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ABSTRACT

Background: Obesity is rapidly becoming one of the world’s most critical health care concerns. Comorbidities accompanying excess weight
include cardiovascular disease, diabetes, and certain cancers. These comorbidities result in greater hospitalization and other health care-related
costs. Economic impacts are likely to be felt more acutely in developing countries, where obesity rates continue to rise and health care resources
are already insufficient. Some of the more effective treatments are invasive and expensive surgeries, which some economies in the world cannot
afford to offer to a broad population. Pharmacological therapies are needed to supplement treatment options for patients who cannot, or will not,
undergo surgical treatment. However, the few drug therapies currently available have either limited efficacy or safety concerns. A possible
exception has been glucagon-like peptide-1 analogs, although these have shown a number of adverse events. New drug therapies that are safe
and produce robust weight loss are needed.
Scope of review: Herein, we review the role of growth differentiation factor 15 (GDF15) in feeding behavior and obesity, summarize some of the
new and exciting biological discoveries around signaling pathways and tissue sites of action, and highlight initial efforts to develop GDF15-based
therapies suitable for inducing weight loss in humans.
Major conclusions: Within the last several years, great strides have been made in understanding the biology of GDF15. Recent developments
include identification of an endogenous receptor, biological localization of the receptor system, impact on energy homeostasis, and identification
of molecules suitable for administration to humans as anti-obesity treatments. New and exciting research on GDF15 suggests that it holds
promise as a novel obesity treatment as new molecules progress toward clinical development.

� 2020 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Obesity and its comorbidities have become a worldwide public health
concern [1]. Although simple exercise and a properly balanced diet can
be effective at maintaining a healthy body weight [2], patient adher-
ence to these lifelong behaviors is poor. Roux-en-Y gastric bypass
surgery, which involves reducing the size of the stomach and
bypassing a portion of the small intestine, is one of the most radical,
yet most effective, treatments for weight loss [3]. Although this pro-
cedure results in a marked weight loss, it is an invasive, complex
surgery that can lead to undesirable side effects; therefore, safe and
effective long-term pharmacological therapies are needed [4].
Biological pathways that can be targeted with pharmacological ther-
apies are needed as alternatives to surgical approaches to treat obese
patients. Two groups of approved drugs can be used to manage weight
in patients with obesity: medications approved for obesity and medi-
cations that affect body weight for obese patients who have compli-
cations from their obesity [5]. All of these drugs have different ranges
of effectiveness on weight and cause undesirable adverse effects.
Therefore, clinicians and patients need pharmacological therapies that
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are safe and efficacious and can be administered over the long term.
One important area of investigation is the potential to target macro-
phage inhibitory cytokine 1/growth differentiation factor 15 (MIC-1/
GDF15), referred to as GDF15 in this review, for treating obesity.
GDF15 is a loosely associated member of the transforming growth
factor b (TGFb) superfamily [6e9]. Similar to other members of the
TGFb superfamily, GDF15 is a homodimer cysteine knot protein con-
taining one interchain and eight intrachain disulfide bonds [10,11].
GDF15 is a stress-activated cytokine that during physiological condi-
tions is found at high levels only in the placenta [12]. Elevated serum
levels of GDF15 are measured in many pathological conditions such as
cancer, metabolic disorders, and cardiovascular disorders and may be
regarded as a common marker of disease and mortality [13e15].
GDF15 is proposed to act as an anti-inflammatory molecule. For
example, GDF15 has shown anti-inflammatory properties by inhibiting
leukocyte integrin activation required for survival of mice after
myocardial infarction [16]. Studies with genetically engineered mice,
particularly in the obesity setting, support the role of GDF15 as a
regulator of body weight [17,18]. For example, depletion of GDF15
resulted in increased body weight [17], whereas overexpression
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List of abbreviations

AAV adeno-associated virus
AP area postrema
BMI body mass index
CTZ chemoreceptor trigger zone
DIO diet-induced obesity
GDF15 growth differentiation factor 15
GDNF glial cell-derived neurotrophic factor
GFRAL glial cell-derived neurotrophic factor receptor alpha-like
GLP-1 glucagon-like peptide-1
GPI glycosylphosphatidylinositol

