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ABSTRACT 

OF THE THESIS OF 

 

Maya Mahmoud Noureddine  for  Master of Science 

                  Major: Physiology  

 

 

Title: Growth Differentiation Factor (GDF-15) as a Major Player in Diabetes- Induced 

Renal and Cardiovascular Injuries: A Mechanistic Approach 

 

Introduction:  

Diabetes, being a major cause of morbidity worldwide, can simultaneously cause renal 

(Diabetic Kidney Disease) and cardiac dysfunction. Recent data suggest that in the 

presence of tissue injury, inflammation, and stress conditions, circulating levels of a 

transforming growth factor-β (TGF-β) related cytokine termed Growth differentiation 

factor-15 (GDF-15) increase dramatically. Also, GDF-15 has been currently suggested to 

be a biomarker in type 2 diabetes as well as in cardiac injury and renal dysfunction. Yet, 

its role in diabetes-induced microvascular and macrovascular complications remains 

poorly investigated. Besides, our group and others have previously identified NETosis, a 

novel form of neutrophil-specific cell death, to play a pivotal role in the pathogenesis of 

diabetes. Furthermore, recent studies suggested that GDF-15 can regulate neutrophil 

arrest and counteract its recruitment. However, a direct causal link between GDF-15 and 

NETosis and the role of their crosstalk in diabetes-induced complications remain to be 

elucidated. In addition, the mTOR signaling pathway, a major player in diabetes-induced 

renal and cardiac complications, is downregulated in GDF-15 transgenic mice. These 

findings suggest a potential crosstalk between GDF-15 and mTOR pathway, that warrants 

to be explored further in the context of diabetes-induced renal and cardiovascular events. 

Aim: In this study, we aim to assess the crosstalk between GDF-15, NETosis, and mTOR 

signaling pathway in diabetes-induced renal and cardiac injury.  

Methods: Control mice, mice treated with phorbol 12-myristate 13-acetate (PMA) to 

induce NETosis, and type 1 and type 2 diabetic mice treated either with Cl-amidine 

(CLA) to inhibit NETosis or with Cl-amidine’s vehicle were used. In parallel 

experiments, control mice, type 1 diabetic mice, and type1 diabetic mice models treated 

with rapamycin (mTORC-1 inhibitor), JR-AB2-011 (mTORC-2 inhibitor), or PR242 

(mTORC-1/2 inhibitor) were used. Functional, histological, and molecular parameters of 

the left ventricle and the kidneys were determined.  

Results: Our results show that treatment with PMA or the induction of diabetes is 

associated with an increase in GDF-15 expression in the kidneys and left ventricle. 

Interestingly, treatment with CLA attenuates the diabetes-induced overexpression of 

GDF-15.  These results imply that GDF-15 is upregulated in diabetes-induced renal and 

cardiovascular complications and highlight its role as a potential marker in diabetes-

induced injury. Of interest, our data also suggest that NETs formation regulates the GDF-

15 signaling pathway. Besides, our results show that the increase in the GDF-15 
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expression in diabetes was reversed upon the inhibition of mTORC1, mTORC2, or both 

mTORC 1/2 signaling pathways. These data highlight a potential crosstalk between 

mTOR and GDF-15 signaling pathways, which mediates renal and left ventricular 

injuries associated with diabetes. Taken together our findings show that the 

mTOR/NETosis/GDF15 signaling axis is a potential therapeutic target for diabetes-

induced renal and left ventricular injuries.  

Conclusion: GDF-15, being a significant mediator in diabetes-induced complications, 

may be utilized in routine clinical practices for predicting mortality outcomes. 

Translational future studies may also involve the therapeutic implications of GDF-15 

catalytic activity by small-molecule inhibitors or activators. 

Key Words: Growth Differentiation Factor 15 (GDF-15), Smad Signalling, P53 Enzyme 

System, Diabetes Mellitus, NETosis, mTOR Signalling Pathway, Diabetic Kidney 

Disease, Diabetic Cardiomyopathy.  

  



 

 4 

TABLE OF CONTENTS 

 

 

ACKNOWLEDGEMENTS…………………………………….. 1 

ABSTRACT……………………………………………..…….....2 

ILLUSTRATIONS.……...………….…………………..………..7 

TABLES .……………………………………………………….. 9 

ABBREVIATIONS …...……………………………………......10 

INTRODUCTION ……………………….……….………..…...11 

A. Diabetes Mellitus  

1. Diabetes Mellitus……………………………………………………….11 

2. Diabetes-Induced Complications……………………………………….12 

B. Growth Differentiation Factor (GDF-15) 

1. GDF-15 Definition ……………………………..……….……………...13 

2. GDF-15 Expression ………………………………………..……….…..15 

3. GDF-15 Secretion and Cleavage ………………………………..….…..15 

4. GDF-15 and its Co-receptor GFRAL ……………………………….….17 

5. GDF-15 as a Potential Biomarker………………..………………….….18 

C. GDF-15 and SMAD Signaling Pathway 

1. GDF-15 Phosphorylation of Smad Subunits  ……………………….….18 

2. GDF-15 Translocation to Nucleus ……………….………………….…20 

3. GDF-15 Cardio-protection via Smad Pathway …………….……….…..20 

D. GDF-15 and p53 Enzyme System …………………………………….……21 

E. GDF-15 and Metabolic Diseases 

1. GDF-15 and Diabetes ……………………………………………..……22 

2. GDF-15: A Potential Adipokine ……………………………………….22 

3. GDF-15 and its Metabolic Role ……………………………….….........23 



 

 5 

4. GDF-15 and Thermogenesis……………………………………………24 

F. GDF-15 and Diabetes-Induced Complications 

1. Diabetic Kidney Disease………………………………………………..24 

2. Diabetic Cardiovascular Diseases ……………………………………..26 

G. GDF-15 and Other Cardiovascular Disease 

1. GDF-15 and Diastolic Dysfunction …………………….……………...27 

2. GDF-15 and Left Ventricular Hypertrophy and Remodeling……….....27 

H. GDF-15 and NETosis 

1. NETosis Definition ………………………………….……..…………..28 

2. NETosis in Diabetes-induced Complication ……………..……….…...31 

3. GDF-15 and Neutrophil Extravasation ……………………….….…….32 

I. GDF-15 and mTOR ………………………………….……..……….…......33 

J. Hypothesis and Aim of This Study …………………………...…………...34 

 

METHODS AND MATERIALS……………………………….36 

A. Animal Model …………………………………….……..…………...........36 

B. Histochemistry Analysis ……………………...…….……..…………........38 

C. Immunohistochemistry Analysis ……...……...…………..………….........38 

D. Real Time-Polymerase Chain Reaction …………….……..…………........39 

E. Western Blot …………………………….……..……………….……........40 

F. ELISA Testing from Clinical Studies …………………….………….........40 

G. ELISA Testing on Animal Model’s Serum ………………………………..41 

H. Statistical Analysis  ……………………………..….……..………….........42 

 

RESULTS ……………………………………………………...43 

A. Circulating levels of GDF-15 in T2DM, DKD, and CAD………………....43 

B. The Crosstalk between GDF-15 Signaling Pathway and NETosis in Type I 

Diabetes ……………………………………………………………………44 

1. Treatment using phorbol 12-myristate 13-acetate (PMA) increased 

urinary albumin excretion (UAE), urine albumin-to-creatinine ratio 

(UACR), and blood urea nitrogen (BUN) while treatment with chloro-

amidine (CLA) attenuated them………………………………………..44 

2. Treatment using phorbol 12-myristate 13-acetate (PMA) increased 

glomerular injury while treatment with chloro-amidine (CLA) attenuated 

diabetes-induced glomerular injury ……………………………………46 



 

 6 

3. Treatment using phorbol 12-myristate 13-acetate (PMA) increased 

glycogen and collagen deposition while treatment with chloro-amidine 

(CLA) attenuated diabetes-induced glycogen and collagen deposition in 

the left ventricle ………………………………………………………..46 

4. Treatment with PMA increased GDF-15 protein expression while 

treatment with CLA attenuated diabetes-induced increase in GDF-15 

protein expression in kidney and left ventricular tissues. ……….…......49 

5. Treatment using phorbol 12-myristate 13-acetate (PMA) increased GDF-

15 expression while treatment with chloro-amidine (CLA) attenuated 

diabetes-induced increase in GDF-15 expression ……………………..49 

6. Treatment with PMA increased circulating levels of GDF-15, MPO and 

NE while treatment with chloro-amidine (CLA) attenuated these levels 

during T1DM…………………….……………………………………..51 

C. The Crosstalk between GDF-15 Signaling Pathway and NETosis in Type II 

Diabetes…………………………………………………………………….54 

1. Treatment using phorbol 12-myristate 13-acetate (PMA) increased 

urinary albumin excretion (UAE), urine albumin-to-creatinine ratio 

(UACR), and blood urea nitrogen (BUN) while treatment with chloro-

amidine (CLA) attenuated them………………………………………..54 

2. Treatment using chloro-amidine (CLA) attenuated diabetes-induced 

glomerular injury……………………………………………………….56 

3. Treatment with CLA attenuated diabetes-associated increase in GDF-15 

mRNA expression in kidney tissues……………………………………57 

4. Treatment with CLA attenuated diabetes-induced increase in GDF-15 

protein expression in kidney and left ventricular tissues…………...…..61 

5. Immunohistochemistry analysis of GDF-15 expression in glomeruli and 

proximal kidney tubules and left ventricle.… …………………............61 

6. Treatment with chloro-amidine (CLA) attenuated circulating levels of 

GDF-15, MPO, and NE during T2DM……………………..………….63 

D. The crosstalk between GDF-15 and mTOR Signaling Pathways………….65 

1. Treatment using mTOR inhibitors decreased urinary albumin excretion 

(UAE), urine albumin-to-creatinine ratio (UACR), and blood urea 

nitrogen (BUN) ……………………………………………………….65 

2. Treatment using mTOR Inhibitors Attenuated Diabetes-induced 

Glomerulosclerosis and glomerular collagen deposition ……..………66 

3. Treatment using mTOR Inhibitors attenuated diabetes-induced increase 

in GDF-15 mRNA levels in kidney and left ventricular tissues……….70 

4. Treatment using mTOR Inhibitors attenuated diabetes-induced increase 

in GDF-15 protein expression in kidney and left ventricular tissues…..71 

5. Immunohistochemistry analysis of GDF-15 expression in glomeruli and 

proximal kidney tubules and left ventricle……………………….…....72 

 

 

DISCUSSION …………………………………………....73 

 

REFERENCES……………………………………………85 



 

 7 

ILLUSTRATIONS 

 
Figure               

          

1. Process of GDF-15 secretion and cleavage ……………………………….…...16 

2. GDF-15 binding to GFRAL receptor …………………….……………….…...17 

3.  GDF-15 phosphorylation of Smad subunits and translocation to nucleus…….19 

4.  Schematic Diagram of NETosis process formation ……………………….….30 

5. Circulating levels of GDF-15 in T2DM, DKD, and CAD……………………..43 

6. Circulating levels of GDF-15 during NETosis induction and inhibition in 

T1DM…………………………………………………………………………..44 

7. Circulating levels of MPO and NE during NETosis induction and inhibition in 

T1DM……………………………………………………………………….….45 

8. Histological PAS staining and quantification of glomerular injury during 

NETosis induction and inhibition in T1DM ……………………………….…..47 

9.  Histological staining with Masson Trichome and quantification of glomerular 

collagen deposition during NETosis induction and inhibition in T1DM …...…48 

10.  Histological PAS staining and quantification of left ventricular glycogen 

deposition during NETosis induction and inhibition in T1DM …………….…49 

11.  Histological staining with Masson Trichome and quantification of left 

ventricular collagen deposition  during NETosis induction and inhibition in 

T1DM……………………………………………………………………….….50 

12. Western blot analysis of GDF-15 in kidney and left ventricular tissues during 

NETosis induction and inhibition in T1DM……………………………………51 

13. Representative figures of immunohistochemistry staining of GDF-15 in the 

kidney glomeruli ……………………………………………………………….52 

14. Immunohistochemistry staining and analysis of GDF-15 in left ventricular 

tissues during NETosis induction and inhibition in T1DM ……………………53 

15. Circulating levels of GDF-15 during inhibition of NETosis in T2DM………...55 

16. Circulating levels of MPO and NE during inhibition of NETosis in T2DM…..56 

17. Histological PAS staining and quantification of glomerular injury during 

inhibition of NETosis in T2DM………………………………………………..57 

18. Histological staining with Masson Trichome and quantification of glomerular 

collagen deposition during inhibition of NETosis in T2DM………………..….58 

19. Histological PAS staining and quantification of left ventricular glycogen 

deposition during inhibition of NETosis in T2DM………………………...…..59 

20. Histological staining with Masson Trichome and quantification of left 

ventricular collagen deposition  during inhibition of NETosis in T2DM……...60 

21. mRNA levels analysis of GDF-15 in kidney tissues during inhibition of NETosis 

in T2DM……………………………………………………………………….61 

22. Western blot analysis of GDF-15 in kidney and left ventricular tissues during 

inhibition of NETosis in T2DM……………………………………………….62 

23. Representative figures of immunohistochemistry staining of GDF-15 in the 

kidney glomeruli …………………………………………………………….63 



 

 8 

24. Immunohistochemistry staining and analysis of GDF-15 in left ventricular 

tissues during inhibition of NETosis in 

T2DM……………………………………………………………………….64 

25. Histological PAS staining and quantification of glomerular injury during mTOR 

inhibition in T1DM…………………………………………………………….66 

26. Histological staining with Masson Trichome and quantification of glomerular 

collagen deposition during mTOR inhibition in 

T1DM…………………………………………………………………………..67 

27. Histological PAS staining and quantification of left ventricular glycogen 

deposition during mTOR inhibition in T1DM ………………………………...68 

28. Histological staining with Masson Trichome and quantification of left 

ventricular collagen deposition  during mTOR inhibition in T1DM ……….…69 

29. mRNA levels analysis of GDF-15 in kidney and left ventricular tissues during 

mTOR inhibition in T1DM ……………………………………………………71 

30. Western blot analysis of GDF-15 in kidney and left ventricular tissues during 

mTOR inhibition in T1DM ……………………………………………..……..72 

31. Representative figures of immunohistochemistry staining of GDF-15 in the 

kidney glomeruli ……………………………………………………………….73 

32. Immunohistochemistry staining and analysis of GDF-15 in left ventricular 

tissues during mTOR inhibition in T1DM ……………………………..……..73 

 

 

  



 

 9 

TABLES 
 

Table 

 

1. Table showing the relationship between GDF-15 and Diabetic ……………….26 

2. Studies showing the relationship between GDF-15 and myocardial 

hypertrophy……………………………………………………………………..28 

3. Functional studies showing HbA1c, UAE, UACR, BUN during induction of 

NETosis in T1DM………………………………………………………….…..46 

4. Functional studies showing HbA1c, UAE, UACR, BUN during induction of 

NETosis in T2DM ..............................................................................................56 

5. Functional studies showing HbA1c, UAE, UACR, BUN during mTOR 

inhibition in T1DM …………………………………………………………....65 

 

 

  



 

 10 

ABBREVIATIONS 
ACS                                Acute Coronary Syndrome 

AMI           Acute Myocardial Infarction 

ATMs           Adipose Tissue Macrophages   

BMP           Bone Morphogenetic Proteins  

CAD                              Coronary Artery Disease 

C  Control 

CLA               Chloro-amidine 

DC                                Diabetic Cardiomyopathy 

DKD           Diabetic Kidney Disease 

DM                   Diabetes Mellitus 

ESRD           End-Stage Renal Disease 

GDF-15                                                      Growth Differentiation Factor-15 

GFRAL           GDNF Family Receptor-Like 

GFR                                                           Glomerular Filtration Rate 

I/R            Ischemic/Reperfusion 

MIC-1            Macrophage Inhibitory Cytokin  

mTOR                                              Mammalian Target of Rapamycin 

MPO             Myeloperoxidase   

NAG-1             NSAID Activated Gene 

NE                         Neutrophil Elastase 

PAS                          Periodic Acid Schiff 

PMA                                             Phorbol 12-Myristate 13-Acetate 

PTGF-𝛽                                                      Placental Transformation Growth 

Factor  

PDF            Prostate Derived Factor  

ROS                                  Reactive Oxygen Species 

STZ                Streptozotocin 

TGF-β                                                         Transforming Growth Factor-β  

T1DM                                                         Type One Diabetes  

T2DM                                                         Type Two Diabetes Mellitus 

WAT            White Adipose Tissues  



 

 11 

CHAPTER I 

INTRODUCTION 
 

A. Diabetes Mellitus and GDF-15 

1. Diabetes Mellitus 

Diabetes mellitus (DM) is a group of metabolic diseases characterized by abnormally 

high blood glucose levels and it is considered one of the most common and fastest-

growing diseases worldwide (Cho et al., 2018). The global prevalence of diabetes and 

impaired glucose tolerance is growing exponentially worldwide at an epidemic 

proportion (Yaribeygi, Sathyapalan, Atkin, & Sahebkar, 2020). Approximately 540 

million adults today are living with diabetes (1 in 10), and this number is expected to 

increase to 643 million by 2030 and 783 million by 2045; a >50% increase from 2017  

(Cho et al., 2018; Sapra & Bhandari, 2022).  

DM results from defects in insulin secretion, insulin action, or both. DM is 

classified into an early-onset autoimmune form (type 1 diabetes; T1DM) and a late-

onset non-autoimmune form (type 2 diabetes; T2DM) (Cole & Florez, 2020). T1DM, 

also termed insulin-dependent diabetes or juvenile-onset diabetes, is due to very little or 

an absolute deficiency of insulin secretion by the pancreatic beta islets of Langerhans 

(Sapra & Bhandari, 2022). This mainly occurs as a result of autoimmune destruction of 

the pancreatic β-cells with consequent insulin deficiency to abnormalities that result in 

resistance to insulin action ("Diagnosis and classification of diabetes mellitus," 2014; 

Sapra & Bhandari, 2022). T1DM accounts for about 5-10% of all patients with DM 

("Diagnosis and classification of diabetes mellitus," 2014).  

On the other hand, T2DM, termed as non–insulin-dependent diabetes or adult-onset 

diabetes, is the most prevalent type of DM accounting for about 90- 95% of patients 
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with diabetes ("Diagnosis and classification of diabetes mellitus," 2014).  It is mainly 

linked to an inadequate compensatory insulin secretory response and reduced insulin 

sensitivity ("Diagnosis and classification of diabetes mellitus," 2014; Sapra & Bhandari, 

2022). This decreased sensitivity to insulin is attributed to malfunctioning insulin 

receptors that bind insulin with very low affinity and/or cannot properly transmit the 

insulin signal into the target cell because of a defect in the insulin signal transduction 

pathway (Brännmark et al., 2013). With time, these receptors are downregulated due to 

their chronic exposure to insulin (Brännmark et al., 2013). In addition, insulin resistance 

(IR) being the main underlying pathology in T2DM will occur due to the inappropriate 

cellular response to insulin hormone in insulin‐dependent cells and thereby having a 

suboptimal uptake of glucose (Samuel & Shulman, 2016; Yaribeygi, Farrokhi, Butler, 

& Sahebkar, 2019).  

 

2. Diabetes-Induced Complications 

The chronic hyperglycemia of diabetes is associated with long-term damage, 

dysfunction, and failure of different organs (Sapra & Bhandari, 2022). The diabetes-

induced complications can be classified into microvascular complications including 

nephropathy, neuropathy, and retinopathy, as well as macrovascular complications 

including cardiac dysfunction and diabetic cardiomyopathy. Diabetic nephropathy, also 

termed diabetic kidney disease (DKD), is a progressive disorder defined by reduced 

renal function due to hyperglycemia (Soedamah-Muthu et al., 2006). It is primarily 

diagnosed by two clinical markers — increased albuminuria and decreased estimated 

glomerular filtration rate (eGFR) (Cole & Florez, 2020). Chronic hyperglycemia can in 

turn damage the glomerular cells, resulting in lesions in the glomeruli, compromised 
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glomerular filtration, and the excretion of an abnormal amount of serum proteins in the 

urine, known as proteinuria (Lim, 2014). Also, it remains the most common cause of 

end-stage kidney disease (ESKD), which is itself associated with increased mortality 

(Tuttle et al., 2014).   

