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Abstract

Despite their different physiologic functions as hormonal regulators of fed and fasted metabolism, 

pharmacologic administration of FGF19 and FGF21 similarly cause increases in energy 

expenditure, weight loss and enhanced insulin sensitivity in obese animals. Here, in genetic loss-

of-function studies of the shared co-receptor β-Klotho, we show these pharmacologic effects are 

mediated through a common tissue-specific pathway. Surprisingly, FGF19 and FGF21 actions in 

liver and adipose tissue are not required for their longer-term weight loss and glycemic effects. In 

contrast, β-Klotho in neurons is essential for both FGF19 and FGF21 to cause weight loss and 

lower glucose and insulin levels. We further show that an FGF21 mimetic antibody that activates 

the FGF receptor 1/β-Klotho complex also requires neuronal β-Klotho for its metabolic effects. 

These studies highlight the importance of the nervous system in mediating the beneficial weight 

loss and glycemic effects of endocrine FGF drugs.
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eTOC

The tissue-specific actions of FGF19- and FGF21-based therapeutics have stimulated considerable 

scientific and clinical interest. Lan et al. show that FGF19, FGF21 and an antibody mimetic 

require the co-receptor, β-Klotho, in neurons, but not hepatocytes or adipocytes, to mediate their 

beneficial metabolic effects on body weight and glycemia.

Introduction

Fibroblast growth factors (FGFs) 19 and 21 are members of an atypical subfamily of FGFs 

that can circulate as hormones (Fisher and Maratos-Flier, 2016; Kharitonenkov and 

DiMarchi, 2017; Owen et al., 2015). FGF19 is induced by postprandial bile acids in small 

intestine and represses bile acid synthesis and induces glycogen and protein synthesis in the 

liver. FGF21 is induced by starvation and low protein, ketogenic and high carbohydrate diets 

in liver and has broad effects on glucose and fatty acid metabolism. Although FGF19 and 

FGF21 have different physiologic functions, paradoxically they have similar pharmacologic 

effects. Both increase energy expenditure and decrease body weight, blood glucose and 

insulin, and hepatic triglyceride concentrations in rodent models of obesity (Coskun et al., 

2008; Fu et al., 2004; Kharitonenkov et al., 2005; Tomlinson et al., 2002; Xu et al., 2009).

FGF19 and FGF21 act through cell surface receptors comprised of conventional FGF 

receptors (FGFRs) with tyrosine kinase activity in complex with the single-pass 

transmembrane protein β-Klotho (Kuro-o, 2012). Both FGF19 and FGF21 act on β-Klotho 

in complex with FGFR1c, 2c and 3c. FGFRs 1, 2 and 3 and β-Klotho are relatively 

abundantly expressed in brown adipose tissue (BAT), white adipose tissue (WAT) and 

regions in the nervous system, including the hypothalamus and hindbrain (Bookout et al., 

2013; Fon Tacer et al., 2010). FGF19, but not FGF21, also activates the FGFR4/β-Klotho 

heteromer, which is abundantly expressed in liver, where it is required for FGF19 to mediate 

its effects on bile acid and glycogen synthesis (Fon Tacer et al., 2010; Ito et al., 2005; 
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Katafuchi et al., 2015; Yu et al., 2000). Interestingly, monoclonal antibodies that selectively 

activate either FGFR1 (Wu et al., 2011b) or the FGFR1/β-Klotho heteromer (Foltz et al., 

2012; Kolumam et al., 2015) recapitulate the effects of FGF19 and FGF21 on body weight 

and circulating glucose and insulin concentrations in obese rodents and monkeys, suggesting 

that the FGFR1/β-Klotho heteromer is a key target for the pharmacologic actions of these 

endocrine FGFs.

Given their striking pharmacologic profiles, there is intense interest in understanding how 

FGF19 and FGF21 regulate metabolism. FGF21 stimulates energy expenditure in part by 

acting directly on the nervous system to induce sympathetic outflow to BAT and white 

adipose tissue (WAT) (Douris et al., 2015; Owen et al., 2014). Similarly, 

intracerebroventricular (i.c.v.) injection of FGF19 directly into the brain increases metabolic 

rate and decreases circulating glucose and insulin concentrations (Fu et al., 2004; Marcelin 

et al., 2014; Morton et al., 2013; Ryan et al., 2013). FGF21 also acts directly on adipocytes 

to stimulate glucose uptake, thermogenic gene expression and adiponectin secretion (Fisher 

et al., 2012; Holland et al., 2013; Hondares et al., 2010; Kharitonenkov et al., 2005; Lin et 

al., 2013). Accordingly, the anti-obesity and anti-diabetic effects of FGF21 – but not FGF19 

– were either absent or attenuated in obese mice in which the Fgfr1 gene was disrupted in 

adipose and other tissues using a non-selective aP2-Cre driver (Adams et al., 2012; Foltz et 

al., 2012). These data and the finding that high molecular weight FGF21 derivatives, which 

presumably cannot penetrate the brain, retain their metabolic actions, led to the hypothesis 

that adipose is the principal FGF21 target tissue (Kharitonenkov and Adams, 2014). Finally, 

both FGF19 and FGF21 act on liver to regulate metabolism (Fisher et al., 2011; Kir et al., 

2011). However, the relative importance of nervous system, adipose tissue and liver in 

mediating the long-term metabolic actions of FGF19, FGF21 and their mimetic antibodies 

remains unclear.

In this report we use mice selectively lacking β-Klotho in hepatocytes, adipocytes or 

neurons to systematically compare the tissue-specific mechanisms underlying the 

pharmacologic actions of FGF19, FGF21 and the humanized, bispecific FGFR1/β-Klotho-

activating antibody, bFKB1 (Kolumam et al., 2015). Surprisingly, we find that all three 

molecules require β-Klotho in neurons, but not hepatocytes or adipocytes, to mediate their 

chronic metabolic effects on body weight and glycemia.

