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This Special Issue, Islet Biology and Metabolism, was intended as a collection of studies
highlighting the importance of the pancreatic islet—in both form and function—to our
growing understanding of metabolic physiology and disease.

The pancreatic islets of Langerhans are composed of five distinct secretory cell types
that influence metabolism via the secretion of carefully balanced mixtures of islet hormones
into the circulation. By mass, the beta-cells contribute to 60–70% of the islet and are
responsible for the secretion of the only glucose-lowering hormone insulin [1]. Alpha-cells,
which secrete glucagon, make up another 20–30% of the islet, with delta-cells, epsilon-cells,
and PP-cells, which secrete somatostatin, ghrelin, and pancreatic polypeptide, respectively,
representing the approximate 10% remaining [1] endocrine cell types. As beta-cells are
the primary cell type of the islet, islet function is often studied correlatively with beta-cell
function, which in turn is often studied synonymously with insulin secretion.

In most species, including humans, insulin secretion is bi-phasic, with a rapid first
phase followed by a slower but sustained second phase of secretion. These distinct phases
of secretion are mediated by two pathways. The first, triggered by nutrient or glucose-
stimulated closure of the ATP-sensitive K+-channels and subsequent depolarisation-induced
influx of calcium, is termed the “triggering pathway” [2]. The second, termed the “ampli-
fying pathway”, which relies on metabolic amplification of the initial stimulus originating
at the mitochondria, is reviewed in this Special Issue by Rustenbeck et al. [3]. Gerber et al.
also presently reported on dose-dependent responses within mouse and human islets with
extremely high glucose concentrations driven by the amplifying pathway—outcomes that
have been unappreciated despite comparable clinical observations [4]. Relatedly, the role
of mitochondrial metabolism is further highlighted in a study by Kabra et al., who utilised
a diet-induced obesity model to correlate and classify properties of islet mitochondrial
respiration with respect to glucose-stimulated insulin secretion in the islet [5].

Zooming in deeper within the beta-cell, we approach the subcellular compartments
inside which insulin is synthesised, processed, and stored. These vesicles, termed insulin
secretory granules, and the proteins involved in their formation, maturation, and secretion,
are comprehensively discussed by Germanos et al. [6] within this Special Issue. This
article is further complemented by a review on the technical advances and limitations in
the isolation of insulin secretory granules for analysis by Norri et al. [7], which reflects
particularly on knowledge gaps in the field with respect to insulin granule proteomics.

As we continue to advance our characterisation of the beta-cell and the islet, new tech-
niques and technologies are becoming available. The use of machine learning to augment
our analyses is showcased in a study by Cottle et al. [8], which demonstrated the utility
of deep learning to model 3D pancreatic islets and measure subcellular proteins of beta-
cells within pancreatic slices. As these analyses show their capability to identify cellular
polarity within islets—a phenomenon closely associated to beta-cell regulated secretory
behaviour [9]—they further highlight their potential to make functional assessments of
whole islets in situ.

Indeed, a better understanding of the functional islet in its native environment is
especially critical to our understanding of the progression of disease. For example, it
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is well known that maternal nutrition plays an important role in programming beta-cell
development and the function of her offspring. In a detailed review, O’Hara et al. discussed
our current understanding of fetal exposure to either maternal caloric excess or nutrient
restriction. Significantly, they discussed the effects of fetal malnutrition with respect to
multiple outcomes, from mitochondrial metabolism to islet morphology and beta-cell
function and the consequences for Type 2 Diabetes development [10].

In Type 1 Diabetes (T1D), autoimmune-destruction of the pancreatic beta-cells results
in insulin insufficiency [11], and islet transplantation is an established approach to beta-cell
replacement therapy for patients with T1D. This involved isolating islets from the pancreas
of a deceased donor and implanting them into a T1D patient. Although recent advances in
islet isolation and culture techniques have improved the quality of transplant islets and thus
the outcomes of patients, there are still several experimental and logistical issues that could
be optimised. Presently, Hawthorne et al. discussed the implications and outcomes for
islet transplant across large distances with respect to the national islet transplant network
in Australia [12]. Furthermore, in an experimental mouse transplant model, Leibiger et al.
demonstrated a proof-of-concept technique that allows the expression and functional action
of a non-native hormone in intraocular transplanted pseudo-islets [13].

T1D pathology is further reviewed in this Special Issue in the context of the gut
microbiome by Priyadarshini et al., who particularly implicated short-chain fatty acid
receptors as potential targets for therapy [14]. Additionally, two research articles focused
on the prevention of T1D incidence and progression using the spontaneous diabetic NOD
mouse model. The first, by Waters et al., investigated the role of the SLC6A19 amino acid
transporter in the development of T1D using SLC6A19-deficient female NOD mice [15],
and the second, by Borg et al., assessed the benefit of the anti-advanced glycation end
products drug Alagebrium Chloride as a pre-diabetic therapy and its subsequent effects on
pancreatic function [16].

Altogether, these articles present a high-quality perspective of both innovative and
established islet biology research. As guest editors, we would like to thank all the authors
for their noteworthy studies, the peer reviewers for their assessments and comments for
the refinement of these articles, and the Metabolites Editorial Office for their support and
contributions to this Islet Biology and Metabolism Special Issue.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: The pancreatic β-cell is purpose-built for the production and secretion of insulin, the only
hormone that can remove glucose from the bloodstream. Insulin is kept inside miniature membrane-
bound storage compartments known as secretory granules (SGs), and these specialized organelles
can readily fuse with the plasma membrane upon cellular stimulation to release insulin. Insulin
is synthesized in the endoplasmic reticulum (ER) as a biologically inactive precursor, proinsulin,
along with several other proteins that will also become members of the insulin SG. Their coordinated
synthesis enables synchronized transit through the ER and Golgi apparatus for congregation at the
trans-Golgi network, the initiating site of SG biogenesis. Here, proinsulin and its constituents enter
the SG where conditions are optimized for proinsulin processing into insulin and subsequent insulin
storage. A healthy β-cell is continually generating SGs to supply insulin in vast excess to what is
secreted. Conversely, in type 2 diabetes (T2D), the inability of failing β-cells to secrete may be due to
the limited biosynthesis of new insulin. Factors that drive the formation and maturation of SGs and
thus the production of insulin are therefore critical for systemic glucose control. Here, we detail the
formative hours of the insulin SG from the luminal perspective. We do this by mapping the journey
of individual members of the SG as they contribute to its genesis.

Keywords: insulin; islet amyloid polypeptide (IAPP); granin; secretory pathway; trans-Golgi network
(TGN); granule; pancreatic β-cell

1. Introduction

The insulin secretory granule (SG) in the pancreatic β-cell is essential for glucose
homeostasis in the body. It is both the site of proinsulin conversion into insulin and C-
peptide [1], as well as the storage compartment for mature insulin to be readily available
for secretion upon nutrient stimuli. Insulin is first synthesized as pre-proinsulin at the
endoplasmic reticulum (ER), immediately converted to proinsulin, and transported through
the Golgi to the trans-Golgi network (TGN). Here, proinsulin, along with other cargo
proteins, is partitioned and sorted into its destination compartment, the immature SG
(ISG) [1]. In the ISG, at least 99% of proinsulin is ultimately converted to insulin and
C-peptide in a 1:1 molar ratio via proteolytic cleavages by the proprotein convertases
PC1/3 and PC2 [2–5]. This coincides with several processes that facilitate SG maturation,
including luminal acidification [6], selective removal of certain soluble components [7],
and Zn2+-mediated insulin crystallization [8]. Finally, in response to nutrient stimuli, these
mature SGs (MSGs) are mobilized to fuse with the plasma membrane and deliver insulin
to the bloodstream.

Importantly, ISGs can also undergo regulated secretion [9], which can be heightened
in situations of increased β-cell demand [10–12] and may explain the higher circulating
proinsulin to insulin ratio observed in both pre-diabetic and diabetic patients [13–19]. The
mechanism behind increased proinsulin secretion is unknown; although it has been sug-
gested to result from defective proinsulin trafficking or processing, and/or the premature
release of ISGs [20,21]. Interestingly, β-cells from animal models of type 2 diabetes (T2D)
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display a compensatory expansion of the secretory pathway, characterized by increased
proinsulin biogenesis but exhibit a thorough depletion of MSGs, pointing to the existence
of a bottleneck in the secretory pathway resulting in an MSG replenishment defect during
β-cell failure [12]. Therefore, there is a diversion away from SG maturation in favor of ISG
secretion, limiting the compensatory capacity of the β-cell during metabolic stress.

Alongside insulin, the β-cell SG contains a cocktail of cargo proteins. These proteins
drive trafficking through the regulated secretory pathway and are also released to affect
systemic function [22–25]. Luminal enzymes accompany the cargo from synthesis in the
ER through to storage in the MSG but are under tight regulation to restrict their activity
to the correct site [4]. The ionic composition of the lumen controls protein behavior and
is generated by a range of transmembrane channels and transporters that are stationed
throughout the secretory pathway [26–31]. Finally, sorting receptors can escort unwanted
components away from the maturing SG to refine its contents after formation [7,32]. In this
review, we will explore the major luminal components of the β-cell SG. These components
will be discussed in relation to secretory pathway dysfunction, providing context to critical
aspects of β-cell failure. However, first, we will start with a historical overview of the
process of insulin SG formation.

Historical Overview of Insulin SG Formation

Pioneering efforts in the 1980s elucidated the main concepts surrounding β-cell gran-
ule biogenesis. Orci first used immunogold labelling of total insulin, with an antibody
that recognizes both proinsulin and insulin, to show that it is closely associated with
membranes of the Golgi apparatus until the TGN, where it dissociates and concentrates
into a mildly condensing core [33]. This core buds from the TGN into clathrin-coated
ISGs, which develop into non-clathrin coated MSGs [33]. At the time, Halban was us-
ing pulse-chase methods to incorporate radiolabeled arginine and lysine analogues into
newly synthesized proinsulin to inhibit its post-translational processing into insulin [9].
In collaboration, they inhibited proinsulin conversion and utilized autoradiography with
clathrin-immunolabeling to provide the first direct evidence that proinsulin traffics from
the TGN into clathrin-coated ISGs before its conversion into insulin and C-peptide [1].
Moreover, proinsulin conversion was shown to be required for complete SG maturation, as
these analogue-treated cells could not form an electron-dense core which is characteristic
of the MSG [1]. Indeed, the development of proinsulin and insulin-specific monoclonal
antibodies later confirmed that proinsulin localization is most concentrated in the ISG
compartment while insulin dominates the MSG compartment [6].

In 1987, Rhodes and Halban released a landmark study using radiolabeled proin-
sulin to follow the efficiency of its trafficking and conversion and the events of β-cell
SG exocytosis [2]. The study found that 99% of proinsulin entered ISGs to lend itself for
conversion, and that the resulting newly synthesized SGs were preferentially secreted
over older SGs when exposed to glucose. Importantly, Halban had already shown that
radiolabeled conversion-resistant proinsulin is released from the β-cell at the same rate
as the non-resistant radiolabeled insulin product, therefore demonstrating that the ISGs
housing proinsulin are also secretion-competent [9]. Collectively, foundational work from
the 1980s suggested that the SG is the minimal functional unit for exocytosis, is formed
through stringent processes, and is endowed with factors required for its regulated re-
lease early after formation. It would follow that delayed MSG production could result
in the increased release of ISGs and hyperproinsulinemia, and thus a failure of the β-cell
to respond to glucose with the secretion of insulin [12,34,35]. Ensuing efforts centering
on answering how these carriers are formed have found that an ordered system of ionic
and molecular factors underlie how SG proteins are sorted, packaged, and processed [36].
Likewise, efforts centered around understanding the preferential nature of exocytosis have
facilitated the characterization of a vast network of components which confer mobility and
fusion-competence to prepare the SG for release [37].
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The MSG holds at least 50 unique soluble and transmembrane proteins [38], and
the biosynthesis of many are thought to be commonly regulated at the translational level
following exposure of the β-cell to glucose [39]. This enables their synchronized tran-
sit and congregation at the TGN, but from here, several proteins will traverse the ISG
compartment on their way to other destinations. Due to this, the ISG intermediary was
once the centerpiece of debate concerning the mode of transport that proinsulin and other
regulated secretory proteins take en route to the MSG [40]. In the early 1990s, Arvan
and colleagues found that C-peptide (the fragment generated from proinsulin after its
complete conversion) could be released from the β-cell in molar excess to that of insulin
during non-stimulatory conditions [41]. Follow up studies characterized the kinetics of
this ‘constitutive-like’ secretion, specifically showing that this pathway emanates from the
SG compartment and temporally coincides with the maturation of ISGs into MSGs [42].
Subsequent demonstration that insulin, but not proinsulin, is capable of forming insoluble
hexamers, led to the idea that insulin condensation within the core of the SG permits the
excursion of C-peptide out of the maturing granule as the soluble fraction is removed [43].
Moreover, by analyzing the regulated secretion of lysosomal hydrolase cathepsin B at dif-
ferent time points following pulse-chase radiolabeling, it was revealed that pro-cathepsin
B entered the ISG only to be removed from the ISG shortly after entry [43]. Taken together,
these studies established the presence of post-Golgi sorting mechanisms that serve to
facilitate SG maturation by refining its composition.

Arvan thus proposed that members of the SG were not exclusively trafficked into
the regulated secretory pathway from the TGN, but rather that an assortment of proteins
were delivered into ISGs through means of unregulated ‘bulk-flow’—largely due to the
stoichiometric infeasibility of sorting receptors existing for each cargo [44]. Subsequent post-
Golgi mechanisms served to remove and traffic non-regulated secretory proteins to other
destinations and drive the maturation of the SG. The term ‘sorting by retention’ was used to
describe the selective condensation of proteins within the maturing SG, and ‘sorting by exit’
was used to describe budding from the vesicle that sequesters parts of the soluble fraction
to remove other proteins [44] (Figure 1). This proposal sparked a debate; in particular,
proponents against bulk-flow asserted that entry of proinsulin and other key granular
components into the ISG could not be through a passive, unregulated mechanism [45]. In
the end, the field came to the consensus on a tripartite process where luminal TGN protein
sorting was also involved in segregating proteins prior to ISG formation, termed ‘sorting
by entry’ [40]. Moreover, technological advances utilized by recent studies have revealed
increasing levels of complexity, showing that some transmembrane components are in
fact added to the SG after formation through retrograde plasma membrane/endosomal
trafficking [46]. As we explore the luminal components of the insulin SG, we will come to
appreciate that SG formation is difficult to lay out as a step-by-step mechanism. Individual
components will contribute to multiple steps along the pathway, collaborating through a
sequence of events to generate a functional entity that can be released upon stimulus. It is
becoming more apparent that correctly forming this entity is crucial for systemic glucose
homeostasis.
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Figure 1. Overview of the β-cell secretory pathway. Following synthesis in the ER, proteins transit the Golgi apparatus to
the TGN, and those destined for the regulated secretory pathway are sorted by entry into ISGs. This event relies on soluble
protein aggregation which is under the control of Ca2+ and H+, and several proteins may also interact with membrane
components of the TGN that are enriched in β-cell SGs. Some non-SG proteins can also slip into ISGs but are removed
as a byproduct of the sorting by exit mechanism, which specifically escorts proteins from the maturing SG via receptor
mediated recognition and vesicle budding. Concurrently, Zn2+, Ca2+, and H+ taken up by the maturing SG will bind to
certain proteins to enhance their condensation and prevent their exit, in a process termed sorting by retention. While the
free concentration of Ca2+ is in the micromolar range and decreases proximal to distal along the secretory pathway, the
β-cell SG holds 50–100 mM Ca2+ bound to luminal proteins. Similarly, the total amount of Zn2+ bound to luminal proteins
in the SG is in the range of 20–30 mM, although its free concentration is elevated in the distal secretory pathway relative to
the proximal secretory pathway. Finally, the pH of the newly formed ISG can be estimated as similar to that of a constitutive
vesicle (~5.7), but this will drop to 5.2 in the MSG. Notably, these values represent the free H+ concentration, but there exists
no indication of the amount of H+ that is bound to luminal proteins.

2. Luminal Components of the Insulin Secretory Granule

The luminal components of the insulin SG can be functionally segregated into four
groups. These are cargo molecules, luminal enzymes and chaperones, ions (and their
transporters and channels), and sorting receptors.

2.1. Cargo Molecules

The primary cargoes of SGs in the pancreatic β-cell are insulin, islet amyloid polypep-
tide (IAPP), the granins [chromogranin A (CgA), chromogranin B (CgB), secretogranin II
(SgII), secretogranin III (SgIII), and VGF (non-acronymic)], and each of their precursors
and derivatives. In addition to those covered in this review, the insulin SG also contains
amines such as dopamine and serotonin [47–49], as well as nucleotides like ATP [50],
which can be taken up by SG-localized pumps but as of yet, have ill-defined intragranular
and post-exocytotic roles [51]. In this section, we will demonstrate what is known about
the trafficking and processing of each individual cargo protein. These events are heavily
dependent on the differential ionic composition of each compartment, where Ca2+, H+ and
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Zn2+ supplied by localized uptake pumps exist in an ascending concentration gradient
proximal to distal (Figure 1).

Insulin. Insulin is synthesized as pre-proinsulin on the rough ER, and upon transloca-
tion has its N-terminal 24-residue signal sequence cleaved to form proinsulin [52]. Proin-
sulin undergoes folding in the ER where it acquires three disulfide bonds and dimerizes
prior to ER exit [53,54]. En route to the TGN, proinsulin forms hexamers in the presence
of Zn2+ [53,55], and importantly, proinsulin hexamers remain soluble [43]. Zn2+ binds
to a histidine corresponding to residue 10 on the B chain of mature insulin (His-B10),
and while the precise cisternal location of this event is undetermined, there is evidence
of a Zn2+-dependent rate limiting step for proinsulin trafficking around the TGN/ISG
compartment [54].

After entry into the ISG, proinsulin is converted to insulin and C-peptide via ordered
cleavage at two sites of dibasic amino acid residues by the subtilisin-related proprotein
convertases, first by PC1/3 and then by PC2 (Figure 2A). The 31–32 Arg-Arg site is located
at the C-peptide/B-chain junction and the 64–65 Lys-Arg site is located between the C-
peptide/A-chain junction. Molecular modelling suggests that the co-ordination of Zn2+ by
His-B10 works to position these sites along the exposed radial surface of the proinsulin
hexamer [56], enabling accessibility for the two processing enzymes. PC1/3 preferen-
tially cleaves the B-chain junction on the carboxyl side of Arg32, generating a proinsulin
intermediate split between residues 32 and 33 (split 32,33 proinsulin) [4,5,57]. PC2 preferen-
tially cleaves the A-chain junction on the carboxyl side of Arg65 to generate the split 65,66
proinsulin intermediate [4,5,57]. Following conversion by each of the subtilisin-related
prohormone convertases, the exoprotease carboxypeptidase H/E (CPE) acts to trim the
revealed dibasic residues to create the ‘des’ intermediates, des 31, 32, or des 64,65 proinsulin,
with numbers denoting the excised residues [58]. A second round of endoprotease and
CPE activity will generate insulin and C-peptide in a 1:1 molar ratio [3,4]. The insulin
molecule consists of an A-chain and a B-chain, linked together by two disulfide bridges
and maintained in hexameric oligomers through the co-ordination of two-Zn2+ by three of
the six His-B10s [8,59]. Continual uptake of H+ and Zn2+ into the developing SG affects
the charge state of hexameric insulin and facilitates its packing into extremely insoluble
crystals [60]. The low percentage of unprocessed/incompletely processed proinsulin can
pack with crystalline insulin to some extent [61] and C-peptide can co-precipitate with
insulin in pH conditions mimicking the MSG [62]. C-peptide can also undergo further
exoproteolytic cleavage to generate des 27–31 C-peptide, accounting for roughly 10% of the
total C-peptide content [63]. Upon exocytosis, exposure to the neutral extracellular pH is
likely to dissipate the insulin crystal rapidly [64], allowing monomeric insulin to circulate
and signal via the insulin receptor expressed on target tissues.
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Figure 2. Prohormone Processing in the β-cell. (A) Sequence of proinsulin processing. After entry into the ISG, proinsulin is
converted to insulin and C-peptide via cleavage at two sites of dibasic amino acid residues. The 31–32 Arg-Arg site is located
at the C-peptide/B-chain junction and the 64–65 Lys-Arg site is located between the C-peptide/A-chain junction. Cleavage
at one dibasic site by endoprotease PC1/3 or PC2 produces the split proinsulin molecules, which precedes C-terminal
trimming of exposed residues by exoprotease CPE to produce the des proinsulin molecules. One round of endo/exoprotease
activity is followed by the same action at the other dibasic site. (B) Sequence of proIAPP processing. The C-terminal
proregion of proIAPP is cleaved in the TGN prior to ISG entry. Next, in no particular order, within the maturing ISG the
N-terminal proregion of proIAPP is removed and the exposed C-terminal glycine residue is amidated to produce IAPP.
IAPP may then be further processed into smaller fragments by β-secretase 2. (C) Processing events and products during
secretory granule maturation in the human β-cell SG. des 31,32 proinsulin is the major proinsulin intermediate in human
β-cells and is elevated in the circulation of those with T2D along with proIAPP1–48.

A human mutation of His-B10 to aspartate (mAsp-B10) underlies familial hyper-
proinsulinemia [65] and represents a condition where mutant proinsulin is presumed
to be excluded from wild-type proinsulin hexamers. While expression of this mutant
in mice does not affect its intracellular conversion to insulin, there is an enrichment of
non-crystallized SGs, and the constitutive release of proinsulin is increased by ~15% [66].
These phenotypes could indicate that mAsp-B10 proinsulin is correctly targeted into the
ISG, but there is an increased constitutive-like release in the absence of Zn2+-facilitated
hexamarization prior to its conversion into insulin. Indeed, while contributing to the
maturation of the SG, constitutive-like secretion is estimated to account for only 0.6% of
the release of non-converted proinsulin [67]. This situation could represent an extreme
example of protein exit out of the ISG, displaying the secretory capacity of the constitutive-
like pathway. An alternative (and not mutually exclusive) explanation is that mAsp-B10
proinsulin leaks directly into the constitutive pathway from the TGN, however mAsp-B10
proinsulin degradation is also enhanced [66] suggesting that its transit to the PM occurs
through the constitutive-like pathway (a route that travels via the endo-lysosomal sys-
tem [43]). Nonetheless, these studies have highlighted that Zn2+-facilitated hexamarization
is a primary mechanism of proinsulin sorting and consequent SG maturation.

Early studies investigating human proinsulin and rat proinsulin isomers I and II in
primary islets revealed that they are differentially processed. Human proinsulin tends to
be cleaved first at the B-chain junction to produce des 31,32 proinsulin [68] (Figure 2C),
whereas the rat isomers tend to be cleaved first at the A-chain junction to produce des 64,65
proinsulin [69]. This is thought to be due to the amino acid located four residues prior to
the cleavage site (P4 position [70]), where the presence of a basic lysine or arginine residue
enhances substrate recognition and/or enzymatic activity [71]. Both rat isomers contain a
basic arginine at P4 in the A-chain site, and both rat proinsulin I and human proinsulin
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contain a basic lysine at P4 in the B-chain site [72]. As a result, rat proinsulin I is more
rapidly converted into insulin, and the accumulation of processing intermediates from this
isomer is reduced due to the existence of basic residues at P4 in both cleavage sites [69].

Processing of human proinsulin follows a sequence favoring the prior activity of
PC1/3 on the B-chain junction, followed by PC2, which has a far better affinity for des 31,32
proinsulin than intact proinsulin [73]. Although this points to the existence of sequential
cleavage through the action of both endoproteases, multiple lines of evidence indicate
that PC1/3 works alone to produce mature insulin from both rat and human proinsulin
isomers. While each enzyme possesses the catalytic ability to cleave at both dibasic sites [74],
PC1/3 achieves this far more efficiently than PC2 [75–77] and processing intermediates
of proinsulin accumulate when PC1/3 expression is low [76]. The situation is different
in mice, seemingly requiring the activity of both endoproteases; while the deletion of
PC1/3 from mice results in an extremely pronounced block in proinsulin conversion [78],
knockout of PC2 also significantly hampers insulin maturation despite the presence of
PC1/3 [79]. Finally, a recent study that re-characterized the expression of PC1/3 and PC2
in human islet β-cells found an abundance of PC1/3 and an absence of PC2, suggesting
that PC1/3 is sufficient for humans to produce insulin [80]. Interestingly, humans with
T2D had upregulated PC1/3 and an induction of PC2 expression. The authors of this study
speculated that aberrant PC2 expression could cause a processing defect that underlies the
pathological state, although, it may be the case that PC2 expression is invoked by metabolic
stress as a compensatory response to assist PC1/3 in proteolytic activities. Indeed, the
catalytic rate of PC2 on des 31,32 proinsulin exceeds that of PC1/3 on intact proinsulin [73].
Simple overexpression of either PC1/3 or PC2 has been shown to enhance proinsulin
conversion in rat insulinoma INS1 cells [81], hence, induction of PC2 activity could support
proinsulin conversion when PC1/3 is overwhelmed especially considering that the A-chain
junction is not preferred by PC1/3 [4,57].

Both PC1/3 and PC2 endoprotease activities are sensitive to pH and Ca2+. In vitro
assays using enzymes isolated from rat islets have shown that PC1/3 requires millimolar
levels of Ca2+ and a pH close to 5.5 for activity whereas PC2 can exert activity at a mi-
cromolar levels of Ca2+ and over a broader pH range, although its pH optimum is also
5.5 [4]. In cells however, PC1/3 undergoes fast maturation into an active enzyme upon
entry into the SG [82]. Due to the stringent regulation of PC2 by the molecular chaperone
7B2 [83–85], the low pH requirement for its autocatalytic activation [82,86], as well as its
substrate-specificity to des 31,32 proinsulin [73], its activity is likely to be restricted to later
stages of SG maturation. Therefore, it appears that early PC1/3 activity at both sites could
render PC2 redundant, as has been demonstrated in animal models [75–77] but not quite
yet in humans. Crucially, compensatory upregulation of the endoproteases may be futile,
considering the premature ISG release that occurs in β-cell failure. It has been known for
some time that des 31,32 intermediates are the predominant species of circulating proinsulin
that is elevated in human T2D [87,88], therefore fast endoprotease activity is critical for
systemic metabolic homeostasis. Therapeutic compounds that alter the ionic composition
of the SG to bolster endoprotease activation and activity could be effective in treating T2D.

Despite a common outcome, nuances in the generation of insulin are clear between
species. Their awareness may be important for translating data from model organisms to
the context of human β-cell function.

Islet Amyloid Polypeptide. IAPP is a 37 amino-acid peptide stored in the MSG that is
co-secreted with insulin in a 1:100 molar ratio [89–91], and can function to suppress insulin
secretion and control various aspects of energy homeostasis [22,92]. Additionally, known
as amylin, IAPP and its precursors and derivatives are notorious for forming fibrils that
distribute extracellularly throughout islets as amyloid deposits, a pathological feature of
human T2D [93]. Early observations report the occurrence of islet amyloid deposits in >90%
of diabetic patients [94,95] but later studies have shown a variable prevalence depending
on duration of disease and ethnicity, especially when sample size is increased [96]. The
question of how IAPP remains non-pathogenic in healthy conditions and how it transitions
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to a pathogenic molecule has kept researchers occupied for some time. Appropriately, most
work on IAPP has been focused on its secretory dynamics, processing, and amyloidogenic
properties [97–99] rather than its luminal sorting. To this end, not much is known about its
behavior in the early secretory pathway or the determinants of its trafficking fate.

Akin to proinsulin, human pro-IAPP is a 67 amino-acid (aa) peptide derived from
pre-proIAPP that forms an intramolecular disulfide bridge in the ER and is subject to
endoproteolytic processing [100–103] (Figure 2B). It is thought that PC1/3 acts first on
a C-terminal proregion in the TGN [102] which is followed by CPE action to generate
a 48-residue processing intermediate. A subsequent round of PC1/3 or PC2 and CPE
action on the N-terminal proregion generates a 38 aa peptide with a C-terminal Gly termed
amylin free acid [104]. A fourth enzyme, peptidyl-glycine alpha-amidating monooxygenase
(PAM), is probably responsible for amidation at the C-terminal 38 glycine residue which
may or may not occur prior to cleavage of the N-terminal pro-region, to generate the
mature C-terminally amidated form of IAPP [104]. Finally, a fifth membrane-bound
enzyme that localizes to the β-cell SG, β-secretase 2, can process IAPP further into smaller
fragments [105].

Early reports demonstrated that PC2 can cleave at both the N- and C-terminal prore-
gions of pro-mouse IAPP (mIAPP) in addition to PC1/3 cleavage occurring only at the
C-terminal site [100–103]. However, both rat and human islets appear not to express PC2
at detectable levels normally [80]. Indeed, pro-human IAPP (hIAPP) can be fully processed
by PC1/3 in PC2 null mice [106]; however, pro-rat IAPP (rIAPP) can be processed at both
sites by PC2 but only at one site by PC1/3 [103]. These differences are likely due to the
modified sequence at the C-terminal site (Figure 3), where the position of Ala and Val
residues may determine whether PC1/3 can cleave: i.e., KR↓VA (Val at P1′ and Ala at P2′)
in rIAPP compared to KR↓AV (Ala at P1′ and Val at P2′) in hIAPP and KR↓AA (Ala at P1′

and P2′) in mIAPP. Likewise, it has also been suggested that a Val common to both hIAPP
and rIAPP at the N-terminal site allows cleavage by PC1/3 [80], which is not experienced
by mIAPP [100] that contains Met at this residue. Thus, PC1/3 may be sufficient for full
pro-IAPP processing in humans due to the sequence variations that lie between species.

Figure 3. IAPP precursor/product amino acid sequence in human (H), mouse (M), and rat (R). The green glycine residue is
amidated after the C-terminal cleavage site is processed. Red residues denote dibasic sites of endoproteolytic processing.
Blue residues indicate a modified sequence between species at cleavage sites that could account for their differential
specificity to PC enzymes.

IAPP resides in the soluble fraction of the MSG, and hIAPP is extremely fibrillogenic
whereas rIAPP and mIAPP are not fibrillogenic at all [107]. It has been shown in vitro that
pro-hIAPP products become increasingly more amyloidogenic with further cleavages [108],
however, it is thought that the presence of ionic and molecular factors in the MSG periphery
inhibits hIAPP oligomer formation in healthy conditions [109–114]. An extensive body of
literature has covered the molecular mechanisms of hIAPP pathogenicity in T2D [97–99].
Considering that hIAPP is likely not a driver of SG biogenesis or function but instead plays
the role of chaotic passenger, we will focus here on how secretory pathway dysfunction
could precede hIAPP-mediated β-cell damage.

A current working hypothesis to explain the initiation of islet amyloid formation is that
hIAPP-related peptides undergo dysregulated fibrillogenesis at some point inside the β-cell
secretory pathway, potentially due to overproduction during compensation/failure [115],
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but this only occurs within a small subset of islet β-cells [97,98,116–118]. If pro-hIAPP
overproduction is the fuel, then disruption of organellar membranes from within the cell is
the spark that results in β-cell death and the deposition of extracellular amyloid. Through
regular exocytosis from neighboring β-cells, released hIAPP can then add to the size of
the initial deposit. An alternative (and not mutually exclusive) hypothesis suggests that
release of the 48-residue pro-hIAPP (pro-hIAPP1–48) intermediate can initiate extracellular
amyloid formation by a specific interaction with heparin sulfate proteoglycans in the
extracellular matrix [119]. Interestingly, large ordered fibrils that make up the bulk of
the visually identified IAPP deposition are thought to be relatively inert on a cytotoxic
level [99], although interruption of islet cytoarchitecture could impair coordinated islet
function. Rather, it is the presence of medium-sized disordered oligomers that are thought
to exert most of the cellular damage [120]. Fitting with this, recent experimental focus
has instead been placed on the mechanism of medium-sized oligomer formation and
cytotoxicity [121,122].

Not surprisingly, the N-terminal prosequence of hIAPP is detectable in islet amyloid
deposits [123,124]. This observation resembles what is observed with proinsulin in that
incompletely processed hIAPP may be released from the β-cell during T2D, and indeed,
elevated serum pro-hIAPP has been observed in glucose intolerant and T2D patients [125].
If one considers that ISGs released during β-cell failure are a source of hIAPP processing
intermediates (Figure 2C), we could look to luminal factors that might explain the propen-
sity of these molecules to become pathogenic. Indeed, insulin, Zn2+, H+, Ca2+, C-peptide,
and proinsulin have been assessed individually or in combination, in vitro, along with
hIAPP, in various studies to reason that a delicate balance of cofactors is required to inhibit
hIAPP oligomerization [109–114,126]. In healthy cells, regulated exocytosis of MSGs could
maintain this balance as components are released in an appropriate molar ratio. Conversely,
during β-cell compensation and failure, release of the incompletely formed ISG might
not replicate this outcome, and cytotoxic hIAPP oligomers could form in the extracellular
microenvironment adjacent to the plasma membrane to induce membrane damage.

Dysregulated hIAPP oligomerization exacerbates the progression of T2D, so prevent-
ing β-cell death at the hands of hIAPP could limit T2D severity. Abnormal SG composition
or the premature release of ISGs may be contributing factors, highlighting the importance
of correctly forming the insulin SG.

Granins. The granin family of proteins (CgA, CgB, SgII, SgIII, and VGF) are ubiqui-
tously expressed across neurons and endocrine cells and are considered major contributors
to the biogenesis of regulated SGs from within the lumen (Figure 4). Their effectiveness
has been displayed by several groups with findings that expression of just a single granin
in cells that do not have a regulated secretory pathway is able to produce SGs that are ca-
pable of regulated release [24,127–130]. Granins are synthesized as soluble cargo precursor
proteins, which are highly acidic and hydrophilic, but are prone to aggregation under mild
acidity (pH < 6.4) and high Ca2+ (>1 mM) conditions [25,131]. It has been shown that both
of these ionic requirements must be met for granin aggregation [131,132], which can be
achieved at the initiating site of SG biogenesis in the TGN (Figure 1) where ion pumps
maintain a high luminal Ca2+ concentration and contribute to a substantial lowering of the
pH through enhanced H+ uptake [27,133–135]. Moreover, several granins have been shown
to interact with each other, and, lacking transmembrane domains themselves, some can
also interact with lipid species on the luminal aspect of the secretory pathway membrane
to provide a link between soluble and membrane fractions. In this way, their physical abun-
dance, coordinated aggregation within the TGN, and binding to specific components on
the membrane has been proposed to drive the segregation and sorting of peptide hormones
and other proteins into the regulated secretory pathway [23], meeting the requirements of
a ‘refined bulk-flow’ sorting by entry mechanism [40].
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Figure 4. Trafficking of the granins. Upon exposure to mild acidity (pH < 6.4) within the Golgi
apparatus, the granins will bind Ca2+, which triggers their aggregation and interaction with other
granin members. In the TGN, several of these members will interact with target molecules in the
membrane to drive the formation of SGs at distinct sites from within the lumen.

Sphingolipid–cholesterol lipid rafts accumulate in microdomains of the TGN [136,137],
and these rafts can alter the distribution of transmembrane components to create sorting
stations that are essential for granule biogenesis [138,139]. These rafts are also enriched
in vesicles of the regulated secretory pathway [140–143], indicating that SG membranes
originate from the sorting domains where granins and other SG constituents aggregate and
bind. Importantly, saturated fatty acid and cholesterol intake can change the composition
of lipid species distributed among cell membranes to influence trafficking and SG morphol-
ogy [144,145]. Therefore, dietary status could affect interactions between the granins and
secretory pathway membranes, but this requires investigation. Finally, since granins can
bind Ca2+ at a high capacity with low affinity [132], they are also thought to equip the SG
with the ability to store and release Ca2+ [146,147].

It should be noted that most of the literature on granins has reported on their role in
neuronal/neuroendocrine cell lines, which although share features in common with the
β-cell, have secretory pathways adapted to the specific needs of neural transmission. In
these settings, we can draw insight from molecular interactions that govern trafficking and
behavior of the granins themselves, but specific effects of granin depletion on SG biogen-
esis/secretion are often subject to cell-specific variation and thus will only be discussed
with respect to the β-cell.

Granins can possess multiple sorting determinants and may be targeted to several
SG sub-populations (Figure 4). SgIII is membrane-associated, and contains an N-terminal
lipid-binding region that is required for its sorting into SGs of AtT-20 cells [148] and for its
interaction with cholesterol in INS1 and AtT-20 SGs [149]. This suggests that SgIII is sorted
into the regulated secretory pathway through an interaction with TGN cholesterol [148].
N-terminal residues (48–111) of CgA can bind to SgIII to follow SgIII sorting into the
regulated secretory pathway of AtT-20 cells, where it also exists in association with SG
membranes [149]. Importantly, CgA also associates with INS1 granule membranes but only
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in the presence of SgIII [148]. These results collectively indicate that SgIII is an adaptor for
CgA in β-cells, with both granins associated at least to some degree with the SG membrane,
and that correct trafficking relies on the presence of an N-terminal region on SgIII that
binds cholesterol. This has been further demonstrated in PC12 cells, where SgIII was
specifically shown to sort large aggregates of CgA into SGs [150]. Very little is known
about the trafficking determinants of SgII aside from an understanding that both the N-
and C-termini contain information for sorting [151], and that it may interact with SgIII on
the SG membrane [152,153]. While SgII also regulates granule biogenesis in other secretory
cells [154], interactions have not been published in β-cell models, and in general, insight
into SgII function in the β-cell is lacking.

Like SgIII, CgB can interact with cellular membranes via a highly conserved N-
terminal 22 residue disulfide-bonded loop [155,156]. This loop is essential for CgB sorting to
SGs but is not required for its aggregation within the TGN, indicating that CgB aggregates
are not routed by default to SGs but are sorted through mediation of exposed N-terminal
loops with the TGN membrane [155]; although, the corresponding membrane component
is yet to be found. Several observations suggest that CgB trafficking is not entirely syn-
chronous with insulin. In addition to the insulin SG, CgB also occupies distinct granules
that do not contain insulin and conversely, insulin can occupy SGs devoid of CgB [157].
Additionally, CgB is present with SgII in nucleoplasmic vesicles of bovine chromaffin cells
where they may have a role in regulating nuclear Ca2+ homeostasis [158], although this has
not been studied in the β-cell. In the β-cell, CgB co-localizes and co-immunoprecipitates
with VGF [159], and it has been shown in vitro that CgA and CgB can form dimers at pH
7.5 and heterotetramers at pH 5.5 [160], suggesting that CgB could traffic with either VGF
or CgA. However, VGF does not immunoprecipitate with CgA [159]. Little else is known
about the determinants of VGF trafficking, although a predicted alpha helix loop in its
C-terminus may be required for direction into INS1 SGs [161].

A handful of studies have investigated the consequences of granin depletion in β-cells
albeit with varying success, possibly due to the method of study. Transient gene silencing
seems to outcompete stable knockouts for studying function, and this is probably due to
the circumvention of compensatory changes that occur during development. For example,
whole body CgB knockout (KO) provided an insulin secretory defect that was unable to
be explained aside from a small decrease in the number of docked SGs [162], whereas
adenoviral knockdown (KD) of CgB in INS1-832/3 insulinoma cells and isolated mouse
islets resulted in marked insulin secretory defects that could be explained by a defect to SG
biogenesis [159]. Similarly, islets from whole body CgA KOs actually have enhanced insulin
secretion with no defects to SG generation [163], whereas siRNA KD of CgA in the human
β-cell line, EndoC-βH1, resulted in reduced basal and glucose-stimulated insulin secretion
(GSIS) as well as cellular insulin content [164]. CgA KO mice had compensatory doubling
in CgB expression and tripling in SgII expression [163], which may explain the absence of a
secretory phenotype in CgA KOs. Islets from whole-body SgIII KO mice have impaired
GSIS but only when subject to a high-fat-high-sucrose diet. This is associated with reduced
insulin and increased proinsulin content, but there were no reported ultrastructural granule
abnormalities [165]. Interestingly, in this study, CgA levels failed to increase when SgIII
KO mice were put on diet but did so in the islets of wild-type mice [165]. As discussed
previously, SgIII is a known adaptor for CgA and therefore its absence could result in CgA
mis-sorting and thus the failure of compensatory upregulation. Finally, VGF depletion has
also been assessed via KD of its mRNA in INS1-832/3 cells and a tamoxifen-inducible KO
from mouse islets [166]. This study noted reduced GSIS in both models, associated with a
loss of total and docked SGs, and a reduction to their size in line with an increased cellular
proinsulin-to-insulin ratio and delays to proinsulin conversion [166]. This study concluded
that VGF depletion caused a granule replenishment defect, hampering the secretion of
newly synthesized granules during the sustained second phase of GSIS [166].

In summary, the granins are critical components of ISG formation, driving the for-
mation of regulated carriers from within the lumen through aggregating and binding to
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distinct sites of the TGN membrane. Their ubiquity across cells of the neuroendocrine
system implies an essential role for SG function, where their combined abundance and
aggregative nature may confer unique characteristics to the SG.

2.2. Luminal Enzymes and Chaperones

Several enzymes and chaperones undergo processing in the secretory pathway and are
targeted to the β-cell SG to generate the diverse intragranular cocktail. PC1/3, PC2, CPE,
the PC2 binding partner 7B2, PAM, furin, chaperonin 60, and β-secretase 2 are members
of this functional group that have activity in the β-cell. Active furin is widespread across
the trans Golgi network, cell surface and endosomes, however it traverses the ISG before
being sorted out of the maturing granule [167]. β-secretase 2 is a transmembrane aspartic
protease that was previously mentioned for its role in mature IAPP proteolysis [105,168].
Chaperonin 60, a heat shock related protein, has also been found to co-localize and co-
immunoprecipitate with proinsulin and PC1/3 [169]; however, the functional significance
of this protein has not been investigated. Since we have already discussed the activity of
CPE, PC1/3 and PC2 on proinsulin and proIAPP conversion, here we will restrict their
discussion to trafficking and activation.

Carboxypeptidase E. CPE, also known as CPH, exists in both soluble and membrane-
associated forms in β-cells [170]. An alpha-helix in the C-terminus of CPE anchors through
cholesterol rich lipid rafts of the secretory pathway membrane, leaving six residues protrud-
ing to the cytoplasm [171,172] (Figure 5). Importantly, penetration through the membrane
only occurs at or below pH 6 [172], conditions reflecting the late Golgi and SG com-
partments but not the proximal Golgi or ER [173] (Figure 1). Several lines of evidence
have also demonstrated that membrane-bound forms of CPE can aggregate at this pH
with at least 1 mM Ca2+ [174], and co-immunoprecipitate in these conditions with both
pro-opiomelanocortin and insulin in vitro [175]. This aggregation appears to occur in-
dependently from membrane binding, since treatment with Triton X-100 at pH < 6 to
interfere with aggregation does not dissociate CPE from the membrane [174]. Collectively,
pH-dependent lipid-raft insertion and aggregation provide a means by which CPE is con-
centrated along the TGN membrane for targeting to the SG. Moreover, it has been shown
that CPE interacts with SgIII in both INS1 and AtT-20 cells [176], providing more control
over targeting. Following SG entry, CPE is cleaved by an endoprotease at its C-terminus
to generate the soluble, major enzymatic form of CPE [177] (Figure 5). Immunostaining
reveals its predominant localization to the SG at steady state [178], where its enzymatic
activity operates in a narrow pH optimum between 5.0 and 5.5 [179].

Figure 5. Enzyme suppression and activation. The major processing enzymes of the insulin SG are synthesized as inactive
precursors in the ER. Through mechanisms unique to each member, their activity (indicated in red) is suppressed during
transit. Activation is principally driven by ionic changes; several enzymes require certain conditions for trafficking into the
ISG and conformational activation, and all members require a low pH for optimal enzymatic activity. This will naturally
play out through the TGN and the maturing SG as the luminal composition is modified.
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PC1/3. The trafficking and activation of PC1/3 is considerably less complicated than
PC2. In the ER, pre-proPC1/3 undergoes cotranslational signal peptide removal to generate
a 94 kDa pro-form of PC1/3 [180,181]. This precursor harbors enzymatic activity but only
toward its own N-terminal pro-region, which is cleaved in the ER [180,181] and thought
to remain associated with the catalytic site of mature 87 kDa PC1/3 to prevent activity
in the early secretory pathway [182] (Figure 5). This will later dissociate after a second
cleavage by PC1/3 [182]; however, the location of this event (TGN or ISG) is not settled yet.
Moreover, the C-terminal region partially inhibits PC1/3 activity [183,184], and befittingly,
PC1/3 can process certain substrates prior to its entry and complete activation inside
the SG [185,186]. The C-terminal region also contains a predicted alpha helix required
for sorting into the regulated secretory pathway [187], likely through an interaction with
membrane lipid rafts [188]. Following entry into the SG, the inhibitory C-terminal region is
cleaved (possibly by itself) to generate fully active 74 and 66 kDa products [183,184,189]
(Figure 5), providing a relatively simple activation mechanism in the SG. 87 kDa PC1/3
exhibits a pH optimum between 5.5 and 6.5 [190], respective conditions reflecting the SG
and the TGN (Figure 1). Both 74 and 66 kDa products exhibit pH optima between 5.0 and
5.5 [4,189], reflecting the MSG. All forms also have a high Ca2+-dependence [189,190], so
the luminal ionic composition must be optimized for PC1/3 activity.

PC2 and 7B2. In the ER, pre-proPC2 undergoes cotranslational signal peptide cleavage
to generate a 76 kDa proPC2. Unlike proPC1/3, its inhibitory N-terminal pro-region is
not cleaved and remains associated with the catalytic subunit until it reaches the SG [191].
ProPC2 traffics through the secretory pathway together with its chaperon 7B2 [192]; after
synthesis and folding, proPC2 can bind pro7B2 in the ER where it accelerates proPC2
trafficking to the Golgi [83,193,194]. Pro7B2 is proteolytically cleaved at Arg152 (a furin
cleavage site) in the TGN to generate a 21 kDa N-terminal (7B2-NT) and a 5 kDa C-terminal
peptide (7B2-CT) [85,195], both of which remain associated with proPC2 [86]. While the
7B2-NT appears to maintain proPC2 folding and trafficking, 7B2-CT is a well-established
PC2 inhibitor in vitro [196] (Figure 5).

Both proPC2 and 7B2-NT can aggregate under pH- and Ca2+- conditions mimicking
the TGN [197,198]. Residues 45–84 in proPC2 have been shown to mediate its association
with TGN membranes [199]. Here, proPC2 likely interacts with sphingolipids in the TGN
membrane since sphingolipid depletion causes re-routing of transfected mature PC2 to the
constitutive pathway [199]. ProPC2 also requires 7B2 for direction [200], so 7B2 depletion
will cause proPC2 to traffic constitutively [201]. Therefore, in the absence of 7B2-peptides,
unfolded, improperly aggregated PC2 could route constitutively [192,201]. In the SG,
proPC2 does not undergo full autocatalytic maturation until the luminal pH drops to
5.2 [86,191], conditions reflecting the MSG (Figure 1), and once fully mature PC2 cleaves
and removes the inhibitory 7B2-CT fragment [84]. Thus, although PC2 is active in vitro
over a broad range of pHs and Ca2+ [4], its fully active form is restricted to the MSG
within cells.

PAM. PAM is a bifunctional enzyme consisting of two contiguous catalytic domains,
peptidylglycine alpha-hydroxylating monooxygenase (PHM) and peptidyl-α-hydroxyglycine
α-amidating lyase (PAL) [202] (Figure 5). Sequential action of PHM followed by PAL func-
tions to amidate glycine at the carboxyl terminus of peptides [203], which removes charge
to confer full biological activity to the peptide [204]. Cargoes that have already been pro-
cessed by PC1/3, PC2 and CPE to yield C-terminal glycine residues are generally subject
to this reaction [205]. While PHM is active over a broad acidity range [206], the stability of
the intermediate formed by PHM declines at pH levels >6.0 [207] and the pH optimum
for PAL is around 5.0. At least 50% of all biologically active peptides require amidation
for full biological activity [208], and thus far, PAM is the only enzyme identified to be
responsible for this reaction in vivo. In both human and mouse islets, PAM co-localizes
with insulin, glucagon, and somatostatin [164,209], and while insulin is not a target of
PAM, IAPP is a potential target [104] and CgA was recently verified as a PAM substrate in
β-cells [164]. PAM depletion can affect insulin content and GSIS which may be mediated
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by its downstream targets including CgA [164]; however, PAM haploinsufficiency in mice
does not accelerate diet- or IAPP-induced diabetes [209]. Notably, T2D-associated PAM
risk alleles exist that are associated with reduced insulinogenic index [164,209], thus, PAM
activity appears to have relevance to β-cell function.

Several isoforms of PAM differentially expressed between tissues [210] are produced
by alternative mRNA splicing; some are soluble and others are type-I transmembrane
enzymes [211]. Human β-cells only express soluble isoforms whereas mouse β-cells only
express transmembrane isoforms [209]. Isoform differences are due to the presence/absence
of specific regions, including a C-terminal transmembrane region, a linker region between
the two contiguous enzymes PHM and PAL, as well as each of the two enzymes them-
selves [210]. Both forms are enzymatically active although integral membrane PAM will
presumably have more restricted access to substrates [212].

Both soluble and integral forms of PAM traffic simultaneously through the early
secretory pathway, but then diverge upon entry into the ISG [213]. The enzymatic do-
mains of PAM contain information for direction toward the regulated secretory pathway
since expressed soluble PHM or PAL traffic correctly into ISGs [214], however, the trans-
membrane/cytosolic aspect of integral membrane PAM can override luminal trafficking
information for transit via an independent route [213,215]. While both forms enter the
ISG efficiently and are retained to some degree within maturing SGs, they can both exit
the ISG through the constitutive-like pathway in unstimulated conditions [213]. Integral
membrane PAM exits the SG to a greater extent [213], and has been shown to cycle through
the PM where it may be retrieved to the TGN [216] or the MSG [217,218].

