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barrier defects in a TCPTP-dependent manner.

protection in vivo.
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(Background: TCPTP is a negative regulator of proinflammatory cytokine signaling and may be a therapeutic target for IBD.
Results: Administration of spermidine to intestinal epithelial cells reduced proinflammatory cytokine signaling and subsequent

Conclusion: Activation of TCPTP by spermidine attenuates inflammatory responses in intestinal epithelial monolayers.
Significance: Protection of epithelial barrier integrity by spermidine in vitro suggests its potential importance for barrier
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The gene locus encoding protein-tyrosine phosphatase non-
receptor type 2 (PTPN2) has been associated with inflammatory
bowel disease. Expression of the PTPN2 gene product, T cell
protein-tyrosine phosphatase (TCPTP), in intestinal epithelial
cells has been shown to play an important role in the protection
of epithelial barrier function during periods of inflammation by
acting as a negative regulator of the proinflammatory cytokine
IFN-v. Therefore, agents that increase the activity of TCPTP are
of general interest as modifiers of inflammatory signaling
events. A previous study demonstrated that the small molecule
spermidine is a selective activator of TCPTP in vitro. The aim of
this study was to investigate whether activation of TCPTP by
spermidine was capable of alleviating IFN-vy-induced, proin-
flammatory signaling and barrier dysfunction in human intesti-
nal epithelial cells. Studies revealed that treatment of Tg, and
HT29/cl.19A colonocytes with spermidine increased both
TCPTP protein levels and enzymatic activity, correlating with a
decrease in the phosphorylation of the signal transducers and
activators of transcription 1 and 3, downstream mediators of
IEN-vy signaling, upon coadministration of spermidine to IFN-
y-treated cells. On a functional level, spermidine protected bar-
rier function in the setting of inflammation, restricting the
decrease in transepithelial electrical resistance and the increase
in epithelial permeability induced by IFN-vy in coincubation
experiments. These data implicate spermidine as a potential
therapeutic agent to treat conditions associated with elevated
IFN-v signaling and a faulty mucosal barrier.

Inflammatory bowel disease (IBD)® is the umbrella term
given to two separate but related conditions, Crohn’s disease,
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and ulcerative colitis, both of which are characterized by
chronic inflammation of the intestinal tract. In IBD, proinflam-
matory cytokines such as IFN-yand TNF-« are present at high
concentrations, with elevated levels of IFN-y predominating in
Crohn’s disease (1).

Treatment of intestinal epithelial cell monolayers with IEN-y
has been shown to decrease barrier function (2), resulting in
decreases in transepithelial electrical resistance (TER) and
increases in epithelial cell permeability (3, 4). These effects are
due, in part, to disruption of apical cytoskeletal constituents
and the reorganization of tight junction proteins like occludin
and zonula occluden 1 (ZO-1) (2). Resolution of the barrier
occurs when concentrations of proinflammatory cytokines fall
through decreased production or because of increased expres-
sion and/or activity of negative regulators of cytokine signaling.
One of these negative regulators of IFN-+y cytokine signaling is
T cell protein-tyrosine phosphatase (TCPTP).

TCPTP is a member of the protein-tyrosine phosphatase
family (PTP) whose members share a highly conserved catalytic
motif. PTPs play an integral role in regulating a variety of basic
cellular processes, including cell growth and differentiation (5).
Among TCPTP substrates are the phosphotyrosine residues on
the receptors for epidermal growth factor (6) and insulin (7).
Additionally, TCPTP negatively regulates phosphorylation of
the IFN-vy receptor (IFN+yR) and the IFN-+vy signaling molecules
signal transducers and activators of transcription (STAT) 1 and
3 (8, 9). Dephosphorylation of STATs by TCPTP leads to their
inactivation and termination of STAT-induced transcription
(8). TCPTP, therefore, plays an integral role in regulating IEN-y
signaling and maintaining cellular homeostasis.

Genome-wide association studies have revealed that individ-
uals with single nucleotide polymorphic mutations in the locus
of the PTPN2 gene that encodes TCPTP have an increased sus-
ceptibility to developing Crohn disease and ulcerative colitis
(10, 11). Although it has been shown that TCPTP expression
and activity is increased in response to IFN-v, reduced TCPTP
expression leads to increased effects of [IFN-y on STAT signal-
ing and a greater reduction in barrier function (12, 13). There-
fore, agents that increase the activity of TCPTP are of general
interest as modifiers of inflammatory signaling events.
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A recent study demonstrated that the small molecule sper-
midine is a selective activator of TCPTP in vitro (14). Small
molecule activation of PTPs provides new insights into the
potential for pharmacologic targeting of phosphatases to regu-
late specific cellular events. By investigating the effects of sper-
midine on TCPTP in intestinal epithelial cells, our studies serve
not only to promote a further understanding of the role of
TCPTP in intestinal epithelial barrier maintenance but also to
identify a possible therapeutic agent for conditions associated
with dysregulated IFN-vy signaling and intestinal barrier
defects.

EXPERIMENTAL PROCEDURES

Materials—Human recombinant IFN-vy (Roche, Mannheim,
Germany); spermidine trihydrochloride (Sigma); spermine tet-
rahydrochloride (Sigma); cycloheximide (Sigma); monoclonal
mouse anti-TCPTP antibody CF-4, which detects the 45-kD
and 48-kD isoforms (Calbiochem, San Diego, CA); anti-phos-
pho-STAT1 (Tyr’®'), anti-STAT1, anti-phospho-STAT3
(Tyr’?®), and anti-STAT3 (Cell Signaling Technology, Dan-
vers, MA); and monoclonal mouse anti-B-actin (Sigma) were
obtained from the sources noted. Millicell culture plate
inserts were purchased from Millipore Corp. (Bedford, MA).
All other reagents were of analytical grade and were acquired
commercially.

Tissue Culture—Human Tg, colonic epithelial cells (passages
20-40) were grown in 1:1 Dulbecco’s modified Eagle’s
medium/Ham’s F-12 medium with L-glutamine and 15 mm
HEPES (Mediatech Inc., Manassas, VA), supplemented with 5%
newborn calf serum (Invitrogen) and 1% penicillin/streptomy-
cin (Cellgro/Mediatech, Herndon, VA) at 37 °C in 5% CO.,.
Cells were fed twice a week and then seeded onto 30-mm Millicell
transwell polycarbonate filters (0.5 X 10° cells) for Western blot
analysis. When grown on polycarbonate filters, T, cells acquire
the polarized phenotype of native colonic epithelia (15).

