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Abstract

Purpose Inflammatory bowel diseases (IBD), including Crohn’s disease (CD) and ulcerative colitis (UC), are chronic gas-
trointestinal disorders associated with significant morbidity and complications. This study investigates the therapeutic poten-
tial of docosahexaenoic acid (DHA) in a trinitrobenzene sulfonic acid (TNBS) induced colitis model, focusing on inflamma-
tion, oxidative stress, and intestinal membrane permeability.

Methods Wistar albino rats were divided into Control, Colitis, and Colitis + DHA groups (n=8-10/group). The Colitis and
Colitis + DHA groups received TNBS intrarectally, while the Control group received saline. DHA (600 mg/kg/day) or saline
was administered via gavage for six weeks. Macroscopic and microscopic evaluations of colon tissues were conducted.
Parameters including occludin and ZO-1 expressions, myeloperoxidase (MPO) activity, malondialdehyde (MDA), glutathi-
one (GSH), total antioxidant status (TAS), total oxidant status (TOS), Interleukin-6 (IL-6), and tumor necrosis factor alpha
(TNF-a) levels were measured in colon tissues.

Results Colitis induction led to significantly higher macroscopic and microscopic damage scores, elevated TOS lev-
els, reduced occludin and ZO-1 intensity, decreased mucosal thickness, and TAS levels compared to the Control group
(p<0.001). DHA administration significantly ameliorated these parameters (p <0.001). MPO, MDA, TNF-q, and IL-6 lev-
els were elevated in the Colitis group but significantly reduced in the DHA-treated group (p < 0.001 for MPO, MDA ; p < 0.05
for TNF-a and IL-6).

Conclusion DHA demonstrated antioxidant and anti-inflammatory effects by reducing reactive oxygen species production,
enhancing TAS capacity, preserving GSH content, decreasing proinflammatory cytokine levels, preventing neutrophil infil-
tration, reducing shedding in colon epithelium, and improving gland structure and mucosal membrane integrity. DHA also
upregulated the expressions of occludin and ZO-1, critical for barrier function. Thus, DHA administration may offer a thera-
peutic strategy or supplement to mitigate colitis-induced adverse effects.
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Introduction

Inflammatory bowel diseases (IBDs), namely ulcerative
colitis (UC) and Crohn’s disease (CD) are chronic inflam-
mations of the gastrointestinal tract with an unknown etiol-
ogy. IBDs can lead to bleeding and various complications
by starting with disruption and inflammation in the mucosal
barrier and continuing with an impaired immune response
[1]. IBDs have become a rapidly increasing global public
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It is reported that 15-40% of patients with IBDs are catego-
rized as obese, while 20—40% are overweight [3]. The etiol-
ogy of IBDs is unknown, but their pathogenesis includes
genetic and environmental factors such as climate, pollu-
tion, smoking, and the presence of obesity [3, 4]. IBDs lead
to complications such as stenosis, fistula, perforation, toxic
megacolon, and cancer. The main goals in the treatment of
IBDs are to reduce these symptoms and complications and
maintain remission. Despite continuous drug use and long-
term follow-up, the quality of life of people with IBDs is
impaired due to the failure to achieve clinical remission [5].

The exact mechanism of IBDs development is not clear,
but it is known that there is an increased production of
inflammatory cytokines and reactive oxygen molecules.
Cytokines in ulcerative colitis cause an increase in the
severity and duration of the disease because of persistent
tissue and mucosal damage. In ulcerative colitis, the levels
of proinflammatory cytokines, reactive oxygen and nitro-
gen compounds [6] and the myeloperoxidase (MPO) level,
which is an indicator of neutrophil infiltration, are found
to be increased [7]. In addition, oxidative stress signals in
inflammatory bowel diseases initiate inflammation and trig-
ger the development of IBDs by causing disruption and bac-
terial invasion in the mucosal barrier of the gastrointestinal
tract [8].

Docosahexaenoic acid (DHA) is a long chain, poly-
unsaturated omega 3 fatty acid (n-3 PUFA). DHA can be
used in the body by the enzymatic conversion of alpha-
linolenic acid (ALA), an essential fatty acid, or directly
obtained from fish oil. ALA in the diet undergoes a series
of enzymatic transformations to form eicosapentaenoic
acid (EPA) and DHA molecules. Subsequently, EPA and
DHA molecules become part of the phospholipid structure
of cell membranes and affect the inflammation process.
DHA is a protective fatty acid that maintains homeostasis
by balancing blood lipids and lipoproteins, increasing anti-
oxidant capacity, and acting as a protective agent against
oxidative stress [9].

Excessive reactive oxygen molecules increase membrane
permeability, leading to impairment of intestinal mucosal
barrier function in IBD [10, 11]. The intestinal epithelial
barrier is composed of a single layer of cells whose perme-
ability is maintained by tight junction proteins [12]. Tight
junctions are adhesion complexes located between the cells
in the epithelium and endothelium that control the passage of
ions, water, and molecules. Two of the tight junction proteins
are occludin and ZO-1, also known as Zonula occludens.
They work together to establish and maintain the structural
integrity of tight junctions. Both occludin and ZO-1 have
been shown to participate in signaling pathways that regu-
late tight junction assembly, maintenance, and remodeling.
These proteins are not only structural components but also
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have roles in intracellular signaling cascades that affect tight
junction dynamics. Dysregulation of occludin and ZO-1 has
been linked to various diseases involving disrupted barrier
function, such as inflammatory bowel disease [13]. There
are a limited number of studies in the literature indicating
the effects of DHA on intestinal barrier functions, most of
which are in vitro.

Our aim in this study is to elucidate the possible thera-
peutic effects and the mechanism of DHA administered
intragastrically through its impact on inflammation, oxida-
tive stress, and intestine membrane permeability in a TNBS
induced colitis model, which has been shown to reflect
human colitis in terms of many features, including histo-
logical and immunological changes.

Materials and methods
Experimental design and induction of colitis

Female Wistar Albino rats (200-250 g; n=10 per group)
were used in the study. Rats were kept under standard
humidity (60-70%) and temperature (22 + 1°C) conditions
with a 12 h light/dark cycle. They were also fed standard
pellet chow and had access to water ad libitum during the
study. The ethics governing the use and conduct of experi-
ments on animals were strictly observed, and all experimen-
tal procedures were approved by the Committee for Animal
Research of Acibadem Mehmet Ali Aydinlar University
with the approval number “07/05/2018 ACU/HADYEK
2018/21”.

