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disease and in the long term pave the way for personalized
therapies.

a- AND b-CELLS IN HUMANS: THE CURRENT
CONTRADICTORY SCENARIO

Although the mechanisms responsible for type 2 diabetes
(T2D) are still not completely understood, it is now well
established that hyperglycemia is generally due to a progressive loss of b-cell insulin secretion against a background of insulin resistance. Investigating how b-cells and
a-cells change in terms of number and/or secretory function is a rational approach to understanding the natural
history of this complex and multifaceted disease (1).
In Tables 1 and 2, we summarize the reports on the
quantiﬁcation of human b-cells and a-cells. It is interesting to note that the results are often contradictory.
Although some authors describe 52% b-cells per islet in
control subjects (2), others found the same percentage in
samples from individuals with diabetes (3,4). A similar
contradiction is evident regarding the quantiﬁcation of
a-cells: some studies describe an increase in a-cells in
individuals with diabetes (3,5), whereas others do not
(4,6,7). These data make it challenging for readers to
interpret results at a time when even b-cells have been
classiﬁed into subpopulations (8–10).
In a previous study (11), we examined islet morphology
in a subset of patients without diabetes, subclassiﬁed
according to their insulin sensitivity (i.e., insulin resistant
compared with non–insulin resistant) (Table 2). We observed that the ratio of a-cell to b-cell area was higher in
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METHODOLOGY REVIEW

Although it is well established that type 2 diabetes
(T2D) is generally due to the progressive loss of b-cell
insulin secretion against a background of insulin resistance, the actual correlation of reduced b-cell
mass to its defective function continues to be debated. There is evidence that a compensatory increase in b-cell mass, and the consequent insulin
secretion, can effectively cope with states of insulin
resistance, until hyperglycemia supervenes. Recent
data strongly indicate that the mechanisms by which
islets are able to compensate in response to insulin
resistance in peripheral tissues is secondary to hyperplasia, as well as the activation of multiple cellular
machineries with diverse functions. Importantly, islet
cells exhibit plasticity in altering their endocrine commitment; for example, by switching from secretion of
glucagon to secretion of insulin and back (transdifferentiation) or from an active secretory state to
a nonsecretory quiescent state (dedifferentiation)
and back. Lineage tracing (a method used to track
each cell though its differentiation process) has
demonstrated these potentials in murine models. A
limitation to drawing conclusions from human islet
research is that most studies are derived from human
autopsy and/or organ donor samples, which lack
in vivo functional and metabolic proﬁling. In this review, we speciﬁcally focus on evidence of islet plasticity in humans—from the normal state, progressing
to insulin resistance to overt T2D—to explain the
seemingly contradictory results from different crosssectional studies in the literature. We hope the discussion on this intriguing scenario will provide a forum
for the scientiﬁc community to better understand the
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Table 1—The present scenario: b-cell/area and quantiﬁcation data on human pancreata

b-Cell quantiﬁcation
study

Change
within
control
subjects (%)

Diabetes

Reduction
diabetes vs.
control subjects
(%)

0.573 6 0.259 g

36

Unit

Control
subjects

Rahier et al. (1)

Mass per pancreas

0.888 6 0.304 g

Butler et al. (2)

% per islet

52.0 6 4.1% (lean)

38.0 6 3.9% (lean)

26

Butler et al. (2)

% per islet

45.4 6 2.7% (obese)

37.0 6 2.3% (obese)

17.7

Inaishi et al. (7)

% per total
pancreas area

1.48 6 1.08%

0.80 6 0.54%

46

Yoon et al. (5)

% per islet

59.0 6 10.3%

38.3 6 12.4%

35.5

Marselli et al. (4)

% per islet

72.1 6 8.7%

54.9 6 6.3%

24

Cinti et al. (3)

% per islet

77.2 6 1.8%

53.1 6 3.7%

31

Yoneda et al. (12)

% per total
pancreas area

NGT 1.60 6 0.45%
IGT 0.99 6 0.51%

38

NewOns 0.93 6 0.23%
Longst 0.53 6 0.1%

43

Mezza et al. (11)

