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Tacrolimus Up-regulates Expression of TGFf} Receptor
Type II via ERK, Providing Protection
Against Intestinal Epithelial Injury
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Abstract. Background/Aim: Transforming growth factor 3
(TGFP) signaling plays a key role in modulating intestinal
epithelial cell (IEC) homeostasis. The present study aimed
to investigate the direct effect of tacrolimus on TGFf
signaling in IECs. Materials and Methods: The protective
effects of tacrolimus, with or without anti-TGFp antibody, in
dextran sulfate sodium (DSS)-induced colitis were evaluated.
Results: Tacrolimus ameliorated IEC apoptosis-mediated
mucosal destruction despite anti-TGFf treatment. TGFf
receptor type Il (TGFB-RII), phosphor-SMAD family
members 2/3, and phosphor-extracellular signal-regulated
kinase (ERK) expression in IECs was enhanced in
tacrolimus-treated mice, and these positive effects were
maintained despite anti-TGFf treatment. Moreover,
tacrolimus induced TGF(-RII up-regulation through ERK
activation. Conclusion: Our data indicate that tacrolimus
directly activated TGFB-SMAD signaling via the ERK
pathway in IECs, thereby providing protection against
apoptosis-mediated intestinal epithelial injury.
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Inflammatory bowel diseases (IBDs), including Crohn’s
disease and ulcerative colitis (UC), are refractory chronic
diseases with repeated relapse and remission cycles, which
are mediated by multiple immunological dysfunctions (1).
Transforming growth factor § (TGFp) is a multifunctional
cytokine that regulates cellular processes, including
differentiation, proliferation, apoptosis, and extracellular
matrix production, depending on the tissue and signal
intensity (2). Deregulation of the TGFf} signaling pathway is
one of the known immunological dysfunctions in IBDs. Loss
of TGFf signaling is involved in colitis development in
experimental models and IBD pathogenesis in humans (3, 4).

A report showed that selective loss of TGFp signaling
resulted in intestinal inflammation (5). Moreover, we reported
that loss of TGFp signaling increased apoptosis of epithelial
cells (6) and cyclosporine, a calcineurin inhibitor, ameliorated
dextran sulfate sodium (DSS)-induced colitis in mice by up-
regulating TGFf expression in colonic tissue and activating
TGFf signaling in intestinal epithelial cells (IECs) (7). TGFf3
signaling in IECs plays a key role in maintaining the gut’s
barrier function via regulation of epithelial cell apoptosis (8).

TGFp signaling in IECs is regulated by various signaling
proteins such as protein kinase C, phospholipase C, protein
phosphatase 1, RAS, several mitogen-activated protein
kinase (MAPK) superfamily members, and mothers against
decapentaplegic (SMAD) superfamily members (9). Each
signaling cascade is known to intersect intricately with others
and the intersections have not been fully elucidated.
Identification of signaling pathways involved in intestinal
epithelial injury will contribute to the discovery of new
therapeutic approaches for preventing epithelial destruction.

Like other calcineurin inhibitors, tacrolimus is a potent
immunomodulator that blocks T-cell activation (10).
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Studies have shown that tacrolimus induces up-regulation
of TGFf signaling in renal tissue (11, 12). Tacrolimus is a
beneficial agent that induces remission in patients with
moderate to severe corticosteroid therapy-resistant UC (13).
Generally, tacrolimus has been reported as a therapeutic
suppressor of T-cell proliferation and an inducer of T-cell
apoptosis in vitro (10). In addition to exerting inhibitory
effects on T-cells, tacrolimus was also to shown to suppress
macrophage activity and induce apoptosis in vitro (14).
Although it has been shown that severe ulcers in patients
with UC are rapidly epithelialized on tacrolimus treatment,
the beneficial effects of tacrolimus on IECs have not yet
been clarified. In the present study, we aimed to clarify the
protective effects of tacrolimus on the TGFf signaling
pathway in IECs and the potential underlying mechanism
of action.

Materials and Methods

Animals. Eight-week-old female C57BL/6 mice (CLEA Japan, Inc.,
Tokyo, Japan) were maintained in a specific-pathogen-free
environment. This study was performed in accordance with the
Guidelines for Animal Experimentation of Hirosaki University
(Permit number: M12022).

