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    Chapter 3   
 Immunosuppresive Drugs Commonly 
Used in Transplantation Models       

       Peter     Girman     

    Abstract     The chapter describes the four most commonly used immunosuppressive 
drugs in transplantation rat models: polyclonal antibody, tacrolimus, mycophenolic 
acid and mTOR inhibitors. The aim of the chapter is to provide available informa-
tion about the administration and doses of single drugs with appropriate trough 
levels or AUC curves that will enable the reader to better estimated therapy in his or 
her experiments. Furthermore, we outline available data about rejection times of 
different organ transplantations in various strain combinations.  
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3.1         Monoclonal and Polyclonal Antibodies in Rat 
Organ Transplantation 

 In human transplant medicine, two antibodies are available for organ recipients: 
basiliximab (monoclonal antibody against receptor for interleukin-2) and ATG 
(polyclonal anti thymocyte or anti T-lymphocyte globulin). Only limited data are 
available about the effects of basiliximab in  rat    model   s  . Therefore, this section will 
be focused on experiments done with ATG. 

3.1.1     Anti Thymocyte Globulin 

 Currently, there are three commercially available preparations of ATG (ATG 
Fresenius – rabbit, Thymoglobuline Genzyme – rabbit, AtGam Roche – horse). 
Rabbit preparations are preferred to equine ATG due to better tolerance and a lower 
incidence of side effects. Generally, polyclonal antibodies are prepared by immu-
nizing rabbit models with cell suspension from human thymic tissue. Then, 
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polyclonal globulins are obtained from harvested rabbit serum and samples from 
several thousands of rabbits are pooled to obtain batch-to-batch consistency.  

3.1.2     Mechanism of Action 

 The primary mechanism of  immunosuppressive   action is T-cell depletion. Depleting 
effects are mostly mediated through the complement based cell lysis though other 
mechanisms, including antibody mediated toxicity or activation of apoptosis, can be 
involved. Treatment with ATG decreases T-cells not only in peripheral blood but 
also in secondary lymphoid tissue, except for the thymus. Modulating effects are 
demonstrated with down-regulation of expression of CD2, 3, 4, 5 and 6 on the T-cell 
surface. Decreased expression of integrins and intercellular adhesion molecules 
results in decreased adhesion of leukocytes during the reperfusion period. Moreover, 
ATG binds to the number of receptors on the surface of B-lymphocytes and acti-
vates apoptotic pathway in these lymphocyte cell subsets [ 1 ,  2 ].  

3.1.3     ATG in Prevention of Rejection 

 The effect of ATG on lymphocyte cell count was investigated by Olausson, et all in 
 heterotopic    heart    transplantation   in PVG to DA strain combination. Rabbit ATG 
was administered in two  doses  , 0.1 and 0.01 ml. Untreated recipients of the heart 
demonstrated decline in CD5, CD4 and CD8 cell counts. The number of cells return 
to their pre-transplant level in the fi rst week post-surgery. Both doses of ATG 
 effectively decreased numbers of CD4, 8 and 5 cells, while the count of B-cells 
remained unchanged. Animals treated with lower  dose   of ATG  rejected   their grafts 
and demonstrated higher counts of t-cell subsets in comparison to those recipients 
with functioning grafts. In another experiments, treatment with 25 mg/kg of ATG on 
day-3 and 5 mg/kg on days -2,-1 and 0 resulted in indefi nite survival of PVG and 
LEW heart allografts transplanted in the DA recipient [ 2 ,  3 ]. The same regimen did 
not prolonged function of lung grafts in the same strain combinations [ 3 ]. In the 
PVG to DA strain, the combination 0.02 ml of ATG was ineffective in prolongation 
of heart allografts, while doses of 0.1 and 0.2 ml signifi cantly increased survival of 
the graft to the median of 100 days. Friedmann et all demonstrated that 4 mg/kg of 
rabbit ATG prolonged the survival of allogeneic islets to 11 days in Wistar/Furth to 
LEW combination and to more than 100 days in Fischer to LEW model [ 4 ]. 

