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Docosahexaenoic acid alleviates cell
injury and improves barrier function
by suppressing necroptosis signalling
in TNF-a-challenged porcine
intestinal epithelial cells

Kan Xiao1, Qiao Xu1, Congcong Liu1, Pengwei He1, Qin Qin1,
Huiling Zhu1, Jing Zhang1, Ashley Gin2, Guolong Zhang2 and
Yulan Liu1

Abstract

Long-chain n-3 polyunsaturated fatty acids are known to have beneficial effects on intestinal health. However, the

underling mechanisms are largely unknown. The present study was conducted to investigate whether docosahexaenoic

acid (DHA) attenuates TNF-a-induced intestinal cell injury and barrier dysfunction by modulating necroptosis signalling.

Intestinal porcine epithelial cell line 1 was cultured with or without 12.5 mg/ml DHA, followed by exposure to 50 ng/ml

TNF-a for indicated time periods. DHA restored cell viability and cell number triggered by TNF-a. DHA also improved

barrier function, which was indicated by increased trans-epithelial electrical resistance, decreased FD4 flux and

increased membrane localisation of zonula occludins (ZO-1) and claudin-1. Moreover, DHA suppressed cell necrosis

in TNF-a-challenged cells, as shown in the IncuCyte ZOOMTM live cell imaging system and transmission electron

microscopy. In addition, DHA decreased protein expression of TNF receptor, receptor interacting protein kinase 1,

RIP3 and phosphorylation of mixed lineage kinase-like protein, phosphoglycerate mutase family 5, dynamin-related

protein 1 and high mobility group box-1 protein. Furthermore, DHA suppressed protein expression of caspase-3 and

caspase-8. Collectively, these results indicate that DHA is capable of alleviating TNF-a-induced cell injury and barrier

dysfunction by suppressing the necroptosis signalling pathway.
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Introduction

The intestine is not only important for nutrient diges-
tion and absorption, it also serves to protect against
endogenous and exogenous harmful agents. Intestinal
epithelial cells are a critical part of the intestinal
mucosa, and serve as the first line of defence against
noxious Ags and pathogens, maintaining the intestinal
structure and barrier function.1 However, epithelial
cells are sensitive to various factors such as infection
and inflammation, which lead to intestinal epithelial
damage, dysfunction and eventually intestinal disor-
ders such as necrotising enterocolitis.2,3 Intestinal
epithelial cells are especially susceptible to pro-
inflammatory cytokines, which often lead to cell
injury and compromise of intestinal integrity.4–6

Necrosis, apoptosis and autophagy are the main
forms of cell death associated with intestinal injury in
animals and humans.7 Necroptosis combines the fea-
tures of apoptosis and necrosis, and is mainly mediated
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by receptor interacting protein kinase 3 (RIP3) and

mixed lineage kinase-like protein (MLKL).8–10

Recently, necroptosis has been shown to play an

important role in tissue injury or necrosis caused by

multiple factors, such as ischaemia reperfusion and

inflammation in the heart, brain or intestine.11–13

Therefore, nutritional regulation of necroptosis may

exert beneficial effects in alleviating intestinal epithelial

cell injury and protecting the intestine function.
Fatty acids are known to be involved in the

regulation of intestinal health.14,15 Long-chain n-3

polyunsaturated fatty acids (PUFAs), especially doco-

sahexaenoic acid (DHA, 22:6(n-3)) and eicosapentae-

noic acid (EPA, 20:5(n-3)), abundant in deep-sea fish

oil, have been reported to sustain intestinal mucosal

integrity and barrier function in animal models with

colitis and patients with bowel disease.16,17 Therefore,

consumption of n-3 PUFA (DHA and EPA) has

become officially recommended by health organisa-

tions and government agencies.18 Our previous studies

have also shown that fish oil (rich in DHA and EPA)

prevented LPS-induced intestine injury in a pig

model.19,20 However, the precise mechanisms of n-3

PUFAs in modulating intestinal damage and barrier

function are still poorly defined.
Therefore, we hypothesised that DHA, a represen-

tative long-chain n-3 PUFA in fish oil, could alleviate

cell injury and barrier dysfunction by modulating the

necroptosis signalling pathway. In the current experi-

ment, TNF-a, a potent pro-inflammatory cytokine,

was used to establish a model of cell damage.4 This

hypothesis was tested with the use of an intestinal por-

cine epithelial cell line (IPEC-1), which is highly sus-

ceptible to pro-inflammatory cytokine challenge.21

Methods

Materials and Abs

DHA, TNF-a, yoyo-3, fluorescein isothiocyanate–dex-

tran (FD4) and FBS were purchased from Sigma–

Aldrich. DMEM-F12 was purchased from HyClone.

