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Abstract

Debilitating abdominal pain is a common symptom affecting most patients with chronic
pancreatitis (CP). There are multiple underlying mechanisms that contribute to pain which makes
successful treatment difficult. The identification of biomarkers for subtypes of pain could provide
viable targets for non-opioid interventions and the development of mechanistic approaches to pain
management in CP. Nineteen inflammation- and nociception-associated proteins were measured

in serum collected from 358 subjects with definite CP enrolled in PROspective Evaluation of
Chronic Pancreatitis for EpidEmiologic and Translational StuDies (PROCEED), a prospective
observational study of pancreatitis in US adult subjects. First, serum levels of putative biomarkers
were compared between CP subjects with and without pain. Only PDGF-B stood out, with levels
significantly higher in the CP pain group as compared to subjects with no pain. Subjects with pain
were then stratified into four pain subtypes (Neuropathic, Nociceptive, Mixed and Unclassified). A
comparison of putative biomarker concentration among five groups (No pain and 4 pain subtypes),
identified unique proteins that were correlated with pain subtypes. Serum TGFp1 level was
significantly higher in the Nociceptive Pain group compared to the No Pain group, suggesting that
TGFB1 may be a biomarker for Nociceptive pain. The Neuropathic pain only group was too small
to detect statistical differences. However, GP130, a co-receptor for IL-6, was significantly higher
in the Mixed pain group compared to the groups lacking a neuropathic pain component. These
data suggest that GP130 may be a biomarker for Neuropathic pain in CP.

Perspective—Serum TGFp1 and GP130 may be biomarkers for nociceptive and neuropathic CP
pain, respectively. Preclinical data suggest inhibiting TGFB1 or GP130 reduces CP pain in rodent

models, indicating that additional translational and clinical studies may be warranted to develop a

precision medicine approach to the management of pain in CP.
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Introduction

Abdominal pain in patients with chronic pancreatitis (CP) drives morbidity, lowers quality
of life and often renders patients unable to work or function normally.21: 7 For patients
whose pain is managed medically (e.g. pharmaceuticals), drugs are frequently ineffective
and can cause a range of deleterious side effects.9 42 4568 Approximately 50% of patients
with CP receive an opioid treatment and less than half of those achieve complete relief.4°
Poor response rates to existing therapies are thought, in part, to stem from an inability

to differentiate the multitude of mechanisms that can contribute to CP-related pain.>°
Pancreatitis-related pain is initiated by normal activation of nociceptive neurons. However,
in some cases it can be associated with sensitization in one or more compartments of

the nervous system (periphery, spinal cord, supraspinal). Sensitization (i.e. potentiation of
nociceptive signaling) can occur in the presence or absence of nerve injury and drives
increased severity of pain. Pancreatic expression of the neurotrophins NGF and BDNF is
elevated in CP patients with pain relative to healthy controls.1% 79 In cases where there is
evidence of intrapancreatic nerve injury, the extent of this neuropathy also correlates with
severity of CP pain.19 11 Indeed, upregulation of CGRP, Substance P, IL-8 and Fractalkine
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within intrapancreatic nerve fibers correlates with pain severity and the extent of neuritis.®
12,14, 76 Unfortunately, tissue-based biomarkers are not viable options in clinical practice,
so identification of circulating biomarkers are needed to improve clinicians’ ability to
characterize pain to predict and monitor therapeutic responses.

Circulating pro-inflammatory cytokines and chemokines have been implicated in neurogenic
inflammation, nociception, and primary afferent sensitization in multiple pain conditions. Of
these signaling molecules, IL-6, TNFa, fractalkine, MCP1 (CCL2), TGFB1, and NGF are
reportedly increased in serum from subjects with CP.28. 56. 60.76 |n these studies, subjects
were compared to healthy controls, but pain status was not reported. One recent study
reported that high IL-1, IL-8, and MCP1 correlate with worse quality of life, a composite
score that included pain.>! However, it is not possible to conclude from the available data
whether these upregulated proteins are specifically due to pain. Because of the design of
these studies, it is possible that upregulation of specific proteins is reflective of ongoing
disease processes or other components of quality-of-life (QoL) measures. In the current
study, we sought to validate potential pain biomarkers that have been identified in prior
clinical studies (Table 1).

The pain experience is heterogenous within the CP population. We and others previously
classified patients based on the distinct characteristics of their pain experience, including
frequency and intensity of pain.#2 46. 72 However, exploration of biomarkers unique to pain
pattern yielded limited information.>3 Dogma in the pain field suggests that neuropathic
pain in particular does not respond to anti-inflammatories or opioids. The efficacy of
“neuromodulators” including anti-depressants and gabapentinoids are considered better for
neuropathic pain, but their efficacy is still questionable.23: 24.54. 71 Thys, identification

of biomarkers specific for subtypes of CP pain (i.e. neuropathic and nociceptive) would
provide viable targets for non-opioid interventions and the development of mechanistic
approaches to pain management in CP. Based on previous analyses, 37% of CP patients have
some neuropathic component to their pain.>2 Thus, we sought to identify serum biomarkers
of pain as well as to determine if unique biomarkers associate with the neuropathic and
nociceptive components of pain. Evaluation of 19 inflammation- and nociception-associated
proteins in serum from subjects with CP revealed unique biomarkers associated specifically
with pain that does or does not have a neuropathic component.

2.1 Study Subjects and Participating Sites

PROspective Evaluation of Chronic Pancreatitis for EpidEmiologic and Translational
StuDies (PROCEED) is funded through the NCI/NIDDK-sponsored Consortium for the
Study of Chronic Pancreatitis, Diabetes, and Pancreatic Cancer (CPDPC).%> PROCEED

is a prospective observational study of US adult subjects across the pancreatitis spectrum
(ranging from no pancreas disease to acute to chronic pancreatitis).”® Detailed clinical data
including sociodemographic and risk factors, disease phenotype, laboratory testing, imaging
and biological specimens are collected at baseline and annual visits according to protocols
approved by the a central Institutional Review Board (MD Anderson Cancer Center.”>
Informed consent was obtained from each subject prior to enrollment in the PROCEED
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study and included permission for use of data and biospecimens in ancillary studies.

In addition, several patient-reported outcomes are acquired through the administration of
validated PROMIS instruments as well as study specific questionnaires.’® The number

of subjects included in the current study is a subset of the definite CP cohort described
previously.52 All subjects in the final study cohort had definite CP, pain data and serum
samples available from the PROCEED enrollment visit (Figure 1). Definite CP was defined
by subjects having Cambridge 3 or 4 classification, presence of pancreatic calcification
consistent with CP (by cross-sectional imaging) or a histologic diagnosis of CP.

Table 1 describes the select characteristics of 358 CP subjects who formed the study
population. The median age (years) was 55 with 49% being men. This is similar to the
entire PROCEED definite CP cohort (53.5% men). The cohort identified as predominantly
white (85%) and non-Hispanic (97%). The median duration of pancreatitis was 5 years. A
large proportion, 44%, of cases were classified as having alcohol etiology as reported by

the patient’s physician. Most subjects (81%) had a history of acute pancreatitis. Criteria and
operational definitions for patient and clinical variables have been published previously.”
Additionally, 43% of the study population had diabetes as defined by the American Diabetes
Association (ADA) criteria. ADA criteria are abnormal values on two of the following

tests or two abnormal values on the same test: a) fasting blood sugar =126mg/dl; b)
HbA1c=>6.5%; c) Random blood glucose >200mg/dl OR use of anti-diabetic medications.
Morphological characteristics were described by radiologists’ assessment of imaging studies
(e.g. CT, MRI), and 50% of the study population had a pancreatic duct stricture prior

to enrollment. Exocrine pancreas insufficiency was determined by clinical history of
steatorrhea or fecal elastase <100mcg/gram stool or quantitative fecal fat of >7gram/day

on a 100-gram fat diet; and fecal elastase of <100mcg/gram stool during follow-up. Tobacco
use was defined as cigarettes, cigars/pipes, e-cigarettes and/or tobacco chew.

