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Abstract
Podocytopathy is characterized as the clinical manifestation
of massive proteinuria and the changes in morphology and
quantity of podocytes, which is attributed to podocyte
injury or dysfunction and subsequently leads to renal
failure. Since effective therapeutic strategies are still
limited, to find new methods for treatment of this disease is
important. Oxidative stress has been found to involve in the
initiation and progression of podocytopathy. Additionally,
nuclear factor erythroid 2 related factor 2 (Nrf2)/Kelch-like
ECH-associated protein 1 (Keap1)-antioxidant-responsive
element (ARE) system plays a key role in the cell’s response
to oxidative stress. Therefore, activation of Nrf2 seems to
be a potentially effective method for the treatment of
podocytopathy. In this paper, we will summarize the
information available regarding the effect of Nrf2 on
podocytopathy, especially through Nrf2/Keap1-ARE
pathway.
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Introduction
Podocyte is a kind of epithelial cell with interdigitating foot

processes separated by a slit diaphragm. Previously, it was
difficult to study podocyte in vivo due to its special anatomy.
Moreover, primary podocyte from normal adult human kidney
couldn’t passage owning to its terminally differentiated
property, therefore, the research work studying podocyte in
vitro was also limited.

Until the end of 1990s, the establishment of the immortalized
cell line highlighted the understanding of the podocyte structure
and the underling mechanism in glomerular disease [1]. As renal
capsule visceral epithelial cells, podocytes enwraps the outside
of the glomerular basement membrane (GBM). Podocytes,
together with the GBM and capillary endothelial cells constitute
the glomerular filtration barrier to regulate the passage of
proteins from capillary lumen to Bowman's space [2]. And

besides, this terminally differentiated cell also plays a battery of
physiological functions including: remodelling the GBM [3,4] and
endothelial cells [5,6], provision of structural support for the
glomerular capillary, regulating mesangial cell migration and
survival [7] as well as endocytosis of filtered proteins [8].

Podocytopathy is the group of glomerular diseases,
characterized as the clinical manifestation of massive proteinuria
and the changes in morphology and quantity of podocytes
under electron microscope, which is attributed to podocyte
injury or dysfunction [9]. It is now recognized that minimal
change disease [10], focal segmental glomerulosclerosis (FSGS)
[11], idiopathic membranous glomerulopathy [12], crescentic
glomerulonephritis [13], collapsing glomerulopathy [14],
diabetic nephropathy [15], obesity-related glomerulopathy [16]
and lupus nephritis [17] share the common features-podocyte
damage and dysfunction. It was a major switch in our
understanding of the pathophysiology and pathology of
glomerular diseases because of the conception of
podocytopathy, which was the early-stage event. The realization
that glomerular diseases could be reversed by focusing on this
early-stage event has led to the current theory that novel
therapeutics should inhibit podocyte damage and dysfunction.

The mechanisms of podocyte diseases are complicated. The
most studied is the skeleton protein [18,19], followed by gene
mutation [20], as well as TGF-β dependent [21]. In recent years,
the role of oxidative stress in podocyte injury is gradually being
concerned [22,23]. Moreover, nuclear factor erythroid 2 related
factor 2 (Nrf2)/Kelch-like ECH-associated protein 1 (Keap1)-
antioxidant-responsive element (ARE) system plays a key role in
the cell’s response to oxidative stress [24-26]. Therefore,
activation of Nrf2 seems to be a potentially effective method for
the treatment of podocytopathy. Here, we seek to review the
contribution of Nrf2/Keap1-ARE system to podocytopathy.

Oxidative Stress and Podocytopathy
Our body is under persistent oxidative attack from reactive

oxygen species (ROS), and a complex antioxidant defence system
has evolved that normally keeps this attack in balance [27].
Oxidative stress and reductive stress are dual dynamic phases
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experienced by the cells undergoing adaptation towards both
endogenous and exogenous noxious stimulus. Oxidative stress is
defined by the imbalance between the production of ROS and
the endogenous antioxidant mechanisms. Under physiological
condition, several precisely controlled oxidative pathways
contribute to ROS generation, while several endogenous
antioxidant enzymes account for ROS purge [28]. Both reduced
ROS detoxification and increased ROS generation can lead to
cellular macromolecules damage, including DNA oxidation [29],
lipid peroxidation [30] and protein modification [31]. These
damages, if left unrepaired, can cause mutations which lead to
diseases.

