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Abstract Immunosuppressant-induced nephrotoxicity, in particular chronic progressive
tubulointerstitial fibrosis/arteriopathy induced by the calcineurin inhibitors
cyclosporin and tacrolimus, has become the ‘Achilles heel’ of immunosuppres-
sive agents. The use of calcineurin inhibitors as primary immunosuppressants in
hepatic and cardiac transplantation has led to end-stage renal disease and dialysis.

Calcineurin inhibitor–induced acute renal failure may occur as early as a few
weeks or months after initiation of cyclosporin therapy. The clinical manifesta-
tions of acute renal dysfunction are caused by vasoconstriction of renal arterioles,
and include reduction in glomerular filtration rate, hypertension, hyperkalaemia,
tubular acidosis, increased reabsorption of sodium and oliguria. The acute adverse
effects of calcineurin inhibitors on renal haemodynamics are thought to be di-
rectly related to the cyclosporin or tacrolimus dosage and blood concentration.
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However, new clinical data indicate that calcineurin inhibitor–induced chronic
nephropathy can occur independently of acute renal dysfunction, cyclosporin
dosage or blood concentration. Several strategies have been evaluated to attenuate
cyclosporin-induced nephropathy, but their efficacy remains unknown.

Cytokine release syndrome associated with the use of muronomab-CD3 (OKT-
3) can also contribute to the pathogenesis of transient acute tubular necrosis and
renal dysfunction following renal transplantation.

Continued research and clinical experience should provide information re-
garding the aetiology of cyclosporin-induced chronic progressive tubulointersti-
tial fibrosis/arteriopathy and its potential treatment.

The clinical use of selective and potent immu-
nosuppressive drugs, improvements in surgical
technique and refinement of preservation tech-
niques have played pivotal roles in the remarkable
success of solid organ transplantation. Immuno-
suppressive drugs are utilised not only in renal
transplant recipients, but also in the treatment of
refractory renal, haematological, dermatological,
neurological and autoimmune disorders.[1-6]

The major adverse effect of immunosuppressive
drugs that act as calcineurin inhibitors is nephro-
toxicity.[7] Although calcineurin-induced nephro-
toxicity was initially considered a dose-limiting
adverse drug reaction, it is now recognised that
calcineurin inhibitors can induce nephropathy even
at low dosages.[8,9] Immunosuppressant-induced
nephrotoxicity, in particular chronic progressive
tubulointerstitial fibrosis/arteriopathy induced by
calcineurin inhibitors, is considered the ‘Achilles’
heel’of immunosuppressive agents.[10-12] Although
a number of clinical studies with short follow-up
periods have documented impressive success rates
in solid organ transplantation in the last decade, the
average half-life of kidney allograft survival has
improved only slightly.[13] The use of calcineurin
inhibitors as primary immunosuppressants in he-
patic and cardiac transplantation has led to end-
stage renal disease and dialysis. In a study by Gold-
stein and co-workers[14] in cardiac transplant
recipients, patients with cyclosporin-induced neph-
rotoxicity requiring dialysis were at a significantly
greater risk of death compared with other patients
without cyclosporin-induced end-stage nephro-
pathy.

Therapeutic drug monitoring is used routinely
to assess efficacy and avoid nephrotoxicity of im-
munosuppressive drugs.[15] It is important to note
that a great amount of overlap exists between tox-
icity and efficacy with these agents. Clinically, it is
almost impossible to separate or distinguish phar-
macodynamic efficacy (immunosuppressive ef-
fect) from toxicity (nephrotoxicity, hypertension)
of these agents with a single 12-hour drug concen-
tration.[16,17]

This paper reviews the pharmacology and phar-
macokinetics of nephrotoxic immunosuppressive
drugs, the renal pharmacodynamics of calcineurin
inhibitors, the incidence of nephrotoxicity in the
context of renal, hepatic and cardiac transplanta-
tion and, finally, the prevention and treatment of
immunosuppressant-induced nephropathy.

1. Pharmacology of Nephrotoxic
Immunosuppressive Drugs

Cyclosporin, tacrolimus and muromonab-CD3
(OKT-3) have been associated with significant
clinical nephropathy. The pharmacology, pharma-
cokinetics and clinical use of these agents have
been reviewed and compared elsewhere.[17-25]

1.1 Cyclosporin

Cyclosporin is a highly insoluble cyclic poly-
peptide consisting of 11 amino acids. It was ap-
proved by the US Food and Drug Administration
in the early 1980s for use as prophylactic therapy
in solid organ kidney, liver and heart allogeneic
transplants. Cyclosporin improved the 1-year graft
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survival rate with conventional therapy (pre-
dnisone and azathioprine) in renal allografts from
about 50% to 85%.[13] The advantages of cyclo-
sporin over previous therapies include improved
efficacy, shorter mean postoperative hospital stay,
lack of myelosuppression, fewer postoperative in-
fections, fewer rejection crises and reduced corti-
costeroid requirements.

Although the precise mechanism of action of
cyclosporin is incompletely understood, the major
pathway involves the intracellular interaction of
cyclosporin and calcineurin phosphatase, thus di-
minishing the production of interleukin-2 (IL-
2).[26,27] Cyclosporin initially binds to a specific
family of receptors called cyclophilins.[28] This
drug-receptor complex inhibits the activation of
calcineurin phosphatase, a secondary messenger in
the dephosphorylation and activation of the nu-
clear factor of activation of T cells (NF-AT). NF-
AT is a regulatory protein which increases tran-
scription of IL-2. Inhibition of IL-2 transcription
by cyclosporin, therefore, stops proliferation and
activation of helper and cytotoxic T cells.[17,25]

The absorption of cyclosporin is slow, variable
and incomplete (10 to 70%). Various factors may
influence absorption, including bile production,
food, duration of therapy (>50% increase in bio-
availability during first 3 months) and gastrointes-
tinal dysfunction (diarrhoea, changes in motility).
The volume of distribution of cyclosporin ranges
from 3.5 to 13 L/kg. Cyclosporin is highly tissue-
bound and mostly accumulates in fat, liver, pan-
creas, kidney, spleen and blood fraction (50 to
60%). Cyclosporin distributes and binds exten-
sively to red blood cells and the plasma fraction
ranges from 30 to 40%. 90% of the plasma fraction
is bound to plasma proteins, including lipopro-
teins.[16,17,29]

