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Scope: Acute pancreatitis (AP) is a common clinical acute abdominal disease. The intestinal
injury associated with AP will aggravate the condition retroactively. This study investigates
whether the low-methoxyl pectin (LMP) isolated from lemon could attenuate AP and associated
intestinal injury.
Methods and results: Experimental AP was induced in BALB/c mice by caerulien (CAE) hy-
perstimulation. Nutritional prophylactic group was pre-fed with 5% LMP supplemented forage
3 days before AP induction. We found that LMP supplementation attenuated the severity of AP
as evidenced by reduced serum amylase and lipase levels, pancreatic edema and myeloperoxi-
dase activity. The protective effect was also confirmed by histological examination of pancreatic
damage. LMP suppressed the production of pancreatic proinflammatory cytokines including
TNF-�, IL-1�, and IL-6. Moreover, LMP supplementation restored AP-associated disruption of
intestinal barrier integrity as evidenced by upregulation of tight junction modulatory proteins
occludin, zonula occludens (ZO)-1, antimicrobial peptides �-defensin-1 (DEFB1) and CRAMP
as well as increase in SCFAs production. LMP supplemented mice with AP exhibited sup-
pressed intestinal inflammation as shown by decreased ileal and colon cytokine production
compared with CAE group.
Conclusion: Our results support dietary LMP supplementation as an effective nutritional
intervention for AP and associated intestinal injury.
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1 Introduction

Acute pancreatitis (AP) has become the leading cause of hos-
pital admission for gastrointestinal disorders in many coun-
tries and the worldwide incidence is increasing during the
past decades [1]. AP starts with autodigestion of the pancreas
which leads to local inflammatory responses. The inflamma-
tion is accompanied by local production of cytokines such as
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IL-1, IL-6, and tumor necrosis factor-� (TNF-�). The magni-
tude of release of these cytokines determines the outcome and
progress of the disease [2]. Characteristics of AP include pan-
creatic edema, acinar cell necrosis, immune cell infiltration,
hemorrhage, and increased serum levels of pancreatic amy-
lase and lipase. Pancreatic injury is mild in 80% of patients.
However, approximately 20–25% of patients with AP develop
severe symptoms with systemic inflammatory responses im-
pacting multiple organs including gut, lungs, liver, and kid-
neys. The mortality rate in this group is as high as 30%
[3, 4]. Therefore, design of nutraceutical and/or therapeutic
strategies to limit local inflammation and prevent its progres-
sion into a severe, systemic form have been critical for the
condition.

Accumulating evidence points toward disruption of the
intestinal mucosal barrier as an early hallmark of severe
AP [5–8]. The mechanisms underlying AP-induced intestinal
barrier disruption have not been fully elucidated, although
elevated inflammatory cytokines, enhanced oxidative stress
and intestinal hypoperfusion are among the contributing fac-
tors [7]. Intestinal barrier disruption can lead to translocation
of bacteria, endotoxemia, and secondary infection of pan-
creatic tissue. This causes systemic inflammatory response
syndrome (SIRS) or multiple organ dysfunction syndrome
(MODS) [5, 8, 9]. Preventing AP-associated intestinal barrier
disruption or inflammation is therefore a key target to prevent
severe AP-associated mortality.

A possible nutraceutical approach to prevent progres-
sion of AP into its severe form is by intervening with anti-
inflammatory food components such as specific dietary fibers
[10]. One family of such dietary fibers is pectins [11, 12].
Pectins have an �(1-4)-linked galacturonic acid backbone and
can differ in degrees of methyl esterification (DM) [13, 14].
Earlier, the health-promoting effects of pectins from vari-
ous sources have been described for its antioxidant, anti-
obesity, and anti-cancer functions [15–17]. In addition, di-
etary pectins of different DMs exhibit anti-inflammatory
effects in vivo and in vitro [18–20]. Compared to high-
methoxyl pectins (HMP), low-methoxyl pectins (LMP) with
DM values of 50% or less carry negative charge from the
free carboxyl groups of the galacturonic acid residues, pre-
venting formation of mucin–pectic aggregates. LMP easily
penetrates the mucin layer of the intestine wall [21], which
facilitates the interaction of LMP with the intestinal epithelia.
It is found that LMP but not HMP stimulate small intesti-
nal mucin secretion by direct interaction with the epithelium
[22].

The structure and function of intestinal mucosal barrier,
which may be positively regulated by LMP, is essential in lim-
iting the progression of AP into a severe form. We therefore
investigated whether a previously undescribed LMP (7 DM)
isolated from lemon may have attenuating effects in inflam-
matory responses in AP via modulating intestinal mucosal
barrier dysfunction.

