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Abstract 

Adipose tissue is a complex organ whose functions go beyond being an energy reservoir to sustain proper body energy 
homeostasis. Functioning as an endocrine organ, the adipose tissue has an active role in the body’s metabolic balance regulation 
through several secreted factors generally termed as adipokines. Thus, adipose tissue dysregulation in chronic kidney disease 
(CKD) can have a deep impact in the pathophysiology of diseases associated with metabolic dysregulation including metabolic 
syndrome, insulin resistance (IR), atherosclerosis, and even cachexia. CKD is a progressive disorder linked to increased morbidity 
and mortality. Despite being characterized by renal function loss, CKD is accompanied by metabolic disturbances such as 
dyslipidemia, protein energy wasting, chronic low-grade inflammation, IR, and lipid redistribution. Thus far, the mechanisms by 
which these changes occur and the role of adipose tissue in CKD development and progression are unclear. Further understanding 
of how these factors develop could have implications for the management of CKD by helping identify pharmacological targets to 
improve CKD outcomes.
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1. Introduction
Chronic kidney disease (CKD) is one of the most common 
organ dysfunctions with a rising prevalence in the last decade 
[1,2]. CKD patients suffer from increased atherosclerosis, chronic 
inflammation, malnutrition, insulin resistance (IR), and other 
metabolic derangements that contribute to significant morbidity 
and mortality [3–7].

Renal function impairment leads to the systemic accumulation 
of multiple metabolic waste compounds, commonly desig-
nated as uremic toxins, which have adverse effects on body 
function. These toxins include degradation products of protein 
metabolism (asymmetric dimethylarginine [ADMA], indoxyl 
sulfate [IS], p-cresyl sulfate [PCS], urea), cytokines (tumor 
necrosis factor alpha [TNF-α]), interleukins (interleukin-1 
beta [IL-1β] and interleukin-6 [IL-6]), ions such as hydrogen, 
advanced glycation end products, and other metabolites (atrial 
natriuretic peptide [ANP]) [8,9]. Research using adipocyte cell 
models and kidney disease rodent models showed that these 
compounds have profound consequences in the regulation of 
adipose tissue.

Adipose tissue is in a continuous state of dynamic remodeling 
depending on energy reserves and insulin sensitivity, and plays an 
important role in establishing homeostasis between the energy 
expenditure and inflammation as well as thermogenesis, a pro-
cesses that can be significantly dysregulated in kidney disease. 

Also, adipose tissue produces multiple adipokines involved 
in appetite regulation, inflammation, and glucose metabolism 
and the regulation of these adipokines is significantly altered 
in patients with CKD [10]. The metabolic changes that adipose 
tissue undergoes in kidney disease and the role that the adipose 
tissue plays in the co-morbidities of CKD patients will be exam-
ined in this article.

2. Adipose tissue lipid metabolism in kidney disease
The process of lipolysis results in triglyceride hydrolysis from 
lipid droplets for either energetic or signaling purposes [11]. The 
main enzymes involved in lipolysis include adipose triglycer-
ide lipase (ATGL), the rate-limiting enzyme, which hydrolyzes 
triglycerides into diglycerides; hormone-sensitive lipase (HSL), 
which degrades diglycerides into monoglycerides; and mono-
glyceride lipase, which breaks the last bond, generating the final 
free fatty acids (FFAs) and the glycerol backbone [12]. Efficient 
ATGL enzyme activity requires binding to comparative gene 
identification 58 cofactor (CGI-58), which enhances its hydro-
lase activity [13]. Lipolysis is a tightly regulated process in white 
adipose tissue (WAT), with low rates of triglyceride hydrolysis 
under basal conditions [11]. Dysregulation of the basal lipolytic 
rate is present in several metabolic disorders [14] and is medi-
ated by multiple factors, including endoplasmic reticulum (ER) 
stress, oxidative stress, and inflammation. Similarly, exposure to 
systemic uremic toxins promotes ER stress, oxidative stress, and 
inflammation in adipocytes, which leads to the changes in lipid 
mobilization [15–17].

