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Abstract         

Growth differentiation factor 15 (GDF15) has recently moved to the forefront of metabolism 

research. When administered pharmacologically, GDF15 reduces food intake and lowers body 

weight via the hindbrain-situated receptor GFRAL (glial cell-derived neurotrophic factor family 

receptor alpha like). Endogenous GDF15 is a ubiquitous cellular stress signal that can be produced 

and secreted by a variety of cell types. Circulating levels are elevated in a series of disease states, but 

also in response to exogenous agents such as metformin, colchicine, AICAR and cisplatin. Recently, 

exercise has emerged as a relevant intervention to interrogate GDF15 physiology. Prolonged 

endurance exercise increases circulating GDF15 to levels otherwise associated with certain 

pathological states and in response to metformin treatment. Yet, the jury is still out as to whether 

GDF15 is a functional ‘exerkine’ mediating organ-to-brain cross-talk or whether it is a coincidental 

bystander. In this review, we discuss the putative physiological implication of exercise-induced 

GDF15, focusing on the potential impact on appetite and metabolism. 

Keywords: Exercise, GDF15, growth differentiation factor 15, appetite, energy balance, exerkine 
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Introduction 

The most recently identified member of the TGF superfamily, GDF15, was originally identified in 

activated macrophages in 1997 and named MIC-1 (macrophage inhibitory cytokine-1) (1). 

Simultaneous discoveries from other research groups working with different cells and tissues, led to 

a variety of names for the same protein, such as placental bone morphogenetic protein (PLAB), 

placental transforming growth factor- (PTGF), prostate derived factor (PDF), and non-steroidal 

anti-inflammatory drugs-activated gene (NAG-1) (2-6). Not long after, it became evident that these 

factors had identical sequences, and are now referred to as growth differentiation factor 15 

(GDF15). When scrutinizing the molecular features of GDF15, it became clear that GDF15 was only 

distantly related to other GDFs in the TGF superfamily (7). GDF15 was classified as a cytokine, 

secreted from cells undergoing mechanical or chemical stress, but within the superfamily, GDF15 

shows higher resemblance with the neurotrophic factors, Neurturin (NRTN), artemin (ARTN), 

persephin (PSPN) and glial cell line-derived neurotrophic factor (GDNF). As seen for other 

neurotrophic factors, GDF15 is also processed as a pre-pro-peptide and can be secreted both in a 

pro-form or in the mature form, and then transported as a homodimer joined by two disulfide 

bridges (7). Intracellularly, GDF15 is processed in two secretory pathways; an activity-driven pathway 

and a pathway for basal secretion. Again, this type of cellular processing is more similar to what is 

known from secretion of neurotrophins, such as BDNF (8). Later, following the development of 

GDF15 antibodies, GDF15 was found to circulate in blood (200-1000 pg/mL) in healthy human 

subjects; 50-100 pg/mL in rodents) pointing towards an endocrine function. It was also noted that 

GDF15 can be expressed by most cells of the body - and that levels are markedly elevated during a 
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variety of disease states, especially in cancer, sepsis, and mitochondrial diseases (9-11). Additionally, 

it was observed that elevated GDF15 was identified as a (bio)marker for overall mortality (12). 

Notably, GDF15 levels are inversely related to physical fitness (13), which fits with physical fitness 

being a key determinant in prevention and treatment of many chronic diseases (14). While we have 

learned a lot about what diseases, biological and environmental challenges induce higher levels of 

circulating GDF15, our understanding of the biological consequences of GDF15 in health and disease 

remains limited. 

