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Diabetic nephropathy (DN), a leading cause of end-stage renal disease (ESRD), becomes a worldwide problem. Ultrastructural
changes of the glomerular ﬁltration barrier, especially the pathological changes of podocytes, lead to proteinuria in patients with
diabetes. Podocytes are major components of glomerular ﬁltration barrier, lining outside of the glomerular basement membrane
(GBM) to maintain the permeability of the GBM. Autophagy is a high conserved cellular process in lysosomes including
impaired protein, cell organelles, and other contents in the cytoplasm. Recent studies suggest that activation of autophagy in
podocytes may be a potential therapy to prevent the progression of DN. Here, we review the mechanisms of autophagy in
podocytes and discuss the current studies about alleviating proteinuria via activating podocyte autophagy.

1. Introduction
Diabetes mellitus (DM) has been one of the global health
issues. According to the report from the International Diabetes Federation, the number of patients with DM will increase
to 205 million in 2035 than in 2014. Diabetic nephropathy
(DN), a serious chronic complication of DM, is a leading
cause of end-stage renal disease (ESRD). One signiﬁcant clinical feature of DN is the appearance of urinary protein,
deﬁned as “albuminuria.” Structural changes of the glomerular ﬁltration barrier are detected in the diabetic patients with
albuminuria, including glomerular endothelial cell injury, the
loss of podocytes, glomerular basement membrane (GBM)
thickening, and mesangial expansion [1, 2]. Apart from
GBM dysfunction, the accumulation of advanced glycation
end products (AGEs), oxidative stress, and the activation of
the renin-angiotensin system (RAS) also contribute to the
decline in renal function [1, 3–7].
Based on the pathologic alterations in the kidney, DN is
classiﬁed into four groups: class I includes GBM thickening,
class II consists of mild (IIA) to severe (IIB) mesangial
expansion, class III includes nodular glomerulosclerosis,
and class IV represents developed DN which is characterized
with over 50% global glomerulosclerosis and podocyte

deﬁciency [8, 9]. Among these four categories, the kidney
may also exhibit arteriolar hyalinosis, glomerular capillary
subendothelial hyaline, and arteriosclerosis. Present therapies are mainly focusing on the way to reduce the levels of
blood glucose and blood pressure to normal, and most of
them alleviate albuminuria via suppressing the RAS activity
[10]. Nevertheless, considering the elevation of diabetic
kidney diseases, further studies in a pathogenetic mechanism for DN are needed to ﬁnd new approaches to treat
DN. Recently, a number of reports have demonstrated that
autophagy is involved in the pathogenesis of diabetesrelated podocyte injury. In this review, we will make a summary on the role of autophagy in this process and the
mechanisms involved.

2. Autophagy
Autophagy (from the ancient Greek meaning “self-eating”) is
a highly conserved cellular process that delivers protein and
other impaired cell organelles to lysosomes for degradation
and recycle to maintain intracellular homeostasis. Christian
de Duve ﬁrst referred autophagy in 1963 [11]. Subsequent
studies focused on the regulatory mechanisms of autophagy
and its eﬀects on human health and disease.
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On the basis of diﬀerent ways of transporting intracellular constituents to lysosomes, autophagy is divided into three
types: macroautophagy, microautophagy, and chaperonemediated autophagy [12]. Macroautophagy and chaperonemediated autophagy are through autophagosomes and chaperone complex, respectively, while constituents are delivered
to lysosomes directly in microautophagy [13, 14]. In this
review, macroautophagy (hereafter referred to as autophagy)
is mainly investigated among these three types. In terms of
diﬀerent types of degraded substrates, autophagy was also
divided into selective and nonselective autophagy. Degradation of some impaired organelles, lipophagy, or xenophagy is involved in selective autophagy, whereas deﬁcient
nutrient-induced autophagy is considered the nonselective
type [15–17].
Autophagy, ﬁrst detected in the yeast, is a complex process comprising of autophagy-related gene (Atg) product
cooperation. Atg proteins are classiﬁed into ﬁve groups:
Atg1 kinase complex [Atg1/Unc-51-like kinase (ULK) 1/2],
Atg9, class III phosphoinositide 3-kinase complex (PI3KC3),
and two ubiquitin-like conjugation systems (Atg12-Atg5 and
Atg8 conjugation system) [18]. Besides the Atg regulation,
there are some other regulatory mechanisms of autophagy,
such as the mammalian target of rapamycin signaling pathway and cellular stress pathway [19–21].

