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Energy Balance in Mice by Inducing Fibroblast Growth Factor 21
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4Laboratory of Liver Diseases, National Institute on Alcohol Abuse and Alcoholism, National 
Institutes of Health, Bethesda, MD, 20892

5Department of Biology, Paul F. Glenn Laboratory, Massachusetts Institute of Technology, 
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Abstract

BACKGROUND & AIMS—The hepatocyte-derived hormone fibroblast growth factor 21 

(FGF21) is a hormone-like regulator of metabolism. The NAD+-dependent deacetylase SIRT1 

regulates fatty acid metabolism through multiple nutrient sensors. Hepatic overexpression of 

SIRT1 reduces steatosis and glucose intolerance in obese mice. We investigated mechanisms by 

which SIRT controls hepatic steatosis in mice.

METHODS—Mice with liver-specific disruption of Sirt1 (SIRT1 LKO mice) and their wild-type 

littermates (controls) were divided into groups that were placed on normal chow diets, fasted for 

24 hrs, or fasted for 24 hrs and then fed for 6 hrs. Liver tissues were collected and analyzed by 

histologic, gene expression profile, and real-time PCR assays. Human HepG2 cells were incubated 

with pharmacologic activators of SIRT1 (resveratrol or SRT1720) and assessed by mitochondrial 

oxidation and immunoblot analyses. FGF21 was overexpressed in SIRT1 LKO mice using an 

adenoviral vector. Energy expenditure was assessed by indirect calorimetry.
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RESULTS—Fasting induced lipid deposition in livers of control mice, but severe hepatic 

steatosis in SIRT1 LKO mice. Gene expression analysis showed that fasting upregulated FGF21 in 

livers of control, but not SIRT1 LKO mice. Decreased hepatic and circulating levels of FGF21 in 

fasted SIRT1 LKO mice were associated with reduced hepatic expression of genes involved in 

fatty acid oxidation and ketogenesis, and increased expression of genes that control lipogenesis, 

compared with fasted control mice. Resveratrol or SRT1720 each increased transcriptional activity 

of the FGF21 promoter (–2070/+117) and levels of FGF21 mRNA and protein in HepG2 cells. 

Surprisingly, SIRT1 LKO mice developed late-onset obesity with impaired whole-body energy 

expenditure. Hepatic overexpression of FGF21 in SIRT1 LKO mice increased expression of genes 

that regulate fatty acid oxidation, decreased fasting-induced steatosis, reduced obesity, increased 

energy expenditure, and promoted browning of white adipose tissue.

CONCLUSION—SIRT1-mediated activation of FGF21 prevents liver steatosis caused by fasting. 

This hepatocyte-derived endocrine signaling appears to regulate expression of genes that control a 

brown fat-like program in white adipose tissue, energy expenditure, and adiposity. Strategies to 

activate SIRT1 or FGF21 might be used to treat fatty liver disease and obesity.

Keywords

liver-specific disruption of Sirt1; hepatocyte-derived hormone; metabolic homeostasis; obesity

Introduction

Deregulation of metabolic homeostasis is a common characteristic of metabolic disorders 

such as fatty liver disease, obesity, and diabetes. The liver functions as a major metabolic 

buffering system for metabolic homeostasis, allowing extra-hepatic tissues such as the brain 

and heart to function normally under nutrient stress and deprivation1. An important element 

in the transcriptional response to nutrient deprivation is the NAD+-dependent deacetylase 

SIRT1 that tightly regulates fatty acid metabolism through multiple nutrient sensors such as 

AMPK, SREBP-1, and PGC-1α2-4. Polyphenolic SIRT1 activators, including resveratrol 

and the synthetic polyphenol S17834, prevent hepatic steatosis and hyperlipidemia in mice 

with type 1 and type 2 diabetes5, 6. Hepatic overexpression of SIRT1 ameliorates hepatic 

steatosis and glucose intolerance in obese mice7. However, the underlying mechanism of 

hepatic SIRT1 actions remains incompletely understood. In our effort to identify a novel 

downstream regulator of SIRT1, gene expression chip assays revealed fibroblast growth 

factor 21 (FGF21), the hepatocyte-derived hormone, as the most markedly downregulated 

gene in liver-specific SIRT1 knockout (SIRT1 LKO) mice.

