
Proinsulin Misfolding and Endoplasmic Reticulum Stress During 
the Development and Progression of Diabetes1

Jinhong Sun2,¶, Jingqiu Cui3,¶, Qing He3, Zheng Chen4, Peter Arvan2,*, and Ming Liu2,3,*

2Division of Metabolism, Endocrinology & Diabetes, University of Michigan, Ann Arbor MI 48105

3Department of Endocrinology and Metabolism, Tianjin Medical University General Hospital, 
Tianjin, 300052, China

4School of Life Sciences, Northeast Normal University, Changchun, Jilin 130024, China

Abstract

To maintain copious insulin granule stores in the face of ongoing metabolic demand, pancreatic 

beta cells must produce large quantities of proinsulin, the insulin precursor. Proinsulin 

biosynthesis can account for up to 30–50% of total cellular protein synthesis of beta cells. This 

puts pressure on the beta cell secretory pathway, especially the endoplasmic reticulum (ER), 

where proinsulin undergoes its initial folding, including the formation of three evolutionarily 

conserved disulfide bonds. In normal beta cells, up to 20% of newly synthesized proinsulin may 

fail to reach its native conformation, suggesting that proinsulin is a misfolding-prone protein. 

Misfolded proinsulin molecules can either be refolded to their native structure or degraded through 

ER associated degradation (ERAD) and autophagy. These degraded molecules decrease proinsulin 

yield but do not otherwise compromise beta cell function. However, under certain pathological 

conditions, proinsulin misfolding increases, exceeding the genetically-determined threshold of 

beta cells to handle the misfolded protein load. This results in accumulation of misfolded 

proinsulin in the ER – a causal factor leading to beta cell failure and diabetes. In patients with 

Mutant INS-gene induced diabetes of Youth (MIDY), increased proinsulin misfolding due to 

insulin gene mutations is the primary defect operating as a “first hit” to beta cells. Additionally, 

increased proinsulin misfolding can be secondary to an unfavorable ER folding environment due 

to genetic and/or environmental factors. Under these conditions, increased wild-type proinsulin 

misfolding becomes a “second hit” to the ER and beta cells, aggravating beta cell failure and 

diabetes. In this article, we describe our current understanding of the normal proinsulin folding 

pathway in the ER, and then review existing links between proinsulin misfolding, ER dysfunction, 
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and beta cell failure in the development and progression of type 2, type 1, and some monogenic 

forms of diabetes.
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biosynthesis

Introduction

Insulin is a master hormone that regulates and maintains metabolic homeostasis in the body. 

In pancreatic β-cells, insulin is initially synthesized as the precursor molecule, preproinsulin, 

comprised sequentially of the signal peptide, insulin B domain, C domain flanked by dibasic 

cleavage sites, and insulin A domain. To make mature bioactive insulin, newly synthesized 

preproinsulin undergoes co- and post-translational translocation across the membrane of the 

endoplasmic reticulum (ER), where it is cleaved by signal peptidase to form proinsulin. 

Proinsulin then folds, forming three disulfide bonds that are conserved amongst the entire 

insulin/IGF superfamily. Proinsulin forms noncovalently-associated homodimers that 

undergo intracellular transport from the ER to the Golgi complex and into secretory 

granules, during which proinsulin forms hexamers and is proteolytically processed to C-

peptide and mature insulin that is stored in granules (Dodson and Steiner, 1998; Liu et al., 

2014b). Upon stimulation, insulin granule exocytosis rapidly releases insulin to the 

bloodstream to lower blood glucose.

Although insulin biosynthesis and secretion are both tightly regulated, the glucose 

concentration thresholds required to trigger insulin release are different from that for 

proinsulin biosynthesis. Insulin secretion is triggered by glucose concentrations above 5 

mM, whereas its biosynthesis is most sensitive to fluctuations of glucose between 2–4 mM 

(Alarcón et al., 1993; Malaisse et al., 1979; Pipeleers DG et al., 1985; Schuit et al., 1988). 

Thus, insulin biosynthesis is constantly engaged to replenish insulin granule stores even at 

normal physiological glucose concentrations. Genetic analysis shows that, on average, 

approximately one third of total cellular proteins are targeted to the secretory pathway. 

However, in beta cells, insulin biosynthesis alone accounts for more than 10% of total 

protein synthesis under basal conditions, and this percentage can further increase up to 50% 

under stimulated conditions (Scheuner and Kaufman, 2008; Schuit et al., 1988; Van Lommel 

et al., 2006). Due to this large demand, proinsulin folding in beta cells is very sensitive to 

changes in the ER environment, and increasing demand for proinsulin synthesis and folding 

makes the beta cell one of the cell types that is most susceptible to ER stress (Eizirik et al., 

2008; Papa, 2012; Vetere et al., 2014).

Over the past years, 30 different insulin gene mutations have been reported to cause a new 

syndrome named Mutant INS-gene-induced Diabetes of Youth [MIDY, for review, (Liu et 

al., 2010b; Liu et al., 2014a; Støy et al., 2010)]. Most of these mutations lead to proinsulin 

misfolding in the ER. These misfolded mutant proinsulin molecules generate a “first hit” 

causing ER stress and a decrease of insulin production that are responsible for the 

development of diabetes and progression of beta cell failure in MIDY patients. In other 
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cases, even without any Ins gene mutation, a defective ER folding environment can generate 

a “first hit” to beta cells, affecting the folding pathway of wild-type proinsulin, leading to an 

increase of proinsulin misfolding. At or above a threshold level, these misfolded wild-type 

proinsulin molecules may further impair the ER folding environment in beta cells, providing 

a “second hit” that aggravates ER dysfunction and leads to beta cell failure and diabetes. In 

this article, we review the proinsulin folding pathway in the ER and current literature that 

focuses on links between proinsulin misfolding, ER dysfunction, and beta cell failure. The 

roles of proinsulin misfolding and ER stress in the development and progression of type 2 

and type 1 diabetes, as well as some monogenic forms of diabetes, are discussed.

1. Proinsulin folding

1.1. Proinsulin disulfide maturation

Upon delivery to the ER lumen, preproinsulin signal peptide is immediately removed by 

signal peptidase on the luminal side of the ER. The efficiency and fidelity of signal peptide 

cleavage appears to be very important for subsequent proinsulin folding in the ER. The 

pathological consequence of a defect in signal peptide cleavage has been demonstrated both 

clinically and experimentally (Liu et al., 2012a; Stoy et al., 2007). After removal of the 

signal peptide, proinsulin undergoes rapid folding in the ER. Although some local folding, 

including formation of α-helical and β-strand segments in the insulin moiety, plays a role in 

the proinsulin folding pathway (Weiss, 2013; Yang et al., 2010b), correct disulfide pairing 

appears to be one of the most important events in determining whether proinsulin molecules 

can achieve their native folded structure.

