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Diabetic kidney disease

Diabetic kidney disease (DKD) is a serious complication of 
diabetes mellitus and one of the most significant contribut-
ing factors to end-stage renal disease (ESRD) [1]. Around 
35–40% of patients with type 1 or 2 diabetes eventually 
develop DKD, which accounts for a significant increase in 
mortality in these patients and poses a grave threat to the 
clinical outcome of diabetic patients [2]. According to pro-
jected data from the International Diabetes Federation, the 
number of diabetic patients worldwide will increase from 
382 million in 2013 to 592 million by 2035 [3]. The rapidly 
increasing prevalence of diabetes and its complications will 
further escalate an already high cost of therapies and impose 
a substantial economic burden on patients and society.

Based on clinical observations, initial evidence indicative 
of DKD generally does not emerge until around 10–20 years 
after the onset of diabetes [4]. The development of DKD 
in diabetic patients is a result of multifactorial interactions 
between metabolic and hemodynamic pathways, which are 
often disturbed in the settings of diabetes. Hyperglycemia, 
hypertension, and genetic pre-disposition are the main risk 
factors besides elevated serum lipids, smoking, overweight 
or obesity, physical inactivity, and the amount of dietary 
proteins [2, 5]. The pathogenesis of DKD is extremely 
complex. It involves hyperglycemia-mediated alterations 
of intracellular metabolism, including accumulation of 
advanced glycation end products (AGEs), activation of pro-
tein kinase C (PKC), and increased glucose flux through 
polyol and hexosamine pathways. Intracellular stress includ-
ing hypoxia, oxidative stress, and endoplasmic reticulum 
(ER) stress are also thought to be the pathological factors 
in DKD [6–11]. In addition, hemodynamic changes such 
as systemic and glomerular hypertension associated with 
a hyperactive renin–angiotensin system (RAS) have been 
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implicated in the progression of DKD [12–16]. Moreover, 
the metabolic and hemodynamic abnormalities, interacting 
with intracellular stress, can also activate the production of a 
variety of cytokines, chemokines and growth factors, leading 
to inflammation and kidney fibrosis associated with DKD 
[2, 5]. Recently, increasing evidence further indicates the 
contribution of mitochondrial dysfunction to renal damage 
during DKD [17–19].

Virtually all four renal components, including glomeruli, 
tubules, interstitium and blood vessels, are affected by dia-
betes; however, DKD traditionally has been defined as a pro-
gressive microvascular complication that affects glomeruli 
as the first step. The clinical hallmark pathology of DKD is 
persistent albuminuria or proteinuria followed by decreased 
glomerular filtration rate (GFR) and subsequent tubular cell 
damage as well as tubulointerstitial lesions, eventually lead-
ing to renal failure [20–23]. As a result, detection of DKD 
generally depends on the measurement of urinary albumin 
level [24]. Additional histopathological features of DKD 
include an accumulation of extracellular matrix (ECM) com-
ponents, thickening of both glomerular basement membrane 
(GBM) and tubular basement membrane, mesangial expan-
sion, glomerular sclerosis, podocyte effacement, tubular 
atrophy, and afferent and efferent arteriolar hyalinosis [19].

The prevention and management of DKD has been multi-
targeted, advocating a healthy lifestyle and targeting cellular 
and molecular factors involved in the pathogenesis of this 
disease. Intensive interventions such as glycemic control, 
blood pressure control and inhibition of the RAS have been 
shown to delay or reduce the risks for the onset and progres-
sion of albuminuria, but these treatments are unable to pre-
vent loss of GFR or progression to ESRD as some patients 
develop treatment-resistant albuminuria [19, 25, 26]. There-
fore, there is an urgent need to discover effective therapeutic 
options to improve the prognosis of diabetes and to prevent 
its complications including DKD. Recent studies reveal an 
impaired autophagy and its association with the development 
of aging- and diabetes-related diseases [27, 28]. Increas-
ing evidence further shows defective autophagy in diabetic 
kidneys [29]. Given these findings, it is hypothesized that 
autophagy deficiency in diabetic kidneys may increase the 
susceptibility of kidney cells to diabetes-associated damage, 
which in turn leads to treatment-resistant albuminuria and a 
progressive decrease in renal function. Thus, restoration of 
autophagy activity may become a new therapeutic option to 
protect kidneys from DKD [26].

Autophagy

Autophagy, a term derived from Greek, refers to “self-eat-
ing”. It is an evolutionarily conserved cellular process in 
which various intracellular components, such as damaged 

organelles and protein aggregates, are delivered to lys-
osomes for degradation, clearance and recycling [30, 31]. 
Autophagy occurs at a basal level in most cells to maintain 
cellular homeostasis, whereas stress-induced autophagy 
primarily attempts to serve as an adaptive and defensive 
mechanism for cell survival [30, 31]. Autophagy is involved 
in physiology such as cell differentiation, animal develop-
ment and nutrient metabolism [32, 33]. More importantly, 
dysregulation of autophagy contributes to the pathogenesis 
of an increasing number of diseases including neurodegen-
erative disease, cancer, aging, infectious and inflammatory 
disease, metabolic disease, cardiovascular disease, liver dis-
ease, pulmonary disease, and kidney disease [31, 34–36].

There are three types of autophagy identified in mam-
malian cells: macroautophagy, microautophagy and chap-
erone-mediated autophagy [31]. Macroautophagy, gener-
ally referred to as autophagy, is the focus of this review. 
The process of autophagy is characterized by a cascade of 
cellular events. It is initiated by the formation and expan-
sion of an isolation membrane or a phagophore around the 
sequestered cytoplasmic targets, followed by closure of the 
isolation membrane to form a double-membrane autophago-
some. The autophagosome then fuses with a lysosome to 
form an autolysosome, in which the encapsulated materials 
are eventually digested by lysosomal acid hydrolases. Alter-
natively, the autophagosome can fuse with an endosome to 
generate an amphisome, prior to fusion with the lysosome 
[31]. This complete dynamic process of autophagy is also 
termed as autophagic flux. The autophagosome membrane 
originates from the membrane compartments enriched in 
phosphatidylinositol 3-phosphate (PtdIns3P) and is likely 
connected to the ER. An omega-shaped protrusion from 
the ER is known as the omegasome, which positions at the 
beginning of isolation membrane formation and serves as a 
scaffold for autophagosome biogenesis [37–41]. Although 
autophagy can non-selectively break down bulk cytosol, 
in many cases autophagy recognizes and degrades specific 
organelles, proteins, and pathogens [31].

Autophagy is tightly regulated to ensure an optimal 
balance between synthesis and degradation, use and recy-
cling of cellular components. Autophagosome formation 
is regulated coordinately at different steps by the core 
machinery that consists of more than 30 autophagy-related 
(Atg) genes [42, 43]. The Unc-51-like (ULK) 1/2 com-
plex, ULK1/2–ATG13–FIP200–ATG101, is essential for 
autophagy initiation. Phagophore nucleation is dependent 
on the class III phosphatidylinositol 3 kinase (PtdIns3K) 
complex comprising BECN1, VPS34, VPS15 and ATG14L. 
The delivery of membrane from other sources to the forming 
autophagosome is regulated by WIPI1/2, a PtdIns3P scaf-
fold protein, and ATG9L, a transmembrane traffic protein. 
Two ubiquitin-like conjugation systems, the microtubule-
associated protein light chain 3-phosphatidyl ethanolamine 
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(MAPLC3/LC3-PE) and the ATG12–ATG5–ATG16L com-
plex, participate in autophagosome elongation and closure. 
The conversion of a cytosolic LC3-I to a membrane-bound 
LC3-II is indicative of autophagy induction and autophago-
some formation. The maturation and fusion of autophago-
some with lysosome involves UVRAG interaction with 
PtdIns3K complex and subsequent activation of the GTPase 
RAB7 [44, 45]. Upstream of the core machinery, autophagy 
is regulated by a complex signaling network [43, 46, 47]. 
Multiple signaling pathways that are stimulated by the sig-
nals from nutrient, growth factors and energy may integrate 
to regulate autophagy. Autophagy is also regulated by a 
variety of cellular stress such as DNA damage, ER stress, 
hypoxic stress and oxidative stress. Notably, pharmacologi-
cal agents and genetic methods that target these regulatory 
pathways to either activate or inhibit autophagy are being 
discovered for therapeutic applications.

