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ABSTR.A,CT

Cyclosporin G (CsG) is a unique endecapeptide, which is

synthesÍzed by the fungus Tofypocladium ínflatum. Tt is an analogue of

the better known immunosuppressant Cyclosporin A (CsA), which has been

widely used in the pievention of al-lograft rejection in kidney, heart,

and l-iver transplantation as wel-l- as g-raft-versus-host disease.

However, nephrotoxícity along with other side-effects caused by CsA

have prompted the search for so-called non-nephrotoxic derivatives that

are equipotent to CsA. Prel-iminary work in anímals suggests that CsG

is as imrnunosuppressive as CsA but not as nephrotoxic, although

conffícting reports exist. Further, CsG is extensively metabolized to

yietd a number of metabofítes. However, it is presently not known

whether any of the metabolites exhibit any toxic effects. Should

metabolítes prove to have significant toxic properties, it would be

important to monitor these in blood to allow appropriate dosage

adjustment to minimize toxicitY.
We have therefore used the rabbit to study the toxicity,

pharmacokinetics and tissue distribution of CsG. Using cultured renal

cell l-ines we investigated the in vitro toxicity of CsG and its

metabolites. The distribution of CsG and CsG metabolites between plasma

and erythrocytes was afso investigated.

Our studies demonstrate CsG to be less nephrotoxic than CsA in

the rabbit. On average CsG appears to have a shorter half-life and

fast.er cl-earance than CsA. There appears to be no difference in the

volume of distribution between the two drugs. However, there are

significant differences in the tissue distribution of CsG and CsA.

CsG is l-ess effectíve than CsA at inhibitinq the growEh of the renal
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r. ]NTRODUCTION

A. CLINICAL USE

Cyclosporin G (Csc) is a unique endecapeptide, which is
synthesized by the fungrrs Tol-r¡pocladium infl-atum (1) . It is an

analogue of the better known immunosuppressant Cyclosporin A

(CsA), which has been widely used in the preventíon of allograft
rejection in kidney, heart, and l-iver transplantation as well as

graft versus host disease (2-6). Most of the research to date has

concentrated on the study of CsA. However, nephrotoxicity along

with other side-effects caused by CsA has prompted the search for
CsA anal-ogn:es with enhanced or equipotent immunosuppressive

properties and reduced or no toxic side-effects.

Since íts fi.rst use in 1978 in renal transplantation, CsA

has been shown to significantly improve graft survival (7rB). In
patients undergoing kidney transplantation, one year graft survival
increased I0 - 202 as compared to conventional steroíd therapy

(9). PatÍents ofder than 55 years of age and strong immune

responders, benefít most from CsA therapy (9). Currently trials

are afso underway investigating the use of CsA in the treatment

of autoimmune diseases such as uveitis, diabetes mellitus,

multipte scferosis, pure erythrocyte aplasia and psoriasis (10-

13). The main advantagie of CsA over other drugs is that it does

not compromise the primary defense system against bacterial or

víral infection. The reduction in the dose of steroids in patients

given CsA has resulted in a decrease in the number of deaths due

to infection. Furthermore, at pharmacological doses ít is neither

cytotoxic nor myelosuppressive unlike drugs conventionally used

for transpJ-antation (14) .



B. CsA ANALOGUES

The fungus Tol-rrpocladÍum inflatum produces a large number

of CsA analogues of the same strucÈural- type. At l_east 25 of

these natural cyclosporins have been isol-ated and their chemicar

composition characterized (1,15) . The most connon changes occur

at position 2 of the molecule, where the alpha-amínobutyric acid
residue of CsA can be replaced by alanine, threonine, valine or

norvaLine. There are 14 such analogues, seven of which contaín an

N-desmethylated amino acid residue as an additíonal alteratj-on in

the molecul-e. Five cyclosporin analogues contain one N-

desmethylated amino acid residue (positions: Lt4t6t10r11) and one

analog-ue contaíns two N-desmethylated amino acíd residues

(position 6 and 10). Substitutions of amino acíds do not occur at
position 3 (sarcosine) and position 8 (D-alanine) (1, l-5) . Hence,

naturaÌ analog-ues produced by the fung-us Tofvpocfadium inflatum

mainly differ by a change in position 2 and/or by introduction of

a N-desmethylated am.ino acid residue.

Tn addition to these natural- cyclosporins, about 750

semísynthetic or synthetic analogues were produced and tested;!A

g!@., but only a few of them are avaifabfe in sufficient guantity for
j-n vívo characterization (1). Of the compounds tested, none of the

natural cyclosporins or the synthetic analogues possess greater

pharmacological potency than CsA in either ín vitro tests or in in vivo

model-s (1) .

Recent studies have shown that amino acids 1, 2t 3, 1-0

and 1l- are required for ful-l- immunosuppressive activity (16) .

However, CsA anal-ogrues with altered alkyl chains at amino acLd 2

show lesser but significant immunosuppressive activity (16). One
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such naturally occuríng anal-ogue is CsG. Some work in animal-s suggests

that CsG is as imrnunosuppressive but not as nephrotoxic as CsA,

although conflicting reports are found in the l-iterature (L7-22),

C. CHEM]CAL STRUCTURE AND SYNTHESIS

In CsG, alpha-aminobutyric acid is replaced by norvaline at

the amino acLd 2 position found in CsA. It is a cyclíc endecapeptide

with a mol-ecular weight of 12L7. The chemica1 structure of CsG is

shown in figure 1. All cyclosporins contain a previously unknown

nine carbon atom amino acid in position 1. The absolute

configuration of this amino acid was shown to be (4R) -4 t (E) -2-

butenyll -4,N-dimethyl-L-threonine (MeBmt) and was established as

the first amino acid of the sequence of cyclosporins. The proton

spectra (Fast Atom Bombardment/Mass Spectroscopy, FAB/MS) of CsG

are afmost identical to CsA (23). The protonated molecular ion of

CsG of m/z l2L7 corresponds to an increase of 14 Da over CsA,

which j-s consistent with the addition of a methyl group at amino

acid position 2. There are four areas in the ttC-NMR spectra

where CsG and CsA differ significantly. All of these changes in

the chemical shíft correspond to the individual carbon atoms of

the amino acid 2, the only structural difference between CsA and

CsG (23). Analysis o.f CsA by x-ray, has shown it to be composed of

two different components: a beta-pleated sheet conformation of

residues 1-6 and an open loop of residues 7-1,1. The additional- methyl

group at amino acid 2 of CsG, allows this analognre to retain the

three dímensional- structure of CsA.

CsG can be produced using a cell- free system, which

employs the use of an enzyme fraction from &.!g!g5!!g_
infl-atum. However, it can be easily produced in vivo, where a
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culture of this fung-us can selectively produce CsG by add.ing

norvaLine to the fermantation media (L5).

D. MET.ABOLISM

Recently, Copeland and Yatscoff reported on the isol-ation

of CsG metabolites from urine of patients receiving the d.rug ín a

clinical trial- (23,24). They successfulJ-y isolated 7 metal¡ol-ites of
CsG and structurally identified them using FAB/MS as welI as IH-NMR and.

ttC-NMR. Modifications were found to occur primarily on amino acid 1,

4 and 9. Metabol-ism mainly consists of oxidative processes

resuJ-ting ín the hydroxylation of amino acíd l- and. 9, giving rise

to metabol-ites GM1 and GM9, respectively. Metabolite GM4N, arises

from the oxidative N-demethyfation on amino acid 4 of CsG. The

structures of these CsG metabolites are consistent to what has

prevíously been identífied for CsA (23t24). This is not surprising

due to the similaríties in structure and conformation between the

two molecul-es.

To date over 14 metabol-ites resulting from the

biotransformastíon of CsA have been chemically characterized. The

cyclic oligopeptide structure of CsA is preserved in al-I ídentified

metabolítes. Metabol-ism of CsA ínvolves the hydroxylation of amino

acid I, 4, 6 and 9 and oxidative N-demethyl-ation of amino acid 4,

qivíng ríse to metabofites AM1, AM4, AM6, AM9 and AM4N, respectively

(25). The major metabofites of CsA are AM1, AM9 and.Alvl4N, which can

then be further metabolized via hydroxylation, demethylation,

cyclization or acidification of the appropriate amino acid. Likewise,

the corresponding metabol-ites of CsG, namely GM1, GM9, and GM4N have

been hypothesized to be primary metabolites of CsG and hence

it is assumed that they will be further metabofized in a similar
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fashíon as descríbed above for CsA. A dihydroxylated (GM19),

hydroxyÌated and demethylated (GM4N9) and two cyclyzed

metabofites (GM1c and GM1c9) have been al-ready identified (24).

These findings sugigest that both CsG and CsA are metabol-ized by

the same cytochrome P450 III A system, which is responsible for

the metabol-ism of many hydrophobic compounds (26),

E IMMUNOSUPPRESS TON

In initial studíes, CsA was found to markedly suppress

haemaggJ-utinin formation against sheep erythrocytes in mice (27).

Its action is mainly restricted to T and B cel-ls of the lymphoid

system (28'). CsA acts primarily by blocking the actívation of

Iymphocytes at an early sÈage. It inhibíts the production of IL-2, a

T cel-I deríved lymphokine which promotes the expansion of clones of

effector lymphocytes which can be activated activated by

transplantation antigens (27-29) . CsA also índirectly inhibits monocyte

function by suppressing production of T ceLf tymphokines,

gamma-interferon, macrophage inhíbitory factor, and macrophage

chemotactic factor (14,30,31-). At the cellular leve}, the inhibition

of T lymphocyte prolíferation is possibly mediated through binding to

the intracellul-ar proteín cyclophillin (32¡. This protein has been

found to catalyze the cis-trans ísomerization of peptide bonds

involvíng proIyl residue, the rate determining step for possible

crucial protein folding processes in the immune response (321.