2.2 Serum Analyte Assessment

Putative serum biomarkers were chosen based on previous literature implicating them as
positive or negative regulators of pain (Table 2). Serum (25ul per reaction) was used to
measure Substance P via a commercial ELISA assay (Cayman Chemical). The remaining
analytes were measured using the Meso Scale Discovery Platform which enabled custom
multiplexing to reduce the sample volume required. All assays were performed according

to the manufacturers’ instructions. All assays included standards to develop a calibration
curve and have large detectable ranges (0.1 pg/ml-0.1 mg/ml). Positive and negative (diluent
only) controls were included on each 96 well plate. All samples were run in duplicate. All
research staff performing sample testing and data collection were blinded. Coded samples
were randomized across plates.

2.3 Mechanism-based Pain Phenotyping In Definite CP subjects WITH Pain

CP subjects with pain completed PROMIS Pain Quality Short Forms (PROMIS-PQ) to
enable stratification of pain type. Nociceptive pain quality and Neuropathic pain quality
were determined as previously described.>2 A threshold of T = 50 was used as the cut-
off for categorizing subjects into groups. There were four subtypes of pain, Nociceptive,
Neuropathic, Mixed (both nociceptive and neuropathic) and Unclassified (could not be
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assigned to the other groups. During initial validation of PROMIS-PQ, a cut-off of 50 was
determined to maximize both sensitivity and specificity.* 44 To our knowledge, the only
independent study that also used PROMIS-PQ to stratify subjects into pain groups used 50
as a cut-off.67 Therefore, we adopted the same scoring rubric to assign subjects to a pain
group (Table 3).

2.4 Statistical Analysis

We used regression models to compare the 19 putative serum biomarkers among various
pain subtypes. The biomarker was the outcome variable and indicators for pain subtype were
covariates. Linear regression was used for continuous biomarkers and logistic regression was
used for binary biomarkers. We performed log transformation on Fractalkine, MCP1, PDGF-
B, NGF, NT-3, TNFa, IFNy, IL-6, and IL-8 to reduce the skewness in their distribution
when they were used in regression models. We dichotomized IL-1p (1 if >1, 0 otherwise),
IL-4 (1 if > 0.06, 0 otherwise), IL-10 (1 if > 0.28, 0 otherwise), CGRP (1 if >0, 0 if =

0), and SP (1 if > 0, 0 if = 0) because their distributions are extremely skewed and had a
substantial proportion of patients with zero concentration. To reduce float point calculation
error, we rescaled some continuous biomarkers by dividing TGF1, GP130, and resistin by
1000, 10000, and 100 respectively, and by multiplying NGF, IL-4, TNFa, IFN-y, IL-6 and
IL-8 by 10 respectively. This transformation has no effect on the test statistics and was done
in each biomarker’s regression model. We considered models that compare pain vs. no pain,
and other models that compared 5 pain phenotypes (No Pain, Neuropathic-like, Nociceptive,
Mixed, and Unclassified Pain). Based on these models, we tested the null hypothesis that
there was no difference in the mean biomarker among the various phenotypes, versus the
alternative that there was a difference. Several subjects in the Neuropathic-like pain group
had 0 pg/ml of IL-1p and/or CGRP; therefore, we used Fisher’s exact test which has better
justification than logistic regression when the sample size is small. To adjust for testing

of multiple biomarkers, we calculated the false discovery rate (FDR) for testing the mean
difference of each biomarker among the subtypes.® The pairwise comparison of statistically
significantly different biomarkers among multiple pain groups were conducted by Tukey's
Honest Significant Difference (HSD) test. Throughout this paper, we used 0.05 as the

level of statistical significance, both for the raw p-values and FDR to compare multiple
biomarkers.

To study whether the association between biomarkers and pain subtype is confounded by
patient characteristics, we incorporated etiology, pancreatitis duration, diabetes, pancreas
duct stricture, gender, body mass index (BMI), weight, age, prior acute pancreatitis and
recurrent acute pancreatitis attack in the regression models as pre-specified covariates. This
covariate adjusted analysis was done for putative biomarkers that had a raw p-value from
the statistical analysis without covariate adjustment less than 0.2. There were rare missing
values in the biomarker data (2 in TGFp1 and TGFB2, 1in NT-3, 3in CGRP and 8 in
Substance P). They were imputed with mean or mode, as appropriate.
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Nineteen different cytokines, chemokines and neuropeptides were measured in the serum
collected from subjects at enrollment. Of the 358 CP subjects, 301 (84%) reported pain in
the preceding year, and the other 57 (16%) reported no pain. Descriptive statistics for the
study population based on presence or absence of pain are presented in Supplementary Table
S1. Of the 19 analytes studied, TGFp1, MCP1, and PDGFB concentrations are significantly
higher in CP subjects with pain compared to those with no pain at the statistical significance
level of 0.05 (Table 4). However, after adjusting for multiple testing, only PDGFB remained
significant with a FDR of 0.03, and TGFp1 has a FDR of 0.07. We report the effect

of pain as the coefficient for continuous biomarkers and odds ratio for dichotomized
markers. Specifically, the mean level of TGFp1, MCP1 and PDGFB are higher by 3.58,
0.15, and 0.26 for subjects with pain compared to subjects with no pain, respectively

(Table 4). Pancreas duct stricture and diabetes were significantly different among pain types
in a previous study of PROCEED subjects.52 Additionally, there are covariates that may
influence biomarker profile. Therefore, we reanalyzed the putative biomarkers that had a
p-value less than 0.2 and included the prespecified covariates (etiology, pancreatitis duration,
diabetes, pancreas duct stricture, gender, BMI, weight, age, prior acute pancreatitis and
recurrent acute pancreatitis attack) in the regression model to determine if the associations
between expression levels of putative biomarkers and presence of pain were confounded by
the covariates (Table 5). The regression results did not change dramatically when comparing
Table 4 and Table 5, suggesting that these covariates did not impact our results. Specifically,
adjusted by the covariates, the mean level of TGFB1, MCP1, and PDGFB are higher by 2.28,
0.23, 0.28 for subjects with pain compared to no pain group, respectively (Table 5).

3.3 Putative biomarkers for CP: Pain Subtypes

After the subjects were classified by presence or absence of pain, those with pain were
further stratified based on their pain quality (Figure 2). Descriptive statistics of the study
population stratified by pain group are presented in Supplementary Table S2. The expression
of putative biomarkers was compared among the 5 subtypes, No Pain, Nociceptive,
Neuropathic, Mixed and Unclassified (Table 6). Analysis of the transformed data resulted in
statistically significant results in the expression of TGFp1, GP130, and PDGF-B, based on
unadjusted p-values.

