
Review
Human beta cell mass and function in diabetes:
Recent advances in knowledge and technologies
to understand disease pathogenesis
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ABSTRACT

Background: Plasma insulin levels are predominantly the product of the morphological mass of insulin producing beta cells in the pancreatic
islets of Langerhans and the functional status of each of these beta cells. Thus, deficiency in either beta cell mass or function, or both, can lead to
insufficient levels of insulin, resulting in hyperglycemia and diabetes. Nonetheless, the precise contribution of beta cell mass and function to the
pathogenesis of diabetes as well as the underlying mechanisms are still unclear. In the past, this was largely due to the restricted number of
technologies suitable for studying the scarcely accessible human beta cells. However, in recent years, a number of new platforms have been
established to expand the available techniques and to facilitate deeper insight into the role of human beta cell mass and function as cause for
diabetes and as potential treatment targets.
Scope of Review: This review discusses the current knowledge about contribution of human beta cell mass and function to different stages of
type 1 and type 2 diabetes pathogenesis. Furthermore, it highlights standard and newly developed technological platforms for the study of human
beta cell biology, which can be used to increase our understanding of beta cell mass and function in human glucose homeostasis.
Major Conclusions: In contrast to early disease models, recent studies suggest that in type 1 and type 2 diabetes impairment of beta cell
function is an early feature of disease pathogenesis while a substantial decrease in beta cell mass occurs more closely to clinical manifestation.
This suggests that, in addition to beta cell mass replacement for late stage therapies, the development of novel strategies for protection and
recovery of beta cell function could be most promising for successful diabetes treatment and prevention. The use of today’s developing and wide
range of technologies and platforms for the study of human beta cells will allow for a more detailed investigation of the underlying mechanisms
and will facilitate development of treatment approaches to specifically target human beta cell mass and function.
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1. INTRODUCTION

In diabetes, uncontrolled and elevated blood glucose is the conse-
quence of inadequate levels of plasma insulin, which are insufficient to
effectively lower plasma glucose concentrations. Within a systemic
environment, plasma insulin levels are usually the result of insulin
clearance and, more importantly, insulin production and secretion by
beta cells. Hereby, the total amount of released insulin depends on the
absolute number of beta cells in the pancreatic islets of Langerhans
(beta cell mass) and the output of each of these cells (beta cell
function). For decades, the relative contribution of beta cell mass and
function to the development of insufficient insulin levels and diabetes
has been under debate. However, detailed knowledge on this aspect of
diabetes pathogenesis will be crucial for the development of successful
treatment approaches. Most of the currently available information on
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beta cell mass and function in diabetes stems from experiments on
mouse models. Yet, many studies have demonstrated that human and
mouse beta cells show vastly different characteristics, in particular
when it comes to beta cell mass regulation. Thus, studies on human
beta cells and islets are indispensable to develop therapies targeting
beta cell mass, function, or both to treat diabetes.
The lack of studies on human beta cells is primarily related to limited
availability of human samples and a shortage of technologies to
comprehensively investigate human beta cell biology. However, in
recent years the field has made great progress in the organized
procurement of human tissue and the development of novel technol-
ogies. Utilizing these experimental platforms to study human beta cells
will be necessary to enhance our current knowledge on human beta
cell mass and function in diabetes development and bring us closer to
effective diabetes therapies.
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2. HUMAN BETA CELL MASS AND FUNCTION IN DIABETES
PATHOGENESIS

2.1. Type 1 diabetes
Type 1 diabetes (T1D) is a chronic autoimmune disorder in which the
immune system attacks endogenous pancreatic beta cells resulting in
insulin deficiency, chronic hyperglycemia, and long-term complica-
tions. Creating a successful cure for T1D will need to include stopping
the self-damaging autoimmune process and restoring appropriate
insulin release from beta cells. Addressing the latter requires detailed
knowledge about alterations in beta cell mass and function in the
asymptomatic prediabetic period of disease pathogenesis and the
contribution of beta cell mass and function to clinical manifestation and
the onset of hyperglycemia.

2.1.1. Beta cell mass and function during the prediabetic
phase of T1D
Initially, progression of beta cell mass decline prior to the onset of
hyperglycemia was thought to be linear [1]. However, in recent years,
the model for prediabetic pathogenesis of T1D has been adjusted to
reflect the relapsing and remitting progression of disease pathogenesis
[2e4] and to acknowledge the heterogeneous progression time from
seroconversion to diabetes which can range from weeks to over two
decades [5]. Unfortunately, limited information on human beta cell
mass is available for the asymptomatic time period [6]. However, it is
thought that chronic insulitis reduces beta cell mass in the prediabetic
phase by induced cell death via direct cellecell contacts [7] or
secreted proinflammatory cytokines [8]. This hypothesis was corrob-
orated by a recent report measuring unmethylated INS DNA in human
blood samples as an indicator for beta cell death [9]. The authors
demonstrated that beta cell death is elevated in high risk T1D subjects
and increases further towards clinical diagnosis, suggesting that the
major reduction of beta cell mass occurs late during the prediabetic
phase. This is in line with studies on human donor tissue which found
no loss of beta cell mass in autoantibody positive subjects prior to
diabetes in comparison to controls [10e12], while demonstrating a
massive reduction in recent onset T1D patients [12,13]. Besides
changes in the intensity of the autoimmune attack, one explanation for
a delayed decrease in beta cell mass despite ongoing cell death might
be an increased beta cell proliferation in response to inflammation as
seen in mice [14,15]. This would also explain the twofold increased
beta cell mass observed in nondiabetic autoantibody positive subjects
with insulitis compared to autoantibody positive subjects without
insulitis or controls [16].
Despite prolonged preservation of beta cell mass, plasma insulin levels
indicate an altered insulin output already in the prediabetic phase,
indicating changes in beta cell function. In several perspective,
longitudinal studies in patients at risk beta cell performance was
assessed by measuring C-peptide, glucose tolerance, and first phase
insulin response in metabolic tests. While metabolic tests cannot
reliably distinguish between the roles of cell mass and function (see
also Section 3.3), these studies strongly contribute to our current
understanding of the prediabetic phase in human T1D pathogenesis.
An early study on 9 subjects observed no signs of elevated fasting or
stimulated glucose levels in the prediabetic phase until immediately
before disease onset, while demonstrating a progressive loss of the
first phase insulin response [17]. Additional studies followed up on this
topic in larger cohorts of patients at risk and showed that loss of first
phase insulin release during the prediabetic phase is correlated with
age and the number of autoantibody subtypes [18e20]. This is also
confirmed by measurements of C-peptide demonstrating maintained
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fasting but decreasing stimulated C-peptide levels throughout the
prediabetic phase [21]. Concentrating on the most recent studies,
several groups have shown that a decline in first phase insulin release
is already detectable 4e6 years before clinical onset [19,20,22,23].
Taking into account that beta cell mass was found to be unchanged or
even increased in the prediabetic phase [10,11,16], early changes in
first phase insulin release are presumably the result of functional
impairment. Closer to the emergence of hyperglycemia, the decline in
first phase insulin release and stimulated C-peptide was observed to
be further aggravated [21,23], which might be due to combined beta
cell dysfunction and increased beta cell apoptosis close to diabetes
onset. Taken together these observations support the hypothesis that,
especially in cases of a long prediabetic phase an early, slowly
progressing functional impairment of beta cells precedes a late, rapidly
advancing morphological destruction and functional decline of beta
cells.