HT29/cl.19A cells (16) were grown to confluence in
McCoys’s 5A medium with L-glutamine and supplemented
with 10% FBS (HyClone Laboratories Inc., Logan, UT) at 37 °C
in 5% CO, (passages 20 —40). Cells were fed three times a week,
passaged once a week in 75-cm? flasks, and then seeded onto
30-mm Millicell transwell polycarbonate filters (0.5 X 10° cells)
for Western blot analysis.

For barrier function studies, Tg, cells were seeded onto
12-mm Millicell-HA culture plate inserts (filter membranes)
and grown for 14 —21 days before study, at which time they had
stable values of transepithelial electrical resistance = 1000
Q/cm? IFN-v (1000 units/ml) was added basolaterally, whereas
spermidine (10 uMm), spermine (10 um), and cycloheximide
(35.5 um) were added bilaterally.

RNA Isolation and Real-time Polymerase Chain Reaction—
Total RNA was isolated, and DNA was removed from Ty, cells
using the Direct-zol RNA MiniPrep kit (Zymogen, Irvine, CA)
according to the instructions of the manufacturer. RNA purity
and concentration were assessed by absorbance at 260 and 280
nm. ¢cDNA synthesis was performed using a high-capacity
c¢DNA reverse transcription kit (Applied Biosystems, Foster
City, CA). Quantitative reverse transcriptase polymerase chain
reaction was performed using MESA GREEN qPCR MasterMix
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Plus for SYBR assays (Eurogentec, San Diego, CA) on a
StepOnePlus real-time PCR system using Step One software
v2.0 (Applied Biosystems). Measurements were performed in
triplicate, human GAPDH was used as an endogenous control,
and results were analyzed by the AACT method.

Preparation of Cytoplasmic Lysates—On the day of the
experiment, cells from inserts containing Tg, and HT29 mono-
layers were suspended in ice-cold lysis buffer (50 mm Tris, 150
mM NaCl, 0.1% SDS, 0.5% sodium deoxycholate, 20 um NaF, 1
mMm EDTA, 1 ug/ml antipain, 1 ug/ml pepstatin, 1 pg/ml leu-
peptin, 1 mm NaVO,, and 100 pg/ml phenylmethylsulfonyl flu-
oride), vortexed thoroughly, and subjected to lysis using a
22-gauge needle. Cells were centrifuged at 10,000 rpm for 10
min to remove insoluble material, and an aliquot was removed
from each sample to determine protein content (Bio-Rad pro-
tein assay according to the instructions of the manufacturer).
Samples were resuspended in loading buffer (50 mm Tris (pH
6.8), 2% SDS, 100 mm dithiothreitol, 0.2% bromphenol blue, and
20% glycerol) and boiled for 5 min.

Western Blotting—Samples suspended in loading buffer were
loaded onto a 4—15% gradient polyacrylamide gel to resolve pro-
teins. The proteins were transferred onto a polyvinylidene difluo-
ride membrane (Millipore). The membrane was incubated in
blocking buffer (5% bovine serum albumin (BSA) in 0.1% Tris-
buffered saline and Tween 20 (TBST)) for 1 h followed by over-
night incubation of the membrane in blocking buffer containing
primary antibody diluted 1:1000. This was followed by four 15-min
washes with 0.1% TBST. After washing, secondary antibody (goat-
anti-rabbit, Cell Signaling Technology, or goat-anti-mouse IgG
conjugated to horseradish perodixase, BD Biosciences) diluted
1:2000 was added to the membrane and incubated for 30 min. This
was followed by four more 15-min washes with wash buffer. The
membrane was then treated with chemiluminescent solution
according to the directions of the manufacturer (Thermo Scien-
tific, Rockford, IL) and exposed to film. Densitometric analysis of
the blot was performed using Image] software (National Institutes
of Health).

Immunoprecipitation— 6 X 10° Ty, and HT29 cells were pre-
pared in 75-cm? flasks. Following stimulation, cells were
scraped and suspended in 1 ml of ice-cold PBS. Cells were cen-
trifuged for 5 min at 5000 rpm. The pellet was fully resuspended
and lysed in 500 pl of ice-cold lysis buffer (5% IGEPAL CA-360,
750 mm NaCl, 250 mm Tris-Cl (pH 8.0), 1 pg/ml antipain, 1
pg/ml pepstatin, 1 ug/ml leupeptin, and 100 pg/ml phenyl-
methylsulfonyl fluoride). Lysed cells were centrifuged for 10
min at 10,000 rpm to pellet DNA and small nonsoluble parti-
cles. 1 ug of monoclonal mouse anti-TCPTP CF-4 antibody was
added per sample and placed on a rotating platform at 4 °C for 1 h.
This was followed by the addition of 30 ul of the 50% (v/v) protein
A-Sepharose beads to the cell lysate/antibody mix and allowed to
incubate on a rotating platform at 4 °C for 1 h. Samples were then
centrifuged briefly to pellet the protein A-Sepharose-antibody-an-
tigen complex, and the complex was washed three times with cold
lysis buffer followed by three more washes with phosphatase reac-
tion buffer (25 mm HEPES, 50 mm NaCl, and 1 mm ditheothreitol).
Beads were resuspended in phosphatase reaction buffer and
allowed to warm to room temperature before the initiation of the
phosphatase assay.
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Phosphatase Activity Assay—Phosphatase activity was
assessed using the EnzChek phosphatase assay kit (Molecular
Probes, Eugene OR) according to the instructions of the man-
ufacturer using the fluorescent phosphatase substrate 6,8-dif-
luoro-4-methylumbelliferyl phosphate. Upon dephosphoryl-
ation, 6,8-difluoro-4-methylumbelliferyl phosphate fluoresces
at an excitation/emission wavelength of 360/460. TCPTP was
first immunoprecipitated from whole cell lysates using anti-
TCPTP antibody (see above). Inmunoprecipitates were incu-
bated for 15 min with 6,8-difluoro-4-methylumbelliferyl phos-
phate, after which fluorescence was detected with a
SpectraMax M2 fluorescence microplate reader using SoftMax
Prov. 5 software (Molecular Devices, Sunnyvale, CA). Fluores-
cence was measured every 15 min for the first hour and every 30
min thereafter. Measurements were performed in triplicate. A
sample from each immunoprecipitation was run on SDS-PAGE
and probed for TCPTP to account for equal protein loading. To
account for any differences in overall phosphatase amounts,
fluorescence activity units gathered from each assay were com-
pared with TCPTP densitometric values obtained from West-
ern blotting. Thus, values represent the specific activity of
TCPTP rather than total quantities of the enzyme.

