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Abstract
Little is known about the human islet life span, and beta-cell neogenesis is generally considered rare in adults. However, 
based on available data on beta-cell proliferation, calculations can be made suggesting that the dynamics of the endocrine 
pancreas is considerable even during adulthood, with islet neogenesis and a sustained increase in size of already formed islets. 
Islet-associated hemorrhages, frequently observed in most mammals including humans, could account for a considerable 
loss of islet parenchyma balancing the constant beta-cell proliferation. Notably, in subjects with type 1 diabetes, periductal 
accumulation of leukocytes and fibrosis is frequently observed, findings that are likely to negatively affect islet neogenesis 
from endocrine progenitor cells present in the periductal area. Impaired neogenesis would disrupt the balance, result in loss 
of islet mass, and eventually lead to beta-cell deficiency and compromised glucose metabolism, with increased islet workload 
and blood perfusion of remaining islets. These changes would impose initiation of a vicious circle further increasing the 
frequency of vascular events and hemorrhages within remaining islets until the patient eventually loses all beta-cells and 
becomes c-peptide negative.
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The turnover of beta‑cells

Little is known concerning the lifespan of the human beta-
cell. The formation of lipofuscin bodies (non-degradable 
lipids and proteins in the lysosomes) has been utilized as a 
tool to assess the longevity of cells. In proliferating human 
insulinoma cells, the lipofuscin content is low and unrelated 
to the age of the affected subject. However, only a low pro-
portion of human beta-cells has been reported to lack lipo-
fuscin bodies, even in very young children, i.e., only 11% 
in 1-year-olds and 5% in 5-year-olds. In adults, the percent-
age of beta-cells without lipofuscin bodies is 2–3%. The 
accumulation of lipofuscin in almost all beta-cells has been 

interpreted to show longevity of beta-cells and that beta-
cell proliferation, or neogenesis from endocrine precursors, 
is uncommon in the typical human pancreas [1]. However, 
accumulation of lipofuscin bodies is not solely dependent on 
the rate of cell proliferation and dilution of non-degradable 
waste products, but also on the metabolic activity of the cell 
[2]. The insulin-producing beta-cells are among the most 
metabolically active cells in our bodies, and the results of 
Cnop and colleagues [1], indicating that an absolute major-
ity of the beta-cells in 1-year-old children already contain 
lipofuscin bodies and strongly suggest that even relatively 
newly formed beta-cells rapidly accumulate lipofuscin bod-
ies and that the presence of lipofuscin in beta-cells consti-
tutes a sign of cellular senescence that should be interpreted 
with caution. Perhaps, the most interesting observation is 
that even in adults, 2–3% of beta-cells do not contain lipo-
fuscin bodies [1], implying that these cells represent either 
an actively proliferating pool of beta-cells or that they have 
been recently generated through a process of differentiation 
from an endocrine precursor.

Human beta-cell proliferation is reportedly low. How-
ever, the most commonly used proliferation marker, Ki67, 
has been shown to underestimate the rate of islet cell 
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proliferation in autopsy specimens by a factor of 3–6 due to 
autolysis [3]. The range of beta-cell proliferation in surgical 
biopsies or after transplantation of human islets to immu-
noincompetent mice has been reported to be 0.1–0.7% [3–6]. 
Markedly increased beta-cell replication in subjects with 
recent-onset T1D has been reported by some investigators 
[7, 8], but not by others [9]. Nonetheless, cell proliferation 
seems not to be uniform among beta-cells, and the role of 
several novel heterogeneity markers for beta-cell matura-
tion, function, and proliferation has recently been elegantly 
reviewed [10]. Expression of flattop (Fltp), a Wnt/planar 
cell polarity effector and reporter gene, can be used to dis-
tinguish proliferation competent from non-replicating β-cells 
[11]. Since the duration of the cell cycle in most non-malig-
nant cells is about 24 h, the fraction of Ki67-positive cells at 
a given time point shows the fraction of time that each cell 
spends in the cycling rather than in the non-cycling (G0) 
state. With this assumption, the mean beta-cell birth rate (%/
year) can be calculated. Also, assuming a maintained total 
beta-cell volume in adults, the corresponding mean beta-cell 
lifespan can be calculated. Calculating with the lower range 
of the figures provided in the literature for human beta-cell 
proliferation [3–6, 12], a labeling index (LI) of 0.1% tells us 
that out of 1000 beta-cells only 1 cell divides per day. This 
is equivalent of 365 dividing beta-cells per thousand cells 
per year, corresponding to a doubling of the beta-cells within 
a 3-year period. Assuming an LI of 0.4% in beta-cells, a 
doubling of the beta-cell mass occurs in less than 1 year 
[3]. These astonishing results may in fact even represent an 
underestimate of the total expansion of the beta-cells, since 
neogenesis of new beta-cells from the ductal epithelium, 
as elegantly shown in rodents, is not considered [13]. This 
type of mechanistic studies cannot, for obvious reasons, be 
conducted in humans. However, several morphological stud-
ies of the human pancreas in lean, obese, and type 2 dia-
betic subjects, as well during pregnancy, strongly support a 
similar process to be of importance to maintain and increase 
beta-cell mass in man [14–17].

To prevent an expansion of the beta-cell mass over the 
human lifetime, a balancing loss of beta-cells must occur. 
However, human beta-cell apoptosis seems an even more 
rare event. In an extensive study of autopsy specimens, only 
nine events were observed in 236,771 cells examined in a 
total of five subjects [17], calling for hereto-unidentified 
mechanisms of beta-cell death.

The vascularity and blood perfusion 
of the islets

To maintain the high metabolic activity of the islet cells, 
and the ability of beta-cells to sense glucose and secrete 
insulin, the islets (that constitute only 1–2% of the total 

pancreatic volume) under normoglycemic conditions receive 
about 10% of the total pancreatic blood flow, as shown in 
rats [18]. Under hyperglycemic conditions, blood perfu-
sion in the islets is rapidly doubled, mainly via an activa-
tion of the vagal nerve, and subsequently maintained at this 
high level by the local release of metabolic mediators, e.g., 
adenosine, until normoglycemia ensures [18]. This massive 
increase in blood perfusion results in a doubling of the intra-
islet capillary pressure. Also, the capillary endothelium of 
the islets is optimized to facilitate the glucose-sensing and 
insulin secretion capacity of the beta-cells. It appears that 
almost every beta-cell is in direct contact with a capillary. 
The intra-islet endothelial cells are slender, with numerous 
fenestrae, and separated from the endocrine cells only by a 
double basal membrane.

