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Summary

Research from epidemiologic studies and experimental animal models provide insights into the role of pancreatic
steatosis in the development of pancreatic cancer. Epidemiologic data demonstrate that pancreatic steatosis is widely
prevalent and significantly associated with both development and progression of pancreatic cancer. By focusing on
current experimental models, this review elucidates potential cellular mechanisms underlying not only the patho-
physiology of pancreatic steatosis itself, but also the pathogenesis behind pancreatic steatosis’s role in changing the
tumour microenvironment and accelerating the development of pancreatic cancer. This review further explores the
impact of bariatric surgery on pancreatic steatosis and pancreatic cancer. Synthesizing knowledge from both epide-
miologic studies and experimental animal models, this review identifies gaps in current knowledge regarding pan-
creatic steatosis and its role in carcinogenesis and proposes future research directions to elucidate the possible
mechanisms underlying other obesity-associated cancers.
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Introduction
Worldwide prevalence of obesity has nearly tripled
between 1975 and 2016." According to the World Health
Organization (WHO), 650 million adults were obese
worldwide in 2016." Obesity, especially abdominal obe-
sity, is linked with metabolic syndrome and insulin
resistance and may cause fat accumulation in the liver
(non-alcoholic fatty liver disease or NAFLD) and pan-
creas (non-alcoholic fatty pancreas disease or pancreatic
steatosis).” Importantly, fatty pancreas is a risk factor
for pancreatic cancer, a highly lethal disease that causes
over 331,000 deaths/year and ranks as the 3™ leading
cause of cancer-related death in the United States and
the 7" leading cause of cancer-related death
worldwide. >

Following a review of the epidemiology, risk factors
and diagnosis, and potential of pancreatic steatosis, this
article examines current experimental models exploring
the role of fatty pancreas in pancreatic cancer and poten-
tial underlying cellular mechanisms. This review
centres on the currently accepted perspective of pancre-
atic steatosis, which holds that metabolic syndrome is a
manifestation of pancreatic fat accumulation and
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subsequent development of pancreatic cancer through
numerous mechanisms.

The Burden of Pancreatic Steatosis

Estimates of fatty pancreas prevalence vary by popula-
tion characteristics, and most population-based data
come from Asia (Table 1). Different imaging modalities
result in variable fat detection, described in Table 2.
Steatosis measurement by radiographic imaging follow-
ing same protocol as for liver steatosis has yet to be vali-
dated by histologic assessment. Regardless histologic
assessment of pancreatic steatosis is associated with
chronic cardiometabolic disorders.

Risk Factors of Pancreatic Steatosis

Intra-pancreatic fat deposition occurs through two
mechanisms: 1) “fatty replacement” through acinar cell
death and adipocyte replacement or 2) “fatty
infiltration” or accumulation associated with obesity
and/or metabolic syndrome.

Noxious risk factors for pancreatic acinar cell death
and fatty replacement include alcohol abuse, chronic
liver disease (including NAFLD, chronic hepatitis B,
and cirrhosis), congenital diseases (such as cystic fibro-
sis, Shwachman-Bodian-Diamond syndrome, and
Johanson-Blizzard syndrome), iron overload, malnutri-
tion, medications (corticosteroids, gemucitabine,
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U.S. hospitalized children®

Egyptian obese children’

Hong Kong Chinese obese
adolescents with NAFLD®

b)

Comorbidity
Metabolic syndrome
NAFLD

Diabetes

Arterial hypertension

check-up and abdominal ultrasound in
Medistra Hospital, Jakarta between
January and December 2013

Patients 2 to 18 years old who had under-
gone abdominal CT in the emergency
department or inpatient ward within a
1-year time span

Pre-pubertal Egyptian children with
obesity

Post-pubertal Hong Kong Chinese adoles-
cents aged 14—18 years with primary
obesity and NAFLD attending the Obe-
sity and Lipid Disorder Clinic in the
Prince of Wales Hospital, Hong Kong
who enrolled in a dietician-led lifestyle
modification program to reduce NAFLD

in obese adolescents

RR

2.37
2.67
2.08
1-67

a
Szudy population Cohort description Prevalence Diag ic Diag ic threshold
modality
Pooled population‘ Based on a systematic review and meta- 33% EUS, US, Variable
analysis of 12,675 individuals from CT, MRI
South Korea, ltaly, Indonesia, US, Tur-
key, and Taiwan
Taiwanese adults” Those who had undergone a health 16% us Increased echogenicity (% not
checkup at the Health Management specified) of the pancreatic
Center of National Taiwan University body compared with the kid-
Hospital (NTUH) between January 2009 ney, using hepatic echogenicity
and December 2009 as an intermediary comparison
between the kidney and pan-
creas echogenicities
Chinese adults® Those who attended the Ningbo Chinese 11% us Pancreatic parenchymal echoge-
Medical Hospital Affiliated to Zhejiang nicity > 80%, compared with
Chinese Medical University for medical the spleen
examination or outpatient visit who
responded to an advertisement from
January 2015 to October 2017
Chinese adults* Those who had undergone a health 30.7% us Increased echogenicity (% not
checkup at the Health Examination specified) of the pancreatic
Center of Shandong Provincial Hospital body compared with the kid-
affiliated to Shandong University ney, using hepatic echogenicity
between January 2013 and December as an intermediary comparison
2013 between the kidney and pan-
creas echogenicities
Indonesian adults® Those who had undergone medical 35% us Increased echogenicity (% not