Small Interfering RNA Transfection—2 X 10° Ty, cells were
seeded 3 days before transfection. For TCPTP, 100 pmol of
three different annealed Silencer predesigned siRNA oligonu-
cleotides (Applied Biosystems) were transfected into Tg, cells
using the Amaxa nucleofector system (Amaxa, Gaithersburg,
MD). After transfection, cells were cultured on filter mem-
branes for 72 h before treatment. Control siRNA SMARTpool
(Upstate Biotechnology/Dharmacon, Chicago, IL) (100 pmol/
transfection) was used as a negative control.

Transepithelial Electrical Resistance—TER across Ty, mono-
layers was assessed by voltohmeter (WPI, Sarasota, FL) and
companion electrodes (Millipore). Measurements were calcu-
lated in ohm/square centimeters and expressed as a percentage
of the base-line measurement.

Transepithelial Permeability Studies—Transepithelial per-
meability was measured as 4-kDa FITC-dextran (Sigma) flux
across IEC monolayers. Following spermidine and IFN-+y treat-
ment, cells were washed three times and incubated for 30 min at
37 °C with Ringer’s solution to equilibrate. FITC-dextran (1
mg/ml) was added to the apical compartment of the monolayer.
Two hours later, 100 ul of the basolateral solution was
removed, and fluorescence was detected using a microplate
reader (Molecular Devices).

Fluorescence Microscopy—Tyg, cells (1 X 10°) were seeded
onto coverslips and allowed to grow for 2 days. On day 3, fresh
medium (DMEM) was added and pretreated with SPD (10 um)
for 15 min. After 15 min, the cells were treated with IFN-vy
(1000 units/ml) = SPD for 15 min. After treatment, cells were
washed twice with PBS and fixed with 3.7% paraformaldehyde
for 20 min at room temperature. Cells were washed with PBS
five times and then blocked with 5% normal goat serum in 0.3%
Triton X-100 in PBS for 30 min. The cells were incubated with
rabbit-anti-phospho-PI3K (1:50, Cell Signaling Technology)
overnight at 4 °C. Cells were then washed five times with PBS
and incubated with secondary Alexa Fluor 488-conjugated goat
anti-rabbit (1:200, Jackson ImmunoResearch Laboratories,
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Westgrove, PA) for 1 h at room temperature. Cells were washed
for 5 min five times, rinsed in water, and mounted with ProLong
Gold plus DAPI (Invitrogen). Fluorescence microscopy was
performed using an EVOS fluorescent microscope (Life Tech-
nologies), and the final image was prepared using Adobe Pho-
toshop (Adobe Systems Inc., San Jose, CA).

Confocal Microscopy—1 X 10° Tg, cells were seeded onto
coverslips and allowed to grow for 3 days. After treatment, cells
were washed twice with PBS and fixed with 4% paraformalde-
hyde for 10 min. After three washes with PBS, cells were
blocked with 1% BSA in PBS for 1 h and washed with PBS once.
Mouse-anti-ZO-1 antibody (1 ug/ml, Invitrogen) and rabbit-
anti-occludin (1 pg/ml, Invitrogen) in 1% BSA in PBS were
applied overnight. Cells were washed three times with PBS, and
secondary Alexa Fluor 488-conjugated goat anti-mouse, Alexa
Fluor 568-conjugated goat anti-rabbit, and Alexa Fluor 647-
phalloidin (excitation/emission maxima at 495/519, 579/603,
and 650/668, respectively, Molecular Probes) were added in a
1:100 dilution in 1% BSA in PBS for 30 min at room tempera-
ture. Cells were washed three times with PBS, incubated with
Hoechst 33258 (excitation/emission maxima at 352/461 nm,
Molecular Probes) in PBS (1:100) for 5 min at room tempera-
ture, and washed three times in PBS. Finally, cells on coverslips
were transferred onto glass slides and mounted with ProLong
Gold antifade reagent (Molecular Probes). Confocal micros-
copy was performed using a Zeiss LSM 510 laser-scanning con-
focal system on a Zeiss Axioscope 2 upright microscope (Zeiss,
Jena, Germany). Data analysis was performed using Zeiss LSM
5 Image Examiner software (Zeiss).

Statistical Analysis—All data are mean * S.E. for a series of
experiments. Statistical analysis was performed by Student’s
unpaired ¢ test or analysis of variance (ANOVA) and Student-
Newman-Keuls post-test using Graph Pad Instat 3 software
(Graph Pad Software, La Jolla, CA). p < 0.05 was considered
significant.