Since human β-cells only express PAM3 [209], a soluble isoform, its trafficking is
relatively simple. The situation is more complicated in mouse β-cells which express trans-
membrane isoforms PAM1 and PAM2 [209], and thus, are subject to additional trafficking
fates and require endoproteolytic cleavage within the SG to generate soluble PAM to access
substrates more readily [212]. In addition to a low pH [206,212], Zn2+ and Ca2+ [219], PAM
requires Cu2+ [220] and ascorbate [203] for activity.

Collectively, enzymes control the intragranular landscape by modifying proteins and
altering their properties, operating as the focal regulatory units of the SG lumen. This
culminates in the main transformative event of the granule interior—the crystallization of
proteolytically generated insulin—which creates an extremely dense proteinaceous core.
Though deploying enzymes that require such specific conditions for activity, it appears that
the β-cell strikes a balance between rapid processing and orderly aggregation to ensure the
safe generation of a functional product.

2.3. Ions, Transporters, and Channels

Transporters and channels embedded into the secretory pathway membrane control
the composition of the luminal milieu to facilitate cargo sorting and processing. They also
control the release of ions from the SG store to regulate cytosolic events. In this section, we
will discuss the coordinated function of transporters and channels that modulate important
features of the intergranular lumen.

Activation: H+. Foundational studies from the Hutton lab established the low pH of the
β-cell SG [221] and found activity of an ATP-dependent pump responsible for translocating
H+ into the granule lumen [26]. The vacuolar H+-ATPase (V-ATPase) localizes to the β-cell
SG [133] and is the major component responsible for endoprotease activation and cargo
processing in regulated secretory cells [27,134]. Due to the influx of positive charge, a
complimentary influx or efflux of anions or cations, respectively, would be required to
maintain a normal electrochemical gradient across the SG membrane and this is normally
achieved by the counterregulatory actions of Cl- transporters [222–226]. Moreover, other
transporters can utilize the proton gradient generated by V-ATPase to exchange H+ for
cytosolic materials. For example, vesicular monoamine transporter type-2 (VMAT2) can
exchange intragranular H+ for cytosolic monoamines, thus functioning to regulate the
luminal pH [227].
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V-ATPase is widely distributed throughout the endo-lysosomal system and the plasma
membrane. It consists of two complexes, V1 (cytosolic) and V0 (membrane-associated)
(Figure 6), which, respectively, contain eight and nine subunits [228]. ATP hydrolysis by V1
provides energy for V0 to rotate and pump 2–4 H+ molecules from the cytosol into luminal
or extracellular spaces [229], and this can be controlled by several factors. Dissociation of
V1 from V0 is the primary mechanism of pump regulation [230] and is sensitive to glucose
exposure [231]. Complex assembly is affected by the membrane lipid composition; the
β-cell SG contains an abundance of enriched lipid species, and sphingolipids are thought
to stabilize assembly and facilitate ATP hydrolysis [232]. Localization and density of the
pump is obviously limiting for compartmental acidification, thus, regarding the β-cell SG,
an abundance of V-ATPase is critical for luminal protein processing.

Figure 6. Channels and transporters of the insulin SG. An array of transmembrane components
controls the luminal composition of the insulin SG and transform the SG into a responsive store that
is utilized by the beta cell for cytosolic signaling.

In addition, H+ pumping is sub-optimally coupled to ATP hydrolysis [233,234], pro-
viding room for further V-ATPase modulation. This may contribute to the establishment of
a secretory pathway H+ gradient or allow V-ATPase to respond to environmental stimuli. In
yeast, V-ATPase efficiency is associated with the a-subunit of the V0 domain, which is also
likely to determine its cellular localization [235]. Subunit a is situated in an ideal position
to modulate the pump. It is embedded into the membrane adjacent to a proteolipid ring
formed by the c subunits of V0 (through which H+ passes) and extends toward the cytosol
to interact with V1 [228]. Yeast co-express two homologs to the mammalian a-subunit and
these have been shown to affect both the localization and activity of V-ATPase [235].

Four isoforms of subunit a exist in mammals (a1–a4) making it the most diverse mem-
ber of the V-ATPase complex, suggesting that this component can endow compartmental
specificity regarding the localization and efficiency of the pump. a1 appears to localize to
the Golgi, a2 to both lysosomes and the Golgi and a3 is mostly expressed on β-cell SGs [133].
Interestingly, the a4 subunit has been shown to interact with 1-phosphofructokinase (PFK1)
in the human kidney [236], coupling nutrient sensing to V-ATPase activity [237]. SGs
with low pH are required for GSIS [238]; therefore, glucose-mediated acidification could
facilitate both SG maturation and release.

Accessory subunits Ac45 and the prorenin receptor, encoded by ATP6ap1 and ATP6ap2
genes, respectively, are also associated with the V-ATPase to assist SG acidification in
β-cells [239–242]. Ac45 is subject to processing by furin [239,242] and the prorenin recep-
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tor interacts with and may act downstream of the GLP1 receptor [240,241]. A V-ATPase
interactor, Wolfram syndrome 1 (WFS1), resides in β-cell ER and SG membranes [243] and
has been shown to bind the V1A subunit via an N-terminal region to assist SG acidifica-
tion [244]. To conclude, the V-ATPase and/or its regulatory subunits are potential targets
for enhancing insulin production during high demand.

Crystallization: Zn2+. Insulin SGs hold high levels of Zn2+, with some estimates ap-
proaching 30 mM [29,245]. Zn2+ can alter the structure of its bound proteins, cofactor for
enzyme activity and also serve as an extracellular signaling molecule [246]. Measurement
of insulin and Zn2+ released during GSIS reveals that the total amount of Zn2+ in the SG
is at least double that which is expected based on the stoichiometric composition of the
insulin hexamer [247], probably due to the existence of an additional Zn2+ that displaces
water within crystallized hexamers [28]. Co-secreted Zn2+ has autocrine [248,249] and
potentially paracrine [250,251] effects on other islet cells, and may also travel to the liver
to inhibit insulin receptor endocytosis and thus hepatic insulin uptake [252]. One study
using computer modelling has also suggested that Zn2+ could maintain insulin in an
oligomeric state during secretion, and that this would limit the availability of Zn2+ and
monomeric insulin to act as anti-fibrillogenic agents against hIAPP-related proteins [253].
Early estimates, however, report that exposure to the extracellular environment would
likely dissipate the insulin-zinc hexamer seconds after complex dilution outside of the
β-cell [64], allowing monomeric insulin to circulate and signal. Notably, reductions in circu-
lating and pancreatic Zn2+ levels are implicated in those with excess fat and T2D [254,255],
and Zn2+ supplementation can enhance insulin secretion to better control glycemia during
the insulin resistant state [256]. Thus, intracellular changes in Zn2+ could drive aspects of
β-cell dysfunction.

Secretory pathway Zn2+ uptake is under the control of the Zn2+ transporter (ZnT) fam-
ily. ZnTs dimerize to localize and function and likely do so as H+/Zn2+ antiporters [246,257],
so therefore the establishment of a luminal proton gradient by V-ATPase may be permissive
for Zn2+ uptake. ZnT5 and Znt7 localize to the β-cell Golgi apparatus whereas ZnT5 and
ZnT8 are in the SG [28] (Figure 6). ZnT3 has been shown to colocalize with insulin in INS1
cells [258], however it appears to be absent in β-cells from mouse islets [259]. ZnT8 is the
most abundantly expressed β-cell ZnT but has minimal expression in other tissues [28].

The current literature on ZnT8-mediated Zn2+ homeostasis is deep and interesting, ow-
ing to the existence of multiple T2D susceptibility loci covering the SLC30A8 gene [260–262].
Importantly, loss of function mutations at residue 325 tend to favor a reduced risk of T2D,
and opposite deleterious effects are seen with a gain of function at this residue. These
may be mediated by changes to proinsulin conversion and insulin secretion, raising the
question of whether Zn2+ is important for β-cell SG biogenesis. Surprisingly, guinea pigs
express a proinsulin molecule that lacks histidine at the B10 residue and thus cannot bind
Zn2+, similar to the human mutation discussed in Section 1, yet they can generate SGs,
process proinsulin, and secrete insulin [263]. However, despite the inability of insulin to
bind Zn2+, the presence of Zn2+ in these settings is not changed as is the case with altered
ZnT8 transporter activity.

Studies of the effect of ZnT8 depletion in β-cell lines and rodent models have provided
results that are difficult to synthesize thus far [261,262,264]. In general, experimental deple-
tion of ZnT8 does not lead to major impairments in proinsulin processing or insulin content;
however, SGs tend to be void of electron-dense spheres, appearing instead as electron-dense
rods or as pale ISGs. This agrees with the expression of other ZnT members through the se-
cretory pathway and on the SG, providing sufficient Zn2+ to sustain intragranular functions
albeit with impaired insulin crystallization [28,265]. Assessment of insulin secretion in
various ZnT8-deficient models has shown a mixed bag of results, with reports contrasting
between mildly reduced, unchanged, or mildly enhanced effects [261,262,264]. Recognition
of variable factors such as the mode of deletion, and mouse age, sex, and genetic back-
ground are hoped to assist in study design to clear up the matter [261]. Indeed, a study
published in 2020 revealed both positive and negative age-dependent consequences of
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ZnT8 deletion in mice [266]. Moreover, assessing the importance of Zn2+ for SG biogenesis
is complicated by the presence of multiple ZnTs. For example, an investigation comparing
the effects of a whole-body single ZnT7 KO to a double ZnT7/ZnT8 KO, revealed that the
double KO could provide a significant secretory defect not seen by ZnT7 KOs alone or by
previous reports in ZnT8 KOs [267].

Several lines of evidence indicate that ZnT8-mediated Zn2+ import affects proinsulin
processing, which could explain, at least in part, the protective or deleterious impacts
of SLC30A8 mutations. It has been shown that humans with the arginine risk variant of
ZnT8 at residue 325, thought to be a gain-of-function mutation [268], display increased
circulating proinsulin compared to the protective tryptophan variant [269]. Moreover, mice
overexpressing the arginine 325 variant have an increased β-cell proinsulin content and
release [270,271]. Conversely, in INS1E cells expressing the loss-of-function tryptophan
325 variant, cyclosporin A-induced β-cell dysfunction was attenuated when compared to
the gain-of-function arginine 325 variant [272]. Finally, humans heterozygous for a ZnT8
variant truncated at residue 138, which impairs transporter synthesis and thus results in
ZnT8 haploinsufficiency, are equipped with increased proinsulin conversion and circulating
insulin, and improved glucose tolerance [270,271]. Since ZnTs are likely to function as
H+/Zn2+ exchangers [246,257], enhanced flux through ZnT8 could buffer the reduction
in luminal pH during SG maturation to limit endoprotease activity. Accelerated packing
of the granule matrix in the presence of high Zn2+ could also reduce the accessibility of
proinsulin to the endoproteases for conversion. In the case of reduced ZnT8 activity or
haploinsufficiency, the presence of adequate Zn2+ supplied by the single copy of ZnT8 or
other ZnTs in the secretory pathway would probably maintain hexameric proinsulin transit
and cofactor for CPE activity, while the event of insulin crystallization does not appear to
be necessary for regulated release. Therefore, in the setting of β-cell compensation, a ready
supply of mature insulin could help to control circulating glucose. Importantly, SLC30A8
risk-alleles are particularly noted to confer T2D susceptibility to lean individuals [262,273],
so in this case, limited proinsulin conversion in newly synthesized granules that are
preferentially secreted could reduce the insulin response to glucose. Nonetheless, there is
still plenty to be learned about the impact that Zn2+ has inside the insulin SG. While the
consequence of SLC30A8 gene variants have been of interest, little is known about Znt8
structure and mechanism, and the factors that regulate it.

Modulation: Ca2+. Ca2+ is concentrated within the secretory pathway relative to the
cytosol, where it controls luminal protein sorting and processing among other activities.
Travelling proximal to distal, the amount of free Ca2+ decreases whereas the total amount
of Ca2+ increases (Figure 1), in line with several proteins harboring an increased affinity
to Ca2+ when the pH is reduced [132,274]. Quantitatively, the β-cell SG can hold between
50 to 100 mM Ca2+ [29], although measurement of the free concentration yields values of
around 50 µM (~0.05% of the total amount) [31]. Therefore, the SG compartment, endowed
with transporters and channels for Ca2+, should possess a high capacity to buffer cytosolic
Ca2+. This dynamic reservoir can be utilized during β-cell stimulation to sequester and
release Ca2+, modulating the cytosolic signals that underlie insulin secretion. Indeed, it
has been shown that depletion of Ca2+ from the SG compartment impairs exocytosis [275].
β-cell SGs have been shown to take up Ca2+ during nutrient exposure [31], and Ca2+ release
from the SG is required for insulin secretion [276]. Ca2+-dependent effector proteins are in
proximity to the SG and sites of exocytosis [37], and therefore localized Ca2+ released from
the SG could facilitate its own trafficking and exocytosis.

Several transporters and channels act in concert to coordinate luminal and cytoso-
lic events that are regulated by Ca2+ (Figure 6). The secretory pathway Ca2+ ATPase 1
(SPCA1) is an uptake pump that regulates a Ca2+-dependent secretory protein sorting
mechanism at the TGN in constitutively secreting cells [277,278]. In INS1 cells, SPCA1 may
sequester cytosolic Ca2+ into secretory pathway compartments during glucose stimulation,
accounting for around 20% of the total SG Ca2+ uptake [279]. Its depletion thus enhances

21



Metabolites 2021, 11, 515

insulin secretion [279]. In these cells, SPCA1 was shown to fractionate strongly with insulin
suggesting its localization throughout the early and late secretory pathway [279].

Ryanodine receptors (RyRs) respond directly to cytosolic Ca2+ to release Ca2+ from
intracellular stores but are inactive at low and high concentrations of Ca2+. RyR-1 was
identified as the lone RyR subtype expressed on the β-cell SG, but it is also expressed on
the ER where RyR-2 also locates [276]. Pharmacological inhibition of SG RyR-1 reduces
Ca2+ efflux and impairs GSIS [276].

NAADP is a potent signaling molecule produced during β-cell glucose metabolism [280]
that binds to unidentified NAADP-sensitive sites to elicit Ca2+ release from intracellular
stores, including the SG, during GSIS [31,281]. SIDT2 is located on insulin SGs and may
mediate this mechanism [281]. Whole-body SIDT2 KO mice are glucose intolerant and have
an insulin secretory defect [282]. The requirement of either NAADP or RyR-1-mediated
Ca2+ release for GSIS suggests that the SG is an important reservoir of Ca2+ that is utilized
during secretory functions.

After initial confusion [283,284], it was recently verified that all three subtypes of
the IP3R are expressed on β-cell SGs at a level two-fold higher than the ER [30]. IP3Rs
require tetramerization and binding of each member to inositol 1,4,5-triphosphate (IP3)
in order for the channel to open and release Ca2+ from stores, and these tetramers can be
formed by any combination of IP3R subtypes [285]. In the absence of IP3, Ca2+ inhibits the
IP3R, although, Ca2+ must bind to the IP3R with IP3 for the channel to open [286]. IP3Rs
localized on non-β-cell SGs have been estimated to be more sensitive than those of the
ER [287], although one study reported that β-cell SGs do not release Ca2+ in response to
IP3 [31]. Several caveats are apparent in this study; low levels of Ca2+ were incubated with
permeabilized mouse insulinoma MIN6 cells exposed to IP3 despite a high requirement for
maximal IP3R activation [288], and the membrane glutamine receptor (mGlu5) is unable to
raise cytosolic Ca2+ in conjunction with its function to generate IP3 [289] as would be seen
during glucose stimulation [290]. Therefore, the role of IP3R-mediated Ca2+ release from
the insulin SG should be reevaluated.

On the inside, both CgA and CgB can interact with the intraluminal loop of all three
IP3R subtypes at pH 5.5 to stabilize IP3 binding and channel rigidity [147,287,291–293].
These granins possess an extremely high capacity to bind Ca2+ with low affinity at the acidic
pH of the MSG [132,146], and it has been suggested that IP3R conformational changes can
alter that of CgA and CgB to release bound Ca2+ through the IP3R channel [293,294]. The
relative abundance of IP3R isoforms and their tetrameric composition as well as that of the
interacting granin species are thought to underlie SG Ca2+ balance, such that equal amounts
of IP3 can stimulate varying amounts of Ca2+ release [295]. Therefore, the distribution of
components within the SG during maturation, idling, and in primed states could modulate
SG Ca2+ release. Indeed, CgB can undergo redistribution to the MSG periphery upon
glucose stimulation [157]. Since intragranular acidification is essential for chromogranin-
IP3R interactions, it appears that the utility of the SG as an IP3-sensitive Ca2+ store is reliant
on its proper maturation. In conclusion, a host of components are responsible for handling
Ca2+ for use both inside and outside of the SG.

Other transporters. SGs in the β-cell also contain a truncated form of the NHE1 Na+/H+

exchanger [296], fatty acid translocase (FAT/CD36) [297,298], and a vesicular nucleotide
transporter (VNUT) [299]. A role for NHE1 has not yet been determined. CD36, which is
predominantly expressed on the PM, has multiple roles throughout the body [300], with
a general cellular function to facilitate fatty acid uptake. In β-cells, CD36 is localized to
the PM and the SG and mediates the acute and chronic effects of free fatty acids on insulin
secretion [297]. CD36 is upregulated in the islets of obese humans with T2D, where altered
lipid handling may impair the action of exocytotic proteins [298]. VNUT is a transporter
required for ATP uptake into the SG lumen [299] and its depletion results in reduced
basal and glucose-stimulated ATP release and insulin secretion [299]. In addition, a Golgi-
localized magnesium transporter NIPAL1 was recently shown to positively regulate insulin
content and secretion in MIN6 cells [301], albeit through an unknown mechanism.
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The activity of channels and transporters provide overarching control on SG matura-
tion and serve as conduits that alter luminal responses based on events transpiring in the
cytosol. A prime example is the ability of glucose to drive V-ATPase subunit association to
enhance acidification. Together, their presence transforms the SG into a dynamic hub used
for ionic signaling and buffering.

2.4. Sorting Receptors

Early efforts centered around identifying a ‘sorting by entry’ receptor for proinsulin
proved futile, possibly because soluble secretory cargo destined for the β-cell MSG are not
sorted through receptor-mediated recognition. CPE was once entertained as a candidate
for proinsulin sorting from the TGN [302,303], but this was contested [304]. Conversely, the
mannose 6 phosphate receptor (M6PR) has been identified as a critical component of ‘sorting
by exit’ which serves to refine the SG during maturation. It functions to target proteins
modified with a mannose 6 phosphate carbohydrate group from the TGN and the ISG to
the lysosome, as well as from the plasma membrane for endosomal retrieval [32,305–307].
The M6PR specifically contributes to the sorting of the luminal lysosomal hydrolase pro-
cathepsin B in β-cells [7,32] (Figure 7).

Figure 7. Granule refinement. The cation dependent mannose 6 phosphate receptor (M6PR) binds to certain proteins
modified with a mannose 6 phosphate group (namely, procathepsin B) in the TGN, and this complex enters the ISG. During
maturation, this complex will exit the SG via small transport vesicles and traffic to the endolysosomal system. A byproduct
of this process may be the removal of soluble components in the general vicinity of the budding vesicle.

Two forms of the M6PR exist, a cation independent (CI) ~300 kDa isoform and a
~46 kDa isoform that dimerizes and requires cationic binding (CD—cation dependent) to
function. The CD-M6PR locates to the TGN and the ISG where it resides in proximity to
clathrin-coated patches and is found on small transport vesicles but not in the MSG [32].
Islets lacking the CD-M6PR contain four-fold more cathepsin B in the β-cell MSG [7]. While
the CD-M6PR has a defined role in cathepsin B sorting, a role for the CI-M6PR in the β-cell
SG has not yet been determined. To conclude here, little is known about other luminal
components that are actively removed from the ISG.
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3. Concluding Remarks

At its essence, insulin synthesis requires the entry of proinsulin and its processing
enzymes into ISGs, followed by enzyme activation and then the complete execution of
enzymatic activity. Each of these steps are facilitated by ions that are supplied by channels
and transporters, which exert influence on luminal proteins by altering their behavior. First,
ion-facilitated granin aggregation and binding to distinct lipid rafts of the TGN membrane
may provide the luminal driving force to generate SGs, forming what is currently an
ill-defined path of entry for protein to flow through. This is evidenced by observations
that granin depletion can limit the biogenesis of nascent SGs. Several resident enzymes of
the SG also aggregate specifically in the TGN and bind to lipid rafts to provide a common
pathway for sorting, however the trafficking route that key proteins such as proinsulin and
proIAPP take are yet to be fully defined. Sorting by entry into the ISG is efficient but may not
be entirely specific, so the presence of sorting receptors and active ion uptake transporters
provide the ISG with two simultaneous quality control mechanisms for refinement—sorting
by exit and sorting by retention. Here, proteins specifically recognized by sorting receptors,
and some unwitting bystanders, are escorted from the SG via small transport vesicles,
but MSG-destined proteins will bind luminal ions to reduce their solubility and prevent
their egression via these carriers. It is currently unclear how important the two post-Golgi
sorting mechanisms are for generating insulin itself, but irregular SG maturation could
impair overall SG composition and function and encourage the pathological formation
of hIAPP oligomers. As the lumen is progressively modified by continual ion uptake,
enzymes will begin to exert activity on proinsulin and other peptides to form the complete
intragranular cocktail, which will develop into an extremely insoluble ion-bound crystal
core surrounded by a halo of soluble components. Here, human T2D-associated Znt8
variants are the exemplar of how ionic alterations can affect parameters of SG maturation,
and conceptually illustrate how seemingly small differences can precipitate the chronic
disease. Once mature, the SG functions as an intracellular signaling compartment in
addition to its role in holding and releasing insulin.

In T2D there is a loss of insulin SGs, GSIS is impaired, and the secretion of proinsulin
and its processing intermediates is elevated. Recent subcellular evidence links these
phenotypes to a diversion away from SG maturation toward premature ISG secretion,
suggesting that MSG formation is a primary limiting factor for insulin secretion in T2D.
It is therefore conceivable that defects within the secretory pathway could predispose
individuals to the disease by creating an upstream bottleneck to MSG production, delaying
the synthesis of MSGs. This might be fine in the healthy state when production is not
limiting but could compromise secretion when insulin content is depleted during the
chronic condition.

Currently, there is an abundance of knowledge about the distal stages of exocytosis,
but a gap in our understanding of events that occur through the late Golgi and the maturing
SG. Here, we have provided a comprehensive summary of what happens inside the lumen
during the formative hours of the insulin SG. In doing so, it becomes clear that generating
a SG that is rich in insulin is quite arduous, and therefore, prone to perturbations that may
affect the capacity of the β-cell to adapt to chronic demand.
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Abstract: Insulin, a vital hormone for glucose homeostasis is produced by pancreatic beta-cells and
when secreted, stimulates the uptake and storage of glucose from the blood. In the pancreas, insulin
is stored in vesicles termed insulin secretory granules (ISGs). In Type 2 diabetes (T2D), defects in
insulin action results in peripheral insulin resistance and beta-cell compensation, ultimately leading
to dysfunctional ISG production and secretion. ISGs are functionally dynamic and many proteins
present either on the membrane or in the lumen of the ISG may modulate and affect different stages of
ISG trafficking and secretion. Previously, studies have identified few ISG proteins and more recently,
proteomics analyses of purified ISGs have uncovered potential novel ISG proteins. This review
summarizes the proteins identified in the current ISG proteomes from rat insulinoma INS-1 and
INS-1E cell lines. Here, we also discuss techniques of ISG isolation and purification, its challenges
and potential future directions.

Keywords: insulin secretory granule; beta-cells; granule protein purification

1. Insulin Granule Biogenesis and Function

The insulin secretory granule (ISG) is the storage vesicle for insulin in pancreatic
beta-cells. It was long treated as an inert carrier for insulin but is now appreciated as a
regulatory structure all on its own. There is a continuous turnover of insulin granules in
the beta-cell, which is highly specialised in its capacity for ISG biogenesis, and insulin
represents the most abundant protein within the beta-cell at 5–10% of total cell protein
mass [1]. Production of insulin first begins in the rough endoplasmic reticulum with the
synthesis of preproinsulin [2]. The signal peptide of preproinsulin is cleaved to form
proinsulin, which is folded and trafficked to the Golgi complex [3]. Here, proinsulin is
packaged with other proteins destined for secretion into a budding immature ISG at the
trans-Golgi network via a mechanism termed ‘sorting by entry’ [4]. Following the release
of these granules from the trans-Golgi network, maturation of the immature ISG includes
acidification of the granule lumen by ATP-dependent proton pumps and promotion of
endoprotease convertases (PC1/3 and PC2) activity that cleave proinsulin to form free
C-peptide and mature insulin, comprised of the A and B chains bound together by two
inter-chain disulfide bonds [5–7]. Through a secondary mechanism called ‘sorting by
retention’, proinsulin and other proteins are retained in the immature ISG (Davidson et al.,
1988), while in parallel, proteins such as clathrin are removed from the immature ISG via
‘sorting by exit’ [8,9]. Finally, insulin crystallises with zinc cations (Zn2+), assembling an
~300 nm dense-core mature ISG [10]. From its point of synthesis, proinsulin enters an ISG
within 4 hours [5] and is processed into insulin in a mature ISG within 40 minutes [9].

The ISG has a half-life of 3–5 days within the beta-cell cytoplasm [11] (Figure 1), and
are ultimately destined for secretion or degradation. Upon glucose stimulation, ISG are
motivated to undergo exocytosis, which requires the coordination of cellular machinery
present both on ISGs and at the plasma membrane. It is therefore likely that ISG com-
position contributes to exocytosis, though the variables that determine whether an ISG
eventually undergoes secretion are still unclear. Only 1–2% of total ISG content is released
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upon a single glucose stimulation [12]. Plasma membrane proximity [12,13] and dock-
ing [14,15] have long been suggested to contribute to an ISG’s secretory capacity. More
recently, ISG motility [16] and age [16–18] have also been shown to significantly contribute
to an ISG’s propensity for translocation to the plasma membrane and its necessity for dock-
ing [16,18]. Finally, an ISG’s fusion capacity–whether the ISG collapses or is recycled–may
also be intrinsically regulated [19].
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ISGs that are not secreted are targeted to the lysosome for degradation, either through
autophagosome-dependent or independent pathways [20]. As insulin accounts for a large
proportion of protein synthesis in pancreatic beta-cells [21], ISG homeostasis is essential to
maintaining beta-cell function [22]. In autophagosome-dependent degradation, ISGs are
engulfed by autophagosomes and subsequently fuse with the lysosomes, degrading ISG
contents [22,23]. Autophagosome-independent degradation involves the fusion of ISGs
with the lysosomes directly (crinophagy) [24]. Apart from whole ISG degradation, many
proteases involved may also directly influence insulin turnover. For example, insulin has
been shown to be degraded by insulin-degrading enzyme (IDE) in beta-cells and deletion
or inhibition of this enzyme perturbs insulin secretion in beta-cells [25,26].

It is now appreciated that all these processes are not only externally regulated by
the ISG environment, and proteins both in and on ISG can modulate both the processing
and trafficking of ISGs, ultimately controlling granule mobility, secretion capacity, and
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degradation. Our current review focuses on the continuing pursuit to characterise ISG-
localised proteins from pancreatic beta-cells.

The ISG is key to beta-cell identity. Pathological dysfunction related to insulin occurs
at all stages, from synthesis to secretion and primarily results in diabetes. Loss of ISG in
beta-cells, termed degranulation, is particularly characteristic of Type 2 diabetes (T2D) and
recognised as a marker of beta-cell failure. It is most commonly visualised as a loss of insulin
content [27] and seen as a precursor to beta-cell dedifferentiation [28]. Degranulation
may occur at the point of SG biogenesis, such as in instances of chromogranin B (CgB)
deficiency [29] or the loss of vacuolar sorting protein 41 [30], which regulate ISG budding
and ISG coat formation respectively. Alternatively, degranulation may also be the result
of chronic overnutrition leading to beta-cell exhaustion, where persistent hyperglycaemia
driving increased insulin secretion is unable to be matched by proinsulin biosynthesis in
the beta-cell [31,32]. Degranulation can also be a result of increased ISGs degradation as in
the case of Sorcs1 deficiency [33]. Many genes relevant to the ISG secretory pathway have
recently been reviewed extensively by Liu and colleagues in the context of pathology [34].
These include the hydrolases that function both as an endopeptidase for prohormone
maturation and as lysosomal proteases [35,36], vacuolar-type H+-transporting ATPases
which regulate granule pH [37], and ZnT8 (SLC30A8), the key membrane transporter
for zinc translocation into the maturing ISG [38]. Additionally, SNARE proteins and
Rabs such as Vamp8 and Rab37 mediate ISG fusion at the site of insulin secretion [39].
Particularly interesting are the roles of cargo proteins within the ISG, which appear to
have interdependent relationships. These include the well described soluble proteins
carboxypeptidase E [40], VGF [41], the prohormone convertases PC1/3 and PC2, and the
granin proteins chromogranin A [42], CgB and secretogranin II [43,44]. Figure 2 collates
these ISG proteins and their localizations to immature and mature ISG. Mutations in these
proteins can affect ISG formation, proinsulin processing, and glucose-stimulated insulin
secretion, ultimately resulting in reduced ISG numbers and impaired secretion. However,
loss of a single ISG cargo protein can drive compensatory behaviours in other ISG cargo
proteins [42], suggesting ISG contents is a dynamic system.
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2. Isolating the Insulin Granule

ISG isolation has long been used in the beta-cell physiology research, though the
prioritisation of purity in the context of proteomic analyses is relatively new. Techniques
used for the isolation of ISGs can essentially be separated into two categories, (a) differ-
ential subcellular fractionation using density gradients [45–47] and (b) immuno-based
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isolation [18,48–50]. In subcellular fractionation protocols, commercially available high-
viscosity mediums such as Ficoll, Percoll, Optiprep and Nycodenz, or laboratory-prepared
glycerol, sucrose or mannitol solutions are used to separate intact ISGs from cell lysates.
These centrifugation techniques exploit physical properties including the size, density
and/or shape of each subcellular compartment to separate ISGs from other organelles
in collected fractions of various volumes. As these fractions are crude and undoubtedly
contain contaminants, most studies employ the use of two or more subcellular fractiona-
tion steps to improve the purification of ISGs [45]. The main advantage of centrifugation
techniques is that they are inexpensive and efficient [51], allowing researchers to obtain
reasonably enriched ISG fractions within a few hours.

The second most common approach are immuno-based methods to enrich for
ISGs [49,52], which exploit the tagging of proteins expressed in or on ISGs for isolation
using immunoprecipitation. Often, this technique is used in conjunction with differential
density gradients. For example, Hickey and colleagues employed the use of an Optiprep
density gradient followed by Vamp2 immunoprecipitation to isolate ISGs from rat insuli-
noma INS-1 cells [48]. Immunoprecipitation offers the advantage of increased specificity
to ISG compared to centrifugation techniques, however these methods are often more
expensive and laborious, and rely on prior ISG protein knowledge. Interestingly, some
proteins may be differentially expressed on ISGs. For example, CgB has heterogenous
localization with insulin-positive granules in the INS-1 cell line [53]. Most importantly,
immunoprecipitation of specific granule proteins that may be heterogeneously expressed
would lead to the selective isolation of a specific ISG pool and the unknowing loss of
information about the total ISG population.

On the other hand, immunoprecipitation could also selectively enrich for a non-ISG
pool. In the same example, while Vamp2 immunoprecipitation may enrich for ISG, Vamp2
can also be expressed on Golgi recycling vesicles and endosomal membranes [54], and
contamination of an ISG immunoprecipitation by these organelles cannot be disregarded.
SG cargo proteins may also be present in pre-ISG compartments during the sorting process.
Finally, immunoprecipitation methods also can be extended to protein pull-down studies
which do not enrich ISG themselves, but instead immunoprecipitate interacting partners
of known ISG proteins. Though these studies cannot offer a complete picture of the ISG
proteome, they can offer an additional layer of insight into ISG protein functions and
relationships [55–57].

It is likely that some combination of both immuno-based and centrifugation methods
will be necessary to obtain the purest ISG fractions. Techniques used by the studies that
have attempted proteomic analysis of ISG isolations are summarised in Figure 3. There is
currently no consensus on the optimal strategy for intact ISG isolation from whole beta-cells.
Insulin SGs are intrinsically dynamic and distribute in many compartments of the beta-cell
as they traffic through their maturation, secretion and degradation pathways [52]. Isolation
of a pure ISG fraction is most challenging due to the association of ISG with proteins
in multiple subcellular compartments [58,59], and previous proteomic analyses of ISGs
notably include contaminating proteins from pre-granule compartments such as the ER and
trans-Golgi network (TGN), as well as cytoskeletal and lysosomal proteins associated with
the trafficking and degradation of ISGs respectively [58,59]. Mitochondrial contamination
present in ISG purification methods is a major problem [60] and attempts to isolate ISGs
often identify different mitochondrial proteins in insulin enriched fractions [48,50,59,61–65].
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Figure 3. Schematic of insulin granule isolation and purification techniques across the 4 ISG proteomes. Rat insulinoma cells
in all ISG proteomic studies are lysed before ISG enrichment through various density gradients or immunoprecipitations.
ISG are then purified prior to proteomics analysis by LC-MS/MS to obtain list of ISG proteins. Data collated from
Brunner et al., 2007, Hickey et al., 2009, Schvartz et al., 2012 and Li et al., 2018.

3. Identifying Insulin Granule Proteins

Only four studies have attempted to investigate ISG proteins by proteomic analysis
to date [48,59,62,65]. These studies employ various combinations of density gradient
centrifugations, in silico analyses, and immunoprecipitation techniques (Figure 3). As a
result, Li and colleagues identified 81 total ISG proteins from the INS-1 rat beta-cell line,
while Schvartz et al. identified 140 ISG proteins, Hickey et al. identified 51 ISG proteins,
and Brunner et al. identified 130 ISG proteins from the INS-1E rat beta-cell line (Figure 4).
A complete list of overlap proteins can be found in Supplementary Table S1. Proteomic
data obtained from these four studies on ISG proteins from INS-1 or INS1-E cells produced
a total of 5 proteins that were consistently identified. These were: Insulin-1 (Ins1), Insulin-2
(Ins2), Carboxypeptidase E (CPE), Chromogranin-A (CgA) and Prohormone convertase
2 (PC2). Rat beta-cells synthesize two different forms of insulin encoded by the Ins1
and Ins2 gene that share 90% homology [66,67], hence two insulin forms found in these
proteomes. Though different isolation techniques would influence the proteins identified,
one would expect that using similar cell lines would result in more than a handful of
proteins consistently identified across all four studies.
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Prior to ISG proteomics, Hutton et al. suggested ISGs may contain ~150 proteins using
two-dimensional gel analysis of ISGs isolated from a rat islet tumour [46]. Approximately
30 specific proteins were described as ISG associated proteins before the first ISG pro-
teome [62]. These proteins were individually classified primarily through cDNA screening
and confocal microscopy. For example, the discovery of a well described ISG protein,
the ZnT8 transporter was described as a pancreas-specific zinc transporter using RT-PCR
on cDNA libraries with human tissue extracts [38]. Furthermore, ZnT8 was found to be
localized specifically on ISGs through confocal microscopy of a fluorescent ZnT8 fusion
protein expressed in INS-1 cells [38]. Similarly, phogrin was discovered as a membrane
localized ISG protein through cDNA expression analysis and western blotting of phogrin
with ISG enriched fractions [68]. These studies, among others were pivotal in uncovering
different proteins that may modulate and affect insulin granule processes. Proteomics anal-
ysis of ISGs however provides an unbiased, comprehensive approach to the identification
of multiple proteins simultaneously. Considering this however, all four studies lack the
identification of these well-described ISG proteins such as ZnT8, any other zinc transporter
and phogrin.

Here, we have classified the proteins identified in the ISG proteomes [48,59,62,65] into
three groups: (i) intravesicular proteins, (ii) membrane proteins and (iii) other proteins:

3.1. Intravesicular Proteins

The most consistently identified intravesicular proteins in the proteomic studies
were the previously well-characterised ISG proteins insulin (Ins1 and Ins2), CPE, PC2
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and CgA [9,40,42,69,70]. Discovery of proinsulin processing of labelled insulin [71] and
CgA [72] have allowed subsequent studies to identify localization of PC1/3 [73], PC2 [74]
and CPE [75] as ISG localized enzymes. While all proteomes identified PC2 and CPE,
PC1/3 was discovered only in two studies [59,65]. Other intravesicular proteins identified
were from the chromogranin-secretogranin protein family. CgA in particular was identified
in all four studies, with full-length CgA believed to be important for the biogenesis of
granules in beta-cells [76]. Interestingly, CgA knockout mice display a reduced islet number,
beta-cell to alpha-cell ratio and plasma insulin levels [77]; however, they exhibit normal
blood glucose levels, as a result of compensation from other granin proteins [42]. CgB has
been suggested to not be specifically involved in granule formation but instead is essential
in the secretion of insulin and other islet hormones such as somatostatin and glucagon [29].
However, through pulse-chase labelling of CgB, Bearrows et al. show that in the absence
of CgB, there is a delay in proinsulin trafficking from the TGN followed by a reduction in
nascent ISGs at the plasma membrane [44]. CgB was identified in three of the four ISG
proteomes (all but Li et al.). Significantly, aside from the full-length granins, PC1/3 and
PC2 also cleave granins to form active peptides [69,78]. Beta-granin is an example of a CgA
derived peptide identified by Li et al. and is proposed to inhibit insulin secretion through
unknown mechanisms [79]. This emphasises technical challenges in peptide identification
in proteomics analysis, to differentiate the presence and eventual function of both granins
and their derived peptides in future studies.

Hydrolases were found in two of the proteomics analyses [48,62]. Cathepsins B and
L were identified by Brunner et al. and are most intriguing as these proteins have been
previously shown by electron microscopy to localise in immature ISGs, while cathepsin L
alone remains in mature ISGs [36]. While some hydrolases have previously been described
within ISGs [80,81], other hydrolases present in proteomic analysis may be appearing
due to crinophagy processes of ISGs with lysosomes [62,82]. As such, further validation
of hydrolase proteins will be essential to help elucidate their role in ISG biogenesis and
processing. Particularly, the validation of cathepsins present in immature and mature ISGs
demonstrates that these enzymes may follow sorting mechanisms out of immature ISGs
via the mannose 6-phosphate receptor [36,83]. This adds weight to the ‘sorting by retention’
and ‘sorting by exit’ hypotheses in ISGs, in which immature ISGs may target proteins either
for retention in maturing granules or exit towards the lysosome [36,62,84].

3.2. Membrane Proteins

A substantial proportion of ISG proteins identified by the proteomic analyses were
membrane-bound or membrane-associated proteins. Of this group, the most commonly
identified were synaptobrevin proteins (VAMPs), including Vamp3 [59,62,65], Vamp7 and
Vamp8 [62]. VAMPs interact with their cognate t-SNAREs and other proteins that mediate
the fusion of vesicles to the target membrane [85,86], which in turn interact with a variety of
presynaptic proteins and q-SNAREs to form the complete SNARE complex [87–89]. Vamp2
was first described as an ISG localised v-SNARE protein [90] by cDNA cloning and confocal
microscopy. Brunner et al. then identified Vamp2 in their proteomics analysis and following
this, Hickey et al. used Vamp2 antibodies to immuno-purify ISGs. Surprisingly, Hickey et al.
and Li et al. do not identify Vamp2 in their proteomes, with Hickey et al. suggesting that it
and many other docking proteins potentially remained on the immunoaffinity beads [48].
If these membranal proteins were left unidentified, this may explain why fewer proteins
(51) were identified in comparison to other proteomes.

Rab proteins were also found to be enriched with ISG fractions. Rab proteins are a
family of GTPases from the Ras superfamily [91] that modulate several stages of vesicle
trafficking and fusion of ISGs with the plasma membrane [92,93]. Through proteomic anal-
ysis and colocalisation imaging, Brunner’s study illustrated that both VAMP8 and Rab37
are novel ISG associated proteins that colocalise with ISGs of INS1-E cells [62]. Previous
to this, only 30 proteins were described as ISG associated proteins in beta-cells [62] and
information surrounding the trafficking of ISGs was limited. Their proteomic analyses and
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validation of novel proteins suggested a more complex trafficking process than previously
established in beta-cells. Other SNARE complex proteins present in the proteomes include
syntaxin5 and 12, (Stx5, Stx12) [59] and granuphilin [62]. However, these proteins are be-
lieved to be localised to the plasma membrane [94] and not on ISG membranes, suggesting
that they were present in contaminant co-purification with ISG fractions.

Many ATPase subunits were commonly identified in the four proteomic analyses,
most notably the vacuolar-H+ ATPases (V-type). These V-type ATPases have been previ-
ously shown to be localized to ISGs in beta-cells [95], and are important in producing and
maintaining a proton gradient by acidifying the granule [95–97]. This facilitates the matu-
ration of ISGs [98] as well as maintaining a suitable pH for intravesicular enzymes [8,82].
Many other subunits of ATPases identified are lysosomal isoforms and should be validated
as to whether they are genuine ISG proteins or proteins co-purified with ISGs.

3.3. Other Proteins

The remaining proteins identified with non-specific or unknown localization in ISGs
are often grouped in these studies. These include cytoskeletal, cytoplasmic and organelle
localized proteins. The cytoplasmic proteins identified range from mis-folding chaper-
ones [48] and isomerases (PDIA3) [62] to N-ethylmaleimide sensitive fusion protein [59,65].
Whether these proteins are genuinely ISG-associated, or technical contaminants, requires
further validation. Different cytoskeleton-associated proteins are found across all four
proteomes. Alpha-centractin [65], alpha and beta-actin [48] and kinesin subunits [65] are
some examples of cytoskeletal associated proteins identified. ISGs are transported along
microtubules by kinesins [99] and cytoskeleton remodelling is critical for ISG traffick-
ing during glucose-stimulated insulin secretion [100]. The presence of these proteins is
therefore unsurprising, though are likely present due to co-purification of these proteins
through the isolation of ISGs. Indeed, the presence of proteins localized to the ER, Golgi,
mitochondria and lysosomes are also commonly observed across all four studies. Examples
include Erp44 (ER), Glg1 (Golgi), SHMT (mitochondria) and Lamp1 (lysosomes) [59,65]. It
is difficult to prevent the copurification of these proteins using present isolation techniques
and their co-localisations with ISGs need further validation.

The presence of isomerases and proteins involved in protein folding is quite surpris-
ing. Hickey et al. in particular find a striking number of chaperone proteins (~20% of
proteins identified) [48]. Recent studies have shown that ER chaperone proteins are vital in
proinsulin handling and insulin-like growth factor folding [101]; however, none of these
ER-resident proteins have been shown to be localized in ISGs. Interestingly, Stanniocalcin-1
(STC1) or its precursors were found in three of the four proteomes (Li, Schvartz, Brunner).
STC1 is found in many tissue types such as muscle, kidney, adrenal and lung [102]. Human
STC1 protein is described as an uncoupler of oxidative phosphorylation in mitochon-
dria [103], and has been implicated in apoptotic mechanisms and carcinogenesis [104].
Its function in beta-cells is not well understood, however; immunocytochemistry, and in
situ ligand binding and hybridization [105] show that STC1 colocalizes with insulin in
mouse pancreatic beta-cells. The abundance of these chaperones, alongside identification
of proteins such as STC1, illustrates the importance of ISG proteomics as a rich source of
data to potentially identify novel ISG proteins that may modulate different processes of ISG
biogenesis, trafficking, and secretion. Altogether, these studies highlight the importance
of developing improved purification techniques that restrict isolation of ISGs to granules
post-sorting and packaging from the TGN, and before degradation.

4. Understanding ISG Function through the Proteome

Many aspects of ISG biosynthesis, processing, trafficking and secretion have been
well reported [106], with the majority of studies focusing on individual protein effects
on beta-cell function. Fewer studies use a broad view approach of ISG proteins, and
their interactions and localisations. Efforts to identify exclusive ISG proteins in beta-cells
remains scarce, and it is obvious that experimental methodology is the primary challenge.
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Proteomic analysis is appealing because it provides an unbiased approach to uncovering
new ISGs proteins, and validation of targets will help understand mechanisms underlying
beta-cell function. Indeed, the proteomics-based discovery of VAMP8 and Rab37 as ISG
proteins by Brunner and colleagues resulted in the detection of a novel set of proteins that
regulate fusion of ISGs to the plasma membrane, and thus established the paradigm for
ISG exocytosis [62]. In a similar fashion, the identification of hydrolases [36] within the ISG
lumen suggests there are still many facets of ISG recycling and degradation that remain
unappreciated.

Intrinsic ISG behaviour is an intriguing concept, and the evidence for functionally
distinct populations of mature ISG is growing. For a long time, ISG have been believed to
exist in either a ‘readily releasable pool (RRP)’ or ‘reserve pool (RP)’ of granules within the
beta-cell cytoplasm [107–109]. The presence of Rab37a effector protein granuphilin on ISG
appears to regulate granule docking at the plasma membrane, interacting with Syntaxin-1A-
Munc18-1 complexes [110], and contributing to the RRP. However, ISG docking has been
found to be a limiting step in ISG exocytosis and is not a requirement for granule fusion, as it
restricts ISG motility and is dysregulated in T2D [111]. In contrast, newcomer granules from
the RP have been identified to exhibit high mobility [112] and fusion competence irrelative
of docking [113]. Newcomer granules abundantly express Syntaxin-3, which interacts with
Munc-13-1 and Vamp8 to mediate their priming and fusion states [114]. Newcomer ISG
also appear to have high calcium sensitivity, fusing away from Syntaxin-1A and L-type
Ca2+ channels [115]. Whether these distinct subpopulations can be distinguished by their
proteome will be critical to understanding the physiological relevance for granule pools in
ISG function. Indeed, there is some evidence for the existence of distinct mature granule
subpopulations differentiated by the expression of surface markers synaptotagmins-7 and
-9 [116].These ISG populations exhibit unique lipid compositions, calcium sensitivities, and
even proprotein convertase protein distribution. Most significantly, relative proportions of
these subpopulations are changed in diabetes, with the specific depletion of synaptotagmin-
9 ISG observed in a model of T2D [116].

Recent studies have demonstrated that ISG age plays an important role in dictating
secretion and degradation [16–18,117,118], with younger ISG preferentially secreted in
first-phase glucose-stimulated insulin secretion. It is possible that changes in protein com-
position occur in aging ISG, controlling functional differences in these younger and older
populations. Two unique strategies have since been used to identify age-distinct ISGs from
beta-cells. The first is a fluorescent protein timer construct, syncollin-dsREDE5TIMER,
that localises to the lumen of ISGs [18,119] and changes its emission spectra over time.
Integrating this construct into beta-cells and then applying a technique termed fluorescence-
assisted organelle sorting (FAOS), submicron vesicles are thus fluorescently-labelled for
sorting [120]. In the second, Neukam et al. and Ivanova et al. employ the use of pulse-chase
labelling of ISGs using either a SNAP or CLIP tag fused to insulin or phogrin respectively,
followed by immuno-purification using fluorescent dye TMR [17,49]. The advantage of
techniques that track syncollin or phogrin, as opposed to insulin, lie in the resulting exclu-
sion of pre-sorting compartments within the beta-cell. Syncollin-dsREDE5TIMER is only
red fluorescent in ISG from approximately 18 hours onwards, when ISG are distinctly ma-
ture, while phogrin-fused CLIP is immuno-precipitated by TMR only after its sorting in ISG.
Neither technique has yet produced proteomic samples, potentially due to the challenge of
separating old ISG from degradation pathways. Mature syncollin-dsREDE5TIMER is de-
tectable within Lamp1-positive vesicles (data not shown), while Hoboth and colleagues also
visualise SNAP-tagged ISG within multigranular autophagic bodies [16]. Neukam et al.
attempt to mitigate this issue with the addition of a second immunoprecipitation step with
Lamp2 and Syp1 to deplete apparent lysosomal contamination [49]. The optimisation of
these methodologies will help expand our current understanding of the underpinnings
regulating insulin secretion and beta-cell function.
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5. Moving Forward

The four proteomic analyses examined in this review used combinations of density
gradients to isolate ISGs. The use of additional ISG markers by Hickey et al. to further
purify ISG is desirable in theory, but practically results in additional challenges. Of note,
their use of Vamp2 immuno-isolation of ISG did not result in the identification of Vamp2 (or
any other Vamp proteins) within their proteome. Indeed, with only five proteins identified
across all four ISG proteomes, many established ISG-exclusive proteins such as PC1/3 [74],
phogrin [68] and the ZnT8 transporter (SLC30A8, [38]) were not identified consistently or
at all, confirming major technical limitations. There have also been enormous leaps in mass
spectrometry technology since Brunner and colleagues first established an ISG proteome in
2007, and the exceedingly increased sensitivities from mass spectrometers and improved
peptide search databases currently available will allow deeper proteome depth and accu-
racy [121,122]. Recent proteomics studies utilising library-based analyses techniques in
mouse primary islets identified over 11,000 unique proteins using minimal starting material
(unpublished data), suggesting similar database searches could generated and applied to
the ISG proteomes to improve protein recognition. Li et al. additionally demonstrate the
potential for novel protein discovery by utilising protein correlation profiling to match
candidate proteins to known ISG markers based on Euclidean distance [59]. Recent devel-
opment of different protein sequencing, such as nanopore technology [123] and fluorescent
“protein fingerprinting” [124] may also facilitate new ISG protein identification.

The majority of ISG isolation studies focus solely on the mature ISG. Immature ISG
isolation is considerably more difficult since immature ISGs lack the dense zinc core, and
more closely associate with pre-sorting compartments. Though Chen et al. demonstrate
the use of fixed Percoll percentages to enrich immature ISG [45] using density, both ER
and TGN membrane proteins were found to be contaminating in those fractions. There is
potential that the use of immature ISG-specific proteins could be further exploited to isolate
immature ISGs. For example, PICK1 and ICA69 form a protein complex on immature
granules, but only PICK1 persists in mature granules [125]. Similarly, clathrin is ‘sorted-by-
exit’ from immature ISG, though is also present on non-ISG vesicles. Proteomic analyses of
immature ISGs will improve our understanding of both sorting mechanisms at the TGN,
and processing of the ISG itself during insulin maturation. Many beta-cell pathologies
are intimately linked to ISG formation, despite the most common diabetes therapies
targeting defective ISG secretion. Dysregulated ISG biogenesis leads to glucose intolerance
in vivo [30,33,41,126], while increased proinsulin / insulin ratios are archetypical of diabetic
patients and indicative of impaired processing within immature ISG [126,127].

