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This is a brief summary  of the status of  k n o w n  
i m m u n o s u p p r e s s i v e  drugs describing their poten-  
tial and m o d e  of  action to reverse the funct ion of  
the MDR1 gene product, the P glycoprotein.  Differ- 
ent aspects  of  these i m m u n o s u p p r e s s o r s  have been  
rev iewed in the recent literature. This sum-  
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m a r y  w i l l  focus on ly  on those  studies w h i c h  relate 
to the effect of  these drugs on  the P-glycoprotein.  
In addition,  studies  w h i c h  may  explain the m o d e  of  
action, but do not  deal directly wi th  P-glycoprotein,  
are also summarized .  (Pa tho logy  O n c o l o g y  Research  
Vol 1, N o l ,  64-70, 1995) 

Introduction 

Cancer patients treated with cytotoxic chemotherapy 
often show, rcsistance to several chemically unrelated agents 
as well. One major reason for this resistance was shown to 
be the overexpression of a transmembrane glycoprotein of 
170 kDa (P-170) the product of the multi-drug resistance I 
(MDR1) geneJ 2 There is evidence to support that this P 
glycoprotein acts as a drug efflux pump, 3'a as shown in 
Fig.l. Cells expressing P-glycoprotein accumulate less 
drug than similar cells that lack this P-glycoprotein. Anti- 
cancer drugs which are pumped out include daunombicin, 
doxorubicin, etoposide, actinomycm D, vincristinc and 
taxol. Other compounds which are not anticancer drugs, 
such as valiuomycin, rbodamine 123, colchicine, verapamil 
and quinidinc are also substratcs of the P glycoprotein. 

Overexprcssion of the MDRI gene in tumor ceils may 
have two major reasons. One, the tumor cells originate from 
tissues which naturally express this gene. The natural physi- 
ological function of these tissues require the pumping acti- 
vity of P-glycoprotein. l:or example, renal cell carcinoma," (' 
tumors of the proximal lubules of the kidney 7 and colon 
cancers frequently show high basal level of P-glycoprotein 
expression. Second, there are indications that P-glycopro- 
tein expression is the result of malignant transformation, s-~ 
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It seems, therefore, that MDRI gene expression in tumors 
not treated with chemotherapeutic agents may indicate dif- 
ferentiation and rations levels of malignant transformation. 
Usually, MDR1 gene expression is low in untreated pros- 
tate, gastric, esophageal, breast and ovary cancer cells. 

Attention should be called to the fact that cancer cells 
expressing the MDR1 gene are sometimes resistant to anti- 
cancer drugs which are not suhstrates of the P-glycopro- 
teinJ ~ Such resistance indicates that there are mechanisms 
other than P-glycoprotein related resistance (i.e. altered 
membrane permeability or DNA repair, etc.). 

Studies on P-glycoprotein expression in tumors of pa- 
tients who were found to be resistant to drug therapy lead to 
the conclusion that P-glycoprotein levels in cells may be 
important for choosing a treatment for cancer patients. This 
observation initiated research to discover agents that block 
P-glycoprotein and thereby increase the concentration of 
cancer chemotherapeutic agents in resistant cancer cells. 
Verapamil was the first such agent used clinically. ~ How- 
ever, it was soon found in a number of clinical trials L~ that it 
was difficult to achieve sufficiently high plasma levels of 
verapamil that block P-glycoprotein flmction wilbolll- calls- 
mg cardiotoxic side effects, therefore other agents able to 
block P-glycoprotein had to be considered for clinical use. 

Relevant Studies on tile Mechanism o fAct ion of P-glyco- 
protein Blockers 

Searching for potent P-glycoprotein blockers initiated 
numerous studies with a number of compounds. Several 
Ca > channel blockers, including nimodipinc, nitrcndipine, 

PATHOI,OGY ONCOL()(P( RESEARCII Vol l, Nol, 1095 



Modulation of Muliidrug Resistance 65 

{ {  ptln7.p 
blocker 

cytostatic 
drug 

tumom c{'11 
r i l e  n l  blr 

cytosta tic 
drug 

Figm'e 1. Schcmolic rPpreseJmTtioH of Ute l)-gh,/copmtci~. 

nifedipine and diltiazem were found to block P-glycopro- 
tein function to different extents. ~ The vcrapamil analog, 
niguldipine also was found to be active] ~ Perhexiline 
maleate was found to increase adriamycin concentrations 
in MCF-7 cells. ~ Besides these compounds, some direr- 
pens, such as forskolin, detergents, such as Tween 80 and 
Crcmophor, some phenothiazines, the peptides valino- 
mycin and gramicidm and certain cephalosporin antibio- 
tics were found to be blockers of P-glycoprotcin. 

