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Pancreatic β cells are central to glycemic regulation through insulin production. Studies show autophagy as an

essential process in β cell function and fate. Autophagy is a catabolic cellular process that regulates cell

homeostasis by recycling surplus or damaged cell components.

β cell  autophagy  insulin homeostasis

1. Autophagy and β Cell

In β cells, autophagy plays homeostatic roles such as confined apoptosis, preserving insulin secretory granules,

and maintaining mitochondrial function . β cell mass and function are critical for controlling plasma insulin

levels; thus, disturbance in either of these contributes to altered insulin production and secretion failure. Autophagy

also contributes to β cell survival during stressful conditions, such as nutrient deprivation, hypoxia, oxidative stress,

organelle damage, and endoplasmic reticulum (ER) stress . The autophagic response to stress conditions is

mainly via the mechanistic target of the rapamycin (mTOR) complex 1 (mTORC1) pathway . Both inhibition

and induction of autophagy through mTORC1 can affect β cell survival and mass . Loss of mTORC1, as a

critical checkpoint converging cellular stressors, induces impaired autophagy and dysfunction in β cells . The

short-term hyperactivation of mTORC1 causes an increase in the mass and function of β cells, including enhanced

mitochondrial mass and hyperinsulinemia. Chronic activation of mTORC1 also leads to β cell failure through insulin

resistance, autophagy impairment, ER stress, and mitochondrial dysfunction .

Under basal conditions (sufficient nutrients), mTORC1 is naturally active and inhibits autophagy. Specific inhibitors,

including rapamycin, can induce autophagy by suppressing the mTOR . In an energy shortage (starvation),

several upstream modulators, including AMPK, SIRT1, AKT, and ERK1/2, can regulate autophagy by inhibiting

mTORC1  (Figure 1). The autophagy-related genes (Atg) have a central role in the autophagy

machinery, such as regulating autophagosome formation, a fusion of autophagosomes with lysosomes, and cargo

recruitment  (Figure 1).
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Figure 1. Inhibition and induction of autophagy. (a) Nutrient availability: when nutrients are available, mTORC1 is

activated and forms a complex accompanied by ULK1, Atg13, Atg101, and FIP200 (200 kDa FAK-family interacting

protein) . The developed complex inactivates ULK1 through its phosphorylation, which inhibits autophagy. (b) In

starvation conditions, mTORC1 is inhibited by dissociation from the ULK1 complex. Meanwhile, the ULK1 is

dephosphorylated and activated by AMPK. The activated ULK1 induces autophagy by phosphorylation of Atg13

and FIP200. Then, the Beclin-1 (Bcl-2-interacting protein) is released from Bcl-2 to form a complex with a set of

proteins, including Vps34, Vps15, and Atg14L, resulting in autophagosome formation/maturation . This process

is accomplished via the Atg proteins in two ubiquitin-like conjugation pathways . Finally, the lipidated LC3 (LC3-

II) is localized to the autophagolysosome membrane . LC3 interacts with p62 to engulf ubiquitinated proteins,

and within the autophagolysosomes, the lysosomal hydrolases will then degrade the contents.

2. Insulin Homeostasis

The glucose concentration in the blood is the β cells’ initial trigger for insulin secretion . The insulin plasma level

is controlled through a clearance mechanism. Autophagy is the main degradation mechanism to remove the

excess primary substance of the hormone and prevent overloading at the Golgi during the cell’s resting state.

Autophagy is an essential secretory-pathway controller in β cell insulin activity.

Autophagy’s role in insulin biosynthesis and secretion (from proinsulin to insulin) in β cells has been investigated in

several studies. Studies on Atg7−/− mice islets  showed remarkable amounts of proinsulin aggregated in

autophagosomes, where it is degraded via lysosomal activity. Thus, temporary suppression of lysosomal
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degradation resulted in a significant stable increase in the proinsulin content. Studies using the genetic disruption

of autophagy through Atg5/Atg7 knockdown also indicated increased proinsulin content in β cells. Furthermore,

electron microscopy studies also demonstrated dispersed, non-granular insulin-like peptides (ILPs) deposited in

the autophagosome-like structures. In addition, confocal microscopy of islets isolated from autophagy-deficient β

Atg7 knockout mice showed that proinsulin is localized in LC3+ and p62+ spots and protein aggregates, further

indicating the regulatory role of autophagy in the proinsulin biosynthesis . In agreement with this, other evidence

indicated that autophagy might play a determinant regulatory role in the processing pathway of hormone

precursors in the endocrine cells, including β cells. For example, inhibition of autophagy through Atg5/7-knockdown

or treatment with the autophagy inhibitor bafilomycin-A1 resulted in significant upregulation of Chromogranin-A

(CgA), a precursor of secretory peptide in the INS-1 β cell line . Furthermore, a study showed that treatment with

bafilomycin-A1 could also increase proinsulin in the β cells and islets of mice and raise the C-peptide content

indicator of proinsulin converting to mature insulin .

