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SUMMARY

Using mice with impaired intestinal de novo phosphatidyl-
choline (PC) synthesis, we found that maintaining the PC
content of intestinal epithelial cell membranes is crucial to
prevent endoplasmic reticulum stress and colitis develop-
ment, showing an important role for PC in colonic function.

BACKGROUND & AIMS: Patients with ulcerative colitis have
low concentrations of the major membrane lipid phosphatidyl-
choline (PC) in gastrointestinal mucus, suggesting that defects
in colonic PC metabolism might be involved in the development
of colitis. To determine the precise role that PC plays in
colonic barrier function, we examined mice with intestinal
epithelial cell (IEC)-specific deletion of the rate-limiting enzyme
in the major pathway for PC synthesis: cytidine triphosphate:
phosphocholine cytidylyltransferase-a (CTaIKO mice).

METHODS: Colonic tissue of CTaIKO mice and control mice was
analyzed by histology, immunofluorescence, electron micro-
scopy, quantitative polymerase chain reaction, Western blot,
and thin-layer chromatography. Histopathologic colitis scores
were assigned by a pathologist blinded to the experimental
groupings. Intestinal permeability was assessed by fluorescein
isothiocyanate–dextran gavage and fecal microbial composition
was analyzed by sequencing 16s ribosomal RNA amplicons.
Subsets of CTaIKO mice and control mice were treated with
dietary PC supplementation, antibiotics, or 4-phenylbutyrate.

RESULTS: Inducible loss of CTa in the intestinal epithelium
reduced colonic PC concentrations and resulted in rapid and
spontaneous colitis with 100% penetrance in adult mice. Colitis
development in CTaIKO mice was traced to a severe and unre-
solving endoplasmic reticulum stress response in IECs with
altered membrane phospholipid composition. This endoplasmic
reticulum stress response was linked to the necroptotic death
of IECs, leading to excessive loss of goblet cells, formation of a
thin mucus barrier, increased intestinal permeability, and
infiltration of the epithelium by microbes.

CONCLUSIONS: Maintaining the PC content of IEC membranes
protects against colitis development in mice, showing a crucial
role for IEC phospholipid equilibrium in colonic homeostasis.
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ICrohn’s disease and ulcerative colitis (UC), are
increasing in incidence and prevalence worldwide.1 Crohn’s
disease can occur in any area of the gastrointestinal tract
and is characterized histologically by transmural inflam-
mation, noncaseating granulomas, and a thickened submu-
cosa.2 UC, on the other hand, occurs primarily in the colon
and is characterized by superficial damage to the mucosa,
cryptitis, and crypt abscesses.2 A unique histologic feature
of UC is the loss of goblet cell mucus granules from the
colonic epithelium,3 although the mechanisms underlying
this loss of mucus granules remain unclear. Interestingly,
gastrointestinal mucus samples from UC patients show low
levels of the major membrane lipid phosphatidylcholine
(PC) as compared with mucus from patients with Crohn’s
disease or people without IBD.4,5 Furthermore, human
clinical trials designed to restore colonic PC concentrations
in UC patients have shown promising results.6–8 However,
despite these important clinical links between PC and UC,
the precise molecular mechanisms linking changes to in-
testinal PC concentrations (and membrane lipid composi-
tion) to intestinal inflammation and features of UC
pathology in vivo remain unclear.

PC is produced primarily by the cytidine diphosphate
(CDP)–choline pathway in mammalian tissues.9 The rate-
limiting step of the CDP–choline pathway, the conversion
of phosphocholine to CDP–choline, is catalyzed by cytidine
triphosphate (CTP):phosphocholine cytidylyltransferase-a
(CTa; encoded by Pcyt1a). An adequate supply of PC is
required for the prevention and resolution of endoplasmic
reticulum (ER) stress in a variety of cell types,10,11 and
might be particularly important in intestinal epithelial cells
(IECs) owing to their high secretory activity and constant
exposure to environmental antigens. Furthermore, a rela-
tively low molar ratio of PC to phosphatidylethanolamine
(PE) is associated with nonalcoholic steatohepatitis in hu-
man beings,12 suggesting that perturbations to membrane
lipid composition might influence the initiation or progres-
sion of inflammatory diseases. Consistent with an anti-
inflammatory role for PC in IECs, exogenous delivery of
PC, but not PE, to Caco2 cells after treatment with tumor
necrosis factor-a (TNF-a) dampens the induction of proin-
flammatory transcripts.13 To date, the link between PC and
intestinal inflammation has not yet been examined thor-
oughly in vivo. In addition to de novo synthesis, IECs of the
small intestine can obtain PC from the diet, bile, and circu-
lating lipoproteins. However, because dietary and biliary PC
is absorbed primarily in the proximal small intestine,14,15

the colon is reliant on de novo PC synthesis to maintain
membrane lipid composition and thus might be particularly
sensitive to dietary or environmental factors that disrupt
membrane lipid homeostasis.

To determine the role that PC plays in mucosal barrier
function, and to gain insight into the mechanisms by which
colonic PC depletion is linked to inflammation in UC
patients, we examined mice with IEC-specific deletion of
CTa (CTaIKO) mice.16 We found that inducible loss of CTa in
the intestinal epithelium reduces colonic PC concentrations
and results in rapid and spontaneous colitis with 100%
penetrance in adult mice that is characterized by crypt ab-
scesses, goblet cell depletion, and immune cell infiltration.
Colitis development after IEC PC depletion is initiated by a
severe and unresolving ER stress response. This ER stress
response is linked to the induction of receptor-interacting
serine/threonine-protein kinase (RIP)3 and the death of
IECs by necroptosis, leading to loss of goblet cells, formation
of a thin mucus barrier, infiltration of the epithelium by
microbes, and the induction of an array of proinflammatory
cytokines. Taken together, our data show that maintaining
membrane lipid composition in IECs is crucial for normal
colonic barrier function.

Results
CTaIKO Mice Have Altered Colonic Phospholipid
Concentrations

Induction of Cre recombinase with tamoxifen resulted in
the generation of adult CTaIKO mice with approximately
60% lower Pcyt1a messenger RNA (mRNA) (Figure 1A) and
approximately 75% lower CTa protein abundance
(Figure 1B and C) in the colon compared with control mice.
Residual CTa protein levels likely were owing to the pres-
ence of nonepithelial cell types including muscle and infil-
trating immune cells. Consistent with our previous report,16

CTaIKO mice experienced rapid body weight loss of varying
severity upon Cre induction, whereas control mice did not
experience body weight loss (Figure 1D). One of 17 CTaIKO

mice experienced severe wasting with more than 20% body
weight loss and was euthanized on day 5 after Cre induc-
tion. Most CTaIKO mice began to regain body weight on day
5 and were a similar body weight to controls by day 7
(Figure 1D). CTaIKO mice had lower PC concentrations in
epithelial cells isolated from the colon 7 days after Cre in-
duction compared with epithelial cells isolated from control
mice (Figure 1E). PE concentrations in colonic epithelial
cells were comparable between groups (Figure 1E),
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resulting in a significantly lower ratio of PC/PE in epithelial
cells of CTaIKO mice compared with control mice (Figure 1F).

Colonic Pcyt1a mRNA remained repressed in the colons
of CTaIKO mice at 7 weeks after Cre induction (Figure 1G). In
addition, CTa protein levels remained absent in epithelial
cells isolated from the ileums of CTaIKO mice after 7 weeks
(Figure 1H and I). CTaIKO mice also had lower PC concen-
trations in ileal epithelial cells after 7 weeks compared with
control mice, while PE concentrations were similar
(Figure 1J), resulting in a lower ratio of PC to PE in ileal
epithelial cells (Figure 1K) at 7 weeks after Cre induction.
Furthermore, CTaIKO mice gained less body weight
compared with controls over the 7-week follow-up period
(Figure 1L), but no additional morbidity was observed after
day 8 when 1 further CTaIKO mouse was killed because of
excessive body weight loss.
CTaIKO Mice Develop Spontaneous Colitis
Seven days after Cre induction, the colons of CTaIKO mice

weighed approximately 50% more than those of controls
(Figure 2A). Furthermore, red blood cells, hemoglobin, and
hematocrit were significantly lower in CTaIKO mice, while
blood reticulocyte concentrations were higher, which
together is indicative of anemia and suggested that CTaIKO

mice might have lost blood through the injured bowel
(Table 1). In addition, circulating concentrations of the
bacteriostatic protein lipocalin 2 were increased in CTaIKO

mice compared with control mice (Figure 2B).
There was extensive damage to the colonic epithelium of

CTaIKO mice compared with controls (Figure 2C–H), including
crypt abscesses (Figure 2F), lymphocyte infiltration to the
lamina propria (Figure 2D), and crypt dysplasia (Figure 2H).
Pathology scoring of H&E-stained distal colon sections
showed that 100% of CTaIKO mice developed spontaneous
colitis by day 4 after Cre induction (Figure 2I). Dietary PC
supplementation was unable to rescue body weight loss
(Figure 3A) or colitis development (Figure 3B) in CTaIKO mice,
as indicated by assessment of pathology scores (Figure 3C)
and goblet cell depletion (Figure 3D). The inability of exoge-
nous dietary PC to rescue any metrics of disease pathology
in CTaIKO mice likely reflects that dietary PC is efficiently
hydrolyzed and absorbed in the proximal small intestine
and that very little dietary PC reaches the colon.15

Regional analysis of colon Swiss rolls showed similarly
high levels of enterocyte injury, epithelial hyperplasia, and
lymphocyte infiltration to the lamina propria of the prox-
imal compared with the distal colon of CTaIKO mice, and
pathology scores also were higher in the cecum of CTaIKO

mice compared with controls (Figure 4A–C). Although we
initially hypothesized that the weight regain observed in
CTaIKO mice on day 5 after Cre induction (Figure 1D) might
be linked to improved metrics of disease severity, pathology
scoring showed that colitis had not improved by day 7
(Figure 4D), even after most CTaIKO mice were a similar
body weight to control mice. Assessment of colon histology
7 weeks after Cre induction showed improved disease pa-
thology relative to 4 days and 7 days after Cre induction in
CTaIKO mice (Figure 4E), with infrequent immune cell
infiltration, absence of crypt abscesses, and partial resto-
ration of goblet cells. Consistent with the restoration of
goblet cells and improvement to the colonic epithelium after
7 weeks in CTaIKO mice, mRNA levels of the goblet cell
marker Muc2 were comparable between groups (Figure 4F),
while Tff3 levels tended to be modestly lower in CTaIKO

mice but did not reach statistical significance (P ¼ .055).
The ER stress marker Atf5 was significantly higher in the
colons of CTaIKO mice after 7 weeks, while Ddit3 (P ¼ .063),
Atf4 (P ¼ .127), and Eif4bp1 (P ¼ .161) also tended to be
higher but did not reach statistical significance. These ob-
servations suggest that epithelial cells of CTaIKO mice acti-
vate compensatory pathways to promote mucosal healing
after the initial inflammatory response but remain modestly
stressed relative to control mice.