Proinsulin contains six cysteines that form three evolutionally conserved disulfide bonds: 

B7-A7, B19-A20, and A6-A11 (Fig. 1). Non-native mispaired disulfide isomers have been 

observed both in vivo (Huang and Arvan, 1995; Liu et al., 2005; Liu et al., 2003; Zhang et 

al., 2003) and in vitro (Hua et al., 2002; Hua et al., 1996b; Weiss, 2009). Interestingly, 

assuming that all cysteine residues are engaged and randomly form disulfide pairings with 

other intramolecular cysteine residues, there would be fifteen possible disulfide 

combinations. However, the actual number of disulfide isomers observed from in vitro 

studies is relatively low: in one study only two major disulfide isomers were observed 

during proinsulin folding from a denatured precursor (Hua et al., 1995), and in another in 

vitro refolding study three human proinsulin disulfide isomers were recovered (Min et al., 

2004). Presumably, other possible proinsulin disulfide isomers are either not formed or are 

very unstable. These in vitro studies suggest that proinsulin may form its three native 

disulfide bonds in a preferential order, with B19-A20 forming an initial one-disulfide 

folding intermediate (Hua et al., 2002; Qiao et al., 2003) that may kinetically facilitate 

formation of B7-A7 and A6-A11 bonds (Chang et al., 2003).

The significance of the B19-A20 bond in the in vitro folding of insulin is consistent with 

studies of the folding pathway of IGF-1. The disulfide between Cys 18 and 61 of IGF-1, 

corresponding to the B19-A20 bond of insulin, is found in all detectable folding 

intermediates, suggesting that this is the most favorable disulfide bond, and the first to be 

formed (Hober et al., 1992; Miller et al., 1993). Among all IGF-1 isomers, the most 

abundant intermediate in the folding pathway contains an additional native disulfide bond 

Sun et al. Page 3

Mol Aspects Med. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between Cys 6 and 48, corresponding to the B7-A7 bond of insulin, and overall folding of 

the intermediates with those two disulfide bonds resembles that of the native protein except 

for local unfolding of helix 2, corresponding to the A1-A8 helix of insulin (Hua et al., 

1996b). Similarly, by selectively disrupting individual disulfide bonds of insulin, studies 

find that deletion of B19-A20 produces the most significant impairment of in vitro refolding, 

resulting in loss of ordered secondary structure and markedly reduced compactness. By 

contrast, deletion of the A6-A11 bond causes the least structural perturbation that occurs 

only in the N-terminal A domain α-helix, suggesting that the native tertiary structure of 

insulin may be controlled independently of the local A1-A8 helical structure or the A6-A11 

disulfide bond. Compared to deletion of the other two bonds, loss of the B7-A7 bond, which 

is exposed on the surface of the insulin molecule, leads to an intermediate disruption of the 

thermodynamic stability and overall structure (Chang et al., 2003; Guo and Feng, 2001; Hua 

et al., 1996a). Thus, based on in vitro folding studies, there are differences in the relative 

contribution of each of the three disulfide bonds to the native folded structure of insulin, 

with B19-A20 appearing to be the most important and perhaps the first disulfide bond 

formed.

Unlike in vitro folding, it is still an open question whether the three native disulfide bonds of 

proinsulin form randomly or in a particular order when expressed in the complex folding 

environment of the beta cell ER. The first published evidence that wild-type proinsulin can 

misfold in the ER came when two major disulfide isomers of newly synthesized proinsulin 

were observed in both yeast and mammalian cells (Liu et al., 2005; Liu et al., 2003; Zhang 

et al., 2003). Based on mobility shift in nonreducing SDS-PAGE, distinct disulfide isomers 

were proposed to be proinsulin folding intermediates that were mostly retained in the ER, 

where they were specifically recognized and bound by the ER member of the hsp70 

chaperone family, known as BiP (Liu et al., 2005). Interestingly, although loss of the A6-

A11 disulfide bond significantly impairs receptor binding and insulin bioactivity, proinsulin 

with the A6-A11 bond deleted was efficiently secreted from cells (Liu et al., 2005; Liu et al., 

2009), suggesting that the overall structure of proinsulin lacking A6-A11 may still resemble 

that of wild-type proinsulin. In contrast, disruption of B19-A20 or B7-A7 bonds severely 

disturbs the normal folding pathway of proinsulin, leading to proinsulin misfolding and ER 

retention (Liu et al., 2005; Liu et al., 2003). These data highlight the importance of the two 

inter-domain disulfide bonds in the folding of proinsulin in the ER.

1.2. ER oxidoreductase and ER oxidoreducin family members involved in the folding of 
proinsulin

In the ER, protein folding is facilitated by enzymes that both catalyze the formation of 

disulfide bonds between cysteines and break improper disulfide bonds that may form during 

the folding process (Jansens et al., 2002). Thus in the ER lumen, there are oxidation and 

reduction events occurring simultaneously. Enzymes in the ER that play a central role in 

both oxidation and reduction of disulfide bonds are members of the protein disulfide 

isomerase (PDI) family of oxidoreductases; there are at least 20 members in this family 

(Bulleid, 2012; Ellgaard and Ruddock, 2005). Each enzyme contains as least one 

thioredoxin “C-X-X-C” motif, where C = cysteine and X = any amino acid. This motif 
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shuttles between the reduced species C(SH)-X-X-C(SH) and the intramolecularly oxidized 

form:

To drive disulfide bond formation in the reduced substrate, the thioredoxin motif of the ER 

oxidoreductase must itself be in the intramolecularly oxidized form. The enzyme then forms 

a transient mixed-disulfide intermediate with the substrate (an “adduct”) that is rapidly 

broken upon completion of the disulfide bond within the substrate. The product of the entire 

reaction leaves a new disulfide bond in the substrate as the thioredoxin motif in the ER 

oxidoreductase becomes reduced. In order to initiate another round of disulfide bond 

formation, the thioredoxin motif in the ER oxidoreductase must once again become 

oxidized. This is catalyzed by upstream ER oxidases, particularly ER oxidoreducin-1 (Ero1) 

(Fig. 2). Ero1 normally does not directly catalyze formation of substrate disulfide bonds, but 

rather uses PDI family members as key intermediates driving the electron flow from 

substrates (such as proinsulin) to Ero1 and ultimately to molecular oxygen, with hydrogen 

peroxide (H2O2) as a by-product (Sevier, 2010; Sevier and Kaiser, 2008).