Cyclosporin is extensively metabolised in the
liver by the cytochrome P450 (CYP) 3A4 enzyme
system. More than 25 different metabolites have
been identified. Some metabolites are immunosup-
pressive and nephrotoxic. The major route of ex-
cretion of cyclosporin is through the biliary system
and renal excretion plays a minor role. Since many

drugs are metabolised via the CYP3A4 enzyme
system, they may directly or indirectly alter the
rate of oral absorption or change the rate of meta-
bolism of cyclosporin. These potential drug-drug
interactions may increase the risk of under-immuno-
suppression (rejection), over-immunosuppression
(infection) and toxicity (nephropathy, hyperten-
sion and tremor).[30]

1.2 Tacrolimus

Tacrolimus (FK-506) was originally discovered
from Streptomyces tsukubaensis strains in soil
samples from Japan.[31,32] Although cyclosporin
and tacrolimus have different structures, both
agents have similar mechanisms of action.[33,34]

Cyclosporin is a cyclic polypeptide whereas tacro-
limus is a macrolide antibiotic. Like cyclosporin,
tacrolimus inhibits transcription of IL-2.
Tacrolimus binds specifically to FK-506 binding
protein (FKBP-12), an immunophilin receptor lo-
cated in the cytoplasm. The complex of tacrolimus
and FKBP-12 inhibits the calcineurin phosphatase
enzyme which activates NF-AT.[35-37]

The absorption of tacrolimus is poor and incom-
plete, ranging from 4 to 93% with a mean of
21%.[38] Unlike cyclosporin, the oral administra-
tion of tacrolimus is not dependent upon the pres-
ence of bile, and hence biliary diversion in liver
transplantation does not affect the absorption of
tacrolimus.[39] Tacrolimus is highly protein bound,
primarily to α1-acid glycoprotein.[40]

Similar to cyclosporin, tacrolimus is an effec-
tive and well tolerated immunosuppressive agent
for the prevention of acute rejection in kidney, liver
and heart transplant recipients. Several clinical
studies have demonstrated a lower incidence of
acute rejection and use of antilymphocyte antibodies
in tacrolimus-based immunosuppressive regimens
compared with cyclosporin-based regimens.[32,41]

In addition, accumulating evidence from several
small clinical studies suggests that tacrolimus may
be more effective than cyclosporin in the treatment
of refractory rejection. Finally, tacrolimus has been
used with some success for the treatment of
chronic rejection and rescue therapy.[42-46]
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1.3 Muromonab-CD3 (OKT-3)

Human T lymphocytes play a vital role in the
induction of acute allograft rejection. Muromonab-
CD3 is a murine monoclonal antibody that targets
the ε subunit of the CD3 complex, a protein linked
to the T cell receptor recognition site on the surface
of mature T cells. Discovery of muromonab-CD3
in 1979 led to the availability of potent immuno-
suppressive agents to treat acute cellular rejection
and delay episodes of rejection early after trans-
plantation. Following intravenous infusion of mur-
omonab-CD3, immature and mature T lympho-
cytes disappear from the circulation.[47-49] The
mechanism of rapid disappearance of T cells from
the circulation has yet to be defined. It has been
postulated that muromonab-CD3 may coat the
CD3 complex, which leads to depletion of circulat-
ing T cells by an opsonisation process.[50-53] In ad-
dition, muromonab-CD3 may induce modulation
of CD3 receptors. Although the CD3 complex is
undetectable during administration of muro-
monab-CD3, new types of T lymphocyte (CD2+
CD3– CD4+ and CD2+ CD3– CD8+) appear in the
circulation.[54] These new T lymphocytes are not
functional. The lack of surface membrane CD3
complex proteins or internalisation of this receptor
during the modulation process leads to inability of
the T cells to recognise antigens.

The major adverse drug reaction of muromonab-
CD3 is cytokine release syndrome, particularly af-
ter the initial 3 doses.[55] It has been suggested that
muromonab-CD3 may activate leucocytes by cross-
linking the T cell CD3 complex with monocyte Fc
receptors, resulting in activation of T cells and
monocytes.[56] The activation of monocytes is as-
sociated with the release of tumour necrosis factor-
α (TNFα), interferon-γ(IFNγ), IL-2 and IL-6 into the
circulation within 2 hours of infusion of muromonab-
CD3. Fever, chills, rash, nausea, vomiting, head-
ache, myalgia and arthralgia have been attributed
to the release of these inflammatory cytokines.[57]

Muromonab-CD3 may increase the incidence of
acute tubular necrosis when used as an induction
agent and worsen renal function initially when
used for treatment of acute cellular rejection. Fur-

thermore, allograft loss has been reported due to
irreversible intragraft thrombosis.[58] Other rare
but serious complications of muromonab-CD3 in-
clude aseptic meningitis, convulsions and poten-
tially fatal pulmonary oedema.[59] Muromonab-
CD3–induced nephropathy is a reversible disease
entity without any long term adverse effects on the
kidney.

2. Calcineurin Inhibitor–Induced
Nephrotoxicity

2.1 Renal Pharmacodynamics 
of Calcineurin Inhibitors

Nephrotoxicity is the major adverse effect of
cyclosporin and tacrolimus. Since the mechanism
of nephrotoxicity is believed to be similar among
both agents, we present the renal haemodynamics
and pharmacodynamics of cyclosporin, which are
analogous to those of tacrolimus.