 ATG has been widely used in human organ  transplantation   as a part of induction 
protocols and an anti- rejection   treatment. The effi cacy of the treatment may depend 
on the presence of antibody specifi cities. Popow et al. comprehensively described 
composition of commercially available ATG preparations and found out differences 
in the amount of specifi c antibodies. For instance, in ATG-Fresenius they did not 
detect antibodies against CD1a, CD27, CD68, CD80 and CD209, while in 
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Thymoglobulin they did not detect antibodies against CD 102, CD298, CD58 and 
CD68 [ 5 ]. In another experiment, Penack et al. demonstrated signifi cantly toxigenic 
effects of ATG – Fresenius and Thymoglubuln Genzyme on NK cells in comparison 
to Lymphoglobulin [ 6 ]. At present, it seems that these differences among prepara-
tions have little or no impact in clinical settings. In any case, with increasing knowl-
edge about tolerance mechanism and immune network, these differences may play 
a signifi cant role in prolonging the graft survival.   

3.2     Tacrolimus 

3.2.1     Mechanism of Action 

 Tacrolimus binds to its intracellular receptor FKBP (FK binding protein). Once 
bound, it forms an inhibitory complex that blocks the enzymatic activity of calci-
neurin. Calcineurin inhibition results in complete blockage of the translocation of 
cytoplasmatic NF-ATc, which consequently leads to T-cell inactivation and inhibi-
tion of cytokine gene transcription.  

3.2.2     Pharmacokinetics of Tacrolimus Rat Model 

 Tacrolimus is poorly absorbed drug with almost 50 % fi rst- past elimination after 
absorption. The mean 24 h AUC were 16.2, 76.9 and 450.2 (ngxhr/ml) after oral 
administration of tacrolimus in solid dispersion formulation as demonstrated in 
experiment with fed Sprague- Dawley  rats  . For all dosing regimens, maximal con-
centrations were achieved 30 min after administration. The mean maximal blood 
concentrations of tacrolimus were 8.8 ± 4.9, 11.6 ± 5.3 and 40 ± 19.4 ng/ml after oral 
administration of 1, 3.2 and 10 mg/kg, respectively. Tacrolimus is stable in gastric 
juice and intestinal secretions. Studies of the absorption site were done using a close 
loop model at fi ve different sites and show that tacrolimus is predominantly absorbed 
in the jejunum and duodenum. Signifi cantly lower absorption was observed in the 
ileum and colon. Only a minimal amount of tacrolimus gets into the blood through 
the stomach. Almost 50 % of tacrolimus is eliminated in the liver [ 7 ]. 

 Bioavailability after intraintestinal and intraportal administration of tacrolimus 
1 mg/kg in Wistar  rats   were 26.2 % and 39.8 %, respectively. Hepatic extraction at 
a  dose   of 1 mg/kg was about 60 %. At the same dose, 34 % of tacrolimus was metab-
olized in the small intestine. Experiments with the everted sacs method showed that 
23 % of tacrolimus disappear after 1 h incubation with the inhibitor of CPY3A, 
providing evidence that intestinal enzymes moderately participate in the metabo-
lism of tacrolimus [ 8 ]. Jejunal or ileal segmental  small bowel    transplantation   
decreases bioavailability of tacrolimus by 40 % of 5 mg/kg in comparison to control 
non-transplanted group (LEW RTA 1 ) [ 9 ]. 
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 Bioavailability of tacrolimus can be improved by rectal application. In experi-
ment with Sprague-Dawley  rats  , 2 mg/kg of tacrolimus administered rectally in 
suppository form resulted in signifi cant increase of 24 h AUC when compared to per 
oral administration of the same  dose   (707 ± 28.6 and 103 ± 6.7 ng.h/ml, respec-
tively). Similarly, blood trough levels of tacrolimus were higher after rectal admin-
istration in comparison to oral administration (25.8 ± 4.8 and 1.6 ± 0.8 ng/ml, 
respectively). The tacrolimus was applied under general anesthesia [ 10 ]. 

 In experiments with LEW  rats  , it has been established that the pharmacokinetics 
of tacrolimus was infl uenced by the circadian rhythm. Tacrolimus administered at 
10 h p.m. resulted in a higher maximal concentration in comparison to a morning 
 dose   (46.4 ± 12.6 and 15.9 ± 4.1 ng/ml, respectively). Consequently, 24 h AUC was 
2.9 times higher in rats treated with tacrolimus at 22 h p.m. [ 11 ]. 

