
Journal of

Clinical Medicine

Review

Pancreatic Cancer Exposome Profile to Aid Early Detection and
Inform Prevention Strategies

Maria J. Monroy-Iglesias 1 , Saoirse Dolly 2, Debashis Sarker 2,3, Kiruthikah Thillai 2, Mieke Van Hemelrijck 1

and Aida Santaolalla 1,*

����������
�������

Citation: Monroy-Iglesias, M.J.;

Dolly, S.; Sarker, D.; Thillai, K.; Van

Hemelrijck, M.; Santaolalla, A.

Pancreatic Cancer Exposome Profile

to Aid Early Detection and Inform

Prevention Strategies. J. Clin. Med.

2021, 10, 1665. https://doi.org/

10.3390/jcm10081665

Academic Editor: Maria Del Pilar

Acedo Nunez

Received: 28 February 2021

Accepted: 8 April 2021

Published: 13 April 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Translational Oncology & Urology Research (TOUR), School of Cancer and Pharmaceutical Sciences,
King’s College London, London SE1 9RT, UK; maria.j.monroy_iglesias@kcl.ac.uk (M.J.M.-I.);
mieke.vanhemelrijck@kcl.ac.uk (M.V.H.)

2 Department of Medical Oncology, Guy’s and St Thomas’ NHS Foundation Trust, London SE1 9RT, UK;
Saoirse.Dolly@gstt.nhs.uk (S.D.); Debashis.Sarker@kcl.ac.uk (D.S.); Kiruthikah.Thillai@gstt.nhs.uk (K.T.)

3 School of Cancer and Pharmaceutical Sciences, King’s College London, London SE1 9RT, UK
* Correspondence: aida.santaolalla@kcl.ac.uk

Abstract: Pancreatic cancer (PCa) is associated with a poor prognosis and high mortality rate. The
causes of PCa are not fully elucidated yet, although certain exposome factors have been identified.
The exposome is defined as the sum of all environmental factors influencing the occurrence of a
disease during a life span. The development of an exposome approach for PCa has the potential
to discover new disease-associated factors to better understand the carcinogenesis of PCa and help
with early detection strategies. Our systematic review of the literature identified several exposome
factors that have been associated with PCa alone and in combination with other exposures. A
potential inflammatory signature has been observed among the interaction of several exposures (i.e.,
smoking, alcohol consumption, diabetes mellitus, obesity, and inflammatory markers) that further
increases the incidence and progression of PCa. A large number of exposures have been identified
such as genetic, hormonal, microorganism infections and immune responses that warrant further
investigation. Future early detection strategies should utilize this information to assess individuals’
risk for PCa.
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Summary Box.
What is already known about risk factors for PCa
Cigarette smoking, family history of PCa, diabetes mellitus, cystic lesions of pancreas, and
pancreatitis are well-established risk factors for PCa.
What our systematic review has revealed about the exposome for PCa
We provided a template for a generalized approach to identify risk factors that contribute to PCa
incidence and progression. We identified a list of non-modifiable factors that could alert clinicians
of at-risk individuals, and modifiable factors which can be controlled in order to decrease
PCa incidence.
We observed that several of these factors are associated with the inflammatory pathway which
suggest that PCa carcinogenesis is driven by inflammatory processes.

Non-Modifiable Factors:

• Non-O blood group;
• Diabetes mellitus;
• Pancreatitis;
• Metabolic syndrome;
• Family history of PCa;
• Genetic factors;
• Cystic lesions;
• Inflammatory markers.

Modifiable Factors:

• Smoking;
• Alcohol consumption;
• Dietary factors;
• Obesity;
• Metabolic syndrome;
• Infectious agents (HBV, pathogenic

oral bacteria);
• Pesticide exposure;
• Allergies.
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1. Introduction

Pancreatic cancer (PCa) is one of the leading causes of cancer mortality worldwide,
particularly in more developed countries [1]. PCa ranks seventh for cancer mortality
globally, accounting for 495,773 new cases and causing 466,003 deaths in 2020 [2]. The lack
of specific symptoms means PCa is often diagnosed at an advanced stage and remains one
of the most lethal malignancies with a 5-year survival rate of 5–10% [3,4].

Pancreatic ductal adenocarcinoma (PDAC) is an exocrine tumour with no clear cellular
origin [5] and accounts for 90% of all pancreatic neoplasms [6,7]. PCa rarely manifests with
specific signs or symptoms. Patients with PCa usually develop symptoms such as asthenia,
abdominal pain and weight loss, and only seek medical attention if symptoms persist or
they develop obstructive symptoms such as jaundice [8]. The majority of cases are often
already incurable at the time of diagnosis, and even with palliative chemotherapy have a
median overall survival of 6–12 months [9]. Patients with early-stage disease can be offered
radical surgical resection and adjuvant chemotherapy. However, the risk of recurrence is
high and the majority of patients relapse, with a 5-year survival rate of 29% [10].

Aetiologically, PCa is a multifactorial disease with pathogenesis related to both genetic
and environmental factors [11]. Although various exposures such as cigarette smoking,
family history of PCa, diabetes mellitus (DM) and cystic lesions of the pancreas have been
identified as risk factors, few studies have explored the synergy between these factors and
their interactions with common biological pathways in relation to PCa development [7].
Furthermore, new strategies to untangle carcinogenesis are needed to inform with early
detection strategies to make a clinically significant impact on prognosis [12].

The concept of the exposome was first defined by Dr Christopher Wild in 2005, who
suggested it as a tool to address the need for a more complete environmental exposure
(i.e., non-genetic) assessment in epidemiological studies [13]. The exposome concept refers
to the totality of exposures from various external and internal sources (i.e., biological
agents, chemical agents, radiation, psychosocial exposures, etc.), to which an individual
is subjected from conception to death [14]. Therefore, the exposome complements the
genome by providing a comprehensive description of lifelong exposures. A total of three
broad categories of non-genetic exposures have been defined: internal, specific external and
general external exposures (Figure 1) [15]. Internal exposures comprise of physiologically
processes such as metabolism, circulating hormones, inflammation, body morphology, and
ageing. Specific external exposures include an extensive range of factors such as infectious
agents, diet, lifestyle factors (i.e., tobacco, alcohol), occupational exposures, and radiation.
General external exposures include the social, economic and psychological influences of an
individual [16]. In the exposome, these domains overlap and can be linked, so one domain
may be a response to another [16]. For example, lower socioeconomic status (general
external) is often associated with a higher body mass index (BMI) [17], which has been
linked to chronic inflammation (internal) [18]. Moreover, practical implementation of the
exposome approach has been widely used in several fields [19–21].

