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ABSTRACT
GW501516/Cardarine is a nuclear hormone that activates the PPARδ genes involved in cell differentiation and 
exerts a primary regulation in maintaining health conditions and preventing diseases. PPARδ activation stimulates 
the mitochondrial function in various tissues improving lipid metabolism and energy homeostasis.

PPARδ receptors are expressed mainly in active metabolic tissues such as skeletal muscles, the heart, the liver, 
and neurons. PPARδ activation increases fatty acid oxidation, saving glycogen stores, so they find indications 
for the treatment of metabolic diseases, especially dyslipidemia and type-2 diabetes mellitus (T2DM), and 
hypertriglyceridemia. The pancreatic β-cell function is improved. In the heart, PPARδ improves cardiomyocytes 
function and reduces fibrosis. In the liver, it reduces the fat deposit, suppressing inflammation. Cardarine seems to 
be effective in preventing β-amyloid deposition and Alzheimer’s disease. In the skeletal muscles, cardarine induces 
a strong activation of mitochondrial biogenesis, increasing oxidative muscle capacity and endurance exercise 
capacity, and for this reason, it was included in the list of doping agents by WADA. However, some controversies 
on cancer risk stimulation exist. This review aims to evaluate the clinical benefits and side effects of GW501516/
cardarine.

*Correspondence:
Vittorio Emanuele Bianchi, Clinical Center Stella Maris, Nutrition 
and Metabolism, San Marino.

Received: 19 Jun 2023; Accepted: 22 Jul 2023; Published: 28 Jul 2023

ISSN: 2689-1077

Keywords
GW501516, Cardarine, PPARδ agonist, Cardarine and 
cardioprotection, Cardarine and endurance, Antiinflammatory 
effect of Cardarine, Cardarine and obesity.

Introduction
Cardarine, or GW501516 or Endurobol, is a synthetic agonist of 
the peroxisome proliferator-activated receptor delta (PPARδ). The 
substance originated by combinatorial chemistry and structure-
based drug design resulting from collaborative research between 
GlaxoSmithKline and Ligand Pharmaceuticals in the 1990s [1].
 
Although none of the selective PPARδ agonists have been 
approved for human therapy, some synthetic compounds are still 
under clinical evaluation for efficacy and safety. Some of these, 
ASP0367 and ASP1128, have been produced by Mitobridge, 
Astellas Pharma, Cambridge, USA; MBX8025 or Seladelpar 
by CymaBay Therapeutics, NJ, USA; and REN-001 by Renere 

Pharmaceutical, San Diego, USA. The GlaxoSmithKline and 
Ligand Pharmaceuticals intended to develop a PPARδ agonist to 
treat hyperlipidemia. Preclinical studies revealed that Cardarine 
could actively accelerate the metabolism, reducing adiposity, 
increasing fatty acids beta-oxidation in muscle [2], and improving 
the physical performance in mice [3]. Unfortunately, despite the 
promising results, later studies revealed that the drug allowed 
cancer to develop rapidly in various organs. Those results caused 
an interruption of further research on the drug. However, the 
effect of cardarine to enhance training adaptation or even increase 
endurance without exercise in mice [4] quickly gained popularity 
with athletes and bodybuilders as the “wonder pill,” and if FDA 
did not approve Cardarine, and the World Anti-Doping Agency 
(WADA) banned it, many athletes got it illegally on the black 
market. The drug, called Cardarine, Endurobol, GW501516, 
GW516, and others, is present in online shopping as a research 
compound, indicating “not for human use.” 
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GW501516/cardarine has been classified mistakenly also as a 
Selective Androgen Receptor Modulator (SARM). However, 
the compound is not an androgen receptor activator. It is instead 
a selective agonist of the PPARδ receptor [5], displaying high 
affinity and potency for PPARδ with >1,000-fold selectivity over 
PPARα and PPARγ [6]. However, despite the initial promising 
results, later studies revealed that the drug leads cancer to develop 
rapidly in several organs, but unquestionably, drugs able to act on 
PPARs are potential of great clinical interest. 
 