The Abs against TNF receptor 1 (TNFR1), phospho-

glycerate mutase family 5 (PGAM5) and dynamin-

related protein 1 (DRP1) were procured from Abcam.

Abs against receptor interacting protein kinase 1

(RIP1) and RIP3 were purchased from Santa Cruz

Biotechnology. Abs against caspase-3, caspase-8, total

MLKL and phospho-MLKL were purchased from Cell

Signaling Technology. High mobility group box-1

(HMGB1) Ab was acquired from Abnova. Ab against

b-actin was purchased from Sigma–Aldrich. Abs

against claudin-1 and zonula occludins (ZO-1) were

obtained from Invitrogen and Biorbyt, respectively.

HRP-conjugated anti-rabbit and anti-mouse secondary
Abs were purchased from Santa Cruz Biotechnology.

Cell culture

The IPEC-1 cell line was derived from the small intes-
tine of a neonatal piglet, which was a gift from Dr
Guoyao Wu at Texas A&M University. Cells were iso-
lated from both the jejunum and ileum of newborn pigs
immediately after birth (without being nursed by the
sow), and the procedures were approved by the Texas
A&M University Animal Care and Use Committee.
The cells were cultured according to the protocol of
previous experiments.22 Cells were cultured in
DMEM-F12 medium supplemented with 5% FBS,
1% insulin-transferrin-selenium, 1% penicillin/strepto-
mycin and epidermal growth factor (5 ng/ml). The cells
were incubated at 37�C in a humidified atmosphere of
5% CO2, and the culture medium was changed every
second day, according to standard culture protocols.

Cell viability assays

IPEC-1 cells were seeded on a 96-well microplate
(Corning) and incubated with or without 12.5 lg/ml
DHA for 24 h, followed by exposure with or without
50 ng/ml TNF-a for 48 h. The concentrations of DHA
and TNF-a were chosen according to Xiao et al.4 and
our preliminary research.23 Cell viability was detected
with a use of a Cell Counting Kit-8 detection kit
(Beyotime Institute of Biotechnology).

Cell number

IPEC-1 cells were seeded onto 12-well plates and incu-
bated with 0 or 12.5 lg/ml DHA for 24 h and then
treated with PBS or 50 ng/ml TNF-a for 48 h. Cells
were then stained with trypan blue, and total cell
count was determined with a haemocytometer.

Lactate dehydrogenase activity measurement

IPEC-1 cells were seeded onto 12-well plates and then
incubated with 0 or 12.5 lg/ml DHA for 24 h, followed
by the addition of PBS or 50 ng/ml TNF-a for 48 h.
Subsequently, cell supernatants were collected for
lactate dehydrogenase (LDH) measurement using a
commercial kit (Nanjing Jiancheng Institute of
Bioengineering), as previously described by Jiao et al.24

Trans-epithelial electrical resistance measurements

IPEC-1 cells were seeded on permeable TranswellTM

inserts (membrane area 0.33 cm2; pore size 0.4 mm)
placed on 24-well culture plates for 10 d to become
confluent and polarised. Cells were then incubated
with or without 12.5 lg/ml DHA for 24 h, followed

654 Innate Immunity 26(8)



by exposure with or without 50 ng/ml TNF-a for the

indicated time points. Trans-epithelial electrical resis-

tance measurements (TEER) were determined with the

use of an EVOM volt-ohmmeter (Millipore) connected

to a 12-mm EndOhm unit (World Precision

Instruments) every 24 h, as described by Xiao et al.4

TEER values were obtained by subtracting the contri-

bution of the filter and bathing solution.

