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SUMMARY



Cyclosporin is a relatively new immunosuppressant
drug which has been shown to be useful in pfe&ention of
graft rejection following organ transplantation. Its
major disadvantage is its toxicity, which appears to be
related to high concentrations of the drug. Low
concentrations are associated with rejectioﬁ episodes.
The aim of'cyclospofin dosing is to achieve cyclosporin
concentrations which minimise both toxicity and
rejection. _Individualisation of therapy is necessary
since cycloéporin'has a narrow ’‘therapeutic range’ and
also exhibits wide pharmacokinetic'variability. The .
aims of this work are to quantify the pharmacokinetic
variability of cyclosporinlin renal and liverltransplanﬁ
patients in an attempt to improve control of therapy.

A review of the literature relating to cycibsporin
outlines the background to the use of the drug‘and also
discusses reasons for the pharmacokinetic{variability.
The analytical technique used to méasure cyclosporin
concentrations invwholevblood (high performance liquid
chromatography) is described in detail and validation
for the method is provided. Pharmacokinetic and
statistical methods utilised are described.

| In an initial‘study, the pharmacokinetics of .
cyciosporin were investigated in eleven renal transplant
recipients. A Bayesian technique was used to estimate
‘the pharmacokinetic parameters»of both a one and a‘two
compartment model. This enabled pharmacokinetic

‘parameters to be continually revised for each patient.

13



over a period of two months followingvtransplantation.
Revised paraméters'Were used to predict future
.concentrations for which prediction errors were
calculated. Both models were found to consistently
under predidt later cyclosporin‘concentrations.
Examination of the pharmacokinetic parameter estimates
(of the two compartment model since this was considered
mére appropriate for cyclosporin) showed a decline in
both Cl1/F and V,/F. This decline appeared to be
exponéhtial over time post-transplant and three mono-
éﬁponential.models were subsequently investigated.

Possible reasons for the change in pharmacokinetics
were investigated by relating Cl/F to various other
factors such as biochemical and haematological
measurements, or demographic data. Although sevéral of
these factors appeared to explain the change in Cl/F, it
was not possible to determine whether this was a
causative effect or merely an association. Several of
the factors studied showed upward or downwérd trends
which may also be related to time after transplantation,
ahd their relationship with time ﬁay thérefore be
spufious.- The data availéble suggested that time post-
transplant was the most powerful explanatory variable
for the change in Cl/F. inclusion of further factors in
a monoexponential model containing time may improve |
the model.

The one and two compartment versions of the



Bayesian program'ﬁsed earlier were modified to take into
account the'change in Cl/f. Thus, four models were
available; one compartment with constant Cl/F, one

: éompartment with changing Cl/F, two compartment with_
constant Cl/F and two compartment With chahging Cl/F.
The ability of these four models to predict cyclosporin
concentrations was evaluated in eighteen renal |
transplant patients..‘The evaluation study was based on-
the prospective collection of data. Results of this
study showed a Significant improvemenﬁ in accuracy of
prediction when the modified program (éither one or two
compartment) was used. Precision was poor in all four
modelé and possible reasons for this are discussed.

A further study was carried out in 11 liver
transplant patients. The aim of this study was to
investigate chahges in cyclosporin pharmacokinetics
following clampingvof the external biliary T-tube. A
series of blood samples was collected from each patient
following oral and intravenous dosing before and after
clamping of the T-tube. Of particular intereét was a
possible increase in bioavailability related to
increased bile flow to’the,gut following clamping.
Analysis of data from the eleven patients in the study
showed an increase in bioavailability.which was not
significant. Two patients with vanishing bile duct
syndrome at the time of the clamped study may have
complicated the analysis; qmission of thesé two patients

resulted in a significant increase in bioavailability at

15



the time of the élamped study. Whether this increase
was due solely to the éffect of T-tube clamping, or
whether a time dependent factor (as seen in renal
trahsplant patients) was involved; was not clear.

‘These studies have enabled quantitation of some of
the pharmacokinetic variability of cyclosporin' occurring
in the early period following either renal or liver
-transplantation. The findings presented in thié thesis
‘should lead to better control of cyclosporin therapy in

such patients.
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CHAPTER 1

GENERAL INTRObUCTION_AND BACKGROUND



1.1 INTRODUCTION

Cyclosporin ié an immunosuppressant drug which has
played a maj¢r role in the survival rate of patients
with transplantedborgans. It waé first.used clinically
in renal transplant patients in 1978 (Calne et al, 19?8)
and since then it has been administered to vérious
groﬁps of transpiant patients, including liver (Starzl
et al, 1985), cardiac (Oyer et al, 1983) and pancreatic
transplant patients (Dubernard ét al,.1988). Its use
has also been'investigatedvin prevention of graft versus
host disease in bone marrbw trénsplant recipients (Storb
et al, 1985) and it may be of benefit in the treatment
of aﬁto—immune disease (Dipalma, 1989). |

Immunological mechanisms are responsible for graft
rejection and some means of modifying the immune
response is therefore necessary (Monaco, 1986). Before
.the introduction of cyclosporin, transplant patients
were usually treated with corticosteroids and/or
azathioprine, an approach known as "conventional
immunosuppression". The’introduction of cyclosporin has
-however, significantly improved the success rate 6f
renAI transplantation (Eﬁropean Multicentre Trial Group,
1983) and 1liver trahsplantation is now considered the
treatment of choice for hearly all causes of liver
failure (Gordon et al, 19865.