Results

β-Klotho in hepatocytes is not required for FGF19 and FGF21 to cause weight loss

Since hepatocytes express abundant levels of β-Klotho and are known to respond to FGF19 

and FGF21, we first characterized the metabolic phenotype of mice lacking β-Klotho 

specifically in hepatocytes (KlbAlb mice). In agreement with our previous results (Katafuchi 

et al., 2015), KlbAlb mice had increased hepatic expression of cholesterol 7α-hydroxylase 

(Cyp7a1), which encodes the rate-limiting enzyme in bile acid synthesis (Figure 1A and 

S1A). We have shown this increase in Cyp7a1 expression is due to the loss of feedback 

regulation of Cyp7a1 by FGF15, the mouse ortholog of FGF19, and occurs despite a marked 

compensatory increase in FGF15 protein in plasma (Katafuchi et al., 2015). Thus, FGF15/β-

Klotho signaling in liver is required for the physiologic regulation of bile acid homeostasis.
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To examine whether the elevated levels of FGF15 in KlbAlb mice might also affect body 

weight and other metabolic parameters, groups of control floxed β-Klotho (Klbfl/fl) mice and 

KlbAlb mice were fed a high fat diet. As expected, diet-induced obese (DIO) KlbAlb mice 

had increases in both Fgf15 mRNA levels in ileum and FGF15 concentrations in plasma 

(Figure S1B). Despite a marked 10-fold increase in plasma FGF15 levels, KlbAlb mice were 

indistinguishable from Klbfl/fl littermates with respect to body weight and body composition 

after 7 weeks on the high fat diet (Figure S1C). Under hyperinsulinemic-euglycemic clamp 

conditions, there was no difference between DIO Klbfl/fl and KlbAlb mice in glucose 

infusion rate, endogenous glucose production, whole body glucose uptake or basal 

endogenous glucose production (Figure S1D). In metabolic cage studies, there were no 

differences between DIO Klbfl/fl and KlbAlb mice in food consumption, locomotor activity 

and heat production (Figure S1E). Thus, we see no evidence that endogenous FGF15, even 

at levels as high as 20 ng/ml, has direct metabolic effects on tissues other than liver.

We next compared the acute effects of FGF19 and FGF21 administration on liver in DIO 

Klbfl/fl and KlbAlb mice. FGF19 treatment increased hepatic ERK1/2 phosphorylation and 

Egr1 expression and dramatically decreased Cyp7a1 expression in control Klbfl/fl but not 

KlbAlb mice (Figures 1A–C). In contrast, FGF21 treatment did not affect ERK1/2 

phosphorylation or Egr1 expression and caused only a downward trend in Cyp7a1 mRNA 

levels in Klbfl/fl mice (Figures 1A–C). The weak effect of acute FGF21 administration on 

Cyp7a1 expression is consistent with previous studies (Wu et al., 2011a; Zhang et al., 2017). 

We conclude that FGF19, but not FGF21, has robust, direct effects on hepatocytes under 

acute pharmacologic treatment conditions.

To determine whether FGF19 and FGF21 mediate their longer-term metabolic effects by 

acting directly on hepatocytes, groups of DIO Klbfl/fl and KlbAlb mice were administered 

FGF19, FGF21 or vehicle for 2 weeks. While FGF21 was delivered by osmotic minipump, 

FGF19 was administered by once-daily subcutaneous injection because it precipitated in the 

minipumps. As expected, both FGF19 and FGF21 decreased body weight, plasma glucose 

and hepatic triglyceride levels in DIO Klbfl/fl mice (Figures 2A and B). Notably, FGF19 and 

FGF21 elicited these same effects in KlbAlb mice (Figures 2A and B), demonstrating that 

these metabolic actions do not require FGF19 and FGF21 to act directly on liver. FGF19 and 

FGF21 did not significantly affect hepatic cholesterol concentrations in Klbfl/fl or KlbAlb 

mice (Figure 2B). Whereas FGF21 modestly increased adiponectin levels in both Klbfl/fl and 

KlbAlb mice, FGF19 did not have these effects in either genotype (Figure 2B).

In gene expression studies, FGF19 increased mRNA expression of dual specificity 

phosphatase 4 (Dusp4), which is involved in the feedback regulation of ERK1/2, in liver in 

Klbfl/fl but not KlbAlb mice (Figure S2A). In contrast, FGF21 did not increase hepatic Dusp4 
expression in either genotype (Figure S2A). Both FGF19 and FGF21 decreased hepatic 

lipogenic gene expression (Fas, Scd1) in Klbfl/fl and KlbAlb mice (Figure S2A), 

demonstrating that these effects do not require the FGFs to act directly on hepatocytes. In 

BAT, both FGF19 and FGF21 increased expression of Dusp4 and the thermogenic genes 

deiodinase 2 (Dio2), bone morphogenic protein 8b (Bmp8b) and elongation of very long 

chain fatty acids 3 (Elovl3) in Klbfl/fl and KlbAlb mice (Figure S2B). Thus, these effects do 

not require FGF19 or FGF21 to act on hepatocytes. Neither FGF19 nor FGF21 affected 
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Ucp1 expression in BAT or scWAT under these treatment conditions (Figures S2B and C). 

Taken together these experiments demonstrate that the majority of the metabolic effects of 

FGF19 and FGF21, including those on weight loss and glycemia, are not mediated through 

direct actions on liver.