2 Materials and methods

2.1 Animals and treatment

Female BALB/c mice were purchased from Su Pu Si Biotech-
nology Co., Ltd. (Suzhou, Jiangsu, China) and maintained in
specific pathogen-free environment at the Animal Housing
Unit of Jiangnan University (Wuxi, Jiangsu, China) under a
controlled temperature (23–25�C) and a 12-h light/dark cycle,
provided water ad libitum, fed standard basal diet or 5% LMP
supplemented diet (Supporting Information Table 1, Bejing
HFK Bioscience Co., LTD, Beijing, China), and allowed to
acclimatize for a minimum of 1 week. The environment was
maintained at a relative humidity of 30%–70%. Mice weigh-
ing 20 ± 2 g were randomly assigned to three experimen-
tal groups (n = 6-8): saline treated control group, caerulein
(CAE)-treated CAE group and LMP+CAE group. AP was
induced by 8 consecutive hourly intraperitoneal caerulein
injections (50 �g/kg). Nutritional prophylactic group was
pre-fed with 5% LMP supplemented forage three days be-
fore AP induction. Humane killing was 1 h after the last
caerulein injection. All animal-related experimental protocols
were approved by the Institutional Animal Ethics Commit-
tee of Jiangnan University (JN.No20150301-0229) and carried
out in compliance with national and international guidelines
for the Care and Use of Laboratory Animals. The investiga-
tional compounds, lemon pectins with a degree of methyl
esterification of 7% (7 DM) were acquired from CP Kelco,
Lille Skensved, Denmark. Endotoxin levels in pectin samples
were confirmed with endotoxin detection kit (Thermo Scien-
tific, Sunnyvale, CA, USA) to be below the detection level of
0.1 ng/mL.

2.2 Serum amylase measurements

Serum was collected by allowing the blood to coagulate at
ambient temperate for 25 min and subsequently centrifuged
at 3000 × g at 4 �C for 10 min. The supernatant was then
collected and stored at −80�C until analysis. An iodine-starch
colorimetric method was used to measure serum amylase lev-
els. Briefly, serum samples were incubated with a prewarmed
substrate buffer for 7.5 min at 37�C. After adding iodine
and ddH2O to the mixture, absorbance was measured at 660
nm using UV-2450 UV-VIS spectrophotometer (Shimadzu,
Kyoto, Japan).

2.3 Pancreatic edema

A portion of freshly harvested pancreatic tissue was trimmed
of fat and weighed. Pancreatic water content was evaluated
by the ratio of initial weight (wet weight) of the pancreas to
its weight after incubation at 80�C for 48 h (dry weight).
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Table 1. Primers used for qPCR

Gene Forward Reverse

ZO-1 5′-CTTCTCTTGCTGGCCCTAAAC-3′ 5′-TGGCTTCACTTGAGGTTTCTG-3′
Occludin 5′-CACACTTGCTTGGGACAGAG-3′ 5′-TAGCCATAGCCTCCATAGCC-3′
DEFB1 5′-GCACAAGAAGGTCACACGGA-3′ 5′-CTAAGGTTGCAGATGGGGTGT-3′
CRAMP 5′-CTTCAAGGAACAGGGGGTGG-3′ 5′-CTTGAACCGAAAGGGCTGTG-3′
�-actin 5′-CCCAGGCATTGCTGACAGG-3′ 5′-TGGAAGGTGGACAGTGAGGC-3′

2.4 Myeloperoxidase (MPO) activity

MPO activity was determined by an MPO assay kit according
to the manufacturer’s protocol (Jiancheng Bioengineering In-
stitute, Nanjing, Jiangsu, China).

2.5 RNA isolation and quantitative PCR

Total RNA was extracted from fresh tissues using TRIzol
(Thermo Scientific, Szeged, Hungary) and quantitated by
spectrophotometry (NanoDrop 2.0; Thermo Fisher Scientific,
Rockland, DE, USA). Complementary DNA was prepared by
reverse transcription of 2 �g total RNA using the Prime-
Script RT Master Mix (Takara BIO INC., Shiga, Japan) in
S1000 Thermal Cycler machine (MJ Research, Waltham, MA,
USA). SYBR Green PCR reagents (BIO-RAD) were used to
determine the mRNA levels. Calculations were made based
on the comparative cycle threshold method (2−��Ct). Relative
expression ratios were calculated as normalized ratios to �-
actin internal control gene. Detailed primer sequences are
shown in Table 1.

2.6 ELISA assays

Serum was obtained by allowing the blood to coagulate at am-
bient temperature for 25 min and subsequently centrifuging
at 3000 × g for 10 min. Pancreatic, ileal, colon homogenates,
and serum were assayed for inflammatory mediators using a
sandwich ELISA kit for pancreatic lipase, TNF-�, IL-1�, and
IL-6 (R&D Systems, Minneapolis, MN, USA) according to
the manufacturer’s instructions. Absorbance was measured
at 450 nm within 30 min, using an automated microplate
reader (Multiskan GO; Termo Fisher Scientific Oy, Vantaa,
Finland). Data are expressed as pg/mL.