Current ISG proteomes studies have only investigated rat insulinoma INS1 or INS1-E
cell lines. This is most likely due to ease of culture and scaling to large starting material
quantities, but it is important to consider how the ISG proteomes in mouse or human
beta-cells may differ, potentially with the application of these methods to the MIN6 or
EndoC-βH1 cell lines. Of the proteins with consensus across the ISG proteomes, all have
human orthologs (INS, CHG, PCSK2, CPE), though humans only have a single insulin
gene. Human beta-cell proteomics studies are also rare as they rely on precious and scarce
material and are often subject to contamination by other endocrine cell types. Up to 707
potential beta-cell proteins have been identified [128–130], though it is yet unknown how
many of those are ISG-specific.

Moreover, it will be critical to translate those techniques established within cell lines
to primary cells to provide a more accurate snapshot of ISG proteins in vivo. There is
potential to incorporate flow cytometry sorting techniques to isolate primary beta-cells,
separated by an insulin-tagged fluorophore [131], zinc dyes or probes [132,133], or even
NADPH autofluorescence [134,135] prior to ISG enrichment. Following this, the application
of immunoprecipitation of select ISG markers [48], or dynamic fluorophores such as
dsRedE5TIMER [18], will further allow ISG population separation. Once optimised, these
methodologies would provide a standard for ISG proteomics that could be applied to
multiple models of insulin-associated pathologies, including T2D.

46



Metabolites 2021, 11, 288

A clean proteomic analysis of ISGs will provide a resource for more complete un-
derstanding of ISG sorting, processing, and trafficking. Currently, ISG proteomes are
scarce, limited to rat insulinoma cell lines, and contain significant contamination. With
the continued development of improved ISG isolation techniques, purification strategies
and advancements in proteomics, ISG proteomes should be revisited, applied to different
cell lines and ISG subpopulations to investigate and uncover novel players in the ISG
secretory pathway.
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Abstract: The pancreatic beta-cell transduces the availability of nutrients into the secretion of insulin.
While this process is extensively modified by hormones and neurotransmitters, it is the availability
of nutrients, above all glucose, which sets the process of insulin synthesis and secretion in motion.
The central role of the mitochondria in this process was identified decades ago, but how changes
in mitochondrial activity are coupled to the exocytosis of insulin granules is still incompletely
understood. The identification of ATP-sensitive K+-channels provided the link between the level of
adenine nucleotides and the electrical activity of the beta cell, but the depolarization-induced Ca2+-
influx into the beta cells, although necessary for stimulated secretion, is not sufficient to generate
the secretion pattern as produced by glucose and other nutrient secretagogues. The metabolic
amplification of insulin secretion is thus the sequence of events that enables the secretory response
to a nutrient secretagogue to exceed the secretory response to a purely depolarizing stimulus and
is thus of prime importance. Since the cataplerotic export of mitochondrial metabolites is involved
in this signaling, an orienting overview on the topic of nutrient secretagogues beyond glucose is
included. Their judicious use may help to define better the nature of the signals and their mechanism
of action.

Keywords: cytosolic calcium concentration; glucose; insulin secretion; metabolic amplification;
mitochondria; nutrient secretagogues

1. The Biphasic Pattern of Insulin Secretion Can Be Produced in Different
Experimental Settings

The endocrine pancreas responds to an increase in glucose in the bloodstream with a
biphasic pattern of insulin release, represented by a short (5–10 min) first phase, followed by
a long, sustained second phase release. This unique feature is best shown in response to a
‘square wave’ glucose stimulus, which is produced in vivo by the hyperglycaemic clamp [1].
It is obvious that such a stimulation pattern is non-physiological, but the resulting biphasic
response is the hallmark of the healthy endocrine pancreas. In type 2 diabetes (T2D)
and animal models of this disease, it displays varying degrees of a diminished insulin
response, often described to be more prominent during the first phase but also recognizable
during the second phase [2,3]. The demonstration that metabolically healthy first-degree
relatives of T2D patients have a diminished secretory response during a hyperglycaemic
clamp [4] and that insulin-sensitive offspring of T2D patients have diminished beta-cell
function [5] suggest that beta-cell dysfunction is an independent pathogenic factor driving
the progressive impairment of glucose homeostasis in the course of T2D [6]. The low
incidence of T2D during historical periods of food shortage shows that beta-cell dysfunction
is rarely sufficient for manifestation in the absence of insulin resistance.

Originally demonstrated in vivo, the biphasic secretion pattern could also be demon-
strated in vitro, or more precisely, ex vivo, using the model of the perfused rat [7,8] or
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mouse pancreas [9] and, after the introduction of the collagenase isolation technique, with
the more reductionist model of the batch-perifused isolated islets [10,11]. Theoretically,
it is possible that the phenomenologically similar secretion pattern in vivo and ex vivo
may result from different mechanisms. In a less apodictic form, namely that the relative
contribution of the processes involved in shaping the secretion pattern may vary between
the different experimental systems, this argument is worth considering (see below). Just to
illustrate this point, the effect of incretins is certainly absent in perifused islets, which may
be responsible for their more protracted and less dynamic responses.

Today, a large part of the basic research on beta-cell function is performed using
insulin-secreting cell lines, often referred to as clonal beta cells. In addition to the initially
perceived advantage, to generate a steady supply of insulin-secreting cells with standard-
ized properties without the hazards and time consumption of collagenase digestion, the
ease of transfection has made them popular tools. Thus, cell lines are also used for the
study of metabolism-derived signals for secretion (see, e.g., [12,13]). However, it has to be
kept in mind that the much larger biosynthetic activity as a precondition for the higher
rates of mitosis represents a drain of metabolites. This is one of the reasons why quickly
proliferating cell lines, such as RINm5F, have a poor secretory response to metabolic stim-
ulation, whereas highly differentiated cell lines, such as INS-1E, have a better response
but proliferate only slowly [14,15]. Interestingly, three-dimensional aggregates of MIN6
cells, also called MIN6 pseudo-islets, show a higher secretory response to glucose than the
equivalent number of MIN6 cells in monolayer [16] and can be perifused like primary islets.
Still, the kinetics and dynamic range of secretion are inferior to the one of primary islets.

2. The Early Years: Substrate Site Hypothesis versus Receptor Site Hypothesis

Very early investigations, using a number of metabolizable and non-metabolizable car-
bohydrates, suggested that stimulated insulin secretion required the metabolic breakdown
of the glucose [17,18]. For example, glucose and mannose stimulated insulin secretion,
whereas 2-deoxyglucose, 3-O-methylglucose, and galactose did not. However, it was diffi-
cult to verify that increases in the level of potential signal-conveying metabolites occurred
during the initial phase of stimulated secretion; thus, the alternative view evolved, namely
that glucose stimulates insulin secretion by binding to a plasma membrane receptor [19].
The demonstration that the NAD(P)H-autofluorescence of perifused islets increased, co-
inciding with the onset of stimulated secretion, suggested that the level of mitochondrial
reducing equivalents increased during the onset of secretion [20] and supported the sub-
strate site hypothesis.

Perhaps, some of the earlier controversies were caused by the existence of sweet taste
receptors at the beta-cell plasma membrane, the activation of which may lead to a leftward
shift of the threshold of glucose stimulation [21]. The receptor concept survived in modified
form when the prominent role of the glucokinase, the first glucose-metabolizing enzyme
in the beta cells, to regulate the velocity of glucose breakdown was recognized [22–24].
Actually, the biochemical or pharmacological enhancement of the glucokinase activity
proved to have insulinotropic consequences [25,26]. Nevertheless, it remained unclear for
some time whether proximal events of glucose metabolism could directly affect insulin
secretion [27] or whether the complete degradation of the glucose carbon to CO2 and
increased oxidative phosphorylation was necessary for signal generation and not just a
complicating by-product of glucose metabolism.

3. What Are Nutrient Secretagogues?

The metabolization of glucose as a precondition for its insulinotropic effect has be-
come textbook knowledge. In consequence, not only the earlier disputes but also, the
earlier experimental approaches to characterize the relation between the nutrient and
the insulinotropic properties are becoming less widely known. In view of the still unre-
solved issues, they may not only be of historical interest. The insulinotropic property of
non-carbohydrates belongs to this chapter.
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In addition to the few insulinotropic carbohydrates, some amino acids and monocar-
boxylic keto acids are insulinotropic. However, the concentrations needed to elicit insulin
secretion are beyond their physiological ranges in the serum of humans and mice. So, they
cannot be named physiological stimulators, even if the mechanisms they activate within the
beta cell are physiological in the sense that even prolonged stimulation is not detrimental
for beta-cell function and viability. This sets them apart from more robust stimuli, such
as depolarization, by high extracellular potassium concentration (see below). The feature
which made (and still makes) amino acids and keto acids interesting as heuristics tools is
that their catabolism and the one of glucose only meet in the mitochondrial matrix, thus
reducing the number of possible mechanisms involved in stimulus-secretion coupling.

The amino acid which is able to elicit insulin secretion in the absence of glucose
is leucine. Its insulinotropic efficacy is strongly enhanced by combination with glu-
tamine, which by itself is ineffective [28,29]. The series of keto acids are of interest since
their catabolism shows differences, as shown by their insulinotropic efficacy. Alpha-
ketoisocaproic acid (KIC), alpha-ketocaproate, alpha-ketovalerate, and alpha-keto-beta-
methylvalerate are all insulinotropic [30]. KIC has the strongest insulinotropic effect, on a
par with glucose, albeit with different kinetics. Alpha-ketoisovalerianic acid (KIV) is not
insulinotropic but can enhance the efficacy of other nutrient secretagogues. Actually, the
term nutrient secretagogue for such compounds is preferable over “fuels” since they do
not only support ATP generation but like glucose, support the biosynthesis of insulin, as
has been shown for the combination of leucine and glutamine [31].

All of the above insulinotropic compounds support the generation of reducing equiv-
alents by the Krebs cycle in the mitochondrial matrix, either by being catabolized them-
selves or by activating the catabolism of endogenous nutrients. Like leucine, BCH (2-
amino-bicyclo [2.2.1]heptane-2-carboxylic acid), a non-metabolizable structural analogue
of leucine, activates glutamate dehydrogenase and provides the citric acid cycle with
alpha-ketoglutarate [32]. Similarly, beta-phenylpyruvate is not metabolizable but serves
as transamination partners for glutamate and glutamine [33]. In the course of phenylke-
tonuria, an inborn error of metabolism, phenylpyruvate can reach concentrations that
inappropriately stimulate insulin secretion and generate hypoglycaemia [34]. The role
as a transamination partner is also relevant for KIC, which is itself metabolized, yielding
acetyl-CoA, but also transaminates glutamate and thus provides the Krebs cycle with
alpha-ketoglutarate [30]. Inhibition of transamination by aminooxyacetate abolishes the
insulinotropic effect of KIC [35].

However, it has to be emphasized that in contrast to glucose, not all of the keto
acids are pure nutrient secretagogues. For example, KIC and beta-phenylpyruvate were
found to directly inhibit the ATP-sensitive K+ channel (KATP channel) [36,37] in addition
to inhibiting the channel by the increased ATP/ADP ratio [38,39]. This has to be kept in
mind when interpreting secretory responses to keto acid stimulation. In this context, it
should be mentioned that distinct from other amino acids, the insulinotropic property of
arginine is not caused by metabolism but is exclusively due to the depolarization caused
by its electrogenic uptake into the beta cells [40].

4. Which Features of the Mitochondrial Metabolism Are Typical for Beta Cells?

The insulinotropic property of the above amino- and keto-acids play a major role
in defining the mitochondria as the central hub of the stimulation of insulin secretion
by nutrients (see Figure 1). Several lines of evidence contributed to this progress. First,
the demonstration that not only glucose but nutrient secretagogues in general increase
NAD(P)H-fluorescence and at the same time decrease FAD-fluorescence [41–43], which
points to the mitochondrial matrix. Second, KIC, like glucose and a number of other
nutrient secretagogues, increases oxygen consumption supporting a role for oxidative
phosphorylation [44–46]. By combining oxygen consumption measurements of perifused
islets with secretion measurements, an interesting difference in the kinetics was observed,
in that the increase in KIC-stimulated secretion closely parallels the increase in the oxygen
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consumption rate (OCR), whereas glucose generates a faster increase in the OCR, which
then turns into a slowly ascending plateau [47].

Figure 1. Both glucose and KIC exert an anaplerotic effect on the citric acid cycle in beta cells.
Glucose-derived pyruvate is either metabolized by pyruvate dehydrogenase (PDH) to acetyl-CoA
or by pyruvate carboxylase (PC) to oxaloacetate. KIC can be degraded, which yields acetyl-CoA.
It can also be transaminated with glutamate, which yields alpha-ketoglutarate and leucine. This
reaction is essential for the insulinotropic effect since inhibition of transamination by AOA inhibits
KIC-induced insulin secretion. The carbon which is fed into the citric acid cycle is derived from
glutamate, which, in turn, is generated from endogenous glutamine. The red color marks reactions
which support oxidative phosphorylation, the green color marks metabolites and reactions with
potential relevance for glucose-dependent amplification. Abbreviations: AOA = aminooxyacetate,
KIC = alpha-ketoisocaproic acid, MAG = monoacylglycerol, PL = phospholipids.

It is interesting that islet cells in situ live in a higher oxygen tension than the sur-
rounding exocrine tissue [48], even though mitochondria in beta cells make up only 4%
of the intracellular volume, much less than, e.g., in hepatocytes [49]. The higher oxygen
tension is likely a consequence of dense vascularization of the islet [50,51]. It is known
that three critical dehydrogenases of the Krebs cycle can be activated by increased Ca2+

levels [52]. Interestingly, the increase in oxygen consumption, which results from this
activation, occurs only when Ca2+ is provided by influx via L-type Ca2+ channels, not by
release from intracellular stores [53].

The role of mitochondrial metabolism for glucose-derived signal generation is em-
phasized by the fact that the fraction of glucose carbon that is oxidized increases with
accelerated glycolysis, even though it is already high at basal levels. Another notable
feature is that glucose utilization does not increase with decreasing oxygen levels [54]. The
latter feature is explained by the low activity of lactate dehydrogenase in beta cells [55].
Thus, to re-oxidize NADH in the cytosol and to keep the glycolysis running, reducing
equivalents have to be transported into the mitochondrial matrix via shuttling mecha-
nisms. This is enabled by a high expression level of the FAD-linked glycerol-3-phosphate
dehydrogenase [56]. The use of pyruvate in beta cell mitochondria is characterized by a
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high activity of pyruvate carboxylase, which is atypical for a cell without gluconeogenic
function [57].

Finally, the specific relevance for the beta cell of the close coupling of glucose utilization
to mitochondrial metabolism is underlined by the much looser coupling in the glucagon-
secreting alpha cells [54]. Given the central position of the mitochondria in the stimulus-
secretion coupling, it is not surprising that they are considered as essential contributors to
the pathogenesis of type 2 diabetes [58].

5. Which Observations Have Led to the Hypothesis of a Bifurcating Pathway
Emanating from the Mitochondria?

The realization that nutrient-stimulated insulin secretion is dependent on mitochon-
drial activation, or more precisely, the increased oxidative phosphorylation, led to the
hypothesis that ATP or perhaps the ATP/ADP-ratio might convey the signal to the electri-
cal activity which had been observed in beta cells [59,60]. Measurements of radioactivity
from perifused islets loaded with rubidium (86Rb) identified a decrease in the potassium
conductance as the likely initiating event of electrical activity, which was required for the
initiation of exocytosis [61]. However, even though it could be shown that raising the glu-
cose concentration increased the ATP content in islets, it did not occur in the insulinotropic
concentration range of glucose, and measurements of the ATP/ADP ratio yielded incon-
clusive results [62,63]. Only when the high background by the ATP content in the insulin
granules was diminished by partial degranulation could a convincing correlation between
the ATP/ADP ratio and insulin secretion be demonstrated [64].

The missing link between changes in the ATP/ADP ratio and the electrical activity
proved to be the KATP channel, the functional identification of which was a fruit of the
newly developed patch clamp technique [65,66]. It took several years to clarify its molecular
composition, which consists of an inwardly rectifying K+ channel (Kir 6.2 = KCNJ11) as the
pore-forming unit and a member of the ATP cassette-binding family (SUR1 = ABCC8) as
the regulatory subunit [67]. While ATP4- closes the channel by interaction with the channel
pore, Mg-ADP binding to the regulatory subunit (also termed sulfonylurea receptor) has
an opening effect on the channel and modifies sulfonylurea potency [68,69]. Even though
additional metabolism-derived signals, such as H2O2 or acyl-CoA, may contribute to the
regulation of KATP channels [70,71], the ATP/ADP ratio as determined in intact islets can
be considered as a sufficient measure of the signal by which the beta cell mitochondria
initiate the electrical activity of the plasma membrane [72].

After the identification of the KATP channel as the link between energy metabolism and
electrical activity of the beta cell, the view prevailed that the depolarization induced Ca2+

influx caused by the closure of the channel would constitute the final common pathway
of insulin secretion. This view was regarded as the consensus theory of glucose-induced
insulin secretion. A test of this theory was to close the KATP channel pharmacologically
and then raise glucose from a basal to a stimulatory level. If Ca2+ influx by KATP channel
closure was the only regulator of secretion, no further increase in secretion was to be
expected. However, glucose caused an increase in secretion beyond the level established
by the maximally effective concentration of sulfonylurea [73]. The consensus theory was
further challenged by another experimental approach, where KATP channels were opened
by diazoxide to prohibit any effect of the energy metabolism on the membrane potential.
Depolarization was induced by a high extracellular potassium concentration. Because of
the large potassium conductance under this condition, the membrane potential closely
follows the Nernst potential. Again, raising glucose to a stimulatory level increased the
secretion of isolated islets beyond the level established by depolarization alone [74].

The latter approach has become the experimental standard, in part because of sus-
pected insulinotropic effects of sulfonylureas in addition to the closure of plasma membrane
KATP channels [75,76]. However, interference by intracellular sites of action also limits
the value of diazoxide as a pharmacological tool since it was shown to exert direct effects
on beta-cell mitochondria [77]. An argument in favor of pharmacologically blocking the
KATP channels is that the depolarization thus produced corresponds to the depolarization
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strength and pattern of nutrient stimulation, whereas depolarization by high potassium
can be much stronger, depending on the actual concentration, and lacks the typical pattern
of action potential spiking [78,79].

Initially often named “KATP channel-independent pathway” [80], the name “ampli-
fying pathway”, as suggested by Henquin [81], has become widely accepted. This choice
of name was based on the evidence that insulin secretion is not increased if the plasma
membrane is not depolarized, which under physiological conditions requires the closure
of the KATP channels. For this reason, the pathway is not “independent” in the proper
sense. The pathway leading to the KATP channel closure and Ca2+ influx, in contrast,
was termed “triggering pathway” [81]. Another nomenclature tries to avoid a functional
definition by simply naming the stimulus-secretion coupling via KATP channel closure the
“canonical pathway” and leaving the role of those signals undefined, which affect secretion
without causing changes in the electrical activity [82]. What is important, though, is not to
confuse the metabolic amplification, an inherent property of nutrient secretagogues, with
a receptor-mediated enhancement of secretion by neurotransmitters or hormones, such
as GLP-1.

6. Models of the Biphasic Kinetics of Secretion

A certain weakness in the definition of the amplifying pathway is that it relies on
the use of pharmacological agents prior to the nutrient stimulation. This, by necessity,
influences the secretion kinetics of the nutrient. So, to discuss whether the metabolic
amplification primarily affects early or late periods of the biphasic secretion pattern, we
have to briefly touch on the topic of which mechanisms underlie the biphasic kinetics of
secretion. In principle, two different points of view can be distinguished: one considers
the limited number of secretion-ready granules as the main responsible factor, whereas the
other considers the evolving pattern of metabolism-derived signals as the underlying cause.

The more popular hypothesis proposes that the biphasic secretion pattern results
from the existence of two different pools of granules. Its origins can be traced back to
the two-compartment model of secretion, proposing that insulin is contained in a stable
compartment and in a much smaller compartment that is labile to stimulation [83]. Based
on the combination of ultrastructural and electrophysiological data, the correlate of the
latter compartment was suggested to be a limited number of secretion-ready granules that
are firmly attached to the plasma membrane (“docked”) and fully prepared (“primed”)
for fusion [84–86]. The high fusion rate produced by depolarization-induced Ca2+ influx
depletes this pool of secretion-ready granules causing the transient decrease in the rate of
insulin secretion, observed after 10–15 min of continuous stimulation (somewhat longer
than in vivo). The progressively faster replenishment of this pool by metabolism-dependent
recruitment of a distant reserve pool causes the subsequent recovery in the insulin release
rate, taking shape as the second phase [87,88]. Since the accelerated rate of replenishment
now matches the rate of exocytosis, the secretion rate of the second phase can be maintained
for several hours until a general desensitization towards stimulation sets in, which reduces
the secretion rate to about one-third [89].

The alternative view can be named the metabolic control hypothesis. This hypothesis
proposes that the glucose metabolism in the beta cell generates stimulatory as well as
inhibitory signals [90,91]. The initial stimulatory effect is followed by a more slowly
evolving inhibitory signal which reduces the secretion rate. This process, which leads to
the nadir of the secretion rate, was named time-dependent inhibition. The hypothetical
inhibitory signal is then succeeded or overruled by a third signal evolving from the glucose
metabolism. This even more retarded reaction was named time-dependent potentiation.
The time-dependent inhibition and potentiation do not only differ in their kinetics but also
their dependency on the glucose concentration [92]. The main obstacle for this hypothesis
to gain a wider acceptance is that no clear mechanism for the inhibitory signal could
be demonstrated.
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On the other hand, the hypothesis of the time-dependent potentiation bears a clear
resemblance to the phenomenon of metabolic amplification. A comparison of the storage-
and the signal-limited model of insulin secretion gave slightly better fits for the simulation
of the signal-limited model [93]. Further progress in characterizing the fate of the insulin
granules may eventually show that both hypotheses are not mutually exclusive but rather
that the earlier model (limited storage) is related to the latter.

In this context, it is worth pointing out that a fully developed first phase with a tran-
sient decrease in the secretion rate requires the “non-physiological” square-wave stimulus
(Figure 2). A ramp-like stimulation generates a continuously ascending rate of secretion,
where the initial phase is only different from the following phase by a more steeply ascend-
ing rate of secretion [94]. In perifused islets, such a pattern also results when a maximally
effective glucose stimulus is applied after a period of nutrient deprivation [47,95]. This
suggests that the velocity with which metabolites are generated may not only determine
the initial increase in the secretion rate but also the extent of the transient decrease.

Figure 2. The kinetics of nutrient-induced insulin secretion are strongly dependent on the velocity of
nutrient increase. The only difference between the experimental conditions of the secretory responses
shown in this figure is the pump rate of the perifusion and, by consequence, the steepness of the
glucose gradient. The final concentration was reached after 5 min or 35 min, respectively.

7. Relation of the Triggering and Amplifying Pathways to the Biphasic
Secretion Kinetics

The hypothesis that the imbalance between the fusion rate of the fully prepared
granules and the velocity of granule replenishment is responsible for the first phase entails
that the relevance of the mitochondrial metabolism for secretion becomes visible during
the build-up of the second phase. Consequently, the triggering signal was often held
to be responsible for the first phase and the amplifying signal for the second phase of
glucose-stimulated secretion, see, e.g., [96].

This view was supported by observations on INS1 cells with inactivated mtDNA,
which did not secrete insulin in response to glucose but did so in response to KCl depo-
larization [97]. However, the short-term treatment of perifused islets with mitochondrial
inhibitors virtually abolished not only the insulin secretion elicited by glucose but also
the one by KCl or sulfonylureas [98]. MIN6 cells devoid of mitochondrial DNA showed
a markedly reduced secretion in response to the sulfonylurea, glibenclamide [99]. So,
the extent to which the triggering signal alone elicits secretion is less well defined than
often realized. In this context, it is worth mentioning that Ca2+ influx does not simply
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constitute the signal for granule fusion but that it may affect granule transport and thus
the availability of fusion-ready granules. In fact, the biphasic increase in the cytosolic
Ca2+ concentration, often seen in intact islets [100,101], suggests a role for the Ca2+ signal
beyond triggering.

As mentioned above, potassium depolarization has no upper limit within the physio-
logical working range of the beta cell, in contrast to KATP channel closure. The closure of
the KATP channels results in a plateau depolarization of about 20 mV by a still ill-defined
inward leak current. The superimposed action potentials result from the phasic influx of
Ca2+ via L-type channels, as can be seen by the use of blockers of these channels [102]. So,
for the experimental triggering signal to mimic the consequence of KATP channel closure
by nutrient stimulation, a depolarization by about 20 mV has to be produced to open
voltage-dependent Ca2+ channels. This is the depolarizing strength of 15 mM KCl, which
only elicits a small transient increase in secretion far below the typical range of the first
phase [102]. Of note, the presence of 15 mM KCl is not without effect. It enhances the
secretion elicited by glucose and by sulfonylureas [102,103].

These observations suggest that a strong depolarization (e.g., by 40 mM KCl and more)
can produce a first phase-like monophasic secretion, but that the weaker depolarization
produced by nutrient stimulation generates the first phase because the metabolic amplifying
is already effective. This conclusion concurs with the one drawn from observations on
the changing relation between first and second phase secretion in dependence on the
prestimulatory conditions [104]. In short, metabolic amplification is likely effective from
the beginning of nutrient-stimulated secretion.

Finally, it has to be mentioned that the live-cell imaging of fluorescently labelled
granules by TIRF microscopy have led to a much more detailed view on the insulin
granules and the events preceding the fusion process, see, e.g., [105–107]. However, these
data have not yet had a major impact on the hypothesis of triggering and amplifying
pathways. Certainly, the quantitative description of granule genesis, transport, and fusion
under triggering and amplifying conditions will be of major help to understand how the
amplifying signals enhance the secretion rate.

8. Cataplerosis and Putative Amplification Signals

In contrast to the triggering pathway, a broadly accepted model of the amplifying
pathway has not yet emerged. A consensus exists in that the export of metabolites from the
mitochondrial matrix into the cytosol (cataplerosis) is of importance [108]. Cataplerosis is
any process by which carbon leaves the citric acid cycle in a form different from carbon
dioxide. Thereby the need for refilling the citric acid cycle (anaplerosis) is generated. So,
it can be hypothesized that a compound qualifies for the role of a nutrient secretagogue
when it increases the rate of oxidative phosphorylation and at the same time supports
cataplerosis by refilling the citric acid cycle [57].

According to this theory, glucose is insulinotropic not only because it generates NADH
and FADH2 in the matrix space but also because it refills the pool of oxaloacetate by the
action of pyruvate carboxylase. Actually, only 60% of the glucose-derived pyruvate entering
the mitochondria is metabolized by pyruvate dehydrogenase to acetyl-CoA; the other 40%
is built up to oxaloacetate. This compensates for the loss of cataplerotic metabolites and
permits the constant running of the citric acid cycle [109]. This scenario would apply when
mitochondria release glutamate, which could be generated from alpha-ketoglutarate by the
glutamate dehydrogenase reaction. Glutamate was the first in the line of candidate signal-
conveying compounds [110], also comprising alpha-ketoglutarate [111] or short-chain
acyl-CoA [112].

Some authors view the cataplerosis as part of one or more cycles of export and re-
import of metabolites to convey reducing equivalents out of the mitochondria to ultimately
increase the cytosolic levels of NADPH [113,114]. NADPH is discussed as a regulator
of exocytosis in beta cells via the deSUMOylation of SNARE proteins by SENP1 pro-
tein [115,116]. It has been shown repeatedly that glucose stimulation increases the level of

60



Metabolites 2021, 11, 355

NADPH (not to be confused with NAD(P)H, which designates the sum of both NADH
and NADPH in conventional fluorometry). But such an increase was not found for the
amplifying effect of KIC [117]. Thus, NADPH is unlikely to be an indispensable signal for
metabolic amplification. From a wider perspective, it can be postulated that candidate sig-
nalling compounds, such as monoacylglycerol [118], which can result from the metabolism
of glucose, but not of nutrient secretagogues in general, may contribute to the metabolic
amplification but are unlikely to be indispensable for this process.

As mentioned above, KIC has two different sites of entry into the citric acid cycle; in
addition to acetyl-CoA, it can generate alpha-ketoglutarate as long as the transamination
partner glutamate is available. The comparison of the metabolic amplification by KIC and
by glucose has led to an unexpected result. To obtain a metabolic situation of the beta cells,
where KIC metabolism was only minimally affected by the preceding glucose metabolism,
a 60 min nutrient-free perifusion preceded the application of exogenous nutrient. The
triggering signal was provided by blocking the KATP channels with a maximally effective
concentration of sulfonylurea. The insulinotropic effect of KIC under this condition was
about as strong as in the absence of the sulfonylurea (KIC at >5 mmol/L is a KATP channel
blocker in its own right), whereas the insulinotropic effect of glucose under the same
condition was virtually abolished and did not recover within the next hour. Or, in other
words, the metabolic amplification of glucose, but not by KIC, had been blocked by
the exposure to sulfonylurea throughout the experiment [119]. Later, it was confirmed
that the moderate depolarization by 15 mM KCl could substitute for the action of the
sulfonylurea [47].

It can thus be hypothesized that prolonged depolarization in the absence of nutrients
leads to a critically low concentration of a metabolite that cannot be replenished by glucose
alone. This view was supported by the observation that the secretion can be restarted by
adding KIV [120] or by glutamine, the effect of which could be enhanced by BCH [47].
Remarkably, the insulinotropic effect of glucose, once restarted, remained elevated after
removal of the anaplerotic starters, demonstrating that the regained rate of anaplerosis
translates into the rate of secretion (Figures 3 and 4). Taken together, the above findings
and considerations are consistent with the view that mitochondrial export of citrate and
acetoacetate, both sources of cytosolic acetyl-CoA, in insulin-secreting cells, amplifies
insulin secretion by enhancing the cytosolic supply of acetyl-CoA [120–122].

Recently, evidence on the role of cAMP as a signal-conveying compound of glucose-
stimulated insulin secretion has been presented [123], reflecting the earlier suggestion of
cAMP as the mediator of the time-dependent potentiation [124]. While the enhancing
function of receptor-mediated cAMP increase on insulin granule exocytosis is beyond
doubt [125], it is difficult to relate cAMP generation to the cataplerotic export of citrate
cycle metabolites. As a consequence, this hypothesis reduces the role of cataplerosis
in stimulus-secretion coupling to maintaining the biosynthesis of insulin in response to
nutrient stimulation. A more complete view of how nutrient-stimulated granule biogen-
esis, transport, and degradation contribute to secretion kinetics is needed to consider
this possibility.
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Figure 3. The rescue of the metabolic amplification of glucose, abolished by a period of depolarization
in the absence of nutrients. The amplification was restarted by perifusion with BCH and continued
after wash-out of BCH. The concomitant presence of glutamine and BCH resulted in a virtual jump-
start. Again, the elevated secretion level continued after wash-out of the starters. Since tolbutamide
depolarizes beta cells even in the absence of glucose, the triggering signal is continuously present.
For the underlying mechanisms, see Figure 4. Adapted from Reference [47].

Figure 4. The provision of the citric acid cycle with alpha-ketoglutarate may not only run via
transamination but also via glutamate dehydrogenase. This enzyme is allosterically activated by
leucine and by (±) BCH, a non-metabolizable leucine analog. In principle, the reaction can run in
either direction, but normally the level of endogenous glutamate is sufficient to support the generation
of alpha-ketoglutarate. The deaminating, anaplerotic reaction is further enhanced by the exogenous
offer of glutamine. The cataplerotic export of acetoacetate, which depends on sufficient levels of
succinate, is omitted for clarity. Abbreviations: BCH = 2-amino-bicyclo [2.2.1]heptane-2-carboxylic
acid, GlDH = glutamate dehydrogenase.
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9. Concluding Remarks

In this review, we have tried to outline the evolution of the ideas on how nutrient secre-
tagogues stimulate insulin secretion. The central position of the mitochondrial metabolism
in this process can be regarded as firmly established. Its specific features in the beta-cell
suggest that cataplerosis is a major contributor to nutrient-induced signaling and likely
produces the phenomenon of metabolic amplification. A broad consensus on the specific
nature of the signaling compound(s) and on its (their) mechanism(s) of action has so far
failed to emerge. For a review dealing specifically with the shortcomings of current models
of stimulus-secretion coupling, the reader is referred to [126]. Here, we have placed an
emphasis on the alternative experimental protocol and on the use of amino acids and keto
acids as experimental tools to delineate the mechanisms operative during the metabolic
amplification (for an encompassing overview, see [127]). These observations, which were
obtained with freshly isolated islets, support the view that in addition to the ATP/ADP
ratio, the second branch of signaling originates from the beta-cell mitochondria. Whatever
its precise nature, it will impact the provision of granules to the sites of exocytosis. It is con-
ceivable that multiple sites of action are involved in this process, which makes the concept
of reversible lysine acetylation by increased levels of cytosolic acetyl-CoA attractive [128].
Based on the modeling of clinical and experimental data, defective metabolic amplification
has been suggested to underlie the beta-cell dysfunction during type 2 diabetes [129].
Thus, metabolic amplification continues to be a relevant topic in diabetes research, and its
mechanisms warrant further investigation.
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Abstract: Early life represents a window of phenotypic plasticity. Thus, exposure of the developing
fetus to a compromised nutritional environment can have long term consequences for their health.
Indeed, undernutrition or maternal intake of an obesogenic diet during pregnancy leads to a height-
ened risk of type 2 diabetes (T2D) and obesity in her offspring in adult life. Given that abnormalities
in beta-cell function are crucial in delineating the risk of T2D, studies have investigated the impact of
these exposures on islet morphology and beta-cell function in the offspring in a bid to understand
why they are more at risk of T2D. Interestingly, despite the contrasting maternal metabolic phenotype
and, therefore, intrauterine environment associated with undernutrition versus high-fat feeding,
there are a number of similarities in the genes/biological pathways that are disrupted in offspring
islets leading to changes in function. Looking to the future, it will be important to define the exact
mechanisms involved in mediating changes in the gene expression landscape in islet cells to deter-
mine whether the road to T2D development is the same or different in those exposed to different
ends of the nutritional spectrum.

Keywords: pancreatic beta-cells; intrauterine growth restriction; maternal obesity; developmen-
tal programming

1. Introduction

Before the ‘developmental origins of adult health and disease’ paradigm emerged,
it was widely accepted that type 2 diabetes (T2D) was wholly genetically determined [1].
However, in 1991, upon linking birth weight records to glucose tolerance in men, a rela-
tionship was observed between lower weight at birth and a higher risk of T2D in adult
life; men with the lowest weight at birth were six times more likely to develop T2D when
compared to the heaviest [2]. This association has since been replicated in a number of
epidemiological studies [3], is present in both men and women [4] and persists even after
adjusting for ethnicity, childhood socioeconomic status and adult lifestyle factors [5].

In 1992, the ‘thrifty phenotype’ hypothesis was put forward by Hales and Barker to
explain the association between poor fetal growth and increased T2D risk in adult life. This
hypothesis posits that when faced with poor nutrition, the fetus adapts to their environment
by selectively protecting brain growth at the detriment of other tissues and organs. This
includes impaired development of the endocrine pancreas, leading to abnormal pancreatic
beta-cell mass/function and reduced capacity for insulin secretion, which persists into
adult life [1]. Indeed, offspring who were exposed to periods of famine whilst in utero are
at a higher risk of T2D in adult life (reviewed in [6]).

In 1998, Hattersley and Tooke put forth the ‘fetal insulin’ hypothesis as an alternative
explanation for the association between low birth weight and risk of T2D. This hypothesis
proposes that both phenotypes are the result of a genetic predisposition for reduced insulin
secretion and action leading to decreased growth in fetal life and a decreased capacity
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to secrete and respond to insulin and, therefore, higher T2D risk [7,8]. Support for the
‘fetal insulin’ hypothesis emerged from genome-wide association studies showing that a
number of T2D risk loci are associated with lower birthweight. Furthermore, the strongest
associations are at loci that primarily affect beta-cell function (reviewed in [8]). However, it
has since been argued that genetic susceptibility does not solely account for the relationship
between low birth weight and T2D; in a study of monozygotic twins discordant for T2D, the
diabetic twin had a lower birth weight compared to their genetically identical non-diabetic
co-twin [9].

Over the last two decades, the increasing number of studies reporting incidence of
high birth weight (especially given the higher prevalence of maternal obesity/gestational
diabetes in more contemporary cohorts) have provided additional clarity regarding the
relationship between low versus birth weight and T2D risk; systematic review and meta-
analysis have shown that babies born with either low (<2.5 kg) or high (>4.5 kg) birth
weight are most at risk for T2D in later life [3,10]. This is particularly worrying given that
in many populations, nearly half of women of child-bearing age are either overweight or
obese [11]; not only are these women twice more likely to have a baby with high birth
weight [12], adult children of overweight and obese mothers also have a 1.4- and 3.5-fold
higher incidence of T2D, respectively, compared to children of normal weight mothers [13].

Similar to fetal undernutrition, it remains unresolved whether genetic predisposi-
tion [14,15] or the intrauterine/early life environment [13] have a larger part to play in
driving the relationship between maternal obesity and offspring T2D risk. However, given
that defective pancreatic beta-cells account for most (if not all) forms of diabetes, a large
number of studies have been undertaken to elucidate the impact of intrauterine growth
restriction (IUGR) as well as sub-optimal maternal nutrition (in the form of undernutrition
or exposure to foods that are high in fat and sugar with low nutritional value) on islet
morphology and beta-cell function in the offspring.

In this review, we consolidate the evidence across various small and large animal
models of restricted fetal growth and maternal caloric excess and discuss both the dif-
ferences and similarities in islet-specific phenotypes that arise in offspring exposed to
these contrasting maternal environments. We also evaluate the proposed mechanisms
driving beta-cell dysfunction to determine whether these early life insults result in specific
vulnerabilities within beta-cells, leading to an increased risk of T2D. Finally, we share some
ideas that we believe are important areas of future research in the field.

2. An Overview of Animal Models of Restricted Fetal Growth and Exposure to
Maternal Caloric Excess

Animal models have been indispensable for understanding the potential causative
mechanisms underlying the relationship between a compromised early life environment
and future risk of T2D. The use of genetically identical rodent strains has enabled re-
searchers to dissect the relative contributions of specific components of the maternal (and
hence intrauterine) milieu on offspring phenotypes. Furthermore, given that it is not
possible to obtain longitudinal samples from human offspring and that the nutritional
history of human islet donors are unknown, mechanistic understanding of altered islet
function and mass in affected offspring have solely relied on animal models.

2.1. Animal Models of Restricted Fetal Growth

Inadequate nutrition during fetal development, usually the result of maternal un-
dernutrition and placental insufficiency, leads to IUGR and low birth weight. Given that
amino acid supply is disrupted in growth restricted babies [16,17] and that amino acids are
critically important for insulin production, Hales and Barker postulated that defects in the
development of fetal pancreatic beta-cells are due to maternal amino acid deficiency [1].
Thus, a number of studies have investigated the impact of IUGR on offspring islets by
feeding rodents an isocaloric diet with approximately 60% less protein content compared
to controls [18–26], which leads to ~10% reduction in offspring birth weight followed
by a period of catch-up growth [21,27–29]. This has been a core model used in the field.
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It should be noted, however, that not all models of maternal protein restriction result
in an IUGR phenotype in the offspring [20] for reasons that remain unknown. Another
well-characterized rodent model of IUGR that has been used to study its effect on islet
development is uterine artery ligation. This model induces uteroplacental insufficiency,
therefore, limiting the supply of nutrients and oxygen to the fetus leading to a 10–20%
decrease in body weight [30–37].

A similar effect has also been achieved in a sheep model of IUGR by surgically
removing most of the sites of placentation prior to pregnancy [38,39]. In contrast, a much
more severe effect on offspring birth weight (40% reduction) is observed when pregnant
sheep are exposed to elevated ambient temperatures in mid to late gestation [40–44].
Despite differences in the method used to induce IUGR and the timing and duration of
insult, impaired glucose tolerance and T2D is observed in the offspring across most models,
which is in line with findings in human cohorts.

2.2. Animal Models of Maternal Caloric Excess

Given the rising rate of overweight and obesity amongst women of child-bearing age,
a number of animal models have been developed involving excess maternal caloric intake
during pregnancy and lactation. Japanese Macaques fed a high-fat diet has been used as
a model that most closely mimics maternal obesity in humans [45–48] given that dams
typically give birth to a single offspring at a time and macaque colonies are genetically
heterogeneous. Islets from the Japanese Macaque are also similar to humans in terms of
structure, insulin secretion and the expression of endocrine hormones and key transcription
factors [49]. Another large animal that has been used to model maternal obesity is sheep.
In addition to having only one to three offspring per pregnancy, islet development in
sheep is also similar to humans. However, rather than feeding ewes a diet high in fat,
obesity is achieved using the same diet as controls but ewes are fed at 150% of their energy
requirements [50,51].

Most rodent models of maternal caloric excess involve consumption of a diet that is
either high in fat or high in both fat and sugar (with the latter being more reflective of an
obesogenic Western diet in humans). Fat content varies across studies ranging from 25 to
50% kcal and is mainly composed of saturated fats. In general, these models result in a
maternal phenotype of obesity and impaired glucose tolerance during pregnancy in studies
where mice are fed the obesogenic diet for 6–10 weeks before mating (reviewed in [52]).
To elucidate the specific maternal characteristics associated with an obese pregnancy in
mediating altered islet phenotype in the offspring, one study used the agouti viable yellow
(Avy) mouse to model maternal obesity without impaired glucose tolerance [53]. The
agouti signaling molecule antagonizes satiety signaling. Thus, Avy/a mice develop obesity
when provided ad libitum access to standard chow due to hyperphagia. In contrast, mice
carrying a silent allele are lean and metabolically healthy [54–56].

In contrast to animal models of restricted fetal growth where metabolic dysfunction is
observed in the offspring across most models, the differences in diet composition as well as
the duration and timing of maternal over-feeding has led to metabolic phenotypes that are
not always entirely consistent between studies (reviewed in [52]). Despite this, it is clear
from the numerous studies published across a number of different species that exposure to
an obesogenic intrauterine environment predominantly results in metabolic dysfunction
including obesity and impaired glucose tolerance in the offspring in adult life (reviewed
in [57,58]).

3. The Impact of a Compromised Early Life Environment on Beta-Cell Morphology
and Function
3.1. The Impact of Restricted Nutrition versus Caloric Excess on Islet Morphology

Compromised nutrition during development, irrespective of whether in the form of
maternal nutrient restriction (low-protein diet) or exposure to an obesogenic environment,
results in reduced beta-cell mass at birth in rodents [18,59,60] (Figure 1). This is despite
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a divergent birth weight phenotype between the models; a maternal low-protein diet
results in reduced birth weight whereas exposure to maternal obesity has no impact on
offspring birth weight [59]. In the case of offspring exposed to a maternal low-protein
diet, diminished beta-cell mass is due to reduced proliferation and increased apoptosis of
beta-cells in fetal life associated with reduced levels of growth factors [60–63]. Whether the
same occurs in offspring exposed to maternal obesity has not been investigated.

Figure 1. The impact of exposure to restricted nutrition versus caloric excess in rodent, sheep and
non-human primate on offspring alpha- and beta-cell mass. Red arrow: Decreased; Blue arrow: Increased;
Black arrow: No change; Gray shading indicates data is not available.
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In adult life, beta-cell mass remains reduced in the offspring of protein-restricted
dams [18,63]. Importantly, the relationship between lower birth weight (<3 kg versus
>3 kg) and reduced beta-cell area in adult life is also observed in humans [64]. In the case of
maternal obesity, offspring beta-cells have the ability, to a certain extent, to compensate for
changes in body weight and adiposity; beta-cell mass is unchanged in lean, metabolically
healthy male and female adult offspring of obese dams [65] but increases with increasing
age and adiposity in both sexes [59,66,67] (Figure 1).

In contrast to a maternal low-protein diet, IUGR in rodents induced by uterine artery
ligation (which leads to an acute decrease in fetal nutrients and oxygen near term) does not
impact on offspring beta-cell mass at birth despite a ~15% reduction in birth weight [68].
There is, however, an eventual decline in beta-cell mass from seven weeks of age into
adult life that occurs before the onset of hyperglycemia and is not associated with in-
creased beta-cell apoptosis [68]. This suggests that irrespective of whether fetal exposure
to restricted nutrition is chronic or acute, beta-cells are particularly sensitive to IUGR and,
importantly, these changes are permanent; there is no recovery of beta-cell mass in offspring
despite the strong replicative potential of newborn beta-cells and the normalization of body
weight [18,63]. Findings from Theys and colleagues suggest that perhaps male offspring are
particularly susceptible; beta-cell mass was unaffected in adult female offspring exposed
to maternal protein restriction [21]. Interestingly, when maternal protein restriction is not
accompanied by IUGR, whilst the fraction of beta-cells is still reduced in the newborn this is
recovered by the time both male and female offspring reach adulthood [20]. Taken together,
these findings highlight the complexities involved in understanding how compromised
nutrient availability during discrete windows of development can lead to longer term
changes in beta-cell mass.

Similar to what is observed in rodents, beta-cell mass is reduced in fetal sheep in
late (90% of) gestation in response to both IUGR [44] and maternal obesity [51] with the
former due to decreased proliferation and the latter increased apoptosis. In contrast to
rodents, however, beta-cell mass is normalized in growth restricted lambs by two weeks
of age [69] (Figure 1) suggesting that sheep beta-cells have increased plasticity despite
nutrient restriction in utero. While the longer term impact of exposure to maternal obesity
on beta-cell mass in sheep offspring has not been investigated, acute insulin response to
glucose is decreased in these offspring during a glucose tolerance test in adult life [70].

In a non-human primate model, beta-cell mass is comparable between offspring
exposed to either a maternal Western-style or control diet during pregnancy and lactation.
This was observed in both fetal life [46] and early childhood (three years of age) [45]
(Figure 1). We speculate that one of the reasons beta-cell mass is not impacted in these
young offspring is that maternal metabolic dysfunction in response to an obesogenic diet is
less pronounced in Japanese Macaques compared to rodents. This is the case even for those
with a higher sensitivity to weight gain and insulin resistance in response to a high-fat
diet [71].

In contrast to beta-cell mass, alpha-cell mass is unchanged in growth-restricted rodent
offspring in late gestation [63] and at birth [72]. There is, however, a decrease in alpha-cell
mass one week after birth but this is normalized by two weeks of age and maintained
into adult life [72] (Figure 1). Alpha-cell mass is differentially impacted by IUGR in sheep
offspring; it is reduced in late gestation due to decreased pancreas weight (the percentage of
glucagon-positive area is not different between groups) [44]. Like beta-cell mass, alpha-cell
mass is normalized in growth restricted lambs by two weeks of age given that pancreas
weight is no longer different between the groups [69] (Figure 1). A recent study in humans
also found no association between birthweight and alpha-cell mass in adult life [64].

Maternal high-fat feeding throughout pregnancy leads to increased alpha-cell volume
in one-day-old rodent offspring [73]. This increase is not maintained in lean, metabolically
healthy adult offspring of obese dams [65] but similar to beta-cells, alpha-cell mass is
increased in response to increasing adiposity and age in male [59,74] but not female [67]
offspring (Figure 1). Alpha-cell mass in sheep offspring exposed to maternal obesity has
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not been investigated. The alpha-cell phenotype observed in rodent models of maternal
obesity/high-fat feeding are in contrast to findings in Japanese Macaques where a maternal
Western-style diet leads to decreased alpha-cell mass in fetal life [46] (despite minimal
effect on the overall physiological phenotype of the fetus), which still persists at three years
of age in both male and female offspring [45] (Figure 1). Whether these changes impact on
offspring T2D risk is unclear given that there is no consensus on how alpha-cell mass is
impacted in response to T2D in both rodents and humans [75–77]. It should also be noted
that whether the population of other endocrine-cell types in offspring islets is affected by
exposure to either restricted nutrition or caloric excess has not been investigated.

3.2. The Impact of Restricted Nutrition versus Caloric Excess on Beta-Cell Function

Insulin producing beta-cells play a central role in the pathogenesis of T2D; the inability
of beta-cells to adapt and compensate for increased insulin demand, for example, which
develops as a consequence of insulin resistance in ageing or obesity, leads to T2D [78]. In
contrast, sustained beta-cell adaptation is capable of preventing T2D, even in the face of
severe insulin resistance [79]. In addition to having more beta-cells, plasticity of beta-cell
function also contributes to the compensatory increase in insulin output. Moreover, given
that impaired beta-cell function is an early feature of T2D pathogenesis [80], it is important
to determine whether beta-cell function is impacted in offspring exposed to restricted
nutrition versus caloric excess. This will enable us to better understand the etiology of T2D
in response to compromised nutrition during development. Unfortunately, in contrast to
the number of studies that have determined the impact on beta-cell mass, only a handful
of studies have directly investigated beta-cell function in the offspring.

In rodent models, both IUGR (maternal protein restriction, uterine artery ligation) and
exposure to maternal diet-induced obesity is associated with impaired glucose-stimulated
insulin secretion in islets of adult offspring [60,63,68,81]. This is perhaps not surprising
given that in most studies, islet function was assessed in offspring with increased adiposity
and impaired glucose tolerance. Furthermore, it may also explain why glucose intolerance
is present in offspring exposed to maternal high-fat feeding despite having greater beta-
cell mass [82]. Overall, severity of the insulin secretion phenotype varies across models
with the most pronounced effect seen in adult offspring that were growth restricted in
utero; the insulin secretory response to glucose is virtually absent in these offspring [63,68].
Surprisingly, islets from offspring exposed to maternal protein restriction but who were not
growth restricted at birth also displayed impaired glucose-stimulated insulin secretion and
reduced islet insulin content [20]. Similar to the observations made in maternal obesity-
exposed mice, these offspring have impaired glucose tolerance despite increased beta-cell
mass [20]. It should be noted that these studies did not compare effects between male and
female offspring.