Although efforts have been made to better understand how ER oxidoreductases facilitate 

proinsulin disulfide oxidation and reduction, the specific pathways involved in these 

processes are far from clear. From in vitro studies, PDI has been shown to facilitate 

oxidative folding of reduced proinsulin and increase the yield of proinsulin with native 

disulfide bonds (Winter et al., 2002). The catalytic activity of PDI does not appear to depend 

on its peptide binding domain (Winter et al., 2011). However, the oxidation/reduction 

function of PDI in cells is complex (Phillip and Schreiber, 2013; Yon and Betton, 1991). 

PDI is found in both oxidized and reduced forms in the lumen of the ER. In the yeast ER, 

PDI is more oxidized compared to that in mammalian cells (Frand and Kaiser, 1999; 

Mezghrani et al., 2001). The mixture of redox states allows PDI to perform both oxidation 

and isomerization/reduction reactions in the ER. Surprisingly, a recent study shows that PDI 

knockdown actually improves proinsulin oxidative folding and accelerates proinsulin export 

from the ER (Rajpal et al., 2012). Moreover, overexpressing PDI decreases insulin secretion 

and causes proinsulin accumulation in the ER, with ER stress (Zhang et al., 2009). These 

studies suggest that PDI exhibits net unfoldase activity and serves as an ER retention factor 

for proinsulin in beta cells. Therefore, it is very likely that some other ER oxidoreductase 

family members – still to be discovered – play a role in oxidative folding of proinsulin in the 

ER.

The specific upstream ER oxidases required for proinsulin oxidative folding are also not 

clear. Ero1 has been identified as a primary protein oxidation source in the ER (Sevier and 

Kaiser, 2008). Pancreatic beta cells express two forms of Ero1: Ero1α and Ero1β. Unlike the 

ubiquitously expressed Ero1α, Ero1β expression is very limited among cell types but is well 

expressed in pancreatic beta cells, suggesting that it might play a role in proinsulin folding. 

Indeed, overexpressing Ero1β in beta cell lines improves proinsulin folding, facilitates its 

ER export, and increases insulin production and secretion (Liu et al., 2012b; Wright et al., 
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2013a). Conversely, Ero1β knockdown impairs proinsulin oxidative folding (Rajpal et al., 

2012) and decreases insulin content in beta cells (Khoo et al., 2011). Interestingly, Ero1β 

knockout mice exhibit only a modest defect in proinsulin oxidation and processing, and 

Ero1α and Ero1β double knockout does not further aggravate the defect (Zito et al., 2010), 

suggesting that in addition to Ero1, other ER oxidases might provide a source of oxidizing 

equivalents for proinsulin disulfide maturation. Indeed, several ER oxidases, including 

peroxiredoxin IV (Tavender et al., 2010), glutathione peroxidases (Nguyen et al., 2011), 

Vitamin K epoxide reductase (Schulman et al., 2010), sulfhydryl oxidase QSOX (Alon et 

al., 2012), and oxidized glutathione (Appenzeller-Herzog, 2011), have been considered as 

additional potential sources of oxidizing equivalents for protein disulfide bond formation. 

However, the role of these oxidases in proinsulin oxidation in beta cells remains unexplored.

1.3. Proinsulin folding and dimerization in the ER

Proinsulin can form dimers both in vitro (Frank and Veros, 1970; Steiner, 1973) and in the 

ER of beta cells (Haataja et al., 2013; Huang and Arvan, 1995). Residues of the insulin B 

domain (B8-B29) are intimately involved in the dimerization interface (Blundell et al., 1972; 

Brange et al., 1988; Whittingham et al., 2006), and it is hypothesized that the proinsulin and 

insulin dimerization surfaces are identical (the C domain is in random coil and thus unlikely 

to contribute in any way to proinsulin dimerization). Mutating some residues involved in the 

dimerization interface allows the production of monomeric insulin — one example being 

insulin-lispro in which the proline and lysine at positions B28 and B29, respectively, are 

switched. To date, it is still unknown whether proinsulin oxidation/monomer folding and 

dimerization are events that occur sequentially or concurrently. However, given the fact that 

the bioactivities of monomeric insulin analogues, e.g., insulin-lispro or insulin-aspart have 

been largely preserved (Brange et al., 1988; Evans et al., 2011), monomeric insulins are 

thought to contain all the essential elements of the native structure of insulin. Additionally, 

the NMR structures of monomeric proinsulin [DKP proinsulin, analogue containing B 

domain substitutions H(B10)D, P(B28)K, and K(B29)P] and wild-type proinsulin are 

similar, both containing a native-like insulin moiety (Kiselar et al., 2011; Yang et al., 

2010a). Thus, at least in vitro, dimerization is not required for proinsulin to make its native 

disulfide bonds. However, the relationship between proinsulin dimerization and its oxidation 

in the ER appears to be more complicated. While monomeric proinsulin S(B9)D has been 

shown to be efficiently exported from the ER and targeted to secretory granules (Quinn et 

al., 1991), a detailed analysis shows that S(B9)D, as well as two other mutants H(B10)D and 

V(B12)E that may disrupt proinsulin dimerization/hexamerization, form mispaired disulfide 

bonds, suggesting defective folding in the ER (Zhang et al., 2003). It remains unknown 

whether misfolding of these monomeric proinsulin mutants is a consequence of their failure 

to dimerize or because of a direct effect of the mutations on the oxidative folding of 

monomeric proinsulin.

1.4. Approaches to analyze proinsulin disulfide maturation, folding and misfolding

One of the challenges in the field of proinsulin folding is a lack of reliable approaches that 

can specifically detect misfolded proinsulin. Currently, there are only a few ways to analyze 

the folding and disulfide maturation of proinsulin in cells. One involves using nonreducing 

tris-tricine-urea-SDS-PAGE (Schägger and von Jagow, 1987). This gel system produces 
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superior resolution of small proteins in the molecular weight range between 5 to 20 kDa (the 

molecular weights of preproinsulin, proinsulin, and insulin are about 11, 9, and 5.8 kDa, 

respectively). When newly synthesized preproinsulin and proinsulin are analyzed under 

nonreducing conditions such that preformed disulfide bonds in the cells are preserved, this 

gel system can discriminate between native proinsulin and misfolded disulfide isomers (Fig. 

3A) (Hua et al., 2006; Huang and Arvan, 1995; Liu et al., 2005; Liu et al., 2003; Liu et al., 

2009; Zito et al., 2010).

