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Human breast milk-derived phospholipid DOPE
ameliorates intestinal injury associated with NEC
by inhibiting ferroptosis¥
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Neonatal necrotizing enterocolitis (NEC) is a severe inflammatory bowel disease that commonly affects
premature infants. Breastfeeding has been proven to be one of the most effective methods for preventing
NEC. However, the specific role of lipids, the second major nutrient category in human breast milk (HBM),
in intestinal development remains unclear. Our preliminary lipidomic analysis of the HBM lipidome
revealed that dioleoyl phosphatidylethanolamine (DOPE) is not only abundant but also shows high solubi-
lity in lipids, endowing it with significant biological utility. Experimental results confirmed that DOPE sig-
nificantly reduces the mortality of neonatal rats, ameliorates impairment of intestinal barrier function, and
alleviates the expression of intestinal inflammatory factors IL-1f and IL-6. Furthermore, DOPE promotes
the migration and proliferation of intestinal epithelial cells, thereby enhancing the integrity of the intestinal
barrier function in vitro. The progression of NEC is linked with the onset of ferroptosis. Our cellular-level
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analysis of lipid peroxide and iron ion concentrations revealed that DOPE significantly reduces the indi-
cators of ferroptosis, while also modulating the expression of pivotal ferroptosis-associated factors,
including SLC7A11, GPX4, and ACSL4. Hence, this research on DOPE is expected to provide novel insights

rsc.li/food-function

1. Introduction

Necrotizing enterocolitis (NEC) is a common gastrointestinal
disease in preterm infants, with its incidence and mortality
inversely correlated with gestational age and birth weight."
According to the latest meta-analysis, the incidence of low-
birth weight infants in NICUs is approximately 7%, with a
mortality as high as 20%-30%.> Due to the immature gut
barrier function and immune system in preterm infants, NEC
is characterized by inflammatory infiltration and necrosis of
the distal small intestine and the proximal colon, which can
be accompanied by intestinal perforation, peritonitis, sepsis
and multiple organ dysfunction syndrome in severe cases.*”
Therefore, it is of great significance to seek methods for the
early prevention and treatment of NEC.
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into the bioactive lipids present in HBM.

Clinical studies have found that breastfeeding reduces the
incidence of NEC, especially in very low or low birth weight
infants.>® It is broadly acknowledged that human breast milk
(HBM) guards against NEC in premature infants due to its bio-
active elements.” For example, lactoferrin and antimicrobial
peptides are well-recognized for their ability to hinder the
adherence and invasion of pathogens to intestinal cells.?
Additionally, human milk oligosaccharides, serving as the
principal energy source for beneficial gut bacteria, play a
crucial role in fostering a robust and balanced gut microbiota.’
However, lipids, the second major category of nutrients in
HBM, have traditionally been recognized only for their role in
providing nutrition and energy, and their potential effects on
the intestinal health of newborns have not yet been effectively
investigated.

Currently, research has predominantly centred around the
fatty acids sourced from HBM owing to the fact that triglycer-
ides constitute 98% of the lipid content in HBM.'®
Nevertheless, it is crucial to recognize that despite phospholi-
pids (PLs) comprising only 2% of the overall lipid content in
HBM, they serve as essential constituents that play a vital role
in delineating HBM from formula milk."" Studies have demon-
strated that PLs present in HBM play a crucial role in preser-
ving the chemical stability of fatty acids within the HBM and
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facilitating their digestion and absorption in the infant’s gas-
trointestinal tract."> Randomized controlled trials suggest that
infant formulas enriched with phospholipid-coated lipid dro-
plets can positively influence the long-term cognitive develop-
ment and Body Mass Index (BMI)."** Conversely, the explora-
tion into the connection between the HBM-derived phospholi-
pid and intestinal development in neonates constitutes an
uncharted territory in this field. Consequently, a detailed
exploration of the functions and underlying mechanisms of
HBM-derived PLs within the context of NEC holds the promise
of uncovering a novel and state-of-the-art strategy for the pre-
vention and management of this condition.