2.7 Histology

Freshly harvested pancreatic and colon tissues were fixed in
4% phosphate-buffered formaldehyde overnight, dehydrated
with gradient ethanol solutions, and embedded in paraffin
blocks. Tissue sections (5 �m) were dewaxed in xylene, hy-
drated through upgraded ethanol solutions, and stained with
hematoxylin and eosin (H&E). Morphological changes were

examined under a DM2000 light microscope at 400× magni-
fication.

2.8 Quantification of SCFAs

Concentrations of acetate, propionate, and butyrate were an-
alyzed in pooled feces by gas chromatography coupled mass
spectrometer (GC-MS) as previously described [23]. Briefly,
feces (50 mg) were homogenized in 500 �L of saturated NaCl
solution. Thereafter, we acidified samples with 40 �L 10%
sulfuric acid and extracted SCFAs by 800 �L diethyl. Samples
were centrifuged at 14 000 × g for 15 min at 4�C. 1 �L of super-
natants were used for analysis with the GC-MS-QP2010 (Shi-
madzu, Japan). Real time analysis software GC-MS Postrun
(GC-MS solution Version 2.72) was employed to calculate the
concentrations of the acids. An external standard method was
employed to determine concentration of each SCFA.

2.9 Statistical analysis

Data are expressed as mean ± SEM. The parametric distribu-
tion of data was confirmed using Kolmogorov-Smirnov test.
Statistical analysis between two groups was performed by in-
dependent t-test, or when multiple comparisons were made,
by one-way analysis of variance followed by Tukey’s post-hoc
test using GraphPad Prism (v5; GraphPad Software Inc., San
Diego, CA, USA). p < 0.05 was considered as a statistically
significant difference.

3 Results

3.1 LMP supplementation alleviates the severity of

AP

The effect of LMP supplementation was tested in the most
widely used mouse model of AP induced by caerulein hy-
perstimulation [24]. LMP in a 5% concentration through
the feed was given 3 days before caerulein hyperstimula-
tion. No difference in food intake or body weight between
basal diet-fed and LMP supplemented mouse groups was ob-
served (data not shown). LMP supplementation significantly
reduced AP symptoms. LMP-pre-fed mice exhibited reduced
pancreatic edema (Fig. 1A, p = 0.0431) and significantly
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Figure 1. LMP supplementation
alleviates the severity of AP.
Pancreatic edema (A) pancreatic
MPO (B), serum amylase (C),
serum lipase levels and pancre-
atic histology (E) in CON (saline-
treated), CAE (caerulein-treated)
and LMP+CAE (LMP prophy-
lactically supplemented before
AP induction) groups of BALB/c
mice. Data are means ± SEM
from at least three independent
experiments of at least five inde-
pendent mice in each group. *p
< 0.05, **p < 0.01, ***p < 0.001.
Representative histological sec-
tions from at least three inde-
pendent experiments of five in-
dependent mice were shown.
Original magnifications: ×400.

reduced caerulein-induced increases in pancreatic MPO lev-
els (p = 0.0287), serum amylase (p = 0.0059), and lipase (p =
0.0068) (Fig. 1B and D). Histological examination of pancre-
atic injuries showed remarkable reductions of all measures
of pancreatic AP histopathology including edema, inflamma-
tory infiltrates, vacuolization, and necrosis in 5% LMP pre-fed
group, compared with CAE group (Fig. 1E).

3.2 LMP supplementation promotes a modulatory

cytokine profile during AP

The development of AP is accompanied by increased pan-
creatic and systemic pro-inflammatory cytokine production,
which amplifies the condition and promotes systemic inflam-
matory responses [25,26]. To study the effects of LMP intake
on inflammatory responses during AP, we examined TNF-

�, IL-1�, and IL-6, in the pancreas and serum. We found
that feeding 5% LMP significantly reduced pancreatic TNF-�
(p = 0.0003), IL-1� (p = 0.0022), and IL-6 (p = 0.0387) com-
pared to CAE group (Fig. 2A–C). This effect of LMP was not
restricted to the pancreas but was also found in serum TNF-�
(p = 0.0011), IL-1� (p = 0.0116), and IL-6 (p = 0.0385)
(Fig. 2D–F).