Under the exposome framework, epidemiological evidence allows investigation of the
potential interplay between several exposures to determine the complicated aetiology of
pancreatic neoplasms. For instance, chronic pancreatitis resulting in acinar cell injury due
to alcohol consumption, is also a complex chronic inflammatory disorder linked to genetic,
metabolic, and other environmental factors [22]. Following the exposome approach, the
current review aimed to identify a PCa exposure profile (combination and overlap of
exposures), which may predict an increased risk of an individual developing PCa—an
approach which will inform future strategies for prevention and early detection.
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Figure 1. Overview of three different domains of the exposome with examples [17].

2. Materials and Methods

The present study was conducted in accordance with the widely accepted Preferred
Reporting Items for Systematic Reviews and Meta-analyses (PRISMA) guidelines [23]
to ensure an adequate reporting of the systematic review. No protocol has been regis-
tered for the study. A literature search of epidemiological studies was conducted on 3
December 2020 using the search engine in PubMed, a bibliographic database including
over 30 million references to journal articles, with the following search terms: (“Pancreatic
Neoplasms”[Mesh] OR “cancer of the pancreas” [Title/Abstract] OR “pancreatic cancer”
[Title/Abstract] OR “pancreatic tumour” [Title/Abstract]) and (“Risk Factors”[Mesh] OR
“Biomarkers”[Mesh] OR “Exposome”[Mesh] OR “Causality”[Mesh] AND “aetiology” [Sub-
heading]). The search was restricted to human studies published from January 1973 to
December 2020. The full search strategy is included in Table 1.

Table 1. Search Strategy followed in the Search engine Pubmed on 03/12/2020.

Search No. Search Terms Hits

Disease

#1
“Pancreatic Neoplasms”[Mesh] OR “cancer of the pancreas”
[Title/Abstract] OR “pancreatic cancer” [Title/Abstract] OR
“pancreatic tumour” [Title/Abstract]

69,527

Risk Factors

#2
(“Risk Factors”[Mesh] OR “Biomarkers”[Mesh] OR
“Exposome”[Mesh] OR “Causality”[Mesh] AND
“etiology” [Subheading])

756,580

#3 #1 AND #2 5872
Exclusions
#4 “Animals”[Mesh] NOT “Humans”[Mesh] 3,503,479
#5 “Adult”[Mesh] 5,373,576
Total
#6 (#3 NOT #4) AND #5 3390
Full text (#6) 3029

The inclusion criteria considered studies on adults only. No restrictions were placed
on publication type, with all systematic reviews, narrative reviews, meta-analyses, original
research articles (experimental, observational and clinical trials), commentaries, letters, and
editorials identified in the PUBMED search being considered eligible. Non-English publi-
cations, duplicate studies, preprints, errata and animal studies were excluded. Moreover,
only publications with full text available were included.
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Publications were initially screened by title and abstract, with potentially relevant
studies undergoing a full text review. Following the inclusion and exclusion criteria de-
scribed above, some studies were further excluded in the full text review. Only publications
that fell under one of the three previously mentioned exposome categories (general external,
specific external and internal) were included. No publications on survival or diagnostic
markers were included. The following study characteristics were extracted for the publi-
cations included in the review: name of first author, year of publication, study location,
study design, population, exposures, detailed findings, and other observations.

3. Results

A total of 3029 studies were identified in the PubMed search. Full text review was
undertaken on 700 potentially eligible articles after title and abstract screening. A total of
343 publications were included consisting of: 34 systematic reviews with meta-analyses,
6 randomized trials, and 303 observational studies (Figure 2). The remaining publications
were reviews, letters, editorials, commentaries, and position statements.

Figure 2. PRISMA diagram representing the review strategy [13].

To characterize the risk profile of PCa using the exposome approach, we have reported
studies based on whether they assessed a component of internal, general external or
specific external exposure and/or a combination of exposure patterns. No studies were
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found where general external exposures (i.e., socioeconomic status (SES), education level,
ethnicity) were investigated as primary exposure variables in relation to risk of PCa;
however, our literature review identified several specific external and internal exposures
including the well-established PCa risk factors, such as smoking, alcohol consumption, diet,
family history, genetic factors, diabetes mellitus, pancreatitis, together with less established
exposures such as medicine use, infections, peptic ulcer disease, occupational exposures,
allergies, obesity, dyslipidaemias, inflammation, and ABO blood group (Figure 3). Table 2
summarizes the exposures that define the PCa exposome profile and the strength of
the association with PCa risk. A more detailed overview of these studies is given in
Supplementary Tables S1 and S2. Both direct and indirect evidence of the interaction of
the exposures, specific external and internal, and PCa is discussed below. Moreover, the
complex interaction observed between the exposures is illustrated in Figure 4A, and the
strength of the association between the different risk factors and PCa risk is illustrated
in Figure 4B.

Figure 3. Overview of the internal, specific external and general external exposome factors for
pancreatic cancer described in the review.

Table 2. Summary of the exposures that define the PCa exposure profile. Strength of association is defined by the number of
studies reporting on the association, the range of the hazard ratio/odds ratio/relative risk/standardized incidence ratio
reported in each study, and the statistical significance.

Exposure Studies Summary of Findings

Specific External Exposures

Smoking 9
• Strong increased risk of PCa in current and former smokers.
• Strong increased risk with higher smoking intensity.
• Strong increased risk of PCa in ETS.

Alcohol Consumption 10 • Strong increased risk of PCa in heavy drinkers *.
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Table 2. Cont.

Exposure Studies Summary of Findings

Dietary Patterns 25

• Strong decreased risk of PCa in highest category of healthy pattern.
• Strong increased risk of PCa in highest category of western-type diet.
• Strong increased risk of PCa in highest category of DII score.
• Strong increased risk of PCa with soft drink/juice consumption.
• Intermediate decreased risk of PCa in dietary antioxidants.
• Intermediate increased risk of PCa with Vitamin D.

NSAIDs 5 • Weak decreased risk of PCa with NSAIDs.

