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Abstract
Pancreatic cancer is typically detected at an advanced stage, and is refractory to most forms of treatment, contributing to poor 
survival outcomes. The incidence of pancreatic cancer is gradually increasing, linked to an aging population and increasing 
rates of obesity and pancreatitis, which are risk factors for this cancer. Sources of risk include adipokine signaling from fat 
cells throughout the body, elevated levels of intrapancreatic intrapancreatic adipocytes (IPAs), inflammatory signals arising 
from pancreas-infiltrating immune cells and a fibrotic environment induced by recurring cycles of pancreatic obstruction 
and acinar cell lysis. Once cancers become established, reorganization of pancreatic tissue typically excludes IPAs from the 
tumor microenvironment, which instead consists of cancer cells embedded in a specialized microenvironment derived from 
cancer-associated fibroblasts (CAFs). While cancer cell interactions with CAFs and immune cells have been the topic of much 
investigation, mechanistic studies of the source and function of IPAs in the pre-cancerous niche are much less developed. 
Intriguingly, an extensive review of studies addressing the accumulation and activity of IPAs in the pancreas reveals that 
unexpectedly diverse group of factors cause replacement of acinar tissue with IPAs, particularly in the mouse models that 
are essential tools for research into pancreatic cancer. Genes implicated in regulation of IPA accumulation include KRAS, 
MYC, TGF-β, periostin, HNF1, and regulators of ductal ciliation and ER stress, among others. These findings emphasize 
the importance of studying pancreas-damaging factors in the pre-cancerous environment, and have significant implications 
for the interpretation of data from mouse models for pancreatic cancer.
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Introduction

Rates and degree of obesity have been rising across the globe 
for several decades; as of 2016, 39% of adults were classified 
as overweight and 13% as obese [1, 2]. In the United States, 
a 2017–2018 survey estimated that 31.1% of adults are over-
weight, and over 42% of adults are obese [3]. Obesity causes 

complex changes in multiple organ systems, but is typically 
characterized by adipocyte expansion, fat deposits, immune 
cell recruitment, and low-grade chronic inflammation [2, 4, 
5]. These changes are associated with increased risk for and 
exacerbation of diseases affecting multiple organ systems.

Incidence of diseases of the pancreas, including acute 
and chronic pancreatitis [6, 7] and pancreatic cancer [8], 
are rising globally, with the highest rates of these diseases 
observed in North America and Europe. These rising rates 
have been linked to a number of modifiable factors, includ-
ing increased preference of individuals for high calorie and 
high fat diets that promote obesity; the role of obesity in 
inducing and exacerbating pancreatitis [9, 10] and pancreatic 
cancer [11–15] has been appreciated for over a decade. It has 
been suggested that common pathological changes underlie 
the development of both chronic pancreatitis and pancreatic 
cancers, given that chronic pancreatitis is well-established 
as a risk factor for subsequent development of pancreatic 
cancer [16]. With over 73% of U.S adults and 52% of adults 
worldwide categorized as overweight or obese, and with 
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pancreatic cancer one of the most lethal forms of cancer 
[8], understanding the mechanisms by which obesity affects 
the onset and progression of pancreatic diseases has become 
a priority.

Obesity causes both endocrine and paracrine effects on 
cell function in the pancreas. Endocrine effects have been 
extensively reviewed, arise from both visceral adipose tissue 
and intra-organ fat deposition, and include elevated produc-
tion of sex hormones, and increased production of insulin 
[17, 18]. Paracrine effects, which include adipocyte secre-
tion of pro-inflammatory cytokines and adipokines, are more 
commonly associated with local ectopic intra-organ accu-
mulation of fat cells and intracellular accumulation of lipid 
droplets [19]. There is growing evidence that intra-organ 
adipocyte accumulation is particularly pernicious, creating 
an unhealthy metabolic environment that is specifically dis-
ease-promoting, causing focus on the factors supporting gen-
eration and function of localized deposits of fat tissue [20]. 
Beyond obesity, aging also is associated with an increased 
risk of diseases of the pancreas [8], and many aging-related 
changes in the pancreas overlap with those associated with 
obesity, including increased inflammation and replacement 
of the normal tissue mass with fat cells [21, 22]. Together 
with obesity, the rapid aging of global populations creates a 
strong risk environment for pancreatic disease, emphasizing 
the need to characterize and develop approaches to reverse 
sources of risk.

For some tissues, e.g., cardiac and skeletal muscle [20, 
23], the mechanisms of generation of intra-organ adipos-
ity are becoming well-defined. In contrast, the mechanistic 
basis by which fat accumulates and then interacts with the 
exocrine and endocrine cells of the pancreas to increase their 
propensity to undergo pathological changes is very poorly 
defined, despite numerous clinical studies have linked accu-
mulation of pancreatic fat with pathological features of pan-
creatitis and pancreatic cancer. As such lack of clarity poses 
challenges to strategies to target and reverse the rising rates 
of pancreatic disease, our goal in this review has been to 
analyze the literature relevant to the role and etiology of 
intra-pancreatic adipocytes (IPAs) in pancreatic dysfunction. 
Intriguingly, although there is no integrated model for the 
origins of IPAs, a number of genetic studies have suggested 
mechanisms and precursor cells contributing to IPA accu-
mulation. We discuss the process of pancreatic fat accumu-
lation in the context of evidence indicating reprogramming 
of signaling pathways typically associated with pancreatic 
development as a potentially targetable contributor to the 
process of obesity-promoted pancreatic pathogenesis.

Pancreatitis

The adult pancreas is divided into lobules, separate by 
thin layers of connective tissue. The microanatomy of 

the pancreas reflects its dual exocrine and endocrine role 
(Fig. 1). The exocrine function involves the production of 
digestive enzymes such as amylase, lipase, and trypsin by 
acinar cells, which represent ~ 85% of the pancreatic mass, 
and are the major constituents of the lobules. The acinar 
cells are organized in clusters around small intercalated 
ducts, and secrete the enzymes (stored in inactive form as 
zymogen granules) into these ducts; ducts merge into larger 
intralobular, then interlobular ducts, and eventually drain 
into the duodenum. The endocrine function is mediated 
by cells organized in small pancreatic islets (the islets of 
Langerhans) which consist of several types of endocrine 
cells (most important are α, which produce glucagon; β, 
which produce insulin; and δ, which produce somatosta-
tin); these islets are dispersed throughout the pancreas, and 
drain directly into arterioles. Other resident cell populations 
include centroacinar cells, located at the tips of the ducts, 
characterized by features both of acinar and embryonic stem 
cells; and pancreatic stellate cells (PSCs), fibroblast-like 
cells that help maintain the extracellular matrix.

Acute pancreatitis (Fig. 2A) describes an event typically 
fulminant in onset, and often clinically dramatic. The asso-
ciated pancreatic necrosis and inflammation [24, 25] are 
triggered by mechanical obstruction of pancreatic or bile 
ducts blocking efflux of digestive enzymes, or systemic 
factors responsible for acinar cell damage such as obesity, 
alcohol use, hypercalcemia, increased blood triglycerides, 
overproduction of acinar-stimulatory hormones (e.g., chol-
ecystokinin), and certain medications with direct potential 
for pancreatic toxicity. These ductal and acinar cell defects 
cause premature release and intracellular activation of potent 
proteases and lipases which causes a cascade of extensive 
intrapancreatic tissue damage, and in severe cases can rap-
idly progress to systemic toxicity. Acute pancreatitis is often 
accompanied by extensive pancreatic inflammation marked 
by secretion of pro-inflammatory factors (TNFα, interleukins 
IL-1, -6, and -8, and damage associated molecular patterns 
(DAMPs)) from injured pancreatic epithelium and secondary 
tissues, and by infiltration of macrophages and neutrophils, 
which release additional pro-inflammatory factors into the 
circulatory system that can further contribute to localized 
tissue damage, and promote multi-organ failure. Notably, 
accumulation of IPAs can promote this inflammatory pro-
cess. These adipocytes provide a rich source of triglycerides, 
that are processed by lipases released from damaged acinar 
cells to unsaturated free fatty acids (including linoleic, lino-
lenic, and oleic acids) that inhibit mitochondrial function 
and enhance cytokine release, thus exacerbating acinar cell 
injury and contributing to organ failure [9, 26–29].

If the primary triggers of acute pancreatitis (e.g., use 
of medications or alcohol) are not identified or mitigated, 
recurrent episodes of acute pancreatitis can lead to chro-
nicity of the disease. Estimates of how many individuals 
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who have had acute pancreatitis who subsequently develop 
chronic pancreatitis vary considerably, ranging from 3 to 
35% [7, 25]. Although acute pancreatitis is a predisposing 
condition for chronic pancreatitis (Fig. 2B), not all indi-
viduals developing chronic pancreatitis [7, 30] have well-
documented cases of acute pancreatitis [30]. Although 
alcohol is a primary risk factor, other well-appreciated risk 
factors include genetic predisposition and tobacco smoking. 
Inherited gene variants that impose risk (in genes including 
PRSS1, SPINK, CTRC, CFTR, and CPA1) typically result 
in premature activation of digestive enzymes in acinar cells, 
and have been linked to chronic pancreatitis. Early stages 
of chronic pancreatitis include damage to acinar cells and 
development of localized inflammation. Repeated cycles of 
damage, and activation of pancreatic fibroblasts (aka, stel-
late cells, or PSCs) to a myofibroblast-like phenotype (pro-
moted by smoking) distorts the morphology of the pancreas, 
marked by accumulation of fibrosis and IPAs in the setting 
of ongoing inflammation. Over time, these changes give rise 
to exocrine and endocrine insufficiency due to loss of acinar 
mass and reduction in number and function of islets, result-
ing in incomplete digestion of foods in the intestinal tract, 
steatorrhea, bacterial overgrowth, malabsorption syndrome 
and type 2 diabetes.