2.1.2. Beta cell mass and function at and after onset of
hyperglycemia
Inferring from the observations of the prediabetic phase, onset of hy-
perglycemia is caused collectively by reduced beta cell mass and beta
cell dysfunction. However, the extent of morphological and functional
insufficiency varies between patients and contributes differently to the
development of hyperglycemia. Conceivably, as a result from studying
mostly severe and early onset cases, near total loss of beta cell mass
(>80% reduction) at disease onset was a long held general paradigm
for T1D pathogenesis [24e28]. However, this concept does not coin-
cide with the residual beta cell function seen in subjects with onset in
adolescence [29e31], suggesting a more preserved beta cell mass
with up to 40% residual insulin-containing islets in older onset subjects
[29,32]. Hereby, the remaining beta cell mass and function at onset are
determined by age [33,34], degree, and cellular profile of insulitis [29].
In addition, evidence from us and others in mouse and human
suggests that beta cell mass might be underestimated as a conse-
quence of degranulation, an almost complete loss of insulin granules
resulting in negative hormone staining of exhausted beta cells
[14,16,35,36]. After onset, beta cell destruction by the ongoing auto-
immune infiltration continues and is additionally exacerbated by the
increasing metabolic and glycemic overload causing ER stress and
apoptosis [37]. In particular within the initial time period after diabetes
onset, beta cell apoptosis is elevated [28], but seems to slow down in
long-standing T1D [9], potentially as a result of the decreasing number
of beta cells. Nevertheless, even after diabetes onset, compensatory
mechanisms might operate against beta cell mass reduction. In a case
report from 2006, Meier and colleagues showed enhanced beta cell
proliferation in a recently diagnosed 89-year-old patient [38]. Likewise,
Willcox et al. showed increased beta cell proliferation in a set of 10
patients with recent onset diabetes (<18month) [39], whichmight have
been induced by the inflammation itself [14] and/or the elevated glucose
levels [40]. Alternatively, the occurrence of small beta cell clusters
scattered throughout the exocrine tissue in long-standing T1D patients
was interpreted as a cell population that evaded autoimmune
destruction or a compensatory beta cell population of yet unknown
origin [41,42]. Hence, apoptosis and regeneration might occur simul-
taneously during disease progression and sustained apoptosis may be
explained by continuous beta cell mass compensation through prolif-
eration, transdifferentiation, or neogenesis [41,43].
In addition to reduced cellular mass, beta cell function continues to
exhibit an important role at diabetes onset and thereafter. Residual
beta cells after onset and in long-standing diabetes show signs of
functional exhaustion and degranulation [35,36], while still expressing
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beta cell specific markers like glucose transporter 2 [44]. Neverthe-
less, despite a massive decline in beta cell mass and function by the
time of onset, basal insulin secretion is preserved [21,35,45,46],
whereas stimulated C-peptide response is reduced in an onset age
dependent manner [30,46e48]. Within the first years following onset
the deterioration of stimulated C-peptide levels continues rapidly [31],
but slows down with disease duration [49], leading to marginal C-
peptide levels in long-standing type 1 diabetic patients [49e51].
Support for a significant role of beta cell function in the onset of T1D is
the observation that in a subset of recent-onset T1D patients, insulin
treatment leads to a spontaneous partial or even full remission. This
phenomenon, also known as the “honeymoon phase,” was initially
described in the 1940s by Jackson and Brush [52,53] and is
characterized by a reduced or even absent insulin demand as well as
an increase in C-peptide and pro-insulin levels [54e56]. Manifestation
of the honeymoon phase is determined by the age at onset, disease
severity, and, potentially, the number of islet autoantibodies [57e61].
Duration of the remission phase is known to be quite variable, ranging
from several weeks up to years [57,62]. As underlying mechanisms for
the recovery of C-peptide and pro-insulin levels, an increase of beta
cell mass, e.g. by proliferation, or the recovery of beta cell function are
discussed. While beta cell proliferation during remission was shown in
mice by our and other groups [14,35,36], human islets do not show
mass regeneration in the same condition [36]. On the other hand,
exhausted beta cells were found to regranulate and recover after
intervention in parallel with stimulated insulin levels and normalization
of metabolic parameters [36]. These observations substantiate the
concept of functional beta cell recovery as cause of the honeymoon
phase [35] and exemplify the important role of beta cell function in the
onset and therapy of T1D.

2.2. Type 2 diabetes
Type 2 diabetes (T2D) is a progressive metabolic disorder character-
ized by insulin resistance and hyperglycemia. In T2D, insufficient levels
of insulin fail to meet the elevated demand caused by an increased
insulin resistance. Currently, most clinical treatments of T2D either
target insulin resistance or aim to elevate insulin levels by increasing
beta cell function. In light of a potential exhaustive effect on beta cells,
more basic research turns to study mechanisms to regenerate beta cell
mass or to preserve beta cell function. To that aim, a thorough
understanding of the contribution and dynamics of beta cell mass and
function to compensation of insulin resistance and progression to T2D
are needed.