Similar to the brain, the islets of Langerhans show a pro-
nounced deficiency of lymphatic capillaries [19], a finding 
with implications for the regulation of interstitial fluid trans-
port in the endocrine pancreas. In most organs, extracel-
lular interstitial fluid is continuously formed by filtration 
from blood capillaries, collected by lymphatic capillaries, 
and finally recirculated back to the blood via the thoracic 
duct. During periods of increased insulin resistance, e.g., 
infections and obesity, or of manifest hyperglycemia, the 
increased blood perfusion in the absence of lymphatic cap-
illaries would result in increased formation of extracellular 
fluids and therefore an increased interstitial pressure within 
the islets. The extracellular volume in human islets under 
resting conditions has been estimated to be about 14% of the 
total islet volume [20], and a fivefold increase in the accu-
mulation of hyaluronan and hyaladherins in the pericapillary 
space between the two basal membranes in insulin-contain-
ing islets has been reported in subjects with recent-onset 
T1D when compared to non-diabetic controls [21]. The lack 
of an efficient transportation system of accumulated extra-
cellular fluids via a lymphatic capillary network increases 
the intra-islet capillary pressure and cause augmented ten-
sion on the endothelial cell lining of the blood capillaries 
further increasing the risk for microvascular bleedings.

The vascular bed of the islets 
as a hereto‑neglected “locus minoris 
resistentiae”

A frequent finding in the pancreas of most species is that of 
so-called hyperemic or hemorrhagic islets [22–25] (Fig. 1), 
i.e., microvascular bleedings within the islet parenchyma. 
This type of vascular catastrophes constitutes the underly-
ing mechanism for the spontaneous development of diabetes 
in male Torii rats [26]. At 8–10 week of age, the pancre-
atic islets show congestion of blood and hemorrhages, and 
their beta-cell volume decreases. At this prediabetic stage, 
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animals remain normoglycemic but have significantly lower 
fasting plasma insulin levels than control rats. Islet immune 
cell infiltration and fibrosis are seen within and around 
3.2% of all the islets at 10 weeks and in almost all the islets 
at 20 weeks. At 14 weeks when the rats become glucose-
intolerant but yet not overtly diabetic, beta-cells significantly 
decrease in numbers. When overt diabetes develops in this 

model, almost all of the beta-cells are lost from the islets, 
whereas other endocrine cells such as glucagon, somatosta-
tin, or PP-containing cells are still present, although reduced 
in numbers. At 24 weeks, the rats show overt hyperglycemia 
(> 25 mmol/L) and marked hypoinsulinemia accompanied 
by decreased body weight and BMI, features characteristic 
of human T1D [26].

Fig. 1  Islets with hemorrhages in organ donors without any previ-
ously known pancreatic disease or diabetes. Islets from these donors 
were successfully isolated and released for clinical transplantation. 
Sections were stained with hematoxylin and eosin in a–d, making 
erythrocytes stain bright pink, and with hematoxylin only in e and f, 

making erythrocytes appear gray. In e and f, immunohistochemical 
staining for synaptophysin (brown) was used to visualize islet tissue. 
Original magnification is × 20 in A and × 40 in b–f; black bar repre-
sents 100 µm in a and 50 µm in b–f (color figure online)
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In non-diabetic humans, hemorrhagic islets have been 
reported in half of all pancreases examined and then in 3–4% 
of all islets, irrespective of whether pancreatic biopsies were 
obtained from organ donors or from areas with “ normal” 
pancreatic tissue in samples excised at elective surgical pro-
cedures (e.g., after pancreatoduodenectomy for pancreatic 
carcinoma) during surgery [24]. A slight increase in fre-
quency of hemorrhagic islets was observed in donors with 
their last recorded systolic blood pressure above 140 mm Hg 
and/or diastolic blood pressure above 90 mm Hg; however, 
the majority of organ donors with hemorrhagic islets had 
normal blood pressure. Notably, donation after brain death 
or donation after cardiac death had no effect on the pres-
ence of hemorrhagic islets. However, there was a slight 
increase in the frequency of donors with hemorrhagic islets 
correlated with time in the intensive care unit (3.4 days in 
donors with hemorrhagic islets compared with 2.2 days in 
donors without hemorrhagic islets). Importantly, in a large 
animal model in pigs, where all these confounding factors 
can be standardized, hemorrhagic islets were found in 48% 
of the purebred and in 68% of the crossbred pigs. Notably, 
the reported frequency is likely an underestimation of the 
true value since only a minor part of the pancreas volume 
was examined. Similar to the human pancreas, 3.3 ± 3.1%, 
and 3.1 ± 4.7% of all assessed islets in these pancreases were 
hemorrhagic in purebred and crossbred pigs, respectively 
[23].

The extensive delicate and fenestrated capillary network 
within the islets requires regular maintenance to sustain their 
high and dynamic blood perfusion. Platelets are not only 
required for hemostasis but also for their capacity to main-
tain the structural integrity of capillaries and postcapillary 
venules [27]. Platelets support the resting vascular endothe-
lium by (1) physically blocking gaps in the vascular lining, 
(2) promoting the growth of endothelial cells (3) maintaining 
the endothelial ultrastructure, and (4) enhancing the barrier 
function of the endothelium by releasing soluble factors. In 
experimental studies, platelets seem to be critical for pre-
venting bleeding at sites of local inflammation [28]. This 
effect appears to be independent of GPIIb-/IIIa-mediated 
aggregation but dependent on GPVI and CLEC-2, the only 
immunoreceptor tyrosine-based activation motif (ITAM) 
receptor present on mouse platelets (human platelets further 
express the IgG Fc receptor FcgRIIA). Platelets treated with 
inhibitors of the spleen tyrosine kinase (Syk) and Bruton’s 
tyrosine kinase, transducers of GPVI and CLEC-2 signaling, 
show an impaired ability to prevent bleeding without affect-
ing their recruitment to the site of inflammation. Syk plays 
an essential role in the formation of platelet filopodia, but 
not in GPVI potentiation of platelet activation by thrombin.

Changes in platelet shape and platelet secretion can be 
triggered independently of aggregation, notably in response 
to collagen. In particular, platelets pretreated with thrombin 

and emptied of their contents before transfusion to throm-
bocytopenic mice fail to prevent bleedings, suggesting a 
potential role for paracrine interactions between platelets 
and endothelial cells that is potentially mediated by the 
bioactive endothelial barrier-protective lipid sphingosine-
1-phosphate (S1P) [28]. Promotion of vascular integrity by 
S1P is dependent on expression of the S1P receptor 1 on 
endothelial cells [29]. S1P receptor 1 is expressed on the 
endothelial cells of the islets and is increased by short-term 
but markedly decreased by long-term hyperglycemia [30]. 
S1P activation of the S1P1 receptor functions in an anti-
inflammatory manner and prevents monocyte adherence 
to the vascular endothelium. Notably, aortas from diabetic 
NOD mice bind sevenfold more monocytes than non-dia-
betic littermates and pretreatment of the aortas with S1P 
almost totally abrogated the accumulation of monocytes 
[31]. Erythrocytes and endothelial cells seem to be the main 
sources of S1P in plasma; however, platelets also express 
abundant amounts of S1P [32], and during inflammation 
and vascular damage, platelets become activated and locally 
release high levels of S1P [32]. It is noteworthy that these 
platelet-mediated endothelial protective processes are inhib-
ited by aspirin and NSAIDs, often used to relieve symptoms 
of infections [33–36]. Especially worrisome in this regard is 
the fact that the increase in T1D incidence is paralleled by 
the increased use of these medications and the observation 
that the use of NSAIDs is especially frequent in countries 
with a high incidence of T1D, such as Sweden and Finland 
[37–39].

