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EEEOBEIRICOWVWTOEZ L
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HHMEIC B VTR, FENEICHEST, mEBEHR (HD)
Xt L CHBGENT (PD) HEbDH TV (3~4%)
LIZAMDEETHS, ZOHEBHKOVTRIEFIELE
Rbtdh 3. PD CHBENLEMD S, PD ZRIAICTE
zv, HRERRECENORE, BEOEBAOILEL
CEENLERMH S, —%, PD H#iEIRD 5 & PD first
DERFREORBEICRY, RETTE S, BRRICAMDS
PignizEOBRRBHENS, LHALEARTIRPD BEX
Twky, RRTHIMRAOERIE, HD 2 EEMICT
DTWAMERBKETH S, ZITIRPDIZLTLRW
2, FEETHITLTW3Z e»n%L, 28D PD 2EE
& LT 3ERR T PD BEEMICTOIATE D, MED
FLELTHBREOFAICH > THRICGEIRTE, A%SIH
MTEZLWIEREDHIREMRIF LI LICHD L
EZTw3, $lbhbnbEBRL7- LI ICPD 25D T,
b3 BRERERIEZ 3 LENAFHED —RILSHHIC
b, zhtcEhTLEILVIDLEI OGNS,

bhbhOER Tid PD % BEAYICH%E L T 10 &,
REBE L A THRFEESN 20 BB THIZVREL W
IRETH 2, B, BEEAORBEZEE, H»7—TNV
FITINREHBEPLTREI), EEPDBAZES Z9)
NEEZRAD Ho7-, I IE PD TOHEA % LK
BHRAICEI D TV b (M PD 23— Tl 2o 7)),
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A¥y 7 ORBHBERINTELRE, bhbhofEHRT
W PD first LWHBZAHRBAL X Hichkot, TPD
first DFRDBRVy &) AETORME L, BAREP
HD FEROMBEIL AU TEL, 20FERIFANLHL
v, HD DR E b O T L VhIET, XYMicHARD
o> DERFEBEORE, HELEEBE (ADL ; activities of
daily living), F#Iic PD & HD TEHdH 22 DEKNT
—IVEELLVDL6THS, BEI» S HD, PD AL
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TWwaH, PR EIERD R,
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RIFICHEZEINTHAETESL L HBEIRATAEL ) OBEEK
Th3 EBROFEPREELREY, TEBZLI A TR
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ELFKBEOBBTHASICE2TEIRBRLTHS ), X
S5ICPD RBIRL-BE I 2HDFT A 2D 5, EEEIC
BELTEHTICA2R: (FAD) Z)ZBIRLTHS5-T
wp, FEEELAHEL LTS,

D& HHTHEARPD 2BRTIBHEIN 28 L
%h, ThiRBIEEBRNTETHELBoTWS,
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ORIGINAL ARTICLE

Immunosuppressive Effects of Tacrolimus on Macrophages

Ameliorate Experimental Colitis

Takuya Yoshino, MD,* Hiroshi Nakase, MD, PhD,* Yusuke Honzawa, MD,* Kayoko Matsumura, MD,*
Shuuji Yamamoto, MD,* Yasuhiro Takeda, MD,* Satoru, Ueno, MD,* Norimitsu Uza, MD,*
Satohiro Masuda, MD, PhD," Kenichi Inui, MD, PhD," and Tsutomu Chiba, MD, PhD*

Background: Tacrolimus is a novel immunomodulator for
inflammatory bowel diseases. Immunosuppressive effects of tacro-
limus on T cells are well known; however, the effects of tacroli-
mus on macrophages remain unclear. The aim of this study was
to investigate the effects of tacrolimus on activated macrophages
and to examine its efficacy in murine colitis models.

Methods: Proinflammatory cytokine production from lipopoly-
saccharide (LPS)-stimulated peritoneal macrophages of IL-10-
knockout (KO) mice with and without tacrolimus was measured.
We investigated the effects of tacrolimus on nuclear factor-«B
(NF-kB), mitogen-activated protein kinase (MAPK), and caspase
activation in macrophages and the induction of apoptosis in mac-
rophages in vitro and examined the in vivo apoptotic effect of
tacrolimus on colonic macrophages in IL-10-KO mice. We eval-
uated the effect of the rectal administration of tacrolimus on colo-
nic inflammation in IL-10-KO mice and dextran sulfate sodium
(DSS)—-induced colitis in CB.17/SCID mice.

Results: Proinflammatory cytokine production from tacrolimus-
treated macrophages was significantly lower than that from
untreated cells. Tacrolimus suppressed LPS-induced activation of
both NF-xB and MAPK in macrophages and induced apoptosis of
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macrophages via activation of caspases 3 and 9. Rectal adminis-
tration of tacrolimus evoked apoptosis of colonic macrophages in
IL-10-KO mice. Moreover, the rectal administration of tacrolimus
ameliorated colitis in IL-10-KO mice and DSS-induced colitis in
CB.17/SCID mice. Gene expression of inflammatory cytokines in
colonic mucosa was significantly lower in tacrolimus-treated mice
than in untreated mice.

Conclusions: Tacrolimus suppresses the function of activated
macrophages and promotes their apoptosis, which may lead to the
amelioration of colonic inflammation.