FGF21, a fasting-induced hepatokine, is rapidly gaining interest as a metabolic regulator8, 9, 

although the mechanism of nutrient regulation of FGF21 is unclear. FGF21 is expressed 

predominantly in the liver, adipose tissue, and pancreas, with most circulating FGF21 

originating from liver10. The autocrine/paracrine and endocrine actions of FGF21 hormone 

are mediated through FGF receptors complexed with β-klotho11. Both pharmacological 

administration of FGF21 and transgenic overexpression of FGF21 in mice protect against 

body weight gain and metabolic dysfunction in diabetic rodents, monkeys, and 

humans8, 12-16. Previous studies reported that SIRT1 regulates FGF21 expression in 

hepatocytes in vitro and in vivo1718. However, the relative contribution of FGF21 to SIRT1's 
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effects on overall energy metabolism has not been investigated. The present study 

characterizes FGF21 as a critical downstream regulator of SIRT1 that protects against 

hepatic steatosis, enhances expression of brown fat-like genes in white adipose tissue, and 

increases whole-body energy expenditure. Our in vivo and in vitro studies illustrate that (1) 

hepatic SIRT1 is required for fasting-induced production and secretion of FGF21 in the 

liver; (2) defective FGF21 caused by hepatic SIRT1 ablation exacerbates fasting-induced 

hepatic steatosis by impairing fatty acid oxidation and increasing lipogenesis; (3) FGF21 is 

essential for SIRT1 to stimulate hepatocyte fatty acid oxidation; (4) hepatic overexpression 

of FGF21 enhances systemic energy expenditure and ameliorates obesity.

Materials and Methods

Animals

Hepatocyte-specific deletion of the SIRT1 gene in mice (SIRT1 LKO) was achieved by 

crossing albumin-Cre recombinase transgenic mice with floxed SIRT1 ex4 mice containing 

the deleted SIRT1 exon 4, which encodes 51 amino acids of the conserved SIRT1 catalytic 

domain, as described previously19. The protocol for this study was approved by the Boston 

University Medical Center Institutional Animal Care and Use Committee.

Animal fasting and refeeding experiments

SIRT1 LKO mice and their WT littermates were divided into three groups: fed, fasted, and 

refed. The fed group was placed on a normal chow diet; the fasted group was fasted for 24 h; 

and the refed group was fasted for 24 h and then fed for 6 h.

In vivo adenoviral gene transfer

The adenovirus producing full-length FGF21 was generated and purified as described 

previously6, 20. Adenovirus-mediated overexpression of FGF21 in vivo was accomplished 

via tail vein injection as described previously2, 7, 20.

Statistical analysis

Values are expressed as the mean ± S.E.M. Statistical significance was evaluated using an 

unpaired two-tailed t-test or a one-way ANOVA for greater than two groups. Differences 

were considered significant at the P<0.05 level.

Results

Hepatocyte-specific deletion of SIRT1 in mice increases the susceptibility to fasting-
induced fatty liver

To explore whether liver-tissue specific SIRT1 is a driving force to maintain lipid 

homeostasis, metabolic phenotypes of hepatic SIRT1 LKO mice were characterized. As 

shown in Fig. 1, blood glucose and plasma insulin levels were comparable between WT and 

SIRT1 LKO mice in both fed and fasted states. In the fed state, plasma cholesterol and 

triglyceride levels were slightly higher in SIRT1 LKO mice compared to those in the WT 

littermates. In the fasted state, plasma lipids were similar between WT and SIRT1 LKO 

mice. In liver, fasting induced lipid deposition in WT mice, as shown by Oil Red O staining 
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and direct triglyceride measurements, Strikingly, pronounced hepatic steatosis was observed 

in fasted SIRT1 LKO mice, as evidenced by increased stained areas and elevated hepatic 

triglyceride content. Hepatic cholesterol content was comparable amongst groups. These 

data indicate that hepatic SIRT1 may play a critical role in regulating lipid metabolism 

under fasting conditions.

Loss of SIRT1 in the liver suppresses fasting-induced gene expression, production, and 
secretion of hepatic FGF21

As part of a directed screen to identify a novel secreted protein that could be modulated by 

genetic manipulation of hepatic SIRT1, gene expression chip analysis showed that FGF21 

was reduced by 83% in livers of SIRT1 LKO mice compared to those of WT mice under 

feeding conditions. Fasting resulted in an 11.7-fold induction of FGF21 in livers of WT 

mice. Hepatic SIRT1 deletion ablated approximately 60% of the FGF21 induction under 

fasting conditions (Table S2). PPARα gene expression was increased ~2-fold in WT mice in 

response to fasting and decreased 40% in SIRT1 LKO mice. However, gene expression 

profiles of pro-inflammatory mediators, cytokines, growth factors, oxidative stress, and 

redox modulators were comparable between both genotypes of mice under nutrient stress 

conditions (Table S2).