After one week of acclimatization, rats were divided
into 3 experimental groups: control (n =8), colitis (n=10)
and colitis+ DHA (n=10). Rats in the control and colitis
groups were given the saline solution; rats in colitis + DHA
group were given DHA (Sigma-Aldrich, USA) at a dose
of 600 mg/kg body weight per day by oral gavage for 4
weeks. Rats in control group were given the saline with
the same protocol to simulate the same treatment stress.
The dose of DHA was determined by selecting a non-toxic
high dose according to the literature [14]. Chronic colitis
was induced as previously described [15]. After an over-
night (16 h) fasting, under isoflurane anesthesia, 1 mL of
15 mg/mL TNBS solution dissolved in 40% ethanol was
given intrarectally with an 8 cm long cannula to induce
colitis. To simulate the same treatment stress, 1 mL of
saline was administered intrarectally to the rats in the
control group with the same protocol. The weight of the
rats was recorded before colitis induction and after three
days. On the 4th day, rats were sacrificed by the decapita-
tion; colon tissues were collected and stored at -80°C until
analysis.
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Evaluation of colitis severity

After euthanasia, the distal 8 cm part of the colon was
removed and separated longitudinally, and washed in saline.
Then the colon tissues were weighed, and colon weights in
grams per 100 g of body weight were used to calculate the
relative tissue weight index (RTWI). RTWI was then evalu-
ated according to the following formula [16]:

Relative tissue weight index (RTWI) =
Colon weight (g) X 100

Body weight be fore sacri fication

The macroscopic damage scale modified by Wallace et
al. [17] was used for macroscopic evaluation (Table 1).
Colon damage was evaluated by a blinded, experienced
physiologist.

Histological evaluation

Colon samples collected after decapitation were fixed in
10% neutral buffered formalin. Following fixation, the
colon tissues were dehydrated ascending series of ethanol
(70%, 90%, 96%, 100%) and cleared with xylene. Clearing
and paraffin incubation were performed using an automated
tissue processor (Thermo Citadel 2000). The tissues were
then embedded in paraffin using an embedding worksta-
tion (Thermo-Histostar). Sections with a thickness of 5 um
were taken with a microtome (Thermo Scientific) and trans-
ferred to a hot water bath and then placed on slides. Sections
were stained with hematoxylin-eosin (H&E) for histologi-
cal evaluation. Tissue sections taken on a slide for staining
were kept in xylene for 30 min. Then, they were kept in a
decreasing alcohol series (100%, 90%, 70%) for 5 min each
and washed with tap water. The tissue sections, which were
stained in hematoxylin for 5 min, were washed with tap
water for 5 min and kept in 70% alcohol for 1 min. Stain-
ing was completed by immersing the sections in eosin for
3 min. Subsequently tissue sections were processed through
a graded series of alcohols (70%, 90%, 100%) and finally
cleared with xylene. In the end, the tissue sections were

Table 1 Macroscopic damage scale

Score Appearance

0 No damage

1 Focal hyperemia, no ulcers

2 Hyperemia or bowel wall thickening without
linear ulceration

3 Ulceration with inflammation at one site
Two or more sites of ulceration/inflammation

5 Major sites of damage extending more than
1 cm along the length of colon

6-10 If damage extends more than 2 cm along the

length of colon, the score is increased by one
for each additional 1 cm

scored semi-quantitatively by an expert blinded histologist
under a light microscope (Zeiss LSM 700, Oberkochen, Ger-
many) using a scale ranging from 0 to 3 (0: none, 1: mild,
2: moderate, and 3: severe) for each criterion. The criteria
for scoring were surface epithelial damage, the presence of
edema, and inflammatory cell infiltration in the mucosa.
Additionally, the mucosal thickness of H&E stained sec-
tions was measured using ImageJ (1.44 software, National
Institutes of Health).

Immunohistochemistry

Paraffin sections were deparaffinised and rehydrated. Then
the sections were washed in PBS, treated with citrate buf-
fer solution (pH 6.0) in a microwave oven and cooled for
15 min. Sections were incubated in blocking solution for
10 min followed by incubation with rabbit anti-occludin
primary antibody (Invitrogen, Waltham, MA, USA) at a
1:100 dilution and-ZO-1 antibody (Invitrogen, Waltham,
MA, USA) at a 1:100 dilution overnight at 4°C. After pri-
mary antibody application, sections were washed in PBS
and incubated goat anti-rabbit secondary antibody (Thermo,
USA) at a 1:1000 dilution at room temperature. All sections
were finally incubated with 4'-6- diamidino-2-phenylindole
(DAPI) at room temperature and analyzed under a confocal
microscope (Zeiss LSM 700). The density of occludin and
Z0-1 was determined using ImagelJ software.

Oxidative stress parameters
TACand TOC levels

Total antioxidant capacity (TAC) and total oxidant capacity
(TOC) were measured in colon tissue using a spectropho-
tometric method, following the manufacturer’s instructions
with the rat TAC and TOC kit (Rel Assay Diagnostics).
For TAC measurements, Trolox, a water-soluble deriva-
tive of vitamin E, was used as a calibrator, and results were
expressed in mmol Trolox equivalents per liter (mmol Tro-
lox equiv/L). For TOC measurements, hydrogen peroxide
(H,0,) was used as the standard, with results expressed
in micromoles of H,0, equivalents per liter (umol H,O,
equiv/L). After obtaining TAC and TOC values, the results
were calculated using the following formula [18-20]:

Ozidative stressindex (OSI) =
TOC (o mol.H202. Equivalent/L)
TAC (umol.Trolox. Equivalent/L X 100
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Glutathione (GSH) levels

The colon tissues were homogenized by adding a 10%
trichloroacetic acid solution up to 9 times their weight.
Afterward, homogenates were centrifuged (Thermo Fisher
Scientific, SL16, Waltham, Massachusetts, USA) at at
3000 rpm for 15 min at 4 °C. The supernatants were taken
and centrifuged at 10,000 rpm at 4 °C for a 8 min more. The
supernatants were separated and analyzed using the modi-
fied Ellman method (40 mg DTNB + 100 ml 1% Na citrate)
and read at 412 nm in the spectrophotometer (Shimadzu,
UV-2600/UV-VIS/Spectrophotometer, Japan) [21].

Inflammation markers
Myeloperoxidase (MPO) levels

Colon tissues were homogenized by adding nine times their
weight in a 5% HETAB solution (in 50 mM potassium
phosphate buffer; pH: 6) then centrifuged at 12,000 rpm
for 10 min at 4 °C. The pellet was taken and rehomoge-
nized in 50 mM potassium phosphate buffer. Then, 50 mM
potassium phosphate buffer, 30 mM o-dianicidine, 60 mM
H,0, and sample were added to each tube. The reaction
was started in the water bath at 37 °C for 3 min and stopped
by adding 2% sodium azide at the end of the 3 min. Sam-
ples were centrifuged at 5000 rpm for 15 min at 4 °C. The
samples were read at 460 nm in the spectrophotometer (Shi-
madzu, UV-2600/UV-VIS/Spectrophotometer, Japan) and
the results were analyzed [22].

Malondialdehyde (MDA) levels

The colon tissues were homogenized by adding nine times
its weight of 10% trichloroacetic acid solution. Then the
homogenates were centrifuged at 3,000 rpm, +4 °C for
15 min. The supernatants were taken and centrifuged at
9,000 rpm, + 4 °C, for an additional 8 min. Afterward,
750 wl of thiobarbituric acid and 750 pl tissue samples
were added to glass tubes and boiled for 20 min. The color
change was read in a spectrophotometer (Hitachi / U-1900)
at 535 nm. The results were obtained by multiplying the
absorbance values by the coefficient 1.56x 107> M-1 cm™".

