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Abstract: Rheumatoid arthritis (RA) is a debilitating, chronic, inflammatory, autoimmune disease
associated with cachexia. The substitutive therapy of gut hormone ghrelin has been pointed at as
a potential countermeasure for the management of metabolic and inflammatory complications in
RA. The recent discovery of liver-expressed antimicrobial peptide 2 (LEAP2) as an endogenous
inverse agonist/antagonist of the ghrelin receptor makes feasible the development of a more rational
pharmacological approach. This work aimed to assess the serum LEAP2 levels, in a cohort of RA
patients, in comparison with healthy individuals and determine its correlation with inflammatory
parameters. LEAP2 levels were determined by a commercial ELISA kit, plasma C-reactive protein
(CRP) levels were evaluated using immunoturbidimetry, and serum levels of inflammatory mediators,
namely IL-6, IL-8, IL-1β, MIP1α, MCP1, and LCN2, were measured by XMap multiplex assay. LEAP2
serum levels were significantly increased in RA patients (n = 101) compared with control subjects
(n = 26). Furthermore, the LEAP2 levels significantly correlated with CRP and inflammatory cytokines,
but not with BMI. These data reveal LEAP2 as a new potential RA biomarker and indicated the
pharmacological control of LEAP2 levels as a novel approach for the treatment of diseases with
alterations on the ghrelin levels, such as rheumatoid cachexia.
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1. Introduction

Rheumatoid arthritis (RA) is a debilitating, chronic, inflammatory, autoimmune disease associated
with clinical morbidity and mortality, thus having a high socioeconomic impact. It is primarily
characterized by the destruction of joint cartilage and bone but is also correlated with an extra-articular
manifestation and/or comorbidities, such as rheumatoid cachexia and an increased risk of cardiovascular
complications [1]. RA-associated persistent inflammation, combined with reduced physical activity,
results in systemic muscle atrophy, prostration, and muscle wasting, whereas dysfunctional fat mass is
maintained, which leads to an abnormal metabolic state called rheumatoid cachexia [2]. Since cachexia
underlies increased mortality, early and effective therapeutic approaches are urgently required to
prevent metabolic dysregulations in RA patients. Accumulating data suggests that inflammation
can modulate the secretion and action of gut hormones, which regulate not only appetite, nutrition,
energy expenditure, and body mass formation, but also the immune system through interaction with
proinflammatory cytokines [3]. Thus, further knowledge of the pathophysiological implications of
gut hormones is of relevance to diagnosis and clinical management of metabolic and inflammatory
complications in RA.

Ghrelin is primarily a stomach-derived hormone identified as the endogenous ligand of growth
hormone secretagogue receptor 1a (GHSR1a). This orexigenic gut hormone stimulates food intake
and adiposity, but it has also emerged as a regulator of glucose metabolism, gut motility, reward
behaviour, and the immune system, as well as bone and cartilage metabolism, proliferation, and
differentiation [4]. RA patients evidenced decreased levels of plasma ghrelin compared with healthy
controls [5] and some studies indicated that anti-TNFα therapy transiently augments the levels of
this gut hormone [6]. Ghrelin plasma levels are also diminished after induction of inflammation
in Freund’s complete adjuvant-induced arthritis in rats and are recovered at day 15, accompanied
by a regain of body weight [5]. Osteoblastic cells expressed both GHSR1a and ghrelin, which was
pointed to stimulate bone formation through induction of cell proliferation and differentiation, with
enhanced mineralization of bone matrix [7]. In cartilage, ghrelin is localized in proliferative and
maturation zones and seems to regulate chondrocyte metabolism and biosynthesis of eicosanoids,
thus limiting the synthesis of inflammatory prostaglandins and/or leukotrienes [8]. Chondrocytes
also expressed ghrelin O-acyltransferase (GOAT), which catalyzed n-octanoyl ghrelin modification,
which is necessary for its binding to the GHSR1a [7]. More recently, ghrelin was evidenced to inhibit
chondrocytes apoptosis, down-regulate metalloproteinases, and inflammatory cytokines expression
and to maintain matrix components expression, leading to the blockage of cartilage degeneration via
interaction with GHSR1a [9]. Altogether, these data indicated the protective role of ghrelin in bone
and cartilage, thus suggesting the ghrelin system as a potential therapeutic target to RA-associated
cachexia and inflammation.