In Japanese Macaques, although the effects of a maternal high-fat diet on offspring
islet morphology are subtle, both first- and second-phase insulin secretion was increased
in response to elevated glucose levels when compared to controls. This was found in
very young (three years old), metabolically healthy offspring [45], however, it is unknown
whether this was present in only one or both sexes.

Only a small number of studies have compared the sex-specific impact of compromised
nutrition during development on offspring beta-cell function. These studies found that
in response to either IUGR by maternal protein restriction or to maternal diet-induced
obesity, islets from female offspring secrete more insulin for a given glucose load compared
to male offspring. This occurs in the absence of increased insulin demand i.e., impaired
glucose tolerance and increased adiposity in both male and female offspring [21,65,66].
Furthermore, in mice, only adult male offspring exposed to maternal obesity develop
T2D (at six months of age) despite increased adiposity in both sexes [83]. Therefore, we
speculate that at least in the case of exposure to an obesogenic diet during pregnancy and
lactation, beta-cells from female offspring are primed to better cope with increasing insulin
demand in adult life. However, there may be a limit to this ability especially in the face
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of both ageing and obesity [81]. Curiously, when maternal obesity is modelled using Avy
mice that are normoglycemic during pregnancy, female offspring are more vulnerable to
metabolic disease with age compared to male offspring. Aged females developed glucose
intolerance and had reduced glucose-stimulated insulin secretion following nearly nine
months of high-fat feeding in postnatal life [53]. This is in contrast to another study, which
found that the latent predisposition to metabolic disease in offspring of Avy dams was
more prominent in males who developed glucose intolerance and insulin resistance after
only three weeks on a high-fat diet [55]. The reason(s) for the contrasting findings between
studies is unknown.

Findings are less consistent in relation to the impact of maternal obesity on basal
insulin secretion. Furthermore, there is variability in what constitutes ‘basal’ glucose levels
with studies using either lower (1, 2, and 2.8 mM glucose) or slightly higher (5.5 mM
glucose) concentrations. We have previously shown that islets from metabolically healthy
female offspring of obese dams have a slight but significant increase in insulin secretion
compared to controls when incubated in 2.8 mM glucose [65]. In studies performed on
offspring in which weight gain, increased adiposity or glucose intolerance is observed,
whilst one study found that islets from male offspring exposed to maternal obesity secreted
almost double the amount of insulin in response to 1 and 5.5 mM glucose [84], others found
no impact on basal insulin secretion (in both males and females) [60,63,81]. Meanwhile,
Zambrano and colleagues found that insulin secretion in response to 5.5mM glucose was
decreased in both male and female offspring [67]. These inconsistencies in study outcomes
suggest that basal insulin secretion may be particularly sensitive to even slight differences
(which are likely to be present between studies) in either the pre- or postnatal environment
or their interaction.

4. Similarities and Differences in the Mechanisms Identified in Offspring Exposed to
Restricted Nutrition versus Caloric Excess

Thus far, studies have taken a targeted approach to identifying mechanisms that are
contributing to compromised islet function and mass in offspring exposed to malnutrition,
focusing on genes and pathways with known effects on beta-cell function. Importantly, the
impact is observed even in very young offspring and persists as they age suggesting that
these mechanisms are programmed by the intrauterine environment and may, therefore, be
the central driver of T2D risk in affected offspring.

4.1. The impact of Restricted Nutrition versus Caloric Excess on Pdx1 Expression

Pancreatic and duodenal homeobox 1 (Pdx1) is a transcription factor that is critical
for the regulation of pancreatic development and beta-cell differentiation. Pdx1 levels
are reduced in human islets from T2D donors [85] and compromised Pdx1 expression in
beta-cells is tightly linked to hyperglycemia and loss of cellular identity [86]. Consequently,
most studies have investigated the impact of either nutrient restriction or maternal high-fat
feeding on Pdx1 expression in the offspring. In rodent studies, both lead to compromised
expression in the pancreas/islets of offspring (Table 1).

Both uterine artery ligation and exposure to a maternal low-protein diet lead to a
permanent suppression of Pdx1 in the offspring [26,33] irrespective of whether restricted
nutrition leads to IUGR [20]. Interestingly, in those exposed to uterine artery ligation,
beta-cell mass is unchanged at birth despite a 50% decrease in Pdx1 expression in fetal
life [33]. Importantly, this permanent suppression of Pdx1 across the life course may offer
an explanation for why offspring exposed to restricted nutrition are unable to expand their
beta-cell mass in response to a gain in adiposity and insulin resistance in later life. It will
be important to determine whether Pdx1 expression is different between male and female
offspring exposed to restricted nutrition and whether this mediates sex-specific differences
in T2D susceptibility.
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Table 1. Similarities and differences in the mechanisms identified in offspring exposed to restricted nutrition versus caloric
excess. Red arrow: Decreased; Blue arrow: Increased; Black arrow: No change. Gray shading indicates data is not available.
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In the case of exposure to maternal high-fat feeding throughout pregnancy and lacta-
tion, Pdx1 expression is reduced in islets of adult male offspring [66,74,82]. This effect also
persists in the following (F2) generation [74]. Interestingly, in contrast to nutrient restricted
offspring, beta-cell mass is increased in these offspring despite lower levels of Pdx1 [74,82].
Given that these studies investigated Pdx1 in offspring that were already metabolically
compromised, it remains unclear whether compromised expression is present in offspring
islets before the onset of metabolic dysfunction and is, therefore, programmed by maternal
caloric excess or whether it is merely a consequence of declining islet function in these
offspring. Whilst evidence for the former is present in the non-human primate model of
maternal high-fat feeding; Pdx1 expression is not altered in fetal pancreas at gestational day
130 (early third trimester) [46], whether the same occurs in rodents is yet to be determined.

Thus far, only one study has compared Pdx1 expression in male versus female off-
spring. The authors found that in mice exposed to a maternal high-fat diet, Pdx1 expression
was decreased in males but unchanged in females at four months of age [66]. The presence
of this sex-specific difference in expression is likely because only male offspring displayed
increased adiposity and were glucose intolerant at this age. In contrast, female offspring
remained metabolically healthy [66].
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4.2. The Impact of Restricted Nutrition versus Caloric Excess on Mitochondrial Metabolism and
Oxidative Stress

Mitochondrial metabolism plays a central role in regulating insulin release from
beta-cells. Mitochondria are the main source of ATP (energy) which together with other
mitochondrial factors accomplish the coupling of glucose metabolism to insulin secre-
tion [87]. Importantly, it has been shown that islet mitochondrial function in the offspring
is sensitive to programming by the intrauterine and early life nutritional milieu (Table 1).
Islets from offspring exposed to uterine artery ligation produce less ATP in response to
16.7mM glucose; an effect that is already present at one week of age and declines further
with age [88]. A similar pattern is also observed for the activities of complex I and III
of the mitochondrial electron transport chain and expression of mitochondrial-encoded
genes resulting in decreased glucose- and leucine (mitochondrial fuel)-stimulated insulin
secretion [88].

Mitochondrial dysfunction is frequently associated with oxidative stress, a phe-
nomenon caused by an imbalance between the production and clearance of reactive oxygen
species (ROS) in cells. In beta-cells, the production of ROS such as superoxide anions
and hydrogen peroxide is coupled to glycolytic and respiratory metabolism [89]. These
cells, however, are particularly vulnerable to oxidative stress due to their low levels of
antioxidant enzymes, which is the first line of defense against excessive ROS levels [90].
Indeed, islets from offspring exposed to uterine artery ligation also show signs of oxidative
stress (inferred from the presence of 4-Hydroxynonenal-protein adducts) from one week
of age [88]. This is despite having higher levels of the mitochondrial antioxidant enzyme,
manganese superoxide dismutase compared to controls [88], suggesting that whilst islets
are able to mount an antioxidant defense, the system is likely overwhelmed by ROS.

T2D develops more rapidly in offspring growth restricted by uterine artery ligation
compared to those exposed to maternal protein restriction; the former are diabetic at three
months of age whereas at this same age, the latter have normal glucose tolerance. Despite
this difference, protein-restricted offspring have compromised ATP production in response
to glucose; an effect which is present in both males and females [21]. Surprisingly, glucose-
stimulated insulin secretion was preserved in islets with female offspring secreting even
more insulin than males in response to 16.7mM glucose. Expression of the mitochondrial
transcription factor, Tfam, which is essential for mitochondrial DNA transcription and
maintenance was decreased in female but not male islets. However, this did not have an
overall effect of reducing the expression of mitochondrial-encoded genes [21]. In contrast,
islets from male offspring exposed to a maternal low-protein diet produced more ROS in
response to both low and high glucose levels [21], highlighting the complexities involved in
interpreting the effects of compromised nutrition and growth on the mechanisms regulating
islet function.

Exposure to a maternal obesogenic diet also leads to compromised mitochondrial
function in offspring islets. However, timing of this nutritional insult and how severely
the metabolic health of dams are compromised during pregnancy appears to determine
whether or not there are sex-specific differences in susceptibility. We recently investigated
mitochondrial function in islets from metabolically healthy adult mouse offspring (eight
weeks of age) exposed to maternal obesity from before and throughout pregnancy and lac-
tation. In this model, dams are heavier, fatter and glucose intolerant during pregnancy [91].
Islets from female offspring displayed increased mitochondrial respiration and density
as well as increased expression of both mitochondrial- and nuclear-encoded components
of the electron transport chain [65]. Not surprisingly, glucose- and mitochondrial fuel-
stimulated insulin secretion is also increased in these offspring. Male offspring, however,
have compromised mitochondrial respiration characterized by decreased ATP synthesis-
driven respiration and increased “uncoupled” respiration but unlike in females, insulin
secretion, mitochondrial density and the expression of genes encoding components of
the electron transport chain are unaffected [65]. Upon stimulation with glucose, islets
from both male and female offspring of obese dams produced more ROS compared to
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controls, however, only females had increased expression of antioxidant enzymes sug-
gesting that islets from male offspring may be more vulnerable to oxidative stress [65].
A similar phenotype is also observed in the study by Yokomizo et al. where maternal
high-fat feeding commences from conception. In this model, dams have increased body
weight and higher fasting blood glucose levels during pregnancy. At four months of age,
only islets from male offspring have signs of oxidative stress (measured by intensity of
8-hydroxy-2′-deoxyguanosine) and increased expression of Nox4 and gp91phox, which
are involved in superoxide production [66]. It should be noted that at this age, male (and
not female) offspring of high fat diet-fed dams have increased adiposity and impaired
glucose tolerance compared to controls, however, the impact on glucose-stimulated insulin
secretion in islets was not investigated.

In contrast, in the model used by Theys and colleagues, rats fed an obesogenic diet
from conception have comparable body weight to controls throughout pregnancy except
just before delivery when high fat diet-fed dams were lighter than controls [92]. In this
study, dams were fed a diet with a much lower fat content compared to the study by
Yokomizo et al. (23% versus 62% in [66]). Interestingly, at three months of age, islet function
is already severely compromised in these offspring; both male and female offspring showed
a loss of response to glucose, i.e., insulin secretion was not different between low and high
glucose conditions [92]. In line this with finding, there was also no increase in glucose-
stimulated ATP production. Basal ATP content was also reduced in offspring islets. Given
that mitochondrial DNA content and the expression of Tfam and mitochondrial-encoded
genes are unaffected in these islets, the mechanisms driving lowered ATP production
remains to be determined.

4.3. Maternal Protein Restriction Leads to Reduced mTOR Signaling in Offspring Islets

Mammalian target of rapamycin (mTOR) is a nutrient-responsive kinase that exists as
two functionally and structurally distinct complexes: mTOR complex 1 (mTORC1) and
mTOR complex 2 (mTORC2). mTOR signaling plays a key role in integrating hormonal
and nutritional stimuli to regulate cellular metabolism, survival and growth. mTOR is,
therefore, integral for the maintenance of beta-cell development and function (reviewed
in [93]). Given its critical role in nutrient-sensing and beta-cell homeostasis, studies have
investigated whether the nutritional milieu experienced during fetal life leads to program-
ming of altered mTOR signaling in the longer term and its effect on islet function. This has
been investigated in the context of exposure to maternal protein restriction, which showed
a persistent decrease in mTOR protein and/or mTOR activity, irrespective of whether off-
spring were growth restricted at birth or whether beta-cell mass is altered [18,20] (Table 1).
Specifically, maternal protein restriction without IUGR leads to reduced mTORC1 activity
(measured by phosphorylation of ribosomal protein S6 at Ser240) at birth when offspring
also have a reduced beta-cell/pancreas ratio (beta-cell fraction). This effect persists in the
offspring at three months of age despite a normalization of beta-cell mass. Importantly,
transient activation of mTORC1 in beta-cells of protein-restricted offspring in the last week
of pregnancy is able to rescue glucose intolerance in adult life and the defect in beta-cell
fraction at birth by normalizing beta-cell proliferation in these mice [20]. In contrast, al-
though IUGR offspring also have reduced beta-cells at birth, mTOR protein abundance is
unchanged until after weaning with levels decreased at both 30 and 130 days of age (along
with decreased beta-cell mass). However, whether mTOR activity is also altered in these
offspring is unknown [18].

Islet mTOR protein and/or activity is also sensitive to the timing of protein restriction;
when this is confined only to the last week of pregnancy, there is no impact on both mTOR
protein abundance and phosphorylation of ribosomal protein S6 at Ser240 in the islets
of three-month-old adult offspring. Whilst it is not known whether beta-cell function
and mass are preserved at this age, glucose-stimulated insulin secretion is impaired and
beta-cell mass increased in male offspring at 12 months of age [19].
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4.4. Epigenetic Changes Underlying the Developmental Origins of Pancreatic Islet Dysfunction

Epigenetics involves a complex array of mechanisms including DNA methylation,
histone modifications and microRNAs (miRNAs) that act to interpret the genome in a cell
type-specific way. The rapid rise in T2D incidence over the past decades has highlighted
the role of epigenetics (in addition to genetics) in contributing to disease risk. Thus far, only
a small number of studies have focused on the role of epigenetics in mediating changes
in gene expression and, therefore, function that is observed in islets of offspring exposed
to compromised early life nutrition. However, we anticipate this to be an area of research
with rapid growth in the coming years.

4.5. The Impact of Restricted Nutrition on DNA Methylation and Histone Modifications

DNA methylation is a major component of the mammalian epigenome and the only
one for which inheritance through multiple cell divisions has been demonstrated. It,
therefore, serves an essential function for stabilizing gene expression patterns throughout
life [94]. DNA methylation can also be altered in response to environmental factors
present in both pre- and postnatal life leading to cellular dysfunction and disease. For
example, DNA methylation and chromatin accessibility of regulatory regions is altered
in pancreatic islets from T2D donors with corresponding changes in gene expression and
islet function [95–98]. Importantly, environmentally driven changes in DNA methylation
can be maintained throughout life. Thus, aberrant epigenetic changes that result from in
utero exposure to poor maternal nutritional states, e.g., undernutrition or obesity can have
long-lasting effects on offspring health.

To date, our knowledge of such changes has been limited to the impact of IUGR on
DNA methylation and histone modifications in islets. In particular, exposure to uterine
artery ligation in fetal life leads to genome-wide changes in DNA methylation at intergenic
(and not promoter) regions in islets from seven-week-old offspring [35]. At this age,
fasting hyperglycemia has not yet emerged, however, islets already have compromised
function [88]. Whole-genome histone modification maps of islets from two and 10-week-
old offspring (using the same model as above) to define active promoters, transcriptionally
silent chromatin and active enhancers also identified that the majority of differential histone
marks were located in intergenic regions [32]. To better understand how DNA methylation
contributes to the mechanisms underpinning T2D, it will be important to assign these
sites of gene regulation, e.g., enhancers to their target gene(s). The latter is particularly
challenging given that enhancers are often separated from the target genes they regulate
by hundreds of thousands of base pairs.

In addition to a genome-wide approach, studies have also focused on identifying
epigenetic dysregulation at specific candidate sites. Using the same model as above, Park
and colleagues showed progressive changes in epigenetic regulation of Pdx1. This is
observed through a gain in promoter methylation, which is present in offspring islets at
six months of age but not at two and seven weeks. Additionally, there is also early and
progressive changes in the acetylation and methylation of histones at the Pdx1 promoter.
Interestingly, this is present in fetal life and with larger differences at two weeks and six
months of age [34]. Consequently, there is a decline in Pdx1 expression in the islets of IUGR
offspring with age, resulting in a complete absence of Pdx1 in three-month-old rats [33].

IUGR also leads to epigenetic changes that alter the expression of hepatocyte nuclear
factor 4-α (HNF4α) in islets from three and 15-month-old rat offspring [99]. HNF4α is
a transcription factor required for beta-cell differentiation and glucose homeostasis, and
consequently has been linked to development of a number of forms of T2D. Specifically,
maternal protein restriction during pregnancy and lactation leads to epigenetic silencing at
the HNF4α enhancer region, which weakens the interaction with its promoter, resulting in
a permanent reduction in gene expression. Furthermore, progressive epigenetic silencing of
the entire HNF4α locus in islets in response to ageing is more pronounced in rats exposed
to poor maternal diet. Importantly, these epigenetic changes precede T2D development
in offspring, which occurs at 17 months of age and, therefore, represents a mechanistic
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basis for the cellular “memory” linking maternal diet to the development of T2D in the
offspring [99]. It will be interesting to determine whether, like Pdx1, these changes are
already present in fetal life.

4.6. The Impact of Restricted Nutrition on miRNA Expression

In addition to DNA methylation and histone modifications, miRNAs also have a
central role to play in the development and function of beta-cells (reviewed in [100]).
MiRNAs are small (~19–23 nucleotides) non-coding RNAs involved in post-transcriptional
gene regulation and are, therefore, fundamental for cellular identity and function. So
far, three studies have investigated the impact of maternal protein restriction on miRNA
expression in offspring islets using an unbiased PCR-based array [20,26,60]. Alejandro et al.
identified 14 miRNAs that were differentially expressed between offspring groups; two
increased and 12 reduced. These measures were performed in three-month-old offspring
who displayed glucose intolerance and impaired glucose-stimulated insulin secretion.
Importantly, maternal protein restriction did not lead to IUGR in this model [20]. It is,
therefore, not surprising that none of these same miRNAs were differentially expressed
in islets from adult offspring who were growth restricted in utero; Su and colleagues
showed that a different suite of 20 miRNAs were dysregulated in response to maternal
protein restriction-induced IUGR [60]. Follow-up experiments focused on miR-15b, which
is highly conserved amongst vertebrates and is up-regulated in IUGR islets, identified
reduced expression of its target genes cyclin D1 and D2 at the protein level. Furthermore,
inhibition of miR-15b in vitro was able to rescue the defective beta-cell proliferation and
insulin secretion observed in offspring islets [60].

In contrast to these studies, which investigated miRNAs in the islets of adult offspring,
Zhang et al. determined miRNA expression in whole pancreas from IUGR offspring in mid-
and late-gestation and identified 31 miRNAs with increased and 54 miRNAs with decreased
expression compared to controls [26]. Curiously, differences in miRNA expression are not
maintained across gestation; most miRNAs were differentially expressed only at one fetal
time point. Furthermore, given differences in the IUGR phenotype, tissue type and time
points across the models, it is not surprising that there were no differentially expressed
miRNAs in common between the studies. The expression of two miRNAs (miR-542-3p
and miR-342-5p), however, are altered in response to IUGR. miR-542-3p is up-regulated
in the fetal pancreas in mid- and late-gestation [26] but is decreased in the islets of adult
offspring [60]. The expression of miR-342-5p is higher both in the pancreas of IUGR fetuses
at embryonic day 19 [26] and in islets of three-month-old non-IUGR offspring [20]. It will
be interesting to determine whether the presence of inflammatory markers is also increased
in these offspring given that the expression of this miRNA is up-regulated in human islets
in response to cytokine exposure [101]. It is important to note that whilst the studies by
Alejandro et al. [20] and Zhang et al. [26] used comparable fold-change cut-offs for analysis
(≥1.4 for up-regulated miRNAs and ≤0.55 for down-regulated miRNAs), the study by
Su et al. showed only a modest change in up-regulated expression ranging from 1.1 to 1.9
fold [60].

Studies have also taken a candidate approach when screening for differentially ex-
pressed miRNAs. For example, Dumortier et al. measured the expression of miR-375, an
islet-abundant miRNA with multiple roles in beta-cell function and found its expression
increased in the pancreas of IUGR fetuses at 21 days gestation. This change persists in
offspring islets at three months of age. Expression of pyruvate dehydrogenase kinase 1,
a target of miR-375, was reduced at the mRNA and protein level [63]. Furthermore, in
addition to the miRNAs identified by PCR-array, Alejandro and colleagues also measured
the expression of miR-7 and miR-199a-3p, which regulate mTOR given that, as discussed
above, exposure to maternal protein restriction leads to decreased insulin secretion that is
due, in part, to reduced mTOR signaling. Expression of both miRNAs were increased in
the islets of adult offspring [20]. The expression of miR-199a-3p has also been shown to be
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increased in islets from diabetic db/db mice but its expression is not yet altered in these
mice in the pre-diabetic state [102].

Whilst some progress has been made to delineate epigenetic mechanisms driving
islet dysfunction and T2D risk in offspring exposed to a nutrient-restricted intrauterine
environment, there is still plenty of room for growth in this field especially in defining
epigenetic networks that are driving sex-specific differences in islet function and which are
also cell type-specific. Moreover, given that different environmental stimuli such as glucose,
fatty acids and cytokines can regulate DNA methylation and miRNA expression [102–107],
it is key that we understand which changes are programmed by the in utero environment
and maintained throughout life, irrespective of the postnatal environment versus those that
manifest as a result of declining metabolic health. This knowledge is equally important
in the context of exposure to maternal caloric excess especially given that the impact of
maternal obesity on the epigenetic landscape of offspring islets is still unknown.

5. Conclusions and Future Directions

It is clear from studies highlighted in this review that fetal malnutrition (encompassing
exposure to either restricted nutrition or to an obesogenic diet) has long-lasting effects on
islet-cell mass and function. Importantly, the decline in islet function and mass is not solely
in response to pre-existing obesity and insulin resistance in adult offspring. Rather, there is
inherent vulnerability in these islets resulting in their inability to successfully compensate
when faced with increased functional demand.

Given this knowledge, it is key that we define the mechanisms mediating compro-
mised islet function to better understand how T2D develops in those affected by malnutri-
tion during fetal development. Whilst some progress has been made in this area, looking
to the future, we believe that the field will greatly benefit from studies that move beyond
a candidate approach to epigenetic and gene expression analyses toward genome-wide
investigations. Importantly, the availability of next-generation sequencing technologies
will enable the mapping of omics data to metabolic traits and will also allow for the
characterization of novel mechanisms, for example, by combining data of transcription
factor networks, chromatin state and gene transcription to generate an integrated map of
gene regulation in islet cells. Furthermore, given that pancreatic islets consist of several
endocrine cell types, the cell-specific pathways that are contributing to the functional
phenotype should also be defined.

Finally, it is important to state that underpinning all of this research in animal models
is the significant need to ensure that the mechanisms identified are also relevant to islet
dysfunction and T2D pathogenesis in humans. This includes defining the outcomes relating
to the interaction between an underlying genetic predisposition (to T2D) and exposure to
in utero environmental drivers.
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Abstract: The gut microbiome has emerged as a novel determinant of type 1 diabetes (T1D), but the
underlying mechanisms are unknown. In this context, major gut microbial metabolites, short-chain
fatty acids (SCFAs), are considered to be an important link between the host and gut microbiome.
We, along with other laboratories, have explored how SCFAs and their cognate receptors affect
various metabolic conditions, including obesity, type 2 diabetes, and metabolic syndrome. Though
gut microbiome and SCFA-level changes have been reported in T1D and in mouse models of the
disease, the role of SCFA receptors in T1D remains under explored. In this review article, we will
highlight the existing and possible roles of these receptors in T1D pathology. We conclude with a
discussion of SCFA receptors as therapeutic targets for T1D, exploring an exciting new potential for
novel treatments of glucometabolic disorders.

Keywords: free fatty acid receptor (FFA) 2; FFA3; gut microbiome; incretin; insulin secretion; short-
chain fatty acids; type 1 diabetes

1. Introduction

T1D is an organ-specific autoimmune disease characterized by the destruction of
the β cells. While the etiology of T1D is not fully understood, the prevailing paradigm
hypothesizes that an individual’s genetic background plays a central role in the risk of
disease development, and more than 50 T1D-associated genes have been identified through
extensive genetic studies [1]. However, genetic predisposition alone cannot explain recent
rises in the rates of T1D worldwide. Environmental factors, including mode of delivery
during birth [2], breast versus formula feeding [2], use of antibiotics in early life [3,4],
toxicant exposure [5], etc., have lately emerged as factors potentially affecting T1D onset
and progression. Of note, most of these factors converge upon the gut microbiome (GM),
making this a novel critical factor, the modulation of which can accelerate or offset T1D
progression [6,7].

Comprising over 10 trillion cells and outnumbering host cells approximately 10:1,
the GM refers to the totality of microorganisms, including bacteria, fungi, archaea, and
viruses, that inhabit the intestinal tract [8]. The vast majority of gut microbes play either
commensal or mutualistic roles, including nutrient absorption and digestion, the regulation
of endocrine functions and signaling to the brain, eliminating toxins, and producing crucial
metabolites for the body. Importantly, the GM is the major generator of short-chain fatty
acids (SCFAs) through the intestinal fermentation of dietary complex carbohydrates that
cannot be metabolized by the host. SCFAs, along with their role as a nutrient, have an
expansive repertoire of functional roles, including the regulation of glucose, lipid, and
energy metabolism, modulation of gene expression, cell proliferation, and inflammation,
and have localized effects on intestinal function [9]. Additionally, SCFAs act as major
mediators of crosstalk between the GM and human host, as fluctuating levels of SCFAs are
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influenced by changes in gut microbial composition and are largely impacted by factors
such as diet and physiological state. Bridging the environment–gut microbiome–host
axis, it is not surprising that SCFAs have emerged as major factors in the development of
metabolic disorders [10]. Their role in T1D has been recognized recently and is discussed
elsewhere [11].

The numerous actions of SCFAs are carried out, in part, through interaction with their
membrane receptors, which act both as sensors and mediators of their effects [12]. Two of
the important SCFA receptors are free fatty acid receptors (FFAR), FFA2 and FFA3, which
belong to the G-protein-coupled receptor family. With widespread tissue expression, the
roles of FFA2 and FFA3 as major regulators of metabolism and immunity, as well as in the
mediation of microbiome–host crosstalk, are emerging [12]. As discussed in subsequent
sections, this is accomplished through a variety of mechanisms, including the modulation
of insulin secretion in the pancreas, incretin secretion in the intestine, and the modulation
of inflammatory responses. Furthermore, there is a growing body of data supporting the
involvement of SCFA receptors in the pathogenesis of T1D [13]. In this review, we also
explore their involvement in the pathogenesis of T1D by summarizing the current body
of data derived from experimental mouse models and identify areas of interest for future
research in this direction.

2. Gut Microbiome in T1D

Our understanding of the role of GM in T1D is based on rodent and human studies
(summarized in [7,14]). In general, the intestinal microbiota of T1D and healthy subjects
are distinctly different in mouse and human studies, with the former showing reduced
microbial diversity and a reduced presence of butyrate producers along with proinflam-
matory dysbiosis [7,15]. For example, in Non-obese Diabetic (NOD) mice (susceptible
to developing diabetes in an autoimmune fashion similar to humans) and Non-obese
Diabetes Resistant (NOR) mice, the NOD microbiota contained more pathobionts com-
pared to beneficial bacteria present in the NOR. The ileal NOD microbiota was reduced in
segmented filamentous bacteria (SFB) and Lactobacillusspp., while the ileal NOR microbiota
were reduced in Anaeroplasmaspp. and Desulfovibriospp. The colonic NOD microbiota was
reduced in members of the Alphaproteobacteria class, Ruminococcus gnavus, and absent
in Bacteroides acidfaciens when compared to NOR mice. The colonic NOR microbiota were
absent in Prevotellaspp. but detected in NOD mice. Importantly, SFB and Lactobacillus
are associated with protection against the development of autoimmune diabetes [16,17],
while expansion of strains such as Prevotella correlates with detrimental changes in the
gut mucosal immune system [18]. The transfer of NOD gut microbes promoted pancreatic
inflammation in NOR mice [19]. Blocking the interaction between GM and NOD host by
genetic knockout of MYD88, an adapter protein responsible for activating receptors for gut
microbial signals and lodging appropriate innate immune response, protected against T1D
development. Interestingly, this protective effect was lost in absence of the gut microbiome
and could be gained back through recolonization with NOD MYD88 knockout gut micro-
biota [20]. These results suggested that while the interaction of the GM with the innate
immune system is a predisposing factor for T1D [20], it is the balance in gut microbial
features affecting tolerance versus T1D development that affects the disease pathogenesis.

Gut microbial changes occurring in T1D have also been analyzed in human cohorts.
Two studies utilizing the Environmental Determinants of Diabetes in the Young (TEDDY)
cohort have yielded a functional profile of the developing gut metagenome, identifying
the relationship between the microbiome and islet immunity and T1D, as well as other
major childhood events [21,22]. Similar to observations in NOD mice, control children had
higher beneficial bacteria such as Bifidobacterium and Lactobacillus [21,22], while in children
with islet autoimmunity and T1D, there was a high prevalence of Erythisopelotrichaecae
and fewer Lactococcus, Streptococcus, and Akkermansia [22]. Additionally, the GM of control
children had more genes associated with fermentation and biosynthesis of SCFAs [21].
An earlier study comparing children prior to T1D onset (defined as presence of at least
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two β-cell-specific autoantibodies) with autoantibody-negative children also demonstrated
that individuals with a greater number of autoantibodies to β cell antigens had a lower
abundance of lactate and butyrate-producing gut bacteria [23].

Despite some key differences in rodent and human T1D forms [24], a pattern of GM
modulation in the disease has emerged [7]. Crucial in this pattern are the observations that
(a) deviation from optimal microbial homeostasis may lead to loss of self-tolerance and rise
in proinflammatory signals [19,21,22,25], and (b) functional net effects of these deviations
depend on co-occurring microbial communities and have often been manifested as changes
in levels of plasma and fecal SCFAs [19,21,26,27]. In the animal form of T1D, the restoration
of optimal GM community (either nutritionally or through fecal microbial transfer, FMT)
alleviates and/or delays features of severe forms of the disease [15,28,29]. Similarly, GM
restoration in human T1D has shown the benefits of an optimal GM community [14,30].
However, the interrelationship between GM changes and T1D, though apparent, has not
been proven causal.

3. SCFAs, FFA2, and FFA3

SCFAs, mainly acetate, butyrate, and propionate, are gut microbiota fermentation
byproducts of indigestible fiber. The majority of SCFAs are readily absorbed and utilized
by the colonocytes as an energy source. Remaining SCFAs are drained into the hepatic and
portal venous systems before emerging into the systemic circulation [31]. SCFAs affect host
physiology in numerous ways, acting both as metabolic substrates and signaling molecules.
Distinct GM and SCFA profiles in T1D versus controls provide compelling evidence for
the roles of SCFA receptors in disease pathology. For a better understanding of this role, a
review of known functions of FFA2 and FFA3 centering on the endocrine pancreas, immune
cells, and gut is presented. Discussion of the roles of these receptors in other tissues has
been covered elsewhere [32–34].

3.1. SCFAs as Signaling Molecules

SCFAs act as extracellular signaling molecules by binding to their cognate G-protein-
coupled receptors (GPCRs), FFA2 and FFA3, which can bind all the three SCFAs but with
discrete efficacies (Table 1) and G-protein coupling profiles. Due to their coexpression
in tissues, shared endogenous ligands, and lack of selective synthetic ligands, defining
their physiological roles has been challenging. However, recent studies using novel rodent
models have provided an increased appreciation of the roles of these receptors in various
metabolic and immune states [12].

Table 1. Affinity (EC50 in µM) of SCFAs at their cognate receptors.

SCFA FFA2 FFA3

Acetate 35–431 >1000

Propionate 14–290 6–127

Butyrate 28–371 42–158

Pentanoate >1000 42–152

Hexanoate - 102–134
All values are for human receptors [35–37].

3.2. FFA2 and FFA3 Regulate β Cell Physiology

Both FFA2 and FFA3 are expressed in islets, predominantly in the β cells in both
rodents and humans [34]. Pioneering work from the Layden Laboratory along with
others has established the role of these receptors in the regulation of β cell function and
mass [38–44]. Most of these effects are based upon distinct G-protein coupling preferences
of FFA2 and FFA3. Upon SCFA binding, FFA2 can couple with either Gαq/11 and Gαi/o,
thus exerting stimulatory or inhibitory effects on cellular function, respectively. FFA3,
on the other hand, couples almost exclusively with Gαi/o, with an inhibitory tone in
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its signaling [36]. Accordingly, in the islet, these receptors have opposing effects on
insulin secretion: in both human and mouse islets, FFA3 inhibits insulin secretion in a
Gαi/o-dependent manner [38,42,45], whereas FFA2 activation may increase [39,44,46,47]
or decrease insulin secretion [45], depending upon whether it couples to Gαq/11 or Gαi/o.
Variance observed in FFA2 activity suggests that under any given condition, the effect of
FFA2 activation on insulin secretion depends upon its preferred G-protein coupling [39,44].
This calls for the development of G-protein-biased ligands for FFA2. In fact, orthosteric
FFA2 agonists SCA14, SCA15, and ZINC03832747 mediate the Gαq/11-dependent increase
in mouse islets or β cell insulin secretion in contrast to the allosteric agonists CMTB and
CPTB that decrease insulin secretion via Gαi/o [39,48].

Mediation of β cell function by these receptors projects a similar profile in vivo. Whole-
body deletion of FFA3 improves insulin secretion and glucose tolerance both under high fat
diet induced metabolic stress [42,43,45] and a regular diet [42,43]. Correspondingly, β-cell-
specific FFA3 overexpression deteriorates glucose responsiveness in mice [42]. These effects
appear to be a β cell secretory phenotype, as no changes in insulin sensitivity have been
observed [42,43,45]. Additionally, gene expression analysis of islets from FFA3 knockout
mice [39] or β-cell-specific FFA3 overexpression mice [42] revealed complementary changes
(i.e., downregulation in knockout and upregulation in overexpression model) in genes
related to inflammation and immune response (such as IL1β, IL1α, CD80), besides changes
in genes of calcium response and glucose utilization pathways.

Evaluation of the in vivo roles of FFA2, similar to the ex vivo data, has yielded
conflicting results. Mice globally lacking FFA2 exhibited fasting hyperglycemia, reduced
insulin secretion, and glucose intolerance under dietary metabolic stress [39,44]. In contrast,
another study has reported a phenotype of improved glucose tolerance and enhanced
insulin secretion in FFA2 knockout mice [45]. Additionally, in this same study, FFA2
and FFA3 double knockout or FFA3 knockout in combination with β-cell-specific FFA2
knockout improved glucose tolerance and insulin secretion under metabolic stress. These
conflicting data may arise from differences in the G-protein coupling of activated FFA2,
roles of FFA2 in other metabolically active tissues, impact of gut microbiome, and/or
duration of metabolic stress, besides receptor-independent effects of SCFAs [49–51].

SCFA receptors, specifically FFA2, also modulate β cell mass [40,41,44]. FFA2 is re-
quired for the prenatal establishment of β cell mass, as FFA2 knockout mouse neonates and
21-day-old weanlings exhibit impaired β cell mass at birth and throughout adulthood [41].
Under conditions of dietary metabolic stress [44] and pregnancy [40], when β cells are com-
pensating for insulin resistance, this deficiency in β cell mass is magnified. FFA2 activation,
as a matter of fact, increases β cell proliferation [41,44], enhances the expression of genes
involved in β cell differentiation [44], and reduces cytokine- and palmitate-induced β cell
apoptosis [46,47]. FFA3, on the other hand, as a Gαi/o-coupling receptor, may restrict β
cell mass [52]. However, FFA3 knockout mice islets have been reported to be smaller with
reduced proliferation and number of β cells [42], an effect not seen in a later study [43].
Similarly, β-cell-specific FFA3 overexpression in mice shows compensatory increased β

cell proliferation and area [42]. Collectively, these data highlight the role of SCFA receptors
FFA2 and FFA3 in modulating β cell function and mass. Importantly, defects in these two
features are fundamental to the pathology of T1D.

3.3. FFA2 and FFA3 Modulate Incretin Secretion

In addition to their role within pancreatic islets, SCFA and their receptors are sug-
gested to participate in the secretion of incretin hormones. In the upper intestine, SCFA
concentrations range from 0.1 to 1 mM and are largely produced by oral microbiota [53].
By contrast, luminal SCFAs in the colon can reach levels of up to 100 mM due to the
fermentation of dietary fibers via the gut microbiota. Within the intestine, SCFA receptors
FFA2 and FFA3 are thought to act as sensors of these metabolites, and many important
actions are carried out through this signaling.
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Secreted by enteroendocrine cells (EECs) embedded within the intestinal epithelium,
incretin hormones are peptide hormones that stimulate the release of insulin in response
to nutrient intake, thereby lowering the level of circulating blood glucose [54]. Addition-
ally, incretin hormones facilitate numerous postprandial metabolic functions, including
lowering food intake, gastric emptying, and increasing cardiac output [55]. There are
two primary incretin hormones: glucagon-like peptide-1 (GLP-1) and gastric inhibitory
polypeptide (GIP). While both hormones carry out their various functions through the
binding of their specific receptors (GLP-1R and GIPR, respectively) on the surface of vari-
ous tissues, they contribute to the regulation of glucose metabolism in distinct mechanisms.
Although both stimulate insulin release through Gα/cAMP at β cells, in islet α cells, GLP-1
suppresses glucagon, while GIP increases it [56]. Both hormones also protect β cell mass by
inhibiting apoptosis. GLP-1 and GIP play important roles in the control of glucose levels
after a meal via the physiological response known as the “incretin effect.” This occurs
when higher levels of glucose-stimulated insulin secretion are observed when glucose is
administered orally rather than intravenously, an effect that is lost in type 2 diabetes but
preserved in T1D [57].

FFA2 and FFA3 are broadly expressed within EECs throughout the gastrointestinal
tract. EECs are divided into subtypes based on the peptide hormone they express and
secrete [58]. Using immunohistochemical analysis and a Ffar2-red fluorescent protein
(RFP) reporter mouse, FFA2 has been found to colocalize with peptide YY (PYY)/GLP-1
containing L cells in rodents and humans [59–62]. Using in situ hybridization and a Ffar3-
RFP reporter mouse, FFA3 expression has been confirmed in several types of intestinal cells,
including PYY-positive cells [59,63,64]. However, due to the concentrated expression of
FFA3 in enteric ganglia and sympathetic ganglia, it is uncertain if its effects on EEC function
arise from its expression in enterocytes or are secondary to its mediation of enteric neuronal
function [59,65,66]. Further, transcriptomic analysis has found high coexpression of both
receptors with gip, indicating their possible involvement in mediating GIP secretion [67].

Several studies have shown that stimulation of FFA2 by SCFA results in an increased
secretion of GLP-1 from EECs in the intestine. Primary intestine cells harvested from global
FFA2 knockout mice showed reduced GLP-1 release in vitro, and another study by the
same group found that propionate was able to stimulate GLP-1 release in vivo only in the
wild-type mice [68,69]. Besides GLP-1, studies have also documented the role of FFA2 in
mediating GIP [44] and PYY secretion, with the latter in both humans and mice [44,70,71].
Controversy exists for this role of FFA2, however, with some studies reporting no difference
in basal- and glucose-stimulated GLP-1 levels in FFA2 knockout mice compared to control
mice [40,45].

For FFA3, while there is a paucity of data regarding its role in gut hormone secre-
tion, FFA3 knockout mice have reduced GLP-1 and PYY secretion, and primary colonic
cultures derived from these mice display impaired secretory response upon SCFA stim-
ulation [63,69]. Predictably, FFA3-specific agonist enhances GLP-1 release from primary
colonic cultures [59]. FFA3 is also implicated in the inhibition of GIP secretion, an effect
more likely with the predominant Gαi/o coupling of the receptor [72].

More research is needed to ascertain the respective roles of FFA2 and FFA3 in the
regulation of incretin hormones in the intestine. This includes the development of potent
selective ligands and tissue-specific knockout mouse models. Some progress has already
been made in this direction. Selective and potent human FFA2 inverse agonists have
been developed and shown to stimulate GLP-1 secretion in the human EEC line, NCI-
H716 [73]. Through a chemogenetic knock-in strategy, mice with designer receptors
exclusively activated by the designer drugs (DREADD) variant of human FFAR2 replacing
the mouse Ffar2 locus have been generated. DREADD activation in these mice has been
shown to augment GLP-1 secretion in colonic crypt cultures and in vivo [74].
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3.4. SCFAs, FFA2, and FFA3 Educate the Gut Immune Cells and Regulate Inflammation

SCFAs can regulate immune cell function via two major processes, either through their
cognate GPCRs such as FFA2 and FFA3 or by modulating histone deacetylase (HDAC)
activity [75]. Here, we emphasize the first role. With the highest SCFA concentration, a rich
and diverse population of immune cells with the majority expressing FFA2 and few, such
as dendritic cells expressing FFA3, the gut is an important site where SCFAs can impact the
immune cells through these receptors.

FFA2 has been reported to affect neutrophil chemotaxis in gut inflammation models,
where a deficiency in FFA2 increases neutrophil infiltration to sites of inflammation [76,77].
Accordingly, engagement of FFA2 with acetate mitigates such a response [76,77]. Similar
FFA2-dependent neutrophil-driven responses are seen in pulmonary and joint inflamma-
tion models [77]. Neutrophil FFA2 engagement by SCFAs in the presence of allosteric
modulators can also activate NADPH oxidase and enhance the production of reactive
oxygen species, which is deemed necessary for phagocytic activity [77,78]. FFA2-derived
neutrophil responses are required for the regulation of inflammatory responses. As recently
shown, FFA2 activity promotes coordination between neutrophils and colonic group 3
innate lymphoid cells (ILC3). In neutrophils, inflammasome activation helps in pathogen
clearance with the concomitant enhancement of IL1β production, where IL1β leads to
IL22 production from ILC3, driving gut repair mechanisms [79]. FFA2 can also promote
ILC3 expansion and function independent of neutrophils [80]. Immunomodulation by
neutrophil FFA2, thus, appears to strike a balance between pro- and anti-inflammatory
effects, potentially in a disease-centric manner.

SCFAs through their HDAC inhibitory activity are considered to be the main players
in maintaining the regulatory T cell (Treg) pools [75]. These effects are, in part, mediated
through FFA2. It is suggested that FFA2 exerts immune suppression by regulating the
number, function, and differentiation of Tregs [81,82]. FFA2 also modulates gut homeostasis
by modifying immunoglobulin A (IgA) production [83] and through direct effects on
inflammasome activation in intestinal epithelial cells [84].

The role of FFA3 in immune regulation is less explored, likely due to its limited
expression in immune cells. It has been suggested to be involved in the resolution of
lung inflammation through effects on macrophage and dendritic cell populations [85]
and in promoting thymic Treg differentiation in mouse offspring [86]. The function and
expansion of CD8+ T cells can also be regulated by FFA3, and this has been suggested to
aid the resolution of influenza infection [87]. Both FFA3 and FFA2 have been suggested to
enhance T cell memory [88], with the engagement of both receptors by butyrate appearing
to mediate this effect. However, as the mouse isoform of FFA2 shows a low affinity for
butyrate [31], the use of synthetic ligands is required to further delineate the role of the
two receptors in this process.

3.5. SCFAs, FFA2, and FFA3, and Gut Microbiome: It Takes Three to Tango

Obliterating the GM in mice wipes off some of the physiological effects discussed
above. For instance, in germ-free (GF) mice, antigen-activated T cells fail to transition to
memory cells [88]. As the GM does not directly interact with the host cells except at the gut
mucosal surfaces, these effects are likely indirect, being mediated via GM-derived factors
such as SCFAs. The GM-derived SCFAs acting through their receptors FFA2 and FFA3
project the link, GM→SCFAs→FFA2 and FFA3.

Highlighting this relationship, whole-body FFA2 and FFA3 knockout mice have differ-
ent gut microbiota profiles as compared to wild-type mice [44,63,82,84,89]. As expected,
differences in fecal SCFA profiles accompany these differences in GM profiles due to
adaptation to receptor deficiency. More direct evidence for roles of FFA2 and FFA3 in the
GM→SCFAs→Receptor link is provided by immune function and GM studies. Both GF
and FFA2 knockout mice exhibit a dysregulated immune response to induced colitis, gout,
and arthritis [77,90]. While this response is mitigated by acetate supplemented drinking
water in GF mice [77], FFA2 knockout mice remain refractory to acetate treatment [81].
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Likewise, high-fiber diets that tend to increase GM function and SCFA levels in wild-
type mice fail to promote gut homeostasis, alleviate food allergy, and prevent respiratory
viral infection in FFA2 knockout mice [82,84,91]. Similar findings have been reported for
FFA3. High fiber diet mediated protection against allergic airway disease and influenza
virus is not observed in FFA3 knockout mice [85,87].

Metabolic studies have also highlighted the importance of the GM→SCFAs→FFA2
and FFA3 relationship. Reduced adiposity and PYY levels in FFA3 knockout mice are
GM dependent, with the effect being lost in GF FFA3 knockout mice [63]. Similarly, GM-
derived SCFAs mediate suppression of GIP secretion in FFA3 dependent manner, an effect
lost in GF, antibiotic-treated mice (pseudo-GF), and FFA3 knockout mice [72]. In mice, a
low-fiber diet or GF status during pregnancy increases the vulnerability of the offspring to
obesity and insulin resistance later in life [92]. This effect could be rescued by propionate
treatment or high-fiber feeding but not in absence of FFA3 or FFA2. Furthermore, FFA3
and FFA2 SCFA signaling was found to be responsible for normal embryonic development
of neural, pancreatic β cell and intestine tissues. Collectively, these data suggest that
the GM modulates metabolic and immune features affecting health via SCFA-FFA2 and
SCFA-FFA3 axes.

4. FFA2 and FFA3 Mediating GM–Host Crosstalk in T1D

The identification of a role for FFA2 and FFA3 signaling in T1D is a budding area of
research. Although there is still only sparse and indirect evidence, there is clinical interest
in pursuing this area in the fight against T1D (discussed under “FFA2, FFA3, and T1D:
Clinical Interests” (Section 5)). The main mechanisms linking GM to T1D include the GM-
mediated influence on the development and homeostasis of the immune system and the
effects of the GM upon influence on gut barrier integrity. As noted from GF and gnotobiotic
mice studies, GM composition affects the development of gut-associated lymphoid tissue
(GALT), the expansion and differentiation of specific T cell subsets (Foxp3+ Tregs and
Th17 cells), and IgA-secreting B cells [93–96]. The gut barrier guards against the entry of
pathogenic microbes and their components into the host circulation and tissues. Disruption
of the gut barrier has been noted in both human T1D and T1D animal models [97–99].
This is manifested in humans by increased gut permeability [100] and serum levels of the
gut barrier marker, zonulin [101]. In mice, it has been reported that there is activation of
islet-specific diabetogenic T cells in the gut and their translocation along with gut bacteria
to pancreatic lymph nodes [99,102].

Considering (1) the role FFA2 and FFA3 play in immune homeostasis and gut epithelial
integrity, (2) dysbiotic gut microbiome of T1D, and (3) altered serum and fecal SCFAs in T1D,
it can be argued that these receptors are likely to be important regulators of T1D immune
responses (Figure 1). Along these lines, peripheral blood monocytes in T1D subjects show
high FFA2 expression [103], and FFA3 expression has been correlated with inflammation
and metabolic markers [104]. The first indication of the involvement of these receptors in
T1D pathogenesis came from the work of Marino et al., [15], where the feeding of acetate
yielding diets to NOD mice promoted immune tolerance and delayed progression to T1D
by reducing autoreactive T cells, increasing Tregs, and improving gut barrier integrity.
These effects were FFA2 dependent, as the anti-T1D potency of these diets was lost in NOD
mice deficient in FFA2. Feeding a butyrate yielding diet, on the other hand, could confer
partial protection from T1D to NOD FFA2-deficient mice. This indirectly suggested the
involvement of butyrate-favoring receptor FFA3 and/or the butyrate-activated GPR109a
or receptor-independent effects of butyrate. This study thus suggests that engagement of
FFA2 and/or FFA3 by dietary SCFAs plays an important role in modulating inflammatory
responses in T1D. A similar protective role of FFA2 was also observed in a streptozotocin-
induced mouse model of T1D [103]. In diseased mice, treatment with specific FFA2
agonists attenuated islet inflammation by inducing apoptosis of infiltrating macrophages.
Furthermore, these receptors, possibly through the Gαi/o-dependent pathway, were shown
to promote a tolerogenic pancreatic immune environment by regulating islet production
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of immunoregulatory cathelicidin-related antimicrobial peptide (CRAMP) [105]. These
effects, however, have not been replicated in humans. The use of FFA2 agonists in human
studies is hampered due to differences in the signaling of mouse and human isoforms of the
receptor. The more attractive option, oral administration of SCFAs, for example butyrate, in
long-standing T1D subjects, unfortunately, has also not shown any benefits [106]. Whether
or not oral SCFA administration prior to T1D onset can delay or lessen T1D pathology
needs exploration. Moreover, FFA2 can also augment β cell function and protection, and
both FFA2 and FFA3 can affect incretin secretion. However, it has not yet been explored
whether these effects are pertinent to T1D.
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Figure 1. Role of FFA2 and FFA3 in gut immune homeostasis and β cell physiology in the context of T1D. The engagement
of FFA2 and FFA3 on gut epithelial and enteroendocrine (EEC) cells by gut microbial metabolites, short-chain fatty acids
(SCFAs), regulates epithelial barrier integrity and the secretion of various incretin hormones. FFA2 signaling on various
gut immune cells promotes an anti-inflammatory and tolerogenic environment. Neutrophil FFA2 affects chemotaxis, the
production of reactive oxygen species (ROS), and IL1β. FFA2 activation on innate lymphoid cell 3 (ILC3) directly and
in conjugation with neutrophil-released IL1β promotes IL22 production. FFA2 also promotes ILC3 and regulatory T cell
(Treg) expansion. Receptor activation on dendritic cells contributes to B cell (plasma cell) differentiation and IgA release.
Altogether, SCFA receptor activity promotes an anti-inflammatory state that, in turn, suppresses the immune destruction
of β cells. Factors produced in the gut, such as incretin hormones and SCFAs, and possibly immunosuppressive immune
cells such as Tregs, travel to pancreatic β cells, influencing their physiology. In β cells, FFA2 stimulates insulin secretion
and proliferation and is essential for the establishment and preservation of β cell mass. FFA3 activation reduces insulin
secretion. Both receptors possibly stimulate the production of immunomodulatory cathelicidin-related antimicrobial peptide
(CRAMP). FFA2 activation on infiltrating proinflammatory macrophages causes immune cell apoptosis.

