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Fish oil-derived lipid emulsion induces
RIP1-dependent and caspase 8-licensed
necroptosis in IEC-6 cells through
overproduction of reactive oxygen species
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Abstract

Background: Excessive cell death of enterocytes has been demonstrated to be partially associated with the
intravenously-administrated lipid emulsions (LEs) during parenteral nutrition (PN) support. However, as a new
generation of LE, the effect of fish oil-derived lipid emulsion (FOLE) on the death of enterocytes remains elusive.

Methods: Intestinal epithelial cells (IEC-6 cell line) were treated with FOLE (0.25–1%) for 24 h. Cell survival was
measured by CCK-8 assay, and morphological changes were monitored by time-lapse live cell imaging. The expression
of receptor-interacting protein 1/3 (RIP1/3) and caspase 8 was assessed by westernblot, and the formation of
necrosome (characterized by the assembly of RIP1/3 complex along with the dissociation of caspase 8) was examined
by immunoprecipitation. Additionally, the production of intracellular reactive oxygen species (ROS) was detected by
using a ROS detection kit with an oxidation-sensitive probe (DCFH-DA).

Results: FOLE dose-dependently induced non-apoptotic, but programmed necroctic cell death (necroptosis) within
4–8 h after treatment. The assembly of RIP1/3 complex along with the dissociation of caspase 8 from RIP1 was
observed in FOLE-treated cells. Moreover, FOLE-induced cell death was significantly alleviated by inhibiting RIP1, and
was further aggravated by inhibiting caspase 8. In addition, prior to cell death the accumulation of intracellular ROS
was significantly increased in FOLE-treated cells (increased by approximately 5-fold versus control, p < 0.001), which
could be attenuated by inhibiting RIP1 (decreased by approximately 35% versus FOLE, p < 0.05).

Conclusions: FOLE induces RIP1-dependent and caspase 8-licensed necroptosis through overproduction of ROS in
vitro. Our findings may provide novel insights into the clinical applications of FOLE during PN support.
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Caspase 8, Reactive oxygen species

Background
Excessive cell death in enterocytes is a great challenge
for the administration of parenteral nutrition (PN),
which may lead to intestinal atrophy, loss of epithelial
barrier function, and even parenteral nutrition associated
liver disease (PNALD) [1, 2]. Currently, several factors
that may affect the homeostasis of intestinal epithelium
during PN have been studied, including inflammatory

cytokines [3, 4], hormones [5, 6], supplementation of en-
teral nutrition [7] and changes in microbiota [8]. Add-
itionally, a rodent study has recently demonstrated that
intravenous lipid emulsion (LE) which serves as one of the
key regiments in PN prescription is also involved in the
modulation of intestinal homeostasis [9]. As distinct LEs
may elicit distinct impacts on enterocytes, this may have
significant implications suggesting that the role of LEs is
not only a lipid source for energy supply, but also an im-
portant modulator of intestinal homeostasis during PN.
Currently, the commercially available LEs for clinical use

with various composition of fatty acids include: soybean
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oil-derived lipid emulsion (SOLE), fish oil-derived lipid
emulsion (FOLE) and 80% olive oil-supplemented lipid
emulsion (OOLE), among which FOLE is a new generation
of LE (the 4th generation) that provides a large content of
eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), allowing a lower ω-6/ω-3 (1:8) ratio as a significant
departure from the LEs of the previous generations [10].
Omegaven® (Fresenius Kabi, Germany) is the only commer-
cially available product available in Canada, Europe and
Asia marketed as 100% fish oil. However, though it has
been regarded as a therapeutic lipid to ameliorate liver in-
jury [11], the effect of FOLE on the intestinal epithelium re-
mains largely unknown, since both in vivo and in vitro
studies designed to address this issue are extremely limited
currently. In addition, FOLE is significantly more costly
than other LEs, therefore greater discussion is needed to
better understand the possible advantages and shortages of
this new generation LE product. Recently, increasing evi-
dence has demonstrated that gut-derived cell lines can
serve as appropriate models to study the role of PN formula
or LEs in vitro [12–16]. Thus, this study was designed to
address the effect of FOLE on the death of enterocytes by
using rat gut-derived IEC-6 cells as a model in vitro.
Necroptosis is a new type of programmed cell death

which shares with necrosis the fact that dying cells dis-
play the morphological features of necrosis instead of
apoptosis, but is highly regulated by an intracellular pro-
tein platform [17]. Herein, we report a significant
pro-necroptosis effect of FOLE on IEC-6 cells, which
requires receptor-interacting protein 1 (RIP1) and is li-
censed by caspase 8.

