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 ■ Abstract 
The pancreas is comprised of exocrine and endocrine com-
ponents. Despite the fact that they are derived from a com-
mon origin in utero, these two compartments are often stud-
ied individually because of the different roles and functions 
of the exocrine and endocrine pancreas. Recent studies have 
shown that not only type 1 diabetes (T1D), but also type 2 
diabetes (T2D), is characterized by a deficit in beta-cell 
mass, suggesting that pathological changes in the pancreas 
are critical events in the natural history of diabetes. In both 
patients with T1D and those with T2D, pancreas mass and 
exocrine function have been reported to be reduced. On the 
other hand, pancreas volume and pancreatic fat increase 
with obesity. Increased beta-cell mass with increasing obe-
sity has also been observed in humans, and ectopic fat de-

posits in the pancreas have been reported to cause beta-cell 
dysfunction. Moreover, neogenesis and transdifferentiation 
from the exocrine to the endocrine compartment in the 
postnatal period are regarded as a source of newly formed 
beta-cells. These findings suggest that there is important 
interplay between the endocrine and exocrine pancreas 
throughout life. This review summarizes the current knowl-
edge on physiological and pathological changes in the exo-
crine and endocrine pancreas (i.e., beta-cell mass), and dis-
cusses the potential mechanisms of the interplay between 
the two compartments in humans to understand the patho-
physiology of diabetes better. 
 
 

Keywords: diabetes · endocrine pancreas · exocrine pan-
creas · interplay · beta-cell mass · pancreatic fat · aging · 
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1. Introduction 
 

 he pancreas comprises the exocrine and en- 
 docrine compartment, with most of the pan- 
 creatic mass included in the former. The exo-

crine pancreas contains acinar cells that secrete 
digestive fluid and a duct system through which 
the fluid drains into the intestine. The endocrine 
compartment includes the islets of Langerhans, 
which are scattered throughout the exocrine pan-
creas, and which comprise only 1-2% of the pan-
creas. The endocrine pancreas secretes various 
hormones such as insulin, glucagon, and soma-
tostatin, and plays a key role in glucose metabo-
lism. Because of the different roles and functions 

of the endocrine and exocrine pancreas, these two 
components have usually been studied separately. 
While diabetes can occur because of pancreatic 
disease such as pancreatitis or pancreatic cancer 
[1], recent studies have shown that type 1 diabetes 
(T1D) and type 2 diabetes (T2D) are characterized 
by a deficit in beta-cells, an endocrine cell that se-
cretes insulin [2-5], suggesting that pathological 
changes in the pancreas are critical for the natural 
history of the disease. 

Given that endocrine and exocrine pancreas are 
derived from the same origin in utero, neogenesis 
and transdifferentiation from the exocrine to the 
endocrine compartment in the postnatal period 
have been reported in animal studies [6-10], sug-
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gesting that there is continuous interplay between 
the endocrine and exocrine pancreas throughout 
life. Therefore, it is important to assess the endo-
crine and exocrine compartments simultaneously 
to understand the disease better. This review 
summarizes recent knowledge regarding physio-
logical and pathological changes in the exocrine 
and endocrine pancreas in humans, and discusses 
the interplay between these two compartments of 
the pancreas. 

2. Development of exocrine and endo-
crine pancreas 

During human embryonic development, dorsal 
and ventral pancreatic buds arise from the distal 
foregut endoderm around 30 days post-conception 
(embryonic day (e) 9-9.5 in mice); this event coin-
cides with the first detection of a key transcription 
factor for pancreatogenesis, pancreatic and duode-
nal homeobox factor 1 (Pdx1) [11, 12]. The ventral 
bud then rotates around the gut and merges with 
the dorsal bud into a single organ (e12.5 in mice). 
Around 50 days post-conception (e15-15.5 in mice), 
endocrine progenitor cells expressing neurogenin 3 
(Ngn3), a transcription factor required for endo-
crine cell development, are firstly detected in the 
duct wall (trunk epithelium). Ngn3 upregulation 
results in separation of endocrine cells from the 
duct lineage. During this period, the pancreatic 
epithelium continues to expand and branch into a 
highly ordered tubular network. 

These morphologic changes are paralleled by 
the differentiation of endocrine, acinar, and ductal 
cells, all of which are derived from a common ori-
gin from progenitor cells in the gut endoderm. En-
docrine cells arise from Ngn3-expressing progeni-
tor cells, and the transcription factors Pax4, Pdx1, 
and Nkx6.1 act as critical beta-cell determinants, 
whereas Arx determines alpha-cell identity. Endo-
crine cells become separated from the duct, and 
cluster to form aggregates, eventually maturing 
into islets of Langerhans. Beta-cell clusters are 
well vascularized by 10 weeks post-conception. At 
12-13 weeks post-conception, islets containing each 
type of endocrine cell are apparent. Endocrine cells 
other than beta- and alpha-cells include delta-
cells, pancreatic polypeptide (PP) cells and epsilon-
cells, which secrete somatostatin, PP, and ghrelin, 
respectively. Ngn3 expression is transient, peaking 
around the end of the first trimester, and is not de-
tected in human fetuses after 35 weeks post-
conception. On the other hand, Pdx1 is exclusively 
expressed by beta-cells in the postnatal period. Fi-
nally, beta-cells comprise about 60-80% of endo- 

 
crine cells in each islet, with the exception of the 
ventral portion of the pancreatic head, in which PP 
cells are the major component of the endocrine 
cells [3, 5]. 

