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Teaser Endoplasmic reticulum stress, autophagy, and their interplay are crucial in the
development of diabetes and associated microvascular complications, requiring further

investigations.
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Endoplasmic reticulum (ER) homeostasis orchestrates the folding,

modification, and trafficking of secretory and membrane proteins to the

Golgi compartment, thus governing cellular functions. Alterations in ER

homeostasis result in the activation of signaling pathways, such as the

unfolded protein response (UPR), to regain ER homeostasis. Nevertheless,

failure of UPR leads to activation of autophagy-mediated cell death. Several

recent studies emphasized the association of the ER stress (ERS) response

with the initiation and progression of diabetes. In this review, we highlight

the contribution of the ERS response, such as UPR and autophagy, in the

initiation and progression of diabetes and associated microvascular

complications, including diabetic nephropathy (DN), retinopathy, and

neuropathy, in various experimental models, as well as in humans. We

highlight the ERS as a putative therapeutic target for the treatment of

diabetic microvascular complications and, thus, the urgent need for the

development of improved synthetic and natural inhibitors of ERS.

Introduction
Diabetes is branded as an epidemic of the current century and, along with its complications, poses

a substantial health and economic burden globally. Diabetic complications are categorized into

microvascular complications (nephropathy, retinopathy, and neuropathy) and macrovascular

complications (stroke, peripheral vascular disease, and cardiovascular diseases). Microvascular

complications in particular are more prevalent, impacting almost 50% of patients with type 2

diabetes mellitus (T2DM) across 28 countries in Europe, South America, Asia, and Africa [1].

The A1chieve study, an Indian observational study encompassing 20 554 patients with T2DM,
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reported a prevalence of retinopathy, nephropathy, and neuropathy

of 32.5%, 30.2%, and 26.8%, respectively [2]. In addition to strict

glycemic control, researchers have attempted to target divergent

routes leading to diabetic complications, including metabolic, in-

flammatory, and hemodynamic pathways [3]. However, despite the

available therapies, there has been little success in stemming the

progression of diabetic complications. Therefore, there is a need to

explore novel pathways that might provide a suitable target for

therapies that might be useful in preventing the progression of

diabetic complications. Over the past few years, ERS and autophagy

have emerged as major fields of research to counter the development

and progression of diabetes and related complications.

Persistent ERS is linked to both type 1 (T1)DM and T2DM via

different mechanisms. Studies showed that using molecular and

chemical chaperones alleviated diabetic symptoms and restored gly-

cemic homeostasis, improving in insulin resistance (IR) [4,5]. Reduc-

tionoftheERShasbeeneffectiveincontrollingdiabeticmicrovascular

complications, including retinopathy, neuropathy, and nephropathy

[6–8]. However, chemical chaperones, such as tauroursodeoxycholic

acid (TUDCA) and 4-phenylbutyric acid (4-PBA), lack the desired

specificity and pharmacological traits to develop them as therapeutic

tools. Recently, Suneng et al. reported the small molecule azoramide,

which acted as both an ERS modulator and an antidiabetic molecule

[9]. Although autophagy and ERS are two distinct types of machinery,

recent reports reveal that autophagy is an extra layer of protection

against accumulated misfolded proteins and acts along with

endoplasmic–reticulum-associated protein degradation (ERAD) to

clear unfolded and misfolded proteins, thus reducing ERS [10]. Autop-

hagy modulation is also a valuable approach to ameliorate the pro-

gression of diabetes and its complications [11–14]. Thus, these reports

suggest ERS and autophagy as potential targets in diabetes. Here, we

discuss their role in the development of diabetes and microvascular

complications.

ERS and UPR
Proteins are the structural and functional units of a cell. Their biologi-

cal activity depends on their 3D conformational structure acquired

after synthesis by ribosomes in the ER [15]. The ER is a voluminous

membrane-bound organelle involved in several physiologically vital

functions (e.g., synthesis, folding, processing, and transport of pro-

teins, synthesis of lipids, storage and release of Ca2+, and signaling

operations) [16,17]. The processes involved from protein synthesis to

folding and transport are complex and prone to errors. Improper

protein folding can lead to several pathophysiological conditions

[18,19]. Interestingly, almost one-third of proteins synthesized by

ER under normal physiological conditions are misfolded, suggesting

thatthesituationisworseduringpathological states [20].However,ER

maintains the homeostasis between protein manufacture, folding,

transport and degradation, a process termed ‘proteostasis’ [19,21]. An

intricate set of mechanisms continually monitors the quality and

quantity of proteins synthesized; for example, molecular chaperones

assist with the proper folding of proteins as well as the degradation of

misfolded proteins [22]. Nevertheless, different environmental and

genetic cues along with metabolic alterations can disturb the normal

course of protein synthesis and folding, leading to activation of a

ubiquitin-proteasome system, macroautophagy, and ERS [23]. The

primary response to ERS is activation of UPR, which acts as a sensor

monitoring the workload of ER and exerts its actions via different
2248 www.drugdiscoverytoday.com
mechanisms to mitigate the accumulated misfolded proteins [24].