None of the natural cyclosporíns or synthetic analogues possess

greater pharmacological potency than CsA in either ín vitro or ¿nglp
modefs (1) . A number of in vitro and $!g. studies have shown CsG to

be as immunosuppressive as CsA (L8t20'2L,33). CsG was found to have a

immunosuppressive profile similar to CsA, through its ability to
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inhibit mitogen and a,l-l-oantigen-índuced. prod.uction of gamma

interferon, lymphotoxin and tumor necrosis factor, when

peripheral bl-ood mononuclear cel-l-s from normal individ.ual-s were

subjected to CsG treatment (33). However, CsG was found to be 2-3

fol-d less immunosuppressive than csA when using a human mixed

lymphocyte culture system (23) .

The immunosuppressive efficacy of either CsG or CsA

metabol-ites have been studied by a number of ínvestigators usíng

a variety of in vitro systems. These íncl-ude primary and

secondary mixed lymphocyte reactions as well as mitogen stimul-ated

systems (24,34r35). The immunosuppressive activity of CsA

metabolites is affect.ed by the site of modification, with the

primary metabolites, AMi-, AMg, and AM4N being most active (36).

Metabolite AML retains !0-20e" of the activity of CsA (36). The

same appears to be true for CsG metaboLites. The primary CsG

metabol-ites GM1, GM9 and GM4N are the most active metabotites

identified to date (24). Their ímrnunosuppressive activity is 5-

10? that of CsG (24). The role of metabol-ítes in the overall

immunosuppression remains uncertaín, until in vivo animal-

studíes can confirm these resul-ts.

CsG immunosuppressive efficacy .fu!4. has been compared.

with that of CsA in experimental- animal- model-s. In dogs with

renal- al-lografts, CsG was found to be immunosuppressively

equípotent to CsA (20,27). The same findings were made in rat

renal and heart allograft model-s where the anímals received 10

mglkg CsA or CsG, although at lower doses (5 and 7.5 mglkg) CsA

proved to be a superior immunosuppressant (17r1-8). Other studies

that investigated experimental animal allograft models were able

to show CsG to be equipotent to CsA, although a lesser potency has

al-so been reported (22,37). The reason for the confl-icting data
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coufd possibly reside ín the variation of dosage and route of

administration of the drug as wel-l- as species and organ

transplantatíon differences (17 t1-8,20-22, 37r 38) .

F. PHARMACOK]NET]CS

l-. Man

In a recent study, the pharmacokinetics of CsG were investigated in 6

patients with terminal- renal- failure after oral- adminístration (600 mg)

of the drug (39). Based on HPLC (high pressure J-iquid chromatography)

determination of whol-e blood concentrations, the resulting

pharmacokinetic parameters of CsG were simil-ar to those described

for CsA. Maximum CsG concentration in blood was reached between

2,5 and 3 hours and the bioavaifability was in the range of 24 Eo

55?. After a 4-hour intravenous infusion (3.5 mg/kg), the

terminal- el-imination half-life (tu) for CsG was 18.9 hours ,

which is in gooA agqêement wíth 15.8 hours found for CsA (39).

The totaf body clearance (Ct) was 0.55 L/l:lr/kg, and the vofume of

distribution at steady state (Var""l) was reported as 5.97 L/kg. CL

and Vd(ss) are both less for CsA, 0.34 L/hr/kg and 4.5 L/kg,

respectively (40 | 4I) . In another study two renal transplant

patients to whom cyclosporin G was admínisÈered orally' the drug

exhibited on average, an increased Vo,",, of 5.36 L/kg and CL of

l-.758 L/hr/kg, with d.ecreased t* of 2.37 hr as compared with CsA

(42) .

CsA can be ctassified as a l-ow to intermediate clearance

drug. Both its clearance and efimination hal-f-life are highly

variable among patients and seem to be infl-uenced by the type of
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transplant, â9€r disease state and concurrent therapy (43). CsA

ís poorly absorbed after Íntramuscurar (i.m. ) admínistration and.

is therefore adminislered either orally (p.o.) or intravenously
(i.v.) (44). Subcutaneous (s.c.) administration gives the most

consistent pattern of absorption in the rat, but has not been

used in man (45). After oral administration the absorption of
cyclosporj-n from the íntestine is slow and incomprete (40,431. The

mean time from ingestion to peak cyclosporin blood Level is

approxímately 4 hours. The inter-patient varíation ís striking,

ranging in renal transplant patients between 1 and I hours (43).

The bioavailability, which represents the percentage of a dose of
cyclosporin that reaches the systemic circul-ation and is

calculated from paired oral- and intravenous administration , is
approximately 30? and can range from 1å to 89å (40t43t46t47').

¿. Animals

A few studies have compared CsG and CsA in animal-s. In

1987 Grant et.al. demonstrated in dogs that the area under the

curve (AUC), the t.ime to maxímum concentration (C..*) and t* were

generally higher for CsG in serum when compared to CsA after oral

ingestion, al-though the difference r¡¡as not statistically

signíficant (48). After intravenous administration, the CL of CsG ín

dogs was significantly less compared to CL of CsA, with no

difference ín t* or Var"sr (49). In rats the plasma CsG levels after

a three week oral- treatment with 10 mg/kg/day were higher than

plasma l-evel-s of rats receiving the same dose of CsA (1) .

The pharmacokinetics of CsG have also been studied ín the

rabbit (50). Here thl CL of CsG was found to be significantly higher

than that of CsA after a 15 mg/kg intravenous infusion. The tn of



CsG was significantly

l-0

lower and there $/as no dif ference in Vo,"u, .

G. DISTRIBUTTON TN BLOOD AND T]SSUE

To date littl-e is known about the distribution of CsG and

CsG metabolÍtes in hlood. However, since CsG is structurally
similar to CsA, one can assume some simil-arities.

The distribution of CsA between red blood cel-ls and

plasma is dependent upon a patient's hematocrit (40,51).

Transplant recipients often have a l-ow hematocrit due to chronic

disease or intraoperative bl-ood loss, resulting in al-tered drug

distribution in these patíents. In bl-ood with a low hematocrit, a

gireater proportion of the drug resides in the plasma. This is due

to the fact that the percentagfe of CsA associated wíth ceffs

decreases as the hematocrit decreases, thus changing the overaLl-

redistribution of CsA. If CsA is added to drug-free whole blood,

the relative concentration of CsA in plasma increase, when the

respective concentration in whol-e blood exceeds between 500 to
l-000 uqlL at 37"C (52r, This Ís also true of metabolites A$,I1, AM9

and AM4N6 9 (521 .

CsA also rapidly alters its distribution in blood with

changes in temperaÈure. The concentration of CsA measured in

plasma can easil-y be affected by sample preparation. If whol-e

blood is stored at either 4"C or room temperature, resufts for
CsA in the plasma are ]ower than in whol-e bl-ood stored at 37"C

(53). Re-equilibration of the former to 37"C before the celfs

are removed increases the analytical recovery of CsA in plasma

(53). The optimal equilibration interval is 30 minutes.

It has been shown that the bl-ood-plasma ratio of CsG of

1,.2 ís smalfer than that observed for CsA (1.5), when plasma is
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separated at room temperature (39). This suggests that at
equivalent whole blood concentration of the two drugs, more CsG

would be found in the plasma.

CsA is a highly lipophilic drug and j-n a sample of whole

bl-ood at room temperature (21"C) with a CsA concentration of 500

ug/L, 60% of the drug is bound to erythrocytes (54). The

fraction not bound to erythrocytes is mostly bound to

Ìipoproteins, with l-ess than 5% of CsA present as free drug in

plasma (55). CsA is predominantly bound to chofesterol-containing

Iipoproteins, that is very low density lipoprotein (VLDL) and

low density lipoprotein (LDL) (55).

No data has yet been reported on the tissue distribution

of CsG. However, the distribution of CsA in human and animaL

tissue has been previously investigated (25,43,54r. In keeping with

the J-ipophilic nature of CsA, the drug accumul-ates in body fat.

Maurer et al (25) showed the greatest accumul-ation of 3H-CsA in

the liver and, in descending order, fat, kidney,

reticufoendothel-ial and endocrine systems, and bl-ood. 3H-CsA was

not detected in the central nervous system. The absence of CsA

from the nervous system is due to its inability to cross the

bl-ood-brain barrier (56) .

H. THER,APEUTIC DRUG }4ONITORÏNG

During the fast decade, clinicians have increasingly used

drug concentrations measured in bl-ood as a tool to monitor and

regulate dosage of drugs with narrow therapeutic ranges.

Information on the therapeutíc monitoring of CsG is limited.

However, its clinical potential is currently under investigation.

The toxic effects of CsG have not been wel-l- established and hence
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it is difficurt to speculate about a therapeutic rang'e for thís
analogr:e. However, one study has reported the pharmacokinetics of

CsG in patients with renal- faíl-ure to be similar to CsA, and. as a
consequence the therapeutic range for CsG may not be

sígnifÍcantly different from CsA (39). Secondly, the effect of
metaborites on the overall toxicity are unknown, since it is only
recently that CsG metabolites have been isolated and

characterized (23) . ,Should CsG metal¡olites prove to have

significant toxic ploperties it woul-d be important to monitor

their l-evel-s in the bl-ood.

