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Abstract: Acute pancreatitis is a severe abdominal pathology often associated with several
complications including gut dysfunction. Oxidative stress is one of the most important pathways
involved in this pathology. Hydroxytyrosol (HT), a phenolic compound obtained from olive oil, has
shown anti-inflammatory and antioxidant properties. We evaluated the effects of HT administration
on pancreatic and intestinal injury induced by caerulein administration. CD1 female mice were
administered caerulein (50 pg/kg) for 10 h. HT treatment (5 mg/kg) was performed 30 min after the
first caerulein injection and for two consecutive hours afterwards. One hour after the last caerulein
injection, mice were sacrificed and serum, colon and pancreatic tissue samples were collected. HT was
able to reduce the serum hallmarks of pancreatitis (amylase and lipase), histological damage score in
both pancreas and colon tissue, inflammatory cells recruitment (mast cells) in both injured tissues,
intrapancreatic trypsin activity and overexpression of the adhesion molecules (Intercellular Adhesion
Molecule-1 (ICAM-1) and P-selectin) in colon. Additionally, HT reduced cytokine (interleukin 1 beta
(IL- 1B), interleukin 6 (IL-6) and tumor necrosis factor alpha (TNF-a)) levels in serum, pancreas and
colon tissue and chemokine release (monocyte chemotactic protein-1 (MCP1/CCL2)) in pancreas and
colon tissue. HT decreased lipid peroxidation and oxidative stress (superoxide dismutase (SOD),
glutathione peroxidase (GPx), glutathione reductase (GR) and glutathione S-transferase (GST) activity)
by enhancing the nuclear factor erythroid 2-related factor 2 (Nrf2) and heme oxygenase 1 (HO-1) in
both injured tissues. Moreover, HT preserved intestinal barrier integrity, as shown by the diamine
oxidase (DAO) serum levels and tight junction (zonula occludens (ZO) and occludin) expression in
pancreas and colon. Our findings demonstrated that HT would be an important therapeutic tool
against pancreatitis-induced injuries in the pancreas and gut.