Pancreatic cancer

The most common cancer of the pancreas is pancreatic 
ductal adenocarcinoma (PDAC) (Fig. 3), with neuroen-
docrine tumors and acinar carcinomas occurring at much 
lower frequencies. Modifiable risk factors for PDAC include 
chronic pancreatitis (both alcohol-associated and independ-
ent), which elevates risk of PDAC by tenfold; obesity, which 
includes accumulation of IPAs, visceral fat, tobacco smok-
ing, and diabetes [31]. Inherited risk factors include gene 
variants damaging in PRSS1 and CFTR (both also associated 
with chronic pancreatitis), and tumor suppressors involved in 
DNA repair processes (including BRCA1, BRCA2, PALB2, 
MLH1, CDKN2A, and ATM). Individuals with Peutz-Jeghers 
syndrome, associated with mutations inactivating the STK11 
tumor suppressor gene, are at high risk for pancreatic can-
cer [32–34]. STK11 encodes LKB1, which signals through 
AMPK to negatively regulate lipid, cholesterol, and glucose 
metabolism [35]; metabolic changes associated with obesity 
downregulate the LKB1-AMPK signaling axis, contributing 
to cancer risk.

Over 90% of PDACs contain somatic activating muta-
tions in KRAS, with mutations in tumor suppressor genes 
TP53, CDKN2A, and SMAD4 observed in 50–80% of PDAC 

Fig. 1  Normal pancreatic structure. A normal pancreas consists of 
two main compartments, the endocrine and exocrine. The endocrine 
compartment consists of hormone-producing cells found within Islets 
of Langerhans, which produce insulin and glucagon to regulate blood 
glucose levels throughout the body. The exocrine compartment is 
composed of acinar cells, ductal cells, and centroacinar cells, and rep-
resents the bulk of the pancreas. Acinar cells, organized in structures 

called acini, produce digestive enzymes that are transported by ducts 
to the duodenum to aid in digestion. Centroacinar cells are special-
ized cells that extend from the duct into pancreatic acini, and play a 
role in pancreatic regeneration. Pancreatic stellate cells (PSCs) are 
myofibroblast-like cells found in both pancreatic compartments that 
contribute to tissue modeling, secrete extracellular matrix, and can be 
a source of cytokines. Created with BioRender.com
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cases. As with many tumors, emergence of an established 
carcinoma is accompanied by the epigenetic and metabolic 
promoting to enhance tumor growth and survival, in part 
by promoting immunosuppression. An unusual feature of 
PDAC is an intense desmoplastic reaction, in which PSCs 
become activated to cancer-associated fibroblasts (CAFs); 
altered and elevated secretion of extracellular matrix (ECM) 
components by the CAFs results in formation of a dense 
fibrotic mass that surrounds growing PDACs [36]. While 
this matrix can be tumor-promoting (for instance, by limit-
ing access of tumor-suppressive lymphocytes to the cancer 
cells), it contributes to a nutrient-poor, hypoxic environ-
ment; as a result, PDACs are highly dependent on autophagy 

[37] and macropinocytosis [38] for uptake of nutrients from 
the tumor microenvironment. Typically, at the stage of diag-
nosed PDAC, few IPAs are detected within the tumor mass.

The clinical manifestation of human PDAC is preceded 
by precursor lesions which may be present for months to 
years until evolving to invasive malignancy [39, 40]; during 
this period, the precursor lesions often exist in a microenvi-
ronment characterized by IPAs, fibrosis, and inflammation. 
Many studies propose, and considerable data supports, the 
idea that acinar-to-ductal metaplasia (ADM)—the epigenetic 
reprogramming of acinar cells to partially de-differentiate, 
then acquire ductal features such as the expression of CK19 
and SOX9 [41]—is an important and irreversible early step 

Fig. 2  Pathophysiology of acute and chronic pancreatitis. A Acute 
pancreatitis is acinar injury and pancreatic inflammation caused 
by mechanical obstruction of ducts, or systemic factors that trigger 
premature activation of digestive enzymes. In acinar cells, damage 
induced by these stressors increases expression of damage-associ-
ated molecular patterns (DAMPs), TNFα, IL-6, and IL-8, which are 
secreted into the local microenvironment and promote infiltration 
of leukocytes such as lymphocytes, granulocytes and macrophages. 
Infiltrating immune cells secrete their own pro-inflammatory fac-
tors, increasing acinar cell injury and acinar cell death. B Chronic 

pancreatitis describes prolonged inflammation caused by a variety of 
factors, including recurrent severe acute pancreatitis. Similar to acute 
pancreatitis, acinar cell injury drives expression of pro-inflammatory 
cytokines that promotes immune infiltration. Unlike acute pancreati-
tis, macrophages make up the majority of the immune landscape in 
chronic pancreatitis cases. In addition to immune infiltration, chronic 
inflammation and cellular stress causes pancreatic stellate cells to 
activate, causing increased oxidative stress, inflammation and fibro-
sis that cumulative increase acinar cell death and, in some cases, pro-
mote adipocyte infiltration. Created with BioRender.com
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for the emergence of microscopic lesions known as pan-
creatic intraepithelial neoplasms (PanINs) [15, 42]. This 
trajectory is thought to be the dominant origin for PDAC 
formation. However, in a significant proportion of patients, 
PDAC can emerge from pre-existing larger lesions arising 
from expansion of ductal epithelium- mucinous cystic neo-
plasm (MCN) and intraductal papillary mucinous neoplasm 
(IPMN).

The specific cell of origin of PanINs has been a topic 
of considerable interest [43]. Although PDACs are thus 
named because they contain features of pancreatic ductal 
cells, studies with mouse models have demonstrated that 
specific expression of activated KRAS in acinar and cen-
troacinar cells in embryos can lead to formation of PanINs 
and PDAC (e.g. [44]). Complicating the picture, other stud-
ies using mouse models with cell lineage-specific promoters 
have shown that ductal cells and endocrine cells can also 
form PanINs, in the context of specific additional mutations 
or the inflammatory environment associated with chronic 
pancreatitis [45–47]. One study using inducible promoters 
to activate KRAS specifically in GFP-tagged adult acinar 
and ductal cells found oncogenic KRAS induced PanIN 

and PDAC formation in acinar but not ductal cells within 
2 months, while simultaneous activation of KRAS with loss 
of TP53 in ductal cells was required to cause formation of 
PDAC, albeit without associated PanINs [46].

These differing results implied that there are multiple 
independent routes to forming PDACs, involving distinct 
cells of origin. An elegant set of analyses using mouse 
models to investigate the interaction of KRAS and distinct 
TP53 mutations expressed in acinar versus ductal cells has 
confirmed the specific importance of KRAS mutations in 
promoting PDAC in ductal cells [43]. Careful dissection of 
tumor phenotypes in this study convincingly demonstrated 
that those originating from ductal cells have many features 
resembling the basal cell type, while those originating from 
acinar cells that subsequently undergo ADM resemble the 
classical subtype [43]. Notably, the advent of transcriptomic 
profiling and single cell sequencing studies has helped define 
the existence of distinct subtypes of pancreatic cancer, with 
distinct prognoses, including the classical (glandular) and 
basal (mesenchymal) subtypes of PDAC [48]. Moreover, 
there is growing appreciation for intratumoral differentiation 
heterogeneity within these PDAC subtypes, as well as con-
tinuous differentiation plasticity within normal acinar [49] 
and ductal [50] cells containing multiple populations with 
progenitor features to terminally differentiated states. This 
considerable plasticity of acinar [15] and other pancreas-
resident cells is critical in maintaining normal homeostasis, 
repairing tissue damage, but also provides diverse substrates 
for oncogenic transformation.

Pancreatitis can influence the availability of cell popula-
tions that are precursors to oncogenic transformation, while 
additionally providing inflammatory stimuli that enhance 
tumor growth. For example, an early study using mouse 
models demonstrated that endogenous expression of acti-
vated KRAS in embryonic acinar cells was sufficient to pro-
duce PDAC, but similar expression of activated RAS in the 
acinar cells of adult mice did not, except in the context of 
induced chronic pancreatitis [51]. The ability of adult acinar 
cells expressing active KRAS to form PanINs was less clear 
[51, 52]. Recent single cell RNA sequencing studies have 
been informative, comparing populations of acinar cells in 
the healthy pancreas versus in the context of chronic pancre-
atic injury. These studies have identified multiple sub-groups 
of acinar cells, which can transdifferentiate into alternative 
cell lineages following injury; notably, these include muci-
nous precursors that can give rise to PanINs in the context of 
a KRAS mutation, as well as ductal precursors [49, 53, 54].

Injury-induced inflammation in the microenvironment 
of the nascent cancer promotes tumorigenesis. This inflam-
mation may be linked to external factors, such as the tissue 
damage from pancreatitis, or related to specific predisposing 
mutations in the cancer cell that promote a pro-inflamma-
tory environment by promoting secretion of cytokines, and 

Fig. 3  Pancreatic cancer. Pancreatic cancer area consists of relatively 
small numbers of cancer cells within the tumor mass. The majority 
of the tumor is stroma that consists of extracellular matrix, cancer 
associated fibroblasts (CAFs), activated pancreatic stellate cells, and 
tumor promoting immune cells (macrophages and lymphocytes). Cre-
ated with BioRender.com
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inducing endoplasmic reticulum (ER) stress [55, 56]. A key 
question is how obesity and aging interact with these factors 
to create a favorable climate for progression of a transformed 
cancer cell to a progressive tumor. A number of recent stud-
ies have emphasized how changes in hormonal and endo-
crine activities are associated with obesity. Most of these 
emphasize hormonal and endocrine effects [4], including 
some operating in the microenvironment of nascent tumors 
[12]. Along with obesity, aging has been independently 
associated with a significant increase in IPAs and decline in 
acinar cell mass [57]. Suggestively, studies of pre-malignant 
pancreatic lesions (PanINs and IPMNs) in aged or obese 
individuals, or those genetically predisposed to pancreatic 
cancer, have indicated these lesions occur proximal to areas 
of parenchymal atrophy and IPAs [58, 59].