However, after adjusting for multiple comparisons, only TGFB1 (FDR = 0.046) and GP130
(FDR = 0.046) remained significantly different. Further pairwise comparisons by Tukey’s
HSD test among the various phenotypes within each biomarker revealed that TGFp1 was
significantly higher in the Nociceptive pain group as compared to the No Pain group
(p-value = 0.0067, Figure 3A), GP130 was significantly higher in the Mixed Pain group

as compared to No Pain (p-value = 0.0115), and Nociceptive and Unclassified Pain groups
(p-value = 0.0226, Figure 3B). Similar to Section 3.2, we reanalyzed the putative biomarkers
with an unadjusted p-value less than 0.2 by adjusting for the covariates listed in Section

3.2 (Table 5). Again, the results before and after covariate adjustment did not change
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dramatically, suggesting that these covariates do not impact the relationships between the
biomarkers of interest and pain types (Table 6).

4. Discussion

In a large cohort of CP, we found that 84% of subjects reported abdominal pain. The

pain type could be classified into four subgroups based on responses to PROMIS-PQ from
most to least common (Nociceptive>Mixed>Unclassified>Neuropathic). Serum PDGF-B
levels were significantly higher in CP subjects with pain compared to those with no pain.
While PDGF-B levels were not different between subtypes of pain, other novel biomarkers
emerged. Specifically, TGFp1 was significantly elevated in the Nociceptive pain group as
compared to the No Pain group, but not the other pain subtypes. GP130 was significantly
elevated in the Mixed pain group relative to all other groups lacking a neuropathic
component which suggests that GP130 may be an indicator of neuropathic pain. To our
knowledge, circulating biomarkers for pancreatitis pain have not been investigated in a large
cohort before. Of particular importance, is that this is the first study to identify biomarkers
associated with specific subtypes of pain within the pancreatitis population. Other pain
features (e.g. pain intensity and pain interference) have been previously characterized in
this cohort previously.52 Of interest, pain intensity and pain interference were statistically
significantly higher in subjects in the neuropathic/mixed pain group as compared to
nociceptive pain group. However, the difference was less than 1 point on the numerical
rating scale, suggesting that this endpoint for analyses may not be clinically meaningful. Our
study was designed to test the hypothesis that the PROMIS-PQ classification system could
identify biomarkers. Based on these results serum biomarkers identified by PROMIS-PQ
pain group may, in combination with other data, inform mechanism-based pain management
in CP patients.

The PDGF-BB homodimer has been implicated in both angiogenesis and fibrosis. As a
regulator of pancreatic fibrosis, it is not surprising that PDGF-B is upregulated in patients
with CP compared to healthy individuals.l- 57 PDGF-BB is also elevated in patients with
other chronic pain conditions including inflammatory bowel disease, back pain, burning
mouth syndrome and odontalgia.26: 32. 33. 41 Several preclinical studies have demonstrated
that PDGF-B activates nociceptive neurons and produces robust mechanical hypersensitivity
5.37 which explains why serum PDGF-B is significantly higher in CP patients with pain
compared to those with no pain. Disruption of PDGF signaling via antagonist or antibody
reverses mechanical hypersensitivity in preclinical pain models.1%: 43 Importantly, morphine
alone has no effect on mechanical allodynia in a rodent model in which injured nerves
release PDGF-B; opioid efficacy is restored following inhibition of PDGF-B signaling.15 70
That PDGF-B directly activates sensory neurons and mediates opioid tolerance may explain
why many CP patients do not find adequate relief from opioids. Therefore, it is biologically
plausible that PDGF-B inhibitors could represent an adjunct therapy that would reduce the
amount of opioids CP patients require.

GP130 is a type 1 cytokine receptor and serves as a receptor component for several
cytokines including pro-nociceptive IL-6 which can act directly on sensory neurons to
sensitize TRPV1, a key ion channel expressed by nociceptive neurons.3 34 Following
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deletion of neuronal GP130, another nociceptive ion channel, TRPAL is downregulated
resulting in reduced mechanonociception.2”- 3% Neuronal GP130 signaling increases
excitability of nociceptive neurons3®, and GP130 is upregulated in preclinical models of
visceral pain.22 In the dibutylin dichloride model of CP, a small molecule IL-6 receptor
antagonist ameliorates abdominal hypersensitivity by reducing sensitization of nociceptive
neurons.%8 Furthermore, a small molecule inhibitor LMT-28 that directly targets GP130
inhibits inflammation in the cerulein model of acute pancreatits.2® It remains unclear
whether the upregulation of GP130 levels that we observed in serum are directly correlated
with membrane expression of GP130. It is possible that circulating GP130 reflects shedding
from damaged glial, neuronal, and immune cells given that we observed significantly higher
GP130 levels in patients in the Mixed (neuropathic+nociceptive) pain group.

Elevated TGFB1 has been detected in patients with CP as well as rodent models of
spontaneous pancreatitis.l: 28: 5864 The importance of TGFB1 in CP has previously

been attributed to its roles in wounding healing and promoting fibrosis.”- 29 69 However,
application of TGFp1 to sensory neurons increases membrane excitability which is
mimicked by intrapancreatic infusion of TGF@1.36: 77. 78 peripheral TGFB1 is pro-
nociceptive through downregulation of voltage-gated potassium channels and depolarizing
resting membrane potential .36 77. 78 Further, TGFB1 reduces rheobase, prolongs action
potential duration and increases intracellular calcium in pancreas afferents. 36: 77. 78 Through
Cdk5 and TAK1/PKC pathways, TGFR1 drives sensitization of the nociceptive ion channel
TRPV1.62.63.73 |n the TNBS model of CP, neutralizing antibodies and small molecule
antagonists that target TGFB1 reduce somatic and visceral mechanical hypersensitivity.36:
77,78 Given the direct actions of TGFB1 signaling on nociceptive neuron excitability,

it makes sense that elevated TGFB1 in peripheral blood is associated with nociceptive
pain. Several antibodies and small molecule inhibitors targeting TGFp1 are in various
stages of development (NCT05350371, NCT00043706, NCT00781053, NCT00574613,
NCT00656825).17: 47, 48,65 However, whether these therapeutics ameliorate pain has yet
to be investigated.

As discussed previously, the PROMIS-PQ is subjective in nature and currently there are no
empirical methods to validate pain type in the context of pancreatitis.52 However, there is
biological evidence that supports the associations we detected between GP130 and TGFp1
and Mixed and Nociceptive subtypes of pain, respectively. Unfortunately, we did not detect
an association between a biomarker and the Neuropathic pain only group. This was likely
due to low statistical power, a result of the small sample size and the large number of
proteins we tested. The distribution of pain subtypes we observed is consistent with other
complex multifactorial pain conditions including the small percentage of subjects classified
as Neuropathic pain only. This makes biological sense given that pancreatitis is typically
associated with inflammation and tissue injury. Regardless, the PROMIS-PQ instruments
have not yet been applied to any CP populations outside of the PROCEED study so
independent studies of other patient populations are needed.

In conclusion, many of the analytes assessed in the current study have been shown to be
upregulated in other painful conditions as well as in preclinical pain models. We identified a
potential biomarker for the presence of pain (PDGFB) as well as two potentially important
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biomarkers GP130 and TGFp1 that correlate with specific subtypes of pain, Mixed and
Nociceptive subtypes of pain, respectively. Importantly, targeting GP130 or TGF1 in

animal models effectively reduces CP pain. Thus, as biologics and other pharmaceuticals
are developed that target GP130 or TGFp1, their efficacy for ameliorating CP pain should

be investigated in humans. However, use of these tools in combination with biomarker
assays and other things could inform selection criteria and improves chances for a successful
clinical trial for CP pain management.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Disclosures

This work was supported by grants from the National Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK): R21 DK122293 and K01 DK120737 (JLS). The National Cancer Institute (NCI) and NIDDK for the
Consortium for the Study of Chronic Pancreatitis, Diabetes, and Pancreatic Cancer (CPDPC) under award numbers:
U01DK108288 (Mayo Clinic), U01DK108300 (Stanford), U01DK108306 (University of Pittsburgh Medical
Center), U01DK108314 (Cedars-Sinai Medical Center), U01DK108323 (Indiana University), U01DK108326
(Baylor College of Medicine), U01DK108327 (The Ohio State University), U01DK108332 (Kaiser Permanente),
UO1DK108320 (University of Florida) and U01DK108328 (MD Anderson). The content is solely the responsibility
of the authors and does not necessarily represent the official views of the National Institutes of Health.