3.3 LMP supplementation normalizes intestinal

barrier function

Intestinal injury and disruption of intestinal mucosal barrier
integrity are early hallmarks of severe AP and marked by
dysregulation of TJ modulatory proteins, barrier reinforcing
antimicrobial peptides (AMPs) and health-promoting SCFAs.
To investigate the effect of LMP on intestinal barrier function,
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Figure 2. LMP supplementation promotes a modulatory cytokine profile during AP. Quantitative analysis of pancreatic (A–C) and systemic
(D–F) TNF-� (A, D), IL-1� (B, E), and IL-6 (C, F) in CON, CAE, and LMP+CAE groups of mice. Data are means ± SEM from at least three
independent experiments of at least five independent mice in each group. *p < 0.05, **p < 0.01, ***p < 0.001.

we measured the mRNA expression of major TJ proteins, ZO-
1, and occludin, as well as AMPs defensin-�-1 (DEFB1) and
CRAMP in the colon and ileum. As shown in Fig. 3A and B,
LMP prevented CAE-induced decreases in ZO-1 (p = 0.0121
colonic and p = 0.0011 ileal) and occludin (p = 0.0137 colonic
and p = 0.0348 ileal) expression. Similarly, LMP significantly
upregulated colon and ileal DEFB1 (p = 0.0021 and 0.0348,
respectively) and CRAMP (p = 0.0004 and 0.0416, respec-
tively) which were downregulated by CAE treatment (Fig. 3C,
D). In histology we found that LMP prevented a reduction in
the mucous layer and crypt length in the colon (Fig. 3E, F), a
sign of prevention of barrier dysfunction.

Next, we determined the concentrations of acetic acid,
propanoic acid, and butyric acid in feces by GC-MS. After
feeding mice with LMP, we found that the concentrations of
individual and total SCFAs in feces of 5% LMP fed mice were
significantly increased compared with mice fed with normal
chew (Fig. 3G, H).

3.4 LMP supplementation protects gut

inflammation during AP

Having found clear effects on the intestinal integrity, we next
questioned whether LMP lowered inflammatory events in
the intestine already. To determine this we examined ileal
and colonic TNF-�, IL-1�, and IL-6 levels. LMP treated mice
had statistical significant lower TNF-� (p = 0.0087 colonic,
p = 0.0120 ileal), IL- 1� (p = 0.0409 colonic and p = 0.0044

ileal), and IL-6 (p = 0.0040 colonic and p = 0.0108 ileal) levels
(Fig. 4A–F) when compared with the control group.

4 Discussion

In the present study, prophylactic anti-inflammatory effects
of an LMP (7 DM) were tested on caerulein hyperstimula-
tion induced AP and associated intestinal barrier dysfunction.
Notably, dietary LMP supplementation mitigates the severity
of AP by suppressing pro-inflammatory cytokine production
and several characteristics of the disease. Intriguingly, LMP
protects AP-associated intestinal mucosal barrier dysfunction
by upregulating barrier reinforcing TJs and AMPs as well as
by enhancing SCFA production. Out data suggest that dietary
LMP intake prevents the development of AP by three-graded
actions: (i) reducing pancreatic inflammation and damages,
(ii) reducing AP associated intestinal barrier dysfunction and
intestinal inflammation and (iii) preventing its progression
into a systemic inflammatory response as the consequence
of the two aforementioned effects.

Earlier studies on dietary pectins have been functionally
described for their nutritional, antioxidant, antiapoptotic, an-
ticancer, and antidiabetic properties [19, 27–29]. Supplemen-
tation of pectins varies from 1 day up to weeks in vivo [18].
Here, we observed significant prophylactic effects of pectins
on common abdominal inflammation including preceding
intestinal dysfunctions associated with severe AP after 3-day
feeding prior to AP induction. Earlier, it has been suggested
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Figure 3. LMP supplementation protects AP-associated intestinal barrier dysfunction. Relative mRNA levels of colon (A, C) and ileal (B, D)
TJ proteins ZO-1, occludin (A, B), and AMPs DEFB1, CRAMP (C, D) of each group. E: Histological examination. Representative histological
sections from at least three independent experiments of five independent mice were shown. Original magnifications: ×400. F: Quantification
of mucosa thickness and crypt length. G, H: Faecal concentrations of individual (G) and total SCFAs (H) in control and 5% LMP-fed groups.
Data are means ± SEM from at least three independent experiments of at least five independent mice in each group. *p < 0.05, **p < 0.01,
***p < 0.001 by one-way ANOVA. #p < 0.05, ###p < 0.001 by independent t-test.

that dietary fibers including pectins are inversely related with
pancreatic enzyme activity and that pectins inhibit pancreatic
digestive enzyme activities in vivo [30]. Premature activation
of pancreatic zymogens is a triggering event of AP, which
supports the potential role of pectins in protecting AP. As AP
disease progresses, TNF-� induces IL-1� and IL-6, which act
on macrophages primarily and other immune cells to induce
more TNF-�, forming a positive feedback loop. By the “trig-
ger like” effect, the inflammatory mediator cascade is trig-
gered and causes damage to the pancreas and the other vital
organs [31]. The immunomodulatory effects of pectins are
dependent on its source and chemistry. Pectins isolated from
alfalfa, citrus, celery stalks, and passiflora edulis have been
reported to have anti-inflammatory effects [29, 32, 33]. Apple
pectin downregulates the inflammatory responses by modu-
lating proinflammatory cytokines and immunoglobulins in