RESULTS

Spermidine Increases TCPTP Expression at the Protein
Level—To study whether spermidine had any effect on TCPTP
expression in human IECs, T, and HT29 cells grown as mono-
layers on permeable supports were treated with increasing con-
centrations of spermidine (0.1, 1.0, and 10 um) for 24 h. Sper-
midine was applied to both the apical and basolateral
compartments. Western blotting indicated that TCPTP pro-
tein levels were increased in a dose-dependent manner in both
Tq, (p < 0.05, Fig. 14) and HT29 (p < 0.05, B) IECs. In T4, cells
treated with 10 um spermidine, TCPTP levels were 2.2 = 0.3-
fold greater than those found in control cells (p < 0.05, Fig. 1A).
Spermidine was also administered to Ty, and HT29 monolayers
at concentrations of 100 uMm and 1 mm. However, these concen-
trations led to significant decreases in TER following 24-hour
incubation and were not pursued in further studies. In separate
cell viability studies, wells treated with 1 mm spermidine and, to
a lesser extent, 100 uMm, had higher numbers of dead cells than
control wells as determined by trypan blue exclusion (p <
0.001, n = 4, data not shown). 10 uM spermidine did not affect
cell viability. Interestingly, RT-PCR analysis revealed no
increase in PTPN2 mRNA levels in cells treated with sper-
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FIGURE 1. Spermidine increases TCPTP expression at the protein level in Ty, and HT29 intestinal epithelial cells. A, SPD (0.1, 1.0, and 10 um) increased
TCPTP protein levels in Tg, (A) and HT29 cells (B) in a dose-dependent manner following 24 h treatment (n = 4). Unt, untreated. C, SPD (0.1, 1.0, 10 um) showed
no effect on PTPN2 mRNA expression in Tg, cells following 24-h treatment (n = 6). PTPN2 mRNA expression was normalized to the housekeeping gene GAPDH.
D, cycloheximide (CHX, 35.5 um) significantly reduced TCPTP protein levels following 24 h treatment. Coadministration of SPD (10 um) reversed this effect (n =
4). Whole cell lysates from SPD and CHX-treated cells were obtained, and TCPTP protein levels were assessed by Western blot analysis. -Actin was used
throughout as a loading control, and the relative protein levels were assessed by densitometry. All data are expressed as a percentage of the control + S.E. *,
p < 0.05 compared with untreated control; ###, p < 0.001 compared with CHX-treated cells; Student’s unpaired t test or ANOVA and Student-Newman-Keuls

post hoc test.

midine compared with untreated Ty, cells (Fig. 1C). There-
fore, in an effort to further elucidate the mechanism by
which spermidine increased TCPTP protein levels, the ribo-
somal inhibitor cycloheximide was used to investigate
whether spermidine induced TCPTP protein synthesis. Pre-
vious studies employing the T, cell line used cycloheximide
at a final concentration of 35.5 um to effectively inhibit pro-
tein synthesis (17). Therefore, T, cells grown as monolayers
on permeable supports were treated with cycloheximide
(35.5 um) for 30 min followed by the addition of spermidine
(10 puMm) for 24 h. Western blotting indicated a 19 = 6%
decrease in TCPTP protein levels in T, cells incubated with
cycloheximide compared with the dimethyl sulfoxide vehicle
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control (p < 0.05, Fig. 1D). Coadministration of spermidine
to cycloheximide-treated Ty, cells significantly restored the
TCPTP decrease (p < 0.001, Fig. 1D). The results of this
experiment suggest that the effect of spermidine on TCPTP
protein does not involve protein synthesis. Although it can-
not be definitively concluded from this particular experi-
ment, the increase in TCPTP protein may be due to spermi-
dine causing posttranslational stabilization of TCPTP,
perhaps through direct physical interaction. However, the
increase in TCPTP protein elicited by spermidine could also
be an indirect result of the polyamine interfering with pro-
tein-degradative pathways. The exact nature of this regula-
tion will be the focus of future studies.
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FIGURE 2. Spermidine increases TCPTP enzymatic activityin Tg,and HT29
intestinal epithelial cells. Ty, (A) and HT29 (B) cells were treated with SPD (10
um) for 30 min. TCPTP was immunoprecipitated from whole cell lysates, and
TCPTP activity was assessed (n = 3). A sample from each immunoprecipita-
tion was probed for TCPTP by Western blotting to confirm equal protein load-
ing. Fluorescence activity units were compared with TCPTP protein levels to
account for any differences in overall phosphatase amounts. All data are
expressed as a percentage of the control = SE. ¥, p < 0.05; **, p < 0.01
compared with the respective untreated time point; Student’s unpaired t test.

Spermidine Increases TCPTP Activity in Intestinal Epithelial
Cells—Next, we investigated whether spermidine altered
TCPTP enzymatic activity in Ty, and HT29 cells. Following
incubation with or without spermidine (10 um) for 30 min,
TCPTP was immunoprecipitated from Ty, and HT29 whole
cell lysates. Data acquired from the activity assays demon-
strated that TCPTP activity in immunoprecipitates incubated
with spermidine peaked at 45 min and was 1.9 *= 0.2-fold
greater than TCPTP activity in immunoprecipitates from
unstimulated Tg, cells (p < 0.01, Fig. 24). Similar results were
observed in HT29 cells (p < 0.05, Fig. 2B). These data implicate
spermidine as a bona fide stimulus of TCPTP activity in vitro in
intestinal epithelial cell lines.

Spermidine Attenuates IFN-vy Signaling in Intestinal Epithe-
lial Cells—Having determined that spermidine stimulates
TCPTP activity, and given our interest in TCPTP regulation of
IEN-v signaling, it was of interest to establish whether spermi-
dine had any effect on IFN-+y signaling and the phosphorylation
state of the IFN-vy signaling molecules STAT1 and 3. A patho-
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physiologically relevant dose of IEN-y (1000 units/ml) was
added basolaterally to T, monolayers (12). Western blot anal-
ysis revealed that IFN-yinduced STAT1 and 3 phosphorylation
following 30 min of treatment compared with untreated cells in
both Ty, (p < 0.001, Fig. 3, A and B) and HT29 (p < 0.01, Cand
D) cells, respectively. Coadministration of spermidine (10 um)
to IFN-vy-treated Ty, cells for this time significantly attenuated
IEN-vy-induced phosphorylation of STAT1 (p < 0.01, Fig. 34)
and STAT3 by 26 = 7% (p < 0.001, B). Likewise, coadministra-
tion of spermidine (10 um) to IFN-+y-treated HT29 cells for this
time significantly attenuated IFN-vy-induced phosphorylation
of STAT1 by 38 £ 5% (p < 0.05, Fig. 3C) and STAT3 by 19 + 9%
(p < 0.05, D). The decrease in STAT1 and 3 phosphorylation
observed in cells coadministered spermidine with IFN-vy, cou-
pled with the observed spermidine-induced increase in TCPTP
phosphatase activity, suggests that the increase in TCPTP
activity results in down-regulation of IFN-vy signaling through a
decrease in STAT1 and 3 phosphorylation.