GRAL GDNF receptor alpha-like
HFD high-fat diet
HSA human serum albumin
MIC-1 macrophage inhibitory cytokine 1
NAG-1 non-steroidal anti-inflammatory drug activated gene
PDF prostate-derived factor
PLAB placental bone morphogenic protein
PTGFB platelet-derived growth factor subunit B
RET rearranged during transfection
rh recombinant human
rm recombinant murine
TGFb transforming growth factor b
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resulted in mice with lower body weight and fat mass and an overall
improvement in metabolic parameters [17,19,20]. Although our review
focuses on the potential role of GDF15 for weight management, GDF15
has also been studied in relation to other diseases. Overall, the role of
GDF15 in other diseases has been an enigma [21], and in some
studies, confusion has been caused by the use of commercial re-
combinant material that is contaminated with other biologically active
proteins, most notably TGFb [22]. This concern is not relevant to the
obesity research referenced in the rest of this review because of re-
combinant material being produced internally by each investigator and
the purity being carefully monitored.
More recently, a clearer picture of the mechanism of action of GDF15
has emerged. Multiple research groups have described the receptor
complex of GDF15 [23e26]. Although GDF15 was previously thought
to signal through a canonical TGFb pathway, it turned out to be through
a glial cell line-derived neurotrophic factor (GDNF)-like alpha-1 (glial
cell-derived neurotrophic factor receptor alpha-like [GFRAL])/rear-
ranged during transfection (RET) coereceptor complex [23e26]. This
complex is more related to the GDNF receptor complex GFR alpha 1e
4/RET than the TGFb pathway. In addition, solid evidence of GFRAL/
RET tissue expression indicates that GFRAL/RET has a unique
expression pattern, appearing only in a discrete region of the hindbrain
called the area postrema (AP) and part of the nucleus of the solitary
tract [23e26]. As discussed in more detail later in this review, these
areas are known to receive and send signals via the vagus nerve, and
ablations of these same regions render mice unresponsive to the
anorectic actions of GDF15 [27]. These findings suggest that GDF15
may have an important role in mediating gut-brain communication.
There is some evidence of GDF15 binding along the length of the gut,
but those receptors appear to be scattered and not clustered as
densely as in the hindbrain [28]; further investigation is necessary to
confirm the findings regarding the receptor location in the gut. Overall,
solid evidence supports the hindbrain as the sole receptor expression
area.
Over the last decade, researchers in the pharmaceutical industry have
tried to identify GDF15 molecules that could be used as anti-obesity
treatments [23e26,28]. Several recently published reviews have
broadly covered GDF15 biology and its associated disease pathologies
[29,30]. Herein, we summarize GDF15 biology specifically as it relates
to obesity and the potential for developing treatments for obesity. We
review the basic protein characteristics, tissue expression patterns,
and GDF15 receptor signaling and their relationship to GDF15’s
function in the brain. In addition, we summarize what both human and
rodent genetics can teach us about GDF15’s disease associations. We
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describe the current state of knowledge about GDF15’s use as a po-
tential obesity therapy and its general risks.