% per total
pancreas area

InsSens 0.58 6 0.17%
InsRes 1.10 6 0.23%

47

Data are means 6 SE. InsRes, insulin resistant; InsSens, insulin sensitive; Longst, long-standing; NewOns, new onset. Rahier et al. (1)
used the traditional method of measurement of b-cell mass. The other studies describe percentages of islet or total pancreas area
occupied by b-cells as a surrogate for the total mass of endocrine cells.

insulin-resistant subjects without diabetes, due to a relatively greater increase in a-cell area (by approximately ﬁve
times) compared with the increase in b-cell area. Interestingly, the a-cell area was inversely correlated with
insulin sensitivity, meaning that the greater the insulin
resistance, the greater the a-cell mass (11). Whatever the
underlying mechanism, it is evident that not all subjects
without diabetes have the same a-cell and b-cell masses, as
each is strongly inﬂuenced by individual insulin resistance
(and the secretory consequences).
In this context, it is important for the reader to interpret the basis for considering 52% b-cells per islet as
“normal” in some studies (2,5), while 53% is labeled as
“reduced” in others (3,4). When one carefully examines the
control groups used in these studies, it might be inferred
that the lower percentage of b-cell mass (2,5) is due to
the selection of more insulin-sensitive subjects, in whom
b-cell mass is sufﬁcient to guarantee euglycemia; while
the greater percentage of b-cell mass described in other
studies (3,4) is due to the presence of relatively more
insulin-resistant subjects, in whom the b-cell mass
increases to compensate for the increased insulin demand.
Similarly, the reports describing a-cell mass also vary
signiﬁcantly. For example, although some studies report
an increase in a-cells in patients with diabetes, others have
observed a comparable a-cell mass between groups, attributing the increase in the a-cell/b-cell ratio to the
reduced b-cell mass, rather than to an absolute increase
in a-cells (Table 2).
Applying the same logic as above, one needs to consider
the difference between the two groups of patients without diabetes (i.e., insulin sensitive vs. insulin resistant) as
contributing to the contradictory results observed in T2D
groups compared with “control groups.” Thus, the studies

that describe an increase in a-cell mass may have compared T2D subjects with a homogeneous control group,
which included relatively more insulin-sensitive control
subjects (3,5), whereas the other studies, which reported
comparable a-cell mass between groups, may have included both insulin-sensitive and insulin-resistant
subjects and/or mostly insulin-resistant subjects as control
subjects (1,4,6,7). Of course, other hypotheses cannot be
excluded.
These studies provide examples of how crucial information may be missed if one does not adequately characterize control groups before assessing islet cell mass and,
indirectly, this can potentially explain the lack of an
increase in a-cell mass in some pancreas samples from
patients with diabetes. Thus, the current contradictions
might be only apparent.
INSULIN RESISTANCE AND ISLET PLASTICITY: THE
EMERGING SCENARIO

Although the contradictory results in the studies discussed above are potentially due to lack of “uniform
control subjects” across all studies, another variable
that requires careful consideration in such studies is prediabetes.
Yoneda et al. (12) were among the ﬁrst to “subclassify”
control subjects (Table 1). In this study, pancreatic surgical
samples from 42 patients were analyzed, and 32 of these
patients were subjected to an oral glucose tolerance test.
Subjects were then classiﬁed into the following groups:
normal glucose tolerance (NGT), impaired glucose tolerance (IGT), or T2D. The authors reported a progressive
decrease in the percentage of b-cell area across the groups
with the largest decrease in patients with long-standing
T2D. Considering that the greatest variation in b-cell
mass was between NGT and IGT subjects, the major reduction
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Table 2—The present scenario: a-cell/area and quantiﬁcation data on human pancreata
a-Cell quantiﬁcation
study

Individuals with
diabetes

Increase (%)

a-cell/b-cell
increase (%)

0.347 6 0.183 g

0.366 6 0.186 g

NS

30

% per total
pancreas area

0.49 6 0.44%

0.35 6 0.31%

NS

11

% per islet

16.6 6 2.8%

26.1 6 6.1%

9.5 (1.6-fold
change)

