
DRUG EVALUATION 

Drugs 46 (4):746-794, 1993 
00 12-6667/ 93/00 I 0-0746/$24.50/0 
© Adis International Limited. All rights reserved. 

ORE1212 

Tacrolimus 
A Review of its Pharmacology, and Therapeutic Potential in Hepatic and 
Renal Transplantation 

David H. Peters, Andrew Fitton, Greg L. Plosker and Diana Faulds 
Adis International Limited, Auckland, New Zealand 

Various sections of the manuscript reviewed by: W.E. Bennett, Division of Nephrology and Hypertension, Oregon 
Health Sciences University, Portland, Oregon, USA; B.E. Bierer, Division of Pediatric Oncology, Dana-Farber 
Cancer Institute, Boston, Massachusetts, USA; K. Fu/uJo, Department of Surgery, Institute of Clinical Medicine, 
University of Tsukuba, Tsukuba City, Japan; M. Ishibashi, Department of Urology, Osaka University Hospital, 
Osaka, Japan; J.E. Kay, School of Biological Sciences, University of Sussex, Brighton, England; T. Ochiai, De
partment of Surgery, Chiba University School of Medicine, Chiba, Japan; G. Remuz;zi, Istituto di Ricerche Far
macologiche 'Mario Negri' , Bergamo, Italy; R. Shapiro, Department of Surgery, University of Pittsburgh School 
of Medicine, Pittsburgh, Pennsylvania, USA; A. W. Thomson, Department of Surgery, University of Pittsburgh 
School of Medicine, Pittsburgh, Pennsylvania, USA; A.G. Tzakis, Department of Surgery, University of Pittsburgh 
School of Medicine, Pittsburgh, Pennsylvania, USA; R. Ven/uJtaramanan, School of Pharmacy, University of 
Pittsburgh, Pittsburgh, Pennsylvania, USA; M. Winkler, Klinik fiir Abdominal- und Transplantations- chirurgie, 
Medizinische Hochschule, Hannover, Federal Republic of Germany; A. Zee"i, Presbyterian University Hospital, 
University of Pittsburgh Medical Center, Pittsburgh, Pennsylvania, USA. 

Contents 
747 Summary 
751 I. Pharmacodynamic Properties 
751 1.1 Intracellular Mechanism of Action 
753 1.2 Immunomodulating Properties of Tacrolimus 
754 1.2.1 Effects on T Cells 
756 1.2.2 Effects on B Cells 
756 1.2.3 Effects on Nonlymphoid Cells 
757 1.3 Hepatic Effects of Tacrolimus 
757 1.4 Renal Effects of Tacrolimus 
758 1.5 Effects on Animal Models of Allograft Transplantation 
759 1.5.1 Hepatic Transplantation 
759 1.5.2 Renal Transplantation 
759 1.5.3 Other Organ Transplantation 
760 2. Pharmacokinetic Properties 
761 3. Clinical Efficacy in Hepatic and Renal Transplantation 
763 3.1 Hepatic Transplantation 
763 3.1.1 Rescue Therapy in Hepatic Allograft Recipients 
769 3.1.2 Primary Therapy in Hepatic Allograft Recipients 
771 3.2 Renal Transplantation 
771 3.2.1 Rescue Therapy in Renal Allograft Recipients 
775 3.2.2 Primary Therapy in Renal Allograft Recipients 
776 4. Tolerability 
776 4.1 Nephrotoxicity 



Tacrolimus in Hepatic and Renal Transplantation: A Review 747 

778 4.2 Infections and Lymphoproliferative Disorders 
780 4.3 Neurotoxicity 
780 4.4 Diabetogenic Effects 
781 4.5 Other Adverse Effects 
782 5. Drug Interactions 
782 6. Dosage and Administration 
783 7. Place of Tacrolimus in Hepatic and Renal Transplantation 

Summary 
Synopsis 

Tacrolimus (FK 506) is a macrolide immunosuppressant which possesses similar but more 
potent immunosuppressant properties compared with cyclosporin, inhibiting cell-mediated and hu
moral immune responses. Like cyclosporin, tacrolimus demonstrates considerable interindividual 
variation in its pharmacokinetic profile. This has caused difficulty in defining the optimum dosage 
regimen and has highlighted the usefulness of therapeutic drug monitoring. Most clinical studies 
with tacrolimus have neither been published in their entirety nor subjected to extensive peer review; 
there is also a paucity of published randomised investigations of tacrolimus versus cyclosporin, 
particularly in renal transplantation. Despite these drawbacks, tacrolimus has shown notable ef 
ficacyas a rescue or primary immunosuppressant therapy when combined with corticosteroids in 
adult and paediatric recipients following liver or kidney transplantation. Indeed, graft salvage rates 
in patients experiencing rejection or drug-related toxicity were ~50%, although data in renal trans
plantation are limited. Compared with cyclosporin as a primary immunosuppressant, tacrolimus 
showed comparable or greater patient/graft survival rates in liver allograft recipients (where cost 
savings associated with reduced hospitalisation costs were evident in one study), and comparable 
patient/graft survival in patients following kidney transplantation. Worthy of note was the efficacy 
oftacrolimus as a primary immunosuppressant in patients who received en bloc kidney allografts. 
The incidence of rejection was largely reduced following rescue therapy with tacrolimus and was 
generally lower (notably for refractory rejection) than that observed for cyclosporin, at least in liver 
allograft recipients. This was reflected in less need for adjunct immunotherapy including antilym
phocyte preparations for the treatment of rejection episodes. The potential for reduction or with
drawal of corticosteroid therapy with tacrolimus appears to be a distinct advantage compared with 
cyclosporin, and this may be enhanced by the reduced incidence of infectious complications and 
of hypertension and hypercholesterolaemia reported by some investigators. In other respects, how
ever, the tolerability profile of tacrolimus appears to be broadly similar to that of cyclosporin. 

Against this background, preliminary data indicate that tacrolimus provides a valuable thera
peutic alternative to retransplantation in patients experiencing liver or kidney graft rejection or 
drug-related toxicity. Pending confirmation of initial randomised studies and preliminary results 
from large randomised investigations, tacrolimus may well be considered as an alternative primary 
immunosuppressant to cyclosporin in hepatic (particularly) and renal transplantation. Further
more, the steroid-sparing effects of tacrolimus, although of benefit to all patient groups, may prove 
to be of particular worth in children and in en bloc kidney recipients. In these patients tacrolimus 
may well emerge as the drug of choice. 

Clearly, further experience in the clinical setting will help clarify the role of tacrolimus in 
transplantation surgery. Nevertheless, this new immunosuppressant has already demonstrated its 
usefulness as an addition to the limited immunotherapeutic options available to date. 

Pharmacodynamic Properties 

The macrolide immunosuppressant, tacrolimus, displays similar, but more potent, immu
nosuppressive properties to cyclosporin, inhibiting cell-mediated and humoral immune responses. 
Through its interaction with a specific cytoplasmic immunophilin, tacrolimus inhibits caicium
dependent signal transduction pathways in T cells, thereby preventing transcription of a discrete 
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set of Iymphokine genes. In vitro, tacrolimus is 10 to 100 times more potent than cyclosporin in 
inhibiting allogen- and mitogen-induced stimulation of T cell proliferation and the production 
of interleukin (lL)-2 and other growth-promoting cytokines (IL-3, IL-4, interferon-)" tumour ne
crosis factor-a and granulocyte-macrophage colony-stimulating factor), the mixed lymphocyte re
sponse, generation of cytotoxic T cells, and B cell activation. Tacrolimus does not, however, 
inhibit the secondary proliferation of activated T cells in response to IL-2. In vivo, tacrolimus is 
approximately 10 times more potent than cyclosporin in suppressing T cell-dependent antibody 
production, graft-versus-host reactivity and delayed type hypersensitivity. Tacrolimus interferes 
with a variety of exocytosis-related events in cells of haematopoietic lineage (basophils, neutro
phils and mast cells), but at concentrations which suppress T cell proliferation, tacrolimus does 
not modify mononuclear phagocyte function. Tacrolimus displays hepatotrophic properties, stim
ulating hepatic regeneration following hepatectomy, and confers hepatoprotective and renopro
tective effects against ischaemia/reperfusion injury. Tacrolimus has a direct glomeruloconstrictive 
effect and on subacute administration reduces renal perfusion and glomerular flow. Tacrolimus
induced nephrotoxicity has variously been attributed to altered prostaglandin metabolism, lipid 
peroxidation of the plasma membrane, and enhanced endothelin secretion. In animal models of 
organ transplantation, tacrolimus has been shown to prolong survival of hepatic, renal, cardiac, 
small intestine, pancreatic and skin allografts, and to reverse cardiac and renal allograft rejection. 

Pharmacokinetic Properties 

Enzyme-linked immunoabsorbant assay (ELISA) employing a monoclonal anti-tacrolimus 
antibody has been used to quantify tacrolimus (and its immunoreactive metabolites) in biological 
fluids. Absorption of tacrolimus following oral administration is highly variable, as reflected in 
a peak plasma concentration (Cmax) of 0.4 to 5.6 "g/L after a single oral dosage of 0.15 mg/kg. 
Cmax values following intravenous infusion of tacrolimus 0.15 mg/kg over 2 hours ranged from 
10 to 24 "g/L. Tacrolimus is highly lipophilic and undergoes extensive tissue distribution. In 
blood, tacrolimus is sequestered by erythrocytes, with the result that plasma drug concentrations 
are approximately 10 to 30 times lower than whole blood concentrations. Tacrolimus is metab
olised extensively in the liver, primarily by demethylation and hydroxylation, with less than 1 % 
of the parent compound being excreted unaltered in the bile and urine. Hepatic dysfunction is 
associated with elevated plasma concentrations of tacrolimus, prolongation of the plasma elim
ination half-life, and reduced plasma clearance. 

Clinical Efficacy 

The vast majority of investigations which evaluated the efficacy of tacrolimus as a rescue or 
primary immunosuppressive therapy in liver or kidney allograft recipients were presented at sym
posia and were only briefly reported or subsequently published to document symposia proceed
ings. The results of these studies should therefore be interpreted with caution as they have not 
been subjected to extensive peer review. Furthermore, there has only been one large study which 
evaluated the efficacy of tacrolimus as a rescue therapy in renal allograft recipients and there is 
a paucity of randomised investigations of tacrolimus versus cyclosporin as a primary immuno
suppressant, particularly in renal transplantation. 

In paediatric/adult patients experiencing liver allograft rejection or adverse effects associated 
with conventional immunosuppressive therapy who were subsequently treated with tacrolimus 
plus corticosteroids, patient survival was ~85% and graft survival exceeded 70% at initial follow
up (~2 months). These results were maintained in the longer term (""9 to 18 months) in one 
study, although actuarial patient and graft survival rates were 70 or 72% and 50 or 70%, respec
tively, after 12 months in 2 others. Rescue therapy with tacrolimus was associated with histo
logical and biochemical improvements in allograft function in a large proportion of patients, and 
this reflected in improvements in performance status when assessed in one study. Histological 
assessment of graft function revealed that prognosis was notably superior in patients with acute 
versus chronic rejection in one investigation; however, in another more detailed study, outcome 
was dependent on preconversion liver and kidney function, and on a history of retransplantation. 

When administered as a primary immunosuppressant in combination with corticosteroids to 
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Tolerability 

patients who received a primary liver transplant, therapy with tacrolimus in the medium term 
(6 to 18 months) was associated with patient survival rates generally ;084% (although 63% was 
obtained in one study), and graft survival rates approaching or exceeding 80%. There were no 
significant differences in patient or graft survival rates for tacrolimus versus cyclosporin in the 
2 largest randomised investigations (total patient numbers of 520 and 545), although both these 
parameters were numerically greater for tacrolimus in one of these studies (+4 to +5%). In the 
majority of the other comparative investigations evaluated, graft and patient survival rates were 
statistically and/or numerically greater with tacrolimus than with cyclosporin (+8 to + 17% and 
+ 15 to +20%, respectively). Retransplantation rates were either similar or lower with tacrolimus 
compared with cyclosporin. Furthermore, in one small randomised investigation, 73% of cyclo
sporin-treated patients were switched to therapy with tacrolimus, and rejection accounted for the 
switch in approximately 75% of these recipients. Comparison of hospital costs of liver trans
plantation revealed that primary immunosuppression with cyclosporin was nearly twice as ex
pensive as that with tacrolimus. 

Although only assessed in one large investigation, tacrolimus has demonstrated efficacy as a 
rescue therapy when administered in combination with corticosteroids to kidney allograft recip
ients experiencing rejection despite optimum standard immunotherapy. Patient survival exceeded 
90%, and 70% of patients were successfully converted after a mean follow-up of 10.6 months. 
Serum creatinine levels and the overall need for dialysis declined. 

In adult or paediatric kidney allograft recipients, administration of tacrolimus as a primary 
immunosuppressant, plus corticosteroids, resulted in patient survival of ;090% and graft survival 
of ;070%, during follow-up periods of I to 21 months. In patients at lower risk of treatment 
failure, however, graft survival up to I year was noticeably greater (",,80%). Patient and graft 
survival rates did not differ significantly between patients receiving tacrolimus or cyclosporin, or 
those treated with tacrolimus in the presence or absence of azathioprine. Worthy of note was the 
efficacy of tacrolimus in recipients of paediatric en bloc allografts, in whom urological compli
cations did not manifest, even in grafts from the smallest of donors. 

The incidence of rejection with tacrolimus was largely reduced following rescue therapy, and 
was generally lower than that noted for cyclosporin when administered as a primary immuno
suppressant therapy in liver allograft recipients. Notably, in the latter setting, the overall and 
refractOIY rejection incidence was significantly less in patients treated with tacrolimus versus 
cyclosporin in 2 large randomised investigations. Not surprisingly, the lower incidence of rejection 
noted for patients treated with tacrolimus generally reflected less need for adjunct immunotherapy 
(azathioprine, high dose steroids and antilymphocyte preparations) for the treatment of rejection 
episodes. Tacrolimus was also associated with a steroid-sparing effect, which resulted in lower 
maintenance steroid requirements when compared with cyclosporin. Indeed, steroid withdrawal 
was often possible for patients (notably children) treated with tacrolimus. The incidence of hyper
tension was also lower with tacrolimus in some (but not all) investigations when compared with 
cyclosporin, and tacrolimus was not associated with hypercholesterolaemia. 

The variety oftacrolimus dosage regimens employed in clinical investigations has complicated 
interpretation of the tolerability profile of this drug. Indeed, its adverse effects have been pivotal 
in the temporal refinement of tacrolimus dosage regimens. Generally, toxicity is reduced by low
ering the tacrolimus dosage, although such measures may not improve some reactions (such as 
the development of dysarthrias) which may be idiosyncratic or require multiple factors to emerge. 

The clinical presentation and morphology of tacrolimus nephrotoxicity are identical to those 
of cyclosporin, and the incidence of this adverse effect is broadly similar for patients treated with 
either drug. The incidence of nephrotoxicity necessitating withdrawal from therapy was similar 
for tacrolimus and cyclosporin in a large randomised study when the former drug was admini
stered at initial intravenous dosages ';:;0.06 mg/kg, but was greater when these initial dosages were 
exceeded. In another large study of similar design haemodialysis requirements were similar for 
tacrolimus and cyclosporin recipients. Acute nephrotoxicity (characterised by increased serum 
creatinine levels within I month of treatment), has occurred in most tacrolimus recipients and 
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necessitated haemodialysis in up to about 25% of patients who received a liver allograft. Chronic 
nephrotoxicity (after I month of treatment) has been reported to occur in about 30 to 50% of 
patients. Nephrotoxicity may respond to a reduction in tacrolimus dosage, although reports differ 
as to the degree of correlation between plasma tacrolimus concentrations and renal function 
variables. In one study nephrotoxicity, assessed by histopathological changes in biopsy specimens, 
was recorded with trough whole blood tacrolimus concentrations within the currently accepted 
optimum range ("'15 to 20 /Lg/L). Mild hyperkalaemia, associated with low or low-normal renin 
and aldosterone levels commonly occurs with tacrolimus therapy, but usually responds to treat
ment with potassium-binding resins, potassium-restricted diets and/or fludrocortisone. Cyclo
sporin and tacrolimus appear to induce a similar incidence of nephrotoxicity, and although sim
ilar changes in serum creatinine levels occur with either drug following transplantation, adverse 
effects on glomerular filtration rate appear to occur less severely with tacrolimus in the long
term. Histopathological examination of renal allografts from patients experiencing rejection re
vealed some of the features associated with cyclosporin toxicity in patients treated with tacroli
mus; however, the effect of prolonged tacrolimus administration on renal structural integrity with 
prolonged requires further study. 

Infections have been reported to occur in ~50% of patients treated with tacrolimus, and were 
severe in 38% of the population studied. In clinical trials, tacrolimus was often associated with 
a numerical and/or statistical lower incidence of overall, severe, bacterial, viral or fungal infec
tions when compared with cyclosporin. Post-transplant lymphoproliferative disorders apparently 
occur with a similar incidence among patients treated with either tacrolimus or cyclosporin «2%). 

Neurological adverse effects associated with post-transplant tacrolimus immunosuppression 
most commonly occur with intravenous administration and can be categorised as major (e.g. 
akinetic mutism, expressive aphasia, seizures, confusion requiring investigation, psychosis, en
cephalopathy, persistent coma) or minor (e.g. tremors, headache, sleep disturbances, nightmares, 
dysesthesias, photophobia) neurotoxicity. Major neurotoxicity has been reported in less than 10%, 
and minor neurotoxicity in about 20% of patients. In most cases tacrolimus-induced neurological 
effects resolve with dosage reduction or withdrawal from therapy. The incidence of neurotoxicity 
necessitating withdrawal from therapy was similar for tacrolimus and cyclosporin when the for
mer drug was administered at initial intravenous dosages ~0.06 mg/kg in a large randomised 
study, but was greater when these initial dosages were exceeded. 