In line with an important role for platelets in maintaining 
the integrity of islet capillaries, hemorrhagic islets and infil-
tration of mononuclear cells are observed already after 12 h 
in non-diabetic rats with severe thrombocytopenia induced 
by anti-platelet serum [40]. Supporting the dependence on 
ITAM for the protection of islet vascular integrity, treatment 
of rats with specific inhibitors of Syk and Bruton’s tyrosine 
kinases causes distinct pancreatic lesions characterized by 
multifocal intra- and peri-islet hemorrhage, inflammation, 
and fibrosis [41, 42]. In animals on maintenance treatment 
with these specific Syk inhibitors, glucose metabolism starts 
to deteriorate after only 14 days [42]. The sensitivity of rats 
to Syk and Bruton’s tyrosine kinase inhibitors seems to be 
strain dependent and to correlate with the background rate 
of spontaneous hemorrhagic islets [41, 43].

The turnover of islets

Carefully performed morphometric studies by Ogilvie as 
early as the 1930s have shown that during the first years 
of life, the human islet tissue increases more as the result 
of a gain in islet number than an increase in size within 
individual islets [44]. The number of islets seems to be 
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established around the age of about 3 years, and from this 
age, the marked increase in islet mass during childhood 
and adolescence seems to be mainly due to enlargement of 
the average islet size. After 20 years of age, the islet mass 
becomes stabilized in terms of both the total number of islets 
and the islet size distribution.

These early results concerning the endocrine human pan-
creas demonstrate the dynamics of both the formation of 
new islets and the expansion of small islets into large islets. 
At present, a more static situation is often depicted, with a 
huge number of small islets with a diameter of 50 µm or less 
and only very few islets with a diameter above 250 µm; even 
so, the most important contribution to the total islet volume 
is by the medium-sized islets of 100–150 µm in diameter 
[45]. This stationary view of the islet compartment has dom-
inated in recent years, and the dynamics of the endocrine 
pancreas seems underestimated.

The detailed dynamics of human islets are not known, but 
one can envision that all islets have eventually been formed 
as small clusters of endocrine cells. As these cells slowly 
replicate, the islets grow in size. If we assume an LI in the 
lower range of those reported (0.1%) [3–6, 12], an islet with 
a diameter of 50 µm will increase eight times in volume and 
turn into an islet with a diameter of 100 µm over a period of 
9 years; with an LI close to the average of that reported in 
the literature (0.4%) [3–6, 12], this growth of an islet would 
be accomplished in only 3 years. Taking into consideration 
also the process of neoformation of beta-cells, the growth of 
the islets would occur at an even faster rate [13].

A stationary number of islets with even a low beta-cell 
proliferation rate of 0.1% would, over the lifetime of a human 
being, result in the accumulation of very large islets and no 
remaining small islets. Since islet size distribution remains 
unchanged from adolescence to the upper limit of the human 
lifespan, other processes must be in operation: The presence 
of numerous small islets implies constant islet neogenesis, 
and the presence of only a few large islets implies that entire 
islets are sometimes lost during their progression into large 
islets. The specific location in the pancreas likely governs 
both the growth rate as well as the maximal islet size; only 
when positioned in a location providing optimal support in 
terms of blood supply and innervation can an islet reach its 
maximal size of about 250 µm in diameter.

Hemorrhagic islets have been reported to represent 3–4% 
of all islets in about 50% of subjects examined [24]. Assum-
ing that (1) on average, the percentage of islets with a hem-
orrhage is about 1% (2) that this vascular catastrophe causes 
a 50% loss of islet parenchyma in affected islets, and (3) 
bleeding within an islet is resorbed within a week, several 
interesting calculations can be made concerning the dynam-
ics of the islets in humans. With the stated assumptions, 
these islet lesions would cause a loss of islet parenchyma of 
0.5% per week, equivalent to a 25% loss per year. Notably, 

this tentative figure fits remarkable well with the estimated 
renewal of beta-cells if one assumes an LI of only about 
0.1% [3–6, 12].

Also, assuming that a hemorrhagic episode would cause 
loss of the entire islets in about 25% of occasions 0.25% of 
all islets would be lost during 1 week, corresponding to a 
loss of 12.5% of all islets over 1 year. With a constant total 
number of islets in humans in the range of 1–2 million, this 
would mean a loss of about 125,000–250,000 islets per year, 
a figure that must be balanced by the formation of a similar 
number of new islets [15, 17, 44]. Again, this tentative figure 
fits remarkably well with a beta-cell LI of 0.1% [3–6, 12] and 
a maintained size distribution of islets [45, 46].

Clinical implications of lost vascular 
integrity in the islets

Progression to overt T1D occurs only slowly over many 
years; 10 years after seroconversion, about 70% of children 
with high-risk HLA alleles and multiple islet autoantibod-
ies have been diagnosed with T1D [47]. Thus, even if the 
clinical onset of T1D is usually abrupt, the injurious pro-
cesses that eventually cause the disease seem to have been 
in place for many years. Also, there is only a gradual loss 
of the remaining insulin-producing cells after T1D diagno-
sis, as evidenced by a decline in c-peptide over a period of 
several years, or even decades, in most subjects [48, 49]. 
Importantly, the long-lasting beta-cells remain functional 
even several decades after diagnosis of T1D, as evidenced by 
increased secretion of c-peptide in response to a mixed meal.

Focal lesions of acute pancreatitis and an accumulation of 
leukocytes, often around the ducts, are frequently observed 
in subjects with recent-onset (T1D) [50, 51], and most T1D 
patients display extensive periductal fibrosis, the end stage 
of inflammation [52]. An injurious inflammatory adverse 
event occurring within the periductal area may reduce the 
capacity for islet neogenesis, depending on negative impli-
cations for stem cells that reside within or adjacent to the 
ductal epithelium [53, 54]. The number of islets per exocrine 
tissue (the islet density) is markedly reduced in subjects with 
T1D when compared to matched non-diabetic subjects [55]. 
Impaired islet neogenesis would lead to prolonged periods 
of impaired glucose metabolism and thereby an extensive 
workload on persisting beta-cells and an accompanying 
hyperperfusion of blood in remaining islets. In children, 
these insults would be further aggravated by the physiologi-
cal increase in insulin demands resulting from rapid body 
growth and puberty.