promotes the production of autophagosome and then activates podocyte autophagy. Currently, Liu et al. demonstrated
that β-arrestins, a negative adaptor of G protein-coupled
receptors (GPCRs), aggravate podocyte injury through
autophagy inhibition in DN [27]. They found that β-arrestins suppressed podocyte autophagy via downregulating
Atg12-Atg5 conjugation, which is induced by enhancing
the interaction between β-arrestins and Atg7. Therefore,
modulation of this pathway may be a novel therapeutic
approach for treating patients with DN.

3. Podocyte Autophagy in Diabetic
Nephropathy

3.2.1. Phosphatidylinositol 3-Kinase I (PI3K-I)/Protein Kinase
B (Akt/PKB). PI3Ks are consisted of three isoforms, including class I, class II, and class III [33, 34]. As a member of
Atg proteins, class III PI3K composes of a Vps15 regulatory
subunit and a Vps34 catalytic subunit, which promote phosphatidylinositol (PI) conversion to phosphatidylinositol 3phosphate [PI(3)P] and then initiate autophagy [35–38].
In contrast, the class I PI3K regulatory subunit p58 is bonded
to the catalytic subunit p110 and then activates the Akt/
mTOR signaling pathway [39, 40] by promoting phosphatidylinositol 3,4,5-triphosphate. Therefore, it seems that
class I PI3K inhibits autophagy while class III PI3K activates
it. The activation of class I PI3K is triggered by insulin or
growth factors to interact with insulin receptors or tyrosine
kinase receptors, which are the members of transmembrane
receptors existing on the membrane of podocytes and then
activates Akt/PKB. Then, the downstream tuberous sclerosis
complex 1 and 2 (TSC1/2) proteins will be inhibited by PKD1
and the production of Akt/PKB activation. In the end, podocyte autophagy is suppressed by the activation of mTOR.
Recent studies have emphasized the relationship between
DN and nutrient-dependent pathways, involving the mTOR
signaling pathway. In the models of diabetic nephropathy,
especially the type 1, insulin resistance blocks the phosphorylation of Akt/PKB and then activates mTOR by increasing
the expression of Rheb (Ras homolog enriched in brain).
Thus, insulin resistance suppresses podocyte autophagy
through increasing the activity of mTOR.

Studies have demonstrated that autophagy is renoprotective
in acute kidney injury, obstructive nephropathy, diabetic
nephropathy, and other renal diseases [22]. Podocytes are
highly diﬀerentiated epithelial cells lining the outer aspect
of the GBM with interdigitating foot processes, and the slit
diaphragms between foot processes play a role in substance
ﬁltration. Podocyte injury including foot process fusion and
slit diaphragm alteration results in abnormal permeability
of the GBM, terminally leading to albuminuria. Autophagy
controls the quality of the cytoplasm, via degrading proteins,
peroxidases, and damaged organelles that complicate the
recycle of organelles, and then maintains the homeostasis of
intracellular environment [23, 24]. The self-repaired feature
of autophagy is important in the anaphase cells such as neurocytes and podocytes, which have a restricted capacity in
diﬀerentiation and proliferation [25]. The previous studies
explored the mechanisms of podocyte autophagy in DN
and suggested that activated podocyte autophagy has an
eﬀect on DN through an Atg12-Atg5 conjugation system,
mTOR, adenosine 5′-monophosphate- (AMP-) activated
protein kinase (AMPK), and oxidative stress as well as vascular endothelial growth factor.
3.1. Atg12-Atg5 Conjugation System in Podocyte Autophagy
and Diabetic Nephropathy. Atg12 is a ubiquitin-like protein
involving in autophagosome formation. Autophagy activation needs the conjugation of Atg12 to Atg5, which is stimulated by Atg7 and Atg10, and then promotes Atg8 and lipid
phosphatidylethanolamine conjugation in the cytoplasm
[26]. The activation of the Atg12-Atg5 conjugation system