3. Physiological and pathological 
changes in exocrine pancreas mass 

3.1 Growth in childhood and changes with ag-
ing 

Pancreas mass is measured anatomically at au-
topsy or by the use of imaging techniques such as 
ultrasonography, computed tomography (CT), or 
magnetic resonance imaging (MRI). Of note, pan-
creas volume measured using CT or MRI is gener-
ally smaller (~70 ml) than that measured anatomi-
cally (~100 g) [13]. This difference may result from 
the fact that the pancreas is made up of retroperi-
toneal tissue surrounded by fat tissue. Thus, re-
sected pancreas contains interlobular fat, resulting 

Abbreviations: 
 

BCM beta-cell mass 
BMI body mass index 
CCK cholecystokinin 
CT computed tomography 
DPP-4 dipeptidyl peptidase-4 
DM diabetes mellitus 
ER endoplasmic reticulum 
FDA Food and Drug Administration 
FFA free fatty acids 
F/P fat/parenchymal 
GI gastrointestinal 
GIP glucose-dependent insulinotrophic polypep-

tide 
GLP-1 glucagon-like peptide 1 
GLP-1RA GLP-1 receptor agonist 
HbA1c glycated hemoglobin 
HOMA-IR homeostasis model assessment of insulin re-

sistance 
HOMA-β homeostatis model assessment of beta-cell 

function 
IFG impaired fasting glucose 
IGT impaired glucose tolerance 
MRI magnetic resonance imaging 
MRS magnetic resonance spectrometry 
NDM non-diabetes mellitus 
NGT normal glucose tolerance 
OGTT oral glucose tolerance test 
PACAP pituitary adenylate cyclase activating poly-

peptide 
PDX1 pancreatic and duodenal homeobox factor 1 
PET positron emission tomography 
PP pancreatic polypeptide 
T1D type 1 diabetes 
T2D type 2 diabetes 
TNF tumor necrosis factor 
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in a greater mass of pancreas compared with that 
measured by CT or MRI imaging. 

Pancreas mass is approximately 10 g at birth, 
and then increases linearly with age in childhood 
and adolescence [13] (Figure 1). Pancreas mass 
reaches a plateau around 20 years of age, at ap-
proximately 70 g [13], and then declines in the eld-
erly, from about 60 years of age [13]. The pancreas 
of older subjects is characterized by atrophy of aci-
nar cells, fibrosis, and fat infiltration in the exo-
crine pancreas [14]. Thus, parenchymal pancreas 

mass estimated by CT density, which presumably 
consists of acinar and duct compartments, but not 
fat tissue, declines, and the ratio of fat to paren-
chymal pancreas increases in the elderly [13] 
(Figure 2). A recent study showed that the ratio of 
pancreas weight to body weight is constant across 
a wide range of ages and BMIs [15]. This finding is 
useful to assess the impact of diabetes on pan-
creas/beta-cell mass in a mixed population (with 
varying ages and BMI values) since pancreas mass 
and volume is reduced in patients with (longstand-
ing and recently diagnosed) T1D compared to that 
of non-diabetic controls [16, 17]. However, since 
the portions of parenchyma and fat change with 
aging and degree of obesity, as described above, 
pancreas mass and single components of the pan-
creas should be taken into account when investi-
gating diabetes pathogenesis [18]. 

3.2 Effects of obesity and diabetes on pancreas 
mass 

Pancreas mass increases with obesity [13]. The 
pancreas of obese subjects is mainly characterized 
by fat infiltration within exocrine pancreas and in-
terlobular spaces [14]. However, the acinar com-
ponent also increases with obesity. An analysis of 
CT images showed that parenchymal pancreas 
mass increases by about 10-15% in the presence of 
obesity, whereas pancreatic fat mass increases by 
~70%, resulting in ~30% increase in total pancreas 
mass with obesity [13] (Figure 3), which is com-
parable among different ethnic groups [19, 20]. 

Pancreas mass is decreased by 30-40% in sub-
jects with T1D [15-17]. Histological analysis 
showed atrophy of acinar cells in the pancreas [21-
23] and impaired exocrine function in patients 
with T1D [24-26]. Pancreas mass is also decreased 
in subjects with T2D compared to age- and BMI-
matched controls. However, the degree of reduc-
tion is smaller (8-20%) than that observed in sub-
jects with T1D [13, 27] (Table 1). Impaired exo-
crine function in patients with T2D has also been 
reported [25, 26], but to a lesser degree than in pa-
tients with T1D, similarly to pancreas mass. Phil-
ippe et al. reported that pancreas volume is corre-
lated with chymotrypsin activity and stimulated 
C-peptide level in patients with diabetes, suggest-
ing a close correlation between exocrine and endo-
crine pancreas [28]. Together, these studies sug-
gest that both T1D and T2D lead to a reduction in 
pancreas mass and exocrine cell function. The po-
tential mechanisms are discussed in more detail 
below. 
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Figure 1. Age-related distribution of pancreas volume and 
fat volume over time. Total (A) and parenchymal (B) pan-
creas volume from birth to age 100 years measured on the 
basis of CT scan images (n = 1,856) showed a strong correla-
tion between age and total as well as parenchymal pancreas 
volume from birth to age 20 years (y (volume; cm3) = 5.5 + 
3.31x (age; years) and y = 4.3 + 2.25x, respectively). There is 
a negative correlation between age and total as well as par-
enchymal volume after age 60 years (y = 106.0 - 0.53x and y 
= 71.7 - 0.45x, respectively). There is no significant correla-
tion between age and total pancreas volume between age 20 
and 60 years. Reproduced with permission from the authors 
of reference [13] 
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4. Relationship between pancreas 
mass and beta-cell mass and their 
pathophysiological changes 