Association of post-transplant hyperglycaemia with tacrolimus is confounded by the influence 
of perioperative events in the short term. With chronic administration (~3 months), hypergly
caemia requiring insulin therapy appears to vary temporally; up to 20% of patients require insulin 
at 6 months but as few as 5.5% require it after I year. The incidence of new-onset diabetes among 
paediatric allograft recipients treated with tacrolimus appears to be low «2%). Insulin-dependent 
new-onset diabetes does not appear to occur more frequently with tacrolimus than with other 
immunosuppressive regimens, but the diabetogenic effect ofthis drug is likely to be as significant. 
Indeed, the incidence of hypergiycaemia was greater with tacrolimus when compared with cyclo
sporin in one large randomised investigation, although the converse was seen among children 
treated with either of these drugs in another. 

Although hypertension is a common finding in transplant recipients, treatment with tacroli
mus allows withdrawal of antihypertensive therapy from a significant portion of patients. Fur
thermore, cessation of antihypertensive therapy is generally more common with tacrolimus than 
with cyclosporin. Gingival hyperplasia and hirsutism, which are complications of therapy with 
cyclosporin, do not appear to be of significance among patients treated with tacrolimus. Fur
thermore, hypercholesterolaemia is apparently not a complication of tacrolimus therapy. 

In common with cyclosporin, tacrolimus has been associated with rare instances of acute 
haemolytic anaemia; 8 of 1400 patients treated with the drug developed this phenomenon at one 
centre in the US. 

Dosage and Administration 
In hepatic or renal transplantation tacrolimus has usually been administered intravenously 

commencing after revascularisation of the graft and continuing until oral administration was 
feasible. However, the optimum dosage regimen for tacrolimus is continuing to be refined. Most 
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recent experience in large randomised studies indicate that initial continuous intravenous dosages 
of ~O.I mg/kg/day or 0.035 to 0.075 mg/kg/day should be employed, with subsequent initial oral 
dosages of 0.1 to 0.2 mg/kgJday. Preoperative administration of tacrolimus has been rare, al
though it has been given orally at 0.15 mg/kg (single dose) or intravenously at 0.15 mg/kg/12h 
for 2 days before renal transplantation. In the clinical setting dosage adjustments are made based 
on liver and kidney function, rejection status and trough tacrolimus concentrations in plasma or 
whole blood. Dosage requirements generally decline temporally, but long term therapy is nec
essary. Maintenance tacrolimus dosages expressed as a function of bodyweight are greater in 
children than in adults. A computer programme is available to select the optimum tacrolimus 
dosage based on patient characteristics. 

Tacrolimus should not be administered with cyclosporin due to potential nephrotoxicity. In 
patients who simultaneously receive drugs which are metabolised by the cytochrome P450 IlIa 
enzyme system tacrolimus should be administered with caution. 

Tacrolimus (FK 506), a hydrophobic macro
cyclic lactone (fig. 1), was first isolated in 1985 from 
the fermentation broth of Streptomyces tsukubaen
sis, a soil microorganism found in the Tsukuba re
gion of northern Japan (Kino et al. 1987a; Tanaka 
et al. 1987). Although structurally unrelated to 
cyclosporin, tacrolimus shows a similar spectrum 
of immunosuppressive effects to this agent at the 
cellular and molecular level. Initial studies indi
cated that tacrolimus was a powerful immuno
suppressant, displaying approximately 100-fold 
greater in vitro potency than cyclosporin in inhib
iting T cell activation. Subsequent in vivo studies 
have shown tacrolimus to be effective both in sup
pressing spontaneous and experimental auto
immune disease, and in preventing allograft and 
xenograft rejection in animal models of organ 
transplantation. Although tacrolimus has been used 
clinically in the treatment of rejection following 
transplantation with a variety of organs and also 
as an immunosuppressive agent in the therapy of 
autoimmune disorders, the focus of this review is 
its use in hepatic and renal transplantation. 

1. Pharmacodynamic Properties 
1.1 Intracellular Mechanism of Action 

In common with cyclosporin and rapamycin, 
tacrolimus binds with high affinity to a family of 
cytoplasmic immunosuppressant binding proteins 
(immunophilins). FK 506 binding protein-12 
(FKBPI2), the predominant tacrolimus-binding 

immunophilin, is a peptidyl-prolyl cis-trans iso
merase (rotamase) [Harding et al. 1989; Siekierka 
et al. 1989a,b] which catalyses proline peptide bond 
isomerisation, a rate limiting step in protein fold
ing (Rothman 1989; Tropschug et al. 1990). Al
though tacrolimus is a potent inhibitor ofrotamase 
activity [inhibition constant Ki = 0.2 to 1.7 nmol! 
L (Bierer et al. 1990a; Harrison & Stein 1990)], it 
is unlikely that this effect is directly implicated in 
the drug's immunosuppressive action (Bierer et al. 
1990c; Sigal et al. 1990). Instead, the immuno
philin-drug complex is proposed as the biologically 
active moiety which interacts with intracellular 
molecules involved in signal transduction ,<Bierer 
et al. 1990a,c; DeFranco 1991; Schreiber 1991). The 
tacrolimus-FKBPl2 complex specifically and com
petitively binds to and inhibits calcineurin (Fru
man et al. 1992; Lane et al. 1993; Liu et al. 1991, 
1992), a calmodulin- and calcium-dependent serine/ 
threonine phosphatase (Stewart et al. 1982). 

Calcineurin is believed to be the common mo
lecular target mediating the immunosuppressive 
actions of both tacrolimus and cyclosporin (Schrei
ber & Crabtree 1992). Support for this hypothesis 
comes from recent evidence that calcineurin is a 
tacrolimus-sensitive component of the T cell re
ceptor-mediated signal transduction pathway 
(Clipstone & Crabtree 1992; O'Keefe et al. 1992), 
and the demonstration of a close correlation be
tween the inhibitory effects ofimmunophilin-bound 
tacrolimus and cyclosporin analogues on calcineu
rin phosphatase activity and their suppression of 
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Fig. 1. Structural formulae of the immunosuppressive agents tacrolimus and cyclosporin. 

interleukin (IL)-2 gene transcription (Liu et al. 
1992). 

Inhibition of calcineurin phosphatase activity 
by the tacrolimus-FKBPl2 complex may impair the 
generation and/or activation of nuclear transcrip
tion factors required for Iymphokine gene expres-

sion. Tacrolimus blocks IL-2 gene transcnptlOn 
mediated by the interaction of specific nuclear 
transcription factors with their respective DNA 
binding sites on the IL-2 gene enhancer/promoter 
(Banelji et al. 1991; Baumann et al. 1991; Brabletz 
et al. 1991; Chang et al. 1991; Granelli-Piperno et 
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al. 1990; Henderson et al. 1991; Mattila et al. 1990; 
Su & Semerjian 1991). Among these, the T cell
specific cytosolic nuclear factor of activated T cells 
(NF-AT) is of particular interest, as it appears to 
be responsible for the restricted expression of IL-
2 by antigen-stimulated T cells. Tacrolimus blocks 
the calcium-dependent nuclear translocation of the 
cytosolic subunit of NF-A T in human T cells 
(DeFranco 1991; Flanagan et al. 1991; McCaffrey 
et al. 1993), a process apparently dependent on cal
cineurin-mediated dephosphorylation (DeFranco 
1991). 

Both cyclosporin and tacrolimus appear to block 
transcription of a discrete set of early-phase T cell 
activation genes, including the c-myc proto-onco
gene and those encoding IL-2, IL-3, IL-4, granu
locyte-macrophage colony-stimulating factor (GM
CSF), tumour necrosis factor-a (TNF-a) and inter
feron-'Y (IFN-'Y), but they do not affect the tran
scription of late-phase genes such as the tumour 
necrosis factor-fJ (TNF-fJ), IL-2 receptor, and trans
ferrin receptor genes (Dumont et al. 1990a,b; Hanke 
et al. 1992; Mattila et al. 1990; Metcalfe & Rich
ards 1990; Sakuma et al. 1988; Staruch et al. 1989; 
Tocci et al. 1989). Tacrolimus additionally induces 
transcription of krox-24, a putative transcriptional 
activator (Dumont & Altmeyer 1990; Metcalfe & 
Richards 1990), and the transforming growth fac
tor-fJ (TGF-!3) gene (Rao et al. 1991). Tacrolimus 
can also selectively enhance IL-2 and GM-CSF 
mRNA degradation in T cells, indicating that it 
modulates IL-2 and GM-CSF gene expression at 
both the transcriptional and post-transcriptional 
level (Hanke et al. 1992). Expression of mRNA for 
the IL-2 receptor (Sakuma et al. 1988) and mRNAs 
for IL-la or IL-lfJ in lipopolysaccharide (LPS)
stimulated human monocytes (Tocci et al. 1989) 
is, however, unaffected by tacrolimus. Mitogen
stimulated DNA replication in T cells is minimally 
affected by tacrolimus (Kimball et al. 1990), thereby 
suggesting that the drug's antiproliferative effect is 
mediated by a mechanism(s) independent of DNA 
replication activation. 

The nephrotoxic and immunosuppressive ac
tions of tacrolimus appear to be mechanistically 
related, with inhibition of calcineurin phosphatase 

activity representing a possible common feature 
(Dumont et al. 1992). Both tacrolimus and cyclo
sporin selectively inhibit expression of the renal 
phosphoenolpyruvate carboxykinase gene (Morris 
et al. 1991), thereby suggesting that inhibition of 
specific transcription factors in the proximal tub
ule may be critical in the pathogenesis of nephro
toxicity. 

1.2 Immunomodulating Properties of 
Tacrolimus 

T cell activation in response to antigen-specific 
T cell receptor recognition is associated with in
tegrin-mediated cell adhesion, increased phospha
tidylinositol turnover, generation of the intracell
ular second messengers inositol triphosphate and 
diacylglycerol (resulting, respectively, in calcium 
release from the endoplasmic reticulum and acti
vation of protein kinase C), and phosphorylation 
of cytosolic proteins (Crabtree 1989; Krensky et al. 
1990; Nisbet-Brown et al. 1985) [fig. 2]. Once in
itiated, these biochemical processes lead to the co
ordinated expression of gene products, most no
tably IL-2, crucial for lymphocyte growth and 
proliferation. 

In common with cyclosporin, tacrolimus does 
not inhibit T cell adhesion (Eiras et al. 1991), the 
generation of early second messengers (Bierer et al. 
1990b; Fidelus & Laughter 1986; Fujii et al. 1989) 
or the increase in intracellular calcium (Bierer et 
al. 1990b; Jordan et al. 1991) subsequent to T cell 
receptor recognition; however, the drug does ap
pear to block more distal components of the T cell 
activation pathway that link these early mem
brane-associated events and gene expression (Sigal 
& Dumont 1992; Sigal et al. 1990). Furthermore, 
tacrolimus appears to be selective for a subset of 
calcium-associated signal transduction pathways 
(Bierer et al. 1990a; Dumont et al. 1990b; Mattila 
et al. 1990), and these may predominate in the T 
cell receptor-triggered cascade leading to lymphok
ine production, thereby accounting for the drug's 
preferential effect on the immune system (Chang 
et al. 1991). 
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1.2.1 Effects on T C ells 
In the thymus, developing T cells acquire the 

antigenic and functional characteristics of mature 
T cells as they migrate from the cortex to the med
ulla, before being returned to the circulation_ Dur-

ing this process of thymic maturation, immature 
thymocytes bearing self-reactive T cell receptors are 
deleted (clonal elimination). Tacrolimus appears to 
inhibit thymocyte differentiation (Pugh-Hum
phreys et al. 1990; Thomson & Pugh-Humphreys 
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1991) and the expression of major histocompata
bility complex (MHC) class II antigen on thymic 
epithelial cells (Takai et a1. 1990). Tacrolimus ad
ditionally damages thymic epithelial cells (Pugh
Humphreys et a1. 1990; Stephen et a1. 1989; Thom
son & Pugh-Humphreys 1991) and prevents pro
grammed cell death (apoptosis) of antigen- and mi
togen-stimulated T cell hybridomas (Bierer et a1. 
1991; Staruch et a1. 1991), suggesting a potentially 
deleterious effect on clonal elimination (Jenkinson 
et a1. 1989). Thymocyte mobilisation appears to be 
unaffected by tacrolimus (Takai et a1. 1990). 

Tacrolimus potently inhibits the proliferative 
response of murine and human T cells to specific 
antigens, allogeneic lymphocytes and mitogenic 
lectins in vitro (Bierer et a1. 1991; Dumont et a1. 
1990b; Kay et a1. 1989a; Kino et a1. 1987a,b; Sa
wada et a1. 1987). Both antigen-specific prolifera
tion of cloned helper and cytotoxic T cells (Borg 
& Kumagai 1991; Sawada et a1. 1987) and the sec
ondary proliferation of alloreactive T cells gener
ated from mixed lymphocyte reactions (regarded 
as an in vitro correlate of allograft rejection) [Borg 
& Kumagai 1991; Henderson et a1. 1991; Kino et 
a1. 1987b; Lane et a1. 1993; Thomas et a1. 1990; 
Yoshimura et a1. 1989a] and allograft biopsies 
(Zeevi et a1. 1987) are sensitive to tacrolimus. Tac
rolimus is approximately 100 times more potent 
than cyclosporin in inhibiting T cell proliferative 
responses, including mixed lymphocyte reactivity 
and cytotoxic T cell generation, displaying an 1Cso 
(concentration required for 50% inhibition of re
sponse) of"'" 0.1 nmolfL (Kay et a1. 1989b; Kino 
et a1. 1987a,b; Sawada et a1. 1987; Woo et a1. 1988). 
However, tacrolimus has no effect, at micromolar 
concentrations, on lymphokine (IL-2 and IL-4)
dependent T cell proliferation (Bierer et a1. 1990b; 
Dumont et a1. 1990a,b; Eiras et a1. 1991; Kay et a1. 
1989a; Kino et a1. 1987b; Sawada et a1. 1987; Woo 
et a1. 1988; Yoshimura et a1. 1989a; Zeevi et a1. 
1987, 1990a). The inhibitory effect of tacrolimus on 
T cell proliferation in vitro is partially reversed by 
addition of recombinant IL-2 (Dumont et a1. 1990b; 
Lin et a1. 1991), suggesting that, with the exception 
of IL-2, those gene products and pathways distal 

to IL-2 remain intact in cells treated with tacroli
mus. 

The ability of tacrolimus to inhibit lymphocyte 
proliferation and lymphokine production is gov
erned by the manner of cellular activation. In vitro 
studies have indicated that tacrolimus inhibits cal
cium-dependent T cell activation triggered via the 
T cell receptor-CD 3 complex (Bierer et a1. 1991; 
Jiang et a1. 1991; Johansson & Moller 1990; Kay 
& Benzie 1989; Lin et a1. 1991), the cell surface 
CD2 receptor (Bierer et a1. 1991; Kay & Benzie 
1989), and the combination of protein kinase C ac
tivation and calcium influx (Dumont et a1. 1990a,b; 
Kay et a1. 1989b), but has no effect on calcium
independent T cell activation, such as that trig
gered via the CD28 surface molecule or protein 
kinase C activation alone (Bierer et a1. 1991; Chang 
et a1. 1991; Kay & Benzie 1989; Lin et a1. 1991). 

Tacrolimus blocks calcium-dependent T cell di
vision between the resting phase (GO) and activa
tion phase (G 1) of the cell cycle, and suppresses 
the transcription of early phase cytokine genes 
(Chang et a1. 1991; Morris et a1. 1991). Conse
quently, an antiproliferative effect is only observed 
when the drug is added within the first few hours 
of T cell stimulation (Dumont et a1. 1990b; Hen
derson et a1. 1991; Kay et a1. 1989b, 1990; Metcalfe 
& Richards 1990; Tocci et a1. 1989). 

Tacrolimus produces a selective inhibition of 
cytokine expression by antigen- and mitogen-stim
ulated T cells, suppressing IL-2, IL-3, IL-4, IL-5, 
IFN-,)" TNF-a, and GM-CSF production (Anders
son et a1. 1992; Kino et a1. 1987b,c; Sawada et a1. 
1987; Tocci et a1. 1989), IL-l-stimulated IFN-')' 
production (Dumont & Altmeyer 1990), as well as 
transferrin and IL-2 receptor expression on the T 
cell surface (Dumont et a1. 1990a,b; Kino et a1. 
1987c; Lin et a1. 1990; Sawada et a1. 1987; Staruch 
et a1. 1989; Tocci et a1. 1989; Yoshimura et a1. 
1989a,b; Woo et a1. 1990c), while leaving IL-6 (B 
cell stimulating factor 2) [Yoshimura et a1. 1989b] 
and IL-IO (cytokine synthesis inhibitory factor) 
[Wang et a1. 1991] production unaffected. These 
effects are achieved at concentrations (ICso values 
of"'" 0.1 nmolfL) which have no effect on murine 
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bone marrow colony formation in vitro (Kino et 
al. I 987b). 

Tacrolimus suppresses mixed lymphocyte re
actions and the generation of cytotoxic lympho
cytes against allogeneic targets, indicating that one 
of the drug's actions on cellular immune responses 
is directed against T cells proliferating in response 
to an alloantigenic stimulus (Beck & Akiyama 
1989). In vitro cellular cytotoxicity mediated by 
natural killer (NK) and killer (K) cells and anti
body-dependent cell-mediated cytotoxicity is un
affected by tacrolimus (Beck & Akiyama 1989; 
Markus et al. 1991; Wasik et al. 1991). In vivo, tac
rolimus is approximately 10 times more potent than 
cyclosporin in suppressing graft-versus-host reac
tivity and delayed type hypersensitivity in mice 
(Kino et al. 1987a). 

