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Tacrolimus (FK506; Prograf) ~ macrolide immunosuppressant
allograft rejection

tacrolimus
primary therapy allograft rejection
tacrolimus primary therapy ~ rescue therapy
( allograft rejection conventional
immunosuppressive regimens) tacrolimus
primary therapy —  rescue therapy
primary therapy graft-versus-host disease (GVHD)
tacrolimus rescue
therapy primary therapy  rescue therapy
primary therapy rescue therapy '
tacrolimus allograft rejection
tacrolimus cyclosporin (
2 ) tacrolimus
cyclosporin 1 tacrolimus ~ cyclosporin
randomized
nonblind tacrolimus ~ cyclosporin standard formulation

tacrolimus ~ cyclosporin
microemulsion formulation (

)
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tacrolimus ~ cyclosporin 2
2 corticosteroid

antiproliferative agent ( azathioprine ycophenolate  ofeti!)
antilymphocyte antibody induction therapy (  OKT3 antithymocyte globulin)
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tacrolimus culture broth Tsukuba
! o198 ( 1)
Streptomyces tsukubaensis (2 Streptomyces strains
13
Tacrolimus
Prograf
. FK506

[3S-[3R*[E(LS*, 35 4 *)], 4 * 57 8S* 9LL12R*. 14/ 15§, *1
167, 185*. 19S*. 26a/7*]]-5, 6, 8, 11, 12, 13, 14, 15, 16, 17, 18
19, 24, 25, 26, 26a-hexa-decahydro-5, 19-dihydroxy-3-[2-(4-
hydroxy-3-methoxycyclohexyl)-1-methylethylenyl]-14,16-dimethoxy
-4, 10, 12, 18-tetramethyl-8-(2-propenyl)-15,19-epoxy-3H-pyridol[2,
1-c] [1, 4]Joxaazacyclotricosine-1, 7, 20, 21 (4H, 23H) - tetrone,
monohydrate
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2 Scanning electron micrograph Streptomyces tsukubaensis

; pil
14
tacrolimus extensive degradation
spectroscopic studies tacrolimus acrolide lactone hemiketal-
masked-CX,(3-diketoamide 23-memberring ( 3)

tacrolimus ~ C4HeNO02- HY



3 tacrolimus
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tacrolimus
acetonitrile
colourless prisms 822.05
hexaneZl
diethyl ether2
! PA]
polymer
on hydroxypropyl methyicellulose
pAl

acetate, chloroform

recrystallisation

purified tacrolimus

2

hydrophobic agent
methanol, ethanol, acetone, ethyl
crystalline powder

solid dispersible formulation
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16.1

tacrolimus
calcineurin
10 100 25
calcineurin
complex immunophilin
receptor proteins) FK506-binding protein (FKBP) 12

calcineurin calcineurin (

cyclosporin

tacrolimus
(cytoplasmic
complex
4)

] producnun /

4 tacrolimus calcineurin

. CaM = calmodulin, CnA = calcineurin A, CnB = calcineurin B, ¢s = cyclosporin,
FKBP = FK506-binding protein, NF-AT = nuclear factor of activated T cells

26
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Calcineurin calcium-calmodulin - dependent  serine-threonine  protein
phosphatase (dephosphorylate) nuclear factor of activated T
cells cytoplasm (NF-ATc) NF-ATc cytoplasm

nuclear membrane nucleus | NF-ATc nuclear factor of
activated T cells nucleus (NF-ATn) NF-ATc-NF-ATn complex
transcription factor cytokine gene tacrolimus
expression  cytokine gene Tcel ,interleukin-2 (IL-

2), IL-3, IL-4, interferon-y (IFN-y), granulocyte-macrophage colony-stimulatory factor (GM-

CSF)  tumor necrotic factor-a (TNF-Ct) IL-2  cytokine T cell
allograft rejection

tacrolimus transcription  gene CD40 ligand,
protooncogenes H-ras  c¢-myc
tacrolimus -~ ] cell-mediated immune responses4X27
tacrolimus proliferation T cell allogen
mitogen, mixed lymphocyte reaction cytotoxic T cell
cytokines T helper (TH 1 cell cell-mediated immune
responses cytokines TH cell
cell antibody  tacrolimus humoral immunity
cell-mediated immunity tacrolimus T cell-dependent B cell
activation proliferation calcium-
dependent B cell activation pathways
tacrolimus transforming  growth  factor (TGF)-J3L
hyperexpression B TGF-(3 multifunctional