 Oral administration of tacrolimus in 4 mg/kg  dose   to Lewis  rat   concomitantly 
with MMF 20 mg/kg did not change availability of mycophenolic acid. The mean 
AUC 2–24 of MPA in controls and Tacro/MMF group were 79 ± 10 84 ± 26 mg/L, 
respectively [ 12 ].  

3.2.3     Prevention of Allograft Rejection 

 Tacrolimus effectively prolongs graft survival from  doses   of 0.2 mg/kg given intra-
musculary [ 13 – 24 ]. Peroral doses are generally 10 times higher, which results from 
intensive metabolism of tacrolimus in the liver and small intestine. For practical 
use, intramuscular administration is the simplest approach. Intravenous, inhaled and 
peroral administration are more complicated, requiring general anesthesia (intrave-
nous and inhaled) or a special technique (peroral – gastric feeding tube). In our 
experiments with islet  transplantation   in LEW to BN strain models, we adminis-
tered tacrolimus in daily regimen at  dose   of 0.05 mg/kg intramusculary, which 
resulted in long term survival of the islet graft and trough levels of tacrolimus in the 
range of 5–10 ng/ml. Rejection times in various strain combination and tacrolimus 
doses are described in following tables.

 Donor strain 
( heart)   

 Recipient 
strain 

 Tacrolimus 
 dose   (mg/kg) 

 The mean graft 
survival (days) 

 Administration 
of the drug  References 

 Brown- Norway  
 RT1 n  

 Lewis 
 RT1 I  

 1  10–15  Oral  Deuse 
et al. [ 13 ] 

 Brown- Norway  
 RT1 n  

 Lewis 
 RT1 I  

 2  15–20  Oral  Deuse 
et al. [ 13 ] 

 Brown- Norway  
 RT1 n  

 Lewis 
 RT1 I  

 8  20–25  Oral  Deuse 
et al. [ 13 ] 

 Brown- Norway  
 RT1 n  

 Lewis 
 RT1 I  

 0.3  7.8  Oral  Kinugasa 
et al. [ 14 ] 

 Brown- Norway  
 RT1 n  

 Lewis 
 RT1 I  

 0.6  9.8  Oral  Kinugasa 
et al. [ 14 ] 
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 Donor strain 
( heart)   

 Recipient 
strain 

 Tacrolimus 
 dose   (mg/kg) 

 The mean graft 
survival (days) 

 Administration 
of the drug  References 

 Lewis 
 RT1 I  

 Lewis 
 RT1 I  

 0.7  17  Oral  Kinugasa 
et al. [ 14 ] 

 ACI  Lewis 
 RT1 I  

 0.032  16  Intramuscular  Fang [ 15 ] 

 F344 (RTA Ivl )  Lewis 
 RT1 I  

 0.025  11  Intramuscular  Li et al. 
[ 16 ] 

 F344(RTA Ivl )  Lewis 
 RT1 I  

 0.05  13  Intramuscular  Li et al. 
[ 16 ] 

 F344(RTA Ivl )  Lewis 
 RT1 I  

 0.1  52  Intramuscular  Li et al. 
[ 16 ] 

 Lewis 
 RT1 I  

 Lewis 
 RT1 I  

 0.2  40  Intramuscular  Jeske [ 17 ] 

 DA RT1 avI   PVG RT1 c   2.4  13  Oral  Qi et al. 
[ 18 ] 

 DA RT1 avI   PVG RT1 c   4.8  18  Oral  Qi et al. 
[ 18 ] 

 Donor strain (islet) 
 Recipient 
strain 

 Tacrolimus 
mg/kg  dose   

 The mean 
graft survival 
(days) 

 Administration 
of the drug  References 

 ACI 
 RT1 a  

 Lewis 
 RT1 l  

 5  30  Intramuscular  Rastellini 
[ 19 ] 

 ACI 
 RT1 a  

 Lewis 
 RT1 l  

 10  30  Intramuscular  Rastellini 
[ 19 ] 

 Wistar  ACI 
 RT1 a  

 1  71  Intramuscular 

 WKA 
 RT1 u  (renal 
subcapsular grafts) 

 Lewis 
 RT1 l  

 0.32  13  Intramuscular  Yasunami 
[ 20 ] 

 WKA 
 RT1 u  (renal 
subcapsular grafts) 

 Lewis 
 RT1 l  

 1  20  Intramuscular  Yasunami 
[ 20 ] 

