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(GPX4), which are compromised in human CD epithelium,
compensates for metabolic perturbation evoked by dietary

See editorial on page 1590.

BACKGROUND & AIMS: Crohn’s disease (CD) globally emerges
with Westernization of lifestyle and nutritional habits. How-
ever, a specific dietary constituent that comprehensively evokes
gut inflammation in human inflammatory bowel diseases re-
mains elusive. We aimed to delineate how increased intake of
polyunsaturated fatty acids (PUFAs) in a Western diet, known
to impart risk for developing CD, affects gut inflammation and
disease course. We hypothesized that the unfolded protein
response and antioxidative activity of glutathione peroxidase 4

PUFAs. METHODS: We phenotyped and mechanistically
dissected enteritis evoked by a PUFA-enriched Western diet in
2 mouse models exhibiting endoplasmic reticulum (ER) stress
consequent to intestinal epithelial cell (IEC)-specific deletion of
X-box binding protein 1 (Xbpl) or Gpx4. We translated the
findings to human CD epithelial organoids and correlated PUFA
intake, as estimated by a dietary questionnaire or stool
metabolomics, with clinical disease course in 2 independent CD
cohorts. RESULTS: PUFA excess in a Western diet potently
induced ER stress, driving enteritis in Xbpl/'#¢ and
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Gpx4/~"E¢ mice. w-3 and w-6 PUFAs activated the epithelial
endoplasmic reticulum sensor inositol-requiring enzyme la«
(IREla) by toll-like receptor 2 (TLR2) sensing of oxidation-
specific epitopes. TLR2-controlled IREla activity governed
PUFA-induced chemokine production and enteritis. In active
human CD, w-3 and w-6 PUFAs instigated epithelial chemokine
expression, and patients displayed a compatible inflammatory
stress signature in the serum. Estimated PUFA intake corre-
lated with clinical and biochemical disease activity in a cohort
of 160 CD patients, which was similarly demonstrable in an
independent metabolomic stool analysis from 199 CD patients.
CONCLUSIONS: We provide evidence for the concept of PUFA-
induced metabolic gut inflammation which may worsen the
course of human CD. Our findings provide a basis for targeted
nutritional therapy.

Keywords: Glutathione Peroxidase 4; X-Box-Binding Protein 1;
w-3 Polyunsaturated Fatty Acids; w-6 Polyunsaturated Fatty
Acids; Endoplasmic Reticulum Stress.
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WHAT YOU NEED TO KNOW

BACKGROUND AND CONTEXT

Environmental factors and specifically the diet directly
affect gut microbial communities and immune
responses. A dietary constituent that comprehensively
triggers gut inflammation in patients with inflammatory
bowel disease remains elusive.

NEW FINDINGS

We demonstrate experimental evidence that an excess of
dietary polyunsaturated fatty acids in a Western diet
triggers metabolic inflammation in the gut, which may
deteriorate the course of Crohn’s disease.

LIMITATIONS

Targeted nutritional clinical trials are warranted to confirm
the detrimental role of dietary polyunsaturated fatty acids
for patients with Crohn’s disease.

IMPACT

Westernization of life style and dietary habits is
paralleled by an accelerating incidence of in-
flammatory bowel diseases, such as Crohn’s disease (CD),
especially in newly industrialized countries." It is conceived
that the increasing incidence of inflammatory bowel dis-
eases is largely explained by environmental factors such as
Westernization of diet, which is partially characterized by
an increased consumption of long-chain fatty acids.””* For
example, population-based estimates of Western dietary
habits (in the USA in the 20th century) and dietary moni-
toring programs indicated an increased intake of w-6 poly-
unsaturated fatty acids (PUFAs) contained in meat, eggs,
and oils.””’ In consideration of documented beneficial ef-
fects of w-3 PUFAs on, for example, cardiovascular risk, the
United States Food and Drug Administration approved w-3
PUFA supplementation of food (eg, enrichment of animal
feed) in 2014,° which was similarly suggested by the Eu-
ropean Food Safety Authority. In this concept, which is
based on widely documented antiinflammatory actions of
w-3 PUFAs (while w-6 PUFAs fuel inflammatory metabo-
lites”?), general recommendations suggest dietary enrich-
ment with w-3 PUFAs while avoiding excessive intake of w-6
PUFAs. However, the direct impact of PUFAs on gut health is
poorly defined. A systematic analysis of epidemiologic
studies comprising large prospective cohorts indicated that
total PUFA intake imparts a risk for developing CD.'"**
Moreover, the EPIC trials (EPANOVA in Crohn’s Disease;
NCT00613197 and NCT00074542) indicated that w-3 PUFA
supplementation was ineffective in maintaining remission in
CD,” and a recent Cochrane meta-analysis indicated that
PUFA supplementation worsened gastrointestinal symp-
toms in patients with CD.** In turn, elemental diets that
partly reduce PUFA intake effectively induced and main-
tained remission."”*® Collectively, these studies suggested
that dietary PUFAs confer risk for developing CD and
possibly affect the course of established CD. However, the
mechanisms that control a detrimental inflammatory
response in the intestine on exposure to a Western diet
(WD) and specifically PUFAs remain enigmatic.

Our study provides a basis for targeted nutritional
therapies in patients with Crohn’s disease.

Glutathione peroxidase 4 (GPX4) is a selenoenzyme that
protects against lipid peroxidation, the generation of
oxidation-specific epitopes, and cell death termed ferrop-
tosis,"”” which can be pharmacologically exploited to treat
human malignancies.'®'® More specifically, GPX4 limits
oxidation of arachidonylated phosphatidylethanolamines (a
class of membrane phospholipids), which is fueled by di-
etary PUFAs.”® We recently modeled impaired intestinal
epithelial GPX4 activity, a feature of human CD, by gener-
ating mice that specifically deleted 1 Gpx4 allele in intestinal
epithelial cells (IECs), referred to as Gpx4'/~'E¢ mice?".
Gpx4™~"E€ mice exposed to a PUFA-enriched WD (supple-
mented with 10% fish oil containing w-3 and w-6 PUFAs)
displayed small intestinal neutrophilic inflammation.?’
Impaired GPX4 activity in IECs allowed interleukin-6 (IL6)
and chemokine (C-X-C motif) ligand 1 (CXCL1) expression
on dietary PUFA exposure, which was, however, not paral-
leled with ferroptosis. As such, a mechanism for how PUFAs
induce gut inflammation has remained elusive, the concept
of metabolic gut inflammation has been poorly explored,
and implications for CD patients remain undetermined.

