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Insulin-degrading enzyme (IDE) is a highly conserved and ubiquitously expressed metalloprotease that degrades insulin

and several other intermediate-size peptides. For many decades, IDE had been assumed to be involved primarily in

hepatic insulin clearance, a key process that regulates availability of circulating insulin levels for peripheral tissues.

Emerging evidence, however, suggests that IDE has several other important physiological functions relevant to glucose

and insulin homeostasis, including the regulation of insulin secretion from pancreatic β-cells. Investigation of mice with

tissue-specific genetic deletion of Ide in the liver and pancreatic β-cells (L-IDE-KO and B-IDE-KO mice, respectively) has

revealed additional roles for IDE in the regulation of hepatic insulin action and sensitivity.
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1. Introduction

Insulin-degrading enzyme (IDE; EC 3.4.24.56; a.k.a. insulin protease, insulinase, insulysin, insulin-glucagon protease,

neutral thiol protease, metalloendoprotease, amyloid-degrading protease or peroxisomal protease) is a neutral Zn

metallo-endopeptidase that is ubiquitously expressed in insulin-responsive and non-responsive cells . IDE belongs to

a distinct superfamily of zinc-metalloproteases (clan M16) sometimes called “inverzincins” because they are characterized

by a zinc-binding consensus sequence (HxxEH) that is inverted with respect to the sequence in most conventional

metalloprotease (HExxH) . IDE and its homologues represent an interesting example of convergent evolution;

despite independent origins, IDE shares striking structural and functional similarity with conventional metalloproteases

(clan M13 family; e.g., thermolysin and neprilysin) .

IDE and its homologs and paralogs are highly conserved and present in phylogenetically diverse organisms, ranging from

viruses to humans , highlighting the fact that IDE is a multifunctional protein with proteolytic and non-proteolytic

functions. Human IDE shares significant sequence similarity with orthologs in bacteria and yeast, for example, including

the HxxEH zinc-binding motif. The protease has insulin-binding and -degrading activity in Neurospora crassa,

Acinetobacter calcoaceticus and Escherichia coli (E. coli protease III or pitrilysin) . IDE orthologs exhibit a

periplasmic localization in E. coli   and A. calcoaceticus , whereas the ortholog in N. crassa is membrane bound,

leading to a proposed function as a putative insulin receptor (IR) . Of interest, the yeast IDE homologues Axl1p and

Ste23 are incapable of degrading insulin despite possessing the conserved zinc-binding motif . The proteolytic activity

of Ste23 is required, however, for N-terminal cleavage of the pro-a-factor, the precursor of a pheromone (a-factor)

involved in the mating response of haploid yeast cells . Interestingly, rat IDE can promote the formation of mature a-

factor in vivo, suggesting that the functional conservation of IDE, Axl1p and Ste23 may be not be bidirectionally conserved

. Humans and other mammals also express several IDE paralogs, including N-arginine dibasic convertase (a.k.a.,

nardilysin), a cytosolic, secreted and membrane bound peptidase . Of relevance to the present review, nardilysin

regulates β-cell function and identity through the transcriptional factor MafA   and also prevents the development of diet-

induced steatohepatitis and liver fibrogenesis by regulating chronic liver inflammation . Nardilysin has several other

roles unrelated to hepatic or pancreatic function, however, such as modulation of thermoregulation . It also mediates

cell migration by acting as a specific receptor for heparin-binding epidermal growth factor-like growth . This protein

provides a good example of how paralogs (rather than orthologs) can evolve to develop diverse functions.

2. The Discovery of IDE: An Historical Perspective

More than 70 years ago, Mirsky and Broh–Kahn characterized the existence of a proteolytic activity they named

insulinase, which inactivated insulin in rat tissue extracts from liver, kidney and muscle in vitro . The insulinase activity

was a mixture of specific and non-specific proteases. Almost four decades of work, within several laboratories, would be

conducted on this crude activity before Roth and colleagues eventually cloned the cDNA of Ide, revealing that the insulin-

degrading activity within these extracts was attributable primarily if not exclusively to the action of just one protease, IDE
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. Work on this extract within the early literature, however, resulted in several notable findings. For instance, Mirsky

reported that fasting markedly reduced insulinase activity of rat liver extracts as compared with fasted rats subsequently

fed a regular diet, suggesting a relationship between the insulin content of pancreas and hepatic insulinase activity .

However, refeeding of fasted rats with a high-carbohydrate diet resulted in a greater increase in insulinase than refeeding

with a high-fat diet (HFD) . Interestingly, Mirsky and colleagues were the first to report the existence of a substance

that, in vitro, inhibited the insulinase activity in liver extracts, and they also demonstrated the effect of crude insulinase-

inhibitor preparations on insulin degradation in vivo . Identification of endogenous proteins that interact with and

modulate IDE function has been only partially successful. For example, Brush and colleagues partially purified four

competitive IDE inhibitors from human serum, whose molecular weights were in a range that includes insulin (Cohn

fraction IV) . Ogawa and colleagues purified an endogenous ~14-kDa protein from rat liver that in a competitive manner

inhibited insulin binding and insulin degradation by IDE . Other groups partially purified additional competitive   and

noncompetitive   insulinase inhibitors from rat tissues, but their identities remain unknown. However, Saric and

colleagues successfully identified ubiquitin as an IDE-interacting protein that inhibited the proteolytic activity of IDE in a

reversible, ATP-independent manner . Although the physiological relevance of the non-covalent, and energy-

independent interaction between IDE and ubiquitin remains to be established, these findings may have alternative

implications, such as the possibility that IDE interacts with ubiquitin-like modifiers. Finally, Mirsky described that the

hypoglycemic effect of oral administration of sulfonylureas in diabetic patients was associated with non-competitive

inhibition of insulinase in liver , leading to speculation that the mechanism of action of sulfonylureas was inhibition of

insulin degradation .

The pioneering investigation of the insulinase led to the formulation of an innovative concept to explain the etiology of

diabetes. At a time when the classical view of diabetes, proposed by von Mehring and Minkowski as well as Banting and

Best , was a decrease in the production of insulin by pancreatic β-cells, Mirsky hypothesized that an increase in the

rate of insulin degradation by extrapancreatic tissues, could explain the insulin insufficiency in some diabetic patients .

The role of IDE on the pathophysiology of diabetes has evolved over time, and it will be discussed in this review.

