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Abstract | Growth differentiation factor 15 (GDF15) is a member of the TGFβ superfamily
whose expression is increased in response to cellular stress and disease as well as by metformin.
Elevations in GDF15 reduce food intake and body mass in animal models through binding to
glial cell-derived neurotrophic factor family receptor alpha-like (GFRAL) and the recruitment
of the receptor tyrosine kinase RET in the hindbrain. This effect is largely independent of
other appetite-regulating hormones (for example, leptin, ghrelin or glucagon-like peptide 1).
Consistent with an important role for the GDF15–GFRAL signalling axis, some human genetic
studies support an interrelationship with human obesity. Furthermore, findings in both mice and
humans have shown that metformin and exercise increase circulating levels of GDF15. GDF15
might also exert anti-inflammatory effects through mechanisms that are not fully understood.
These unique and distinct mechanisms for suppressing food intake and inflammation makes GDF15
an appealing candidate to treat many metabolic diseases, including obesity, type 2 diabetes
mellitus, non-alcoholic fatty liver disease, cardiovascular disease and cancer cachexia. Here, we
review the mechanisms regulating GDF15 production and secretion, GDF15 signalling in different
cell types, and how GDF15-targeted pharmaceutical approaches might be effective in the treatment
of metabolic diseases.
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Obesity is a global health problem driving the development of cardiometabolic diseases, including type 2 diabetes mellitus (T2DM), non-alcoholic fatty liver disease
(NAFLD) and cardiovascular diseases (CVDs)1,2. Obesity
causes NAFLD and insulin resistance, both of which are
precursors to the development of T2DM3. NAFLD can
also progress to non-alcoholic steatohepatitis (NASH),
the leading cause of cirrhosis and hepatocellular
carcinoma4. Collectively, T2DM and NAFLD are important risk factors for CVDs, the leading cause of death
globally5. Although dietary and lifestyle interventions
can be effective at reducing obesity, they have low rates
of long-term success6. As such, pharmacotherapies have
been developed for treating obesity but, to date, these
agents typically result in about 5–8% weight loss, which
might not be sufficient to correct obesity-related comorbidities in some individuals7. Thus, an urgent need exists
for novel obesity therapeutics to treat cardiometabolic
disease.
Growth differentiation factor 15 (GDF15) is a distant
member of the transforming growth factor-β (TGFβ)
superfamily that circulates as a ~25 kDa homodimer
consisting of two 112 amino acid polypeptide chains,
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which are linked by a single inter-chain disulfide bond8.
Several tissues abundantly express GDF15, including
liver9, intestine10, kidneys11 and placenta12. Under normal
physiological conditions, circulating levels of GDF15 are
in the range of 0.1–1.2 ng/ml (refs13,14); however, levels of
GDF15 are markedly elevated in humans during cellular
stress such as in cardiac and renal failure, chronic liver
disease, various cancers, chronic inflammatory diseases
(for example, rheumatoid arthritis) and mitochondrial
diseases8,15. Interestingly, obesity is also associated with
increased serum concentrations of GDF15, which are
also positively correlated with body weight and adipose
tissue mass16 even after correcting for age and sex17,18.
GDF15 concentrations are also higher in obese mice
and rats compared with lean controls18,19. However, more
detailed analysis of the GDF15–body mass relationship
in monozygotic twins without obesity has found that
serum levels of GDF15 are inversely correlated with body
mass index (BMI)20. These data suggest that increased
GDF15 is associated with decreased body mass and the
increases observed in obesity might be a consequence of
obesity rather than a cause. Consistent with this concept,
circulating levels of GDF15 are increased in response to
www.nature.com/nrendo
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Key points
• Growth differentiation factor 15 (GDF15) is expressed in multiple cell types and can
be increased by cellular stressors, including hypoxia, mitochondrial dysfunction,
metformin and endurance exercise.
• Increases in GDF15 secretion are mediated through mitochondrial stress and by
activation of the integrated stress response pathway as well as, potentially, via AMPK.
• GDF15 reduces the intake of high-fat diets in animal models through binding to
glial cell-derived neurotrophic factor family receptor alpha-like (GFRAL) and the
recruitment of the receptor tyrosine kinase RET in the hindbrain and this event is
required for weight loss and improved glycaemic control.
• Evidence suggests that GDF15 might alleviate non-alcoholic fatty liver disease and
non-alcoholic steatohepatitis but the mechanisms mediating the anti-inflammatory
effects and whether these are independent of reductions in body weight remain to
be determined.
• GDF15 might have cardioprotective effects by reducing atherosclerosis, cardiac
hypertrophy and ischaemia–reperfusion injury; however, the mechanisms mediating
these effects are still unclear.
• Clinical testing of long-acting analogues of GDF15 is under way and will be important
to determine whether the beneficial effects observed in animal models are translated
to humans in a safe and efficacious manner.

Non-alcoholic fatty liver
disease
(NAFLD). A spectrum of liver
pathology ranging from
liver steatosis (>5% lipids)
to inflammation and fibrosis,
known as non-alcoholic
steatohepatitis, that is an
important risk factor for
type 2 diabetes mellitus,
cardiovascular disease, liver
cirrhosis and hepatocellular
carcinoma.

Integrated stress response
A eukaryotic cellular stress
response to restore cellular
homeostasis by
phosphorylation of eIF2 by
four specialized kinases (PERK,
GCN2, PKR and HRI), leading
to a decrease in global protein
synthesis and an increase in
the expression of specific
genes, including ATF4.

Mitochondrial unfolded
protein response
(UPR). This cellular stress
response is triggered when
unfolded or misfolded proteins
accumulate in mitochondria
beyond the protective capacity
of chaperone proteins.

from healthy individuals or those with cirrhosis30 or
NASH31 have shown increased expression of GDF15
in almost every liver cell type, especially cholangiocytes and endothelial cells. Given the tight correlation
between obesity and NAFLD, these studies suggest that
the liver might be the tissue contributing to increases
in circulating levels of GDF15. Future studies using
single-cell RNAseq of various human tissues as well as
tissue-specific Gdf15-knockout mice will be important
to determine the primary cell types contributing to
increased GDF15 expression in obesity.