Keywords: medicinal plants; hydroxytyrosol; antioxidant

1. Introduction

Acute pancreatitis is an inflammatory pathology characterized by elevation of serum pancreatic
enzymes and acute abdominal pain [1]. Although the pancreas is primarily an exocrine gland, secreting
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a variety of digestive enzymes (trypsin, chymotrypsin and carboxypeptidase), it has an endocrine
function. Its pancreatic islets secrete the hormones glucagon, insulin, somatostatin and pancreatic
polypeptide. The normal secretion of digestive enzymes is modified during pancreatitis. Digestive
enzymes, which are exported outside the cells and lysosomal hydrolases, which are transported into
lysosomes, are normally separated from each other while they pass through the Golgi system [2,3]. In
injured pancreas, the separation of digestive enzymes from lysosomal hydrolases is defective and, as a
result, both types of enzyme become colocalized within intracellular vacuoles [2]. This colocalization
phenomenon may result in premature activation of digestive enzymes. Subsequent rupture of these
vacuoles liberates the activated digestive enzymes in the cytoplasmic space, followed by a cascade
of events that finally results in acute pancreatitis [4]. The activation of pancreatic enzymes in and
around the pancreas and bloodstream results in coagulation necrosis of the pancreas and necrosis
and hemorrhage of peripancreatic and peritoneal adipose tissue. Recently, pancreatitis rate has
considerably increased [5]. Moreover, this disease may be self-limited or develop as a severe condition
with up to 30% lethality [6]. Although its etiology remains elusive, accumulated evidence has linked
acute pancreatitis to inflammation of acinar cells, infiltration by innate immune cells and derived
inflammatory mediators [7,8]. Additionally, intestinal dysfunction and secondary inflammatory
issues aggravate acute pancreatitis retroactively and are prodromes of systemic complications [9,10].
Acute pancreatitis is often related to multiple organ dysfunction syndrome (MODS) and systemic
inflammatory response syndrome (SIRS) [11]. Several works describe the pancreatitis-associated failure
of the gastrointestinal tract. This is characterized by the release of endotoxins from the intestinal
lumen and the translocation of enteric bacteria to systemic circulation. These events increase the
intestinal permeability and release of proinflammatory cytokines and mediators. Infected necrosis,
bacteremia and organ failure are associated with intestinal barrier dysfunction in the early stages of
acute pancreatitis [12]. Therefore, targeting pancreatic inflammatory responses and/or maintaining
gut homeostasis would be a promising approach to treating acute pancreatitis. Although in recent
years, the pharmacological tools available for pancreatitis have significantly increased in their number,
this disease is an important problem worldwide [10,11]. Among the pathways involved in this
pathology, oxidative stress is one of the most important [13,14]. The development of acute pancreatitis
is associated with an increase in oxidative stress. Oxidative stress further increases the infiltration
of inflammatory cells in the intestine, aggravates the injury of intestinal cells, destroys the barrier
function of the intestines and promotes the entry of intestinal bacteria into the blood [14-16]. On
the other hand, administration of protective factors or exposure to protective procedures inhibits the
development of pancreatitis and accelerates recovery from this disease, and this effect is associated
with an improvement in the redox balance [17-19]. Many papers have demonstrated that oxidants
have a key role in the development of pancreatic tissue injury using experimental models of acute
pancreatitis [20,21]. Moreover, clinical reports have indicated that oxidative stress is involved in the
early phase of the disease [22]. Activated immune cells and acinar cells in injured pancreatic tissue
produce oxygen free radicals, complemented by decreased total glutathione (GSH) and superoxide
dismutase (SOD) levels and increased lipid peroxidation. Additionally, antioxidant administration
has been reported to reduce the severity of pancreatic tissue injury and mitigate acinar cell necrosis
in different models of acute pancreatitis [23-25]. Polyphenols and phenols in olive oil have shown
important antioxidant activity [26,27]. Oleuropein is the major phenol in olive leaves and fruits [28]. It
is a heterosidic ester comprising beta-glucosylated elenolic acid and hydroxytyrosol (HT). Oleuropein
is metabolized to HT, which has free radical-scavenging and antioxidant activities [29]. Several
in vivo experiments show the beneficial effects of HT treatment [30-34]. HT reduced kidney cell
injury induced by hydrogen peroxide by interacting with phosphatidylinositol 3 (PI3) kinase and
mitogen-activated protein (MAP) kinase [35]. In intestinal Caco-2 cells, it decreased lipid peroxidation
by scavenging peroxyl radicals [36]. In human keratinocytes, HT induced heme oxygenasel (HO-1)
gene expression [37]. It has been proposed that HT acts as scavenger of superoxide anion radicals,
peroxynitrite and other oxygen radicals [38]. Currently, a clinical trial is ongoing to explore the
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detoxifying potential of hydroxytyrosol and its effects on phase II enzyme expression (leading to
xenobiotic detoxification in the liver). Among these mechanisms of resistance to inflammation and
oxidative stress, the nuclear factor erythroid 2-related factor (Nrf2) is one of the most well studied
both in vitro and in vivo [39,40]. Recently, various evidence has reported that HT acts by activating
the Nrf2 antioxidant pathway [41,42]. The caerulein model of experimental pancreatitis is now widely
used for the analysis of intracellular events in the early phase of pancreatitis. Caerulein is an analogue
of the pancreatic secretagogue cholecystokinin and the administration of a supraphysiological dose of
caerulein activates trypsinogen within acinar cells, by causing colocalization of digestive zymogens
with lysosomal enzymes [4,43]. The model offers several advantages: it is noninvasive, since no
surgical intervention affecting the bile duct or pancreatic duct is necessary;, it allows easily controlled
grades of injury, it is highly reproducible, and it is applicable in several animal species such as mice,
rats, hamsters and dogs [44]. The administration of caerulein to mice leads to the development of
acute pancreatitis. This work aimed to evaluate the effects of HT on pancreatitis, the related intestinal
dysfunctions and the secondary inflammatory issues, clarifying its mechanism of action.

2. Materials and Methods

2.1. Animals

CD1 female mice (25-30 g, Envigo, Milan, Italy) were employed. The University of Messina
Review Board for Animal Care (OPBA) approved the study (650/2017-PR). All animal experiments
agree with the new Italian regulations (D.Lgs 2014/26), EU regulations (EU Directive 2010/63) and the
ARRIVE guidelines.

2.2. Experimental Protocol

Caerulein hyperstimulation was employed to induce acute pancreatitis [1]. Briefly, mice were
injected hourly intraperitoneally with caerulein (50 ug/kg of body weight) for 10 h. One hour after
the last caerulein injection, mice were sacrificed by cervical dislocation under isoflurane inhalation
anesthesia (5% in air Baxter, Rome, Italy) and serum, colon and pancreatic tissue samples were collected
for further analyses.

2.3. Experimental Groups

Mice were randomly divided into the following groups (n = 30):

(1) Caerulein + vehicle (saline): mice were subjected to the caerulein injection described above and
treated with vehicle (saline);

(2) Caerulein + HT (5 mg/kg): mice were subjected to the caerulein injection described above and
treated intraperitoneally with hydroxytyrosol (5 mg/kg of body weight dissolved in saline);

(3) Sham + vehicle (saline): mice were subjected to the same injection but received saline instead of
caerulein and were treated with vehicle (saline);

(4) Sham + HT (5 mg/kg): mice were subjected to the same injection but received saline instead of
caerulein and were treated with hydroxytyrosol (5 mg/kg of body weight dissolved in saline).

