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ARTICLE INFO ABSTRACT

Growth Differentiation Factor 15 (GDF15), also known as NSAID activated gene-1 (NAG-1), is associated with a
large number of biological processes and diseases, including cancer and obesity. GDF15 is synthesized as pro-
GDF15, is dimerized, and is cleaved and secreted into the circulation as a mature dimer GDF15. Both the intracel-
lular GDF15 and the circulating mature GDF15 are implicated in biological processes, such as energy homeostasis
and body weight regulation. Although there have been many studies on GDF15, GFRAL, a member of the glial-de-
rived neurotropic factor receptor o family, has only been recently identified as a receptor for mature GDF15. In
this review, we focused on cancer and energy homeostasis along with obesity and body weight, and the effect
of the identification of the GDF15 receptor in these investigations. In addition, the therapeutic potential of
GDF15 as a pharmacological agent in obesity and other metabolic diseases was discussed.
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1. Introduction

In the last two decades, Growth Differentiation Factor 15 GDF15 has
received considerable attention by the medical field because of its multi-
ple roles in several diseases, including cancer, cardiovascular disease,
and obesity. GDF15 has been identified by several groups using different
cloning strategies (Baek & Eling, 2006). GDF15 was named as NSAID
activated gene-1 (NAG-1) (Baek, Kim, Nixon, Wilson, & Eling, 2001), mac-
rophage inhibitory cytokine-1 (MIC-1) (Bootcov et al., 1997), placental
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transformation growth factor-3 (PTGFB) (Li et al., 2000), and prostate de-
rived factor (PDF) (Paralkar et al., 1998). Recently, based on the crystal
structures of the mature GDF15 and the mature GDF15-GFRAL extracel-
lular domain complex, GDF15 was reclassified as a member of the Glial
cell-derived neurotropic factor (GDNF) family with activity dependent
on RET and not the TGF-(3 receptors (Hsu et al., 2017). For this review ar-
ticle, we will refer to this protein as GDF15 that was initially character-
ized as a divergent member of the TGF-3 superfamily (Hsiao et al., 2000).

Similar to many other proteins, GDF15 is regulated at the level of
transcription, translation, and even translocation in the cell. It is synthe-
sized as a pro-GDF15 dimer in the cytoplasm, and subsequently, cleaved
and secreted as the mature dimer GDF15. In addition, the pro-peptide
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GDF15, a cleavage product and unprocessed pro-GDF15 dimer, can bind
to the extracellular matrix that can act as a deposit site (Bauskin et al.,
2005). The circulating serum levels of only the mature GDF15 can be
easily measured and are very low in humans; however, they are dra-
matically increased in a large number of diseases, including cancer, car-
diovascular disease, liver and kidney diseases, and tissue damage. In
addition, the serum levels of GDF15 are very high during pregnancy;
the placenta exhibits high levels of GDF15 (Li et al., 2000). Age, smoking,
stress, and environmental factors are other risk factors that may in-
crease GDF15 levels, and thus, GDF15 has been proposed as a biomarker
for many diseases and is considered a marker for all-cause mortality
(Wiklund et al., 2010). Indeed, increased serum levels of mature
GDF15 are associated with the progression and prognosis of the dis-
eases, such as cardiovascular diseases, diabetes, cancer, and many
others (Bauskin et al., 2006; Kempf et al., 2012; Wang, Chen, & Zhang,
2016). GDF15 exhibits multifunctional and diverse biological activities
associated with these diseases as reported in the literature; however,
many of these studies are conflicting. For example, GDF15 has been re-
ported to inhibit and enhance tumor development and progression as
summarized in a recent review (Wang, Baek, & Eling, 2013). With the
identification of GFRAL as the receptor for mature GDF15 and novel
findings in several other recent publications, a careful review and re-
analysis of published findings on GDF15 is necessary.

2. Biochemistry, molecular characterization, and regulation of
expression

The human GDF15 gene is located in chromosome 19 and its cDNA
has been isolated from mouse and canine (Hsiao et al., 2000;
Yamaguchi et al., 2008). The promoter of human GDF15 has been charac-
terized and possesses binding sites for several transcriptional factors, in-
cluding p53, EGR-1, CREB, Sp1, CHOP, ER stress, and ATF3. GDF15
expression is also increased by the peroxisome proliferator-activated re-
ceptor (PPAR) -y ligands (Baek, Wilson, Hsi, & Eling, 2003; Chintharlapalli,
Papineni, Baek, Liu, & Safe, 2005; Yamaguchi et al., 2008) and the PI3K/
AKT/GSK-3p pathways (Baek et al, 2003; Baek, Kim, Nixon,
DiAugustine, & Eling, 2004; Lee et al., 2008; Yamaguchi, Lee, Eling, &
Baek, 2004). The expression of GDF15 can also be regulated at the epige-
netic level (Kadowaki et al., 2012). Research, to date, has demonstrated
that GDF15 expression is induced not only during diseases but can also
be increased by NSAIDs (Baek, Wilson, Lee, & Eling, 2002) and a large
number of compounds known to prevent the development of cancers
(Baek et al., 2004; Lee et al., 2006; Lee, Cekanova, & Baek, 2008; Lee,
Kim, Yamaguchi, Eling, & Baek, 2005; Nualsanit et al., 2012). In basal con-
ditions, human GDF15 transcripts are highly expressed in placenta and at
lower levels in the colon, kidney, and prostate (Paralkar et al., 1998). Ca-
nine GDF15 is highly expressed in the liver and lung (Yamaguchi,
Whitlock, et al., 2008), whereas human GDF15 is not expressed in the
liver. On the other hand, mouse GDF15 is highly expressed in the liver
and moderately in the kidney (Hsiao et al., 2000), indicating a different
distribution of basal GDF15 expression among species. However, phylo-
genetic tree analysis indicated that canine GDF15 is more closely related
to that of the mouse than human in terms of tissue distribution.

Human GDF15 is synthesized as pro-GDF15, which then dimerizes
through cysteine residues to form pro-GDF15 dimer, It is then cleaved
at an RXXR site, forming a 112 amino acid C-terminal dimeric protein
and a pro-peptide (Wang et al,, 2013). Based on GenBank database anal-
ysis, the RXXR sequence is conserved in human, mouse, rat, canine, and
chimpanzee GDF15. The carboxy-terminal domain of GDF-15 contains
the characteristic seven conserved cysteine residues necessary for the
formation of the cysteine knot and the single interchain disulfide
bond. The mature GDF15 contains two additional cysteine residues
that form a fourth intrachain disulfide bond which is not found in the
members of TGF-B superfamily (Hsu et al., 2017). The crystal structures
of the GDF15 and GDF15-GRAL receptor complex have been recently re-
ported (Hsu et al., 2017).

The mature dimeric protein is secreted into the extracellular matrix
and can be found in human blood. Experimental evidence has clearly con-
firmed that the secreted mature dimer exhibited biological activity, but
the biological activity of the pro-peptide and pro-GDF15 monomer and/
or dimer, that is probably secreted, has not been well investigated. Al-
though, pro-GDF15 is present both inside and outside of the cells, its
fate and biological activity is unclear. With an effort to elucidate the bio-
logical activity of GDF15, we had recently reported that pro-GDF15 accu-
mulates in the nucleus and contributes to transcriptional regulation (Min
etal,, 2016). These findings demanded the need for further elucidation of
the molecular mechanisms which regulate the production, modification,
secretion, and nuclear translocation of GDF15, which presumably affect
its biologic activity inside and outside the cell. GDF15 is classified as a
moonlighting protein that exhibits multiple biological functions depend-
ing on its location (Min, Lee, & Baek, 2016; Yoon, Ryuy, & Baek, 2018).