Cellular regulators of GDF15 transcription and GDF15
secretion. In addition to obesity, GDF15 is measured
clinically as a potential diagnostic or prognostic biomarker for mitochondrial dysfunction32, heart failure33,34
and some cancers35 such as prostate cancer36. Considering
the diverse conditions associated with increased
GDF15, there are probably numerous cellular regulators of its transcription and secretion. Early reports
identified the stress-responsive transcription factors
p53 (refs37,38) and early growth response transcription
pharmacotherapies that reduce body mass21,22, whereas factor (EGR1)39 as key regulators of GDF15 expression
in pregnancy, increases in GDF15 are inversely corre- (Fig. 1). The integrated stress response also seems to be of
lated with maternal BMI23. Importantly, these obser- critical importance25 as several cellular stressors known
vations are consistent with studies showing that the to activate this pathway, including hypoxia, endoplasadministration of recombinant GDF15 in rodents24 and mic reticulum stress and amino acid deprivation, have
non-human primates18 reduces food intake and body been shown to increase GDF15 expression25. Consistent
mass. Therefore, GDF15 could be a potential therapeutic with a vital role for the integrated stress response, GDF15
transcription requires activating transcription factor 4
target for obesity and cardiometabolic disease.
In this Review, we discuss the tissue sources of (ATF4) and C/EBP homologous protein (CHOP)10,25,40,41.
GDF15 as well as its production and secretion. We also As endoplasmic reticulum stress is elevated in multiple
highlight what is known about GDF15 signalling. tissues during obesity, this mechanism might be imporWe present findings from preclinical models and human tant for mediating increases in GDF15; however, further
genome-wide association studies (GWAS) that provide studies are required to examine the relevance of alternaevidence that GDF15 might be an effective drug target tive pathways and investigate the most important tissues
in cardiometabolic disease. Finally, we summarize the increasing circulating levels of GDF15 in obesity.
Both ATF4 and CHOP are activated by mitochondrial
current knowledge on the role of GDF15 in different
stress42 and the mitochondrial unfolded protein response
cardiometabolic diseases.
(UPR)43 — effects that are commonly associated with
Tissue expression patterns of GDF15
the development of obesity and insulin resistance.
Tissue source. In lean and healthy mice, Gdf15 mRNA Surprisingly, however, a mouse model of activation
expression is highest in the kidney, followed by the liver, of the mitochondrial UPR in muscle due to deletion of
white adipose tissue (WAT), brown adipose tissue (BAT) Crif1 (encoding a mitoribosomal subunit) showed
and skeletal muscle25,26. In mice with obesity, Gdf15 gene improved insulin sensitivity44. Subsequent studies idenexpression is increased in the liver, WAT and BAT to levels tified that this phenotype was associated with marked
similar to those seen in the kidney, where Gdf15 levels are increases in GDF15 expression in muscle and serum.
not changed18,25. In contrast to rodents, no difference is Importantly, the same phenotype was also observed
observed in GDF15 mRNA expression in subcutane- with other genetic or chemical mitochondrial stressors,
ous and visceral adipose tissue between lean individu- leading to the concept that GDF15 is a myomitokine44.
als or people with obesity16. This finding suggests that Similarly, reductions in the function of oxidative phosadipose tissue is unlikely to be the primary source for phorylation subunits within adipose tissue of mice have
increased GDF15 in human obesity. According to The also been found to increase GDF15 secretion45. Although
Blood Atlas, GDF15 is highly expressed in granulocytes speculative, these findings suggest that increases in
and monocytes, where it increases following exposure GDF15 might be an important mechanism to explain
to inflammatory stimuli27,28. Furthermore, activated- why mice lacking key transcription factors and proteins
immune cells are known to infiltrate the liver in controlling mitochondrial function often do not develop
humans with obesity and in animal models of obesity29. obesity and insulin resistance as hypothesized 46–49.
Thus, immune cells that are found within the liver in Importantly, consistent with studies in rodents with
obesity could be a potential source for the increased impaired mitochondrial function, GDF15 levels are
GDF15 observed with obesity. Of note, single-cell RNA elevated in humans with age50,51 as well as in those
sequencing (RNAseq) of human liver biopsy samples with mitochondrial diseases52. Collectively, these data
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suggest that mitochondrial stress-induced increases in
GDF15 might be an important mechanism coordinating
mitochondrial capacity with energy intake.
A key protein regulating mitochondrial function
is the heterotrimeric enzyme complex AMP-activated
protein kinase (AMPK). AMPK is activated by direct
allosteric mechanisms involving the β-isoform or indirectly by mitochondrial stressors that increase the AMP
or ADP to ATP ratio in a mechanism involving the
γ-isoform. A 2021 study showed that activating AMPK in
mice using distinct pharmacological activators results
in increased liver and serum levels of GDF15 and that
Amino acid
deprivation

Hypoxia

this response is blunted in mice lacking the AMPK
β1-isoform53, which is predominant in mouse liver tissue.
Interestingly, the effects of AMPK on GDF15 seemed to
be UPR independent as GDF15 was similarly increased
in wild-type and CHOP-deficient mice. Furthermore,
a direct β1-specific allosteric AMPK activator that does
not disrupt mitochondrial function increased circulating levels of GDF15 without any apparent effect on
the UPR53. The mechanism by which AMPK regulates
GDF15 expression and secretion remains to be determined. However, considering the relationship between
mitochondrial impairments and GDF15 as well as the
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Fig. 1 | GDF15 regulation, maturation and secretion. Stress-responsive transcription factors p53 and early growth
response transcription factor (EGR1) have been reported as key regulators of growth differentiation factor 15 (GDF15)
expression. The integrated stress response (ISR) also seems to be of critical importance to increase GDF15 expression.
Stress signals of amino acid deprivation, hypoxia, endoplasmic reticulum (ER) stress and mitochondrial dysfunction
activate ISR regulators, GCN2, PKR, PERK and HRI, respectively, which further phosphorylate eIF2α, the core of the ISR.
Phosphorylation of eIF2α increases activating transcription factor 4 (ATF4), which forms heterodimers with C/EBP
homologous protein (CHOP) that bind to DNA targets to control GDF15 transcription. Mitochondrial stress and the
mitochondrial unfolded protein response (UPR) can also activate this pathway. Activation of AMP-activated protein
kinase (AMPK) increases GDF15 expression independently of the UPR. Metformin increases GDF15 expression by a
PERK–ATF4–CHOP axis. Metformin and exercise might also increase GDF15 through mechanisms involving mitochondrial
function. In the cytoplasm, GDF15 is synthesized as a biologically inactive precursor protein, pre-pro-GDF15, composed
of signal peptide, pro-peptide and mature GDF15, which is further cleaved, leaving pro-GDF15. The sixth cysteine in the
nine-cysteine domain forms a disulfide bond with a free sixth cysteine from another pro-GDF15 monomer to form a
pro-GDF15 homodimer. β-Arrestin 1 facilitates the transport of pro-GDF15 to the Golgi to cleave to mature GDF15 at
cleavage site RXXR by proprotein convertase subtilisin–kexin type 3 (PCSK3), PCSK5 and PCSK6. In some types of cells,
GDF15 is also secreted as a pro-GDF15 dimer and this pro-domain remains attached to the extracellular matrix (ECM)
until it is cleaved by the PCSKs or matrix metalloproteinase 26 (MMP26). Dashed lines indicate processes with unclear
mechanisms.
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Fig. 2 | A model of the formation of the GDF15–GFRAL–RET signalling complex.
Growth differentiation factor 15 (GDF15) binds to glial cell-derived neurotrophic factor
(GDNF) family receptor alpha-like (GFRAL) and this association leads to the recruitment
of RET, which induces the phosphorylation (P) of extracellular signal-related kinase (ERK),
RAC-alpha serine–threonine-protein kinase (AKT) and phosphoinositide phospholipase C
(PLC). Although RET is expressed in multiple cell types, full-length GFRAL is found
predominately in neurons within the area postrema and nucleus tractus solitarus of the
hindbrain–brainstem and is required for GDF15-induced suppression of appetite.

importance of AMPK in enhancing mitochondrial function, it is appealing to speculate that AMPK might act
as an early response system to stimulate GDF15 before
mitochondrial stress develops.

GDF15 maturation and secretion
GDF15 is synthesized as a biologically inactive precursor protein, pre-pro-GDF15 (Fig. 1)54,55. The N-terminal
signal peptide of pre-pro-G DF15 is important for
its trafficking and secretion and is cleaved, leaving
pro-GDF15 (~30 kDa). The pro-GDF15 is then cleaved
at the C-terminus to result in mature GDF15 (~13 kDa),
which forms a homodimer, held together by a disulfide
bond, as the major secreted form of GDF15 found in
serum54,55. In hepatocytes, β-arrestin 1 has been shown
to interact with GDF15 and facilitate the transport of
pro-GDF15 to the Golgi for cleavage and maturation56.
Of note, studies in cardiomyocytes under pathological
conditions show that proprotein convertase subtilisin–
kexin type 3 (PCSK3), PCSK5 and PCSK6 can then
cleave pro-GDF15 to GDF15 (ref.55).
In some tumour cells, GDF15 is also secreted as a
proprotein57,58 and this pro-domain remains attached to
the extracellular matrix until it is cleaved by the PCSKs
at the furin-like cleavage site motif RXXR. By contrast,
in other cell types, such as placental cytotrophoblasts,
this cleavage is mediated by matrix metalloproteinase 26
(ref.59). Finally, in some tumour cells, cleavage of GDF15
to a 6-kDa fragment60 by membrane type 1 pro-matrix
metalloproteinase might cleave and thereby inactivate
mature GDF15. Collectively, these data suggest that,
NAture RevIews | ENDoCRINoLoGy

in addition to transcriptional regulation, a number of
post-translational processing events can affect circulating levels of GDF15. However, these mechanisms have
only been explored in a fairly limited number of cell
and tissue types. Thus, whether the expression of these
cleavage enzymes varies across tissues and in various disease states remains incompletely understood. Whether
GDF15 fragments might have important biological
functions is also unknown.
Circulating levels of GDF15 display a diurnal variation of approximately 10% that is not directly related
to meals or caloric consumption20,25. Consistent with a
minimal response to feeding, the anorexigenic gut peptide glucagon-like peptide 1 (GLP1) does not increase
serum levels of GDF15; however, a modest effect of
cholecystokinin 8 occurs20. Interestingly, 2 weeks of a
very low-calorie diet modestly increased serum levels of
GDF15 in individuals with obesity but without T2DM16.
These data suggest that, although circulating levels of
GDF15 increase with obesity, levels are not responsive to
acute changes in caloric intake. Thus, GDF15 is unlikely
to act as a dynamic regulator of appetite under ordinary
physiological conditions.

