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• BACKGROUND Newer immunosuppressive agents are per-
mitting transplantation to be performed more frequently. 

• OBJECTIVES To review the mechanisms of action and toxic-
ity of cyclosporine. 

• DISCUSSION Graft rejection is mainly cell-mediated, 
although a humoral (antibody) response may also be involved. 
Cyclosporine and related agents such as FK-506 and rapamycin 
selectively inhibit adaptive immune responses by blocking T cell-
dependent biosynthesis of lymphokines, particularly interleukin 2 
at the level of messenger ribonucleic acid (mRNA) transcription. 
Because cyclosporine is metabolized in the liver by P-450 en-
zymes, drugs that affect the P-450 system also affect the metabo-
lism of cyclosporine. Hypertension is the most common side effect 
of cyclosporine. Cyclosporine-induced "nephrotoxicity" may be 
functional rather than anatomic, caused primarily by preferential 
constriction of the afferent renal arteriole. Bacterial and fungal in-
fections are less common with regimens of cyclosporine plus pred-
nisone than with azathioprine plus prednisone. Nevertheless, 
cyclosporine-treated patients are vulnerable to viral infections. 

• CONCLUSIONS Although cyclosporine and related com-
pounds represent an improvement over earlier immunosuppres-
sive agents, they produce serious side effects with which the 
practitioner should be familiar. 
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TRANSPLANTATION o f o r -
gans or bone marrow is 
widely used in organ-sys-
tem failure and malignant 

diseases. The frequency with which 
transplantations are performed de-
pends upon the availability of suit-
able alternatives to transplantation 
(eg, dialysis for end-stage renal dis-
ease), the availability of donor or-
gans, the ability to prevent or treat 
rejection reactions, and the amount 
of damage that the graft can tolerate 
and still function effectively. The 
most successful transplantation pro-
grams have been with kidneys and 
corneas. However, now that more 
effective immunosuppressive drugs 
are available, transplantation of 
bone marrow and other organs is 
also performed frequently. This re-
view will focus on the mechanisms 
of action and toxicity of these 
newer immunosuppressive agents, 
particularly cyclosporine. 

CYCLOSPORINE 

Cyclosporine, a neutral, lipo-
philic, cyclic undecapeptide with a 
molecular weight of 1203, is derived 
from the fungus Trichoderma poly-
sporin. The amino acids in positions 
1, 2, 3, and 11 form a hydrophobic 
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active immunosuppressive site. All natural and syn-
thetic congeners with substitutions or deletions on 
the ring structure have less immunosuppressive ac-
tivity than does cyclosporine. 

Because of its lipophilicity, cyclosporine is stabi-
lized with castor oil for intravenous administration 
or with olive oil for oral administration. The rela-
tive bioequivalence of oral to intravenous doses is 
1:3. To avoid drug interactions with plasticizers, 
cyclosporine is dispensed from glass bottles. Con-
stant 24-hour infusions are associated with fewer 
toxic reactions than bolus injections, but for con-
venience many physicians administer a 4-hour in-
fusion. Oral doses of cyclosporine are usually given 
once or twice daily, depending on the plasma or 
blood levels and on renal function. Ophthalmic 
formulations produce high drug levels in the cor-
nea, sclera, and lacrimal glands, prolong the sur-
vival of corneal allografts, and ameliorate ocular 
inflammatory disorders. Topical preparations pro-
duce favorable responses in patients with chronic 
dermatitis, but oral preparations are required to 
control skin-graft rejection and psoriasis. In addi-
tion, cyclosporine has been used in the treatment of 
systemic lupus erythematosus, myasthenia gravis, 
adult-onset and juvenile diabetes, nephropathies of 
the minimal-change, focal, segmental, membra-
nous, and immunoglobulin A (IgA) types, schis-
tosomiasis, and malaria. 