The ghrelin system was considered of high promise in its therapeutic potential in diseases such as
obesity, anorexia, or systemic inflammation. These expectations appear only to be fulfilled in cancer
cachexia where an administration of ghrelin agonists appears to be of significant clinical benefit [10,11].
Accordingly, liver-expressed antimicrobial peptide 2 (LEAP2), initially known by its role in the innate
immune response through disruption of bacterial membrane integrity, was recently identified as the
first endogenous GHSR1a ligand with inverse agonist/antagonist properties [12]. LEAP2 blocks the
ghrelin-mediated effects, including GHSR1a activation, GH release, food intake, and the maintenance
of viable glucose levels during chronic caloric restriction [12]. Moreover, circulating LEAP2 levels are
augmented with blood glucose and body mass, and reduced with fasting, in opposition to ghrelin [13].
Therefore, LEAP2 seems to act as a negative feedback regulatory mechanism to ghrelin-induced
GHSR1a activation. Knowledge regarding LEAP2 levels in different disease states linked to alterations
in the ghrelin system is eagerly awaited since it will allow us to better understand their physiopathology
and to improve its targeting, agonist vs antagonist, from a therapeutic point of view. Therefore, we
decided to assess the levels of the recently identified endogenous GHSR1a inhibitor LEAP2 in RA
patients compared to healthy individuals.
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The present study aimed to assess the levels of the recently identified endogenous GHSR1a inhibitor
LEAP2 in RA patients compared to healthy individuals. This is the first evidence showing increased
LEAP2 serum levels in RA patients, which were correlated with inflammatory mediators, such
as C-reactive protein (CRP), interleukin (IL)-6, IL-8, monocyte chemoattractant protein (MCP)-1,
and lipocalin (LCN)-2. These results reveal LEAP2 as a potential new biomarker of disease
activity and pointed out the LEAP2/ghrelin system as a pharmacological and/or preventive target in
rheumatoid arthritis.

2. Materials and Methods

2.1. Patients

One hundred and one patients (77 female and 24 male) with an RA diagnosis according to
2010 ACR/EULAR classification criteria (mean age of 54.20 ± 1.449 and BMI of 28.08 ± 0.6249) were
enrolled in this study. Of them, 24 patients received no treatment (29.2%) or were being treated with
conventional synthetic disease-modifying anti-rheumatic drugs (DMARDs) (45.8%), nonsteroidal
anti-inflammatory drugs (NSAIDs) (20.8%), corticosteroids (8.3%), opioids (8.3%), or a combination
of these drugs. Fourteen RA-treated patients received anti-TNF therapy (85.7% with Adalimumab
and 14.3% with Etanercept). Twenty-six healthy individuals with a mean age of 35.08 ± 2.91 and a
BMI of 23.27 ± 0.61 were used as controls. Informed consent was obtained from patients and controls
according to the declaration of Helsinki; the study was approved by the Galician Ethical Committee
of Clinical Investigation (approved with n◦ 2014/310). Blood samples were processed and used for
human LEAP2 and inflammatory mediators’ determination.

2.2. Determination of Serum LEAP2 Levels

Serum LEAP2 levels were determined by a commercial enzyme-linked immunosorbent assay
(ELISA) kit (Human LEAP2 [38–77] ELISA kit, Phoenix Pharmaceuticals, Inc) according to the
manufacturer’s instructions. Intra-assay and inter-assay variation coefficients were <10% and <15%,
respectively. The concentration of circulating LEAP2 (ng/mL) was measured in duplicate for each
participant and calculated based on the standard curve generated by the addition of known amounts
of human LEAP2. This kit has been previously validated by others [13].

2.3. Determination of Serum Inflammatory Mediators

Plasma CRP levels were determined using immunoturbidimetry and measured using a Siemens
Advia 2400 analyzer (Siemens AG, Munich, Germany). Serum levels of IL6, IL8, IL1β, MIP1α, MCP1,
and LCN2 were evaluated by BioPlex Pro human cytokine (Biorad, Hercules, CA) assay. Data were
analyzed with the Bioplex Manager 6.1 software generating a 5-parameter logistic curve fit.