Since it is impossible to measure human beta-
cell mass (BCM) in vivo, BCM is estimated to be 
the product of beta-cell area in relation to pancreas 
area measured by histological analysis (i.e., frac-
tional beta-cell area) and pancreas mass. BCM at 
birth is approximately 0.1 g, and increases gradu-
ally with age in childhood and adolescence [29], 
reaching a plateau at around the age of 20 at ap-
proximately 1 g [14]. In adulthood, BCM remains 
constant. In the elderly, islet architecture is rela-
tively well preserved and BCM remains stable 
[14], or is only slightly reduced [3, 30]. This is in 
contrast to the marked decline in exocrine pan-

creas mass, which is due to acinar atrophy and fi-
brotic changes. Since insulin sensitivity decreases 
with aging, the lack of compensatory BCM with 
aging may result in worsening glucose tolerance in 
the elderly [31]. However, recent studies have sug-
gested that beta-cell function increases with aging 
through age-dependent epigenetic modulation [32] 
or p16Ink4a-induced senescence of beta-cells [33], 
which may contribute to compensatory changes in 
beta-cell function to preserve normoglycemia with 
aging. Further studies are needed to clarify the 
change in “functional” BCM with aging in humans. 

In subjects with T1D, most of the beta-cells are 
destroyed via autoimmune reaction, and BCM 
eventually decreases to nearly, but usually not ab-
solute, zero [21-23]. Studies have shown that BCM 
is also decreased in subjects with T2D by 30-60% 
compared to that in non-diabetic subjects [2-5]. 
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Figure 2. Total, parenchymal, and pancreatic fat volumes in each age decile. A: total pancreas volume, B: parenchymal volume, C: 
fat volume, D: fat/parenchyma (F/P) ratio. The total pancreas volume increases with age until ~30 years, and then reaches a plateau. 
After age 60, total pancreas volume declines due to a decrease in parenchymal pancreas volume. Pancreatic fat remains proportional 
to pancreas parenchyma volume until the age of ~50 years, after which the F/P ratio increases because of the loss of pancreas paren-
chyma, while the pancreatic fat amount remains constant. Reproduced with permission from the authors of reference [13]. 
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Changes in other endocrine cells are less clear. 
Both increase and decrease in alpha-cell mass in 
subjects with T2D have been reported [34-38]. 
Taken together, these findings indicate that both 
endocrine and exocrine mass decrease with the 
natural course of diabetes. 

Since BCM is estimated as a product of frac-
tional beta-cell area and pancreas mass, pancreas 
mass should always be considered when findings 
of histological analysis are interpreted. For exam-
ple, fractional beta-cell area has been reported to 
be decreased by 40-65% in patients with T2D [2]. If 
pancreas mass were increased, BCM might not be 
reduced in these patients. However, since pancreas 
mass is decreased usually in patients with T2D, 
BCM is confirmed to be decreased to an even 
greater degree in these patients. 

In the presence of obesity, fractional beta-cell 
area is increased by ~30% [14]. Since pancreatic 
parenchymal mass is increased by ~15% [13], the 
estimated BCM is thus assumed to be increased by 
50% in the presence of obesity [14]. Of note, we 
have observed that fractional beta-cell area tends 
to be increased in older subjects [14]. However, 
given that pancreatic parenchymal mass is de-
creased in older subjects, we concluded that net 
BCM was not increased in these subjects [14]. 
Thus, understanding the physiological and patho-
logical changes in pancreas mass is important for 
the determination of BCM. 

The change in BCM during the development of 
T2D remains largely unknown. Obesity is an es-
tablished risk factor for T2D [39-41]. It results 
from excess energy intake and physical inactivity, 
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Figure 3. Effects of obesity on pancreatic volumes. Total pancreas volume (A), parenchymal volume (B), fat volume (C) and 
fat/parenchymal (F/P) ratio (D) were measured on the basis of CT scan images in lean (n = 230), overweight (n = 460), and 
obese individuals (n = 230). All components of the pancreatic volume were significantly increased in overweight and obese 
subjects compared to lean subjects. ** p < 0.01. Reproduced with permission from the authors of reference [13]. 
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and decreases insulin sensitivity. To maintain 
normoglycemia, insulin secretion increases with 
obesity. We and others have shown that, in hu-
mans, BCM increases by 20-50% with obesity in 
the Caucasian population [4, 14], while there is lit-
tle increase in BCM in the Japanese population 
[30, 38, 42]. Considering that insulin secretion is 
increased 2- to 3-fold with obesity [43], the com-
pensatory increase in insulin secretion appears 
mainly attributable to an increase in insulin secre-
tion per individual beta-cell, resulting in increased 
workload of beta-cells. Excess beta-cell workload 
may eventually result in beta-cell damage through 
various mechanisms such as oxidative stress, en-
doplasmic reticulum (ER) stress, and amyloid 
deposition in individuals susceptible to T2D, which 
may cause beta-cell apoptosis and reduction in 
BCM even in the absence of hyperglycemia [44]. 
Indeed, a reduction in BCM in patients with pre-
diabetes has been reported [2, 45, 46], and a sig-
nificant correlation between glycated hemoglobin 
(HbA1c) and BCM was observed in both patients 
with diabetes and those without diabetes [47]. If 
the reduction in BCM and beta-cell function has 
started, the “functional BCM” can no longer com-
pensate for insulin resistance, causing hypergly-
cemia to develop. Hyperglycemia further contrib-
utes to beta-cell damage by so-called glucotoxicity, 
and functional BCM further decreases, contribut-
ing to the progressive nature of T2D. An inverse 
association between BCM and duration of T2D has 
also been reported, consistent with the progressive 
loss of beta-cell function during T2D progression 
[4]. 