CTaIKO Mice Acutely Lose Goblet Cell Mucus
Granules and Have Ultrastructural Damage to
Theca in Goblet Cells

There was a marked decrease in Alcian blue/periodic
acid–Schiff staining, which identifies goblet cell mucus
granules, in the colons of CTaIKO mice compared with con-
trol mice on day 4 after Cre induction (Figure 5A). Electron
microscopy showed that the ultrastructural integrity of
mucus-containing theca in CTa-deficient goblet cells was
compromised, with loss of mucus granules and infiltration
of cellular debris (Figure 5B). This atypical appearance of
mucus granules has been observed previously in UC pa-
tients.17 Loss of mucus granules in CTaIKO mice resulted in a
significantly higher pathology score for goblet cell depletion
compared with control mice (Figure 5C).

The mRNA abundance of the goblet cell markers Muc2
and Tff3 were lower in the colons of CTaIKO mice compared
with control mice (Figure 5D). However, the mRNA abun-
dance of Agr2, which encodes a protein disulfide isomerase
that is expressed in Paneth cells and enteroendocrine cells
in addition to goblet cells,18 was not different between
groups (Figure 5D). Furthermore, enteroendocrine cell
markers (Insl5 and Sct) were comparable between groups,
except for Neurog3, which was higher in CTaIKO mice
(Figure 5E). These data together suggest that goblet cells
might be particularly sensitive to loss of CTa, possibly
owing to their high secretory activity.19 Further consistent
with the lower abundance of goblet cells, the mRNA levels of
Gfi1, Spdef, and Klf4, which are involved in goblet cell
maturation, were lower in the colons of CTaIKO mice
compared with control mice (Figure 5F).

CTaIKO Mice Have a Thin Mucus Layer and
Enhanced Intestinal Permeability

The mucus layer of CTaIKO mice was thinner than that of
control mice (Figure 6A), and electron microscopy showed
that there was extensive damage to the apical brush border
of colonic epithelial cells on day 4 after Cre induction
(Figure 6B). CTaIKO mice also had a striking increase in in-
testinal permeability, as assessed by the appearance of
fluorescein isothiocyanate (FITC)-labeled dextran in circu-
lation after oral administration (Figure 6C). Altered
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expression of tight junction components is linked to
increased intestinal permeability in UC.20 Accordingly,
CTaIKO mice had a lower abundance of Cldn2 transcripts and
a higher abundance of Cldn4 transcripts in the colon
compared with control mice (Figure 6D). Pyroptotic cell
death is triggered in response to gram-negative bacterial
infections and thus plays a crucial role in antibacterial
innate immune defense.17,21–24 The mRNA levels of Casp4
(encodes caspase-11) and Gsdmd (encodes gasdermin D),
which are markers of pyroptosis, were higher in the colonic
tissue of CTaIKO mice (Figure 6D), and mRNA levels of the
cytosolic bacterial DNA sensor Zbp1 also strongly were



Figure 1. (See previous page). CTaIKO mice have low colonic PC concentrations and experience acute body weight
loss. (A) The mRNA abundance of Pcyt1a in colonic tissue of control mice and CTaIKO mice 7 days after the end of tamoxifen
treatment (n ¼ 17/group). (B) Western blot and (C) quantification of CTa relative to tubulin in colonic epithelial cells isolated
from control mice and CTaIKO mice 7 days after the end of tamoxifen treatment (n ¼ 8/group). (D) Body mass change relative to
body mass at the end of tamoxifen treatment in control mice and CTaIKO mice (n ¼ 17/group). (E) PC and PE concentrations in
colonic epithelial cells isolated from control mice and CTaIKO mice 7 days after the end of tamoxifen treatment (n ¼ 4–5/group).
(F) The ratio of PC/PE in colonic epithelial cells of control mice and CTaIKO mice 7 days after the end of tamoxifen treatment
(n ¼ 4–5/group). (G) The mRNA abundance of Pcyt1a in colonic tissue of control mice and CTaIKO mice 7 weeks after the end
of tamoxifen treatment (n ¼ 3–5/group). (H) Western blot and (I) quantification of CTa relative to tubulin in ileal epithelial cells
isolated from control mice and CTaIKO mice 7 weeks after the end of tamoxifen treatment (n ¼ 3–4/group). (J) PC and PE
concentrations in ileal epithelial cells isolated from control mice and CTaIKO mice 7 weeks after the end of tamoxifen treatment
(n ¼ 5–6/group). (K) The ratio of PC/PE in ileal epithelial cells of control mice and CTaIKO mice 7 weeks after the end of
tamoxifen treatment (n ¼ 5–6/group). (L) Body mass in control mice and CTaIKO mice over 7 weeks after Cre induction (n ¼
18–20/group). Mice killed because of excessive weight loss (2 of 35 CTaIKO mice) were not included in any analyses. Values are
means ± SEM. *P < .05, **P < .01, and ****P < .0001.

Figure 2. CTaIKO mice develop spon-
taneous colitis. (A) Colon weight in
control mice and CTaIKO mice 7 days
after the end of tamoxifen treatment (n ¼
8–9/group). (B) Plasma lipocalin 2 con-
centrations in control mice and CTaIKO

mice 4 days after the end of tamoxifen
treatment (n ¼ 14–15/group). (C and D)
Representative H&E-stained distal colon
sections from control mice and CTaIKO

mice 4 days after the end of tamoxifen
treatment. (E) Representative H&E-
stained distal colon section from control
mice 4 days after the end of tamoxifen
treatment. (F and H) Representative
H&E-stained distal colon sections from
CTaIKO mice 4 days after the end of
tamoxifen treatment. (F) Arrow indicates
crypt abscess. (G) *Immune cell infiltra-
tion. (H) †Crypt dysplasia. (I) Pathology
scores of control mice and CTaIKO mice
4 days after the end of tamoxifen treat-
ment (n ¼ 10–11/group). Values are
means ± SEM. *P < .05, ***P < .001.
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Table 1.Complete Blood Cell Count Data

Complete blood cell count Control CTaIKO

Hematocrit, % 54.00 ± 1.31 50.32 ± 0.48*

Red blood cells, �10E12 cells/L 10.38 ± 0.26 9.72 ± 0.11*

Hemoglobin, g/L 156.70 ± 3.06 147.80 ± 1.8*

Reticulocytes, �10E09 cells/L 149.40 ± 20.05 295.80 ± 29.50**

Reticulocytes, % 1.46 ± 0.22 3.05 ± 0.31**

White blood cell count peroxidase method, �10E09 cells/L 2.85 ± 0.88 2.33 ± 1.10

White blood cell count basophile method, �10E09 cells/L 3.21 ± 1.03 2.29 ± 0.99

Mean corpuscular volume, fL 52.02 ± 0.17 51.78 ± 0.29

Mean corpuscular hemoglobin, pg 15.12 ± 0.10 15.23 ± 0.80

Mean corpuscular hemoglobin concentration, g/L 290.30 ± 1.86 293.80 ± 1.99

Platelets, �10E09 cells/L 701.00 ± 11.85 796.20 ± 44.19

Neutrophils, % 9.90 ± 1.83 11.38 ± 2.51

Lymphocytes, % 80.32 ± 2.20 79.13 ± 1.86

Monocytes, % 2.90 ± 0.68 3.32 ± 0.36

Eosinophils, % 2.55 ± 0.51 3.15 ± 0.61

Large unstained cells, % 3.95 ± 1.28 2.57 ± 0.71

Basophils, % 0.47 ± 0.071 0.47 ± 0.1

Neutrophils, �10E09 cells/L 0.25 ± 0.50 0.21 ± 0.06

Lymphocytes, �10E09 cells/L 2.65 ± 0.95 1.88 ± 0.87

Monocytes, �10E09 cells/L 0.07 ± 0.02 0.06 ± 0.2

Eosinophils, �10E09 cells/L 0.06 ± 0.01 0.05 ± 0.11

Large unstained cells, �10E09 cells/L 0.15 ± 0.07 0.07 ± 0.04

Basophils, �10E09 cells/L 0.02 ± 0.01 0.01 ± 0.01

NOTE. Data are means ± SEM.
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induced (Figure 6D), suggesting that microbes had infil-
trated the colonic epithelium after breakdown of the
mucosal barrier.
Antibiotics Dampen Inflammatory Cytokine
Secretion but Do Not Prevent Colitis
Development in CTaIKO Mice

To comprehensively examine the interplay between mi-
crobes, the colonic epithelium, and the intestinal immune
system of CTaIKO mice, we sequenced the fecal microbiome
and profiled colonic cytokine and chemokine concentrations
under both untreated and antibiotic-treated conditions on
day 4 after Cre induction. Antibiotic treatment reduced fecal
bacterial loads in both control mice and CTaIKO mice
compared with untreated mice (12%–18% decrease in 16S
ribosomal DNA copy numbers) (Figure 7A). In line with
previous studies showing a decrease in gut microbial di-
versity in both human beings25 and mice26 with UC, CTaIKO

mice had lower richness of the fecal microbiota compared
with control mice as indicted by chao1 index, and antibiotic
treatment ameliorated these differences between groups
(Figure 7B). The Shannon index also indicated that loss of
intestinal CTa tended to reduce the richness and evenness of
the microbiome, although this did not reach statistical sig-
nificance (Figure 7C). Although there was a clear clustering of
samples according to antibiotic treatment status (Figure 7D),
there was no difference in b diversity between CTaIKO mice
and control mice under untreated (R2 ¼ 0.703, P ¼ .090) or
antibiotic-treated (R2 ¼ 0.380, P ¼ .822) conditions. How-
ever, CTaIKO mice showed a marked expansion of Proteo-
bacteria, including the genus unclassified Enterobacteriaceae
(Table 2), which has been linked previously to intestinal
inflammation.27 In addition, the genus Akkermansia was
increased significantly, while anaerobic bacteria belonging to
the family Ruminococcaceae were reduced, in CTaIKO mice
compared with control mice (Table 2). Antibiotic treatment
prevented the expansion of Enterobacteriaceae and Akker-
mansia in CTaIKO mice (Table 2). Thus, CTaIKO mice have
changes to gut microbes that reflect increased intestinal
inflammation including lower richness of fecal microbiome
and increased abundance of Enterobacteriaceae.