1.2.2 Effects on B Cells 
The proliferative response of murine and hu

man B cells to anti-Ig antibody, mitogen or iono
mycin plus the protein kinase C activator phorbol 
myristate acetate (PMA) is sensitive to tacrolimus 
at concentrations which inhibit T cell responses 
(Lagodzinski et al. 1991; Morikawa et al. 1992; 
Walliser et al. 1989; Wasik et al. 1990; Wicker et 
al. 1990), whereas lipopolysaccharide (LPS)-in
duced B cell proliferation is unaffected by the drug 
(Walliser et al. 1989; Wicker et al. 1990). In vitro, 
tacrolimus inhibits IgM and IgG production by mi
togen-stimulated human B lymphocytes, but does 
not inhibit IL-6 production (Yoshimura et al. 
1989b) or IL-6-induced IgM and IgG production 
(Stevens et al. 1991; Yoshimura et al. 1989b). In 
vivo, tacrolimus suppresses T cell-dependent IgM 
production by murine and rat splenic plasma cells 
(Kino et al. 1987a; Lagodzinski et al. 1991; Tsuji 
et al. 1990; Woo et al. 1988, 1990b). Although these 
effects may be attributed in part to inhibition of 
lymphokine production by activated T cells (Su
zuki et al. 1990; Woo et al. 1988), tacrolimus also 
has a direct inhibitory effect on calcium-dependent 
B cell activation. Thus, tacrolimus blocks induc
tion of TNF-a gene transcription by anti-Ig anti
body in human B cells (Goldfeld et al. 1992). Tac
rolimus additionally appears to inhibit human B 
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cell proliferation in response to certain calcium-in
dependent stimuli, including the protein kinase C 
activator PMA and IL-2 (Morikawa et al. 1992). 

In contrast to the situation with the T cell, tac
rolimus blocks B cell division in the late activation 
phase (G 1) of the cell cycle, with the result that 
substantial inhibition of B cell proliferation is ev
ident when the drug is added as late as 24 hours 
after stimulation with anti-IgG (Wicker et al. 1990). 
Moreover, tacrolimus causes cell death upon ac
tivation of murine B cells (Wicker et al. 1990), 
whereas in T cells it inhibits apoptosis (section 
1.2.1). 

1.2.3 Effects on Nonlymphoid Cells 
At concentrations 10- to 100-fold higher than 

those required to inhibit T cell proliferation, tac
rolimus partially suppresses IL-la release from LPS
activated human monocytes and alveolar macro
phages (Keicho et al. 1991), and inhibits TNF-a 
production by antigen- and mitogen-stimulated 
monocytes (Andersson et al. 1992). 

Through its ability to block T cell Iymphokine 
secretion, tacrolimus might be expected to affect in 
vivo antigen presentation by inhibiting lympho
kine-mediated MHC expression. However, it ap
pears unlikely that direct inhibition of antigen pro
cessing contributes significantly to the drug's 
immunosuppressive action (Sigal & Dumont 1992). 
Moreover, at concentrations which markedly de
press T cell proliferation, tacrolimus does not ap
preciably modify mononuclear phagocyte function 
(Woo et al. 1990a). 

Tacrolimus has been shown to interfere with a 
variety of exocytosis-related events in cells of 
haematopoietic lineage, including IgE receptor-me
diated histamine and serotonin release from a rat 
mast cell line (Hultsch et al. 1991), human skin 
mast cells (De Paulis et al. 1992) and human ba
sophils (De Paulis et al. 1991a, 1992), and calcium 
ionophore-induced degranulation of human baso
phils (De Paulis et al. 1992) and neutrophils (For
rest et al. 1991). The anti-inflammatory activity of 
tacrolimus is reflected in its inhibition of prosta
glandin D2 synthesis in anti-IgE-stimulated human 
skin mast cells (De Paulis et al. 1992) and leuko-
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triene C4 release from human basophils and al
veolar mast cells (De Paulis et al. 1991a,b). In vivo, 
tacrolimus attenuates antigen-induced lung eosino
philia in the guinea pig (Morris et al. 1992), platelet 
activating factor- and leucotriene B4- induced leu
cocyte adhesion and emigration in postcapillary 
venules (Asako et al. 1992), and ischaemia/reper
fusion-induced neutrophil infiltration in the cat 
small intestinal mucosa (Kubes et al. 1991). How
ever, calcium-mediated platelet activation and ag
gregation is unaffected by tacrolimus (~ 100 nmolj 
L) [Johnson et al. 1990; Pelekanou et al. 1991], in
dicating that sensitivity to tacrolimus is not a uni
versal characteristic of cells of haemopoietic lin
eage. 

Tacrolimus has a direct stimulatory effect on 
human haematopoietic progenitor cells, enhancing 
growth of blood-derived (but not bone marrow-de
rived) colony-forming units/granulocyte-macro
phage (CFU-GM) and burst-forming units/eryth
roid (BFU-E) [Hirao et al. 1993]. Haematopoietic 
recovery after murine bone marrow depletion is 
unaltered by tacrolimus (Boggs et al. 1991). 

1.3 Hepatic Effects of Tacrolimus 

On subacute administration to rats, tacrolimus 
(0.4 or 0.8 mg/kg/day orally for 5 to 6 weeks) had 
no significant deleterious effect on hepatic excre
tory function (Farghali et al. 1991 b). Tacrolimus 
pretreatment attenuated hepatic injury produced 
by the hepatotoxin D-galactosamine in the rat 
(Farghali et al. 1991 a) and ameliorated the hepatic 
injury associated with ischaemia/reperfusion in the 
rat and dog (Dhar et al. 1992; Kawano et al. 1991; 
Sakr et al. 1991; Wakabayashi et al. 1992). The 
drug's hepatoprotective effect against ischaemia/ 
reperfusion injury, exemplified by a reduction in 
hepatic necrosis and neutrophil infiltration, resto
ration of hepatic ATP content and a reduction in 
hepatic peroxidation and serum alanine amino
transferase and lactic dehydrogenase levels (Dhar 
et al. 1992; Kawano et al. 1991; Sakr et al. 1991; 
Wakabayashi et al. 1992), has been attributed to 
inhibition of hepatic TNF and IL-6 production 
(Sakr et al. 1993). 

Tacrolimus stimulates hepatic regeneration fol
lowing acute chemical injury (Fagiuoli et al. 1992b) 
or partial hepatectomy (Francavilla et al. 1989; II 
Kim et al. 1992; Okamura et al. 1992) in the rat. 
This latter effect is organ-specific in that the drug 
does not modify the proliferative response of the 
kidney following unilateral partial nephrectomy or 
that of the remnant intestine following intestinal 
resection (Francavilla et al. 1990). In addition, the 
stimulatory effect of portacaval shunt on hepato
cyte replication in the dog is markedly enhanced 
by intrahepatic infusion of tacrolim us (Starzl et al. 
1991). This hepatotrophic effect of tacrolimus may 
underlie the drug's observed stimulatory effect on 
experimental liver tumour growth in the rat (Shi
nozuka et al. 1991). 

The regenerative response to tacrolimus does not 
appear to be mediated through a direct hepatocel
lular effect: tacrolimus (~400 ,ug/L) was devoid of 
mitogenic activity on cultured rat hepatocytes 
(Francavilla et al. 1990), and at higher concentra
tions (~1.8 mg/L) blocked the proliferative re
sponse of cultured human hepatocytes to epi
dermal growth factor and transforming growth 
factor-a (Blanc et al. 1991). The hepatotrophic ef
fect oftacrolimus can be blocked by IL-la and IL-
2 (Okamura et al. 1992), suggesting an immuno
logical mechanism of action, possibly through 
modulation of liver cell growth regulatory factors 
(Shinozuka et al. 1991). However, the regenerative 
response does not appear to be mediated through 
altered lymphocyte or NK cell function (Francav
illa et al. 1991), and modification of hepatic growth 
control mechanisms through nonimmunological 
pathways is equally feasible (Francavilla et al. 1991; 
Schreiber 1991; Starzl et al. 1991). 

1.4 Renal Effects of Tacrolimus 

On acute administration, tacrolim us (~20 mg/ 
kg intravenously) has no deleterious effect on renal 
function in the rat (Benigni et al. 1992; Perico et 
al. 1991), and at serum concentrations (~1.0 mg/ 
L) well in excess of those achieved therapeutically 
in humans (~50 ,ug/L), the drug shows minimal 
effect on perfused rat kidney function (Sumpio & 
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Phan 1991). In contrast, a therapeutic concentra
tion of cyclosporin (0.5 mg/L) causes immediate 
and irreversible nephrotoxicity in this model 
(Sumpio 1988). Nevertheless, tacrolimus (l to 10 
nmol/L; 0.8 to 8.2 ~g/L) has a direct glomerulo
constrictive effect in vitro (Lieberman et al. 1991), 
and on subacute administration reduces glomeru
lar flow rate (Kumano et al. 1991) and renal cor
tical blood flow (Veda et al. 1991) and increases 
renal vascular resistance (Kumano et al. 1991) in 
the mouse and rat. Similarly, in patients under
going orthotopic liver transplant, reductions in ef
fective renal plasma flow and glomerular flow rate 
are frequently observed after initiation of tacroli
mus therapy (McCauley et al. 199Ic). 

As with the liver, tacrolimus pretreatment re
duces TNF production and acute renal injury as
sociated with renal ischaemia and reperfusion in 
the rat (Sakr et al. 1992b; Van Thiel et al. 1992). 
At supratherapeutic concentrations (0.1 to 10 mg/ 
L) tacrolimus exerts a direct cytotoxic effect on cul
tured porcine tubular epithelial LLC-PKI cells 
(Moutabarrik et al. 1992) and inhibits porcine 
(McCauley et al. 1991 a) and human (Blaehr et al. 
1993) proximal tubular cell proliferation. Toxico
logical studies in the rodent, dog, and baboon have 
indicated that, on subacute administration, tacro
limus produces renal vascular changes, including 
arteriolar vascular lesions (Veda et al. 1991; Ya
mada et al. 1991), focal medial arteriolar necrosis 
(Kumano et al. 1991; Ochiai et al. 1989b; Todo et 
al. 1988), renal vasculitis (Collier et al. 1987), in
terstitial inflammation (Ohara et al. 1990) and epi
thelial damage to the proximal tubule (Veda et al. 
1991; Yamada et al. 1991). 

The nephrotoxic action of tacrolimus has vari
ously been attributed to altered prostaglandin me
tabolism and lipid peroxidation of the cell mem
brane (Yamada et al. I 992a,b), and to enhanced 
endothelin secretion (Moutabarrik et al. 1992). In 
the rat, juxtaglomerular hyperplasia and tubular 
damage were accompanied by enhanced urinary 
thromboxane B2 excretion, indicative of increased 
production of the vasoconstrictor thromboxane A2 
in the renal parenchyma (Benigni et al. 1988), de
creased urinary excretion of 6-keto-PGF la, and an 
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increase in renal malondialdehyde levels, the latter 
effect suggesting enhanced lipid peroxidation of the 
cell membrane (Yamada et al. I 992a,b). Tacroli
mus-induced arteriolar vasoconstriction may re
duce glomerular blood flow, resulting in compen
satory juxtaglomerular hyperplasia and tubular 
damage (Yamada et al. I 992b ); direct stimulation 
of intrarenal renin production by tacrolimus may 
also contribute to this effect (Yamada et al. 1992a). 
Endogenous endothelins, potent renal vasocon
strictors, are believed to playa pivotal role in acute 
cyclosporin nephrotoxicity (Kon et al. 1990), and 
may also contribute to the pathogenesis of tacro
lim us-induced glomerular dysfunction. At non-cy
tolytic concentrations (0.01 to 1.0 ~mol/L) tacro
limus has a stimulatory effect on endothelin-I 
secretion by cultured porcine renal tubular LLC
PKI cells, and on repeated administration elevates 
serum endothelin levels in the rat (Moutabarrik et 
al. 1992). 

1.5 Effects on Animal Models of 
Allograft Transplantation 

In general, short term post-transplant adminis
tration oftacrolimus is effective in preventing allo
graft rejection in various experimental animal 
models at doses 10 to 100 times lower than those 
of cyclosporin (Inamura et al. 1988; Morris et al. 
1990; Ochiai et al. 1987b, I 989a,b; Sato et al. 1991; 
Todo et al. 1988, 1989). Thus, in the rat and dog, 
tacrolimus dosages of 0.1 to 0.3 mg/kg/day intra
muscularly or 1.0 to 1.5 mg/kg/day orally are suf
ficient to suppress hepatic, renal, cardiac, and skin 
allograft rejection (Inamura et al. 1988; Ochiai et 
al. 1987a,b,d; Sato et al. 1991; Todo et al. 1987b). 

Animal studies indicate that prolonged allograft 
survival is achieved only with postoperative 
administration of tacrolimus. Tacrolimus was 
shown to prolong cardiac, lung, renal and hepatic 
allograft survival in the rat and dog even when 
started as late as day 4 or 5 postoperatively (Ka
tayama et al. 1991; Murase et al. 1987, I 990a; 
Ochiai et al. 1987d), whereas administration to the 
donor or recipient prior to transplantation failed 
to prolong allograft survival (Fabrega et al. 1991; 
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Ochiai et al. 1987d). Similarly, the beneficial effect 
of pretransplant donor-specific antigen presenta
tion (donor spleen cell injection or blood transfu
sion) on pancreatic islet (Fukuzaki et al. 1991), 
small intestine (Fukuzawa et al. 1991), and cardiac 
(Fabrega et al. 1991) allograft survival was en
hanced by acute administration of tacrolimus over 
the following 3 to 5 days. The possibility of in
ducing immunological tolerance with a short course 
of high dose tacrolimus has been reported for ro
dent skin (Wada et al. 1991), cardiac (Murase et 
al. 1987, I 990a; Ochiai et al. 1987c), pancreatic 
(Fukuzaki et al. 1991; Gotoh et al. 1992), hepatic 
(Murase et al. 1990a,b), small bowel (Langrehr et 
al. 1991; Lee et al. 1990), and lung (Katayama et 
al. 1991) allotransplants, as well as renal and he
patic transplants in larger animals (Gotoh et al. 
1991; Monden et al. 1990; Ochiai et aLl 989a; Todo 
et al. 1989; Veda et al. 1990). 

1.5.1 Hepatic Transplantation 
Tacrolimus prolonged orthotopic liver allograft 

survival in the rat (Inagaki et al. 1989; Isai et al. 
1990; Murase et al. I 990a; Tsuchimoto et al. 1989), 
dog (Todo et al. 1987b; Yokota et al. 1989) and 
monkey (Gotoh et al. 1991; Monden et al. 1990). 
Although indefinite (> 100 days) liver allograft ac
ceptance has been described following either short 
or long term tacrolimus therapy (Gotoh et al. 1991; 
Murase et al. 1990a), this does not appear to rep
resent classical tolerance, as skin grafts from the 
same donor animals were acutely rejected (Isai et 
al. 1990). Nevertheless, immunological tolerance 
to hepatic allografts was obtained in the monkey 
after withdrawal of long term tacrolimus therapy 
(Gotoh et al. 1991). Tacrolimus prolonged ortho
topic liver survival in the hamster-to-rat xenograft 
model (Valdivia et al. 1991). 

1.5.2 Renal Transplantation 
Tacrolimus can prolong renal allograft survival 

in the rat (Ochiai et al. 1987a,b), dog (Caine et al. 
1987; Griffin et al. 1992; Ochiai et al. I 987a,b; Todo 
et al. 1987a, 1988; Watanabe et al. 1989) and ba
boon (Caine et al. 1987; Todo et al. 1988, 1989). 
Intramuscular tacrolimus 0.16 mg/kg/day pro-

longed median allograft survival time from 16 days 
to 176 days in the dog, while at an oral dosage of 
1.0 mg/kg/day graft survival exceeded 130 days 
(Ochiai et al. I 987a,b). A delayed 3-day course of 
tacrolimus, initiated on the fourth day post-trans
plantation, was effective in prolonging renal allo
graft survival in the baboon, and rejection episodes 
were reversed with a second 3-day course of tac
rolimus (Todo et al. 1989). 

1.5.3 Other Organ Transplantation 
Among the nonhuman primates, tacrolimus 

prolongs cardiac allograft survival in the baboon 
(Hildebrandt et al. 1991) and monkey (Flavin et 
al. 1991). In contrast to cyclosporin, tacrolimus has 
also been reported to inhibit ongoing acute cardiac 
allograft rejection in the rat (Ochiai et al. 1987c) 
and baboon (Hildebrandt et al. 1991), but is inef
fective in the dog (DeValeria et al. 1991). Further
more, tacrolimus inhibited the development of 
transplant arteriosclerosis in rats receiving cardiac 
allografts (Wu et al. 199Ia). 

Prolongation of pancreatic allograft function and 
survival by tacrolimus has been described in the 
rodent (Fukuzaki et al. 1991; Gotoh et al. 1992; 
Ohtsuka et al. 1991; Tze et al 1992; Yabuuchi et 
al. 1991; Yamashita et al. 1991; Yasunami et al. 
1989, 1990), dog (Imai et al. 1991; Kenmochi et 
a1. 1988; Morimoto et a1. 1990; Sato et al. 1989) 
and monkey (Ericzon et al. 1992). 

Tacrolimus can prolong graft and recipient sur
vival after small intestine allotransplantation in the 
rat (Hatazawa et al. 1992; Hoffman et al. 1990; Iga 
et al. 1990; Langrehr et al. 1991; Lee et al. 1990; 
Takeda et al. 1991; Vtsunomiya et al. 1992) and 
dog (Yoshimi et al. 1991). Moreover, tacrolimus is 
more effective than cyclosporin in preventing acute 
rejection of small intestine allografts in the rat 
(Hoffman et al. 1990) and can reverse ongoing allo
graft rejection (Graeb et al. 1992). 

Tacrolimus can prolong the survival of alloge
neic skin grafts in the mouse (Wada et al. 1991) 
and rat (Inamura et al. 1988; Ochiai et al. 1987d; 
Sakamoto et al. 1989), although, in contrast to 
cardiac allografts, long term survival of skin a11o-
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grafts appears to require maintenance therapy (In
amura et al. 1988). 

Corneal graft rejection is suppressed by subcon
junctival tacrolimus in the rabbit (Kobayashi et al. 
1989), and vascularised limb graft survival is pro
longed by intramuscular tacrolimus in the rat (Arai 
et a1.1989; Kuroki et al. 1989). Tacrolimus induces 
long term survival of lung allografts in the dog 
(Hasegawa et al. 1992; Hirai et al. 1993) and rat, 
where it is capable of reversing ongoing rejection 
(Katayama et al. 1991). 