2.2.1. Beta cell compensation
While obesity and insulin resistance remain major risk factors for T2D
[63], the compensatory capacity of beta cells is credited to prevent
most obese and insulin resistant subjects from developing T2D
[64,65]. It is hypothesized that in these individuals, an increase in
insulin output via enhanced secretion and/or expanded beta cell mass
counteracts the development of hyperglycemia and glucose intoler-
ance [65]. Evidence of human beta cell mass compensation in obesity
was already reported in 1933, when Ogilvie described “an abnormally
high percentage of islet tissue” within the pancreas of 19 cases of
obesity in comparison to 19 lean subjects [66]. Further reports in the
following decades observed similar increases in beta cell mass and
more recent studies that analyzed beta cell mass in tissue from donor
organs and surgical resections [67,68] or islets after isolations [69,70]
revealed that, despite the strong variation between individuals, beta
cell mass is generally increased by 50e90% in overweight or obese
subjects. In 2003, Butler and colleagues published an elegant study
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based on a large pool of human autopsy tissue samples, providing
additional convincing evidence of beta cell mass compensation [71]. In
this study, tissue from 124 well-phenotyped subjects was analyzed
and grouped according to BMI and glucose homeostasis status. The
relative beta cell volume (the ratio of beta cell over total pancreas area)
was found to be about 50% higher in obese nondiabetic subjects
compared to lean controls. A less substantial increase in beta cell
mass in obese subjects of about 20% was observed by Rahier and
colleagues in a later study [72]. In search for the underlying mecha-
nisms, Butler et al. did not detect significant numbers of proliferating
beta cells but an increased frequency of insulin positive duct cells in
the pancreas of obese subjects. Therefore, the authors concluded that
neogenesis rather than proliferation leads to the observed beta cell
mass increase [71]. In a later publication, the same group confirmed
the 50% enlargement of beta cell mass in a different cohort of obese
subjects, again without observing any increase in beta cell proliferation
[73]. This is in line with other reports, which found neogenesis, and
not proliferation, to be the underlying mechanism for beta cell mass
increase in insulin resistant and impaired glucose tolerant subjects
[74,75]. Yet, a lack in the detection of beta cell proliferation might also
be affected by a potential discrepancy in the time point of beta cell
mass expansion and the assessment of indicators of proliferation.
In addition to an enlarged beta cell mass, plasticity of beta cell function
contributes to the compensation of an increased insulin demand during
obesity and insulin resistance. Normally, beta cell output in humans
is measured by quantifying insulin or C-peptide plasma levels in
response to metabolic tests. As discussed below, these tests cannot
clearly distinguish between the contribution of beta cell function and
mass. Nevertheless, correlating the compensatory increment in beta
cell mass from histological studies with insulin plasma levels in
response to metabolic tests during obesity can provide an estimate on
the contribution of beta cell function to compensation of nondiabetic
insulin resistance. In support of a major role of beta cell function in
compensation, a number of different studies observed strongly
elevated fasting plasma insulin levels and a several fold greater insulin
response to stimulation in obese nondiabetic subjects [76e81], clearly
exceeding the reported 20e90% increase in beta cell mass. Impor-
tantly, despite the hypersecretion, beta cell release dynamics were
mostly unchanged [79,80]. Correspondingly, some studies found that
isolated islets from obese subjects exhibit a two-to threefold elevated
insulin secretion in comparison to islets from lean individuals [70,82].
These studies suggest that beta cell functionality contributes to a large
extent to increased insulin output in response to obesity and insulin
resistance, multiplying the effect of beta cell mass expansion.

