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Fibroblast growth factor 21 (FGF21) is a hormone that is involved in the regulation of lipid, glucose, and energy metabolism. Pharmacological FGF21 administration promotes weight loss and improves insulin sensitivity in rodents, non-human primates, and humans. However, pharmacologic effects of FGF21 likely differ from its physiological effects. Endogenous FGF21 is produced by many cell types, including hepatocytes, white and brown adipocytes, skeletal and cardiac myocytes, and pancreatic beta cells, and acts on a diverse array of effector tissues such as the brain, white and brown adipose tissue, heart, and skeletal muscle. Different receptor expression patterns dictate FGF21 function in these target tissues, with the primary effect to coordinate responses to nutritional stress. Moreover, different nutritional stimuli tend to promote FGF21 expression from different tissues; i.e., fasting induces hepatic-derived FGF21, while feeding promotes white adipocyte-derived FGF21. Target tissue effects of FGF21 also depend on its capacity to enter the systemic circulation, which varies widely from known FGF21 tissue sources in response to various stimuli. Due to its association with obesity and non-alcoholic fatty liver disease, the metabolic effects of endogenously produced FGF21 during the pathogenesis of these conditions are not well known. In this review, we will highlight what is known about endogenous tissue-specific FGF21 expression and organ cross-talk that dictate its diverse physiological functions, with particular attention given to FGF21 responses to nutritional stress. The importance of the particular experimental design, cellular and animal models, and nutritional status in deciphering the diverse metabolic functions of endogenous FGF21 cannot be overstated.
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1 Introduction

Fibroblast growth factor 21 (FGF21) is a hormone that beneficially regulates glucose and lipid metabolism and contributes to energy balance. As such, FGF21 has been extensively studied as a pharmacological agent that promotes weight loss, increases energy expenditure, and improves insulin sensitivity in animal models and humans (1–7). Many studies have reported beneficial effects of pharmacological FGF21 administration, including improvements in hyperglycemia, insulin resistance, and dyslipidemia, reduced fat mass, and reversal of non-alcoholic steatohepatitis (NASH) [reviewed in (8, 9, and (10)]. Despite benefits to energy metabolism in rodent and non-human primate models, clear beneficial FGF21 pharmacology in humans has been difficult to achieve. For reasons that are still unknown, the glucose-lowering effects of pharmacological FGF21 are absent or less pronounced in humans (5, 7, 11), while its effects on dyslipidemia are highly conserved between rodents and humans (8).

Unlike other canonical FGFs with a heparin binding domain that limit endocrine activity, such as FGF1, the structure of FGF21 lacks this key heparin binding domain, and thus more closely resembles other endocrine growth factor family members such as FGF19 (and the mouse orthologue FGF15) and FGF23, which allows it to circulate in an endocrine manner. In order to act on target tissues, endocrine FGFs bind to several FGF receptors (FGFRs) and a required coreceptor, either α-klotho or β-klotho [reviewed in (12)]. FGFR1-4 are highly conserved across a wide array of mammalian species and vary in their ligand affinity and tissue distribution, enabling a diversity of effects from endocrine FGFs. FGF21 specifically binds to FGFR1 with the highest affinity in the presence of β-klotho (KLB), which triggers autophosphorylation of FGFR1 and subsequent activation of the MAPK pathway leading to phosphorylation of ERK1/2 (13), widely used as a surrogate for FGF21-mediated signaling. However, conclusive evidence that FGF21-mediated physiological effects require ERK1/2 activation are lacking, and it is not yet established that intracellular signaling pathways initiated by the activation of the FGFR1/KLB complex are the same in all FGF21 target tissues (14). Later sections will describe emerging and varied signaling pathways mediated by FGF21 in particular tissues.

While the pharmacological benefits of FGF21 administration are noteworthy (at least in rodents), they have been reviewed extensively elsewhere and will not be presented in this review. However, some evidence suggests that the pharmacological effects of FGF21 may differ from its physiological effects (15). FGF21 is expressed and often secreted from various tissues, including the liver, white adipose tissue (WAT), brown adipose tissue (BAT), pancreas, and skeletal muscle in response to fasting, feeding, protein restriction, cold exposure, and exercise. Importantly, the tissue origins of FGF21 depend entirely on the nature of the stimulus. For example, fasting and a ketogenic diet increase hepatic FGF21 expression (16–18). Conversely, FGF21 derives from WAT and pancreas during overfeeding and obesity-inducing conditions (19–21), from BAT during cold exposure (22–24), and from skeletal muscle during exercise (25). Collectively, it appears that conditions requiring the mobilization of energy stores induce hepatic and BAT-derived FGF21, while conditions that promote energy storage induce WAT and pancreatic FGF21.

In addition to the complexity of FGF21 expression kinetics in response to different dietary or environmental stressors, FGF21 levels are paradoxically elevated in individuals with obesity (3, 26–29), non-alcoholic steatohepatitis (NASH) (30), and non-alcoholic fatty liver disease (NAFLD) (31, 32). One working theory is that obesity-associated increases in FGF21 reflect an FGF21-resistant state due to observed downregulation of FGFR1c and KLB in the liver and WAT, as well as reduced efficacy of recombinant FGF21 (rFGF21) in mice and humans (33, 34). However, the concept of FGF21 resistance has been subsequently challenged (35–37), discussed in more detail in Section 3.2.4. Another theory posits that dysfunctional white adipocytes, which are abundant in the obese condition, could secrete FGF21 (38). In addition, current consensus suggests that elevated FGF21 observed in NASH is in response to metabolic stress. Nevertheless, a clear consensus regarding the physiological role (if any) played by the increased FGF21 observed in obesity and/or NASH is still lacking. The purpose of this review is to critically examine and discuss the various physiological stimuli for endogenous FGF21, with particular attention given to the nuanced methodology and experimental models employed in studies to date. In particular, a key emphasis is the concept that multiple metabolic tissues produce FGF21, but that they appear to differentially respond to various physiological and pathophysiological stimuli and vary in their contribution to systemic vs. local (i.e. autocrine) FGF21 effects.



2 Regulation of FGF21 Gene and Protein Expression and Secretion

FGF21 mRNA and protein is expressed from a variety of cell types in response to many physiological stimuli (see Table 1), but the primary tissues known to express FGF21 are the liver, adipose tissue, pancreas, and skeletal muscle (98) (see Figure 1). The propensity for a particular tissue to secrete endocrine FGF21 also differs considerably by tissue type and stimulus. Herein, we will discuss what is currently known about FGF21 derived from these and other tissues that have been less extensively studied, such as cardiac muscle.


Table 1 | Stimuli for tissue-specific FGF21 expression.






Figure 1 | Metabolic tissue endogenous FGF21 expression and cross-talk. Several metabolic organs, including the liver, white and brown adipose tissue, skeletal muscle, pancreas, and heart express and secrete FGF21 in response to various stimuli. The liver is a major source of systemic FGF21, which can target the FGFR1/KLB complex in the brain and white adipose tissue (solid arrows). It is also hypothesized that liver-derived FGF21 can signal directly to the pancreas, heart, and brown adipose tissue (dotted arrows). Skeletal muscle and brown adipose tissue can also express FGF21 that may also circulate. Other organs, including white adipose tissue, pancreas, and heart, also express FGF21, which likely serves an autocrine/paracrine function and has not conclusively been shown to circulate. Dotted arrows indicate the potential for FGF21 from white and brown adipocytes to circulate under particular metabolic conditions such as cold exposure and obesity.




2.1 Stimuli for Endogenous Endocrine Hepatic FGF21 Release

Liver-derived FGF21 has been extensively studied under many nutritional conditions, including fasting (17, 39), ketogenic diet feeding (16), protein restriction (46), carbohydrate-rich diets (68, 70), and alcohol consumption (63). Several signaling mechanisms for hepatic FGF21 have been described. Fasting-induced hepatic FGF21 is mediated by peroxisome proliferator-activated receptor alpha (PPARα), a transcription factor that is intimately involved with lipid homeostasis (18). Fenofibrates, a class of drugs that are strong PPARα agonists, strongly induce FGF21 gene expression in the liver in mice, while mice deficient in PPARα do not exhibit changes in hepatic FGF21 expression following fasting or PPARα agonism (16). Long-term fasting (i.e. greater than 12 hours), a ketogenic diet, and free fatty acids have been shown to stimulate such PPARα-mediated hepatic FGF21 production (16, 17, 71). However, additional dietary perturbations that increase hepatic FGF21 including excess glucose or fructose intake have more recently shown a dependence on the carbohydrate response element binding protein (ChREBP), in addition to PPARα (40, 66, 67). Another study reports the presence of both carbohydrate and glucagon response elements in the FGF21 promotor region that enable its activation by both fed and fasted signals (69). In later subsections, various stimuli for hepatic FGF21 will be discussed.

The first group to generate a global FGF21 knock out (KO) loss-of-function mouse model reported that these mice had increased body weight with more fat and lean mass and impaired glucose tolerance compared to wild-type (WT) mice fed a chow diet (99), a phenotype that has been replicated in other FGF21 KO mice (100). A subsequent and different FGF21 KO mouse model did not display increased body weight over time, but had a higher percentage of body fat due to lower energy expenditure (101). Once it became apparent that FGF21 is expressed and secreted from multiple metabolic tissues, conditional knock out mice were generated in which FGF21 expression was limited from either the liver or adipose tissue (to be discussed in later sections). Such complex loss-of-function models continue to be developed to increase our understanding of the source-dependent metabolic effects of FGF21.

The first gain-of-function mouse model used to study specific effects of hepatic FGF21 (Hep-FGF21) utilized a transgenic strategy in which FGF21 was expressed under the control of the ApoE promoter (102). ApoE is primarily expressed from hepatocytes, but is also known to be expressed from other cell types such as macrophages, suggesting a model of FGF21 expression that is not entirely liver-specific. Hepatic FGF21 (Hep-FGF21) expression levels were 2.5 times higher in Hep-FGF21Tg mice, which led to lower body weight, lower fasting glucose, improved glucose and insulin tolerance, reduced liver fat, more brown adipose tissue, and smaller subcutaneous adipocytes than in wild-type control mice. When challenged with a high fat diet (HFD), Hep-FGF21Tg mice consumed more food, yet gained less body weight than WT controls (102). A subsequent Hep-FGF21Tg mouse model (with FGF21 expression similarly driven by the ApoE promoter) enhanced hepatic FGF21 expression by 50-fold under fasted conditions, and effectively reduced plasma cholesterol, glucose, and insulin levels while increasing expression of WAT lipolysis markers including hormone sensitive lipase (HSL) and adipose triglyceride lipase (ATGL) (17), suggesting that augmented hepatic FGF21 production induces WAT lipolysis. This second Hep-FGF21Tg mouse also revealed a 5-fold induction of peroxisome proliferator-activated receptor gamma coactivator-1 alpha (PGC1α) in the liver (41), which is now thought to represent a major downstream signaling pathway for FGF21.


2.1.1 Fasting

Fasting potently increases FGF21 levels in the blood in rodents, non-human primates, and humans (78). However, the kinetics and degree of fasting required to elicit FGF21 secretion vary widely between species. Mice fasted for as few as 6 hours show marked increases in circulating FGF21 levels (16, 41, 42). By contrast, it takes adult humans at least 60 hours of fasting to achieve a measureable increase in plasma FGF21 (43, 44); however, some studies utilizing extreme fasting in humans have not observed changes in FGF21 levels (31, 45, 103). Nevertheless, this vast interspecies difference in FGF21 kinetics modulated by fasting raises the question of whether the emerging functions of FGF21 in the mouse can be readily applied to humans.

Fasting-induced FGF21 has been consistently shown to be liver-derived in rodent models (39), and is likely to be liver-derived in humans as well (78). Fasting-induced FGF21 has been shown to be regulated by PPARα in mice, with subsequent phosphorylation of ERK1/2 (16, 17, 42). Initial global FGF21-/- mice were found to tolerate acute fasting, but lost less body weight than WT mice following a 24 hour fast (99), suggesting an important role for FGF21 in the mobilization of energy stores in the face of nutritional deficits. Subsequent studies in mice have confirmed that fasting-induced FGF21 derives from the liver (16, 17, 39). Mice with liver-specific FGF21 deletion, generated by crossing FGF21fl/fl mice with Albumin-CreTg mice (Hep-FGF21 KO mice), had abolished circulating FGF21 levels upon fasting, and exhibited moderately worsened glucose tolerance than WT mice when fed a chow or HFD (39).

Importantly, most studies that examine hepatic FGF21 use models with moderate to extreme fasting prior to blood and tissue sampling. This becomes extremely important when the sources of FGF21 are then assumed to be exclusively liver-derived, because fasting is known to induce Hep-FGF21. Thus, experimental models that fast animals prior to sampling could be missing minor but potentially biologically meaningful contributions from other tissues.



2.1.2 Alcohol Consumption

Hepatic FGF21 is also induced by acute and chronic alcohol consumption in mice (60, 64) and in humans (63, 65), but it is not currently known whether this is similarly dependent on PPARα or ChREBP. Interestingly, the increased FGF21 induced by chronic alcohol consumption in mice was shown to be protective against significant alcohol-induced liver pathology and mortality (63, 64). Transgenic overexpression of hepatic FGF21 or infusion with rFGF21 reduced the animal’s preference for alcohol over water, while FGF21 deficiency increased alcohol preference (104), suggesting a critical liver-brain FGF21 signaling axis, likely by modulating dopamine release by neurons in the nucleus accumbens (104), a region that controls reward behavior. To date, the only human genome-wide association studies (GWAS) studies that have identified single nucleotide polymorphisms (SNPs) in KLB have been in association with alcohol consumption (105–108).



2.1.3 Protein Restriction

Studies have long since indicated that total energy restriction induces an increase in circulating FGF21 in both humans and rodents (17, 41). In humans results have not been consistent, with FGF21 rising in only some studies of food restriction (43), including a prolonged 10-day fast (44), while not changing in other studies (31, 45, 103). Despite these conflicting results, convincing evidence points towards dietary amino acid restriction as being a key trigger of the FGF21 response in the liver (54). Laeger et al. then demonstrated that total protein restriction, and not energy restriction per se, led to increased FGF21 in plasma of both rodents and humans, and that energy expenditure increased while body weight was reduced (46). These results have since been replicated many times by this lab and others (47, 59, 109–112). Also GWAS studies in humans have found associations between FGF21 alleles and lower protein intake (113, 114). In a study comparing 25 different mouse diets with varying ratios of protein, carbohydrates, and fat as well as total calories, it was determined that low protein content elicited the strongest expression of FGF21 (48). Furthermore, FGF21 signaling in the context of protein restriction decreased body weight and improved glucose handling in diet-induced obese animals (51, 115). While these past studies have shown that a diet of 5% protein is sufficient to reliably increase FGF21, a recent study by Wu and colleagues went as far as decreasing protein content to 1%, and these very low protein diets also led to decreased body weight and improved glucose handling with increased FGF21 expression (52). Perhaps not surprisingly, then, FGF21 seems to signal for the animal to seek out and prefer diets that are high in protein whether protein deprived (51) or not (116) thereby allowing the animal to adapt to the malnutrition.

Attempts to identify discrete amino acids responsible for FGF21 induction have had mixed results. One possibility is that essential amino acids which are preferentially found in animal-based protein sources are responsible for the physiological response observed during protein restriction. Branched-chain amino acids (BCAAs), including the essential amino acids leucine, isoleucine, and valine, have garnered considerable attention due the fact that circulating BCAA levels are positively correlated with a diabetes phenotype (117, 118) and restricting BCAAs have been found to improve health and increase FGF21 (49, 119). A recent study by MacArthur et al. found that while the amino acid profile of animal and plant-based diets differed, FGF21 induction was equal during low-protein (2% and 6%) diet feeding in mice fed purified diets matching these two profiles (120). This suggests that FGF21 is secreted in response to low total dietary protein content, but not to differences in individual amino acids such as lower glutamic acid in animals and lower methionine and lysine in plants. Yu and colleagues restricted each individual BCAA in mice, and found that eliminating isoleucine alone had metabolic benefits and that FGF21 was elevated and at least partially mediated these effects (115). In another study, however, restriction of threonine or tryptophan conferred metabolic response and increased FGF21 (50) while isoleucine did not. De Sousa-Coelho et al. showed that leucine restriction also leads to FGF21 production and the subsequent increase in lipolysis and decrease in lipogenesis (54, 121). Others have also found that methionine restriction alone induces FGF21 and increases energy expenditure (55, 56, 122, 123). Studies now have confirmed that methionine restriction promoted weight and fat loss and increased energy expenditure while increasing systemic FGF21 in mice with obesity, but also found that FGF21 was dispensable for the weight loss effects (57, 58). Thus, several studies demonstrate that restriction of individual amino acids is sufficient to increase circulating FGF21, replicating the effect of a low protein diet. However, the relative role of any specific amino acid in driving this effect remains unclear, as prior studies reach different conclusions regarding the importance of specific amino acids. These conflicting results call into question whether or not a single or combination of amino acids are the trigger for FGF21 release, and what role this increase in FGF21 plays in protein restriction, which requires further investigation. Instead, some have suggested that increased FGF21 represents a metabolic stress signal (61, 124).

The general control nonderepressible 2 (GCN2) to activating transcription factor 4 (ATF4) pathway is thought to be a link between hepatic stress due to amino acid deficiency and physiological response. Likewise, this has been a candidate mechanism for the induction of FGF21 in the liver during dietary protein restriction, and indeed, there is increased phosphorylation of eukaryotic initiation factor 2α (eIF2α), which is downstream to GCN2, with protein restriction (46). Studies have shown that either global (110) or liver-specific (125) knockout of GCN2 does diminish FGF21 production within 3 weeks on low-protein diet, but Laeger et al. found that serum FGF21 levels and hepatic mRNA levels of Fgf21 return to normal after 12 weeks, suggesting a redundant or compensatory mechanism. ATF4 is thought to be the transcription factor of Fgf21 important for its production in response to liver stress, due to the presence of multiple binding sites upstream of the gene in the liver (54, 126). However, ATF4 was not necessary for FGF21 induction in a model of sulfur amino acid restriction (127), calling its role into question, at least in the context of amino acid depletion. These studies demonstrate that there is still much to uncover about the mechanism of FGF21 production in response to hepatic stress.



2.1.4 Ketogenic Diet

In addition to dietary protein restriction, ketogenic diets have been found to increase plasma FGF21 levels as well. Consumption of a ketogenic diet is a means to restrict carbohydrate intake and switches the primary energy source to ketones, which are a product of fatty acid metabolism. Thus, ketogenic diets are commonly utilized to interrogate nutrient metabolism. Mice that are fed a ketogenic diet typically lose weight and have chronically elevated circulating FGF21 levels (128). FGF21 likely plays an important role in the weight loss associated with ketogenic diets, as FGF21 KO mice gained weight and developed hepatic steatosis when fed a ketogenic diet (99). In a more recent study, liver-specific FGF21-null mice were found to have diminished energy expenditure and a weight loss response to a ketogenic diet, but glucose handling was not affected (62). Further studies suggest that FGF21 increases in ketogenic diet-fed mice due to the low protein content of these diets, and not in response to ketones per se, and is thus a response to protein restriction (46, 53). This is supported by the lack of an FGF21 response to ketogenic diets in humans (129, 130), which tend to contain sufficient dietary protein. These results collectively suggest that hepatic FGF21 contributes to weight loss in response to a ketogenic diet. In humans, however, ketogenic diets have not been associated with elevated FGF21 (31, 43, 45), so this effect may be rodent-specific.