Infectious Agents 18

• Strong increased risk of PCa with HBV infection.
• No clear associations with other infectious agents.
• Strong increased risk of PCa in patients with pathogenic oral bacteria.
• Strong decreased risk of PCa in patients with non-pathogenic oral bacteria.

Peptic Ulcer Disease 3 • Weak increased risk of PCa in patients with peptic ulcer disease.

Occupational Exposures 6 • Strong increased risk of PCa with pesticide exposure.
• No clear associations for other exposures.

Allergies 6 • Strong decreased risk of PCa with allergies.

Internal exposures

ABO group 6 • Strong increased risk of PCa in patients with non-O blood groups, with the
highest risk in type A patients.

Diabetes Mellitus 18

• Strong increased risk of PCa in patients with DM,
with higher risk for new-onset DM.

• Intermediate increased risk of PCa in patients using insulin.
• Intermediate decreased risk of PCa in patients with

long duration oral anti-diabetics.

Pancreatitis 12 • Strong increased risk of PCa in patients with history of pancreatitis, with
stronger risk for new-onset pancreatitis.

Hormonal and
Reproductive Factors 10 • Intermediate decreased risk with multiparity >3 births.

• Weak associations for all other reproductive factors.

Obesity 8 • Strong increased risk of PCa in patients with high BMI (overweight/obesity).

Physical Activity 1 • Weak decreased risk of PCa in patients with high physical activity.

Metabolic Syndrome 2 • Strong increased risk of PCa with metabolic syndrome.

Dyslipidaemias 2 • Weak decreased risk of PCa with high HDL-cholesterol levels.
• Weak increased risk of PCa with high total cholesterol levels.

Statin Use 6 • No associations.

Family History of PCa 12 • Strong increased risk of PCa with FH of PCa.

Inflammatory Markers 2 • Strong increased risk of PCa with high inflammatory markers.

Genetic Factors 12 • Strong increased risk of PCa with various genetic mutations.

Cystic Lesions 2 • Strong increased risk of PCa with pancreatic cystic lesions.

* Heavy drinking definitions varied according to each study. PCa, pancreatic cancer; NSAID, non-steroidal anti-inflammatory drugs;
FH, family history; HR, hazard ratio; OR, odds ratio; RR, relative risk.
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Figure 4. Cont.
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Figure 4. (A) Schematic representation of exposure variables included in the current study and their interactions *. * All variables are hypothesized risk factors for pancreatic cancer (PCa)
risk (illustrated in red). Blue variables illustrate specific external risk factors; green variables illustrate internal risk factors; orange variable illustrates the inflammation pathway; purple
variable illustrate the immune response pathway. The blue arrow illustrates a direct unidirectional association between variables and PCa; the orange arrow illustrates variables associated
with the inflammation pathway; the purple arrow variables associated with the immune response; the yellow arrows bidirectional association between variables and PCa. (B) Schematic
representation of the strength of the association with PCa of the risk factors identified in this systematic review. Strength of the association is defined considering the number of studies
investigating the exposure, the range of the hazard ratio/odds ratio/relative risk/standardized incidence ratio reported in each study, and the statistical significance. * All variables are
risk factors for pancreatic cancer (PCa) risk (illustrated in red). Bold arrows illustrate a strong association between variables and PCa risk. Large-dotted arrows illustrate variables with
intermediate associations. Short-dotted arrows illustrate variables with weak associations.
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3.1. Specific External Exposures
3.1.1. Smoking

Cigarette smoking has been consistently identified as an important environmental
risk factor for PCa [1]. However, the effect of non-cigarette and passive smoking on PCa
remains unclear. There is reasonable amount of evidence suggesting that former and
current smoking increases the risk of PCa [11,24–30]. A recent meta-analysis reported an
increased PCa risk of 66% and 40% in current and former smokers, respectively, compared
to never smokers [26]. This risk has been seen to increase with greater intensity and pack-
years [31–33]. Additionally, a cohort study by Heinen et al. found that quitting smoking
gradually reduced PCa risk, approaching unity after ≥ 20 years of quitting [33]; this was
supported by one other observational study [34]. Moreover, two cohort studies reported
that current smoking present a higher PCa risk in women compared to men [35,36].

Cigarette smoking has been thought to interact with many factors that increase PCa
risk. A large case control study reported that current smoking, in addition to an inflamma-
tory diet, has a four-fold increase in PCa risk [24]. Moreover, a case–control study including
808 cases of PCa found synergistic interactions between cigarette smoking and family
history (FH) of PCa and DM [37]. This association was supported by another case–control
study looking at the same factors combined and found a 10-fold increase in PCa risk [27].

Information on whether environmental tobacco smoke (ETS) and passive smoking
increases the risk of PCa remains elusive. A case–control study by Lo et al. reported a
positive association between passive smoking and PCa risk (Odds Ratio (OR) 6.0; 95% con-
fidence interval (CI) 2.4–14.8) [38], this result was consistent with three other observational
studies [25,30,39]. However, two other studies found no significant association [40,41]. As
for non-cigarette smoking, various studies found a two-fold increased risk of PCa in cigar
smokers [25,38]. One study reported a greater PCa risk in patients who were both cigarette
and non-cigarette smokers (OR 7.8; 95%CI 3.0–20.6) [38].

3.1.2. Alcohol Consumption

Alcohol has long been suspected as a risk factor for PCa because of its association to
chronic pancreatitis [7]. Most studies have reported a positive association between alcohol
consumption and PCa risk [34,37,42–48], while others have found no association [31,49–52].
A consistent positive association of PCa risk has been reported particularly with heavy
alcohol consumption (defined differently in each study included, but with an average
estimate of 40 gr/day) [26,45,46]. Moreover, a large case–control study found a positive
association depending on dose, duration and pattern of drinking among men, but not
women [44]. Conversely, two meta-analyses reported a positive association between heavy
drinkers and higher PCa risk in women [26,43].