The role of GFRAL in GDF15 signalling
In 2017, manuscripts published by four independent
laboratories identified glial cell-derived neurotrophic
factor (GDNF) family receptor alpha-like (GFRAL) as a
high-affinity receptor for GDF15 (refs61–64). Each paper
utilized distinct methodologies, including cell-surface
binding microarrays61–63, fluorescence-associated cell
sorting63 and co-immunoprecipitation assays64. Together,
they identified that the primary receptor for GDF15 was
GFRAL and that GFRAL did not bind with structurally
related ligands of the TGFβ or the GDNF family. In addition to GFRAL, GDF15 signalling required the recruitment of a receptor tyrosine kinase, RET (Fig. 2). Three
isoforms of RET have been described (RET9, RET43 and
RET51), among which the RET51 and RET9 isoforms
have distinct signalling activity owing to differential
regulation of tyrosine-1062 phosphorylation65.
GFRAL and RET expression. Consistent with earlier
surgical ablation studies that eliminated the appetite-
suppressing effects of GDF15 (ref.66), GFRAL was shown
to be most highly expressed in the area postrema and
nucleus tractus solitarus of the hindbrain–brainstem
of rodents and primates, with no expression within
the hypothalamus8,61. By contrast, RET expression is
observed in both the hindbrain and the hypothalamus
of rodents62. In most peripheral tissues, GFRAL mRNA
is not present, with the exception of low levels in the testis and WAT63. Of note, despite the presence of GFRAL
mRNA in WAT, GFRAL protein content is undetectable
by immunohistochemistry in subcutaneous or visceral
adipose tissue; therefore, whether a functional receptor
is present remains unclear. As with GDF15 expression
profiling, adipose tissue infiltrating immune cells might
also express GFRAL and processing of tissue for immunohistochemistry could lead to the loss of expression;
however, further studies are needed to investigate this
possibility. Interestingly, mice have a GFRAL splicing
volume 17 | October 2021 | 595
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variant, which lacks both the transmembrane domain
and the C3 domain, the latter of which is required for
binding with RET62. This finding suggests that the splice
variant of GFRAL might not have a major influence on
GDF15 signalling. However, future studies involving the
reconstitution of Gfral-knockout mice with the soluble
GFRAL receptor are needed to directly evaluate whether
it has any functional effects.
GDF15–GFRAL–RET signalling. In a variety of neuroblastoma cell lines, recombinant GDF15 increases the phosphorylation of extracellular signal-related kinase (ERK),
RAC-alpha serine–threonine-protein kinase (AKT)
and phosphoinositide phospholipase C-γ1 (PLCγ1)63.
Similarly, in human embryonic kidney cells with stable
overexpression of human GFRAL and human RET,
GDF15 increased the phosphorylation of RET, ERK1/2
and AKT, whereas the phosphorylation of signal transducer and activator of transcription 3 (STAT3), AMPK,
SMAD1, SMAD5 and SMAD9 remained unchanged62.
With respect to RET isoforms, the RET51–GFRAL
complex induces a substantially greater ERK1/2 phosphorylation than RET9–GFRAL or RET43–GFRAL
complexes62. Of note, these studies62,63 differ from previous studies examining the effects of GDF15 that found
striking similarities with TGFβ signalling67,68. This difference has been attributed to TGFβ contamination of
many commercial preparations of recombinant GDF15
as TGFβ exerts potent biological actions in the femtomolar range68. These data indicate that GDF15 induces
activating phosphorylation of ERK1/2, AKT, and PLCγ1
and that GFRAL and RET are required for the effect.
Given the very restricted tissue distribution of GFRAL,
previous studies examining the effect of purified recombinant GDF15 in cell types lacking GFRAL should be
interpreted with caution.

Body mass effects in preclinical models
GDF15 suppresses food intake in animal models and this
effect is dependent on the area postrema and nucleus
tractus solitarus of the hindbrain–brainstem66, a region
of the brain that is highly enriched in GFRAL (Table 1,
Fig. 3). The effects of GDF15 on body mass seem to be
primarily driven by the suppression of appetite and not
by changes in energy expenditure as in mice; matching the reduced caloric intake induced by GDF15 in
untreated controls leads to similar degrees of weight
loss62,63,69. Although the exact brain regions contributing to the reduced food intake are not fully understood
(discussed later), studies show that GDF15 might elicit
effects through multiple mechanisms, including food
preferences, gastric emptying, hedonic hunger, nausea
and emesis (Fig. 3).
Food preferences. On a control chow diet, mice with
a deficiency in GDF15 or GFRAL have negligible or
fairly modest increases in food intake and body mass64.
However, when challenged with a high-fat diet (HFD),
GDF15-null mice have increased food intake, adiposity, insulin resistance and glucose intolerance compared
with wild-type mice61,63,64. Similarly, acute antagonism of
the GDF15–GFRAL axis with either a GDF15 antibody
or short hairpin RNA targeting GFRAL also leads to pronounced increases in body weight when mice are fed a
HFD70. In line with this finding, administered GDF15
has a greater effect on suppressing food intake in rats
fed a HFD compared with those fed a high-carbohydrate
chow diet62. The more pronounced effects of GDF15 on
body mass in the context of a HFD might be related to
the observations that GDF15 alters taste preferences by
specifically reducing appetite for calorie-dense foods18.
For example, GDF15 treatment decreased the preference
for fat intake in wild-type mice but not in mice lacking

Table 1 | The GDF15–GFRAL axis regulates body weight, glucose control and food intake
Conditions

Body weight

GDF15 overexpression

↓Body weight: in nude mice with human ↑Glucose tolerance and insulin
prostate cancer69, in mice fed normal
sensitivity in HFD-fed mice85,101–103
diet69, in HFD-fed mice85,101–103

Recombinant GDF15

↓Body weight: in mice fed a control
chow diet13,69, in obese mouse models:
ob/ob, db/db, KKAy and HFD, in lean and
HFD obese rats62, in obese cynomolgus
monkeys18,63, in shrews77

↑Glucose tolerance and insulin
responsiveness: in HFD-fed mice13,18,
in obese cynomolgus monkeys18,63

Gdf15-knockout or
anti-GDF15 antibody

↑Body weight: in mice fed a control
chow diet24,70, in HFD-fed mice70,152

↑Glucose and insulin levels and
↓glucose tolerance and insulin
sensitivity in HFD-fed mice70,152

↑Food intake: in mice fed a control
chow diet24,70 or HFD-fed mice70,152

Gfral-knockout or
anti-GFRAL antibody or
adeno-associated virus
short hairpin RNA

Eliminates the decrease in body weight
by recombinant GDF15: in mice fed a
control chow diet61,64 or HFD18,62–64

Eliminates the improved glucose
tolerance and insulin sensitivity by
recombinant GDF15 in mice fed a
control chow diet61,64

Eliminates the reduced food intake
in mice fed a control chow diet61,64 in
HFD-induced obese mice18,62–64

Conflicting data: ↑body weight in
HFD-fed mice61,63,64,70 or no change
in body weight in HFD-fed mice62

↓Glucose tolerance and insulin
concentrations in HFD-fed mice
but not in mice fed a control chow
diet61,63,64, ↑insulin concentrations63

Conflicting data: ↑food intake in mice
fed with HFD but not a control chow
diet61,63,64; oppositely, no influence on
food intake in HFD-fed mice62

↓Body mass and adiposity in WT but not
GDF15 KO HFD-fed mice10,41

↑Glucose tolerance, insulin sensitivity,
↓fasting insulin in WT but not
Gdf15-knockout HFD-fed mice10,41

↓Food intake in WT but not
Gdf15-knockout HFD-fed mice10,41

Metformin

Glucose control

Food intake or anorexia
↓Food intake: in mice fed normal
diet69, in HFD-fed mice85,101–103
↓Food intake or anorexia: in obese
mouse models: ob/ob, db/db, KKAy
and HFD13,18, in shrews77

↓Plasma levels of insulin in obese
cynomolgus monkeys18,63

↑, increase; ↓, decrease; GDF15, growth differentiation factor 15; GFRAL, glial cell-derived neurotrophic factor family receptor alpha-like; HFD, high-fat diet; WT,
wild-type.
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Fig. 3 | Proposed mechanisms by which GDF15 suppresses energy intake and obesity. Activation of growth
differentiation factor 15 (GDF15)–glial cell-derived neurotrophic factor family receptor alpha-like (GFRAL)–RET signalling
in the area postrema (AP) and nucleus tractus solitarus (NTS) of the brainstem projects to the parabrachial nucleus (PBN)
(which might induce conditioned taste aversion (CTA)) and to arcuate (ARC) hypothalamic nuclei, which modulate vagal
sympathetic nervous system activity (vagal efferent), delaying gastric emptying. Physiological levels of GDF15 also affect
food preferences, limiting the consumption of diets high in fat. At high doses, GDF15 might also induce nausea and emesis
in some species. GDF15-induced reductions in appetite and body mass do not require leptin, glucagon-like peptide 1
(GLP1) or the melanocortin 4 receptor, although there might be some overlap with these signalling pathways (for example,
extracellular signal-related kinases 1/2 (ERK1/2), STAT3, pro-opiomelanocortin (POMC), neuropeptide Y) within the ARC
nucleus of the hypothalamus through mechanisms that are currently not understood.