Cyclosporin, however exhibits several toxic side

effects, most notably nephrdtoxicity. 'Efficacy and

17



toxicity of cyclosporin are not neéessarily related to
the dose administered, but concentrations of the drug in
blood or plasma provide a useful method_of ﬁinimising
both toxicity and graft rejection (Irschik et al, 1984).
The blood or plasma concentrations above which
cyclosporin is effective and below which toxicity is
~unlikely constitute the thefapeutic ranée. This range
depends on the analYtical technique used to measure
cyclosporin and on the matrix in which it is measured.
This is discussed . later in Chaptér 1. |

Cyclosporin exhibits inter- and intra-patient
pharmachinetic variability resulting in unpredictable
concentrations (Newburger and Kahan, 1983). The
combination of a relatively narrow therapeutic range and
wide pharmacokinetic variability has necessitatad
frequent monitoring of cycloéporin concentrations.

A method of individualising cyclosporin dosage
bbased on pharmacokinetic principles using measured
concentrations would be of great benefit. Single dose
pharmacokinetic profiles performed aither pre- or'poét-
operatively (Lokiec et al, 1986; Kahan et al, 19860)
take account of differences between individuals but
cannot account for importaﬁt differences which occur
within individuals. This lattar problem is addressed by
Bayesian eatimation of pharmacokinetic parameters
(Sheiner and Beal, 1982; Kelman et'al, 1982), a
technique which requires only 6ne or two aohcéntration

measurements in each dosing interval and which may be

18



empleyed to continually revise pharmacokineties_in
individual patients over a period of several weeks.
Bayesian estimation is described more fully in Chapter
3. . |

This thesis involves the study of pharmacokinetic
variability in renal and in liver transplant recipients,
both within and betweenkpatients. This chapter provides
a background of the immunological mechanisms involved in
destruction of organ trahsplants and presents the need
for immunosuppressant drugs. The advantages and
disadvantages of eyclosporin will be discussed in
relation to conventional therapy. Cyclosporin
pharmacokinetics will be discussed in detail and the

aims of the thesis will be outlined.

1.1.1 Immunological Response to Organ Grafting

A transplant between two genetically identical
twins (isograft) does not evoke an immune response
(Merrill et al, 1956). However, isografts are uncommon
and ailografts (same species but different genetic
constitution) are much more usual. If no attempt is -
made to modify the immune system of the allegfaft |
recipieht, rejection of the transplant will occur after
a short period of time. An immune response directed |
against the cells of an allograft occurs because the
antigens of the'graft are genetically different from

those of the recipient.
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Antigenic expression on the cell surface of an
allograft is genetically controiléd by the major
histocompatibility éomplex (MHC) and, in‘particular thé
human 1eukocyte antigen (HLA), Attempts are usually
made to match the donor and recipient at the MHC, but
even where they are well matched, rejection can still
occur (Pfeffer et al, 1988).

Acute allograft rejection is maihly due to cellular
immunity, that is immunity involving T-cells without the
formation of free antibodies. The second main type of
immune response, humoréi immunity involving B-cell
lymphocytes, is thought to play a smaller part in acute
rejection. The rejection process involves a complex
sequehce of events. Antigens on the allograft are
recognised as foreign and trigger the proliferation of
activated T-cells from the lymphatic tissue. This leads
to the release pf cytotoxic T-cells whose fﬁnction isvto‘
damage the cells of the allograft, helper T-cells which.
allow T-dependent B-cells to respond to certain ’
antigens, and Suppréssor T-cells which result in
feedback suppression ofAthe immune response. The
transplanted organ is destroyed by injury.to blood

vessels, resulting in ischaemia and necrosis.

1.1.2 Immunosuppressant Drugs

Transplant survival depends upon suppression of the

immune system and, following transplantation, virtualiy'
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all‘patients receive immunosuppfessant drugs. Ideally,
the immunosuppressant agent should protect the cells of
the allograft while having a minimal_effect on the
recipient, that is, it should inhibit only the_T-cells
known to be involved in the rejection proceés. The
following section describes immunosuppressant drugs>

commonly used.
(1) Azathioprine

Azathioprine has now been used for about 30 years.
It is a nitro-imidazole derivativebof 6-mercaptopur§ne
which is its active component. Six-mercaptopurine is
liberated by metabolic cléavage in the liver after
absorption (Figure 1.1). It is thought‘to inhibit T-
cell proliferation (Hall, 1982) by interfering with
‘nucleic acid synthesis. Azathioprine therapy however,
increases the incidence of infections in the recipient
and also has a toxic effect on the bone marrow. Before
the introduction of cyclosporin, azathioprine in
combination with corticosteroids was the most common
means of suppréssing the imﬁune system following organ

transplantation and is termed "conventional therapy".
(ii) Corticosteroids

Corticosteroids are used in virtually all
transplant patients either in combination with
azathioprine or, more recently, with cycloéporin. The

chemical structures of the corticosteroids, prednisone
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Figure 1.1 Chemical structure of azathioprine
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and its active moiety’prednisolone,’are_shown in Figure
1.2. The corticosteroids act by binding to the DNA
molecule,'follpwed by increased transcription of mRNA
molecules. This leads to alterations in protein
synthesis and changes in cell funetion (Mukwaya; 1988),
thus suppressing proliferation and differentiation of T-
cells. Steroids can cause several unwanted side effects
including growth reta:datioh in shildren, CuShingoid
features, obesity, hypertension and infection.
Fortunately, lower doses of steroids can be used when
the drug is used in‘combinatien with cyclosporin and

some steroid side effects can be avoided.
(iii) Cyclophosphamide

Cyclophosphamide was used in the early years of
traﬁsplantation but is less commonly used howadays. It
is inactive in vitro and is transformed invthe liver
into active.metabolites. The active metabolites
interfere with replication of immunolegically competeht

cells by crosslinking to DNA (Yadav et al, 1988).