Methods
Cell culture and reagents
IEC-6 cells (Cell Bank of the Chinese Academy of Sci-
ences, China) were maintained at 37 °C and 5% CO2 in
DMEM supplemented with 10% fetal bovine serum. The
cell culture reagents were obtained from Life Technolo-
gies (Carlsbad, CA, USA). Fetal bovine serum was ob-
tained from MP Biomedicals LLC (Solon, Ohio, USA).
Lipid emulsions were derived from commercial products
as follows: SOLE (Lipofundin LCT/MCT, 20%, Baxter
Healthcare, China), OOLE (Clinoleic, 20%, Baxter
Healthcare, China), FOLE (Omegaven, 10%, Fresenius
Kabi, China). Mouse anti-RIP1, caspase 8 and GAPDH,
and rabbit anti-RIP3 were purchased from Santa Cruz
(Santa Cruz, CA, USA). Z-IETD-FMK was purchased
from Santa Cruz (Santa Cruz, CA, USA). Necrostatin-1
(Nec-1), necrosulfonamide (NSA) and all other chemi-
cals were purchased from Sigma (St. Louis., MO, USA).

Cell treatment
IEC-6 cells were exposed to 0.25–1% FOLE for 1–24 h
to test the effect of FOLE on the viability of IEC-6 cells.

In some experiments, cells were pre-treated with the fol-
lowing chemicals: Z-IETD-FMK (20 μM), Nec-1 (20 μM)
and NSA (10 μM).

Cell viability assay
Cell viability was evaluated using the Cell Counting
Kit-8 (CCK-8) assay kit (Dojindo, Japan). Approximately
5 × 103 cells per well were cultured in 96-well culture
plates for 24 h. After FOLE treatment, 10 μl CCK-8 was
added to each well and incubated at 37 °Cfor 30 min.
Absorbance was measured using Multiskan Spectrum
(Thermo) at 450 nm.

Measurement of caspase 8 activation
Caspase 8 activity was measured using a Caspase 8 Ac-
tivity Kit (Beyotime CII51, China) according to the man-
ufacturer’s instructions. Briefly, cells were washed with
cold PBS, resuspended in lysis buffer on ice for 15 min.
The lysate was centrifuged at 16,000 g at 4 °C for
15 min. The activity of caspase 8 was measured using
substrate peptides Ac-IETD-pNA. The release of
p-nitroanilide (pNA) was quantified by determining the
absorbance with Multiskan Spectrum (Thermo) at
405 nm.

Immunoprecipitation assay
Immunoprecipitation was performed using an immuno-
precipitation kit (Thermo, Rockford, USA) according to
the manufacturer’s instructions. In brief, RIP1 antibody
was coupled to the AminoLink Resin in a Spin Column
and stored at 4 °C. Cell lysate was incubated with the
prepared anti-RIP1-coupled resin at 4 °C overnight.
After incubation, excess proteins were removed, and the
target proteins bound to the anti-RIP1-coupled resin
were eluted for western blotting analysis.

Western blot analysis
Cells were harvested and lysed on ice for 30 min in
100 μl of RIPA buffer. The protein concentration was
determined using a BCA protein assay kit (Thermo,
Rockford, USA). Aliquots of the lysates (30 μg of pro-
tein) were loaded onto a NuPAGE Bis/Tris gel (Thermo,
Rockford, USA), followed by transferring to PVDF mem-
branes using an iBlot® Dry Blotting System (Thermo,
Rockford, USA). After blocking in 5% BSA for 30 min at
room temperature, the membranes were incubated with
the indicated primary antibodies at 4 °C overnight. The
immunoblots were detected with a ChemiDoc XRS+ sys-
tem (Bio-Rad, Hercules, CA, USA).

Immunofluorescence staining
Immunofluorescence staining was performed according
to standard procedures. Briefly, cells were fixed in 3.7%
formaldehyde at room temperature for 15 min, and then
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permeabilized with 0.2% Triton-X100. After blocking in
5% BSA for 60 min, the cells were incubated overnight
at 4 °C with primary antibody recognizing RIP1 or RIP3,
and then incubated with secondary antibody conjugated
with Alexa Fluor 594 or Alexa Fluor 488 for 1 h at room
temperature. Images were visualized using Leica
DMI6000B fluorescence microscopy with LAS AF LITE
image processing software (Leica, Germany).

Time-lapse live cell imaging
Confluent IEC-6 cells were cultured in a 6-well culture
plate. Immediately after FOLE treatment (0.5%), the cul-
ture plate was transferred to an automated stage
equipped with a cell incubator that maintains a constant
humid environment of 37 °C and 5% CO2. Cells were
imaged on an inverted microscope (Leica DMI6000B,
Germany) and the images were acquired every 1 h for
24 h. Image acquisition was controlled by LAS AF LITE
image processing software (Leica, Germany).

Detection of intracellular reactive oxygen species (ROS)
Intracellular ROS was detected using a ROS detection kit
(Beyotime, China). Briefly, cells were incubated with an
oxidation-sensitive probe (DCFH-DA, 10 μM) at 37 °Cfor
20 min according to the manufacturer’s instructions. The
cells were then washed three times with PBS, and the
fluorescence signal was determined by fluorescence mi-
croscopy and fluorescence spectrophotometer at 485 nm

for excitation and 530 nm for emission. ROSUP (a cocktail
of oxidants) served as positive control.

Statistical analysis
All experiments were performed at least three times,
and the results were presented as mean ± standard devi-
ation (SD). Comparisons between two groups were
assessed using a Student’s two-tailed t-test, and compari-
sons between multiple groups were assessed using a
one-way analysis of variance followed by the
Newman-Keuls post hoc test. A p-value < 0.05 was con-
sidered to be statistically significant.