β-Klotho in adipose tissue is required for the acute insulin-sensitizing actions of FGF19 
and FGF21

We previously showed that the acute insulin-sensitizing effect of FGF21 was lost in DIO 

mice in which β-Klotho was eliminated in adipose tissue using the aP2-Cre driver (Ding et 

al., 2012). However, these KlbaP2 mice also had decreased Klb expression in the nervous 

system, where the aP2 promoter is active (Ding et al., 2012; Martens et al., 2010). To avoid 

this confounding issue, we generated knockout mice using the adiponectin (Adipoq)-Cre 

driver, which disrupted Klb expression in both BAT and subcutaneous (sc) WAT but not in 

liver or hypothalamus (Figure S1A).

Hyperinsulinemic-euglycemic clamp experiments were performed in DIO Klbfl/fl and 

KlbAdipoq mice treated acutely with FGF19 or FGF21. Consistent with our previous findings 

(Ding et al., 2012), FGF21 administration increased glucose infusion rate and whole-body 

glucose uptake in Klbfl/fl but not KlbAdipoq mice (Figure 3A). FGF21 also suppressed 

endogenous glucose production in Klbfl/fl but not KlbAdipoq mice under clamp conditions 

(Figure 3A). Like FGF21, FGF19 treatment significantly increased the glucose infusion rate 

and whole-body glucose uptake in Klbfl/fl but not KlbAdipoq mice (Figure 3B). However, 

unlike FGF21, FGF19 caused a downward trend in endogenous glucose production in both 

Klbfl/fl and KlbAdipoq mice (Figure 3B), suggesting that FGF19 may be acting on other, non-

adipose tissues such as liver (Kir et al., 2011). Taken together, the clamp data show that 

under acute treatment conditions, both FGF19 and FGF21 act directly on adipose tissue to 

increase whole-body insulin sensitivity.

β-Klotho in adipose tissue is not required for FGF19 and FGF21 to cause weight loss

To determine whether FGF19 and FGF21 mediate their longer-term metabolic effects by 

acting directly on adipose tissue, groups of DIO Klbfl/fl and KlbAdipoq mice were 

administered FGF19, FGF21 or vehicle for 2 weeks. Both FGF19 and FGF21 decreased 

body weight, plasma insulin and glucose concentrations, and hepatic triglyceride 

concentrations in control Klbfl/fl and KlbAdipoq mice (Figures 4A and B). FGF21 modestly 

increased plasma adiponectin levels in Klbfl/fl but not KlbAdipoq mice (Figure 4B), consistent 

with previous studies showing that FGF21 acts directly on adipocytes to stimulate 

adiponectin secretion (Holland et al., 2013; Lin et al., 2013). However, hepatic 

concentrations of ceramides, which can be reduced by adiponectin, were unchanged by 

FGF21 in Klbfl/fl and KlbAdipoq mice (Figure 4B). FGF19 caused modest decreases in 

plasma adiponectin levels in both Klbfl/fl and KlbAdipoq mice with no significant changes in 

hepatic ceramide levels (Figure 4A). We also analyzed hepatic diacylglycerol (DAG) and 

plasma acylcarnitine and branched-chain amino acid (BCAA) concentrations. Hepatic DAG 

concentrations were significantly reduced by FGF19 in KlbAdipoq mice with a similar 

downward trend in Klbfl/fl mice (Figure S3D). FGF21 administration did not significantly 

affect DAG levels in either Klbfl/fl or KlbAdipoq mice (Figure S3D). Plasma acylcarnitine 
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concentrations were unchanged by FGF19 or FGF21 in Klbfl/fl and KlbAdipoq mice (Figure 

S3E). Plasma valine concentrations were modestly increased in response to FGF21 in Klbfl/fl 

mice and trended upward in KlbAdipoq mice but were unchanged by FGF19 treatment in 

either genotype (Figure S3F). Plasma leucine and isoleucine concentrations were unchanged 

by either FGF19 or FGF21 in Klbfl/fl and KlbAdipoq mice (Figure S3F). We conclude that the 

longer-term weight loss and glycemic effects of FGF19 and FGF21 in this DIO model do 

not require that they act directly on adipose tissue, and that there is no clear correlation 

between FGF19 and FGF21 action and hepatic ceramide and DAG concentrations or plasma 

acylcarnitine and BCAA concentrations.

In gene expression studies, FGF19 and FGF21 induced Dusp4 mRNA in BAT and scWAT in 

Klbfl/fl but not KlbAdipoq mice, demonstrating that the FGFs act directly on adipocytes 

(Figures S3A and B). In contrast, Dio2, Bmp8b and Elovl3 were induced in BAT by FGF19 

and FGF21 in both Klbfl/fl and KlbAdipoq mice (Figure S3A). While these data reveal that 

FGF19 and FGF21 have both direct and indirect effects on adipose tissue, the chronic 

metabolic actions of these FGFs do not require that they act directly on adipocytes.

FGF19 acts on the nervous system to cause weight loss

The ability of FGF19 to cause weight loss and lower plasma glucose and insulin levels in the 

DIO KlbAdipoq knockout model led us to examine whether FGF19, like FGF21, acts via the 

nervous system. To test this, groups of DIO Klbfl/fl and KlbCamk2a mice, in which β-Klotho 

expression was selectively disrupted in the nervous system (Figure S1A), were administered 

vehicle or FGF19 for 2 weeks. FGF19 caused weight loss in Klbfl/fl mice, which was 

accompanied by decreases in plasma glucose and hepatic triglyceride concentrations and a 

downward trend in plasma insulin levels (Figure 5A). In contrast, FGF19 had no effect on 

these parameters in KlbCamk2a mice (Figure 5A). We conclude that FGF19, like FGF21, acts 

on the nervous system to mediate its longer-term effects on body weight, circulating glucose 

and insulin concentrations, and liver triglyceride levels.