2. GDF15 PROCESSING, EXPRESSION, BIOCHEMISTRY, AND
RECEPTOR SIGNALING

Historically, GDF15 has had several aliases: MIC-1 [6], non-steroidal
anti-inflammatory drug-activated gene (NAG-1) [31], placental bone
morphogenic protein (PLAB) [7], platelet-derived growth factor subunit
B (PTGFB) [32], and prostate-derived factor (PDF) [9]. GDF15 has long
been regarded as a distant member of the TGFb superfamily, sharing
several structurally related features [33]. It is found in the circulation as
a 224 amino acid, 25 kDa, cystine knot, and homodimer protein, with
<30% homology to other TGFb family members [6]. Features shared
with TGFb family members include seven conserved cystine residues,
a crystal structure that resembles other TGFb family members by
forming a homodimer that is stabilized by an interchain disulfide bond.
This overall structure results in a very stable protein [24,28]. Human
GDF15 protein is encoded by a 2-exon gene located on chromosome
19p13.11. Similar to most members of the TGFb family, mature GDF15
is cleaved from a propeptide by furin-like proteases, with mature
GDF15 then entering the circulation [12,34]. Circulating levels of
GDF15 vary depending on factors such as age, pregnancy, weight
status, and multiple disease conditions [21,32]. For example, in
healthy individuals, circulating GDF15 levels can vary from 150 to
1000 pg/mL [35]. However, in conditions of inflammation, malignancy,
and other stressors, serum GDF15 levels can rise to 15,000 to
20,000 pg/mL [36e38]. In humans, GDF15 is produced in a variety of
tissues, most notably by the placental trophoblasts, prostate, liver, and
kidney [32]. Expression from other tissues increases depending on
stress or disease state [21]. The dramatic rise in GDF15 early in
pregnancy while the placental area is expanding is an intriguing finding
[39]. Many early trimester pregnancies are associated with morning
sickness characterized by bouts of nausea and vomiting. GDF15 levels
have been associated with severity of vomiting during pregnancy as
well as incidence of miscarriage [40,41]. GDF15 has also been pro-
posed as a biomarker to predict a full-term pregnancy [42].
A breakthrough came in 2017 when, in rapid succession, four groups
from the pharmaceutical industry published clear and convincing data
that GFRAL was indeed the long-sought receptor for GDF15 [23e26].
Coupled with its co-receptor, RET, GFRAL/RET initiates ligand-induced
downstream intracellular signal cascades. Homodimeric GDF15 mol-
ecules bind to their cognate GFRAL receptors. The GDF15-GFRAL
complex combines two RET molecules, forming the ternary receptor
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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complex GDF15-GFRAL-RET. Signaling through RET is initiated by
trans-phosphorylation of specific tyrosine residues. Once the ternary
complex forms, downstream effectors include Akt, ERK1/2, and PLCg.
Additionally, systemic GDF15 administration has been shown to acti-
vate c-Fos in the brain’s AP, which is an indicator of recent neuronal
activity [27,28]. Contrary to earlier reports, the GDF15-activated re-
ceptor complex does not result in SMAD phosphorylation [24,26]. This
system closely resembles the cognate pair that GDNF and its other
family members use, GFR alpha 1e4/RET, a system that initially was
also elusive and was identified in 1996 [43]. RET has long been known
as a proto-oncogene that codes for a receptor tyrosine kinase [44e
46]. GFRAL was originally identified in 2005 as the gene called
GDNF receptor alpha-like (GRAL) [47]. The GFRAL sequence is roughly
20e30% identical in sequence to the GFR alpha family of receptors,
placing it as a distant member of the GDNF receptor family [47]. At the
time of its cloning, an endogenous ligand for GFRAL was still un-
identified. GFRAL contains a transmembrane domain with a short 23
amino acid cytoplasmic tail, as opposed to GFR alpha members that
are glycosylphosphatidylinositol (GPI)-anchored proteins [47]. There is
no evidence that GFRAL itself initiates downstream signaling; it must
be paired with RET for that to occur [26]. GFRAL has been shown to
have an extremely restricted tissue expression pattern, solely found in
the hindbrain, in the AP and nucleus of the solitary tract [23e26]. No
other tissue has overwhelming evidence of expression.