(Inflamm Bowel Dis 2010;16:2022-2033)

Key Words: inflammatory bowel tacrolimus,

macrophage, NF-kB, MAPK, apoptosis

disease,

Inﬁammatory bowel disease (IBD) is the chronic disease
characterized by recurrent and severe inflammation of
the gastrointestinal tract.'> Despite recent advances in
understanding the pathophysiology of IBD, therapeutic
options are still limited and the management of refractory
IBD is particularly challenging.”>

Recent genomewide studies have shown that dysregu-
lation of both innate and adaptive immunity are important
risk factors for the development of IBD.® In particular,
abnormalities of the genes involved in innate immunity by
recognizing and/or processing bacterial components, such
as NOD2/CARDIS, IRGM, and ATGI6LI, have been
revealed to play critical roles in the development of IBD.””
? These data suggest that the control of abnormal innate-
immune responses of antigen-presenting cells to commen-
sal bacteria is important in the treatment of IBD.

Macrophages, which recognize bacteria and incorpo-
rate bacteria or their components, play a pivotal role in
innate immunity.'” Recent studies have suggested that mac-
rophages in the intestinal mucosa are deeply involved in
maintaining intestinal homeostasis and negatively regulate
excess immune responses evoked by commensal bacteria."'
Moreover, it was also reported that abnormal responses of
intestinal macrophages to commensal bacteria result in
chronic intestinal inflammation.'? In agreement with these
data, recent studies have suggested that macrophage-
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targeting treatment ameliorates colonic inflammation in ex-
perimental colitis models.'*'* Thus, the regulation of
abnormal responses of macrophages appears to be a prom-
ising therapeutic approach for the treatment of IBD.

Tacrolimus is a potent immunomodulator that ‘was
isolated from Streptomyces tsukubaensis."® Tacrolimus
binds the tacrolimus-binding protein, and the complex
inhibits the Ca’'-dependent phosphatase calcineurin,
thereby preventing calcineurin-dependent interleukin (IL)-2
transcription and T-cell proliferation in a manner similar to
that of cyclosporine A (CyA).'"*7 Moreover, tacrolimus
has been shown to down-regulate the nuclear factor-xB
(NF-xB) pathway and induce apoptosis of activated T cells
by activating caspase 3.'"® Because it has such potent
immunosuppressive effects on T cells, tacrolimus is now
widely used for prophylaxis against not only organ rejec-
tion and autoimmune diseases but also IBD,'**" and it is
generally accepted that the therapeutic effects of tacrolimus
are a result of its inhibitory effects on T-cell functions.'>'”
However, it remains unclear whether tacrolimus also has
immunoregulatory effects on macrophages.

In the present study, therefore, we examined whether
tacrolimus influences the function of activated macrophages
and, if so, whether this effect of tacrolimus on macro-
phages may have beneficial roles in the treatment of IBD.

MATERIALS AND METHODS

Animals

Female IL-10-KO mice, CB.17/SCID mice, and
C57BL/6 mice (Charles River Japan, Inc., Kanagawa, Ja-
pan) 8-10 weeks old were used for the experiments. They
were fed standard laboratory chow and supplied drinking
water ad libitum. In our animal facility, IL-10-KO mice
developed colonic inflammation at approximately 10
weeks.

Reagents

The calcineurin inhibitor tacrolimus (FR900506) was
provided by Astellas Pharmaceutical Inc. (Tokyo, Japan).
Lipopolysaccharide (LPS, Escherichia coli 0127:B8) and
antibody to f-actin were purchased from Sigma-Aldrich
(St. Louis, MO). Antibodies to I-xBx, p65, p38, JNK,
phospho-p65, phospho-p38, phospho-JNK, caspase 3, cas-
pase 8, and caspase 9 were purchased from Cell Signaling
Technology (Danvers, MA). Antibodies to rat antimouse
CDI11b and rat 1gG,, were purchased from BD Bioscience
Pharmingen (San Jose, CA).

Peritoneal Macrophages Isolation and Stimulation

Peritoneal macrophages of IL-10-KO mice were eli-
cited by intraperitoneal injection of 2 mL of 4% thioglyco-
late (Eiken Chemical Co., Ltd.) in distilled water. After 4

days, elicited macrophages were collected by peritoneal la-
vage with phosphate buffered saline (PBS), and the cells
were suspended in RPMI1640 medium (Invitrogen Corp,
Carlsbad, CA) supplemented with 10% heat-inactivated fe-
tal calf serum, 100 units/mL penicillin, and 100 pg/mL
streptomycin (GIBCO, Invitrogen, Grand Island, NY). A
total of 1x10° cells were plated in a 96-well plate and
incubated for 2 hours in 5% CO, at 37°C. After incubation,
nonadherent cells were removed by washing with PBS.
Macrophages were stimulated with LPS (1 pg/mL) alone or
with LPS (1 pug/mL) plus tacrolimus (0.01, 0.1 mg/mL) for
24 hours in 5% CO, at 37°C, and the cytokine secretion in
the supernatant was measured by enzyme-linked immuno-
sorbent assay (ELISA). For measurement of TL-12/IL-
23p40, tumor necrosis factor (TNF)~« and IL-6, sandwich
ELISA was performed according to the manufacturer’s
instructions (eBioscience, San Diego, CA).