In experimental studies of increased work-load in the 
islets, e.g., during periods of increased insulin resistance, 
the islet vessel density decreases, and the intra-islet vas-
culature becomes markedly dilated [56]. Corticosteriods 
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usually induce vasoconstriction and reduced vascular leak-
age; however, in mice treated for 3 weeks with corticoster-
oids to induce increased islet workload by increasing insulin 
resistance, micro-hemorrhages were observed within the 
islets [57]. Similarly, vascular congestion and hemorrhages 
in islets, accompanied by mononuclear cell and T-lympho-
cytic infiltration, have been reported in several spontaneous 
rat models of increased insulin resistance [58, 59].

A frequent finding in the pancreas of most species is that 
of so-called hyperemic or hemorrhagic islets [22–25]. Also, 
in humans hemorrhagic events in the islets are seemingly 
not rare events [24], and it is speculated that this can indeed 
be regarded as a part of the natural turnover of islets over 
time in most species. The high level of constitutive expres-
sion of tissue factor in the endocrine cells of the islets may 
find its physiological role as an efficient mechanism for 
controlling these vascular catastrophic events by instantly 
helping to demarcate and prevent excessive bleeding within 
the pancreas [60]. TF is constitutively expressed by cells 
in the adventitia of the blood vessels and is found in other 
highly vascularized tissues such as the cerebral cortex, renal 
glomeruli, and lungs to ascertain instant activation of the 
extrinsic pathway of coagulation whenever a bleeding occurs 
[61]. Thrombocytopenia in humans does not regularly result 
in islet hemorrhages and clinical diabetes. However, dur-
ing periods of increased islet workload and blood perfusion, 
thrombocytopenia can result in massive and seemingly spe-
cific loss of islets as a result of islet hemorrhages [62–66].

Hemolytic uremic syndrome (HUS) is characterized by 
acute hemolytic anemia, thrombocytopenia, endothelial cell 
damage and renal failure. However, HUS is also associated 
with an increased risk to develop diabetes. The incidence of 
diabetes in surviving subjects was in a meta-analysis reported 
to be 3.2%, i.e., a 100-fold increase compared with the gen-
eral population [67]. Autopsy studies have demonstrated 
hemorrhages and thrombosis in the islets of Langerhans 
with preservation of the exocrine pancreas [63, 66]. In other 
subjects, however, hemorrhagic necrosis of the exocrine pan-
creas (pancreatitis) is also found. These observations align 
with the increased risk of islet hemorrhages during periods 
of severe thrombocytopenia and insulin resistance.

During the period from 1990 to 2010, a rapid increase 
in the incidence of T1D occurred in Europe, which subse-
quently seems to have plateaued. This dramatic change in 
incidence over a short period of time has been interpreted 
as supporting a decisive role for an infectious environ-
mental agent in the etiology of T1D. Alternatively, the 
precipitating factor could be the observed increase and 
subsequently plateauing in body weight in children during 
the same period of time [68–71]. Fasting blood glucose 
and HbA1c have, however, not increased in non-diabetic 
children during this period because of a marked increase 
in plasma insulin levels, that is, a persistently increased 

beta-cell workload seems to be required to maintain nor-
moglycemia in children today because of their increase 
in body weight [72]. Interestingly, higher birth weight 
and increased weight gain during the first years of life 
enhance the risk for development of T1D later in life [73, 
74]. Also, an often-noted clinical observation in subjects 
with T1D is the temporary increase in needs of exogenous 
insulin during infections, which is attributed to increased 
insulin resistance. Notably, if this occurs in subjects who 
have recently been diagnosed with T1D with low require-
ment for exogenous insulin because of preserved c-peptide 
secretion (during the honeymoon period), the need for 
insulin after the infection has resolved is often perma-
nently increased, pointing to a loss of beta-cell function 
in conjunction with the infection. Similarly, insulin resist-
ance accelerates progression to T1D in islet autoantibody-
positive relatives in whom insulin secretion is reduced but 
does not affect progression when insulin secretion is rela-
tively well preserved [75–77]. Collectively, these clini-
cal observations could tentatively be explained by loss of 
remaining beta-cells because of increased islet workload 
with concomitant increase in islet blood perfusion result-
ing in a higher frequency of islet hemorrhages.

Available clinical observations in T1D suggest a mild dis-
ease process occurring over several years or even decades. 
This should be viewed in relation to the total beta-cell mass 
of only 0.2–1.5 g in non-diabetic adults [17, 78]. To be in 
line with the slow clinical progress of T1D, the beta-cell-
damaging process(es) occurring over many years must be 
of low intensity or must target, during each episode, only a 
minor fraction of the beta-cells. The model presented herein 
with impaired islet neogenesis and loss of islets in hemor-
rhagic episodes fits well with these clinical observations. 
Minor hemorrhages are preferentially located in the peri-
islet area and, when resolved, explain the often-described 
peri-insulitis, preferentially consisting of CD8 + tissue-
resident memory T cells [79], and the formation of islet 
autoantibodies as a result of the necrosis of insulin-produc-
ing cells in an inflamed microenvironment. Impaired islet 
neogenesis would eventually lead to a deficiency of beta-
cells and compromised glucose metabolism, with increased 
islet work-load and blood perfusion of the remaining islets. 
These changes would impose initiation of a vicious circle 
further increasing the risks of vascular events and hemor-
rhages within remaining islets until the patient eventually 
becomes c-peptide negative.

Acknowledgements Open access funding provided by Uppsala Uni-
versity. This study was supported by grants from the Swedish Medi-
cal Research Council (65X-12219–15-6, K2015-54X-12219–19-4), 
EU-FP7-Health 2010 PEVNET 261441, the Nordic Insulin Fund, the 
Ernfors Family Fund, Barndiabetesfonden, the Swedish Diabetes Asso-
ciation, the Diabetes Wellness Foundation, and the Juvenile Diabetes 
Foundation International.



509Acta Diabetologica (2020) 57:503–511 

1 3

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflict of 
interest.

Ethical approval The human tissue included in the study was procured, 
stored and analyzed as approved by the Regional Ethics Committee in 
Uppsala (Dnr: 2015/444).

Informed consent The consent to use tissue from deceased organ 
donors for research purposes was obtained verbally from the deceased’s 
next of kin by the physician in charge or obtained from an online 
database and fully documented in accordance with Swedish law and 
regional standard practices.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.