We next determined whether hepatic SIRT1 deficiency might interfere with fasting-induced 

production and release of hepatic FGF21. As shown in Fig. 2, protein expression of hepatic 

SIRT1 was induced by nutrient deprivation and repressed by nutrient availability. Similar to 

the gene chip data (Table 2), mRNA levels of FGF21 were robustly increased 15-fold upon 

fasting and decreased nearly 50% upon refeeding as observed previously9. Consistently, 

FGF21 protein production was increased 5-fold in WT mice following a 24 h fast, and this 

induction was decreased ~40% in SIRT1 LKO mice. These results suggest that hepatic 

SIRT1 and FGF21 both are physiologically regulated by a feeding-fasting-refeeding cycle, 

and that SIRT1 is a major regulator of fasting-inducible FGF21. Importantly, plasma FGF21 

levels were similarly increased 8-fold in WT mice in response to fasting, and this induction 

was suppressed ~40% in SIRT1 LKO mice. Additionally, a moderate but consistent 

reduction of FGF21 production and secretion was also seen in the fed SIRT1 LKO mice. 

The effect of refeeding on FGF21 was comparable between both genotypes. Therefore, 

hepatic SIRT1 is necessary for prolonged fasting-induced gene transcription, protein 

production, and secretion of FGF21.

Loss of SIRT1 in the liver alters expression of key genes involved in lipid metabolism

It has been shown that FGF21 regulates hepatic fatty acid oxidation and ketogenesis9, 21. To 

determine the functional consequence of defective FGF21 in SIRT1 LKO mice, we 

measured the expression of key genes involved in lipid metabolism. mRNA amounts of rate-

limiting enzymes of fatty acid oxidation, carnitine palmitoyl transferase 1α (CPT1α) and 

medium-chain acyl-CoA dehydrogenase (MCAD), were increased approximately 9- and 5-

fold in fasted WT livers respectively, but upregulated only 4- and 2.5-fold in fasted SIRT1 

LKO livers respectively (Fig. 3A); these changes were previously demonstrated in hepatic 

FGF21 knockdown mice fed a ketogenic diet9. The results suggest that induction of hepatic 

FGF21 and β-oxidation during fasting is largely diminished in SIRT1 LKO mice, a 
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metabolic defect that could explain the pronounced hepatic steatosis found in SIRT1 LKO 

mice.

Consistent with the concomitant induction of hepatic SIRT1 and FGF21 by nutrient 

deprivation (Fig. 2), mRNA levels of several enzymes required for ketone body synthesis, 

including acetyl-CoA acetyltransferase 1 (ACAT1), 3-hydroxy-3-methylglytary-CoA 

synthase 2 (HMGCS2), HMG-CoA lyase (HMGCL), and β-hydroxybutyrate dehydrogenase 

1 (BDH1), were increased by 4- to 8-fold in WT mice under fasting conditions. 

Consequently, plasma β-hydroxybutyrate levels were increased 8-fold by fasting and fully 

suppressed by refeeding. Strikingly, fasting-induced adaptive ketogenesis was markedly 

blunted in SIRT1 LKO mice (Fig. 3B-D). Collectively, hepatic SIRT1 deficiency inhibits 

hepatic fatty acid utilization and energy supply to extra-hepatic tissues, likely via 

suppression of FGF21-regulated processes of β-oxidation and ketogenesis.

Our previous studies demonstrated that SIRT1 suppresses high glucose-induced fatty acid 

synthase (FAS) expression and lipid accumulation in HepG2 cells2. To further delineate the 

mechanisms responsible for the steatotic phenotype in SIRT1 LKO mice, gene expression of 

a key lipogenic transcription factor, the sterol regulatory element binding protein-1c 

(SREBP-1c), and its target genes, was assessed by real-time PCR. mRNAs encoding 

SREBP-1c, FAS, and stearoyl-CoA desaturase (SCD1) were upregulated over 2-fold in 

fasted SIRT1 LKO mice (Fig. 3E). Taken together, hepatic steatosis in SIRT1 LKO mice 

with triglyceride accumulation is likely attributed to reduction of fatty acid oxidation and 

stimulation of fatty acid synthesis.