Monolayer paracellular permeability determination

Paracellular permeability was determined by adding

1mg/ml FD4 to the apical side of the monolayer, as

previously described.4 The flux of FITC-dextran was

determined by serially sampling the basolateral com-

partment every 12 h. The concentration of FD4 was

measured with a fluorescence microplate reader (Bio-

Tek Instruments). The permeability of monolayer cells

was defined as the amount of FD4 that was transported

to the basolateral chamber from the apical chamber.

IncuCyte ZOOMTM assay

IPEC-1 cells were seeded onto 24-well cell culture

plates and incubated with or without 12.5 lg/ml

DHA for 24 h. Following incubation, cells were treated

with PBS or 50 ng/ml TNF-a in the IncuCyte

ZOOMTM live cell imaging system (Essen BioScience)

to measure cell necrosis in real time for up to 72 h. The

system automatically calculates the relative density of

necrotic cells within the initially vacant area at each

time point. Yoyo-3 was added to stain nucleic acid.

Data were exported and analysed by IncuCyte S3 soft-

ware (Essen Bioscience).

Transmission electron microscopy

IPEC-1 cells were cultured with 0 or 12.5 lg/ml DHA

for 24 h and treated with PBS or 50 ng/ml TNF-a for

another 48 h. Cells were then prepared for transmission

electron microscopy (TEM; FEI TECNAI G20), as

described by He et al.25 For quantitative analysis of

necrotic cells, a total of 200 cells were counted, and

the number of necrotic cells was recorded. Necrotic

cells were defined as cells with morphology character-

istics of primary necrosis (plasma membrane ruptures

without nuclear condensation).

Western blot analysis

IPEC-1 cells were seeded onto 12-well plates and incu-

bated with 0 or 12.5 lg/ml DHA for 24 h, followed by

treatment with PBS or 50 ng/ml TNF-a for another

48 h. Cells were then lysed and subjected to Western

blotting, as previously described.19 Blots were incubat-

ed with primary Abs against TNFR1 (1:1000), RIP1

(1:1000), RIP3 (1:1000), total MLKL (1:1000),

phospho-MLKL (1:1000), PGAM5 (1:1000), DRP1

(1:1000), HMGB1 (1:1000), caspase-3 (1:1000),

caspase-8 (1:1000) and b-actin (1:10,000) overnight at

4�C, and then a secondary Ab (1:5000) at 25�C for 2 h.

The blots were detected with an enhanced

Chemiluminescence Western Blot Kit (Amersham

Biosciences) and processed with the Quantity OneVR

software (Bio-Rad Laboratories). The results were

expressed as the abundance of each target protein rel-

ative to b-actin, except for phosphorylated MLKL,

which was normalised with total MLKL.

Confocal immunofluorescence microscopy

IPEC-1 cells were seeded on microscope coverslips on

24-well plates. Following a sequential treatment with

DHA and TNF-a, cells were fixed with 4% parafor-

maldehyde and blotted with 1% BSA. The cells were

incubated with primary Abs against claudin-1 (1:500)

and ZO-1 (1:50) overnight at 4�C and then incubated

with an appropriate secondary Ab (1:5000) at 25�C for

2 h. Nuclei were stained with 4,6-diamidino-2-phenyl-

indole (1mg/ml). The distribution of tight junction

proteins was visualised under a fluorescence confocal

laser scanning microscope (Olympus FV101). Five

images were taken per slide by the confocal microscope

for quantification of fluorescence.

Statistical analysis

All data were analysed with ANOVA using the general

linear model procedures of SAS for a 2� 2 factorial

design (SAS Institute). The statistical model included

the effects of DHA (control or DHA), TNF-a (PBS or

TNF-a) and their interactions. When there was a sig-

nificant interaction or a trend for interaction, post hoc

testing was conducted using Duncan’s multiple com-

parison tests. P � 0.05 was considered significant,

and 0.05<P � 0.10 was considered a trend.

Results

Cell viability, cell number and LDH activity

Cells challenged with TNF-a had lower cell viability

(P< 0.01) and higher LDH activity (P< 0.01) than

control cells (Figure 1). There was no DHA–TNF-a
interaction observed for cell viability, cell number or

LDH activity. Relative to control cells, cells treated

with DHA had higher cell viability (P< 0.001) and

cell number (P¼ 0.05).
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Barrier function

Cells treated with TNF-a had lower TEER than control

cells at 24 h (P< 0.01) and 48h (P< 0.01; Figure 2a).