In the previous breast milk lipid omics analysis, a phospho-
lipid that is simultaneously abundant and stable in the breast
milk of term and preterm infants caught our attention: PE
(18:1/18:1), dioleoyl phosphatidylethanolamine (DOPE), which
is composed of two identical 18:1 fatty acid chains.'® Thus,
this study aims to evaluate the therapeutic potential of DOPE
in both NEC cellular and animal models, while searching for
the underlying mechanisms.

2. Materials and methods
2.1 Lipid screening

The lipid screening data originate from the previous lipidomic
study on preterm and term-HBM conducted by our research
group. These data are accessible at the following website:
https://onlinelibrary.wiley.com/doi/10.1002/mnfr.202000845.

The product was provided by Merck Sciences (Shanghai,
China) and its purity was more than 99%. The physico-
chemical parameters and three-dimensional spatial structure
were analysed using the online platform LipidMaps (https:/
www.lipidmaps.org), which is referred to as DOPE based on its
English abbreviation. We dissolved the lipid powder in a
solvent mixture of CHCl;:MeOH at a ratio of 9:1, then
diluted it to an appropriate concentration with deionized
water, and stored it at 4 °C.

2.2 Invitro experiments

2.2.1 Cell culture and cell modelling. The intestinal epithe-
lioid cell 6 (IEC-6) was purchased from American Type Culture
Collection (Manassas, VA, USA). IEC-6 was cultured in DMEM
(Gibco, USA), supplemented with fetal bovine serum (10%,
Gibco, USA) and penicillin/streptomycin (1%, Gibco, USA).
IEC-6 was randomly divided into a control group (CTL) and a
modeling group (LPS group). The control group was cultured
with DMEM containing 10% serum, while the modeling group
was cultured with DMEM containing 3% serum and lipopoly-
saccharides (LPS, 50 pg ml™", Sigma-Aldrich, USA) in a 5%CO,
incubator at 37 °C. The r-a-phosphatidyl ethanolamine (DOPE,
5 pg ml™', purity > 99%, CAS: 4004-05-1) was obtained from
Sigma-Aldrich.

2.2.2 Cellular uptake assay. IEC-6 was treated with the
FITC-labeled DOPE for 2 h and then fixed with 4% paraformal-
dehyde for 10 min, stained with DAPI for 15 min and observed
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under a confocal fluorescence microscope (CARL ZEISS,
Germany).

2.2.3 RNA isolation and quantitative real-time PCR
(qRT-PCR). RNA from cells and tissues was extracted using the
Freezol Regent R711-01 (Vazyme, China). The sample was
placed in a freezer at —80 °C for storage until use. According to
the instructions for qPCR, reverse transcription of gRNA into
c¢DNA was performed using a cDNA synthesis kit (Vazyme,
China). The mixed cDNA samples were used for PCR with
SYBR Green (Servicebio, China) in a 20 mol L™" volume. PCR
amplification was then performed using a Real-Time System
(Applied Biosystems, USA). The sequences of primers are
shown in Table 1. Data were calculated using the 2724¢
method.

2.2.4 Western blot. Cell or tissue samples were mixed with
RIPA buffer, protease inhibitor and phosphatase inhibitor
(Beyotime, China) at a ratio of 100:1:1, and centrifuged at
12 000 rpm at 4 °C for 30 min after cracking on ice. The BCA
assay kit (Thermo Fisher Scientific, USA) was used for protein
quantification. The protein samples (30 pg) were isolated
using SDS-PAGE and transferred to PVDF membranes
(Millipore, Billerica, MA, USA). Membranes were blocked at
room temperature using 5% skim milk for 2 h, incubated with
the diluted primary antibody overnight at 4 °C, eluted with
TBST with the residual antibody 3 times, and then incubated
with the secondary antibody at room temperature for 1 h. An
Immobilob™ Western Chemiraycent HRP substrate (Millipore,
Billerica, MA, USA) was used to develop images of the mem-
brane strips. Our study’s primary antibodies were purchased
from Protientech (China).

