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Summary

As a major social and economic burden for the healthcare system, kidney diseases contribute to the constant
increase of worldwide deaths. A deeper understanding of the underlying mechanisms governing the etiology, devel-
opment and progression of kidney diseases may help to identify potential therapeutic targets. As a superfamily of
ligand-dependent transcription factors, nuclear receptors (NRs) are critical for the maintenance of normal renal
function and their dysfunction is associated with a variety of kidney diseases. Increasing evidence suggests that
ligands for NRs protect patients from renal ischemia/reperfusion (I/R) injury, drug-induced acute kidney injury
(AKI), diabetic nephropathy (DN), renal fibrosis and kidney cancers. In the past decade, some breakthroughs have
been made for the translation of NR ligands into clinical use. This review summarizes the current understanding of
several important NRs in renal physiology and pathophysiology and discusses recent findings and applications of
NR ligands in the management of kidney diseases.
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Introduction

The kidney is an important excretory and endocrine
organ and plays an essential role in the maintenance of
body homeostasis by controlling fluid and electrolyte
balance and the pressure, composition, and volume of
blood. The mammalian renal functions depend on the
coordinated development and well-organized renal glo-
meruli and tubule system composed of distinct cell pop-
ulations. Damage of the glomeruli and renal tubules
leads to the deterioration of renal function and results
in substantial morbidity and mortality. Kidney diseases
represent a considerable burden in the healthcare sys-
tem worldwide. As a rapid decline in renal function,
acute kidney injury (AKI) is a common and devastating
pathological condition with high in-hospital mortality.
Patients who survive AKI may subsequently develop to
chronic kidney disease (CKD) and end-stage renal dis-
ease (ESRD)." In addition, CKD secondary to diabetes,
obesity and hypertension has become globally recog-
nized major causes of ESRD.” Unfortunately, there is
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no specific treatment for AKI and CKD and the only effi-
cient therapies for ESRD are kidney transplantation
and dialysis. Therefore, understanding the underlying
mechanisms associated with renal physiological regula-
tion and the pathogenesis of kidney diseases is of great
importance for developing novel effective therapeutic
agents.

In the past decades, increasing evidence has shown
that nuclear receptors (NRs) play a critical role in renal
physiology and pathophysiology. NRs comprise a supet-
family of evolutionally conserved transcription factors
and are mostly activated by chemically diverse small
lipophilic ligands including hormones, endogenous
metabolites, and exogenous xenobiotics.’> Ligand bind-
ing induces NR protein conformational change and the
recruitment of co-regulators, leading to the transloca-
tion of the NR into the nucleus where it binds to the
response element in the promoter region of its target
gene throughout the genome. Since estrogen receptors
(ERs) were first reported in 196os, total 48 members of
the NR family have been identified in human (Supple-
mentary Table 1), which share a common structure
composed of five or six domains (Figure 1a), including
N-terminal domain (A/B), DNA-binding domain (DBD,
C), hinge region (D), and ligand-binding domain (LBD,
E/F). The NRs can be divided into four sub-classes
based on their dimerization and DNA-binding
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Figure 1. Structure and classification of NRs.

Dimeric Orphan
Receptors

Monomeric Orphan

ERRat  HNF-4y

e i Receptors 5:'511

ERRy  COUP-TF1 RORB

Nur77 COUP-TF2 RORY

NOR-1 GCNF EAR2
/ TR2  SF-1 / TIX

TR4

[ ]

(a) Structural characteristics of NRs. A/B, a variable and intrinsically unfolded N-terminal domain harboring transcriptional activa-
tion function 1 (AF-1); C, a conserved DNA-binding domain (DBD); D, a relatively conservative hinge domain; E, C-terminal ligand-
binding domain (LBD); F, a C-terminal activation function 2 connected to LBD. Hydrophobic pocket enclosed in the LBD has the abil-
ity to accommodate suitable ligands which are mostly lipophilic endo- or exogenous compounds.

(b) Four groups of NRs classified by their dimerization and DNA-binding properties. The 48 NRs in human have been listed in

these four groups.

properties (Figure 1b), which was extensively reviewed
elsewhere.*> A large body of evidence clearly demon-
strates that NRs play a critical role in maintaining body
homeostasis and aberrant expression and function of
NRs are involved in the pathogenesis of various human
diseases. Therefore, NRs represent as ideal therapeutic
targets for the treatment of numerous diseases includ-
ing kidney diseases.

Most NRs show a constitutive expression pattern in
the kidney, suggesting NRs widely participate in the reg-
ulation of renal physiology. Recent single cell RNA-
sequencing studies have defined the precise expression
and localization of NRs in the kidney, which provide
very meaningful information regarding the potential
role of each nuclear receptor in renal tissue (Table 1). In
this review, we provide an overview of the latest advan-
ces in the study of NRs in renal physiology and patho-
physiology, with a specific focus on PPARs, LXRs, MR,
FXR, PXR, ERs, GR and VDR. We also summarize the
role of these NRs in different kidney diseases and dis-
cuss the potential renoprotective effects of their ligands.

Peroxisome proliferator-activated receptors

(PPARs)

Since their identification, three subtypes of PPARs have
been discovered in many mammalian species, and des-
ignated as PPARa (NRiCi), PPARB/S (NRiC2), and
PPARy (NR1C3). Each PPAR isoform is encoded by its
own gene and has unique tissue distribution, ligand
specificity, and metabolic regulatory activities. PPARs
can interact with a variety of PPAR cofactors to regulate
multiple metabolic processes especially glucose and
lipid metabolism.” In general, PPARs control various
physiological processes including the regulation of lipid

and lipoprotein metabolism, glucose homeostasis, cell
proliferation and differentiation, cell cycle progression,
inflammation and extracellular matrix remodeling.®
Therefore, PPARs attract an enormous attention and
are considered as potential therapeutic targets in many
human diseases.® The different intrarenal distribution
and their biological roles in renal physiology and patho-
physiology have been intensively investigated and
reviewed in the literature.>°