It is noteworthy that autophagy and apoptosis are not 
mutually exclusive. The two pathways share many of the 
same regulatory signals and each can regulate and modify 
the activity of the other, thus influencing differentially the 
fate of a stressed cell. The functional cross-talk between 
autophagy and apoptosis is very complex and gener-
ally presents as three scenarios [48–50]. First, autophagy 
antagonizes apoptotic cell death by promoting cell survival 
through, for example, the removal of damaged organelles 
that are source of oxidative stress, or catabolizing cellular 
molecules to provide a source of energy and nutrients, or 
the degradation of unfolded protein aggregates to limit ER 
stress. Second, autophagy acts either upstream of apopto-
sis to enable apoptotic signaling or during the final stage 
of apoptosis to participate in certain ATP-dependent mor-
phological changes such as phosphatidyl serine exposure, 
membrane blebbing, and the formation of apoptotic bod-
ies. Third, autophagy and apoptosis can either cooperate in 
parallel, or autophagy may assist apoptosis to promote cell 
death.

Autophagy was first detected by transmission electron 
microscopy (TEM) in the 1950s. Since then, an increas-
ing array of techniques has been developed to monitor 
autophagy in cells or tissues [51]. Although TEM is a valid 
and important method both for the qualitative and quanti-
tative analysis of changes in various autophagic structures 
that sequentially forms the phagophore, autophagosome, 
amphisome, and autolysosome, it is also one of the most 
problematic due to misinterpretations mostly deriving from 
sampling artifacts. To ensure more accurate and objective 
assessment of autophagy, LC3-based assays have been iden-
tified and extensively used in both in vitro and in vivo exper-
imental settings. LC3 precursor (proLC3) is cleaved by a 
cysteine protease (ATG4) to convert to LC3-I, and is further 
modified into the PE-conjugated form, LC3-II, through an 
ubiquitin-like mechanism. As LC3-II is reliably associated 

with both the inner and outer membranes of forming pha-
gophores as well as completed autophagosomes, the conver-
sion of LC3-I to LC3-II or expression of LC3-II detected by 
western blotting has become a well-accepted biomarker for 
autophagy. Detection of endogenous LC3 by immunostain-
ing or green fluorescent protein (GFP)-LC3 by fluorescence 
microscopy further visualizes the localization and distribu-
tion of the two different forms of LC3, with LC3-I showing 
homogenous staining and punctate LC3-II signal indica-
tive of autophagosomes. Additional assays are also used 
to monitor the dynamic process of autophagic flux. These 
include: (1) LC3 turnover assay to compare LC3-II abun-
dance in the presence and absence of lysosome inhibitors 
such as chloroquine or bafilomycin A1; (2) Analysis of the 
degradation of autophagic substrates such as p62/Sequesto-
some 1 (SQSTM1); (3) The use of a tandem monomeric 
red fluorescent protein (mRFP)/mCherry-GFP-LC3 reporter 
for simultaneous detection of both autophagosomes (LC3 
puncta labelled both red and green) and autolysosomes (red-
only LC3 puncta) [51].

Dysregulated autophagy in DKD

Generally speaking, when kidney cells are exposed to stress 
conditions, including hypoxia, genotoxic damage, oxidative 
stress, and ER stress, autophagy is activated and plays a crit-
ical role for cell survival [36]. In the states of nutrient/energy 
excess, autophagy is downregulated. Although the down-
regulation is beneficial in short term, defective autophagy 
may ultimately contribute to the accumulation of cellular 
damage, resulting in the development of metabolic or age-
related kidney diseases [52]. Although the role of autophagy 
in DKD remains to be elucidated, emerging evidence has 
suggested that autophagy is impaired in glomerular and 
tubular cells under both type 1 and 2 diabetes. Autophagy 
was suppressed in proximal tubules of streptozotocin (STZ)-
induced early diabetic rats, associated with tubular hypertro-
phy [53]. Inhibition of autophagy was also shown in distal 
tubules of early diabetic rats, which was reversed by insulin 
or islet transplantation [54]. In STZ-induced diabetic mice, 
autophagy was inhibited in podocytes, as indicated by p62/
SQSTM1 accumulation [55]. Similar observations were also 
shown in Wistar fatty rats with type 2 diabetes [56]. Moreo-
ver, an accumulation of p62/SQSTM1 was further detected 
in proximal tubule epithelial cells (PTECs) in kidney biopsy 
from type 2 diabetic patients, suggesting that human dia-
betic kidneys are also deficient in autophagy activity [57]. 
Of note, although the capacity for autophagy is reduced in 
diabetic kidneys, the need for protective autophagy is signifi-
cantly increased due to a high exposure to cellular stresses. 
This contradictory autophagic response may contribute to 



672	 D. Yang et al.

1 3

A

B



673Autophagy in diabetic kidney disease: regulation, pathological role and therapeutic potential﻿	

1 3

the development and progression of renal injury in DKD 
[52].

Nutrient‑sensing pathways in autophagy 
regulation during DKD

The best known nutrient-sensing pathways include the 
mechanistic target of rapamycin (mTOR), AMP-activated 
protein kinase (AMPK), and the sirtuins (SIRT). mTOR 
is activated by increased levels of glucose, amino acid and 
growth factors such as insulin under excessive nutrient con-
ditions [58, 59]. In nutrient/energy-depleted conditions, 
AMPK and SIRT are activated by increases in intracellular 
AMP and nicotinamide adenine dinucleotide (NAD+) lev-
els, respectively [60, 61]. Dysregulation of these nutrient-
sensing pathways and its association with the pathogenesis 
of DKD have been suggested [52, 62]. It is well-recognized 
that autophagy is regulated by the nutrient-sensing pathways 
[43, 46, 47]. Therefore, alteration of these pathways under 

diabetic conditions may impair autophagic activity, leading 
to aggravated renal injury in DKD [52, 62].

mTOR and autophagy in DKD

mTOR is widely considered one of the most critical 
autophagy regulators in diabetic kidneys. Two mTOR com-
plexes, the mTOR complex 1 (mTORC1) and complex 2 
(mTORC2), have been identified. The rapamycin-sensitive 
mTORC1 consists of mTOR, regulatory associated protein 
of mTOR (RAPTOR), G protein β-subunit-like protein 
(GβL), proline-rich Akt substrate of 40 kDa (PRAS40) and 
DEP domain-containing mTOR-interacting protein (DEP-
TOR) [58, 63–65]. In comparison, mTORC2, which is less 
sensitive to rapamycin, is composed of mTOR, GβL, rapa-
mycin-insensitive companion of mTOR (RICTOR), protein 
observed with RICTOR (PROTOR) and stress-activated 
protein kinase-interacting protein 1 (SIN1) [58, 63–65]. 
mTORC1 receives nutrient input via small GTPases, such 
as Ras-related GTP binding protein (Rag) and Ras homolog 
enriched in brain (Rheb). Increased levels of amino acid and 
growth factors activate mTORC1 through Rag and Rheb, 
respectively. Activation of mTORC1 most prominently 
results in phosphorylation of two downstream targets, p70 
ribosomal S6 kinase/S6 ribosomal protein (p70S6K/S6RP) 
and eukaryotic translation-initiation factor 4E-binding 
protein 1 (4E-BP1), stimulating ribosome biogenesis and 
protein synthesis. The activity of mTORC1 is negatively 
regulated by tuberous sclerosis complex (TSC) 1/2 via inhib-
iting Rheb [58, 63–65]. Under normal cellular conditions, 
mTORC1 negatively modulates autophagy by phosphorylat-
ing ULK1 and thereby inhibiting its activity [66, 67]. How-
ever, in cells exposed to various stress signals, mTORC1 
is suppressed, allowing ULK1, and thus autophagy, to be 
activated by AMPK pathway [68] (Fig. 1). Unlike mTORC1, 
the regulatory role of mTORC2 in autophagy remains poorly 
understood and less appreciated.