2.2.4. Beta cell deficiency
When the adaptive response of beta cells to increased insulin resis-
tance is insufficient or fails hyperglycemia and T2D develop. Similar to
compensation, relative insulin deficiency in T2D involves changes in
both beta cell mass and function. By now, ample data is available that
describes the occurrence of beta cell loss in T2D. Although a few
reports did not detect any difference in the beta cell mass of T2D
patients and nondiabetic controls [83,84], most studies agree on a
significant reduction in beta cell mass, ranging from 24% to 65%
[67,68,71,72,85e88]. This is additionally confirmed by a reduced
yield and smaller size of islets isolated from organs of T2D versus
nondiabetic donors [89]. The underlying mechanisms for the reduction
of beta cell mass in T2D patients is most likely a dramatically increased
rate of beta cell apoptosis [90,91] and probably not related to differ-
ences in beta cell replication frequency or neogenesis [71]. Variations
in the observed beta cell loss in the various studies could be caused by
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differences in the patient characteristics of the cohorts, e.g. age or
BMI. In particular, differences in disease duration might influence the
degree of beta cell loss. In the study of Rahier et al., mean mass deficit
was 24% in patients within 5 years of overt diabetes onset whereas the
deficit increased to 54% in those subjects with more than 15 years
since diabetes onset [72]. However, this relationship of decline in beta
cell mass and diabetes duration was not observed in a study by Yoon
and colleagues [67].
Besides the reported reduction in beta cell mass, a substantial deficit in
beta cell function is evident in T2D patients. Similar to the compen-
sation phase, contribution of beta cell function to insulin insufficiency
can be deduced from correlating the described loss of beta cell mass
with glucose homeostasis and insulin release. As described above,
beta cell mass reduction was observed to range from 24% to 65%.
However, insulin secretion capacity in T2D was shown to be reduced
50%e97% [92e97], demonstrating the contribution of beta cell
function to insulin deficiency. In agreement with this, studies on living
donors undergoing hemipancreatectomy have demonstrated that after
removal of 50% of the pancreas, donors showed normal 24-hour
glucose profiles even though insulin secretion was reduced [98].
Only in the presence of obesity and related insulin resistance,
hemipancreatectomized patients showed an increased risk of devel-
oping T2D [99], revealing that a 24%e65% reduction of beta cell mass
alone is unlikely to cause T2D. Another indication of beta cell
dysfunction in T2D is the observed change in the dynamics of insulin
release, which includes loss of first phase response [100] and
disruption of regular oscillatory release patterns [101,102]. These are
more likely to be the result of functional alterations than changes in cell
mass. Finally, the essential role of beta cell function in T2D is illus-
trated by the rapid recovery observed in several conditions, which
occurs within a time frame that makes participation of beta cell mass
as a means to increase insulin levels an unlikely scenario. For example,
bariatric surgeries in obese T2D patients often lead to improvement in
glucose control or even diabetes remission within days or weeks [103].
Fast recuperation of beta cell glucose sensitivity and early insulin
response together with a normalization of insulin sensitivity are
proposed mechanisms for this acute reversal [104e106]. A similar
rapid recovery of beta cell function regarding glucose responsiveness
and first phase secretion can also be observed during short-term
caloric restriction of T2D patients [107,108].
A recently proposed potential mechanism underlying beta cell deficits
in T2D is beta cell dedifferentiation. It is suggested that beta cells in
T2D do not die, rather they become silenced as a result of dediffer-
entiation [109]. Characteristics of beta cell dedifferentiation include
reduced expression of key beta cell transcription factors like PDX1,
Nkx 6.1, and MafA and re-expression of specific progenitor cell tran-
scription factors including Neurogenin3, Oct4, Nanog, and L-Myc
[110]. These dedifferentiated cells lose their beta cell identity, become
insulin negative, and no longer contribute to the metabolic control of
glucose homeostasis [109]. Interestingly, beta cell dedifferentiation
has been demonstrated to be reversible by normalization of blood
glucose with insulin therapy in a mouse study [111]. Thus, dediffer-
entiated cells appear as non-beta cells in insulin or C-peptide stainings
and add to the impression of a decreased beta cell mass. However,
retrieval of beta cell features and functional recovery, at least until a
certain time point of disease pathogenesis seem possible. Neverthe-
less, the contribution of beta cell dedifferentiation to beta cell deficit in
human T2D is still under debate [112e114] and requires further
investigations to clarify the mechanism and significance of beta cell
dedifferentiation in T2D pathogenesis. For instance, while a recent
study could confirm the compromised expression of beta cell
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transcription factors like MAFA, PDX1, and NKX6.1 in human T2D beta
cells, the authors did not detect differences in the expression levels of
progenitor cell markers like Neurogenin3, Nanog, or MYCL1 [115].
Although beta cell dysfunction and beta cell loss is generally accepted
in T2D pathogenesis, their kinetics during the progression to hyper-
glycemia is debated. Few studies address beta cell mass in subjects
with signs of impaired glucose homeostasis prior to onset or in diabetic
patients shortly after onset. Butler et al., using tissue samples of
organ donors, observed a substantial reduction in relative beta cell
area in nondiabetic subjects with impaired fasting blood glucose [71],
whereas Meier et al., employing tissue samples from pancreatic
surgeries, observed no significant reduction of fractional beta cell area
in nondiabetic impaired glucose tolerant subjects [116]. Moreover,
Rahier and colleagues observed a reduction of only 24% in beta cell
mass in subjects within 5 years of diabetes onset, which exacerbated
with disease duration [72]. In contrast, functional changes such as the
acute insulin response to glucose have been described as an early
predictor of the transition from normal glucose tolerance to impaired
glucose tolerance [117]. Changes in insulin secretion dynamics
are believed to lead to lower insulin signaling efficiency [118e120].
The resulting incomplete glucose clearance and subsequent elevated
blood glucose, in concert with other cytotoxic factors, further deteri-
orate beta cell mass and function. This “vicious cycle” has been
suggested to be responsible for total beta cell failure in T2D and clinical
manifestations of the disease [121,122]. These results point towards a
rather moderate reduction of beta cell mass at diabetes onset and
indicate that the observed more severe beta cell mass deficit from
autopsy studies is the result of hyperglycemia. In line with this, beta
cell function is suggested to be the prerequisite factor for the onset of
diabetes [63,123e127], being decreased by about 50e80% at the
time of T2D diagnosis [63,122,127]. However, these observations do
not rule out the possibility that a reduced inherent beta cell mass
depicts a strong risk factor for the development of T2D. Various factors
during fetal and postnatal life potentially influence the buildup of
beta cell mass, resulting in a limited amount of beta cells to regulate
glucose homeostasis throughout the organism’s lifetime. This
hypothesis is supported by the identification of T2D associated single-
nucleotide polymorphisms (SNPs) in genes regulating beta cell
replication, including CDKN2A and CDKN2B, which most likely limit
compensatory proliferation and reduce beta cell mass expansion
during development and maturation [128e130].

2.3. Summary e beta cell mass and function in diabetes
The current literature suggests that beta cell mass and function
contribute in different ways to the development of T1D and T2D
(Figure 1). In T1D (Figure 1A), the prediabetic phase seems to be
characterized by a prolonged, gradual, functional impairment followed
by a rapid decline in beta cell mass just before the onset of hyper-
glycemia. The amount of mass reduction at clinical manifestation is
strongly heterogeneous and depends on factors like onset age; for
example, there is a greater reduction in beta cell mass in early onset
T1D. Nevertheless, functional exhaustion of beta cells is a major
component in the development of hyperglycemia, as shown by the
presence of exhausted cells and the transient remission after treat-
ment start in some patients. Thus, immune intervention at T1D onset
could be successful to recover at least partial control of glucose
homeostasis. In contrast, T2D development (Figure 1B) is the result of
a lack or cessation of morphological and functional beta cell
compensation in response to an elevated insulin demand during insulin
resistance. This typically successful compensation is mainly driven by
functional alterations, which outperform mass adaptation in rate and
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1: Models of the contribution of beta cell mass and function to pathogenesis of type 1 diabetes (A) and type 2 diabetes (B). (A): Beta cell mass and function in the
development of type 1 diabetes. Initiation of islet autoimmunity by genetic and environmental factors leads to a relapsing-remitting decline of beta cell function, continuously
increasing beta cell workload, and stress in the asymptomatic prediabetes phase. Shortly before clinical manifestation of diabetes the prolonged intensified beta cell workload and
autoimmunity results in total cellular exhaustion and enhanced cell death leading to a massive decrease in beta cell mass and the onset of hyperglycemia. In some patients, initial
insulin treatment induces temporary remission called the “honeymoon phase,” which is attributed to a moderate reduction in beta cell workload and antigenicity, resulting in
functional recovery of residual beta cells. However, ongoing autoimmunity and elevated workload lead to recurrence of cellular exhaustion, cell death, and the development of overt
diabetes. Black line: beta cell mass; Blue line: beta cell function. The color-coded background indicates the intensity of beta cell workload and stress caused by immune infiltration,
metabolic demand and hyperglycemia. (B): Beta cell mass and function in the development of type 2 diabetes. In many individuals, genetic predisposition and unhealthy lifestyle
lead to an increased insulin resistance, which is typically met by massive functional and moderate morphological compensation to maintain normoglycemia, thus increasing the
workload of each beta cell. In some of these individuals, functional compensation halts, despite prolonged insulin resistance and results in a further escalation of beta cell workload
and glucose intolerance. In this prediabetic phase, chronic glucose intolerance and elevated blood glucose levels continuously exacerbate beta cell workload and stress,
culminating in cellular exhaustion, cell death, and clinical manifestation of hyperglycemia. Thereafter, uncontrolled hyperglycemia, often in concert with other cytotoxic factors,
leads to accelerated beta cell mass loss and functional deterioration in overt diabetic patients. Black line: beta cell mass; Blue line: beta cell function. The color-coded background
indicates the intensity of beta cell workload and stress caused by insulin resistance, metabolic demand, hyperglycemia and additional cytotoxic factors.
extent. However, in certain situations, functional beta cell compen-
sation seems to be insufficient or to deteriorate, increasing beta cell
work load and stress and resulting in functional exhaustion, dediffer-
entiation, and finally beta cell death. Therefore, in T2D, the protection
and recovery of beta cell function should be a main treatment and
prevention target. Despite these findings, many aspects of the role of
beta cell mass and function in diabetes pathogenesis are still unclear.
Yet, we now have a broad spectrum of available technologies to
study human beta cell biology, which should facilitate addressing
unanswered questions.