2.1.5 Simple Sugar Consumption

Mice fed a chow diet and given ad libitum access to water containing either glucose, fructose, or sucrose showed increased hepatic FGF21 mRNA expression and plasma FGF21 levels after 6 hours, an effect that was also observed in humans after 24 hours of a dextrose infusion (67). This FGF21 response was found to be dependent on ChREBP. In line with this, sugar intake is increased in global FGF21 KO mice as well as Hep-FGF21 KO mice and is suppressed with hepatic overexpression of FGF21, suggesting that the source of FGF21 is the liver. Direct signaling to the brain is implicated in this response (67), suggesting an important liver-brain axis involving FGF21 in the regulation of sugar intake. Recent work has determined that Klb is expressed in the ventromedial hypothalamus (VMH) and that these FGF21 responsive neurons signal to reduce sucrose consumption (131).

Similar effects have been observed in human cohorts. In one small group of healthy participants (n=10), the consumption of 75 g fructose induced a robust 3.4-fold increase in plasma FGF21 levels after 2 hours, an effect that was delayed and less pronounced following glucose consumption (70). In a similar Danish study, a small group of 9 men were recruited to undergo 3 days of consumption of a hypercaloric carbohydrate-rich diet (20). Plasma FGF21 levels increased by 800%, an effect that was not observed when unsaturated fats were similarly overconsumed. This was traced back to increased de novo lipogenesis and glucose production in the liver, and accompanied by decreased adipose tissue lipolysis, evidenced by reduced plasma fatty acid levels and lower phosphorylation of HSL (Ser660) (20). Thus, simple sugar consumption appears to increase hepatic FGF21 production in both rodents and human subjects.



2.1.6 Endoplasmic Reticulum Stress

The endoplasmic reticulum (ER) is the major site of protein folding and maturation, as well as lipid synthesis. The accumulation of unfolded or misfolded proteins or perturbed lipid metabolism leads to ER stress, characterized by the unfolded protein response (UPR) (132). Disrupted ER homeostasis has been consistently linked with metabolic disease progression, primarily due to chronic nutritional metabolic stress that contributes to obesity, diabetes, and NAFLD. Emerging evidence suggests that such metabolic conditions associated with increased ER stress also exhibit increased endogenous FGF21. Cultured hepatocytes respond to ER stress signals, such as dithiothreitol and thapsigargin, by increasing FGF21 expression and secretion in an ATF4-dependent manner (133). Recently, Jiang et al. showed that hepatic FGF21 expression increased during the UPR as a compensatory mechanism to alleviate hepatic ER stress and steatosis (134). While a clearly defined mechanism by which FGF21 coordinates ER homeostasis remains to be elucidated, this and other studies suggest that FGF21 contributes to the resolution of ER stress (95, 134).



2.1.7 Effector Organs for Hepatic FGF21


2.1.7.1 Brain

While FGF21 is not readily expressed in the brain, it can easily cross the blood brain barrier to exert effects on the central nervous system (135, 136) and in fact many of the metabolic effects of FGF21 seem to primarily be mediated by the brain. In humans, FGF21 is detectable in cerebrospinal fluid, and positively correlates with plasma FGF21 levels as well as BMI and fat mass (137). FGFR1 is found throughout the brain, but KLB is only seen in a few discrete areas such as the suprachiasmatic nucleus (SCN) and the nucleus of the solitary tract (NTS) (138, 139). These regions are also key regulators of energy homeostasis and many studies in which FGF21 is administered directly into the brain via intracerebroventricular (ICV) cannula demonstrate that signaling in the brain can accomplish many of the actions attributed to FGF21 such as elevation of thermogenic genes in adipose tissue, sympathetic mediated increase in energy expenditure, and weight loss (6, 140, 141). Food intake, however, has been shown to be both increased (142) and decreased (140) in response to ICV-FGF21. Using laser capture microdissection and subsequent RT-PCR of distinct nuclei throughout the brain, researchers determined that Klb mRNA is primarily found in the SCN and NTS (139). This is also supported by cFos induction following ICV injection which indicated neural activation in the SCN and NTS, along with the paraventricular nucleus (PVN) and dorsomedial hypothalamus (DMH), which are likely downstream due to their lack of Klb expression (140). When Klb is knocked out in the hypothalamus using Camk2a-Cre mice, the effects of FGF21 overexpression and ketogenic diet were lost including more light-phase activity and elevated corticosterone and decreased adrenocorticotropic hormone (ACTH) in plasma (139). This effect was not observed in mice deficient in Klb specifically in the hindbrain (Phox2b-Cre mice), suggesting that FGF21 does not target the hindbrain (139). In a follow-up to this study, other effects of FGF21 such as weight loss, increased food intake, increased energy expenditure, and improved blood glucose were all attenuated by Klb deletion in the brain (6). Hill and colleagues then were the first show that the metabolic response to protein restriction was mediated by FGF21 signaling in the brain using a similar Camk2a-Cre mouse model (51). They went on to demonstrate that while low-protein diet fed animals show a preference for a high protein source of energy, this is also ablated by loss of central FGF21 signaling (51). Recent work by Flippo et al. demonstrates that Klb deletion in glutamatergic but not GABAergic neurons blocks most of the effects of FGF21 signaling during low protein feeding including weight loss, increased food intake, and WAT browning (the appearance of uncoupling protein-1 (UCP1)-positive cells within WAT), but not increased glucose uptake (143). Furthermore, the same group show with a Klb-Cre co-receptor mouse that Klb is expressed in many parts of the brain including the arcuate nucleus (ARC), VMH, and the PVN (131) from which Klb mRNA expression has not been previously observed (139). When Klb was knocked out only in VMH (glutamatergic) neurons, mice lost their decreased preference for sucrose due to low protein diet, but there was no effect on body weight or energy expenditure (131). In addition, an FGFR1 agonist reduced sweet preference and subsequently reduced sugar intake in human subjects, supporting the notion that FGF21 signaling is important for macronutrient preference (144). In sum, emerging research suggests that many of the physiological effects of FGF21, including body weight regulation and nutrient preference, are mediated by the brain.



2.1.7.2 Adipose Tissue

Various elegant genetic mouse models have been very insightful for unraveling the complexities of liver-derived FGF21 signaling to adipose tissue by perturbing FGFR1 and KLB. The essential FGF21 receptor cofactor, KLB, is highly expressed in white and brown adipose tissue. When KLBfl/fl mice are crossed with Adiponectin-CreTg mice, the Klb gene is excised and subsequently not expressed in adiponectin-expressing cells such as white and brown adipocytes. Mice deficient in KLB specifically from adipocytes (Ad-KLB KO), including both white and brown, were refractory to the beneficial effects of rFGF21 on glucose metabolism when consuming either a chow or HFD (145), suggesting that adipocytes are important effector cells for the insulin sensitizing effects of liver-derived FGF21. This finding was supported by a previous study on a similar HFD (146), but contrasted with other studies that reported that FGF21 signaling to adipose tissue is dispensable for its insulin sensitizing effects (147, 148). Notably, one of these previous studies utilized a different driver of Cre-recombinase, AP2, which is notoriously non-specific for adipocytes, thus yielding potentially confounding results (147), and the other utilized a global KLB KO mouse strain (148). These previous Ad-KLB KO models were designed to disrupt KLB expression in both white and brown adipocytes. Taken one step further, disrupting KLB signaling only in brown and beige adipocytes by crossing KLBfl/fl mice with UCP1-CreTg also significantly impaired FGF21-mediated improvements in insulin sensitivity (145), indicating an important role for FGF21 signaling to BAT. An important question as to whether WAT and BAT contribute equally, or by different direct or indirect mechanisms, to FGF21-mediated improvements in glucose homeostasis remains to be determined.

A similar FGF21 signaling disruption strategy is to target FGFR1, the major FGF21 receptor expressed in adipose tissue. This strategy, again using the less specific AP2-CreTg line, similarly suggests the importance of adipose tissue as the effector organ for the acute insulin sensitizing response to FGF21, as Ad-FGFR1-null mice were also refractory to the insulin-sensitizing effects of FGF21 (147). A second study utilizing similar FGFR1 conditional knock out mice (also derived from AP2-CreTg mice) exhibited worsened hepatic steatosis due to increased adipose tissue lipolysis in response to extreme fasting (48 hours) (149). These results highlight the importance of FGF21 signaling to adipose tissue in the maintenance of insulin sensitivity, introduce the notion that FGF21 signaling to adipose tissue limits lipolysis, and suggest an important FGF21 signaling axis between the liver and adipose tissue.

There is some evidence that adipose tissue mediates the acute effects of rFGF21 to improve insulin sensitivity and glucose homeostasis, but not the chronic effects of pharmacological FGF21 on body weight and energy expenditure (145). WT DIO mice given rFGF21 chronically (delivered via osmotic minipumps for 2 weeks) lost significant body weight due to increased energy expenditure, an effect that was maintained in Ad-KLB KO mice (145), suggesting that the chronic effects of rFGF21 on body weight are not directly mediated through adipose tissue. It is important to point out that while this study suggests a differential role for adipose tissue in mediating the acute vs. chronic effects of rFGF21, whether a similar role for adipose tissue in mediating the endogenous effects of Hep-FGF21 effects is not known. Whether endogenous Hep-FGF21 exerts different acute or chronic effects is also not clear.

Some models used to study hepatic FGF21 have uncovered an important hepatic-adipose FGF21 axis that may occur in mice and possibly humans. In several studies using either extremely fasted mice (>10 hours) or mice given the β3-adrenergic receptor agonist CL-316,243, both of which induce or mimic increased sympathetic outflow to WAT, Hep-FGF21 exerts beneficial effects on BAT and promotes browning of WAT (23, 150, 151). However, humans fasted for as long as 10 days, a fasting stimulus that is sufficient to increase plasma FGF21 levels, exhibited reduced BAT activity assessed by fluorodeoxyglucose (FDG) activity (44). Although it is known that prolonged fasting decreases BAT activity to conserve energy (152), this further underscores the importance of Hep-FGF21 during fasting, and represents yet another example of the different FGF21 physiology between rodents and humans. These conflicting findings also support the notion that different stimulators of FGF21 secretion may promote different physiological effects; in other words, the context in which FGF21 is produced is critically important.



2.1.7.3 Heart

Initial reports suggested that the heart was not a primary target for FGF21 due to low expression of the critical FGF21 co-receptor KLB (153). However, subsequent studies revealed that the heart does express relatively robust levels of FGFR1 in addition to KLB, and is also a source of FGF21 (14). FGF21 treatment has been shown to be protective against oxidative stress in cultured cardiomyocytes (86), and against cardiac hypertrophy and myocardial infarction in mice (154). In addition, mice globally deficient in FGF21 exhibit increased rates of cardiac hypertrophy and inflammation with reduced capacity for fat oxidation (89). FGF21 KO mice fed an obesogenic diet also exhibited worsened cardiomyopathy, evidenced by elevated oxidative stress, cardiomyocyte hypertrophy, and reduced capacity for fat oxidation and autophagy (155). In addition, alcoholic cardiomyophathy is exacerbated in mice deficient in FGF21, potentially due to elevated oxidative stress and mitochondrial dysfunction (156). This phenotype was replicated in humans, in which it was found that cardiac oxidative stress was elevated in hearts from subjects with alcoholism, which positively correlated with cardiac and plasma FGF21 levels (156). Collectively, these studies suggest an important protective effect of FGF21 against potentially adverse cardiac events, and point towards an emerging role for FGF21 to regulate autophagy in cardiac tissue. However, cardiac FGF21 expression has also been shown to increase in failing human hearts (86) and in patients undergoing acute myocardial infarction (87), and as such has been described as an independent risk factor for increased carotid artery intima-media thickness (157). Elevated circulating FGF21 was recently found to be an independent predictor of major adverse cardiovascular events (88); however, it is not clear what the source of this elevated FGF21 was (i.e. liver, heart, epicardial adipose tissue, or ectopic adipose tissue within or around the heart). Thus, much like the increased FGF21 levels observed in obesity, it is not yet clear whether increased cardiac FGF21 reflects a compensatory response to combat FGF21 resistance, or whether it could be detrimental when expressed from the heart.



2.1.7.4 Liver

As a major FGF21-producing organ, the liver could also provide an autocrine source of FGF21 that could be physiologically meaningful. However, some studies suggest that autocrine FGF21 is not a major regulator of hepatic energy homeostasis due to predominant expression of FGFR4, which has low affinity for FGF21 (158, 159). While it is clear that hepatic FGF21 could impact liver physiology via its profound effects on lipid and glucose metabolism, it likely does so by indirect mechanisms due to the low expression of FGFR1, the major FGF21 receptor, in the liver.





2.2 Stimuli for White and Brown Adipocyte-Derived FGF21

While much has been reported regarding the signaling pathways induced by exogenous FGF21 on adipocytes [reviewed in (160)], less is known regarding signaling related to endogenous white, brown, or beige adipocyte-derived FGF21 (Ad-FGF21). Emerging evidence suggests that Ad-FGF21 is regulated by peroxisome proliferator-activated receptor gamma (PPARγ), in contrast to Hep-FGF21 which is regulated by PPARα (16, 17, 72). FGF21 expression increases progressively with 3T3-L1 and primary mouse and human white adipocyte differentiation, an effect that is dependent on PPARγ but not PPARα (28). FGF21 transcripts in epididymal WAT from leptin receptor-deficient db/db mice were upregulated by PPARγ agonists rosiglitazone and carboxylic acid (72), suggesting that adipose expansion is associated with increased FGF21 production. Circulating FGF21 was also increased dose-dependently by rosiglitazone in db/db mice (72). Further, rosiglitazone also increased FGF21 mRNA expression from WAT, but not liver (72). This is in agreement with another study that showed that rosiglitazone increases FGF21 expression and secretion from 3T3-L1 adipocytes (80). Collectively, work from several groups has shown that PPARγ agonists increase Ad-FGF21, which could contribute to circulating FGF21 levels, suggesting that FGF21 expression is driven by PPARγ in adipocytes.

Elegant studies suggest that under specific metabolic conditions (i.e. fasting), WAT expresses abundant levels of FGF21 mRNA and protein, but that Ad-FGF21 does not contribute to the circulating pool of FGF21. This has been shown in mice undergoing extreme fasting ≥24 hours, evidenced by the complete absence of plasma FGF21 in fasted Hep-FGF21 KO mice but not Ad-FGF21 KO mice (39). Importantly, the mice utilized in this study were long-term fasted (16-24 hours), which has been previously shown to be a potent stimulus for hepatic FGF21 expression (39). Indeed, the plasma FGF21 levels reported in this study, between 2,500-3,500 pg/mL (39), could be considered supraphysiological at >5-10x previously reported basal levels (33, 41, 161, 162). Moreover, and in contrast to Hep-FGF21, Ad-FGF21 deficiency did not alter glucose or insulin metabolism (39). While neither Hep-FGF21 KO or Ad-FGF21 KO impacted body weight in mice in this study, body fat mass tended to be lower in the absence of Ad-FGF21 (39). Thus, while evidence suggests that Ad-FGF21 is induced by various stimuli that differ considerably to those for Hep-FGF21 (to be discussed in the following sections), Ad-FGF21 may not circulate based on particularly nuanced studies to date. However, as described in this and later sections, particular physiological stimuli can render brown and/or beige adipocytes, and potentially white adipocytes, as a source of circulating FGF21. Thus, FGF21 could potentially be considered an adipokine and batokine (163).


2.2.1 Overfeeding and Obesity

As discussed above, conditions associated with overfeeding, including obesity, are also associated with increased systemic FGF21 levels. This has been shown consistently in humans and rodents fed a HFD, diets high in carbohydrates, and ketogenic diets (3, 20, 72, 73, 128), as well as humans with obesity (26–28, 76) and in humans that have been acutely overfed (164). In many of these studies, mRNA and protein expression of FGF21 have consistently been shown to be increased in WAT in the setting of overnutrition (29, 39, 72), raising the possibility that Ad-FGF21 could be a source of circulating FGF21 in this context. While several studies have shown that Ad-FGF21 does not circulate (39, 79, 165), it is important to note that the particular nutritional settings under which these previous studies were performed (i.e. extreme fasting or adherence to a very-low calorie diet) may have masked any contribution to circulating FGF21 from adipose tissue. Thus, while overnutrition increases circulating FGF21 levels and adipose tissue FGF21 mRNA expression, it has not been conclusively demonstrated that circulating FGF21 derives from adipose tissue in that context.



2.2.2 Genetic Models of Obesity

Mice deficient in the leptin gene, termed ob/ob mice, develop spontaneous obesity due to dysregulated hyperphagia when fed a chow diet, and as such are a common model of genetic obesity. An initial study by Lundasen et al. showed that hepatic Fgf21 mRNA expression increased by 12-fold in ob/ob mice relative to lean controls (18). Another study by Badman et al. reported that genetically obese ob/ob mice exhibit increased circulating FGF21 levels, with concomitant increased Fgf21 expression from the liver and WAT (75). A later study by Hale et al. confirmed that ob/ob mice exhibit even higher plasma FGF21 levels than mice fed a HFD (35). While WAT Fgf21 mRNA levels were increased in ob/ob mice relative to chow-fed C57Bl/6J controls, Fgf21 mRNA was increased a staggering 50-fold in the liver (35, 75). While is seems prudent to assume that circulating FGF21 derived from the liver in these ob/ob mice, the nutritional status of the animals at the time of blood and tissue collection was not apparent (i.e. whether the mice had been fasted prior to sacrifice), so it is difficult to speculate on the tissue origin of FGF21 in this model. Another similar model of genetic obesity is the db/db mouse, which is characterized by deficiency of the leptin receptor, and leads to spontaneous obesity via a similar disruption in leptin signaling. FGF21 protein from subcutaneous and visceral WAT has been shown to be higher in obese db/db mice compared with lean littermates (28), suggesting an important role for Ad-FGF21 in genetic obesity models in addition to the better characterized Hep-FGF21.