Substantially more informatíon is avaílabl-e on the

monítoring of CsA. The optímal rang-e of concentrations of

CsA ín the blood - those required for immunosuppression but which

produce the l-east degree of toxicity - ís narrow. It is therefore

important that concentrations of CsA in bLood be monitored

accuratefy and regrularly and the resul-ts used in conjunction with

other laboratory and clinical data to gr:ide dosage adjustment.

However, the scientific l-iterature on CsA monitoring has been

confusing due to the use of different non-specífic and specific

methods for measurement of CsA, the use of different sample

matrices in which to measure the drug and the varied criteria

used for defining renal- toxícity or rejection (57).

Recent1y, a Canadian Consensus Panel- (57) has made

several recomendat.ions ín the hope to improve consistency in the

practice of CsA therapeutic drug monitoring. Due to the need for

consístency, whích woul-d make the comparison of inter-Iaboratory

results more meaningful the panel suggested the use of whole

blood as the sample matrix. The use of whol-e blood was afso

suggested because of the temperature dependance that governs the

dístribution of CsA in plasma, making sample preparatíon much
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more difficult to control-. Further, it was recommend.ed to measure

the parent drug only, since to date all data suggests that

metabofites are both l-ess immunosuppressive and less toxic than

CsA itsel-f. High pressure liquid chromatography (HPLC) and

immunoassays in which a sel-ective monoclonal antibody is used

allow for the 
"pe"ifi" 

guantitation of CsA on1y.

I. SIDE-EFFECTS

The use of CsA is also associated with side-effects.

These include nephrotoxicity, hepatotoxicity, vascul-ar

complications, hypertension, seizures and tremors,

gastrointestinal probi-ems, hypertrichosis, gingival hyperplasia,

and lymphoma (58). However, the impairment of kidney function is

the major complication in transplant patients, occuring in almost

all patients (59) .

The extensive toxicologic eval-uatíon of CsA, necessary

for the ínitiation of cfinical trials ín the 1970's, showed that

it was wel-l tolerated by various animal- species and was without

systemic side-effects at therapeutic doses (9r59). However, the

first cl-inical- trial-s of CsA in 1978 in patients undergoing renal

transplants showed nephrotoxicity to be the major complication

(7).

CsA nephrotoxicity can be divided into two types: tubular

and vascular, whích can be further subdivided into acute and

chronic categories (91 60) . The clinical findings of acute

tubular and acute vascular toxicity are characterized by a number

of functional changes, which are dose-dependent and. reversible by

a reductíon in the dose of CsA. Tubular toxicity is manifested by

alterations ín the reabsorption and excretion of magnesium,
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potassium and uric acíd (61). These derangements fead. to
decreased serum magnesi-um and a mird j-ncrease ín potassium and

uric acid levels. rnjury to the renal- vasculature resurts from a

increased vasoconstriction of the afferent arteriol-e and.

decreased glomerular fil-tration rate (GFR) (6r¡. Thís decrease in
renal function ís most easily detected by an increase in serum

creatinine and serum urea. A reduction in the dose of CsA wilt

correct the acute tubul-ar and vascular functional changes.

Chronic CsA induced damage to the renal- tubules and

vascuf ature resul-t in morphologícal changies (60,62, . These

include isometric vacuoles and ballooning within the proximal

tubufe ce11s, cel-J-ular ínclusion bodies that are mostly giant

mitochondria as wel-I as single ce1l necrosis and some

microcal-cification wíthin the tubul-ar cells. Damag'e to the

vasculature devefops only in the afferent arteriol-e, where damage

to the endothelium and smooth muscl-e layers can l-ead. to vessel

occlusion and a l-ocalized foss of blood supply (9,60t62).

Such changes to the vascular system are permanent and are

therefore of most concern. The observed occlusion of renal

arteriol-es may eventually lead to g-lomerular coffapse and

obsofescence, tubufar degeneration and atrophy as well- as striped

fibrosis (9,60,62). The above mentioned arteriol-opathy and

tubufar atrophy, together with presence of a very characteristic

striped interstitial fibrosis, usually occurs after a minimum of

1 month of CsA treatment and is irreversible (9).

The mechanism leading to this CsA induced renal- failure

is poorly understood. The most important pathogenic factor is

probably a direct toxic effect on renal vessel-s. In kidney

transplant patients with CsA-associated arteriolopathy a decrease

in the production of vasoactive prostaglandins and an increased
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excretion of the vasoconstrictor thromboxane 82 (TxB2) into the

urine has been observed (9). A decreased synthesÍs of
prostaglandins with vasodílatory properties coupled with the

increased excretion of those with vasoconstrictive effects may

result in an íncrease in renal vascular resistance. Endothelial
cell- damage occuring in the presence of impaired vasod.ilatory

prostaglandin synthesis could predispose to platelet aggregation

and thrombosis. This woul-d result in renal- parenchymal- ischemia

with the characteristic degenerative changes in the nephron and

the interstitium.

To facilitate the understandingr of the mechanism by

which CsA injures the kídney, the effect of the drug on renal

cel-l- Lines has been studied (63-69). The porcine proximal renal

epithelial- cel-l- line (LLC-PKI) has been extensively used to study CsA

toxicity in vitro (63,64,67t69). This cell- ]ine retained most of the

morphological- and bl'ochemical- characteristics of epithelial

tubule cell-s. Wal-ker et ai- demonstrated that CsA concentrations

of 10000 ugll, sígnifícantly inhibited DNA and protein synthesÍs

of these cells (63). Toxicity of CsA directed at the sodium-

glucose transporter has also been demonstrated in thís cel] l-ine

(64). It ís thought that this particular inhibition of glucose

uptake may account for CsA-associated glycosuria observed in

human subjects (64). In addition, Copeland et aI demonstrated

that CsA metabolites generally exhibit activity less than 10? of

that of CsA when DNA, RNA and protein synthesis were tested in

this cel-I line (65) . However, metabol-ite AM4N exhibited higher

potency of 17-50å of CsA for the various metabolic parameters measured

(6s) .

The effects of CsA have al-so been investigated in a

primary cef f f ine. Mesanqial- cel-l-s can be isolated and maintained
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under selective conditions for a prol-onged períod of time, while
stil-l exhibiting biological and biochemical actívities of freshly
isol-ated cells (70) . These cel-ls occupy a central position in
the renal- glomerulus and their response to csA coufd possíbly
explain some of the observed toxicity. These ceffs have the
ability of contractíng in response to vasoactive substances

released by platelets and endothel-ial cel-l-s (71) . rn addition
mesangial cell-s also release prostagladíns and others mediators

of inflammation themselves and hence they can act on each other
in an autocrine fashion.

The proliferation of a primary rat renal_ mesangial cell
culture was significantly suppressed aL 2000 uglI. of CsA as

measured by DNA synthesis (66). Stahl et.al_. also used a rat
mesangial cul-ture to- study the effect of csA on the productíon of
vasodil-atory prostaglandin E, (PGE2) Q2) . They demonstrated

that CsA reduces PGE, formation by rat mesang'ial cel-l_s in

culture, an effect that may contribute to l-ower círculating

l-eve.Is of thís vasodilatory compound and help explain the

reduction in GFR that is observed in patients treated with CsA. Due to
the structural simíl-arities between CsG and CsA it can be assumed that
CsG wouLd exhibit a simi.Lar effect on this primary cell line. However,

comparíble studies investigating the effects of CsG have not been

reported.

The toxic side effects of CsG have al-so been studied in

animal-s. However, attempts to develop an animal- modet of the

human renal- injury, particularly in its chronic form, have been

unsuccessful-. Because of the lack of a specific animal species

and strain to study nephrotoxicity, investigations into the

toxicíty of CsG as we.l-l- as CsA have yielded quite confusing

resul-ts. CsG was found to be less nephrotoxic than CsA in several
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studies using mice and rats (L7t37r38). ft was shown to be

significantly less toxic than CsA in mice (37). In rats treated
wíth either CsA or CsG (21mq/kg for 2t days), there was no chang:e

in RPF (renal plasma fl-ow) and GFR for the CsG treated rats as compared

to control-s (73) . However, RPF and GFR were significantly red.uced in
the CsA treated animal-s. There was no difference between CsG, CsA or

control group in bl-ood pressure and serum creatinine (73) . Further, CsG

treated animals showed lack of tubul-ar atrophy upon examination

of the kidney. fn comparison, 40% of CsA treated. animals showed

this abberation (73). Rats treated with 50 mglkg of either CsG

or CsA for 50 days showed some degree of renal- fibrosís as did

rats treated with l-0 mglkg of CsA for 130 days (17). However, no

significant damage was seen in rats treated with 10 mS/kg of CsG

for 130 days (17). Other studies have reported both CsG and CsA

to be devoid of nephrotoxicity ín animals. Grant et.aL. compared

CsG and CsA in a rat renaJ- allograft model and found that neÍther

drug was nephrotoxic- at doses of 5, 7.5 and 10 mglkg for 28 days

(18). In mongrel dogs with renal allografts, there was no

signifícant difference in the renal function between CsG and CsA

treated animal-s.