Spermidine Inhibits PI3K Activation and Protects Intestinal
Epithelial Barrier Function from Inflammatory Cytokine
Exposure—IFN-vy is known to partially mediate its effects on
barrier function through an increase in PI3K activation (18, 19).
To assess whether spermidine interrupted this signaling path-
way, we gauged the level of IFN-vy induction of PI3K activation
in the presence or absence of SPD by examining phosphoryla-
tion of the p85/p55 subunits of PI3K under these conditions.
IFN-v increased phosphorylation of PI3K in Ty, cells, and this
was restricted in the presence of SPD, suggesting that SPD can
reduce activation of this key mediator of IFN-y-induced barrier
defects (Fig. 4A4). IFN-vy has been reported to decrease TER in
Ty, cells by as much as 40% as early as 24 h after treatment (4).
Therefore, we next wanted to determine whether spermidine
exhibited a protective effect on IEC barrier function following
challenge with IFN-v. IFN-vy (1000 units/ml) was added baso-
laterally to Tg, cells when they had established a stable mono-
layer in which the base-line TER before treatment was = 1000
Q/cm®. Following 24-hour treatment with IFN-vy, TER
decreased on average by 35 = 5% (p < 0.001, Fig. 4B). Coad-
ministration of spermidine (10 um) for this time significantly
lessened the effects of IFN-v. Following a 24-hour coincuba-
tion, spermidine reduced the effect of IFN-+y treatment alone by
44 = 7% (p < 0.05, Fig. 4B). IFN-vy also significantly increased
epithelial cell permeability following 24 h of treatment as meas-
ured by 4-kDa FITC-dextran flux (p < 0.05, Fig. 4C). Coadmin-
istration of spermidine (10 um) significantly reduced the flux of
FITC-dextran across Tg, cell monolayers (p < 0.05, Fig. 4C).
These studies revealed a protective role for spermidine in the
regulation of epithelial barrier function.

Activation of TCPTP Is Specific for the Chemical Nature of
Spermidine—There are other polyamines that have similar
chemical structures to spermidine. Therefore, it was of interest
to determine whether or not other structurally similar poly-
amines had any effect on IFN-v signaling events in Tg, cells.
One of these chemically relevant polyamines is spermine,
which is produced by the addition of a propylamine group to
spermidine, facilitated by the enzyme spermine transferase
(20). To study the effects of spermine on IFN-+y signaling, [IFN-vy
(1000 units/ml) was added basolaterally to Tg, monolayers.
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FIGURE 3. Spermidine attenuates STAT1 and 3 phosphorylation in IFN-y-treated T, and HT29 intestinal epithelial cells. [FN-y (1000 units/ml) induced
phosphorylation of STAT1 and 3in T, (A and B) and HT29 (Cand D) cells following 30-min treatment. Coadministration of SPD (10 um) for this time significantly
attenuated IFN-y-induced phosphorylation of STAT1 and 3 in both Ty, and HT29 cells (n = 3-5). Whole cell lysates from IFN-yand/or SPD-treated Ty, and HT29
cells were obtained, and STAT1 and 3 protein levels were assessed by Western blot analysis. B-Actin was used throughout as a loading control, and the relative
protein levels were assessed by densitometry. All data are expressed as a percentage of the control + S.E. **, p < 0.01; *** p < 0.001 compared with untreated
control; #, p < 0.05; ##, p < 0.01; ###, p < 0.001 compared with IFN-y-treated cells; ANOVA and Student-Newman-Keuls post hoc test. Unt, untreated.

Western blot analysis revealed that IFN-vy induced STAT1
phosphorylation following 30 min of treatment (p < 0.01, Fig.
5). Bilateral coadministration of spermine showed no signifi-
cant reduction of IFN-y-induced STAT1 phosphorylation,
revealing that activation of TCPTP seems to be specific for the
chemical nature of spermidine. On a functional level, IFN-y
(1000 units/ml) was added basolaterally to Tg, monolayers that
had stable TER values of = 1000 {)/cm”. Following 24-h treat-
ment, TER values were significantly decreased from their initial
base-line measurements (p < 0.001, Fig. 5, C and D). Coadmin-
istration of either spermine (SPR, 10 uMm) or putrescine (PUT,
10 uMm), another structurally similar polyamine, with IFN-y
showed no protective effect against IFN-y-induced barrier
resistance (n = 3, Fig. 5, Cand D).
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Spermidine Attenuates IFN-y Signaling in a TCPTP-depen-
dent Manner—Next, it was of interest to investigate whether
the attenuation of STAT1 phosphorylation observed in Ty,
cells coadministered spermidine with IFN-y was actually medi-
ated by TCPTP. Tg, cells were transfected with either TCPTP-
specific siRNA or nonspecific control siRNA, seeded on perme-
able supports, and allowed to grow for 72 h. Nonspecific effects
of the siRNA transfections were not observed, as shown by
equivalent levels of the loading control, B-actin, and total
STAT1 in each experiment. Following the addition of IFN-vy
(1000 wunits/ml) to cell monolayers, Western blotting
revealed that IFN-y induced STAT1 phosphorylation fol-
lowing 30 min of treatment and that this level was increased
in the TCPTP knockdown samples (# = 3, Fig. 6). As
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FIGURE 4. Spermidine inhibits PI3K activation by IFN-y and protects
intestinal epithelial barrier function from inflammatory cytokine treat-
ment. A, Ty, cells (1 X 10°) were seeded onto coverslips and allowed to grow
for 2 days. On day 3, fresh medium (DMEM) was added, and cells were pre-
treated = SPD (10 um) for 15 min. After 15 min, the cells were treated with
IFN-vy (1000 units/ml) for 15 min. PI3K activation was detected with a rabbit
anti-phospho-PI3K antibody (phospho-p85™*°8/p55™"9% 1:50 dilution;
green). DNA was stained with DAPI (blue). IFN-y treatment increased PI3K
phosphorylation, and this was reduced in the presence of SPD (representa-
tive image from five fields of view, X20, n = 2, scale bar = 200 wm). B, IFN-y
(1000 units/ml) was added basolaterally to Tg, monolayers that had stable
TER values of = 1000 2/cm?. Following 24-h treatment, TER values decreased
by 35% of their initial base-line measurements. Coadministration of SPD (10
um) for this time significantly reduced the effects of IFN-y on barrier resist-
ance (n = 4). C, following 24-h treatment, IFN-y (1000 units/ml) also induced
increases in epithelial permeability as measured by FITC-dextran flux. Coad-
ministration of SPD (10 um) for this time significantly reduced the effects of
IFN-vy on barrier permeability (n = 4). Data are expressed as a percentage of
the untreated control = S.E. *, p < 0.05; *** p < 0.001 compared with
untreated cells; #, p < 0.05 compared with IFN-y-treated cells; ANOVA and
Student-Newman-Keuls post hoc test. UNT, untreated.
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expected, a decrease in STAT1 phosphorylation was
observed in control siRNA-transfected cells coadministered
spermidine (10 um) with IFN-vy (p < 0.05, Fig. 6). Interest-
ingly, the decrease in STAT1 phosphorylation caused by
spermidine was not observed in TCPTP knockdown cells
compared with control siRNA-treated cells (p < 0.001, Fig.
6). Together, these data indicate that TCPTP is the likely
mediator through which spermidine reduces IFN-+y-induced
STAT1 phosphorylation.