In gene expression analyses, FGF19 induced Dusp4 in BAT, scWAT and liver in both Klbfl/fl 

and KlbCamk2a mice (Figure S4), demonstrating that FGF19 acts directly on each of these 

tissues. In BAT, FGF19 increased Dio2, Bmp8b and Elovl3 expression in Klbfl/fl but not 

KlbCamk2a mice (Figure S4), demonstrating that induction of these genes requires FGF19 to 

act on the nervous system.

We next tested whether FGF19 induces sympathetic outflow to BAT and increases energy 

expenditure, as we observed with FGF21 (Owen et al., 2014). Sympathetic nerve activity 

was measured directly in interscapular BAT in mice administered FGF19 or vehicle by either 

i.c.v. or peripheral intravenous (i.v.) injection. Under both treatment conditions, FGF19 

induced sympathetic nerve activity 1.5–2 hr after injection in a dose-dependent manner 

(Figure 5B). FGF19 administration caused a corresponding increase in energy expenditure 

that was present in both the light and dark phases of the daily light cycle (Figure 5C). FGF19 

treatment did not change food intake or locomotor activity in these mice (Figure 5D). Thus, 

like FGF21, FGF19 stimulates sympathetic outflow to BAT and causes corresponding 

increases in energy expenditure.
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An FGFR1/β-Klotho activating antibody acts on neurons to cause weight loss

Antibodies that selectively activate either FGFR1 or the FGFR1/β-Klotho heteromer 

recapitulate many of the metabolic actions of FGF19 and FGF21, including their effects on 

body weight and glucose and insulin concentrations in obese mice (Foltz et al., 2012; 

Kolumam et al., 2015; Wu et al., 2011b). However, given their high molecular weights, it 

was unclear whether these antibodies permeate the brain or act in the nervous system like 

FGF19 and FGF21. We first tested the FGFR1/β-Klotho bispecific antibody (bFKB1) 

(Kolumam et al., 2015) in the adipose tissue-specific β-Klotho knockout model. Groups of 

DIO Klbfl/fl and KlbAdipoq mice were treated with bFKB1 or control antibody (trastuzumab, 

which does not bind to mouse HER2 and has no known activity in mice) for 4 weeks. 

bFKB1 administration caused weight loss in both groups (Figure 6A). bFKB1 also 

decreased plasma glucose and hepatic triglyceride levels in both Klbfl/fl and KlbAdipoq mice 

(Figure 6A). bFKB1 did not significantly increase plasma adiponectin concentrations in 

either genotype (Figure 6A). Thus, bFKB1 exerts its effects on body weight and other 

metabolic parameters without acting directly on adipocytes.

In gene expression studies, bFKB1 induced Dusp4 in BAT in Klbfl/fl but not KlbAdipoq mice 

(Figure S5A), demonstrating that bFKB1 acts directly on BAT. bFKB1 increased Ucp1, 

Dio2, Bmp8b and Elovl3 expression in BAT in both Klbfl/fl and KlbAdipoq mice (Figure 

S5A), demonstrating that these effects do not require the antibody to act directly on 

adipocytes. In liver, bFKB1 decreased Dusp4 and Scd1 expression in both Klbfl/fl and 

KlbAdipoq mice, demonstrating that these effects are independent of direct effects on 

adipocytes (Figure S5A).

We next tested bFKB1 in the neuron-specific β-Klotho knockout model. Notably, bFKB1 

decreased body weight and plasma glucose concentrations in control Klbfl/fl mice but not 

KlbCamk2a knockout mice (Figure 6B). A similar trend was seen with plasma insulin and 

hepatic triglyceride levels (Figure 6B). Thus, these metabolic actions of bFKB1 require β-

Klotho in the nervous system. bFKB1 did not significantly increase plasma adiponectin 

concentrations in either genotype (Figure 6B). In gene expression analyses, bFKB1 induced 

Dusp4 in BAT in both Klbfl/fl and KlbCamk2a mice (Figure S5B). In contrast, bFKB1 induced 

Bmp8b and Elovl3 in BAT of Klbfl/fl but not KlbCamk2a mice (Figure S5B). The induction 

profile of these genes mirrors the weight loss and glycemia data in the KlbCamk2a knockout 

model.

The KlbCamk2a knockout studies demonstrate that bFKB1 acts on neurons to affect body 

weight and circulating glucose and insulin levels despite its high molecular weight. To test 

whether bFKB1 crosses the blood-brain barrier, we measured bFKB1 concentrations in 

cerebrospinal fluid (CSF) and plasma 2 weeks after bFKB1 injection. The concentrations of 

bFKB1 in the CSF and plasma were 0.15 μg/ml and 150 μg/ml, respectively (Figure 6C). 

Although the bFKB1 CSF:plasma ratio was low, this bFKB1 concentration (~1 nM) in the 

CSF is sufficient to activate the FGFR1/β-Klotho receptor based on previous studies 

(Kolumam et al., 2015).
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Discussion

How FGF19 and FGF21 mediate their potent pharmacologic effects is a key question in the 

endocrine FGF field, especially since clinical trials are underway with long-acting analogs 

of both. Here, we show that both FGF19 and FGF21, as well as the bFKB1 antibody, require 

their receptor complex in neurons, but not hepatocytes or adipocytes, to cause weight loss 

and reduce circulating glucose and insulin concentrations. Moreover, FGF19, like FGF21, 

stimulates sympathetic outflow to BAT. While we did not directly measure the effect of 

bFKB1 on sympathetic outflow, the antibody induced the expression of genes regulated by 

the β-adrenergic receptor pathway, including Bmp8b and Elovl3, in BAT of Klbfl/fl but not 

KlbCamk2a mice. This gene expression profile, which mirrors those of FGF19 and FGF21, is 

consistent with bFKB1 also stimulating sympathetic nervous system activity. Taken together, 

these data show that all three molecules act through a similar if not identical neuron-

mediated mechanism.