Accumulation of intra‑pancreatic adipocytes 
and lipid droplets in pancreatitis and cancer

Obesity causes significant metabolic changes, which include 
changes in the hormonal landscape, and the over-abundance 
of various nutrients, including lipids. Excess lipids accu-
mulate in lipid droplets, and in an increased population of 
enlarged adipocytes, in organs throughout the body. IPAs 
are repositories of ectopic fat that accumulate specifically 
in the pancreas [60, 61], and can gradually replace normal 
pancreas-resident populations such as acini, resulting in 
decreased exocrine pancreatic function [62–65] (Fig. 4). 
Large population studies have found the occurrence of 
IPAs is associated with increased age and body mass index 
(BMI) [65, 66]. Independent of age, IPAs are significantly 
elevated in obese individuals [67], particularly in those bear-
ing elevated levels of visceral (rather than sub-cutaneous or 
thigh) fat [68, 69]. Other known and possible contributors to 
accumulation of IPAs include use of tobacco alcohol intake 
and low birth weight [70, 71]. IPA accumulation has been 
described as a risk factor for pancreatic diseases including 
acute [72] and chronic [73–75] pancreatitis, and pancreatic 
cancer [31, 59, 76–78]. Interestingly, extensive and rapid 
IPA accumulation has been observed in some individuals 
with hereditary conditions predisposing for pancreatitis. For 
instance, in infants in which loss of SPINK function has 
caused very rapid loss of acinar cells, there is widespread 
replacement of the acinar mass with adipocytes [79]. Similar 
substantial replacement of acinar tissue with adipose tissue 
has been reported in pediatric patients with inherited damag-
ing variants in PRSS1 [80].

Lipid droplets (LDs) are intracellular organelles which 
exist in most cells to provide storage for fatty acids. In 
healthy individuals, a large part of the intracellular vol-
ume of adipocytes is composed of a large LD; however, the 
size and number of LDs resident in a given cell depends on 
nutrient availability, cell type, and pathological state. The 

structure of an LD consists of a core of neutral, uncharged 
lipids (with triglycerides most abundant, but also includ-
ing cholesterol esters and minor lipid species) surrounded 
by a phospholipid monolayer which contains integrally and 
peripherally associated proteins that modulate LD function. 
The literature on pancreatic LDs is less developed than on 
IPAs. Obesity and excess nutrient availability have been 
associated with LD accumulation in endocrine and acinar 
cells. While a number of studies address the mechanisms of 
how LD accumulation results in altered endocrine cell func-
tion, pertinent to diabetes [81], studies of acinar cell LDs 

Fig. 4  Accumulation of intrapancreatic fat. In response to increased 
aging, obesity, or visceral fat as well as tobacco or alcohol consump-
tion, the pancreatic architecture is altered. Atrophy of exocrine pan-
creatic tissue leads to replacement with intrapancreatic fat cells, PSC 
activation and increased fibrosis; typically, islets remain intact. Cre-
ated with BioRender.com
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are typically observational, and often based on analysis of 
rodents fed high fat diets [82–84]; however, the abundance 
of evidence suggests increased LD levels in acinar cells is 
a common feature of obesity. Besides exocrine and endo-
crine tissue, PSCs also accumulate LDs containing vitamin 
A among other lipids; interestingly, these are lost as PSCs 
are activated to CAFs in the context of emerging PDACs 
[85–87]. To our knowledge, no studies have specifically 
investigated the relationship between LD accumulation in 
exocrine cells or PSCs and risk of pancreatitis or cancer.

Mechanisms of pancreatic damage induced 
by excess IPAs and LDs

In healthy tissue, IPAs and LDs store lipids in readiness 
for metabolic demands, such as need to compensate for 
caloric restriction; under these conditions, lipolysis and 
lipophagy can process triacylglycerol to phospholipids and 
other required fatty acids. In cases of nutrient adequacy or 
surfeit, adipocytes and LDs possess additional protective 
functions, as recently reviewed [88] (Fig. 5). One important 
role is to protect cells from lipotoxicity associated with high 
levels of free fatty acids, which can cause cell damage via 
incorporation into membranes, or be processed via oxidation 
into cytotoxic lipids such as ceramide. LDs associate with 
the ER, among other cellular organelles; this is important 
for maintaining normal phospholipid composition of the 
ER membranes, and restraining induction of an unfolded 
protein response (UPR). LDs also protect mitochondria dur-
ing autophagy, sequestering free fatty acids released during 
digestion of other cell compartments. In obese individuals, 
the storage capacity of LDs is overwhelmed, rendering tis-
sue vulnerable to higher levels of free and cytotoxic fatty 
acids, induced UPR, and mitochondrial damage. This can be 
particularly deleterious in the context of additional factors 
that trigger cell and tissue stress, such as the hypoxia that 
characterizes PDAC and other tumor types [89].

Ectopic and visceral fat deposits, and in specifically 
increased abundance of adipocytes, have a well-character-
ized relationship with lipid-induced inflammation in tissues 
low in fat such as the liver and heart [20]. Adipocytes con-
tribute to the development and progression of pancreatitis 
in several ways. Following damage to the pancreas (for 
instance, during ductal obstruction triggering acute pan-
creatitis), death of acinar cells causes release of digestive 
enzymes, including lipases, that cause necrosis of neigh-
boring adipocytes. These release toxic levels of free fatty 
acids, and in particular unsaturated fatty acids, which recip-
rocally extend acinar injury [9, 25, 26, 90–94]. A recent 
retrospective patient study further cemented this connection 
between pancreatic fat and acute pancreatitis, finding there 
to be a significant association between IPAs and the occur-
rence of acute pancreatitis [95]. Acute pancreatitis has also 

been associated with defects in autophagy linked to mito-
chondrial dysfunction and impaired autophagy; both linked 
to obesity and accumulation of lipids [93]. In addition, the 
altered metabolism of adipocytes in obese individuals causes 
them to secrete a number of pro-inflammatory factors (IL-
6, TNFα, IFNγ, MCP-1, IL-1β) that recruit activated mac-
rophages and other immune cells to areas of tissue damage, 
and exacerbate necrotic responses [5].

Adiposity is associated with a tumor-promoting function 
for many types of cancer, based on both systemic and local-
ized effects, delivered through multiple mechanisms [96]. In 
the case of pancreatic cancer, interpretation of the local role 
of IPAs is complicated by the significant changes in cellular 
composition that accompany tumor formation. Most PDACs 
are diagnosed at a late stage (3 or 4), at which point with 
the bulk of the solid tumor mass composed of CAFs and 
their secreted ECM, encompassing a minority population 
of cancer cells [97]. However, studies of very early stage 
tumors (e.g. [66, 77] and work generally analyzing the rela-
tionship between PDAC risk and adiposity have suggested 
a driver role of fatty pancreas in promoting early formation 
of pancreatic cancer. As with pancreatitis, the creation of 
an inflammatory microenvironment promotes the growth of 
oncogenically transformed cells, in part by contributing to 
the recruitment of tumor-promoting immune cells; it may 
also contribute by inducing localized cell death that expands 
the pool of proliferating incompletely differentiated acinar 
cell precursors, and other cancer progenitor cell populations.

One particularly intriguing recent study has also sug-
gested that the size of LD pools within cancer cells is an 
important determinant of metastatic capacity [98]. In this 
work, the authors demonstrated that activated KRAS down-
regulated hormone-sensitive lipase (HSL), causing LDs to 
accumulate during the active growth phase of tumorigen-
esis. Subsequently, tumors undergo epithelial-mesenchymal 
transition (EMT) and other metabolic shifts as they become 
invasive; at this point, residual HSL allowed catabolization 
of LDs, promoting invasion and metastasis. A growing body 
of literature demonstrates that CAFs modulate PDAC growth 
by secreting lipids into the tumor microenvironment (e.g. 
[99].). In addition, PDAC tumors reprogram their fatty acid 
and cholesterol biosynthesis pathways to maximize tumor 
growth and invasion, with some evidence that differences 
between PDACs in pyruvate flux and the balance between 
glycolysis and lipogenesis influencing tumor aggressiveness 
[87, 100–102]. Activity of SREBP, a core transcription fac-
tor promoting genes required for lipogenesis, has been linked 
to specification of PDAC subtype, with reduction in avail-
able cholesterol inducing SREBP, which in turn triggers pro-
duction of TGFβ, and promoted tumors with features of the 
basal subclass [101]. In a number of tumor types, SREBP 
activity has been shown to be enhanced by interactions with 
MYC [103]. Given MYC is induced during expansion of 
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acinar cell populations, which accompanies recovery from 
pancreatic injury, MYC-SREBP signaling may represent an 
alternative approach to triggering lipogenesis. This repro-
gramming is likely modulated by IPAs and abundance of 
LDs, but detailed mechanisms remain to be established.

IPAs in mouse models

There has been extensive description of the clinical presen-
tation and imaging of intrapancreatic fat in human patients 
[19, 78, 104, 105]. There is evidence that IPAs can accumu-
late through at least two routes; fatty replacement, poten-
tially by transdifferentiation of pancreatic-resident cell popu-
lations, following induced death of acinar cells, and fatty 
infiltration of adipocyte precursors from other tissues [106]. 
However, the specific cell of origin for IPAs and signaling 
defects triggering IPA accumulation, and the relationship 
of different inducers of IPA accumulation to PDAC risk and 
presentation are not currently well defined, with suggestions 
that IPAs may arise from distinct causes as a result of acute 
or chronic pancreatitis, obesity, diabetes, or other pathoge-
neic stimuli. Few studies have taken the induction of IPAs 
as their primary focus. However, over the past two decades, 

studies using dietary and genetic manipulation of mouse 
models have provided unexpected insights into triggering 
factors for acinar cell loss and IPA accumulation. This work 
has identified a surprisingly diverse set of conditions with 
these properties, as summarized below (Table 1).

Dietary models. Studies seeking to simulate NAFPD in 
mice typically are based on comparison of wild type mice 
fed either a standard or high fat diet (HFD) (10% versus 
60% fat content) for 8 or more weeks. In two early studies 
[107, 108], these regimens resulted in increased body mass, 
greater visceral fat, and overall adipocyte hypertrophy. The 
HFD induced multiple indicators of pancreatic pathology, 
including accumulation of intracellular lipid droplets within 
pancreatic acinar cells, adipose infiltration, and intralobular 
fat. These were accompanied by increased fibrosis, increased 
infiltration of M1 and M2 macrophages (indicative of 
inflammation), glucose intolerance, insulin resistance, and 
morphological changes in alpha and beta cells. Together 
with other changes affecting the liver and additional organs 
induced by a HFD, this approach more closely simulates 
the pathologies associated with human obesity than use of 
genetic models such as ob/ob mice, although these have also 
been used to document a relationship between HFD and 
accumulation of pancreatic adipocytes [109]. In these latter 
studies, pancreata from ob/ob animals fed HFDs had ele-
vated levels of cholesterol and triglycerides, free fatty acids 
(including saturated fatty acids), and the pro-inflammatory 
cytokines TNF-α and IL-1β versus wild type (wt) mice on 
the same HFDs [109].

