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Eicosanoids are bioactive lipids derived from arachidonic acid, which have emerged as
key regulators of a wide variety of pathophysiological processes in recent times and are
implicated as mediators of gastrointestinal cancer. In this study, we investigated the
systemic levels of lipoxygenase (LOX)-derived lipoxin A4 and B4, together with resolvin D1
and D2 in patients with pancreatic adenocarcinoma (n = 68), as well as in healthy
individuals (n = 32). Systemic concentrations of the aforementioned immunoresolvents
were measured using an enzyme-linked immunosorbent assay (ELISA). In this study, we
observed that compared with concentrations in healthy individuals, the peripheral
concentrations of the aforementioned eicosanoids were significantly elevated (2- to 10-
fold) in patients with pancreatic cancer (in all cases p<0.00001). No significant association
was observed between eicosanoid levels and the TNM clinical staging. Furthermore, we
observed no significant differences in concentrations of the analyzed bioactive lipids
between patients diagnosed with early-stage (TNM stage I-II) and more advanced disease
(TNM stage III-IV). Receiver operating characteristic (ROC) curve analysis of each
aforementioned immunoresolvent showed area under the curve values ranging
between 0.79 and 1.00. Sensitivity, specificity, as well as positive and negative
predictive values of the eicosanoids involved in the detection/differentiation of
pancreatic adenocarcinoma ranged between 56.8% and 100%. In summary, our
research is the first study that provides clinical evidence to support a systemic
imbalance in LOX-derived lipoxins and resolvins as the mechanism underlying the
pathogenesis of pancreatic adenocarcinoma. This phenomenon occurs regardless of
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the clinical TNM stage of the disease. Furthermore, our study is the first to preliminarily
highlight the role of peripheral levels of immunoresolvents, particularly resolvin D1, as
potential novel biomarkers of pancreatic cancer in humans.
Keywords: immunoresolvents, lipoxygenase, lipoxin, pancreatic cancer, resolvin
INTRODUCTION

Pancreatic adenocarcinoma is an extremely aggressive and
invariably fatal malignancy in humans. Approximately 60,000
individuals are diagnosed with this malignancy that is known to
cause 50,000 deaths annually in the United States. Multiple risk
factors including age, certain genetic syndromes, smoking, diabetes,
alcohol abuse, and obesity are implicated as etiopathogenetic
contributors to pancreatic adenocarcinoma, and several
molecular pathways associated with pancreatic cancer have been
identified (1, 2). However, the exact mechanisms underlying this
disease remain unclear. Therefore, prevention, early detection, and
prompt treatment are clinically challenging.

Bioactive lipids derived from arachidonic acid (AA), referred to
as eicosanoids are implicated as key factors in carcinogenesis, in
recent times. These AA derivatives represent a large family of
substances that affect multiorgan function, including
gastrointestinal physiology and regulate several pathophysiological
processes in the body, such as vascular flow, angiogenesis, cellular
proliferation, inflammation, and metabolism (3–6). From the
biochemical viewpoint, AA-derived eicosanoids are produced via
the CYP450, cyclo-oxygenase (COX), or lipoxygenase (LOX)
enzymatic pathways (7, 8). Among the various eicosanoids
generated via the aforementioned enzymatic pathways, bioactive
lipids such as leukotrienes, hydroxyeicosatetraenoic acids, lipoxins,
and resolvins have gained much attention as significant
contributors to malignancies. This effect is mainly associated with
their actions on immune cell function and modulation of both
initiation (leukotrienes) and resolution (lipoxins, resolvins) of
inflammatory processes (9–12). Although acute inflammation is
usually a physiological response that protects the body from
temporary microbial infections or injurious stimuli, uncontrolled
chronic inflammation predisposes to carcinogenesis via DNA
injury, epigenetic dysregulation, genomic instability, and/or
changes in intracellular signaling. LOX-derived lipoxins and
resolvins participate in resolution of inflammation; several
experimental studies have shown their benefits in suppression of
chronic inflammation-induced tumorigenesis (13, 14). These results
support the potential application of these immunoresolvents as
promising preventive or anti-cancer agents (15–18); however,
limited information is available regarding their role in the
development of pancreatic adenocarcinoma in humans.