3. Maturation and secretion of GDF15/NAG-1

GDF15 was initially identified as a member of the TGF-3 superfamily
based on the similarity of its amino acid sequence to other members of
this family of proteins (Bootcov et al.,, 1997). Similar to other members
of the TGF-P superfamily, GDF15 is formed as a full-length dimer
protein and is cleaved at an RXXR site with the secretion of a mature
dimeric protein that is assumed to be the active form of GDF15. The
pro-GDF15 consists of 167 amino acids and contains an N-linked glyco-
sylation site at amino acid position 70. It undergoes dimerization by a
specific disulfide linkage to form the pro-GDF15 dimeric precursor
(Bauskin et al., 2000). The pro-protein dimer undergoes proteolytic
cleavage catalyzed by furin-like protease at the amino acid target se-
quence RXXR to release C-terminal dimeric mature GDF15. The mature
dimer and the pro-GDF15 are then secreted into the extracellular matrix
(Fig. 1). The pro-protein selectively binds to extracellular matrix and con-
tributes to the latent storage in the stroma (Bauskin et al., 2005). GDF15
may exist in multiple forms within the cell: the pro-GDF15 monomer
(~40 kDa), the pro-GDF15 dimer (~80 kDa), and the mature dimer
(~30 kDa) (Fig. 1). In addition, the GDF15 precursor protein contains an
N-terminal signal peptide, important for its intracellular trafficking and
secretion. Recently, pro-GDF15 has been identified as a substrate for
PACEA4, a subtilisin-like endoprotease that is overexpressed in prostate
cancer. Inhibition of PACE4 reduced the serum levels of the mature
GDF15 but increased the intracellular levels of the pro-GDF15 (Couture
et al., 2017). Moreover, proprotein convertase subtilisin/kexin type
(PCSK) 3, 5, 6 are involved in GDF15 cleavage to produce mature
GDF15 (Lietal., 2018). However, whether these PCSK isoforms are essen-
tial for GDF15 maturation remains unclear, and inactivation of all three
PCSK enzymes is likely needed to definitively address this question.

Pro-GDF15 contains a nuclear localization signal and nuclear export
signal in its peptide sequence. Mature GDF15 is secreted out of the cell
by an unknown secretory pathway. We recently reported that pro-
GDF15 accumulates in the nucleus and controls transcriptional regula-
tion (Min, Liggett, et al., 2016). Our results suggest that the cleavage of
pro-GDF15 to its mature form and its subsequent secretion is dependent
on translocation into the nucleus. Cytoplasmic pro-GFD15 is recognized
by import machinery and is translocated into the nucleus via the nuclear
pore complex in an energy-dependent manner. In the nucleus, pro-
GDF15 interrupts the DNA binding capacity of the Smad complex lead-
ing to attenuation of TGF-B1-induced SMAD signaling pathway, thereby
altering cell migration and invasion (Fig. 2). Further analysis of nuclear
pro-GDF15 revealed that pro-GDF15 also modifies Hippo pathway in
cancer cells, thereby inhibiting cell migration and metastasis (unpub-
lished data). Nuclear pro-GDF15 interacts with CRM1 to export out of
the nucleus. Interestingly, blocking the nuclear export of pro-GDF15
by CRM1 inhibitor results in the inhibition of the secretion of mature
GDF15 to the extracellular matrix. These results suggest that GDF15
must pass through the nucleus before its secretion via vesicle formation.
These findings warrant further study of the molecular mechanisms by
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Fig. 1. Schematic diagram of various GDF15 proteins. GDF15 is synthesized in the cytoplasm with pro-GDF15 monomer, which then forms pro-GDF15 dimer. All the forms indicated are
probably secreted into extracellular matrix, and, at least, mature GDF15 binds to receptor. The details are provided in the main text.

which this protein translocates from the nucleus to the extracellular
matrix, affecting biological activity through protein production, modifi-
cation, and translocation. Our publication is the first study demonstrat-
ing the critical importance of GDF15 nuclear translocation in secretion
of its mature dimer and the first report confirming the biological activity
for pro-GDF15 in the nucleus. Because GFRAL has been identified as the
receptor for mature GDF15 and is involved in energy homeostasis, it is
necessary to elucidate whether nuclear pro-GDF15 exhibits biological
activities different from the GFRAL-mediated effects.

4. Identification and characterization of the mature GDF15 receptor

A number of studies have reported that various TGF-p receptors are
activated by GDF15 but the results of these studies could be compro-
mised by the presence of a TGF- contaminants in the recombinant
GDF15 preparations and resulting in inconsistent findings (Olsen,
Skjervik, Sterdal, Sundan, & Holien, 2017). Moreover, direct binding
of GDF15 to known TGF-[3 receptors could not be confirmed, and led
to search for the receptor for the secreted form of GDF15 by four inde-
pendent groups (Emmerson et al.,, 2017; Hsu et al.,, 2017; Mullican &
Rangwala, 2018; Yang et al., 2017). The GDF15 receptor, a member of
the glial-cell-derived neurotropic factor family (GDNF), is GDNF family
receptor a-like (GFRAL) protein, which is a transmembrane protein
that binds exclusively to GDF15 with high affinity. GFRAL binds to the
tyrosine kinase co-receptor, RET, and binding of GDF15 to this complex
induces phosphorylation of RET as well as intracellular signaling mole-
cules, AKT, ERKj 5, and phospholipase C (PLCy) (Mullican & Rangwala,
2018; Yang et al., 2017). The signaling pathway for GDF15/GFRAL is
still not fully understood and requires additional studies to correlate
the GDF15 receptor to the biological activities attributed to mature
GDF15. The crystal structure of GDF15 has been solved, which revealed
disulfide-bonding configuration, not reported for other TGF-3 family
members. The crystal structure of the GDF15/GFRAL has also been eluci-
dated, which shows the molecular interactions between specific amino
acid residues of GDF15 and GFRAL. The molecular basis for GDF15 activ-
ity is via GFRAL/RET and not via TGF- signaling (Hsu et al., 2017).

The expression of GFRAL is essentially limited to the CNS, particularly
in the brainstem of mice, rats, monkeys, and humans (Mullican et al.,
2017) in the area postrema (AP) with inconsistent results of expression
in the nucleus of solitary tract (NTS). The co-receptor, RET, was expressed
in the AP and NTS with additional expression observed in several regions

of the hypothalamus (Hsu et al., 2017). The expression of GFRAL was un-
detectable in peripheral tissues except for testis (Mullican et al., 2017;
Yang et al,, 2017). Furthermore, the expression of GFRAL was very low
or undetectable in 30 cell lines (Mullican et al., 2017), many of which
were reported to exhibit a biological response after treatment with
GDF15. The absence of the GDF15 receptor in peripheral tissue and in
these cell lines coupled with the problem of contamination in rGDF15
preparations render the validity of many of these findings uncertain.

5. Role of GDF15 in cancer: Pro-cancer and anti-cancer activities

Transgenic mice (GDF15"87/BL6 C57/BL6 background, and GDF15™+/
FVB FVB background) expressing human GDF15 have been developed by
our group, (Baek et al., 2006) and we have found that GDF157¢*/Bt63nd
GDF15™*/FVE mice are resistant to chemically-and genetically-induced
intestinal polyp and lung tumor formation, respectively. Approximately
50% reduction in polyps was observed after azoxymethane treatment of
GDF15™*/8%mjce, and we observed a 40% decrease in polyp formation
in the intestine by crossing GDF15™ */B6mice with Apc™"* mice, as
compared to control littermates. We have also found that the
overexpressed human GDF15 protein in GDF15*/*"E mice inhibited
the formation of induced lung tumors and lung inflammation via down-
regulation of the p38MAPK signaling pathway, and induced apoptosis
through the activation of caspase 3/7 (Cekanova et al., 2009). A number
of other studies, including ours, have described an anti-tumorigenic
function for GDF15, in which it induces apoptosis and may negatively
affect tumor growth (Baek, Kim, et al, 2001; Baek et al., 2006;
Chintharlapalli et al., 2005; Jutooru, Chadalapaka, Chintharlapalli,
Papineni, & Safe, 2009; Kelly, Scott Lucia, & Lambert, 2009; Tsui et al.,
2015; Yang, Filipovic, Brown, Breit, & Vassilev, 2003). These results
have indicated that GDF15 acts as a tumor suppressor gene in colorectal
and lung tumorigenesis (Baek & Eling, 2006). In contrast, many studies
have observed major upregulation of GDF15 mRNA and protein expres-
sion in cancer biopsies (Nakamura et al., 2003; Senapati et al., 2010).
Many studies have suggested GDF15 expression per se in cancer but
do not elucidate the mechanism of GDF15-induced tumorigenesis.
During cancer development and progression, the role of GDF-15 has
remained controversial, depending on the tumor entity and models in-
vestigated. Below are some examples of contradictory results for GDF15,
including GDF15 functional role in tumorigenesis.
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Fig. 2. GDF15 translocation in the cells. GDF15 is translocated into the nucleus, and then, exported to cytoplasm. Finally, GDF15 is secreted into the extracellular matrix. CRM1 (green)
participates in GDF15 translocation from nucleus to cytoplasm, whereas importin may participate in GDF15 translocation from cytoplasm to nucleus. Nuclear GDF15 may inhibit SMAD

activity that regulates several genes associated with metastasis.
5.1. Lung cancer