Results
FOLE induces necrotic-like cell death in IEC-6 cells
As Omegaven-derived FOLE contains half the amount
of fatty acids in Lipofundin-derived SOLE and
Clinoleic-derived OOLE, the initial concentration of FOLE
(0.5%) was set at a rate twice as that of SOLE and OOLE
treatment (0.25%). As indicated by CCK-8, only FOLE in-
duced a significant reduction in the cell viability at 24 h
post treatment, while no significant alterations were ob-
served in the cells treated with SOLE or OOLE (Fig. 1a).
Morphologically, non-apoptotic, but necrotic-like cell
death was observed in FOLE-treated cells (Fig. 1b).Time
course study further revealed that rapid reduction in the
cell viability occurred at 4–8 h post FOLE treatment
(Fig. 1c), which is consistent with time-lapse live cell im-
aging showing rapid morphological changes observed at

Fig. 1 FOLE induces necrotic cell death in IEC-6 cells. a Cell viability assessed by CCK-8 assay. IEC-6 cells were treated with 0.25% SOLE, 0.25%
OOLE and 0.5% FOLE for 24 h. Note that a significant reduction in the viability was observed in FOLE-treated cells. Data are presented as
mean ± SD. **, p < 0.01 compared to control (n = 6–8 wells/group). b Necrotic cell death in FOLE-treated cells. Representative images are
shown (Scale bar = 25 μm). c Cell viability assessed by CCK-8 assay. IEC-6 cells were treated with 0.25–1% FOLE for 0–24 h. Notably, FOLE
reduced the cell viability of IEC-6 cells in a dose-dependent manner, and rapid reduction was observed at 4–8 h post FOLE treatment.
d Time-lapse live cell imaging. Post-confluent IEC-6 cells were treated with 0.5% FOLE, and a 24-h time-lapse live cell imaging was performed as
described in material and methods. Representative images are shown. Scale bar = 75 μm. Videos are available as supplementary data (see Additional
file 1: IEC-6 cells treated with FOLE.avi). Three experiments were performed that showed similar results
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6 h post treatment (Fig. 1d). Taken together, these results
suggested that FOLE induces rapid necrotic-like cell death
in IEC-6 cells, and changes during 4–8 h post treatment
would be a key for further investigations.

FOLE-induced necrotic cell death is dependent on RIP1
As shown, 6 h after FOLE treatment, both RIP1 and
RIP3 were significantly increased by FOLE treatment in
a dose-dependent manner (Fig. 2a). Pre-treatment with
Nec-1 (a specific inhibitor for RIP1) significantly attenu-
ated FOLE-induced necrosis at low doses (0.25 and
0.5%); however, no significant effects were observed on
the cells treated with 1% FOLE (Fig. 2b). Consistently,
western blot analysis demonstrated that FOLE-induced
up-regulation of RIP1/3 was evidently suppressed by
pre-treatment with Nec-1 (Fig. 2c). Immunofluorescence

staining for RIP1 and RIP3 clearly indicated that FOLE
significantly induced the expression of RIP1 (red) and
RIP3 (green) after 6 h of treatment, which was obviously
suppressed by pre-treatment of Nec-1 (Fig. 2d). Collect-
ively, these results suggested that increased expression
of RIP1 is required for FOLE-induced cell death.

FOLE-induced cell death requires the assembly of RIP1/3
complex and is licensed by caspase 8 (Identified as
necroptosis)
As shown, the formation of necrosome, which is charac-
terized by the assembly of RIP1/3 complex along with
the dissociation of caspase 8 from RIP1, was observed in
FOLE-treated cells. Interestingly, however, assembly of
RIP1/3 complex was already evident at 2 h post treat-
ment, while obvious dissociation of caspase 8 from RIP1

Fig. 2 FOLE-induced necrotic cell death is dependent on RIP1. a Representative immunoblots of RIP1 and RIP3. IEC-6 cells were treated with
FOLE at 0.25–1%, and the indicated proteins were analyzed at 8 h after FOLE treatment. b Cell viability. IEC-6 cells were pre-treated with Nec-1
(20 μM) for 40 min, followed by exposure to 0.25–1% FOLE as described in material and methods. The viability was analyzed 8 h after treatment.
Data are presented as mean ± SD. *, p < 0.05, **, p < 0.01 (n = 6–8 wells/group). c Representative immunoblots of RIP1 and RIP3. IEC-6 cells were
pre-treated with Nec-1 (20 μM) for 40 min, followed by exposure to 0.5% FOLE. The indicated proteins were analyzed at 2–8 h after treatment.
d Representative images of RIP1 and RIP3 staining in IEC-6 cells. Cells were treated as described in (c). Scale bar = 50 μm. Three experiments were
performed that showed similar results
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was evident after 6 h of treatment (Fig. 3a). Western blot
analysis further revealed that cleaved caspase 8 was
time-dependently down-regulated by FOLE treatment,
though the total amount of caspase 8 was unchanged
(Fig. 3b). Consistently, though no significant alterations
were observed within 0–4 h post treatment, the catalytic
activity of caspase 8 was significantly decreased at 6–8 h
post FOLE treatment (Fig. 3c). Collectively, these results
indicated that the formation of necrosome as a marker of
necroptosis was observed in FOLE-treated cells. Addition-
ally, inhibition of caspase 8 activity by Z-ITED-FMK fur-
ther aggravated FOLE-induced cell death, suggesting that
FOLE-induced cell death is not only companied with the
changes in caspase 8 activity, but also attributed to the
loss of caspase 8 activity (Fig. 3d). Give that loss of caspase
8 activity appears immediately prior to the execution of
necrotic cell death, we suppose that FOLE-induced necro-
sis could be identified as programmed necroptosis that re-
quires the assembly of RIP1/3 complex and is licensed by
caspase 8.