52

Unit

Individuals without
diabetes

Mass

Inaishi et al. (7)
Yoon et al. (5)

Henquin and
Rahier (6)

Increase (%)

Marselli et al. (4)

% per islet

20.2 6 5.3%

23.3 6 5.4%

NS

15

Cinti et al. (3)

% per islet

22.75 6 1.6%

37.36 6 1.5%

14.61 (1.6-fold
change)

30

Mezza et al. (11)

% per total
pancreas
area

InsSens
0.04 6 0.01%
InsRes
0.23 6 0.06%

0.19 (5.7-fold
change)

14

Data are means 6 SE. InsRes, insulin resistant; InsSens, insulin sensitive. Henquin and Rahier (6) used the traditional method of
measurement of a-cell mass. The other studies describe percentages of islet or total pancreas area occupied by a-cells as a surrogate for
the total mass of endocrine cells.

in the percentage b-cell area was observed in the prediabetic
phase, suggesting that signiﬁcant changes in islet cell function
and/or morphology occur during this period.
T2D is characterized by insulin resistance, which typically begins several years prior to hyperglycemia, and is
detectable over the entire course of the disease. On the
other hand, b-cell secretory function has a compensatory
phase during which insulin secretion rises to compensate
for insulin resistance, thereby maintaining euglycemia,
and then falls off, leading to the increase in plasma glucose
levels (13–15). Insulin resistance therefore seems to be the
driver of the early compensative phase. Insulin resistance,
however, is not limited to skeletal muscle, liver, adipose
tissue, and other insulin-sensitive tissues as traditionally
believed; indeed, it has been described in insulin-secreting
b-cells (16,17) or a-cells (18), where it could modulate
insulin secretion (19). It is therefore possible that insulin
resistance in the same islet cells contributes, in part, to the
failure of cell growth and secretory function during the
euglycemic compensatory phase (20). However, it should
be noted that insulin resistance is not invariably associated
with subsequent hyperglycemia, since the triad insulin
resistance plus increased insulin plus increased b-cell
mass without hyperglycemia has been observed in several
conditions, including obesity (21,22), pregnancy (23,24),
and polycystic ovary syndrome (25). Thus, b-cells are able
to compensate for insulin demand that occurs in different
conditions. When the compensation mechanisms are lost,
hyperglycemia appears.
MECHANISMS OF COMPENSATION

Several studies (26–28) provide indirect evidence that islet
cell mass is dynamic and capable of adapting to physiological or pathological conditions to maintain normoglycemia. In pregnant women, for example, there is a 40%
increase in the relative volume of b-cells (percentage of