3. The Function of IDE as a Protease of Insulin

IDE was first characterized by its capacity to degrade insulin into several fragments in vitro, yielding major and minor

products. The initial cleavage events occur at the middle of the insulin A and B chains, without specific amino acid

requirements, suggesting that substrate recognition by IDE depends on tertiary structure rather than primary amino acid

sequence . Consistent with this, whereas IDE has a high affinity for insulin (K  ~0.1 µM), proinsulin is a poor

substrate that is hydrolyzed at very slow rates, acting as a competitive inhibitor . Likewise, insulin-like growth factor I

(IGF-I) and IGF-II are substrates of IDE, being IGF-II degraded more rapidly than IGF-I, but both acting as competitive

inhibitors of IDE . Another potent inhibitor of the insulin-degrading activity of IDE is the leader peptide of rat prethiolase

B (P27 peptide), present in peroxisomes .

For decades, the standard assay for assessing insulin-protease activity was the use of purified or partially purified enzyme

preparations of IDE (e.g., from erythrocytes) and [ I]-labelled insulin. Two methods have been used to quantify the

degradation of these radiolabeled peptides, the trichloroacetic acid (TCA) precipitation assay and high-performance liquid

chromatography (HPLC), the former being the most sensitive . Several other IDE activity assays have been

developed, such as fluorogenic FRET-based peptide substrates derived from the sequence of bradykinin   or other IDE

substrates . However, IDE appears to process such short peptides markedly differently from intermediate-sized

substrates ; for instance, the hydrolysis of such substrates is activated by ATP   and other nucleoside polyphosphates

, certain small molecules   and several substrates , while these compounds have no effect or actually inhibit the

degradation of more physiological substrates. To account for this intriguing substrate specificity of IDE, several substrate-

specific degradation assays have been developed for different IDE substrates, including amyloid β-protein (Aβ) ,

glucagon   and amylin . Unfortunately, similarly facile assays for insulin degradation have not yet been identified, so

insulin degradation is now typically quantified by ELISA or HPLC.

Early studies of the kinetics of insulin degradation suggested that the endosomal apparatus is a physiological site of

degradation of internalized insulin in hepatocytes . Within the acidic endosomal lumen, the insulin-IR complex

dissociates and insulin is degraded by endosomal proteases, whereas the IR is recycled to the plasma membrane of the

hepatocyte . Over the past several decades, it has been proposed that endosomal degradation of insulin is mediated

by the action of three endosomal proteases: Cathepsin D , neutral Arg aminopeptidase   and IDE . Cathepsin D

has been shown to be responsible for the majority of the proteolytic degradation within endosomes, in general .

Neutral Arg aminopeptidase is an endosomal Arg convertase involved in the removal of Arg residues from internalized

monoarginyl insulin prior endosomal acidification . The action of this protease is highly selective towards [ArgA0]-
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human insulin peptide, a proinsulin intermediate containing an additional Arg at the amino-terminal insulin A-chain . The

role of IDE in endosomal proteolysis of internalized insulin, however, remains controversial, even though many of the

primary sites of cleavage of internalized insulin are consistent with those produced by purified IDE . At an early

time, following insulin endocytosis, endosomal proteases account for major degradation products containing an intact A-

chain, and cleavages in the B-chain at the Phe -Phe , Gly -Phe , Tyr -Leu  and Ala -Leu  peptide

bonds   (Figure 1). At a later stage, insulin is degraded to its constituent amino acids within endosomes and/or

lysosomes .

Figure 1. Cartoon illustrating the primary structure and cleavage products of human insulin. (A) primary structure of

insulin showing amino acids that interact with IDE (red color)   and with site 1 (blue color) and site 2 (gold color) of

the IR . (B) cleavage products generated by endosomal proteases. At an early time, following insulin

endocytosis, endosomal proteases account for major degradation products containing an intact A-chain, and cleavages in

the B-chain (green arrows). Purple arrows indicate IDE cleavage sites effected by IDE in vitro .

The role of IDE as a protease of insulin has been demonstrated over time in cell extracts and intact cells. Overexpression

of human IDE (hIde) in Chinese hamster ovary (CHO) cells   and monkey kidney COS cells   enhanced the

extracellular degradation of exogenously applied insulin. Likewise, cell extracts from NIH3T3 cells overexpressing

Drosphila IDE (dIde) exhibited enhanced insulin-degrading activity . Based on the use of lysosomotropic agents (which

prevent acidification of intracellular lysosomes and endosomes), Kuo and colleagues showed that insulin degradation was

affected by intact cells via a dIde-mediated intracellular pathway, independently of the lysosome . In addition, this same

team created a stably transfected Ltk  cell line with dexamethasone-inducible overexpression of hIde. IDE expression

upon glucocorticoid induction resulted in increased IDE insulin degradation in both cell lysates and intact cells .

Consistent with these findings, non-specific inhibitors of IDE decreased intracellular insulin degradation in intact HepG2

cells , rat L6 myoblasts , and mouse BC3H1 muscle cells . Similarly, monoclonal antibodies against IDE almost

completely abolished the insulin-degrading activity of IDE from erythrocytes, and microinjection of these antibodies into

HepG2 cells reduced intracellular [ I]-insulin degradation by ~50% . Furthermore, insulin degradation was diminished

by ~50% in HepG2 transfected cells with siRNA against hIde, in parallel with a reduction by more than 50% in IDE protein

and mRNA levels . Similarly, CRISPR/Cas9 targeting of Ide in CHO cells abolished insulin degradation . Finally,

cytosolic and membrane fractions of liver from mice with homozygous deletion of the Ide gene (IDE-KO mouse) showed

impaired [ I]-insulin degradation . Taken together, the above-mentioned studies indicated that increasing IDE activity

increases cellular insulin degradation, and conversely decreasing its activity reduces insulin degradation.

Despite the large body of evidence supporting a role for IDE in insulin degradation within cultured cells, IDE resides

primarily in the cytosol and does not have a signal peptide, so precisely where IDE interacts with insulin or other

substrates remains an unresolved question. On the one hand, Zhao and colleagues found that IDE is exported via an

unconventional protein secretion pathway . On the other hand, a recent study by Song and colleagues   found only

very low levels of IDE secretion from HEK293 and BV2 cells, in quantities never exceeding the non-specific release of

other cytosolic proteins such as lactate dehydrogenase.