GFRAL18,71. Of note, these findings are quite different
from mice lacking leptin (ob/ob) or leptin receptor signalling (db/db), which are hyperphagic and develop
obesity when fed either a high-carbohydrate chow diet
or a HFD. Why a hormone that is increased in response
to cellular metabolic stress in multiple tissues is more
efficacious when animals are fed a HFD remains unclear.
Futures studies investigating mechanisms linking
GDF15 with fatty acid metabolism and appetite control
are warranted.
Interactions with leptin and GLP1. The effects of
GDF15 on food intake are independent of other hunger
or satiety hormones such as leptin69 and GLP1 (ref.63).
For example, leptin suppresses food intake normally
in Gfral-knockout mice62 and GDF15 induces weight
loss in obese leptin-deficient ob/ob mice69. Similarly,
a deficiency in melanocortin 4 receptor61 or the GLP1
receptor71 does not reduce the anorexic effects of GDF15.
Finally, synergistic effects occur on food intake and
weight loss, when mice are treated with both GDF15
and the GLP1 receptor agonist liraglutide, indicative
of distinct mechanisms of action for these molecules71.
However, it should be noted that some overlap might
exist between GDF15 signalling and classic appetite
control pathways. For example, similar to leptin, the
injection of mice with recombinant GDF15 induces
NAture RevIews | ENDoCRINoLoGy

the phosphorylation of ERK1/2 and STAT3 within the
arcuate nucleus of the hypothalamus (ARC, a major
centre for appetite control). Furthermore, this effect
is associated with increased expression of appetite-
suppressing neuropeptides, neuropeptide Y (NPY) and
pro-opiomelanocortin (POMC)69,72. These canonical
neurons and regions of appetite regulation, including
NPY–POMC neurons in the ARC, are homeostatic systems where circulating signals (like ghrelin and leptin)
inform the brain of energy stores, so food intake can
be adjusted to match expenditure72. Thus, POMC and
NPY might potentially be involved in GDF15-regulated
food intake73,74. In addition to the hypothalamus, another
report has indicated that GDF15 induced anorexia in
mice probably through activating cholecystokinin neurons in the area postrema and nucleus tractus solitarus75.
Future studies exploring other possible interactions
between classic appetite-regulating hormones and
dietary preferences, including the orexigenic hormone
ghrelin, will be important to further understand the
mechanisms by which the GDF15–GFRAL signalling
axis supresses appetite.
Gastric emptying. In addition to regulating appetite
control centres in the brain, the treatment of mice with
GDF15 delays gastric emptying18. Vagal efferent and
afferent signals have important roles in postprandial
volume 17 | October 2021 | 597
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GDF15 might enhance energy expenditure due to a
switch from carbohydrate to lipid oxidation44,61. This
finding is consistent with studies in tumour-bearing
mice, which showed that GDF15 increased lipid oxidation and decreased glucose oxidation through increases
in lipolysis that were mediated by adipose triglyceride
lipase (ATGL)86. To determine that the observed effects
are not secondary to reduced food intake and carbohydrate availability, future studies are needed in which
energy expenditure is measured before appreciable
changes in body mass and/or with appropriate pair-
Nausea, emesis and taste aversion. GDF15 causes feeding controls. Another important consideration
emesis in musk shrews and induces behaviours indic- when assessing energy expenditure in rodents is housing
ative of nausea (for example, anorexia and pica) and temperature. All studies to date have been conducted in
decreases hedonic responses in non-emetic species rodents housed at room temperature (21 °C), leading to
(mice and rats). These findings suggest that GDF15- the upregulation of adaptive thermogenesis, which can
induced decreases in food intake involve nausea and mask subtle differences in energy expenditure mediated
emesis77. Of note, serotonin plays a key role in emesis78 through diet-induced thermogenesis. Therefore, it will
and the serotonin receptor 3 antagonist, ondansetron, be important for future studies assessing energy balance
is a widely used anti-emetic79 that only partially atten- to be conducted in rodents housed at thermoneutraluates GDF15-induced anorexia in mice77. However, as ity (28–30 °C) as this condition might more accurately
ondansetron also reduces gastric emptying, this effect predict whether effects will be translatable to humans.
might potentially also be important for suppress- For example, weight loss elicited by GLP1 receptor
ing the GDF15 response80. Future studies examining agonists increases adipose tissue browning and energy
whether GDF15-mediated reductions in food intake expenditure in rodents housed at room temperature87,88
involve serotonin-induced emesis or gastric emptying but this effect is not observed when mice are housed at
thermoneutrality89 or in humans90.
are required.
Collectively, these data suggest that, much like GLP1
In addition to emesis, other studies have suggested
that GDF15 might suppress appetite by inducing a (ref.91), GDF15 reduces appetite via multiple distinct
conditioned taste aversion response25,81,82 — a finding mechanisms, which contribute to its beneficial effects
consistent with observations that GDF15 activates neu- on reducing body mass. Future studies are needed to
rons and induces cFOS within the parabrachial nucleus determine at what doses these effects are seen and which
and central amygdala8,25,61,82. Under pathological condi- ones translate to humans.
tions, such as stress, trauma and illness, these neurocircuits can override energy homeostasis and reduce food Evidence from GWAS
intake irrespective of how much body weight is lost83. As no clinical trials testing the effects of GDF15 in
In addition, with repeated stimulation of these cir- humans have been disclosed, whether the association
cuits, animals remain anorexic even when threatened between plasma levels of GDF15 and body weight in
with death from starvation84. These findings might humans is causative or correlative remains unclear.
have particular relevance for cancer cachexia or treat- One strategy to shed more light on this knowledge gap
ment with noxious chemotherapeutics. For example, is to investigate if genetic variation in and around GDF15
in Gfral-knockout mice, cisplatin still increases levels and GFRAL is associated with obesity or obesity-related
of GDF15 but does not induce weight loss or adipose phenotypes. Notably, the genomic interval around
tissue loss or reduce food consumption as observed in GDF15 is linked by GWAS to a wide array of cardiometwild-type mice61.
abolic traits, including coronary artery disease, cholesterol, waist-to-hip ratio and BMI (Common Metabolic
Secondary adaptations associated with energy expend- Diseases Knowledge Portal). Although the interval coniture. Although pair-feeding experiments have indi- tains multiple interesting candidate genes, such as the
cated that GDF15-induced weight loss is primarily due neighbouring PGPEP1, several common variants suggest
to reduced food intake62,63,69, chronically (for example, a causal contribution by GDF15 and GFRAL specifically
16 weeks) elevated levels of GDF15 might exert some to BMI (Table 2).
The Genetic Investigation of ANthropometric Traits
secondary adaptations related to energy expenditure85.
For example, some studies showed that elevated circu- (GIANT)-UK Biobank meta-analysis of almost 700,000
lating levels of GDF15 increased the mRNA expression individuals92,93 demonstrated that GDF15 intronic varof uncoupling protein 1 (Ucp1) in inguinal WAT44 and iant rs10424912 and downstream variant rs16982345
BAT85 of mice independently of changes in food intake; are associated with BMI. Expression quantitative trait
however, this effect was not seen in other studies13. loci (eQTL) and protein quantitative trait loci analyA 2020 study revealed that one potential mechanism ses from an eQTLGen project pre-print paper94 and a
for GDF15 to mediate the browning of WAT and sub- paper by Sun et al.95 show that the rs16982345 haplosequent increases in energy expenditure might involve type affects the levels of GDF15 in the blood. Further
GDF15 recruiting or activating anti-inflammatory eQTL analyses from the GTEx project demonstrate
M2 macrophages45. Other studies have suggested that that the rs1042912 haplotype affects the expression of
gastric emptying76. Of note, the GDF15-induced delay
of gastric emptying disappears in mice after bilateral
subdiaphragmatic vagotomy, suggesting that GDF15
might act through a vagal-mediated mechanism 18.
However, GDF15-inhibited food intake is not impaired
in rats when the selective vagal de-afferentiation technique is used to block the vagal afferent62, which suggests
that the GDF15-mediated suppression of food intake is
not associated with the vagal afferent but only with the
vagal efferent.