A second approach that involves gel electrophoresis examines the total recovery of native 

proinsulin under nonreducing conditions in comparison to total proinsulin recovered under 

reducing conditions (Fig. 3B) (Liu et al., 2010a; Liu et al., 2007; Wang et al., 2011; Wang 

and Osei, 2011). It has been shown that proinsulin can make abnormal intermolecular 

disulfide bonds with other proinsulin molecules or with other proteins (e.g. ER chaperones) 

in the ER. These adducts appear as higher molecular weight protein complexes when they 

are analyzed using SDS-PAGE under nonreducing conditions. However, when these 

complexes are examined under reducing conditions in which all intermolecular disulfide 

bonds are broken, proinsulin molecules are recovered as a monomeric species. Therefore, 

comparing the total recovery of monomeric proinsulin under nonreducing and reducing 

conditions can help to estimate the amount of proinsulin that has formed intermolecular 

disulfide bonds, including the formation of higher molecular weight disulfide-linked 

complexes in the ER (Liu et al., 2010a; Liu et al., 2012a; Wang et al., 2011).

2. Proinsulin misfolding in the ER

Over the past decade, increasing attention has been drawn to the possible role(s) of defective 

proinsulin folding and ER stress in the development and progression of beta cell failure and 

diabetes (Cavener et al., 2010; Fonseca et al., 2009; Fonseca et al., 2011; Liu et al., 2010b; 

Scheuner and Kaufman, 2008; Weiss, 2009). A growing body of evidence now indicates that 

proinsulin misfolding can be caused either by primary folding defects in proinsulin due to 

INS-gene mutations, or by an unfavorable ER folding environment in which the normal 

folding pathway of wild-type proinsulin is affected secondarily (Hua et al., 2006; Liu et al., 

2010a; Liu et al., 2005; Wang et al., 2011; Wang and Osei, 2011; Weiss, 2013; Zhang et al., 

2003).

2.1 Primary proinsulin misfolding

In MIDY, most experimentally tested mutants are found to cause proinsulin misfolding in 

the ER. More than half of these mutants generate unpaired cysteines either because of 

mutations eliminating one of the native cysteine residues, or mutations creating a new 

cysteine residue [for details of MIDY mutations, please see review (Liu et al., 2014a)]. 

These mutants disrupt the formation of correct disulfide pairs, leading to proinsulin 

misfolding. To date, among the six natural cysteine residues of proinsulin, five have already 

been reported to have a mutation that is linked to MIDY. In addition to those mutations that 

create an odd number of proinsulin cysteines, some MIDY mutations do not involve 

cysteine residues. These non-cysteine mutations are primarily amino acid substitutions of 

the most highly conserved (generally hydrophobic) residues that have been shown to be 

important for local folding and non-covalent intramolecular interactions (Hua et al., 2006; 
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Liu et al., 2010c; Liu et al., 2009; Sohma et al., 2010; Weiss, 2009). Since this kind of 

misfolding is caused by a primary defect within proinsulin molecules, we refer to it as 

“primary proinsulin misfolding.” In this case, the misfolded mutant proinsulin can be 

considered as a “first hit” that is itself sufficient to trigger a cascading series of events 

leading to beta cell failure and diabetes in MIDY patients (Fig. 4).

Importantly, the folding pathway of newly synthesized wild-type proinsulin is also affected 

when it is co-expressed with MIDY proinsulin mutants in the ER. The direct evidence of 

this bystander effect comes from studies of Akita mice that carry a spontaneous missense 

insulin gene mutation encoding C(A7)Y in one of two Ins2 alleles. A mutation at the 

identical site has also been found to cause MIDY in humans. The mutation disrupts the 

essential B7-A7 inter-domain disulfide bond that triggers misfolding of mutant proinsulin 

(Liu et al., 2005). The mice develop diabetes shortly after weaning (Wang et al., 1999; 

Yoshioka et al., 1997). Accumulating evidence indicates that the underlying mechanism 

initiating insulin deficient diabetes in Akita mice and MIDY patients is an impairment of the 

ER export of wild-type proinsulin due to blockade by co-expressed mutant proinsulin (Liu et 

al., 2010b). Recent studies further elucidate that this blockade results from impaired 

oxidative folding of wild-type proinsulin in the ER. Using tris-tricine-urea SDS-PAGE that 

can distinguish wild-type and Akita proinsulin under both reducing and non-reducing 

conditions, it was found that more than 50% of wild-type proinsulin molecules (i.e. more 

than double compared to that in normal beta cells) are misfolded in Akita islets (Liu et al., 

2010a). The effect of misfolded mutant proinsulin on the folding of wild-type proinsulin 

may be direct and/or indirect. It has been shown that mutant proinsulin can abnormally 

interact with wild-type proinsulin, forming intermolecular disulfide-linked protein 

complexes and directly impairing the folding of wild-type proinsulin (Liu et al., 2010a; Liu 

et al., 2012a). Additionally, misfolded mutant proinsulin may affect the folding of wild-type 

proinsulin indirectly by inducing ER stress and disturbing the ER protein folding 

environment.

2.2 Secondary proinsulin misfolding

Proinsulin appears to be a tough molecule to fold in the ER. As noted above, the folding 

pathway of proinsulin in the ER may be impacted adversely by an unfavorable ER folding 

environment. It has been recently shown that chemically synthetic proinsulin can robustly 

refold in vitro at pH 10; under these conditions the folding of some MIDY mutants can be 

accomplished successfully (Avital-Shmilovici et al., 2014). However, under condition of 

physiological pH within the ER, the folding environment seems to be less favorable for 

proinsulin folding. A study examining stability, secretion and aggregation of wild-type 

proinsulin in several non-beta cell lines found that none of them could efficiently fold 

proinsulin (Zhu et al., 2004). In fact, accumulating evidence suggests that, even in normal 

beta cells, up to 20% of newly synthesized wild-type proinsulin fails to achieve its native 

folding structure (Liu et al., 2010a; Liu et al., 2005; Wang et al., 2011; Wang and Osei, 

2011), suggesting that during biosynthesis, a certain amount of misfolded proinsulin is 

expected as a by-product. Under normal physiological conditions, these misfolded wild-type 

proinsulin molecules can either be refolded to their native structure or degraded through ER 
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associated degradation (ERAD) and autophagy (Bachar-Wikstrom et al., 2013a; Bachar-

Wikstrom et al., 2013b; Tiwari et al., 2013).

Therefore, such misfolding does not compromise normal beta cell function. However, under 

certain pathological conditions (discussed in sections 3–5), the total amount of misfolded 

wild-type proinsulin increases, exceeding the genetically-determined capacity of beta cells 

to handle the misfolded protein load and leading to a build-up of misfolded wild-type 

proinsulin. At a certain threshold level, accumulated misfolded proinsulin can potentially 

propagate misfolding onto the remaining proinsulin, culminating in pancreatic beta cell 

toxicity. Since increased wild-type proinsulin misfolding is secondary to the defective ER 

folding environment, we call this “secondary proinsulin misfolding.” Indeed, increased 

misfolding of wild-type proinsulin can be considered as a “second hit” to beta cells, further 

aggravating ER dysfunction and leading to beta cell failure and diabetes (Fig. 4).

