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ABSTRACT

Polyunsaturated fatty acids (PUFAs) have been shown to exacerbate Crohn's disease (CD) by
promoting lipid peroxidation (LPO) of intestinal epithelial cells (IECs). Dysbiosis of the gut micro-
biota may play a crucial role in this process. CD patients often exhibit an increased abundance of
Escherichia coli (E. coli) in the gut, and the colonization of adherent-invasive E. coli (AIEC) is
implicated in the initiation of intestinal inflammation in CD. However, the impact of AIEC on LPO
remains unclear. In this study, we observed that AIEC colonization in the terminal ileum of CD
patients was associated with decreased levels of glutathione peroxidase 4 (GPX4) and ferritin heavy
chain (FTH) in the intestinal epithelium, along with elevated levels of 4-Hydroxynonenal (4-HNE). In
vitro experiments demonstrated that AIEC infection reduced the levels of GPX4 and FTH, increased
LPO, and induced ferroptosis in IECs. Furthermore, arachidonic acid (AA) and docosahexaenoic acid
(DHA) supplementation in AIEC-infected IECs significantly aggravated LPO and ferroptosis.
However, overexpression of GPX4 rescued AIEC-induced LPO and ferroptosis in IECs. Our results
further confirmed that AIEC with AA supplementation, associated with excessive LPO and cell
death in IECs, worsened colitis in the DSS mouse model and induced enteritis in the antibiotic
cocktail pre-treatment mouse model in vivo. Moreover, treatment with ferrostatin-1, a ferroptosis
inhibitor, alleviated AIEC with AA supplementation-induced enteritis in mice, accompanied by
reduced LPO and cell death in IECs. Our findings suggest that AIEC, in combination with PUFA
supplementation, can induce and exacerbate intestinal inflammation, primarily through increased
LPO and ferroptosis in IECs.
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Introducti
nroduction some CD patients’. The impact of PUFAs on CD

Crohn’s disease (CD) is a chronic remittent inflam-
matory disease characterized by segmental and
transmural gastrointestinal lesions, predominantly
affecting the terminal ileum'. The pathogenesis of
CD is believed to involve genetic susceptibility,
alterations in intestinal microbiota, and environ-
mental factors®. Studies have suggested a link
between a higher intake of w-6 polyunsaturated
fatty acids (PUFAs) and an increased risk of
CD™!. While w-3 PUFAs are thought to possess
anti-inflammatory properties and be beneficial for
CD™*, clinical studies have failed to confirm that w-
3 PUFA supplementation can induce or maintain
remission”® and may even worsen symptoms in

and the underlying mechanisms remain largely
unclear.

PUFAs are crucial components of cell mem-
branes, and their abundance depends on dietary
intake. Due to the presence of two or more poly-
unsaturated double bonds, PUFAs are susceptible
to lipid peroxidation (LPO) under the influence
of Fenton chemistry and reactive oxygen species
(ROS)°. When LPO occurs in cell membrane
PUFAs, it compromises the integrity of the cell
membrane structure, leading to ferroptosis, an
iron-dependent cell death pathway characterized
by LPO'. Glutathione peroxidase 4 (GPX4) plays
a critical role in maintaining cellular lipid redox
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homeostasis and serves as a vital indicator and
negative regulatory factor in LPO and
ferroptosis''. In the context of reduced GPX4
expression, PUFA intake could promote LPO'
in the intestinal epithelium and aggravate intest-
inal inflammation'>'*. CD patients often exhibit
changes in key contributors to LPO, such as
decreased GPX4 protein'>'* and elevated ROS
levels'>'°. Significant LPO in the intestinal
epithelium of CD  patients has been
reported'”'®, suggesting that LPO and ferroptosis
in the intestinal epithelium are critical pathologi-
cal changes in CD. However, the specific regula-
tory mechanisms are still unclear. Previous
studies have demonstrated that infection by spe-
cific bacteria can decrease GPX4 protein levels
and induce ferroptosis'”*’. Recent research sug-
gests that gut microbiota dysbiosis may increase
cells’ susceptibility to ferroptosis, including colo-
nic epithelial cells*"***>. Moreover, the clearance of
intestinal bacteria can alleviate PUFA-induced
enteritis by reducing LPO'". Therefore, gut
microbes may play a crucial role in regulating
LPO and ferroptosis.

In CD, gut microbiota dysbiosis is character-
ized by reduced microbial diversity and an
increased abundance of specific
associated bacteria, particularly Escherichia coli
(E. coli)**. Mucosa-associated E. coli, particularly
adherent invasive E. coli (AIEC), has received sig-
nificant attention®*. AIEC is a distinct type of
E. coli that lacks pathogen-specific virulence
genes but exhibits strong adhesive and invasive
capabilities toward intestinal epithelial cells. It
can survive and replicate within macrophages™.
The prevalence of AIEC colonization is higher in
CD patients than in healthy individuals*®?’.
Furthermore, in post-ileocecal resection patients
with CD, AIEC colonization promotes endoscopic
recurrence after surgery and contributes to the
initiation of intestinal inflammation®®. Existing
studies have shown that AIEC induces an eleva-
tion of ROS in intestinal epithelial cells*” and
exhibits intracellular ROS resistance. Even non-
pathogenic E. coli infection of intestinal epithelial
cells can lead to significant ROS generation, pro-
moting dextran sodium sulfate (DSS)-induced
colitis, potentially associated with E. coli-induced
LPO***°. However, whether AIEC can induce

mucosa-

intestinal epithelial LPO and ferroptosis remains
unclear.

Here, we hypothesize that AIEC infection
induces LPO and ferroptosis in intestinal epithelial
cells. PUFA intake in the presence of AIEC infec-
tion would exacerbate LPO and ferroptosis in IECs
and contribute to intestinal inflammation.