b-cells/pancreas). Another model of pathophysiological
b-cell compensation is obesity, which can lead to a 30-fold
increase in b-cell mass in mice (29), but only an ;30%
increase in humans (1,30).
This capacity of the islet to modify its architecture and
function (i.e., islet plasticity) has been described in several
metabolic conditions. Our group has observed similar
changes in pancreatic samples from individuals without
diabetes (11,31). In these studies, we classiﬁed individuals
on the basis of insulin sensitivity (measured with the gold
standard euglycemic-hyperinsulinemic clamp) and observed that chronic insulin resistance, in the absence of
hyperglycemia, directly impacts islets. This was evident
from the 50% increase in the percentage of b-cell area in
insulin-resistant subjects compared with insulin-sensitive
control subjects. Insulin resistance did not directly modify
b-cell size, suggesting that the increase in b-cell area is
unlikely to be due to cell hypertrophy (11).
Although direct evidence in the context of human islet
morphology is still limited, ﬁndings in murine and in vitro
models, reviewed by Migliorini et al. (32), reveal that
endocrine and exocrine cell types within the pancreas
preserve a level of cellular plasticity. In particular, rodent
models of insulin resistance (reviewed by Mezza and
Kulkarni [33]) show increased b-cell mass and proliferation largely in an attempt to compensate for increasing
insulin demand. Further, analyses of a-IRKO mice have
demonstrated the signiﬁcance of insulin signaling in the
regulation of a-cell function and mass, where the mutant
mice exhibited hyperglucagonemia, glucose intolerance,
and an age-dependent progressive increase in b-cell area,
whereas a-cell area was unchanged, leading to a relative
decrease in cell area (18).
The precise origin of potential new b-cells in insulin
resistance continues to be a topic of active investigation.
Replication, neogenesis, and transdifferentiation (i.e.,
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transdifferentiation of a-cells into b-cells and/or acinar/
ductal transdifferentiation into insulin-producing cells)
are all potential sources and warrant further investigation
(Fig. 1) (11,31,34,35).
In contrast to data in rodents (36,37), studies in humans,
to date, have found no evidence of replication or apoptosis
of b-cells in insulin resistance–induced islet remodeling,
whereas increased proportions of small islets, increased
numbers of insulin+ cells within the ducts, and increased
numbers in singlet insulin+ cells have all been observed in
both pregnant and insulin-resistant individuals (11,27).
Nevertheless, it is worth noting that human b-cells are
receptive to proliferation in vitro as reported by multiple
groups (34,35,38–42), despite data describing a lower rate of
proliferation obtained through more intense stimulations.
Findings in mice have revealed plasticity and a potential
for intraislet (e.g., a-cell) and extraislet (acinar and ductal)
cell transdifferentiation in order to produce insulin
(reviewed by Aguayo-Mazzucato and Bonner-Weir [43]).
In humans, pancreatic ductal cells have been proposed as
a possible source of these new b-cells. For example, a threefold increase in cells coexpressing insulin and the duct
marker cytokeratin 19 has been observed in individuals
with insulin resistance or IGT (11,12). Since the majority
of human studies are cross-sectional, the origin of the
insulin+ duct cell in humans continues to be a mystery. In
this context, it is worth noting that pancreatic duct cells
have been reported to serve as a pool for progenitors of
both islet and acinar tissues after birth and during
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adulthood (44–46). Compelling as this evidence on human
pancreatic sections and isolated human duct cells is, we
should consider the ability of a pool of duct cells to
transdifferentiate into insulin-producing cells, as a possible
compensatory mechanism in insulin resistance–induced
remodeling of islets.
Another potential origin of “new” b-cells is the pool of
a-cells themselves. Transdifferentiation of a-cells into
b-cells has been observed in several studies and different
experimental settings (47–49). Single gene manipulations
have been reported to sufﬁce to induce a-cell conversion
into b-cells, using an ectopic Pax4 overexpression model by
Collombat et al. (48). In humans, an increase in a-cells has
been reported in insulin-resistant subjects (11), where
a greater increase in a-cell area compared with the increase
in b-cell area explained the increase in the ratio. The
mechanisms underlying this apparent increase in a-cell
mass in humans remains unclear. However, various studies
analyzing disruption in glucagon signaling induced in
animal models (50–52) have found that a-cell hyperplasia,
similar to that in insulin resistance, is due to an increase in
a-cell proliferation and hormone production in states of
glucagon resistance. Further, a hepatic–a-islet cell axis,
where glucagon regulates serum amino acid availability,
seems to induce elevated plasma amino acid levels and
compensatory glucagon hypersecretion involving the expansion of pancreatic a-cell mass (53,54). In addition, the
contribution of hyperinsulinemia to a-cell hyperplasia is
supported by observations that IRS2 KO mice exhibit