Reagents. Tacrolimus was purchased from Wako Inc. (Osaka,
Japan). Recombinant human TGFf1 and an antibody to TGFf1, -2
and -3 were purchased from R&D Systems (Minneapolis, MN,
USA). Antibodies to TGFf receptor (TGFB-R) types II and I and
goat anti-mouse IgG were purchased from Santa Cruz
Biotechnology Inc. (Dallas, TX, USA). Antibodies to SMAD2/3,
phospho-SMAD2/3 and glyceraldehyde 3-phosphate dehydrogenase,
and chemical inhibitors of p42/44 MAPK (U0126) and p38 MAPK
(SB203580) were purchased from Santa Cruz Biotechnology Inc.
Horseradish peroxidase-conjugated goat anti-rabbit IgG was
purchased from R&D Systems (San Jose, CA, USA). Antibody to
phospho-p44/42 MAPK was purchased from Cell Signaling
Technology Inc. (Danvers, MA, USA). Alexa Fluor 488-conjugated
anti-rabbit monkey anti-rabbit IgG was purchased from Thermo
Fisher Scientific (Waltham, MA, USA).

Induction of colitis. Colitis was induced in mice by the
administration of 4% DSS (molecular weight, 5,000; Wako Inc.)
dissolved in drinking distilled water.

Experimental protocols for in vivo studies. Tacrolimus was
dissolved in pharmaceutical grade olive oil via sonication before
use. Tacrolimus (15 mg/kg) was then injected intraperitoneally 1
day before DSS initiation. A monoclonal antibody to TGFf1, -2 and
-3 was injected intraperitoneally on day 1 of tacrolimus treatment.
After DSS treatment was initiated, mice were injected with
tacrolimus on alternate days until the ninth day. Control mice were
injected only with olive oil.

Evaluation of colitis. Colonic tissue sections at day 9 after DSS
treatment were obtained, embedded in paraffin, and analyzed via
hematoxylin and eosin (H&E) staining and TdT-mediated dUTP
nick-end labeling (TUNEL) staining. H&E staining was performed

to assess histological severity of colitis, which was graded on a
scale from O to 3 (0, normal; 1, slight; 2, moderate; 3, severe)
based on cell infiltration into the lamina propria, the appearance
of erosion, and a decrease in crypts and glands, as described
elsewhere (15). TUNEL staining was performed using the
ApopTaq Apoptosis Detection Kit (Merck Millipore, Darmstadt,
Germany), according to the manufacturer’s instructions. TUNEL-
positive cells were observed under a microscope and scored. The
results were expressed as the number of TUNEL-positive cells per
100 crypt cells.

Isolation of IECs. Mice were anesthetized via isoflurane inhalation,
and the abdomen was opened under aseptic conditions. The
thoracic cavity was opened and perfused with 30 mmol/l EDTA in
Hanks’ balanced salt solution (HBSS) (15 ml) through the left
ventricle. At the end of perfusion, the entire colon, excluding the
cecum, was removed, inverted, and placed in a cold tube with cold
HBSS (2 ml). The tube was shaken using a Mini Beadbeater, and
the tissue remnants were discarded. The separated crypts from
colonic tissues in the supernatant were collected and washed thrice
with HBSS (16).

Cell culture. Caco-2 cells were purchased from the American Type
Culture Collection (Teddington, UK). Caco-2 cells were grown in
T-75 culture flasks with fresh culture medium, which was replaced
on alternate days. Cells were maintained in Dulbecco’s modified
Eagle’s medium (Thermo Fisher, Waltham, MA, USA)
supplemented with glucose (4.5 g/l) and 10% fetal bovine serum
(Thermo Fisher) and incubated at 37°C in a humidified atmosphere
with 5% CO,/95% air. Confluent Caco-2 cells were subcultured
using 0.25% trypsin-EDTA at a ratio of 1:3 in T-75 culture flasks
or 1:12 in 35-mm? culture dishes. Caco-2 cells were seeded on
35-mm? culture dishes and maintained for 21 days in fresh medium,
which was replaced on alternate days after seeding. The cells were
used between 45 and 60 passages in this study.

Caco-2 cells were treated with or without tacrolimus (0.03
mg/ml) for 24 h. For the analysis of TGFbR-II expression, Caco-2
cells were pretreated with the vehicle, U0126 (0.1 mM) or
SB203580 (0.1 mM) for 1 h before tacrolimus treatment.