colitis [18]. Pectins at different degrees of esterification (DE)
are found to have differential effects. Capsicuman, a 25%
methyl esterified pectin from the sweet pepper Capsicum an-
num, was found to decrease TNF-� release and to increase
production of IL-10 in lipopolysaccharide-stimulated whole
blood cells [34]. Citrus and apple pectins with 34–38% methyl
esterification suppress endotoxin-induced pro-inflammatory
responses by blocking LPS signaling pathways, whereas sim-
ilar pectins with a high degree of methyl esterification (68–
76%) failed to show this effect [35–37]. Moreover, the abil-
ity of pectin to inhibit intracellular mediators of inflamma-
tion in vitro is inversely related with its degree of methyl
esterification [19]. Here, we observed less severe AP in mice
fed with 5% LMP, and reduced pancreatic acinar injury, as
compared with mice fed with normal diet. LMP-fed mice
had a lower level of TNF-�, IL-1�, and IL-6. The differential
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Figure 4. LMP supplementation protects gut inflammation during AP. Quantitative analysis of colon (A–C) and ileal (D–F) TNF-� (A, D),
IL-1� (B, E), and IL-6 (C, F) in each group. Data are means ± SEM from at least three independent experiments of at least five independent
mice in each group. *p < 0.05, **p < 0.01, ***p < 0.001.

modulation may be explained by in vitro versus in vivo
and physiological versus pathophysiological conditions of the
models studied. Our data point to clear modulatory effects of
low-methoxyl (7 DM) lemon pectin on local inflammatory
responses during AP and the disease severity.

The mucous layer covering the intestinal mucosal surface
acts as a major defensive barrier between the luminal contents
and the epithelial cells, protecting them from potential lumi-
nal insults. As our results demonstrate, feeding with LMP
protects the mice from AP-associated intestinal injury. Tight
junction is the main connection between the intestinal ep-
ithelial cells, critical in maintaining mechanical integrity and
intestinal mucosa barrier function [38]. It has been shown
that loss of ZO-1 and occludin after development of signif-
icant intestinal inflammation increases the permeability of
the epithelial barrier [39]. We found that during AP, ZO-1
and occludin are downregulated by caerulein administration
which can be prevented by dietary LMP supplementation. In
addition to TJ proteins, AMPs with antimicrobial and im-
munomodulatory properties reinforce the barrier integrity
and have been shown to promote the healing of colon le-
sions during colitis [40]. A similar trend of modulation to TJs
was observed for DEFB1 and AMPs with LMP feeding, sug-
gesting that the low esterified pectin protects gut barrier by
upregulating TJs and AMPs.

In addition to effects on barrier integrity, soluble dietary
fibers are known to impact gastrointestinal functions by stim-
ulating proliferation of intestinal cells [41]. Among the dietary
soluble fibers, pectin has the most rapid fermentation rate [42]
and comparing pectins of different DMs, LMP is more effi-
ciently fermented by the microbiota in the ileum than HMP

present which is mainly fermented in the proximal colon
[43]. The anaerobic fermentation of pectin in the large bowel
results in production of SCFAs, which stimulate intestinal
mucosal growth and have their positive effects on intestinal
function [44]. It has been shown that pectin increased the
concentration of SCFAs in rat caecum and colon samples
[45]. In accordance with these findings, our results show that
LMP increased the concentration of faecal SCFAs in treated
mice. In fact, SCFAs could be the effector metabolites of LMP
with health-promoting and barrier-reinforcing effects on gut,
including inhibition of inflammation [46] and modulation of
oxidative stress [47] which are key pathological events under-
lying AP. Furthermore, SCFAs has been reported to augment
barrier function [48] and by crosstalk with intestinal epithelial
hypoxia-inducible factor (HIF) [49] or by activation of AMP-
activated protein kinase [50].

Last, we observed that dietary LMP lowered the secretion
of intestinal inflammatory cytokines. As AP progresses, the
inflammatory cytokines, such as TNF-� and IL-1, of local
pancreas reach gut by microcirculation, activate NF-�B in af-
fected intestinal cells, and induce more of inflammatory me-
diators that contribute to intestinal barrier dysfunction and
mucosal injury [51, 52]. Gut barrier dysfunction and wors-
ened barrier permeability in AP in turn contributes to the
second attack to the pancreas as well as systemically, caus-
ing excessive activation of leukocytes, release of multiple cy-
tokines and other inflammatory mediators and development
of multiple-organ complications [51,53]. Thus, gut barrier and
immune homeostasis which is the key to prevent the severe
form of AP, could be positively modulated by dietary LMP
intervention.
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Collectively, our data suggest that LMP supplementation
remains a promising dietary intervention to control local in-
flammation and protect intestinal barrier injury, thereby pre-
venting the development of severe AP.

