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SUMMARY

In this study, we demonstrate that the short-chain fatty acid
propionate stimulates intestinal epithelial cell spreading and
polarization, which leads to an increase in cell speed and
persistence. These effects lead to increases in epithelial cell
migration in vitro and in vivo.

BACKGROUND AND AIMS: Gut bacteria-derived short-chain
fatty acids (SCFAs) play crucial roles in the maintenance of
intestinal homeostasis. However, how SCFAs regulate epithelial
turnover and tissue repair remain incompletely understood. In
this study, we investigated how the SCFA propionate regulates
cell migration to promote epithelial renewal and repair.

METHODS: Mouse small intestinal epithelial cells (MSIE) and hu-
man Caco-2 cells were used to determine the effects of SCFAs on
gene expression, proliferation, migration, and cell spreading in vitro.
Video microscopy and single cell tracking were used to assess cell
migration kinetically. 5-bromo-2’-deoxyuridine (BrdU) and hy-
droxyurea were used to assess the effects of SCFAs on migration
in vivo. Lastly, an acute colitis model using dextran sulfate sodium
(DSS) was used to examine the effects of SCFAs in vivo.

RESULTS: Using video microscopy and single cell tracking, we
found that propionate promoted intestinal epithelial cell
migration by enhancing cell spreading and polarization, which
led to increases in both cell speed and persistence. This novel
function of propionate was dependent on inhibition of class I
histone deacetylases (HDAC) and GPR43 and required signal
transducer and activator of transcription 3 (STAT3). Further-
more, using 5-bromo-2’-deoxyuridine (BrdU) and hydroxyurea
in vivo, we found that propionate enhanced cell migration up
the crypt-villus axis under homeostatic conditions, while also
protecting against ulcer formation in experimental colitis.

CONCLUSION: Our results demonstrate a mechanism by which
propionate stimulates cell migration in an HDAC inhibition,
GPR43, and STAT3 dependent manner, and suggest that
propionate plays an important role in epithelial migration in-
dependent of proliferation. (Cell Mol Gastroenterol Hepatol
2021;11:1023–1044; https://doi.org/10.1016/
j.jcmgh.2020.11.011)
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he gut epithelium, which separates the host from
Tthe external environment and forms the first line of
defense to enteric infection, comprises a single layer of
epithelial cells that renew themselves constantly, turning
over every 3–5 days.1,2 In order to maintain homeostasis,
the epithelial layer depends on a host of growth signals and

https://doi.org/10.1016/j.jcmgh.2020.11.011
https://doi.org/10.1016/j.jcmgh.2020.11.011
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jcmgh.2020.11.011&domain=pdf


Abbreviations used in this paper: ANOVA, analysis of variance; DMEM,
Dulbecco’s modified Eagle’s medium; DSS, dextran sulfate sodium;
ECAR, extracellular acidification rate; EGF, endothelial growth factor;
FBS, fetal bovine serum; gRNA, guide RNA; HDAC, histone deacety-
lase; HDACi, histone deacetylase inhibitor; IEC, intestinal epithelial
cell; IFNg, interferon gamma; IL, interleukin; KO, knockout; MEK,
mitogen-activated protein kinase; MSD, mean-squared displacement;
MSIE, mouse small intestinal epithelial cell; mTOR, mammalian target
of rapamycin; OCR, oxygen consumption rate; SCFA, short-chain fatty
acid; STAT3, signal transducer and activator of transcription 3; TGFb,
transforming growth factor beta; TNFa, tumor necrosis factor alpha;
WT, wild-type.
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energy sources to proliferate, differentiate, and migrate.
This begins with stem cells in the crypt base dividing every
2–3 hours driven by the secretion of growth factors such as
Wnt from underlying mesenchymal fibroblast.3 Following
division, stem cells give rise to transient amplifying cells,
which then differentiate in response to both host and mi-
crobial factors including short-chain fatty acids (SCFAs).4

These cells migrate toward the villus axis, where they are
extruded into the gut lumen. It has been shown that gut
microbiota plays a crucial role in epithelial maturation and
turnover; however, the mechanisms remain poorly
understood.

Intestinal epithelial restitution is a complex process that is
important for tissue regeneration in inflammatory bowel
disease (IBD).5 It has been shown that during the first several
hours following injury, cells fromadjacent cryptsmigrate into
the wound bed to form a temporary barrier to protect the
underlying stem cells from exposure to luminal contents.6–8

This process is independent of cellular proliferation, as seen
in other organs such as the skin. Several signals have been
described to play a role in epithelial restitution including
prostaglandins, transforming growth factor beta (TGFb),
trefoil factors, and gut microbiota–derived SCFAs such as
propionate.9–12 However, the mechanisms behind how these
signals contribute to the restitution remain unclear.

SCFAs are bacterial metabolites from the fermentation of
dietary fibers by microbes in the gut lumen.13–15 There are 5
SCFAs, with acetate, propionate, and butyrate making up the
large majority of SCFAs in the gut.16 SCFAs are vital for in-
testinal homeostasis, where they affect both the epithelial
cells as wells as immune cells in the underlying lamina
propria.17,18 SCFAs are known to enhance mucus production
by promoting goblet cell differentiation and mucus
production.19–21 Previously, we and several other groups
have shown that SCFAs are important for stimulating intes-
tinal epithelial cell (IEC) antimicrobial peptide production to
protect against enteric infection.22 It has been demonstrated
that an SCFA gradient exists in the gut, with high levels of
SCFAs exerting an apoptotic effect on cells via inhibition of
histone deacetylases (HDACs), and low concentration allow-
ing for histone acetyltransferase activity and increased stem
cell proliferation.23 Furthermore, it has been shown that
SCFAs such as propionate can enhance epithelial restitution
in vitro, and promote epithelial turnover by promoting pro-
liferation in the crypt.12,24 Previously, it was thought that
epithelial migration that occurs during epithelial turnover
was a passive process as a result of the force generated from
dividing cells in the crypt.25 However, recent data suggest
that actin polymerization, but not proliferation, is the major
driving force for cell migration on the villus.26

Propionate, a major SCFA present at high levels in the
gut lumen, has been shown to contribute to intestinal ho-
meostasis through promoting epithelial proliferation and
migration.12,16,23,27 However, how propionate drives
epithelial cell proliferation and migration and the mecha-
nisms involved, are still largely unclear. In the current study,
we utilized video microscopy to track individual cells to
analyze cell speed and persistence using the classic scratch
assay (wound healing model) and DiPer in vitro.28,29
Additionally, we used BrdU (5-bromo-2’-deoxyuridine) and
hydroxyurea to investigate the effects of propionate on IEC
migration in vivo.26 We report here that propionate in-
creases both cell speed and persistence through inhibition
of HDAC and activation of GPR43 and STAT3 to promote
epithelial cell migration and wound closure, which enhances
epithelial turnover and protection against ulcer formation.