Cyclosporine is metabolized by hepatic cyto-
chrome P-450 enzymes; concomitant administra-
tion of drugs that interact with the P-450 system 
may affect cyclosporine's metabolism (Table I). 
Elimination is by hepatic metabolism and biliary 
excretion. Most circulating cyclosporine is associ-
ated with lipoproteins of high, low, or very low den-
sity, and with chylomicrons. Some cyclosporine cir-
culates freely, but this fraction does not correlate 
with the total blood level or with adverse clinical 
events. Toxic effects on the central nervous system 
are enhanced if the serum cholesterol concentration 
is less than 120 mg/dL. 

FK-506 and rapamycin are macrolide antifungal 
agents derived from Streptomyces tsukubaensis and 
Streptomyces hygroscopicus, respectively. These 
agents produce immunosuppressive effects similar to 
those of cyclosporine, although via different effec-
tors and pathways. They effectively block allograft 
rejection at doses 10 to 100 times lower than those 
required for cyclosporine. However, clinical experi-
ence with these agents is still limited. 
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TABLE 1 
DRUGS THAT AFFECT CYCLOSPORINE LEVELS 

Increase cyclosporine levels 
(inhibit cytochrome P-450) 
Ketoconazole 
Erythromycin 
Oral contraceptives 
Calcium antagonists 

(diltiazem > verapamil > nifedipine) 

Decrease cyclosporine levels 
(induce cytochrome P-450) 

Rifamycin 
Phénobarbital 
Phenytoin 
Carbamazepine 
Valproate 

HOW CYCLOSPORINE WORKS 

After they emerge from the bone marrow, T-cell 
precursors migrate to the thymus, where they ma-
ture. They then disseminate throughout the body, 
selectively binding antigens through specific recep-
tors. This immune recognition "primes" T cells to 
express surface receptors for lymphokines, which are 
humoral immune transmitters that trigger cellular 
maturation. A second series of T-cell recognition 
reactions, the activation cascade (Figure), results in 
the synthesis of lymphokines and the acquisition of 
cytotoxic potential. 

Cyclosporine does not affect the priming reac-
tion. T cells stimulated in the presence of therapeu-
tic doses of cyclosporine can still express receptors 
for lymphokines such as interleukin 2 (IL-2) and 
also become primed for B-cell stimulation, antiviral 
delayed-type hypersensitivity, and alloantigenic re-
sponses. Cyclosporine also does not affect the initial 
plasma-membrane delimited T-cell receptor events 
of signal reception, transduction, and calcium influx 
and has no effects on marrow-colony formation or 
on lymphokine-dependent proliferation. 

Instead, cyclosporine primarily inhibits the acti-
vation cascade necessary for specific immune func-
tions by blocking T-cell-dependent biosynthesis of 
lymphokines, particularly IL-2 (Figure). Thus, cy-
closporine blocks IL-2 gene expression at the level 
of messenger ribonucleic acid (mRNA) transcrip-
tion. Other effects of cyclosporine include actions at 
the level of the thymus to abort intrathymic T-cell 
development, and the inhibition of some T-cell-in-
dependent B-cell responses. 
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Helper 
T lymphocyte 

Cytotoxic 
T lymphocyte Al logeneic cell 

Macrophage 
st imulat ing 
lymphokine Class II 

H LA 
antigen 

Class I 
H LA 

ant igen 

Postantigenic 
dif ferentiat ion 

Postantigenic 
dif ferentiat ion 

Macrophage lnterleukin-1 
Cytotoxic 

T cell lnterleukin-2 

Proli feration Proliferation 
Suppressor 
cel l- inducer 

factor(s) 
Cytotoxic 

dif ferentiat ion 
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Promote dif ferentiat ion 
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(antibody secret ion) 
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'—Gamma- i n t e r f e r on 
Act ivat ion 