Tumor necrosis factor-a (TNF-a) and interleukin-6. (IL-6)
levels

Colon tissues were homogenized in buffer solution to deter-
mine the levels of cytokines in the colonic mucosa. TNF-a,
IL-6 levels were measured using Enzyme-Linked Immuno-
sorbent Assay (ELISA) kits (BT-lab, Zhejiang, China) in
accordance with the manufacturer’s instructions. Cytokine
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concentrations were determined by creating a standard
curve. TNF-a levels were measured using BT-lab, EO764Ra,
Zhejiang, China; IL-6 levels were measured using BT-lab,
EO0135Ra, Zhejiang, China ELISA Kkits.

Statistical analysis

All data expressed as means + standard error. Comparison of
body weight change data was performed by two-way analy-
sis of variance (ANOVA). Other parameters were compared
by one-way ANOVA. Tukey and Games-Howell multiple
comparison tests were used to determine the difference
between groups. Values of p<0.05 were regarded statisti-
cally significant. SPSS 23 version was used for statistical
evaluation. Graphs were created using the GraphPad Prism§8
Software (GraphPad Prism Software Inc., San Diego, CA).

Results
Measurement of the body weight

The body weights of the rats were measured before and three
days after the induction of colitis. There was a significant
weight loss in the colitis-induced groups (colitis and coli-
tis+ DHA group) compared to the control group (p <0.001).
Weight loss in the colitis group (8.70%) was slightly higher
than the weight loss in the DHA group (7.10%), but the dif-
ference was not significant (data not shown).

Evaluation of the macroscopic damage score and
relative tissue weigh index

It was observed that the macroscopic damage scores of the
colitis and DHA groups were significantly higher than the
damage score of the control group (p <0.001). However, it
was determined that DHA treatment significantly decreased
the damage score compared to the vehicle applied colitis
group (p<0.001) (Fig. 1A).

RTWI levels of the colitis and DHA groups were signifi-
cantly higher than the control group (» <0.001). The RTWI
levels of the DHA group were slightly lower than the colitis
group, the difference was statistically significant (p <0.05).
(Fig. 1B).

Histologic evaluation

Colon tissue samples from the experimental groups under-
went histopathological evaluation under a light microscope.
Normal tissue morphology was observed in the control
group (Fig. 2A). Desquamation of the surface epithelium,
degeneration of the glandular structure, and neutrophilic



European Journal of Nutrition

10—

= +

;5 8 Kk
% I
= 6

=

(=]

&

g 47

(3

=

S e

0_
Control Colitis Colitis+tDHA

Fig. 1 Macroscopic Evaluation (Evaluation of the macroscopic dam-
age score and colon weight after sacrification). (A) The macroscopic
damage score of experimental groups. **: p <0.001 compared to con-

Fig. 2 Representative photomicrographs of colon tissues (A) Normal
colon tissue morphology was seen in control group. (B) Epithelial
desquamation (arrowhead), disrupted glands (asterisk), and leukocyte
infiltration (arrow) were observed in colitis group. (C) Mild degree

infiltration in the mucosa were detected in the colitis group
(Fig. 2B). Mild desquamation of the surface epithelium
restored glandular morphology and limited areas of neutro-
philic infiltrations were noticed in the colitis+ DHA group
(Fig. 2C).

The immunofluorescent pictures of the colon sections
were examined under the confocal microscope to evalu-
ate the epithelial integrity of the colon tissue. Occludin and
Z0-1 immunopositivity were observed in the epithelial
regions of the colon tissues. In the colitis group, decreased
occludin and ZO-1 immunopositivity was observed. How-
ever, occludin and ZO-1 immunopositivities were higher in
the colitis + DHA group than in the colitis group (Figs. 3 and
4).

Based on histopathological scoring of experimental
groups, microscopic damage score was found to be sig-
nificantly decreased in colitis group when compared to
the control group (p <0.001). The DHA group had a lower
microscopic damage score compared to the colitis group
(»<0.001). (Fig. 5A). The mucosal thickness of the intestine
was decreased in the colitis group compared to the control
group (p<0.01). DHA administration in colitis increased
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trol group. + : p <0.05 compared to colitis group. (B) RTWI, Relative
tissue weight index. g/100 g body weight. Values are mean+SD ***:
p<0.001 compared to control group

of mucosal damage with decreased number of leukocytic infiltration
(arrow), glandular damage (asterisk) and epithelial damage (arrow-
head) were observed in Colitis + DHA group. H&E staining

the mucosal thickness significantly compared to the colitis
group (p<0.01) (Fig. 5B).

Occludin and ZO-1 immunoreactivity was calcu-
lated in the epithelial colon tissue of the experimen-
tal groups. While occludin reactivity was significantly
decreased in the colitis group compared to the control
group (p <0.001), it was significantly higher in the DHA
group than in the colitis group (p <0.001) (Fig. 6A). ZO-1
immunoreactivity was significantly decreased in the coli-
tis group compared to the control group (p <0.001). In
the DHA-administered group, ZO-1 immunoreactivity
was significantly increased compared to the colitis group
(»<0.005) (Fig. 6B).

Inflammatory parameters

MPO levels, indicating neutrophil infiltration into the colon
tissue, were measured. In the colitis group, MPO levels
were significantly higher than the control group (p <0.001),
and DHA administration significantly decreased the MPO
level compared to the colitis group (p <0.001) (Fig. 7A).
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Fig. 3 Representative micrographs of Occludin immunoflourescence
staining in the experimental groups. Occludin immunopositivity and
DAPI are seen in bright red and blue colours, respectively. All sec-

MDA levels, an indicator of oxidant damage, was mea-
sured in the colon tissue. In the colitis group, MDA levels
were elevated compared to the control group (p<0.001).
On the other hand, DHA treatment significantly decreased
MDA levels which were increased with colitis induction
(»p<0.001) (Fig. 7B).
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tions were counterstained with 4-6-diamidino-2-phenylindole DAPI to
visualize the nucleus

IL-6 and TNF-a levels were significantly increased in
the colitis group compared to the control group (p<0.01
and p <0.05, respectively). In the colitis + DHA group, both
cytokine levels were significantly lower than in the colitis
group (p <0.05) (Fig. 7C and D).
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Fig. 4 Representative micrographs of ZO-1 immunoflourescence staining in the experimental groups ZO-1 immunopositivity and DAPI are seen
in bright green and blue colours, respectively. All sections were counterstained with 4-6-diamidino-2-phenylindole DAPI to visualize the nucleus

Oxidative stress parameters; colonic TAC, TOC, OSI
and GSH levels

The total oxidant and antioxidant capacities of the colon
tissue samples were assessed. TAC levels of the colitis
group were significantly low, and the TOC and OSI lev-
els increased significantly compared to the control group
(»<0.05). On the other hand, DHA treatment significantly

ameliorated TAC and TOC levels (p<0.05) and slightly
decreased OSI levels. However, the difference in OSI was
not statistically significant (Table 2).