3. Unfolded protein response and proinsulin misfolding in a defective ER 

folding environment

3.1 ER homeostasis and ER stress response in beta cells

Disturbance of ER protein homeostasis is known to promote the development of 

neurodegenerative diseases (Hetz and Mollereau, 2014) and is linked to diabetes as well. In 

all eukaryotic cells, ER homeostasis is maintained by at least three known branches of 

unfolded protein response (UPR) signaling that are initiated by three distinct ER-localized 

transmembrane proteins: PERK [PKR-like ER kinase], IRE1 (inositol-requiring 

transmembrane kinase/endonuclease 1), and ATF6 (activating transcription factor 6) (Walter 

and Ron, 2011; Zhang and Kaufman, 2008). These three branches act in concert to monitor 

conditions in the ER, sense protein load and folding capacity, and coordinately regulate gene 

expression and protein modification to match the needs of ER protein folding (Papa, 2012; 

Ron and Walter, 2007; Ronald and Cavener, 2007; Scheuner and Kaufman, 2008). In the 

absence of ER stress, PERK, IRE1and ATF6 proteins are mostly sequestered in inactive 

complexes with the ER chaperone BiP. Although the precise UPR activation mechanism is 

not fully understood (Bernales et al., 2006; Credle et al., 2005; Gardner and Walter, 2011; 

Kimata et al., 2007), activation is correlated with dissociation of BiP from these proximal 

ER-stress sensor proteins (Todd et al., 2008). Upon the accumulation of unfolded proteins 

that preferentially bind BiP, each of the proximal ER stress sensors become activated in their 

own ways, including autophosphorylation of IRE1 and PERK, and trafficking of ATF6 to 

the Golgi complex.

The physiological function of UPR is to limit the accumulation of misfolded protein in the 

ER. Acute activation of UPR reduces general protein translation to decrease protein load, 

increases the surface area of ER membrane, and induces expression of ER chaperones that 

increase protein folding capacity and promote clearance of unfolded/misfolded proteins 

through ERAD (Guerriero, 2012; Schuck et al., 2009). These responses help cells maintain 

and re-establish protein homeostasis. However, if persistent ER stress leads to prolonged 

UPR activation, cell death signaling is activated and apoptosis is initiated (Shore et al., 
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2011). Thus, in cells experiencing ER stress, a life or death decision depends on whether ER 

stress can be alleviated (Papa, 2012; Tabas and Ron, 2011; Walter and Ron, 2011).

Impaired UPR pathways have been linked to beta cell failure and diabetes in both humans 

and animal models (Scheuner et al., 2005; Senée et al., 2004). PERK was the first of the ER 

stress-sensors found to be tightly linked to beta cell function (Harding and Ron, 2002; 

Harding HP, 2001). PERK is also known as eukaryotic translation initiation factor 2-alpha 

(eIF2alpha) kinase-3. PERK and other eIF2alpha kinases phosphorylate Ser51 of eIF2alpha; 

this phosphorylation is critically important for inhibition of general protein translation. 

PERK-mediated phosphorylation of eIF2alpha has emerged as an important negative 

regulatory step for proinsulin biosynthesis. Based on this, one might expect that less PERK 

activity would be better for beta cells, as it may lead to more proinsulin synthesis. However, 

results appear to be precisely the opposite, as absence of PERK function triggers human 

Wolcott-Rallison Syndrome characterized by permanent neonatal diabetes with beta cell 

failure and multiple other defects (Delépine et al., 2000; Senée et al., 2004). Perk knockout 

mice show phenotypes similar to those found in humans with Wolcott-Rallison Syndrome 

(Harding HP, 2001; Iida et al., 2007; Zhang et al., 2002), including early onset diabetes due 

to beta cell loss. This has been proposed to be a consequence of beta cell death following 

unsuppressed translation that leads to exuberant proinsulin biosynthesis (Harding HP, 2001), 

which is associated with increased proinsulin misfolding (Liu et al., 2005). A similar 

phenotype of increased proinsulin misfolding has been observed in islet beta cells of mice 

bearing mutation of eIF2alpha-S51A (Scheuner et al., 2005). Additionally, Perk knockout 

mice (Zhang et al., 2006) exhibit reduced beta cell proliferation (Cavener et al., 2010; Zhang 

et al., 2006). Altogether, there is general agreement that PERK-mediated phosphorylation of 

eIF2alpha plays an important role in regulating proinsulin biosynthesis, folding, trafficking, 

and ER quality control in pancreatic beta cells (Gupta et al., 2010; Harding et al., 2012).

The transmembrane kinase and endonuclease, IRE1, also appears to be vitally important for 

ER homeostasis in pancreatic beta cells. IRE1 represents the most evolutionarily conserved 

UPR branch. Mammals have two IRE1 homologs, α and β (Tirasophon et al., 1998; Wang et 

al., 1998), both of which are activated by the accumulation of unfolded proteins in the ER. 

Whereas the expression of Ire1β is limited to intestinal epithelial cells, IRE1α is expressed at 

particularly high levels in the pancreas and placenta (Tirasophon et al., 1998). Deletion of 

mouse IRE1 α results in embryonic lethality (Urano et al., 2000), but deletion of IRE1α and 

IRE1β does not prevent transcriptional activation of UPR target genes such as BiP and 

GRP94 (Urano et al., 2000; Wang et al., 1998), indicating overlap in the ultimate target gene 

activation by the different ER stress sensors. IRE1α possesses both endonuclease and kinase 

activities. Its endonuclease activity splices the mRNA that encodes active X-box binding 

protein 1 (XBP1). Specifically, upon activation of UPR, IRE1 cleaves a 26-nucleotide intron 

from unspliced XBP1 mRNA, leading to a translational frame shift to produce a potent 

active transcription factor that binds to ER stress-response elements of target genes involved 

in protein folding and degradation (Calfon et al., 2002; Harding and Ron, 2002; Kaufman, 

2002; Shen et al., 2001). Unlike its endonuclease activity, the kinase activity of IRE1α 

appears to be regulated also by glucose in pancreatic beta cells (Lipson et al., 2006). 

Interestingly, glucose stimulated phosphorylation of IRE1α is not correlated with XBP1 
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splicing and dissociation from BiP, suggesting a specific regulating mechanism of IRE1α. 

