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Abstract

Growth differentiation factor-15 (GDF-15) is cytokine involved in the regulation of multiple
systems. Because it has regularly been shown to be increased in cardiovascular disease (CVD) and
diabetes, it has been suggested that GDF-15 could be used as a biomarker for these diseases and
their severity. However, several studies have demonstrated that GDF-15 has a protective role in
regulation of inflammation, endothelial cell function, insulin sensitivity, weight gain, and is
cardioprotective in myocardial infarction (MI). While GDF-15 has been implicated in the
pathophysiology of many conditions including cancer, this review focuses on the potential
functions of GDF-15 and signaling pathways implicated in its role regulating metabolism, insulin
sensitivity, and the cardiovascular system.
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GDF-15 signaling in normal and pathogenic conditions. GDF-15 has been implicated to signal
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in many pathways, leading to metabolic changes such as insulin sensitivity and increased oxidative

functions, as well as additional effects such as cell growth and proliferation (A). In chronic

disease, inflammation can lead to dramatic increases in GDF-15 expression. It has been postulated

that desensitization of the receptors can occur, causing a decrease in the GDF-15 impact on

appetite suppression and insulin sensitivity, thereby contributing to diabetes and obesity.

Desensitization may also contribute to the increase in M1 macrophages, promoting further

inflammation and causing a vicious cycle (B).
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Introduction
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Growth differentiation factor-15 (GDF-15) was discovered in 1997 as a distant member of
the transforming growth factor p (TGF-B) superfamily. This cytokine was identified by a
number of research groups, which each identified the protein under differing conditions.
Therefore, additional names for GDF-15 include: macrophage inhibitory cytokine-1
(MIC-1), placental bone morphogenic protein (PLAB), placental transforming growth factor
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beta (PTGFB), or NSAID activated gene-1 (NAG-1) [1-4]. Lastly, Bottner and colleagues
[5] designated the name growth differentiation factor-15, due to the cytokine’s widespread
expression and activity [5], which is the name that will be used throughout this review.

Normal Physiological Function

The signaling and effect of GDF-15 is largely dependent on the tissue and body condition, as
will be discussed below. As a member of the TGF-p superfamily, and its identification as
macrophage inhibitory peptide, it is no surprise that GDF-15 is involved in inflammation. It
has been shown that GDF-15 is significantly elevated in serum from critically ill and/ or
septic patients compared to healthy, regardless of the source of the patient’s ailment[6].
GDF-15 is also extremely important for the acute immune response. In a study examining
the role of GDF-15 in either bacterial or viral infections, mice given a GDF-15 blocking
antibody died in a significantly shorter time period compared to those who had active
GDF-15 signaling. The mortality in these animals was believed to be due to excess
inflammation [7]. Therefore, GDF-15 appears to be protective in infection, preventing the
tissues from experiencing damage from inflammation.

GDF-15 has also been described as a myomitokine, which is cytokine that originates from
mitochondria in skeletal muscle [8]. The mitochondria is an essential organelle to maintain
both local and systemic homeostasis. Studies have shown that expression of proteins
involved in oxidative metabolism are decreased in type 2 diabetes mellitus (T2DM) patients
[9, 10]. Additionally, Petersen et al [11] demonstrated that elderly patients have decreased
mitochondrial oxidative phosphorylation activity, which contributes to insulin resistance in
old age [11]. When the mitochondria encounters proteotoxic stress, the adaptive response
known as the unfolded protein response (UPR) may be activated in an attempt to reestablish
normal function and oxidative phosphorylation [12, 13]. Increased GDF-15 mRNA and
protein expression is associated with UPR induction in mice, and these mice are protected
from diet-induced obesity and maintain increased sensitivity to insulin. In conjunction with
this study, cultured myoblasts and hepatocytes were treated with recombinant GDF-15.
Treated cells were found to have increased respiration and fatty acid oxidation in a dose
dependent manner [8]. These findings suggest that GDF-15 may be important in maintaining
cellular respiration, particularly under conditions of stress.

Another highly studied physiological function of GDF-15 is its ability to cause anorexia and
cachexia, or weakness. During an experiment in which GDF-15 was overexpressed in mice,
the animals were kept on a normal chow diet for 14 weeks. Animals with increased GDF-15
expression had significant decreases in body weight and this was associated with a decrease
in food consumption. Additionally, mice with increased GDF-15 exhibited improved glucose
handling, with a reduction in blood glucose measured. These trends were also observed
when the mice were put on a high fat diet [14]. These studies demonstrated that GDF-15
might be a regulator of body weight and metabolism, with effects on glucose handling. A
summary of GDF-15 signaling is depicted in the Graphical Abstract.