Since both T1D and T2D are characterized by a 
deficit in beta-cells, fostering beta-cell regenera-
tion is the key to curing both types of diabetes. 
However, the source of new beta-cells in the post-
natal period remains unclear [44, 48]. BCM is 

regulated by the balance of newly formed beta-
cells and beta-cell loss. Beta-cell replication and 
neogenesis are considered to be sources of newly-
formed beta-cells, while beta-cell apoptosis is con-
sidered a major cause of beta-cell loss [2, 49]. A re-
cent rodent study has suggested beta-cell dediffer-
entiation to be another mechanism of beta-cell loss 
in diabetes [50]. In the postnatal period, beta-cell 
replication is frequently seen within the first five 
years of life [29, 51], but it is rarely seen thereafter 
in humans [14, 38]. Based on the finding that en-
docrine and exocrine pancreas have a common ori-
gin during pancreas development, as described 
above, the presence of cellular plasticity in the 
adult pancreas has been suggested and reviewed 
elsewhere [52]. Cellular plasticity such as beta-cell 
neogenesis from duct cells or transdifferentiation 
from acinar cells or other endocrine cells (e.g., al-
pha-cells) may contribute to newly formed beta-
cells, in addition to beta-cell replication. Although 
the role of beta-cell neogenesis as a source of new 
beta-cells remains to be established, an increase in 
insulin-positive duct cells, a surrogate marker for 
beta-cell neogenesis, has been observed in patients 
with impaired glucose tolerance [46]. Thus, the 
exocrine pancreas may have an important role as a 
source of endocrine cells in beta-cell regeneration. 

5. Mechanisms of the interplay be-
tween endocrine and exocrine pan-
creas 

5.1 Effects of islet hormones on exocrine pan-
creas 

Pancreatic parenchymal mass is increased with 
obesity [13]. Although exocrine mass and function 
are regulated by numerous factors, studies con-

Table 1. Comparison of pancreas volume measured on the basis of CT scan images between humans with type 2 diabetes and age-, sex-, and 
BMI-matched controls 
 

Variable Subjects without type 2 diabetes Subjects with type 2 diabetes 

Number (male/female) 660 (304/356) 165 (76/89) 
Age (years) 66 ± 12 66 ± 11 
BMI (kg/m2) 27.6 ± 5.0 27.7 ± 5.6 
Pancreas volume (cm3) - - 
Total (cm3) 74.9 ± 27.0 70.0 ± 26.5* 
Parenchymal volume (cm3) 43.1 ± 16.5 39.7 ± 16.4* 
Fat volume (cm3) 31.7 ± 16.6 30.3 ± 15.2 
Fat/parenchymal ratio 0.81 ± 0.50 0.85 ± 0.48 

 

Legend: Values are presented as mean ± SD. * p < 0.05 vs. subjects without type 2 diabetes. Abbreviations: BMI - body mass index, CT - com-
puted tomography. Reproduced with permission from the authors of reference [13]. 
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ducted in the last decades have revealed that islet 
hormones act as trophic factors in the exocrine 
pancreas. Insulin is one of the major regulators of 
exocrine growth and function, impacting the exo-
crine pancreas locally in a paracrine manner [53]. 
Thus, reduced pancreas mass in patients with T1D 
is likely to be mediated by reduced endogenous in-
sulin secretion in these subjects, although a recent 
study suggested that pancreas volume is already 
reduced years before the clinical onset of T1D [15, 
17]. On the other hand, the increase in pancreas 
mass with obesity may also be explained by insulin 
hypersecretion from beta-cells. 

The interplay between the endocrine and exo-
crine pancreas may also be mediated by other is-
let-derived hormones such as PP and soma-
tostatin, other humoral factors including pancreas-
tatin and ghrelin, and neurotransmitters such as 
nitric oxide, peptide YY, substance P, pituitary 
adenylate cyclase activating polypeptide (PACAP), 
and galanin released by nerves innervating the 
pancreas, as reviewed elsewhere [54]. Further in-
vestigation is needed to clarify the effects of these 
factors on pancreas mass in humans. 

5.2 Beta-cell area and function in pancreatic 
diseases 

Conversely, pathological changes in the exo-
crine pancreas also affect endocrine pancreas and 
glucose metabolism. Pancreatic diseases such as 
pancreatitis and pancreatic cancer often cause hy-
perglycemia, referred to as pancreatic or pancrea-
togenic diabetes [55-59]. The mechanisms by 
which pancreatitis and pancreatic cancer promote 
hyperglycemia remain to be fully clarified, but in-
sulin secretion is often impaired in these patients 
[60]. The pancreas of patients with chronic pan-
creatitis shows atrophic and fibrotic change of the 
exocrine pancreas [61]. In these patients, although 
islet architecture is relatively well preserved, frac-
tional beta-cell area is decreased [61]. On the other 
hand, atrophy of the exocrine pancreas is not obvi-
ous in patients with pancreatic cancer, and the ef-
fects of pancreatic cancers on islet architecture 
remain unclear [62, 63]. 

By examining pancreata from 99 subjects who 
underwent pancreatic surgery, we found that the 
fractional beta-cell area in the resected pancreas 
was significantly decreased in patients with pan-
creatic cancer compared to that in patients with 
other pancreatic tumors, and that the reduction 
was independent of the presence or absence of dia-
betes [38]. Humoral factors such as amylin and in-
flammatory cytokines produced by tumors may in-

duce beta-cell dysfunction [59]. Recent studies 
suggest that adrenomedullin is a mediator of beta-
cell dysfunction and impaired glucose metabolism 
in patients with pancreatic cancer [64]. 

5.3 Obesity-induced inflammation in exocrine 
pancreas 

Obesity and diabetes are also associated with 
an increased risk of pancreatitis and pancreatic 
cancer [65]. While the underlying mechanisms re-
main unclear, rodent studies have shown that a 
high-fat diet induces inflammation and fibrosis in 
the exocrine pancreas [66]. Oxidative stress, im-
paired autophagy, and ER stress induced by vari-
ous types of fatty acids have been proposed as 
mechanisms of inflammation in exocrine tissue 
[65, 67-69]. 

