=0.0006). LKO 

mice showed detectable, although extremely low FGF21 levels at baseline which increased 

by 4-fold with KD consumption (LKO chow: 40.20 ± 4.35 pg/ml; LKO KD: 161.1 ± 18.55 

pg/ml; p=<0.0001 Fig 1A). Maximal levels in LKO were lower than baseline levels of fl/fl 

mice.
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Increased serum FGF21 levels in fl/fl mice in response to KD were accompanied by an 88-

fold increase in hepatic gene expression. Hepatic mRNA expression of FGF21 in LKO mice 

remains undetectable under either dietary condition (Fig 1B). This led us to consider that the 

small upregulation in LKO mice might derive from a possible compensatory contribution to 

circulating FGF21 from fat or muscle.

We therefore assessed FGF21 gene expression in brown adipose tissue (BAT), epididymal 

white adipose tissue (EWAT), inguinal white adipose tissue (IWAT) and muscle (Fig 1C). 

FGF21 expression in BAT is comparable between the genotypes and KD consumption leads 

to a small increase in expression. Similarly, EWAT and IWAT have comparable FGF21 

expression in both groups under chow fed conditions. In EWAT of LKO mice consuming 

KD, FGF21 expression increased about four-fold but this increase was only 3% of that seen 

in liver of fl/fl mice. Again, both the groups on KD expressed similar levels of FGF21 in 

IWAT. FGF21 mRNA expression levels in muscle were unchanged by diet or genotype (Fig 

1C). Thus, expression of FGF21 in adipose tissue may contribute to low but detectable 

serum FGF21 levels in LKO mice.

Expression of mRNA encoding the obligate co-receptor of FGF21 βKlotho (KLB) was 

assessed in FGF21 target tissues and was found to be significantly decreased in the liver of 

both KD fed groups as well as brown adipose tissue (Suppl. Fig. 1).

3.2 LKO mice on KD fail to increase energy expenditure resulting in attenuated weight 
loss.

Next, we assessed the role of liver derived FGF21 in the rise of energy expenditure seen 

upon KD consumption. When eating chow, fl/fl and KO mice had similar body weights (fl/fl 

26.3±2.1; LKO 28.5±1.9; n.s.) and had similar profiles with regard to energy expenditure, 

ambulation substrate oxidation preference (supplementary fig 2 B–D). Upon feeding of KD, 

both KD and fl/fl and LKO mice initially showed a similar degree of weight loss. After two 

weeks, fl/fl mice continued to lose weight while LKO mice began to gain weight and were 

significantly heavier from week 8 on (Fig. 2 A). Body composition analysis at week 7 

showed that LKO mice accumulated more fat (Fig. 2 B), and lean mass (Suppl. Fig. 1 B) 

compared to KD fed fl/fl mice despite similar caloric intake in all groups (Suppl. Fig. 1 C).

Energy expenditure was measured after 6 weeks of KD feeding when mice were well 

adapted to the dietary interventions. Fl/fl mice showed significantly higher energy 

expenditure as assessed by O2 consumption (VO2) in both light and dark cycles, whereas 

LKO failed to increase VO2 under the same conditions (Fig. 2 C). Overall ambulatory 

activity was decreased, to a similar extent, in both fl/fl and LKO mice eating KD compared 

to the chow diet (Fig. 2 D). We then further investigated the mechanism through which 

absence of liver derived FGF21 affects energy expenditure. UCP-1 protein levels, an 

indicator of BAT activation, was attenuated in LKO mice, compared to fl/fl mice fed with 

KD (Fig. 2 E). Sympathetic nerve activity (SNA) subserving BAT, measured in a separate 

cohort of mice, was significantly reduced in LKO mice compared to fl/fl littermates 

consuming KD, measured at two different time points: 24 hours and after 10 weeks (Fig. 2 F, 

G). This led us to conclude that liver derived FGF21 is important in acting on the brain to 
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drive the sympathetic outflow that contributes to the activation of brown adipose tissue 

necessary for thermogenesis.

Both groups of KD fed mice maintained similar ketotic status as assessed by serum β-

hydroxybutyrate levels, a well validated index of ketosis (Table 1).