10% (19% obese CcT
children,
8% nonobese
children)

58% us

50% MRE

95% Cl

2.07-2.71
2-00—3-56
1-44-3-00
1-32-2-10

specified) of the pancreatic
body compared with the kidney
or liver

A difference of —20 mean Houns-
field units between the pan-

creas and spleen

Increased echogenicity (% not
specified) of the pancreas com-
pared with the kidney

Chemical shift encoded
MRI—pancreas proton density

fat fraction >5%

US=ultrasound.

Table 1: Prevalence of Pancreatic Steatosis and Risk of Metabolic Syndrome
a) Prevalence of pancreatic steatosis based on different study populations. B) Risk of metabolic syndrome in pancreatic steatosis. CT=computed tomography.
EUS=endoscopic ultrasound. MRE=magnetic resonance enterography. MRI=magnetic resonance imaging. NAFLD=non-alcoholic fatty liver disease.
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Diagnostic modalities

Visualization of pancreatic
steatosis

Advantages

Limitations

Histological examination

Imaging
Transabdominal

ultrasonography

Endoscopic ultrasound

Transient elastography

Computed Tomography
(CT)

Magnetic Resonance

Imaging (MRI)

Performed on pancreatic tissue
samples from surgical resec-
tions, autopsies, or fine needle

aspiration cytological biopsies

Increased echogenicity of the
pancreatic parenchyma as com-
pared to that of the hepatic or

renal parenchyma

Increased echogenicity of the
pancreatic parenchyma as com-
pared to that of the hepatic
parenchyma, renal parenchyma,
or retroperitoneal fat

Evaluation of organ stiffness,
though not widely used for
pancreatic visualization

Increased hypodensity compared
to that of the spleen:

W Pancreatic and splenic atten-
uation

M Pancreas-to-spleen attenua-
tion ratio

M Fat/parenchyma ratio

Measurement of pancreatic fat
fraction:

W Use of the frequency shift
between fat and water resonan-
ces to produce in- and
opposed-phase images

W Spectral-spatial excitation
technique

W Automated intra-subject reg-
istration-based segmentation
W Dixon method

W 3-D iterative decomposition
with echo asymmetry and least

squares estimation (IDEAL)

M Gold standard

M Quick
M Inexpensive

M Noninvasive

M Excellent visualization
M Allows for fine needle aspira-

tion cytology

M Quick

M Inexpensive

M Noninvasive

M Radiation exposure

M Comparable to histological
assessment

W Noninvasive
W High sensitivity
W Comparable to histological or

biochemical evaluation

W Invasive,
M Lack of standardized grading system
M Risk of associated complications

including pain, bleeding, and death

M Operator dependence,

M Difficult pancreatic visualization with
excessive obesity

M Confounding pancreatic hyperechoge-
nicity due to fibrosis

M Invasive

M Operator dependence

M Confounding pancreatic hyperechoge-

nicity due to fibrosis

M Limited use due to the pancreas’s ret-

roperitoneal location and small size

M lonizing radiation

M Operator dependence

M Contrast-enhanced CT scans can have
focal fatty replacement exhibiting posi-
tive attenuation values that simulate a

true mass

M Expensive

Table 2: Diagnosis of Pancreatic Steatosis

octreotide, and rosiglitazone), pancreatitis (acute and
chronic), and viral infections with Reovirus.” For
instance, those with chronic pancreatitis show higher
pancreatic fat fraction (p<o-oo1) in mild (24%), moder-
ate (23%), and severe (21%) chronic pancreatitis com-
pared to those without chronic pancreatitis (15%).”
However, these conclusions are drawn from a cross-sec-
tional study that cannot infer causality due to the inabil-
ity to establish a temporal sequence (i.e. whether higher
pancreatic fat fraction or chronic pancreatitis develops
first).
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Sedentary lifestyles with low exercise, obesogenic
diets, metabolic syndrome, and differential storage of
visceral fat increases risk of ectopic fat deposition in the
organs.”” Compared to non-fatty pancreas, fatty pan-
creas diagnosed at autopsy or by diagnostic imaging is
associated with higher levels of visceral fat, waist cir-
cumference, total cholesterol, triglyceride, high density
lipoprotein, free fatty acid, and higher insulin resis-
tance." " In particular, each one kg/m* BMI (OR 1-05,
p=0-03) and fatty liver (OR 3-61, p<o-o1) are indepen-
dently associated with fatty pancreas on endoscopic
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a)
Mechanisms of pancreatic steatosis
Cellular mechanisms