Concern has also been raised about the possible

hepatotoxic side effect of CsG. Bilirubin level-s were found to be

el-evated in rats receiving l-0 mglkg CsG as compared to CsA

treated animal-s (19) . Further, bil-irubin was consistently

el-evated in dogs with renal allografts receiving CsG as compared

to those receiving CsA as their imunosuppressive regímen (201.

This has also been found true in primates, where at doses of 1-6

m9lkg i.m. for 14 months followed by 20 mglkg i.m. for a

tota] of 2 years, an íncreased serum bilirubin vras measured as

compared to CsA (74).
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Al-l- of the animars discussed above faired to exhibit the
chronic csA-associated nephrotoxicity at therapeutic d.oses of the
drug in man, which consists of vascul-ar thrombosis, tubul-ar atrophy,
leukocyte infiltratíon and interstitial fibrosis. Ryffel et.al_.

reported the occurence of arteriotopathy ín spontaneously

h1z¡gertensive rats given CsA (75) . Such lesions however, are

ídentical to the spontaneousry occuring lesíons Ín this strain,
and hence the significance of this moder remains unclear. fn
another study, rats were administered CsA aL 25 mS/kg for 28

days, resurting in renar resions consistent wíth chronic csA

nephrotoxicity (76',. A variety of strains of rabbits have been

used to investigate csA-associated nephrotoxicity; however, none

developed the typical renal lesions consístent with chronic csA

nephrotoxícity (77-79). Gratwohl- et al- observed. an increased in serum

creatinine in New Zealand White rabbits treated with CsA for 60 days

(77). However, no hístologic changes were reported. in the kidney.
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TI. RÄ,TTONALE AND OB\TECTIVES

csA has been shown to be an effective ímmunosuppressive

agent for the preventíon of graft rejection after organ

transplantation. However, the major probrem with the use of this
drugi is the high incidence of nephrotoxicity. This has lead. to
the search for csA anal-ogues which retain the immunossuppressive

properties of csA but are l-ess Ëoxic. The csA anarog-ue csG has

been reported in preliminary studies to be as immunosuppressive

as CsA and possess reduced renal- síde-effects. However, the

results are presently inconcl-usive.

Little is known regardíng the therapeutic range for CsG.

Prior to establ-ishment of such a range the distríbution of the

drug in blood must be determined to establ-ish what medium, plasma

or whofe blood, would be more suitabfe for monítorÍng. The

development of a therapeutic range would reduce the freguency of
side effects.

In this study r¡re proposed to:

Investigate the

White rabbits.

in vívo toxicity of CsG in New Zealand

2. Study the in vitro toxicity of CsG and metabolites in a

transformed and a primary renal cel1 line.

;3. Investigate thê infl-uence of CsG and metabolite

concentration as wel-l- as temperature on their distribution
among- plasma and cel-ls of who1e bl-ood. This will help to

determine which medium, bl-ood or plasmar mây be the most

suitabl-e for monitoring of the drug.

t_.
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]II. METHODS

A. QUANTITATION OF CsG .AND CsA

HÏGH PRESSURE LIQUID CHROMATOGRAPHY (HPLC)

Cyclosporin ín blood, plasma and. tissue üras measured

using a HPLC procedure similar to that originalÌy described by

carruthers et.al. (8-0) and mod.ifíed by our raboratory (g1) . 25 uL

of 20,000 ug/L interna] standard was added. into 1.0 mL of sample,

fol-l-owed by addition of 2.0 mL of 0.2 N NaOH and 6.0 mL of
diethyl ether. I¡ühen csG was being measured a 201000 ug/L csA was

used as the internal- standard, and a 20r 000 uglI, csc internal-
standard was employed for the measurement of csA. subsequent to
shaking for L0 minutes, the díethyr ether layer was transferred.
to another extraction vial- containínS 2.0 mL of 0.2 N HCl.

Specimens were shaken for another 10 mínutes and the diethyl

ether layer was then transferred into L2 x 75 mm test tubes,

where the ether v¡as evaporated to dryness under nitrogen at room

temperature. The dried extract hras reconstituted in 300 uL of
mobile phase (acetonitril-e/ methano],/ HrO, 50/20/30) | followed by

addition of 300 uL of hexane. The specimen v¡as vortexed for 30

seconds and the mobile phase J-ayer vras transferred to an injection

vial-. Quantitation of samples occured on a Varian (Varian fnc.,

U.S.A.) HPLC, which consisted of the following components: 9090

autosampler, 2080 column heater, 2510 pump, 2050 variable

wavelength detector, and a 4400 integrator. Chromatographic

separation vras performed isocratically on a spherasorb C-8

columnn (5 um, 25 x 0.46 cm) (Chromatography Sciences Inc.,

Canada) preceded by a petlicular and sil-ica precolumnn (30-40 um)



27

(upchurch scientific, u.s.A.). Mobile phase employed. was as

descríbed above. The sorvent fl-ow rate was l_.0 ml/min with the
precolumn and col-umn heated. to 70"c. peaks eluted from the corumn

were monitored at 214 nm. cyclosporin was calculated. from the
area under the curve in relation to that of the internal
standard.

2. RADIOTMMUNOASSAY (RrA)

Quantification of csG and csA was performed. using a RrA

kit supplíed by Sandoz Inc. (Sandoz Ltd., Switzerland). lt
involves the use of a [3H] cycrosporine as tracer and a selective
monoc.lonal antibody that is specific for csA, or a nonselective
antibody that recognizes both the parent drug and metaborites.
The selective monocl-ona] antibody detects only csA and exhibits
<2å cross-reactívity with csA metabolites (g1). The non-selective
monoclonal- antíbody recognizes CsA and exhibits cross-reactivities
of > 50å with CsA mqtabolites (24).

AII CsA metabol-ites that have been characterized present
modifications on residues !,4,6t and 9 whích are l-ocated on one side
of the CsA mol-ecul-e (82) . The sel-ective monocfonaf antibody recognizes
these residues and is therefore very sensitíve to modifications at
these positíons. CsG is modified on amino acid, 2 and we have shown in
our laboratory that both the sel-ective and. non-sel-ective monocl-onal-

antibody show 100% cross reactivity with csG. The majority of csG

metaborites examined exhibit < 3å cross-reactivity with the

sel-ective antibody. Metabolite GM9 exhibits l-0% cross reactivity
with this antibody (24). Metaborites exhibited cross-reactivity
to varying degrees with the non-sel-ective antibody. cross-
reactivíty ranges from 6å for GM4N9 to T0? for GM1 and GM9. GMlc
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is the most cross-reactive metabol-ite v¡ith 120å cross reactivity
(24) .

standards were prepared in drug-free plasma or whole bl-ood

with a range 25 ug/L to 800 vS/L. prior to assay, all samples

were pretreated to remove protein, by addition of 100 uL of
sample into 1.0 mL of methanol. specímens were centrifuged for 5

mj-nutes at 1-r 600 x g and the methanol-ic supernatant was used. for
the assay. The antibody (1-00 uL) was added to sample and incubated at
4oC for t hour. [3H]CsA and unlabell-ed cyclosporíne present in
the sample compete for the monoclonal- antibody. Separation of the bound

and free fraction was achíeved by charcoal chromatography and the

radíoactivity of the antibody bound fraction in each specimen was

measured with a liquid scintillation counter usíng a guench corrected.

counting'program. A standard curve vras constructed by plotting åB/Bo

vs CsA concentratíon in the standards and the unkown samples read off

this curve.

2. PHABMACOKTNETTCS

CsG or CsA was administered via a single intravenous

injection to New Zeafand Vühíte rabbits (2.5-3.5 i.S) at a dose of

1.0, 2.5, 5.0 mglkg. The drug was weíghed out and dissolved using

a solvent system of 60:40 ethyl afcohof and sterile saline. CsG

or CsA was administe,red (total- volume 1.0 ml) over 2 minutes into

the right marginal Lar -rein. The rabbits were housed in ind.ividual

cages wíth food being restricted during pharmacokinetic analysis.

Immídiately before infusion of the drug, an in-line catheter ( with a

20-gauge needle) and heparin lock were placed in the l-eft marginal ear

vein to facil-itate bl-ood sampling. Heparinized whol-e bl-ood (500-1000

uL) was obtained prior to infusion and at the following times after
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administration of the drug z 3,6,10,20, 30,45t60,90 minutes and

213,4r6r8r1-Or1-2ri-}rzl- ,24 hours. All samples vrere stored at 4oC.

Model independent parameters vrere calculated. with the respective

bl-ood concentration time data by Dr. N. Honcharik, pharmacy

Ðepartment, Heal-th Sciences Centre. These included total body

clearance (cr) and the steady state vol-ume of distribution (v¿ruor)

Clearance is an index of drug el-imination from the central-

compartment by hepatic biotransformation and excretion by the

kidney or in the feces. It can be expressed. as fol-l-ows:

Dose

Cl-earance :

Area under the the bl-ood concentration

curve (AUC)

The vofume of distribution of a drug provídes an estimate of the

extent of its distríbution through body-fluid compartments and of

its uptake by tissues. A large volume of distribution implies

wide distribution and,/or extensive tissue uptake. Volume of

distribution ís expressed as fol-l-ows:

Dose

Vo]ume of distribution :

AUC * LVz

The terminaf efimínation half-life (t,n) is obtained from

the slope of the terminal- portion of the bl-ood concentration

curve. Model- independent parameters were calculated using the

computer prograrn PKC¡.LC (83) .
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DISTRIBUTION IN BLOOD AND TTSSUE

Whol-e blood from normal índividuals was supplemented with

CsG to 100 and 500 ugll,. Aliquots of whole blood were incubated

at room temperature (about 22'C) and at 4oC for a mínimum of 4

hours and then equilibrated in a 37oC water bath for 0, 10, 15,

30, 60,I20 and 180 minutes. Al-l- specimens vrere centrifuged and

the pJ-asma vras decanted with the CsG concentration being analyzed

by HPLC.