FOLE-induced necroptosis is attributed to ROS
overproduction instead of MLKL
As a key RIP3 downstream component, we examined
whether mixed-lineage kinase domain-like (MLKL) is

involved in FOLE-induced necroptosis. Unexpectedly,
however, reduced cell viability was not recovered, but
was further aggravated by inhibition of MLKL using
necrosulfonamide (NSA, a specific MLKL inhibitor),
suggesting that a MLKL-independent pathway may exist
responsible for FOLE-induced necroptosis (Fig. 4a). In-
stead, intracellular ROS was determined because ROS
overproduction has been reported to be an alternative
pathway responsible for RIP3-mediated necrosis in some
cell systems [18, 19]. As shown in Fig. 4b, only weak
fluorescence was detectable in SOLE or OOLE-treated
cells while strong fluorescence was detected in
FOLE-treated cells, suggesting that ROS overproduction
is a key feature of FOLE treatment distinct from SOLE
and OOLE. Importantly, pretreatment with Nec-1 re-
duced ROS production, while pretreatment with NSA
further enhanced ROS production. The relative folds
quantified using a fluorescence spectrophotometer fur-
ther revealed that FOLE-induced ROS production was
reduced by approximately 35% with Nec-1 treatment
(p < 0.05), and was enhanced by approximately 24%
with NSA treatment (p < 0.05) (Fig. 4c). A schematic
representation is shown: FOLE induces necroptosis in
IEC-6 cells partially through ROS overproduction in-
stead of MLKL (Fig. 4d).

Fig. 3 FOLE-induced cell death requires RIP1/3 complex and is licensed by caspase 8. a Assembly of RIP1/RIP3 complex and dissociation of caspase 8.
IEC-6 cells were treated with 0.5% FOLE for 2–8 h. Whole cell extract was immunoprecipitated with anti-RIP1, and the immunoprecipitates were then
immunoblotted with anti-RIP3 or caspase 8. b Representative immunoblots of caspase 8. The expression of caspase 8 was analyzed in the cells
described above. c Caspase 8 activity. Cells were treated as described above. Data are presented as mean ± SD. **, p < 0.01 compared to
control (n = 5–6 wells/group). d Cell viability. IEC-6 cells were pre-treated with Z-IETD-FMK (20 μM) for 40 min, followed by exposure to
0.25–0.5% FOLE for 2–12 h. Data are presented as mean ± SD (n = 6–8 wells/group). *, p < 0.05, **, p < 0.01 compared to FOLE (0.25%); #,
p < 0.05 compared to FOLE (0.5%)
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Discussion
Intravenous LEs may have differing biological and clin-
ical consequences, since they are unique in the fatty acid
profile and additive content. It is between 1920 and
1960 that scientists in both the United States and Japan
developed hundreds of LEs with varying compositions
[20]. However, though there has been almost one hun-
dred years since the first intravenous LE developed in
the United States (Lipomul, produced by Upjohn Co.
Kalamazoo, MI, USA), one area that has not been fully

studied is the effect that LE products might have on the
modulation of intestinal epithelium. A rodent study that
compared three commercial LEs in a rat model of PN,
including SOLE, OOLE and SMOF (a combination of
soybean oil, medium-chain triglycerides, olive oil and
fish oil emulsion), has recently suggested that distinct
LEs may elicit distinct effects on the intestinal homeo-
stasis [9]. Additionally, an in vitro study using Caco-2
cells demonstrated that OOLE, but not SOLE or FOLE,
specifically induces the apoptosis via CELF1/AIF

Fig. 4 FOLE-induced necroptosis is mediated via ROS overproduction instead of MLKL. a Cell viability. IEC-6 cells were pre-treated with NSA
(10 μM) for 40 min, followed by exposure to 0.5% FOLE for 6 h (a) and 8 h (b). Data are presented as mean ± SD. **, p < 0.01 (n = 6–8 wells/
group). b Representative images of ROS production in FOLE-treated cells. Three hours after FOLE-treatment, the levels of intracellular ROS were
determined by DCFDA as described in material and methods. Pretreatment with Nec-1 and NSA was performed as described previously.
Treatment with ROSUP (30 min) served as positive control. ROS signal is presented as green fluorescence. Scale bar = 100 μm. Three experiments
were performed that showed similar results. c Quantification of intracellular ROS levels. Cells were treated as described in (b). Data are presented
as mean ± SD **, p < 0.01 ***, p < 0.001 compared to control; #, p < 0.05 compared to FOLE (n = 6–8 wells/group). d A schematic representation
showing that ROS overproduction instead of MLKL is at least in part responsible for FOLE-induced necroptosis