 WKA 
 RT1 u  (intrahepatic 
grafts) 

 Lewis 
 RT1 l  

 0.1  7  Intramuscular  Yasunami 
[ 20 ] 

 WKA 
 RT1 u  (Intrahepatic 
grafts) 

 Lewis 
 RT1 l  

 0.32  42  Intramuscular  Yasunami 
[ 20 ] 

 WKA 
 RT1 u  (intrahepatic 
grafts) 

 Lewis 
 RT1 l  

 1  45  Intramuscular  Yasunami 
[ 20 ] 

 Donor strain 
(lung) 

 Recipient 
strain 

 Tacrolimus 
 dose   

 The mean graft 
survival (days) 

 Administration 
of the drug  References 

 Brown- Norway 
RT1 n  

 Lewis 
 RT1 l  

 3 mg/kg  8.7  Intramuscular  Misao [ 21 ] 
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 Donor strain 
(pancreas) 

 Recipient 
strain 

 Tacrolimus 
 dose   

 The mean graft 
survival (days) 

 Administration 
of the drug  References 

 DA RT1 avl   Lewis 
RT1 l  

 1 mg/kg  16  Intramuscular  Sakuma 
[ 22 ] 

 Donor strain 
(kidney) 

 Recipient 
strain 

 Tacrolimus 
 dose   

 The mean graft 
survival (days) 

 Administration 
of the drug  References 

 Brown- Norway 
RT1 n  

 Lewis 
 RT1 l  

 0.32 mg/kg  10  Oral  Jiang et al. 
[ 23 ] 

 Brown- Norway 
RT1 n  

 Lewis 
 RT1 l  

 1 mg/kg  23  Oral  Jiang et al. 
[ 23 ] 

 Brown- Norway 
RT1 n  

 Lewis 
 RT1 l  

 3.2 mg/kg  More than 100  Oral  Jiang et al. 
[ 23 ] 

 WKAH  Lewis 
 RT1 l  

 5 mg/kg  68 (tacro 
administered 
4,5,6 poTx days) 

 Oral  Hayakawa 
et al. [ 24 ] 

3.3         Mycophenolate Mofetil/Sodium 

3.3.1     Mechanism of Action 

 Mycophenolic acid is a fermentation product of Penicillium species that effectively 
blocks purine synthesis through allosteric inhibition of inosine monophosphate 
dehydrogenase. Purine nucleotides are synthetized by two pathways. The primary 
one is a de novo synthesis of inosinemonophosphate (IMP) from PPRP. The IMP is 
then used for synthesis of adenosine and guanosine by inosinemonophosphate 
dehydrogenase and adenosine deaminase, respectively. The second pathway for 
synthesis of purine nucleotides is their recyclation from guanosine and adenosine 
mediated by hypoxanthine guanine phosphoribosyltransferase and adenosine deam-
inase. Both pathways used PRPP. 

 The amount of PRPP in T and B lymphocytes is signifi cantly increased after 
antigenic stimulation of the cells and is proven to be an important step before cell 
proliferation. Adding mycophenolic acid into the mixed lymphocyte reaction has 
effectively inhibited cell proliferation. Analyzing the cells by fl ow cytometry proved 
that lymphocyte passed through the G1 phase and stopped their mitosis in the 
S-phase. Another mechanism of action included depletion of GTP that may result in 
inhibition of G-protein based transduction signals. In immunized  rats  , the GTP pool 
signifi cantly decreased after 4 days treatment with 20 mg/kg of MPA. MPA was 
shown to have a unique dual activity, both  immunosuppressive   and antimicrobial. 
Rats infected with Pneumocystis carinii did not develop pneumonia if they were 
treated with MPA [ 25 ].  
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3.3.2     Pharmacokinetics and Dynamics 

 Pharmacodynamics effects of MMF were tested on Lewis recipients of BN  hearts   
after an 8- day treatment at oral  doses   of 5, 10 and 20 mg/kg. The AUC values after 
8 days of treatment were 8.2 ± 1.5, 24 ± 2.6 and 41.2 ± 5.1 for above mentioned 
doses, respectively. AUC values signifi cantly correlated with inhibition of lympho-
cyte proliferation and  rejection   grading in  heart   allografts. In a  dose   dependent man-
ner, MPA effectively inhibited CD25, CD134, 71, CD45 positive cells, with the 
strongest effect at 20 mg/kg. The rejection changes were signifi cantly worse in 
lower doses of MPA treatment [ 26 ]. Therapeutic window of MPA was very narrow 
ranging from 10 to 30 mg/kg.  