Induced acute and chronic pancreatitis. Blockage of the 
main pancreatic duct—a common cause of acute pancrea-
titis—has been shown in mouse models to cause extensive 
rapid death of acinar cells. In studies using this model, the 
initial phenotype which simulates acute pancreatitis, pro-
gress over a month to resemble chronic pancreatitis, with 
evidence of fibrosis, ductal dilation, and extensive inflam-
matory cell infiltration. In two independent studies, ductal 
blockage led to replacement of acinar cells with extensive 
adipose tissue [110, 111]. In one study, it was proposed that 
an undefined population of mesenchymal cells within the 
pancreas may have differentiated into IPAs [111]. An alter-
native strategy by introduction of a D23A constitutively 
active allele of trypsin has been shown as a physiologically 
relevant model of chronic pancreatitis in which release of 
activated trypsin from acinar cells resembles the mechanism 
of the human genetic predisposing syndromes [112]. These 
mice developed spontaneous acute, then chronic pancreatitis, 
and a large-scale replacement of acinar cells with desmopla-
sia and adipose tissue. Interestingly, though acinar cells and 
much of the exocrine pancreas deteriorated, Islet of Langer-
hans remained largely intact and functional.

In contrast, despite the widespread use of cerulein treat-
ment as a means of inducing acute or chronic pancreatitis, 

Fig. 5  Adipocyte and lipid droplet dysregulation in pancreatic 
pathologies. A In healthy tissue, a limited number of adipocytes 
provide fatty acids to neighboring cells, provide a source of energy. 
Similarly, lipid droplets within healthy cells aid in balancing intracel-
lular lipid levels, by sequestering free fatty acids (FFA) that would 
otherwise be oxidized to cytotoxic lipids. Lipid droplets also help 
to maintain phospholipid composition in the endoplasmic reticulum 
(ER), inhibiting the unfolded protein response (UPR). B In cases 
of obesity or high visceral fat, adipocytes secrete cytotoxic FFA as 
well as pro-inflammatory cytokines such as IL-6, TNFα, and IFNγ. 
These cytokines and FFA promote immune infiltration, which 
increase inflammation within adipocytes as well as cells. Similarly, 
cellular lipid droplets elevate intracellular cytotoxic FFAs, result-
ing in mitochondrial damage, and altering the phospholipid compo-
sition of the ER, promoting UPR. C In pancreatic cancer, the tumor 
microenvironment consists of a large amount of extracellular matrix 
(ECM), stroma, and cancer associated fibroblasts (CAFs) with a rel-
atively small volume occupied by cancer cells. CAFs provide lipids 
to cancer cells to be used as building blocks for membranes and as 
an energy source. Within the cancer cells themselves, mutations acti-
vating the KRAS oncogene decrease expression of hormone-sensi-
tive lipase (HSL), increasing the amount of lipid droplets in cancer 
cell as a method of promoting tumorigenesis. Decreased HSL and 
increased levels of SREBPs, transcription factors for lipogenic genes, 
are associated with increased metastasis. Besides promoting expres-
sion of genes involved in lipogenesis, SREBPs increase expression 
of growth factors such as TGFβ pancreatic ductal adenocarcinoma 
(PDAC) invasiveness and metastasis. Although PDAC has few to no 
adipocytes present in the area of established tumors, high levels of 
intrapancreatic adipocytes can help to promote a microenvironment 
advantageous to cancer formation, as release of pro-inflammatory 
cytokines and cytotoxic fatty acids promote infiltration of tumor-pro-
moting immune cells that increase normal pancreatic cell death and 
increase presence of cancer cell progenitors. Created with BioRender.
com
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there are no reports suggesting cerulein induction of pan-
creatitis impacts the accumulation of IPAs in the short term 
(e.g. [113]). Whether this reflects a biological difference 
associated with blockage versus chemically-induced abla-
tion, or whether this topic has not yet been investigated, 
requires study.

Genetic Models. To date, there has been little if any use 
of genetic models to specifically probe regulation of adipo-
cyte accumulation in the pancreas. However, a surprising 
number of studies that used genetic knockouts to investigate 

pancreatic development or various pancreatic pathologies 
have serendipitously identified genes and pathways influ-
encing accumulation of intrapancreatic adipocytes. While in 
most cases the specific cell populations that are the source of 
pancreatic adipocytes were not investigated, some consistent 
themes emerge from the studies summarized here.

Context: normal pancreatic development. It is impor-
tant to place phenotypes emerging from the genetic models 
in the context of the normal roles of disrupted genes in 
pancreatic morphogenesis and maintenance. Formation of 

Table 1  Mouse models resulting in loss of acinar cells and increased intrapancreatic adipocytes

Mouse models Effect Ref

Dietary High fat diet Adipocyte hypertrophy, inflammation [107, 108]
Pancreatitis Blocked pancreatic duct Acinar cell death and replacement by adipocytes [110, 111]

Constitutively active trypsin Desmoplasia and adipocytes replace acinar cells [112]
Genetic Whole body Arf4 Knockout Acinar cell loss accompanied by fibrosis and adipocyte 

replacement, unaffected endocrine cells
[165]

Cby1 Knockout Loss of cilia, decreased hedgehog signaling, pancreatic 
atrophy, adipocyte replacement

[156]

Ift88 Knockout Acinar loss, increased ducts and fatty replacement, unaf-
fected endocrine cells

[154, 155]

Pdx1 Knockout Loss of acinar cell mass and replacement by adipocytes [124]
Postn Knockout Pancreatitis induced acinar-to-adipocyte trans-differentiation [113]
Prox1 Knockout Defects in pancreatic morphogenesis [121]
Snail1 Knockout Acinar replacement with adipocytes, unaffected endocrine 

cells
[139]

TgfbrII Overexpression Increased duct accumulation, ADM, fibrosis, fatty replace-
ment

[170]

Ubaid1 Knockout Oxidative stress, acinar cell apoptosis, adipocyte replacement [169]
Total pancreas Apc Knockout Pancreatic hypertrophy [132]

c-Myc Knockout Acinar cell loss from embryogenesis, acinar-to-adipocyte 
trans-differentiation

[133]

Hnf6 Knockout Duct dilation, ADM, acinar cell loss, adipocyte accumula-
tion, fibrosis, some adipocyte trans-differentiation

[158]

Ikkα Knockout Fibrosis, ductal metaplasia, acinar atrophy, fatty replacement [168]
Jag1 Knockout Reduced ductal ciliation, reduced acinar cell tissue, fibrosis, 

replaced adipocytes
[163]

Kif3a Knockout Acinar loss, increased ducts and fatty replacement, unaf-
fected endocrine cells

[152]

Prox1 Knockout Defects in acinar and ductal cell lineage, fatty replacement 
of acini

[120]

Tgfβr1 Overexpression Acinar loss, ADM, accumulation of adipocytes [171]
Acinar c-Myc Overexpression Defects in acinar differentiation [134]

Gata6 Knockout ADM, adipocyte infiltration, mucinous metaplasia [128]
Hes1 Knockout Pancreatic atrophy, fatty replacement, immature acinar cells 

with reduced replication
[163]

Tgfβr1 Overexpression Acinar loss, ADM, accumulation of adipocytes [171]
Ductal Hnf1β Knockout Decreased genes related to ciliary formation, loss of cilia and 

ducts, acinar cell apoptosis, ADM, adipocyte infiltration
[160]

Hnf6 Knockout Duct dilation, ADM, acinar cell loss, adipocyte accumula-
tion, fibrosis

[157, 159]

Lkb1 Knockout Duct dilation, ADM, acinar cell loss, adipocyte accumula-
tion, fibrosis, some adipocyte trans-differentiation

[158]
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the pancreas depends on the orchestrated activation and 
inhibition of a number of distinct transcription factors that 
specify pancreatic fate and establish cell lineage (Fig. 6) 
beginning at embryonal day E8.5, as detailed in numer-
ous reviews [114–117]. These include master regulators 
such as PDX1, which establish overall pancreatic identity, 
other factors critical for maintaining pancreatic lineage 
differentiation in expanding pools of progenitor cells dur-
ing normal development (PTF1, SOX9, HES1, FGFR2, 
NKX6-1, PROX1, HNF6, HNF1b, FOXA2, GATA4 and 
GATA6). These proteins cross-signal to each other, and 
maintain multipotent precursor pools in the pancreatic 
bud. Days E11-E15 are marked with a process of branch-
ing morphogenesis during which acinar cells emerge from 
the “tips” of growing pancreatic bud branches whereas 
ductal and endocrine cells emerge from cells localized 

closer to the trunk of the branching “tree”. This process 
is associated with segregated expression and activity of 
transcription factors. For example, by day E13.5, PTF1 
is solely expressed in acinar cells at the tips, whereas the 
trunk region expresses NKX6, HNF1B, SOX9, HES1, and 
HNF6, and produces bi-potential precursors to ductal and 
endocrine cells. In late embryogenesis, precursor cells 
with bi-potency are lost, with emerging unipotent precur-
sors for ductal cells expressing HNF6, SOX9, and GLIS3, 
acinar precursors expressing PTF1, MIST, and HES1, and 
endocrine precursors expressing NEUROG3 among other 
transcription factors. Each of these specify a further down-
stream program that results in terminal differentiation of 
mature ductal cells, and various lineages of endocrine 
cells. As acinar, ductal, and endocrine cell populations 
mature, they acquire additional cell-type specific signaling 
features appropriate for their physiological roles, while 
relinquishing others. For example, activity of the pro-
proliferative factor c-MYC is specifically relevant to the 
maintenance of acinar cell mass, which represents 90% of 
the mature pancreas, and is induced during the rapid tis-
sue regeneration following pancreatic damage [117, 118]. 
Subpopulations of acinar cells, called centro-acinar cells, 
retain progenitor-like transcripts that enable self-renewal 
and rapid regeneration of the exocrine compartment fol-
lowing acute pancreatitis [119].