Molecule mechanisms

Imbalance in endoplasmic reticulum

Proinflammatory environments

® 4 Triglycerides, free fatty acids, cholesterol, total fat
® 4 IL-18, TNF-a, IL-6, TGF-8, a-SMA
e | IL-10

Changes in core circadian genes
® Phase shift in CLOCK, Per2, and REV-ERB-«
® Decreased amplitude in Per2 and BMAL-1

b)
Mechanisms of pancreatic steatosis leading to pancreatic cancer
Cellular mechanisms

Molecule mechanisms

Adipokines such as adiponectin and leptin
Proinflammatory cytokines/chemokines
Stellate cell activation

Supply of glutamine

Impairment of cellular immunity

Impairment of cellular immunity

4 Transcriptional upregulation of genes involved in. ..
® Angiogenesis

® Inflammation

® Anti-apoptosis

® Repression of interferon-inducible genes

® Cell migration and invasion

Table 3: Cellular and Molecular Mechanisms of Pancreatic Steatosis and Pancreatic Cancer

a) Cellular and molecular mechanisms of pancreatic steatosis. b) Cellular and molecular mechanisms of pancreatic steatosis. a-SMA=a-smooth muscle actin.
BMAL-1=brain and muscle Arnt-like protein-1. CCK=cholecystokinin. CLOCK=clock circadian regulator. IL-1g=interleukin-18. IL-6=interleukin-6. IL-1o=inter-
leukin-10. Per2=period circadian regulator 2. TNF-a=tumour necrosis factor-o. TNF =tumour necrosis factor-g.

ultrasound (EUS)."* Pancreatic steatosis often predicts
co-existence of NAFLD.” In NAFLD patients, waist cir-
cumference is predictive for increased risk of fatty pan-
creas, and there is a statistically significant association
between severe pancreatic steatosis on US and cardio-
metabolic factors including increased mesenteric fat,
total cholesterol, elevated fasting glucose, serum lipase,
and serum amylase.®

Pathogenesis of Pancreatic Steatosis

The pathogenesis of pancreatic steatosis remains poorly
understood, but several mechanisms are hypothesized
(Table 3a). In underlying pancreatic disease, pancreatic
steatosis is attributed to adipocyte replacement of acinar
cells. For example, those with cystic fibrosis develop pre-
cipitation of secretions that cause ductal obstruction and
subsequent loss of acinar cells with fatty replacement.”
In those without underlying pancreatic disease, the pre-
vailing view is that obesogenic diets and sedentary life-
styles lead to obesity that causes pancreatic ectopic fat
deposition.?

It has been postulated that visceral or subcutane-
ous fat are storage areas that may either be impaired
or reach capacity in obesity, thus causing adipocyte
overflow into organs such as the pancreas. Individu-
als may be more susceptible to developing ectopic fat
deposition, such as in lipodystrophy. Those with
Berardinelli-Seip congenital lipodystrophy may accu-
mulate ectopic or visceral fat even with moderate

weight gain due to lack of subcutaneous fat
reserve.'®

Subcutaneous abdominal adipose tissue may be pro-
tective against ectopic fat accumulation and metabolic
derangements.” In a longitudinal study of 76 Hispanic
children and young adults, accumulation of subcutane-
ous abdominal adipose tissue is associated with meta-
bolic and beta-cell function improvement, whereas
visceral adipose tissue and hepatic fat fraction is signifi-
cantly associated with declining metabolic and beta-cell
function.”® Metabolically benign obesity in individuals
with high subcutaneous fat but low ectopic and visceral
fat has been described in the literature.”® Conversely,
transplantation of adipose tissue from wild type mice
into the subcutaneous tissue of fatless mice significantly
lowers intramuscular and intrahepatic triglyceride
content.”

Obesity induces a proinflammatory environment
that may lead to pancreatic steatosis. An experimental
model with 30 leptin-deficient obese female mice and
30 lean controls found that the autopsied pancreata
from obese mice have histologically increased fat with
higher levels of triglycerides, free fatty acids, cholesterol,
total fat, and proinflammatory cytokines including inter-
leukin-18 (IL-1B) and tumour necrosis factor-alpha
(TNFa) (p<o-05).”* Furthermore, obesity impairs the
spleen’s ability to produce potent anti-inflammatory
cytokines such as interleukin-ro (IL-10), which downre-
gulates the release of proinflammatory mediators.”® In
high fat diet-induced obese mice, splenectomy

www.thelancet.com Vol 79 Month May, 2022



Review

exacerbates inflammatory responses and pancreatic fat
accumulation, especially in intralobular areas, whereas
mice with IL-10 knockout who underwent splenectomy
fail to develop splenectomy-induced fat accumulation.>?
Conversely, systemic administration of IL-1o decreases
pancreatic fat accumulation in both wild type and IL-10
knockout mice.*® Spleen-derived IL-10 may therefore
protect against obesity-induced pancreatic steatosis.
Numerous other cytokines may play roles in pancreatic
fat infiltration but remain to be investigated.