Figure 1: Described pathways under which oxidative stress
occurred in podocytopathies for different kidney diseases.
AGEs: Advanced Glycation End products; ER stress:
Endoplasmic Reticulum Stress; IL-6: Interleukin 6; NADPH:
Nicotinamide Adenine Dinucleotide Phosphate; NF-κB:
Nuclear Factor Kappa B; PKC: Protein Kinase C; RAAS: Renin
Angiotensin-aldosterone System; TNF-α: Tumor Necrosis
Factor Alpha.

Podocyte injury, a major contributor to the proteinuric
glomerular diseases, is caused at least in part by the excessive
generation of ROS [32,33]. Considerable evidences show that
ROS involved in podocyte injury in a variety of disease states,
such as diabetes [34-36], hyperlipidaemia [22], FSGS [37], renal
ischemia-reperfusion [23], together with drug-induced kidney
damage [38,39]. For example, under hyperglycaemia condition,
activation of polyol pathway, protein kinase C signalling pathway
and renin angiotensin-aldosterone system, as well as the
generation of advanced glycation end products tend to increase
oxidative stress by inducing the action of nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase.

In addition, under obese condition, hyperlipidaemia-induced
activation of renin angiotensin-aldosterone system and
excessive ER stress together with hyperleptinimia-induced
inflammation result in oxidative stress. Moreover, certain drugs
can lead to oxidative stress through a particular mechanism.
Described pathways under which oxidative stress occurred in
podocytopathies for different kidney diseases were shown in
(Figure 1). Therefore, against oxidative stress or reduce ROS
production can become a new method to treat podocytopathy.

NRF2/KEAP1-are Signalling Pathway and
Oxidative Stress

The basic leucine zipper transcription factor family member,
Nrf2, is the central of antioxidant system and plays an important
role in cellular resistance to oxidative stress [40]. Nrf2/Keap1-
ARE signalling pathway is regulated by complex mechanisms.
Under normal conditions, Nrf2 exists in cytoplasm as its inactive
form. Keap1, works as an inhibitor, binds tightly to Nrf2 to
anchor this transcription factor in the cytoplasm [41]. Keap1 also
serves as a mediator that ultimately leads to ubiquitination and
proteasomal degradation of Nrf2, thereby the ability of Nrf2 to
induce phase II detoxification enzyme genes is repressed [42].
Under abnormal conditions, such as exposure to oxidative stress
and certain antioxidants, the Nrf2/Keap1 complex structure will
be changed by modifying two (Cys273 and Cys288) of the 25
cysteine residues of Keap1 [43], leading to the cytoplasmic-to-
nuclear translocation of Nrf2. In the nucleus, Nrf2 up-regulates
gene expression of phase II detoxifying and/or antioxidant
enzymes [44,45] by binding ARE or electrophile response
element, which locates at the 5-flanking region of the phase II
detoxification enzyme genes [46].

Promotion of Nrf2 cytoplasmic-to-nuclear translocation,
modification of the Nrf2/Keap1 complex and inhibition of Nrf2
degradation are important to Nrf2/Keap1-ARE pathway
dependent gene expression, and several signalling pathways are
associated with these processes. Our previous study revealed
that Zinc maintains Nrf2 normal expression and transcription
function through Akt/GSK-3β-mediated inhibition of Nrf2
nuclear exporter Fyn [47]. In HepG2 cells, Huang et al. found
that PKC could promote Nrf2 phosphorylation at Ser-40, which
remoulded the Nrf2/Keap1 complex and lead to the dissociation
of Nrf2 from Keap1 [48].

In another study from our group, we found that MG132 up-
regulated Nrf2 function via inhibiting the increased proteasomal
activity in diabetic mouse model [49]. Taken together, whether
up-regulating Nrf2/Keap1-ARE signalling pathway directly by
promotion of Nrf2 cytoplasmic-to-nuclear translocation and
modification of the Nrf2/Keap1 complex or indirectly by
inhibition of Nrf2 degradation, provides a valuable tool for the
treatment of oxidative stress-associated injury.

Diabetic Nephropathy
Podocyte injury caused by oxidative stress contributes to

onset and progression of diabetic nephropathy and related
functional deficits like albuminuria and decreased glomerular
filtration rate [50]. Therefore, diminishing oxidative stress exerts
podocyte-protective effects in diabetic nephropathy. Cao et al.
used ursodeoxycholic acid to treat podocytes under high glucose
condition, and found that ursodeoxycholic acid treatment
alleviated high glucose induced ROS generation in podocytes
[51].