IPA accumulation following misexpression of factors 
regulating pancreatic morphogenesis. A large body of data 
from use of mouse knockout or transgenic models implicate 
a number of genes in pancreatic morphogenesis. The below 
examples (results summarized in Fig. 7) emphasize some 
common points: first, that a predominant phenotype aris-
ing from disruption of pancreatic morphogenesis is deple-
tion of the acinar cell compartment, with particular loss of 
mature acinar cells; and second, that a frequent consequence 
of these disruptions is accumulation of adipocytes, which 
replace the acinar cells. Notably, while in some cases defects 
in pancreas morphology are detected in embryos, in other 
cases pancreata appear morphologically normal at birth, 
with defects only appearing after several weeks.

Prox1. The homeobox-containing transcription factor 
PROX1 is expressed prior to the emergence of the pancreatic 
bud, and is expressed in multipotent progenitor populations 
of the pancreas. Upon differentiation to multiple lineages, 
levels of PROX1 are maintained in centroacinar, ductal 
and islet cells, but become nearly undetectable in acinar 
cells. Studies of Prox1 deletion using the early Pdx1-Cre 
knockout system [120] or in Prox1 null mice [121] in each 
case revealed defects in pancreatic morphogenesis affecting 
multiple cell lineages, beginning as early as embryonal day 
E13.5. Defects were observed in the ductal cell lineage, and 
included increased ductal cell proliferation and altered duct 
morphogenesis. A complex sequence of acinar cell defects 

Fig. 6  Pancreatic cell fate. During embryonic development, the pan-
creas arises from an endoderm progenitor cell [191]. This initial pro-
genitor cell differentiates into a pancreatic multipotent progenitor cell 
capable of differentiating into any endocrine or exocrine pancreatic 
cell lineage, excluding PSCs. From multipotent progenitor cells, tip, 
trunk, and endocrine progenitor cells arise, each with differing cell 
lineage markers. Tip cells terminally differentiate into acinar cells. 
Trunk cells differentiate into ductal cells and endocrine progenitor 
cells. Both endocrine progenitor pools differentiate into the pool of 
endocrine cells that make up Islets. Each progenitor and terminally 
differentiated cell type is specified by a set of unique transcription 
factors associated with cell lineage. Created with BioRender.com
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was also observed. Premature differentiation to mature aci-
nar cells occurred in embryos, but this was compensated 
for by time of birth, so that acinar cells occurred in normal 
numbers and appeared morphologically normal. However, 
in the postnatal period, there was progressive and extensive 
loss of acinar cells, which were replaced by adipocytes in 
adult mice. In addition, the pancreata of older Prox1-defi-
cient mice developed signs of pancreatitis, including fibro-
sis, acinar cell apoptosis, and infiltration of macrophages and 
neutrophils. Genetic lineage tracing using a β-galactosidase 
marker showed the origin of adipocytes as distinctly sepa-
rate from the epithelial lineage in the mice with Pdx1-Cre-
driven deletion of Prox1. In 3-month-old mice, acinar cells 
were positive for β-galactosidase, but adipocytes were not, 
suggesting acinar-to-adipocyte differentiation was not the 
mechanism for adipocyte infiltration. This raises a provoca-
tive question as to whether there is an ex vacuo growth of 
adipocytes, or if the IPA population expands due to insulin-
driven signaling.

Pdx1. The homeodomain transcription factor Pdx1 is ini-
tially expressed in the gut, specifying the region giving rise 
to the pancreas primordium. As the pancreas forms, around 
day E8.5–9.5 Pdx1 is initially expressed in all cellular com-
partments [114–117], but later (day 15) is restricted to the 
endocrine lineage. Loss of Pdx1 in mouse models [122] or 
humans [123] causes pancreatic agenesis. In contrast, in 

transgenic mice with forced continuous expression of Pdx1 
in exocrine cells, mice were born with normal pancreata 
[124]. However, by the time mice were ~ 3 weeks of age, 
exocrine areas had gaps, with progressive loss of acinar cell 
mass. By 8 weeks of age, 30–40% of the pancreatic mass was 
composed of adipocytes, accompanied by a large increase 
in pancreatic triglyceride levels. As the animals aged, aci-
nar cells became increasingly disorganized with evidence of 
enhanced replication and apoptosis, and reduced production 
of digestive enzymes including amylase [124].

Gata4 and Gata6. The GATA4 and GATA6 transcrip-
tion factors are expressed early throughout the pancreatic 
primordium. With largely overlapping function, loss of both 
is associated with pancreatic agenesis [125, 126]. As devel-
opment progresses, after day ~ E16.5, expression of GATA6 
is restricted to ducts and endocrine cells [127]. Martinelli 
and colleagues used Gata6loxP/loxP;Ptf1a-Cre+/KI mice to 
knock out Gata6 in pancreatic epithelial precursors begin-
ning from embryonal day ~ 9 [128]. While pancreata were 
normal at birth, morphological abnormalities including focal 
ADM and appearance of adipocytes were noted by the time 
mice were 1 month old; at this time, acinar cells had higher 
rates of both proliferation and apoptosis than controls. Signs 
of accumulation of lipid droplets within acinar cells and 
amylase within adipocytes suggested trans-differentiation 
based on epithelial lineage tracing with an EYFP marker in 
some adipocytes and an extensive upregulation of the pro-
adipogenic proteins PPARγ and perilipin in acinar cells. 
By 7 months old, acinar cells were nearly absent, almost 
completely replaced by adipocytes, with signs of ADM and 
mucinous metaplasia [128].

c-Myc: required for acinar expansion. Interest in study 
of c-Myc arose following earlier studies investigating the 
role of the WNT-APC-CTNNB1 signaling axis in pancreatic 
differentiation. In this work, deletion of the CTNNB1 tran-
scription factor resulted in specific loss of the exocrine pan-
creas, with some studies reporting signs of ADM [129–131]. 
Complementary experiments analyzing mice with pancreas-
specific deletion of Apc, a negative regulator of CTNNB1, 
showed a reciprocal phenotype of pancreatic hypertrophy, 
driven by overgrowth of acinar cells. This hyperplasia was 
reversed by deletion of c-Myc in Apc-deficient pancreata 
[132]. C-MYC is a CTNN1-dependent transcript, encoding 
a transcription factor that promotes progenitor cell prolifera-
tion, and specifically supports the large expansion of acinar 
cell precursors in pancreatic development [117].

Pancreatic inactivation of floxed c-Myc either with Pdx1-
Cre (all pancreatic epithelial precursors, [133]) or Ptf1-Cre 
(acinar lineage precursors, [134]) in each case caused loss 
of acinar cell mass detectable by late embryogenesis or time 
of birth. The more extensive study by Bonal et al. estab-
lished that loss of c-Myc caused a progressive loss of acinar 
mass, and progressive accumulation of adipocytes, with 

Fig. 7  Signaling that promotes acinar atrophy and pancreatic adipos-
ity. A Knockout (indicated by red arrows) of ciliary genes (Kif3a, 
Ift88, Cby1), transcription factors (Hnf6, Hnf1β), and Notch signaling 
pathway genes (Jag1) result in a loss of cilia within ducts, accompa-
nied by increased pancreatic fibrosis (mediated by TGFβ and MMP7), 
acinar cell atrophy, and intrapancreatic adipocyte infiltration. B 
Knockout of IKKα (a regulator of NF-κB) and LKB1 (a regulator of 
mTOR) both result in increased rates of Acinar-to-Ductal metaplasia 
(ADM). Knockout of genes encoding transcription factors implicated 
in pancreatic differentiation (HNF6 and GATA6) and Hes1 (a target 
of Notch signaling) also increase rates of ADM. Lastly, increased 
activity of TGFβ via overexpressed (indicated by blue arrows) 
TGFRII and TGFRI also increased rate of ADM within the pancreas. 
In all of these cases, increased rates of ADM were associated with 
acinar cell loss and adipocyte replacement. C Genetic manipulations 
that targeted factors involved in acinar cell differentiation resulted in 
pancreatic adipocytes were. Loss of transcription factors Pdx1 and 
Prox1, as well as overexpression of c-Myc resulted in a defect in pan-
creatic morphogenesis and impaired differentiation of mature acinar 
cells, causing extensive adipocyte infiltration. Conversely, loss of 
pancreas-wide expression of c-Myc also resulted in a loss of acinar 
cells due to trans-differentiation of acinar cells to adipocytes. Knock-
out of periostin (Postn), a protein secreted by activated PSCs, also 
resulted in acinar-to-adipocyte trans-differentiation. D Loss of Arf4, a 
ciliary gene, causes altered protein trafficking, potentially influencing 
acinar cell capacity to secrete digestive enzymes. Loss of Ubiad1, a 
gene encoding an enzyme involved in vitamin K synthesis, results in 
increased oxidative stress. Lastly, knockout of Snail expression alters 
the secretome of mesenchymal cells, altering paracrine signaling 
within the pancreas. In each of these models, the loss Arf4, Ubiad1, 
or Snail causes exocrine atrophy accompanied by increased pancre-
atic adiposity. Created with BioRender.com
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these comprising the bulk of the pancreatic mass in adults 
[133]. Analysis of the expression of factors associated with 
pancreatic differentiation indicated downregulation of PTF1 
and MIST1, required for specification of acinar cells, by the 
time of birth. Notably, this study identified transitional cells 
with features of both acinar cells and adipocytes, including 
acinar cells containing small lipid droplets, and cells with 
extensive fat and retaining zymogen granules, but lacking 
some expression of PTF1 and MIST1. In addition, lineage 
tracing experiments using a Pdx1-Cre transgene to irrevers-
ibly activate the expression of the reporter R26R or R26-
EYFP in parallel with inactivation of c-MYC mice showed 
activation of this reporter in the cytoplasm of pancreatic 
adipocytes by the time mice were two months old, suggest-
ing direct acinar-to-adipocyte trans-differentiation [133]. 
Notably, lineage tracing revealed similar acinar origins of 
accumulated adipocytes in the pancreata of aged mice, or 
following cerulein treatment and pancreatic regeneration. 
Intriguingly similar transitional cells, with acinar-appearing 
cells containing lipid droplets and adipocytes with residual 
granules, were found in an aged human pancreas; however, 
only one pancreas was analyzed in this study [133].

