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The peptide hormone GDF15 is a potent anorectic factor. Raised circulating levels of GDF15 are seen in a large number of pathological disorders and are associated invariably with adverse clinical outcomes.  GDF15 signalling is mediated through the GFRAL receptor in the hindbrain.  A greater understanding of the mechanisms that drive the expression of GDF15 within different tissues has led to the GDF15-GFRAL axis being considered a route through which somatic distress is signalled to the brain. We highlight key recent insights into the role of GDF15 in appetitive behaviour and reflect on the therapeutic potential of the system for disorders of energy balance. 
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1.Introduction 

Growth differentiation factor 15 (GDF15) is a stress-regulated hormone that can be produced by almost any cell or tissue in the body. Under normal physiological conditions circulating GDF15 levels are low, typically less than 1000pg/ml, but  are increased by a wide range of acute stressors such as sepsis and inflammation, and are characteristically persistently elevated in a number of chronic disease states (reviewed by [1]), for example  reaching  levels of 10,000–100,000 pg/mL in patients with advanced cancers [2].





2. Early Studies 

Previously known as MIC1, NAG1, PLAB, or PTGFB, GDF15 was first identified in 1997 as one of the genes enriched in a model system of macrophage activation. Due to its sequence homology and conserved cysteine-rich region, it was considered a member of the transforming growth factor- β (TGF-β) superfamily [3]. It is synthesised as a larger, pro-peptide which undergoes proteolytic cleavage to release the mature, circulating form, a smaller homodimer of 25KDa with an inter-chain disulphide bond [1,3].

Studies in a variety of different murine models have been crucial in helping define the physiological effects of GDF15. In particular, the ability of GDF15 to reduce food intake and drive weight loss was firmly established in a series of studies by the Breit group (reviewed in [4]). For example, having shown GDF15 levels in advanced prostate cancer associated with cachexia, Johnen et al. used a xenografted tumour model to demonstrate not only that GDF15 drove weight loss but also that the effect could be reversed by a monoclonal antibody blocking GDF15 in a dose dependent manner [5]. Importantly, the robust reduction in food intake appeared to be the prime driver for the effects of GDF15 on body weight.

Other studies using transgenic mice ubiquitously overexpressing GDF15 confirmed a strong effect on body weight and body composition. For example, Chrysovergis et al. showed that GDF15 transgenic mice had around 2/3rd less fat mass than wild type mice and gained less weight on a 60% HFD [6]. The data on food intake in GDF15 transgenic mice studies are somewhat equivocal; although Macia et al. noted a reduction in food intake in mice overexpressing GDF15, others have reported equivalent intake between transgenic and non-transgenic littermates [6-10]. 

Several groups have studied the impact of global GDF15 loss on body weight and in general the effects are rather modest. For example, GDF15 null mice fed standard chow diet showed only a 6-10% increase in body weight [11], whereas in another study this effect was only present in male mice [12]. Interesting, Tsai et al. only observed hyperphagia in Gdf15-/- female mice [11] while Tran et al. reported that only male Gdf15-/- mice gained more weight on a HFD, despite both sexes showing a small increased preference for this diet [12].

In looking to better define the site of action of GDF15, again it was the Breit group who made several of the key observations. In particular, this group reported in 2014 that physical ablation of the area postrema (AP) and the nucleus of the solitary tract (NTS) led to loss of GDF15’s anorexigenic effects, giving strong evidence that this brain region was crucial for the effects on body weight and food intake seen with this peptide [13].

These studies combined thus made a compelling case for a system involving a circulating anorexigenic peptide and the brainstem that was set to respond to an increase in circulating levels, rather than requiring a tonic baseline level to maintain energy balance.

Alongside these model organism data, a large body of work emerged reporting GDF15 both as a marker of a disease state and an indicator of a poor prognosis in a whole host of different conditions, including cardiovascular disease, chronic renal and heart failure, and different types of cancer [9,14-21]. These and many other studies (reviewed in [1,22]) undoubtedly placed GDF15 as an important circulating biomarker, but association with so many different pathologies and cellular processes made a comprehensive understanding of the biology of GDF15 challenging.