5. FFA2, FFA3, and T1D: Clinical Interests

From the above discussion, a GM→SCFAs→FFA2 and FFA3→T1D link is apparent.
This link has opened exciting avenues of research for identifying novel targets to treat and
prevent T1D. The first question raised is if the modification of GM, which is achievable
through the use of probiotics and prebiotics [107], impacts aspects of T1D disease. Pro-
biotics are live microorganisms that, when administered in adequate amounts, confer a
health benefit on the host, while prebiotics are substrates utilized by host microorganisms
conferring a health benefit [108]. Several studies on spontaneous and pharmacologic rodent
models of T1D have revealed that pro- and prebiotics favor a tolerogenic gut immune envi-
ronment by promoting gut barrier integrity, stimulating the secretion of anti-inflammatory
cytokines, and restricting the number of inflammatory T cell subsets besides increasing the
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abundance of beneficial gut bacteria [107]. Similar effects have been observed in human
T1D trials [14,107]. Notably, early probiotic exposure in children genetically predisposed to
T1D reduced the risk of the disease [109]. Interestingly, some probiotics such as L. kefiranofa-
ciens M and L. kefiri K promoted GLP-1 secretion in a streptozotocin-induced T1D mouse
model [110]. Presumably, FFA2 and FFA3 in EECs and gut immune cells are involved in
some of these effects. This presumption may especially hold true for FFA2. For example,
Bifidobacterium animalis subsp. lactis GCL2505 (GCL2505), a probiotic, increases acetate levels
and engages FFA2 to exert beneficial metabolic effects in a diet-induced obesity mouse
model [111]. Similarly, prebiotic fructo-oligosaccharide supplementation in rats increased
the density of GLP-1 producing L cells coexpressing FFA2 [60]. Additionally, dietary
supplementation with the microbially derived SCFAs, acetate and butyrate, ameliorated
T1D β cell damage and immune dysfunction in an FFA2- and possibly FFA3-dependent
manner [15]. Finally, FMT has appeared on the landscape of numerous anti-T1D inter-
ventions as another method to re-engineer the GM to positively impact T1D [30]. These
different methods of modifying the GM for modulating the course of T1D seem potentially
promising. However, we are still far from their actual clinical use. Human trials and animal
studies have yielded variable outcomes ranging from no to even adverse effects [106,112].
Furthermore, the durability of these effects is unclear, while our understanding of gut
microbial metabolite mediated cellular effects is incomplete.

Another new area of research in T1D therapeutics is the specific targeting of the
receptors FFA2 and FFA3. Although this is seemingly straightforward compared to T1D
GM modification, it comes with added complexities, as enumerated before [12]. Briefly,
these are, biased G-protein coupling (FFA2) [113], species differences in GPCR signaling
(FFA2) [37,114], multiple downstream effectors of the activated receptors yielding discrete
physiological responses (FFA2 and FFA3) [36,37,44,66,115–117], lack of species-specific and
G-protein-specific ligands (FFA2), lack of understanding of tissue-specific roles of these
receptors, dependence of receptor expression on various factors such as diet [118], multiple
factors such as diet, and multiple genetic polymorphisms in FFA2 and FFA3 without
known associations with clinical/disease phenotypes [119]. Furthermore, how genetic
predisposition to T1D affects SCFA receptor expression and activity in various tissues and
conversely if polymorphisms in SCFA receptors confer risk to develop autoimmunity is not
known. Despite these complexities, owing to the multiple ways these receptors can affect
T1D, it is worthwhile to try closing these gaps in our knowledge and develop receptor-
based T1D interventions. One step forward in this direction is to develop preclinical mouse
models, such as NOD with double receptor knockout and the tissue-specific knockout of
FFA2 and FFA3, for the precise delineation of receptor-mediated effects. Another approach
is to generate humanized mouse models expressing human isoforms of the receptors
globally and in tissue-specific manners through knock-in and chemogenetic approaches
that will provide excellent ways to monitor effects of human receptor signaling in in vivo
settings and identify unique signaling responses to new ligands. The generation of such
models can be used to demonstrate the functional implications of GM changes occurring
in T1D.

6. Conclusions

Mounting evidence indicates an effect of the GM upon T1D pathology mediated
through the modulation of gut and pancreatic immune environments. With possible roles
of the SCFA-activated GPCRs, FFA2 and FFA3, in mediating these effects, a highly relevant
GM→SCFAs→FFA2/FFA3→T1D link is apparent. Although a mechanistic understand-
ing of the interrelationships of different entities in this link is still not complete, novel
therapeutic interventions against T1D based on this link are likely to emerge.
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Abstract: Insulin secretion is widely thought to be maximally stimulated in glucose concentrations
of 16.7-to-30 mM (300-to-540 mg/dL). However, insulin secretion is seldom tested in hyperglycemia
exceeding these levels despite the Guinness World Record being 147.6 mM (2656 mg/dL). We
investigated how islets respond to 1-h exposure to glucose approaching this record. Insulin secretion
from human islets at 12 mM glucose intervals dose-dependently increased until at least 72 mM
glucose. Murine islets in 84 mM glucose secreted nearly double the insulin as in 24 mM (p < 0.001).
Intracellular calcium was maximally stimulated in 24 mM glucose despite a further doubling of
insulin secretion in higher glucose, implying that insulin secretion above 24 mM occurs through
amplifying pathway(s). Increased osmolarity of 425-mOsm had no effect on insulin secretion (1-h
exposure) or viability (48-h exposure) in murine islets. Murine islets in 24 mM glucose treated with a
glucokinase activator secreted as much insulin as islets in 84 mM glucose, indicating that glycolytic
capacity exists above 24 mM. Using an incretin mimetic and an adenylyl cyclase activator in 24 mM
glucose enhanced insulin secretion above that observed in 84 mM glucose while adenylyl cyclase
inhibitor reduced stimulatory effects. These results highlight the underestimated ability of islets to
secrete insulin proportionally to extreme hyperglycemia through adenylyl cyclase activity.

Keywords: amplifying pathway; hyperglycemia; adenylyl cyclase; incretins; glucokinase; forskolin;
cAMP; exenatide; diabetes; insulin; islets

1. Introduction

Pancreatic beta cells secrete insulin in response to glucose stimulation to maintain
blood glucose levels within a relatively narrow range [1]. Insulin is required to transport
glucose from the bloodstream to target tissues. High blood glucose levels in the body are
caused by problems with insulin secretion, insulin action, or both. Extremely high levels of
glucose lead to the presentation of ketoacidosis or hyperosmolar hyperglycemic nonketoic
syndrome, which are key indicators of the metabolic disease diabetes [2]. Poor control of
glucose regulation in this disease can bring potential stupor, coma, or death [3].

In humans, insulin secretion is typically stimulated by glucose concentrations rang-
ing from 4.4 to 6.6 mM (80–120 mg/dL) [2,4]. Moreover, it is generally accepted that
the effective concentration of glucose for half of the maximal insulin secretion (EC50) is
approximately 5 mM. These EC50 estimations are based on dose-response curves with the
highest stimulation typically being described at 16.7 (300 mg/dL) to 30 mM (540 mg/dL).
However, close inspection of published glucose dose-response curves suggests that even
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though a classic sigmoid dose-response curve should flatten out, the curves typically show
an increasing trend of higher insulin secretion near the maximal glucose level tested. This
provokes the hypothesis that insulin secretion may be sensitive to a much wider range of
glucose concentrations than commonly thought [5–9].

Interestingly, there are multiple case reports of individuals who have had blood
glucose levels greater than 100 mM (1800 mg/dL) and survived [2,4,10,11]. This includes
the world record blood glucose level of 147.6 mM (2656 mg/dL) which was set by a young
boy when admitted to the hospital [11]. The pathways involving insulin secretion at
extremely high glucose concentrations have not been examined to our knowledge.

Glucose is the primary stimulator of insulin release from pancreatic beta cells. The
ability of glucose to elicit an increase in intracellular calcium leading to insulin secretion
is known as the triggering pathway [12–14]. This pathway begins when glucose enters
the beta cell through both the GLUT 1 and GLUT 3 glucose transporters in human islets
and the GLUT 2 transporter in mouse islets [13,14]. Glucose is then phosphorylated by
glucokinase and yields glucose-6-phosphate which travels through glycolysis to yield
pyruvate and ATP. Glycolysis and downstream mitochondrial metabolism drive the ratio
of ATP to ADP to rise, leading to the closure of KATP channels. This closure activates the
voltage-dependent calcium channels to allow the influx of calcium that constitutes the
triggering pathway for insulin secretion.

In addition to the triggering pathway, many different intermediate metabolites of
glucose and other cellular components are thought to participate in a series of events
known as the amplification pathway(s) in which KATP channel closure is not the source
of the increased insulin secretion. A review on this topic contained within this special
issue describes this pathway as “the sequence of events that enables the secretory re-
sponse to a nutrient secretagogue to exceed the secretory response of a purely depolarizing
stimulus” [15]. Cyclic adenosine monophosphate (cAMP) is a powerful player in the
amplification pathway-related insulin secretion. Glucose is a known factor leading to the
upregulation of cAMP which is formed from ATP via adenylyl cyclases [16], although the
exact mechanism of metabolism stimulated cAMP is unknown. Additionally, there is a
glucose-linked amplification pathway that augments insulin secretion through adenylyl
cyclase (AC) activation caused by incretin stimulation. Incretins are hormones secreted
by endocrine cells in the small intestine after meal ingestion that lead to insulin secre-
tion [12]. Gastric inhibitory polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) are
specific incretins that act on the beta cell. Incretins interact with G-protein-coupled re-
ceptors at the cell membrane and lead to an upregulation of cAMP [17,18]. The common
theme is that cAMP is involved in the early steps leading to insulin secretion in these
amplifying pathway(s).

In this study, we aim to determine the relationship between glucose stimulation
and insulin secretion in a much higher glucose range than typically examined. We show
that insulin secretion is maintained in response to extreme glucose, osmolarity does not
affect insulin secretion or islet viability at extreme levels, and that intracellular calcium
is maximized at 24 mM glucose. We also sought to identity possible pathway(s) used in
extreme glucose conditions and found that adenylyl cyclase plays an important role.

2. Results
2.1. Insulin Secretion Is Maintained in Response to Extreme Glucose

Identifying the maximal physiological response of biological systems often gives
insight into function. We wanted to determine what happens to insulin secretion above the
commonly accepted maximum concentration of glucose for stimulation. We thus examined
insulin secretion from human and murine islets in conditions of extremely high glucose.
Islets from human donors were placed in mannitol-balanced Krebs-Ring buffer (KRB)
solutions containing glucose ranging from 0 mM to 144 mM for 1 h. As shown in Figure 1A,
insulin secretion from each of the four donors was normalized to their respective maximal
value and averaged amongst donors (see Table 1 for donor information). From 0 to 24 mM,
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there was a significant upward trend (rho = 0.93, p < 0.001) and from 24–84 mM, there was
still a positive correlation, though not as strong (rho = 0.73, p < 0.001). Insulin secretion
from murine islets was also measured (Figure 1B). From 0–24 mM, there was a strong
upward trend (rho = 0.75, p < 0.001), and from 24–84 mM, there was still a significant
positive trend (rho = 0.63, p < 0.001). Overall, there was a positive correlation between
insulin and glucose for 0–24 mM, as expected, but a similar relationship exists from 24 mM
glucose and beyond.
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Figure 1. Human and murine islet insulin secretion in conditions of extremely high glucose. Islets from human donors
(A) and mice (B) were placed in mannitol balanced KRB solutions containing glucose ranging from 0 mM to 144 mM for 1
h. Insulin secretion from each donor or mouse replicate was normalized to their respective maximal value and averaged.
Dotted linear trendlines are drawn for 0–24 mM and 24–84 mM glucose to indicate slope, Spearman’s rho, and the respective
p-value.

Table 1. Human islet donor information.

Source Isolation ID Purity Donor Age BMI Height (m) Weight (kg) HbA1c Sex Diabetes
Cold

Ischemia
Time (h)

Donation
Type

IsletCore,
Univer-
sity of

Alberta

R286 95% 41 20.4 1.80 66 5.2 M No 13.5 Neurological

IsletCore,
Univer-
sity of

Alberta

R318 90% 54 20.5 1.85 70 5.0 M No 16 Neurological

IsletCore,
Univer-
sity of

Alberta

R322 90% 44 23.2 1.58 58 4.9 F No 11.5 Neurological

2.2. Increased Osmolarity Does Not Alter Insulin Secretion or Islet Viability

To control for osmolarity as a variable, solutions were balanced to ~425 mOsm/L
using the sugar alcohol mannitol. Mannitol was used to account for the difference in
osmolarity between low and high glucose conditions, and here the effect of mannitol on
its own was explored. Mannitol is not metabolized and therefore should not increase
intracellular calcium or insulin secretion, although indirect factors such as membrane
potential or ion flux might alter insulin secretion [19]. To investigate this possibility, islets
were treated for 1 h in modified KRB with 0 mM glucose or 84 mM glucose with and
without mannitol balanced to 144 mM. While it is known that various osmotic receptors
on beta-cells have been shown to alter insulin secretion [20], as shown in Figure 2A, large
increases in osmolarity caused no significant change in insulin secretion, and mannitol
alone did not have a stimulatory effect. As expected, islets in each 84 mM glucose group

105



Metabolites 2021, 11, 401

secreted significantly more insulin (p <0.01) than islets in each glucose-free group, but
osmolarity changes due to mannitol did not significantly affect insulin secretion.
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Figure 2. Effects of high glucose and mannitol on mouse islet insulin secretion and cell death. (A) Mouse islets were placed
in wells containing modified KRB with 0 mM or 84 mM glucose ±mannitol balanced to 144 mM total for 1h. Increasing
osmolarity using mannitol did not significantly alter insulin secretion in glucose-free or high-glucose solutions. Twenty
islets per condition in duplicate ran in 2 separate trials (N = 4). (B) Islets were placed in either standard RPMI, high glucose
(144 mM), high mannitol (144 mM), or both glucose (60mM) and mannitol (84 mM). Islets treated overnight with 5 ng/mL
IL-1beta and 10 ng/mL TNF-alpha were used as a positive control to show typical fluorescence levels of induced cell death.
Islets in each condition ranged from N=31–37 after combining two separate trials. All data are presented as mean ± SEM.
** p < 0.01, *** p < 0.001, N.S. = Not Significant.

Next, we measured cell death using fluorescent microscopy to check for toxicity.
Isolated mouse islets treated in standard RPMI, high glucose (144 mM), high osmolarity
(144 mM), or a combination of both (84 mM glucose + 60 mM mannitol) for 48 h dis-
played no significant differences in cell death (propidium iodide) or apoptosis (annexin V)
(Figure 2B). Proinflammatory cytokines were used as a positive control to induce beta-cell
death. Collectively, these results indicate that substantial increases in osmolarity have no
effect on cellular function or viability in mouse islets in these conditions.

2.3. Intracellular Calcium Is Maximally Stimulated in 24 mM Glucose

To determine whether these responses were calcium dependent, mouse islets were
loaded with the calcium probe fura-2AM and exposed to increasing stimulation as indicated
by the black bars in Figure 3. As expected, a large increase was observed in response to
24 mM glucose stimulation. When the stimulus was increased from 24 to 84 mM glucose,
average calcium levels of all islets were not significantly different (Figure 3A). Large
increases in glucose above 24 mM do not appear to impact calcium handling. Furthermore,
there was no significant difference between calcium levels in the 3 mM and the 3 mM wash
(p > 0.05) showing that the extreme glucose did not alter the islet’s ability to control the
secretion process.

Tolbutamide, a sulfonylurea known to depolarize beta cells via reduction of potassium
permeability, leads to the opening of voltage-dependent calcium channels to subsequently
trigger insulin release [21]. As anticipated, there was no significant difference (p > 0.05)
between 24 mM and 24 mM combined with 250 µM tolbutamide in terms of intracellular
calcium influx (Figure 3B). This supports the observation that intracellular calcium is
maximally stimulated in 24 mM glucose.
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Figure 3. Effects of high glucose on intracellular calcium. (A) Intracellular calcium was measured in islets exposed to the
increasing glucose conditions noted by the horizontal bars. Calcium levels increased sharply from 3 mM to 24 mM glucose
but did not increase further when exposed to 84 mM glucose. Average calcium levels from 23 islets were calculated from
the 15–20- and 30–35 min time points and showed no significant difference. (B) Intracellular calcium was measured in islets
exposed to the increasing glucose conditions and tolbutamide noted by the horizontal bars. Calcium levels increased sharply
from 3 mM to 24 mM but did not increase further when exposed to 24 mM glucose combined with 250 µM tolbutamide.
Average calcium levels from 23 islets were calculated from the 15–20 and 30–35 min time points and showed no significant
difference. *** p < 0.001 difference between 3 and 24 mM glucose.

2.4. Glycolytic Capacity to Secrete Insulin Dose-Dependently Extends above 24 mM Glucose

We next conducted a series of trials to determine what drives increased insulin secre-
tion in high glucose. The following studies were all conducted in 24 mM glucose (regarded
as maximal) and 84 mM glucose (regarded as extreme). As shown in Figure 4A, insulin
secretion was significantly higher in 84 mM glucose compared to 24 mM glucose after
combining all trials (p < 0.001). The averages are reproduced for comparisons made in
Figures 4B and 5.
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Figure 4. Insulin secretion in extremely high glucose is associated with increased glycolysis. (A) Insulin secretion was
measured after 1h incubation in 24 mM glucose (regarded as maximal) and 84 mM glucose (regarded as extreme) shown for
four separate trials with N = 2–3 replicates to demonstrate consistency of the difference in insulin secretion from trial to trial.
Combining these trials, the data were significantly different with a p-value of <0.001 by two-tailed T-test between 24 and
84 mM glucose. (B) Mouse islets were placed in wells containing modified KRB with 24 mM or 84 mM glucose ± mannitol
balanced to 84 mM total for 1 h with or without 500 nM GKA. The GKA increased insulin secretion significantly in 24 mM
glucose (p <0.01) but failed to do so in 84 mM glucose. All data are presented as ± SEM. N = 3–11 replicates. * p <0.05,
** p <0.01, *** p <0.001.
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Figure 5. cAMP-related drug effect on insulin secretion in high glucose. (A–C) Murine islets were placed in wells containing
modified KRB with 24 mM or 84 mM glucose ± mannitol balanced to 84 mM total for 1 h and then various drugs were
added to each condition for 1 h of incubation before insulin was measured: 10 µM forskolin (A), 10 µM MDL 12,330A (B),
and 10 nM exendin-4 (C) All data are presented as ± SEM. N = 5–11 replicates. * p <0.05, ** p <0.01, *** p <0.001.

To examine the contribution of glycolytic activity leading to insulin secretion, the
glucokinase activator R0-28-1675 (hereafter called GKA) was utilized, and insulin measure-
ments were taken. As shown in Figure 4B, islets treated with GKA in 24 mM glucose dis-
played a significant increase in insulin secretion compared to islets in 24 mM alone (p < 0.01).
Insulin secretion in 84 mM glucose was on par with islets given GKA in 24 mM glucose,
but GKA did not provide any additional stimulation in 84 mM glucose. Together, these
data indicate that glycolytically driven insulin secretion continues to dose-dependently
increase, nearly doubling insulin secretion between 24 and 84 mM glucose.

2.5. The cAMP Pathway Provides Additional Capacity for Insulin Secretion in Extremely
High Glucose

cAMP, a known amplifier of insulin secretion, was examined by the use of forskolin,
an adenylyl cyclase activator that increases cAMP levels. As shown in Figure 5A, in 24 mM
glucose for 1 h, forskolin increased insulin secretion dramatically compared to the control
24 mM glucose (p < 0.001). There was also a significant difference found between 84 mM
glucose and 84 mM glucose combined with forskolin (p < 0.001). In addition, the amount
of insulin secreted at 84 mM glucose with forskolin was significantly higher than the
amount of insulin secreted at 24 mM glucose with forskolin (p < 0.01). Overall, the cAMP
pathway has the capacity to dramatically increase insulin secretion, even at extreme glucose
concentrations.

MDL-12,330A (MDL), an adenylyl cyclase inhibitor, was used to determine if reducing
cAMP by inhibiting adenylyl cyclase could block the additional insulin secretion in extreme
hyperglycemic conditions. MDL appeared to partially inhibit insulin secretion in 84 mM
glucose. The significantly higher levels of insulin secretion in 84 mM glucose compared
to 24 mM glucose were not significant with MDL added to 84 mM glucose (Figure 5B).
Importantly, MDL did not reduce insulin secretion in 24 mM glucose compared to 24 mM
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glucose alone, indicating that the inhibitory effects of MDL on adenylyl cyclase occur only
in extremely high glucose conditions when adenylyl cyclase is likely contributing more to
overall insulin secretion.

Pancreatic islets were next stimulated with exendin-4, a GLP-1 agonist, to examine
the possible contributions of incretin pathways on insulin secretion in extreme glucose
conditions. There was a significant increase in insulin secretion with exendin added to
24 mM glucose compared to 24 mM glucose alone (p < 0.05). However, when exendin was
tested with 84 mM glucose, there was no significant difference between 84 mM glucose
and 84 mM glucose with exendin (Figure 5C). This indicates that insulin secretion, due to
incretin effects, continues to increase between 24 mM and 84 mM glucose, revealing possible
incretin involvement in the amplification pathway at extreme glucose concentrations.

3. Discussion
3.1. Maximum Glucose Concentrations for Glucose-Stimulated Insulin Secretion Are Much Higher
Than Previously Reported

Our study demonstrates a surprisingly high capacity of islets to maintain stimulus-
secretion coupling in glucose concentrations far exceeding what is considered normal for
both mice and humans. We showed that insulin secretion doubled from 24 mM to 84 mM
glucose, while calcium levels were unchanged over the same range. This suggests that
insulin secretion occurs through the amplifying pathway, which can contribute 50% or
more to insulin secretion when calcium is saturated [22]. In addition, our findings suggest
that there is still much to be learned about the mechanisms and limits of the amplifying
pathway of glucose-stimulated insulin secretion.

3.2. High Glucose Leads to Increased cAMP via Different Potential Mechanisms

Insulin secretion stimulated by cAMP can be thought of in two independent routes, the
secretion that is dependent on calcium changes and that which is stimulated from cellular
glucose metabolism [16]. Once cAMP accumulates, intracellular calcium rises through
increased L-type-calcium-channel activity [23,24] and through release from intracellular
stores [25]. Although cAMP thus has the capacity to increase intracellular calcium, our
results reveal that intracellular calcium is already saturated in 24 mM glucose, so any
additional stimulation of insulin secretion would likely not involve changes in calcium-
dependent pathways. This study demonstrates that extremely high glucose levels can
increase insulin secretion independently of the triggering pathway.

It is understood that increased glucose leads to an increase in cAMP [26]. Our data
show that glucose continues to dose-dependently increase rates of glycolysis, as shown by a
near doubling of insulin secretion between 24 and 84 mM glucose. As shown in Figure 6, the
effects of extreme glucose can be reproduced with GKA in 24 mM glucose. This indicates
that glycolytically driven metabolite formation is responsible for a large portion of insulin
secreted above 24 mM glucose. Additionally, it should be noted that in Figure 6, forskolin
and MDL act directly on adenylyl cyclase to alter cAMP levels. Forskolin, which acts to
increase adenylyl cyclase, showed a huge potential for stimulating insulin secretion at high
glucose concentrations. With that, MDL was able to partially block the insulin released in
extremely high glucose conditions. MDL may not have fully reduced the insulin secreted in
84 mM glucose back down to 24 mM levels as expected, since other pathways independent
of cAMP are likely working synergistically to amplify insulin secretion. Regardless, there
are several ways in which increased glucose metabolism can augment insulin secretion
through cAMP that do not require changes in intracellular calcium.
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Figure 6. The triggering and amplifying pathways of insulin secretion in extreme glucose. (Left) Glucose enters the beta cell
and is metabolized, causing an increase in the ATP to ADP ratio. ATP-sensitive potassium channels (KATP) close, causing
membrane depolarization, the opening of voltage-dependent calcium channels (VDCC), and insulin secretion. (Right) GLP-1
from alpha cells or exendin stimulate beta-cell GLP-1 receptors which stimulate AC. Additionally, various metabolites
produced from glucose metabolism can stimulate AC. Increased production of cAMP stimulates PKA and EPAC2A, causing
increased insulin secretion by various mechanisms. Ovals indicate points of stimulation (green) or inhibition (red) for
pharmacological agents used in these studies.

Protein kinase A (PKA) has a permissive role in increasing insulin secretion that has
been shown to be glucose dependent [26]. This should be no surprise, since cAMP/PKA
pathways have been long explored as targets for potential diabetes therapy [27]. As shown
in Figure 6, cAMP activates downstream effectors PKA and guanine-nucleotide exchange
protein (EPAC), which both lead to cAMP-mediated insulin secretion [28]. Focusing on
the PKA pathway, glutamate derived from glucose through the malate aspartate shuttle
is the specific signal underlying insulin secretion after being stimulated via cAMP [12].
It has been shown that the cAMP/PKA pathway potentiates the release of insulin via
increased effectiveness of KATP-channel-independent actions of glucose [29], which is
consistent with our observations. Intracellular calcium is unaffected by PKA activation,
and PKA effects on insulin secretion are mediated by the phosphorylation of various
downstream proteins [30]. The mechanisms leading to the rise in insulin secretion are
studied with electrophysiological and optical methods which monitor the movements and
exocytosis of individual insulin granules [31,32]. Changes in the size of distinct granular
pools, facilitation of granule recruitment from the pools to the plasma membrane, and the
acceleration of the priming process that confers granules with release competence may
all play a role as well as the involvement of SNARE complexes. Relating this back to our
study, the PKA pathway stemming from the increase in cAMP ties to the amplification
pathway via glucose metabolism and is most likely a key player in insulin release at such
high glucose concentrations.

In addition to what we have shown, there are other glucose-associated shunts that lead
to insulin secretion through the amplification pathway. Our data suggest that glycolysis
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itself maintains glucose dependence well above 24 mM glucose. Although, other than
direct intermediates of glucose metabolism, there are potential excess-fuel detoxification
pathways dealing with glycerol and free fatty acid formation and their extracellular re-
lease [32]. Free fatty acids play a role in insulin secretion by stimulating monoacylglycerol
formation, whereas the inhibition of monoacylglycerol lipase activity decreases insulin se-
cretion [33]. The aforementioned pathways may include the diversion of glucose carbons to
triglycerides and cholesterol esters. Aspects relating to mitochondrial energy metabolism
independent signals, including 1-monoglycerol, diacylglycerol, and malonyl-CoA are
pieces of the amplification pathway to explore at high glucose levels. [33]. Future studies
should investigate glycerol release and free fatty acids in extreme glucose conditions to
further understand these intricate pathways.

3.3. Paracrine Effects of Extreme Glucose via Alpha Cells

Increasing glucose levels have been shown to lead to the induction of cAMP oscilla-
tions in both alpha and beta cells [34]. The alpha cells in pancreatic islets secrete GLP-1,
which generally suppresses glucagon secretion [35]. Glucose-related glucagon secretion
is observed in islets and reflects direct effects on alpha cells [29,30]. L-arginine can po-
tently stimulate GLP-1 release in islets, and there is evidence that glucose may potentiate
L-arginine-stimulated insulin secretion via PKA [36]. The relationship between glucose
and GLP-1R is pivotal to understanding how glucose leads to an increase in cAMP.

It is known that glucose inhibits glucagon secretion by lowering cytoplasmic calcium
in the alpha-cell; however, stimulation of glucagon at high glucose concentrations does
not require an increase in intracellular calcium, and at higher glucose, glucagon secretion
is actually stimulated. This paradoxical stimulation of glucagon release occurs around at
least 25–30 mM [30,31]. In fact, high glucose has been shown to have a stimulatory effect
on glucagon secretion possibly exceeding that of the inhibitory influence [37–39]. Looking
at Figure 6, our studies demonstrate the connection of increasing glucose concentrations to
increased GLP-1 and increased glucagon secreted by alpha cells. Our study suggests that
the increase in incretins and glucagon from the alpha cells at high glucose concentrations
could act on the beta cell to augment insulin secretion through the GLP-1 receptor pathway
at these extreme levels.

3.4. Clinical Relevance

Diabetic patients have survived extreme glucose levels of over 100 mM [2,4,10]. Our
study shows that insulin secretion occurs at extreme glucose levels, but as the concentration
of glucose in the blood increases, insulin secretion in the higher glucose range does not keep
to the same rate as in lower glucose concentrations, which is evidenced by the decrease in
slope (Figure 1). However, this ability of beta cells to secrete insulin in these extremes of
hyperglycemia is what distinguishes hyperosmolar hyperglycemic nonketoic syndrome
from diabetic ketoacidosis. There is enough insulin present to prevent ketosis but not
sufficient insulin to stimulate glucose utilization in target tissues (~10× as much insulin
needed) [40]. We also observed that the extreme osmolarity increase associated with
extreme hyperglycemia does not appear to negatively impact insulin secretion, at least in
our in vitro studies in mouse islets. Thus, although individuals have survived, their bodies
endured extreme stress during these instances. It should be noted that glucotoxicity has
an effect on limiting the body’s ability to secrete insulin in extreme conditions, but this is
considered a more chronic state than what we report.

Overall, we showed that insulin secretion from islets of both mice and human donors
continues to increase in a dose-dependent manner to much higher glucose levels than
previously thought. It is possible that novel pathways to insulin secretion could be identi-
fied only by stimulation in extremely high glucose. Once identified, it may be possible to
develop novel therapeutics that could stimulate this secretory activity without requiring
extremely high glucose.
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3.5. Strengths and Limitations

An important strength of this study was the consistent observation in both murine and
human islets in multiple trials which showed that the dose-dependent range of glucose-
stimulated insulin secretion extends far higher than commonly thought. We further show
that these increases rely on increases in glycolytic activity and cAMP, but not on changes
in intracellular calcium. In addition, these studies show that osmolarity does not impact
insulin secretion in vitro, which eliminates a potential confounding variable. Limitations
in this study include the fact that isolated islets in vitro lack normal neural and humoral
inputs found in vivo that can modulate function. Islets also lack the vasculature of their
in vivo environment, which can impact how nutrients like glucose reach the islet. These are
issues common to any in vitro study of pancreatic islets. Lastly, although our study shows
an important role for cAMP in the insulin response to extreme glucose, many other factors
of the amplification pathway could also be involved. Examining additional mechanisms
will be the focus of future work.

4. Materials and Methods
4.1. Islet Sources and Isolation

Mouse islets were isolated from male CD-1 (Envigo, Indianapolis, IN, USA) mice
ages 8–12 weeks, as previously described [41]. Briefly, pancreatic islets were isolated using
collagenase-p digestion (Roche Diagnostics, Indianapolis, IN, USA) followed by centrifuga-
tion using Histopaque 1100 (Sigma-Aldrich, St. Louis, MO, USA). Islets were allowed to
recover overnight in RPMI 1640 (Invitrogen, Carlsbad, CA, USA), supplemented with 10%
fetal bovine serum and 1% penicillin/streptomycin before being used for experiments. All
animal procedures were approved by the Ohio University Institutional Animal Care and
Use Committee. Human islets from deidentified donors were obtained from the Univer-
sity of Alberta IsletCore and the University of Alberta/Alberta Health Services Clinical
Islet Laboratory.

4.2. Calcium Imaging

Fura-2 AM fluorescence imaging was utilized to measure intracellular calcium levels.
Perifused solutions first passed through an inline heater to a temperature of 35+/−3
degrees Celsius into an open diamond bath imaging chamber (Warner Instruments, Cat:
64-0288) which was mounted using a stage adapter (Warner Instruments, Cat: 64-0298).
Observation of islets was performed using a Hamamatsu ORCA-Flash4.0 digital camera
(Hamamatsu Photonics K.K., Hamamatsu City, Japan, Model C11440-22CU) mounted
on a BX51WIF fluorescence microscope with a 10X objective (Olympus, Tokyo, Japan).
Excitation light was provided by a xenon burner supplied to the image field through a light
pipe and filter wheel (Sutter Instrument Co., Novato, CA, USA, Model LB-LS/30) with a
Lambda 10-3 Optical Controller (Sutter Instrument Co., Novato, CA, USA, Model LB10-
3-1572). Images were taken sequentially with 340 nm and 380 nm excitation to produce
each ratio from emitted light at 510 nm. Data were analyzed using cellSens Dimension 1.13
imaging software (Olympus, Tokyo, Japan) [42].

Islets were exposed to KRB containing 1 µM fura-2 AM and incubated for 30 min.
They then were transferred onto the calcium scope. The fura-2 signal was recorded for
two different experimental protocols. Protocol 1: 3 mM glucose (G) for 5 min, 24 G for
15 min, and 84 G for 15 min. Protocol 2: 3 mM glucose (G) for 5 min, 24 G for 15 min, 24 G
containing 250 µM tolbutamide for 15 min, and back to 3 G for 25 min.

4.3. Insulin Secretion

To study insulin secretion, glucose-stimulated insulin secretion (GSIS) assays were
performed. All GSIS used 12-well plates with 20 islets per well in 1 mL of KRB solution.
Islets were size matched to aid in normalization as discussed in [43]. Briefly, islets were
placed in 0 mM glucose for one hour, then transferred to the experimental conditions
for an additional hour. Supernatants were collected from experimental conditions of 0,
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12, 24, 36, 48, 60, 72, 84, and 144 mM. Using the same approach, we studied additional
conditions using osmolarity-matched solutions at ~425 mOsm. Osmolarity was measured
with Wescor Vapor Pressure Osmometer (Model 5520). Specific stimulators or inhibitors
were placed into 24 G and 84 G to examine effects of exendin (10 nM, Sigma Aldrich,
St. Louis, MO, USA, [18]), forskolin (10 µM, Sigma Aldrich, St. Louis, MO, USA, [44]),
MDL-12330A (10 µM, Sigma Aldrich, St. Louis, MO, USA, [45]), and Ro-28-1675 (500 nM,
Axon Medchem (Reston, VA, USA)). Insulin secretion was measured using mouse (Cat#80-
INSMSU-E10) and human (Cat#80-INSHU-E01.1) ELISA following the manufacturer’s
directions (ALPCO, Salem, NH, USA). Intra-assay variability was kept to below 15% for
all studies. D-mannitol (Sigma-Aldrich, St. Louis, MO, USA) was used to balance the
osmolarity of Modified KRB solutions to ~425 mOsm.

4.4. Cell Death Quantification

Islets were incubated in a glucose solution for 48 h in standard RPMI media supple-
mented 10% fetal bovine serum and 1% penicillin/streptomycin. Twenty islets were placed
in each well per treatment in a 12-well plate. The 12-well plate contained the following
treatments. Standard RPMI media, RPMI media+144 mM mannitol, RPMI media+60 mM
glucose+84 mM mannitol, and finally RPMI+144 mM glucose. Cell death was measured
with propidium iodide (Sigma-Aldrich, St. Louis, MO, USA) and annexin V (Invitrogen,
Carlsbad, CA, USA) staining. Apoptosis was measured using annexin V (488 nm excita-
tion/525 nm emission), which detects phosphatidylserine when it is exposed to the outer
leaflet of the plasma membrane during apoptosis [46]. Propidium iodide (535 nm excita-
tion/620 nm emission), which is a cell exclusion dye, was used to detect generalized cell
death. Regions of interest were drawn around islets to measure fluorescence intensity per
islet for each individual islet normalized to surface area. These techniques have been used
in previous publications [47,48] including in comparison to other methods to measure cell
death [49].

4.5. Statistical Analysis

Statistical analysis was performed using R Statistical Computing Software. Data are
expressed as the mean ± standard error of the mean. Data were tested for normality using
Shapiro-Wilk test and for equal variance using Levene’s test. Henze-Zirkler’s multivariate
normality test was used for the insulin correlation data. All comparisons were analyzed
using two-tailed t-test for comparisons of two groups or one-way ANOVA with Tukey’s
post hoc test for more than two groups. Differences between groups were considered
significant at p < 0.05. Spearman’s rank correlation coefficient was used to analyze insulin
secretion patterns in Figure 1.
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Abstract: The development of obesity and type 2 diabetes (T2D) has been associated with impaired
mitochondrial function. In pancreatic beta (β) cells, mitochondrial energy metabolism plays a central
role in triggering and controlling glucose-stimulated insulin secretion (GSIS). Here, we have explored
whether mitochondrial bioenergetic parameters assessed with Seahorse extracellular flux technology
can quantitatively predict insulin secretion. We metabolically stressed male C57BL/6 mice by high-fat
feeding (HFD) and measured the glucose sensitivity of islet respiration and insulin secretion. The
diet-induced obese (DIO) mice developed hyperinsulinemia, but no pathological secretory differences
were apparent between isolated DIO and chow islets. Real-time extracellular flux analysis, however,
revealed a lower respiratory sensitivity to glucose in DIO islets. Correlation of insulin secretion with
respiratory parameters uncovers compromised insulin secretion in DIO islets by oxidative power.
Normalization to increased insulin contents during DIO improves the quantitative relation between
GSIS and respiration, allowing to classify dysfunctional properties of pancreatic insulin secretion,
and thereby serving as valuable biomarker for pancreatic islet glucose responsiveness and health.

Keywords: mitochondria; bioenergetics; glucose-stimulated insulin secretion; pancreatic islets; respi-
ration

1. Introduction

Pancreatic β cells are specialized endocrine cells that integrate signals from glucose
and other fuels to control the secretion of insulin [1]. Glucose induces insulin secretion via
both triggering and amplifying pathways [2]. The triggering pathway involves oxidative
glucose catabolism, a rise in the cytosolic adenosine triphosphate/adenosine diphosphate
(ATP/ADP) ratio, closure of ATP-sensitive potassium (KATP) channels, depolarization of
the plasma membrane, influx of calcium ions, and eventual exocytosis of insulin-containing
granules [3–5]. The amplifying pathways boost this glucose-stimulated insulin secretion
(GSIS) in a KATP-channel-independent (but Ca2+-dependent) way [4,6]. Many steps of
the β cell insulin secretory pathways can affect the efficiency of insulin secretion. Mito-
chondria are intimately involved in glucose catabolism because oxidative phosphorylation
has control over the ATP/ADP ratio and, thus, GSIS [7]. Oxidative phosphorylation is
ideally assessed by combining respiratory flux and mitochondrial membrane potential
measurements [8,9]. While mitochondrial membrane potential measurements of β cell
mitochondria are challenging in intact β cells because of glucose-evoked plasma membrane
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potential fluctuations [10], cellular respiratory flux measurements are relatively straight-
forward [11]. Several parameters are readily calculated from whole-cell oxygen uptake to
give insight in the efficiency by which energy liberated from oxidative glucose breakdown
is conserved as ATP. These parameters include glucose sensitivity (GS), i.e., the magnitude
of respirational increase upon glucose stimulus, and coupling efficiency (CE) of oxidative
phosphorylation, i.e., the part of mitochondrial respiration coupled to ATP synthesis [8].
Notably, these bioenergetic parameters are internally normalized and, thus, dimensionless,
which renders them more sensitive indicators of oxidative phosphorylation than absolute
oxygen uptake rates [8]. For example, CE has been instrumental for demonstrating a glu-
cose sensitivity of oxidative phosphorylation in INS-1E insulinoma cells that is regulated
by mitochondrial uncoupling protein-2 [12]. This bioenergetic regulation is reflected by
insulin secretion activity, which suggests the possibility that CE has broader predictive
power that may be exploited to forecast β cell dysfunction.

In this study, we correlated mitochondrial respiration and insulin secretion in pan-
creatic islets from chow-fed and diet-induced obese (DIO) mice, with the aim to identify
parameters that allow classification of insulin secretion deficiencies. DIO mice represent a
model of a well-established risk scenario in which obesity leads to insulin resistance, β cell
dysfunction, and eventually type 2 diabetes mellitus [13]. Our findings suggest that loss of
mitochondrial respiratory sensitivity to glucose is an early warning sign for compromised
insulin secretion.

2. Results and Discussion
2.1. Inducing Metabolic Stress in Mice

We tested our hypothesis on the relation between respiration and insulin secretion
in DIO mice, a typical model for the development of insulin resistance and hyperinsu-
linemia. Male C57BL/6 mice were kept on high-fat diet (HFD) for 16 weeks to induce
obesity (~45.8 g HFD vs. ~28.8 g chow; Figure 1A). Plasma insulin levels were dramat-
ically increased (Figure 1B). However, plasma glucose levels were unchanged (Figure
1C), suggesting that hyperinsulinemia was sufficient to compensate insulin resistance in
HFD mice.
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Figure 1. Characterization of chow (black bars) and HFD (white bars) fed C57BL/6 mice. (A) Body weight; (B) plasma 
insulin level; and (C) plasma glucose levels. The mice were 8 weeks old at the start of the feeding experiment. Data are 
represented as ± SEM (n = 8 mice per group). Statistical significance of mean differences was tested by unpaired two-tailed 
student t-test. p < 0.001 (***). 
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traces in Figure 2B demonstrate clearly that respiration in DIO islets differs drastically 

Figure 1. Characterization of chow (black bars) and HFD (white bars) fed C57BL/6 mice. (A) Body weight; (B) plasma
insulin level; and (C) plasma glucose levels. The mice were 8 weeks old at the start of the feeding experiment. Data are
represented as ± SEM (n = 8 mice per group). Statistical significance of mean differences was tested by unpaired two-tailed
student t-test. p < 0.001 (***).

2.2. Respiratory Activity but Not Insulin Secretion Is Impaired in Islets of DIO Mice

Interestingly, the assessment of insulin secretion between chow and DIO islets re-
vealed no differences (Figure 2A). In contrast, averaged real-time oxygen consumption
traces in Figure 2B demonstrate clearly that respiration in DIO islets differs drastically
from that exhibited by their control counterparts. After normalizing oxygen uptake to
DNA content and correcting respiratory activity for non-mitochondrial (i.e., rotenone-and-
antimycin-A-resistant) oxygen consumption, it transpired that there was no difference in
basal respiration between the two systems (Figure 2C). However, the strong respiratory
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stimulation provoked by glucose in control islets was more than halved in DIO islets
(Figure 2D,E), which was the combined result of attenuated respiration linked to mito-
chondrial proton leak (Figure 2F) and ATP synthesis (Figure 2G). In other words, both
oligomycin-sensitive and -insensitive oxygen uptake was decreased by DIO, which ex-
plains why the CE of oxidative phosphorylation, which reflects the oligomycin sensitivity
of overall glucose-stimulated respiration (GSR), was not affected to a statistically significant
degree (Figure 2H). The reduction of both proton leak and ATP-linked respiration can be
indicative of compromised substrate oxidation capacity [8]. Next, we plotted absolute
secreted insulin values vs respiratory parameters related to insulin triggering (ATP-linked
respiration and GSR), and assessed their relation by correlation analysis. Within chow islets,
insulin values correlate significantly with ATP-linked respiration and GSR (Figure 2I,J).
This relationship appeared to be shifted upwards in DIO islets (dotted regression line).
In our experimental conditions in vitro, however, no secretagogues or other amplifying
mechanisms are present, to the best of our knowledge, which could selectively act on DIO
islets. However, we cannot formally exclude amplifying factors deriving from glucose
catabolism [14], and we thus refer to altered secretory pathways of insulin secretion rather
than to altered triggering of insulin secretion.
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Figure 2. Glucose-stimulated insulin secretion and mitochondrial bioenergetics of pancreatic islets from chow and HFD-
fed mice. (A) Insulin secretion. Batches of eight size-matched islets were exposed to either 2 or 16.5 mM glucose for 1 h 
before supernatants and lysates were collected. (B) Representative time-resolved oxygen consumption traces. Batches of 
30 size-matched islets were exposed to 2 mM glucose to assess basal respiration (4 cycles), glucose-stimulated respiration 
(10 cycles), proton leak respiration by inhibition of ATP synthase using oligomycin (10 cycles), and non-mitochondrial 
respiration by final injection of rotenone/antimycin A. (C) Mitochondrial basal respiration at low glucose (2 mM). (D) 
Glucose-stimulated respiration expressed as percentage of basal (E) Mitochondrial stimulated respiration at high glucose 
(16.5 mM). (F) Proton leak respiration at high glucose. (G) ATP-linked respiration at high glucose. (H) Coupling effi-
ciency at high glucose. (I) Correlation of insulin secretion (absolute values) and ATP-linked respiration. (J) Correlation of 
insulin secretion (absolute values) and glucose-stimulated respiration. Data are represented as means ± SEM (n = 6 mice 

Figure 2. Glucose-stimulated insulin secretion and mitochondrial bioenergetics of pancreatic islets
from chow and HFD-fed mice. (A) Insulin secretion. Batches of eight size-matched islets were
exposed to either 2 or 16.5 mM glucose for 1 h before supernatants and lysates were collected. (B)
Representative time-resolved oxygen consumption traces. Batches of 30 size-matched islets were
exposed to 2 mM glucose to assess basal respiration (4 cycles), glucose-stimulated respiration (10
cycles), proton leak respiration by inhibition of ATP synthase using oligomycin (10 cycles), and
non-mitochondrial respiration by final injection of rotenone/antimycin A. (C) Mitochondrial basal
respiration at low glucose (2 mM). (D) Glucose-stimulated respiration expressed as percentage of
basal (E) Mitochondrial stimulated respiration at high glucose (16.5 mM). (F) Proton leak respiration
at high glucose. (G) ATP-linked respiration at high glucose. (H) Coupling efficiency at high glucose.
(I) Correlation of insulin secretion (absolute values) and ATP-linked respiration. (J) Correlation of
insulin secretion (absolute values) and glucose-stimulated respiration. Data are represented as means
± SEM (n = 6 mice per group, each mouse was considered as independent experiment and islets were
plated in triplicate). Statistical significance of mean differences was tested by unpaired two-tailed
student t-test. p < 0.05 (*), p < 0.001 (***).
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2.3. Compensating Increase of Insulin Content in DIO Islets Masks Defects of the
Triggering Pathway

Exploring compensatory responses to loss of insulin sensitivity in HFD mice (Figure 1),
we found a 15% higher insulin content in DIO islets (Figure 3A), consistent with increases
in β cell proliferation during DIO [15]. Normalizing insulin secretion to insulin content,
GSIS of the DIO islets was lower than that from control islets (Figure 3B). Importantly,
plotting GSIS values normalized to insulin content shifted DIO insulin values onto the
regression of chow islets, with a better regression to glucose-stimulated than to ATP-linked
respiration (Figure 3C,D). Insulin secretion correlates less well with coupling efficiency
(CE, Figure 3E), but it should be noted that the internal standardization benefits data
comparisons between different experimental settings and laboratories. The normalization-
dependency of the GSIS phenotype suggests that DIO islets respond to an obesity-induced
drop in glucose sensitivity by increasing insulin content, a response that appears to fix the
secretory impairment.
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Figure 3. Glucose-stimulated insulin secretion in chow and HFD mice. Batches of eight size-matched
islets were exposed to either 2 or 16.5 mM glucose for 1 h at which point supernatants and lysates
were collected for (A) insulin content, and (B) secreted insulin measurements. Correlation between
insulin secretion (% content) and (C) glucose-stimulated respiration, (D) ATP-linked respiration,
and (E) coupling efficiency (F) correlation model classifying defects of insulin secretion. Data are
represented as means ± SEM (n = 6 mice per group, each mouse was considered as independent
experiment and islets were plated in triplicate). Statistical significance of mean differences was tested
by unpaired two-tailed student t-test. p < 0.05 (*), p < 0.001 (***).

2.4. Classifying Defects in Insulin Secretion

From Figure 3C–E, it transpires that secreted insulin values require normalization to
insulin content to establish a robust linear relationship between insulin and bioenergetics
parameters. The relationship between oxidative phosphorylation and GSIS leads to a
simple linear correlation model to classify defects of insulin secretion (Figure 3F). In
relation to control values, descending along the regression line suggests reduced oxidative
power by either compromised substrate delivery or respiratory dysfunction. In the case
of DIO islets, the secretory pathway is compromised by reduced oxidative power, which
could be mediated by impaired glucose uptake, glycolysis, or pyruvate oxidation—the

120



Metabolites 2021, 11, 405

latter being recently suggested in response to impaired mitochondrial dynamics [16] or
inflammation [17]. In contrast, ascending values suggest improved substrate delivery or
oxidative phosphorylation. Upwards deviation from regression is explained by amplifying
pathways, while downwards deviation points towards secretory dysfunction downstream
or no mitochondrial impact.

3. Materials and Methods

Animals—male C57BL/6 mice with an age of 8 to 10 weeks were purchased from
Janvier Labs (Le Genest-Saint-Isle, France). The animals were maintained on a 12/12
h light/dark cycle in a temperature-controlled environment and allowed free access to
standard chow diet (5.6% fat, LM-485, Harlan Teklad) or a high-fat diet (HFD) (58% kcal
fat; Research Diets Inc., New Brunswick, NJ, USA) for 16 weeks. All in vivo procedures
were conducted under the guidelines of the Institutional Animal Care Committee of the
Helmholtz Center Munich, which approved all animal maintenance and experimental
procedures. The animal experiments complied with all ethical regulations for animal
testing and research, including animal maintenance and experimental procedures that
the animal welfare authorities of the local animal ethics committee of the state of Bavaria
(Regierung Oberbayern) approved in accordance with European guidelines.

Islet isolation and culture—mouse islets were isolated by digestion with collagenase
as described elsewhere [12]. Around 150–200 islets were obtained per mouse. Islets were
incubated overnight in RPMI 1640 culture medium supplemented with 10% (v/v) fetal calf
serum (Life technologies) at 37 ◦C and 5% CO2 before experimentation.