cytokine potent immunosuppressive activity fibrogenic potential
TGF-p1 expression
tacrolimus®
allograft rejection lymphocytes
graft chemotactic factors tacrolimus
lymphocyte chemotactic factors IL-8
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chemotaxis tacrolimus lymphocytes
protein kinase C-mecliated signaling pathway actin
polymerization  cytoskeletal reorganization®
tacrolimus secondary proliferation activated T cell
IL-2 mononuclear phagocyte  natural killer
celf*
1.6.2 tacrolimus cyclosporin
tacrolimus cyclosporin signal transduction
calcineurin complex  immunophilin FKBP12
I tacrolimus  cyclophilin A cyclosporin
tacrolimus ~ cyclosporin TH cell
cytokine gene expression J IL-10 tacrolimus
cyclosporin cyclosporin IL-6 IL-4
expression cell-surface markers, THL cell cytokines, inflammatory cytokines
cytotoxic factors 2
tacrolimus cyclosporin , ,
costimulatory ligands adhesion  molecule
expression, THL responses CD4 helper activitydl
Th2 cell  monocyte responses humoral responses tacrolimus
cyclosporin invitro T cell IL-10 secretion ,
tacrolimus cyclosporin2
distribution lymphocyte subtypes tacrolimus
cyclosporin 1 cyclosporin cell (CD19) 3
N vitro  sensitivity lymphocytes
tacrolimus  cyclosporin R sensitivity
lymphocyte cyclosporin graft survival
tacrolimus sensitivity  lymphocyte

tacrolimus cyclosporin
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sensitivity ~ lymphocyte R/
sensitivity lymphocyte tacrolimus
cyclosporin K3
1.6.3
tacrolimus regeneration partial
hepatectomy ' 5 modulation liver cell growth
factors IL-1CX IL-2 tacrolimus
organ regeneration partial nephrectomy intestinal resection
tacrolimus hepatic ischemic reperfusion injury ,
A% cytotoxic reactive oxygen
speciesy  tacrolimus inducible nitric oxide synthase (INOS)
NF-KB 3 tacrolimus
nitric oxide pathway
tacrolimus postoperative cholestasis®
tacrolimus cyclosporin bile acid T-tube
drainage ( bile acid)®
duodenal perfusion method excretory capacity
6 12 tacrolimus serum
alkaline phosphatase  y-glutamyl transferase 3
tacrolimus
postoperative cholestasis bile
tacrolimus cyclosporind
duodenal perfusion study tacrolimus
secondary hile acids (deoxycholic acid, lithocholic acid)3 T-tube study
chenodeoxycholic acid
cyclosporin tacrolimus3®

tacrolimus hile acid



cyclosporinl
tacrolimus

164

tacrolimus

tacrolimus

functional

13

chenodeoxycholic acid 2

cyclosporin 2
2
structural® functional
glomerular filtration rate
structural

isometric vacuolization tubular cell cytoplasm,

giant mitochondria microcalcification microvascular
structural
chronic tubulointerstitial damage, glomerulosclerosis hyaline fibromucoid
thickening  arteriolar wall tacrolimus
amino acid infusion
g tacrolimus
tacrolimus 48 4
tacrolimus
calcineurinb2
modulation  cyclic adenosine monophosphate (CAMP)-dependent
signaling NF-KB  fibroblasts ~ mesangial cells®
: IL-6 : cyclosporin
endothelin / thromboxane | 24 TGF-[3l
expression tacrolimus
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165 duoose nmetaldism
tacrolimus corticosteroid %
tacrolimus cyclosporin
tacrolimus
FKBP12 calcineurin islets acinar tissue
tacrolimus insulin -~ transcriptional  level
glucagon insulin receptors44 insulin
glucose intolerance islet cell
tacrolimus tacrolimus
(3 cell secretory reserve, insulin resistance (3 cel-OC
cell axis4f
166 lipics/lipoprateins
tacrolimus total
cholesterol, triglycerides ~ / ~ low density lipoprotein (LDL)-cholesterol
cyclosporin
In vitro study LDL o
tacrolimus oxidation microemulsion
cyclosporin 8 tacrolimus serum antioxidant
standard
formulation cyclosporin LDL
oxidation microemulsion cyclosporin
DL-a-tocopherol antioxidant