FGF21 is essential for SIRT1 to regulate hepatocyte fatty acid oxidation

To investigate a causal relationship between SIRT1 and FGF21 in a cell autonomous 

manner, human HepG2 cells were used to investigate the transcriptional regulation of 

FGF21 by SIRT1 because this cell line expresses both genes2, 20 and responds well to 

SIRT1 activators to lower hepatocellular lipids2. As shown in Fig. 4A-D, luciferase-based 

reporter assays with a human FGF21 promoter (-2090 to +117)20 showed that FGF21 

promoter-driven reporter activity was progressively stimulated by increasing expression of 

SIRT1. FGF21 mRNA levels were dose-dependently elevated by SIRT1 overexpression in 

HepG2 cells, consistent with the previous observation in primary hepatoctyes17. To 

determine the effect of SIRT1-induced FGF21 on fatty acid oxidation, immunoblotting 

analysis showed that protein production of FGF21 was induced over 2-fold by SIRT1 

activators including resveratrol (10 M) and SRT1720 (5 M), an effect which was well 

correlated with their ability to elevate gene expression of CPT1[.alpha]. In parallel, cellular 

oxygen consumption rates (OCR), an index of mitochondrial oxidation function and a 

readout of energy expenditure in vitro 22, were measured using an extracellular flux analyzer 

of live cells in real time. Compared to those of SIRT1+/+ MEFs, the bioenergetic profiles of 

SIRT1-/-MEFs revealed a decrease in basal and maximal mitochondrial respiratory capacity, 

consistent with repressed CPT1α and MCAD expression found in SIRT1 LKO livers (Fig. 

3A) and decreased rates of fatty acid oxidation seen in SIRT1−/− MEFs3. Conversely, basal 

respiration was moderately but significantly increased by SRT1720, and maximal respiration 

caused by uncoupling agent FCCP was further stimulated over 2-fold by SRT1720 (5 M) in 
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HepG2 cells, an effect also seen with resveratrol (10 M). Notably, induction of CPT1α by 

SIRT1 activators was closely correlated with their ability to elevate oxygen consumption 

rates. Taken together, our data reveal that SIRT1 potently induces FGF21 and fatty acid 

oxidation in vitro.

To investigate whether the autocrine/paracrine effect of FGF21 is responsible for the 

upregulation of fatty acid oxidation by SIRT1, we found that expression of CPT1α was 

increased ~2-fold by resveratrol, but such an induction was largely diminished by siRNA-

mediated knockdown of FGF21 (Fig. 4E). By using a competitive antagonist of FGF21, an 

N-terminally truncated FGF21 protein (ΔN17) that was previously described to block in vivo 

FGF21 signaling14, we observed that the stimulatory effect of resveratrol on CPT1α was 

significantly blocked by the FGF21ΔN17 mutant (Fig. 4F). These studies of the genetic and 

pharmacological manipulation of SIRT1 or FGF21 define FGF21 as a novel downstream 

mediator of SIRT1 to stimulate hepatocyte β-oxidation.

Hepatic overexpression of FGF21 ameliorates hepatic steatosis in SIRT1 LKO mice

Given that fasting-induced fatty liver is associated with FGF21 insufficiency in SIRT1 LKO 

mice (Fig. 2), rescue experiments with Ad-FGF21 were performed to determine the effect of 

FGF21 gain-of-function on the steatotic phenotype of SIRT1 LKO mice. As shown in Fig. 5, 

in vivo adenoviral gene transfer of FGF21 into SIRT1 LKO mice was successfully 

accomplished and evidenced by robustly elevated hepatic production and circulating levels 

of FGF21 in mice at two weeks post-injection. Fasting-induced fatty liver in SIRT1 LKO 

mice was attenuated by FGF21 overexpression, as reflected by reductions in Oil Red O-

stained areas and hepatic triglyceride content. Plasma triglyceride and cholesterol levels 

were not altered (Fig. 5D). Remarkably, reduced fatty acid oxidation genes (CPT1α and 

MCAD) in the fasted SIRT1 LKO mice were normalized by reconstitution of FGF21, and 

the impairment of the transcription of ketogenic genes (HMGCS2 and HMGCL) in SIRT1 

LKO mice was also restored. Consequently, the reduction of plasma β–hydroxybutyrate 

concentrations in fasted SIRT1 LKO mice was counteracted by FGF21 overexpression, 

reaching to nearly normal levels in control GFP-expressing mice. Ad-FGF21 treatment did 

not alter SREBP1c and FAS expression in livers of SIRT1 LKO mice (Fig. S1). Therefore, it 

appears that hepatic SIRT1 deficiency exacerbates fasting-induced hepatic steatosis largely 

through hepatic impairment of FGF21 and fatty acid oxidation.

SIRT1 LKO mice develop late-onset obesity with decreased whole-body energy 
expenditure

FGF21 has emerged as an important regulator of energy expenditure and body weight12. 