3. GDF15 MECHANISMS THAT UNDERLIE FEEDING BEHAVIORS
AND GASTRIC EMPTYING

Prior to humans developing a centralized agrarian society, food was
obtained through foraging. Depending on environmental conditions
(e.g., drought or seasonal changes), these hunter-gatherer units
moved from place to place in search of food. This ultimately led to
encounters with new, unfamiliar plant species. Ingestion of toxic,
unfamiliar plant material could have led to fatal poisonings. In addition,
foods that were not toxic to a healthy adult female might contain te-
ratogens harmful to a developing fetus [48]. A mechanism evolved to
create food-induced nausea accompanied by vomiting to expel the
toxic substance from the body [49]. This mechanism is thought to
involve an area of the hindbrain known as the chemoreceptor trigger
zone (CTZ) in the AP region [49]. The AP resides outside of the bloode
brain barrier, where it is exposed to the systemic circulation and ce-
rebrospinal fluid [50]. This allows chemoreceptors in the AP to monitor
the circulation for any potentially toxic substances [51]. If certain toxin
thresholds are exceeded, the AP induces nausea followed by vomiting
and a longer-lasting taste aversion response [50,51] that acts as a
safeguard against future ingestion of toxic material. These physio-
logical responses are largely mediated through the vagus nerve, which
directly innervates the AP [52,53]. Vagal efferent and afferent signals
also play important roles in mechanisms such as postprandial gastric
emptying. In fact, severing of the vagus nerve below the diaphragm
leads to hypophagia and lowered body weight [54,55]. It has been
demonstrated that GDF15 delays gastric emptying and vagotomy at-
tenuates that response [28], lending support to the association be-
tween GDF15’s mechanism and the CTZ and AP areas. GDF15 has also
been implicated as a driver of hyperemesis gravidarum, which is
observed in some pregnancies [40]. Overall, GDF15 appears to be an
integral part of brain systems involved in feeding behavior but also
nausea, vomiting, taste aversion, and gastric emptying.
Previous studies demonstrated a widespread hindbrain activation of c-
Fos upon GDF15 administration, encompassing not only the AP but
also the dorsal motor nucleus of the vagus and the nucleus of the
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solitary tract [27,28]. Ablation of the AP and nucleus of the solitary tract
resulted in exogenously administered GDF15 losing its anorexigenic
effect [27]. An earlier study showed evidence of c-Fos activation
reaching into hypothalamic areas after GDF15 administration [56]. This
is not surprising because the AP, and the CTZ in general, has been
characterized as a crucial regulator that mediates signaling into deeper
areas of the brain [57], implying that gustatory signals travel along
afferent vagal fibers and input into the AP. These signals are coordi-
nated via the AP and project into the hypothalamus, influencing neuro-
hormone release and impacting satiety.
Other evidence further supports the AP as a food intake regulator.
Lesioning of the AP in rats with Leydig cell tumors reverses declines in
food intake, body weight, and food preference that normally accom-
pany tumor growth [58]. As previously noted, GDF15 levels rise in
multiple tumor settings [36,37,59]. When evidence emerged identi-
fying GFRAL as the cognate GDF15 receptor and its location of
expression was found solely in the AP, it confirmed the anorectic action
of GDF15 [23,24]. Much of GDF15’s actions in mice, such as delays in
gastric emptying, taste aversion, reduced food intake, and cachexia,
are consistent with a central action through the AP [28,56]. Activation
of AP neurons by GDF15 has also been shown to activate other brain
centers such as the hypothalamus, parabrachial nucleus, and amyg-
dala, suggesting a broader, coordinated central effect of GDF15
[24,56].
The identification of amygdala activation by GDF15 [24] is a new and
interesting finding. The amygdala is a complex brain structure that
regulates a variety of behavioral and emotional responses [60]. As a
center for emotion, the amygdala may drive reward-mediated feeding
behavior as opposed to an energy-driven satiety effect [61]. It has been
demonstrated in rats that amygdala lesions induce obesity and pref-
erence for a carbohydrate-rich diet [62]. Along with other structures
comprising the limbic system, hippocampus, and hypothalamus, these
interconnected nuclei are critically involved in complex feeding and
emotional behaviors [63,64]. Importantly, GDF15’s effects on body
weight are independent of other welleknown pathways that impact
feeding such as melanocortin-4 and leptin receptors as well as classic
incretin pathway glucagon-like peptide-1 (GLP-1) [24]. Tsai et al. [65]
demonstrated that GDF15’s serum levels vary in a diurnal pattern,
similar to that of leptin. They also stated that very subtle postprandial
changes in GDF15’s serum levels were observed and suggested that
GDF15 does not demonstrate strong satiety-promoting effects, but
rather acts as a long-term regulator of energy homeostasis [65].
In summary, several lines of evidence suggest that GDF15-GFRAL-RET
is a central neuronal pathway regulating feeding and behaviors
associated with feeding, such as food aversion.