Protein extraction. Freshly isolated IECs, tissue remnants (lamina
propria), and Caco-2 cells were lysed in a lysis buffer containing
50 mM Tris-HCI, 1 mM EDTA, 0.5% NP-40, 10% glycerol, 2 mM
phenylmethylsulphonyl fluoride (Sigma-Aldrich, St. Louis, MO,
USA), 50 mM sodium fluoride (Sigma-Aldrich), 1.1 mM sodium
vanadate (Sigma-Aldrich), 10 mM sodium pyrophosphate (Sigma-
Aldrich), and protease and phosphatase inhibitor cocktail (Roche
Molecular Biochemicals, Mannheim, Germany) and incubated on
ice for 30 min. Protein content was measured using a BCA Protein
Assay Kit (Thermo Fisher).

Western blotting. Protein from isolated IECs or Caco-2 cells after
24-h tacrolimus treatment was separated by 4-20% TGX gradient
gel electrophoresis (Bio-Rad, Hercules, CA, USA) and transferred
onto polyvinylidene difluoride membranes. The membranes were
blocked with 0.05% ECL blocking agent (GE Healthcare,
Amersham, Buckinghamshire, UK). Blots were incubated with
primary antibody (anti-TGFbR-I, TGFbR-II, phosphor-SMAD
family members 2/3, SMAD2/3 and glyceraldehyde 3-phosphate
dehydrogenase) at a dilution of 1:1000 at room temperature for 10
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Figure 1. Tacrolimus provides protection against dextran sulfate sodium (DSS)-induced colitis in a transforming growth factor (TGF)f3 expression-
independent manner. A: Graphical representation of the average percentage of body weight change during the experiment is shown. The data are
shown as the mean+SD (n=8 mice per group). B: Macroscopic view of colons on day 9 after DSS treatment in tacrolimus- and vehicle-treated mice
that were or were not treated with anti-transforming growth factor 8 (TGFp) are presented. C: Colon length in tacrolimus- and vehicle-treated
mice on day 9 after DSS treatment, with and without anti-TGF[. **Significantly different at p<0.01 vs. vehicle-treated mice.

min. After incubation, the membrane was washed four times with
Tris-buffered saline with Tween 20 using SNAP i.d. 2.0 Protein
Detection System (Merck Millipore) and incubated with secondary
antibody at a dilution of 1:2000 at room temperature for 10 min.
Immunoreactive bands were visualized using Clarity Western ECL
Substrate (Bio-Rad). The densitometric analysis of the protein bands
was performed using Image Lab 3.0 (Bio-Rad).

Magnetic bead assay. Freshly isolated IECs or tissue remnants were
lysed in the lysis buffer and measured as described above.
Phosphor-ERK1/2 (Thr202/Tyr204, Thr185/Tyr187), phosphor-
p38MAPK (Thr 180/Tyr182) were measured using the Bio-Plex Pro
Cell Signaling Assay Kit (MAPK 9-Plex and custom panel; Bio-
Rad), according to the manufacturer’s instructions. TGF[3 expression
in IECs or lamina propria were measured using Bio-Plex Pro TGFf3
3-Plex panel (Bio-Rad).

Immunohistochemistry. The colonic sections acquired at 24 h after
treatment with tacrolimus or vehicle were stained with an anti-
phospho-ERK rabbit polyclonal antibody (1:200) for 1 h, and Alexa
Fluor 488 anti-rabbit IgG (1:500) for 30 min. Thereafter, samples
were mounted with Prolong Gold antifade medium (Thermo Fisher)
and observed using an Olympus IX73 inverted microscope system
(Olympus Co., Tokyo, Japan).

Statistical analysis. Data are expressed as the meanzstandard
deviation. When the data were not normally distributed, they were
analyzed with a Mann-Whitney U-test to determine the
significance of the differences between the vehicle- and
tacrolimus-treated mice using Graph Pad Prism v6.0 (Graph Pad,
La Jolla, CA, USA). p-Values <0.05 or 0.01 were considered to
indicate statistical significance.

Results

Tacrolimus provided protection against DSS-induced
mucosal injury in a TGF[3 expression-independent manner.
To confirm the protective effects of tacrolimus on DSS-
induced colitis, we assessed the body weight loss in mice
after DSS administration. Vehicle-treated mice began losing
weight on day 5, whereas tacrolimus-treated mice
significantly maintained their weight until day 9 after DSS
initiation (Figure 1A). Efficacy of tacrolimus was maintained
in anti-TGFf-treated mice. Severe body weight loss due to
anti-TGFp treatment was abrogated in tacrolimus-treated
mice compared with that in vehicle-treated mice (Figure 1A).
Mice were sacrificed on day 9, and the colon length was
measured. Although there was no significant difference in
colon length between mice that were and were not treated
with anti-TGFf, the colon length of tacrolimus-treated mice
was significantly more than that of vehicle-treated mice after
anti-TGFf treatment (Figure 1B and C).