Results

1. AIEC colonization is associated with enhanced
LPO in IECs of CD patients

The terminal ileum is the most commonly involved
and frequently colonized site of AIEC in CD*>%’.
To investigate the association between AIEC colo-
nization and LPO, we collected and assessed speci-
mens of the terminal ileum from CD patients
undergoing ileocolic resection (Figure 1A). The
prevalence of AIEC in the cohort was 40% (8/20)
(Table S1). Patients were divided into two groups
based on AIEC colonization, and their clinical
characteristics are summarized in Table S2.

The mucosa of AIEC-positive patients showed
significantly increased LPO, as indicated by
4-hydroxynonenal (4-HNE), accompanied by
markedly decreased expression of GPX4
(Figure 1B,C,E,F). FTH, the primary form of intra-
cellular iron storage, serves as an indicator of fer-
roptosis. We observed a decrease in intestinal
mucosal FTH levels in CD patients colonized by
AIEC (Figure 1B,D). Moreover, the differential
expression of 4-HNE and GPX4 was mainly loca-
lized in IECs (Figure 1E). Additionally, AIEC-
positive patients exhibited a significantly higher
percentage of TUNEL-positive staining in intest-
inal epithelial cells compared to AIEC-negative CD
patients (Figure 1E,G). These findings indicate that
AIEC colonization is associated with enhanced
LPO and ferroptosis in IECs in CD.

2. PUFAs aggravate AIEC-induced LPO in IECs

To investigate whether AIEC can induce LPO in
IECs and understand the impact of PUFA (i.e., AA
and DHA) on AIEC-induced LPO in IECs, we
established an AIEC-infected Caco-2 model and
treated it simultaneously with PUFA (Figure 2A).
We used palmitoleate (POA), a monounsaturated



GUT MICROBES (&) 3

Identification of AIEC GPX4 [N NS Siiss SN S0 SIS |- 22 Da

)/

T

T=J

g
g
g
-9
=
s
2
3
FTH| S S sos D a8 8 -2 - g
9
2
k|
5
-4

c d
4 4 haad
- A
A
3 -5 3
A £
=N
£
24 2+
A z A
= A
L A E 1 AA
. ~E
o« Tt § =iz
3 o, A
foere 4 & S0l .
0 T T 0 * T

Detection of LPO
AIEC (+)

Terminal ileum

AIEC (-) AIEC (+) AIEC (9 AIEC (+) AIEC (-)
3 8- =
° °
= .'. E\E
z 3 6 ]
3 21 . =
= b AL :
s Z 4
2 . £ *7
g S .
o 11 A - )
= A Z 24 AA
= ° P e =] ° ey
A = AA
AA L] AAA
0 T * 0 T T
AIEC (+) AIEC (-) AIEC (+) AIEC (-)

Figure 1. AIEC colonization is associated with increased lipid peroxidation in the intestinal epithelia of CD patients. (A) schematic
representation of terminal ileum specimen collection and analysis in CD patients’ surgery. (B) Western blot of GPX4 and FTH proteins
in the terminal ileal mucosa of CD patients with AIEC-positive (AIEC (+), n=8) or AIEC-negative colonization (AIEC (-), n=12). (C)
relative protein expression of GPX4. (D) relative protein expression of FTH. (E) immunohistochemical staining of GPX4, 4-HNE, and
TUNEL in intestinal epithelial cells (IECs) from AIEC (+) and AIEC (-) patients. (F) immunohistochemical scoring of 4-HNE. (G) percentage
of TUNEL-positive IECs. Scale bar, 25 um. Bars represent medians. Data are expressed as mean + SEM, **p <.001, ***p <.0001.

fatty acid (MUFA), as a control. We observed
a significant increase in PTGS-2 expression in
IECs following AIEC infection (Figure Sla).
Under the context of AIEC infection, we adminis-
tered different concentrations of AA (0 uM, 10 uM,
20 uM, 40 uM, 80 uM and 100 uM). We found
a concentration-dependent increase in PTGS-2
expression in the range of 0 uM to 40 uM of AA,
with no further noticeable increase observed in the
range of 80 to 100 uM (Figure Sla, b). Therefore,
we selected a concentration of 20 uM of AA for
subsequent experiments as the appropriate concen-
tration. The western blot and ELISA results
demonstrated a significant increase in 4-HNE
levels in IECs infected with AIEC compared to
the K12 (a nonpathogenic E. coli strain) and
blank control. Moreover, under AIEC infection
conditions, AA and DHA increased the expression
of 4-HNE, while POA did not (Figure 2B,C).
Next, we assessed LPO in IECs using BODIPY-
C11 as a fluorescence probe. Infection with AIEC
significantly induced LPO in IECs compared to the
K12 and negative control (Figure 2D-F). Within
IECs, both AA and DHA markedly increased the

levels of AIEC-induced LPO, while cells treated
with K12 showed no significant changes.
Furthermore, under conditions without AIEC
infection, neither AA nor DHA induced LPO. To
exclude the interference from intracellular viable
AIEC, we attempted to label independently cul-
tured AIEC using BODIPY-CI11 and found that
AIEC could not be labeled by BODIPY-C11
(Figure Slc). To rule out the potential influence
of AA on AIEC growth, we depicted the growth
curve of AIEC in the presence and absence of AA.
The results revealed that AA had no impact on the
growth of AIEC (Figure S1d). These findings sug-
gest that AIEC infection induces LPO in IECs, and
PUFA can aggravate AIEC-induced LPO.