Moreover, DKD diagnosis, low eGFR, and high levels of albuminuria are all 

associated with increased cardiovascular disease  (CVD) risk (Cole & Florez, 2020). 

Also, there is an accelerated atherosclerotic macrovascular disease during diabetes that 

affect the arteries that supply the heart and lower extremities (Brownlee, 2001). Thus, 

patients with diabetes have an increased incidence twofold to tenfold increased risk) of 

atherosclerotic cardiovascular, and peripheral arterial disease (Cole & Florez, 2020; 

"Diagnosis and classification of diabetes mellitus," 2014).   

There has been significant research trying to identify a common mechanistic 

pathway between microvascular and macrovascular diabetes-induced complications. 

Other studies have tried to identify certain key players in this phenomenon, but the 

exact common signaling mechanism remains poorly elucidated. A plausible candidate is 

the Growth Differentiation Factor-15 (GDF15), yet its role in diabetes-induced 

microvascular or macrovascular complications remains poorly investigated.  

 

B. Growth Differentiation Factor (GDF-15) 

1. GDF-15 Definition 

Human Growth Differentiation Factor-15 (GDF-15) is the product of a simple 2 

exon gene, located on chromosome 19p13.11. This encodes an RNA transcript of about 

1,200 bp, which is translated into a 308 amino acid protein consisting of a classical 

signal sequence, a pro-peptide of 167 amino acids. GDF-15 has a single conserved 
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inter-chain disulphide bond and is usually secreted as a dimeric protein of 224 amino 

acids with a molecular weight of approximately 25 KDa (Bootcov et al., 1997). GDF-15 

is a member of the Transforming Growth Factor-β (TGF-β)  cytokine superfamily 

(Kempf et al., 2011). GDF-15 is also termed as macrophage inhibiting cytokine 1 (MIC-

1), placental transformation growth factor (PTGF-𝛽), prostate-derived factor (PDF), 

placental bone morphogenetic protein (PLAB), and NSAID activated gene-1 (NAG-1) 

(Adela & Banerjee, 2015; George, Jena, Srivatsan, Muthukumar, & Dhandapani, 2016). 

GDF-15 also has the TGF-β superfamily defining hallmark which is a cysteine knot 

formed from seven cysteine residues stabilized by eight intrachain disulfide bonds 

(Wischhusen, Melero, & Fridman, 2020; Xiong et al., 2017). Its role includes the 

regulation of cellular processes, such as induction of apoptosis, inhibition of growth, 

and tumor invasiveness (Bao et al., 2019; Kempf et al., 2011; Mimeault & Batra, 2010). 

Also, GDF-15 signaling is important for maintaining tissue-specific regulation and 

cellular homeostasis (Min et al., 2016; Wischhusen et al., 2020). The serum levels of 

GDF-15 levels are divided into three categories, which are normal (ranging between 

200 and 1,150 pg/ml), moderately elevated (levels are between 1200 and 1800 pg/mL), 

and highly elevated (more than 1800 pg/mL) (Verhamme, Freeman, Brusselle, Bracke, 

& Curtis, 2019; Wiklund et al., 2010). The increase in GDF-15 circulating levels 

indicates early damage of tissues (Hellemons et al., 2012) and it has been proposed as a 

marker for all-cause mortality (X. Wang, K. Chrysovergis, J. Kosak, G. Kissling, et al., 

2014). The high GDF-15 serum levels are also interpreted as an integrative signal of the 

disease or injury severity (Wallentin et al., 2014; X. Wang, K. Chrysovergis, J. Kosak, 

G. Kissling, et al., 2014). 
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2. GDF-15 Expression 

In healthy individuals, GDF-15 expression is highly abundant in the placenta and 

prostate where it was shown that androgen hormones regulate GDF-15 levels (Adela & 

Banerjee, 2015; George et al., 2016; Wischhusen et al., 2020). GDF-15 is also 

expressed in different cells such as cardiomyocytes, macrophages, adipocytes, vascular 

smooth muscle cells, and endothelial cells (Berezin, 2016). Studies have shown that 

under normal physiological conditions, the expression of GDF-15 is low to absent in 

most tissue types including the heart, kidney, pancreas, and colon (Kempf et al., 2011; 

Wischhusen et al., 2020). In addition, GDF-15 being an inflammatory and stress-

induced cytokine, has an increased expression in the presence of tissue injury, 

inflammation, malignancy, and stress conditions (Bauskin et al., 2010; Kempf et al., 

2011; Wischhusen et al., 2020). For instance, the production of GDF-15 rises 

dramatically during renal and cardiovascular diseases (George et al., 2016; Kempf et al., 

2011; Wischhusen et al., 2020).   

 

3. GDF-15 Secretion and Cleavage 

GDF-15, like any other TGF-β superfamily protein, is secreted as a pro-protein and 

a pro-domain (Bauskin et al., 2010; J. J. Li et al., 2018; X. Wang, Baek, & Eling, 2013). 

The pro-protein is a biologically inactive precursor, and it plays an important role in 

regulating the balance between GDF-15 circulating serum levels and extracellular 

matrix (ECM) stores (Bauskin et al., 2010). The pro-protein of GDF-15 contains an N-

linked glycosylation site which is essential for regulating the intracellular secretion and 

trafficking of GDF-15 (J. J. Li et al., 2018; X. Wang et al., 2013). The disulfide-linked 

dimerization discussed in Figure 1 will enable the release of large amounts of the 
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mature GDF-15 which can be then detected in human serum (Bauskin et al., 2010; Min 

et al., 2016; X. Wang et al., 2013; Wischhusen et al., 2020). Also, the pro-domain, 

which is stained as a surface protein, is considered the preferred target for the detection 

of GDF-15 using the immunohistochemical technique (X. Wang et al., 2013; 

Wischhusen et al., 2020) (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Process of GDF-15 secretion and cleavage 

 

A disulfide-linked dimerization will occur in the endoplasmic reticulum, then GDF-15 

will transport to the Golgi apparatus and the cytoplasm. After that, the dimeric pro-

protein will undergo a proteolytic cleavage at the amino acid target sequence (RXXR) 

by a furin-like protease termed PCSK3. This proteolytic cleavage will enable the release 

of large amounts of the mature GDF-15 from the pro-protein. As for the pro-domain, it 

will remain attached to the extracellular matrix (ECM). 
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4. GDF-15 and its Co-receptor GFRAL 

Recent studies have reported that GDF-15 specifically binds to its co-receptor 

GFRAL with a high affinity (Jung et al., 2018) resulting in the activation of a 

downstream signaling cascade (Emmerson et al., 2017; Mullican et al., 2017). The 

receptors of GFRAL are expressed in neurons of the area postrema, central amygdala, 

and the hypothalamus where they act with GDF-15 to regulate appetite and food intake 

(Mullican et al., 2017; Ouyang et al., 2020). A study has shown that the genetic deletion 

of this receptor has reduced the ability of GDF-15 to decrease mice’s body weight, thus 

revealing that GDF-15 metabolic effects are mediated by GFRAL receptor activation 

(Mullican et al., 2017).  Furthermore, GFRAL requires association with its co-receptor 

RET receptor complex which is responsible for the extracellular binding and 

orchestration of intracellular signaling in response to GDF-15 stimulation in the 

hindbrain (Jung et al., 2018; L. Yang et al., 2017) (Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: GDF-15 binding to GFRAL receptor 

 

GDF-15 specifically binds to its co-receptor called GDNF (glial cell line-derived 

neurotrophic factor) family receptor-like (GFRAL) with a high affinity in the medullary 

area of the brain to exert its multiple effects. Furthermore, GFRAL requires association 

with its co-receptor Ret proto-oncogene (RET) in brainstem neurons that regulate GDF-

15 systemic effects. 
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5. GDF-15 as a Potential Biomarker 

GDF-15 is considered a potential biomarker for multiple pathological conditions 

(Verhamme et al., 2019) where it plays an important role in various pathologies, 

including inflammation, obesity, cardiovascular events, and kidney diseases (Tuegel et 

al., 2018). GDF-15 was identified as one of the important plasma markers that correlate 

with the cardiometabolic syndrome as well as being a marker for cardiac and renal 

injury (Adela & Banerjee, 2015; Lind et al., 2009). For instance, the serum levels of 

GDF-15 are associated with the progression and severity of renal dysfunction and 

cardiovascular injury (Anand et al., 2010). Also, GDF-15 is a protective and anti-

apoptotic factor that plays a role in the repair of cardiomyocytes in response to 

oxidative stress and injury (Tuegel et al., 2018); however, in some conditions, it is 

considered pro-apoptotic (Berezin, 2016).  

 

C. GDF-15 and Smad Signaling Pathway 

6. GDF-15 Phosphorylation of  Smad Subunits 

The TGF-β superfamily consists of TGF-βs, bone morphogenetic proteins (BMPs), 

activins, and related proteins (Tan, Wang, Guan, & Sun, 2000). The signaling of the 

TGF-β ligands and BMP branches takes place via heterodimer complexes of type I 

serine/threonine kinase receptors (Alarcón et al., 2009). This signaling will cause the 

activation of the Smad-dependent pathway and the phosphorylation of the Smad 

transcription factors (Alarcón et al., 2009) (Verhamme et al., 2019). The 

phosphorylation will, in turn, induce the nuclear accumulation and oligomerization of 

Smad complexes   (Alarcón et al., 2009; Lönn et al., 2010) that will assemble to form 

transcriptional complexes regulating hundreds of target gene expressions through a site-

specific action (Alarcón et al., 2009; Lönn et al., 2010). In addition, studies have shown 
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that the stimulation of GDF-15, being a multifunctional member of the TGF-β/BMP 

superfamily (J. Li et al., 2013) has promoted the activation of Smad2 and Smad3 in 

cultured cardiomyocytes (J. Xu et al., 2006). Other studies showed that acute treatment 

with recombinant GDF-15 can activate TGF-β type I receptor kinase (Tan et al., 2000) 

and phosphorylate Smad2, Smad3, Smad1, Smad5, and Smad8 (J. Xu et al., 2006; X. Y. 

Xu et al., 2014) (Figure 3).  

 

 

Figure 3: GDF-15 phosphorylation of Smad subunits and translocation to nucleus  

 

Smad2 and Smad3 are activated through carboxy-terminal phosphorylation by the TGF-

β type I receptor kinase, whereas BMP ligands activate Smad1, Smad5, and Smad8. 

This phosphorylation will induce the nuclear accumulation and oligomerization of 

Smad2 and Smad3 in the TGF- β pathway and Smad1, Smad5, and Smad8 in the BMP 

pathway.  After the phosphorylation of the Smad subunits, GDF-15 will translocate to 

the nucleus to form a heteromeric complex with Smad4. 
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7. GDF-15 Translocation to Nucleus 

After the phosphorylation of the Smad subunits, GDF-15 will undergo nuclear 

translocation through an active transport system to form a heteromeric complex with 

Smad4 (Min et al., 2016; X. Y. Xu et al., 2014) (Figure 3). Then, this significant nuclear 

expression of GDF-15 will affect the transcriptional regulation of the TGF-β1-mediated 

Smad signaling (Min et al., 2016). Recent evidence highlights several postulated 

underlying mechanisms, one of which is that nuclear GDF-15 inhibits the formation of 

the TGF-β1-induced Smad/DNA complex and eventually inhibits the expression of 

Smad target genes (Min et al., 2016). Another plausible mechanism is that upon TGF-

β1 stimulation, GDF-15 will disrupt Smad complex formation leading to the 

dissociation of Smad complex from DNA and attenuation of the Smad-specific gene 

response (Min et al., 2016). So, throughout these possibilities, we can conclude that 

GDF-15 nuclear expression can inhibit the Smad pathway through complex disruption.  

 

8. GDF-15 Cardio-protection via Smad Pathway 

GDF-15 plays a cardio-protective role through its action via the Smad-dependent 

pathway (George et al., 2016) and its association with Smad proteins (J. Xu et al., 

2006). GDF-15 protects cardiomyocytes from cell death and cardiac hypertrophy, and 

this takes place through the activation of Smad protein (X. Y. Xu et al., 2014). Also, the 

knockout of the Smad4 subunit which is considered a common transcriptional mediator 

of the Smad-dependent pathway has shown greater cardiac hypertrophy, and this is 

what suggests its cardio-protective role (George et al., 2016; X. Y. Xu et al., 2014). 

Another study showed that the deficiency of Smad4 led to ventricular hypertrophy, 

decreased cardiac contraction, and sudden cardiac death (J. Wang et al., 2005). In 
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addition, GDF-15 was found to inhibit myocardial hypertrophy in a pressure-induced 

hypertrophy model through the phosphorylation of Smad2 and Smad3 (X. Y. Xu et al., 

2014). Thus, GDF-15 through its association with Smad proteins is considered a cardio-

protective regulatory factor (J. Xu et al., 2006).  

 

D. GDF-15 and p53 Enzyme System 

P53 is a potent tumor suppressor and transcription factor that can activate the genes 

responsible for regulating the activation of proapoptotic signals (Cheng, Chang, & 

Leung, 2011; Verhamme et al., 2019; H. Yang, Filipovic, Brown, Breit, & Vassilev, 

2003). The GDF-15 gene promoter contains two consensus p53 binding sites, where 

several studies have shown that wild-type p53 can induce GDF-15 secretion (Cheng et 

al., 2011; Kelly, Lucia, & Lambert, 2009; H. Yang et al., 2003). Also, during conditions 

of injury, cellular stress can activate the p53 enzyme system which will, in turn, 

increase GDF-15 production (Bauskin et al., 2010; Kelly et al., 2009; Min et al., 2016). 

So, GDF-15 is considered a downstream target of p53 which can mediate either pro- or 

antiapoptotic functions in response to cellular stress signals and inflammation (Cheng et 

al., 2011; Ding et al., 2009; Mimeault & Batra, 2010; Verhamme et al., 2019). 

Furthermore, the p53 enzyme system controls the expression of GDF-15 by adipose 

tissues on a transcriptional level (Adela & Banerjee, 2015; Kempf et al., 2012). For 

instance, adipocytokines and enhanced oxidative stress in obese individuals can 

promote the activation of p53 in adipose tissues termed “obesity-induced p53 

activation” leading to increased production of proinflammatory cytokines as well as 

insulin resistance (Bao et al., 2019; Berezin, 2016; Kempf et al., 2012; Wollert & 

Kempf, 2012).  



 

 22 

E. GDF-15 and Metabolic Diseases   

9. GDF-15 and Diabetes 

 

GDF-15 is considered a marker of abdominal obesity, insulin resistance, and 

established type II diabetes (Kempf et al., 2012). It is secreted mainly from 

preadipocytes and white adipose tissue (WAT) during diabetes  (Ding et al., 2009; 

Verhamme et al., 2019), as well as from macrophages and liver cells that act as 

metabolic regulators (Adela & Banerjee, 2015; Berezin, 2016). In several studies, the 

circulating levels of GDF-15 have been shown to be positively associated with the risk 

of diabetes incidence among individuals with obesity (Bao et al., 2019; Kempf et al., 

2012; X. Wang, Chrysovergis, Kosak, & Eling, 2014). In addition, increased GDF-15 

circulating levels were found to be associated with impaired glucose control (Kempf et 

al., 2012). It has been suggested that the upregulation of GDF-15 occurs in response to 

adipose tissue inflammation that precedes diabetes (Bao et al., 2019), also known as 

meta-inflammation, that can cause insulin resistance and type II diabetes (Lackey & 

Olefsky, 2016). Also, studies have shown that elevated GDF-15 represents a predictor 

of the future development of diabetes (Kempf et al., 2012) and, possibly, a predictor of 

disease severity (Berezin, 2016; Wischhusen et al., 2020).  

 

10. GDF-15: A Potential Adipokine 

GDF-15 expression is positively associated with adiponectin production, which 

supports the suggestion that GDF-15 acts as an adipokine (Bao et al., 2019). Adipokines 

are hormones and cytokines secreted by the adipose tissues, such as adiponectin and 

leptin which are responsible for regulating the release of GDF-15 from adipocytes 

(Ding et al., 2009; X. Wang, K. Chrysovergis, J. Kosak, & T. E. Eling, 2014). A study 
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showed that GDF-15 enhanced the release of adiponectin from human adipocytes 

suggesting that GDF-15 is a positive regulator of adiponectin and is important in 

modulating the insulin-sensitizing effect of adiponectin (Ding et al., 2009). Moreover, 

GDF-15 has a paracrine role in the modulation of adipose tissue function in an 

autocrine/paracrine fashion, thus suggesting GDF-15 as a potential target for obesity 

treatment (Ding et al., 2009).  

 

11. GDF-15 and its Metabolic Role 

GDF-15 is also involved in multiple metabolic disorders where high GDF-15 levels 

are associated with obesity and insulin resistance (Santhanakrishnan et al., 2012; Xiong 

et al., 2017). A study showed that a complex network of neuronal activation that is 

responsible for decreasing gastric emptying and inducing satiety is considered an 

underlying mechanism of GDF-15 (Xiong et al., 2017). In addition, GDF-15 was shown 

to regulate the expression of hypothalamic appetite-regulating neuropeptides (L. Yang 

et al., 2017). It can cause suppressed appetite and hypophagia leading to weight loss in 

an attempt to maintain blood glucose levels (Emmerson et al., 2017). It has been found 

to reduce body weight and fat mass (Chrysovergis et al., 2014),  regulate metabolism 

and glucose homeostasis (Bao et al., 2019), improve insulin sensitivity (Chrysovergis et 

al., 2014), and protect from chronic inflammation in adipose tissue (Adela & Banerjee, 

2015). Studies have shown that the genetic deletion of GDF15 resulted in increased 

body weight, and visceral abdominal fat mass, whereas overexpression resulted in lower 

body weight and improved metabolic parameters (Macia et al., 2012; V. W. Tsai et al., 

2015; V. W. Tsai et al., 2013). In addition, increased serum GDF-15 levels were 

correlated with waist to height ratio, body mass index (BMI) (Berezin, 2016), 
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triglycerides, body fat, glucose (Kempf et al., 2012) glycated hemoglobin (HbA1c), and 

C-reactive proteins (Adela & Banerjee, 2015). Therefore, GDF-15 is considered a 

regulator of fat deposition, body weight, appetite, and energy balance.  

 

12. GDF-15 and Thermogenesis 

GDF-15 acts as a mediator of fat thermogenesis, oxidative metabolism, and lipolysis 

by increasing the gene expressions of thermogenesis genes in adipose tissue 

(Chrysovergis et al., 2014). A study showed that high GDF-15 levels have increased 

thermogenesis resulting in a dramatic decrease in fat contents and an improvement in 

glucose tolerance (X. Wang, K. Chrysovergis, J. Kosak, G. Kissling, et al., 2014). 

Another study showed that increased thermogenic and lipolytic gene expressions in 

GDF-15 mice are likely responsible for improved glucose utilization, increased insulin 

sensitivity (Chrysovergis et al., 2014), and lower amounts of white adipose tissues (Kim 

et al., 2013). Therefore, GDF-15 can be considered a new potential therapeutic target 

for counteracting obesity and insulin resistance (Chrysovergis et al., 2014).  