Alcohol consumption in combination with other risk factors has been suggested to
increase potential for PCa. A recent case–control study reported a stronger association
with PCa risk, when alcohol consumption was combined with DM, smoking and hyperc-
holesterolemia (OR 3.29 (95%CI 1.89–5.73), 3.31 (95%CI 1.50–7.32), 5.11 (95%CI 2.66–9.82),
respectively). Moreover, according to a large recent cohort, baseline alcohol intake from
beer and spirits/liquors were associated with a higher risk estimates than wine [48]. A
recent meta-analysis looking at early onset PCa reported an increased risk of early-onset
PCa (EOPC, <60 years) (OR 1.49; 95%CI 1.21–1.84) and very early onset PCa (VEOPC,
<45 years) (OR 2.18; 95%CI 1.17–4.09). Another pooled analysis with data from two large
cohorts reported similar results where current drinkers were diagnosed with PCa at a
significantly younger age than their never-drinking counterparts [34,47].

3.1.3. Diet

Several epidemiological studies have focused on dietary factors as an important risk
factor for the development of PCa. A recent meta-analysis of 32 studies evaluated the
association between dietary patterns and PCa risk. Healthy eating pattern was defined
as high intake of vegetables, fruits, whole grains, olive oil, fish, soy, poultry and low-fat
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dairy and was associated with a decreased risk of PCa (OR 0.86; 95%CI 0.77–0.95) versus
the least healthy eating patterns. The same study reported an increased risk of PCa with a
western-type diet (OR 1.24; 95%CI 1.06–1.45), characterized as high consumption of red
and/or processed meat, refined grains, sweets, high-fat dairy products, butter, potatoes and
high-fat gravy, and low fruit and vegetable intake [46]. Moreover, the dietary inflammatory
index (DII) is a population-based dietary index designed by researchers from the University
of South Carolina to estimate the overall inflammatory potential of an individual’s diet [53].
Results from several observational studies have reported a strong positive association
between an inflammatory diet (characterized by a high DII) and PCa [24,54–66]. There are
only a few studies which reported no association between dietary factors and PCa [67–69].

Similarly, high sugar intake has been shown to increase PCa risk [70–72]. No con-
sistent association between coffee and/or tea consumption has been found [73,74]. High
consumption of antioxidants, such as vitamin C, vitamin E, and selenium and in combi-
nation has been shown to significantly decrease the risk of PCa [59,75,76]. The potential
role of vitamin D in the aetiology of PCa remains unclear. Two meta-analyses based on
nine case–control studies found a positive association between vitamin D intake and PCa
(OR 1.13 (95%CI 1.07–1.19), per 100 IU/day); this positive association was reported in
one meta-analysis [77,78]. However, another case–control study found no association
between serum vitamin D levels and risk of PCa [79]. Folate intake has been found to have
a protective role against development of PCa [80–82].

When looking at dietary factors in combination with other risk factors we found a
synergistic association between inflammatory diet, smoking and DM. A large case–control
study reported a higher risk of PCa in patients with self-reported inflammatory diet in
association with long-standing DM and smoking (OR 6.03 (95%CI 3.41–10.85) and OR 4.79
(95%CI 3.00–7.65), respectively) [24].

3.1.4. Nonsteroidal Anti-Inflammatory Drugs (NSAIDs)

Epidemiological studies have reported an inconsistent relationship between chronic
use of aspirin and other NSAIDs. Various studied have reported a decreased risk of PCa
with NSAID use [83–86], while a recent pooled analysis of 1112 cases of PCa found no
association. However, there was a statistically significant positive association between
NSAID use and PCa risk in diabetic patients [87].

3.1.5. Infections

Numerous infectious diseases have been investigated as possible risk factors for PCa.
A meta-analysis of 10 studies reported a link between hepatitis B (HBV) and hepatitis C
(HCV) infection and PCa risk (OR:1.28 (95%CI 1.11–1.48) and OR: 1.21 (95%CI 1.02–1.44),
respectively) [88]. The positive association between HBV and PCa risk was supported by a
meta-analysis and a recent cohort study [89,90]. However, two other observational studies
found no significant associations with PCa risk for HBV or HCV [91,92]. Two observational
studies found a positive association between Helicobacter pylori infection and PCa [93,94].
However, various other studies found no association [95–98]. Additionally, an association
has been reported between ABO blood group and populations endemic for cytotoxin
associated gene A (CagA)-positive Helicobacter pylori (see below).

Several studies reported a positive link between periodontal disease and PCa [99,100].
A prospective cohort study in men reported a 64% higher risk of PCa in men with periodon-
tal disease; a synergistic effect was seen among never smokers where a two-fold increase in
PCa risk was observed [100]. A recent case–control study found a positive association with
pathogenic periodontal bacteria (Porphyromonas gingivalis and Aggregatibacter actino-
mycetemcomitans), and a negative association with non-pathogenic oral bacteria (Phylum
Fusobacteria and its genus Leptotrichia) [101,102]. This was supported by a case–control
study reporting two-fold increase in PCa in individuals with high levels of antibodies to
Porphyromonas gingivalis, while high levels of antibodies to common oral bacteria had
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a decreased risk of PCa [102]. This may be due to the influence of the humoral immune
response (see below).

Other bacterial agents have been associated with increased PCa risk including an
eight-fold increased risk of PCa in typhoid and paratyphoid carriers [103]. A strong positive
association in patients with staphylococcus aureus bacteraemia has been reported in two
cohort studies [104].

3.1.6. Peptic Ulcer Disease

The association between peptic ulcer and risk of PCa has been examined by several
epidemiological studies with inconclusive results. Two cohort studies found an increased
risk of PCa; highest risk is for those with recent peptic ulcer prior to PCa diagnosis but
with increased risk up to 19 years after diagnosis of peptic ulcer disease [105,106]. Proton
pump inhibitors (PPI) have been reported as showing an increased risk of PCa (Hazard
Ratio (HR) 1.34; 95%CI 1.04–1.72) in 1 study [107], while another found no significant
association [108]. A pooled analysis of 10 case–control studies within the PCa Case–control
Consortium (PanC4) did not support the hypothesis that peptic ulcer and its treatment
impacts PCa risk [109].