2. Pharmacokinetic Properties 

In the majority of pharmacokinetic studies, an 
enzyme-linked immunoabsorbant assay (ELISA) 
employing a monoclonal anti-tacrolimus antibody 
has been used for quantification of tacrolimus in 
biological fluids (Cadoff et al. 1990; Kobayashi et 
al. 1991; Tamura et al. 1987; Warty et al. 1991b). 
A semiautomated immunoassay system is also 
available (Grenier et al. 1991). Warty et al. (1993) 
suggested possible cross-reactivity of the ELISA 
system with non-immunosuppressive metabolites 
might necessitate additional assay development. 
However, Kobayashi et al. (1991) demonstrated 
good correlation between mixed lymphocyte re
action immunosuppressive activity and immuno
cross-reactivities of tacrolimus and its metabolites 
to monoclonal antibody. Thus, current ELISA re
sults may reflect the immunosuppressive state of 
the patient. In this respect, radioreceptor assay may 
provide more clinically meaningful results than 
conventional immunoassay (Murthy et al. 1992). 
While high performance liquid chromatography 
(HPLC)-based methods specific for tacrolimus and 
its metabolites are available, these are less sensitive 
than immunoassay (Takada et al. 1990; Venkatar
amanan et al. 1987). An ELISA method combined 
with HPLC, allowing quantification of unchanged 
tacrolimus and possible metabolite(s), has been de
scribed (Friob et al. 1991). An in vitro bioassay 
based on inhibition of the primed T cell response 
(Zeevi et al. 1990b) can be useful in cases of severe 
hepatic dysfunction, where accumulation of ELISA
active but pharmacologically inactive drug metab-
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olites may inflate ELISA values (Abu-Elmagd et al. 
1991a; Nossal 1991; Zeevi et al. 1991). 

Tacrolimus is poorly and erratically absorbed 
after oral administration, with peak plasma con
centrations (Cmax) of 0.4 to 5.6 /Lg/L occurring at 
0.5 to 8 hours (tmax) after a single oral dose ofO.l5 
mg/kg (Japanese FK 506 Study Group 1991; Ven
kataramanan et al. 1990). Cmax values following 
intravenous infusion oftacrolimus 0.l5 mg/kg over 
2 hours ranged from 10 to 24 /Lg/L (Venkatara
manan et al. 1990). Continuous intravenous infu
sion of tacrolimus 0.1 mg/kg/day to patients 
undergoing hepatic transplant resulted in steady
state plasma concentrations ranging from 4.5 to 14.4 
/Lg/L (Jain et al. 1993). Trough plasma tacrolimus 
concentrations are reported to correlate poorly with 
dose (Cadoff et al. 1990; Venkataramanan et al. 
1991). Nevertheless, there appears to be close cor
relation between the area under the plasma tac
rolimus concentration-time curve and trough 
plasma tacrolimus concentrations in whole blood 
and plasma (Lee et al. 1993). The absolute oral bio
availability of tacrolimus ranged from 5 to 67% 
(mean 27%) in transplant recipients with various 
degrees of hepatic function (Venkataramanan et al. 
1991). The presence of food may decrease the ab
sorption oftacrolimus in liver transplant recipients 
(Mekki et al. 1992). 

Tacrolimus is highly lipophilic and undergoes 
extensive tissue distribution, as reflected in a large 
volume of distribution (l300L) [Venkataramanan 
et al. 1990]. Animal studies indicate that drug con
centrations in the lung, spleen, heart, kidney and 
pancreas exceed those in plasma (Venkataramanan 
et al. 1990). In the human vascular compartment, 
erythrocytes sequester tacrolimus, binding 75 to 
80% of the drug, with the result that whole blood 
concentrations are approximately 10 to 30 times 
higher than plasma concentrations (Japanese FK 
506 Study Group 1991; Jusko & D'Ambrosio 1991; 
Warty et al. 1991a). The distribution oftacrolimus 
between erythrocytes and plasma is concentration-, 
haematocrit- and temperature- dependent: plasma 
concentrations at 37"C are approximately twice 
those at 24°C (Beysens et al. 1991; Japanese FK 
506 Study Group 1991; Machida et al. 1991; Ven-
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kataramanan et al. 1990}. Consequently, whole 
blood and plasma concentrations oftacrolimus are 
nonlinearly related (J usko & D'Ambrosio 1991). 

In the plasma, tacrolimus is highly bound (88%) 
to plasma proteins (Habucky et al. 1992), predom
inantly the nonlipoprotein fraction containing al
bumin and a-I acid glycoprotein (Habucky et al. 
1992; Warty et al. 199Ia). 

Plasma clearance of tacrolimus following intra
venous administration ranged from 87 to 269 (mean 
143) Ljhour, while the plasma elimination half-life 
was 5.5 to 16.6 (mean 8.7) hours (Venkataramanan 
et al. 1990). Tacrolimus is virtually completely me
tabolised by the liver, with less than 1% of the par
ent drug being excreted unchanged in the bile, urine 
and faeces during the initial 48-hour period follow
ing oral or intravenous administration (Venkatar
amanan et al. I 990). Hepatic metabolism of tac
rolimus in humans is catalysed primarily by 
cytochrome P450 subtypes Ia and IlIa (Sattler et 
al. 1992; Shah et al. 1991; Stiff et al. 1992; Vincent 
et al. 1992), with demethylation and hydroxylation 
representing the main metabolic pathways (Chris
tians et al. 199Ia,c). Of 9 metabolites oftacrolimus 
identified during its incubation with human he
patic microsomes, two exhibited significant im
munosuppressive activity in vitro (Christians et al. 
1991 c). In liver transplant recipients, demethylated 
and didemethylated metabolites of tacrolimus pre
dominated in the blood and urine, while hydrox
ylated metabolites were prominent in the bile 
(Christians et al. 199Ia). 

In view of its extensive hepatic metabolism, the 
pharmacokinetics of tacrolimus would not be ex
pected to be appreciably modified in patients with 
renal impairment. In contrast, hepatic dysfunction 
is associated with increased plasma concentrations, 
prolonged half-life and reduced clearance of tac
rolimus (Abu-Elmagd et al. 1991a; Jain et al. 1990, 
1993). Plasma tacrolimus concentrations correlate 
directly with serum bilirubin levels, suggesting that 
hepatic dysfunction interferes with tacrolimus me
tabolism (Abu-Elmagd et al. 1991 a). 

3. Clinical Efficacy in Hepatic and 
Renal Transplantation 

The end-point of any clinical trial of an im
munosuppressant should include an assessment of 
patient and graft survival, and also rejection status. 
Other factors which may influence this outcome or 
confound its interpretation should ideally be con
trolled. This highlights an inherent problem in the 
design of such investigations, since for most patients 
there is a void between theoretical optimisation of 
outcome (e.g. in terms of histocompatibility), and 
that which is possible in the clinical setting. Ele
ments which affect the success of transplantation 
may be divided into 3 categories relative to the 
timing of surgery; 

• The preoperative period (e.g. donor/patient 
selection, graft patency) 

• The intraoperative period (e.g. surgical tech
nique) 

• The postoperative period (e.g. patient man
agement). 

In the absence of absolute or relative contrain
dications, potential candidates for liver or kidney 
transplantation are children or adults who have 
severe, irreversible liver or kidney disease for whom 
alternative medical or surgical treatments have been 
exhausted or are restrictive (e.g dialysis). In patients 
undergoing liver transplantation, at least, the prog
nosis is dependent on the primary disease, the age 
of the patient and on the severity of the patient's 
condition (Gordon et al. 1991). The greatest im
pact on patient selection, however, appears to have 
occurred with an increased understanding of im
munological mechanisms. This has led to recog
nition of the importance of histocompatibility be
tween donor and recipient. Indeed, early recognition 
of the relevance of ABO compatibility followed by 
human leucocyte antigen (HLA) matching, and the 
avoidance of allograft transplantation into individ
uals with preformed antibodies have been major 
contributions to the success of transplantation sur
gery (Diethelm I 992). However, with improve
ments in operative techniques and the use of more 
effective immunosuppressant agents such as cyclo
sporin, the effects of HLA mismatching on graft 
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survival, although still considerable, have been di
minished. 

The importance of tissue typing is established 
in intrafamilial transplantation, but there has been 
controversy regarding its value in recipients of or
gans from cadaveric donors (Starzl & Fung 1990). 
Improved graft survival, however, has been re
ported for recipients of unrelated cadaveric liver 
allografts matched for HLA-A and -B antigens (Ya
gihashi et al. 1992), and for recipients of unrelated 
cadaveric kidney allografts matched for HLA-A, 
-B and -DR antigens (Opelz et al. 1991). Indeed, 
relatively small gains in terms of superior early 
success rates with a good HLA match (even at 
centres with good overall success rates) eventually 
translate into substantial long term benefits, at least 
with renal transplantation (Opelz et al. 1991). Sim
ilarly, lymphocytotoxic crossmatch testing among 
recipients of hepatic allografts was considered to 
be of little value based on early experience (Gor
don et al. 1986), although the presence of pre
formed antibodies had long been associated with 
reduced graft survival among recipients of renal 
allografts (Terasaki et al. 1965). More recently, 
however, the adverse effect of preformed cytotoxic 
antibodies on hepatic graft survival has been dem
onstrated, emphasising the importance of testing 
for compatibility of this variable (Nakamura et al. 
1991; Takaya et al. 1991, 1992). Despite all of the 
foregoing observations and the availability of net
works for organ sharing, full utilisation of the HLA 
and lymphocytotoxic matching effect is often not 
possible, given the mosaic of HLA antigens ex
pressed, the usual urgency of transplantation and 
the shortage of suitable organs. Clinical judgement 
is therefore exercised and compromise is the rule 
rather than the exception. 

With regard to donor selection, most healthy 
kidneys or livers suitable for transplantation are 
obtained from cadavers, although some are ob
tained from living donors. Indeed, in Japan the use 
of organs from donors who are brain-dead is not 
widely accepted, neither are the criteria for the 
confirmation of death. Cadaveric organ transplan
tation in this country is therefore less common than 
in many other countries. 
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Major improvements in organ preservation, 
particularly that of the liver, were made with the 
introduction of the University of Wisconsin So
lution in 1987. This solution has extended renal 
preservation to 50 hours with pulsatile perfusion, 
and to 35 to 40 hours with cold storage; liver pres
ervation is now possible for 24 hours (Diethelm 
1992), although preservation for > 18 hours ap
pears to carry a greater risk of graft failure (Morel 
et al. 1991). 

The clinical efficacy of tacrolimus has been 
principally evaluated in established 'transplanta
tion centres' in the US, Japan and Europe; notably, 
the greatest clinical experience with tacrolimus has 
been documented by workers at the University of 
Pittsburgh, Pennsylvania in the US. Concentration 
of expertise in these tertiary care facilities has al
lowed optimisation of outcome given the present 
constraints associated with transplantation sur
gery. Most clinical trials conducted in these centres 
(and therefore in the US) have been prospective in 
design with rapid publication of results followed by 
periodic updates. Thus, patients reported in early 
studies have also often been included in later pub
lished reports of larger cohorts followed over ex
tended periods of time. This review has attempted 
to differentiate between such studies and has con
centrated on the most recent reports detailing the 
most extensive clinical experience available. 

The results of clinical studies with tacrolimus 
should be closely scrutinised. Indeed, the vast ma
jority of investigations evaluated were presented at 
symposia and were either only available in abstract 
form or were subsequently published to document 
symposia proceedings. Since these studies have 
therefore not been subjected to extensive peer re
view, they should be interpreted with caution. Fur
thermore, there has only been one large study which 
evaluated the efficacy of tacrolimus as a rescue 
therapy in renal allograft recipients, and there is a 
paucity ofrandomised investigations oftacrolimus 
versus cyclosporin as a primary immunosuppres
sant, particularly in renal transplantation. In ad
dition, since the majority of rejection episodes 
("",90%) are known to occur within 3 months of 
transplantation (Jain et al. 1991 b), circumspection 
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should be used when interpreting rejection inci
dence in those studies that detailed a minimum 
follow-up period of less than 3 months. Only those 
investigations which used the University of Wis
consin Solution for organ preservation were in
cluded in this analysis. 

In the clinical investigations evaluated, tacro
limus was usually commenced after revascularis
ation of the graft, and was most often administered 
intravenously until oral administration was feasi
ble. Furthermore, intravenous and oral adminis
tration often overlapped, usually by 1 to 2 days. 
Dosage regimens have varied, principally reflecting 
a trend to reduce the magnitude of the initial post
transplantation intravenous dosage and prolong the 
daily period of its administration in an effort to 
avoid potential adverse effects. The most com
monly used regimen involved intravenous admin
istration of tacrolimus 0.1 to 0.15 mg/kg/day until 
oral therapy with a dosage of 0.3 mg/kg/day was 
feasible. It should be noted however, that the op
timum dosage regimen for tacrolimus is continuing 
to be refined and these dosages may be superseded 
(see section 6). Indeed, most recent experience in 
large randomised studies indicate that initial intra
venous dosages of ~O.l mg/kg/day (Klintmalm 
1993) or 0.035 to 0.075 mg/kg day (data on file, 
Fujisawa GmbH, Germany) should be employed, 
with subsequent oral dosages of 0.1 to 0.2 mg/kg/ 
day (data on file, Fujisawa GmbH, Germany). 
Dosage adjustments in the studies evaluated were 
usually made based on liver and kidney function, 
rejection status and trough plasma or whole blood 
tacrolimus concentrations. However, in some stud
ies circulating tacrolimus concentrations were either 
only monitored or not assessed. Adjunct mainten
ance steroid therapy was administered in all in
vestigations, and rejection usually treated with in
creased dosages of the primary immunosuppressant, 
high dosages of steroids and/or antilymphocyte 
preparations. 

3.1 Hepatic Transplantation 

3.1.1 Rescue Therapy in Hepatic 
Allograft Recipients 
The efficacy oftacrolimus in the rescue ofliver 

allografts has been principally assessed in 3 large 
noncomparative studies and in 2 smaller studies of 

similar design in children (table I). Most investi
gations recruited recipients of cadaveric-donor or
gans; however, one investigation conducted in 
children examined recipients of allografts from liv
ing-related donors (Uemoto et al. 1993). Patients 
experiencing rejection of their first or subsequent 
graft and/or drug-related adverse effects while re
ceiving cyclosporin-based therapy were evaluated. 

Following conversion of treatment to tacroli
mus, steroid therapy was tapered or discontinued 
(Demetris et al. 1992; Tzakis et al. 1991a; Uemoto 
et al. 1993), azathioprine was stopped (Demetris et 
al. 1992), and requirements for antihypertensive 
therapy reduced (Tzakis et al. 1991 a). After a min
imum follow-up of2 months in studies which eval
uated recipients of cadaveric organs, patient sur
vival was ~85% and graft survival exceeded 70% 
(Fung et al. 1991c; Tzakis et al. 1991a, US Mul
ticenter FK 506 Study Group 1993a,b,c). Demetris 
et al. (1992) showed that these results were main
tained in the longer term ("'9 to 18 months); how
ever, the US Multicenter FK 506 Study Group 
(1993a,b,c) reported a decline in actuarial patient 
and graft survival rates to 72 and 50%, respec
tively, after 12 months. In children with liver allo
grafts donated by living relatives, 12-month patient 
and graft survival rates were both 70%. 

In the largest clinical trial which evaluated tac
rolimus as a rescue therapy, 70% of 246 patients 
previously received muromonab-CD3 and were 
thus considered to have failed conventional im
munosuppressive therapy (Fung et al. 199Ic). Fol
lowing conversion of therapy, improvement in bio
chemical and histological indices of graft function 
was evident for patients with acute, and notably, 
chronic rejection. Indeed, over 70% of patients with 
chronic rejection showed a biochemical and his
tological response; improvements in liver function 
tests were also noted for a sub-group with end-stage 
liver disease. Among those patients with prior ster
oid toxicity, conversion to therapy with tacrolimus 
afforded steroid-withdrawal. Hepatitis appeared a 
factor for poor prognosis as 50% of biopsy speci
mens showed worsening of the histological diag
nosis at follow-up. 

Demetris and colleagues (1992) stratified 



764 Drugs 46 (4) 1993 

Table I. Summary of clinical studies of tacrolimus (T) in hepatic allograft recipients 

Reference Number of Study Principal initial Other Duration of Survival (%) Comments 
patients design treatment immunotherapy follow-up 
(age in years) (mg/kg) patient graft 

Rescue Therapy 

Demetris et al. 96 (1-74, p, nc T 0.15-0.3/d IV Previous: C- "'9 to 18mo 89 70 75 primary and 21 
(1992) mean 42) then 0.15 bid based including subsequent 

PO S. mAb used in transplants. 
7 patients Dosage 

adjustments made 
without regard to 
circulating 
tacrolimus 
concentrations. 
S dosages j or 
stopped. 
Aza stopped 

Fung et al. 246 (1-66, p, nc T 0.075-0.15 Previous: C- ;'2mo 87 79 203 primary and 43 
(1991c) mean 42) bid over 4h IV based including (median subsequent 

then 0.15 bid S +/- Aza. 240d) transplants 
PO mAb used in 

70% of patients 
Mtnce: S 
(dosages NA) 

Tzakis et al. 26 (mean 8.7)a p, nc T 0.15/d IV Previous: C- ;.3mo (mean 88 73 S dosages j or 

(1991a) then 0.15 bid based 150d) stopped 

PO Mtnce: S (PDN) 
dosages initially 
10-20 mg/d 
Rejection: t T, 
S or mAb 

Uemoto et al. 22 (0.7-15)a p, nc T 0.075 bid Previous: C- 1-16mo 70 70 All primary 

(1993) over 4h IV or based (12mo) (12mo) transplants from 

0.03 bid then Mtnce: S living-related 

0.15 bid PO (MPDN) donors. 
dosages initially S dosages stopped 

10 mg/d then in all survivors 

2 mg/d j 0.5 
mg/d 
Rejection: t T 
or S 

US Multicenter 125 (0-70, p, nc, mc T 0.075/12h IV Previous: C- "'6-19mo 85 (3mo) >70 98 primary and 24 
FK 506 Study mean 35) then 0.15 bid based including "'70 (3mo) subsequent 
Group PO S, mAb-(AR) &/ (12mo)b ",50 transplants. C 

(1993a.b,c) or Aza (CR) (12mo)b Target T Cmin 0.2-5 
p.g/L, but 
subsequently 0.2-2 
JIog/L based on 
clinical experience 
in some centres 

Primary Immunosupprasslond 

Noncomparative Studies 

Jain et al. 125 (0.3-69) P TO.15dlIV Mtnce: S "'6-12mo 92 87 S requirements 
(1991a) then 0.075 bid (MPDN) high (mean 242d) limited 

IV then 0.15 bid dosages(lg 
PO bolus then 200 
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Table I. Contd 

Reference Number of Study Principal initial Other Duration of Survival (%) Comments 
patients design treatment immunotherapy follow·up 
(age in years) (mg/kg) patient graft 

mg/d ~ to 20 
mg/d initially; n 
= 63; dosages 
~ for children) 
or low dosages 
(10-20 mg/d 
initially; n = 
62). 
Rejection: 
included t S 
and/or mAb; 
(Aza used for a 
few patients) 

Tzakis et al. 30 p T 0.15/d IV Mtnce: S (PDN) ~3mo (mean 90 90 S dosages ~ or 
(1991a) (mean 4.2)· then 0.15 bid dosages 10-20 150d) stopped 

PO mg/d initially. 
Rejection: t T. 
S or mAb 

Comparative Studies 
Esquivel (1993) 30 ("12)· p. r. pl. T mean 0.39- Mince: S. 1-6mo 92 85 Paediatric data 

mc 0.49 PO 1-6mo C-basedTI (3mo).b (3mo).b from Kllntmalm et 
(10 sites). DT 92 (6mo)b 85 al. (1993)/ 
(1 site). aT (6mof McDiarmid et al. 
(1 site) (1993a). 
Rejection: Incidence of 
included t S rejection at 6mob: 
a/or mAb T42%. C 72%. 