Since circulating FGF21 was reduced in SIRT1 LKO mice (Fig. 4A), we sought to 

determine whether hepatocyte-specific deletion of SIRT1 would affect energy expenditure 

and adiposity. As shown in Fig. 6A-C, compared with WT littermates fed a standard chow 

diet, SIRT1 LKO mice were more susceptible to late-onset body weight gain, as evidenced 

by a moderate but statistically significant increase in body weight. SIRT1 LKO mice 

appeared to have increased adiposity with more visible fat, possibly due to increased 

adipocyte cell size. Body composition analysis showed that SIRT1 LKO mice had increased 

fat mass without changed lean mass.
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To understand the physiological mechanisms by which SIRT1 LKO mice are more 

susceptible to developing obesity, the major components of energy metabolism such as food 

intake, body temperature, energy expenditure, and physical activity were examined. Daily 

food intake was similar between WT and SIRT1 LKO mice on a regular chow diet. No 

significant difference in body temperature was noted at 10 AM and 5 PM (Fig. 6D). 

Comprehensive metabolic cage studies indicated that the rates of oxygen consumption 

(VO2) and carbon dioxide production (VCO2) were reduced in SIRT1 LKO mice under 

feeding conditions. The calculated energy expenditure was reduced by 20% and 23% in 

SIRT1 LKO mice during the light and dark phases respectively. Similarly, the rates of VO2, 

VCO2, and energy expenditure were much lower in SIRT1 LKO mice than those in WT 

mice during a 24-h fast through light and dark cycles, although metabolic rates were 

markedly decreased in both genotypes of mice in the fasting state. Moreover, the respiratory 

quotients (RQ = VCO2/VO2) appeared indistinguishable in WT and SIRT1 LKO mice in 

fed and fasted states, likely due to the combined decrease in both VO2 and VCO2. This may 

reflect the relatively equal use of carbohydrates versus lipids as an energy source in whole 

body. Circadian locomotor activity, as measured by ambulatory movement over a 12-h 

block of light and dark phases, was similar between the two genotypes of mice (Fig. 6E and 

F). Collectively, the obesity-prone phenotypes of SIRT1 LKO mice were characterized by 

an elevation in fat mass, a reduction in energy expenditure, but no significant alterations in 

lean mass, food intake, body temperature, or physical activity.

Adenoviral delivery of FGF21 into SIRT1 LKO mice increases energy expenditure and 
promotes “browning” of white adipose tissue

To directly assess whether suppression of FGF21 is responsible for energy metabolic 

disturbances in SIRT1 LKO mice, indirect calorimetry was examined in a cohort of SIRT1 

LKO mice at two weeks post-injection of either Ad-GFP or Ad-FGF21. As shown in Fig. 

7A-C, hepatic overexpression of FGF21 caused a 15% and 10% increase in VO2 

consumption in SIRT1 LKO mice under feeding conditions throughout the light and dark 

cycles. Hepatic overexpression of FGF21 normalized the decreased energy expenditure in 

SIRT1 LKO mice without significantly affecting RQ or locomotor activity. Reactivation of 

FGF21 lowered body weight in SIRT1 LKO mice with an approximately 10% reduction in 

fat mass and no change in lean mass. These data indicate that FGF21 may play an important 

role in mediating the effect of hepatic SIRT1 on energy expenditure and adiposity.

Because FGF21 has emerged as a regulator of brown-fat-like features in white adipose tissue 

(WAT)23, we further investigated whether enhanced energy expenditure by FGF21 

treatment in SIRT1 LKO mice could be attributed to altered transcription of key genes 

related to the “browning” program in WAT or thermogenic genes in brown adipose tissue 

(BAT). Strikingly, mRNA amounts of genes that govern the “browning” of WAT, such as 

UCP1 and the BAT program coactivator PRDM16, as well as expression of other BAT 

markers, DIO2, Cidea, and Cox7a1, were increased 2- to 6-fold in WAT of SIRT1 LKO 

mice injected with Ad-FGF21, suggesting that elevated circulating FGF21 in vivo promotes 

development of brown fat-like characteristics in WAT (Fig. 7D). Notably, mRNA amounts 

of other white adipose genes such as adiponectin, but not leptin, were also increased (Fig. 

7E). Ad-FGF21 treatment appeared to enhance BAT activity, since expression of PRDM16 
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and Cidea in BAT was stimulated. Collectively, activation of SIRT1-FGF21 signaling 

represents an important liver-adipose tissue axis that stimulates the “browning” of WAT and 

acts to maintain systemic energy balance.