GSH levels, an indicator of the amount of endogenous
antioxidant glutathione, were measured in colon tissue. The
GSH levels in the colitis group were reduced compared to
the control group, while DHA administration significantly
preserved the GSH level (Table 2).
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Fig. 6 Fluorescence intensity of occludin and ZO-1 expressions ***: p <0.001 compared to control group. +++ : p<0.001 compared to colitis

group. ++ : p<0.01 compared to colitis group
Discussion

IBD is a disease characterized by increased production and
release of inflammatory cytokines and reactive oxygen spe-
cies. The simultaneous decrease in tissue antioxidant levels
is a common feature in IBDs, along with the increasing pro-
duction of free radicals [23].

In the study, the therapeutic effects of DHA on epithelial
barrier integrity, oxidative stress, and inflammatory pro-
cess were investigated in the experimental colitis model in
rats. The macroscopic and microscopic damage scores sig-
nificantly increased with colitis induction, and DHA treat-
ment reduced these scores. The histologic evaluation also
demonstrated that DHA application reduces shedding in the
surface epithelium and improves gland morphology. It was
also observed that while mucosal thickness significantly
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decreased with colitis induction, DHA treatment improved
intestinal barrier function.

Although increased oxidative stress levels are known in
inflammatory bowel diseases, the mechanism of their rela-
tionship has not yet been fully elucidated. Many factors,
such as colonic epithelium, microvascular endothelium, or
inflammatory cells (especially neutrophils), are responsible
for this increment [24, 25]. On the other hand, the increase
in production of the ROS such as superoxide radicals and
hydrogen peroxide is effective in the formation of the
inflammatory response. Kruidenier et al. argued that expo-
sure to ROS molecules is responsible for mucosal tissue
damage in IBDs [26]. Furthermore, Han et al. demonstrated
that superoxide dismutase treatment may have a therapeutic
effect on the TNBS-induced colitis model [27].
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group. ***: p<0.001 compared to control group. +: p<0.05 com-
pared to colitis group. ***: p<0.001 compared to colitis group

Table 2 Oxidative stress param-  Groups TAC (mmol/L) TOC (umol/L) OSI (umol/L) GSH (umol/g)
eter. Total antioxidant capacity - 0 e =gy 1,1320,12 11,51+3,48 0.86+0,51 1,4740,46
(TAC), total oxidant capacity o

(TOC), oxidative stress index Colitis (n=10) 0,97+0,19** 15,47 +£2,75%* 1,64 +0,53* 0,49 +£0,22%*
(OSI) and glutathione (GSH) Colitis+ DHA(n=10) 1,23+0,28" 12,66 +4,21" 1,41 +1,17 0,98 +0,27%*

levels of the experimental groups.

Values are mean+ SD colitis group

The effect of DHA on cellular oxidative stress param-
eters has been studied extensively in the literature. DHA
suppresses ROS production, increases the activity of anti-
oxidant enzymes, and improves antioxidant capacity in dif-
ferent disease conditions [28—30]. In our study, related to
TAC and TOC levels, the data we obtained in this context
overlap with the data of our study results related to oxida-
tive stress. TAC and TOC level measurements showed that
while the TOC levels of the colitis group were higher, the
TAC levels were significantly lower than those of the con-
trol group. Administration of DHA to colitis-induced rats

*: p<0.05 compared to control group. **: p<0.01 compared to control group. #: p <0.05 compared to

reversed this situation. It was observed that there was a sig-
nificant decrease in TOC levels and an increase in TAC lev-
els compared to the colitis group.

GSH is one of the essential endogen antioxidant mol-
ecules that protect the cell against oxidative stress. It is
present in the cytoplasm, nucleus, and mitochondria of the
cells. GSH levels are known to decrease during inflamma-
tion [31]. It has been demonstrated that severe degeneration
of the colonic mucosa, development of diarrhea, and weight
loss occur in mice with chemically induced GSH deficiency
[32]. Decreased GSH levels are accepted as indicators of
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both the severity of inflammation and the level of oxida-
tive stress [33]. The results showed that the GSH levels in
the colon tissue of the rats with colitis were significantly
lower than those in the control group. GSH levels of the
DHA administered group significantly increased compared
with the colitis group (Table 2).

MDA is the end product of the oxidation of PUFAs by
free radicals in the body [34]. MDA level serves as an indi-
cator of lipid peroxidation caused by free radicals in the cell
membrane [35]. In our study, TNBS application significantly
increased MDA levels in the colitis group compared to the
control group, and DHA treatment significantly decreased
MDA levels in the colon tissue. This result suggests that
DHA may be associated with reducing the ROS induced
tissue lipid peroxidation in the the mucosa [36-38]. Fatty
acids are the main components of the cell membrane phos-
pholipids. By incorporating into the phospholipid structure
of the cell membrane, DHA may have a significant effect in
maintaining the structural integrity of the cell. It increases
the durability of the membrane, decreases the cell sensitiv-
ity to free radicals, and lipid peroxidation.

Many studies have suggested that inflammatory cells
such as neutrophils and macrophages have considerable
effects on the pathogenesis of IBDs [39]. The myeloperoxi-
dase enzyme, synthesized in neutrophils with potent anti-
bacterial and antiviral effects, is accepted as the indicator
of neutrophil infiltration in colitis [40]. Increased mucosal
MPO levels in UC patients have been reported [41]. It has
also been suggested that neutrophil infiltration is the most
important factor responsible for the increase in ROS pro-
duction [24, 25].

In our study, MPO enzyme activity was significantly
increased in the colitis-induced group, and DHA application
decreased MPO enzyme activity to the levels observed in
the control group. In some studies it has been shown that
DHA administration reduces neutrophil infiltration in the
various experimental inflammatory disease models [42,
43]. In accordance with these studies, DHA may exert its
MPO-reducing effect by reducing neutrophil infiltration. It
was reported that 100 mg/kg/day DHA treatment improved
gastric damage caused by indomethacin in rats, reduced
MPO, MDA, and TNF-a levels and protected the endog-
enous GSH levels [44]. DHA administered 500 mg/kg/day
by gavage for 14 days improved lung damage caused by
paraquat, decreased MPO activity and MDA level and pre-
served GSH level in mice [45].

A wide variety of cytokines such as TNF-a and IL-6
increase in circulation or tissue during inflammation. Usu-
ally, inflammatory cell migration and cytokine chemotaxis
cause progressive tissue destruction in IBD [46]. To investi-
gate the effect of DHA on the colitis-induced inflammatory
process, pro-inflammatory cytokine TNF-o was measured
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in the study. There was an increase in TNF-a levels in
the colitis group compared to the control group, but this
increase was not statistically significant. On the other hand,
DHA administration significantly decreased TNF-a levels
compared to the colitis group (p < 0.05; Fig. 7D). Reduction
of TNF levels by anti-TNF drugs is one of the treatment
options in IBD, and TNF inhibitors are commonly used for
the treatment of IBD [47, 48].