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2022 February 01.
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Due to the anorexic effects, and therapeutic potential in treating obesity, studies sought to
find a specific receptor for GDF-15. Yang et al [15] postulated that the receptor for growth
differentiation factor-15 would be located in the brain [15]. This conclusion was based on
other findings that an intact brainstem was required for the anorexic phenotype if GDF-15
was given peripherally [16]. Four groups identified the glial-derived neurotrophic factor
(GDNF) family receptor a-like (GFRAL) as the receptor for GDF-15, with the co-receptor
Ret. The researchers demonstrated the effects of GDF-15 binding of GFRAL by creating
GFRAL knockout animals. The animals lacking GFRAL receptor did not have the anti-
obesity protection offered by GDF-15 binding [15, 17-19]. GRFAL is an orphan receptor of
the GDNF-a receptor family. Because GDNF is an alternative cytokine superfamily, it has
been speculated that GDF-15 is not an appropriate description for the protein [20]. Because
the anorexic effects of GDF-15 are mediated via GFRAL signaling, therapies which target
GFRAL activation, thereby mimicking the binding of GDF-15, might offer a solution to the
concerns of the obesity epidemic seen worldwide.

There has been a great deal of controversy over the ability of GDF-15 to bind TGF-B
receptors (TGF-BR). Despite this, there have been several studies that have demonstrated
GDF-15 binding to TGF- receptors. Artz and colleagues [21] identified ALK-5/TGF-BRII
as a heterodimer receptor pair for GDF-15 binding using both /n vitroand /n vivo methods
[21]. Similarly, Zhang et al [22] found that GDF-15 was able to signal through both TGF-
BRI and TGF-BRII [22]. Others have also shown GDF-15 signaling through different
receptors, including an epithelial growth factor receptor ErbB2 [23, 24]. Though the
GDF-15-specific receptor GFRAL is relegated to the brain, GDF-15 appears to signal
throughout the body. Thus, signaling of growth differentiation factor-15 is not limited to the
binding of GFRAL.

GDF-15 Downstream Signaling

Because GDF-15 appears to interact with multiple receptors in many tissues, it is difficult to
narrow down a specific signaling pathway for the cytokine. GFRAL, the GDF-15 receptor
isolated to the brain, is present on neurons containing the neurotransmitter cholecystokinin
(CCK). Binding of GDF-15 to GFRAL results in release of the neurotransmitter and
eliciting the appetite suppression response, as shown in Figure 1A. Interestingly, cancer
drugs, such as cisplatin, have also been shown to activate these receptors, providing a direct
relationship between chemotherapy and loss of appetite in cancer patients [23]. Li et al [25]
demonstrated that endothelial cells exposed to high glucose used p53 to upregulate GDF-15
expression. GDF-15 then led to activation of the PI3K/Akt/eNOS pathway while
downregulating the NF-xB/ JNK pathway. The group concluded that these were potential
examples of protective effects of GDF-15 in diabetes [25]. As mentioned briefly above,
GDF-15 signaling through ALK receptors has been speculated. ALK- 4/5/7 have all been
identified as potential candidates due to GDF-15 activation of Smad2 and Smad3
downstream of these receptors, in addition to activation of Akt and ERK1/2 in
cardiomyocytes [26]. Artz et al [21] further showed signaling through ALK-5 by GDF-15,
showing a loss of signaling when a specific inhibitor to the receptor was applied [21],

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2022 February 01.
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though specific binding studies have not been demonstrated. Activation of Akt and ERK1/2
were also upregulated upon GDF-15 binding to Erb2, an association that was confirmed by
immunoprecipitation (Figure 1B) [27]. Whitson et al [28] identified yet another pathway,
demonstrating a direct association of GDF-15 with connective tissue growth factor CCN2,
confirmed via pulldown assays. The interaction of GDF-15 with CCNZ2 inhibits angiogenesis
[28]. GDF-15 has been shown to be upregulated in several cancers, and it is possible that this
prevention of blood vessel formation is the body’s attempt to fight tumor formation.
Numerous studies have been performed identifying various signaling pathways of GDF-15,
and it seems evident that GDF-15 follows many signaling patterns of TGF-$, but it may also
have communication independent of the superfamily. Given the extensive potential of
downstream activation, it seems reasonable that GDF-15 may have specific interactions in
particular tissues and physiological environments, though future study on GDF-15 actions is
still required.