3.1.7. Occupational Exposures

Various studies have linked work-related exposure of various chemicals, such as
pesticides, asbestos, benzene, and chlorinated hydrocarbons, to an increased risk of
PCa [38,110–115]. It is thought that these substances may have genotoxic effects includ-
ing altered methylation, oncogene activation, inactivation of tumour-suppressor proteins,
and formation of DNA adducts [116,117]. A large case–control study reported an in-
creased risk of PCa with self-reported exposure to pesticides (OR 1.21; 95%CI 1.02–1.44),
asbestos (OR 1.54; 95%CI 1.23–1.92), benzene (OR 1.70; 95%CI 1.23–2.35), and chlori-
nated hydrocarbons (OR 1.63; 95%CI 1.32–2.02), these associations were stronger for men
compared to women [118]. The most consistent association has been between pesticide
exposure and PCa, with several epidemiological studies reporting an increased risk of
PCa [38,111,114,119]. Excess risk of PCa has also been associated with ionizing radia-
tion and silica dust [120]. The mechanisms by which these exposures may lead to PCa
are not completely understood; it is thought that they exert genotoxic effects including
oncogene activation and inactivation of tumour-suppressor genes [118]. No common
pathways between occupational exposures and other risk factors have been found in the
current review.

3.2. Internal Exposures
3.2.1. Age

According to several epidemiological studies, most patients are older than 50 at the
time of diagnosis [1,121]. The risk of developing PCa increases with age, with the highest
peak occurring between 60 and 80 years of age [122]. It seldom occurs before the age of
40 years, with the median age at diagnosis of PCa being 71 years [7].

3.2.2. Gender

PCa is more common in men than in women. The global incidence of PCa is 5.5 per
100,000 for men and 4.0 per 100,000 for women [1]. Specific external exposures, such as
heavy smoking, high alcohol intake and occupational risk factors may have a role in this
imbalance [1]. Gender-specific hormonal and reproductive factors thought to be associated
with the lower risk in women are explained below.

3.2.3. Family History

Familial PCa is defined in most studies as the presence of two or more first-degree
relatives (FDR; parents, siblings or children) with PCa, without association with known
hereditary genetic syndromes [1]. Several epidemiological studies have found an increased
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risk of PCa in patients with family history of PCa [121–131], including a recent population-
based cohort which reported a three-fold increased risk of PCa [132]. The risk of PCa
increases exponentially with the number of FDR involved [4]. A cohort study reported a 4.5-
fold increased risk of PCa in patients with one FDR, a 6.4-fold increased risk in those with
two FDRs, and up to a 32-fold risk in those with three or more FDRs [133]. Furthermore, a
meta-analysis of eight studies found an increased risk of EOPC and VEOPC, defined as
patients younger than 60 and 45 years, respectively [47,134]. As previously mentioned,
family history of PCa in addition to DM and smoking status have been associated with a
nearly 10-fold increased risk of PCa [27].

3.2.4. Genetic Factors

Germline mutations in several genes have been identified to be involved in the inci-
dence and progression of PCa, such as STK11, PRSS1, CDKN2A, BRCA1, BRCA2, MLH1,
MSH2, MSH6, and PMS2 [135]. BRCA1 and BRCA2 genes have been constantly associated
with breast and ovarian cancers [136]. The role of these mutations in PCa carcinogenesis
has been investigated by various studies. BRCA2 gene mutations account for the highest
proportion of known causes of familial PCa; they have been consistently associated with
a moderate-high PCa risk, except for one study reporting 22-fold increased risk [136,137].
Additionally, a recent cohort found a positive association between germline BRCA1/2 carri-
ers and early-onset PCa [138]. A total of three epidemiological studies found no association
between BRCA1 and incidence of PCa [136,137,139]. Germline mutations in ATM, CHEK2,
and PALB2 have also been associated with familial PCa [140–143]. Nevertheless, known
germ-line mutations account for less than 20% of familial PCa cases.

Furthermore, specific syndromes (with germ-line mutations) have been associated
with PCa incidence and progression. CDKN2A mutations have been linked with famil-
ial atypical multiple-mole melanoma [144,145], STK11 mutations to Peutz–Jeghers syn-
drome [146], PRSS1 mutation to patients with hereditary pancreatitis [147–150], and MLH1,
MSH2, MSH6 and PMS2 mutations are all associated with Lynch syndrome [151].

3.2.5. Diabetes Mellitus

The association between DM and PCa has long been recognized. Numerous studies
have reported a positive association between DM and PCa risk [28,130,152–154]. However,
whether DM is a risk factor or a manifestation of PCa, is still undefined. A meta-analysis
of 22 prospective studies reported an almost two-fold increased risk of PCa in diabetic
patients; among those without previously diagnosed DM, each 1 mmol/L higher than usual
random plasma glucose (RPG) was associated with a HR of 1.12 (95%CI 1.43–1.63) [154].
These results on pre-diagnosed DM were supported by a nested case–control study that
found an increased risk of PCa in patients with increased marker levels of hyperglycaemia
(glycated haemoglobin, HbA1c) and peripheral insulin resistance (plasma insulin and
proinsulin) [155]. Moreover, a recent cohort found a higher risk of PCa in diabetic patients
with poor glycaemic control (HR 3.61; 95%CI 1.34–9.78) compared to those with controlled
disease [153]. Family history of DM has also been linked to PCa risk, with the highest risk
in patients with an offspring with DM [156]. Lastly, one cohort by Perrin et al. found a
significantly increased risk of PCa in women with a history of gestational DM (OR 7.1;
95%CI 2.8–18.0) [157]. As previously mentioned, DM has been associated with a higher
risk of PCa when combined with various other risk factors such as smoking, inflammatory
diet, and alcohol intake.

New-Onset Diabetes Mellitus

New-onset DM, defined as DM diagnosis occurred less than 2 years before the PCa
diagnosis, has been associated with a higher risk of PCa [158–161]. A case–control reported
an increased risk of PCa associated with a duration of DM before PCa diagnosis of <2 years
(OR 4.43; 95%CI 3.44–5.72), and >2 years (OR 2.11; 95%CI 1.51–2.94) [158]. Two studies
supported this association, both reported that PCa risk decreased with shorter duration
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of DM before cancer diagnosis [37,161]. This time-course characteristic supports the
hypothesis of reverse causation. DM is hypothesized of being a consequence of PCa, rather
than playing a role in the development of PCa [162].