The Peroxisome Proliferator-Activated Receptors PPARs
PPARs belong to the nuclear receptor superfamily of nuclear 
hormone control of genes involved in cell differentiation. They play 
a crucial role in controlling lipid, glucose, and energy homeostasis, 
whose physiological functions are the control of metabolism 
and energy homeostasis [7]. Three PPAR receptors have been 
identified, PPARα, PPARδ (or PPARδ), and PPARδ. Ligand X 
receptors bind to peroxisome proliferator response elements 
(PPREs) to regulate the transcription of target genes [8]. The 
three PPAR isoforms, despite sharing a high degree of structural 
homology, have different tissue distributions, distinct functional 
roles, and ligand-binding properties [9]. The PPARα, PPARδ, and 
PPARγ are expressed mainly in active metabolic tissues such as 
skeletal muscles, the heart, the liver, and macrophages [10]. The 
characteristics of these receptors have been reviewed elsewhere 
[11].
 
The nuclear receptor PPARs are primary regulators in maintaining 
health conditions and preventing diseases [12,13], cell proliferation, 
differentiation, and survival [14], immune response [15], and 
T-cell function [16]. PPARδ agonists were shown to play a crucial 
role in whole-body lipid homeostasis and insulin sensitivity and 
are active in skeletal muscle, liver, and adipose tissue [17].
 
PPARδ elicits a transcriptional cascade in skeletal muscle, 
increasing fatty acid oxidation. In this way, they permit the 
sparing of glucose, which enables muscle to function, improving 
running endurance without decreasing systemic glucose levels or 
increasing muscle lactic acid [18].
 
Owing to their crucial metabolic regulatory roles, many PPAR 
agonists have been used to treat metabolic diseases, especially 
dyslipidemia and type-2 diabetes mellitus (T2DM), and 
hypertriglyceridemia [19]. Likewise, thiazolidinediones (TZDs), 
potent PPARγ activators, are insulin sensitizers in T2DM patients 
[20]. The clinical efficacy of fibrates and TZDs has pushed the 
search for various PPARα or γ agonists and stimulated the 
investigation of novel PPAR modulators, including selective 
PPARδ activators, dual-PPAR, and pan-PPAR agonists [9]. 
The lipid-lowering activity of PPARα agonists and the insulin-
sensitizing effect of PPARγ agonists are well-established and have 
been widely used to ameliorate dyslipidemia and T2DM [21,22]. 
Aside from dyslipidemia and T2DM, PPARs have profound 
implications also on other aspects of metabolic syndrome, like 
diabetic complications [23], non-alcoholic fatty liver disease, as 
well as non-metabolic disorders, including neurodegenerative 

diseases [24], depression, cancer, autoimmune diseases [25], 
inflammatory diseases, such as ulcerative colitis [26], and psoriasis 
[27].
 
PPARδ has been less explored than α and γ receptors due to concerns 
about its side effects. Still, it was shown to play an essential role in 
lipid homeostasis and insulin sensitivity in skeletal muscle, liver, 
and adipose tissue [17], but also in adipogenesis, wound cure, and 
keratinocyte differentiation [28]. This review aims to consolidate 
experimental evidence of PPARδ agonist GW501516/cardarine 
to highlight its effectiveness and developmental challenges for 
treating various diseases based on preclinical and clinical data. 

PPARδ and lipid metabolism
The importance of PPARδ in lipid catabolism has been described 
in various essential tissues, such as skeletal muscle, which induces 
fatty acids beta-oxidation [2], in adipose tissue, which prevents 
obesity [29], protecting the heart from cardiomyopathy [30], 
and liver [31] pointing at PPARδ as a potential drug target in the 
treatment of metabolic diseases. Hypolipidemic drugs, unsaturated 
fatty acids, and their derivatives can directly activate PPAR 
receptors, particularly PPARα and PPARδ [17,32,33].
 