Yan et al. Lipids in Health and Disease  (2018) 17:148 Page 6 of 9



pathway [14]. However, known as a new generation of
LE, the effect of FOLE on the intestinal epithelium still
remains unclear. Therefore, this study was designed to
address this issue by using rat gut-derived IEC-6 cells as
a model in vitro.
Striking differences were noted in this study when

three LEs were examined. Though no significant alter-
ations were observed on SOLE or OOLE treatment, evi-
dent reduction in the cell viability was observed by 24-h
FOLE treatment (Fig. 1a). Similar results were obtained
when colorectal cancer cells were used as an in vitro
model previously elsewhere. Alexi et al... reported a sig-
nificant reduction in the viability of HT-29 cells after
72 h exposure to 0.7% FOLE (7.06 ml lipid emulsion/l
medium), and importantly, however, this reduction could
not be attributed to apoptosis [21]. In this study, we no-
ticed that rapid reduction by FOLE appears at 4–8 h
after treatment, suggesting that a more aggressive death
type may exist instead of apoptosis (Fig. 1c). Morpho-
logical analysis by time-lapse live cell imaging showed
no signs of apoptosis, but rather, necrotic cell death with
swelling of the cell membrane (Fig. 1d). Interestingly,
these results obtained from IEC-6 cells were consistent
with Harvey et al’s study, in which human aortic endo-
thelial cells (HAECs) presented similar responses to
FOLE treatment, including significantly decreased cell
viability due to necrotic cell death [22].
As known, necroptosis or regulated necrosis has been

recently described as a novel cell death pathway, mor-
phologically similar to that of necrosis, but occurring in
a programmed manner through well-defined biochem-
ical pathways. Typically, it is initiated by interaction
between RIP1 and RIP3, which originate in the necro-
some. At the functional level, the auto- and
trans-phosphorylation of RIP1 and RIP3 promote the as-
sembly of necrosome and activation of necroptotic sig-
naling transduction [23]. In this study, we found that
FOLE-induced necroptosis was mediated via RIP1/3
complex, as Nec-1 (a specific inhibitor of RIP1) mark-
edly suppressed the expression and association of RIP1/
3, and partially alleviated FOLE-induced reduction in
cell viability at 0.25 and 0.5% concentration (Fig. 2).
However, as no effect of Nec-1 on 1% FOLE treatment,
we assume that RIP1-dependent necroptosis and
RIP1-independent necrosis may both exist in response
to FOLE treatment, and necroptosis may be converted
to necrosis with the increasing concentration of FOLE
treatment. In addition to the assembly of RIP1/3, we also
found that disassociation of caspase 8 is required for
FOLE-induced necroptosis. Caspase 8 is a cysteine pro-
tease critically involved in regulating cellular apoptosis,
and it has recently been shown to suppress RIP1/
3-dependent necroptosis [24, 25]. On the molecular level,
it has been demonstrated that caspase 8 proteolytically

cleave and inactivate RIP1 and RIP3, thereby regulating
the initiation of necroptosis [26]. In this study, our results
indicated that the activity of caspase 8 was significantly
decreased at 6–8 h post FOLE treatment, immediately
followed by the initiation of morphological changes of
necroptosis. Moreover, inactivation of caspase 8 by its spe-
cific inhibitor (Z-IETD-FMK) significantly further de-
creased the cell viability in comparison to FOLE treatment
alone (Fig. 3), suggesting that FOLE-induced necroptosis
not only requires the assembly of RIP1/3, but is also li-
censed by caspase 8. However, one limitation of this study
is that the precise mechanism by which FOLE inhibited
caspase 8 activity and induced the dissociation of caspase
8 from RIP1 remains unknown, and thus it would be
of great importance to address this issue in future
investigations.
A group of researchers has recently demonstrated that