2.2.5 Cell proliferation and migration detection. Cell pro-
liferation of IEC-6 was assessed using a BeyoClick™ EdU Cell
Proliferation Kit (Beyotime, China). The tip of a sterile tube
was used to scrape off a layer of cells in the center of a six-well
plate covered with cells to form a single epithelial cell wound.
DOPE was added to serum-free medium for 1 h before LPS
exposure, and scratch areas were observed under the micro-
scope for 0 and 6 hours, respectively. The cell migration area
was calculated using Image] software.

2.2.6 Reagents related to ferroptosis. Reactive Oxygen
Species (ROS) fluorescence detection, malondialdehyde (MDA)

Table 1 Primer sequences

Primer name Sequence

Rat-GAPDH-F AGGTCGGTGTGAACGGATTTG
Rat-GAPDH-R TGTAGACCATGTAGTTGAGGTCA
Rat-IL-1B-F GGCTTCCTTGTGCAAGTGTC
Rat-IL-1B-R GGCTTCCTTGTGCAAGTGTC
Rat-IL-6-F AGAGACTTCCAGCCAGTTGC
Rat-IL-6-R TGGTCTTGGTCCTTAGCCAC
Rat-ZO-1-F CTTGCCACACTGTGACCCT
Rat-ZO-1-R ACAGTTGGCTCCAACAAGGT
Rat-Occludin-F TTACGGCTACGGAGGGTACA
Rat-Occludin-R TAGTCAGATGGGGGTGGAGG
Rat-GPX4-F ATACGCTGAGTGTGGTTTGC
Rat-GPX4-R CTTCATCCACTTCCACAGCG

This journal is © The Royal Society of Chemistry 2024
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content determination, bivalent iron ion fluorescence detec-
tion (Dojindo, Japan) and GSH level detection (Wanleibio,
China) in cell and animal experiments were performed accord-
ing to the instructions. Ferroptosis inducer RSL3 was pur-
chased from MedChemExpress (MCE, New Jersey, USA).

2.3 Invivo experiments

2.3.1 Animal models. This study was ethically reviewed
and approved by the Institutional Review Board (IRB) of the
Women’s Hospital of Nanjing Medical University, Nanjing
Women and Children’s Healthcare Hospital. Neonatal SD rats
were divided into 3 groups within 24 hours after birth: control
group, NEC group, and NEC + DOPE group, with 12 rats in
each group. Rats in the CTL group were fed by their mothers,
while rats in the NEC group were given 50 pl g* formula
(Similac Advance infant formula (Abbott Nutrition): Esbilac
dog milk substitute, 2:1) by gavage 3 times a day, stimulated
with hypoxia (5%0,, 95%N,) for 5 minutes prior to each
gavage. In the NEC + DOPE group, DOPE (1 mg kg ') was
added to the formula milk for gavage. The number of dead
rats in each group was recorded daily, and the pups were killed
after 4 days of modeling. The terminal ileum samples were
taken, fixed with 4% paraformaldehyde and embedded with
paraffin, which were used for hematoxylin-eosin staining and
immunohistochemical analysis.

2.3.2 Hematoxylin-eosin staining. The paraffin-embedded
terminal ileum specimen was sectioned into slices 5 microns
in thickness. Following dewaxing and rehydration, the sections
were stained with hematoxylin at room temperature for 30
seconds. After color separation, the sections were counter-
stained with eosin for 2-3 minutes. Subsequently, the sections
underwent dehydration and clearing processes before being
observed under a light microscope (Zeiss, Germany).