4. HUMAN GENETICS OF GDF15 AND GFRAL

Several human genetic studies have implicated GDF15 or GFRAL in
obesity with body mass index (BMI) or other relevant diseases related
to feeding or nausea. In 2015, genetic BMI studies identified 97
genome-wide significant loci, with one associated with GDF15 [66]. In
another study, GDF15’s level was shown to be inversely related to BMI
in a non-obese monozygotic twin pair, with one twin having a higher
serum GDF15 level and a lower BMI than his/her identical sibling [65].
That same study demonstrated that circulating concentrations of
GDF15 varied in a diurnal pattern, suggesting that it may also have a
physiological role in the regulation of energy homeostasis in humans
[65]. GDF15 is elevated in obese patients compared with non-obese
individuals [28,67,68]. Increased levels of circulating GDF15 in
obese patients may not be the driving mechanism for obesity but rather
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reflect a compensatory mechanism that tries to limit energy intake
when it is pursued in excess. However, the human genetic signal to
demonstrate that the GDF15/GFRAL axis is associated with BMI is not
very strong because in another study, no relationship of GDF15 was
observed with any anthropometric measurements (BMI, waist-hip ra-
tio, waist circumference, whole-body lean mass, type 2 diabetes,
fasting glucose, glycated hemoglobin, fasting insulin, low-density li-
poprotein cholesterol, high-density lipoprotein cholesterol, total
cholesterol, triglycerides, and coronary artery disease) [69]. These
authors concluded that lifelong GDF15 levels are not causally asso-
ciated with body weight, glycemic phenotypes, lipids, or coronary
artery disease in humans [69]. Very few studies have investigated the
functional consequences of GDF15’s locus association with obesity.
Moon et al. [70] performed a mendelian randomization through a single
nucleotide polymorphism rs7226, which is significantly associated
with GDF15 expression in the whole blood and has been linked to the
GDF15 concentration [71]. In their study, 33 traits related to obesity
and 27 traits related to the concentration of leukocytes in the blood
obtained from a variety of publicly available human genome-wide
association study datasets were assessed. Increased GDF15 expres-
sion was significantly associated with reduced obesity and fat mass for
24 traits [70].
Studies of pregnancy-related vomiting in humans suggest that
placentation, appetite, and GDF15 are linked to hyperemesis grav-
idarum. In these studies, maternal GDF15 levels were significantly
associated with pregnancy-related vomiting [72]; at week 15 of
pregnancy, serum GDF15 concentrations were positively associated
with second trimester vomiting and maternal anti-emetic use in
pregnancy. This was further confirmed by Fejzo et al. [73], whose
studies of hyperemesis gravidarum demonstrated that one of the most
significantly associated loci on chromosome 19p13.11 contained
genes associated with GDF15. In addition, the gene encoding the re-
ceptor for GDF15, the brainstem-restricted receptor GFRAL, was
associated with nausea and vomiting in pregnancy, further supporting
a previously unknown biological connection between GDF15 and
hyperemesis gravidarum [73]. The same group subsequently pub-
lished a study that showed variants associated with altered GDF15
levels segregate with disease in hyperemesis gravidarum families, a
finding that may explain familial susceptibility to hyperemesis grav-
idarum [40]. These early human genetic findings highlight the rela-
tionship between BMI, potential nausea, and hyperemesis gravidarum.

5. MOUSE GENETICS OF GDF15 AND GFRAL

Ablation of GDF15 or GFRAL in genetically engineered mice results in
increased body weight [17,18,24,25]. In one study, body weight of
adult female GDF15-deficient mice was significantly increased by 16%
[18]. Another laboratory study found that male GDF15�/� mice were
6% heavier than their age-matched male GDF15þ/þ control mice, and
female GDF15�/� mice weighed on average 10% more than female
controls [17]. Interestingly, the females (but not the males) showed an
increase in food intake on normal chow and reduced energy expen-
diture compared with controls [17]. When fed a high-fat diet (HFD),
another study reported that males (but not females) showed a sig-
nificant increase in body weight and reduced motor activity compared
with their counterpart wild-type mice [74]. The discrepancy in meta-
bolic rates of GDF15 knockout mice measured in different laboratories
may be explained by the fact that the phenotype of these mice is not
very robust. A slight difference in one of the parameters (mouse strain,
diet, or stress levels in the laboratory) may have uncovered a slight
discrepancy in the measurement of the metabolic rate between these
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laboratories. Metformin treatment in HFD-fed mice has been shown to
significantly increase the metabolic rate, which was blocked by GFRAL
antagonism [75]. The author of this manuscript concluded that under
conditions in which GDF15 levels are increased by metformin, body
weight reduction is contributed by both reduced food intake and high
energy expenditure [75]. It was also reported that when GFRAL
knockout mice were fed a normal chow diet, they were no different
than their wild-type littermates in terms of food intake, energy
expenditure, or body weight [24]. However, when these knockout mice
were fed a HFD, their phenotype became more evident: they gained
more weight and became glucose-intolerant compared with their wild-
type counterparts [24]. When fed the HFD for 12 weeks, weight
increased in the GFRAL knockout mice, with a greater increase in fat
mass (32%) than lean mass (9%) [24]. Another group confirmed these
findings, reporting that GFRAL knockout mice fed a HFD for 18 weeks
gainedw35% of fat mass [25]. This increase was attributed to a slight
increase in food intake [25]. Interestingly, it was reported that neither
GDF15 nor GFRAL knockout mice showed significant differences in
their relative food choices compared with their wild-type controls [76].
This latter finding indicates that endogenous GDF15 does not play a
major role in food choice in this paradigm.
Several studies have evaluated GDF15 overexpression in mice.
Transgenic mice from two independent laboratories that overex-
pressed GDF15 developed lower body weight and fat mass than their
non-transgenic controls [20] and no differences were observed in food
consumption. In 2012, Macia et al. demonstrated that long-term
overexpression of GDF15 decreased body weight, decreased fat
mass, and improved glucose homeostasis under normal chow feeding
conditions or when fed a HFD [19]. No data with GFRAL overexpression
in mice have been published. While many of the physiological effects of
GDF15 remain unclear, these aggregated findings support that, in
mice, GDF15 is a regulator of body weight.