Other experimental models illustrate that maternal
obesity and obesogenic diets in the postnatal period can
cause pancreatic steatosis through imbalance in circa-
dian metabolic patterns or endoplasmic reticulum.*#*>
Compared to the offspring of control mice weaned onto
control chow, the offspring of obese mice weaned onto
obesogenic diets have significantly increased pancreatic
macrovesicular fat infiltration and triglycerides.*
Increased pancreatic steatosis is accompanied by
increased pancreatic mRNA expression of IL-6, TGF-g,
a-SMA, TNF-¢, and collagen and significant disruptions
in biological clock-molecular core circadian genes
including a phase shift in CLOCK, Per2, and REV-ERB-
o and decreased amplitude in Pera and BMAL-1.>* A
transcriptional and translational negative feedback loop
controls the heterodimer CLOCK and BMALT alongside
regulatory accessory pathways including REV-ERB-« in
order to encode circadian clock genes, such as Perz,
that drive the daily rhythm of behaviour and physiol-
ogy.** Maternal obesity and a postnatal obesogenic diet
cause perturbations in core circadian genes that may
thus induce hyperphagic behaviour and pancreatic stea-
tosis in offspring. The pathogenesis of pancreatic steato-
sis induced by maternal and offspring obesogenic
feeding has also been linked to stress-related alterations
in the endoplasmic reticulum, such as the unfolded pro-
tein response (UPR).”> A murine model found that
maternal obesity, post-weaning obesogenic diets in their
offspring, or both differentially activates three major
UPR pathways that involve proapoptotic and autophagy-
related markers and are regulated by the following
endoplasmic reticulum transmembrane proteins:
kinase RNA (PKR)-like ER kinase (PERK), inositol-
requiring 1 alpha protein (IRE1a), and activating tran-
scription factor 6 (ATF6).>> Moreover, endoplasmic
reticulum proteostasis is essential to pancreatic
B-cells function, whose insulin secretion has been
suggested to reduce NAFLD progression and may
likewise contribute to pancreatic steatosis pathogene-
sis.*® Contrarily, deletion of Chop/Ddit3 in mice alle-
viates endoplasmic reticulum stress in pancreatic
B-cells, improves insulin secretion, and protects
against liver steatosis.””

Despite these experimental models and proposed
mechanisms, the pathogenesis of pancreatic steatosis
necessitates elucidation and validation with future
research studies.
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Pancreatic Steatosis as a Risk Factor for Pancreatic
Cancer

Previous research demonstrates correlations between
ectopic fat deposition, especially NAFLD, and develop-
ment of pancreatic cancer independent of obesity. In a
study of 4,722 NAFLD subjects and 14,441 age- and sex-
matched subjects, NAFLD is associated with higher risk
of incident cancers (IRR=2-0, 95% CI 15, 2-9), while
obesity is not (IRR=1-0, 95% CI 0-8, 1-4)." In particu-
lar, NAFLD is associated with pancreatic cancer
(IRR=2-0, 95% CI 1-2, 3-3). Given this precedent and
the association between hepatic and pancreatic fat, pan-
creatic steatosis may be associated with pancreatic can-
cer development and progression, independent of BMI,
a general measure of obesity.

Fatty pancreas is associated with the development of
pre-malignant lesions. Based on CT, the number of pan-
creatic intraepithelial neoplasia (PanIN) lesions corre-
late with extent of pancreatic steatosis (extralobular
(p=0-01) and intralobular (p<o-0001)) and intralobular
fibrosis (p=0-003), and PanIN lesion number correlates
with intravisceral fat (p=0-02).”° Pancreatic fat content,
as measured using CT pancreas-to-spleen attenuation
ratio, is statistically significantly different between sub-
jects with and without intraductal papillary mucinous
neoplasms (IPMN, a premalignant lesion, p=0-001).>°