3.2. mTOR Signaling Pathway in Podocyte Autophagy and
Diabetic Nephropathy. Mammalian target of rapamycin
(mTOR) is essential to cell growth regulation, and activation
of mTOR suppresses autophagy. Deﬁcient nutrients (such as
growth factor or amino acid deﬁciency) in the cytoplasm
activate autophagy by suppressing the expression of mTOR.
After inhibition, mTOR not only can activate the formation
of class III phosphatidylinositol 3-kinase (PI3K) complex
and the unc-51-like kinase (Ulk) 1 complex but also inhibit
the activity of ribosome protein subunit 6 kinase 1 (S6K1)
[28–31]. In the upstream of mTOR, there are two separated
protein kinases, phosphatidylinositol 3-kinase I (PI3K-I)/
protein kinase B and AMP-activated protein kinase, which
are regulated by diﬀerent conditions [32].

3.2.2. AMP-Activated Protein Kinase (AMPK). As an essential regulator in energy metabolism, AMPK is an enzyme
consisted of three proteins (α, β, and γ) [41]. AMPK can be
activated by an increase in Ca2+ concentration in the
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Figure 1: mTOR signaling pathway in podocyte autophagy. PI3K-I: class I phosphatidylinositol 3-kinase; Akt/PKB: protein kinase B; TSC:
tuberous sclerosis complex; ATP: adenosine triphosphate; AMPK: AMP-activated protein kinase.

cytoplasm [42, 43] and the stimulation of numerous hormones, adipokines, and cytokines. In addition to these, the
ratio of an intracellular AMP/ATP decrease also activates
AMPK. Nutrient starvation induced the activation of AMPK.
In the condition of ATP deﬁciency, the downstream TSC1/2
is activated by AMPK, then inhibits Rheb, and ﬁnally
enhances autophagy by suppressing mTOR activation
(Figure 1). Recently, Jin et al. suggested that berberine alleviated high glucose-induced apoptosis of podocytes in mouse
via increasing the activity of AMPK [44]. They showed that
the expression of p-AMPK in a high-glucose (HG) group
was lower and the expression of p-mTOR was higher in the
HG group compared with the control group, while these
results were conversed by berberine administration.
Mechanical stress induced by the renin-angiotensin system is considered a major damage factor in podocytes of
DN. Spironolactone, a common diuretic, is generally used
to treat heart failure, edema, or Conn’s syndrome. The study
from Li et al. demonstrated that spironolactone has renoprotective eﬀects on activating autophagy through blockage of
the mTOR signalling pathway in podocytes under mechanical stress [45]. They used the Flexercell FX-5000TM Compression System to establish the animal model of DN and
found that the expressions of p85-PI3K, p-AKT, and pmTOR were signiﬁcantly increased compared with those of
the control group. After administration of spironolactone
for 48 h, the levels of p85-PI3K, p-AKT, and p-mTOR were
markedly decreased, which are in accordance with the results

in the group by PI3K inhibition. Thus, spironolactone might
be a new therapy of DN.
Rapamycin is a new immunosuppressive drug of macrocyclic lactone, which was ﬁrst found in a soil bacterium
in 1965 [46]. After that, researchers suggested that rapamycin has antifungal eﬀects as well as anti-T cell activity
in succession [47]. Furthermore, rapamycin is a selective
inhibitor of mTOR [48]. Rapamycin binding to immunophilins, such as FKBP12 (FK binding protein, 12 kDa), forms an
FKBP12-rapamycin complex. The FKBP12-rapamycin complex suppresses the expression of mTOR through phosphorylation of mTOR and then activates autophagy. However, the
number of clinical trials of rapamycin in DN is less; further
studies are needed to clarify the renoprotective property of
rapamycin in DN.
3.3. Reactive Oxygen Species (ROS) in Podocyte Autophagy
and Diabetic Nephropathy. Besides insulin and nutrition
starvation, intracellular metabolism alternations are also
related to the pathogenesis of DN, involving the increase in
reactive oxygen species (ROS). Several studies have shown
that ROS are the most common factors in activating podocyte autophagy. An increase in ROS production activates
PKR-like kinase (PERK), which then oxidizes Atg4 proteases
via eIF2a phosphorylation, subsequently promotes the level
of proteolytic mature LC3, and prevents mTOR activation
[49] (Figure 2). Recently, Ma et al. explored the eﬀect of
high-glucose milieu on podocyte autophagy and suggested
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Figure 2: Reactive oxygen species (ROS) in podocyte autophagy. ROS: reactive oxygen species; PERK: PKR-like endoplasmic reticulum
kinase.