UPR alleviates ERS broadly by: (i) a reduction in the load on ER via

global inhibition of synthesis of new proteins; (ii) enhanced transcrip-

tion of constituents of ERAD, which aids the degradation of misfolded

proteins; and (iii) enhancing ER activity and size to increase protein

synthesis and folding capability [25]. These three major branches of

UPR are reported to function in parallel by using a distinct set of

signaling pathways. These signal transducers comprise transmem-

brane proteins, namely protein kinase R/PKR-like ER kinase (PERK),

inositol-requiring enzyme 1a (IRE1a), and activating transcription

factor 6 (ATF6) [22].

Under resting conditions, UPR sensors are bound to binding

immunoglobulin protein (BiP), which keeps them in an inactive

state. However, when unfolded proteins aggregate, the affinity of

BiP for UPR sensors decreases and it separates from the sensors,

thus activating the UPR signaling pathway [10]. PERK reduces the

protein load by inhibiting translation. PERK also acts as an impor-

tant part of mitochondrial-associated ER membranes (MAMs) and

maintenance of mitochondria–ER and plasma membrane–ER con-

tact sites by interacting with Filamin A. PERK is also reported to

regulate apoptosis, inflammation, and intracellular Ca+2 entry

[26]. IRE1a and ATF6 act by inducing the transcription of UPR

target genes and chaperones, thus facilitating the removal of

accumulated unfolded proteins. IRE1a is also important in the

formation of MAMs, which in turn regulate mitochondrial Ca+2

uptake [27]. IRE1a also has an important role in facilitating the

interaction between ER and mitochondria, thus maintaining cel-

lular bioenergetics [27]. Akin to PERK, IRE1a is also reported to

directly interact with filamin A and regulate actin cytoskeleton

remodeling [28]. ATF6, the third branch of the UPR, also has an

important role in tissue development (osteogenesis, adipogenesis,

and neuroembryogenesis), homeostasis, and pathogenesis. Obesi-

ty has been linked to the generation of ER stress and is one reason

for the development of endothelial dysfunction. Villalobos-Labra

et al. reported that ATF6 was localized in the nucleus of human

umbilical vein endothelial cells (HUVECs) of prepregnancy ma-

ternal obese subjects, corroborating the role of obesity in the

development of ER stress [29].

UPR is a protective mechanism: it can switch its prosurvival

mode to a proapoptotic mode during regular periods of elevated

ERS [30]. The UPR pathway is designed to mitigate these acute

changes in the proteostasis environment [31]. However, pro-

longed activation of UPR in chronic conditions, such as diabetes

or viral infections, shows that ER stress cannot be reduced. Hence,

to protect the system from further damage, the ER elicits multiple

apoptotic pathways (e.g., PERK-mediated cell death pathways and

IRE1a-mediated cell death pathways) [32].

ERS and diabetes
Several studies point at an active role of pancreatic b cell ERS in the

pathophysiology of diabetes [33,34]. Although T1DM and T2DM

have different etiologies and different triggers, malfunctioning

and longevity of b cells are common to both [35]. T2DM is

characterized by persistent hyperglycemia because of the inability

of b cells to synthesize insulin or the resistance of different tissues

towards insulin [32]. ER is the site for the synthesis, processing,

and storage of proinsulin, a precursor of insulin [36]. Insulin is

released in the circulation as required. Elevated blood glucose can
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lead to a steep rise in the translation rate of proinsulin synthesis,

which can be as high as~20-fold, and almost a 20% of the proinsulin

synthesized does not attain its native conformation, indicating

that proinsulin is susceptible to misfolding. The high biosynthetic

burden on pancreatic b cells compounded with the misfolding-

prone nature of proinsulin places the ER of b cells under ERS [36].

This activates UPR signaling pathways to remove the misfolded

proinsulin molecules. However, because of persistent hyperglyce-

mia and chronic ERS associated with diabetes, the protective UPR

pathways turns destructive for the b cells. Studies support the

claim that ERS induced by chronic hyperglycemia and hyperlip-

idemia leads to the loss of b cell mass and function in T2DM [23].

Among the three UPR sensors, PERK is reported to have an impor-

tant role in the regulation of b cell development, proliferation,

and homeostasis, along with a prominent role in insulin proces-

sing and secretion [37]. This is corroborated by studies that showed

that PERK-deficient mice exhibited severe b cell malfunctioning

and diabetes. Gao et al. found that PERK deletion in young as well

as adult mice led to structural damage and loss of islet and the b
cells, resulting in high glucose levels [38]. In a recent study by

Yimeng et al., abrogation of the PERK–CCAAT-enhancer-binding

protein homologous protein (CHOP) pathway using sodium bu-

tyrate led to amelioration of T2DM [39]. PERK was also involved in

controlling proinsulin processing by regulating the expression of

ER chaperones [40]. PERK was first found in islets of rat pancreas

and has an important role in Wolcott–Rallison syndrome (WRS), a

rare genetic disorder typified by early onset/neonatal diabetes with

a reduction in the mass of b cells not related to autoimmune

destruction [41]. In physiological circumstances, IRE1a enhances

proinsulin biosynthesis after a meal. However, persistent exposure

to high glucose leads to ERS-induced overactivation of the IRE1a
signaling pathway, which reduces the expression of insulin genes

in b cells [42]. Tsuchiya et al. explored the IRE1a–X-box binding

protein 1 (XBP1) pathway in maintaining proinsulin and insulin

levels along with the oxidative folding of the proinsulin molecules

[43]. They found that deficiency of IRE1a in mouse b cells led to

the development of diabetes, with the reduced biosynthesis, se-

cretion, and folding of insulin and proinsulin [43].

b Cell homeostasis depends on the balance between the activity

of PERK and IRE1a, given that PERK regulates insulin biosynthesis

negatively, whereas IRE1a regulates it positively [44]. Any imbal-

ance between the two can be detrimental tob cells. Our understand-

ing of the role of ATF6, the third component of UPR, in diabetes is

limited, which warrants further research. ER stress and inflamma-

tion crosstalk are central to both T1DM and T2DM pathogenesis.