In two previous studies, the effects of FGF19 (Adams et al., 2012) or FGF21 (Adams et al., 

2012; Foltz et al., 2012) were examined in DIO mice in which the Fgfr1 gene was disrupted 

in adipose tissue using an aP2-Cre driver. In these knockout mice, the effects of FGF21 on 

body weight and circulating glucose and insulin were either absent or attenuated (Adams et 

al., 2012; Foltz et al., 2012). In contrast, the effects of FGF19 on these parameters were 

unaffected in the knockout mice (Adams et al., 2012). Based on these data, it was suggested 

that FGF19 and FGF21 act principally through liver and adipose tissue, respectively. 

However, the aP2-Cre driver is also active in the nervous system (Martens et al., 2010), 

where we showed that it efficiently reduced Klb expression when crossed into the Klbfl/fl 

mice (Ding et al., 2012). Given that the metabolic effects of FGF21 still occur in the 

KlbAdipoq mice, we suggest that these previous findings were primarily a consequence of 

disrupted Fgfr1 expression in nervous system. Regarding FGF19, it is possible that it acts 

through an FGFR other than FGFR1c in neurons. However, our data show that both FGF19 

and FGF21 act through the nervous system and activate sympathetic outflow to BAT, 

indicating a similar mechanism of action. Others have shown that FGF19 suppresses the 

HPA axis (Perry et al., 2015) and AGRP/NPY neuronal activity (Marcelin et al., 2014). 

Thus, FGF19 and FGF21 likely exert their metabolic effects via multiple pathways in the 

nervous system.

Do FGF19, FGF21 and bFKB1 work inside the blood-brain barrier? Both FGF19 and 

FGF21 cross the blood-brain barrier at pharmacologic doses (Hsuchou et al., 2007, 2013), 

and direct i.c.v. injection of FGF19 or FGF21 into the brain stimulates energy expenditure 

and reduces glycemia (Marcelin et al., 2014; Morton et al., 2013; Perry et al., 2015; Ryan et 

al., 2013; Sarruf et al., 2010). Moreover, β-Klotho and FGFRs are expressed in the central 

nervous system (Bookout et al., 2013; Fon Tacer et al., 2010). These data suggest that 

FGF19 and FGF21 act centrally. While bFKB1 is much larger than FGF19 and FGF21, at 

least some antibodies are able to penetrate the blood-brain barrier, albeit inefficiently: CSF 

levels are approximately 1000-fold lower than in blood (Tabrizi et al., 2010). The level of 

bFKB1 that we detected in the CSF is consistent with these findings. Importantly, however, 

this concentration is above that required to activate the FGFR/β-Klotho receptor complex 

(Kolumam et al., 2015). These data together with our finding that the kinetics of weight loss 
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were slower with bFKB1 than either FGF19 or FGF21, suggest that bFKB1 may cross 

blood-brain barrier and accumulate to concentrations that are sufficient to activate FGFR/β-

Klotho receptors in the central nervous system. Notably, our results do not rule out effects in 

neurons outside the blood-brain barrier. Regardless, the results clearly indicate that the 

nervous system, and not adipose tissue, is required for the weight loss effects of all three 

drugs.

FGF19 and FGF21 also act on peripheral tissues to regulate glucose metabolism. Here we 

show that under hyperinsulinemic-euglycemic clamp conditions, both FGF19 and FGF21 

increase insulin sensitivity and stimulate whole-body glucose uptake by acting directly on 

adipose tissue. Our data agree with a recent study in which the acute insulin-sensitizing 

effect of FGF21 was absent in mice lacking β-Klotho in adipose tissue (BonDurant et al., 

2017). Previous studies showed that FGF21 stimulates glucose uptake into BAT (Ding et al., 

2012; Markan et al., 2014; Xu et al., 2009), which likely provides substrate for uncoupled 

oxidation and thermogenesis. FGF21 also acts on WAT to stimulate adiponectin secretion 

(Holland et al., 2013; Lin et al., 2013). However, our studies with KlbAdipoq mice show that 

the longer-term effects of FGF19 and FGF21 on body weight and glycemia do not require 

that they act directly on adipocytes nor that they activate the adiponectin-ceramide axis. We 

note that the glycemic effects of FGF19 and FGF21 in this DIO model may be secondary to 

the weight loss.

A final key finding of our work is that the liver, which expresses abundant levels of β-

Klotho, is not required for the long-term glycemic and weight loss effects of either FGF19 or 

FGF21. Previous work showed that FGF19 works directly on hepatocytes to govern 

postprandial bile acid metabolism and glycogen storage (Kir et al., 2011). Accordingly, 

KlbAlb mice have increased hepatic bile acid synthesis and decreased hepatic glycogen 

levels despite a large compensatory increase in FGF15 concentrations in blood (Katafuchi et 

al., 2015). Our present studies demonstrate that this direct effect of FGF19 on hepatocytes to 

induce glycogen storage is not required for FGF19’s longer-term effect on glycemia in the 

DIO model. Our data further show that there is little direct effect of FGF21 on hepatocytes, 

which is consistent with little or no expression of FGFR1c, the preferred tyrosine kinase 

receptor for FGF21, in hepatocytes (Fon Tacer et al., 2010). Thus, we conclude that the 

primary role of β-Klotho in the liver is to mediate the postprandial actions of FGF19.