Cancer cachexia
This state is characterized
by reductions in appetite
and increases in energy
expenditure, which leads to
involuntary loss of adipose and
lean mass that is associated
with poor quality of life and
reduced survival.
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Table 2 | The possible effect of GDF15 or GFRAL variants on obesity based on GWAS studies
Gene

dbSNP ID

Type

Trait

Dataset

P value

Effect size

GDF15

rs16982345

Downstream

BMI

GIANT-UKBB MA

4.35 × 10

0.012

0.25

Blood

GDF15

rs10424912

Intronic

BMI

GIANT-UKBB MA

3.72 × 10–8a

−0.011

0.42

Whole blood; tibial artery

GDF15

rs1227732

Intronic

WHR-adjusted BMI

GIANT-UKBB MA

3.17 × 10–7

0.013

0.19

Whole blood

GDF15

rs62122429

Intronic

WHR-adjusted BMI

GIANT-UKBB MA

3.37 × 10

0.013

0.19

Whole blood

GDF15

rs1227733

3′-UTR

WHR-adjusted BMI

GIANT-UKBB MA

3.83 × 10

0.013

0.19

Whole blood

GFRAL

rs12199003

Missense

BMI

GIANT Exome Chip

3.40 × 10

0.013

0.34

NA

–9a

–7
–7
–9a

MAF

GDF15 eQTL tissue

dbSNP ID, single nucleotide polymorphism database identification number; eQTL, expression quantitative trait loci; GDF15, growth differentiation factor 15;
GIANT-UKBB MA, Genetic Investigation of ANthropometric Traits-UK Biobank meta-analysis; GWAS, genome-wide association study; MAF, minor allele frequency;
WHR, waist-to-hip ratio; BMI, body mass index; NA, not available. aGenome-wide significance.

GDF15 in whole blood and tibial artery96. Interestingly,
three additional non-coding variants within the GDF15
gene belonging to a common haplotype are associated
with waist-to-hip ratio-adjusted BMI without reaching
genome-wide significance97. This haplotype also demonstrated an eQTL effect on GDF15 in whole blood96.
A parallel study of coding variants in over 718,000 individuals demonstrated that the GFRAL missense variant
rs12199003 (p.Arg33Cys) is associated with BMI98. This
variant is in the C1 domain of GFRAL99 and although
this residue is not known to be directly involved in the
interaction with GDF15 (ref.61), it is still required for
GDF15 binding of GFRAL62 and thus might still influence binding with GDF15. Despite several lines of evidence from GWAS linking GDF15 and GFRAL with
BMI, a 2019 study100 applying Mendelian randomization
methods found no causal relationship between GDF15
and BMI or other obesity-related traits besides estimated
bone mineral density. Taken together, additional studies
are seemingly needed to examine whether physiological
levels of GDF15 regulate adiposity and cardiometabolic
traits. However, it must be considered that such studies
do not directly evaluate the potential of supraphysiological levels of GDF15 or direct targeting of GFRAL in the
treatment of obesity and cardiometabolic disease.

GDF15 and T2DM
Obesity is a major risk factor for the development of
T2DM, making it difficult to detangle the connections
between GDF15 and glucose homeostasis. The treatment of rodents13,18,85,101–103, shrews77 and monkeys18,63
with GDF15 decreases body weight and reduces blood
levels of glucose (Table 1). Importantly, pair-feeding
experiments in rodents have indicated that calorically
matching food consumption of control-treated mice to
GDF15-treated mice leads to similar reductions in body
mass but also in blood levels of glucose, which suggests
that the regulation of GDF15 on glucose control is primarily due to reduced food intake and body mass62,63,69.
Similarly, some small epidemiological and retrospective analyses of clinical trials have found connections
between GDF15, blood levels of glucose and the development of T2DM16,104,105; however, this association has not
been observed in larger trials after correction for covariates, including body mass, age and sex106,107. Although
speculative, one reason why initial studies might have
reported increases in GDF15 with T2DM16,104,105 might
have been the common use of metformin in people with
NAture RevIews | ENDoCRINoLoGy

T2DM, which, as discussed in detail later, increases circulating levels of GDF15 (ref.21). However, the regulation of insulin secretion and inflammation by GDF15
might be of importance in the regulation of blood levels
of glucose (described later) and requires further study.
Insulin secretion. A 2020 study has indicated that GDF15
might decrease blood levels of glucose independently
of changes in body mass through the direct regulation of
insulin secretion. Specifically, GDF15 levels were
decreased by 90% in islets of patients with type 1 diabetes mellitus but not in those with T2DM compared with
matched controls108. GDF15 expression was also reduced
in islets from insulin-deficient non-obese diabetic
mice and in mouse and human islet cell lines treated
with IL-1β and IFNγ108. The authors proposed that
GDF15 inhibited insulitis and oxidative stress; however,
whether GDF15 regulates β-cell apoptosis remains to be
investigated as GFRAL was not detected in the islets63.
GDF15 and inflammation. Chronic low-grade inflammation is an important contributing factor to the development of insulin resistance; therefore, one potential
mechanism linking GDF15 with glucose homeostasis
involves reducing inflammation70.
In humans, GTEx RNAseq data analysis indicate
that GDF15 gene expression positively correlates with
the expression of inflammation-related genes in the
liver, adipose tissue and skeletal muscle from humans51.
Similarly, culturing of senescent CD8+ T cells from people with pre-diabetes with hepatocyte-like HepG2 cells
also increases GDF15 expression109. Other studies have
found that an SNP in GDF15 associated with increased
expression is linked to a decreased total number of leucocytes, innate immune cells, and myeloid white cells
and an increased concentration of lymphocytes and
monocytes in the blood51. These data suggest that, in
humans, there might be linkages between GDF15 and
low-grade chronic inflammation. However, the mechanisms mediating these effects are currently unclear as the
Human Protein Atlas suggests that GFRAL expression
is extremely low in most immune cell types, including
monocytes and T cells.
In obese mice, genetic overexpression of GDF15 in
all tissues or administration of recombinant GDF15
reduces markers of inflammation in serum 13 and
WAT24,103. Conversely, the treatment of obese mice fed a
HFD with a monoclonal antibody that inhibits GDF15
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leads to greater adiposity and markers of adipose tissue
inflammation (Tnf, Il6, Mcp1, Cd68, F480)70. However,
interpreting whether GDF15 exerts anti-inflammatory
effects on adipose tissue macrophages is complicated in
these studies as alterations might have been secondary
to differences in body weight and adipose tissue cell size.
Some studies have revealed a potential antiinflammatory effect of GDF15 on macrophages independently of changes in obesity and/or total adipose
tissue volume. For example, when mice are fed a HFD
and are depleted of tissue-resident macrophages using
clodronate, reconstitution of the bone marrow with
bone marrow from GDF15-deficient mice has a relatively modest effect on increasing body mass but
results in a dramatic increase in pro-inflammatory
macrophages (CD11c +CD206 –) within epididymal
WAT110. Subsequently, in the same study, it was shown
that GDF15 deficiency blocked the anti-inflammatory
effects of IL-4 (ref.110). Similarly, in a separate study111,
HFD-fed mice deficient in GDF15 were also resistant
to the anti-inflammatory effects of IL-13. Importantly,
in both studies, mice lacking GDF15 had greater glucose intolerance, supporting an important potential
link between the anti-inflammatory effects of GDF15,
resolution of insulin resistance and improved glycaemic control in T2DM. However, it is critically important to understand the mechanism of how GDF15
might exert anti-inflammatory effects independently of
changes in adiposity. In isolated bone marrow-derived
macrophages103 or the human macrophage THP1 cell
line31, treatment with recombinant GDF15 has been
found to reduce the induction of pro-inflammatory
cytokines by lipopolysaccharide or fatty acids.
Additionally, in mouse bone marrow-derived macro
phages, this effect was linked to increases in oxidative
metabolism103. However, the interpretation of these
findings is complicated as GFRAL is not expressed in
mouse bone marrow-derived macrophages or THP1
cells (Human Protein Atlas), which suggests that there
might be alternative GDF15 receptors in immune cells or
that recombinant GDF15 might have been contaminated
with TGFβ as has been described previously68. Therefore,
the weight-independent mechanisms mediating the
potential anti-inflammatory effects in macrophages
remains unresolved.
Collectively, these data suggest that GDF15 might
reduce blood levels of glucose by promoting insulin
secretion and reducing low-grade chronic inflammation. However, whether this effect is secondary to its
effects on adiposity or is via direct anti-inflammatory
effects remains to be determined15. Furthermore, how
GDF15 might reduce inflammation in immune cells
remains unclear as immune cells have low expression
of GFRAL as described earlier. Studies are now needed
to examine whether immune modulation by GDF15 is
mediated through direct effects on immune cells or via
the central nervous system. This information will be
important for evaluating whether GDF15 exerts positive effects on insulin sensitivity and insulin secretion
independently of reductions in body mass and/or adiposity. Finally, examining the effects of acute increases
of GDF15 levels on tissue-specific insulin secretion and
600 | October 2021 | volume 17