2.3.3 Immunohistochemistry. After deparaffinization, rehy-
dration and antigen retrieval, the paraffin-embedded sections
were incubated with a blocking solution of goat serum for 1 hour
to prevent non-specific binding. Subsequently, an appropriate
amount of the primary antibody was applied to the sections and
they were stored in a wet box at 4 °C overnight. The following
day, the sections were washed with PBS buffer to remove any
unbound material, and then the secondary antibody was added
and incubated at room temperature for 2 hours. Finally, the
slides were colored with a chromogenic solution and examined
under a light microscope (Zeiss, Germany).

2.3.4 Immunofluorescence staining. Prior to incubation
with the primary antibody at 4 °C overnight and the secondary
antibody at room temperature the following day, the paraffin
sections were first sealed with a solution of 5% bovine serum
albumin (BSA) for 1 hour at room temperature. Subsequently,
the samples were stained with DAPI nuclear dye (Sigma
Aldrich, USA) to enhance the visualization of the nucleus.

2.4 Data analysis

The analysis and statistical graph plotting were performed using
GraphPad Prism 9.0 software. All experimental data were
obtained from three or more independent experiments. Data that
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were normally distributed were expressed as mean + standard
deviation. The comparison between two groups was conducted
using an independent sample ttest, while one-way analysis of
variance (ANOVA) was employed for comparisons among multiple
groups. A P-value less than 0.05 was considered statistically sig-
nificant (*P < 0.05; **P < 0.01; ***P < 0.001).

3. Results

3.1 Screening and characteristics of DOPE

A total of 395 lipids were identified by our previous lipidomic
analysis of HBM (Table S1}). Combined with the signal inten-
sity of mass spectrometry, we found that phosphatidylethano-
lamine was abundant and ranked second after triglycerides in
the variety distribution of HBM (Fig. 1A and B). The direct
content analysis showed that PE (18:1/18:1) was the highest
among the top three lipids (Fig. 1C). Its chemical structure
formula is C,;;H,3NOgP, and molecular weight is 744.03
according to the Lipidmaps database. Utilizing the Chemdraw
20.0 software, we gain insight that DOPE is a phospholipid
composed of two identical monounsaturated fatty acids,
specifically oleic acid (C18:1) (Fig. 1D). We named it DOPE
according to the English abbreviation. To detect the absorp-
tion of DOPE in intestinal epithelial cells, FITC-labeled DOPE
was diluted in PBS buffer and added to IEC-6 medium, and
significant fluorescence distribution in cytoplasm and nucleus
was observed only 2 hours after administration (Fig. 1E).

3.2 Protective effects of DOPE on NEC animal models

Based on the NEC animal models, we added exogenous DOPE
(1 mg kg™") and recorded the daily survival rate of newborn SD
rats. After the neonatal SD rats were killed 4 days later, we
observed that the terminal ileum of the NEC group was
obviously congested and pneumatically inflected, with intesti-
nal rupture and perforation in severe cases. In contrast, the
appearance of intestinal tissue is significantly improved after
DOPE intervention (Fig. 2A). We found that the mortality rate
of the DOPE group was lower than that of the NEC group
(Fig. 2B). According to the pathological scoring system of
NEC,"” the injury score of the terminal ileum showed a signifi-
cant decrease after DOPE intervention (Fig. 2C). In addition,
the proliferative ability of the NEC group was weakened, and
the levels of inflammatory factors (IL-1p and IL-6) and inflam-
matory receptors TLR4 were significantly increased.
Interestingly, exogenous DOPE significantly inhibited inflam-
mation and relieved intestinal barrier and proliferation func-
tions (Fig. 2D, E and F). Quantification of IHC for the proteins
is shown in Fig. S1.1

These results indicate that exogenous DOPE can effectively
alleviate the development of NEC at the animal level.

