
 International Journal of 

Molecular Sciences

Review

Maintenance of Kidney Metabolic Homeostasis by
PPAR Gamma

Patricia Corrales 1, Adriana Izquierdo-Lahuerta 1 and Gema Medina-Gómez 1,2,* ID

1 Área de Bioquímica y Biología Molecular, Departamento de Ciencias Básicas de la Salud,
Facultad de Ciencias de la Salud, Universidad Rey Juan Carlos. Avda. de Atenas s/n. Alcorcón,
28922 Madrid, Spain; patricia.corrales@urjc.es (P.C.); adriana.zquierdo@urjc.es (A.I.-L.)

2 MEMORISM Research Unit of University Rey Juan Carlos-Institute of Biomedical Research
“Alberto Sols” (CSIC), 28029 Madrid, Spain

* Correspondence: gema.medina@urjc.es; Tel.: +34-914-888-632

Received: 29 June 2018; Accepted: 11 July 2018; Published: 16 July 2018
����������
�������

Abstract: Peroxisome proliferator-activated receptors (PPARs) are a family of nuclear hormone
receptors that control the transcription of specific genes by binding to regulatory DNA sequences.
Among the three subtypes of PPARs, PPARγ modulates a broad range of physiopathological
processes, including lipid metabolism, insulin sensitization, cellular differentiation, and cancer.
Although predominantly expressed in adipose tissue, PPARγ expression is also found in different
regions of the kidney and, upon activation, can redirect metabolism. Recent studies have highlighted
important roles for PPARγ in kidney metabolism, such as lipid and glucose metabolism and
renal mineral control. PPARγ is also implicated in the renin-angiotensin-aldosterone system and,
consequently, in the control of systemic blood pressure. Accordingly, synthetic agonists of PPARγ
have reno-protective effects both in diabetic and nondiabetic patients. This review focuses on the role
of PPARγ in renal metabolism as a likely key factor in the maintenance of systemic homeostasis.
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1. Introduction

The peroxisome proliferator-activated receptors (PPARs) are ligand-activated nuclear hormone
receptors that participate in the transactivation or transrepression of networks of target genes,
resulting in complex biological effects. PPARs are class 2 receptors that, upon ligand binding,
heterodimerize with retinoid X receptors (RXRs) and translocate to the nucleus, whereupon the
PPAR:RXR heterodimer binds to the PPAR response element (PPRE) generally in the promoter region
of target genes, to control their expression [1,2]. The affinity of PPARs for ligands, and hence their
transcriptional response, is determined by the conformational changes induced by ligand binding
within a complex pocket with multiple interaction points [3].

There are three known subtypes of PPARs that have distinct physiological roles in energy
metabolism in different tissues: PPARα, PPARδ, and PPARγ. Overall, PPARs function as lipid
sensors to govern metabolic homeostasis through binding to dietary metabolites: PPARα regulates
catabolism, mainly in the liver and the heart, PPARγ regulates anabolism in adipose tissue, and PPARδ
is involved in fatty acid transport and oxidation in skeletal muscle. PPARs not only serve critical roles
in the control of lipid metabolism, but they are also implicated in the regulation of vascular diseases,
cellular differentiation, insulin sensitization, and cancer [4]. In the kidney, PPARα plays an important
role in the metabolic control of renal energy homeostasis and is expressed in the proximal tubules and
medullary thick ascending limb, with lower expression in glomerular mesangial cells [5]). Likewise,
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kidney PPARδ has a role in renal metabolic adaptation to fasting and refeeding [6], and is expressed in
the renal cortex and medulla [7].

In humans, the PPARγ gene is located on chromosome 3 (3p25.2) and contains nine exons spanning
more than 100 kb [8]. Four PPARγ splice variants(γ1, γ2, γ3, and γ4), generated by alternative splicing
and differential promoter usage, are found in human [9]; however, only two protein isoforms (γ1 and
γ2) are encoded [10]. PPARγ is also present in other animals (rodents, chicken, lizard, Xenopus,
and Zebrafish) [11,12], although, they do not appear to display significant functional differences.
Mutations in PPARγ lead to dysfunctional lipid and glucose homeostasis and have been directly
related to type 2 diabetes mellitus and obesity [13], familial partial lipodystrophy type 3 (FPLD3) [14],
and also cancer [15,16].

PPARγ is expressed predominantly in the adipose tissue where, together with the coexpression of
C/EBP alpha and other proteins involved in lipid and glucose metabolism, serves as a key regulator both
of adipocyte differentiation and triglyceride energy stores, and has pleiotropic vascular effects that are
independent of its glucose blood-lowering effect, protecting against the progression of hypertension
and atherosclerosis [17,18]. Specifically, PPARγ1 is expressed in many tissues and cell types, including
white and brown adipose tissue, skeletal muscle, liver, pancreatic β-cells, macrophages, colon, bone,
and placenta. By contrast, PPARγ2 has a more restricted pattern of expression with significant
amounts found only in white and brown adipose tissue under physiological conditions, although it is
induced in liver and skeletal muscle in response to overnutrition or genetic obesity. PPARγ3 mRNA
expression appears to be limited to human white adipocytes, but it is also found in a variety of cell lines
with different origins, including liver hepatocellular cells (HepG2), human intestinal cells (Caco-2),
and cervical cancer (HeLa) cells. PPARγ4 is expressed in human adipose tissue [19] and mutations in
his promotor are associated to FPLD, familial partial lipodystrophy [20].