To explore whether activation of Nrf2/Keap1-ARE pathway
attenuated high glucose induced podocyte injury, both Nrf2
inducer and Nrf2 siRNA were used to regulate Nrf2 expression in
mouse podocytes [52]. In this in vitro study, Wang et al. found
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that up-regulation of Nrf2 and its downstream genes decreased
high glucose induced intracellular ROS production, apoptosis
rate and bovine serum albumin permeability, while Nrf2 siRNA
treatment aggravated these injuries, indicating that activation of
Nrf2/Keap1-ARE pathway could be a therapeutic option to
combat oxidative stress and inhibit the development of diabetic
nephropathy [52].

The therapeutic effects of Nrf2/Keap1-ARE pathway activation
on podocytes in diabetic nephropathy were also proved in an in
vivo study. Improved albuminuria, renal interstitial inflammation
and glomerular sclerosis were found after a single dose of lectin-
like domain of thrombomodulin injection in db/db mice and
these effects were partially associated with promotion of Nrf2
nuclear translocation [53]. Taken together, available evidence
supports the beneficial roles of Nrf2/Keap1-ARE pathway
activation in the treatment of diabetes-induced podocyte injury.

FSGS
FSGS clinically features heavy proteinuria or nephrotic

syndrome and defined by characteristic lesions of focal
glomerular sclerosis and podocyte foot process effacement [54].
It has been proved that oxidative stress was involved in the
pathogenesis of this podocytopathy [55].

The therapeutic effects of activation of Nrf2/Keap1-ARE
pathway on alleviating podocyte injury and renal damage in
FSGS mice were evaluated by a series of studies from one
Chinese group [56-58]. In these studies, the FSGS mouse model
was introduced by intravenously injection of a single dose of
adriamycin in 8-week-old female BALB/c mice and then
antroquinonol [56], citral [57] or osthole [58] were
administrated, respectively. At the indicated time course,
markers of renal function, podocyte injury, oxidative stress, as
well as Nrf2/Keap1-ARE pathway were detected.

These results demonstrated that all these compounds can (1)
attenuate proteinuria, renal dysfunction and podocyte injury; (2)
reduce oxidative stress; (3) activate renal Nrf2/Keap1-ARE
pathway [56-58]. However, whether these renal protective
effects were Nrf2/Keap1-ARE pathway dependent was not
addressed in the above studies. Therefore, Nrf2 activator and
Nrf2 knock mice are helpful to make sure this issue in further
study.

Crescentic Glomerulonephritis
Crescentic rapidly progressive glomerulonephritis is a severe

syndrome characterized by a rapid loss of renal function as well
as podocyte injury. To explore the therapeutic potential of Nrf2-
peroxisome proliferator-activated receptor gamma (PPARγ)
pathway in treating crescentic glomerulonephritis, Henique et
al. found that podocyte-specific Pparγ gene targeting lead to
increased urinary protein and severe renal failure. Meanwhile,
activation of PPARγ by thiazolidinedione administration failed to
prevent the severe damage in podocyte-specific Pparγ gene

deficiency mice. Moreover, in Nrf2 knockout mice, loss of
podocyte PPARγ and aggravated the course of rapidly
progressive glomerulonephritis were observed, which could be
partially prevented by thiazolidinedione administration [59]. This
study provides the evidence that the Nrf2-PPARγ pathway may
be a therapeutic target for crescentic rapidly progressive
glomerulonephritis.

It is worth noting that, the efficacy of Nrf2/Keap1-ARE
pathway activation in crescentic glomerulonephritis has been
proved [60]. However, whether Nrf2/Keap1-ARE pathway takes
part in the protection of crescentic glomerulonephritis remains
unknown.