In both experimental models and human clinical
studies, it has been well established that cal-
cineurin inhibitors produce dose-dependent, acute
and reversible vasoconstriction of renal arterioles.
Calcineurin inhibitor–induced acute renal failure
may occur as early as a few weeks or months fol-
lowing the initiation of therapy.[60] Prolonged cold
ischaemic time, advanced donor age, donor history
of acute renal failure, hypotension and periopera-
tive surgical complications may increase the inci-
dence and manifestation of acute renal impairment
caused by calcineurin inhibitors.[61] The clinical
manifestations of renal arteriolar vasoconstriction
or acute renal dysfunction include reduction in glo-
merular filtration rate, hypertension, hyperkalae-
mia, tubular acidosis, increased reabsorption of so-
dium and oliguria.[62] The adverse effects on renal
haemodynamics caused by calcineurin inhibitors
are thought to be directly related to blood concen-
trations. Interestingly, profound renal impairment
after a single large infusion of cyclosporin has been
described previously.[63,64] Afferent arteriolar va-
soconstriction results in a decrease in effective re-
nal blood flow, a rise in total intrarenal vascular
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resistance and ultimately a decrease in glomerular
filtration rate.[62]

The precise mechanism and the mediators im-
plicated in the alteration of renal haemodynamics
induced by calcineurin inhibitors have yet to be
described. Increased production of endothelin and
thromboxane A2, decreased production of renal
vasodilatory prostaglandins, inhibition of nitric
oxide as well as activation of the sympathetic nerv-
ous system have all been suggested as causes of
renal arteriolar vasoconstriction.[65-70] Experimen-
tal data and clinical studies have shown that some
of these effects are reversible with dosage reduc-
tion or withdrawal of calcineurin inhibition.[71,72]

In an important clinical study by Curtis and co-
workers, an improvement in renal function was
noted after cyclosporin withdrawal.[64] This effect
was also observed in perceived stable renal trans-
plant recipients who were doing well under cyclo-
sporin immunosuppression. An overall 30% im-
provement in renal allograft haemodynamics and
function was reported. The mean arterial pressure
was also reduced in all participants.

Therapeutic drug monitoring is routinely used
for reducing the risk of potential toxicity of these
agents. However, it is not clear whether precise
therapeutic drug monitoring can improve dosage
selection and avoid chronic cyclosporin toxicity.
Perico et al.[73] studied cyclosporin-induced renal
hypoperfusion in patients with a recent renal trans-
plant. A direct, proportional, dose-dependent de-
cline in glomerular filtration rate was observed. As
the mean trough blood concentration, area under
the curve and maximum cyclosporin blood concen-
tration declined, glomerular filtration rate and re-
nal blood flow slowly and continuously returned
to the baseline in a single dosing administration
interval. These results have been supported by
other investigators.[74]

Although several reports have correlated early
acute reversible episodes of renal impairment with
chronic interstitial fibrosis, the transition from
acute haemodynamic changes to chronic injury has
not been clearly established.[74-76]

Although rare and mostly observed in bone
marrow transplant recipients, acute cyclosporin/
tacrolimus nephrotoxicity can be manifested as de
novo or recurrent haemolytic uraemia syn-
drome.[77,78] On the basis of functional and morpho-
logical findings, diffuse capillary thrombi with
glomerular fibrin deposits have been associated
with haemolytic uraemic syndrome. The exact mech-
anism(s) by which cyclosporin mediates haem-
olytic uraemic syndrome is still not clearly under-
stood. Experimental studies indicate vascular
endothelial injury from cyclosporin.[79]

2.2 Chronic Cyclosporin Nephropathy

In solid organ transplant recipients treated with
calcineurin inhibitors, chronic progressive nephro-
toxicity is the major long term toxic effect. Al-
though the acute effects of cyclosporin on the kid-
ney have been well documented, the effect of the
haemodynamic changes discussed in section 2.1
may not be the only cause of progressive cyclo-
sporin nephrotoxicity. Studies of biopsies from ex-
perimental models, patients with autoimmune dis-
eases and extrarenal solid organ transplants have
demonstrated strikingly distinct and specific
pathological and morphological changes sugges-
tive of cyclosporin chronic progressive nephropa-
thy.[80-83] Histologically, progressive chronic ne-
phropathy induced by cyclosporin and tacrolimus
is characterised by destruction of arterial wall,
myointimal necrosis and progressive narrowing of
the arterial lumen. It is also associated with
tubulointerstitial fibrosis in a striped pattern, be-
ginning in the medulla and extending to the med-
ullary rays of the cortex. This histological pattern
has been documented in other general vasocon-
striction processes. This specific disease entity has
been documented in kidney, liver, heart and bone
marrow transplant recipients and in patients with
autoimmune diseases who have been exposed to
long term cyclosporin therapy.[83-85] Unlike cyclo-
sporin-induced acute renal impairment, chronic
progressive nephropathy is not dose-dependent
and has been observed in patients receiving oral
cyclosporin in dosages as low as 2 mg/kg/day.[86]
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Most commonly, chronic progressive nephrop-
athy is associated with mild to moderate renal dys-
function. Retrospective clinical studies of chronic
progressive nephropathy in renal transplant recip-
ients have been based on serum creatinine and renal
function without any histological or pathological
data. Clearly, renal function (estimated by serum
creatinine or even by more precise measurements
of glomerular filtration rate) can stay relatively sta-
ble for long periods of time as the result of adaptive
mechanisms within the kidney. Such mechanisms
are seen in progressive tubulointerstitial diseases
as exemplified by diabetic nephropathy and auto-
somal dominant polycystic kidney disease, and in
renal transplant recipients not treated with cyclo-
sporin. However, some concern has been expressed
regarding the validity of these data. Although it is
difficult to distinguish and separate chronic rejec-
tion and chronic progressive nephropathy induced
by calcineurin inhibitors, the morphological
changes associated with rejection involve mostly
large blood vessels as opposed to cyclosporin-
induced chronic progressive nephropathy which
effect mainly arterioles.[87] It is also possible that
the processes of chronic rejection and cyclo-
sporin-induced chronic progressive nephropathy
could coexist. For the most part, renal function as
estimated by serum creatinine has been used as a
surrogate marker for the presence or absence of
chronic cyclosporin nephropathy.