In this study, we preliminarily investigated the systemic
concentrations of lipoxins (A4 and B4) and resolvins (D1 and
D2) in patients with pancreatic cancer and compared these values
with those observed in healthy individuals. Moreover, we
investigated the association between clinical TNM staging of
pancreatic adenocarcinoma and immunoresolvents’ levels in
patients with cancer. We additionally investigated whether
2

systemic concentrations of lipoxins and resolvins show any
significant diagnostic value for detection/differentiation of
pancreatic cancer.
MATERIAL AND METHODS

Study Participants and Clinical Protocols
We recruited 100 individuals in this study. All participants were
evaluated (in an outpatient or inpatient setting) at our
Department and were confirmed to be stable with good general
health. Exclusion criteria were as follows: an active infectious/
inflammatory disease, a history of any malignancy, administration
of medications that could potentially interfere with AAmetabolism
(such as COX inhibitors), a history of blood transfusions within 6
months prior to study enrollment, active supplementation of lipid
derivatives (omega-3 fatty acids), and/or refusal to participate in
the study.

Among the 100 patients recruited for the study, 68 were
diagnosed with pancreatic adenocarcinoma and were categorized
into the “cancer” group. Similar to previous studies performed by
our group (19–21), diagnosis of pancreatic cancer was based on
evaluation of biopsy specimens obtained via endoscopic
ultrasound, paracentesis (in patients with neoplastic ascites), or
liver biopsy (in patients with metastatic disease). All patients
underwent laboratory tests and imaging (abdominal/chest
computed tomography and/or abdominal ultrasonography),
and these results were subsequently used for TNM staging of
the cancer. In this study, stage I and II pancreatic adenocarcinoma
was diagnosed in 5 and 17 patients, respectively. Advanced-stage
disease (stage III) occurred in 11 patients and metastatic disease
(stage IV) in 35 patients. All patients had a recent diagnosis of
pancreatic cancer at the time of study inclusion; therefore, no
patient received any chemotherapy or any cytotoxic therapy
within a year preceding the diagnosis, and no active acute
infection or disease was observed in any patient.

The control group in our study included 32 volunteers in an
overall good state of health.

Blood Sample Collection and Systemic
Immunoresolvent Level Measurements
Peripheral blood samples (8–10 mL) were obtained from all
individuals enrolled in this study. The samples were immediately
processed based on standard laboratory protocols; plasma was
separated, frozen, and stored at –80°C until further tests were
performed. The systemic concentrations of analyzed
immunoresolvents (lipoxin A4 and B4 and resolvin D1 and
D2) were measured using commercially available, high-
sensitivity enzyme-linked immunosorbent assay kits (Wuhan
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EIAab Science Co, Ltd., China and Cayman Chemicals, MI, USA)
based on the manufacturers’ instructions.

Statistical Analysis
Similarly to our previous studies (22, 23) all of the received
results were subjected to a comprehensive analysis with use of
statistical software. Specifically, normality of distribution of the
variables was tested using the Shapiro–Wilk test. Continuous
variables that were abnormally distributed were subjected to log
transformation. Subsequently, if normality of the distribution
was obtained then Student’s t-test was used to compare mean
values of examined parameters between appropriate groups.
Otherwise a Mann–Whitney U-test for non-parametric
variables was used. In order to calculate the correlations
between parametric and non-parametric variables we used
Pearson’s or Spearman’s correlation rank tests (respectively).
In addition, a multivariate regression analyses were performed
with use of a stepwise selection method. In order to exclude
eventual presence of any residual confounding we entered
individually the variables that initially were excluded from the
constructed model. Finally, we constructed the receiver operating
characteristics (ROC) curves and calculated the area under curve
(AUC) values for all tested immunoresolvents as eventual
diagnostic substances for pancreatic cancer in humans. All of
these statistical analyses were performed with use of the SPSS
software and p<0.05 values were considered as significant.
RESULTS

Baseline Characteristics of Study
Participants
Table 1 summarizes baseline characteristics of the study
participants. No statistically significant differences were observed
in age and sex distribution, body mass index (BMI), smoking and
alcohol consumption habits, and medication history. However,
Frontiers in Oncology | www.frontiersin.org 3
statistical analysis showed significantly higher levels of
carbohydrate antigen 19-9 (CA19.9 - pancreatic cancer marker)
in patients with pancreatic adenocarcinoma than in healthy
controls. Similarly, C-reactive protein levels were significantly
higher in the cancer group (Table 1).