Late-Onset Diabetes Mellitus

Late-onset DM, or long-term DM, has been defined as diagnosis more than 2 years
after PCa diagnosis. A meta-analysis including 44 studies found that long-term DM was
associated with an almost two-fold increased risk of PCa [163]. Additionally, a large
case–control study reported an increased risk of PCa in patients with a duration of DM
of 1–4 years (OR 2.4; 95%CI 1.4–4.0) and 5–9 years (OR 2.0; 95%CI 1.2–3.4) [161]. One
other pooled analysis including 1621 PCa cases found similar results [164]. The mechanism
by which long-term DM may affect the incidence of PCa is hypothesized to be related to
increased insulin-like growth factor 1 (IGF-1) levels, hyperglycaemia, insulin resistance
and compensatory hyperinsulinemia [164].

Anti-Diabetic Drugs

Diabetes medications may also have an influence over the risk of PCa, although
epidemiological data is still unclear. Insulin has been suggested to further increase risk
of PCa in diabetic patients [165–167], whereas oral anti-diabetics, such as sulfonylureas,
may decrease the risk [168]. These associations are supported by a meta-analysis of 15
case–control studies which reported a decreased risk of PCa among long duration of oral
anti-diabetic use (OR 0.31; 95%CI 0.14–0.69), and an increased risk with insulin users (OR
5.60; 95%CI 3.75–8.35) [169]. Furthermore, a recent cohort study investigated reported
no association between the use of incretin-based medications and PCa risk [170]. The
association with dipeptidyl peptidase-4 inhibitor (DPP-4) drugs remains elusive [171–173].

3.2.6. Inflammation

There is increasing evidence indicating that systemic inflammation may play a role in
tumour development and progression [174,175]. A recent prospective cohort evaluating
the association between serum markers of chronic inflammation (haptoglobin, C-reactive
protein (CRP) and leukocytes) and risk of PCa found a positive association. This sug-
gests the importance of inflammation as an underlying mechanism in the aetiology of
PCa [176]. However, a case control study found no association between inflammatory
biomarkers and PCa risk, except for high levels tumour necrosis factor-alfa (TNF-a) in
women [177]. Moreover, several diseases and risk factors leading to chronic inflammation
also enhance the risk of PCa [178]. These have been previously described in this study
(i.e., DM, obesity, metabolic syndrome, pancreatitis, dietary pattern, smoking and alcohol
consumption) (Figure 4A).

3.2.7. Pancreatitis

Pancreatitis is an inflammatory condition of the pancreas with acinar cell destruction and
pathologic fibrosis, which has been consistently associated with PCa incidence [127,179,180].
The major risk factors of pancreatitis include alcohol abuse, hereditary factors, and idio-
pathic. An increased risk of PCa has been associated with chronic pancreatitis, probably
due to chronic inflammation of the pancreas [50,181–184]. However, a meta-analysis of
10 case–control studies reported a much stronger association with history of pancreati-
tis within 2 years of PCa diagnosis (OR 13.56; 95%CI 8.72–21.90), compared to a nearly
three-fold increased risk between history >2 years before PCa diagnosis (OR 2.71; 95%CI
1.96–3.74) [185]. Similar results were reported by three other studies [186–188]. It is
likely that this reflects a combination of reverse causation and antecedent misdiagnosis
of PCa as pancreatitis, similar to early-onset DM. In addition, various studies found a
stronger association with PCa risk in younger patients (<65 years), than older patients
(>65 years) [181–183,185,187,189,190]. Two studies reported a significantly higher incidence
of PCa in patients who continued to drink alcohol after diagnosis of pancreatitis compared



J. Clin. Med. 2021, 10, 1665 14 of 27

to those who stopped drinking [188,190]. Patients who require surgery for pancreatitis are
at a very high risk of developing PCa; however, early surgical intervention may play a
protective role in the development of PCa from pancreatitis [130,190]. A much higher risk
of cancer has been reported in patients with hereditary pancreatitis [184]. A meta-analysis
suggested a 70-fold risk of PCa compared to the normal population [191].

3.2.8. Immune System

The immune system has been thought to modulate the development and evolution of
pancreatic carcinogenesis. PCa tissue contains multiple immunosuppressive cells, suggest-
ing a deterioration of the immune response in the tumour microenvironment. Some studies
have reported high levels of immunoglobulin G (IgG) in patients with PCa, indicating IgG
as a potential diagnostic test for PCa. However, these levels cannot be used to distinguish
PCa from autoimmune pancreatitis as both diseases are associated with high levels of
IgG [192–196].

Moreover, a recent study by Sollie et al. reported an inverse association between pre-
diagnostic serum levels of IgG and risk of PCa [197]. This was supported by a previously
mentioned cohort study looking at the humoral immune response against oral bacteria,
where high levels of antibodies had a 45% decreased risk of PCa. This may reflect that a
stronger immune status could have beneficial impact on reducing the risk of PCa [102].

3.2.9. Allergies

A number of epidemiological studies have reported an association between allergies
and cancer [198]. Most studies have found a negative association between allergies and
PCa [199–202]. One potential explanation for this protection against PCa may be through
an increased “immune surveillance”. This concept hypothesizes that the immune system is
capable of detecting and eliminating neoplastic cells before they are clinically visible [201].
A meta-analysis of 14 population-based studies found a decreased risk of PCa in those
with a history of any allergies (Relative Risk (RR) 0.82; 95%CI 0.68–0.99); the risk reduction
was stronger for allergies related to atopy (RR 0.71; 95%CI 0.64–0.80) [201]. These results
were supported by another two case–control studies (192, 196). Additionally, another
case–control study reported a reduction in PCa risk for history of hay fever (OR 0.68; 95%CI
0.52–0.89), dust/mould allergies (OR 0.49; 95%CI 0.31–0.78), and animal allergies (OR
0.68; 95%CI 0.46–0.99) [200]. Furthermore, the association between asthma and PCa risk
has been inconsistent [202–204]. The majority of asthma is allergic; however, a sub-set of
asthma is non-allergic (i.e., triggered by exercise). It is possible that previous studies did not
differentiate between these two types of asthma, as it possible that if only allergic asthma
is associated with a decreased PCa risk and all asthma was captured then misclassification
may be responsible for these inconsistent findings [200]. Further interactions with other
exposures were not observed in the review. Other associations between the immune system
and PCa are described below in the internal exposure section.