References

 1. Cnop M, Igoillo-Esteve M, Hughes SJ, Walker JN, Cnop I, Clark 
A (2011) Longevity of human islet alpha- and beta-cells. Dia-
betes Obes Metab 13(Suppl 1):39–46. https ://doi.org/10.111
1/j.1463-1326.2011.01443 .x

 2. Sohal RS (1981) Relationship between metabolic rate, lipofuscin 
accumulation and lysosomal enzyme activity during aging in the 
adult housefly. Musca domestica Exp Gerontol 16(4):347–355

 3. Sullivan BA, Hollister-Lock J, Bonner-Weir S, Weir GC (2015) 
Reduced Ki67 staining in the postmortem state calls into ques-
tion past conclusions about the lack of turnover of adult human 
beta-cells. Diabetes 64(5):1698–1702. https ://doi.org/10.2337/
db14-1675

 4. Menge BA, Tannapfel A, Belyaev O et al (2008) Partial pancrea-
tectomy in adult humans does not provoke beta-cell regeneration. 
Diabetes 57(1):142–149. https ://doi.org/10.2337/db07-1294

 5. In’t Veld P, De Munck N, Van Belle K et al (2010) Beta-cell 
replication is increased in donor organs from young patients after 
prolonged life support. Diabetes 59(7):1702–1708. https ://doi.
org/10.2337/db09-1698

 6. Caballero F, Siniakowicz K, Hollister-Lock J et al (2014) Birth 
and death of human beta-cells in pancreases from cadaver donors, 
autopsies, surgical specimens, and islets transplanted into mice. 
Cell Transplant 23(2):139–151. https ://doi.org/10.3727/09636 
8912X 65991 6

 7. Meier JJ, Lin JC, Butler AE, Galasso R, Martinez DS, Butler PC 
(2006) Direct evidence of attempted beta cell regeneration in an 
89-year-old patient with recent-onset type 1 diabetes. Diabetologia 
49(8):1838–1844. https ://doi.org/10.1007/s0012 5-006-0308-2

 8. Willcox A, Richardson SJ, Bone AJ, Foulis AK, Morgan NG 
(2010) Evidence of increased islet cell proliferation in patients 
with recent-onset type 1 diabetes. Diabetologia 53(9):2020–2028. 
https ://doi.org/10.1007/s0012 5-010-1817-6

 9. Butler AE, Galasso R, Meier JJ, Basu R, Rizza RA, Butler PC 
(2007) Modestly increased beta cell apoptosis but no increased 
beta cell replication in recent-onset type 1 diabetic patients who 
died of diabetic ketoacidosis. Diabetologia 50(11):2323–2331. 
https ://doi.org/10.1007/s0012 5-007-0794-x

 10. Liu JS, Hebrok M (2017) All mixed up: defining roles for beta-cell 
subtypes in mature islets. Genes Dev 31(3):228–240. https ://doi.
org/10.1101/gad.29438 9.116

 11. Bader E, Migliorini A, Gegg M et al (2016) Identification of pro-
liferative and mature beta-cells in the islets of Langerhans. Nature 
535(7612):430–434. https ://doi.org/10.1038/natur e1862 4

 12. Kohler CU, Olewinski M, Tannapfel A, Schmidt WE, Fritsch H, 
Meier JJ (2011) Cell cycle control of beta-cell replication in the 
prenatal and postnatal human pancreas. Am J Phys Endocrinol 
Metab 300(1):E221–E230. https ://doi.org/10.1152/ajpen do.00496 
.2010

 13. van der Meulen T, Mawla AM, DiGruccio MR et al. (2017) Vir-
gin beta cells persist throughout life at a neogenic niche within 
pancreatic islets. Cell Metab 25 (4):911–926 e916. doi:10.1016/j.
cmet.2017.03.017

 14. Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA, Butler 
PC (2003) Beta-cell deficit and increased beta-cell apoptosis in 
humans with type 2 diabetes. Diabetes 52(1):102–110

 15. Meier JJ, Butler AE, Saisho Y et al (2008) Beta-cell replication 
is the primary mechanism subserving the postnatal expansion of 
beta-cell mass in humans. Diabetes 57(6):1584–1594. https ://doi.
org/10.2337/db07-1369

 16. Butler AE, Cao-Minh L, Galasso R et al (2010) Adaptive changes 
in pancreatic beta cell fractional area and beta cell turnover in 
human pregnancy. Diabetologia 53(10):2167–2176. https ://doi.
org/10.1007/s0012 5-010-1809-6

 17. Saisho Y, Butler AE, Manesso E, Elashoff D, Rizza RA, Butler PC 
(2013) beta-cell mass and turnover in humans: effects of obesity 
and aging. Diabetes Care 36(1):111–117. https ://doi.org/10.2337/
dc12-0421

 18. Carlsson PO, Olsson R, Kallskog O, Bodin B, Andersson A, Jans-
son L (2002) Glucose-induced islet blood flow increase in rats: 
interaction between nervous and metabolic mediators. Am J Phys-
iol Endocrinol Metab 283(3):E457–E464. https ://doi.org/10.1152/
ajpen do.00044 .2002

 19. Korsgren E, Korsgren O (2016) An apparent deficiency of lym-
phatic capillaries in the islets of langerhans in the human pancreas. 
Diabetes 65(4):1004–1008. https ://doi.org/10.2337/db15-1285

 20. Pisania A, Weir GC, O’Neil JJ et al (2010) Quantitative analysis 
of cell composition and purity of human pancreatic islet prepa-
rations. Lab Investig J Tech Methods Pathol 90(11):1661–1675. 
https ://doi.org/10.1038/labin vest.2010.124

 21. Bogdani M, Johnson PY, Potter-Perigo S et al (2014) Hyaluronan 
and hyaluronan-binding proteins accumulate in both human type 
1 diabetic islets and lymphoid tissues and associate with inflam-
matory cells in insulitis. Diabetes 63(8):2727–2743. https ://doi.
org/10.2337/db13-1658

 22. Imaoka M, Satoh H, Furuhama K (2007) Age- and sex-related dif-
ferences in spontaneous hemorrhage and fibrosis of the pancreatic 
islets in Sprague-Dawley rats. Toxicol Pathol 35(3):388–394. https 
://doi.org/10.1080/01926 23070 12303 04

 23. Hilling DE, Rijkelijkhuizen JK, Tons HA et al (2011) Reduced por-
cine islet isolation yield in the presence of hyperemic islets. Horm 
Metab Res 43(8):531–536. https ://doi.org/10.1055/s-0031-12808 
30

 24. Hilling DE, Tons HA, Marang-van de Mheen PJ et al (2011) 
Presence of hyperemic islets in human donor-pancreata results in 
reduced islet isolation yield. Horm Metab Res 43(2):92–99. https 
://doi.org/10.1055/s-0030-12704 51