It is well known that the PPARδ gene is expressed in rodent 
pancreatic beta-cells [34], where, in conjunction with PPARα, it 
has been shown to mediate the effects of unsaturated fatty acids on 
gene expression in some cell types [33]. The PPARδ mRNA is also 
present in the human endocrine pancreas, although slightly less 
than PPARα [35], and affects pancreatic beta cell mass and insulin 
secretion in mice [36]. However, its role is still under-explored in 
humans. It is known, however, that the PPARδ ligand cardarine 
reverses metabolic abnormalities associated with obesity, such as 
dyslipidemia and insulin resistance, in humans [37], monkeys, and 
mice [1,38].
 
Results by Ravnskjaer et al. [39] demonstrated that PPARδ 
activation increased phospholipase 2 (PLA2), which, in turn, 
activates the hydrolysis of arachidonic and linoleic acid from 
phospholipids in a rat insulinoma cell line (INS-1E). Glucose also 
increased the level of reactive oxygen species, which promoted 
the peroxidation of these polyunsaturated fatty acids (PUFAs) 
to generate the compound 4-hydroxy-2E-nonenal (4-HNE). 
The latter mimicked the amplifying effect of stimulated insulin 
secretion after pre-exposure to high glucose and cardarine in the 
insulin cell line and isolated rat islet the fatty acids. The results 
were explicitly blocked by the selective PPARδ antagonist, 
GSK0660, or by silencing PPARδ expression [39]. Furthermore, 
cardarine can ameliorate hyperglycemia, insulin resistance, and 
lipotoxicity in beta cells [40]. In different rat models of T2DM, 
Li et al. [41] demonstrated that the PPARδ agonist protected beta 
cells in vivo, upregulating GRP40 and activating the Akt/Bcl-2/
caspase-2 pathway. They also showed that the protective effect 
was similar to that of pioglitazone, but at the difference, cardarine 
reduced body weight.

Daoudi et al. [42] discovered a different contributing mechanism 
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that could significantly improve glucose homeostasis by PPARδ 
stimulation. They demonstrated that cardarine administration in 
wild-type and ob/ob mice improved glucose tolerance, and they 
gave evidence that the mechanism could be indirectly mediated by 
the stimulation of small intestine glucagon-like peptide-1 (GLP-
1) production. GLP-1 is an incretin physiologically secreted after 
nutrient ingestion that acts on endocrine pancreas beta cells to 
enhance insulin secretion. These results contribute to expanding 
the interest of PPARδ as a target for treating DT2M.

More recently, Zhuo et al. [43], in a rat model of gestational 
diabetes mellitus, found that cardarine could improve the blood 
glucose level, reduce the apoptosis rate of islet cells and inhibit 
the expression of lipid metabolism-related factors in the blood. 
Therefore, the PPARδ agonists may be a promising therapeutic 
target for treating insulin resistance in patients with T2DM and, 
possibly, with gestational diabetes in pregnant women.

The antidiabetic effect of PPARδ is partly due to the activation of 5' 
adenosine monophosphate-activated protein kinase (AMPK) that 
increases insulin activity, improving glucose control [44]. AMPK, 
a sensing glucose signal, is activated by reduced energy intake 
and glucose starvation [45]. In addition, diet restriction, physical 
exercise, and the drug metformin can start the AMPK [46].

PPARδ is a central transcriptional regulator of fat burning in 
adipose tissue through activating the long-chain fatty acids 
β-oxidation [29]. Therefore, PPARδ can potentially be effective in 
treating obesity, reducing adipogenesis and its associated disorders 
[47]. In sum, these results provide evidence for a repressive role 
for PPARδ in β-cell mass and insulin exocytosis, adding a new 
light on PPARδ metabolic action.

The overexpression of PPARδ can increase glycogen storage and 
increase mitochondrial activity in association with 5' adenosine 
monophosphate-activated protein kinase (AMPK) expression and 
myocyte enhancer factor-2 (Mef2) [48]. The essential activators 
of AMPK are diet restriction, physical exercise, and metformin 
administration [46]. It can be argued, therefore, that the most 
evident effect of cardarine/GW501516 is observed synergically 
with exercise training to increase endurance capacity [4].

PPARδ is essential to increasing the peroxisome proliferator-
activated receptor gamma coactivator 1-alpha (PGC-1α) that 
stimulates mitochondrial biogenesis in skeletal muscle during 
exercise [49]. PPARδ ablated mice showed changes in muscle 
fiber type associated with reduced oxidative capacity and running 
duration [50].