(iv) Total lymphoid irradiation

 Total lymphoid irradiation‘is a means-of
immunosuppression limited to the lymphoid systenm. in
animals, it has been shown to,pfeduce involutien of the
lymphoid system followed by preferential regeneration of

T-suppressor cells (Slavin et al}‘1978).
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(v) Orthoclone OKT3

. This is a murine monoclonal antibody which acts by
inhibition of cytotoxic T-cells (Hirsch et al, 1987).
It is used in some centres instead of steroids to

reverse acute rejection episodes.

(vi) Antilymphocyte and antithymocyte globulin (ALG and
ATG)

ALG and ATG exert a non-specific action against
_the lymphocyteé and are useful in treating sensitised
patients, for example those who have had a previous

transplant.

(vii) FK 506

FK 506 is a new drug, produced as'part of'aidrﬁg
program which was designed to identify fungal
metabolites that would inhibit interleukinnz (IL-2)
production (Morris et al, 1989). Preliminary studies
suggest that it isvuseful both as "salvage therépy" in
patients with rejection or néphrotoxicity after
receiving other immunosuppressant drugs, and as primary
immuhosuppression in high risk patiehts-(Starz1 et al,

1989) .
(viii) Cycldsporin

The introduction of cyclosporin as a new class of
immunosuppressant drug has played a major role in

improving the success rate of kidney, liver, heart,
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heart-lung, bone marrow and pancreas transpléntation
(Beveridge, 1986). Its chemical structure differs
markedly from that of earlier immunosuppressant drugs
(Figure 1.3). The potent immunosuppressive properties
of cyclosporin were reported in 1976 (Borel et al, 1976)
and the first clinical trial was carried out in seven
renal transplant patients in 1978 (Calne et al, 1§78).
Cyclosporin was found to differ from earlier
immunosuppressant drugs in its selecfive action on T-
lymphocytes (Borel et al, 1977). The following section

will outline the mechanism of action of cyclosporin.

1.2 CYCIOSPORIN

1.2.1 Background

Cyclosporin was fortuitously isolated from a soil
fungal culture during a microbiological screening
programme (Dreyfuss et al, 1976). Although it was
found to have little anti—fungal‘activitf, it showed
potent‘immunosuppressant properties in animals (Borel et
al, 1976) . Cycloéporin is a cyclid undecapeptide of
mblecular weightrlzoz. Ten of the amino acids were
already known bﬁt the c-9 amino'acid on position 1 is
unique and appears to be essential for immunosuppression

although it is not active on its own (Wenger, 1986).

1.2.2 Mechanism of Action

Cyclosporin has a selective action on T-lymphocytes
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(Borel et al, 1977) and appears to inhibit'the release
of IL-2 by stimuléted helper T-cells (Hess et al 1983).
Thebsite of action of Cyclbsporin is shown in Figure -
1.4. Cyclosporin has a sparing effect on suppressor T-
cells; there is thus a cﬁange in the ratio of
sﬁppressor:effector cells (Kupiec-Weglinski, 1984).

At the cellular level it appears that inhibition of
IL-2 production by activated helper T-lymphocytes occurs
at thé‘level of messenger ribonucleic acid (mRNA)
transcription (Elliott et al. 1984); it may be that
cyclosporin inhibits calmodulin dependent inducible mRNA
transcription (Hess and Colombani, 1986).

Cyclosporin does not inhibit cytotoxic T-cells
which are already formed; the drug is therefore.
ineffective if treatment is started after antigenic
stimulation has occurred (Wish, 1986).

Cyclosporin isAthoﬁght to have no effect on humoral
immunity (Borel et al, 1977) although there is some

conflicting evidence on this (Eaavohen and Hayry,1980).

1.2.3 Adverse Effects of Cyclosporin

Cyclosporin exhibits several toxic side effects,
the most sefious of which is nephrotoxicity}
Nephrotoxicity occurs both in transplant patients (Calne
et al, 1978) ahd in patients receiving the drug for
other reasons (Dijkmans}et al, 1987; Tegzess et al,

1988). The most likely site of action of cyclosporin on
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the nephron is the afferent-arteriéle Qhere it.produces
vasoconstriction (Kahan, 1989). NephrntOXicity is
characterised by a deérease in fluid output from the
proximal tubules, an increase in proximal fraétional
reabsorption and a moderate decrease in the glomerular
‘filtration rate, probably caused by a reduction in renal
blood flow (Dieperink et al, 1987). Animal studies
suggest that the renin-angiotensin aldosterone system is
" involved (McAuley et al; 1987); |

Néphrotoxicity is uSuallyvhéralded by an increase
in serum creatinine. However in the case of renal
transplantation, it is difficult to determine whether én
increased serum creatinine is due to nephrotoxicity or
to rejection of the transplanted organ. ﬁephrotoxicity
is thought to be associated with high cyclosporin
concentrations and rejection with low concentfations
(irschik et al, 1984); An increase in creatinine dué_to
rejection caused by inadequate cyclosporin levels will
generally be reversed by treating with high dose
steroids whereas increased creatinine due to
nephrotoxicity is not reversed in this way (Taube et al,
1985). ‘The use ofIUltrasound ﬁo'detect an.increase in
cross-sectional area of the kidney‘(Parvin et al, 1986)
or graft biopsy (Thomsen et ai, 1987).may help to i
differéntiate between the two qonditidns. Clinical
signs indicating rejection include decreased urine

output, increased weight, an increase in body
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temperature‘and a répid in¢rease in serum creatinine.
Nephrotoxicity is.usually associated with a slower
increase in serum creatinine (Klintmalm et al, 1983).
Hepatotoxicity occurs in many patients but usually
reverses on dosage reduction (Lorber etval, 1987) ..
Hypertension is also common although the relationship
with cyclosporin concentration is less clear (Loughran
et al, 1985). Increased plasma LDL concentrations
following renal ﬁransplantation may be associated with
cyclosporin therapy (Raine et al, 1987). Seizures as a -
resﬁlt of neurotoxicity may be related to elevated
cyclosporin concentrationsk(Beaman et al, 1985). The
incidehce of lymphoma associated with cyclosporin is -
less frequént than that found with conventional
immunosuppression; lymphomas which do‘occur genéfally
respond to reduction in dose or termination of

cyclosporin therapy (Starzl et al, 1984).