that podocyte autophagy was activated by upregulating the
generation of mitochondrial ROS after exposing to high glucose for 24 hours [50]. Meanwhile, podocytes exposed to
angiotensin II (ANGII) also increased the generation of
ROS and promoted autophagy activation [51]. However,
the membrane of the mitochondrion is damaged by excessive
ROS generation in the mitochondrion, and ROS releasing
into the cytoplasm may cause damage to other organelles.
Since the function of autophagy targeting and degrading
injury organelles is selective, the augmentation of ROS will
be limited [52]. Chronic exposure to high-glucose condition
leads to autophagy insuﬃciency and subsequently causes
lysosomal dysfunction and podocyte apoptosis, ﬁnally resulting in diabetic nephropathy [53]. Therefore, reduction of
ROS generation is a potential therapeutic approach for preventing the development of DN.
3.4. Vascular Endothelial Growth Factor (VEGF) in Podocyte
Autophagy and Diabetic Nephropathy. In the early phases of
animals or patients with DN, the level of VEGF has been
shown to be increased in the kidney. Several studies have suggested that elevation of VEGF is associated with the increase
in the glomerular permeability, then resulting in proteinuria
[54].VEGF is considered to be a promoter of angiogenesis
and synthesized mainly by the podocytes. VEGF-A, as one
member of a VEGF family, has a negative eﬀect on glomerular endothelial cell (GEC) glycocalyx through the early stages
of DN, and this eﬀect can be reversed by VEGF-A165b, an
inhibitory isoform of VEGF-A, ﬁnally ameliorating proteinuria [55]. Autophagy has been reported to prevent
angiogenesis [56, 57]. Miaomiao et al. found that high glucose enhanced the level of VEGF, whereas this elevation is

downregulated by autophagy activation via rapamycin, an
inhibitor of mTOR [58]. Yang [59] and Liu et al. [60] also
demonstrated that the increase in autophagosome inhibits
angiogenesis.

4. Conclusion
According to the International Diabetes Federation, the
global diabetes prevalence will increase from 8.3% in 2014
to 10.1% in 2053. As a serious global health issue, it is urgent
to ﬁnd potent therapies to treat diabetes and its complications, especially diabetic nephropathy. The previous studies
have shown the activation of autophagy in podocytes via
inhibiting the expression of mTOR and alleviating albuminuria in DN. Meanwhile, autophagy activation also decreased
the expression of VEGF and subsequently prevented the progression of DN. Although studies have suggested that podocyte autophagy is a renoprotective process in lysosome, DN
is an extremely complex complication. Further investigations
are needed to elucidate the role of autophagy in podocyte
injury induced by DN and discover the autophagy-based
therapies for the treatment of DN.

Conflicts of Interest
The authors declare that they have no conﬂicts of interest.

Authors’ Contributions
Na Liu and Liuqing Xu are co-ﬁrst authors.

Journal of Diabetes Research

Acknowledgments
This study was supported by the National Natural Science
Foundation of China grants (81670690, 81470991, and
81200492 to Na Liu and 81270778, 81470920, and
81670623 to Shougang Zhuang), US National Institutes of
Health (2R01DK08506505A1 to Shougang Zhuang), and
Key Discipline Construction Project of Pudong Health
Bureau of Shanghai (PWZx201406 to Shougang Zhuang).