A recent study attempted to correlate different cellular- 
function-affecting agents with the ability of  those agents 
to bh}ck P-glycoprotein function. ~<~ Correlation was 
analyzed between chemical charge, infhlence on specific 
ion channels, altering membrane potential and the block- 
ing of P-glycoprotein function in L5178Y mouse T lym- 
phoma cells, infected with pHa MDRI/A retrovirus. 
Among the dilTcrent agents active on ion channels com- 
[)Utu]d:, that alter K*, Na § Ca P* It* and CI uitJvcn,cut~, 
wcrc investigated. Agents which affected K+and Na + 
cffluxes were the most active. These findings are sum- 
marized in TaMe l. In these studies the blocking of efflux 
of the substrates rhodaminc 123 and daunorubicin from 
cells was measured by a flow cytometric method. No 
correlation among the above described parameters could 
be lound. Depolarizing buffer, (50raM K '), did not affect 
P-glycoprotein function. Among other types of agents, 

pump 
blocker 

protected di- arid tri-pcptides, cylochalasin and the pro- 
tein kinase inhibitor H-7 were inactive, but tamoxifen 
and estradiol were active. 

In thc above study all tested immunosuppressors were 
active. This class of drugs includes compounds with dif- 
ferent chemical structures. For cxample several cyclospo- 
rin (Cs) analogs, such as CsA, an eleven amino acid cyclic 
peptid and FK506, a macrolide antibiotic and rapamycin, a 
triene type polyene, with some similarities to FKY06, as 
shown in Fig.2. All these compounds arc lipophilic and 
each depolarized L517BYvMDR cells. This finding is 
interesting for several reasons. First, all these three com- 
pounds hyperpolarizc human and mouse lymphocytes, ~:~' 
although rapamycin only at low concentrations. The mecha- 
nism by which this depohnization occurs in L5178Y cells 
is unclear. Second, blocking the P-glycoprotein by CsA 
was previously observed to be associated with hyperpo- 
laJiziltit)n '<~ Thiid, C:,H, ~,liich haa llO innnuno5upprc~sive 
and no membrane potential shifting ability in human 
lymphocytcs, dcpolarized the L5178Y V MDR cells as 
CsA did and also blocked P-glycoprotein function. 

The effects of the compounds tested in this study on 
membrane potential and on P-glycoprotein function showed 
no clear correlation. In addition, the depolarizing 50mM K+ 
buffer depolarized both the parental L5178V cells and 
L5178Y v MDR cells to about the same degree. These 
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Tab le  1, E f f e c t s  o f  K + a n d  Ca *+ a c t i v e  c o m p o u n d s  o n  
M D R  p u m p  a c t i v i t y  in  L5178Y v M D R  ce l l s  

Coil Dr 
Druy, centra- Charge: R123 nomj/- 

tio,l; ci~t 

Verapamil  6 3"amine A :' A 
Quinine  95 3"amine A A 
Nifedip ine  50 2~ A A 
4 -Aminopyr id ine  300 1 :amine I A 
Val inomycin  0.4 neutral  A A 
Nigericin 1.4 neutral  A A 
Tr ie thylammonium-Cl  20raM 4~ I I 
R-Verapamil  10 3"amine A - 
S-Verapamil  10 3~ A - 
Nor-Verapami l  10 3~ A - 
Niguldipi, ne 5 2"amine A 
50 M m  K + buffer  - - I - 
Ca + + affecting c o u m p o u n d  s A 
Staurospor ine  2 2~ A A  ~ A 
Ni fed ip ime  50 2~ A A 
Flunar iz ine  50 2~ AA A 
lonomycin  0.6 C O 0 -  I I 
Propanolol  500 neutral  I - 

:Cor, centrations of drugs are given in laM; aType of charge group: 1T 
primary; Z', secondary; 32 tertiary; 42 quaternary amines respectively; 
'AA, very active; A, active in reversing MDR pl~enotvpe: 1. inactive; L 
not determined. R123: rhodamine 123 (substrate indicator). 

results clearly indicate that effects on membrane potential 

and the functional status of the P-glycoprotein are unrelated. 

Other studies attempted to correlate the cellular effects 
of  these drugs with those on the P-glycoprotein.  For ex- 

ample, it was found that CsA enhanced the translocating 
nucleolar phosphoprotein B23 into the nucleus, but no 
correlation between this effect and P-glycoprotein activity 

could be demonstrated. :~ The effect of CsA on intracel- 
lular pH was also studied. :L In some cells intracellular pH 

change paralleled P-glycoprotein blockade, but in other 
cells it did not. The finding that CsA may hinder protein 

kinase activity. :2 perhaps by complexing with calmodulin,  
is an interesting one. This line of investigation is based (}n 

the assumption that some protein kinase isoenzymes are 
involved in P-glycoprotein expression or activation. 