 25. Parween S, Kostromina E, Nord C, Eriksson M, Lindstrom P, Ahl-
gren U (2016) Intra-islet lesions and lobular variations in beta-cell 
mass expansion in ob/ob mice revealed by 3D imaging of intact 
pancreas. Sci Rep 6:34885. https ://doi.org/10.1038/srep3 4885

 26. Masuyama T, Komeda K, Hara A et al (2004) Chronological char-
acterization of diabetes development in male Spontaneously Dia-
betic Torii rats. Biochem Biophys Res Commun 314(3):870–877

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1111/j.1463-1326.2011.01443.x
https://doi.org/10.1111/j.1463-1326.2011.01443.x
https://doi.org/10.2337/db14-1675
https://doi.org/10.2337/db14-1675
https://doi.org/10.2337/db07-1294
https://doi.org/10.2337/db09-1698
https://doi.org/10.2337/db09-1698
https://doi.org/10.3727/096368912X659916
https://doi.org/10.3727/096368912X659916
https://doi.org/10.1007/s00125-006-0308-2
https://doi.org/10.1007/s00125-010-1817-6
https://doi.org/10.1007/s00125-007-0794-x
https://doi.org/10.1101/gad.294389.116
https://doi.org/10.1101/gad.294389.116
https://doi.org/10.1038/nature18624
https://doi.org/10.1152/ajpendo.00496.2010
https://doi.org/10.1152/ajpendo.00496.2010
https://doi.org/10.2337/db07-1369
https://doi.org/10.2337/db07-1369
https://doi.org/10.1007/s00125-010-1809-6
https://doi.org/10.1007/s00125-010-1809-6
https://doi.org/10.2337/dc12-0421
https://doi.org/10.2337/dc12-0421
https://doi.org/10.1152/ajpendo.00044.2002
https://doi.org/10.1152/ajpendo.00044.2002
https://doi.org/10.2337/db15-1285
https://doi.org/10.1038/labinvest.2010.124
https://doi.org/10.2337/db13-1658
https://doi.org/10.2337/db13-1658
https://doi.org/10.1080/01926230701230304
https://doi.org/10.1080/01926230701230304
https://doi.org/10.1055/s-0031-1280830
https://doi.org/10.1055/s-0031-1280830
https://doi.org/10.1055/s-0030-1270451
https://doi.org/10.1055/s-0030-1270451
https://doi.org/10.1038/srep34885


510 Acta Diabetologica (2020) 57:503–511

1 3

 27. Ho-Tin-Noe B, Demers M, Wagner DD (2011) How platelets safe-
guard vascular integrity. J Thromb Haemost 9(Suppl 1):56–65. 
https ://doi.org/10.1111/j.1538-7836.2011.04317 .x

 28. Ho-Tin-Noe B, Boulaftali Y, Camerer E (2018) Platelets and vas-
cular integrity: how platelets prevent bleeding in inflammation. 
Blood 131(3):277–288. https ://doi.org/10.1182/blood -2017-06-
74267 6

 29. Burg N, Swendeman S, Worgall S, Hla T, Salmon JE (2018) 
Sphingosine 1-phosphate receptor 1 signaling maintains endothe-
lial cell barrier function and protects against immune complex-
induced vascular injury. Arthritis Rheumatol 70(11):1879–1889. 
https ://doi.org/10.1002/art.40558 

 30. Laychock SG, Tian Y, Sessanna SM (2003) Endothelial differenti-
ation gene receptors in pancreatic islets and INS-1 cells. Diabetes 
52(8):1986–1993

 31. Whetzel AM, Bolick DT, Srinivasan S et al (2006) Sphingo-
sine-1 phosphate prevents monocyte/endothelial interactions 
in type 1 diabetic NOD mice through activation of the S1P1 
receptor. Circ Res 99(7):731–739. https ://doi.org/10.1161/01.
RES.00002 44088 .33375 .52

 32. Xiong Y, Hla T (2014) S1P control of endothelial integ-
rity. Curr Top Microbiol Immunol 378:85–105. https ://doi.
org/10.1007/978-3-319-05879 -5_4

 33. Ikeda Y (1977) The effect of ibuprofen on platelet function 
in vivo. Keio J Med 26(4):213–222

 34. De la Cruz JP, Reyes JJ, Ruiz-Moreno MI, Lopez-Villodres 
JA, Jebrouni N, Gonzalez-Correa JA (2010) Differences in the 
in vitro antiplatelet effect of dexibuprofen, ibuprofen, and flurbi-
profen in human blood. Anesth Analg 111(6):1341–1346. https 
://doi.org/10.1213/ANE.0b013 e3181 f7b67 9

 35. Ulrych T, Bohm A, Polzin A et al (2011) Release of sphingo-
sine-1-phosphate from human platelets is dependent on throm-
boxane formation. J Thromb Haemost 9(4):790–798. https ://doi.
org/10.1111/j.1538-7836.2011.04194 .x

 36. Polzin A, Knoop B, Bohm A et  al (2018) Aspirin inhibits 
platelet-derived sphingosine-1-phosphate induced endothelial 
cell migration. Pharmacology 101(1–2):72–75. https ://doi.
org/10.1159/00048 4208

 37. Ahonen R, Enlund H, Klaukka T, Martikainen J (1991) Con-
sumption of analgesics and anti-inflammatory drugs in the 
nordic countries between 1978–1988. Eur J Clin Pharmacol 
41(1):37–42. https ://doi.org/10.1007/BF002 80103 

 38. Diener HC, Schneider R, Aicher B (2008) Per-capita con-
sumption of analgesics: a nine-country survey over 20 years. 
J Headache Pain 9(4):225–231. https ://doi.org/10.1007/s1019 
4-008-0046-6

 39. Kristensen KB, Karlstad O, Martikainen JE et al (2019) Nonaspi-
rin nonsteroidal antiinflammatory drug use in the nordic countries 
from a cardiovascular risk perspective, 2000–2016: a drug utiliza-
tion study. Pharmacotherapy. https ://doi.org/10.1002/phar.2217

 40. Gude WD, Odell TT, Cosgrove GE, Jackson CW, Pratschner 
J (1974) Changes in the pancreas in thrombocytopaenic rats. J 
Pathol 114(3):119–125. https ://doi.org/10.1002/path.17111 40303 

 41. Brenneman KA, Ramaiah SK, Rohde CM et al (2014) Mechanis-
tic investigations of test article-induced pancreatic toxicity at the 
endocrine-exocrine interface in the rat. Toxicol Pathol 42(1):229–
242. https ://doi.org/10.1177/01926 23313 50885 1