2.3 Pathophysiology of 
Cyclosporin Nephropathy

The chronic progressive nephropathy observed
in recipients of long term therapy with calcineurin
inhibitors has an unclear pathogenesis. It is widely
accepted, but not conclusively proven, that low
grade chronic ischaemia caused by continuing re-
nal vasoconstriction may be an important factor in
this lesion. This thesis is somewhat tenuous, since
chronic arteriolar and tubulointerstitial changes
with cyclosporin can be observed in patients given
low doses of these drugs without any episodes of
overt renal dysfunction and with normal blood
pressures.

Research into the pathogenesis of this condition
had been hampered until recent years because of
the lack of an experimental model that would re-
produce the clinical features of chronic cyclosporin
nephropathy in animals. Elzinga and colleagues[72]

have developed an experimental model of this clin-
ical and pathological entity by exposing rats to ex-
treme sodium depletion prior to administering
cyclosporin. These animals developed striped
tubulointerstitial fibrosis and a hyaline arteriolo-
pathy similar to that observed in patients. The glo-
merular filtration rate declined, but the decline was
reversible when the drug was stopped. However,
the tubulointerstitial changes were relatively per-
manent, while the vascular lesions slowly resolved
with the remodelling events that took place in the
afferent arteriole.

Sodium depletion was the critical factor in pro-
ducing this pathological lesion; prior attempts to
increase dosage or other manipulations had failed
to reproduce the histopathology observed in pa-
tients. Further studies examined the renin angioten-
sin system as an important mediator of cyclosporin-
induced nephropathy.[88] These studies showed that
the angiotensin II receptor antagonist losartan po-
tassium, as well as the ACE inhibitor enalapril, pre-
vented tubulointerstitial fibrosis in this animal
model. This occurred without improvement in glo-
merular haemodynamics, dissociating the pro-
cesses leading to tubulointerstitial fibrosis from
any effects on renal haemodynamics. Further stud-
ies have shown the importance of nitric oxide inhi-
bition by cyclosporin in this model.[11,89,90]

In a rat model of cyclosporin-induced nephrop-
athy, sodium depletion enhanced fibrosis and the
expression of matrix proteins.[91] Shihab et al.[91]

proceeded to demonstrate that transforming growth
factor β-1 (TGFβ-1) and the formation of renal le-
sions were reduced by blockade with losartan po-
tassium. This experiment has led to the conclusion
that the renin angiotensin system is activated in-
trarenally by cyclosporin and leads to the deposi-
tion of excess matrix proteins by stimulating pro-
duction and/or diminishing their breakdown.
Although this does not preclude other mechanisms,
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including ischaemia, it should be noted that block-
ade of endothelin receptors does not affect tubulo-
interstitial fibrosis whereas treating animals with
enalapril provides a protective effect.[92] A similar
animal model can be produced with tacrolimus, us-
ing the manipulation of sodium depletion.[93,94]

The hypertension so frequently seen in patients
can be reproduced in animal models with cyclo-
sporin and tacrolimus. The former produces eleva-
tion in blood pressure much more regularly, which
seemingly is also the case in humans. Roullet et
al.[95] have shown that cyclosporin-induced hyper-
tension in vivo and in resistance vessels in vitro is
due to the inhibition of acetylcholine-mediated va-
sodilation. This, again, points to a major role that
inhibition of nitric oxide synthase plays in the
pathogenesis of hypertension with these drugs. In-
creased activity of the sympathetic nervous system
has also been demonstrated with cyclosporin ther-
apy in humans and animals. Drug-induced wasting
of divalent cations such as calcium and magnesium
associated with immunosuppressive therapy may
also play an important role in blood pressure ele-
vation. Experimental denervation of the kidneys,
however, does not protect against drug-induced
tubulointerstitial fibrosis by cyclosporin or tac-
rolimus.

Early in the time course of experimental neph-
rotoxicity, there is a macrophage infiltrate into the
renal parenchyma. Later in the course, however,
the cellular elements disappear and the kidney is
involved in increased scarring. There is now evi-
dence that cyclosporin induces programmed cell
death, shown morphologically.[96] Furthermore,
blockade of the renin angiotensin system seems to
lessen the evidence of activation of these path-
ways. Further studies into the precise pathways and
mechanism of programmed cell death mediated
through stimulation of the renin angiotensin sys-
tem are now being facilitated by the development
of a mouse model of chronic cyclosporin nephro-
toxicity.[97] By understanding the pathogenesis of
this lesion, it may be possible to interrupt the path-
way of progressive renal scarring and damage.
Since others have shown that at least part of the

immunosuppressive effect of calcineurin inhibi-
tors is dependent on the activation of TGFβ-1,[71,72]

the profibrotic cytokine involved in the renal ef-
fects, it is imperative to unravel mechanisms that
can dissociate efficacy from toxicity if these drugs
are to be used for other than lifesaving organ trans-
plants.

3. Muromonab-CD3–Induced
Nephropathy

Muromonab-CD3 is the most effective agent for
the treatment of acute cellular rejection following
solid organ transplantation. Several clinical studies
have demonstrated the superiority of muromonab-
CD3 over corticosteroids in reversing allograft re-
jection. Use of muromonab-CD3 in sequential im-
munotherapy with delayed cyclosporin administration
has also been advocated to reduce the incidence of
acute tubular necrosis early after transplantation.[98,99]

The clinical use of muromonab-CD3 is limited be-
cause of cytokine release.[57]

3.1 Pathophysiology

Muromonab-CD3–induced nephropathy fre-
quently occurs in patients who receive muromonab-
CD3 during the induction period or in the first 3
days of treatment of acute rejection. Toussaint and
co-workers[100] reported an increased incidence of
acute tubular necrosis and postoperative dialysis
after the prophylactic use of muromonab-CD3 in
cadaveric renal allograft transplantation: 14 of 21
(66%) muromonab-CD3–treated patients and 6 of
21 (28%) cyclosporin-treated patients (p = 0.03)
required dialysis after transplantation. Goldman et
al.[101] and Batiuk et al.[102] have documented an
increase in serum creatinine and decrease in renal
function during the treatment of acute rejection in
renal and heart transplant recipients.