6. RECENT DEVELOPMENTS OF GDF15

Aside from the recent identification of the endogenous receptor system
for GDF15, new developments in GDF15-related research include
evidence about the possible mechanism of action of GDF15. For
example, GDF15 may play a protective role in inflammation resulting
from pathogenic infection and sepsis [77]. This assertion is supported
by evidence showing that blocking GDF15 activity using a neutralizing
antibody resulted in reduced death in rodent sepsis models [77].
Neurons activated by GDF15-GFRAL interactions in the AP induce
catecholamine-mediated signals to the liver, inducing triglyceride
metabolism and mobilizing lipids as a tissue energy source [77]. These
findings have important implications for disease states with inflam-
mation as a driver of morbidity and mortality [78]. The concept of a
neuraleimmune interaction initiated as a result of a pathogenic insult
is not new. It has been shown that activation of vagus afferent nerve
fibers by endotoxins or cytokines induce anti-inflammatory responses
[79,80]. Stimulation of the vagus nerve can also reduce an endotoxin-
induced inflammatory response [81]. In rats treated with endotoxin,
stimulation of the vagus nerve led to increases in anti-inflammatory
cytokines, whereas vagotomy led to increases in pro-inflammatory
cytokines [82]. These data show that GDF15 activation of AP neu-
rons, followed by vagal activation, has effects beyond weight regula-
tion and feeding behavior and GDF15 may be an important component
of an anti-inflammatory milieu.
In another recent area of research, Borner et al. demonstrated that
GDF15 showed short-term effects on reducing food intake and longer-
term effects on conditioned food aversion [83]. When rats were
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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administered GDF15 and then exposed to a food substance, they
displayed avoidance and disgust toward the food, which lasted well
after the anorectic effect of GDF15 had waned; the food aversion
remained in the absence of effects on gastric emptying [83]. These
findings suggest that a long-term taste aversion has been established,
presumably through involvement of the CTZ as previously discussed.
Observations such as these provide strong evidence that the GFRAL
receptor located in the AP drives the physiological action of GDF15.