Obesity-related Glomerulapathy
Obesity, recognized as a major feature of metabolic

syndrome, has become a big social problem worldwide. A large
number of studies demonstrate that ROS plays an important role
in regulation of glucose and lipid metabolism [61]. The role of
the Nrf2/Keap1 pathway in obesity and metabolic syndrome was
well reviewed by Zhang et al. [62]. The effects of regulating
oxidative stress by Nrf2 on phenotypes of obesity were complex.
With deletion of the Nrf2 gene, increased oxidative stress and
ROS generation in obesity was expected to deteriorate the
obesity phenotypes [63]. However, a series of studies showed
that deletion of the Nrf2 gene in mice ameliorated the obesity
phenotypes, including insulin resistance, hyperglycaemia,
hyperlipidaemia and overweight [64,65]. These contradictory
results of Nrf2 on obesity are possibly due to the difference in
ROS flux levels in different animal models, such as high fat diet-
induced obese mice, db/db mice and ob/ob mice.

Interestingly, consistent results were found in experiments
using Nrf2 pharmacological activators. All these specific Nrf2
activators significantly improved glucose intolerance and
attenuated insulin resistance [66-70]. One possible reason
interprets the difference between studies using Nrf2 activators
and Nrf2 deficiency mice might be Nrf2 activators and Nrf2
deficiency work through distinct mechanisms. Unfortunately, no
study observes the effects of Nrf2/Keap1-ARE pathway on
obesity-induced kidney damage and podocyte injury.

Others
The protective effect of Nrf2 on podocytopathy was also

found in other experiment model. In study from Zhou et al.,
primary podocyte and doxycycline-inducible podocyte-specific
glycogen synthase kinase 3β gene knockout mice were used and
treated with doxorubicin [71].

This study revealed that both genetic and pharmacologic
targeting of glycogen synthase kinase 3β alleviated doxorubicin-
induced podocyte injury by reinforces the Nrf2 antioxidant
defence [71]. Detail information from the articles studying the
effects of Nrf2/Keap1-ARE signalling pathway on podocytopathy
was listed in (Table 1).

Table 1: Effects of Nrf2/Keap1-ARE signalling pathway on podocytopathy.
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Disease model Intervention medicine Nrf2 knockout Reference

Diabetic Nephropathy

Podocyte, high glucose stimulation Tert-Butylhydroquinone Yes [52]

db/db mice Lectin-like domain of thrombomodulin No [53]

Focal segmental glomerulosclerosis

Adriamycin-induced focal segmental glomerulosclerosis mice Antroquinonol No [56]

Adriamycin-induced focal segmental glomerulosclerosis mice Citral No [57]

Adriamycin-induced focal segmental glomerulosclerosis mice Osthole No [58]

Crescentic glomerulonephritis

Sheep anti-mouse GBM nephrotoxic serum-induced crescentic
glomerulonephritis mice

Thiazolidinedione Yes [59]

Others

Primary podocytes and mice, doxorubicin stimulation SB216763 No [71]

Conclusions
In summary, oxidative stress involves the pathogenesis of

podocytopathy. As the central of body antioxidant system, Nrf2,
epically Nrf2/Keap1-ARE pathway plays an important role in
podocytopathy treatment. This review provides evidence for
future clinical research studying the therapeutic potential for
the treatment of podocytopathy.

Funding
This study was supported in part by Jilin Province Science and

Technology Development Program funded project (No.
20150520034JH) and (No.20160414014GH) and Norman
Bethune Program of Jilin University (No.2015214).

Conflicts Of Interest
None declared.

Ethical Approval
This article does not contain any studies with human

participants or animals performed by any of the authors.

Author’s Contribution
WC and LM designed this manuscript; WC and YC wrote this

manuscript; YW and ML searched the articles. All of the authors
read and approved the final manuscript.

References
1. Kriz W, Gretz N, Lemley KV (1998) Progression of glomerular

diseases: is the podocyte the culprit? Kidney Int 54: 687-697.

2. Brinkkoetter PT, Ising C, Benzing T (2013) The role of the podocyte
in albumin filtration. Nat Rev Nephrol 9: 328-336.

3. El-Aouni C, Herbach N, Blattner SM, Henger A, Rastaldi MP, et al.
(2006) Podocyte-specific deletion of integrin-linked kinase results

in severe glomerular basement membrane alterations and
progressive glomerulosclerosis. J Am Soc Nephrol 17: 1334-1344.

4. Harvey SJ, Jarad G, Cunningham J, Rops AL, van der Vlag J, et al.
(2007) Disruption of glomerular basement membrane charge
through podocyte-specific mutation of agrin does not alter
glomerular permselectivity. Am J Pathol 171: 139-152.

5. Veron D, Villegas G, Aggarwal PK, Bertuccio C, Jimenez J, et al.
(2012) Acute podocyte vascular endothelial growth factor (VEGF-
A) knockdown disrupts alphaVbeta3 integrin signalling in the
glomerulus. PloS one. 7: e40589.