The mechanism by which muromonab-CD3 in-
duces acute tubular necrosis or renal dysfunction
is still unclear. The cytokine release syndrome as-
sociated with the use of muromonab-CD3 may
contribute to the pathogenesis of transient acute
tubular necrosis and renal dysfunction. In experi-
mental models, injection of TNFα and IL-2 in-
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duces renal dysfunction and acute tubular necrosis.
It has been suggested that TNFα and IL-2 decrease
cardiac contractility, induce capillary leak syn-
drome and promote the release of endothelin, a po-
tent renal vasoconstrictor. These haemodynamic
alterations ultimately lead to renal ischaemic insult
and account for transient allograft acute tubular ne-
crosis. Besides the release of TNFα and IL-2, the
release of IL-1 and IFNγ have also been reported
to induce renal tubular cell death. In addition to the
activation of these cytokines, neutrophil activation
may increase the release of oxygen free radicals
and protease enzymes which cause renal impair-
ment.[103]

Patients with the primary diseases of systemic
lupus erythematosus, haemolytic-uraemic syn-
drome, protein C and/or S deficiency and patients
with a history of a hypercoagulable state with mul-
tiple episodes of thrombosis are at a greater risk of
intra-allograft thrombosis and potential allograft
loss after treatment with muromonab-CD3.[58,104,105]

In a study by Abramowicz et al.,[58] a total of 13
intra-graft thromboses were reported in 12 out of
211 patients (6.2%): 6 in glomerular capillaries, 5
in allograft veins and 2 in allograft arteries. An in-
crease in thrombin-antithrombin III complex and
tissue-type plasminogen activator suggests activa-
tion of the coagulation and fibrinolysis cascades.
Muromonab-CD3 may induce intra-allograft throm-
bosis by activation of monocytes which release
procoagulants. In addition, the release of TNFα,
IL-1 and IFNγ is associated with inhibition of the
effects of the naturally occurring anticoagulants
proteins S and C.

3.2 Management

In the clinical setting, several strategies have
been utilised to reduce the toxicity of cytokine re-
lease syndrome.[106-108] Use of corticosteroids
within 4 hours before muromonab-CD3 adminis-
tration resulted in suppression of cytokine produc-
tion.[109] Premedication with methylprednisolone 4
to 8 mg/kg, paracetamol (acetaminophen) 650mg
and diphenhydramine 25 to 50mg 1 to 2 hours be-
fore muromonab-CD3 administration attenuate

muromonab-CD3–induced cytokine release syn-
drome and induced nephropathy.[55,56] Use of mini-
dose heparin (3500 units every 8 hours) or low-
molecular-weight heparins (dalteparin 2500 units
subcutaneously daily) have reduced the incidence
of intra-graft thrombosis.[110] The use of anti-
TNFα antibody, IL-10 and pentoxifylline remain
subjects of debate without clear evidence of effi-
cacy in reducing the incidence or severity of
muromonab-CD3–induced cytokine release syn-
drome.

3.3 Alternatives to Muromonab-CD3

Introduction of humanised/chimaeric monoclo-
nal antibody technology has offered the possibility
of the development of newer agents that could im-
prove allograft survival without the adverse se-
quels associated with muromonab-CD3 and its as-
sociated cytokine release syndrome. Daclizumab
and basiliximab are new monoclonal antibodies ap-
proved for the prophylaxis of acute organ rejection
in renal allograft recipients.[111-115]

The efficacy of these agents has been estab-
lished in a number of well-controlled clinical trials.
These multicentre studies assessed the efficacy of
daclizumab and basiliximab versus placebo when
used as part of a regimen of double therapy (cyclo-
sporin and corticosteroids) or triple therapy (cyclo-
sporin, corticosteroids and azathioprine) to prevent
acute renal allograft rejection. The primary end-
point for both studies was the incidence of acute
rejection within the first 6 months after renal allo-
graft transplantation. The incidence of acute rejec-
tion was 28% in double therapy and 22% in triple
therapy regimens with daclizumab, versus 47 and
35% in the placebo group. These studies demon-
strated that daclizumab significantly decreases the
incidence of acute rejection at 6 months. Dacli-
zumab when given in combination with other im-
munosuppressants did not show an increase in the
number of serious adverse events compared with
placebo.[114]

With basiliximab, the incidence of acute rejec-
tion was 34% with double therapy in the basil-
iximab group and 52% in the placebo group. The

478 Olyaei et al.

  Adis International Limited. All rights reserved. Drug Safety 1999 Dec; 21 (6)



incidence and types of adverse events were similar
to those in placebo-treated patients. No drug inter-
actions have been observed when daclizumab and
basiliximab are administered with other immuno-
suppressive agents.[111]

4. Incidence of Chronic Nephropathy
in Clinical Transplantation

4.1 Renal Transplantation

A number of systemic disease processes can
lead to tubulointerstitial fibrosis and renal struc-
tural and functional deterioration. These include
chronic rejection, hypertension, hyperglycaemia,
hyperlipidaemia, recurrence of the underlying dis-
ease and aging. The renal haemodynamic effects of
cyclosporin on renal structure/function in renal al-
lografts is often difficult to distinguish from other
processes. These confounding factors may compli-
cate the differential diagnosis of renal dysfunction
in renal transplant recipients. Some of the early
clinical studies have demonstrated a stable serum
creatinine over time and have suggested that the
renal allograft is spared from cyclosporin-induced
chronic progressive nephropathy. As mentioned in
section 2.2, the main drawback of these retrospec-
tive studies are the absence of renal histology. Re-
nal allograft structure and function were not mea-
sured concurrently. Some studies only evaluated
structural changes while other studies used func-
tional parameters alone.[7,12,116,117]

Klintmalm and co-workers[118] studied the ef-
fect of cyclosporin on renal allografts in the early
1980s. In this study, the renal allograft biopsies of
24 renal allograft recipients treated with cyclo-
sporin were compared with those from 43 patients
treated with azathioprine and corticosteroids over
a 1- to 4-year period. The dosage of cyclosporin
was higher initially, but was reduced to 10
mg/kg/day after 4 months. The average serum cre-
atinine was 2.1 mg/dl in the cyclosporin-treated
group and 1.5 mg/dl in the azathioprine-treated
group. There was no difference between the 2
groups in the number of rejection episodes. In ad-
dition, blinded renal allograft biopsies revealed se-

vere interstitial fibrosis and tubular atrophy in the
cyclosporin group compared with the azathioprine
group. This interstitial fibrosis correlated with a
high cyclosporin trough blood concentration and
the cumulative dose of cyclosporin in the first 6
months following transplantation.