Hyperactivation of mTORC1 signaling pathway is 
frequently observed in animals and patients with DKD. 
p70S6K/S6RP was hyperactivated in glomerular mesangial 
cells in a murine model of type 2 diabetes [69]. Phosphoryla-
tion of both p70S6K/S6RP and 4E-BP1 was also increased 
in type 1 diabetic mouse kidneys [70]. Similar upregulation 
of mTORC1 pathway was further shown in the glomeruli of 
STZ-treated rats, accompanied with various DKD-related 
renal pathologies [71]. Moreover, podocyte-specific acti-
vation of mTORC1 in non-diabetic mice was sufficient to 
induce DKD-like renal damage including GBM thickening, 
ECM expansion, podocyte loss, and proteinuria [72]. This 
causative link between an elevated mTORC1 activity and the 
progression of DKD was further confirmed in both human 
and mouse models of DKD [73]. In diabetic proximal tubu-
lar cells, hyperactivation of mTORC1 signaling has been 

Fig. 1   Regulation of autophagy under non-diabetic and diabetic con-
ditions. a Under non-diabetic conditions, the autophagic response 
in the kidney is normal and competent. Intracellular stresses such 
as hypoxia, ROS, and ER stress can induce autophagy. Nutrient 
depletion or low energy may also enhance autophagy by inhibiting 
mTORC1 and activating AMPK and SIRT1. Autophagy activation 
under non-diabetic conditions can maintain cellular homeostasis and 
protect against renal injury. b Under diabetic conditions, hypergly-
cemia activates mTORC1 and suppresses the activity of AMPK and 
SIRT1. Hyperactivated mTORC1 can inhibit autophagy by phos-
phorylating ULK1. The suppression of AMPK and SIRT1 further 
impairs autophagy under diabetic conditions. In early stage diabetes, 
hyperglycemia-induced intracellular stresses may activate autophagy 
as a compensatory response for cell protection. In late stage diabe-
tes, however, sustained disturbance of the nutrient-sensing pathways 
overwhelmingly suppresses autophagy in the kidney, eventually lead-
ing to dysregulated autophagy and the progression of DKD. The solid 
lines in green with arrowheads represent stimulating effects. The sold 
lines in red with truncated end indicate inhibiting effects. The dot-
ted lines stand for the regulatory effects that are disturbed and altered 
under diabetic conditions. AMPK AMP-activated protein kinase, ATF 
activating transcription factor, ATG autophagy-related, BNIP3 BCL2/
adenovirus E1B 19-kDa interacting protein 3, CHOP C/EBP homolo-
gous protein, DEPTOR DEP domain-containing mTOR-interacting 
protein, DKD diabetic kidney disease, eIF2α eukaryotic initiation fac-
tor 2α, ER endoplasmic reticulum, FIP200 focal adhesion kinase fam-
ily interacting protein of 200  kDa, FoxO3a forkhead box O3a, GβL 
G protein β-subunit-like protein, HIF1 hypoxia-inducible factor 1, 
IRE1 inositol requiring enzyme 1, JNK1 c-jun N-terminal kinase 1, 
LKB1 liver kinase B1, MAPLC3/LC3 microtubule-associated protein 
light chain 3, mTORC1 mechanistic target of rapamycin complex 1, 
PERK protein kinase RNA-like ER kinase, PRAS40 protein-rich Akt 
substrate of 40 kDa, PtdIns3K class III phosphatidylinositol 3 kinase, 
RAPTOR regulatory associated protein of mTOR, REDD1 regulated 
in development and DNA damage responses 1, Rheb Ras homolog 
enriched in brain, ROS reactive oxygen species, SIRT1 sirtuin 1, 
TSC1/2 tuberous sclerosis complex ½, ULK1/2 Unc-51-like ½, VPS 
vacuolar protein sorting

◂
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shown to induce apoptosis and hypertrophy [74, 75]. By 
contrast, inhibition of mTORC1 has renoprotective effects 
against DKD-induced injury. Rapamycin, a pharmacologi-
cal inhibitor of mTORC1, attenuated the development of 
kidney injury and suppressed multiple pro-inflammatory 
and profibrotic cytokines in STZ-induced diabetic rats [76, 
77]. Suppression of mTOR by rapamycin also reduced glo-
merulosclerosis, mesangial expansion, renal hypertrophy, 
and proteinuria in both STZ-induced diabetic rats and db/
db mice [69, 75, 78–80]. In addition to rapamycin, partial 
suppression of mTORC1 activity in podocytes of heterozy-
gous-Raptor knockout mice further demonstrated a strong 
connection of hyperactivated mTORC1 signaling with 
podocyte injury and proteinuria in diabetic kidneys [72, 
73]. Autophagy was inhibited in cultured podocytes dur-
ing prolonged high glucose treatment, which was reversed 
by rapamycin, suggesting that mTORC1 may participate in 
podocyte injury under diabetic condition by suppressing 
autophagy [81]. Consistently, the renoprotective effects of 
rapamycin via inhibiting mTORC1 for autophagy activation 
in podocytes were also shown in STZ-induced diabetic mice 
[82]. Furthermore, inhibition of mTORC1 activity by a very-
low-protein diet in diabetic Wistar fatty rats also reversed 
autophagy impairment in PTECs and thereby ameliorated 
tubular cell damage, inflammation and interstitial fibrosis 
[83]. Taken together, these findings suggest that hyperactiva-
tion of mTOR signaling pathway, via negatively regulating 
autophagy, plays a critical role in the pathogenesis of DKD.

It is noteworthy that mTORC1 activity is indispensable to 
maintain podocyte homeostasis. Thus, mTORC1 inhibition 
under non-diabetic conditions has serious adverse effects on 
podocytes [84, 85]. Moreover, complete lack of mTORC1 
activity in podocyte-specific Raptor-deficient mice results in 
severe podocyte injury, glomerulosclerosis and proteinuria, 
underscoring the crucial importance of maintaining a tightly 
controlled mTOR signaling pathway to ensure normal renal 
function [73].

AMPK and autophagy in DKD

AMP-activated protein kinase is an evolutionarily con-
served heterotrimeric protein complex that serves as a 
master regulator integrating a diverse range of energy- and 
metabolism-related pathways. It monitors the energy sta-
tus of a cell by sensing the AMP/ATP ratio. Activation of 
AMPK is mediated by several upstream kinases, and liver 
kinase B1 (LKB1) is a major kinase phosphorylating AMPK 
under conditions of energy stress [60, 86]. In contrast to 
mTORC1, AMPK is a positive regulator of autophagy in 
response to nutrient/energy depletion. On one hand, AMPK 
can directly phosphorylate ULK1 to promote autophagy 
[68, 87]. On the other hand, it can crosstalk with mTORC1 
signaling by phosphorylating at least two proteins, TSC1/2 

and RAPTOR, to inhibit mTORC1 for autophagy induction 
[88] (Fig. 1). In addition to the opposite regulation of ULK1 
by AMPK and mTORC1, ULK1 has also been shown to 
phosphorylate and inhibit both of its upstream regulators 
[88]. The complex crosstalk and feedback of these three 
interconnected proteins may further fine-tune the autophagic 
response under metabolic stress conditions.

The activity of AMPK in the kidney is suppressed in 
experimental models of both type 1 and 2 diabetes, which, 
importantly, can be reversed by several AMPK activators, 
leading to the attenuation of diabetic kidney injury [89–95]. 
Resveratrol effectively mitigated ECM expansion, inflamma-
tion and proteinuria in db/db mice by promoting phosphoryl-
ation of AMPK [96]. Consistently, in STZ-induced diabetic 
kidneys resveratrol also reduced hyperglycemia, inhibited 
renal hypertrophy, and suppressed inflammation and pro-
teinuria [92, 95]. A similar study by Kitada et al. further 
revealed a possible involvement of an AMPK-independent 
pathway in the renoprotective effects of resveratrol against 
DKD [94]. Metformin, a well-known AMPK stimulator and 
an antidiabetic drug, has also been shown to protect podo-
cytes from diabetic injuries [97]. Similarly, both metformin 
and 5-aminoimidazole-4-carboxamide-1β-riboside (AICAR) 
enhanced AMPK phosphorylation, attenuated mTOR activ-
ity, and ameliorated high glucose-induced tubular hypertro-
phy in vitro as well as STZ-induced diabetic kidney injury 
in vivo [89, 93]. Activation of AMPK by AICAR has also 
been shown to improve renal injury and proteinuria in dia-
betic Akita mice [98]. A recent study further suggested that 
the renoprotective effects of berberine in diabetic mice were 
AMPK-dependent [99]. In cultured mouse podocytes Ber-
berine suppressed high glucose-induced cell apoptosis by 
reactivating AMPK and autophagy [100]. In renal tubular 
epithelial cells, hydrogen sulfide was also shown to acti-
vate AMPK and inhibit high glucose-induced matrix pro-
tein synthesis; and interestingly, these effects were abrogated 
by compound C, a commonly used AMPK inhibitor [101]. 
Moreover, fenofibrate protected kidneys against diabetic 
injury by reducing oxidative stress and endothelial dys-
function via enhancing the mRNA expression of LKB1 
and AMPK in STZ-induced diabetic rats [102]. Together, 
these results suggest that inactivation of AMPK may inhibit 
autophagy and participate in the development of DKD.