LDL oxidation
antioxidant tacrolimus
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LD addation
dranic rerd dlograft dysfundion
1.6.7
16.7.1 transplant-associated coronary artery disease

transplant-associated coronary artery disease (vasculopathy; TxCAD)

endothelial cells 99 tacrolimus cyclosporin
anti-endothelial antibodies ( endothelial
cells) TxCAD
tacrolimus anti-endothelial (anti-vimentin) antibodies

cyclosporin 3 9
microvascular endothelial dysfunction

tacrolimus cyclosporin®
IL-6
1 ', INOS gene expression endothelial cell-derived
nitric oxide synthase (eNOS) gene expression tacrolimus
cyclosporiny
TxCAD2 tacrolimus invitro®  ex
Vivos3 monocyte NF-KB

transcription  tissue factor 2
tacrolimus cyclosporin
endothelium-independent icrocirculatory response 't

—
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16.7.2
tacrolimus cyclosporin
B echocardiography study
left ventricle tacrolimus
cyclosporin®
VT
echocardiography 2 3
tacrolimus left ventricular hypertrophy®%
interventricular wall left ventricular mass
3 4 left ventricular mass
12 tacrolimus
microemulsion cyclosporin?
/ N tacrolimus
hypertrophic cardiomyopathy arteritis
calcification tacrolimus
sarcoplasmic  reticulum=3
hypertrophic ~ cardiomyopathy left ventricular ejection
fraction, left ventricular dilatation diffuse left ventricular hypokinesis®
tacrolimus corrected QT interval (QTQ @
L7
tacrolimus 1
tacrolimus

, cyclosporin
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1 tacrolimus
(mean)
Cox L AUC CL vd
(ngml) () (hrengml) () (Uhrkg) (Lko)
0.025 mg/kg/dhr IV 598 342 0.040 191
5mg PO
(=19 > 07 16 43 348 004 1%
(single dose)
0.05 glkg/12hr IV 3300 117 0053 08

0.3 mg/kg/day PO 685 23 519

0.02 mglkg/12hr IV 294 188 0.083 141
0.2 mglkg/day PO 192 30 203
( =26) 0.3mgkg/dayPO 242 15 288

( <
14 )
0.037mglkg/day IV 115 0.138 2.6
( =12)
4 0.02mglkg/4hr IV 393 26.3 0.038 1.07
(=12
0.02mglkg/4hr IV 367 60.6 0.042 31
7.Tmg PO
. 438 66.1 0.034 37
(=9 (single dose)
a serum creatinine 344 1061 Jlimol/L: 5 12
b:

- AUC = area under the concentration time curve, CL = clearance, C = peak concentration in
whole blood, IV = intravenously, PO = orally, tv2= elimination half-life, th= time to achieve Cna Vd =
volume of distribution

61
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tacrolimus
) tacrolimus
oral bioavailability
(=16
oral bioavailahility
2
025 15 e
25 40
)
(7
tacrolimus
AUC 2 ,
145 - /

oral bioavailability

AUC
12

18

256162
(=10

oral bioavailability 20
(= 12)

17,22 18 ol
25 ( 4 R

SLE

tacrolimus

5 7 AUC

tacrolimus (0.25

1 10 )
continental

AUC
106 - /
21

tacrolimus u
2, 12 9 3 b
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172
tacrolimus
whole blood whole blood
plasma L 3H
hematocrit 6162 99 tacrolimus  plasma
plasma ( aloumin -~ CC-L-acid glycoprotein)él
tacrolimus
C s tacrolimus
@
173 metabolism
tacrolimus metabolized
cytochrome P450 (CYP) 3A4 isoenzymes
intestinal mucosa @ metabolites
6l6d, 9 156 metabolites metabolic pathways
hydroxylation déméthylation metabolite 13-0-demethyl-
tacrolimuselL&26i® tacrolimus parent drug 13-0-
demethyl-tacrolimusel264®  metabolites 46
elimination half-life ( 2 tacrolimus 1 '
( 9 ) ( 2 )
tacrolimus
unchanged drug 1
( metabolites  unchanged drug) 2 a
90 &
metabolites tacrolimus @
tacrolimus

Bb



hematocrit serum albumin
metabolized hematocrit serum albumin
metabolized#

corticosteroid
corticosteroid cytochrome P450 (CYP) 3A4 isoenzymes
tacrolimus  metabolized corticosteroid
tacrolimus metabolized
clearance tacrolimus
18
181 Primary therapy
1811 cyclosporin

prospective randomized nonblind trials
tacrolimus  cyclosporin 2
tacrolimus-based regimens patient graft survival rates
cyclosporin-based regimens  tacrolimus-hased regimens ~ acute rejection rates
cyclosporin-based regimens26