We hypothesized that a thinner mucus layer allowed
microbes to infiltrate the intestinal epithelium of CTaIKO

mice, and that decreasing the abundance of gut microbes
with antibiotics might reduce microbial infiltration and
associated inflammation. The master inflammatory cyto-
kines interleukin (IL)1b, IL1a, and interferon-g (P ¼ .06)
were higher in the colons of untreated CTaIKO mice
compared with control mice, and antibiotics partially
ameliorated their induction (Table 3). Furthermore, the
proinflammatory factors granulocyte-macrophage colony-
stimulating factor (GM-CSF) and leukemia inhibitory factor
(LIF) were strongly induced, while monocyte



Figure 3. Dietary PC supplementation does not rescue body weight loss or colitis development in CTaIKO mice. (A) Body
weight change relative to body weight at the end of tamoxifen treatment in control mice and CTaIKO mice treated either with or
without supplementary PC in the diet (n¼ 6–7/group). (B) Representative H&E-stained distal colon sections in control mice and
CTaIKO mice treated either with or without supplementary PC in the diet. (C) Pathology scores for control mice and CTaIKO

mice treated either with or without supplementary PC in the diet (n ¼ 4–5/group). (D) Goblet cell depletion score in control mice
and CTaIKO mice treated either with or without supplementary PC in the diet (n ¼ 4–5/group). (A) *Statistical significance in
body weight on day 4 after the end of tamoxifen treatment based on 2-way analysis of variance followed by the Tukey post hoc
test. (C) Columns that do not share a letter (a, b, or c) are significantly different (a ¼ .05). Values are means ± SEM. *P < .05, **P
< .01,***P < .001, and ****P < .0001.
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chemoattractant protein-1 (MCP-1) and TNF-a also tended
to be higher, in the colons of CTaIKO mice compared with
control mice (Table 3). Antibiotic treatment partially
blunted LIF induction, did not influence the induction of
GM-CSF or TNF-a (Table 3), and further stimulated the
secretion of MCP-1 in CTaIKO mice. Colonic concentrations
of IL10, and a panel of other cytokines and chemokines,
were not different between groups (Table 3). Therefore,
changes to colonic PC concentrations induce the secretion of
a specific array of inflammatory factors, and antibiotics can
dampen the induction of some, but not all, of these factors.
Notably, antibiotic treatment did not improve the loss of
goblet cells (Figure 7E) or histopathologic colitis scores in
CTaIKO mice (Figure 7F), suggesting that although luminal
bacteria can exacerbate inflammation in CTaIKO mice,
nonbacterial inflammatory stimuli (eg, inflammatory
signaling cascades initiated within the IECs as a result of
perturbations to membrane phospholipid composition) are
likely the primary drivers of inflammation in these mice.
PC Depletion in IECs Leads to ER Stress and
Unfolded Protein Response Activation

Electron microscopy showed that the ER in colonic IECs
of CTaIKO mice appeared dilated and distended (Figure 8A).
The unfolded protein response (UPR) can be activated
independently of unfolded proteins in the ER by perturba-
tions to membrane lipid composition resulting in lipid
bilayer stress.28–31 Accordingly, both mRNA (Figure 8B) and
protein levels (Figure 8C and D) of spliced X-box binding
protein 1 (XBP1), the major downstream target of the UPR
initiator inositol-requiring enzyme 1-a (IRE1a), were higher
in the colons of CTaIKO mice compared with control mice.
Furthermore, protein levels of the ER stress sensors protein
kinase R-like ER kinase (PERK) and activating transcription
factor 6 (ATF6) were increased significantly in the colons of
CTaIKO mice (Figure 8C and D). The mRNA levels the
downstream UPR targets Ddit3, Atf4, Atf5, and Eif4ebp1 also
were robustly higher in the colons of CTaIKO mice
(Figure 8B and E), while Hspa5 levels were higher in some,
but not all, experiments (Figure 8B and I). Furthermore,
colonic epithelial cells of CTaIKO mice had higher P62 pro-
tein levels than those of control mice (Figure 8F and G) and
contained numerous autophagic vesicles (Figure 8H), as has
been reported previously during pathologic UPR activa-
tion.32 Thus, perturbations to membrane phospholipid
composition results in ER stress and activation of the UPR in
IECs of CTaIKO mice.

We next treated mice with 4-phenyl butyrate (PBA), a
chemical chaperone that alleviates ER stress driven by
misfolded protein accumulation33 but that fails to alleviate
ER stress arising from perturbations to membrane lipid



Figure 4. Acute inflammation extends to all parts of the colon and cecum in CTaIKO mice but disease severity improves
by 7 weeks after Cre induction. (A) Representative H&E-stained colon Swiss rolls from control mice and CTaIKO mice 4 days
after the end of tamoxifen treatment. (B) Representative H&E-stained cecum sections from control mice and CTaIKO mice 4
days after the end of tamoxifen treatment. (C) Pathology scores in proximal colon Swiss roll sections, distal colon Swiss roll
sections, and cecum sections of control mice and CTaIKO mice 4 days after the end of tamoxifen treatment (n ¼ 4/group). (D)
Pathology scores of control mice and CTaIKO mice 7 days after the end of tamoxifen treatment (n ¼ 6–7/group). Representative
H&E-stained colon sections from control mice and CTaIKO mice 7 weeks after the end of tamoxifen treatment. (E) The mRNA
abundance of Muc2, Tff3, Ddit3, Atf4, Atf5, and Eif4ebp1 in the colons of control mice and CTaIKO mice 7 weeks after the end
of tamoxifen treatment (n ¼ 8–10/group). Values are means ± SEM. **P < .01, ***P < .001, and ****P < .0001. P., propria; rel.,
relative.
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composition.29,34 PBA failed to improve total pathology
scores (Figure 8I), goblet cell depletion (Figure 8J), or the
colonic ER stress markers spliced X-box binding protein 1
(sXBP1), Ddit3, or Hspa5 (Figure 8K) in CTaIKO. PBA also
further increased the levels of GM-CSF, decreased IL10 and
IL12 (p40) concentrations, and did not affect colonic TNF-a
or LIF in CTaIKO mice compared with control mice (Table 4).
However, colonic IL1b concentrations, which were 10-fold
higher in untreated CTaIKO mice compared with control
mice, were normalized with PBA treatment (Table 4).
Furthermore, MCP-1 concentrations, which were increased
in CTaIKO mice compared with controls, were equalized
between groups after PBA treatment (Table 4). Surprisingly,
PBA treatment completely prevented the increase in colon
weight observed in untreated CTaIKO mice (Figure 8L).
Together, these data show that PBA is largely ineffective at
improving colitis pathology in CTaIKO mice, which is
consistent with a primary role for lipid bilayer stress, as
opposed to protein misfolding, in the initiation of ER stress
in CTaIKO mice. However, impaired protein folding, likely
occurring secondary to changes in ER function, appears to
exacerbate inflammation after perturbation to IEC phos-
pholipid composition because PBA treatment blunted the
induction of IL1b and MCP-1 in the colons of CTaIKO mice.
ER Stress Induced by Altered Membrane Lipid
Composition Drives IEC Necroptosis

Terminal deoxynucleotidyl transferase–mediated deox-
yuridine triphosphate nick-end labeling (TUNEL) staining,
which detects DNA fragmentation caused by apoptosis,
necroptosis, or pyroptosis, was more intense in the colons
of CTaIKO mice compared with control mice (Figure 9A–C).
TUNEL staining was especially prominent in colonic
crypts, which typically are filled with goblet cells
(Figure 9C). Pyroptotic cell death induced after microbial
invasion of IECs likely contributes to TUNEL-positive
staining in the colons of CTaIKO mice (Figure 6D). How-
ever, because makers of pyroptosis were increased only
modestly in CTaIKO mice, we investigated whether other



Figure 5. Loss of mucus granules and ultrastructural damage to theca in goblet cells of CTaIKO mice. (A) Representative
Alcian blue/periodic acid–Schiff staining in colons from control mice and CTaIKO mice. (B) Representative transmission
electron micrographs of goblet cell theca in the colons of control mice and CTaIKO mice. (C) Pathology score for goblet cell
depletion in the colons of control mice and CTaIKO mice (n ¼ 10–11/group). (D) The mRNA abundance of Muc2, Tff3, and Agr2
in the colons of control mice and CTaIKO mice (n ¼ 10/group). (E) The mRNA abundance of enteroendocrine cell markers in the
colons of control mice and CTaIKO mice (n ¼ 5/group). (F) The mRNA abundance goblet cell maturation factors in the colons of
control mice and CTaIKO mice (n ¼ 5/group). Values are means ± SEM. *P < .05, **P < .01, and ***P < .001, ****P < .0001.
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forms of cell death were involved in the loss of goblet
cells before microbial invasion of the epithelium. Surpris-
ingly, protein levels of both cleaved caspase-3 and cleaved
caspase-8, critical mediators of apoptosis, tended to be
lower in the colons of most CTaIKO mice compared with
controls (Figure 9D–G). Furthermore, mRNA levels of the
anti-apoptotic (prosurvival) factors Birc5 (encodes
Figure 6. Impaired mucus layer integrity and increased inte
synthesis in IECs. (A) Representative light microscope images
mice after Carnoy’s fixation and Alcian blue/periodic acid–Sc
colonic microvilli (asterisk) in control mice and CTaIKO mice. (C
mice 2 hours after an oral gavage of FITC-labeled dextran (n ¼
Gsdmd, and Zbp1 in the colons of control mice and CTaIKO mice
< .001.
survivin) and Ccnd1 (encodes cyclin D1) were higher in
the colons of CTaIKO mice compared with controls
(Figure 9H). These data suggest that apoptosis is not a
major contributor to TUNEL-positive staining in the colons
of CTaIKO mice.