In addition to autophagy regulation, AMPK also mediates 
a number of metabolic processes in the kidney, such as lipid 
metabolism, glycogen synthesis, and tubular reabsorption of 
salt and glucose. Decreases in renal AMPK activity under 
diabetic conditions may compromise these metabolic events 
along with autophagy inhibition, resulting in tubular and 
glomerular pathologies of DKD [52].
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SIRT1 and autophagy in DKD

Sirtuins (SIRTs) are NAD+-dependent Class III histone 
deacetylases (HDACs) and play an important role in help-
ing cells cope with redox and metabolic stresses [61, 103, 
104]. Seven mammalian SIRTs (SIRT1 to SIRT7) have been 
identified, and SIRT1 is most studied. SIRT1 functions as 
an intracellular nutrient sensor by monitoring the NAD+ 
level and regulates metabolic and redox status. In response 
to calorie restriction and oxidative stress, SIRT1 is upregu-
lated by elevated intracellular NAD+ levels, whereas lowered 
NAD+ availability during hypoxia may inactivate SIRT1 
[61, 103, 104]. SIRT1 is a positive regulator of autophagy. 
Once activated, SIRT1 promotes autophagy by deacetylat-
ing essential autophagy proteins, such as ATG5, ATG7, and 
LC3 [105]. Moreover, SIRT1 deacetylates the transcriptional 
factor forkhead box O3a (FoxO3a), which leads to enhanced 
expression of proautophagic BCL2/adenovirus E1B 19-kDa 
interacting protein 3 (BNIP3) [106] (Fig. 1). In addition, 
SIRT1 can crosstalk with AMPK and mTOR pathways, 
regulating energy metabolism and pro-survival pathways 
including autophagy [107, 108].

In the kidney, SIRT1 is primarily expressed in the inner 
medulla and renal interstitium, where it appears to be reno-
protective against oxidative stress [109]. Similar to AMPK, 
the expression and activity of SIRT1 tend to be decreased 
in renal cells in human and animal models of DKD, and 
activation of SIRT1 protects the kidney from diabetic injury 
[110]. A reduced SIRT1 expression was shown in glomeruli 
of diabetic mice, leading to AGEs accumulation and FoxO4 
acetylation, and resveratrol protected podocytes from AGEs-
induced apoptosis [111]. Suppression of SIRT1 was also 
detected in both podocytes and proximal tubules in diabetic 
mice prior to the development of proteinuria [112]. Impor-
tantly, mice with overexpressed SIRT1 specifically in proxi-
mal tubules were resistant to diabetes-related progression of 
podocyte damage and subsequent proteinuria [112]. In STZ-
induced diabetic rats, SIRT1 expression was decreased, and 
intraperitoneal injection of 3,5-Diiodo-l-thyronine restored 
SIRT1 expression, and as a result, mesangial expansion was 
significantly attenuated [113]. However, sirtinol, a SIRT1 
inhibitor, blocked the beneficial actions of SIRT1 activation 
[113]. The protective effects of SIRT1 activation in diabetic 
kidneys were also shown by Li et al. using tetrahydroxystil-
bene glucoside [114]. Similarly, calorie restriction, known 
to increase SIRT activity, activated autophagy in a mouse 
model of type 2 diabetes and ameliorated glomerular and 
tubular injury of DKD [56]. In STZ-treated rats, resveratrol 
was shown to limit diabetic kidney injury by suppressing 
the secretion of ECM and pro-inflammatory cytokines via 
the upregulation of SIRT1/FoxO1 signaling [115]. Res-
veratrol in db/db mice also reduced proteinuria, and ame-
liorated glomerulosclerosis and tubular apoptosis [96]. In 

high glucose-treated mesangial cells, resveratrol reduced 
oxidative stress and cell senescence [116, 117]. A recent 
study further confirmed that the renoprotective effects of res-
veratrol in type 2 diabetic rats and in hypoxia-treated PTECs 
was dependent on its reactivation of SIRT1 and subsequent 
restoration of autophagy [118]. Together, these findings sug-
gest that SIRT1 is protective in the kidney and decreased 
SIRT1 activity contributes to renal injury associated with 
DKD via inhibiting autophagy.

In mammalian cells 18 HDAC genes have been identi-
fied and classified into four groups depending on sequence 
identity and domain organization. While class III SIRTs 
are NAD+-dependent, the other (class I, II and IV) HDACs 
are Zn+-dependent for enzymatic activity. In sharp con-
trast to the renoprotective effects of class III SIRTs, recent 
studies further revealed a pathological role of class I, II 
and IV HDACs-mediated epigenetic modifications in the 
development of DKD. Under these conditions HDACs 
inhibition appeared to be beneficial, suggesting that dif-
ferent HDACs may have very distinct functions in DKD 
[119–121]. To determine the role of individual HDACs, 
Wang et al. analyzed the expression patterns of HDACs 
using different models of DKD [122]. Among all HDACs 
examined, HDAC2/4/5 were upregulated in the kidney 
of STZ-induced diabetic rats, db/db mice, and in kidney 
biopsies from diabetic patients. Of interest, different types 
of renal cells showed different expression patterns, with 
HDAC2 in PTECs, HDAC4 in podocytes and HDAC5 in 
mesangial cells. Increased expression of HDAC4 was also 
observed in cultured podocytes treated with high glucose, 
AGEs, and transforming growth factor (TGF)-β, suggesting 
that HDAC4 may play a central role in regulating podocyte 
function during DKD. Indeed, the selective upregulation of 
HDAC4 in podocyte suppressed autophagy by deacetylating 
signal transducers and activators of transcription factor 1 
(STAT1) and led to podocyte injury. Inhibition of HDAC4 
prevented autophagy deficiency in podocytes and thereby 
protected podocytes against DKD-induced glomerulopathy 
[122]. Together, these results further confirm the connection 
between defective autophagy and the progression of DKD. 
Importantly, given the opposite regulation of autophagy by 
class III SIRTs and class II HDAC4 in diabetic kidneys, tar-
geting HDACs for the treatment of DKD needs to be HDAC-
isoform specific.

Obesity‑mediated autophagy deficiency in DKD

Obesity is a widespread health issue and associated with the 
development of various diseases including type 2 diabetes, 
hypertension and arthrosclerosis. It is also an independent 
risk factor for renal dysfunction in patients with chronic kid-
ney disease (CKD). Extensive studies have demonstrated 
dysregulated autophagy caused by high-fat diet (HFD) and 
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obesity in the hypothalamus, liver, heart, pancreatic β-cells 
and adipocytes. Recently, emerging evidence further suggest 
that HFD and obesity negatively regulates autophagy in the 
kidney and promotes the progression of obesity-related CKD 
[123]. Yamahara et al. examined the effects of diet-induced 
obesity on autophagy in PTECs in response to proteinuria 
[57]. Obesity suppressed proteinuria-induced autophagy in 
proximal tubules and exacerbated tubular cell damage by 
proteinuria. mTOR was activated in proximal tubules of 
obese mice and obese patients with proteinuria, and treat-
ment with an mTOR inhibitor reversed obesity-mediated 
autophagy inhibition, suggesting a negative regulation of 
autophagy by mTOR under these conditions [57]. Simi-
lar observations were also shown in diabetic Wistar fatty 
rats [56, 83]. Compared with non-diabetic Wistar lean rats, 
there were increased phosphorylation of p70S6K/S6RP, 
decreased SIRT1 expression, and accumulation of damaged 
mitochondria and p62/SQSTM1 in proximal tubules of dia-
betic Wistar fatty rats. Dietary restriction rescued autophagy 
deficiency via the suppression of mTORC1 and activation 
of SIRT1 pathways, and thereby ameliorated tubulointer-
stitial damage and renal function loss in these obese rats 
[56, 83]. In HFD-fed mice, restoration of autophagy and its 
renoprotection against obesity-induced tubular injury was 
also achieved by AMPK activation [124]. In addition, mega-
lin, an endocytic receptor, was involved in obesity-induced 
autophagy impairment in proximal tubules of HFD-fed 
mice. The megalin-mediated endocytosis of glomerular-fil-
tered lipotoxic substances into proximal tubules primarily 
induced tubular hypertrophy and senescence with autophagy 
impairment, which further led to glomerular and peritubu-
lar capillary damage and tubulointerstitial fibrosis [125]. 
A recent study by Yamamoto et al. further showed that 
HFD-induced autophagy insufficiency was associated with 
lysosomal dysfunction in PTECs. Enhanced phospholipids 
accumulated in enlarged lysosomes in both HFD-fed mice 
and obese patients, leading to impaired autophagic flux that 
could aggravate lipotoxicity and ischemia–reperfusion injury 
in the kidney [126]. Tagawa et al. also revealed absence 
of autophagosomes and accumulation of p62/SQSTM1 
and huge damaged lysosomes in the podocytes of Otsuka 
Long–Evans Tokushima Fatty (OLETF) rats with massive 
proteinuria and HFD-fed podocyte-specific Atg5 knock-
out mice. Importantly, this impaired autophagy-lysosomal 
pathway in podocytes was associated with severe podocyte 
injury and the progression of DKD under obesity and type 
2 diabetes [127].