The hydroxytyrosol or vehicle (saline) was given 30 min after the first caerulein injection and
for two consecutive hours afterwards [45]. The volume of each solution administered was calculated
according to the mice’s body weight. The tested dose was chosen based on previous studies [46].

2.4. Measurement of Serum Lipase, Amylase and Diamine Oxidase Activity

Fresh blood was collected and allowed to clot by leaving it undisturbed at room temperature
for 20 min. Then, the clot was removed by centrifuging at 1000-2000x g for 10 min in a refrigerated
centrifuge and the supernatant was stored at —80 °C until analysis [1]. Serum diamine oxidase (DAO),
amylase and lipase activity were determined using a commercial kit (Cusabio, Houston, Texas). The



Antioxidants 2020, 9, 781 4 0f 18

DAO, amylase and lipase detection assay employed the quantitative sandwich enzyme immunoassay
technique. Antibody specific for DAO or amylase or lipase was pre-coated onto a microplate. Standards
and samples were pipetted into the wells and any DAO or amylase or lipase present was bound by the
immobilized antibody. After removing any unbound substances, a biotin-conjugated antibody specific
for DAO or amylase or lipase was added to the wells. After washing, avidin conjugated horseradish
peroxidase (HRP) was added to the wells. Following a wash to remove any unbound avidin-enzyme
reagent, a substrate solution was added to the wells and color developed in proportion to the amount
of DAO or amylase or lipase bound in the initial step. The color development was stopped and the
intensity of the color was measured (DAO detection range: 15.6-1000 mU/mL, amylase detection range:
9.38-600 mU/mL, lipase detection range: 62.5-4000 mU/mL).

2.5. Measurement of Antioxidant Enzyme Activity

The superoxide dismutase (SOD), glutathione peroxidase (GPx), glutathione reductase (GR) and
glutathione S-transferase (GST) activity was evaluated as already described previously [47,48]. SOD
activity was evaluated by quantitative sandwich enzyme immunoassay technique using a commercial
kit (Cusabio, Houston, Texas). The results were expressed as U/mg of protein. For GPx activity, the
absorbance was monitored at 340 nm at 37 °C for 10 min, and the results were expressed as pmol
of reduced glutathione (GSH)/min/mg of protein. The GR activity was evaluated by measuring the
consumption of nicotinamide adenine dinucleotide phosphate (NADPH) as a cofactor in the reduction
of oxidized glutathione to reduce GSH. The results were expressed as U of GR/mg of protein. One U
of enzyme activity was defined as the amount of GR that oxidizes 1 pumol of NADPH per min. The
GST activity was measured using 1-chloro-2,4-dinitrobenzene (CDNB) as a substrate. The results were
expressed as U of GST/mg of protein. One U of enzyme activity was defined as the amount of GST that
produces 1 pmol of the conjugate of GSH with CDNB per min. The total protein concentration in the
homogenate was measured using the method of Bradford.

2.6. Measurement of Pancreatic Lipid Peroxidation

The lipid peroxidation was evaluated by reaction between malondialdehyde (MDA), thiobarbituric
acid and lipid peroxides and measured spectrophometrically at 532 nm. Results were expressed as
nanomol TBA (thiobarbituric acid) reactants formed/g wet tissue [47].

2.7. Measurement of Pancreatic Edema

Pancreatic edema was quantified by the wet weight to dry weight ratio [1].

2.8. Myeloperoxidase Activity

Myeloperoxidase (MPO) activity, an indicator of PMN accumulation, was determined
spectrophotometrically at 650 nm [49,50]. MPO activity was expressed in U per gram weight of
wet tissue and was defined as the quantity of enzyme degrading 1 pumol of peroxide min~! at 37 °C.

2.9. Evaluation of Cytokines and Chemokines Levels

Pancreas and colon samples were collected, homogenized and centrifuged at 10,000x g for 15 min
at4 °C. The supernatants were employed for evaluating tissue levels of inflammatory mediators (tumor
necrosis factor alpha (TNF-«), interleukin 6 (IL-6), monocyte chemotactic protein-1 (MCP1/CCL2))
using an ELISA kit (R&D system Inc, MN, USA) [1]. The serum levels of interleukin-1 beta (IL-1p3),
IL-6 and TNF-« were determined by enzyme-linked immunosorbent assay kits (R&D system Inc, MN,
USA) [47].
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2.10. Histological Examination