Peripheral Concentrations of
Immunoresolvents in Patients With
Pancreatic Cancer vs. Healthy Volunteers
Figure 1 shows the mean values of systemic levels of
immunoresolvents. We observed that peripheral levels of
lipoxin A4 and B4 were significantly higher in patients with
pancreatic adenocarcinoma than in healthy individuals (in both
cases p<0.00001). Similar findings were observed with regard to
resolvin D1 and D2 concentrations. Specifically, the mean
peripheral levels of resolvin D1 and D2 were significantly
higher (in both cases p<0.00001) in the cancer group than in
the control group (Figure 1).

Clinical Association Between Systemic
Levels of Immunoresolvents and TNM
Staging of Pancreatic Cancer
We investigated the association, if any, between significant
changes in systemic levels of immunoresolvents and the clinical
staging of pancreatic adenocarcinoma. Correlation analysis
showed no significant association between the TNM stage and
lipoxin A4 (r=0.08), lipoxin B4 (r=0.13), resolvin D1 (r=0.03),
and resolvin D2 (r=0.01) levels (p>0.28 in all cases). Multivariate
regression analysis showed similar results (Table 2). Additionally,
we subcategorized patients from the “cancer” group into two
separate subgroups (TNM I–II and TNM III–IV) based on the
clinical TNM staging and performed an intergroup comparison
of the mean peripheral concentrations of lipoxins and resolvins.
Analysis showed no significant differences in mean systemic
immunoresolvent levels between patients diagnosed with TNM
TABLE 1 | General characteristics of analyzed patients and healthy individuals enrolled in the study [data presented as means ± SD or median (interquartile range)].

Parameters Control Cancer

Age (years) 61 ± 7 63 ± 11
Gender (M-men/W-women) 14-M/18-W 29-M/39-W
BMI (kg/m2) 26.1 ± 4.3 24.0 ± 4.9
Smoking (Y-yes/N-no) 5-Y/27-N 8-Y/60-N
Alcohol (drinks/week)# 3.3 ± 1.9 3.4 ± 1.6
Medications (Y-yes/N-no): 25-Y/7-N 55-Y/13-N
Hypertension 25 55
Diabetes 0 0
Lipid lowering (statins) 8 14
Other 1 1

RBC (x1012 cells/L) 4.75 ± 0.55 4.31 ± 0.63
Hb (g/dL) 14 ± 1.7 13 ± 1.8
Platelets count (x109 cells/L) 228 ± 60 268 ± 121
WBC count (x109 cells/L) 6.15 ± 1.7 8.6 ± 3.3
CRP (mg/L) 3.0 ± 1.7 27.6 [4.8; 73.1]*
CA19.9 (U/mL) 11.0 ± 5.6 470 [87; 1700]*
January 2022 | Volume 11
BMI, body mass index; RBC, red blood cells; Hb, hemoglobin.
WBC, white blood cells; CRP, C-reactive protein; *P<0.01 (vs “control” group).
#a drink was defined as a single consumption of about 8 grams of pure ethanol (equal to for example a glass of wine or a single measure of spirits).
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stage I–II pancreatic cancer and those with more advanced
disease (stage III or IV) (p at least >0.21 in all cases) (Figure 2).