3. PUFAs enhance AIEC-induced ferroptosis in IECs

Ferroptosis occurs when PUFA-induced LPO is
out of control. Thus, we investigated whether
AIEC induces ferroptosis in IECs and further elu-
cidated whether PUFA exacerbates AIEC-induced
ferroptosis in IECs. Through microscopic observa-
tion and propidium iodide (PI) staining, we
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Figure 2. PUFAs aggravate AIEC-induced LPO in IEC cells. (A) illustration of the in vitro AIEC infection model in IECs (Caco-2 cells). (B)
Western blot analysis of 4-HNE levels in AIEC/K12-infected IECs treated with AA, DHA, POA, and DMSO. (C) quantification of 4-HNE
from AIEC/K12-infected IECs stimulated with AA, DHA, POA, and DMSO for 18 h using ELISA. (D) LPO quantification by flow cytometry
in BODIPY581/591 C11-labeled IECs infected with AIEC/K12 and stimulated with AA, DHA, POA, and DMSO. (E) percentage of
BODIPY581/591 C11-positive IECs. (F) confocal imaging of BODIPY-C11 (510 nm, oxidized, green; 590 nm, reduced, red) in AIEC/K12-
infected IECs treated with AA, DHA, POA, and DMSO. Scale bar: 20 um. IECs, intestinal epithelial cells. Con: blank control; “-": no
treatment. *p <.05, **p <.01. Data are represented as mean + SEM. All experiments were repeated at least three times.



observed increased cell death in AIEC-infected
IECs, while no significant cell death was observed
in K12-treated IECs. Furthermore, both AA and
DHA exacerbated AIEC-induced cell death. To
determine the type of cell death, we found that
the apoptosis inhibitor Z-VAD-FMK and the
necroptosis inhibitor necrostatin-1 failed to reverse
the death of AIEC-infected IECs. However, the
ferroptosis inhibitor Ferrostatin-1 rescued cell
death induced by AIEC and reduced cell death in
IECs treated with AIEC plus AA or DHA
(Figure 3A-C).

Additional assessment of cell viability
revealed that AIEC decreased the cell viability
of IECs. Moreover, AA and DHA further com-
promised the cell viability induced by AIEC
(Figure 3D,E). Transmission electron micro-
scopy was used to observe the structure of the
cells, confirming that AIEC-infected IECs with
or without AA exhibited shrunken mitochondria
with  increased membrane density and
a reduction in mitochondrial cristae, which are
typical manifestations of ferroptosis (Figure 3F).
Since ferroptosis is characterized by iron-
dependent accumulation, we used an Fe’*
probe known as FerroOrange to detect intracel-
lular Fe** levels in IECs. AIEC infection resulted
in an increased concentration of intracellular
Fe’*, and the presence of AA and DHA further
augmented the elevation of intracellular Fe**
induced by AIEC in IECs (Figure 3G,H).

Western blot analysis was used to assess the
expression of ferroptosis-associated protein mar-
kers, including PTGS-2, FTH, and GPX4.
Consistent with the above results, AIEC infection
decreased FTH and GPX4 levels and increased
PTGS-2 in IECs. Furthermore, under AIEC-
infected conditions, AA and DHA further
reduced the levels of FTH and GPX4
(Figure 3I). The western blot results demon-
strated that DMSO did not impact the levels of
ferroptosis-related proteins in AIEC-infected
IECs (Figure Sle). In addition, AIEC infection
significantly increased the expression of pro-
inflammatory genes TNF-a« and CXCLI.
Notably, AA, DHA, and POA did not further
increase TNF-a expression, while AA and DHA
enhanced the expression of the CXCL1 gene in
AIEC-infected IECs (Figure 3],K). These results
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indicate that AIEC induces ferroptosis in IECs,
and  PUFA  exacerbates = AIEC-induced
ferroptosis.

4. Overexpression of GPX4 reduces AIEC-induced
ferroptosis in IECs

GPX4 is considered the cornerstone of the anti-
peroxidant defense. Insufficient GPX4 can lead to
ferroptosis caused by LPO. In this study, we found
that GPX4 levels were reduced in AIEC-infected
IECs. To investigate the role of GPX4 in AIEC-
induced LPO and ferroptosis, we overexpressed
GPX4 in Caco-2 cells through plasmid transfection.
The overexpression of GPX4 in IECs significantly
reduced AIEC-induced LPO and attenuated the
exacerbated LPO caused by AA supplementation
(Figure 4A-C). Furthermore, brightfield micro-
scopy and PI staining showed that the overexpres-
sion of GPX4 attenuated AIEC-induced cell death
and mitigated the deleterious effects caused by AA
supplementation (Figure 4D-F). Additionally, the
overexpression of GPX4 decreased the intracellular
Fe’* concentration caused by AIEC and AA
(Figure 4G,H). Western blot and ELISA analysis
demonstrated that the overexpression of GPX4
partially reversed the changes in ferroptosis-
associated biomarkers induced by AIEC, with or
without AA supplementation (Figure 41, Figure
S2a). These findings suggest that overexpression
of GPX4 in IECs alleviates AIEC-induced LPO
and ferroptosis and mitigates the effects of AA
supplementation on AIEC-induced LPO and
ferroptosis.

5. AIEC with AA supplementation exacerbates
enteritis in DSS mice

To investigate the impact of AIEC with AA supple-
mentation on intestinal inflammation in vivo, we
used DSS mice, a well-established mouse model for
studying colitis resembling Crohn’s disease. The
mice were challenged with AA, AIEC, or AIEC
+AA (Figure 5A). The presence of AIEC in the
mucosa was confirmed, indicating successful colo-
nization of the ilea and colons by AIEC (Figure 5B).
Mice treated with AIEC+AA exhibited the most
severe illness, as evidenced by significant weight
loss and higher disease activity index (DAI) scores
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compared to the other groups (Figure 5C,D).
Specifically, DSS mice challenged with AIEC+AA
displayed the most severe colitis, characterized by
bloody stool, shortened colon length, and pro-
nounced pathological changes (Figure 5E-I).
Interestingly, the ilea of mice exposed to AIEC
+AA also showed more prominent inflammation,
as indicated by increased inflammatory cell infil-
tration (Figure 5],K).

To demonstrate the association between ileal
inflammation and the presence of AIEC with AA,
fluorescence in situ hybridization (FISH) was per-
formed to label AIEC. The results revealed the
translocation of AIEC into the mucosal layer of
the ileum, particularly in the AIEC+AA group
(Figure 5]).

These findings suggest that the combination of
AIEC and AA exacerbates colitis and may induce
inflammation in the small intestine of DSS mice.