PPARx

Natural ligands for PPAR« include unsaturated fatty
acids, phospholipids, leukotriene B4 and 8 (S)-hydrox-
yeicosatetraenoic acid. Synthetic activators of PPAR«
have also been developed such as fibrates, pemafibrate
and LY518674. PPARw is highly expressed in metaboli-
cally active tissues such as brown adipose tissue, liver,
heart, skeletal muscle, and kidney, where it promotes
fatty acid B-oxidation. The fibrate class of PPAR« ago-
nists has been clinically used to treat hypertriglyceride-
mia (Table 2). In the kidney, PPARw is predominantly
expressed in the proximal tubules and the medullary
thick ascending limbs with much less expression in the
glomeruli (Table 1)."° Although expressed at low level in
glomerular mesangial cells, it has been reported that
PPARwe can reduce inflammatory response in LPS-
treated mesangial cells,” suggesting it may play a role
in glomerular diseases. PPARx agonist clofibrate can
regulate renal cortical mitochondrial and peroxisomal
B-oxidation enzyme gene expression in the developing
kidneys of rats receiving a high-fat diet."”” In an acute
renal injury model, PPAR« activation was repeatedly
found to exert renoprotective effect on renal ischemia/
reperfusion (I/R) injury possibly via stimulating fatty
acid B-oxidation (FAO).”"* However, the role of PPAR«
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NR2B3 RXRg retinoid X receptor gamma retinoid X receptor gamma (RXRy) 0.2 3.1 0 0 05 0 0.1 03 0 0 01 0 0 01 0
NR2CI NR2CI | nuclear receptor subfamily 2, group C, member 1 testicular receptor 2 (TR2) 13.1 29 31 39 17 115 1 9 54 67 65 7.6 93 12 15.1
NR2C2 NR2C2 | nuclear receptor subfamily 2, group C. member 2 testicular receptor 4 (TR4) 46.5 9 6 29 236 242 215 205 9.6 9.1 8.5 122 17.1 198 126
NR2E1 NR2E | nuclear receptor subfamily 2, group E, member | orphan nuclear receptor tailless (TLX) 13 0.1 0 0 23 0.6 08 03 0 0 0 0 0 05 02
NR2E3 NR2E3 | nuclear receptor subfamily 2, group E, member 3 photoreceptor-specific nuclear receptor (PNR) 29 0.4 0 0 3 136 - 45 0l 0.1 0 0l 0.1 12 03
NR2F1 NR2F1 nuclear receptor subfamily 2, group F, member 1 (COUP transcription factor 1 (COUP-TF1) 10.8 0.8 0 0 54 0.7 1 1.7 0.2 0.2 0 0.1 0 1 0.3
NR2F2 NR2F2 | nuclear receptor subfamily 2, group F, member 2 COUP transcription factor 2 (COUP-TF2) 520 30.1 25 247 0.1 29 2 545 441 649 17.1 96 9.6 116 155
NR2F6 NR2F6 | nuclear receptor subfamily 2, group F, member 6 V-erbA-related gene (EAR2, COUP-TF3 ) L6 854 1750 | 1879 | 1161 943 93.3 123 | 1552 | 1268 | 1031 136 1394 | 1039 | 647
NR3AI ESRI estrogen receptor 1 (alpha) estrogen receptor | (alpha) (ERa) 72 1 162 75 139 38 3.1 26 11 12 27 08 03 24 05
NR3A2 ESR2 estrogen receptor 2 (beta) estrogen receptor 2 (beta) (ERB) 18 01 [ 04 28 142 08 14 47 08 0 0 0 02 0
NR3BI ESRRa estrogen related receptor, alpha estrogen related receptor alpha (ERRa) 16.6 48 28 294 183 100.4 209 295 98.6 538 463 893 595 599 14
NR3B2 ESRRb estrogen related receptor, beta estrogen related receptor beta (ERRb) 0.9 0.2 0 0 13 14 04 95 19.4 10 42 03 0 04 0l
NR3B3 ESRRg estrogen-related receptor gamma estrogen-related receptor gamma (ERRy) 118 207 182 203 361 819 143 311 622 574 706 639 762 646 19
NR3CI NR3CI | nuclear receptor subfamily 3, group C, member 1 glucocorticoid receptor (GR) 99.0 314 27 111 106.5 446 4.6 59 432 409 114 118 121 212 395
NR3C2 NR3C2 | nuclear receptor subfamily 3, group C. member 2 mineralocorticoid receptor (MR) 9.6 16 06 1 114 174 121 5 114 164 256 53.5 65.6 743 147
NR3C3 PGR progesterone receptor progesterone receptor (PR) 12 01 0 0 14 1 08 03 0 0 [ 1 3 46 0
NR3C4 AR androgen receptor androgen receptor (AR) 12 23 6 8.7 23 12 04 03 0 0.1 0 0 0.1 02 0.1
NR4AL NR4AL | nuclear receptor subfamily 4, group A, member | nerve Growth factor 1B (NURT7) 70.1 05 05 02 12 1 19 09 04 15 145 80.3 56.1 108 65
NR4A2 NR4A2 | nuclear receptor subfamily 4, group A, member 2 nuclear receptor related 1 (NURRT) 56 02 0.1 02 25 16 1 3 02 04 04 13 19 33 9.4
NR4A3 NR4A3 | nuclear receptor subfamily 4, group A, member 3 neuron-derived orphan receptor | (NOR-1) 19 02 0 0 18 04 09 12 0 0 [ 0 0.1 03 01
NRSAI NRSAI | nuclear receptor subfamily 5, group A, member | steroidogenic factor 1 (SF-1) 0.6 0.1 0 0 17 03 0.1 [ 0 0 0 0 0 [ 0.1
NRSA2 NRSA2 | nuclear receptor subfamily 5, group A, member 2 liver receptor homolog-1 (LRH-1) 07 01 0 0.1 14 04 04 05 [ 01 0 0 0 03 0
NR6AI NRGAI | nuclear receptor subfamily 6, group A, member | germ cell nuclear factor (GONF) 48 13 0.6 1 10 54 83 42 L1 1 17 21 27 53 22

Table 1: Expression of NRs in the glomerulus and along renal tubules in mouse.