Complicating the understanding of c-MYC function in 
acinar maturation and differentiation controls, a subsequent 
study used c-MYC overexpression under the control of the 
Ela1 (elastase) acinar-specific promoter [135]. This study 
found that overexpression of c-MYC in acinar precursors 
also resulted in profound defects in differentiation pro-
grams, and elevated rates of both proliferation and apop-
tosis. c-MYC negatively regulated PTF1a activity by direct 
binding to PTF1a and repressing its transcriptional activity, 
and impairing the ability of PTF1a to bind the promoters of 
digestive enzymes. While early differentiation markers of 
acinar cells were retained and pre-acinar cells were retained 
in the pancreas, acinar maturation was blocked, and a “liver-
like” transcriptional signature similar to that previously 
reported for knockouts of the PTF1a complex component 
RBPJL [136] or elevation of glucocorticoid signaling [137] 
was detected. Interestingly, this study found c-MYC overex-
pression was a characteristic of transformation by KRAS, and 
found in PanINs [135]. Together with the earlier work, this 
study suggested downregulation but not complete absence 
of c-MYC was required for normal differentiation of acinar 
cells, and that pre-acinar cells could adapt more than one 
abnormal fate based on anomalously low or high c-MYC 
levels.

Genes expressed in mesenchymal cells: SNAIL and 
POSTN. Some genes causing pronounced replacement of 
acinar cells with adipocytes are not expressed in epithelial 
cells. The SNAIL1 transcription factor is typically expressed 
in mesenchymal cells, and represses genes associated with 
a differentiated epithelial identity. SNAIL plays an essential 
role in embryogenesis, supporting cell migration and pattern 

formation, but has minimal expression in healthy adult tis-
sues [138]. Tamoxifen-induced loss of Snail1 in all tissues 
under control of β-actin-Cre-ER of adult mice caused rapid 
loss specifically of pancreatic mass and function, and rapid 
replacement of acinar cells with adipocytes, which com-
prised nearly half the volume of the pancreas; islets were 
unaffected [139]. In contrast, ablation of Snail1 using the 
Ptf1 promoter to express tamoxifen-regulated Cre specifi-
cally in adult acinar cells had no effect. Further analysis con-
firmed activity of SNAIL1 was selective to CD105-positive 
mesenchymal cells, and that loss of Snail1 significantly 
altered the secretome of the mesenchymal cells, suggest-
ing a paracrine effect [139]. Induction of MYC in acinar 
cells using an elastase 1 c-Myc (Ela-1-MYC) transgene typi-
cally gives rise to acinar carcinomas, as well as tumors that 
display both acinar-like and duct-like features [140]. In the 
context of Snail1 deficiency, although tumors still formed in 
Ela-1-MYC mice, the tumors were predominantly of ductal 
morphology, suggesting an effect on lineage control [139].

As another example, the ECM protein periostin (POSTN), 
known to promote tumorigenesis [141], is secreted by acti-
vated pancreatic stellate cells and is highly upregulated in 
the stroma in cases of chronic pancreatitis and PDAC [113]. 
In mice with total body Postn knockout, no disruption of 
normal pancreatic development was apparent. However, 
response to administration of cerulein to induce acute pan-
creatitis was significantly altered, with acinar cell replace-
ment by adipocytes noticeable by 7 days after treatment, and 
at 3 week causing adipocytes to replace nearly the entire 
mass of the pancreas [113]. This change was attributed to 
acinar-to-adipocyte trans-differentiation, based on downreg-
ulation of the transcription factors Mist1 and Rbpjl, which 
promote acinar identity and maturation [142], upregulation 
of PPARγ, which promotes adipocyte identity, and detection 
of amylase-containing granules in the cytoplasm of adipo-
cytes [113].

A role for loss of ciliary integrity in pancreatic adipo-
cyte formation. The primary cilium is an organelle that has 
been described as a cellular “antenna”. In many lineages of 
non-cycling cells, a cilium is formed from the mother centri-
ole, which localizes proximal to the plasma membrane and 
extends a central microtubule-based axoneme encased with 
a specialized membrane into the extracellular environment 
[143]. This specialized structure is the locale for receptors 
for a number of growth factors; in addition, for cells lining 
ducts, cilia commonly protrude from the apical cell surface 
into the duct, where they act as flow sensors, regulating the 
activity of downstream signals that regulate cell growth and 
differentiation. defects in cilia define a group of pathological 
conditions termed ciliopathies, many of which are associ-
ated with obesity [144]. Conditional loss of Kif3a or Ift88 
(genes required for ciliary formation) in all tissues leads to 
increased adiposity and hepatic steatosis [145]. While there 
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is considerable evidence for local action of cilia in affected 
tissues, interpretation of the mechanism of ciliary loss in 
whole body ablation studies is complicated by evidence that 
loss of cilia contributes to hyperphagia, likely due to a role 
in hypothalamic neurons which govern appetite [146]. How-
ever, several studies specifically addressing cilia expressed 
on pre-adipocytes or mesenchymal stem cells (MSCs) have 
linked variation in ciliary length, and accompanying avail-
ability of ciliary receptors for WNT, IGF-1 and Hedgehog 
(HH), to the transition between a pre-adipocyte to commit-
ment to adipocyte differentiation [146–148]. Although not 
studied in the setting of the pancreas, it is also of interest 
that ciliation has also been shown to influence adipogenesis 
in injured muscle tissue [149] and in mesenchymal precur-
sor cells [150], based on altered response to HH and other 
signaling factors.

In the pancreas, ductal and endocrine cells express cilia, 
while most acinar cells do not. Intriguingly, a number of 
studies have linked loss of cilia or ciliary defects on ductal 
cells with pancreatitis. One early study found that multi-
ple rodent models of pancreatitis (alcoholic, ischemic, and 
obstructive) caused a reactive increase in ciliary length, 
which the authors proposed was a “reaction of defensive fac-
tors against the increase of pancreatic duct pressure” [151]. 
Conversely, several genetic studies have demonstrated that 
ciliary defects in pancreatic ductal cells causes pancreatitis 
and replacement of pancreatic tissue with adipocytes.

One of the first genetic studies to identify unexpected 
pancreatic infiltration used a variant of the Pdx1 promoter, 
expressed from ~ embryonal day 10.5 in all epithelial cells of 
the developing pancreas, to drive Cre-flox dependent abla-
tion of Kif3a [152]. Kif3a is a subunit of kinesin-2, an anter-
ograde motor which is essential for intraflagellar transport 
within the cilium; in the absence of Kif3a, cilia do not form, 
and cells are non-responsive to potent morphogenic growth 
factors such as Hh [153]. This study found loss of Kif3a in 
the embryonic pancreas resulted in loss of acinar cells and 
expansion of the ductal compartment by the time mice were 
two weeks of age, accompanied by enhanced expression of 
the pro-fibrogenic factor TGFβ, the matrix metalloprotease 
MMP7, and increased fibrosis. Notably, in 2 month old mice, 
large areas of the pancreas were replaced by adipose tissue 
[152]. Similar findings emerged from two studies of loss of 
Ift88 (also required for intraflagellar transport and ciliation) 
[154, 155], with disorganization of acinar structure and aci-
nar loss in the early post-natal period, expansion of pancre-
atic ducts, fibrosis, and extensive appearance of adipose cells 
beginning by ~ 3 weeks of age, but little evidence of effect on 
endocrine cells. In one of these studies, there was evidence 
for premature activation of CPA in acinar cells, suggesting 
autodigestion may contribute to loss of acini [155]. Another 
study investigated the role of Chibby (Cby1), a protein local-
ized to the ciliary base and essential for ciliary formation 

[156]. Constitutive knockout of Cby1 caused loss of cilia and 
diminished Hh signaling, with extensive pancreatic atrophy 
and replacement with adipocytes commencing with a few 
days of birth and accompanied by dilation of ducts, fibrosis, 
and immune cell infiltration. Although Cby1 protein was 
not detected on acinar cells, a single cell sequencing analy-
sis accompanying this study identified a sub-population of 
acinar cells expressing Cby1, although the identity of this 
population and whether it was transitional (to ducts or adi-
pocytes) was not pursued. However, detailed examination 
indicated a secretion defect and zymogen granule accumu-
lation in acinar cells of Cby1 knockout mice, in line with 
a model of autodigestion [156]. In all of these studies, the 
cellular precursor for these infiltrating adipocytes was not 
investigated.

Transcription factors controlling ductal differentiation, 
cilia, and adipocyte accumulation. In differentiation of the 
normal pancreas, transcription factors active in multipoten-
tial precursor cells (MPCs) activate downstream effectors 
that specify distinct cell lineages. Hnf1β, active in MPCs, 
induces expression of the transcription factor Hnf6/One-
cut (OC1), which in turn transcriptionally activates genes 
required for acinar and ductal lineages (including Gata4, 
Ptf1, Nr5a2). Some of these transcription factors retain 
activity in ductal cells in the adult, contributing to mainte-
nance of cell identity. Several studies have investigated the 
consequence of induced loss of Hnf1β or Hnf6 at various 
points in development of the pancreas [157–160].

A thorough study used a Sox9-CreER;Hnf1bfl/fl;R26RYFP 
construct to specifically induce loss of Hnf1β in ductal cells 
either at postnatal day 3, or in adults. Loss of Hnf1β in neo-
nates surprisingly led to retention of expression of genes 
required for ductal differentiation (Sox9, Hnf6, Cftr), but 
significantly downregulated Ift88, Prox1, and other genes 
required for ciliary formation and ductal architecture, and 
caused loss of cilia in ducts, and expansion of ductal cell 
area [160]. Within a week, there was notable loss of acinar 
cells and signs of acinar cell apoptosis, and within a month, 
there were signs of ADM, extensive infiltration of adipo-
cytes, and fibrosis; the pancreata of adult mice were nearly 
full of adipocytes, and mice experienced chronic pancrea-
titis and weight loss most likely due to exocrine deficiency. 
Notably, many mice with postnatal loss of Hnf1β developed 
spontaneous early PanINs; although these did not progress, 
mice deficient in Hnf1β developed accelerated formation of 
high grade PanINs when combined with a KRAS mutation 
[160]. Deletion of Hnf1β in adult mice removed the ability of 
the mice to recover from cerulein treatment, leading to rapid 
onset of chronic pancreatitis that also progressed towards 
PanIN formation [160].