Cardarine increased fatty acids oxidation preventing the down-
regulation of AMPK caused by a high-fat diet in the liver and 
amplifying the PGC-1alpha-lipin 1-PPAR-α pathway [51]. AMPK 
exerts a prominent role in fatty acid oxidation [52], and the 
PPARδ-PGC-1 pathway contributes to the hypo-triglyceridemic 
effect of the drug. Genetic and pharmacological studies showed 
that AMPK is required for maintaining glucose homeostasis [53]. 

The activation of AMPK by pharmacological agents presents a 
unique challenge, given the complexity of the biological control 
of ATP synthesis and consumption and its deregulation in cancer 
[54]. PPARs regulate the triglycerides acids (TCA) cycle flux [55], 
promoting endurance exercise [18] and energy production [56].

GW501516/Cardarine in Oxidative Stress and Inflammation
In vitro pharmacologic experiments on cardiac rat cells showed 
that PPARδ activation inhibited the oxidative stress induced by 
hydrogen peroxide [57]. The PPARδ agonist, GW0742, inhibited 
the hydrogen peroxide-induced apoptosis and increased cardiac cell 
viability, reducing the reactive oxygen/nitrogen species and matrix 
metalloproteinases, which can be associated with cardiomyocyte 
apoptosis. Cardarine exerts a potent anti-inflammatory effect 
abolishing the effect of TNF-α induce expression of adiponectin 
and insulin receptors in adipocytes [58], preventing the IL-6-
induced STAT3 activation, and reducing the cytokine-induced 
insulin resistance in hepatic cells [59].
 
Cardarine prevents TNF-α-induced Nuclear factor B (NF-κB) 
activation in human HaCaT cells (an immortalized human 
keratinocyte line) [60]. NF-κB is a ubiquitously expressed 
transcription factor controlling the expression of numerous genes 
involved in inflammation. In vitro, in the AC16 cell line derived 
from human cardiomyocytes, PPARδ activation can reduce the 
inflammatory response to the exposition of the saturated fatty acid 
palmitate [61]. In mice fed a high-fat diet, it blocks lipid-induced 
inflammatory pathways [61].

Cardarine reduces the inflammatory state in white adipose tissue 
(WAT) and hepatic stellate cells (HSCs), reducing lipogenesis and 
insulin resistance. Damages in the liver are alleviated by increasing 
the beta-oxidation process and decreasing the expression of the 
genes involved in lipogenesis and gluconeogenesis [62].

Effects of PPAR mixed agonists in type-2 diabetic patients
The antidiabetic effect of PPARδ is partly due to the activation 
of AMPK [44], which increases insulin activity, improving 
glucose control. AMPK, a sensing glucose signal, is activated 
by reduced energy intake and glucose starvation [45]. Cardarine 
exerts a therapeutic effect on T2DM, improving insulin activity, 
glucose, and fat metabolism and activating beta-cells activity. 
A randomized, double-blind study of 16 weeks duration with 
aleglitazar, a mixed PPARα/γ agonist, in single daily doses of less 
than 300 mcg, showed a beneficial effect on glucose regulation 
without side effects or cardiac dysfunction and edema [63], 
lowering postprandial plasma triglyceride and HbA1c [64], 
improved glycemic control [65].

Neuroprotective effect of GW501516/Cardarine 
PPARα agonists found a clinical application in neurodegenerative 
disorders, which includes Parkinson's disease (PD) [66], 
Alzheimer's disease (AD) [67], Huntington's disease (HD), 
Amyotrophic Lateral Sclerosis (ALS) [68], and multiple sclerosis 
(MS) [69]. The neuroprotective effect of PPAR agonists in vitro 
and in vivo models of PD regulates the expression of a set of genes 
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involved in cell survival [66].

PPARα activation may improve mitochondrial function and 
oxidative stress and reduce neuroinflammation in the brain, 
suggesting the potential application of PPAR agonists in treating 
neurodegenerative disorders [70]. Many studies reported the 
beneficial effects of PPARα agonists on cognitive behavior in 
preclinical AD models [71].