Results
Propionate Promotes the Migration of IECs

To determine whether propionate stimulates epithelial
migration, we used a classic in vitro wound healing model to
monitor the movement of cells into a denuded area.29

Mouse small intestinal epithelial cells (MSIEs), an immor-
talized nontransformed epithelial cell line that retains
properties of primary IECs,30 were used. MSIEs treated with
propionate enhanced cell movement into the denuded area
over 20 hours (Figure 1A and B). Acetate and butyrate also
functioned similarly in promoting cell movement into the
denuded area (Figure 1A and B), which is consistent with
previous reports.12 To determine if proliferation was a
driving factor behind the enhanced wound closure, MSIEs
were treated with acetate, propionate, and butyrate for 24
hours and stained for Ki67 to measure the proliferating
cells. Cells treated with SCFAs did not affect proliferation, as
evidenced by no difference in Ki67 expression between
SCFA-treated cells and untreated cells (Figure 1C and D). To
confirm the Ki67 data, MSIEs were labeled with the fluo-
rescent dye CFSE (carboxyfluorescein diacetate succini-
midyl ester) and treated for 24 hours. No differences were
seen between control and SCFA-treated cells, with most
cells undergoing 1 division within 24 hours, which is similar
to the average doubling time of MSIEs (Figure 1E and F).
These data indicated that the ability for SCFA-treated cells
to fill the denuded area is due to cell migration but not
proliferation. Next, to ensure that performing the migration
experiments in serum-reduced media was not the reason for
the difference between control and SCFA-treated cells, we
performed a migration experiment using propionate under
various concentrations of fetal bovine serum (FBS).
Although cells at baseline migrated faster with higher con-
centrations of FBS, propionate was able to significantly
enhance migration over control cells under each scenario
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Figure 1. Propionate promotes the migration of intestinal epithelial cells. (A, B) MSIEs were wounded and treated with
SCFAs. (A) Representative phase contrast images of MSIEs. Scale bar ¼ 300 mm. (B) Quantification of average migration
distance of 3 samples per treatment. (C, D) MSIEs were treated with SCFAs, stained for Ki67, and analyzed via flow cytometry.
(C) Representative graphs and (D) quantification of Ki67 from 3 samples per treatment. (E, F) MSIEs were labeled with CSFE,
treated with SCFAs, and analyzed via flow cytometry. (E) Representative graphs and (F) quantification of proliferation from 3
samples per treatment. (G) MSIEs were wounded and treated with propionate in increasing concentrations of FBS. Quanti-
fication of average migration with 6 samples per treatment. *P < .05, ***P < .001 ****P < .0001 by 1-way ANOVA with Tukey’s
posttest.
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(Figure 1G). Finally, to ensure that SCFA stimulates IEC
migration occurred in different species, IEC18, a non-
transformed rat intestinal epithelial cell line, and Caco-2, a
human colorectal cell line, were treated with or without
propionate. Propionate treatment of both IEC18 and Caco-2
enhanced cell migration (Figure 2A–D). These data suggest
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that SCFAs promotion of IEC migration is conserved across
several species.

Propionate Promotes IEC Spreading and
Polarization

Epithelial migration requires continuous actin remodel-
ing to allow for extension and retraction of cell lamellipodia,
filopodia, and adhesions.31,32 This process is critical for
epithelial turnover and wound healing.26,33 To investigate
whether propionate promotes actin remodeling, we pre-
treated MSIEs for 16 hours with or without propionate.
After 16 hours, cells were gently dissociated and replated
onto Matrigel-coated plates for 30, 60, or 90 minutes, fol-
lowed by actin staining and quantification for attachment
and cell spreading. No differences were observed in cell
attachment (Figure 3A and B). However, there was a sig-
nificant increase in cell size in MSIEs treated with propio-
nate, with many cells spreading rapidly by 60 minutes
postplating (Figure 3C and D). To investigate if propionate
could enhance cell polarization, which is important for cell
directionality,34 we pretreated MSIEs with or without pro-
pionate for 16 hours before wounding the monolayers with
a scratch. Two hours postscratch, cells were stained for
golgin-97 to visualize the Golgi complex, which relocates
between the nucleus and leading edge of polarized cells, and
is indicative of cell polarization.34 Propionate was able to
increase the number of cells polarized along the wound
margins, with many cells positioning the Golgi between the
nucleus and forming lamellipodia as compared with control
cells, in which Golgi staining was more often equally
distributed perinuclear with smaller lamellipodia (Figure 3E
and F). Additionally, propionate treatment upregulated the
expression of P21-associated kinase 1 (Pak1), a downstream
target of CDC42, important for cell spreading and lamelli-
podia dynamics in MSIEs,35 and milkfat-globule epidermal
growth factor 8 (Mfge8) in MSIE, which has also been shown
to play a role in cell spreading with cells taking on a type II
migration phenotype (Figure 4A).36 This finding was also
extended to butyrate in MSIEs (Figure 4B). Propionate
treatment also upregulated MFGE8 but not PAK1 expression
in enteroids (Figure 4C). To determine whether propionate
induces cell spreading and polarization through PAK1 and
MFGE8, we included either anti-MFGE8 or the PAK1 inhib-
itor IPA-3 in scratch assays. However, neither neutralization
of MFGE8 nor inhibition of PAK1 was able to decrease
propionate-induced cell migration (Figure 4D and E).
Together, these data suggest that propionate could increase
cell migration by promoting cell spreading and Golgi posi-
tioning independent of PAK1 and MFGE8.

Propionate Promotes IEC Speed and Persistence
Appropriate cell migration is critical to the development

and homeostasis of tissues.37 It has been shown that there is
a universal coupling between cell speed and cell persistence,
and that faster cells move in straighter lines.38 However, cell
persistence can also be affected by the physical constraints
of neighboring cells during sheet migration, which
constantly remodels their junctions to uniformly migrate
together.39 To investigate whether SCFA treatment affects
cell speed and persistence, we performed video microscopy.
MSIEs were treated with or without propionate, and cell
movement was recorded every 15 minutes for up 24 hours
(Supplementary Movie 1). Treatment with propionate
enhanced cell migration (Figure 5A and B), which was seen
from approximately 8–12 hours posttreatment of propio-
nate (Figure 5A). Cell motion was analyzed by tracking the
centroid position of cells that moved the furthest during the
assay. Plot at origins revealed that cells treated with pro-
pionate moved further and straighter than nontreated cells
(Figure 5C). Analysis via DiPER showed a significant in-
crease in mean-squared displacement (MSD), which has
been shown to take into account both cell speed and
persistence, when treated with propionate (Figure 5D). To
determine cell persistence, we calculated alpha values,
indicative of more persistent movement toward the
wounded area, by taking the log slope of the MSD curve.
Alpha values range from 1 to 2, with 1 being completely
random motion and 2 indicating nonrandom directed mo-
tion. Propionate treatment increased alpha values
(Figure 5E). To confirm this finding, we also calculated cell
autocorrelation, which measures persistence independent of
speed by using only the angles of the vector tangential to the
cells trajectory.40 This calculation revealed increased cell
persistence in response to propionate treatment
(Figure 5F). Last, we calculated cell speed by averaging the
instantaneous speed of cells every 15 minutes. This revealed
that propionate treatment significantly increased cell speed
(Figure 5G). Taken together, these data indicate that by
promoting cell spreading and polarization, propionate
treatment increases both cell speed and persistence, which
are critical for enhanced cell movement.
HDAC Inhibition and GPR43 Mediate the Effects
of Propionate on IEC Migration