A significant DHA–TNF-a interaction occurred at 24h

(P< 0.05). A trend for a DHA–TNF-a interaction was

observed for TEER at 48h (P< 0.1), in which cells

treated with DHA had higher TEER at 24h (P< 0.01)

and 48h (P< 0.01) than control cells in the presence of

TNF-a, whereas TEER did not differ among PBS-

treated cells. No DHA–TNF-a interaction was observed

for FD4 flux at 24 h or 48 h (Figure 2b). Cells treated

with TNF-a had higher FD4 flux than PBS-treated cells

at 24 h (P< 0.05) and 48h (P< 0.05). However, DHA

reduced FD4 flux relative to control at 24 h (P< 0.1)

and 48h (P< 0.05).

Tight junction protein distribution

Cellular distribution of tight junction proteins was

assessed with laser scanning confocal microscopy. In

control cells, tight junction proteins, claudin-1 and
ZO-1, were uniformly localised on cell membranes
but disrupted by TNF-a. In contrast, DHA restored
localisation of both claudin-1 and ZO-1 triggered by
TNF-a. Quantification of the fluorescence intensity
indicated that, relative to control, TNF-a significantly
reduced claudin-1 (P< 0.05; Figure 3a) and ZO-1
(Figure 3b) protein expression (P< 0.01).

Cell necrosis

The IncuCyte ZOOMTM live cell imaging system was
used to monitor dynamic changes of cell necrosis in
response to DHA and TNF-a (Supplemental Videos
S1–S4). Relative to the control, TNF-a had a higher
number of necrotic cells from 24 to 72 h (Figure 4a).
DHA decreased cell necrosis in the presence of TNF-a.
There was a DHA–TNF-a interaction observed for
necrotic cell density at 48 h after TNF-a treatment in
which DHA suppressed cell necrosis in the presence of
TNF-a (Supplemental Table S1). The protective effects

Figure 1. Effect of docosahexaenoic acid (DHA) on the viability (a), cell number (b) and the lactate dehydrogenase (LDH) activity (c)
of intestinal porcine epithelial cell 1 (IPEC-1) cells following TNF-a challenge. Cells were incubated with or without 12.5lg/ml DHA
for 24 h, followed by treatment with or without 50 ng/ml TNF-a for 48 h. Values are means� SEM (n¼ 8).
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of DHA on cell necrosis were also verified by images
from the system at 24 and 48 h after TNF-a treatment
(Figure 4b and Supplemental Table S1).

The effect of DHA on the ultrastructure of cell
necrosis was further analysed with TEM. Compared
to normal cells with intact membranes and normal
nuclei, TNF-a caused ruptured cell membranes, over-
flowed cytoplasm and chromatin, and appearance of
apoptotic bodies, vacillated mitochondria and unclear
endoplasmic reticulum (Figure 5a). We further mea-
sured the necrotic cell number. Consistently, cells
treated with TNF-a had a significant higher percentage
of necrosis than the control cells (P< 0.001; Figure 5b).
A DHA–TNF-a interaction was observed for the
percentage of cell necrosis (P< 0.01), in which cells
incubated with DHA had lower cell necrosis ratios
(P< 0.01) at 48 h among TNF-a treated groups.

In contrast, cell necrosis ratios did not differ among

PBS-treated cells.

Abundance of necroptosis-related proteins

To explore further the mechanisms responsible for the

beneficial effect of DHA against TNF-a-induced IPEC-

1 cell injury, key components of the necroptosis signal-

ling pathway were detected by immunoblotting.