References
[1] L. Gnudi, R. J. Coward, and D. A. Long, “Diabetic
nephropathy: perspective on novel molecular mechanisms,”
Trends in Endocrinology & Metabolism, vol. 27, no. 11,
pp. 820–830, 2016.
[2] Y. M. Yasuda, S. Kume, A. Tagawa, H. Maegawa, and T. Uzu,
“Emerging role of podocyte autophagy in the progression of
diabetic nephropathy,” Autophagy, vol. 11, no. 12, pp. 2385–
2386, 2015.
[3] Y. Ding and M. E. Choi, “Autophagy in diabetic nephropathy,”
The Journal of Endocrinology, vol. 224, no. 1, pp. R15–R30,
2015.
[4] N. A. Calcutt, M. E. Cooper, T. S. Kern, and A. M. Schmidt,
“Therapies for hyperglycaemia-induced diabetic complications: from animal models to clinical trials,” Drug Discovery,
vol. 8, no. 5, pp. 417–329, 2009.
[5] F. Giacco and M. Brownlee, “Oxidative stress and diabetic
complications,” Circulation Research, vol. 107, no. 9,
pp. 1058–1070, 2010.
[6] B. M. Brenner, M. E. Cooper, D. de Zeeuw et al., “Eﬀects of
losartan on renal and cardiovascular outcomes in patients with
type 2 diabetes and nephropathy,” New England Journal of
Medicine, vol. 345, no. 12, pp. 861–869, 2001.
[7] R. Har, J. W. Scholey, D. Daneman et al., “The eﬀect of renal
hyperﬁltration on urinary inﬂammatory cytokines/chemokines in patients with uncomplicated type 1 diabetes mellitus,”
Diabetologia, vol. 56, no. 5, pp. 1166–1173, 2013.
[8] N. Bhattacharjee, S. Barma, N. Konwar, S. Dewanjee, and
P. Manna, “Mechanistic insight of diabetic nephropathy
and its pharmacotherapeutic targets: an update,” European
Journal of Pharmacology, vol. 791, pp. 8–24, 2016.
[9] T. W. Tervaert, A. L. Mooyaart, K. Amann et al., “Pathologic
classiﬁcation of diabetic nephropathy,” Journal of the American Society of Nephrology, vol. 21, no. 4, pp. 556–563, 2010.
[10] B. M. Brenner, M. E. Cooper, D. de Zeeuw et al., “Eﬀects of
losartan on renal and cardiovascular outcomes in patients with
type 2 diabetes and nephropathy,” The New England Journal of
Medicine, vol. 345, no. 12, pp. 861–869, 2001.
[11] B. Ravikumar, S. Sarkar, J. E. Davies et al., “Regulation of
mammalian autophagy in physiology and pathophysiology,”
Physiological Reviews, vol. 90, no. 4, pp. 1383–1435, 2010.
[12] N. Liu, Y. F. Shi, and S. G. Zhuang, “Autophagy in chronic kidney diseases,” Kidney Diseases, vol. 2, no. 1, pp. 37–45, 2016.
[13] N. Mizushima, T. Yoshimori, and B. Levine, “Methods in
mammalian autophagy research,” Cell, vol. 140, no. 3,
pp. 313–326, 2010.
[14] S. Kaushik and A. M. Cuervo, “Chaperone-mediated autophagy: a unique way to enter the lysosome world,” Trends in Cell
Biology, vol. 22, no. 8, pp. 407–417, 2012.