3.3.3     Tolerability and Safety 

 Side effects and tolerability of mycophenolic acid were tested in experiments with 
Lewis recipients of either BN kidneys and  heart   or DA aorta. A  dose   of 40 mg/kg 
was not tolerated and most of the animals were terminated due to adverse events. 
Mycophenolate mofetil or sodium were tolerated at  doses   from 10 to 30 mg/kg with 
only minor to moderate side effects observed. The most frequent events included a 
decrease in red and white blood cells counts, thymic atrophy and villous atrophy in 
the jejunum [ 27 ,  28 ].  

3.3.4     Prevention of Allograft Rejection 

 Mycophenolic mofetil/sodium was shown to  dose  -dependently inhibit intima thick-
ening of aortal allograft in DA to Lewis strain combination. However, the preven-
tion of  rejection   changes in aorta grafts was incomplete, perhaps due to the lower 
effect of MPA on intimal myocytes. 5 mg/kg of MPS was shown to be the minimal 
dose for effective kidney survival in BN to the Lewis model. 10 mg/kg of MPS 
prolonged kidney graft survival in the same model indefi nitely. The same dose was 
not effective in kidney allotransplantation of DA to the Lewis model resulting in 
rejection of the grafts. MPS administered at 20 mg/kg was not tolerated in Lewis 
recipients of DA kidney grafts. In DA to Lewis model of  heart    transplantation  , a 
dose of 10 mg/kg of MPS prolonged the time of rejection for several days, while a 
dose 20 mg/kg seemed to be effective with survival more than 14 days in all ani-
mals. All Lewis recipients of BN  hearts   showed rejection changes after treatment 
with 20 mg/kg of MMF. The same dose did not prevent rejection in DA to Lewis 
heart transplantation. 40 mg/kg were not tolerated resulting in termination of almost 
half of the recipients due to serious adverse events [ 27 ]. Similar results in DA to 
Lewis heart transplantation were ascertained by Matsumuto et al. [ 29 ]. Experimental 
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studies with left  lung transplantation   s   showed that MMF at a dose 30 mg/kg blocks 
acute lung rejection in Fischer 344 to Wistar Kyoto strain combination, but only in 
grafts with no or minimal rejection changes. Administration of MMF in a later 
phase of rejection was not successful [ 30 ]. In the liver allotransplantation of PVG 
(Piebald Viral Glaxo) to Lewis strain combination, 5 days treatment with 40 mg/kg 
of MMF, if given subcutaneously, prolonged graft survival to more than 100 days 
[ 31 ]. Monotherapy with 20 mg/kg of MMF has resulted in median islet survival of 
12 days when a strain combination Wistar to Lewis was used. Islet survival was 
similar to recipient treated with cyclosporine at a dose of 5 g/kg [ 32 ].   

3.4     MTOR Inhibitors 

 Sirolimus and everolimus are two representative drugs that belong to the mTOR 
inhibitor group. Sirolimus is a macrocyclic lactone drug obtained from Streptomyces 
hygroscopicus. Everolimus is derived from sirolimus by chemical modifi cation and 
has the same mechanism of action on cellular and molecular levels. 

3.4.1     Mechanism of Action 

 Both drugs bind to intracellular binding protein called FKBP (FK binding protein) 
which is the substrate for tacrolimus as well. Molecular complex sirolimus/FKBP 
blocks pathway different from that blocked by tacrolimus/FKBP. Sirolimus/FKBP 
inhibits the so-called mTOR molecule (mammalian target of rapamycin). MTOR 
phosphorylates S6 kinase which became activated and further phosphorylates S40 
subunit of ribosome. Activation of this pathway results in increased translation of 
mRNA transcripts. MTOR inhibitor effectively diminished these events. Another 
mechanism of action includes inhibition of CD28 mediated costimulating pathway 
through decreased translocation of c-REL protein to nucleus and consequent inhibi-
tion of lymphokine production. Furthermore, mTOR inhibitors blocks cdk2/cyclin 
E and cdk4/cyclin D complexes in G1 phase of cell cycle. Sirolimus acts synergisti-
cally with both cyclosporine and tacrolimus. The synergistic effects of cyclosporine 
and tacrolimus are not surprising as both drugs bind to a different molecule and acts 
at different pathways. On the other hand, tacrolimus binds to the same kind of intra-
cellular protein as sirolimus; in spite of that, both drugs acts syngergically. The 
explanation seems to be in the excess amount of FKBP12 present in cells which is 
suffi cient for both drugs. Accordingly, at therapeutic levels, the drug did not com-
pete for the substrate. Competition can occur only in 50–1000 molar excess of 
tacrolimus [ 33 ].  
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3.4.2     Pharmacokinetics and Dynamics 