Western Blotting

For the analysis of the effects of tacrolimus on NF-
kB signaling and mitogen-activated protein kinase (MAPK)
in macrophages, 1x10° peritoneal macrophages from IL-
10-KO mice were stimulated with LPS (1 pg/mL) with or
without pretreatment with tacrolimus (0.1 mg/mL) for 2
hours in 5% CO, at 37 °C. Then, 0, 1, 5, 10, 15, 30, and
60 minutes after stimulation, the cells were washed with
PBS, and nuclear and cytoplasmic protein extractions from
isolated cells were performed with an NE-PER kit
(PIERCE Biotechnology, Rockford, TL) according to the
manufacturer’s instructions. For the analysis of the effect
of tacrolimus on caspase signaling in macrophages, we
used 1x10° RAW264.7 cells, a murine macrophage cell
line, with or without tacrolimus stimulation (0.1 mg/mL)
for 0 and 12 hours in 5% CO, at 37°C. The cells were
then washed with PBS, and protein extractions from iso-
lated cells were performed. Protein content was measured
by the Bradford assay (Bio-Rad Laboratories, Hercules,
CA). Proteins were separated by 10% sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membranes. The membrane
was blocked with Tris-buffered saline with 0.1% Tween-20
(TBS-T) and 5% skim milk for 1 hour at room tempera-
ture. Blots were incubated overnight with the primary anti-
body at a dilution of 1:1000 at 4°C. After incubation, the
membrane was washed 3 times for 5 minutes with TBS-T
and incubated in TBS-T with 5% skim milk containing
antirabbit IgG antibody conjugated with horseradish peroxi-
dase (Amersham Pharmacia Biotech, Buckinghamshire,
England) at a 1:2000 dilution for 1 hour at room tempera-
ture. Immunoreactive bands were visualized using the
Immobilon Western chemiluminescent HRP substrate
(Millipore, Billerica, MA).
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FIGURE 1. Experimental protocols of in vivo study. A: Thera-
peutic study using IL-10-KO mice. B: Therapeutic study
using CB.17/SCID mice with DSS-induced colitis.

Evaluation of Apoptosis

To evaluate the apoptotic effect of tacrolimus on
macrophages in vitro and in vivo, an Annexin V assay and
a terminal  deoxyribonucleotodyl tranferase-mediated
dUTP-biotin nick end-labeling (TUNEL) assay were per-
formed with an Annexin V-FITC Apoptosis Detection Kit
(Bio Vision, Mountain View, CA) and an In Situ Cell
Death Detection Kit (Roche Diagnostics GmbH, Mann-
heim, Germany), according to the manufacturers’
instructions.

To evaluate the apoptotic effect of tacrolimus on
macrophages, 5x10° RAW264.7 cells were collected 0, 1,
6, 12, and 24 hours after stimulation with tacrolimus, resus-
pended in 500 pl of binding buffer, and stained with
Annexin V-FITC and propidium iodide at room tempera-
ture for 5 minutes in the dark. The percentage of apoptotic
cells was analyzed by flow cytometry (BD Biosciences,
Franklin Lakes, NJ).

Apoptosis in colonic tissue of mice treated with rec-
tal administration of tacrolimus or PBS was detected by
the TUNEL assay. IL-10-KO mice who were 12 weeks old
were treated with rectal administration of tacrolimus (10
mg/kg) or PBS. Then 0, 12, and 24 hours after rectal
administration of tacrolimus or PBS, mice were sacrificed,
the distal colons were collected, and TUNEL staining and
immunohistochemistry for CD11b were performed.

Experimental Designs of In Vivo Studies

The therapeutic studies with tacrolimus included 2
protocols, as described in Figure 1. In the first protocol, the
therapeutic effect of rectal administration of tacrolimus was
studied using an immune-mediated colitis model. IL-10-KO

2024

mice who were 10 weeks old were treated with rectal
administration of tacrolimus (10 mg/kg) or PBS every other
day 3 times a week for 2 weeks. Mice were sacrificed on
day 12. As a control, 12-week-old C57BL/6 mice were
also sacrificed on day 12.

In the second protocol, the therapeutic effect of the
rectal administration of tacrolimus was studied in CB.17/
SCID mice with dextran sulfate sodium (DSS)—induced co-
litis. To induce colitis in CB.17/SCID mice, 5% DSS (mo-
lecular weight 36,000-50,000 MP Biomedicals, Inc., Au-
rora, OH) was dissolved in water and given to CB.17/SCID
mice.”! DSS water was provided ad libitum up to 5 days.
On day 5, they were switched to normal drinking water.
Treatment with rectal administration of PBS or tacrolimus
was performed from day 3 to day 9. Mice were sacrificed
on day 10.

Evaluation of Colitis

After sacrifice, the colons of IL-10-KO and C57BL/6
mice were divided into 4 segments to represent the rectum,
cecum, proximal colon, and middle colon. The histology of
each segment of the colon was evaluated with hematoxylin
and eosin staining. The severity of inflammation of each
section was scored using a histological index ranging from
0 to 4, as previously described.?® This index was based on
the degree of epithelial layer erosion, goblet cell depletion,
and inflammatory cell infiltrate [0, normal; 1, small number
of inflammatory cells; 2, more extensive by number and
involvement; 3, significant evidence of inflammatory infil-
trate with goblet cell depletion; 4, significant evidence of
inflammatory infiltrate (ulcers and crypt abscess)].