Whol-e bLood from normal- individual-s was supplemented with

CsG or metabolites to the fol-l-owing- concentrations: l-00, 500,

1000, and 5000 ug/t". Samples were then eguilibrated in a 37"C

v¡ater bath for 30 minutes foll-owed by centrifugation. Plasma and

cell- fractions rarere separated and CsG or metabolites quantitated

by HPLC.

To investigate the distribution of CsG in vivo, venous

blood was coll-ected from New Zeal-and white rabbits receiving CsG,

12 hours after their last dose. Samples were equil-ibrated in a

37"C water bath for 30 minutes, followed by centrifugation and

prompt removal of plasma. CsG ín plasma and whole bl-ood was

measured by HPLC and RIA using both the sefective and non-

selective monoclonal antíbodies.

New Zealand whíte rabbits that had been receiving CsG for

30 days were sacrificed with a lethal dose of sodium

pentobarbital and the body cavities exposed. Samples of kidney,

liver, spl-een, heart, fat, pancreas and braín were obtained and

frozen at -40"C. To determine tissue CsG concentration, samples

diluted in safine (1:3, weight:volume) were homogenized using a

Brinkmann homogenízer (Kinematica GmbH, Switzerland). CsG was

extracted using diethylether and quantitated on HPLC.
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D. IN VTVO STUDTES

;

Age-matched New Zealand white rabbíts (2.5 to 3.5 kg)

were housed in individual cages and rand.omly assigned to 5 groups

of 5 animals each. Rabbits received either CsG or CsA

intravenously via the marginal ear vein dail_y for 30 days at
doses of 2.5 mg/kg and 5.0 ms/ks. The vehicre cremophor-EL

(poly[oxyethylene]-40-ricinoleic acid) was administered to a control-

g-roup in a volume equival-ent to that of animals receiving either drug.

Animals were placed into metabol-ic cag-es in the last week of

study to obtain 24 hour urine col-l-ections. Serum and whole blood. were

co]lected to establish creatinine clearance and CsG or CsA

concentration. Creatinine concentrations in both serum and urine were

determined by the alkaline picrate method on the Beckman Astra Analyzer

(Beckman Instruments, USA). Cyclosporine concentrations were

determined by HPLC and RfA.

Samples were analyzed for potassium and sodium, as well

as for liver enzymes: aspartate transaminase (AST) and alanine

transaminase (ALT). Potassium and sodium concentrations as weLl

as enzyme actívities were measured using standard laboratory

procedures ín the Clinical- Chemistry laboratory at the Health

Scíences Centre.

Morphological investig'ations were carried out by Dr. ,J..A,.

Thl-iverís from the Department of Anatomy, University of Manitoba.

BriefJ-y, at the end of the study the anímals were sacrificed with

a lethal- dose of sodium pentabarbital. Tissue samples were

obtained from four d.ifferent regions of each kidney and processed

for light microscopic an¿ ul-trastructuraf evaluation. For light
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microscopy, sections vrere stained with hematoxylin and eosin,
MalJ-ory-Azan and PAS-, and scored semi-quantitatively on a scale
of 0 to 4+ for the presence of 1) Ieucocyte infilt.rates, Zl

tubular atrophy, 3) interstitial fibrosis, and 4) arterioropathy.

Quantification of the glomerurar tuft area and vo]ume density and

arterioLe wall thickness (area) was assessed. at a magnification
of 120x for glomerurar tuft area and. volume densj-ty and. 530x for
arteriol-e thíckness using a zrDAS (Zeiss rnteractive ÐigÍta]
Analysis System, CarI Zeiss, Germany) Ímage analysis system.

Electron microscopy was used to examine qualitatively 1)tubul-ar

vacuoLization, 2) changes in cytoplasmic organelles, and 3)

íntegrity of the cell mem.brane at the adluminal surface.

specimens for both light and efectron microscopy were examined

without foreknowl-edge of theír source.

E. IN VTTRO STUDIES

A pig kidney epithelial cel-t_ line LLC-pK, (American Type

Culture ColJ-ectíon, USA) which expresses many proximal_ tubular
characteristics, and a primary rabbit mesangial cel-l- line were

used to investigate CsG toxicity in vitro. Mesangial- cell-s were

isol-ated in our laboratory from outgrowths of col-l-agenase-treated

isolated rabbit renal- glomeruli. Morphologic examination of the

isol-ated cel-l-s reveal-ed ul-trastructural features consistent wíth

those of mesangial- cel-l-s in vivo (24'l . Cells !ùere gror.rn in 25-

cm2 cu]ture fl-asks in medium 199 with 10% fetal cal-f serum in a

52 CO2 incubator. The cel-ls were subcultured when confl-uent using,

O .O2Z EDTA and 0.05ä trypsin.
The experiments were performed in 6 wel-I plates. Cel-l-s

were plated at 2.5 x 104 cell-s/wel-I in 2.5 mL of media containing
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the following CsG concentrations: 0, 500, 1000, 2500, 5000,

L0000, and 20000.r¡/L. Cel-ls r¡¡ere grown for 5 days or until
confruency. the ceLls in the resulting suspension were counted

with a hemacyt.ometer, wíth a fraction being anaryzed for protein

content by the method of Lowry et.al-. (84). The incorporation of

[3H] -th!'midine for the measurement of DNA synthesis was

quantífied by addi.rj Zr,rCi [3H]-tfrymid.íne (TO-85 uCi/mmo])

(Ämersham Canada Ltd., Canada) to the cell- cultures l_B hours

príor to trypsinization. Just prior to trllpsinization, the cells
were washed twíce with saline and recovered by treatment with

trypsin and EDTA as above. The cell-s were lysed by freezethawing

and cellul-ar material precipitated using 10% (w/v) TCA. The

precipitate was resuspended in saline with a portíon of the

suspension being taken for protein determination. The remaining

amount vras transferred to a sampling manifold fítted with

Whatmann GF/C glass fibre fil-ters. The fil-ters were thoroughly

washed with 10 mL of 50å ethanol. The radioactivity retained on

the fil-ters \^/as counted in 10 mL scintil-lation fluid using a

quench corrected countíng program on a beta liquid scintillation

- spectrophotometer (LKB, Finl-and) .

Ër STATISTICS

Statistical assessment of the data obtained was carried

out by using analysis of variance (ANOVA). P val-ues less than 0.05

v¡ere considered statistically significant. The statistical-
anal-ysis for the morphological studies additionally used Duncan' s

multiple-range test and the Kruskal-Vüall-is rank-sum test where

appropriate (85).
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rV. RESUTTS

A. BLOOD D]STRIBUTION STUDTES

The effect of time of re-equiLíbration at 37"c of whore

bl-ood supplemented with csG was investigated. The resurts are

shown in figures 2 and 3. ft can be seen, that for eíther samples

stored at 4oc (figure 2) or room temperature (figure 3) comprete

equilíbration occurs within 10 mínutes of incubation.
Further, we ínvestigated the infl-uence of analyte

concentration on the distríbution of csG and two of the csG

metabolites, GM1 and GM9, a¡nong prasma and cel-ls. The comparison

of concentrations in whol-e bl-ood and plasma are shown in fig"ure

4. The relative proportíon of csG in plasma as compared to whoLe

blood remained unchanged from 100 to 1000 ug/L, with an averag-e

plasma to whole blood ratio of l_.0. At 5000 ugll this ratio
increased to L.5. Figure 5, depicts the comparison of

concentrations in plasma and red blood cel-l-s (RBC) . The rel_ative

proportion of CsG in plasma remained unchanged at concentrations

100 to l-000 ugll, with a plasma to RBC ratio of 1,4. That ratio

increased Eo 2.3 when the CsG concentration in whol-e blood was

5000 ugll,.

The distribution of CsG metabolites GM1 and GM9 between

the plasma and cel-fs of whole blood at 37oC is demonstrated in

figure 4. The plasma to whol-e blood ratio for GM1 at

concentrations 100 to 1000 ugll, was about 0.5 and its plasma to

RBC ratio at this concentration range $¡as 0.3. At 5000 ugll, of GM1

in whole bl-ood both plasma to whole blood and the plasma to RBC
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Figiure 2. Effect of time of re-equil-ibration at 37"c on concentrationsof csG in p]-asma. whor-e br-ood was suppJ_ernenred with csG t;1ô0 ,g/r,(-B- ) anä t0o^-yn^{"-ië^i; stored ar 4oc an. prasrna separared. bycentrifugation after uptð 3 hours- of re-equilibration at. 37"c. Resultsare expressed as mean + SD (n : 3).
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ratio increased to 1.0 and 0.9 respectívely. The metaborite GM9

showed a concentration dependent distribution at the concentratrations
examined. rncreasing the concentrations of t.his metabol-ite from 100 to
L000 uglI, changed the prasma to who]e blood ratio from 0.05 to 0.5, and

increased to 0.9 at 5000 .ug/L. The same trend vras observed. as vre

measured more closely the distribution of GM9 between plasma and RBC.