Thus, ER stress is a potential connecting link between inflammation,
TABLE 1

Examples of ERS modulators

ERS modulator Mode of action 

TUDCA ER chaperone 

4-PBA ER chaperone 

Salubrinal eIF2a phosphatase inhibition 

Chrysin PERK pathway inhibition 

Tangluoning PERK/Nrf2 pathway modulation 

Quercetin IRE1a-XBP pathway activation 

Guanabenz eIF2a phosphatase inhibition 

Stachydrine CHOP inhibition 
obesity, and T2DM [45]. T2DM is associated with low-grade inflam-

mation, and ER stress could to the pathogenesis, owing to the

proinflammatory state and IR induction. Proinflammatory cyto-

kines, including tumor necrosis factor alpha (TNF-a), interleukin

6 (IL-6), and IL-1b, are common to T2DM and T1DM, and directly

hamper the functioning of pancreatic b cells. Different mediators of

UPR are influenced bydistinctsetsofproinflammatorycytokines; for

example, IL-1b leads to IRE1a activation, as evidenced by XBP1

splicing and PERK phosphorylation of the a subunit of eIF2 and

reduced expression of XBP1 and BiP by IFN-g [46].

ERS is also actively involved in the development of T1DM, an

autoimmune disorder characterized by the destruction of pancre-

atic b cells [47]. b Cell dysfunction is antecedent to T1DM and ERS

is a causative factor of the latter, which can be attributed to

activation of the nuclear factor kappa-light-chain enhancer of

activated B cells (NF-kB) pathway [35]. Impairment of UPR com-

ponents, including ATF6 and XBP1, in the b cells of T1DM mouse

models and human samples support the role of ERS and UPR in

maintenance of b cells and prevention of T1DM [47]. In addition,

the presence of ERS and activation of UPR mediators in pancreatic

islets was observed in 13 patients with T1DM [48]. ERS was found

to precede insulitis much earlier, forming a microenvironment

conducive to the development of autoimmunity and T1DM [49]. It

was demonstrated that b cell proteins become immunogenic via

Ca2+-regulated post-translational modification when exposed to

thapsigargin and physiological triggers of ERS [50]. ERS is a hall-

mark of T1DM in humans and elevated levels of the proinflam-

matory cytokines IL-1b, TNF-a, and interferon- alpha (IFN-a) lead

to elevation of ER stress, adding to the progression of T1DM [51].

Islet cells isolated from 12 donors without diabetes were exposed

to different cytokines, including IFN-a and IL-1b, which resulted

in a twofold increase in b cell apoptosis within 24 h [52]. Treat-

ment with TUDCA or knockout of CHOP in these cells led to

reduced apoptosis, indicating the involvement of ERS in IFN-a-
and IL-1b-mediated apoptosis [52]. Thus, targeting ERS and UPR

components has potential as a novel approach to treat diabetes.

Examples of ERS modulators and their mechanism of action are

provided in Table 1.

Autophagy and diabetes
Autophagy belongs to a class of catabolic processes wherein lyso-

somes degrade the cytosolic components, including unfolded

protein aggregates and injured organelles [53]. Apart from consti-

tutive or basal autophagy, which keeps a check on the quality of

the proteins and organelles, the major role of autophagy is to

protect cells from stress and starvation by degrading surplus or
Target Cells/Organs Refs

Tubular cells, podocytes [10,31,73]
ARPE-19 cells [8,10,31,105]
ARPE-19 cells [10,21,93]
Podocytes [75,92]
Schwann cells (RSC96 cells) [110]
Liver [10,21,115]
HeLa cells [10,21,116]
Tubular cells [117]
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worn-out cellular contents and redistributing the nutrients neces-

sary for survival, thus maintaining the cellular homeostasis [54].

Autophagy mediates the physiological functioning of pancreatic b
cells along with other tissues, such as liver and skeletal muscles,

which are primary targets of insulin action. Pancreatic b cells have a

high biosynthetic load and are prone to undergo oxidative ERS, both

of which are regulated by autophagy. Autophagy is also involved in

the proper functioning of the UPR machinery, and dysfunctional

autophagy can impair the UPR, thus making cells prone to the

development of ERS [55]. Pancreatic b cell survival requires basal

autophagy, given that mice deficient in ATG7 displayed degenera-

tion of islets, reduced insulin release, and glucose tolerance [56].