Intracellular stress in autophagy regulation 
and DKD

As mentioned above, in addition to the nutrient-sensing 
pathways, autophagy is also regulated by several intracel-
lular stress signals, such as hypoxia, oxidative stress, and 
ER stress. Under diabetic conditions, hyperactivation of 
mTORC1 and/or inactivated AMPK and SIRT1 suppress 
autophagy in the kidney; however, as a compensatory 
response, autophagy is induced by these stresses signaling 
to maintain cell integrity. When this adaptive attempt fails, 
damaged organelles, such as mitochondria and ER, may 
accumulate in cells and exacerbate DKD.

Oxidative stress, autophagy and DKD

Reactive oxygen species (ROS) are commonly produced by 
mitochondrial respiration and redox-mediating enzymes in 
various metabolic pathways [128, 129]. Excessive ROS are 
often responsible for cell damage, and as a defensive mecha-
nism, cells are equipped with a set of antioxidant enzymes. 
Oxidative stress occurs as a consequence of the imbalance 
between ROS generation and antioxidant defenses [128, 
129]. Under diabetic conditions, the production of ROS in 
the kidney is enhanced by hyperglycemia [130, 131]. High 
glucose-mediated alterations of intracellular metabolism, 
including auto-oxidation of glucose, advanced glycation, 
activation of PKC, and increased polyol pathway flux, are 
the sources of ROS in the diabetic kidney. High levels of 
free fatty acids (FFA) may also stimulate ROS generation 
under diabetic conditions [132]. Moreover, accumulation 
of damaged mitochondrial in diabetic kidneys significantly 
contributes to ROS generation [19]. Normalizing mitochon-
drial superoxide production has been shown to block high 
glucose-induced metabolic changes [133].

It has been suggested that acute exposure to high glu-
cose may activate autophagy via ROS. In immortalized 
murine podocytes exposed to high glucose, autophagy was 
induced within 24 h along with ROS generation, which 
was inhibited by antioxidant N-acetylcysteine [134]. Expo-
sure of podocytes to angiotensin II for 36 h also enhanced 
ROS generation and induced autophagy, and treatment 
with antioxidants inhibited autophagy under this condi-
tion [135]. ROS-mediated autophagy was further seen in 
cultured podocytes treated with palmitic acid, a saturated 
FFA, for 24 h [136]. Together, these results suggest an active 
autophagy in podocytes in response to ROS in early stage 
diabetes. ROS induces autophagy through multiple mecha-
nisms. Exogenous hydrogen peroxide can activate protein 
kinase RNA-like ER kinase (PERK), which in turn phos-
phorylates eukaryotic initiation factor 2α (eIF2α), activates 
ATG4 to accelerate the conversion of LC3-I to LC3-II, and 
inhibits mTORC1 activity [137]. In addition, activation of 



677Autophagy in diabetic kidney disease: regulation, pathological role and therapeutic potential﻿	

1 3

mitogen-activated protein kinases, including c-jun N-ter-
minal kinase (JNK1), is also involved in ROS regulation 
of autophagy [138] (Fig. 1). Oxidative stress can induce 
autophagy to remove damaged mitochondria (mitophagy). 
This autophagy-mediated mitochondrial quality control and 
subsequent reduction of ROS should be essential to protect 
kidney under diabetic conditions [19].

ER stress, autophagy and DKD

The ER is involved in protein synthesis and maturation. It 
contains a quality-control mechanism to handle misfolded 
proteins, and thus ER stress refers to the physiological or 
pathological states that result in the accumulation of mis-
folded proteins [139, 140]. Hyperglycemia and high levels 
of FFA induced ER stress in podocytes, leading to podo-
cyte apoptosis and subsequent proteinuria in DKD [141, 
142]. Interestingly, proteinuria filtered from glomeruli fur-
ther aggravated the ER stress response in proximal tubules, 
resulting in tubulointerstitial lesions [143, 144]. In tubular 
cells exposed to high glucose and albumin, ER stress was 
also induced, along with tubular cell apoptosis [144, 145]. 
In addition, the presence of ER stress in aged diabetic mice 
activated C/EBP homologous protein (CHOP), leading 
to increased diabetic kidney injury. CHOP-deficient mice 
were protected from DKD, further suggesting that diabetes-
induced ER stress plays an important role in the develop-
ment of kidney injury [146].

ER stress, through the unfolded protein response (UPR), 
can also activate autophagy for cell protection. The UPR 
consists of three main branches that are controlled by the ER 
membrane proteins: PERK, activating transcription factor 
6 (ATF6), inositol requiring enzyme 1 (IRE1) [139, 140]. 
PERK induces autophagy by mediating the transcriptional 
activation of LC3 and ATG5 through the ATF4 and CHOP, 
respectively [147]. ATF6 has also been suggested to induce 
autophagy. IRE1 plays a dual role in autophagy regulation, 
with stimulating autophagy by JNK1-mediated BECN1 acti-
vation, whereas inhibiting autophagy via the downstream 
effector X-box binding protein 1(XBP1) [47, 148] (Fig. 1). 
Autophagy also plays an important role in maintaining 
the structural and functional integrity of the ER. There-
fore, defective autophagy under diabetic conditions may 
lead to prolonged ER stress and kidney injury. Therapeutic 
strategies that can activate autophagy for ER degradation 
(ERphagy) may be required to protect kidney from cytotoxic 
ER stress. Several recent studies using chemical chaperones 
have demonstrated that enhanced protein folding can reduce 
ER stress and suppress diabetic kidney injury. In cultured 
mouse podocytes, tauroursodeoxycholic acid (TUDCA), 
a chemical chaperon, was shown to inhibit AGEs-induced 
apoptosis by reducing ER stress [149]. The renoprotective 
effects of TUDCA were further observed in diabetic mice. 

Autophagy was restored in TUDCA-treated mice, accompa-
nied by reduced podocyte injury and proteinuria [81, 150]. 
Furthermore, in both STZ-induced diabetic rats and db/db 
mice, prolonged ER stress-induced inflammatory response 
and kidney injury, which was also inhibited by 4-phenylbu-
tyric acid (4-PBA), a chemical chaperon [151–153]. In addi-
tion, both TUDCA and 4-PBA were shown to reactivate 
autophagy in db/db mice and in high glucose-treated podo-
cytes, thus preventing ER stress-induced podocyte apopto-
sis under diabetic conditions [153]. Together, these results 
further confirm the involvement of ER stress in the patho-
genesis of DKD. The renoprotective effects of the chemical 
chaperons by inhibiting ER stress may be facilitated through 
reactivation of autophagy.

Hypoxic stress, autophagy and DKD

Hypoxia is an important event during DKD progression and 
generally attributed to chronic ischemia that may result from 
RAS-induced renal vasoconstriction, hyperglycemic injury 
of red blood cells, decreased nitric oxide activity, and rar-
efaction of the glomerular and peritubular capillaries due 
to renal fibrosis [29, 132]. The best understood response to 
hypoxia is mediated by the hypoxia-inducible factor (HIF) 
family of transcription factors including HIF1, HIF2, and 
HIF3. Both HIF1 and HIF2 are involved in hypoxic signaling 
with overlapping but partly distinct functions, whereas the 
role of HIF3 is unclear [154–156].

Hypoxia induces autophagy through both HIF-dependent 
and -independent mechanisms [157, 158]. HIF1 is activated 
under hypoxia and induces autophagy by transcriptional 
upregulation of BNIP3 and BNIP3 like (BNIP3L/NIX) to 
liberate BECN1 from its inhibitory interaction with BCL2 
[159–161] (Fig. 1). Importantly, HIF1-mediated BNIP3 
may trigger selective mitophagy under hypoxic conditions 
to remove damaged mitochondria and reduce excessive ROS 
generation [160]. Depending on the duration and severity 
of hypoxic stress, two other oxygen-sensing pathways have 
also been suggested to regulate autophagy. Severe hypoxia 
(0.01% oxygen or anoxia) may induce ER stress and activate 
autophagy through the UPR, for example, PERK pathway. 
In addition, by activating LKB1–AMPK and REDD1 (regu-
lated in development and DNA damage responses), hypoxia 
can also stimulate TSC1/2 and thereby inhibit mTORC1 
activity for autophagy induction [157, 158] (Fig. 1). Regu-
lation of autophagy coordinated by these signaling pathways 
in diabetic kidneys would promote hypoxia tolerance and 
protect against hypoxic renal injury.
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Podocyte autophagy in DKD

Podocytes are terminally differentiated glomerular epithelial 
cells and play a critical role in maintaining the integrity of 
glomerular filtration barrier. Podocyte loss due to apopto-
sis and podocyte dysfunction results in massive proteinuria 
in DKD [162, 163]. Thus, a decrease in podocyte number 
is a valuable predictive factor for the progression of DKD 
[164]. Maintaining podocyte homeostasis is regarded as a 
therapeutic target in DKD.