The long term effect of cyclosporin on allograft
function has been a subject of controversy. The
long term efficacy and safety of cyclosporin in
1663 renal transplant recipients was studied by
Burke and colleagues.[119] In this retrospective
multicentre analysis the majority of patients toler-
ated long term cyclosporin therapy (median 36
months) without major evidence of chronic pro-
gressive cyclosporin nephropathy. The major
methodological flaws in this study include the
short duration of follow-up (only 25% were fol-
lowed up for 4 years), unclear definition of chronic
rejection and lack of histological data to support
the long term safety of cyclosporin in renal trans-
plant recipients. In addition, only 2 centres utilised
antilymphocyte induction therapy and all 4 centres
had different immunosuppressive regimens.

The long term efficacy and safety of cyclo-
sporin in living-donor renal transplantation has
been studied in several clinical trials.[120-125] In a
report by Sanfilippo et al.[120] for the South-Eastern
Organ Procurement Foundation (SEOPF), the im-
pact of cyclosporin use and blood transfusion on
the outcome of renal transplantation was studied.
Interestingly, no blood transfusions with the use of
cyclosporin was associated with the lowest 6-
month and 3-year allograft survival in recipients of
living related renal transplantation. In a similar
study, Gill et al.[125] compared the long term effi-
cacy and safety of cyclosporin and azathioprine in
recipients of renal transplantation from HLA-iden-
tical siblings. Although both treatment groups had
equally excellent outcomes, cyclosporin-treated
patients had significantly higher serum creatinine
levels compared with azathioprine-treated patients
(1.7 vs 1.3 mg/dl, p = 0.018). However, some stud-
ies have documented lower incidence of acute cel-
lular rejection with equivalent patients and allo-
graft survival. MacPhee et al.[126] reported improved
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renal function after conversion from cyclosporin to
azathioprine at 1 year following renal transplanta-
tion in adult patients with stable renal function and
without history of rejection within the last 6
months. However, some studies have found a better
serum creatinine level in cyclosporin-treated pa-
tients. For example, Flechner et al.,[127] in a small
study of 48 patients (20 azathioprine-treated vs 28
cyclosporin-treated), documented a significantly
better 5-year allograft survival in cyclosporin-
treated patients compared with azathioprine and
prednisone immunoprophylactic therapy (96 vs
76%, p < 0.02). Similar results have been reported
by Chan et al.[128] and Monaco et al.[129] Unfortu-
nately, none of these studies reported the results of
renal allograft histology.

The role of chronic progressive cyclosporin-in-
duced nephropathy in the course of chronic renal
allograft failure leading to allograft loss is still un-
known. Mihatsch et al.[87] studied 90 renal trans-
plant recipients and compared the renal allograft
histology of 3 groups of patients: those with serum
creatinine levels less than 2 mg/dl, those with
biopsy-proven rejection with serum creatinine lev-
els greater than 2 mg/dl, and those with pathologi-
cally defined evidence of cyclosporin-nephrotox-
icity with serum creatinine levels greater than 2
mg/dl. Regardless of history of acute rejection ep-
isodes, only high cyclosporin trough blood concen-
trations were correlated with cyclosporin nephro-
toxicity.

Although it has been suggested that arteriolo-
pathy and tubulointerstitial fibrosis are irreversible
processes, recent studies have questioned these as-
sumptions. Morozumi et al.[123] studied the mor-
phological outcome of cyclosporin-associated
arteriolopathy after discontinuation of cyclosporin
in 20 renal allografts. Nine patients continued to
demonstrate arteriolopathy, while in 11 patients
complete regression and remodelling of arterioles
as reported. Vascular rejection was responsible for
allograft loss after discontinuation of cyclosporin
therapy. Mourad and co-workers[130] studied the ef-
fect of dosage reduction or cyclosporin withdrawal
in 23 transplant and nontransplant patients with bi-

opsy-proven cyclosporin-induced nephropathy. Of
the 23 patients, 12 had interstitial fibrosis and the
other 14 showed some evidence of arteriolar in-
sudative lesions and/or arterial wall medial necro-
sis. Some histological improvement was noted af-
ter cyclosporin withdrawal in small number of
patients. This finding was consistent with previous
findings from our group in an experimental model
of cyclosporin-induced nephropathy.[71]

In conclusion, after 2 decades of cyclosporin-
based immunosuppressive therapy, there are still
no prospective studies available that document the
long term renal safety of cyclosporin or the role of
cyclosporin-induced renal structural and func-
tional changes on the longevity of renal trans-
plants.

4.2 Heart Transplantation

Cyclosporin-associated chronic nephropathy in
the cardiac transplantation setting was first de-
scribed by Myers et al.[131] The renal haemodynam-
ics of 17 heart transplant recipients who were
treated with cyclosporin for at least 12 months
were compared with those of 15 patients who re-
ceived azathioprine and prednisone. Chronic
cyclosporin nephrotoxicity and end-stage renal
disease were documented in 7 and 2 patients, re-
spectively. In addition, cyclosporin treatment was
associated with reduced renal blood flow, in-
creased renal vascular resistance and a decreased
glomerular filtration rate despite an equivalent car-
diac output. Furthermore, these structural and
functional changes were associated with hyperten-
sion. Histology of the native kidney in 5 cardiac
transplant recipients revealed glomerulosclerosis,
striped interstitial fibrosis and afferent arteriolo-
pathy. This study was criticised because of the high
dosage of cyclosporin (17 mg/kg/day) utilised as
induction therapy.