Macrophage 
Graft rejection 

F I G U R E . Effect of cyclosporine on the rejection cascade associated with allogeneic transplantation. Helper T cells recognize 
allogeneic antigens, but cyclosporine blocks production of interleukin-2; hence, this cell and other T cells fail to receive the 
signal to divide. Adapted with permission from an illustration by Bun j i Tagawa in Strom T B , Carpenter C B . Renal trans-
plantation: immunogenetic and clinical aspects—part I I . Hospital Practice 1 9 8 3 ; 1 8 : 1 3 5 - 1 5 0 . 
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TABLE 2 
IMMUNOPHILINS 

Immunophilin Organisms 

Cyclophilins A, B, and C Mammals 
Cyclophilins 1 and 2 Neurospora crassa 
Cyclophilins Prokaryotes 
Nina A protein Drosophila 
FK-binding proteins Mammals 
FK-binding proteins Yeast 
FK-binding proteins Neisseria meningitidis 
S-cyclophilin Chickens 
Secreted cydophilin-like protein Humans 

Recent studies have provided considerable in-
sights into the precise mechanism by which cy-
closporine produces its immunosuppressive effects. 
Cyclosporine does not activate plasma-membrane 
receptors. Instead, cyclosporine, because of its lipo-
philic nature, readily and passively diffuses into 
cells, where it binds to a cytosolic protein or immu-
nophilin, cyclophilin. This 17-kd protein displays a 
high affinity for immunosuppressive analogues of 
cyclosporine and a low affinity for inactive ana-
logues. 

The role of cyclophilin has been called into ques-
tion because it is expressed in all cells and tissues, 
and it is only one member of an increasingly diverse 
family of general and tissue-specific cyclophilins 
(Table 2). However, a new member of this family, 
cyclophilin C, has recently been cloned and charac-
terized. This protein shows extensive homology 
with all previously identified cyclophilins. It is ex-
pressed in fewer tissues than cyclophilins A and B 
but is present in those tissues most affected by cy-
closporine. 

SIDE EFFECTS OF CYCLOSPORINE 

Table 3 lists the major side effects of cyclosporine. 
Immunologic complications such as bacterial and 
fungal infections occur less frequently with regimens 
of cyclosporine plus prednisone than with azathio-
prine plus prednisone. This is probably because 
lower dosages of steroids are required with cy-
closporine. Nevertheless, cyclosporine-treated pa-
tients acquire viral infections, especially with herpes 
simplex, herpes zoster, and cytomegalovirus. Addi-
tionally, these patients may be at risk of acquiring 

TABLE 3 
SIDE EFFECTS OF CYCLOSPORINE* 

Side effect Incidence (%) 

Hypertension 20 to 95 
"Nephrotoxicity" 

(serum creatinine > 2.0 mg/dL) <30 
Hepatotoxicity (abnormal liver enzymes) 10 
Tremor 20 
Hirsutism 20 
Gingival hypertrophy 20 
Viral infections (immunosuppression) 25 
Anorexia 20 
Hyperuricemia 80 
Gout 10 
Paresthesia or hyperesthesia 35 
Hyperkalemia 

(serum potassium > 5.5 mEq/L) 95 
Hypomagnesemia 

(serum magnesium < 1.2 mEq/L) 20 

*Data courtesy of Ron Victor (see acknowledgment) 

Pneumocystis carinii pneumonia. 
Cyclosporine has little effect on either basal or 

stimulated function of natural killer cells that medi-
ate immunosurveillance, which may explain why 
cyclosporine, at least in animal studies, does not 
promote tumor induction or mutagenicity either in 
vivo or in vitro. Abnormal liver-function tests and 
serum electrolyte concentrations are seen but are of 
limited clinical significance. Hyperkalemia often is 
related to the development of hyporeninemic hy-
poaldosteronism (type IV renal tubular acidosis), 
which is presumably due to the effects of cyclospor-
ine on the renal tubule. Tremor and paresthesias are 
the most common forms of neurotoxicity. In addi-
tion, seizures related to malignant hypertension 
have been reported in children. Cyclosporine-in-
duced hyperuricemia leads to gout in fewer than 
10% of patients. Importantly, the majority of these 
side effects reverse upon discontinuation of cy-
closporine. 