2.4. Statistical Analysis

GraphPad Prism 8 (GraphPad Software, San Diego, California, USA) was used for statistical tests.
The non-parametric testing between two unpaired groups was performed using the Wilcoxon–Mann–
Whitney test. Correlations were determined by Spearman’s correlation coefficient for data which did
not follow a normal distribution. Data are expressed as means ± S.E.M, and significance was assumed
at P < 0.05.

3. Results

Our RA patient recruited cohort (Table 1) was non-obese and predominantly female, with a mean
age of 54.20 ± 1.449 years. BMI determination indicated a moderate overweight trend (BMI range of
25–29.9) among RA patients compared to a normal weight control population (BMI range of 18.5–24.9),
according to the World Health Organization (WHO) classification. Moreover, RA patients demonstrated
a statistically significant increase in plasma CRP levels, compared with healthy control individuals.
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Table 1. Anthropometric and laboratory characteristics of the studied groups.

Parameters Control Population
(n = 26; 13 female, 13 male)

Rheumatoid Arthritis (RA) Patients
(n = 101; 77 female, 24 male)

Age (years)
male 32.77 ± 2.595
female 37.38 ± 5.25
total 35.08 ± 2.906

male 55.33 ± 2.907
female 53.84 ± 1.679

total 54.20 ± 1.449 ***

BMI (Kg/m2)
male 25.34 ± 0.7835
female 21.2 ± 0.49.39
total 23.27 ± 0.6142

male 27.98 ± 1.106
female 28.11 ± 0.7456

total 28.08 ± 0.6249 ***

CRP (mg/L)
male 1.56 ± 0.7076

female 6.715 ± 4.529
total 4.138 ± 2.304

male 9.519 ± 4.382
female 7.162 ± 1.093

total 7.722 ± 1.324 ***

Liver enriched antimicrobial peptide 2
(LEAP2) (ng/mL)

male 3.356 ± 0.4130
female 2.738 ± 0.2257
total 3.047 ± 0.2387

male 7.395 ± 1.692
female 7.751 ± 0.8959

total 7.666 ± 0.7885 ***

*** p < 0.001.

RA patients also showed a significant increase in LEAP2 serum levels compared with healthy
control subjects (Figure 1a). Similar values were found for males and females; thus, gender is declined
as a confounding factor (Table 1). Furthermore, a possible interference of age factor was excluded,
since there is no correlation between LEAP2 levels and age (Figure 1b). Furthermore, the LEAP2 levels
significantly correlated with the inflammatory marker CRP, but not with BMI (Figure 1c,d). These
data suggested that LEAP2 levels are associated with an inflammatory status in RA patients, with the
irrelevance of BMI.
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Figure 1. Comparative analysis of Liver-expressed antimicrobial peptide 1 (LEAP2) serum levels in
rheumatoid arthritis (RA) patients and healthy controls. (a) Plasma levels of LEAP2 protein (ng/mL)
were measured by ELISA as described in methods. Data were presented using a vertical box and
whiskers graph and compared using the Wilcoxon–Mann–Whitney test. (b) Relationship between
LEAP2 serum levels and age (years), (c) BMI (kg/m2) or (d) CRP serum levels (mg/L). Data were
analyzed by Spearman’s correlation test (r). *** p < 0.001.
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In a previously unpublished study, we determined the levels of several inflammatory cytokines
and adipokines, such as IL1β, IL6, IL8, MIP1α, MCP1, and LCN2, in 14 RA patients treated with
anti-TNFα therapy. In the present study, we analyzed the correlations between LEAP2 levels and these
factors in RA patients. In this cohort, LEAP2 levels were positively correlated with IL-6, IL-8, MCP-1,
and LCN-2 (Figure 2).
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Figure 2. Relationships between levels of serum LEAP2 and proinflammatory mediators. Plasma
levels of LEAP2 protein (ng/mL), as well as pro-inflammatory cytokines, were measured in RA-treated
patients as described in methods. Relationships between LEAP2 serum levels and (a) IL6, (b) IL8,
(c) MCP1, (d) LCN2, (e) IL1β, and (f) MIP1α were determined. Data were analyzed by Spearman’s
correlation test (r). * p < 0.05, ** p < 0.01, *** p < 0.001.