3.3 LKO mice have progressive liver injury and altered lipid metabolism on KD

We then evaluated liver pathology of the experimental animals to ascertain whether liver 

derived FGF21 is hepatoprotective. Histopathologic analysis of liver Hematoxylin/Eosin and 

Sirius Red stained specimen from fl/fl mice fed either chow or KD showed normal hepatic 

histology (Fig. 3 A i–ii, v–vi). However, livers of LKO mice on KD were significantly 

heavier (Fig. 3 B) and demonstrated increased lobular inflammation and ballooning (Fig 3A 

vii) with a significantly higher NAFLD score (Fig. 3 C). There was no significant fibrosis in 

KD fed mice irrespective of the genotype (Fig. 3 B vi, viii; C). Worse liver pathology of KD 

fed LKO mice was confirmed by elevated Alanine aminotransferase (ALT) serum levels 

(Table 1). Triglycerides content did not differ between diet matched littermates but was 

significantly elevated in KD compared to chow fed groups (Fig. 3 D). On the contrary, 

cholesterol content was increased in KD fed LKO mice compared to fl/fl (Fig. 3 E), 

suggesting that liver derived FGF21 may be linked to altered cholesterol metabolism.

Hepatic gene expression markers for inflammation, fibrosis and lipid metabolism were also 

measured (Fig 4 A). TIMP1 and MMP2 were significantly induced in LKO mice on KD 

compared to diet matched fl/fl littermates, while several other genes were comparable in 

both the KD fed groups (Fig. 4 A–B).

Hepatic gene expression analysis revealed a significant reduction of lipogenic genes with 

consumption of KD (Fig. 4 C) irrespective of genotype. However, induction of genes 

involved in lipid transport and fatty acid oxidation were attenuated in LKO including CD36, 

LCAD, VLCAD, ACOX1 and CPT1α (Fig. 4 C). Further, PPAR-coactivators PGCIα and 

PGCIβ were also significantly lower in these mice, consistent with data from FGF21KO 

mice [17] (Fig. 4 D).

Moreover, hypercholesterolemia (Table 1) in KD fed LKO mice was noted. We therefore 

further investigated the role of hepatic FGF21 in cholesterol metabolism and found that its 

absence was associated with reduced expression of genes involved in cholesterol excretion 

into bile such as ABCG5, ABCG8, LXR, Cyp7A1, SHP, suggesting impaired cholesterol 

clearance in these mice (Fig. 4 E). Endogenous biosynthesis of cholesterol also appeared to 

be reduced in KD fed LKO as HMGCS1, HMGCR, and SREBP2 gene expression were 

downregulated. Proprotein convertase subtilisin/kexin type 9 (PCSK9) and LDL Receptor 

(LDLR) were both found to be profoundly decreased in these mice compared to all other 

groups (Suppl. Fig. 1 D).

3.4 Glucose metabolism is not impaired in obese LKO mice

Finally, we investigated the role of liver derived FGF21 in glucose metabolism. LKO mice 

showed no impairment in glucose metabolism on chow as measured by ipGTT and Insulin 

Tolerance Test (ITT) compared to WT mice (Suppl. Fig 2E–F). When fed HFD for 16 weeks 
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both fl/fl and LKO gained weight and maintained very similar GTT responses (Suppl. Fig 2 

G). Hyperinsulinemic euglycemic clamps were performed on these mice. Glucose levels 

were clamped at ~120 mg/dl to maintain euglycemia (Fig 5A). No significant difference was 

seen in the glucose infusion rate (GIR; mg•kg−1 •min−1) (Fig 5B). Similar plasma insulin 

and total glucose flux at baseline and during the clamp were also observed (Fig 5 C–D). 

Endogenous glucose production was very low in both groups indicating suppression of liver 

glucose production by insulin (Fig 5 E). Insulin-stimulated glucose uptake in multiple 

tissues did not differ between the fl/fl and LKO groups (Fig 5 F). Altogether, our data 

suggest that loss of hepatic FGF21 does not affect glucose metabolism on any of the 

investigated conditions.

4 Discussion

FGF21 regulates energy homeostasis and has beneficial metabolic effects including weight 

loss and improved glycemia in humans and mice [5, 6]. However, the physiology of FGF21 

is very complex as it derives from multiple tissues and exerts metabolic functions via three 

modes of action: autocrine, paracrine, and endocrine [42, 43]. Hepatic FGF21 is the major 

source of circulating FGF21 which is responsible for endocrine actions. To better 

differentiate the relative endocrine aspects of FGF21 action compared to autocrine/paracrine 

actions we generated a hepatocyte specific FGF21 deficient mouse model, designated as 

LKO mice. Deletion of hepatic FGF21 resulted in an 80% reduction in serum FGF21 levels 

at baseline; levels did not increase with fasting, a perturbation that reliably lead to a 

significant rise in FGF21 (Suppl Fig 2A). Ketogenic diet serve as nutritional challenge, and 

in mice induce a massive increase in hepatic FGF21 expression and increased circulatory 

levels with substantial physiologic changes including increased energy expenditure and 

sympathetic outflow [23, 24]’[44, 45]. In LKO consuming KD, the hepatic induction of 

FGF21 is absent and there is marked attenuation of SNS outflow, demonstrated by direct 

measurement of sympathetic nerve activity.