The expression of each NR is extracted from the database providing the mean gene expression values (transcripts per million, TPM) for micro-dissected mouse renal glomeruli (https://esbl.
nhlbi.nih.gov/MRECA/G/) and tubule segments (https://esbl.nhlbinih.gov/MRECA/Nephron/).®” The gradient of the red color indicates the expression level in different micro-dissected
segments. GIOM, glomerulus; PTS1, the initial segment of the proximal convoluted tubule; PTS2, the proximal straight tubule in cortical medullary rays; PTS3, the last segment of the prox-
imal straight tubule in the outer stripe of outer medulla; DTL1, the short descending limb of the loop of Henle; DTL2, the long descending limb of the loop of Henle in the outer medulla;
DTL3, the long descending limb of the loop of Henle in the inner medulla; ATL, the thin ascending limb of the loop of Henle; MTAL, medullary thick ascending limb of the loop of Henle;
CTAL, cortical thick ascending limb of the loop of Henle; DCT, the distal convoluted tubule; CNT, the connecting tubule; CCD, cortical collecting duct; OMCD, outer medullary collecting
duct; IMCD, inner medullary collecting duct.
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NR Drugs

Description & function

Targeted diseases

Potential renal benefits

PPARx Gemfibrozil

Ciprofibrate

Bezafibrate

Pemafibrate

Fenofibrate

PPARy Pioglitazone

Rosiglitazone

MR Spironolactone
Eplerenone
Finerenone
Esaxerenone
Table 2 (Continued)

promotes lipid metabolism and decreases serum triglycer-

ide levels

decreases total cholesterol (TC), triglycerides, apolipopro-
tein B (apo B) and low-density lipoprotein (LDL) choles-
terol, apolipoproteins, and increases high-density
lipoprotein (HDL) cholesterol and apolipoprotein Al (apo
A-l)

reduces plasma triglyceride and cholesterol concentrations;
ameliorates deranged bile acid homoeostasis and
attenuates raised concentration of liver enzymes

reduces triglyceride and elevates high-density lipoprotein-
cholesterol (HDL-C)

ameliorates retinal vascular leakage and leukostasis, down-
regulates vascular endothelial growth factor, and reduces
endothelial cell and pericyte loss

thiazolidinedione; increases insulin sensitivity, reduces insu-
lin resistance, promotes adipogenesis

thiazolidinedione; increases insulin sensitivity, reduces insu-

lin resistance, promotes adipogenesis

a synthetic steroidal mineralocorticoid receptor antagonist
(MRA); increases urine sodium excretion, reduces urine
potassium output

a synthetic steroidal mineralocorticoid receptor antagonist
(MRA); increases urine sodium excretion, reduces urine
potassium output, decreases blood pressure, and
reduces left ventricular ejection fraction

a non-steroidal mineralocorticoid receptor antagonist
(MRA); possesses anti-inflammatory and anti-fibrotic
properties

a non-steroidal mineralocorticoid receptor antagonist
(MRA); elicits a strong blood pressure-lowering effect in

hypertensive animals

hypertriglyceridemia (particularly in type IV and V
hyperlipidemia)

type lla hypercholesterolaemia, type llb combined
hyperlipidaemia, and type IV hypertriglyceridaemia

hypertriglyceridaemia, hypercholesterolaemia; primary

biliary cholangitis

dyslipidemia,metabolic disease, diabetic complications
and liver diseases.

dyslipidemia, type 2 diabetes and diabetic retinopathy
(DR)

type 2 diabetes mellitus

type 2 diabetes mellitus

hypertension, primary hyperaldosteronism and periph-
eral oedema associated with cardiac failure and

other pathologies associated with aldosteronism

arterial hypertension and heart failure

heart failure and diabetic nephropathy

hypertension

reduces glomerular injury and lipid accumulation and
improves renal function, prevents the progression of
chronic kidney disease in obese Dahl salt-sensitive rats

inhibits d-limonene nephrotoxicity

improves renal function of patients with chronic kidney dis-
ease, increases glomerular filtration rate (eGFR);
decreases blood urea and serum creatinine levels

protects against fatty acid-induced nephropathy by main-
taining renal fatty acid metabolism

attenuates ischemia reperfusion-induced acute kidney

injury

inhibits renal fibrosis and protects renal function in type 2
diabetes

protects against renal tubular epithelial cells damage by
hydrogen peroxide; protects the kidneys by reducing
renal inflammation and renal injury

reduces proteinuria and retards renal progression in
chronic kidney disease patients;
prevents AKl-induced CKD

abrogates renal injury, including ischemia-induced damage

reduces kidney failure and disease progression in diabetic

kidney disease

reduces the urinary albumin-to-creatinine ratio in patients

with type 2 diabetes and microalbuminuria
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Description & function

Targeted diseases

Potential renal benefits

NR Drugs
FXR Obeticholic acid
VDR Calcitriol
Paricalcitol
(Zemplar)
Alfacalcidol

Ergocalciferol

Cholecalciferol

Dihydrotachysterol

Doxercalciferol

a synthetically modified bile acid and potent agonist of FXR;
improves primary biliary cholangitis and the histological
features of NASH

an active metabolite of 1,25-dihydroxyvitamin D3; induces
an inhibitory effect on the growth of various cell types,
and the expression of different markers of cell
differentiation

a synthetic vitamin D2 analogue, agonist of the VDR; inhib-
its the secretion of parathyroid hormone (PTH) through
binding to the vitamin D receptor

a 1,25-dihydroxyvitamin D3 analog; anti-bone loss and anti-
fracture efficacies in postmenopausal osteoporosis

Vitamin D2; helps promote calcium absorption in the gut,
maintains adequate serum calcium and phosphate levels,
and promotes bone growth, modulates cell growth

Vitamin D3; helps promote calcium absorption in the gut,
maintains adequate serum calcium and phosphate levels,
promotes bone growth, modulates cell growth

a synthetic analogue of vitamin D2; promotes the absorp-
tion of intestinal calcium, and regulates the calcification
of bone

1a-hydroxyvitamin D2; inhibits the secretion of whole para-

thyroid hormone

non-alcoholic steatohepatitis; primary biliary cholangi-

tis; primary sclerosing cholangitis

osteoporosis, corticosteroid-induced osteoporosis,
hypocalcemia due to chronic renal failure, hypopara-

thyroidism and pseudohypoparathyroidism

secondary hyperparathyroidism

osteoporosis

osteoporosis

osteoporosis

hypoparathyroidism, renal dystrophy in hemodialysis

patients, osteodystrophy and hypoparathyroidism

secondary hyperparathyroidism

renoprotective roles in diabetes- and obesity-related kidney
disease;
inhibits renal inflammation and oxidative stress during
lipopolysaccharide-induced acute kidney injury
ameliorates kidney injury through reducing podocyte and

tubular injury, inflammation and fibrosis

attenuates contrast-induced acute kidney injury;

attenuates albuminuria and renal interstitial fibrosis

may reduce cardiovascular disease events in patients with
predialysis chronic kidney disease
improves chronic kidney disease — mineral and bone

disorder

improves chronic kidney disease — mineral and bone

disorder

promotes linear growth or causing hypercalcemia in chil-

dren with chronic renal insufficiency

prevents renal diseases, especially for dietary fat-induced

renal disease and renal lipid metabolism

Table 2: A partial list of clinically used drugs based on NR modulation and their renal benefits.
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in acute cisplatin nephrotoxicity remains debated, since
protective effect was observed in both PPAR« agonist-
treated and PPAR« gene-deficient animals.>'® In an
adriamycin-associated renal injury model, PPAR« ago-
nist fibrate significantly reduced proteinuria and renal
damage."” In alcohol-associated kidney injury, increased
methylation of PPAR¢ mG6A by FTO-mediated YTHDF2
epigenetic modification was found to be associated with
alcohol-induced activation of Nod-like receptor (NLR)
family and pyrin domain containing 3 (NLRP3) inflam-
masomes and NF-«B-driven renal inflammation in the
kidney."®