In animal models, the PPARγ agonist treatment reduced 
proinflammatory cytokines, increased microglial phagocytosis, 
and matured oligodendrocyte progenitor cells (OPC). RNA-
sequencing analyses of microglia revealed that PPARγ activation 
down-regulated several proinflammatory genes, which have a role 
in PD and ALS, contributing to neurological recovery [72].

In the ALS animal model, the PPARϒ agonist pioglitazone reduced 
iNOS, NF-kappa-B, and 3-nitrotyrosine immunoreactivity in the 
spinal cord, improved motor performance, delayed weight loss, 
and extended survival [68]. The neuroprotective effect of PPAR-ϒ 
was also demonstrated in models of ALS in Drosophila, mitigating 
locomotor dysfunction [73]. Cardarine suppresses the generation 
of neurotoxic amyloid β following the decrease in beta-secretase 
1 (BACE1) expression [74]. BACE1 is the enzyme that reduces 
the amyloid β deposition in neurons; the inhibitors of BACE1 
are involved in the rate-limiting step of the amyloid precursor 
protein (APP), leading to the generation of the neurotoxic amyloid 
β protein [75]. Together, these results indicate that PPARδ 
attenuates BACE1 expression via SOCS1-mediated inhibition of 
signal transducer and activator of transcription signaling, thereby 
suppressing BACE1-associated generation of neurotoxic amyloid 
β deposition [74].

PPARδ attenuates neuroinflammation triggered by 
lipopolysaccharide and neurotoxicity associated with glutamate 
release by enhancing SOCS1-mediated inhibition of JAK2/STAT1 
signaling [76]. Furthermore, PPARδ agonists exert antiapoptotic 
properties in vitro, highlighting their potential neuroprotective 
activity in vivo experimental models of cerebral ischemia and 
Parkinson's disease [77].
 
These findings suggest that PPARδ agonists could represent a 
therapy in other neurodegenerative disorders and stroke [77,78] 
and may be helpful in understanding the role of these diseases' 
pathogenesis.

Effects of GW501516/Cardarine on the Heart and cardio-
vascular functions
GW501516/Cardarine exerts various and interesting effects on 
cardiac function because it is a primary physiological regulator 
of cardiac energy metabolism in cardiomyocytes reducing insulin 
resistance [44] and contrasting the pathological alterations present 
in heart failure and diabetic cardiomyopathy [79]. Although 
GW501516/Cardarine can reduce cardiovascular diseases, some 
controversies exist [80]. PPARδ activation reduces the expression 
of the NF-kB gene in mice and human cardiac cells and the 

AMPK mechanism, a lipid-induced inflammatory pathway in 
human cardiac cells. The transcriptional control of NF-kB entails 
the progression of heart failure and cardiac hypertrophy [61]. 
Furthermore, PPARδ attenuates endoplasmic reticulum stress and 
increases autophagic markers in human cardiac cells induced by 
palmitate [81].

Although all three PPAR isoforms are present in the myocardium, 
Teunissen and coworkers demonstrated, by real-time quantitative 
polymerase-chain-reaction, that PPARδ is by large the most 
abundant isoform present in the rat cardiac fibroblast and 
myofibroblast. Another group confirmed the presence of PPARδ, 
and to a less extent, of PPARα in rat cardiac fibroblasts. They 
demonstrated that GW501516/Cardarine depressed angiotensin 
II-stimulated collagen type I expression and collagen synthesis 
in cardiac fibroblasts in a concentration dependent manner. 
Furthermore, they confirmed the specificity of the inhibitory effect 
of GW501516/Cardarine on collagen synthesis, demonstrating 
that the knockdown of PPARδ can entirely reverse the effect 
observed via RNA interference [82]. Although experimental 
studies suggested that PPARδ is a promising therapeutic target for 
preventing myocardial fibrosis, additional in vivo studies need to 
confirm these results. 

PPARα activation inhibits collagen expression in the heart and 
cardiac fibroblast proliferation, reducing collagen synthesis by 
36% in CF [83], suggesting that PPARα represents an attractive 
molecular target for attenuating cardiac fibrosis and skeletal 
muscle dysfunction in heart failure [84].