We previously reported that mice with systemic FGF21 deletion failed to demonstrate any 

weight loss response to KD and indeed gained weight rather than the attenuated weight loss 

we observed in LKO mice. Given the report of Stemmer and the difference in our own 

results, we re-examined the effect of KD consumption in global FGF21 KO under the same 

conditions described here used in LKO mice. In particular, our original study was performed 

in older mice housed in a non-barrier facility[17]. Although weight loss was observed in our 

repeat study it was no longer as dramatic as we previously reported (Suppl. Fig. 3 A). 

However, in this repeat study with global FGF21 KO mice, the pattern of energy expenditure 

pattern was as described in the previous study (Suppl. Fig 3 B–C). This reinforces the key 

role of FGF21 in KD induced energy expenditure. However, weight loss may be variable 

depending on other factors such as age, duration of the studies and housing details.

LKO mice have higher cholesterol levels in both serum and liver. It is to be noted that the 

cholesterol content of KD is 3 times higher than chow diet (KD 62.5 mg/kg vs chow 21 mg/

Kg). In the presence of FGF21 the increased dietary cholesterol leads to upregulation of 

cholesterol clearance as indicated by increased expression of clearance markers; these 

markers are not induced in LKO mice. However, cholesterol biosynthesis and uptake are also 
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reduced, effects that may reflect a physiological feedback response to both the high dietary 

cholesterol and the impaired clearance [46–48]. FGF21 is also viewed as a negative 

regulator of bile acid synthesis in a CyP7a1 dependent pathway [49, 50]. Reduced activity of 

this pathway leads to increased cholesterol in the gut. LKO show reduced gene expression of 

markers of bile acid synthesis, consistent with the suggested link between FGF21 and bile 

acids metabolism, possibly in a Cyp7a1 independent manner as the latter remains 

unchanged.

We have previously reported that WT mice fed a KD develop mild liver inflammation and 

fibrosis, although this does not decrease their lifespan [23]. We have also reported that 

FGF21KO mice consuming an MCD diet show more severe liver steatosis, inflammation 

and fibrosis compared to WT mice [12]. Our findings here in LKO mice consuming KD are 

consistent with a protective effect of hepatic-derived FGF21 on the liver as fl/fl mice 

consuming KD had no histopathologic changes in contrast to LKO mice. Liver injury, 

reflected in increased ballooning and inflammation, may not only be consequent to fat 

(triglycerides) deposition, but also to a direct cytotoxic effect of cholesterol through 

modifications of signaling pathways and disruption of intracellular structures and membrane 

fluidity [51]. Whether this may lead to liver failure, hepatocellular carcinoma or decreased 

life expectancy needs to be further explored with more long-term studies.

Exogenous FGF21 suppresses hepatic glucose production and stimulates peripheral glucose 

uptake in obese mice [5, 8, 25, 26]. In the obese state, FGF21 is increased. However, FGF21 

does not play an essential role in obesity-induced changes in GTT or ITT as we show that 

these are the same in both obese WT mice and mice with global FGF21 deletion[21, 27]. 

Moreover, we found that BAT glucose uptake was unaffected during the clamp. Similarly, 

we found that deletion of hepatic FGF21 had no effect on glycemia irrespective of the 

dietary conditions, including chow, HFD and KD. This suggests that FGF21 is dispensable 

with regard to glucose homeostasis under these conditions. This is in contrast to some 

previously published reports. Markan et al. have shown that liver derived FGF21 is 

responsible for glucose disposal into BAT and improving insulin sensitivity in mice [52]. 

Another report suggests that hepatic FGF21 deficiency promotes metabolic syndrome as in 

that report HFD-fed LKO mice were significantly more glucose intolerant, more insulin 

resistant, and more pyruvate intolerant than HFD-fed control mice [53]. We did not observe 

any difference in the phenotype of glucose at baseline and have no specific explanation for 

this discrepancy. However, it is difficult to cross compare dietary studies among various 

facilities in mouse models conducted by different investigators[54]. Differences may reflect 

diet formulation, duration of the studies and details of housing conditions[55]. However, the 

differences observed among studies suggest that the effect of hepatic derived FGF21 

deficiency on glucose metabolism is not straight forward.