 

F. GDF-15 and Diabetes-Induced Complications 

13. GDF-15 and Diabetic Kidney Disease 

Patients with T2DM are at significantly increased risk of developing chronic kidney 

disease (CKD), diabetic kidney disease (DKD), and end-stage renal disease (ESRD) 

(Bidadkosh et al., 2017; Frimodt-Møller et al., 2018). A study has shown that changes 

in GDF-15 serum levels are associated with various diseases including diabetic renal 

damage (Niu et al., 2021). Other studies reported that the genetic deletion of GDF-15 in 

diabetic mice models has increased renal tubular and interstitial damage demonstrated 

by glucosuria, polyuria, and high plasma creatinine levels (Mazagova et al., 2013). 
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Also, the GDF-15 Knockout mice showed an increase in the renal expression of α-SMA 

and collagen type I indicating that GDF-15 may play an antifibrotic role in the diabetic 

kidney (Mazagova et al., 2013). Also, it has been shown to protect the renal tubules in 

experimental T1DM and T2DM models, as the deletion of the GDF15 gene in 

streptozocin-induced (STZ) T1DM and T2DM models aggravated renal tubular and 

interstitial damage indicated by glucosuria and polyuria in these diabetic models 

(Wesseling, de Poel, & de Jager, 2020). On the other hand, elevated GDF-15 serum 

levels in diabetic patients were associated with a decline in renal function and an 

abnormal vascular response (Adela & Banerjee, 2015). Other studies showed that high 

GDF-15 levels are associated with a rapid decrease in estimated glomerular filtration 

rate (eGFR) in type-II diabetic patients (Guenancia et al., 2015) and a higher risk of 

developing end-stage renal disease (Hellemons et al., 2012). Another study showed that 

serum levels of GDF-15 were positively associated with diabetic nephropathy (Berezin, 

2016) as well as mortality in type I diabetic patients with macroalbuminuria (Lajer, 

Jorsal, Tarnow, Parving, & Rossing, 2010). The results of the studies that discuss the 

relationship between GDF-15 and diabetic kidney disease are further discussed in Table 

1.  

 

GDF-15 levels have a significant correlation with a faster 

decline of renal function in patients with type I DM, IgA 

nephropathy, and CKD stages from 1 to 4. 

(Ham et al., 2018) 

In diabetic renal injury, the increase in urinary GDF-15 was 

associated with injury in proximal tubules. 

(Simonson et al., 

2012) 

GDF-15 is useful in the early diagnosis, evaluation, and 

prediction of the outcomes of diabetic nephropathy among 

patients with type II diabetes.  

(J. J. Li et al., 2018) 
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A higher concentration of GDF-15 predicted incident ESRD 

or a sustained 40% decline in eGFR. 

(Frimodt-Møller et 

al., 2018) 

GDF-15 as a marker for prediction of development of micro- 

or macroalbuminuria in Type II diabetic patients. 

(Hellemons et al., 

2012) 

There is a possible pathophysiological role for GDF-15 in the 

progression of diabetic kidney disease. 

(Bidadkosh et al., 

2017) 

GDF-15 concentrations are increased in the urine of patients 

with diabetic nephropathy and act as a marker for tubular 

damage. 

(Wollert & Kempf, 

2012) 

GDF-15 is a statistically significant marker of diabetic kidney 

disease occurrence. 

(Bogusz Falkowski et 

al., 2020) 

Table 1: Table showing the relationship between GDF-15 and Diabetic 

 

14. GDF-15 and Diabetic Cardiomyopathy 

Patients with type II diabetes mellitus are at increased risk for developing 

cardiovascular disease (CVD) especially diabetic cardiomyopathy (DC) (Frimodt-

Møller et al., 2018). Diabetic cardiomyopathy is characterized by abnormal cardiac 

structure or function caused by diabetes mellitus in the absence of other underlying 

causes of cardiovascular disease (Aroda, Taub, & Stanton, 2021). Few studies have 

targeted the relationship between GDF-15 and diabetic cardiomyopathy, where a study 

reflected a strong association between GDF-15 levels and cardiovascular diseases in 

diabetic patients (Bao et al., 2019).  Another study showed that GDF-15 represents a 

novel tool to screen for diabetic cardiomyopathy where serum levels were higher in 

patients with DC compared with those without DC (Dominguez-Rodriguez, Abreu-

Gonzalez, & Avanzas, 2014). Also, increased GDF-15 serum levels can reflect the 

pathophysiological changes occurring in the left ventricle (Dominguez-Rodriguez et al., 

2014). However, it is still not clear whether this long-term increase in serum GDF-15 

levels in patients with DC may play an adaptive or maladaptive role.   
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G. GDF-15 and Other Cardiovascular Diseases 

 

GDF-15 is secreted from the myocardium in response to various stimuli such as 

ischemia and myocardial wall stress (Izumiya et al., 2014) and it is suggested to be a 

downstream marker indicative of different myocardial stress pathways (Stahrenberg et 

al., 2010). Also, the circulating levels of GDF-15 were associated with left ventricular 

mass, left ventricular systolic dysfunction, and endothelial dysfunction (Anand et al., 

2010).  

 

15. GDF-15 and Diastolic Dysfunction 

Elevated GDF-15 serum levels represent an underlying pathophysiological 

mechanism for diastolic dysfunction (Dominguez-Rodriguez et al., 2014). Studies have 

shown that increased GDF-15 levels are associated with Left ventricular diastolic 

dysfunction (LVDD) (Baessler et al., 2012; Stahrenberg et al., 2010) where high 

concentrations were correlated to increasing severity (Santhanakrishnan et al., 2012). A 

study showed that GDF-15 is considered an indicator of the impairment in diastolic 

function due to its ability to detect patients with parameters indicative of acute and 

chronically elevated filling pressures (Dominguez-Rodriguez et al., 2014). Also, GDF-

15 is associated with diastolic function impairment in patients with chronic heart failure 

which indicates that GDF-15 can influence different processes in cardiac remodeling 

(Xue et al., 2012).  

 

16. GDF-15 and Left Ventricular Hypertrophy and Remodeling 

GDF-15 expression increases in cardiomyocytes in response to conditions of 

mechanical stretch,  pressure overload, and ischemia (George et al., 2016). An 
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endogenous increase in GDF-15 serum levels can play a protective role in the process of 

left ventricular remodeling (Xue et al., 2012) where high levels can counter-regulate 

hypertrophy (Heger et al., 2010). The increased GDF-15 levels indicate the severity of 

hypertrophy (Hanatani et al., 2014; Xue et al., 2012) and are associated with an 

increased risk of developing adverse left ventricular remodeling (Wollert & Kempf, 

2012). Also, GDF-15 attenuates a reduction in fractional shortening and protects the 

heart from ischemia/reperfusion injury (Stahrenberg et al., 2010). Other studies showing 

the relationship between GDF-15 and left ventricular remodeling and hypertrophy are 

discussed in table 2.  

 

 

Table 2: Studies showing the relationship between GDF-15 and myocardial hypertrophy 

 

 

H. GDF-15 and NETosis 

17. NETosis Definition 

NETosis, an unusual cell death process, is an essential process of the innate and 

adaptive immune response where neutrophils engage with T cells, B cells, and antigen-

presenting cells (Brinkmann et al., 2004; Mantovani, Cassatella, Costantini, & Jaillon, 

The genetic deletion of GDF-15 increased cardiac hypertrophy, 

suggesting that GDF-15 has an anti-hypertensive role.   
(Izumiya et al., 2014) 

-GDF-15 is involved in the compensatory stage of myocardial 

hypertrophy. 

-GDF-15 is a novel sympathetic regulator that protects against 

myocardial hypertrophy through repression of NE-induced 

transactivation of EGFR (epidermal growth factor receptor). 

(X. Y. Xu et al., 2014) 

Cardiac GDF-15 expression increases in the hypertrophied left 

ventricle in response to pressure overload.  
(Hanatani et al., 2014) 
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2011). This process is triggered by both infectious and ‘sterile’ stimuli such as 

cytokines, cholesterol crystals, monosodium uric acid crystals, immune complexes, and 

autoantibodies (Njeim et al., 2020).  There are two models of NETosis being the 

suicidal and vital NETosis where suicidal remains the most elucidated model (Njeim et 

al., 2020). Suicidal NETosis, characterized by plasma membrane rupture and cell death, 

is first activated by ligand binding to neutrophil toll-like receptors and receptors for 

IgG–Fc, complement, or cytokines (Hang Yang et al., 2016; Yipp & Kubes, 2013). 

Upon activation, the endoplasmic reticulum releases its stored calcium ions into the 

cytoplasm (Hang Yang et al., 2016). This increase in cytosolic calcium cations then 

activates the protein kinase C (PKC)/Raf/MEK/ERK pathway, leading to the activation 

of the NADPH oxidase (NOX) complex and the subsequent generation of reactive 

oxygen species (Lewis et al., 2015; P. Li et al., 2010). In addition, phorbol 12-myristate 

13-acetate (PMA), a potent activator of neutrophils, is used to elucidate the relationship 

between activation of neutrophils and their subsequent death, and it was shown to 

trigger ROS production (Njeim et al., 2020). Reactive oxygen species will in turn 

behave as second messengers promoting neutrophil elastase (NE) and myeloperoxidase 

(MPO) translocation from azurophilic granules to the nucleus. NE translocates from 

cytoplasmic granules to the nucleus and proteolytically processes histones to disrupt 

chromatin packaging, while MPO binds chromatin synergistically with NE, promoting 

chromatin and nuclear DNA decondensation (Yipp & Kubes, 2013).  

Furthermore, cytosolic Ca2+ cations also act as cofactors for peptidyl arginase 

deaminase 4 (PAD4), a calcium-dependent enzyme that catalyzes the hydrolysis of 

peptidyl-arginine to form peptidyl-citrulline on histones (Y. Wang et al., 2009; Y. Wang 

et al., 2004). This will in turn change the charge of the histones by promoting the loss of 
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positive charges required for the interaction of histones with DNA, thus leading to 

massive chromatin decondensation (Lewis et al., 2015; P. Li et al., 2010).   

Decondensed chromatin is then associated with cytoplasmic proteins and granule 

toxins, and the nuclear membrane will disintegrate into smaller individual vesicles.  

Finally, the DNA is released as neutrophil extracellular traps (NETs), which are large, 

web-like structures composed of decondensed chromatin associated with granules of 

degradative enzymes (Brinkmann et al., 2004). NETs, originally recognized as a host 

defense mechanism, will ultimately prevent the migration of extracellular pathogens 

and will neutralize and kill bacteria, fungi, viruses, and parasites (Brinkmann et al., 

2004; Papayannopoulos, 2018). NETs are ultimately cleared either through the 

engulfment by macrophages through an active endocytic process or by DNase I, an 

endonuclease that cleaves chromatin within NETs (Farrera & Fadeel, 2013; Hakkim et 

al., 2010).  

 

 
 

Figure 4: Schematic Diagram of NETosis process formation 

 

The endoplasmic reticulum releases its stored calcium ions into the cytoplasm, and this 

will activate the protein kinase C  and the subsequent generation of reactive oxygen 

species. These will in turn behave as second messengers promoting neutrophil elastase 

(NE) and myeloperoxidase (MPO) translocation from their granules to the nucleus. NE 

and MPO will in turn lead to the disruption of chromatin packaging, and eventually 

chromatin decondensation.  
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18. NETosis and Diabetes 

 

Recently, studies have shed the light on the role of neutrophils and NETosis in the 

pathophysiology of type 1 and type 2 diabetes. Diabetes is typically associated with 

overactivity of PKC, mediated by glycolytic overload and excess diacylglycerol (DAG) 

generation (Fadini et al., 2016). An exaggerated NETosis appears to be hall mark 

feature of both type 1 and type 2 diabetes and may even accompany disease onset 

(Fadini et al., 2016). Also, elevated glucose levels may participate in NETosis by 

increasing the susceptibility of diabetic neutrophils to NETosis (Njeim et al., 2020).  

Studies have reported that neutrophil elastase (NE) was significantly elevated in 

patients with type 1 diabetes, which is associated with enhanced neutrophil extracellular 

trap formation (Y. Wang et al., 2014). Also, a marked increase in circulating MPO-

DNA complexes was seen in patients with type 1 diabetes and type 2 diabetes as 

compared to healthy subjects (Y. Wang et al., 2014). Other studies showed that there 

was a fourfold upregulation of PAD4 protein expression in the neutrophils of 

individuals with diabetes as compared to healthy controls and this is indicated by 

elevated histone H3 citrullination (Leshner et al., 2012). In addition, neutrophils from 

type two diabetics had elevated basal calcium levels (Y. Wang et al., 2004). 

 

19. NETosis in Diabetes-induced Complication 

NETosis may be considered a key player in the onset and development of diabetic 

kidney disease and diabetic cardiomyopathy. Considering that NETosis occurs during 

inflammation and that patients with diabetes have associated with chronic low-grade 

inflammation, thus NETs formation may serve as a risk marker for diabetes-induced 

renal and cardiovascular complications (Fadini et al., 2016).  In addition, serum MPO-
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DNA complex levels were positively correlated as risk markers for microvascular 

complications including diabetic nephropathy (Miyoshi et al., 2016). Also,  NETosis 

and NETs formation was shown to be highly dependent on NADPH-induced ROS 

production in neuropathy, and  NADPH oxidase 4 (NOX4) has been shown to mediate 

protection against chronic load-induced stress in the heart and is essential for the full 

development of eccentric cardiac hypertrophy (Fadini et al., 2016). NETosis and 

endothelial cell dysfunction can interact to promote vascular damage. Furthermore, the 

contribution of NETs in the stimulation of thrombosis is well established, as NETs 

entrap and activate platelets and can also activate the intrinsic pathway of coagulation 

(Fadini et al., 2016). Thus, NETosis may represent a target of new therapeutic strategies 

to counter diabetes-induced renal and cardiovascular complications. 

 

20. GDF-15 and Neutrophil Extravasation 

GDF-15, being an anti-inflammatory cytokine, can counteract the recruitment of 

neutrophils into the inflamed tissues through its direct interference with the activation of 

leukocyte integrins (Annette Artz, Stefan Butz, & Dietmar Vestweber, 2016; Rossaint, 

Vestweber, & Zarbock, 2013). In addition, GDF-15 can inhibit the adhesion of 

neutrophils as well as the transmigration of neutrophils into the inflamed tissues 

(Rossaint et al., 2013). For instance, a study has shown that the inactivation of the GDF-

15 gene can cause enhanced neutrophil extravasation in an IL-1β–stimulated cremaster 

(Annette Artz et al., 2016). Thus, GDF-15 regulates neutrophil arrest under flow 

conditions by modulating the affinity of integrins and interfering with the chemokine-

induced activation of β2-integrins (Verhamme et al., 2019). Given this role of GDF-15 

in neutrophil activity, its role during the NETosis process needs further investigation.  
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I. GDF-15 and mTOR Signalling Pathway 

21. mTOR Complexes  

The mammalian target of the rapamycin (mTOR) signaling cascade is a preserved 

pathway found in all eukaryotes. The mTOR signaling pathway plays a key role in 

regulating cell growth as well as lipid and glucose metabolism (Bruno Vergès & 

Bertrand Cariou, 2015). mTOR is a serine/threonine protein kinase, belonging to the 

PI3K-related kinase family (B. Vergès & B. Cariou, 2015)  The mTOR catalytic subunit 

is a serine/threonine kinase (Hwang & Kim, 2011) that is implicated in disease states 

where growth is deregulated and homeostasis is compromised, namely during diabetes 

and metabolic diseases (Zoncu, Efeyan, & Sabatini, 2011). mTOR exists in two distinct 

large multi-protein complexes: mTOR complex 1 (mTORC1) and complex 2 

(mTORC2), which are generally distinguished by different sets of protein binding 

partners (Wullschleger, Loewith, & Hall, 2006). mTORC1, which is rapamycin 

sensitive along with its main component mTOR, mLST8, and rapamycin-sensitive 

adaptor protein of mTOR (RAPTOR), mediates its effect through p70S6 kinase/S6 

kinase 1 (S6K1) and 4Ebinding protein 1 (4E-BP1), inducing protein synthesis and cell 

growth (Um, D'Alessio, & Thomas, 2006). On the other hand, mTORC2 is rapamycin 

insensitive, its core components are mTOR, mSIN1, mLST8, and the rapamycin-

insensitive subunit RICTOR (Sarbassov, Guertin, Ali, & Sabatini, 2005).  

Furthermore, few studies have explored the cross-talk between the mTOR 

signalling pathway and GDF-15. One of the studies has shown that the mTOR signaling 

pathway was downregulated in GDF-15 transgenic mice (X. Wang, K. Chrysovergis, J. 

Kosak, G. Kissling, et al., 2014). Another study has shown that the mTOR signaling 
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activity is required for the GDF-15-induced up-regulation (J. M. Lu, Wang, Hu, Fang, 

& Mei, 2016). Also, it showed that the blocking of the mTOR activity by rapamycin has 

reduced the GDF-15 protein expression (J. M. Lu et al., 2016). However, the GDF-15 

role in the mTOR signalling pathway remains poorly investigated.   

 

J. Hypothesis and Aim of this Study  

Given the ambiguous role of GDF-15 in diabetes and diabetes-induced renal and 

cardiovascular complications; it is crucial to explore the role of GDF-15 during these 

complications. Also, given the increased prevalence of diabetes-induced complications, 

it is important to discover and implement new potential therapeutic ways through the 

integration of GDF-15 as part of routine clinical practices and diagnostics. 

 Furthermore, identifying a common signaling pathway between diabetes-induced 

microvascular and macrovascular complications is of a great interest to optimize 

management. Given the importance of GDF-15 as a biomarker and its role in different 

physiological processes, it is important that we elucidate the role of GDF-15 signaling 

pathway during these diabetic complications. Thus, we aim to discuss the potential 

function of GDF-15 to serve as an early biomarker of diabetes-induced renal and 

cardiovascular complications as well as the possibility of being a causal factor in the 

progression of these diabetic complications.  

In addition,  the association between GDF-15, NETosis, and mTOR signaling 

pathways has not been well established. We hypothesize that GDF-15 may have a novel 

potential role in diabetes-induced renal and cardiovascular complications, and this will 

be explored throughout its mechanistic pathway with the NETosis process as well as the 

mTOR signaling pathways, to better elucidate the mTOR/NETosis/GDF15 signaling 
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axis. We hypothesize that GDF-15 is involved in the NETosis/mTOR signaling axis and 

discovering this mechanism can, in turn, translate into better clinical outcomes. This 

research will open the door to new research insights that target GDF-15 by small-

molecule activator or inhibitor to better study its action. In addition, it will help in 

elucidating a common mechanistic pathway for type I and type II diabetes-induced 

complications.  
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CHAPTER II 

METHODS 
 

A. Animal Model 

Animal procedures were approved by the institutional animal care and use 

committee (IACUC) of the American University of Beirut, according to the guidelines 

of the National Institutes of Health (NIH). Animals will be housed (6 animals/cage) and 

kept on a 12h light/dark cycle in a controlled temperature & humidity room. Tap water 

was provided ad libitum.  

FVBN/J male mice (age 8-12 weeks) were allocated into four different groups: (1) 

Control Group, (2) Control mice treated with phorbol 12-myristate 13-acetate (PMA; 

induces NETosis), (3) Type 1 Diabetic mice + Chloro-amidine’s vehicle, and (4) Type 1 

Diabetic mice + Chloro-amidine (CLA; Inhibits NETosis). Mice were rendered diabetic 

through a single intravenous (IV) injection of 150 mg/kg streptozotocin (STZ) (Sigma-

Aldrich, Darmstadt, Germany) dissolved in citrate buffer (pH 4.5) after being 

anesthetized by inhaling isoflurane. Mice were considered diabetic when their fasting 

blood glucose level was more than or equal to 250 mg/dL. NETosis was induced by 

intraperitoneal injection of 350 μg/kg phorbol-myristate-acetate (PMA) three times a 

week for 12 weeks.  Chloro-amidine (CLA) treatment was initiated 4 weeks after 

diabetes onset where daily subcutaneous injections were administered for 12 weeks 

(with a dose of 10 mg/kg).    