6. Yang W, Wang J, Shi L, Yu L, Qian Y, et al. (2012) Podocyte injury
and overexpression of vascular endothelial growth factor and
transforming growth factor-beta 1 in adriamycin-induced
nephropathy in rats. Cytokine 59: 370-376.

7. Eremina V, Cui S, Gerber H, Ferrara N, Haigh J, et al. (2006)
Vascular endothelial growth factor a signaling in the podocyte-
endothelial compartment is required for mesangial cell migration
and survival. J Am Soc Nephrol 17: 724-735.

8. Inoue K, Ishibe S (2015) Podocyte endocytosis in the regulation of
the glomerular filtration barrier. Am J Physiol Renal Physiol 309:
F398-405.

9. Singh L, Singh G, Dinda AK (2015) Understanding podocytopathy
and its relevance to clinical nephrology. Indian J Nephrol 25: 1-7.

10. Ishimoto T, Shimada M, Araya CE, Huskey J, Garin EH, et al. (2011)
Minimal change disease: a CD80 podocytopathy? Sem Nephrol 31:
320-325.

11. D'Agati VD (2012) Pathobiology of focal segmental
glomerulosclerosis: new developments. Curr Opin Nephrol
Hypertens 21: 243-250.

12. Glassock RJ (2010) The pathogenesis of idiopathic membranous
nephropathy: a 50-year odyssey. Am J Kidney Dis 56: 157-167.

13. Hidaka T, Suzuki Y, Yamashita M, Shibata T, Tanaka Y, et al. (2008)
Amelioration of crescentic glomerulonephritis by RhoA kinase
inhibitor, Fasudil, through podocyte protection and prevention of
leukocyte migration. Am J Pathol 172: 603-614.

14. Barisoni L, Nelson PJ (2007) Collapsing glomerulopathy: an
inflammatory podocytopathy? Curr Opin Nephrol Hypertens 16:
192-195.

Journal of Clinical & Experimental Nephrology

ISSN 2472-5056 Vol.3 No.1:07

2018

4 This article is available from: https://clinical-experimental-nephrology.imedpub.com/

https://clinical-experimental-nephrology.imedpub.com/


15. Diez-Sampedro A, Lenz O, Fornoni A (2011) Podocytopathy in
diabetes: a metabolic and endocrine disorder. Am J Kidney Dis 58:
637-646.

16. Camici M, Galetta F, Abraham N, Carpi A (2012) Obesity-related
glomerulopathy and podocyte injury: a mini review. Front Biosci 4:
1058-1070.

17. Hu WX, Chen YH, Bao H, Liu ZZ, Wang SF, et al. (2015)
Glucocorticoid with or without additional immunosuppressant
therapy for patients with lupus podocytopathy: a retrospective
single-center study. Lupus 24: 1067-1075.

18. Kandasamy Y, Smith R, Lumbers ER, Rudd D (2014) Nephrin - a
biomarker of early glomerular injury. Biomarker Res 2: 21.

19. Sekulic M, Pichler SS (2013) A compendium of urinary biomarkers
indicative of glomerular podocytopathy. Patholog Res Int 2013:
782395.

20. Bierzynska A, Soderquest K, Koziell A (2014) Genes and podocytes
- new insights into mechanisms of podocytopathy. Front
Endocrinol 5: 226.

21. Herman-Edelstein M, Weinstein T, Gafter U (2013) TGFbeta1-
dependent podocyte dysfunction. Curr Opin Nephrol Hypertens
22: 93-99.

22. Hua W, Huang HZ, Tan LT, Wan JM, Gui HB, et al. (2015) CD36
Mediated Fatty Acid-Induced Podocyte Apoptosis via Oxidative
Stress. PloS one 10: e0127507.

23. Zhao B, Yang H, Zhang R, Sun H, Liao C, et al. (2015) The role of
TRPC6 in oxidative stress-induced podocyte ischemic injury.
Biochem Biophys Res Commun 461: 413-420.

24. Nguyen T, Sherratt PJ, Pickett CB (2003) Regulatory mechanisms
controlling gene expression mediated by the antioxidant response
element. Annu Rev Pharmacol Toxicol 43: 233-260.

