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Abstract

Type 2 diabetes mellitus (T2DM) is a chronic endocrine disorder due to the

reduction of insulin sensitivity and relative deficiency of insulin secretion.

Growth differentiation factor 15 (GDF15) belongs to the transforming

growth factor beta (TGF-β) superfamily and was initially identified as mac-

rophage inhibitory cytokine-1 (MIC-1). GDF15 is considered a cytokine with

an anti-inflammatory effect and increases insulin sensitivity, reduces body

weight, and improves clinical outcomes in diabetic patients. GDF15 acts

through stimulation of glial-derived neurotrophic factor (GDNF) family

receptor α-like (GFRAL), which is highly expressed in the brain stem to

induce taste aversion. Metformin belongs to the group of biguanides that are

derived from the plant Galega officinalis. It is interesting to note that metfor-

min is an insulin-sensitizing agent used as a first-line therapy for T2DM that

has been shown to increase the circulating level of GDF15. Thus, the present

review aims to determine the critical association of the GDF15 biomarker in

T2DM and how metformin agents affect it. This review illustrates that met-

formin activates GDF15 expression, which reduces appetite and leads to

weight loss in both diabetic and nondiabetic patients. However, the present

review cannot give a conclusion in this regard. Therefore, experimental,
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preclinical, and clinical studies are warranted to confirm the potential role

of GDF15 in T2DM patients.
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Highlights

• Metformin activates GDF15 expression, which reduces appetite with induc-

tion of weight loss in both diabetic and non-diabetic patients.

• GDF15 level is linked and correlated with the progression of diabetic com-

plications including thrombosis, diabetic nephropathy, diabetic neuropathy,

and diabetic retinopathy.

1 | INTRODUCTION

Growth differentiation factor 15 (GDF15) was initially iden-
tified as macrophage inhibitory cytokine-1 (MIC-1). GDF15
belongs to the transforming growth factor beta (TGF-β)
superfamily and is regarded as a stress response member of
TGF-β.1 It is usually found at a low concentration, except
in the placenta, so GDF15 is increased during pregnancy
and following organ injury, especially in the lungs and
liver.1 The clear function of GDF15 is still not well recog-
nized, though it plays a crucial role in the regulation of cell
growth, apoptosis, and inflammatory activation.2 Therefore,
GDF15 is regarded as a prognostic biomarker in cancer,
inflammatory diseases, and cardiovascular complications.1,2

GDF15 may act as anti-inflammatory and pro-inflam-
matory signaling in different cardiovascular complications.
It has been shown that the p53 protein promotes the
expression of GDF15 during inflammation and oxidative

stress.3–5 The release of GDF15 is stimulated by various
growth factors and cytokines including TGF-β, tumor
necrosis factor alpha (TNF-α), interleukin-1β (IL-1β), mac-
rophage colony-stimulating factor (M-CSF), angiotensin II,
and p53.6,7

GDF15 was implicated in different cardiometabolic
disorders and cancer.8 However, recent studies observed
that GDF15 is regarded as a cytokine that has an anti-
inflammatory effect and increases insulin sensitivity,
which may reduce body weight and improve clinical out-
comes in diabetic patients.8 In healthy subjects, the nor-
mal expression of GDF15 reduces appetite and
inflammation with the improvement of insulin sensitiv-
ity.3 GDF15 induces weight loss by suppressing appetite,
so neutralizing the antibodies against GDF15 reduces
cancer-induced cachexia in mice.3 Though, in chronic
metabolic and inflammatory disorders, the overexpres-
sion of GDF15 induces desensitization of central and
peripheral receptors of GDF15 with subsequent elevation
of GDF15 serum levels.8,9 Thus, GDF15 is implicated in
the pathology of different disorders (Figure 1).

It is interesting to note that metformin, which is an
insulin-sensitizing agent used as a first-line treatment of
type 2 diabetes mellitus (T2DM), has been shown to
increase the circulating level of GDF15.10,79

Therefore, the objective of the present review is to
determine the potential role of GDF15 in T2DM and how
metformin affects it.