Hypertension 
Hypertension is the most common side effect of 

cyclosporine. In heart-transplant recipients the fre-
quency of hypertension approaches 95%, whereas in 
some bone marrow-transplant recipients and pa-
tients with myasthenia gravis treated with cy-
closporine, the frequency is 50% to 60%. Children 
may be more sensitive than adults to the hyperten-
sive effects of cyclosporine. However, 5- to 10-fold 
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higher doses are used in children to achieve "thera-
peutic" levels because children have a high rate of 
hepatic metabolism. Early studies suggested that cy-
closporine-induced hypertension is caused by direct 
toxic effects on the kidney. However, this may not 
be entirely accurate. 

Nephrotoxicity 
Several syndromes of cyclosporine-induced 

nephrotoxicity have been described. Asympto-
matic, dose-dependent and reversible decreases in 
the glomerular filtration rate (GFR) probably occur 
to some extent in most cyclosporine-treated pa-
tients. Fortunately, cyclosporine rarely causes pro-
gressive destruction of functioning nephrons leading 
to end-stage renal failure. The incidence of end-
stage renal failure was about 0.5% in earlier series 
using doses that were more than two times higher 
than those used currently. A syndrome resembling 
hemolytic-uremic syndrome or acute thrombotic 
thrombocytopenic purpura characterized by acute 
thrombotic occlusion of the renal microcirculation 
with multiple organ involvement seems to be an 
idiosyncratic reaction that also occurs very rarely. 

Earlier anatomic studies focused on the tubular 
epithelium as the primary site of cyclosporine-in-
duced renal injury, but this concept has been very 
difficult to establish for several reasons. First, the 
histologic lesions are rather nonspecific. Second, 
most but not all of the histologic studies in humans 
have been performed on biopsy specimens from re-
nal transplant recipients, in whom it is very difficult 
to distinguish cyclosporine toxicity from transplant 
rejection. Third, it has been extremely difficult, if 
not impossible, to produce renal lesions by giving 
cyclosporine to experimental animals. 

These findings have prompted the conclusion 
that renal damage per se does not contribute impor-
tantly to the development of cyclosporine-induced 
hypertension. This conclusion is strongly supported 
by a wealth of clinical data showing that, in the vast 
majority of patients, elevation in arterial blood pres-
sure is dissociated from reduction in estimated GFR. 
Hypertension often occurs with minimal reductions 
in GFR, and there is no significant difference in 
GFR between patients who become hypertensive 
and those who remain normotensive during long-
term administration of cyclosporine. 

Recent studies have provided increasing evi-
dence that cyclosporine-induced "nephrotoxicity" is 
functional rather than anatomic and is caused pri-

marily by preferential constriction of the afferent 
renal arteriole. Numerous studies in both patients 
and rats have shown that cyclosporine-induced re-
duction in GFR is universally accompanied by de-
creases in renal blood flow. 

How cyclosporine affects 
renal vascular resistance 

A key question, therefore, is what mechanisms 
cause the increases in renal vascular resistance, par-
ticularly preglomerular resistance, evoked by cy-
closporine? The answer to this question may provide 
important clues about the mechanism by which cy-
closporine raises blood pressure. 

Renin-angiotensin system. Numerous investigators 
have considered the possibility that activation of 
the renin-angiotensin system may be the cause (as 
well as the consequence) of the increased renal vas-
cular resistance and hypertension evoked by cy-
closporine. This is very unlikely for several reasons. 

First, although plasma renin activity (PRA) 
clearly increases when cyclosporine is given for a 
short time to rats, several studies have demonstrated 
that this response is usually transient. With long-
term administration of cyclosporine, PRA often 
tends to return to, or even falls below, the control 
value, an effect that is usually explained by a gradual 
increase in plasma volume. Again, the interpreta-
tion of many of the rat studies is complicated by the 
use of high doses, which made the rats sick and 
caused them to lose weight. 