1.3 PHARMACOKINETICS OF CYCIOSPORIN

1.3.1 Absorption

Cjclosporin is a highly'lipophilic cdhpound which
éan bekgiven orally in an oily suspension or in soft
gelatin capsules. Its absorption:is siow, variable and
incomplete. The time to peék»concentraﬁion following an
oral dose varies between 1 and 8 hours (Ptachcinski et
al, 1985b). Bioavailability of orally administered

cyclosporin is variable. Values ranging from 5% to 60%
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are reported (Ptachcinéki et al, 1986); To make the
oily solution more palatable it is usﬁally mixed with
fruit juice or milk. Oral absorption of the drug is
unlikely to be affected by the vehicle (Johnston et al,
1986), although othérs have‘observed higher peak -
concentrations and higher area under the concentration
time curve (AUC) when cyclosporin is mixed with ﬁilk
rather than orange juice (Keogh et al, 1988).

The mechanism of absorption of cyclosporin is
unciear., In animal studies, déspite its 1ipophilicity,—
only about 2% of the drug is absorbed by the lymphatic
system (Ueda et'al, 1983). It is likely that
cyclosporin is absorbed in the small intestine with
micelles formed‘from bile (Lindholm et al, 1988c). Bile
is necessary for absorption of cyclosporin in dogs
(Ericzon et al, 1987) and animal studies show that poor
absorption occurs in hepatic dysfunction, presumably due
td lack of bile (Takaya et al, 1987). 1In liver
transplant patients, very low concentratioﬁs of
cyclosporin are detected after an oral dose during
periods of biliary diversioh; AUC increases following
clamping of the external bile drain (Mehta et al, 1988)
probably due to increased ébsorption (Andrews et al,
1985) . ‘Similarly in animal studies, the presencé of
bile results in approkimately three fold increase in
bioavailability of cyclosporin in dogs, compared to

those with biliary diversion (Venkataramanan et al,
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1986b). Thetconcomitant administration of bile salts
and cyclosporin to 1ivef tfansplant patients may
overcome this problem (Ericzon et al, 1987);

Pharmacokinetic studies of cyclosporin are usuaily‘
. carried out assuming first order absorption ie assuming
that the rate of absorption is proportional to the
éoncentration_ofrdrug in the gut (Newburger and Kahan,
1983). Zero order absorption (which assumes a constant
rate of absorption independent of the concentration in
the gut) and the presence of an "absorption window" in
- the gut has been prdposed (Grevel et al, 1986). The
absorption of cyclosporin may be dose dependent, ie at
lower doses relatively more of the drug is absorbed
(Grevel, 1988; Reymbnd et al, 1988). Conversely, Ueda
et al (1984) have reported that in animal studiéé the
proportion of cyclosporin absorbed increases as dose
increases.

The effect of food on the absorption of cyclosporin
is controversial. Food is reported to reduce
bioa&ailability (Keown et al, 1982), to have no effect
(Keown et al, 1983; Keogh et al, 1988) and.tb increase
biocavailability (Ptachcinski et al,i985c; Gupta and
Benet, 1989). The.?resence of intestinal dysfunction,
such as vomiting or diarrhoea; impairs absorption
(Atkinson et al, 1984). |

As a result of the various faCtors‘discussed above,
there is considerable variability between subjects in

cyclosporin absorption and bioavailability. In the
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first two weeks following renal transplantatibn a mean
(SD) biocavailability of 27.6% (18.1) has been repqrted,
and in 7 6f 41 subjects bioavailability was less than
10% (Ptachcinski et al, 1985b). In liver transplant
recipienﬁs, bioavailability values rahging from 8%:to-
60% (mean 27%) have been reported (Burckart et al,
1986¢c) . |

of crucialsiﬁpoftance is the finding that
bioavailability also varies considerably within subjects
both in healthy volunteers (Lindholm et al, 1988c) and -
in renal transplant recipients (Kahan et al, 1983;
Odlind et al, 1986). In the case of renal |
traﬁsplantation,'it is known that as time progresses
post transplant, the dose of cyclosporin must be. reduced
in order to maintain constant steady state
concentrations (Tufveson et al, 1986). Bioavailability
has been reported to increase gradually in the early
period following renai transplantation (Kahan et al,
1983; 0dlind et al, 1986). This has been verified by
~ the fipding that the same dose of cyclosporin given at
about 3 days and again at about 7 months after a renal
'transplaht-results in a greater amount absorbed»at the
later time (Wilms et al, 1988). Similarly a mean
bioavailability of 25.9% (19.4) in the first twovweeks
post transplant rising to 50.2% (7.9) at 6-12 months has
been reported by Kahén et_al (1986a).>ﬁ

Various theories for an increase in biocavailability
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have been propoéed; One possibility is that itvis a
timé dependént change as the patient recovers pbst
operatively (Venkataramanan et al, 1989). As preﬁiously
discussed, bile is necessary for absorption of orally'
administered cyclosporin and poor bile flow immediately
.post-operatively may lead to impaired ébsorption. In
addition, patients with renal failure often have altered
gastric pH or gastro-intestinal dysfunction, both of
which may impair drug absdrption (Venkaﬁaramanan et al,

1989) immediately after transplantation.