1.1 | T2DM and GDF15

T2DM is a chronic endocrine disorder due to the reduc-
tion of insulin sensitivity and relative deficiency of insu-
lin secretion.11 The development of T2DM is closely
linked with overweight, obesity, and increased age.11,80

FIGURE 1 Role of growth differentiation factor 15 (GDF15) in

different disorders
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Impaired insulin secretion and insulin resistance (IR) are
still the core defect in T2DM that is linked to the develop-
ment of macrovascular and microvascular complica-
tions.12,13 Many pro-inflammatory/inflammatory
cytokines and associated mediators are released from the
visceral to control pancreatic β-cell functions. For exam-
ple, TNF-α, plasminogen activator inhibitor 1 (PAI-1),
and different adipocytokines are increased in T2DM and
associated complications.6,75 One of the most important
metabolic regulators is GDF15, which acts like leptin and
adiponectin and is therefore called a cardiokine.14 Like
other adipokines, GDF15 reduces body weight and visceral
adiposity by decreasing appetite and food intake.14 Many
human studies observed that GDF15 serum level was cor-
related with blood glucose, adiposity, and body mass
index. For example, GDF15 serum level was 275–
411 ng/ml in healthy subjects and increased to 344–
626 ng/ml in obese patients.15 A cohort study including
118 obese patients and 30 healthy controls showed that
GDF15 serum level was higher in obese patients compared
to controls.15 Besides, GDF15 serum level is positively cor-
related with age, waist–hip ratio, blood pressure, blood
glucose, glycosylated hemoglobin (HbA1c), C-peptide, and
homeostatic model assessment of insulin resistance
(HOMA-IR).15 Of note, IR, old age, and creatinine serum
levels are regarded as independent predictors for high
GDF15 serum levels.15 Thus, GDF15 was proposed to be
of therapeutic value in the management of IR, T2DM, and
obesity through the modulation of metabolic activity of
the lipolytic genes.16 In addition, GDF15 increases lipoly-
sis, thermogenesis, and metabolism of oxidative metabo-
lites, thereby reducing the risk of developing obesity, IR,
and related oxidative complications.16,17

Remarkably, GDF15 plays a critical role in the attenu-
ation of hyperglycemia-induced oxidative stress and
inflammation by inhibiting the generation of reactive
oxygen species (ROS) and activation of nuclear factor
kappa B (NF-κB), respectively.6,18,70 High blood glucose
and p53 increase the expression of GDF15 in adipose tis-
sue, thus inhibition of p53 or reduction of blood glucose
by antidiabetic agents could inhibit GDF15 expression.6,19

Highly expressed GDF15 in obesity and IR induces the
release of pro-inflammatory cytokines, and in turn, these
pro-inflammatory cytokines induce the expression of
GDF15.20 High GDF15 expression is linked to the devel-
opment of endothelial dysfunction due to the exaggerated
release of pro-inflammatory cytokines.20,76 It has been
suggested that administration of GDF15 therapy at the
right stage of type 1 diabetes mellitus could delay clinical
onset by potentially preserving the remaining β cells. Fur-
ther, the administration of GDF15 could increase the suc-
cess of islet replacement therapies for those patients
receiving such treatment. Overall, β-cell protection by

GDF15, if demonstrated in humans, could significantly
improve T1D patient outcomes. However, there are still
significant questions that need to be addressed by thor-
ough fundamental work to understand the precision, effi-
cacy, and long-term effects GDF15 in humans.20

Increased GDF15 in T2DM could be a compensatory
mechanism to reduce lipotoxicity and glucotoxicity. In
experimental streptozotocin-induced DM in mice, GDF15
serum level was increased within the first 7 days.21,22 A
case-controlled study involving 75 T2DM patients and
29 with impaired fasting glucose compared with
137 healthy control subjects revealed that GDF15 serum
levels were higher in patients with T2DM and impaired
fasting glucose and correlated with IR, BMI, and age.23,24