GDF15 is downregulated in non-small cell lung cancer in vivo and in
vitro and correlates with poor survival. Overexpression of GDF15 signifi-
cantly represses NSCLC cell proliferation and induces apoptosis. Further
mechanistic studies have revealed that GDF15 expression is subjected to
epigenetic repression mediated by EZH2 in NSCLC. Inhibition of EZH2 ex-
pression prevented its binding to the GDF15 promoter region and reduced
the trimethylation modification pattern of H3K27; an increase in GDF15
expression was observed (Lu et al., 2018). An anticancer compound,
Taiwanin A, also exhibited GDF15 induction in human lung carcinoma
(Harn et al., 2014). These findings are consistent with a tumor suppressor
role for GDF15 in non-small cell lung cancer. Together, GDF15 is a direct
target of EZH2 and, as a regulator of proliferation, might serve as a candi-
date prognostic biomarker and target for novel therapies in human NSCLC.
We have also found that the overexpressed GDF15 protein in GDF15™¢ VB
mice (FVB background) inhibited the formation of urethane-induced lung
tumors mediated by reduced lung inflammation via downregulation of
the p38 MAPK signaling pathway, and induced apoptosis through the ac-
tivation of caspase 3/7 (Cekanova et al., 2009). In contrast, GDF15 has been
reported to facilitate A549 cell proliferation via GCN5-dependent KLF5

acetylation (Zhao etal,, 2018). They reported an increase in GDF15 expres-
sion in the tumors based on immunohistochemistry, and decrease in
tumor formation in A549 cells after silencing of GDF15 as examined by a
xenograft tumor assay. It should be noted that A549 cells do not express
the GDF15 receptor. Taken together, these findings suggested that
GDF15 functions as a tumor suppressor or tumor promoter in NSCLC, de-
pending on the method and cell context.

5.2. Colon cancer

GDF-15 has been reported as an effective biomarker in patients with
metastatic colorectal cancer with the same sensitivity as CEA (Vocka et
al., 2016), and in vitro assay suggested that GDF15 promotes EMT and
metastasis in colorectal cancer cells (Li, et al., 2015). In contrast to the
results from in vitro assays, studies conducted in GDF15 transgenic
mice (GDF15-Tg) and GDF15 knock-out mice consistently demon-
strated anti-tumorigenic activity associated with expression of this pro-
tein (Baek et al., 2006; Zimmers, Gutierrez, & Koniaris, 2010). These
results indicated that GDF15 is a potential tumor suppressor gene at
least, in part, in an animal model commonly used in colorectal cancer in-
vestigations (Baek & Eling, 2006).
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5.3. Prostate cancer

Like other cancer patients, prostate cancer patients also exhibit high
levels of GDF15 in their serum (Li, Veltri, Yuan, Christudass, & Mandecki,
2015). Further, combining analysis of GDF15 with PSA in patient serum
provides a more promising diagnostic tool for prostate cancer patients
(Bansal et al., 2017). The activation of kinase signaling pathway by
GDF15 have also been reported in prostate cell culture system, indicat-
ing that GDF15 seems to affect several kinase pathways, including EGFR,
PAKT, and FAK-RhoA, in prostate cancer cells (Mimeault, Johansson, &
Batra, 2012). However, the expression of GDF15 receptor needs to be
validated in these studies. In contrast, studies from the TRAMP mice
with deleted germ line GDF15 gene reported increased local tumor
growth, resulting in decreased survival consistent with an overall pro-
tective role for GDF15 in early primary tumor development. However,
in advancing prostate disease, GDF15 overexpression may promote
local invasion and metastatic spread (Husaini et al., 2015).

5.4. Breast cancer

GDF15 promotes the acquisition of cancer stem cell-like properties
in breast cancers (Sasahara et al., 2017), and confers resistance to
HER2-targeted therapy in breast cancer (Joshi, Brown, Griner, & Nahta,
2011). In addition, GDF15 promotes EMT and invasiveness of breast
cancers through insulin-like growth factor-1 receptor (IGF-1R) signal-
ing and transcription factor, FoxM1, upregulation (Peake, Eze, Yang,
Castellino, & Nahta, 2017). These data suggested that the GDF15 con-
tributes to breast cancer progression, in part, by activating signaling
pathways that control EMT and cellular invasion. In contrast, it has
been reported that oncogenic protein, YAP, promotes metastasis of
breast cancer cells by repressing GDF15 transcription, indicating that
GDF15 plays a role in anti-metastasis (Wang et al., 2018). The anti-can-
cer activity of several anti-cancer compounds, including 5F-203 and
prodigiosin (2-methyl-3-pentyl-6-methoxyprodigiosene), is mediated,
in part, by GDF15 expression (Martinez et al., 2006; Soto-Cerrato,
Vifals, Lambert, Kelly, & Pérez-Tomas, 2007).

5.5. Cervical cancer

Recently, GDF15 has been reported to be involved in cervical carci-
nogenesis, activating the PI3K/AKT and MAPK/ERK signaling pathways
in complex with ErbB2, which then alters the expression of cell cycle
regulators, including p21, CDK2/4, and CyclinD1/E1, and ultimately pro-
motes cell proliferation in human cervical cancer (Li, Ma, Zheng, &

Zhang, 2018). These results suggested that GDF15 activates the PI3K/
AKT and MAPK/ERK signaling pathways primarily via ErbB2 in cervical
cancer. There has been no study indicating anti-cancer activity of
GDF15 in cervical cancer.

5.6. Brain cancer

Glioblastoma multiforme (GBM) is a grade IV astrocytoma with a
median survival of 12 months despite current multi-modal treatment
options. Similar to other cancers, the data have been contradictory for
brain cancer. There have been several studies that suggest that GDF15
may act as an oncogene. Increased GDF15 levels have been found in
the blood of glioblastoma patients and endogenous levels of GDF15 con-
tribute to proliferation and immune escape of malignant gliomas in an
immunocompetent host (Roth et al., 2010). In addition, patients with
glioblastoma and higher levels of GDF15 in cerebrospinal fluid exhibited
a poorer survival (Shnaper et al., 2009) supporting a pro-tumorigenic
role for GDF15 in brain cancer. In contrast, GDF15 expression in glioblas-
toma cell lines is significantly lower than that in benign glioma cells and
normal human astrocytes (Kadowaki et al., 2012). In GBM, MG132 ex-
hibited increased phosphorylation of the p38 MAPK pathway, and the
induction of GDF15 by p38 MAPK is a potential contributor to the
anti-glioblastoma activity of proteasome inhibitors (Shimizu et al.,
2013). Since PI3K/AKT and Smad2/3 signaling cascades exhibit oppos-
ing effects in GDF15-induced glioblastoma cell apoptosis, the different
results of GDF15 in brain cancer may be due to the opposite effects of
PI3K/AKT and Smad2/3 signaling cascades. Lower levels of Smad3 may
lead to the loss of apoptosis sensitivity in response to GDF15 in some
glioblastoma cell lines (Zhang et al., 2014).