1.3.2 Distribution

Cyclosporin exhibits multicompartmental behaviour
following intravenous administration (Ptachcinski et al,
1987a; Follath et al, 1983). An initial rapid..
distribution phase, with a half life of about 0.1 hours
is followed by a second slower distributibn phase with a
half life 6f the order of 1 hour and a terminal phaseA
vwith-an elimihation half life of about 16 hours (Follath
et al, 1983). |

qulosporin distfibutes wideiyvin fhe body as a
result of its lipophilicity. Some reported values for
volume of distribution are shown in Table 1.1. High
'concentrations‘of the drug have been detected in adipose
tissue, livef, intestine, gall bladder, pancreés,
kidney, adrenal glands, spleen and lymph nodes (Ried et
al, 1983). A recent study has shown similar disposition ~

of cyclosporin in lean and'obese patients, suégesting
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Table 1.1 Reported pharmacokinetic parameter values .
~for cyclosporin in different groups of patients (measured

in whole blood by HPILC).

Patient Clearance Volume of Elim" Ref
group , dist? half life
(1/h/kg) (1/kg) (hours)

Healthy 0.234 1.3 6.2 (i)
volunteers (0.174-0.330) (0.3) (4.2-12.6)

Renal 0.342 4.54 10.7 (ii)
transplant (0.038-1.43) (3.59) (4.5-53.4)

Liver '~ 0.308 - - (iii)

transplant  (0.192-0.456)

~ cardiac 0.390 2.7 6.4 (iv)
transplant (0.126-0.906) (2.0) .

Clearance; harmonic mean (range)

Volume of distribution; arithmetic mean (standard
deviation) ‘

Elimination half life; harmonic mean (range)

References: (i) Ptachcinski et al, 1987a,
~ (ii) Ptachcinski et al, 1985b,
(1ii) Burckart et al, 1986a,
(iv) Venkataramanan et al, 1985
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that the drug is distributed primarily in lean body mass
(Yee et al, 1988a). Permeability of the blood/brain
barrier is poor (Cefalu and Partfidge, 1985) which
conflicts with reports of central nervous system
toxicity (Beaman et al, 1985). The drug is also
distributed into breast milk (Flechner et al, 1985).

The distribution of cyclosporin in blood is both
temperature and cpncehtration dependent. At 37°C
approximately 58% o? cyclosporin is associated with
erythrocytes (Lemaire and Tillement, 1982). At lower
temperatures in vitro, cyclosporin partitions
increasingly into blood cells (Niederberger et al,
1983). The éffect of this on the measurement of
cycloéporin concentrations is discussed more fully in
Chapter 2. Erythrocytes become saturated at -
concentrations greater that 5000ug/l. There is,
however, little evidence for a relationship between
haematocrit and the volume of distribution of
cyclosporin (Yee et al, 1988c).

Cyclosporin is also highly pound to plasma
proteins, particularly the lipoproteins (Lemaife and
Tillement,71982). Any change in lipoprotein
concentration may affect binding and thus result in
altered disposition of cyclosporin (Lithell et al, .\
1986). It is possible that some of the variability in
-pharmacokinetics of cyclosporin can be explained by
alterations in clinical parameters that reflect binding

of cyclosporin in the blood (Kasiske et al, 1988). One
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group has observed increased haematocrit, LDL, HDL,
total cholesterol, triglycerides, total protein and
albumin post transplant and suggests that the observed
changes in pharmacokinetics of cyclosporin are due to

changes in binding of the drug (Awni et al, 1989).
1.3.3 Metabolism

Cyclosporin is extensively metabolised in the liver
(Maurer, 1985). Nine metabolites ha&e been identified
although at least 25 are thought to exist
(Venkataramananbet al, 1989). Biotransformatioh is
limited to N-demethylation, hydroxylation and
cyclization.

The métabolites may contribute to the
immunosuppressant or toxic effects of cyclosporin. Some
metabolites do have immunosuppressive activity (Rosano
et al, 1987) and concentrations of’cyclosporin measured
by a non-specific radiofimmunoaSSay (measures both
parent drug and some of its metabolites) have been
reported to correlate better with néphrotoxicity than
those measured by high performance.liquid chromatography
which detects.parent drug only (Holt et al, 1986; Yee et
al, 1986). This suggests involvement of some of the’
detected metabolites.

Cyclésporin is primarily metabolised by the
cytochrome P-450 system in the liver and consequently

any concomitant drug therapy which induces or inhibits



~this system may affect drug concentrations (Section
1.5 ...). Patients with liver dysfunction metabolise
cYclosporin more slowly than other groups of patients

(Kahan et al, 1986a, Takaya et al, 1988).

1.3.4 Elimination

Cyclosﬁorin metabolites are primarily eliminated
via the.bile. Less than 2% of an absorbed dose is
excreted unchanged by thié route (Burckart et al 1986b).
Approximately 6% of administered cyclosporin is excreted
in the uriné, and less than 1% is excreted unchanged in
the urine (Wood et al, 1983). Enterohepatic_
recirculation of parent drug does not occur, although
some metabolites are recirculated (Venkataramanan et al,
1985b). Some reported values of clearance of
cyclosporin in various groups of patients are shown in
Table 1.1. |

Elimination of cyclosporin follows first order
_pharmacokiﬁetiévbehaviour, although during rapid
intravenous infusion (>6mg/kg/hour), elimination may
become zero order (Kahan, 1985a). Gupta etval, (1987)
have shown a lower clearance at higher doses, but this
is unlikely to be of clinical significance. |