Figure 1—Schematic representation of the hypothetical scenario of islet plasticity. Islet plasticity is the capacity of the islet to modify its
morphology and function according to different metabolic conditions. A potential explanation of the present scenario is as follows: when
insulin resistance increases insulin demand, islet plasticity guarantees a twofold increase in b-cells, whose origins are still debated but some
hypotheses are transdifferentiation from centroacinar and duct cells (duct red cells and centroacinar violet cells), replication (red cell Ki67+),
and neogenesis from an unknown source (white to red cell); a twofold increase in the a-cells transdifferentiated into insulin-producing cells
(yellow double-positive cells); and a ﬁvefold increase in the a-cells via neogenesis, with a consequent increase of a potential GLP-1 source
(white to green cell). As with any compensatory mechanism, in a chronic condition, it is bound to fail. The exhausted b-cells undergo
dedifferentiation (Dedif) (a resting state, red to gray cells), the double-positive cell switches back into the original a-cell (yellow cells to green
cells), and the overstressed b-cells transdifferentiate into a-cells (red cell to green cell).
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reduced a-cell mass and glucagon secretion (55), whereas
in vitro insulin treatment of a-TC1 cells leads to increased
a-cell proliferation by triggering mammalian target of
rapamycin (56). In the context of increased a-cell mass
observed in experimental conditions of glucagon and insulin resistance, an increase in the percentage of insulin/
glucagon double-positive cells reported in individuals with
insulin resistance and IGT links a-cell and b-cell function
in vivo (11,12,31). The evidence of bihormonal cells has
been interpreted as conﬁrmation of a-cell transdifferentiation into b-cells; however, the exact signiﬁcance and
fate of these cells in the context of prediabetes in humans
are important areas for further investigation. Of note, this
increase in bihormonal cells was more apparent in larger
islets compared with smaller ones, suggesting a continuing
attempt to respond to greater insulin demand despite the
already increased islet size. In vivo b-cell dysfunction has
been correlated with islet dimensions and with the percentage of a-cell to b-cell transdifferentiation, suggesting
that the b-cells themselves emit signals to induce their
own regeneration (31). Thus, dysfunctional b-cells could
drive the increase of b-cell mass, but also promote the
process of producing new b-cells, thereby expanding the
cell mass when secretory function decreases. However, few
of these studies include comprehensive molecular and
functional analyses to attest to the efﬁcacy of reprogrammed b-cell populations. The recent identiﬁcation of
urocortin32, insulin-expressing b-cells (1–2% of all
b-cells) that are transcriptionally and functionally immature, suggests a naturally occurring a-cell to b-cell
conversion process as part of islet homeostasis (57). Lineagetracing studies have revealed that these cells represent an
intermediate stage in both the transdifferentiation of
a-cells to mature b-cells and in the inverse transition
(57). The transcriptional proﬁle of double hormonepositive cells could provide insights into the mechanisms
underlying a-cell to b-cell conversion and unravel regulatory factors that allow this transition. Indeed, such rare
double hormone-positive cells were captured by single-cell
RNA-sequencing studies, but this observation was not
further commented on or excluded as potential evidence
of double hormone-positive cells (58,59). Recent reports
have identiﬁed activation of the GABA signaling pathway
as a means to induce transdifferentiation of pancreatic
a-cells into b-cells. Whether the role of GABA in the
transdifferentiation process is context dependent and/or
requires very precise experimental conditions must be
determined by further studies (60,61).
An additional contribution to compensation by a-cells
is the intraislet production of glucagon-like peptide
1 (GLP-1) (62), which could potentially impact islet function and remodeling. As already known, GLP-1 enhances
glucose-stimulated insulin secretion (63) and inhibits glucagon release (64). Interestingly, it has been suggested that
the presence of GLP-1 in the islet has other effects,
including the differentiation of progenitor cells into
b-cells in the pancreatic duct epithelium (65,66), and
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the direct stimulation of proliferation and inhibition of
apoptosis of b-cells (67–69). Therefore, the production of
incretin hormones in the pancreatic islets might be an
adaptive mechanism to improve b-cell function and survival
under stress (70). Further, it has been recently suggested
that GLP-1 stimulates b-cell autophagy and that this plays
a role in the inhibition of apoptosis in human islets (71).
Several groups have found that islet cells produce GLP-1
under various stress conditions, including obesity (72,73).
Among other pathways, recent reports suggest that in vitro
and in vivo factors or signals can promote the transdifferentiation of a-cells into b-cells (11,48,74,75), and that this
transdifferentiation is driven by intraislet GLP-1 secretion.
Pancreas extracts from glucagon receptor knockout mice
(52) exhibit an increase in GLP-1 levels associated with an
up to 10-fold increase in circulating levels of GLP-1 amide,
the active form of the incretin hormone, whereas no
changes were observed in GLP-1 levels in intestinal extracts,
suggesting that the pancreas is one of the sources of
circulating GLP-1. These reports have refueled research
on the in vivo function of a-cells in both prediabetes and
diabetes that is aimed at investigating the potential role of
these cells in islet homeostasis.
Neogenesis from exocrine cells (including duct and
centroacinar cells) and transdifferentiation (including
a-cells to b-cells) promoted by insulin resistance and
potentially driven by intraislet GLP-1 secretion might be
one of the important mechanisms underlying the compensatory response to increased insulin demand.
Collectively, these results and other models (recently
reviewed by Aguayo-Mazzucato and Bonner-Weir [43])
have demonstrated an extraordinary plasticity of islet
and exocrine cells triggered by insulin resistance in order
to maintain euglycemia in the prediabetic state.
FAILURE OF COMPENSATION