IL-6 provides communication between innate and adap-
tive immune response by driving the differentiation of CD4
T cells. In several previous studies, it was determined that
while spontaneous colitis occurred in IL107/~ mice, the
levels of IL-6 were also increased [49—51]. In contrast to
previous studies, the IL-6 level was significantly higher in
the colitis group compared to the control group in our study.
DHA administration significantly decreased the IL-6 level
compared to the colitis group (Fig. 7C).

Fatty acids are the main component of cell membrane
phospholipids [52]. LA and ALA are essential fatty acids
that cannot be synthesized in the body. Arachidonic acid
(AA), EPA, and DHA molecules formed by the enzymatic
transformation of these essential fatty acids. These mol-
ecules participate in the membrane phospholipid structure
and affect the inflammatory process. AA and EPA molecules
have both inflammatory and anti-inflammatory effects,
while the DHA molecule has potent anti-inflammatory
effects [53]. In addition, previous studies have shown that
DHA inhibits nuclear factor kappa B (NF-kB), which is the
main transcription factor that regulates the expression of
some inflammatory mediators (such as cyclo-oxygenase-2,
tumor necrosis factor-a, IL-1b, IL-6) [54]. It is known that
inhibiting NF-kB has a protective effect on inflammation by
preventing the production of the the proinflammatory medi-
ators. Similarly, Qiu et al. [55] determined that maresin 1
demonstrated protective effects by inhibiting proinflamma-
tory mediators by inhibiting NF-kB.

Paracellular transition in the epithelium is regulated
by tight junction proteins. The barrier function of the
epithelium can be easily disrupted, leading to increased
permeability in IBD [56]. Fractures in the epithelium and
rearrangement of tight junction proteins, which control
paracellular transition, along with glandular atrophy, have
been demonstrated in both UC and CD [12, 57, 58]. Clau-
dins are transmembrane proteins that are a fundamental
component of tight junctions. Proper claudin polymer-
ization and arrangement are essential for maintaining the
tightness of the barrier [59]. Marin et al. [60] proved the
disorganization of tight junction proteins in the inflamed
regions of the intestine in a study involving CD patients.
It was reported that the expression of claudin 5, 8, and
3, which contribute to epithelial tightness, decreased
in active CD. Occludin and ZO-1 are key players in
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maintaining the integrity of the intestinal barrier, which is
crucial for preventing the leakage of harmful substances
from the gut into the bloodstream, thereby maintaining the
selective permeability of these barriers [61]. ZO-1 acts as
a scaffold protein that connects the cytoplasmic tails of
claudins, occludin, and other tight junction proteins to
the actin cytoskeleton inside cells. This connection helps
anchor these transmembrane proteins at the tight junctions
and provides stability to the junctional complex [62].
Kuacharzik et al. [63] demonstrated a decrease in
occludin protein levels during both the active and remis-
sion periods of UC, whereas it decreased only during
the active phase of CD. In an in vitro study, prophylac-
tic treatment with EPA and DHA in epithelial cell culture
reduced the permeability induced by TNF and IFN and
prevented the deterioration of tight junction morphology
[64]. Zhao et al. [65] showed that the destruction of tight
junction proteins occludin and ZO-1 was improved when
35.5 mg/kg DHA was administered for two weeks in a
mouse model of colitis. Consistent with the literature, we
found that intragastric administration of DHA protects the
integrity of the epithelial barrier by reducing the destruc-
tion of occludin and ZO-1 proteins, thereby showing

protective effects against TNBS-induced colitis. ZO-1
and occludin work in concert to establish and maintain the
structural integrity of tight junctions, and the absence or
dysfunction of either of these proteins can have profound
consequences. Their interactions and functions are inter-
dependent and crucial for the proper functioning of these
barriers. The loss of both ZO-1 and occludin can severely
disrupt the formation and function of tight junctions, lead-
ing to significant impairment of barrier integrity and func-
tion [66].

In conclusion, DHA demonstrated its effects by prevent-
ing neutrophil infiltration, suppressing neutrophil-derived
ROS production, preserving GSH content, reducing the lev-
els of proinflammatory cytokines IL-6 and TNF-a, and miti-
gating shedding in the colon epithelium while improving
gland structure and mucosal membrane integrity. Addition-
ally, DHA administration increased the expression levels
of occludin and ZO-1, which are crucial for preventing
increased intestinal permeability (Fig. 8). Therefore, DHA
administration could be considered a beneficial supple-
ment to prevent the adverse effects of colitis induced by the
inflammatory process.

COLITIS

expression

Fig.8 Details of the mechanism behind the effect of DHA in preventing
colitis. DHA, with its long and highly unsaturated structure, embeds
itself among the phospholipids in cell membranes, contributing to the
fluidization and increased flexibility of the membrane and triggers
the production of protective compounds that have anti-inflammatory

Degeneration of the
surface epithelium

effects. DHA supports the structural integrity of the cell membrane,
providing protection against harmful oxidative processes. By reducing
the peroxidation of membrane lipids, it enhances the cell’s resistance
to aging and damage

@ Springer



European Journal of Nutrition

Funding Open access funding provided by the Scientific and Techno-
logical Research Council of Tiirkiye (TUBITAK). This study was sup-
ported by the Scientific Research Projects Commission of Acibadem
Mehmet Ali Aydinlar University with the project number 2018/03/07.
Open access funding provided by the Scientific and Technological Re-
search Council of Tiirkiye (TUBITAK).

Declarations

Ethics approval Animal experiments were approved with the approval
number “07/05/2018 ACU/HADYEK 2018/21” by the Committee for
Animal Research of Acibadem Mehmet Ali Aydinlar University.