Y.S. and Y.H. performed experiments and analyzed data.
P.D.V. purified the low-methoxyl pectin. F.W., H.Z., P.D.V. pro-
vided intellectual inputs and critically reviewed the manuscript.
J.S. designed and interpreted experiments. Y.S. and J.S. wrote
the paper.

This was a collaborative effort between Jiangnan University
and the Universities of Groningen and Wageningen. The work at
Jiangnan University was supported by funds from National Nat-
ural Science Foundation of China (National Youth 1000 Talents
Plan, 31400779, 31570915), Jiangsu Province Recruitment Plan
for High-level, Innovative and Entrepreneurial Talents and Key
Program of Fundamental Research Funds for the Central Univer-
sities (Grant No.: JUSRP51613A). The work in Groningen and
Wageningen was performed within the framework of the Carbohy-
drate Competence Center, which has been financially supported by
the European Union, the European Regional Development Fund,
and The Northern Netherlands Provinces (Samenwerkingsver-
band Noord-Nederland), KOERS NOORD. Jiahong Li of the
Laboratory of Nutrition and Immunology, Jiangnan University,
Wuxi, China is acknowledged for the graphical summary.

The authors have declared no conflict of interest.

5 References

[1] Lankisch, P. G., Apte, M., Banks, P. A., Acute pancreatitis.
Lancet 2015, 386, 85–96.

[2] Frossard, J. L., Steer, M. L., Pastor, C. M., Acute pancreatitis.
Lancet 2008, 371, 143–152.

[3] Bell, D., Keane, M. G., Pereira, S. P., Acute pancreatitis.
Medicine 2015, 43, 174–181.

[4] Baddeley, R. N. B., Skipworth, J. R. A., Pereira, S. P., Acute
pancreatitis. Medicine 2011, 39, 108–115.

[5] Ammori, B. J., Leeder, P. C., King, R. F. G. J., Barclay, G. R.,
Martin, I. G., Larvin, M., McMahon, M. J., Early Increase in
Intestinal Permeability in Patients With Severe Acute Pan-
creatitis: Correlation With Endotoxemia, Organ Failure, and
Mortality. J. Gastrointest. Surg. 1999, 3, 252–262.

[6] Ammori, B. J., Role of the gut in the course of severe acute
pancreatitis. Pancreas 2003, 26, 122–129.

[7] Rahman, S. H., Ammori, B. J., Holmfield, J., Larvin, M. et al.,
Intestinal hypoperfusion contributes to gut barrier failure in
severe acute pancreatitis. J. Gastrointest. Surg. 2003, 7, 26–
35; discussion 35-26.

[8] Capurso, G., Zerboni, G., Signoretti, M., Valente, R. et al.,
Role of the gut barrier in acute pancreatitis. J. Clinical Gas-
troenterol. 2012, 46 Suppl, S46–S51.

[9] Flint, R., Windsor, J. A., The role of the intestine in the patho-
physiology and management of severe acute pancreatitis.
Hpb 2003, 5, 69.

[10] Jeurink, P. V., van Esch, B. C., Rijnierse, A., Garssen, J. et al.,
Mechanisms underlying immune effects of dietary oligosac-
charides. Am. J. Clin. Nutr. 2013, 98, 572S–577S.

[11] Bermudez-Brito, M., Faas, M. M., de Vos, P., Modulation
of dendritic-epithelial cell responses against sphingomonas
paucimobilis by dietary fibers. Sci. Rep. 2016, 6, 30277.

[12] Salman, H., Bergman, M., Djaldetti, M., Orlin, J. et al., Cit-
rus pectin affects cytokine production by human peripheral
blood mononuclear cells. Biomed. Pharmacother. 2008, 62,
579–582.

[13] Thakur, B. R., Singh, R. K., Handa, A. K., Chemistry and uses
of pectin–a review. Crit. Rev. Food Sci. Nutr. 1997, 37, 47–73.

[14] Mohnen, D., Pectin structure and biosynthesis. Curr. Op.
Plant Biol. 2008, 11, 266–277.

[15] Chauhan, D., Li, G., Podar, K., Hideshima, T. et al., A novel
carbohydrate-based therapeutic GCS-100 overcomes borte-
zomib resistance and enhances dexamethasone-induced
apoptosis in multiple myeloma cells. Cancer Res. 2005, 65,
8350–8358.

[16] Jackson, C. L., Dreaden, T. M., Theobald, L. K., Tran, N. M.
et al., Pectin induces apoptosis in human prostate cancer
cells: correlation of apoptotic function with pectin structure.
Glycobiology 2007, 17, 805–819.

