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Adiponectin is the adipokine associated with insulin sensitization, reducing liver gluconeogenesis, and increasing fatty
acid oxidation and glucose uptake. Adiponectin is present in the kidneys, mainly in the arterial endothelium and smooth
muscle cells, as well as in the capillary endothelium, and might be considered as a marker of many negative factors in
chronic kidney disease. The last few years have brought a rising body of evidence that adiponectin is a multipotential
protein with anti-inflammatory, metabolic, anti-atherogenic, and reactive oxygen species (ROS) protective actions.
Similarly, adiponectin has shown many positive and direct actions in kidney diseases, and among many kidney cells. Data
from large cross-sectional and cohort studies showed a positive correlation between serum adiponectin and mortality in
chronic kidney disease. This suggests a complex interaction between local adiponectin action, comorbidities, and uremic
milieu.
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| 1. Introduction

Since its discovery, adiponectin has been identified as one of the key regulators involved in glucose and lipid metabolism.
Further analyses have shown its anti-inflammatory and anti-apoptotic roles in human cells. It is produced predominantly in
adipocytes. Human adiponectin protein has 244 amino acids (30 kDa), as well as the complex primary structure of a
signal peptide, a hyper-variable region, a collagenous domain of 22 G-X-Y repeats, and a globular domain. It is present in
human serum in relatively high concentrations, in three different structural forms: trimer (low molecular weight, LMW),
hexamer (middle molecular weight, MMW), and 12—-18-mer (high molecular weight, HMW). Another circulating, active form
is globular adiponectin. It is generated by proteolytic cleavage of full-length adiponectin and has biological activity in
humans . Adiponectin concentrations are gender specific, with higher levels in females 28, There are three known
receptors for adiponectin: adiponectin receptor 1 (AdipoR1), adiponectin receptor 2 (AdipoR2), and T-cadherin. The first
two receptors have a similar structure, with seven transmembrane domains, and an intracellular zinc binding motif
capable of downstream signaling in the cell [, Novel research has also shown distinct ceramidase activity for the
intracellular part of these receptors 4. AdipoR1 is widely present in human cells, with the greatest numbers in skeletal
muscle, AdipoR2 is mainly present in the human liver. Globular adiponectin has the highest affinity to AdipoR1, therefore
in animal studies it acts mainly in muscle cells I, T-cadherin, lacking a transmembrane structure, is considered a binding
protein for the high molecular weight (HMW) form. Some studies have indicated that T-cadherin is a major binding partner
for adiponectin, and causes its accumulation in the heart, vascular endothelium, and skeletal muscle. The direct
downstream effect of this binding is still under investigation BIBIEl Adiponectin may also bind to calreticulin, which is
present on the surface of macrophages, and possibly other cells [l There are several factors regulating the expression
of adiponectin gene (AdipoQ), such as: forkhead box O1 (FOXO1), peroxisome proliferator-activated receptor y (PPAR-y),
CCAAAT-enhancer binding protein a, and sterol regulatory element binding protein 1c (SREBP-1c) . Despite more than
20 years of constant studies on adiponectin function in animals and humans, an increasing quantity of data has been
added recently. As an example, adiponectin might be one of the key mediators responsible for regular physical activity
benefits in humans. Adiponectin connects energy balance regulation in the central nervous system and peripheral tissues
(291 |nterestingly, animal studies have shown that adiponectin ameliorates the proinflammatory effect of saturated free
fatty acid rich diet in hypothalamus. This is achieved mainly by suppression of microglia cell activation LY. Other authors
concluded that decreased serum adiponectin to leptin ratio is an indicator of adipose tissue inflammation and dysfunction
and might predict cardiovascular risk in humans 2. Adipocyte line studies have shown a direct HMW-adiponectin effect
in reducing the local inflammation caused by glucolipotoxicity, via the APPL 1-AMPK pathway 3. Adiponectin injection
might also attenuate renal cell apoptosis in rats exposed to chronic intermittent hypoxia. In this study adiponectin reduced
reactive oxygen species (ROS) generation and endoplasmic reticulum stress in the renal tissue 241, It is a well-known fact
that patients with chronic inflammatory states, such as rheumatoid arthritis or inflammatory bowel disease, have high
serum adiponectin concentrations. This might be partly explained by a compensatory adiponectin expression, however
animal and in vitro studies have shown that adiponectin might directly stimulate proinflammatory factor secretion in



various cells, for example fibroblast-like synoviocytes, or neutrophiles of colonic lamina propria T-lymphocytes. Further
studies differentiated the potential effect of different molecular forms of adiponectin in inflammation. Data suggest that,
particularly HMW adiponectin and its globular form, contrary to low molecular weight (LMW) adiponectin, might also
promote inflammation via dose-dependent NF-kB stimulation 12, In the face of multipotential and complex adiponectin
function, in this review we will be analyzing its role in chronic kidney disease and its complications.