5.7. Pro-cancer and anti-cancer activities of GDF15

The role of GDF15 is contradictory in some cancers as summarized in
Table 1. In general, the anti-tumorigenic effect or prevention of tumor
development was observed in transgenic mice expressing GDF15. For
studies in mice deficient in GDF15 the results have been consistent.
However, TRAMP mice expressing mGDF15 under the control of macro-
phage specific colony stimulating factor-1 promoter exhibited smaller
prostate tumors and an increase in metastases (Husaini et al., 2012).
Transgenic mice exhibit an increase in life span whether maintained
on a regular diet or a high fat diet; at 90 weeks of age, no tumors were
detected (Wang et al., 2014). Similarly, obese mice, treated for 1 year
with adenovirus expressing hGDF15, showed no detrimental effects of
the GDF15 expression (Xiong et al., 2017). In contrast, most of the

Table 1
Summary of GDF15's role in cancer. Each reference includes functional study of GDF15 either in vivo or in vitro. Anti, anti-proliferation activity; pro, cell promotion.
In vitro vs in vivo Role Use of recombinant Reference
GDF15

Lung cancer Urethane-induced lung tumorigenesis model in GDF15 Transgenic Anti No (Cekanova et al., 2009)
mice
SPCA1 and H1299 cells Anti No (Lu et al., 2018)
A549 and H460 cells Anti No (Harn et al., 2014)
H460 cells Anti No (Kadara, Schroeder, Lotan, Pisano, & Lotan, 2006)
A549 cells Pro No (Zhao et al., 2018)

Colorectal HT29 and SW480 cells Pro Yes (Lietal., 2015)

cancer HCT-116 cells Anti No (Baek, Kim, et al., 2001)

GDF15 knock-out/MIN mouse Anti No (Zimmers et al., 2010)
Azoxymethane-induced mouse model and MIN mouse model in Anti No (Baek et al., 2006)
GDF15 Tg mice

Prostate WPE1-NB26 cells/Immunohistochemistry Pro No (Mimeault et al., 2012)

cancer TRAMP mice model Anti/Pro No (Husaini et al., 2015)

Breast cancer ~ BT474 breast cancer cells/Immunohistochemistry Pro Yes (Peake et al., 2017)
MCF7/BT474/BT20 breast cancer cells. Pro Yes (Sasahara et al., 2017)
MCF7 Anti No (Martinez et al., 2006)
MCF7/MDA-MB-231 Anti No (Soto-Cerrato et al., 2007)

Cervical cancer HeLa/HT-3 cervical cancer cells Pro Yes (Li, Ma, et al., 2018)

Brain cancer SMA-560 Brain cancer cells Pro Yes (Roth et al., 2010)
U87 brain cancer cells Anti No (Shimizu et al., 2013)




SJ. Baek, T. Eling / Pharmacology & Therapeutics 198 (2019) 46-58 51

results for a pro-cancer activity for GDF15 are from in vitro experiments
that use cultured cells. The absence of expression of the GDF15 receptor,
GFRAL, in these cells and contamination of commercial preparation of
mature GDF15 raises questions on the validity of some of these findings.
In other studies, the endogenous formation of GDF15 was reduced by
the use of short hairpin GDF15 constructs resulting in an increase in bi-
ological activity associated with its pro-cancer effects (C. Li, et al,, 2015).
The exclusive effect of the constructs on GDF15 biosynthesis needs to be
confirmed. Some possible explanations of the contradictory in vitro ac-
tivity include: 1) GDF15 may have different functions in different cancer
cells, 2) an unidentified activity of pro-GDF15 or other forms of GDF15
in cancer cells, and 3) the presence of active monomers of GDF15 in can-
cer cells. The current GDF15 antibodies do not distinguish between the
monomeric and dimeric GDF15. Therefore, additional investigations
need to be conducted to elucidate the role of GDF15 in cancer.

6. GDF15 and the regulation of body weight

The regulation of body weight and energy homeostasis by GDF15 is
now supported and confirmed by a considerable amount of experimen-
tal and clinical data. GDF15's effect on mice body weight was first ob-
served in 2006, with ubiquitous tissue expression of the full-length
human GDF15 protein (hGDF15) and circulating levels of the mature
or secreted hGDF15 (20-50 ng/mL) (Baek et al., 2006). Expression of
hGDF15 has profound biological effects on body weight and fat content
as determined by Piximus image analysis. A comparison between wild-
type littermates and transgenic male mice at 11 weeks of age is shown
in Table 2. Despite these changes in body weight no difference in food
consumption was observed (Baek et al., 2006; Chrysovergis et al., 2014).

Subsequent studies with the transgenic mice confirmed the lower
body weight and further characterized this phenotype. The ubiquitous
expression of hGDF15 in mice did not decrease food consumption but
did improve glucose tolerance, insulin sensitivity, and lowered body
weight, insulin, glucose levels, serum IGF-1 levels, leptin levels, and ad-
ipose tissue (Chrysovergis et al., 2014). It also reduced the inflammatory
response, increased oxidative metabolism, and energy expenditure
(Kim et al.,, 2013). The expression of hGDF15 protected the mice from
glucose intolerance, prevented lower insulin sensitivity, prevented
liver steatosis, and prevented obesity in genetically induced and high
fat diet-induced obese models (Chrysovergis et al., 2014; Kim et al.,
2013; Wang et al., 2014). In addition, the lifespan of the hGDF15 trans-
genic mice is significantly longer for mice on either normal or high-fat
diet (Wang et al., 2014) suggesting that GDF15 is a regulator of mam-
malian longevity acting as a survival factor.

A major advancement in understanding the biological activity of ma-
ture GDF15 was the identification of the GDF15 receptor (GFRAL). Four
independent groups identified the GFRAL, a member of GDNF-family
(GDNF), as the receptor for the secreted or mature form of GDF15
(Emmerson et al., 2017; Hsu et al., 2017; Mullican et al., 2017; Yang et
al., 2017). After binding of GDF15 to GFRAL, it forms a complex with
RET and triggers the phosphorylation of RET, ERK, ribosomal protein S6
(pS6), and PLCy. Administration of GDF15 to wild-type mice and rats re-
sults in reduced body weight, fat, serum leptin levels, and serum insulin
levels; along with lower food intake and blood glucose, thus shifting the
metabolism from carbohydrate to lipid oxidation. These responses were
reported for wild-type mice and were not found in GFRAL deficient mice

Table 2
Body weigh changes between GDF15 (NAG-1) transgenic and control mice.
Control mice GDF15 Tg mice p value
Total weight (g) 222 +04 172402 0.0003
Fat (g) 3.6 £+ 0.03 26+0.1 0.0001
% Fat 163402 1464+ 0.2 0.006
Lean tissue (g) 186 £ 04 15.1 £0.2 0.0008

Values are the mean 4+ SE.

(GFRAL—/—). GFRAL (—/—) mice did not differ from wild-type mice in
terms of body weight or fat content when on a regular diet and have sim-
ilar energy expenditure (Mullican & Rangwala, 2018; Yang et al., 2017).
Higher body weight and fat content were observed as expected, when
GFRAL (—/—) mice were placed on a high-fat diet (Mullican et al.,
2017); however, other investigators have not observed these differences
(Emmerson et al., 2017). Based on results from these investigations, the
GFRAL receptor is clearly required for the body weight decrease, food in-
take reduction, and the metabolic effects observed after the pharmaco-
logical administration of mature GDF15 (Emmerson et al., 2017; Hsu et
al.,, 2017; Mullican et al., 2017; Yang et al., 2017) or after treatment
with cisplatin which increased serum levels of GDF15 (Hsu et al.,
2017). The results from other studies (Tsai et al., 2013) and from studies
with GFRAL (—/—) mice support the hypothesis that the reduction in
food, intake mediated by activation of GFRAL, is responsible for the de-
crease in body weight when GDF15 is administrated. Furthermore, the
rats and mice treated with rGDF15 lost the same amount of body weight
and fat, supporting the hypothesis that a decrease in food intake is re-
sponsible for lower bodyweight (Mullican et al., 2017; Yang et al., 2017).

Mice deficient in GDF15 have been reported to exhibit a modest in-
crease in body weight and fat content as compared to wild-type mice.
Female GDF15 (—/—) mice, but not male GDF15 (—/—) mice, exhibited
anincrease in food intake and lower total energy expenditure (Tsaietal.,
2013). Furthermore, little differences in body weight, glucose and insu-
lin tolerances, fat content, and energy expenditure were observed be-
tween controls and GDF15 (—/—) mice fed with a high-fat diet for 6
weeks (Chung et al., 2017). In another study, wild type and GDF15
(—/—) male mice had similar weights; however, compared to wild-
type mice, the male GDF15 (—/—) exhibited a greater weight gain,
higher glucose levels, and higher insulin levels on a high-fat diet (Tran,
Yang, Gardner, & Xiong, 2018). Similar results were obtained for female
mice but the difference between the wild type and GDF15 (—/—) female
mice were smaller. For male mice, oxygen consumption and heat pro-
duction were lower in the GDF15 (—/—) male mice, indicating a lower
metabolic rate, whereas a lower metabolic rate was reported in GDF15
(—/—) female mice; however, the difference is not statistically signifi-
cant. These findings are consistent with the low concentration (0.42
pM) (Chung et al., 2017) of serum levels of GDF15 in wild-type mice
on a regular diet. This concentration is below the ED50 reported for ac-
tivation of the GFRAL receptor [1 x 10—10 M ( Yang et al., 2017), 10 pM
(Hsuetal,, 2017), 0.4 nM (Mullican et al., 2017)]. Modest differences in
weight and responses between wild-type mice and GDF15 (—/—) mice
suggest that regulation of body weight due to GDF15 is not a normal
mechanism of weight control but only occurs under conditions of stress,
which causes increase in expression of GDF15.