At the protein level, PPARγ is subject to several post-translational modifications,
including glycosylation and phosphorylation, which function to modify its activity [21]. For example,
O-GlcNAcylation at Thr-84 has been found to reduce PPARγ transcriptional activity in adipocytes
cultured in vitro. Moreover, PPARγ2 is phosphorylated at Ser-112 by MAPK in response to different
mitogenic growth factors that inhibit fat cell differentiation. The cdk5-dependent phosphorylation
of PPARγ at Ser-273 occurs in inflamed obese white adipose tissue and decreases PPARγ activity.
By contrast, PKA phosphorylation has been reported to positively affect the activity of PPARγ [22].
Furthermore, CK-II-dependent PPARγ1 phosphorylation at Ser-16 and Ser-21 is necessary for its
nuclear translocation [23,24]. Overall, these events illustrate the complex regulation of this nuclear
receptor. Interestingly, PPARγ expression can be inhibited by miRNAs in specific settings [25],
constituting another layer of regulation.

In kidney, PPARγ is expressed in different regions of the renal collecting system under
physiological conditions, including connective renal tubules and collecting ducts [26] (Figure 1).
PPARγ is also abundant in the inner renal medulla and is localized to the epithelial layer, from the
medullary collecting ducts to the urothelium of the ureter and the bladder. It is additionally expressed
in renal medullary interstitial cells and in the juxtaglomerular apparatus and the glomeruli, including
podocytes, mesangial cells, and renal microvascular endothelial cells [27]. Given that multiple renal
cell types have endogenous PPARγ expression and activity, its activation in kidney may be critical for
governing renal function. Indeed, as we describe later, synthetic PPARγ ligand agonists have been
shown to have reno-protective effects both in diabetic and nondiabetic patients [28].

In this review, we focus on several key observations that illustrate the central role of PPARγ in
renal metabolism and maintenance of systemic homeostasis. We will examine the involvement of
PPARγ in renal lipid, glucose, and mineral metabolism, and also blood pressure control. Against this
background, we will also address the potential use of PPARγ agonists in the clinical setting as
therapeutic agents for renal pathologies.
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Figure 1. PPARγ expression in the kidney and implications for metabolism. PPARγ is expressed
in different areas of kidney including the cortex and the medulla, which have different metabolic
specializations. Glucose metabolism (blue); Lipid metabolism (purple); Mineral metabolism (green);
Blood pressure control (red).

2. PPARγ in Renal Lipid Metabolism

Human kidney contains about 3% fat, although this varies greatly among individuals. Much of this
(~50%) is in the form of phospholipids that form cell membranes, 15% is in the form of triglycerides, and
around 0.3% is nonesterified (free) fatty acids (FFAs) [29]. Under physiological conditions, the kidney
can metabolize a variety of substrates, including FFAs, lactate, glutamine, 3-hydroxybutyrate, citrate,
pyruvate, α-ketoglutarate, glycerol, proline, and other amino acids. Proximal tubule reabsorption is
responsible for about 70% of these substrates, the metabolic fate of which depends on the extracellular
medium, hormonal influences, and metabolic conditions (acid-base). Once reabsorbed, FFAs are
metabolized within mitochondria of proximal tubule cells by β-oxidation (as their glycolytic capacity is
poor), constituting the largest source of Adenosine triphosphate (ATP). An increase in the availability
of intracellular fatty acids for mitochondria results in competition with other oxidizable substrates,
triggering a decrease in the use of glutamine, with the consequent reduction in ammoniagenesis [30].

Moorhead et al. in 1982 were the first to establish a link between alterations in lipid metabolism
and kidney disease [31]. Mutations in enzymes responsible for lipid metabolism or an increase in
serum lipids promotes a decline in renal function [32]. Accordingly, mice deficient for PPARγ present
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alterations in renal lipid metabolism, and the extent of renal damage induced by a high-fat diet is
lower in PPARγ heterozygous knockout mice than in wild-type mice concomitant with a decrease
in lipid accumulation and lipogenesis and an attenuation of lipid-mediated kidney damage [33].
We recently demonstrated that accelerated kidney damage manifests in the POKO mouse—A model of
the metabolic syndrome generated by ablation of the PPARγ2 isoform in a leptin-deficient obese (ob/ob)
background [34,35]. Despite having similar body weight and blood pressure to ob/ob littermates at
an early age, POKO mice present renal hypertrophy and dyslipidemia, and with alterations in some
proliferation markers. Moreover, they develop incipient insulin resistance associated with a decrease
in the expression of renal adiponectin. POKO mice also exhibit faster progression of kidney disease
compared with ob/ob mice, accompanied by an increase in the expression of transforming growth
factor beta (TGFβ) and also inflammatory and profibrotic markers in glomeruli, which associates with
lipotoxicity and insulin resistance. This model has confirmed the key role of PPARγ2 in regulating
renal lipid metabolism and insulin sensitivity, which is closely associated with glomerular filtration
rate and albuminuria [34]. Furthermore, we showed that podocytes treated with saturated palmitic
acid present a tendency for decreased PPARγ1 expression that correlates with a proinflammatory
and proapoptotic state, and with changes in the gene expression of enzymes involved in fatty acid
synthesis including a decrease in acyl-CoA carboxylase and fatty acid synthase [36].