Advanced CKD patients have smaller adipocyte size in WAT [18] 
and suffer from fat loss, which is associated with higher mortal-
ity risk [19]. Furthermore, serum and plasma metabolic profiling 
of CKD patient cohorts have shown increased lipolysis markers 
and circulating FFAs [20–22]. In end-stage renal disease (ESRD) 
patients on hemodialysis, high circulating FFAs levels are asso-
ciated with increased mortality [23]. In vitro studies have cor-
roborated that adipocyte exposure to serum of CKD patients 
leads to a shift in lipid metabolism, with increased lipolysis and 
lipogenesis inhibition [24] in both human [25] and mouse [24,26] 
adipocytes. Dysregulation of lipid metabolism in adipocytes is 
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also reproduced after exposure to specific uremic toxins such as 
IS and PCS [16,27,28]. Similar to the human observations, animals 
that develop kidney disease develop fat loss and ectopic lipid 
redistribution [29]. Administration of PCS to mice with normal 
kidney function was associated with loss of fat mass and lipid 
deposition in muscle and liver, similarly to mice that develop 
CKD [16].

2.1 CKD-induced ER and oxidative stress dysregulation of 
adipocyte lipolysis

The ER is a key cellular compartment that not only regulates 
membrane and secretory protein folding as well as protein 
post-translational modifications but also contributes to the 
regulation of lipolysis [30]. Accumulation of unfolded proteins 
among other conditions can cause ER stress, leading to lipolysis 
[31,32] and, if unrestrained, ultimately to cell death [30,33]. ER stress 
markers are increased in both ex vivo visceral WAT and primary 
adipocytes from 5/6 nephrectomy or subtotal nephrectomy rats, 
which have enhanced lipolysis due to increased activation of 
both HSL and ATGL. Moreover, 4-phenyl butyric acid, a chem-
ical chaperone that reduces ER stress, alleviates lipolysis in a rat 
model of CKD by preventing ATGL activation by reducing its 
binding to CGI-58 cofactor [17]. Finally, ER stress mediated by 
uremic toxins, such as ADMA, precedes and enhances adipocyte 
lipolysis by decreasing perilipin A [15], a key hormone for HSL 
translocation into the lipid droplet surface [12].

Under physiological conditions, reactive oxygen species (ROS) 
and reactive nitrogen species are produced as a byproduct of 
normal cellular metabolism [34]. ROS are produced by NADPH 
oxidase (NOX) and dual oxidase enzymes in a regulated manner 
[35,36] and low level of ROS have a function in cellular processes 
such as regulation of intracellular signaling pathways [37] includ-
ing adipocyte lipid metabolism [38]. In excess, oxidative stress 
can lead to metabolic dysregulation or oxidation of proteins, 
lipids, and DNA, leading to cellular, tissue, and organ damage 
[34,39]. In fact, CKD patients exhibit high levels of systemic [40–42] 
and tissue-specific oxidative stress, which includes WAT [18]. This 
correlates with the accumulation of uremic toxins [43]. Similarly, 
WAT of CKD animals have high oxidative stress [44], which pro-
motes increased lipolysis as lipolysis can be abrogated by the 
action of the antioxidant N-acetyl cysteine in these models [45]. 
Nonetheless, the mechanisms by which ROS causes adipocyte 
dysfunction in CKD are not well characterized. Uremic toxin 
accumulation, including IS [46], PCS [47], and urea [44], promotes 
ROS production in 3T3-L1 adipocytes. Some of the mechanisms 
involved in the increased cellular oxidative stress that results in 
lipid peroxidation and decreased lipogenesis by uremic toxins 
include upregulation of NOX isoform 4 [48], decreased antioxi-
dant glutathione pools [47], and activation of sodium-potassium 
adenosine triphosphatase [28].

In summary, CKD results in adipocyte ER stress and increased 
WAT oxidative stress and both mechanisms contribute to 
heightened lipolysis, adipose tissue loss, increased FFA circula-
tion, and ectopic lipid redistribution enhancing atherosclerosis 
and mortality in CKD.