 

GDF15 and appetite regulation 

The first hints that GDF15 plays a role in body weight regulation came from tumor implantation 

studies in mice (15). It was reported that these animals had a pronounced increase in circulating 

GDF15 and that this response correlated with weight loss magnitude. The authors followed up with a 

pair-feeding study to demonstrate that the GDF15-mediated weight-loss is consequential to a 

reduction in food intake governed by activation of hindbrain neurons (15). This somewhat surprising 

mechanism of action for a cytokine was ultimately confirmed in 2017, when several independent 

groups reported on the deorphanisation of the glial cell-line derived neurotrophic family receptor 

alpha-like (GFRAL) receptor and revealed GDF15 as the endogenous ligand (16-19). These studies 

also found that GFRAL is almost exclusively expressed in a small subset of neurons in the area 

postrema (AP) and the nucleus tractus solitarious (NTS) of the hindbrain. After GDF15 binding, 

GFRAL forms a complex with RET, which possesses an intracellular tyrosine kinase domain capable of 

activating the ERK, AKT and PLC  pathways (19,20). GFRAL positive neurons co-express the 

neuropeptide cholesystokinin (CCK) and upon stimulation elicit neuronal activity in the parabrachial 

nucleus (PBN), the paraventricular nucleus of the hypothalamus (PVH), the bed nucleus of the stria 

terminalis (BNST) and in the central nucleus of the amygdala (CeA) (21). Notably, silencing calcitonin 

gene-related peptide (CGRO)-positive neurons in the PBN abrogates the aversive and anorectic 
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effects of GDF15, underscoring the importance of this specific neural pathway for the actions of 

GDF15 on energy balance and behavior (22). Recombinant analogues of GDF15 (rGDF15) 

administered to rodents drive weight-loss and this effect is dependent on GFRAL signaling in the 

hindbrain. Simultaneously, it was demonstrated that rGDF15 also has weight-lowering effects in 

both mice and monkeys when delivered via a viral expression system (23). Clinical results on GDF15-

based drug development programs for obesity are currently pending.  

While administration of supraphysiological levels of recombinant GDF15 may prove to be a potent 

anti-obesity strategy, the regulation and role of endogenous GDF15 is less well understood. Sir 

Stephen O´Rahilly´s group investigated the regulation of GDF15 in response to different paradigms 

of feeding and fasting in mice and humans (24) and found that neither short-term fasting nor 

prolonged calorie-restriction affect GDF15 levels in man or mouse. During a 7-day fast, GDF15 

increased from 371 to 441 pg/mL in healthy subjects. Both acute overfeeding of healthy controls 

(6000 kcal/24 hrs) and prolonged overfeeding for 1-wk (48% overfeeding) or 8 weeks (40% 

overfeeding) had negligible effects on plasma GDF15 (24,25). These data indicate that acute or 

short-term alterations in energy balance are not important regulators of GDF15 secretion. In 

contrast to these studies, GDF15 levels increase with diet-induced obesity in mice (24) and increased 

plasma levels of GDF15 have repeatedly been reported in humans with increased fat mass (26-28). 

This could point to a counterbalancing role for GDF15 in opposing weight gain (analogous to leptin). 

In support, some studies find that GDF15 knockout (KO) and GFRAL KO animals accumulate slightly 

more body fat and become heavier than wildtype mice under prolonged exposure to a high-fat diet 

(HFD) (18,29) indicating a physiological role for endogenous GDF15.  
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GDF15, aversion and appetite 

Across species, GDF15 seems to be involved in aversion, and this biology may be intertwined with 

GDF15´s role as an appetite-regulating hormone (30,31). From an evolutionary stand point, 

mediating an aversive signal may be one of the key physiological actions of GDF15. This notion has 

clearly fueled some concerns regarding the role of GDF15 as an appetite-lowering drug (30). Rather 

than being a ‘caloric sensor’ or an appetite-regulator, GDF15 is proposed to act as a defense signal 

and to promote a behavioral program of toxin avoidance (32,33). An aversive response to rGDF15 

has been reported in rodents (21,22,30), but a truly emetic response, was not demonstrated until 

recently by Borner et al., who employed the musk shrew animal model (Suncus marinus, a non-

rodent mammal, body weight ~50-100 grams). The shrew is, in contrast to rodents, equipped with 

the ability to vomit. The authors showed that with a dose of 1 mg/kg, rGDF15 is highly emetic and 

that emesis and lowering of food intake was highly correlated (30). Whether this is true for humans 

– or whether dosing can be titrated into a weight-lowering tolerable dose - remains to be 

determined. In this regard, an alternative therapeutic utility for GFRAL targeting has been put 

forward since the deorphanization of GFRAL in 2017. The emesis-mediating effect by full activation 

of the GDF15-GFRAL pathway (30), may be desirable to block in certain conditions for instance in 

relation to treatment of cancer cachexia or other diseases where loss of weight is life threatening. 