Immunoresolvents as Potential Markers
of Pancreatic Adenocarcinoma
In view of the significant differences in the mean concentrations of
all immunoresolvents between healthy individuals and patients
with pancreatic adenocarcinoma, we performed preliminary
analysis to determine whether systemic levels of these
substances are of diagnostic value for the detection and/or
differentiation of pancreatic cancer in humans. Therefore, we
Frontiers in Oncology | www.frontiersin.org 4
constructed ROC curves for each eicosanoid and calculated the
AUC values. Preliminary analysis revealed that systemic levels of
all immunoresolvents investigated in this study showed strong
diagnostic potential as promising biomarkers of pancreatic
adenocarcinoma. AUC values ranged between 0.79 and 1.00
(Figure 3). Based on these results, we attempted to determine
potential diagnostic cut-off values for levels of the aforementioned
immunoresolvents and preliminarily characterized their estimated
sensitivity, specificity, and positive and negative predictive values
(Table 3). We observed that resolvin D1 concentrations showed
the most promising results with regard to diagnostic potential (up
TABLE 2 | Results of statistical analysis of associations between systemic concentrations of examined immunoresolvents and clinical staging of pancreatic cancer in
patients (modelling using multivariate regression analysis).

Dependent variable Independent variable b P of the variable R2 P of the model

TNM Staging* Lipoxin A4 0.08 0.51 0.01 0.51
Lipoxin B4 0.13 0.28 0.02 0.28
Resolvin D1 0.03 0.81 0.001 0.81
Resolvin D2 0.001 0.99 0.001 0.99
Januar
y 2022 | Volume 11
b – standardized coefficient in the regression equation; p – level of significance.
*Variable was created by assigning 1, 2, 3 or 4 value to appropriate TNM stage that was present in patients with pancreatic cancer.
FIGURE 1 | Mean values of the systemic levels of examined immunoresolvents in patients with pancreatic cancer and control individuals together with their statistical
comparison (values presented as means ± standard deviation in pg/mL). *p < 0.00001 (vs “control” group).
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to 100%). Other newly proposed biomarkers showed
approximately 75%–94.1% sensitivity, 65.6%–87.5% specificity,
and 82.5%–94.1% and 56.8%–87.5% positive and negative
predictive values, respectively.
DISCUSSION

LOX-derived lipoxins and resolvins represent a family of
substances that play a major role in successful resolution of
inflammation. Therefore, they are also expected to be
significant mediators of carcinogenesis, because uncontrolled
chronic inflammation is known to be associated with the
development of solid malignancies (24–27). However,
limited data are available regarding the significance of
immunoresolvents in the development of pancreatic
adenocarcinoma; few clinical studies have discussed these
bioactive lipids in patients with this malignancy. In this
study, we investigated a broad panel of immunoresolvents in
patients with pancreatic cancer and attempted to determine
the clinical associations and diagnostic value, if any, of
these substances.
Frontiers in Oncology | www.frontiersin.org 5
We observed that patients with pancreatic adenocarcinoma
showed significantly elevated levels of immunoresolvents, such
as lipoxins and resolvins. Our results are consistent with those
reported by previous studies, which show significant genetic
expression of LOX enzymes in the ductal cells of pancreatic
adenocarcinoma and in resected tissue specimens (28–30).
Previous studies have reported that only sporadic LOX
expression was detected in pancreatic ductal cells in normal
human pancreas. In our study, compared with levels in healthy
individuals, we observed an approximate 2-fold mean increase in
systemic lipoxin levels and specifically a 10-fold or higher
increase in systemic resolvin D1 levels in patients with
pancreatic cancer. Interestingly, such significant elevations in
lipoxin and resolvin levels were observed regardless of the
clinical staging of the pancreatic cancer based on the
international TNM classification. The mean (elevated)
immunoresolvent levels were similar between patients with
both early- and advanced (metastatic)-stage disease.
Unfortunately, currently, the exact etiology of elevated
immunoresolvent levels and the exact molecular consequences
of this phenomenon in patients with pancreatic cancer remain
unclear. Several experimental studies that have investigated this
FIGURE 2 | Mean systemic levels of examined immunoresolvents in subgroups of pancreatic cancer patients divided according to the TNM staging and healthy
individuals together with their statistical comparison (values presented as means ± standard deviation in pg/mL). *p < 0.003 (vs “control” group).
January 2022 | Volume 11 | Article 757073
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subject at the molecular level show that immunoresolvents may
inhibit pancreatic cancer progression and dissemination.
Specifically, research has shown that immunoresolvents may
inhibit differentiation of pancreatic stellate cells into cancer-
induced fibroblast-like myofibroblasts and “re-program” the
tumor stroma, reverse mesenchymal phenotypes of pancreatic
cancer cells, and attenuate their invasion and metastasis via
inhibition of (i) autocrine transforming growth factor b1
signaling, (ii) reactive oxygen species production and, (iii)
activity of the extracellular signal regulated kinases that
downregulate matrix metalloproteinases (31–33). Based on the
findings of these studies, the extent of the spontaneous
eicosanoid response in patients with pancreatic cancer remains
unclear, and the reason for the lack of a sustained increase in
systemic generation of lipoxins and resolvins in advanced-stage
Frontiers in Oncology | www.frontiersin.org 6
pancreatic malignancy remains unexplained. Considering the
conclusions drawn from all aforementioned molecular studies, it
is reasonable to infer that significantly elevated lipoxin and
resolvin levels most likely represent a natural response to
pancreatic carcinogenesis in humans, to inhibit uncontrolled
inflammation that is a hallmark of pancreatic cancer and
additionally accelerates the progression of malignancy.
However, further molecular and translational studies are
warranted to accurately characterize this phenomenon,
particularly focused on the exact mechanisms underlying this
process and to verify whether modulation (particularly
intensification) of the eicosanoid response could not offer
clinical benefit in patients with pancreatic cancer.