Importantly, in pancreatic beta cells, acute elevation of glucose selectively activates IRE1α 

kinase activity that positively regulates insulin biosynthesis, whereas chronic exposure to 

high glucose results in severe stress, including activation of both kinase and endonuclease 

activities that may contribute to glucotoxicity and beta cell failure (Corbett, 2006; Lipson et 

al., 2006). Under high/prolonged ER stress, the catalytic activity of IRE1α is regulated in a 

complex manner to trigger divergent outcomes (Han et al., 2009) including ER stress-

induced Ins mRNA decay and beta cell apoptosis. More recently, a family of small 

molecules called KIRAs (Kinase-inhibiting RNase Attenuators) was found to increase 

insulin content and secretion from Akita islets and improve blood glucose excursion during 

glucose tolerance testing (Ghosh et al., 2014). Thus, like PERK, IRE1 is also critical for 

maintaining beta cell function.

ATF6 is a type II ER transmembrane glycoprotein that undergoes intracellular transport 

from the ER to the Golgi complex in states of ER stress. At the Golgi complex, ATF6 is 

proteolytically processed to liberate its N-terminal 50kDa domain that migrates to the 

nucleus to function as a transcription factor regulating the expression of ER stress response 

genes including BiP, GRP94, ERO1β, and ERAD components such as HERP (Adachi et al., 

2008; Chen et al., 2002; Shen et al., 2002; Yamaguchi et al., 2008). In pancreatic beta cells 

in culture, ATF6 knockdown leads to increased phosphorylation of JNK, p38, and c-Jun and 

renders cells susceptible to apoptosis. Inhibition of JNK or p38 kinases prevents the 

apoptosis associated with ATF6 deficiency, suggesting that ATF6 may play a role in 

maintaining β-cell survival even in the absence of ER stress (Teodoro et al., 2012). 

However, in mice with global ATF6α deletion, there was no detectable beta cell defect or 

diabetes phenotype when mice were fed normal chow, although the mice were less glucose 

tolerant, with a mild reduction of islet insulin content when fed with a high-fat diet (Usui et 

al., 2012; Yamamoto et al., 2007). The data suggest that ATF6 may play a more important 

role in beta cells under stress conditions.

3.2. Genetic examples of secondary proinsulin misfolding in pancreatic beta cells

As noted above, a growing body of evidence indicates that a defective ER folding 

environment impairs the folding pathway of wild-type proinsulin, leading to secondary 

proinsulin misfolding. Although it has been shown that mild acute ER stress (induced by 

low dose tunicamycin) does not significantly impair ER export of proinsulin (Liu et al., 

2010a), chronic ER stress with dysfunction of ER homeostasis, including dysregulation of 

proinsulin biosynthesis in Perk deficient mice or mice bearing knock-in of eIF2alpha-S51, 

clearly impairs oxidative folding of wild-type proinsulin, leading to an increase in mispaired 

disulfide isomers that are recognized and bound by the ER chaperone BiP (Liu et al., 2005; 

Scheuner et al., 2005). Recently, increased wild-type proinsulin misfolding was also found 

in defective ER folding environments caused by defects in ER oxidoreductases (Rajpal et 

al., 2012; Zito et al., 2010) or by the expression of misfolded mutant proinsulin (Liu et al., 

2010a; Wright et al., 2013a; Wright et al., 2013b). Of course, accumulation of misfolded 

proinsulin further aggravates ER stress and dysfunction. Thus, increased wild-type 

proinsulin misfolding may be a common pathway contributing to beta cell failure and 

diabetes from multiple initial insults.
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4. ER stress and proinsulin misfolding in type 2 diabetes

Insulin resistance has long been considered a hallmark of type 2 diabetes. However, insulin 

resistance alone does not lead to the onset of diabetes. In fact, most individuals who are 

insulin resistant do not develop diabetes (Costes et al., 2013; Kitamura, 2013). 

Accumulating genetic and biological evidence indicates that in insulin resistant individuals, 

failure of beta cell compensation for increasing metabolic demand is linked to the 

development of overt diabetes (Costes et al., 2013; Scott et al., 2007; Zeggini et al., 2007). 

Factors that have been suggested to induce beta cell failure (as well as ER stress, see below) 

include hyperglycemia and hyperlipidemia, i.e., glucolipotoxicity [for review, please see 

(Back and Kaufman, 2012; Biden et al., 2014)], pro-inflammatory cytokines (Gurzov et al., 

2009), and accumulation of islet amyloid polypeptide (Huang et al., 2007).

The process of normal beta cell compensation for insulin resistance has two components: an 

expansion of beta cell mass and an increase in beta cell insulin output (Bell and Polonsky, 

2001; Leahy, 2005; Marchetti et al., 2010; Rhodes, 2005). Failure of compensatory 

expansion of beta cell mass involves a combination of increased dedifferentiation and 

apoptosis along with decreased proliferation/replication (Butler et al., 2003; Kitamura, 2013; 

Prentki and Nolan, 2006; Sachdeva and Stoffers, 2009; Saisho et al., 2012; Talchai et al., 

2012; Weir et al., 2013). Inadequacy of beta cell insulin output includes insufficient 

compensatory increase of secretory capacity and inadequate insulin biosynthesis (Bell and 

Polonsky, 2001; Ma et al., 2012).

It remains unclear how these two primary components of beta cell compensation are 

mechanistically connected. However, both components can be affected by chronic activation 

of UPR, indicating that ER stress may play an important role in successful/unsuccessful beta 

cell compensation in type 2 diabetes (Fonseca et al., 2009; Fonseca et al., 2010b; Lipson et 

al., 2006; Oslowski and Urano, 2011; Scheuner and Kaufman, 2008). Indeed, it has been 

reported that beta cells exhibit elevated ER stress markers during the development and 

progression of type 2 diabetes both in humans (Huang et al., 2007; Laybutt et al., 2007) and 

in db/db diabetic mice (Laybutt et al., 2007). By comparing the pancreatic samples from 

non-diabetic controls and type 2 diabetes patients, Marchetti et al found an increase in both 

ER volume density and beta cell apoptosis in type 2 diabetes. Moreover, BiP, XBP1 and 

C/EBP homologus protein (also know as CHOP) were significantly induced when isolated 

islets from type 2 diabetes patients were incubated with high glucose, suggesting that beta 

cells in type 2 diabetes are more susceptible to high glucose-induced ER stress (Marchetti et 

al., 2007).

A key factor that may allow advance from ER stress to beta cell failure is protein overload. 