Besides experiments using transgenic and/or knock-out mice, xeno-
graft mouse model with engineered tumor cells expressing GDF15 and
mice injected with recombinant GDF15 (rGDF15) have been used to in-
crease the GDF15 serum levels in mice. Johnen (2007) reported that
mice with xenografts of DU-145 prostate tumor cells, expressing
GDF15, exhibited a lower body weight, less adipose tissue, and decrease
in food intake (Johnen, 2007). Obese C57BL6 with xenograft of B16/F10
melanoma cells lost weight as the tumor grew and the serum levels of
GDF15 increased with no changes in food intake (Chrysovergis et al.,
2014). The expression of lipolysis genes in the white adipose tissue
(WAT) and the expression of thermogenic genes in brown adipose tis-
sue (BAT) were increased from mice with xenografts expressing
GDF15 (Chrysovergis et al., 2014). Based on these investigations,
GDF15 appears to be a regulator of body weight mediated by decreased
food intake and/or increased oxidative metabolism.

6.1. Conflicting results using transgenic versus knockout mice in terms of
anti-obesity

Contradictory results for the relative importance of food intake/ap-
petite reduction and oxidative metabolism/energy expenditure in
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weight reduction are apparent from published studies. This important
issue needs to be resolved to fully understand the modulation of body
weight by GDF15. Most of the conflicting data are observed when com-
paring results obtained after GDF15 administration to results from
transgenic mice expressing GDF15. In general, appetite reduction is ob-
served after administration of rGDF15 in mice, but it was not observed
in transgenic mice. Changes in oxidative metabolism are observed in
GDF15 transgenic mice, but not consistently reported after GDF15 ad-
ministration as discussed below.

6.1.1. Transgenic mice

For ubiquitous expressing transgenic mice, food consumption,
expressed as per mouse or per body weight, was the same for wild-
type mice fed with either both regular or high-fat diets (Chrysovergis et
al., 2014). This phenomenon was seen in two different strains of mice,
C57BL6 and FVB mice. In a study on non-alcoholic fatty liver disease or
NASH, mice expressing full-length hGDF15 with a liver-specific promoter
and with serum levels between 3 and 50 ng/mL were very similar to
ubiquitous expressing transgenic mice in terms of metabolic characteris-
tics, food intake, and protection of the liver from inflammatory steatosis.
Furthermore, an increase in the expression of endogenous mouse GDF15
reduced steatohepatitis in a mouse model of NASH. GDF15 also sup-
presses the expression of fibrosis related genes (Tgfb1, Col1al, Timp1,
and Acta2) and osteospontin in the liver of NASH mice, whereas GDF15
deficient mice showed enhanced NASH phenotypes (Kim et al., 2018).
In another study, GDF15 was characterized as a heart-derived hormone
which regulates body growth (Wang et al., 2017). These studies on trans-
genic mice, expressing GDF15, indicate altered metabolism rather than
appetite suppression as critical for weight reduction. It is not clear why
appetite suppression is not observed in the transgenic GDF15 models.
One speculative explanation is an adaptive response of the neural circuit
that suppresses appetite in the mouse models.

In contrast to these studies, investigations with a transgenic mouse
expressing full-length mouse GDF15 with a macrophage-specific ex-
pression, controlled by c-fms promoter (expression in the spleen), re-
ported lower food intake or appetite suppression. These mice
exhibited a lower body weight and fat content, improved glucose toler-
ance, and increased insulin sensitivity but no changes in energy expen-
diture as compared to syngeneic control mice, indicating that appetite
suppression is responsible for the lower body weight (Johnen, 2007;
Macia et al., 2012).

6.1.2. GDF15 (—/—) mice

Skeletal MKO (muscle specific knockout of Crif1) mice with altered
mitochondrial unfolded protein response exhibit higher levels of
GDF15 and are protected against obesity, have better insulin sensitivity,
increased energy expenditure, and oxidative metabolism without any
change in food consumption as compared to control mice. Metabolic
phenotype as seen in transgenic mice was not observed in GDF15 defi-
cient mice that had been crossed with the MKO mice (MKO/GDF15 (—/
—)) (Chung et al,, 2017). Thus, protection against obesity and the met-
abolic phenotypes in MKO mice is dependent on the induction of GDF15
in skeletal muscle. GDF15 has been characterized as a myomitokine reg-
ulating systemic energy homeostasis (Chung et al., 2017).

6.1.3. Administration of rGDF15 to the mice

Administration of GFD15 into mice can produce responses similar to
those observed in transgenic mice. Administration of GDF15 to lean or
obese mice and to other species (rats and monkeys) increased the
serum levels of GDF15 in mice. In all these investigations, a consistent
decrease in body weight and adipose tissue, and a reduction in food
intake were observed that were, in general, both dose and time-depen-
dent (Johnen, 2007). These responses, however, were not observed in
the GFRAL (—/—) mice (Hsu et al., 2017; Mullican et al., 2017; Yang et
al., 2017). The critical role of the activation of GFRAL receptor by the ad-
ministered GDF15 in appetite suppression and weight reduction is

firmly established by these studies. In two studies, one with obese
mice and the second with lean mice, administration of rGDF15 did not
alter energy expenditure but decreased the respiratory exchange ratio
(RER), indicating a shift from carbohydrate to lipid metabolism. Injec-
tion of recombinant GDF15 (rGDF15) every other day for 3 weeks into
obese mice resulted in increased oxygen consumption and CO2 produc-
tion, increased energy expenditure, reduced body weight, fat content,
liver, and eWAT steatosis. Expression of lipolytic and oxidative metabo-
lism genes in the liver, iWAT, and eWAT were increased (Chung et al.,
2017). Furthermore, these GDF15 treated mice exhibited reduced
body weight, fat content, and liver/eWAT steatosis with no changes in
food intake or activity. Obese mice either feeding on an HFD or Ob/Ob
mice exhibited a shift to lipid metabolism and increased oxidative me-
tabolism after chronic treatment with rGDF15. GDF15 treatment for
34 days in mice fed a control diet or HFD caused the following effects:
reduction in body weight (greater reduction in mice fed with HFD), re-
duction in fat mass (more reduction in fat mass in mice fed with HFD), a
reduction in food intake, increase in energy expenditure, increase in
thermogenesis, and improved glucose and insulin tolerance. Treatment
with rGDF15 also lowered pro-inflammatory, cytokine levels in tissue
and serum, lowered macrophages infiltration in adipose tissue, and re-
duced liver steatosis in mice fed with HFD (Tsai, Husaini, Sainsbury,
Brown, & Breit, 2018.) Treatment of obese mice on a high-fat diet in-
creased energy expenditure and increased the expression of UCP1 a
key regulator of thermogenesis in inguinal fat (Tsai et al., 2013). These
findings obtained by administration of GDF15 are in agreement with
previously published data with mice expressing hGDF15
(Chrysovergis et al., 2014; Kim et al.,, 2013; Wang et al,, 2014).

6.2. Biochemical mechanism of GDF15 in anti-obesity

The underlying changes involved in the biochemical processes and
signaling pathways altered by the increased expression of GDF15 in
transgenic mice responsible for weight reduction and metabolic pheno-
type related to appetite suppression are poorly understood. One focus of
research to address this issue was the NLRP3 inflammasome that plays
an important regulatory role in obesity-induced insulin resistance
(Stienstra et al., 2010; Vandanmagsar et al., 2011). The levels of IL-18
and II-10, that are associated with obesity and insulin resistance, are
lower in the white adipose tissue (WAT) of transgenic mice ubiquitously
expressing GDF15 (Wang et al., 2014). These mice fed with either a reg-
ular or high-fat diet exhibited reduced caspase-1 and inflammasome ac-
tivity that regulates the levels of IL-18 and 1 L-1p. The transgenic mice
exhibited lower levels of macrophage infiltration into liver and adipose
tissues and reduced levels of inflammatory cytokines. The lower
NLRP3 inflammasome activity explains, in part, the improved insulin
sensitivity, lower body weight, and protection against inflammatory
steatosis observed in the transgenic mice expressing GDF15
(Chrysovergis et al., 2014; Wang et al., 2014). In the WAT of young and
old transgenic mice, suppression of the IGF-1 and insulin/mTOR signal-
ing pathways has been reported and is linked to improved insulin sensi-
tivity and an increase in lifespan. In other studies, GDF15 has been
reported to inhibit growth hormone signaling resulting in a lower level
of IGF-1 which is related to the anti-cancer activity of GDF15 (Wang et
al., 2017; Wang, Chrysovergis, Bienstock, Shim, & Eling, 2012).