3. TECHNOLOGIES TO STUDY HUMAN BETA CELL MASS
AND FUNCTION

3.1. In vitro
In vitro approaches utilizing isolated human islets or dispersed beta
cells are currently the method of choice for most investigators to study
human beta cell biology. Although these preparations lack systemic
and organ-level input and are affected by the isolation procedure as
well as the following culture period, their use is highly beneficial for
shedding light on diabetes pathogenesis and therapy. To a certain
extent, islets isolated from subjects with different metabolic statuses
can provide information on ongoing changes in beta cell mass.
Whereas, the outcome of islet isolations depends on numerous factors
and may not always reflect the actual beta cell mass, isolated islets
can provide insight into changes in processes involved in the regulation
of beta cell mass, like proliferation and apoptosis. For instance, islet
size and beta cell number were observed to be increased in islets
isolated from insulin resistant non-diabetic subjects [74], whereas
increased apoptosis was observed in islets isolated from T2D patients
[91]. Similarly, islets isolated from T1D patients were shown to exhibit
elevated rates of apoptosis [131]. Furthermore, isolated islets serve as
a good model for the investigation of hormone secretion in static and
kinetic perifusion settings, with the possibility to test different protocols
and compounds. For instance, use of isolated islets demonstrated the
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manifestation of functional compensation in obese and insulin
resistant subjects [70,82]. Similarly, islets isolated from T1D patients
[131e133] revealed loss of beta cell function and recovery in culture.
In addition, isolated islets can be employed to study different elements
of the signal transduction pathway in beta cells, for example, by live
cell imaging of cytosolic calcium [134], NAD(P)H [135] and exocytosis
[136], by assessment of mitochondrial respiration and glycolysis [135],
or by the use of the patch-clamp technique [137]. Finally, isolated
islets are used to determine protein localization by immunohisto-
chemistry [138] and whole islet protein expression by western blots
[139]. Thus, in vitro studies enable detailed investigations on under-
lying mechanisms and potential treatment targets.
Among the new emerging in vitro technologies used on isolated human
islets, transcriptomics seems to be a promising approach as it may
help to resolve the roles of beta cell mass and function in diabetes. The
first comprehensive transcriptomic analysis of major pancreatic cell
types was reported in 2011; in this analysis, two novel beta cell
specific transcriptional regulators (HOPX and HDAC9) were identified
when the expression of 5038 genes were examined in dispersed
human pancreatic cells [140]. Since then, different genes or pathways
related to beta cell dysfunction, including the ones modified by free
fatty acid (palmitate) [141], those involved in deregulated glucose
metabolism [142] and alterations in ubiquitineproteasome system
(UPS) [143] have been discovered by transcriptomic analysis of
whole human islets. Recent advances in next-generation sequencing
approaches have now enabled such studies on the single cell level.
Single cell analysis can help to target cell heterogeneity and, more
importantly, to study cellular changes that would be diluted and
undetectable when analyzed in whole islets or in sorted cell bulks
[144]. Single cell transcriptomics analysis of dispersed human islets
has identified cell type specific genes, transcription factors, and sur-
face markers [145,146] as well as rare cell types and subpopulations
[144,147,148] and genes associated with obesity and type 2 diabetes
[147e149]. In addition, a partially dedifferentiated status was
observed in alpha and beta cells from T2D donors [144], supporting the
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contribution of dedifferentiation to beta cell deficit in diabetes. An
interesting finding of these first studies was the downregulation of
FXYD2 expression, which was found to be the most significant
difference between beta cells from healthy and T2D individuals [147].
In mice, downregulation of FXYD2 expression leads to beta cell
proliferation [150], suggesting an ongoing attempt to compensate for
the reduced beta cell mass in human T2D.
Proteomics of isolated islets is another powerful, novel in vitro tool that
can help disentangle changes in pathways involved in beta cell mass
and function. For instance, quantitative protein profiling of islets from
T2D and non-diabetic individuals revealed differential expression in
twenty major pathways, which correlated with their insulin secretion
profile [151]. Cell arrest, apoptosis, proliferation, and immune-
response pathways were among the most differentially expressed
pathways in T2D islets. Interestingly, employing mass cytometry
technology with single cell analysis, a recent study could show that
alpha cells exhibit the highest replication rate at basal conditions and
after harmine stimulation [152].
Finally, although representing a very different approach, generation of
beta cells from human embryonic stem cells (hESCs) and human
induced pluripotent stem cells (hiPSCs) represents a novel in vitro
technology to study diabetes development and therapy. The last
decade saw a rapid advancement in generation of so called beta-like
cells derived from hESCs, leading to the first ongoing clinical
trial [153]. Indeed, scalable differentiation protocols were developed
to generate hESC-derived glucose-responsive beta cells in vitro that
resemble human beta cells in gene expression patterns and
ultrastructure and can ameliorate hyperglycemia in vivo [154e156].
Additionally, encapsulated in vitro generated beta-like cells were able
to restore long-term glycemic control in immunocompetent mice
without immunosuppression [157]. Besides its application as unlimited
source of functional beta cells for drug screening and cell replacement
therapy, in vitro generation of beta cells also holds great promise for
disease modeling and the study of beta cell biology in diabetes.
Recently, the first in vitro generation of hiPSC-derived beta cells from
T1D diabetes patients has been reported [158]. In combination with
advanced gene editing technologies like TALEN and CRISPR-Cas9, the
progress in in vitro beta cell generation opens up numerous strategies
to explore the role of specific beta cell genes in diabetes pathogenesis.
A related and also rather new in vitro approach to study beta cells is the
development and culture of islet and pancreas organoids. Starting from
stem and progenitor cells, these structures can be grown into a similar
three-dimensional organization as an organ. While application of this
methodology for the pancreas is rather new, it has recently been
successfully used to grow human pancreas organoids from pluripotent
stem cells [159,160]. The future development of this technique has
great potential for studying developmental processes in particular,
including the growth of beta cell mass and the formation of beta cell
function. In addition, the use of iPSCs from adults has been shown
useful for disease modeling of pancreatic cancer and cystic fibrosis
[159,161] and therefore could allow for studying aspects of beta cell
mass and function in diabetes [162].
Thus, conventional and novel in vitro technologies have been and will
be essential for identifying and confirming molecular mechanisms for
beta cell demise and recovery. However, endogenous pancreatic islets
are complex mini organs composed of different, interacting cell types,
and their mass and function are regulated by multifaceted local and
systemic signaling mechanisms. Thus, it is necessary to additionally
employ more physiological in situ and in vivo approaches to validate
in vitro findings and reflect the complex mechanisms of beta cell
biology.
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3.2.1. Histological analyses
The most common in situ approach for the study of human beta cells is
the histological examination of fixed pancreas tissue of non-diabetic
and diabetic deceased subjects or patients undergoing pancreatic
surgeries. This approach allows for thorough morphometric analyses of
pancreatic tissue and remains the gold standard for assessment of
pathophysiological effects on islet cell mass and composition. Quan-
tification of cell death and proliferation in such specimens is widely
used in the field and has made significant contribution to our knowl-
edge about diabetes pathogenesis. The identification of different
subpopulations of endocrine cells, especially of beta cells [163], as well
as the characterization of cell type specific markers that can be used in
antibody stainings deepens our knowledge of islet cell plasticity and
compensatory mechanisms like trans- or dedifferentiation [164,165].
Electron microscopy of ultra-thin sections is another important tool for
the determination of alterations on the intracellular level and is there-
fore also a widely used application for diabetes research. However, an
important drawback of this technique is its limitation to fixed tissue,
which is accompanied by a number of artifacts and does not allow
assessment of function. In addition, procured tissue from diabetic
patients often originates from deceased human donors with limited
information on disease duration, health status, and therapy.