Discussion

The characterization of phenotypic changes of SIRT1 LKO mice, such as hepatic steatosis, 

increased adiposity, and reduced whole-body oxygen consumption, establishes SIRT1 as a 

novel upstream regulator of hormone FGF21 for the autocrine/paracrine modulation of 

hepatic fatty acid metabolism as well as the endocrine regulation of WAT “browning” and 

whole-body energy homeostasis. Hepatic SIRT1 deficiency results in diminished hepatic 

production and release of FGF21, impaired β-oxidation, stimulated lipogenesis, and reduced 

energy expenditure. The discovery of SIRT1-dependent induction of FGF21 is also 

supported by the fact that hepatic steatotic and obesity-prone phenotypes in SIRT1 LKO 

mice can be rescued by reactivation of FGF21. Fig. 7F depicts the novel function of FGF21 

as a downstream mediator of local and systemic effects of hepatic SIRT1 on hepatic 

steatosis, white fat “browning”, energy homeostasis, and body weight control.

Regulation of FGF21 by SIRT1 in the liver

The most important implication of the present study is the identification of novel cross-talk 

between nutrient sensors SIRT1 and FGF21. Several lines of evidence have suggested 

similar properties of SIRT1 and FGF21. First, hepatic SIRT1 activity is induced by 

prolonged fasting via the increased NAD+/NADH ratio. Hepatic expression of FGF21 is also 

stimulated by fasting via PPARα9. Second, SIRT1 gain-of-function in SirBACO mice is 

protective against obesity-induced hepatic steatosis and glucose intolerance18. Likewise, 

transgenic mice overexpressing FGF21 in the liver are resistant to diet-induced obesity and 

insulin resistance8. Pharmacological administration of FGF21 to ob/ob or db/db mice 

attenuates hepatic steatosis and enhances insulin sensitivity8, 12. Third, the metabolic defects 

seen in SIRT1 LKO mice are similar to those observed in FGF21 KO mice21. Fasting-

induced hepatic gene expression and protein secretion of FGF21 are dramatically repressed 

in SIRT1 LKO mice. Metabolic defects of the adaptive response to fasting seen in SIRT1 

LKO mice are reconstituted by hepatic overexpression of FGF21. In further support of the 

notion that FGF21 is necessary for upregulation of β-oxidation by SIRT1, our in vitro 

studies and others’17 indicate that SIRT1 induces gene and protein expression of FGF21 in 

hepatocytes. Importantly, the ability of SIRT1 to stimulate CPT-1α expression is abrogated 

by FGF21 knockdown or treatment with the inhibitor FGF21 N17. Since FGF21 is identified 

as a target gene of nuclear receptors, RARβ and PPARα9, 20, it is possible that SIRT1 

integrates with nuclear receptors for transcriptional regulation of FGF21 at multiple levels.

Ablation of SIRT1 in the liver increases the propensity for hepatic steatosis and late-onset 
obesity by suppressing FGF21 production

One major finding of the present study is that pronounced hepatic steatosis is developed in 

SIRT1 LKO mice and can be attributed at least in part to suppression of FGF21, fatty acid 

oxidation, and ketogenesis along with stimulation of lipogenic genes in liver. These results 

are consistent with hepatic lipid accumulation seen in SIRT1 LKO mice challenged with 
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high-fat diets17. Even though FGF21, in the setting of fasting, is not required for the 

inhibition of SREBP-1 by SIRT1, our data could not rule out the possibility that FGF21, in 

the setting of hyperinsulinemia and obesity, may suppress SREBP-1. The importance of 

FGF21 in SIRT1 actions is further supported likely by the fact that gain-of-function of 

FGF21 protects against hepatic steatosis and obesity-prone phenotypes in SIRT1 LKO mice 

by increasing hepatic fatty acid oxidation and whole body energy expenditure. Since the 

alleles of two common SIRT1 variants are associated with a higher risk of being overweight 

or obese in humans24, our studies may provide mechanistic insight into a role of defective 

hepatic SIRT1 in triggering FGF21 impairment and energy metabolic perturbation in 

overweight individuals. Our studies support the rationale for targeting FGF21 as novel 

therapy to treat humans with obesity associated with SIRT1 dysfunction.

Regulation of “Browning” of white adipose tissue by SIRT1-dependent induction of FGF21

The data presented here strongly suggest that induction of FGF21 by SIRT1 contributes to 

enhanced energy expenditure and weight loss likely through white fat “browning”, because 

gain-of-function of FGF21 in SIRT1 LKO mice stimulates expression of “browning” related 

genes such as UCP1 and PRDM16. In support of our findings, recent studies by the Shulman 

group also demonstrated that FGF21 administration increases WAT “browning” and energy 

expenditure in high fat-fed mice. This underlying mechanism may also explain the increased 

energy expenditure seen in SIRT1 transgenic mice18. Interestingly, increased expression of 

adiponectin in WAT is evident in mice injected with Ad-FGF21, which is consistent with 

recent studies that FGF21 stimulates adiponectin production in WAT and has a therapeutic 

impact on metabolic disorders25. Promotion of white fat “browning” by targeting the 

SIRT1-FGF21 axis represents an attractive, therapeutic approach to combat the obesity 

epidemic.