References

1. Adrych K, Smoczynski M, Stojek M, Sledzinski T, Korczynska J, Goyke E, Swierczynski J.
Coordinated increase in serum platelet-derived growth factor-BB and transforming growth factor-
betal in patients with chronic pancreatitis. Pancreatology. 11:434-440, 2011 [PubMed: 21921666]

2. Akita S, Kubota K, Kobayashi A, Misawa R, Shimizu A, Nakata T, Yokoyama T, Takahashi M,
Miyagawa S. Role of bone marrow cells in the development of pancreatic fibrosis in a rat model
of pancreatitis induced by a choline-deficient/ethionine-supplemented diet. Biochem Biophys Res
Commun. 420:743-749, 2012 [PubMed: 22465012]

3. Andratsch M, Mair N, Constantin CE, Scherbakov N, Benetti C, Quarta S, Vogl C, Sailer CA,
Uceyler N, Brockhaus J, Martini R, Sommer C, Zeilhofer HU, Muller W, Kuner R, Davis JB,
Rose-John S, Kress M. A key role for gp130 expressed on peripheral sensory nerves in pathological
pain. J Neurosci. 29:13473-13483, 2009 [PubMed: 19864560]

4. Askew RL, Cook KF, Keefe FJ, Nowinski CJ, Cella D, Revicki DA, Morgan DeWitt EM, Michaud
K, Trence DL, Amtmann D. A PROMIS Measure of Neuropathic Pain Quality. Value Health.
19:623-630, 2016 [PubMed: 27565279]

5. Barkai O, Puig S, Lev S, Title B, Katz B, Eli-Berchoer L, Gutstein HB, Binshtok AM. Platelet-
derived growth factor activates nociceptive neurons by inhibiting M-current and contributes to
inflammatory pain. Pain. 160:1281-1296, 2019 [PubMed: 30933959]

6. Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful
Approach to Multiple Testing. Journal of the Royal Statistical Society. Series B (Methodological).
57:289-300, 1995

7. Bottner M, Krieglstein K, Unsicker K. The transforming growth factor-betas: structure, signaling,
and roles in nervous system development and functions. Journal of neurochemistry. 75:2227-2240,
2000 [PubMed: 11080174]

8. Buchler M, Weihe E, Friess H, Malfertheiner P, Bockman E, Muller S, Nohr D, Beger HG. Changes
in peptidergic innervation in chronic pancreatitis. Pancreas. 7:183-192, 1992 [PubMed: 1372738]

9. Burton F, Alkaade S, Collins D, Muddana V, Slivka A, Brand RE, Gelrud A, Banks PA, Sherman
S, Anderson MA, Romagnuolo J, Lawrence C, Baillie J, Gardner TB, Lewis MD, Amann ST,

Lieb JG 2nd, O'Connell M, Kennard ED, Yadav D, Whitcomb DC, Forsmark CE, North American

J Pain. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saloman et al.

Page 10

Pancreatic Study G. Use and perceived effectiveness of non-analgesic medical therapies for chronic
pancreatitis in the United States. Aliment Pharmacol Ther. 33:149-159, 2011 [PubMed: 21083584]

10. Ceyhan GO, Bergmann F, Kadihasanoglu M, Altintas B, Demir IE, Hinz U, Muller MW, Giese T,
Buchler MW, Giese NA, Friess H. Pancreatic neuropathy and neuropathic pain--a comprehensive
pathomorphological study of 546 cases. Gastroenterology. 136:177-186 e171, 2009 [PubMed:
18992743]

11. Ceyhan GO, Demir IE, Rauch U, Bergmann F, Muller MW, Buchler MW, Friess H, Schafer
KH. Pancreatic neuropathy results in "neural remodeling" and altered pancreatic innervation in
chronic pancreatitis and pancreatic cancer. Am J Gastroenterol. 104:2555-2565, 2009 [PubMed:
19568227]

12. Ceyhan GO, Deucker S, Demir IE, Erkan M, Schmelz M, Bergmann F, Muller MW, Giese
T, Buchler MW, Giese NA, Friess H. Neural fractalkine expression is closely linked to pain
and pancreatic neuritis in human chronic pancreatitis. Lab Invest. 89:347-361, 2009 [PubMed:
19153557]

13. Clark AK, Malcangio M. Fractalkine/CX3CR1 signaling during neuropathic pain. Front Cell
Neurosci. 8:121, 2014 [PubMed: 24847207]

14. Di Sebastiano P, di Mola FF, Di Febbo C, Baccante G, Porreca E, Innocenti P, Friess H, Buchler
MW. Expression of interleukin 8 (IL-8) and substance P in human chronic pancreatitis. Gut.
47:423-428, 2000 [PubMed: 10940282]

15. Donica CL, Cui Y, Shi S, Gutstein HB. Platelet-derived growth factor receptor-beta antagonism
restores morphine analgesic potency against neuropathic pain. PLoS One. 9:e97105, 2014
[PubMed: 24820332]

16. Ebbinghaus M, Segond von Banchet G, Massier J, Gajda M, Brauer R, Kress M, Schaible HG.
Interleukin-6-dependent influence of nociceptive sensory neurons on antigen-induced arthritis.
Acrthritis Res Ther. 17:334, 2015 [PubMed: 26590032]

17. El-Kashef DH, Shaaban AA, EI-Agamy DS. Protective role of pirfenidone against experimentally-
induced pancreatitis. Pharmacol Rep. 71:774-781, 2019 [PubMed: 31376587]

18. Friess H, Lu Z, Riesle E, Uhl W, Brundler AM, Horvath L, Gold LI, Korc M, Buchler MW.
Enhanced expression of TGF-betas and their receptors in human acute pancreatitis. Ann Surg.
227:95-104, 1998 [PubMed: 9445116]

19. Friess H, Zhu ZW, di Mola FF, Kulli C, Graber HU, Andren-Sandberg A, Zimmermann A, Korc
M, Reinshagen M, Buchler MW. Nerve growth factor and its high-affinity receptor in chronic
pancreatitis. Ann Surg. 230:615-624, 1999 [PubMed: 10561084]

20. Fukumura Y, Kumasaka T, Mitani K, Karita K, Suda K. Expression of transforming growth factor
betal, beta2, and beta3 in chronic, cancer-associated, obstructive pancreatitis. Arch Pathol Lab
Med. 130:356-361, 2006 [PubMed: 16519564]

21. Gardner TB, Kennedy AT, Gelrud A, Banks PA, Vege SS, Gordon SR, Lacy BE. Chronic
pancreatitis and its effect on employment and health care experience: results of a prospective
American multicenter study. Pancreas. 39:498-501, 2010 [PubMed: 20118821]

22. Girard BM, Cheppudira BP, Malley SE, Schutz KC, May V, Vizzard MA. Increased expression
of interleukin-6 family members and receptors in urinary bladder with cyclophosphamide-induced
bladder inflammation in female rats. Front Neurosci. 5:20, 2011 [PubMed: 21373362]