The involvement of IDE in insulin degradation in vivo is similarly controversial. For instance, on the one hand, Farris and

colleagues , and Abdul–Hay and colleagues   found that IDE-KO mice exhibited significant increases in plasma

insulin levels. On the other hand, Miller and colleagues   and Steneberg and colleagues   reported that plasma insulin

levels in IDE-KO mice were unchanged relative to wildtype controls. Moreover, we have shown that mice with liver-

specific deletion of Ide (L-IDE-KO mice) display normal insulin levels when fed a regular diet , but elevated levels when

fed a HFD , as is discussed in greater detail below.
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4. Other Proteolytic Functions of IDE

IDE can degrade several other substrates with lower affinity than insulin, including glucagon , somatostatin , amylin

, Aβ , amyloid precursor protein intracellular domain , amyloid Bri and amyloid Dan , atrial natriuretic peptide

, bradykinin and kallidin , calcitonin and β-endorphin , growth hormone-release factor , transforming growth

factor-α , oxidized hemoglobin , cytochrome c , chemokine ligand (CCL)3 and CCL4   and HIV-p6 protein

.

A role for IDE in the processing of insulin epitopes for helper T cells has been reported by Semple and colleagues .

IDE degrades human insulin into peptides that are presented by murine TA3 B-cell antigen-presenting cells to HI/I-Ad-

reactive T cells . Of note, IDE is necessary but not sufficient for the recognition of insulin by T cells . More

controversial is the role of IDE in the proteasome-independent processing of peptides. As shown by Parmentier and

colleagues, MAGE-A3, a cytosolic human tumor protein, is degraded by IDE, leading to different sets of antigenic peptides

presented by major histocompatibility complex (MHC) class I molecules to cytotoxic T lymphocytes (CTLs) .

Immunodepletion of IDE abolished the capacity to produce the antigenic peptide (MAGE-A3 ), whereas expression

of recombinant human IDE was able to produce the antigenic peptide . In addition, Ide RNAi-treated cells reduced the

ability of CTLs to recognize tumor cells . On the other hand, Culina and colleagues, using a number of MHC-I class

molecules and a loss-of-IDE-function approach in human cell lines and two different mouse strains (IDE-KO mouse and

IDE-KO mouse back-crossed to the non-obese diabetic (NOD) strain), concluded that IDE does not play a general major

role in peptide loading to MHC-I molecules .

Other non-insulin-related proteolytic functions of IDE include degrading cleaved leader peptides of peroxisomal proteins

targeted by the type II motif   and, possibly, cleaved mitochondrial targeting sequences, in this case by a mitochondrial

form of IDE generated by alternative translation initiation . IDE has also been implicated in the formation and/or

degradation of “cryptic” peptides (i.e., hidden peptides derived from proteolytic processing of a substrate with different

biochemical functions of parent protein), which is the case for IDE-mediated regulation of cryptic peptides from the

neuropeptide FF (NPFF) precursor (pro-NPFF )   as well as Aβ . In addition, IDE has been proposed to mediate

the degradation of nociceptin/orphanin 1–16 (OFQ/N), a class of neuropeptides involved in pain transmission.

Interestingly, the main hydrolytic peptides of OFQ/N produced by IDE, but not the neuropeptide itself, exhibited inhibitory

activity towards IDE-mediated degradation of insulin .

An example of multiple catalytic and non-catalytic functions of IDE is its role in binding and degrading viral proteins. For

instance, Li and colleagues showed that IDE interacts with the glycoprotein E (gE) from varicella zoster virus (VZV) and

proposed that IDE is the cellular receptor for the virus . This group subsequently demonstrated that binding of IDE to

the N-terminal domain of gE produced a conformational change, increasing its susceptibility to proteolysis . Berarducci

and colleagues found that gE/IDE interaction contributed to skin virulence in vivo . In contrast, the gE/IDE interaction

was not necessary for VZV infection of T cells in vivo . On the other hand, IDE is necessary and sufficient for

degradation of the mature p6 protein of the human immunodeficiency virus 1 (HIV-1) . Of note, p6 is degraded

100-fold more efficiently than insulin . Virus replication was reduced by exogenous insulin or pharmacological

inactivation of IDE with the inhibitor 6bK .

5. Non-Proteolytic Functions of IDE

IDE has been reported to directly interact with androgen and glucocorticoid receptors, enhancing specific DNA binding of

both receptors . Non-competitive inhibition of IDE’s catalytic activity did not block the binding of the androgen receptor

to IDE, but competitive inhibition of IDE blocked its binding, suggesting that IDE-binding sites for the receptor and insulin

are identical or overlapping . Interestingly, dexamethasone, a synthetic glucocorticoid, significantly reduced insulin

binding to IDE without affecting expression levels of the protease in rat hepatoma cells, most likely by inducing a

conformational change or blocking insulin-binding sites . Conversely, the steroid’s effect was blocked by insulin .

The interaction of IDE with androgen and glucocorticoid receptors may be of relevance for steroid hormone action and

metabolism, the crosstalk between insulin and steroid hormones, and the pathophysiology of glucocorticoid-mediated

insulin resistance .

Intriguingly, IDE co-localizes with the ~50-amino acid cytoplasmic tail of the scavenger receptor type A (SR-A), an

important domain for SR-A function, in mouse macrophages . The biological significance of this interaction is

uncertain, because IDE deficiency in bone-marrow derived macrophages (BMDMs) did not alter protein levels of SR-A or

its ability to uptake low-density lipoprotein (LDL)-cholesterol, albeit its deficiency in these cells was associated with higher

levels of intermediate density lipoproteins, LDL-cholesterol and accelerated atherogenesis in LDL receptor knockout
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(Ldlr ) mice . Considering that SR-A participates in multiple cellular processes, including regulation of inflammatory

cytokine synthesis through its interaction with TLR4, it is tempting to hypothesize that IDE deficiency in macrophages may

cause an inflammatory milieu surrounding the arterial wall, thus contributing to the pathophysiology of atherogenesis.