It has been shown that SCFAs function through binding
their receptors GPR41, GPR43, and GPR109, and through
inhibition of HDAC.41–45 HDAC inhibitors (HDACis) are
global regulators of gene transcription due to their ability
to module histones.46 HDACis have been shown to stim-
ulate cell migration through a TGFb-dependent pathway
and enhance wound healing in vivo.47 Additionally, GPR43
is known to promote neutrophil migration into the gut
during inflammation.48 To determine whether HDAC in-
hibition and GPR stimulation mediate propionate induc-
tion of IEC migration, we treated MSIEs with the global
HDACi trichostatin A to mimic the HDAC inhibitory func-
tion of propionate, as well as ligands for GPR41 and
GPR43, the receptors for propionate. We found that tri-
chostatin A was able to significantly enhance MSIE cell
migration, with GPR43 agonist also playing a role and
GPR41 having an inhibitory effect (Figure 6A and B).
HDACs are divided into 3 classes: type I, IIA, and IIB. Next,
we investigated the specificity of propionate-mediated
HDACi in MSIEs. To determine which HDACs were
important for MSIE migration, we performed an HDACi
screen with various inhibitors specific for different classes



Figure 2. Propionate pro-
motes the migration of
rat and human epithelial
cells. (A, B) IEC-18 cells
were wounded and treated
with propionate. (A)
Representative phase
contrast images. Scale
bar ¼ 300 mm. (B) Quanti-
fication of average migra-
tion distance with 4
samples per treatment. (C,
D) Caco-2 cells were
wounded and treated with
propionate. (C) Represen-
tative phase contrast im-
ages. Scale bar ¼ 1000
mm. (D) Quantification of
average migration distance
with 12 samples per treat-
ment group. ***P < .001,
****P < .0001 by 2 tailed
Student’s t-test.
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of HDAC, including TMP195a (a class IIa inhibitor), SBHA
(a HDAC1 and HDAC3 inhibitor), 1-napthohydroxamic acid
(a HDAC8, HDAC1, HDAC6 inhibitor), RGFP966 (a HDAC3
inhibitor), and valproate (an inhibitor of class I HDAC and
proteasomal degradation of HDAC2).49 We found that only
valproate was able to recapitulate the effects seen with
propionate (Figure 6C). Next, we investigated the role of
TGFb in this process, as HDACi have been shown to pro-
mote TGFb expression and TGFb-dependent cell migra-
tion.10,47 We confirmed that propionate increased TGFb
expression in MSIEs (Figure 6D) and enteroids (Figure 6E)
as previously reported.50 We then performed a scratch
assay with propionate in the presence of a TGFb-neutral-
izing antibody. However, TGFb neutralization had little
effect on migrating MSIEs treated with propionate
(Figure 6F). To determine whether valproate could
enhance both cell speed and persistence in a similar
manner to propionate, we performed video microscopy
with MSIEs and analyzed cell motion in response to val-
proate treatment (Supplementary Movie 2). Valproate
treatment was able to enhance cell migration similar to
propionate treatment (Figure 7A and B). However,
valproate-treated cells did not close the wound gap as fast
as propionate-treated cells, with a difference occurring
with propionate-treated cells for 8–12 hours vs 12–14
hours with valproate (Figure 7A). Plot at origins showed
that propionate and valproate increased the distance and
straightness of cell migration (Figure 7C). Plotting MSD
showed that both propionate and valproate increased
displacement but to different extents (Figure 7D). Analysis
of cell persistence by calculating alpha values revealed
that both propionate and valproate increased cell persis-
tence, albeit to different degrees (Figure 7E), whereas
autocorrelation found that both valproate and propionate
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Figure 4. Propionate-induced migration is independent of MFGE8 and PAK1. (A, B) MSIEs were treated for 24 hours with
propionate or butyrate and analyzed for messenger RNA expression of MFGE8 and PAK1. (C) Jejunal enteroids were treated
for 24 hours with propionate and analyzed for messenger RNA expression of MFGE8 and PAK1. Relative expression of MFGE8
and PAK1 with 3–4 samples per treatment group. (D, E) MSIEs wounded and treated with propionate with or without inhibitors
(D) Quantification of average migration distance of cells treated with MFGE8 neutralizing antibody with 7 samples per treat-
ment. (E) Quantification of average migration distance of cells treated with the PAK1 inhibitor IPA3 with 7 samples pe
treatment. **P < .01, ***P < .001, ****P < .0001 by 1-way ANOVA with Tukey’s posttest for groups of 3 or more and by
Student’s t test for groups of 2.
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enhanced cell persistence to a similar extent (Figure 7F).
Furthermore, both treatments with propionate and val-
proate enhanced cell speed (Figure 7G). Together, these
Figure 3. (See previous page). Propionate promotes IEC spreading and polarization. (A–D) MSIEs were pretreated with
propionate for 16 hours and then replated onto Matrigel-coated plates for 30, 60, or 90 minutes to assess attachment and
spreading. (A) Representative images of cells stained for Hoechst (blue). Scale bar ¼ 300 mm. (B) Quantification of cel
attachment with 6 samples per treatment. (C) Representative images of the cells stained for phalloidin (red) or Hoechst (blue)
Scale bar ¼ 20 mm. (D) Quantification of average cell area per sample with 6 samples per treatment. (E, F) MSIEs were
pretreated with propionate for 16 hours, wounded, and stained for phalloidin (green), golgin-97 (red), and Hoechst (blue) 2
hours postwounding. (E) Representative immunofluorescent images with (*) indicating polarized cells. Scale bar ¼ 100 mm. (F
Quantification of cell polarization with 4 samples per treatment. *P < .05, **P < .01, ***P < .001, ****P < .0001 by 1-way ANOVA
with Tukey’s posttest for groups of 3 or more and by Student’s t test for groups of 2.
.

r

data indicate that class I HDACis can recapitulate many of
the effects of propionate-induced IEC migration, and that
this mechanism is independent of TGFb.
l
.

)



Figure 5. Propionate promotes IEC speed and persistence. (A–G) MSIEs were wounded and video microscopy was per-
formed. Videos were analyzed by tracking the centroid position of 15–20 cells per sample that moved the furthest during the
assay. (A) Representative phase contrast images of MSIEs at 0, 4, 8, 12, 16, and 17 hours. Scale bar ¼ 300 mm. (B) Quan-
tification of average migration distance with 5–6 samples per treatment. (C) Plot at origin graphs of 58 cells from 3 samples per
treatment. (D) MSD of 58 cells from 3 samples per treatment. (E) Alpha values of 58 cells from 3 samples per treatment. (F)
Autocorrelation of cells over time representative of 58 cells from 3 samples per treatment. (G) Average cell speed per hour of 58
cell from 3 samples per treatment. **P < .01, ***P < .001, ****P < .0001 by 1-way ANOVA with Tukey’s posttest for groups of 3
or more and by Student’s t test for groups of 2.
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Figure 6. GPR43 and inhibition of class I HDACs mediate propionate promotion of IEC migration. (A–C and E) MSIEs
were wounded, then cultured with propionate, HDACis, or anti-TGFb antibody. Quantification of average migration distance
with (A) propionate, trichostatin A, and GPR41 agonist with 3 per treatment; (B) propionate and GPR43 agonist with 6 per
treatment; and (C) HDAC inhibitors with 2–3 per treatment. (D) MSIEs or (E) jejunal enteroids were treated for 24 hours with
propionate and analyzed for messenger RNA expression. Relative expression of TGFb with 3 samples per treatment group. (F)
Quantification of average migration distance with propionate with or without anti-TGFb antibody. *P < .05, **P < .01, ***P <
.001, ****P < .0001 by 1-way ANOVA with Tukey’s posttest for groups of 3 or more and by Student’s t test for groups of 2.
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STAT3 Is Critical for Propionate Induction of Cell
Persistence