The plasma to RBC ratio increased from 0.04 to 0.4 at concentrations
between 100 and L000 uglÏ, and was 0.9 at 5000 ugll,

B. BLOOD LEVEL MONTTORING

The use of a selective (RIA-S) and non-sej-ecÈive (RIA-NS)

monoclonal antibody, as well as HpLC for the monitoring of csG

and csA in prasma and whore blood of rabbits receiving the d.rug

was investigated.

Regression analysis and correlation of CsG and CsA

concentrations in whol-e bl-ood and plasma are depicted in tabre 1.

The mean csA concentrations in whol-e bl-ood as measured by HpLC

when compared to those measured by the RIA-S gave a ratio of 0.9.
The same comparíson of whole b]ood sampres from rabbits receiving
CsG gave a ratío of 1. l-. When whole blood samples from rabbits

treated with csA were measured by RrA-s or RrA-NS, the respective

mean CsA concentrations obtained were 72 and 233 ug/L. The

resulting' ratio between whol-e bl-ood concentrations obtained by

R]A-NS and RrA-s was 3.2. comparable anarysís of whofe brood from

rabbits receiving CsG resulted in a RIA-NS to RIA-S ratio of L.4,

with mean CsG values obtained by RIA-NS and RIA-S of 1l_3 and 82

ug/L, respectively. The blood to plasma ratio as measured by RIA-

S was 0.3 and 0.7 for CsA and CsG treated ralobits, respectively.
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c. PHARMACOKINETTCS

Vüe investigated the pharmacokinetics of CsG and CsA in
the rabbit after a single dose given intravenously as a bolus.
The pharmacokinetic profiles of csG and csA in three rabbits are

shown in figures 6 and 7. The drug was prepared in a solution of

60% ethyl alcohol and a total volume of 0.9 mL was administered

at doses of 2.5 and 5.0 mglkg. The detailed cal-culations of the

various pharmacokinetíc parameters are shown in table 2. There

r^rere no statístícally significant dÍf ferences (p < 0.05) between

any of the parameters. However, on average CsG showed a larger

cl-earance rate and a shorter hal-f -l-ife than CsA at both doses.

D. ]N VIVO STUDTES

Rabbits received vehicl-e (cremophor-El), CsG or CsA

intravenously at doses of 2.5 or 5.0 mg/kg for 30 days. Vüe

investigated renal- and hepatic function as well as histologÍca1

changes in the kidney and liver. The funct,ional and chemical

parameters at time of sacrifice studied in rabbits receíving

either of the analogues as well as controls are presented in

figure I and table 3. It was noted that serum aspartate

transaminase (AST) was e]evated in rabbits treated with 2.5 and

5.0 mqlkglday of CsA, when compared to rabbits treated with

vehicfe (fig-ure 8). There was no observable trend among all five

groups of rabbíts with respect to serum alanine transaminase
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Ta-bre 2. pharmacokinetic parameters' of csG and. csÀ in rabbits.

CYCLOSPORIN G (CsG)

ootu (*n/kn) at (*t ur,"", (L/kg) t¡{ (hrs)
2.5 r6.2 7.2

(72.8 - 18.8) (0.6 _ 1.8)
2,8

(1.0 - 4.2)

5.2
10.0 38.2

(33.1 - 47.8)

8.0

(4.1 - 11. 9) 0.7 _ g.7)

CYCLOSPORTN À (Cse)

DosE (nrglkg) cL (mllmin/kg) va("") (L/kg) tr (hrs)
2.5

r.0. 0

11.9

(10.7 - 72.9)

L1_.7

(7.3 - 16.3)

2.2 4.5
(7.9 - 2.s) (3.3 _ s.3)

5.1 r_0.0

(2.9 - 6.9) (8.2 _ :*2.8)

*: values expressed as mean (n:3) and rang.e in brackets.
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(AtT), sodium and potassium. Further, no CsG was detected in whole

bfood 24 hours after the last injection, as compared to CsA treated

animal-s. However, CsG was detected in whole bl-ood 6 and 12 hours after
the last injection in animal-s treated with 2.5 and 5.0 mglkg of the

drug, respectively (table 3).

There was no difference between rabbits treated with

either drug and controls with respect to urine volume, urine

creatÍnine, serum creatinine and creatinine cl-earance (tab1e 3).

However, animal-s treated with 5.0 mglkg of either CsG or CsA

showed a tendency to have a reduced creatiníne cl-earance when

compared to controls, but this was not statistically significant

(p < 0.05) .

Morphologica-I1y, there were marked changes in the

cytoarchitecture of the kidneys from aff four groups treated with

either CsG or CsA. Light microg'raphs of the kidney cortex from

animafs treated wíth CsG, CsA and control-s are shown in figures 9

to 13. AtI drug Èreated groups showed the presence of leukocyte

infil-trates (figure 10), tubular atrophy (figure 11), and

interstitial fibrosis (fígure 1-2), with no pathological changes

in controfs (figure 9). Further, the presence of arteriolopathy

was also observed in rabbits treated with both drugs at doses of

both 2.5 and 5.0 mglkg (fig"ure L3) . At the ul-trastructuraL

level (figures !4-L7), in contrast to controls, the changes

observed consisted of numerous vacuofes and lysosomal like

structures, loss of ceffufar integrity, shedding of the proximal

tubute brush border, and interstitial fibrosis in the form of

numerous collagen fibers. The examination of the liver did not

reveal any changes irrespectíve of the dose and drug used.

The severity of tubular atrophy and interstitial- fibrosis

was significantly less in animals treated with CsG when
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Figu:e 9. Lichr micrograph of kidneythe presencá ofseveiar. sron e,- r"iii:";.H::äiîï1"
c_o_rtex from a contro-ì- animaL. liore(PT) and distat _{DT) rubufls"ànciand eosin Magni fica.i."-" 

*i-ioì 
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Figure 10. Light micrograph of kiciney cofu€Xwith 5 mg/kg CsG for 30 days. Noce rhe presence(arrows) arnong normal- appearing tubules (pT)
same changes were obserwed in ani¡nals treateci
days. tiematoxyÌin and eosin. l'lacnification x

from an animaL treatei
of leucocyte infiltrare
and glomerul-i (GI) . The
with 5 mg/kg CsÀ fo¡ 30

100.
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Flsy=e- 11-- Light_micrograph of kidney cortex from an animarwith -5 mg/kg cs.G f_or 30 -days, 
showing severar examol_es ofatrophv (arrows) . pr, DT : normar 

"-pp"uri"õ- pîàiìîãï Jrctubules, Gr- : gl0merulus- the same ctranges were observed intreated wirh 5 mg/kg CsÀ for 30 Oals. Hemaroxylin anoMagnification x 100.

t rea ted
tu.buLar
iistaL

animal_s
eos in .
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Fign:re 12- Liqh^t micrograph of kidney cortex fron an animar createcwith 5 mg/kg csG for.30-days.-ñot" tr¡å ross or nirtorogicaì. inregrityand the presence of interiitial_ ribrosis (arror_.sl - The same chanceswere observei in animar-s treated with s'ïszxs' cse -r", io ";;;::
Hemaroxyrin and eosin- pr, DT =-normar- 

"pp""=ir,g proxima). and distar.tu-buLes, Gl- = gJ_omeruJ-us. Magnif ication i ^tOO.
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Figiure 14. Efectron micrograph of a kidney proximal tubule ceII from
a control- animal. Note the presence of several vacuofes (Vac) , numerous
mitochondria (M) and lysosomal-l-ike structures (Lys). Arrows : brush
border. Magnification x 7000.
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Figure 15. ELectron micrograph of a kidney discaL tubule cej-l- from acontrol- animal - I9t. the presence of n\r-nerous mitochonciria (M) ,J-ysosomaJ--l-ike bodies (Lys), ancì soarse nurnbers of microvij.Li (arror^.)at the aciluminal- borier of the cel-L. Go - GoLci conplex. Macnificationx 7000.
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Figr:re 16. Electron nicrograph of severaJ- kiciney proximal tubule ceLlsfrom an animaì- treatec wiin 5 mg/kg CsG for 30 ãays. Not.e the nì_unerousvacuoles (vac) and reciuction of che brush border (arrovrs). The samechanges were observed in animal-s treâred çirh 5 mg/kg csÀ ior 30 ciays.Magnification x 4500.
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Figa-rre 1?- Er-ectron micrograph gf a^kidney oistal tubur_e ceÌr_ fron ananinai- rreared with 5 ms/kä ð!c r". 30 davJ. -Th; 
numerous vacuor_es seenhere conraining dense Ã.tËriãi p.robalrr-y ,"p.å".r,t autorysosoÍnes. Thesa:ne changes were observed in aÀimar_. t.".t'"o ì¡.tn 5 mglkg csÀ for 30days. l'lagnification x ?00ó.
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compared to those treated with CsA (table 4). An increased amount

of leucocyte infiltration was only observed in rabbíts treated

with 5.0 mSlkS of CsA as compared to the same dose of CsG.
:

There r¡¡as no statistÍcal- difference in leucocyte infiltration
between rabbits treated with 2.5 mglkg of either CsG or CsA.

Additionally, there were no differences among the five giroups

with respect to glomerular tuft area and density or arteriol-e

wal1 thickness.

Er T]SSUE CONCENTRATIONS

The concentrations of CsG or CsA in the fat, heart,

kidney, l-Íver and spteen in rabbits receiving 5.0 mg/kg of

either drug for 30 days is shown in tabl-e 5. The concentrations

of CsG in the heart, kidney and liver were significantly lower

when compared to the same tissues of rabbits treated with CsA. No

statistícal difference was observed in the case of fat and

spleen.