Metabolic inflammation, prototypically observed in
obesity, refers to an inflammatory state that is evoked by
dietary excess of nutrients such as long-chain fatty acids.”***

* Authors share co-first authorship.

Abbreviations used in this paper: CD, Crohn’s disease; CXCL1, chemokine
(C-X-C motif) ligand 1; GPX4, glutathione peroxidase 4; ER, endoplasmic
reticulum; IEC, intestinal epithelial cell; IL, interleukin; IRE1«, inositol-
requiring enzyme 1q«; JNK, c-Jun N-terminal kinase; PUFA, poly-
unsaturated fatty acid; TLR2, Toll-like receptor 2; TNF, tumor necrosis
factor; WD, Western diet; WT, wild-type; XBP1, X-box-binding protein 1.
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Metabolic inflammation is orchestrated by metabolically
active cells and the immune system in adipose, liver, and
muscle tissue.”** For example, long-chain fatty acids induce
the unfolded protein response in the liver, which allows
cellular adaptation to endoplasmic reticulum (ER) stress.”*
ER stress triggers activation of ER sensors such as inositol-
requiring enzyme la (IREla) and subsequent unconven-
tional splicing of X-box binding protein 1 (Xbp1) to resolve
accumulation of un- or misfolded proteins.25 In contrast,
unresolved ER stress drives a range of inflammatory dis-
eases. In obesity, ER stress and specifically IRE1a serve as a
rheostat for inflammation in metabolically active tissues.”®*’
Likewise, unresolved ER stress is implicated in the patho-
genesis of inflammatory bowel disease.”® For example, un-
resolved ER stress due to deletion of Xbp1 specifically in IECs
of mice instigates inflammation in the small intestine that is
governed by IRE1«.”?*° Based on these studies, we hypoth-
esized that dietary PUFAs trigger ER stress, fueling enteritis
in CD. By analyzing transgenic mouse models, human CD
organoids, and 2 independent patient cohorts, we identified
dietary PUFAs as a fuel for epithelial ER stress, reporting here
a mechanism of PUFA-induced gut inflammation and linking
PUFA intake in CD patients with poor disease course.

Materials and Methods

See the Supplementary Materials and Methods.

Results

A Western Diet Enriched With w-3 and w-6
PUFAs Evokes Epithelial ER Stress, Chemokine
Production, and Enteritis in Xbp1~'~'EC Mice

In a first step, we assessed a role for intestinal epithelial
ER stress in PUFA-induced gut inflammation. We enriched a
WD with 10% fish oil (containing -3 and w-6 PUFAs in a
7:1 ratio), referred to as PUFA-enriched WD
(Supplementary Table 1), and exposed Xbpl” 'E¢ mice
(displaying epithelial ER stress*®) and wild-type (WT) lit-
termates to this diet for 3 months. A standard WD or a low-fat
diet served as a control (Supplementary Table 1). Xbp1 7 ~E¢
mice displayed severe enteritis after exposure to a PUFA-
enriched WD compared with WT mice or Xbp1 "~ "E¢ mice
on a low-fat diet or standard WD, which was characterized
by loss of gut architecture and submucosal infiltration of
mono- and polymorphonuclear cells (Figure 14-C and
Supplementary Figure 1A-C). Indeed, neutrophil gran-
ulocytes and macrophages (but not other innate or adaptive
immune cells) accumulated in the mucosa of Xbp1/~'E¢
mice compared with WT controls, as assessed by means of
flow cytometry phenotyping (Figure 1D and E and
Supplementary Figure 1D-G). The abundance of specialized
intestinal epithelial cells (such as Paneth cells or Goblet
cells) in Xbpl /"¢ mice was unaffected by a PUFA-
enriched WD (Supplementary Figure 24-D), and epithelial
cell death was not a feature of PUFA-induced enteritis in
Xbp1~/ "¢ mice (Supplementary Figure 2E and F). Simi-
larly, the colon of Xbp1 /"¢ mice was morphologically
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comparable to that of WT mice on a PUFA-enriched WD
(Supplementary Figure 2G and H). PUFA-induced enteritis
was characterized by increased epithelial ER stress
(Figure 1F and Supplementary Figure 21 and J), activation of
c-Jun N-terminal kinases (JNKs) (Figure 1F and
Supplementary Figure 2K and L), epithelial release of the
IL-8 homolog CXCL1 and IL-6 (Figure 1G and
Supplementary Figure 2M), systemic low-grade inflamma-
tion (Figure 1H-J and Supplementary Figure 34 and B), and
impaired body weight gain (Figure 1K). In a reductionist
system using small-intestinal MODE-K epithelial cells, di-
etary w-3 and w-6 PUFAs (exemplified with stearidonic acid
and arachidonic acid) evoked ER stress and IREla activa-
tion, as well as chemokine production specifically in
IECs with impaired Xbpl expression (Supplementary
Figure 3C-F). Collectively, these data indicated that di-
etary PUFAs deteriorated epithelial ER stress, chemokine
production, and enteritis, which are limited by XBP1.