SCFAs are known to act as an energy source for intes-
tinal epithelial cells.45 Additionally, SCFAs affect cell meta-
bolism of epithelial cells by promoting oxidative
phosphorylation.51,52 To investigate whether propionate
affects IEC metabolism, MSIEs or enteroid monolayers were
treated with or without propionate for 8 hours and sub-
jected to an extracellular flux Seahorse analyzer to measure
the oxygen consumption rate (OCR), which is primarily
attributed to mitochondrial oxidation, and the extracellular
acidification rate (ECAR) that represents glycolysis. There
were no significant differences in oxygen consumption or
extracellular acidification rate, indicating that propionate at
this early time point did not affect cell metabolism
(Figure 8A–D). To verify this result, we performed scratch
assays in the presence of various metabolic inhibitors for
glycolysis and mitochondrial oxidation, including etomoxir
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(a fatty acid oxidation inhibitor), DON (6-Diazo-5-oxo-L-
norleucine) (a glutamine inhibitor), oligomycin (a complex 5
inhibitor), metformin (a TCA inhibitor), and 2-deoxyglucose
(a glycolysis inhibitor). All metabolic inhibitors tested had
no effect on propionate-induced migration (Figure 8E and
F). We have previously shown that SCFAs in a GPR43-
dependent manner promoted activation of STAT3,
mammalian target of rapamycin (mTOR), and mitogen-
activated protein kinase (MEK).22 Because GPR43 agonist
increased cell migration of MSIE (Figure 6B), we investi-
gated whether any of these pathways had an effect on
propionate-induced IEC migration. We performed a screen
using U0126 (a MEK inhibitor), HJC0152 and Stattic (STAT3
inhibitors), and rapamycin (an mTOR inhibitor) with or
without propionate. We found that both Stattic and
HJC0152, but not other inhibitors, attenuated propionates
ability to induce migration (Figure 8G). To examine the ef-
fects of STAT3 on propionate-induced migration, we per-
formed video microscopy with wild-type (WT) and STAT3
knockout (KO) MSIEs, as previously described,53 in the
presence or absence of propionate (Supplementary Movie
3). Interestingly, deficiency in STAT3 had no effect on to-
tal migration distance in response to propionate treatment
(Figure 9A and B). However, further analysis revealed major
differences between WT and STAT3 KO MSIEs. Plots at or-
igins revealed that although propionate-treated STAT3 KO
cells moved a similar distance as propionate-treated WT
cells, the movement was more random (Figure 9C). During
migration experiments, the leader cells at the front edge of
the wound margins in STAT3 KO cells tended to separate
from the rest of the monolayer (Figure 9A). To confirm this
finding, we performed phalloidin staining for F-actin. Pro-
pionate treatment promoted sheet migration in WT cells but
often led to dissociation of the epithelial sheet in STAT3 KO
cells (Figure 9D). Plotting MSD confirmed similarities in the
total migration distance, as there was no difference between
propionate-treated WT and STAT3 KO cells (Figure 9E).
However, calculating alpha values indicated large differ-
ences in cell persistence between propionate-treated WT
and STAT3 KO cells (Figure 8H), which was further
confirmed by autocorrelation (Figure 9F). Furthermore,
although propionate significantly increased cell speed over
WT cells, propionate treatment further enhanced STAT3 KO
cell speed (Figure 9G). Collectively, these data indicated that
STAT3 is critical for propionate-induced directional persis-
tence but is dispensable for the enhanced speed seen with
Figure 7. (See previous page). Inhibition of HDAC mediates
wounded and treated with propionate or valproate. Video micr
Videos were analyzed by tracking the centroid position of 15–20
Representative phase contrast images of MSIEs at 0, 4, 8, 12,
average migration distance with 3 samples per treatment. (C
propionate-treated, or valproate-treated samples from 3 sampl
propionate-treated, or valproate-treated samples from 3 sampl
control, propionate-treated, or valproate-treated samples from 3
representative of 52, 52, and 49 cells for control, propionate
treatment. (G) Average cell speed per hour of 52, 52, and 49 cells
from 3 samples per treatment. **P < .01, ***P < .001, ****P < .00
more and by Student’s t test for groups of 2.
propionate treatment. This is important as it has been
shown that conditional STAT3 KO in IECs leads to severe
experimental colitis and aberrant wound healing.54

Propionate Stimulates Migration of IECs In Vivo
It has been shown that SCFAs are pertinent for epithelial

turnover.24 However, until recently, it was not known that
epithelial cells actively migrate up the villus independent of
crypt proliferation.25 To quantitatively assess whether
propionate could stimulate migration of cells up the crypt
villus axis in vivo, we employed a protocol as previously
reported using hydroxyurea.26 WT mice were fed a cocktail
of antibiotics including vancomycin, metronidazole, ampi-
cillin, and kanamycin for 10 days as we previously
described.55 After 10 days, mice were continuedly fed the
antibiotic cocktail with or with 200-mM propionate for an
additional 21 days. All groups of mice were intraperitone-
ally injected with 100 mg/kg of BrdU. Thirty-six hours
postinjection, some of the mice were sacrificed and used for
baseline measurements of epithelial migration. The
remaining mice received an injection of 50 mg/kg hy-
droxyurea to halt crypt proliferation and sacrificed 12 hours
later (Figure 10A). Thirty-six– and 48-hour time points were
used based on data from a previous report that found that
proliferation in the crypts affects villus migration the least
when cells were at the midway point of the villus.26 To
further protect against the effect of proliferation, low-dose
hydroxyurea was also used. We found that the BrdU front
in control and propionate-treated mice moved a similar
distance 36 hours postinjection (Figure 10B and C). How-
ever, by 48 hours post–BrdU injection, the BrdU front in
propionate-treated mice was significantly increased
compared with control mice, with propionate-treated cells
moving an average of 73.6 mm (95% confidence interval,
49.61–97.71 mm) compared with 29.3 mm (95% confidence
interval, 3.32-55.28 mm) in control cells (Figure 10B and C).
Taken together, these data indicate that propionate stimu-
lates the migration of IECs along the villus independent of
proliferation.