23. Goodman CW, Brett AS. A Clinical Overview of Off-label Use of Gabapentinoid Drugs. JAMA
Intern Med. 179:695-701, 2019 [PubMed: 30907944]

24. Goodman CW, Brett AS. Gabapentinoids for Pain: Potential Unintended Consequences. Am Fam
Physician. 100:672-675, 2019 [PubMed: 31790179]

25. Hong SS, Choi JH, Lee SY, Park YH, Park KY, Lee JY, Kim J, Gajulapati V, Goo JI, Singh
S, Lee K, Kim YK, Im SH, Ahn SH, Rose-John S, Heo TH, Choi Y. A Novel Small-Molecule
Inhibitor Targeting the IL-6 Receptor beta Subunit, Glycoprotein 130. J Immunol. 195:237-245,
2015 [PubMed: 26026064]

26. Jacobsen HE, Khan AN, Levine ME, Filippi CG, Chahine NO. Severity of intervertebral disc
herniation regulates cytokine and chemokine levels in patients with chronic radicular back pain.
Osteoarthritis Cartilage. 28:1341-1350, 2020 [PubMed: 32653386]

J Pain. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saloman et al.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 11

Kalpachidou T, Malsch P, Qi Y, Mair N, Geley S, Quarta S, Kummer KK, Kress M. Genetic and
functional evidence for gp130/IL6ST-induced transient receptor potential ankyrin 1 upregulation in
uninjured but not injured neurons in a mouse model of neuropathic pain. Pain. 163:579-589, 2022
[PubMed: 34252913]

Kamath MG, Pai CG, Kamath A, Kurien A. Monocyte chemoattractant protein-1, transforming
growth factor-betal, nerve growth factor, resistin and hyaluronic acid as serum markers:
comparison between recurrent acute and chronic pancreatitis. Hepatobiliary & pancreatic diseases
international: HBPD INT. 15:209-215, 2016 [PubMed: 27020638]

Kihara Y, Tashiro M, Nakamura H, Yamaguchi T, Yoshikawa H, Otsuki M. Role of TGF-betal,
extracellular matrix, and matrix metalloproteinase in the healing process of the pancreas after
induction of acute necrotizing pancreatitis using arginine in rats. Pancreas. 23:288-295, 2001
[PubMed: 11590325]

Komar HM, Hart PA, Cruz-Monserrate Z, Conwell DL, Lesinski GB. Local and Systemic
Expression of Immunomodulatory Factors in Chronic Pancreatitis. Pancreas. 46:986-993, 2017
[PubMed: 28796136]

Kozak A, Talar-Wojnarowska R, Kaczka A, Borkowska A, Czupryniak L, Malecka-Panas E,
Gasiorowska A. Utility of different serum fibrosis markers in diagnosing patients with chronic
pancreatitis and pancreatic adenocarcinoma. World J Gastrointest Oncol. 8:635-641, 2016
[PubMed: 27574557]

Kriek N, Schreurs MWJ, Groeneweg JG, Dik WA, Tjiang GCH, Gultuna I, Stronks DL, Huygen F.
Spinal Cord Stimulation in Patients With Complex Regional Pain Syndrome: A Possible Target for
Immunomodulation? Neuromodulation. 21:77-86, 2018 [PubMed: 29064599]
Krzystek-Korpacka M, Neubauer K, Matusiewicz M. Platelet-derived growth factor-BB reflects
clinical, inflammatory and angiogenic disease activity and oxidative stress in inflammatory bowel
disease. Clin Biochem. 42:1602-1609, 2009 [PubMed: 19679116]

Langeslag M, Constantin CE, Andratsch M, Quarta S, Mair N, Kress M. Oncostatin M induces
heat hypersensitivity by gp130-dependent sensitization of TRPV1 in sensory neurons. Mol Pain.
7:102, 2011 [PubMed: 22196363]

Langeslag M, Malsch P, Welling A, Kress M. Reduced excitability of gp130-deficient nociceptors
is associated with increased voltage-gated potassium currents and Kcna4 channel upregulation.
Pflugers Archiv : European journal of physiology. 466:2153-2165, 2014 [PubMed: 24463703]

Liu L, Zhu Y, Noe M, Li Q, Pasricha PJ. Neuronal Transforming Growth Factor beta Signaling
via SMAD3 Contributes to Pain in Animal Models of Chronic Pancreatitis. Gastroenterology.
154:2252-2265 2252, 2018 [PubMed: 29505748]

Lopez-Bellido R, Puig S, Huang PJ, Tsai CR, Turner HN, Galko MJ, Gutstein HB. Growth Factor
Signaling Regulates Mechanical Nociception in Flies and Vertebrates. J Neurosci. 39:6012-6030,
2019 [PubMed: 31138657]

Maes M, Libbrecht I, Van Hunsel F, Lin AH, De Clerck L, Stevens W, Kenis G, de Jongh

R, Bosmans E, Neels H. The immune-inflammatory pathophysiology of fibromyalgia: increased
serum soluble gp130, the common signal transducer protein of various neurotrophic cytokines.
Psychoneuroendocrinology. 24:371-383, 1999 [PubMed: 10341365]

Malsch P, Andratsch M, Vogl C, Link AS, Alzheimer C, Brierley SM, Hughes PA, Kress

M. Deletion of interleukin-6 signal transducer gp130 in small sensory neurons attenuates
mechanonociception and down-regulates TRPA1 expression. J Neurosci. 34:9845-9856, 2014
[PubMed: 25057188]

Manjari KS, Jyothy A, Vidyasagar A, Prabhakar B, Nallari P, Venkateshwari A. Matrix
metalloproteinase-9, transforming growth factor-betal, and tumor necrosis factor-alpha plasma
levels in chronic pancreatitis. Indian J Gastroenterol. 32:103-107, 2013 [PubMed: 23408257]
Miyauchi T, Tokura T, Kimura H, 1to M, Umemura E, Sato Boku A, Nagashima W, Tonoike

T, Yamamoto Y, Saito K, Kurita K, Ozaki N. Effect of antidepressant treatment on plasma

levels of neuroinflammation-associated molecules in patients with somatic symptom disorder with
predominant pain around the orofacial region. Hum Psychopharmacol. 34:€2698, 2019 [PubMed:
31125145]

Mullady DK, Yadav D, Amann ST, O'Connell MR, Barmada MM, Elta GH, Scheiman JM,
Wamsteker EJ, Chey WD, Korneffel ML, Weinman BM, Slivka A, Sherman S, Hawes RH, Brand

J Pain. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saloman et al.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Page 12

RE, Burton FR, Lewis MD, Gardner TB, Gelrud A, DiSario J, Baillie J, Banks PA, Whitcomb DC,
Anderson MA. Type of pain, pain-associated complications, quality of life, disability and resource
utilisation in chronic pancreatitis: a prospective cohort study. Gut. 60:77-84, 2011 [PubMed:
21148579]

Narita M, Usui A, Narita M, Niikura K, Nozaki H, Khotib J, Nagumo Y, Yajima Y, Suzuki

T. Protease-activated receptor-1 and platelet-derived growth factor in spinal cord neurons are
implicated in neuropathic pain after nerve injury. J Neurosci. 25:10000-10009, 2005 [PubMed:
16251448]

Nowinski CJ, Cella D, Revicki DA, Amtmann D, Michaud DS, Kallen MA, Askew RL. (302.2)
Development of the PROMIS Nocieceptive Pain Scale. Qual Life Res. 24:65-66, 2015