While an increase in immune cell infiltration 
within the exocrine pancreas is a typical event in 
T1D [70], recent studies have also shown evidence 
of islet inflammation in patients with T2D [71-76]. 
A recent rodent study has shown that intestinal 
bacteria entering the pancreatic duct system could 
trigger an adverse innate immune response to-
wards beta-cells, leading to the development of 
T1D [77]. These findings indicate that the interac-
tion between the endocrine and exocrine pancreas 
may be in part mediated by inflammatory change 
within the pancreas. It is possible that obesity-
induced chronic inflammation in the exocrine pan-
creas may induce islet inflammation and beta-cell 
dysfunction, and thus contribute to the changes in 
pancreas volume observed with obesity and diabe-
tes. Since beta-cell neogenesis from pancreatic 
ducts and acinar cells has been reported [78], in-
flammatory changes in the exocrine pancreas may 
also affect beta-cell neogenesis and influence beta-
cell mass. 

5.4 Anti-diabetic medication and exocrine 
pancreas 

Recent advances in the development of anti-
diabetic agents have provided new therapeutic op-
tions for the management of diabetes. Because of 
the interplay between endocrine and exocrine pan-
creas, anti-diabetic medication may affect the exo-
crine pancreas by either changing endocrine func-
tion or off-target effects of the agent. 

Incretin hormones, glucagon-like peptide-1 
(GLP-1) and glucose-dependent insulinotropic 
polypeptide (GIP), are secreted from the intestine, 
and enhance insulin secretion in a glucose-
dependent manner [79]. In rodents, administration 



 

Pancreas Volume and Fat in Diabetes The Review of DIABETIC STUDIES  139 
  Vol. 13 ⋅ No. 2-3 ⋅ 2016 
 

www.The-RDS.org  Rev Diabet Stud (2016) 13:132-147  

of GLP-1 or GIP promotes beta-cell proliferation 
and increase in BCM [80]. Incretin-based medi-
cine, including dipeptidyl peptidase-4 (DPP-4) in-
hibitors and GLP-1 receptor agonists (GLP-1RAs), 
is now widely used for the treatment of T2D. DPP-
4 inhibitors prevent the degradation of incretin 
through DPP-4 inhibition, thereby enhancing en-
dogenous incretin action. GLP-1RAs are injectable 
drugs that activate the GLP-1 receptor at a supra-
physiological level. Incretin-based medicine is as-
sociated with a low risk of hypoglycemia and a fa-
vorable weight profile (weight reduction by GLP-
1RAs) in addition to its glucose-lowering effect 
[79]. 

However, since the launch of incretin-based 
medicine several case reports on the development 
of acute pancreatitis have been published, and the 
US Food and Drug Administration (FDA) has is-
sued a “black box warning” for these drugs [81]. 
Incretin-induced pancreatitis and subsequent on-
cogenesis have been suggested by some animal 
studies [82-85], but the results are conflicting [86-
90]. It has also been shown that the GLP-1 recep-
tor is expressed in some but not all pancreatic exo-
crine cells [91], while DPP-4 is expressed in some 
(~30%) duct cells [92]. To date, no significant asso-
ciation between incretin therapy and pancreatitis 
or pancreatic cancer has been confirmed in either 
large-scale cohort studies or randomized controlled 
trials [93-95]. 

Using autopsy pancreas, Butler et al. reported 
that pancreas mass was increased by ~40% in sub-
jects with T2D who had been treated with incretin-
based medicine [96], although these results may 
have been confounded by other factors [97, 98]. A 
recent rodent study showed that incretin therapy 
increases pancreas mass by ~30% as a result of 
enhanced protein synthesis [99]. Although we have 
reported that there was no change in pancreas 
volume measured by CT scan 6 months after the 
initiation of liraglutide treatment [100], a slight 
increase in amylase or lipase after treatment with 
GLP-1RA has been consistently observed [100-
103]. The mechanisms by which incretin therapy 
increases pancreatic enzyme levels remain un-
clear. Further studies are needed to clarify the ef-
fect of incretin-based therapy on pancreas mass. 

6. Components of the pancreas: role 
of pancreatic fat deposition 

6.1 Ectopic fat deposition and diabetes: the li-
potoxicity hypothesis 

Obesity, especially visceral adiposity, is associ-
ated with the development of T2D [104]. The com-
bination of excessive caloric intake and minimal 
physical activity results in increased fat storage. 
When fat supply exceeds the capacity of subcuta-
neous fat storage, spillover of fat leads to ectopic 
fat deposits in various tissues such as visceral tis-
sue, liver, heart, and skeletal muscle. Ectopic fat 
deposition also occurs in the pancreas [105-108], 
which is known as pancreatic steatosis [109]. 

The association of ectopic fat deposition in vari-
ous tissues with tissue dysfunction and metabolic 
derangements is known as the lipotoxicity hy-
pothesis [110-112]. Therefore, fat deposits in the 
pancreas are an area of active investigation, be-
sides pancreas mass. Pancreatic fat content is in-
creased with obesity, and intra- and interlobular 
adipocytes, acinar cell fat content, and islet fat 
content appear to increase proportionally with 
obesity [105, 108]. Lee et al. reported that the ac-
cumulation of fat in islets causes beta-cell dysfunc-
tion and diabetes in rodents [113]. It has also been 
shown that the incubation of beta-cells with free 
fatty acids impairs insulin secretion and promotes 
beta-cell apoptosis [114]. Furthermore, leptin, tu-
mor necrosis factor (TNF)-alpha, and other adipo-
cytokines secreted from adipocytes within the pan-
creas may induce beta-cell damage in a paracrine 
manner. These findings point to a deleterious im-
pact of lipotoxicity on beta-cells, which needs to be 
clarified in vivo in more detail. Currently, the as-
sociation between fat accumulation in the pan-
creas and glucose metabolism is an area of ongoing 
investigation. 