Propionate Reduces Ulceration in Experimental
Colitis

Finally, we examined if propionate could protect mice
against the development of colitis in experimental colitis
upon dextran sulfate sodium (DSS) insult (Figure 11A).
the effects of propionate on IEC migration. MSIEs were
oscopy was performed with images taken every 15 minutes.
cells per sample that moved the furthest during the assay. (A)
16, and 17 hours. Scale bar ¼ 300 mm. (B) Quantification of
) Plot at origin graphs of 52, 52, and 49 cells for control,
es per treatment. (D) MSD of 52, 52, and 49 cells for control,
es per treatment. (E) Alpha values of 52, 52, and 49 cells for
samples per treatment. (F) Autocorrelation of cells over time

-treated, or valproate-treated samples from 3 samples per
for control, propionate-treated, or valproate-treated samples
01 by 1-way ANOVA with Tukey’s posttest for groups of 3 or



Figure 8. Propionate induced migration is independent of metabolism and dependent on STAT3. (A, B) MSIEs or (C, D)
jejunal enteroids monolayers were treated for 8 hours with propionate followed by a Mito Stress Test. (A, C) ECAR and (B, D)
OCR over time with 3 samples per treatment for panels A and B and 4–6 samples per treatment for panels C and D. MSIEs
were wounded and treated with propionate with or without (E) etomoxir or (F) DON, oligomycin, metformin, or 2-DG. Quan-
tification of average migration distance with 3–8 samples per treatment group. (G) Quantification of average migration distance
of MSIEs treated with propionate with or without HJC0152, U0126, Stattic, or rapamycin with 3 or more samples per treatment.
(H) Alpha values of 45, 48, and 47 cells for control, propionate-treated, or STAT3 KO–treated samples from 3 samples per
treatment. *P < .05, **P < .01, ***P < .001, ****P < .0001 by 1-way ANOVA with Tukey’s posttest for groups of 3 or more and by
Student’s t test for groups of 2.
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Figure 10. Propionate
stimulates IEC migration
in vivo. (A) Schematic of
measuring epithelial
migration in vivo. (B)
Representative images of
BrdU (red/pink) and DAPI
(blue) in the ileum of con-
trol and propionate-treated
mice at 36 and 48 hours
post–BrdU injection. Scale
bar ¼ 100 mm. (C) Quanti-
fication of BrdU height
from the base of the crypt
to the uppermost positive
BrdU cell with 3–4 samples
per group. *P < .01 by 2-
way ANOVA with Tukey
posttest.
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WT mice were pretreated for 7 days with or without 200
mM propionate in their drinking water. Then mice were
given DSS containing water with or without 200 mM
propionate for 7 days before being switched to regular
drinking water with or without propionate for an addi-
tional 3 days. Mice were monitored daily for weight
changes. Mice were sacrificed 10 days postadministration
of DSS. There were no differences in weight loss between
either group (Figure 11B). However, propionate-treated
mice had a significant reduction in ulcer development
in the colon (Figure 11C and D). There were no differ-
ences in inflammatory cytokine production, including
tumor necrosis factor alpha (TNFa), interleukin (IL)-17,
interferon gamma (IFNg), and IL-6, between control and
propionate-treated mice (Figure 11E). These results
indicate that propionate mainly affects intestinal
epithelial cell migration and wound healing but not in-
flammatory responses.
Figure 9. (See previous page). STAT3 is critical for propiona
were wounded and video microscopy was performed. Videos w
per sample that moved the furthest during the assay. (A) Represe
17 hours. Scale bar ¼ 300 mm. (B) Quantification of average mig
graphs of 45, 48, and 47 cells for control, propionate-treated, or
MSIEs were wounded and phalloidin (green) and Hoechst (blue)
100 mm. (E) MSD of 45, 48, and 47 cells for control, propionate
treatment. (F) Autocorrelation of cells over time representative of
KO–treated samples from 3 samples per treatment. (G) Avera
propionate-treated, or STAT3 KO–treated samples from 3 samp
way ANOVA with Tukey’s posttest for groups of 3 or more and
Discussion

SCFAs are the primary gut bacterial products of fermen-
tation of soluble fibers contributed from foods such as fruits,
vegetables, and grains, which are known to be protective
against colorectal cancer and potentially beneficial for pa-
tients with inflammatory disorders such as IBD.56–59 How-
ever, the mechanisms by which they protect the intestinal
epithelium are still being unraveled. In this study, we found
that propionate and other SCFAs stimulated IEC migration
that was independent of cell proliferation. The propionate-
enhanced IEC migration was collective rather than single
cell in nature, which is pertinent for processes such as
epithelial turnover and wound healing, in which neighboring
junctions with other cells remain intact.37,39 Importantly,
propionate drives intestinal epithelial migration through
regulating cell speed and persistence in an HDAC inhibition–,
GPR43-, and STAT3-dependent manner.
te induction of cell persistence. WT and STAT3 KO MSIEs
ere analyzed by tracking the centroid position of 15–20 cells
ntative phase contrast images of MSIEs at 0, 4, 8, 12, 16, and
ration distance with 4 samples per treatment. (C) Plot at origin
STAT3 KO–treated samples from 3 samples per treatment. (D)
staining was performed 16 hours postwounding. Scale bar ¼
-treated, or STAT3 KO–treated samples from 3 samples per
45, 48, and 47 cells for control, propionate-treated, or STAT3
ge cell speed per hour of 45, 48, and 47 cells for control,
les per treatment. **P < .01, ***P < .001, ****P < .0001 by 1-
by Student’s t test for groups of 2.
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It has been shown that migrating cells require 3 pro-
cesses for effective migration: attachment, polarization, and
actin polymerization. In the gut, actin polymerization was
shown to be a major driving factor for cell migration on the
villus.26 We found that propionate upregulated genes
involved with actin reorganization such as Pak1 and
Mfge8.36,60–63 However, although propionate drives cell
spreading and polarization without affecting attachment,
this process was independent of both Pak1 and MFGE8,
despite these proteins being linked to this process. These
differences suggest that each of these genes is dispensable
for this function possibly via the redundant actions of
downstream proteins. Using video microscopy, we found
that propionate enhanced both cell speed and persistence,
most likely due to its ability to increase cell spreading and
enhance polarization, which is pertinent for both cell speed
and directionality. Thus, our findings support the argument
that both cell speed and persistence are linked to cell
migration.38

Propionate exerts its actions on cells via G-coupled
protein receptors and by acting as an inhibitor for
HDAC.41,44 Here we found that HDAC inhibition and GPR43
mediated propionate-induced cell speed and persistence.
This indicates that modulation of gene transcription is most
likely pertinent to propionate-induced migration, although
we were not able to identify a single gene that contributed
to this process. We also found that inhibition of class I
HDACs via valproate could recapitulate the effects of pro-
pionate on cell migration. Valproate has been shown to be
beneficial in ameliorating colitis in experimental colitis,
which raises the possibility that valproate is stimulating
epithelial migration to allow for recovery in these mice.64

Additionally, our finding is in line with a previous report,
which found that the HDAC inhibition could stimulate the
migration of intestinal epithelial cells.47 However, in our
model, TGFb was not responsible for the induction of
migration. This is most likely due to the duration of the
migration experiment. Epithelial restitution is a fast process,
occurring within 24–48 hours. Thus, we chose to assay over
a shorter time period, whereas the previous report chose to
assess migration over 6 days, where TGFb secretion into the
supernatant would most likely have a major impact on
migration as is well known.10

SCFAs are known to alter the metabolism of IECs, driving
them toward oxidative phosphorylation and b-oxida-
tion.45,51,65 In our study, we found that propionate was
unable to change the metabolic activity in IECs in the early
stages. We assessed metabolic activity 8 hours posttreat-
ment with propionate, whereas other groups in previous
reports have examined this effect at 24 hours with SCFAs
such as butyrate.51,52 Thus, the difference in incubation,
SCFA used, and dosage could be a significant factor affecting
Figure 11. (See previous page). Propionate reduces ulceratio
(B) Percent of original weight with 4–5 mice per treatment. (C)
propionate-treated mice. Scale bar ¼ 4000 mm for whole mount
mouse for 12 control and 15 propionate-treated mice pooled fr
inflammatory cytokines with 4–5 samples per treatment. (D) *P <
by multiple t test corrected for multiple comparisons using the
the results. However, this time point was used due to the
significant changes in cell migration between nontreatment
and propionate treatment at the 8- to 12-hour time frame.
Additionally, the use of etomixir, a b-oxidation inhibitor,
alongside propionate further confirmed that propionate was
not being metabolized at this crucial time frame, but rather
exerting its functions via alteration of gene expression.
However, our data do not exclude a possible metabolic
regulation of IECs for SCFAs at later stages of tissue repair.