Mab usage at 

20 ("12)· C(NA) 89 77 6mob: T 16%. C 
(3mo).b (3mo).b 29% 
89 (6mo)b 77 

(6mo)b 

Fung et al. 41 (med 42) P. r. pi T 0.1/d IV then Mtnce: S ... 8-15mo 100 95· Target T Cml" 1-5 
(1991a) 0.15 bid PO (MPDN or PDN) (med 12mo) (3mo). (3mo). ,.g/L. 

dosages 19 95 (6mo). 93· Rejection free 
bolus. then 20 93 (6mo). status at 1 mo: T 
mg/d ~ initially (12mo) 90· 61%. C 18%.t 
to 10 mg/d (12mo) 73% of C patients 
then 5 mg/CI were switched to T. 
Rejection: t T. 22 with rejection; 1 
C. S or mAb or T patient required 
switch from C RTX 
toT AHT requirements 

at 3mo: T 27%. C 
53%· 

40 (med 42) C 4/d IV d1 90 (3mo). 83 S requirements 
then 8 bid PO 85 (8mo). (3mo). T<C 

81 78 
(12mo) (6mo). 

70 
(12mo) 

Continued over 
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Table I. Contd 

Reference Number of Study Principal initial Other Duration Survival (%) Comments 
patients design treatment immunotherapy of follow-up 
(age in years) (mg/kg) patient graft 

European 270 p, r, pi, T(NA) 6mo 84 81 Rejection: T 39%, 
FK506 Study mc C50%'. 
Group (1993) Withdrawal due to 

275 C(NA) 6mo 79 77 refractory 
rejection: T 0.7%, 

C 7.6%*. 
Usage of high 
dose S: T 15.1 

mg/d, C 17.1 

mg/d* 

Klintmalm 259 p, r, pi, T 0.075 bid Mtnce: S. C- 1-12mo 91 86 Rejection 1-
(1993)/ mc over 4h or based IT (3mo),b (3mo),b 12mob: T 54-66%, 
McDiarmid et <:;0.05 bid IV (10 sites), DT 90 86 C 65-76%" 
al. (1993a) before PO (1 site), QT (6mo),b (6mo),b Refractory 

dosage (NA) (1 site) 86 79 rejection: T 1.9%, 
Rejection: (12mo)b (12mo)b C 1O%t 

included t S mAb usage 1-
&/or mAb 12mob: T 15-

19%, C 28-33%.t 
261 C (NA) but 1-12mo 92 86 IV S usage to 

either DT, IT (3mo),b (3mo),b 6mo: T 3.8 g/ 
or QT 90 85 patient, C 6.1 g/ 

(6mo),b (6mo),b patientt 

87 80 
(12mo)b (12mo)b 

Takaya et al. 409 (18-68) retro, hc T(NA) Mtnce: S (low ~6mo (med 86 Graft PNF: T 
(1991) dosages for 13mo) (1mo), 4.1%, C 7.4%' 

T). 63 (6mo) Rejection: T 0.5%, 
Rejection: C2.9%' 
included i S RTX at <:;6mo 
&/or mAb of primary grafts: 

T 8.6%, C 15.4%" 

631 (18-74) C (NA) ~6mo (med 69 
13mo) (1mo), 

55 (6mo) 

Todo et al. 110 (18-70, retro, hc T 0.075/12h IV ,.,6-12mo 92 87 T data (adults 
(1991) mean 46) then 0.15 bid (12mo)b (overall) only) from Jain et 

PO al. (1991a) 
T patients had i 
UNOS scores 

325 (18-73, C(NA) <80 NA but Usage of high 
mean 46) (12mo)" compar- dose S, mAb and 

able Aza, and rejection 
with T episodes were 

lower for T" 

Mtnce S dosages 
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Table I. Contd 

Reference Number of Study Principal initial Other Duration of Survival (%) Comments 

treatment immunotherapy follow-up 
patient graft 

patients design 

Todo et al. 
(1991) Contd 

(age in years) (mg/kg) 

T < C (5 stopped 
for 45% of T 
patients ,,6mo) 
Hypertension 
incidence low for T, 
,,22% up to 6mo 

Tzakis et al. 
(1991b) 

59 (0.2-17, med p, hc 
2.7)8 

T 0.15/d IV Mtnce: 5 ,,18mo 92 85 Plasma T Cmin 
then 0.15 bid dosages: T (3mo),b (3mo),b monitored only. 
PO initially 10-20 90 83 Rejection incidence 

mg/d (PDN), C (6mo),b (6mo),b similar but more 
1 g bolus (HCN 90 83 manageable for T. 
or PDN) then (12mo),b (12mo),b 5 requirements: 
1 00 or 200 mgl 90 83 T 17% (3mo), 12% 
d (PDN) j to 20 (18mo)b (18mo)b (mo), <10% (9mo) 
mg/d initially C, >95% 

a Children. 

50 (0.3-15, med 
1.8)8 

b Actuarial survival. 
c Data only detailed for 122 of 125 patients. 

C 3 bid over 4h 
IV then 17 .5/d 
PO 

d Patients undergoing a primary liver transplant. 

80 
(3mo),b 
78 
(6mo),b 
78 
(12mo),b 
76 
(18mo)b 

(throughout)'. 
70 Aza requirements: 
(3mo),b T 0%, C 55% 
68 AHT requirements: 
(6mo),b T, 17% (d1) 8% 
68 (15mo); C, 65% 
(12mo),b (d1), 45% (15mof 
66 
(18mo)b 

Abbreviations and symbols: AHT = antihypertensive therapy; AR = acute rejection; Aza = azathioprine; bid = twice daily; C = cyclosporin; 
Cmin = minimum plasma concentration; CR = chronic rejection; d = day; DT = double therapy; h = hours; hc = historic control; 
HCN = hydrocortisone; IV = intravenous; mAb = muromonab-CD3 or other antilymphocyte preparations; med = median; mo = months; 
mc = multicentre; MPDN = methylprednisolone; Mtnce = maintenance; NA = data not available; nc = noncomparative; PDN = prednisone or 
prednisolone; PNF = primary nonfunction; p = prospective; pi = parallel; PO = oral; aT = quadruple therapy; r = randomised; 
retro = retrospective; RTX = retransplantation; 5 = corticosteroids; n = triple therapy; UN05 = united network for organ sharing; significant 
difference between treatments' p < 0.05, •• P < 0.01, t p < 0.001; :j: p < 0.0001; t = increased; j = decreased. 

patients according to the cause of graft dysfunction 
which ultimately led to conversion of therapy and 
principally evaluated histological and biochemical 
indices of graft function. The histological outcome 
of the switch is detailed in figure 3. Patients who 
had experienced acute rejection (mild to severe) 
during optimal standard cyclosporin therapy and 
adjuvant immunosuppression (steroids and/or 
muromonab-CD3) responded most favourably: 14 
of 18 grafts survived (78%), with histological and 
biochemical improvement noted for 10 and slight 
biochemical improvement for the remaining 4. Of 

the 22 patients with chronic rejection, 13 (59%) 
showed histological improvement, with 10 also 
showing improved biochemical indices; 6 of the 9 
patients with no histological response showed bio
chemical improvement. Further analysis of this sub
group revealed that the switch to tacrolimus was 
more beneficial among those with early-stage ver
sus late-stage chronic rejection. Patients in whom 
it was difficult to differentiate between chronic re
jection and chronic persistent or low-grade chronic 
active hepatitis were mostly unaffected by conver
sion to tacrolimus. Furthermore, corroborating the 
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-----l Functioning . , Worse 

1~=(n===2=)==~r---------------~~ __ (n_=_2_) __ ~ 

No histological evaluation: included 
for reasons of toxicity 

Fig. 3. Results of histological evaluation of liver biopsies from 96 patients switched from therapy with cyclosporin to 
tacrolimus (follow-up ,.;9-18 months) [after Demetris et al. 1992]. Abbreviations: ACR = acute cellular rejection; CR = chronic 
rejection; CRjHep = chronic rejection and chronic persistent or low grade chronic active hepatitis; Hep = active hepatitis. 

results of Fung et al. (l99Ic), active hepatitis was 
a poor prognostic indicator as patients with this 
condition either experienced a decline in graft 
function, graft rejection or they died from liver 
failure. 

The US Multicenter FK 506 Liver Study Group 
(1993a,b,c) reported that for patients who survived 
and remained on tacrolimus with a functioning liver 
transplant at 3 months, there was a clinically sig-

nificant improvement in biochemical indices of 
liver function. Overall, the mean Karnofsky score, 
used to evaluate performance status, increased from 
58 at baseline (n = 117) to a plateau of 85 after 6 
months of therapy (n = ~50). Clinical response was 
rated according to an arbitrary scale of I (complete 
recovery) to 5 (progressive debilitating disease); a 
complete/partial response or an improvement in 
this variable was noted for 50 of 92 patients (54%) 
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after I month, and for 39 of 58 patients (67%) after 
6 months. Stratification according to histological 
rejection status revealed 61 patients with only acute 
rejection and 32 patients with only chronic rejec
tion that were successfully converted to tacrolimus 
therapy (US Multicenter FK 506 Study Group 
I 993b). Recurrent rejection episodes were mark
edly reduced during therapy with tacrolimus com
pared with the preconversion period. Furthermore, 
35 of 61 patients (57%) with acute rejection and 7 
of 32 patients (22%) with chronic rejection became 
rejection-free. Despite this difference, and in con
trast to the results of Demetris et al. (1992), the 
type of rejection (acute vs chronic) at entry was not 
independently correlated with outcome, although 
allowance was made for impairment of liver func
tion. Whereas acute rejection episodes occurring 
during tacrolimus therapy were easily controlled 
and did not lead to graft loss, 16 of 61 patients with 
acute rejection at entry developed chronic rejec
tion. Thus, although acute and chronic rejection 
are thought to be mechanistically distinct, these data 
suggest that histologically, chronic rejection may 
not infrequently follow the successful treatment of 
severe refractory acute rejection. Multivariate an
alysis of prognostic factors revealed a correlation 
between treatment failure or death and the follow
ing preconversion elements among patients with: 

• total serum bilirubin levels of ~22 versus 3.4 
~moI/L; the relative risk was 4.9 for treatment fail
ure and 5.0 for death (p < 0.01) 

• AST levels of ~300 versus 80 lUlL; the rel
ative risk was 2.7 for treatment failure (p < 0.01) 

• > 1 prior liver transplantation versus 1; the 
relative risk was 4.0 for treatment failure (p < 0.01; 
4 months postconverision) 

• serum creatinine levels of ~ 133 versus 53 
~moI/L; the relative risk was 1.9 for death (p < 
0.05) [US Multicenter FK 506 Liver Study Group 
1 993a). 

Overall improvements in liver function tests 
were also observed in the paediatric study con
ducted by Tzakis et al. (1991a), and of 7 children 
who required retransplantation, 5 commenced pri
mary therapy with tacrolimus after reoperation. 
Among paediatric patients who received a liver 

allograft from a living-related donor, hepatic dys
function indicative of allograft rejection was only 
recorded for 2 of 22 patients, and was successfully 
treated with high dose steroids or increased dos
ages of tacrolimus (Uemoto et al. 1993). 

In a brief analysis of 22 paediatric recipients of 
a cadaveric liver transplant experiencing rejection 
or complications associated with cyclosporin-based 
therapy and subsequently converted to tacrolimus 
(dosage not stipulated), patient and graft survival 
were 91% after a mean follow-up period of 7.3mo 
(Esquivel et al. 1993). 

Eight of 10 children with refractory rejection 
survived with histological or biochemical reversal 
of rejection. 

The efficacy of tacrolimus as a rescue therapy 
in patients experiencing liver allograft rejection, 
nephrotoxicity or malabsorption with cyclosporin
based therapy has also been demonstrated in a small 
study (n = 37) conducted in Europe (Winkler et al. 
1 993b). 

3.1.2 Primary Therapy in Hepatic Allograft 
Recipients 
The efficacy of tacrolimus as a primary im

munosuppressive therapy has been assessed in a 
series of noncomparative and comparative studies 
which recruited adults or children undergoing their 
first liver transplant (table I). The investigations in 
which tacrolimus and cyclosporin were compared 
were either randomised or employed historical 
control data for the comparator drug. However, 
there are limitations to the interpretation of these 
studies. Indeed, of the 4 randomised investigations 
[one of which evaluated a paediatric subset of 
patients recruited to the study conducted by K1int
maIm (1993)/McDiarmid et al. (l993a»), 3 have 
been reported only in summary form. Further
more, those studies which utilised historical con
trol data should be interpreted with caution when 
considered in isolation; given the vast experience 
and commitment of the transplantation centres in
volved in these investigations to enhanced success, 
it would not be unreasonable to assume an im
provement over historic controls even if no new 
immunosuppressive therapy had been available. 
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Nevertheless, in 2 of the 3 investigations evaluated 
which employed historical data, patients were 
matched for age and primary diagnosis. United 
Network for Organ Sharing (UNOS) scores were 
also matched or reported, and in the investigation 
conducted by Todo et al. (1991), UNOS classifi
cation showed that tacrolimus recipients had a 
greater urgency rating. This had the effect of sub
jecting tacrolimus to a more stringent evaluation. 

In the medium-term (6 to 18 months), therapy 
with tacrolimus was associated with patient sur
vival rates generally ~84%, and graft survival rates 
approaching or exceeding 80% (table I). In one ret
rospective investigation, however, patient survival 
declined to 63% after 6 months (Takaya et al. 1991). 
There were no significant differences in patient and 
graft survival rates for tacrolimus versus cyclo
sporin in the 2 largest randomised clinical trials 
(European FK506 Study Group 1993; Klintmalm 
1993/McDiarmid et al. I 993a). However, patient 
and graft survival rates were numerically greater 
for tacrolimus in one of these investigations after 
6 months (+4 to 5% p ~ 0.2; European FK506 
Study Group 1993). Although this finding might be 
considered of doubtful significance when exam
ined alone, statistically and/or numerically greater 
patient survival (+8 to + 17%) and graft survival 
(+15 to +20%) rates were recorded in the majority 
of other studies evaluated; graft survival was sim
ilar with both drugs in only one of these investi
gations, although in this investigation tacrolimus 
recipients were disadvantaged by greater UNOS 
scores (Todo et al. 1991). 

Reflecting the incidence of graft survival in the 
2 largest clinical trials, retransplantation rates for 
tacrolimus were either similar to those for cyclo
sporin in the investigation reported by Klintmalm 
(1993) [6.6 vs 5.4% p > 0.05] or lower in that re
ported by the European FK506 Study Group (1993) 
[6.4 vs 10.3%; data on file, Fujisawa GmbH, Ger
many]; however, statistical results were not re
ported for the latter comparison. Takaya et al. 
(1991) also reported lower retransplantation rates 
of primary allografts during the first 6 months of 
therapy with tacrolimus compared with cyclo
sporin (8.6 vs 15.4%; p < 0.005). This finding re-
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Fig. 4. Cumulative rejection-free status among 81 patients 
treated with tacrolimus (e) or cyclosporin (0) following pri
mary liver transplantation in a randomised prospective in
vestigation (after Fung et al. 199Ia). 

flected the higher incidence of primary nonfunc
tion (although cold ischaemia times were similar) 
and rejection noted for cyclosporin recipients. In
deed, the incidence of rejection was lower for 
patients treated with tacrolimus in the majority of 
comparative studies (table I). Notably, the inci
dence of overall and refractory rejection was sig
nificantly lower for tacrolimus versus cyclosporin 
in the 2 largest randomised clinical trials (Euro
pean FK506 Study Group 1993; Klintmalm 1993/ 
McDiarmid et al. 1993a). Furthermore, in a smaller 
randomised study Fung et al. (1991 a) reported that 
the cumulative percentage of patients who re
mained rejection-free was far greater in the tacro
limus group after I month (61 vs 18%; p < 0.001), 
and during follow-up (fig. 4). Only one investiga
tion detailed a similar rejection incidence for 
patients treated with either drug, and in this eval
uation rejection episodes were less severe when oc
curring with tacrolimus and were therefore more 
manageable (Tzakis et al. 1991 b). 