Insulin secretion—groups of eight size-matched islets were handpicked into individual
wells of V-bottomed 96-well plates and incubated for 60 min at 37 ◦C in HEPES-balanced
Krebs-Ringer (KRH) bicarbonate buffer containing 114 mM NaCl, 4.7 mM KCl, 2.5 mM
CaCl2, 1.16 mM MgSO4, 1.2 mM KH2PO4, 25.5 mM NaHCO3, 20 mM HEPES (pH 7.2–7.4),
supplemented with 0.2% (w/v) bovine serum albumin (BSA), and 2 mM glucose. The islets
were then incubated for a further 60 min in KRH-bicarbonate buffer containing 2 or 16.5 mM
glucose. Subsequently, supernatants were collected to quantify secreted insulin. Following
the secretion assay, islets were lysed with ice-cold RIPA buffer to allow total insulin content
to be determined. Insulin was detected with the Ultra-Sensitive Mouse Insulin Elisa Kit
(ALPCO, Salem, NH, USA). Data were normalized to DNA content measured with the
Quant-it Pico Green DNA assay kit (Invitrogen, Darmstadt, Germany).

Mitochondrial respiration—oxygen consumption rates (OCR) were measured in islet-
capture plates of the XF24 extracellular flux analyzer (Agilent, Seahorse Bioscience, Santa
Clara, CA, USA). Briefly, groups of 30 size-matched islets were handpicked into individ-
ual wells of islet capture plates and incubated for 60 min at 37 ◦C without CO2 in KRH-
bicarbonate free buffer containing 2 mM glucose. Additional glucose (16.5 mM), oligomycin
(10 µg/mL), and a mixture of rotenone and antimycin A (both 2 µM) were injected se-
quentially. Mitochondrial respiration was calculated by subtracting non-mitochondrial
respiration from all other oxygen uptake rates. The individual bioenergetics parameters of
OXPHOS parameters were calculated as follows: basal mitochondrial respiration = (last
rate measured before glucose and/or other secretagogues injection) − (non-mitochondrial
respiration rate). Glucose-stimulated mitochondrial respiration = (last rate measured
before oligomycin injection) − (non-mitochondrial respiration rate). Proton-leak-linked
respiration = (minimum rate measured after oligomycin injection) − (non-mitochondrial
respiration rate). ATP-synthesis-linked respiration = (glucose-stimulated mitochondrial
respiration) − (proton leak-linked respiration). Coupling efficiency = the fraction of res-
piration used to drive ATP synthesis for each run, calculated as CE = 1 − (proton-leak-
linked respiration/mitochondrial glucose-stimulated respiration). Data were normalized
to DNA content.

Metabolic tests—mice were fasted for six hours prior to blood collection. Blood
samples taken from the tail vein were used to measure glycaemia with a glucometer
(Abbott, Wiesbaden, Germany) and insulin by ELISA.

121



Metabolites 2021, 11, 405

Statistical analysis—statistical analysis was performed with GraphPad Prism ver-
sion 6.0. The data passed normality tests (Shapiro–Wilk and Kolmogorov–Smirnov test)
and the groups were compared using unpaired Student’s t test. All the data are shown
as mean ± standard error of mean (S.E.M). p values < 0.05 were considered statistically
significant.

4. Conclusions

In this study, we demonstrate that mitochondrial respiratory parameters have predic-
tive value for insulin secretion from pancreatic β cells. In a typical model for metabolic
disease, DIO mice, we found that defective insulin secretion is compensated by increased
insulin content. Although absolute values of insulin secretion are not affected, mitochon-
drial respiration is severely compromised in DIO islets. Correlation of respiration and
GSIS is firmly established by normalizing GSIS to insulin content, showing that mitochon-
drial respiratory parameters quantitatively predict changes in GSIS. Absolute values of
ATP-linked respiration and GSR predict insulin release the best, while CE is less predictive.
CE, however, is a powerful bioenergetic parameter that has been successfully applied to
uncover molecular mechanisms in mitochondria, e.g., the role of UCP2 in β cells [8]. CE
is based on the thermodynamic laws of energy conversion that mitochondrial oxidation
energy is either converted to ATP or lost as heat due to the mitochondrial proton leak. CE
is defined as the fraction of energy that is converted to ATP (thus ranging from 0 to 1). As
internally standardized parameter, CE is not prone to variation in absolute values between
independent experiments. Although CE correlates with GSIS, the relation is steeper and
more variable concerning linear regression, as compared to ATP-linked respiration and GSR
in our experimental setup. Thus, CE may only be used to compare independent studies.
However, the relation of CE and GSIS suggests a “threshold” CE value that is required to
trigger insulin secretion. Considering previous studies from our laboratory [16,18], we find
a tight CE of about 0.4–0.6 as requirement for insulin triggering in islets and in β cell mod-
els. Based on the results we designed a model correlating GSR or ATP linked respiration
vs. insulin secretion that allows classifying dysfunctional properties of pancreatic insulin
secretion under pathological conditions. All these analyses suggest that mitochondrial
bioenergetic parameters reflect insulin secretion in a quantifiable manner, and may thus
serve as biomarkers for glucose responsiveness and pancreatic islet health.
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Abstract: Pancreatic β cells secrete the hormone insulin into the bloodstream and are critical in the
control of blood glucose concentrations. β cells are clustered in the micro-organs of the islets of
Langerhans, which have a rich capillary network. Recent work has highlighted the intimate spatial
connections between β cells and these capillaries, which lead to the targeting of insulin secretion to
the region where the β cells contact the capillary basement membrane. In addition, β cells orientate
with respect to the capillary contact point and many proteins are differentially distributed at the
capillary interface compared with the rest of the cell. Here, we set out to develop an automated
image analysis approach to identify individual β cells within intact islets and to determine if the
distribution of insulin across the cells was polarised. Our results show that a U-Net machine learning
algorithm correctly identified β cells and their orientation with respect to the capillaries. Using this
information, we then quantified insulin distribution across the β cells to show enrichment at the
capillary interface. We conclude that machine learning is a useful analytical tool to interrogate large
image datasets and analyse sub-cellular organisation.

Keywords: insulin; beta cell; human; islet; polarisation; machine learning; deep learning; cell
segmentation; automation

1. Introduction

Defective insulin secretion from islet β cells is a characteristic feature of diabetes
mellitus [1]. To better understand molecular mechanisms that regulate insulin secretion, we
need to be able to image and study β cells and their subcellular structures [2], particularly
their organisation within the native environment of the islets of Langerhans.

With the advancing capabilities of modern microscopy systems, the detailed visu-
alisation of cells and their subcellular components is possible [2,3]. However, this has
also led to the rapid generation of complex and ever-expanding image datasets [4,5]. The
bottleneck facing researchers now is the extraction and quantification of valuable biological
insights from these large image datasets [4,6]. Thus, the need for automated image analysis
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methods becomes increasingly important. Computational image processing methods have
traditionally relied on static and predefined rules [3]. However, a major shortcoming of this
approach emerges when these static algorithms are applied to different datasets or datasets
of high variability, often requiring labour-intensive reprogramming and/or the manual
adjustment of predefined parameters [3]. In contrast, machine learning seeks to detect
patterns from training data, and then apply those patterns to new datasets [3,7]. With suffi-
cient training data, encompassing wide variations in morphology, the same algorithm can
be reused, even for different experimental setups, without the need for code tweaking [6,8].
This approach not only reduces human workload [9], but also offers significant advantages
over conventional image processing methods in its ability to ensure objective, reproducible
and timely analysis [3,6,10].

The last two decades have seen an expansion of machine learning applications in bio-
logical studies [4,5,11,12]. In particular, deep learning, a subtype of machine learning, has
gained significant popularity in automated applications including image classification [5],
tissue [13,14] and cell image segmentation [6,7], and nuclei identification and quantifica-
tion [8]. A deep learning approach to image processing works by using neural network
structures to extract features of a given image dataset in “layers” or levels of hierarchy [15].
Successive layers of representations are generated such that the higher levels of hierarchy
are composed using the output of lower-level features [16]. Deep learning methods have
demonstrated success at the cellular level in segmentation applications of a range of cell
types, including bacteria and mammalian cells from phase contrast images [17], HeLa cells
from DIC microscopy images [18], neuronal membranes in electron microscopy images [19],
yeast cells [6], and circulating tumour cells [20]. At the subcellular level, deep learning
algorithms have also precisely segmented the nuclei and cytoplasm in fibroblasts, HeLa,
HepG2 cells [2,21,22].

Applied to the study of islets of Langerhans, automated analyses have been used for
the segmentation of islets and pancreatic exocrine tissue [23], as well as the quantification of
individual islets and islet cell density [24]. At the cellular level, however, only a few studies
have applied machine learning methods to the study of islets. Human islets are composed
of five endocrine cell types, insulin-secreting β cells (~65%), glucagon-secreting α-cells
(~30%), somatostatin-secreting δ-cells (~5%), pancreatic polypeptide-secreting γ-cells and
ghrelin-secreting ε-cells (<1%) [25,26]. The challenge of using machine learning for islet cell
segmentation lies in the complex variation in structure and shape of these islet cells [27].
Not only is it difficult to distinguish between the different cell types, but cells are also
often of irregular shape and closely packed together [27,28], leading to challenges in border
detection between cells and the generation of labelled images for training models.

In the last decade, a small number of studies have highlighted the potential of au-
tomated image analysis methods for the segmentation of these islet cells. In 2012, an
analytical software program, Pancreas++, was developed for the classification and posi-
tional quantification of α and β cells within islets in fluorescence microscopy images [29].
In another study, using the immunofluorescence staining of TMEM27 and BACE2 in islets,
an automated image analysis pipeline was generated to determine β cell number, area
and density per islet [23]. However, while these studies employ automated image anal-
ysis approaches, they largely focus on cellular arrangements within an islet, rather than
individual β cells and their subcellular structures and protein distributions. Alternative
computational approaches to study islets using mathematical modelling have generated
three-dimensional reconstructions of pancreatic islets; however, these are not without
limitations. For example, many models have not been able to accurately capture the het-
erogeneity of cell sizes and shapes within an islet [30,31]. In other models, the presence of
various islet structures including vasculature have not been considered [32].

There are many aspects of the biology of β cells that could be advanced by machine
learning approaches. For example, accumulating evidence indicates the presence of the
structural and functional polarisation of β cells [33–36], reminiscent of cell polarity in
epithelial cells [37]. Key regulators of cell polarity such as liver kinase B1 (LKB1) have
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been identified in rodent β cells [37], as well as cell polarity determinants including discs
large (Dlg), partitioning defective 3 homologue (Par3) and scribble, showing consistent
orientation with respect to islet vasculature in both human and rodent β cells [35,36].
Previous studies have also indicated β cell regional specialisations, such as the selective
localisation of the GLUT2 transporter on the lateral membrane domain between adjacent β
cells [38], as well as the targeting of insulin granule fusion at the vascular interface of the β
cells [39]. The presynaptic scaffold proteins liprin, ELKS, Rab3-interacting protein (RIM2)
and piccolo show enriched expression at the β cell–vasculature interface [36,39], suggesting
that insulin secretion may be regulated by mechanisms similar to a neuronal synapse [39].
Furthermore, it has also been suggested that insulin content is asymmetrically distributed
in the β cell, with an enrichment at the β cell–vasculature interface [36,40]. However, little
is currently known about the mechanism linking β cell structural polarity and cell function.

Here, we use a deep learning approach to segment β cells, and subsequently investi-
gate the subcellular organization of β cells within islets by analysing the distribution of
insulin with respect to cell contacts with islet vasculature. We assessed two commonly
used deep learning models for image segmentation applications, namely, the U-Net fully
convolutional networks (FCN) and residual neural networks (RNN), for the automated
segmentation of β cells from microscopy images of human pancreatic islet slices. We next
applied the U-Net model to create β cell mask images, used to predict the location of
β cells within islets. Analysis of insulin distribution in over 2000 β cell instances using
computational techniques demonstrated an enrichment at the capillary interface of β cells.

2. Results

Human pancreas samples sourced from either partial pancreatectomy patients or
cadaveric donors were processed using the pancreatic slice technique [41]. In this process,
150 µm sections were stained and imaged using 3D fluorescent microscopy. Deep learning
approaches were undertaken on the resultant images, first to predict β cell locations and
boundaries and then to assess subcellular fluorescent staining.

2.1. Manual Analysis Reveals Increased Insulin Staining at the Capillary Interface of β Cells

In situ analysis of β cells in islets within pancreatic slices provides evidence that β cells
are polarised, and that both mouse and humanβ cells maintain a consistent orientation with
respect to the vasculature [35,36]. The islet vasculature is composed of cells and secreted
basement membrane, which is a complex mixture of proteins including laminin [42], and
in this work we have used laminin-β-1 as a marker for the islet vasculature/capillaries.

β cell orientation has important functional consequences, such as the precise targeting
of insulin secretion to the vasculature [35,36]. A recent study, in mice, suggested the
presence of a population of β cells with an asymmetric distribution of insulin content,
showing an enrichment of insulin in the regions adjoining the islet capillaries and an
avascular location for insulin mRNA [40]. Therefore, we investigated whether vasculature
contact influenced insulin distribution within human β cells. In this study, human islets
were immunostained to visualise the β cells (insulin), their cell boundaries (syntaxin 1A)
and the surrounding vasculature (laminin) (Figure 1a). To assess insulin distribution,
manual analysis involved assessing one z-plane of the islet and drawing a perpendicular
line across each β cell from the vascular face (laminin) to the avascular face (opposite the
vasculature), and the fluorescence intensity was measured at each face using a line-scan
(white lines, Figure 1b). The results showed that insulin distribution across each β cell was
asymmetric and enriched towards the vasculature (Figure 1c, n = 25). This relationship was
consistently observed in all islets analysed (Figure 1d, n = 3 donors, 1–2 islets per donor,
n = 83 cells) [36]. This analysis, whilst informative, was performed manually, and so was
relatively labour-intensive and sampled only a subset of β cells in the islet.
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Figure 1. Manual analysis of β cell insulin intensity. (a) Representative image of a whole human
islet with inset. Ins-grey, Syntaxin 1A-green, Laminin-red, DAPI-blue. (b) Whole islet image with
line-scans (white) over β cells contacting the vasculature. Ins-blue, Syntaxin 1A-green, Laminin-red.
(c) Graph of insulin intensity analysis for the islet in a-b, cells n = 25 *** p < 0.0001. (d) Graph of
insulin intensity analysis for all β cells analysed. Data are representative of n = 3 donors (1–2 islets
per donor), cells n = 83 *** p < 0.0001. Scale bar 50 µm on whole islet images and 10 µm on insets.

2.2. U-Net-Based Deep Learning Was the Most Efficient for β Cell Segmentation

We set out to develop a new automated approach to provide a more objective, time-
efficient analysis that would allow the inclusion of the majority of β cells within the islet
volumes imaged. Previous studies have used automated approaches to assess islet cell
density and islet cell proportions (α and β cells) with islet 3D reconstructions [24,29,32,43].
Here, we aimed to create an automated model capable of identifying islet cells (insulin-
labelled β cells) to then refine it for further downstream analyses to assess the subcellular
distribution of key β cell proteins.

Firstly, we determined the most suitable approach for use in cell segmentation of
human pancreatic islet images. We evaluated the performance of two deep learning
methodologies, the Fully Convolutional Network (FCN) and Residual Neural Network
(RNN). Testing involved the use of publicly available cell image data (670 labelled training
images, and 65 test images of segmented nuclei) [44], pancreatic islet data (855 training
images and 606 test images) [36] and a transfer learning approach involving pre-training
using the public cell image data then pancreatic islet images.

The datasets were divided into training and validation datasets by K partitions where
the model is trained on K-1 and evaluated on the remaining data [45]. The models were
tested using 10-fold cross validation with the results listed in Table 1. The FCN-based
U-Net model trained using pancreatic islet images only was determined to be the most
effective, with accuracy 0.9773, loss 0.0586 and precision 0.5920 (Table 1); therefore, this
model was implemented for downstream analyses. The U-Net model was able to correctly
identify cells in the original training images. In addition, with new images the U-Net
model confirmed the cells that had been manually identified as beta cells (Figure 2). The
U-Net model also identified additional insulin-labelled β cells present within the images
(Figure 2), suggesting the ability of the model to learn and then predict cells.
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Table 1. Testing results from deep learning methodologies 1.

Model Data Accuracy Loss Precision Recall F1 Epoch

U-Net

Public 0.9750 0.0628 0.9207 0.9072 0.9125 54.6

Islet 0.9773 0.0586 0.5920 0.1308 0.2012 19.5

Transfer/
Islet 0.9777 0.0594 0.5828 0.1407 0.2189 22.3

ResNet

Public 0.9640 0.0933 0.9022 0.8664 0.8821 37.0

Islet 0.9764 0.0624 0.5267 0.2081 0.2852 19.0

Transfer/
Islet 0.9765 0.0622 0.5288 0.1688 0.2442 15.8

1 The best values achieved for each model are displayed in bold text. Table descriptors defined in Supplementary
Table S1.

Figure 2. β cell prediction using U-Net deep learning approaches. Examples of microscopy images
(Islet plane), the related manually segmented mask overlayed on the original image (Annotated),
and the predicted mask image overlayed on the original image (Predicted). The predicted mask
(Mask) shows predicted β cells that were not labelled in the annotated image with red arrows.
Insulin—magenta, Syntaxin 1A—green, DAPI—cyan, β cell masks—white. Scale bar represents
50 µm.

2.3. Using Machine Learning to Model β Cells within Islets in 3D

The 3D modelling of islets is important to assess cell–cell and cell–vasculature rela-
tionships, which have recently been demonstrated as important to islet function [36]. To
create 3D models of islets, the β cells are predicted using the U-Net machine learning
approach for every z-plane that was imaged. These files were then loaded into ImageJ as
a sequence, scaled and projected using the 3D Viewer plugin (Figure 3a). This allows a
comprehensive view of cell size and shape (Figure 3b). To assess the spatial relationship
of the β cells to the islet vasculature, the laminin images were added to the 2D images
or 3D reconstructions (3c, purple). Whilst 3D computational modelling of islets has been
performed previously [32,43], our data validate the modelling capacity of our approaches,
which we then used in downstream applications.
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Figure 3. The 3D modelling of β cells within pancreatic islets. (a) Schematic of workflow used to
create 3D representation of islets using cell masks. (b) Examples of 3D models of β cells (yellow)
within islets. (c) The 3D models showing β cells and the vasculature (as labelled with laminin-
magenta) and a single plane showing β cell location (yellow) and vasculature (grey).

2.4. Using Machine Learning to Assess Subcellular Proteins within β Cells

After demonstrating that our U-Net-based deep learning approach can successfully
identify insulin-positive β cells within islets from image files, we then wanted to investigate
the subcellular staining profiles of proteins of interest within β cells. Firstly, to identify
individual β cells, instance segmentation was performed on the semantic segmentation
of the predicted β cells. Once individual cell boundaries were identified, the fluorescence
values were extracted and presented as a heat map (blue to red; low to high) (Figure 4a).
An overlay of the β cell boundary heat map image onto the laminin channel image can be
used to assess whether proteins are polarised towards the islet cell vasculature.

Extracting the fluorescent values of insulin staining from the whole cell mask gives
insight into the subcellular localisation and concentration of insulin with respect to the
vasculature (Figure 4b). To develop an unbiased, automated approach involving a line-scan
originating from regions of high and low laminin concentration near the β cell boundary
representing the vascular and avascular faces, respectively, software was developed to
automatically identify a 10-pixel boundary region (Figure 4c, grey) around the predicted
β cells (Figure 4c, white), and locate points of high and low laminin concentration in this
boundary region by scanning using a 9 × 9 pixel window (Figure 8) representing the cell
circumference. The software then determined the pixel locations of a line-scan from these
high and low laminin points towards the cell centre (Figure 4d, vascular region: pink line;
avascular region: white line).

The mean fluorescence intensities of insulin staining along the line-scans were deter-
mined and this produced statistical data for 2365 predicted β cell instances (cells within
individual planes). The vascular face was identified with significantly higher laminin
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signal than the avascular face (Figure 4e, *** p < 0.001; vascular laminin 47.41 ± 30.89
avascular laminin 5.807 ± 4.264). At this computationally identified vascular face a signifi-
cantly higher concentration of insulin was observed than at the avascular face (Figure 4f,
*** p < 0.001; vascular insulin 90.78 ± 46.57, avascular insulin 65.22 ± 42.3). These data
recapitulate the results from the manually analysed data in Figure 1. However, now the
deep learning approach was able to generate statistical data for over 2000 β cell instances
to investigate the polarisation of β cells in an unbiased and timely manner.

Figure 4. Insulin intensity analyses using computational techniques. (a) Representative β cell bound-
aries with insulin fluoresce represented using a defined heatmap LUT in ImageJ with vasculature
(laminin-grey). Heat map fluorescence low to high; blue to red. (b) Heat maps applied to whole
β cells within islets (c) Original islet image with masks for cells (white) and cell boundaries (grey),
heatmap for insulin (Beta cells; fluorescence low to high; blue to red) and laminin (Laminin; fluores-
cence low to high; teal to orange). (d) A 10 pixel-wide scan line from the vasculature (laminin high
intensity) in pink was used to determine insulin florescence intensity. In white is the line used to
measure insulin intensity from the avascular cell boundary (low laminin intensity). The location of
the example cell in the whole islet image is shown using a white box. (e) Graph of laminin intensity
at the vascular and avascular regions. (f) Graph of insulin intensity at the vascular and avascular
regions. *** p < 0.001. Scale bar represents 50 µm for whole islets, 20 µm for insets in (b) and 5 µm for
the inset in (d).
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3. Discussion

We found that machine learning approaches are useful in the analysis of large datasets
and can be applied to facilitate an understanding the organisation of sub-cellular structures.
In this example, we show that the conclusion reached by machine learning algorithms is
coincident with that from manual analysis, and both methods show that insulin contents
within individual β cells are enriched at the β cell–vascular interface.

The importance of the automated approach is that it is unbiased and drawn from a
much bigger dataset than is reasonably feasible with a manual approach. This not only is
useful in terms of time efficiency and the increase in the number of example cells that are
analysed, but it also demonstrates that an automated approach, where only a few initial
quantitative constraints are placed on the model, can confirm the results from a manual
approach, which is driven by user expertise. This is important for complex structures, such
as islets of Langerhans, where there can be ambiguous images where we currently rely
on experts for interpretation. If, through machine learning, we do not need such expert
input, then this further underscores the robustness and reproducibility of the findings.
It is interesting that the U-Net approach identified β cells that were not found in the
manual approach, which suggests either inaccuracies in the algorithm or in the expert
identification of the cells. In this context, it is important to note that in any single image
plane β cells will be sectioned randomly. Those cells sectioned through the middle will
show the clearest, most obvious insulin staining, whereas cells sectioned at their periphery
could show fragmented insulin staining, making their identification problematic. Thus,
while we expect that the U-Net learning approach might misidentify some β cells (as would
an expert), there are still advantages of being able to sample across large volumes and
include large numbers of cell instances.

The U-Net modelling approach achieved very high precision with the public learning
image data. The images used in the training were DAPI-stained nuclei that have a very
consistent morphology both within a single image and across datasets. In contrast, insulin-
stained β cells within islets of Langerhans have quite a different morphology, reflecting
the close-packing of the cells around the complex network of capillaries. We believe that
the diversity in β cell morphology is the basis of the reduced precision in the images of
the islets.

The image segmentation applied in our approach is applicable to the identification of
the organisation of any subcellular compartment. In the example used here, β cells orientate
consistently with respect to capillaries, and therefore identification of the capillary contact
provides a spatial point of reference around which the distribution of other compartments
or proteins can be mapped. However, it is common for most tissues to show a characteristic
organisation, and therefore, with an appropriate external point of reference, such as a
lumen or contact with basement membrane, exactly the same approach we use here will
be applicable.

We conclude that machine learning is a valuable approach to the analysis of sub-
cellular structures within the complex architecture of an organ. In the example here, the
approach has enabled a far larger dataset than is practical through manual segmentation,
and the results add further evidence for the polarisation of β cells.

4. Materials and Methods
4.1. Human Pancreas Samples

Human pancreatic samples were processed via methods previously described [36].
In brief, tissue was sourced from pancreatic tumour resections (with patient consent,
approved by the Northern Sydney Local Heath District Human Research Ethics Committee)
or cadaveric donors (study approved by the Human Research Ethics Committee at the
University of Sydney). Tissue samples were fixed in 4% paraformaldehyde then mounted in
1.5% low-melting point agarose and 150 µm sections were cut on a vibratome as described
by Marciniak et al. [41]. Free-floating sections were stained as described by Meneghel-
Rozzo et al. [46]; this involved incubations in blocking buffer (3% BSA, 3% donkey serum,
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0.3% Triton X-100) for 4 h at room temperature, and then in primary antibody at 4 ◦C for
16 h. Sections were washed in 1X PBS and secondary antibody with DAPI incubations
were for 5 h at room temperature. After washing, the sections were mounted using
ProLong Diamond Antifade (Thermo Fisher Scientific) and imaged on a Leica SP8 confocal
microscope using the 63X objective (Leica Microsystems, Wetzlar, Germany).

4.2. Quantification of Insulin Intensity

Image analysis was performed using Fiji (ImageJ) [47] and Metamorph 7.8 (Molec-
ular Devices, San Jose, CA, USA). Graphs were produced using GraphPad Prism v7.02
(GraphPad Software, San Diego, CA, USA). We identified β cells (insulin staining) making
contact with the vasculature (laminin staining) and β cell boundaries were identified using
Syntaxin 1A staining. To analyse insulin intensity, a line-scan was drawn from the vascular
face to the avascular face of the cell and the average intensity across the line extending from
the Syntaxin-labelled cell boundary for 2 µm into the cell was measured from each face.

4.3. Statistical Analyses

Statistical analyses were performed using GraphPad Prism. A paired two-tailed
student’s t test was used to analyse insulin intensity (Figure 1). A paired two-tailed
student’s t test was used to analyse insulin and laminin intensity (Figure 4). Data are
expressed in the text as mean ± SEM.

4.4. Imaging Datasets

Human pancreatic islet images: The dataset consisted of confocal microscopy images
stained with insulin, syntaxin 1A, laminin and DAPI [36]. The data were produced with the
Lecia SP8 confocal microscope using the 63X objective. Each islet consisted of between 50
and 90 z-stacked images. The images were 2048 × 2048 pixels in size, and the dimensions
of each voxel (x, y, z) were 0.0901 × 0.0901 × 0.3362 micron3. The data are 8-bit grey scale.
The training images were selected from each of the series spaced five slices apart, sufficient
to encompass large variations in the images. These data consisted of 855 training images
and 606 test images.

Segmented nuclei images: Image set BBBC038v1 from the Broad Bioimage Bench-
mark Collection Cacicedo et al. [44]. This dataset consisted of 675 training images and
65 test images.

4.5. Image Format Conversion

The human pancreatic islet images were originally stored in Leica image file (LIF)
format (.lif files). The LIF files were opened in ImageJ/Fiji and the required channels were
combined into a composite image that was saved as a PNG file. An ImageJ/Fiji macro was
developed to quickly generate PNG files for all image slices to be used in the deep learning
model (Supplementary Information S1). Images were resized to 512 × 512 pixels as this
size was determined to be optimal to maintain accuracy, while fitting within the limitations
of computing resources available.

4.6. Training Data-Manual Annotation

Training data were manually labelled to produce mask files for use in training and for
evaluating a supervised learning deep learning model. The cell boundary was manually
traced in ImageJ/Fiji using insulin staining to identify β cells, syntaxin staining to identify
the cell boundary and DAPI staining to identify the cell nucleus; the annotation was then
used to create a cell mask (Figure 5). A basic ImageJ macro to improve efficiency was
developed (Supplementary Information S2). The image annotation was performed by a
student working under the supervision of PhD-level cell biologists.
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Figure 5. Manual annotation of images using ImageJ and resulting masks used for training the
machine learning model. Scale bar represents 50 µm.

4.7. Training Data-Image Augmentation

To create additional training data, we used image augmentation using the Python
Keras image data generator. Each of the 95 manually created training images was subject
to eight iterations of random transformations, including horizontal and vertical mirroring
(or flipping), shearing and shifting (horizontally and vertically), and rotation (Figure 6).
This resulted in the creation of 760 additional images, which, along with the original 95, is
sufficient for training the deep learning models developed.

Figure 6. Example of image augmentation used to increase image numbers in the training dataset.
The original image has an orange border. Scale bar represents 50 µm.

4.8. Model Development and Testing

An FCN model, based on U-Net [48], was built using the Python Keras high-level
neural network API library, based on an example that used publicly available cell image
data consisting of 670 labelled segmented nuclei images [19]. The ResNet RNN model was
built in Python using the Keras library and was based on example implementations [49,50].
ResNet was computationally expensive with a scaling up of CPU and required memory in
comparison to U-Net.

134



Metabolites 2021, 11, 363

4.9. 3D Models of β Cells within Islets

The best performing FCN model that had been trained on 855 training images was
then applied to the test images to make predictions of β cell locations (semantic segmenta-
tion). The predicted β cell mask images generated for each series were then loaded into
ImageJ/Fiji as a single image sequence. The 3D representations were created using the 3D
Viewer plugin in ImageJ/Fiji. The image stack was scaled to match the original voxel ratios
(1:1:3.7) to create a realistic depiction of the islet in three dimensions. The voxel dimension
from the imaging files was 0.0902 × 0.0902 × 0.3362 microns (x, y, z).

4.10. Instance Segmentation of β Cells

Instance segmentation was performed using the marker-controlled watershed trans-
form [51,52]. This was performed using the Python library Scikit-Image library. A Gaussian
filter was applied to reduce noise in cell detection. The resulting output was an image with
each cell boundary assigned a label representing its unique cell instance number (Figure 7).

Figure 7. Instance segmentation output showing β cell boundaries. Example image outputs showing
cell masks (white) and the resulting cell boundaries predicted using instance segmentation in Python.

4.11. Identifying the Vascular and Avascular Regions and Assessing β Cell Subcellular Insulin
Fluorescence Values

After predicting cell location and boundary via instance segmentation, we then created
a boundary region mask to extract protein intensity values from the appropriate channel in
the microscopy images. Python image processing library routines (“scikit-image”) were
used to perform a binary dilation of each predicted β cell mask, and then subtraction of
the original mask.

A 9 × 9-pixel window was scanned horizontally and then vertically across the bound-
ary region to identify the vascular (high laminin) and avascular (low laminin) regions
(Figure 8a). The high or low concentration point is taken to be the centre of the 9 by 9 grid.
Once the regions of interest are determined, lines to the cell centre are drawn (Figure 8b).
For each coordinate on each scan-line within the β cell, the mean insulin value is calculated
for a 10-pixel by 10-pixel region around that point, and the maximum value is recorded
for analysis (Figure 8c,d). Only insulin values for pixels that were within the predicted β
cell were used in determining the maximum mean insulin concentration. The resulting
fluorescence values were exported into csv files. The data were filtered to exclude β cells
instances with a radius of less than 5 µm; therefore, all cell instances greater than 490 pixels
were used in the analyses.
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Figure 8. Methods used to computationally assess vascular and avascular regions. (a) The 9 × 9-pixel
window used for determining the high and low mean laminin points in the cell boundary region,
(b) the software generated scan lines from the high (pink) and low (white) laminin concentration
points to the cell centre. (c) The 10-pixel-wide scan-line and (d) the insulin concentrations along the
10-pixel-wide scan line within the β cell (blue low to red high insulin staining intensity). Scale bar
represents 5 µm.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/metabo11060363/s1, Table S1: Definitions of the descriptors used to explain the performance
of deep learning models, Information S1: Image Processing Macros: Image format conversion,
Information S2: Image Processing Macros: Processing Cell Masks.
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Abstract: Cold ischemia and hence travel time can adversely affect outcomes of islet isolation. The
aim of this study was to compare the isolation and transplant outcomes of donor pancreata according
to the distance from islet isolation facility. Principally, those within a 50 km radius of the centre
were compared with those from regional areas within the state and those from interstate donors
within Australia. Organ donors were categorised according to distance from National Pancreas
Transplant Unit Westmead (NPTU). Donor characteristics were analysed statistically against islet
isolation outcomes. These were age, BMI, cause and mechanism of death, days in ICU, gender,
inotrope and steroid use, cold ischemia time (CIT) and retrieval surgical team. Between March
2007 and December 2020, 297 islet isolations were performed at our centre. A total of 149 donor
pancreata were local area, and 148 non-local regions. Mean distance from the isolation facility was
780.05 km. Mean pancreas CIT was 401.07 ± 137.71 min and was significantly different between
local and non-local groups (297.2 vs. 487.5 min, p < 0.01). Mean age of donors was 45.22 years,
mean BMI was 28.82, sex ratio was 48:52 F:M and mean time in ICU was 3.07 days. There was no
significant difference between local and non-local for these characteristics. The mean CIT resulting in
islet transplantation was 297.1 ± 91.5 min and longest CIT resulting in transplantation was 676 min.
There was no significant difference in islet isolation outcomes between local and non-local donors
for characteristics other than CIT. There was also no significant effect of distance from the isolation
facility on positive islet transplant outcomes (C-peptide > 0.2 at 1 month post-transplant). Conclusions:
Distance from the isolation centre did not impact on isolation or transplant outcomes supporting the
ongoing nationwide use of shipping pancreata for islet isolation and transplantation.

Keywords: diabetes; hypoglycemic unaware; ischaemia; islet cell transplantation; organ dona-
tion; pancreas

1. Introduction

Pancreatic islet cell transplantation has become a successful modality of treatment
for a select group of patients with type 1 diabetes. [1–4]. In order to provide this ser-
vice, centralized islet isolation centres need to overcome a number of unique logistical
problems, in particular retrieving donor pancreata and transplanting patients from dis-
tant areas. In Australia, the problem is particularly acute [5,6] as the service covers an
area of 7,692,024 square kilometers, which is approximately twice the size of Europe or
three-quarters the size of the United States. The National Islet Consortium comprises two
isolation centres—Westmead Hospital in Sydney and St Vincent’s Hospital in Melbourne;
and three transplantation Hospitals—Westmead, St Vincent’s and Queen Elizabeth in Ade-
laide. [6] Almost one-third of the Australian population lives outside these major urban
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centres and patients from regional and rural areas face a number of barriers to accessing
medical services (Figure 1). The aim of this study was to assess whether pancreas donors
accessed outside the local region of the isolation facility provided equivalent outcomes to
those accessed from the local region of the isolation facility.
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major cities denoted. Distance rings (different areas of shading) are shown radiating from NPTU in
Westmead Sydney, NSW.

2. Results
2.1. The Effect of Distance on Isolation Outcome

Between March 2007 and December 2021, 297 islet isolations were performed and
analysed for this study. Donor pancreata came from multiorgan donors that were accessed
from multiple hospitals across Australia (149 were from the local region, 148 were from
non-local regions). The mean distance from isolation centre was 780.05 km (range 0 to
3278.7 km) for all donors. The distance from the isolation facility provided significant
impact on the islet isolation outcome the closer local donors provided a positive outcome
at 11.34 km ± 10.22 vs. 883.04 km ± 625.45 for a positive outcome from non-local donors,
p =< 0.01) (Figure 2A). The chance of obtaining an isolation outcome that achieved release
criteria was greater from local donors with a positive outcome occurring 32% of the time
from local donors as compared to only 24% of isolations from non-local donors (p < 0.01).

The mean pancreas cold ischemic time for all donors was 401.07 ± 137.71 min (range
78 to 870). CIT correlated closely with distance from isolation facility (Figure 2B). From
local (zone 1) to zone 2, the mean CIT increased from 279.6 ± 89.2 to 337.6 ± 74.4 min
(p = 0.011). As one moves out from zone 2 to zone 6, there was a progressive increase in
cold ischemia times. (The mean CIT for each zone is shown on Table 1.) When all non-local
donors were compared, there was a significant increase in mean CIT when compared
to local CIT (mean 487.5 ± 103.4 vs. 297.2 ± 95.7 min, Figure 2C, p = 0.12). However,
regardless of the region, there was a negative association between CIT and chances of a
positive isolation outcome (p = 0.55). Although isolations with a positive outcome tended
to have a shorter CIT compared to those with a negative outcome (297.1 ± 91.5 min vs.
297.6 ± 105.5 min) (Figure 2C) this was not statistically significant (p = 0.73) (Figure 2C).
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Figure 2. (A). Scatter plot of donor distance outcomes. Distance from Westmead (NPTU) in kilometers is shown for each
analysis group, and the mean of each group is marked and labelled. Negative local (� n = 65), positive local (N n = 30),
negative non-local (H n = 129), positive non-local (u n = 41), all negative (• n = 194), all positive (2 n= 71). (B). Box plot
of donor distance zone vs. CIT. The CIT is shown for each distance zone, and outliers are represented by Q on the graph.
<50 km n = 71, 50–150 km n = 12, 151–400 km n = 9, 401–800 km n = 76, 801–1200 km n = 31, 1201–4000 n = 17. From local
(zone 1) to zone 2, the mean CIT increases from 279.6 to 337.6 min which was statistically different (p = 0.03). There was
no significant difference in the mean CIT from zone 2 to zone 3 (385.1 min) (p = 0.182), from zone 3 to zone 4 (474.8 min)
(p = 0.009) and from zone 4 to zone 5 (504.9 min) (p = 0.171) (each zone representing a distance of 250 to 400 km). There
was also a significant increase in CIT when a donor pancreas was received from zone 6 compared to zone 5 (p = 0.109), as
zone 6 represents a distance of 2800 km further than zone 5 (mean CIT 560.6 min). (C). Scatter plot of CIT Outcomes. CIT
in minutes is shown for each analysis group, the mean of each group is marked and labelled. Negative local (� n = 67),
positive local (N n = 32), negative non-local (H n = 86), positive non-local (u n = 33), all negative (• n = 153), all positive
(2 n = 65). CIT was statistically significant between local and non-local groups (p < 0.01).

Table 1. Descriptive statistics of the data collected, grouped into donor-related factors, those that
are Edmonton score donor-related factors and recipient-related factors. For non-continuous data, a
number was assigned to each set of data.

N Min Max Mean SD

DONOR-RELATED FACTORS

Outcome 263 0.00 1.00 0.27 0.44

Donor Distance (kms) 263 0.00 3278.70 780.06 2195.2

Donor Distance Zone 263 1.00 6.00 3.09 1.73
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Table 1. Cont.

N Min Max Mean SD

EDMONTON SCORE DONOR-RELATED FACTORS

CIT (mins) 215 124.00 870.00 404.35 140.21

Donor Age 296 10.00 71.00 45.22 13.03

Donor BMI 298 19.80 57.46 28.82 6.01

Donor Gender 308 1.00 2.00 1.49 0.49

Donor Days in ICU 252 1.00 13.00 3.07 2.51

Retrieval Team 268 1.00 2.00 1.56 0.50

Cause of Death 246 1.00 6.00 2.64 0.84

Mechanism of Death 246 1.00 12.00 7.78 1.98

Inotrope Usage 244 0.00 3.00 1.38 1.00

Steroid Usage 244 0.00 1.00 0.02 0.13

RECIPIENT-RELATED FACTORS

C-Peptide at 1 Month
Post-Transplant 23 0.00 0.91 0.28 0.23

C-Peptide level 73 0.00 1.00 0.55 0.36

2.2. Other Donor Factors Affecting Isolation Outcome

Forty-eight percent of the donors were female and patient gender had no effect on
isolation outcomes (p = 0.554) and there were no differences in the gender balance between
local and non-local donors (p = 0.6493, data not shown). There was no difference in age
between donors accepted from local versus those from non-local regions (44.5 ± 12.3 vs.
45.7 ± 12.2, p = 0.46). The mean age of all donors was 45.22 years (range 10 to 71), and there
was no difference in age of the donor between those with a positive isolation outcome and
those that did not (44.34 (range 23 to 69) vs. 45.49 (range 14 to 71), p = 0.46, Figure 3A). The
mean BMI for all donors was 28.82 kg/m2 (range 19.80 to 57.46) and the mean BMI was
greater in isolations with a positive isolation outcome with those that did not (31.01 (range
20.09 to 51.05) vs. 28.12 (range 17.90 to 57.46), p = 0.0004, Figure 3B). However, there was
no difference in the BMI between local compared with non-local groups (28.81 (range 17.48
to 50.50) vs. 28.90 (range 19.81 to 57.46), p = 0.927). The mean time spent in ICU for all
donors was 3.07 days (range 1 to 13) and no impact on isolation outcome, (mean time for a
positive outcome 2.8 ± 1.7 days versus 3.1 ± 2.7 days for a negative outcome and this was
not significantly different (p = 0.451, Figure 3C), nor was it significant between local and
non-local groups (2.85 days vs. 3.10 days). Cause and mechanism of death demonstrated
that ‘other causes’ or ‘other mechanisms’ have the highest positive results with a significant
p value (p= 0.042) (Table 2), whereas inotrope dose, steroid use and retrieval team had no
significant effect on the islet isolation outcome (Table 1).

The clinical outcome of those isolations that were transplanted were assessed and
evaluated for their effect of donor-related factor on outcome using the non-parametric
Spearman’s rank correlation. Donor distance, CIT, days in ICU, donor BMI had no effect
on C-peptide levels achieved (Table 3).
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Figure 3. (A). Scatter plot of donor age outcomes. The age of the donor at time of donation in years 
is shown for each analysis group, the mean of each group is marked and labelled. Negative local 
( n = 79), positive local ( n = 33), negative non-local ( n = 142), positive non-local ( n = 43), 
all negative ( n = 221), all positive ( n= 76). (B). scatter plot of donor BMI outcomes. The BMI as 
calculated from height and weight of the patient is shown for each analysis group, the mean of 
each group is marked and labelled. Negative local ( n = 79), positive local ( n = 33), negative 
non-local ( n = 142), positive non-local ( n = 43), all negative ( n = 221), all positive ( n = 76). 
BMI was statistically significant between negative and positive groups (p = 0.0004). (C). Scatter 
plot of donor ICU outcomes. The amount of time in days that the donor spent in ICU is shown for 
each analysis group, the mean of each group is marked and labelled. Negative local ( n = 52), 
positive local ( n = 25), negative non-local ( n = 129), positive non-local ( n = 39), all negative 
( n = 181), all positive ( n = 64). 

Table 2. Cause and mechanism of donor death statistics. The number of each cause or mechanism 
that had a negative or positive isolation outcome is compared with the percent of each total. 
‘Other causes’ or ‘other mechanisms’ have the highest positive results with a significant p value, 
while those with anoxia or cardiac arrest have the least. Sharp injury and seizure as a mechanism 
of death have the lowest numbers. However, total numbers in these groups are very low. 

Cause of Donor Death 
Outcome (N) % Positive p Value 

Negative Positive   
Anoxia/Cardiac Arrest 22 4 15.38 0.113 

Head Trauma 40 17 29.82 0.829 
Cerebrovascular/Stroke 108 44 28.95 0.909 

Other 4 5 55.56 0.124 

Figure 3. (A). Scatter plot of donor age outcomes. The age of the donor at time of donation in years
is shown for each analysis group, the mean of each group is marked and labelled. Negative local
(� n = 79), positive local (N n = 33), negative non-local (H n = 142), positive non-local (u n = 43),
all negative (• n = 221), all positive (2 n= 76). (B). scatter plot of donor BMI outcomes. The BMI
as calculated from height and weight of the patient is shown for each analysis group, the mean of
each group is marked and labelled. Negative local (� n = 79), positive local (N n = 33), negative
non-local (H n = 142), positive non-local (u n = 43), all negative (• n = 221), all positive (2 n = 76).
BMI was statistically significant between negative and positive groups (p = 0.0004). (C). Scatter plot
of donor ICU outcomes. The amount of time in days that the donor spent in ICU is shown for each
analysis group, the mean of each group is marked and labelled. Negative local (� n = 52), positive
local (N n = 25), negative non-local (H n = 129), positive non-local (u n = 39), all negative (• n = 181),
all positive (2 n = 64).

Table 2. Cause and mechanism of donor death statistics. The number of each cause or mechanism
that had a negative or positive isolation outcome is compared with the percent of each total. ‘Other
causes’ or ‘other mechanisms’ have the highest positive results with a significant p value, while those
with anoxia or cardiac arrest have the least. Sharp injury and seizure as a mechanism of death have
the lowest numbers. However, total numbers in these groups are very low.

Cause of Donor Death
Outcome (N) % Positive p Value

Negative Positive

Anoxia/Cardiac Arrest 22 4 15.38 0.113

Head Trauma 40 17 29.82 0.829
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Table 2. Cont.

Cause of Donor Death
Outcome (N) % Positive p Value

Negative Positive

Cerebrovascular/Stroke 108 44 28.95 0.909

Other 4 5 55.56 0.124

Total 174 70 28.69 -

Mechanism of Donor Death
Outcome (N) % Positive p Value

Negative Positive

Asphyxiation 8 2 20.00 0.728

Blunt Injury 2 1 33.33 1.000

Cardiovascular 4 1 20.00 1.000

Sharp Injury 4 0 0.00 0.325

Intracranial
Haemorrhage/Stroke 148 58 28.16 0.396

Seizure 1 0 0.00 1.000

Other 7 8 53.33 0.042

Total 170 70 28.69 -

Table 3. Factors affecting C-peptide levels. The correlation coefficient of each factor in relation to
C-peptide level as a positive transplant outcome are shown with their significance. Donor distance,
CIT, donor BMI, donor days in ICU and recipient distance all showed a weak positive correlation to
C-peptide levels (as one increases, C-peptide level increases).

C-Peptide Level

Correlation Coefficient Significance (2-Tailed)

Donor Distance (kms) 0.311 0.832

CIT (mins) −0.308 0.065

Donor Age 0.354 0.977

Donor BMI −0.171 0.770

Donor Days in ICU 0.135 0.659

3. Discussion

Availability of suitable donor pancreata is a major limiting factor for islet transplant
activity. Hence, the ability to access pancreata that are retrieved at a distance from the
isolation centre is essential if more patients are to be transplanted. However, it is essential
to ascertain whether pancreata retrieved from more distant centres provide equivalent
outcomes to those retrieved locally. This study evaluated the differences in donor charac-
teristics between locally retrieved local donor organs with those retrieved from non-local
regions. Because of the distances between major cities and states within Australia there was
a large variation in distances between the donor hospital and the isolation centre. Because
of the logistics of transport, there were substantial differences in CIT between local and
non-local donors. This did impact on the chances of achieving a positive isolation resulting
in reaching release criteria. However, provided the release criteria were met there were no
differences in transplant outcomes between local and non-local donors. The one caveat to
this conclusion was that no successful isolation was achieved if the CIT was greater than
676 min.

The contributing factors that affect the logistics of the transport of the organ included-
time from organ retrieval to shipping. These included the time to separate the pancreas from
the liver after removal en-bloc during organ retrieval and the availability of a commercial
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flight to Sydney. These variables tended to have a substantial impact on CIT. These logistical
issues had a major impact on organs retrieved from regions 3 to 5 where flight times range
from 44 min to 2 h. Pancreata transported from zone 6 had flight times ranging from 3 to
6 h. By contrast those retrieved within the local region were transported to the isolation
facility by car which meant that it tended to travel with the retrieval team and did not
suffer from delays caused by transfer to couriers and delays with airport transfers. In most
instances though the careful planning of organ donor retrieval surgical times around flight
times and urgency to meet assigned flights made significant differences to flight times as
seen between zone 6 and those undertaken in zone 4 where similar urgency to make flight
times was not as critical or there were significant distances driven from a distant regional
hospital to make the flight interstate.

Other studies have looked at the impact of distance on isolation outcome including an
initial report of 3 patients with a follow up of 11 patients, transplanted with islets isolated
from pancreata obtained in Houston that were transported by air to the isolation centre
in Miami, before being transported back to be implanted into patients in Houston [7–9].
However, the major focus was on recipient outcomes with transplanted preparations and
the analysis of the factors affecting isolation were limited. More recently, established
consortiums have been actively recruiting remote sites, with the UK and GRAGIL being
notable examples [10]. In the GRAGIL consortium, pancreata are transported to a single
isolation centre in Geneva and the distances travelled were all within 300 min driving time.

The study reported by the GRAGIL study is a relatively small number of isolations
performed and the consequent small number of preparations suitable for transplantation.
Whilst we did not identify an impact of CIT and days in ICU on isolation outcome, these
have been identified as important variables in other studies. In this setting, CIT is a good
surrogate for distance travelled but only when taken in the right context and in relation to
the exceptionally long distances travelled across Australia that can only occur by air travel.
CIT has been shown to have an adverse outcome on islet isolation in both single-centre
and registry studies [1,9].

A unique feature of this study was the distance travelled between the donor hospital
and the islet isolation facility. Donor pancreata were transported up to 3290 km from the
city of Perth situated on the west coast to Sydney on the east coast of Australia for islet
isolation. Whilst these large distances did impact on the chances of a successful outcome,
we show that it is possible to achieve release criteria and good outcomes from those organs
that come from distant regions.

The BMI of a donor was also significant in determining a positive isolation outcome
meeting release criteria and thus we must continue to consider this when deciding whether
we should perform a donor pancreas isolation. The BMI of a donor has been found to
correlate with the size of their pancreas and bigger pancreata often result in greater islet
numbers [11]. This result is consistent with other islet groups’ isolation and transplant
outcomes around the world [12,13].

All other factors were not significantly different between all comparison groups. The
data we used for this analysis were retrospective and donor selection criteria were based on
the Edmonton Score [14]. If possible, we choose organs that are in an accepted age group,
larger BMI, limited hypoxia and minimal or no steroid use as these things have been shown
to impact on isolation results [11,14–16]. This may have prevented us identifying factors
other than distance and donor BMI as important criteria for achieving release criteria.

In conclusion, excellent islet transplant outcomes can be achieved from pancreata
retrieved at distant centres, despite substantial logistical issues involved. The nationally
funded program provides a fair and equitable use for donor organs regardless of the state
they are retrieved in and will provide outcomes for patients equivalent to the best units
in the world despite major logistical hurdles compared to other units. Whilst pancreata
retrieved from distant sites are less likely to achieve release criteria, those that do achieve
release criteria have comparable outcomes to locally retrieved outcomes. Distant pancreas
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retrieval does pose challenges and careful selection of appropriate donors and minimisation
of CIT by improved logistics is essential to ensure success.