2.2.3 Cold Exposure

For some time evidence has supported a model where FGF21 was secreted from adipose tissue in response to cold exposure and that this signal was necessary for increased UCP1-dependent increases in energy expenditure. Cold exposure has been shown to induce Fgf21 transcript expression and protein release in BAT of mice, and cultured brown adipocytes produced FGF21 when treated with norepinephrine, but FGF21 levels in circulation are not altered by cold exposure (22). Cold-induced BAT Fgf21 mRNA expression was confirmed in an additional study, which also showed that increased systemic FGF21 levels were BAT-derived (23), an effect attributed to long term cold exposure (>24 hours). Subsequent studies in mice and rats support the potential for BAT-derived FGF21 to circulate (23, 24, 82). Moreover, accumulating evidence suggests that Hep-FGF21 mRNA expression levels decrease with cold exposure, and are thus not likely to contribute to cold-induced increases in circulating FGF21 (23, 24, 79). Data in humans has also supported this with FGF21 measured in blood elevated with a mild cold exposure of 19°C (83). One study showed that Fgf21-KO animals have a blunted response to cold exposure and had a lower body temperature and thermogenic gene response in adipose tissue, however, energy expenditure was not measured (79). However, another study demonstrated that FGF21 from the liver and not from adipose tissue was important for a cold exposure of three days and that its effects were mediated by KLB receptors in the brain not adipose tissue (74). Increasingly, evidence now suggests that the increase in energy expenditure observed with FGF21 signaling is due to the hormone secreted from the liver and is centrally mediated (51, 141, 143), and that the response to adaptive cold exposure is FGF21-independent. In a study of protein restriction-induced FGF21, Ucp1-deficient mice do not increase energy expenditure in response to low-protein diet, but FGF21-deficient mice respond normally to cold exposure (47). In a double knockout of UCP1 and FGF21, animals were still able to maintain increased thermogenesis during an extended cold exposure of 3 weeks, contradicting the previous study of FGF21 KO mice (166). Recently, a study was not able replicate an increase in energy expenditure when animals were administered FGF21 via osmotic minipump, and suggested that FGF21 increases the body temperature set point and accomplishes this by reducing heat loss, not UCP1 and adipose tissue-mediated increased energy expenditure, possibly introducing another method by which FGF21 can influence body temperature (167). Thus, while it is likely that BAT expresses FGF21 in response to cold, and that BAT-derived FGF21 may circulate under particular cold conditions, a clear physiological role for cold-induced FGF21 has recently come into question. There is now speculation that FGF21 may play a role in the nutrient mobilization required during cold exposure (168). We cannot exclude the possibility that BAT-derived FGF21 plays a direct role in adaptive thermogenesis.

It is important to point out that while cold exposure and sympathomimetics induce Ad-FGF21 gene and protein expression from WAT and BAT in both rodent models and humans, this effect from WAT is much more pronounced in rodents than in humans (169). Human WAT expresses negligible amounts of FGF21 mRNA, while human perirenal BAT displays a robust FGF21 expression pattern in pheochromocytoma patients and healthy controls (169). FGF21 gene expression positively correlated with UCP1 expression, indicating that human BAT expresses detectable FGF21. Similarly, healthy men with detectable BAT exhibit higher plasma levels of FGF21 than those with undetectable BAT (170), suggesting that BAT is a source of circulating FGF21 in cold-exposed humans. By contrast, rodents have consistently shown robust FGF21 mRNA expression patterns from both WAT and BAT (3, 24). This important species difference in FGF21 expression between WAT and BAT depots should be considered when assessing the potential translational implications of Ad-FGF21 kinetics.



2.2.4 Adipocyte-Derived FGF21 Signaling to Effector Tissues

While both white and brown adipocytes express abundant levels of FGF21, most research to date suggests that Ad-FGF21 behaves in an autocrine fashion and may not circulate in measurable levels (39, 79, 171). However, as described in more detail below, the concept that following particular metabolic or physical stressors Ad-FGF21 can circulate (most notably from BAT) is gaining traction. Importantly, as mentioned in previous sections, research into endogenous FGF21 has consistently revolved around a hepatocentric viewpoint. The liver without question is the most dynamic source of systemic FGF21; however, the attention given to Ad-FGF21 has been limited at best. Due to particular experimental models utilized in most studies of Ad-FGF21, including extreme fasting, the physiological role of Ad-FGF21 may often be masked and subsequently overlooked.

Conditional knock out mice that perturb the FGF21 signaling pathway have contributed to the dogma that adipocytes secrete FGF21 in an autocrine manner. Ad-KLB KO mice fed a HFD for 12 weeks did not exhibit a body weight phenotype in comparison with WT mice (136, 145), suggesting that either (1) liver-derived FGF21 does not mediate body weight via effects on adipose tissue, or (2) autocrine adipocyte FGF21 signaling does not influence body weight. Hep-FGF21 KO mice displayed equivalent WAT browning as wild-type mice in response to CL-316,243, a β3-adrenergic agonist utilized to mimic increased sympathetic outflow (150). Similarly, Ad-KLB KO mice were refractory to the effects of CL-316,243 on WAT browning (150). Collectively, these studies provide evidence that Ad-FGF21 signals in an autocrine manner in response to 12 weeks of HFD-feeding or a sympathomimetic. Whether Ad-FGF21 signals in an autocrine fashion in response to other stimuli remains to be conclusively determined.

Recent work by Abu-Odeh et al. suggests that Ad-FGF21 signaling pathways may differ from Hep-FGF21. Primary white adipocytes responded to the sympathomimetic CL-316,243 by increasing FGF21 expression and secretion that was dependent on the p38/PKA pathway, but independent on the well-described ERK1/2 pathway (150). This is in stark contrast to previous work showing that ERK1/2 activation is required for FGF21 signaling (14, 141, 172). The authors speculate that the mechanism of thermogenic activation of FGF21 (via PLC) may differ from other stimuli.

A recent study by Kusminski et al. showed that dysfunctional white adipocytes, engineered in this case to overexpress the mitochondrial protein ferritin, exhibited increased Fgf21 mRNA expression (38), to levels similar to what is observed in obesity. Importantly, these dysfunctional adipocytes were found to contribute to circulating FGF21 levels (38), reaching concentrations consistent with what has been observed in mouse models of obesity (3). Because dysfunctional adipocytes are also observed in the obese state, it is therefore plausible that Ad-FGF21 could contribute to the elevated circulating FGF21 observed in models of obesity. Moreover, several studies have shown convincing correlations between adipose FGF21 mRNA expression and circulating FGF21 levels in both humans and rodent models of obesity (3, 28, 77). Thus, additional studies are required to tease apart the contribution of white Ad-FGF21 to circulating FGF21 levels that are characteristic of obesity, and whether Ad-FGF21 can impact other organs systemically, such as the brain.

The concept that BAT can secrete bioactive endocrine substances that regulate energy metabolism is emerging (163). Based on elegant knock out mouse models and fat transplantation experiments, FGF21 could potentially be classified as such a batokine. Keipert et al. showed that mice globally deficient in UCP1 expressed high levels of FGF21 mRNA from WAT and BAT with progressively severe cold exposure (24), although only FGF21 derived from BAT was found to circulate. Hepatic and skeletal muscle tissue did not display increased FGF21 mRNA levels, suggesting that the increase in circulating FGF21 derived from BAT (24). Similarly, mice that received BAT transplantation exhibited increased circulating FGF21 levels that were found to be BAT-derived, with no changes in Hep-FGF21 gene expression (173). An elegant study by Ruan et al. showed that BAT-derived FGF21 likely targets the heart in an endocrine manner, where it plays an important role in hypertrophic cardiac tissue remodeling. Collectively, these studies suggest that FGF21 could be considered a batokine under particular physiological conditions, with the potential to signal to other tissues.




2.3 Stimuli for Pancreatic FGF21 Production

The pancreas is a major FGF21-expressing organ shown in some studies to express higher levels of FGF21 mRNA and protein than the liver and WAT (21, 81, 84), although the precise function of pancreatic FGF21 remains an enigma. The majority of FGF21 protein appears to derive from acinar tissue, with some also observed in islets (21). Interestingly, unlike the liver, pancreatic FGF21 expression decreases following fasting (81, 84), suggesting that pancreatic FGF21 regulation is distinct from the liver. Similarly, administration of recombinant FGF21 appears to down-regulate FGF21 expression in the pancreas (21). While there are a very limited number of studies that illuminate pancreatic FGF21 function, a few point towards a beneficial effect of pancreatic FGF21 on glucose metabolism. Young FGF21 KO mice do not exhibit a distinct phenotype in the pancreas, but exhibit higher body weights and glucose intolerance (21). However, aging increased islet surface area, and older FGF21 KO mice challenged with a HFD developed exacerbated islet hyperplasia (21). FGF21 KO mice fed a HFD for 16 weeks (started at 24 weeks of age) weighed the same as WT mice (21). As the authors did not present weight curves, it is not possible to determine whether weight gain was similar between the genotypes. In a similar study, mice globally deficient in FGF21 exhibited normoglycemia, but impaired glucose and insulin tolerance due to dysregulation of insulin secretion by islets (174). In addition, FGF21 appears to be required to protect mice against experimental pancreatitis, as FGF21 KO mice exhibit more damage, while FGF21Tg/Tg mice are protected from damage, following cerulein-induced pancreatitis (85). Additionally, mice globally deficient in FGF21 are more susceptible to pancreatic ER stress than WT mice, an effect that is reversed by rFGF21 administration (84). Unlike in other FGF21-secreting tissues, FGF21 in the acinar pancreas appears to stimulate PLC-IP3R signaling to increase intracellular calcium, leading to phosphorylation of ERK1/2 (84). In contrast to the liver, pancreatic FGF21 likely serves an autocrine/paracrine function (84). In summary, while relatively little is known about pancreatic FGF21, it may serve to alleviate pancreatic stress and thus contribute to glucose homeostasis. There is also evidence that pancreatic FGF21 signals via different pathways than in other tissues.



2.4 Stimuli for Skeletal Muscle FGF21 Expression and Secretion

Under basal conditions, skeletal muscle is not a significant source of FGF21 (153). However, conditions promoting muscle stress have been reported to increase FGF21 expression from skeletal muscle (SM-FGF21). FGF21 protein expression from skeletal muscle in response to fasting (48 hours) has been reported to be comparable to liver expression levels in one study (93), then shown to be unchanged in another (24 hours of fasting) (175). FGF21 mRNA and protein expression and secretion can be induced by insulin in mice and humans (93, 94) and by transgenic AKT overexpression from skeletal muscle cells in culture (93). Transgenic mice overexpressing AKT from type Ilb skeletal muscle fibers exhibited an increase in circulating FGF21 levels (93), suggesting that SM-FGF21 is regulated by AKT, and can circulate. Healthy young men infused with insulin exhibit increased SM-FGF21 mRNA expression that mirrors increased plasma levels, and hyperinsulinemic men also had elevated skeletal muscle FGF21 mRNA expression (94). These initial findings raise many questions about the regulation of SM-FGF21, as insulin levels are low in the fasting state, yet both fasting and insulin appear to induce SM-FGF21. Based on published work to date, the consensus appears to be that insulin is the more robust stimulus for SM-FGF21 expression, rendering it akin to Ad-FGF21. This again supports the notion that different signaling pathways are involved in the expression and secretion of FGF21 from different tissues.

Some evidence suggests that SM-FGF21 exerts a protective effect in response to cellular stress. Mice engineered to overexpress UCP1 ectopically from skeletal muscle displayed a surprising increase in SM-FGF21 mRNA expression and a 5-fold increase in circulating FGF21 levels (176). Interestingly, this increased SM-FGF21 led to the browning of WAT (176), suggesting a novel skeletal muscle-adipose FGF21 axis. Additional work showed that mice devoid of skeletal muscle mitochondrial autophagy capacity (SM-ATG7 KO mice, a model of mitochondrial dysfunction) exhibited increased SM-FGF21 that circulated (95). SM-ATG7 KO mice also exhibited resistance to diet-induced obesity and browning of WAT, for which SM-FGF21 was indispensable (95). Similarly, a study in which mitochondrial respiratory chain deficiency was engineered in mice resulted in increased SM-FGF21 levels that evoked resistance to diet-induced obesity and associated dyslipidemia and hepatic steatosis (175). In one study by Ribas et al., SM-FGF21 was shown to be expressed in fully differentiated myoblasts and in response to mitochondrial stress, requiring MyoD and ATF2 (177). In a different study by Kim et al., SM-FGF21 was found to be regulated by ATF4 (95), a master regulator of the integrated stress response, highlighting the potential pleiotropic effects of FGF21 due to its involvement with different signaling pathways. Indeed, human subjects with muscle-manifesting mitochondrial respiratory chain deficiencies have been shown to have increased serum FGF21 levels (97). Further, mice with conditional transgenic overexpression of perilipin 5 (PLIN5) from skeletal muscle displayed increased FGF21 expression which reached the circulation and caused WAT browning (96). These findings again suggest that under particular conditions, non-hepatic FGF21 can circulate, and SM-FGF21 could be classified as a “myokine”. There is also some evidence to suggest a potential autocrine role for FGF21 in skeletal muscle, with a potentially important role for SM-FGF21 on myofiber type development (178). Thus, the metabolic regulation and signaling pathways governing SM-FGF21 are quite complex and require further study.

Aerobic exercise is a well-known stimulant for FGF21 (179). Acute and chronic aerobic exercise has been associated with increased circulating FGF21 levels in many studies in humans (25, 90–92, 180–182). The tissue source of FGF21 was not investigated in these studies, and was assumed to be liver-derived. While the majority of exercise-induced FGF21 is thought to derive from the liver, emerging evidence suggest that skeletal muscle may also contribute to the circulating pool. Mice conditioned to running wheels (15-30 m/min, 3x/week) exhibited increased SM-FGF21 mRNA and protein expression, as well as increased Hep-FGF21 expression and plasma FGF21 levels (25). Notably, these mice were overnight fasted prior to tissue and blood collection, thus potentially masking an acute contribution of exercise to SM-FGF21. Further work is therefore warranted to determine if SM-FGF21 contributes to the increased systemic FGF21 levels observed following exercise.



2.5 Summary of Endogenous FGF21 Stimuli

FGF21 is an extraordinarily complex protein that is secreted by many different tissues in response to a myriad of environmental, nutritional, and metabolic stimuli (see Table 1). Over a decade of elegant studies have contributed to our knowledge regarding the complicated signaling and metabolic effects of endogenous FGF21. The majority of attention has been given to Hep-FGF21, contributing to the notion that the liver is the primary source of FGF21 under most metabolic conditions, including fasting, protein restriction, alcohol and simple sugar intake. However, the contributions of other tissues to FGF21 signaling and metabolic function could be important under particular metabolic conditions, such as cold exposure, obesity, or during exercise. What makes the existing literature surrounding FGF21 so complex and difficult to interpret is that the FGF21 response by the liver, adipose, skeletal muscle, and pancreas varies so greatly by the nature of the metabolic stimulus. This renders the particular methodology under which FGF21 effects are studied exquisitely important for the complete interpretation of phenotypes, and we stress that dogma attributed to tissue-specific effects of FGF21 should be used with caution.




3 Pathological Conditions Associated With FGF21


3.1 FGF21, NAFLD, and NASH

Somewhat paradoxically, elevated plasma FGF21 levels are observed in patients with NASH (32, 183–190), with similar trends observed in animal studies (191, 192). Plasma FGF21 levels in mice with NAFLD positively correlate with hepatic fat content (193). NAFLD has also been reported to reduce hepatic KLB, FGFR2, and FGFR4 expression, suggesting reduced autocrine FGF21 signaling in the liver (194). This implied FGF21 resistance could be driven by increased inflammatory cytokines that are frequently observed in NAFLD (195). Interestingly, some research suggests that elevated FGF21 levels observed in patients with NAFLD could be independent of PPARα signaling in the liver (193), in contrast to what we understand about fasting-induced hepatic FGF21. Conversely, a recent study has shown that fenofibrate, a potent PPARα agonist, increases hepatic FGF21 expression and plasma FGF21 levels (196). In concert, fenofibrates also reduce HFD-induced body weight gain by dramatically reducing WAT mass and by increasing the browning of WAT (196). Mice deficient in FGF21 did not respond to fenofibrates with browning, suggesting an important signaling axis between the liver and WAT that requires FGF21. While there is a robust association between FGF21 and NAFLD, whether FGF21 is simply a biomarker or intricately involved in the progression of NAFLD is not yet known.



3.2 Obesity and FGF21 Resistance


3.2.1 Human Obesity

Serum FGF21 was measured from 232 Chinese men and women, mean age 55 years (28). No differences were observed between men and women, but people with overweight/obesity (mean BMI 28.6) had serum FGF21 levels of 291.8 ng/L (range 144.5-512.0), while lean controls (mean BMI 22.3) had significantly lower FGF21 levels of 208.7 ng/L (range 94.4-325.7) (28). Serum FGF21 levels positively correlated with adiposity, body mass index (BMI), waist circumference, waist-hip ratio, fat percentage, homeostatic model assessment for insulin resistance (HOMA-IR), triglycerides, and serum adipocyte fatty acid binding protein (A-FABP) levels, and negatively associated with serum adiponectin and high density lipoprotein (HDL) cholesterol levels (28). Serum FGF21 levels were also significantly elevated in subjects with metabolic syndrome (defined as having 3 or more of the following criteria: central obesity (waist circumference ≥ 80 cm in women and 90 cm in men), hypertriglyceridemia (fasting triglycerides ≥ 1/69 mmol/L), low HDL cholesterol (fasting HDL < 1.29 mmol/L in women and < 1.04 mmol/L in men), hyperglycemia (fasting glucose ≥ 5.6 mmol/L or taking oral hypoglycemic agents for the treatment of type 2 diabetes), or hypertension (sitting blood pressure ≥ 130/85 mmHg) (28). Plasma FGF21 levels were also measured in a separate cohort of men and women in Mexico (n=241), and also showed a positive correlation between serum FGF21 levels and body weight and waist circumference (76). Similarly, serum FGF21 positively correlated with BMI, waist circumference, and adiposity in healthy men and those with diabetes in Tanzania (77). Collectively, these data suggest that FGF21 levels rise during obesity in humans, and could derive from adipose tissue.

In one recent study, 90 young gender-matched individuals were stratified as having normal weight (n=30) or classified as having overweight or obesity (n=60). The overweight individuals were further classified as insulin sensitive with overweight or obesity (ISO, HOMA-IR<2.5) or insulin resistant with overweight or obesity (IRO, HOMA-IR≥2.5) (n=30 each) (3). Subjects with ISO had significantly higher subcutaneous fat area and lower visceral fat than individuals with IRO (3), consistent with previous studies (197, 198). Both overweight groups had elevated FGF21 levels compared with lean controls, which positively correlated with subcutaneous fat area, but not visceral fat area (3). These data suggest that subcutaneous fat may contribute to circulating FGF21 levels in obesity, and may not impact insulin resistance.