6.2 Pancreatic fat, beta-cell function, and glu-
cose intolerance 

It has been reported that pancreatic fat quanti-
fied by either sonography, CT, MRI, or MR spec-
trometry (MRS) is increased in patients with dys-
glycemia [115-122], and pancreatic fat content is 
negatively correlated with beta-cell function [123-
127] (Table 2). Honka et al. have recently studied 
pancreatic metabolism and blood flow in obese 
subjects, using positron emission tomography 
(PET) [128]. The obese individuals showed in-
creased pancreatic fatty acid uptake and fat accu 

Table 2. Studies reporting an association between pancreatic fat and glucose metabolism 
 

Study Number Method Finding 

Saisho et al. (2007) [13] T2D: 165 
NDM: 660 

CT Reduced total and parenchymal pancreas volume, but not pan-
creatic fat, in T2D 

Saisho et al. (2007) [13] T2D: 23 
NDM: 24 

Histological ex-
amination 

No changes in pancreatic fat in T2D 

Tushuizen et al. (2007) [123] T2D: 12 
NDM: 24 

MRS Negative association between pancreatic fat and beta-cell func-
tion in NDM, but not T2D 

Heni et al. (2010) [124] IFG/IGT: 23 
NGT: 28 

MRI/MRS Negative association between pancreatic fat and insulin secre-
tion in IFG/IGT, but not NGT. 

van der Zijl et al. (2010) 
[133] 

IFG/IGT: 19 
IFG: 29 
NGT: 16 

MRI/MRS Pancreatic fat increased with progression of abnormal glucose 
tolerance (NGT<IFG<IFG/IGT). Negative association between 
pancreatic fat and disposition index, but not insulin secretion. 

Lim et al. (2011) [127] T2D: 11 
NDM: 8 

MRI Dietary energy restriction for 8 weeks decreased pancreatic fat 
and improved beta-cell function 

Szczepaniak et al. (2012) 
[126] 

NDM: 100 MRS Positive association between pancreatic fat and insulin secre-
tion in black and white, but not Hispanic, subjects 

Yokota et al. (2012) [125] DM: 62 
IGT: 52 
NGT: 53 

CT Negative association between pancreatic fat and insulin secre-
tion 

Ou et al. (2013) [119] DM: 483 
Pre-DM: 1,225 
NGT: 5,446 

Sonography Association between fatty pancreas and DM 

Wang et al. (2014) [115] FP: 1,297 
Non-FP: 6,800 

Sonography Association between fatty pancreas and DM in male, but not 
female, subjects 

Lim et al. (2014) [116] T2D: 156 
NDM: 50 

CT Reduced pancreas volume and increased pancreatic fat in T2D. 
Positive association between pancreatic fat and HOMA-IR. 

Gaborit et al. (2014) [120] Obese T2D: 19 
Obese NDM: 13 
Healthy control: 13 

MRS Increased pancreatic fat in T2D 

Wong et al. (2014) [134] PF >10.4%: 110 
PF ≤10.4%: 575 

MRI/MRS Association between pancreatic fat and HOMA-IR, but not 
HOMA-β. 

Kim et al. (2014) [117] IFG/IGT/DM: 29 
NGT: 33 

CT Association between pancreatic fat and IFG/IGT/DM 

Honka et al. (2014) [128] Obese DM: 20 
Obese NDM: 32 
Healthy control: 25 

PET Negative association between pancreatic fat and beta-cell func-
tion 

Kühn et al. (2015) [136] T2D: 70 
Pre-DM: 431 
NGT: 740 

MRI No association between pancreatic fat and DM 

Honka et al. (2015) [129] Obese DM: 10 
Obese NDM: 13 
Healthy control: 15 

PET Association between loss of pancreatic fat and improvement in 
beta-cell function after bariatric surgery 

Begovatz et al. (2015) [137] T2D: 14 
IFG/IGT: 14 
NGT: 28 

MRI/MRS No association between pancreatic fat and beta-cell dysfunc-
tion 

Macauley et al. (2015) [118] T2D: 41 
NDM: 14 

MRI Reduced pancreas volume and increased pancreatic fat in T2D. 
Association between pancreas volume, but not pancreatic fat, 
and HOMA-β. 

Steven et al. (2016) [122] T2D: 18 
NDM: 9 

MRI Increased pancreatic fat in T2D 

 

Legend: CT – computed tomography, DM – diabetes mellitus, FP – fatty pancreas, IFG – impaired fasting glucose, IGT – impaired glucose 
tolerance, MRI – magnetic resonance imaging, MRS – magnetic resonance spectroscopy, NDM – non-diabetes mellitus, NGT – normal gluco-
se tolerance, HOMA-IR – homeostasis model assessment of insulin resistance, HOMA-β – homeostatis model assessment of beta-cell functi-
on, PET – positron emission tomography, T2D – type 2 diabetes. 
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of GLP-1 or GIP promotes beta-cell proliferation 
and increase in BCM [80]. Incretin-based medi-
cine, including dipeptidyl peptidase-4 (DPP-4) in-
hibitors and GLP-1 receptor agonists (GLP-1RAs), 
is now widely used for the treatment of T2D. DPP-
4 inhibitors prevent the degradation of incretin 
through DPP-4 inhibition, thereby enhancing en-
dogenous incretin action. GLP-1RAs are injectable 
drugs that activate the GLP-1 receptor at a supra-
physiological level. Incretin-based medicine is as-
sociated with a low risk of hypoglycemia and a fa-
vorable weight profile in addition to its glucose-
lowering effect [79]. 