3. GFRAL discovered

The discovery of GDF15 specific GDNF family receptor α–like receptor GFRAL by four pharmaceuticals companies brought further clarity understanding to the biological activity of GDF15 [19,23-25]. By undertaking large scale screening of libraries containing thousands of sequences encoding cell-surface proteins [19,24,25] and pursuing candidates further with detailed binding, flow cytometry and immunoprecipitations experiments [19,23-25], a series of contemporaneous papers very convincing showed that GFRAL specifically mediated GDF15 signalling [19,23-25].  Further, through a combination of orthogonal approaches that utilised Gfral null mice (Gfral-/-), viral-mediated knockdown of GFRAL in the hindbrain and anti-GFRAL blocking antibodies [23,26] these reports showed that GDF15 lead to a robust and dose-dependent decrease of food intake in rodents through the action of the GFRAL receptor specifically expressed only at the level of the hindbrain in the AP and NTS in the hindbrain, confirming the Breit group’s previous findings of the key role of the brainstem [19,23-25]. These reports also indicated that in the basal, unchallenged state, loss of GFRAL had negligible effects on energy balance, with body weight and composition of Gfral-/- mice on chow standard diet no different from wild type controls [19,23-25].
Intriguingly two papers showed that when challenged with HFD Gfral null mice gained substantially more weight [19,24] with, for example, one group detailing both hyperphagia and a 32% increase in total fat mass in Gfral null when compared to wild type mice [19]. These results from studying germline disruption of the GFRAL receptor were also in keeping with the previous work by Tsai et al., who showed that neutralisation of GDF15 by a monoclonal antibody or knockdown of Gfral with an AAV-shRNA lead to an increase of body weight and adiposity when fed a HFD [26]. 

Could GDF15 be a component part of a circuit that might protect against weight gain, a possible “humoral catabolic signal” triggered by energy excess [27] ? As we will review, there are certainly interesting associations between GDF15, body weight and dietary composition but there are also clear themes emerging that support viewing GDF15 rather less a regulator of homeostasis, but more a key player in enabling adaptation to stress [19,27].



4. GDF15, homeostasis and nutritional status

Disruption of the leptin-melanocortin pathway does not affect the action of GDF15. Mc4r-/- rats reduced their food intake in a similar manner to wild type controls in response to a single-dose of Fc-GDF15 [19], while GDF15 still robustly induced hypophagia and weight loss in obese, leptin-deficient ob/ob mice [28]. GDF15 can also reduce food intake when central nervous system input from vagal afferents is lost [25], while the delay of gastric emptying seen in response to GDF15 is lost after bilateral subdiaphragmatic vagotomy, suggesting that vagal efferent are still needed to mediate this effect on the stomach [29].

Our working knowledge of the neuronal pathways that GDF15 modulates is still evolving and further anatomical and tracing studies are needed. It appears though that the anorectic effect of GDF15 is routed, at least in part, through some of the more canonical neuronal pathways well established in feeding behaviour. GDF15 administration has been reported to increase POMC mRNA expression while decreasing NPY mRNA expression, by 47% and 34%, respectively, in the arcuate nucleus [5]. In leptin receptor–deficient db/db mice, GDF15 treatment produces a pattern of P-Stat3 staining in the ARC comparable to that seen in wild-type, but one that is different from that produced by leptin treatment [5]. 

A recent paper has reported that GDF15-induced anorexia in mice also looks to involve activation of cholecystokinin (CCK) neurons in the hindbrain. Worth et al. found a 31% and 60 % co-localization between GFRAL and CCK in the NTS and AP, respectively, and that blockade of CCK by its receptor antagonist attenuated the anorexia caused by GDF15 by approximately half at early timepoints [30]. 

In contrast to many hormones with a well-defined role in feeding cessation or termination [31] circulating levels of GDF15 in mice do not appear to have a clear and marked mealtime variation [32].  Reports on the effect of fasting on GDF15 levels in mice vary a little. Klein et al. found a small increase of GDF15 levels in response to a 24h fast in mice [33], while we have previously reported circulating GDF15 levels did not change with the same challenge that significantly reduced body weight, and both decreased leptin and increased FGF21 levels [32]. Feeding after an overnight fast does not promote any GFRAL neuronal activation at the level of the AP measured by FOS-immunoreactivity in GFP labelled GFRAL neurons [34].

Consistent with these mice data, in a cohort of 17 healthy male human subjects, circulating GDF15 levels were not significantly affected by fasting and refeeding [2], and consistent with other studies these were not substantially affected by meals [2,35,36]. Interestingly, Tsai et al. also measured circulating GDF15 every 30 minutes over a period of 24 h of fasting in a cohort of male and female human participants and showed that GDF15 levels followed a gentle, biphasic diurnal variation, oscillating ±10% around a mathematical midline value of around 380pg/ml, peaking around midnight and with a nadir around noon [2]. 