In conclusion, the present study demonstrates that the loss of hepatic SIRT1 reduces hepatic 

and circulating FGF21 levels and subsequently inhibits hepatic β-oxidation and energy 

expenditure. The convergence of these defects exacerbates hepatic steatosis and ultimately 

leads to increased weight gain. SIRT1 is an endogenous activator of FGF21 in hepatocytes 

that transduces fasting signals to the stimulation of hepatic β-oxidation and ketogenesis as 

well as systemically controls WAT “browning” and energy homeostasis. This SIRT1-FGF21 

axis represents a novel hepatocyte-derived endocrine signaling to potentially combat hepatic 

steatosis and obesity in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Hepatocyte-specific deletion of SIRT1 in mice increases susceptibility to developing 
fasting-induced fatty liver
A. Representative immunoblots for SIRT1 in two mouse livers from each group are shown. 

The expected deletion mutant protein in SIRT1 LKO mice, which migrates slightly faster 

than WT SIRT1, was visualized by immunoblotting. B. Blood glucose and plasma insulin 

levels in WT and SIRT1 LKO mice at 6- and 7-months of age that were fed a normal diet 

(Fed) or fasted for 24 h (Fasted) (n = 10-18). C. Plasma triglyceride and cholesterol levels in 

mice (n = 4-6). D and E. Hepatic steatosis was assessed by Oil Red O staining and 

quantified by measuring Oil Red O stained areas. F. Hepatic triglyceride and cholesterol 

levels in WT and SIRT1 LKO mice (n=4-6). Results are presented as the mean ± S.E.M. 

*P<0.05, vs. the fed WT mice; #P<0.05, vs. the fasted WT mice.
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Fig. 2. Production and secretion of hepatic FGF21 are reduced in SIRT1 LKO mice in response 
to nutrient deprivation
SIRT1 LKO mice and their WT littermates at 6- and 7-months of age (n = 4-7) were 

subjected to feeding (Fed), fasting for 24 h (Fasted), or refeeding for 6 h following a 24-h 

fast (Refed). A. Hepatic SIRT1 expression is increased by fasting and decreased by 

refeeding in WT mice, and the induction is eliminated in SIRT1 LKO mice (n = 4-7). B and 

C. Fasting-induced gene expression and protein production of hepatic FGF21 are diminished 

in SIRT1 LKO mice (n = 4-7), as determined by real-time PCR and ELISA assays. D. The 

circulating levels of FGF21 are robustly elevated by fasting in WT mice, and the induction 

is impaired in SIRT1 LKO mice. *P<0.05, vs. the fed WT mice; #P<0.05, vs. the fasted WT 

mice.
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Fig 3. Expression of metabolic genes involving fatty acid oxidation, ketogenesis, and lipogenesis 
is altered in livers of SIRT1 LKO mice
A. Hepatic expression of key genes of fatty acid oxidation such as CPT1α and MCAD is 

induced by fasting in WT mice and inhibited in SIRT1 LKO mice (n = 4-7). B and C. 
Fasting induced expression of ketogenic enzymes including ACAT1, HMGCS2, HMGCL, 

and BDH1 is suppressed in livers of SIRT1 LKO mice. D. Effects of fasting and refeeding 

on circulating ketone bodies in mice (n = 5-10). E. mRNA amounts of SREBP-1c and key 

lipogenic enzymes including FAS and SCD1 are upregulated in livers of SIRT1 LKO mice. 

n = 4-7, *P<0.05, vs. the fed WT mice; #P<0.05, vs. the fasted WT mice.
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Fig. 4. SIRT1 stimulates mitochondrial fatty acid oxidation in an FGF21-dependent manner in 
HepG2 cells
A. Increased expression of SIRT1 progressively stimulates transcriptional activity of the 

FGF21 (-2090/+117) promoter-driven reporter and elevates FGF21 gene expression. 