Cyclosporin-is almost completely metabolised in the
liver and consequently a deteribration in liver |
function, as defined by increased bilirubin or
transaminase levels, may result in decreased clearance

(Kahan et al, 1986a). A non-linear relationship has
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béen_reported between alanine amino transferase (ALAT);
which is indicative of hepatocyte damage, and
cyclosporin clearance in uraemic patients (Reynolds et
al, 1988). The relationship between bilirubinslevels
and cyclosporin disposition:is more difficult to
interpret since bilirubin levels may well be an index of
liver function and therefore of cyclosporin meﬁabolism,
‘but may also be a measure of bile flow into the gut, an
important consideration in the absorption of
"cyclosporin. In animal studies a significant negative
correlation has béen reported between serum bilirubin and
bicavailability (Takaya et al, 1988) but the same group
was unable to show a relationship between bilirubin
levels and the clearance of intravenously administered
‘cyclosporin. A study in bone marrow transplant patients
showed no correlation between liver function tests and
cyclosporin clearance (Yee et al, 1988b). | |
Renal function does not affect cyclosporin

‘clearance (Foilath et al, 1983; Roberts et al, 1986).
Reports of a relationship between renal function and
cyclqsporin clearance are based_on results obtained
‘using a non-specific.radid—immunoassay (sée Chapter 2)
(Arnold et al, 1987; Kahan et al, 1986a). However the
effect of renal function on cyclosporin disposition is
difficult to interpret and it is possible that some
factor relating to improved renal funcﬁion following a

successful transplant may cause changing
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pharmacokinetics of the drug. The clearance of
cyclosporin is not affected by haemodialysis.'

ﬁepatic extraction of cYclcsporin is low to
moderate (Venkataramanan et al, 1985&) which indicates
that its clearance'may be altered by changes in
intrinsic clearance and blood protein binding, and to a
lesser extent by changes in liver blood flow. As
indicated earlier, cyclosporin is a lipophilic compound
and is highly bound to lipoproteins. There is a close
relationship between lipoprotein levels and cyclosporin
clearance in uraemic patients awaiting renal
‘transplantation (Lithell et al, 1986; Lindberg et al,
1986), possibiy due to a reduction.in the fraction of
cyclosporin unbound with increasing‘cholesterol
concentration (Legg et al, 1988). - The decrease“in
cyclosporin clearance with age (Kahan et al, 1986a) may
be due to increased lipoprotein concentrations which
occur in older patients (Yee et al, 1987). Lipid
abnormalities are common in patienﬁs undergoing»
- dialysis, and transplantation may not overcome this. A
significant increase in cholesterol in patients with
hypercholesterolaemia has'beén shown one year post-
transplant compared to pre-transplant (Kasiske ét_al,
1987). This increase may be due‘to cyclosporin itself
(Raine et al, 1987) or to both cyclosporin and |
.prednisclone (Harris et al, 1986 ; Vathsala et al,
1989).

Clearance of cyclosporin in bone marrow transplant
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patiénté is higher than in other groups of transplant
’patients, possibly dﬁe to lower haematocritlleveIS'in
the former group (Yee et al, 1988b).

The requirement for lower’cyclosporin'doées as time
' progresses following renal transplantation, may be
partly due to a decreased elimination with time
(Newburger and Kahan, 1983; Habucky et al, 1988).

1.4 EFFECT OF DEMOGRAPHIC FACTORS ON THE PHARMACO;

KINETICS OF CYCI.OSPORIN

Various demographic factors have been found to
- contribute to the inter-patient pharmécokinetic
variability of cyciosporin. The effect of hepatic
impairment, renal dysfunction and gastro-intestihal
dysfunction have been discussed earlier in this chapter.
Renal transplant patients over 45 years of age have

lower clearance and higher volume of distribution than
younger patients (Kahan et al, 1986a); females have
higher clearance and higher volume of distribution.than
males.

| There appears to be no rélationshiévbetween the
pharmacokinetics of cyclosporin, and haematocrit,
haemoglobin, biiirubin,‘albumin, éspartate transaminase,
lactate dehydrogenase or alkaline phosphatase (Grével et
al, 1988a), although a significant relationship between
aianiﬁe transaminase and clearance has been observed

(Grevel et al, 1988a). This relationship is seen
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regardlesé of Qhether cydlosporin is meaéured in whole
blood by specific high perfdrmance liquid dhromatography
or by non-specific radio-immunoassay. A relationship
between alanine transaminase and biocavailability is
found only when cyclosporin is measured in serum by non-

specific radioimmunoassay.

1.5 DRUG INTERACTIONS

.Drug interactions with cyclosporin are of two
types: (i) drugs altering the pharmacokinetics of
cyclosporin or whose pharmacokineticé are altered'by
cyclosporin, and (ii) drugs affecting the toxicity of
cyclosporin. - |

(i) Drugs which alter the pharmacokineticé‘of
cyclosporin usually do so by interfering with either the
absorption or the metabolism of the drug._ Some
interactions which have been investigated are discussed
below and also listed in Table 1.2.

Metoclopramide hasvbeen reportéd té improve
absorption of cydlosporin by increasing gastric
emptying, therefore decreasing the time taken for the
drug ﬁo reach small intestine absorption sites.(Wadhwa,
1987) . | |

The calcium channel blockers, diltiazem (Wagner et_i
al, 1989), nicardipine'(Bourbigot et al, 1986) and
verapamil (Lindholm and Henricsson, 1987) cause |

increased cyclosporin concentrations. The mechanism of
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Table 1.2 Reported pharmacokinetic drug interactions
with cyclosporin

Drug

Metoclopramide
Erythromycin
‘Diltiazem
Nicardipine
Verapamii

" Nifedipine
Steroids
Carbamazepine
Phenobarbitone

Phenytoin

Sodium valproate
Rifampicin
Sulphonamides

Cimetidine

Ciprofloxacin

Effect on

Cyclosporin
Concentrations

Reference

Increasés
Ihcreases
Increases
Increases
Increases
No effect

Increase
Decrease

Decreases

Decreases

Decreases

No effect.