Of note, a more severe fast does seem to have more of an impact. In healthy lean individuals GDF15 levels doubled after 48h of severe caloric restriction, while during an extreme period of total fasting for 7 days GDF15 levels peaked at around ∼180% of baseline by day 3, before plateauing at around 118% at day 7 [32]. Other dietary studies have shown no change in plasma GDF15 following a short (8 week) or long (6 months) adherence to low calorie dietary plans despite a total body weight loss of 11% and 13.5% respectively [37,38].

5. Nutritional status and exercise
While short-term hypercaloric exposure to HFD has little impact on GDF15 levels, circulating GDF15 levels are affected by longer-term exposure to diets with higher calorific content [32]. Mice fed 45% HFD for 4 months had a significant rise of circulating GDF15, starting after 2 months of HFD [32]. 
Diets lacking amino acids also increase GDF15 in mice [32,39]. For example, serum GDF15 levels were increased after 4-8 months of a methionine choline deficient diet and this was associated with a decrease in body weight, with the effect attenuated in Gdf15-/- mice.  
In healthy humans, overfeeding in excess of daily caloric requirement, either by ∼48%  for 1 week  or  by 40% for 8 weeks, does not change circulating GDF15 [32]. However, in several studies a correlation between GDF15 levels and obesity has been reported, with plasma GDF15 levels being significantly increased in obesity classes II (BMI 35.0–39.9) and III (BMI ≥40.0) compared to subject with normal body weight [40,41].
Intense physical activity can also be considered another stressor to the body, it activates the same systems involved in responding to external threats [42]. In this scenario GDF15 seems to mediate the effects of intense exercise on transient food intake suppression, with multiple studies reporting that in mice forced exercise until exhaustion increases circulating GDF15 by up to 4-5 times [33,43].
In humans, plasma GDF15 levels also increase with acute exercise [44,45] and exercise training [46-48]. For example, Kleinert et al. observed a 34% increase of GDF15 levels with 1h exercise, with further increase to 64% above resting values at 2h after the cessation of exercise [44]. 

6. Food avoidance, aversion and nausea

A loss of appetite and aversion to food is characteristic of many illnesses, with this unpleasant symptomatology being very distinct from the more rewarding feeling of fullness after a meal. A recent series of studies have illuminated how GDF15 plays a role in several appetitive features of sickness behaviour like food aversion, pica and emesis. Borner et al. have demonstrated that both acute and chronic GDF15 exposure are able to trigger visceral malaise, demonstrable by an increased ingestion of non-nutritive food such as kaolin clay (pica)[49]. Further rodent studied have also shown that when associated with a novel food stimulus or when flavour-paired by the two-bottle preference test, GDF15 induced a conditioned aversive response changing the affective response to food from hedonic to aversive, as shown by oral-facial behavioural response. GDF15 also induced a conditioned avoidance response (CTA) with anorexia or pica behaviour [34,49,50]. Supporting these data, using DREADD technology Sabatini et al. have shown that conditioned taste aversion to saccharin can be achieved when GFRAL neurons engineered to express the modified form of the human M3 muscarinic (hM3) receptor (hM3Dq) are activated by clozapine-N-oxide (CNO) administration [34]. 

Interestingly, in musk shrew (an unusual rodent species whose ability to vomit make them a useful preclinical model for chemotherapy-induced emesis), GDF15 administration at a dose (0.1mg/kg) that reduced food intake and body weight, also induced an acute vomiting response in less than 20 minutes from administration [50].

In mice, the molecular pathways controlling this sickness behaviour have only been partially elucidated. Serotonergic neurons seem to be involved, as treatment with a serotonin receptor antagonist was able to reduce anorexia and body weight loss after GDF15 administration but failed to attenuate kaolin intake [50]. The Parabrachial Nucleus (PBN), an anatomical region long recognised to relay a wide variety of noxious stimuli, is also likely to be involved.  A subpopulation within the PBN of CGRP-expressing neurons has been implicated in mediating appetite suppression in visceral illness, malaise, nausea and cancer cachexia [51-53]. Sabatini et al. have shown not only that GDF15 administration activates neurons within the PBN, but also that silencing of CGRP neurons leads to a loss of conditioned taste aversion (CTA) and an attenuated anorectic response to GDF15 [34].

The link between GDF15 in mediating potential benefits of sickness behaviour, both in response to endogenous disease and exogenous toxins, and its role in the response to illness continues to evolve. However, this link between GDF15 and systemic upset has gained more clinical relevance through studies involving cisplatin, a platinum-based cytotoxin frequently used in cancer chemotherapy regimens. 