4. Discussion

Previous research of our group demonstrated that ghrelin levels are specifically modulated in
an experimental model of inflammatory cachexia as well as in patients with RA [5], a degenerative
inflammatory autoimmune disease often associated with alterations in body weight homeostasis.
In agreement with the results obtained in experimental animals, we demonstrated that RA patients
showed ghrelin plasma levels lower than healthy individuals, confirming that ghrelin chronic decrease
could be one of the triggers of the RA cachexia. These data, together with others, suggested a potential
use of ghrelin substitute therapy as a potential countermeasure for the management of the RA-associated
cachexia [6]. The recent discovery of LEAP2 as an endogenous antagonist of the ghrelin receptor makes
more feasible the development of a more rational pharmacological approach. This is particularly
relevant in the light of new data presented here. Our results showed that LEAP2 levels are higher in
RA patients in comparison with healthy individuals. This result, together with previous data showing
low ghrelin levels in RA patients, indicate the existence of an inverse relationship between these
two peptides. Up to which point, the association of low ghrelin and high LEAP2 levels, meaning an
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impairment of the ghrelin system, is at the root of or might be a contributing factor to the cachexia
and/or the inflammatory state in RA remains to be established. Our results could also be in keeping
with the hypothesis that LEAP2 might inhibit the production or secretion of ghrelin. Although there is
still no clear evidence for this, in acute phase responses from bacterial infections of H. pylori, LEAP2
expression is elevated [14]. In line with this, ghrelin levels are low in H. pylori infections whereas
eradication of the infection restored ghrelin levels [15]. To note, according to our results, LEAP2 levels
correlated positively with CRP levels, suggesting that LEAP2 is strongly influenced by acute phase
response factors. In this regard, in RA patients treated with anti-TNF therapy, LEAP2 levels correlated
positively with other inflammatory parameters, such as IL6, IL-8, MCP-1, and LCN2, suggesting that
inflammatory status is crucial to the modulation of LEAP2.

The limitations of this study include an unbalanced number of subjects in the control and RA
populations due to the challenges in recruiting control individuals. Furthermore, it is observed that
there is a moderate overweight trend in RA patients, with a mean age higher than control subjects.
BMI is widely used for determining healthful weight, but it is unable to distinguish between lean
and fat mass. So, although BMI values indicated an overweight RA population, these individuals
could demonstrate RA-associated cachexia, characterized by systemic muscle atrophy and wasting,
whereas dysfunctional fat mass and high levels of inflammatory cytokines are maintained. Besides BMI,
determination of waist circumference, body mass index, body fat percentage, and other measures of
adiposity will be of interest in future research on the role of LEAP2 in RA pathology. Here, we revealed
that LEAP2 serum levels were positively correlated with inflammatory cytokines and adipokines in
patients under anti-TNF-α therapy. However, we cannot rule out the impact of different therapeutic
approaches on LEAP2 serum levels in RA patients.

In conclusion, this is the first evidence showing that, in RA patients, LEAP2 levels are higher than
in healthy individuals uncovering a new potential biomarker of disease activity. Our results suggest
that pharmacological control of LEAP2 levels might be effective for the treatment of diseases with
alterations of ghrelin levels, such as rheumatoid cachexia. Therefore, future research is needed to
evaluate the implications of these data to the clinical practice.