Kempf et al. investigated baseline GDF15 and its levels
over the subsequent 4 years in 496 obese nondiabetic
patients. They revealed that GDF15 serum level was linked
to IR and abdominal obesity.25 Therefore, GDF15 serum
level is considered a predictor of the development of IR
and impaired fasting glucose in obese nondiabetic
patients.25,26 Furthermore, GDF15 serum levels have been
reported to be augmented in the early manifestations of
T2DM and were increased 2-fold in women with
T2DM.27,28 This increment in GDF15 serum level was
believed to counteract T2DM-induced inflammatory reac-
tions with anti-inflammatory effects.27 It is interesting to
note that GDF15 seems to be a possible biomarker to detect
subjects at higher risk for the development of T2DM. A
case–control study that included 17 obese nondiabetic
women, 14 obese women with T2DM, and 23 healthy lean
women revealed that GDF15 levels were elevated in both
the obese and T2DM groups compared to controls.27 Serum
GDF15 positively correlated with body weight, body fat,
serum levels of triglycerides, glucose, hemoglobin A1c
(HbA1c), and C-reactive protein, and it was inversely
related to serum high-density lipoprotein cholesterol. Fat
mRNA GDF15 expression did not significantly differ
between lean and obese women, but it was significantly
higher in subcutaneous than in visceral fat in both
groups.27 Thus, elevated GDF15 levels in patients with obe-
sity are further increased by the presence of T2DM.

Therefore, long-term prospective and longitudinal
studies are warranted to determine the time at which
GDF15 levels start increasing in prediabetes patients
before the development of T2DM.

FIGURE 2 Chemical structure of metformin
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1.2 | GDF15 and metformin

Metformin is derived from the natural product galegine
of Galega officinalis.29,30 Galegine was found to reduce
blood glucose in humans in 1920, but proved to be very
toxic.29 Later, two derivatives of galegine, phenformin
and metformin, were identified and introduced in the
clinical use for the management of T2DM in the
1950s.29,31 Phenformin was withdrawn from the market
due to toxic adverse effects, leaving only metformin in
use.29,32 Metformin belongs to the biguanide group con-
taining the guanidine molecule and additional substitu-
tions (Figure 2).

Unlike other synthetic antidiabetic agents, metformin
is derived from natural products. Despite the long clinical
use of metformin for more than 70 years, its mechanism
of action at the molecular level is still debated.71 Metfor-
min acts by activating adenosine monophosphate protein
kinase (AMPK), which restores and controls energy
homeostasis through the activation of the catabolic path-
way.13,33 Moreover, AMPK is also activated by starvation,
mitogen-activated protein kinase (MAPK), and the mech-
anistic target of rapamycin (mTOR) pathway in the lyso-
somal site.71 In addition, metformin is accumulated
1000-fold more within the mitochondria than in the
extracellular medium due to its positive charge.29,34 It is
orally active, and approximately 70% is absorbed from
the small intestine. Metformin is not bound to plasma
proteins and is not metabolized, so it is excreted
unchanged by the kidneys. It is mainly concentrated in
the skeletal muscles, pancreas, and adipose tissue.35,36

Metformin is mainly used in the management of T2DM
and polycystic ovarian syndrome by enhancing insulin
sensitivity. Besides, it has pleiotropic effects including anti-
viral, antibacterial, anticancer, and anti-inflammatory
effects.37,38