6. AIEC with AA supplementation induces enteritis in
AVNM and WT mice

To investigate the direct impact of gut bacteria with
PUFA supplementation on inflammation of the
small intestine, AVNM mice were used. AVNM
mice lack the chemical interference present in the
DSS colitis model, allowing for a focus on the
combined effects of AIEC and PUFA on intestinal
inflammation. The mice were treated with PBS,
AA, AIEC, or AIEC+AA (Figure 6A). Detection
of AIEC in the mucosa showed that AA did not
affect the colonization levels of AIEC in the cecum
and colon, but it appeared to increase colonization
levels in the small intestine (Figure 6B). Changes in
body weight were similar among the groups except
for mice exposed to AIEC+AA, which exhibited
more pronounced weight loss. The AIEC and
AIEC+AA groups showed higher disease activity
index (DAI) scores and shorter colon length than
the AA-treated and PBS control groups
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(Figure 6C-F). Hematoxylin and eosin (H&E)
staining of the small intestine and colon revealed
significant pathological changes in the AIEC+AA
group, mild changes in the AIEC group, and no
apparent changes in the AA and PBS groups
(Figure 6G-I). The small intestines of AIEC+AA
mice exhibited unusually high numbers of protrud-
ing follicular structures and increased inflamma-
tory cell infiltration  (Figure  6G,H).
Immunofluorescence results confirmed more sig-
nificant infiltration of neutrophils and macro-
phages in the small intestines of AIEC+AA mice
(Figure S3a). Additionally, significant increases in
pro-inflammatory cytokines such as IL-6, TNF-q,
and CXCL1 were observed in the small intestines of
AIEC+AA mice. AIEC alone had mild effects,
while AA had no impact on the infiltration of
neutrophils and macrophages or the expression of
pro-inflammatory cytokines in the small intestines
of AVNM mice (Figure 6J-M, Figure S3a).
Enlarged Peyer’s patches (PPs) were also observed
in the small intestines of both AIEC and AIEC+AA
mice (Figure 6N). Furthermore, WT mice were
challenged with AIEC+AA to determine if it
could induce enteritis. The mice were orally chal-
lenged with or without AIEC every 3 days and fed
with or without AA for 28 days. The results showed
that only AIEC+AA was able to induce enteritis,
characterized by weight loss and mild intestinal
pathological changes in mice (Figure S4a-g).
These results indicate that combining AIEC and
AA supplementation can induce intestinal inflam-
mation in AVNM and WT mice.

Next, the effects of AIEC and AA supplementa-
tion on intestinal epithelial ferroptosis were inves-
tigated. The colonization of AIEC in the small
intestine was confirmed using an oligonucleotide
probe specific to E. coli (LF82, gipA)>"**. In ATIEC
+AA mice, more E. coli adhered to the epithelium
and translocated into Peyer’s patches (Figure 7A).
Compared to the PBS group, the AIEC+AA group

arrows indicate AIEC. Scale bar: 1 um. (G) confocal imaging of FerroOrange showing intracellular Fe>* levels in AIEC/K12-infected IECs
treated with AA, DHA, POA, or DMSO. Con: no bacteria. “-": no treatment. Scale bar: 20 um. (H) relative fluorescence intensity of
FerroOrange in AIEC- or K12-infected Caco-2 cells treated with AA, DHA, POA, or DMSO. (I) Western blot analysis of GPX4, FTH, and
PTGS-2 protein levels in AIEC/K12-infected IECs treated with AA, DHA, POA, or DMSO. “-": no treatment. (J) relative expression of TNF-a
in AIEC/K12-infected IECs treated with AA, DHA, POA, or DMSO. Con: no treatment. “-": no bacteria. (K) relative mRNA expression of
CXCL1 in AIEC/K12-infected IECs treated with AA, DHA, POA, or DMSO. ns, not significant. *p <.05, **p <.01. Data are represented as
the mean = SEM. All experiments were repeated at least three times.
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green; 590 nm, reduced, red) in AIEC-infected IECs treated with AA. Scale bar: 20 um. (D) Brightfield images showing specific cell death
in AIEC-infected IECs treated with AA. Scale bar: 20 pm. (E) propidium iodide (PI) staining in AIEC-infected IECs treated with AA. The PI
stain appears red. Nuclei were stained with Hoechst 33,342 in blue. Scale bar: 20 um. (F) percentage of cell death in AIEC-infected IECs
treated with AA. (G) confocal imaging of FerroOrange showing intracellular Fe2+ levels in AIEC-infected IECs treated with AA for 24
hours. FerroOrange positive appears red. Scale bar: 20 um. (H) relative fluorescence intensity of FerroOrange. (I) Western blot analysis
of GPX4, FTH, and PTGS-2 protein levels. OV Gpx4: overexpression of GPX4. NC: negative control transfected with plasmid vector.
MOCK: control using lipofectamine 3000 transfection reagent. *p <.05, **p <.01. Data are represented as mean + SEM. All experiments
were repeated at least three times.



exhibited reduced levels of GPX4 and FTH while
showing increased levels of 4-HNE and PTGS-2
(Figure 7B-G). TUNEL staining, which detects
DNA  double-strand  breaks’>**,  showed
a significant increase in TUNEL-positive cells in
the intestinal epithelium of AIEC+AA mice
(Figures 7H,I). Transmission electron microscopy
revealed signs of intestinal epithelial cell death,
characterized by increased mitochondrial electron
density, in AIEC+AA mice (Figure S3b). The
expression of zonula occludens-1 (ZO-1), a tight
junction protein essential for epithelial barrier
integrity, was decreased in the AIEC+AA group
(Figure 7J,K). These results suggest that AIEC
with AA supplementation can induce enteritis
with increased lipid peroxidation, cell death in
intestinal epithelial cells, and disruption of epithe-
lial barrier integrity.