In addition to lipid metabolism, PPARγ is involved in adipokine expression from adipose tissue,
including adiponectin [37], a circulating plasma protein produced by white adipose tissue that
negatively correlates with obesity. Adiponectin stimulates fatty acid oxidation, suppresses hepatic
gluconeogenesis, increases insulin sensitivity, and acts to counter the effects of tumor necrosis factor,
an inflammatory cytokine [38]. Especially relevant to kidney function, low levels of adiponectin
correlate with albuminuria both in mice and humans, and adiponectin is postulated as a renoprotective
protein after podocyte injury [39].

Heterozygous mutations in PPARγ cause FPLD3 (OMIM 604367), clinically characterized by loss
of subcutaneous limb and gluteal fat with preservation of visceral and subcutaneous abdominal fat,
fatty infiltration of the liver, and hyperuricemia [14]. All patients develop type II diabetes mellitus and
hypertension at an unusually early age. Interestingly, a single case study showed that the adipokine
leptin was effective in treating metabolic complications in a patient with FPLD3 [40]. It is known that
the kidney expresses a leptin receptor, and that leptin is cleared from the bloodstream principally by
the kidney [41].

Systemic lupus erythematosus is an autoimmune connective tissue disease marked by immune
complex-mediated lesions in small blood vessels of different organs, particularly the kidneys.
Mice lacking macrophage-specific expression of PPARγ or RXRα develop glomerulonephritis and
autoantibodies to nuclear antigens, resembling the nephritis seen in systemic lupus erythematosus [42].
Moreover, these mice exhibit tubule-interstitial lipid deposition that leads to lipid-mediated tissue
damage in all areas of the nephron [43].

Overall, these findings illustrate the crucial role of PPARγ as a master regulator of systemic lipid
metabolism in the kidney.

3. PPARγ in Renal Glucose Metabolism

The kidney contributes to glucose homeostasis not only through the processes of utilization
(i.e., glucose filtration, reabsorption, and consumption), but it is also increasingly recognized as having
a significant role in gluconeogenesis (~20% of all glucose production), and uniquely contributes to
plasma glucose regulation by controlling glucose reabsorption from renal tubules following glomerular
filtration [44]. Whereas the poorly vascularized, and consequently relatively hypoxic, medulla is a
site of considerable glycolysis, the cortex is the renal site of gluconeogenesis. Moreover, the proximal
tubule is the only region of the kidney with the appropriate enzymes necessary for gluconeogenesis.

Blood glucose is freely filtered at the glomerulus and is then reabsorbed predominantly in the
proximal tubule. This process is performed by two sodium-dependent glucose cotransporter (SGLT)
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proteins situated in different segments of epithelial cells of the proximal tubule (SGLT2 in the S1
segment and SGLT1 in the S3 segment). Once glucose has been concentrated in the epithelial cells,
it diffuses out to the interstitium via specific facilitative glucose transporters (GLUTs) localized at the
basolateral membrane [44]. Hyperglycemic conditions lead to a dysfunction of SGLT-mediated glucose
transport in proximal tubular cells and promote epithelial–mesenchymal transition (EMT), leading to
renal fibrosis. PPARγ agonists have been shown to reverse this hyperglycemia-induced EMT and to
restore functional SGLT-mediated glucose uptake [45]. Moreover, PPARγ agonists have significant
renoprotective properties in experimental models of nephropathy. Correspondingly, thiazolidinedione
compounds (TZDs), a class of insulin-sensitizing drug used in the treatment of type 2 diabetes, and a
synthetic PPARγ ligand improve glucose tolerance, which may indirectly ameliorate the progression of
chronic kidney disease (CKD). Importantly, it has been suggested that the hypoglycemic action of TZDs
relates to the inhibition of gluconeogenesis that is confined to proximal tubule cells, with minimal
hepatic consequences [44,46]. For instance, administration of the TZD rosiglitazone to rabbit renal
tubules resulted in a ~70% decrease in the rate of gluconeogenesis, accompanied by a ~75% decrease in
alanine utilization, and a ~35% increase in lactate synthesis [46]. PPARγ agonists have also been tested
in humans, and seem to improve glucose tolerance and reduce the urinary albumin excretion rate,
thus indirectly delaying renal disease progression. Unfortunately, two PPARγ agonists, rosiglitazone
and pioglitazone, had to be withdrawn from the US and European markets because of cardiovascular
disease and bladder cancer as associated side effects [21,47]. Thus, more efforts should be made to
discover new PPARγ agonists with beneficial effects on CKD.