A trend for a DHA–TNF-a interaction was observed

for RIP1 and DRP1, in which DHA decreased the pro-

tein expression of RIP1 (P< 0.01) and DRP1

(P< 0.05) in TNF-a-treated cells compared to the con-

trol cells. In contrast, RIP1 and DRP1 did not differ

among PBS-treated cells (Figure 6). A DHA–TNF-a
interaction occurred for TNFR1 (P< 0.05), PGAM5

(P< 0.05) and HMGB1 (P¼ 0.05) protein expression,

Figure 2. Effect of DHA on barrier function of TNF-a-treated IPEC-1 cells. (a) Trans-epithelial electrical resistance (TEER) after
TNF-a stimulation for 24 and 48 h. (b) FITC-labelled dextran 4 kDa (FD4) flux after TNF-a stimulation for 24 and 48 h. Values are
means� SEM (n¼ 6). Means without a common superscript letter differ significantly (P< 0.05).
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in which DHA decreased the protein expression of

TNFR1 (P< 0.05), PGAM5 (P< 0.1) and HMGB1

(P< 0.01) compared to the control among TNF-

a-treated cells. However, they did not differ among

PBS-treated cells. No DHA–TNF-a interaction was

observed for RIP3 and phosphorylated MLKL. Cells

treated with TNF-a had higher RIP3 (P< 0.05) and

MLKL phosphorylation (P< 0.05) than the control

cells. DHA decreased the RIP3 (P< 0.05; P ¼ 0.016)

and phosphorylated MLKL (P< 0.01) in the presence

or absence of TNF-a.

Protein abundance of caspase-3 and caspase-8

TNF-a significantly increased caspase-3 (P< 0.01) and

caspase-8 (P< 0.05) protein expression relative to the

PBS control (Figure 7). No DHA–TNF-a interaction

was observed for caspase-3 and caspase-8 protein

expression. DHA decreased protein expression of

caspase-3 (P< 0.05) and caspase-8 (P< 0.05) in the

presence or absence of TNF-a.

Discussion

The intestinal epithelium is a single layer of cells lining

the intestine to serve as a physical defensive barrier

against potentially harmful luminal contents, such as

noxious Ags and pathogens. Simultaneously, epithelial

cells are susceptible to various factors, such as infection

and inflammation, which also lead to intestinal impair-

ment and severe gut diseases.3 Substantial evidence has

shown that pro-inflammatory cytokine TNF-a is impli-

cated in intestinal damage and barrier dysfunction in

various cell types, including intestinal epithelial cells.4,5

Figure 3. Effect of DHA on membrane distribution of tight junction proteins after TNF-a challenge of IPEC-1 cells. Cells were
pre-incubated with 12.5lg/ml DHA for 24 h and treated with or without 50 ng/ml TNF-a for 48 h. Cellular localisation of claudin-1 (a)
and ZO-1 (b) were visualised using a confocal microscope, and the fluorescence intensity was measured. Values are means� SEM
(n¼ 6).
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In this study, we used a TNF-a-induced IPEC-1 cell
injury model to explore the protective effect of DHA
on epithelial cell injury. In our preliminary experi-
ments, different concentrations of DHA (0, 6.25,
12.5, 25 and 50 lg/ml) and TNF-a (0, 10, 20, 40 and
50 ng/ml) were used to explore the appropriate doses.

According to the results, 12.5 lg/ml DHA and 50 ng/ml
TNF-a were chosen to conduct our further study.23

Cell viability and number are common metrics for
assessing cell growth. The enzyme LDH is found in
virtually all living cells, and is released extracellularly
when cells are damaged. Therefore, it is commonly

Figure 4. Effect of DHA on cell necrosis after TNF-a challenge of IPEC-1 cells. Cells were pre-incubated with 12.5lg/ml DHA for
24 h and treated with or without 50 ng/ml TNF-a for up to 72 h. (a) Dynamic changes of cell necrosis as revealed by the IncuCyte
ZOOMTM live cell imaging system. (b) Representative images of cell necrosis at 48 h after TNF-a stimulation (necrotic cells were red
dyed with yoyo-3).
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used as a marker of cell injury. In agreement with ear-
lier reports,26,27 we demonstrated that TNF-a
decreased cell viability, but such effects were
largely reversed by DHA. Our results are similar to
the findings of Pacheco et al. who reported that DHA
increased cell viability after TNF-a stimulation in
L929 cells.26 Han et al. also found that DHA could
increase the proliferation of mouse spleen cells
and improve the viability of NK cells in vivo.28

Our previous research also found that fish oil (rich
in DHA and EPA) increased intra-epithelial
lymphocyte numbers in the small intestine of LPS-
challenged piglets.20