In a subsequent study by the same group of in-
vestigators, the physiological and morphological
effects of chronic injury with low dosage cyclo-
sporin (4.6 ± 0.4 mg/kg/day) were compared with
those of high dosage cyclosporin (6.3 ± 0.3
mg/kg/day).[132] A marked increase in renal vascu-
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lar resistance and a 45% decrease in the glomerular
filtration rate from baseline was noted even in pa-
tients treated with a low dosage of cyclosporin. The
morphological changes associated with the use of
a lower dosage of cyclosporin were similar to those
seen with the higher dosage, with only marginally
less obliterative arteriolopathy and/or glomerulo-
sclerosis and striped interstitial fibrosis. Although
serum creatinine was within the normal range in
the control (azathioprine and prednisone) group,
the mean serum creatinine was significantly higher
for the high dosage cyclosporin-treated patients
compared with the low dosage group (1.7 ± 0.1 vs
2.1 ± 0.1 mg/dl, p < 0.01). Further, renal biopsies
revealed progressive, irreversible histopathologi-
cal changes in both cyclosporin groups despite
drug withdrawal.

Greenberg et al.[133] studied early and late pre-
sentations of cyclosporin-induced nephrotoxicity
in heart transplant recipients. In this study, the re-
nal function of azathioprine-treated patients,
cyclosporin-treated patients and patients who had
undergone cardiopulmonary bypass surgery were
compared. Mild to moderate azotaemia and hyper-
tension was documented in the early phase post
transplantation in 58% of cyclosporin-treated pa-
tients vs 34% of azathioprine-treated patients and
4% in the cardiopulmonary bypass group. Interest-
ingly, at 36 months after transplantation none of
the cyclosporin-treated patients retained normal
renal function. Renal function was improved in 5
patients in whom dosage reduction was attempted,
although pathological documentation of histologi-
cal improvement was not available. In a 7-year fol-
low-up study of 228 cardiac transplant recipients
who survived at least 1 year and had normal renal
function, the average serum creatinine was in-
creased from 1.2 mg/dl at the time of initial hospi-
tal discharge to 3.3 mg/dl at 7 years after transplan-
tation.[134]

Similar results have been reported by Lloveras
et al.[135] and Zietse et al.[136] Lloveras et al.[135]

studied the glomerular filtration rate and renal
plasma flow of 39 cyclosporin-treated cardiac
transplant recipients. A biphasic reduction in glo-

merular filtration rate was noted; a rapid decline in
the first 3 months, followed by a stabilisation with-
out further decline in renal function. Zietse et
al.[136] also documented that more than 50% of car-
diac transplant recipients treated with cyclosporin
had a serum creatinine greater than 2 mg/dl at 2
years and 13% had a serum creatinine greater than
3.5 mg/dl at 4 years following transplantation. No
pathological material was available, but the dos-
ages of cyclosporin used in the study were similar
to currently used clinical dosages of 10 mg/kg/day
for induction and then 5 to 10 mg/kg/day as main-
tenance therapy, according to cyclosporin blood
concentration.

Therefore, in cardiac transplant recipients
treated with cyclosporin, progressive nephropathy
and moderate renal failure associated with obliter-
ative arteriolopathy and glomerular ischaemia may
occur after 2 years of cyclosporin therapy, and
there is no correlation between renal structural
damage and renal function as measured by serum
creatinine.[137]

4.3 Liver Transplantation

A number of factors and pathological insults
may affect renal function in liver transplant recip-
ients.[138,139] Renal impairment in the liver trans-
plant setting may result from pre-existing renal dis-
ease, hepatorenal syndrome, acute tubular necrosis
from postoperative sepsis and calcineurin inhibi-
tors.

Rimola et al.[140] reported renal impairment in
67% of patients in a study of 102 liver transplant
recipients. There was no relationship between re-
nal impairment and the daily dosage of cyclosporin
or the measured whole blood trough concentra-
tions. The glomerular filtration rate decreases soon
after liver transplantation, with a 40% reduction in
the first 6 months post transplantation.[139] Al-
though it is unusual, there have been reports of
renal function progressing to end-stage renal fail-
ure and/or dialysis requirement.[141,142] In 1 small
study, investigators were able to demonstrate that
renal fibrosis and arteriolopathy are independent
of serum creatinine, cyclosporin concentration and
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blood pressure in liver transplant recipients receiv-
ing cyclosporin.[141]

Recently, Fisher et al.[142] retrospectively stud-
ied the incidence of chronic renal failure in 883
consecutive adult liver transplant recipients. The
mortality rate was 44% for patients who experi-
enced end-stage renal disease within the first year
after transplantation. Early rise in serum creatinine
in the first 3 months was correlated with chronic
renal failure. Mild to moderate renal impairment
was documented in 78% of all patients. These in-
vestigators concluded that the cyclosporin trough
concentrations should be kept below 250 µg/L,
cyclosporin dosage should not exceed 5 mg/kg/day
and patients at the risk of renal failure should be
considered for immunosuppressive maintenance
therapy with corticosteroids and mycophenolate
together with complete withdrawal of cyclosporin.