Conflict of interest The authors have no conflicts of interest to declare.
All authors have seen and agree with the contents of the manuscript.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Hendrickson BA et al (2002) Clinical aspects and pathophysiol-
ogy of inflammatory bowel disease. Clin Microbiol Rev 15:79—
94. https://doi.org/10.1128/CMR.15.1.79-94.2002

2. Kaplan GG (2015) The global burden of IBD: from 2015 to 2025.
Nat Reviews Gastroenterol Hepatol 12:720-727. https://doi.
org/10.1038/nrgastro.2015.150

3. Singh S et al (2020) Management of inflammatory bowel dis-
eases in special populations: obese, old, or obstetric. Clin Gas-
troenterol Hepatol 18:1367-1380. https://doi.org/10.1016/j.
cgh.2019.11.009

4. Kaser A, Blumberg RS (2008) Adaptive immunity in inflam-
matory bowel disease: state of the art. Curr Opin Gastroenterol
24:455-461. https://doi.org/10.1097/MOG.0b013e328304d60d

5. Maunder RG et al (2005) Attachment insecurity moderates the
relationship between disease activity and depressive symptoms
in ulcerative colitis. Inflamm Bowel Dis 11:919-926. https://doi.
org/10.1097/01.mib.0000179468.78876.2d

6. Saraggi D et al (2017) The molecular landscape of colitis-asso-
ciated carcinogenesis. Dig Liver Disease 49:326-330. https://doi.
org/10.1016/j.d1d.2016.12.011

7. Muthas D et al (2017) Neutrophils in ulcerative colitis: a review
of selected biomarkers and their potential therapeutic implica-
tions. Scand J Gastroenterol 52:125—135. https://doi.org/10.108
0/00365521.2016.1235224

8. Tian T et al (2017) Pathomechanisms of oxidative stress
in inflammatory bowel disease and potential antioxidant
therapies. Oxidative Med Cell Longev 2017. https:/doi.
org/10.1155/2017/4535194

9. Hashimoto M et al (2017) Docosahexaenoic acid: one molecule
diverse functions. Crit Rev Biotechnol 37:579-597. https://doi.
org/10.1080/07388551.2016.1207153

@ Springer

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Mao X et al (2019) Benzoic acid used as food and feed addi-
tives can regulate gut functions. Biomed Res Int 2019. https://doi.
org/10.1155/2019/5721585

Sung MK et al (2011) Obesity-induced metabolic stresses in
breast and colon cancer. Ann N Y Acad Sci 1229:61-68. https://
doi.org/10.1111/j.1749-6632.2011.06094.x

Clayburgh DR et al (2004) A porous defense: the leaky epithelial
barrier in intestinal disease. Lab Invest 84:282-291. https://doi.
org/10.1038/labinvest.3700050

Gonzalez C et al (2013) Epithelial cell culture from human
adenoids: a functional study model for ciliated and secre-
tory cells. Biomed Res Int 2013:478713. https:/doi.
org/10.1155/2013/478713

Lien EL (2009) Toxicology and safety of DHA. Prostaglandins
Leukot Essent Fat Acids 81:125-132. https://doi.org/10.1016/j.
plefa.2009.05.004

Morris GP et al (1989) Hapten-induced model of chronic inflam-
mation and ulceration in the rat colon. Gastroenterology 96:795—
803 PMID: 2914642

de Santos O, R. etal (2021) L-glutamine and physical exercise pre-
vent intestinal inflammation and oxidative stress without improv-
ing gastric dysmotility in rats with ulcerative colitis. Inflammation
44:617-632. https://doi.org/10.1007/s10753-020-01361-3
Wallace JL et al (1995) Hapten-induced chronic coli-
tis in the rat: alternatives to trinitrobenzene sulfonic acid.
J Pharmacol Toxicol Methods 33:237-239. https:/doi.
org/10.1016/1056-8719(95)00001-x

. Yumru M et al (2009) Oxidative imbalance in bipolar disor-

der subtypes: a comparative study. Prog Neuropsychopharma-
col Biol Psychiatry 33:1070-1074. https://doi.org/10.1016/j.
pnpbp.2009.06.005

Kosecik M et al (2005) Increased oxidative stress in children
exposed to passive smoking. Int J Cardiol 100:61-64. https://doi.
org/10.1016/j.ijcard.2004.05.069

Harma M, Erel O (2003) Increased oxidative stress in patients
with hydatidiform mole. Swiss Med Wkly 133. https://doi.
org/10.4414/smw.2003.10397

Kolgazi M et al (2013) The role of cholinergic anti-inflamma-
tory pathway in acetic acid-induced colonic inflammation in the
rat. Chemico-Biol Interact 205:72—-80. https://doi.org/10.1016/j.
¢bi.2013.06.009

Pazar A et al (2016) The neuroprotective and anti-apoptotic effects
of melatonin on hemolytic hyperbilirubinemia-induced oxidative
brain damage. J Pineal Res 60:74-83. https://doi.org/10.1111/
jpi. 12292

Necefli A et al (2006) The effect of melatonin on TNBS-induced
colitis. Dig Dis Sci 51:1538-1545. https://doi.org/10.1007/
$10620-005-9047-3

Kawashima K, Fujii T (2003) The lymphocytic cholinergic sys-
tem and its biological function. Life Sci 72:2101-2109. https://
doi.org/10.1016/50024-3205(03)00068-7

Tayebati SK et al (2002) Immunochemical and immunocy-
tochemical characterization of cholinergic markers in human
peripheral blood lymphocytes. J Neuroimmunol 132:147-155.
https://doi.org/10.1016/s0165-5728(02)00325-9

Kruidenier L et al (2003) Attenuated mild colonic inflammation
and improved survival from severe DSS-colitis of transgenic Cu/
Zn-SOD mice. Free Radic Biol Med 34:753-765. https://doi.
org/10.1016/50891-5849(02)01426-0

Han W et al (2006) Improvement of an experimental colitis in
rats by lactic acid bacteria producing superoxide dismutase.
Inflamm Bowel Dis 12:1044-1052. https://doi.org/10.1097/01.
mib.0000235101.09231.9¢

Zhang Y et al (2019) DHA protects against monosodium urate-
induced inflammation through modulation of oxidative stress.
Food Funct 10:4010-4021. https://doi.org/10.1039/c9f000573k


https://doi.org/10.1155/2019/5721585
https://doi.org/10.1155/2019/5721585
https://doi.org/10.1111/j.1749-6632.2011.06094.x
https://doi.org/10.1111/j.1749-6632.2011.06094.x
https://doi.org/10.1038/labinvest.3700050
https://doi.org/10.1038/labinvest.3700050
https://doi.org/10.1155/2013/478713
https://doi.org/10.1155/2013/478713
https://doi.org/10.1016/j.plefa.2009.05.004
https://doi.org/10.1016/j.plefa.2009.05.004
https://doi.org/10.1007/s10753-020-01361-3
https://doi.org/10.1016/1056-8719(95)00001-x
https://doi.org/10.1016/1056-8719(95)00001-x
https://doi.org/10.1016/j.pnpbp.2009.06.005
https://doi.org/10.1016/j.pnpbp.2009.06.005
https://doi.org/10.1016/j.ijcard.2004.05.069
https://doi.org/10.1016/j.ijcard.2004.05.069
https://doi.org/10.4414/smw.2003.10397
https://doi.org/10.4414/smw.2003.10397
https://doi.org/10.1016/j.cbi.2013.06.009
https://doi.org/10.1016/j.cbi.2013.06.009
https://doi.org/10.1111/jpi.12292
https://doi.org/10.1111/jpi.12292
https://doi.org/10.1007/s10620-005-9047-3
https://doi.org/10.1007/s10620-005-9047-3
https://doi.org/10.1016/s0024-3205(03)00068-7
https://doi.org/10.1016/s0024-3205(03)00068-7
https://doi.org/10.1016/s0165-5728(02)00325-9
https://doi.org/10.1016/s0891-5849(02)01426-0
https://doi.org/10.1016/s0891-5849(02)01426-0
https://doi.org/10.1097/01.mib.0000235101.09231.9e
https://doi.org/10.1097/01.mib.0000235101.09231.9e
https://doi.org/10.1039/c9fo00573k
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/CMR.15.1.79-94.2002
https://doi.org/10.1038/nrgastro.2015.150
https://doi.org/10.1038/nrgastro.2015.150
https://doi.org/10.1016/j.cgh.2019.11.009
https://doi.org/10.1016/j.cgh.2019.11.009
https://doi.org/10.1097/MOG.0b013e328304d60d
https://doi.org/10.1097/01.mib.0000179468.78876.2d
https://doi.org/10.1097/01.mib.0000179468.78876.2d
https://doi.org/10.1016/j.dld.2016.12.011
https://doi.org/10.1016/j.dld.2016.12.011
https://doi.org/10.1080/00365521.2016.1235224
https://doi.org/10.1080/00365521.2016.1235224
https://doi.org/10.1155/2017/4535194
https://doi.org/10.1155/2017/4535194
https://doi.org/10.1080/07388551.2016.1207153
https://doi.org/10.1080/07388551.2016.1207153