Intestinal epithelium is a physical barrier against the
penetration of luminal bacteria and dietary allergens
into the mucosa. Epithelial cell barrier function can
be commonly evaluated by TEER and mucosal-
to-serosal flux of FD4. In the current study, DHA
supplementation increased TEER and reduced FD4
permeability across the IPEC-1 monolayer induced by
TNF-a exposure. DHA supplementation prevented the
drop in TEER associated with TNF treatment. Similar
to our results, Willemsen et al. reported that DHA
supported epithelial barrier integrity in T84 cells by
improving TEER and reducing IL4-mediated perme-
ability.29 Zhao et al. also found that DHA protected

Figure 5. Effect of DHA on cell necrosis after TNF-a challenge in IPEC-1 cells by TEM. (a) Morphological structure of normal or
necrotic cells. The magnification of the two left panels is 1700�, while that of the two right panels is 5000�. (b) Percentage of cell
necrosis after 48 h of TNF-a challenge. Values are means� SEM (n¼ 6).
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the intestinal barrier function of IL-10-deficient mice

by ameliorating intestinal permeability.30

The maintenance of intestinal epithelial barrier func-

tion primarily relies on a contiguous layer of intestinal

epithelia and tight junctions between epithelial cells.31

Tight junctions consist of many proteins such as clau-

dins, occludins and ZO-1.32 Besides their role of sealing

tight junctions, claudin-1 and ZO-1 also selectively reg-

ulate paracellular permeability.33 So, any alteration of

tight junction proteins directly contributes to barrier

function impairment.34 TNF-a has been reported to

induce tight junction dysfunction by many signalling

pathways.35,36 Thomas et al. found TNF-a-induced
intestinal epithelial tight junction impairment requires

NF-kappa B activation.35 Feng et al. reported that

TNF-a-induced loss of intestinal barrier function

required TNFR1 and TNFR2 signalling activation in

a mouse model of total parenteral nutrition.36 In this

study, we demonstrated that DHA supplementation

reversed the disruption of claudin-1 and ZO-1 caused

by TNF-a, which is consistent with the results of TEER

and FD4. Similarly, Wang et al. reported that DHA

attenuated ischaemia–reperfusion-induced intestinal

barrier injury by attenuating the damage of tight junc-

tion structure and elevating the expression of tight

junction proteins.37 In another in vitro study, Beguin

et al. also found that DHA prevented the disruption of

epithelial barrier function and redistribution of key

Figure 6. Effect of DHA on protein abundance of necroptosis-related signalling components in IPEC-1 cells. Cells were first pre-
incubated with 12.5lg/ml DHA for 24 h and then treated with or without 50 ng/ml TNF-a for 48 h. Values are means� SEM n¼6.
Means without a common superscript letter differ significantly (P< 0.05). TNFR1: tumour necrosis factor receptor 1; RIP1: receptor
interacting protein 1; RIP3: receptor interacting protein 3; MLKL:, mixed-lineage kinase domain like-domain protein; HMGB1: high
mobility group box-1 protein; Drp1: dynamin-related protein 1; PGAM5: phosphoglycerate mutase family 5.
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tight junction proteins, including occludin and ZO-1,
induced by pro-inflammatory cytokines.38 Liu et al.
also reported dietary addition of fish oil which was
rich in n-3 PUFA could enhance intestinal integrity
and barrier function indicated by improved intestinal
morphology, decreased plasma diamine oxidase activi-
ty and increased mucosal diamine oxidase activity, as
well as enhanced protein expression of intestinal tight
junction proteins, including occludin and claudin-1, in
weaned piglets.19 In this current study, DHA improved
barrier function by improving tight junction protein
expression. It was possible that DHA alleviated the
barrier function dysfunction induced by TNF-a which
may be associated with cell injury restoration.