Not surprisingly, the lower incidence of rejec
tion noted for patients treated with tacrolimus ver
sus cyclosporin also resulted in a lower require
ment for azathioprine (Todo et al. 1991; Tzakis et 
al. 199Ib), high dose steroids (European FK506 
Study Group; Fung et al. 1991a; Klintmalm 1993/ 
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McDiarmid et al. I 993a; Todo et al. 1991) and an
tilymphocyte preparations (Esquivel 1993; Klint
maIm 1993/McDiarmid et al. 1993a; Todo et al. 
1991). In the randomised investigation conducted 
by Fung et al. (199Ia), 29 of 40 (73%) patients 
treated with cyclosporin were converted to therapy 
with tacrolimus, 22 of whom made the switch due 
to rejection. In contrast, only one patient treated 
initially with tacrolimus experienced rejection that 
required retransplantation and therapy with mu
romonab-CD3; this patient also had evidence of 
persistent preservation injury. The incidence ofre
jection among patients treated with tacrolimus was 
greater when adjunct steroid dosages were low (Jain 
et al. 1991a,b). However, this finding was not of 
critical clinical importance as rejection episodes 
were generally mild and readily controlled with ad
junct immunosuppression. 

In both noncomparative investigations, pri
mary immunosuppression with tacrolimus was as
sociated with a steroid sparing-effect (table I). Re
flecting this facet, patients treated with tacrolimus 
required less maintenance steroid therapy than 
those treated with cyclosporin in the comparative 
investigations that reported steroid usage (Fung et 
al. 1991a; Todo et al. 1991; Tzakis et al. 199Ib). 
Notably, Tzakis et al. (199Ib) reported a decline 
in the percentage of children requiring steroid 
therapy to 17% after 3 months and to < 10% after 
9 months, markedly contrasting with the almost 
universal requirement for concomitant steroid 
therapy among children treated with cyclosporin. 
Withdrawal of steroid therapy was possible for 45% 
of patients treated with tacrolimus in the investi
gation conducted by Todo et al. (1991). 

The incidence of hypertension was lower for 
adults or children treated with tacrolimus versus 
children treated with cyclosporin in one of the larg
est randomised studies (40 vs 75%; Esquivel 1993), 
but was similar for both groups of patients in the 
other (European FK.506 Study Group 1993). 
Nevertheless, other investigators have reported 
hypertension (as assessed by the need for anti
hypertensive therapy) to be significantly lower for 
tacrolimus when compared with cyclosporin (Fung 
et al. 1991 a; Tzakis et al. 1991 b). Diltiazem was 

not considered as an antihypertensive drug for 
cyclosporin recipients, because it is frequently given 
to increase plasma cyclosporin concentrations 
(Tzakis et al. 1991 b). Hypertension was reported 
by Todo et al. (1991) for 22% of patients treated 
with tacrolimus over the first 6 months of therapy, 
and all almost exclusively responded to mono
therapy. 

In an effort to determine the effect of the type 
of immunosuppression on primary liver transplant 
expenditure, a cost comparison study based on 
hospital costs was conducted in 42 patients treated 
with either tacrolimus or cyclosporin matched for 
age, gender, primary liver disease and UNOS score 
(Staschak et al. 1990). Transplantation using cyclo
sporin was nearly twice as expensive as that using 
tacrolimus ($US244 863 vs $US134 169; p < 0.004). 
This difference emerged despite inflated costs as
sociated with tacrolimus resulting from additional 
compulsory hepatic biopsies and nuclear medicine 
scans. The differences in costs reflected differences 
in the duration of hospitalisation, and presumably 
the differences in the immediate postoperative care 
of these 2 patient groups. 

3.2 Renal Transplantation 

3.2.1 Rescue Therapy in Renal Allograft 
Recipients 
The efficacy of tacrolimus as a rescue therapy 

for patients experiencing renal allograft rejection 
despite standard optimum immunosuppression has 
been assessed in only one large study to date (table 
II; Jordan et al. 1993). Among the 54 patients en
rolled, 37 (69%) had previously received at least 
one course of an antilymphocyte preparation, and 
were thus considered resistant to conventional im
munosuppressive therapy. Conversion of therapy 
was deemed successful for 38 r~cipients (70%), and 
patient survival exceeded 90% after a mean follow
up period of 10.6 months. Analysis by subgroup 
revealed successful conversion for 26 of 34 patients 
(76%) with acute rejection, 9 of 13 patients (69%) 
with a vascular component of rejection, and 3 of 
7 patients (43%) with acute rejection and primary 
graft nonfunction. The use of azathioprine as a 
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Table "" Summary of clinical studies of tacrolimus (T) in kidney allograft recipients 

Reference Number of Study Principal Other Duration Survival (%) Comments 

patients design initial immunotherapy of 

(age in treatment follow-up 
patient graft 

years) (mg/kg) 

Rescue Therapy 
Jordan et al. 54 (8-58. p. nc T 0.025- Previous: C- mean 91 70" 43 primary and 11 

(1993) mean 34) 1.0/d IV or based with S. 10.6± subsequent 

0.15 bid Aza &Ior 7.3mo transplants 

PO mAb. mAb including 19 from 

used in 69% a living donor. 
of patients Target T Cmln (P) 

1-2 "gIL. 
SCr in rescued 
patients: PrC 292 

"moI/L. POC 212 
"moI/L". 
Dialysis 
requirements: PrC 
28%. PoC 13%. 
Conversion 
success: greater 
with PrC C/S/Aza 
than PrC CIS" 
S requirements: 
PrC 21%. PoC 
9%. S withdrawn 
in 6 patients 

Primary Immunosuppression 
Darras et al. 39 p. nc T 0.03- Mtnce: S 6-21 92 74 En bloc allografts 

(1991) 0.24 bid (mean 11) from paediatric 
POb mo donors aged <4 

years. 
36 primary and 3 
subsequent 
transplants. 
Rejection: 54%. 
reversed for 71%. 
S withdrawal: 
45% of patients. 
No urological 
complications 

Japanese FK 70 (~16) P. nco mc TO.15/12h Mtnce: S 3mo 96 94 Primary 
506 Study IV x2d dosages 250 transplants. 39 
Group (1993a) preop then mg/d (MPDN) from living related 

O.l/d x 3d then 50 mg/d donors and 31 
IV then (PDN) l10 from cadavers. 
0.15 bid mg/d. Target T Cmln 
PO Rejection: t T. (WB) 15-20 "gIL. 

S. Aza. Rejection: 36%. 
mizoribine or reversed for 96% 
switch to C 
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Table II. Contd 

Reference Number of Study Principal Other Duration Survival (%) Comments 
patients design initial immunotherapy of 
(age in treatment follow-up 

patient graft 

years) (mg/kg) 

Jensen et a!. 16 (3-16, p, nc T 0.1/d IV Mtnce: S 1-15 100 94 12 primary and 4 
(1991) mean 10) then 0.15 dosages 1 g/d (mean 8.5) subsequent 

bid PO (MPDN) then mo transplants 
(PDN) l20 including 4 from 
mg/d initially. living related 
Rejection: donors. 
High dose S Rejection: 38%, 
or mAb reversed for all. 

S withdrawal: 
47%. 

S use minimised 
(~5 mg/d) 33% 

Shapiro et a!. 65 (mean p, nc T 0.075 or Mtnce: S high "'3-11mo 98 79 43 primary and 23 
(1991a) 40 ± 13.5) 0.15 over dosages [1 g/ subsequent 

2-4h IV d (MPDN) transplantsC 

then then (PDN) l including 65 from 
0.075/12h to 20 mg/d cadavers. 
IV then n = 25] or low S withdrawal: 
0.15 bid dosages [20 60% 
PO mg/d (PDN) S use minimised 

n = 40]. (2.5-5 mg/d): 
Rejection: t T, 15%. AHT 

S or mAb withdrawal: 40%. 

Graft loss mainly 
due to rejection 
(57%), although 
75% of these 
patients were 
CCT+ve 

Shapiro et al. 234 (mean p, nr, pi T 0.075 >2 to 27 90 (12mo)d 74 (12mo)d Incidence of living 
(1991 b) 41 ±14.7) bid over (med 13) donors lower, 

4h IV, or mo RTX, use of en 
0.1-0.15/d bloc kidneys and 
IV then sensitisation 
0.15 bid higher for T 
PO patients. 

Biochemical 
191 (mean C (NA but 94 (12mo)d 77 (12mo)d indices of renal 
38 ± 15.0) not function were 

sequential similar for both 
therapy) groups. 

Rejection: T 59%, 
C57%. 
mAb usage T 
19%, C 21%. 

Continued over 
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Table II. Contd 

Reference Number of Study Principal Other Duration Survival (%) Comments 
patients design initial immunotherapy of follow-
(age in treatment up patient graft 

years) (mg/kg) 

S withdrawal: T 
44%, C 0%. 
S minimised (2.5-
5 mg/d): T 24%, 
C 22%. 
AHT withdrawal: 
T 43%, C 25%. 
Chol: T 4.8 mmol/ 
L, C 6.1 mmol/Lt 

28 (mean p, r, pi As above As above 96 (12mo)d 82 (12mo)d 9 of 29 C patients 

37 ± 11.6) converted to T. 
Biochemical 

29 (mean 89 (12mo)d 79 (12mo)d indices of graft 
39 ±9.9) function were 

similar in both_ 
groups. 
S withdrawal: T 
56%, C 0% 
S minimised (2.5-
5 mg/d): T 11%, 
C 6%. 
AHT withdrawal: 
T 44%, C 22%. 
Chol: T 4.7 mmol/ 
L, C 6.1 mmol/L" 

Shapiro et al. 63 (19-66, p, r, pi T 0.15/d Mtnce: S mean 5.5 100 (6mo)d 92 (6mo)d 85 primary and 40 
(1993) mean 42) PO preop dosages 19 ±2.Smo subsequent 

then 0.1/d (MPDN) then transplants 
IV then 200 mg/d ~ 20 including 17 from 
0.15 bid mg/d initially a living donor. 
PO Rejection: Incidence of 

High dose S, rejection: T 51%, 
mAb T + Aza 40% (p 

> 0.05). 
62 (18-78, As above + 98 (6mo)d 85 (6mo)d S withdrawal: 
mean 44) Aza 3/d 23%. 

PO preop AHT withdrawn: 
then 29% 
postop 

a Patients showing an improvement in biochemical/histological indices of graft function, and/or freedom from dialysis if previously 
required. 

b Maintenance dosage at last follow-up. 
c One patient received a subsequent transplant during the study. 
d Actuarial survival. 
Abbreviations and symbols: AHT = antihypertensive therapy; Aza = azathioprine; bid = twice daily; BUN = blood urea nitrogen; 
C = cyclosporin; CCT = cytotoxic antibody cross match test; Chol = cholesterol; Cmin = minimum concentration in plasma (P) or 
whole blood (WB); d = day; IV = intravenous; mAb = muromonab-CD3 or other antilymphocyte preparations; me = multicentre; 
mo = months; MPDN = methylprednisolone; Mtnce = maintenance; NA = data not available; nc = noncomparative; nr = nonrandomised; 
p = prospective; PDN = prednisone or prednisolone; pi = parallel; PO = oral; PoC = postconversion; postop = postoperatively; 
PRA = panel reaC1ive antibody; PrC = preconversion; preop = preoperatively; r = randomised; RTX = retransplantation; 
S = corticosteroids; SCr = serum creatinine concentration; significant difference between treatments' p < 0.05, .. P < 0.01, t p < 
0.0001; t = increased; ~ = decreased. 
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component of the preconversion immunosuppres
sive regimen was an indicator of good prognosis. 
Serum creatinine levels in rescued patients and the 
overall need for dialysis notably reduced following 
conversion, demonstrating that the need for dialy
sis was not a precluding factor for change. Steroid 
tapering was possible for the majority of patients 
successfully converted, and no patient required 
treatment for recurrent rejection. 

3.2.2 Primary Therapy in Renal 
Allograft Recipients 
The efficacy of tacrolimus as a primary im

munosuppressant therapy following kidney trans
plantation has been evaluated in a series of non
comparative studies, and compared with that of 
cyclosporin in one investigation (table II). The de
sign of this latter study conducted by Shapiro et al. 
(1991 b) requires some comment. Indeed, in the 
overall evaluation, patients were not randomly as
signed to therapy, although those treated with tac
rolimus were at a higher risk of treatment failure; 
notably in the tacrolimus cohort the incidence of 
retransplantation was higher (32 vs 19%; p < 0.005), 
and the use of grafts from living donors lower (5 
vs 14%; p < 0.02). A marginally greater incidence 
of en bloc kidney usage and sensitisation further 
contributed to the possibility of failure. Together, 
these differences had the effect of subjecting tac
rolimus to a more stringent evaluation. In addi
tion, within the study population evaluated, a small 
group (n = 57) of patients were entered into a ran
domised investigation which compared tacrolimus 
with cyclosporin. These patients were all consid
ered to possess good prognosis at baseline. One 
other randomised study compared the efficacy of 
tacrolimus in combination with, and in the ab
sence of azathioprine (Shapiro et al. 1993; table II). 
However, only preliminary data have been pub
lished for this investigation. 

One to 27 months after transplantation, pri
mary immunosuppression with tacrolimus was as
sociated with patient and graft survival rates of 
~90% and ~70%, respectively (table II). However, 
in patients who appeared to be at lower risk of 
treatment failure, graft survival up to 1 year was 

noticeably greater (""80%) [Shapiro et al. 1991a,b]. 
Graft and patient survival did not differ signifi
cantly between patients receiving tacrolimus or 
cyclosporin, or those treated with tacrolimus in the 
presence or absence of azathioprine. Worthy of note 
was the efficacy of tacrolimus in patients who re
ceived an en bloc kidney allograft from paediatric 
donors (Darras et al. 1991). Indeed, the use of kid
ney allografts from paediatric donors has been con
troversial because of high rates of graft loss due to 
technical and immunological complications (Wen
gerten et al. 1986). Nevertheless, in the study eval
uated there were no urological complications, even 
when en bloc kidneys were transplanted from the 
smallest of donors. This may have been attribut
able to rapid tapering of the steroid dosages (see 
below), thus avoiding delayed healing and the pos
sibility of technical complications. 

The incidence of rejection with tacrolimus var
ied from 36 to 59%, and was similar to that noted 
for cyclosporin when these drugs were compared 
in the nonrandomised investigation (table II). 
Nevertheless, 9 of 29 patients treated with cyclo
sporin in the randomised investigation were 
switched to therapy with tacrolimus, presumably 
due to rejection or drug-related toxicity (Shapiro et 
al. 1991 b). Furthermore, in a study of the histo
pathological profile of renal allograft rejection in 
19 tacrolimus-treated patients and 26 contempor
aneous recipients of cyclosporin who experienced 
a biopsy-confirmed rejection episode within 3 
months of transplantation, there was a lower in
cidence of findings associated with more severe re
jection in the tacrolimus group, although the dif
ference did not achieve statistical significance with 
the small group size employed (Demetris et al. 
1991). Rejection episodes were reversed for 71 to 
100% of tacrolimus-treated patients with adjuvant 
therapy (Darras et al. 1991; Japanese FK 506 Study 
Group 1993a; Jensen et al. 1991). Nevertheless, 
Shapiro et al. (1991a) reported rejection to be the 
major cause of graft loss (57% of patients), al
though in 75% of the patients affected a positive 
cytotoxic crossmatch test result was obtained. The 
incidence of muromonab-CD3 usage was similar 
among recipients of tacrolimus or cyclosporin, al-
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though tacrolimus recipients were at a higher risk 
of treatment failure (Shapiro et al. 1991 b). The in
cidence of rejection was numerically, but not sta
tistically lower, when azathioprine was added to 
the tacrolimus regimen (51 vs 40%; Shapiro et al. 
1993). 

In all studies evaluated, steroid usage with tac
rolimus was tapered and/or stopped (table II). In
deed, withdrawal of steroid therapy was reported 
to vary in incidence from 23 to 60%. Furthermore, 
in the randomised investigation which compared 
tacrolimus and cyclosporin, although it was pos
sible to minimise steroid therapy (2.5 to 5 mg/day) 
for a similar proportion of patients treated with 
either of these drugs, steroids were withdrawn for 
56% of tacrolimus recipients but remained a com
ponent of the immunosuppressive regimen of all 
cyclosporin recipients (Shapiro et al. 1991 b). Ad
dition of azathioprine to tacrolimus-based therapy 
did not significantly alter steroid usage (Shapiro et 
al. 1993). 

There was also a limited need for antihyperten
sive therapy among recipients of tacrolimus (table 
II). Withdrawal of such medication was possible 
for ~40% of patients treated with tacrolimus in the 
majority of studies which reported this facet, al
though 29% in one. This compared favourably with 
the incidence recorded for those receiving cyclo
sporin (22 to 25%). Mean serum cholesterol levels 
were also significantly greater in patients treated 
with cyclosporin. 

4. Tolerability 

Interpretation of the tolerability profile of tac
rolimus is complicated by the variety of dosage 
regimens employed in clinical investigations. In
deed, the adverse effects of tacrolimus have been 
pivotal in the temporal refinement of dosage reg
imens for this drug. Generally, toxicity due to the 
drug decreases with lowering of its dosage, al
though some reactions (such as the development 
of dysarthrias) may be idiosyncratic or require 
multiple factors to emerge, and therefore may not 
respond to such measures (Fung et al. 1991 b). 

The principal adverse effects of tacrolimus are 
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nephrotoxicity, infectious and malignant compli
cations, neurotoxicity and diabetogenic effects, all 
of which have also been associated with conven
tional immunosuppressive therapies, including 
cyclosporin (reviewed by Fagiuoli et al. 1992a; 
Faulds et al. 1993; Fung et al. 1991 b; Li et al. 1990). 
The tolerability profile of tacrolimus appears to be 
similar in adult and paediatric transplant recipi
ents (Tzakis et al. 1991a, 1993). 

4.1 Nephrotoxicity 

Like cyclosporin, tacrolimus demonstrates sig
nificant nephrotoxicity. Indeed, the clinical pres
entation and morphology of tacrolimus-induced 
nephrotoxic changes are identical to those of cyclo
sporin (McCauley 1993). Furthermore, clinical 
studies indicate that the incidence of nephrotox
icity with these 2 drugs is approximately equiva
lent (McCauley 1993). 