Spermidine Protects Intestinal Epithelial Barrier Function in
a TCPTP-dependent Manner—Having determined that sper-
midine plays a protective role in epithelial barrier function fol-
lowing challenge with IFN-v, it was of interest to determine
whether this effect was mediated through TCPTP. Ty, cells
were transfected with either TCPTP-specific siRNA or nonspe-
cific control siRNA, seeded on permeable supports, and
allowed to grow for 48 h before treatment. Nonspecific effects
of the siRNA transfections were not observed, as shown by
equivalent levels of the loading control, B-actin, in each exper-
iment. Following the addition of IFN-vy (1000 units/ml) to cell
monolayers, TER decreased on average by 8 = 1% following
24 h of treatment (p < 0.01, Fig. 7). As expected, coadministra-
tion of spermidine (10 M) for this time lessened the effects of
IEN-v on barrier function, resulting in a TER decrease of only
2 * 4% (p < 0.05, Fig. 7). In TCPTP knockdown cells, the
decrease in TER was further exacerbated in the presence of
IEN-y (p < 0.001, Fig. 7). Interestingly, coadministration of
spermidine to IFN-vy-treated TCPTP-deficient cells did not
result in a restoration of TER. The results of these experiments
indicate that the protective role for spermidine in the regula-
tion of intestinal epithelial barrier function is mediated, at least
in part, by TCPTP.

Spermidine Protects IFN-vy-induced Redistribution of Tight
Junction Proteins—Finally, it was of interest to investigate
whether spermidine protected against IFN-y-induced occludin
and ZO-1 tight junction protein reorganization, a key step in
IFN-vy-induced barrier defects. Confocal microscopy revealed
occludin (OCLN) and ZO-1 localization at apical tight junc-
tions in untreated (Fig. 84, Unt) and spermidine-treated (B)
monolayers, yielding a typical cobblestone-like appearance
(21). However, when cells were treated with IFN-vy (1000 units/
ml, 24 h, Fig. 8C), OCLN appeared substantially diminished at
apical tight junctions when compared with both the untreated
and SPD-treated cells. Coadministration of spermidine (10 um,
24 h, Fig. 8D) with IFN-v resulted in partial retention of the
cobblestone appearance of OCLN localization, indicating the
preservation of tight junctions in the presence of spermidine.
Additionally, untreated (Fig. 8E) and SPD-treated cells (F)
showed sharp localization of ZO-1 at the tight junctions
between adjacent cells. IFN-vy treatment (Fig. 8G) resulted in
large gaps between adjacent cells delineated by the ZO-1-en-
riched membrane. Cells coincubated with IFN-vy and SPD (Fig.
8H) showed an absence of gaps between adjacent cells, thus
supporting observations from OCLN localization that indicate
a protective effect of spermidine against IFN-y-mediated bar-
rier dysfunction.
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FIGURE 5. Attenuation of IFN-vy signaling and barrier defects is specific for the chemical nature of spermidine. A, IFN-y (1000 units/ml) induced STAT1
phosphorylation following 30 min of treatment. Coadministration of spermine (SPR, 10 um), a structurally similar polyamine, for this time showed no significant
decrease in IFN-y-induced phosphorylation of STAT1 as shown in the densitometric analysis (B). Whole cell lysates from IFN-yand/or SPD-treated Ty, cells were
obtained, and STAT1 protein levels were assessed by Western blot analysis. 8-Actin was used throughout as a loading control, and the relative protein levels
were assessed by densitometry (n = 4). Cand D, IFN-vy (1000 units/ml) was added basolaterally to Ty, monolayers that had stable TER values of = 1000 (/cm?.
Following 24-h treatment, TER values were significantly decreased from their initial base-line measurements. Coadministration of SPR (10 um) (B) and putres-
cine (PUT, 10 um) (C) showed no protective effect against IFN-y-induced barrier resistance (n = 4). Data are expressed as a percentage of the untreated
control £ S.EE. **, p < 0.01; *** p < 0.001 compared with untreated cells; ###, p < 0.001 compared with SPR- or PUT-treated cells alone; ANOVA and

Student-Newman-Keuls post-hoc test. Unt, untreated.

DISCUSSION

TCPTP has been shown to play an essential role in regulating
inflammatory cytokine signaling by inactivating the IFN-v sig-
naling molecules STAT1 and STAT3. This view is supported by
the fact that Ptpn2 knockout mice die within 3-5 weeks from
systemic inflammation characterized by elevated levels of
IFN-y and TNF-a (22). Single nucleotide polymorphisms
(SNPs) in the PTPN2 gene locus that encodes TCPTP have been
associated with inflammatory bowel disease, and it is thought
that these mutations could lead to a loss of function (10, 11).
Although this has not been formally proven, it is thought that
loss of TCPTP function may contribute to IBD progression, in
part because of prolonged IFN-vy-induced STAT activation of
transcription and subsequent increases in intestinal permeabil-
ity (12, 13). Therefore, agents like spermidine that increase
TCPTP activity are of general interest as modifiers of inflam-
matory signaling events. Our experiments with spermidine
were designed to examine its effects on TCPTP expression and
enzymatic activity as well as inflammatory cytokine signaling.