GPX4 Restricts Epithelial ER Stress Evoked by
w-3 and w-6 PUFAs, Which Drives Enteritis in Mice
In a next step, we explored whether epithelial ER stress
is a driver of PUFA-induced gut inflammation in Gpx4*/~'E¢
mice that develop enteritis (affecting ~30%-50% of the
lower small intestine), but not colitis, characterized by
granuloma-like lesions involving neutrophil granulocytes
and F4/80" macrophages after exposure to a PUFA-
enriched WD for 3 months (Supplementary Figure 4A-
E).*" v-3 and w-6 PUFAs potently instigated epithelial ER
stress (Supplementary Figure 4F-H), IREla activation
(Figure 2A and B), JNK signaling (Figure 2C and
Supplementary Figure 4[), and production of CXCL1 and
IL-6 in siGpx4 IECs (Supplementary Figure 4J-L). Likewise,
Gpx4™/ "¢ mice displayed signs of epithelial ER stress as
well as IREla and JNK activation after exposure to a
PUFA-enriched WD (Figure 2D-G and Supplementary
Figure  5A-F).  Enteritis was characterized by
mucosal CXCL1 and IL-6 production (Supplementary
Figure 5G and H), accumulation of neutrophil granulocytes
(Supplementary Figure 5/ and J), and systemic low-grade
inflammation (Supplementary Figure 5K-N). Abundance of
specialized epithelial cells (such as Paneth cells) was similar
between Gpx4™/ "¢ and WT mice exposed to a PUFA-
enriched WD (Supplementary Figure 64-D).*! In line with
a critical role for epithelial ER stress, treatment by the
chaperone tauro-urso-deoxycholic acid (TUDCA)*' pro-
tected against PUFA-induced enteritis in Gpx4™ "5 mice
(Figure 2H and ), and prevented PUFA-induced epithelial
JNK activation and chemokine production (Figure 2/ and K
and Supplementary Figure 6E). In a genetic approach, we
assessed whether the ER sensor IRE1e, a critical regulator of
JNK activity,>* governs PUFA-induced chemokine production
and enteritis in the context of impaired GPX4 activity. Indeed,
co-silencing of Ernl1 (encoding IRE1«) blunted PUFA-induced
JNK activation (Supplementary Figure 6F and G) and abro-
gated PUFA-induced chemokine production (Figure 2L and
Supplementary Figure 6H), similar to co-silencing of Jnk1/2
(Figure 2M and Supplementary Figure 6I-K). Deletion of Ern1
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Figure 1. w-3 and w-6 PUFAs evoke epithelial ER stress fueling chemokine production and enteritis in Xbp7~~'E€ mice. (A)
Histology score for WT and Xbp1~'~€ mice after exposure to a LFD, WD, or PUFA-enriched WD (PUFA-WD) (n > 5). Medians
indicated by red lines. (B, C) Representative H&E images of the small intestine of WT and Xbp 7~/ ~"5€ mice exposed to a PUFA-
WD. Note severe mucosal inflammation in Xbp7~/~"E¢ mice with infiltration of neutrophil granulocytes in the mucosa and
submucosa (arrows). Scale bar, 50 um. (D, E) Quantification of (D) Ly6G-expressing neutrophil granulocytes and (E) MERTK-
expressing macrophages in the mucosa of WT and Xbp1~/~'EC mice exposed to a PUFA-WD (n = 7 and 9). (F) Representative
immunoblot from small-intestinal epithelial scrapings of WT and Xbp7~/~"EC mice exposed to a PUFA-WD compared with
standard WD (n > 3 mice). (G, H) Quantification of (G) CXCL1 and (H) CRP in the supernate of cultured primary IECs from WT
and Xbp1~/~'EC mice exposed to a PUFA-WD (n > 7). (I, J) Quantification of (/) neutrophil granulocytes and (J) monocytes in
blood counts of WT and Xbp?~/~"E€ mice fed a PUFA-WD for 3 months (n = 7/13). (K) Weight course of WT and Xbp1~/~/E€
mice fed a PUFA-WD relative to the initial body weight of each experiment animal (n = 16 and 17). CRP, C-reactive protein;
CXCL1, C-X-C motif chemokine ligand 1; H&E, hematoxylin and eosin; IEC, intestinal epithelial cell; IRE1«, inositol-requiring
enzyme 1«; JNK, c-Jun N-terminal kinase; LFD, low-fat diet; PUFA, polyunsaturated fatty acid; WD, Western diet; WT, wild-
type; Xbp1, X-box-binding protein 1.

specifically in IECs from Gpx4" "¢ mice (ie, Ern1 7 "¢/  production (Supplementary Figure 60 and P). Moreover,
Gpx4™/~"E¢ mice) protected against enteritis induced by a functional blockade of the CXCL1 receptor CXCR1/2 by
PUFA-enriched WD, compared with Gpx4™ ¢ mice pepducin x-1/2pal-i1>* protected against PUFA-induced en-
(Figure 2N and O and Supplementary Figure 6L). Likewise, teritis in Gpx4™/~'£¢ mice (Figure 2P and Supplementary
pharmacologic inhibition of JNK signaling by SP600125°° Figure 6M and N). Collectively, these data unambiguously
protected Gpx4"™/ "¢ mice against enteritis evoked by a demonstrated that PUFA-induced epithelial ER stress drives
PUFA-enriched WD (Figure 2P and Figure S6M and N), and  enteritis in Gpx4"™ "2 mice, and that the ER sensor IREla

SP600125 abolished PUFA-induced epithelial chemokine governs PUFA-induced chemokine production and enteritis.
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Next, we corroborated which dietary w-3 and w-6 PUFAs  «-linolenic acid (C18:3), w-3 eicosapentaenoic acid (C20:5),
trigger enteritis. We exposed Gpx4 ' '€ and WT littermates -3 docosahexaenoic acid (C22:6), or w-6 arachidonic acid
to a WD for 3 months and then orally inoculated w-3 (C20:4) once daily for 2 weeks, and the monounsaturated
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fatty acid oleic acid (C18:1) or vehicle gavage served as a
control. Notably, w-3 PUFAs triggered neutrophilic infiltra-
tion in Gpx4'/ "¢ mice, but not in WT mice, to an extent
similar to the w-6 PUFA arachidonic acid (Figure 2Q and
Supplementary Figure 7A and B). Moreover, intestinal
inflammation was demonstrable in Gpx4 ™ ~"E€ mice exposed
to a 3-month WD enriched with 10% soybean oil (contain-
ing w-6 linoleic acid, w-3 «a-linolenic acid, and w-3 stear-
idonic acid in a 1:8 ratio of w-3 to w-6) (Figure S7C and D
and Supplementary Table 1). PUFA-induced enteritis was
demonstrable 2 weeks (but not 3 months) after switching
back to a chow diet (Supplementary Figure 7E-G). These
data indicated that both w-3 and w-6 PUFAs instigate in-
testinal inflammation in WD-fed Gpx4"™/~"¢ mice.