insulin sensitivity using hyperinsulinaemic–euglycaemic
clamps, independent of changes in food intake and body
mass, will be important to determine whether GDF15
has direct effects on the regulation of blood glucose
levels in diabetes mellitus.

Metformin and GDF15
Metformin is the most commonly prescribed medication
for the treatment of T2DM due to its glucose-lowering
effects, which are linked to drug action in the gastrointestinal tract and liver, where drug concentrations are the
highest112. Interestingly, metformin has been shown to
exert a large array of positive effects across multiple
tissues of the body and in many conditions, including
cancers, CVD and ageing113. These beneficial effects
led to the hypothesis that metformin might induce the
expression of an endocrine factor that communicates
beneficial effects across the body113. Initial studies examined this hypothesis through analysis of serum samples
from over 8,000 people with dysglycaemia, of which
2,317 were taking metformin; out of 235 proteins analysed, GDF15 was increased more than any other protein
by metformin treatment21. Importantly, this effect was
independent of age, sex, HbA1c, and BMI and was not
observed with other glucose-lowering therapies, which
suggests that the effect was specific to metformin and
not due to changes in blood levels of glucose. Subsequent
studies in a randomized clinical trial involving metformin confirmed these observations114. However, the
relevant tissue and whether GDF15 was important for
mediating any beneficial effects of metformin remained
unknown.
In mice, metformin acutely increased the mRNA and
secretion of GDF15 from hepatocytes41 and the small
intestine10. Further investigations in mice fed a HFD
found that metformin suppressed appetite when delivered in drinking water10,41 and decreased body mass10,41
— effects that were eliminated in Gdf15-k nockout
mice10,41. Genetic deletion of GFRAL or the use of a
GDF15 antibody also prevented the metformin-induced
reduction in body weight10. This relationship between
metformin, GDF15 and body mass were independent
of GLP1 and did not seem to involve increases in energy
expenditure41. Interestingly, the effects of metformin on
appetite control were only dependent on GDF15 if the
mice were fed a HFD41, adding further credence to
the concept that GDF15 might alter food preferences
away from diets high in lipids. Surprisingly, the beneficial
effects of 10 weeks of metformin exposure on improving
glucose tolerance and lowering fasting insulin were eliminated in Gdf15-knockout mice fed a HFD41; however,
this dependence of GDF15 on metformin-associated
metabolic improvements was not observed in another
study after just 11 days of treatment10. These data suggest that, over shorter durations, metformin improves
glucose homeostasis independently of GDF15 but, over
longer durations in which differences in body mass
are more notable, GDF15 is an important factor for
improving insulin sensitivity.
Interestingly, metformin-induced increases in GDF15
secretion were almost completely ablated in hepatocytes of Chop-knockout mice or after small interfering
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RNA- mediated ATF4 knockdown (Fig. 1) , whereas
AMPK did not seem to be essential41. Of note, human
data show that serum concentrations of GDF15 are correlated with weight loss in people taking metformin10,41.
Collectively, these data indicate that metformin stimulates the release of GDF15 through the UPR and this
effect is important for weight loss and improvements
in glycaemic control. Whether increases in GDF15 are
important for other beneficial effects of metformin, such
as CVD and certain cancers, remains to be determined.

Exercise and GDF15
Similar to metformin, exercise has been shown to lower
blood levels of glucose and reduce the incidence of
T2DM in people with obesity and insulin resistance115.
Furthermore, aerobic exercise (1 hour at 67% of VO2
max) increases blood levels of GDF15 (~34%) in healthy
individuals (Fig. 1)116. Longer and more extreme exercise
(an ultramarathon) increases GDF15 levels even further
(~fourfold)117. In addition, individuals with obesity who
participated in a 12-week aerobic exercise intervention
(1 hour per day, 5 days per week with isocaloric diet)
had modest increases in plasma levels of GDF15 (ref.118).
In line with these data, moderate-intensity endurance
exercise or high-intensity sprinting in a range of diverse
human populations, including lean people, individuals
with obesity, older adults, sedentary people and trained
individuals, increase GDF15 (refs119,120). By contrast,
in heart transplant recipients, neither high-intensity
interval training nor moderate-intensity continuous
training changed plasma levels of GDF15, potentially
due to already elevated levels of the protein in this
population121.
The tissue source of GDF15 during exercise remains
to be determined. In mice, Gdf15 mRNA is increased
twofold in liver, heart and soleus muscle immediately
after exercise, which suggests that these tissues contribute to the increased circulating levels of GDF15 (ref.120).
However, in healthy individuals, venous and arterial concentrations of GDF15 across the exercising leg are similar, which indicates that skeletal muscle is unlikely to be
the primary source for increases in circulating levels of
GDF15 (ref.116). Given the much higher concentration
of GDF15 in the liver compared with skeletal muscle120
and the severe energetic stress that the liver undergoes
during aerobic exercise122,123, it might be speculated that
the primary source of GDF15 during aerobic exercise
is the liver; however, future studies directly testing this
hypothesis are required.
So, what might the function of exercise-induced
increases in GDF15 be? Mice dosed acutely with GDF15
perform less voluntary wheel running than mice treated
with vehicle control but there is no effect on forced
treadmill running120, which suggests that pharmacological levels of GDF15 decrease the motivation to exercise
but not the ability to do so. However, the physiological
induction of GDF15 in response to exercise does not
seem to modulate exercise behaviour or post-exercise
energy intake as a deletion of GFRAL did not affect exercise performance or intake of a chow diet after exercise in
mice120. Thus, increases in GDF15 during exercise do
not seem to be responsible for reducing exercise
NAture RevIews | ENDoCRINoLoGy

performance, the desire to exercise or food intake.
The reason why high levels of GDF15 decreased voluntary exercise in mice is unknown but might be related to
nausea and/or the presence of yet unidentified central nervous system circuits critical for the regulation
of exercise behaviour. Although the relationship between
exercise and GDF15 is just beginning to be explored,
one study has indicated that GDF15 could play a role
in increasing adipose tissue lipolysis119. It is also interesting to speculate on another possibility that increases
in GDF15 during exercise might be important for promoting glycogen resynthesis after exercise by altering
food preferences away from high-fat foods, which, by
default, would lead to the increased consumption of
carbohydrates. Lastly, whether GDF15 mediates any
of the numerous benefits of exercise on multiple disease
conditions, including T2DM, CVD and cancer, will be
interesting to determine.