However, since the start of incretin-based medi-
cine several case reports on the development of 
acute pancreatitis have been published, and the 
US Food and Drug Administration (FDA) has is-
sued a “black box warning” for these drugs [81]. 
Incretin-induced pancreatitis and subsequent on-
cogenesis have been suggested by some animal 
studies [82-85], but the results are conflicting [86-
90]. It has also been shown that the GLP-1 recep-
tor is expressed in some but not all pancreatic exo-
crine cells [91], while DPP-4 is expressed in some 
(~30%) duct cells [92]. To date, no significant asso-
ciation between incretin therapy and pancreatitis 
or pancreatic cancer has been confirmed in either 
large-scale cohort studies or randomized controlled 
trials [93-95]. 

Using autopsy pancreas, Butler et al. reported 
that pancreas mass was increased by ~40% in sub-
jects with T2D who had been treated with incretin-
based medicine [96], although these results may 
have been confounded by other factors [97, 98]. A 
recent rodent study showed that incretin therapy 
increases pancreas mass by ~30% as a result of 
enhanced protein synthesis [99]. Although we have 
reported that there was no change in pancreas 
volume measured by CT scan 6 months after the 
initiation of liraglutide treatment [100], a slight 
increase in amylase or lipase after treatment with 
GLP-1RA has been consistently observed [100-
103]. The mechanisms by which incretin therapy 
increases pancreatic enzyme levels remain un-
clear. Further studies are needed to clarify the ef-
fect of incretin-based therapy on pancreas mass. 

6. Components of the pancreas: role 
of pancreatic fat deposition 

6.1 Ectopic fat deposition and diabetes: the li-
potoxicity hypothesis 

Obesity, especially visceral adiposity, is associ-
ated with the development of T2D [104]. The com-

bination of excessive caloric intake and minimal 
physical activity results in increased fat storage. 
When fat supply exceeds the capacity of subcuta-
neous fat storage, spillover of fat leads to ectopic 
fat deposits in various tissues such as visceral tis-
sue, liver, heart, and skeletal muscle. Ectopic fat 
deposition also occurs in the pancreas [105-108], 
which is known as pancreatic steatosis [109]. 

The association of ectopic fat deposition in vari-
ous tissues with tissue dysfunction and metabolic 
derangements is known as the lipotoxicity hy-
pothesis [110-112]. Therefore, fat deposits in the 
pancreas are an area of active investigation, be-
sides pancreas mass. Pancreatic fat content is in-
creased with obesity, and intra- and interlobular 
adipocytes, acinar cell fat content, and islet fat 
content appear to increase proportionally with 
obesity [105, 108]. Lee et al. reported that the ac-
cumulation of fat in islets causes beta-cell dysfunc-
tion and diabetes in rodents [113]. It has also been 
shown that the incubation of beta-cells with free 
fatty acids impairs insulin secretion and promotes 
beta-cell apoptosis [114]. Furthermore, leptin, tu-
mor necrosis factor (TNF)-alpha, and other adipo-
cytokines secreted from adipocytes within the pan-
creas may induce beta-cell damage in a paracrine 
manner. These findings point to a deleterious im-
pact of lipotoxicity on beta-cells, which needs to be 
clarified in vivo in more detail. Currently, the as-
sociation between fat accumulation in the pan-
creas and glucose metabolism is an area of ongoing 
investigation. 

6.2 Pancreatic fat, beta-cell function, and glu-
cose intolerance 

It has been reported that pancreatic fat quanti-
fied by either sonography, CT, MRI, or MR spec-
trometry (MRS) is increased in patients with dys-
glycemia [115-122], and pancreatic fat content is 
negatively correlated with beta-cell function [123-
127] (Table 2). Honka et al. have recently studied 
pancreatic metabolism and blood flow in obese 
subjects, using positron emission tomography 
(PET) [128]. The obese individuals showed in-
creased pancreatic fatty acid uptake and fat accu-
mulation and reduced pancreatic blood flow; both 
of these effects were inversely associated with 
beta-cell function [128]. The same group also re-
ported improvement in these factors and beta-cell 
function in patients with T2D who had received 
bariatric surgery [129]. Thus, not only pancreatic 
fat, but also pancreatic blood flow, may be associ-
ated with impaired beta-cell function in obese sub-
jects. 
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However, inconsistent results have been ob-
tained regarding the association between pancre-

atic fat and glucose metabolism in humans. Pan-
creatic fat is characterized by adipocyte infiltration 
in the interlobular and intralobular pancreas [14, 
105, 109]. Since a major part of the pancreatic fat 
is due to adipocyte infiltration, fat distribution in 
the pancreas is often heterogeneous, which compli-
cates the determination of fat content and distri-
bution in the pancreas, and which may provide a 
reason for the inconsistencies. 

It has also been reported that fat deposits are 
larger in the body and tail than in the head of the 
pancreas [130]. However, since pancreatic fat con-
tent may also be affected by age and obesity, a 
causal association between pancreatic fat content 
and glucose intolerance or beta-cell dysfunction is 
difficult to establish [106, 131-136]. In our analy-
sis, using CT scan, there was a significant correla-
tion between pancreatic fat content and BMI, but 
no significant difference in pancreatic fat volume 
between subjects with and without T2D who were 
matched for age, sex, and BMI [13] (Table 1 and 
Figure 4). Histological analysis also showed no 
significant difference in intralobular pancreatic fat 
area between age- and BMI-matched subjects with 
and without T2D [13]. In a recent study, pancre-
atic intralobular fat was measured carefully by us-
ing MRI/MRS techniques and excluding interlobu-
lar and peripancreatic fat. There was no associa-
tion between total or intralobular pancreatic fat 
and beta-cell function, fasting glucose level, or 2-h 
glucose level during a 75-g oral glucose tolerance 
test (OGTT) in patients with and without dysgly-
cemia, while total and intralobular pancreatic fat 
was positively correlated with age [137]. Conse-
quently, although pancreatic fat has been postu-
lated as a potential cause of beta-cell damage, a 
causal association between pancreatic fat, beta-cell 
dysfunction, and glucose intolerance in humans 
remains to be established. Further investigation is 
warranted. 