5
[15] I. Beau, A. Esclatine, and P. Codogno, “Lost to translation:
when autophagy targets mature ribosomes,” Trends in Cell
Biology, vol. 18, no. 7, pp. 311–314, 2008.
[16] C. Kraft, F. Reggiori, and M. Peter, “Selective types of autophagy in yeast,” Biochimica et Biophysica Acta, vol. 1793, no. 9,
pp. 1404–1412, 2009.
[17] A. van der Vaart, M. Mari, and F. Reggiori, “A picky eater:
exploring the mechanisms of selective autophagy in human
pathologies,” Traﬃc, vol. 9, no. 3, pp. 281–289, 2008.
[18] N. Mizushima, “The role of the Atg1/ULK1 complex in
autophagy regulation,” Current Opinion in Cell Biology,
vol. 22, no. 2, pp. 132–139, 2010.
[19] I. G. Ganley, H. Lam, J. Wang, X. Ding, S. Chen, and X. Jiang,
“ULK1.ATG13.FIP200 complex mediates mTOR signaling
and is essential for autophagy,” The Journal of Biological
Chemistry, vol. 284, no. 18, pp. 12297–12305, 2009.
[20] J. Majmundar, W. J. Wong, and M. C. Simon, “Hypoxiainducible factors and the response to hypoxic stress,” Molecular Cell, vol. 40, no. 2, pp. 294–309, 2010.
[21] Y. Kouroku, E. Fujita, and I. Tanida, “ER stress (PERK/eIF2α
phosphorylation) mediates the polyglutamine-induced LC3
conversion, an essential step for autophagy formation,” Cell
Death and Diﬀerentiation, vol. 14, no. 2, pp. 230–239, 2007.
[22] W. Y. Kim, S. A. Nam, H. C. Song et al., “The role of autophagy
in unilateral ureteral obstruction rat model,” Nephrology (Carlton), vol. 17, no. 2, pp. 148–159, 2012.
[23] J. Zhu, K. Wang, and C. Chu, “After the banquet: mitochondrial biogenesis, mitophagy and cell survival,” Autophagy,
vol. 9, no. 11, pp. 1–14, 2013.
[24] K. Suzuki, “Selective autophagy in budding yeast,” Cell Death
and Diﬀerentiation, vol. 20, no. 1, pp. 43–48, 2012.
[25] Z. Wang and M. E. Choi, “Autophagy in kidney health and disease,” Antioxidants & Redox Signaling, vol. 20, no. 3, pp. 519–
537, 2014.
[26] J. Geng and D. J. Klionsky, “The Atg8 and Atg12 ubiquitin-like
conjugation systems in macroautophagy. ‘Protein modiﬁcations: beyond the usual suspects’ review series,” EMBO
Reports, vol. 9, no. 9, pp. 859–864, 2008.
[27] J. Liu, Q. X. Li, X. J. Wang et al., “Beta-arrestins promote podocyte injury by inhibition of autophagy in diabetic nephropathy,” Cell Death & Disease, vol. 7, no. 4, article e2183, 2016.
[28] N. Hosokawa, T. Hara, T. Kaizuka et al., “Nutrient-dependent
mTORCl association with the ULK1-Atg13-FIP200 complex
required for autophagy,” Molecular Biology of the Cell,
vol. 20, no. 7, pp. 1981–1991, 2009.
[29] C. H. Jung, C. B. Jun, S. H. Ro et al., “ULK-Atg13-FIP200 complexes mediate mTOR signaling to the autophagy machinery,”
Molecular Biology of the Cell, vol. 20, no. 7, pp. 1992–2003,
2009.
[30] K. Yamahara, M. Yasuda, S. Kume, D. Koya, H. Maegawa, and
T. Uzu, “The role of autophagy in the pathogenesis of diabetic
nephropathy,” Journal of Diabetes Research, vol. 2013, Article
ID 193757, p. 9, 2013.
[31] P. E. Burnett, R. K. Barrow, N. A. Cohen, S. H. Snyder, and D.
M. Sabatini, “RAFT1 phosphorylation of the translational regulators p70 S6 kinase and 4E-BP1,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 95,
no. 4, pp. 1432–1437, 1998.
[32] M. Laplante and D. M. Sabatini, “mTOR signaling in growth
control and disease,” Cell, vol. 149, no. 2, pp. 274–293, 2012.