As the most abundant beta cell secretory protein, proinsulin is the primary driver of ER 

protein load. In response to insulin resistance and with typical postprandial blood glucose 

excursions, proinsulin biosynthesis can rise up to 50 fold (Goodge and Hutton, 2000), and 

the rate of insulin mRNA translation can approach one million proinsulin molecules per 

minute per cell. Folding at this rate means the formation of three million proinsulin disulfide 

bonds per minute (Liu et al., 2014b; Otero et al., 2010; Papa, 2012; Scheuner and Kaufman, 

2008) and if 20% of newly synthesized proinsulin molecules fail to achieve native folding, 
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then there is an additional need for isomerization of improper disulfide bonds from ER-

retained proinsulin. Moreover, there may be a finite capacity of ERAD that may also 

contribute to proinsulin accumulation in the ER. As beta cells are susceptible to misfolding 

in states of oversynthesis of proinsulin, it is expected that the absolute amount of the 

misfolded proinsulin would rise in parallel with a compensatory increase in beta cell insulin 

production. Although this may explain the observation of ER stress activation in type 2 

diabetes, no study has explicitly focused on detection of increased proinsulin misfolding in 

the beta cells of type 2 diabetes patients or animal models.

The importance of potential defects in ER function during the development and progression 

of type 2 diabetes may also be implied by Genome-Wide Association Studies (GWAS) in 

which many type 2 diabetes-associated genes, including CAMK1D, CDC123, NOTCH2, 

THADA, VEGFA, IRS1, WFS1, ADAMTS9, and SLC16A11, have been found to be involved 

in maintaining normal ER function and ER stress response (Bonnefond et al., 2010; 

Dombroski et al., 2010). Of interest, WFS1 (Wolfram syndrome 1) encodes an ER 

transmembrane protein that modulates ER calcium, which is an important factor necessary 

for normal ER function and secretory protein folding. In mice, WFS1 deficiency causes 

increased ER stress and beta cell death (Fonseca et al., 2010a; Riggs et al., 2005; Yamada et 

al., 2006); and in humans, mutations in WFS1 are associated with Wolfram Syndrome, 

including early onset insulin-dependent diabetes (Rigoli and Di Bella, 2012). SLC16A11 has 

been recently found to be a common risk factor for type 2 diabetes in Mexico. SLC16A11 

protein localizes in the ER and is thought to play a role as an intracellular lipid transporter 

(Consortium, 2014). ADAMTS9 is a member of the secreted metalloprotease family that is 

known to digest extracellular matrix proteins outside of cells. A recent study shows that 

down-regulation of ADAMTS9 inhibits protein transport from the ER to the Golgi complex 

(Yoshina et al., 2012). Together, these studies suggest possible relationships between ER 

homeostasis and beta cell function in type 2 diabetes.

5. ER stress and proinsulin misfolding in type 1 diabetes

Type 1 diabetes is an autoimmune disease, in which pancreatic beta cells are destroyed by 

autoimmune attack, leading to absolute insulin deficiency (Atkinson et al., 2011; Jaberi-

Douraki et al., 2014). Although it is still not completely understood how the autoimmunity 

against beta cells is initiated, islet autoantigens are thought to play a critical role in the 

development of type 1 diabetes (Nakayama et al., 2005; Pathiraja et al., 2014). Importantly, 

most of the known islet antoantigens are secretory and/or secretory-associated proteins 

[including (pro)insulin, zinc transporter-8, glutamic acid decarboxylase-65, IA2 (also known 

as ICA512), and IA2β (also known as phogrin)] (Arvan et al., 2012). When beta cell lines or 

isolated islets are incubated with proinflammatory cytokines [interleukin 1β (IL-1β), γ-

interferon (IFN-γ), and tumor necrosis factor-α (TNF-α)], ER stress response pathways are 

activated, along with increased production of inducible nitric oxide synthase (iNOS) 

(Cardozo et al., 2005; Chambers et al., 2008). An in vivo study using NOD mice (an 

established mouse model of type 1 diabetes) found an age-dependent activation of ER stress 

signaling (that may be mediated by activation of NF-κB) during the development and 

progression of diabetes (Tersey et al., 2012). In a more recent study, defects in UPR 

signaling, especially in ATF6 and XBP1 branches, were not only confirmed in NOD mice, 
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but also in beta cells of type 1 diabetes patients (Engin et al., 2013). These studies suggest 

that autoimmune attack by infiltration of macrophages and T cells into islets may directly 

target the beta cell secretory pathway, especially the ER, causing ER stress that may 

contribute to beta cell failure in type 1 diabetes.

In addition to autoimmunity, other factors may also contribute to aggravating beta cell ER 

stress after the onset of type 1 diabetes. At the time of initial clinical presentation of the type 

1 diabetes phenotype, it is estimated that 60–90% of beta cells are already destroyed 

(Oldstone et al., 1984; Van Belle et al., 2011). To compensate for loss of these beta cells, the 

remaining beta cells need to produce more insulin. This increasing insulin biosynthesis 

along with metabolic stress caused by elevated blood glucose and fatty acids may further 

aggravate ER stress in residual beta cells. Moreover, in beta cell lines that are incubated with 

TNF-α, proinsulin folding, maturation, and ER export have been found to be adversely 

affected (Wang et al., 2011), although this observation has not yet been validated in vivo. 

Further, another recent study finds that the ratio of proinsulin to insulin is significantly 

elevated even in pre-diabetic NOD mice, suggesting that functional beta cell defects 

(involving proinsulin folding, intracellular trafficking and processing) may precede the 

clinical presentation of type 1 diabetes (Maganti et al., 2014; Tersey et al., 2012). Thus, for a 

variety of reasons, ER stress is likely to be an important contributor to the development and 

progression of type 1 diabetes, although it remains unknown whether the normal folding 

pathway of proinsulin is affected in these stressed beta cells.

6. Perspectives

The more we learn in this area, the more our studies point out how much we still do not 

know. For example, it has been established that misfolded proinsulin causes beta cell failure 

in a dose dependent manner (Hodish et al., 2011; Liu et al., 2012a; Renner et al., 2013), yet 

it remains unknown whether a specific amount of misfolded proinsulin must first be present 

before beta cell failure ensues. Given that increased misfolding of wild-type proinsulin 

occurs under some pathological conditions, further studies are needed to determine the 

threshold of misfolded proinsulin required to trigger beta cell failure in common forms of 

diabetes (Fig. 5), as well as to identify genetic modifiers that may render some individuals 

more susceptible than others.