Despite the attempts at compensation discussed above,
the natural history of diabetes is typically characterized by
a progressive steep decline in b-cell function preceding the
onset of overt disease (76). Until a few years ago, b-cell
demise was considered the principal mechanism underlying this decline (2); however, data from rodents and
correlative human studies have introduced a new alternative:
b-cell dedifferentiation. The process of dedifferentiation was
ﬁrst described in vitro wherein culture conditions prompt
mature b-cells to attain a mesenchymal cell phenotype while
retaining the potential to redifferentiate into b-cells (77,78).
Subsequently, lineage-tracing experiments in mice have
demonstrated that stress switches off the b-cell gene
leader FOXO1 and that the stunned b-cell, instead
of dying, undergoes dedifferentiation by returning to
a progenitor-like state.
In human pancreatic samples, a dedifferentiated b-cell
has been deﬁned as one that no longer contains pancreatic
hormones, although still retaining endocrine features (i.e.,
synaptophysin and/or chromogranin A immunoreactivity)
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and the expression of progenitor markers such as ALDH1a3.
The fact that dedifferentiated b-cells account for 30% of
b-cells in patients with diabetes and ;10% in “control
subjects” suggests that dedifferentiation plays a role in
insufﬁcient insulin secretion in patients with diabetes
(3,4,79,80). These recent data have been interpreted in
different ways and raised several questions that need to
be addressed: for example, are the dedifferentiated cells just
degranulated or have they lost their identity? Should we
consider these cells as attempting to regenerate (81)?
Importantly, ﬁndings in murine models (82,83) reveal
that dedifferentiated b-cells have the ability to revert into
insulin-producing cells under different experimental conditions, suggesting that even dedifferentiation contributes
to the continuous process of islet remodeling from normal/prediabetes stages to overt diabetes. On the other
hand, if the chronic metabolic inﬂexibility persists, the
failure of dedifferentiation coupled with transdifferentiation of b-cells into other hormone-producing cells (e.g.,
a-cells) likely nulliﬁes the extraordinary attempts at compensation (84).
Taken together, these data provide an alternative perspective on the changes in islet cell identity over the
natural history of T2D. Although the increase in a-cells
observed in insulin resistance acts as a potential source of
b-cells to compensate for increased insulin demand (and
the transition phase is characterized by the presence of
insulin/glucagon double-positive cells), the persistence of
metabolic inﬂexibility ﬁnally leads the b-cells to revert to
the original a-cells, likely causing the hyperglucagonemia
observed in T2D (Fig. 1) (3).
THE NEED TO LINK FUNCTION AND
MORPHOLOGY: THE FINAL SCENARIO