SCFAs have been shown to activate many enzymes
including MEK, mTOR, and STAT3 to exert their functions.22

We found that inhibition of STAT3, but not MEK and mTOR,
could affect propionate-induced cell persistence. This is
consistent with a previous report, which found that STAT3
was important for cell persistence in fibroblast, with STAT3
KO cells unable to effectively polarize and move collec-
tively.66 Furthermore, we found that STAT3 KO IECs
dissociated from one another and moved individually
instead of as a collective sheet. Thus, although propionate-
treated STAT3 KO IEC moved as far as propionate-treated
WT IEC, their migration was disorganized. This is critical,
as collective migration is required for epithelium tissue
organization and wound healing. This is in line with a pre-
vious report that VilCre Stat3fl/fl mice, in which STAT3 is
deficient specifically in IEC, have defective wound healing
with acute DSS injury leading to severe disease and aberrant
wound healing.54

Given that propionate was able to induce cell migration
in vitro via promoting cell spreading and polarization, we
assessed its ability to promote migration in vivo. To elimi-
nate the effect of existing bacteria produced propionate in
the intestinal lumen, we treated mice with an antibiotic
cocktail. BrdU time points of 36 and 48 hours postinjection
were used to minimize the effect of cell proliferation on
migration as found in a previous report.26 Additionally, to
further reduce the proliferative effect, we injected mice with
hydroxyurea, an S-phase inhibitor. We found that propio-
nate induced migration of cells on the villus. This finding
suggests that propionate is a major regulator of epithelial
turnover, enhancing both cell proliferation and cell migra-
tion, which would allow the coordinated renewal of the
intestinal epithelium. Of note, we did not find that propio-
nate significantly enhanced proliferation at the 36-hour time
point, as previously reported.24 However, our finding does
not contradict theirs, as they assessed proliferation at a 48-
hour time point and used a cocktail of SCFAs, rather than a
single SCFA propionate as in our study. Based on our find-
ings that propionate induces IEC migration, and previous
results indicating that HDAC inhibition ameliorated coli-
tis,47,64 we expected that propionate would protect against
colitis. Indeed, our results demonstrated that propionate
was able to reduce ulceration of the epithelium.
n in experimental colitis. (A) Schematic of DSS colitis model.
Representative hematoxylin and eosin images of control and
images and 1000 mm for zoomed regions. (D) Total ulcers per
om 3 independent experiments. (E) Colonic organ culture for
.05, **P < .01 by 2-way ANOVA with Tukey posttest and (B)

Holm-Sidak method.
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In summary, we demonstrate that propionate promotes
epithelial migration to drive epithelial turnover and repair,
which depends on HDAC inhibition of class I HDACs, GPR43,
and activation of STAT3, allowing for collective cell migra-
tion. This suggests that at the base of the crypt, where HDAC
inhibitory activity is low, SCFAs are able to promote stem
cell proliferation.23 However, as SCFA concentrations rise as
cells move out of the crypt, HDAC inhibition enhances cell
migration by promoting cell spreading to coordinate the
movement of cells out of the crypt with active migration of
cells up the villus and eventual cell extrusion into the lumen.
Our findings thus suggest a novel mechanism for how SCFAs
contribute to intestinal homeostasis.

Materials and Methods
Animals and Models

C57BL/6 WT mice were purchased from the Jackson
Laboratory (Bar Harbor, ME). All mice were housed in the
specific pathogen-free animal facility in the Animal Resource
Center at the University of Texas Medical Branch. All
described animal experiments were performed in accor-
dance with protocols reviewed and approved by the Insti-
tutional Animal Care and Use Committees of the University
of Texas Medical Branch.

For DSS model of colitis, WT mice were fed water ± 200
mM propionate ad libitum for 7 days. Mice were then fed
water containing 1.9% DSS (Cat# DS1004; Gojira FC, Cleve-
land, OH) w/v ± 200 mM propionate for 7 days. A 3-day
washout was performed in which mice were fed water ±
200 mM propionate. Mouse weights were monitored daily.

For epithelial migration in vivo, mice were fed water ad
libitum containing an antibiotic cocktail containing 1g/L of
metronidazole (Cat# 443-48-1; Acros Organics, Geel,
Belgium), ampicillin (Cat# BP1760-5; Thermo Fisher Sci-
entific, Waltham, MA), kanamycin (Cat# BP906-5; Thermo
Fisher Scientific), and 0.5 g/L of vancomycin (Cat# 1404-93-
9; Acros Organics) for 10 days. Mice were then treated with
water containing the antibiotic cocktail ± 200 mM propio-
nate for an additional 21 days. Mice were intraperitoneally
injected with 100 mg/kg of BrdU (Cat# ab142567; Abcam,
Cambridge, United Kingdom). Half of the mice were sacri-
ficed 36 hours post-BrdU injection. The remaining mice
were injected with 50 mg/kg of the S phase Inhibitor hy-
droxyurea (Cat# 127-07-1; Acros Organics) to inhibit crypt
proliferation, and sacrificed 12 hours post–hydroxyurea
injection.

Reagents
Recombinant murine IFNg (Cat# 575306) was pur-

chased from BioLegend (San Diego, CA). Culture medium
RPMI 1640 (Cat# SH30027.01), penicillin/streptomycin
(Cat# SV30010), were purchased from GE Healthcare (Mil-
waukee, WI. ITS (Cat# 354350) and Matrigel (Cat# 356231)
were purchased from Corning (Corning, NY). Dulbecco’s
modified Eagle’s medium (DMEM) (Cat# 30-2002) was
purchased from ATCC (Manassas, VA). Advanced DMEM/
F12 (advanced DMEM) was purchased from Gibco (Gai-
thersburg, MD). Recombinant mouse endothelial growth
factor (EGF) (Cat# 2028-EG), human WNT-3A (Cat# 5036-
WN), mouse Noggin (Cat# 1967-NG), and mouse R-Spon-
din (Cat# 3474-RS) were purchased from R&D Systems
(Minneapolis, MN). The ROCK inhibitor Y-27632 dihydro-
chloride (Cat# 1254) was purchased from Tocris Bioscience
(Bristol, United Kingdom). STAT3 inhibitor HJC0152 was
synthesized by Dr. Jia Zhou’s laboratory at the University of
Texas Medical Branch at Galveston following their reported
procedures.67 STAT3 Inhibitor Stattic (Cat# S7024), PAK1
inhibitor IPA3 (Cat# S7093), HDACI TMP195 (Cat# S8502),
valproate (Cat# S1168), RGFP966 (Cat# S7229), and 1-
naphthohydroxamic acid were purchased from Sell-
eckchem (Houston, TX). MEK inhibitor U0126 (Cat# U120)
butyrate (Cat# 303410), acetate (Cat# S5636), propionate
(Cat# P1880), TSA (Cat# t8552), sodium dichloroacetate
(Cat# 347795), DON (Cat# D2141), Bz-423 (Cat#
SML1944), metformin hydrochloride (Cat# PHR1084), 2-DG
(2-deoxy-D-glucose) (Cat# D6134), and etomoxir (Cat#
E1905) were purchased from Sigma-Aldrich (St. Louis, MO).
Primary antibody against BrdU (Cat# ab6326) and Texas
red goat anti-rat secondary (Cat# T-6392) were purchased
from Abcam. Primary antibody against golgin-97 (Cat# A-
21270), Texas red goat anti-mouse secondary (Cat# T-
6390), phalloidin-488 (Cat# A12379), phalloidin-Texas Red
(Cat# T7471), Hoechst 33342 (Cat# 62249) and Prolong
Diamond Antifade Mount containing DAPI (Cat# P36970)
were purchased from Thermo Fisher Scientific. The
following enzyme-linked immunosorbent assay kits were
purchased from BioLegend: mouse IFN-g, IL-17, TNF, IL-6,
and human IL-10 antibodies (Cat#: 431414, 430804,
432504, 430904, 431304, and 430604, respectively). For
flow cytometry, Ki67 was purchased from BioLegend. Anti-
MFGE8 monoclonal antibody (Cat# D199-3) was purchased
from MBL International Corporation (Woburn, MA).