IDE co-immunoprecipitates with SIRT4, a protein with no histone deacetylase activity but with associated ADP-ribosyl-

transferase activity that resides in the mitochondrial matrix . SIRT4 expression is detected in several mouse tissues

including liver , and human pancreatic β-cells . SIRT4 depletion in INS1 and MIN6 cells markedly

increased insulin secretion without altering basal secretion and intracellular insulin content . Conversely, SIRT4

overexpression in INS1 cells suppressed glucose-induced insulin secretion. Of note, insulin secretion stimulated with the

secretagogue KCl, which bypasses mitochondrial activation, remained unaltered in SIRT4-depleted INS-1E cells .

Once more, the biological significance of this interaction remains undeciphered, because there are no reports on the ADP-

ribosylation of IDE, and the mitochondrial function of IDE is not clarified. However, IDE depletion in INS1-E cells using

siRNA-IDE and shRNA-IDE significantly decreases glucose-stimulated insulin secretion . The contributions of the

cytosolic and mitochondrial forms of IDE in regulating insulin secretion, and the association of the later with SIRT4,

warrants further research.

IDE has been identified as an interacting partner of intermediate filaments, one of the three major cytoskeletal

components that serve as a scaffold for signaling molecules, modulating their distribution and activity . Specifically,

IDE has been shown to interact with disassembled and soluble vimentin/nestin complexes during mitosis . Vimentin

plays a dominant role in targeting IDE to the complex and binds to IDE with higher affinity than nestin. Phosphorylation of

vimentin is not required for its binding to IDE, but the interaction is enhanced by vimentin phosphorylation at Ser-55. On

the other hand, binding of IDE to nestin promotes the disassembly of vimentin intermediate filaments, most likely by

rendering the phosphorylated vimentin more accessible for IDE. The binding of IDE to nestin is phosphorylation

independent. Interestingly, the binding of nestin or phosphorylated vimentin suppressed by ~2-fold the insulin-degrading

activity of IDE but increased its proteolytic activity toward bradykinin . These data suggest that IDE may be involved in

regulating the turnover and/or subcellular localization of cytosolic proteins and peptides. In this context, it has to be noted

that integrins are a major family of cell adhesion receptors that mediate attachment of cells to the extracellular matrix.

Recruitment of integrins and other proteins forms multi-protein complexes on the cytoplasmic face of the membrane

named focal adhesions, which allow the anchoring of the actin cytoskeleton to the plasma membrane, providing a linkage

between the extracellular environment and the cytoplasm. Integrins do not have intrinsic kinase activity and signaling

depends upon the recruitment and activation of focal adhesion kinase (FaK), a cytoplasmic protein tyrosine kinase 

. Significantly, Liu and colleagues identified IDE as a binding partner that interacts with C-terminal domain of FaK  .

The relevance of the interaction between IDE and FaK in regulating recruitment of cytoskeletal proteins and the assembly

of focal adhesions, a process that is important for cell migration, survival and proliferation, remains to be elucidated.

IDE, in a non-proteolytic manner, binds to α-synuclein oligomers leading to the formation of stable and irreversible

complexes, precluding amyloid formation . α-synuclein is a synaptic signaling protein with three domains—the N-

terminus, which interacts with membranes, the amyloidogenic domain and the C-terminus, which is involved in the

pathogenesis of Parkinson’s disease . Interestingly, the catalytic activity of IDE on a bradykinin-based fluorogenic

substrate was increased in the presence of α-synuclein . The interaction between both proteins appears to require

electrostatic attraction involving the exosite region of IDE, which is positively charged, and the C-terminus of α-synuclein,

which contains many negatively charged amino acids . The role of IDE in the turnover of amyloidogenic proteins and

the non-proteolytic prevention of toxic amyloid formation—in the case of α-synuclein via a so-called “dead-end chaperone

function”—appears to be important for pancreatic β-cells function. In this connection, Steneberg and colleagues showed

that genetic deletion of Ide in pancreatic β-cells led to the formation α-synuclein oligomers and fibril accumulation, which

was associated with impaired insulin secretion and reduced granule turnover, possibly by disruption of the microtubule

network .

Sorting nexin 5 (SNX5) is a member of the sorting nexin family that regulates intracellular trafficking and is abundantly

expressed in kidney . Its expression is reduced in Zucker rats, a model of obesity, hyperinsulinemia and insulin

resistance . The Snx5 gene is located on chromosome 20p, a susceptibility quantitative trait locus for high fasting

plasma insulin levels and insulin resistance . Li and colleagues have shown that IDE colocalizes with SNX5 in the

brush border membrane of proximal tubules and the luminal side of distal convoluted tubules of human and rat kidneys, in

addition to the plasma membrane and perinuclear area of human renal proximal tubule cells (hRPTCs) . Furthermore,

exposure of hRPTCs to insulin increased colocalization and co-immunoprecipitation of IDE and SNX5. Interestingly,

SNX5-depleted hRPTCs exhibit reduced IDE activity and protein levels, in parallel with decreased expression of the IR
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and downstream insulin signaling . Similarly, renal subcapsular infusion of SNX5-specific siRNA decreased IDE

mRNA and protein expression in kidneys of mice . These studies underline the potential significance of renal IDE in

the regulation of circulating insulin levels as well as insulin sensitivity in kidneys.

The human retinoblastoma (RB) protein acts as a tumor suppressor that negatively regulates cell cycle progression at the

G1/S transition through its interaction with the E2F family of transcription factors . IDE co-purifies with RB on

proteasomal preparations of breast cancer and hepatoma cells . Similarly, IDE co-immunoprecipitates with the tumor

suppressor phosphatase and tensin homolog deleted on chromosome 10 (PTEN) . IDE accelerates PTEN

degradation by SIRT4 in response to nutritional starvation stresses . Although the underlying molecular mechanisms

have not been fully elucidated, these findings support a role for IDE in insulin-driven oncogenesis. Likewise, Tundo and

colleagues have hypothesized that IDE, in a heat shock protein-like fashion, may be implicated in cell growth regulation

and cancer progression . In normal cells (human fibroblasts cell line and human peripheral blood lymphocytes) and

malignant cells (human neuroblastoma cell line (SHSY5Y) and human lymphoblastic-like cells line (Jurkat cells)) exposed

to heat shock, H O  and serum starvation, IDE is markedly up-regulated at both protein and mRNA levels. Additionally,

delivery of IDE siRNA to SHSY5Y cells led to extensive apoptotic cell death; and administration of ATRA (a vitamin A

precursor used in the clinical treatment of neuroblastoma) significantly decreased intracellular IDE content .