In an animal model of ischemic left ventricular dysfunction, 
a pathological condition characterized by skeletal muscle 
weakness and physical exercise intolerance, the administration 
of GW501516/Cardarine improved physical exercise capacity, 
endurance function, and skeletal muscle oxidative metabolism 
[85]. These data are very promising in pathological conditions 
characterized by the poor quality of life of the patients and the 
absence of effective treatments, except for physical exercise that 
can partially improve peripheral metabolism in patients with 
chronic heart failure [86]. 

Aleglitazar, a PPARα/γ agonist, in a multicenter, randomized, 
double-blind, placebo-controlled trial, improved cardiovascular 
outcomes in patients with diabetes and high risk of coronary 
disease. The study was conducted on 7,228 patients treated daily 
with 150 μg of the agonist or placebo [87]. However, a recent meta-
analysis showed that pioglitazone, aleglitazar, a PPARα/γ agonist, 
significantly decreased the estimated glomerular filtration rate, 
significantly increased body weight, gastrointestinal bleeding, bone 
fractures, heart failure, cardiovascular death, and malignancy in 
comparison of the control group [88]. Considering more harm than 
benefit, Aleglitazar testing has been halted. PPAR-ϒ ameliorates 
autoimmune myocarditis in experimental animal models [89]. In 
human pluripotent stem cells derived by cardiomyocytes, PPARδ 
activation induces metabolic and contractile maturation [90].
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Effects on Liver
Girroir et al. [91] found that the liver is a tissue that expresses the 
highest levels of PPARδ in mice. PPARα is also present and serves 
as the master regulator of hepatic lipid metabolism during fasting, 
suppressing inflammation. The acute response causes many genes' 
down-regulation in various immunity-related pathways [92].
 
GW501516/Cardarine was shown to be an efficient PPARδ agonist 
on endogenous genes of the mouse liver hepatocytes, acting dose-
dependently [93]. GW501516/Cardarine can also activate PPARα, 
β and ϒ exerting a significant metabolic effect in the liver, activating 
glycolysis/lipogenesis, and increasing fat oxidation, reducing 
body fat and fasting plasma triglycerides [37]. Most of the results 
are related to the activation of lipid metabolism, reducing body 
weight, and hepatic steatosis in mice [94]. In the human liver cells, 
PPARδ can reduce insulin resistance by inhibiting IL-6 induced 
signal transducer and the activator of transcription 3 (STAT3) 
[59]. GW501516/Cardarine administration protected against the 
inflammatory state in white adipose tissue and liver damage in 
high fructose-fed mice [62] and protected hepatocytes inhibiting 
fibrosis in animal models of liver fibrosis [95].

GW501516/Cardarine is particularly effective in non-alcoholic 
fatty liver disease regulating the production of very low-density 

lipoprotein receptor (VLDLR) and serum triglyceride levels [96] 
and liver fibrosis [97]. A double-blind, randomized, placebo-
controlled trial showed that GW501516/Cardarine decreased 
liver enzyme levels and the majority of lipids, biomarkers of 
inflammation, and fibrosis [98,99].

GW501516/Cardarine and physical performance
Physical exercise induces changes in several transcriptional 
gene regulators in skeletal muscle, significantly contributing to 
metabolic changes [100]. Notably, exercise activates glycogen 
catabolism [101], increases insulin sensitivity [102], fatty acids 
utilization [103], and exerts an anti-inflammatory effect [104]. 
Furthermore, physical exercise regulates the AMPK gene activity 
and AMPKα2 gene methylation in human blood and eminently 
in the skeletal muscle [105]. AMPK is another endurance gene 
regulator of energy expenditure [106], and its activation maintains 
cellular energy stores, switching on catabolic pathways that 
produce ATP, primarily by enhancing oxidative metabolism and 
mitochondrial biogenesis [107]. In human macrophage analysis, 
co-activation of AMPK and PPARδ increased the expression of 
FAO genes [108]. Cardarine prevents the down-regulation of 
AMPK induced by high fat diet amplifying the PGC.1 pathway 
[51].