Knockout of STAT3 Using CRISPR
Knockout of STAT3 was performed as previously

described.68 LentiCRISPR vector (plasmid no. 52961;
Addgene, Cambridge, MA) was used to knockdown STAT3 in
MSIEs. The design and cloning of the target guide RNA
(gRNA) sequences were performed using the Zhang labo-
ratory’s protocol (http://www.genome-engineering.org).69

Briefly, the suitable target sites for the gRNA sequence
against STAT3 were established using the CRISPR design
tool software (http://crispr.mit.edu). Cas9 target sequences
for the indicated genes were designed in the Zhang labo-
ratory (http://www.genome-engineering.org). Then, gRNA
(Integrated DNA Technologies, Coralville, IA) were synthe-
sized and subcloned into the lentiCRISPR-v2 vector. The
newly constructed lentiCRISPR plasmids were then trans-
fected into MSIEs. Following antibiotic positive selection,
transfected cells were established as a stable cell line
(STAT3 forward: 50ACCGCGATTACCTGCACTCGCTTC30,
reverse: 50 AAACGAAGCGAGTGCAGGTAATCGC30).

Epithelial Cell Culture
MSIEs were cultured in RPMI 1640 medium supple-

mented with 5-U/mL IFNg, 5% FBS, ITS (5 mg/mL insulin, 5

http://www.genome-engineering.org
http://crispr.mit.edu
http://www.genome-engineering.org
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mg /mL transferrin, and 5 ng/mL selenous acid), and 100-U/
mL penicillin/streptomycin at the permissive temperature
of 33�C. Before treatment with SCFAs, cells were starved in
RPMI 1640 medium with 0.5% or indicated FBS for 16
hours at 37�C. Caco-2 and IEC-18 cells were cultured in
DMEM supplemented with 10% FBS and 100 U/mL peni-
cillin/streptomycin at 37�C and 5% CO2. Before treatment
with SCFAs, Caco-2 and IEC-18 cells were starved overnight
in medium with 1% FBS at 37�C.
Enteroid Culture
Enteroids were generated as previously described.22

Briefly. The jejunum was dissected from the mouse,
minced, and rocked for 30 minutes at 4�C with 2 mM EDTA.
The tissue was then treated with PBS containing 43.3 mM
sucrose and 54.9 mM sorbitol and rocked for 2 minutes.
Supernatant was filtered through a 70-mm cell strainers. The
pellet containing detached crypts was resuspended in a
50% Matrigel plug and overlayed with LWRN conditioned
media (ATCC) and cultured at 37�C as previously
described.70 For the first 2 days of culture, cells were
additionally supplemented with 10 mM of the ROCK inhibi-
tor Y-27632. After 2 days, the media was changed to LWRN
media without Y-27632. On days 3–4, spheroids were gently
dissociated and passaged using TrypLE (Thermo Fisher
Scientific). For treatment of cells for RNA analysis or Sea-
horse XF Cell Mitro Stress Test, cells were washed twice
with Advanced DMEM F12 containing 4 mM glutamine, 10
mM HEPES, and 100-U/mL penicillin/streptomycin. Treat-
ment media was composed of advanced DMEM/F12 with 4
mM glutamine, 10 mM HEPES, 10-ng/mL WNT3A, 71-ng/
mL Noggin, 75-ng/mL RSPO, and 50-ng/mL EGF as
described previously.71
Epithelial Migration Assay
MSIE, IEC-18, and Caco-2 were seeded in either 24- or

96-well plates and allowed to attach for 24 hours. After
serum starving, a scratch was made in the monolayer with a
200/L pipette tip and cells placed in their respective
treatments. The cells were then placed onto the microscope
stage of a Nikon Eclipse TI (Nikon, Melwille, NY) located
inside of an Okolab cage incubator (Okolab, San Francisco,
CA) and imaged at 10� at 37�C and 5% CO2 or into the
Biotek Cytation 5 (Biotek Instruments, Winooski, VT), and
imaged at 4� or 10� at 37�C and 5% CO2. For single time
point experiments, wound closure was calculated as the
Original Area of Wound�Final Area of Wound

Length of Wound

2 : The widths of the wounds were
measured using the MRI Wound Healing Tool macro for
FIJI software (National Institutes of Health, Bethesda, MD;
http://dev.mri.cnrs.fr/attachments/download/1992/MRI_
Wound_Healing_Tool.ijm) and manually checked for accu-
racy. When quantification could not be done automatically,
the Fiji line tool was used to measure the area of the wound.
For some experiments, cells were stained for F-actin using
phalloidin-488 (Cat# A12379; Invitrogen, Carlsbad, CA) to
assess the adhesion of the monolayers. For time-lapse ex-
periments, cells were imaged continuously every 15
minutes. Single cell tracking was performed by tracking the
centroid position of 15–20 cells per sample that moved the
furthest using Fiji.72 Data were uploaded and analyzed via
DiPER for autocorrelation (cell persistence), cell speed,
MSD, and plots at origin.28 Alpha values were calculated by

taking the logðMSD slopeÞ
logðtimeÞ: at each time point and averaged

together over the course of the entire experiment.

Epithelial Cell Spreading
The 96-well plates were coated with 60-mL of a (1:50)

dilution of Matrigel in ice-cold DPBS for 1 hour at 37�C and
5% CO2. Following a 16-hour pretreatment, MSIEs were
harvested using TrypLE Express (Cat# 12604021; Thermo
Fisher Scientific), and plated in fresh media at 5000 cells per
well onto Matrigel-coated plates. Following incubation, cells
were washed to remove cells that did not adhere, fixed in
4% paraformaldehyde, blocked in 10% goat serum, and
incubated with phalloidin-Texas Red-X (1:40) and Hoechst
33342 (1:1000) overnight. Cells were washed with
phosphate-buffered saline with Tween 20 and imaged using
the Biotek Cytation 5 (Biotek Instruments, Winooski, VT).
For cell counts, the entire well was image automatically and
automatically quantified using Gen5.3 (Biotek Instruments).
For cell spreading, a 5 � 5 grid, which encompassed
approximately 75% of the well was imaged automatically at
10�. Cell size was quantified automatically by Gen5.3 by
calculating the total area of phalloidin staining. Images were
checked manually for accuracy. To calculate cell spreading,
the average cell size and SEM were determined for each
sample.