European Journal of Nutrition

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Merzouk SA et al (2008) N-3 polyunsaturated fatty acids mod-
ulate in-vitro T cell function in type I diabetic patients. Lipids
43:485-497. https://doi.org/10.1007/s11745-008-3176-3
Casafias-Sanchez V et al (2015) Docosahexaenoic (DHA)
modulates phospholipid-hydroperoxide glutathione peroxidase
(Gpx4) gene expression to ensure self-protection from oxidative
damage in hippocampal cells. Front Physiol 6:203. https://doi.
org/10.3389/fphys.2015.00203

Joo M et al (2015) Anti-inflammatory effects of flavonoids
on TNBS-induced colitis of rats. Korean J Physiol Pharmacol
19:43-50. https://doi.org/10.4196/kjpp.2015.19.1.43

Martensson J et al (1990) Glutathione is required for intesti-
nal function. Proc Natl Acad Sci 87:1715-1719. https://doi.
org/10.1073/pnas.87.5.1715

Guan G, Lan S (2018) Implications of antioxidant systems in
inflammatory bowel disease. Biomed Res Int 2018. https://doi.
org/10.1155/2018/1290179

Horton A et al (1987) Lipid peroxidation and mechanisms
of toxicity. CRC Crit Reviews Toxicol 18:27-79. https://doi.
org/10.3109/10408448709089856

Seljeskog E et al (2006) A novel HPLC method for the mea-
surement of thiobarbituric acid reactive substances (TBARS).
A comparison with a commercially available kit. Clin Biochem
39:947-954. https://doi.org/10.3109/10408448709089856

Yui K et al (2021) Lipid peroxidation with implication of organic
pollution in autistic behaviors. Cureus 13:e14188. https://doi.
org/10.7759/cureus. 14188

Jiang W et al (2021) Docosahexaenoic acid activates the Nrf2 sig-
naling pathway to alleviate impairment of spleen cellular immu-
nity in intrauterine growth restricted rat pups. Saudi J Biol Sci
28:4987-4993. https://doi.org/10.1016/].sjbs.2021.05.058
Romeo Villadéniga S et al (2018) Effects of oral supplementation
with Docosahexaenoic Acid (DHA) plus antioxidants in pseudo-
exfoliative glaucoma: a 6-month open-label randomized trial. J
Ophthalmol 2018. https://doi.org/10.1155/2018/8259371

Maloy KJ, Powrie F (2011) Intestinal homeostasis and its break-
down in inflammatory bowel disease. Nature 474:298-306.
https://doi.org/10.1038/nature10208

Zhu H, Li YR (2012) Oxidative stress and redox signaling mech-
anisms of inflammatory bowel disease: updated experimental
and clinical evidence. Experimental Biology Med 237:474-480.
https://doi.org/10.1258/ebm.2011.011358

Ullman TA, Itzkowitz SH (2011) Intestinal inflammation and
cancer. Gastroenterology 140:1807-1816. e1801. https://doi.
org/10.1053/j.gastro.2011.01.057

He J et al (2017) Recovery of corneal sensitivity and increase in
nerve density and wound healing in diabetic mice after PEDF plus
DHA treatment. Diabetes 66:2511-2520. https://doi.org/10.2337/
db17-0249

Nordgren TM et al (2014) The omega-3 fatty acid docosahexae-
noic acid attenuates organic dust-induced airway inflammation.
Nutrients 6:5434-5452. https://doi.org/10.3390/nu6125434
Pineda-Pefia EA et al (2018) Participation of the anti-inflam-
matory and antioxidative activity of docosahexaenoic acid on
indomethacin-induced gastric injury model. Eur J Pharmacol
818:585-592. https://doi.org/10.3390/nu6125434

Chen J et al (2013) Docosahexaenoic acid (DHA) attenuated
paraquat induced lung damage in mice. Inhal Toxicol 25:9-16.
https://doi.org/10.3109/08958378.2012.750405

Sharon P, Stenson WF (1984) Enhanced synthesis of leu-
kotriene B4 by colonic mucosa in inflammatory bowel dis-
ease. Gastroenterology 86:453-460. https://doi.org/10.1016/
S0016-5085(84)80015-3

Wen J et al (2016) The potential mechanism of Bawei Xileisan in
the treatment of dextran sulfate sodium-induced ulcerative colitis
in mice. J Ethnopharmacol 188:31-38. https://doi.org/10.1016/j.
jep.2016.04.054

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Gisbert JP, Chaparro M (2020) Predictors of primary response to
biologic treatment [Anti-TNF, Vedolizumab, and Ustekinumab]
in patients with inflammatory bowel disease: from basic science
to clinical practice. J Crohns Colitis 14:694—709. https://doi.
org/10.1093/ecco-jec/jjz195

Kawachi S et al (2000) Cytokine and endothelial cell adhesion
molecule expression in interleukin-10-deficient mice. Am J Phys-
iology-Gastrointestinal Liver Physiol 278:G734-G743. https://
doi.org/10.1152/ajpgi.2000.278.5.G734

Ye M et al (2020) Deletion of IL-6 exacerbates colitis and induces
systemic inflammation in IL-10-deficient mice. J Crohns Colitis
14:831-840. https://doi.org/10.1093/ecco-jcc/jjz176

Glehen O et al (2003) Enteral immunotherapy in the treatment of
chronic enterocolitis in interleukin-10-deficient mice. Hepatogas-
troenterology 50:670—675 PMID: 12828057

Varelis P, Melton L, Shahidi F (2018) Phospholipids. Encyclope-
dia of food chemistry. Elsevier, pp 214-217

Hersberger M (2010) Potential role of the lipoxygenase derived
lipid mediators in atherosclerosis: leukotrienes, lipoxins and
resolvins. Clin Chem Lab Med 48:1063-1073. https://doi.
org/10.1515/CCLM.2010.212