GDF-15 and Body Growth Regulation during Development

In the neonatal state, newborn babies are evaluated in numerous categories, one of which is
their weight and size. This is because it has been well established that babies born premature
or small for gestational age (SGA) are at an increased risk to develop metabolic disorders
later in life [29]. Diaz et al[30] examined a cohort of infants which were either SGA or
appropriate for gestational age (AGA). Parameters such as weight, length, GDF-15 and
fasting glucose were recorded at various intervals until 24 months age. They found that SGA
infants had significantly lower levels of circulating GDF-15 compared to AGA infants at
birth. Though these levels dropped in both groups over time, the decrease was greater in the
SGA group. The authors postulated that this decreased level of GDF-15 could be responsible
for the “catch up” seen in the size and weight of SGA infants, and could lead to priming for
obesity and metabolic disease later in life (Figure 2A) [30].

Another ailment common in children is known as failure to thrive (FTT). FTT refers to poor
growth, typically measured by height and weight gain. Congenital heart disease has been
established as one of the common causes of FTT. Using a mouse model of congenital heart
disease-induced FTT, Wang et al established that GDF-15 is elevated in FTT and played a
pivotal role in liver GH signaling. When GDF-15 was additionally knocked out from the
mice, their liver signaling was restored, and IGF-1 significantly increased (Figure 2B) [31].
These studies suggest there is a delicate balance in the level of circulating GDF-15 that
should be present during development. Elevated or diminished GDF-15 could have negative
consequences during these important development years.

GDF-15, Obesity, and Diabetes
Linking GDF-15 to Appetite Through Cancer Studies

As mentioned above, GDF-15 has been linked to appetite suppression. This discovery first
came about through studies investigating proteins that are elevated in cancer [32].
Expression of genes from 150 different cancers from 10 different anatomical regions were
compared with 46 healthy tissues to look for patterns of gene upregulation for potential
diagnostic purposes. 76 genes were found to be overexpressed in cancer tissue, several being

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2022 February 01.
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known diagnostic markers such as kallikreins 6 and 10 in ovarian cancer. GDF-15 was
upregulated in prostate, breast and colorectal carcinomas [32]. Additional studies showed
that GDF-15 could be used as a marker for cancer progression and risk of mortality [33-35].
In late stage cancer, decreased appetite, weakness, and body wasting are common
occurrences which may lead to death. Due to the significant increases in GDF-15 in cancer,
and further increases in later stages, GDF-15 was studied for potential ability to effect
appetite. In a study by Johnen et al [36], prostate cancer cells were transfected with either
control vector or GDF-15 expressing vector. The cancer cells were then injected into nude
mice which were monitored for six weeks. Mice which were overexpressing GDF-15 were
shown to have decreased food consumption as well as a decrease in body weight compared
to control animals [36].

Effects on Appetite and Weight

Similar to above, Macia et al [14] treated mice with control or GDF-15 overexpression
vectors in the absence of cancer. Again, it was found that mice with increased GDF-15
expression had lower body weight, fat mass, and food intake compared to control.
Additionally, the animals with increased GDF-15 were more sensitive to insulin compared to
control animals. These same effects were observed even when the mice were given a high-
fat diet [14]. This group continued their work to look at the effects of a germline knock out
the expression of growth differentiation factor-15. Though there was no change in the lean
mass of animals, knockout animals had significantly greater body weight and fat mass
compared to controls. Interestingly, female knockout mice, but not males, had decreased
food intake and had a decrease in metabolic activity compared to control counterparts,
suggesting there are gender differences in the effects of GDF-15. The researchers also found
that when GDF-15 was infused, body weight and food intake was reduced [37]. This
demonstrated that the weight gain and diet changes were a direct result of impaired GDF-15
signaling.