Hnf6 was deleted using a variety of strategies, including 
use of Sox9-CreER transgene to induce loss in ductal cells 
between days P2-P10 [158], or under control of Pdx1-Cre, 
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to induce loss in pancreatic MPCs [157, 159]. These studies 
revealed similar pancreatitis phenotypes, including ductal 
dilation within 3 weeks of age, and progressive acquisi-
tion of phenotypes including loss of cilia on ductal cells, 
acinar cell loss, ADM, very extensive adipocyte accumula-
tion, immune cell infiltration, and fibrosis. Notably, lineage 
tracing experiments in one study suggested that a minority 
population of adipocytes were transdifferentiated from aci-
nar cells, but suggested that most were not [158].

Notch signaling: Jag1 and Hes1. The Notch signaling 
pathway, also linked to ciliary function in some cases [161, 
162], is required for pancreatic development, with disrup-
tion of the Notch activating ligand Jagged (Jag1) associ-
ated with Alagille syndrome in humans, characterized by 
exocrine insufficiency. Knockout of Jag1 under the control 
of the Pdx1 promoter in mice caused mice to be born with 
a relatively normal pancreas. However, by 6 weeks of age, 
ducts are enlarged and ciliation of ductal cells reduced, the 
ductal tree disrupted, and acinar tissue extensively reduced 
and fibrotic, and replaced by adipocytes, in a phenotype that 
continued to progress [163]. Lineage tracing experiments 
excluded the possibility of adipocytes differentiating from 
pancreatic acinar cells, suggesting a likely origin from trans-
differentiated mesenchymal cells [163].

The transcription factor Hes1 is an important downstream 
target of Notch signaling [164]. In embryonic development, 
Hes1 drives cells towards a ductal phenotype; in adult pan-
creata, expression of Hes1 in ducts and centroacinar cells 
prevents these cells from gaining acinar features, while 
maintaining a progenitor pool. Hes1 is induced follow-
ing acute pancreatic damage from cerulein treatment, and 
required for regeneration of the exocrine compartment. In 
mice with induced loss of Hes1 under control of the Ptf1 
(acinar-cell restricted) promoter, mice were born with nor-
mal pancreata, but by 12 weeks of age, there was extensive 
pancreatic atrophy, and replacement with adipose tissue. 
Residual acinar cells had elevated expression of markers 
of immature acinar cells, and showed reduced rates of rep-
lication. Following cerulein treatment, regeneration was 
impaired, with a high rate of ADM observed. Surprisingly, 
in the context of an activated KRAS transgene, Hes1 loss 
was associated with fewer PanINs, but a faster rate of PDAC 
formation [163].

LKB1. Liver Kinase B1/SerineThreonine Kinase 11 
(Lkb1/Stk11) is an upstream positive regulator of AMPK 
and other related kinases which regulate cell growth, 
metabolism, and polarity. Of relevance to obesity, LKB1/
AMPK negatively regulate mTOR, serving as a metabolic 
checkpoint; in cases of chronic high blood sugars and 
lipids, LKB1/AMPK signaling is depressed [35]. Knockout 
of Lkb1 using the Sox9-CreER transgene to induce loss in 
ductal cells between days P2-P10 resulted in a phenotype 
similar to that observed with Hnf6 knockout, but with slower 

kinetics [158]. Notably, germline inactivation of LKB1 is the 
cause of Peutz-Jeghers syndrome, which is associated with a 
highly elevated risk of pancreatic cancer [33], and Lkb1 has 
also been associated with ciliary signaling [158].

ARF4. The small GTPase ARF4 was originally proposed 
to function in regulating trafficking of proteins to the cilium, 
leading Pearring and colleagues to investigate its activity 
relevant to common ciliopathies [165]. Although extensive 
analysis using induce organ-specific and complete loss of 
ARF4 suggested that ARF4 does not have an essential role 
at cilia, although it is essential for trafficking of proteins 
between the endoplasmic reticulum and Golgi, essential for 
polarized secretion of digestive enzymes. Strikingly, in a 
whole-body knockout model with loss of ARF4 induced at 
postnatal day P2, the most dramatic phenotype observed was 
profound loss of acinar cells, with extensive replacement by 
adipocytes and fibrosis already notable by day P10 [165]. 
While no cells co-expressing lipid droplets and zymogen 
granules were observed (as might be expected in interme-
diate states, if transdifferentiation occurred between acinar 
cells and adipocytes), the authors noted that zymogen gran-
ules were lost very rapidly, so it was not possible to make 
a determination of the source of the adipocytes. Endocrine 
cells and organization were unaffected.

IKKα and NF-κB. The kinase IKKα phosphorylates 
IKK proteins, which are negative regulators of NF-κB, a 
transcription factor that induces transcription of cytokines 
and survival factors. Early studies of NF-κB showed that 
too much NF-κB in acinar cells causes pancreatitis [166] 
whereas too little NF-κB activity sensitizes acinar cells to 
cerulein treatment [167], emphasizing the need to maintain 
NF-κB activity in a narrow range for pancreatic homeostasis. 
In a detailed analysis of mice in which Pdx1-Cre was used to 
ablate IKKα function, mice developed extensive acinar cell 
vacuolization, inter- and intralobular fibrosis, ductal meta-
plasia, immune cell infiltration, and acinar atrophy with adi-
pose replacement of acinar cells, but also increased prolif-
eration in areas of surviving acinar cells, and signs of ADM 
[168]. Notably, these activities did not reflect loss of kinase 
activity and control of NF-κB, but rather kinase independent 
role of IKKα in regulating autophagic degradation; simul-
taneous ablation of p62 in mice with pancreatic knockout 
of IKKα showed reduced signs of oxidative and ER stress, 
and had reduced symptoms of pancreatitis; parallel examina-
tion of human pancreatitis specimens suggested many were 
characterized by downregulation of IKKα and elevated p62, 
implying clinical relevance of the findings [168].

UBIAD1. Vitamin K (representing phylloquinone 
and a group of menaquinones) is a cofactor for enzymes 
involved in diverse cellular processes. UbiA prenyltrans-
ferase domain-containing protein 1 (UBIAD1) is an enzyme 
involved in vitamin K synthesis, and additionally regulates 
the synthesis of cholesterol. Induced knockout of Ubiad1 in 
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young mice led to lethality within two months; however, this 
was preceded by rapid pancreatic reprogramming character-
ized by acinar cell apoptosis and loss, and replacement by 
adipocytes. This was accompanied by striking upregulation 
of PPARγ and markers of oxidative stress. By contrast, islets 
were largely unaffected [169].

TGFβ. Signaling by transforming growth factor beta 
(TGFβ) has long attracted interest for developmental and 
cancer biologists given early recognition that this ligand can 
be either growth-inhibitory or growth-promoting based on 
cellular context. A 1997 study [170] assessed the effect of 
dominant negative overexpression of TGFBRII (a primary 
receptor for TGFβ) under the control of an inducible MT1 
promoter active in the whole body. This caused multiple con-
sequences with the pancreas most strongly affected among 
organs; observed pancreatic phenotypes included accumula-
tion of ducts (indicative of acinar-ductal metaplasia, ADM), 
fibrosis, and replacement of acinar cells with adipocytes. 
Notably, surviving acinar cells expressed elevated levels of 
TGFβ1 and TGFβ3, likely reflecting reaction to cell-intrinsic 
reduced activity of the pathway, and increasing levels of 
pathway-activating ligands in the vicinity of acinar cells. 
This study would lead to the straightforward conclusion that 
TGFβ signaling is necessary for acinar cell viability and to 
suppress pathological adipocyte infiltration.

However, this interpretation is complicated by a more 
recent study in which a constitutively active form of TGF-
BRI (the heterodimerizing partner of TGFBRII) was simi-
larly overexpressed again, with the pancreas again most 
strongly affected [171]. Detailed analysis of overexpression 
of  TGFBRICA in the pancreas using a Pdx1 promoter, or 
selectively in acinar cells from adult mice using a Ptf1a-
CreERT system, resulted in acinar loss, evidence of ADM, 
and accumulation of adipocytes. This would support the 
opposite conclusion; that too much TGFβ signaling is del-
eterious to acinar viability, and promotes ADM. The con-
flicting results remain to be resolved; however, one striking 
result of the latter study was the contrast between biologi-
cal outcomes in expression of  TGFBRICA in acinar cells 
alone, versus in acinar cells expressing an activating allele 
of KRAS. In the latter case, no formation of adipocytes was 
observed; rather, enhanced the formation of PanINs induced 
by oncogenic KRAS [171]. This provides strong evidence 
for TGFβ-dependent adipogenesis being directly regulated 
within acinar cells, dependent on the presence or absence 
of a transformational stimulus. Parallel experiments in vitro 
indicated TGFβ and RAS collaborated to induce ADM in 
purified acinar cells; unfortunately, whether  TGFBRICA 
and KRAS interacted to influence TGFβ production in the 
in vivo setting was not assessed.

IPAs and mouse models of PDAC

Mouse models are a mainstay of PDAC research, with 
multiple models for induction of tumorigenesis in current 
use to support analysis of the tumorigenic process [172]. 
Most of these models use pancreatic-specific promoters to 
induce activation of KRAS or other oncogenes, alone or in 
combination, and studies focus on assessment of tumors. 
Typically, in mouse models, tumors arise 3–6 months after 
introduction of an oncogene, and have many features of 
human PDACs, indicating at least partial simulation of the 
human pathogenic processes. As with human PDACs, IPAs 
are not abundant within the mass of the established tumor, 
and IPA accumulation or action early in the tumorigenic 
process are not usually a focus of study (or at least, are typi-
cally not reported). The unexpected diversity of factors caus-
ing acinar loss and IPA accumulation summarized above, 
which include many factors of relevance to PDAC studies, 
suggest studies of mechanisms of tumorigenesis may ben-
efit from such analysis. These results also suggest ways in 
which induction method used for manipulation of genes that 
induce oncogenesis may indirectly affect outcomes for tumor 
formation.