TLR2 Translates PUFA-Induced Epithelial Lipid
Peroxidation Into ER Stress and Enteritis

In a next step, we explored how dietary PUFAs evoke
epithelial ER stress. GPX4 is a selenoenzyme known to limit
lipid peroxidation,’” which led us to hypothesize that
oxidative phospholipid perturbation fuels epithelial ER
stress and chemokine production in our model.?! Indeed, w-
3 and w-6 PUFAs induced accumulation of oxidized phos-
pholipids and oxidation-specific epitopes in siGpx4 IECs
(Figure 34 and B), and lipid peroxidation localized to the ER
(Figure 3C and Supplementary Figure 84). We did not note
altered phospholipid membrane composition as determined
by means of liquid chromatography/dual mass spectrom-
etry in siGpx4 1ECs compared with siCtrl (Supplementary
Figure 8B-D). To genetically corroborate that GPX4-
restricted lipid peroxidation and the generation of
oxidation-specific epitopes instigate ER stress, we generated
IECs that expressed a mutant GPX4 variant encompassing
cysteine instead of a selenocysteine at its catalytic site

d
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(GPX4%®) (Supplementary Figure 94), which is expected to
impair enzymatic GPX4 activity.”® Indeed, GPX4®° IECs
displayed increased lipid peroxidation (Supplementary
Figure 9B), whereas GPX4 expression was retained
compared with WT IECs (Figure S9C). Notably, GPX4* IECs
displayed signs of IREla activation (Figure 3D) and
responded with JNK activation and CXCL1 production on
PUFA stimulation (Supplementary Figure 9D-F). Likewise,
biochemical induction of lipid peroxidation by oxidized
phosphatidylcholine instigated IRE1« activation and CXCL1
production in siGpx4 1ECs (Figure 3E and Supplementary
Figure 9G-I). In line with this, exposure of IECs to
oxidation-specific epitopes, such as 4-HNE or MDA, evoked
IREl« activation, JNK signaling, and chemokine production
(Figure 3F-H and Supplementary Figure 9/ and K). In turn,
induction of ER stress by chemical means potently impaired
GPX4 activity and induced lipid peroxidation in IECs
(Figure 3I and J and Supplementary Figure 9L), which we
similarly observed in IECs from Xbp1 "5 mice (Figure 3K
and Supplementary Figure 9M). Moreover, a PUFA-enriched
WD potently induced intestinal epithelial lipid peroxidation
and accumulation of oxidation-specific epitopes in
Xbp1~/ "€ mice and in Gpx4"/~'E¢ mice (Figure 3L and M
and Supplementary Figure 9N-Q). These data demonstrated
that PUFAs induce epithelial lipid peroxidation and accu-
mulation of oxidation-specific epitopes in IECs, which in-
stigates ER stress and IRE1« activation restricted by Xbp1
and Gpx4.

In a next step, we hypothesized that oxidation-specific
epitopes instigated intestinal epithelial ER stress by
pattern recognition receptor signaling.***” We noted that
oxidized phospholipids and oxidation-specific epitopes such
as 4-HNE and MDA induced toll-like receptor 2 (TLR2)
activation in a reporter cell line (Figure 3N), and that TLR2
partially localized to the ER in IECs (Supplementary