Decreases

Decreases

No effect

Increases

No effect
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this interaction is probably ihhibition of hepatic
microsomal drug ﬁetabolism (Renton, 1985). This
interaction is not seen with nifedipine (Wégner et al,
1989} Bourbigot et al, 1986). It is of.note.that
_despite the incréase in cyclosborin cdncentrations
caused by'diltiazem, nicardipine and verapamil, the
‘glomerular filtratibn raﬁe is not decreased (Wagner et
al, 1989). This suggests that the calcium blécking
drugs may have a prdtective effect on renal function
possibly due to their vasbdilator effect_(Feehally et
al, 1987).

Carbamazepine and phenobarbitone cause a decrease
iﬁ cyclosporin concenﬁraﬁions, possibly due to induction
-of the cytochrome P450 enzyme system (Carstensen et al,
1986; Lele et al, 1985). Concomitant administration‘of
phenytoin also causes decreased cyclosporin
concentrations, put it is not clear whether this is due
to decreased absorption (Rowland and Gupta, 1987) or to
increased metabolism (Freeman et al, 1984). No suéh
interaction has been reported between cyclosporin and
sodium valproate (Hillebrand et al, 1987).

The use of high dose methylprednisolche during
rejection episodes may affect‘cycloéporin
pharmacokinetics. Increased cycicsporin_concentrations‘
have been seen durihg concomitant administration of both
drugs when cyclosporin concentrations are measured by

non-specific radio-immunoassay (Klintmalm and Sawe,
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1984; Ost et al, 1985), presumably due to inhibition of
cyclosporin metabolism; However, when cyclosporin is
.measufed by specific high performance liquid
chromatography, an increase in cyclosporin clearance is
seen (Ptachcinski et al, 198?b).

Erythromycin causes increased concentrations of
cyclosporin (Ptéchcinski et ai, 1985d) either by
inhibiting its metabolism (Vereerstraeten et al, 1987)
or by enhancing its absorption (Gupta et al, 1988).

The interactions with rifampicin and isoniazid
(Langhoff and Madsen, 1983), sulphonamides (Jones et al,
1986) and ketoconazole (Ferguson et al,'1982) are
probably due to alteration in cyclosporin metabolism.
Ketocoﬁazole inhibits metabolism of éyclosporin and its
conéomitant use may allow lower doses of cyclosﬁbrin td
be used (First et al, 1989).

Spifamycin has no effect on the pharmacokinetics of
‘cyclosporinv(Guillemain et al, 1989; Birmele et ai,
1989) suggeéting that spiramycin is metabolised by a
different isoenzyme than cyclosporin. simiiarly, in
- spite of the effects of ciprofloxacih on
pharmacékinetics of_othef drugs metabolised by the
cytochrome‘P450 enzyme system (Bachmann et.al,_1988),
ciproflokacin does not appear to affect the
pharmaéokinetics of cYclosporin (Tan'et al,‘i989).

Other wbrkers have been unable to detect any effect of
norfloxacin on serum.cyclosporin trough concentrations

(Jadoul et al, .1989).
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Cyclosporin itself affects the pharmacokinetics of
some drugs. Digoxin toxicity has been observed in heart
transplant patienﬁs treated with cyclosporin due»to
altered pharmacokinetics of digoxin (Dorian et al,
1988); The interaction betwegn cyclosporin and‘
prednisolone is mutual as shown by increased
prednisolone concentrations when the two drugs are
administered concurrently (Ost et al, 1585).

Cyclosporin itself has been reported to inhibit the
- cytochrome P450 enzyme syéﬁem (Moochala and Renton,
1986) . S |

(ii) The second group of drug interactions includes
drugs which are nephrotoxic themselves énd may enhance
the toxicity of,cyclospérin. Both gentamicin and
cyclosporin exert a toxic effect on the renal proximal
tubule and it has been reported that the total
nephrotoxicity when these two drugs are given’together
is greater than the sum of their individual toxicity
when given alone (Whiting and Simpson, 1983). The
mechanism by which amphotericin B causes nephrétoxicity
is unclear but it has been reported to enhance the
‘toxicity of cyclosporin when given in éombination
(Kennedy et al, 1983). In animal studies, frusemide has
been seen to cause abnormalities of the renal tubulesv
which are more seVere when administered at the same time
as cyclosporin (Whiting et al, 1984b).

Some drug interactions are beneficial and may
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reduce toxicity; Cyclosporin nephrotoxicity appears,to
bé caused by vasoconstriction of the rénal arterioles
and it has been reported that vasodilators, in
particulaf nifedipine, may have a protective effect 6n_
renal function (Dieperink et al, 1986;‘Feehally et al,

1987).