Nephrotoxicity which necessitated withdrawal 
from therapy occurred at the same frequency (2%), 
for patients treated with tacrolimus (n = 182) or 
cyclosporin (n = 222) in a large randomised in
vestigation when the former drug was admini
stered at initial intravenous dosages ",0.06 mg/kg 
(Klintmalm 1993). However, this finding was more 
common among 47 tacrolimus recipients treated 
with initial dosages exceeding 0.06 mg/kg (17 vs 
2%). In another large randomised trial which com
pared these 2 drugs, dialysis requirements were 
similar among both groups (European FK506 Study 
Group 1993). 

In an effort to define the nephrotoxic liability 
of tacrolimus, McCauley et al. (1991d) studied 
postoperative renal function in primary liver and 
thoracic organ recipients. Patients received intra
venous tacrolimus 0.075 to 0.15 mg/kg, infused 
over 4 hours in the operating room and repeated 
at 0.075 mg/kg every 12 hours until oral intake was 
possible. Oral tacrolimus often overlapped for 1 day 
with intravenous therapy and was administered at 
0.15 mg/kg every 12 hours. In the majority of cases, 
corticosteroids were also used as a component of 
immunosuppressant therapy. Virtually all patients 
exhibited increased serum creatinine levels peri-
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operatively, which generally resolved by the end of 
the first postoperative month with downward ad
justment of tacrolimus dosage. Mean serum cre
atinine levels after 279 postoperative days were 124 
and 168 ~molfL among liver and thoracic organ 
transplant recipients, respectively. Dialysis was re
quired for the first time postoperatively by 9 of 120 
patients (7.5%) who received a liver transplant, and 
1 of25 patients (4%) who underwent a heart trans
plant, although the latter patient had cardiac arrest 
and massage while being transferred to the oper
ating room. Fagiuoli et al. (l992a) also concluded 
that tacrolimus-induced nephrotoxicity necessitat
ing haemodialysis generally does not occur in thor
acic organ transplant recipients. 

A similar, early pattern of nephrotoxicity was 
observed with tacrolimus in a small prospective 
randomised trial comparing tacrolimus with stand
ard sequential therapy (Minnesota antilympho
blast globulin followed by cyclosporin) in patients 
receiving a liver transplant (Stock et al. 1993). 
Nephrotoxic effects of tacrolimus occurred during 
the first month following transplantation but sub
sequently stabilised; standard sequential therapy 
induced less initial nephrotoxicity but renal func
tion deteriorated between 1 and 6 months post
operatively (table III). 

Fung et al. ( 1991 b) reported that 134 of 370 liver 
transplant recipients (36.2%) exhibited renal dys
function (serum creatinine > 177 ~molfL) during 
the first month of tacrolimus therapy (acute neph
rotoxicity), although almost one-half (64) of these 

patients had one or more contributing factors such 
as co-administration of nephrotoxic antibiotics. A 
total of 81 patients (23.2%) required haemodialysis 
following transplantation. Chronic nephrotoxicity 
(after one month oftreatment) was observed in 115 
patients (31.1 %). 

Mild nephrotoxicity, responding to dose reduc
tion, occurred during the first postoperative year 
in 10 of 20 liver transplant recipients (50%) ran
domised to receive tacrolimus plus corticosteroids, 
and in 9 of 17 patients (53%) receiving a combined 
regimen of cyclosporin, corticosteroids plus aza
thioprine in a nonblinded study (Porayko et al. 
1993). Elevation of serum creatinine levels from 
baseline was similar in both treatment groups, but 
glomerular filtration rate (GFR) after 12 months 
of treatment was significantly lower in tacrolimus 
than in cyclosporin recipients (42 vs 64 ml/min/ 
1. 73m2 body surface area). Plasma tacrolimus con
centrations correlated poorly with renal function 
parameters (serum creatinine levels and GFR), as 
demonstrated in a previous study (McCauley et al. 
1990), although Winkler et al. (1991) showed an 
association between high plasma tacrolimus con
centrations and elevated serum creatinine levels. 
In patients with renal impairment, as assessed by 
histopathological changes in renal biopsy speci
mens, tacrolimus trough whole blood concentra
tions were 18. 7 ~gfL (Japanese FK 506 Study Group 
1993b). These findings indicate that renal toxicity 
may occur with tacrolimus even if such concentra-

Table III. Renal function among patients randomised to receive tacrolimus or standard sequential therapy (Minnesota antilymphoblast 
globulin and cyclosporin) following liver transplantation (after Stock et al. 1993) 

Immunosuppressive agents Number of patients Time post-transplant (months) 

baseline 6 

Glomerular filtration rate (ml/min) 

Tacrolimus 7 55.5 38.6 36.2 
Sequential standard therapy 12 75.2 71.8 54.0 

Serum creatinine level (I'moI/L) 

Tacrolimus 14 83.1 106.1 110.5 
Sequential standard therapy 21 78.7 86.6 106.9 
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tions are maintained at currently accepted opti
mum levels (,..15 to 20 ~g/L). 

Mild hyperkalaemia, associated with low or low
normal renin and aldosterone levels, commonly 
occurs during tacrolimus therapy, but usually re
sponds to treatment with potassium-binding res
ins, potassium-restricted diets and/or fludrocorti
sone (Fagiuoli et al. 1992a; Fung et al. 1991 b; Li 
et al. 1990; McCauley et al. 1990). The hyperkal
aemia may be due to an effect of tacrolimus on 
either mineralocorticoid secretion or altered min
eralocorticoid activity at the renal tubules (Fagi
uoli et al. 1992a). Another possible mechanism 
thought to be related to tacrolimus nephrotoxicity 
is that involving changes in renal cortical haemo
dynamics leading to reduced GFR and subsequent 
tubular dysfunction (Fagiuoli et al. 1992a; Sumpio 
& Phan 1991). 

Fries et al. (1991) reported 2 cases of significant 
myocyte vacuolisation in the arteriolar media at 
renal biopsy following tacrolimus-associated renal 
dysfunction in liver transplant patients. Histopath
ological changes in renal allograft biopsies from 
patients receiving tacrolimus were similar to those 
observed in needle biopsies obtained from patients 
receiving cyclosporin (Randhawa et al. 1993). Early 
markers of immunosuppressant toxicity were tu
bular vacuolation and myocyte vacuolation, while 
long-term administration of tacrolimus was asso
ciated with striped interstitial fibrosis and arter
iolar hyalinosis, as previously seen with cyclo
sporin. The Japanese FK 506 Study Group (1993b) 
categorised early tacrolimus nephropathy of renal 
allografts as tubular (vacuolation and calcifica
tion), vascular (arterioles and glomerulus) and dif
fuse interstitial fibrosis, although further studies are 
required to confirm whether vascular lesions and 
diffuse interstitial fibroses are morphological evi
dence of tacrolimus nephropathy. 

Patients previously treated with cyclosporin 
predictably exhibit deterioration in renal function 
with tacrolimus rescue therapy (McCauley et al. 
1990; 1991b), and transplant recipients who de
veloped hyperuricaemia and acute gouty arthritis 
while receiving cyclosporin may also be at risk for 
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marked hyperuricaemia during rescue treatment 
with tacrolimus (Williams & Lewis 1992). 

4.2 Infections and Lymphoproliferative 
Disorders 

Infectious complications remain the leading 
cause of mortality and morbidity following liver 
transplantation. Early experience with tacrolimus 
indicated a lower incidence of severe infection 
among 20 patients receiving the drug than among 
a matched group of patients receiving cyclosporin 
(20 vs 55%; p < 0.05) as primary immunosuppres
sion after a maximum follow-up period of 62 days 
(Alessiani et al. 1990). This early experience with 
tacrolimus was subsequently extended in a non
comparative study of 110 liver allograft recipients 
treated with this drug and followed over 5 to 12 
months (Alessiani et al. 1991). Serious infections 
developed in 38% of patients receiving tacrolimus, 
and 50% acquired some type of infection. The ma
jority of cases were bacterial (64 episodes); severe 
infections included pneumonia, peritonitis and 
cholangitis. Cytomegalovirus (CMV) was the most 
frequently reported viral infection (27 episodes), 
with the liver, gastrointestinal tract and lungs being 
predominant sites of infection. Fungal infections 
were less common (13 episodes) but included se
rious candidiasis and aspergillosis infections. In a 
retrospective analysis of 2180 liver transplant re
cipients, the incidence of aspergillosis was signifi
cantly lower among patients receiving tacrolimus 
than cyclosporin (0.2 vs 2.4%; p < 0.01) [Torre
Cisneros et al. 1991]. 

In a large randomised investigation which com
pared tacrolimus with cyclosporin as a primary im
munosuppressant therapy in liver allograft recipi
ents (n = 545), the overall incidence of infection 
was lower for tacrolimus-recipients (30 vs 40% p < 
0.05; European FK506 Study Group 1993). Fur
thermore, although the incidence of infection was 
similar for both these drugs in another large ran
domised study which recruited patients with sim
ilar characteristics (n = 520; McDiarmid et al. 
1993a), the incidence of sepsis among children re
cruited to this latter investigation was reported to 
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Fig. 5. Percentage of patients with infectious complications 
following liver transplantation (median follow-up 341 days) 
in a prospective randomised study comparing tacrolimus (n 
= 57) versus cyclosporin (n = 53) as primary immunosup
pressive therapy (after Kusne et al. 1992). 

be lower in the tacrolimus group (17 vs 35%; Es
quivel 1993). 

Infectious complications were also compared in 
a prospective trial in which 110 liver transplant 
recipients were randomised to receive tacrolimus 
(0.1 mg/kg/day intravenously then 0.15 mg/kg twice 
daily orally) or cyclosporin (4 mg/kg/day intraven
ously then 4 mg/kg twice daily orally) as primary 
immunosuppression (Kusne et al. 1992). The fre
quency of various infection categories was con
sistently lower with tacrolimus than cyclosporin, 
but these differences were not statistically signifi
cant (fig. 5). Overall, 38.6% of 57 tacrolimus re
cipients had at least one infection compared with 
50.9% of 53 cyclosporin recipients. Tacrolimus was 
associated with a significantly lower incidence of 
bacteraemia (7 vs 26.4%; p = 0.013) which may 
have been due to a decreased requirement for cor
ticosteroids and muromonab-CD3 therapy among 
this group of patients. Again, CMV was the most 
frequently reported viral infection, occurring in 
17.5% of tacrolimus recipients and 20.8% of cyclo-

sporin recipients. Kusne et al. (1991) also reported 
an infection rate of 33% among kidney transplant 
recipients treated with tacrolimus compared with 
a rate of 61 % for a group of 64 historical control 
patients who received cyclosporin. In this study, all 
infections occurred within 4 months of transplan
tation, and those patients undergoing secondary re
transplantation had a significantly higher number 
of infectious episodes tRan primary transplantation 
patients (0.68 vs 0.27 per patient; p < 0.05). 

Patients receiving tacrolimus as primary im
munosuppressive therapy had a significantly lower 
rate of CMV enteritis than cyclosporin recipients 
during the first month following liver transplan
tation (0 vs 11.5%; p < 0.05) in a randomised trial 
of 140 patients (Sakr et al. 1992a). The overall in
cidence of enteric CMV infection (after >6-month 
follow-up) was also lower with tacrolimus (20 vs 
27.7%), but the difference was not statistically sig
nificant. In a separate study, approximately I % of 
patients receiving tacrolimus following solid organ 
transplantation developed CMV retinitis (Paul et 
al. 1991). 

The number of infectious episodes in children 
up to 90 days following liver transplantation was 
lower in tacrolimus recipients than matched his
torical controls who received cyclosporin (1 .2 to 
1.4 vs 1.8 to 2.0 episodes/patient p < 0.05: Green 
et al. 1991; Tzakis et al. 1991 b). However, these 
results may have been influenced by reductions in 
the use of central venous catheterisation which 
preceded the onset of the trials. 

Post-transplant Iymphoproliferative disorders 
(PTLD) occur in approximately 1.7% of solid or
gan transplant patients receiving cyclosporin (Na
lesnik et al. 1988). Tacrolimus appears to have a 
similar incidence of PTLD, ranging from 0.7 to 
1.6% in this patient population (Nalesnik et al. 
1991, 1992; Reyes et al. 1991). There is a strong 
association between the development of PTLD and 
infection with Epstein-Barr virus (EBV); Reyes et 
al. (1991) found all 15 tacrolimus patients who de
veloped PTLD had serological evidence of EBV 
(Reyes et al. 1991). It has been reported that tac
rolimus may have mutagenic potential at suprath
erapeutic concentrations in human lymphocytes in 
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vitro (Yu et al. 1993). However, no mutagenic ac
tivity was recorded for this compound in a battery 
of in vitro and in vivo tests (Hirai et al. 1992). 

4.3 Neurotoxicity 

Neurological adverse effects associated with 
post-transplant tacrolimus immunosuppression 
most commonly develop during the intravenous 
phase of drug administration, and can be catego
rised as major (e.g. akinetic mutism, expressive 
aphasia, seizures, confusion requiring investiga
tion, psychosis, encephalopathy, persistent coma) 
or minor (e.g. tremors, headache, sleep disturb
ances, nightmares, dysesthesias, photophobia) neu
rotoxicity (Eidelman et al. 1991; Fung et al. 1991 b). 
Of 370 consecutive liver transplant recipients re
ceiving tacrolimus postoperatively, 8.4% exhibited 
major neurotoxicity associated with the immuno
suppressant (Fung et al. 1991 b). In another large 
group of 294 solid organ transplant recipients 
treated with tacrolimus, 5.4% of patients developed 
major neurological toxicities with a mean onset of 
12.8 days after commencing therapy, and minor 
neurological adverse effects occurred in approxi
mately 20% of the population studied (Eidelman et 
al. 1991). 

In most instances, tacrolimus-induced neuro
toxicity is reversible following temporary discon
tinuation of tacrolimus therapy or dosage reduc
tion (Eidelman et al. 1991; Reyes et al. 1990), 
although some reactions such as dysarthrias may 
not always respond to decreased doses of tacroli
m us (Fung et al. 1991 b). The incidence of neuro
toxicity necessitating withdrawal from therapy was 
similar (3 vs 2%) for patients treated with tacroli
mus (n = 182) or cyclosporin (n = 222) when the 
former drug was administered at initial intraven
ous dosages ~0.06 mg/kg in a large randomised 
study, but was greater when these initial dosages 
were exceeded (9 vs 2%) [Klintmalm 1993]. Qual
itatively, the neuropathological changes observed 
with tacrolimus appear to be similar to those as
sociated with cyclosporin immunosuppression 
(Freise et al. 1991; Lopez et al. 1991). In a small 
randomised study-0£24 liver transplant recipients, 
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no difference was demonstrated between tacroli
mus and cyclosporin treatment groups during the 
first postoperative week with respect to cognitive 
and psychiatric symptoms; plasma concentrations 
of either drug correlated with clinician-rated 
neuropsychiatric symptom checklist scores (Di
Martini et al. 1991). Similarly, major neurological 
adverse effects observed with tacrolimus in a large 
prospective study were associated with elevated 
trough plasma drug concentrations in more than 
50% of patients (Eidelman et al. 1991). 

4.4 Diabetogenic Effects 

Glucose metabolic disorders were reported more 
frequently for patients treated with tacrolimus ver
sus cyclosporin in a large randomised investigation 
(17 vs 10% p < 0.05; European FK506 Study Group 
1993). However, the incidence of hyperglycaemia 
was similar among children randomised to therapy 
with either of these drugs in a similar investigation 
(Esquivel 1993). Furthermore, the incidence of new
onset insulin-dependent diabetes in tacrolimus
versus cyclosporin-treated patients was compar
able following liver transplantation in a smaller 
randomised study (Fung et al. 1991a). Three 
months following transplantation 17% of tacroli
mus recipients and 17.5% of cyclosporin recipients 
required insulin therapy (p > 0.05). Scantlebury et 
al. (1991) also evaluated this finding among kidney 
allograft recipients randomised to therapy with 
either of these 2 drugs. Diabetes mellitus devel
oped in 4 of 20 patients (20%) treated with tacro
limus and in 1 of 14 patients (7%) treated with 
cyclosporin. This difference was not statistically 
significant given the small group size, and the find
ing was reversible for 2 tacrolimus recipients and 
the one recipient of cyclosporin. 

The association of insulin requirements with 
tacrolimus appears to be confounded by periop
erative events. Indeed, 151 of 370 patients (35.5%) 
who received a liver allograft and tacrolimus-based 
immunosuppression required insulin therapy for 
hyperglycaemia within a median of 2 days, sug
gesting that perioperative events were more likely 
to lead to insulin requirements than the use of tac-
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rolimus. Corroborating this supposition, recovery 
was noted in 106 of these patients and only 12.1 % 
of patients required long term insulin treatment 
(median follow-up 13.5 months). In a smaller but 
more extensive analysis, the long term insulin re
quirement among 46 adult patients who were 
treated with tacrolimus after liver transplantation 
was assessed over a mean follow-up period of ap
proximately 1 year (Tabasco-Minguillan et al. 
1993). De novo insulin was needed for 15% of 
patients at 3 months and in 20% of them at 6 
months post-transplant, but this declined to 5.5% 
after 12 ·months. Insulin-dependent diabetes mel
litus did not develop in any patient beyond the 18-
month evaluation point. Furthermore, insulin de
pendence did not affect graft or patient survival 
over the period studied, and did not correlate with 
tacrolimus dosage. 

The incidence of new-onset diabetes mellitus in 
allograft recipients treated with tacrolimus appears 
to be lower among the paediatric than the adult 
population. Indeed, of 206 children who received 
a solid organ transplant and subsequent treatment 
with tacrolimus, 3 (1.5%) developed insulin-de
pendent diabetes, and all were receiving tacrolimus 
as rescue therapy (Carroll et al. 1991). 

Glycaemia and insulin requirements changed 
only minimally in patients following a switch to 
tacrolimus therapy in 76 adults or children expe
riencing toxicity due to previous administration of 
cyclosporin and/or steroids; only one patient who 
was insulin-free before the switch required insulin 
afterwards (Mieles et al. 1991a). This analysis was 
complicated by the increased immunosuppression 
(especially with prednisone) given prior to rescue 
therapy in an effort to overcome graft dysfunction, 
and presumably contributed to the increases in 
blood glucose and serum creatinine which only re
versed after weeks or months. 