The idea is to normalize appetite and decrease cachexia in cancer – and thereby prolong survival. 

This was attempted in two recent studies, in which an antibody against GDF15 was employed to 

demonstrate rebound of appetite, fewer episodes of emesis and preservation of skeletal muscle 

mass in tumor-bearing mice (31,34). These findings at the same time emphasize the challenge 

associated with GDF15-based drug development programs for obesity treatment, i.e. achieving a 

tolerable relationship between adverse events and weight loss efficacy. However, this is not a new 

challenge in anti-obesity pharmacotherapy. Long-acting GLP-1R analogues are notorious for inducing 
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nausea (35), yet they have emerged as efficacious weight loss agents. Thus, perseverance in drug 

development and careful attention to dose-titration regimes might suffice to relevantly curb adverse 

events linked to GFRAL agonism while retaining weight loss benefits. 

An emerging field of research is that several seemingly dissimilar pharmaceutical agents, such as 

metformin, AICAR and tunicamycin increase circulating GDF15, which in turn might drive a lowering 

of food intake and a resulting weight loss (36-38). Interestingly, plasma GDF15 levels in the rodent 

studies following metformin treatment remain relatively low (<500 pg/mL). In contrast, when 

administered to mice, chemotherapy agents with a high clinical emesis score also exhibit the most 

pronounced effect on weight loss – coinciding with high plasma GDF15 levels (>500 pg/mL)(31). This 

could imply that drug-induced GDF15 secretion causes malaise and that this is what is driving the 

weight loss. With this in mind, it is spectacular that metformin, despite a modest induction in GDF15 

levels, reduces food intake and lowers body weight exclusively through GDF15-GFRAL signaling 

(36,37).  

Together, these observations leave us with some key questions for future research: 1) are the effects 

of GDF15 on body weight predominantly driven by aversion and emesis? 2) are there any 

physiological situations where GDF15 levels in plasma reach high enough levels to induce a 

reduction in appetite and body weight? and 3) are all the reported effects of GDF15 on energy 

balance, mediated by the hindbrain-located receptor GFRAL?  
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GDF15, exercise and appetite  

We have demonstrated that both endurance exercise and resistance exercise lead to an increase in 

circulating GDF15 levels in humans (25,39). However, with standard bouts of exercise of ~1 hour of 

duration and at moderate to high intensity, the increase in circulating GDF15 is modest (typically 

remain <500 pg/ml in plasma). On the other hand, long-term endurance exercise (>2.5 hours) elicits 

4-5-fold induction in circulating GDF15 – approaching levels seen with some pathological conditions 

(13,25,40). Of note, there appears to be a ceiling effect or a leveling off with respect to endurance 

exercise induced GDF15 in healthy humans at around 2.5h at a sufficiently high intensity. Thus, we 

found that a marathon run, cycling for 4h at 73% of maximum heart rate and cycling for 2.5h at 74% 

of VO2peak all resulted in plasma GDF15 levels of 1500-2000 pg/ml. In support of a ceiling effect, 

Tschou and colleagues measured GDF15 in response to the “Spartathlon” – an extreme ultra foot 

race of 246 km (up to 36 hours) of running in temperatures up to 36C and found a  ~4-fold 

induction in plasma GDF15 (pre: 563.9 pg/mL vs post: 2311 pg/mL)(41). A few studies have focused 

on the effect of training on GDF15 levels, and generally report modest increases. For example, elite 

rugby players exposed to a 12 week period of intense training had an increase in serum GDF15 levels 

from 153 to 194 pg/mL (42). Of note, the absolute GDF15 levels in this study are markedly lower 

than what we and others have previously reported for lean healthy subjects using the same GDF15 