Nusrat S, Yadav D, Bielefeldt K. Pain and opioid use in chronic pancreatitis. Pancreas. 41:264—
270, 2012 [PubMed: 21792080]

Olesen SS, Juel J, Nielsen AK, Frokjaer JB, Wilder-Smith OH, Drewes AM. Pain severity reduces
life quality in chronic pancreatitis: Implications for design of future outcome trials. Pancreatology.
14:497-502, 2014 [PubMed: 25455540]

Palathingal Bava E, George J, lyer S, Sahay P, Tarique M, Jain T, Vaish U, Giri B, Sharma P, Saluja
AK, Dawra RK, Dudeja V. Pirfenidone ameliorates chronic pancreatitis in mouse models through
immune and cytokine modulation. Pancreatology. 22:553-563, 2022 [PubMed: 35570091]

Palathingal Bava E, George J, Tarique M, lyer S, Sahay P, Gomez Aguilar B, Edwards DB, Giri
B, Sethi V, Jain T, Sharma P, Vaish U, HK CJ, Ferrantella A, Maynard CL, Saluja AK, Dawra
RK, Dudeja V. Pirfenidone increases IL-10 and improves acute pancreatitis in multiple clinically
relevant murine models. JCI Insight. 7, 2022

Pavan Kumar P, Radhika G, Rao GV, Pradeep R, Subramanyam C, Talukdar R, Reddy DN,
Sasikala M. Interferon gamma and glycemic status in diabetes associated with chronic pancreatitis.
Pancreatology. 12:65-70, 2012 [PubMed: 22487478]

Poulsen JL, Olesen SS, Malver LP, Frokjaer JB, Drewes AM. Pain and chronic pancreatitis: a
complex interplay of multiple mechanisms. World J Gastroenterol. 19:7282-7291, 2013 [PubMed:
24259959]

Robinson SM, Rasch S, Beer S, Valantiene I, Mickevicius A, Schlaipfer E, Mann J, Maisonneuve
P, Charnley RM, Rosendahl J. Systemic inflammation contributes to impairment of quality of life
in chronic pancreatitis. Sci Rep. 9:7318, 2019 [PubMed: 31086257]

Saloman JL, Conwell DL, Fogel E, Vege SS, Li L, Li S, Andersen DK, Fisher WE, Forsmark CE,
Hart PA, Pandol SJ, Park WG, Phillips AE, Topazian M, Van Den Eeden SK, Serrano J, Yadav
D, Consortium for the Study of Chronic Pancreatitis D, Pancreatic C. Characterizing mechanism-
based pain phenotypes in patients with chronic pancreatitis: a cross-sectional analysis of the
PROspective Evaluation of Chronic Pancreatitis for EpidEmiologic and Translational StuDies.
Pain. 164:375-384, 2023 [PubMed: 36149018]

Saloman JL, Tang G, Stello KM, Hall KE, Wang X, AlKaade S, Banks PA, Brand RE,

Conwell DL, Cote GA, Forsmark CE, Gardner TB, Gelrud A, Lewis MD, Sherman S, Slivka A,
Whitcomb DC, Yadav D, consortium N. Serum biomarkers for chronic pancreatitis pain patterns.
Pancreatology. 2021

Sansone RA, Sansone LA. Pain, pain, go away: antidepressants and pain management. Psychiatry
(Edgmont). 5:16-19, 2008

Serrano J, Andersen DK, Forsmark CE, Pandol SJ, Feng Z, Srivastava S, Rinaudo JAS, Consortium
for the Study of Chronic Pancreatitis D, Pancreatic C. Consortium for the Study of Chronic
Pancreatitis, Diabetes, and Pancreatic Cancer: From Concept to Reality. Pancreas. 47:1208-1212,
2018 [PubMed: 30325859]

Sri Manjari K, Nallari P, Vidyasagar A, Jyothy A, Venkateshwari A. Plasma TGF-betal, MMP-1
and MMP-3 Levels in Chronic Pancreatitis. Indian J Clin Biochem. 27:152-156, 2012 [PubMed:
23542130]

Stojek M, Adrych K, Rojek L, Smoczynski M, Sledzinski T, Szrok S, Swierczynski J. Decreased
serum platelet derived growth factor BB levels in acute and increased in chronic pancreatitis.
World J Gastroenterol. 20:13127-13132, 2014 [PubMed: 25278706]

J Pain. Author manuscript; available in PMC 2024 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Saloman et al.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Page 13

Su SB, Motoo Y, Xie MJ, Miyazono K, Sawabu N. Expression of transforming growth factor-beta
in spontaneous chronic pancreatitis in the WBN/Kab rat. Dig Dis Sci. 45:151-159, 2000 [PubMed:
10695628]

Szuster-Ciesielska A, Daniluk J, Kandefer-Zerszen M. Serum levels of cytokines in alcoholic

liver cirrhosis and pancreatitis. Arch Immunol Ther Exp (Warsz). 48:301-307, 2000 [PubMed:
11059648]

Talar-Wojnarowska R, Gasiorowska A, Smolarz B, Romanowicz-Makowska H, Kulig A, Malecka-
Panas E. Clinical significance of interleukin-6 (IL-6) gene polymorphism and IL-6 serum level

in pancreatic adenocarcinoma and chronic pancreatitis. Dig Dis Sci. 54:683-689, 2009 [PubMed:
18661238]

Toma H, Winston JH, Micci MA, Li H, Hellmich HL, Pasricha PJ. Characterization of the
neurotrophic response to acute pancreatitis. Pancreas. 25:31-38, 2002 [PubMed: 12131768]
Utreras E, Keller J, Terse A, Prochazkova M, ladarola MJ, Kulkarni AB. Transforming growth
factor-betal regulates Cdk5 activity in primary sensory neurons. J Biol Chem. 287:16917-16929,
2012 [PubMed: 22451679]

Utreras E, Prochazkova M, Terse A, Gross J, Keller J, ladarola MJ, Kulkarni AB. TGF-betal
sensitizes TRPV1 through Cdk5 signaling in odontoblast-like cells. Mol Pain. 9:24, 2013
[PubMed: 23668392]

van Laethem JL, Deviere J, Resibois A, Rickaert F, \ertongen P, Ohtani H, Cremer M, Miyazono
K, Robberecht P. Localization of transforming growth factor beta 1 and its latent binding protein in
human chronic pancreatitis. Gastroenterology. 108:1873-1881, 1995 [PubMed: 7768393]

Vanderwall AG, Milligan ED. Cytokines in Pain: Harnessing Endogenous Anti-Inflammatory
Signaling for Improved Pain Management. Front Immunol. 10:3009, 2019 [PubMed: 31921220]

Vardanyan M, Melemedjian OK, Price TJ, Ossipov MH, Lai J, Roberts E, Boos TL, Deschamps
JR, Jacobson AE, Rice KC, Porreca F. Reversal of pancreatitis-induced pain by an orally available,
small molecule interleukin-6 receptor antagonist. Pain. 151:257-265, 2010 [PubMed: 20599324]

Vaughan B, Chase B, Hickey J, Tassoulas M, Weston H, Fitzgerald K, Fleischmann M,

Mulcahy J, Austin P. PROMIS Neuropathic and Nociceptive Pain Quality in Musculoskeletal

Pain Presentations. Clin J Pain. 37:639-647, 2021 [PubMed: 34183533]