Author Contributions: Conceptualization, C.D. and O.G.; formal analysis, V.F., and S.T.; investigation, V.F.,
S.T., J.C.; resources, J.P., A.M., F.L., M.A.G.-G.; visualization, J.P., A.M., F.L., M.A.G.-G.; writing—original draft
preparation, V.F: and S.T; writing—review and editing, C.D. and O.G.; supervision, C.D. and O.G.; funding
acquisition, C.D. and O.G. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by Xunta de Galicia (Servizo Galego de Saude, SERGAS), through a
research-staff contract (ISCIII/SERGAS) to OG and FL, which are Staff Personnel (I3SNS stable Researcher), by
Instituto de Salud Carlos III (ISCIII) and by FEDER through a “Sara Borrell” Researcher contract to VF [CD16/00111]
and “Miguel Servet” Researcher contract to JC. OG is member of RETICS Programme, [RD16/0012/0014] (RIER:
Red de Investigación en Inflamación y Enfermedades Reumáticas) via ISCIII and FEDER. FL is a member of
CIBERCV (Centro de Investigación Biomédica en Red de Enfermedades Cardiovasculares). ISCIII and FEDER
also support OG and JP [PI17/00409], and FL [PI18/00821, CB16/11/00226]. This work was supported by Research
Executive Agency of the European Union in the framework of MSCA-RISE Action of the H2020 Programme
[Project number 734899], and Xunta de Galicia, Consellería de Educacón, Universidade e Formación Profesional
and Conselleróa de Economía, Emprego e Industria (GAIN) [GPC IN607B2019/10] to OG. This work has been
also supported by grants from FEDER/Ministerio de Ciencia, Innovación y Universidades-Agencia Estatal de
Investigación [CD: BFU2017-87721]. Centro de Investigación Biomédica en Red (CIBER) de Fisiopatología de la
Obesidad y Nutrición (CIBERobn) is an initiative of the Instituto de Salud Carlos III (ISCIII) of Spain which is
supported by FEDER funds.

Acknowledgments: The authors acknowledge and thank the contribution of the subjects who participated in
the study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.



Nutrients 2020, 12, 1006 7 of 7

References

1. Smolen, J.S.; Aletaha, D.; Barton, A.; Burmester, G.R.; Emery, P.; Firestein, G.S.; Kavanaugh, A.; McInnes, I.B.;
Solomon, D.H.; Strand, V.; et al. Rheumatoid arthritis. Nat. Rev. Dis. Prim. 2018, 4, 18001. [CrossRef]
[PubMed]

2. Masuko, K. Rheumatoid Cachexia Revisited: A Metabolic Co-Morbidity in Rheumatoid Arthritis. Front. Nutr.
2014, 1, 1. [CrossRef] [PubMed]

3. Chen, C.Y.; Tsai, C.Y. From endocrine to rheumatism: Do gut hormones play roles in rheumatoid arthritis?
Rheumatology 2014, 53, 205–212. [CrossRef] [PubMed]

4. Colldén, G.; Tschöp, M.H.; Müller, T.D. Therapeutic Potential of Targeting the Ghrelin Pathway. Int. J.
Mol. Sci. 2017, 18, 798. [CrossRef] [PubMed]

5. Otero, M.; Nogueiras, R.; Lago, F.; Dieguez, C.; Gomez-Reino, J.J.; Gualillo, O. Chronic inflammation
modulates ghrelin levels in humans and rats. Rheumatology 2004, 43, 306–310. [CrossRef] [PubMed]

6. Guillory, B.; Splenser, A.; Garcia, J. The Role of Ghrelin in Anorexia-Cachexia Syndromes. In Vitamins and
Hormones; Academic Press: Cambridge, MA, USA, 2013; Volume 92, pp. 61–106.

7. Gómez, R.; Lago, F.; Gómez-Reino, J.J.; Dieguez, C.; Gualillo, O. Expression and modulation of ghrelin
O-acyltransferase in cultured chondrocytes. Arthritis Rheum. 2009, 60, 1704–1709. [CrossRef] [PubMed]

8. Caminos, J.E.; Gualillo, O.; Lago, F.; Otero, M.; Blanco, M.; Gallego, R.; Garcia-Caballero, T.; Goldring, M.B.;
Casanueva, F.F.; Gomez-Reino, J.J.; et al. The endogenous growth hormone secretagogue (ghrelin) is
synthesized and secreted by chondrocytes. Endocrinology 2005, 146, 1285–1292. [CrossRef] [PubMed]

9. Qu, R.; Chen, X.; Wang, W.; Qiu, C.; Ban, M.; Guo, L.; Vasilev, K.; Chen, J.; Li, W.; Zhao, Y. Ghrelin
protects against osteoarthritis through interplay with Akt and NF-κB signaling pathways. FASEB J. 2018, 32,
1044–1058. [CrossRef] [PubMed]