7. Ferrostatin-1 alleviates enteritis induced by AIEC
with AA supplementation

To investigate the role of ferroptosis in enteritis
induced by AIEC with AA supplementation, the
ferroptosis inhibitor Ferrostatin-1 was adminis-
tered to the AVNM mouse model of AIEC-
associated enteritis. The results showed that
Ferrostatin-1 improved body weight changes, DAI
scores, colon length, and histopathological scores
of the intestine in the AVNM mouse model of
AJEC-associated  enteritis  (Figure 8A-G).
Furthermore, Ferrostatin-1 mitigated the enlarge-
ment of Peyer’s patches (PPs) in the small intestine
induced by AIEC infection (Figure 8H). The
impact of Ferrostatin-1 on enterocyte markers of
ferroptosis induced by the presence of both AIEC
and AA was examined. The results indicated that
Ferrostatin-1 restored the dysregulated expression
of ferroptosis-associated proteins. It increased
GPX4 and FTH levels while decreasing PTGS-2
levels in AIEC-associated enteritis in AVNM mice
(Figure 8I-L). Additionally, Ferrostatin-1 reduced
the levels of 4-HNE, a marker of lipid peroxidation
(Figure 8M,N). Significant decreases in pro-
inflammatory cytokines such as IL-6, TNF-a, and
CXCLI1 were observed in the small intestines of
AJEC+AA+Ferrostatin-1 mice (Figure 80O-R).
Furthermore, the effect of Ferrostatin-1 on cell
death in the intestinal epithelium was confirmed.
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Ferrostatin-1 decreased the percentage of TUNEL-
positive cells in the presence of both AIEC and AA,
indicating a reduction in cell death (Figure 8S,T).
These results suggest that enteritis induced by
AIEC with AA supplementation is at least partially
due to ferroptosis of intestinal epithelial cells.

Discussion

Mounting evidence suggests that the clinical effi-
cacy of PUFAs in CD remains uncertain and may
potentially worsen LPO'>'*, CD patients often
exhibit gut microbiota dysbiosis, mainly increased
E. coli*>. However, the impact of gut microbiota on
the metabolic effects of PUFAs remains unclear.
This study aimed to investigate the synergistic
effects and potential mechanisms of PUFA and
AIEC on intestinal inflammation. In this study,
we observed significant LPO in the IECs of CD
patients with AIEC infection. This was character-
ized by decreased levels of GPX4, accumulation of
the LPO metabolite 4-HNE, and reduced expres-
sion of the iron-storing protein FTH. These find-
ings suggest that AIEC colonization may
exacerbate LPO and ferroptosis in the IECs of CD
patients. Furthermore, our in vitro experiments
demonstrated that AIEC infection induced LPO
and ferroptosis. The AA and DHA supplementa-
tion further aggravated LPO and ferroptosis in
IECs. We also found that overexpression of GPX4
partially rescued AIEC-induced LPO and attenu-
ated the detrimental effects of AA supplementation
during AIEC infection. Moreover, our in vivo
experiments revealed that AIEC combined with
AA supplementation induced and exacerbated
intestinal inflammation, accompanied by elevated
LPO in the intestinal epithelium. Finally, we
demonstrated that the inhibition of ferroptosis alle-
viated intestinal inflammation induced by AIEC
with AA supplementation. This was achieved by
reducing intestinal LPO and cell death in IECs.
The role and specific mechanism of PUFAs in
CD remain unclear, which hinders their applica-
tion in CD treatment. The w-3 PUFAs have been
shown to possess anti-inflammatory effects, and w-
3 PUFA supplementation is recommended for var-
ious diseases®>®. However, while the protective
role of w-3 PUFAs against intestinal inflammation
has been demonstrated in various mouse models,
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its efficacy in CD patients has not been substan-
tiated. Previous studies have reported the presence
of aberrant LPO in CD'**>*, but the factors reg-
ulating LPO in IECs remain poorly understood.
Recent research has suggested that PUFAs induce
LPO, contributing to the development of CD'>'*,
Furthermore, studies have shown that dysbiosis of
the gut microbiota increases the susceptibility of
IECs to ferroptosis in mice®'. Antibiotic therapy
has also been found to improve PUFA-induced

enteritis by reducing the LPO of PUFAs'". In this
study, we observed more severe LPO in the IECs of
CD patients with AIEC colonization. This finding
suggests that AIEC may play a role in regulating the
LPO of IECs.

Historically, strong evidence has been reported
regarding the association between AIEC and
CD*'"*. A recent study using a postoperative
recurrence model suggested the involvement of
AIEC in the early stages of ileal CD*®. However,
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the underlying mechanism remains largely
unclear. Previous studies have demonstrated that
commensal E. coli and AIEC can induce the gen-
eration of reactive oxygen species (ROS) in intest-
inal  epithelial cells (IECs)***°.  Recent
bioinformatics studies have also reported abnor-
mal expression of genes associated with ferropto-
sis in CD patients, indicating the potential
involvement of ferroptosis in CD pathology.
However, the precise role and regulatory

mechanisms of ferroptosis in CD remain
elusive*>*®. To date, no study has investigated
the influence of AIEC on the LPO of PUFAs in
CD. In our study, we demonstrated AIEC-induced
LPO and ferroptosis in IECs. Furthermore, in
AIEC infection, supplementation with AA or
DHA exacerbated LPO and ferroptosis in vitro.
These findings suggest that when homeostasis is
dysregulated due to AIEC infection, intake of
PUFAs, whether w-6 or w-3, can promote
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intestinal epithelial LPO and ferroptosis, thereby
exacerbating intestinal inflammation.

Moreover, we confirmed this hypothesis in sev-
eral mouse models of enteritis. In AVNM mice, the
small intestines and colon of AIEC+AA mice
exhibited features of intestinal inflammation simi-
lar to CD. Even in WT mice, AIEC with AA sup-
plementation induced mild intestinal
inflammation. These results indicate that only CD
patients without specific pathogen infection may
benefit from w-3 PUFA supplementation.

The regulation of GPX4, which plays a crucial
role in LPO regulation, remains unclear. GPX4 is
responsible for scavenging lipid hydroperoxides,
thereby  reducing LPO and inhibiting
ferroptosis''. Certain bacteria have been shown to
decrease GPX4 protein levels, leading to elevated
LPO levels'>***. In line with these findings, our
data demonstrated that AIEC-infected IECs exhib-
ited higher LPO levels and a decrease in GPX4
compared to K12-infected IECs. Furthermore, we
found that overexpression of GPX4 could mitigate

PUFA
]

Intestinal epithelial cells

Homeostasis

the adverse effects of PUFAs in the context of AIEC
infection. These observations suggest that AIEC
may induce LPO and ferroptosis by inhibiting
GPX4.