Collectively, our data demonstrate that liver derived FGF21, despite being the largest source 

of endocrine FGF21 is not necessary for normal glucose metabolism but is required as an 

endocrine factor mediating the full adaptation to ketosis. The effect of liver-derived FGF21 

is hepatoprotective, as seen with progressive liver injury upon KD consumption. The lipid 

lowering effect of FGF21 may be due in part to its permissive role in cholesterol excretion 
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that our findings suggest for the first time, but further studies are warranted to confirm this 

observation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FGF21
Fibroblast Growth Factor 21

fl/fl
FGF21 Flox/flox

LKO
Lver specific Knockout

KD
Ketogenic Diet

HFD
High Fat Diet

PPARα
Peroxisome Proliferator-Activated Receptor a

FGF21KO
Fibroblast Growth Factor 21 Knockout

WT
Wild Type

IP
Intra Peritoneal

([2-14C]D-G) [2-14C]D
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Glucose

RG

Glucose metabolic Index

SEM
Standard Error of the Mean

CLAMS
Comprehensive Lab Animal Monitoring System Oxymax

qNMR
Quantitative Nuclear Magnetic Resonance

ALT
Alanine aminotransferase

PGK
PhosphoGlycerate Kinase

NAFLD
Non-Alcoholic Fatty Lver Disease

BAT
Brown adipose tissue

UCP1
Uncoupling Protein 1

SNA
Sympathetic Nerve Actvity

ANOVA
Analysis Of Variance

KLB
β-Klotho

EWAT
Epididymal White Adipose Tissue

IWAT
Inguinal White Adipose Tissue

ipGTT
Intraperitoneal Glucose Tolerance Test

ITT
Insulin Tolerance Test
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RER
Respiratoiy Exchange Ratio

MCD
Methionine Choline Deficient

SNS
Sympathetic Nervous System

DIO
Diet Induced Obesity

FAS
Fatty Acids Synthase

SCD-1
Stearoyl-CoA desaturase

CD36
Cluster of Differentiation 36

LCAD
Long Chain Acyl-CoA dehydrogenase

VLCAD
Very Long Chain Acyl-CoA dehydrogenase

ACOX1
Peroxisomal acyl-coenzyme A oxidase 1

CPTIα
Carnitine palmitoyltransferase I α

PPAR
Peroxisome proliferator-activated receptor γ Coactivator 1α PGC1α

PGC1 β
Peroxisome proliferator-activated receptor (PPAR) γ Coactivator 1 β

ABCG5
ATP-Binding Cassette subfamily G member 5

ABCG8
ATP-Binding Cassette sub-family G member 8

LXR
Liver X Receptor

Cyp7A1
Cytochrome P450 7A1
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SHP
Small Heterodimer Partner

HMGCS1
3-Hydroxy-3-MethylGlutaryl-CoA Synthase

HMGCR
3-Hydroxy-3-MethylGlutaryl-CoA Reductase

SREBP2
Sterol Regulatory Element-Binding Protein 2

FCSK9
Proprotein Convertase Subtilisin/Kex in type 9

LDLR
LDL Receptor

TGF1 β
Transforming growth factor 1 β

MCP1
Monocyte chemoattractant protein-1

MMP2
Matrix MetalloProteinase-2

SMA
Smooth Muscle Actin

IL1 β
Interleukin 1 β

TIMP
metallopeptidase inhibitor 1.
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Figure 1. 
LKO mice demonstrate partial induction of FGF21 in adipose tissue FGF21 circulating 

levels and gene expression in fl/fl and LKO mice fed with chow and KD. a Circulating 

FGF21 is significantly induced in fl/fl mice with KD consumption and ad libitum access to 

food and water. In LKO mice, FGF21 is detectable at low levels at baseline and is induced 4-

fold with KD. The arrows highlight the differences in Y axes: LKO KD represents a tiny 

fraction compared to fl/fl KD. b FGF21 gene expression in liver from fl/fl and LKO mice is 

shown. The FGF21 expression is not detectable in LKO mice. c FGF21 expression is 

detected in adipose depots, including BAT, eWAT and IWAT at baseline, and small 

inductions are seen with KD. LKO mice show a specific increase in FGF21 in EWAT with 

KD consumption. FGF21 gene expression in all the tissues is normalized to the hepatic 

expression of chow-fed fl/fl mice. N = 7–8 mice/group. Nd: not detectable. *Significantly 

different compared to all other groups
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Figure 2. 
LKO mice show attenuated weight loss on KD relative to chow diet as they fail to increase 

energy expenditure. a A reduction in body weight of KD-fed fl/fl and LKO mice becomes 

significantly different from week 8 onwards. Absolute baseline body weight was not 

significantly different among groups (fl/fl Ch 26.3±2.1; fl/fl KD 28.3±1.9; LKO Ch 