In closing, we find that FGF19, FGF21 and bFKB1 all require β-Klotho-containing receptor 

complexes in neurons to decrease body weight and circulating glucose and insulin 

concentrations in the DIO mouse model. Moreover, FGF19 increases sympathetic outflow to 

BAT, just like FGF21. These findings suggest that the therapeutic efficacy of FGF19 and 

FGF21-based drugs, including activating antibodies, for treating metabolic disease will 

depend on their ability to access and activate the nervous system.
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STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contacts, Steven Kliewer (steven.kliewer@utsouthwestern.edu) and 

David Mangelsdorf (davo.mango@utsouthwestern.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All procedures and use of mice were approved by the Institutional Animal Care and Use 

Committee of University of Texas Southwestern Medical Center.

Generation of KlbAlb mice was as described (Katafuchi et al., 2015). Generation of 

KlbCamk2a mice was as described (Bookout et al., 2013). KlbAdipoq mice were generated by 

breeding Adipoq-Cre mice (Jackson Laboratory) with Klbfl/fl mice (Bookout et al., 2013). 

KlbAdipoq mice were on C57BL/6J background. KlbAlb mice were on mixed C57BL/6J;

129/Sv background. KlbCamk2a mice were on mixed C57BL/6J;129/Sv background.

C57BL/6J mice were generated from the animal breeding core at University of Texas 

Southwestern Medical Center.

Mice were maintained on a 12 hr light-dark cycle with lights on at 7 am. Housing rooms 

were maintained at 22–23°C. Mice were maintained on a rodent chow (Harlan Teklad, TD.

2916) until 3–4 months of age prior to initiating the experiments. Male mice and wild-type 

littermate controls were used in all experiments. Mice were randomly assigned to 

experimental groups based on body weight.

METHOD DETAILS

Mouse Studies—At 3–4 months of age, mice were switched from normal rodent chow to 

a high fat diet to cause obesity (Research Diets, D12492i). All groups of DIO mice had an 

average body weight >40 g/mouse at the start of experiments. Mice were randomly assigned 

to experimental groups based on body weight. Body composition was measured using an 

EchoMRI-100 body composition analyzer. Indirect calorimetry to measure energy 

expenditure was performed using LabMaster metabolic cages (TSE systems), with values 

normalized to lean body mass. Energy expenditure was calculated as a function of O2 

consumption and CO2 production according to the following formula: EE (kcal/hr) = (3.941 

x vO2 (ml/hr) + 1.106 x vCO2 (ml/hr))/1,000. Housing rooms were maintained at 22–23°C. 

Metabolic cage studies were performed at 21–22°C. All mice were sacrificed by 

decapitation.

FGF21, FGF19 and bFKB1 Administration—Recombinant human FGF21 was from 

Novo Nordisk (Malov, Denmark) and was stored in a buffer containing 10 mM Na2HPO4 

and 2% (w/v) glycerol at pH 7.6. Recombinant human FGF19 was synthesized as described 

(Choi et al., 2006) and stored in a buffer containing 150 mM NaCl, 20 mM Tris and 50% 

(w/v) glycerol at pH 7.5. bFKB1 and trastuzumab were from Genentech (South San 

Francisco, CA).
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For the acute ERK1/2 phosphorylation and Egr1 induction studies (but not the 

hyperinsulinemic-euglycemic clamp or sympathetic nerve activity studies, which are 

described below), mice were fasted for 5 hr and intraperitoneally (i.p.) injected with a single 

bolus of FGF19 or FGF21 (1 mg/kg) or vehicle alone and sacrificed 30 min later. For studies 

of acute FGF19 and FGF21 effects on hepatic Cyp7a1 expression, ad-lib fed mice were i.p. 

injected with 1 mg/kg FGF19, FGF21 or vehicle and sacrificed 6 hr later.

For chronic FGF21 treatment, osmotic pumps (Alzet Micro-Osmotic Pump Model 1002) 

were s.c. implanted under isofluorane inhalation anesthesia. FGF21 was delivered at a dose 

of 1 mg/kg/day. For chronic FGF19 treatment, mice were s.c. injected once daily with 1 

mg/kg FGF19 or vehicle. For chronic bFKB1 treatment, mice were i.p. injected with 10 

mg/kg bFKB1 or control antibody (trastuzumab) once every two weeks. Mice in chronic 

FGF19 and FGF21 experiments were sacrificed under ad lib fed conditions between 1–3 pm. 

Mice in chronic bFKB1 experiments were fasted for 4 hr and sacrificed between 1–3 pm.

Plasma and Liver Analyses—Blood was collected into EDTA-coated tubes (Sarstedt, 

Newton, NC). Plasma was separated by centrifugation and assayed for glucose (Wako 

Diagnostics), insulin (Crystal Chem), adiponectin (Millipore), total plasma cholesterol 

(Pointe Scientific) and triglyceride levels (Thermo Scientific). Plasma FGF15 protein levels 

were measured using the SISCAPA-SRM assay as described (Katafuchi et al., 2015). For 

plasma BCAA analysis, thawed plasma samples were immediately spiked with labeled 

amino acid internal standard (Isotec) and cold acetone. The extraction and derivatization of 

amino acids from plasma were performed as described (Casetta et al., 2000). Amino acids 

were separated on a reverse phase C18 column (Xbridge, Waters, Milford, MA; 150×2.1 

mm, 3.0μm) with a gradient elution and detected using the MRM mode by monitoring 

specific transitions under positive electrospray on API 3200 triple quadrupole LC/MS/MS 

mass spectrometer (Applied Biosystems/Sciex Instruments). Quantification was done by 

comparing individual ion peak areas to that of an internal standard. Plasma acylcarnitines 

were measured on an API 3200 triple quadrupole LC/MS/MS as described (Sunny et al., 

2010). Briefly, free carnitine and acylcarnitines were extracted from plasma and then 

individual acylcarnitine peaks were quantified by comparison with a 13C internal standard 

(Cambridge Isotopes, Andover, MA). Hepatic ceramides were quantified by LC/MS/MS 

technology as described (Holland et al., 2011; Tao et al., 2017) using a Shimadzu Nexera X2 

UHPLC system coupled to a Shimadzu LCMS-8050 triple quadrupole mass spectrometer 

operating Ion Source in ESI positive mode. Lipid species were identified based on their 

molecular mass and fragmentation patterns and verified by lipid standards. Hepatic DAG 

was quantified as described (Gao et al., 2016; Gao et al., 2017; Simons et al., 2012). Briefly, 

liver samples were homogenized and extracted with a modified Bligh-Dyer extraction. 