3.2.2. Pancreas tissue slices
More recently a novel in situ approach has been used to overcome
some of the given limitations of employing fixed tissue sections or
living single cells and isolated islets. To that aim, in 2003, Speier and
Rupnik developed and published a tissue slice technique for mouse
pancreas [166], which enabled investigations of pancreatic endocrine
and exocrine cell biology in situ. Previously the tissue slice platform
had proven to be a valuable tool for the study of cell biology of various
organs under close to physiological conditions [167e169]. Applied to
the pancreas, this technique allows for obtaining viable tissue while
preserving organ structure and cellular surrounding of the islets.
Importantly, in comparison to islet isolation, tissue slice preparation is
performed in a considerably shorter time period, without enzymatic
digestion or the need for resting culture. Slice thickness (usually
between 120 and 150 mm) allows for three-dimensional analyses of
intact islets in their natural surroundings, enabling assessment of islet
composition and density within the exocrine tissue. In addition, mouse
pancreas tissue slices demonstrated that formations and processes on
the islet perimeter or within the surrounding exocrine component, like
the neuroinsular complex [170] or the intrapancreatic innervation, can
be investigated [171]. Besides enabling complex morphological ana-
lyses, another advantage of pancreas tissue slices is the investigation
of cell function within viable pancreatic tissue, facilitating a plethora of
functional assays close to the in vivo situation. Pancreas tissue slices
have proven to be valuable for electrophysiological assessment of islet
cell physiology, providing new insight into ion channel and gap junction
characteristics under physiological conditions [172e176]. Also,
intracellular Ca2þ dynamics alone or in combination with membrane
potential and hormone secretion have been employed in tissue slices
to obtain additional knowledge about exocrine and endocrine cell
biology in an intact pancreatic tissue environment [177e180].
After successful use with animal models, the tissue slice approach has
recently been adapted for the study of human endocrine and exocrine
pancreas [181e183]. To that aim, human tissue is either obtained
acutely from the pancreas of partially pancreatectomized patients [184]
or from donor organs. The achieved preservation of additional
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morphological features in human tissue proved to facilitate a more
complex spatial cellular analysis than obtained previously from isolated
islets [185]. Thus, employing human pancreas tissue slices demon-
strates that the three-dimensional vascular architecture of human
islets differs significantly from that of mouse islets, facilitating specific
cellecell arrangements with substantial implications for cell interactions
within the human islet (Figure 2A) [182]. Another important step was
achieved with establishing the measurement of kinetic hormone release
from perifused human tissue slices (Figure 2B) [183]. In combination
with the above described techniques to investigate islet cell biology in
tissue slices, this approach now holds great potential for gaining insight
into human diabetes pathogenesis and potential treatment targets. Of
particular interest is the use of tissue slices for the study of islet biology
in T1D. Here, disease related islet destruction hampers the islet isolation
process, biasing isolation outcome to predominantly less affected islets
and limiting the ability to thoroughly investigate islet biology at different
stages of the autoimmune attack. Tissue slices overcome this obstacle,
allowing the determination of direct effects of immune cell infiltration
on islet morphology and cell function. Furthermore, in tissue slices,
scattered beta cell clusters within the exocrine tissue, which have been
reported for both types of diabetes [41,42,112], can be investigated.
Finally, establishing culture conditions that preserve human tissue slice
viability and function for several days, as reported previously for
pancreas tissue slices of the mouse [178], will increase the wide range
of experimental opportunities for mid-term analyses of endocrine and
exocrine tissue cell function. Taken together, pancreas tissue slices are
a valuable tool to expand our knowledge on human beta cell biology
under near physiological conditions by facilitating studies in an unper-
turbed in situ environment.