A recent review has addressed the association of metabolic traits, specifically glucose metabolism,
with PPARγ genetic polymorphisms in humans [48], the most common of which leads to the
replacement of alanine for proline at codon 12 (Pro12Ala) in PPARγ2. This polymorphism is
associated with a risk of diabetic nephropathy in Caucasians, but no similar association is
observed in Asians. Additionally, the Ala-12 polymorphism is associated with a decreased risk of
albuminuria [49]. Also, whereas heterozygosity for the frameshift/premature stop codon mutation
[A553∆AAAiT]fs.185[stop186] in the DNA-binding domain of PPARγ is not associated with insulin
resistance, individuals doubly heterozygous, with an additional defect in an unrelated gene encoding
the muscle-specific regulatory subunit of protein phosphatase 1 (PPP1R3A), exhibit severe insulin
resistance [50]. Along this line, Dyment et al. described a woman with biallelic mutations in PPARγ
who presented with congenital generalized lipodystrophy, hypertriglyceridemia, hepatosplenomegaly,
insulin resistance, and renal failure since birth [51].

The discovery of PPARγ as a target for TZDs prompted the screening of a cohort of subjects
with severe insulin resistance for mutations in PPARγ. Through this analysis, two new heterozygous
mutations in PPARγ, Pro467Leu, and Val290Met, were identified in three subjects [14]. In addition
to severe insulin resistance, all three patients developed liver steatosis, type 2 diabetes, and also
hypertension at a very early age [52]. Similarly, rare mutations in the ligand-binding domain
of PPARγ (Arg425Cys and Phe388Leu) have been found in patients with insulin resistance [53].
Moreover, the novel PPARγ mutations Arg165Thr and Leu339X, which are linked to familial partial
lipodystrophies, are associated with a defective transrepression of RAS, leading to cellular dysfunction
and contributing to the specific FPLD3-linked severe hypertension [54]. In addition to these findings,
other mutations such as Pro115Glu have been identified in nonlipodystrophic subjects, ascertained
based upon obesity and diabetes [13].

4. PPARγ in Renal Mineral Metabolism

Chronic kidney disease is directly related to the development of abnormalities in bone mineral
metabolism. The kidney is known to regulate the levels of vitamin D3 by producing its most active
form, 1,25 dihydroxyvitamin D3 (calcitriol), which participates in calcium and phosphate metabolism.
The key players in this hormonal bone-parathyroid-kidney axis include fibroblast growth factor 23
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(FGF23), Klotho, parathyroid hormone (PTH), and calcitriol, and recent work has also implicated the
involvement of PPARγ [55].

Osteoblasts and adipocytes share a common multipotent mesenchymal stem cell progenitor.
Akune et al. [56] showed that homozygous PPARγ-deficient embryonic stem cells failed to differentiate
into adipocytes, but spontaneously differentiated into osteoblasts. They further showed that
adipogenesis was restored by reintroduction of the PPARγ, indicating that PPARγ insufficiency
stimulates osteoblastogenesis in vivo. The canonical Wnt/β-catenin-PPARγ system determines the
molecular switch between osteoblastogenesis and adipogenesis [57]. Activation of this pathway leads
to osteogenesis, not adipogenesis, and its inhibition leads to an increase in transcription of PPARγ.
The osteogenic pathway is linked to the stimulation of Wnt signaling, leading to the final transcriptional
activation of early osteogenic markers such as runt-related transcription factor 2 (RUNX-2) and alkaline
phosphatase (ALP), which is mediated by β-catenin. Conversely, the adipogenic pathway involves
inhibition of the Wnt pathway leading to ubiquitination/degradation of β-catenin, which results in
the transcription of PPARγ, a pivotal initiator of adipogenesis [58].

It has been recently shown that the murine klotho gene is a target of PPARγ [59]. Klotho was
initially discovered as an antiaging gene and encodes a single-pass transmembrane protein that forms
a complex with the FGF receptor (FGFR) to create a de novo high-affinity binding site for FGF23.
In addition to membrane-anchored Klotho, a secreted form of the protein is directly released into the
extracellular compartment and is present in body fluids [55]. Klotho is expressed in multiple tissues but
is particularly high in the kidney in distal convoluted tubules, proximal convoluted tubules, and also
in inner medullary collecting duct-derived cell lines. Recently, two Klotho-related genes were identified
based on sequence similarity, βKlotho and γKlotho. The originally described Klotho is now referred to as
αKlotho to distinguish it from the β and γ forms. βKlotho is expressed in various tissues, most notably
in the liver and white adipose tissue, whereas γKlotho is expressed in the eye [60].