4.5 Other Adverse Effects 

Hypertension is often observed in allograft re
cipients. In those who were previously normoten
sive this may be due to excessive water volume, 
intrinsic renal damage or increased vasomotor tone 

(Fung et al. 1991 b). Use of corticosteroids may also 
lead to retention of excess water. Furthermore, 
patients with liver failure manifest a low peripheral 
resistance prior to transplantation which may mask 
hypertension. The incidence of newly diagnosed 
hypertension among 370 patients treated with tac
rolimus who received a liver allograft was 42.4%; 
however, withdrawal from antihypertensive medi
cation was possible for 38 of these 157 patients as 
their fluid status normalised. Similarly, although 
most of the 65 patients treated with tacrolimus who 
received a renal allograft required antihypertensive 
medication at entry to a noncomparative study, 
after a follow-up period of,.,,3 to 11 months, 40% 
of those with functioning kidneys no longer re
quired this medication, and 46% only required 
monotherapy (Shapiro et al. 1991a). Among 309 
transplant recipients the incidence of withdrawal 
from antihypertensive therapy was greater among 
recipients of tacrolimus (43% of 177) than cyclo
sporin (25% of 132) [Shapiro et al. 1991b]. Similar 
findings were recorded for a subset of these patients 
with good prognosis at entry entered into a ran
domised trial comparing these 2 drugs (Shapiro et 
al. 1991 b). Corroborating these findings, hyperten
sion was recorded less frequently for children 
treated with tacrolimus than those treated with 
cyclosporin in a more recent randomised investi
gation (Esquivel 1993). However, in one large ran
domised investigation the incidence of hyperten
sion was similar for recipients of either drug 
(European FK506 Study Group 1993). 

Gingival hyperplasia and hirsutism, which com
monly occur with cyclosporin therapy, do not ap
pear to be a significant complication associated with 
tacrolimus- (Fung et al. 1991 b). Furthermore, tac
ro1imus-associated hypercholestero1aemia has not 
been observed, and may be of importance with 
long-term administration (Fung et al. 1991 b). 

Other adverse events associated with tacrolimus 
in decreasing frequency (incidence not given) were 
insomnia, tremors, headache, tingling sensations, 
muscle aching, itching, fatigue, visual sensitivity to 
light, and gastrointestinal symptoms (Fung et al. 
1991 b). In randomised investigations tremor has 
been reported to occur more frequently with tac-
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rolimus than with cyclosporin (Esquivel 1993; 
European FK506 Study Group 1993). 

In common with cyclosporin, tacrolimus has 
been associated with instances of acute haemolytic 
anaemia. This finding was recorded for 8 of 1400 
patients (0.6%) who received tacrolimus at the 
University of Pittsburgh in the US (Abu-Elmagd et 
al. 199Ib). Haemolysis appeared to be triggered by 
different aetiological factors. However, in vitro 
studies and the high affinity of tacrolimus for the 
red blood cell membrane implicate the potential 
role of this drug in inducing and/or promoting red 
blood cell destruction in patients with acquired anti
erythrocyte antibodies (Abu-Elmagd et al. 199Ib). 

5. Drug Interactions 

Results of in vitro studies suggest that tacroli
mus is a potent inhibitor of cytochrome P450-de
pendent drug metabolism in human liver micro
somes and hepatocytes, with a degree of specificity 
for P450 IlIa (Ali Shah et al. 1991; Burke et al. 
1990; Christians et al. 1993; Pichard et al. 1991). 
This enzyme system is responsible for oxidation of 
calcium channel blockers, corticosteroids, cyclo
sporin, macrolide antibiotics and other drugs. 

Since tacrolimus and cyclosporin are both sub
strates of hepatic cytochrome P450 IIa, each drug 
can act as a competitive inhibitor of the other's 
metabolism in vitro (Omar et al. 1991). Cyclo
sporin metabolism by human liver microsomes was 
inhibited by 86 and 88% by tacrolimus 1 00 ~mol/ 
L in two different human liver samples (Burke et 
al. 1990). Studies in dogs suggest tacrolimus may 
also inhibit cytochrome P450 IIIc in the intestinal 
tract, resulting in increased absorption of cyclo
sporin (Wu et al. 1991b). Indeed, plasma cyclo
sporin concentrations in humans were increased on 
coadministration with tacrolimus (StaTZI et al. 
1989a), suggesting that intestinal metabolism of 
cyclosporin is inhibited by tacrolimus. However, 
in liver transplant patients, short term treatment 
with tacrolimus does not appear to alter the phar
macokinetics of cyclosporin (Jain et al. 1991b). De
spite these conflicting observations, combined use 
oftacrolimus and cyclosporin results in synergistic 
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immunosuppression (Zeevi et al. 1987), and neph
rotoxicity (McCauley et al. 1991 d) in humans. 

In vitro metabolism oftacrolimus by human he
patic microsomes was inhibited by bromocriptine, 
corticosterone, ethinylestradiol, methylpredniso
lone, erythromycin, josamycin, troleandomycin, 
ketoconazole, miconazole, nifedipine, vera pam ii, 
omeprazole, ergotamine and midazolam (Chris
tians et al. 1993). However, the in vitro metabolism 
of tacrolimus did not appear to be affected by 
cyclosporin (Christians et al. 199Ib). 

Elimination of tacrolimus was impaired in a 
liver transplant recipient when clotrimazole troches 
IOmg four times daily were given in conjunction 
with tacrolimus 6 mg/day orally; the trough plasma 
tacrolimus concentration increased from 3.5 to 9 
~g/L over an 8-day period (Mieles et al. 1991 b). 
The area under the tacrolimus plasma concentra
tion-time curve (AUC) doubled after addition of 
clotrimazole therapy, but the elimination half-life 
increased only slightly from 10.5 to 11.8 hours. The 
authors speculated that clotrimazole may compete 
with tacrolimus for binding sites of the cytochrome 
P450 enzyme system in the intestine, resulting in 
decreased metabolism of tacrolimus by intestinal 
mucosa and increased absorption of the immu
nosuppressant. Increased plasma tacrolimus con
centrations (measured by ELISA or bioassay) have 
been associated with coadministration of cyto
chrome P450 inhibitors such as ketoconazole, clo
trimazole, diltiazem, fluconazole, and erythromy
cin (Rui et al. 1992; Venkataramanan et al. 1991). 
Coadministration of steroids increases plasma tac
rolimus concentrations in humans, as measured by 
ELISA, without causing a proportionate rise in 
bioassay-based concentrations, suggesting an in
hibitory effect of steroids on the biliary excretion 
of tacrolimus (Zeevi et al. 1990b). 

6. Dosage and Administration 

Despite over 10 years of experience with cyclo
sporin, treatment regimens with this drug vary 
considerably between individual transplantation 
centres and are continually being modified. Expe
rience with tacrolimus to date has demonstrated a 
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similar evolution process, particularly with regard 
to dosage reduction. 

Following hepatic or renal transplantation, tac
rolimus is usually administered by intravenous in
fusion commencing after revascularisation of the 
graft and continuing until oral therapy with the drug 
is feasible. In early clinical trials tacrolimus 0.075 
mg/kg as a 2- to 4-hour infusion twice daily was 
initially used. However, to avoid the potential ad
verse effects related to high plasma concentrations, 
the same daily dosage was subsequently given over 
24 hours. With additional clinical experience, an 
intravenous infusion of 0.1 mg/kg/24h has been 
employed most extensively. 

The switch to oral therapy with tacrolimus was 
usually made within 4 days of transplantation, and 
an oral dosage of 0.15 mg/kg twice daily was then 
most frequently employed in clinical trials. Despite 
these observations, it should be noted that the op
timum dosage regimen for tacrolimus is continuing 
to be refined and these dosages may be superseded. 
Indeed, most recent experience in large random
ised studies indicate that initial intravenous dos
ages of :::;;;0.1 mg/kg/day (Klintmalm 1993) or 0.035 
to 0.075 mg/kg day (data on file, Fujisawa GmbH, 
Germany) should be employed, with subsequent 
initial oral dosages of 0.1 to 0.2 mg/kg/day (data 
on file, Fujisawa GmbH, Germany). In patients 
with early liver dysfunction, however, an initial 
intravenous tacrolimus dosage of 0.025 mgjkg/day 
reduced the incidence of adverse effects but not the 
incidence of rejection (Winkler et al. 1993a). Dos
age adjustments are made based on the clinical 
status of the patient, the functional status of the 
liver and kidney, and trough tacrolimus concen
trations in plasma (target range ""0.5 to 2 /oLg/L) or 
whole blood ("" 15 to <20 /oLgjL). In the majority of 
centres measurements of tacrolimus in whole blood 
is the method of choice. A computer programme 
is available to select the optimum tacrolimus dos
age based on multiple patient parameters (Mc
Michael et al. 1991). 

Tacrolimus requirements generally decline with 
time, although long term therapy is necessary to 
prevent rejection. Children require higher main
tenance tacrolimus dosages than adults. Indeed, 

comparison of 16 paediatric and 33 adult patients 
followed for I year after liver transplantation re
vealed daily tacrolimus dosages were 2.7- to 4.4-
fold greater among children when expressed as a 
function of bodyweight (McDiarmid et al. 1993b). 
Preoperative administration oftacrolimus has been 
rare, although based on prior experience, it has been 
given intravenously at 0.15 mgjkgJl2h for 2 days 
prior to renal transplantation in Japan or as a single 
oral dosage of 0.15 mg/kg in this setting in the US. 

Available evidence suggest that tacrolimus 
should not be co-administered with cyclosporin due 
to potential nephrotoxicity. Furthermore, there 
have been reports of patients treated previously 
with cyclosporin exhibiting a deterioration in renal 
function with tacrolimus rescue therapy. Tacroli
mus should be administered with caution to 
patients receiving drugs which are known to 
undergo metabolism via the cytochrome P450 IlIa 
enzyme system. 

7. Place 0/ Tacrolimus in Hepatic and 
Renal Transplantation 

The success of organ transplantation has im
proved significantly over the past few decades, re
flecting refinement of many facets of this area of 
surgery including patient selection, surgical tech
nique, organ preservation and postoperative man
agement. However, the greatest impact on trans
plantation success has occurred with the 
introduction of cyclosporin. Indeed, whereas only 
one in three patients undergoing liver transplan
tation during the pre-cyclosporin era were alive one 
year after transplantation, survival has more than 
doubled since then (StaTZI et al. 1989b). It is not 
surprising therefore that virtually all post-trans
plant immunosuppressive regimens include cyclo
sporin, generally in association with either aza
thioprine and/or prednisolone. For the treatment 
of rejection crises, steroids given in high dosages 
have remained the most common modality. How
ever, antilymphocyte preparations are used in the 
treatment of steroid-resistant rejection episodes, and 
for induction immunotherapy where cyclosporin is 
introduced sequentially. 
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Despite the impressive advances in transplan
tation made during the cyclosporin epoch, there still 
remains considerable scope for further improve
ment. Rejection (particularly chronic rejection), in
fection and drug toxicity are the three main prob
lems that continue to hamper success. Indeed, 
rejection and infection are the leading causes of 
morbidity and mortality in patients who receive a 
liver transplant (Cosimi 1991). This observation 
reflects the inability of current immunosuppressive 
regimens to selectively block the allograft response 
while leaving other host defences intact (Simmons 
& Wang 1991). In addition, each immunosuppres
sive drug presents serious tolerability problems 
which are mainly drug-specific. Furthermore, it is 
often difficult to differentiate between chronic re
jection and cyclosporin-nephrotoxicity in recipi
ents of kidney allografts. Against this background 
it is not surprising that the search for more effec
tive and less toxic immunosuppressive drugs con
tinues. 

Tacrolimus is a new immunosuppressant that 
displays similar but more potent immunosuppre
sant properties than cyclosporin. Its pharmacoki
netic profile, however, like that of cyclosporin, 
shows considerable interindividual variation. This 
has presented clinicians with a perplexing problem 
with regard to dosage selection and is reflected in 
the variety of dosage regimens used in clinical trials. 
The optimum intravenous induction dosage regi
men for tacrolimus continues to be refined, and 
although some centres appear to have established 
the subsequent initial oral maintenance dosage, it 
continues to be modified by others. To overcome 
the complexity of dosage selection, a computer 
programme has been developed to predict the op
timum dosage for tacrolimus tailored to multiple 
patient parameters. Dosage adjustments based on 
tacrolimus concentrations in whole blood or plasma 
have been aided by the improved availability of 
assays for this drug. Indeed, monitoring of plasma 
or whole blood tacrolimus concentrations is rec
ommended where dosage adjustment is necessary 
(particularly in patients with hepatic insufficiency 
in whom concentrations may become rapidly ele
vated causing toxicity) or when co-administering 
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drugs which may affect the disposition of tacroli
mus. 

The clinical efficacy of tacrolimus has been as
sessed in studies conducted in the US, Japan and 
Europe, but mostly by workers at the University 
of Pittsburgh, Pennsylvania in the US. The ma
jority of these investigations have not been pub
lished in their entirety, or have only been pub
lished to document symposia proceedings. 
Consequently, most have not been subjected to ex
tensive peer review and should therefore be inter
preted with caution. Furthermore, there has only 
been one large study which evaluated the efficacy 
of tacrolimus in the rescue of patients with failing 
kidney allografts, and there is a paucity of pub
lished randomised investigations of tacrolimus 
versus cyclosporin as a primary immunosuppres
sant therapy, particularly in renal transplantation. 
Despite these drawbacks associated with the data 
evaluated, tacrolimus demonstrated notable effi
cacy as a rescue or primary immunosuppressive 
therapy in adult or paediatric recipients of liver or 
renal allografts. 

Available clinical evidence suggests that like 
cyclosporin, tacrolimus is more effective in sup
pressing acute rather than chronic rejection epi
sodes. Nevertheless, as a rescue therapy in com
bination with corticosteroids, tacrolimus improves 
the biochemical and histological indices of graft 
function which results in prolonged graft survival 
for a significant proportion of patients (~50%) ex
periencing rejection or toxicity associated with 
cyclosporin-based therapy. As a primary immu
nosuppressant when combined with corticoste
roids in patients undergoing liver transplantation, 
patient and graft survival rates did not differ sig
nificantly for tacrolimus versus cyclosporin in the 
2 largest randomised clinical trials conducted to 
date, although in one, both rates were marginally 
greater for tacrolimus. In other investigations con
ducted in this setting, compared with cyclosporin, 
tacrolimus demonstrated statistically and/or nu
merically superior graft survival (+8 to + 17%) and 
patient survival (+15 to +20%) rates. This may re
flect, at least in part, the marked hepatotrophic ef
fect of the drug. Graft and patient survival were 
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essentially similar for patients treated with tacro
lim us or cyclosporin following renal transplanta
tion. However, tacrolimus was of particular worth 
in en bloc kidney transplantation, an area tradi
tionally hampered by complications associated with 
slow healing. 

The incidence of rejection was largely reduced 
following rescue therapy with tacrolimus and was 
generally lower (notably for refractory rejection) 
than that noted for cyclosporin, as a primary im
munosuppressant, at least in liver allograft recipi
ents. This was reflected in less need for adjunct 
therapy for the treatment of rejection episodes. 
Tacrolimus was also associated with a steroid-spar
ing effect. Indeed, reduction or withdrawal of 
maintenance steroid therapy is a common feature 
of tacrolimus therapy. In terms of health econom
ics, reduced hospitalisation costs are evident with 
tacrolimus usage when compared with cyclosporin 
as a primary immunosuppressant in the field of 
liver transplantation. 

Definition of the adverse effects of tacrolimus 
has been hampered by the variety of dosage regi
mens used in clinical trials. Indeed, the adverse ef
fects of tacrolimus have been pivotal in the tem
poral refinement of dosage regimens. Generally, 
most adverse effects improve with dosage reduc
tion, although some which are idiosyncratic or re
quire multiple factors to emerge may not respond 
to such measures. Qualitatively, the adverse effects 
of tacrolimus are similar to those seen with cyclo
sporin; nephrotoxicity, infectious and malignant 
complications, neurotoxicity and diabetogenic ef
fects are the most troublesome. Quantitatively, 
some adverse effects may occur less frequently with 
tacrolimus than with cyclosporin. Notably, the in
cidence of infectious complications appear to be 
less with tacrolimus, and a lower frequency of 
hypertension and hypercholesterolaemia reported 
by some investigators may be an additional bene
fit. Whether these differences reflect the lower ster
oid requirements associated with tacrolimus is open 
to question. In addition, tacrolimus also provides 
immunosuppressant therapy without the disfigur
ing complications of hirsutism and gum hyperpla
sia which are common features of therapy with 

cyclosporin. This is of particular importance in 
children and may aid long term patient compli
ance. 

The place oftacrolimus in the therapy of patients 
undergoing hepatic or renal transplantation is still 
emerging. Nevertheless, preliminary clinical data 
(although limited for kidney transplant recipients) 
show this new immunosuppressant clearly pro
vides a valuable therapeutic alternative for patients 
experiencing rejection or drug-related toxicity with 
other immunosuppressive regimens in whom re
transplantation (and dialysis in kidney transplan
tation) is often the only alternative. Pending con
firmation of initial randomised studies, and 
preliminary results from larger randomised inves
tigations, primary immunosuppression with tac
rolimus may well be considered an option to cyclo
sporin, particularly in patients undergoing liver 
transplantation. Furthermore, the steroid-sparing 
effects of tacrolimus (although of potential benefit 
to all patients) may be of notable benefit in special 
patient groups where the adverse effects of these 
drugs are particularly worrisome. Recipients of en 
bloc kidney allografts will probably benefit through 
avoidance of complications associated with slow 
healing, but a greater beneficial impact will most 
likely be seen for children in whom growth retar
dation is a problem. With additional clinical ex
perience, tacrolimus may well emerge as the drug 
of choice in both these settings. 

In conclusion, although further clinical experi
ence will help define the role oftacrolimus in renal 
and hepatic transplantation, this drug already pro
vides a worthwhile addition to the limited range 
of immunosuppressants available to the transplant 
surgeon. 
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