ELISA kit (13,25). Irrespective, similar findings were made by Zhang and co-workers, who studied 

GDF15 levels in 24 obese subjects following a 12-week aerobic training program. The authors 

observed that fasting plasma GDF15 levels on average increased slightly from 644 to 704 pg/mL but 

also that individual responses varied from increases (n=14) to decreases (n=10) in plasma GDF15 

concentrations (43). Training-induced increases in plasma GDF15 were significantly correlated to loss 

in fat mass suggesting potential effects of GDF15 on fat mass (43), which might be related to the 

suggested lipolytic effect of GDF15 (44).  These two studies suggest subtle effects of training on 
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elevating baseline plasma GDF15. However, exercise training effects in obesity are difficult to 

interpret since obesity is associated with increased GDF15 concentrations (27) and therefore 

training-induced weight loss may be a confounder when evaluating effects of training on GDF15 

plasma concentration. Furthermore, as plasma GDF15 levels at rest are inversely related to fitness 

(13,45), one might expect physical training studies to show decreased rather than increased GDF15 

levels. Perhaps the typical 12-week training studies are too short to show the expected decrease in 

GDF15. More studies are needed to get a more complete picture of how GDF15 is regulated in 

response to training, and more importantly, if repeated intermittent increases in GDF15 as observed 

during exercise, are playing a causal role for the biological adaptations to training, including health 

benefits (Figure 1). It can be speculated that an exercise-induced surge of GDF15 might be anti- 

inflammatory and improve insulin sensitivity (46,47). Thus, similar to other cytokines, GDF15 might 

exert diverging biological effects depending on the organismal circumstances that lead to its 

secretion. During chronic disease, such as cancer or a mitochondrial disease, GDF15 levels are 

chronically elevated (>2000 pg/mL), whereas GDF15 during repeated bouts of prolonged exercise 

will, intermittently reach 1500-2000 pg/mL, but return to baseline in less than 24 hours. These 

differences, might ultimately give rise to differential effects on appetite and body weight. 

 

To understand the physiological implications of exercise-induced increase in GDF15, transgenic 

animal models exposed to different exercise paradigms are increasingly being employed. This work 

has revealed that voluntary wheel running does not affect GDF15 levels in mice (25,48,49). In 

contrast, we found that mice exposed to forced treadmill running to fatigue, had a ~4-5-fold increase 

in circulating GDF15 (25). On the contrary, another group did not detect an induction in GDF15 in 

response to treadmill running (48). This discrepancy is likely due to differences in the forced 

treadmill protocol applied. Despite duration and speed were comparable between studies, we used 

an inclined treadmill (10 degrees) possibly reaching an intensity threshold required for stimulating 
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GDF15 secretion. Thus, similar to humans, it is likely that both exercise intensity and duration are 

primary determinants of exercise-induced GDF15 secretion in rodents. Given that GDF15 has been 

shown to both signal aversion and anorexia, it is tempting to propose that exercise-induced GDF15 

might represent an endocrine feedforward signal serving to promote exercise aversion through 

GFRAL to prevent injurious behavior and/or to fine-tune post-exercise food intake. Using GFRAL KO 

mice, we, however, failed to detect an effect of exercise-induced GDF15 on chow and high-fat diet 

intake, but future studies are needed to evaluate this idea more closely, for example focusing on 

post-exercise macronutrient preference (25). In support of this proposal, pharmacological GDF15 is 

reported to primarily decrease fat intake (23,50) and therefore the increase in GDF15 after exercise 

might lead to higher relative intake of carbohydrates, which is needed for muscle glycogen re-

synthesis.  