PPAR« is also involved in the pathogenesis of many
chronic kidney diseases. It has been shown that PPAR«
agonists are effective in improving diabetic nephropathy
(DN) in both type 1 and type 2 diabetes as reflected by
reduced albuminuria and renal fibrosis."”*° In other
chronic kidney diseases, tubulointerstitial fibrosis is a
strong predictor of disease progression in patients,
which is often accompanied by lipid accumulation in
renal tubules. Suppressed PPAR« expression by ATF6a
was found to be associated with reduced activity of fatty
acid B-oxidation and increased cytosolic accumulation
of lipid droplets, contributing to lipotoxicity-induced
tubulointerstitial fibrosis.*’ In addition, in an aging-
associated CKD model, impaired renal PPAR« signal-
ing accelerated lipid accumulation, decreased activity of
FAO pathway and aggravated renal fibrosis develop-
ment.”* Collectively, these findings demonstrate that
PPARx may represent as an attractive target for the
treatment of many renal diseases especially AKI and
DN.

PPARB/S

Natural ligands for PPARS/S include unsaturated fatty
acids, components of very low-density lipoprtoein
(VLDL), 13-S-hydroxyostadecadienoic acid and prostacy-
clin (PGI2). Synthetic activators of PPARS/S have also
been developed such as GWsor5i6, GWG6rIoy42,
GWoy42, L-165041, and MBX-8025.7”> PPARB/S is
ubiquitously expressed at a low level in almost every tis-
sue examined. In the kidney, PPARB/S is diffusely
expressed along the nephron and collecting ducts
(Table 1). Detectable expression is also found in medul-
lary interstitial cells, where it is acivated by PGI2 to pro-
tect the cells from hypertonicity-induced injury.”
Recent studies have further revealed that PPARS/S may
play a critical role in controlling renal blood flow.
PPARB/S was found to mediate renal vasodilation
through a COX-2/PGI2/PPARp/S axis.**

PPARB/$ agonist pretreatment can protect mouse
kidney against renal I/R injury in a model of a 30-min
renal ischemia followed by a 36 h reperfusion through
reducing medullary necrosis and inflammation by acti-
vating the antiapoptotic Akt signaling pathway.”> In
addition, PPARB/S agonist GWo7y42 attenuates, while

www.thelancet.com Vol 76 Month February, 2022

its antagonist GSKo66o aggravates, I/R injury in dia-
betic rats through a mechanism of reducing local
inflammatory response.26 Furthermore, PPARB/$ agonist
GWo742 is capable of improving renal fibrosis in type
2 db/db mice.”” Altogether, these results indicate that
PPARB/S plays a critical role in renal physiology and
pathphysiology and may serve as a novel target for the
treatment of both acute and chronic kidney disorders.

PPARy

Two isoforms, G1 (y1) and G2 (y2), exist in mammalian
PPARy, as derived from a single gene and transcribed
using different promoters. PPARy2 contains additional
30 amino acids at the N-terminal of PPARy1 and is
exclusively expressed in white adipose tissue (WAT),
whereas PPARyr is expressed at a relatively low level in
non-WAT tissues such as intestine, kidney, spleen,
adrenal, heart, liver, lung, and brain.***° Natural
ligands for PPARy include unsaturated fatty acids, 15-
hydroxyelcosatetraenoic acid, 9-S-hydroxyostadecadie-
noic acid, 13-S-hydroxyostadecadienoic acid and 15-
deoxy-A™"-prostaglandin J2 (15d-PGJ2). Synthetic acti-
vators of PPARy have also been developed such as thia-
zolidnediones (TZDs) including rosiglitazone and
pioglitazone.?* TZDs possess a promising insulin-sensi-
tizing effect and have been clinically used for the treat-
ment of type 2 diabetes mellitus (Table 2). PPARy
coordinates a variety of biological processes including
adipose differentiation, lipid uptake and storage, ther-
mogenesis, lipogenesis, glucose uptake, insulin signal-
ing, oxidative stress, and endoplasmic reticulum (ER)
stress.® Both human and mouse studies clearly demon-
strate that PPARy is a critical transcription factor in
insulin sensitivity and adipogenesis.’*® The P115Q
PPARy gain-of-function mutations result in higher
insulin sensitivity and morbid obesity, while the P12A
PPARy partial loss-of-function mutation leads to
impaired insulin sensitivity with lower body mass in
human.’” Mouse genetically deficient for PPARy exhib-
its a lipodystrophy phenotype, while wild-type mouse
receiving TZD PPARy agonist treatment frequently
develops obesity.>*

In the kidney, PPARy is primarily expressed in med-
ullary collecting ducts, with lower expression in the glo-
meruli and renal microvasculature. In renal collecting
ducts, PPARy promotes sodium and fluid reabsorption
via increasing epithelial sodium channel (ENaC) expres-
sion and its overactivation contributes to TZD-associ-
ated fluid and sodium retention and cardiovascular
adverse events in type 2 diabetic patients.” A large body
of studies in human and rodents indicates that TZD
PPARy agonists exert renoprotective effect on DN in
both type 1 and type 2 diabetes,** suggesting systemic
and kidney-specific actions of PPARy are involved in its
beneficial renal effect. As a synthetic ligand of PPARYy,
pioglitazone hydrochloride, an clinically used TZD class
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insulin-sensitizing agent, was found to ameliorate renal
damage by inhibiting the NF-«B signaling pathway and
inflammatory response in a rat model of renal I/R
injury.®> In a sepsis-induced kidney injury model, treat-
ment with the PPARy agonist geniposide significantly
ameliorated acute kidney damage.® It is also found that
the PPARy agonist GW1g929 improves, while the
PPARy antagonist GW9662 aggravates, inorganic mer-
cury-induced nephrotoxicity through modulating
NLRP3 inflammasome activation and apoptosis.”
PPARy agonists, rosiglitazone and 15d-PGJ2, also
showed protective effects in chronic experimental cyclo-
sporine A-induced nephrotoxicity in male Wistar rats.3®
A recent study has demonstrated that PPARy agonist
rosiglitazone can attenuate hyperuricemic nephropathy
in rat through effectively preserving renal function,
decreasing urine microalbumin, and inhibiting intersti-
tial fibrosis and macrophage infiltration.** PPARy has
been repeatedly shown to have anti-fibrotic effect in CKD.
The asiatic acid (a triterpenoid compound from Chinese
medicine Centella Asiatica) can alleviate renal fibrosis in
unilateral ureteral obstruction (UUO) rats through pro-
moting production of 15d-PGJ2. However, the protective
effect of asiatic acid was completely abolished by the
PPARy antagonist GW9662, suggesting PPARy might
be a promising target for renal fibrosis.** In support, a
recent study further showed that treatment of UUO rats
with  rosiglitazone-loaded nanoparticles  significantly
reduced collagen deposition and successfully attenuated
renal fibrosis.*" Altogether, convincing data demonstrate
that PPARy plays a critical role in renal physiology and
its agonists may have great potential in treating many
renal diseases including AKI and CKD.