The Akita mouse is a diabetic animal model. A point mutation changes the A7 cysteine to arginine in proinsulin II,

leading to several events such as misfolded proinsulin, severe ER stress, and, finally, β cell failure and cell death,

resulting in hyperglycemia. Studies using the diabetic Akita mouse model showed that the proinsulin is deposited in

the ER and cannot be accessible to the Golgi and secretory granules, and thus is resistant to lysosomal

degradation . These findings show that the transportation of proinsulin from ER to the secretory pathway

may be a prerequisite for its degradation by autophagy compartments. In other words, the drug brefeldin-A, an ER-

Golgi transport inhibitor, has been shown to destroy the lysosomal degradation of normal proinsulin.

Further studies showed that the Trans Golgi Network (TGN) protein B4GALT1 is expressed in proinsulin-containing

autophagosomes; proinsulin is delivered to autophagosomes at the TGN. However, more studies are needed to

determine the exact mechanisms of this molecular event. These findings also show that macroautophagy is the

primary degradation mechanism controlling β cell proinsulin. On the other hand, inhibition of autophagy might have

a central role in increasing proinsulin biosynthesis in β cells.

Investigation of the degradation mechanism behind insulin and its precursor (proinsulin) revealed a difference.

While proinsulin is mainly degraded via the macroautophagy mechanism, microautophagy and crinophagy are

involved in insulin granule degradation  (Figure 2). Recent studies showed that fasting situations guarantee low

insulin secretion to avoid hypoglycemia through the cleavage of insulin granules . In this regard, treatments for

fasting and high glucose levels resulted in insulin secretion upon Tat-beclin-1-induced autophagy . However, the

related mechanisms are unknown and thus need to be studied further. While another study showed that in the

presence of high glucose, the rate of autophagic flux in β cells is high, so suppression of autophagy is not

applicable .
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Figure 2. Molecular mechanism of proinsulin and insulin relation with autophagy in ER-Golgi pathway. The

degradation mechanism of insulin and proinsulin by lysosomes seem to be different. Proinsulin is mainly degraded

via macroautophagy, while insulin granule degradation is through microautophagy and crinophagy. Induction of

autophagy by pharmacological stimulators (rapamycin and trehalose) and genetic interference using Tat-beclin-1

exhibited reduced proinsulin content in β cells without affecting the insulin amount.

Furthermore, it has been shown that genetic disruption of autophagy results in increased proinsulin content and a

simultaneous increase in the secretion of proinsulin and insulin. Conversely, autophagy induction inhibited insulin

secretion . Thus, it can be concluded that autophagy usually sustains the secretion of proinsulin and insulin.

On the other hand, these findings further support that lysosomal degradation has a more critical function in

proinsulin and insulin homeostasis. However, Pasquier et al. attributed the degradation of insulin secretory

granules to a lysosomal-dependent mechanism (maybe crinophagy) independent of macroautophagy and

autophagosome formation .

3. Mitophagy

Mitophagy is an organelle-specific type of autophagy, and maintenance of its integrity is vital for cell survival.

Generally, mitochondria are vulnerable to ROS. In addition, these organelles are the center of electron transfer and

thus produce abundant oxygen radicals . Therefore, mitophagy is critical for maintaining mitochondria function to

sustain energy balance and protect against oxidative stress. Previous studies have shown that selective fusion and

segregation of dysfunctional mitochondria and their fission could result in mitophagy and the removal of

dysfunctional mitochondria in β cells . Mitophagy can be mediated by two molecular players: PTEN-induced

kinase 1 (PINK1) or the E3 ligase Parkin. Parkin, a protein encoded by the PARK2 gene, is an E3 ubiquitin ligase
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critical for triggering mitophagy. Parkin-mediated mitophagy, and its upstream regulators, have previously been

shown to protect stressed β cells; meanwhile, unregulated mitophagy resulted in the dysfunction of the β cells 

.

It has also been demonstrated that during the diabetes onset in both STZ-induced T1D and db/db of type 2

diabetes (T2D) mouse models, the p53 protein increases in the β cells, which leads to the inhibition of mitophagy

through the PINK1/PERKIN pathway, which results in β cell mass reduction, especially in T2D . Sidarala et al.

reported that free radical species-induced inflammatory cytokines mediate mitophagy in β cells through several

stages, including the loss of mitochondrial membrane potential (Δψm), translocation of Parkin into mitochondria,

turnover of proteins in the outer mitochondrial membrane (OMM), mitochondrial segregation, and, finally,

mitochondrial localization to lysosomes for their elimination. Furthermore, they described a protective function for

the T1D candidate gene CLEC16A in inhibiting β cell death upon inflammatory stress. In other words, they

concluded that by controlling mitophagy, CLEC16A deficiency made β cells susceptible to inflammation-induced

apoptosis and, finally, the development of T1D. Thus, it seems that targeting this pathway can be a therapeutic

strategy. In addition, some mitophagy-activating compounds, such as urolithin A, have improved the metabolic

function of β cells . Thereby, using pharmacologic inducers of mitophagy may help alleviate

inflammatory stress and inhibit β cell dysfunction in diabetes.