MLKL is a downstream target of RIP3 that binds to the
cell membrane, leading to the pore formation and plasma
membrane rupture following necroptotic signaling [27,
28]. However, it seems that MLKL was not involved in
FOLE-induced necroptosis in IEC-6 cells, since pretreat-
ment with NSA did not alleviate FOLE-induced cell death.
On the contrary, it further enhanced the pro-necroptotic
effect of FOLE when MLKL was inhibited (Fig. 4a). In
addition to MLKL, high levels of activated RIP3 may cause
aberrant energy metabolism and switch apoptosis to ne-
crosis in some cell systems by stimulating the activity of
metabolic enzymes including glycogen phosphorylase
(PYGL), glutamate-ammonia ligase (GLUL), glutamate de-
hydrogenase 1 (GLUD1), fructose-1,6-bisphosphatase 2
(FBP2), fumarate hydratase (FH), glycosyltransferase 25
domain containing 1 (GLT25D1), and isocitrate dehydro-
genase 1 (IDH1), leading to the overproduction of mito-
chondrial reactive oxygen species (ROS) and subsequent
ROS-associated necrosis [29]. In this study, the results of
ROS suggested that ROS overproduction instead of MLKL
is probably responsible for the function of RIP3 in mediat-
ing FOLE-induced necroptosis. The results of reduced
ROS production by Nec-1 suggested that ROS overpro-
duction is a key downstream component of RIP1 activa-
tion following FOLE treatment; the results of enhanced
ROS production by NSA suggested the possibility that
even both MLKL and ROS are independent components
downstream RIP3, ROS-mediated necrotic pathway may
be enhanced when MLKL is inhibited. From this point of
view, it seems that antioxidant vitamins may be one of the
potential therapeutic strategies in preventing ROS over-
production and oxidative damage in intestinal mucosa.
Currently, vitamin E is regarded as the most important
lipid-soluble antioxidant in PN that helps to prevent
membrane destabilizing lipid peroxidation by breaking
lipid radical chain reactions [30]. As an important thera-
peutic strategy against PNALD, recent large, randomized,
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controlled trials have shown that vitamin E treatment re-
sults in significant improvement in steatosis, inflamma-
tion, ballooning, and resolution of steatohepatitis in adults
without diabetes or cirrhosis [31–33], and the mecha-
nisms against PNALD have been primarily attributed to
the cellular antioxidant functions as well as prevention or
reduction of oxidative stress in hepatocytes. However, it
remains unclear whether supplementary vitamin E would
also be able to attenuate intestinal oxidative stress like at-
tenuating hepatic oxidative stress, as studies addressing
the impact of PN on intestinal epithelium are limited cur-
rently. Therefore, it would be of great significance to ad-
dress this issue in future studies. On the other hand, in
addition to vitamin E, in the last years great efforts have
been made in searching for nutrients and/or molecules
able to favourably limit the oxidative damage under vari-
ous physiological or pathological conditions. For example,
carotenoids are currently considered beneficial substances,
and among 50 carotenoids which are commonly employed
in the human diet, 7 carotenoids (β-carotene, α-carotene,
β-cryptoxanthin, lycopene, lutein, zeaxanthin and astax-
anthin) have been widely studied on their benefits against
the progress of cardiovascular disease owing to antioxi-
dant and anti-inflammatory properties [34]. In some ex-
tent, more attention should be paid on the findings of
novel antioxidants in the practice of PN administration
because this may have important clinical significance
when patients receiving prolonged PN present a higher
antioxidant requirement for defense against oxidative
stress (eg, chronic inflammation, sepsis and organ failure).

Conclusion
In conclusion, this study demonstrated that FOLE, ra-
ther than SOLE or OOLE, induces programmed necrotic
death (necroptosis) in IEC-6 cells, which requires RIP1/3
and is licensed by caspase 8. Our findings provided
novel insights into the effect of FOLE on the homeosta-
sis of intestinal epithelium in vitro, but further studies
are needed to validate them in vivo.

Additional file

Additional file 1: IEC-6 cells treated with FOLE. (AVI 1126 kb)

Abbreviations
FOLE: Fish oil-derived lipid emulsion; LE: Lipid emulsion; MLKL: Mixed-lineage
kinase domain-like protien; Nec-1: Necrostatin-1; OOLE: Olive oil-supplemented
lipid emulsion; PN: Parenteral nutrition; PNALD: Parenteral nutrition associated
liver disease; RIP: Receptor-interacting protein; ROS: Reactive oxygen species;
SOLE: Soybean oil-based lipid emulsion

Acknowledgements
We thank Prof. Huiping Zhou at the Virginia Commonwealth University, USA
for the additional supervision of this study.

Funding
This work was supported by National Natural Science Foundation of China
(81630039 and 81700787).

Availability of data and materials
All data generated or analysed during this study are included in this
published article and its Additional file 1.

Authors’ contributions
JY: acquisition and analysis of data; interpretation of results and drafting the
manuscript. WY: study concept and design; statistical analysis and drafting
the manuscript. WC: study concept and design; technical and material
support; study supervision and critical revision. All authors read and
approved the final manuscript.

Ethics approval and consent to participate
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Pediatric Surgery, Xin Hua Hospital affiliated to Shanghai Jiao
Tong University School of Medicine, Shanghai, China. 2Shanghai Key
Laboratory of Pediatric Gastroenterology and Nutrition, Shanghai Institute for
Pediatric Research, Xin Hua Hospital Affiliated to Shanghai Jiao Tong
University School of Medicine, 1665 Kongjiang Rd, Shanghai 200092, China.

Received: 27 January 2018 Accepted: 21 May 2018

References
1. Berger MM. The 2013 Arvid Wretlind lecture: evolving concepts in

parenteral nutrition. Clin Nutr. 2014;33(4):563–70.
2. Anastasilakis CD, Ioannidis O, Gkiomisi AI, Botsios D. Artificial nutrition and

intestinal mucosal barrier functionality. Digestion. 2013;88(3):193–208.
3. Xiao YT, Yan WH, Cao Y, Yan JK, Cai W. P38 MAPK pharmacological inhibitor

SB203580 alleviates Total parenteral nutrition-induced loss of intestinal
barrier function but promotes hepatocyte Lipoapoptosis. Cell Physiol
Biochem. 2017;41(2):623–34.