NAFLD and NASH
The incidence of NAFLD mirrors the prevalence of obesity and T2DM. In mice, GDF15 expression is increased
in the liver of obese mice, which have hepatic steatosis,
compared with lean controls40. Liver GDF15 levels are
also increased in two different dietary mouse models of
NASH: the methionine–choline-deficient (MCD) diet
model and the amylin liver NASH diet model. Of note,
NASH develops independently of obesity in MCD
diet-fed mice, which suggests that GDF15 increases are
not due to adiposity124. Moreover, GDF15 mRNA was
upregulated in the liver but not in skeletal muscle, BAT
or WAT in the MCD model, thereby suggesting that systemic increases in GDF15 might originate from the liver
in this model124. In an in vitro model of NASH, induced
by media completely deficient in methionine and choline, increases in GDF15 were observed in hepatocytes
but not in hepatic stellate cells or in Kupffer cell lines,
which suggests that hepatocytes are the primary source
of elevated GDF15 (refs40,124).
In humans, circulating levels of GDF15 are increased
sequentially with disease progression, being highest in
advanced fibrosis, followed by NASH and NAFLD125.
Among patients with NAFLD, the highest quartile of
circulating GDF15 was positively associated with the
risk of advanced fibrosis and liver stiffness after adjustment for BMI and other factors. These findings suggest
that GDF15 could be a prognostic biomarker to predict
advanced fibrosis in NAFLD125. Another very comprehensive study that analysed >400 individual liver biopsy
samples from patients with NAFLD or NASH using a
combination of unbiased RNAseq and proteomics data
found that the serum level of GDF15 is increased during the progression of NAFLD–NASH and is positively
associated with worsening fibrosis stage, steatosis, activity, inflammation scores and activity of steatohepatitis31.
Based on these studies, levels of GDF15 in serum and
liver are increased in NAFLD and NASH and hepatocytes might be the primary source of this increase;
however, further studies evaluating this hypothesis are
required.
In HFD-fed mice, recombinant GDF15 or GDF15
overexpression reduces body mass and hepatic
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and stability are important factors as they contribute to
the occlusion of arteries and to the risk of rupture and
thrombotic events that cause heart attacks and strokes134.
Of note, GDF15 expression is increased in cultured peritoneal macrophages that are stimulated with oxidized
LDL135. Moreover, akin to humans, GDF15 expression
is upregulated in mice as atherosclerosis progresses and
this increased expression is primarily colocalized within
macrophages of the plaque136. Thus, increases in GDF15
are associated with the development of atherosclerosis.
However, much like studies with obesity, this increase
does not necessarily mean that GDF15 promotes atherogenesis. The studies described in this section are
contradictory, with some showing that GDF15 might
promote atherogenesis while others indicate that it could
be protective.
In support of GDF15 promoting atherogenesis, mice
deficient for both ApoE and GDF15 have reduced lumen
stenosis and decreased 18F-fluorodeoxyglucose uptake
in the aortic arch compared with ApoE-expressing controls, suggestive of decreased macrophage inflammation
in atherosclerotic plaques135. The authors attribute this
reduced inflammation in ApoE GDF15-deficient mice
to reduced induction of IL-6 within peritoneal macro
phages by oxidized LDL135. Similarly, haematopoietic
GDF15 deficiency in LDLR-knockout mice reduced
initial lesion formation but increased collagen in later
lesions, suggesting that GDF15 promotes early atherogenesis but might improve plaque stability136. Consistent
with this idea, GDF15 deficiency in mice lacking LDLR
decreased necrotic core formation and macrophage infiltration in plaques, possibly via reduced C-C chemokine
receptor type 2 expression, without affecting total lesion
size136. These data suggest that, in both ApoE and LDLR
mouse models of atherosclerosis, GDF15 might promote
the development of atherogenesis.
By contrast, some studies suggest that GDF15
might exert protective effects in atherosclerosis. For
example, the transplantation of bone marrow from
GDF15-deficient mice to Ldlr-knockout mice did not
Cardiovascular disease
influence lesion size but increased macrophage accuIncreased plasma levels of GDF15 are an established bio- mulation. This effect probably occurred via the inhimarker for cardiac hypertrophy, heart failure, atheroscle- bition of intercellular adhesion molecule 1 expression
rosis and endothelial dysfunction128. GDF15 is weakly and increased atherosclerotic plaque destabilization
expressed in healthy human cardiovascular tissues, such as by the thinning of fibrous caps137. In addition,
whereas its expression is increased in cardiomyocytes GDF15 overexpression decreases atherosclerotic lesions
and cardiac tissue in response to cardiovascular injury in Apoe-knockout mice fed a HFD138. The reasons for
induced by pressure overload, heart failure, ischaemia– these contradictory findings of GDF15 on atheroscleroreperfusion injury and atherosclerosis33,128–130. The exact sis are unclear but might be due to a variety of paramecell types contributing to this increase in GDF15 are ters, including mouse genetic backgrounds and housing
not known but could be heart-resident macrophages128. temperatures, which can both have large effects on
Importantly, as has been reviewed extensively, GDF15 atherosclerosis development139,140.
The recruitment of monocytes to the arterial wall
is a biomarker associated with unfavourable prognosis
in CVD33,128,131; therefore, the focus of the following sec- and macrophage polarization play important roles in the
tions will be on the potential therapeutic application of initiation and development of atherosclerotic plaques133.
At the initiation of atherosclerosis, the recruitment of
GDF15 in CVD (Fig. 4).
monocytes under arterial endothelium facilitates the
Atherosclerosis. Atherosclerosis is caused by the build- clearing of accumulated lipid from the sub-endothelial
up of lipid-laden foam cells in the artery walls, which space. However, excess cholesterol accumulation in mactriggers the further development of complex plaques rophages leads them to transform into foam cells, which
with necrotic cores, cholesterol crystals and fibrous contribute to atherosclerotic development133. As discollagen-r ich caps132,133. Atherosclerotic plaque size cussed in the T2DM section earlier, GDF15 inhibits the

steatohepatitis as well as the infiltration of inflammatory cells13,85. Furthermore, GDF15 overexpression also
reduced the expression of inflammatory and fibrotic
genes without changing body weight in the MCD
diet-fed model, which suggests weight-independent
effects124. Similar effects on NASH were observed in
mice treated with a liver-directed adenovirus expressing
GDF15 (ref.40). Consistent with this effect, inhibiting GDF15 increased liver mass and lipid deposition
as well as body weight in HFD-fed mice70,124 and aggravated MCD diet-induced NASH without changing
body weight124. Mechanistically, these effects of GDF15
have been shown to involve the increased expression of
β-oxidation-related genes within the liver and in hepato
cytes treated with GDF15 (refs40,124), which adds further
evidence that effects might be independent of weight
loss124. In addition, GDF15 suppressed the expression
of fibrogenic genes, such as Tgfb1, Col1a1, Timp1 and
Acta2, in hepatic stellate cells from mice. In mice with
alcoholic liver disease and CCl4-induced liver fibrosis,
GDF15 deficiency also promotes hepatic lipid accumulation and immune cell infiltration, leading to increases in
serum levels of tumour necrosis factor and IL-6 and the
liver expression of pro-inflammatory cytokines; these
effects were reversed with recombinant GDF15 (ref.126).
Taken together, these data suggest that GDF15 could
be a promising target for the treatment of NAFLD
or NASH; however, as GFRAL is not expressed in
hepatocytes62, further studies are needed to determine
how GDF15 might exert beneficial effects on NASH,
independently of reductions in appetite and body
mass (Fig. 4). One possible hypothesis is that as GDF15
increases hepatic triglyceride export via sympathetic
outflow and adrenergic signalling127, this peripheral
sympathetic axis could conceivably contribute to the
positive effect. Further mechanistic studies are required
to understand how GDF15 might exert positive effects
in NASH and whether this mechanism could be of
importance in humans.