The mechanism by which metformin reduces body
weight is unknown, though independent clinical trials
observed that metformin increases the circulating level of
GDF15 and inhibits the feeding center inducing sati-
ety.39,40 Oral administration of metformin increases
GDF15 levels in mice with subsequent attenuation of
weight gain in response to a high-fat diet.39,41 Remark-
ably, GDF15 serum level is regarded as a biomarker of
metformin use in T2DM.10 A total of 237 biomarkers
were assayed in the baseline serum of 8401 participants
(2317 receiving metformin) in the Outcome Reduction
with Initial Glargine Intervention (ORIGIN) trial, and
GDF15 serum levels were found to be strongly linked to
metformin use.10 Therefore, GDF15 levels are a bio-
marker for the use of metformin in people with dysglyce-
mia, and its concentration reflects the dose of metformin.
In this context, extended-release metformin may produce

a time-dependent increase in GDF15 serum level. Thus,
metformin increases GDF15 serum levels in the dose and
time-dependent effects.10

Indeed, induced GDF15 activates a specific central
receptor in the brain called glial-derived neurotrophic
factor (GDNF) family receptor α-like (GFRAL), which is
highly expressed in the brain stem to induce taste aver-
sion.39,42 Thus, GFRAL antagonists attenuate the weight-
lowering effect of metformin.39 Metformin had effects on
both energy intake and energy expenditure that were
dependent on GDF15, but retained its ability to lower cir-
culating glucose levels in the absence of GDF15 activity.
In this state, metformin elevates circulating levels of
GDF15, which is necessary to obtain its beneficial effects
on energy balance and body weight, major contributors
to its action as a chemopreventive agent.39 Likewise, the
metformin-mediated effect through GDF15 can control
the metabolic effect and energy balance.42,43 Moreover,
the overexpression of GDF15 promotes the lean pheno-
type in animals with experimental obesity and T2DM
through the activation of the GFRAL receptor.44 Yang
and his coworkers recently revealed that metformin pro-
motes the expression of GDF15 in the distal small intes-
tine in mice.45 This finding suggests that the small
intestine could be a potential site for metformin effects.45

Of note, an in vitro study revealed that metformin
increased expression in human cell lines 26-fold.46 Sur-
prisingly, metformin increased GDF15 in a dose-
dependent manner in a study that involved 8401 patients
with dysglycemia.47 Similarly, metformin regulates body
weight in human immunodeficiency virus (HIV)-infected
patients through GDF15.47 Moreover, metformin reduces
blood glucose through the modulation of bacterial flora
and increases the release of glucagon-like peptides.47,48

These observations suggest that metformin therapy in
T2DM patients may reduce body weight through GDF15,
which is independent of the improvement of insulin sen-
sitivity (Figure 3).

2 | GDF15 AND DIABETIC
COMPLICATIONS

2.1 | Thrombosis

GDF15 is regarded as a prognostic biomarker of pulmo-
nary embolism in patients with cardiovascular diseases.49

A prospective cohort study involving 123 patients with
acute pulmonary embolism revealed that GDF15 serum
level was higher and correlated with 30-day mortality.49

In addition, there is evidence proposed that GDF15
serum level appears to be linked with stroke in patients
with atrial fibrillation.50 An observational study

AL-KURAISHY ET AL. 809



including 894 patients with atrial fibrillation with or
without left atrial thrombus revealed that GDF15 serum
level was higher in patients with atrial thrombus com-
pared to patients with atrial fibrillation without atrial
thrombus.50 Inflammatory reactions induce thrombosis
and release of GDF15 from activated macrophages.51

However, GDF15 knockout mice experience accelerated
thrombosis compared to wild-type mice.52 Moreover,
in vitro study demonstrated that GDF15 could inhibit
platelet aggregation.52 Thus, GDF15 might not be the
putative cause of thrombosis but a compensatory mecha-
nism against the development of thromboembolic disor-
ders in various cardiovascular complications.51