<

Figure 2. PUFA-induced enteritis in Gox4*/~"5€ mice is governed by ER stress and IRE1« activation. (A, B) Representative
images of IRE1« activation in siCtrl and siGpx4 |ECs after stimulation with w-3 PUFA (SDA, DHA) or w-6 PUFA (AA) for 24
hours, as assessed by (A) immunoblot and (B) Xbp1 splicing assay (n = 3). (C) Representative immunoblot of JNK signaling in
siCtrl and siGpx4 |ECs after stimulation with SDA or AA for 24 hours (n = 3). (D) Representative confocal images of GRP78
(green) in crypts of WT and Gpx4™ € mice fed a PUFA-WD for 3 months. DAPI (blue) indicates nucleus. Scale bar, 10 um.
Note that the same images are also shown in Supplementary Figure 5A with the respective LFD control samples. (E, F)
Representative images of IRE1« activation indicated by (E) immunoblot and (F) Xbp1 splicing assay in small-intestinal epithelial
scrapings of WT and Gpx4™~EC mice exposed to a PUFA-WD (n > 5 mice Eer genotype). (G) Representative immunoblot of
JNK signaling of small-intestinal epithelial scraplngs from WT and pr4+ mice exposed to a PUFA-WD (n = 4 mice per
genotype). (H) Histology score for WT and Gpx4™~E€ mice exposed to a PUFA-WD and treatment with TUDCA or vehicle (n =
3,9, and 9). () Quantification of blood leukocytes (blood count) of WT and Gpx4*'~E€ mice treated with TUDCA or vehicle for
the last 14 days of exposure to a PUFA-WD for 3 months (n = 3, 9, and 9). (J) Representative immunoblot of JNK1/2 and ¢-Jun
phosphorylation in siCtrl and siGpx4 IECs stimulated with «-3 PUFA (SDA) or w-6 PUFA (AA) and treated with or without
TUDCA for 24 hours. Representative of n = 3 independent experiments. (K) Quantification of CXCL1 in the supernate of siCtrl
and siGpx4 |IECs stimulated with SDA or AA and treated with TUDCA for 24 hours (n = 6). (L) Quantification of CXCL1 in the
supernate of siCtrl and siGpx4 |IECs with or without co-silencing of Ern1 (encoding IRE1«) after stimulation with SDA or AA for
24 hours (n = 6). (M) Quantification of CXCL1 in the supernate of siCtrl and siGpx4 IECs with or without co-silencing Jnk1/2
and after stimulation with SDA or AA for 24 hours (n = 3). (N, O) Representative (N) H&E images (scale bar, 100 um) and (O)
histolog;y scores of indicated genotypes after exposure to a PUFA-WD (n = 15, 12, 10, and 18). (P) Histology score of WT and
Gpx4~"EC mice fed a PUFA-WD and treated with the JNK inhibitor SP6001 25 or the CXCR1/2 inhibitory pepducin x-1/2pal-i1
(or vehicle) (n = 3, 10, 4, 13, 3, and 8). (Q) Histology scores of WT and Gpx4*'~E€ mice exposed to WD and daily oral gavage of
w-3 PUFA ALA, DHA, or EPA or the w-6 PUFA AA as compared with vehicle or the monounsaturated fatty acid OA during the
last 2 weeks of the experiment (n > 8). AA, arachidonic acid; ALA, a-linolenic acid; DHA, docosahexaenoic acid; EPA,
eicosapentaenoic acid; ER, endoplasmic reticulum; Gpx4, glutathione peroxidase 4; SDA, stearidonic acid; TUDCA, tauro-
urso-deoxycholic acid; other abbreviations as in Figure 1.
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Figure 10A4). Co-silencing of TIr2 prevented PUFA-induced
IREla activation and signs of ER stress in siGpx4 IECs
(Figure 30 and Supplementary Figure 10B). In line with this,
co-silencing of TIr2 prevented PUFA-induced JNK
activation (Figure 30) and chemokine production (Figure 3P
and Supplementary Figure 10C) in siGpx4 1ECs, while
TLR2 did not control PUFA-induced lipid peroxidation
(Supplementary Figure 10D). Likewise, co-silencing of the
TLR2 co-receptor TIr6>® blunted PUFA-induced chemokine
production in siGpx4 IECs (Figure 3Q and Figure 10E and
F). In contrast, co-silencing of other toll-like receptors (ie,
Tir3, TiIr4, TIr7, TIr8, and TIr9) or the fatty acid receptor
€d36°° did not affect PUFA-induced chemokine production
in siGpx4 1ECs (Supplementary Figure 10G-N). Notably, co-
deletion of TIr2 in Gpx4'/ "¢ mice protected against
PUFA-induced enteritis (Figure 3R and S and Supplementary
Figure 100). These data indicated that dietary -3 and w-6
PUFAs trigger epithelial accumulation of oxidation-specific
epitopes, instigating TLR2-mediated IRE1l« activation, che-
mokine production, and enteritis, which is restricted by
GPX4.

Antibiotic Depletion of the Commensal
Microbiota Ameliorates PUFA-Induced Enteritis
Because dietary challenges and specifically PUFAs are
critical regulators of the commensal gut microbiota,® we
analyzed fecal microbiota composition by means of 16S
rDNA amplicon sequencing of co-housed WT and pr4+/_’EC
littermates that had been exposed to our dietary regimens
(ie, chow control diet, low-fat diet, WD, or PUFA-enriched
WD) for 3 months. We noted a reduction in a-diversity in
both WT and Gpx4 " ~"5 mice exposed to a PUFA-enriched

d
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WD compared with a regular chow diet (according to
Shannon diversity and number of operational taxonomic
units) (Figure S11A4 and B), as similarly reported for mice
and humans exposed to a Western-style diet.*>*' Impor-
tantly, at the §-diversity level (ie, diversity between groups,
measured by unweighted UniFrac), each dietary condition
exhibited a distinct fecal microbiota composition, which was
independent from the respective genotype (Figure 4A).
More specifically, the fecal microbiota composition of PUFA-
enriched WD-fed WT mice was indistinguishable from that
of Gpx4"/ "¢ mice (Figure 4B-D). Furthermore, we
assessed whether the presence of a commensal microbiota
contributed to PUFA-induced enteritis. To do so, we exposed
Gpx4™/~"E€ mice (and WT littermates) to a PUFA-enriched
WD for 3 months and treated them with vancomycin and
metronidazole in drinking water for the last 2 weeks.
Notably, antibiotic treatment ameliorated PUFA-induced
enteritis in Gpx4"/ ¢ mice (Figure 4E and F). These data
indicated that a PUFA-enriched WD did not alter bacterial
composition in Gpx4 /¢ mice (compared with WT), while
eradication of the commensal gut microbiota ameliorated
PUFA-induced enteritis.

PUFA Exposure Triggers Epithelial Cytokine
Expression in Human CD, and Intake Correlates
With Active Disease Course

We previously reported that IECs from CD patients
exhibit impaired small-intestinal epithelial GPX4 activity,21
which is paralleled by signs of epithelial ER stress.?®?° To
demonstrate that PUFAs elicit an inflammatory response
from IECs in CD, we generated human small intestinal
epithelial organoids from 6 healthy control subjects and 6