In summary, our study highlights that AIEC can
induce LPO and subsequent ferroptosis in IECs,
potentially through the reduction of GPX4. PUFA
supplementation in the presence of AIEC infection
further exacerbates LPO and ferroptosis, ultimately
leading to the induction of intestinal inflammation
(Figure 9). These findings provide new insights
into the interaction between bacteria and PUFAs
and their impact on intestinal inflammation in CD.

Materials and methods
Patients

This study received approval from the Ethics
Committee of Jinling Hospital. We included CD
patients who underwent their first ileocolectomy at
Jinling Hospital between March 2021 and
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Figure 9. Graphical abstract. AIEC induces LPO by inhibiting GPX4. AIEC infection inhibits GPX4, whereas PUFA supplementation

enhances LPO and ferroptosis.



August 2022. The diagnosis of CD was based on
endoscopic, histopathological, clinical, laboratory,
and radiological findings. Patients who received
antibiotics within 2 months of surgery were
excluded from the study. We obtained written
informed consent from each patient. Sterilized for-
ceps were used to sample the mucosa of the
resected terminal ileum. The collected ileal mucosa
samples were placed in formalin for subsequent
histological studies. Bacterial isolation was per-
formed using MEM (Cytiva HyClone, China) sup-
plemented with 15% glycerol. Additionally,
samples were immediately frozen in liquid nitrogen
and stored at —80°C in dry tubes for further
analysis.

AIEC isolation

Each specimen was washed with phosphate-
buffered saline (PBS). Intracellular bacteria were
isolated from ileal mucosa samples by
a gentamicin protection assay. The intestinal tis-
sues were suspended in MEM supplemented with
100 pg/ml gentamicin (Sigma, USA) for one hour,
washed three times, homogenized by a grinder, and
then lysed in 1% Triton X-100 in PBS for 15 min-
utes. Then, 10-fold dilutions of the lysate were
plated on MacConkey agar (Solarbio, China)
plates, which were incubated at 37°C for 18 hours.
Lactose-fermenting colonies were enumerated and
grown in Luria Bertani (LB) broth at 37°C for 3
hours under aerobic conditions. For further iden-
tification, individual clones were stored in 25%
glycerol at —80°C.

Cell lines and cell culture

The cell lines used in this study were Caco-2 and
RAW 264.7 cells. The Caco-2 cell line was derived
from a human colonic adenocarcinoma and exhib-
ited structural and functional characteristics like
mature small intestinal enterocytes*®’. Caco-2 cells
were cultured in MEM (Cytiva HyClone, China)
supplemented with 20% fetal bovine serum (FBS,
PAN-Seratech, Germany), 1% sodium pyruvate, 1%
nonessential amino acids (NEAA, Sigma, USA), 1%
L-glutamine, and 100 U/ml penicillin-streptomycin
mixture (Gibco). The cells were maintained at 37°C
in a 5% CO2 atmosphere. RAW 264.7 cells, murine
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macrophages, were cultured in DMEM supplemen-
ted with 10% FBS (PAN-Seratech, Germany) and
100 U/ml penicillin-streptomycin mixture (Gibco).

Phenotypical assays to identify AIEC bacteria

All E. coli strains were cultured in LB broth without
shaking or on MacConkey agar plates overnight at
37°C. Bacterial behavioral characteristics were evalu-
ated following previously described methods. Caco-2
epithelial cells were infected with bacteria at
a multiplicity of infection (MOI = 10) and incubated
at 37°C for 3 hours. The infected monolayers were
washed thrice with PBS, lysed with 1% Triton X-100,
and inoculated onto MacConkey agar plates. The
plates were incubated overnight at 37°C, and the
resulting colonies were counted. The infected cells
were added to gentamicin (100 mg/ml, Sigma) to
eliminate extracellular bacteria. After one hour of
incubation, the cells were processed as described
above.

Similarly, Caco-2 epithelial cells were infected
with bacteria (MOI = 10), incubated at 37°C for 3
hours, treated with gentamicin for one hour,
washed three times with PBS, lysed with Triton
X-100, and plated on MacConkey agar plates. The
plates were incubated overnight at 37°C, and the
colonies were counted. For RAW 264.7 macro-
phages, the cells were infected with bacteria for 3
hours, followed by one hour of gentamicin treat-
ment (100 mg/mL, Sigma). The cells were then
incubated at 37°C for 24 hours, washed three
times with PBS, lysed with Triton X-100, and
inoculated onto MacConkey agar plates. After
overnight incubation at 37°C, the colonies were
counted. In all phenotypic assays, K-12 (a
non-AIEC E. coli strain) was used as the negative
control and LF82 as the positive control.

Bacterial strains and culture

The reference strain of AIEC, LF82, and the non-
pathogenic strain E. coli K-12 were cultured over-
night in LB broth without shaking. The bacterial
cultures in the exponential growth phase were
washed twice with PBS, resuspended in fresh PBS,
and quantified by measuring their optical density
values (1.0 OD600 = 1079 CFU/ml).
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Cell infection studies

LF82 or K12 E. coli strains were cultured in LB
broth at 37°C without shaking for 15 hours before
infecting the cells. The intestinal epithelial cells
(IECs) were challenged with LF82 or K12 bacteria
at a multiplicity of infection (MOI = 50) of bacteria
per IEC without the presence of antibiotics. The
infection was carried out at 37°C in a 5% CO2
environment for 3 hours. For experiments invol-
ving PUFAs or drugs, the respective substances
were added to the infected IECs without antibiotics
and incubated at 37°C in a 5% CO2 environment
for 3 hours. The concentrations used for PUFAs, or
drugs were as follows: AA (20 uM, MCE), DHA
(20 uM, MCE), POA (20 uM, MCE), Z-VAD-
FMK (10 pg/ml, MCE), necrostatin-1 (10 pg/ml,
MCE), and Ferrostatin-1 (1 pM, MCE). Following
incubation, the bacteria were removed, and the
IECs were washed twice with PBS. Gentamicin
(100 ug/mL, Sigma) was added to the infected
IECs to eliminate extracellular bacteria, and the
cells were further incubated for an additional hour.