4. Feng Y, Barrett M, Hou Y, Yoon HK, Ochi T, Teitelbaum DH. Homeostasis
alteration within small intestinal mucosa after acute enteral refeeding in
total parenteral nutrition mouse model. Am J Physiol Gastrointest Liver
Physiol. 2016;310(4):G273–84.

5. Yamada W, Kaji T, Onishi S, Nakame K, Yamada K, Kawano T, Mukai M,
Souda M, Yoshioka T, Tanimoto A, et al. Ghrelin improves intestinal mucosal
atrophy during parenteral nutrition: an experimental study. J Pediatr Surg.
2016;51(12):2039–43.

6. Lei Q, Bi J, Wang X, Jiang T, Wu C, Tian F, Gao X, Wan X, Zheng H.
GLP-2 prevents intestinal mucosal atrophy and improves tissue
antioxidant capacity in a mouse model of Total parenteral nutrition.
Nutrients. 2016;8(1):33.

7. Xiao W, Feng Y, Holst JJ, Hartmann B, Yang H, Teitelbaum DH. Glutamate
prevents intestinal atrophy via luminal nutrient sensing in a mouse model
of total parenteral nutrition. FASEB J. 2014;28(5):2073–87.

8. Harris JK, El KK, Anderson AL, Devereaux MW, Fillon SA, Robertson CE,
Wagner BD, Stevens MJ, Pace NR, Sokol RJ. Specific microbiome changes in
a mouse model of parenteral nutrition associated liver injury and intestinal
inflammation. PLoS One. 2014;9(10):e110396.

9. Feng Y, Browner P, Teitelbaum DH. Effects on varying intravenous lipid
emulsions on the small bowel epithelium in a mouse model of parenteral
nutrition. JPEN J Parenter Enteral Nutr. 2013;37(6):775–86.

10. Raman M, Almutairdi A, Mulesa L, Alberda C, Beattie C, Gramlich L.
Parenteral nutrition and lipids. Nutrients. 2017;9(4):388.

11. Burrin DG, Ng K, Stoll B, Saenz DPM. Impact of new-generation lipid
emulsions on cellular mechanisms of parenteral nutrition-associated liver
disease. Adv Nutr. 2014;5(1):82–91.

Yan et al. Lipids in Health and Disease  (2018) 17:148 Page 8 of 9

https://doi.org/10.1186/s12944-018-0786-5


12. Yan JK, Gong ZZ, Zhang T, Cai W. Sodium butyrate attenuates soybean oil-
based lipid emulsion-induced increase in intestinal permeability of
lipopolysaccharide by modulation of P-glycoprotein in Caco-2 cells.
Biochem Biophys Res Commun. 2017;482(4):791–5.

13. Yan JK, Zhu J, Gong ZZ, Wen J, Xiao YT, Cai W, Zhang T. Olive oil-
supplemented lipid emulsion induces CELF1 expression and promotes
apoptosis in Caco-2 cells. Cell Physiol Biochem. 2017;41(2):711–21.

14. Yan JK, Zhu J, Gong ZZ, Wen J, Xiao YT, Zhang T, Cai W. Supplementary
choline attenuates olive oil lipid emulsion-induced enterocyte apoptosis
through suppression of CELF1/AIF pathway. J Cell Mol Med. 2018;22(3):
1562–73.

15. Yan JK, Zhu J, Gu BL, Yan WH, Xiao YT, Zhou KJ, Wen J, Wang Y, Cai W.
Soybean oil-based lipid emulsion increases intestinal permeability of
lipopolysaccharide in Caco-2 cells by downregulation of P-glycoprotein via
ERK-FOXO 3a pathway. Cell Physiol Biochem. 2016;39(4):1581–94.

16. Guzy C, Schirbel A, Paclik D, Wiedenmann B, Dignass A, Sturm A. Enteral
and parenteral nutrition distinctively modulate intestinal permeability and T
cell function in vitro. Eur J Nutr. 2009;48(1):12–21.

17. Vandenabeele P, Galluzzi L, Vanden BT, Kroemer G. Molecular mechanisms
of necroptosis: an ordered cellular explosion. Nat Rev Mol Cell Biol. 2010;
11(10):700–14.

18. Lu B, Gong X, Wang ZQ, Ding Y, Wang C, Luo TF, Piao MH, Meng FK, Chi
GF, Luo YN, et al. Shikonin induces glioma cell necroptosis in vitro by ROS
overproduction and promoting RIP1/RIP3 necrosome formation. Acta
Pharmacol Sin. 2017;38(11):1543–53.

19. Sun W, Wu X, Gao H, Yu J, Zhao W, Lu JJ, Wang J, Du G, Chen X. Cytosolic
calcium mediates RIP1/RIP3 complex-dependent necroptosis through JNK
activation and mitochondrial ROS production in human colon cancer cells.
Free Radic Biol Med. 2017;108:433–44.