As for type II diabetic mice, C57BL/6J male mice (age 8-12 weeks) were allocated 

into four different groups: (1) Control Group, (2) Control mice treated with phorbol 12-

myristate 13-acetate (PMA; induces NETosis), (3) Type 2 Diabetic mice + Chloro-

amidine’s vehicle, and (4) Type 2 Diabetic mice + Chloro-amidine (CLA; Inhibits 

NETosis). The last two groups were fed with a 60% high-fat diet and 7% sucrose (for 4 
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weeks). Then, type 2 diabetes was induced by intraperitoneal injection of low-dose 

streptozotocin (STZ) (Sigma-Aldrich, Darmstadt, Germany)  (55 mg/kg for 3 

consecutive days) after being anesthetized by inhaling isoflurane. Mice were considered 

diabetic when their fasting blood glucose level was more than or equal to 250 mg/dL. 

NETosis was induced by intraperitoneal injection of 350 μg/kg phorbol-myristate-

acetate (PMA) three times a week for 12 weeks. Chloro-amidine (CLA) treatment was 

initiated 4 weeks after diabetes onset where daily subcutaneous injections were 

administered for 12 weeks (with a dose of 10 mg/kg).  Unfortunately, two mice in the 

PMA group died, and the PMA group was removed from the molecular tests.   

In parallel experiments, C57BL/6J male mice (age 8-12 weeks) were allocated into 

five different groups: (1) Control Group, (2) Type 1 Diabetic mice, (3) Type 1 Diabetic 

mice + Rapamycin (mTORC-1 inhibitor), (4) Type 1 Diabetic mice  + JR-AB2-011 

(mTORC-2 inhibitor), and (5) Type 1 Diabetic mice + PP242 (mTORC-1/2 inhibitor). 

Mice were rendered diabetic through a single intravenous (IV) injection of 150 mg/kg 

streptozotocin (STZ) (Sigma-Aldrich, Darmstadt, Germany) dissolved in citrate buffer 

(pH 4.5) after being anesthetized by inhaling isoflurane. Mice were considered diabetic 

when their fasting blood glucose level was more than or equal to 250 mg/dL. mTOR 

inhibitors were given 4 weeks after the onset of diabetes for a duration of 12 weeks. 

Rapamycin was given by intraperitoneal injection for 3 days per week at a dose of 0.5 

mg/kg. JR-AB2-011 was given by intraperitoneal injection for 3 days per week at a 

dose of 5 mg/kg.  PP242 was given by intraperitoneal injection for 3 days per week at a 

dose of 5 mg/kg.  

After the completion of the treatment period, all animals were sacrificed. Blood was 

collected and centrifuged at 3000 rpm for 15 min at 4 ◦C. Plasma was gathered and 
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stored at −20 ◦C for further analysis. Kidneys were harvested and weighed, their capsule 

removed, and sections were collected in 4% p-formaldehyde for histological analysis, 

while the rest of the kidney tissue was frozen and properly stored at −80 ◦C for protein 

and mRNA extraction. Left ventricles were removed and were properly stored at −80 ◦C 

for protein and mRNA extraction. Then, functional, histological, and molecular 

parameters of the left ventricle and the kidneys were determined. 

 

B. Histochemistry Analysis 

The formalin-fixed kidney and heart tissues were embedded in paraffin blocks and 

cut into 4 µm sections. Periodic acid–Schiff (PAS) stain was used to detect any 

glomerular or tubular fibrosis in kidney tissues as well as the distribution of regional left 

ventricle (LV) glycogen deposits. Masson’s trichrome (MT) stain was used to detect 

collagen deposition. Quantification of the stains was done using NIH ImageJ software 

(Wayne Rasband, Kensington, MD, USA). 

 

C. Immunohistochemistry Analysis 

Kidney and heart sections were excised and fixed with 4% paraformaldehyde 

overnight and embedded in paraffin. The sections were deparaffinized (placed at 50 ◦C 

for 60 mins) and rehydrated with an alcohol series from 100% to 70%. 

Immunohistochemistry was performed using Novolink Polymer Detection System Kit 

(RE7150-K, Leica Biosystems, Buffalo Grove, IL, USA) according to the 

manufacturer’s instructions. Sections were treated with an antigen retrieval solution 

(ARS) of Citrate (for 40 mins). Then, endogenous peroxidase was blocked for 5 min, 

after a wash in phosphate-buffered saline (PBS). Then, 50 μL of primary antibody 
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diluted in PBS/1% bovine serum albumin (BSA) was added to each section (primary 

antibody: Anti-GDF15 antibody (ab39999) (1/200), at 4 °C overnight. Then, a washing 

step in PBS was done, and a secondary antibody (Rb pAb to Goat, ab97100) (1/500) 

was used for 1 hour at room temperature. After two washing steps of PBS, the slides 

were developed with a 3-diamidinobenzidene (DAB) solution for 5 min. The nuclei 

were counterstained with Mayer’s hematoxylin for 5 mins. Dehydration was done with 

an alcohol series from 70% to 100% and a mounting solution was added. The number of 

positively stained (brown) cells was expressed as a percentage of the total area. 

 

D. Real Time-Polymerase Chain Reaction  

Extraction of mRNA from kidney and left ventricle tissues was performed using the 

TRIZOL reagent (Sigma Aldrich, Steinheim, Germany). RNA quantification was 

performed using nanodrop (Denovix, Wilmington, DE, USA). RNA was then reverse 

transcribed into cDNA by use of the Reverse Transcription Kit (Qiagen, Hilden, 

Germany) according to the manufacturer's instructions.  Two µL of cDNA template was 

used to which 5 µL of SYBR green master mix (which includes Taq polymerase 

enzyme, EVA green dye, MgCl2, reaction buffer, and oligonucleotide) was added. 

Thirty nL (0.3 µL) of the specific forward and reverse primers of the gene of interest 

(GDF-15) were added to each reaction and the volume was completed with RNase-free 

water to reach 10 µL. Reactions were run on the RT-PCR Bio-Rad CFX384 (Bio-Rad, 

Hercules, CA, USA) platform. The reactions were heated to 95 °C for 5 min, followed 

by 40 cycles at 95 °C for 10 s, 55 °C for 30 s, 72 °C for 30 s, and 79 °C for 30 s. RT-

PCR was performed with the following GDF-15 primers: 5’-

ATACTCAGTCCAGAGGTGAGAT-3’and 5’-ATGCAGGCGTGCTTTGATCTG-3’.  
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mRNA levels in the Kidney and left ventricle tissues were calculated using the ∆∆Ct 

method.  

 

E. Western Blot 

Proteins were extracted from kidney tissue using 200 µL Radio-immune 

Precipitating Assay (RIPA) buffer, and only 100 µL of RIPA was used in the extraction 

of proteins from left ventricle tissues.  Samples were then centrifuged at 13,200 rpm for 

30 min at 4 ◦C. Total proteins were quantified using the Lowry protein assay. Sixty 

micrograms (per lane) of protein extract from the kidney and forty micrograms (per 

lane) of protein extract from the left ventricle were loaded on 12% SDS-polyacrylamide 

gels and transferred to Polyvinylidene fluoride (PVDF) membranes (Immobilon-P; 

Millipore, Billerica, MA) by electroblotting. Membranes were then incubated at 4 ◦C 

overnight with antibodies directed against GDF-15 (primary antibody: Anti-GDF15 

antibody (ab39999) (1/1000). The next day, 3 washes (10 mins each) with TBS-Tween 

were performed and a secondary antibody (Rb pAb to Ms ab 97026) (1:10000) was 

added for 1 hour at room temperature. 3 washes with TBS-Tween were repeated. HSC-

70 (1:1000) was added for 1 hour at room temperature, secondary antibody (anti-mouse 

monoclonal anti-HSC-70 (dilution 1:10000), Santa Cruz sc-7298(Santa Cruz, Dallas, 

TX, USA) was added for 1 hour at room temperature. Quantification of protein bands 

was done using the NIH ImageJ software (Wayne Rasband, Kensington, MD, USA). 

 

F. Enzyme-Linked Immunosorbent Assay (ELISA) Testing from Clinical 

Studies 

In order to measure the circulating levels of GDF-15, human plasma samples were 

used and analyzed using a competitive ELISA kit (Boster PicokineTM ELISA EK0767 
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Kit.). We add the plasma samples to a 96-well plate coated with anti-GDF-15 followed 

by a Biotinylated Anti-human GDF-15 antibody. Upon adding Avidin-Biotin 

Peroxidase, the GDF-15 present in the plasma will bind to the HRP conjugates bound to 

the wells and result in a change of color read by a spectrophotometer at 450nm, this 

determines the level of HRP conjugate. From the standards provided with the kit, a 

standard curve is drawn from which the concentration values can be extrapolated. In 

this assay, the GDF-15 detection range is between 30.2 pg/ml – 2000 pg/ml. The 

dilution factor was optimized to 1:8. 

 

G. Enzyme-Linked Immunosorbent Assay (ELISA) on Animal Model’s Serum 

In order to measure the circulating levels of GDF-15, plasma samples collected 

from type one or type two diabetic animal models were used and analyzed using a 

competitive ELISA kit (Boster PicokineTM ELISA EK1134 Kit.). We add the plasma 

samples to a 96-well plate coated with anti-GDF-15 followed by a Biotinylated Anti-

Mouse GDF-15 antibody. Upon adding Avidin-Biotin Peroxidase, the GDF-15 present 

in the plasma will bind to the HRP conjugates bound to the wells and result in a change 

of color read by a spectrophotometer at 450nm, this determines the level of HRP 

conjugate. From the standards provided with the kit, a standard curve is drawn from 

which the concentration values can be extrapolated. In this assay, the GDF-15 detection 

range is between 15.6 pg/ml – 1000 pg/ml. The dilution factor was optimized to 1:3.  

In order to measure the circulating levels of myeloperoxidase (MPO), plasma 

samples collected from animal models were also used and analyzed using a competitive 

ELISA kit (Boster PicokineTM ELISA EK0943 Kit.). Plasma samples were added to a 

96-well plate coated with anti-MPO followed by a Biotinylated Anti-Mouse MPO 
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antibody. Same steps were followed and the MPO detection range was between 156 

pg/ml - 10,000 pg/ml. The dilution factor was optimized to 1:10.  

In addition, the circulating levels of neutrophil elastase (NE) were measured using 

plasma samples collected from animal models. Plasma samples were analyzed using a 

competitive ELISA kit (Boster PicokineTM ELISA EK1445 Kit.). Plasma samples were 

added to a 96-well plate coated with anti-NE followed by a Biotinylated Anti-Mouse 

NE antibody. The same steps were followed, and the NE detection range was between 

31.2 pg/ml - 2,000 pg/ml. The dilution factor was optimized to 1:4.  

 

H. Statistical Analysis  

Statistical analysis was performed using the GraphPad Prism software (GraphPad 

Inc., San Diego, CA, USA). All data are expressed as mean ± SEM (standard error of 

the mean). The analysis of variances (using 2-way ANOVA) test was used to compare 

different groups (n ≥ 4/group). p-value ≤ 0.05 was considered significant. The (*) 

symbol is used to denote significance versus (vs.) the control group while the (#) 

symbol was used to denote significance vs. the diabetic non-treated group. The (&) 

symbol was used to denote significance vs. the PMA group.  
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CHAPTER III 

RESULTS 
 

A. Circulating levels of GDF-15 in T2DM, DKD, and CAD 

Circulating levels of GDF-15 was assessed using clinical data to better 

understand the role of GDF-15 during diabetes and to further correlate GDF-15 

expression with in vivo studies. An ELISA was performed on human serum 

obtained from 24 patients divided into four groups : (1): control group, (2) patients 

having type two diabetes, (3): patients having type two diabetes and ongoing 

diabetic kidney disease, (4): patients having type two diabetes and ongoing coronary 

artery disease. All patients had diabetes for 20+ years. Our results show that the 

circulating levels of GDF-15 increase during T2DM in comparison with the control 

group. Interestingly, the levels of circulating GDF-15 were significantly increased in 

patients with T2DM and DKD in comparison with patients with T2DM in the 

absence of DKD. Furthermore, circulating levels of GDF-15 were significantly 

elevated in patients with T2DM and CAD compared to the control (Figure 5). 

 

Figure 5: Circulating levels of GDF-15 in T2DM, DKD, and CAD 

ELISA using human serum from patients in four groups show an increase in the 

circulating levels of GDF-15 during T2DM, T2DM and DKD, and T2DM and 

CAD. This histogram shows the quantitative analysis of GDF-15 circulating 
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levels using Image J software. The results are mean ± SEM, *p≤ 0.05 vs. control 

or #p ≤ 0.05 vs. diabetic.  

 

 

B. The Crosstalk between GDF-15 Signaling Pathway and NETosis in Type I 

Diabetes  

 

1. Treatment using phorbol 12-myristate 13-acetate (PMA) increased circulating 

levels of GDF-15, MPO and NE while treatment with chloro-amidine (CLA) 

attenuated these levels during T1DM. 

 

In order to assess the circulating levels of GDF-15 and its correlation with T1DM 

and the NETosis process; ELISA was performed using serum from T1DM mice model. 

Our results show that the circulating levels of GDF-15 increased significantly upon 

treatment with phorbol 12-myristate 13-acetate (PMA) in comparison with the control 

group Interestingly, treatment with CLA significantly decreased the circulating levels of 

GDF-15 as compared with PMA-treated group (Figure 6).  

 

 

 

 

 

 

 

 

 

Figure 6: Circulating levels of GDF-15 during NETosis induction and inhibition in 

T1DM  

ELISA analysis of GDF-15 circulating levels. (A) Histogram showing the quantitative 

analysis of GDF-15 circulating levels using Image J software. The results are mean ± 

SEM, *p≤ 0.05 vs. control or #p ≤ 0.05 vs. diabetic or &p≤ 0.05 vs. PMA 
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Concomitantly, to better assess these results, the circulating levels of NETosis markers were 

measured. ELISA was performed using serum from T1DM mice model. The circulating 

levels of the key NETosis marker, myeloperoxidase (MPO), was measured and our results 

show that these levels significantly increased upon treatment with phorbol 12-myristate 

13-acetate (PMA) in comparison with the control group (Figure 7A). Interestingly, 

treatment with chloro-amidine attenuated the circulating levels of MPO during T1DM. 

Another crucial NETosis marker, , neutrophil elastase, (NE) was also measured using 

ELISA. Our results show that the circulating levels of NE significantly increased during 

T1DM when compared to the control (Figure 7 B).  

 

 

 

 

 

 

 

 

 

Figure 7: Circulating levels of MPO and NE during NETosis induction and inhibition in 

T1DM  

ELISA analysis of MPO and NE circulating levels. (A) Histogram showing the 

quantitative analysis of MPO circulating levels using Image J software. (B) Histogram 

showing the quantitative analysis of NE circulating levels using Image J software. The 

results are mean ± SEM, *p≤ 0.05 vs. control or #p ≤ 0.05 vs. diabetic or &p≤ 0.05 vs. 

PMA 

 

A. B. 



 

 46 

 

2. Treatment using phorbol 12-myristate 13-acetate (PMA) increased urinary 

albumin excretion (UAE), urine albumin-to-creatinine ratio (UACR), and 

blood urea nitrogen (BUN) while treatment with chloro-amidine (CLA) 

attenuated them 

Treatment using PMA has significantly increased UAE, UACR and BUN levels 

when compared to the control (Table 3). Also, these observations also increased during 

T1DM. Interestingly, treatment with choro-amidine (CLA) has decreased the diabetes-

induced increased levels of UAE, UACR and BUN.  

 HbA1c (%) UAE (mg/24h) UACR (mg/g) BUN (mmol/L) 

Control 5.20 ± 0.3367 6.70 ± 0.8287 16.03 ± 1.3720 7.20 ± 0.7746 

C + PMA 5.27 ± 0.2986 42.80 ± 2.8530 * 61.63 ± 4.6760 * 19.63 ± 1.9890 * 

T1DM 9.42 ± 0.5500 * 55.13 ± 5.1870 * 53.98 ± 4.7740 * 21.53 ± 2.9400 * 

T1DM + 

CLA 
9.10 ± 0.4320 * 23.20 ± 4.8310 #& 23.20 ± 3.2320 #& 11.23 ± 1.7060 #& 

 

Table 3: Functional studies showing HbA1c, UAE, UACR, BUN during induction of 

NETosis in T1DM 

 

HbA1c, urinary albumin excretion (UAE), urine albumin-to-creatinine ratio (UACR), 

and blood urea nitrogen (BUN). Values are the means ± S.D. * p < 0.05 vs Control; # p 

< 0.05 vs PMA group; & p < 0.05 vs untreated T1DM mice. 

 

3. Treatment using phorbol 12-myristate 13-acetate (PMA) increased glomerular 

injury while treatment with chloro-amidine (CLA) attenuated diabetes-

induced glomerular injury  

Histological studies were conducted to evaluate the extent of glomerular injury. Our 

data show that treatment with phorbol 12-myristate 13-acetate (PMA) significantly 

increased glomerular area and glomerulosclerotic index (GSI)  when compared to 

controls. Similarly, the induction of type 1 diabetes was associated with a significant 

increase in glomerular area and GSI when compared to controls. Interestingly, treatment 

with chloro-amidine (CLA) significantly attenuated glomerular injury when compared 

to mice treated with PMA and untreated diabetic mice (Figure 8).   
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Figure 8: Histological PAS staining and quantification of glomerular injury during 

NETosis induction and inhibition in T1DM 

 

Kidney cortices were stained with Periodic acid–Schiff (PAS) to measure mesangial 

matrix deposition in the kidney. (A) Representative histological analysis of glomeruli 

with PAS staining. (B) Histogram showing the quantitative analysis of the fold change 

in mean areas of glomeruli using Image J software. (C) Histogram showing the 

quantitative analysis of the glomerulosclerotic index (GSI) using Image J software. The 

results are mean ± SEM of several glomeruli and several proximal tubular areas. *p≤ 

0.05 vs. control or #p ≤ 0.05 vs. diabetic or &p≤ 0.05 vs. PMA.  

 

Masson Trichome stain which assesses collagen deposition was used and our 

data reveal an increase in the fold change in glomerular collagen deposition in the 

PMA-treated group as well as the type I diabetic mice group (Figure 9). This was 

A. 

B. 

C. 
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significantly reversed when the diabetic group was treated with CLA, showing a 

decrease in glomerular collagen deposition.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Histological staining with Masson Trichome and quantification of glomerular 

collagen deposition during NETosis induction and inhibition in T1DM 

Kidney cortices are stained with Masson Trichome to measure collagen fibers 

expression in the kidney. (A) Representative histological analysis of glomeruli with 

Masson Trichome staining. (B) Histogram showing the quantitative analysis of the fold 

change in glomerular collagen deposition using Image J software. The results are mean 

± SEM of several glomeruli and several proximal tubular areas. *p≤ 0.05 vs. control or 
#p ≤ 0.05 vs. diabetic or &p≤ 0.05 vs. PMA.  

 

 

A. 

B. 
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4. Treatment using phorbol 12-myristate 13-acetate (PMA) increased glycogen 

and collagen deposition while treatment with chloro-amidine (CLA) 

attenuated diabetes-induced glycogen and collagen deposition in the left 

ventricle 

In order to assess the extent of cellular damage in the left ventricular tissues, PAS 

staining was used. An increase in extracellular matrix protein accumulation was 

observed, and this was reflected in an increase in the fold change in the mean area of 

glycogen deposition in left ventricular tissues taken from mice treated with phorbol 12-

myristate 13-acetate (PMA) (Figure 10).  Similarly, there was a significant increase in 

glycogen deposition in the left ventricles of type I diabetic mice compared to the 

controls. Treatment with chloro-amidine (CLA) decreased the observed injury in 

diabetic mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A. 