 42. Long AJ, Sampson E, McCarthy RW et al (2016) Syk inhibi-
tion induces platelet dependent peri-islet hemorrhage in the 
rat pancreas. Toxicol Pathol 44(7):998–1012. https ://doi.
org/10.1177/01926 23316 65401 5

 43. Erickson RI, Schutt LK, Tarrant JM et al (2017) Bruton’s tyros-
ine kinase small molecule inhibitors induce a distinct pancreatic 
toxicity in rats. J Pharmacol Exp Ther 360(1):226–238. https ://
doi.org/10.1124/jpet.116.23622 4

 44. Ogilvie R (1937) A quantitative estimation of the pancreatic islet 
tissue. Q J Med 6(3):287–300

 45. Hellman B (1959) Actual distribution of the number and volume 
of the islets of Langerhans in different size classes in non-diabetic 
humans of varying ages. Nature 184(Suppl 19):1498–1499

 46. Saito K, Iwama N, Takahashi T (1978) Morphometrical analy-
sis on topographical difference in size distribution, number and 
volume of islets in the human pancreas. Tohoku J Exp Med 
124(2):177–186

 47. Ziegler AG, Rewers M, Simell O et al (2013) Seroconversion to 
multiple islet autoantibodies and risk of progression to diabetes 
in children. JAMA 309(23):2473–2479. https ://doi.org/10.1001/
jama.2013.6285

 48. Greenbaum CJ, Beam CA, Boulware D et al (2012) Fall in C-pep-
tide during first 2 years from diagnosis: evidence of at least two 
distinct phases from composite type 1 diabetes TrialNet data. Dia-
betes 61(8):2066–2073. https ://doi.org/10.2337/db11-1538

 49. Ludvigsson J, Carlsson A, Deli A et al (2013) Decline of C-pep-
tide during the first year after diagnosis of Type 1 diabetes in chil-
dren and adolescents. Diabetes Res Clin Pract 100(2):203–209. 
https ://doi.org/10.1016/j.diabr es.2013.03.003

 50. Gepts W (1965) Pathologic anatomy of the pancreas in juvenile 
diabetes mellitus. Diabetes 14(10):619–633

 51. Foulis AK, Liddle CN, Farquharson MA, Richmond JA, Weir 
RS (1986) The histopathology of the pancreas in type 1 (insu-
lin-dependent) diabetes mellitus: a 25-year review of deaths in 
patients under 20 years of age in the United Kingdom. Diabetolo-
gia 29(5):267–274

 52. Meier JJ, Bhushan A, Butler AE, Rizza RA, Butler PC (2005) 
Sustained beta cell apoptosis in patients with long-standing type 
1 diabetes: indirect evidence for islet regeneration? Diabetologia 
48(11):2221–2228. https ://doi.org/10.1007/s0012 5-005-1949-2

 53. Bonner-Weir S, Li WC, Ouziel-Yahalom L, Guo L, Weir GC, 
Sharma A (2010) Beta-cell growth and regeneration: replication 
is only part of the story. Diabetes 59(10):2340–2348. https ://doi.
org/10.2337/db10-0084

 54. Ding L, Gysemans C, Mathieu C (2013) Beta-cell differentia-
tion and regeneration in type 1 diabetes. Diabetes Obes Metab 
15(Suppl 3):98–104. https ://doi.org/10.1111/dom.12164 

 55. Seiron P, Wiberg A, Krogvold L et al (2018) Characterization 
of the endocrine pancreas in Type 1 diabetes: islet size is main-
tained but islet number is markedly reduced. BioRxiv. https ://doi.
org/10.1101/48050 9

 56. Dai C, Brissova M, Reinert RB et al (2013) Pancreatic islet vascu-
lature adapts to insulin resistance through dilation and not angio-
genesis. Diabetes 62(12):4144–4153. https ://doi.org/10.2337/
db12-1657

 57. Coleman R, Silbermann M (1978) Erythrocytes within pan-
creatic B-cells of corticosteroid-treated mice. Experientia 
34(8):1049–1050

 58. Li X, Zhang L, Meshinchi S et al (2006) Islet microvasculature in 
islet hyperplasia and failure in a model of type 2 diabetes. Diabe-
tes 55(11):2965–2973. https ://doi.org/10.2337/db06-0733

 59. Jones HB, Nugent D, Jenkins R (2010) Variation in characteris-
tics of islets of Langerhans in insulin-resistant, diabetic and non-
diabetic-rat strains. Int J Exp Pathol 91(3):288–301. https ://doi.
org/10.1111/j.1365-2613.2010.00713 .x

 60. Moberg L, Johansson H, Lukinius A et al (2002) Production of 
tissue factor by pancreatic islet cells as a trigger of detrimen-
tal thrombotic reactions in clinical islet transplantation. Lancet 
360(9350):2039–2045

 61. Drake TA, Morrissey JH, Edgington TS (1989) Selective cel-
lular expression of tissue factor in human tissues. Implications 
for disorders of hemostasis and thrombosis. Am J Pathol 134 
(5):1087–1097

https://doi.org/10.1111/j.1538-7836.2011.04317.x
https://doi.org/10.1182/blood-2017-06-742676
https://doi.org/10.1182/blood-2017-06-742676
https://doi.org/10.1002/art.40558
https://doi.org/10.1161/01.RES.0000244088.33375.52
https://doi.org/10.1161/01.RES.0000244088.33375.52
https://doi.org/10.1007/978-3-319-05879-5_4
https://doi.org/10.1007/978-3-319-05879-5_4
https://doi.org/10.1213/ANE.0b013e3181f7b679
https://doi.org/10.1213/ANE.0b013e3181f7b679
https://doi.org/10.1111/j.1538-7836.2011.04194.x
https://doi.org/10.1111/j.1538-7836.2011.04194.x
https://doi.org/10.1159/000484208
https://doi.org/10.1159/000484208
https://doi.org/10.1007/BF00280103
https://doi.org/10.1007/s10194-008-0046-6
https://doi.org/10.1007/s10194-008-0046-6
https://doi.org/10.1002/phar.2217
https://doi.org/10.1002/path.1711140303
https://doi.org/10.1177/0192623313508851
https://doi.org/10.1177/0192623316654015
https://doi.org/10.1177/0192623316654015
https://doi.org/10.1124/jpet.116.236224
https://doi.org/10.1124/jpet.116.236224
https://doi.org/10.1001/jama.2013.6285
https://doi.org/10.1001/jama.2013.6285
https://doi.org/10.2337/db11-1538
https://doi.org/10.1016/j.diabres.2013.03.003
https://doi.org/10.1007/s00125-005-1949-2
https://doi.org/10.2337/db10-0084
https://doi.org/10.2337/db10-0084
https://doi.org/10.1111/dom.12164
https://doi.org/10.1101/480509
https://doi.org/10.1101/480509
https://doi.org/10.2337/db12-1657
https://doi.org/10.2337/db12-1657
https://doi.org/10.2337/db06-0733
https://doi.org/10.1111/j.1365-2613.2010.00713.x
https://doi.org/10.1111/j.1365-2613.2010.00713.x