3.3 DOPE improves IEC-6 inflammation and barrier damage
induced by LPS

We constructed an in vivo model of NEC with 3% DMEM
involved in LPS stimulation (50 pg ml™"). Previous studies have

Food Funct., 2024, 15,10811-10822 | 10813



Paper
AT
PA(3 29%) PC20.25%)
PC
Sphingosine
PERL7MG) Sphingasinclg2s C
2L HexCer
SM
Cer
DG
PE
i TGER253"%) PA
Cerl380%) FL
PG
SM04) HexCert6.08%) PS
CL
PS(18:0/18:1)

PE(18:1/18:1)

SM(d16:1/26:1)

PC(18:1/16:0) PC(18:0/18:2)

Food & Function

B

PC-
Sphingosine-
TG-
Hexcer-
SM -

Cer

DG

PE

PA

PI-

PG-

PS-

CL-

PN T A NEENEENEEN
D .
e = . &
-
Vt; W
L2 :
o \{it &
FITC DAPI Merge

Fig. 1 Screening and characteristics of DOPE. (A) A pie chart of HBM lipid classification. (B) A cloud rain map showing the relative differences in the
detected lipid contents. (C) A radar map of enriched lipids in HBM. (D) 3D molecular structure of DOPE from ChemDraw20.0. (E) Cellular internaliz-
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demonstrated that the migration of epithelial cells is crucial
for the repair of the intestinal barrier."® Therefore, we investi-
gated the effect of DOPE on the migration ability of IEC-6. The
experimental results showed that the migration ability of IEC-6
was significantly inhibited under LPS stimulation, which was
restored by the presence of DOPE (Fig. 3A). Through EdU pro-
liferation experiments, it was observed that the proportion of
proliferative cells in the DOPE group increased compared with
that in the LPS group (Fig. 3B). The tight junction protein
levels of ZO-1 and occludin (Fig. 3C and Fig. S2t) and the
inflammatory cytokine levels of IL-1p and IL-6 (Fig. 3D and E)
were detected by qRT-PCR and western blot, respectively, and
it showed that DOPE can reduce the expression of inflamma-
tory cytokines and receptors and reverse the damage of barrier
proteins. Consequently, it can be concluded that DOPE has the
potential to alleviate the damage observed in IEC-6 cells.

3.4 Confirming the involvement of ferroptosis in NEC

Recent studies have shown that a large number of ferroptosis-
related peroxidation products, such as ROS and MDA, accumu-
late in the damaged intestinal tissues of newborn infants with
NEC."® Therefore, an ROS fluorescent probe and an MDA assay
kit were used to detect reactive oxidative stress levels in cells
and animal models. As shown in Fig. 44, in the LPS group, the
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ROS fluorescence intensity of IEC-6 cells labeled with DCFH is
significantly higher than that in the control group, while the
levels of antioxidant glutathione peroxidase (GSH) were signifi-
cantly decreased (Fig. 4B). The intervention of DOPE can sig-
nificantly reverse the level of oxidative stress in IEC-6. Further
to this, we conducted assessments of the cellular levels of lipid
peroxidation products, specifically MDA, as well as iron con-
centrations. The results indicate a pronounced accumulation
of both MDA and iron within the NEC group (Fig. 4C and
Fig. S31). More interestingly, DOPE was negatively correlated
with the expression of the positive ferroptosis regulatory
protein ACSL4, and positively correlated with the negative fer-
roptosis regulatory proteins SLC7A11 and GPX4 (Fig. 4D) at the
molecular level. To further validate this discovery, we con-
ducted assays to monitor the changes in ferroptosis markers at
the animal level. Immunofluorescence staining and qRT-PCR
analysis of terminal ileum both indicated that (Fig. 4E and F)
the intervention of DOPE significantly upregulates the
expression of GPX4, a key factor regulating ferroptosis in intes-
tinal tissues. Concurrently, this intervention was observed to
decrease the concentrations of MDA within the intestinal
tissues (Fig. 4G). These experiments all prove that ferroptosis
plays an important role in the occurrence and development of
NEC.