3.2.10. Hormonal and Reproductive Factors

Numerous studies have investigated potential associations between reproductive
risk factors and PCa risk. A total of three studies reported a positive association between
multiparity (>3 births) and PCa risk, compared to nulliparous women [205–207]. Regarding
age at first birth, three studies found a link between an increased risk of PCa and age at
first birth >30 years [55,205,208]. However, others showed an increased risk with lower
age at first pregnancy [59,209]. One cohort study demonstrated an inverse association
between risk of PCa with higher age at menarche [210], whereas two other studies found an
increased risk of PCa associated with earlier menarche [211,212]. Concerning breastfeeding,
a case–control study reported breastfeeding as a potential protective factor for PCa [38].
Furthermore, one recent cohort study reported that hormone replacement therapy (HRT)
played a protective role against the development of PCa, with a stronger association for
estrogen-only HRT [210]. Regarding the use of oral contraceptives there are a few studies
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showing inconsistent results [205,213]. No studies reported a common pathway between
hormonal factors and other risk factors, in relation with PCa risk.

3.2.11. Obesity

Obesity (BMI > 30 kg/m2) and overall increased BMI are risk factors for PCa. Var-
ious studies have evaluated the association between obesity and PCa risk in men and
women, reporting an increased risk with high BMI (≥25 kg/m2) [130,214]. This includes
a recent meta-analysis of eight studies which found a 28% increased risk of PCa in obese
patients [47]. Additionally, one large cohort study found a slight increased risk of PCa in
overweight and obese patients, this association was reported higher in patients who also
had DM [215]. Similarly, a meta-analysis of 21 studies found an increased risk of PCa per
5 kg/m2 (RR 1.12; 95%CI 1.06–1.17), the risk seemed to be higher in men (RR 1.16; 95%CI
1.05–1.28) than in women (RR 1.10; 95%CI 1.02–1.19) [216]. Similar results were reported
by two other meta-analysis [165,217]. Moreover, some well-known risk factors for obesity,
such as decreased physical activity and dietary patterns, have also been hypothesized to
play a role in PCa carcinogenesis. As previously mentioned, a Western-type diet with a
high inflammatory index has been consistently associated with PCa. However, the role of
physical activity (PA) remains unclear. A recent cohort study reported a decreased risk of
PCa was associated with high PA, but only in individuals older than 60 years [218].

3.2.12. Dyslipidaemia

Numerous studies have investigated potential links between dyslipidaemias with
conflicting results. A recent cohort study reported decreased risk of PCa in patients with
HDL-cholesterol (HDL) levels within the fourth quartile compared to the first; however, no
associations were found for total cholesterol (TC), LDL-cholesterol (LDL), and triglyceride
(TG) levels [219]. A case–control study reported a significantly increased risk of PCa in
patients with high levels of TC [220]. However, two other observational studies found
no association between TC and PCa risk [214,221]. Statins are commonly used to treat
dyslipidaemias and have been associated with other beneficial effects including decrease
in risk of various cancers [222]. A recent case–control study reported a decreased risk of
PCa in statin-users [83]. However, other studies including a meta-analysis of 16 studies
reported no significant associations [223–227].

High BMI, increased levels of TG, decreased levels of HDL and hyperglycaemia are
all part of the metabolic syndrome (MetS), which has been linked to a chronic inflamma-
tory state [228]. Two observational studies found a strong association between PCa and
MetS [221,229].

3.2.13. ABO Group

ABO blood group is an established risk factor for PCa and is determined by the
ABO gene, located on chromosome 9q34.1 [230]. A recent meta-analysis found a positive
association between overall non-O blood type and the risk of developing PCa, with the
highest risk seen in type A individuals [54]. Additionally, another meta-analysis including
22 observational studies also found a positive association between ABO blood groups and
the risk of developing PCa (ORs for PCa in subjects with types A, B and AB were 1.40
(95%CI 1.28–1.53), 1.19 (95%CI 1.05–1.35), and 1.29 (95%CI 1.10–1.51), respectively) [231].
According to a meta-analysis of 12 cohort studies, non-O blood groups were seen to
potentiate the risk factors of other factors like smoking [232]. A synergistic association was
also seen in patients with ABO group A and DM, these patients had a nearly four-fold
increased risk of developing PCa (OR 3.50; 95%CI 1.66–7.41). Moreover, a meta-analysis
by Risch et al. looking into the association between CagA-positive Helicobacter pylori
and ABO blood group, found that in nonendemic populations, groups B and AB were
associated with higher PCa risk; however, in endemic populations, B and AB groups were
not associated. This association could involve gastric epithelial expression of A versus B
antigens on colonization behaviours of Helicobacter pylori strains [231].
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3.2.14. Pancreatic Cysts

The incidence of PCa is considerably high in patients with pancreatic cystic le-
sions [233]. However, specific characteristics of pancreatic cysts related to the development
of PCa have not yet been fully identified [233]. Most of these lesions are different from
malignant cystic neoplasms; some of them have been designated as intraductal papillary
mucinous neoplasm (IPMN) which are benign but have been widely reported to have
malignant potential, whereas others are “simple” benign cysts. A prospective study by
Tada et al. reported a 22-fold increased risk of PCa in patients with pancreatic cystic
lesions [233]. This was supported by a case–control study investigating incidence and size
of pancreatic cystic lesions and PCa risk; this study found a 10-fold increased risk of PCa
in patients with cystic lesions of the pancreas, especially in cysts larger than 10 mm [234].
This suggests a diffuse pathological change predisposing to malignant transformation in
the areas of the pancreas concealing cysts. Pancreatic cysts were not seen to be associated
with other exposures described in the current study.

4. Discussion

Pancreatic cancer, although relatively uncommon, is mostly diagnosed in an advanced
stage and remains the seventh leading cause of global cancer deaths in industrialized coun-
tries [235]. There is a large body of evidence suggesting several exposures as contributors
to the risk and progression of PCa which highlights the multifactorial nature of the disease.
However, the mechanisms by which these exposures interact together in order to increase
the risk of PCa are still not fully known. The aim of this systematic review was to provide
a comprehensive overview of the individual exposures and its interactions related with
PCa carcinogenesis to ultimately present a PCa risk profile that could inform clinicians to
favour early detection in PCa. In this systematic review, we observed that diseases and
risk factors associated with chronic inflammation, such as DM, pancreatitis, obesity, MetS,
dyslipidaemias, smoking, alcohol intake, and pro-inflammatory dietary pattern, may have
a synergistic effect to further increase PCa risk. This suggests that potentially carcinogene-
sis in PCa is driven by inflammation processes. In addition, we found a close correlation
between inflammation and the immune responses, where an enhanced immune response
influenced by the inflammatory cascade may act as a protective factor for PCa [236].