7. Conclusions 
This review has summarized the physiological 

and pathological changes in exocrine pancreas and 
beta-cell mass in response to fat accumulation in 
the pancreas, and has discussed potential biologi-
cal mechanisms. The changes in pancreas volume 
and fat deposition in diabetes as opposed to nor-
mal physiology, and the potential mechanisms of 
the interplay between the endocrine and exocrine 
pancreas are summarized in Figures 5-7. Since 
these two compartments of the pancreas arise from 
the same origin, changes in one compartment are 
considered to affect the other. 
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Figure 4. Relationship between BMI and pancreatic volume 
measured on the basis of CT scan images. Despite consider-
able individual variance, there is a significant relationship 
between BMI and total (A), parenchymal (B), and fat (C) vol-
umes in non-diabetic subjects (white dots, broken line) and 
subjects with type 2 diabetes (T2D) (gray dots, solid line). 
The relationships are comparable in individuals with T2D 
and non-diabetics (NDM). A: NDM, r = 0.3, p < 0.0001; 
T2D, r = 0.4, p < 0.0001. B: NDM, r = 0.2, p < 0.0001; 
T2D, r = 0.2, p = 0.01. C: NDM, r = 0.4, p < 0.0001; T2D, r 
= 0.5, p < 0.0001. Reproduced with permission from the au-
thors of reference [13]. 
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It is well known that 
there are several causes 
of reduced endocrine pan-
creatic function, including 
aging, obesity, and diabe-
tes. However, it remains 
largely unclear how beta-
cell mass and function are 
affected exactly by these 
factors. Pancreas volume, 
pancreatic fat content, 
and beta-cell mass change 
with aging, with fat con-
tent being increased and 
beta-cell mass reduced. 
The harmful effect of in-
creased pancreatic fat 
content may be caused by 
acinar atrophy and fibro-
sis in the exocrine pan-
creas, which may nega-
tively affect endocrine cell 
function and cell forma-
tion. As mentioned above, 
obesity is another cause 
of declined beta-cell mass 
and impaired function. 
The reason is that pan-
creatic fat content can be 
increased in obesity, sug-
gesting that pancreatic 
fat deposits have a dele-
terious effect on beta-cell 
mass and function. How-
ever, this hypothesis also 
remains controversial, 
and needs to be verified 
by further studies. 

In contrast, the effects 
of diabetes on beta-cell 
mass and function are 
largely common; both 
T1D and T2D are charac-
terized by a deficit in 
beta-cell mass. Therefore, 
prevention or reversal of 
beta-cell loss could be 
possible therapies for 
both types of diabetes. In 
this regard, a better un-
derstanding of the inter-
play between exocrine 
and endocrine pancreas 
may help to clarify the 

Endocrine Exocrine

• Insulin secretion↑
(2-3 fold)

• BCM ↑
(-50% in Caucasian but 
less in Japanese)

• Other hormones or 
neurotransmitters?

Hypertrophy,
fat deposition

Extra-pancreatic factors:
• CCK
• FFA
• Incretin?
• Other GI tract hormones?
• Neurotransmitters?

Inflammation,
fibrosis?

• Oxidative stress?
• Impaired autophagy?
• ER stress?

Carcinogenesis?

• Beta cell dysfunction?
• Beta cell loss?
• Beta cell neogenesis↓?

in persons susceptible 
to T2D

• Pancreas volume↑ (∼30%)

• Pancreas fat↑ (∼70%)

Obesity

 
 
Figure 5. Pathophysiological changes in pancreas volume in the presence of obesity 
and potential mechanisms of the interplay between endocrine and exocrine pancreas. 
Pancreas volume increases with obesity. Insulin acts as a trophic factor on the exocrine 
pancreas. Inflammatory changes in the exocrine pancreas may affect endocrine function 
and/or mass. Abbreviations: BCM – beta-cell mass, CCK – cholecystokinin, ER – endo-
plasmic reticulum, FFA – free fatty acid, GI – gastrointestinal, T2D – type 2 diabetes. 
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• Beta-cell function↓
(↓↓ in T1D)

• BCM ↓
(90-98% in T1D and 30-65% 
in T2D due to beta-cell 
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dedifferentiation?)
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• Atrophic change↑
(↑↑in T1D)
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• Pancreas fat → or ↑?

• Beta-cell dysfunction?
• Beta-cell loss?
• Beta-cell neogenesis↓?

Diabetes

 
 
Figure 6. Pathophysiological changes in pancreas volume in the presence of diabetes 
and potential mechanisms of the interplay between endocrine and exocrine pancreas. 
Pancreas volume decreases in the presence of diabetes. Insulin acts as a trophic factor 
on the exocrine pancreas. Inflammatory changes in the exocrine pancreas may affect 
endocrine function and/or mass. Abbreviations: BCM – beta-cell mass, DNA – deoxyri-
bonucleic acid, T1D – type 1 diabetes, T2D – type 2 diabetes. 
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mechanisms regulat-
ing the pancreatic 
components, and even-
tually to cure diabetes 
through beta-cell pres-
ervation or even re-
generation. 
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