Overexpression of FLAG-tagged mouse SIRT1 (FLAG-mSIRT1) in HEK293T cells is 

confirmed by immunoblots. B. Protein production of FGF21 and mRNA amounts of CPT1α 

are stimulated by SIRT1 activators resveratrol (10 μM) and SRT1720 (5 μM). C. Oxygen 

consumption rates (OCRs) are determined by analyzing a bioenergetics profile of SIRT1+/+ 

and SIRT1-/- MEFs using the Seahorse Bioscience. The OCRs of basal respiration, ATP 

turnover, and respiratory capacity were measured and calculated as averages for each phase. 

D. Mitochondrial OCR is increased by SIRT1 activators. E. The ability of resveratrol (10 

μM) to induce CPT1α is abrogated by siRNA-mediated FGF21 knockdown in HepG2 cells. 
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F. Resveratrol-induced CPT1α expression is diminished by a competitive inhibitor of 

FGF21 (FGF21∆N17, 100nM) in HepG2 cells. n = 3-4, *P < 0.05, vs control cells; #P<0.05, 

vs treatment cells.
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Fig. 5. Hepatic overexpression of FGF21 rescues hepatic steatosis and metabolic defects in fasted 
SIRT1 LKO mice
A. An adenovirus vector encoding FGF21 (Ad-FGF21) is overexpressed in HEK293A cells. 

B. Adenoviral overexpression of FGF21 in SIRT1 LKO mice (n = 4-7) is evidenced by 

increased hepatic gene expression, protein production, and circulating levels of FGF21. C 
and D. Fasting-induced hepatic steatosis in SIRT1 LKO mice is ameliorated by hepatic 

overexpression of FGF21, as indicated by decreased Oil Red O stained areas and lowered 

hepatic triglyceride levels. E and F. Suppression of hepatic fatty acid oxidation and 

ketogenesis in SIRT1 LKO mice is prevented by hepatic overexpression of FGF21. *P<0.05, 

vs Ad-GFP-injected WT mice; #P<0.05, vs Ad-GFP-injected SIRT1 LKO mice.
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Fig. 6. SIRT1 LKO mice are susceptible to developing obesity with increased adiposity and 
decreased total oxygen consumption and energy expenditure
A. Chow-fed SIRT1 LKO mice at 6- and 7-months of age (n = 8) gain more body weight. 

Body weight curves of WT and SIRT1 LKO mice over a 15-month period (n = 8–16). B. A 

representative photograph of increased adiposity and adipocyte size in white adipose tissue 

(WAT) of SIRT1 LKO mice. C. Body composition analysis of WT and SIRT1 LKO mice. 

D. Food intake (n = 10-12) and body temperature (n = 6) are similar between WT and 

SIRT1 LKO mice. E. The rates of VO2, VCO2, and energy expenditure are measured by 

comprehensive metabolic monitoring in mice (n = 4) over a 24-h period with food and over 

a 24-h fast and normalized to lean body mass. The upper panels represent circadian changes 

in metabolic parameters in mice in the fed state during light and dark cycles, as indicated by 

the white and gray areas. The lower panels represent metabolic rates in mice in fed and 

fasted states. F. Respiratory quotient (RQ) and locomotor activity are determined in 

metabolic cages. The physical activity is expressed as total counts measured by summing X 

and Y beam breaks, and the bar graph represents average locomotor activity over a 12-h 

block of light and dark phases. *P<0.05, vs. WT mice.
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Fig. 7. Hepatic overexpression of FGF21 rescues the deregulation of whole-body energy 
metabolism and promotes “browning” of WAT in SIRT1 LKO mice
A. Circadian changes in VO2 are measured by indirect calorimetry over 48 h in mice in fed 

and fasted states. B. The rates of VO2 and energy expenditure are elevated by hepatic 

overexpression of FGF21 in SIRT1 LKO mice in fed and fasted states through light and dark 

cycles (n = 4). RQ and locomotor activity are similar between the two genotypes of mice. C. 

Body weight and body composition in mice (n = 4-7). D and E. Adenoviral delivery of 

FGF21 increases the transcription of brown-fat-like genes and adiponectin in WAT (D) and 
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BAT (E) of SIRT1 LKO mice; *P<0.05, vs. Ad-GFP-injected SIRT1 LKO mice. F. The 

proposed model for nutrient regulation of FGF21 through SIRT1. Prolonged fasting 

increases NAD+/NADH ratio and stimulates hepatic SIRT1, which in turn promotes 

expression, production and release of hepatic FGF21. Induction of FGF21 by hepatic SIRT1 

stimulates fatty acid oxidation and ketogenesis, enhances metabolic adaptation to fasting, 

and improves fatty liver disease. Activation of SIRT1-FGF21 cascade may represent a liver-

adipose tissue axis that contributes to reduced adiposity and body weight by promoting 

white fat “browning” and increasing energy expenditure.
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