B. 
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Figure 10: Histological PAS staining and quantification of left ventricular glycogen 

deposition during NETosis induction and inhibition in T1DM  

Left ventricle tissues were stained with PAS to measure glycogen deposition in the 

heart. (A) Representative histological analysis of left ventricle with PAS staining. (B) 

Histogram showing the quantitative analysis of the fold change in mean areas in the 

mean area of glycogen deposition using Image J software. The results are mean ± SEM 

of several glomeruli and several proximal tubular areas. *p≤ 0.05 vs. control or #p ≤ 

0.05 vs. diabetic or &p≤ 0.05 vs. PMA.  

 

Furthermore, Masson Trichrome staining showed a significant increase in 

collagen deposition in the left ventricles in type I diabetic mice when compared to 

control. Histological analysis of the hearts revealed that the myocardial fibers in the 

mice group treated with phorbol 12-myristate 13-acetate (PMA) were interrupted by 

connective tissues (Figure 11). However diabetic mice treated with chloro-amidine 

showed a significant decrease in collagen deposition in the left ventricle tissues.  

 

 

 

 

 

 

 

 

 

 

 

A. 

B. 
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Figure 11: Histological staining with Masson Trichome and quantification of left 

ventricular collagen deposition  during NETosis induction and inhibition in T1DM 

Left ventricle stained with Masson Trichome to measure collagen IV fibers expression. 

(A) Representative histological analysis of the left ventricular tissues with Masson 

Trichome staining. (B) Histogram showing the quantitative analysis of Masson 

Trichome staining in the left ventricular using Image J software. Green color depicts 

collagen deposition. The results are mean ± SEM of several glomeruli and several 

proximal tubular areas. *p≤ 0.05 vs. control or #p ≤ 0.05 vs. diabetic or &p≤ 0.05 vs. 

PMA. 

 

 

5. Treatment using phorbol 12-myristate 13-acetate (PMA) increased GDF-15 

protein expression while treatment with CLA attenuated diabetes-induced 

increase in GDF-15 protein expression in kidney and left ventricular tissues.  

 

To assess the expression of GDF-15 on translational levels, western blotting was 

performed, and our results show a significant increase in GDF-15 protein expression in 

the PMA group in comparison with the control group (Figure 12A). The expression was 

elevated as well in type 1 diabetic group. Treatment with CLA significantly decreased 

GDF-15 protein levels when compared to mice treated with PMA. When assessing the 

GDF-15 protein levels in left ventricle tissues, we show that treatment with PMA and the 

induction of diabetes were associated with a significant increase in GDF-15 expression, 

which was significantly reversed upon treatment with  CLA(Figure 12B)  

 

 

 

 

 

 
 

 

 

 

 

 

A. B. 
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Figure 12: Western blot analysis of GDF-15 in kidney and left ventricular tissues during 

NETosis induction and inhibition in T1DM 

Western blotting showed an increase in GDF-15 protein expression in both the PMA and 

T1DM groups as well as a decrease in the CLA group. (A) Histogram showing the 

quantitative analysis of protein expression of GDF-15 in kidney tissues using Image J 

software. (B) Histogram showing the quantitative analysis of protein expression of GDF-

15 in left ventricular tissues. The results are mean ± SEM, *p≤ 0.05 vs. control or #p ≤ 

0.05 vs. diabetic or &p≤ 0.05 vs. PMA.  

 

 

6. Treatment using phorbol 12-myristate 13-acetate (PMA) increased GDF-15 

expression while treatment with CLA attenuated diabetes-induced increase in 

GDF-15 expression.  

 

To assess the effect of NETosis induction and inhibition on GDF-15 expression, 

immunohistochemistry was performed on kidney tissues. The results under the light 

microscope showed an increased expression of GDF-15 upon the induction of NETosis 

(in the PMA group) as well as in the type one diabetic group when compared with the 

control group. This increase in GDF-15 expression was reversed upon the inhibition of 

NETosis by chloro-amidine (in the CLA group). Representative figures are shown 

below (Figure 13).    

Figure 13: Representative figures of immunohistochemistry staining of GDF-15 in the 

kidney glomeruli   
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In addition, immunohistochemistry was used to quantify the % area of GDF-15 

expression in left ventricular tissues. The quantification of the DAB stain showed a 

significant increase in both the PMA and diabetic groups. Treatment with CLA was 

associated with a significant decrease in GDF-15 expression compared to mice treated 

with PMA and untreated diabetic mice. The representative figures as well as the 

quantification are shown below in figure 14.  

 

 

 

A. 
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Figure 14: Immunohistochemistry staining and analysis of GDF-15 in left ventricular 

tissues during NETosis induction and inhibition in T1DM  

Immunohistochemistry of GDF-15 on left ventricular tissues. (A) Representative 

immunohistochemistry analysis of left ventricular tissues showing GDF-15 expression. 

(B) Histogram showing the quantitative analysis of % area of GDF-15 in left ventricular 

tissues using Image J software. The results are mean ± SEM, *p≤ 0.05 vs. control or #p 

≤ 0.05 vs. diabetic or &p≤ 0.05 vs. PMA.  

 

 

C. The Crosstalk between GDF-15 Signaling Pathway and NETosis in Type II 

Diabetes 

1. Treatment with chloro-amidine (CLA) attenuated circulating levels of GDF-

15, MPO, and NE during T2DM. 

 

In order to assess the circulating levels of GDF-15 and its correlation with T2DM 

and the NETosis process; ELISA was performed using serum from T2DM mice model. 

Our results show that the circulating levels of GDF-15 significantly increased during 

T2DM in comparison with the control group (Figure 15). Interestingly, these levels 

significantly decreased upon treatment with chloro-amidine (CLA) when compared to 

T2DM group.  

B. 



 

 55 

 

 

 

 

 

 

 

Figure 15: Circulating levels of GDF-15 during NETosis induction and inhibition in 

T2DM  

ELISA analysis of GDF-15 circulating levels. (A) Histogram showing the quantitative 

analysis of GDF-15 circulating levels using Image J software. The results are mean ± 

SEM, *p≤ 0.05 vs. control or #p ≤ 0.05 vs. diabetic or &p≤ 0.05 vs. PMA 

 

 

Concomitantly, to better assess these results, the circulating levels of NETosis markers were 

measured. ELISA was performed using serum from T2DM mice model. The circulating 

levels of MPO were measured and our results show that these levels significantly 

increased during T2DM in comparison with the control group (Figure 16A). Treatment 

with CLA decreased the diabetes-induced circulating levels of MPO. Similar results were 

shown upon measuring the circulating levels of NE. Our results show that the circulating 

levels of NE significantly increased during T2DM when compared to the control (Figure 

16 B). Treatment with CLA markedly attenuated the diabetes-induced circulating levels 

of NE. 
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Figure 16: Circulating levels of MPO and NE during NETosis induction and inhibition 

in T2DM  

ELISA analysis of MPO and NE circulating levels. (A) Histogram showing the 

quantitative analysis of MPO circulating levels using Image J software. (B) Histogram 

showing the quantitative analysis of NE circulating levels using Image J software. The 

results are mean ± SEM, *p≤ 0.05 vs. control or #p ≤ 0.05 vs. diabetic or &p≤ 0.05 vs. 

PMA 

 

2. Treatment with chloro-amidine (CLA) attenuated circulating levels of GDF-

15, MPO, and NE during T2DM using phorbol 12-myristate 13-acetate (PMA) 

increased urinary albumin excretion (UAE), urine albumin-to-creatinine ratio 

(UACR), and blood urea nitrogen (BUN) while treatment with chloro-amidine 

(CLA) attenuated them 

Treatment using PMA has significantly increased UAE, UACR and BUN levels 

when compared to the control (Table 4). Also, these observations also increased during 

T2DM. Interestingly, treatment with choro-amidine (CLA) has decreased the diabetes-

induced increased levels of UAE, UACR and BUN.  

 HbA1c (%) UAE (mg/24h) UACR (mg/g) BUN (mmol/L) 

Control 5.34 ± 0.4159 2.38 ± 0.6058 21.34 ± 3.182 19.94 ± 2.038 

C + PMA 5.40 ± 0.3162 
4.925 ± 

0.7136* 
78.95 ± 5.507* 59.70 ± 5.345* 

T2DM 8.8 ± 0.3162* 
5.62 ± 0.7190 

* 
67.72 ± 17.5* 94.62 ± 16.17*$ 

T2DM + CLA 8.74 ± 0.4827* 
2.52 ± 

0.4658#& 
24.82 ± 5.117#& 

36.08 ± 

10.22#& 

 

A. B. 
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Table 4: Functional studies showing HbA1c, UAE, UACR, BUN during induction of 

NETosis in T2DM 

HbA1c, urinary albumin excretion (UAE), urine albumin-to-creatinine ratio (UACR), 

and blood urea nitrogen (BUN). Values are the means ± S.D. * p < 0.05 vs Control; # p 

< 0.05 vs PMA group; & p < 0.05 vs untreated T2DM mice.  

 

3. Treatment using chloro-amidine (CLA) attenuated diabetes-induced 

glomerular injury 

To assess if GDF-15 signalling pathway is conserved in both types of diabetes, 

STZ-induced type 2 diabetic mice were used. Histological studies were first performed 

to assess the glomerular injury. Our data showed a significant increase in the 

accumulation of extracellular matrix protein in the glomerulus and an increase in the 

fold change in mean areas of glomeruli in type II diabetic mice compared to the control 

group (Figure 17). Treatment with chloro-amidine (CLA) ameliorated the observed 

injury in diabetic mice.  
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Figure 17: Histological PAS staining and quantification of glomerular injury during 

inhibition of NETosis in T2DM 

Kidney cortices were stained with PAS to measure mesangial matrix deposition in the 

kidney. (A) Representative histological analysis of glomeruli with PAS staining. (B) 

Histogram showing the quantitative analysis of the fold change in mean areas of 

glomeruli using Image J software. (C) Histogram showing the quantitative analysis of the 

glomerulosclerotic index (GSI) using Image J software. The results are mean ± SEM of 

several glomeruli and several proximal tubular areas. *p≤ 0.05 vs. control or #p ≤ 0.05 vs. 

diabetic  

 

 

Masson Trichome stain was also used, and our data revealed a significant 

increase in the fold change in glomerular collagen deposition in type II diabetic group 

compared to the control group (Figure 18). Interestingly, this was significantly reversed 

upon treatment with CLA.   
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Figure 18: Histological staining with Masson Trichome and quantification of 

glomerular collagen deposition during inhibition of NETosis in T2DM 

Kidney cortices are stained with Masson Trichome to measure collagen fibers expression 

in the kidney. (A) Representative histological analysis of glomeruli with Masson 

Trichome staining. (B) Histogram showing the quantitative analysis of the fold change in 

glomerular collagen deposition using Image J software. The results are mean ± SEM of 

several glomeruli and several proximal tubular areas. *p≤ 0.05 vs. control or #p ≤ 0.05 vs. 

diabetic  

 

Similarly, PAS stain on the left ventricular tissues show an increase in 

extracellular matrix protein accumulation, and this was reflected with an increase in the 

fold change in the mean area of glycogen deposition of left ventricular tissues taken 

from type II diabetic mice compared to control (Figure 19). Treatment with chloro-

amidine (CLA) ameliorated the observed injury in diabetic mice. 
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Figure 19: Histological PAS staining and quantification of left ventricular glycogen 

deposition during inhibition of NETosis in T2DM 

Left ventricle tissues were stained with PAS to measure glycogen deposition in the 

heart. (A) Representative histological analysis of left ventricle with PAS staining. (B) 

Histogram showing the quantitative analysis of the fold change in mean areas in the 

mean area of glycogen deposition using Image J software. The results are mean ± SEM 

of several glomeruli and several proximal tubular areas. *p≤ 0.05 vs. control or #p ≤ 

0.05 vs. diabetic  

 

In addition, collagen deposition in the left ventricle was significantly increased in 

diabetes as compared to control (Figure 20). Treatment with chloro-amidine significantly 

reversed these observations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Histological staining with Masson Trichome and quantification of left 

ventricular collagen deposition  during inhibition of NETosis in T2DM 

Left ventricle stained with Masson Trichome to measure collagen IV fibers expression. 

(A) Representative histological analysis of the left ventricular tissues with Masson 

Trichome staining. (B) Histogram showing the quantitative analysis of Masson Trichome 

staining in the left ventricular using Image J software. The green color depicts collagen 

deposition. The results are mean ± SEM of several glomeruli and several proximal tubular 

areas. *p≤ 0.05 vs. control or #p ≤ 0.05 vs. diabetic. 

A. 

B. 
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4. Treatment using chloro-amidine (CLA) attenuated diabetes-associated 

increase in GDF-15 mRNA expression in kidney tissues  

To assess the effect of NETosis inhibition on the expression of GDF-15 on a 

transcriptional level, a RT-PCR was performed, and our results show a significant 

increase in GDF-15 mRNA levels in type 2 diabetic group in comparison with the control 

group (Figure 21). This increase was significantly attenuated upon the inhibition of NETs 

formation (in the CLA group). 

Figure 21: mRNA levels analysis of GDF-15 in kidney tissues during inhibition of 

NETosis in T2DM 

RT-PCR showed an increase in GDF-15 mRNA expression during T2DM. (A) 

Histogram showing the quantitative analysis of protein expression of GDF-15 in kidney 

tissues using Image J software. 18s was used in the analysis of results as a housekeeping 

gene. The results are mean ± SEM, *p≤ 0.05 vs. control or #p ≤ 0.05 vs. diabetic.  

 

5. Treatment using chloro-amidine (CLA) attenuated diabetes-associated 

increase in GDF-15 protein expression in kidney and left ventricular tissues  

 

To assess the expression of GDF-15 on translational levels, western blotting was 

performed, and our data show a significant increase in GDF-15 protein expression in type 

2 diabetic group in comparison with the control group (Figure 22A). This expression was 

significantly attenuated upon the inhibition of NETs formation (in the CLA group). 

Similar results were shown upon studying the GDF-15 protein levels on left ventricle 

tissues (Figure 22B)  
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Figure 22: Western blot analysis of GDF-15 in kidney and left ventricular tissues during 

inhibition of NETosis in T2DM 

Western blotting showed an increase in GDF-15 protein expression during T2DM. (A) 

Histogram showing the quantitative analysis of protein expression of GDF-15 in kidney 

tissues using Image J software. (B) Histogram showing the quantitative analysis of 

protein expression of GDF-15 in left ventricular tissues. The results are mean ± SEM, 

*p≤ 0.05 vs. control or #p ≤ 0.05 vs. diabetic.  

 

A. B. 



 

 63 

6. Immunohistochemistry analysis of GDF-15 expression in glomeruli and 

proximal kidney tubules and left ventricle  

To assess the effect of NETosis inhibition on GDF-15 expression, 

immunohistochemistry was performed on kidney tissues. Our results show an increased 

expression of GDF-15 in type two diabetic group when compared with the control group. 

This increase in GDF-15 was reversed upon the inhibition of NETosis by chloro-amidine 

(in the CLA group). Representative figures are shown below (Figure 23).     

Figure 23: Representative figures of immunohistochemistry staining of GDF-15 in the 

kidney glomeruli   

 

In addition, immunohistochemistry was used to quantify the % area of GDF-15 

expression in left ventricular tissues. The quantification showed a significant increase in 

the type two diabetic group which was reversed upon the inhibition of NETs formation. 

The representative figures as well as the quantification are shown below in figure 24.  
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Figure 24: Immunohistochemistry staining and analysis of GDF-15 in left ventricular 

tissues during inhibition of NETosis in T2DM 

Immunohistochemistry of GDF-15 on left ventricular tissues. (A) Representative 

immunohistochemistry analysis of left ventricular tissues showing GDF-15 expression. 

(B) Histogram showing the quantitative analysis of % area of GDF-15 in left ventricular 

tissues using Image J software. The results are mean ± SEM, *p≤ 0.05 vs. control or #p ≤ 

0.05 vs. diabetic. 
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D. The Crosstalk between GDF-15 Signaling Pathway and mTOR in Type I 

Diabetes 

 

1. Treatment using mTOR inhibitors increased urinary albumin excretion 

(UAE), urine albumin-to-creatinine ratio (UACR), and blood urea nitrogen 

(BUN) 

HbA1c, urinary albumin excretion (UAE), urine albumin-to-creatinine ratio (UACR), 

and blood urea nitrogen (BUN) significantly increased during T1DM. Treatment using 

mTOR inhibitors  has significantly decreased UAE, UACR and BUN levels when 

compared to the T1DM(Table 5). Treatment with PP242 (dual mTORC 1/2 inhibitor) has 

further decreased these levels.  

 HbA1c (%) UAE (mg/24h) UACR (mg/g) BUN (mmol/L) 

Control 5.380 ± 0.3962 7.680 ± 0.9497 17.04 ± 1.954 6.740 ± 0.5413 

T1DM 9.350 ± 0.4806* 39.83 ± 8.345 * 62.23 ± 7.567 * 25.73 ± 2.877* 

T1DM + Rapa 9.367 ± 0.5046* 
16.25 ± 3.195 

*# 
25.22 ± 2.856 *# 13.72 ± 2.477 *# 

T1DM + JR 9.020 ± 0.2950* 14.30 ± 2.230 # 21.12 ± 3.197 # 12.48 ± 1.333 *# 

T1DM + PP242 9.200 ± 0.4690* 10.63 ± 1.768 # 16.07 ± 2.382 #& 9.333 ± 1.385 #& 

 

Table 5: Functional studies showing HbA1c, UAE, UACR, BUN during inhibition of 

mTOR in T1DM 

HbA1c, urinary albumin excretion (UAE), urine albumin-to-creatinine ratio (UACR), 

and blood urea nitrogen (BUN). Values are the means ± S.D. * p < 0.05 vs Control; # p 

< 0.05 vs untreated T1DM mice; & p <0.05 vs T1DM mice treated with rapamycin. 
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2. Treatment using mTOR Inhibitors Attenuated Diabetes-induced 

Glomerulosclerosis and glomerular collagen deposition 

In order to elucidate the crosstalk between GDF-15 and mTOR signaling 

pathways, an STZ-induced type I diabetic animal model treated with 

pharmacological mTOR inhibitors was used. Our results show a significant increase 

in extracellular matrix protein accumulation in the glomerulus and an increase in the 

fold change in mean areas of glomeruli in type I diabetic mice compared to the 

control groups (Figure 25). Treatment with mTORC 1 inhibitor (Rapamycin), 

mTORC 2 inhibitor (JR-AB2-011), or mTORC 1/2 inhibitor (PP242)  ameliorated 

the observed injury in the diabetic mice. Similar results were shown during the 

quantification of the glomerulosclerotic index (GSI).  
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Figure 25: Histological PAS staining and quantification of glomerular injury during 

mTOR inhibition in T1DM 

Kidney cortices were stained with PAS to measure mesangial matrix deposition in the 

kidney. (A) Representative histological analysis of glomeruli with PAS staining. (B) 

Histogram showing the quantitative analysis of the fold change in mean areas of 

glomeruli using Image J software. (C) Histogram showing the quantitative analysis of the 

glomerulosclerotic index (GSI) using Image J software. The results are mean ± SEM of 

several glomeruli and several proximal tubular areas. *p≤ 0.05 vs. control or #p ≤ 0.05 vs. 

diabetic  

 

Masson Trichome stain was also used, and our results show a significant 

increase in the fold change in glomerular collagen deposition in type I diabetic mice 

group compared to the control group (Figure 26). This was markedly reversed upon 

treatment with mTOR inhibitors (Rapamycin, JR-AB2-011, and PP242), showing a 

decrease in glomerular collagen deposition.  
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Figure 26: Histological staining with Masson Trichome and quantification of 

glomerular collagen deposition during mTOR inhibition in T1DM 

Kidney cortices are stained with Masson Trichome to measure collagen fibers expression 

in the kidney. (A) Representative histological analysis of glomeruli with Masson 

Trichome staining. (B) Histogram showing the quantitative analysis of the fold change in 

glomerular collagen deposition using Image J software. The results are mean ± SEM of 

several glomeruli and several proximal tubular areas. *p≤ 0.05 vs. control or #p ≤ 0.05 vs. 

diabetic.  