6. Molecular and Biochemical Characteristics of IDE

IDE is synthesized as a single polypeptide with a molecular weight of ~110 kDa by a gene located on human

chromosome 10 q23–q25, and mouse chromosome 19, respectively . Ide coding mutations have been associated

with the development of T2DM in the Goto–Kakizaki rat model . Fakhrai–Rad and colleagues identified two missense

mutations (H18R and A890V) in IDE that decrease the ability to degrade insulin by 31% in transfected cells. They reported

a synergistic effect of the two mutations on insulin degradation, which is somewhat puzzling given that H18R is present

within the mitochondrial targeting sequence of IDE produced by alternative translation initiation . Farris and

colleagues, by contrast, found that recombinant IDE containing the A980V mutation alone exhibited reduced catalytic

efficiency of both insulin and Aβ degradation, suggesting that this mutation is most relevant to proteolytic function .

Interestingly, no effect on insulin degradation was seen in cell lysates of Ide-transfected COS cells, suggesting that the

effect may be dependent upon receptor-mediated internalization of the hormone .

IDE assembles as a stable homodimer, although it can exist as an equilibrium of monomers, dimers and tetramers .

Each monomer is comprised four homologous domains (named 1–4). The first two domains constitute the N-terminal

portion (IDE-N), and the last two the C-terminal portion (IDE-C). IDE-N and IDE-C are joined by an extended loop of 28

amino acids. In the human IDE dimer, the interface between the two monomers is formed by 18 residues of domains 3

and 4 (IDE-C) . Interestingly, the crystal structure of rat IDE, obtained by Hersh and colleagues , revealed a

different homodimer interface than human IDE. In rat IDE, deletion of the last 18 amino acids abolished homodimer

formation while simultaneously eliminating allosteric effects reflective of inter-subunit cooperativity . The active site of

IDE consists of a catalytic tetramer, HxxEHx E, located inside domain 1, in which two histidine residues (H108 and

H112) and a glutamate (E189) coordinate the binding of the Zn  ion and a second glutamate (E111) plays an essential

role in catalysis. Glutamate E111 activates a catalytic water molecule for the nucleophilic attack that mediates peptide

hydrolysis . Although the catalytic site is entirely inside IDE-N domain, the IDE-C is necessary for correct substrate

recognition . Site-directed mutagenesis revealed that mutating IDE H108 (i.e., H108L and H108Q) abolished catalytic

activity of the enzyme, but not the ability to bind insulin. Similarly, mutation E111Q abolished proteolytic activity .

Substrates for IDE are almost exclusively intermediate-size (~20–40 amino acids) peptide substrates, with rare

exceptions, such as oxidized hemoglobin . This size preference is the result of the overall structure of IDE, which

resembles a clamshell, with two bowl-shaped domains (IDE-C and IDE-N) facing one another, connected by a hinge, and

together forming a ~13,000-Å  internal chamber (Figure 2). These domains can pivot on the hinge, thus adopting “open”

and “closed” conformations. Transition to the open conformation is required for entry of substrates and exit of proteolytic

products, and there is strong evidence that transition to the closed conformation is a requirement for proteolytic

processing. Consistent with this, site-directed mutagenesis revealed that the complete active site of IDE is in fact bipartite,

consisting of residues within both IDE-N and IDE-C , a conclusion that is confirmed by numerous crystal structures

. Due to the placement of the bipartite active site within the chamber of the closed protease, substrates must be small

enough to fit completely within this chamber to be processed. To facilitate binding and subsequent cleavages at the

catalytic site, larger substrates interact with an exosite within domain 2 located ~30 Å away from the active-site Zn ,

which anchors the N-terminus of several substrates . Because of the unusual requirement that substrates fit within the

internal chamber, the substrate selectivity of IDE is based more on the tertiary structure of substrates than their primary

amino acid sequence. IDE shows some preference for cleavage at basic or bulky hydrophobic residues at the P1’site of

[134][136]

[134]

[137]

[138]

[139]

[139]

[140]

2 2

[140]

[20][70]

[141]

[107]

[142]

[141][142]

[52]

[143] [144]

[144]

76
2+

[63][145]

[146]

[145][147]

[99]

3

[148]

[149]

2+

[50]



the target protein , but this subsite specificity is not strict, and IDE commonly cleaves at vicinal peptide bonds within

substrates  . Of note, substrates containing positively charged residues at their C-terminus are poor IDE substrates .

Thus glucagon, which lack of positively charged amino acids at the C-terminal is an IDE substrate, but not glucagon-like

peptide .

Figure 2. Cartoon illustrating the binding of insulin by IDE. IDE is in an equilibrium between “opened” and “closed”

conformational states. In the absence of a substrate (e.g., insulin), IDE is preferentially in the closed conformation. IDE

must adopt the open conformation for substrates to enter the internal chamber, whereas the protease must assume the

closed conformation for proteolysis to occur. Release of the cleavage products requires a return to the open conformation.

The requirement for a transition between the “closed” and “open” conformations has an additional implication for the

activity of IDE. There is extensive hydrogen bonding between the two halves of IDE, creating a “latch” that tends to

maintain the protease in the closed conformation . Consistent with this idea, most crystal structures of IDE,

whether empty or occupied by substrate, show the protease in the closed conformation . Notably, mutation of some of

the residues mediating this interaction has been shown to activate the protease by as much as 15-fold . It is estimated

that in the absence of other factors, ~99% of IDE molecules are normally in the closed conformation (M.L. unpublished

observations), suggesting that a significant of latent IDE activity could be untapped, for example, by compounds that

disrupt this “latch” .

Interestingly, somatostatin, a hormone produced and secreted by the hypothalamus and in the pancreas by δ-cells, that

inhibits glucose-stimulated insulin secretion , in addition to being a substrate of IDE, also regulates its function.

Somatostatin binds to two additional exosites named “somatostatin-binding exosites” which play different roles according

to the size of the substrates and its binding mode to the IDE catalytic cleft .

As mentioned above, a mitochondrial isoform of IDE was identified by Leissring and colleagues, which is formed by

alternative translation initiation . The open reading frames of human, rat, and mouse Ide cDNAs contain two in-frame

translational codons encoding proteins beginning either at the first (Met -IDE) or the 42nd amino acid (Met -IDE). Met -

IDE (the shorter isoform) is the predominant isoform expressed in tissues and culture cells , because the nucleotide

sequence surrounding the second initiation codon contains a better Kozak consensus sequence for initiation of

translation. Although the Met -IDE isoform is predicted to be less efficiently translated, it could nevertheless account for a

significant fraction of total cellular IDE . Currently, it is uncertain whether the mitochondrial isoform plays a major role

in human disease.