Spermidine belongs to a class of molecules called polyamines
that are involved in many physiological processes, including
cell growth and proliferation, immunity, protein and nucleic
acid synthesis, and certain cellular signaling processes (19).
Spermidine is a low molecular weight amine that is water-sol-
uble and fully protonated at physiological pH (23), thereby
exhibiting polycationic character. It is the charged chemical
nature of spermidine that is thought to play a critical role in the
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biological activity of the compound, including its activating
effect on various enzymes like TCPTP (14, 24, 25). Although the
proposed mechanism by which spermidine increases TCPTP
activity has not been clearly defined, it is known that spermi-
dine interacts with TCPTP at the same site as the o, -integrin
cytoplasmic tail residues 1164-1179 identified previously to
activate TCPTP (6, 14). One current hypothesis suggests that
the polycationic character of spermidine is responsible for
breaking an autoregulatory intramolecular bond between the
carboxy-terminal and catalytic domain in TCPTP (14). The
idea that electrostatic interactions may mediate TCPTP activity
is supported by previous work establishing activation of TCPTP
in response to stimulation with the positively charged cytoskel-
etal protein «; -integrin (6) as well as in response to increases in
ionic strength (26). By applying the approach of pharmacolog-
ical activation of TCPTP by spermidine to a model of inflam-
mation, we have shown that this small polyamine is capable of
attenuating IFN-vy-induced cell signaling and barrier defects. In
our studies, coadministration of spermidine to IFN-vy-treated
cells attenuated IFN-vy-induced phosphorylation of STAT1 and
STAT3 as well as redistribution of the tight junctional proteins
occludin and ZO-1. However, we acknowledge that the involve-
ment of STAT1 in IFN-vy-induced barrier dysfunction is con-
troversial. Therefore, although inhibition of STAT1 activation
may be partially involved in the protective effects of spermidine
on barrier function, other pathways may also be targeted by
spermidine. Effects of spermidine on multiple pathways would
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FIGURE 6. Spermidine attenuates IFN-vy signaling in a TCPTP-dependent
manner. Ty, cells were transfected with either TCPTP-specific siRNA or non-
specific control siRNA. IFN-y (1000 units/ml) induced STAT1 phosphorylation
following 30 min of treatment. A decrease in STAT1 phosphorylation was
observed in control siRNA-transfected cells coadministered SPD (10 um) with
IFN-+ for this time. The decrease in STAT1 phosphorylation by SPD was not
realized in coadministration studies in TCPTP knockdown cells (n = 3). Whole
celllysates from IFN-y-and/or SPD-treated Ty, cells were obtained, and STAT1
protein levels were assessed by Western blot analysis. B-Actin was used
throughout as aloading control, and the relative protein levels were assessed
by densitometry. All data are expressed as a percentage of the control = S.E.
** p < 0.01 compared with untreated control siRNA-transfected cells; #, p <
0.05 compared with IFNy treatment of control siRNA-transfected cells; $$$,
p < 0.001 compared with IFN+y/SPD treatment of control siRNA-transfected
cells. Unt, untreated.

likely lead to a greater overall protective effect on barrier func-
tion than contributed by the partial inhibition of STAT protein
phosphorylation alone. With this in mind, we investigated the
effect of spermidine on a well established mediator of IFN-y-
induced barrier defects, PI3K. Our observation that spermidine
reduced IFN-vy-stimulated phosphorylation of the p85 subunit
of PI3K (¢f. Fig. 44) indicates that the protective effect of sper-
midine against IFN-vy disruption of the epithelial barrier may
also be mediated in part through inhibition of PI3K activity (18,
19).

Together our data suggest that spermidine is effectively
taken up by Tg, and HT29 cells, either passively through diffu-
sion and/or via a transport system, and is capable of interacting
with and activating TCPTP, leading to increased dephospho-
rylation events. It is important, though, not to rule out the pos-
sibility that the effect of spermidine on TCPTP activity may be
due to a spermidine metabolite because spermidine can be oxi-
dized in serum-containing medium (27).

In our siRNA knockdown studies, it was revealed that the
reduction of IFN-y-induced STAT1 and STAT3 phosphoryla-
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FIGURE 7. Spermidine protects intestinal epithelial barrier function in a
TCPTP-dependent manner. Ty, cells were transfected with either TCPTP-
specific or nonspecific control siRNA and allowed to grow for 48 h, at which
point IFN-vy (1000 units/ml) was added basolaterally to the monolayers. Fol-
lowing 24 h treatment, TER values decreased on average by 8% of their initial
base-line measurements. Coadministration of SPD (10 um) for this time sig-
nificantly reduced the effects of IFN-y on barrier resistance (n = 5). The pro-
tective effect of SPD on IFN-y-induced decreases in TER was not realized in
TCPTP knockdown cells (n = 5). Whole cell lysates from IFN-y- and/or SPD-
treated Tg, cells were obtained, and TCPTP protein levels were assessed by
Western blot analysis. **, p < 0.01; ***, p < 0.001 compared with untreated
cells; #, p < 0.05 compared with IFN-y treatment of control siRNA-transfected
cells; $$, p < 0.01 compared with IFN-y/SPD treatment of control
siRNA-transfected cells. Unt, untreated.