Adipose Tissue Regulation

White adipose tissue is considered an endocrine organ due to its signaling in energy and
metabolic homeostasis. Along with leptin and adiponectin, GDF-15 is also expressed in the
adipose tissue and could be considered an adipokine. To examine determinants of GDF-15
expression and release from adipose, Ding and colleagues[38] exposed adipocytes to various
conditions, including the satiety hormone leptin, hydrogen peroxide, and proinflammatory
cytokine IL-1B. Exposure to hydrogen peroxide (reactive oxygen species) led to a significant
increase in GDF-15 expression, while leptin and IL-1f stimuli caused significant decreases
in GDF-15 expression. Interestingly, despite the ability of adipose to produce GDF-15, the
group found that increasing body weight or fat mass was negatively correlated with growth
differentiation factor-15 expression in adipocytes [38]. Because hyperleptinemia and leptin
resistance are common in obesity [39], the increased circulating leptin could lead to
decreased GDF-15 expression and release.

As mentioned above, adipose tissue has endocrine functions, which can contribute to
glucose tolerance. Human and mouse adipose tissue contain an abundance of M1-like
adipose tissue macrophages [40]. M1-like macrophages are considered pro-inflammatory,
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whereas M2-like macrophages are anti-inflammatory [41]. Obesity is associated with
increased inflammation in adipose tissue [42]. Chronic adipose inflammation can be
ameliorated by activation of the JAK-STAT6 pathway [43]. T-helper (Th)-2 cells secrete
several cytokines in adipose tissue. Lee et al [44] showed that Th2 cytokines signal through
the JAK-STAT6 pathway to induce GDF-15 expression. This is important because GDF-15
promotes the polarization of macrophages to the M2 phenotype in adipose [44]. Insulin
resistance is associated with a decrease in M2 macrophages [45], and impaired oxidative
metabolism favors the M1-like phenotype [40]. GDF-15 increases oxidative function in
macrophages, and macrophage-specific GDF-15 knockout in mice led to significantly
increased adipose tissue weight, blood glucose, and insulin resistance. Addition of
recombinant GDF-15 was able to reverse the insulin resistance [40]. These studies suggest
that GDF-15 is important to maintaining an increase in M2-like macrophage phenotype in
adipose tissue, contributing to insulin sensitivity. A summary of these interactions can be
seen in Figure 3.

Patients with type 2 diabetes mellitus (T2DM) have been shown to have increased
circulating levels of GDF-15. Despite the negative correlation discussed above, the
circulating cytokine has been repeatedly shown to be positively correlated with body weight,
fat mass, triglycerides, glucose, and HbA1lc [46]. It is well established that the onset of
diabetes is associated with inflammation. It has been shown that diabetics have an increase
in resident macrophages associated with the islet cells of the pancreas [47]. Activated
macrophages can secrete cytokines and chemokines which impair the function of pancreatic
B cells, causing cellular dysfunction and decreased insulin sensitivity [48, 49]. Though
GDF-15 could be detected prior to the onset of T2DM, some believe this is a response to the
increased inflammation, thus acting as a response and not a cause. It is therefore not a
sufficient independent predictor of type 2 diabetes [49]. However, it has been suggested to
be a marker for those at risk for diabetes or obesity [26].

Because diabetes is a major risk factor for CVD, the effects of diabetes have been studied in
order to better understand the development of CVD. Endothelial cells cultured in elevated
glucose exhibit a significantly higher rate of apoptosis, but this is relieved through activation
of PI3K/Akt pathways [50]. GDF-15 has been shown to be induced in endothelial cells
exposed to high glucose, and is able to reduce apoptosis via induction of the PI3K/Akt
pathway [25]. Therefore, increased GDF-15 appears to have a protective effect on the
vasculature in maintaining endothelial cell health and function. Increased levels with severe
disease appear to be the body’s attempt to mitigate further damage and potentially begin
repairing. Because diabetes and obesity are both known to be conditions of increased
inflammation, GDF-15 upregulation is to be expected to some degree. It is possible that the
increase in GDF-15 due to the inflammation leads to a desensitization of receptor activity,
accounting for lack of appetite suppression and increased insulin sensitivity in these
conditions.