4.4 Bone Marrow Transplantation

Acute and chronic graft-versus-host disease
(GVHD) are the major complications in bone mar-
row transplantation. Cyclosporin and tacrolimus
are routinely used prophylactically against GVHD
disease (heterologous transplantation) or con-
versely to induce GVHD (autologous transplanta-
tion).[143] In a study by Dieterle et al.,[144] 48% of
renal autopsies or biopsies from bone marrow
transplant recipients showed striped interstitial fi-
brosis and 18% showed arteriolopathy. Serum cre-
atinine levels increased 40 to 80% by 3 months
after transplant and then stabilised. In general,
bone marrow transplant recipients are younger and
without any major pre-existing atherosclerotic dis-
eases compared with recipients of solid organ
transplants. The presence of striped interstitial fi-
brosis and arteriolopathy in patients without a his-
tory of vascular diseases demonstrates that chronic
cyclosporin nephropathy may occur in patients
without pre-existing renal disease. Similar findings
have been reported in patients with autoimmune
diseases.[145]

5. Management of Immunosuppressant-
Induced Nephropathy

Apart from using reduced dosages of calci-
neurin inhibitors, several approaches have been
evaluated to attenuate the nephropathy associated
with their use in both experimental models and
clinical studies; none has proven to be effec-
tive.[146-153]

Calcineurin inhibitor–induced nephropathy has
been demonstrated to be partially reversible. Dis-
continuation of cyclosporin has been advocated for
the treatment of nephrotoxicity. However, clinical
studies evaluating cyclosporin withdrawal have
been inconclusive and conflicting.[154,155] In a rapid
cyclosporin elective withdrawal schedule tapered
over a 6-week period, a 20 to 50% occurrence of
acute rejection has been reported.[154] With the use
of a slow taper schedule over a 6-month period with
an increase in azathioprine (2.5 mg/kg/day) and
prednisone dosages, only 9.1% of 165 patients ex-
perienced rejection.[156] Pedersen et al.[154] com-
pared the outcome of allograft survival in patients
who discontinued cyclosporin with patients in
whom cyclosporin was continued. At the end of the
1-year follow up, although a reduction in blood
pressure and vasculopathy was noted in the pa-
tients who were withdrawn from cyclosporin, no
differences in tubulointerstitial fibrosis were ob-
served. Conversely, improvement in renal function
at 3 months after cyclosporin discontinuation was
shown by Hollander et al.[157] in a randomised clin-
ical study.

Since the introduction of mycophenolate
mofetil, a potent and effective purine antagonist,
several small clinical studies have advocated dis-
continuation of cyclosporin in patients who are in-
tolerant to cyclosporin therapy. Zanker et al.[158]

converted 13 patients with a history of cyclosporin
toxicity to mycophenolate mofetil monotherapy.
After 118 days of follow-up, renal function was
improved with serum creatinine decreasing from
1.9 ± 1.2 to 1.5 ± 0.7 mg/dl (p = 0.001). In the
second part of the study, 12 renal transplant recip-
ients >50 years of age or with donor age >50 years
were enrolled in a cyclosporin-free induction im-
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munosuppression regimen. The median serum cre-
atinine was 1.3 ± 0.21 mg/dl at 6 months and only
1 patient experienced reversible allograft rejection.
In a similar study with a longer follow-up, Duloux
et al.[159] reported that, in selected renal transplant
patients with biopsy-proven cyclosporin nephro-
toxicity, a significant improvement in renal func-
tion can be obtained following cyclosporin with-
drawal with concomitant switch to mycophenolate
mofetil.

TGFβ-1 has been recognised as an important
fibrogenic growth factor in the development of
chronic calcineurin inhibitor–induced nephropa-
thy.[160-162] In an experimental study by Shahib and
co-workers, salt-depleted animals were given pla-
cebo, nilvadipine, hydralazine/hydrochlorothia-
zide, enalapril and losartan potassium. Some anti-
hypertensive effect and reduction in glomerular
filtration rate was achieved in all groups. However,
only losartan potassium and enalapril decreased
the expression of TGFβ-1.[91] There is some evi-
dence to suggest that the plasma renin level is low
following renal transplantation; however, cyclo-
sporin activates synthesis and accumulation of
intrarenal renin and the angiotensin system. As in
diabetes mellitus, increase in the intra-renal renin
content may play an important role in fibrosis and
chronic calcineurin inhibitor–induced nephropa-
thy. The effect of cyclosporin on the renin angio-
tensin system includes low plasma renin activity,
high plasma pro-renin, a high incidence of hyper-
tension and nephrotoxicity with evidence of affer-
ent arteriopathy.[91]

Calcium antagonists are routinely used for treat-
ment of post-transplant hypertension. The major
renal pharmacodynamic effects of calcium antag-
onists are decreased mean arterial pressure and to-
tal renal vascular resistance, increased renal blood
flow and increased glomerular filtration rate. The
use of calcium antagonists immediately after renal
allograft transplantation has been associated with
lower serum creatinine and greater urine out-
put.[163,164] Calcium influx into the smooth muscle
may lead to the generation of free radicals, mito-
chondrial dysfunction and calcium accumulation.

It has been postulated that calcium antagonists may
modulate the influx of calcium into the vascular
cell and prevent acute tubular necrosis during an
ischaemic insult. In addition, calcium antagonists
may protect renal system via vasodilation. How-
ever, the long term effects of calcium antagonists
on allograft survival remain to be determined.

6. Conclusion

It is not clear why some patients develop cyclo-
sporin-induced nephropathy and others do not.
Clinical and experimental models of chronic ne-
phropathy induced by cyclosporin or tacrolimus
suggest that several factors play a role in the patho-
genesis and outcome of the impaired renal function
of transplant recipients. Pharmacodynamic or
pharmacokinetic drug-drug interactions, cyclo-
sporin/tacrolimus blood concentrations and pro-
longed exposure to cyclosporin/tacrolimus even at
low dosages have been implicated in immunosup-
pressant-induced nephropathy. Cytokine release
syndrome associated with the use of muromonab-
CD3 can also contribute to the pathogenesis of
transient acute tubular necrosis and renal dysfunc-
tion following renal transplantation. Several strat-
egies have been evaluated to attenuate immuno-
suppressant-induced nephropathy, but their efficacy
remains unknown. Understanding the interactions of
immunosuppressive agents, renal physiology and
the basic science of immunobiology may lead cli-
nicians to an increased understanding of acute re-
jection, treatment of allograft rejection and chronic
cyclosporin nephrotoxicity. In addition, alternative
forms of immunosuppressive therapy that do not
have long term renal adverse effects can be devel-
oped to minimise post-transplant nephropathy.
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