25. Alam J, Cook JL (2003) Transcriptional regulation of the heme
oxygenase-1 gene via the stress response element pathway. Curr
Pharm Des 9: 2499-2511.

26. Kong AN, Owuor E, Yu R, Hebbar V, Chen C, et al. (2001) Induction
of xenobiotic enzymes by the MAP kinase pathway and the
antioxidant or electrophile response element (ARE/EpRE). Drug
Metab Rev 33: 255-271.

27. Burton GJ, Jauniaux E (2011) Oxidative stress. Best Pract Res Clin
Obstet Gynaecol 25: 287-299.

28. Lyakhovich VV, Vavilin VA, Zenkov NK, Menshchikova EB (2006)
Active defence under oxidative stress: the antioxidant responsive
element. Biochem (Mosc) 71: 962-974.

29. Kaya Y, Cebi A, Soylemez N, Demir H, Alp HH, et al. (2012)
Correlations between Oxidative DNA Damage, Oxidative Stress
and Coenzyme Q10 in Patients with Coronary Artery Disease. Int J
Med Sci 9: 621-626.

30. Pillon NJ, Croze ML, Vella RE, Soulere L, Lagarde M, et al. (2012)
The lipid peroxidation by-product 4-hydroxy-2-nonenal (4-HNE)
induces insulin resistance in skeletal muscle through both carbonyl
and oxidative stress. Endocrinol 153: 2099-2111.

31. Piomboni P, Stendardi A, Gambera L, Tatone C, Coppola L, et al.
(2012) Protein modification as oxidative stress marker in normal
and pathological human seminal plasma. Redox Rep 17: 227-232.

32. Raij L, Tian R, Wong JS, He JC, Campbell KN (2016) Podocyte
Injury: The Role of Proteinuria, Urinary Plasminogen and Oxidative
Stress. Am J Physiol Renal Physiol 311: F1308-F1317.

33. Wang B, Xu X, He X, Wang Z, Yang M (2016) Berberine Improved
Aldo-Induced Podocyte Injury via Inhibiting Oxidative Stress and
Endoplasmic Reticulum Stress Pathways both In Vivo and In Vitro.
Cell Physiol Biochem 39: 217-228.

34. Siddiqi FS, Majumder S, Thai K, Abdalla M, Hu P, et al. (2015) The
Histone Methyltransferase Enzyme Enhancer of Zeste Homolog 2
Protects against Podocyte Oxidative Stress and Renal Injury in
Diabetes. J Am Soc Nephrol 27: 2021-2034.

35. Zhou G, Cheung AK, Liu X, Huang Y (2014) Valsartan slows the
progression of diabetic nephropathy in db/db mice via a reduction
in podocyte injury, and renal oxidative stress and inflammation.
Clin Sci 126: 707-720.

36. Khazim K, Gorin Y, Cavaglieri RC, Abboud HE, Fanti P (2013) The
antioxidant silybin prevents high glucose-induced oxidative stress
and podocyte injury in vitro and in vivo. Am J Physiol Renal Physiol
305: F691-700.

37. Daehn I, Casalena G, Zhang T, Shi S, Fenninger F, et al. (2014)
Endothelial mitochondrial oxidative stress determines podocyte
depletion in segmental glomerulosclerosis. J Clin Invest 124:
1608-1621.

38. Rashikh A, Pillai KK, Ahmad SJ, Akhtar M, Najmi AK (2013) Aliskiren
alleviates doxorubicin-induced nephrotoxicity by inhibiting
oxidative stress and podocyte injury. J Renin Angiotensin
Aldosterone Syst 14: 14-22.

39. Zhao S, Gu Y, Groome L, Wang Y (2012) OS062 Oxidative stress
mediates podocyte injury in preeclampsia. Preg Hypertens 2:
210-211.

40. Cui W, Bai Y, Luo P, Miao L, Cai L (2013) Preventive and therapeutic
effects of MG132 by activating Nrf2-ARE signaling pathway on
oxidative stress-induced cardiovascular and renal injury. Oxid Med
Cell Longev 2013: 306073.

41. Hayes JD, McMahon M (2009) NRF2 and KEAP1 mutations:
permanent activation of an adaptive response in cancer. Trends
Biochem Sci 34: 176-188.

42. Stewart D, Killeen E, Naquin R, Alam S, Alam J (2003) Degradation
of transcription factor Nrf2 via the ubiquitin-proteasome pathway
and stabilization by cadmium. J Biol Chem 278: 2396-2402.