It was previously reported, based on patch - clamp stu- 
dies, that P-glycoprotein functions as a CI channel under 

hypoosmotic  conditions. :~ This possibility was tested in 
our laboratory on intact cells, and we lk)und that under 

such conditions the P-glycoprotein functions in its normal 
mode and can be blocked by P-glycoprotein blockers. 
even in the presence of  CI channel blockers, e4 

Photoaff ini ty  labeling was used to invest igate  the 

interaction of  P-g lycoprote in  with its substrates. Speci 
fically, a photoaff ini ty analog of  vinblast ine could label 
P-g lycopro te in  in M D R  chinese hamster  ovary cells. > 

Binding was specific,  since it could be inhibited by vari- 

ous substrates of  P-glycoprole in  and the label could be 
immunoprcc ip i ta ted  with P-glycoprotein.  Similar  studies 

were pcrformcd with az idop ine ' ;  verapamil  > and fors- 

kol in: :  among others. These labeling studies seem to 

explain part of  the nlechanism of P-glycoprote in  ftmc- 

tion lor some, but not for all substrates, a~ we will see in 
section 3. below. 

Mechanism o f  Action o f  o, closporin A and its analogues 
on M I ) R  ce l l s  

One earlier study assessed the effect of  CsA on [~t t I dau- 
norubicin uptake and cell proliferation in sensitive and 

resistant acute lymphatic leukemia cell lines'" Uptakc and 

proliferation was not affected by CsA in parental cells but 
proliferatiml was greatly reduced in the resistant cells. Inte- 
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Figure 2. Chemical str~cture' ofCS analoy~. 
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restingly, daunombicin uptake and efflux was not altered in 
resistant cells by CsA. llowever, CsA treatment increased 
the sensitivity of these cells to daunorubicin four fold, m the 
otherwise five fold resistant cells. Similarly, studies with 
P388 cells revealed that CsA sensitizes the MDR line, but 
has no differential effect on daunorubicin accumulation 
between the parental and the MDR line. 2' In another cell 
line, H69/LX4, which is 100 fold resistant tocytostaticus 
shows a 2.5 told lower doxorubicin accumulation as con> 
pared lo the parental line. ~ CsA restored drug accumulation 
completely in the resistant line with a 20 t\)ld sensitization. 
The parental line was not affected by CsA in its sensitivity 
or drug accumulation. These and similar studies indicate 
that the effect of CsA on P-glycoprotein expressing cells 
cannot always be correlated with increased drug uptake. 

Other effects of CsA, such as changes in cellular drug 
distribution < ~e or membrane alterations ;~~a could also be 
considered. Investigating this latter effect by electron spin 
resonance spectrometry, we lk)und that CsA alters the "flui- 
dity" of plasma membranes of mouse and human lymphocy- 
tes. These alterations indicate membrane dynamic changes, 
possibly transmitted to transmembrane proteins because of 
the spccific lipid-prutcin interactions in biological mem- 
branes. Changes in the pumping activity of P-glycoprotein 
may than be explained, at least in part, by such mernbrane 
effects of CsA. It should be added here that for anthracyc- 
line type anti-tumor agents, cytotoxicity is partially based on 
membrane effects, and so is lk~r CsA, as we discussed above. 

Cyclosporin analogues with different or no immuno- 
suppressive effects were also studied in respect to block- 
ing P-glycoprotein pumping. CsH, which has no immu- 
nosuppressive activity, blocks P-glycoprotein pumping as 
well as CsA does in L-51787 T lymphoma cells. 1(3 

Another study showed that the Cs analogues A, C, D 
and H are all active as P-glycoprotein blockers. ~5 The 
order of activity was D > A > C > H, in MDR ovarian 
cancer cells. Analogues CsD and CsH have no immuno- 
suppressive activity. Similar results were obtained by 
other groups, who studied Cs analogues A, C, G, H and 
B3-243. ~('~ The order of activity in the MDR-H69 human 
small cell lung cancer line was ,4. = G =B3-243 > C > H. 
The analog B3-243 has no immunosuppressive activity. 
These findings indicate, that binding to differcnt intracel- 
lular proteins (immunofilins) by the immunosuppressor 
compounds, CsA and CsC, is not associated with changes 
on P-glycoprotein function. This is further supported by 
the fact that a lcn-lk~ld higher concentration of C~,A is 
required to block P-glycoprotein function than to affect 
lymphocyte proliferation. It is interesting to point out that 
CsH was as active as CsA as a P-glycoprotein blocker at 
doses of 0.8 iuM in L517Y v MDR cells ~6 while showing 
relatively less activity than CsA in MDR tt69 cells. 37 

Studies aiming to clarify the mode of action of CsA on 
P-glycoprotein function applied binding studies or drug 
accumulation assessment in parental versus MDR cells. 