Overactive autophagy not only augmented insulin signaling by

ameliorating ERS, but also reduced insulin secretion, storage, and

glucose tolerance [53]. In a study on human islets, Bugliani et al.

investigated the role of autophagy in b cell functioning and survival

[57]. In the study, palmitate (a metabolic ER stressor) exposure led to

reduced insulin secretion and elevated b cell apoptosis, which was

counteracted by rapamycin (autophagy inducer) treatment and

aggravated by 3-methyladenine or concanamycin-A treatment

(autophagy inhibitor) [57]. One of the proposed mechanisms by

which autophagy might prevent T2DM is breakdown of Notch1,

thus promoting b cell neogenesis. Notch1 degradation is associated

with increased expression of neurogenin-3, which is a regulator of

pancreatic development [58]. A recent report revealed that T2DM

aids the repression of autophagy via downregulating the transcrip-

tion factor EB (TFEB) and lysosomal-associated membrane protein-2

(LAMP-2) [59]. Thus, b cell mass and functioning are heavily de-

pendent upon autophagy flux, and its impairment can lead to

diabetes. Several autophagy modulators are in different phases of

clinical trial for diseases including Alzheimer’s and various types of

cancer. However, none have yet advanced to clinical trials for

diabetes and only one clinical trial available aims to explore the

proautophagy effect of metformin in prediabetic subjects [60]. Thus,

efforts should be made to harness the potential of autophagy in the

prevention and management of diabetes.

ERS and autophagy crosstalk in diabetes
ERS and autophagy have been observed to regulate each other; for

example, ER provides the membrane required in the formation of

an autophagosome, given that autophagy-deficient b cells display

dysfunctional UPR [61]. In addition, autophagy-related 7

(Atg7Db-cell)-ob/ob mice had impaired autophagy [55]. UPR gene

expression in b cells was minimal in these mice and autophagy

deficiency led to the development of overt diabetes [55]. Bachar-

Wikstrom et al. observed that suppression of autophagy in b cells

from Akita mice led to enhanced ERS and vice versa, along with a

finding that defensive action of rapamycin (autophagy activator)

was suppressed by chloroquine and bafilomycin A1(autophagy

inhibitors), suggesting that persistent ERS leads to the activation

of autophagy as a remunerating phenomenon vital for cell survival

[62]. Fei-Juan et al. found that 4-PBA treatment led to amelioration

in diabetic neuronal apoptosis, and in vitro treatment with bafi-

lomycin-A1 enhanced neuronal apoptosis, suggesting that autop-

hagy is activated in diabetic conditions as a possible mechanism to

prevent neuronal apoptosis via ERS-mediated c-Jun N-terminal

kinases (JNK) signaling [63]. ERS-induced autophagy is an impor-

tant determinant of hepatic physiology and pathophysiology.
2250 www.drugdiscoverytoday.com
Quan et al. used the OVE26 diabetic mouse model and observed

that UPR and autophagy dysfunction during the later stages of

diabetes led to the development of steatohepatitis [64]. Obesity

and IR are strongly associated with the development of diabetic

complications, such as fatty liver [65]. ERS is reported to down-

regulate the expression of the insulin receptor, hence causing IR

[65]. Furthermore, activation of autophagy was observed in distant

insulin-sensitive tissues as soon as ERS caused IR [65]. A recent

clinical study reported the involvement of the UPR sensor ATF6 in

activating proapoptotic signaling along with removal of unfolded

and misfolded proteins via autophagy [66]. These findings suggest

that autophagy is an adaptive mechanism to alleviate ERS in

diabetes. The significance of autophagy is impacts not only the

functional aspects of the ER, but also its structural integrity.

ERS and autophagy in diabetic microvascular
complications
ERS and autophagy in diabetic nephropathy
The kidneys synthesize almost 42% of total body proteins and have

notonly a high workloadsimilar tothat of pancreaticb cells, butalso

a high biosynthetic burden of proinsulin synthesis and folding [31].

DN is characterized by thickening of the glomerular basement

membrane (GBM) and injury to kidney cells including podocytes

along with tubular atrophy. Diabetes further exacerbates the rate of

kidney protein synthesis, thus enhancing the probability of ERS and

UPR activation [67]. Tubulointerstitial damage is considered to be an

important mark of DN progression. Proximal tubular cells form a

major chunk of the kidney, with a variety of regulatory and endo-

crine roles. Proteinuria and hyperglycemia activate tubular cells,

leading to the release of proinflammatory mediators and chemo-

kines [68,69]. Tubular cells have a high rate of protein synthesis and

are a crucial target of elevated glucose levels, making them prone to

ERS [31]. Subsequently, the ERS inhibitor TUDCA ameliorated tubu-

lointerstitial fibrosis in addition to lowering blood glucose level and

the urinary albumin:creatinine ratio [70]. Apart from inhibiting ERS,

TUDCA also stimulates the farnesoid X receptor, which is abundant

in kidney tubular cells and has a protective role in DN [71]. Suppres-

sion of ERS markers, such as BiP (GRP78), ATF4, p-PERK, and CHOP,

also prevented tubular cell apoptosis in DN [72].

Podocytes are kidney cells crucial in the development of DN

given that the differentiated podocytes lack the ability to prolifer-

ate and, thus, add to the progression of glomerulosclerosis [31,68].