A second major investigative research is on energy homeostasis.
Mice with ubiquitous hGDF15 expression show no differences in adipo-
cyte differentiation in white adipose tissue (WAT) between wild-type
and transgenic mice; however, the expression of genes related to lipol-
ysis was higher in the transgenic mice (Chrysovergis et al., 2014). In the
brown fat (BAT), an increase in the expression of thermogenesis and ox-
idative metabolism genes has been observed in the transgenic mice fed
either with a regular or high-fat diet. Such increases in expressions of
genes related to lipolysis, oxidative metabolism, and thermogenesis
were observed in mice at both 30 and 95 weeks of age (Wang et al.,
2014). An increase in lipolysis and fatty acid oxidation was observed
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in the livers, eWAT (epididymal white fat), and extensor muscle (EDL)
of MKO mice (Chung et al., 2017). The increase in the expression of li-
polysis proteins in the WAT results in lower triglyceride content and
smaller adipocyte size as observed in the GDF15 transgenic mice fed
with either a regular or HFD. The increased expression of oxidative me-
tabolism proteins in BAT and eWAT increases fatty acid oxidation, and
hence, serum levels of free fatty acids and triglycerides are not higher
in the GDF15 transgenic mice as expected due to increased lipolysis.
The net result of the increase in oxidative metabolism is a decrease in
body weight and adipose tissue without a reduction in food intake.

6.3. Other molecules involved in anti-obesity activity

Increased lipolysis, metabolic activity, and energy expenditure can
lower body weight, improve insulin sensitivity, and resistance to obesity.
The transcriptional co-regulator TRIP-Br2 controls fat storage by the reg-
ulation of lipolysis, metabolic activity, and energy expenditure (Liew et
al., 2013). TRIP-Br2 deficient mice do not have appetite suppression but
exhibit upregulation of genes related to lipolysis, oxidative metabolism,
and thermogenesis in adipose tissue and are resistant to obesity. They
also have improved glucose tolerance, insulin sensitivity, and increased
fat lipolysis and thermogenesis. The metabolic characteristics of the
TRIP-Br2 deficient mice are very similar if not identical to the GDF15
transgenic mice (Chrysovergis et al., 2014; Wang et al., 2014) and the
MKO mice (Chung et al.,, 2017), indicating that a decrease in body weight
is not exclusively dependent on appetite suppression. The shift from car-
bohydrate to lipid metabolism, and fatty acid oxidation, observed after
administration of GDF15 and in the transgenic mouse models, may con-
tribute to cachexia observed during chronic diseases, such as cancer. Ex-
cessive fatty acid oxidation can induce muscle atrophy observed during
cachexia (Fukawa et al., 2016). The shift from carbohydrate to lipid me-
tabolism after rGDF15 treatment was not observed in the GFRAL (—/—)
mice, suggesting that the metabolic effects observed in transgenic mice
and after rGDF15 treatment was dependent on the activation of GFRAL.
Central regulation of oxidative metabolism is supported by ample exper-
imental evidence (Berthoud, Lenard, & Shin, 2011; Clapham & Miller,
2011) and the lipolytic and mitochondrial-oxidation pathways are 33 ad-
renergic regulated (Collins, 2012). Thus, the mechanism of how activa-
tion of the GFRAL receptor in the brain increases oxidative metabolism
is still unknown and needs to be confirmed by future studies.

Except for the studies conducted by Macia et al. (Macia et al., 2012),
transgenic mice expressing GDF15 have exhibited a lower body weight
and generally have the same metabolic characteristics as a mouse
treated with GDF15, except that food intake is the same as wild-type lit-
termates, and energy expenditure is increased and shifted from carbo-
hydrate to lipid metabolism. Since the food consumption is the same
between transgenic and control mice, and comparison of transgenic
mice to wild-type mice is, in essence, a paired feeding experiment,
changes in oxidative metabolism must be responsible for the metabolic
phenotype. These results also suggest that the increase in oxidative me-
tabolism observed after administration of rGDF15 is not likely due to the
decrease in food consumption (Tsai et al., 2013). One difference be-
tween studies reporting altered oxidative metabolism versus those
reporting no changes in oxidative metabolism is the duration of treat-
ment. Changes in oxidative metabolism were observed after generation
of chronic high levels of serum GDF15 (Chrysovergis et al., 2014; Chung
etal.,, 2017; Tsai et al., 2013), while the absence of altered oxidative me-
tabolism was observed with acute treatment (Hsu et al., 2017; Johnen,
2007; Maciaetal.,, 2012; Yanget al., 2017). The difficulties and complex-
ity in evaluation of energy metabolism in mice may provide an explana-
tion for the inconsistent findings on energy expenditure (Tschop et al.,
2011). The most consistent results were obtained by analyzing the ex-
pression of gene and protein related to lipolysis, thermogenesis, and ox-
idative metabolism and the shift from carbohydrate to lipid metabolism.
High-fat diet has been shown to alter biochemical processes related to
metabolism and could alter the response to GDF15. For example,

NLRP3 inflammasome activity is higher in mice on high-fat diet (HFD)
(Stienstra, Tack, Kanneganti, Joosten, & Netea, 2012; Vandanmagsar et
al., 2011) and obesity increases the expression of TRIP-Br2 in visceral
fat (Liew et al,, 2013) (Fig. 3).

7. Biological activities independent of mature GDF15

Previous studies have confirmed that secreted mature dimer present
in the circulating blood suppresses appetite and alters energy homeosta-
sis by the activation of GFRAL-RET receptor complex located in specific
regions of the brainstem. This activity of mature GDF15 could be associ-
ated with diseases, such as obesity and cachexia associated with cancer
[reviewed in (Mullican & Rangwala, 2018)] and reduction in chronic in-
flammation (Kim et al,, 2013; Tsai et al., 2018; Wang et al., 2014). A di-
verse number of GDF15 biological activities have been reported
previously and is reportedly mediated via activation of SMADs. Although
GDF15 has been investigated as a divergent member of the TGF-{ super-
family, a recent report demonstrated that mature GDF15 does not bind
to any known TGF-f receptors (Hsu et al.,, 2017). Considering the
many contradictory results, the specific expression of the receptor,
GFRAL, in the brain, the lack of GFRAL expression in frequently used cel-
lular systems, and the contamination of some preparations of rGDF15
with TGF-P1 requires a careful reanalysis of these publication results.

During the formation of mature GDF15 from endogenous sources, in
transgenic animals and in cellular system expressing the full-length
GDF15, the secretion of mature GDF15 dimer can be accompanied by
the release of the pro-GDF15 dimer, and possibly, the GDF15 pro-pep-
tide (Bauskin et al., 2005; Bauskin et al., 2010). No information has
been reported on the circulating levels of pro-GDF15 dimer or pro-
GDF15 with its biological activity, a potential receptor. This field may
be a fruitful area of investigation to explain some effects observed in an-
imals and in cells designed to express full-length GDF15. The activation
of the GFRAL-RET receptor by pro-GDF15 has not been reported in the
literature as per our knowledge.

Multiple forms of GDF15 are present in cells, and their roles and in-
teractions with cellular systems remain to be determined. We recently
reported that pro-GDF15 is translocated into the nucleus by an energy
dependent process (Min, Liggett, et al., 2016). Inside the nucleus
pro-GDF15 inhibits DNA binding of the SMAD complex to the promoter
region of TGF-p target gene regulating the transcriptional activity of the
SMAD pathway. For example, GDF15 has been reported to suppress
TGF-31 mediated cell invasion and cell migration (Min, Liggett, et al.,
2016) by this mechanism, a finding that provides some clues as to
how GDF15 may reduce the development and progression of cancer.
These findings indicate a need for further study of the molecular
mechanisms by which the intracellular forms of GDF15 can modulate
biological processes independent of the GFRAL receptor. The nuclear-
cytoplasmic shuttling of pro-GDF15 may permit interactions with regu-
latory processes inside of cells.