Second, long-term treatment with cyclosporine 
in humans consistently has been accompanied by 
diminished PRA. In cyclosporine-treated patients, 
PRA fails to increase appropriately both during or-
thostatic stress and during beta-adrenergic stimula-
tion. 

Finally, converting-enzyme inhibition has little 
or no effect on the renal hemodynamic responses to 
long-term administration of cyclosporine in rats or 
on blood pressure and PRA in cyclosporine-treated 
heart-transplant recipients. 

Thus, long-term administration of cyclosporine 
in humans appears to decrease, not increase, the 
activity of the renin-angiotensin system. Experi-
mental evidence suggests that cyclosporine inhibits 
the release of renin by juxtaglomerular cells and 
impairs the ability of angiotensin II to stimulate the 
release of aldosterone. There is increasing evidence 
that angiotensin II has important effects on in-
trarenal and systemic hemodynamics; in particular, 
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angiotensin II causes comparable constriction of af-
ferent and efferent arterioles. "Down-regulation" of 
the renin-angiotensin system, therefore, prompts 
the hypothesis that cyclosporine-treated patients 
may lack effective means of maintaining the proper 
balance between preglomerular and postglomerular 
resistances, a role generally served by intrarenal 
angiotensin II. 

Prostaglandins. Although cyclosporine alters pro-
staglandin secretion, no evidence supports the no-
tion that prostaglandins are involved in the initia-
tion or maintenance of the elevated vascular 
resistance and arterial pressure during long-term cy-
closporine therapy. 

Sympathetic nervous system. There is now abun-
dant and direct evidence that the major mechanism 
for cyclosporine-induced hypertension is an increase 
in sympathetic nerve activity due both to a direct 
effect of cyclosporine and, in heart transplant pa-
tients, to a lack of ventricular baroreceptor restraint 
on sympathetic outflow, resulting from the denerva-
tion of the donor heart. 

Increased sympathetic outflow raises blood pres-
sure by causing vasoconstriction, particularly in the 
kidney, and by promoting salt and water retention 
through activation of proximal tubular alpha-adren-
ergic receptors. This latter effect explains the pro-
gressive increases in plasma volume associated with 
cyclosporine-induced hypertension. 

Effects on vascular smooth muscle. In addition to 
stimulating central sympathetic outflow, cyclospor-
ine also has been shown to enhance the effects of 
norepinephrine and other vasoconstrictors on vas-
cular smooth muscle. 

Cellular mechanisms of cyclosporine-induced hyper-
tension. The cellular mechanisms underlying the di-
rect effects of cyclosporine to enhance sympathetic 
nerve activity are presently unknown. However, cy-
clophilin is also present in high concentrations in 
nonlymphoid tissues such as the brain and kidney, 
target organs that may account for cyclosporine's 
effect on sympathetic nerve activity. 

Interestingly, preliminary data from the intrave-
nous administration of cyclosporine, FK-506, and 
analogues in rats have demonstrated marked in-
creases in sympathetic nerve activity and blood 

pressure with cyclosporine and FK-506, lesser in-
creases with less-immunosuppressive FK-506 ana-
logues, and no increase with inactive FK-506 ana-
logues or, interestingly, with rapamycin. 

SUMMARY 

The introduction of cyclosporine in clinical prac-
tice in the United States in the 1980s has had a 
major impact on organ transplantation and on ther-
apy of other diseases. However, with increasing use 
came the recognition that this immunosuppressant 
had potentially severe side effects. We have begun 
to make significant progress in understanding the 
cellular and molecular mechanisms of these side ef-
fects. Other immunosuppressants have also been 
used in transplantation and are under investigation. 
Some agents (eg, FK-506) have actions similar to 
cyclosporine; others (eg, rapamycin) act synergisti-
cally with cyclosporine. As more patients are being 
evaluated for organ transplantation or organ dona-
tion, busy practitioners must familiarize themselves 
with the actions and side effects of these immuno-
suppressants and their interactions with other com-
monly used drugs. 
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