
Quo vadis: Where have the b-cells gone?

Islets of Langerhans are a central player
for the maintenance of glucose homeo-
stasis in the body. In the case of insulin
resistance, large insulin secretion is
required by augmenting the functional
capacity of single b-cells or increasing
the number of insulin-secreting cells.
While such compensatory mechanisms
for the protection of glucose homeostasis
operate in non-diabetic subjects, b-cell
inadequacy for insulin resistance repre-
sents a key feature in the pathogenesis of
type 2 diabetes. Studies in non-diabetic
subjects disclosed that the number and
mass of b-cells increase in response to an
increase in body mass index1. One might
wonder, then, where the new b-cells
come from, and how they develop.
Efforts to clarify such issues have been
hampered, however, as a result of the dif-
ficulty of the use of human materials that
do not allow longitudinal studies or guar-
antee of the sample quality for analysis
of accurate metabolic and hormonal pro-
filing. By overcoming this difficulty,
recent studies by Mezza et al.2 from Har-
vard proposed two pathways as a source
of new b-cells for compensation: neogen-
esis from duct cells and transdifferentia-
tion of a-cells to b-cells (Figure 1).
In the study, the authors took advantage

of the opportunity to collect pancreas
samples from patients who received pan-
creatoduodenectomy because of a tumor
of the ampulla of Vater. To see the impact
of insulin sensitivity on the islet structure,
they divided the subjects into two groups
of insulin sensitive and insulin resistant
subjects. On average, in the 40 days after
the operation, the majority (77.7%; 7/9) of
insulin-resistant subjects developed overt
diabetes, whereas insulin-sensitive subjects
remained normoglycemic. To explore the

hypothesis that insulin resistance directly
contributes to adaptive changes in b-cell
mass and function, they measured insulin
sensitivity, insulin secretion, and incretin
levels before and after the operation. They
found that the insulin-resistant group
showed a greater reduction in all phases of
insulin secretion, and a greater increase in
glucagon secretion in response to a mixed
meal test after surgery. Concurrently, there
was a marked increase in serum glucagon-
like peptide-1 (GLP-1), but a decrease in
gastric inhibitory peptide (GIP). These
changes were associated with larger islets
due to b-cell hyperplasia (not due to
hypertrophy of b-cells) and increased islet
neogenesis. Double staining showed dual
reactions to CK19 and insulin, indicating
the ductal origin of new b-cells. Markers
of b-cell proliferation (Ki67) or apoptosis
terminal deoxynucleotidyl transferase
dUTP nick endlabeling (TUNEL) were
rarely positive. Of note, a-cells were also
increased in the insulin-resistant com-
pared with insulin-sensitive group, and
that the a-cell increase was inversely cor-
related with glucose uptake. In addition,
glucagon was colocalized with GLP-1 in
a-cells. Interestingly, they found an
increased number of double-positive cells
for insulin and glucagon in insulin-resis-
tant subjects. They suggested that the rela-
tive increase in a-cell area could lead to an
increase in b-cells by transdifferentiation,
and also to an increase in intra-islet GLP-
1 production.
Thus, the study provided several impor-

tant messages: (i) insulin resistance
directly causes an increase in b-cells; (ii)
the new b-cells derive from the ductal wall
and transdifferentiation of a-cells; (iii)
they are not supplied by proliferation or
replication; and (iv) insulin resistance also
increases a-cells containing GLP-1, which
stimulates b-cell neogenesis. As there is no
information on the islet structure after the
operation, it is not known how the islet
endocrine cells undergo the changes after
the operation. Nevertheless, their data

showing a lack of significant changes in
Ki67 and TUNEL staining either in insulin
resistant or insulin sensitive groups sug-
gest that neither proliferation nor apopto-
sis contributes significantly to the b-cell
adaptive response to insulin resistance.
This concept raised a doubt on the previ-
ous findings that b-cell deficits found in
type 2 diabetes are mostly attributed to
b-cell apoptosis, which was shown in the
islet of type 2 diabetic patients by some
investigators3. This is not always the case,
however, in other studies that could not
show apoptotic b-cells in diabetic
patients4,5. Perhaps, TUNEL-positive cells
could have been overemphasized in previ-
ous studies on humans, though frequently
detected in experimental animal models.
Hence, b-cell loss should more be critically
evaluated to confirm whether the apopto-
tic cells rarely found in fact contribute to a
significant decline of b-cell mass.
Currently, there is a world consensus