511Acta Diabetologica (2020) 57:503–511 

1 3

 62. Harrison HN (1958) Thrombotic thrombocytopenic purpura 
occurring in the puerperium; associated pancreatic islet-cell 
necrosis. AMA Arch Intern Med 102(1):124–130

 63. Burns JC, Berman ER, Fagre JL, Shikes RH, Lum GM (1982) 
Pancreatic islet cell necrosis: association with hemolytic-uremic 
syndrome. J Pediatr 100(4):582–584

 64. Roberts PF (1987) Islet cell necrosis in the neonatal pancreas: a 
report of three cases. J Clin Pathol 40(10):1206–1211

 65. Argyle JC, Hogg RJ, Pysher TJ, Silva FG, Siegler RL (1990) A 
clinicopathological study of 24 children with hemolytic uremic 
syndrome. A report of the Southwest Pediatric Nephrology Study 
Group. Pediatr Nephrol 4(1):52–58

 66. Gallo EG, Gianantonio CA (1995) Extrarenal involvement in diar-
rhoea-associated haemolytic-uraemic syndrome. Pediatr Nephrol 
9(1):117–119

 67. Suri RS, Clark WF, Barrowman N et al (2005) Diabetes during 
diarrhea-associated hemolytic uremic syndrome: a systematic 
review and meta-analysis. Diabetes Care 28(10):2556–2562

 68. Chung A, Backholer K, Wong E, Palermo C, Keating C, Peeters 
A (2016) Trends in child and adolescent obesity prevalence in 
economically advanced countries according to socioeconomic 
position: a systematic review. Obes Rev 17(3):276–295. https ://
doi.org/10.1111/obr.12360 

 69. Wabitsch M, Moss A, Kromeyer-Hauschild K (2014) Unexpected 
plateauing of childhood obesity rates in developed countries. 
BMC Med 12:17. https ://doi.org/10.1186/1741-7015-12-17

 70. Olds T, Maher C, Zumin S et  al (2011) Evidence that the 
prevalence of childhood overweight is plateauing: data from 
nine countries. Int J Pediatr Obes 6(5–6):342–360. https ://doi.
org/10.3109/17477 166.2011.60589 5

 71. Rokholm B, Baker JL, Sorensen TI (2010) The levelling off of the 
obesity epidemic since the year 1999—a review of evidence and 
perspectives. Obes Rev 11(12):835–846. https ://doi.org/10.1111/
j.1467-789X.2010.00810 .x

 72. Mostazir M, Jeffery A, Voss L, Wilkin T (2017) Generational 
change in fasting glucose and insulin among children at ages 
5–16y: modelled on the EarlyBird study (2015) and UK growth 
standards (1990) (EarlyBird 69). Diabetes Res Clin Pract 123:18–
23. https ://doi.org/10.1016/j.diabr es.2016.11.014

 73. Bruining GJ (2000) Association between infant growth before 
onset of juvenile type-1 diabetes and autoantibodies to IA-2. 
Netherlands Kolibrie study group of childhood diabetes. Lan-
cet 356(9230):655–656. doi:https ://doi.org/10.1016/s0140 
-6736(00)02612 -x

 74. Harder T, Roepke K, Diller N, Stechling Y, Dudenhausen JW, 
Plagemann A (2009) Birth weight, early weight gain, and subse-
quent risk of type 1 diabetes: systematic review and meta-analysis. 
Am J Epidemiol 169(12):1428–1436. https ://doi.org/10.1093/aje/
kwp06 5

 75. Dabelea D, D’Agostino RB Jr, Mayer-Davis EJ et  al (2006) 
Testing the accelerator hypothesis: body size, beta-cell func-
tion, and age at onset of type 1 (autoimmune) diabetes. Diabetes 
Care 29(2):290–294. https ://doi.org/10.2337/diaca re.29.02.06.
dc05-1339

 76. Barker JM, McFann K, Harrison LC et al. (2007) Pre-type 1 dia-
betes dysmetabolism: maximal sensitivity achieved with both oral 
and intravenous glucose tolerance testing. J Pediatr 150(1):31–36 
e36. doi:10.1016/j.jpeds.2006.09.033

 77. Bingley PJ, Mahon JL, Gale EA, European Nicotinamide Diabetes 
Intervention Trial G (2008) Insulin resistance and progression to 
type 1 diabetes in the European Nicotinamide Diabetes Interven-
tion Trial (ENDIT). Diabetes Care 31(1):146–150. https ://doi.
org/10.2337/dc07-0103

 78. Rahier J, Guiot Y, Goebbels RM, Sempoux C, Henquin JC (2008) 
Pancreatic beta-cell mass in European subjects with type 2 diabe-
tes. Diabetes Obes Metab 10(Suppl 4):32–42. https ://doi.org/10.1
111/j.1463-1326.2008.00969 .x

 79. Kuric E, Seiron P, Krogvold L et al (2017) Demonstration of tissue 
resident memory CD8 T cells in insulitic lesions in adult patients 
with recent-onset type 1 diabetes. Am J Pathol 187(3):581–588

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1111/obr.12360
https://doi.org/10.1111/obr.12360
https://doi.org/10.1186/1741-7015-12-17
https://doi.org/10.3109/17477166.2011.605895
https://doi.org/10.3109/17477166.2011.605895
https://doi.org/10.1111/j.1467-789X.2010.00810.x
https://doi.org/10.1111/j.1467-789X.2010.00810.x
https://doi.org/10.1016/j.diabres.2016.11.014
https://doi.org/10.1016/s0140-6736(00)02612-x
https://doi.org/10.1016/s0140-6736(00)02612-x
https://doi.org/10.1093/aje/kwp065
https://doi.org/10.1093/aje/kwp065
https://doi.org/10.2337/diacare.29.02.06.dc05-1339
https://doi.org/10.2337/diacare.29.02.06.dc05-1339
https://doi.org/10.2337/dc07-0103
https://doi.org/10.2337/dc07-0103
https://doi.org/10.1111/j.1463-1326.2008.00969.x
https://doi.org/10.1111/j.1463-1326.2008.00969.x

	On the dynamics of the human endocrine pancreas and potential consequences for the development of type 1 diabetes
	Abstract
	The turnover of beta-cells
	The vascularity and blood perfusion of the islets
	The vascular bed of the islets as a hereto-neglected “locus minoris resistentiae”
	The turnover of islets
	Clinical implications of lost vascular integrity in the islets
	Acknowledgements 
	References