We evaluated the severity of DSS-induced colitis in
CB.17/SCID mice using disease activity index (DAI)
scores as described in Table 1.2 After sacrifice, colon
length was also evaluated, and the severity of inflammation
of colon was scored using a histological index, as described
previously.24 Three independent parameters were measured:
severity of inflammation (0-3: none, slight, moderate, and
severe, respectively), depth of injury (0-3: none, mucosal,
mucosal and submucosal, and transmural, respectively),
and crypt damage (0-4: none, basal one-third damaged, ba-
sal two-thirds damaged, only surface epithelium intact, and
entire crypt and epithelium lost, respectively). The score of
each parameter was multiplied by a factor reflecting the
percentage of tissue involvement (x1, 0%-25%; %2, 26%—
50%; %3, 51%—15%; x4, 76%—100%), and all numbers
were added. The maximum possible score was 40.

Semiquantitative Analysis of Gene Expression of
Proinflammatory Cytokines

Samples of colonic tissues for mRNA isolation were
removed from the distal third of the colon. Total RNA was
extracted using TRIzol RNA isolation reagent (Invitrogen
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TABLE 1. Disease Activity Index Score

Weight Stool Occult/gross
Score loss (%) consistency bleeding
0 None Normal Normal
1 1-5
2 6-10 Loose stool Occult bleeding
3 11-20
4 > 20 Diarrhea Gross bleeding

The disease activity index (DAI) is a mean of individual scores of weight
loss, stool consistency and bleeding. Normal stool = formed pellets, loose
stool = pasty and semiformed stool, diarrhea = liquid stool.

Corp, Carlsbad, CA) according to the manufacturer’s
instructions. RNA (1 pg) was reverse-transcribed with
Superscript II (Invitrogen), and the resulting complemen-
tary DNA was analyzed for IL-12/IL-23p40, TNF-o, IFN-y,
IL-17A, IL-6, and f-actin mRNA expression by semiquan-
titative polymerase chain reaction (PCR) using a Dyad
Thermal Cycler (MJ Research, Waltham, MA). The primer
sets used are described in Table 2. A 5-ul. aliquot PCR
product was electrophoresed on 2% agarose gel containing
ethidium bromide, and the bands were examined using an
image autoanalyzing system (AE-6911CX, ATTO Corp,
Tokyo, Japan). The densities of bands on the gels were
measured by image analysis software (CS analyzer, ATTO
Corp.). Semiquantitative level of each product was cor-
rected for the ff-actin density of each sample.

Statistical Analysis

The Student ¢ test and the Mann-Whitney U test were
used where appropriate for statistical analysis. Data are
expressed as means = SDs. A P value < 0.05 was consid-
ered statistically significant.

RESULTS

Tacrolimus Inhibits Proinflammatory Cytokine
Production in LPS-Stimulated Peritoneal
Macrophages from IL-10-KO Mice

Macrophages are deeply involved in the onset and
development of IBD.* Therefore, we focused on the effect
of tacrolimus on macrophage function. To examine whether
tacrolimus suppresses activated macrophages, we evaluated
the effect of tacrolimus on proinflammatory cytokine pro-
duction in LPS-stimulated peritoneal macrophages from IL-
10-KO mice. As shown in Figure 2, the increases in IL-12/
IL-23p40, TNF-2, and IL-6 production from peritoneal
macrophages of IL-10-KO mice were all significantly
inhibited by tacrolimus in a dose-dependent manner (P <
0.001). Thus, tacrolimus strongly suppresses LPS-stimu-
lated inflammatory cytokine production from activated
macrophages.

Tacrolimus Inhibits NF-kB and MAPK Activation
Pathways

To elucidate the mechanism of the inhibitory effect
of tacrolimus on proinflammatory cytokine production in
LPS-stimulated macrophages, we investigated the effect of
tacrolimus on the intracellular signaling pathway of perito-
neal macrophages. Tacrolimus inhibited the LPS-induced
degradation of I-«Bo and the phosphorylation of NF-xB
p65 in peritoneal macrophages from IL-10-KO mice (Fig.
3A). Furthermore, tacrolimus also inhibited LPS-induced
phosphorylation of p38 and JNK in peritoneal macrophages
from IL-10-KO mice (Fig. 3B). These results demonstrated
that tacrolimus inhibits both the NF-xB and MAPK activa-
tion pathways induced by LPS in peritoneal macrophages
from IL-10-KO mice.