20
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tacrolimus

European 303
Tacrolimus
Multicentre Rena!
Study Group23 145

_ 205
US FK 506 Kidney
Transplant
Group "'
d 207
76
Ahsan et al. 72
75

tnuvii

3]

prospective randomized nonblind trials

cyclosporin

Dosage regimen
(' glkglday)b

tacrolimus

TAC 0.3 PO + AZA
+CS

CsA 3 PO + AZA +
CS

TAC 0.2 PO + AZA
+ CS (+ ALA
induction therapy)
CsA 10 PO + AZA +
CS (+ ALA
induction therapy)

tacrolimus
TAC 0.15-0.2 PO +
AZA + CS (+A ALA
induction therapy)
TAG 0.15-0.2 PO +
MMr + CS (+/- ALA
induction therapy)

CsA 8-10 PO +

MMF +es (+/- ALA
induction therapy)

3
(
patient  graft acute
survival  survival  rejection
()
cyclosporin standard formulation
12 S3 83 26"
43 85 12
12 gr 86 46
48 88 n
12 96 9 31"
35 92 52
12 97 88 46
36 92 79

cyclosporin microemulsion formulation

24

24

24

96

94

83

34

83

7

18

i

23

21

steroid
resistant
acute

rejection

13

12



22

2( ) prospective randomized nonblind trials
tacrolimus cyclosporin 3

: steroid
Dosage regimen

(mg/kg/day)h patient  graft acute  resistant

sutvival ~ survival  rejection acute
() rejection
tacrolimus  cyclosporin microemulsion formulation
TAC 0.2 PO + AZA

, _ 90 36 96 88* 32 (23*d)
Jurewicz68; Morris- +CS
Stiff et al.69 CsA 8 PO + AZA +
89 36 92 76 39 (42
CS
TAC 0.3 PO + AZA
_ 286 6 20%* g
Sperschneider et + CS
al.5 CsA 8-10 PO +
211 6 37 2
AZA, + CS
a cadaveric renal transplantation
b: TAC ! CsA whole-blood trough drug
concentrations, toxicity, graft rejection
¢: steroid resistant acute rejection ALA
d: biopsy-proven acute rejection  subgroup 97 )

: ALA = antilymphocyte antibody, AZA = azathioprine, CS = corticosteroids, CsA = cyclosporin,
MMF = mycophenolate mofetil, PO = orally, TAC = tacrolimus
*p 0.05 vs CsA group, *p < 0.001 vs CsA group

; 2-6, 67-69
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18.12 tacrolimus-based regimens 2

acute rejection rates  tacrolimus-hased regimens

3 (tacrolimus, mycophenolate mofeti  corticosteroids) ' tacrolimus-
based regimens 2 (tacrolimus corticosteroids) A7l 3
(tacrolimus, azathioprine corticosteroids) 2 antithymocyte
globulin tacrolimus-based regimens 3
acute rejection B patient  graft survival

3 7, b tacrolimus-based regimens 2
graft survival tacrolimus-based regimens 3 (tacrolimus,
azathioprine  corticosteroids)
1.82 Rescue therapy
noncomparative clinical trial
tacrolimus rescue therapy acute rejection
cyclosporin-based regimens 1 3
cyclosporin tacrolimus patient survival rates
90 graft survival rates 701
183
tacrolimus-based

regimens primary rescue therapy

1 ! ( =8L)%
tacrolimus-based regimens primary therapy ~ patient  graft survival rates
1 100 patient ~ graft survival rates 4 94

84 2 3 corticosteroids



tacrolimus cyclosporin

3
3
tacrolimus cyclosporin
3
TAC
L. 1 v
serum creatinine 0 20-45
Oliguria 821
10-11
Tremor 35-56
20.5-64
24-32
Paresthesia 13.5-40
10
Generalized spasm 8
metabolism
J 8-20
1 16-47

CsA

14-41

8-12.5

6-6.5

12-46

14-60
26-29.5

15-30

2-9

7-38

TAC = CsA (2

(
TAC > CsA (1)
TAC = CsA (1)
TAC > CsA (1)

TAC = CsA (2)

TAC > CsA (3)
TAC = CsA ()
TAC = CsA (3)
TAC —~ CsA (2)
TAC > CsA (2)
TAC = CsA (1)
TAC > CsA (1)
TAC > CsA (1)

TAC > CsA (2)
TAC = CsA (1)
TAC > CsA (2)
TAC = CsA (1)

24
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tacrolimus
3

metabolism

angina

Gingivitis
Gum/gingival 'hyperplasia

cyclosporin

TAC

21-45

22-12

17-46
31-35
34
35-50
11-19

13

11-20
17.5-47

L5
0.5-1

CsA

145

16-26

10-47

15-37

35-42.5
24

39-56

313

6.2

10
1-6

17-38

56

CsA > TAC (1)
TAC = CsA (1)
TAC > CsA (1)