3. WAT browning in kidney disease
Progressive adipose tissue loss is a pivotal component of met-
abolic disease-associated cachexia [49]. WAT is specialized in 
lipid storage, and brown adipose tissue plays a role in ther-
mogenesis. Beige adipocytes can also be found in WAT, arising 
through white adipocyte reprogramming by a process desig-
nated browning. Beige adipocytes are characterized by high 

uncoupling protein-1 expression and high mitochondrial activ-
ity [50,51]. Increased browning of WAT could be beneficial in dis-
eases such as obesity, but on the contrary, several recent studies 
have highlighted the detrimental effects of WAT browning in 
hypermetabolic diseases such as cancer and CKD [51,52]. Studies 
in models of CKD have demonstrated that there is increased 
energy expenditure [53], a shift to multilocular fat cells [29] and 
mitochondrial enrichment [54] in WAT, which is consistent with 
increased adipose tissue browning in CKD. However, the mech-
anisms orchestrating WAT browning in CKD remain poorly 
understood. In a murine model of 5/6 or subtotal nephrectomy, 
Kir et al [55] showed that high levels of parathyroid hormone 
induced the expression of the thermogenic genes Ucp1, Dio2, 
Cidea, and Pgc1a. Similarly, high levels of ANP in CKD patients 
can induce browning in primary mouse adipocytes through an 
increase in expression of Ucp1 and Pgc1a [56]. Treatment with 
growth hormone [57], IL-1 receptor blockers such as anakinra 
[58] and Vitamin D supplementation [59] reduce WAT browning 
in CKD models highlighting several potential pathways that 
contribute to this process in CKD and that may be amenable 
to intervention. WAT browning is an underdeveloped area in 
CKD research but it may be an important mechanism of CKD-
associated cachexia, which results in significant morbidity and 
mortality in ESRD patients.

4. Adipose and muscle tissue-mediated IR in kidney 
disease
Enhanced lipolysis in CKD leads to an increased release of 
FFAs [15,25,26], which will be distributed systemically to other 
organs promoting lipotoxicity and IR [60]. Accordingly, CKD 
patients and animal models have IR [44,61,62] with hyperinsu-
linemia [63], which correlates with higher FFA levels and dys-
lipidemia [16,21,64]. Uremic serum promotes human adipocyte 
lipolysis [25], and rodent models with CKD have ectopic lipid 
distribution [29] and suppressed IRS-1-associated phosphoinos-
itide 3-kinase (PI3-K) activity in muscle [65], all processes that 
can result in the development of IR [66]. Furthermore, uremic 
toxins such as PCS can modulate systemic IR by affecting the 
IRS/PI-3/AKT pathway through direct activation of ERK1/2 in 
rodent skeletal muscle [16]. Alternatively, PCS [27] and carbam-
oyl-asparagine [67] can inhibit insulin-induced glucose uptake 
in rodent adipocytes. Furthermore, D’ Apolito et al showed 
that similar to rats with CKD, treatment of 3T3-L1 adipocytes 
with urea induced IR through increased mitochondrial ROS 
levels, leading to upregulation of resistin and retinol-binding 
protein 4, adipokines that result in IR. ROS promotes IRS-1 
modification by O-GlcNAc, which attenuates its activity by 
decreasing tyrosine phosphorylation and consequently impairs 
insulin-stimulated glucose uptake [44] and glucose transporter 
type 4 (GLUT4) trafficking [68]. Increased aldosterone levels in 
CKD patients also promote IR by a different mechanism [69]. 
Hosoya et al [64] demonstrated that high aldosterone in WAT 
leads to mineralocorticoid receptor (MR) activation and con-
sequent ADMA accumulation in adipocytes, which promotes 
oxidative stress. Increased oxidative stress leads to impairment 
of PI3-K activation and consequent insulin-mediated AKT 
phosphorylation, which can be salvaged by spironolactone, a 
MR blocker, in both CKD patients and rodents. Others also 
reported that metabolic acidosis [70] and angiotensin II [68] may 
play a role in the development of IR in CKD. Furthermore, IR 
leads to increased lipolysis, which in turn aggravates IR creat-
ing a vicious circle.