TABLE 2. Primer Sets for Semiquantitative PCR

IL-12/11.-23p40 forward:
reverse:
TNF-« forward:
reverse:
IEN-y forward:
reverse:
IL-17A forward:
reverse:
IL-6 forward:
reverse:
p-Actin forward:
reverse:

CGGTCATCTGCCGCAAA
TGCCCATTCGCTCCAAGA
TTCTGTCTACTGAACTTCGGGGTGATCGGTCC
GTATGAGATAGCAAATCGGCTGACGGTGTGGG
TGCATCTTGGCTTTGCAGCTCTTCCTCATGGC
TGGACCTGTCGGGTTGTTGACCTCAAACTTGGC
TCTCTGATGCTGTTGCTGCT
CCTGGAACGGTTGAGGTAGT
ATGAAGTTCCTCTCTGCAAGAGACT
CACTAGGTTTGCCGAGTAGATCTC
GTGGGCCGCCCTAGGCACCAG
CTCTTTGATGTCACGCACGATTTC
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FIGURE 2. Dose-dependent effect of tacrolimus on proinflam-
matory cytokine production of LPS-stimulated peritoneal mac-
rophages from IL-10-KO mice. Peritoneal macrophages from
IL-10-KO mice were stimulated with medium alone or LPS (1
ug/mL) with or without tacrolimus (0.01, 0.1 mg/mL) for 24
hours, and proinflammatory cytokine secretion in the superna-
tant was measured by ELISA. Data are expressed as the mean
+ SD (n = 5 in each group), and similar results were obtained
in 3 independent experiments; P < 0.001 compared with
untreated cells (LPS alone), P < 0.001 between tacrolimus
(0.01 mg/mL) group and tacrolimus (0.1 mg/mL) group.

Tacrolimus Induces Apoptosis of Macrophages
Both In Vitro and In Vivo

Induction of apoptosis in immune cells is considered
one of the therapeutic strategies for IBD.® Therefore, we
evaluated the apoptotic effects of tacrolimus on macro-

2026

phages both in vitro and in vivo. As shown in Figure 4A,
the percentage of annexin V-positive cells was signifi-
cantly higher in RAW264.7 cells treated with tacrolimus
than in those treated with PBS alone. This effect of tacroli-
mus was both dose- and time dependent. We also evaluated
the effect of tacrolimus on caspase signaling. Tacrolimus
induced activation of caspase 3 and 9, whereas it did not
activate caspase 8 (Fig. 4B). These data suggested that
tacrolimus-induced apoptosis of macrophages is a result of
activation of the mitochondrial apoptotic pathway.

Moreover, we evaluated the in vivo apoptotic effect of
rectal administration of tacrolimus on colonic macrophages in
IL-10-KO mice. As shown in Figure 4C, apoptosis of colonic
CD11b-positive cells in IL-10-KO mice was observed 12 and
24 hours after rectal administration of tacrolimus, whereas it
was not observed in PBS-treated IL-10-KO mice. We also
evaluated the in vivo apoptotic effect of tacrolimus on colonic
T cells. In agreement with previous reports, tacrolimus
induced apoptosis of CD4-positive T cells after 12 and 24
hours (data not shown). These in vivo data revealed that tacro-
limus induces apoptosis of not only T cells but also macro-
phages in inflammatory colonic mucosa.

Tacrolimus Ameliorates Immune-Mediated Colitis
of IL-10-KO Mice

To evaluate the therapeutic effect of tacrolimus on
immune-mediated colitis, we performed the therapeutic
study in IL-10-KO mice with colitis at 10 weeks. In PBS-
treated IL-10-KO mice, body weight gradually decreased
and did not recover during the experiment. In contrast, the
body weight of tacrolimus-treated IL-10-KO mice was sig-
nificantly recovered compared with that of PBS-treated IL-
10-KO mice (P < 0.05; Fig. 5A), although there was no
difference in colon length between mice with and without
tacrolimus treatment (Fig. 5B). Histological findings
revealed that the severe hyperplasia of colonic epithelial
cells, infiltration of mononuclear cells in the colonic lamina
propria, and loss of Goblet cells observed in IL-10-KO
mice were significantly reduced by rectal administration of
tacrolimus (Fig. 5C). Histological scores of tacrolimus-
treated IL-10-KO mice were significantly lower than those
of PBS-treated IL-10-KO mice (P < 0.05; Fig. 5D). We
confirmed that indigo carmine reached the cecum after rec-
tal administration of PBS with indigo carmine (data not
shown), indicating that rectal administration of tacrolimus
could be delivered throughout the colon.

Additionally, immunohistochemistry revealed that
CD11b-positive cells were significantly decreased in tacro-
limus-treated 1L-10-KO mice compared with PBS-treated
IL-10-KO mice (Fig. 6A,B). These data suggested that
amelioration of colonic inflammation observed in tacroli-
mus-treated IL-10-KO mice involves the depletion of colo-
nic macrophages.
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FIGURE 3. Effects of tacrolimus on NF-xB and MAPK activation in LPS-stimulated pentoneal macrophages from IL-10-KO
mice. Peritoneal macrophages were stimulated by LPS (1 pg/mL) for the indicated times with (right) or without (left) pre-
treatment by tacrolimus (0.1 mg/mL) for 2 hours, and cell lysates were prepared and subjected to SDS-PAGE, followed by
Western blot with indicated antibodies. A: Effect of tacrolimus on NF-xB activation pathway. B: Effect of tacrolimus on the

MAPK activation pathway.

Tacrolimus Inhibits Gene Expression of
Proinflammatory Cytokines In Vivo

To evaluate the effect of rectal administration of tacro-
limus on the gene expression of proinflammatory cytokines
in colonic tissues, RNA was extracted from colonic speci-
mens of tacrolimus-treated IL-10-KO mice. As shown in Fig-
ure 7, significant increases in IL-12/IL-23p40, TNF-2, IFN-7,
IL-17A, and IL-6 transcripts were observed in the colonic tis-
sue of IL-10-KO mice compared with those in the control
mice. However, these transcripts were significantly lower in
the colonic tissues of tacrolimus-treated T1L-10-KO mice than
in those of PBS-treated IL-10-KO mice (P < 0.05). These
results suggested that rectal administration of tacrolimus
reduces colonic inflammation of IL-10-KO mice at least in
part by decreasing proinflammatory cytokines, which may be
related to the depletion of colonic macrophages.