 

 

Histological studies were also performed to evaluate the extent of cellular 

damage in the left ventricular tissues. Our results show a significant increase in 

extracellular matrix protein accumulation in type I diabetes, and this was reflected by an 

increase in the fold change in the mean area of glycogen deposition in left ventricular 

tissues in type I diabetic animals compared to the control (Figure 27). Treatment with 

mTORC 1 inhibitor (Rapamycin), mTORC 2 inhibitor (JR-AB2-011), or mTORC 1/2 

inhibitor (PP242)  markedly reversed these observations.  
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Figure 27: Histological PAS staining and quantification of left ventricular glycogen 

deposition during mTOR inhibition in T1DM 

Left ventricle tissues were stained with PAS to measure glycogen deposition in the 

heart. (A) Representative histological analysis of left ventricle with PAS staining. (B) 

Histogram showing the quantitative analysis of the fold change in mean areas in the 

mean area of glycogen deposition using Image J software. The results are mean ± SEM 

of several glomeruli and several proximal tubular areas. *p≤ 0.05 vs. control or #p ≤ 

0.05 vs. diabetic  

 

  Masson’s Trichrome was used to determine collagen deposition and it was 

shown that the left ventricle collagen deposition was significantly increased in type one 

diabetes when compared to control (Figure 27). This was partially reversed when the 

diabetic group was treated with mTORC inhibitors (Rapamycin, JR-AB2-011, and 

PP242), showing a decrease in collagen deposition.  

B. 

A. 
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Figure 28: Histological staining with Masson Trichome and quantification of left 

ventricular collagen deposition  during mTOR inhibition in T1DM 

Left ventricle stained with Masson Trichome to measure collagen IV fibers expression. 

(A) Representative histological analysis of the left ventricular tissues with Masson 

Trichome staining. (B) Histogram showing the quantitative analysis of Masson Trichome 

staining in the left ventricular using Image J software. Green color depicts collagen 

deposition. The results are mean ± SEM of several glomeruli and several proximal tubular 

areas. *p≤ 0.05 vs. control or #p ≤ 0.05 vs. diabetic.  

 

 

3. Treatment using mTOR Inhibitors attenuated diabetes-induced increase in 

GDF-15 mRNA levels in kidney and left ventricular tissues. 

To assess the expression of GDF-15 on a transcriptional level, an RT-PCR was 

performed, and our results show that the mRNA expression of GDF-15 in kidney tissues 

was increased in type I diabetic group in comparison with the control group (Figure 

29A). This increase was markedly reversed upon the inhibition of mTOR complexes. A 

similar trend was observed when assessing  the GDF-15 mRNA levels on left ventricle 

tissues (Figure 29B)  

B. 
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Figure 29: mRNA levels analysis of GDF-15 in kidney and left ventricular tissues 

during mTOR inhibition in T1DM 

RT-PCR show an increase in GDF-15 mRNA expression during T1DM and a decrease 

upon inhibition of mTOR complexes. (A) Histogram showing the quantitative analysis 

of protein expression of GDF-15 in kidney tissues using Image J software. 18s was used 

in the analysis of results as a housekeeping gene. The results are mean ± SEM, *p≤ 0.05 

vs. control or #p ≤ 0.05 vs. diabetic.  

 

 

4. Treatment using mTOR Inhibitors attenuated diabetes-induced increase in 

GDF-15 protein expression in kidney and left ventricular tissues 

To assess the expression of GDF-15 on translational levels, western blotting was 

performed, and our data show a significant increase in GDF-15 protein expression 

in kidney tissues in type 1 diabetic group in comparison with the control group 

(Figure 30A). The expression was significantly attenuated upon the inhibition of 

mTOR complexes. A similar trend was observed when assessing the GDF-15 

protein levels in left ventricle tissues (Figure 30B). 
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Figure 30: Western blot analysis of GDF-15 in kidney and left ventricular tissues during 

mTOR inhibition in T1DM 

Western blotting showed an increase in GDF-15 protein expression during T1DM and a 

decrease upon inhibiting mTOR complexes. (A) Histogram showing the quantitative 

analysis of protein expression of GDF-15 in kidney tissues using Image J software. (B) 

Histogram showing the quantitative analysis of protein expression of GDF-15 in left 

ventricular tissues. The results are mean ± SEM, *p≤ 0.05 vs. control or #p ≤ 0.05 vs. 

diabetic.  

 

 

5. Immunohistochemistry analysis of GDF-15 expression in glomeruli and 

proximal kidney tubules and left ventricle. 

To assess the effect of mTOR inhibition on GDF-15 expression, 

immunohistochemistry was performed on kidney tissues. Our results show an increased 

expression of GDF-15 in the type I diabetic group when compared with the control 

group. This increase in GDF-15 expression was reversed upon the inhibition of mTORC 

1 by Rapamycin, mTORC 2 by JR-AB2-011, and mTORC 1 and 2 by PP242. 

Representative figures are shown below (Figure 31).     

A. B. 
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Figure 31: Representative figure of immunohistochemistry staining of GDF-15 in the 

kidney glomeruli   

In addition, immunohistochemistry was used to quantify the % area of GDF-15 

expression in left ventricular tissues. The quantification of the DAB stain shows a 

significant increase in type I diabetic group as well as a significant decrease of GDF-15 

expression upon the inhibition of mTOR complexes. The representative figures as well 

as the quantification are shown below in figure 32.  
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Figure 32: Immunohistochemistry staining and analysis of GDF-15 in left ventricular 

tissues during mTOR inhibition in T1DM 

Immunohistochemistry of GDF-15 on left ventricular tissues. (A) Representative 

immunohistochemistry analysis of left ventricular tissues showing GDF-15 expression. 

(B) Histogram showing the quantitative analysis of % area of GDF-15 in left ventricular 

tissues using Image J software. The results are mean ± SEM, *p≤ 0.05 vs. control or #p ≤ 

0.05 vs. diabetic. 
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CHAPTER IV 

DISCUSSION 
Limited evidence highlight that the levels of GDF-15 are positively correlated 

with T1DM complications (B. Falkowski et al., 2020; Lajer et al., 2010). In addition, 

the association between GDF-15 and T2DM has been discussed previously in a few 

studies, however, a clear mechanistic pathway remains poorly elucidated. One plausible 

mechanism that our results suggest is that GDF-15, being an anti-inflammatory 

cytokine, may respond positively to chronic inflammatory diseases, such as diabetes. It 

is well established that GDF-15 production is triggered by several factors such as 

biomechanical stressors, ischemia, anoxia, and inflammatory cytokines (tumor necrosis 

factor-alpha (TNF)- α, interleukins (IL-1ß, IL-2, IL-4, IL-6), angiotensin II, and 

macrophage colony-stimulating factor (MCSF)-1) (Berezin, 2016; Min et al., 2016; 

Wischhusen et al., 2020). These pro-inflammatory cytokines as well as the adipose 

tissue inflammation that precedes diabetes also termed as meta-inflammation (Bao et 

al., 2019; Lackey & Olefsky, 2016) can cause a rapid upregulation of GDF-15 secretion 

as well as an increase in its expression(Lind et al., 2009). This increased GDF-15 

expression will serve as a marker for inflammation in adipose tissue (Adela & Banerjee, 

2015).  The above-stated hypothesis is consistent with our findings that show an 

upregulation of GDF-15 both at the protein and mRNA levels during T1DM and during 

T2DM in kidney and left ventricular tissues. For instance, western blot and RT-PCR 

experiments show that the transcription and translation process of GDF-15 was 

increased in both the heart and kidney during this metabolic disorder. The results on the 

molecular level were also consistent with immunohistochemistry analysis that show an 

increase in GDF-15 expression in the left ventricular tissues during T1DM and during 

T2DM. This was reflected upon the quantification of our results that show an increase 
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in the number and % area occupied by the brown particles (originated from the DAB 

chromogen), thus revealing that GDF-15 might be localized in certain areas in the heart 

tissues. GDF-15 expression was also increased in the kidney glomerulus and proximal 

tubules in  T1DM and T2DM. Thus, we can predict that this increase in GDF-15 

expression can further translate into its role as a potential marker for diabetes-induced 

renal and cardiovascular complications.  

In addition, our results mentioned above may further explain the possibility of 

GDF-15 being a maker for T2DM, a predictor for its future development as well as its 

severity. A study showed that GDF-15 expression increased in different tissues of 

T2DM patients when compared with non-diabetic control, and this has been suggested 

to be linked with obesity and T2DM (J. Lu et al., 2019). It was also assumed that 

elevated levels of GDF-15 expression could invoke improved insulin activity, weight 

loss, and higher glucose tolerance (J. Lu et al., 2019). In addition, a study assumed that 

GDF-15 is a protective factor in obese and obesity-related diseases like T2DM (Tang et 

al., 2019). Other studies stated that GDF-15 may be used as a predictor for diabetes 

severity (Berezin, 2016; Wischhusen et al., 2020) and this is also confirmed by our 

result upon assessing diabetes-induced renal and cardiac complications. The significant 

increase in GDF-15 mRNA levels and GDF-15 protein expression during T2DM in 

comparison with the control group can further indicate that hyperglycemia as well as 

this metabolic disorder can further upregulate the transcription and translation of GDF-

15 in the kidney and the heart.  

Furthermore, NETosis which is a novel form of neutrophil-specific cell death 

has been shown to play a pivotal role in the pathogenesis of diabetes. A study revealed 

that exaggerated NETosis appears to be a hallmark feature of both type 1 and type 2 
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diabetes and may even accompany disease onset (Fadini et al., 2016). Also, a 

dysfunction of neutrophil activity has been shown to increase the susceptibility of 

diabetic patients to infection (Fadini et al., 2016). In addition,  elevated glucose levels, 

as seen in diabetes, participate in the NETosis process on many levels. For instance, 

elevation in blood glucose levels can increase the susceptibility of diabetic neutrophils 

to the NETosis process and NETs formation (Njeim et al., 2020). Moreover, few recent 

studies have tried to understand the correlation between GDF-15 and neutrophil 

activity. For instance, some of the studies suggested that GDF-15 can regulate 

neutrophil arrest by blocking integrin-mediated arrest (Verhamme et al., 2019). Another 

study stated that GDF-15 is the first cytokine known to counteract chemokine-induced 

activation of leukocyte integrins (A. Artz, S. Butz, & D. Vestweber, 2016). This study 

show that GDF-15 plays a major role in the inhibition of neutrophil recruitment into 

inflamed tissues (A. Artz et al., 2016). Another study suggested that GDF-15 has a 

capacity to interfere with chemokine-induced activation of β2-integrins as well as to 

limit leukocyte recruitment (Kempf et al., 2011).  

However, and to current knowledge, the causal link between GDF-15 and 

NETosis and the role of their crosstalk in diabetes-induced complications remains 

uninvestigated.  Given the ambiguous role of GDF-15 in neutrophil activity as well the 

emerging research on NETosis, this study aims to elucidate the direct causal link 

between GDF-15 and NETosis. First, to assess the effect of NETosis induction by 

phorbol 12-myristate 13-acetate (PMA) on GDF-15 expression, molecular studies were 

performed on both kidney and left ventricular tissues. Our results show a significant 

increase in GDF-15 mRNA levels and GDF-15 protein expression during the induction 

of NETosis (in the PMA group). These results were consistent with the 
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immunohistochemistry results that showed an increase in GDF-15 % area in the control 

mice treated with PMA when compared to the control group. Thus, we can suggest the 

induction and activation of the NETosis process can further upregulate the expression of 

GDF-15 in tissues of the kidney and the heart.  

To better assess our results, an inhibitor of the NETosis process was 

administered to T1DM and to T2DM in two separate studies. Our results showed a 

significant decrease in the GDF-15 expression on both the transcriptional and 

translational levels upon treatment with chloro-amidine (CLA). CLA is a PAD4 

inhibitor which is a calcium-dependent enzyme that plays a key role in mediating 

NETosis (Wong et al., 2015). Both GDF-15 mRNA levels and GDF-15 protein 

expression were significantly decreased when compared with the untreated diabetic 

groups; thus revealing that CLA has attenuated the diabetes-induced GDF-15 

expression. Similar results were obtained in the immunohistochemistry experiment 

where a decrease in the % area of GDF-15 in both kidneys and left ventricles was noted. 

Therefore, we can confirm our hypothesis that the activation of the NETosis process 

may be involved in the upregulation of GDF-15 and the inhibition of the NETosis 

process can inhibit the diabetes-induced GDF-15 expression in the kidney and heart 

tissues. This hypothesis and preliminary data are of high importance as it is one of the 

first studies that target this mechanistic pathway. In addition, it can open the door to 

future clinical and research studies. Thus, further research that assesses the effect of 

GDF-15 inhibition on the NETosis process is needed to better understand the interlink 

between the two signalling pathways.  

Another aim of our study is to assess the association between GDF-15 and the 

mTOR signaling pathways during T1DM. This area in research was targeted by a few 
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studies that were not able to fully understand this mechanistic pathway. For instance, 

some studies have shown that the effect of mTOR complexes signaling pathways on 

glucose homeostasis is very complex (Mimeault & Batra, 2010). Few studies have 

shown that mTOR 1 complex also plays a central role in the pathogenesis of T2DM, 

however, minimal studies have targeted the association between GDF-15 and the 

mTOR signaling pathway. For instance, a study has shown that GDF15 can induce 

Akt/mTOR phosphorylation where their results revealed that treatment with a GDF-15 

activator caused an increase in the phosphorylation levels of mTOR (C. Y. Wang, 

Huang, Zhou, & Mei, 2014). This study also indicated that the mTOR pathway is 

activated by GDF-15 (C. Y. Wang et al., 2014). This area of investigation is poorly 

elucidated, and it needs further research to better understand the association between 

GDF-15 and the mTOR pathway. For this reason, our study assessed the effect of 

mTOR complexes inhibition on the expression of  GDF-15.  

Our results tried to elucidate the effect of mTOR pathway inhibitors on diabetes-

induced GDF-15 expression using different techniques. GDF-15 expression levels were 

assessed on the transcriptional and translational levels.  The RT-PCR and western blot 

results showed a decrease in diabetes-induced GDF-15 mRNA levels and diabetes-

induced GDF-15 protein expression upon inhibiting mTORC1 (with Rapamycin), 

mTORC2 (with JR-AB2-011), or mTORC 1 and 2 (with PP242) in both kidney and left 

ventricular tissues. Thus, mTOR complexes are suggested to be key players acting as up 

regulators of GDF-15 on both the transcriptional and translational levels. Similarly, our 

result showed that the GDF-15 % area was increased in the left ventricle during T1DM. 

However, this diabetes-induced GDF-15 decreased upon inhibiting mTORC 1 by 

Rapamycin and mTORC2 by JR-AB2-011. This expression was further decreased upon 



 

 80 

the inhibition of both complexes via the dual inhibitor (PP242). Thus, we can predict 

that mTOR complexes play an essential role in the upregulation of the GDF-15 

signaling pathway as their inhibition caused a significant downregulation in GDF-15 

expression. We can as well suggest that mTOR complex 1 and 2 are both involved in 

this upregulation because similar results were attained during their respective inhibition. 

In addition, an additive and synergistic effect was shown upon the inhibition of both 

complexes (during PP242 treatment) as GDF-15 expression levels were further 

decreased. Thus, we can suggest that inhibiting both complexes will prevent their 

exerted effect on GDF-15 expression. Furthermore, we can also predict that both 

complexes act as up regulators to  GDF-15 because upon inhibition of the mTOR 1 

complex via Rapamycin, the mTOR 2 complex continued to perform its action in 

upregulating GDF-15 expression and vice versa.  

Furthermore, few studies have discussed the crosstalk between circulating levels 

of GDF-15 and diabetes in diabetic mice models. Our study assessed the serum 

circulating levels of GDF-15 via the Enzyme-Linked Immunosorbent Assay (ELISA) 

using plasma taken from mice with T1DM and mice with T2DM. Our results showed 

that there was a significant increase in the circulating levels of GDF-15 in T1DM as 

well as in T2DM when compared to the control.  This further confirms the potential role 

of GDF-15 as a biomarker for diabetes mellitus.  

In addition, to better elucidate the crosstalk between GDF-15 and NETosis, 

circulating levels of GDF-15 were measured during the induction of NETosis (in the 

PMA group), and our results show an increase in GDF-15 circulating levels when 

compared to the control. Thus, we can predict that GDF-15 secretion into the circulation 
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is increased during the NETosis process. This can be further investigated to study the 

role of GDF-15 in the serum during the NETosis process.  

In addition, to better investigate these results, levels of NETosis markers were 

also measured using ELISA on serum samples taken from T1DM mice models and 

T2DM mice models. Our results show an increase in the circulating levels of MPO as 

well as NE levels during T1DM as well as T2DM when compared to the control group. 

These levels were significantly decreased upon the treatment with chloro-amidine. 

These results further explain the NETosis process during diabetes as well as its 

correlation with GDF-15 circulating levels.  

Furthermore, to have a future clinical aspect of circulating levels of GDF-15 in 

human serum, ELISA was performed, and our results reveal additional evidence that 

supports the role of GDF-15 as a potential clinical biomarker. Several studies have tried 

to explore the role of GDF-15 as a biomarker; however, this role was not well-

elucidated. A number of studies had suggested that GDF-15 gene transcription and 

serum levels may be modulated by glucose (V. W. W. Tsai, Husaini, Sainsbury, Brown, 

& Breit, 2018). Another study stated that GDF-15 levels rise following an oral glucose 

tolerance test, suggesting that the used high glucose load, or the changes in insulin 

levels, may stimulate GDF-15 secretion (Schernthaner-Reiter et al., 2016). Some studies 

also revealed that elevated serum levels of GDF-15 can suggest a high risk for T2DM-

related complications including cardio-vascular risks and renal diseases (Hong et al., 

2015; Shin et al., 2016). Another study found a positive correlation between T2DM and 

GDF-15 levels in blood samples, suggesting that GDF-15 could be a practical research 

target in the future as a biomarker (J. Lu et al., 2019).  
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Furthermore, other studies described the correlation between serum GDF-15 and 

diabetes-induced complications. A study showed that a high level of GDF-15 was 

positively correlated with diabetic nephropathy, peripheral neuropathy, and proliferative 

diabetic retinopathy (B. Falkowski et al., 2020). Another study analyzed serum GDF-15 

concentration of 451 patients with diabetic nephropathy and 440 patients with persistent 

proteinuria in T1DM where the results showed that high levels of GDF-15 were a strong 

predictor of all-cause and cardiovascular mortality and morbidity in diabetic 

nephropathy patients (Lajer et al., 2010).  

Our study hypothesized that GDF-15 can be used as a marker for T2DM, as well 

as renal injury and cardiac dysfunction. To better assess the role of GDF-15 circulating 

levels as a biomarker, circulating serum levels of GDF-15 were assessed during T2DM, 

T2DM and DKD as well as T2DM and CAD.  Our results show that there was an 

increase in GDF-15 circulating levels in type II diabetic group as compared with the 

control. Also, there was a dramatic increase in the circulating levels of GDF-15 in the 

group of T2DM and DKD as compared to both control and type II diabetic groups. The 

circulating levels of GDF-15 were above 2000 pg/ml and according to Verhamme et al, 

circulating levels of GDF-15 higher than 1800 pg/ml are considered highly elevated 

(Verhamme et al., 2019; Wiklund et al., 2010). Thus, this high circulating level of GDF-

15 during T2DM and DKD can open the doors for GDF-15 as being a novel biomarker 

for renal injury and dysfunction. Also, this confirms the hypothesis that GDF-15 is a 

marker for renal injury and can be further used as a biomarker for DKD in routine 

clinical practices. In addition, our results show an increase in the circulating levels of 

GDF-15 in the T2DM  and CAD group when compared to the control group; thus 

revealing the ability of GDF-15 to reflect cardiovascular complications. Thus, we 
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suggest that GDF-15 is a novel biomarker that can be further investigated in future 

clinical studies that target diabetic complications.  