 

Exercise-induced GDF15 - contributing tissues 

Endogenous GDF15 is primarily produced by liver, kidney, lung, intestines and placenta (51). Despite 

several studies reporting an increase in plasma GDF15 following exercise, only a few studies have 

studied which tissues that produce and secrete GDF15 during exercise. Obviously, human tissue 

samples following exercise interventions are typically limited to muscle biopsies and adipose tissue 

biopsies. However, combining such information with tissues obtained from exercising rodents 

enables a prediction about GDF15-producing tissues during exercise.  
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Skeletal Muscle 

The production and secretion of GDF15 from skeletal muscle remains uncertain. The baseline 

expression of GDF15 mRNA in skeletal muscle is low (25,48). Yet, animal models of mitochondrial 

disease, such as the muscle specific knock-out of Crif1 (52) or the muscle-specific overexpression of 

UCP1 (49), demonstrate that skeletal muscle can produce and secrete GDF15 in high amounts. In 

humans, however, GDF15 levels were similar in plasma simultaneously sampled from the femoral 

artery and femoral vein before, during and after 1 h of vigorous cycling exercise, suggesting that the 

exercise-induced increase in circulating GDF15 arises without direct contribution from contracting 

skeletal muscle (39). This finding does not exclude a contribution from skeletal muscle during 

extended periods of exercise (> 1 hr) and/or during an exhaustive bout of exercise. Another study 

reported that electric stimulation-induced contractions of primary human myotubes for 3 or 24 hrs 

resulted in GDF15 secretion into the culture medium (44). Still, electrical stimulation for 3 or 24 h is 

far from physiological exercise conditions. In the same study, the authors could also show that 

GDF15 mRNA was upregulated in human skeletal muscle following 1 h exercise at 55% peak power 

output. However, judging from the lack of measurable arterio-femoral venous differences of GDF15 

during 60 min of exercise as reported by us previously (39), it suggests that skeletal muscle is not a 

GDF15 secretory organ during moderate exercise. It can also be argued that the baseline levels of 

GDF15 in skeletal muscle is very low, rendering a 20-fold increase an insignificant contribution to the 

circulating levels. When available, a skeletal muscle specific GDF15 KO mouse exposed to high-

intensity exercise should guide a firmer conclusion on this question.  
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Heart Muscle 

In the ultra-runner study of 246 km, the authors speculate on the tissue origin, and role of GDF15, 

and suggest that cardiomyocytes might be particularly stressed under these conditions (41) although 

no direct measurements of cardiac GDF15 secretion were available. In the clinic, there has been an 

increased interest in ascribing a role for GDF15 as a novel biomarker for heart failure. Kempf and 

colleagues reported that patients with varying degrees of heart failure had increased GDF15 levels 

(53) - reaching values comparable to the ultra-race completers. In addition, Stahrenberg et al. found 

that GDF15 levels were markedly increased in patients with heart failure with reduced ejection 

fraction (HFrEF) and in patients with systolic heart failure (54), again indicating that cardiomyocyte 

stress could contribute to GDF15 plasma levels. It is important to underline that none of these 

studies provided conclusive evidence on cardiomyocyte-secreted GDF15. Thus, contributions from 

for example kidney, liver and/or immune cells cannot be excluded. In mice, an increase in heart 

GDF15 mRNA has been reported following a vigorous exercise bout (25), but whether this 

contributes significantly to the circulating GDF15 levels is undetermined. In contrast, mouse model 

of pediatric heart disease, exhibit a tissue-specific induction of GDF15 in the heart, elevated plasma 

GDF15 levels, and a knock-down via a pericardial injection of an AAV9-Gdf15 shRNA vector, 

normalized both tissue- and plasma GDF15 levels (55). This strengthens the assumption that 

cardiomyocytes can secrete GDF15 into the circulation - at least in certain pathological situations as 

seen for skeletal muscle.  
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Liver 

The liver is reported to have high baseline expression of GDF15 in both mouse and man (56). A 

pronounced induction of liver GDF15 mRNA is observed following administration with 

pharmacological agents, such as colchicine, tunicamycin, AICAR and R419 (a mitochondrial complex I 

inhibitor) (38,47,56). When adding the proportional weight of the liver (2% in humans; 4 % in mice) 

the contribution to circulating GDF15 is likely significant, but not straight forward to investigate. 