1.6 MONITORING OF CYCIOSPORIN THERAPY

Pharmacokinetid variability of cyclosporin, coubled
with the toxicity of the drug, has necessitated regula:
monitoring of cyclosporin concentrations in virtually
all patients receiving the drug. Until the recent
introduction of a specific monoclonal antibody for
radio-immunoassay, most transplant centres used.  a non-
specific radio—immunoéssay because of the speed and ease
of this type of assay. High performance liquid
chromatography (HPLC) was the only spec1f1c assay
available. The equipment " requlred by HPLC and the time
taken to perform the assay limited its use in routine
clinical laboratories. Analytical methods will be
discussed in more detail.latér in this section and in
Chapter 2. |

It is generally accepted that measuring of
cyclosporin trough'concentrations in blood or plasma is_
useful in minimising tokicity and rejection (Irschik et
al, 1984). Similar findings have been reported by Kéhan

et al (1984). Lower cyclosporin plasma levels in renal
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transplant patients with acute rejection have been
observed compared to non-rejecting paﬁients (Lindholm et
al, 1988b). Furthermore, the éaﬁe groﬁp has reported a
significantly lower free fraction of cyclosporin dﬁring
periods 6f acute rejection compared to one week earlier
(Lindholm et al, 1988a). Others have shown that
monitoring of cyclosporin concentrations is useful in
prévention of nephrotoxicity in bone marrow transplant
recipients but does not help to prevént graft-versus-
' host disease (Lindhqlm et al, 1987). ConVérsely,
Régerson et al (1986) found that measurement‘of
cyclosporin concehtrations in renal transplént patiehts
is helpful in determining minimum concentrations to
prevent rejection but does not help to prevent
nephrotoxicity. ‘It may be that both pharmacokinetic and
- pharmacodynamic monitoring are useful in optimising
cyclosporin therapy (Kahan et al, 1985b)5

The measured concentration of cyclosporin is highly
~dependent on ﬁhe type of assay used (ie speéific or non-
specific) and'oh the matrix in which the drug.is
measured (ie blood, plasma or serum). Radio-immunoassay
is the most commonly used analytical technique asAit is
relatiVely simple and fast to pe:form. However, until
redently the ‘antibody used in the radioimmunoassay was
nbn-spéqific-(ie it measured both parent drug and
metabolites). HPLC is avspecific technique but is too
time consuming for most routine 1aboratories. ‘The

introduction of a specific antibody for cyclosporin
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‘'should combine the ease of radio-immunoassay with the
specificity of HPLC (see Chapter 2). The matrix of
analysis is also important due to partitioning of
cyclospotin between plasmé and blood cells. Whole blood
appéars to'be the matrix of choice as this overcomes
methodologidal problems associated with altered
haematocrit and changes in temperature during storage of
the bloodgsample (Shaw et al, 1987).

Most commonly, trough concentratioﬁs‘are measﬁred
ie sampies are collected immediately before a‘dose.
Table 1.3 lists some proposed therapeutic ranges for
cyclosporin cohcentrations using different analytical
methods (24 hour trough samples, renal transplant
patients).

Trough cyclosporin concentratipns are usually
measured because variability in the ratio of parent drué;
to metabolite is minimised at this time (Robinson et al,
1983). It has been suggested that the use of a sample
collected six hours after an oral dose (measured by
HPLC) méy be more useful than a trough sample in
preventing toxicity and fejection (Cantarovich et al,
1988).- Récently, an altefnétive approach to
cyclosporin monitoring using a pharmacokinetic strategy
has been proposed (Kahan and Grevel, 1988; Grevel et al,
1989) and they suggest that the ﬁse of AUC measurements
is more useful that single trough concentration | |

measurements. The disadvantage of such an approach is
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Table 1.3 Suggested therapeutic ranges for cyclosporin
using different analytical teéhniques (24 hour trough

samples, renal transplant patients)

Method Matrix Range (ug/1) Reference

HPLC Whole blood 100-200 Najarian et al,
'1985.

RIA Whole blood 200-800 Irschik et al,

(non-specific) ‘ '1984.

RIA Serum , 100-250 Kahan et al,

(non-specific) - 1984.

RIA Whole blood 95-205 Kwan et al,

(specific) : 1987.
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the number of samples required (approximately 2é samples
in the first 5 days and a further 6 samples'three daysb
after any dose change).

An alternative pharmacokinetic épproach to dosage
adjustment is Bayesian eétimation (Sheiner et al, 1979;
Sheiner and Beal, 1982; Kelman et al, 1982), which uses
only one or two concentration measurements in a dosage
interval to estimate ﬁhe most likely set of
pharmacokinetic parameters for an individual patient.
This method'requires an accurate record of doses and
samples but does not require that the patient is at
steady state. This technique (described more fully in
Chapter 3)thas been successfully applied to a number of
drugs. kahan et al (1986b) have reported that Bayesian
estimation may be a useful method for estimatiné-
cyclosporin pharmacokinetic parameters, but Grevel
(1988) cautions that the‘degree of intra-individual
variability may compromise the ability to successfully

forecast cyclosporin concentrations.

1.7 AIMS OF THESIS

This thesis presents cyclosporin'pharmécokinetic
parameters obtained by BaYesian estimation in renal
transplant patients and these are used to explore
sources of inter-and intra-individual pharmacokinetic
variability. A study in patients with liver transplants-.

attempts to quantify the intra-individual variability
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génerated by the presence or absence of external biliary

drainage.
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CHAPTER 2

BIOCHEMICAL ANALYSIS



2.1 BACKGROUND

This chapter will discuss the Various(analytical
techniques available to measure cyclosporin
conoentrations'and the advantages and disadvantages of
each method. Thetmethod used in this‘thesis willkbe |
described and validation of the method will be
presented. Throughout this chapter cyclosporin will be
described as cyclosporln A in order to dlfferentlate it
from the internal standard in the HPILC assay,
cyclosporin D.

-' An early technique used to measure cyclosporin A in
plasma and urine was high performance liquid
chromatography (HPLC; Niederberger et al, 1980). Thisv
method, whioh uses cyciosporin'D as an internal..
standard, has a limit of detection of 20ug/l but its use
in routine clinical practice'isllimited by the length of
time required to analyse samples. Improvements in HPL<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>