Vila et al [51] performed a study in which they examined the association of GDF-15 with
various factors before and after bariatric surgery in obese patients. Obese patients had

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Eddy and Trask

Page 8

significantly higher GDF-15 compared to non-obese, and GDF-15 was further increased in
patients with diabetes. The level of GDF-15 was positively correlated with age, insulin
levels, and the homeostasis model assessment (HOMA) insulin resistance index. One year
following bariatric surgery, patients had a decrease in weight, fasting blood glucose, insulin
levels, leptin, and improved HOMA insulin resistance index value. However, these post-
surgery patients also had increased GDF-15. The researchers believed that GDF-15 and
insulin resistance might be correlated despite the increase in GDF-15 after surgery because
individuals with greater decreases in weight and improved insulin resistance had lesser
increases in circulating GDF-15 [51]. Perhaps, like leptin and insulin, there is a point when
the body becomes desensitized to the effects of GDF-15. Resistance to the effects of the
cytokine would account for the disproportional results observed in patients post-bariatric
surgery.

Due to its role in metabolism, GDF-15 was examined in exercise. Healthy, male individuals
were examined prior to and after 60 minutes of exercise. Immediately following exercise,
there was a significant increase in circulating GDF-15, which increased further two hours
after exercise. This post-exercise increase in GDF-15 is believed to explain exercise-induced
appetite suppression experienced by many individuals [52]. Zhang et al [53] performed a
study in which they examined the effects of exercise on stable adults with obesity.
Individuals underwent a 12-week study consisting of 60 minutes of exercise five days per
week. In obese individuals, exercise training led to significant increases in circulating
GDF-15 immediately following exercise. Interestingly, a subset of the cohort, termed
“responders,” also had elevated resting GDF-15 levels after the study’s completion. The
concentration of growth differentiation factor 15 was correlated to loss of abdominal fat and
fat-free mass [53]. These studies show that GDF-15 might play a part in the alteration of
metabolism that leads to exercise-induced weight loss.

GDF-15 and Cardiovascular Disease

Cardiovascular disease (CVD), which includes hypertension, atherosclerosis, heart failure,
coronary artery disease (CAD), myocardial infarction (M), or stroke, is the leading cause of
death worldwide [54]. Though not expressed under normal conditions, GDF-15 has been
found to play a protective role in the heart in CVD, as described in Figure 4A [26, 55].

GDF-15 and Endothelial Dysfunction

One of the hallmark features of cardiovascular disease is the development of endothelial
dysfunction. Ha et al [56] demonstrated that senescent endothelial cells express significantly
more GDF-15 compared to non-senescent cells. Additionally, the group showed that
GDF-15 had a paracrine effect on non-senescent cells to promote proliferation, migration,
and nitric oxide production through activation of Akt, ERK, and SMAD?2 pathways [56].
Peripheral artery disease (PAD) is caused by endothelial dysfunction and atherosclerosis. In
patients with PAD, high serum GDF-15 levels are associated with increased risk of limb
amputation or death due to limb ischemia [57].

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2022 February 01.
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GDF-15 in Ml and CAD

There have been several studies which demonstrate a correlation between circulating
GDF-15 and risk of recurring M1 or death. Khan et al. used the Killip classification system
to show that increased serum GDF-15 was associated with increased risk [58]. The Killip
classification is a means of categorizing patients in various stages of CVD with risk of death
(class 1 being lowest risk and class 4 being the highest risk) [59]. Additionally, the group
found that analysis of N-terminal pro-B-type natriuretic peptide (NT-proBNP) in
conjunction with GDF-15 gave a more accurate prediction of outcomes. Kaplan-Meier
survival curves were used to demonstrate how these factors impacted the survival of the
patients during the 7.75-year follow-up period. Patients in the lowest risk group, having
below median levels of both GDF-15 and NT-proBNP, had approximately 90% survival.
Intermediate risk groups, having above median levels of either GDF-15 or NT-proBNP, had
approximately 50% survival during the follow up time period. The highest risk group,
having above median levels of both GDP-15 and NT-proBNP, had less than 10% event-free
survival during this time period[58]. Furthermore, a study by Schaub and colleagues [60]
showed that patients suffering from acute MI had significantly higher GDF-15 than patients
who were admitted to the hospital for other reasons[60]. Bonaca et al [61] conducted a study
in which patients with acute coronary syndrome were examined, treated with statin, and
evaluated for 2-year risk. After adjusting for factors such as age, sex, BMI, diabetes, and
hypertension, increased GDF-15 was associated with nearly three times increased risk of
death and more than three times increased of developing congestive heart failure [61].