Pancreas and colon tissue were harvested and fixed in formaldehyde solution (10% in PBS) [51];
histological sections were stained with hematoxylin and eosin and evaluated using a Leica DM6
microscope (Leica Microsystems SpA, Milan, Italy) associated with Leica LAS X Navigator software
(Leica Microsystems SpA, Milan, Italy). The morphological criteria were considered as already
described [52,53]. In particular, for the pancreas histology, we evaluated edema (0—4 points), acinar
necrosis (0—4 points), hemorrhage and fat necrosis (0—4 points), inflammation and perivascular infiltrate
(0—4 points). For the colon analysis, mucosal damage was graded from 0 to 5 according to the following
criteria: grade 0, normal mucosal villi; grade 1, development of subepithelial Gruenhagen’s space at
the apex of the villus, often with capillary congestion; grade 2, extension of the subepithelial space with
moderate lifting of the epithelial layer from the lamina propria; grade 3, massive epithelial lifting down
the sides of villi, possibly with a few denuded tips; grade 4, denuded villi with the lamina propria and
dilated capillaries exposed, possibly with increased cellularity of the lamina propria; grade 5, digestion
and disintegration of the lamina propria, hemorrhage and ulceration [53].

2.11. Immunohistochemical Analysis

Immunohistochemical analysis was performed as already described [54]. Sections were probed
overnight with anti-zonula occludens (ZO) antibody (1:100; Millipore, Abingdon, UK) or anti-occludin
antibody (1:100; Santa Cruz Biotechnology) or anti-intracellular adhesion molecule-1 (ICAM-1) (1:100;
Santa Cruz Biotechnology) or anti-P-selectin (1:100; Santa Cruz Biotechnology). Sections were washed
with phosphate-buffer saline (PBS) and incubated with peroxidase-conjugated bovine anti-mouse
IgG, secondary antibody (1:2000 Jackson Immuno Research, WestGrove, Pennsylvania, USA). Specific
labeling was provided with a biotin-conjugated goat anti-mouse IgG and avidin-biotin peroxidase
complex (Vector Laboratories, Burlingame, CA, USA). Images were collected using a Leica DM6
(Milan, Italy) microscope. The histogram profile reports the positive pixel intensity value taken from a
computer program.

2.12. Western Blot Analysis

Western blots were performed as described in our previous studies [55]. Pancreas and colon
tissue from each mouse were suspended in an extraction’s buffer containing 0.15 pM pepstatin A,
0.2 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium orthovanadate and 20 uM leupeptin,
homogenized at the highest setting for 2 min and centrifuged at 1000x g for 10 min at 4 °C. Supernatants
contained the cytosolic fractions, while the pellets represented the nuclear ones. Pellets were
resuspended in a second buffer containing 150 mM sodium chloride (NaCl), 1% Triton X-100, 1
mM ethylene glycol tetraacetic acid (EGTA), 10 mM tris—chloridric acid (HCI) pH 7.4, 0.2 mM
PMSF, 1 mM Ethylenediaminetetraacetic acid (EDTA), 0.2 mM sodium orthovanadate and 20 pm
leupeptin. After centrifugation at 4 °C for 30 min, the nuclear proteins containing the supernatants
were stored at —80 °C for further analysis. Specific primary antibody anti-Nrf2 (1:1000, Santa Cruz
Biotechnology) or anti-HO-1 (1:1000; Santa Cruz Biotechnology) was mixed in 1x PBS, 5% w/v nonfat
dried milk and 0.1% Tween-20 and incubated at 4 °C overnight. After, blots were incubated with
peroxidase-conjugated bovine anti-mouse IgG secondary antibody or peroxidase-conjugated goat
anti-rabbit IgG (1:2000, Jackson Immuno Research) for 1 h at room temperature. To verify the equal
amounts of protein, membranes were also incubated with the antibody against laminin (1:1000; Santa
Cruz Biotechnology) and -actin (1: 1000; Santa Cruz Biotechnology). Signals were identified with
enhanced chemiluminescence (ECL) detection system reagent and the relative expression of the protein
bands was measured by densitometry with BIORAD ChemiDocTM XRS+software (Bio-rad, Milan,
Italy). A representation of blot signals was imported to analysis software (Image Quant TL, v2003).
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2.13. Intrapancreatic Trypsin Activity

Trypsin activity was measured fluorometrically using the Rhodaminell0 coupled
bis-(CBZ-l-isoleucyl-l-prolyl-l-arginine amide) dihydrogen chloride, and catalytic activity in units was
quantified using a microplate reader (Fluostar OPTIMA, BMG Labtech, Ortenberg, Germany). The
activity was calculated and represented as U/mg of protein [56].

2.14. Materials

Hydroxytyrosol was purchased from Merck (Milan, Italy). All compounds used in this study,
except where otherwise specified, were purchased from Sigma-Aldrich Company Ltd. (Milan, Italy).