Necrosis can cause epithelial cell injury and barrier
dysfunction.39 Therefore, we determined cell necrosis
using the IncuCyte ZOOMTM live cell imaging
system, and observed that TNF-a increased epithelial

cell necrosis, while DHA reversed the TNF-a effect.
Consistently, we utilised TEM to characterise the ultra-
structure of cells. Compared to the control cells, TNF-
a challenge resulted in plasma membrane and nuclear
membrane rupture, as well as nuclear and cellular
swelling, and mitochondrial vacuolisation. DHA sup-
plementation suppressed cellular structure damage
caused by TNF-a. Similarly, Kishida et al. reported
that DHA reduced L929 cell necrosis induced by
TNF-a.27 DHA also effectively attenuated TNF-
a-induced necroptosis and autophagy in L929 cells.26

These results suggest that the protective role of DHA
on cell injury may be related to the inhibition of cell
necrosis.

To elucidate further the molecular mechanisms
underlying the beneficial effect of DHA on intestinal
cell injury and barrier function impairment, we studied
its impact on the necroptosis signalling pathway, which

Figure 7. Effect of DHA on protein expression of caspase-3 (a) and caspase-8 (b) in IPEC-1 cells after TNF-a challenge. Cells were
first pre-incubated with 12.5lg/ml DHA for 24 h and then treated with or without 50 ng/ml TNF-a for 48 h. Values are means� SEM
n¼6. (c) A representative blot is shown.
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is primarily mediated by RIP1/RIP3/MLKL. Once
triggered by TNF-a, Fas, TNF-a-related apoptosis-
inducing ligands and TLR agonists, TNFR1 is activat-
ed to form a primary membrane complex known as
complex I, which in turn leads to sequential formation
of cytoplasmic complex II and the RIP1/RIP3/MLKL
necrosome and activation of PGAM5 and Drp1 to
cause mitochondrial fragmentation and release of
intracellular contents such as HMGB1 outside of
necrotic cells.9,40,41 Necroptosis occurs when caspase-
8 activation fails or is inhibited after complex II
formation.42 Several studies have reported that necrop-
tosis is involved in the dysfunction of intestinal epithe-
lial cells.43,44 Therefore, inhibition of necroptosis could
ameliorate cell damage.45 In the present study, TNF-a
challenge up-regulated protein expression of TNFR1,
RIP1, RIP3, phosphorylated MLKL, PGAM5, DRP1
and HMGB1, indicative of epithelial cell necroptosis.
However, DHA reduced the protein abundance of
TNFR1, RIP1, RIP3, phosphorylated MLKL,
PGAM5, DRP1 and HMGB1, implying a protective
effect. To our knowledge, the current study revealed
for the first time that DHA is capable of alleviating
cell injury and protecting barrier function by suppress-
ing necroptosis signalling. Consistently, DHA was
reported earlier to inhibit TNF-a-induced necroptosis
by reducing oxidative stress, ceramide production and
autophagy in L929 cells.26 Zhu et al. also found that
the dietary addition of flaxseed oil could enhance intes-
tinal integrity and barrier function in weaned piglets,
which was involved in modulating necroptosis and
TLR4/NOD signalling pathways.46 These results
showed that DHA suppressed the necroptosis signal-
ling pathway, which may finally lead to reduced cell
injury and better barrier function.

Necroptosis occurs when apoptosis is inhibited and
apoptosis is caspase-dependent regulated cell death.47

Interestingly, in our study, TNF-a challenge up-
regulated the protein expression of caspase-3 and
caspase-8, indicating TNF-a induced intestinal epithe-
lial cell apoptosis. However, DHA supplementation
down-regulated the protein expression of caspase-3
and caspase-8, which suggests that DHA alleviated
cell injury and protected barrier function via inhibition
of apoptosis. Similarly, n-3 fatty acids (DHA and
ALA) could prevent oxidative stress-induced apoptosis
by inhibiting apoptotic gene expression and DNA frag-
mentation of gastric epithelial cells.48 So, in the current
study, DHA inhibited not only the necroptosis signal-
ling pathway induced by TNF-a, but also the apoptosis
signalling pathway.

In summary, we provide evidence suggesting that
DHA alleviates intestinal epithelial cell damage,
improves cell barrier function and decreases cell necro-
sis and apoptosis in intestinal epithelial cells following

TNF-a exposure. These beneficial effects of DHA are

mainly mediated by suppressing the cell necroptosis

signal in IPEC-1 cells. These findings have provided

important leads to develop nutritional interventions

to treat or prevent human or animal intestinal diseases.
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