10. Al-Massadi, O.; Müller, T.; Tschöp, M.; Diéguez, C.; Nogueiras, R. Ghrelin and LEAP-2: Rivals in Energy
Metabolism. Trends Pharmacol. Sci. 2018, 39, 685–694. [CrossRef] [PubMed]

11. Temel, J.S.; Abernethy, A.P.; Currow, D.C.; Friend, J.; Duus, E.M.; Yan, Y.; Fearon, K.C. Anamorelin in patients
with non-small-cell lung cancer and cachexia (ROMANA 1 and ROMANA 2): Results from two randomised,
double-blind, phase 3 trials. Lancet Oncol. 2016, 17, 519–531. [CrossRef]

12. Ge, X.; Yang, H.; Bednarek, M.A.; Galon-Tilleman, H.; Chen, P.; Chen, M.; Lichtman, J.S.; Wang, Y.; Dalmas, O.;
Yin, Y.; et al. LEAP2 Is an Endogenous Antagonist of the Ghrelin Receptor. Cell Metab. 2018, 27, 461–469.e6.
[CrossRef] [PubMed]

13. Mani, B.K.; Puzziferri, N.; He, Z.; Rodriguez, J.A.; Osborne-Lawrence, S.; Metzger, N.P.; Chhina, N.;
Gaylinn, B.; Thorner, M.O.; Louise Thomas, E.; et al. LEAP2 changes with body mass and food intake in
humans and mice. J. Clin. Invest. 2019, 129, 3909–3923. [CrossRef] [PubMed]

14. Howard, A.; Townes, C.; Milona, P.; Nile, C.J.; Michailidis, G.; Hall, J. Expression and functional analyses of
liver expressed antimicrobial peptide-2 (LEAP-2) variant forms in human tissues. Cell. Immunol. 2010, 261,
128–133. [CrossRef] [PubMed]

15. Yang, Y.-J.; Sheu, B.-S.; Yang, H.-B.; Lu, C.-C.; Chuang, C.-C. Eradication of Helicobacter pylori increases
childhood growth and serum acylated ghrelin levels. World J. Gastroenterol. 2012, 18, 2674–2681. [CrossRef]
[PubMed]

© 2020 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 (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nrdp.2018.1
http://www.ncbi.nlm.nih.gov/pubmed/29417936
http://dx.doi.org/10.3389/fnut.2014.00020
http://www.ncbi.nlm.nih.gov/pubmed/25988122
http://dx.doi.org/10.1093/rheumatology/ket255
http://www.ncbi.nlm.nih.gov/pubmed/23882111
http://dx.doi.org/10.3390/ijms18040798
http://www.ncbi.nlm.nih.gov/pubmed/28398233
http://dx.doi.org/10.1093/rheumatology/keh055
http://www.ncbi.nlm.nih.gov/pubmed/14623951
http://dx.doi.org/10.1002/art.24522
http://www.ncbi.nlm.nih.gov/pubmed/19479831
http://dx.doi.org/10.1210/en.2004-1379
http://www.ncbi.nlm.nih.gov/pubmed/15576457
http://dx.doi.org/10.1096/fj.201700265R
http://www.ncbi.nlm.nih.gov/pubmed/29070587
http://dx.doi.org/10.1016/j.tips.2018.06.004
http://www.ncbi.nlm.nih.gov/pubmed/30037389
http://dx.doi.org/10.1016/S1470-2045(15)00558-6
http://dx.doi.org/10.1016/j.cmet.2017.10.016
http://www.ncbi.nlm.nih.gov/pubmed/29233536
http://dx.doi.org/10.1172/JCI125332
http://www.ncbi.nlm.nih.gov/pubmed/31424424
http://dx.doi.org/10.1016/j.cellimm.2009.11.010
http://www.ncbi.nlm.nih.gov/pubmed/20038463
http://dx.doi.org/10.3748/wjg.v18.i21.2674
http://www.ncbi.nlm.nih.gov/pubmed/22690077
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Patients 
	Determination of Serum LEAP2 Levels 
	Determination of Serum Inflammatory Mediators 
	Statistical Analysis 

	Results 
	Discussion 
	References