One such study ~ concluded that [~H] CsA binds more to 
MDR Chinese hamster ovary cells than to its parental 
cells, and in the MDR cells CsA binds preferentially to P- 
glycoprotein. Thc differential labeling could be inhibited 
by non-radioactive CsA and by verapamil. In agreement 
with this study, others have shown that MDR Chinese 
hamster ovary cells accumulate only about half of [~H] 
CsA than the corresponding parental cells. ~') This finding 
would indicate either that CsA is a substrate of P-glyco- 
protein or that MDR cell membranes bind less CsA than 
the membranes of the parental cells. Contrary to the above 
results, an equal amount of [~H] CsA accumulation was 
observed in MDR and parefftal P388 leukemia cell lines. -'~ 
This result also indicates that besides direct binding of 
CsA to P@ycoprotein or being its substrate, other non- 
specific membrane effects influence accumulation of  CsA 
in cells. This notion is supported by the studies of Loe and 
Sharom. who investigated the effect of positively charged 
and neutral amphiphilic molecules on the function of P- 
glycoprotein. 4~ They concluded that the membranes of P- 
glycoprotein containing cells are different then that of the 
parental cells, and therefore drug accumulation can be 
different in these two types of cells. 

One of the leading cyclusporin analog for possible clinical 
use is PSCB33. This 3'-keto-But I [val2]cyclospofin showed 
10 times more effectivness in reversing resistance against 
doxorubicin, daunorubicin, vincristine and etoposide in 
several cell l ines) I These results could be confimled in 
other laboratories. >~ In the 200 lbld resistant P388 resistant 
leukemia cell line 0.08 and 0.25 M PSCB33 restored sensi- 
tivity 60 and 140 fold, respectively. 4~ PSC833 had no sig- 
nificant effect on parental cells, indicating perhaps a selec- 
tive action of lhis agent on P-glycoprotein. 

Studies of FK506 and rapamycin with MDR cells' 

FK506 and rapamycin are structurally distinct from Cs 
(Fig.2). Nevertheless, these compounds were found to 
reverse MDR in the T cell lymphoblastic leukemia cell 
line CEMVBL2SO)  ~ The amount of FK506 and rapa- 
mycin needed to restore daunorubicin accumulation in 
these cells was about 1000 fold greater (M range) than the 
amount needed to suppress T lymphocyte activation. The 
mode of action of FK506 and rapamycin involves compe- 
tition binding with the photoaffinity analog of I-iodoaryl 
azidoprazosin to the P-glycoprotein. Another study indi- 
cated that as little as 0.6 btM FK506 and 0.5 ~tM rapamy- 
tin can restore daunorubicin and rhodamine 123 accumu- 
lation m L5178Y v MDR T-lymphoma cells to the level of 
the parental L5178Y cells. I~ A concentration of about 
1 IuM FK506 was shown to increase doxorubicin accumula- 
tion and drug sensitivity in TAOV/A0.2 ovarian cancer 
cells 35 and in K562/ADM myelocytic leukemia cells. 44 In 
Chinese hamster ovary cells, FK506 and rapamycin com- 
petitively inhibited the photoaffinity labeling of plasma 
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membranes by iodomycin, indicating that these imnluno- 
suppressix, e agents bind to P-glyct~prntein. 45 

Mitosis is blocked by 0.5c;} to 2.0 nM concentrations of 
these compounds. As mentioned above. FKS06 and rapa- 
mycin require 100-1000 fold higher concentrations to 
block P-glycoprotein function compared to inhibition of T 
cell activation by mitogens. Such high concentrations of 
FK506 were shown to inhibit P-glycoprotein function in 
isolated hepatocytes, where its pumping activity is respon- 
s ine  tot bile acid transport. Therefore, it is suggested that 
the concentration of FK506 needed to sensitize resistant 
cancer cells would block norrnal physiological functions 
and it would be too toxic. 4+ The difficulty in using FK506 
for blocking P-glycopmtein function in MDR cells was 
further demonstrated by showing that this compound 
inhibits certain amino acid transporters, at least in yeast 
cells. 47 One would predict then, that FK506 and rapanlycin 
would not be useful clinical agents to reverse MDR in 
cancers. However, nonimmunosuppressive analogues and 
analogues with less effects on plnysiologically important 
P-glycoprotein functions might be developed. 