In summary, IR associated with CKD has multiple mechanisms 
affecting adipose and muscle tissue insulin and glucose path-
ways. Further studies are needed to determine their specific 
weights in patients with kidney disease in order to prioritize 
future therapeutic studies.
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5. Kidney disease-induced adipose tissue 
inflammation
Chronic low-grade inflammation is common in patients with 
CKD, evident by their elevated peripheral levels of IL-6, TNF-
α, interferon-gamma, IL-1β, and C-reactive protein (CRP). 
Inflammatory markers are correlated with increased levels of 
uremic toxins such as IS [42,43,71,72]. Similarly, increased inflam-
mation is present in a wide array of CKD rodent models [45,73,74]. 
Inflammation is associated with poor outcomes in patients [75–77] 
and induces other co-morbidities in CKD such as atherosclero-
sis [78,79]. The origins of inflammation in CKD are multifactorial. 
Similar to obesity [80], adipocyte dysregulation in CKD con-
tributes to the increase in circulating inflammatory cytokines 
[81,82]. Increased adipose tissue inflammation in CKD patients is 
independent of obesity status [26,45,83] but at the same time obesi-
ty-associated changes in fat mass in CKD patients also correlate 
with CRP levels and soluble CD163 levels, which is an activated 
macrophage marker [84]. WAT contains not only adipocytes but 
also several other cell types, including immune cells. Although 
adipocytes are responsible for the secretion of several inflamma-
tory cytokines, the non-adipocyte cells are the major contribu-
tors to the inflammatory cytokines attributed to WAT [45,85]. The 
mechanisms driving CKD WAT inflammation are still unknown, 
but progress is being made to understand adipocyte and macro-
phage-derived inflammation.

Inflammatory cytokines are a major driver of adipose tissue 
metabolism and adipocytes themselves are a source of inflam-
matory cytokines [86]. Adipocytes exposed to IS [46,48], PCS [28], 
ADMA [87], and advanced oxidation protein products [88] have 
increased expression and secretion of IL-6 and TNF-α. Similar 
to obesity where oxidative stress is a driver of increased WAT 
inflammation [89], NOX-mediated ROS production [46,88] leads 
to increased adipocyte inflammation through the NF-κB path-
way in kidney disease [15]. Furthermore, adipocytes exposed 
to macrophages that have been previously primed with serum 
from patients with CKD have increased inflammatory cytokine 
production, highlighting the close communication between adi-
pocytes and stromal cells in CKD [26]. Adipocyte production of 
inflammatory cytokines can in turn lead to IR [88] and promote 
lipolysis [15] via IL-6 [90] and TNF-α [87] within the adipose tissue 
as an autocrine effect.

Adipose tissue macrophages (ATMs) are another key player 
in metabolic disorders [91]. Macrophage infiltration of adipose 
tissue is well described in obesity [92]. Macrophages in adipose 
tissue are derived from migration of monocytes into WAT [92], 
self-renewal from tissue resident population [93], or chemokine 
ligand 2 (CCL2)-driven proliferation of resident macrophages 
[94]. Recently, macrophage infiltration has been reported in both 
patient and animal models of CKD [18,45,48] being independent 
of body mass index (BMI) [26,83]. WAT of CKD patients produce 
CCL2 [45,48], mainly by adipocytes [45], which leads to macro-
phage infiltration. Mechanisms involved in adipose tissue CCL2 
production include NOX-mediated oxidative stress resulting 
from uremic toxin accumulation [15,28,48] and IL-6 [26].

Macrophages that migrated to obese WAT acquire a pro-inflam-
matory phenotype [95], and recent evidence suggests that CKD 
promotes macrophage activation [26,45]. The mechanisms of ATM 
activation in CKD are still poorly understood. Uremic serum 
exposure or uremic toxin accumulation in in vitro macrophage 
cell models promotes a pro-inflammatory phenotype in a pro-
cess mediated by both oxidative stress and NF-κB [26,96–98]. Also, 
metabolite exposure, such as fatty acid palmitate, can lead to 
what is now termed macrophage metabolic activation, which 
results in an inflammatory phenotype similar to macrophage 
classical activation [99]. Accordingly, macrophage/monocyte 

cell lines treated with serum of CKD patients have increased 
expression of the metabolic activation markers CD36, PLIN2, 
and ABCA1 and they also produce higher levels of inflamma-
tory cytokines and CCL2 compared with exposure to serum 
from control patients [26]. Furthermore, CKD potentiates a more 
robust inflammatory response to palmitate in peritoneal macro-
phages from 5/6 or subtotal nephrectomy rats than from con-
trols [45].

In sum, adipocytes and macrophages within WAT are sources of 
inflammatory cytokines independent of adipose tissue mass and 
they show an inter-relationship. Studies on pro-inflammatory 
activation of macrophages by metabolic products have been 
previously described but understudied in CKD and this area 
of research may identify one of the key sites of the heightened 
inflammatory state of CKD patients.

6. Adipokine dysregulation in CKD
WAT produce a variety of hormones and cytokines termed adi-
pokines. A summary of adipokines dysregulated in uremia is 
shown in Table 1. We will review with some detail adipokines 
that have been more widely studied below.