In addition to the two possible translation initiation sites (Met -IDE and Met -IDE), Farris and colleagues identified a

novel splice isoform in which exon 15a is replaced by a novel exon, 15b . The resultant variant is widely expressed

and present in both cytosol and mitochondria. The 15b-IDE isoform can exist as homodimer or as heterodimer with the

15a isoform. The catalytic efficiency of the 15b-IDE isoform is significantly lower than the 15a-IDE isoform .

IDE expression is regulated during cell differentiation and growth. During rat development (6–7 days of age) to adulthood,

Ide mRNA levels increased in brain, testis and tongue with a concomitant decreased expression in muscle and skin but

remained unchanged in other tissues. In the adult rat, Ide mRNA is higher in testis, tongue and brain, and lower in spleen,

lung, thymus and uterus . Interestingly, IDE activity is affected by aging. The highest IDE activity is observed in

muscle, liver and kidneys of 4-week-old rats. The IDE activity in muscle and liver at 7 weeks of age is lower than at 4

weeks, with similar activity in kidney. The lowest activity of IDE was observed in muscle, liver and kidneys of 1-year-old

rats .
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7. Subcellular Localization of IDE

The subcellular localization of IDE is mainly cytosolic , but it has been reported to be present in several

other subcellular compartments, including endosomes , peroxisomes , mitochondria , plasma membrane

, endoplasmic reticulum , exosomes , the extracellular space   and even in human

cerebrospinal fluid . If IDE is primarily cytosolic, its role as an insulin protease seems to be called into question. Two

main pathways for insulin internalization have been described. At physiological concentrations, insulin is internalized

through an IR-mediated process (see reference   for a comprehensive review of IDE’s role on insulin uptake and

clearance), whereas at higher concentrations a non-receptor mediated uptake internalizes insulin to endosomes . In

both pathways, insulin is internalized in endosomes, which begs an important question: How can insulin gain access to

the cytosol to be degraded by IDE? Several studies proposed that internalized insulin is probably released to the cytosol

by endosomes . The mechanism by which insulin is transported through the membrane of endosomes and enter the

cytosol is not well understood, but it has been proposed a two-step process involving acidification of the endosome and

unfolding of insulin molecules, which help it pass through the membrane . Modulation of IDE activity may have a

significant impact in the accumulation of cytosolic and nuclear insulin or insulin-bound cytoplasmatic proteins 

.

An alternative locus for the interaction between IDE and insulin (and other substrates) is the extracellular space. As

mentioned, IDE does not have a signal peptide and is not exported via the classical secretion pathway . Many reports

indicate that IDE is secreted in significant quantities from various cell types (e.g., ), but a recent analysis 

suggests that IDE release from cultured cells might be non-specific. There is a great need for additional research on this

topic, as it is of central significance to the functional role of IDE in regulating the levels of insulin and other IDE substrates.

8. Transcriptional and Posttranscriptional Regulation of IDE

Although the role of IDE in the regulation of hepatic insulin signaling and glucose homeostasis has been investigated 

, the physiological regulation of its expression and activity in hepatocytes remains poorly understood. In human

hepatocellular carcinoma HepG2 cells grown in normal glucose medium, exposure to insulin for 24-h did not regulate Ide
mRNA or protein levels . Likewise, in the presence of high glucose levels, insulin increased expression of Ide mRNA,

but without changes in levels of IDE . However, insulin increased hepatic IDE activity, but this insulin-mediated effect

was abolished in the presence of high glucose levels . The underlying mechanism(s) by which 24-h exposure to

insulin regulates IDE activity remains to be deciphered. As mentioned above, human Ide mRNA undergoes alternative

splicing in exon 15 . Pivovarova and colleagues showed that the relative proportion of the more proteolytically active

15a splice isoform was increased after insulin treatment, independently of glucose levels .

Insulin-mediated regulation of IDE has also been investigated in mouse primary hippocampal neurons. Contrary to

hepatocytes, exogenous insulin application upregulates IDE protein levels, and this insulin-mediated effect was abolished

by inhibition of the insulin-signaling component phosphoinositide 3-kinase (PI3K) . These findings suggest that, within

certain cell types, there is a negative feedback mechanism whereby insulin-mediated activation of IR upregulates IDE to

prevent chronic activation of the pathway in the presence of high insulin levels.

The effects of glucagon on IDE function in hepatocytes was investigated by Wei and colleagues. In a time-dependent

manner, glucagon (100 ng/mL) upregulated IDE protein levels in Hepa 1c1c7 cells. A similar pattern was observed after

preincubation of hepatic cells with forskolin (10 µM), an activator of protein kinase A (PKA), suggesting that the glucagon-

mediated regulation of IDE proceeds via a cAMP/PKA-dependent pathway . The physiological and pathophysiological

relevance of these findings awaits further validation in vivo.

Lin and colleagues demonstrated that Fas-associated protein with death domain (FADD), a classical adaptor in the Fas-

FasL signaling pathway, which is phosphorylated in response to members of the tumor necrosis factor receptor family,

regulates the expression of IDE at the transcriptional level, without affecting the stability of Ide mRNA in HepG2 cells .

FADD knockdown in HepG2 cells by siRNA resulted in downregulation of both mRNA and protein levels of IDE without

change in IDE mRNA stability. Similar effects on IDE mRNA and protein levels were observed in the liver of mice

overexpressing FADD-D (a mimic of constitutively phosphorylated FADD) as well as in primary hepatocytes cultured from

these mice, effects that were attributable to reduced stability of IDE protein . Interestingly, in primary hepatocytes from

FADD-D mice, nuclear translocation of the transcription factor forkhead box O1 (FoxO1) is enhanced, and the

transcriptional activity of the IDE promoter in response to FADD knockdown in HEK293T cells was decreased.

Furthermore, the transcriptional activity of the Ide promoter was reduced by expressing FoxO1 in HEK293T cells .