Necroptosis, a form of programmed cell death that
shares the subcellular characteristics of necrosis, is
stinal permeability in response to impaired de novo PC
of the colonic mucus layer (arrow) in control mice and CTaIKO

hiff staining. (B) Representative electron micrographs of the
) Relative fluorescence in plasma of control mice and CTaIKO

5/group). (D) The mRNA abundance of Cldn2, Cldn4, Casp4,
(n ¼ 10–12/group). Values are means ± SEM. **P < .01, ****P



Figure 7. Loss of intestinal CTa changes the microbiome but depletion of gut microbes with antibiotics does not
prevent colitis development in CTaIKO mice. (A) Copy number of 16S rRNA in feces of control mice and CTaIKO mice treated
with and without antibiotics (n ¼ 3–5/group). (B) Chao1 and (C) Shannon indexes of gut microbiota from control mice and
CTaIKO mice treated with and without antibiotics (control, n ¼ 14; CTaIKO, n ¼ 11; control þ antibiotics, n ¼ 5; CTaIKO þ
antibiotics, n ¼ 5). (D) Principle component analysis plots of the bacterial communities based on the Bray–Curtis distance
matrix. Each point represents an individual mouse (control, n ¼ 14; CTaIKO, n ¼ 11; control þ antibiotics, n ¼ 5; CTaIKO þ
antibiotics, n ¼ 5). (E) Pathology score for goblet cell depletion in the colons of control mice and CTaIKO mice treated with and
without antibiotics (n ¼ 4–5/group). (F) Pathology scores of control mice and CTaIKO mice treated with and without antibiotics
(n ¼ 4–5/group). Columns that do not share a letter (a, b, or c) are significantly different (a ¼ .05).
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regulated negatively by caspases, and is initiated by RIP3
(encoded by Ripk3), has been implicated recently in human
IBD.35,36 Hallmarks of necroptosis were immediately
evident in IECs of CTaIKO mice by electron microscopy
(Figure 9I), including swollen mitochondria and ER, dis-
rupted plasma membranes, and many cytoplasmic vacuoles.
The lack of chromatin condensation in the nuclei of cells
with swollen mitochondria further suggested that the cells
were necroptotic as opposed to apoptotic.37 Importantly,
the mRNA and protein levels of the major mediator of
necroptosis, RIP3, were strongly induced in the colons of
CTaIKO mice compared with control mice (Figure 9J–L).
Swollen mitochondria and cytoplasmic vacuoles were
prominent in cells containing damaged mucus granules
(Figures 9I). Together, these data show that phospholipid
imbalance in IECs induces an ER stress response that
promotes IEC death by necroptosis, loss of barrier
function, microbial infiltration, and spontaneous colitis
in mice.
Discussion
The present study shows that disturbances to mem-

brane phospholipid composition in IECs leads to an ER
stress response that drives spontaneous colitis in mice.
The spontaneous nature of colitis development in CTaIKO

mice (ie, in the absence of aggravating factors such as
dextran sodium sulfate) points to a particularly important
role for membrane PC content in maintaining gut barrier
function. CTaIKO mice experience severe colonic ER stress
that results in IEC necroptosis, a form of cell death that
recently was implicated in human IBD.35,36,38,39 IEC death
is linked to goblet cell depletion, crypt abscess formation,
increased intestinal permeability, microbial invasion of the
intestinal epithelium, immune cell infiltration, and
augmented inflammatory cytokine secretion in CTaIKO

mice. Thus, phospholipid disequilibrium in murine IECs
leads to a form of colitis that closely resembles that seen
in human beings.2 An important role for PC in maintaining
goblet cell function correlates with human clinical obser-
vations because UC patients typically have low colonic
PC concentrations with goblet cell mucus granule
depletion.3–5

Impaired ER homeostasis can arise for many reasons
including viral infections, drug toxicity, impaired calcium or
redox balance, and lipid accumulation or depletion.10,40

Eukaryotes have evolved the UPR to relay information
regarding stressful conditions in the ER to the nucleus,
where adaptive changes to cellular gene expression or cell
fate decisions occur.40 Accumulation of unfolded or mis-
folded proteins in the lumen of the ER is a well-
characterized activator of the UPR, as its name suggests.40

In the colon, accumulation of misfolded MUC2 promotes
ER stress and UC-like inflammation in mice.19 Furthermore,
slowing the accumulation of misfolded proteins with the
chemical chaperones PBA or tauroursodeoxycholic acid re-
duces colitis severity in several genetically modified mouse
models.33 In addition to misfolded protein accumulation, the
UPR can be activated directly by perturbations to mem-
brane lipid composition, resulting in lipid bilayer
stress.28–31 Our experiments show that perturbations to IEC
phospholipid composition lead to ultrastructural changes to



Table 2.Relative Abundance of Predominant Fecal Bacterial Phyla and Genera Under Untreated or Antibiotic-Treated
Conditions

Control CTaIKO
Control þ
antibiotics

CTaIKO þ
antibiotics SEM P value FDR_P value

Phylum
p__Actinobacteria 0.44 0.43 0.24 0.44 0.05 .385 .405
p__Bacteroidetes 41.12a,b 43.53a 14.98c 33.20b,c 2.14 .001 .001
p__Firmicutes 33.06b 11.42c 64.92a 43.43a,b 3.43 <.001 <.001
p__Proteobacteria 11.18a 16.79a 10.25a 7.74b 0.98 .003 .003
p__Verrucomicrobia 13.05b 26.35a 0.46c 0.06c 2.03 <.001 <.001
p__Tenericutes 0.17c 0.24b,c 1.54a 0.66a,b 0.15 .002 .003
p__Deferribacteres 0.48b 0.93a 0.04c 0.04c 0.13 <.001 <.001
p__TM7 0.21a 0.04b 0.08a,b 0.20a,b 0.03 .021 .025
p__Spirochaetes 0.02b 0.01c 3.43a 8.59a 0.57 <.001 <.001
p__Lentisphaerae NDb NDb 0.42a 1.00a 0.12 .008 .012

Actinobacteria
g__Bifidobacterium 0.33a 0.22a NDb 0.01b 0.05 <.001 <.001
f_Coriobacteriaceae;g_ 0.01b 0.10a,b 0.06a,b 0.17a 0.02 .010 .017
g__Adlercreutzia 0.10a 0.10a NDb NDb 0.01 <.001 <.001
g__Collinsella NDb NDb 0.16a 0.22a 0.02 <.001 <.001

Bacteroidetes
o__Bacteroidales;f__;g__ 5.74 4.17 2.97 6.84 0.48 .086 .120
g__Bacteroides 4.59b 14.06a 0.24c 0.16c 1.25 <.001 <.001
g__Parabacteroides 4.71a 8.21a 1.36b 3.46a,b 0.82 .002 .004
g__Prevotella 0.08b 0.03c 5.72a 11.93a 0.83 <.001 <.001
g__[Prevotella] 1.41 2.48 1.63 3.60 0.37 .202 .220
f__Rikenellaceae;g__ 7.21a 7.00a 0.05b 0.01b 0.65 <.001 <.001
g_AF12 0.33a 0.19a NDb NDb 0.04 <.001 <.001
f_S24-7;g_ 10.60a 3.71b 1.16b 3.58b 0.77 <.001 <.001
g__Odoribacter 6.44a 3.67a 0.01b NDb 0.57 <.001 <.001

Firmicutes
f__Bacillaceae;g__ 0.01 0.03 0.04 ND 0.01 .093 .128
g__Enterococcus 0.01b 0.06a,b 0.35a 0.59a 0.04 <.001 <.001
g__Lactobacillus 1.50b 1.43b 1.76a,b 3.90a 0.23 .015 .023
g__Lactococcus 1.12 0.16 45.62 3.92 3.62 .054 .078
g__Turicibacter 0.26a 0.01b 0.03b 0.04b 0.03 <.001 <.001
o__Clostridiales;f__;g__ 13.36a 3.67b 3.53b 7.05a,b 1.05 <.001 .001
f__Christensenellaceae;g__ 0.01b 0.01b 1.02a 2.50a 0.17 <.001 <.001
f__Clostridiaceae;g__ 0.02b 0.14a,b 0.25a 0.55a 0.04 .003 .006
g__Clostridium 0.03b 0.02b 0.04a,b 0.10a 0.01 .015 .024
g__Dehalobacterium 0.33a 0.08a NDb 0.02a,b 0.03 <.001 <.001
f__Lachnospiraceae;g__ 1.80a 0.64b 0.84a,b 1.66a 0.13 <.001 .001
g__Coprococcus 0.69a 0.12b 0.40a,b 0.63a 0.06 <.001 .001
g__Dorea 0.21a 0.03b 0.21a,b 0.40a 0.03 <.001 <.001
g__[Ruminococcus] 0.89a 0.20b NDc NDc 0.08 <.001 <.001
f__Peptococcaceae;g__ 0.07a 0.02a,b NDb 0.01b 0.01 <.001 <.001
f__Ruminococcaceae;Other 1.21a 0.53b 0.01c 0.01c 0.10 <.001 <.001
f__Ruminococcaceae;g__ 4.28b 1.28c 5.23a,b,c 11.17a 0.67 <.001 .001
g__Oscillospira 5.31a 1.23b 0.56b 1.41b 0.40 <.001 <.001
g__Ruminococcus 0.94a 0.40b 0.36b 0.63a,b 0.06 <.001 .001
g__Megasphaera NDb 0.01b 0.31a 0.78a 0.05 <.001 <.001
g__Anaerovorax 0.04a 0.04a NDb NDb 0.00 <.001 <.001
f__Erysipelotrichaceae;g__ 0.17 0.06 0.04 0.21 0.03 .124 .141
g__Allobaculum 0.70a 1.13a 0.01b NDb 0.14 <.001 <.001
g__[Eubacterium] NDb 0.01b 0.15a 0.15a 0.02 <.001 <.001