Mineralocorticoid receptor (MR)

MR (NR3C2) is classically known as the receptor for aldo-
sterone, a circulatory mineralocorticoid hormone, which
is essential in regulating ENaC activity. In the kidney,
MR is mainly expressed in the distal nephrons and col-
lecting ducts serving as a master regulator of sodium bal-
ance, body fluid, and blood pressure (Table 1). Beyond
the distal tubular cells, MR is also distributed in the endo-
thelial cells, smooth muscle, mesangial and inflammatory
cells, podocytes, and fibroblasts.* MR antagonists
(MRAS) exert vital effect on renal pathophysiology which
has been summarized in a recent elegant review.** Multi-
ple MRAs are currently being tested in preclinical studies
and clinical trials to confirm their therapeutic actions in
CKD.* In brief, MRAs have been found to attenuate
inflammation via suppressing pro-inflammatory cyto-
kines, chemo-attractants, and pro-oxidants, and increasing
anti-inflammatory ~ cytokine  production in  renal
tissue.*** In I/R-related renal injury, MRAs are able to
improve renal function by reducing proteinuria, increas-
ing glomerular filtration and renal blood flow, improving
inflammation and oxidative stress.*® Also, MRAs have

been found to be beneficial for renal injury caused by
nephrotoxic drugs including antibiotics (e.g., gentamicin,
amikacin), anticancer drugs (e.g., cisplatin, and carbopla-
tin), ifosfamide, radiocontrast media, nonsteroidal anti-
inflammatory drugs, and folic acid, mainly via reducing
oxidative stress, renal inflammation, and renal
fibrosis.*”>° MRAs can prevent the transition from AKI
to CKD by reducing inflammation and oxidative
stress.’™* In streptozotocin (STZ)-induced type-1 diabetes
mellitus, MRAs were reported to significantly diminish
glomerular, tubulointerstitial, and perivascular collagen
deposition and podocyte apoptosis, with a beneficial effect
on albuminuria and histopathological abnormalities.” >
In type 2 diabetic db/db mouse, MRAs were very effective
in lowering serum glucose and insulin levels, improving
insulin resistance, reducing albuminuria, glomerular
hypertrophy, mesangial expansion and tubulointerstitial
injury.’®” MRAs have been shown to attenuate renal
fibrosis in animals with UUO and adenine diet feeding,
possibly by reducing renal inflammation, interstitial cell
proliferation and oxidative stress.’® ®* In addition to
direct renal action, systemic antihypertensive effect of
MRAs may also contribute to their renoprotection in
patients with chronic kidney disease. Moreover, increas-
ing evidence suggests some of MRAs significantly
improve renal and cardiovascular-endpoints in patients
with type 2 diabetes and CKD, opening a new avenue for
effective cardiorenal protection.

Approved steroidal MRAs include spironolactone,
canrenone, potassium canrenoate, and eplerenone,
which are prone to cause hyperkalemia, frequently
resulting in therapy discontinuation.®* A group of non-
steroidal MRAs with an improved safety profile is cur-
rently in the preclinical development, including esaxere-
none, finerenone, aparenone, PF-03882845, SM-
368229, DSR-y1167, DSR-30192, LY2623091,
AZDg977, KBP-5074, and BR-4628.4* Finerenone, as
the first selective nonsteroidal MRA with favorable
effects on cardiorenal outcomes in CKD patients with
severely elevated albuminuria and type 2 diabetes,®>%*
has been approved for medical use in the United States,
and under-reviewed by the European Union and China
(Table 2). In addition, esaxerenone, another selective
nonsteroidal MRA, has recently approved in Japan for
clinical treatment of hypertension. Increasing evidence
demonstrates that esaxerenone also has renal beneficial
effect in patients with type 2 diabetes mellitus and
microalbuminuria, supporting future clinical develop-
ment of esaxerenone for renal disease treatment.®°®
Taken together, MR represents a promising target for
the treatment of CKD with various etiologies.

Liver X receptors (LXRs)

There are two subtypes of LXRs, LXRa (NR1H3) and
LXRB (NRiH2). Despite of sharing more than 78%
homology in amino acid sequence, LXRe and LXRf
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have different tissue distribution patterns. LXRa is
highly expressed in metabolically active tissues, includ-
ing the liver, intestine, kidney, adipose and macro-
phages, while LXRg is ubiquitously expressed. LXRs are
activated by the binding of either endogenous ligands
including oxysterols and bridge sterols, or synthetic ago-
nists such as GW3965, LXR623 and TOgo1317. To date,
it remains unclear where LXRa and LXRp are localized
in the kidney. A recent study using single-cell RNA-
sequencing technique has reported that LXRe is pre-
dominantly expressed in the proximal tubules, while
LXRpB is ubiquitously present in all renal tubules
(Table 1).7 Tt has also been reported that activation of
LXRs in renal proximal straight tubules regulates fatty
acid desaturation by increasing stearoyl-CoA desaturase
(SCD1) expression, contributing to lipid homeostasis in
this nephron segment.®® As an intracellular sterol sen-
sor controlling the genes involved in cholesterol absorp-
tion, excretion, catabolism, and efflux, LXRa promotes
cholesterol efflux via the ATP binding cassette subfam-
ily A member 1 (ABCA1) in glomerular mesangial cells,
serving as a potential therapeutic target for lipid-laden
renal glomerular diseases.®® LXRp has been reported as
a key regulator of body water homeostasis. Deletion of
LXRp gene led to impaired capacity of urine concentra-
tion, reduced renal aquaporin 1 (AQP1) expression,
decreased hypothalamic vasopressin-positive neurons,
and down-regulated urinary AVP excretion in mice.””
Moreover, LXRf increases aquaporin 2 (AQP2) protein
levels in the kidney by the suppression of AQP2 ubiqui-
tination.”” Consistently, LXRp is associated with water
homeostasis in other tissues and cell types by modulat-
ing the expression of water channels.”*”? In addition,
LXRs have also been found to regulate the expression of
sodium-phosphate (NaPi) transporter, organic anion
transporter 1 (OAT1) and epithelial sodium channel
(ENaC).”# 7° These findings demonstrate that LXRa is
essential for renal lipid metabolism, while LXRS is criti-
cal in water and electrolyte homeostasis.