<

Figure 3. TLR2 translates epithelial lipid peroxidation into ER stress and enteritis. (A, B) Quantification of oxidation-specific
epitopes in siCtrl or siGpx4 |IECs after stimulation with w-3 PUFA (SDA) or w-6 PUFA (AA) for 24 hours, as assessed by
means of flow cytometry of (A) E06-TopFluort or (B) 4-HNE™ IECs (n = 5 and 6). (C) Representative confocal images of
oxidized phospholipids (oxPL; green) indicated by E06-TopFluor and the endoplasmic reticulum transporter SEC61 (red) in
siGpx4 |ECs after stimulation with w-6 PUFA (AA) for 24 hours. Spearman’s rank correlation coefficient = 0.60 between green
and red localization. DAPI (blue) indicates nucleus. Dashed line indicates outer plasma membrane. Scale bar, 10 um. n =3
individual experiments. (D) Representative immunoblot from two GPX4%® clones and WT IECs indicating IRE1« activation (n =
3). (E) Representative immunoblot indicating IRE1« activation and JNK signaling in siCtrl and siGpx4 IECs after stimulation with
oxPAPC or vehicle for 24 hours (n = 3). (F) Representative immunoblot from WT IECs indicating IRE1« activation and JNK
signaling after stimulation with 4-HNE or MDA (or vehicle) for 24 hours (n = 3). (G, H) Quantification of CXCL1 in the supernate
from WT IECs after stimulation with (G) 4-HNE or (H) MDA (or vehicle) for 24 hours (n = 5 and 10). (/) Relative GPX4 enzymatic
activity of Tm- or Tg-stimulated IECs for 24 hours compared with vehicle (n = 4). (J) Quantification of lipid peroxidation in Tm-
or Tg-stimulated IECs compared with vehicle, as assessed by flow cytometry of BODIPY581/591 C11" (n = 4). (K) Repre-
sentative GPX4 immunoblot of IEC scrapings from WT and Xbp 1€ mice exposed to a chow diet (n = 3 for each genotype).
(L) Quantification of li bpld peroxidation according to BODIPY581/591 C11% MFI as assessed by flow cytometry of IEC isolates
of WT and Gpx4™ €€ mice exposed to a PUFA-WD for 3 months (n = 8 and 9). (M) Quantification of lipid peroxidation by
BODIPY581/591 C11* MFI in IEC isolates of WT and Xbp7~/~"E€ mice exposed to a PUFA-WD for 3 months, as assessed by
flow cytometry (n = 8). (N) Relative activity of the transcription factor AP-1 in a colorimetric TLR2 reporter cell line (indicative for
TLR2 activation) after stimulation with oxPAPC or related by-products 4-HNE or MDA for 16 hours (n = 4). (O) Representative
immunoblot of siCtrl or siGpx4 IECs with or without co-silencing of Tir2 after stimulation with SDA or AA for 24 hours. Note that Tir2
co-silencing abolished PUFA-induced IRE1a and JNK activation in siGpx4 IECs (n = 3). (P, Q) Quantification of CXCL1 in the
supernate of siCtrl and siGpx4 IECs with or without co-silencing of (P) TIr2 or (Q) TIr6 and after stimulation with SDA or AA for 24
hours (n > 3). (R) Histology scores of indicated genotypes shown in (S) that were exposed to a PUFA-WD (n = 9, 13, 14, and 18).
Medians indicated by red lines. (S) Representative H&E images of the small intestine from indicated genotypes exposed to a PUFA-
WD. Note mucosal inflammation in Gpx4™*'~"€ mice and protection against enteritis in Gpx4'~E€ mice co-deleted for TIr2. Scale
bar, 50 um. 4-HNE, 4-hydroxynonenal; MDA, malondialdehyde; MFI, median fluorescent intensity; oxPAPC, oxidized 1-palmitoyl-
2-arachidonoyl-sn-glycero-3-phosphocholine; Tg, thapsigargin; Tm, tunicamycin; other abbreviations as in Figures 1 and 2.
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Figure 4. Antibiotic depletion of the commensal gut microbiota ameliorates PUFA-induced enteritis in Gpx4+'~"EC mice. (A) 8-
Diversity indicated by PC analysis of indicated dietary conditions and co-housed genotypes (based on unweighted UniFrac
analysis) (n > 3 for each genotype). (B) 8-Diversity of co-housed WT and Gpx4 " ~"E€ mice exposed to a PUFA-WD indicated by
PC analysis. Statistical significance was assessed by means of permutational multivariate analysis of variance. (C) Relative
abundance of indicated taxa at phylum level of co-housed WT and Gox4™~"E€ mice on a PUFA-WD (n = 8 for each genotype). (D)
Relative abundance of indicated taxa at genus level of indicated co-housed genotypes fed a PUFA-WD (n = 7 and 8). (E)
Representative H&E images of the small intestine from WT and Gpx4 '€ mice exposed to a PUFA-WD treated with antibiotics.
Scale bar, 50 um. (F) Histology scores of indicated genotypes shown in (E) that were exposed to a PUFA-WD and treated with
antibiotics (n = 8, 7 and 7). Medians indicated by red lines. PC, principal component; other abbreviations as in Figures 1 and 2.

patients with active CD, who underwent ileocecal resection To approximate the number of CD patients with such an

(Supplementary Table 2). Notably, w-3 and w-6 PUFAs
triggered IL8 and tumor necrosis factor (TNF«) expression
only in CD organoids with impaired GPX4 expression
(Figure 54 and B and Supplementary Figure 12A4), which
was associated with signs of lipid peroxidation (Figure 5C
and Supplementary Figure 12B). IL6 expression was barely
detectable in CD organoids with or without PUFA stimula-
tion (data not shown). Our findings in mice suggested that
PUFAs induced an inflammatory signature involving IL-8,
ER stress, and accumulation of oxidation-specific epitopes.

inflammatory signature and to establish a direct relation
between PUFA intake and the course of CD, we investigated
a cohort that was recruited in our outpatient clinic from
2013 to 2016 and followed by standard clinical practice for
5.36 + 1.42 years. At study inclusion, we used a question-
naire (Supplementary Table 3)*? to retrieve dietary infor-
mation, and we collected serum samples from 62 CD
patients with active disease and 98 quiescent CD
patients (in clinical remission). Forty-nine volunteers who
displayed no history or clinical or biochemical evidence of
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Figure 5. PUFA exposure triggers epithelial cytokine expression in human CD, and PUFA intake correlates with active disease
course. (A) GPX4 immunoblot of cultured small intestinal epithelial organoids from 6 HC subjects and 6 active CD patients that
underwent ileocecal resection. GAPDH served as loading control. (B) Quantification of interleukin-8 (/L8) expression of small
intestinal epithelial organoids from CD patients and HC subjects in a monolayer model after SDA or AA stimulation for 24
hours. Expression is stratified according to GPX4 activity compared with HC subjects (A) and normalized to GAPDH (n > 3 per
group). (C) Quantification of lipid peroxidation as determined by Click-iT assay immunofluorescence intensity of small-
intestinal epithelial organoids from CD patients after SDA or AA stimulation for 24 hours, compared with HC subjects (n =
3). (D-F) Quantification of (D) IL-8, (E) 4-HNE, and (F) glucose-regulated protein 78 (GRP78) in the serum of HC subjects and
patients with active or quiescent CD (n = 49, 62, and 98). The red line denotes the disease-discriminating threshold determined
with the use of the Youden index (Supplementary Figure 13A-C). Medians indicated by solid black lines. (G) Relationship
between estimated relative PUFA intake per week (based on a dietary questionnaire) and the number of CD flares during the
observational period (n = 52, 45, 32, and 6). Medians indicated by solid black lines. (H-J) Correlation of estimated relative
PUFA intake per week (based on a dietary questionnaire) and (H) number of flares, (/) cumulative Crohn’s Disease Activity Index
(CDAI; ie, the sum of CDAI >150), and (J) cumulative fecal calprotectin in ug/g during the observational period in CD patients
(n = 135), depicted by linear regression (shadows depict 95% confidence interval). CD, Crohn’s disease; HC, healthy control;
other abbreviations as in Figures 1-3.