6.1 Adiponectin

Adiponectin is a 30 kDa adipokine that belongs to the fam-
ily of C1q/TNF-related proteins. It is considered an anti-in-
flammatory, anti-diabetic, and anti-atherogenic cytokine and 
is found in relatively high plasma levels (2–20 µg/mL). Serum 
adiponectin levels decrease with increase in fat mass and in IR 
[117]. Adiponectin circulates in three different isoforms including 
low-molecular weight trimers, medium-molecular weight hex-
amer, high-molecular weight oligomers and a globular monomer 
[117]. Adiponectin binds to three different adiponectin receptors 
(AdipoR1, R2, and T-cadherin). AdipoR1 and AdipoR2 are 
G-protein coupled receptors that are expressed ubiquitously 
[118,119]. AdipoR1 receptor activates the adenosine monophos-
phate-activated protein kinase (AMPK) signaling pathway pref-
erentially in muscle and results in glucose uptake via GLUT4. 
AdipoR2 activates peroxisome proliferator-activated recep-
tor-alpha signaling predominantly in the liver promoting fatty 
acid oxidation and energy expenditure reducing oxidative stress 
and inflammation [118,120]. Together AdipoR1 and Adipo R2 
stimulate glucose transport and fatty acid oxidation resulting in 
decreased triglyceride content and increase in insulin sensitivity. 
Given its size and molecular weight, adiponectin multimers are 
not excreted by the kidney, but adiponectin monomers and the 
degradation products can be excreted in urine [121].

Adiponectin is minimally excreted in the kidneys in the absence 
of kidney disease [121]. CKD patients have elevated levels of 
serum adiponectin and their levels correlate with progression of 
kidney damage [100]. Moreover, serum adiponectin levels are ele-
vated in patients with albuminuria and correlate positively with 
the degree of urine albumin/creatinine ratio [102]. Patients with 
albuminuria due to IgA nephropathy and diabetic nephropa-
thy demonstrated increased urinary excretion of adiponectin, 
suggesting also an enhanced filtration of circulating adiponectin 
with albumin [121]. ESRD patients are found to have the high-
est levels of serum adiponectin and their levels do not differ 
between patients on hemodialysis or peritoneal dialysis [101,103]. 
ESRD patients have increased production of adiponectin in 
subcutaneous and visceral adipose tissue with upregulation of 
adiponectin mRNA levels [71]. In addition to elevated adiponec-
tin levels, adiponectin receptor is also upregulated in muscle, 
adipose tissue, and peripheral blood mononuclear cells in ESRD 
patients. Despite increased adiponectin and adiponectin recep-
tor in CKD, our laboratory has demonstrated adiponectin post 
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receptor resistance in muscle tissue of kidney disease patients 
with decreased levels of pACC and CPT-1 levels despite higher 
AdipoR1 and pAMPK expression [104]. Adiponectin resistance in 
skeletal muscle could contribute to the state of IR in patients 
with CKD. Although there has been evidence of adiponectin 
resistance in CKD, the etiology for this post receptor resistance 
and its effects on metabolism remain unknown.

6.2 Leptin

Leptin is a satiety hormone produced by adipocytes that acts 
on various central and peripheral receptors to regulate appetite. 
It is responsible for the development of a feeding pattern in an 
individual. Leptin level is directly associated with body fat mass 
and communicates the state of energy levels to the brain to regu-
late appetite and body mass. Leptin levels are not only naturally 
elevated in obesity but also genetic ablation of leptin gene can 
induce obesity [122].

Leptin acts on the hypothalamic melanocortin system by 
decreasing the expression of neuropeptide Y (NPY), an appetite 
stimulator, and increasing the levels of anorexigenic neuropep-
tides such as proopiomelanocortin (POMC) [123]. Activation of 
POMC neurons release alpha-melanocyte-stimulating hormone 
(α-MSH) that activates the type 4 melanocortin receptor-4 
(MC4R), leading to suppressed appetite and increased energy 
expenditure [105,124,125].

There are several isoforms of leptin receptors (OBR a–e). 
OBRb is expressed in hypothalamus and regulates appetite 
and satiety. OBRe is a circulating soluble leptin-binding recep-
tor (sOBR) without membrane anchor function that can be 
measured in blood as an indicator of leptin activity. OBRe 
competitively binds leptin making it unavailable for biological 
activity. Therefore, elevated sOBR/serum leptin (SL) ratio is 
an indicator of leptin resistance, which can be seen in obesity 
[109].