Proteobacteria
o__RF32;f__;g__ 0.59a,b 2.83a 0.28b 0.59a,b 0.53 .013 .020
g__Sutterella 0.02b 3.25a 3.40a 0.20a,b 0.37 <.001 <.001
f__Desulfovibrionaceae;g__ 8.46a 0.65a,b 0.19b NDb 0.78 <.001 <.001
g__Desulfovibrio 0.10 0.09 0.05 0.17 0.01 .069 .098
g__Campylobacter 0.01b NDb 1.50a 3.22a 0.22 <.001 <.001
g__Flexispira 1.04 1.55 0.18 0.23 0.40 .634 .649
g__Helicobacter 0.38a 0.05b 0.23a 0.25a 0.04 .001 .001
f__Enterobacteriaceae;g__ 0.16c 6.88a 2.75b 0.64b 0.76 .001 .003

Verrucomicrobia
g__Akkermansia 13.05b 26.35a 0.42c 0.02c 2.03 <.001 <.001

Tenericutes
f__Mycoplasmataceae;g__ 0.03a,b 0.02a,b 1.31a NDb 0.14 .012 .020
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Table 2.Continued

Control CTaIKO
Control þ
antibiotics

CTaIKO þ
antibiotics SEM P value FDR_P value

Deferribacteres
g__Mucispirillum 0.48b 0.93a 0.04c 0.04c 0.13 <.001 <.001

TM7
f__F16;g__ 0.21a 0.08b 0.08a,b 0.20a 0.03 .021 .032

Spirochaetes
g__Treponema 0.01b,c 0.01c 2.76a,b 7.28a 0.48 <.001 <.001

Lentisphaerae
f__Victivallaceae;g__ NDb NDb 0.10a 0.39a 0.03 <.001 <.001
f__R4-45B;g__ NDb NDb 0.32a 0.61a 0.05 <.001 <.001

NOTE. The relative abundance data (%) are presented as means ± pooled SEM. The nonparametric Kruskall–Wallis test with
the Dwass, Steel, Critchlow–Fligner multiple comparisons post hoc procedure was used to compare the differences between
treatment groups. The P value and FDR-adjusted P values are shown. Control, n ¼ 14; CTaIKO, n ¼ 11; control þ antibiotics,
n ¼ 5; CTaIKO þ antibiotics, n ¼ 5. a ¼ 0.05.
FDR, false discovery rate; ND, not detected.
a,b,cMeans that do not share a common letter are significantly different.

1010 Kennelly et al Cellular and Molecular Gastroenterology and Hepatology Vol. 11, No. 4
the ER; activation of PERK, ATF6, and IRE1a; and colitis
development. These data highlight the physiological conse-
quences of lipid bilayer stress in the colon. The ER stress
sensors IRE1a and PERK sense unfolded proteins with their
luminal domains, but sense perturbations to membrane
Table 3.Colonic Cytokines and Chemokines in Control Mice an

Protein
name

Control, pg/mg
protein

CTaIKO, pg/mg
protein

Contr
antibio

pg/mg

IL1b 3.00 ± 1.45a 24.49 ± 6.32b 5.87 ±

IL1a 12.53 ± 4.09a 32.98 ± 4.64b 10.52 ±

IFNg 0.88 ± 0.06 2.86 ± 0.88 1.31 ±

GM-CSF 1.02 ± 0.1a 2.23 ± 0.26b 1.02 ±

LIF 1.14 ± 0.33a 20.69 ± 7.69b 1.38 ±

MCP-1 4.68 ± 1.71a 10.23 ± 1.72a,b 5.18 ±

TNF-a 0.35 ± 0.09a 0.78 ± 0.17a,b 0.35 ±

IL10 3.82 ± 1.42 6.04 ± 1.07 5.27 ±

IL2 2.26 ± 0.69a 0.78 ± 0.21a,b 0.44 ±

IL3 0.46 ± 0.23 0.66 ± 0.21 0.68 ±

IL5 0.29 ± 0.12 0.38 ± 0.07 0.22 ±

IL6 1.37 ± 0.54 1.88 ± 0.54 1.48 ±

IL9 16.03 ± 8.58 3.23 ± 2.88 0.50 ±

IL12 (p40) 6.40 ± 1.18 6.81 ± 2.23 7.12 ±

IL12 (p70) 2.41 ± 1.29 5.19 ± 1.42 4.08 ±

MIP-1a 7.00 ± 2.81 12.29 ± 2.04 8.07 ±

MIP-2 32.40 ± 4.48 50.31 ± 5.72 38.48 ±

RANTES 1.60 ± 0.77 1.24 ± 0.43 0.93 ±

G-CSF 0.85 ± 0.09 1.29 ± 0.22 0.96 ±

M-CSF 1.63 ± 0.72 5.78 ± 3.02 1.08 ±

Eotaxin 4.47 ± 2.62 3.94 ± 3.47 1.25 ±

NOTE. Data are means ± SEM. A 2-way analysis of variance with
the limit of detection were assigned a value of half the limit of d
G-CSF, granulocyte colony stimulating factor; IFN, interferon;
phage inflammatory protein; RANTES, Regulated upon Activati
a,bColumns that do not share a letter are significantly different
lipid composition by an alternative mechanism involving
their transmembrane domains.28,29 Furthermore, the UPR
activator ATF6 responds to proteotoxic and lipotoxic stress
by distinct mechanisms.34 Importantly, PBA is largely inef-
fective at resolving the form of ER stress that arises due to
d CTaIKO With and Without Antibiotics

ol þ
tics,

protein

CTaIKO þ
antibiotics,

pg/mg protein
P

genotype
P

treatment
P

interaction

1.42a 13.27 ± 1.72a,b .0002 .18 .03

3.53a 23.41 ± 4.48a,b .001 .19 .38

0.36 2.27 ± 0.49 .009 .87 .32

0.1a 4.64 ± 0.44b <.0001 .001 .001

0.42a 8.44 ± 1.25a,b .001 .08 .07

1.19a 15.6 ± 2.32b .0005 .12 .2

0.06a 0.96 ± 0.13b .0004 .39 .53

1.4 7.15 ± 0.94 .12 .32 .89

0.21b 0.29 ± 0.11b .06 .01 .12

0.16 0.83 ± 0.12 .53 .46 .8

0.07 1.42 ± 0.88 .19 .32 .26

0.4 2.29 ± 0.29 .16 .57 .74

0.13 0.30 ± 0.1 .19 .07 .2

1.16 12.00 ± 2.94 .21 .16 .29

0.79 6.99 ± 2.15 .08 .27 .97

1.44 12.95 ± 1.85 .03 .69 .92

3.14 63.55 ± 16.13 .04 .32 .71

0.27 0.65 ± 0.10 .51 .2 .94

0.07 1.97 ± 0.52 .03 .2 .35

0.26 3.03 ± 1.11 .051 .27 .46

0.79 2.10 ± 0.82 .94 .24 .75

the Tukey post-test was used. Samples that were lower than
etection (the lowest point obtained from the standard curve).
M-CSF, macrophage colony-stimulating factor; MIP, macro-
on, Normal T Cell Expressed and Presumably Secreted.
(a ¼ .05).



Figure 8. Phosphatidylcholine depletion in IECs leads to ER stress and UPR activation. (A) Representative electron mi-
crographs of the ER in colonic epithelial cells of control mice and CTaIKO mice. Arrow indicates ER. (B) The mRNA abundance
of sXBP1, Ddit3, and Hspa5 in the colons of control mice and CTaIKO mice (n ¼ 5/group). (C) Representative Western blots and
(D) quantification of spliced XBP1, PERK, and ATF6 relative to loading controls in the colons of control mice and CTaIKO mice
(n ¼ 4–8/group). (E) The mRNA abundance of Atf4, Atf5, and Eif4ebp1 in the colons of control mice and CTaIKO mice (n ¼ 5/
group). (F) Representative Western blot and (G) quantification of P62 relative to tubulin in the colons of control mice and CTaIKO

mice (n ¼ 8/group). (H) Representative electron micrographs of autophagic vesicles in colonic epithelial cells of control mice
and CTaIKO mice. Arrow indicates autophagosome. (I) Pathology scores for control mice and CTaIKO mice treated with and
without PBA (n ¼ 3–5/group). (J) Goblet cell depletion scores for control mice and CTaIKO mice treated with and without PBA
(n ¼ 3–5/group). (K) The mRNA abundance of sXBP1, Ddit3, and Hspa5 in the colons of control mice and CTaIKO mice treated
with and without PBA (n ¼ 3–5/group). (L) Colon weight of control mice and CTaIKO mice treated with and without PBA (n ¼
3–5/group). Values are means ± SEM. (I–L) Columns that do not share a letter (a or b) are significantly different (a ¼ .05). *P <
.05, ***P < .001, and ****P < .0001. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; sXBP1, spliced XBP1.
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Table 4.Colonic Cytokines and Chemokines in Control Mice and CTaIKO With and Without PBA

Protein
Control, pg/mg

protein
CTaIKO, pg/mg

protein
Control þ PBA, pg/mg

protein
CTaIKO þ PBA, pg/mg

protein
P

genotype
P

treatment
P

interaction

IL1b 6.94 ± 2.93a 48.86 ± 15.41b 9.16 ± 4.35a 8.32 ± 2.92a .03 .4 .2

MCP-1 2.13 ± 1.28a 12.02 ± 2.4b 6.57 ± 3.24a 6.88 ± 2.3a .04 .88 .05

GM-
CSF

0.58 ± 0.0a 2.53 ± 0.75a 0.87 ± 0.29a 5.13 ± 0.6b <.0001 .01 .04

IL10 2.86 ± 0.97a,b 6.26 ± 1.37a 6.74 ± 0.44a 2.21 ± 0.41b .57 .93 .002

IL12
(p40)

5.33 ± 2.28a,b 8.31 ± 2.80a,b 12.50 ± 0.78a 1.38 ± 0.45b .07 .95 .006

TNF-a 0.28 ± 0.13a 1.75 ± 0.49b 0.45 ± 0.17a 1.86 ± 0.25b .0004 .63 .91

LIF 0.71 ± 0.3a 7.45 ± 1.65b 0.58 ± 0.12a 5.27 ± 0.53b <.0001 .23 .28

IL12
(p70)