3.2.2 Mouse Models of Obesity

Several studies have reported elevated circulating FGF21 levels in rodent models of obesity. Initial studies reported increased serum FGF21 levels in genetically obese ob/ob (35, 75) and db/db (28) mice. In an early study, C57Bl6 mice that were fed a high fat high sucrose diet for 22 weeks exhibited a 20-fold and 2-fold increase in liver and perigonadal FGF21 mRNA expression, respectively, coupled with a 3-fold increase in plasma FGF21 levels (33). A pivotal study by Li et al. introduced the notion that FGF21 is a critical player in the expansion of subcutaneous fat required for obesity. FGF21 KO mice reportedly gained less body weight and subcutaneous body fat on a HFD (16 weeks, 45% fat) (3). Replenishing FGF21 KO mice with obesity-mimicking levels of recombinant FGF21 for 4 weeks did not alter body weight, but restored subcutaneous fat mass after 8 weeks of HFD, suggesting that FGF21 is important for subcutaneous fat expansion in obesity. Mice that were deficient in KLB specifically from adipocytes were refractory to the effects of recombinant FGF21 to increase subcutaneous fat mass (3), suggesting that direct FGF21 signaling to adipocytes is required for subcutaneous fat expansion in obesity. Deficiency of FGF21 caused a phenotype characterized by reduced adipogenesis and insulin responsiveness, with notable reductions in Cebpa, Srebf1a, InsR, Irs1, PI3k, and Glut4 mRNA from subcutaneous fat that was restored by recombinant FGF21 injection. These effects were replicated in vitro, in which primary white adipocyte differentiation from subcutaneous precursors was delayed in the absence of FGF21 expression (3).

Similarly to the study by Li et al., mice with global KLB deficiency were slightly leaner than their WT counterparts at 10 weeks of age (199), an effect that had been previously reported (200, 201). KLB KO mice fed a HFD were much leaner and gained much less body weight, reflected by reduced lean and fat mass, with increased energy expenditure. WAT from KLB-/- mice exhibited increased expression of lipolysis genes (ATGL, HSL, and lipoprotein lipase (LPL)), decreased inflammatory genes (tumor necrosis factor (TNF) and interleukin-6 (IL6)), and increased adiponectin. UCP1 was decreased in WAT, excluding browning as a mechanism for fat loss. However, UCP1, PGC1a, and type II iodothyronine deiodinase (DIO2) were increased in BAT, indicative of increased BAT-mediated thermogenesis. In addition, glucose tolerance was improved in high fat-fed KLB KO mice. Interestingly, hepatic FGF21 expression was increased in KLB KO mice. The expected outcome of global KLB deficiency was worsened metabolism (i.e. hepatosteatosis, obesity, insulin resistance) under HFD feeding conditions. Because the opposite phenotype was observed, this raises questions about the role of endogenous FGF21 signaling in different metabolic conditions.

Adding to the complex relationship between obesity and increased FGF21, it has been recently shown that UCP1-KO mice, which are resistant to diet-induced obesity at ambient 23⁰C, displayed a 2.5-fold increase in serum FGF21 levels when fed a HFD (202). This rise in FGF21 likely originated from WAT and BAT, where mRNA expression levels were robustly increased, with no change observed in the liver. The authors speculated that BAT-derived FGF21 could signal to inguinal WAT to promote browning (202), which could have profound metabolic impacts related to obesity resistance.



3.2.3 FGF21 and Weight Loss

In addition to evidence that FGF21 levels increase with excess adiposity, there is now mounting evidence that energy restriction decreases FGF21 levels in rodents and humans. A recent weight loss intervention study recruited 195 subjects (including 181 men and women with obesity and 14 normal-weight controls) (26). Participants with obesity had ~6-fold higher serum FGF21 levels than lean controls at baseline, an effect that was equivalent in men and women (26). The subjects with obesity underwent weight loss by either following a very low calorie ketogenic diet (VLCKD), a low calorie diet, or bariatric surgery, with 4-6 months of follow-up. VLCK- and LC-mediated weight loss were both accompanied by a reduction in serum FGF21 levels that mirrored the amount of fat lost. Subjects that then regained some of the weight lost experienced significant increases in FGF21 levels. By contrast, subjects that underwent bariatric surgery (two separate cohorts that underwent Roux-en-Y gastric bypass, biliopancreatic diversion, or sleeve gastrectomy), which resulted in a similar total degree of weight loss as the VLCKD group, experienced an increase in serum FGF21 levels. The authors speculate that while the final degree of weight loss achieved was similar between the two weight loss regimens, the rate of weight loss was initially much faster in the bariatric surgery group, which also achieved a lower degree of reversal of insulin resistance, both of which could drive differential FGF21 secretion rates (26). The divergence of FGF21 kinetics in low-calorie weight loss vs. bariatric surgery has been reported previously (203). Several other studies report that FGF21 levels decrease in response to lifestyle weight loss interventions (204, 205). However, another study showed no change in plasma FGF21 levels following a low calorie diet, but subsequently showed that arterial and subcutaneous WAT-derived FGF21 levels increased postprandially following a single high fat meal (165). In stark contrast with the general consensus that weight loss due to lifestyle interventions decreases FGF21 levels, weight loss due to bariatric surgery has been reported to increase FGF21 (203, 205–207). One study reported an acute postprandial increase in FGF21 levels only in patients who had undergone bariatric surgery (n=14) compared with control subjects experiencing similar negative energy balance (208). While FGF21 levels appear to increase more acutely following bariatric surgery, longitudinal data suggest this effect is transient, with FGF21 levels reported as being unchanged 12 months after surgery (205, 209, 210). It is possible, as we suspect that FGF21 levels are induced in response to metabolic stress, that prolonged fasting, obesity, and the severe muscle loss induced by bariatric surgery could all increase circulating FGF21 levels (43, 44). We have previously shown that FGF21 is dispensable for the dramatic weight loss and metabolic improvements observed following bariatric surgery, as mice globally deficient in FGF21 exhibited equivalent weight loss and body compositional changes as control mice following bariatric surgery (211). Thus, a discernable role for FGF21 in bariatric surgery-mediated weight loss also remains elusive.



3.2.4 FGF21 Resistance in Obesity

Initial studies that observed increased FGF21 levels associated with obesity hypothesized that this reflected a state of “FGF21 resistance”, due to modestly decreased expression levels of both KLB and FGFR1 in perigonadal WAT (33). In addition, obese mice injected with low levels of rFGF21 exhibited reduced liver and WAT phospho-ERK1/2 levels, suggesting reduced FGF21-related signaling (33). However, whether FGF21 resistance exists, and whether it explains the obesity-associated rise in circulating FGF21 levels is still under debate. First, ob/ob and diet-induced obese mice were shown to remain responsive to rFGF21 in later studies, evidenced by hepatic and WAT ERK phosphorylation levels that were equivalent to lean controls in response to increasing doses of rFGF21 (35), and at high rFGF21 doses in the initial study (33). Second, mice that are deficient in KLB specifically in WAT are also still responsive to the effects of rFGF21 (145). Third, mice with transgenic KLB overexpression are not protected from diet-induced obesity (36), despite the prediction that they would be more FGF21-sensitive. Finally, initial reports of decreased FGF21 receptor and co-receptor expression in the context of obesity have been challenged by additional studies that show no change or even increased expression of these receptors in adipose tissue from human subjects with obesity (212, 213).

The first study published in opposition to the FGF21 resistance hypothesis showed that while ob/ob mice have much higher FGF21 levels than diet-induced obese mice, which one would predict would make them more FGF21 resistant, they did not display reduced phospho-ERK or other overt signs of FGF21 resistance (35). Second, the marked reduction in FGFRs and KLB did not result in reduced phospho-ERK. Third, diet-induced obese and ob/ob mice exhibited equivalent metabolic responses to rFGF21. Resistance to other endocrine hormones, such as leptin and insulin, require a higher exposure to these hormones to achieve their target effects (i.e. to regulate food intake and glucose control). Because the same dose of rFGF21 produced similar metabolic effects in DIO and ob/ob animals, it is unlikely that FGF21 resistance had occurred. The discrepancies between this study and the initial study that suggested that obesity is an FGF21-resistant state (33) could potentially be explained by different functional readouts and doses of rFGF21 utilized.

Another study to challenge this hypothesis showed that while KLB gene and protein expression were reduced in epididymal WAT from diet-induced obese mice, KLB expression levels were unchanged in liver and BAT (36). The authors hypothesized that overexpressing KLB from white adipocytes would reduce obesity-associated FGF21 levels, if indeed they were reflective of FGF21 resistance. Transgenic mice overexpressing FGF21 specifically from adipocytes (Adipo-KLBTg/Tg) exhibited no overt phenotype when challenged with a HFD, and expressed comparable levels of FGF21 in liver and plasma as WT mice (37). The authors interpret this as suggestive that adipocyte-derived KLB has no effect on obesity-mediated FGF21 resistance, but it could also be that adipocyte-KLB is not required for obesity-associated FGF21 increases. Collectively, these data highlight the ambiguity over the concept that obesity is an FGF21-resistant state, and suggest that there may be as yet unknown pathways by which adipocytes respond to FGF21.




3.3 FGF21 Associations With Muscular Diseases

As briefly mentioned in Section 2.4, skeletal SM-FGF21 is associated with some pathological conditions. Human subjects with muscle-manifesting mitochondrial disorders have been shown to have increased serum FGF21 levels (97). Adults and children were included who had been diagnosed with various skeletal and/or cardiac muscle-affected mitochondrial disorders, including (but not limited to) cardiomyopathy, T2DM, myalgia, mitochondrial neurogastrointestinal encephalomyopathy (MNGIE), mitochondrial recessive ataxia syndrome (MIRAS), or myotonic dystrophy type 2. Subjects with confirmed mitochondrial disorders had on average 10-fold elevated serum FGF21 levels than healthy control subjects, which was positively associated with severity of symptoms (97). Subjects with disorders that do not primarily impact skeletal muscle, such as MIRAS (which primarily affects the nervous system) or hepatic dysfunction, had the lowest levels of FGF21, suggesting a specific association with skeletal muscle pathologies (97). This was supported by elevated FGF21 mRNA expression in a small cohort of subjects that positively associated with serum levels. These findings are supported by a previous study reporting that mouse models of respiratory complex disruption also exhibit increased SM-FGF21 mRNA expression and increased serum FGF21 levels (175).

Similarly, FGF21 may also be a biomarker for cardiovascular disease. Several studies to date have suggested a positive association between coronary artery disease and serum FGF21 levels (214–216). Moreover, serum FGF21 levels have been shown to predict major cardiac adverse events in humans (88), including non-fatal myocardial infarction, non-fatal stroke, hospitalization due to angina pectoris, and cardiac death. Indeed, FGF21 has been shown to be expressed in the heart as part of the stress response to cardiac hypertrophy, cardiac remodeling, and myocardial infarction (89, 217). Thus, cardiac diseases are also associated with elevated FGF21 levels that may derive from the heart itself.



3.4 Potential for FGF21 Gene Editing as a Treatment For Metabolic Disease

Pharmacological FGF21 has been investigated for nearly 15 years as a potential therapeutic against obesity, T2DM, and NAFLD (reviewed in [8, 9, and (10)]. Because the native FGF21 protein has poor pharmacokinetic properties, various FGF21 analogs and mimetics have been developed to evade proteolytic cleavage, aggregation, and rapid clearance (218, 219). However, despite marginal improvements in efficacy and half-life, current FGF21 mimetics require frequent administration and promote uncomfortable side effects in patients. Thus, there is potential for gene editing to increase endogenous production of FGF21 for metabolic benefit. Jimenez et al. recently showed that overexpressing FGF21 from various tissues, including the liver and adipose tissue, rendered mice resistant to high fat diet-induced obesity and associated tissue inflammation and insulin resistance (220), essentially phenocopying previous FGF21-transgenic mouse studies (4, 102, 221). Although the study designs differed considerably between the hepatic- and adipose-AAV approaches, it seemed that the metabolic effects of overexpressing FGF21 from the liver were more pronounced than from adipose tissue (220). While the study by Jimenez et al. showed robust induction of circulating FGF21 levels with this AAV approach, and that such induction improved obesity and its associated comorbidities, they did not truly isolate tissue-specific effects of FGF21 expression. It would be interesting to repeat their experiments using mice globally deficient in FGF21 to determine whether gene editing from a particular tissue yielded different metabolic effects.




4 Concluding Remarks

With more than a decade of research into the physiological effects of FGF21 on energy metabolism, several gaps in our knowledge base remain. For one, the emerging and extremely varied tissue-specific stimuli for FGF21 expression introduce many questions. Why would such diametrically opposed stimuli (i.e. fasting vs. overfeeding) both trigger FGF21 expression from different tissues? Could the tissue source of FGF21 differentially dictate its functionality due to unique features of secretion dynamics, tissue location, extracellular microenvironment, or posttranslational modification? Further, it is still not clear why FGF21 administration tends to improve metabolic endpoints, yet FGF21 levels are paradoxically increased with metabolic conditions such as obesity, type 2 diabetes, and cardiovascular disease. FGF21 resistance is one possible explanation, but this theory is not well established. Another possibility is that these pathological conditions induce FGF21 production from different tissue sources, with potentially different signaling pathways, target tissues, or functions. The metabolic functions of FGF21 are clearly extremely complex, and will undoubtedly be further studied. If distinct characteristics and signaling pathways can be revealed between FGF21 derived from different tissues, there could be therapeutic potential in targeting FGF21 production from a particular source in response to a particular stimulus.



Author Contributions

RS, CM, and LH wrote the manuscript. All authors contributed to the article and approved the submitted version.



Funding

Funding from the following sources was used for this manuscript: United States Department of Agriculture National Institute of Food and Agriculture (USDA-NIFA, 2019-07916), the University of Washington Royalty Research Fund, and the National Institutes of Health Institute for Diabetes and Digestive and Kidney Diseases (R01DK121370 and F32DK130544).



Abbreviations

ACTH, adrenocorticotropic hormone; Ad-FGF21, adipocyte-derived FGF21; A-FABP, adipocyte fatty acid binding protein; ARC, arcuate nucleus; ATGL, adipose triglyceride lipase; BAT, brown adipose tissue; BCAA, branched-chain amino acid; BMI, body mass index; ChREBP, carbohydrate response element binding protein; DIO2, type II iodothyronine deiodinase; DMH, dorsomedial hypothalamus; FDG, fluorodeoxyglucose; FGF21, fibroblast growth factor 21; FGFR, fibroblast growth factor receptor; GWAS, genome-wide association studies; HDL, high density lipoprotein; Hep-FGF21, hepatocyte-derived FGF21; HFD, high fat diet; HOMA-IR, homeostatic model assessment for insulin resistance; HSL, hormone sensitive lipase; IL6, interleukin-6; IRO, insulin resistant with obesity; ICV, intracerebroventricular; ISO, insulin sensitive with obesity; KLB, beta klotho; KO, knock out; LPL, lipoprotein lipase; MNGIE, mitochondrial neurogastrointestinal encephalomyopathy; MIRAS, mitochondrial recessive ataxia syndrome; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; NTS, nucleus of the solitary tract; PGC1α, peroxisome proliferator-activated receptor gamma coactivator-1 alpha; PPARα, peroxisome proliferator-activated receptor alpha; PPARγ, peroxisome proliferator-activated receptor gamma; PVN, paraventricular nucleus; rFGF21, recombinant fibroblast growth factor 21; SCN, suprachiasmatic nucleus; SM-FGF21, skeletal muscle-derived FGF21; SNP, single nucleotide polymorphism; TNF, tumor necrosis factor; UCP1, uncoupling protein-1; VLCKD, very low calorie ketogenic diet; VMH, ventromedial hypothalamus; WAT, white adipose tissue; WT, wild type.



References

1. Xu, J, Lloyd, DJ, Hale, C, Stanislaus, S, Chen, M, Sivits, G, et al. Fibroblast Growth Factor 21 Reverses Hepatic Steatosis, Increases Energy Expenditure, and Improves Insulin Sensitivity in Diet-Induced Obese Mice. Diabetes (2009) 58:250–9. doi: 10.2337/db08-0392

2. Holland, WL, Adams, AC, Brozinick, JT, Bui, HH, Miyauchi, Y, Kusminski, CM, et al. An FGF21-Adiponectin-Ceramide Axis Controls Energy Expenditure and Insulin Action in Mice. Cell Metab (2013) 17:790–7. doi: 10.1016/j.cmet.2013.03.019

3. Li, H, Wu, G, Fang, Q, Zhang, M, Hui, X, Sheng, B, et al. Fibroblast Growth Factor 21 Increases Insulin Sensitivity Through Specific Expansion of Subcutaneous Fat. Nat Commun (2018) 9:272. doi: 10.1038/s41467-017-02677-9

4. Coskun, T, Bina, HA, Schneider, MA, Dunbar, JD, Hu, CC, Chen, Y, et al. Fibroblast Growth Factor 21 Corrects Obesity in Mice. Endocrinology (2008) 149:6018–27. doi: 10.1210/en.2008-0816

5. Gaich, G, Chien, JY, Fu, H, Glass, LC, Deeg, MA, Holland, WL, et al. The Effects of LY2405319, an FGF21 Analog, in Obese Human Subjects With Type 2 Diabetes. Cell Metab (2013) 18:333–40. doi: 10.1016/j.cmet.2013.08.005

6. Owen, BM, Ding, X, Morgan, DA, Coate, KC, Bookout, AL, Rahmouni, K, et al. FGF21 Acts Centrally to Induce Sympathetic Nerve Activity, Energy Expenditure, and Weight Loss. Cell Metab (2014) 20:670–7. doi: 10.1016/j.cmet.2014.07.012

7. Talukdar, S, Zhou, Y, Li, D, Rossulek, M, Dong, J, Somayaji, V, et al. A Long-Acting FGF21 Molecule, PF-05231023, Decreases Body Weight and Improves Lipid Profile in Non-Human Primates and Type 2 Diabetic Subjects. Cell Metab (2016) 23:427–40. doi: 10.1016/j.cmet.2016.02.001

8. Geng, L, Lam, KSL, and Xu, A. The Therapeutic Potential of FGF21 in Metabolic Diseases: From Bench to Clinic. Nat Rev Endocrinol (2020) 16(11):654–67. doi: 10.1038/s41574-020-0386-0

9. Yan, J, Nie, Y, Cao, J, Luo, M, Yan, M, Chen, Z, et al. The Roles and Pharmacological Effects of FGF21 in Preventing Aging-Associated Metabolic Diseases. Front Cardiovasc Med (2021) 8:655575. doi: 10.3389/fcvm.2021.655575

10. Pérez-Martí, A, Sandoval, V, Marrero, PF, Haro, D, and Relat, J. Nutritional Regulation of Fibroblast Growth Factor 21: From Macronutrients to Bioactive Dietary Compounds. Horm Mol Biol Clin Investig (2016) 30(1). doi: 10.1515/hmbci-2016-0034

11. Sanyal, A, Charles, ED, Neuschwander-Tetri, BA, Loomba, R, Harrison, SA, Abdelmalek, MF, et al. Pegbelfermin (BMS-986036), a PEGylated Fibroblast Growth Factor 21 Analogue, in Patients With Non-Alcoholic Steatohepatitis: A Randomised, Double-Blind, Placebo-Controlled, Phase 2a Trial. Lancet (2019) 392:2705–17. doi: 10.1016/S0140-6736(18)31785-9

12. Itoh, N, Ohta, H, and Konishi, M. Endocrine FGFs: Evolution, Physiology, Pathophysiology, and Pharmacotherapy. Front Endocrinol (Lausanne) (2015) 6:154. doi: 10.3389/fendo.2015.00154