Klotho is involved in the regulation of calcitriol production and modulates urinary phosphate,
calcium and potassium excretion, and is downregulated in conditions related to kidney injury [61].
Consistent with its activation by PPARγ, oral administration of the PPARγ agonist troglitazone
augmented renal klotho mRNA expression in Otsuka Long–Evans Tokushima Fatty rats and protected
against the endothelial dysfunction induced in this model of atherogenesis [62]. Unfortunately,
TZD treatment is associated with an increased risk of hip fractures and is linked to the formation of
excessive calcium phosphate precipitates in the urinary bladder [63,64]. Likely, this effect is caused by
excess PPARγ activity, which increases adipogenesis and downregulates the β-catenin pathway and
osteoblastogenesis. Overall, these data point to PPARγ as an important player in maintaining mineral
metabolism, both at the renal and the systemic level.

5. PPARγ in Systemic Blood Pressure Control

In line with a major role in the regulation of vascular tone and blood pressure, mutations in
PPARγ induce severe hypertension and type 2 diabetes. Mice with mutations in PPARγ in smooth
muscle present vascular dysfunction and severe systolic hypertension [65]. Cells of the juxtaglomerular
apparatus express PPARγ (Figure 1) and produce renin, a protease that cleaves angiotensinogen
to generate angiotensin I. Renin is a key component of the renin-angiotensin-aldosterone system
(RAAS) that mediates extracellular volume. The human renin gene is activated by endogenous and
pharmacological PPARγ agonists and is a direct target of PPARγ, containing two PPARγ binding
sequences that control its transcription [66].

PPARγ also acts as a negative regulator of angiotensin II receptor 1 transcription, another
important component of RAAS. In 2004, the angiotensin II receptor 1 antagonist telmisartan, which is
to treat hypertension and diabetes, was identified as a partial agonist of PPARγ [67,68]. By activating
PPARγ, telmisartan exerts beneficial effects on the kidney by decreasing proteinuria and inflammation,
and consequently confers renoprotection. Since telmisartan can bind to the ligand-binding domain of
PPARγ at a site that is different to that used by TZDs, it is not surprising that telmisartan possesses
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unique properties unrelated to that of conventional TZDs. Accordingly, telmisartan has the capacity to
reverse the progression of EMT induced by TGFβ1 in cultured human kidney proximal tubule epithelial
cells and can counteract EMT-related pathological changes such as renal fibrosis [69]. The combined use
of TZDs and angiotensin receptor blockers, however, fails to provide synergistic protective action, and it
has been shown that co-administration of RAAS inhibitors and PPARγ agonists promotes anemia in
uncomplicated diabetic patients [70]. The development of new therapies (combined or not) that exploit
the beneficial effects of PPARγ activation in the treatment of renal disease are therefore warranted.

It has been also observed that troglitazone has vasodilating effects on efferent and afferent
arterioles from rabbit kidney, consistent with PPARγ expression in intima/media renal vasculature,
thereby decreasing glomerular capillary pressure and hence excretion of urinary protein [71].

The beneficial effects of PPARγ agonists in the control of blood pressure underscore the pivotal
role of PPARγ at this level. PPARγ also has a critical role in systemic fluid retention through the
regulation of renal sodium transport in the collecting duct, as the adverse effect of TZD use in the
treatment of diabetes is PPARγ-dependent. Thus, the Scnn1g gene, encoding the gamma subunit of the
epithelial Na+ channel, was identified as a critical PPARγ target gene in the control of edema [72,73].
The TZD-induced fluid retention effects are attenuated in patients by the combination treatment with
diuretics (Figure 2).
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Figure 2. Effects of PPARγ activation in different systems: In the vascular system, PPARγ decreases
arterial pressure, relaxes muscular tone, and downregulates RAAS; in adipose tissue, the activation of
PPARγ promotes adipogenesis; in β-cells it increases insulin secretion; PPARγ is also anti-inflammatory
and from the bone resorption is produced accompanied of release of calcium and phosphate that form
stones in the bladder. ANG-II: Angiotensin II; RAAS, Renin Angiotensin Aldosterone System; TGF-β1,
transforming growth factor beta 1.

6. PPARγ and Circadian Rhythm

All PPAR isoforms are known to be rhythmically expressed [25]. Specifically, PPARγ has direct
interactions with the core clock genes [26–28], suggesting that it may act as a molecular link between
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circadian rhythm and energy metabolism. Moreover, PPARγ exhibits variations in its diurnal
expression in mouse fat, liver, and blood vessels [74], which is exacerbated by consumption of a high-fat
diet [75]. In addition, deletion of PPARγ in mouse suppresses or diminishes diurnal rhythms [76].
In this regard, nocturnin, a circadian-regulated gene that encodes a deadenylase thought to be involved
in the removal of polyA tail from mRNAs, binds to PPARγ and enhances its transcriptional activity.
Enhanced activity of PPARγ by nocturnin may result in increased bone marrow adiposity and bone
loss [77].