Altogether, these results point out that FADD phosphorylation may reduce the expression of IDE by promoting the nuclear
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translocation of FoxO1. The detailed regulatory mechanism by which FADD phosphorylation regulates transcriptional

activity of the Ide promoter in hepatocytes requires further experimental confirmation. In addition, these findings open an

avenue to explore whether the insulin signaling pathway through FoxO1 regulates IDE levels in hepatocytes.

The cannabinoid receptor 1 (CB1) is a seven-transmembrane G protein-coupled receptor present in liver, and its

activation by endocannabinoids stimulates lipogenic genes in hepatocytes, leading to increased fatty acid synthesis .

Pancellular genetic deletion of CB1 in mice resulted in resistance to diet-induced obesity, and liver-specific deletion in

mice fed a HFD showed lower insulin resistance, hyperglycemia and steatosis . In HepG2 cells, the endocannabinoid

anandamide, a metabolite of the non-oxidative metabolism of arachidonic acid that is a partial agonist of CB1, causes

down-regulation of IDE in a time-dependent manner, in parallel with Ser307 phosphorylation of insulin receptor substrate

1 (IRS1) . Likewise, acute treatment with anandamide or feeding with a HFD reduced hepatic IDE levels, in parallel

with insulin resistance in mice. The CB1-mediated regulation of IDE was further corroborated by the finding that hepatic

IDE expression is downregulated in mice that overexpress CB1 in hepatocytes (htgCB1 mice) but not in CB1 knockout

mice  . Of note, htgCB1 mice displayed down-regulation of IDE and its proteolytic activity, but unaltered levels of

phosphorylated carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1), in parallel with hepatic insulin

resistance, lower insulin clearance and moderate hyperinsulinemia .

The impact of inflammation mediators on IDE function has also been examined in hepatocytes and pancreatic cells.

Interleukin-6 (IL-6) is a pro-inflammatory cytokine that mediates inflammation associated with insulin resistance in the liver

and other tissues . In HepG2 cells, exposure to IL-6 increases IDE protein levels . Conversely, in livers of IL-6

knockout mice, which develop glucose intolerance without a change in insulin sensitivity, hepatic insulin clearance is

reduced, which is associated with reductions in the levels of IDE mRNA, protein and activity . In addition, IL-6

knockout mice exhibited diminished C-peptide secretion after administration of an intraperitoneal (IP) glucose bolus, and

reduced glucose-stimulated insulin secretion in isolated pancreatic islets, leading to lower fasting plasma insulin levels

. In the opposite direction of IL-6’s effect on hepatic IDE function, exposure to tumor necrosis factor α (TNFα)

decreased IDE mRNA and protein levels in Hepa 1c1c7 cells . Thus, additional work is warranted, but these findings

suggest IDE may play a role in the mechanisms linking inflammation to the regulation of pancreatic insulin secretion and

hepatic insulin resistance.

In addition to the aforementioned, other modulators can regulate IDE protein and activity levels. Thus, ATP and other

nucleoside polyphosphates, as well as polyphosphate alone, induce dose-dependent allosteric inhibition of insulin

degradation and, concomitantly, activation of short fluorogenic peptide substrates at physiologically relevant

concentrations (1–5 mM) . Interestingly, the activating effect is stronger for nucleoside triphosphates than

nucleoside di- or monophosphates, and is attenuated in the presence of Mg  . Polyphosphate binding has been

shown to occur at a specific region within IDE, known as the polyanion-binding domain , and appears to mediate

activation of the protease towards short substrates by facilitating the transition from the closed state to the open

conformation . Camberos and colleagues reported that IDE has ATPase activity , but this was not confirmed by

other investigators (M. Leissring, unpublished observations) and a molecular mechanism for this functionality is not

evident from the crystal structures of IDE .

Acidic pH also affects the ability of IDE to bind insulin and alter its degradation by inducing dissociation of the

oligomerization state into monomeric units. Since IDE is most active at neutral and basic pH, suggest that cellular acidosis

may regulate insulin signaling and degradation . Further studies are necessary to understand the impact of clinically

relevant diabetic ketoacidosis, and starvation ketoacidosis stimulated by the combination of low insulin and high glucagon

on IDE function.

Nitric oxide (NO) production is known to play an important role in permissive regulation of glucose-stimulated insulin

secretion, and hepatic insulin resistance . In this connection, it is interesting to note that S-nitrosylation of IDE,

mediated by S-nitrosoglutathione, a potent physiologically relevant NO donor source in cells, inhibited the proteolytic

activity of IDE  . Notably, NO donors exert this effect in a non-competitive manner, without affecting insulin binding to

IDE or the insulin degradation products it produces . Similarly, Cordes and colleagues showed that NO inhibited the

degrading activity of IDE in rat liver homogenates in a dose-dependent manner . Somewhat controversially, Natali and

colleagues have postulated that the increased insulin clearance evoked by systemic blockage of endogenous NO

synthesis in humans may be accounted for by effects on IDE function in liver ; however, the physiological and

pathophysiological relevance of this proposed mechanism of IDE regulation on hepatic insulin action and signaling awaits

further confirmation.
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IDE is vulnerable to oxidative damage in multiple ways. For instance, IDE has been shown to be covalently modified and

consequently inactivated by 4-hydroxynonenal (HNE), an oxidative byproduct of lipid metabolism . Of note, in the

brains of mice, HNE-modified IDE accrues in an age-dependent manner, being particularly abundant in brain regions

affecting in Alzheimer’s disease . HNE, H O  and other oxidizing agents act, not only, to inhibit IDE proteolytic activity,

but also promote the proteolysis of IDE itself by other proteases . Conversely, dietary vitamin E supplementation, a

classical lipophilic antioxidant that protect against free radicals , increased IDE mRNA levels in livers of rats, which

was associated with improved glucose tolerance and insulin sensitivity .

The effects of caloric restriction and exercise on IDE function have been examined in mice, as well. Mice fed a low-protein

diet for 14 weeks showed improved glucose tolerance and hepatic insulin sensitivity, in parallel with reduced insulin

secretion and clearance, which was associated with ~50% reduction in IDE protein levels in the liver . Likewise, caloric

restriction (food restriction of 40%) for 21 days resulted in improved glucose tolerance and insulin sensitivity in rats, which

was associated with lower hepatic IDE protein levels . Mice subjected to a single bout of exercise on treadmill for 3-h

showed reduced glycemia and insulin sensitivity, in parallel with higher insulin secretion in isolated islets and insulin

clearance, which was associated with increased expression of IDE in the liver .