F. ]N VITRO STUDTES

The porcine renal epithelial ceff line LLC-PKt was chosen

to investigate the toxicity of CsG and CsG metabolites, to all-ow

for comparison to studies previously performed with CsA and its

metabofites. The effect of CsG and metabolites GM1 and GM9 on the

growth of LLC-PK, cells is shown in figure 18. CsG was found to be much

more toxic to the cel-Is than either of the two metabol-ites at 5000 to

20000 1rg/L. Figure 19 shows the effect of these agents on DNA

synthesis. All vatue.s were standardized for protein

concentratíon. No metabol-ite was as effective as CsA in
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Tabl-e 5. CsG and CsA concentrationso in rabbit, tissues.

Tissue CsG
(us / s)

CSA
(ug / s)

Fat

Heart

Kidney

Liver

Spleen

996 (7 96 133s )

195 (L47 257 |.
231" (74 365)--

1-1-9 (42 248).

318 (223 386)

rr29 (166 r14r)

650 (r71, ]-240l'

852 (436 1387)

306 (137 409)

3938 (460 9224)

G : va.l-ues are expressed as mean
# : range in brackets*:p

** : p
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ínhíbiting DNA synthesís at concentrations ranging from 5000 to
20000 vg/L.

The effect of CsG, GM1 and GM9 on the ce1l growth and DNA

synthesis of isolated rabbit mesangial ce]ls is shown in figure

20 and 2l. CsG had a slight stimul-atory effect on celluLar
proliferation at 1000 ugll, (fig'ure 20). However, it suppressed

cell growth at between 5000 and 20t000 ug/f in a concentration

dependent manner. Both metabolites, GM1 and GM9, had a stight

stimufatory effect between 1000 and 10000,r7/L. None of these effects

on ceflular proliferation were statistically different from those

observed in untreated cefl-s (p < 0.05) .

CsG, GM1 and GM9 all had a sígnificant effect on DNA

synthesis of rabbit mesangial cel-Ls (figure 21). CsG inhibited

DNA synthesis by 50% at 1-000 ugll, and 80% at 20,000 ugll. GM1 and

GM9 inhibited DNA synthesis at al-l- concentrations tested, and

exhibíted 65% and 75% inhibition aL 20r000 uglf,, respectively.
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V. ÐISCUSSTON

Blood l-evel monitoring of CsG has been suggested to
províde a guíde for dosage adjustment to maintain the appropriate

drug concentrations to maximize immunosuppression while

preventing rejection. However, for therapeutic monitoring to be

clinical-l-y relevantr. there shoul-d ideally exist uniformity with

respect to controll-able factors such as the medium of analysis,

sample preparation technique and analytical- methodology used. Two

recent reports have adressed the advances in the therapeutic

monitoring of CsA and based on existing research data have made

specífic recomrnendations for the methods of analysis (57r 86) .

Littl-e has been published regarding the sample preparatÍon for

and the method of quantÍtation of CsG. We therefore studied the

distribution of CsG and two CsG metabofites in blood, and

compared various methods of analysis of this drug.

CsG was shown to have a temperature dependent distribution in

whole blood. Maxímum recovery of CsG in plasma, as measured by HPLC,

was obtained after a 10 minute períod of re-equilibration at 37"C.

Prolonging the }ength of re-equilibration at 37oC upto 3 hours did not

atter the maximum recovery of CsG ín plasma. These results confirm the

findings of Yatscoff and ,Ieffery (42), where the redistribution of CsG

between erythrocytes and plasma at 37oC was studied on samples obtained

from renal transplant patients receiving CsG, and maximum

recovery was observed within 10 mínutes of incubation of samples

at 37oC. However, to ensure complete equilibration of CsG in al-I
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sanpfes, vre reconmend a 30 minute re-equilibration period.

Time dependent re-equilibration has been observed in

whofe blood samples from renal transplant patients who are

administered CsA as part of their immunosuppressive regimen

(53). However, the plasma to whole bl-ood ratio of CsG after re-

equilibration is quite different from that of CsA. In normal

subjects or renal transplant patíents, the plasma to whole blood

ratio of CsA is approxímately 2.0 (87), whereas our study showed

a ratío of 1.0 for CsG. Thís ratio remained constant for

CsG concentrations in whole blood between 100 and L000 uglI..

At 5000 uglI, of CsG the plasma-whole blood ratio

increased to 1.5, suggesting saturation of the erythrocyte

fraction. This concentration-dependent distribution is also seen

with CsA (52).

Data that de-scríbe the distribution of individual CsG

metabolites among: plasma and cells of whofe bl-ood has not been

avaílabte. This is primarily due to the fack of Ísolated

metabolites. However, a recent report describes Èhe isolation

and structural- determination of CsG metabol-ites (23). Here we

reported on the distribution of two hydroxylated metabol-ites of

CsG, GMl- and GM9, where concentrations were determined by HPLC.

Vüe have found that the plasma to erythrocyte ratio of both CsG

hydroxylated metabol-ites were 0.4 and and increased to about 0.9

at concentrations exceedíng l-000 ug/L. This concentration

dependent distribution is similar to the corresponding CsA

metabolites AM1 and AM9, which are al-so hydroxylated at position

1 and 9 of the amino acid. The rel-ative concentrations of AM1 and

AM9 in plasma remains constant up to 500 ug/L and increases when

concentrations in whole blood range between 500 to 1000 ug/L

(52). These resul-ts suggest that the major hydroxylated CsG
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metabolites are sequestered in the cel-l-ular fraction in whole

bl-ood. The observed significantly greater cel-luLar binding of
both GM1 and GM9 when compared to the parent csG, as wel-l- as the
concentration dependent distributíon of CsG, GM1 and GM9 in
blood, woul-d suggest the use of whol-e blood as compared. to
plasma for cl-iníca.l- monitoring of either csG or its metabof ites.

The cellular affinity for csG appears to be influenced by

its polarity. csA, with alpha-aminobutyric acid in amino ac!d. 2

position, is more tightry bound to ce.l-ts (ptasma to blood ratio
of 2.01 than csG (plasma to blood ratio of 1.0), which has a less
polar norva]ine at this amino acíd position. rt is interesting to
note that the more hydrophilic metaborites, namely those that are

hydroxylated appear to be more highly associated with ceLLs than

is the parent drug. This is demonstrated. by the l-ower prasma Èo

erythrocyte ratio of csG metabolites as compared to csG parent drug.

Hydroxylated metabolites of CsA al-so show a higher affinity for cells

than parent drug, with 902 of metabolites being found in the

erythrocyte fraction, compared to only 45å of CsA (52).

üIe have al-so monitored the concentrations of parent d.rug and

metabofítes in whole blood from rabbits treated with CsG or CsA.

Using the monoclonal selective antibody, the RIA gave CsG values in

whol-e blood that were l-0% l-ower than those obtained by HPLC. In

contrast, whole bl-ood CsA l-evels v¡ere 10% higher when measured by RIA

as compared to HPLC. These differences may be accounted for by the

imprecision of both methods. CsA whole bl-ood l-evel-s measured. using the

non-sel-ective monoclonal antibody, which exhibits consid.erable

crossreactívity with CsA metabol-ites, vrere 3.2 fold higher as compared.

wíth the sel-ective RIA method. The non-selective assay gave CsG values

that were only 1-.4 fold higher when compared with the selective

RIA method. Whol-e bl-ood levels of CsA in patients measured with
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the non-sel-ective antibody are usualry about 50? higher than
those measured by selective methods (gz¡. only in patients with
liver or heart transplants do csA reve]s measured. by non-
sel-ectj-ve methods exceed 50% (82) . A correlation of CsG metabol-ite
concentration with clinical events would províd.e the strongest
practícaI justification for monitoring of specific metabolites in
routine practíce. csG is currently being eval-uated in clinical-
pilot trials, although it is only recentJ_y that metabolites of
this drug have been identified (23). Therefore, the use of the
selective antibody or HpLC appear to be the methods of choice for
the moni-toring of csG, since the overal-l ímportance of the
immunosuppressive and toxic effects of csG metabolítes are not
yet known.

To determine pharmacokinetic parameters of a drug
(absorption, dj-stribution, biotransformation and elimination), it
is important to establish a dosage schedul-e that will rapidly
produce and maintain a desired concentration range at the site of
action. Thís is particurarJ-y important in the case of csA, which

has a very narrow therapeutic ind.ex. We have compared

pharmacokinetic parameters Ín the the rabbit to investigate
effects of csG and csA. rt is fel-t that the resul_ts obtained
with this animal model wou]d be very similar to that obtained in
humans since the csA pharmacokinetics of both species are very
simil-ar (88,89)

The el-imination of csG appears to occur faster than that
of CsA. After a single intravenous bolus of CsG, the cl-earance at both

doses is larger than that of CsA. The vol-ume of distribution, which
provides an estimate of the extent of d.rug distribution through
body-fluid compartments and of its uptake by tissue, was not d.ifferent
between the two drugs. In contrast, the hal-f-Iife of CsG which exhibits
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a proportional increase with dose was shorter than that of CsA in all

cases. ;

Our results are similar to those obtained by D'Souza et

aI, where significant differences in hatf-l-ife and clearance

between CsG and CsA vrith an i.v. bolus of 1Smg/kg in rabbits were

shown (50). CsG has been shown to be fess immunosuppressive in þ
vitro and in vivo (90). Thus, the higher clearance of CsG could

account for the l-ower immunosuppressive potency as compared to

the same dose of CsA. Clinically, this would make it necessary to

increase the dose of CsG as compared to CsA in order to establish

comparable fevel of immunosuppression.