CKD patients have elevated leptin levels after adjusting for their 
BMI [105–108] and dialysis patients demonstrate about four-fold 
rise in the leptin levels [108]. Leptin is produced by adipocytes 
and is filtered in the glomeruli. After filtration, leptin is further 

degraded by megalin in the renal tubules before its excretion in 
the urine [126]. Therefore, urine contains negligible quantity of 
leptin. The origin of hyperleptinemia in CKD patients is most 
likely multifactorial and not only involves impaired renal elimi-
nation but also increased production by adipocytes [127]. Despite 
a study showing downregulation of lep gene in the adipocytes 
of patients with CKD, in vitro studies have demonstrated that 
adipocytes exposed to uremic serum and inflammatory markers 
such as TNF-α and IL-6 have increased synthesis and secretion 
of leptin [105]. Due to its role in appetite regulation and as energy 
expenditure, leptin plays a role in protein energy wasting (PEW) 
in CKD patients and this will be discussed in the next section. 
Additionally, in vitro studies have shown that hyperleptinemia 
alters neutrophil function in dialysis patients with decreased 
oxidative burst and reduced chemotaxis increasing infection 
risk [112].

6.3 Adipokines and PEW in CKD patients

PEW is a common complication of CKD with a prevalence 
of 30%–60% in patients with ESRD and is associated with 
increased mortality. PEW is also termed as uremic cachexia 
and its pathophysiology is similar to that of HIV and can-
cer. PEW manifests as anorexia, increased energy expenditure, 
and enhanced lipolysis [116]. Dysregulation of the hypotha-
lamic melanocortin system (the appetite center) by various 
adipokines and cytokines including leptin plays the key role 
in PEW [116].

Despite the rise in leptin levels seen in CKD patients, sOBR lev-
els remain normal [109], resulting in a low sOBR/SL ratio. Low 
sOBR/SL ratio will increase free leptin circulation causing appe-
tite suppression and energy expenditure. Moreover, because 
CKD patients with elevated IL-6 had a significantly lower 
sOBR/SL ratio, this could reflect another mechanism by which 
inflammation via leptin worsens PEW in CKD [109].

Agouti-related peptide (AgRP) is also an appetite stimulator [123] 
and activation of NPY/AgRP by ghrelin results in suppression 
of melanocortin producing neurons to stimulate eating [116]. 
Other adipokines including leptin, adiponectin and resistin, and 
cytokines such as IL-1β, IL-6, and TNF-α suppress the NPY/

Table 1.

Summary of the main adipokines dysregulated in CKD.

Adipokine Effects in renal disease 

Adiponectin •-Increased circulating adiponectin levels [100–103]

•-Increased adiponectin production from adipose tissue [71]

•-Increased adiponectin receptor (R1) expression [104]

•-Increased adiponectin resistance at a post receptor level [104]

Leptin •-Rise in circulating leptin levels [105–108] and decrease in sOBR/SL leading to appetite suppression, increased energy expenditure [109]

•-Increased inflammation [110,111]

•-Decreased neutrophil function [112]

Ghrelin
(acyl, des-acyl, and obestatin)

•-Increased circulating levels of anorexigenic forms [113–115]

Resistin •-Increased level of circulating resistin leading to increased inflammatory markers such as TNF-α and CRP [44]

RBP4 •-Promotes IR in adipocytes [44]

Pro-inflammatory cytokines
(Il-1; IL-6; TNF-α)

•-Increased circulating levels in CKD contributing to:
  ■-Low-grade chronic inflammation [81,82]

  ■-Increased adipocyte lipolysis [15,87,90]

  ■-IR [88]

  ■-Anorexia and PEW [116]

•-Associated with worse patient outcomes [75,77]

CCL2 •-Promotes macrophage infiltration in WAT [45,48]

CCL2, chemokine ligand 2; CKD, chronic kidney disease; CRP, C-reactive protein; IL-6, interleukin-6; IR, insulin resistance; PEW, protein energy wasting; RBP4, retinol binding protein 4; SL, serum leptin; 
sOBR, soluble leptin-binding receptor; TNF-α, tumor necrosis factor alpha; WAT, white adipose tissue.
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AgRP and activates the POMC/α-MSH resulting in anorexia 
and increased energy expenditure [105,116]. Animal models have 
demonstrated leptin-mediated uremic cachexia and reversal 
of symptoms by intrathecal injection of AgRP [128,129]. A simi-
lar study in cancer cachexia animal models has demonstrated 
reversal of cachexia with a peripherally administered MC4-R 
antagonist [130]. These studies highlight potential new avenues 
for therapeutics involving adipose tissue-regulated appetite 
modulators.