To our knowledge, this is one of the first studies describing the crosstalk 

between GDF-15, NETosis, and mTOR signaling pathways. Taken together, our 

preliminary data demonstrated that GDF-15 may be a novel diagnostic biomarker  for 

diabetes and its complications. In addition, we demonstrated the crosstalk between 

GDF-15 and NETosis where NETs formation has an up regulatory effect on GDF-15 

expression while NETs inhibition decreases diabetes-induced GDF-15 expression. Also, 

our data suggested that the mTOR 1 and 2 complexes are potential up-regulators of the 

GDF-15 expression in both kidney and heart tissues. Thus, we can conclude that the 

mTOR/NETosis/GDF15 signaling axis is a potential therapeutic target for diabetes-

induced renal and left ventricular injuries. 

Finally, the role of GDF-15 as a prognostic and diagnostic marker in diabetes 

and its complications is widely discussed; however, limited studies have investigated its 

role as a causative factor. GDF-15 is found to be increased in diabetes, yet it is an 

insufficient independent predictor of this disease. A wide controversy is present to 

prove whether GDF-15 has the potential to serve as an early biomarker of diabetic 

kidney disease and diabetic cardiomyopathy versus being a causal factor in the 

progression of these diabetic complications. 

Moreover, our preliminary data may be considered novel insights and 

observations, contributing to the understanding of the potential role of GDF-15 as a 

biomarker for diabetes and diabetes-induced renal and cardiovascular complications. 

Also, it elucidates novel mechanistic crosstalk between GDF-15, NETosis, and mTOR 

signaling pathways. Our study sheds the light on this novel mechanistic pathway that 
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plays an important role in diabetes-induced complications. This research also 

highlighted how the manipulation of the GDF-15 signaling cascade in future studies 

may be beneficial in a clinical setting of diabetes-induced renal and cardiovascular 

complications. This research also opens the door and provides future perspectives 

regarding the clinical utility of GDF-15 in routine clinical practices in predicting 

mortality and cardiovascular outcomes. Lastly, future studies are certainly needed for 

more conclusive evidence where some can also include the therapeutic implications of 

GDF-15 catalytic activity by small-molecule inhibitors or activators.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 85 

REFERENCES 
 

Adela, R., & Banerjee, S. K. (2015). GDF-15 as a Target and Biomarker for Diabetes 

and Cardiovascular Diseases: A Translational Prospective. J Diabetes Res, 2015, 

490842. doi:10.1155/2015/490842 

Alarcón, C., Zaromytidou, A.-I., Xi, Q., Gao, S., Yu, J., Fujisawa, S., . . . Massagué, J. 

(2009). Nuclear CDKs drive Smad transcriptional activation and turnover in 

BMP and TGF-beta pathways. Cell, 139(4), 757-769. 

doi:10.1016/j.cell.2009.09.035 

Anand, I. S., Kempf, T., Rector, T. S., Tapken, H., Allhoff, T., Jantzen, F., . . . Wollert, 

K. C. (2010). Serial measurement of growth-differentiation factor-15 in heart 

failure: relation to disease severity and prognosis in the Valsartan Heart Failure 

Trial. Circulation, 122(14), 1387-1395. doi:10.1161/circulationaha.109.928846 

Aroda, V. R., Taub, P. R., & Stanton, A. M. (2021). Diabetes With Cardiomyopathy: At 

the Juncture of Knowledge and Prevention. J Am Coll Cardiol, 78(16), 1599-

1602. doi:10.1016/j.jacc.2021.08.026 

Artz, A., Butz, S., & Vestweber, D. (2016). GDF-15 inhibits integrin activation and 

mouse neutrophil recruitment through the ALK-5/TGF-βRII heterodimer. Blood, 

128(4), 529-541. doi:10.1182/blood-2016-01-696617 

Artz, A., Butz, S., & Vestweber, D. (2016). GDF-15 inhibits integrin activation and 

mouse neutrophil recruitment through the ALK-5/TGF-βRII heterodimer. Blood, 

128(4), 529-541. doi:10.1182/blood-2016-01-696617 

Baessler, A., Strack, C., Rousseva, E., Wagner, F., Bruxmeier, J., Schmiedel, M., . . . 

Fischer, M. (2012). Growth-differentiation factor-15 improves reclassification 

for the diagnosis of heart failure with normal ejection fraction in morbid obesity. 

Eur J Heart Fail, 14(11), 1240-1248. doi:10.1093/eurjhf/hfs116 

Bao, X., Borné, Y., Muhammad, I. F., Nilsson, J., Lind, L., Melander, O., . . . Engström, 

G. (2019). Growth differentiation factor 15 is positively associated with 

incidence of diabetes mellitus: the Malmö Diet and Cancer-Cardiovascular 

Cohort. Diabetologia, 62(1), 78-86. doi:10.1007/s00125-018-4751-7 

Bauskin, A. R., Jiang, L., Luo, X. W., Wu, L., Brown, D. A., & Breit, S. N. (2010). The 

TGF-beta superfamily cytokine MIC-1/GDF15: secretory mechanisms facilitate 

creation of latent stromal stores. J Interferon Cytokine Res, 30(6), 389-397. 

doi:10.1089/jir.2009.0052 

Berezin, A. E. (2016). Diabetes mellitus related biomarker: The predictive role of 

growth-differentiation factor-15. Diabetes Metab Syndr, 10(1 Suppl 1), S154-

157. doi:10.1016/j.dsx.2015.09.016 

Bidadkosh, A., Lambooy, S. P. H., Heerspink, H. J., Pena, M. J., Henning, R. H., 

Buikema, H., & Deelman, L. E. (2017). Predictive Properties of Biomarkers 

GDF-15, NTproBNP, and hs-TnT for Morbidity and Mortality in Patients With 

Type 2 Diabetes With Nephropathy. Diabetes Care, 40(6), 784-792. 

doi:10.2337/dc16-2175 

Bootcov, M. R., Bauskin, A. R., Valenzuela, S. M., Moore, A. G., Bansal, M., He, X. 

Y., . . . Breit, S. N. (1997). MIC-1, a novel macrophage inhibitory cytokine, is a 

divergent member of the TGF-beta superfamily. Proc Natl Acad Sci U S A, 

94(21), 11514-11519. doi:10.1073/pnas.94.21.11514 

Brännmark, C., Nyman, E., Fagerholm, S., Bergenholm, L., Ekstrand, E. M., 

Cedersund, G., & Strålfors, P. (2013). Insulin signaling in type 2 diabetes: 



 

 86 

experimental and modeling analyses reveal mechanisms of insulin resistance in 

human adipocytes. J Biol Chem, 288(14), 9867-9880. 

doi:10.1074/jbc.M112.432062 

Brinkmann, V., Reichard, U., Goosmann, C., Fauler, B., Uhlemann, Y., Weiss, D. S., . . 

. Zychlinsky, A. (2004). Neutrophil extracellular traps kill bacteria. Science, 

303(5663), 1532-1535. doi:10.1126/science.1092385 

Brownlee, M. (2001). Biochemistry and molecular cell biology of diabetic 

complications. Nature, 414(6865), 813-820. doi:10.1038/414813a 

Cheng, J. C., Chang, H. M., & Leung, P. C. (2011). Wild-type p53 attenuates cancer 

cell motility by inducing growth differentiation factor-15 expression. 

Endocrinology, 152(8), 2987-2995. doi:10.1210/en.2011-0059 

Cho, N. H., Shaw, J. E., Karuranga, S., Huang, Y., da Rocha Fernandes, J. D., 

Ohlrogge, A. W., & Malanda, B. (2018). IDF Diabetes Atlas: Global estimates 

of diabetes prevalence for 2017 and projections for 2045. Diabetes Res Clin 

Pract, 138, 271-281. doi:10.1016/j.diabres.2018.02.023 

Chrysovergis, K., Wang, X., Kosak, J., Lee, S. H., Kim, J. S., Foley, J. F., . . . Eling, T. 

E. (2014). NAG-1/GDF-15 prevents obesity by increasing thermogenesis, 

lipolysis and oxidative metabolism. Int J Obes (Lond), 38(12), 1555-1564. 

doi:10.1038/ijo.2014.27 

Cole, J. B., & Florez, J. C. (2020). Genetics of diabetes mellitus and diabetes 

complications. Nat Rev Nephrol, 16(7), 377-390. doi:10.1038/s41581-020-0278-

5 

Diagnosis and classification of diabetes mellitus. (2014). Diabetes Care, 37 Suppl 1, 

S81-90. doi:10.2337/dc14-S081 

Ding, Q., Mracek, T., Gonzalez-Muniesa, P., Kos, K., Wilding, J., Trayhurn, P., & 

Bing, C. (2009). Identification of macrophage inhibitory cytokine-1 in adipose 

tissue and its secretion as an adipokine by human adipocytes. Endocrinology, 

150(4), 1688-1696. doi:10.1210/en.2008-0952 

Dominguez-Rodriguez, A., Abreu-Gonzalez, P., & Avanzas, P. (2014). Usefulness of 

growth differentiation factor-15 levels to predict diabetic cardiomyopathy in 

asymptomatic patients with type 2 diabetes mellitus. Am J Cardiol, 114(6), 890-

894. doi:10.1016/j.amjcard.2014.06.020 

Emmerson, P. J., Wang, F., Du, Y., Liu, Q., Pickard, R. T., Gonciarz, M. D., . . . Wu, X. 

(2017). The metabolic effects of GDF15 are mediated by the orphan receptor 

GFRAL. Nat Med, 23(10), 1215-1219. doi:10.1038/nm.4393 

Fadini, G. P., Menegazzo, L., Scattolini, V., Gintoli, M., Albiero, M., & Avogaro, A. 

(2016). A perspective on NETosis in diabetes and cardiometabolic disorders. 

Nutr Metab Cardiovasc Dis, 26(1), 1-8. doi:10.1016/j.numecd.2015.11.008 

Falkowski, B., Rogowicz-Frontczak, A., Szczepanek-Parulska, E., Krygier, A., 

Wrotkowska, E., Uruska, A., . . . Zozulinska-Ziolkiewicz, D. (2020). Novel 

Biochemical Markers of Neurovascular Complications in Type 1 Diabetes 

Patients. J Clin Med, 9(1). doi:10.3390/jcm9010198 

Falkowski, B., Rogowicz-Frontczak, A., Szczepanek-Parulska, E., Krygier, A., 

Wrotkowska, E., Uruska, A., . . . Zozulinska-Ziolkiewicz, D. (2020). Novel 

Biochemical Markers of Neurovascular Complications in Type 1 Diabetes 

Patients. Journal of clinical medicine, 9(1), 198. doi:10.3390/jcm9010198 



 

 87 

Farrera, C., & Fadeel, B. (2013). Macrophage clearance of neutrophil extracellular traps 

is a silent process. J Immunol, 191(5), 2647-2656. 

doi:10.4049/jimmunol.1300436 

Frimodt-Møller, M., von Scholten, B. J., Reinhard, H., Jacobsen, P. K., Hansen, T. W., 

Persson, F. I., . . . Rossing, P. (2018). Growth differentiation factor-15 and 

fibroblast growth factor-23 are associated with mortality in type 2 diabetes - An 

observational follow-up study. PLoS One, 13(4), e0196634. 

doi:10.1371/journal.pone.0196634 

George, M., Jena, A., Srivatsan, V., Muthukumar, R., & Dhandapani, V. E. (2016). 

GDF 15--A Novel Biomarker in the Offing for Heart Failure. Curr Cardiol Rev, 

12(1), 37-46. doi:10.2174/1573403x12666160111125304 

Guenancia, C., Kahli, A., Laurent, G., Hachet, O., Malapert, G., Grosjean, S., . . . 

Bouchot, O. (2015). Pre-operative growth differentiation factor 15 as a novel 

biomarker of acute kidney injury after cardiac bypass surgery. Int J Cardiol, 

197, 66-71. doi:10.1016/j.ijcard.2015.06.012 

Hakkim, A., Fürnrohr, B. G., Amann, K., Laube, B., Abed, U. A., Brinkmann, V., . . . 

Zychlinsky, A. (2010). Impairment of neutrophil extracellular trap degradation 

is associated with lupus nephritis. Proc Natl Acad Sci U S A, 107(21), 9813-

9818. doi:10.1073/pnas.0909927107 

Ham, Y. R., Song, C. H., Bae, H. J., Jeong, J. Y., Yeo, M.-K., Choi, D. E., . . . Lee, K. 

W. (2018). Growth Differentiation Factor-15 as a Predictor of Idiopathic 

Membranous Nephropathy Progression: A Retrospective Study. Disease 

markers, 2018, 1463940-1463940. doi:10.1155/2018/1463940 

Hanatani, S., Izumiya, Y., Takashio, S., Kojima, S., Yamamuro, M., Araki, S., . . . 

Ogawa, H. (2014). Growth differentiation factor 15 can distinguish between 

hypertrophic cardiomyopathy and hypertensive hearts. Heart Vessels, 29(2), 

231-237. doi:10.1007/s00380-013-0337-y 

Heger, J., Schiegnitz, E., von Waldthausen, D., Anwar, M. M., Piper, H. M., & Euler, 

G. (2010). Growth differentiation factor 15 acts anti-apoptotic and pro-

hypertrophic in adult cardiomyocytes. J Cell Physiol, 224(1), 120-126. 

doi:10.1002/jcp.22102 

Hellemons, M. E., Mazagova, M., Gansevoort, R. T., Henning, R. H., de Zeeuw, D., 

Bakker, S. J., . . . Deelman, L. E. (2012). Growth-differentiation factor 15 

predicts worsening of albuminuria in patients with type 2 diabetes. Diabetes 

Care, 35(11), 2340-2346. doi:10.2337/dc12-0180 

Hong, J. H., Choi, Y. K., Min, B. K., Park, K. S., Seong, K., Lee, I. K., & Kim, J. G. 

(2015). Relationship between hepcidin and GDF15 in anemic patients with type 

2 diabetes without overt renal impairment. Diabetes Res Clin Pract, 109(1), 64-

70. doi:10.1016/j.diabres.2015.05.001 

Hwang, S. K., & Kim, H. H. (2011). The functions of mTOR in ischemic diseases. BMB 

Rep, 44(8), 506-511. doi:10.5483/bmbrep.2011.44.8.506 

Izumiya, Y., Hanatani, S., Kimura, Y., Takashio, S., Yamamoto, E., Kusaka, H., . . . 

Ogawa, H. (2014). Growth differentiation factor-15 is a useful prognostic 

marker in patients with heart failure with preserved ejection fraction. Can J 

Cardiol, 30(3), 338-344. doi:10.1016/j.cjca.2013.12.010 

Jung, S. B., Choi, M. J., Ryu, D., Yi, H. S., Lee, S. E., Chang, J. Y., . . . Shong, M. 

(2018). Reduced oxidative capacity in macrophages results in systemic insulin 

resistance. Nat Commun, 9(1), 1551. doi:10.1038/s41467-018-03998-z 



 

 88 

Kelly, J. A., Lucia, M. S., & Lambert, J. R. (2009). p53 controls prostate-derived 

factor/macrophage inhibitory cytokine/NSAID-activated gene expression in 

response to cell density, DNA damage and hypoxia through diverse 

mechanisms. Cancer Lett, 277(1), 38-47. doi:10.1016/j.canlet.2008.11.013 

Kempf, T., Guba-Quint, A., Torgerson, J., Magnone, M. C., Haefliger, C., Bobadilla, 

M., & Wollert, K. C. (2012). Growth differentiation factor 15 predicts future 

insulin resistance and impaired glucose control in obese nondiabetic individuals: 

results from the XENDOS trial. Eur J Endocrinol, 167(5), 671-678. 

doi:10.1530/eje-12-0466 

Kempf, T., Zarbock, A., Widera, C., Butz, S., Stadtmann, A., Rossaint, J., . . . Wollert, 

K. C. (2011). GDF-15 is an inhibitor of leukocyte integrin activation required 

for survival after myocardial infarction in mice. Nat Med, 17(5), 581-588. 

doi:10.1038/nm.2354 

Kim, J. M., Kosak, J. P., Kim, J. K., Kissling, G., Germolec, D. R., Zeldin, D. C., . . . 

Eling, T. E. (2013). NAG-1/GDF15 transgenic mouse has less white adipose 

tissue and a reduced inflammatory response. Mediators Inflamm, 2013, 641851. 

doi:10.1155/2013/641851 

Lackey, D. E., & Olefsky, J. M. (2016). Regulation of metabolism by the innate 

immune system. Nat Rev Endocrinol, 12(1), 15-28. 

doi:10.1038/nrendo.2015.189 

Lajer, M., Jorsal, A., Tarnow, L., Parving, H. H., & Rossing, P. (2010). Plasma growth 

differentiation factor-15 independently predicts all-cause and cardiovascular 

mortality as well as deterioration of kidney function in type 1 diabetic patients 

with nephropathy. Diabetes Care, 33(7), 1567-1572. doi:10.2337/dc09-2174 

Leshner, M., Wang, S., Lewis, C., Zheng, H., Chen, X. A., Santy, L., & Wang, Y. 

(2012). PAD4 mediated histone hypercitrullination induces heterochromatin 

decondensation and chromatin unfolding to form neutrophil extracellular trap-

like structures. Frontiers in immunology, 3, 307-307. 

doi:10.3389/fimmu.2012.00307 

Lewis, H. D., Liddle, J., Coote, J. E., Atkinson, S. J., Barker, M. D., Bax, B. D., . . . 

Wilson, D. M. (2015). Inhibition of PAD4 activity is sufficient to disrupt mouse 

and human NET formation. Nat Chem Biol, 11(3), 189-191. 

doi:10.1038/nchembio.1735 

Li, J., Yang, L., Qin, W., Zhang, G., Yuan, J., & Wang, F. (2013). Adaptive induction 

of growth differentiation factor 15 attenuates endothelial cell apoptosis in 

response to high glucose stimulus. PLoS One, 8(6), e65549. 

doi:10.1371/journal.pone.0065549 

Li, J. J., Liu, J., Lupino, K., Liu, X., Zhang, L., & Pei, L. (2018). Growth 

Differentiation Factor 15 Maturation Requires Proteolytic Cleavage by PCSK3, 

-5, and -6. Mol Cell Biol, 38(21). doi:10.1128/mcb.00249-18 

Li, P., Li, M., Lindberg, M. R., Kennett, M. J., Xiong, N., & Wang, Y. (2010). PAD4 is 

essential for antibacterial innate immunity mediated by neutrophil extracellular 

traps. J Exp Med, 207(9), 1853-1862. doi:10.1084/jem.20100239 

Lim, A. (2014). Diabetic nephropathy - complications and treatment. Int J Nephrol 

Renovasc Dis, 7, 361-381. doi:10.2147/ijnrd.S40172 

Lind, L., Wallentin, L., Kempf, T., Tapken, H., Quint, A., Lindahl, B., . . . Wollert, K. 

C. (2009). Growth-differentiation factor-15 is an independent marker of 

cardiovascular dysfunction and disease in the elderly: results from the 



 

 89 

Prospective Investigation of the Vasculature in Uppsala Seniors (PIVUS) Study. 