4. Materials and Methods
4.1. Donor Selection

All multiorgan heart-beating brain dead donors were accepted for donation based
upon their suitability as described previously [15,17]. Organ donor characteristics that
could influence islet isolation and transplantation outcomes were recorded including cold
ischemia time (CIT), transport time, donor age, BMI, admission blood glucose levels,
hypotension, use of vasopressors prior to death, and cause of death [18].

4.2. Islet Preparation

Islets were separated as described previously using a variation of the closed-loop
method described by Ricordi et al. [5,18]. Pancreata were disaggregated by infusing the
ducts with cold collagenase NB1 GMP grade (SERVA, Heidelberg, Germany). Dissociated
islet and acinar tissue were separated on a continuous Biocoll (Biochrom AG, Berlin,
Germany) density gradient (polysucrose 400 and amidotrizoic acid) on a refrigerated
apheresis system (Model 2991, COBE Laboratories, Lakewood, Colorado).

4.3. Release Criteria

Purified islets were counted and islet number and mass were expressed in terms of
islet equivalents (IEQ) [19]. Islet preparations underwent pre-culture quality assurance,
which included purity and viability assessment, packed cell volume measurement and
evaluation of islet morphology to exclude excessive fragmentation. Islets were cultured in
Miami media in 95% room air and 5% CO2 at 37 ◦C for up to 24 h with quality assurance,
including beta cell viability index, oxygen consumption rate, endotoxin and Gram stain,
being repeated prior to release of the islets for transplant. Islets were deemed suitable for
transplantation if they reached the appropriate release criteria defined as greater than 5000
IEQ per kg of recipient body weight, a negative Gram stain, less than 5 EU/kg endotoxin
and the total tissue volume less than 10 mL as based on CIT release criteria published
previously [20].

4.4. Recipient Patients

The patient selection criteria and outcomes of the trial have been published previously.
Eligible patients had type 1 diabetes mellitus for more than 5 years and were aged between
18 and 65 years. Additionally, they had recurrent severe hypoglycaemia unawareness that
required constant monitoring or regular intervention by a third party with a hyposcore as
assessed by the Edmonton criteria of greater than 1000 [21]. All patients gave informed
consent, and the protocol was approved by the Human Research Ethics Committee of the
Western Sydney Local Health District.

4.5. Islet Transplantation

For the purposes of this evaluation, all islets were isolated, and all patients were
transplanted at Westmead Hospital. The islets were resuspended in 120 mL of medium 199
(ThermoTrace, Melbourne, Australia) containing 5000 U heparin and 20% human albumin.
Patients received a general anaesthetic, and a mini-laparotomy was performed to access a
mesenteric vein. An arterial angiographic catheter was inserted and threaded into the main
portal vein with the assistance of image intensification and the islets infused under gravity.

4.6. Data Collection and Grouping

Donor information was collected at the time of retrieval on national organ donor data
sheets supplied with the organ by the organ donor agency. Additional information was
also requested from the relevant organ donor agency if this was missing. Distance from
islet isolation facility was calculated as-the-crow-flies and then grouped into six zones:
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1 =< 50 km, 2 = 50 to 150 km, 3 = 151 to 400 km, 4 = 401 to 800 km, 5 = 801 to 1200 km and
6 = 1201 to 4000 km (Figure 1). The distances were divided into zones to incorporate the
local Sydney Metro region in zone 1, the wider Sydney region in zone 2, the rest of highly
populated NSW and the Australian Capital Territory in zone 3, major cities Melbourne and
Brisbane in zone 4, major cities Adelaide, Hobart, and Rockhampton in zone 5 and remote
areas of Australia more than 1200 km from the Isolation facility including the city of Perth
some 3290 km away in zone 6.

For CIT, age and days in ICU, absolute values were used for analysis. For gender,
females were assigned to group 1 and males to group 2. Retrieval team was split into group
1—our local team and group 2—all other retrieval teams.

Cause and mechanism of death were classified into CITR structured groups13 by
agreement between two members of our team (Surgeon and Islet Operations Manager).
Inotrope use was classified into 4 groups: 1 = none, 2 = normal/low (4–6 mg/100 mls at
<6 mls/h), 3 = moderate (4–6 mg/100 mls at 6–10 mls/h) and 4 = high (4–6 mg/100 mls
at >10 mls/h). Steroid use was assigned a 0 for none and 1 for some and C-peptide in
recipients 0 for a negative isolation (<0.2 at one month) and 1 for a positive isolation (>0.2
at one month).

A positive isolation outcome was defined as ‘preparation of transplant quality islets
meeting all release criteria allowing for transplantation of the islets’. A positive transplant
outcome was defined as ‘recipient C-peptide >0.2 at 1 month post-transplant’.

4.7. Statistical Analysis

The statistical software package S-PLUS v8 was used to analyse the data. Ranges (or
minimum/maximum values), means and standard deviations (SD) were calculated for all
data. For non-continuous data, a value was assigned to each group for analysis (Table 1),
and Chi-square and Fisher’s Exact tests were used to test significance (including Table 2).
Non-parametric Spearman’s rank correlations were used for transplant outcome analysis.
A p-value of less than 0.05 was considered significant.
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Abstract: The pancreatic islets of Langerhans consist of endocrine cells that secrete peptide hormones
into the blood circulation in response to metabolic stimuli. When transplanted into the anterior cham-
ber of the eye (ACE), pancreatic islets engraft and maintain morphological features of native islets as
well as islet-specific vascularization and innervation patterns. In sufficient amounts, intraocular islets
are able to maintain glucose homeostasis in diabetic mice. Islet organoids (pseudo-islets), which are
formed by self-reassembly of islet cells following disaggregation and genetic manipulation, behave
similarly to native islets. Here, we tested the hypothesis that genetically engineered intraocular islet
organoids can serve as production sites for leptin. To test this hypothesis, we chose the leptin-deficient
ob/ob mouse as a model system, which becomes severely obese, hyperinsulinemic, hyperglycemic, and
insulin resistant. We generated a Tet-OFF-based beta-cell-specific adenoviral expression construct for
mouse leptin, which allowed efficient transduction of native beta-cells, optical monitoring of leptin
expression by co-expressed fluorescent proteins, and the possibility to switch-off leptin expression by
treatment with doxycycline. Intraocular transplantation of islet organoids formed from transduced
islet cells, which lack functional leptin receptors, to ob/ob mice allowed optical monitoring of leptin
expression and ameliorated their metabolic phenotype by improving bodyweight, glucose tolerance,
serum insulin, and C-peptide levels.

Keywords: pancreatic islets; leptin; exocytosis; tissue-engineering; in vivo imaging; metabolism;
diabetes; β-cell; viral transduction; transplantation

1. Introduction

Pancreatic islets of Langerhans are micro-organs that form the endocrine part of
the pancreas. They consist of endocrine alpha-, beta-, delta-, epsilon- and PP-cells, that
produce and secrete glucagon, insulin, somatostatin, ghrelin, and pancreatic polypeptide,
respectively. The fenestrated islet blood vessels allow for an efficient exchange of blood-
derived factors stimulating these cells as well as the immediate release of the secreted
hormones into the blood circulation. Importantly, these characteristics are maintained
when pancreatic islets are transplanted into the anterior chamber of the eye, ACE [1]. In
fact, transplantation of a sufficient number of islets to the ACE (75–300 islets in mice)
showed that these islet grafts are capable of maintaining glycaemia in streptozotocin-
treated diabetic mice ([1], reviewed in [2]). Islet organoids (also called pseudo-islets)
that are formed by self-reassembly of islet cells following disaggregation and genetic
manipulation, for example by adenoviral-mediated ectopic gene expression [3,4], behave
similarly to native islets. Because of these features, we wanted to test the hypothesis
that genetically engineered intraocular islet organoids can serve as production sites for
blood-born proteins/peptides as a novel treatment strategy. To test this hypothesis, we
chose the ob/ob mouse as a disease model. Ob/ob mice lack functional leptin, which is an
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adipocyte-produced peptide hormone, and develop a very pronounced phenotype based,
among others, on their extreme hyperphagia. After weaning, they become severely obese,
hyperinsulinemic, hyperglycemic, and insulin resistant (reviewed in [5]). Treating these
mice with peripherally administered leptin reverses [6,7] or ameliorates this phenotype in
a dose-dependent manner [8]. Ectopic expression of leptin via gene therapy approaches by
either injecting virus-encoded leptin constructs [9,10] or transplanting engineered leptin-
expressing cells [11,12] improves the metabolic phenotype of ob/ob mice even further.
Because leptin acts in concert with insulin as anorexic stimuli in the central nervous system
(reviewed in [13]), we decided to genetically engineer insulin-producing beta-cells to
become production sites for leptin. This allowed us to test the hypothesis whether ectopic
leptin production by islet organoids in the ACE ameliorates the metabolic phenotype of
ob/ob mice.

2. Results
2.1. Generation of a Tet-OFF-Based Beta-Cell Specific Adenoviral Expression Construct for Mouse
Leptin and Its In Vitro Assessment

When designing the expression construct for mouse leptin, we considered the follow-
ing points: We wanted (1) leptin to be expressed in pancreatic beta-cells, (2) to be able
to reduce/turn-off leptin expression if necessary, (3) to optically monitor the activity of
the expression construct by fluorescence microscopy, and (4) an adenoviral-based expres-
sion construct for efficient transduction of native beta-cells. As a result, we generated
an adenoviral vector, vAd-RIP-leptin-OFF, that contains two expression cassettes that are
positioned in opposite directions and are separated by a ‘transcription-block’ sequence to
allow independent expression (Figure 1a). The first expression cassette allows rat insulin-1
promoter-driven expression of the synthetic transcription factor tTA (Tet-OFF) and the
green fluorescent protein ZsGreen in pancreatic beta-cells. The second expression cassette
consists of a TRE-tight promoter-driven mouse leptin-IRES-mCherry cassette. Binding
of tTA to the TRE-tight promoter induces the expression of leptin and the red fluores-
cent protein mCherry in beta-cells. Addition of doxycycline inhibits binding of tTA and
turns-off the expression of the two proteins. The IRES-element in the two expression
cassettes allows the co-expression of tTA with ZsGreen and leptin with mCherry. Hence,
‘green’ and ‘red’ serve as visual read-outs for the expression of tTA and leptin in beta-cells,
respectively. For in vitro assessment of the expression construct, we used organoids cre-
ated from transduced islets cells of B6.BKS(D)-Leprdb/J (db/db) mice. Organoids from the
same preparations were also used for the transplantations. The detection of green and
red fluorescence by laser-scanning confocal microscopy in beta-cells of the islet organoids
verified that both expression cassettes were active in the same cells (Figure 1b,c). The islet
organoids secreted leptin into the culture medium, the secretion was glucose-dependent:
7.02 ± 1.76 pg/organoid/h at 3 mM glucose vs. 12.94 ± 2.83 pg/organoid/h at 16 mM
glucose (stimulation index 16 versus 3 mM glucose: 1.93 ± 0.14).

2.2. Ectopic Leptin Production by Islet Organoid Grafts in the ACE Ameliorates the Metabolic
Phenotype of ob/ob Mice

To test whether intraocular leptin production by islet organoids affects the metabolic
phenotype of ob/ob mice, we considered the following points. Because leptin deficiency after
weaning leads to a rapid development of the ob/ob phenotype, including strong beta-cell
proliferation in both the native in situ islets as well as in islets transplanted to the ACE
and leptin treatment decelerates this process [14], we decided to treat ob/ob mice with daily
intraperitoneal injections of leptin (1.5 µg/g bodyweight/day) immediately after their
arrival from the vendor until 4 weeks after transplantation of the islet organoid grafts,
i.e., until their full engraftment. Moreover, because leptin is discussed in the literature to
have a negative effect on insulin secretion [15], we decided to avoid the potential negative
feed-back of beta-cell produced leptin on the organoids by generating them from islets
of leptin receptor-deficient mice, i.e., islets from db/db mice with a B6 genetic background
(B6.BKS(D)-Leprdb/J) to match the B6 background of the ob/ob recipient mice (B6.Cg-
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Lepob/J). Hence, we isolated islets from db/db mice, disaggregated them, transduced the
islets cells with vAd-RIP-leptin-OFF and generated islet organoids by self-reassembly.
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Figure 1. In vitro characterization of leptin-expressing islet organoids. (a) Schematic illustration of vAd-RIP-leptin-OFF.
The rat insulin-1 promoter (rIns-1) drives expression of the synthetic transcription factor tTA and the green fluorescent
protein ZsGreen in pancreatic beta-cells. The TRE-tight promoter drives expression of mouse leptin (mLeptin) and the red
fluorescent protein mCherry. The two expression cassettes are separated by a transcription blocker sequence (TB). Binding
of tTA to the TRE-tight promoter induces in the absence of doxycycline the expression of leptin and mCherry, while addition
of doxycycline turns-off the expression of the two proteins. IRES-elements in the cassettes ensures stoichiometric expression
of the two proteins under the same promoter. (b) Representative maximum projection of a 3D-stack of leptin-expressing
islet organoids, obtained by confocal imaging, cultured for 4 weeks in vitro (1st set of experiments), showing reflection,
expression of ZsGreen, mCherry and their overlay. Scale bar: 50 µm. (c) Representative maximum projection of a 3D-stack
of leptin-expressing islet organoids, obtained by confocal imaging, cultured for 4 weeks in vitro (2nd set of experiments),
showing reflection, expression of ZsGreen, mCherry and their overlay. Scale bar: 50 µm.

In a first set of experiments (Figure A1a) we transplanted 130 leptin-expressing db/db
islet organoids into the ACE of female ob/ob mice (n = 3, see Figure 2a,b) that were treated
with leptin from 15 d before transplantation until 28 d after transplantation and used
leptin-treated (for the same time period) female ob/ob mice that were not transplanted with
islet organoids as a control group (n = 3). To use non-transplanted leptin-treated ob/ob mice
as controls was based on previous observations showing extreme growth of non-leptin
expressing intraocular islet grafts in ob/ob mice, which required premature termination
of experiments for ethical reasons. Inspection of islet organoids kept in vitro (Figure 1b)
as well as organoids transplanted to the ACE in vivo (Figure 2b) showed expression of
both green and red fluorescent proteins, indicating that both the tTA-IRES-ZsGreen and
mLeptin-IRES-mCherry expression cassettes were expressed in beta-cells. While we did
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not observe a difference in the bodyweight of mice between the two groups (Figure 2c), we
observed an improvement in glucose tolerance starting 10 d after stopping leptin treatment,
which became significant 25 d after stopping leptin treatment in the transplanted group
(Figures 2d and A1b).
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Figure 2. In vivo characterization of leptin-expressing islet organoids from the first set of experiments. (a) Photograph
of the eye containing the leptin-expressing islet organoid graft (red arrow) 9 weeks after transplantation. (b) Maximum
projection of a 3D-stack of a leptin-expressing islet organoid graft (red arrow) obtained by confocal imaging 9 weeks
after transplantation; (ba) reflection, (bb) mCherry fluorescence, (bc) ZsGreen fluorescence, (bd) overlay image; scale bar
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(d,e) * p < 0.05. (c–g) n = 3.
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Moreover, in the group transplanted with leptin-producing organoids we observed a
trend towards a decrease in fasting blood glucose (Figure 2e), which was significant at 35 d
after stop of leptin treatment, a trend towards lower plasma insulin (Figure 2f) and insulin
C-peptide (Figure 2g) levels, both measured at the end of the experiment. Finally, we
detected leptin in the aqueous humor (11.375 ± 3.211 ng/mL) at the end of the experiment
in the transplanted group, while no leptin was detectable in the control group. No leptin
was detectable in the blood plasma from both groups, as the levels in the transplanted
group were likely below the detection limit of the ELISA kit used.

In a second set of experiments (Figure A2a) we transplanted 200 leptin-expressing
db/db islet organoids into the ACE of female ob/ob mice that were treated with leptin from
7 d before until 28 d after transplantation (n = 7, Figure 3a,b) and used leptin-treated female
ob/ob mice that were not transplanted with islet organoids as a control group (n = 5).

Inspection of islet organoids kept in vitro (Figure 1c) as well organoids transplanted
to the ACE in vivo (Figure 3b) showed expression of both green and red fluorescent pro-
teins, indicating that both the tTA-IRES-ZsGreen and mLeptin-IRES-mCherry expression
cassettes were expressed in beta-cells. Importantly in this experiment, mice that were trans-
planted with leptin-producing organoids showed a significant difference in bodyweight
from 15 d after stop of leptin treatment (Figure 3c). We observed a significant improvement
in ipGTT starting from 19 d after stop of leptin treatment (Figures 3d and A2b). Moreover,
we observed a decrease in fasting blood glucose (Figure 3e, significant on days 19 and 68
after stop of leptin treatment), a significant decrease in plasma insulin (from day 14 after
stop of leptin, Figure 3f) and a significant decrease in plasma C-peptide levels (from day 8
after stop of leptin, Figure 3g) in the group transplanted with leptin-producing organoids.
Finally, we detected leptin in the aqueous humor (6.05 ± 2.91 ng/mL) of the transplanted
group at the end of the experiment while no leptin was detectable in the control group. The
values of leptin in plasma of the transplanted group were 185.52 ± 10.73 pg/mL between
day 8 after stop of leptin treatment and the end of the experiment (Figure A2c). No leptin
was detectable in plasma from the control group.

2.3. Doxycycline Treatment Stops Ectopic Leptin Expression

Three animals of the transplanted group were treated with doxycycline (five intraperi-
toneal injections of 50 µg dox/kg/mouse over 10 days) to switch-off leptin production from
the transplanted organoids. In grafts of these animals no mCherry fluorescence was de-
tectable (Figure 4(bc)) and no leptin expression could be detected by immunohistochemistry
(Figure 4(dc)) at the end of the experiment. Expression of only green (Figure 4(bb)), but not
red (Figure 4(bc)), fluorescent protein in the graft of doxycycline-treated animals indicates
that only the tTA-IRES-ZsGreen cassette was expressed in beta-cells and the expression of
the mLeptin-IRES-mCherry cassette was switched-off. In grafts of non-doxycycline treated
animals both mCherry and leptin expression were detectable (Figure 4(ac,cc)). More im-
portantly, no leptin was measurable in the aqueous humor of doxycycline-treated animals
(n = 3).
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Figure 3. In vivo characterization of leptin-expressing islet organoids from the second set of experiments. (a) Photograph
of the eye containing the leptin-expressing islet organoid graft (red arrow) 6 weeks after transplantation. (b) Maximum
projection of a 3D-stack of a leptin-expressing islet organoid graft (red arrow) obtained by confocal imaging 12 weeks
after transplantation; (ba) reflection, (bb) mCherry fluorescence, (bc) ZsGreen fluorescence, (bd) overlay image; scale bar
300 µm. (c) Bodyweight, (d) Area under the curve (AUC) for ipGTT, (e) Fasting blood glucose, (f) Plasma insulin levels and
(g) Plasma C-peptide levels of transplanted and control mice over the period of the experiment. (c–g) * p < 0.05, ** p < 0.01,
*** p < 0.001; n = 7 for transplanted and 5 for control group.
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pharmacological intervention (systemic or ocular/intraocular treatment), and iii) the pos-
sibility to remove the graft if needed (e.g., by iridectomy). Moreover, hormones secreted 
by intraocular pancreatic islets are capable of maintaining glucose homeostasis in a dia-
betic recipient (reviewed in [2]). In this proof-of-concept study we aimed to test whether 
genetically engineered islet organoids can serve as production sites for non-islet blood-
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Figure 4. Characterization of leptin-expressing islet organoid grafts from animals treated with doxycycline, removed at
the end of the experiment. (a) Fluorescent microscopy image of a leptin-expressing islet organoid graft from transplanted
non-doxycycline-treated animal; (aa) DAPI staining; (ab) ZsGreen fluorescence; (ac) mCherry fluorescence; (ad) overlay.
(b) Fluorescent microscopy image of a leptin-expressing islet organoid graft from transplanted doxycycline-treated animal;
(ba) DAPI staining, (bb) ZsGreen fluorescence, (bc) mCherry fluorescence, (bd) overlay. (c) Immunohistochemistry image of
a leptin-expressing islet organoid graft from transplanted non-doxycycline treated animal; (ca) DAPI staining, (cb) C-peptide
staining, (cc) leptin staining, (cd) overlay. (d) Immunohistochemistry image of a leptin-expressing islet organoid graft from
transplanted doxycycline treated animal; (da) DAPI staining, (db) C-peptide staining, (dc) leptin staining, (dd) overlay.
(a–d) All scale bars 50 µm.

3. Discussion

We have previously shown that the ACE as a transplantation site allows (i) opti-
cal/microscopic monitoring of graft vascularization and function), (ii) monitoring of po-
tential pharmacological intervention (systemic or ocular/intraocular treatment), and (iii)
the possibility to remove the graft if needed (e.g., by iridectomy). Moreover, hormones
secreted by intraocular pancreatic islets are capable of maintaining glucose homeostasis
in a diabetic recipient (reviewed in [2]). In this proof-of-concept study we aimed to test
whether genetically engineered islet organoids can serve as production sites for non-islet
blood-born peptides/proteins, here leptin, and take advantage of the above-listed proper-
ties of the ACE as a transplantation site. We designed an adenoviral vector for beta-cell
specific expression of mouse leptin that in addition allowed to monitor the activity of the
expression cassettes by fluorescence microscopy and to switch-off leptin expression by
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doxycycline treatment. Expression of leptin in beta-cells brought the potential advantage
of glucose-regulated leptin secretion. In addition to the glucose-regulated route of secre-
tion, pancreatic beta-cells are also equipped for continuous release of proteins [16]. We
used leptin-expressing islet organoids generated from db/db mouse pancreatic islets. Here,
all islet cells lack the expression of the functional/signaling leptin receptor and thus do
not allow a potential feedback action of secreted leptin on the organoid graft. We chose
ob/ob mice as recipients, because these mice lack expression of functional leptin and thus
develop a severe metabolic phenotype that is easy to monitor, i.e., increased bodyweight,
hyperglycemia, and hyperinsulinemia. By transplanting leptin-expressing islet organoids
to the ACE we could show that leptin, secreted by the organoids, ameliorates the metabolic
phenotype of the ob/ob mice. Transplanted mice showed significantly reduced bodyweight,
improved glucose tolerance, decreased fasting blood glucose and significant decreased
plasma insulin and C-peptide levels. The food intake of these animals was not measured
because it would require single animal housing to get reliable results, which was not
possible due to the limited number of experimental animals and limitations set by our
ethical permits. IpITTs could not be performed due to restrictions of our ethical permits
not allowing us to fast the animals more than two times per month. Ectopically expressed
leptin was detectable in the aqueous humor and plasma of transplanted mice, whereas no
leptin was detected in non-transplanted mice. It is noteworthy that despite the additional
beta-cell volume due to the islet organoid grafts, we observed a decrease in serum insulin
and C-peptide levels as a result of the ectopic leptin expression. When some of the animals
in our study were treated with doxycycline, the co-expression of leptin and mCherry was
stopped, demonstrating that the ectopic leptin expression can be switched-off in vivo by
the Tet-OFF part of the adenoviral construct.

Our results are comparable to those obtained from ob/ob mice that were transplanted
with engineered and encapsulated gut-derived K-cells to the peritoneal cavity [11] or with
engineered leptin-secreting skin grafts [12]. Additionally, leptin, produced by encapsulated
engineered adipocytes and transplanted into visceral fat depots of ob/ob mice, was shown
to reduce bodyweight and improve glucose tolerance [17].

Although we achieved long-term action of leptin, secreted from the transplanted
islet organoids, the effect on glucose metabolism started to fade by the end of the experi-
ment. This can be due to multiple reasons including among others immune response to
adenoviral-transduced cells or the transgene [9,18], leading to development of anti-leptin
antibodies [9] and increased demand for insulin from transplanted islet organoids, which
can lead to hypertrophy and cell proliferation, thereby “diluting out” the leptin-producing
cells [6,19]. The limited longevity of adenovirus-mediated expression has been discussed
in the past [20,21].

Our study with relative low numbers of animals shows encouraging results. Future
work is needed to confirm our preliminary conclusions. In the future, it will be possible
to generate islet organoids from genetically engineered stem-cell derived material. This
will not only help to overcome the shortage of supply of primary pancreatic islets but will
allow engineering the cellular components for an optimized protein production site.

In summary, we have demonstrated that ectopic leptin production by genetic en-
gineered islet organoids, transplanted into the ACE, ameliorates the obese and diabetic
phenotype in leptin-deficient ob/ob mice. Using the ACE as the transplantation site al-
lowed for optical monitoring of ectopic gene expression by the use of co-expressed flu-
orescent proteins and gives the safety potential to remove the intraocular graft by for
example iridectomy.

In conclusion, our data provide a proof-of-concept that genetically engineered islet
organoids can serve, as entire micro-organs, as factories for non-islet blood-born peptides
in high enough concentrations to have a physiological function, here exemplified by the
production of leptin.

160



Metabolites 2021, 11, 387

4. Materials and Methods
4.1. Animals

Female B6.Cg-Lepob/J (ob/ob) mice at 4 weeks of age and B6.BKS(D)-Leprdb/J (db/db)
mice at 8 weeks of age were purchased from Jackson Laboratories (Bar Harbour, ME, USA).
Both mouse strains share a C57BL/6J (B6) background. After delivery, the mice were
allowed to adapt to the animal facility for 1 week before the start of the experiment. All
mice were group-housed on a 12/12-h dark/light cycle with free access to food (chow diet
R70 from Lantmännen, Kimstad, Sweden) and water. All experiments were performed in
accordance with the Karolinska Institutet’s guidelines for the care and use of animals in
research and were approved by the institute’s Animal Ethics Committee.

4.2. Leptin Treatment of ob/ob Mice

Ob/ob mice were treated daily with one intraperitoneal injection of recombinant human
leptin protein (1.5 µg/g bodyweight, R&D Systems, Minneapolis, MN, USA) from the day
of arrival until 4 weeks after transplantation.

4.3. Expression Vector Construction

The mouse leptin cDNA was obtained from pCMV6.mouse leptin (#MC208876, Ori-
Gene, Rockville, MD, USA) and subcloned into pTRE-tight (Clontech, Takara, Mountain
View, CA, USA) to create pTRE-tight.mLeptin. Next, we inserted an IRES-mCherry se-
quence downstream of the mLeptin cDNA to obtain pTRE-tight.mLeptin-IRES-mCherry. To
create pENTR.TRE-tight.mLeptin-IRES-mCherry/RIP1.DsRed2 we exchanged in pENTR.-
rbGK.EGFP/RIP1.DsRed2 [22] the rbGK.EGFP cassette by TRE-tight.mLeptin-IRES-mCherry.
Next, we exchanged in pENTR.TRE-tight.mLeptin-IRES-mCherry/RIP1.DsRed2 the DsRed
cDNA by the TetOFF-IRES-ZsGreen cassette obtained from pTetOFF-Dual (Green) (Clon-
tech, Takara, Mountain View, CA, USA), thus generating pENTR.TRE-tight.mLeptin-IRES-
mCherry/RIP1.TetOFF-IRES-ZsGreen. All constructs were verified by DNA sequence
analysis and leptin expression was verified by Simple Western. The TRE-tight.mLeptin-
IRES-mCherry/RIP1.TetOFF-IRES-ZsGreen cassette was transferred into the promoter-less
adenovirus plasmid pAd/PL-DEST (Thermo Fisher Scientific, Waltham, MA, USA) by
the Gateway technique. The ViraPower Adenoviral Expression System (Thermo Fisher
Scientific, Waltham, MA, USA) was used to generate a replication-deficient adenovirus
called vAd-RIP-leptin-OFF, which was used for transduction of cells.

4.4. Isolation of Pancreatic Islets

Islets were isolated from B6.BKS(D)-Leprdb/J (db/db) mice. Islets were prepared from
mice by duct injection of collagenase (F. Hoffmann-La Roche, Basel, Switzerland) and were
handpicked under a stereomicroscope MZ6 (Leica Microsystems, Wetzlar, Germany) after
digestion. Thereafter, islets were cultured in RPMI-1640 medium (RPMI medium, Gibco,
Thermo Fisher Scientific, Waltham, MA, USA), with a final concentration of 10% heat-
inactivated fetal bovine serum, 2 mM glutamine, 100 U/mL penicillin, and 100 mg/mL
streptomycin (all from Gibco, Thermo Fisher Scientific, Waltham, MA, USA) at 5% CO2
and 37 ◦C.

4.5. Islet Organoid Production

The islets were collected into 1.5 mL Eppendorf tubes (250 islets/tube), digested with
accutase (Sigma-Aldrich, St. Louis, MO, USA) for 10 min at 37 ◦C and centrifuged at
500 rpm. The islet cells were transduced with 4 × 106 plaque forming units/mL of the
leptin encoding adenovirus in suspension culture dishes for 1h in RPMI medium at 5%
CO2 and 37 ◦C and then washed two times with an excess of RPMI medium to get rid of
the adenovirus. 2500 islet cells were seeded into each well of Nunclon Sphera 96U Bottom
plates (Thermo Scientific, Leicestershire, UK). Islet organoids formed over a time of 5 days,
after which the organoids were transferred to suspension culture dishes.
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4.6. In Vitro Imaging of Intraocular Islet Organoids

An inverted laser scanning confocal microscope (TCS SP8, Leica Microsystems, Wet-
zlar, Germany) was used to image islet organoids as 3-dimensional stacks with a 3-µm
step size. ZsGreen fluorescent protein was excited at 488 nm, and the fluorescence was
detected at 505–535 nm, mCherry was excited at 561 nm, and fluorescence was detected
at 580–650 nm. Backscatter signal (reflection) from the 561-nm excitation was collected at
555–565 nm.

4.7. Leptin Secretion from Islet Organoids In Vitro

Islet organoids were cultured in vitro in suspension culture dishes in RPMI medium.
For glucose-stimulated leptin secretion measurements the organoids were placed into
4-well-plate (Nunc, Thermo Fisher Scientific, Waltham, MA, USA) suspension dishes
containing RPMI medium with 3 mM glucose for 1.5 h. After that, the organoids were first
placed into new wells containing medium with 3 mM glucose for 30 min and then later
into new wells containing 16 mM glucose for 30 min. Then the organoids were returned
into suspension culture dishes containing normal RPMI medium for continued culture.
The medium from the 4-well-plate wells was collected into Eppendorf tubes, centrifuged
for 1 min to pellet possible organoid fragments. The supernatants were collected into fresh
tubes and kept at −20 ◦C until analysis.

4.8. Transplantation of Islet Organoids into the ACE

The islet organoids were transplanted into the ACE of three (first set of experiments)
and seven (second set of experiments) ob/ob recipients, using a technique previously de-
scribed in [23]. Briefly, under anesthesia, organoids were transplanted into the ACE with a
glass cannula after generating a puncture in the cornea with a 27-gauge needle. Great care
was taken to avoid bleeding and damage to the iris. Each mouse of the transplanted group
received 100 organoids/eye. Mice were injected subcutaneous with Temgesic (0.1 mL/kg;
RB Pharmaceuticals, Berkshire, UK) for postoperative analgesia. Three ob/ob mice (first set
of experiments) and five ob/ob mice (second set of experiments) were used as controls and
were not transplanted.

4.9. In Vivo Imaging of Intraocular Islet Organoid Grafts

Islet organoid grafts were imaged in vivo, beginning 9 weeks after transplantation.
An upright laser scanning confocal microscope (TCS SP5, Leica Microsystems, Wetzlar, Ger-
many), equipped with a long-distance, water-dipping objective (HXC-APO10x/0.30 NA,
Leica Microsystems, Wetzlar, Germany) and a custom-built stereotaxic head holder, al-
lowing positioning of the mouse eye containing the engrafted islets toward the objective,
was used. Viscotears (Thea Nordic, Örebro, Sweden) was used as an immersion liquid
between the eye and the objective, and isoflurane was used to anesthetize the mice during
in vivo imaging. Grafts were imaged as 3-dimensional stacks with 3-µm step size. ZsGreen
fluorescent protein was excited at 488 nm, and the fluorescence was detected at 505–535 nm.
mCherry was excited at 561 nm, and fluorescence was detected at 580–650 nm. Backscatter
signal (reflection) from the 561-nm excitation was collected at 555–565 nm. After imaging,
the mice were allowed to recover from anesthesia. Additionally, beginning 6 weeks after
transplantation, overview images of the grafts were obtained using a digital camera con-
nected to a Leica M60 stereomicroscope (Leica Microsystems, Wetzlar, Germany) while the
mice were under anesthesia.

4.10. Doxycycline Treatment of Animals

Three animals of the transplanted group were treated with doxycycline (Clontech,
Takara, Mountain View, CA, USA) in order to stop leptin production from the islet organoid
grafts. Sterile doxycycline hydrochloride, dissolved in PBS, was administered intraperi-
toneally 5 times over 10 days (50 µg/kg/mouse), starting on day 53 after stopping lep-
tin treatment.
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4.11. Body Weight and Fasting and Non-Fasting Blood Glucose

Body weight was determined before 9 am with full access to food. Fasting blood
glucose was measured after 6 h denial of food. Non-fasting blood glucose was measured at
4 pm with full access to food.

4.12. Intraperitoneal Glucose Tolerance Test (ipGTT)

To determine glucose tolerance, blood glucose levels were measured in mice that were
unfed for 6 h at basal state (0 min) and at 10, 30, 60, and 120 min after glucose injection
(2 g/kg bodyweight intraperitoneally, dissolved in PBS). The results were depicted as the
area under the curve (AUC) of the ipGTT. Glucose concentrations were measured with the
Accu-Chek Aviva monitoring system (F. Hoffmann-La Roche, Basel, Switzerland). If blood
glucose concentrations exceeded the detection limit of the glucose meter, the limit value of
33.3 mM was used as value for the determination of the AUC of the ipGTT.

4.13. Plasma and Aqueous Humor Samples

Blood samples were taken in the mornings from non-fasted animals and collected
into Microvette CB300 EDTA/PK100 tubes (Sarstedt, Nürnbrecht, Germany), centrifuged
to gain blood plasma, and preserved at −20 ◦C until use. Aqueous humor samples were
obtained at the end of the experiment and kept at −20 ◦C until use.

4.14. Insulin and C-Peptide Measurements

Ultrasensitive mouse ELISA kits (Crystal Chem, Elk Grove Village, IL, USA) were
used to analyze insulin and C-peptide levels in the plasma.

4.15. Leptin Measurements

Leptin was measured in cell culture medium, blood plasma, and aqueous humor
samples using the Mouse/Rat Leptin Quantikine ELISA Kit (R&D Systems, Minneapolis,
MN, USA).

4.16. Tissue Extraction and Sectioning

Mice were anesthetized with isoflurane and sacrificed by cervical dislocation. Eyes
were extracted and fixed with 4% paraformaldehyde for 1 week. Before cryopreservation,
the eyes were processed with a sucrose gradient (10–30% (wt/vol) sucrose in PBS containing
0.01% (wt/vol) sodium azide and 0.02% (wt/vol) bacitracin, embedded in OCT-Compound
(Tissue-Tek, Sakura Finetek, Torrance, CA, USA), frozen on dry ice, and preserved at −80 ◦C
until use. Then, 20 µm thick cryosections of the anterior part of the eye were collected
on SuperFrost Plus microscope slides (VWR International, Radnor, PA, USA) and kept at
−20 ◦C until use.

4.17. Immunofluorescence in Eye Sections

For immunostaining, eye sections were equilibrated to room temperature, washed,
blocked, and incubated with the primary antibodies, goat anti m-leptin (R&D Systems,
Minneapolis, MN, USA) and rabbit anti-C-peptide (Cell Signaling, Danvers, MA, USA)
in the presence of 0.1% Triton X-100 and 10% serum. After washing, secondary antibod-
ies, anti-goat Alexa633, and anti-rabbit Alexa594, respectively (Thermo Fisher Scientific,
Waltham, MA, USA), were applied, and mounting with medium containing DAPI for nu-
clear counterstaining (Thermo Fisher Scientific, Waltham, MA, USA) was performed after
repeated washing. Imaging was performed using a confocal laser scanning microscope
(Leica TCS SP8, Leica Microsystems, Wetzlar, Germany) with the following settings: DAPI
excitation 405 nm, detection 450–470 nm; ZsGreen excitation 488 nm, detection 500–525 nm;
mCherry excitation 548 nm, detection 560–580 nm; Alexa 594 (C-peptide staining) excitation
594 nm, detection 600–620 nm and Alexa 633 (leptin staining) excitation 633 nm, detection
640–680 nm. To avoid spectral overlap imaging was performed using in-between-frames
sequential imaging.
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4.18. Statistics

The values are expressed as means ± SEM. A 2-sided, unpaired t test was used to
determine statistical significance among different treatment groups. Statistical significance
was determined as follows: * p < 0.05, ** p < 0.01 and *** p < 0.001. Origin 2015 64-bit
(OriginLab, Northampton, MA, USA) and Excel (Microsoft, Redmond, WA, USA) were
used for statistical analyses.

5. Conclusions

Our data provide a proof-of-concept that genetically engineered islet organoids can
serve as production sites for blood-born proteins/peptides.
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Abstract: High protein feeding has been shown to accelerate the development of type 1 diabetes in
female non-obese diabetic (NOD) mice. Here, we investigated whether reducing systemic amino
acid availability via knockout of the Slc6a19 gene encoding the system B(0) neutral amino acid
transporter AT1 would reduce the incidence or delay the onset of type 1 diabetes in female NOD mice.
Slc6a19 gene deficient NOD mice were generated using the CRISPR-Cas9 system which resulted in
marked aminoaciduria. The incidence of diabetes by week 30 was 59.5% (22/37) and 69.0% (20/29) in
NOD.Slc6a19+/+ and NOD.Slc6a19−/− mice, respectively (hazard ratio 0.77, 95% confidence interval
0.41–1.42; Mantel-Cox log rank test: p = 0.37). The median survival time without diabetes was 28
and 25 weeks for NOD.Slc6a19+/+ and NOD.Slc6a19−/− mice, respectively (ratio 1.1, 95% confidence
interval 0.6–2.0). Histological analysis did not show differences in islet number or the degree of
insulitis between wild type and Slc6a19 deficient NOD mice. We conclude that Slc6a19 deficiency
does not prevent or delay the development of type 1 diabetes in female NOD mice.

Keywords: amino acid; aminoaciduria; diabetes incidence; insulitis; neutral amino acid transporter;
non-obese diabetic mouse; pancreatic islet; Slc6a19 deficiency; type 1 diabetes

1. Introduction

Islet beta cell metabolic stress in response to nutrient overload has been proposed
to increase the susceptibility of islet beta cells to immune destruction, accelerating the
development of type 1 diabetes in genetically at risk individuals [1,2]. Islet beta cell stress
leads to activation of beta cell neoantigen production and stimulation of HLA class I
expression on the cell surface [3–5]. This could underlie, at least in part, the increasing
incidence of type 1 diabetes within older children and adolescents [6,7]. Accordingly,
approaches to limit islet beta cell metabolic stress through pharmacological means, such as
by using metformin, or reducing availability of nutrient secretagogues, could prevent type
1 diabetes [8,9]. Amino acids augment glucose-stimulated insulin secretion and have the
potential to increase beta cell nutrient-induced stress [8]. There is pre-clinical evidence in
situations of chronic beta cell stress, including endoplasmic reticulum stress, which shows
transport of amino acids into beta cells is increased and this contributes to beta cell loss
through apoptosis [10].

In human studies, in which the metabolome has been interrogated for biomarkers
predictive of type 1 diabetes, trajectories of various amino acid plasma concentrations
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have been associated with the timing of islet antibody appearance [11–13]. In one study,
elevated branched-chain amino acids (BCAA) and glutamine were shown to precede the
development of insulin and glutamic acid decarboxylase antibodies in children who later
progressed on to develop diabetes [13]. However, these trajectories are complex, differing
according to which autoantibody appears first and at which age [11–13].

The non-obese diabetic (NOD) mouse spontaneously develops autoimmune diabetes
at a high rate (80–90% in females) by 4–6 months of age [14]. The feeding of a protein-
enriched diet to NOD mice was shown to accelerate the development of type 1 diabetes [15].
Furthermore, metabolomic analysis of plasma samples from NOD mice revealed elevated
levels of BCAA in mice that did, compared to mice that did not, develop diabetes [16].

The SLC6A19 gene encodes the broad-spectrum neutral amino acid transporter AT1
(B0AT1), the major epithelial transporter for neutral amino acids in the intestine and
kidney [17]. Mutations in SLC6A19 cause Hartnup disorder, which is mostly a benign
condition in adults, characterised by aminoaciduria [17]. Global Slc6a19 knockout on
the C57BL/6J mouse caused marked aminoaciduria, reduced fed-state plasma amino
acid levels, increased fibroblast growth factor 21 (FGF21), reduced glucose stimulated
insulin secretion and improved glucose tolerance [18,19]. This suggests amino acid off-
loading through Slc6a19 deficiency reduces islet beta cell work, and consequently has
the potential to reduce islet beta cell metabolic stress for prevention of both type 1 and
type 2 diabetes [8,20].

The aim of this study was to determine if amino acid off-loading via Slc6a19 knockout
would reduce the incidence or delay the onset of type 1 diabetes in NOD mice.

2. Results
2.1. Female Slc6a19 Deficient NOD Mice Are Markedly Aminoaciduric

The CRISPR/Cas9 mouse construction of Slc6a19 deficient NOD mice, as described
in Materials and Methods, generated three mice with mutations in the Slc6a19 gene, of
which one (ASD707:Maggot:::F0#13) had a 7 bp deletion and a 2 bp insertion within
exon 2 of a single allele. ASD707:Maggot:::F0#13 (NOD.Slc6a19+/− founder mouse) was
chosen for this study. Female NOD.Slc6a19+/+ and NOD.Slc6a19−/− littermates were
studied. The abundance in urine of alanine, glycine, isoleucine, leucine, methionine,
phenylalanine, serine, threonine and valine were all markedly increased in 6–8 week old
female NOD.Slc6a19−/− compared to NOD.Slc6a19+/+ mice (ranging from 90 fold increased
for urinary leucine to 6000 fold increased for urinary methionine), consistent with successful
construction of Slc6a19 deficient NOD mice (Figure 1a). While there was an overall trend
for a reduction in plasma amino acid abundance in the NOD.Slc6a19−/− compared to
NOD.Slc6a19+/+, the differences were not significant (Figure 1b).

2.2. Diabetes Incidence Is Unchanged in Slc6a19 Deficient NOD Mice

The body weight of Slc6a19 deficient NOD mice was not different from that of the
wild-type mice from baseline to study end (Figure 2a). NOD.Slc6a19−/− compared to
NOD.Slc6a19+/+ mice, however, had mildly higher fed-state plasma glucose levels at
6 weeks of age (NOD.Slc6a19+/+, 5.6 ± 0.1 mmol/L; NOD.Slc6a19−/−, 6.0 ± 0.2 mmol/L;
mean± SEM, p < 0.05), however, this difference did not track with increasing age (Figure 2b).
Diabetes incidence by 30 weeks of age was 59.5% (22/37) and 69.0% (20/29) in NOD.Slc6a19+/+

and NOD.Slc6a19−/−mice, respectively (hazard ratio 0.77, 95% confidence interval 0.41–1.42;
Mantel-Cox log rank test: p = 0.37) (Figure 2c). Diabetes developed as early as 14 weeks
of age in two NOD.Slc6a19−/−, however, the median survival time without diabetes was
28 and 25 weeks for NOD.Slc6a19+/+ and NOD.Slc6a19−/− mice, respectively (ratio 1.1, 95%
confidence interval 0.6–2.0) (Figure 2c).
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Figure 1. Slc6a19 deficiency caused marked aminoaciduria in NOD mice. (a) Amino acid abundance
measured in urine normalised to osmolality. (b) Plasma amino acid abundance. Samples were
collected in the morning from mice 6–8 weeks of age, stored at −80 ◦C. Amino acid abundance is
presented as peak height in arbitrary units (AU). All results are presented as mean ± SEM; * p < 0.05,
** p < 0.01, **** p < 0.0001 Slc6a19+/+ versus Slc6a19−/−; n = 4–6 mice/genotype.

2.3. Insulitis Severity Was Unaltered by Slc6a19 Deficiency in NOD Mice

All 37 pancreases of the NOD.Slc6a19+/+ mice and 26 of 29 pancreases of NOD.Slc6a19−/−

were available for analysis. All available pancreases were used for analysis of islet number
per pancreas section. As 3 pancreases of the NOD.Slc6a19+/+ had no identifiable islets on
the analysed section, these pancreases were excluded from scoring of insulitis. The number
of islets per pancreas section did not differ between the mouse genotypes (NOD.Slc6a19+/+,
6 (4–9) islets/section; NOD.Slc6a19−/−, 5 (4–9) islets per section; median (interquartile (IQ)
range), p = 0.94) (Figure 2d). The severity of insulitis also did not differ with 19 of 34 (55.9%)
and 11 of 26 (42.3%) of the NOD.Slc6a19+/+ and NOD.Slc6a19−/− mice, respectively, having
≥50% of islets/pancreas section scoring at least grade 3 insulitis (chi-square test: p = 0.30).
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The average percentage of islets within each insulitis score category is shown in Figure 2e.
As expected, the mice that developed diabetes, irrespective of mouse genotype, had a
reduced number of islets per pancreas section (non-diabetic, 8.5 (4.5–15) islets/section;
diabetic, 5 (3–6) islets/section; median (IQ range), p < 0.005) (Figure 2d) and a higher
percentage of islets/pancreas section with at least grade 3 insulitis (non-diabetic, 7 of
22 (31.8%); diabetic, 23 of 38 (60.5%); p < 0.05).
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Figure 2. Slc6a19 deficiency in NOD mice does not alter body weight, incidence or timing of diabetes
development, or severity of insulitis. (a) Body weight (g) and (b) fed-state plasma glucose (mmol/L)
measured in the morning from weeks 6–30 of age, or until the time of diabetes diagnosis. Data
are presented as mean ± SEM; Slc6a19+/+, n = 37; Slc6a19−/−, n = 29. (c) Diabetes free survival
from weeks 6–30 of age. Slc6a19+/+, n = 37; Slc6a19−/−, n = 29; Mantel-Cox log rank test: p = 0.37.
(d) Total number of islets per pancreas section according to genotype and diabetes status. Slc6a19+/+,
n = 37 (n = 15 non-diabetic, n = 22 diabetic); Slc6a19−/−, n = 26 (n = 9 non-diabetic, n = 17 diabetic).
(e) Number of islets at each grade of insulitis (grades 0–4) according to mouse genotype. Slc6a19+/+,
n = 34; Slc6a19−/−, n = 26.

3. Discussion

The major finding is that neutral amino acid off-loading by knockout of the amino
acid transporter gene Slc6a19 in female NOD mice did not delay or reduce the incidence
of autoimmune diabetes development. Approximately two-thirds of the female mice
developed diabetes by 30 weeks of age in both the NOD.Slc6a19+/+ and NOD.Slc6a19−/−

mice groups. Furthermore, there were no differences in the severity of insulitis between
the two genotypes. Considering that a protein enriched diet has previously been shown to
accelerate the onset of diabetes in female NOD mice [14], it might have been expected that
reducing the amino acid load would at least delay the onset of diabetes, but this was not
seen. Untested is whether the NOD.Slc6a19−/− would have prevented the acceleration of
autoimmune diabetes if they were fed a high protein diet.

The phenotype of NOD global Slc6a19 knockout mice in this study had similarities
and differences to C57Bl6J global Slc6a19 knockout mice [18,19]. Slc6a19 knockout induced
marked aminoaciduria in mice of both backgrounds, but growth restriction, with reduced
birth weight and subsequent weight gain, was seen only in C57Bl6J.Slc6a19−/− mice [18].
Interestingly, fasting glucose tended to be slightly higher in C57Bl6J.Slc6a19−/− mice at two
months of age, which is similar to the mildly elevated fed-state glucose levels at six weeks
of age in NOD.Slc6a19−/− mice. There was a trend for lower plasma amino acid abundance
in the NOD.Slc6a19−/− compared to NOD.Slc6a19+/+ mice, with two of four mice of the
NOD.Slc6a19+/+ having much higher levels than any of the other mice. Considering
that B0AT1 (SLC6A19) is the major transporter of neutral amino acids at the intestinal
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epithelium and absorbs the bulk of diet-derived neutral amino acids from the intestinal
lumen [17], it is highly probable that post-prandial amino acid level rises were curtailed
in the NOD.Slc6a19−/− mice, consistent with the absence of higher plasma amino acids
in NOD.Slc6a19−/− mice sampled. In C57Bl6J.Slc6a19−/− compared to C57Bl6J.Slc6a19+/+

mice, we previously showed that plasma levels of neutral amino acids, including the
BCAAs valine, isoleucine, and leucine, were significantly reduced in Slc6a19 deficient mice
after a high protein meal, indicating that amino acid malabsorption is a characteristic of
Slc6a19 deficient mice [19].

While the NOD mouse is an established model for type 1 diabetes, it does not accu-
rately reflect all the characteristics of human type 1 diabetes [21]. It is becoming clearer
that human type 1 diabetes is a heterogenous condition, whether it be by the presence or
absence of overweight/obesity, genetic susceptibility factors, order of appearance of islet
antibodies, severity of insulitis progression, and age at diagnosis [22,23]. Thus, it remains
possible that SLC6A19 could become a therapeutic target for certain subgroups at high risk
of type 1 diabetes, such as those who are overweight or have overlapping genetic risk for
type 1 and type 2 diabetes.

In conclusion, Slc6a19 deficiency did not reduce the high incidence of insulitis and
type 1 diabetes development in female NOD mice. The research focus on SLC6A19 as a
potential therapeutic target in diabetes should be for type 2 diabetes for now [17,18], with
the possibility of reconsidering it as a target for type 1 diabetes as we learn more.