Another challenge to understanding the role of proinsulin misfolding in diabetes is the 

requirement for isolated live islets or beta cells to definitively measure proinsulin misfolding 

during its biosynthesis. Thus, suitable biomarkers are needed. Given the development of 

conformation-dependent antibodies for a-1 antitrypsin (Miranda et al., 2010) and IAPP 

(Kayed et al., 2007), it might be possible to develop antibodies that specifically recognize 

misfolded proinsulin in the plasma (perhaps, released from dead/dying beta cells) of living 

patients. Such antibodies might also be useful for the study of tissue sections from cohorts of 

cadaveric samples of diabetes patients at different stages of the disease. Such an approach 

could allow the development of diagnostic tools to improve our understanding of disease 

pathogenesis.
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In addition, at this point we do not know how wild-type proinsulin “knows” how to form the 

correct disulfide pairings, and conversely, nor do we understand why non-cysteine MIDY 

mutants “become confused” in the proinsulin folding pathway. Presumably, the MIDY 

mutations alter the most sensitive folding steps involved in proper alignment of the B and A 

domains of proinsulin so as to perturb native proinsulin disulfide bond formation. It is 

possible that the collection of MIDY mutants may serve as nature’s best molecular models 

to highlight the most challenging kinetic obstacles to proinsulin folding, which are likely to 

involve those regions most in need of assistance by foldase enzymes and ER molecular 

chaperones. Indeed, it is still a central question to understand which ER oxidoreductases and 

chaperones are required for proper proinsulin folding, and to understand how those activities 

are upregulated in states of increased proinsulin load.

Further, the importance of proinsulin dimerization remains mysterious – is dimerization the 

basis by which misfolded proinsulin blocks the ER exit of bystander proinsulin molecules? 

If so, the dimerization interface might be a potential therapeutic target site that could prevent 

abnormal interactions between wild-type and mutant proinsulin and allow wild-type 

proinsulin export from the ER to produce mature bioactive insulin. Moreover, given the 

prominence of ER stress in the development and progression of type 1, type 2, and some 

monogenic diabetes, novel strategies focusing on alleviating ER stress by modulating UPR 

signaling might provide new therapeutic opportunities to prevent or delay beta cell failure 

and diabetes.

Finally, when proinsulin is misfolded, how do beta cells identify such molecules (compared 

to newly-synthesized wild-type proinsulin that must always begin as an unfolded species) 

and target these molecules for ERAD? Does degradation of misfolded proinsulin exhibit any 

unique beta cell-specific features? As we begin to better understand the functions of the beta 

cell ER, we hope that answers to these and related questions will clarify how defective 

proinsulin folding leads to beta cell failure and diabetes.
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Figure 1. Structure of proinsulin
Proinsulin is comprised sequentially of insulin B domain (blue), connecting C domain 

(which is disordered and therefore has no fixed structure), and insulin A domain (red). Six 

cysteines form three disulfide bonds that are labeled in yellow boxes. This figure was 

adapted from Liu, M., et al. 2010. PLoS ONE. 5(10):e13333.
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Figure 2. Proinsulin disulfide maturation in the ER
Upon delivery into the ER lumen, the signal peptide of newly synthesized preproinsulin 

(aqua) is removed by signal peptidase (not shown), forming proinsulin. This Figure posits 

that disulfide bond formation within proinsulin is catalyzed by one or more ER 

oxidoreductases. In its oxidized form (Oxi-Re, yellow), the oxidoreductase receives 

electrons from proinsulin and in the process, the ER oxidoreductase becomes reduced (Oxi-

Re, beige). To initiate another round of disulfide bond formation, the reduced ER 

oxidoreductase must once again become oxidized. As shown in the diagram, this is 

catalyzed by one or more upstream Oxidases, particularly ER Oxidoreducin-1 (ERO1, which 

in the process converts from yellow to beige) that also results in production of one hydrogen 

peroxidase molecule (not shown) for each disulfide bond catalyzed; ERO1 itself is re-

oxidized by electron transfer to FAD+ and molecular oxygen (not shown in the diagram). 

Well folded proinsulin with three native disulfide bonds undergoes anterograde export from 

the ER (green arrow). Up to 20 % of newly synthesized proinsulin may form mispaired 

disulfide bonds. These misfolded isomers may be isomerized by one or more ER 

oxidoreductases, such as PDI, in an attempt to refold to native proinsulin.
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Figure 3. Approaches to analyze proinsulin folding and disulfide maturation in the ER
A. HEK 293T cells were transfected with plasmids encoding human proinsulin wild-type 

(Proins-WT) or Akita mutant (Proins-AK), or empty vector (Control). The cells were 

metabolically pulse-labeled with 35S-Met/Cys for 0.5 hr. The folding of newly synthesized 

proinsulin in the cells was analyzed using tris-tricine-urea-SDS-PAGE under nonreducing 

conditions. Two misfolded disulfide isomers (isomer #1 and isomer #2) of Proins-WT were 

detected. The Proins-AK produced only misfolded isomer with a slower gel mobility. The 

figure is adapted from Liu M. et al., 2005. 280(14):13209–12. B. Isolated islets from WT 

and Akita mice were labeled with 35S-Met/Cys for 15 min followed by 2 h chase. The newly 

synthesized proinsulin was analyzed under both reducing (lanes 1–2) and nonreducing (lanes 
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3–8) conditions. Although the levels of proinsulin from WT and Akita islets were 

comparable under nonreducing conditions (lanes 3 and 6), when the identical samples were 

analyzed under reducing conditions, the synthesis of proinsulin was significantly increased 

in Akita islets (lanes 1 and 2). The lower recovery under nonreducing conditions was 

consistent with the idea that Akita proinsulin forms abnormal disulfide-linked complexes 

(open arrow). After 2 h chase, processed insulin was significantly decreased in Akita islets 

(compare lanes 4 and 7). The figure is adapted from Liu M. et al., 2007. PNAS 104(40), 

15841–15846.
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Figure 4. Primary and secondary proinsulin misfolding and beta cell failure
Proinsulin misfolding can be caused by Ins gene mutations, in which the misfolded 

proinsulin generates a “first hit” leading to ER stress and beta cell failure. In other cases, 

alterations in the ER folding environment can adversely affect the folding of wild-type 

proinsulin, leading to an increase of proinsulin misfolding. These misfolded proinsulin 

molecules may further impair the ER folding environment, providing a “second hit” that 

aggravates ER dysfunction and leads to beta cell failure.
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Figure 5. Hypothetical model illustrating the progression of beta cell failure as a consequence of 
increased proinsulin misfolding
During the development and progression of diabetes, increased proinsulin misfolding (red 

arrow) caused by genetic and environmental factors can induce ER stress and decrease 

insulin production (blue arrow). As misfolded proinsulin exceeds the genetically-determined 

threshold (dashed line) that beta cells can handle the misfolded protein load, diabetes occurs. 

Elevated blood glucose further stimulates proinsulin biosynthesis, producing more 

misfolded proinsulin load in the ER, aggravating ER stress and beta cell failure.
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