7. GDF15 FOR TREATING OBESITY

7.1. GDF15 in preclinical obesity models
Recombinant GDF15 or extended half-life GDF15 molecules have been
administered in multiple models of obesity in mice, rats, and monkeys
[24,25,28,56,84,85]. In all the preclinical models studied, adminis-
tration of various GDF15 molecules consistently resulted in decreased
food intake and body weight. For example, in C57Bl6 mice, GDF15
treatment resulted in a dose-dependent reduction in food intake that
reached statistical significance at the highest dose (0.1 mg/kg) [86]. In
a separate study with C57Bl6 mice, administration of either mouse or
human GDF15 lowered 6-hour food intake, and this effect was ach-
ieved through the suppression of meal size rather than meal frequency
[25]. Also in C57Bl6 mice, GDF15 treatment at doses of 0.01 mg/kg
and 0.1 mg/kg reduced saccharin consumption and increased water
consumption compared with a vehicle-treated control [86]. These data
demonstrate that acute administration of GDF15 can elicit an aversive
response in rodents. Along the same lines, Frikke et al. [76] found that
GDF15 treatment significantly lowered the preference for fat intake in
mice, findings that confirmed the data previously described by Xiong
et al. [28]. The same authors demonstrated that recombinant GDF15
treatments reduced food intake and body weight and improved
metabolic profiles in mice, rats, and obese cynomolgus monkeys [28].
In other preclinical models of diabetes/obesity, including ob/ob, db/db,
and KKAy mice, overexpression of murine or human GDF15 using an
adeno-associated virus (AAV) system improved body weight and
metabolic parameters. Both recombinant murine (rm) GDF15 and re-
combinant human (rh) GDF15 proteins demonstrated very similar ef-
ficacy and potency in reducing food intake in ob/ob mice [28]. In these
mice, treatment with rhGDF15 protein reduced food intake and body
weight. In diet-induced obese (DIO) mice, rhGDF15 protein treatment
decreased food intake, body weight, blood glucose, serum insulin,
serum triglyceride, and cholesterol concentrations and improved
glucose tolerance in a dose-dependent manner [28]. At the highest
concentration tested, rhGDF15 proteins (at 10 mmol/kg) decreased
food intake by w80% (compared to food intake of vehicle-treated
animals) and body weight by w20% compared to baseline [28]. To
determine whether reduced caloric intake was responsible for the
weight loss observed with GDF15 treatment, Mullican et al. restricted
caloric intake in vehicle-treated DIO mice to match the amount of food
ingested by GDF15-treated DIO mice [25]. Because the same amount
of weight loss was observed in these calorie-restricted, vehicle-treated
mice vs the GDF15-treated mice, the authors concluded that GDF15-
induced weight loss in this disease model was primarily due to
decreased energy intake [25].
Similar to the previously discussed findings in mice [25], daily treat-
ment with rhGDF15 in obese cynomolgus monkeys reduced food
intake, body weight, plasma insulin, and plasma triglyceride concen-
trations and improved glucose tolerance [25]. Other studies have used
MOLECULAR METABOLISM 46 (2021) 101117 � 2020 The Author(s). Published by Elsevier GmbH. This is an open
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long-acting forms of the GDF15 protein (administered weekly instead
of daily) and replicated the effects observed with recombinant protein
in multiple species, including obese cynomolgus monkeys [28].
Another long-acting GDF15 molecule, human serum albumin (HSA)
GDF15, at a dose of 10 nmol/kg when administered weekly to obese
cynomolgus monkeys showed significantly less daily food intake than
vehicle-treated animals [25]. In addition, significant weight loss was
observed in monkeys treated with 3 or 10 nmol/kg [25].
Agonistic GDF15 pharmacological approaches that have been tested
by multiple independent laboratories previously listed have demon-
strated consistent effects on food intake and weight loss, taste aver-
sion, and improving multiple metabolic parameters. Interestingly,
antagonistic approaches have demonstrated the expected opposite
effects when treating mice with a monoclonal antibody to GDF15
shortly after initiating feeding an HFD; these mice showed a more rapid
gain of body weight and adiposity than control groups that did not
receive the antibody [84]. Consistent with the GDF15 Abs, mAb26,
mAb1, and mAb2 inhibition studies [28,84], disruption of GDF15’s
actions by knockdown of GFRAL with AAV short hairpin RNA increased
body weight and adiposity in HFD-fed mice [84]. Another group
recently reported that an antagonistic monoclonal antibody, 3P10,
designed to prevent GDF15-driven interaction of RET with GFRAL,
reversed lipid oxidation in tumor-bearing mice [87]. They demon-
strated that activation of the GFRAL/RET pathway induced expression
of genes involved in lipid metabolism in adipose tissues independent of
anorexia, leading to reduced adipose and muscle mass in tumor-
bearing mice [87].

7.2. GDF15 molecules being developed and tested for the
treatment of obesity
GDF15 has a half-life ofw3 h in the circulation [28], and engineering
a longer half-life would make GDF15 a more patient-friendly therapy.
Based on reports in the public domain, it can be assumed that several
pharmaceutical companies have attempted to develop long-lasting
GDF15 analogues to treat obesity and/or cachexia [23e26,28]. The
two approaches are fusing GDF15 with an immunoglobulin Fc domain
or HSA. Both approaches slow the renal clearance of these large
molecules. For example, one group used a structure-based approach
to design GDF15 fusion proteins with a longer half-life and higher
production yield than native protein [28]. These Fc-GDF15 fusion
proteins were tested in obese rodent and obese cynomolgus monkey
models and demonstrated weight reductions in both models [28].
Another group used an HSA-GDF15 fusion molecule with an extended
serum half-life [25]. Administration of the HSA-GDF15 fusion mole-
cule to spontaneously obese cynomolgus monkeys resulted in sig-
nificant weight loss after 4 weeks of exposure [25]. The weight loss
effects in obese cynomolgus monkeys are encouraging, and hope-
fully these successful responses bode well for translation to treat-
ment responses in obese human patients. A patent assigned to NGM
Biopharmaceuticals (US patent 9,161,966, issued on October 20,
2015) contains data showing weight loss when HSA-GDF15 is
administered to ob/ob mice. To date, no non-human primate data
have been reported from this group. A patent application from Eli Lilly
and Company (US 2019/0309033 A1, published on October 10,
2019) includes data using an Fc-GDF15 fusion protein administered
by subcutaneous injection to DIO mice every 3 days for 21 days. Body
weights and food intake both showed dose-dependent reductions on
day 16. No non-human primate testing was described. Novo Nordisk
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 1: Illustration of the receptor complex and physiological effects of GDF15.