gastrointestinal disease served as healthy control subjects inflammatory signature. Notably, the inflammatory

(clinical characteristics summarized in Supplementary
Table 4). Indeed, we noted an inflammatory serum signa-
ture in active CD comprising IL-8, accumulation of
oxidation-specific epitopes, and signs of ER stress
(Figure 5D-F and Supplementary Figure 12C), which
correlated with clinical and biochemical disease activity
(Supplementary Figure 12D-K) and which was reversed by
immunomodulatory treatment with anti-TNF antibodies
(Supplementary Figure 12L-0 and Supplementary Table 5).
We assessed a disease-discriminating cutoff by means of the
Youden index for each surrogate (ie, IL-8, 4-HNE, and
GRP78) (Supplementary Figure 134-C), as detailed in the
Supplementary  Materials and Methods, to then
approximate the proportion of patients with this

signature (>2 surrogates above the disease-discriminating
cutoff) was demonstrable in ~60% of active CD patients
(Supplementary Table 6) and was associated with ileal
(rather than isolated colonic) disease (Supplementary
Figure 13D).

Finally, we related estimated dietary PUFA intake
(determined by the food frequency questionnaire) to the
disease course indicated by the cumulative Crohn’s Disease
Activity Index (CDAI) and the cumulative fecal calprotectin
concentration (ie, the sum of each flare) during the obser-
vational period (Supplementary Figure 13E and F and
Supplementary Table 7). We chose that approach so as to
depict the disease burden during the observational period
rather than disease burden at a single time point. Medical
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therapy before study inclusion was similar between patients
that experienced disease flares (>2) during the observa-
tional period and those patients who did not experience
disease flares (Supplementary Table 8). In contrast, CD pa-
tients who experienced flares during the observational
period were subjected to a change in medical therapy more
often (Supplementary Table 9). Importantly, estimated
PUFA intake directly correlated with the number of CD
flares, cumulative CDAI, and cumulative fecal calprotectin
concentration in the observational period (Figure 5G-J and
Supplementary Figure 13G-I). Collectively, these data indi-
cated that active CD patients exhibited a systemic inflam-
matory signature that can be triggered by dietary PUFAs,
and that dietary PUFA intake correlates with a poor disease
course.

Fecal PUFA Abundance Directly Correlates With
CD Activity

To corroborate these findings in an independent cohort,
we analyzed 199 CD patients (55 active and 144 inactive CD
patients at the time of sampling visit) in the Dutch 1000I1BD
cohort (clinical characteristics presented in Supplementary
Table 10; patient stratification shown in Supplementary
Figure 14A.** In this cohort, we took advantage of specific
fecal w-3 and w-6 PUFA quantification by means of untar-
geted metabolomics, an unbiased approach that allows
detection of dietary PUFA intake in a WD in human
stool.**> CD patients in remission, similarly to active CD
patients, displayed increased total PUFA abundance in stool
compared with healthy control subjects (Figure 64), which
can be explained by increased w-3 as well as w-6 PUFA
abundance (Supplementary Figure 14B-G), and which
appeared to be unrelated to the CD-associated GPX4 variant
rs2024092 (Supplementary Figure 14H-N).*® To assess the
relation between PUFA abundance in stool and clinical
disease activity, we used multivariate linear regression,
while taking into account potential confounders such as
patient-related variables (ie, age, sex, body mass index,
number of intestinal resections, disease location, and daily
bowel movements) and technical confounders (ie, batch,
amount of input fecal material, and storage time). By doing
so, we noted that total fecal PUFA concentration, and spe-
cifically fecal w-3 and w-6 PUFA abundance, directly corre-
lated with the number of disease flares (Figure 6B-D and
Supplementary Figure 140-R) and cumulative clinical CD
activity (Figure 6E-G, Supplementary Figure 14S-V, and
Supplementary Table 11). Collectively, our findings indicate
that dietary PUFA intake correlates with a poor course of
human CD.

Discussion

The WD and an excess of dietary PUFAs are suspected of
putting humans at risk for developing CD.*'° In already
established CD, an elemental diet is able to potently induce
and maintain remission of disease' ™' ®*” and thus serves as
first-line therapy in pediatric CD.*® The therapeutic efficacy
of an elemental diet appears to depend on reduced

Gastroenterology Vol. 162, No. 6

availability of long-chain fatty acids, but not of other nutri-
ents.">*? Similarly, the efficacy of an exclusion diet in CD
was attributable to the exclusion of pork, beef, eggs, and
milk, potent sources of PUFAs.”” These studies suggest that
dietary modulation affects the course of CD. However,
elemental diets are unpalatable and poorly tolerated, which
has resulted in impaired adherence and high discontinua-
tion rates (~40%) in adult clinical trials.*® Although studies
suggest that dietary long-chain fatty acids may be detri-
mental to CD patients,’”**'* no CD-specific evidence-based
diet can be recommended to prevent or treat adult CD.”"*?
This may be partially explained by the facts that no dietary
constituent has been identified as a trigger of CD today and
that mechanisms of dietary lipid-induced mucosal immune
responses in the intestine remain poorly understood. Here,
we report how dietary PUFAs disrupt gut health by
perturbation of epithelial stress responses, which we
translate to human CD.