Tacrolimus Also Ameliorates DSS-Induced
Colitis in CB.17/SCID Mice

To confirm whether tacrolimus-induced inhibition of

macrophage functions and apoptosis contribute to the ameli-
oration of colitis, we investigated the effect of rectal admin-
istration of tacrolimus on DSS-induced colitis in CB.17/
SCID mice, which lack lymphocytes. Tacrolimus treatment

significantly reduced body weight loss in CB.17/SCID mice
with DSS-induced colitis (Fig. 8A). The DAI score of tacro-
limus-treated CB.17/SCID mice with DSS-induced colitis
was significantly lower than that of PBS-treated CB.17/
SCID mice on day 10 (Fig. 8B). Macroscopically, colon
length was significantly longer in tacrolimus-treated mice
than in PBS-treated mice (Fig. 8C). Pathologically, tacroli-
mus-treated CB.17/SCID mice with DSS-induced colitis
showed little cellular infiltration and regeneration of epithe-
lial cells characterized by the presence of surface epithelium
and crypt formation. In contrast, PBS-treated CB.17/SCID
mice with DSS colitis showed severe cellular infiltration,
loss of goblet cells, crypt damage, and mucosal ulceration
(Fig. 8D). Histological scores of tacrolimus-treated CB.17/
SCID mice with DSS-induced colitis were significantly
lower than those of PBS-treated CB.17/SCID mice (Fig.
8E). These data suggested that apoptosis and suppression of
cytokine production from macrophages induced by rectal
administration of tacrolimus contribute to the amelioration
of DSS-induced colitis in CB.17/SCID mice.

DISCUSSION
In this study, we examined whether tacrolimus has
inhibitory effects on macrophages in addition to T cells
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FIGURE 4. Apoptotic effects of tacrolimus on macrophages. A: Apoptotic effect of tacrolimus on a murine macrophage cell
line RAW264.7. RAW264.7 cells were stimulated with or without tacrolimus (0.01 or 0.1 mg/mL) for 0, 1, 6, 12, and 24 hours.
The percentage of apoptotic cells (shown at the right lower part of each panel) was analyzed by flow cytometry. Similar
results were obtained in 3 independent experiments. B: Effect of tacrolimus on caspase signals. RAW264.7 cells were stimu-
lated with or without tacrolimus (0.1 mg/mL) for 12 hours, and cell lysates were prepared and subjected to SDS-PAGE, fol-
lowed by Western blot with indicated antibodies. C: In situ TUNEL assay in colonic tissue of IL-10-KO mice treated with PBS
or tacrolimus. Zero, 12, and 24 hours after treatment with rectal administration of tacrolimus or PBS, TUNEL staining (TMR
red labeled), and immunohistochemistry for CD11b (green) were performed on frozen sections of distal colon. Immunohisto-
chemistry of the negative control is shown in the right upper corner (original magnification 200x). Apoptosis cells merged
with CD11b were colored yellow.

and found by in vitro study that tacrolimus directly inhib-
ited LPS-stimulated proinflammatory cytokine production
in macrophages and induced apoptosis. Furthermore, we
showed in vivo that rectal administration of tacrolimus
attenuated colonic inflammation in both IL-10-KO mice

and CB.17/SCID mice with DSS-induced colitis, which -

lack lymphocytes. Thus, our study demonstrated that tacro-
limus directly inhibits macrophage functions and that these

2028

inhibitory effects of tacrolimus on macrophages may con-
tribute to the therapeutic action of tacrolimus in IBD.

To evaluate the direct effects of tacrolimus on macro-
phages, we first investigated the effect of tacrolimus on
proinflammatory cytokine production in peritoneal macro-
phages of IL-10-KO mice in vitro. Our results clearly dem-
onstrated that tacrolimus directly and dose-dependently
reduced LPS-induced production of IL-12/IL-23p40, TNF-
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FIGURE 5. Therapeutic effects of rectal administration of tacrolimus on colitis in IL-10-KO mice. A: Effect of rectal administration
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"P <005 compared with IL-10-KO mice treated without tacrolimus (PBS alone). B: Effect of rectal administration of tacrolimus on
colon length of mice. Colon length was measured from the ileocecal junction to the anal verge. Data are expressed as the mean
=+ SD (C57BL/6 mice, n = 3;1L-10-KO mice, n = 7 in each group). C: Representative histological findings of mice treated with rectal
administration of tacrolimus or PBS (original magnification 100x). D: Histological scores of colonic tissues in mice treated with rec-
tal administration of tacrolimus or PBS. Data are expressed as the mean = SD (C57BL/6 mice, n = 3; IL-10-KO mice, n = 7 in each
group); ‘P < 0.05 compared with IL-10-KO mice treated without tacrolimus (PBS alone), P < 0.05 compared with C57BL/6 mice.
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FIGURE 6. Apoptotic effects of rectal administration of tacrolimus on colonic macrophages in IL-10-KO mice. A: Immunohisto-
chemistry for CD11b (green) and DAPI (blue) was performed on frozen sections of distal colon isolated from C57BL/6 mice and
IL-10-KO mice treated with tacrolimus or PBS. Immunohistochemistry of the negative control is shown in the right upper corner
(original magnlﬁcatnon 200x). B: Cell count of CD11b-positive cells on frozen sections of distal colon isolated from C57BL/6 mice
and IL-10-KO mice treated with PBS or tacrolimus. Data are expressed as the mean = SD cell count per high-power field (HPF);

P < 0.001 compared with C57BL/6 mice,

o, and IL-6 in peritoneal macrophages of IL-10-KO mice.