Nevertheless, in the liver specific KO of Crif1, GDF15 mRNA levels increased 7-fold and gave rise to a 

3-fold increase in plasma levels. Similarly, using tunicamycin, both serum GDF15 and liver GDF15 

mRNA rise up to 20-fold, indicating that under these conditions the liver is secreting large quantities 

of GDF15 (38). But what about exercise? We found that liver GDF15 mRNA increases approximately 

2-fold following forced exercise in mice 

 , and with the relative expression levels when comparing to skeletal muscle and heart muscle, we 

speculate that the liver is a significant contributor to the circulating pool of GDF15 following exercise 

(25).  This could be related to the decrease in liver perfusion that occurs particularly during hard 

exercise (57) perhaps resulting in liver stress and thereby GDF15 secretion. 

 

Kidney 

Second to liver, the kidney has the highest baseline expression of GDF15. Kidney GDF15 mRNA is 

further induced by chronic kidney disease (CKD), ischemia, nephropathy and also in obesity (58-60). 

For example, Simonson et al., (2012) showed that GDF15 was increased 20-fold in kidney tissue from 

db/db mice. Interestingly, plasma GDF15 levels are dramatically decreased after a kidney transplant, 

indicating that indeed, kidney tissue can produce and secrete substantial amounts of GDF15 (61). 

Further, certain drugs, which have the same magnitude of induction on plasma GDF15 as exercise 
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also imply kidney implication. For example, after administration of metformin, a significant rise in 

kidney GDF15 mRNA has been demonstrated (37). However, no studies have evaluated whether 

increased kidney GDF15 secretion contributes to the exercise-induced increase in plasma GDF15. 

 

Immune cells 

The seminal discovery that LPS-induced GDF15 in macrophages inhibits the production of TNF was 

one of initial hints that immune cells can produce and secrete GDF15 (1). More recently, a study 

showed that the TFEB-GDF15 axis (TFEB; Transcription Factor EB) in adipose tissue macrophages, is 

protective against obesity and insulin resistance (62). Whether this signaling pathway - or GDF15 

expression in immune cells in general - is affected by exercise is unknown. It can be speculated that 

GDF15 may have an immunomodulatory role following exercise, which could involve direct 

implication of cells from the immune system. Furthermore, in metabolically compromised 

individuals, alleviation of systemic low-grade inflammation due to exercise training could result in 

decreased GDF15 levels. Notably, we found a remarkable association between plasma GDF15 and 

plasma IL-10 in following a marathon run (25).  IL-10 is released by monocytes (and to a lesser 

degree T-cells) and it can be hypothesized that GDF15 and IL-10 are co-secreted in response to 

exercise.  

 

Lung 

GDF15 is also expressed in the lung, albeit at low levels (11). In patients with chronic obstructive 

pulmonary disease (COPD), a 5-fold increase in circulating GDF15 during exacerbations has been 

reported (63). Similarly, GDF15 levels are also reported to be higher in patients with pulmonary 

fibrosis compared to controls (64). Functionally, a study showed that GDF15 was induced in 

regulatory T-cells in asthmatic patients and involved in the inflammatory airway response (65) and in 
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mice, bleomycin-induced lung injury  resulted in increased GDF15 mRNA levels in lung epithelium 

(64). Nevertheless, whether mechanical stress to lung during vigorous exercise can induce GDF15 

secretion remains speculative, but it is plausible that shear stress on lung epithelium will lead to 

increased GDF15 production.  