Most of the studies discussed in previous sections have
evaluated autopsy pancreata or organs from donors
(1,2,85,86). Despite the advantage of using the entire
organ, the autopsied pancreatic specimens likely exhibit
postmortem degeneration as a consequence of variable
cold ischemia times (i.e., the time between organ removal
and freezing of tissues, usually .24 h). This factor in turn
could lead to tissue autolysis due to poor stability of cellular
components and, therefore, limit the morphological quality
of the samples (87–89), although replication and inﬂammation are probably not affected (90).
Beyond the variable morphology, the lack of detailed
medical history and metabolic proﬁling precludes accurate
classiﬁcation of donors as control subjects and subclassiﬁcation of patients with diabetes. Indeed, studies in which
individuals with prediabetes were subclassiﬁed on the basis
of glucose tolerance (NGT vs. IGT) or insulin sensitivity,
and where pancreatic samples were collected after surgery
for morphological studies, indicate that duct and a-cell
transdifferentiation occur in insulin-sensitive and normal
glucose-tolerant individuals. This suggests that islet remodeling represents a continuous process during the transition
from normal to prediabetes to overt diabetes (11).
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Furthermore, among donors with diabetes, differences in
disease duration and therapeutic approach could also affect
islet plasticity (i.e., one can hypothesize that GLP-1 mimetics amplify the effects displayed by intraislet GLP-1).
However, the latter has never been investigated in human
cadavers.
These data support the hypothesis that a combination
of insulin resistance and increased b-cell demand determine rapid changes in islet morphology and function,
suggesting that the accurate subclassiﬁcation of control
subjects is the only way to trace a complete roadmap of
islet plasticity.
The proposed outlook represents a plausible hypothesis
that needs a point-to-point link between ex vivo islet
morphology and in vivo functional markers of islets cells.
To date, a continuing challenge in investigating human
islet biology is the lack of accurate in vivo metabolic and
hormonal proﬁling coupled with human tissue samples of
appropriate quality for analyses. Moreover, since islet
morphology and cellular composition may vary throughout
the pancreas (91), only samples collected from the same
pancreatic region should be compared. Furthermore, an
accurate metabolic proﬁling needs sensitive, speciﬁc, and
proven in vivo tools. The oral glucose tolerance test,
hyperinsulinemic, euglycemic, and hyperglycemic clamp
procedures and mixed meal tests performed using standard procedures, as previously reported (92–95), are
promising solutions to understanding the metabolic
features of patients whose pancreatic samples will be
analyzed ex vivo (11).
CONCLUSIONS

The present scenario based on human in vivo and ex vivo
data from the nondiabetic condition through to diabetes
onset suggests that the seeming contradictions of quantiﬁcation reports can be explained by the lack of an
accurate in vivo metabolic characterization of subjects,
who are not just patients with diabetes or without diabetes
but who could also be insulin resistant or insulin sensitive
and maybe more. There are currently extraordinary islet
plasticity reports from different studies and in different
metabolic conditions (3,11,12). The evolving scenario
demonstrates the remarkable attempts of the human
body to compensate for pathological conditions and
slow the progression of disease by promoting higher rates
of neogenesis and/or plasticity to redifferentiate insulinproducing cells. Investigating the modiﬁcations occurring
in different metabolic conditions provides an excellent
opportunity to identify possible targets to prevent, or
possibly deviate, the natural history of T2D. One suitable
approach to gain insights into signaling pathways in
human islet cells is the time-consuming, yet unique,
method of collecting islet samples in vivo from patients
without diabetes and patients with diabetes who have
undergone accurate metabolic and hormonal proﬁling.
All available data require further investigation: our
interpretation (Fig. 1) of the present scenario is that,
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moving from an early defect in b-cell function, islet
remodeling increases the number of insulin-producing
cells potentially derived from duct cells, acinar cells,
and/or proliferation of neogenesis from an unrevealed
source. The a-cells, also involved in the increased cell
count of islet remodeling, could become b-cells, but may
also produce GLP-1. Intraislet GLP-1 could both potentiate
b-cell survival and functions and also stimulate the transdifferentiation of duct cells and a-cells into new b-cells.
When this attempt at compensation fails, the exhausted
b-cell undergoes dedifferentiation. In a chronic metabolic
inﬂexibility condition (e.g., long-standing diabetes), even
dedifferentiation fails, nullifying all the extraordinary
attempts at compensation (Fig. 1).
The emerging insights on islet plasticity evident in diverse
metabolic conditions that manifest over the course of the
development of overt diabetes will provide an excellent opportunity to design personalized therapies to potentiate compensatory processes, and/or prevent the mechanisms that
trigger failure, to arrest the progression toward overt T2D.
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