Our data are the first to show the direct inhibitory effect of

tacrolimus on the function of macrophages. Recent studies
have revealed that IL-12, IL-23, TNF-a, and IL-6 play im-
portant roles in the pathophysiology of IBD.”**” Among
them, IL-12 and IL-23 are mainly produced by activated
myeloid cells such as macrophages and dendritic cells.”®
IL-12 promotes IFN-y-producing T-cell (Thl) polariza-
tion,”® whereas IL-23 promotes expansion of IL-17-produc-
ing T cells (Th17),*® both of which are deeply involved in
the development of IBD.*"** Thus, it appears reasonable
that the direct inhibitory effects of tacrolimus on the pro-
duction of various cytokines in macrophages as observed in
this study, explain the therapeutic effect of tacrolimus on
the colonic inflammation of IBD.

Tacrolimus has been reported to inhibit NF-kB activa-
tion in human CD4™ T cells and keratinocytcs'33 and MAPK
activation in human endothelial cells.’* Therefore, we
examined the effects of tacrolimus on both NF-xB and
MAPK activation in peritoneal macrophages and found that
tacrolimus directly and significantly inhibited both NF-xB
and MAPK activation. It is well established that activation
of TLR signals by microbial components is important for
macrophages to produce proinflammatory cytokines and
that both the NF-xB and MAPK pathwwys play pivotal roles
in TLR-stimulated cytokine ploducuon Indeed, Neurath
et al and Zhang et al reported that the NF-ikB pathway regu-
lates LPS-induced expression of IL-6, IL-12, and TNF-
%237 and Saklatvala et al reported that MAPK activation
is associated with enhanced production of TNF-0.*® Taken

2030

P < 0.05 compared with IL-10-KO mice treated with rectal administration of PBS.

together with our data, it is suggested that inhibition of both
NF-kB and MAPK activation by tacrolimus leads to inhibi-
tion of the production of various cytokines by macrophages.
Another important finding in this study is that, in addi-
tion to inhibition of proinflammatory cytokine production,
tacrolimus directly induced apoptosis of macrophages in
vitro, and this in vitro effect was confirmed in our in vivo
study, as shown by the increase of apoptotic macrophages in
the colonic mucosa of IL-10-KO mice by rectal administra-
tion of tacrolimus. It is well known that tacrolimus strongly
induces apoptosis of CD4™ T cells.”® In this study, we
observed apoptosis of not only T cells but also macrophages
in IL-10-KO mice. Thus, tacrolimus appears to induce apo-
ptosis in both macrophages and T cells. We also observed in
this study that the apoptotic effect of tacrolimus on macro-
phages is associated with caspase 3 and 9 activation. This
result is consistent with previous data that tacrolimus enhan-
ces T-cell apoptosis through the activation of caspase 33940
In addition to caspase signaling, our data demonstrated that
tacrolimus directly inhibits NF-xB activation in macro-
phages. Several reports have suggested that NF-xB activation
is involved in the inhibition of apoptosis.*'*** Thus, inhibition
of NF-xB activation by tacrolimus may have roles not only
in the suppression of proinflammatory cytokine production,
but also in the induction of apoptosis in macrophages.
Finally, to confirm that tacrolimus ameliorates colo-
nic inflammation through the inhibition of macrophages,
we performed an in vivo study. We first evaluated the
effects of tacrolimus in immune-mediated colitis of IL-10-
KO mice, which mimic well the immune-mediated chronic
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FIGURE 7. Effects of rectal administration of tacrolimus on transcript levels of IL-12/IL-23p40, TNF-o, IFN-7y, IL-17A, and IL-6 in
colonic tissues of IL-10-KO mice in the therapeutic study. The gene expression of each target molecule was determined by
semiquantitative PCR and was standardized against fi-actin. Data are expressed as the mean = SD (C57BL/6 mice, n = 3; IL-
10-KO mice, n = 7 in each group); P < 0.05 compared with C57BL/6 mice, P < 0.05 compared with IL-10-KO mice without
rectal administration of tacrolimus (PBS alone).