This comprehensive characterization of the PCa exposome supports the multifactorial
aetiology of the disease, where each of the observed exposures will account for different
fractions of the overall PCa risk in the population. The prevalence of each of these individ-
ual factors in PCa patients may be relatively low as observed previously in well-established
PCa risk factors. For instance, pancreatitis incidence and prevalence are relatively low
and the overall frequency of pancreatic cancer in these patients is around 5%. Thus, the
risk of PCa due to pancreatitis is low compared to other risk factors [7]. This ultimately
indicates that fine exposure assessments combined with multimodal risk stratification tools
are necessary to address early detection of pancreatic cancer.

The PCa exposure profile observed in this systematic review shows that risk of de-
veloping PCa increases with age. Regarding gender, men have been found to have an
increased risk of PCa. Some studies have suggested that this may be due to men being more
exposed to smoking, high alcohol intake and occupational exposures. However, various
studies reported a positive association between smoking and high alcohol intake in women,
and PCa risk. We did not find specific studies investigating PCa risk in relation to ethnicity
or general external exposures (i.e., SES and education) in our review; however, there is
a chance that these factors may play a role in the incidence and progression of PCa as
several observational studies included them as confounders in their analyses. Moreover, a
socioeconomic gradient has been observed previously in other cancers which may account
for the interaction between these lifestyle factors and gender observed in PCa [237]. This
needs to be further explored in cohort studies.

Chronic inflammation has been consistently linked with the development of PCa [178]
and was found to be a key factor in the PCa exposure profile. Various individual diseases
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characterized by chronic low-grade inflammation are well-known risk factors for PCa (i.e.,
DM, obesity, MetS, and chronic pancreatitis, diet, smoking, alcohol consumption). These
diseases constantly coexist with each other. Some individual risk factors for PCa, such as
obesity and DM, have common risk factors among each other (i.e., PA, inflammatory diet)
and overlap in the increasing of PCa risk. Some of these factors are modifiable or/and
could be associated with modifiable lifestyle factors such as physical activity that changes
overtime. This creates a complex interaction among exposures for PCa (as illustrated in
Figure 4), that needs to be assessed overtime.

Moreover, many modifiable lifestyle factors including tobacco smoke, high intake of
alcohol, and a highly inflammatory (or western-type) diet are also known to contribute
to tumorigenesis of the pancreas by increasing blood levels of inflammatory cytokines,
which can lead to oxidative stress, DNA damage, and ultimately, tumorigenesis [24]. In
addition to these inflammatory effects, some individual exposures have other potential
pathways through which they increase the risk of PCa. For instance, in hyperglycaemia
and insulin resistance, insulin has growth promoting and mitogenic effects on cells. It
also impacts carcinogenesis by increasing bioavailability of insulin-like growth factor
(IGF), a peptide that regulates cell proliferation, differentiation, and apoptosis. Alcohol
consumption leads to the production of acetaldehyde which increases the production of
reactive oxygen species; these metabolites may affect exocrine and endocrine pancreatic
functions and induce fibrosis [48]. Cigarette smoking results in a continuous exposure to
several types of carcinogenic compounds [33]. Inflammatory diet is also characterized by
food containing carcinogens (i.e., heterocyclic amines, polycyclic aromatic hydrocarbons
and N-nitroso compounds), in addition to increasing inflammatory cytokines [238].

On the other hand, we found a protective effect for various factors associated with
an anti-inflammatory effect, such as aspirin use and diets high in antioxidant substances
(i.e., vitamin C, vitamin E, carotenoids, phenols, and flavonoids). This further supports
the hypothesis that chronic inflammation is the main pathway where most exposures
overlap to increase/decrease the risk of PCa. Furthermore, the immune response has
also been linked to the inflammation process to modulate the development of PCa, as the
onset of the inflammatory cascade may influence the nature of antibody responses. Recent
epidemiological evidence has found an inverse association between PCa risk and markers
of the immune response. Moreover, high levels of IgG have been found in patients with
PCa and autoimmune pancreatitis, supporting the hypothesis that the inflammation and
immune responses may act together in the carcinogenic process. In addition, allergies have
been also described as protective factors for PCa. This is likely due to an enhanced immune
surveillance, where the immune system is capable of detecting and eliminating neoplastic
and preneoplastic cells before they are clinically diagnosed [201].

This systematic review provides a comprehensive qualitative summary of the pub-
lished epidemiological evidence of the specific external and internal exposures associated
with PCa risk. A large number of cohort, case–control and meta-analysis studies were
included in this review, with a substantial number of total participants and PCa cases. How-
ever, several limitations should be noted. There is a lack of understanding of the detailed
biological mechanisms underpinning these exposures; molecular and experimental studies
are needed to understand the interactions between the associated exposures mentioned in
this study (i.e., inflammatory pathway, humoral immune system pathway). Moreover, the
association between general external exposures (i.e., SES, education, ethnicity) and the risk
of PCa needs to be further investigated. Future studies exploring risk stratification tools
based on the PCa exposome profile described in the current review will help improve early
detection and screening in PCa.

5. Conclusions

PCa is an increasing cause of cancer-related mortality. A characterization of the
exposome provides a template for a generalized approach to identify risk factors that
contribute to the disease. Several factors included in the PCa exposure profile interact
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with each other through the inflammatory pathway to increase/decrease the risk of PCa.
Even though some of these exposures are non-modifiable (i.e., age, male gender, family
history of PCa, hereditary syndromes associated with PCa, non-O blood type, hormonal
and reproductive factors, DM and pancreatitis), they are able to alert clinicians of high-
risk individuals. While modifiable factors (i.e., smoking, increased alcohol consumption,
inflammatory diet, occupational exposures, and obesity) included in this profile are able
to be controlled in order to decrease PCa incidence. Future utilisation of these exposome
factors in the development and implementation of risk stratification tools could help reduce
incidence of PCa or aid in the early detection to improve survival.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/jcm10081665/s1, Table S1: contains ecological, observational and interventional studies
addressing specific external exposures in PCa, Table S2: contains ecological, observational and
interventional studies addressing internal exposures in PCa.
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