Despite the correlation between GDF-15 and negative outcomes with Ml, the cytokine could
have a protective role. Kempf and colleagues [55] showed that cardiomyocytes subjected to
ischemia/reperfusion (I/R) /n vitro significantly increased their expression and excretion of
GDF-15. A similar trend was observed when mice underwent permanent or transient
coronary ligation. Cardiomyocytes in the infarcted area of the murine hearts were shown to
have significantly greater expression of GDF-15 compared to sham or non-affected area.
Further experiments showed that GDF-15 knockout mice had significantly greater infarct
sizes compared to wildtype littermates[55]. Because TGF-p [62] and several other signaling
factors [63] have been shown to be cardioprotective via activation of the ERK and PI3K/Akt
pathways in I/R, GDF-15 was studied for similar effects. It was determined that GDF-15
acts through the PI13K/Akt pathway in I/R in order to mitigate the infarct size and damage
[55].

In addition to patients suffering from MI, individuals with coronary artery disease have been
shown to have significantly higher circulating GDF-15 compared to healthy counterparts
[64]. Others have also shown that increased GDF-15 positively correlated with CAD and its
severity by Gensini score [65] (the Gensini score is a measure of CAD severity, where a
higher score indicates worsening disease [66]). Though it seems evident that growth
differentiation factor-15 may be used as a biomarker for cardiovascular disease and severity,
it remains unclear if there is any therapeutic potential in this pathway.

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2022 February 01.
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Hypertrophy and Heart Disease

Given its name, it may not come as a surprise that growth differentiation factor-15 has been
implicated in hypertrophy. Numerous studies have found that GDF-15 is increased in cardiac
hypertrophy. Kou and colleagues showed that patients with left ventricular hypertrophy had
elevated GDF-15 compared to healthy individuals [67]. Similarly, Xue et al found that
patients in China with hypertension and left ventricular hypertrophy had significantly greater
levels of serum GDF-15 compared to individuals with hypertension without hypertrophy
[68]. Patients with hypertrophic cardiomyopathy had increasing levels of GDF-15 with
disease severity [69]. Additionally, Izumiya et al showed that patients with heart failure with
preserved ejection fraction (HFpEF) had significantly greater serum GDF-15 compared to
patients with heart failure with reduced ejection fraction (HFrEF). This is significant
because left ventricular hypertrophy is characteristic of HFpEF due to the hypertension that
is common in the condition [70]. Though these studies are interesting and point to an
association between growth differentiation factor-15 and cardiac hypertrophy, they do not
give a mechanism by which GDF-15 might be acting in these circumstances.

There have been only a few studies which examine the direct action of GDF-15 in
hypertrophy, and the data from these have been conflicting. In a study examining the role of
GDF-15 in isolated cardiomyocytes, GDF-15 was shown to attenuate hypertrophy [26].
Similarly, GDF-15 was shown to have protective effects against norepinephrine (NE)-
induced hypertrophy in isolated cardiomyocytes [71]. However, it is important to note that
both groups used cardiomyocytes from neonates, which may have differing signaling
pathways compared to the terminally differentiated adult cardiomyocyte. Additionally, Xu et
al demonstrated that NE treatment to cells lead to significant release of GDF-15 [71]. It is
possible that when both NE and GDF-15 were added to the cultured cells, there was negative
feedback signaling due to the substantial increase in GDF-15. The two groups also examined
increased GDF-15 signaling /n vivo. The transverse aortic constriction (TAC) procedure was
used to induce pressure overloading in normal and transgenic mice. Though the group
concluded that GDF-15 was protective against hypertrophy, they failed to adequately
demonstrate GDF-15 overexpression in the hearts of their transgenic mice. Furthermore,
GDF-157"~ mice exhibited similar phenotypes in cardiomyocyte size, skeletal muscle actin
expression and B-type natriuretic peptide expression compared to mice with GDF-15
overexpression [26].

In contrast, Heger and colleagues [72] examined isolated adult cardiomyocytes exposed to
GDF-15. They found that GDF-15 led to significant increase in cell size and rate of protein
synthesis compared to control untreated cells. They predicted that this signaling was through
proteins known as SMADs (small mothers against decapentaplegic), which is the primary
signaling pathway of TGF-B superfamily members. When subjecting the cardiomyocytes to
various concentrations of GDF-15, they found significantly increased binding activity of
SMADs with 3ng/mL of GDF, but this activity was reduced when the concentration was
increased to 10 ng/mL [72]. This study supports the idea that GDF-15 might be involved in
cardiac hypertrophy in adults, and that when GDF-15 levels become too great, the
hypertrophic effect might be lost (Figure 4B).