8. Therapeutic potential for GDF15/GFRAL in weight homeostasis
8.1. Obesity

Several studies on regulation of energy homeostasis clearly indicate
a potential anti-obesity pharmacological approach based on the activa-
tion of the GFRAL receptor present in the brain. Injections of mature
rGDF15 for approximately 1 week have been reported to suppress ap-
petite and lower body weight (Johnen, 2007; Mullican et al., 2017;
Yang et al., 2017). Administration of murine mature GDF15 to mice at
adose of 0.5 pg/g body weight per day for 7 days results in a serum con-
centration of ~10 ng/mL. After 14 days to 21 weeks of treatment, a sig-
nificant body weight reduction, reduction in food intake, increase in
energy expenditure, improved glucose tolerance, and reduction in in-
flammatory cytokines was observed (Tsai et al., 2018). Similarly, the
daily administration of human mature GDF15 via adenovirus system
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Fig. 3. GDF15 effects on obesity. Some tissues express GDF15 and secrete mature GDF15 into the bloodstream. In the brain, mature GDF15 binds to GFRAL/RET receptor and controls food
appetite via certain unknown kinase signaling. In addition, pro-GDF15 and mature GDF15 may affect several metabolic pathways, independent of GFRAL/RET receptor pathway. The details

are provided in the main text.

to mice, rats, and obese monkeys lowered the body weight and im-
proved the metabolic profile with a limitation that the native GDF15 re-
portedly has a short half-life of 3h (Xiong et al, 2017). The
pharmaceutical industry has created fusions between mature GDF15
and either human serum albumin (HSA) or the Fc part of immunoglob-
ulin (Fc) to increase the half-life from hours to days. Treatment of either
lean or obese mice with these fusion proteins exhibited reduced appe-
tite, lower body weight, improved metabolic parameters shifting to-
ward lipid oxidation (Emmerson et al.,, 2017; Hsu et al.,, 2017;
Mullican et al., 2017; Xiong et al., 2017). Administration of a Fc-GDF15
protein weekly for 6 weeks to obese cynomolgus monkeys led to re-
duced body weight, lower food consumption, improved insulin and glu-
cose levels, and lower triglyceride level in blood, which indicates
increase in lipid metabolism (Xiong et al., 2017). A single injection of
an HSA-GDF15 fusion protein into obese monkeys was sufficient to
maintain the decrease in appetite and body weight for 4 weeks
(Mullican & Rangwala, 2018) suggesting that these fusion GDF15 pro-
teins could be used for chronic treatments.

In addition to the use of mature GDF15 or modified GDF15 fusion pro-
teins as pharmaceutical drugs, some consideration should be given to the
development of drugs which increase the expression of GDF15 in tissues.
The promoter region of GDF15 was investigated and several transcrip-
tional regulation sites have been identified (Baek, Horowitz, & Eling,
2001). A large number of agents, including dietary chemicals and
chemicals known to have anti-oxidant or anti-cancer activity, increase
the expression of GDF15 (Eling, Baek, Shim, & Lee, 2006; Yoon & Baek,
2005). Compounds that increase the stability of mRNA prolonging the
half-life of GDF15 mRNA also increase the expression of GDF15
(Martinez et al., 2006). Among those, many phytochemicals with anti-
obesity property increase GDF15 expression at the transcription level, in-
cluding capsaicin (Lee, Richardson, Dashwood, & Baek, 2012), resveratrol
(Baek, Wilson, & Eling, 2002), and conjugated linoleic acids (Lee et al.,

2006). Since these compounds have been associated with anti-obesity,
these drugs could be modified to generate better GDF15 inducer.

The in vitro studies with intestinal cells have revealed that the most
potent inducer of GDF15 expression is sulindac sulfide, a drug that in-
hibits intestinal tumor development in mice (Kim et al., 2002). The re-
duction of polyps in APC/Min mice after treatment with prodrug
sulindac requires GDF15, indicating an increased expression of
mGDF15 (Zimmers et al., 2010). It should be possible to design drugs
that specifically induce the expression of GDF15 with limited side effects.

8.2. Anorexia/cachexia

The increase in the circulating levels of GDF15 during diseases, par-
ticular cancer and, most notably, prostate cancer is a cause of anorexia
(loss of appetite) and cachexia (extreme weight loss and muscle
wasting) (Lerner et al,, 2016). The findings in experimental animals de-
scribed in the previous sections clearly support the hypothesis for the
circulating mature GDF15, and the subsequent activation of the receptor
GFRAL is considered to be responsible for these effects. Several pharma-
ceutical approaches can be considered to treat or reverse these deleteri-
ous effects of GDF15. One approach is to develop GDF15 specific
antibodies that can be injected to sequester, and hence, lower the con-
centration of mature GDF15. Administration of a specific GDF15 anti-
body in mice with high levels of GDF15 in the blood reversed the
weight loss and diminished the fat and muscle mass caused by xeno-
graft tumors expressing GDF15 (Johnen, 2007; Lerner et al., 2016).
The characterization of GFRAL as the GDF15 receptor offers additional
targets for drug development. Injection of a fusion GDF15 protein
(Fc-GDF15) into wild type mice led to decrease in body weight and
food intake; however, these responses were not observed in GFRAL
knockout mice. Treatment of rats with a mouse monoclonal anti-
GFRAL antibody blocked the weight loss and food intake effects of
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Fc-GDF15. This result indicates that GRAL is a promising target for drug
development and show that anti-GDF15 antibodies can inhibit the ef-
fect of the native protein and fusion constructs (Emmerson et al.,
2017). The GFRAL signaling pathway, that is only poorly understood,
is a potential target for development of drugs for treating or preventing
the deleterious effects of high GDF15 levels.

Based on the secretion pathway of GDF15, inhibiting GDF15 secre-
tion may not facilitate anorexia/cachexia. GDF15 has been known to
translocate from cytoplasm to nucleus, followed by secretion to the ex-
tracellular matrix (Min, Lee, & Baek, 2016; Min, Liggett, et al., 2016). A
critical problem related to dynamic proteins, like GDF15, is the paucity
of information on why these proteins have multiple functions. Thus,
elucidating dynamic protein, like GDF15, could help to define GDF15
as a target to treat many diseases, as well as address another critical
gap in current research including, transcriptional/translational
regulation of a secreted protein. Thus, retaining GDF15 in the nucleus
or cytoplasm by some means may help cancer patients with respect to
anorexia/cachexia. Furthermore, a recent study suggested that GDF15
in the nucleus inhibited Smad pathways that are involved in the cell mi-
gration and metastasis (Min, Liggett, et al., 2016). Therefore, it is a very
attractive approach that could be explored to retain GDF15 inside of the
cells in cancer patients.

9. Therapeutic potential of GDF15 in other diseases
9.1. Inflammation

Transgenic mice expressing GDF15 exhibit a weaker inflammatory
response to LPS as compared to wild type mice (Kim et al., 2013). In ad-
dition, the GDF15 mice exhibit a lower basal serum level of inflamma-
tory cytokines and lower NLRP3 inflammasome activity (Wang et al.,
2014). Mice that express GDF15 expression have reduced nonalcoholic
steatohepatitis, an inflammatory condition in the liver (Kim et al.,
2018), while mice deficient in GDF15 are more susceptible to LPS in-
duced heart and renal injury (Abulizi et al., 2017). Thus, GDF15 may ex-
hibit therapeutic potential for the treatment of inflammatory related
diseases.

9.2. Cardiovascular diseases

Acute myocardial infarction (AMI) is a major cause of morbidity and
mortality worldwide. GDF15 appears to play a role in cardiovascular dis-
eases, such as heart failure (Wollert et al., 2007), cardiac hypertrophy
(Dominguez-Rodriguez, Abreu-Gonzalez, & Avanzas, 2011), and coro-
nary heart disease (CHD) ( Kempf et al., 2009). Transgenic mice ex-
pressing GDF15 are resistant to the ischemia reperfusion injury that
occurs during heart transplantation suggesting a potential therapeutic
utility of GDF15 in heart replacement (Zhang et al., 2017).

9.3. Diabetes

GDF15is clearly a regulator of energy homeostasis as discussed in the
text above. Transgenic mice expressing GDF15 and treatment of experi-
mental animal with mature GDF15 regulates energy metabolism and
body weight (Chrysovergis et al., 2014). In these experiments an in-
crease in glucose tolerance and increase insulin sensitivity was observed.
Furthermore, the inflammasome NLRP3 that contributes to insulin resis-
tance in obesity is lowered by the expression of GDF15. These metabolic
effects coupled with the reduction in body weight and fat content makes
GDF15 as an attractive candidate for use in the treatment of type 2 diabe-
tes (Adela et al., 2015; Frimodt-Mgller et al., 2018).