0.64 ± 0.48 4.17 ± 2.19 6.41 ± 3.18 0.1 ± 0.02 .41 .61 .01

IL6 0.85 ± 0.41 2.18 ± 0.70 2.76 ± 1.12 1.18 ± 0.33 .84 .47 .04

IL2 2.88 ± 0.66 2.11 ± 0.66 1.52 ± 0.68 4.21 ± 0.64 .18 .59 .03

IL3 0.24 ± 0.15 0.53 ± 0.19 0.73 ± 0.31 0.09 ± 0.01 .34 .88 .02

M-CSF 0.43 ± 0.22 1.36 ± 0.33 0.94 ± 0.38 0.52 ± 0.02 .35 .54 .03

MIP-1a 2.99 ± 0.75 4.07 ± 0.92 2.44 ± 1.01 5.36 ± 0.42 .03 .65 .27

Eotaxin 5.07 ± 2.51 22.15 ± 10.87 0.61 ± 0.26 19.3 ± 3.73 .01 .56 .9

IFNg 0.41 ± 0.08 0.96 ± 0.19 0.77 ± 0.37 0.62 ± 0.10 .29 .98 .07

G-CSF 1.23 ± 0.33 1.91 ± 0.43 1.07 ± 0.25 1.50 ± 0.23 .13 .42 .72

IL1a 20.14 ± 1.90 26.57 ± 2.89 22.04 ± 7.77 25.99 ± 5.38 .26 .88 .78

IL5 0.38 ± 0.12 0.20 ± 0.09 0.08 ± 0.05 0.28 ± 0.10 .92 .32 .08

IL9 16.91 ± 4.77 8.00 ± 2.83 11.62 ± 9.76 18.17 ± 6.27 .84 .68 .21

MIP-2 28.70 ± 8.55 59.90 ± 11.34 42.53 ± 3.31 41.02 ± 1.86 .15 .98 .11

RANTES 1.57 ± 0.87 2.73 ± 0.92 1.22 ± 0.21 2.26 ± 0.53 .18 .65 .99

NOTE. Data are means ± SEM. A 2-way analysis of variance with the Tukey post-test was used. Samples that were lower than
the limit of detection were assigned a value of half the limit of detection (the lowest point obtained from the standard curve).
G-CSF, granulocyte colony stimulating factor; IFN, interferon; M-CSF, macrophage colony-stimulating factor; MIP, macro-
phage inflammatory protein; RANTES, Regulated upon Activation, Normal T Cell Expressed and Presumably Secreted.
a,bColumns that do not share a letter are significantly different (a ¼ .05).
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perturbations to membrane lipid composition.29,34 PBA did
not improve colitis scores or rescue goblet cell depletion in
CTaIKO mice, consistent with a primary role for lipid bilayer
stress in colitis development after IEC PC depletion. How-
ever, the accumulation of misfolded proteins secondary to
changes in ER structure might exacerbate inflammation in
CTaIKO mice because PBA ameliorated the induction of a
subset of proinflammatory cytokines including IL1b. PBA
treatment also prevented the increase in colon mass
observed in CTaIKO mice, an effect that might be linked to its
decreasing of colonic levels of the prosurvival chemokine
MCP-1.41 Antihypertrophic effects of PBA have been re-
ported previously in pressure overload–induced myocardial
hypertrophy.42

Consistent with our results highlighting the importance
of maintaining membrane lipid equilibrium in IECs,
pancreatic b cells loaded with saturated fatty acids,43

macrophages loaded with cholesterol,44 and the livers of
mice fed a high-fat diet45 have high levels of ER stress.
Lipids that increase membrane saturation (ie, reduce
membrane fluidity), in particular, have been shown to
promote UPR activation.28,43,46,47 For example, loading
cells with palmitate increases the content of saturated
fatty acid–containing phospholipids in cellular membranes
before induction of ER stress response pathways and cell
death.48 Similarly, CTaIKO mice have a lower ratio of PC/
PE in IEC membranes (a change predicted to increase
membrane saturation) relative to control mice, which is
linked to a strong induction of the UPR and cell death.
Overexpression of spliced XBP1 in fibroblasts increases
CTa activity and PC synthesis, linking XBP1 to PC syn-
thesis for membrane expansion during ER stress.11 In
CTaIKO mice, impaired PC synthesis triggers XBP1 splicing,
but CTa deficiency in these mice does not allow subse-
quent membrane expansion. The uncontrolled inflamma-
tion that develops in CTaIKO mice highlights the
importance of PC synthesis for the prevention and reso-
lution of colonic ER stress. Although immune cell–derived
cytokines likely exacerbate ER stress in CTaIKO mice,49 the
use of a villin promotor traces colonic pathology in CTaIKO

mice to IECs. Furthermore, although our data show that
dietary phospholipid treatment might not be a viable way
to improve colitis in CTaIKO mice, likely owing to phos-
pholipid absorption in the proximal small intestine, future
studies should examine the effects of local phospholipid
delivery on ER stress and associated inflammation in UC.



Figure 9. ER stress induced by altered membrane lipid composition drives IEC necroptosis in CTaIKO mice. (A–C)
Representative TUNEL staining in the colons of control mice and CTaIKO mice. (D) Representative Western blot of cleaved
caspase-3 and (E) quantification of cleaved caspase-3 relative to b-actin in the colons of control mice and CTaIKO mice (n ¼ 4/
group). (F) Representative Western blot of cleaved caspase-8 and (G) quantification of cleaved caspase-8 relative to tubulin in
the colons of control mice and CTaIKO mice (n ¼ 8/group). (H) The mRNA abundance of Birc5 and Ccnd1 in the colons of
control mice and CTaIKO mice (n ¼ 5/group). (I) Representative electron micrographs of necroptotic features in colonocytes
and goblet cells of CTaIKO mice compared with control mice. Note swollen mitochondria (M), ruptured plasma membrane (PM),
and nuclei (N) without chromatin condensation. (J) Representative Western blot of RIP3 and (K) quantification of RIP3 in the
colons of control mice and CTaIKO mice (n ¼ 4/group). (L) The mRNA abundance of Ripk1 and Ripk3 in the colons of control
mice and CTaIKO mice (n ¼ 5/group). Values are means ± SEM. *P < .05, **P < .01, ***P < .001, and ****P < .0001. MG, _____.
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We found using H&E staining, Alcian Blue staining,
electron microscopy, quantitative polymerase chain reaction
(PCR) of goblet cell markers, and assessment of the mucus
layer that CTaIKO mice lose goblet cells from the colonic
epithelium by 4 days after Cre induction. A primary reason
for this loss of goblet cells appears to be induction of IEC
necroptosis, as indicated by TUNEL-positive staining local-
ized to colonic crypts, electron micrographs of necroptotic
goblet cells, and the induction of RIP3 without induction of
cleaved caspase-3 in colonic epithelial cells of CTaIKO mice.
Pyroptosis also might contribute to IEC death after break-
down of the mucosal barrier and microbial infiltration of the
epithelium17,21–24 because mRNA levels of Casp4 and Gsdmd
were increased modestly in the colons CTaIKO mice. It
traditionally has been reported that unresolved ER stress
leads to cell death by activation of the intrinsic mitochon-
drial apoptotic pathway.40 However, it increasingly is
appreciated that severe ER stress also can induce nec-
roptosis.50,51 Importantly, necroptosis is active in human
IBD.35,36,38,39 It should be noted that goblet cells are not the
only IEC type to undergo necroptosis in the colons of CTaIKO

mice because electron microscopy also showed necroptotic
features in IECs without mucus granules. However, loss of
goblet cells is predicted to be particularly detrimental to
mucosal barrier function owing to their role in mucus pro-
duction and secretion of various protective factors including
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trefoil factor 3 (TFF3).52 Electron microscopy of goblet cells
that remained in the colons of CTaIKO mice showed that the
integrity of mucus-containing theca appeared compromised,
with loss of mucus granule structure and infiltration of
cellular debris and vacuoles. Reasons for subcellular dam-
age to goblet cell theca in CTaIKO mice might include
impaired intracellular membrane integrity or swelling of
organelles upon initiation of necroptosis. It is conceivable
that impairments to ER function might be especially detri-
mental to goblet cells because they must continuously
produce, fold, and secrete massive quantities of the MUC2
glycoprotein, as has been suggested previously.30 Further-
more, CTaIKO mice appear unable to replace mature goblet
cells owing to transcriptional repression of the goblet cell
maturation factors Gfi1, Klf4, and Spdef. An inability to
produce mature IECs is a feature of colitis-associated can-
cer53 that, when also considering the 50% increase in colon
mass within 7 days of Cre induction, might be owing to high
mucosal concentrations of the prosurvival factors LIF and
MCP-1 in CTaIKO mice.41,54

Given that UC onset typically occurs in young adult-
hood, the use of a tamoxifen-inducible Cre-recombinase
system allowing us to delete CTa in young adult mice was
an advantage in these experiments. CTaIKO mice rapidly
lose weight upon Cre induction before beginning to regain
body weight on day 5 and arriving at a similar body weight
to controls by day 7, although pathology scoring showed
that severe colitis remained in CTaIKO mice on day 7. The
colonic epithelium of CTaIKO mice, however, was substan-
tially less damaged at 7 weeks after Cre induction when
compared 4 days or 7 days after Cre induction. These ob-
servations suggest that epithelial cells of CTaIKO mice
activate compensatory pathways to promote mucosal
healing after the initial inflammatory response. A similar
pattern of acute and rapid weight loss followed by weight
regain and colonic restitution has been observed previ-
ously in mice infected by Citrobacter rodentium, a murine
pathogen that can subvert the colonic mucus barrier and
cause colitis.55 Although some of the epithelial repair
mechanisms induced after Citrobacter infection, such as
production of anti-inflammatory or antimicrobial fac-
tors,55,56 might apply to CTaIKO mice, a rewiring of cellular
lipid metabolism likely also is required. An example of a
cellular adaptation to limited PC supply was reported
previously with the slowing of PC catabolism in the brains
of mice fed a diet deficient in choline, the dietary precursor
of PC.57 The course of severe and debilitating colonic
inflammation followed by gradual epithelial restitution
observed in CTaIKO mice is comparable with that seen in
human IBD and will make CTaIKO mice a useful model for
studying mechanisms of epithelial repair and return to
homeostasis after bouts of colitis.