Aside from pre-malignant lesions, fatty pancreas is
also associated with pancreatic carcinoma. A systematic
review found that the pooled prevalence of intra-pancre-
atic fat deposition based on modern radiology or histol-
ogy from 13 studies is 52% in cases with pre-malignant
lesions or pancreatic cancer.” Pancreatic steatosis has
increased prevalence and severity in pancreatic carci-
noma based on EUS and pancreatectomy specimens.>”
% Pancreatectomy specimens from 68 pancreatic ductal
adenocarcinoma (PDAC) cases exhibit higher ratios of
positive change in fatty degeneration (72% vs 44%),
inflammatory cell infiltration (14% vs 3%), and fibrosis
(86% vs 42%) than controls without PDAC.>* There is
no difference in degree of pancreatic steatosis before
and after PDAC diagnosis on CT scans, suggesting that
pancreatic steatosis, rather than resulting from cancer-
associated inflammation, is a carcinogenic risk factor.>*
Furthermore, pancreatic fat content is significantly asso-
ciated with cancer progression on MRI in low-risk
branch duct IPMN.° Increased severity of pancreatic
steatosis further correlates with increased risk of pan-
creatic cancer. In a study investigating 68 cases of histo-
logically proven PDAC with non-contrast CT, risk of
PDAC significantly increases with higher pancreatic fat
quartiles, in which pancreatic fat is estimated by calcu-
lating pancreatic attenuation corrected to splenic attenu-
ation.** Pancreatic steatosis is also an independent risk
factor for pancreatic cancer. Fukuda et al found that low
pancreatic CT density, a diagnostic parameter for the
diagnosis of fatty pancreas, is an independent risk factor
for PDAC (odds ratio 2:31; p = 0-023) based on
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multivariate analysis including age, gender, diabetes
mellitus, and smoking.>> Among 162 patients who
underwent EUS-FNA for pancreatic cancer diagnosis,
fatty pancreas is the only significant risk factor for pan-
creatic malignancy (odds ratio: 18-027 [95% CI:
7-288—44-588]).3" Factors such as gender, age, chronic
pancreatitis, and diabetes are not significant risk factors
for pancreatic cancer.’" The collective evidence suggests
that pancreatic steatosis is an independent risk factor
for pancreatic cancer, and increased severity of pancre-
atic steatosis progressively correlates with increased can-
cer risk. The causal implications of these observational
studies would be further supported by measurement of
biomarkers that represent specific mechanistic path-
ways, such as ER stress and inflammation.

Cellular and Molecular Mechanisms of Pancreatic
Steatosis Leading to Pancreatic Cancer
The pathogenesis and role of pancreatic steatosis in car-
cinogenesis and progression of pancreatic cancer
revolve around the tumour microenvironment and
inflammatory pathways (Table 3b). Regulating endo-
crine metabolism, adipocytes secrete adipokines, cyto-
kines, and chemokines that accelerate development and
progression of pancreatic neoplasia.’® In a study analy-
sing pancreatic steatosis from pancreatoduodenectomy
specimens on histology, pancreatic steatosis, indepen-
dent of obesity, has been linked to pancreatic cancer
development and progression.”” Given the scarcity of
animal models focusing on pancreatic steatosis, rather
than high fat diets, obesity, or visceral fat, as an inde-
pendent risk factor for pancreatic cancer, the carcino-
genic mechanism remains to be fully understood.
Similar to hepatic steatosis advancing to non-alcoholic
steatohepatitis, fibrosis, cirrhosis, and even hepatocellu-
lar carcinoma, pancreatic steatosis is hypothesized to
undergo a comparable pathological process involving
inflammation and fibrosis in pancreatic cancer.>®
Pancreatic steatosis gives rise to adipocytic secretion
of adipokines such as adiponectin and leptin that pro-
mote carcinogenesis through induction of inflamma-
tion, cell proliferation and migration, and apoptosis
antagonism.>® Increased fat decreases adiponectin lev-
els and increases leptin levels, both of which are associ-
ated with significantly higher risk of pancreatic cancer
and more aggressive phentoypes.’**° This increased
cancer risk may be attributed to pro-oncogenic deregula-
tion of the tumour microenvironment, as adiponectin
promotes apoptosis and reduction of the availability of
growth factors, such as basic fibroblast growth factor,
heparin-binding epidermal growth factor-like growth
factor, and platelet-derived growth factor B.*? On the
other hand, leptin activates JAK2 and causes phosphory-
lation of STAT3 leading to increased transcriptional
upregulation of genes involved in angiogenesis, inflam-
mation, anti-apoptosis, repression of interferon-

inducible genes, and cell migration and invasion.*' In a
study involving rat pancreatic islets that are isolated and
incubated with leptin under serum-deprived conditions,
leptin suppresses apoptosis in isolated pancreatic
islet cells and thus increases viable cell numbers.**
Pancreatic steatosis thus may increase risk of devel-
opment and progression of pancreatic cancer
through secretion of adipokines that stimulate
inflammation, antagonize apoptosis, and promote
cell proliferation and migration.