[17] Samout, N., Bouzenna, H., Dhibi, S., Ncib, S. et al., Therapeu-
tic effect of apple pectin in obese rats. Biomed. Pharmacoth.
2016, 83, 1233–1238.

[18] Ye, M. B., Lim, B. O., Dietary pectin regulates the levels of in-
flammatory cytokines and immunoglobulins in interleukin-
10 knockout mice. J. Agric. Food Chem. 2010, 58, 11281–
11286.

[19] Chen, C. H., Sheu, M. T., Chen, T. F., Wang, Y. C. et al., Sup-
pression of endotoxin-induced proinflammatory responses
by citrus pectin through blocking LPS signaling pathways.
Biochem. Pharmacol. 2006, 72, 1001–1009.

[20] Ramachandran, C., Wilk, B. J., Hotchkiss, A., Chau, H. et al.,
Activation of human T-helper/inducer cell, T-cytotoxic cell,
B-cell, and natural killer (NK)-cells and induction of natu-
ral killer cell activity against K562 chronic myeloid leukemia
cells with modified citrus pectin. BMC Complement. Altern.
Med. 2011, 11, 59.

[21] Sriamornsak, P., Wattanakorn, N., Takeuchi, H., Study on
the mucoadhesion mechanism of pectin by atomic force
microscopy and mucin-particle method. Carbohydrate Poly-
mers 2010, 79, 54–59.

[22] Hino, S., Sonoyama, K., Bito, H., Kawagishi, H. et al., Low-
methoxyl pectin stimulates small intestinal mucin secretion
irrespective of goblet cell proliferation and is characterized
by jejunum Muc2 upregulation in rats. J. Nutr. 2013, 143,
34–40.

[23] Bergstrom, K., Fu, J., Johansson, M. E., Liu, X. et al., Core 1-
and 3-derived O-glycans collectively maintain the colonic
mucus barrier and protect against spontaneous colitis in
mice. Mucosal Immunol. 2016.

[24] Lerch, M. M., Gorelick, F. S., Models of acute and chronic
pancreatitis. Gastroenterology 2013, 144, 1180–1193.

[25] Singh, V. K., Wu, B. U., Bollen, T. L., Repas, K. et al., Early sys-
temic inflammatory response syndrome is associated with

C© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com



Mol. Nutr. Food Res. 00, 0, 2017, 1600885 (9 of 9) 1600885

severe acute pancreatitis. Clinical Gastroenterol. Hepatol.
2009, 7, 1247–1251.

[26] Zhang, X. P., Zhang, L., Chen, L., Cheng, Q. H. et al., Influ-
ence of dexamethasone on inflammatory mediators and NF-
�B expression in multiple organs of rats with severe acute
pancreatitis. World J. Gastroenterol. 2007, 13, 548–556.

[27] Freedman, N. D., Park, Y., Subar, A. F., Hollenbeck, A. R.
et al., Fruit and vegetable intake and esophageal cancer in
a large prospective cohort study. Int. J. Cancer 2007, 121,
2753–2760.

[28] Bingham, S. A., Day, N. E., Luben, R., Dietary fibre in food
and protection against colorectal cancer in the European
Prospective Investigation into Cancer and Nutrition (EPIC):
an observational study (vol 361, pg 1496, 2003). Lancet 2003,
362, 1000–1000.

[29] Silva, D. C., Freitas, A. L. P., Pessoa, C. D. S., De Paula, R. C. M.
et al., Pectin from passiflora edulis shows anti-inflammatory
action as well as hypoglycemic and hypotriglyceridemic
properties in diabetic rats. J. Medicinal Food 2011, 14,
1118.

[30] Dutta, S. K., Hlasko, J., Dietary fiber in pancreatic disease:
effect of high fiber diet on fat malabsorption in pancreatic
insufficiency and in vitro study of the interaction of dietary
fiber with pancreatic enzymes. Am. J. Clin. Nutr. 1985, 41,
517–525.

[31] Frossard, J. L., Pastor, C. M., Experimental acute pancreatitis:
new insights into the pathophysiology. Front Biosci. 2002, 7,
D275–D287.

[32] Chen, L., Liu, J., Zhang, Y., Dai, B. et al., Structural, thermal,
and anti-inflammatory properties of a novel pectic polysac-
charide from alfalfa (Medicago sativa L.) stem. J. Agricultural
Food Chem. 2015, 63, 3219.

[33] Ovodova, R. G., Golovchenko, V. V., Popov, S. V., Popova, G.
Y. et al., Chemical composition and anti-inflammatory activ-
ity of pectic polysaccharide isolated from celery stalks. Food
Chem. 2009, 114, 610–615.

[34] Popov, S. V., Ovodova, R. G., Golovchenko, V. V., Popova,
G. Y. et al., Chemical composition and anti-inflammatory ac-
tivity of a pectic polysaccharide isolated from sweet pepper
using a simulated gastric medium. Food Chem. 2011, 124,
309–315.