We reported in our previous article16 that the small in-
testines of CTaIKO mice look overtly normal and, unlike the
colons of CTaIKO mice, do not have obvious structural
damage. Severe colonic pathology with overtly normal small
intestinal morphology also was observed previously in
MUC2-deficient mice.1 It is conceivable that the colons of
CTaIKO mice are affected more severely by disturbances to
PC synthesis than their small intestines because there is a
constant supply of PC to the small intestine in bile, whereas
very little biliary PC reaches the colon.14,15 We also reported
previously that CTaIKO mice have small intestinal lipid
malabsorption.16 There is evidence from other murine
models that intestinal inflammation and lipid malabsorption
are linked. For example, mice lacking B cells (which secrete
IgA to restrict bacterial interaction with the epithelium)
have enhanced interferon-related immune responses in the
gut, which is linked to lipid malabsorption.58 Furthermore,
enteric infection of mice with C rodentium has been shown
to induce diarrhea and water efflux to promote pathogen
clearance.59 Impaired dietary lipid absorption also has been
described in patients with UC.60–62 Future studies will
investigate the mechanisms underlying the relationship
between intestinal inflammation and dietary lipid malab-
sorption in CTaIKO mice.

Although most CTaIKO mice experience body weight
loss upon Cre induction, a minority of mice also experi-
ence severe wasting that requires euthanasia. This
striking response to colonic PC depletion might be owing
in part to loss of blood through the injured bowel, as
indicated by low circulating levels of red blood cells,
hemoglobin, and hematocrit. However, additional in-
flammatory stimuli likely also play a role. First, nec-
roptotic cells undergo plasma membrane
permeabilization and release their cellular contents
(including cytokines such as IL1a) to amplify local
inflammation and recruit neutrophils and lymphocytes to
affected tissues.63 Furthermore, ER stress has been
shown to independently activate inflammatory signaling
pathways and proinflammatory cytokine secretion.49

Blockage of protein translation by induction of Eif4ebp1
(likely leading to lower secretion of mucus components)
also could contribute to disease pathogenesis in CTaIKO

mice. High concentrations of colonic proinflammatory
cytokines promote tight junction dysfunction, as indi-
cated by altered expression of claudins and substantially
increased gut permeability to FITC-labeled dextran in
CTaIKO mice. Increased intestinal permeability, combined
with a thin mucus layer, allows microbes to infiltrate the
epithelium, as indicated by higher circulating levels of
lipocalin 246,47 and high colonic concentrations of the
cytosolic bacterial DNA sensor ZBP1 in CTaIKO mice,
generating uncontrolled inflammation and further im-
mune cell recruitment to the colon. Consistent with a
role for microbes in exacerbating inflammation in CTaIKO

mice, microbe depletion by antibiotic treatment reduces
colonic IL1b and LIF concentrations in CTaIKO mice
without affecting goblet cell depletion, total pathology
scores, or the induction of GM-CSF or MCP-1. Therefore,
ER stress, necroptotic signals, cytokines, enhanced in-
testinal permeability, microbes, and mucus layer deple-
tion promote inflammation in CTaIKO mice.

In conclusion, the present study shows that de novo PC
synthesis is required to maintain the intestinal mucosal
barrier by protecting IECs against ER stress and subsequent
nonapoptotic cell death. CTaIKO mice will be a useful model
for studying aspects of UC pathogenesis.



Table 5.PC-Supplemented Diet and Control Diet Ingredients

Ingredients (grams) Control diet PC diet

Caseina 270 270

Corn starcha 170.65 170.65

Sucroseb 195.35 195.35

Cellulosea 80 80

AIN-93-VX vitamin mixa 19 19

Bernhart–Tomarelli mineral mixa 50 50

Calcium phosphate dibasicb 3.4 3.4

Myo-inositolb 6.3 6.3

L-cystineb 1.8 1.8

Choline bitartrateb 10.0 2.5

Crisco vegetable oilc 32 23

Mazola corn oild 10 10

Larde 155 127

DHAscof 1.5 1.5

Arascof 1.5 1.5

PC (soy lecithin)g 0 90

aHarlan Teklad (Indianapolis, IN).
bSigma.
cCrisco J.M. Smucker Company (Orrville, OH).
dMazola ACH Food Companies, Inc (Oakbrook Terrace, IL).
eTenderFlake (Chicago, IL).
fDSM Nutritional Products, Inc (Heerlen, The Netherlands).
gGeneral Nutrition Company (product number 005648;
Pittsburgh, PA).
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Materials and Methods
Mice

Mice were housed in a temperature-controlled room with
a 12-hour light–dark cycle and free access to food and water.
Generation of Pcyt1aLoxP/LoxP;villin-CreERT2 and Pcyt1aLoxP/
LoxP mice has been described previously.16 Cre was induced in
age-matched 8- to 20-week-old female Pcyt1aLoxP/LoxP;villin-
CreERT2 (CTaIKO) mice fed a chow diet (5001; Lab Diet, St.
Louis, MO) by intraperitoneal injection of tamoxifen (1 mg/
d in sunflower oil for 5 days), while tamoxifen-treated Pcy-
t1aLoxP/LoxP mice were used as controls. Twenty-four hours
after the end of tamoxifen treatment (time 0), mice were
placed on a semipurified diet (40% fat, 20% protein, 40%
carbohydrate16) for either 4 days, 7 days, or 7 weeks until
termination, as indicated. Colon sections, colon Swiss rolls, or
cecum sections were fixed in 10% neutral-buffered formalin
for histology. Colonic epithelial cells and the overlying mucus
layer were collected as previously described.64 Briefly, colons
were flushed with a solution containing 0.154 mol/L NaCl and
1 mmol/L dithiothreitol to remove contents. Colons were next
ligated, filled with phosphate-buffered saline, and incubated at
37�C for 15 minutes. The phosphate-buffered saline then was
replaced with phosphate-buffered saline containing 1.5
mmol/L ethylenediaminetetraacetic acid and 0.5 mmol/L
dithiothreitol before being incubated for a further 30 minutes
at 37�C. After 30 minutes, 1 ligature was removed, and colonic
epithelial cells were collected. Samples were frozen at -80�C
before being used for phospholipid analysis or Western blot.
Whole blood was collected in ethylenediaminetetraacetic
acid–coated tubes containing a protease inhibitor cocktail
(Sigma-Aldrich, St. Louis, MO) for the measurement of com-
plete blood counts on a Siemens ADVIA 2120i Hematology
System (Washington, DC), or for the measurement of plasma
lipocalin 2 (R&D Systems, Minneapolis, MN). A group of
control mice and CTaIKO mice were given an antibiotic cock-
tail (500 mg/L bacitracin, 1 g/L neomycin, and 500 mg/L
vancomycin) in the drinking water or no antibiotics from the
time of first tamoxifen injection until death (10 days), as
described previously.65 A separate group of CTaIKO mice and
control mice were administered PBA (500 mg/kg body
weight; Scandinavian Formulas, Sellersville, PA), dissolved in
phosphate-buffered saline or vehicle twice daily by oral
gavage from the time of first tamoxifen injection until death
(10 days), as described previously.33 A third group of CTaIKO

mice and control mice were fed either a diet containing 4
times the recommended level of choline as PC or a control diet
that was matched to the experimental diet for total calories
and total choline content (Table 5). The University of Alberta’s
Institutional Animal Care Committee approved all animal
procedures, which were in accordance with guidelines of the
Canadian Council on Animal Care.

All authors had access to the study data and reviewed
and approved the final manuscript.
Microscopy
Formalin-fixed, paraffin-embedded tissue slices (5 mm)

were stained with H&E or Alcian blue/periodic acid–Schiff
and visualized with a light microscope (Zen,
AxioCamMR3; Zeiss, Dublin, CA). TUNEL staining was
performed using the In Situ Cell Death Detection Kit
(Sigma-Aldrich) and images were obtained with a fluo-
rescence microscope (Olympus, Markham, Ontario, Can-
ada) with Surveyor (Objective Imaging Inc, Kansasville,
WI) and Image-Pro Plus (Media Cybernetics Inc, Rockville,
MD) software. For electron microscopy, 2-cm colonic rings
were fixed with 2.5% glutaraldehyde in 0.1 mol/L
phosphate buffer (pH 7.2) and 2% paraformaldehyde.
Sections were cryosectioned with an ultramicrotome
(Ultracut E; Reichert-Jung, Buffalo Grove, IL) and images
were obtained using a Philips 410 transmission electron
microscope (Eindhoven, The Netherlands), as previously
described.16
Histopathologic Scoring of Colitis
H&E-stained distal colon sections were assessed by an

experienced pathologist who was blinded to the experi-
mental groupings. The pathologist assigned a colitis
severity score based on a previously established protocol66

that included assessment of epithelial hyperplasia, enter-
ocyte injury, and the presence of lymphocytes and neu-
trophils in the lamina propria, as outlined in Table 6. The
pathologist also assigned a score for goblet cell depletion
using the following scale: 0, no goblet cell depletion; 1,
modest goblet cell depletion; and 2, substantial goblet cell
depletion.