Exposure to increasing amounts of free fatty acids (FFA) released from adipose tissue promotes the development of

hepatic insulin resistance and impaired glucose-stimulated insulin secretion in pancreatic β-cells , and some

reports suggest that IDE may be either affected by or involved in this phenomenon. Early reports showed that FFA

reduced leakage of IDE from isolated rat hepatocytes and inhibited the proteolytic activity of IDE released from adipocytes

. Svedberg and colleagues investigated the effect of different fatty acids on insulin binding, degradation and action

in isolated rat hepatocytes, finding that different fatty acids rapidly decreased insulin binding and degradation in isolated

hepatocytes . Furthermore, the effect of FFA was specifically on the rate of insulin receptor internalization and/or

recycling . Of note, Hamel and colleagues identified a fatty acid-binding motif within IDE and subsequently examined

the effect of FFA and their acyl-coenzyme A thioesters on IDE partially purified from rat livers . They observed that

both saturated and unsaturated long-chain FFA, and the corresponding acyl-coenzyme A thioesters, inhibited insulin

degradation in a non-competitive manner, but did not inhibit binding of the hormone to IDE . In addition to the effect of

FFA on IDE activity, Wei and colleagues investigated the impact of FFA on IDE expression, showing that palmitic acid (300

µM) augmented IDE protein levels in Hepa 1c1c7 cells . These results are not in accordance with effects of FFA on

IDE expression in brain, where palmitic acid reduced, while docosahexaenoic increased, IDE protein levels in neuron .

Furthermore, palmitic acid attenuated the effect of docosahexaenoic acid in brain . In light of these studies, it is

tempting to hypothesize that obese patients are exposed to increasing amounts of saturated FFA (e.g., palmitic acid)

released from mesenteric and omental fat via the portal system, which would be predicted to inhibit both proteolytic and

non-proteolytic functions of IDE, in turn decreasing insulin clearance, whether directly by reducing IDE levels and/or

activity or indirectly via mechanisms involving IR internalization and/or recycling. This mechanism may help explain the

insulin resistance and hyperinsulinemia seen in obese patients, but further research is needed to validate this hypothesis.

9. Pharmacological Modulation of IDE

The proteolytic activity of IDE in vitro is sensitive to non-specific inhibitors such as EDTA (a metal-chelating agent), 1,10-

phenanthroline (a Zn  chelator), p-hydroxymercuribenzoate and iodoacetate (cysteine proteinase inhibitors), N-

ethylmaleimide (NEM) and p-chloromercuribenzoate (sulfhydryl-reactive compounds) and bacitracin (cyclic polypeptides

from B. subtilis that inhibit bacterial growth) . Importantly, IDE is sensitive to inhibition by sulfhydryl-directed

reactions, such as alkylation (NEM) and oxidative inactivation (H O ) . The multi-functional roles of

IDE, and the fact that most existing inhibitors were non-selective, inspired the development of pharmacological inhibitors

of IDE. The first potent and selective IDE inhibitor was developed by Leissring and colleagues, who used a rational drug

design approach based on analysis of the subsite sequence selectivity of IDE, resulting in Ii1, a highly potent (K  = 2 nM)

peptide hydroxamic acid . Another thiol-targeting IDE inhibitor developed by this group, ML345, is of interest because

it selectively targets extracellular IDE while sparing cytosolic IDE via the formation of a redox-sensitive disulfide bond .

More recently, a potent and commercially available IDE inhibitor, 6bK, was developed by Maianti and colleagues ,

which is highly selective because it targets the exosite rather than the active site within IDE. Further, 6bK is notable

because it exhibited multiple antidiabetic properties in vivo . A recent drug-repurposing screen conducted by Leroux

and colleagues   identified an existing drug, ebselen (EB), a synthetic organoselenium compound with antioxidant and

anti-inflammatory properties, as a potent pharmacological inhibitor of IDE (apparent IC  against insulin degradation = 14

nM) . EB was found to inhibit IDE via unusual mechanisms of action. First, EB was shown to be a

reversible inhibitor , despite the fact that it is known to covalently modify cysteine residues , and despite the fact

that it was inactive against a cysteine-free form of IDE . While the reversibility of EB action would suggest the

compound does not directly modify thiols, an independent study found that a biotinylated form of EB interacts with IDE in
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a covalent manner . Second, EB was found to shift the quaternary structure of IDE, destabilizing the homodimer and

promoting monomer formation . Interestingly, EB has an insulin-mimetic action, reducing hyperglycemia, enhancing

glucose uptake in peripheral tissues , restoring glucose-stimulated insulin secretion in pancreatic β-cells , and

improving hepatic insulin signaling and β-cell survival , suggesting that EB-mediated IDE inhibition may be involved in

the mechanism of action of this compound. Consistent with the idea that IDE inhibition could potentiate insulin signaling,

Leissring and colleagues identified peptidic IDE inhibitors via phage display that promote insulin-dependent collagen

production in skin fibroblasts and migration in cultured keratinocytes, suggesting these compounds may have therapeutic

value for promoting wound healing . Finally, in another interesting application of IDE inhibitors, Demidowich and

colleagues proposed the utility of using bacitracin in blood samples to counteract insulin degradation from IDE released

during hemolysis, which complicates interpretation of clinical data .

Indirect effects of several diabetes drugs, such as thiazolidinediones, on the levels and functionality of IDE have also been

investigated. Pioglitazone, an insulin sensitizer that enhances insulin action and decreases hepatic gluconeogenesis in

liver  , increased IDE mRNA and protein levels in a time-dependent manner in the mouse hepatoma cell line Hepa

1c1c7 . In addition, pioglitazone administration resulted in higher IDE mRNA and protein levels in livers of mice fed a

HFD concomitant with improved insulin sensitivity and lower circulating glucose and insulin levels . Troglitazone was

the first thiazolidinedione to be used in diabetic patients but was subsequently withdrawn for clinical use due to its

hepatotoxicity . Troglitazone administration reduced hepatic triglyceride content and decreased de novo lipogenesis, in

parallel with higher insulin clearance in rats fed a high-sucrose diet for two weeks. These metabolic improvements were

associated with augmented IDE activity, but similar IDE protein levels in the liver .
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