 Trough levels of sirolimus, if administered in therapeutical  doses  , range between 5 
and 30 μg/l. Sirolimus is metabolized by P45O 3A enzyme group in  rat   liver and 
intestinal cells. Metabolite products usually have less than 10 % activity of the drug. 
Everolimus, a drug derived from sirolimus, seems to have similar pharmacokinetic 
properties. In a  rat model  , both drugs had been proved to have similar AUC values 
after oral dosing of 1.5, 5 and 15 mg/kg/day (435, 1468, 7076 and 228, 1104, 
4071 ng.h/mL for everolimus and rapamycin, respectively). The slightly higher lev-
els of AUC were reported for everolimus, perhaps due to increased bioavailability. 
Experiments with Lewis  rats   showed that whole blood levels correlated with graft 
survival. Oral therapy with sirolimus at doses 0.3, 0.8, 2 and 6 mg/kg resulted in 
whole blood levels of 0.47 ± 0.04, 1.55 ± 0.16, 7.13 ± 1.2 and 12.5 ± 1.4 ng/ml in 
Lewis rats, respectively [ 34 ].  

3.4.3     Prevention of Allograft Rejection 

 14 days intravenous continuous therapy of sirolimus at  doses   0.01 and 0.02 mg/kg 
was ineffective in prolonging cardiac survival of BUF (Buffalo)  hearts   transplanted 
into WF (Wistar Furth recipients). Sirolimus at 0.04 mg/kg increased survival of 
 heart   allograft in the previous model to 14 days. In the same strain, combination 
sirolimus doses 0.01, 0.02 and 0.04 effectively increased survival of kidney grafts 
from 11 days in untreated control animals to 21, 42 and 61 days [ 35 ]. In the same 
strain combination, sirolimus administered orally at doses 0.3, 0.8, 2 and 6 mg/kg 
prolong cardiac allograft survival to 13 ± 1, 15.5 ± 0.8, 32 ± 5 and 30 ± 4 days, 
respectively [ 34 ]. Continuous administration of sirolimus by osmotic pump at 
doses 0.08, 0.32 and 0.8 mg/kg extended  heterotopic   cardiac survival to 354, 55 
and 74 days in BUFF to WF strain combination, respectively [ 36 ]. Sirolimus given 
orally at doses 0.5, 1.2 and 4 mg/kg provided  dose   dependent prolongation of car-
diac allograft function to 12, 18, 52 and 90 days in the same strain combination 
[ 37 ]. Survival of pancreas allograft in above mentioned strain combination was 
prolonged from 9 days to 14.5 ± 1.4 and 15.3 ± 2.6 after 30 days oral therapy with 
sirolimus at doses 0.2 and 0.4 mg/kg. The same dosing regimen in the same strain 
combination prolonged kidney graft survival from 7.7 ± 0.8 in untreated controls to 
10 ± 2.2 and 14.4 ± 7.5 days, respectively [ 38 ]. In the  lung transplantation    rat    model   
(BN to LEW), oral therapy with 2.5 mg/kg of everolimus failed to prevent graft 
failure [ 39 ].      