Liu T et al (2017) NF-kB signaling in inflammation. Sig-
nal Transduct Target Therapy 2:1-9. https://doi.org/10.1038/
sigtrans.2017.23

Qiu S et al (2020) Maresin 1 alleviates dextran sulfate sodium-
induced ulcerative colitis by regulating NRF2 and TLR4/NF-kB
signaling pathway. Int Inmunopharmacol 78:106018. https://doi.
org/10.1016/j.intimp.2019.106018

Krug SM et al (2014) Tight junction, selective permeability, and
related diseases. Semin Cell Dev Biol 36:166—176. https://doi.
org/10.1016/j.semcdb.2014.09.002

Bruewer M et al (2006) Inflammatory bowel disease and the api-
cal junctional complex. Ann N'Y Acad Sci 1072:242-252. https://
doi.org/10.1196/annals.1326.017

Weber C, Turner J (2007) Inflammatory bowel disease: is it
really just another break in the wall? Gut 56:6-8. https://doi.
org/10.1196/annals.1326.017

Furuse M et al (2002) Claudin-based tight junctions are crucial
for the mammalian epidermal barrier: a lesson from claudin-1-de-
ficient mice. J Cell Biol 156:1099—-1111. https://doi.org/10.1083/
jcb.200110122

Marin ML et al (1983) A freeze fracture study of Crohn’s disease
of the terminal ileum: changes in epithelial tight junction organi-
zation. Am J Gastroenterol 78:537-547. PMID: 6613965

Ghosh S et al (2021) Regulation of intestinal barrier function by
microbial metabolites. Cell Mol Gastroenterol Hepatol 11:1463—
1482. https://doi.org/10.1016/j.jemgh.2021.02.007

Hartsock A, Nelson WJ (2008) Adherens and tight junctions:
structure, function and connections to the actin cytoskeleton.
Biochim Biophys Acta 1778:660—669. https://doi.org/10.1016/j.
bbamem.2007.07.012

Kucharzik T et al (2001) Neutrophil transmigration in inflamma-
tory bowel disease is associated with differential expression of
epithelial intercellular junction proteins. Am J Pathol 159:2001—
2009. https://doi.org/10.1016/S0002-9440(10)63051-9

Li Q et al (2008) n-3 polyunsaturated fatty acids prevent dis-
ruption of epithelial barrier function induced by proinflam-
matory cytokines. Mol Immunol 45:1356-1365. https://doi.
org/10.1016/j.molimm.2007.09.003

Zhao J et al (2015) DHA protects against experimental colitis in
IL-10-deficient mice associated with the modulation of intestinal
epithelial barrier function. Br J Nutr 114:181-188. https://doi.
org/10.1017/S0007114515001294

Chelakkot C et al (2018) Mechanisms regulating intestinal barrier
integrity and its pathological implications. Exp Mol Med 50:1-9.
https://doi.org/10.1038/s12276-018-0126-x

@ Springer


https://doi.org/10.1093/ecco-jcc/jjz195
https://doi.org/10.1093/ecco-jcc/jjz195
https://doi.org/10.1152/ajpgi.2000.278.5.G734
https://doi.org/10.1152/ajpgi.2000.278.5.G734
https://doi.org/10.1093/ecco-jcc/jjz176
https://doi.org/10.1515/CCLM.2010.212
https://doi.org/10.1515/CCLM.2010.212
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1038/sigtrans.2017.23
https://doi.org/10.1016/j.intimp.2019.106018
https://doi.org/10.1016/j.intimp.2019.106018
https://doi.org/10.1016/j.semcdb.2014.09.002
https://doi.org/10.1016/j.semcdb.2014.09.002
https://doi.org/10.1196/annals.1326.017
https://doi.org/10.1196/annals.1326.017
https://doi.org/10.1196/annals.1326.017
https://doi.org/10.1196/annals.1326.017
https://doi.org/10.1083/jcb.200110122
https://doi.org/10.1083/jcb.200110122
https://doi.org/10.1016/j.jcmgh.2021.02.007
https://doi.org/10.1016/j.bbamem.2007.07.012
https://doi.org/10.1016/j.bbamem.2007.07.012
https://doi.org/10.1016/S0002-9440(10)63051-9
https://doi.org/10.1016/j.molimm.2007.09.003
https://doi.org/10.1016/j.molimm.2007.09.003
https://doi.org/10.1017/S0007114515001294
https://doi.org/10.1017/S0007114515001294
https://doi.org/10.1038/s12276-018-0126-x
https://doi.org/10.1007/s11745-008-3176-3
https://doi.org/10.3389/fphys.2015.00203
https://doi.org/10.3389/fphys.2015.00203
https://doi.org/10.4196/kjpp.2015.19.1.43
https://doi.org/10.1073/pnas.87.5.1715
https://doi.org/10.1073/pnas.87.5.1715
https://doi.org/10.1155/2018/1290179
https://doi.org/10.1155/2018/1290179
https://doi.org/10.3109/10408448709089856
https://doi.org/10.3109/10408448709089856
https://doi.org/10.3109/10408448709089856
https://doi.org/10.7759/cureus.14188
https://doi.org/10.7759/cureus.14188
https://doi.org/10.1016/j.sjbs.2021.05.058
https://doi.org/10.1155/2018/8259371
https://doi.org/10.1038/nature10208
https://doi.org/10.1258/ebm.2011.011358
https://doi.org/10.1053/j.gastro.2011.01.057
https://doi.org/10.1053/j.gastro.2011.01.057
https://doi.org/10.2337/db17-0249
https://doi.org/10.2337/db17-0249
https://doi.org/10.3390/nu6125434
https://doi.org/10.3390/nu6125434
https://doi.org/10.3109/08958378.2012.750405
https://doi.org/10.1016/S0016-5085(84)80015-3
https://doi.org/10.1016/S0016-5085(84)80015-3
https://doi.org/10.1016/j.jep.2016.04.054
https://doi.org/10.1016/j.jep.2016.04.054

	﻿Docosahexaenoic acid (DHA) alleviates inflammation and damage induced by experimental colitis
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Experimental design and induction of colitis
	﻿Evaluation of colitis severity
	﻿Histological evaluation
	﻿Immunohistochemistry
	﻿Oxidative stress parameters
	﻿TAC and TOC levels
	﻿Glutathione (GSH) levels


	﻿Inflammation markers
	﻿Myeloperoxidase (MPO) levels
	﻿Malondialdehyde (MDA) levels
	﻿Tumor necrosis factor-α (TNF-α) and interleukin-6. (IL-6) levels

	﻿Statistical analysis
	﻿Results
	﻿Measurement of the body weight
	﻿Evaluation of the macroscopic damage score and relative tissue weigh index
	﻿Histologic evaluation
	﻿Inflammatory parameters
	﻿Oxidative stress parameters; colonic TAC, TOC, OSI and GSH levels

	﻿Discussion
	﻿References