13. Minard, AY, Tan, SX, Yang, P, Fazakerley, DJ, Domanova, W, Parker, BL, et al. Mtorc1 Is a Major Regulatory Node in the FGF21 Signaling Network in Adipocytes. Cell Rep (2016) 17:29–36. doi: 10.1016/j.celrep.2016.08.086

14. Tezze, C, Romanello, V, and Sandri, M. FGF21 as Modulator of Metabolism in Health and Disease. Front Physiol (2019) 10:419. doi: 10.3389/fphys.2019.00419

15. Potthoff, MJ, Kliewer, SA, and Mangelsdorf, DJ. Endocrine Fibroblast Growth Factors 15/19 and 21: From Feast to Famine. Genes Dev (2012) 26:312–24. doi: 10.1101/gad.184788.111

16. Badman, MK, Pissios, P, Kennedy, AR, Koukos, G, Flier, JS, and Maratos-Flier, E. Hepatic Fibroblast Growth Factor 21 Is Regulated by PPARalpha and Is a Key Mediator of Hepatic Lipid Metabolism in Ketotic States. Cell Metab (2007) 5:426–37. doi: 10.1016/j.cmet.2007.05.002

17. Inagaki, T, Dutchak, P, Zhao, G, Ding, X, Gautron, L, Parameswara, V, et al. Endocrine Regulation of the Fasting Response by PPARalpha-Mediated Induction of Fibroblast Growth Factor 21. Cell Metab (2007) 5:415–25. doi: 10.1016/j.cmet.2007.05.003

18. Lundåsen, T, Hunt, MC, Nilsson, LM, Sanyal, S, Angelin, B, Alexson, SE, et al. PPARalpha Is a Key Regulator of Hepatic FGF21. Biochem Biophys Res Commun (2007) 360:437–40. doi: 10.1016/j.bbrc.2007.06.068

19. Oishi, K, Konishi, M, Murata, Y, and Itoh, N. Time-Imposed Daily Restricted Feeding Induces Rhythmic Expression of Fgf21 in White Adipose Tissue of Mice. Biochem Biophys Res Commun (2011) 412:396–400. doi: 10.1016/j.bbrc.2011.07.125

20. Lundsgaard, AM, Fritzen, AM, Sjøberg, KA, Myrmel, LS, Madsen, L, Wojtaszewski, JF, et al. Circulating FGF21 in Humans Is Potently Induced by Short Term Overfeeding of Carbohydrates. Mol Metab (2017) 6:22–9. doi: 10.1016/j.molmet.2016.11.001

21. Singhal, G, Fisher, FM, Chee, MJ, Tan, TG, El Ouaamari, A, Adams, AC, et al. Fibroblast Growth Factor 21 (FGF21) Protects Against High Fat Diet Induced Inflammation and Islet Hyperplasia in Pancreas. PloS One (2016) 11:e0148252. doi: 10.1371/journal.pone.0148252

22. Chartoumpekis, DV, Habeos, IG, Ziros, PG, Psyrogiannis, AI, Kyriazopoulou, VE, and Papavassiliou, AG. Brown Adipose Tissue Responds to Cold and Adrenergic Stimulation by Induction of FGF21. Mol Med (2011) 17:736–40. doi: 10.2119/molmed.2011.00075

23. Hondares, E, Iglesias, R, Giralt, A, Gonzalez, FJ, Giralt, M, Mampel, T, et al. Thermogenic Activation Induces FGF21 Expression and Release in Brown Adipose Tissue. J Biol Chem (2011) 286:12983–90. doi: 10.1074/jbc.M110.215889

24. Keipert, S, Kutschke, M, Lamp, D, Brachthäuser, L, Neff, F, Meyer, CW, et al. Genetic Disruption of Uncoupling Protein 1 in Mice Renders Brown Adipose Tissue a Significant Source of FGF21 Secretion. Mol Metab (2015) 4:537–42. doi: 10.1016/j.molmet.2015.04.006

25. Tanimura, Y, Aoi, W, Takanami, Y, Kawai, Y, Mizushima, K, Naito, Y, et al. Acute Exercise Increases Fibroblast Growth Factor 21 in Metabolic Organs and Circulation. Physiol Rep (2016) 4(12). doi: 10.14814/phy2.12828

26. Crujeiras, AB, Gomez-Arbelaez, D, Zulet, MA, Carreira, MC, Sajoux, I, de Luis, D, et al. Plasma FGF21 Levels in Obese Patients Undergoing Energy-Restricted Diets or Bariatric Surgery: A Marker of Metabolic Stress? Int J Obes (Lond) (2017) 41(10):1570–8. doi: 10.1038/ijo.2017.138

27. Berti, L, Irmler, M, Zdichavsky, M, Meile, T, Böhm, A, Stefan, N, et al. Fibroblast Growth Factor 21 Is Elevated in Metabolically Unhealthy Obesity and Affects Lipid Deposition, Adipogenesis, and Adipokine Secretion of Human Abdominal Subcutaneous Adipocytes. Mol Metab (2015) 4:519–27. doi: 10.1016/j.molmet.2015.04.002

28. Zhang, X, Yeung, DC, Karpisek, M, Stejskal, D, Zhou, ZG, Liu, F, et al. Serum FGF21 Levels Are Increased in Obesity and Are Independently Associated With the Metabolic Syndrome in Humans. Diabetes (2008) 57:1246–53. doi: 10.2337/db07-1476

29. Nygaard, EB, Møller, CL, Kievit, P, Grove, KL, and Andersen, B. Increased Fibroblast Growth Factor 21 Expression in High-Fat Diet-Sensitive Non-Human Primates (Macaca Mulatta). Int J Obes (Lond) (2014) 38:183–91. doi: 10.1038/ijo.2013.79

30. Barb, D, Bril, F, Kalavalapalli, S, and Cusi, K. Plasma Fibroblast Growth Factor 21 Is Associated With Severity of Nonalcoholic Steatohepatitis in Patients With Obesity and Type 2 Diabetes. J Clin Endocrinol Metab (2019) 104:3327–36. doi: 10.1210/jc.2018-02414

31. Dushay, J, Chui, PC, Gopalakrishnan, GS, Varela-Rey, M, Crawley, M, Fisher, FM, et al. Increased Fibroblast Growth Factor 21 in Obesity and Nonalcoholic Fatty Liver Disease. Gastroenterology (2010) 139:456–63. doi: 10.1053/j.gastro.2010.04.054

32. Li, H, Fang, Q, Gao, F, Fan, J, Zhou, J, Wang, X, et al. Fibroblast Growth Factor 21 Levels Are Increased in Nonalcoholic Fatty Liver Disease Patients and Are Correlated With Hepatic Triglyceride. J Hepatol (2010) 53:934–40. doi: 10.1016/j.jhep.2010.05.018

33. Fisher, FM, Chui, PC, Antonellis, PJ, Bina, HA, Kharitonenkov, A, Flier, JS, et al. Obesity Is a Fibroblast Growth Factor 21 (FGF21)-Resistant State. Diabetes (2010) 59:2781–9. doi: 10.2337/db10-0193

34. Gallego-Escuredo, JM, Gómez-Ambrosi, J, Catalan, V, Domingo, P, Giralt, M, Frühbeck, G, et al. Opposite Alterations in FGF21 and FGF19 Levels and Disturbed Expression of the Receptor Machinery for Endocrine FGFs in Obese Patients. Int J Obes (Lond) (2015) 39:121–9. doi: 10.1038/ijo.2014.76

35. Hale, C, Chen, MM, Stanislaus, S, Chinookoswong, N, Hager, T, Wang, M, et al. Lack of Overt FGF21 Resistance in Two Mouse Models of Obesity and Insulin Resistance. Endocrinology (2012) 153:69–80. doi: 10.1210/en.2010-1262

36. Markan, KR, Naber, MC, Small, SM, Peltekian, L, Kessler, RL, and Potthoff, MJ. FGF21 Resistance Is Not Mediated by Downregulation of Beta-Klotho Expression in White Adipose Tissue. Mol Metab (2017) 6:602–10. doi: 10.1016/j.molmet.2017.03.009

37. Samms, RJ, Cheng, CC, Kharitonenkov, A, Gimeno, RE, and Adams, AC. Overexpression of β-Klotho in Adipose Tissue Sensitizes Male Mice to Endogenous FGF21 and Provides Protection From Diet-Induced Obesity. Endocrinology (2016) 157:1467–80. doi: 10.1210/en.2015-1722

38. Kusminski, CM, Ghaben, AL, Morley, TS, Samms, RJ, Adams, AC, An, Y, et al. A Novel Model of Diabetic Complications: Adipocyte Mitochondrial Dysfunction Triggers Massive β-Cell Hyperplasia. Diabetes (2020) 69:313–30. doi: 10.2337/db19-0327

39. Markan, KR, Naber, MC, Ameka, MK, Anderegg, MD, Mangelsdorf, DJ, Kliewer, SA, et al. Circulating FGF21 Is Liver Derived and Enhances Glucose Uptake During Refeeding and Overfeeding. Diabetes (2014) 63:4057–63. doi: 10.2337/db14-0595

40. Iroz, A, Montagner, A, Benhamed, F, Levavasseur, F, Polizzi, A, Anthony, E, et al. A Specific ChREBP and Pparα Cross-Talk Is Required for the Glucose-Mediated FGF21 Response. Cell Rep (2017) 21:403–16. doi: 10.1016/j.celrep.2017.09.065

41. Potthoff, MJ, Inagaki, T, Satapati, S, Ding, X, He, T, Goetz, R, et al. FGF21 Induces PGC-1alpha and Regulates Carbohydrate and Fatty Acid Metabolism During the Adaptive Starvation Response. Proc Natl Acad Sci USA (2009) 106:10853–8. doi: 10.1073/pnas.0904187106

42. Liang, Q, Zhong, L, Zhang, J, Wang, Y, Bornstein, SR, Triggle, CR, et al. FGF21 Maintains Glucose Homeostasis by Mediating the Cross Talk Between Liver and Brain During Prolonged Fasting. Diabetes (2014) 63:4064–75. doi: 10.2337/db14-0541

43. Gälman, C, Lundåsen, T, Kharitonenkov, A, Bina, HA, Eriksson, M, Hafström, I, et al. The Circulating Metabolic Regulator FGF21 Is Induced by Prolonged Fasting and PPARalpha Activation in Man. Cell Metab (2008) 8:169–74. doi: 10.1016/j.cmet.2008.06.014

44. Fazeli, PK, Lun, M, Kim, SM, Bredella, MA, Wright, S, Zhang, Y, et al. FGF21 and the Late Adaptive Response to Starvation in Humans. J Clin Invest (2015) 125:4601–11. doi: 10.1172/JCI83349

45. Christodoulides, C, Dyson, P, Sprecher, D, Tsintzas, K, and Karpe, F. Circulating Fibroblast Growth Factor 21 Is Induced by Peroxisome Proliferator-Activated Receptor Agonists But Not Ketosis in Man. J Clin Endocrinol Metab (2009) 94:3594–601. doi: 10.1210/jc.2009-0111

46. Laeger, T, Henagan, TM, Albarado, DC, Redman, LM, Bray, GA, Noland, RC, et al. FGF21 Is an Endocrine Signal of Protein Restriction. J Clin Invest (2014) 124:3913–22. doi: 10.1172/JCI74915

47. Hill, CM, Laeger, T, Albarado, DC, McDougal, DH, Berthoud, HR, Münzberg, H, et al. Low Protein-Induced Increases in FGF21 Drive UCP1-Dependent Metabolic But Not Thermoregulatory Endpoints. Sci Rep (2017) 7:8209. doi: 10.1038/s41598-017-07498-w

48. Solon-Biet, SM, Cogger, VC, Pulpitel, T, Heblinski, M, Wahl, D, McMahon, AC, et al. Defining the Nutritional and Metabolic Context of FGF21 Using the Geometric Framework. Cell Metab (2016) 24:555–65. doi: 10.1016/j.cmet.2016.09.001

49. Fontana, L, Cummings, NE, Arriola Apelo, SI, Neuman, JC, Kasza, I, Schmidt, BA, et al. Decreased Consumption of Branched-Chain Amino Acids Improves Metabolic Health. Cell Rep (2016) 16:520–30. doi: 10.1016/j.celrep.2016.05.092

50. Yap, YW, Rusu, PM, Chan, AY, Fam, BC, Jungmann, A, Solon-Biet, SM, et al. Restriction of Essential Amino Acids Dictates the Systemic Metabolic Response to Dietary Protein Dilution. Nat Commun (2020) 11:2894. doi: 10.1038/s41467-020-16568-z

51. Hill, CM, Laeger, T, Dehner, M, Albarado, DC, Clarke, B, Wanders, D, et al. FGF21 Signals Protein Status to the Brain and Adaptively Regulates Food Choice and Metabolism. Cell Rep (2019) 27:2934–47.e3. doi: 10.1016/j.celrep.2019.05.022

52. Wu, Y, Li, B, Li, L, Mitchell, SE, Green, CL, D’Agostino, G, et al. Very-Low-Protein Diets Lead to Reduced Food Intake and Weight Loss, Linked to Inhibition of Hypothalamic mTOR Signaling, in Mice. Cell Metab (2021) 33:888–904.e6. doi: 10.1016/j.cmet.2021.01.017

53. Stemmer, K, Zani, F, Habegger, KM, Neff, C, Kotzbeck, P, Bauer, M, et al. FGF21 Is Not Required for Glucose Homeostasis, Ketosis or Tumour Suppression Associated With Ketogenic Diets in Mice. Diabetologia (2015) 58:2414–23. doi: 10.1007/s00125-015-3668-7

54. De Sousa-Coelho, AL, Marrero, PF, and Haro, D. Activating Transcription Factor 4-Dependent Induction of FGF21 During Amino Acid Deprivation. Biochem J (2012) 443:165–71. doi: 10.1042/BJ20111748

55. Forney, LA, Fang, H, Sims, LC, Stone, KP, Vincik, LY, Vick, AM, et al. Dietary Methionine Restriction Signals to the Brain Through Fibroblast Growth Factor 21 to Regulate Energy Balance and Remodeling of Adipose Tissue. Obes (Silver Spring) (2020) 28:1912–21. doi: 10.1002/oby.22919

56. Forney, LA, Wanders, D, Stone, KP, Pierse, A, and Gettys, TW. Concentration-Dependent Linkage of Dietary Methionine Restriction to the Components of Its Metabolic Phenotype. Obes (Silver Spring) (2017) 25:730–8. doi: 10.1002/oby.21806

57. Cooke, D, Mattocks, D, Nichenametla, SN, Anunciado-Koza, RP, Koza, RA, and Ables, GP. Weight Loss and Concomitant Adipose Autophagy in Methionine-Restricted Obese Mice Is Not Dependent on Adiponectin or FGF21. Obes (Silver Spring) (2020) 28:1075–85. doi: 10.1002/oby.22763

58. Sharma, S, Dixon, T, Jung, S, Graff, EC, Forney, LA, Gettys, TW, et al. Dietary Methionine Restriction Reduces Inflammation Independent of FGF21 Action. Obes (Silver Spring) (2019) 27:1305–13. doi: 10.1002/oby.22534

59. Vinales, KL, Begaye, B, Bogardus, C, Walter, M, Krakoff, J, and Piaggi, P. FGF21 Is a Hormonal Mediator of the Human "Thrifty" Metabolic Phenotype. Diabetes (2019) 68:318–23. doi: 10.2337/db18-0696

60. Song, P, Zechner, C, Hernandez, G, Cánovas, J, Xie, Y, Sondhi, V, et al. The Hormone FGF21 Stimulates Water Drinking in Response to Ketogenic Diet and Alcohol. Cell Metab (2018) 27:1338–47.e4. doi: 10.1016/j.cmet.2018.04.001

61. Ryan, KK, Packard, AEB, Larson, KR, Stout, J, Fourman, SM, Thompson, AMK, et al. Dietary Manipulations That Induce Ketosis Activate the HPA Axis in Male Rats and Mice: A Potential Role for Fibroblast Growth Factor-21. Endocrinology (2018) 159:400–13. doi: 10.1210/en.2017-00486

62. Watanabe, M, Singhal, G, Fisher, FM, Beck, TC, Morgan, DA, Socciarelli, F, et al. Liver-Derived FGF21 Is Essential for Full Adaptation to Ketogenic Diet But Does Not Regulate Glucose Homeostasis. Endocrine (2020) 67:95–108. doi: 10.1007/s12020-019-02124-3

63. Desai, BN, Singhal, G, Watanabe, M, Stevanovic, D, Lundasen, T, Fisher, FM, et al. Fibroblast Growth Factor 21 (FGF21) Is Robustly Induced by Ethanol and has a Protective Role in Ethanol Associated Liver Injury. Mol Metab (2017) 6:1395–406. doi: 10.1016/j.molmet.2017.08.004

64. Liu, Y, Zhao, C, Xiao, J, Liu, L, Zhang, M, Wang, C, et al. Fibroblast Growth Factor 21 Deficiency Exacerbates Chronic Alcohol-Induced Hepatic Steatosis and Injury. Sci Rep (2016) 6:31026. doi: 10.1038/srep31026

65. Søberg, S, Andersen, ES, Dalsgaard, NB, Jarlhelt, I, Hansen, NL, Hoffmann, N, et al. FGF21, a Liver Hormone That Inhibits Alcohol Intake in Mice, Increases in Human Circulation After Acute Alcohol Ingestion and Sustained Binge Drinking at Oktoberfest. Mol Metab (2018) 11:96–103. doi: 10.1016/j.molmet.2018.03.010

66. Fisher, FM, Kim, M, Doridot, L, Cunniff, JC, Parker, TS, Levine, DM, et al. A Critical Role for ChREBP-Mediated FGF21 Secretion in Hepatic Fructose Metabolism. Mol Metab (2017) 6:14–21. doi: 10.1016/j.molmet.2016.11.008

67. von Holstein-Rathlou, S, BonDurant, LD, Peltekian, L, Naber, MC, Yin, TC, Claflin, KE, et al. FGF21 Mediates Endocrine Control of Simple Sugar Intake and Sweet Taste Preference by the Liver. Cell Metab (2016) 23:335–43. doi: 10.1016/j.cmet.2015.12.003

68. Iizuka, K, Takeda, J, and Horikawa, Y. Glucose Induces FGF21 mRNA Expression Through ChREBP Activation in Rat Hepatocytes. FEBS Lett (2009) 583:2882–6. doi: 10.1016/j.febslet.2009.07.053

69. Uebanso, T, Taketani, Y, Yamamoto, H, Amo, K, Ominami, H, Arai, H, et al. Paradoxical Regulation of Human FGF21 by Both Fasting and Feeding Signals: Is FGF21 a Nutritional Adaptation Factor? PloS One (2011) 6:e22976. doi: 10.1371/journal.pone.0022976

70. Dushay, JR, Toschi, E, Mitten, EK, Fisher, FM, Herman, MA, and Maratos-Flier, E. Fructose Ingestion Acutely Stimulates Circulating FGF21 Levels in Humans. Mol Metab (2015) 4:51–7. doi: 10.1016/j.molmet.2014.09.008