Long-chain fatty acids are taken up in IECs of the small
intestine, re-esterified into complex lipid molecules, and
assembled into lipoproteins at the ER (eg, chylomicrons) to
allow uptake into the circulation through the lymphatic
system.”® Moreover, long-chain fatty acids, and specifically
PUFAs, are incorporated in cellular membranes at the ER
and targeted for oxidation, which is specifically restricted by
GPX4.”° GPX4-restricted lipid peroxidation mediates fer-
roptosis,’” while mechanisms of inflammatory tissue injury,
for example, in mice that lack Gpx4 specifically in the brain®*
or skin,”® are largely unexplored. Here, we report that in-
testinal epithelial GPX4 protects against ER perturbation
evoked by a dietary PUFA challenge. In IECs with impaired
GPX4 activity, w-3 and w-6 PUFAs evoke lipid peroxidation
and generation of oxidation-specific epitopes that instigated
ER stress and IREla activation via TLR2. Consequently,
PUFA-induced ER stress and IRE1a-mediated JNK activation
drive gut inflammation in Gpx4™ "¢ mice, which pheno-
copies aspects of human CD (ie, patchy submucosal infil-
tration of immune cells, formation of granuloma-like
neutrophilic lesions, and lymphatic vessel dilation)®®
(Supplementary Figure 15). The critical role of ER stress
in this model is corroborated by studies in Xbp1~/~"E¢ mice,
demonstrating that XBP1-restricted epithelial ER stress
deteriorated on exposure to a PUFA-enriched WD, which
was paralleled by severe enteritis. We acknowledge that the
reported phenotype in these genetically susceptible mice
exposed to a 3-month PUFA-enriched WD depicts an acute
(rather than chronic) inflammatory response in the gut and
lacks evidence of villous atrophy, a histopathologic sign of
severe enteritis in CD. This reported mechanism is compel-
ling, because previous studies demonstrated that ER stress—
mediated IRE1la activity serves as an inflammatory signaling
hub in 3 mouse models that spontaneously resemble human
CD, ie, in Xbp1 /"<, aged Atg1611 /"¢ and Atg16l1~/~"E¢/
Xbp1~/~"E€ mice,*****” thus supporting the notion that di-
etary factors and genetic susceptibility (involving common
ATG16L1 and/or GPX4 variants and rare XBP1 variants)
culminate in CD by a converging mechanism.**

In a translational approach, we demonstrate that dietary
-3 and w-6 PUFAs trigger IL8 and TNF« expression of [ECs
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Figure 6. Fecal PUFA abundance correlates with CD activity. (A) Fecal total PUFA abundance in active (n = 55) and inactive

(n = 144) CD patients compared with non-inflammatory bowel

disease population control subjects (n = 255), as indicated by

untargeted metabolomic analysis. Total PUFA abundance was estimated by summing chromatographic peaks for AA, EPA,
SDA, DPA, and DHA (see Materials and Methods). Violin plots with median and interquartile range. Active disease was defined
as a Harvey-Bradshaw Index >5. (B-D) Correlation of relative (B) total PUFA abundance, (C) EPA, and (D) AA in the feces of CD
patients and the number of CD flares during the observational period (n = 199), depicted by linear regression (shadows depict
95% confidence interval). (E-G) Correlation of relative (E) total PUFA abundance, (F) EPA, and (G) AA in the feces of CD
patients with the cumulative disease activity index (ie, the sum of flares defined by Harvey-Bradshaw Index) during the
observational period (n = 199), depicted by linear regression (shadows depict 95% confidence interval). AUC, area under the

receiver operating characteristic curve; other abbreviations as

derived from CD patients with impaired GPX4 expression.
A systemic inflammatory signature (comprising IL-8,
oxidation-specific epitopes, or surrogates for ER stress) can
be detected in ~60% of active CD patients, suggesting that
our findings are relevant to human disease. In line with this,
estimated dietary PUFA intake or fecal w-3 and w-6 PUFA
concentration in stool directly correlated with long-term CD
activity as indicated by number of CD flares and clinical
disease indices in 2 independent CD cohorts. Moreover,
biochemical disease activity (ie, cumulative fecal calpro-
tectin concentration) correlated with estimated PUFA
intake.

Several limitations of these clinical observations are
noteworthy. The food frequency questionnaire used to
estimate PUFA intake in our CD cohort is prone to bias (eg,
recall bias) and does not allow highly accurate resolution
of nutrient intake. These are aspects of any questionnaire-
based assessment,”® which led us to study an independent
cohort with the use of an independent technique (ie, stool
metabolomics) to detect intake of long-chain fatty acids in
individuals exposed to a WD.*> The untargeted metab-
olomic approach in that independent cohort also indicated
that PUFA intake directly correlates with a poor clinical
course of CD. We acknowledge that our assessment of

in Figures 1, 2, and 5.

disease activity in both cohorts involved clinical and
biochemical parameters but not endoscopy readouts.
However, recent studies indicate that fecal calprotectin
concentration reasonably correlates with endoscopic dis-
ease activity.”’

Altogether, our study demonstrates experimental and
translational evidence for a detrimental role of w-3 and w-6
PUFAs on mammalian gut health, as they trigger an in-
flammatory response in genetically susceptible epithelium
in some patients with CD. Our study sheds light on the
failure of previous w-3 PUFA supplementation trials that did
not allow maintenance of remission in CD,"*®° and indicates
the need to identify patients that are unable to cope with an
excess of dietary PUFAs. Our study may also provide an
understanding of the risk association between PUFA intake
and gut inflammation in CD'® and may explain some efficacy
of exclusive enteral nutrition in active CD.'® Furthermore,
our data suggest that a habitual human diet specifically
designed to reduce excessive w-3 and w-6 PUFA intake may
prevent or ameliorate the course of CD. Serum assays could
help to identify patients with a systemic inflammatory
signature as identified here, to guide patient-tailored dietary
advice or medical therapy, a concept that warrants
controlled clinical trials.
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