Podocytes occupy a peculiar position between mesangial cells and

tubular cells and have a vital role in regulating the glomerular

filtration barrier, with varying permeability for different electro-

lytes and proteins [68]. Both advanced glycation end products

(AGE) and albumin induce ERS and podocyte injury [73,74]. ERS

reduction using TUDCA and 4-PBA protected podocytes from

apoptosis in DN [8]. Chrysin alleviated podocyte injury via down-

regulating the expression of the major ERS pathway, PERK–eukary-

otic translation initiation factor 2a (eIF2a)–ATF4–CHOP pathway

[75]. Reticulon 1 (RTN1) has been implicated in the progression

and severity of diabetic kidney disease by inducing ERS, which was

confirmed by the renal biopsies from patients with nephropathy,

murine models, and HK2 cells [76]. Xiao et al. explored the role of

RTN1a in tubular cell damage using RTN1a-knockout mice and

incubated HK2 cells with human serum albumin. Knockout of

RTN1a in HK2 cells as well as animals led to reduced ERS markers
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and tubular cell apoptosis. Albuminuria, which is a hallmark of

DN, leads to tubular damage via expression of RTN1a [77]. The

same group of researchers highlighted the role of RTN1a in podo-

cyte injury during DN [78]. Uninephrectomy db/db mice were

used to enhance the progression of DN and were treated with

TUDCA. Elevated expression of RTN1a and ERS markers, such as

GRP78, p-PERK, and CHOP, were observed in the nephropathic

mice. However, TUDCA treatment repressed RTN1a and ERS maker

expression not only at the protein level, but also at the mRNA level

and, thus, stemmed the progression of DN [78].

A high level of basal autophagy was reported to be essential for

podocyte survival [79]. Impaired autophagy in podocytes and prox-

imal tubular cells aggravated the progression of DN and restoring the

autophagic process arrested the progress of DN [54,80]. Tagawa et al.

observed that resveratrol successfully protected the podocytes by

activating renal autophagy [81]. In the quest to explore novel targets

and strategies to enhance autophagy in renal tissues, Kitada et al.

revealed that a low protein diet in Wistar fatty rats repressed the

mammalian target of rapamycin (mTOR) complex-1 signaling path-

way, leading to activation of autophagy and resulting in reduced DN

[12]. Treatment with exosomes derived from mesenchymal cells

significantly enhanced autophagy in renal tissues, as evidenced by

the increased number of autophagosomes, microtubule-associated

protein 1 light chain 3 (LC3), and Beclin-1, and decreased mTOR, as

well as improvements in kidney morphology and fibrotic state [82].

All these beneficial effects were reversed on using 3-methyladenine

(3-MA) and chloroquine (autophagy inhibitors), thus confirming

the role of autophagy in alleviating DN [82].

ERS and autophagyinterplay intherenaltubuleswas first reported

by Kawakami et al. using an immortalized rat proximal tubular cell

line (IRPTC) [83]. The ERS inducers, Tunicamycin, and brefeldin A,

led to the activation of the autophagic process [83]. Fang et al. found

an interplay between ERS and autophagy in podocytes. Exposure of

3-MA led to enhanced ERS in the podocytes, whereas knockout of

CHOP restored the autophagy. This suggests that autophagy aids the

removal of unfolded proteins, thus relieving the ER from excess

burden, and that inhibition of autophagy led to the accumulation of

such proteins, elevating the ERS. Glomerular mesangial cell (GMC)

injury is indicative of the progression of DN. GMCs are contractile

cells that remove apoptotic cells by phagocytosis to keep the GBM

free of debris, as well as secreting mesangial matrix, regulating the

glomerular filtration, and providing structural support to the glo-

merular capillaries [84]. AGE exposure of mesangial cells led to

mesangial toxicity, and it is thought to be induced by ERS and

autophagic mediated pathways. AGEs were found to trigger autop-

hagy in GMCs by ERS initiation. Autophagy modulation and ERS

suppression was effectively mediated by 4-PBA. However, 4-PBA

failed to modulate rapamycin-induced autophagy in GMCs, indi-

cating that AGE-induced autophagy was mediated via the eIF2a–
CHOP stress pathway [84]. The above-discussed studies demonstrate

the existing crosstalk between ERS and autophagy in the initiation

and progression of DN, as summarized in Fig. 1.

ERS and diabetic retinopathy
Diabetic retinopathy (DR) is characterized by basement membrane

thickening, microaneurysms, pericyte loss, blood–retinal barrier

breakdown, acellular capillary, intraretinal microvascular abnor-

mality, neovascularization, and finally retinal detachment [85].
Hyperglycemia allied with reactive oxygen species (ROS), inflam-

mation, and ERS causes damage to the retinal blood vessels as well

as neurons [86]. Damage to the blood–retinal barrier is an main

feature of DR [87]. Müller cells, a type of crucial glial cell in the

retina, are the key cause of inflammation in retinopathy because of

their ability to secrete cytokines and various growth factors, such

as vascular endothelial growth factor (VEGF) and intercellular

adhesion molecule-1 (ICAM-1) [88]. Overproduction of VEGF

unsettles the blood–retina barrier, leading to vascular exudation

and neovascularization [87]. Impairment of the balance of proan-

giogenic factors, such as VEGF and ICAM-1, and proinflammatory

cytokines, such as TNF-a, IL-6, IL-8, and monocyte chemoattrac-

tant protein 1 (MCP-1), are crucial to the development of DR

[6,87].