28.5±1.9; LKO KD 29.5±2.7). b KD-fed LKO mice maintain more fat mass. c fl/fl mice 

consuming KD for 6 weeks had significant increase in VO2 during both dark and light cycle, 

reflecting a higher energy expenditure that LKO fail to achieve. d Ambulatory activity is 
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reduced with KD consumption in both groups. e UCP1 protein is induced in fl/fl mice 

consuming KD, while this induction is attenuated in LKO mice. f, g Sympathetic nerve 

activity in BAT, both at 24 h and 10 weeks of KD feeding, is reduced in LKO mice 

compared to fl/fl counterparts. *Significantly different from chow-fed WT; #significantly 

different from chow-fed LKO; +significantly different from KD-fed WT; ^significantly 

different from KD-fed LKO. N = 6–8 mice/group
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Figure 3. 
Progressive liver injury and hepatic fat accumulation is observed in LKO mice. a KD-fed 

LKO mice have heavier liver to body weight ratio. b Histological analysis revealed 

progressive hepatic injury and lipid accumulation in LKO mice with increased lipid 

accumulation, inflammation and ballooning compared to chow fed mice (panels I, III, V, VII 

stained by H&E, at 20x magnification). Mild fibrosis is also seen as assessed by Sirius Red 

(SR) staining (panels II, IV, VI, VIII at 20x magnification). c Quantification of 

histopathology scores in fl/fl vs LKO mice is shown. d Hepatic triglycerides are comparably 

increased in all KD fed mice. e A selective increase in hepatic cholesterol accumulation is 

seen in LKO mice fed with KD. N = 6–8 mice/group
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Figure 4. 
LKO mice show liver gene expression suggestive of inflammation, fibrosis, and altered lipid 

metabolism. a, b Markers for inflammation and fibrosis, such as MMP2 and TIMP1, are 

increased in LKO mice compared to fl/fl mice consuming KD. However, most genes are 

equally induced by KD in all mice. c Hepatic gene expression markers of de novo 

lipogenesis are reduced with KD consumption. Genes involved in fatty acid oxidation and 

lipid transport have attenuated induction in KD-fed LKO mice. d Similarly, PGC-1α and 
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PGC-1β genes have reduced expression in these mice. e Genes involved in cholesterol 

biliary excretion also have impaired induction in KD-fed LKO mice. N = 6–8 mice/group
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Figure 5. 
Glucose metabolism is not impaired in LKO mice fed a high-fat diet. Arterial glucose 

concentration (a), glucose infusion rate (b), plasma insulin (c), total glucose flux (d), 

suppression of hepatic glucose production (e) and tissue (soleus, gastrocnemius, superficial 

vastus lateralis (SVL), heart, and brain) glucose uptake (f), during a hyperinsulinemic—

euglycemic clamp in chronically catheterized 5-h fasted obese fl/fl and LKO mice. N = 6 

mice/group
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Table 1.

Circulating Metabolic Parameters in ad lib fed mice consuming chow or ketogenic diet. Data are mean±SEM. 

LKO, Liver specific FGF21 knockout; KD, ketogenic diet, fl/fl, flox/flox. Significance p<.05 by ANOVA.

Chow-fed KD-Fed

Metabolite fl/fl LKO fl/fl LKO

β-Hydroxybutyrate (mM)
0.15±0.02

c,d
0.15±0.01

c,d
1.56±0.2

a,b
1.49±0.27

a,b

Triglycerides (mg/dL) 58.14±7.47
82.18±18.26

c
43.91±4.96

b 75.27±16.34

Cholesterol (mg/dL)
92.02±7.64

d
108.2±13.69

d
96.04±12.57

d
144.24±15.56

a,b,c

Glucose (mg/dL)
175.3±8.8

c,d
168.9±9.5

c,d
119.4±18.6

a,b
126.6±19.6

a,b

Insulin (ng/mL)
0.66±0.17

c,d
0.64±0.26

c,d
0.12±0.05

a,b
0.17±0.03

a,b

ALT (IU/L)
14.54±0.24

d
12.57±2.3

d 27.86±4.42
35.15±4.94

a,b

a
Significantly different from Chow fed WT;

b
Significantly different from Chow fed LKO;

c
Significantly different from KD fed WT;

d
Significantly different from KD fed LKO;
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