In addition to their important role in renal physiol-
ogy, LXRs are also involved in the pathogenesis of mul-
tiple kidney diseases. It has been reported that the LXR
agonist TO9o1317 protects against acute kidney injury
(AKI) induced by cisplatin via suppressing inflamma-
tion and oxidative stress in mice.”” Although it remains
unknown whether LXR activation is beneficial in renal
ischemic AKI, LXR agonists showed protective role in I/
R injury in central nervous system and myocardium.”
In mice, knockout of LXRa and LXRS (LXRa/B /") led
to a ten-fold increase of the albumin/creatinine ratio
and a 4o-fold increase in glomerular lipid accumulation
compared to the wild-type mice. After the induction of
diabetes by STZ, LXRa/B~/— mice exhibited accelerated
mesangial matrix expansion and glomerular lipid accu-
mulation with upregulated markers of inflammation
and oxidative stress.”” In addition, the LXR agonist N,
N-dimethyl-hydroxycholenamide =~ (DMHCA)  also
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significantly decreased albumin and nephrin excretion,
glomerular lipids and plasma triacylglycerol and choles-
terol, and alleviated renal inflammation and oxidative
stress in STZ-induced diabetic mice.”? LXR agonist
GW3965 has been shown to protect against DN by
down-regulating proinflammatory and profibrotic cyto-
kines, inhibiting renal lipid accumulation and reactive
oxygen species in the LDLR-deficient hyperlipidemic
and STZ-induced diabetic mice.*® Paradoxically, LXR
activation by TOg9o1317 has also been reported to accel-
erate podocyte loss and worsen albuminuria with a sig-
nificant reduction in autophagy activity of renal
podocytes in STZ-induced diabetic mice, suggesting
LXR activation may be harmful for DN in type 1 diabe-
tes.®” Collectively, LXRs play an important role in the
regulation of renal lipid metabolism and the mainte-
nance of water and electrolyte homeostasis. Although
activation of LXRs may have beneficial effect on cis-
platin-associated AKI, its therapeutic implication in DN
is uncertain and requires further investigation.

Farnesoid X receptor (FXR)
FXR (NR1H4) is a major regulator in the synthesis,
transport and reabsorption of bile acid metabolism, and
also involved in the metabolism of carbohydrates and
lipids.®* Although FXR is mainly distributed in the liver
and small intestine, the kidney also has abundant FXR
expression in most of renal tubule segments.** The nat-
ural agonists for FXR are bile acids (BAs), of which the
most potent one is the primary BA chenodeoxycholic
acid (CDCA).** Due to the unspecific binding of most
bile acids to FXR, a lot of efforts have been undertaken
to discover and develop more specific FXR agonists.
Obeticholic acid (OCA, INT-747), a synthetic derivative
of CDCA, is one of the most famous FXR specific mod-
ulator which has already been approved as a drug for
primary biliary cholangitis (PBC) and is currently being
investigated in clinical trials for other diseases especially
nonalcoholic fatty liver disease (NAFLD).* The most
potent synthetic FXR agonist is GW4064 which con-
tains a stilbene structure harboring the risk for toxic
side effects, and the bioavailability of GW40064 is very
low with a very short halflife.*® Our previous study
reported that FXR exerts a vital effect on the regulation
of urinary concentrating capacity mainly via transcrip-
tionally up-regulating AQP2 in the renal medullary col-
lecting ducts (MCDs).*> FXR is also critical for the
survival of MCDs under hypertonic stress via increasing
the expression and nuclear translocation of tonicity
response enhancer binding protein (TonEBP).*” More-
over, crystallin zeta might be another factor mediating
the attenuation of hypertonicity-induced cell death by
FXR activation.”®

FXR also plays a critical role in protecting the kidney
from acute and chronic injuries. OCA has been shown
to significantly improve the severity of ischemic renal
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damage and delay the progression of AKI to CKD in
mice with renal I/R injury by regulating renal autoph-
agy and apoptosis.®>°° OCA also showed inhibitory
effects on renal inflammation and oxidative stress in
LPS-induced AKI via blocking the nuclear translocation
of NF-xB p6s5 and p5o subunits in tubular epithelial
cells of renal cortex, attenuating LPS-induced renal glu-
tathione depletion, lipid peroxidation and protein nitra-
tion, and reducing the up-regulated NADPH oxidase
and iNOS gene expression.”’ In a STZ-induced type 1
diabetes mellitus animal model, FXR gene knockout
markedly worsened DN, while treatment with OCA
attenuated proteinuria, glomerulosclerosis, and tubu-
lointerstitial fibrosis, by lowering renal lipid accumula-
tion, macrophage infiltration, and renal expression of
sterol-regulatory element binding proteins (SREBPs),
pro-fibrotic growth factors, and oxidative stress
enzymes.”” In animal models of type 2 diabetes, OCA
and GW4064 were effective in preventing progression
of DN by ameliorating proteinuria, podocyte injury, pro-
fibrotic and pro-inflammatory gene expression, and the
proliferation of mesangial cells.”®> °° In addition, OCA
treatment has been reported to have favorable effects on
age-related kidney disease through preventing the up-
regulation of proinflammatory tumor necrosis factor-o
(TNF-¢), toll-like receptor 2 (TLR2), and TLR4. FXR
activation by CDCA was also found to alleviate renal
fibrosis and down-regulated the SMAD family member
3 (Smad3) expression in UUO mice.°° Consistently, a
recent study has reported that a novel FXR agonist EDP-
305 can reduce UUO-induced interstitial renal fibrosis
by decreasing transforming growth factor beta 1 (TGF-
B1)-induced nuclear localization of yes-associated pro-
tein (YAP) via increasing inhibitory YAP phosphoryla-
tion.”” Collectively, these data demonstrate a critical
role of FXR in renal physiology and a therapeutic poten-
tial of FXR agonists in the treatment of acute and
chronic renal diseases with different etiology.