The circadian expression of PPARγ has not yet been established in kidney. An evaluation of
this phenomenon could be especially interesting to associate the regulation of renal metabolism with
central and peripheral circadian networks.

7. Conclusions

PPARγ is a nuclear receptor that regulates systemic glucose and lipid homeostasis and participates
also in immunity and vascular health. In the kidney, PPARγ is expressed in many different types of
cells with diverse metabolic specializations, underscoring important roles for this nuclear receptor in
renal lipid metabolism, glucose management, mineral metabolism, and the control of systemic blood
pressure. PPARγ activation improves insulin sensitivity and reduces cardiovascular complications
and renal injury in clinical practice. Nevertheless, the complex regulation of PPARγ together with
the adverse effects of PPARγ agonists hinders efforts to develop safe clinical treatments. The new
challenges with regard to future applications include a comprehensive analysis of PPARγ cell-specific
actions in the kidney and the manipulation of PPARγ expression. Finally, a better understanding of the
molecular mechanisms of action of PPARγ in specific pathways together with its systemic implications
may allow the development of new agonists and modulators to improve the management of kidney
disease and consequently global homeostasis.
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PPRE PPAR response element
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SGLT sodium-dependent glucose cotransporter
TGFβ transforming growth factor beta
TZD thiazolidinedione

References

1. Khurana, S.; Bruggeman, L.A.; Kao, H.-Y. Nuclear hormone receptors in podocytes. Cell Biosci. 2012, 2, 33.
[CrossRef] [PubMed]

2. Thomas, M.C.; Jandeleit-Dahm, K.A.; Tikellis, C. The renoprotective actions of peroxisome
proliferator-activated receptors agonists in diabetes. PPAR Res. 2012, 2012, 456529. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/2045-3701-2-33
http://www.ncbi.nlm.nih.gov/pubmed/22995171
http://dx.doi.org/10.1155/2012/456529
http://www.ncbi.nlm.nih.gov/pubmed/22448165


Int. J. Mol. Sci. 2018, 19, 2063 9 of 12

3. Higgins, L.S.; Depaoli, A.M. Selective peroxisome proliferator-activated receptor gamma (PPAR gamma)
modulation as a strategy for safer therapeutic PPAR gamma activation 1–3. Am. J. Clin. Nutr. 2010, 91,
267–272. [CrossRef] [PubMed]

4. Vitale, S.G.; Laganà, A.S.; Nigro, A.; La Rosa, V.L.; Rossetti, P.; Rapisarda, A.M.C.; La Vignera, S.;
Condorelli, R.A.; Corrado, F.; Buscema, M.; et al. Peroxisome Proliferator-Activated Receptor Modulation
during Metabolic Diseases and Cancers: Master Minions. PPAR Res. 2016, 2016, 6517313. [CrossRef]
[PubMed]

5. Tovar-Palacio, C.; Torres, N.; Diaz-Villaseñor, A.; Tovar, A.R. The role of nuclear receptors in the kidney in
obesity and metabolic syndrome. Genes Nutr. 2012, 7, 483–498. [CrossRef] [PubMed]

6. Escher, P.; Braissant, O.; Basu-Modak, S.; Michalik, L.; Wahli, W.; Desvergne, B. Rat PPARs:
Quantitative Analysis in Adult Rat Tissues and Regulation in Fasting and Refeeding. Endocrinology 2001,
142, 4195–4202. [CrossRef] [PubMed]

7. Guan, Y.; Zhang, Y.; Davis, L.; Breyer, M.D. Expression of peroxisome proliferator-activated receptors in
urinary tract of rabbits and humans. Am. J. Physiol. 1997, 273, F1013–F1022. [CrossRef] [PubMed]

8. Beamer, B.A.; Negri, C.; Yen, C.J.; Gavrilova, O.; Rumberger, J.M.; Durcan, M.J.; Yarnall, D.P.; Hawkins, A.L.;
Griffin, C.A.; Burns, D.K.; et al. Chromosomal localization and partial genomic structure of the human
peroxisome proliferator activated receptor-gamma (hPPAR gamma) gene. Biochem. Biophys. Res. Commun.
1997, 233, 756–759. [CrossRef] [PubMed]

9. Martin, G.; Schoonjans, K.; Staels, B.; Auwerx, J. PPARγ activators improve glucose-homeostasis by
stimulating fatty-acid uptake in the adipocytes. Atherosclerosis 1998, 137, S75–S80. [CrossRef]

10. Astarci, E.; Banerjee, S. PPARG (peroxisome proliferator-activated receptor gamma). Atlas Genet. Cytogenet.
Oncol. Heamatol. 2009, 13, 417–421. [CrossRef]

11. Navidshad, B.; Royan, M. Ligands and Regulatory Modes of Peroxisome Proliferator-Activated Receptor
Gamma (PPARγ) in Avians. Crit. Rev. Eukaryot. Gene Expr. 2015, 25, 287–292. [CrossRef] [PubMed]