Mouse infection procedure

The Institutional Ethics Committee of Jinling
Hospital approved the animal protocols conducted
in this study. Female C57BL/6] WT mice were
obtained from Gempharmatech at six weeks and
housed in a specific pathogen-free barrier unit.
DSS mice: To induce DSS colitis, WT mice were
provided with drinking water containing 2% (wt/
vol) DSS (MW = 36,000-50,000, MP Bio-medicals)
ad libitum for 5 days, followed by regular drinking
water for the next 2 days. During this period, the
mice received oral gavage of AIEC (2 x 10° CFU),
AA (10 mg, MCE), or both. The disease activity
index (DAI) was calculated based on body weight
change, stool consistency, and gut bleeding’'.
AVNM mice: The AVNM mice were treated daily
with an antibiotic cocktail solution consisting of
ampicillin (A; 5mg per mouse, Psaitong, China),
vancomycin (V; 5mg per mouse, Psaitong, China),
neomycin (N; 5 mg per mouse, Psaitong, China), and
metronidazole (M; 4 mg per mouse, Psaitong, China)
via oral gavage for 7 days®>>’. Subsequently, the
AVNM mice were challenged with AIEC (2 x 10°
CFU) suspended in 100 uL of PBS every 3 days via

oral gavage for 7 days, with or without supplementa-
tion of arachidonic acid (AA; 10 mg, Psaitong,
China).

Ferrostatin-1 treatment: In mice treated with
ferrostatin-1, a 2.5 umol/kg body weight dose was
injected intraperitoneally for 7 days”*. The AVNM
mice were sacrificed on Day 7 after infection for
tissue collection.

WT mice: WT mice were gavaged with AIEC
(2 x 10° CFU) suspended in 100 uL of PBS every 3
days and fed with or without arachidonic acid (AA;
10 mg, MCE). These mice were sacrificed 28 days
after infection for subsequent analysis.

Mouse mucosal and fecal AIEC quantification

Fresh fecal pellets weighing 100 to 200 mg or
mucosal tissues collected during mouse sacrifice
were obtained from each mouse and suspended
in sterile PBS at one, two, and three days after
bacterial infection. Serial dilutions of the sam-
ples were then prepared, and enumeration of
bacteria was performed by plating the PBS-
resuspended feces on MacConkey agar plates
supplemented with ampicillin (50 pg/mL,
Sigma). This antibiotic was used because the
AIEC strain LF82 is known to be resistant to
it, and no resistant bacteria were detected in
noninfected mice. The MacConkey agar plates
were incubated at 37°C overnight, and the col-
ony-forming units (CFUs) were calculated to
measure bacterial count.

Growth curve analyses

E. coli strains LF82 and K12 were cultured in Luria-
Bertani (LB) medium at 37°C and 200 rpm until
reaching an optical density at 600 nm (OD600) of
1. The cultures were then harvested by centrifuga-
tion, and the cell pellets were resuspended in MEM
(Cytiva HyClone, China). The bacterial cultures
were further diluted 1:100 in fresh MEM supple-
mented with AA (20 uM, MCE).

To assess the growth of the bacteria, the diluted
cultures were distributed into a 96-well plate in
triplicate, with 100 pl of the culture added to each
well. The plate was then incubated at 37°C, and the
OD600 was measured at intervals of 0.5hours
using a Biotek instrument.



Transmission electron microscopy

Confluent Caco-2 cells were left uninfected or
infected with AIEC containing AA (20 uM,
MCE) and incubated at 37°C in a 5% CO2
atmosphere for 3 hours. The extracellular bac-
teria were carefully removed after the incubation
period, and the cells were further incubated for
an additional 18 hours.

To prepare the samples for examination, the
cells were first fixed in glutaraldehyde (4%) and
then postfixed in osmium tetroxide (1%).
Subsequently, the samples were dehydrated using
a graded series of acetone solutions. The dehy-
drated samples were then infiltrated and embedded
in Epon-Araldite epoxy resin.

Ultrathin sections were obtained from the resin
blocks and treated with contrasting agents,
including uranyl acetate and lead citrate. These
contrasted sections were subsequently subjected
to examination using a transmission electron
microscope.

mRNA assessment by real-time quantitative PCR

Total RNA was isolated from cells using TRIzol
(Invitrogen) following the manufacturer’s instruc-
tions. Subsequently, cDNA was synthesized using
the qScript cDNA Supermix.

For gene expression analysis, quantitative poly-
merase chain reaction (QPCR) was conducted on
a Light Cycler 96 Real-Time PCR Detection System
(Roche, Berlin, Germany). SYBR mix was used
along with specific oligonucleotides, and each sam-
ple was run in triplicate. The fold changes in gene
expression were normalized by the equation 2744
using the housekeeping gene S-actin. The following
primers were used: for forward primer TNF-a,
TNF-a-F 5-GAGGCCAAGCCCTGGTATG’ and
reverse primer TNF-a-R 5’-
CGGGCCGATTGATCTCAGC -3’; for CXCLI,
forward primer CXCLI-F 5’-
CCAGTGCTTGCAGACCCT -3’ and reverse pri-
mer CXCLI-R 5-TTCCGCCCATTCTTGAGT
-3’ and for actin, forward primer actin-F 5’-
CTACCTCATGAAGATCCTCACCGA -3’ and
reverse primer actin-R 5’-
TTCTCCTTAATGTCACGCACGATT -3
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Western blot

Tissues and cells were lysed using RIPA buffer (50
mM Tris-HCI, pH 8, 2 mM EDTA, 300 mM NaCl,
2% NP-40, 1% sodium deoxycholate) supplemen-
ted with a protease and phosphatase inhibitor
cocktail (Sigma). The lysates were then subjected
to 12% SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) at 80V for 0.5hours, followed by
120 V for another 1.5 hours. The separated proteins
were transferred onto a PVDF membrane (Bio-
Rad).