Yang et al. studied the role of XBP1, a transcription factor and an

important component of the UPR, in Müller cells of diabetic mice and

primary Müller cells exposed to high glucose and hypoxic conditions

[6]. XBP1-deficient diabetic mice had elevated levels of retinal VEGF,

TNF-a, and ERS markers, including ATF4, ATF6, CHOP, GRP-78, and

eif2a, and these mice showed higher vascular leakage [6]. Similarly,

primary Müller cells devoid of XBP1 showed higher ERS and inflam-

matory markers, which was attenuated by treatment with ERS inhi-

bitors [6]. Impairment of O-GlcNAcylation of the retinal Müller cell

proteins is another factor involved in the pathogenesis of DR. To

evaluate the role of a high-fat diet (HFD)-induced ERS O-GlcNAcyla-

tion,Daiandcolleaguesutilizedananimalmodelaswellasaratretinal

Müller cell line (TR-MUL cells). Mice fed a HFD for 4 weeks displayed

enhanced O-GlcNAcylation, which was attributed to elevated ERS

[89]. ERS was proposed to enhance Müller cell protein O-GlcNAcyla-

tion by upregulating the expression of glutamine-fructose-6-phos-

phate amidotransferase 2 (GFAT2), which in turn increases the flux

from the hexosamine biosynthesis pathway (HBP) [89]. ERS induction

using thapsigargin and inhibition using chemical chaperones en-

hanced and repressed, respectively the O-GlcNAcylation along with

GFAT2 levels in TR-MUL cells, corroborating in vivo findings regarding

the role of ERS in retinal protein O-GlcNAcylation and progression of

DR [89]. ATF4, one of the important mediators of UPR, regulated the

expression of VEGF and ICAM-1, proinflammatory cytokines vital to

the development of DR [90]. In a recent clinical study, aqueous humor

and vitreous of patients with peripheral DR were evaluated and

significantly higher ATF4 levels were reported [90]. The samples also

had elevated levels of proinflammatory mediators, such as IL-6 and

MCP-1. A correlation analysis between ERS mediators and inflamma-

tory cytokines revealed a significant correlation between ATF4 and IL-

6/MCP-1 levels [90].

AGE might also add to the development of DR by different

pathways, including ERS. Recently, De-Wei et al. observed en-

hancement of vascular permeability and leakage in animals treated

with Ne-(carboxymethyl) lysine (CML), an AGE product, which

was attributed to the tumor progression locus 2 (TPL2)/ATF4/

stromal cell-derived factor-1a (SDF1a) axis [91]. The authors

found that ATF4 regulated SDF1a expression, which was corrobo-

rated in human as well animal serum and aqueous humor samples

[91]. Elevated levels of ER stress mediators in retinal pigment

epithelium (RPE) cells co-incubated with AGE showed the role

of the receptor for advanced glycation end-products (RAGE) in the

generation of ERS and consequent damage to the retina in diabetic

mice [92]. Furthermore, methylglyoxal led to enhanced apoptosis
www.drugdiscoverytoday.com 2251
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FIGURE 1

An overview of the role of endoplasmic reticulum stress (ERS) and autophagy in the pathogenesis of diabetic nephropathy (CN). Persistent hyperglycemia leads
to metabolic disturbances, including AGE formation, lipotoxicity, and albumin excretion, which lead to ERS. Chronic hyperglycemia causes the induction of the
proapoptotic unfolded protein response (UPR) by ERS. Activation of the PERK pathway leads to formation of the transcription factor ATF4 and, consequently,
CCAAT-enhancer-binding protein homologous protein (CHOP) and Bax, which leads to podocyte and tubular injury. Another proapoptotic pathway of the UPR
includes inositol-requiring enzyme 1a (IRE1a), which leads to increased expression of phosphorylated protein kinase C d (pPKCd), p38 mitogen-activated
protein kinases (p38MAPK), and cleaved caspase 12 expression. These metabolic disturbances also cause suppression of renal autophagy via activation of
mammalian target of rapamycin complex 1 (mTORC1) and repression of sirtuin 1 (SIRT1) and AMP-activated protein kinase (AMPK). ERS also causes suppression
of autophagy. All these factors lead to podocyte injury, tubulointerstitial fibrosis, collagen deposition, and finally the development of DN. Abbreviations: AGE,
advanced glycation end products; ATF4, activating transcription factor 4; eif2a, eukaryotic initiation factor 2a; GRP78, glucose-regulated protein 78; PERK,
protein kinase R-like endoplasmic reticulum kinase.
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of adult human RPE cell lines (ARPE-19 cells) via ERS-mediated

ROS generation and free intracellular calcium concentration im-

balance, which was reversed by treatment with salubrinal and 4-

PBA [93]. GRP78 regulates the ERS response via activation of UPR

sensors [94]. Elevated levels of GRP78 were correlated with apo-

ptosis of human retinal microvascular endothelial cells (hRECs)

and the generation of inflammatory mediators in eyes of patients

with DR [94]. Persistent exposure to proinflammatory cytokines in

DR is also an important factor in neovascularization. Corroborat-

ing the role of GRP78 in vascular angiogenesis, transthyretin (TTR)

suppressed the process by elevating GRP78 and facilitating apo-

ptosis of hRECs through the eif2a–CHOP pathway [94]. The role of

ERS in the progression of DR is summarized in Fig. 2.