12. Zhu, J.; Janesick, A.; Wu, L.; Hu, L.; Tang, W.; Blumberg, B.; Shi, H. The unexpected teratogenicity of RXR
antagonist UVI3003 via activation of PPARγ in Xenopus tropicalis. Toxicol. Appl. Pharmacol. 2017, 314, 91–97.
[CrossRef] [PubMed]

13. Ristow, M.; Muller-Wieland, D.; Pfeiffer, A.; Krone, W.; Kahn, C.R. Obesity associated with a mutation in a
genetic regulator of adipocite diferentiation. Engl. J. Med. 1998, 339, 953. [CrossRef] [PubMed]

14. Barroso, I.; Gurnell, M.; Crowley, V.E.F.; Agostini, M.; Schwabe, J.W.; Soos, M.A.; Maslen, G.L.;
Williams, T.D.M.; Lewis, H.; Schafer, A.J.; et al. Dominant negative mutations in human PPARgamma
associated with severe insulin resistance, diabetes mellitus and hypertension. Nature 1999, 402, 880–883.
[CrossRef] [PubMed]

15. Nikiforova, M.N.; Lynch, R.A.; Biddinger, P.W.; Alexander, E.K.; Dorn, G.W.; Tallini, G.; Kroll, T.G.;
Nikiforov, Y.E. RAS point mutations and PAX8-PPARγ Rearrangement in thyroid tumors: Evidence for
distinct molecular pathways in thyroid follicular carcinoma. J. Clin. Endocrinol. Metab. 2003, 88, 2318–2326.
[CrossRef] [PubMed]

16. Marques, A.R.; Espadinha, C.; Catarino, A.L.; Moniz, S.; Pereira, T.; Sobrinho, L.G.; Leite, V. Expression
of PAX8-PPAR gamma 1 rearrangements in both follicular thyroid carcinomas and adenomas. J. Clin.
Endocrinol. Metab. 2002, 87, 3947–3952. [CrossRef] [PubMed]

17. Rosen, E.D.; Spiegelman, B.M. PPARgamma: A nuclear regulator of metabolism, differentiation, and cell
growth. J. Biol. Chem. 2001, 276, 37731–37734. [CrossRef] [PubMed]

18. Sugawara, A.; Uruno, A.; Kudo, M.; Matsuda, K.; Yang, C.W.; Ito, S. Effects of PPARγ on hypertension,
atherosclerosis, and chronic kidney disease. Endocr. J. 2010, 57, 847–852. [CrossRef] [PubMed]

19. Iwanishi, M.; Ebihara, K.; Kusakabe, T.; Chen, W.; Ito, J.; Masuzaki, H.; Hosoda, K.; Nakao, K.
Clinical characteristics and efficacy of pioglitazone in a Japanese diabetic patient with an unusual type of
familial partial lipodystrophy. Metabolism 2009, 58, 1681–1687. [CrossRef] [PubMed]

20. Al-Shali, K.; Cao, H.; Knoers, N.; Hermus, A.R.; Tack, C.J.; Hegele, R.A. A single-base mutation in the
peroxisome proliferator-activated receptor gamma4 promoter associated with altered in vitro expression
and partial lipodystrophy. J. Clin. Endocrinol. Metab. 2004, 89, 5655–5660. [CrossRef] [PubMed]

21. Ahmadian, M.; Suh, J.M.; Hah, N.; Liddle, C.; Atkins, A.R.; Downes, M.; Evans, R.M. PPARγ signaling and
metabolism: The good, the bad and the future. Nat. Med. 2013, 19, 557–566. [CrossRef] [PubMed]

http://dx.doi.org/10.3945/ajcn.2009.28449E
http://www.ncbi.nlm.nih.gov/pubmed/19906796
http://dx.doi.org/10.1155/2016/6517313
http://www.ncbi.nlm.nih.gov/pubmed/28115924
http://dx.doi.org/10.1007/s12263-012-0295-5
http://www.ncbi.nlm.nih.gov/pubmed/22532116
http://dx.doi.org/10.1210/endo.142.10.8458
http://www.ncbi.nlm.nih.gov/pubmed/11564675
http://dx.doi.org/10.1152/ajprenal.1997.273.6.F1013
http://www.ncbi.nlm.nih.gov/pubmed/9435691
http://dx.doi.org/10.1006/bbrc.1997.6540
http://www.ncbi.nlm.nih.gov/pubmed/9168928
http://dx.doi.org/10.1016/S0021-9150(97)00315-8
http://dx.doi.org/10.4267/2042/44490
http://dx.doi.org/10.1615/CritRevEukaryotGeneExpr.2015015272
http://www.ncbi.nlm.nih.gov/pubmed/26559088
http://dx.doi.org/10.1016/j.taap.2016.11.014
http://www.ncbi.nlm.nih.gov/pubmed/27894914
http://dx.doi.org/10.1056/NEJM199810013391403
http://www.ncbi.nlm.nih.gov/pubmed/9753710
http://dx.doi.org/10.1038/47254
http://www.ncbi.nlm.nih.gov/pubmed/10622252
http://dx.doi.org/10.1210/jc.2002-021907
http://www.ncbi.nlm.nih.gov/pubmed/12727991
http://dx.doi.org/10.1210/jcem.87.8.8756
http://www.ncbi.nlm.nih.gov/pubmed/12161538
http://dx.doi.org/10.1074/jbc.R100034200
http://www.ncbi.nlm.nih.gov/pubmed/11459852
http://dx.doi.org/10.1507/endocrj.K10E-281
http://www.ncbi.nlm.nih.gov/pubmed/20890053
http://dx.doi.org/10.1016/j.metabol.2009.04.043
http://www.ncbi.nlm.nih.gov/pubmed/19793595
http://dx.doi.org/10.1210/jc.2004-0280
http://www.ncbi.nlm.nih.gov/pubmed/15531525
http://dx.doi.org/10.1038/nm.3159
http://www.ncbi.nlm.nih.gov/pubmed/23652116