Table 6.Histopathologic Colitis Scoring System

Group Description Score

Enterocytes
Normal Rare epithelial lymphocytes 0
Mild Intraepithelial neutrophils 1
Moderate Mucosal necrosis and/or luminal pus 2
Severe Necrosis muscularis mucosa 3

Epithelial hyperplasia
Normal 0
Mild 1
Moderate 2
Pseudopolyps 3

Lamina propria mononuclear infiltrate
Normal 1 small lymphoid aggregate 0
Slightly increased >1 small aggregate 1
Markedly increased Large aggregates and/or greatly increased single cells 2

Lamina propria neutrophil infiltrate
Normal 0
Slightly increased 1
Markedly increased 2
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Lipid Measurements
The protein content of colonic epithelial cells was

determined by bicinchoninic acid assay (Thermo Scientific,
Waltham, MA), and lipids were extracted from homogenates
by the method of Folch et al.67 PC and PE were separated on
silica plates (EM1.05721.0001; VWR, Radnor, PA) by thin-
layer chromatography using the solvent system of chlor-
oform:methanol:acetic acid:water (50:30:8:4). Plates were
exposed to iodine for visualization, PC and PE bands were
scraped into glass tubes, and lipids were liberated from the
silica by heating with perchloric acid (77230; Sigma) for 60
minutes at 180�C. Subsequently, 0.5 mL ammonium
molybdate (431346; Sigma) and L-ascorbic acid (255564;
Sigma) was added to the samples before heating at 95�C for
15 minutes. The phosphorous content of samples was
determined by measuring the absorbance of the samples at
820 nm on a spectrophotometer (Spectra Max Pro; Molec-
ular Devices, San Jose, CA) and comparing the sample
absorbance with the absorbance of a phosphorous standard
curve (53139; Sigma), as described previously.68
Cytokine and Chemokine Concentrations
Sections of the distal colon were homogenized in buffer

containing a protease inhibitor cocktail (Sigma-Aldrich) and
dithiothreitol (Sigma-Aldrich). The protein concentration of
the supernatant was determined by bicinchoninic acid assay
(Thermo Scientific) after centrifugation at 10,000 rpm for
10 minutes to remove debris. Samples were adjusted to 3
mg protein/mL homogenate, and cytokine and chemokine
concentrations were determined using Multiplex LASER
Bead Technology (MD31; Eve Technology, Calgary, Canada).
mRNA Isolation and Quantitation by PCR
Total RNA was isolated from frozen colonic tissue using

TRIzol (Invitrogen, Carlsbad, CA), as described previously.16

Superscript II (Invitrogen) was used to reverse-transcribe
isolated RNA. Quantitative PCR was run for 40 cycles on a
StepOne Plus system (Applied Biosystems, Waltham, MA)
using Power SYBR Green PCR Master Mix (Thermo Fisher
Scientific, Waltham, MA). Quantitation was performed using
the standard curves method. Relative mRNA expression was
normalized to Rplp0. Primer sequences and gene names are
listed in Table 7.

Western Blot
Colonic epithelial cells containing 40–50 mg of protein

were resolved on a sodium dodecyl sulfate–polyacrylamide
gel before being transferred to a polyvinylidene difluoride
membrane and probed with antibodies against CTa (gift
from Dr R. K. Mallampalli), spliced XBP1 (D2C1F, 12782;
Cell Signaling Technology, Danvers, MA), PERK (C33E10,
3192; Cell Signaling Technology), ATF6 (D4Z8V, 65880S;
Cell Signaling Technology), sequestosome 1 (p62, Ab56416;
Abcam, Cambridge, MA), RIP3 (AHP1797; Bio-Rad
Laboratories, Hercules, CA), cleaved caspase 3 (9661; Cell
Signaling Technology), cleaved caspase 8 (8592; Cell Signaling
Technology), b-actin (4967; Cell Signaling Technology), glyc-
eraldehyde-3-phosphate dehydrogenase (ab8245; Abcam),
and a-tubulin (T6199; Sigma-Aldrich). Immunoreactive pro-
teins were detected with ECL Western Blot Reagent (GE
Healthcare, Amersham, UK), and images were obtained with
a Chemi-Doc MP Imager (Bio-Rad Laboratories, CA).

Assessment of Paracellular Permeability
Mice were fasted for 12 hours, weighed, and orally

gavaged with 4 kilodaltons FITC–dextran (FD4, 0.44 mg/g
mouse; Sigma). Blood was collected by cardiac puncture
after 2 hours before centrifuging at 2000 � g for 5 minutes
to obtain plasma. Plasma was diluted in water (1:1) before
fluorescence was measured with an excitation of 485 nm
and an emission wavelength of 528 nm on an EnVision
Multilabel plate reader (Perkin Elmer, Waltham, MA). The
appearance of the nondigestible FITC–dextran in plasma



Table 7.Quantitative PCR Primer Sets

Gene symbol Gene name Forward primer sequence Reverse primer sequence

Mouse
Muc2 Mucin 2 CCATTGAGTTTGGGAACATGC TTCGGCTCGGTGTTCAGAG
Tff3 Trefoil factor 3 CTGGGATAGCTGCAGATTACG CATTTGCCGGCACCATAC
Agr2 Anterior gradient 2, protein disulfide

isomerase family member
CCTCAACCTGGTCTATGAAACA ACCGTCAGGGATGGGTCT

Gfi1 Growth factor independent 1
transcriptional repressor

ATGTGCGGCAAGACCTTC ACAGTCAAAGCTGCGTTCCT

Spdef SAM pointed domain containing
ETS transcription factor

GATGTACTGCATGCCCACCT GGAGGCGCAGTAGTGAAGG

Klf4 Kruppel-like factor 4 CCGTCCTTCTCCACGTTC GAGTTCCTCACGCCAACG
Zbp1 Z-DNA binding protein 1 CAGGAAGGCCAAGACATAGC GACAAATAATCGCAGGGGACT
Cldn2 Claudin 2 TGTGAATGAACTGAAGGAAAGC ATCCTGCACCCAGCTGTATT
Cldn4 Claudin 4 TTTTGTGGTCACCGACTTTG TGTAGTCCCATAGACGCCATC
Xbp1 (spliced) X-box binding protein 1 (spliced

isoform)
GAGTCCGCAGCAGGTG GTG TCA GAG TCC ATG GGA

Ddit3 DNA damage inducible transcript 3 GCGACAGAGCCAGAATAACA GATGCACTTCCTTCTGGAACA
Atf4 Activating transcription factor 4 CTCAGACACCGGCAAGGA TCATCCAACGTGGTCAAGAG
Atf5 Activating transcription factor 5 GCAGCACCTAGGGTACAGGT CGCTGGAGACAGACGTACAC
Hspa5 Heat shock protein family A (Hsp70)

member 5
CTGAGGCGTATTTGGGAAAG TCATGACATTCAGTCCAGCAA

Eif4ebp1 Eukaryotic translation initiation factor
4E binding protein 1

GATGAGCCTCCCATGCAA AATGTCCATCTCAAATTGTGACTC

Birc5 Baculoviral IAP repeat-containing 5 TGATTTGGCCCAGTGTTTTT CAGGGGAGTGCTTTCTATGC
Ccnd1 Cyclin D1 GCACAACGCACTTTCTTTCC TCCAGAAGGGCTTCAATCTG
Rplp0 Ribosomal protein lateral stalk

subunit P0
ACTGGTCTAGGACCCGAGAAG CTCCCACCTTGTCTCCAGTC

Neurog3 Neurogenin 3 ACTGCTGCTTGTCACTGACTG ATGGTGAGCGCATCCAAG
Sct Secretin GCTGTGGTCGAACACTCAGA GAGACAGGGACCCATCCAG
Insl5 Insulin-like 5 GCATTTCCACTCTCAACAAGC GATGGCTCGTGCCTGTCTA
Pcyt1a Phosphate cytidylyltransferase 1,

choline, a isoform
GCTAAAGTCAATTCGAGGAA CATAGGGCTTACTAAAGTCAACT

Casp4 Caspase 4 (caspase 11) GTGGTGAAAGAGGAGCTTACAGC GCACCAGGAATGTGCTGTCTGA

Target

Gsdmd Gasdermin D GGTGCTTGACTCTGGAGAACTG GCTGCTTTGACAGCACCGTTGT

Bacteria
UniF340/UniR514 All bacteria ACTCCTACGGGAGGCAGCAGT ATTACCGCGGCTGCTGGC

ETS, _; IAP, __; SAM, ___; Z-DNA, ____.
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after oral administration is a measure of paracellular
permeability.69
Microbial Analysis
DNA was extracted from 2 fecal pellets collected asep-

tically from nonantibiotic (control, n ¼ 14; CTaIKO, n ¼ 11)
and antibiotic-treated groups (control þ antibiotics, n ¼ 5;
CTaIKO þ antibiotics, n ¼ 5) as previously described.70

Real-time PCR was performed to quantify the total bacte-
rial load in feces using primer set UniF340/UniR514
(Table 7). The PCR reaction was performed on an ABI
StepOne real-time System (Applied Biosystems, Foster City,
CA) using PerfeCTa SYBR Green Supermix (Quantabio,
Gaithersburg, MD). The amplification program contained
an initial denaturation step at 95�C for 3 minutes, followed
by 40 cycles of denaturation at 95�C for 10 seconds, and
annealing at 60�C for 30 seconds. The genomic DNA from a
gut commensal Escherichia coli strain with a genome size of
5,190,098 bp was chosen to create an 8-log-fold standard
curve for direct quantification of the total bacteria.1 The
16S ribosomal RNA (rRNA) gene copies were calculated
using the following formula: ([([(16S rRNA gene copies in
the genome)/(genome size of the E coli strain)]*(DNA
concentration at the first serial dilution)]/(average mass of
1 bp dsDNA)] * (Avogadro’s number)]/(1*109 ng/g). The
cycle threshold value was associated with 16S rRNA gene
copies (log copy number) to construct a function for
quantification of all samples. The total bacterial load was
expressed as 16S rRNA gene copies per gram of feces on a
base 10 logarithmic scale. Microbial composition was
assessed by 16S rRNA gene amplicon sequencing on an
Illumina MiSeq platform (San Diego, CA). Amplicon library
construction, paired-end sequencing targeting the V3–V4
region of the 16S rRNA gene, and data analysis have been
published previously.70
Statistics, Data Analysis, and Visualization
Data are expressed as means ± SEM using GraphPad

Prism (version 7, San Diego, CA). Data were analyzed with a
Student t test or 2-way analysis of variance with the Tukey
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post-test. A Mann–Whitney test was used to compare his-
topathologic colitis scores and goblet cell depletion scores
between control and CTaIKO mice. For microbiota analysis,
permutational multivariate analysis of variance of the
weighted UniFrac distance was conducted to identify the
difference in overall microbial structure between groups,
using the adonis function in the vegan package71 with 999
permutations (R v3.4.4). The principal coordinate analysis
based on the Bray–Curtis dissimilarity metric was plotted
using the phyloseq package (R v3.4.4).72 Comparison of in-
dividual taxa/operational taxonomic units between treat-
ments was performed using the Kruskal–Wallis test with the
Dwass, Steel, Critchlow–Fligner multiple comparisons post
hoc procedure (SAS v9.4, Cary, NC). Raw sequences of the
16S rRNA gene amplicon data are available through the
Sequence Read Archive (SRA) with accession number
PRJNA562603.
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