43. Wakabayashi N, Dinkova-Kostova AT, Holtzclaw WD, Kang MI,
Kobayashi A, et al. (2004) Protection against electrophile and
oxidant stress by induction of the phase 2 response: fate of
cysteines of the Keap1 sensor modified by inducers. Proc Natl
Acad Sci USA 101: 2040-2045.

44. Min KJ, Kim JH, Jou I, Joe EH (2008) Adenosine induces
hemeoxygenase-1 expression in microglia through the activation
of phosphatidylinositol 3-kinase and nuclear factor E2-related
factor 2. Glia 56: 1028-1037.

45. Kalayarasan S, Prabhu PN, Sriram N, Manikandan R, Arumugam M,
et al. (2009) Diallyl sulfide enhances antioxidants and inhibits
inflammation through the activation of Nrf2 against gentamicin-
induced nephrotoxicity in Wistar rats. Eur J Pharmacol 606:
162-171.

46. Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, et al. (1997) An
Nrf2/small Maf heterodimer mediates the induction of phase II
detoxifying enzyme genes through antioxidant response elements.
Biochem Biophys Res Commun 236: 313-322.

47. Li B, Cui W, Tan Y, Luo P, Chen Q, et al. (2014) Zinc is essential for
the transcription function of Nrf2 in human renal tubule cells in
vitro and mouse kidney in vivo under the diabetic condition. J Cell
Mol Med 18: 895-906.

Journal of Clinical & Experimental Nephrology

ISSN 2472-5056 Vol.3 No.1:07

2018

© Under License of Creative Commons Attribution 3.0 License 5



48. Huang HC, Nguyen T, Pickett CB (2002) Phosphorylation of Nrf2 at
Ser-40 by protein kinase C regulates antioxidant response
element-mediated transcription. J Biol Chem 277: 42769-42774.

49. Cui W, Li B, Bai Y, Miao X, Chen Q, et al. (2013) Potential role for
Nrf2 activation in the therapeutic effect of MG132 on diabetic
nephropathy in OVE26 diabetic mice. Am J Physiol Endocrinol
Metab 304: E87-99.

50. Bhatti AB, Usman M (2015) Drug Targets for Oxidative Podocyte
Injury in Diabetic Nephropathy. Cureus 7: e393.

51. Cao A, Wang L, Chen X, Guo H, Chu S, et al. (2016)
Ursodeoxycholic acid ameliorated diabetic nephropathy by
attenuating hyperglycemia-mediated oxidative stress. Chem
Pharm Bull 39: 1300-1308.

52. Wang C, Li C, Peng H, Ye Z, Zhang J, et al. (2014) Activation of the
Nrf2-ARE pathway attenuates hyperglycaemia-mediated injuries in
mouse podocytes. Cell Physiol Biochem 34: 891-902.

53. Yang SM, Ka SM, Wu HL, Yeh YC, Kuo CH, et al. (2014)
Thrombomodulin domain 1 ameliorates diabetic nephropathy in
mice via anti-NF-kappaB/NLRP3 inflammasome-mediated
inflammation, enhancement of NRF2 antioxidant activity and
inhibition of apoptosis. Diabetologia 57: 424-434.

54. Sprangers B, Meijers B, Appel G (2016) FSGS: Diagnosis and
Diagnostic Work-Up. BioMed Res Int 2016: 4632768.

55. Musante L, Candiano G, Petretto A, Bruschi M, Dimasi N, et al.
(2007) Active focal segmental glomerulosclerosis is associated
with massive oxidation of plasma albumin. J Am Soc Nephrol 18:
799-810.

56. Tsai PY, Ka SM, Chao TK, Chang JM, Lin SH, et al. (2011)
Antroquinonol reduces oxidative stress by enhancing the Nrf2
signaling pathway and inhibits inflammation and sclerosis in focal
segmental glomerulosclerosis mice. Free Radic Biol Med 50:
1503-1516.

57. Yang SM, Hua KF, Lin YC, Chen A, Chang JM, et al. (2013) Citral is
renoprotective for focal segmental glomerulosclerosis by
inhibiting oxidative stress and apoptosis and activating Nrf2
pathway in mice. PloS one 8: e74871.