2.15. Statistical Evaluation

All values in the figures and text are expressed as mean + standard error of the mean (SEM) of N
number of animals. Results were analyzed by one-way ANOVA followed by a Bonferroni post-hoc test
for multiple comparisons. A P-value < 0.05 was considered significant. * p < 0.05 vs. sham + vehicle, #
p < 0.05 vs. caerulein + vehicle, ** p < 0.01 vs. sham + vehicle, ## p < 0.01 vs. caerulein + vehicle, *** p
< 0.001 vs. sham + vehicle, ### p < 0.001 vs. caerulein + vehicle.

3. Results

3.1. Hydroxytyrosol Reduces Serum Enzymes and Cytokine Alterations Induced by Acute Pancreatitis

In our study, we show that HT alleviated caerulein induced pancreatitis. As first factors, we
evaluated serum enzymes and inflammatory cytokine expression. Serum parameters of animals treated
with vehicle showed that amylase and lipase levels were remarkably higher as compared to the sham
group, while HT administration (5 mg/kg) reduced its levels (Figure 1A,B). Moreover, serum evaluation
of proinflammatory cytokines showed increased levels of IL-6 (Figure 1C), IL-1$3 (Figure 1D) and
TNEF-o (Figure 1E) in vehicle-treated mice while HT treatment (5 mg/kg) reduced all these parameters.
Therefore, HT reduced serum enzymes and cytokine modification induced by caerulein injection.
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Figure 1. Hydroxytyrosol (HT) effect on serum parameter changes induced by caerulein administration:
amylase (A), lipase (B), interleukin 6 (IL-6) (C), interleukin Ibeta (IL-13) (D) and tumor necrosis factor
alpha (TNF-«) (E). For each analysis, n = 5 animals from each group were employed. A p-value < 0.05
was considered significant. *** p < 0.001 vs. sham + vehicle, ## p < 0.001 vs. caerulein + vehicle.

3.2. Hydroxytyrosol Restored Antioxidant Enzyme Expression and Reduced Lipid Peroxidation Induced by
Acute Pancreatitis

In the inflammatory response to caerulein injection, oxidative stress is strictly involved. We
measured SOD activity and MDA levels to assess pancreas and colon injuries. We showed that HT
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treatment (5 mg/kg) significantly increased SOD activity (Figure 2A,F) and reduced MDA levels
(Figure 2B,G) both in pancreas and colon tissue as compared to vehicle-treated mice. Caerulein injection
reduced GPx (Figure 2C,H), GR (Figure 2D,I) and GST (Figure 2E,]) compared to the sham animals.
HT treatment (5 mg/kg) upregulated all these parameters. In conclusion, HT increased antioxidant
enzyme expression and reduced lipid peroxidation induced by caerulein injection.
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Figure 2. Hydroxytyrosol (HT) effect on oxidative stress induced by caerulein administration: pancreas
tissue: superoxide dismutase (SOD) (A), malondialdehyde (MDA) (B), glutathione peroxidase (GPx)
(©), glutathione reductase (GR) (D), glutathione S-transferase (GST) (E), colon tissue: SOD (F), MDA
(G), GPx (H), GR (I), GST (J). For each analysis, n = 5 animals from each group were employed. A
p-value < 0.05 was considered significant. # p < 0.05 vs. caerulein + vehicle, *** p < 0.001 vs. sham +
vehicle, ### p < 0.001 vs. caerulein + vehicle.

3.3. Hydroxytyrosol Enhanced Nrf2/HO-1 Expression in Pancreatic and Colonic Tissue

The Nrf2/HO-1 system is one of the crucial antioxidant pathways induced by pancreatitis. We
evaluated the expression levels of these proteins in the injured tissues. Nrf2 expression levels, monitored
by Western blotting in both pancreas (Figure 3A) and colon (Figure 3B) tissue, were increased in both
tissues harvested from vehicle-treated mice, as compared to the sham basal levels. HT administration
(5 mg/kg) increased Nrf2 levels in both tissues compared to the vehicle group. Western blot analysis
also showed basal expression of HO-1 in both pancreas (Figure 3C) and colon (Figure 3D) tissue of sham
animals, while vehicle-treated mice displayed increased levels. HO-1 expression was upregulated in
both pancreas and colon tissues of HT (5 mg/kg) administered animals. Thus, our results showed that
HT could manage the Nrf2/HO-1 pathway.
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Figure 3. Hydroxytyrosol (HT) effect on nuclear factor erythroid 2-related factor 2 (Nrf2)/ heme
oxygenase 1 (HO-1) expression: Western blot analysis of: Nrf2 from pancreatic tissue (A), Nrf2 from
colonic tissue (B), HO-1 from pancreatic tissue (C), HO-1 from colonic tissue (D). For each analysis, n =
5 animals from each group were employed. A p-value < 0.05 was considered significant. * p < 0.05 vs.

sham + vehicle, # p < 0.05 vs. caerulein + vehicle, *** p < 0.001 vs. sham + vehicle, ## p < 0.001 vs.
caerulein + vehicle.