3.1. ER Stress

The ER in β cells has various functions, including producing, processing, and transporting proteins and lipids.

During nutrient stimulation and to respond to the increased demand for a sufficient supply of insulin, β cells are

forced to significantly enhance their protein synthesis capacity, which imposes a significant burden on the ER. In

other words, high glucose level and aggregation of surplus misfolded or unfolded proteins in the ER causes ER

stress. The induction of ER stress may present a protective (induction of autophagy) or a cytotoxic (activating

apoptosis) mechanism. ER stress can induce the unfolded protein response (UPR) pathway . UPR is an

adaptive protective mechanism against ER stress, which prevents cell death by reducing protein misfolding and its

outcomes. Three transmembrane sensors in the ER are involved in the regulatory roles of UPR, including protein

kinase-like ER kinase (PERK), activating transcription factor 6 (ATF6), and inositol-requiring enzyme 1α (IRE1α)

 (Figure 3). Indeed, all three pathways of the UPR regulate autophagy. During ER stress, eukaryotic translation

initiation factor 2α (eIF2α) is inactivated by PERK. The outcome of this action will be the inhibition of protein

translation and a decrease in ER workload . In addition, the activated IRE1α generates an active transcription

factor known as splid XBP-1 (sXBP1) by cleaving X-box binding protein 1 (XBP1) transcript . Moreover, IRE1α

induces decreased ER workload  through insulin mRNAs in β cells , thereby reducing the number of proteins

in the ER. Simultaneously, the ATF6 protein is activated by translocation into the Golgi . The active forms of

sXBP1 and ATF6 (ATF6N) are essential for the upregulation of many target genes that contribute to protein folding,

secretion, and ER-related protein degradation  to ameliorate ER size and function to reduce ER stress and

inhibit cell death . Therefore, autophagy activation under ER stress seems to be mediated by the three

mentioned signaling pathways: IRE1a/JNK , PERK/eIF2a , and AKT/mTOR signaling pathway . IRE1α -

Xbp1 and PERK-eIF2α pathways can directly induce the expression of autophagic components  (Figure
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3). Furthermore, IRE1α can also agitate autophagosome formation by phosphorylating Beclin-2 via JNK activation

. In addition, PERK may induce autophagy by inhibiting mTORC1 in the CHOP-Trib3 axis . Additionally, the

unphosphorylated PERK (uPERK) is activated under hypoxic conditions, which then upregulates the LC3 and Atg5

through the activating transcription factor 4 (ATF4) and C/EBP homologous protein (CHOP) molecules leading to

enhanced autophagy  (Figure 3).

Figure 3. Proposed ER-related mechanisms in the induction of autophagy and UPR in β cells. The ER stress can

induce autophagy through PERK, IRE1α, and the ATF6α signaling pathway. The ER stress pathway is caused by

hyperglycemia and upon accumulation of misfolded and unfolded proteins in the ER lumen. Activation of IRE1α

results in the generation of active sXBP1. The ATF6α is transported to the Golgi apparatus, where it is activated.

sXBP1 and the activated ATF6α cause decreased protein burden in the ER. Activation of IRE1α also triggers the

JNK signaling cascade, which in turn leads to disruption of the Bcl-2/Beclin-1 interaction through phosphorylation of
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Bcl-2 and, therefore, induces autophagy. The IRE1α branch of UPR activation of JNK causes phosphorylation of

Bcl2, which results in the dissociation of Beclin-1 and, thus, autophagy induction. Another arm of UPR-activated

PERK induces autophagy via expression of ATG12 and ATG16L via ATF4 transcription factor; similarly, CHOP

activates TRIB3, which blocks the activity of AKT/mTOR pathway-induced autophagy. ATF6α branch of UPR can

also induce autophagy by inhibiting phosphorylation at AKT and mTOR pathways.

In addition, it has been shown that cholesterol can activate both autophagy and ER stress signaling in β cells,

probably via an ER stress-induced PERK/eIF2α signaling pathway .

As mentioned, autophagy induction can promote β cell survival under ER stress . It has been shown that

Bafilomycin A1 and chloroquine treatment significantly increased β cell death by inhibiting autophagosome

formation in primary islet cells affected by ER stress. In agreement with this, it has been illustrated that inhibition of

autophagy under short-term stress conditions or acute cytokine induction  did not initiate apoptosis, whereas

prolonged stress-induced cell death apoptosis. However, it is also reported that the rapid activation of apoptosis

may prevent the beneficial effects of stimulated basal autophagy in INS-1 832/13 cells . Moreover, it has been

shown that deletion in an autophagy-related protein Atg7, a critical enzyme in the biogenesis of autophagosomes,

decreased proliferation and increased apoptosis in mice β cells . This loss of β cell mass was accompanied by

reduced insulin production and impaired glucose tolerance .
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