Samples were infused into a Sciex TripleTOF 6600 mass spectrometer and analyzed using 

MS/MSALL analysis with product-ion spectra collected at each unit mass from 200 to 1200 

DA. Hepatic cholesterol and triglycerides were measured by an enzymatic assay as 

described (Zhang et al., 2012).

Hyperinsulinemic-Euglycemic Clamp Studies—On the day of the experiment, food 

was removed 1 hr after the lights were turned on to start a 4 hr fast. At t = −90 min, a 
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continuous infusion of HPLC-purified 3-[3H] glucose (0.05 μCi/min) was started to measure 

glucose turnover. Basal blood samples were collected at t = −15 and −5 min from the tail. At 

t = 0 min, a single bolus of FGF21 or FGF19 (1 mg/kg) or vehicle alone was i.v. infused. 

This was followed immediately by continuous infusion of insulin (4 mU/kg/min) together 

with either FGF19 or FGF21 (16 μg/kg/min) or vehicle alone, with the tracer infusion 

increased to 0.1 μCi/min. Blood glucose levels were measured every 10 min and a 50% 

dextrose solution was infused to maintain the blood glucose levels at approximately 150 

mg/dl. Steady state occurred at t = 80–120 min. Approximately 15 μl of tail blood was 

collected at t = 80, 100 and 120 min to determine glucose turnover.

Sympathetic Nerve Activity Measurements—Sympathetic nerve activity (SNA) 

subserving BAT was measured as described (Morgan and Rahmouni, 2010; Owen et al., 

2014). After establishing baseline values, mice were either i.c.v. or i.v. (jugular vein) 

injected with FGF19 or vehicle (150 mM NaCl, 20 mM Tris and 50% (w/v) glycerol at pH 

7.5). SNA was recorded for an additional 4 hr. The volume of all i.c.v. injections was 2 μl.

Cerebrospinal Fluid (CSF) Collection and bFKB1 Measurement—CSF collection 

was performed as described (Liu and Duff, 2008). Following anesthesia with Avertin 

(Sigma-Aldrich), the mice were shaved on the back of the neck and placed on a stereotaxic 

instrument. After swabbing the surgical site with an alcohol prep pad, a dissection 

microscope was used to expose the dura mater of the cisterna magna. The dura mater was 

penetrated by a capillary tube and the CSF was collected by osmotic pressure and frozen 

immediately in liquid nitrogen. bFKB1 concentrations were measured using a human IgG 

ELISA kit (Affymetrix eBioscience).

Western Blot Analysis—Protein from fresh-frozen liver tissue was extracted using a 

homogenizer (Fisher Scientific) in 1 x RIPA buffer (Cell Signaling Technology) 

supplemented with a cocktail of protease and phosphatase inhibitors (Roche). Protein lysate 

concentrations were measured using the Bradford Protein Assay (Bio-Rad). Equal protein 

amounts were loaded and electrophoresed in a 4–20% SDS-PAGE gel (Bio-Rad) and 

transferred to nitrocellulose membranes (Bio-Rad). Membranes were blocked with 5% BSA 

in Tris-buffered saline with 0.5% Tween-20 (TBST) for 1 hr. Probing of membranes with 

antibodies against p-ERK1/2 and T-ERK1/2 (Cell Signaling Technology) was performed 

overnight at 4°C. Membranes were then incubated with secondary antibody for 1 hr at room 

temperature. Membranes were developed using the Pierce ECL Western Blotting Substrate 

(Thermo Fisher Scientific) and signal was detected with an ImageQuant LAS4000 

luminescent imager (General Electric). Quantification was done using ImageJ.

Real-time Quantitative PCR Analyses—Total RNA from liver and BAT was extracted 

by Stat 60 reagent (IsoTex Diagnostics, Inc.).

Total RNA from WAT was extracted by RNeasy lipid tissue mini kits (Qiagen). cDNA was 

synthesized from 2 μg of RNA (Invitrogen). QPCR was performed using SYBR GreenER as 

described (Bookout et al., 2006). Primers are listed in Table S1.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Mean values ± SEM are shown. Two-way ANOVA with Holm-Sidak post hoc correction 

(GraphPad Prism) was used for multiple group analyses. Student’s t test (GraphPad Prism) 

was used for two-group analyses. Differences were considered statistically significant at p < 

0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• FGF19 and FGF21 act through a common tissue-specific mechanism to cause 

weight loss

• The nervous system is the direct target for FGF19 and FGF21 effects on 

weight loss

• β–Klotho in adipose and liver is dispensable for FGF19/FGF21 effects on 

weight loss

• An FGF21 mimetic antibody mediates its weigh loss effects via the nervous 

system
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Figure 1. FGF19 but not FGF21 has robust direct effects on hepatocytes under acute treatment 
conditions
(A) DIO Klbfl/fl and KlbAlb littermates were i.p. injected with 1 mg/kg FGF19, FGF21 or 

vehicle and sacrificed 6 hr later. Cyp7a1 mRNA in liver was measured by QPCR. n = 5/

group.