Foam cells
Macrophages or vascular
smooth muscle cells with a
foamy appearance, which are
over-laden with lipids and are a
key cell type contributing to
the development of
atherosclerotic cardiovascular
disease (coronary artery
disease).
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recruitment of neutrophils, which leads to the inhibition
of monocyte recruitment141. Therefore, GDF15 deficiency might promote monocyte recruitment into the
sub-endothelial space in order to remove excess lipids,
b Cancer cachexia

a Atherosclerosis
Thrombus
formation

Macrophage

Muscle

which could limit initial lesion formation136. However,
in the late phase of atherosclerosis, GDF15 might induce
beneficial effects on atherosclerosis by inhibiting monocyte recruitment and macrophage activation141. Further
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Fig. 4 | Potential effects of GDF15 in cardiometabolic diseases beyond
obesity. a | In atherosclerotic cardiovascular disease, growth differentiation
factor 15 (GDF15) might inhibit atherosclerosis by decreasing macrophage
accumulation in atherosclerotic plaques and by inhibiting intercellular
adhesion molecule 1 (ICAM1) expression and thrombus formation. b | During
cancer cachexia, GDF15 secreted by tumours suppresses appetite and
promotes adipose tissue lipolysis and muscle proteolysis effects, which can
be blocked using neutralizing antibodies to GDF15 or glial cell-derived
neurotrophic factor family receptor alpha-like (GFRAL). c | GDF15 might
prevent the damaging effects of myocardial infarction by inhibiting apoptosis
induced by ischaemia–reperfusion injury, potentially through PI3K, AKT,
FOXO3 and NF-κB signalling pathways. GDF15 might also inhibit myocardial
hypertrophy by inhibiting activating phosphorylation of epidermal
growth factor receptor (EGFR) and downstream kinases (RAC-alpha
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serine–threonine-protein kinase (AKT) and extracellular signal-related
kinases 1/2 (ERK1/2)). d | Inhibition of inflammation by GDF15 independently
of reductions in body mass and/or adiposity might exert beneficial effects
under multiple disease conditions, including diabetes mellitus, cardiovascular
disease and non-alcoholic fatty liver disease (NAFLD). e | GDF15 might
decrease the incidence of diabetes mellitus potentially by inhibiting insulitis,
oxidative stress and β-cell apoptosis in pancreatic islets. f | GDF15 increases
the expression of genes regulating β-oxidation and increases triglyceride
export from the liver through VLDL-triglyceride, effects that might reduce
inflammation and fibrosis in NAFLD independently of reductions in adiposity.
The mechanisms by which GDF15 exerts effects on all these distinct cell types
and disease conditions remains unclear, given that GFRAL is not abundantly
expressed and will require further study. FAO, fatty acid oxidation; NASH,
non-alcoholic steatohepatitis; WAT, white adipose tissue.
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research investigating the role of GDF15 and GFRAL
is required to understand whether increases in GDF15
promote or inhibit the development of atherosclerosis in
other animal models that are potentially more relevant
to human disease development (for example, hamsters
or pigs).
Infarction, ischaemia–reperfusion injury and thrombus. Myocardial infarction and cerebral infarction are
the sudden stoppage of blood flow to areas of the heart
or brain, respectively142,143. This lack of blood flow can
be fatal to the individual or result in considerable cell
death and tissue damage due to lack of oxygen142,143.
Furthermore, reperfusion of the area with oxygen-rich
blood causes excessive damage due to the recruitment
of inflammatory macrophages and the deposition of
collagen 142,143. Notably, Gdf15-k nockout mice have
greater mortality than wild-type mice after myocardial
infarction, an effect attributed to greater myocardial rupture of the left ventricular free wall and haemothorax144.
This increased mortality observed in Gdf15-knockout
mice was rescued by the knockout of β2-integrins in
myeloid cells, suggesting that GDF15 protected mice
from fatal cardiac rupture by blocking chemokine-
triggered leucocyte integrin activation and preventing
the recruitment of neutrophils144. In a mouse model
of ischaemia–reperfusion injury, GDF15 deficiency
increased infarct sizes and cardiomyocyte apoptosis in
the infarct border zone, indicating that GDF15 might
protect the heart from myocardial infarcations 130.
Recombinant GDF15 also protected cultured cardiomyocytes from apoptosis during simulated ischaemia–
reperfusion injury130. Similarly, the overexpression of
GDF15 in mice prevented cold-induced ischaemia–
reperfusion injury in transplanted hearts by inhibiting
cell apoptosis and neutrophil infiltration145. Additional
in vitro and mouse studies have examined the effects of
GDF15 on clot formation and found that GDF15 inhibited platelet integrin activation and further prevented
thrombus formation146.
Collectively, these studies suggest that GDF15
serves a protective role in CVD as a result of infarction,
ischaemia–reperfusion injury or thrombotic events;
however, the cellular–protein–receptor interactions of
these effects are still unclear.
Cardiac hypertrophy. Cardiac hypertrophy can precipitate the development of heart failure and is the pathological thickening or enlargement of the walls of the
heart due to increased cardiomyocyte size and extracellular matrix deposition147. Serum levels of GDF15
in patients with hypertension are positively correlated
with the thickness of the posterior wall of the left ventricle and left ventricular mass148. However, recombinant
GDF15 treatment or the cardiac-specific overexpression
of GDF15 decreases hypertrophy in cultured cardiomyocytes and attenuates cardiac ventricular dilation
and heart failure in mice129. Although this finding was
reported to involve the activation of SMAD signalling
in mice129, the activation of this pathway was not detectable in human primary cardiomyocytes treated with
GDF15 (ref.62). In a model of norepinephrine-induced
604 | October 2021 | volume 17

myocardial hypertrophy, GDF15 also inhibited hypertrophy through the inhibition of AKT and ERK1/2
(ref.148). Future studies in mice deficient for GDF15 and
GFRAL are needed to determine whether GDF15 plays
an important physiological or pathological role in the
development of cardiac hypertrophy and to identify
the potential mechanisms of action.

GDF15–GFRAL and cachexia
Cancer cachexia is a debilitating multifactorial syndrome characterized by an involuntary loss of adipose
and lean mass associated with poor quality of life and
reduced survival15,149. GDF15 is well documented to
be elevated in many cancers; however, accumulating
evidence indicates that it plays a critical role in driving cancer cachexia69,150,151. For example, the treatment
of mice with monoclonal antibodies to either GDF15
(ref.150) or GFRAL86 prevents body weight loss in several
distinct carcinoma models. Platinum-based chemotherapies, such as cisplatin, also increase GDF15, which
exacerbates cancer cachexia150,151, an effect that can
be attenuated when tumour-bearing mice are treated
with a monoclonal antibody to GDF15 (ref.22). Importantly,
a GDF15-neutralizing antibody also attenuates cisplatininduced anorexia in non-human primates22. Although
most of the beneficial effects of GDF15 neutralization
on preventing cachexia have been ascribed to restoring
food intake, a 2018 study has indicated this approach
can also prevent cachexia independently of food intake
by directly inhibiting WAT lipolysis86. Collectively,
these data strongly support the clinical application
of GDF15–GFRAL-neutralizing antibodies for the
treatment of cancer cachexia.
Conclusions
GDF15 is a stress-responsive cytokine whose expression is elevated in obesity, T2DM, NAFLD, NASH,
CVD and cancer. The primary cell types contributing to
increases in GDF15 in these different diseases remains
unclear; however, several studies have indicated that
mitochondrial stress and activation of the integrated
stress response is important. Notably, in contrast to
pathological conditions, GDF15 expression is also
elevated with metformin treatment and after endurance
exercise, both of which exert positive health benefits.
These observations suggest that associations with disease development are not causative but are potentially
compensatory. Consistent with this idea, in animal models, increases in GDF15 reduce food intake and blood
levels of glucose through signalling within the brainstem
via the GDF15–GFRAL–RET axis. Although calorically
restricted pair-feeding experiments indicate that GDF15
reduces blood levels of glucose primarily via reduced
food intake63, potential effects are exerted on islet function and on suppressing inflammation, suggesting that
additional mechanisms are involved.
Indeed, many important questions remain to be
answered. For example, why would GDF15 have evolved
to preferentially suppress the intake of high-fat compared
with low-fat foods? Other studies are needed to examine whether GDF15 exerts weight-neutral effects on
blood glucose control, insulin sensitivity, and liver lipids
www.nature.com/nrendo
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and/or fibrosis. Similarly, the role of GDF15 as a diagnostic biomarker for CVD is well established; however,
whether it exerts therapeutic effects or increases disease
severity requires further study. How GDF15–GFRAL–
RET signalling regulates energy homeostasis beyond
food intake also remains to be determined as does
whether other physiological actions of GDF15 signalling
exist beyond the regulation of food intake. Specifically,
further studies on the effect of the intracellular forms of
GDF15 on biological processes, such as inflammation,
are needed. Little information is also available on the
biological activity of non-mature GDF15 (pro-GDF15
and the pro-peptide GDF15 fragment) and a potential
soluble GFRAL receptor. Understanding these relationships will be central to establishing the safety of
GDF15-targeted therapies and the therapeutic potential
of GDF15 in the treatment of cardiometabolic disease.
With respect to clinical translation, encouraging associations are observed between GDF15 and GFRAL with
reductions in body mass and improved cardiometabolic
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traits; however, whether these associations will translate
into this pathway being a safe drug target remains to be
established. Although the observation that chronic treatment with metformin increases serum levels of GDF15
provides some assurances, only with randomized clinical
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