58. Yang SM, Chan YL, Hua KF, Chang JM, Chen HL, et al. (2014)
Osthole improves an accelerated focal segmental
glomerulosclerosis model in the early stage by activating the Nrf2
antioxidant pathway and subsequently inhibiting NF-kappaB-
mediated COX-2 expression and apoptosis. Free Radic Biol Med
73: 260-269.

59. Henique C, Bollee G, Lenoir O, Dhaun N, Camus M, et al. (2016)
Nuclear Factor Erythroid 2-Related Factor 2 Drives Podocyte-
Specific Expression of Peroxisome Proliferator-Activated Receptor

gamma Essential for Resistance to Crescentic GN. Clin J Am Soc
Nephrol 27: 172-188.

60. Ye T, Zhen J, Du Y, Zhou JK, Peng A, et al. (2015) Green tea
polyphenol (-)-epigallocatechin-3-gallate restores Nrf2 activity and
ameliorates crescentic glomerulonephritis. PloS one 10:
e0119543.

61. Zhai L, Ballinger SW, Messina JL (2011) Role of reactive oxygen
species in injury-induced insulin resistance. J Mol Endocrinol
25492-25502.

62. Zhang Z, Zhou S, Jiang X, Wang YH, Li F, et al. (2015) The role of
the Nrf2/Keap1 pathway in obesity and metabolic syndrome. Rev
Endocr Metab Disord 16: 35-45.

63. Xue P, Hou Y, Chen Y, Yang B, Fu J, et al. (2013) Adipose deficiency
of Nrf2 in ob/ob mice results in severe metabolic syndrome.
Diabetes 62: 845-854.

64. Chartoumpekis DV, Ziros PG, Psyrogiannis AI, Papavassiliou AG,
Kyriazopoulou VE, et al. (2011) Nrf2 represses FGF21 during long-
term high-fat diet-induced obesity in mice. Diabetes 60:
2465-2473.

65. Zhang YK, Wu KC, Liu J, Klaassen CD (2012) Nrf2 deficiency
improves glucose tolerance in mice fed a high-fat diet. Toxicol Appl
Pharmacol 264: 305-314.

66. Seo HA, Lee IK (2013) The role of Nrf2: adipocyte differentiation,
obesity, and insulin resistance. Oxid Med Cell Longev 2013:
184598.

67. Shin S, Wakabayashi J, Yates MS, Wakabayashi N, Dolan PM, et al.
(2009) Role of Nrf2 in prevention of high-fat diet-induced obesity
by synthetic triterpenoid CDDO-imidazolide. Eur J Pharmacol 620:
138-144.

68. Yu Z, Shao W, Chiang Y, Foltz W, Zhang Z, et al. (2011) Oltipraz
upregulates the nuclear factor (erythroid-derived 2)-like 2
[corrected](NRF2) antioxidant system and prevents insulin
resistance and obesity induced by a high-fat diet in C57BL/6J mice.
Diabetologia 54: 922-934.

69. Tuzcu M, Sahin N, Orhan C, Agca CA, Akdemir F, et al. (2011)
Impact of chromium histidinate on high fat diet induced obesity in
rats. Nutr Metab 8: 28.

70. Panchal SK, Ward L, Brown L (2013) Ellagic acid attenuates high-
carbohydrate, high-fat diet-induced metabolic syndrome in rats.
Eur J Nutr 52: 559-568.

71. Zhou S, Wang P, Qiao Y, Ge Y, Wang Y, et al. (2016) Genetic and
Pharmacologic Targeting of Glycogen Synthase Kinase 3beta
Reinforces the Nrf2 Antioxidant Defense against Podocytopathy. J
Am Soc Nephrol 27: 2289-2308.

 

Journal of Clinical & Experimental Nephrology

ISSN 2472-5056 Vol.3 No.1:07

2018

6 This article is available from: https://clinical-experimental-nephrology.imedpub.com/

https://clinical-experimental-nephrology.imedpub.com/

	Contents
	Emerging Roles of Nuclear Factor Erythroid 2 Related Factor 2 in Podocytopathy: a Review
	Abstract
	Keywords
	Introduction
	Oxidative Stress and Podocytopathy
	NRF2/KEAP1-are Signalling Pathway and Oxidative Stress
	Diabetic Nephropathy
	FSGS
	Crescentic Glomerulonephritis
	Obesity-related Glomerulapathy
	Others
	Conclusions
	Funding
	Conflicts Of Interest
	Ethical Approval
	Author’s Contribution
	References