6
[33] J. Domin and M. D. Waterﬁeld, “Using structure to deﬁne the
function of phosphoinositide 3-kinase family members,” FEBS
Letters, vol. 410, no. 1, pp. 91–95, 1997.
[34] J. A. Engelman, J. Luo, and L. C. Cantley, “The evolution
of phosphatidylinositol 3-kinases as regulators of growth
and metabolism,” Nature Reviews Genetics, vol. 7, no. 8,
pp. 606–619, 2006.
[35] S. Mandl-Weber, C. D. Cohen, B. Haslinger, M. Kretzler, and
T. Sitter, “Vascular endothelial growth factor production and
regulation in human peritoneal mesothelial cells,” Kidney
International, vol. 61, no. 2, pp. 570–578, 2002.
[36] A. Kihara, T. Noda, N. Ishihara, and Y. Ohsumi, “Two distinct
Vps34 phosphatidylinositol 3-kinase complexes function in
autophagy and carboxypeptidase Y sorting in Saccharomyces
cerevisiae,” The Journal of Cell Biology, vol. 152, no. 3,
pp. 519–530, 2001.
[37] A. Simonsen and S. A. Tooze, “Coordination of membrane
events during autophagy by multiple class III PI3-kinase complexes,” Journal of Cell Biology, vol. 186, no. 6, pp. 773–782,
2009.
[38] I. Vergne, E. Roberts, R. A. Elmaoued et al., “Control of
autophagy initiation by phosphoinositide 3-phosphatase
jumpy,” The EMBO Journal, vol. 28, no. 15, pp. 2244–2258,
2009.
[39] T. F. Franke, D. R. Kaplan, L. C. Cantley, and A. Toker,
“Direct regulation of the Akt proto-oncogene product by
phosphatidylinositol-3,4-bisphosphate,” Science, vol. 275,
no. 5300, pp. 665–668, 1997.
[40] D. D. Sarbassov, S. M. Ali, and D. M. Sabatini, “Growing roles
for the mTOR pathway,” Current Opinion in Cell Biology,
vol. 17, no. 6, pp. 596–603, 2005.
[41] D. G. Hardie, “AMPK: a key regulator of energy balance in the
single cell and the whole organism,” International Journal of
Obesity, vol. 32, Supplement 4, pp. S7–12, 2008.
[42] B. B. Zhang, G. Zhou, and C. Li, “AMPK: an emerging drug
target for diabetes and the metabolic syndrome,” Cell Metabolism, vol. 9, no. 5, pp. 407–416, 2009.
[43] M. J. Sanders, P. O. Grondin, B. D. Hegarty, M. A. Snowden,
and D. Carling, “Investigating the mechanism for AMP activation of the AMP-activated protein kinase cascade,” The Biochemical Journal, vol. 403, no. 1, pp. 139–148, 2007.
[44] Y. Jin, S. Liu, Q. Ma, D. Xiao, and L. Chen, “Berberine
enhances the AMPK activation and autophagy and mitigates
high glucose-induced apoptosis of mouse podocytes,” European Journal of Pharmacology, vol. 794, pp. 106–114, 2016.
[45] D. Li, Z. Lu, Z. Xu et al., “Spironolactone promotes autophagy
via inhibiting PI3K:AKT:mTOR signalling pathway and
reduce adhesive capacity damage in podocytes under mechanical stress,” Bioscience Reports, vol. 36, no. 4 article e00355,
2016.
[46] H. Pópulo, J. M. Lopes, and P. Soares, “The mTOR signalling
pathway in human cancer,” International Journal of Molecular
Sciences, vol. 13, no. 2, pp. 1886–1918, 2012.
[47] W. Arns, K. Budde, F. Eitner et al., “Conversion from a
calcineurin inhibitor to a sirolimus-based therapy after renal
transplantation - an update of existing recommendations,”
Deutsche Medizinische Wochenschrift, vol. 136, no. 49,
pp. 2554–2559, 2011.
[48] B. Madke, “Topical rapamycin (sirolimus) for facial angioﬁbromas,” Indian Dermatology Online Journal, vol. 4, no. 1,
pp. 54–57, 2013.