Cisplatin is well recognised to increase circulating GDF15 levels in patients by around 3-fold [19,53] and the use of this agent can be limited by the side effects of emesis, anorexia, and weight loss [51,54]. A recent paper by Breen et al. showed that GDF15 looks to be the main mechanistic driver of these adverse effect [54]. By administering a human monoclonal antibody that neutralised circulating GDF15 preventing its binding to the GFRAL receptor, all the adverse side effects caused by cisplatin in mice and nonhuman primate models were reversed [54]. In tumour bearing mice, neutralisation of GDF15 reversed cisplatin-induced weight loss back to healthy non-tumour-bearing levels, and increased food consumption and decreased emetic episodes in nonhuman primate [54]. Moreover, in Gdf15-/- and Gfral-/- mice the effects of cisplatin were attenuated [19,31,54]. Neutralising the GDF15 rise caused by this cytotoxin therefore looks a promising target to reduce the side effect profile and thereby improve the tolerability of chemotherapy regimens in which it features.





7. GDF15 and metabolic disease

Circulating GDF15 levels are increased by the oral antidiabetic agent metformin, both in observational epidemiological studies [55] and in randomised controlled clinical trials [56]. Specifically, Day et al. reported a relationship between alteration in body weight and metformin-induced increase of GDF15 in patients with type 2 diabetes mellitus [57] and we also showed a modest but statistically significant correlation between GDF15 increase with metformin and a change in body weight [56].

In mice, we and the Steinberg group have shown that metformin-induced increases in GDF15 mediate the effects of metformin on food intake and body weight in a number of high fat diet paradigms [56,57], with Day et al. also reporting GDF15 independent effects of metformin on food intake when fed standard chow. 
Our work also refocused the importance of metformin’s action in the gut, with the distal small bowel and the colon revealing themselves to be important sites of metformin-induced GDF15 expression [56]. 

Although metformin is not routinely used in isolation as a weight loss drug, these studies do prompt reflection as to whether other drugs, diets or supplements may also drive an increase in gut-derived GDF15 and have a potential beneficial effect on food intake and body weight. Further, gut-derived peptide therapy for metabolic benefit is already well-embedded in clinical practice through GLP1 and its many analogues [58,59]. There are already reports of a single injection of a half-life extended form of human GDF15 (designed as a recombinant fusion protein) in nonhuman primates with obesity that resulted in a sustained elevation of GDF15 concentration for 4 weeks and decreased food intake and body weight for up to two weeks [24] and there are likely larger clinical studies of the effect of GDF15 administration in humans soon to appear. 





8. GDF15, inflammation and metabolism

Outside of food intake and body weight, there are some intriguing data emerging to suggest that the circulating metabolic and hormonal milieus in stress and illness may be directly influenced by GDF15.For example, Luan et al. have recently reported that GDF15 may have a role in coordinating tolerance to inflammatory damage in inflammation-driven states. Specifically, although GDF15 appeared not affect the magnitude of the inflammatory response seen in mice, antibody blockade of GDF15 led to higher mortality, suggesting that GDF15 was important for survival in mouse models of bacterial and viral inflammation. The mechanism looked to be through an increased sympathetic drive to the liver and an increased circulating triglyceride level beneficial to cardiac function [60]. 
However, somewhat in contrast to Luan et al., Santos et al. have identified GDF15 as a potential target to improve sepsis treatment, reporting Gdf15 null mice undergoing a model of sepsis to be protected and surviving longer than wild type mice [61]. Recently, we have shown that GDF15 can activate the hypothalamic adrenal pituitary (HPA) axis in response to toxins [62], supporting once again an allostatic role involved in response to threats to the organism, but also opening up speculation around a possible anti-inflammatory effect of GDF15. 


9. Therapeutic possibilities and future directions 

With such promising results from pre-clinical, model organism work, therapeutic interventions based around the GDF15-GFRAL axis are actively being pursued. However, several important questions remain to be more comprehensively addressed before such agents join any pharmacopoeia. Medicines that may be required for decades in the case of obesity need long-term effectiveness; this can only happen with tolerability and must be coupled with safety. Safety concerns are also paramount in any patient already physiologically burdened with chronic disease. However, interventions that bring benefits that lighten this burden are a welcome addition in any disease area where the options may be limited, and the prognosis is poor. At this stage, perhaps the more promising therapeutic manoeuvre appears to be that of blocking action at GFRAL to ameliorate conditions such as anorexia/cachexia and [63] and in particular, using anti-GFRAL therapy as an adjunct therapy to facilitate administration of agents whose side effect profile can be a major barrier. Given that effective treatments for these debilitating conditions have often been lacking, this is a very welcome advance.
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