3.4. Hydroxytyrosol Ameliorated Pancreas Histological Injury and Cytokine Expression Changes Induced by
Pancreatitis

It is well known that the administration of caerulein to mice leads to the development of severe
acute necrotizing pancreatitis, in contrast to rats, where caerulein leads to the development of mild
edematous acute pancreatitis. Our data showed that caerulein administration increased pancreatic
edema (Figure 4A) and pancreatic MPO (Figure 4B) and trypsin (Figure 4C) activity. HT administration
(5 mg/kg) showed reduced edema, neutrophils and trypsin activity. Histological analysis of pancreatic
tissue further confirmed the beneficial effect of HT (5 mg/kg), shown by decreased inflammatory cell
accumulation and ameliorated cellular morphology acinar necrosis (Figure 4F,G) induced by caerulein
injection (Figure 4E,G). No histological changes were detected in sham animals (Figure 4D,G and
Figure S1). Additionally, HT (5 mg/kg) decreased pancreatic TNF-o (Figure 4H), IL-6 (Figure 4I) and
MCP1/CCL2 levels (Figure 4]). These data showed that HT improved pancreas histological injury and
cytokine release induced by caerulein injection.
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Figure 4. Hydroxytyrosol (HT) effect on pancreas injury induced by caerulein administration:

g
S
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1
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o
8
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pancreaetic edema (A), myeloperoxidase (MPO) activity (B), trypsin activity (C), pancreas histological
analysis: sham + vehicle (D), caerulein + vehicle (E), caerulein + HT (F), histological injury score
(G), pancreas cytokine expression: tumor necrosis factor alpha (TNF-«) (H), interleukin 6 (IL-6) (I),
monocyte chemotactic protein-1 (MCP1/CCL2) (J). For each analysis, n = 5 animals from each group
were employed. A p-value < 0.05 was considered significant. *** p < 0.001 vs. sham + vehicle, ### p <
0.001 vs. caerulein + vehicle. Scale bar 100 um.

3.5. Hydroxytyrosol Attenuates Intestinal Injury Associated with Acute Pancreatitis

Acute pancreatitis is further characterized by dysregulated gut homeostasis. In particular,
histological analysis of colon tissue showed that vehicle-treated mice displayed tissue inflammation
and cellular recruitment (Figure 5B,D) as compared to sham animals (Figure 5A,D and Figure S1). HT
administration (5 mg/kg) reduced this inflammation (Figure 5C,D). Moreover, HT (5 mg/kg) reduced
intestinal proinflammatory cytokine expression, including TNF-o (Figure 5E), MCP1/CCL2 (Figure 5F),
and IL-6 (Figure 5G). These data showed that HT improved intestinal histological injury and cytokine
release induced by caerulein injections.
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Figure 5. Hydroxytyrosol (HT) effect on colon inflammation: colon histological analysis: sham +
vehicle (A), caerulein + vehicle (B), caerulein + HT(C), histological injury score (D), colon cytokine
expression: tumor necrosis factor alpha (TNF-«) (E), monocyte chemotactic protein-1 (MCP1/CCL2)
(F), interleukin 6 (IL-6) (G). For the analyses, # = 5 animals from each group were employed. A p-value
< 0.05 was considered significant. ## p < 0.01 vs. caerulein + vehicle, *** p < 0.001 vs. sham + vehicle,
##H# p < 0.001 vs. caerulein + vehicle.

3.6. Hydroxytyrosol Reduces Mast Cell Recruitment in Pancreas and Colon Tissue Associated with Acute
Pancreatitis

Thereafter, we evaluated inflammatory cell recruitment to the lesion sites. Toluidine blue staining
showed increased mast cell recruitment both in pancreas and colon tissue collected from vehicle-treated
mice (Figure 6B,D,FH, respectively), as compared to the tissue from the sham group (Figure 6A,D,EH,
respectively). HT administration (5 mg/kg) reduced mast cell infiltration in both inflamed tissues
(Figure 6C,D,G,H, respectively). Thus, HT reduced mast cell recruitment in both pancreas and colon
tissue induced by caerulein injection.

Il sham + vehicle
D caerulein + vehicle
Bl caerulein + HT

-
°

wx

Mast Cells (Number/mm?)
o

Mast Cells (Number/mm?)