Retina is reported to have abundant expression of autophagy

proteins, as shown in a study where rat retinal Müller cells (rMCs)
2252 www.drugdiscoverytoday.com
resorted to enhanced autophagy as a prosurvival mechanism when

exposed to high glucose. Hyperglycemia led to enhanced autop-

hagy as well as p62/SQTSM1 accumulation because of impair-

ments in the lysosomal machinery. This resulted in VEGF

release and apoptosis [13]. In a similar study on rMCs under

hyperglycemic conditions, berberine reduced cell death via ele-

vating autophagy and activating AMP-activated protein kinase

(AMPK), which also initiated autophagy [95]. Diabetic retinal

ganglionic cell apoptosis was significantly increased by inhibition

of autophagy using 3-methyladenine (3-MA), corroborating the

importance of autophagy in the survival of cells during DR [96].

Diabetic retinas in this case were characterized by increased ex-

pression of phosphorylated AMPK and reduced expression of

mTOR, both principal regulators of autophagy [96]. Dongxu

et al. examined the dual role of autophagy in DR. They found
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FIGURE 2

A schematic representation of the endoplasmic reticulum stress (ERS) pathways causing damage to cells such as Müller cells, retinal epithelial and retinal
endothelial cells, leading to diabetic retinopathy (DR). ERS and the consequent unfolded protein response (UPR) activation can follow different pathways to DR
development. X-Box binding protein 1 (XBP1) deficiency can enhance the level of vascular endothelial growth factor (VEGF), intercellular adhesion molecule 1
(ICAM1), tumor necrosis factor a (TNF-a), and MCP-1 via activating transcription factor 4 (ATF4) and ATF6 in Müller cells, causing vascular leakage. During ERS.
glutamine-fructose-6-phosphate amidotransferase 2 (GFAT2) binds to old astrocyte specifically-induced substance (OASIS) and increases O-GlcNAcylation (O-
GlcNAc) in the retina, which adds to the progression of DR by initiating neovascularization, vascular leakage, and macular edema. The protein kinase R-like
endoplasmic reticulum kinase (PERK)–eukaryotic initiation factor 2a (eif2a)–ATF4–CCAAT-enhancer-binding protein homologous protein (CHOP) pathway and
ATF4–stromal cell-derived factor-1a (SDF1a) axis as well as reactive oxygen species (ROS) generation adds to the pathogenesis of DR. Abbreviations: AGE,
advanced glycation end products; MCP1, monocyte chemoattractant protein-1. MMP, mitochondrial membrane potential.

Re
vi
ew

s
� K

EY
N
O
TE

R
EV

IE
W

that lower concentrations (50 mg/l) of heavily oxidized glycated

low-density lipoprotein (HOG-LDL) initiated autophagy-mediated

cell survival, whereas higher concentrations (200 mg/l) (i.e., severe

stress) led to autophagy-mediated cell death [97]. HOG-LDL also

elevated ERS via Jun amino-terminal kinases [97]. Thus, ERS and

autophagy might be novel therapeutic targets for DR. Neverthe-

less, further research is needed to prove their efficacy in com-

batting DR.
ERS and diabetic neuropathy
Diabetic neuropathies range from acute to chronic and focal to

diffused; however, diabetic peripheral neuropathy (DPN) is the

most common. Diabetic neuropathy is characterized by increasing

pain sensation to tactile stimulation and sensory loss to heat along

with paresthesia, hyperalgesia, and allodynia [98]. The histopath-

ological changes include degeneration of peripheral fibers,

Schwann cell atrophy, axonal swelling, and demyelination of
www.drugdiscoverytoday.com 2253
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nerve fiber [99]. Hyperglycemia-induced activation of various

pathway, including increased activity of aldose reductase, forma-

tion of AGE, activation of protein kinase C, generation of ROS,

mitochondrial dysfunction, low-grade inflammation, and reduced

blood flow to nerves, are some of the pathogenetic mechanisms

associated with diabetic neuropathy [100]. The diabetic milieu also

affects astrocytes and microglia, two major types of CNS cell that

function to protect and support the neurons [98]. Hyperglycemia

and different proinflammatory mediators (IL-1b, TNFa, and IL-6)
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lead to the activation of microglial cells, which further drives the

progression of DPN. This was corroborated by studies that reported

elevated levels of activated microglia in experimental diabetic

animals and patients with diabetes [98]. Microglial RAGE activa-

tion causes release of different chemokines, including CCL3 and

CCL5, which in turn activate microglial cells, adding to DPN

development [98]. Astrocytes are a primary class of glial cells that

are essential for the proper functioning of the central nervous

system (CNS) and have vital operations including, but not limited
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to, homeostasis of fluid, ion, pH, and neurotransmitters, blood

flow regulation, and CNS energy metabolism and homeostasis

[101]. Yang et al. found that oxidative stress and generation of

proinflammatory cytokines because of persistent hyperglycemia

also activated astrocytes. Hyperglycemia induced the release of

ROS from astrocytes, leading to neuronal apoptosis [102]. Further-

more, fluctuation in glucose levels between higher and lower

concentrations was also reported to cause astroglial injury [103].