9.4. Fibrosis

Non-alcoholic steatohepatitis (NASH) is associated with obesity and
insulin resistance. In KO-GDF15 mice the pathology of NASH is

increased including fibrosis of the liver while in transgenic mice ex-
pressing GDF15, the expression of fibrosis related genes are suppressed
in vitro and in the livers of mice in vivo (Lambrecht et al., 2014). In
transgenic mice expressing GDF15 the pathology and metabolic deteri-
oration was suppressed. Serum GDF15 level is associated with a risk of
advanced fibrosis among NAFLD subjects independently of age, gender,
BM], insulin resistance and low skeletal muscle mass (Koo et al., 2018).
This increase in GDF15 may be a protective mechanism to prevent pro-
gression of the disease. These finding suggest that GDF15's suppression
of fibrosis may be a suitable candidate or target for drug development.

9.5. Potential risks

The literature is awash with a diverse and large number of biological
activities reported to be mediated by GDF15. This is likely the result of
increase in the expression of GDF15 in tissues and the increase in
serum levels associated with a diverse and large number of diseases
and stimuli. The results from these studies indicate that GDF15 can ex-
hibit positive and deleterious health effects and frequently, because
GDF15 was first characterized as a member of the TGF-3 superfamily,
an analogy is often made to the pleiotropic activities of the TGF-. The
results from in vitro investigations, which rely heavily on using GDF15
protein preparations, must be analyzed carefully because of the uncer-
tainty of the GDF15 purity, quality, and reported contamination with
TGF-p1 (Olsen et al., 2017). Experiments where rGDF15 is injected
into mice and the effects observed also suffer from the same problem
and the findings need to be cautiously considered. Investigations with
endogenous or engineered GDF15 expression in cells do not exhibit
this problem but expression of the receptor, GFRAL, has not been con-
firmed in any rodent or human cell line (Mullican et al.,, 2017; Yang et
al., 2017). Thus, biological responses observed with these cells are not
GFRAL receptor mediated, but could be due to different effects of intra-
cellular GDF15 forms that may have on intracellular function (Zhang et
al., 2017). Although co-receptor, RET, is widely expressed in rodent tis-
sue, the expression of GFRAL is essential exclusively in the hindbrain. Bi-
ological responses of GDF15 reported in the peripheral tissue of
experimental animals need to be linked to activation of a receptor,
only present in the hindbrain or indirectly to receptor mediated biolog-
ical changes associated with the regulation of energy homeostasis. For
many of these studies, it appears the assumption or hypothesis of the in-
vestigation is that increased GDF15 level is assumed to be a cause of the
disease. The serum levels of GDF15 have been proposed as a marker for
“all cause mortally” (Wiklund et al., 2010). However transgenic mice
expressing hGDF15 exhibit an increase in life span when fed with either
aregular or high fat diet, and no increase in formation of tumors or other
pathology effects were observed up to 90 weeks of age (Wang et al.,
2014). Obese mice injected with hGDF15 expressing virus for 1 year
exhibited no detrimental effects of GDF15 expression in the 19 tissues
examined (Xiong et al.,, 2017). The expression of GDF15 is upregulated
by tumor suppressor pathways, for example, p53 and its expression is
increased by a large number of chemicals with disease preventative ac-
tivity (Wang et al., 2013). It seems reasonable to hypothesize that
GDF15 expression may increase during the early stages of disease, as a
protective mechanism, and cells may later develop tolerance, downreg-
ulation, or mutation of GDF15-affected pathways. Presented in Table 3 is
a summary of the biological activities observed in GDF15 transgenic
mice as compared to wild-type mice. Only few deleterious health effects
of GDF15 have been reported. TRAMP mice, a model for prostate cancer,
was crossed with mice expressing GDF15 to give a Tramp mouse ex-
pressing GDF15. Although GDF15 slowed cancer development and in-
creased survival, an increase in metastases was noted (Husaini et al.,
2012). All of the other difference reported in the literature or observed
in this laboratory between the GDF15 mice and wild type mice are re-
sponses that are a positive improvement to health. These findings are
consistent in terms of the increase in GDF15 levels as a stress survival re-
sponse rather than as a cause of a disease or deleterious response. With
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Table 3
Positive and negative health effects of GDF15 observed in mice.
Health effects Methods Positive vs negative References
Longer life span Tg Positive (Wang et al., 2014)
Lower body weight Tg Positive (Baek et al., 2006; Chrysovergis et al.,
2014; Wang et al., 2014)
KO Positive (Tsai et al., 2013)
rGDF15 (Mullican et al., 2017)
Lower adipose tissue weights-WAT, BAT, eWAT, iWAT Tg Positive (Chrysovergis et al., 2014)
Improved glucose tolerance and insulin sensitivity KO Positive (Tran et al., 2018)
Tg Positive (Chrysovergis et al., 2014)
Lower LDL and Lower total cholesterol rGDF15 Positive (Ackermann, Bonaterra, Kinscherf, &
Schwarz, 2018)
Tg Positive (Chrysovergis et al., 2014)
Inflammation Tg Positive: lower expression of inflammatory cytokines, (Kim et al., 2013)
IL-18, IL-13,TNFa, KC, IL-6, MCP-1.
Tg Positive: Reduced Lysozyme in Tg mice (Cekanova et al., 2009)
GDF15 Negative: Involved in atherosclerotic lesion progression (Bonaterra, et al., 2012)
KO/ApoE KO
Lower macrophage infiltration into fat, liver KO Positive (Kim et al., 2018)
Lower leptin levels Tg Positive (Kim et al., 2013)
Change/increase in energy homeostasis with shift from Ad-GDF15 Positive (Zhang, Sun, Qian, & Tang, 2018)
carbohydrate to lipid metabolism
Inhibits tumor development-Intestinal and Lung cancer Tg Positive (Baek et al., 2006; Cekanova et al.,
2009)
Protects against cardiac hypertrophy (enlarged heart) Tg Positive (Zhang et al., 2017)
Increase in tramp prostate mice metastasis KO Negative (Husaini et al., 2012)

these contradictions in mind, a careful analysis of the benefits of GDF15
as a drug and the potential risk needs to be done.

10. Summary and conclusion

Our understanding of GDF15 biological activities has been signifi-
cantly improved by the recent characterization of the GFRAL as GDF15
receptor. However, several important questions still remain to be an-
swered. Considerable evidence has been published which have
confirmed that the levels of circulating mature GDF15 dimer, a non-ho-
meostatic regulator of body weight activate the GFRAL/RET circuit lo-
cated in specific regions of brainstem. Activation of the neural circuit
regulates food intake and energy expenditure, and hence, body weight.
Unanswered questions are what is the nature of the receptor signaling,
and how this neural network alters appetite and energy expenditure of
peripheral tissues, such as brown adipose tissue, liver, and muscle, that
are important in energy homeostasis. Investigations with mice express-
ing GDF15 indicate the importance of energy homeostasis in mediating
areduction in body weight and adipose tissue weight. The regulation of
body weight by GDF15 occurs only during condition of stress, injury, or
diseases when GDF15 levels are increased. Thus, the increase in GDF15
expression can be considered as a survival response.

The mature GDF15 dimer, pro-GDF15, and the pro-peptide GDF15
fragment can be secreted into the circulation, but little information is
available on the serum levels of the pro-GDF15/pro-peptide GDF15 or
its biological activity. Does the pro-GDF15/pro-peptide GDF15 possess
biological activity, or does it, in some way, participate in the biological
activity of the mature GDF15, or is this peptide just cellular garbage?
This is a question that requires further investigation in order to poten-
tially elucidate the multiple biological processed associated with
GDF15, some of which cause deleterious effects. GDF15 is reported to
exhibit anti- and pro-tumorigenic activities and other effects that are
difficult to rationalize because of the specific expression of GFRAL in
the brain. However, reports showing the accumulation of full-length
GDF15 in the nucleus and subsequent inhibition of transcriptional regu-
lation of the Smad pathway and probably other pathways could eluci-
date the reduction in tumors observed in mice expressing GDF15. This
as an area that requires further study to elucidate the potential thera-
peutic use of GDF15. The published findings as summarize in this article
have provided the basis to develop the pharmaceutical approaches

necessary for the successful use of GDF15 as a therapeutic agent in obe-
sity and other related metabolic disorders.
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