Epithelial Polarization
MSIEs were seeded in 96-well plates and serum starved

overnight. MSIEs were then pretreated with propionate for
16 hours and scratched as described previously. Two hours
postscratching, cells were fixed in 4% paraformaldehyde,
permeabilized with 0.1% Triton-�100, blocked in 10% goat
serum, and incubated overnight incubation with golgin-97
(1:100). The following day, cells were incubated in goat
anti-mouse Texas Red secondary (1:500), washed, and then
incubated overnight in phalloidin-488 (1:40) and Hoechst
33342 (1:1000). Cells were imaged using the Biotek Cyta-
tion 5 at 40� in 4 similar locations across samples. Cells at
the leading edge were then quantified for the extent of po-
larization indicated by the majority of the Golgi being
located between the nucleus and the leading edge. Between
35 and 55 cells were analyzed per sample, and the percent
of cells polarized was calculated as # of cells polarized

total number of cells .

Flow Cytometry Analysis
For analysis of proliferation, MSIEs were plated in a 24-

well plate. Following serum starvation, cells were treated
with CFSE and treated for 24 hours with SCFAs. Cells were
then fixed with 1% paraformaldehyde. For Ki67 staining,
serum-starved MSIEs were treated for 24 hours with SCFAs.
Cells were fixed and permeabilized followed by
fluorochrome-conjugated anti-mouse Ki67 (1:100). Cells

http://dev.mri.cnrs.fr/attachments/download/1992/MRI_Wound_Healing_Tool.ijm
http://dev.mri.cnrs.fr/attachments/download/1992/MRI_Wound_Healing_Tool.ijm
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were then fixed in 1% paraformaldehyde. Quantification
was performed with a LSRII/Fortessa and FACSDiva soft-
ware (Becton Dickinson, Mountain View, CA). Data were
analyzed with FlowJo (v10.7, FlowJo LLC, Ashland, OR).

BrdU Staining
Five-micrometer formalin-fixed ileal tissue was depar-

affinized with CitriSolv (Cat# 04-355-121; Thermo Fisher
Scientific) and rehydrated using a series of ethanol washes.
Antigen retrieval was performed with sodium citrate (pH
6.8) at 100�C. Tissue was permeabilized using 0.2% Triton-
x100, blocked in 10% goat serum, and incubated overnight
in rat anti-BrdU (1:200). The next day, slides were incu-
bated with rabbit anti-rat 588 (1:500). Slides were mounted
using ProLong Diamond Antifade Mount containing DAPI
(Thermo Fisher, Scientific). Images were acquired at 20�
with a Biotek Cytation 5. The BrdU front was measured
using Gen 5.3.72 A total of 15–30 villi were quantified per
sample to obtain a BrdU front average and SEM.

Enzyme-Linked Immunosorbent Assays
Enzyme-linked immunosorbent assays were performed

according to the manufacturer’s protocols for IL-6, IFN,
TNFa, and IL17A using culture supernatant derived from
organ cultures. High-affinity 96-well plates were coated
with capture antibody at a (1:200) dilution and incubated
overnight at 4�C. After blocking, supernatants were incu-
bated for with detection antibody at a (1:200) followed by
streptavidin conjugated to horseradish peroxidase at
(1:1000) prior to the addition of TMB substrate. Absorbance
was measured using a plate reader.

Quantitative Real-Time Polymerase Chain
Reaction

Total RNA was extracted with TRIzol reagent (Life
Technologies, Carlsbad, CA), quantified via nanodrop, and
used for cDNA synthesis. Quantitative real-time polymerase
chain reaction was performed by using SYBR Green Gene
Expression Assays (Bio-Rad, Hercules, CA). GAPDH was used
as the endogenous reference gene. The relative gene by
normalizing to GAPDH (GAPDH Forward:
50TCAACAGCAACTCCCACTCTTCCA30, Reverse:
50ACCCTGTTGTAGCCGTATTCA3; TFGb For-
ward:50TGACGTCACTGGAGTTGTACGG30, Reverse:
50GGTTCATGTCATGGATGGTGC30; Mfge8 Forward:
50CGCACAGGATCGTCAAT30, Reverse:
50CGCAGAAGGTTCACCTGGAT30; Pak1 Forward:
50GTGTCTGAGACCCCAGCAGTA30, Reverse:
50GTGGTTCAATCACAGATCGTGT30).

Cell Metabolism Measurement
MSIEs were seeded at 8000 cells per well into a 96-well

Seahorse plate. Following serum starvation, cells were
treated for 8 hours with propionate and subjected to the
Seahorse XF Cell Mito Stress Test (Cat# 103708-100; Agi-
lent, Santa Clara, CA) to determine OCR and ECAR. For
enteroid monolayers, spheroids grown in LWRN were
dissociated and plated at 350 crypt pieces per well onto a
96-well Seahorse plated coated with 30 L of 10% Matrigel
(1:10 dilution into DPBS). Cells were overlayed with LWRN
conditioned media for 2 days supplemented with Y-27632.
After 2 days, cells were treated in treatment media as
described above with or without propionate. Following 8
hours of treatment, cells were subjected to the Seahorse XF
Cell Mito Stress Test to determined OCR and ECAR.
Histopathological Assessment
At necropsy, the colon was swiss-rolled and fixed in 10%

neutral buffered formalin for 24 hours. Tissue was then
paraffin embedded and 5 mm sections were prepared and
stained with hematoxylin and eosin. The severity of the
disease was calculated based upon epithelial architecture
and inflammatory. A score between 0 and 4 was given for
each category and summed together to give a total pathol-
ogy score between 0 and 8. Additionally, the total number of
ulcers were quantified per sample. All slides were read by a
blinded pathologist.

Statistical Analysis
All results were presented as mean or mean ± SEM.

Student’s t test was used to test for differences between the
means of 2 groups. One-way analysis of variance (ANOVA)
was used to assess the differences between the means of 3
or more groups. Post hoc pairwise comparisons were
assessed if more than 2 groups were present in an experi-
ment with adjustment for multiple comparisons using the
Tukey method. When data were compiled from multiple
experiments, 2-Way ANOVAs assessing the treatment and
experiment effects were conducted. We also conducted a
post hoc test of the statistical interaction assessing if the
treatment effect differed across the experiments, but this
was not significant (P > .05). We reported our 2-way
ANOVA results without the statistical interaction. We also
conducted pairwise comparisons between the means of the
treatment and control groups at prespecified time points
adjusting for multiple comparisons with the Tukey method.
For experiments with multiple time points comparing 2
treatments, multiple t tests were performed with each row
analyzed individually without assuming a consistent SD,
corrected for multiple comparisons using the Holm-Sidak
method. All the statistical analysis was performed using
Prism 8 (GraphPad Software, San Diego, CA). Significance
was set a priori at P < .05.
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