71. Mai, K, Andres, J, Biedasek, K, Weicht, J, Bobbert, T, Sabath, M, et al. Free Fatty Acids Link Metabolism and Regulation of the Insulin-Sensitizing Fibroblast Growth Factor-21. Diabetes (2009) 58:1532–8. doi: 10.2337/db08-1775

72. Muise, ES, Azzolina, B, Kuo, DW, El-Sherbeini, M, Tan, Y, Yuan, X, et al. Adipose Fibroblast Growth Factor 21 Is Up-Regulated by Peroxisome Proliferator-Activated Receptor Gamma and Altered Metabolic States. Mol Pharmacol (2008) 74:403–12. doi: 10.1124/mol.108.044826

73. Geng, L, Liao, B, Jin, L, Huang, Z, Triggle, CR, Ding, H, et al. Exercise Alleviates Obesity-Induced Metabolic Dysfunction via Enhancing FGF21 Sensitivity in Adipose Tissues. Cell Rep (2019) 26:2738–52.e4. doi: 10.1016/j.celrep.2019.02.014

74. Ameka, M, Markan, KR, Morgan, DA, BonDurant, LD, Idiga, SO, Naber, MC, et al. Liver Derived FGF21 Maintains Core Body Temperature During Acute Cold Exposure. Sci Rep (2019) 9:630. doi: 10.1038/s41598-018-37198-y

75. Badman, MK, Kennedy, AR, Adams, AC, Pissios, P, and Maratos-Flier, E. A Very Low Carbohydrate Ketogenic Diet Improves Glucose Tolerance in Ob/Ob Mice Independently of Weight Loss. Am J Physiol Endocrinol Metab (2009) 297:E1197–204. doi: 10.1152/ajpendo.00357.2009

76. Urraza-Robledo, AI, Giralt, M, González-Galarza, FF, Villarroya, F, Miranda Pérez, AA, Ruiz Flores, P, et al. FGF21 Serum Levels Are Related to Insulin Resistance, Metabolic Changes and Obesity in Mexican People Living With HIV (PLWH). PloS One (2021) 16:e0252144. doi: 10.1371/journal.pone.0252144

77. Mashili, FL, Ramaiya, K, Lutale, J, Njelekela, M, Francis, F, Zierath, J, et al. Adiposity Is a Key Correlate of Circulating Fibroblast Growth Factor-21 Levels in African Males With or Without Type 2 Diabetes Mellitus. J Obes (2018) 2018:7461903. doi: 10.1155/2018/7461903

78. Nygaard, EB, Ørskov, C, Almdal, T, Vestergaard, H, and Andersen, B. Fasting Decreases Plasma FGF21 in Obese Subjects and the Expression of FGF21 Receptors in Adipose Tissue in Both Lean and Obese Subjects. J Endocrinol (2018) 239:73–80. doi: 10.1530/JOE-18-0002

79. Fisher, FM, Kleiner, S, Douris, N, Fox, EC, Mepani, RJ, Verdeguer, F, et al. FGF21 Regulates PGC-1α and Browning of White Adipose Tissues in Adaptive Thermogenesis. Genes Dev (2012) 26:271–81. doi: 10.1101/gad.177857.111

80. Wang, H, Qiang, L, and Farmer, SR. Identification of a Domain Within Peroxisome Proliferator-Activated Receptor Gamma Regulating Expression of a Group of Genes Containing Fibroblast Growth Factor 21 That Are Selectively Repressed by SIRT1 in Adipocytes. Mol Cell Biol (2008) 28:188–200. doi: 10.1128/MCB.00992-07

81. Adams, AC, Coskun, T, Cheng, CC, Farrell, LSO, Dubois, SL, and Kharitonenkov, A. Fibroblast Growth Factor 21 Is Not Required for the Antidiabetic Actions of the Thiazoladinediones. Mol Metab (2013) 2:205–14. doi: 10.1016/j.molmet.2013.05.005

82. Piao, Z, Zhai, B, Jiang, X, Dong, M, Yan, C, Lin, J, et al. Reduced Adiposity by Compensatory WAT Browning Upon iBAT Removal in Mice. Biochem Biophys Res Commun (2018) 501:807–13. doi: 10.1016/j.bbrc.2018.05.089

83. Lee, P, Brychta, RJ, Linderman, J, Smith, S, Chen, KY, and Celi, FS. Mild Cold Exposure Modulates Fibroblast Growth Factor 21 (FGF21) Diurnal Rhythm in Humans: Relationship Between FGF21 Levels, Lipolysis, and Cold-Induced Thermogenesis. J Clin Endocrinol Metab (2013) 98:E98–102. doi: 10.1210/jc.2012-3107

84. Coate, KC, Hernandez, G, Thorne, CA, Sun, S, Le, TDV, Vale, K, et al. FGF21 Is an Exocrine Pancreas Secretagogue. Cell Metab (2017) 25:472–80. doi: 10.1016/j.cmet.2016.12.004

85. Johnson, CL, Weston, JY, Chadi, SA, Fazio, EN, Huff, MW, Kharitonenkov, A, et al. Fibroblast Growth Factor 21 Reduces the Severity of Cerulein-Induced Pancreatitis in Mice. Gastroenterology (2009) 137:1795–804. doi: 10.1053/j.gastro.2009.07.064

86. Planavila, A, Redondo-Angulo, I, Ribas, F, Garrabou, G, Casademont, J, Giralt, M, et al. Fibroblast Growth Factor 21 Protects the Heart From Oxidative Stress. Cardiovasc Res (2015) 106:19–31. doi: 10.1093/cvr/cvu263

87. Sunaga, H, Koitabashi, N, Iso, T, Matsui, H, Obokata, M, Kawakami, R, et al. Activation of Cardiac AMPK-FGF21 Feed-Forward Loop in Acute Myocardial Infarction: Role of Adrenergic Overdrive and Lipolysis Byproducts. Sci Rep (2019) 9:11841. doi: 10.1038/s41598-019-48356-1

88. Shen, Y, Zhang, X, Xu, Y, Xiong, Q, Lu, Z, Ma, X, et al. Serum FGF21 Is Associated With Future Cardiovascular Events in Patients With Coronary Artery Disease. Cardiology (2018) 139:212–8. doi: 10.1159/000486127

89. Planavila, A, Redondo, I, Hondares, E, Vinciguerra, M, Munts, C, Iglesias, R, et al. Fibroblast Growth Factor 21 Protects Against Cardiac Hypertrophy in Mice. Nat Commun (2013) 4:2019. doi: 10.1038/ncomms3019

90. Sargeant, JA, Aithal, GP, Takamura, T, Misu, H, Takayama, H, Douglas, JA, et al. The Influence of Adiposity and Acute Exercise on Circulating Hepatokines in Normal-Weight and Overweight/Obese Men. Appl Physiol Nutr Metab (2018) 43:482–90. doi: 10.1139/apnm-2017-0639

91. Willis, SA, Sargeant, JA, Thackray, AE, Yates, T, Stensel, DJ, Aithal, GP, et al. Effect of Exercise Intensity on Circulating Hepatokine Concentrations in Healthy Men. Appl Physiol Nutr Metab (2019) 44:1065–72. doi: 10.1139/apnm-2018-0818

92. Kim, KH, Kim, SH, Min, YK, Yang, HM, Lee, JB, and Lee, MS. Acute Exercise Induces FGF21 Expression in Mice and in Healthy Humans. PloS One (2013) 8:e63517. doi: 10.1371/journal.pone.0063517

93. Izumiya, Y, Bina, HA, Ouchi, N, Akasaki, Y, Kharitonenkov, A, and Walsh, K. FGF21 Is an Akt-Regulated Myokine. FEBS Lett (2008) 582:3805–10. doi: 10.1016/j.febslet.2008.10.021

94. Hojman, P, Pedersen, M, Nielsen, AR, Krogh-Madsen, R, Yfanti, C, Akerstrom, T, et al. Fibroblast Growth Factor-21 Is Induced in Human Skeletal Muscles by Hyperinsulinemia. Diabetes (2009) 58:2797–801. doi: 10.2337/db09-0713

95. Kim, KH, Jeong, YT, Oh, H, Kim, SH, Cho, JM, Kim, YN, et al. Autophagy Deficiency Leads to Protection From Obesity and Insulin Resistance by Inducing Fgf21 as a Mitokine. Nat Med (2013) 19:83–92. doi: 10.1038/nm.3014

96. Harris, LA, Skinner, JR, Shew, TM, Pietka, TA, Abumrad, NA, and Wolins, NE. Perilipin 5-Driven Lipid Droplet Accumulation in Skeletal Muscle Stimulates the Expression of Fibroblast Growth Factor 21. Diabetes (2015) 64:2757–68. doi: 10.2337/db14-1035

97. Suomalainen, A, Elo, JM, Pietiläinen, KH, Hakonen, AH, Sevastianova, K, Korpela, M, et al. FGF-21 as a Biomarker for Muscle-Manifesting Mitochondrial Respiratory Chain Deficiencies: A Diagnostic Study. Lancet Neurol (2011) 10:806–18. doi: 10.1016/S1474-4422(11)70155-7

98. Lin, X, Liu, YB, and Hu, H. Metabolic Role of Fibroblast Growth Factor 21 in Liver, Adipose and Nervous System Tissues. BioMed Rep (2017) 6:495–502. doi: 10.3892/br.2017.890

99. Badman, MK, Koester, A, Flier, JS, Kharitonenkov, A, and Maratos-Flier, E. Fibroblast Growth Factor 21-Deficient Mice Demonstrate Impaired Adaptation to Ketosis. Endocrinology (2009) 150:4931–40. doi: 10.1210/en.2009-0532

100. Hotta, Y, Nakamura, H, Konishi, M, Murata, Y, Takagi, H, Matsumura, S, et al. Fibroblast Growth Factor 21 Regulates Lipolysis in White Adipose Tissue But Is Not Required for Ketogenesis and Triglyceride Clearance in Liver. Endocrinology (2009) 150:4625–33. doi: 10.1210/en.2009-0119

101. Camporez, JP, Asrih, M, Zhang, D, Kahn, M, Samuel, VT, Jurczak, MJ, et al. Hepatic Insulin Resistance and Increased Hepatic Glucose Production in Mice Lacking Fgf21. J Endocrinol (2015) 226:207–17. doi: 10.1530/JOE-15-0136

102. Kharitonenkov, A, Shiyanova, TL, Koester, A, Ford, AM, Micanovic, R, Galbreath, EJ, et al. FGF-21 as a Novel Metabolic Regulator. J Clin Invest (2005) 115:1627–35. doi: 10.1172/JCI23606

103. Andersen, B, Beck-Nielsen, H, and Højlund, K. Plasma FGF21 Displays a Circadian Rhythm During a 72-H Fast in Healthy Female Volunteers. Clin Endocrinol (Oxf) (2011) 75:514–9. doi: 10.1111/j.1365-2265.2011.04084.x

104. Talukdar, S, Owen, BM, Song, P, Hernandez, G, Zhang, Y, Zhou, Y, et al. FGF21 Regulates Sweet and Alcohol Preference. Cell Metab (2016) 23:344–9. doi: 10.1016/j.cmet.2015.12.008

105. Clarke, TK, Adams, MJ, Davies, G, Howard, DM, Hall, LS, Padmanabhan, S, et al. Genome-Wide Association Study of Alcohol Consumption and Genetic Overlap With Other Health-Related Traits in UK Biobank (N=112 117). Mol Psychiatry (2017) 22:1376–84. doi: 10.1038/mp.2017.153

106. Kranzler, HR, Zhou, H, Kember, RL, Vickers Smith, R, Justice, AC, Damrauer, S, et al. Genome-Wide Association Study of Alcohol Consumption and Use Disorder in 274,424 Individuals From Multiple Populations. Nat Commun (2019) 10:1499. doi: 10.1038/s41467-019-09480-8

107. Sanchez-Roige, S, Palmer, AA, Fontanillas, P, Elson, SL, Adams, MJ, Howard, DM, et al. Genome-Wide Association Study Meta-Analysis of the Alcohol Use Disorders Identification Test (AUDIT) in Two Population-Based Cohorts. Am J Psychiatry (2019) 176:107–18. doi: 10.1176/appi.ajp.2018.18040369

108. Zhong, VW, Kuang, A, Danning, RD, Kraft, P, van Dam, RM, Chasman, DI, et al. A Genome-Wide Association Study of Bitter and Sweet Beverage Consumption. Hum Mol Genet (2019) 28:2449–57. doi: 10.1093/hmg/ddz061

109. Maida, A, Zota, A, Sjøberg, KA, Schumacher, J, Sijmonsma, TP, Pfenninger, A, et al. A Liver Stress-Endocrine Nexus Promotes Metabolic Integrity During Dietary Protein Dilution. J Clin Invest (2016) 126:3263–78. doi: 10.1172/JCI85946

110. Laeger, T, Albarado, DC, Burke, SJ, Trosclair, L, Hedgepeth, JW, Berthoud, HR, et al. Metabolic Responses to Dietary Protein Restriction Require an Increase in FGF21 That Is Delayed by the Absence of GCN2. Cell Rep (2016) 16:707–16. doi: 10.1016/j.celrep.2016.06.044

111. Richardson, NE, Konon, EN, Schuster, HS, Mitchell, AT, Boyle, C, Rodgers, AC, et al. Lifelong Restriction of Dietary Branched-Chain Amino Acids has Sex-Specific Benefits for Frailty and Lifespan in Mice. Nat Aging (2021) 1:73–86. doi: 10.1038/s43587-020-00006-2

112. Larson, KR, Russo, KA, Fang, Y, Mohajerani, N, Goodson, ML, and Ryan, KK. Sex Differences in the Hormonal and Metabolic Response to Dietary Protein Dilution. Endocrinology (2017) 158:3477–87. doi: 10.1210/en.2017-00331

113. Frayling, TM, Beaumont, RN, Jones, SE, Yaghootkar, H, Tuke, MA, Ruth, KS, et al. A Common Allele in FGF21 Associated With Sugar Intake Is Associated With Body Shape, Lower Total Body-Fat Percentage, and Higher Blood Pressure. Cell Rep (2018) 23:327–36. doi: 10.1016/j.celrep.2018.03.070

114. Chu, AY, Workalemahu, T, Paynter, NP, Rose, LM, Giulianini, F, Tanaka, T, et al. Novel Locus Including FGF21 Is Associated With Dietary Macronutrient Intake. Hum Mol Genet (2013) 22:1895–902. doi: 10.1093/hmg/ddt032

115. Yu, D, Richardson, NE, Green, CL, Spicer, AB, Murphy, ME, Flores, V, et al. The Adverse Metabolic Effects of Branched-Chain Amino Acids Are Mediated by Isoleucine and Valine. Cell Metab (2021) 33:905–22.e6. doi: 10.1016/j.cmet.2021.03.025

116. Larson, KR, Chaffin, AT, Goodson, ML, Fang, Y, and Ryan, KK. Fibroblast Growth Factor-21 Controls Dietary Protein Intake in Male Mice. Endocrinology (2019) 160:1069–80. doi: 10.1210/en.2018-01056

117. Batch, BC, Shah, SH, Newgard, CB, Turer, CB, Haynes, C, Bain, JR, et al. Branched Chain Amino Acids Are Novel Biomarkers for Discrimination of Metabolic Wellness. Metabolism (2013) 62:961–9. doi: 10.1016/j.metabol.2013.01.007

118. Connelly, MA, Wolak-Dinsmore, J, and Dullaart, RPF. Branched Chain Amino Acids Are Associated With Insulin Resistance Independent of Leptin and Adiponectin in Subjects With Varying Degrees of Glucose Tolerance. Metab Syndr Relat Disord (2017) 15:183–6. doi: 10.1089/met.2016.0145

119. Solon-Biet, SM, Cogger, VC, Pulpitel, T, Wahl, D, Clark, X, Bagley, E, et al. Branched Chain Amino Acids Impact Health and Lifespan Indirectly via Amino Acid Balance and Appetite Control. Nat Metab (2019) 1:532–45. doi: 10.1038/s42255-019-0059-2

120. MacArthur, MR, Mitchell, SJ, Treviño-Villarreal, JH, Grondin, Y, Reynolds, JS, Kip, P, et al. Total Protein, Not Amino Acid Composition, Differs in Plant-Based Versus Omnivorous Dietary Patterns and Determines Metabolic Health Effects in Mice. Cell Metab (2021) 33:1808–19.e2. doi: 10.1016/j.cmet.2021.06.011

121. De Sousa-Coelho, AL, Relat, J, Hondares, E, Pérez-Martí, A, Ribas, F, Villarroya, F, et al. FGF21 Mediates the Lipid Metabolism Response to Amino Acid Starvation. J Lipid Res (2013) 54:1786–97. doi: 10.1194/jlr.M033415

122. Ables, GP, Perrone, CE, Orentreich, D, and Orentreich, N. Methionine-Restricted C57BL/6J Mice Are Resistant to Diet-Induced Obesity and Insulin Resistance But Have Low Bone Density. PloS One (2012) 7:e51357. doi: 10.1371/journal.pone.0051357

123. Lees, EK, Król, E, Grant, L, Shearer, K, Wyse, C, Moncur, E, et al. Methionine Restriction Restores a Younger Metabolic Phenotype in Adult Mice With Alterations in Fibroblast Growth Factor 21. Aging Cell (2014) 13:817–27. doi: 10.1111/acel.12238

124. Kim, KH, and Lee, MS. FGF21 as a Stress Hormone: The Roles of FGF21 in Stress Adaptation and the Treatment of Metabolic Diseases. Diabetes Metab J (2014) 38:245–51. doi: 10.4093/dmj.2014.38.4.245

125. Chalvon-Demersay, T, Moro, J, Even, PC, Chaumontet, C, Tomé, D, Averous, J, et al. Liver GCN2 Controls Hepatic FGF21 Secretion and Modulates Whole Body Postprandial Oxidation Profile Under a Low-Protein Diet. Am J Physiol Endocrinol Metab (2019) 317:E1015–21. doi: 10.1152/ajpendo.00022.2019

126. Maruyama, R, Shimizu, M, Li, J, Inoue, J, and Sato, R. Fibroblast Growth Factor 21 Induction by Activating Transcription Factor 4 Is Regulated Through Three Amino Acid Response Elements in Its Promoter Region. Biosci Biotechnol Biochem (2016) 80:929–34. doi: 10.1080/09168451.2015.1135045

127. Jonsson, WO, Margolies, NS, Mirek, ET, Zhang, Q, Linden, MA, Hill, CM, et al. Physiologic Responses to Dietary Sulfur Amino Acid Restriction in Mice Are Influenced by Atf4 Status and Biological Sex. J Nutr (2021) 151:785–99. doi: 10.1093/jn/nxaa396

128. Domouzoglou, EM, and Maratos-Flier, E. Fibroblast Growth Factor 21 Is a Metabolic Regulator That Plays a Role in the Adaptation to Ketosis. Am J Clin Nutr (2011) 93:901S–5. doi: 10.3945/ajcn.110.001941