Eur Heart J, 30(19), 2346-2353. doi:10.1093/eurheartj/ehp261 

Lönn, P., van der Heide, L. P., Dahl, M., Hellman, U., Heldin, C. H., & Moustakas, A. 

(2010). PARP-1 attenuates Smad-mediated transcription. Mol Cell, 40(4), 521-

532. doi:10.1016/j.molcel.2010.10.029 

Lu, J., Zhang, Y., Dong, X., Lu, J., Zhang, C., Liu, J., . . . Qin, L. (2019). Association 

between MIC-1 and Type 2 Diabetes: A Combined Analysis. Dis Markers, 

2019, 7284691. doi:10.1155/2019/7284691 

Lu, J. M., Wang, C. Y., Hu, C., Fang, Y. J., & Mei, Y. A. (2016). GDF-15 enhances 

intracellular Ca2+ by increasing Cav1.3 expression in rat cerebellar granule 

neurons. Biochem J, 473(13), 1895-1904. doi:10.1042/bcj20160362 

Macia, L., Tsai, V. W., Nguyen, A. D., Johnen, H., Kuffner, T., Shi, Y. C., . . . 

Sainsbury, A. (2012). Macrophage inhibitory cytokine 1 (MIC-1/GDF15) 

decreases food intake, body weight and improves glucose tolerance in mice on 

normal & obesogenic diets. PLoS One, 7(4), e34868. 

doi:10.1371/journal.pone.0034868 

Mantovani, A., Cassatella, M. A., Costantini, C., & Jaillon, S. (2011). Neutrophils in the 

activation and regulation of innate and adaptive immunity. Nat Rev Immunol, 

11(8), 519-531. doi:10.1038/nri3024 

Mazagova, M., Buikema, H., van Buiten, A., Duin, M., Goris, M., Sandovici, M., . . . 

Deelman, L. E. (2013). Genetic deletion of growth differentiation factor 15 

augments renal damage in both type 1 and type 2 models of diabetes. Am J 

Physiol Renal Physiol, 305(9), F1249-1264. doi:10.1152/ajprenal.00387.2013 

Mimeault, M., & Batra, S. K. (2010). Divergent molecular mechanisms underlying the 

pleiotropic functions of macrophage inhibitory cytokine-1 in cancer. J Cell 

Physiol, 224(3), 626-635. doi:10.1002/jcp.22196 

Min, K. W., Liggett, J. L., Silva, G., Wu, W. W., Wang, R., Shen, R. F., . . . Baek, S. J. 

(2016). NAG-1/GDF15 accumulates in the nucleus and modulates 

transcriptional regulation of the Smad pathway. Oncogene, 35(3), 377-388. 

doi:10.1038/onc.2015.95 

Miyoshi, A., Yamada, M., Shida, H., Nakazawa, D., Kusunoki, Y., Nakamura, A., . . . 

Ishizu, A. (2016). Circulating Neutrophil Extracellular Trap Levels in Well-

Controlled Type 2 Diabetes and Pathway Involved in Their Formation Induced 

by High-Dose Glucose. Pathobiology, 83(5), 243-251. doi:10.1159/000444881 

Mullican, S. E., Lin-Schmidt, X., Chin, C. N., Chavez, J. A., Furman, J. L., Armstrong, 

A. A., . . . Rangwala, S. M. (2017). GFRAL is the receptor for GDF15 and the 

ligand promotes weight loss in mice and nonhuman primates. Nat Med, 23(10), 

1150-1157. doi:10.1038/nm.4392 

Niu, Y., Zhang, W., Shi, J., Liu, Y., Zhang, H., Lin, N., . . . Su, Q. (2021). The 

Relationship Between Circulating Growth Differentiation Factor 15 Levels and 

Diabetic Retinopathy in Patients With Type 2 Diabetes. Front Endocrinol 

(Lausanne), 12, 627395. doi:10.3389/fendo.2021.627395 

Njeim, R., Azar, W. S., Fares, A. H., Azar, S. T., Kfoury Kassouf, H., & Eid, A. A. 

(2020). NETosis contributes to the pathogenesis of diabetes and its 

complications. J Mol Endocrinol, 65(4), R65-r76. doi:10.1530/jme-20-0128 

Ouyang, J., Isnard, S., Lin, J., Fombuena, B., Peng, X., Chen, Y., & Routy, J. P. (2020). 

GDF-15 as a Weight Watcher for Diabetic and Non-Diabetic People Treated 



 

 90 

With Metformin. Front Endocrinol (Lausanne), 11, 581839. 

doi:10.3389/fendo.2020.581839 

Papayannopoulos, V. (2018). Neutrophil extracellular traps in immunity and disease. 

Nat Rev Immunol, 18(2), 134-147. doi:10.1038/nri.2017.105 

Rossaint, J., Vestweber, D., & Zarbock, A. (2013). GDF-15 prevents platelet integrin 

activation and thrombus formation. J Thromb Haemost, 11(2), 335-344. 

doi:10.1111/jth.12100 

Samuel, V. T., & Shulman, G. I. (2016). The pathogenesis of insulin resistance: 

integrating signaling pathways and substrate flux. J Clin Invest, 126(1), 12-22. 

doi:10.1172/jci77812 

Santhanakrishnan, R., Chong, J. P., Ng, T. P., Ling, L. H., Sim, D., Leong, K. T., . . . 

Lam, C. S. (2012). Growth differentiation factor 15, ST2, high-sensitivity 

troponin T, and N-terminal pro brain natriuretic peptide in heart failure with 

preserved vs. reduced ejection fraction. Eur J Heart Fail, 14(12), 1338-1347. 

doi:10.1093/eurjhf/hfs130 

Sapra, A., & Bhandari, P. (2022). Diabetes Mellitus. In StatPearls. Treasure Island 

(FL): StatPearls Publishing 

Copyright © 2022, StatPearls Publishing LLC. 

Sarbassov, D. D., Guertin, D. A., Ali, S. M., & Sabatini, D. M. (2005). Phosphorylation 

and regulation of Akt/PKB by the rictor-mTOR complex. Science, 307(5712), 

1098-1101. doi:10.1126/science.1106148 

Schernthaner-Reiter, M. H., Kasses, D., Tugendsam, C., Riedl, M., Peric, S., Prager, G., 

. . . Vila, G. (2016). Growth differentiation factor 15 increases following oral 

glucose ingestion: effect of meal composition and obesity. Eur J Endocrinol, 

175(6), 623-631. doi:10.1530/eje-16-0550 

Shin, M. Y., Kim, J. M., Kang, Y. E., Kim, M. K., Joung, K. H., Lee, J. H., . . . Shong, 

M. (2016). Association between Growth Differentiation Factor 15 (GDF15) and 

Cardiovascular Risk in Patients with Newly Diagnosed Type 2 Diabetes 

Mellitus. J Korean Med Sci, 31(9), 1413-1418. 

doi:10.3346/jkms.2016.31.9.1413 

Simonson, M. S., Tiktin, M., Debanne, S. M., Rahman, M., Berger, B., Hricik, D., & 

Ismail-Beigi, F. (2012). The renal transcriptome of db/db mice identifies 

putative urinary biomarker proteins in patients with type 2 diabetes: a pilot 

study. Am J Physiol Renal Physiol, 302(7), F820-829. 

doi:10.1152/ajprenal.00424.2011 

Soedamah-Muthu, S. S., Fuller, J. H., Mulnier, H. E., Raleigh, V. S., Lawrenson, R. A., 

& Colhoun, H. M. (2006). High risk of cardiovascular disease in patients with 

type 1 diabetes in the U.K.: a cohort study using the general practice research 

database. Diabetes Care, 29(4), 798-804. doi:10.2337/diacare.29.04.06.dc05-

1433 

Stahrenberg, R., Edelmann, F., Mende, M., Kockskämper, A., Düngen, H. D., Lüers, C., 

. . . Wachter, R. (2010). The novel biomarker growth differentiation factor 15 in 

heart failure with normal ejection fraction. Eur J Heart Fail, 12(12), 1309-1316. 

doi:10.1093/eurjhf/hfq151 

Tan, M., Wang, Y., Guan, K., & Sun, Y. (2000). PTGF-beta, a type beta transforming 

growth factor (TGF-beta) superfamily member, is a p53 target gene that inhibits 



 

 91 

tumor cell growth via TGF-beta signaling pathway. Proc Natl Acad Sci U S A, 

97(1), 109-114. doi:10.1073/pnas.97.1.109 

Tang, M., Luo, M., Lu, W., Wang, S., Zhang, R., Liang, W., . . . Hu, C. (2019). Serum 

growth differentiation factor 15 is associated with glucose metabolism in the 

third trimester in Chinese pregnant women. Diabetes Res Clin Pract, 156, 

107823. doi:10.1016/j.diabres.2019.107823 

Tsai, V. W., Macia, L., Feinle-Bisset, C., Manandhar, R., Astrup, A., Raben, A., . . . 

Breit, S. N. (2015). Serum Levels of Human MIC-1/GDF15 Vary in a Diurnal 

Pattern, Do Not Display a Profile Suggestive of a Satiety Factor and Are Related 

to BMI. PLoS One, 10(7), e0133362. doi:10.1371/journal.pone.0133362 

Tsai, V. W., Macia, L., Johnen, H., Kuffner, T., Manadhar, R., Jørgensen, S. B., . . . 

Breit, S. N. (2013). TGF-b superfamily cytokine MIC-1/GDF15 is a 

physiological appetite and body weight regulator. PLoS One, 8(2), e55174. 

doi:10.1371/journal.pone.0055174 

Tsai, V. W. W., Husaini, Y., Sainsbury, A., Brown, D. A., & Breit, S. N. (2018). The 

MIC-1/GDF15-GFRAL Pathway in Energy Homeostasis: Implications for 

Obesity, Cachexia, and Other Associated Diseases. Cell Metab, 28(3), 353-368. 

doi:10.1016/j.cmet.2018.07.018 

Tuegel, C., Katz, R., Alam, M., Bhat, Z., Bellovich, K., de Boer, I., . . . Bansal, N. 

(2018). GDF-15, Galectin 3, Soluble ST2, and Risk of Mortality and 

Cardiovascular Events in CKD. Am J Kidney Dis, 72(4), 519-528. 

doi:10.1053/j.ajkd.2018.03.025 

Tuttle, K. R., Bakris, G. L., Bilous, R. W., Chiang, J. L., de Boer, I. H., Goldstein-

Fuchs, J., . . . Molitch, M. E. (2014). Diabetic kidney disease: a report from an 

ADA Consensus Conference. Am J Kidney Dis, 64(4), 510-533. 

doi:10.1053/j.ajkd.2014.08.001 

Um, S. H., D'Alessio, D., & Thomas, G. (2006). Nutrient overload, insulin resistance, 

and ribosomal protein S6 kinase 1, S6K1. Cell Metab, 3(6), 393-402. 

doi:10.1016/j.cmet.2006.05.003 

Vergès, B., & Cariou, B. (2015). mTOR inhibitors and diabetes. Diabetes Research and 

Clinical Practice, 110(2), 101-108. 

doi:https://doi.org/10.1016/j.diabres.2015.09.014 

Vergès, B., & Cariou, B. (2015). mTOR inhibitors and diabetes. Diabetes Res Clin 

Pract, 110(2), 101-108. doi:10.1016/j.diabres.2015.09.014 

Verhamme, F. M., Freeman, C. M., Brusselle, G. G., Bracke, K. R., & Curtis, J. L. 

(2019). GDF-15 in Pulmonary and Critical Care Medicine. Am J Respir Cell 

Mol Biol, 60(6), 621-628. doi:10.1165/rcmb.2018-0379TR 

Wallentin, L., Hijazi, Z., Andersson, U., Alexander, J. H., De Caterina, R., Hanna, M., . 

. . Siegbahn, A. (2014). Growth differentiation factor 15, a marker of oxidative 

stress and inflammation, for risk assessment in patients with atrial fibrillation: 

insights from the Apixaban for Reduction in Stroke and Other Thromboembolic 

Events in Atrial Fibrillation (ARISTOTLE) trial. Circulation, 130(21), 1847-

1858. doi:10.1161/circulationaha.114.011204 

Wang, C. Y., Huang, A. Q., Zhou, M. H., & Mei, Y. A. (2014). GDF15 regulates 

Kv2.1-mediated outward K+ current through the Akt/mTOR signalling pathway 

in rat cerebellar granule cells. Biochem J, 460(1), 35-47. 

doi:10.1042/bj20140155 

https://doi.org/10.1016/j.diabres.2015.09.014


 

 92 

Wang, J., Xu, N., Feng, X., Hou, N., Zhang, J., Cheng, X., . . . Yang, X. (2005). 

Targeted disruption of Smad4 in cardiomyocytes results in cardiac hypertrophy 

and heart failure. Circ Res, 97(8), 821-828. 

doi:10.1161/01.Res.0000185833.42544.06 

Wang, X., Baek, S. J., & Eling, T. E. (2013). The diverse roles of nonsteroidal anti-

inflammatory drug activated gene (NAG-1/GDF15) in cancer. Biochem 

Pharmacol, 85(5), 597-606. doi:10.1016/j.bcp.2012.11.025 

Wang, X., Chrysovergis, K., Kosak, J., & Eling, T. E. (2014). Lower NLRP3 

inflammasome activity in NAG-1 transgenic mice is linked to a resistance to 

obesity and increased insulin sensitivity. Obesity (Silver Spring), 22(5), 1256-

1263. doi:10.1002/oby.20638 

Wang, X., Chrysovergis, K., Kosak, J., Kissling, G., Streicker, M., Moser, G., . . . Eling, 

T. E. (2014). hNAG-1 increases lifespan by regulating energy metabolism and 

insulin/IGF-1/mTOR signaling. Aging (Albany NY), 6(8), 690-704. 

doi:10.18632/aging.100687 

Wang, Y., Li, M., Stadler, S., Correll, S., Li, P., Wang, D., . . . Coonrod, S. A. (2009). 

Histone hypercitrullination mediates chromatin decondensation and neutrophil 

extracellular trap formation. J Cell Biol, 184(2), 205-213. 

doi:10.1083/jcb.200806072 

Wang, Y., Wysocka, J., Sayegh, J., Lee, Y. H., Perlin, J. R., Leonelli, L., . . . Coonrod, 

S. A. (2004). Human PAD4 regulates histone arginine methylation levels via 

demethylimination. Science, 306(5694), 279-283. doi:10.1126/science.1101400 

Wang, Y., Xiao, Y., Zhong, L., Ye, D., Zhang, J., Tu, Y., . . . Xu, A. (2014). Increased 

neutrophil elastase and proteinase 3 and augmented NETosis are closely 

associated with β-cell autoimmunity in patients with type 1 diabetes. Diabetes, 

63(12), 4239-4248. doi:10.2337/db14-0480 

Wesseling, M., de Poel, J. H. C., & de Jager, S. C. A. (2020). Growth differentiation 

factor 15 in adverse cardiac remodelling: from biomarker to causal player. ESC 

heart failure, 7(4), 1488-1501. doi:10.1002/ehf2.12728 

Wiklund, F. E., Bennet, A. M., Magnusson, P. K., Eriksson, U. K., Lindmark, F., Wu, 

L., . . . Brown, D. A. (2010). Macrophage inhibitory cytokine-1 (MIC-

1/GDF15): a new marker of all-cause mortality. Aging Cell, 9(6), 1057-1064. 

doi:10.1111/j.1474-9726.2010.00629.x 

Wischhusen, J., Melero, I., & Fridman, W. H. (2020). Growth/Differentiation Factor-15 

(GDF-15): From Biomarker to Novel Targetable Immune Checkpoint. Frontiers 

in immunology, 11(951). doi:10.3389/fimmu.2020.00951 

Wollert, K. C., & Kempf, T. (2012). Growth differentiation factor 15 in heart failure: an 

update. Curr Heart Fail Rep, 9(4), 337-345. doi:10.1007/s11897-012-0113-9 

Wong, S. L., Demers, M., Martinod, K., Gallant, M., Wang, Y., Goldfine, A. B., . . . 

Wagner, D. D. (2015). Diabetes primes neutrophils to undergo NETosis, which 

impairs wound healing. Nat Med, 21(7), 815-819. doi:10.1038/nm.3887 

Wullschleger, S., Loewith, R., & Hall, M. N. (2006). TOR signaling in growth and 

metabolism. Cell, 124(3), 471-484. doi:10.1016/j.cell.2006.01.016 

Xiong, Y., Walker, K., Min, X., Hale, C., Tran, T., Komorowski, R., . . . Véniant, M. 

M. (2017). Long-acting MIC-1/GDF15 molecules to treat obesity: Evidence 

from mice to monkeys. Sci Transl Med, 9(412). 

doi:10.1126/scitranslmed.aan8732 



 

 93 

Xu, J., Kimball, T. R., Lorenz, J. N., Brown, D. A., Bauskin, A. R., Klevitsky, R., . . . 

Molkentin, J. D. (2006). GDF15/MIC-1 Functions As a Protective and 

Antihypertrophic Factor Released From the Myocardium in Association With 

SMAD Protein Activation. Circulation Research, 98(3), 342-350. 

doi:doi:10.1161/01.RES.0000202804.84885.d0 

Xu, X. Y., Nie, Y., Wang, F. F., Bai, Y., Lv, Z. Z., Zhang, Y. Y., . . . Gao, W. (2014). 

Growth differentiation factor (GDF)-15 blocks norepinephrine-induced 

myocardial hypertrophy via a novel pathway involving inhibition of epidermal 

growth factor receptor transactivation. J Biol Chem, 289(14), 10084-10094. 

doi:10.1074/jbc.M113.516278 

Xue, H., Fu, Z., Chen, Y., Xing, Y., Liu, J., Zhu, H., & Zhou, X. (2012). The 

association of growth differentiation factor-15 with left ventricular hypertrophy 

in hypertensive patients. PLoS One, 7(10), e46534. 

doi:10.1371/journal.pone.0046534 

Yang, H., Biermann, M. H., Brauner, J. M., Liu, Y., Zhao, Y., & Herrmann, M. (2016). 

New Insights into Neutrophil Extracellular Traps: Mechanisms of Formation 

and Role in Inflammation. Frontiers in immunology, 7. 

doi:10.3389/fimmu.2016.00302 

Yang, H., Filipovic, Z., Brown, D., Breit, S. N., & Vassilev, L. T. (2003). Macrophage 

inhibitory cytokine-1: a novel biomarker for p53 pathway activation. Mol 

Cancer Ther, 2(10), 1023-1029.  

Yang, L., Chang, C. C., Sun, Z., Madsen, D., Zhu, H., Padkjær, S. B., . . . Jørgensen, S. 

B. (2017). GFRAL is the receptor for GDF15 and is required for the anti-obesity 

effects of the ligand. Nat Med, 23(10), 1158-1166. doi:10.1038/nm.4394 

Yaribeygi, H., Farrokhi, F. R., Butler, A. E., & Sahebkar, A. (2019). Insulin resistance: 

Review of the underlying molecular mechanisms. J Cell Physiol, 234(6), 8152-

8161. doi:10.1002/jcp.27603 

Yaribeygi, H., Sathyapalan, T., Atkin, S. L., & Sahebkar, A. (2020). Molecular 

Mechanisms Linking Oxidative Stress and Diabetes Mellitus. Oxid Med Cell 

Longev, 2020, 8609213. doi:10.1155/2020/8609213 

Yipp, B. G., & Kubes, P. (2013). NETosis: how vital is it? Blood, 122(16), 2784-2794. 

doi:10.1182/blood-2013-04-457671 

Zoncu, R., Efeyan, A., & Sabatini, D. M. (2011). mTOR: from growth signal 

integration to cancer, diabetes and ageing. Nat Rev Mol Cell Biol, 12(1), 21-35. 

doi:10.1038/nrm3025 

 

 

 

 

 

 

 

 

 

 

 

 