The degree of mucosal injury was assessed based on a
previously described scoring system (14). Severe cell
infiltration and extensive erosion were observed in vehicle-
treated mice, whereas mild inflammatory cell infiltration
and less severe erosion were observed in tacrolimus-
treated mice. The histological score was significantly
lower (less severe colitis) in tacrolimus-treated mice than
in vehicle-treated mice. In anti-TGFf-treated mice,
tacrolimus exerted a partial protective effect, and the total
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Figure 2. Tacrolimus provides protection against dextran sulfate sodium (DSS)-induced colitis, involving intestinal epithelial apoptosis, independently
of transforming growth factor 5 (TGF[3) expression. A: Hematoxylin and eosin staining of the colonic tissue of vehicle- and tacrolimus-treated mice
that were or were not treated with anti-TGFf was performed on day 9 after DSS induction. The stained tissues were observed at x200 magnification.
The histological scores of colitis are expressed as the meanzstandard deviation (n=6 mice per group). B: TdT-mediated dUTP nick-end labeling

(TUNEL) staining of colonic tissues of vehicle- and tacrolimus-treated mice that were or were not treated with anti-TGF[ antibody was observed

at x200 magnification. The apoptotic score was calculated as the number of TUNEL-positive cells per 100 consecutive crypts. Data are expressed
as the meanzstandard deviation (n=5 mice per group). Significantly different at: *p<0.05 and **p<0.01.

histological not significantly lower in
tacrolimus-treated mice than in vehicle-treated mice after
anti-TGFp treatment (Figure 2A).

TUNEL staining was performed to assess IEC apoptosis.
The apoptotic score was expressed as the number of
TUNEL-positive epithelial cells per 100 crypt cells. The
TUNEL score was significantly lower in tacrolimus-treated
mice than in vehicle-treated mice. The anti-apoptotic effect
of tacrolimus was also maintained in mice that were treated
with anti-TGFf (Figure 2B).

score was

Tacrolimus did not up-regulate TGFB1 expression in IECs
and the lamina propria. To elucidate the involvement of
TGFf expression in the anti-apoptotic effect of tacrolimus,

TGFf expression in IECs and the lamina propria of
tacrolimus- and vehicle-treated mice was evaluated by
magnetic bead assay. Expression of total and activated
TGFp1 in IECs was significantly lower in tacrolimus-treated
mice than in vehicle-treated mice (Figure 3A). Total TGFf31
expression in the lamina propria was lower in tacrolimus-
treated mice (Figure 3B). Tacrolimus did not up-regulate
TGFp1 expression at any location or phase of the experiment.

Tacrolimus up-regulated TGF(-RII expression and SMAD2/3
phosphorylation in IECs in vivo. TGFB-RI and TGFp-RII
expression in IECs was evaluated by western blot analysis.
TGFp-RII expression was up-regulated in tacrolimus-treated
mice compared with vehicle-treated mice, 24 h after
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Figure 3. Tacrolimus does not up-regulate expression of transforming growth factor  (TGF[3) in intestinal epithelial cells and the lamina propria.
A: Magnetic bead assay of TGF[1 expression in intestinal epithelial cells was performed. Expression of total and activated TGFf1 was suppressed
in tacrolimus-treated mice compared with vehicle-treated mice, on day 0 after dextran sulfate sodium feeding. Data are expressed as the
meanzstandard deviation (n=4 mice per group). B: Magnetic bead assay of TGFf1 expression in the intestinal lamina propria was performed. No
difference in the expression of total and activated TGF[ 1 was observed between the tacrolimus- and vehicle-treated mice. Data are expressed as
the meanz+standard deviation (n=4 mice per group). *Significantly different at p<0.05.

tacrolimus treatment. This positive effect was also observed
in mice that were treated with anti-TGF[3 (Figure 4A). TGFf-
RI expression did not differ between tacrolimus- and vehicle-
treated mice that were not treated with anti-TGFf3 antibody.
However, after anti-TGFf} treatment, TGFf3-RI expression was
up-regulated in tacrolimus-treated mice compared with
vehicle-treated mice, 24 h after tacrolimus treatment (Figure
4B). SMAD2/3 phosphorylation in IECs was significantly
increased in tacrolimus-treated mice compared with vehicle-
treated mice, 6 h after tacrolimus treatment (Figure 4C).