Inceoglu et al. revealed the role of ERS and soluble epoxide hydro-

lase (sEH) regulation of diabetic neuropathy and associated pain. UPR

sensors, including PERK, IRE1a, and ATF-6, along with their down-

stream mediators, were elevated in the peripheral nervous system of

T1DM rats [104]. TPPU, an oral inhibitor of sEH when administered

concomitantly with 4-PBA, led to a synergistic reduction in neuro-

pathic pain, indicating that ERS is one of the main culprits in the

development of neuropathic pain [104]. Tunicamycin, a known ERS

inducer, results in enhanced neuropathic pain, again confirming the

involvement of ERS in the pathogenesis of neuropathic process [104].

Persistent hyperglycemia disrupts the normal functioning of the

nervous system, other than via morphological changes. Sharma

et al. observed that incubation of dorsal root ganglion (DRG) neurons

withhighglucosecausedincreasedapoptosis,whichwaspreventedby

treatment with 4-PBA, suggesting the involvement of ERS in this

process [105].Schwanncellsareanotherpartoftheperipheralnervous

system, which is highly exposed to damage by hyperglycemia [106].

Rui et al. found that rats with DPN had impaired myelin sheaths, nerve

fibers that are attributed to excess ERS [107]. When cultured with high

glucose in vitro, rat Schwann cells (RSC96) exhibited elevated ERS, as

evidenced by high GRP78 and CHOP levels [107]. Furthermore, nerve

growth factor (NGF) treatment both in vivo and in vitro led to signifi-

cant improvement in DPN parameters, which could be ascribed to

reduced ERS by NGF [107]. Nevertheless, the short half-life of NGF and

its tendency to diffuse swiftly in physiological environments hampers

its use in patients with DPN [108]. Rui et al. addressed the issue in a

preclinical study by preparing a biodegradable coacervate of NGF and

basic fibroblast growth factor (bFGF) [108]. They observed that dual

delivery of NGF and bFGF significantly alleviated DPN in vivo and in

vitro in RSC96 cells [108]. Furthermore, incubation of Schwann cells

with glycolaldehyde induced apoptosis via ERS [109]. Tangluoning, a

Chinese herb, has been reported to alleviate ERS in DPN via the PERK/

Nrf2 pathway [110]. In a clinical study, patients with DPN showed

elevated mRNA expression of CHOP, indicating the potential involve-

ment of CHOP in DPN progression [111]. Yao et al. found that IRE1a
small interfering (si)RNA transfection inhibited pJNK, caspase 12, and

CHOP expression and improved nerve morphology and demyelin-

ation in DPN rats [7]. Examples of stimulators of ER stress leading to

the development of DPN are shown in Fig. 3.

Protective or deleterious activity of autophagy is still debated in

the progression of DPN. Chung et al. reported reduced autophagy
to be a cause of the development of DPN via decreased AMPK levels

[14]. They found that cinacalcet significantly alleviated DPN-re-

lated symptoms both in human Schwann cells and sciatic nerve by

enhancing autophagy [14]. In addition, salvianolic acid was dem-

onstrated to protect RSC96 cells exposed to hyperglycemic con-

ditions from apoptosis by inhibiting autophagy [112]. By contrast,

autophagy activators [e.g., Lycium barbarum polysaccharide (LBP)

and AMPK] ameliorated diabetes-associated changes in the sciatic

nerve of rats [113,114]. Therefore, these studies indicate the vital

role of ERS and autophagy in the development of DPN. However,

such contrasting results demand further research.

Concluding remarks
Here, we discussed the cytoprotective role of UPR and autophagy

in different microvascular complications; however, further in-

depth studies are required to establish the mechanisms underlying

these processes in different microvascular complications. ERS and

autophagy are interlinked phenomena involved in the pathogen-

esis of diabetes and associated microvascular complications and

targeting one could modulate the other, providing a dual benefit.

The possible link between ERS and autophagy should also be kept

in mind while developing a therapy for targeting either of the two

pathways. Despite the amount of research focused on delineating

the role of ERS and autophagy in the development and progression

of the diabetic microvascular complications, their exact involve-

ment remains elusive. Further research is needed to understand

the role of ERS sensors, such as ATF6, in diabetic complications,

and the interplay between ERS and autophagy in the alleviation of

diabetic microvascular complications, as well as to clarify the role

of autophagy inhibition or initiation in promoting cell survival

during diabetes. Furthermore, one of the major issues affecting

therapies for diabetes and complications is patient compliance

because of pill burden. This necessitates the development of novel

therapeutics that can target multiple pathways simultaneously,

given that diabetes and related complications have multiple etio-

logical origins. Efforts on several fronts are underway to address

this issue, one of them being the development of b cell mimetic

designer cells. Targeting ERS and autophagy might be a potential

answer to this conundrum. Together, ERS, autophagy, and their

intricate relationship must be thoroughly investigated, given that

they might be potential therapeutic targets for the treatment of

diabetes and its associated microvascular complications.
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