The autophagy-lysosomal pathway plays an essential role 
in maintaining podocyte function. Podocytes show high rates 
of autophagy even under basal conditions, suggesting that 
autophagy is a fundamental self-repair mechanism for podo-
cyte homeostasis [165–167]. Podocyte-specific Atg5 dele-
tion mice developed glomerulopathy with aging, showing 
accumulation of oxidized and ubiquitinated proteins and 
ER stress in podocytes that ultimately led to podocyte loss, 
proteinuria and glomerulosclerosis [165]. Since autophagy 
degradation involves lysosomes, the impairment of lysoso-
mal function in podocytes by deletion of mTOR, prorenin, 
and mVps34 genes also led to severe glomerulosclerosis and 
proteinuria [168–170]. These results highlight the impor-
tance of an intact autophagic flux pathway in maintaining 
podocyte homeostasis.

The role of autophagy in podocytes under diabetic condi-
tions is being uncovered, and emerging evidence has sug-
gested that dysregulated autophagy may be involved in the 
diabetic glomerular lesions (Table 1). Immortalized murine 
podocytes exposed to prolonged high glucose for 48 h had 
decreased autophagic activity along with reduced expres-
sion of BECN1 and ATG12–ATG5 complex. Inhibition of 
basal autophagy in these cultured podocytes by 3-methyl-
adenine or BECN1 siRNA suppressed podocin expression 
and impaired the filtration barrier function of podocytes, 
whereas rapamycin restored autophagy and thereby rescued 
podocytes from injury [81]. Consistently, in STZ-induced 
diabetic mice and in renal biopsy samples from diabetic 
patients, autophagy activity was also decreased in podocytes 
[81]. These results suggest that sustained hyperglycemia 
reduces autophagy in podocytes, leading to alterations in 
podocyte function that may accelerate diabetic injury. Along 
with autophagy impairment, ER stress was induced in these 
cultured podocytes by prolonged high glucose treatment 
for up to 60 h [81]. There was a brief increase and then a 
decrease of eIF2α phosphorylation in podocytes, accompa-
nied with upregulation of proapoptotic CHOP, indicating a 
switch from the adaptive UPR for cytoprotection to a cyto-
toxic ER stress response. This switch appeared to be associ-
ated with insufficient autophagic clearance of damaged ER, 
as inhibition of ER stress by salubrinal or TUDCA restored 
autophagy and attenuated podocyte injury [81].

The effects of high glucose on podocyte autophagy seem 
to be time-dependent. Immortalized murine podocytes 
showed increased LC3-II accumulation and autophagosome 
formation within 24 h of high glucose treatment, which was 
further enhanced by rapamycin and inhibited by 3-meth-
yladenine [134]. Lenoir et al. also showed that 24-h high 
glucose promoted autophagy flux in primary podocytes and 
deletion of Atg5 sensitized the podocytes to high glucose-
induced apoptosis. In SVI cells, a stable podocyte cell line, 
autophagy was induced by high glucose at 48-h, but sup-
pressed at 15-day of treatment [171]. In STZ-induced dia-
betic mice, increased GFP-LC3 staining and LC3-II turnover 
were observed in podocytes at 4-week post-STZ injection, 
when mice were hyperglycemic but had not yet developed 
glomerular lesions. At 8-week post-STZ injection, when 
mice showed glomerular lesions, GFP-LC3 staining was 
reduced, along with p62/SQSTM1 accumulation in glomeru-
lar cells. Deletion of Atg5 specifically in podocytes resulted 
in accelerated podocytopathy with a leaky glomerular filtra-
tion barrier in these type 1 diabetic mice. TEM ultrastruc-
ture analyses further confirmed the presence of substantial 
mesangial expansion and glomerulosclerosis in podocyte-
specific autophagy-deficient mice. The injurious effects of 
podocyte autophagy loss on themselves and nearby mesan-
gial cells underscored the communication between these 
two types of cells under diabetic conditions [171]. Together, 
these in vitro and in vivo results confirm that high glucose 
induces autophagy in podocytes for renoprotection in short-
term (early stage diabetes) but represses it in long-term (late 
stage diabetes), leading to aggravated glomerular injury and 
the progression in DKD.

Using both type 2 diabetic patient samples and obese 
rodent models, Tagawa et al. further verified that autophagy 
insufficiency in podocytes played a key role particularly in 
the disease progression to massive proteinuria in advanced 
DKD [127]. Impaired formation of LC3 puncta and accu-
mulation of p62/SQSTM1 were found in the podocytes 
of type 2 diabetic patients and OLETF rats with massive 
proteinuria accompanied by podocyte loss, but not in those 
with absent or minimal proteinuria. Compared with HFD-fed 
control mice that had minimal proteinuria, autophagy defi-
ciency in podocyte-specific Atg5 knockout mice enhanced 
HFD-induced injury and these mice developed more severe 
podocyte damage, exacerbated proteinuria, and increased 
tubulointerstitial fibrosis. Under these conditions, autophagy 
impairment led to an accumulation of damaged lysosomes in 
podocytes, further indicating an important role of autophagy 
in the clearance of damaged lysosomes and its contribution 
to the progression of podocyte injury in DKD. Of interest, 
stimulation of cultured podocytes with sera from patients 
and OLETF rats with diabetes and massive proteinuria 
impaired autophagy–lysosomal pathway and induced podo-
cyte apoptosis, suggesting a potential mechanism that may 
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negatively regulate podocyte autophagy through serum 
factor-dependent intracellular signaling pathways in the 
progression of DKD [127].

The mechanism underlying diabetes-related impairment 
of podocyte autophagy is under investigation. In addition 
to altered nutrient-sensing pathways and intracellular stress 
signaling described above, a few recent studies have pro-
vided additional insights. Liu et al. showed that β-arrestins, 
negative adaptors of G protein-coupled receptors (GPCRs), 
were upregulated in the kidney of STZ-induced diabetic 
mice, db/db mice and kidney biopsies from diabetic patients. 
Hyperglycemia also induced β-arrestins in cultured podo-
cytes. β-Arrestins interacted with ATG7 to downregulate 
ATG12-ATG5 conjugation, thereby suppressing autophagy 
in podocytes [172]. Sun et al. examined microRNA regula-
tion of podocyte autophagy. miR-217 was elevated in podo-
cytes by high glucose, leading to podocyte injury and insulin 
resistance. Blocking miR-217 expression protected podo-
cytes against high glucose injury by reactivating autophagy. 
Phosphatase and tensin homolog (PTEN) was a target of 
miR-217 in podocytes. Downregulation of PTEN restrained 
autophagy reactivation and attenuated the beneficial role 
of miR-217 repression in high glucose-treated podocytes. 
Together, these results suggest a negative regulation of 
podocyte autophagy by miR-217 via suppressing PTEN and 
its contribution to high glucose-induced podocyte injury and 
insulin resistance [173]. Li et al. further demonstrated a role 
of FoxO1 in regulating mitophagy in podocytes. Aberrant 
mitochondria accumulated in STZ-induced diabetic mice 
and in high glucose-treated mouse podocytes. Overexpres-
sion of FoxO1 promoted mitophagy via PTEN-induced 
putative kinase 1 (PINK1)/Parkin pathway, leading to the 
amelioration of podocyte injury [174].

Based on the findings, we highlighted above autophagy 
is likely induced in podocytes in early stage DKD via the 
activation of various intracellular stress signaling such as 
ROS, ER stress, etc. Induction of autophagy in early stage 
DKD attempts to eliminate protein aggregates and dam-
aged organelles including mitochondria, ER and lysosomes 
for renoprotection. However, in late stage DKD (or chronic 
exposure to high glucose in vitro), sustained disturbances 
of nutrient-sensing pathways and increasing numbers of 
newly identified signaling pathways may overwhelmingly 
impair podocyte autophagy, leading to the accumulation 
of damaged organelles that may switch the cytoprotective 
stress signaling to a cytotoxic state with no returning point. 
Dysregulated autophagy further aggravates proteinuria and 
podocyte injury, eventually resulting in DKD progression 
to ESRD.
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Proximal tubular epithelial cell (PTEC) autophagy 
in DKD

The autophagic response in PTECs appears to be different 
from that induced in podocytes. Renal PTECs display a very 
low level of basal autophagy under normal conditions [175]. 
Mice with proximal tubule-specific Atg5 or Atg7 deletion 
develop premature renal aging, suggesting that a low but 
sufficient level of basal autophagy is needed to maintain 
cellular homeostasis in PTECs [175, 176]. Autophagy is 
remarkably activated in PTECs under various stress con-
ditions including nephrotoxic stress and ischemic/hypoxic 
stress, and plays a renoprotective role against tubular injury 
and cell death [36, 177, 178].