7. Adipose tissue dysfunction and CKD progression
Altered WAT metabolism and function are direct consequences 
of kidney disease. Furthermore, WAT dysfunction due to met-
abolic disorders has a role in CKD development, progression, 
and co-morbidities. Specifically, the role of obesity-related adi-
pose tissue dysfunction in the promotion and maintenance of 
kidney disease has been extensively reviewed and is outside of 
the scope of this mini-review [131–133]. Adipose tissue dysfunction 
in advanced kidney disease and obesity share similarities as 
most of the key cytokines, metabolites, and hormones that are 

dysregulated in uremia have been demonstrated to cause kid-
ney injury in obesity models as well. For instance, altered lipid 
metabolism and ectopic lipid accumulation in obesity affect 
renal tubular cells leading to proximal tubule injury [134,135]. 
Also, obesity-driven adipose tissue inflammation contributes to 
systemic chronic inflammation and induces abnormal kidney 
function [136]. Finally, adipokine dysregulation in obesity such 
as hyperleptinemia [137–139] and hypo-adiponectinemia [140,141] 
promote CKD by increasing kidney fibrosis and inflammation. 
Hence, it is likely that the adipose tissue dysfunction in uremia 
promotes progression of CKD in a feed forward loop. Despite 
the clear evidence of bidirectional crosstalk between WAT and 
the kidney, there are significant gaps in the understanding of 
how adipose tissue heightens kidney disease progression out-
side of the context of excess adiposity and will require further 
research.

8. Conclusion/future perspectives
WAT involvement in metabolic disorders such as obesity and 
diabetes is a highly researched topic but studies on the mech-
anisms by which CKD disrupt WAT function are still scarce. 

Figure 1.  Mechanisms of adipose tissue dysfunction in CKD. Kidney disease results in the accumulation of different metabolic waste products or uremic 
toxins. These uremic toxins can affect both adipocytes and macrophages and promote adipose tissue dysfunction. In macrophages in adipose tissue, uremic 
toxins promote excess ROS leading to an inflammatory phenotype. Also, exposure to uremic toxins in adipocytes results in ER stress as well as ROS, which 
facilitate lipolysis, browning and adipokine dysregulation leading to insulin resistance and inflammation. There is crosstalk between adipocytes and macro-
phages with adipocyte cytokines facilitating macrophage recruitment to adipose tissue and FFA from lipolysis promoting macrophage metabolic activation with 
increased inflammatory cytokine production. In addition, macrophages exposed to uremic serum promote inflammatory adipokine production. In sum, adipose 
tissue metabolic dysregulation in CKD results in increased inflammatory cytokine production, dyslipemia, and insulin resistance, which promote atherosclerosis, 
as well as increased thermogenesis and adipocyte catabolism, which are both associated with cachexia. CKD, chronic kidney disease; ER, endoplasmic retic-
ulum; FFA, free fatty acids; ROS, reactive oxygen species.
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Adipose tissue metabolism is significantly altered by kidney 
disease and multiple mechanisms are involved (Figure 1). Some 
of these mechanisms share similarities with obesity and diabe-
tes, although there are unique features of CKD as well. Adipose 
tissue dysregulation contributes to many of the detrimental 
effects of CKD including inflammation, atherosclerosis, IR, and 
cachexia. In depth research is needed to understand drivers of 
adipose tissue dysfunction in CKD and should include studies 
on the microenvironment of WAT and its impact on inflamma-
tion, adipokine, and adipose tissue thermogenesis contribution 
to energy wasting and cachexia as well as adipose tissue catabo-
lism and its role in IR and atherosclerosis. Mechanistic research 
on the effects of CKD on WAT could reveal new biomarkers 
and targets for pharmacologic interventions, which could have 
clinical practice implications in the treatment of CKD and its 
related co-morbidities.
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