Alongside adipokine secretion, pancreatic steatosis
gives rise to proinflammatory chemokines and cyto-
kines that fuel the tumour microenvironment and pro-
mote pancreatic carcinogenesis through chronic low
grade inflammation.”> A murine model of high fat diet-
induced pancreatic steatosis demonstrated that accumu-
lation of visceral peri-pancreatic fat generates signifi-
cantly increased inflammation in the pancreas with
proinflammatory shifts in cytokine profiles that may
contribute to the development of pancreatic cancer.**
According to a systematic review, the levels of six cyto-
kines, specifically interleukin[IL]-18, IL-6, IL-8, IL-10,
vascular endothelial growth factor (VEGF), and trans-
forming growth factor (TGF), are consistently increased
and associated with severity in PDAC.*> The levels of
anti-inflammatory and immunosuppressive cytokines
such as IL-10 may be an immune response to fight can-
cer, whereas the secretion of proinflammatory cytokines
and chemokines promotes inflammation and cell transi-
tion. For instance, IL-6, a proinflammatory cytokine
produced by cancer-associated fibroblasts and pancre-
atic cancer cell lines, stimulates epithelial to mesenchy-
mal transition and tumour cell invasion and
migration.*> Proinflammatory signalling cascades in
pancreatic fat tissue propel cell reprogramming toward
fibrosis development. In co-cultures of murine 3T3L1
adipocytes and human pancreatic MiaPaCa2 cancer
cells, pro-oncogenic WNTsa, a glycoprotein promoting
proliferation, migration, and invasion of PDAC cells,
induces pancreatic adipocytes to dedifferentiate and
reprogram towards fibroblast-like cells.*® Furthermore,
a study on Syrian golden hamsters susceptible to N-
nitrosobis(2-oxopropyl)amine (BOP)-induced pancreatic
carcinogenesis found that BOP treatment induces
severe, scattered pancreatic steatosis with increased
production of cytokines and adipokines and shortens
the developmental period of BOP-induced PDAC.?7#7
These animal studies suggest that pancreatic adipo-
cytes, when exposed to oncogenic stimuli, drive stel-
late cell activation and generate fibrosis that benefits
the tumour microenvironment and accelerates cancer
progression as an early event.*® However, the molec-
ular mechanisms underlying the role of stellate cell
activation and fibrosis in pancreatic cancer remains
unclear.

The tumour microenvironment has also been inves-
tigated as a pro-oncogenic mechanism of pancreatic
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steatosis. As shown in oncogenic Kras murine models,
obesity drives aberrant pancreatic islet expression of
cholecystokinin, whose overexpression accelerates pan-
creatic ductal cancer development.*® Apart from obe-
sity-associated overexpression of pancreatic islet
hormones, additional factors induced by pancreatic stea-
tosis itself in the tumour microenvironment drive pan-
creatic carcinogenesis. In co-cultures of murine 3T3L1
adipocytes and cell lines derived from ps3fl/+/LSL-
KrasG12D/Pdx1-Cre/YFP (PKCY) mice that are used to
model PanIN and PDAC, adipocytes supply glutamine
and stimulate precancerous and cancerous cell prolifer-
ation in the nutrient-poor tumour microenvironment.>®
Lack of adequate nutrients in the tumour microenviron-
ment may also drive dysfunction of regulatory immune
cells that normally promote apoptosis of developing
pancreatic cancer cells. In a genetically engineered
mouse model of PDAC and human tumour specimens,
progressive accumulation of specific long-chain fatty
acids in intrapancreatic CD8+ T cells leads to impaired
mitochondrial function and enhanced intratumoral T
cell survival and persistence.”” Failed apoptosis may
generate a vicious positive feedback cycle in which
surviving intrapancreatic CD8+ T cells down-regulate
the very-long-chain acyl-CoA dehydrogenase enzyme
and thereby aggravate accumulation of long-chain
fatty acids that facilitate lipotoxicity.”® Lipotoxicity
may be exacerbated through accumulation of lipo-
philic toxins such as persistent organic pollutants in
pancreatic adipose tissue, thereby propagating pan-
creatic cancer development.”* Such mechanisms may
explain in part the multifaceted role of pancreatic
steatosis independent of obesity in the development
of pancreatic cancer.

Incidence of Pancreatic Steatosis and Pancreatic Cancer
after Bariatric Surgery

Reduction in pancreatic fat infiltration and improve-
ment in pancreatic metabolism may account for
decreased risk of pancreatic cancer among those who
had undergone bariatric surgery. A large retrospective
cohort study that included 22,198 subjects who had bar-
iatric surgery and 66,427 nonsurgical subjects matched
for age, gender, study site, body mass index, and Elix-
hausr comorbidity index found that those who under-
went bariatric surgery have statistically significantly
lower risk of pancreatic cancer (HR 0-46, 95% CI 0-22,
0-97, p=0-04) compared with matched nonsurgical
patients.”