On the other hand, T2DM patients are at higher risk
for the development of pulmonary hypertension and pul-
monary embolism independent of smoking, hyperten-
sion, heart failure, and coronary artery disease.53,77 The
pathogenesis of this link has not yet been identified,
although endothelial dysfunction, oxidative stress, and
hypercoagulability in T2DM could be the association
link.53,54 Thrombotic events are augmented in T2DM
patients due to platelet hyperreactivity, endothelial dys-
function, and uncontrolled activation of the coagulation
pathway.55 IR, low-grade inflammation, and oxidative
stress might be the potential causes of the hypercoagulant
state in T2DM.55

Of note, oxidative stress and inflammation interact in
the development of diabetic atherosclerosis. Intracellular
hyperglycemia promotes the production of mitochondrial
ROS, increases formation of intracellular advanced glyca-
tion end products, activation of protein kinase C, and
increases polyol pathway flux. ROS directly increase the

expression of inflammatory and adhesion factors, forma-
tion of oxidized low-density lipoprotein, and IR. They
activate the ubiquitin pathway, inhibit the activation of
AMPK and adiponectin, and decrease endothelial nitric
oxide synthase activity, all of which accelerate atheroscle-
rosis in T2DM.72 It has been shown that GDF15 is
regarded as a strong and independent predictor of mor-
tality and disease progression in patients with atheroscle-
rosis and coronary artery disease.72 Elevated GDF15 has
been shown to promote inflammation and angiogenesis,
implying that GDF15 may play an important role in the
pathogenesis of atherosclerosis.73 While GDF15 is a car-
diovascular risk factor, whether GDF15 directly contrib-
utes to the development of atherosclerosis has not been
established, and the precise relationships between
GDF15 and atherosclerosis are not fully understood.
GDF15 was originally identified as a factor overexpressed
in activated macrophages to regulate inflammation,
which is involved in all stages of atherosclerosis, from its
initiation and progression to its thrombotic complica-
tions.74 These observations suggest increasing GDF15 in
T2DM is associated with the risk for the development of
atherosclerosis and thrombosis.

Therefore, thrombosis in T2DM could be due to eleva-
tion of GDF15, which is associated with the risk of
thrombosis. Thus, targeting oxidative stress and immu-
noinflammatory changes may reduce the risk of throm-
bosis and pulmonary embolism regardless of GDF15.49,50

In this context, higher GDF15 in T2DM patients with
atherosclerosis and thrombotic complications could be a
compensatory mechanism against reverse oxidative and
inflammatory-induced thrombotic disorders.

FIGURE 3 Mechanism of

weight reduction by metformin:

Metformin reduces blood glucose in

addition to its activation of activated

monophosphate protein kinase

(AMPK), it also acts through the

modulation of bacterial flora and

increasing the release of glucagon-

like peptide. As well, metformin

induces the expression of growth

differentiation factor 15 (GDF15) in

small intestine and kidney that

activates glial-derived neurotrophic

factor (GDNF) family receptor α-like
(GFRAL) in the brain causing the

reduction of appetite with subsequent

weight reduction
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3 | DIABETIC NEPHROPATHY

Diabetic nephropathy (DN) is the most common cause of
the development of end-stage kidney disease in the dia-
betic population characterized by microalbuminuria.56

GDF15 is associated with the development of DN as it is
regarded as an independent predictor for the develop-
ment of DN in diabetic patients.57 A prospective observa-
tional study involving 451 diabetic patients with DN
compared to 440 diabetic patients without DN revealed
that elevation of GDF15 was correlated with the decline
in glomerular filtration rate and deterioration of kidney
function.57,78 A recent study conducted by Perez-Gomez
et al.58 confirmed that urinary GDF15 level is regarded as
a biomarker for the development of chronic kidney dis-
ease (CKD). Thus, urinary GDF15 level is correlated with
mortality and an abnormal pattern of kidney architecture
in CKD patients.58 Notably, the GDF15 level might be
used in the diagnosis and evaluation of DN in T2DM
patients.59 An observational study comprising 30 T2DM
patients, 10 with macroalbuminuria and 20 with microal-
buminuria, showed that the GDF15 level was higher in
T2DM patients with macroalbuminuria compared to
those with microalbuminuria.59

These findings suggest that GDF15 could be a predic-
tive biomarker for the development of DN in T2DM
patients.