3.3. In vivo
The ultimate goal to understand and verify the contribution of beta cell
mass and function to disease progression and therapy is in vivo
assessment. In humans, in vivo beta cell capacity is usually evaluated
by one of various metabolic tests, including fasting insulin, oral glucose
tolerance test (OGTT), mixed meal tolerance test (MMTT), intravenous
glucose tolerance test (IVGTT) with or without arginine stimulation, or
the hyperglycemic clamp. The choice of test is influenced by the
different technical complexity of the test and its ability to assess
Figure 2: Human pancreas tissue slices for the in situ study of human beta cell morpholo
slice from a non-diabetic human patient that underwent partial pancreatectomy. Slices we
labeled lectin (red) following recently published protocols [182]. (B) Kinetic insulin release fr
(A). Insulin release is expressed as simulation index (SI) over mean basal secretion (0e10
buffer and indicated glucose concentrations at a flow rate of 200 ml/min using a perifusion
tissue was kindly provided by Michele Solimena and Jürgen Weitz (University Hospital Ca
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specific aspects of insulin secretion. Calculation of the homeostasis
model assessment (HOMA and HOMA2) [186,187] for beta cell output
from fasting insulin and glucose plasma levels requires limited
experimental experience, but only provides a measure of the basal
state. In contrast, OGTT and IVGTT assess beta cell output in response
to stimulation. Overall, the OGTT is rather easy to administer and
includes the incretin effect on insulin secretion. The IVGTT, on the other
hand, is more difficult to perform but allows assessment of first phase
insulin release and bypasses the incretin axis, which is potentially
modulated by input from the central nervous system [188]. A more
reproducible technique that informs on glucose dependent insulin
secretion is the hyperglycemic clamp technique. However, the high
technical expertise demanded for its conductance limits its standard
use to assess beta cell function.
Common to all metabolic tests is the difficulty distinguishing between
the contribution of beta cell mass and function to the measured
secretion. Several studies have reported good correlations between
beta cell mass and metabolic tests in humans by relating the in vivo
assessed beta cell response to isolated islet volume [189], the number
of auto- or allotransplanted islets [190e192] or beta cell mass in
tissue samples obtained from pancreatic surgery [116,193]. However,
these studies also showed a substantial variability between individuals
of similar beta cell/islet mass. This is not surprising as beta cells
demonstrate strong functional plasticity in response to physiological
regulation [194e196] or treatment [197,198], while beta cell mass
changes in humans are comparatively moderate [73,199]. Thus,
changes in insulin or C-peptide secretion assessed in vivo within
subjects during disease pathogenesis or therapy cannot be easily
determined to be an alteration of beta cell mass or function.
Great hope has been put into the development of non-invasive in vivo
imaging techniques that would allow assessment of beta cell mass in
humans. In combination with metabolic tests, these techniques could
represent the optimal approach to separate the roles of beta cell mass
and function in glucose homeostasis. In this context, positron emission
tomography (PET), single-photon emission computed tomography
(SPECT), and magnetic resonance imaging (MRI) are currently
considered the most promising imaging modalities to achieve this aim.
These techniques share a large penetration depth into tissues, making
them suitable for in vivo imaging in humans. But the approaches differ
gy and function. (A) Maximum intensity projection of a human islet in a pancreas tissue
re stained for insulin (green), glucagon (blue), somatostatin (yellow), and fluorescently
om 4 human pancreas tissue slices obtained from the same pancreatic tissue as used in
min). Slices were perfused in a closed chamber with KrebseRinger bicarbonate HEPES
system (Biorep). Insulin concentrations of the perfusate were assessed by ELISA. Human
rl Gustav Carus, TU Dresden, Germany).
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Table 1 e Methods for the assessment of beta cell mass and function.

Samples Methods Readout Refs

In vitro Single cells, isolated islets Morphometric analyses (e.g. islet size, proliferation, apoptosis) Beta cell mass [74,91,131]
Hormone secretion Beta cell function [70,82,131�133]
Intracellular signaling (e.g. Ca2þ, NADPH, exocytosis,
mitochondria, electrophysiology)

Beta cell function [134e137]

Protein biochemistry Beta cell function [138,139]
Omics Beta cell function and identity [140e152]

hESCs, hiPSCs,
islet/pancreas organoids

In vitro differentiation Beta cell mass and function
in replacement therapy

[153e162]

In situ Histological sections Morphometric analyses (islet size, proliferation, apoptosis) Beta cell mass [163e165]
Pancreas tissue slices Morphometric analyses Beta cell mass [182,185]

Hormone secretion Beta cell function [183]
Intracellular signaling (e.g. Ca2þ, electrophysiology) [172e180]

In vivo Metabolic tests oGTT, MMTT, ivGTT Sum of mass and function [186e188]
Noninvasive imaging PET, SPECT, MRI, bioluminescence, optical coherence tomography Beta cell mass [200�206, 224,225]
Transplantation into mice Morphometric analyses (proliferation, apoptosis in islet grafts) Beta cell mass [40,217�222]

Systemic hormone levels Beta cell function [223]
Longitudinal LSM imaging in the anterior chamber of the mouse eye Beta cell mass [36,226,227]

Beta cell function [36,226,227]