4. Materials and Methods
4.1. Mouse Model

NOD/ShiLtJArc mice (referred to as NOD mice herein) were sourced from the Animal
Resource Centre (Canning Vale, WA, Australia). All mice were housed in a temperature and
humidity controlled environment on a 12 h light/dark cycle. NOD mice globally deficient
in a functional Slc6a19 gene were generated using the CRISPR-Cas9 system and were
genotyped using a PCR assay. Female NOD.Slc6a19+/+ and NOD.Slc6a19−/− littermates
were fed standard rodent chow diet (Gordon’s Specialty Stockfeed, NSW, Australia) ad
libitum from 6 to 30 weeks of age or until diabetes diagnosis (plasma glucose ≥ 20 mmol/L
for 2 consecutive days) at which time the mice were ethically culled. All mice experiments
were approved by the Animal and Experimentation Ethics Committee of the Australian
National University (protocols: A2017/25 and A2017/44).

4.2. Generation of CRISPR/Cas9 Edited Slc6a19 Deficient Mouse Strain

For SpCas9 editing, two single guide RNAs (sgRNAs) were designed, guide 1 targeting
exon 1, (5′- CCTGGCCTAGAGGAGCGGATTCC -3′) and guide 2 targeting exon 2, (5′-
CATCGGTCAGAGGCTACGCAAGG -3′) of Slc6a19. The methodology for single guide
RNA synthesis, as gBlock gene fragments (Intergrated DNA Techonologies, Baulkham
Hills, NSW, Australia), is as previously described [24].

NOD studs and recipient mice (Animal Resource Centre, Perth, WA, Australia) were
maintained at the Australian Phenomics Facility under specific pathogen–free conditions.
Seven-wk-old NOD females were superovulated then mated with NOD males. Fertilized
zygotes were collected from the oviduct and maintained under M16 medium (M7292;
Sigma-Aldrich, St. Louis, MO, USA) overlaid with mineral oil. A mix of 50 ng/µL of SpCas9
protein (PNA Bio, Thousand Oaks, CA, USA), Slc6a19-purified gBlocks plasmids (guide
1, 5 ng/µL and guide 2, 5 ng/µL) were co-injected into the mouse zygotes. Pronuclear
injections were performed as described [24], and microinjected zygotes were cultured
overnight at 37 ◦C in a 5% CO2 incubator and then surgically transferred at two-cell stage
into the ampulla of NOD pseudo-pregnant females.

Eight mice were Sanger sequenced, of which three revealed Slc6a19 gene allele indels
as outlined in the Supplementary Material. The ASD707:Maggot:::F0#13 mouse was found
to be wild type for both alleles targeted by guide 1 (exon 1), but had a 7bp deletion and 2bp
insertion in one of two alleles targeted by guide 2 (exon 2) (wild type allele, 5′- CATCG-
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GTCAGAGGCTACGCAAGG -3′; mutated allele 5′- CATCGGTCAG——-TGGCAAGG -3′).
The ASD707:Maggot:::F0#13 mouse was chosen as the NOD Slc6a19+/− founder mouse for
this work. Following back-crossing of the founder mouse to NOD for 5 generations, keep-
ing the compound 7 bp deletion and 2 bp insertion heterozygous Slc6a19 mutation, marked
aminoaciduria was confirmed in the phenotype of Slc6a19−/− offspring. Genotyping of
mice was performed using DNA extracted from ear punch samples.

4.3. Body Weight, Glucose Measurement and Amino Acid Analyses

Serial measurements of body weight and 9 AM fed-state tail vein plasma glucose,
using a glucose meter (StatStrip XpressTM, Nova Biomedical, Flintshire, United Kingdom),
were performed four-weekly (weeks 6–18) and fortnightly (weeks 18–30), or up until
diabetes diagnosis. Urine and plasma samples were collected from NOD.Slc6a19+/+ and
NOD.Slc6a19−/− mice between 6–8 weeks of age before the development of diabetes in
any mice. Urine samples were standardised by osmolality. Amino acid analyses were
performed using a gas chromatography mass spectroscopy (GC-MS) method, as previously
described [19].

4.4. Pancreas Histology

All mice were euthanased by cervical dislocation at the end of the experimental
period (upon the diagnosis of diabetes or at week 30). Pancreases were quickly excised
and fixed in 10% neutral buffered formalin solution before embedding in paraffin using
routine laboratory protocols. Histological analysis was conducted on 4 µm-thick sections
stained with haematoxylin and eosin. Islets per whole pancreas section were counted
and individually graded for insulitis using a method previously described with scores of
0 = no insulitis, 1 = peri-islet insulitis, 2 = intermediate insulitis, 3 = intra-islet insulitis and
4 = complete islet insulitis [25]. Analysis was performed by two blinded observers.

4.5. Statistical Analysis

Results are presented as mean ± SEM or median with interquartile range. Repeated
measures two-way ANOVA and Bonferroni post hoc tests were used to compare differences
in time course data between groups and replicates, respectively (unless otherwise stated).
Comparisons between two groups were performed using the t-test for parametric analyses,
with p-value Bonferroni adjustment for multiple comparisons, or the Mann–Whitney test
for non-parametric analyses. Analyses were performed using GraphPad Prism (Version
9.2.0). p < 0.05 was considered statistically significant. Diabetes free survival was compared
between NOD.Slc6a19+/+ and NOD.Slc6a19−/− groups using the log-rank (Mantel-Cox)
test. Thirty-two mice per group was estimated to provide 80% power to detect an increase
in diabetes free survival from 50% to 85% with α = 5%.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/metabo11100665/s1, CRISPR/Cas9 edited Slc6a19 deficient mouse strains sequencing results.
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Abstract: Mechanisms by which advanced glycation end products (AGEs) contribute to type 1 dia-
betes (T1D) pathogenesis are poorly understood. Since life-long pharmacotherapy with alagebrium
chloride (ALT) slows progression to experimental T1D, we hypothesized that acute ALT therapy
delivered prediabetes, may be effective. However, in female, non-obese diabetic (NODShiLt) mice,
ALT administered prediabetes (day 50–100) did not protect against experimental T1D. ALT did
not decrease circulating AGEs or their precursors. Despite this, pancreatic β-cell function was im-
proved, and insulitis and pancreatic CD45.1+ cell infiltration was reduced. Lymphoid tissues were
unaffected. ALT pre-treatment, prior to transfer of primed GC98 CD8+ T cell receptor transgenic T
cells, reduced blood glucose concentrations and delayed diabetes, suggesting islet effects rather than
immune modulation by ALT. Indeed, ALT did not reduce interferon-γ production by leukocytes from
ovalbumin-pre-immunised NODShiLt mice and NODscid recipients given diabetogenic ALT treated
NOD splenocytes were not protected against T1D. To elucidate β-cell effects, NOD-derived MIN6N8
β-cell major histocompatibility complex (MHC) Class Ia surface antigens were examined using
immunopeptidomics. Overall, no major changes in the immunopeptidome were observed during the
various treatments with all peptides exhibiting allele specific consensus binding motifs. As expected,
longer MHC Class Ia peptides were captured bound to H-2Db than H-2Kb under all conditions.
Moreover, more 10–12 mer peptides were isolated from H-2Db after AGE modified bovine serum
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albumin (AGE-BSA) treatment, compared with bovine serum albumin (BSA) or AGE-BSA+ALT
treatment. Proteomics of MIN6N8 cells showed enrichment of processes associated with catabolism,
the immune system, cell cycling and presynaptic endocytosis with AGE-BSA compared with BSA
treatments. These data show that short-term ALT intervention, given prediabetes, does not arrest
experimental T1D but transiently impacts β-cell function.

Keywords: advanced glycation end products; alagebrium chloride; cross-link breaker;
immunopeptidome; MIN6N8 cell line; NOD mouse; autoimmune diabetes; type 1 diabetes

1. Introduction

Advanced glycation end products (AGEs) are formed by irreversible modifications of
proteins or lipids with reducing sugars [1]. AGEs are synthesized endogenously in vivo
and are ingested excessively in the western diet [2], although the availability of dietary
AGEs and how they contribute to pathophysiological changes in the body remains to
be fully understood [3]. AGEs are postulated to be regulated by multiple scavenger
receptors expressed on a number of cell types, including the pattern recognition receptor
for AGEs (RAGE), which can trigger events such as cellular adhesion and spreading [4,5],
migration [6–8], and cytokine production [9] via nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-κB) activation [3].

Circulating AGEs are independent predictors of progression to type 1 diabetes (T1D)
in islet cell autoantibody-positive children [10]. A smaller study in children and adolescents
with pancreatic islet autoantibodies who were first-degree relatives of individuals with
T1D, showed that progression to overt diabetes correlated with high circulating concentra-
tions of AGEs [11]. In a population based nested case-control study, polymorphisms in the
gene that encode for RAGE, advanced glycosylation end product-specific receptor (AGER),
conferred increased T1D risk and reduced circulating soluble RAGE concentrations in
young children with ketoacidosis carrying the HLA-DR3/DQ4 haplotype [12]. Additional
studies have confirmed that in vitro excess AGE exposure results in pancreatic β-cell dys-
function reducing glucose stimulated insulin synthesis and secretion [11,13–15], increasing
apoptosis [11,13], and mitochondrial abnormalities [11,16]. In vivo, acute AGE injections
provided to healthy rodents [11,13], as well as chronic dietary AGE intake [17–19], each
initiated β-cell dysfunction, resulting in insulin secretory deficiencies compared to control
groups [11,13,16–19]. Temporal changes in circulating AGEs and RAGE expression are
apparent pre-diabetes in the mouse model for T1D, non-obese diabetic (NOD) mice [20]
when compared to non-diabetic NODscid mice [21].

Thus, it is not surprising that anti-AGE therapies, such as diets low in AGEs [18],
or prophylactic injections of soluble RAGE, a decoy receptor for cellular RAGE, reverse
insulin secretion defects, dampen pancreatic islet immune cell infiltration and delay experi-
mental autoimmune diabetes in NOD mice [22]. We have previously demonstrated that
continuous, life-long administration of the therapeutic agent alagebrium (4,5-dimethyl-
3-(2-oxo2-phenylethyl)-thiazolium chloride (ALT)), thought to cleave the intermediate
α-dicarbonyls compounds which form AGEs [23,24], reduced diabetes progression in the
NODShiLt mouse and protected β-cell function [11].

What is currently unknown is whether effects seen with AGE-lowering strategies,
such as ALT on pancreatic β-cell function, are independent of improvements in the immune
system in autoimmune diabetes. Secondly, it is unclear if a shorter duration of therapy
prediabetes could delay autoimmune diabetes onset. To address this, we used the NOD
mouse-derived β-cell MIN6N8 cell line and NOD strains with varying susceptibility to
autoimmune diabetes and examined the efficacy of short-term ALT administration prior to
diabetes onset, from day 50–100 of life on diabetes development.
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2. Results
2.1. Short-Term AGE Lowering Therapy with ALT Prediabetes Does Not Impact Experimental
Autoimmune Diabetes Development in NODShiLt Mice

Previous studies have shown benefits of AGE-lowering therapies in arresting autoim-
mune diabetes development in NODShiLt mice [11]. Fifty days of daily ALT therapy from
50 to 100 days of life modestly delayed the age of diabetes onset (control 141 ± 32 days vs.
ALT 171 ± 38 days, p = 0.05; Figure 1A), but there were no differences in disease incidence
when compared to control mice by the study end (control: 11/18; alagebrium: 15/20 mice,
p = 0.5; Figure 1A).

Appl. Sci. 2021, 11, 6030 2 of 17 

Figure 1. Short term AGE lowering therapy pre-diabetes in NOD mice does not protect against dia-
betes development despite attenuating β-cell infiltration. (A) Diabetes incidence of female NODShiLt
(NOD) mice (n = 18–20/group) from day 50 to 100 of life (shaded grey) were untreated (NOD, •) or
treated with the AGE lowering therapy alagebrium chloride (ALT, 1 mg/kg/day, s.c; �). Mice were
monitored daily, blood glucose tested weekly for diabetes incidence and mice were euthanised when
either blood glucose concentrations exceeded 15 mmol/L for two consecutive days, day 250 of life
was reached without diabetes diagnosis. (B) Islet immune cell infiltration at day 90 of life shown as
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mean percentage of islets with no infiltrate (white), perivascular/periductal infiltrate (striped),
<25% infiltrate (arrowhead), <75% infiltrate (checkerboard) or end stage insulitis (black) after no
therapy (CON) or 40 days alagebrium chloride (ALT) treatment (n = 4 mice/group, 5 µm sections).
After 30 days of ALT therapy, pancreata were digested and infiltrating immune cells quantified
via surface staining for (C) total number of leukocyte common antigen positive (CD45.1+) immune
cells, (D) total number and proportions of (E,F) CD4+ T cells, (G,H) CD8+ T cells, (I,J) CD19+B220+,
(K,L) CD19+IgM+ B cells, (M,N) CD11b+CD11c+, (O,P) CD11b+CD11c+I-Ag7+, (Q,R) F4/80+ and
(S,T) F4/80+I-Ag7+ immune cells (n = 7–8 mice/group; n = 2 experiments). Data represented as
mean ± SD. For analysis in (C,D) data was log transformed. * p = 0.0005 vs. NOD (Chi-square);
† p < 0.05 vs. NOD (Student’s T Test).

2.2. Short-Term Therapy with ALT Increases Insulin Secretion Pre-Diabetes

Beta cell function was examined in mice during and directly after ALT therapy. At
approximately day 75 of life (after ~25 days of ALT therapy), intraperitoneal (IPGTT;
Table 1; Figure S1A,B) and oral (OGTT; Table 1; Figure S1C,D) glucose tolerance tests were
performed in two separate cohorts of mice. In both tests, insulin secretion across the
test duration (AUCINSULIN) was significantly greater in mice given ALT therapy (Table 1;
Figure S1A–D). In addition, the first phase insulin response and action during the first
15 min of the IPGTT was higher in ALT treated mice (Table 1, AUCINSULIN:AUCGLUCOSE;
Figure S1B). By day 107 of life, just after the completion of the ALT treatment period,
circulating non-fasted insulin concentrations appeared higher in ALT treated mice when
compared to controls but did not reach significance (p = 0.06; Table 2). During OGTT
but not IPGTT, AUCGLUCOSE was greater in mice which were administered ALT (Table 1;
Figure S1C).

Despite the slight elevation in circulating insulin concentrations over the course of ALT
therapy (Table 2), blood glucose concentrations, body weight and glycated haemoglobin
remained unchanged over the course of treatment (Table 2). When examined towards the
end of the ALT treatment period (~40 days), pancreatic islets were a similar size to those
seen in control mice (Figure S1E) and did not differ in insulin (Figure S1F,G) or proinsulin
(Figure S3H,I) staining as compared to controls. Overall, these data imply that ALT may
have a temporal effect on pancreatic islet function early in diabetes progression.

2.3. AGEs and Precursor Molecules Were Unaffected by Short Term ALT Therapy

AGE precursor molecules, the dicarbonyls methylglyoxal (MGO), glyoxal (GO), and
3-deoxyglucosone (3-DG) remained unchanged across the treatment period in NODShiLt
mice receiving ALT therapy (Figure S2A–C). Although these dicarbonyls did not associate
with changes in circulating insulin (data not shown), GO and 3-DG associated positively
with glycated haemoglobin after 30 days of therapy (Figure S2D,E). Collectively, this
data suggests that short-term, intensive alagebrium therapy does not reduce reactive
dicarbonyl compounds or stop diabetes progression. There was a trend towards the AGE
carboxyethyl-lysine (CEL) being reduced after ALT therapy, which was not observed with
other AGE modifications such as carboxylmethyl-lysine (CML) and methylglyoxal-derived
hydroimiadazolone (MG-H1) (Figure S2F).
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2.4. Localised Pancreatic but Not Lymph Node or Splenic Immune Cells Are Modulated by
Short-Term ALT Therapy

Based on the temporal effects on insulin secretion in the present study and our pre-
vious finding that long-term ALT administration reduced diabetes incidence in NOD
mice [11], we hypothesized that local immunopathology within the pancreas may be al-
tered. Semi-quantitative insulitis scoring of immune cell infiltrate after 40 days of ALT
therapy confirmed reduced islet infiltration compared with control mice (Figure 1B). Whole
pancreatic digests after 30 days of therapy showed a consistently lower number of CD45.1+

leukocytes per pancreas in ALT-treated mice as compared with untreated mice (Figure 1C).
Total pancreatic cell numbers (Figure 1D) [25], did not differ between groups.

Within CD45.1+ cell populations in the pancreas (Figure S3A; gating strategy) the
number and proportions of CD4+ T cells (Figure 1E,F), B220+CD19+B cells (Figure 1I,J),
non-activated CD11b+CD11c+ (Figure 1M,N) and activated CD11b+CD11c+ I-Ag7+ con-
ventional dendritic cells (cDC; Figure 1O,P) were similar between groups. However, the
pancreatic CD45.1+ cell populations tended to contain a lower percentage of CD8+ T cells
although numbers remained unchanged (Figure 1G,H) with ALT. There were fewer mature
CD19+IgM+ B cells and F4/80+ macrophages numbers (Figure 1K,Q) but not proportions
and (Figure 1L,R), and higher proportions but not numbers of activated F4/80+I-Ag7+

macrophages (Figure 1S,T) after ALT treatment compared to control.
Since islet antigen-specific T cells are commonly primed in the pancreatic lymph

nodes by antigen-presenting cells [26,27], we next set out to verify whether the decreases
in infiltrating pancreatic leukocytes with ALT were due to modulation of the local lymph
node milieu. Flow cytometry analysis (Figure S3B; gating strategy), of pancreatic lymph
node (pLN) cell suspensions isolated after 30–40 days of ALT therapy showed no change
in the absolute numbers and proportions of CD4+ (Figure S4A,B) and CD8+ T cells
(Figure S4I,J). The number and proportions of naïve (CD62+CD44−), effector/effector
memory (CD62−CD44+) or central memory (CD62+CD44+) CD4+ (Figure S4C–H) or CD8+

(Supplementary Figure S4K–P) T cell subsets remained unchanged. Similarly, regulatory
T cells (Treg; CD4+CD25+Foxp3+), thought to play a key role in autoimmune diabetes in
NOD mice [28] and T1D in humans [29], were not different between groups (Figure S4Q–R).
Similar to the pancreas, CD11b+CD11c+ cDC (Figure S5A,B), and CD11b−CD11c+ plasma-
cytoid dendritic cells (Figure S5C,D) remained unchanged between groups. Unlike the
pancreas, CD19+B220+ B cells (Figure S4S,T) remained unchanged.

Flow cytometry analysis (Figure S3C; gating strategy) of cell suspensions prepared from
spleens showed no change in numbers and proportions of dendritic cells (Figure S5E–H), CD4+

(Figure S6A–G), CD8+ (Figure S6I–P) T cells, Tregs (Figure S6Q,R) or B cells (Figure S6S,T)
after ALT therapy, with the exception of a reduced proportion of central memory CD4+ T
cells (Figure S6H). Collectively, these results suggest that mice exposed to short-term ALT
therapy have reduced proportions of pancreatic CD8+ and splenic central memory CD4+ T
cells that could be subsequent to changes in pancreatic antigen presenting cell proportions.

2.5. Pre-Treatment with ALT Delays Diabetes Development Following Adoptive Transfer of G9C8
CD8 T Cell Receptor (TCR) Transgenic Cytotoxic Lymphocytes

To further explore the effects of ALT on β-cells during diabetes development, we
adoptively transferred activated, diabetogenic NOD G9C8 CD8 TCR transgenic cytotoxic T
lymphocytes, that recognize aa15–23 of the insulin B chain [30], into non-diabetic NODShiLt
recipient mice that were pre-treated for 30-days with or without ALT. ALT delayed diabetes
onset by an average of 18 days compared to controls and halved the number of mice which
developed diabetes (20% incidence with ALT pre-treatment and 40% incidence in untreated
mice; Figure 2A). ALT pre-treatment decreased non-fasting blood glucose concentrations
across the study duration (p = 0.02, Figure 2B). However, ALT pre-treatment exacerbated
insulitis (Figure 2C), although this did not overtly reduce β-cell area (Figure 2D). Pancreatic
expression of insulin (Figure 2E,F) remained unchanged.
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Figure 2. Alagebrium chloride delays diabetes development following adoptive transfer of G9C8 CD8 TCR transgenic
cytotoxic lymphocytes. Diabetogenic splenocytes from NOD G9C8 CD8 TCR transgenic donors pre-primed with the aa15–23
of the insulin B chain (1 × 107 cells), were transferred into non-diabetic NODShiLt recipients (n = 10/group; day 80 of
life). NODShiLt recipients were pre-treated for 30 days with (NOD + ALT, 1 mg/kg/day, s.c; �, dashed line) or without
alagebrium chloride (NOD, •, solid line). The recipient mice were monitored daily, tested for blood glucose and diabetes
diagnosed by two consecutive blood glucose measurements > 15 m·mol/L and followed until diabetes diagnosis or until
study end (day 250). (A) Diabetes incidence in NODShiLt recipients post-transfer of G9C8 cells. (B) Linear regression of
non-fasting blood glucose concentrations over time, difference of slopes p = 0.02. (C) Pancreatic immune cell infiltration
at day 250 (n = 6–8 mice/group), shown as mean percentage of islets with no infiltrate (white), perivascular/periductal
infiltrate (striped), <25% infiltrate (arrowhead), <75% infiltrate (checkerboard) or end stage insulitis (black) of untreated
splenocytes (CON; circles) or Alagebrium-treated splenocytes (ALT; squares) § p <0.0001, chi-square test. (D) β-cell area,
determined from insulin IHC staining in (E) Representative images of islets detected with anti-insulin antibody in pancreatic
sections taken from untreated (CON) or treated mice (ALT), scale bar = 50 µm. (F) Pancreatic expression of insulin
(n = 26–40 sections/group, n = 2–39 islets/section, n = 6–8 mice/group, 5 µm sections, 96 µm apart. Data reported as either
mean ± SD or box and whisker plots reporting median, interquartile ranges and min and max values.
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2.6. ALT Maintains Systemic Immune Function in the NODShiLt Mouse

We next examined if ALT affected systemic cellular immune responses. After 28–32 days
of ALT therapy, we determined the cytokine-response following an ovalbumin (OVA)
challenge in splenocytes from pre-immunised NODShiLt mice one week after an ovalbumin
immunisation (given at day 21–25 of treatment). Quantification of interferon-γ (IFN-γ)
producing splenocytes by ELISpot revealed no differences between untreated mice and
ALT-treated mice (Figure 3A). Consistent with this, the ability to adoptively transfer
diabetes to NODscid recipients by splenocytes from 28–32-day ALT-treated NODShiLt
donors (9/13 diabetic; Figure 3B) was similar to that of control splenocytes (10/14 diabetic).
The age at transfer and slight variances in cell number did not associate with diabetes
transfer (p = 0.06 and p = 1.0, respectively; cox regression). This suggests short-term ALT
therapy does not compromise systemic leukocyte function.

Figure 3. Systemic immune cells retain their function following short-term AGE lowering therapy
with alagebrium chloride (ALT). (A) NODShiLt control mice (NOD, •) and NODShiLt treated with
alagebrium (NOD + ALT, 1 mg/kg/day, s.c; �) were immunised with OVA/QuilA and 1 week
later spleens harvested and the number of cells producing IFN-γ in responses to OVA restimulation
enumerated with ELISpot. (n = 3 replicates from n = 5 mice/group, n = 2 independent experiments).
(B) Diabetes incidence after adoptive transfer of control or ALT treated (for ~30 days) diabetogenic
NODShiLt splenocytes into NODscid recipients aged 6–7 weeks old. N = 13–14/recipient group
(1 × 106–2 × 107 cells/mouse). � NOD + ALT into NODscid recipients; • NOD into NODscid recipients.

2.7. Immunopeptidomics and Proteomics of Pancreatic Beta Cells Following ALT Therapy

We have previously demonstrated in vitro that advanced glycation end product modi-
fied BSA (AGE-BSA) impairs insulin secretion and adenosine triphosphate (ATP) produc-
tion in MIN6N8 cells, which was reversed by ALT treatment [11]. To examine whether
chronic exposure to a high AGE environment and ALT treatment resulted in changes in
the peptide repertoire presented by MHC class Ia (immunopeptidome), bound peptides
(pMHC-I; H-2Db and H-2Kb) were immunoaffinity captured from treated MIN6N8 and
sequenced via LC-MS/MS (Figure 4A). The complete dataset for both Db and Kb are shown
for untreated and treated MIN6N8 cells in Tables S1 and S2, respectively, and are accessible
via the PRIDE data repository (see Data Availability Statement). Overall, no major changes
in the immunopeptidome were observed during the various treatments with all peptides
exhibiting allele specific consensus binding motifs. As expected, longer peptides were
captured bound to H-2Db than H-2Kb, with the H-2Db peptides tending to be of longer
chain length with AGE-BSA treatment (Figure 4C), when compared with either unmodified
BSA (control) or AGE-BSA+ALT. H-2Kb peptides were more abundant but did not appear
to differ among groups. H-2Db and H-2Kb captured peptides were predominantly of
8–12 amino acids in length (Figure 4C) with similar bound motifs (Figure 4D), regardless
of treatment (Figure S7A,B). Irrespective of the MHC-I class, the majority of H-2Db and
H-2Kb peptides that presented in each treatment, were found in at least one other condi-
tion (Figure 4E; Figure S7C), with differences likely reflecting subtle variation between
experiments rather than significant changes to the bound peptide repertoire. The 8-mer
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YQLENYCN peptide (InsA14–21) where cysteine is modified by a glutathione disulfide,
was elevated during AGE-BSA treatment compared to BSA control (Figure 4F). After the
addition of ALT therapy, YQLENYC(glutathione disulfide)N decreased to a level similar to
that of the BSA control (Figure 4F).

Figure 4. Immunopeptidomic and whole-cell proteomic characterisation of murine NOD β-cells. NODShiLt derived
MIN6N8 β-cells were treated overnight with unmodified BSA (BSA; 100 µg/mL), AGE-modified BSA (AGE-BSA;
100 µg/mL), with or without alagebrium chloride (AGE-BSA+ALT; 40 µM) or untreated, with ALT vehicle control (PBS)
or with BSA+ALT (Figures S7 and S8). Pooled cells (total 2 × 107 cells, pooled from n = 4175 cm2 tissue culture flasks)
from each treatment were lysed and antibodies against MHC Class 1a H-2Kb (clone sf1.1.10) and H-2Db (clone 28.14.8 s)
used to capture and identify presented peptides. Peptide complexes were run on RP-HPLC and identified via LC-MS/MS.
Schematic of (A) immunopeptidomic and (B) whole-cell proteomic workflow used. (C) Number and length of MHC Class
1a H-2Db (left) and H-2Kb (right) captured peptides isolated from BSA (red), AGE-BSA (black) and AGE-BSA+ALT (blue)
treated MIN6N8 cells. (D) MHC Class Ia bound amino acid motifs of H-2Db (top) and H-2Kb (bottom) peptides isolated.
(E) Number of common H-2Db (green; left) and H-2Kb (purple; right) immunocaptured MHC Class Ia associated peptides.
(F) Modifications of insulin peptides precipitated with MHC Class Ia H-2Db antibody from MIN6N8 cells. Scale bar shows
peak area.

Next, we assessed if ALT affected the proteome of the same MIN6N8 cells from
which cell surface pMHC-I complexes were isolated (Figure 4B). Gene Ontology analyses of
MIN6N8 β-cells cultured in a high AGE environment alone, demonstrated an enrichment in
proteins associated with catabolic processes, the immune system and cell cycling compared
with BSA (Figure 5A). A high AGE environment enriched for predominately Carboxypep-
tidase N (Cpn1; Figure 5B; left) and Tubulin isoforms (Tubb; Figure 5B; middle). With
the addition of ALT, Tubulin isoforms (Tubb; Figure 5B; middle) and proteins involved in
catabolic processes in particular Multivesicular body subunit (Mvb12a), Cysteine protease
(Atg4b), Calcium-independent phospholipase (Pnpla8), Carboxypeptidase N (Cpn1) and
DNA damage binding protein 1 (DDB1)- and Cullin 4 (CUL4)-associated factor 11 (Dcaf11)
were reduced, similar to that of the BSA control (Figure 5B; left). Conversely endocytotic
proteins (Figure S8) Calnexin (Cnx) and Progranulin (Grn) were enriched (Figure 5B; right)
after ALT therapy.
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Figure 5. Gene Ontology enrichment analysis of biological processes in peptides isolated from MIN6N8 NOD derived
beta cells. NODShiLt derived MIN6N8 beta cells were treated overnight with unmodified (BSA; 100 µg/mL), AGE-
modified BSA (AGE-BSA; 100 µg/mL) without or with alagebrium chloride (AGE-BSA+ALT; 40 µM). The whole-cell
proteome was performed on the cell lysate flowthrough that did not bind to MHC Class 1a antibodies. The effluents were
trypsinised, peptides labelled with TMT using different isotypes and identified using LC-MS/MS. Workflow for proteomics
is represented in Figure 4B. (A) Pathway analysis of peptides enriched following AGE-BSA vs. BSA treated MIN6N8
cells. p values (right; 10−3 to 10−7) shown in white-orange scale. (B) Heatmaps of proteins associated with three major
enriched Gene Ontology pathways after AGE-BSA and AGE-BSA+ALT vs. control (BSA) MIN6N8 treated cells. Scale shows
fold change.

3. Discussion

The present study demonstrates that short-term ALT therapy given to NODShitLt
mice prior to overt disease onset and then withdrawn, does not impact systemic immune
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cell function or diabetes incidence, but has transient effects on β-cell function. We observed
an increase in insulin secretion during glucose tolerance tests performed halfway through
the ALT therapeutic period (~day 75 of life). In addition, the first phase insulin response
and action during the first 15 min of the IPGTT were higher in ALT treated mice. Increases
in fasted insulin as compared with control mice also persisted until one week after ALT
therapy cessation. It is clear however, that these effects on β-cell function were not sufficient
to arrest the development of autoimmune diabetes in ALT treated mice after withdrawal
of ALT, suggesting that these β-cell effects were transient. Blood glucose concentrations
were increased during oral but not intraperitoneal glucose challenges at day 75 with
ALT therapy. The reasons for this remain to be ascertained in the present study. Further
supporting an effect on β-cells with ALT, were experiments where pre-treatment of NOD
recipients delayed diabetes development and lowered blood glucose concentrations over-
time following adoptive transfer of G9C8 CD8 TCR transgenic cytotoxic lymphocytes.
Circulating glucose concentrations are impacted by various pathways which are impaired
in NOD mice. These include changes in peripheral insulin sensitivity [31], hypoglycaemia-
glucagon feedback loops, gastric emptying, glucose intestinal absorption and the incretin
effect [32]. Certainly, the higher insulin concentrations and insulin:glucose ratios suggest
that peripheral insulin sensitivity may be lower in NOD mice treated with ALT as compared
with control at day 75 of life. Generally AGE lowering interventions have improved insulin
sensitivity in humans who are obese [33] or with type 2 diabetes [34]. However, NOD mice
prediabetes often show variable insulin sensitivity which is significantly impacted by the
loss of insulin secretion and so it is difficult to ascertain in the present study whether the
effects of ALT on insulin, are beneficial. This may be remedied by the determination of C-
peptide during OGTT which would provide specific evidence for effects on insulin secretion
per se without being confounded by changes in insulin sensitivity. Indeed, retention of
circulating C-peptide concentrations is the most common primary end-point for clinical
trials in T1D treatment and prevention [35].

Gastric emptying appears to change during disease development in NOD mice and
is accelerated at diabetes onset [36], however in humans, blood glucose elevations in in-
dividuals with T1D can slow gastric emptying [37,38] impacting gastrointestinal glucose
absorption [39]. Glucagon-like peptide-1 (GLP-1) and gastric inhibitory polypeptide ex-
pression in the gut of NOD mice appear unchanged by hyperglycaemia [40], and although
combinatory therapies with GLP-1 receptor agonists in individuals with T1D have the po-
tential to enhance β-cell function [41], recent Phase III trials (NCT01836523, NCT02098395)
have observed elevations in hypoglycaemia and hyperglycaemia with ketosis [42,43]. One
explanation for a rise in glucose concentrations after the OGTT may be that production
of proinsulin is contributing to overall increases in insulin at day 75 and to the end of the
ALT treatment period, but limited plasma volumes throughout GTTs, prevented proinsulin
from being measured. Together with the relationship between insulin secretion and lack of
efficacy on progression to diabetes, our study suggests that upon removal of ALT therapy
prediabetes, benefits on β-cell function are unlikely to be maintained. This therapy if
given prophylactically may be best suited during the neonatal period where priming of the
immune system against β-cell antigens like proinsulin [44,45] and GAD65 [45] is key in
NOD mice [44] and at-risk children [45].

The reduction in insulitis observed was confirmed using flow cytometry where
CD45.1+ cells were reduced in pancreatic digests. Here, lower proportions of CD8+ T
cells, B cells and F4/80+ macrophages and higher proportions of activated F4/80+I-Ag7+

macrophages were seen. One major limitation of this work was the inability to track tem-
poral changes to immune cells during and after ALT therapy and the inability to examine
if ALT therapy impacted the expression of the cell surface receptor for AGEs, RAGE. It
would be of interest to understand whether this therapy directly impacts RAGE expression
on CD45.1+ lymphocytes locally within the pancreas. Although there is disparity as to
whether ALT can mediate effects directly through RAGE, this is suggested in diabetes
complications [46,47] and RAGE knockout [48–50] mouse models. Further, studies by
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our team [22] and others [51] show that inhibiting RAGE by prophylactic soluble RAGE
(sRAGE) therapy, a decoy receptor that clears circulating AGEs, elevates numbers of RAGE+

CD4 and CD8 T cells, Treg cells, DCs and macrophages in lymphoid tissue and improves
Treg function [22] and prevents the transfer of diabetes by diabetogenic T cells in NODscid
mice [51]. With administration of ALT prediabetes, we saw no effect on IFN-γ production
of OVA-stimulated splenocytes after 30 days of therapy. The lack of effect on systemic
immune cell function within lymphocyte populations was further evidenced by the lack
of effect of ALT-treatment of NOD donor splenocytes on diabetes incidence following
adoptive transfer to NODscid recipients.

Using an in vitro approach, we examined the MIN6N8 β-cell immunopeptidome;
the peptide repertoire presented by MHC class Ia. The addition of ALT did not change
the length of peptides recovered, which were a standard 8–12 amino acids in length as
expected [52], but may have impacted their abundance, while motifs were shared amongst
all treatment groups. To our knowledge, this is the first time that the immunopeptidome
approach has been used to study MHC Class I peptide expression in the NOD derived
MIN6N8 mouse β-cell line after AGE-lowering therapy. Although our work shows pre-
liminary analysis and no major changes to the nature of MHC-I bound peptides, it was
interesting to observe the increase of 8-mer YQLENYC(glutathione disulfide)N (InsA14–21)
after AGE-BSA which was reduced after ALT therapy to levels similar to similar to that
of BSA control. Mannering et al., previously described post-translational modifications
to cysteine residues of a human insulin A-chain T cell epitope [53], and using clustered
regularly interspaced short palindromic repeats (CRISPR)/Cas9 to replace murine insulin 1
with human insulin in the NOD mouse, largely protected from diabetes development [54].
The modification of glutathionylation to insulin A should be investigated further beyond
this study due the abundance of glutathionylation to cysteines under oxidative stress [55].

Proteomic analysis revealed an enrichment of selected proteins after the addition
of AGE-modified BSA compared to unmodified BSA. From our preliminary experiment
in MIN6N8 cells, we observed upregulation in tubulin proteins which was not seen in
MIN6N8 cells treated with ALT. Microtubules are critical in glucose stimulated insulin
secretion [56], regulating the availability of insulin [57] and allowing the travel of insulin
granules along tubulin tracks [58]. Upon microtubule destabilisation, a subset of insulin
granules are released [59]. High AGE environments consistently reduce the ability of β-
cells to secrete insulin which has been attributed to an increase in oxidative stress [11,13,16].
What would be interesting to substantiate in the future, is if high AGE environments
result in changes or depolymerisation [14] or hyper-stabilization of the dense microtubular
structure in the β-cell, resulting in insulin secretory dysfunction [59,60].

Proteomic analysis further revealed that ALT therapy enriched for calnexin and
progranulin, but reduced multivesicular body subunit and cysteine protease, proteins
involved in secretory [61] and autophagy [62–64] pathways, respectively. Calnexin is a
lectin chaperone protein in the endoplasmic reticulum (ER), responsible for the folding
of N-glycosylated proteins destined for the plasma membrane [61]. ER stress is a major
contributor of β-cell fragility in autoimmune diabetes [65], and while other ER chaperone
proteins are reported in the removal of mis-folded proteins [66], to our knowledge, the
importance of calnexin in the β-cell has yet to be determined. Interestingly, ER stress
can increase in response to progranulin administration [67] and impair insulin sensitivity
in rodent models [67,68]. Within the pancreas of MEN1 transgenic mice, progranulin
was found to be a potent stimulator of β-cell proliferation in pancreatic tumours [69]
and in Grn−/−mice, progranulin is vital for endolysosomal trafficking regulation [70].
Interestingly, while β-cells are high secretory cells like neurons, the role progranulins play
in insulin secretion or β-cell survival is unknown.

Multivesicular body subunit forms a component of the regulatory complex that traffics
ubiquinated cargos into multivesicular bodies [62,63], while cysteine protease is required
for deconjugation where proteins are cleaved prior to the conjugation to phospholipids [64].
Receptor-mediated endocytosis is an important mechanism in both AGE uptake and
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removal [3], and in the recapture of exocytotic vesicles after insulin release in β-cells [71].
Although this is an interesting finding, conclusions on the mode of action within β-cells
cannot be made. One exciting application that could further scrutinize the effect of ALT on
islet cell secretion would be the rapidly developing methods that can monitor live, single
vesicle fusion via two-photon microscopy [72].

Calcium-independent phospholipase hydrolyses ester bonds in phospholipids to
release free fatty acids and lysophospholipids [73]. Arachidonic acid is a product generated
from this reaction and can be further metabolised into proinflammatory lipid mediators.
Within β-cells, calcium-independent phospholipase appears to be involved in glucose
stimulated insulin secretion [74,75], proliferation and apoptosis in INS-1 cells [75] and
human islets [76] and has thus been suggested as a target to improve β-cell longevity [76].

Carboxypeptidase N (Cpn1) is a circulating zinc metalloprotease which cleaves carboxy-
terminal lysines and arginines from peptides found in the bloodstream [77]. Specific roles
of carboxypeptidases have been difficult to ascertain due to the large number of protein
members within the CPN family [77]. Within the islet, carboxypeptidase B1 has been shown
to regulate rodent β-cell proliferation [78], carboxypeptidase E is regulated by insulin and
is involved in proinsulin processing [79], carboxypeptidase H and E has been suggested
as a T1D autoantibody in humans [80]. While the inhibition of carboxypeptidase M in
rats reverses insulin resistance [81], and cross-talk between carboxypeptidase N and Car-
boxypeptidase B2 is observed during complement activation [82], the functional relevance
of the downregulation of this protein with ALT is unknown.

DDB1- and CUL4-associated factors (DCAF) are proteins involved in substrate speci-
ficity for protein ubiquitination in the CUL4-DDB1 ubiquitin ligase [83]. While this ligase
regulates cellular proliferation, survival and genomic integrity, DCAF11, which was down-
regulated by ALT therapy, has an unknown function and cellular binding partner, like most
identified DCAFs [83].

Given activation of catabolic processes can be an indication of nutrient scarcity [84],
the reduction of these catabolic processes by ALT therapy appear strange without the reduc-
tion of circulating blood glucose. Still, it would be interesting to understand whether ALT,
which reduced subunit proteins involved in endocytic [48,49] and autophagy vesicle forma-
tion [62–64], has the ability to confer stress-resistance via the change in metabolic pathways
associated with catabolism; fatty acid oxidation and oxidative phosphorylation [84].

The major limitation of our omic work is the lack of technical replicates and the ability
to perform dose escalation studies. This is due to the vast number of cells required for
immunopeptide precipitation and capture and the slow growth of MIN6N8 cells. Our
results were from pooled replicates using previously optimised concentrations and should
be interpreted with as such, however, are consistent with the functional studies that suggest
a β-cell effect of ALT treatment rather than an immune mediated effect. This further empha-
sizes the requirement for future omic experiments in treated preclinical and ex vivo human
islets using escalating doses of ALT to validate the effect of AGEs on the protein pathways
enriched. Future studies should focus on validation of differentially expressed proteins and
pathways using orthogonal validation techniques, such as multiplexed Western blotting
and targeted mass spectrometry. We suggest that our database of immunopeptides and
proteins (PXD025998) start as a reference point for researchers interested in therapeutic
agents of advanced glycation, and its associated receptors and pancreatic islets.

Another limitation of this work is that the specific mode of action of ALT continues to
remain elusive. Although first thought as a chemical cross-link breaker of α-dicarbonyl-
containing compounds, evidence supporting this is lacking and the most likely mechanisms
of action include metal chelation, anti-oxidant activity and bypassing the generation
of MGO, previously reviewed in [85–87]. Certainly, we observed that circulating AGE
precursors, MGO, GO and 3-DG and AGEs CML, CEL and MG-H1 were not decreased
directly after cessation of ALT therapy. This may point to the therapeutic dose and exposure
time to ALT, the limited number of measurements performed in mice, or simply that the
reduction of intermediates or AGEs is localised to the β-cell, islet, or pancreas. AGE
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precursors and AGEs were not measured within islets in our study and is a clear limitation
which should be prioritised in future studies [86]. The time dependency of ALT is however
supported by our previous study, in which long-term prophylactic ALT therapy delayed
diabetes onset [11]. It has been highlighted by this experimental work and by others [41],
that one therapy is unlikely to be effective for T1D prevention. Rather, future work should
focus on innovative, combinatorial approaches that could slow β-cell demise and reduce,
reset and/or correct immune system function to prolong diabetes remission [41].

Taken together, these studies present a case for future work to be performed to better
understand the effects of AGE lowering therapies on β-cell function and how these may
be temporally determined. Certainly, the AGE-RAGE axis is gaining increasing attention
as a potential pathway which can be modulated to both preserve β-cell function and
arrest the development of T1D. However, our present findings suggest that prophylactic
therapy, with the AGE lowering therapy, alagebrium chloride prediabetes, is not sufficiently
effective in this context and other approaches should be prioritised.

4. Materials and Methods
4.1. Rodent Studies

Animal experiments were approved by an animal ethics committee (University of
Queensland) and adhered to national guidelines by the National Health and Medical
Research Council, Australia. Sample size calculations were estimated using a power of
0.80 and α = 0.05, where 80% of control mice were expected to develop diabetes by study
end from previous studies in the animal facilities. Female NODShiLt mice were housed in
the Biological Resource Facility in pathogen-free conditions at the Translational Research
Institute, Brisbane Australia, and were randomly assigned to cages (n = 5/cage) and
investigators were not blinded to treatments. Mice were given standard chow and water ad
libitum, paper bedding and enrichment, and maintained on 12-h light-dark cycles, handled
equally and allowed to acclimatise in the facility for at least 7 days prior to the start of
procedures. Body weights and non-fasted blood glucose measurements by a glucometer
(SensoCard) were taken weekly until day 100 of life, where measurements increased in
frequency to at least twice weekly, when monitoring for diabetes incidence.

For diabetes incidence studies, groups of female NOD mice (n = 18–20/group) were
either given no treatment or daily, subcutaneous injections of ALT chloride (1 mg/kg/day;
Anthem Biosciences Ltd., Bangalore, Karnataka, India) for 50 days from day 50 to 100
of life. These mice were followed until diabetes was diagnosed (two consecutive, non-
fasting blood glucose measurements of ≥15 m·mol/L) or until day 250 of life in the
absence of diabetes. To determine the effect of ALT prediabetes, groups of female NOD
mice (n = 10/group) were either given no treatment or daily, subcutaneous injections of
ALT chloride (1 mg/kg/day; Anthem Biosciences Ltd.) for up to 40 days from day 50
of life, and were sacrificed from day 80–90 of life. To study effects on pancreatic islets,
pancreatic infiltrate and splenocyte function, female NODShiLt mice were randomised
(n = 8/group) to receive no treatment or subcutaneous injections of ALT (1 mg/kg/day;
Anthem Biosciences Ltd.) for 28–32 days from day 50 of life.

Adoptive transfer studies involved either the treatment of female donor or recipi-
ent NODShiLt mice (n = 5–10/group) with or without subcutaneous injections of ALT
(1 mg/kg/day; Anthem Biosciences Ltd.). Either treated or untreated NOD splenocytes
were pooled and injected intravenously (1 × 106–2 × 107 cells/mouse) into 6-week old
NOD.CB17-Prkdcscid/J recipient mice or NOD G9C8 cytotoxic T lymphocytes [30] were ac-
tivated using recombinant insulin B15-23 peptide, and injected intravenously into 80- day-
old-treated NODShiLt recipients [88]. Recipient mice were followed until diabetes diagnosis
as described above or until day 250 of life in the absence of diabetes. At the end of the
study or experiment end, mice were fasted and anesthetized as previously described [89].
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4.2. MIN6N8 Cells

MIN6N8 cells (kindly provided by Professor Jun-ichi Miyazaki, Osaka University)
were maintained in phenol-red free DMEM (ThermoFisher Scientific, Scoresby, VIC, Aus-
tralia) containing 25 mM glucose (Sigma-Aldrich, Castle Hill, NSW, Australia), 10% v/v
heat-inactivated FBS (ThermoFisher Scientific), 100 U/mL of penicillin, 100 µg/mL of
streptomycin (ThermoFisher Scientific), 2 mM·L-glutamine and 71.5 µM beta mercap-
toethanol (Sigma-Aldrich) [60]. Unmodified BSA (control) and AGE modified BSA were
produced in-house and described elsewhere [11]. Prior to BSA (100 µg/mL), AGE-BSA
(100 µg/mL) and ALT (40 µM) experimentation, MIN6N8 cells were cultured overnight in
culture medium containing only 2% v/v heat-inactivated FBS.

4.3. Proteomic Extraction, Labelling, Detection and Quantification in MIN6N8 Cells

Refer to Supplementary Methods for full detail.

4.4. Metabolic and Biochemical Measurements

Glycated haemoglobin from whole blood was measured spectrophotometrically
(Cobas Mira, Roche Diagnostics, Sydney, Australia) using a commercial ELISA (Crystal
Chem Inc., Downers Grove, IL, USA). From fasting plasma, total insulin (Merck Milli-
pore, Bayswater, VIC, Australia) and proinsulin (Mercodia AB, Uppsala, Sweden) were
determined using commercial ELISAs following the manufacturer’s instructions. From non-
fasting plasma, circulating AGEs and α-dicarbonyls were measured using an LC-MS/MS
technique as described previously [33].

4.5. Histology and Immunohistochemistry

The tail/body of pancreata from NOD mice were fixed (10% neutral buffered formalin),
dehydrated and embedded in paraffin using standard techniques. For insulitis, serial
sections (n = 4–8/mouse, 96 µm apart) were stained using haematoxylin and eosin and
quantified in a blinded fashion (26–88 islets/mouse, n = 4–8 mice/group), as previously
described [90]. Serial sections (n = 2–4/mouse, 96 µm apart) were stained using anti-
insulin (R&D systems, Noble Park North, VIC, Australia; clone 182410) or anti-proinsulin
(R&D systems; clone 253627) as previously described [17]. Sections were imaged using
an automatic slide scanner (Olympus VS120, Olympus Australia Pty Ltd., Macquarie
Park, NSW, Australia). Islet area and number were quantified in a blinded fashion using
Visiopharm image analysis software v4.5.6.440 (Olympus Australia Pty Ltd.). Antigen
quantification from DAB+ areas was calculated as a reciprocal DAB intensity as detailed
previously [91].

4.6. Flow Cytometry

Pancreata were isolated and digested to obtain single cell suspensions as previously
described [92]. Antibodies against CD45.1 (A20), CD4 (GK1.5), CD8α (53-6.7), CD11b
(M1/70), Cd11c (N418) and IAg7 (10.2.16) were purchased from Biolegend (San Diego, CA,
USA). Antibodies against CD19 (ID3), CD45R (RA3-6B2) and IgM (II/41) were purchased
from BD Biosciences (North Ryde, NSW, Australia). Antibodies against F4/80 (CI:A3-1)
were purchased from AbD Serotec (Raleigh, NC, USA). Pancreatic cells were stained as
previously detailed [92] and cytometric data were acquired in an unblinded fashion on the
BD LSR II (BD Biosciences) and analysed using FlowJo software v8.

4.7. ELISpot Assay

Isolated splenocytes (5 × 105 cells/well) were loaded into polyvinylidene difluoride
ELISpot plates (Merck Millipore) which were pre-absorbed with IFN-γ antibody. Cells
were stimulated with anti-CD3 (0.1 µg/mL) and maintained for 48 h in RPMI, 5% v/v
FBS, 2 mM of penicillin/streptomycin/glutamine (ThermoFisher Scientific), 50 nM beta
mercaptoethanol and 1 mM sodium pyruvate (ThermoFisher Scientific). ELISpot assays
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were developed as previously described [25] using an immune-spot plate reader (AID
GmbH, Strassburg, Germany).

4.8. Statistical Analyses

Data was analysed for normality by either the D’Agostino-Pearson test, Shapiro-Wilk
test or by viewing histograms. Gaussian distributed data are expressed as mean ± S.D
and analysed using the unpaired Student’s t-test. Non-Gaussian distributed data are
reported as medians with IQR and analysed by the Mann-Whitney U test, or mixed-effects
model with Sidak’s post-hoc test. Correlations were analysed via linear regression and
Pearson’s correlation test. Kaplan-Meier survival curves were compared by the Log-Rank
test. Predicted variables associated with survival analysis were analysed via Cox regression.
Frequency distributions were evaluated by chi-squared (χ2). Calculations were performed
using graph prism (v6.05 or v8.0.1). p values < 0.05 were considered statistically significant.

5. Conclusions

Overall, our data demonstrates that short duration of ALT therapy does not extend
β-cell function, inhibit experimental autoimmune diabetes or effect systemic immune
function. Future studies should dissect whether co-administration of immunomodulatory
therapies with ALT during the neonatal period can have an additive protective effect and
what cellular processes are changed in response to ALT in islets at the single cell level using
sophisticated microscopic and omic approaches.
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