3 Immunosuppresive Drugs Commonly Used in Transplantation Models



28

   References 

    1.    Mourad G et al (2012) The role of Thymoglobulin induction in kidney transplantation: an 
update. Clin Transplant 26(5):E450–E464  

     2.    Olausson M et al (1999) Antithymocyte globulin and cyclosporin A are synergistic in an 
experimental transplantation tolerance model in the rat. Scand J Immunol 49(1):38–44  

     3.    Vriens PW et al (1994) Tissue-specifi c differences in the establishment of tolerance. 
Tolerogenic effects of lung allografts in rats. Transplantation 57(12):1795–1798  

    4.    Friedman EA, Beyer MM (1978) Effect of antithymocyte globulin on islet of Langerhans 
transplantation. Nephron 22(1–3):212–216  

    5.    Popow I et al (2013) A comprehensive and quantitative analysis of the major specifi cities in 
rabbit antithymocyte globulin preparations. Am J Transplant 13(12):3103–3113  

    6.    Penack O et al (2007) The type of ATG matters – natural killer cells are infl uenced differen-
tially by Thymoglobulin, Lymphoglobulin and ATG-Fresenius. Transpl Immunol 
18(2):85–87  

    7.    Kagayama A et al (1993) Oral absorption of FK506 in rats. Pharm Res 10(10):1446–1450  
    8.    Hashimoto Y et al (1998) Effects of intestinal and hepatic metabolism on the bioavailability of 

tacrolimus in rats. Pharm Res 15(10):1609–1613  
    9.    Ogino Y, Kobayashi E, Fujimura A (1999) Comparison of cyclosporin A and tacrolimus con-

centrations in whole blood between jejunal and ileal transplanted rats. J Pharm Pharmacol 
51(7):811–815  

    10.    Sakai M et al (2004) Increased bioavailability of tacrolimus after rectal administration in rats. 
Biol Pharm Bull 27(9):1480–1482  

    11.    Uchida H et al (1999) Chronopharmacology of tacrolimus in rats: toxicity and effi cacy in a 
mouse-to-rat intestinal transplant model and its pharmacokinetic profi le. Transplant Proc 
31(7):2751–2753  

    12.    van Gelder T et al (2001) Comparison of the effects of tacrolimus and cyclosporine on the 
pharmacokinetics of mycophenolic acid. Ther Drug Monit 23(2):119–128  

       13.    Deuse T et al (2008) Novel immunosuppression: R348, a JAK3- and Syk-inhibitor attenuates 
acute cardiac allograft rejection. Transplantation 85(6):885–892  

      14.    Kinugasa F et al (2008) Effect of a new immunosuppressant histon deacetylase (HDAC) inhib-
itor FR276457 in a rat cardiac transplant model. Biol Pharm Bull 31(9):1723–1726  

    15.    Fang YH et al (2010) AEB-071 versus tacrolimus monotherapy to prevent acute cardiac 
allograft rejection in the rat: a preliminary report. Transplant Proc 42(3):976–979  

      16.    Li R et al (2004) Synergistic effect of triptolide and tacrolimus on rat cardiac allotransplanta-
tion. Jpn Heart J 45(4):657–665  

    17.    Jeske HC et al (2003) Gemcitabine with cyclosporine or with tacrolimus exerts a synergistic 
effect and induces tolerance in the rat. Transplantation 76(7):1046–1052  

     18.    Qi Z, Simanaitis M, Ekberg H (1999) Malononitrilamides and tacrolimus additively prevent 
acute rejection in rat cardiac allografts. Transpl Immunol 7(3):169–175  

     19.    Rastellini C et al (1999) Prolonged survival of islet allografts following combined therapy with 
tacrolimus and lefl unomide. Transplant Proc 31(1–2):646–647  

        20.    Yasunami Y, Ryu S, Kamei T (1990) FK506 as the sole immunosuppressive agent for prolon-
gation of islet allograft survival in the rat. Transplantation 49(4):682–686  

    21.    Misao T et al (1997) Effi cacy of combining donor-specifi c presensitization with a simultane-
ous single injection of tacrolimus on pulmonary allografts. J Heart Lung Transplant 
16(11):1099–1105  

    22.    Sakuma Y et al (2001) High-dose tacrolimus and lengthy survival of the combined rat pan-
creas/spleen graft in a high-responder combination. Transpl Immunol 9(1):37–42  

      23.    Jiang H et al (1999) Tacrolimus versus cyclosporin a: a comparative study on rat renal allograft 
survival. Transpl Int 12(2):92–99  

     24.    Hayakawa K et al (1994) Involvement of clonal deletion in immunotolerance induction: tests 
of Tacrolimus administration in rat renal transplantation. Transplant Proc 26(4):1863–1865  

P. Girman



29

    25.    Allison AC, Eugui EM (2000) Mycophenolate mofetil and its mechanisms of action. 
Immunopharmacology 47(2–3):85–118  