This journal is © The Royal Society of Chemistry 2024
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3.5 DOPE exhibits certain anti-ferroptosis properties

We induced ferroptosis in IEC-6 using a GPX4 inhibitor RSL3
(100 ng ml™") and simultaneously performed DOPE interven-
tion. The experimental outcomes indicated that following
DOPE intervention, there was a significant reduction in the
number of ROS-positive cells compared to the RSL3-induced
group (Fig. 5A). Additionally, the level of lipid peroxide MDA
decreased (Fig. 5B), and the intracellular antioxidant GSH
levels increased (Fig. 5C). The onset of ferroptosis is typically
accompanied by an imbalance in the redox system.
Subsequent western blot analysis demonstrated that under
RSL3 induction, the expression of the ferroptosis progression
marker ACSL4 was upregulated. However, after DOPE interven-

This journal is © The Royal Society of Chemistry 2024

tion, the expression of protective markers GPX4 and SLA7A11
proteins improved, indicating a favourable shift in ferroptosis-
related indicators when compared to the RSL3 group (Fig. 5D).
These experimental findings robustly demonstrate that DOPE
possesses substantial anti-ferroptosis properties.

3.6 DOPE enhances NEC intestinal epithelial cell function by
inhibiting ferroptosis

To further demonstrate the relationship between the intestinal
repair function of DOPE and ferroptosis pathway, we activated
ferroptosis with the inducer RSL3. Exogenous addition of
DOPE revealed significant improvements in intestinal epi-
thelial cell migration (Fig. 6A), proliferation (Fig. 6B), and

Food Funct,, 2024, 15, 10811-10822 | 10815



Paper Food & Function
g
=
k|
£
2
5
=
g
g
£
&
¢
3 :
B g0
o]
=
11
o
=
g
=]
=
LPS LPS+DOPE
w—230kD 209 = = woox
Z0-1 cr— ——— a § E 25 —
£ g 20
TLR4 | we— q o [130kDa & 15 £
s e ey
- =810 % 2SS e
i = 10 z=
Occludin | S— — 59kDa Cé-«a -+ %“5 Lo
@ ‘l’ 3
£ 5] < 05
GAPDH | s Wiy WSS | 30kDa = E
g 1~ £ 0
T L} T L T T T
& & v oS ® vy & &
> \3% QO‘z &S ooQ &S Qo“
<X X &
N N &

Fig. 3 Protective effect of DOPE at the in vitro level. (A) Cell migration was evaluated by the scratch closure test from each group, n = 5. Scale bar =
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barrier function (Fig. 6C). In conclusion, DOPE improves intes-
tinal function during NEC by inhibiting the ferroptosis signal-
ling pathway.

4. Discussion

The lipid profiles within HBM exhibit a profound correlation
with the gastrointestinal health of neonates. In this study, we
innovatively found a rich bioactive lipid in HBM - dioleoyl
phosphatidylethanolamine (DOPE), which is composed of gly-
cerol, two identical monounsaturated fatty acid chains C18:1,
and an ethanolamine group. Utilizing confocal microscopy, we
observed that DOPE exhibits a high lipid solubility and mole-
cular bioavailability, enabling it to freely traverse cell mem-
branes and integrate into the epithelial cells. Furthermore, it

10816 | Food Funct., 2024, 15, 10811-10822

was observed that exogenous DOPE significantly decreased the
mortality rate and severity of intestinal necrosis in neonatal SD
rats, indicating that DOPE possesses a protective effect against
NEC. The formation of an intact intestinal barrier is contin-
gent upon the proliferation and migration of intestinal epi-
thelial cells, as well as the integrity of the tight junctions that
interconnect these cells.”® The intervention of DOPE signifi-
cantly reversed the inhibitory effects of LPS on the prolifer-
ation and migration of intestinal epithelial cells, and the
expression of occludin and ZO-1 was also improved by DOPE.
The functional consistency at both the cellular and animal
levels demonstrates that DOPE can participate in the repair of
intestinal damage.