Of the examples of IPA accumulation cited above for 
mice, some but not all of these genetic mouse models can 
be characterized into groups based on overlapping affected 
pathways (Fig. 7), and there is still a lack of experimental 
data indicating what changes in molecular signaling cause 
exocrine atrophy, altered pancreatic differentiation, and 
accumulation of adipocytes. Importantly, genetic models 
often use promoters that are constitutively active through-
out pancreatic formation (Pdx), or during development in 
acinar cells (Ptf, Ela1) or ductal cells (Hnf6) during late 
development; in some cases, incorporation of an inducible 
Cre under control of these promoters allows more exact tim-
ing of genetic manipulation in adult animals. Some induce 
severe defects in embryonal morphogenesis, and are accom-
panied by pancreatic defects before or proximal to birth. 
Leaving these aside, a common profile is a pancreas that is 
typically normal at birth, but where IPAs begin to be appar-
ent in the tissue by several weeks of age, and dominate in 
the organ after a few months. Genetic changes that give rise 
to IPA in young adult animals include genes that promote 
proliferation and de-differentiation (MYC); that influence 
acinar cell maturation (Notch); that promote ER stress and 
trafficking (UBIAD, IKKα and probably ARF4 [173]); that 
influence the inflammatory microenvironment (TGFβ and 
periostin); and that interfere with ductal formation and 
function, often through targeting of cilia, which serve both 
mechanosensing and signal transduction (NOTCH, KIF3A, 
IFT88, CHBY, and associated signaling proteins). Provoca-
tively, all these processes would be engaged in response to 



 A. C. Lilly et al.

1 3

206 Page 18 of 25

acute pancreatitis, in which ductal blockade interfered with 
acinar cell homeostasis.

In this context, it is also intriguing that activating KRAS 
mutations are nearly ubiquitous in human PDAC, and that 
activated KRAS has distinct transforming properties when 
expressed in ductal cells, which are ciliated, and acinar 
cells, which are not [115]. KRAS activation causes loss of 
ciliation by activating AURKA, a proximal inducer of cili-
ary loss [174, 175]. In cancer cells, KRAS-induced loss of 
cilia establishes asymmetry versus ciliated mesenchymal 
cells in the tumor microenvironment, affecting ability to 
respond to Hh, which selectively activates CAFs to produce 
the extracellular matrix and soluble factors required to sup-
port tumor growth [176]. In the normal pancreas, KRAS 
activation in ductal cells would cause loss of ductal mech-
anosensory signaling and response to factors such as Hh, 
a key morphogen and regulator of tissue homeostasis and 
regeneration [177]. Notably, the ADM following acinar cell 
injury is marked by expression of cilia on emerging ductal 
cells, which allows cells to respond to HH to regenerate; 
this process is blocked by KRAS expression, but restored 
by AURKA inhibition [178]. Given that in most mouse 
models used to study PDAC, KRAS is expressed under the 
control of broadly acting promoters, in concept KRAS dis-
ruption of cilia would occur simultaneously in enough cells 
to have a biologically significant disruptive effect on ductal 
function, simulating the acinar insult induced by acute pan-
creatitis, and potentially contributing to IPA accumulation. 
Whether such an activity exists or is relevant to physiologi-
cal human PDAC, where activating KRAS mutations would 
occur in isolated cells over time, remains to be established. 
Certainly, control of ciliation would not be the only way in 
which KRAS could affect IPA and lipid droplet abundance; 
for example, one recent study has shown that expression of 
KRAS in acinar cells reduces expression of FGF21, a meta-
bolic regulator that reduces obesity, and that treatment of 
 KRASG12D/+ mice maintained on a high fat diet with recom-
binant FGF21 reduced pancreatic triglyceride levels, inflam-
mation, and tumorigenesis [44]. The activity of KRAS in the 
context of cancer risk factors in pre-malignant tissue would 
benefit from considerable further investigation.

Humans versus mice: unanswered questions

In spite of the many invaluable lessons gained from use of 
mouse models, there are obvious ways in which pathogenesis 
of human PDAC differs, driven foremost by the difference in 
murine and human lifespans. Most murine PDAC is studied 
in young healthy mice, and occurs in months. In humans, 
premalignant lesions and convert to PDAC over decades, 
rather than months, in the context of aging and often, 
increasing obesity, which result in a gradual accumulation 

of IPAs and lipid droplets, as well as many other changes. 
The predisposing condition of acute pancreatitis induced in 
mice causes rapid, broadscale death of acinar cells and can 
cause similarly rapid replacement with IPAs when induced 
by ductal blockage, but not when induced by cerulein. In 
contrast, acute pancreatitis can arise from more focal events, 
and sequelae affecting tissue composition are less well stud-
ied. Although numerous studies report linkages between 
pancreatitis, IPAs, fibrosis, and early cancerous lesions, 
causality is not yet understood. Whether PanINs associate 
with areas of parenchymal damage because signals from the 
damaged tissue promote PanIN formation, or whether the 
PanINs form and produce signals that lead to tissue damage, 
including IPA replacement of acinar cells, remains unclear.

Many studies over the past decades have used mouse 
models maintained on high fat diets or with genetic lesions 
promoting obesity to study PDAC origins, typically finding 
a significant tumor-promoting effect that parallels associa-
tions seen in human [12, 13, 179]. In these models, chang-
ing levels of IPAs are one of a suite of induced changes, 
including altered systemic effects, and exocrine-endocrine 
signaling, that interact with genetic activation of PDAC 
typically induced simultaneously in many cancer precursor 
cells, rather than the rare clonal initiating events seen in 
humans. Whether the timing of events and stoichiometry 
of interacting cell populations in these models simulates 
the mechanisms seen in humans remains to be determined. 
A further critical difference between most mouse models 
and humans is the overall condition of the pancreatic milieu 
associated with aging. Studies of cancer formation in aged 
mice are currently limited; nevertheless, a growing body of 
work demonstrates very significant changes in the compo-
sition of tumor microenvironments, including handling of 
lipids, in ways that can strikingly affect tumor progression, 
metastasis, and therapeutic resistance [180–182]. Studies of 
PDAC initiation in older mice, using promoters designed to 
achieve sporadic rather than global activation of KRAS, are 
likely to come closer to approximating the events occurring 
in the aging human pancreas [21, 22, 57].

Importantly, the diversity of genetic defects leading to 
IPA accumulation in mice is extremely surprising, and the 
implications of these findings for human pancreatitis and 
PDAC remain in large part obscure, and merit further study. 
Given ambiguity in reports as to the source of IPAs (trans-
differentiation or infiltration), a systematic investigation of 
whether there is functional diversity among IPAs observed 
in the pancreas, and whether this changes during tumor for-
mation, would be valuable. Of particular interest is impli-
cation of defects in numerous genes involved in regulating 
ciliary function in accumulation of IPAs. There are a large 
number of ciliopathies in humans, arising from inherited 
mutations in genes affecting cilia formation and signaling; 
symptoms associated with ciliopathies include obesity and 
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pancreatic dysfunction [183]. Given the relative rarity of 
ciliopathies in the general population, and the fact that many 
ciliopathies cause severe symptoms that manifest early in 
life, the potential role of cilia in influencing the pancre-
atic milieu has not been previously studied. However, one 
intriguing connection may be through considering the role 
of Hedgehog (Hh) signaling, which proceeds through a cili-
ary receptor, in pancreatitis and pancreatic cancer. Loss of 
Hh prevents regeneration of acinar in response to cerulein 
and promotes acinar metaplasia similar to that in ADM 
[184]. Interestingly, Hh signaling also reduces the degree 
of adiposity induced by high fat diets in rodents [185], in a 
non-cancer setting. In contrast, Hh-dependent signaling in 
fibroblasts and immune cells plays a complex role in pancre-
atic desmoplasia, promoting while constraining the growth 
of PDACs [186, 187]. It would be of considerable interest 
to investigate how this signaling axis may influence IPAs in 
the pre-malignant human pancreas.

Summary

The past decade has been characterized by the rising recog-
nition of the importance of cancer cell interactions with con-
stituents of the tumor microenvironment [188], as well as the 
importance of metabolic reprogramming [189], as factors 
specifying tumor aggressiveness and therapeutic response. 
While these topics are now the subject of extensive study for 
pancreatic and other cancers, much of this research focuses 
on changes in cellularity accompanying or subsequent to the 
emergence of an established tumor mass. In parallel, there 
has been rising recognition that risk for many cancers arises 
from modifiable factors, including obesity, and that cancer 
incidence and mortality can be sharply reduced by under-
standing and addressing the action of these factors, which 
condition the environment in which tumors arise [190]. 
Because these risk factors act before tumors arise, how they 
influence the early stages of tumorigenesis are more elusive. 
This is particularly a concern for PDAC, which is typically 
identified at a very advanced stage in humans. Given the 
complex and changing cellularity of the pancreas pre- and 
post-tumor formation, the origin and role of IPAs in PDAC 
tumor risk and tumor pathogenesis remains poorly defined.

As discussed here, many studies in mouse models sug-
gest that IPAs are induced by multiple forms of pancreatic 
dysfunction that cause changes in pancreatic acinar and 
ductal cell composition, with evidence suggesting more than 
one type of cell can serve as an IPA precursor. Whether 
similar mechanisms leading to IPAs occur in humans is 
largely unknown. Both patient data and studies in mouse 
models show IPA accumulation to be associated with both 
acute and chronic pancreatitis. While these data clearly link 
increased IPAs to the risk of developing pancreatitis, how 

this adipocyte population contributes to the pro-inflamma-
tory environment and exocrine atrophy observed in mouse 
models is poorly understood, and there is a complete dearth 
of studies investigating IPA accumulation in the setting 
of cerulein-induced pancreatitis, a commonly employed 
mouse model of pancreatitis. Given the evidence of how 
ectopic fat deposits affect other tissues, such as the liver, 
IPAs may promote the storage and secretion of factors that 
affect metabolism and inflammation of pancreatic cells to 
promote initiation and progression of pancreatitis. Similarly, 
the increase in IPAs appears likely to increase pancreatic 
tumor risk in part through its role in promoting pancreatitis, 
as over time, these changes may promote an environment in 
which pre-malignant cancer cells can thrive and progress. 
Because of this, a better understanding of the origin and 
activity of IPAs is critical to correctly interpret the ultimate 
cancer phenotypes obtained with PDAC mouse models, and 
to understand how IPAs may promote PDAC in patients. 
Importantly, increased scrutiny of the interaction between 
IPAs, other risk factors, and oncogene activity in the pre-
malignant setting has the potential to yield insights valuable 
for pancreatic cancer prevention and cancer interception, and 
merits further investigation.
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