Pregnane X receptor (PXR)

PXR (NRilz) has been generally considered as an
important xenobiotic receptor regulating the expression
of genes encoding drug-metabolizing enzymes and
drug transporters to detoxify and eliminate xenobiotics
and endotoxins from the body. Both endobiotic and
xenobiotic chemical compounds can activate PXR. In
addition to pregnane, steroid, bile acids and other endo-
biotic chemicals, various clinically used drugs and envi-
ronmental pollutants are able to activate PXR.® It is
worth mentioning that several compounds and drugs
have been recently identified as selective PXR agonists,
including lathyrane diterpenoids, garcinoic acid, cal-
cium channel blocker felodipine, anti-cancer drug dab-
rafenib, atypical antipsychotics quetiapine and etc.”9"°°
Unlike most of other NRs, PXR activation is species-spe-
cific due to the distinction of its LBD. In scientific field,

pregnenolone-16a-carbonitrile (PCN) is a specific ago-
nist used for activating mouse PXR, while rifampicin
represents a selective agonist for human PXR. In spite
of high expression in the liver and gastrointestinal tract,
PXR is broadly distributed at a low level in many other
tissues including the kidney, hypothalamus, spinal
cord, heart, bone marrow, and adrenal gland."®" Within
mouse kidney, PXR protein is located in almost all the
segments of renal tubules, with the highest expression
in the proximal tubules and thick ascending limbs
(TAL) of the loop of Henle."”* The intrarenal distribu-
tion pattern of PXR indicates a vital role of PXR in the
regulation of renal physiological processes and the
development of kidney diseases. A recent study has
reported that PXR targets aldo-keto reductase family 1,
member By (AKR1B7) to preserve mitochondrial metab-
olism and renal function in rat models of cisplatin-
induced AKI and I/R-associated AKI."*® The protective
effect of PXR in AKI was also confirmed in a mouse
model of cisplatin-induced AKI, in which the beneficial
renal effect of the PXR activation is achieved via a PI3K/
AKT-dependent manner, leading to amelioration of
renal tubular apoptosis, oxidative and ER stress, and
inflammatory gene expression."®* Importantly, it has
been recently reported that PXR is robustly down-regu-
lated and negatively correlated with renal dysfunction in
human kidneys with AKI and is significantly up-regu-
lated in renal biopsy samples from CKD patients
(including two patients with DN)."** These observations
suggest that PXR may also participate in the develop-
ment of human AKI and CKD and might represent as a
target for potential novel therapies.

Vitamin D receptor (VDR)
As a central regulator in controlling serum calcium and
phosphorus homeostasis, vitamin D (VD) exerts vital
functions by binding to the nuclear receptor VDR
(NR1l1). Recent studies have revealed that, other than
VD, polyunsaturated fatty acids, lithocholic acid, curcu-
min, and gamma-tocotrienol can also activate VDR.'®
VDR is widely expressed in diverse organs and tissues.
Immunohistochemical studies have shown that VDR is
localized in several renal regions including glomerular
parietal epithelial cells, podocytes, mesangial cells, prox-
imal and distal tubular epithelial cells, and collecting
duct cells.”®® Dysfunction of VDR is closely associated
with a variety of kidney diseases, including AKI and
DN. VDR activation by paricalcitol, an active low-calce-
mic third-generation VD analog (Table 2), exerts reno-
protective effect on AKI induced by I/R, cisplatin, LPS,
gentamicin and contrast."” "¢

The VD/VDR signaling pathway has also been recog-
nized as an important modulator in the progression of
DN. In a mouse model of STZ-induced type 1 diabetes,
VDR-null mice exhibited significantly increased albu-
minuria and glomerular podocyte loss compared to WT

www.thelancet.com Vol 76 Month February, 2022



Review

mice possibly due to the activation of renin-angiotensin
system (RAS),"" suggesting VDR activation may protect
DN in diabetic animals. In line with this finding, in
both type 1 and type 2 diabetic rodents, paricalcitol or
calcitriol in combination with the ARB losartan or renin
inhibitor aliskiren effectively ameliorated albuminuria
and renal fibrosis."*""* In diabetic patients, increasing
evidences have demonstrated that VD and multiple
VDR activators possess a variety of renoprotective effects
via their antiproteinuria, antifibrosis and anti-inflamma-
tory actions and preventing podocyte damage.”™ In
patients with DN, VD supplements including calcitriol,
alfacalcidol and 1,25 (OH),vitD; showed beneficial
effects on 24 h urine protein and inflammation
indexes.”"® It has also been reported that high-dose VD
supplementation is associated with albuminuria reduc-
tion and amelioration of renal injury in type 1 diabetes.
In a large-scale randomized controlled study, patients
with both type 2 diabetes mellitus and DN treated with
paricalcitol in combination with the angiotensin-con-
verting enzyme inhibitors or angiotensin receptor block-
ers achieved a sustained reduction in residual
albuminuria excretion.”” In the kidneys of patients
with IgA nephropathy (IgAN), decreased calcitriol pro-
duction and increased VD degradation were both evi-
dent. It has been reported that low VD level is
remarkably associated with increased risk of renal pro-
gression and poorer outcome in IgAN."”® In mice with
diet-induced obesity, the VDR agonist doxercalciferol
(ta-hydroxyvitamin D2) improved renal manifestations
including proteinuria, podocyte injury, mesangial
expansion, and extracellular matrix protein accumula-
tion." In a rat UUO model, paricalcitol showed a reno-
protective effect by activating VDR, preventing fibrosis
and decreasing renal cell apoptosis in the proximal
tubules and collecting ducts.”*® Altogether, VD, VD ana-
logues and VDR agonists possess promising therapeutic
actions against multiple kidney diseases especially DN.