Review
A/S has a published patent application (US 2020/0079829 A1,
published on March 12, 2020) describing a chemically modified MIC-
1 (an alias of GDF15) compound administered for 7 days to male
SpragueeDawley rats decreased both body weight and food intake.
The application also describes administration of a single dose, either
1 nmol/kg or 9 nmol/kg, of GDF15 compounds to female Landrace
Yorkshire Duroc pigs with body weight measurements taken 7, 14, or
21 days after dose administration. Body weights were reduced in
both dose groups on all 3 days. The results observed to date in
preclinical animal models are encouraging; however, entry into the
clinical trial setting will confirm whether GDF15-induced weight loss
effects in other species are translatable to humans.

8. CHALLENGES FOR POTENTIAL GDF15 THERAPIES

As much potential as GDF15 might have as a weight loss treatment,
there will be potential safety risks when administering GDF15 ana-
logues to humans. A central concern is the AP location of the GFRAL
receptor. Because this area is thought to function as a sensor for
ingested toxic/noxious substances and may trigger expulsion of such
substances via nausea and vomiting, any GDF15 analogue may also
have the potential to cause nausea and vomiting. This may be a
particular problem with the long-lasting GDF15 analogues that would
be desirable to treat obesity in humans. Indeed, analogues of GLP-1
are known to induce gastrointestinal side effects such as nausea
and vomiting [88], with nausea being the most common, affecting up
to 50% of patients [88]. However, nausea from GLP-1 analogues tends
to be mild or moderate and diminishes as treatment continues [89,90].
Human clinical trials will determine whether administration of GDF15
analogues induces nausea and vomiting, and if so, whether the effect
is transient and diminishes with continued administration.
Another potential challenge for GDF15 with long-term use as an obesity
therapy that needs to be addressed is how GDF15 has been reported to
be associated with cancers and all-cause mortality [15,21]. To address
some of these concerns, it is interesting to highlight a publication by
Xiong et al. in which the investigators used an AAV-expressing system in
DIO mice, which increased the circulating human GDF15 levels by> 30
fold for a year. Clinical and histopathological analysis of 1-year-old DIO
mice treated with AAV-expressed human GDF15 revealed no detrimental
effects associated with GDF15 overexpression in the brain, heart, liver,
6 MOLECULAR METABOLISM 46 (2021) 101117 � 2020 The Author(s). Published by Elsevier GmbH. T
gallbladder, spleen, pancreas, kidney, skeletal muscle, stomach, duo-
denum, jejunum, ileum, colon, prostate gland, preputial gland, skin, or
adipose tissue [28], suggesting that long-term exposure to elevated
GDF15 levels does not cause an increase in tumorgenicity or mortality.

9. SUMMARY/CONCLUSIONS

In summary, the biology of GDF15 is a rapidly evolving and exciting
field. Interest from the broader scientific community is driven by a)
emerging findings that GFRAL is the cognate receptor for GDF15, b)
GFRAL’s anatomic location is highly restricted to the AP, a brain region
specialized as a CTZ, and c) observations that GDF15 administration
triggers weight loss in preclinical animal models (Figure 1). Pharma-
ceutical industry efforts are underway to produce engineered GDF15
molecules that are efficacious, safe, and have longer half-lives in the
blood than native GDF15 protein. Molecules that have good pharma-
cokinetic and pharmacodynamic properties and the potential for safe
administration in patients could become first-in-human candidates. If
human clinical trials are successful, and nausea and vomiting are
manageable side effects, then GDF15 analogues could be a cutting-
edge weight loss therapy.
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