Bariatric surgery effectively reduces pancreatic stea-
tosis. Based on pre-operative and post-operative MRI
evaluation, a prospective cohort study of 12 individuals
with morbid obesity who underwent bariatric surgery
found that pancreatic fat is significantly reduced at 12
months post-operatively, whereas abdominal white fat
and hepatic fat are significantly reduced at 6 months
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post-operatively.”* Another prospective cohort study
involving 20 obese patients who underwent bariatric
surgery found that both pancreatic steatosis (-43-8+
7-0%) and hepatic steatosis (-51-2+7-9%) are signifi-
cantly reduced to lean levels on CT imaging.”> As the
losses in pancreatic and hepatic steatosis are not corre-
lated, ectopic fat mobilization may be specific to each
organ.”> Of note, ectopic fat deposition in the liver is
located mainly intracellularly, whereas fatty pancreas is
heterogeneously characterized by both extracellular adi-
pocyte infiltration of the pancreatic tissue and increased
intracellular lipid accumulation.*®

Bariatric surgery not only reduces pancreatic fat, but
also improves pancreatic metabolism and glucose
homeostasis. A longitudinal prospective cohort study
with 27 morbidly obese subjects demonstrated that bar-
iatric surgery induces decreases in pancreatic fat vol-
ume, fatty acid uptake, and blood flow with 23% excess
weight loss, though pancreatic fat-free volume remains
unchanged on CT imaging.”” In addition, six months
after bariatric surgery, seven of ten patients have remis-
sion of diabetes, suggesting that decreased pancreatic
steatosis causes favourable glucose homeostasis and
B-cell function.’” Corroborating this finding, another
study demonstrated that 11 individuals who underwent
Roux-en-Y gastric bypass develop subsequent higher
insulin sensitivity and lower insulin and C-peptide lev-
els post-operatively in the context of decreased overall
pancreatic volume and pancreatic fat volume on MRIL.5*

Improvements in pancreatic fat following bariatric
surgery may be related to changes in glycerol, an essen-
tial metabolite for lipid accumulation and insulin secre-
tion. A study on diet-induced obese rats demonstrated
that sleeve gastrectomy is associated with upregulation
of aquaporin-y (AQP7), the main glycerol channel in
B-cells, and normalization of increased levels of AQP12,
an aquaporin implicated in pancreatic damage, in the
rat pancreas.’”® These changes increase intracellular
glycerol used for GLP-1-induced insulin release and
likely account for the reduction in pancreatic steatosis,
B-cell apoptosis, and insulin secretion following bariat-
ric surgery.’® Another study of 17 severely obese sub-
jects who underwent laparoscopic biliopancreatic
diversion with duodenal switch develop normalized
whole-body glycerol turnover with associated lower
HOMA-insulin resistance index three days after
surgery.®®

Finally, bariatric surgery has been shown to be a
potential treatment and preventative measure against
pancreatic fibrosis and precancerous lesions, specifi-
cally acinar-ductal metaplasia. In an animal model
including 63 male Wistar rats, there were less fibro-
inflammatory islets (p=0-coo04), fat infiltrates
(p=0-005), and acino-ductal metaplasia (p=0-05)
among rats fed with a high fat diet who underwent
bariatric surgery as compared to rats who did not
undergo bariatric surgery.®’
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Pancreatic Steatosis is Associated with Poorer
Outcomes in Pancreatic Cancer

Alongside its implications in the development of pre-
malignant lesions and pancreatic carcinoma, pancre-
atic steatosis promotes the spread of pancreatic cancer.
In a case-control analysis on 42 subjects who under-
went pancreatoduodenectomy for PDAC, lymph node-
positive subjects have significantly more adipocytes in
the pancreas than node-negative subjects (46-4 £ 87
versus 2I-4 £ 4-8, p<o-02) based on surgical pathol-
ogy specimens from the pancreatic neck.®? Further-
more, those with lymphatic metastases demonstrate a
significantly lower CT attenuation of the pancreatic
body and tail compared to those without lymphatic
metastases (pancreatic body: 23 + 9 Hounsfield units
vs 35 + 15 Hounsfield units; pancreatic tail: 21 &+ 8
Hounsfield units vs 34 %+ 15 Hounsfield units).®* More-
over, those with lymphatic metastases with increased
visceral fat (>1omm vs <iomm) exhibit poorer sur-
vival (7 + 1 months vs 16 + 2 months, p<o-01).”> In
addition to lymphatic metastases, fat in the pancreatic
tissues based on CT imaging and pancreatectomy or
pancreaticoduodenectomy specimens is associated
with significantly higher risk of blood loss intraopera-
tively and the development of pancreatic fistula post-
operatively.®#®” However, these findings may be con-
founded by increased severity of pancreatic cancer and
its correlating increased damage to the tissues, which
may result in acinar cell death and replacement with
adipocytes.