Tacrolimus enhanced phosphorylation of ERK in IECs but
not of p38. To evaluate MAPK signaling in IECs, phospho-

MAPKSs were analyzed by magnetic bead assay of purified
IECs and immunohistochemical analysis of the colonic
sections. As shown in Figure 5, phospho-ERK but not p38,
was up-regulated after tacrolimus treatment (Figure 5A and
B). Tacrolimus-mediated up-regulation of phospho-ERK was
also observed after anti-TGF treatment (Figure 5A and C).

Tacrolimus up-regulated TGFB-RII expression in Caco-2
cells via ERK activation. To evaluate the direct effect of
tacrolimus on TGFB-RII expression, Caco-2 cells were
treated with tacrolimus, and TGFB-RII expression was
analyzed by western blot analysis. As shown in Figure 6A
and B, TGFf-RII expression was significantly up-regulated
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Figure 4. Tacrolimus up-regulates expression of transforming growth factor f3 receptor type Il (TGFB-RII) and phosphorylation of SMAD family
members 2/3 (p SMAD2/3) in intestinal epithelial cells. Western blot analysis of expression of TGFB-RII (A), TGFS-RI (B) and SMAD2/3
phosphorylation (C) in intestinal epithelial cells 24 h after tacrolimus treatment. Data are expressed as the mean+standard deviation (n=4 mice
per group). GAPDH: Glyceraldehyde 3-phosphate dehydrogenase. Significantly different at: *p<0.05 and **p<0.01.

in tacrolimus-treated cells (compared with vehicle-treated
cells). Next, to confirm MAPK involvement in TGFp-RII
up-regulation, Caco-2 cells were pretreated with U0126 (0.1
mM) or SB203580 (0.1 mM). As shown in Figure 6A and B,
pretreatment with U0126, but not SB203580, abolished
tacrolimus-induced up-regulation of TGFB-RII expression.

Discussion

Our in vivo study indicated that tacrolimus exerted a
beneficial effect against apoptosis-mediated epithelial cell
injury by activating the TGF-SMAD signaling pathway.
Tacrolimus activated the TGF-SMAD signaling pathway in
IECs via up-regulation of TGFp-RII expression.
Furthermore, our in vitro study revealed that tacrolimus up-
regulated TGFpB-RII expression through the ERK signaling
pathway in a TGFf expression-independent manner.
Tacrolimus is a macrolide isolated from Streptomyces
tsukubaensis. The immunosuppressive effect of tacrolimus
was first reported in 1987. Kino et al. showed that mixed
lymphocyte reaction, cytotoxic T-cell regeneration, and T-
cell-derived soluble mediator and receptor production were
suppressed by tacrolimus in vitro (10). Tacrolimus was also
reported to exert immunosuppressive effects on macrophage

activity and induce apoptosis in 2010 (14). Clinically,
tacrolimus has a rapid action with a high trough level and
induces ulcer epithelialization (17). Our data indicate that in
addition to exerting regulatory effects on immune cells,
tacrolimus directly acts on IECs, possibly contributing to the
rapid improvement of UC.

TGFp plays a critical role in intestinal mucosal healing (2,
8). When TGFp1 interacts with TGFB-RII, TGF(B-RI is
phosphorylated and TGF(-RI and TGF3-RII form complexes.
TGFB-RI and TGFP-RII work together as a kinase that
phosphorylates SMAD2/3. Phospho-SMAD2/3  forms
complexes with SMAD4 and is translocated into the nucleus
to modulate cell apoptosis (18). To evaluate the activity of the
TGFB-SMAD signaling pathway, we analyzed SMAD2/3 and
MAPK phosphorylation in purified IECs. Phospho-SMAD2/3
was enhanced after tacrolimus injection regardless of anti-
TGFp treatment. On the other hand, there were no differences
in SMAD7 expression between the vehicle- and tacrolimus-
treated mice (data not shown). Active and total TGFf1
expression in both IECs and the lamina propria was not up-
regulated on tacrolimus treatment. However, TGF3-RII
expression was significantly enhanced in tacrolimus-treated
mice even after anti-TGFf treatment. These results suggest
that tacrolimus directly enhanced phosphor-SMAD2/3 and
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Figure 5. Tacrolimus enhances phosphorylation of extracellular-signal-regulated kinase (ERK) but not p38 in intestinal epithelial cells in a
transforming growth factorf 1 expression-independent manner. Magnetic bead assays of phospho-ERK (A) and phospho-p38 were performed (B).
Immunohistochemical analysis of phospho-ERK was also performed (C). Data are expressed as the meanz+standard deviation (n=4 mice per group).