[35] Popov, S. V., Markov, P. A., Popova, G. Y., Nikitina, I. R. et al.,
Anti-inflammatory activity of low and high methoxylated cit-
rus pectins. Biomed. Preventive Nutr. 2013, 3, 59–63.

[36] Ptichkina, N. M., Markina, O. A., Rumyantseva, G. N., Pectin
extraction from pumpkin with the aid of microbial enzymes.
Food Hydrocolloids 2008, 22, 192–195.

[37] Mesbahi, G., Jamalian, J., Farahnaky, A., A compara-
tive study on functional properties of beet and citrus
pectins in food systems. Food Hydrocolloids 2005, 19, 731–
738.

[38] Hamarneh, S. R., Mohamed, M. M., Economopoulos, K. P.,
Morrison, S. A. et al., A novel approach to maintain gut
mucosal integrity using an oral enzyme supplement. Annal.
Surg. 2014, Vol. 260, 706–715.

[39] Poritz, L. S., Garver, K. I., Green, C., Fitzpatrick, L. et al., Loss
of the tight junction protein ZO-1 in dextran sulfate sodium
induced colitis. J. Surgical Res. 2007, 140, 12–19.

[40] Ho, S., Pothoulakis, C., Koon, H. W., Antimicrobial peptides
and colitis. Curr. Pharm. Des. 2013, 19, 40–47.

[41] Gee, J. M., LeeFinglas, W., Wortley, G. W., Johnson, I. T.,
Fermentable carbohydrates elevate plasma enteroglucagon
but high viscosity is also necessary to stimulate small bowel
mucosal cell proliferation in rats. J. Nutr. 1996, 126, 373–379.

[42] Chun, W., Bamba, T., Hosoda, S., Effect of pectin, a soluble
dietary fiber, on functional and morphological parameters
of the small intestine in rats. Digestion 1989, 42, 22–29.

[43] Tian, L., Bruggeman, G., van den Berg, M., Borewicz, K. et al.,
Effects of pectin on fermentation characteristics, carbohy-
drate utilization and microbial community composition in
the gastrointestinal tract of weaning pigs. Mol. Nutr. Food
Res. 2016.

[44] Havenaar, R., Intestinal health functions of colonic microbial
metabolites: a review. Beneficial Microbes 2011, 2, 103–114.

[45] Fukunaga, T., Sasaki, M., Araki, Y., Okamoto, T. et al., Effects
of the soluble fibre pectin on intestinal cell proliferation, fecal
short chain fatty acid production and microbial population.
Digestion 2003, 67, 42–49.

[46] Meijer, K., de Vos, P., Priebe, M. G., Butyrate and other short-
chain fatty acids as modulators of immunity: what relevance
for health? Curr. Opin. Clin. Nutr. Metab. Care 2010, 13, 715–
721.

[47] Aguilar, E. C., Santos, L. C., Leonel, A. J., de Oliveira, J. S.
et al., Oral butyrate reduces oxidative stress in atheroscle-
rotic lesion sites by a mechanism involving NADPH oxidase
down-regulation in endothelial cells. J. Nutr. Biochem. 2016,
34, 99–105.

[48] Suzuki, T., Yoshida, S., Hara, H., Physiological concentrations
of short-chain fatty acids immediately suppress colonic ep-
ithelial permeability. Br. J. Nutr. 2008, 100, 297–305.

[49] Kelly, C. J., Zheng, L., Campbell, E. L., Saeedi, B. et al.,
Crosstalk between microbiota-derived short-chain fatty
acids and intestinal epithelial HIF augments tissue barrier
function. Cell Host Microbe 2015, 17, 662–671.

[50] Elamin, E. E., Masclee, A. A., Dekker, J., Pieters, H. J. et al.,
Short-chain fatty acids activate AMP-activated protein kinase
and ameliorate ethanol-induced intestinal barrier dysfunc-
tion in Caco-2 cell monolayers. J. Nutr. 2013, 143, 1872–1881.

[51] Penalva, J. C., Martinez, J., Laveda, R., Esteban, A. et al., A
study of intestinal permeability in relation to the inflamma-
tory response and plasma endocab IgM levels in patients
with acute pancreatitis. J. Clinical Gastroenterol. 2004, 38,
512–517.

[52] Bruewer, M., Luegering, A., Kucharzik, T., Parkos, C. A. et al.,
Proinflammatory cytokines disrupt epithelial barrier function
by apoptosis-independent mechanisms. J. Immunol. 2003,
171, 6164–6172.

[53] Sunamura, M., Yamauchi, J., Shibuya, K., Chen, H. M. et al.,
Pancreatic microcirculation in acute pancreatitis. J. Hepato-
biliary-pancreatic Surg. 1998, 5, 62–68.

C© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.mnf-journal.com