Vipperla K, Kanakis A, Slivka A, Althouse AD, Brand RE, Phillips AE, Chennat J, Papachristou
Gl, Lee KK, Zureikat AH, Whitcomb DC, Yadav D. Natural course of pain in chronic pancreatitis
is independent of disease duration. Pancreatology. 21:649-657, 2021 [PubMed: 33674197]
Vogelmann R, Ruf D, Wagner M, Adler G, Menke A. Effects of fibrogenic mediators on

the development of pancreatic fibrosis in a TGF-betal transgenic mouse model. Am J Physiol
Gastrointest Liver Physiol. 280:G164-172, 2001 [PubMed: 11123210]

Wang Y, Barker K, Shi S, Diaz M, Mo B, Gutstein HB. Blockade of PDGFR-beta activation
eliminates morphine analgesic tolerance. Nat Med. 18:385-387, 2012 [PubMed: 22344297]
Wiffen PJ, D S, Bell RF, Rice AS, Télle TR, P T, Moore RA. Gabapentin for chronic neuropathic
pain in adults. Cochrane Database Syst Rev. 6:CD007938, 2017 [PubMed: 28597471]

Wilcox CM, Yadav D, Ye T, Gardner TB, Gelrud A, Sandhu BS, Lewis MD, Al-Kaade S, Cote
GA, Forsmark CE, Guda NM, Conwell DL, Banks PA, Muniraj T, Romagnuolo J, Brand RE,
Slivka A, Sherman S, Wisniewski SR, Whitcomb DC, Anderson MA. Chronic pancreatitis pain
pattern and severity are independent of abdominal imaging findings. Clin Gastroenterol Hepatol.
13:552-560; quiz €528-559, 2015 [PubMed: 25424572]

Xu Q, Zhang XM, Duan KZ, Gu XY, Han M, Liu BL, Zhao ZQ, Zhang YQ. Peripheral TGF-betal
signaling is a critical event in bone cancer-induced hyperalgesia in rodents. J Neurosci. 33:19099-
19111, 2013 [PubMed: 24305807]

Yadav D, Askew RL, Palermo T, Li L, Andersen DK, Chen M, Fisher WE, Fogel EL, Forsmark
CE, Hart PA, Othman MO, Pandol SJ, Park WG, Topazian MD, Van Den Eeden SK, Vege SS,
Yang Y, Serrano J, Conwell DL, Consortium for the Study of Chronic Pancreatitis D, Pancreatic C.
Association of Chronic Pancreatitis Pain Features With Physical, Mental, and Social Health. Clin
Gastroenterol Hepatol. Preprint. Posted Online Oct 1, 2022., 10.1016/j.cgh.2022.09.026

Yadav D, Park WG, Fogel EL, Li L, Chari ST, Feng Z, Fisher WE, Forsmark CE, Jeon CY,
Habtezion A, Hart PA, Hughes SJ, Othman MO, Rinuado JA, Pandol SJ, Tirkes T, Serrano

J Pain. Author manuscript; available in PMC 2024 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Saloman et al.

76.

77.

78.

79.

Page 14

J, Srivastava S, Van Den Eeden SK, Whitcomb DC, Topazian M, Conwell DL, on behalf of

the Consortium for the Study of Chronic Pancreatitis D, and Pancreatic Cancer. PROspective
Evaluation of Chroinc Pancreatitis for EpidEmiologic and Translational StuDies. Pancreas. 2018
Yasuda M, Ito T, Oono T, Kawabe K, Kaku T, Igarashi H, Nakamura T, Takayanagi R. Fractalkine
and TGF-betal levels reflect the severity of chronic pancreatitis in humans. World J Gastroenterol.
14:6488-6495, 2008 [PubMed: 19030200]

Zhang X, Zheng H, Zhu HY, Hu S, Wang S, Jiang X, Xu GY. Acute Effects of Transforming
Growth Factor-betal on Neuronal Excitability and Involvement in the Pain of Rats with Chronic
Pancreatitis. J Neurogastroenterol Motil. 22:333-343, 2016 [PubMed: 26645248]

Zhu'Y, Colak T, Shenoy M, Liu L, Mehta K, Pai R, Zou B, Xie XS, Pasricha PJ. Transforming
growth factor beta induces sensory neuronal hyperexcitability, and contributes to pancreatic pain
and hyperalgesia in rats with chronic pancreatitis. Mol Pain. 8:65, 2012 [PubMed: 22963239]
Zhu ZW, Friess H, Wang L, Zimmermann A, Buchler MW. Brain-derived neurotrophic factor
(BDNF) is upregulated and associated with pain in chronic pancreatitis. Dig Dis Sci. 46:1633—
1639, 2001 [PubMed: 11508661]

J Pain. Author manuscript; available in PMC 2024 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Saloman et al.

Page 15

Highlights
Painful chronic pancreatitis is associated with higher serum PDGFB
Serum biomarkers may dissociate subtypes of chronic pancreatitis pain
Serum TGFp1 is higher in those with nociceptive chronic pancreatitis pain

Serum GP130 is higher in those with mixed-type chronic pancreatitis pain
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Figure 1. Subject selection.
The number of subjects were selected based on availability of serum and power analyses.
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Figure 3. Serum biomarker expression by pain subtype.

A) TGFB1 is significantly higher in the nociceptive CP group compared to the no pain

CP group. B) Circulating GP130 is significantly higher than no pain or pain without a

neuropathic component. The middle line of the boxplots represent mean, and the upper and

lower lines of the boxes are 75% and 25% quantiles.
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Table 1.

Descriptive statistics of the study population (n=358)

Age (years) — median (interquartile range) 55 (45, 63)
Gender - n (%)
Female 183 (51)
Male 175 (49)
Race
Black 23 (6)
Other 30 (8)
White 305 (85)
Ethnicity
Hispanic 9(3)
Non-Hispanic 349 (97)
BMI (kg/m?) 24(21,28)
Education
High-school or less 127 (36)
Some training after high-school, including associate degree or some college 133 (37)
Bachelor’s degree, Graduate school or Other 98 (27)
Alcohol Etiology
Yes 157 (44)
No 201(56)
Alcohol use
Never 46 (13)
Past 233 (65)
Current 78 (22)
Tobacco use
Never 90 (25)
Past 108 (30)
Current 160 (45)
Ever had acute pancreatitis 273 (81)%
Pancreatitis duration (years) 5(2, 12)?
Exocrine pancreatic dysfunction present 155 (66)123
Diabetes present 150 (43)11
Prior Endoscopic therapy 216 (61)°
Calcification(s) present 280 (79)?
Pancreas size on imaging
<7mm 51 (14)5
7-14mm 155 (44)
>14mm 147 (42)
Pancreatic duct dilation present 281 (80)°
Pancreatic duct stricture present 177 (50)°

Median (25th and 75th quantiles) is reported for continuous variables.
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Count (percentage) is reported for categorical variables.

Superscripts in the first row of each variable indicate the missing value counts, which are excluded from the percentage calculation.
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Table 2.
Analytes Assessed In Serum from CP Patients

Analyte Abbreviation References
Interleukin 1beta IL-1B 30,52
Interleukin 4 IL-4 30,52
Interleukin 6 IL-6 52,58
Interleukin 8 IL-8 52,58
Interleukin 10 IL-10 14,30, 52, 58
Interferon gamma IFNy 48
Tumor necrosis factor alpha TNFa 40,52,58
Transforming growth factor beta 1 TGFp1 28,31, 40, 55, 75
Transforming growth factor beta 2 TGFB2 18,20
Platelet Derived Growth Factor B PDGF-B 56
Neurotrophin 3 NT-3 60
Nerve growth factor NGF 19,28
Brain derived neurotrophic factor BDNF 8
Monocyte chemoattractant protein1 ~ MCP1 (CCL2) 28,52
Fractalkine Fractalkine (CX3CL1) 12,13,31
Resistin Resistin 28
Glycoprotein 130 GP130 [3, 16, 35] 38
Calcitonin gene related peptide CGRP 8,52
Substance P SP 8

*
references refer to preclinical studies
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Table 3.
PROMIS-PQ Scoring Rubric for Pain Group Assignment

Nociceptive  Neuropathic Mixed Unclassified

PROMIS Nociceptive Pain Quality T-Score T=50 T <50 T=50 T<50
PROMIS Neuropathic Pain Quality T-score T <50 T=50 T=50 T<50
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Table 4.