that there is a significant reduction of
b-cell volume density and mass in overt
type 2 diabetes3–5, whereas total islet vol-
ume density was not necessarily
decreased in previous studies4,5. Instead,
it becomes evident that a-cell volume
density is increased in type 2 diabetes,
clinically consistent with hypoinsulinemia
and hyperglucagonemia5,6. The results in
non-diabetic insulin-resistant subjects in
Mezza’s study2 are in keeping with the
data obtained from type 2 diabetic
humans4,5. Again, the apparent lack of
enhanced replication or proliferation of
a-cells in those studies might underscore
the role of islet neogenesis and transdiffer-
entiation in the remodeling of type 2 dia-
betic islets. It is now known that islet
endocrine cells regulate the function and
proliferation of neighboring cells in a
paracrine manner in reciprocal ways7.
Such characteristics of bihormonal disor-
der in type 2 diabetes or insulin resistance
might well be accounted for in part by
transdifferentiation from b-cells to a-cells
or vice versa (Figure 1)2. The presence
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of endocrine cells double positive for glu-
cagon and insulin could reflect a transi-
tional form of transdifferentiation
accompanied by islet neogenesis. An
additional important message from their
study is the link between a-cells and
insulin sensitivity. Their observations on
GLP-1 in the islet suggest that a-cells are
a potential source of the incretin
hormone, which, in turn, can exert a
local paracrine effect on the islet func-
tion. It is increasingly evident that
enhanced glucagon action plays a pivotal
role for the onset of diabetes because of
the fact that glucagon receptor-deficient
mice do not develop diabetes after
destruction of b-cells by streptozotocin8.
Thus, the exploration of a-cell alterations
is critical for a better understanding of
diabetes and to develop more effective
treatment against hyperglucagonemia.
Unfortunately, the current study design
is only feasible on cross-sections, and it
is not clear how a-cells rich in GLP-1
undergo alterations during development
of diabetes.

b-Cell volume density is increased
during maturation until the second dec-
ade of life, maintained during adulthood
and gradually decreased with aging9.
New b-cells can be formed within the
islet, in the ducts and in the exocrine
area, showing a small cluster of endo-
crine cells, which are called neogenetic
islets. Although neogenetic islets are
reduced with aging9, islet neogenesis is
commonly encountered in obese per-
sons, patients with gastroenterectomy
and pregnant women. In experimental
studies on rodents, compensatory b-cell
hyperplasia is attributed to increased
replication of b-cells, mediated by insu-
lin receptor substrate 2 or glucokinase.
Impaired glucose signals in the afore-
mentioned processes could lead to a
defective mission for b-cell compensa-
tion, resulting in the onset of diabetes.
To support this contention, Yoneda
et al.10 recently found a high frequency
of insulin-positive duct cells, and an
increased density of small neogenetic
islets in subjects with impaired glucose

tolerance and newly diagnosed type 2
diabetic patients, but not any more in
long-standing type 2 diabetic patients.
The findings are consistent with the
results of non-diabetic insulin resistant
subjects2. It should be of note, however,
these two studies that showed insulin-
positive duct cells were both carried out
on the surgically excised pancreases in
which duct systems within the pancre-
atic parenchyma could be incipiently
affected to induce b-cell neogenesis.
Further investigations on the pancreas
without exocrine pancreatic diseases
should be warranted to confirm the
presence of islet neogenesis from the
duct.
Is the capacity of b-cells for compen-

sation common among different ethnic
groups? This question is based on the
fact that the b-cell hyperplasia is not
robust in obese Japanese9, whereas
increased b-cell volume density is in par-
allel with body mass index in American
people1,3. Although there is no correla-
tion between body mass index and
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Figure 1 | Islet remodeling in insulin resistant subjects and type 2 diabetes. Islets become enlarged as a result of increases in b-cells and a-cells in
insulin resistant subjects. A recent study by Mezza et al.2 proposed that new b-cells are derived from ducts and by transdifferentiation of a-cells.
Double-positive cells for cytokeratin 19 and insulin, and for insulin and glucagon are encountered more frequently in insulin-resistant subjects
compared with insulin-sensitive subjects. In insulin-resistant subjects, a-cells contain both glucagon and glucagon-like peptide-1 (GLP-1). During the
development of type 2 diabetes, b-cells once increased will be lost. CK, cytokeratin; IGT, impaired glucose tolerance.
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b-cell volume density, comparison
between subjects with bodyweight <25
and ≥25 showed a significantly greater
b-cell mass in the latter in non-diabetic
Japanese, showing a trend that is seen
in Americans9. Intriguingly, b-cell vol-
ume density is commonly reduced in
either Japanese with impaired glucose
tolerance or Americans with impaired
fasting glucose3,10. If this is the case, b-
cells in Americans might follow more
dynamic alterations compared with
those in Japanese. During the process
from insulin resistant non-diabetic status
to diabetes, b-cells start their journey
from birth to the grave changing their
phenotype. At the end, will they be lost
by cell death, or change into a different
cell type? This question could be of
paramount importance not only for
curiosity, but also for future effective
treatment of diabetes. Critical longitudi-
nal analysis will be essential for elucida-
tion of the sequences of b-cell loss in
future investigations, by seeking the islet
cell composition or the presence of dou-
ble-positive markers for insulin and glu-
cagon or somatostatin.
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