*Significantly different at p<0.05.

up-regulated TGFB-RII expression in IECs regardless of
SMAD?7 or TGFf} expression.

ERK is a major MAPK which is involved in
cytoprotective signaling in IECs in processes such as wound
healing or anti-apoptotic effects (19). Our data showed that
tacrolimus increased phosphorylation of ERK1/2 but not of
p38 in IECs. Additionally, the increase in phosphorylated
ERK was preserved in anti-TGFp-treated mice. ERK
inhibitor abolished the tacrolimus-induced up-regulation of
TGFp-RII, indicating that tacrolimus induced TGFf-RII up-
regulation by activating the ERK1/2 pathway. A previous
report indicated that ERK regulated TGF3-RII expression in
lung cancer cells (20). However, to our knowledge, the
regulatory effects of ERK on TGF3-RII expression in IECs
have not yet been reported. The ERK signaling pathway is
one of the key mediators in the regulation of IEC apoptosis

(21). Our data indicated that ERK-mediated TGFpB-RII up-
regulation induced by tacrolimus in IECs might play a key
role in providing protection against apoptosis-mediated
epithelial cell injury. Moreover, ERK phosphorylation in
IECs might be a candidate biomarker for the effects of
tacrolimus in patients with UC.

Clinically, tacrolimus efficiently induces remission in
patients with steroid-resistant UC (22). We reported that
TGFp-RII mRNA expression was significantly lower in
patients with steroid-resistant UC than in those with steroid-
responsive UC (23). Another study showed that down-
regulation of TGFB-SMAD signaling, despite abundant
TGFf levels in patients with IBD, was involved in the
mechanism underlying refractory chronic inflammation (7).
These findings suggest that TGFB-RII up-regulation in a
TGFp-independent manner might be one of the mechanisms
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Figure 6. Transforming growth factorf receptor type Il (TGFS-RII) expression is up-regulated in Caco-2 cells by tacrolimus via the extracellular-
signal-regulated kinase pathway. A: Western blot analysis of TGF[-RII expression in Caco-2 cells. Caco-2 cells were pretreated with the vehicle,
or p42/44 mitogen-activated protein kinase inhibitor U0126 or p38 mitogen-activated protein kinase inhibitor SB203580 (0.1 mM) before tacrolimus
treatment. Data are expressed as the meanztstandard deviation (n=6 per group). GAPDH: Glyceraldehyde 3-phosphate dehydrogenase. *Significantly

different at p<0.05.

underlying the therapeutic effect of tacrolimus in patients
with steroid-resistant UC.

Both tacrolimus and cyclosporine are calcineurin
inhibitors that block T-cell activation (24). Both agents exert
a strong therapeutic effect in patients with refractory UC. We
previously demonstrated that cyclosporine provided
protection against apoptosis-mediated intestinal epithelial
injury via up-regulation of colonic TGFf expression (7).
Interestingly, tacrolimus did not up-regulate colonic TGFf}
expression, but instead directly activated TGF—SMAD
signaling via TGFP-RII and phospho-SMAD2/3 up-
regulation. Tacrolimus directly acted on IECs and inhibited
apoptosis-mediated intestinal epithelial injury. These findings
suggest that tacrolimus acted via a site of action that was
different from that of cyclosporine to exert therapeutic
effects in patients with UC.

One puzzling issue is that the precise mechanism of up-
regulation of TGF-RII expression in IECs via ERK activation
by tacrolimus is still unclear. A previous study demonstrated
correlation between TGFfB-R and FK506 binding protein (12
kDa), suggesting that tacrolimus might exert its effect on this
pathway (25). However, its precise mechanism of action
remains unclear. Further studies are needed to elucidate the
underlying mechanism. Moreover, whether tacrolimus functions
similarly in humans, especially in patients with UC, remains
unknown. Further investigation on human IECs may clarify the
protective mechanism of tacrolimus in patients with UC.

In conclusion, our results indicate that tacrolimus directly
exerts its effects on IECs, including up-regulation of TGF(3-
RII expression and activation of TGF—-SMAD signaling,
thereby providing protection against mucosal injury induced
by intestinal epithelial apoptosis in DSS-induced colitis. These
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mechanisms might contribute to the rapid improvement of
clinical symptoms induced by tacrolimus in patients with UC.
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