Review
in resolution and sensitivity, with PET and SPECT showing higher
sensitivity and MRI having better resolution. Central to successful
in vivo imaging of beta cell mass with either of these techniques is the
use of an optimal imaging probe. For in vivo application, this ligand has
to be highly specific towards a stably expressed target on or in beta
cells with a labeling specificity ratio for beta cells vs. exocrine cells of
at least 1000:1 [200]. Furthermore, the probe should be non-toxic and
exhibit beneficial pharmacokinetics. In numerous animal studies the
use of PET, SPECT, and MRI in combination with various imaging
probes for beta cell mass assessment has been investigated, but the
translation to human has been limited so far. Clinical MRI in this field
has been employed primarily to study the fate of transplanted islets in
patients [201e203], avoiding the problem of probe specificity. To that
aim isolated human islets are labeled with superparamagnetic iron
oxide (SPIO) particles in vitro and infused into the liver of patients.
In two of these studies no correlation between the number of
transplanted islets and the MRI signal could be found [202,203],
whereas in the most recent study, the signal correlated with the in vitro
labeling efficiency of the islet transplant [201]. Despite this limitation,
all studies could confirm the safety of MRI monitoring of in vitro labeled
islets after transplantation. Furthermore, the studies demonstrated the
feasibility to follow early islet graft loss after transplantation, a known
phenomenon mediated by an instant blood-mediated inflammatory
reaction after islet infusion into the blood stream [204]. An interesting
version of MRI for the imaging of endogenous beta cell mass is
manganese-enhanced magnetic resonance imaging (MEMRI). To
enhance MRI contrast for visualization of islets, this approach uses
manganese, which is taken up into beta cells through voltage activated
calcium channels [205]. In a retrospective analysis of whole-body MRI
images from 143 patients, MEMRI could discriminate between non-
diabetic and type 2 diabetic individuals [206], making it an inter-
esting candidate for noninvasive beta cell imaging. Unfortunately, its
dependence on the active opening of calcium channels is problematic
as it does not allow distinction between beta cell mass and function.
In combination with computed tomography (CT), PET has been used
to monitor human islets after transplantation to patients, either by pre-
labeling the islets [207] or by in vivo injection of a radiotracer after islet
engraftment [208]. Whereas the case report of Eich et al. [207] merely
demonstrated the feasibility of PET imaging of pre-labeled transplanted
islets in one subject, Eriksson and colleagues were able to correlate
islet graft function in response to a MMTT with the PET signal in 8
8 MOLECULAR METABOLISM - (2017) 1e15 � 2017 Published by Elsevier GmbH. This is
patients [208]. However, the signal did not correlate either with the
number of transplanted islets or with the longitudinal change of
metabolic islet function. Therefore, a conclusion about the applicability
of PET imaging for the outcome of islet transplantation will need further
evaluation. Application of PET or SPECT for in vivo assessment of beta
cell mass has focused mostly on imaging of the endogenous beta cells
in the pancreas. A lot of effort has been put into the development of
radiotracers for this purpose. Tracers to target the type 2 vesicular
monoamine transporter (VMAT2) [209,210], serotonin biosynthesis
[211], and the glucagon-like peptide-1 receptor (GLP-1R) [212]
were used to assess endogenous beta cell mass in control and
type 1 diabetic patients. All of these studies demonstrated reduced
PET/SPECT signals in the patient group, verifying the general feasibility
of this technique to assess pancreatic beta cells in vivo. Nevertheless,
tracer target specificity and modulation by beta cell function require
further evaluation. Furthermore, most clinical in vivo imaging studies
have observed the same high inter-subject variability in beta cell mass
within the same subject group as previously observed in histological
postmortem sampling [72]. Therefore, using cross-sectional studies of
clinical in vivo imaging for diagnostic or therapeutic monitoring seems
rather unlikely. Nonetheless, given that the sensitivity of tracer and
imaging approach are high enough to assess relatively small changes
in beta cell mass, clinical in vivo imaging might be a valuable approach
to monitor beta cell mass during diabetes pathogenesis and therapy.
An alternative way to study human beta cell biology in vivo is the
transplantation of isolated human islets from organ donors into animal
models, e.g. mice. Taking the foreign environment into account, this
approach enables studying human islets for prolonged periods of time
in a controlled in vivo setting. In this context, human islets frequently
have been transplanted under the kidney capsule of mice [213] but
also into the liver, pancreas, lung, spleen [214], muscle [215], bone
marrow [216], and the eye of mice [36]. Even more manifold than the
transplantation sites used were the topics investigated in these
studies, which include almost all aspects of human islet biology,
including T1D [36,217], T2D [218,219] and islet transplantation [220].
Also, determinants of human beta cell mass, in particular beta cell
proliferation [40,221] and apoptosis [222], as well as modulators of
beta cell function have been investigated intensely. Thus, human islet
transplantation to mice often serves as a tool to verify findings obtained
in animal models and is helpful for the development of therapies. The
advantage of human islet transplantation models is the possibility to
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manipulate the systemic environment to study numerous aspects of
disease pathogenesis and potential treatments. In most cases, the
effects on human islet biology are assessed by immunohistochemical
examination of the graft after termination of the experiment.
Additionally, human beta cell function can be evaluated in this setting
by measurement of systemic human insulin levels in the blood of the
mouse [223]. Finally, human islet biology after transplantation to mice
has also been assessed by in vivo imaging. In addition to an intense
use of this approach for the study of the clinical imaging modalities,
small animal transplantation models of human islets also allow for the
use of molecular imaging techniques with reduced penetration depth,
e.g. bioluminescence [224], optical coherence tomography [225],
or laser scanning microscopy (LSM) [36]. Of particular interest is
the recently established combination of cellular resolution LSM with
transplantation of human islets into the anterior chamber of the eye,
which enables, for the first time, longitudinal, noninvasive in vivo
imaging of human islets at cellular resolution ([36,226e228] for
detailed review see the review by Leibiger and Berggren in this issue).

4. CONCLUSIONS

Our knowledge about the differential roles of beta cell mass and
function in diabetes pathogenesis has increased tremendously during
the last years, pointing towards a much more prominent role of beta
cell function in disease development and therapy than previously
believed. Nevertheless, many aspects regarding the kinetics of beta
cell dysfunction and mass reduction as well as their underlying
mechanisms remain unclear. Promise to solve the most imperative
open questions in this field originates from the recent development of
remarkable novel techniques and platforms to study human beta cells
and islets (Table 1). Therefore, these new approaches expand the
scope of routinely applied standard methods, now allowing detailed
investigations of human islet cells from molecular mechanisms to
in vivo performance. In particular, the combination of this broad range
of available techniques will be central to the development of new
treatment approaches for diabetes.
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