The membranes were incubated with nonfat
milk in Tris-buffered saline containing 0.1%
Tween-20 (TBST) to block nonspecific binding
for one hour. The membranes were then incubated
overnight at 4°C with primary antibodies against
the following proteins: GPX4 (Proteintech 67,763-
1-Ig), FTH (Santa Cruz Biotechnology, sc
-376,594), 4-HNE (Bioss, bs-6313 R), and PTGS-2
(Abclonal, A1253).

Following primary antibody incubation, the
membranes were washed and incubated with the
appropriate HRP-conjugated secondary antibodies
at room temperature. The target protein bands
were visualized using ECL Western Blotting
Reagents (Thermo Fisher Scientific) and quantified
using Image] software.

H&E staining

Samples were fixed in 4% paraformaldehyde,
embedded in paraffin, and then cut into 5-um
thick slices. The tissue sections were stained with
hematoxylin and eosin using the standard protocol.
Subsequently, the histological sections were exam-
ined under a light microscope. The grading of the
sections was performed in a double-blind manner,
following the previously described method™'.

Immunohistological staining and localization of
bacteria by FISH

For immunohistochemical staining, the tissue
sections were first dewaxed and dehydrated.
Antigen retrieval was performed by incubating
the sections. Next, the slides were washed three
times with PBS and blocked for one hour at room
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temperature using a PBS solution containing 5%
BSA. The tissue sections were then incubated
with specific primary antibodies, including anti-
4-HNE (Bioss, bs-6313 R), anti-F4/80
(Proteintech, Cat. No. 28463-1-AP), anti-GPX4
(Proteintech, Cat. No. 67763-1-Ig), anti-TNF-a
(Proteintech, Cat. No. 17590-1-AP), anti-IL-6
(Elabscience, Cat. No. E-AB-40021), anti-CXCL1
(Proteintech, Cat. No. 12335-1-AP), anti-Gr-1
(Proteintech, Cat. No. 65140-1-Ig), ZO-1
(Proteintech), and anti-EPCAM (Proteintech,
Cat. No. 21050-1-AP). The sections were incu-
bated in a dilution buffer containing appropriate
secondary antibodies. For immunohistochemical
staining, hematoxylin and diaminobenzidine
chromogenic solution were added for 10 minutes.
As previously described™”, fluorescent in situ
hybridization (FISH) was performed on the
intestinal mucosa to evaluate bacterial localiza-
tion at the mucosal surface. The LF82 gipA
probe (5- GTAGACGAAGCACACAGC-3)*!
was diluted to 10 ug/mL in hybridization buffer
(20 mM Tris - HCI, pH 7.4, 0.9M NacCl, 0.1%
SDS, 20% formamide) and incubated overnight at
50°C. Finally, all tissue sections were viewed
under a fluorescence (Olympus) or confocal
(Zeiss LSM 880) microscope.

TUNEL staining

The paraffin-embedded intestinal tissue was sec-
tioned into slices with a thickness of 5pm.
Subsequently, the dewaxed paraffin sections were
performed and washed with distilled water.
TUNEL staining (Beyotime, China) followed the
manufacturer’s instructions. The sections were
observed under a microscope (Olympus).

Elisa

According to the manufacturer’s protocol, 4-HNE
were determined using a human ELISA kit (ELK
Biotechnology, China).

GPX4 overexpression

The GPX4 gene-expressing vector was obtained
from GenePharma Co., Ltd. Caco-2 cells were tran-
siently transfected with the GPX4-expressing

vector and negative control plasmids (pEX-1)
using Lipofectamine 3000 (Invitrogen 11,668,030).
The overexpression of GPX4 was confirmed by
western blotting.

Cell viability assay

Cell viability was assessed with the Cell Counting
Kit-8 (CCKS8; Beyotime, China) assay according to
the manufacturer’s instructions. Briefly, cells were
seeded in 96-well plates (1 x 10* cells/well). After
treatment, CCK8 solution (10 ul) was added to
each well and incubated for 2 h at 37°C. The absor-
bance at 450 nm was measured using a microplate
photometer (Biotek).

Lipid peroxidation

To assess LPO, as previously described’®, IECs
were incubated with BODIPY 581/591-C11 (2
uM, D3861, Invitrogen™) for 30 min at 37°C and
5% CO,, following the manufacturer’s instructions.
The fluorescence signals of reduced and oxidized
C11 were measured using confocal microscopy
(Zeiss LSM 880) and analyzed at excitation/emis-
sion wavelengths of 581/591 nm (BODIPY-C11,
reduced) and 488/510 nm (BODIPY-C11, oxi-
dized), respectively. Flow cytometry analysis was
also performed wusing a BD LSRFortessa
instrument.

PI staining

IECs were seeded and infected in 6-well plates (5 x
10° cells/well) to monitor cell death. As previously
mentioned, the cells were supplemented with PI (5
ng/ml, Beyotime, China) for 1h after treatment.
Cell death was assessed by observing PI staining
using confocal microscopy (Zeiss LSM 880).

Detection of cellular Fe** ions

FerroOrange (Dojindo, Japan) was used to assess
intracellular Fe** ion levels. The cells were seeded
in 96-well plates and treated as indicated. After
treatment, cells were incubated with FerroOrange
solution (1 uM) dispersed in serum-free MEM
(Cytiva HyClone, China) at 37°C for 30 minutes.



The fluorescence was then detected using
a confocal microscope (Zeiss LSM 880).

Statistical analysis

Statistical analysis was performed using GraphPad
Prism 9.0 software (GraphPad Software, USA).
Quantitative variables were presented as mean *
SEM, while qualitative variables were expressed as
percentages. Between-group comparisons were
analyzed using the non-parametric t-test, and one
or two-way ANOVA tests were used based on the
experimental design. A significance level of P <
0.05 was considered statistically significant.
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