The antioxidant defense systems in preterm infants are
immature, which significantly contributes to the onset and
progression of NEC by way of oxidative stress-related injury.”!

This journal is © The Royal Society of Chemistry 2024
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Furthermore, the specific types of fats consumed in the diet are
intimately associated with the inflammatory responses and the
preservation of antioxidant capabilities within the gastrointesti-
nal tract.”® Thus, this study initially assessed the changes in ROS
and GSH levels before and after NEC modelling, thereby substan-
tiating the disruption of the redox system typically observed in
NEC. Lipid peroxidation products serve as valuable markers for
assessing the extent of oxidative stress.>> Recent studies have
increasingly highlighted the relationship between ferroptosis and
gastrointestinal diseases, including ulcerative colitis, Crohn’s
disease, and intestinal ischemia-reperfusion injury.**>°
Ferroptosis is characterized by the extensive accumulation of
lipid peroxides resulting from iron ion-catalysed reactions. This

This journal is © The Royal Society of Chemistry 2024

accumulation leads to an imbalance in the cellular reduction
system and ultimately causes the rupture of the cell membrane.””
Furthermore, the buildup of these lipid peroxides and reactive
oxygen species is believed to play a crucial role in the pro-inflam-
matory aspects of ferroptosis.>® Subsequent analysis of lipid per-
oxidation markers, such as MDA, and iron ion levels uncovered a
remarkable insight: the onset of NEC is associated with detect-
able changes in ferroptosis markers. Surprisingly, intervention
with DOPE was found to significantly mitigate these changes in
key molecules associated with ferroptosis both in animal models
and at the cellular level.

Ferroptosis is regulated by multiple metabolic pathways,
including lipid, iron, and redox metabolism.>®> Among these,
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Fig. 5 DOPE suppressed ferroptosis to mediate its effect. (A) The ROS level in RSL3-induced IEC-6 treated with DOPE, scale bar = 200 um. (B) MDA
level in each group. (C) GSH levels in each group at the cellular level. (D) Differentially expressed proteins SLC7A11, GPX4, and ACSL4 from the three

groups in the ferroptosis. *p < 0.05, **p < 0.01, ***P < 0.001.

the peroxidation of membrane PLs represents a critical step in
the process of ferroptosis. Polyunsaturated fatty acids found in
membrane PLs, particularly those containing arachidonic acid
C(20:4) and adrenic acid C(22:4), play a significant role as
important lipids in ferroptosis.>® What exactly is the role of
DOPE in ferroptosis? In order to elucidate the further mecha-
nism of DOPE, we employed the GPX4 inhibitor, RSL3, to
induce ferroptosis. With the activation of the ferroptosis sig-
naling pathway induced by RSL3, the experimental results
show that DOPE can not only regulate the expression level of
key molecules of ferroptosis, but also alleviate the phenotypic
damage of intestinal epithelial cells. The contemporary investi-
gation on lipids tends to concentrate on small molecular fatty

10818 | Food Funct., 2024, 15, 10811-10822

acids and related substances, whose biological efficacy is sig-
nificantly influenced by the quantity and location of double
bonds.>* For example, it is currently acknowledged that the
ratio balance of n-3/n-6 unsaturated fatty acids is closely
related to lipid metabolism, anti-inflammatory and anti-
oxidant capacity.>”> Consequently, we hypothesize that the fatty
acid configuration of PLs might potentially play a crucial role
in their underlying mechanism.