Figure 6. Hydroxytyrosol (HT) effect on mast cell infiltration: toluidine blue staining of pancreas tissue:
sham + vehicle (A), caerulein + vehicle (B), caerulein + HT (5 mg/kg) (C), mast cell count (D), toluidine
blue staining of colon tissue: sham + vehicle (E), caerulein + vehicle (F), caerulein + HT (5 mg/kg) (G),
mast cell count (H). For the analyses, n = 5 animals from each group were employed. A p-value < 0.05
was considered significant. *** p < 0.001 vs. sham + vehicle, ### p < 0.001 vs. caerulein + vehicle.
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3.7. Hydroxytyrosol Decreases Adhesion Molecule Expression Associated with Acute Pancreatitis

The selectin family and ICAMs are expressed on the membranes of leukocytes and endothelial
cells and play roles in leukocyte adhesion and rolling in blood vessels. They are involved in the
pathogenesis of systemic inflammation and multiple organ failure in acute pancreatitis [57]; therefore,
immunohistochemical analysis to evaluate their expression was performed. Increased adhesion
molecule expression (ICAM-1 and P-selectin) was detected in samples collected from vehicle-treated
mice (Figure 7B,D,FH, respectively), as compared to sham samples (Figure 7A,D,E H, respectively). HT

administration (5 mg/kg) reduced both ICAM-1 (Figure 7C,D) and P-selectin (Figure 7G,H) expression
in colon tissue.

Il sham + vehicle
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Figure 7. Hydroxytyrosol (HT) effect on intercellular adhesion molecule-1 (ICAM-1) and P-selectin
expression: immunohistochemical analysis of ICAM-1 of sham + vehicle (A), caerulein + vehicle (B)
and caerulein + HT (5 mg/kg) (C) administration. Graphical quantification of ICAM-1 expression
(D). Immunohistochemical analysis of P-selectin of sham + vehicle (E), caerulein + vehicle (F) and
caerulein + HT (5 mg/kg) (G) administration. Graphical quantification of P-selectin expression (H).
For the analyses, n = 5 animals from each group were employed. A p-value < 0.05 was considered
significant. *** p < 0.001 vs. sham + vehicle, ### p < 0.001 vs. caerulein + vehicle.

3.8. Hydroxytyrosol Preserves the Integrity of the Gut Barrier

Loosening of cell-cell adhesion between pancreatic acinar cells and/or endothelial cells increases
solute permeability, resulting in interstitial edema, which promotes inflammatory cell migration
and disrupts tissue structure [57]. Immunohistochemical analysis of tight junction expression was
performed in both pancreas and colon tissue. Tissue collected from vehicle-treated mice showed reduced
Z0 (Figure 8B,D and Figure 9B,D, respectively) and occludin (Figure 8FH and Figure 9F,H) expression
as compared to sham tissues (Figure 8A,D; Figure 9A,D; Figure 8E,H; Figure 9E,H). HT administration
(5 mg/kg) was able to restore ZO and occludin expression in both pancreas (Figure 8C,D,G,H) and

colon (Figure 9C,D,G, H) tissue. Additionally, HT (5 mg/kg) improved intestinal barrier function, as
displayed by serum DAO activity (Figure 9I).
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Figure 8. Hydroxytyrosol (HT) effect on zonula occludens (ZO) and occludin expression in pancreatic
tissue: immunohistochemical analysis of ZO of sham + vehicle (A), caerulein + vehicle (B) and caerulein
+HT (5 mg/kg) (C) administration. Graphical quantification of ZO expression (D). Inmunohistochemical
analysis of occludin of sham + vehicle (E), caerulein + vehicle (F) and caerulein + HT (5 mg/kg) (G)
administration. Graphical quantification occludin expression (H). For the analyses, #n = 5 animals from
each group were employed. A p-value < 0.05 was considered significant. *** p < 0.001 vs. sham +
vehicle, ### p < 0.001 vs. caerulein + vehicle.
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Figure 9. Hydroxytyrosol (HT) effect on zonula occludens (ZO) and occludin expression in colonic
tissue and DAO activity: immunohistochemical analysis of ZO of sham + vehicle (A), caerulein +
vehicle (B) and caerulein + HT (5 mg/kg) (C) administration. Graphical quantification of ZO expression
(D). Immunohistochemical analysis of occludin of sham + vehicle (E), caerulein + vehicle (F) and
caerulein + HT (5 mg/kg) (G) administration. Graphical quantification occludin expression (H), serum
diamine oxidase (DAO) activity (I). For the analyses, n = 5 animals from each group were employed. A
p-value <0.05 was considered significant. *** p < 0.001 vs. sham + vehicle, ### p < 0.001 vs. caerulein
+ vehicle.