| 2. Adiponectin Function

Adiponectin has traditionally been associated with insulin sensitization, reducing liver gluconeogenesis, and increasing
fatty acid oxidation and glucose uptake. In the liver, it inhibits phosphoenolpyruvate carboxykinase and glucose-6-
phosphatase. In skeletal muscle, it promotes beta oxidation and lowers lipid accumulation via activation of 5-AMP-
activated protein kinase (AMPK). This action is mediated by adaptor protein, phosphotyrosine interacting with the PH
domain, and leucine zipper 1 (APPL1). Another key metabolic pathway of adiponectin function is peroxisome proliferator-
activated receptor a (PPAR-a) activation, which also increases fatty acid oxidation in both muscle and liver and increases
glucose uptake in the latter organ. Generally, AdipoR1 activation triggers AMPK, while AdipoR2 activation triggers PPAR-
a. Globular adiponectin has its unique effects on muscle metabolism and proliferation. Animal and cell line studies have
shown an important adiponectin role in muscle differentiation and regeneration, and also as an autocrine/paracrine factor
(L0J16]17] - Additionally, adiponectin exerts an important protective role against ROS, by increasing oxidative stress
detoxifying enzymes in mice skeletal muscles, mainly through the peroxisome proliferator-activated receptor y coactivator-
la (PGC-1a) pathway in mitochondria 28191 |t has been shown that nonalcoholic fatty liver disease, chronic alcoholic
fatty liver diseases, and chronic hepatitis C were associated with reduced serum adiponectin levels, decreased hepatic
adiponectin receptor expression, and impaired hepatic adiponectin signaling 29,

Adiponectin also has a prominent anti-inflammatory function. It inhibits nuclear factor kB (NF-kB) signaling, tumor necrosis
factor (TNF-a) secretion, and expression of adhesion molecules. Furthermore, it increases interleukin 10 (IL-10) and
interleukin 1 receptor 4 (IL-1R4) production and promotes macrophage polarization into the anti-inflammatory M2
phenotype. Research on mice overexpressing adiponectin indicated a lower expression of other proinflammatory
cytokines, including interleukin 12 (IL-12), interleukin 17B (IL-17B), and interleukin 21 (IL-21) in adipocytes and stromal
vascular cells. There was also downregulation of cytokine expression, including intercellular adhesion molecule 1 (ICAM-
1), C-C motif chemokine ligand 5 (CCL5/RANTES), granulocyte colony-stimulating factor (GCSF), granulocyte—
macrophage colony-stimulating factor (GM-CSF), vascular endothelial growth factor receptor-1 (VEGFR-1), and
thrombopoietin (TPO) in those cells 821 Studies have also shown its anti-apoptotic role among various cells.
Adiponectin attenuated oxidative stress caused by diabetes in cultured human umbilical vein endothelial cells through the
cAMP/protein kinase A (PKA) pathway 2. On the other hand, oxidative stress might block adiponectin secretion in
murine adipocytes through PPAR-y inhibition [&. Another important aspect is the ceramidase activity of both AdipoR1 and
AdipoR2 Bl23] Analysis of these two receptors showed that, despite their difference in crystal structure, they are both
capable of breaking down ceramide to sphingosine and free fatty acids [4. After phosphorylation, sphingosine was turned
into sphingosine 1-phosphate (S1P), an intracellular signaling molecule playing an independent part in insulin
sensitization and metabolism in animal studies 4. Serum adiponectin levels are significantly lower in many diseases,
including lipodystrophy, type 2 diabetes (T2D), obesity, metabolic syndrome, and atherosclerosis. Higher than normal
concentrations are observed in type 1 diabetes (T1D), and in diabetic nephropathy . Adiponectin’s antiatherogenic
properties have been proven in many studies. It inhibits smooth muscle cell proliferation, and decreases the expression of
endothelial adhesion molecules, thus mitigating regional inflammation 231, Adiponectin takes part in energy balance
regulation, acting directly in the central nervous system. Animal studies have shown that hexameric and trimeric
adiponectin forms can cross the brain—blood barrier, and that adiponectin receptors, AdipoR1 and AdipoR2, are present in
the hypothalamus. Adiponectin activates AMPK in the hypothalamus and affects local proopiomelanocortin and
neuropeptide Y signaling. Previous animal studies of adiponectin’s role brought conflicting results, showing anorexigenic
or orexigenic effects 28271, Novel studies (28] have suggested that adiponectin action might depend on central nervous
system glucose level. With high glucose concentration, adiponectin increased food intake through inhibition of
proopiomelanocortin signaling. An opposite effect occurred with low glucose. Recent animal studies 2JB% have also
shown adiponectin’s ability to relax gastric muscles, causing gastric distention, which might lead to early satiety and
decrease food intake.