 

Adipose tissue 

Adipose tissue expresses GDF15, albeit at very low levels in lean mice. In mice fed a high-fat diet, 

GDF15 mRNA levels increase in both white and brown adipose tissue (24,66). Interestingly, in 

humans, an increase in GDF15 mRNA could not be detected in adipose tissue biopsies in obese 

women, when compared to normal weight women (67), despite that plasma GDF15 levels were 

increased in the obese women as also shown in several other studies of obesity (26,27,68). It is likely 

that the infiltrating macrophages of the adipose tissue in obesity contribute to both the mRNA 

GDF15 assessed in adipose biopsies as well as the plasma GDF15 levels from ‘adipose’.  Follow-up 

studies looking at expression in individual cell types are needed to address this. Of note, we have 

observed that plasma GDF15 levels in obese chow-fed db/db mice do not differ from lean chow-fed 

wildtype mice, indicating that adipose tissue per se is not contributing to an increase in circulating 

GDF15 levels (unpublished observations). For now, it remains undetermined whether exercise 

affects GDF15 secretion from adipose tissue.  

Intestines 

GDF15 is also expressed in the gastrointestinal tract, albeit at low levels at normophysiological 

conditions (69). But during conditions of cell stress or following treatment with biguanides (such as 

metformin), GDF15 levels increase in both the small intestines and in the colon, but not in stomach 

(37). It is worth to notice, that despite a significant increase in GDF15 mRNA levels in the GI tract, the 

relative expression levels when comparing to e.g. kidney and liver are ~10-fold lower, thereby 
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question the magnitude of contribution to circulating GDF15 by the GI tract. Recently, Rittig and 

colleagues studied GDF15 levels in patients with an intrahepatic portosystemic stent measuring 

GDF15 in both portal vein and in arterialized blood (70). This setup, revealed a small, but significant 

negative a-v difference after metformin ingestion, providing human evidence that the GI tract is 

contributing to GDF15 plasma levels after metformin. Due to markedly elevated GDF15 baseline 

levels in these patients (10-fold) this might mask the real contribution from metformin, thus the 

GDF15 contribution from GI tract after metformin may be higher in type 2 diabetes patients than 

what was observed in the study by Rittig et al. (2021).  At this time it is unknown if increased 

secretion of GDF15 from the gut actually happens during exercise. Perhaps the marked decrease in 

splanchnic blood flow (57) that occurs particularly during intense exercise may trigger a stress 

response from the intestines leading to GDF15 secretion, although this is mere speculation.  

 

Physiology versus pharmacology of GDF15 

The 50-100-fold difference in plasma GDF15 between pharmacological administration and 

endogenously-derived GDF15 provides fuel for speculation. Is endogenous GDF15 more potent or is 

it possible that it  1) acts in concert with other metabolic factors, such as FGF21 (71) or 2) function in 

a paracrine manner via an alternative receptor (47,72). To add complexity, during pregnancy, 

placental cells produce remarkably large amounts of GDF15, resulting in plasma GDF15 levels 

comparable to those following pharmacological GDF15 (73,74). Irrespective of whether the elevated 

GDF15 levels are involved in hyperemesis gravidarum (75,76), or important for teratogen avoidance 

(33), it is noteworthy that plasma levels >50 ng/ml do not seem to affect total energy intake during 

pregnancy. GDF15 plasma levels of this magnitude would be expected to cause nausea and emesis 

(75,76), but the association is not straight forward during pregnancy. First, plasma GDF15 levels 

steadily rise throughout the gestation period, reaching the highest value at the end of the 3rd 

trimester, while nausea and vomiting seems to be more pronounced during 1st trimester (73,74). 
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Second, all pregnant women display pronounced increases in GDF15, but far from all experience 

nausea and emesis and only 0.3 to 2% suffer from hyperemesis gravidarum (75). Whether GFRAL 

sensitivity is decreased during pregnancy or, whether other mechanisms are responsible for 

countering the aversive actions of GDF15 during pregnancy remain to be studied.  More recently, it 

has been demonstrated that certain compounds that induce a relatively sustained elevation of 

plasma GDF15 levels, such as metformin and cisplatin, have the ability to affect food intake in a 

pronounced fashion despite relative low peak plasma GDF15 levels (Figure 2). This would also 

explain why several, but not all, reports on metabolic phenotyping of GFRAL KO mice, find increased 

body weight relative to WT mice (16,18). Further, it has been proposed that the diurnal variation of 