tion by spermidine was mediated through TCPTP. Cells lacking
TCPTP showed no decrease in IFN-v signaling when treated
with spermidine, indicating that spermidine limits IFN-v sig-
naling, likely through activation of this cellular phosphatase. It
was also interesting that other structurally similar polyamines,
spermine and putrescine, had no significant effect on IFN-vy-
induced STAT1 phosphorylation or change in TER, respec-
tively. To a certain degree, the results of this experiment were
surprising because the structures of both spermidine and
spermine are so similar. However, the results of this experiment
are encouraging as to the possible specificity of spermidine for
in vivo use with respect to other polyamines. Additionally, they
shed light onto the chemical nature of TCPTP activation and
may serve as a starting point for the pharmacological design of
more potent activators of this phosphatase. This may be of
more practical use with respect to in vivo targeting of spermi-
dine-activated pathways in intestinal epithelial cells because
spermidine itself is likely to have effects on many cell types.
The effects of IFN-y on barrier function have been well
established both at the biochemical and functional levels. The
compromising effect of IFN-y on the epithelial barrier is char-
acterized by alterations in expression of the tight junction pro-
teins occludin and ZO-1, resulting in increased transepithelial
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FIGURE 8. Spermidine protects against IFN-y-induced redistribution of
tight junction proteins. Confocal images of untreated (Unt) Ty, (A), spermi-
dine-treated (B, 10 um, 24 h), IFN-y-treated (C, 1000 units/ml, 24 h), and sper-
midine and IFN-y (D) cotreatment reveal occludin (green) enrichment at the
apical tight junction (arrow) in untreated and SPD cells when compared with
the reduction in OCLN localization in IFN-y-treated cells. D, retention of OCLN
at the apical tight junction (arrow) in SPD/IFN-y cotreatment. ZO-1 (red)
shows sharp enrichment (arrows) between adjacent cells in both untreated
and SPD-treated cells (E and F, respectively). IFN-y treatment (G) alone shows
gaps between adjacent cells (arrowhead) when compared with SPD and IFN-y
cotreatment, where gaps are not present (H). Images were taken at X63 mag-
nification with an additional X2 digital zoom. Nuclear staining is blue, and
actin staining is purple.

permeability and decreased TER (3, 4, 28, 29, 31-34). We have
shown that coadministration of spermidine with IFN-vy to epi-
thelial monolayers significantly attenuated the IFN-y-induced
drop in TER and concurrent increases in epithelial permeabil-
ity. Moreover, the protective effect of spermidine on barrier
function appeared to be TCPTP-mediated because the restora-
tion of TER was no longer observed in TCPTP knockdown cells
treated with IFN-vy and coadministered spermidine. One issue
we were unable to resolve was whether the acute early activa-
tion of TCPTP or the later increase in TCPTP protein levels
were responsible for the protective effect of SPD on TER. We
attempted to answer this using a TCPTP inhibitor (a gift from
Dr. Zhong-Yin Zhang) but could not obtain consistent findings
(data not shown). However, given that activation of two other
signaling mediators, PI3K and adenosine monophosphate-ac-
tivated protein kinase, up to 6 h after IFN-y exposure remains
critical for the subsequent effects of IFN-+y on barrier function
and that these barrier effects do not fully manifest in Ty, intes-
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tinal epithelial cells until 48 —72 h after IFN-vy treatment, it is
not unreasonable to suggest that both acute activity and
increased overall levels of TCPTP are likely involved in the pro-
tective effect of SPD (18, 35).

Our studies employing confocal microscopy suggest that the
effect of spermidine in the presence of IFN-vy reduces I[FN-+y-
induced redistribution of occludin and ZO-1. Treatment of Tg,
cells with IFN-vy led to the formation of large paracellular gaps
between adjacent cells, much like what was observed in previ-
ous studies in response to ethanol treatment of intestinal epi-
thelial monolayers (36). The addition of spermidine to IFN-vy-
treated monolayers led to an amelioration of paracellular
openings, providing a plausible mechanism for the observed
effects of spermidine in the protection of barrier function.
Although our biochemical and barrier function data suggest
that this phenomenon is TCPTP-mediated, it is also reasonable
that other pathways are involved. Our data suggest that sper-
midine inhibits IFN-vy-induced activation of PI3K and that this
may also contribute to the protective effect of spermidine on
epithelial barrier maintenance, perhaps in addition to the sper-
midine-stimulated, TCPTP-mediated pathway. On the basis of
studies showing that TCPTP inhibits EGF-induced PI3K sig-
naling by dephosphorylating the EGF receptor, we suspect that
the reduction in IFN-vy-induced PI3K phosphorylation by sper-
midine occurs via TCPTP dephosphorylation of targets
upstream of PI3K. However, this remains to be confirmed (37).
Additionally, previous reports have suggested an important
role for polyamines in the regulation of tight junction protein
expression as well as intestinal epithelial barrier integrity under
various physiological conditions. Work by Guo et al. (38, 39)
demonstrated that depletion of cellular polyamines by difluo-
romethylornithine (DFMO), a specific inhibitor of polyamine
synthesis, dramatically decreased levels of occludin and ZO-1
and led to increases in paracellular permeability in IEC-6 cells .
Furthermore, the addition of exogenous spermidine to DFMO-
treated IEC-6 cells not only led to a restoration of occludin and
Z0O-1 protein levels but also restored monolayer permeability
to normal levels (39). The results of these studies imply an
important role for spermidine in tight junction expression and
barrier maintenance. Moreover, these findings reinforce our
microscopy data that depict a protective effect of spermidine on
occludin and ZO-1 distribution following challenge with
IEN-v. Our work expands upon these findings by identifying
that spermidine acts via a clinically relevant phosphatase whose
activity is believed to be compromised in at least a subset of
IBD, celiac disease, and type 1 diabetes patients harboring SNPs
in the PTPN2 gene (10, 11, 30, 40).

In summary, agents such as spermidine that increase TCPTP
protein levels and/or activity are of general interest as modifiers
of inflammatory cytokine signaling. Our work here represents
the first steps in understanding the effects of spermidine on
TCPTP in intestinal epithelial cells. Our data implicate spermi-
dine as a bona fide stimulus of TCPTP in intestinal epithelial
cells, and activation of TCPTP mediates, at least in part, the
protective effects of spermidine on intestinal epithelial barrier
function. Attenuation of IFN-vy signaling by spermidine and
resolution of barrier dysfunction in an in vitro cell model vali-
date further investigation of the use of spermidine in vivo to
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mitigate barrier defects in a murine model of intestinal inflam-
mation. Alleviation of proinflammatory cytokine signaling and
the protection of tight junction integrity, with the presumed
consequence of an enhancement of barrier function, would be
extremely desirable in the context of inflammation. These data
suggest that spermidine, and/or spermidine-activated signaling
pathways, may have therapeutic value in treating conditions
associated with intestinal epithelial barrier defects.
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