20. Anez-Bustillos L, Dao DT, Baker MA, Fell GL, Puder M, Gura KM. Intravenous
fat emulsion formulations for the adult and pediatric patient: understanding
the differences. Nutr Clin Pract. 2016;31(5):596–609.

21. Sala-Vila A, Folkes J, Calder PC. The effect of three lipid emulsions differing
in fatty acid composition on growth, apoptosis and cell cycle arrest in the
HT-29 colorectal cancer cell line. Clin Nutr. 2010;29(4):519–24.

22. Harvey KA, Xu Z, Pavlina TM, Zaloga GP, Siddiqui RA. Modulation of
endothelial cell integrity and inflammatory activation by commercial lipid
emulsions. Lipids Health Dis. 2015;14:9.

23. Li J, McQuade T, Siemer AB, Napetschnig J, Moriwaki K, Hsiao YS, Damko E,
Moquin D, Walz T, McDermott A, et al. The RIP1/RIP3 necrosome forms a
functional amyloid signaling complex required for programmed necrosis.
Cell. 2012;150(2):339–50.

24. Gunther C, Martini E, Wittkopf N, Amann K, Weigmann B, Neumann H,
Waldner MJ, Hedrick SM, Tenzer S, Neurath MF, et al. Caspase-8 regulates
TNF-alpha-induced epithelial necroptosis and terminal ileitis. Nature. 2011;
477(7364):335–9.

25. He S, Wang L, Miao L, Wang T, Du F, Zhao L, Wang X. Receptor interacting
protein kinase-3 determines cellular necrotic response to TNF-alpha. Cell.
2009;137(6):1100–11.

26. Oberst A, Dillon CP, Weinlich R, McCormick LL, Fitzgerald P, Pop C, Hakem
R, Salvesen GS, Green DR. Catalytic activity of the caspase-8-FLIP(L) complex
inhibits RIPK3-dependent necrosis. Nature. 2011;471(7338):363–7.

27. Murphy JM, Czabotar PE, Hildebrand JM, Lucet IS, Zhang JG, Alvarez-Diaz S,
Lewis R, Lalaoui N, Metcalf D, Webb AI, et al. The pseudokinase MLKL
mediates necroptosis via a molecular switch mechanism. Immunity. 2013;
39(3):443–53.

28. Sun L, Wang H, Wang Z, He S, Chen S, Liao D, Wang L, Yan J, Liu W, Lei X,
et al. Mixed lineage kinase domain-like protein mediates necrosis signaling
downstream of RIP3 kinase. Cell. 2012;148(1–2):213–27.

29. Zhang DW, Shao J, Lin J, Zhang N, Lu BJ, Lin SC, Dong MQ, Han J. RIP3, an
energy metabolism regulator that switches TNF-induced cell death from
apoptosis to necrosis. Science. 2009;325(5938):332–6.

30. Biesalski HK, Vitamin E. requirements in parenteral nutrition.
Gastroenterology. 2009;137(5 Suppl):S92–S104.

31. Sanyal AJ, Chalasani N, Kowdley KV, McCullough A, Diehl AM, Bass NM,
Neuschwander-Tetri BA, Lavine JE, Tonascia J, Unalp A, et al. Pioglitazone,
vitamin E, or placebo for nonalcoholic steatohepatitis. N Engl J Med. 2010;
362(18):1675–85.

32. Lavine JE, Schwimmer JB, Van Natta ML, Molleston JP, Murray KF, Rosenthal
P, Abrams SH, Scheimann AO, Sanyal AJ, Chalasani N, et al. Effect of vitamin
E or metformin for treatment of nonalcoholic fatty liver disease in children
and adolescents: the TONIC randomized controlled trial. JAMA. 2011;305(16):
1659–68.

33. Pacana T, Sanyal AJ. Vitamin E and nonalcoholic fatty liver disease. Curr
Opin Clin Nutr Metab Care. 2012;15(6):641–8.

34. Ciccone MM, Cortese F, Gesualdo M, Carbonara S, Zito A, Ricci G, De
Pascalis F, Scicchitano P, Riccioni G. Dietary intake of carotenoids and their
antioxidant and anti-inflammatory effects in cardiovascular care. Mediat
Inflamm. 2013;2013:782137.

Yan et al. Lipids in Health and Disease  (2018) 17:148 Page 9 of 9


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cell culture and reagents
	Cell treatment
	Cell viability assay
	Measurement of caspase 8 activation
	Immunoprecipitation assay
	Western blot analysis
	Immunofluorescence staining
	Time-lapse live cell imaging
	Detection of intracellular reactive oxygen species (ROS)
	Statistical analysis

	Results
	FOLE induces necrotic-like cell death in IEC-6 cells
	FOLE-induced necrotic cell death is dependent on RIP1
	FOLE-induced cell death requires the assembly of RIP1/3 complex and is licensed by caspase 8 (Identified as necroptosis)
	FOLE-induced necroptosis is attributed to ROS overproduction instead of MLKL

	Discussion
	Conclusion
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher’s Note
	Author details
	References