Journal of Diabetes Research
[49] L. Liu, D. R. Wise, J. A. Diehl, and M. C. Simon, “Hypoxic
reactive oxygen species regulate the integrated stress response
and cell survival,” Journal of Biological Chemistry, vol. 283,
no. 45, pp. 31153–31162, 2008.
[50] T. Ma, J. L. Zhu, X. H. Chen, D. Zha, P. C. Singhal, and
G. Ding, “High glucose induces autophagy in podocytes,”
Experimental Cell Research, vol. 319, no. 6, pp. 779–789, 2013.
[51] A. Yadav, S. Vallabu, S. Arora et al., “ANG II promotes
autophagy in podocytes,” American Journal of Physiology Cell
Physiology, vol. 299, no. 2, pp. C488–C496, 2010.
[52] M. B. Azad, Y. Chen, and S. B. Gibson, “Regulation of autophagy by reactive oxygen species (ROS) implications for cancer
progression and treatment,” Antioxidants & Redox Signaling,
vol. 11, no. 4, pp. 777–790, 2009.
[53] L. Fang, Y. Zhou, H. Cao et al., “Autophagy attenuates diabetic
glomerular damage through protection of hyperglycemiainduced podocyte injury,” PloS One, vol. 8, no. 4, article
e60546, 2013.
[54] P. L. Tharaux and T. B. Huber, “How many ways can a podocyte die?” Seminars in Nephrology, vol. 32, no. 4, pp. 394–404,
2012.
[55] S. Oltean, Y. Qiu, J. K. Ferguson et al., “Vascular endothelial
growth factor-A165b is protective and restores endothelial glycocalyx in diabetic nephropathy,” Journal of the American
Society of Nephrology, vol. 26, no. 8, pp. 1889–1904, 2014.
[56] W. Shen, C. Tian, H. Chen et al., “Oxidative stress mediates
chemerin-induced autophagy in endothelial cells,” Free Radical Biology & Medicine, vol. 55, pp. 73–82, 2013.
[57] J. Du, R. J. Teng, T. Guan et al., “Role of autophagy in angiogenesis in aortic endothelial cells,” American Journal of Physiology. Cell Physiology, vol. 302, no. 2, pp. C383–C391, 2012.
[58] W. Miaomiao, L. Chunhua, Z. Xiaochen, C. Xiaoniao, L.
Hongli, and Y. Zhuo, “Autophagy is involved in regulating
VEGF during high-glucose-induced podocyte injury,” Molecular BioSystems, vol. 12, no. 7, pp. 2202–2212, 2016.
[59] S. Y. Yang, N. H. Kim, Y. S. Cho, H. Lee, and H. J. Kwon,
“Convallatoxin, a dual inducer of autophagy and apoptosis,
inhibits angiogenesis in vitro and in vivo,” PloS One, vol. 9,
no. 3, article e91094, 2014.
[60] H. Liu, S. Yu, H. Zhang, and J. Xu, “Angiogenesis impairment
in diabetes: role of methylglyoxal-induced receptor for
advanced glycation endproducts, autophagy and vascular
endothelial growth factor receptor 2,” PloS One, vol. 7,
no. 10, article e46720, 2012.

MEDIATORS
of

INFLAMMATION

The Scientific
World Journal
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Gastroenterology
Research and Practice
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com

Diabetes Research
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

International Journal of

Journal of

Endocrinology

Immunology Research
Hindawi Publishing Corporation
http://www.hindawi.com

Disease Markers

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Submit your manuscripts at
https://www.hindawi.com
BioMed
Research International

PPAR Research
Hindawi Publishing Corporation
http://www.hindawi.com

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Volume 2014

Journal of

Obesity

Journal of

Ophthalmology
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Evidence-Based
Complementary and
Alternative Medicine

Stem Cells
International
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Journal of

Oncology
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Parkinson’s
Disease

Computational and
Mathematical Methods
in Medicine
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

AIDS

Behavioural
Neurology
Hindawi Publishing Corporation
http://www.hindawi.com

Research and Treatment
Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

Oxidative Medicine and
Cellular Longevity
Hindawi Publishing Corporation
http://www.hindawi.com

Volume 2014