Regression models on the univariate association between each biomarker and the presence or absence of pain
among CP patients.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Continuous biomarker  Coefficient 95% CI p-value” FDR
TGFR1 3.58 0.94,6.22 0.0079 0.0747
TGFR2 10.45 -4.62,25.51 0.1741 0.3307
BDNF 136.10 -54.25,326.45  0.1611 0.3307
GP130 2.85 -0.26, 5.96 0.0727 0.3307
Resistin 6.58 -2.42,15.59 0.1520 0.3307

Fractalkine 0.10 -0.05, 0.25 0.2122 0.3666
MCP1 0.15 0.02,0.29 0.0259 0.1640

PDGFB 0.26 0.10,0.43 0.0016  (.305**
NGF 0.17 -1.58,1.93 0.8481 0.9319
NT-3 0.19 -2.37,2.76 0.8828 0.9319
TNFa -0.07 -1.82,1.67 0.9332 0.9332
IFNy 0.57 -2.28,3.43 0.6934 0.8783
IL-6 2.09 -0.60, 4.77 0.1277 0.3307
IL-8 0.63 -1.59,2.85 0.5796 0.7866
Dichotomized biomarker  Odds ratio 95% CI p-value® FDR
IL-1B 2.53 0.32,19.71 0.3762  0.5956
IL-4 1.59 0.902.81 0.1103 0.3307
IL-10 1.08 0.61,1.90 0.7873 0.9319
CGRP 0.78 0.40,1.51 0.4571 0.6681
SP 1.61 0.91,2.86 0.1023 0.3307

*
The p-value is from a test of the difference in mean biomarker between the presence and absence of pain.

Ak
Statistically significant at a critical value of 0.05

CI: confidence interval FDR: false discovery rate adjusted p-value

Effect size is quantified as the regression coefficient for continuous biomarkers, which measures the mean difference in the biomarker between the
pain groups and as the odds ratio for dichotomized biomarkers, which is the odds of having the biomarker among patients with pain divided by the

odds of having the biomarker among patients without pain.
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Table 5.

Regression models on the association between putative biomarkers and presence or absence of pain adjusting
for covariates

Continuous biomarker  Coefficient 95% ClI p-value”
TGFB1 2.28 -0.77,5.33 0.1427

TGFR2 14.94 -2.36,32.24 0.0905

BDNF -46.44 -260.58,167.69  0.6708

GP130 4.45 0.93,7.97 0.0131

Resistin 7.83 -2.54,18.20 0.1388

MCP1 0.23 0.08,0.38 0.0032

PDGFB 0.28 0.09, 0.47 0.0044

IL-6 2.08 -0.90, 5.07 0.1708
Dichotomized biomarker — Odds ratio 95% ClI p-value”
IL-4 1.09 0.93,1.28 0.3090

SP 1.08 0.92,1.26 0.3383

*

p-value from the regression models including covariates: etiology, pancreatitis duration, diabetes, pancreas duct stricture, gender, BMI, weight,
age, prior acute pancreatitis and recurrent acute pancreatitis attacks. This analysis only includes putative biomarkers whose p-value from the
regression analysis without covariate adjustment was greater than 0.2. The interpretation of the reported coefficient and odds ratio as measures of
the effect size is the same as in Table 4, except that they are conditional on covariates here.
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Putative biomarkers in various pain subtypes among CP patients
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No Pain Neuropathic  Nociceptive Mixed Unclassified Without With
(n=57) (n=17) (n=123) (n=095) (n=66) covariate covariate
adjustment adjustment
. FDR p-value#
value

TGFp1 2522(893) * 2748(917) 27.25(962)  30.26(884)  3165(1207) 00041 (gg61** 00416
TGFpB2 91.09 (39.64) 98.73 (57.86) 98.00 (58.08) 104.92 (53.10) 106.41 (49.21) 0.5543  0.7021 -
BDNF 786 (764) 928 (593) 786 (558) 973 (717) 1051 (809)  0.2008  0.5207 -

GP130 30.13(9.16)  36.01(13.56)  31.02 (8.75) 31.54 (9.64) 34.01(14.21) 0.0048 (4617 0.0007
Resistin 47.77 (24.67) 55.95(30.99) 49.87 (28.80) 56.04(37.33)  50.69 (24.97) 0.3865  0.5648 -

Fractalkine 9.27 (0.43) 9.37 (0.51) 9.48 (0.64) 9.29 (0.50) 9.49 (0.67) 0.1068 0.4057 0.3757
MCP1 5.80 (0.59) 5.97 (0.43) 5.94 (0.46) 5.94 (0.46) 6.04 (0.56) 02192  0.5207 -

PDGFB 9.92(0.62)  10.14(0.64) 10.18(0.61)  10.20(0.48)  10.36(0.67)  0.0186  0.1180 0.2256
NGF 0.99 (5.75) 1.56 (5.45) -0.12 (6.69) 1.66 (6.49) 0.39 (7.16) 0.3629 0.5648 -

NT-3 -156(9.39) -0.48(9.50) -3.36(8.85)  —1.40(8.77) 1.69(7.13) 01927  0.5207 0.0345
TNFa 11.18(5.27)  11.69(548) 10.38(7.70)  11.01(6.01) 11.32(7.13) 07705  0.8790 -

IFNy 18.04 (11.67)  18.03(8.34) 19.10(10.78)  18.83(9.87) 1852 (12.45) 009538  0.9538

IL-6 2.71(7.34)  5.29(10.80)  3.25(10.48) 5.16 (8.65) 5.44(9.83) 03342  0.5648 -

IL-8 21.39(5.70)  23.19(8.41)  19.63(8.18)  22.29(8.00)  22.83(6.84)  0.0621  0.2949 0.0006
IL-1B (<1) 56 (98.25%)  92(96.84%) 63 (95.45%) 117 (95.12%) 16 (94.12%)  0.7865  0.8790 -
IL-4 (<0.06)  31(54.39%) 40 (42.11%) 34 (51.52%) 48 (39.02%) 7(41.18%)  0.2532  0.5345 -
IL-10 (<0.28) 28 (49.12%) 48 (50.53%) 29 (43.94%) 57 (46.34%) 8(47.06%)  0.9368  0.9538 -
CGRP (=0)  13(22.81%) 23(24.21%) 15(22.73%) 39 (31.71%) 6(35.29%)  0.4825  0.6548 -
SP (=0) 26 (45.61%) 30 (31.58%) 21 (31.82%) 44 (35.77%) 8 (47.06%)  0.3429  0.5648 -

*
mean (sd)

*ok

statistically significant at a critical value of 0.05

co-variates included in the ANOVA are etiology, pancreatitis duration, diabetes, pancreas duct stricture, gender, BMI, weight, age, prior acute

pancreatitis and recurrent acute pancreatitis attacks.
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