4 | DIABETIC NEUROPATHY

Diabetic neuropathy is one of the most common adverse
comorbidities in T2DM patients, leading to distal sym-
metrical polyneuropathy characterized by sensory distur-
bances and autonomic dysfunction.60 In advanced
diabetic neuropathy, Charcot osteoarthropathy and dia-
betic pain are developed and associated with limited
quality of life.60 It has been shown that higher circulating
levels of GDF15 are associated with progression of dia-
betic neuropathy.61 A comparative study including
241 diabetic patients and 42 nondiabetic patients illus-
trated that GDF15 level was correlated with the ampli-
tude and latency of motor and sensory nerves.61 Thus,
the GDF15 level is regarded as an independent risk factor
for the development of diabetic neuropathy. Different
experimental studies revealed that GDF15 knockout mice
had a greater risk for neuron loss, and exogenous admin-
istration of GDF15 improved the survival of dopaminer-
gic neurons.62,63 Higher GDF15 levels in diabetic
neuropathy mirror inflammatory and oxidative stress dis-
orders, which are implicated in the pathogenesis of
microvascular dysfunction and progression of diabetic
neuropathy.61 Thus, the association between GDF15 and

diabetic neuropathy could be a compensatory mechanism
to counter-regulate the development of microvascular
dysfunction.

5 | DIABETIC RETINOPATHY

Diabetic retinopathy (DR) has been declining since 1980
with the improvement of diabetes control. The prevalence
of DR and linked visual impairment increased between
1990–2015 due to an increased prevalence of T2DM.64 A
systematic review revealed that the incidence of DR was
2.2%–12.7%, mainly in individuals with mild disease.65

Remarkably, different studies demonstrated that GDF15
level is correlated with the progression of DR. For exam-
ple, a study by Chung and colleagues revealed a strong
relationship between GDF15 and DR in T2DM patients.66

A cross-sectional study that including 235 T2DM patients
with and without DR illustrated that the GDF15 level was
higher and correlated with the severity of DR compared
with T2DM patients without DR (p = 0.03, CI = 1.05–
3.03).66 Ilhan et al.67 disclosed that the GDF15 level was
correlated with the severity of retinal inflammation and
vitroretinal disorders. An observational follow-up study
showed that GDF15 levels were correlated with mortality
and diabetic complications including DR in T2DM
patients.68 In addition, the GDF15 level could be a prog-
nostic biomarker predicting the progression of DR.69

These findings propose that GDF15 might be a diag-
nostic and prognostic biomarker that reflects the develop-
ment of DR in T2DM patients.

Taken together, the GDF15 level is linked and corre-
lated with the progression of diabetic complications
including thrombosis, DN, diabetic neuropathy, and
DR. However, this association needs to be verified in dif-
ferent preclinical and clinical studies.

6 | CONCLUSIONS

GDF15 acts through the activation of GFRAL receptors
in the brain, which are responsible for taste aversion.
GDF15 has anti-inflammatory effects, so its increase in
T2DM and other cardiometabolic disorders counterbal-
ances the inflammatory milieu. Metformin, the first-line
therapy in the management of T2DM, induces the expres-
sion of GDF15, reducing appetite with the induction of
weight loss in both diabetic and nondiabetic patients.
Metformin therapy in T2DM patients may reduce body
weight through GDF15, which is independent of the
improvement of insulin sensitivity. In addition, the
GDF15 level is linked and correlated with the progression
of diabetic complications including thrombosis, DN,
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diabetic neuropathy, and DR. However, this association
needs to be verified in different preclinical and clinical
studies. The present review cannot give a final conclusion
in this regard. Therefore, experimental, preclinical, and
clinical studies are warranted to confirm the potential
role of GDF15 in T2DM patients.
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