Glucocorticoid receptor (GR)

GR (NR3Ci) has two main variants: « and B. Unlike
GRe, the GRS splice variant does not bind to glucocorti-
coid, but is constitutively present in the nucleus where
it acts as a natural dominant negative inhibitor of the
GRa subtype at many glucocorticoid response target
genes. GR is involved in many key physiological pro-
cesses including development, cell growth and differen-
tiation, glucose and lipid metabolism and inflammation
via binding to its internal ligands glucocorticoids (GCs)
secreted from the adrenal gland. Synthetic GCs include
steroid hormones and non-steroid hormones such as
dexamethasone (DEX), betamethasone, prednisolone
and mifepristone (RU486) to activate or block GR.™'
GR is expressed along the whole nephron and collecting
duct system especially in the medullary loop (Table 1),
and widely found in most renal cell types. The
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physiology and pharmacology of GCs and the GRs have
been reviewed extensively elsewhere.””” GCs have long
been used to treat glomerulonephritis and idiopathic
nephrotic syndrome based on their immunosuppressive
actions. They are usually effective in preserving podo-
cyte function and reducing proteinuria.’** It has been
reported that the key components of GR complex
including the GR, heat shock protein 9o, and the
immunophilins FKBPs51 and FKBPs52 are expressed in
rat glomerular podocytes, where the signaling pathway
of GR can be activated by DEX treatment.””* GCs, as a
mainstay of therapy in podocytopathy, were found to
perform its cytoprotective action via stabilizing actin fil-
ament in podocytes.” It was reported that the podo-
cyte-specific GR gene knockout mice had comparable
renal function to wild type. However, DEX treatment
can recover damaged podocyte cytoskeleton in wild type
mice caused by LPS but not in podocyte-specific GR-
null mice.”*® A recent study, integrating data from tran-
scriptome, transcription factor binding, histone modifi-
cation, and genome topology, has revealed that GR in
podocyte was enriched at transcriptional interaction
hubs and super-enhancers."”

GR in glomerular endothelial cells also possesses a
protective role in DN. In a STZ-induced DN model,
compared to control mice, mice lacking endothelial glu-
cocorticoid receptor (GR) had more severe renal fibrosis
via stimulating Wnt signaling-dependent epithelial-to-
mesenchymal transition (EMT) in tubular epithelial
cells,*® suggesting endothelial GR helps prevent the
development of DN. In contrast, compared to control
mice, the Pax8-Cre/GRﬂ/ fl mice with inactivation of GR
specifically in renal epithelial cells attenuated albumin-
uria and cellular crescent formation after the induction
of crescentic nephritis.””® Renal GR can also activate
the circadian rhythm of sodium chloride cotransporter
(NCC) and prevent its phosphorylation, which has a pro-
found impact on the diurnal dynamic balance of blood
pressure.”° Hydrocortisone can protect the kidneys and
inhibit the activity of NF-«B by increasing the expres-
sion of GRe in the kidneys of rats with sepsis.”" In addi-
tion, GR blockers were capable of restoring the renal
antioxidant barrier by inhibiting the activities of adeno-
sine deaminase and xanthine oxidase, implicating the
involvements of GR in renal dysfunctions caused by
combined oral contraceptive via disrupted glutathione
antioxidative barrier.

Currently, glucocorticoid drugs are widely used in
clinical practice for the treatment of various renal dis-
eases such as nephrotic syndrome, IgA nephropathy,
membranoproliferative glomerulonephritis, membra-
nous nephropathy and anti-glomerular basement mem-
brane disease. Both agonistic and antagonistic effects of
GRs may be beneficial in certain renal disorders. There-
fore, cell type specific role of GR needs to be further
clarified and targeted delivery of glucocorticoid drugs
may provide a new approach to clinical practice.

1
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Estrogen receptors (ERs)

The cellular effects of estrogen are mainly mediated by
estrogen receptors (ERs), ERae (NR3A1) and ERS
(NR3A2). Abnormal estrogen signaling can lead to dif-
ferent types of pathological conditions, such as cancer
and metabolic diseases. ERa and ERB are both
expressed in the kidney. Estrogen contributes to blood
pressure regulation, electrolyte balance and water
homeostasis in the kidney.”* Numerous studies have
revealed that ERs participate in the development of kid-
ney diseases such as AKI, IgAN, and CKD, which were
elegantly reviewed recently.”* Although estrogen exhib-
its renal protection in animal models of AKI, the dose
required for renoprotective effect is beyond the physio-
logical level.# In diabetic patients and animals, ER acti-
vation reduces the progression of DN by alleviating
glomerulosclerosis and fibrosis, promoting cell survival
and preventing podocyte loss.**3° On contrary,
increased serum phytoestrogens have been reported in
DN patients, which may contribute to negative effect on
the development of diabetic renal and cardiovascular
complications.”” In an UUO-induced tubulointerstitial
fibrosis mouse model, tamoxifen was found to improve
renal injury by the suppression of renal fibroblast activa-
tion via the modulation of ERe-mediated renal TGF-B1/
Smad signaling pathway."*

Conclusion

As a major social health problem, kidney disease has
high morbidity and mortality, and also leads to a sub-
stantial increased risk of other diseases especially car-
diovascular disease. Coordination of scientific and
public health efforts for renal disease appears to be the
most efficient strategy for the prevention and treatment
of this devastating disease. A large body of evidence has
clearly demonstrated that modulation of the NRs dis-
cussed in this review contributes to the alleviation or
even prevention of kidney diseases. Numerous pharma-
cological approaches specifically targeting these NRs
have been proved to be beneficial in slowing renal func-
tional decline in preclinical studies or clinical trials,
with some of the NR agonists and antagonists success-
fully used for the treatment of kidney diseases (Table 2).
The increased understanding of the role of each NR and
the NR network in renal health and disease will enable
us to identify novel therapeutic targets for the develop-
ment of more efficient medicine, ultimately curing both
acute and chronic kidney diseases.

Outstanding questions

As the largest group of transcription factors, NRs serve
as drug targets for various diseases, and multiple modu-
lators of NRs including GR, MR, ER, VDR, PPARc,
PPARg, and FXR have been successfully developed as

therapeutic agents. Accumulating evidence has clearly
indicated that some other NRs such as LXRa and LXRDb
discussed in this review also contribute to the kidney
homeostasis and disease development. However, due to
the length limitation of the paper and the lack of solid
experimental evidence, many other NRs such as estro-
gen related receptors (ERRs), retinoid X receptors
(RXRs), RAR-related orphan receptors (RORs) and Rev-
Erb-a/b, which are constitutively expressed at high level
in the kidney, were not discussed in this review (Table 1).
More intensive basic research is required for character-
izing the roles of these NRs in renal physiology and
pathophysiology. The agonists or antagonists of these
receptors might also have the potential to protect
against renal diseases. Furthermore, it is of great signifi-
cance to identify and develop novel agonists and antago-
nists of NRs with fewer side-effects, which may further
benefit the prevention, treatment and prognosis of kid-
ney diseases.
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