Since íts introduction, CsA has gained uníversal acceptance as

an immunosuppressive agent for organ transplantation, and its

applicatíon is extending to treatment of several- ímmunologically

mediated disorders (91--93) . Early toxicological studies showed that CsA

is well tolerated by various animal species and is without systemic

side-effects at therapeutic doses. No carcinogenic, mutagenic or

teratogenic effect was observed (59). The first clinical triaLs ín L978

with renal (7) and bone-marrow transplants (94) gave excell-ent

results, which were confirmed in patients with other organ

transplants (95-97). However, since then significant CsA-induced

nephrotoxicity has been recognized. Nearly all patients on CsA

demonstrate some degree of renaf impairment which in the most

severe cases, has fed to end stage renal failure (98).

In humans csA-induced nephrotoxicíty is characterized by

interstitial fibrosis, tubular atrophy and arteriolopathy. The

l-ack of a suitable animal- model has hampered the study of chronic

CsA nephrotoxicity. tThe rat is the most commonly used animal,

however the characteristic Iesions observed in man, especially

the interstitial fibrosis are noÈ seen in this anímal. Acute
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changes in kidney function ín the rat have been observed, as

measured by serum cneatinine or by creatinine cl-earance (?5,99) . In

contrast, t$ro recent reports in which rats were administered CsA at 100

mglkg s.c. for 10 days and 25 mglkg i.p. for 28 days resulted ín renal

damage, characterized by the presence of tubule atrophy and

interstitial fíbrosis. However, the doses of CsA required to induce

these changes are somewhat higher than those ín cl-ínica1 use, which are

usually <10 mglkg/day.

The rabbit has afso been used as a model to study CsA

nephrotoxicity, but far less frequently than the rat (l-00).

Rabbits treated with an immunosuppressive dose of CsA for a

prolonged period of time develop a cl-inícaIIy distinct toxic

syndrome characterized by wasting, loss of weíght, reduced food

and water consumption and movement (77). Increases in serum

creatinine were seen suggesting that nephrotoxicity I^Ias present,

although no significant morphotogicaL changes at the light

microscopic tevel- were observed (77). Vüe have found that as fow as

2.5 mg/kg CsA admínistered i.v. over a period of 30 days can

resul-t in morphological changes consistent with chronic nephrotoxicity

seen in man. Moreover, tj-ssue changes were observed at both mícroscopic

and ultrastructural- l-eveLs. Our findings are in contrast to those

reportedby Gratwohf et.af. (77Ì', where rabbits did not show any renal

structural changes after 60 days of treatment with up to 25 mS/kS

(i.v.) of CsA. The reason for the differences observed between our

study and. Gratwohl et.af. (77) are uncfear. The same species of rabbits

were used and serum CsA l-evel-s in the latter study lvere even gireater

than those reported -in our study.
:

The doses of CsA in the present study required to induce renal

histologic changes consístent with chronic nephrotoxicity were

comparable to clinical doses, which are usually < 10 mg/kS and it



65

was therefore felt that the rabbit is more more promising model

to study CsA as well as CsG nephrotoxicity. In comparing the

degree of histopathologicat damage to the kidney of rabbits treated

with the same dose of either drug- we found CsG to show sígnificantly

less damage with respect to the occurence of leucocyte infiltrates,

tubu1ar atrophy and interstítial fibrosis. Arteriolopathy was al-so

present in animal-s treated with CsG, but its occurence was not

statistically different when compared to rabbits receiving CsA. It

appears that on a dose to dose comparison CsG is l-ess nephrotoxic than

CsA.

Previous reports in mice, rats and dogs have sho!ùn CsG to

be l-ess nephrotoxic than CsA or to be devoid of toxicity at all

(I8,20,21-,38). However, none of these models were abfe to show all the

histological changes representative of those occuring in patients

receiving CsA. A report in which tvto groups of rats l^Iere

administered either CsG or CsA at 50 mglkg for 50 days, resufted in

renal interstitiaf fibrosis in animal-s treated wíth either drug, but

no other morphologicaf changes which are characteristic for CsA were

observed (17). Faraci et.al-. demonstrated that both CsG and CsA can

cause glucose intoferance in rats treated with L0 mg/kg/day (19). An

increased plasma creatiníne v¡as observed in the mal-e rats treated v¡ith

CsA as compared to controls, and no other signs of nephrotoxicity were

detected ín either the CsG or CsA teated groups. However, pl-asma

bil-irubin was el-evated in rats treated with CsG as compared to

controfs and creatiníne was el-evated in CsA treated rats. We were

not abte to confirm any hepatotoxicicty of CsG as measured by

serum AST and ALT. The activity of these two enzymes in serum are

the most frequently measured indicators of hepatocellular damage. The

serum AST of rabbits treated wíth 2.5 and 5.0 mglkg of CsA were

elevated when compared to controls, but this was not statistícalIy
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significant. An increase in either of the two enzymes is usually

indicative of tissue damage or change in cell membrane permeabilíty

that allows for leakage of enzymes ínto the serum. However, no

histopathological changes in the liver were observed in animals treated

with either drug. There were no statistical differences in either serum

creatinine or creatínine cl-earance in rabbits treated with either drug

as compared to controfs. However, there appeared to be a trend towards

a decreased creatinine cl-earance of rabbits which received 5.0

mS/kS of either CsG or CsA as compared to rabbits which received

the vehicfe alone.

The most important observatíon of the current investigation is

the fact that arteriolopathy, which has been reported in clinicaf

studies and is one of the hal-lmarks of nephrotoxicíty in man, has

not prevíously been demonstrated in any animal- studied to date. The

histopathoJ-ogy seen in the arteriol-es has been reported in

cl-inical- studies to be associated with decreased creatinine cfearance

and elevated serum creatinine ín transplant patients, subsequently

fol-l-owed by structural- damage to the nephron (101'102) .

Distribution studies revealed that CsA has a high tissue

affiníty and that it.' remains in tissues for several months after

discontinuíng drug administration (54,103). Among the six tissues

studied, we found CsG and CsA to be most prevalent in the

fat and spleen. The kidney, l-iver and heart had aff levels of CsG

that were fess than those found in animals treated with

comparable doses of CsA. This result is ín contrast to the

observed simil-ar volume of distribution of both CsG and CsA.

However, it appears to coincide with the reduced nephrotoxicity

of CsG observed after histological- examination of the kidney.

Cyclosporine nephrotoxicity has been examined using a

number of .in vitro, cell systems (24t64t66-68,72). Cel-.1-
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cultures al-l-ow for the study of the direct effect of drugs on

cells in the absence of any hemodynamic al-terations present in in

vivo experÍments. However, studÍes investigating the

toxic effects of CsG on renaf ceff línes have not been

previously reported.

CsA has been shown to inhibit proliferation of cuftured

rabbit and rat renal- mesangial cell-s (24t66') as wel-l- as porcine

proximal renal epithelial- cel-l-s (LLC-PKI) (24,67),

demonstrating a suppressive effect of CsA on non-lymphocytic

cel-l-s. We have shown that CsG is less ef fective than CsA at

inhíbiting the cel-l-ul-ar prolíferation as weff as DNA synthesis in

both the mesangial and proximaL tubuf e cel-l- l-ines. CsG inhibíts

ceIl growth by 75% between 5000 and 20000 ugl1, in the LLC-PKt

ceffs. CsA causes cfose to 100 % inhibition of cefl- growth at

these concentrations (24). The mesangial ceIl also appears Èo be

less affected by CsG when compared to CsA. Inhibition of celI

growth by 50å occurs at a concenÈratíon of 20000 ug/L when CsG is

used, compared to only 5000 ugll, of CsA needed to achieve a símilar

inhibition. DNA synthesis is suppressed by as littl-e as l-000 uglT, of

CsG to give 50? inhibítion as compared to CsA which requires 7000 uglI,

to achieve this. This is in contrast to the study by Martin et. al.

(66), reporting CsG to be slightly more effective in íts ability to

inhibit DNA synthesis, atthough this was not significant.
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VI.

1.

CONCLUSIONS

The distribution of CsG in bl-ood was changed with changes in

temperature and concentration. The incubation of whole bLood

at 37"C caused the re-equilibration of CsG and resul-ted in its

increased recovery in plasma. CsG metabolites are more highly

associated with red bl-ood cel-l-s than the parent drug.

CsG has a faster cl-earance rate and a shorter half-Iife than

CsA when administered to the rabbit. There appears to be no
:'

difference in the volume of distribut.ion between the two drugs.

The rabbit was shown to exhibít renal- Iesíons after treatment

with CsG, which are consistent with chronic CsA nephrotoxícity

seen in man. Using the rabbít as a modef we demonstrated CsG

to be less nephrotoxic than CsA on a dose per dose comparison.

CsG is less effective than CsA at inhibiting the cellular

prolÍferation as well as DNA synthesis in both mesangial and

proxímal tubuf e cel-l- f ines. Metabol-ites GMl and GM9 have no

effect on the proximal tubufe ceIl line, but inhibit DNA

synthesis in the mesangial cel-l- l-ine by up to 75å.

J.

A.
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