In diabetic conditions, hyperglycemia, hyperinsuline-
mia, and high level of FFA are major metabolic alterations. 
Among these diabetes-induced metabolic changes, hypergly-
cemia has been shown to inhibit autophagy in proximal and 
distal tubular cells in both type 1 and 2 diabetic animals [53, 
54, 56]. The uptake and excretion of glucose occurs mainly 
in proximal tubules via sodium–glucose cotransporter 2 
(SGLT2). SGLT2 promotes high-capacity glucose uptake in 
PTECs, and inhibition of SGLT2 enhances tubular excretion 
of glucose and reduces blood glucose concentrations [179]. 
Knockout of Sglt2 attenuated STZ-induced renal accumu-
lation of p62/SQSTM1, suggesting that SGLT2-mediated 
glucose uptake may contribute to autophagy inhibition in 
PTECs under diabetic conditions [55]. Huang et al. demon-
strated that thioredoxin-interacting protein (TXNIP), a natu-
ral inhibitor of thioredoxin, was induced by hyperglycemia 
and suppressed tubular autophagy in STZ-induced diabetic 
rats, human diabetic kidney biopsies, and cultured human 
PTECs exposed to high glucose. The negative regulation of 
tubular autophagy by TXNIP was mediated by activation of 
the mTOR pathway [180].

In diabetic patients, the severity of proteinuria-induced 
tubulointerstitial lesions is correlated strongly with renal 
outcome [21]. Proteinuria filtered from the glomeruli is a 
nephrotoxic stress and an increased reabsorption of the pro-
tein was shown to activate autophagy in PTECs. Proteinuria-
induced tubular cell injury was exacerbated in mice with 
proximal tubule-specific Atg5 knockout [57]. Obesity was 
also shown to suppress autophagy in PTECs in a mouse 
models of type 2 diabetes and in renal biopsy specimens 
from type 2 diabetic patients, and insufficient autophagy 
aggravated proteinuria-induced tubulointerstitial injury. 
Mechanistically, hyperactivated mTORC1 signaling was 
involved in obesity-induced autophagy inhibition, as diet 
restriction or rapamycin restored autophagy under this con-
dition [57]. Similarly in diabetic Wistar fatty rats, autophagy 
was also suppressed in PTECs, as indicated by accumula-
tion of damaged mitochondria and p62/SQSTM1. Again, 
dietary restriction rescued autophagy deficiency via the 

suppression of mTORC1 and activation of SIRT1 pathways, 
which in turn led to the attenuation of diabetic tubular injury 
and renal dysfunction [56, 83]. Collectively, these results 
suggest that proteinuria induces autophagy in PTECs pri-
marily serving as a protective mechanism for cell survival. 
However, diabetic conditions may suppress proteinuria-
induced autophagy in PTECs via hyperactivated mTORC1 
or decreased SIRT1 pathways, leading to exacerbated tubu-
lointerstitial lesions.

As mentioned above, AGEs are generated in the hypergly-
cemia state and involved in the progression of DKD. AGEs 
filtered by glomeruli or delivered from the circulation are 
endocytosed and degraded in the lysosomes of PTECs [181]. 
Recent studies demonstrate an interconnection between 
autophagy impairment and AGEs accumulation in PTECs 
and its contribution to tubular injury in DKD. In cultured 
human PTECs (HK-2 cell line) and PTECs from diabetic 
patients, Liu et al. showed that AGEs overload induced a 
disrupted autophagy-lysosomal pathway [182]. AGEs, via 
interaction with AGEs-receptors (RAGEs), evoked oxidative 
stress and thereby stimulated lysosomal membrane permea-
bilization and lysosomal dysfunction. As a result, autophagic 
flux was disrupted in these PTECs, resulting in accumulation 
of p62/SQSTM1 and ubiquitinated proteins, failed fusion of 
autophagosomes with lysosomes, and impaired lysosomal 
turnover of LC3-II [182]. Takahashi et al. further confirmed 
that AGEs overload gradually suppressed autophagic flux in 
primary culture of PTECs. Of note, lysosomal-associated 
membrane protein 1 (LAMP1) expression in response to 
AGEs overload was upregulated in Atg5-competent pri-
mary PTECs, but inhibited in Atg5-deficient cells, suggest-
ing a role for autophagy in promoting lysosomal biogenesis 
and function under diabetic conditions. Consistently, STZ-
treated, PTEC-specific, autophagy-deficient mice failed to 
upregulate lysosomal biogenesis and exhibited an increased 
accumulation of AGEs in PTECs, glomeruli and renal vascu-
lature, along with enhanced inflammation and renal fibrosis 
[183]. Together, these results suggest that autophagy inhib-
its AGEs accumulation by promoting lysosomal biogenesis 
and function in PTECs. Impaired autophagy under diabetic 
conditions fails to remove damaged lysosomes and results in 
AGEs accumulation. AGEs overload, in turn, further induces 
lysosomal dysfunction and disrupts lysosomal clearance of 
AGEs. This vicious cycle ultimately leads to irreversible 
injury not only in PTECs, but may also largely affect glo-
meruli and tubulointerstitium, resulting in the progression 
of DKD.

Mesangial cell autophagy in DKD

Mesangial cells produce ECM components in the mesan-
gium and play an important role in maintaining mesangial 
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matrix homeostasis. In response to injury and progressive 
CKD, mesangial cells proliferate and produce excessive 
ECM, leading to glomerulosclerosis and renal fibrosis. 
Expansion of the cellular and matrix components in the 
mesangium is a histological characteristic of both type 1 
and 2 DKD. Although the function of autophagy in mesan-
gial cells under diabetic conditions is unclear, a few recent 
studies have just started the journey of exploration (Table 1).

Fiorentino et al. showed that renal expression of tissue 
inhibitors of metalloproteinase 3 (TIMP3) was decreased 
in STZ-induced diabetic mice and diabetic patients. Com-
pared with control mice, Timp3-deficient diabetic mice 
had increased albuminuria, glomerular hypertrophy, GMB 
thickening, mesangial expansion and interstitial fibrosis. 
Timp3-deficiency led to a decreased expression of FoxO1 in 
the kidney and an increased expression of STAT1, a repres-
sor of FoxO1 transcription. As a result, the expression of 
FoxO1-targeted autophagy-related genes, including Atg5, 
Becn1 and Lc3, was also suppressed in Timp3-deficient dia-
betic mice. Consistently, the altered expressions of STAT1, 
FoxO1 and FoxO1-targeted autophagy-related genes were 
also shown in kidney biopsies from diabetic patients and in 
cultured mesangial cells with Timp3 deletion. Re-expression 
of TIMP3 in these mesangial cells rescued the expression of 
FoxO1 and its targets, reduced STAT1 expression, and as a 
result, reversed autophagy inhibition [184]. Together, these 
findings suggest that under diabetic conditions, downregula-
tion of TIMP3 may suppress autophagy in mesangial cells 
via FoxO1/STAT1 pathway, resulting in DKD progression.

Xu et al. further examined autophagy in regulating the 
survival of mesangial cells treated with AGEs [185]. They 
found that ROS induced by AGEs stimulated mitochondrial 
depolarization and apoptosis in cultured mesangial cells. 
Meanwhile, AGEs via ROS also activated autophagy and 
mitophagy in mesangial cells, which played an important 
role in reducing mitochondrial injury and ROS generation. 
Inhibition of autophagy enhanced AGEs-induced mesan-
gial cell apoptosis, further confirming a protective role of 
autophagy in AGEs-treated mesangial cells [185].

In cultured rat mesangial cells, autophagy was suppressed 
in response to high glucose treatment, accompanied by col-
lagen I accumulation and cell hypertrophy and proliferation. 
High glucose also upregulated miR-21 in mesangial cells, 
along with downregulated PTEN and increased phospho-
rylation of phosphoinositide 3 kinase (PI3K), protein kinase 
B (PKB/Akt) and mTOR. These alterations were reversed 
by ursolic acid, and as a result, autophagy was reactivated, 
leading to the attenuation of mesangial injury and collagen 
I production [186]. These results suggest a negative regula-
tion of autophagy in mesangial cells via miR-21/PTEN/Akt/
mTOR pathway under diabetic conditions.