In view of the significant differences in peripheral levels of
lipoxins and resolvins observed in this study, we preliminarily
TABLE 3 | Diagnostic value of examined immunoresolvents to discriminate presence of pancreatic adenocarcinoma in our patients.

Parameter Lipoxin A4 Lipoxin B4 Resolvin D1 Resolvin D2

Suggested cut-off value ≥ 893.5 [pg/mL] ≥ 56.4 [pg/mL] ≥ 74.5 [pg/mL] ≥ 39.5 [pg/mL]
Sensitivity [%] 91.2 94.1 100.0 76.5
Specificity [%] 75.0 87.5 100.0 65.6
Positive predictive value [%] 88.5 94.1 100.0 82.5
Negative predictive value [%] 80.0 87.5 100.0 56.8
January 2022 | Volume 11 |
A C

B D

FIGURE 3 | Receiver operating characteristics (ROC) curves for examined immunoresolvents as potential (bio)markers of pancreatic cancer. Calculated sensitivity (y-
axis) is plotted against 1-specificity formula (x-axis) for examined immunoresolvents: (A) lipoxin A4 (LPxA4), (B) lipoxin B4 (LPxB4), (C) resolvin D1 (RsvD1) and (D)
resolvin D2 (RsvD2) as potential indicators of pancreatic cancer. AUC, area under ROC curve; p, level of significance.
Article 757073
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investigated the diagnostic potential of these eicosanoids as
biomarkers of pancreatic adenocarcinoma in humans. ROC
curve analysis showed significantly high clinical diagnostic
potential of the aforementioned immunoresolvents, particularly
of resolvin D1. Therefore, our results support the hypotheses
presented by previous studies, which suggest that genetic
expression of LOX and/or LOX-derived eicosanoids may be
significantly associated with carcinogenesis in addition to being
promising biomarkers of various types of solid malignancies
(34, 35). We emphasize that our results are preliminary
considering the small sample size of our study; further large-
scale clinical studies are warranted to validate and characterize the
diagnostic potential of the aforementioned immunoresolvents in
patients with pancreatic cancer.

In summary, our study highlights the significant alterations in
the systemic balance of immunoresolvents, such as lipoxins and
resolvins in patients with pancreatic adenocarcinoma and that
this finding is unaffected by the clinical TNM stage of the disease.
Furthermore, our study is the first to preliminarily measure
peripheral levels of lipoxins and resolvins, (particularly resolvin
D1), which may potentially serve as novel biomarkers of
pancreatic adenocarcinoma in humans.
Frontiers in Oncology | www.frontiersin.org 7
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