Int. J. Mol. Sci. 2018, 19, 2063 10 of 12

22. Burns, K.A.; Vanden Heuvel, J.P. Modulation of PPAR activity via phosphorylation. Biochim. Biophys. Acta
2007, 1771, 952–960. [CrossRef] [PubMed]

23. Berrabah, W.; Aumercier, P.; Lefebvre, P.; Staels, B. Control of nuclear receptor activities in metabolism by
post-translational modifications. FEBS Lett. 2011, 585, 1640–1650. [CrossRef] [PubMed]

24. Choi, J.H.; Banks, A.S.; Estall, J.L.; Kajimura, S.; Boström, P.; Laznik, D.; Ruas, J.L.; Chalmers, M.J.;
Kamenecka, T.M.; Blüher, M.; et al. Anti-diabetic drugs inhibit obesity-linked phosphorylation of
PPARgamma by Cdk5. Nature 2010, 466, 451–456. [CrossRef] [PubMed]

25. Povero, D.; Panera, N.; Eguchi, A.; Johnson, C.D.; Papouchado, B.G.; de Araujo Horcel, L.; Pinatel, E.M.;
Alisi, A.; Nobili, V.; Feldstein, A.E. Lipid-Induced Hepatocyte-Derived Extracellular Vesicles Regulate
Hepatic Stellate Cells via MicroRNA Targeting Peroxisome Proliferator-Activated Receptor-γ. Cell. Mol.
Gastroenterol. Hepatol. 2015, 1, 646–663. [CrossRef] [PubMed]

26. Yang, T.; Michele, D.E.; Park, J.; Smart, A.M.; Lin, Z.; Brosius, F.C.; Schnermann, J.B.; Briggs, J.P. Expression of
peroxisomal proliferator-activated receptors and retinoid X receptors in the kidney. Am. J. Physiol. 1999, 277,
F966–F973. [CrossRef] [PubMed]

27. Kiss-Tóth, É.; Röszer, T. PPAR γ in kidney physiology and pathophysiology. PPAR Res. 2008, 2008, 183108.
[CrossRef] [PubMed]

28. Sarafidis, P.A.; Bakris, G.L. Protection of the kidney by thiazolidinediones: An assessment from bench to
bedside. Kidney Int. 2006, 70, 1223–1233. [CrossRef] [PubMed]

29. Druilhet, R.E.; Overturf, M.L.; Kirkendall, W.M. Cortical and medullary lipids of normal and nephrosclerotic
human kidney. Int. J. Biochem. 1978, 9, 729–734. [CrossRef]

30. Bobulescu, I.A.; Lotan, Y.; Zhang, J.; Rosenthal, T.R.; Rogers, J.T.; Adams-Huet, B.; Sakhaee, K.; Moe, O.W.
Triglycerides in the human kidney cortex: Relationship with body size. PLoS ONE 2014, 9, e101285.
[CrossRef] [PubMed]

31. Moorhead, J.F.; Chan, M.K.; El-Nahas, M.; Varghese, Z. Lipid nephrotoxicity in chronic progressive
glomerular and tubulo-interstitial disease. Lancet 1982, 2, 1309–1311. [CrossRef]

32. Izquierdo-Lahuerta, A.; Martínez-García, C.; Medina-Gómez, G. Lipotoxicity as a trigger factor of renal
disease. J. Nephrol. 2016, 29, 603–610. [CrossRef] [PubMed]

33. Kume, S.; Uzu, T.; Araki, S.I.; Sugimoto, T.; Isshiki, K.; Chin-Kanasaki, M.; Sakaguchi, M.; Kubota, N.;
Terauchi, Y.; Kadowaki, T.; et al. Role of Altered Renal Lipid Metabolism in the Development of Renal Injury
Induced by a High-Fat Diet. J. Am. Soc. Nephrol. 2007, 18, 2715–2723. [CrossRef] [PubMed]

34. Martínez-García, C.; Izquierdo, A.; Velagapudi, V.; Vivas, Y.; Velasco, I.; Campbell, M.; Burling, K.; Cava, F.;
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