GDF15 secretion could play a role in metabolism (49). In humans, a small diurnal fluctuation in 

GDF15 levels has been reported, but whether this can be causally linked to diurnal variations in 

appetite and food intake remains speculative (28). A central component in the understanding of the 

weight-lowering potential of GDF15 relates to the concentration of GDF15 required to activate 

GFRAL. We and Patel et al., (2019) have shown that the typical applied pharmacological doses of 

recombinant GDF15 in mice (24,25) result in rGDF15 plasma levels up to 100 ng/mL - which is ~1000-

fold higher than baseline GDF15 levels for a lean mouse. Further, Patel and co-workers showed that 

pharmacological doses of 0.1 mg/kg GDF15 is required to lower food intake (eliciting plasma levels 

of 50-100 ng/ml), while conditioned taste aversion is achieved with  0.01 mg/kg GDF15 (24). 

However, more recent studies indicate that this biology may be different for endogenous GDF15. To 

this end, two independent studies reported a GDF15-dependent inhibition of food intake elicited by 

metformin treatment (36,37). Circulating GDF15 levels following metformin treatment are between 

0.3 – 0.8 ng/ml (for the doses employed to lower weight), corresponding to a 2-5-fold increase 

relative to baseline. Both animal adiposity and metformin dose employed (250 mg/kg – 600 mg/kg) 

influence these levels. Yet, despite these somewhat modest increments in GDF15 levels, the weight-

lowering effect of metformin is dependent on intact GDF15-GFRAL signaling, confirmed by 

complementary loss-of-function animal models (36,37). Given that we observed a comparable ~4-5-
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fold increase in GDF15 levels following treadmill exercise in mice (25), we hypothesized that 

exercise-induced GDF15 likewise might impact food intake post-exercise. However, we failed to 

identify an effect of exercise-induced GDF15 secretion on food intake and malaise (assessed by 

willingness to voluntary running). On the other hand, we found that exogenous GDF15 (human 

rGFD15 at 0.2 mg/kg) transiently decreased food intake but robustly reduced voluntary running in 

lean wildtype mice but not in GFRAL-null mice. Also, we reported that vigorous treadmill running 

indeed resulted in a drastic reduction in subsequent voluntary running activity. However, this 

reduction in voluntary running due to prior exercise exhaustion, was similar in WT and in GFRAL KO 

mice, demonstrating that this particular type of post-exercise fatigue is independent of the GDF15-

GFRAL axis. It remains to be clarified whether GDF15 together with other factors is involved in 

modulating exercise motivation and/or changes in post-exercise appetite or macronutrient 

preference. 

 

Conclusions 

GDF15 is a ubiquitous cellular stress signal that reaches the brainstem via the circulation where it 

binds and activates the receptor GFRAL-RET to elicit a cascade of endocrine and behavioral 

responses, including a reduction in food intake. Endogenous GDF15 is prominently elevated in the 

circulation in pathological conditions such as cancer, sepsis/infection and mitochondrial disease, but 

also following prolonged exercise and exaggerated during pregnancy. Considering the pronounced 

and widespread health benefits of exercise, this specific aspect of GDF15 physiology seems pertinent 

to understand at a deeper level. Thus, future studies are needed to unveil whether exercise-induced 

GDF15 is causally involved in post-exercise behavioral changes and/or directly implicated in the anti-

inflammatory or metabolic benefits of exercise. 
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Figure Legends 
 

Figure 1. Cartoon illustration of potential physiological effects of exercise-induced GDF15 

 

Figure 2. Graphical schematic of exogenous versus endogenous GDF15. Peak levels as well as total 

area under curve/exposure might be important for the physiological response.   
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Figure 1 
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Figure 2 
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