Glomerular endothelial cell autophagy in DKD

DKD is a microvascular complication and injury of glo-
merular endothelial cells in diabetes is strongly associated 
with the initiation of this kidney disease. Nevertheless, few 
studies have examined the role of autophagy in glomeru-
lar endothelial cells (Table 1). An earlier study by Xavier 
et al. showed that bone morphogenetic protein and activin 
membrane-bound inhibitor (BAMBI), a competitive receptor 
antagonist for the TGF-β receptor family, was upregulated 
by TGF-β in cultured mouse glomerular endothelial cells. 
Serum starvation or rapamycin caused marked degradation 
of BAMBI, whereas the degradation was totally inhibited 
by lysosomal inhibitor bafilomycin A1 and partially sup-
pressed by 3-methyladenine, but not by proteasomal inhibi-
tors [187]. These results suggest a role of autophagy in 
regulating BAMBI turnover in endothelial cells. In diabetic 
mice, BAMBI was downregulated, which enhanced alter-
native TGF-β signaling and glomerular dysfunction. The 
renoprotective role of BAMBI against glomerular injury in 
DKD was further confirmed using BAMBI-deficient mice 
[188]. Further studies need to determine whether regulation 
of BAMBI by autophagy in endothelial cells is relevant to 
the actions of TGF-β and the development of DKD.

Using endothelial-specific Atg5 knockout mice, Lenoir 
et al. recently demonstrated direct evidence on the role 
of glomerular endothelial cell autophagy in DKD [171]. 
Endothelial-specific Atg5 deletion resulted in mild lesions to 
the glomerular filtration barrier (GFB) in non-diabetic mice. 
Following STZ injection, endothelial-specific autophagy-
deficient mice developed more severe glomerular endothe-
lial injuries, with enhanced proteinuria, increased dilation of 
glomerular capillaries and endothelial lesions, as compared 
with control diabetic mice. Notably, TEM revealed GBM 
thickening and podocyte effacement in endothelial-specific 
autophagy-deficient diabetic mice, whereas few ultrastruc-
tural defects were found in podocytes from control diabetic 
mice. Together, these results suggest that autophagy in glo-
merular endothelial cells preserves both endothelial integrity 
and podocyte ultrastructure to maintain GFB homeostasis, 
which may involve a crosstalk between glomerular endothe-
lial cells and surrounding podocytes [171].

Autophagy in renal fibrosis

Renal fibrosis, characterized by the excess deposition of 
ECM in the glomeruli and tubulointerstitium, is the final 
common pathway leading to ESRD in all progressive CKD 
including DKD. The pathogenesis of fibrosis is thought to be 
a failed renal repair process that occurs after initial injuries, 
involving an enormously complex and dynamic interaction 
and coordination of virtually all cell types in the kidney. 
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Major cellular events in renal fibrosis include: infiltration of 
inflammatory cells; fibroblast activation and proliferation; 
production and deposition of excessive ECM components; 
tubular atrophy; glomerulosclerosis; and microvascular rar-
efaction [189].

The role of autophagy in renal fibrosis remains largely 
unclear and the findings from recent studies are contro-
versial. In mice subjected to unilateral ureteral obstruc-
tion (UUO) autophagy was activated in obstructed tubules 
along with tubular apoptosis [190–192]. Under this condi-
tion, autophagy and apoptosis acted in concert to induce 
tubular atrophy and nephron loss [190]. Oxidative stress 
leading to mitochondrial damage seemed to drive autophagy 
and apoptosis in renal tubules, representing an important 
mechanism of tubular decomposition in UUO injury [192]. 
Using a tetracycline-controlled mouse model with TGF-
β1 overexpression specifically in renal tubules, Koesters 
et al. further verified the involvement of autophagy in tubu-
lar degeneration and interstitial fibrosis [193]. Sustained 
expression of TGF-β1 induced autophagy in renal tubules, 
leading to tubular dedifferentiation and the development of 
widespread peritubular fibrosis. Notably, the nuclei of such 
degenerating cells showed a normal chromatin pattern with-
out positive TUNEL staining for apoptosis, suggesting that 
autophagy may be a main force driving tubular atrophy in 
TGF-β1-induced renal fibrosis [193]. Using pharmacologi-
cal and genetic inhibitory approaches, we further demon-
strated a profibrotic role of autophagy in a mouse model of 
UUO and in TGF-β1-treated PTECs [194]. Autophagy was 
persistently activated in proximal tubules following UUO. 
Inhibition of autophagy by pharmacological inhibitors or 
proximal tubule-specific Atg7 knockout suppressed intersti-
tial fibrosis, accompanied with the attenuation of tubular cell 
apoptosis, interstitial macrophage infiltration and production 
of fibroblast growth factor 2. In primary culture of PTECs, 
fibronectin accumulation and cell death induced by TGF-β1 
were also dependent on autophagy [194]. A profibrotic role 
of autophagy was further shown in a mouse model of post-
ischemic renal fibrosis. Induction of autophagy following 
ischemic acute kidney injury (AKI) promoted prosenescent 
changes in proximal tubules of S3 segments during recovery 
phase. Selective deletion of Atg5 in these proximal tubules 
suppressed autophagy and thereby prevented the develop-
ment of a senescent phenotype and AKI progression to CKD 
[195]. In contrast to these findings, a few studies have dem-
onstrated an antifibrotic role of autophagy in renal fibrosis. 
Inhibition of autophagy by 3-methyladenine in a rat model 
of UUO aggravated tubular cell apoptosis and interstitial 
fibrosis, suggesting that autophagy may limit fibrosis by 
reducing tubular apoptosis [196]. In primary culture of 
mouse kidney mesangial cells, both protein and mRNA 
levels of collagen I were induced by TGF-β1. Inhibition of 
autophagy by BECN1 knockdown or lysosomal inhibitors 

further enhanced collagen I protein accumulation without 
affecting mRNA expression, suggesting a role for autophagy 
in regulating ECM deposition in mesangial cells by pro-
moting the degradation of collagen I [197]. Ding et al. also 
revealed the involvement of autophagy in the degradation 
of mature TGF-β1 in UUO kidneys and in TGF-β1-treated 
PTECs (both primary culture and cell line), further suggest-
ing that autophagy can prevent renal fibrosis by negative 
regulation of TGF-β1 [198]. Understanding the cellular and 
molecular bases of this multifaceted autophagy regulation of 
renal fibrosis is crucial for identifying potential therapeutic 
targets to treat progressive CKD.

Therapeutic strategy targeting autophagy 
for DKD treatment

Autophagy activity is inhibited under diabetic conditions, 
thus new therapeutic strategy has been focusing on the res-
toration of autophagy. Diet or calorie restriction is an impor-
tant glycemic control therapy in diabetic patients and plays 
a renoprotective role in several metabolic or age-related 
kidney diseases [56, 83, 106]. Activation of autophagy is 
essential for calorie restriction-mediated anti-aging effects 
[199, 200]. Therefore, a calorie restriction regimen that can 
activate autophagy should be a potent therapeutic strategy to 
prevent DKD. Indeed, calorie restriction restores autophagy 
activity in PTECs and attenuates renal damage in type 2 dia-
betic Wistar fatty rats [56, 83]. Nonetheless, recent human 
clinical studies have shown that the quality of diet affects 
the development of insulin resistance and new onset of dia-
betes. In addition, under diabetic conditions, a high energy/
nutrient intake along with a low-protein diet may cause an 
insufficiency of diet restriction. Furthermore, the types of 
carbohydrates, amino acids, and fatty acids in different diet 
regimens that can lead to a better prognosis also need to be 
identified [62].

In addition to calorie restriction, drugs that can activate 
autophagy are being discovered. Agents that can modify the 
activity of mTORC1, AMPK, and SIRT1 may have thera-
peutic potency for DKD treatment. Rapamycin, an mTORC1 
inhibitor, appears to activate autophagy and ameliorate glo-
merular and tubular damage in diabetic kidneys. However, 
the side effects of long-term or complete mTORC1 inhibi-
tion have been well-recognized. Whether mTOR inhibition 
by rapamycin or other mTOR inhibitors is safe and effective 
for treating diabetic patients is still under debate. Target-
ing AMPK and SIRT1 with activators such as resveratrol, 
metformin, and AICAR is also being explored. These agents 
have been shown to activate autophagy in different animal 
models of diabetes and protect the kidney from diabetic 
injury, making them be attractive therapeutic options for 
DKD. In addition, the use of antioxidants to antagonize 
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oxidative stress or chemical chaperons to reduce ER stress 
and to restore autophagy activity may also be a therapeutic 
approach to treat DKD.

Conclusions

Despite the application of multiple intensive therapy pro-
grams, the incidence of diabetes is still increasing world-
wide. DKD, a leading cause of ESRD, is a serious diabetic 
complication with high morbidity and mortality. Identifying 
additional effective therapeutic targets for the prevention and 
treatment of DKD is in urgent need. In this review, we have 
provided insights into the role of autophagy in the pathogen-
esis of DKD and the underlying mechanisms that contribute 
to autophagy regulation in diabetic kidneys. The advances 
in our understanding of autophagy in DKD will facilitate 
the discovery of a new therapeutic target to prevent and to 
treat DKD.
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