Cytokine Growth Factor Rev. Author manuscript; available in PMC 2022 February 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Eddy and Trask Page 11

When a patient reaches end-stage heart failure, the standard treatment is to perform a heart
transplant. It has been shown that GDF-15 protects transplanted hearts from rejection by
inhibiting the pro-inflammatory nuclear factor- kB (NF-xB) [22]. As mentioned above,
GDF-15 protects endothelial cells in the beginning stages of cardiovascular disease, as well
as cardiomyocytes in the event of myocardial infarction. It is evident that GDF-15 is
significantly elevated in cardiovascular disease. Though the role of GDF-15 in the
development of cardiac hypertrophy remains unclear, growth differentiation factor-15
appears to be overall protective in the cardiovascular system.

Future Perspectives and Conclusions

Growth differentiation factor-15 is involved in many processes, from cellular respiration to
appetite control, as well as several others not discussed in this review. It is clear that GDF-15
offers beneficial effects to manage metabolism and insulin sensitivity through its binding
and activation of GFRAL. However, the data as to the mechanism in which GDF-15 acts in
other environments remains controversial. While it appears that GDF-15 acts as a
compensatory agent in diabetes and CVD, its role as a potential driver of these pathologies
cannot be ruled out. Due to these unknowns, future studies need to be performed to examine
the role of GDF-15 as a biomarker or therapeutic target for various ailments.
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Highlights

. Growth differentiation factor 15 is cytokine that signals in many physiological
pathways.

. In healthy conditions, GDF-15 is able to decrease appetite, decrease
inflammation, and increase sensitivity to insulin.

. GDF-15 is upregulated in several conditions including obesity, diabetes, and
inflammation.

. GDF-15 receptors may develop resistance, accounting for the dramatic

increase in circulating GDF-15 levels during disease.

. Conflicting evidence suggests that GDF-15 participates in the structural
remodeling of the cardiovascular system.
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Figure 1. Receptors binding GDF-15:
In the brain, GDF-15 binds GFRAL and interacts with the co-receptor Ret. Binding of

GDF-15 to the receptor in the brain ultimately leads to release of neurotransmitter CCK,
which works to suppress appetite (A). Throughout the rest of the body, GDF-15 is able to
bind several other receptors including TGF-BRs and ALKSs. Binding of these receptor
combinations leads to activation of Smad2/3, ultimately leading to changes in gene
expression (ie decrease in NF-xB expression). GDF-15 also binds endothelial receptor Erb2.
Activation of Erb2 leads to activation of the PI3K and Akt pathways, ultimately resulting in
upregulation of eNOS (B).
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Figure 2. GDF-15 in Growth and Development:
Babies born small for gestational age (SGA) have significantly less GDF-15. Like babies

born at the appropriate weight, GDF-15 continues to drop during growth and development,
but the drop is far greater in SGA infants. This is believed to contribute to SGA babies
“catching up” in weight to the appropriate weight counterparts (A). Failure to thrive is a
condition commonly caused by congenital heart defects. GDF-15 is increased here, leading
to impaired liver signaling, and decreased insulin-like growth factor (B).
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Figure 3. GDF-15 in Diabetes:
Several environments can lead to increased GDF-15 expression including increased blood

glucose and reactive oxygen species, which are both common in pre-diabetes and type 2
diabetes mellitus. To combat these, GDF-15 activates the JAK/STAT6 pathway, promoting
the shift in M1 pro-inflammatory macrophages to M2 anti-inflammatory macrophages. This
shift helps to increase insulin sensitivity, while GDF-15 activation of PI3K/Akt pathway
additionally acts to decrease apoptosis.
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Figure 4. Cardiovascular Disease and GDF-15:

GDF-15 is increased in cardiovascular disease, leading to activation of Akt, ERK, and
SMAD?2 pathways in both endothelial cells and cardiomyocytes. These pathways promote
cell migration, nitric oxide production, cell proliferation and possibly cardiac hypertrophy
(A). Using cardiomyocytes from either neonates or adults, addition of GDF-15 can either
cause attenuation of cardiomyocyte hypertrophy or promotion of cardiac hypertrophy by

SMAD binding, respectively (B).
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