Future Directions

There are not yet consensus guidelines on diagnosing
or evaluating pancreatic steatosis. Animal studies may
serve as a good proxy for determining the best methods
and definitions for the diagnosis of pancreatic steato-
sis. Future preclinical and clinical research should
focus on identifying biomarkers or proxies of pancre-
atic fat. Validated, multicentre trials should be con-
ducted to evaluate the comparative accuracies of
available modalities for diagnosing pancreatic steatosis
and to standardize imaging thresholds. Furthermore,
assessment scores grading the severity of pancreatic
steatosis, inflammation, and fibrosis need to be devel-
oped to empower assessment of fibrosis impact on pan-
creatic cancer risk. The molecular mechanisms
underlying pancreatic steatosis and its connections
with pancreatic cancer necessitate further elucidation.
Relationships between levels of pancreatic fat and adi-
pokines, chemokines, or cytokines in animals with pro-
oncogenic phenotypes may help determine pancreatic
cancer risk. It is important to investigate the impact of
stellate cell activation, splenectomy, spleen-derived IL-
10, changes in circadian metabolic patterns (including
CLOCK, Per2, REV-ERB-«, or BMAL-1), imbalance in
endoplasmic reticulum (affecting 3 major unfolded

protein response pathways: kinase RNA (PKR)-like ER
kinase (PERK), inositol-requiring 1 alpha protein
(IRE1a), or activating transcription factor 6 (ATFG)),
and nutrient provision in the tumour microenviron-
ment on pancreatic cancer risk. Future studies should
solidify the causal role of pancreatic steatosis on pan-
creatic cancer risk through rigorous epidemiologic
investigation. Such investigation may involve conduct-
ing case-control studies with pre-diagnostically deter-
mined pancreatic fat to establish the temporal order of
pancreatic fat and cancer, controlling for confounding
factors including BMI through large natural history
studies assessing pancreatic steatosis and pancreatic
cancer risk independent of obesity, and determining
the extent of steatosis that elevates pancreatic cancer
risk through dose-response studies. There are currently
ongoing longitudinal studies to investigate associations
between serum biomarkers and imaging findings with
incidence of pancreatic cancer.®®7° These studies will
shed light on the value of measuring and monitoring
pancreatic fat for pancreatic risk stratification. Identify-
ing those with pancreatic steatosis who are most at risk
of pancreatic cancer would empower targeted therapeu-
tic intervention. Because both obesity and fatty pan-
creas are risk factors for pancreatic cancer, therapeutic
interventions for pancreatic steatosis may be beneficial.
Such interventions include dietary changes and
increased exercise with a goal of reducing pancreatic
steatosis. If these interventions fail to significantly
reduce weight over time, more aggressive interventions
such as bariatric surgery for those without contraindi-
cations may be considered. However, it remains to be
explored whether decrease in pancreatic cancer after
bariatric surgery is directly correlated with decreased
pancreatic fat.

Conclusions

Given the rising global burden of obesity and its associ-
ated comorbidities, pancreatic steatosis is a prevalent,
increasingly recognized condition that is often
neglected in the medical field. Risk factors for fatty infil-
tration of the pancreas include obesity, metabolic syn-
drome, insulin resistance, and dyslipidaemia, all of
which continue to be challenging to tackle with thera-
peutic options ranging from lifestyle changes to medica-
tions to bariatric surgery. Despite numerous imaging
modalities capable of identifying fatty pancreas, there
remains a lack of consensus guidelines for evaluating
pancreatic steatosis. Pancreatic fat is significantly asso-
ciated with development and progression of pancreatic
cancer through molecular mechanisms involving
inflammatory signalling pathways that aid the tumour
microenvironment. Understanding and preventing the
harmful impact of pancreatic fat infiltration will aid the
prevention of pancreatic cancer and elucidate the patho-
genesis underlying other obesity-associated cancers.
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Outstanding Questions

Future research should focus on generating guidelines
for the diagnosis and grading of pancreatic steatosis
and fibrosis using different non-invasive modalities
such as imaging, biomarkers, or a combination of both.
In addition, future studies should investigate the molec-
ular mechanisms underlying pancreatic steatosis and
its role in the development of pancreatic cancer. Such
mechanisms may revolve around the tumour microen-
vironment, inflammatory pathways, circadian rhythms,
and imbalance in endoplasmic reticulum. The causal
role of pancreatic steatosis on pancreatic cancer risk
also needs to be solidified through rigorous epidemio-
logic investigation.

Search Strategy and Selection Criteria

A literature search was conducted on PubMed from
1975 through November of 2021 with the following
terms: “fatty pancreas,” “pancreatic  steatosis,”
“pancreatic fat,” “NAFPD,” and any of the aforemen-
tioned terms combined with “bariatric surgery,” “gastric
bypass,” “sleeve gastrectomy,” “pancreatic precancerous
lesions,” “pancreatic ductal adenocarcinoma,” or
“pancreatic cancer.” Additional papers were referenced
through forward and/or backward citation of relevant
search results. Only papers published in English were
included. The final reference list was created based on
relevance to this review’s broad scope.
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