Figure 1: Effect of Cardarine (GW501516) on lipid metabolism and mitochondria.
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Many studies identified PPARδ activation's relevant role in the 
transcriptional regulation of skeletal muscle metabolism [109]. 
These receptors control muscle development and oxidative 
capability [110], regulating muscle fibers metabolism and 
increasing endurance. In muscle fibers, PPARδ receptors increase 
the PGC1-α expression involved in switching obesity in T2DM 
[50].

The overexpression of PPARδ in transgenic mice increased 
oxidative muscle capacity and running endurance by about 100% 
[111]. Sprecher et al. [112] demonstrated that the PPARδ agonist 
Cardarine was active in humans and mice, increasing the duration 
of running time by 60-75%. Narkar et al. [4] found that a 4-week 
combined administration of Cardarine and exercise training 
increased the running time by 68% and the distance run by 70%. 
This phenotype induced by Cardarine was linked to a transcriptional 
booster identified in the exercise-activated AMPK. The PPARδ 
agonist works synergistically with exercise increasing endurance 
performance and mitochondria biogenesis; furthermore, the 
AMP-mimetic, 5-Aminoimidazole-4-carboxamide ribonucleoside 
(AICAR), increases endurance in a PPARδ manner [4]. AICAR 
is an activator of the AMPK signaling pathway, which regulates 
metabolism, hypoxia, exercise, nucleotide synthesis, (and 
cancer) [113]. These findings demonstrated that a pharmacologic 
intervention targeting AMPK-PPARδ signaling could reprogram 
muscle endurance. In trained mice, it was shown that the 
pharmacological activation of AMPK and PPARδ-potentiates the 
effects of exercise [114]. Studies conducted in transgenic animals 
with overexpression or knockout signals showed that AMPK- 
PPARδ is a critical regulator of endurance performance during 
exercise [111,115]. The role of AMPK is determinant in genetic 
adaptation because it is a metabolic sensor detecting the low ATP 
level during exercise [116] and is directly activated by exercise 
[117].
 
Chen et al. [3] found that mechanisms behind enhanced running 
capacity differ for Cardarine and exercise training. Training 
increases energy availability by promoting the catabolism of 
proteins and gluconeogenesis. In contrast, Cardarine reduces 
glucose utilization by skeletal muscle through a switch in 
mitochondrial substrate preference from carbohydrate to fatty 
acids consumption [118], increasing running endurance capacity 
[18].

The study determined the increased levels of intermediate 
metabolites and critical enzymes in fatty acid oxidation pathways 
following training and/or treatment. It was found that exercise 
training increased serum inositol, glucogenic amino acids, and 
branch-chain amino acids. During Cardarine administration, an 
increased serum galactose and β-hydroxybutyrate was observed, 
and a serum unsaturated fatty acid level, independently of training. 
These levels increased even more when combined with exercise 
training. The strong activation of mitochondrial biogenesis 
induced by Cardarine induces a switch of muscle fibers from 
type 2 (glycolytic metabolism) to type 1 (oxidative metabolism), 
and muscle fiber variation was correlated with PPARδ and PGC1 

mRNA [119]. The skeletal muscles have plasticity and can convert 
between different fiber types in response to exercise training and 
motoneuron activity [120,121]. Skeletal muscle fibers are distinct 
into type I (slow/oxidative) and type II (fast/glycolytic) fibers. 
They express significant differences in fast contraction, rapid 
metabolism, and susceptibility to fatigue [122]. 

The conversion of muscle fibers from type IIb to type IIa and type 
I showed increased mitochondrial biogenesis in response to the 
calcium signaling pathway and the transcriptional cofactor (PGC-
1α)  [123]. Furthermore, in transgenic mice with VP16-PPARδ 
fusion cDNA, another marker for type1 fibers, such as myoglobin 
and cytochrome c and b, were significantly increased, indicating 
a higher degree of fibers transformation [111]. The mitochondrial 
DNA increased 2-3-fold, evidencing marked mitochondrial 
biogenesis. The effect on endurance is significant because in 
PPARδ null mice, the running time is only 38%, and the distance 
walked of 34% compared to wild-type counterparts.