4. Discussion

Pancreatitis is a severe disease with multifaceted underlying mechanisms which are still poorly
understood. This disease is associated with comorbidities and mortality [58,59]. From a molecular
point of view, pancreatitis is characterized by inflammatory processes [60] and oxidative stress
increase [48], while one of the most frequent extrapancreatic complications is gut dysfunction [61].
The lack of effective therapeutic choices necessitates increasing research for effective therapy for the
management of pancreatitis. HT showed evident anti-inflammatory, antithrombotic and antiatherogenic
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properties [62-64]. It is also able to contrast hyperglycemia, insulin resistance and metabolic syndrome,
improving endothelial function and hemostatic and lipid profiles [65] and decreasing oxidative
stress [66,67]. In addition, HT showed further positive health effects such as antisteatotic and
pro-autophagic properties and improved mitochondrial function [68]. Our findings show that HT
can protect from acute pancreatitis and gut comorbidity by the following results: HT reduced serum
and cytokine activation, lipid peroxidation and oxidative stress, pancreas and colon histological
changes, tight junction disruption and inflammatory cell recruitment in the inflamed tissues. Crucially,
these effects were mediated by the NRF2 pathway. During pancreatitis, serum amylase, lipase and
cytokine, such as IL6, IL-13 and TNF-«, levels are increased. Additionally, there is early intra-acinar
cell activation of inactive zymogens into their active forms. Following this early activation, a trypsin
cascade occurs in the gland, which leads to the auto-digestion of acinar cells [4]. HT administration
reduced serum enzyme overexpression and cytokines as well. Moreover, HT treatment reduced
trypsin activity, showing the ability to manage the intrapancreatic protease activation induced by acute
pancreatitis. Under homeostatic conditions, tissues have several endogenous antioxidant enzymes,
including SOD and glutathione, which act as ROS scavengers, preventing lipid peroxidation [69]. In
this pathology, free oxygen radicals are overproduced, shifting the endogenous oxidant/antioxidant
balance. HT administration was able to restore this equilibrium to the homeostatic condition in
both pancreas and colon tissue, as shown by the increased SOD, GPx, GR and GST activity, while
MDA levels were decreased. HT was able to ameliorate pancreas and intestinal oxidative damage.
The Nrf2 and NF-kB pathways are closely related in the oxidative stress [70] and inflammatory [40]
responses, respectively. Nrf2 is a transcription factor usually localized in the cytosol and regulated
by Kelch-like ECH-associated protein 1 (Keap1). ROS generation induces Nrf2 translocation into the
nucleus, where it modulates the transcription of multiple target genes, including phase II detoxification
enzymes such as heme oxygenase 1 (HO-1) [71]. Recent findings showed that mice lacking NFR2
displayed more severe pathological changes in both pancreatic and gut tissue [72]. Here, we showed
that HT was able to fight the oxidative stress induced by caerulein administration by activating the
NREF2 pathway and enhancing HO-1 expression. These results are well in line with the pancreas and
intestinal morphological changes detected. HT attenuated acinar necrosis and pancreatic edema and
MPO activity, an activated neutrophils biomarker. From a histological point of view, HT protected
pancreas tissue from the pathological changes induced by caerulein. Additionally, injured acinar cells
produce cytokines and chemokines to initiate inflammatory responses [73]. HT reduced TNF-«, IL6
and MCP1/CCL2 overexpression in the pancreas. Several studies suggest that inflammatory cell and
cytokine infiltration are two critical events in pancreatitis induced distant organ injuries, leading to
systemic and local complications [74]. Our results showed that HT administration was able to reduce
colon inflammation, swelling, inflammatory cell infiltration and cytokine and chemokine overexpression
in this tissue. Recruitment of inflammatory cells has a key role in the disease [75]. Our data suggested
that HT limited the recruitment of mast cells in the pancreas and colon during pancreatitis. The
inflammatory cells” infiltration into the inflamed tissues is mediated by the overexpression of the
adhesion molecules [50,76]. They play important roles in cell migration, proliferation and signal
transduction, as well as in development and tissue repair. HT administration was able to reduce ICAM-1
and P-selectin overexpression in colon tissue. Additionally, the gut barrier dysfunction associated with
pancreatitis is characterized by downregulation of the expression of tight junction proteins, impaired
intestinal motility, bacterial translocation and increased intestinal permeability [77]. The damaged
intestinal barrier allowed organisms to move through the bloodstream, producing multiple organ
failure [78,79]. Consequently, maintaining intestinal integrity decreases morbidity associated with
pancreatitis. DAO, synthetized by the epithelial cells of the intestinal villi, is a biomarker of the integrity
of the gut barrier. The increased serum levels of DAO enzymes and the damaged tight junctions
indicated this tissue injury and intestinal barrier dysfunction [61]. These parameters were considerably
reduced in animals administered HT treatment.



Antioxidants 2020, 9, 781 14 of 18

5. Conclusions

Collectively, our data demonstrate that HT, by reducing inflammatory cell infiltration, cytokine
overexpression, oxidative stress and the NRF2 pathway, counteracted pancreatic damage and associated
intestinal injury during pancreatitis. Conclusively, we propose HT as potential strategy for pancreatitis
and intestinal comorbidity treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/9/781/s1,
Figure S1: Hematoxylin and eosin staining of pancreas and colon tissue.
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