Phosphatidylethanolamine (PE) typically constitutes a
crucial component of the intestinal mucus layer. In the context
of patients afflicted with inflammatory bowel disease, a
notable decrease in the concentration of PE is indicative of a

compromised mucus barrier, highlighting the disease’s

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 DOPE suppressed ferroptosis to alleviate intestinal functional impairment. (A) Cell migration was evaluated by scratch closure test from three
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expression of barrier associated protein (ZO-1 and occludin) in IEC-6. n = 3. *p < 0.05, **p < 0.01, and ***P < 0.001.

impact on this protective layer.>®> The administration of
formula milk enriched with PLs to preterm infants has demon-
strated a reduction in the occurrence of NEC at stages II and
111,>* and the clinical application prospects of PLs in alleviat-
ing the condition have already emerged. Furthermore, the
content of PLs is closely related to the normal functioning of
biological membranes, and more than 3/4 of the lipids found
in mitochondria are PLs, which display distinct distribution
characteristics. Among these, PE is particularly abundant in
the mitochondrial inner membrane, accounting for about 40%
of all PLs.*® Therefore, the homeostasis of intracellular PE is
crucial for maintaining the normal metabolic activities of
mitochondria. DOPE, a complex lipid composed of glycerol,
phosphate, two identical monounsaturated fatty acid chains
C18:1, and an ethanolamine group, is the fundamental struc-

This journal is © The Royal Society of Chemistry 2024

tural component of all mammalian cell membranes and is
believed to be associated with intestinal metabolic balance.*®
The intervention of DOPE significantly reverses the imbalance
in the cellular redox system, which is in line with our experi-
mental results. The rupture of the plasma membrane, as the
ultimate outcome indicating cell ferroptosis, highlights the
crucial role of DOPE in maintaining the homeostasis of the
cell membrane during the occurrence of NEC.

Literature search showed that ethanolamine, the main com-
ponent of DOPE, alleviates oxidative stress and maintains
intestinal barrier function.’” Even more impressively, its
monounsaturated fatty acid chain, oleic acid (C18:1), can com-
petitively inhibit the peroxidation process of polyunsaturated
fatty acids, thus exerting anti-ferroptosis properties.*® In the
process of lipid peroxidation, ASCL4 preferentially selects the

Food Funct, 2024, 15,10811-10822 | 10819
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free PUFA in the cell to bind to CoA for esterification, and the
activated PUFA undergoes peroxidation with the PLs through
LPCAT3.*® Monounsaturated fatty acids (MUFAs) have been
shown to competitively inhibit the incorporation of PUFAs into
PLs, thereby regulating ferroptosis sensitivity by altering the
balance of PUFA- and MUFA-containing PLs.*® Therefore, the
increase of exogenous DOPE may exert the properties of anti-
ferroptosis by changing the content of MUFA-containing phos-
pholipids in the membrane, thereby improving and alleviating
the permeability damage of the membrane induced by NEC.

However, there are still some limitations in this study. We
have verified that DOPE can negatively regulate ferroptosis-
related indicators and the damage caused by ferroptosis to the
intestinal epithelium at the cellular level, but there is still a
lack of evidence of effective direct targeted regulation of ferrop-
tosis by DOPE. Since the specific catabolism of DOPE in vivo is
still unclear, we only demonstrated our scientific ideas
through literature search and basic experiments, and further
research on how PLs affect the plasma membrane structure
(such as mitochondria) may be needed in the future. Linking
specific lipids, related lipid-metabolizing enzymes, and ferrop-
tosis pathways is critical to understanding the mechanism by
which lipids shape ferroptosis sensitivity. In conclusion, DOPE
in HBM may play a protective role in NEC by resisting ferropto-
sis. To some extent, this research may offer a novel perspective
on the investigation of lipid content within HBM.

5. Conclusion

In conclusion, our investigation has preliminarily explored the
impact of HBM-derived DOPE on neonatal necrotizing entero-
colitis (NEC), indicating that DOPE may confer intestinal pro-
tection through a certain anti-ferroptosis effect. Given that
lipids are the second most abundant nutrient category in
HBM, they represent a vast and untapped resource with signifi-
cant potential. The unique functions of DOPE are poised to
offer valuable guidance for the innovation of HBM-based pro-
ducts aimed at preventing and managing NEC.
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