Narkar et al. [4] showed that AICAR administration, even in 
sedentary mice, induced metabolic gene changes for four weeks 
and enhanced running endurance by 44%. The study demonstrated 
that activating the AMPK-PPARδ pathway can enhance training 
adaptation and increase endurance without exercise.

GW501516/Cardarine and cancer
The function of PPARδ in different types of cancer is highly 
controversial. Many studies indicate that PPARδ can inhibit or 
promote tumorigenesis in different tissues [124] depending on the 
varying contribution of PPARδ to endothelial cell proliferation, 
inflammation, tumor cell proliferation, make differentiation, or 
apoptosis [125]. These processes are critically involved in cancer 
growth, and different approaches could give rise to opposing 
results. Cardarine inhibited tumorigenicity in undifferentiated 
nasopharyngeal carcinoma promoting apoptosis of cancer cells 
[126]. In invasive bladder cancer cells, the PPARδ agonist 
induced an apoptotic effect on invasive bladder cancer cells 
[127], and the progression of invasive cancer cells was inhibited 
by Cardarine exposure [128]. Wagner et al. [129] showed that 
PPARδ agonist favors tumor angiogenesis while decreasing tumor 
cell proliferation in Lewis lung carcinoma, independently from 
their action on different cancer cell types. Therefore, the use of 
PPARδ agonists in these patients can be dangerous. In patients 
with colorectal cancer, cardarine accelerated the progression and 
invasion of the tissue [130] and mediated the effect of diet in 
promoting colorectal cancer [131] and metastatic gastric cancer 
[132].
 
Activating PPARδ can stimulate breast and prostate cancer cell 
growth [133]. It was shown that the activation of the T47D cells 
caused an increased expression of the proliferation marker Cdk2 
and vascular endothelial growth factor alpha (VEGF-α), suggesting 
that PPARδ may initiate cellular proliferation and angiogenesis. It 
is to note, however, that the study was conducted on immortalized 
prostate and breast cancer cell lines. Other studies evidenced that 
PPARδ did not increase the risk of human cancer cell growth 
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[134,135]. However, all these results have been obtained in vitro 
on human cells.

In mice with mammary carcinomas, the administration of Cardarine 
reduced the tumor latency by eee months, showing a direct role 
of PPARδ in the pathogenesis of mammary tumorigenesis [136]. 
This finding suggests a therapeutic role of PPARδ antagonists to 
prevent and treat this disease. The complex interaction between 
PPARδ and cell proliferation makes future studies necessary 
to unravel the precise function of PPARδ in carcinogenesis. 
However, regenerative biology and tissue development work 
synergistically with cancer interaction depending fundamentally 
on the peripheral nervous system, which controls normal tissue 
development, homeostasis, plasticity, and regeneration. The 
nervous system essentially contributes to the initiation and growth 
of cancer, making it challenging to compare cellular and animal 
studies to the situation in vivo in humans [137].

Conclusions
Many studies have shown in animals and humans very promising 
effects of cardarine on metabolism increasing fatty acids 
oxidation, exerting anti-obesity and anti-diabetic actions, and 
essential effects on the liver, skeletal muscles, and heart function. 
Figure 2. In particular, Cardarine exerts specific effect on various 
organ and tissues; particularly on body fat, skeletal muscles, heart, 
brain. Despite the exciting results, human studies were halted 
very early due to their propensity to stimulate carcinogenesis in 
some animal models. Activation of different PPARs can interfere 
with tumor-suppressing or promoting growth in various tissues. 
The knowledge of the complex mechanisms involved in the 
PPARs interactions with its endogenous ligands and other nuclear 
receptors, coactivators, and repressors' action still need to be 
completed: Moreover, Cardarine seems to be a more selective 
PPARδ agonist in humans than in rodents, make unrealistic the 
translation of experimental results resulted from rodent the 
humans.

In conclusion, there is a lot of work to do to define the exact role 
of PPARδ in different conditions, but with the exciting hope of 
achieving exceptional results.
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