| 3. Adiponectin in Chronic Kidney Disease

In the last two decades, many trials have shown the emerging role of adiponectin in kidney disease. The main cause of
morbidity in this population remains cardiovascular disease (CVD). Other complications include malnutrition,
atherosclerosis, chronic inflammation, and elevated oxidative stress BLUB233I34] pespite a negative metabolic status,
patients with end-stage renal disease (ESRD) have two to three times higher serum adiponectin levels than subjects with
normal kidney function. This is partly due to increased adiponectin secretion from adipose tissue. Serum adiponectin in
patients on either peritoneal dialysis or hemodialysis is approximately three-fold higher than in the general population, and
none of those methods remove adiponectin significantly 22281, Some studies pointed out that factors contributing to lower
adiponectin secretion are oxidative stress and sympathetic nervous activity, which are common in chronic kidney disease
B8] There is also a negative correlation between visceral fat, and adiponectin production and plasma concentration.
Nagakawa et al. 37 also found a negative association between the number of metabolic syndrome components and
plasma adiponectin. Marinez Cantarin et al. (2839 demonstrated increased AdipoR1 expression in the skeletal muscles of
uremic patients, and elevated AdipoR1 mRNA expression in their adipose tissue. Furthermore, there was increased AMPK
phosphorylation in skeletal muscles, but its secondary downstream effects were impaired. Both acetyl-CoA carboxylase
phosphorylation and carnitine palmitoyl transferase-1 concentrations were decreased in skeletal muscles, causing
reduced fatty acid oxidation. Similar negative effects have been observed after incubation of human myocyte cultures in
uremic plasma. In contrast, Sopi¢ et al. 9 suggested a downregulation of AdipoR1 in peripheral blood mononuclear cells
in hemodialysis patients. Although these results are partially conflicting, they all suggest a possible blocking of adiponectin
action in chronic kidney disease (CKD) patients. There is also a significant growth of serum adiponectin levels in diabetic
nephropathy, particularly in patients with A3 albuminuria and advanced stages of diabetic nephropathy. This chiefly
contributes to elevation of the HMW form of adiponectin, whose concentration is inversely associated with estimated
glomerular filtration rate (eGFR). Higher levels of adiponectin are an independent risk factor for severity of diabetic
nephropathy. Animal models have shown a decrease of AdipoR density and function in the kidneys of diabetic rats, but the
results were inconsistent, especially in the case of AdipoR2, and need further elucidation &,

| 9. Summary

The last few years have brought a rising body of evidence that adiponectin is a multipotential protein, with anti-
inflammatory, metabolic, anti-atherogenic, and ROS protective actions. These results, which have been acquired from
numerous studies in predominantly animal or cell lines, have raised hopes for new therapies for medical conditions such
as diabetes, atherosclerosis, or obesity. Similarly, adiponectin has shown many positive and direct actions in kidney
diseases and among many kidney cells. In contrast, data from large cross-sectional and cohort studies showed a positive
correlation between serum adiponectin and mortality in CKD. The nature of this adiponectin paradox is still unclear. Some
authors suggest that increases in adiponectin might strictly be associated with lower renal clearance or might be a
compensating mechanism related to the growing number of insults related to kidney function loss. On the other hand,
some well-constructed studies have shown an independent correlation between adiponectin and mortality. Adiponectin is
also strictly related to PEW, natriuretic peptides, and, in some trials, vascular calcifications, which are all distinct mortality
risk factors for CKD. The causal relationship of adiponectin and these complications is still undetermined (Eigure 1).
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Figure 1. Effects of adiponectin in chronic kidney disease (CKD). Arrows pointing at adiponectin show a role of protein
energy wasting, fluid overload, and natriuretic peptides in increasing serum adiponectin levels as a possible confounding
factor. A number of question marks reflect the uncertain effects or conflicting results of reports.



The multidirectional involvement of adiponectin in the pathogenesis of kidney diseases is associated with a broad
spectrum of challenges. Identifying mechanisms and pathways by which adiponectin is involved in the pathogenesis of
kidney diseases is of particular interest and needs further studies. The search for biomarkers that predispose patients to a
development of kidney diseases, and that may be helpful in monitoring of clinical course and their progression, will be the
focus of research in the coming years. These biomarkers could include new molecules regulating T and B cell activation,
proinflammatory chemokines, cytokines, and growth factors, as well as other proteins involved in immune response and
fibrosis. The challenge is to develop appropriate strategies to investigate the molecular mechanisms involved in the
pathogenesis of kidney diseases. The development of a certain algorithm including the molecular biomarkers could be
helpful in the appropriate diagnosis and monitoring of kidney disease progression. Nevertheless, the search for these
biomarkers will require further research.
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