(B and C) DIO Klbfl/fl and KlbAlb littermates were i.p. injected with 1 mg/kg FGF19, FGF21 

or vehicle and sacrificed 30 min later. (B) Phosphorylated ERK1/2 normalized to total 

ERK1/2 protein in liver was measured by western blot. (C) Egr1 mRNA levels in liver was 

measured by QPCR. n = 6/group. QPCR cycle time values are shown for the vehicle-treated 

Klbfl/fl group.

Data are shown as the mean ± SEM. **p < 0.01, ***p<0.001 compared to control. N.S., not 

significant. Significant interactions between genotype (Klbfl/fl vs. KlbAlb) and treatment 
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(Vehicle vs. FGF19) were detected for p-ERK1/2/T-ERK/1/2 (p=0.0007) and Egr1 mRNA 

(p=0.004).

See also Figure S1 and Table S1.
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Figure 2. β-Klotho in liver is not required for FGF19 and FGF21 to cause weight loss
(A and B) DIO Klbfl/fl and KlbAlb littermates were treated with FGF19, FGF21 or vehicle 

for 2 wk. (A) Body weight change, plasma insulin and glucose levels and (B) hepatic 

triglyceride and cholesterol levels and plasma adiponectin levels were measured. n = 5–6/

group.

Data are shown as the mean ± SEM. *p < 0.05, **p < 0.01, ***p<0.001 compared to 

control.

See also Figures S1 and S2, and Table S1.
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Figure 3. β-Klotho in adipose tissue is required for the acute insulin-sensitizing actions of FGF21 
and FGF19
(A) DIO Klbfl/fl and KlbAdipoq littermates were treated with FGF21 or vehicle during a 

hyperinsulinemic-euglycemic clamp and glucose infusion rate, endogenous glucose 

production and whole-body glucose uptake during the clamp and basal endogenous glucose 

production measured. n = 5–6/group.

(B) DIO Klbfl/fl and KlbAdipoq littermates were treated with FGF19 or vehicle during a 

hyperinsulinemic-euglycemic clamp and glucose infusion rate, endogenous glucose 

production and whole-body glucose uptake during the clamp and basal endogenous glucose 

production measured. n = 6–8/group.

Data are shown as the mean ± SEM. *p < 0.05, **p < 0.01 compared to control. Significant 

interactions between genotype (Klbfl/fl vs. KlbAdipoq) and treatment (Vehicle vs. FGF21) 

were detected for glucose infusion rate (p=0.03) and endogenous glucose production 

(p=0.02).

See also Table S1.
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Figure 4. β-Klotho in adipose tissue is not required for FGF19 and FGF21 to cause weight loss
(A and B) DIO Klbfl/fl and KlbAdipoq littermates were treated with FGF19, FGF21 or vehicle 

for 2 wk. Body weight change, plasma insulin and glucose levels, hepatic triglyceride levels, 

plasma adiponectin levels and hepatic ceramide concentrations were measured. n = 5–6/

group.

Data are shown as the mean ± SEM. *p < 0.05, **p < 0.01, ***p<0.001 compared to 

control.

See also Figure S1 and S3, and Table S1.
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Figure 5. FGF19 acts on the nervous system to cause weight loss
(A) DIO Klbfl/fl and KlbCamk2a littermates were administered FGF19 or vehicle for 2 wk. 

Body weight, plasma insulin and glucose levels, hepatic triglyceride levels and plasma 

adiponectin levels were measured. n = 5–6/group.

(B) Percent change in sympathetic nerve activity subserving BAT was recorded in mice 

following i.c.v. (top panel) or i.v. (bottom panel) injection of FGF19 at the indicated doses or 

vehicle. n = 7–8/group.

(C) Representative 24 hr energy expenditure in DIO mice administered FGF19 or vehicle 

(left panel). Quantification of 24 hr energy expenditure for the same mice (right panel). n = 

5/group.

(D) 24 hr food intake (left and middle panels) and activity (right panel) in DIO mice treated 

with FGF19 or vehicle as in (C). n = 5/group.

Data are shown as the mean ± SEM. *p < 0.05, **p < 0.01, ***p<0.001 compared to 

control. Significant interactions between genotype (Klbfl/fl vs. KlbCamk2a) and treatment 

(Vehicle vs. FGF19) were detected for body weight change at week 2 (p=0.04) and plasma 

glucose (p=0.02).

See also Figure S1 and S4, and Table S1.
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Figure 6. The FGFR1c/β-Klotho activating antibody acts directly on the nervous system to 
regulate body weight and circulating glucose and insulin levels
(A) DIO Klbfl/fl and KlbAdipoq littermates were administered either bFKB1 or control 

antibody (trastuzumab) for 4 wk, with dosing every two weeks. Body weight change, plasma 

insulin and glucose levels, hepatic triglyceride levels and plasma adiponectin levels were 

measured. n = 6/group.

(B) DIO Klbfl/fl and KlbCamk2a littermates were administered bFKB1 or control antibody 

(trastuzumab) for 4 wk. Body weight change, plasma insulin and glucose levels, hepatic 

triglyceride levels and plasma adiponectin levels were measured. n = 6/group.

(C) bFKB1 levels in the cerebrospinal fluid (CSF) and plasma were measured in DIO mice 

10 days after i.p. injection of bFKB1 or PBS (left and middle panels). CSF/plasma ratio for 

bFKB1 (right panel). n = 4–5/group.

Data are shown as the mean ± SEM. *p < 0.05, **p < 0.01, ***p<0.001 compared to 

control. ND, not detected. Significant interactions between genotype (Klbfl/fl vs. KlbCamk2a) 

and treatment (control IgG vs. bFKB1) were detected for body weight change at week 4 

(p=0.04) and plasma glucose (p=0.004).

See also Figure S5 and Table S1.
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