colonic inflammation observed in human IBD.** Our data Furthermore, we examined the effects of tacrolimus on
clearly demonstrated that tacrolimus significantly improves ~ DSS-induced colitis in CB.17/SCID mice. Because CB.17/

colonic inflammation in IL-10-KO mice, and this is associ-  SCID mice lack lymphocytes, T-cell-immune responses are
ated with apoptosis of macrophages in the colonic mucosa. not involved in the development of DSS-induced colitis in
2031
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FIGURE 8. Therapeutic effects of tacrolimus on DSS-induced colitis in CB.17/SCID mice. A: Effects of rectal administration of
tacrolimus on body weight changes. Serial changes in body weight were measured. Data are expressed as the mean = SD
(control group, n = 5; PBS group, n = 8; tacrolimus group, n = 8); "P < 0.05 compared with control group (without DSS),
"P < 0.05 compared with PBS group (without tacrolimus). B: DAI score of DSS-induced colitis in CB.17/SCID mice treated
with tacrolimus or PBS. Data are expressed as the mean =+ SD (control group, n = 5; PBS group, n = 8; tacrolimus group, n
= 8); ‘P < 0,001 compared with control group (without DSS), “P < 0.05 compared with PBS group (without tacrolimus). C:
Effect of rectal administration of tacrolimus on colon length. Colon length was measured from the ileocecal junction to the
anal verge. Data are expressed as the mean =+ SD (control group, n = 5; PBS group, n = §; tacrolimus group, n = 8); P <
0.001 compared with control group (without DSS), P < 0.001 compared with PBS group (without tacrolimus). D: Represen-
tative histological findings of mice treated with rectal administration of tacrolimus or PBS (original magnification 40x and
100x). E: Histological scores of colonic tissues in mice treated with rectal administration of tacrolimus or PBS. Data are
expressed as the mean = SD (control group, n = 5; PBS group, n = 8; tacrolimus group, n = 8); "P < 0.001 compared with
control group (without DSS), “P < 0.05 and "P < 0.001 compared with PBS group (without tacrolimus).

these mice. Interestingly, we found that tacrolimus amelio-
rated DSS-induced colitis in CB.17/SCID mice. These data
strongly suggested that inhibitory effects of tacrolimus on
macrophages contribute to amelioration of colonic
inflammation.

2032

In conclusion, our results confirmed the potential
immunosuppressive effects of tacrolimus on activated mac-
rophages. These inhibitory effects of tacrolimus on macro-
phages appear to play important roles in the treatment of
colonic inflammation in patients with IBD.
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Abstract

We isclated cDNA coding a new human riboflavin transporter (hRFT)3, which exhibits 86.7 and 44.1% amino acid
identity with hRFT1 and hRFT2, respectively. It was predicted to have 10 putative membrane-spanning domains. The
functional characteristics of hRFT3 were examined and compared with those of its isoforms, hRFT1 and hRFT2. Real-
time PCR revesaled that hRFT3 mRNA was strongly expressed in the brain and salivary gland. hRFT1 mRNA was
strongly expressed in the placenta and small intestine, whereas hRFT2 mRNA was most abundantly expressed in the
testis and strongly in the small intestine and prostate. hRFT-mediated uptake of PHiriboflavin was evaluated using
human embryonic kidney 293 cells transiently transfected with the cDNA coding each hRFT. The apparent Michaelis-
Menten constants of hRFT1, hRFT2, and hRFT3 for riboflavin were 1,38, 0.98, and 0.33 pmol/L, respectively. The hRFT-
mediated [*Hiriboflavin uptake was independent of extraceliular Na* and Cl . Specific uptake of [PHiriboflavin by hRFT2,
but not hRFT1 and hRFT3, decreased as extraceliular pH was changed from 5.4 to 8.4. The substrate specificities of the
hRFT family were similar. hRFT-mediated uptake of PHiriboflavin was inhibited by some riboflavin analogs. but not
D-ribose, organic ions, or other vitamins, The newly isolated hRFT3 may play an important role in brain riboflavin
homeostasis. Its amino acid sequence and functional characteristics are similar to those of hRFT1, but not hRFT2.  J.
Nutr. 140: 1220-1226, 2010.

Introduction
Recently, we identified novel human riboflavin transporter

(hRFT)1* and rar riboflavin transporter (rRFT)1 using our rat
kidney mRNA expression database (3). hRFT1 was originally
annotated as G protein-coupled receptor (GPR) 172B {GenBank
accession no. NM_017986.2), burt its molecular funcrion had
yet to be determined. It was predicted to have 10 putative
membrane-spanning domains by the SOSUI program (4) and,
thus, this protein was postulated to be a transporter rather than
a recepror. Screening for its substrate(s) was carried out using the
small interfering RNA approach, because it was endogenously
expressed in various cultured cells. We found thar riboflavin is a
specifically transported substrate for it and renamed it hRRFT 1. It
exhibits no similarity to a bacterial riboflavin transporter RibU
or impX (3,6), a yeast riboflavin transporter MchSp (7), or any
other mammalian transporters. Riboflavin transporter (RFT)1 is

The water-soluble vitamin riboflavin is essential for normal
cellular funcrions, It is converted to the coenzyme forms flavin
mononucleotide (FMN) and flavin adenine dinucleoride (FAD)
by flavokinases and FAD synthases. These flavins participate in
cellular metabolic reactions as intermediaries in biochemical
oxidation-reduction reactions, including carbohydrarte, lipid,
and amino acid metabolism (1). Humans are unable to synthesize
riboflavin and therefore must obtain it via intestinal absorption.
Over the last § decades, many studies using intestinal specimens,
intestinal membrane vesicles, and cell lines have indicated that
absorption of riboflavin in the intestine is mediated by trans-
porter{s) (2).
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