TAC > CsA (2)
TAC = CsA (1)
TAC = CsA (2)
TAC > CsA (1)
TAC = CsA (2)
TAC > CsA (1)

TAC = CsA (4)

TAC= CsA (1)

TAC > CsA (1)
(

CsA > TAC (1)

CsA>TAC (1
TAC > CsA (2
TAC= CsA (1
TAC > CsA (1
CsA>TAC (1
(

)
)
)
)
)
CsA>TAC (2

25
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3 () '
tacrolimus cyclosporin 1
3
()
TAC CsA ( i)
Hirsutism 0-7 931 CsA > TAC (4)
15-36 7-20 TAC > CsA (2)
a randomized multicentre nonblind trials 4
Europe ( = 369-529) corticosteroids
azathioprine corticosteroids TAC
b
C renal allograft rejection
d:
: CsA = cyclosporin, TAC = tacrolimus, > (p < 0.05),
2,4,77, 78
tacrolimus ,
, glucose metabolism,
cyclosporin
tacrolimus cyclosporin hirsutism,

gingivitis  gum hyperplasia
tacrolimus
glucose metaholism,

corticosteroids
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tacrolimus cyclosporin
tacrolimus ~ cyclosporin
tacrolimus tremor, ,
paresthesia tremor  paresthesia
tacrolimus cyclosporin
/ tacrolimus
cyclosporin 2
24 new-onset type 1 diabetes ellitus
tacrolimus vs cyclosporin 2054  UStriald  8VS2  European
study2 ua 113 tacrolimus
insulin 1 tacrolimus
cyclosporin
tacrolimus
0
tacrolimusg! metabolism
tacrolimus lipid profiles /
cardiovascular risk profile cyclosporin
tacrolimus total cholesterol, triglycerides [ low
density lipoprotein (LDL)-cholesterol cyclosporin
tacrolimus ' '
cyclosporin
cyclosporin
tacrolimus
tacrolimus
, tacrolimus
cyclosporin

tacrolimus ~ cyclosporin
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tacrolimus
Epstein-Barr virus-related post-transplant

lymphoproliférative disorders (PTLD)

cyclosporin
tacrolimus

eclampsia

1.10

Isoenzymes
tacrolimus

metabolism

PTLD tacrolimus
PTLD
primary therapy 3 U PTLD
tacrolimus rescue therapy primary therapy
tacrolimus cyclosporin
tacrolimus maternal hypertension pre-
cyclosporin
tacrolimus metabolized cytochrome P450 (CYP) 3A4
Isoenzymes
metabolism tacrolimus
tacrolimus 4
metabolism tacrolimus
tacrolimus

Calcium channel blocker

Diltiazem
Nicardipine
Nifedipine

Verapamil

Antifungal agent

Clotrimazole
Fluconazole
Itraconazole

Kétoconazole



4( ) metabolism

tacrolimus
Macrolide antibiotic
Clarithromycin
Erythromycin
Troleandomycin
Gastrointestinal prokinetic agent
Cisapride

Metoclopramide

Bromocriptine
Cimetidine
Cyclosporin
Danazol
Méthylprednisolone

tacrolimus
Anticonvulsant
Carbamazepine
Phénobarbital
Phenytoin
Antibiotic
Rifabutin
Rifampin

6l

1.10

tacrolimus

tacrolimus

tacrolimus ( intranasal gastric tube
anaphylaxis

tacrolimus

29
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tacrolimus 2
5 tacrolimus
( / l)
1 A
0.2 0.03-0.05 0.15-0.3 0.05-0.1
0.3 01
61,79
maintenance therapy tacrolimus
tacrolimus rescue therapy
primary therapy tacrolimus
24 cyclosporin
tacrolimus (1 2
)4
111

tacrolimus oral bioavailability
therapeutic window tacrolimus

30

12
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allograft rejection

toxicity
metabolism tacrolimus
tacrolimus ) commercial kits
2 microparticle enzyme immunoassay (MEIA)
ELISA 2 monoclonal antibody parent
compound metabolites tacrolimus MEIA
ELISA MEIA (IMx Tacrolimus Il assay; Abbott
Laboratories, Abbott Park, IL)
tacrolimus 15 / &
monoclonal antibody metabolites tacrolimus
tacrolimus cholestasis
metabolites tacrolimus
' high-performance  liquid  chromatography
(HPLC)IMS/MSE
tacrolimus trough level
(area under the concentration time curve, AUC) AUC
trough  level73
tacrolimus trough level AUC
trough level 90 trough level
3 1-20 / 4 12

5-15 / il
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