129. Lauritzen, ES, Svart, MV, Voss, T, Møller, N, and Bjerre, M. Impact of Acutely Increased Endogenous- and Exogenous Ketone Bodies on FGF21 Levels in Humans. Endocr Res (2021) 46:20–7. doi: 10.1080/07435800.2020.1831015

130. Rosenbaum, M, Hall, KD, Guo, J, Ravussin, E, Mayer, LS, Reitman, ML, et al. Glucose and Lipid Homeostasis and Inflammation in Humans Following an Isocaloric Ketogenic Diet. Obes (Silver Spring) (2019) 27:971–81. doi: 10.1002/oby.22468

131. Jensen-Cody, SO, Flippo, KH, Claflin, KE, Yavuz, Y, Sapouckey, SA, Walters, GC, et al. FGF21 Signals to Glutamatergic Neurons in the Ventromedial Hypothalamus to Suppress Carbohydrate Intake. Cell Metab (2020) 32:273–86.e6. doi: 10.1016/j.cmet.2020.06.008

132. Walter, P, and Ron, D. The Unfolded Protein Response: From Stress Pathway to Homeostatic Regulation. Science (2011) 334:1081–6. doi: 10.1126/science.1209038

133. Schaap, FG, Kremer, AE, Lamers, WH, Jansen, PL, and Gaemers, IC. Fibroblast Growth Factor 21 Is Induced by Endoplasmic Reticulum Stress. Biochimie (2013) 95:692–9. doi: 10.1016/j.biochi.2012.10.019

134. Jiang, S, Yan, C, Fang, QC, Shao, ML, Zhang, YL, Liu, Y, et al. Fibroblast Growth Factor 21 Is Regulated by the IRE1α-XBP1 Branch of the Unfolded Protein Response and Counteracts Endoplasmic Reticulum Stress-Induced Hepatic Steatosis. J Biol Chem (2014) 289:29751–65. doi: 10.1074/jbc.M114.565960

135. Hsuchou, H, Pan, W, and Kastin, AJ. The Fasting Polypeptide FGF21 can Enter Brain From Blood. Peptides (2007) 28:2382–6. doi: 10.1016/j.peptides.2007.10.007

136. Lan, T, Morgan, DA, Rahmouni, K, Sonoda, J, Fu, X, Burgess, SC, et al. FGF19, FGF21, and an FGFR1/β-Klotho-Activating Antibody Act on the Nervous System to Regulate Body Weight and Glycemia. Cell Metab (2017) 26:709–18.e3. doi: 10.1016/j.cmet.2017.09.005

137. Tan, BK, Hallschmid, M, Adya, R, Kern, W, Lehnert, H, and Randeva, HS. Fibroblast Growth Factor 21 (FGF21) in Human Cerebrospinal Fluid: Relationship With Plasma FGF21 and Body Adiposity. Diabetes (2011) 60:2758–62. doi: 10.2337/db11-0672

138. Hultman, K, Scarlett, JM, Baquero, AF, Cornea, A, Zhang, Y, Salinas, CBG, et al. The Central Fibroblast Growth Factor Receptor/Beta Klotho System: Comprehensive Mapping in Mus Musculus and Comparisons to Nonhuman Primate and Human Samples Using an Automated in Situ Hybridization Platform. J Comp Neurol (2019) 527:2069–85. doi: 10.1002/cne.24668

139. Bookout, AL, de Groot, MH, Owen, BM, Lee, S, Gautron, L, Lawrence, HL, et al. FGF21 Regulates Metabolism and Circadian Behavior by Acting on the Nervous System. Nat Med (2013) 19:1147–52. doi: 10.1038/nm.3249

140. Santoso, P, Nakata, M, Shiizaki, K, Boyang, Z, Parmila, K, Otgon-Uul, Z, et al. Fibroblast Growth Factor 21, Assisted by Elevated Glucose, Activates Paraventricular Nucleus NUCB2/Nesfatin-1 Neurons to Produce Satiety Under Fed States. Sci Rep (2017) 7:45819. doi: 10.1038/srep45819

141. Douris, N, Stevanovic, DM, Fisher, FM, Cisu, TI, Chee, MJ, Nguyen, NL, et al. Central Fibroblast Growth Factor 21 Browns White Fat via Sympathetic Action in Male Mice. Endocrinology (2015) 156:2470–81. doi: 10.1210/en.2014-2001

142. Sarruf, DA, Thaler, JP, Morton, GJ, German, J, Fischer, JD, Ogimoto, K, et al. Fibroblast Growth Factor 21 Action in the Brain Increases Energy Expenditure and Insulin Sensitivity in Obese Rats. Diabetes (2010) 59:1817–24. doi: 10.2337/db09-1878

143. Flippo, KH, Jensen-Cody, SO, Claflin, KE, and Potthoff, MJ. FGF21 Signaling in Glutamatergic Neurons Is Required for Weight Loss Associated With Dietary Protein Dilution. Sci Rep (2020) 10:19521. doi: 10.1038/s41598-020-76593-2

144. Baruch, A, Wong, C, Chinn, LW, Vaze, A, Sonoda, J, Gelzleichter, T, et al. Antibody-Mediated Activation of the FGFR1/Klothoβ Complex Corrects Metabolic Dysfunction and Alters Food Preference in Obese Humans. Proc Natl Acad Sci USA (2020) 117:28992–9000. doi: 10.1073/pnas.2012073117

145. BonDurant, LD, Ameka, M, Naber, MC, Markan, KR, Idiga, SO, Acevedo, MR, et al. FGF21 Regulates Metabolism Through Adipose-Dependent and -Independent Mechanisms. Cell Metab (2017) 25:935–44.e4. doi: 10.1016/j.cmet.2017.03.005

146. Ding, X, Boney-Montoya, J, Owen, BM, Bookout, AL, Coate, KC, Mangelsdorf, DJ, et al. βklotho Is Required for Fibroblast Growth Factor 21 Effects on Growth and Metabolism. Cell Metab (2012) 16:387–93. doi: 10.1016/j.cmet.2012.08.002

147. Adams, AC, Yang, C, Coskun, T, Cheng, CC, Gimeno, RE, Luo, Y, et al. The Breadth of FGF21’s Metabolic Actions Are Governed by FGFR1 in Adipose Tissue. Mol Metab (2012) 2:31–7. doi: 10.1016/j.molmet.2012.08.007

148. Tomiyama, K, Maeda, R, Urakawa, I, Yamazaki, Y, Tanaka, T, Ito, S, et al. Relevant Use of Klotho in FGF19 Subfamily Signaling System In Vivo. Proc Natl Acad Sci USA (2010) 107:1666–71. doi: 10.1073/pnas.0913986107

149. Yang, C, Wang, C, Ye, M, Jin, C, He, W, Wang, F, et al. Control of Lipid Metabolism by Adipocyte FGFR1-Mediated Adipohepatic Communication During Hepatic Stress. Nutr Metab (Lond) (2012) 9:94. doi: 10.1186/1743-7075-9-94

150. Abu-Odeh, M, Zhang, Y, Reilly, SM, Ebadat, N, Keinan, O, Valentine, JM, et al. FGF21 Promotes Thermogenic Gene Expression as an Autocrine Factor in Adipocytes. Cell Rep (2021) 35:109331. doi: 10.1016/j.celrep.2021.109331

151. Hondares, E, Rosell, M, Gonzalez, FJ, Giralt, M, Iglesias, R, and Villarroya, F. Hepatic FGF21 Expression Is Induced at Birth via PPARalpha in Response to Milk Intake and Contributes to Thermogenic Activation of Neonatal Brown Fat. Cell Metab (2010) 11:206–12. doi: 10.1016/j.cmet.2010.02.001

152. Desautels, M, and Dulos, RA. Effects of Repeated Cycles of Fasting-Refeeding on Brown Adipose Tissue Composition in Mice. Am J Physiol (1988) 255:E120–8. doi: 10.1152/ajpendo.1988.255.2.E120

153. Fon Tacer, K, Bookout, AL, Ding, X, Kurosu, H, John, GB, Wang, L, et al. Research Resource: Comprehensive Expression Atlas of the Fibroblast Growth Factor System in Adult Mouse. Mol Endocrinol (2010) 24:2050–64. doi: 10.1210/me.2010-0142

154. Joki, Y, Ohashi, K, Yuasa, D, Shibata, R, Ito, M, Matsuo, K, et al. FGF21 Attenuates Pathological Myocardial Remodeling Following Myocardial Infarction Through the Adiponectin-Dependent Mechanism. Biochem Biophys Res Commun (2015) 459:124–30. doi: 10.1016/j.bbrc.2015.02.081

155. Rupérez, C, Lerin, C, Ferrer-Curriu, G, Cairo, M, Mas-Stachurska, A, Sitges, M, et al. Autophagic Control of Cardiac Steatosis Through FGF21 in Obesity-Associated Cardiomyopathy. Int J Cardiol (2018) 260:163–70. doi: 10.1016/j.ijcard.2018.02.109

156. Ferrer-Curriu, G, Guitart-Mampel, M, Rupérez, C, Zamora, M, Crispi, F, Villarroya, F, et al. The Protective Effect of Fibroblast Growth Factor-21 in Alcoholic Cardiomyopathy: A Role in Protecting Cardiac Mitochondrial Function. J Pathol (2021) 253:198–208. doi: 10.1002/path.5573

157. Chow, WS, Xu, A, Woo, YC, Tso, AW, Cheung, SC, Fong, CH, et al. Serum Fibroblast Growth Factor-21 Levels Are Associated With Carotid Atherosclerosis Independent of Established Cardiovascular Risk Factors. Arterioscler Thromb Vasc Biol (2013) 33:2454–9. doi: 10.1161/ATVBAHA.113.301599

158. Li, X. The FGF Metabolic Axis. Front Med (2019) 13:511–30. doi: 10.1007/s11684-019-0711-y

159. Yang, C, Jin, C, Li, X, Wang, F, McKeehan, WL, and Luo, Y. Differential Specificity of Endocrine FGF19 and FGF21 to FGFR1 and FGFR4 in Complex With KLB. PloS One (2012) 7:e33870. doi: 10.1371/journal.pone.0033870

160. Moyers, JS, Shiyanova, TL, Mehrbod, F, Dunbar, JD, Noblitt, TW, Otto, KA, et al. Molecular Determinants of FGF-21 Activity-Synergy and Cross-Talk With PPARgamma Signaling. J Cell Physiol (2007) 210:1–6. doi: 10.1002/jcp.20847

161. Thompson, AC, Bruss, MD, Nag, N, Kharitonenkov, A, Adams, AC, and Hellerstein, MK. Fibroblast Growth Factor 21 Is Not Required for the Reductions in Circulating Insulin-Like Growth Factor-1 or Global Cell Proliferation Rates in Response to Moderate Calorie Restriction in Adult Mice. PloS One (2014) 9:e111418. doi: 10.1371/journal.pone.0111418

162. Furusawa, Y, Uruno, A, Yagishita, Y, Higashi, C, and Yamamoto, M. Nrf2 Induces Fibroblast Growth Factor 21 in Diabetic Mice. Genes Cells (2014) 19:864–78. doi: 10.1111/gtc.12186

163. Villarroya, F, Cereijo, R, Villarroya, J, and Giralt, M. Brown Adipose Tissue as a Secretory Organ. Nat Rev Endocrinol (2017) 13:26–35. doi: 10.1038/nrendo.2016.136

164. Heilbronn, LK, Campbell, LV, Xu, A, and Samocha-Bonet, D. Metabolically Protective Cytokines Adiponectin and Fibroblast Growth Factor-21 Are Increased by Acute Overfeeding in Healthy Humans. PloS One (2013) 8:e78864. doi: 10.1371/journal.pone.0078864

165. van Baak, MA, Vink, RG, Roumans, NJT, Cheng, CC, Adams, AC, and Mariman, ECM. Adipose Tissue Contribution to Plasma Fibroblast Growth Factor 21 and Fibroblast Activation Protein in Obesity. Int J Obes (Lond) (2020) 44:544–7. doi: 10.1038/s41366-019-0433-x

166. Keipert, S, Kutschke, M, Ost, M, Schwarzmayr, T, van Schothorst, EM, Lamp, D, et al. Long-Term Cold Adaptation Does Not Require FGF21 or UCP1. Cell Metab (2017) 26:437–46.e5. doi: 10.1016/j.cmet.2017.07.016

167. Zouhar, P, Janovska, P, Stanic, S, Bardova, K, Funda, J, Haberlova, B, et al. A Pyrexic Effect of FGF21 Independent of Energy Expenditure and UCP1. Mol Metab (2021) 53:101324. doi: 10.1016/j.molmet.2021.101324

168. Klein Hazebroek, M, and Keipert, S. Adapting to the Cold: A Role for Endogenous Fibroblast Growth Factor 21 in Thermoregulation? Front Endocrinol (Lausanne) (2020) 11:389. doi: 10.3389/fendo.2020.00389

169. Hondares, E, Gallego-Escuredo, JM, Flachs, P, Frontini, A, Cereijo, R, Goday, A, et al. Fibroblast Growth Factor-21 Is Expressed in Neonatal and Pheochromocytoma-Induced Adult Human Brown Adipose Tissue. Metabolism (2014) 63:312–7. doi: 10.1016/j.metabol.2013.11.014

170. Lee, P, Linderman, JD, Smith, S, Brychta, RJ, Wang, J, Idelson, C, et al. Irisin and FGF21 Are Cold-Induced Endocrine Activators of Brown Fat Function in Humans. Cell Metab (2014) 19:302–9. doi: 10.1016/j.cmet.2013.12.017

171. Justesen, S, Haugegaard, KV, Hansen, JB, Hansen, HS, and Andersen, B. The Autocrine Role of FGF21 in Cultured Adipocytes. Biochem J (2020) 477:2477–87. doi: 10.1042/BCJ20200220

172. Wu, X, Ge, H, Lemon, B, Vonderfecht, S, Weiszmann, J, Hecht, R, et al. FGF19-Induced Hepatocyte Proliferation Is Mediated Through FGFR4 Activation. J Biol Chem (2010) 285:5165–70. doi: 10.1074/jbc.M109.068783

173. Stanford, KI, Middelbeek, RJ, Townsend, KL, An, D, Nygaard, EB, Hitchcox, KM, et al. Brown Adipose Tissue Regulates Glucose Homeostasis and Insulin Sensitivity. J Clin Invest (2013) 123:215–23. doi: 10.1172/JCI62308

174. So, WY, Cheng, Q, Xu, A, Lam, KS, and Leung, PS. Loss of Fibroblast Growth Factor 21 Action Induces Insulin Resistance, Pancreatic Islet Hyperplasia and Dysfunction in Mice. Cell Death Dis (2015) 6:e1707. doi: 10.1038/cddis.2015.80

175. Tyynismaa, H, Carroll, CJ, Raimundo, N, Ahola-Erkkilä, S, Wenz, T, Ruhanen, H, et al. Mitochondrial Myopathy Induces a Starvation-Like Response. Hum Mol Genet (2010) 19:3948–58. doi: 10.1093/hmg/ddq310

176. Keipert, S, Ost, M, Johann, K, Imber, F, Jastroch, M, van Schothorst, EM, et al. Skeletal Muscle Mitochondrial Uncoupling Drives Endocrine Cross-Talk Through the Induction of FGF21 as a Myokine. Am J Physiol Endocrinol Metab (2014) 306:E469–82. doi: 10.1152/ajpendo.00330.2013

177. Ribas, F, Villarroya, J, Hondares, E, Giralt, M, and Villarroya, F. FGF21 Expression and Release in Muscle Cells: Involvement of MyoD and Regulation by Mitochondria-Driven Signalling. Biochem J (2014) 463:191–9. doi: 10.1042/BJ20140403

178. Liu, X, Wang, Y, Hou, L, Xiong, Y, and Zhao, S. Fibroblast Growth Factor 21 (FGF21) Promotes Formation of Aerobic Myofibers via the FGF21-SIRT1-AMPK-Pgc1α Pathway. J Cell Physiol (2017) 232:1893–906. doi: 10.1002/jcp.25735

179. Domin, R, Dadej, D, Pytka, M, Zybek-Kocik, A, Ruchała, M, and Guzik, P. Effect of Various Exercise Regimens on Selected Exercise-Induced Cytokines in Healthy People. Int J Environ Res Public Health (2021) 18(3):1261. doi: 10.3390/ijerph18031261

180. Morville, T, Sahl, RE, Trammell, SA, Svenningsen, JS, Gillum, MP, Helge, JW, et al. Divergent Effects of Resistance and Endurance Exercise on Plasma Bile Acids, FGF19, and FGF21 in Humans. JCI Insight (2018) 3(15):e122737. doi: 10.1172/jci.insight.122737

181. He, Z, Tian, Y, Valenzuela, PL, Huang, C, Zhao, J, Hong, P, et al. Myokine Response to High-Intensity Interval vs. Resistance Exercise: An Individual Approach. Front Physiol (2018) 9:1735. doi: 10.3389/fphys.2018.01735

182. Campderrós, L, Sánchez-Infantes, D, Villarroya, J, Nescolarde, L, Bayès-Genis, A, Cereijo, R, et al. Altered GDF15 and FGF21 Levels in Response to Strenuous Exercise: A Study in Marathon Runners. Front Physiol (2020) 11:550102. doi: 10.3389/fphys.2020.550102

183. Yilmaz, Y, and Eren, F. Identification of a Support Vector Machine-Based Biomarker Panel With High Sensitivity and Specificity for Nonalcoholic Steatohepatitis. Clin Chim Acta (2012) 414:154–7. doi: 10.1016/j.cca.2012.08.005

184. Shen, J, Chan, HL, Wong, GL, Choi, PC, Chan, AW, Chan, HY, et al. Non-Invasive Diagnosis of Non-Alcoholic Steatohepatitis by Combined Serum Biomarkers. J Hepatol (2012) 56:1363–70. doi: 10.1016/j.jhep.2011.12.025

185. Yan, H, Xia, M, Chang, X, Xu, Q, Bian, H, Zeng, M, et al. Circulating Fibroblast Growth Factor 21 Levels Are Closely Associated With Hepatic Fat Content: A Cross-Sectional Study. PloS One (2011) 6:e24895. doi: 10.1371/journal.pone.0024895

186. Dasarathy, S, Yang, Y, McCullough, AJ, Marczewski, S, Bennett, C, and Kalhan, SC. Elevated Hepatic Fatty Acid Oxidation, High Plasma Fibroblast Growth Factor 21, and Fasting Bile Acids in Nonalcoholic Steatohepatitis. Eur J Gastroenterol Hepatol (2011) 23:382–8. doi: 10.1097/MEG.0b013e328345c8c7

187. Li, X, Fan, X, Ren, F, Zhang, Y, Shen, C, Ren, G, et al. Serum FGF21 Levels Are Increased in Newly Diagnosed Type 2 Diabetes With Nonalcoholic Fatty Liver Disease and Associated With hsCRP Levels Independently. Diabetes Res Clin Pract (2011) 93:10–6. doi: 10.1016/j.diabres.2011.02.034