    26.    Barten MJ et al (2002) Pharmacodynamics of mycophenolate mofetil after heart transplanta-
tion: new mechanisms of action and correlations with histologic severity of graft rejection. Am 
J Transplant 2(8):719–732  

     27.    Schuurman HJ et al (2002) Mycophenolate sodium: tolerability and effi cacy in transplantation 
in the rat. Transpl Immunol 9(2–4):187–195  

    28.    Pally C et al (2001) Tolerability profi le of sodium mycophenolate (ERL080) and mycopheno-
late mofetil with and without cyclosporine (Neoral) in the rat. Toxicology 157(3):207–215  

    29.    Matsumoto Y, Hof RP (2002) Effects of mycophenolate sodium with or without FTY720 in a 
DA-to-Lewis rat heart transplantation model. Transplant Proc 34(7):2891–2892  

    30.    von Suesskind-Schwendi M et al (2012) Impact of the severity of acute rejection in the early 
phase after rat lung transplantation on the effectiveness of mycophenolate mofetil to treat 
chronic allograft rejection. Eur J Cardiothorac Surg 42(1):142–148  

    31.    Huang WH et al (2003) A short course of mycophenolate immunosuppression inhibits rejec-
tion, but not tolerance, of rat liver allografts in association with inhibition of interleukin-4 and 
alloantibody responses. Transplantation 76(8):1159–1165  

    32.    Fotiadis C et al (2005) Effects of mycophenolate mofetil vs cyclosporine administration on 
graft survival and function after islet allotransplantation in diabetic rats. World J Gastroenterol 
11(18):2733–2738  

    33.    Sehgal SN (2003) Sirolimus: its discovery, biological properties, and mechanism of action. 
Transplant Proc 35(3 Suppl):7S–14S  

     34.    DiJoseph JF et al (1996) Therapeutic blood levels of sirolimus (rapamycin) in the allografted 
rat. Transplantation 62(8):1109–1112  

    35.    Stepkowski SM et al (1997) Synergistic mechanisms by which sirolimus and cyclosporin 
inhibit rat heart and kidney allograft rejection. Clin Exp Immunol 108(1):63–68  

    36.    Stepkowski SM et al (1991) Rapamycin, a potent immunosuppressive drug for vascularized 
heart, kidney, and small bowel transplantation in the rat. Transplantation 51(1):22–26  

    37.    Stepkowski SM et al (1996) Effects of the pharmacokinetic interaction between orally admin-
istered sirolimus and cyclosporine on the synergistic prolongation of heart allograft survival in 
rats. Transplantation 62(7):986–994  

    38.    Vu MD et al (1998) Synergistic effects of mycophenolate mofetil and sirolimus in prevention 
of acute heart, pancreas, and kidney allograft rejection and in reversal of ongoing heart 
allograft rejection in the rat. Transplantation 66(12):1575–1580  

    39.    Hausen B et al (1999) Suppression of acute rejection in allogeneic rat lung transplantation: a 
study of the effi cacy and pharmacokinetics of rapamycin derivative (SDZ RAD) used alone 
and in combination with a microemulsion formulation of cyclosporine. J Heart Lung Transplant 
18(2):150–159    

3 Immunosuppresive Drugs Commonly Used in Transplantation Models


	Chapter 3: Immunosuppresive Drugs Commonly Used in Transplantation Models
	3.1 Monoclonal and Polyclonal Antibodies in Rat Organ Transplantation
	3.1.1 Anti Thymocyte Globulin
	3.1.2 Mechanism of Action
	3.1.3 ATG in Prevention of Rejection

	3.2 Tacrolimus
	3.2.1 Mechanism of Action
	3.2.2 Pharmacokinetics of Tacrolimus Rat Model
	3.2.3 Prevention of Allograft Rejection

	3.3 Mycophenolate Mofetil/Sodium
	3.3.1 Mechanism of Action
	3.3.2 Pharmacokinetics and Dynamics
	3.3.3 Tolerability and Safety
	3.3.4 Prevention of Allograft Rejection

	3.4 MTOR Inhibitors
	3.4.1 Mechanism of Action
	3.4.2 Pharmacokinetics and Dynamics
	3.4.3 Prevention of Allograft Rejection

	References