188. Yilmaz, Y, Eren, F, Yonal, O, Kurt, R, Aktas, B, Celikel, CA, et al. Increased Serum FGF21 Levels in Patients With Nonalcoholic Fatty Liver Disease. Eur J Clin Invest (2010) 40:887–92. doi: 10.1111/j.1365-2362.2010.02338.x

189. Li, H, Dong, K, Fang, Q, Hou, X, Zhou, M, Bao, Y, et al. High Serum Level of Fibroblast Growth Factor 21 Is an Independent Predictor of Non-Alcoholic Fatty Liver Disease: A 3-Year Prospective Study in China. J Hepatol (2013) 58:557–63. doi: 10.1016/j.jhep.2012.10.029

190. He, L, Deng, L, Zhang, Q, Guo, J, Zhou, J, Song, W, et al. Diagnostic Value of CK-18, FGF-21, and Related Biomarker Panel in Nonalcoholic Fatty Liver Disease: A Systematic Review and Meta-Analysis. BioMed Res Int (2017) 2017:9729107. doi: 10.1155/2017/9729107

191. Samson, SL, Sathyanarayana, P, Jogi, M, Gonzalez, EV, Gutierrez, A, Krishnamurthy, R, et al. Exenatide Decreases Hepatic Fibroblast Growth Factor 21 Resistance in Non-Alcoholic Fatty Liver Disease in a Mouse Model of Obesity and in a Randomised Controlled Trial. Diabetologia (2011) 54:3093–100. doi: 10.1007/s00125-011-2317-z

192. Kaelin, BR, McKenzie, CM, Hempel, KW, Lang, AL, Arteel, GE, and Beier, JI. Adipose Tissue-Liver Crosstalk During Pathologic Changes Caused by Vinyl Chloride Metabolites in Mice. Toxicol Appl Pharmacol (2020) 399:115068. doi: 10.1016/j.taap.2020.115068

193. Rusli, F, Deelen, J, Andriyani, E, Boekschoten, MV, Lute, C, van den Akker, EB, et al. Fibroblast Growth Factor 21 Reflects Liver Fat Accumulation and Dysregulation of Signalling Pathways in the Liver of C57BL/6J Mice. Sci Rep (2016) 6:30484. doi: 10.1038/srep30484

194. Tucker, B, Li, H, Long, X, Rye, KA, and Ong, KL. Fibroblast Growth Factor 21 in Non-Alcoholic Fatty Liver Disease. Metabolism (2019) 101:153994. doi: 10.1016/j.metabol.2019.153994

195. Lee, KJ, Jang, YO, Cha, SK, Kim, MY, Park, KS, Eom, YW, et al. Expression of Fibroblast Growth Factor 21 and β-Klotho Regulates Hepatic Fibrosis Through the Nuclear Factor-κb and C-Jun N-Terminal Kinase Pathways. Gut Liver (2018) 12:449–56. doi: 10.5009/gnl17443

196. Goto, T, Hirata, M, Aoki, Y, Iwase, M, Takahashi, H, Kim, M, et al. The Hepatokine FGF21 Is Crucial for Peroxisome Proliferator-Activated Receptor-α Agonist-Induced Amelioration of Metabolic Disorders in Obese Mice. J Biol Chem (2017) 292:9175–90. doi: 10.1074/jbc.M116.767590

197. Zhang, M, Hu, T, Zhang, S, and Zhou, L. Associations of Different Adipose Tissue Depots With Insulin Resistance: A Systematic Review and Meta-Analysis of Observational Studies. Sci Rep (2015) 5:18495. doi: 10.1038/srep18495

198. Karpe, F, and Pinnick, KE. Biology of Upper-Body and Lower-Body Adipose Tissue–Link to Whole-Body Phenotypes. Nat Rev Endocrinol (2015) 11:90–100. doi: 10.1038/nrendo.2014.185

199. Somm, E, Henry, H, Bruce, SJ, Aeby, S, Rosikiewicz, M, Sykiotis, GP, et al. β-Klotho Deficiency Protects Against Obesity Through a Crosstalk Between Liver, Microbiota, and Brown Adipose Tissue. JCI Insight (2017) 2(8):e91809. doi: 10.1172/jci.insight.91809

200. Ito, S, Fujimori, T, Furuya, A, Satoh, J, and Nabeshima, Y. Impaired Negative Feedback Suppression of Bile Acid Synthesis in Mice Lacking Betaklotho. J Clin Invest (2005) 115:2202–8. doi: 10.1172/JCI23076

201. Kobayashi, K, Tanaka, T, Okada, S, Morimoto, Y, Matsumura, S, Manio, MC, et al. Hepatocyte β-Klotho Regulates Lipid Homeostasis But Not Body Weight in Mice. FASEB J (2016) 30:849–62. doi: 10.1096/fj.15-274449

202. Keipert, S, Lutter, D, Schroeder, BO, Brandt, D, Ståhlman, M, Schwarzmayr, T, et al. Endogenous FGF21-Signaling Controls Paradoxical Obesity Resistance of UCP1-Deficient Mice. Nat Commun (2020) 11:624. doi: 10.1038/s41467-019-14069-2

203. Lips, MA, de Groot, GH, Berends, FJ, Wiezer, R, van Wagensveld, BA, Swank, DJ, et al. Calorie Restriction and Roux-En-Y Gastric Bypass Have Opposing Effects on Circulating FGF21 in Morbidly Obese Subjects. Clin Endocrinol (Oxf) (2014) 81:862–70. doi: 10.1111/cen.12496

204. Tok, Ö., Kişioğlu, SV, Ersöz, H, Kahveci, B, and Göktaş, Z. Effects of Increased Physical Activity and/or Weight Loss Diet on Serum Myokine and Adipokine Levels in Overweight Adults With Impaired Glucose Metabolism. J Diabetes Complications (2021) 35:107892. doi: 10.1016/j.jdiacomp.2021.107892

205. Gómez-Ambrosi, J, Gallego-Escuredo, JM, Catalán, V, Rodríguez, A, Domingo, P, Moncada, R, et al. FGF19 and FGF21 Serum Concentrations in Human Obesity and Type 2 Diabetes Behave Differently After Diet- or Surgically-Induced Weight Loss. Clin Nutr (2017) 36:861–8. doi: 10.1016/j.clnu.2016.04.027

206. Jansen, PL, van Werven, J, Aarts, E, Berends, F, Janssen, I, Stoker, J, et al. Alterations of Hormonally Active Fibroblast Growth Factors After Roux-En-Y Gastric Bypass Surgery. Dig Dis (2011) 29:48–51. doi: 10.1159/000324128

207. Vienberg, SG, Jacobsen, SH, Worm, D, Hvolris, LE, Naver, L, Almdal, T, et al. Increased Glucose-Stimulated FGF21 Response to Oral Glucose in Obese Nondiabetic Subjects After Roux-En-Y Gastric Bypass. Clin Endocrinol (Oxf) (2017) 86:156–9. doi: 10.1111/cen.13241

208. Nielsen, MS, Søberg, S, Schmidt, JB, Chenchar, A, Sjödin, A, and Gillum, MP. Transient Postprandial Increase in Intact Circulating Fibroblast Growth Factor-21 Levels After Roux-En-Y Gastric Bypass: A Randomized Controlled Clinical Trial. PeerJ (2021) 9:e11174. doi: 10.7717/peerj.11174

209. Ter Horst, KW, Gilijamse, PW, Demirkiran, A, van Wagensveld, BA, Ackermans, MT, Verheij, J, et al. The FGF21 Response to Fructose Predicts Metabolic Health and Persists After Bariatric Surgery in Obese Humans. Mol Metab (2017) 6:1493–502. doi: 10.1016/j.molmet.2017.08.014

210. Fjeldborg, K, Pedersen, SB, Møller, HJ, and Richelsen, B. Reduction in Serum Fibroblast Growth Factor-21 After Gastric Bypass Is Related to Changes in Hepatic Fat Content. Surg Obes Relat Dis (2017) 13(9):1515–23. doi: 10.1016/j.soard.2017.03.033

211. Morrison, CD, Hao, Z, Mumphrey, MB, Townsend, RL, Münzberg, H, Ye, J, et al. Roux-En-Y Gastric Bypass Surgery Is Effective in Fibroblast Growth Factor-21 Deficient Mice. Mol Metab (2016) 5:1006–14. doi: 10.1016/j.molmet.2016.08.005

212. Lee, DV, Li, D, Yan, Q, Zhu, Y, Goodwin, B, Calle, R, et al. Fibroblast Growth Factor 21 Improves Insulin Sensitivity and Synergizes With Insulin in Human Adipose Stem Cell-Derived (hASC) Adipocytes. PloS One (2014) 9:e111767. doi: 10.1371/journal.pone.0111767

213. Jiao, H, Arner, P, Dickson, SL, Vidal, H, Mejhert, N, Henegar, C, et al. Genetic Association and Gene Expression Analysis Identify FGFR1 as a New Susceptibility Gene for Human Obesity. J Clin Endocrinol Metab (2011) 96:E962–6. doi: 10.1210/jc.2010-2639

214. Ong, KL, Hui, N, Januszewski, AS, Kaakoush, NO, Xu, A, Fayyad, R, et al. High Plasma FGF21 Levels Predicts Major Cardiovascular Events in Patients Treated With Atorvastatin (From the Treating to New Targets [TNT] Study). Metabolism (2019) 93:93–9. doi: 10.1016/j.metabol.2018.11.006

215. Wu, L, Qian, L, Zhang, L, Zhang, J, Zhou, J, Li, Y, et al. Fibroblast Growth Factor 21 Is Related to Atherosclerosis Independent of Nonalcoholic Fatty Liver Disease and Predicts Atherosclerotic Cardiovascular Events. J Am Heart Assoc (2020) 9:e015226. doi: 10.1161/JAHA.119.015226

216. Zhang, Y, Yan, J, Yang, N, Qian, Z, Nie, H, Yang, Z, et al. High-Level Serum Fibroblast Growth Factor 21 Concentration Is Closely Associated With an Increased Risk of Cardiovascular Diseases: A Systematic Review and Meta-Analysis. Front Cardiovasc Med (2021) 8:705273. doi: 10.3389/fcvm.2021.705273

217. Ferrer-Curriu, G, Redondo-Angulo, I, Guitart-Mampel, M, Ruperez, C, Mas-Stachurska, A, Sitges, M, et al. Fibroblast Growth Factor-21 Protects Against Fibrosis in Hypertensive Heart Disease. J Pathol (2019) 248:30–40. doi: 10.1002/path.5226

218. Zhang, J, and Li, Y. Fibroblast Growth Factor 21 Analogs for Treating Metabolic Disorders. Front Endocrinol (Lausanne) (2015) 6:168. doi: 10.3389/fendo.2015.00168

219. So, WY, and Leung, PS. Fibroblast Growth Factor 21 As an Emerging Therapeutic Target for Type 2 Diabetes Mellitus. Med Res Rev (2016) 36:672–704. doi: 10.1002/med.21390

220. Jimenez, V, Jambrina, C, Casana, E, Sacristan, V, Muñoz, S, Darriba, S, et al. FGF21 Gene Therapy as Treatment for Obesity and Insulin Resistance. EMBO Mol Med (2018) 10(8):e8791. doi: 10.15252/emmm.201708791

221. Laeger, T, Baumeier, C, Wilhelmi, I, Würfel, J, Kamitz, A, and Schürmann, A. FGF21 Improves Glucose Homeostasis in an Obese Diabetes-Prone Mouse Model Independent of Body Fat Changes. Diabetologia (2017) 60:2274–84. doi: 10.1007/s00125-017-4389-x




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Spann, Morrison and den Hartigh. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Nuanced Metabolic Functions of Endogenous FGF21 Depend on the Nature of the Stimulus, Tissue Source, and Experimental Model

      

        		

          1 Introduction

        



        		

          2 Regulation of FGF21 Gene and Protein Expression and Secretion

        

          		

            2.1 Stimuli for Endogenous Endocrine Hepatic FGF21 Release

          

            		

              2.1.1 Fasting

            



            		

              2.1.2 Alcohol Consumption

            



            		

              2.1.3 Protein Restriction

            



            		

              2.1.4 Ketogenic Diet

            



            		

              2.1.5 Simple Sugar Consumption

            



            		

              2.1.6 Endoplasmic Reticulum Stress

            



            		

              2.1.7 Effector Organs for Hepatic FGF21

            

              		

                2.1.7.1 Brain

              



              		

                2.1.7.2 Adipose Tissue

              



              		

                2.1.7.3 Heart

              



              		

                2.1.7.4 Liver

              



            



            



          



          



          		

            2.2 Stimuli for White and Brown Adipocyte-Derived FGF21

          

            		

              2.2.1 Overfeeding and Obesity

            



            		

              2.2.2 Genetic Models of Obesity

            



            		

              2.2.3 Cold Exposure

            



            		

              2.2.4 Adipocyte-Derived FGF21 Signaling to Effector Tissues

            



          



          



          		

            2.3 Stimuli for Pancreatic FGF21 Production

          



          		

            2.4 Stimuli for Skeletal Muscle FGF21 Expression and Secretion

          



          		

            2.5 Summary of Endogenous FGF21 Stimuli

          



        



        



        		

          3 Pathological Conditions Associated With FGF21

        

          		

            3.1 FGF21, NAFLD, and NASH

          



          		

            3.2 Obesity and FGF21 Resistance

          

            		

              3.2.1 Human Obesity

            



            		

              3.2.2 Mouse Models of Obesity

            



            		

              3.2.3 FGF21 and Weight Loss

            



            		

              3.2.4 FGF21 Resistance in Obesity

            



          



          



          		

            3.3 FGF21 Associations With Muscular Diseases

          



          		

            3.4 Potential for FGF21 Gene Editing as a Treatment For Metabolic Disease

          



        



        



        		

          4 Concluding Remarks

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2021.802541_cover.jpg
’ frontlers
n Endocrinology

The Nuanced Metabolic Functions
of Endogenous FGF21 Depend on
the Nature of the Stimulus, Tissue
Source, and Experimental Model





OEBPS/Images/table1.jpg
Tissue Stimulus Experimental model Contributes

to systemic
Animals and cultured cells Humans FGF21?
Liver Fasting 12-24 hr fast in mice (16-18, 39-42). 7-10 d fast in humans (43, 44). Yes
PPARo. agonists ~ PPARo. KO mice, human and mouse hepatocytes, ob/ob mice (16-18, 40). Human hepatocytes (17, 18), humans Yes

given PPARo. agonists (43, 45).
Protein restricton  Rats and mice fed a LP diet for 1-21 d (46-50), 7-12 wk (51-53), or 67 wk Humans consuming a LP diet for 1-43d  Yes

(48); mice fed a leucine-deficient diet for 7 d (54); mice fed a methionine- (46, 49, 59).
restricted diet for 7-11 wk (55-58); amino acid-starved HepG2 cells (54).
Ketogenic diet 7-30d (16, 46, 60, 61) or 8-9 wk KD (53, 62) in mice. Yes
Alcohol Mice consuming ethanol chronically (63-65). Humans consuming ethanol acutely (63)  Yes
consumption or chronically (65).
Simple sugar Fructose, dextrose, and glucose consumption in mice (40, 66, 67), Fructose and glucose consumption in Yes
consumption glucose-stimulated rat hepatocytes or HepG2 cells (68, 69). humans (66, 70), consumption of a
carbohydrate-rich diet for 3 days in
humans (20).
Fatty acids Oleic and linoleic acid in HepG2 cells (71). Lipid infusion in humans (71). Unknown
High fat diet C57BI/6 mice fed HFD for 10 wk (35, 72, 73). Potentially
Acute cold C57BI/6 mice exposed to 4°C for <6 hr (74). Potentially
WAT Obesity C57BI/6, ob/ob, db/db mice (3, 28, 35, 72, 73, 75), non-human primates Humans with obesity (3, 26-28, 76-78). No
(genetic or DIO) (29).
Cold exposure Mice exposed to 4°C for <24 hr (23, 74), 1d (79), or 28 d (24). No
TZDs 3T3-L1 adipocytes treated with rosiglitazone (10 uM for 24 h) (72, 80); Potentially
C57BI/6 and db/db mice given rosiglitazone (30-100 mg/kg for 8 d) (72,
81).
Adipocyte Mice overexpressing ferritin from adipocytes (38). Yes
dysfunction
BAT Cold exposure Mice exposed to acute cold (4-8 hr at 4°C) (22, 82), and chronic cold (1- Humans exposed to cold for 12 hr (83). Yes/no
30 d) (23, 24, 79).
Sympathomimetics ~Cultured brown adipocytes treated with NE and Iso (23, 79); mice given Potentially
CL316243 or Iso IP (22, 79).

Pancreas Overfeeding Mice in the fed state (81, 84) or fed a HFD for 16 wk (21). No
Cerulein-induced  Mice injected with cerulean (50 pg/kg) for 4 hr (85). No
pancreatitis

Heart Heart failure Humans undergoing heart transplant due  Unknown

to heart failure (86).
Ischemia Mice with coronary artery ligation-induced Ml (87). Human subjects admitted for MI (87, 88).  Potentially
Hypertrophy Mice treated with isoproterenol/phenylephrine (89). Potentially

Skeletal  Aerobic exercise Mice acutely and chronically running on wheels (25). Healthy men using exercise bicycles for 1 Yes

muscle hr (25), treadmill for < 1 hr (90-92).

Fasting Mice fasted for 48 hr (93). Unknown
Insulin 3-4 hr insulin infusion in healthy men (94).  Unknown
Mitochondrial Mice with skeletal muscle mitochondrial dysfunction (95); mice Adults and children with skeletal muscle  Potentially
stress overexpressing PLINS (96). mitochondrial disorders (97).

BAT, brown adipose tissue; CL316243, B; adrenergic receptor agonist; d, days; DIO, diet-induced obesity; HepG2, hepatocyte cell line; HFD, high fat diet; hr, hours; IP, intraperitoneal;
Iso, isoproterenol; KD, ketogenic diet (high fat, low carb); KO, knock out; LP, low protein diet; MI, myocardial infarction; NE, norepinephrine; ob/ob, leptin-deficient mice; PLINS, perilipin 5;
PPARa, peroxisome proliferator-activated receptor alpha; TZDs, thiazoladinediones; WAT, white adipose tissue; wk, weeks.






OEBPS/Images/fendo-12-802541-g001.jpg
Pancreas

1a

KLB Stimuli:

Heart failure (1)
Stimuli: Ischemia (1)
Fasting () Mg Myocardial infarction(t)

Overfeeding (1)

Pancreatitis (1) Skeletal muscle

Liver

Stimuli:

Fasting (1)

Insulin (1)

Aerobic exercise (1)
Mitochondrial stress (1)

Stimuli:
Fasting (111)

PPARa agonists (1)
Ketogenic diet (1)
Protein restriction (1)
Alcohol (1)

Sugar consumption (1) / g

Fatty acids (1) [ Y A
High fat diet (1) d ,
Acute cold (1)

Sympathetomimetics (1)

Diet-induced obesity (1)
y Genetic obesity (1)
i 'E Cold (1)
White adipose tissue Thiazolidinediones (1)
Adipocyte dysfunction (1)