In vivo studies 

In vivo experiments were initiated after successful in 
vitro selection of potential P-glycoprotein blockers. One 
early in vivo experiment used BALB/C mice bearing 
parental (drug sensitive) or MDR Ehrlich ascites carcino- 
ma cells. 4s The mean survival time of untreated mice 
bearing the parental cells was 18.4 _+ 0.6 day, compared to 
mice bearing the MDR cells which was 19.0 -+ 1.0 days. 
These mice treated with 0.3 mg/kg daunorubicin had mean 
survival times of > 60 days and 21.1 _+ 1.4 days, respec- 
tively. Treatment of MDR tumor bearing mice with 80 
mg/kg CsA, in five divided daily doscs, resulted in mcan 
survival time of 24.0 _+ 2.6 days. If these latter mice were 
also treated with 0.3 mg/kg daunorubicin, the mean sur- 
vival time increased to > 60 days, about equal to that of 
mice bearing tile drug - sensitive cells. This is an encour- 
aging result since the dose of CsA was clinically tolerable. 

Sandoz laboratories investigated thc effectiveness of 
PSC 833, the immunologically inactive Cs analog, in 

�9 4 e l  

doxorubicm resistant P388 cell bearing mice. For this 
purpose, MDR-P388 cells, which are in vitro 150 fold 
more resistant to doxorubicin than the corresponding 
sensitive parental line, were grafted to DBA/2 or B6D2F 1 
micc, 10 ~ cells ip., at day 0 o1 treatnient. Thc,~e mi~_L_- ,sc,~.- 

t r e a t e d  with vincristine or vinblastine in the presence o r  

absence of CsA or PSC 833. In mice, inoculated wittn the 
sensitive P388 tumor-cell line, T/C values of 133 to 140 
could be achieved with vinblastine (100 mg/kg) and with 
or without CsA (100 mg/kg), or PSC 833 (100 mg/kg), po. 
However, when mice were inoculated with MDR-P388 
cells, T/C values around 150 or higher could bc achieved 
only m tile presence of PSCB33, but not with CsA. The 

protocol used in these experiments involved injection of 
cells 4h before time 0 and CsA or PSCB33 was ad(led 
with vincristine or vinbhistine on days (), 2 and 4. More 
significant results could be achie\ed with doxorubicin (2 
mg/kg, ip.) with PSCB33 (25 or 50 mg/kg, p.o.) in MDR- 
P388 bearing BCD2FI mice. in the same laboratory. In 
thcse experiments 10" cells were grafted 4h before time 0 
and PSC833 and doxorubicin treatment occurred al clays 0, 
4 and 8. Doxorubicin was gBen 4h after PSC833 treat- 
men( in each day. This experiment yielded T/C \alues 
close to 400 with the combined drug treatment, while with 
doxorubicin alone T/C values were around 100. 

Additional in viw) studies also showed tile efficacy of 
CsA and PSCB33 as P-glycoprotem blockers. In searching 
lor a pharmacological explanation lot the in vivo mode of 
action of these, Cs-s. CsA and PSCB33 were found to 
affect the pharmacokinetics of antitunmr drugs. 5< This was 
demonstrated in BALB/C nude mice, bearing drug sensi- 
tive, s.c. administered htinlan colon carcinoma xeno- 
graphs. Treatment involved different schcdules of eto- 
poside and PSCB33. When 50 mg/kg dose of PSCB33 was 
combined with 31 mg/kg etoposide, significant tumor 
growth suppression was obser\,ed. Similarly, in the same 
type of mice, treated with 31 mg/kg etoposide and diffe- 
rent concentrations, 12.5, 25 and 50 mg/kg of PSCB33, 
dose dependent suppression of tumor growth was secn. 
Long term mice survival studies indicated that the dose of 
etoposide had to be significantly reduced when PSCB33 
or CsA was administered concurrently. For example, 
BALB/C nude mice survived a dose of 39 nlg/kg etoposide 
alone, but in combination with CsA (50 mg/kg) the dose 
had to be reduced to 25 mg/kg. CsA alone had no effect on 
long term survival. These findings were attributed to the 
fact that the blood level of etoposide in PSCB33 or CsA 
treated animals increased about 10 fold compared to levels 
observed whith etoposide administration alone. This study 
concluded that there are elevated blood levels of etoposide 
and . .  s, doxorub~cin in the presence of P-glyeoprotein block- 
ers because of the competition R~r a common metabolic 
pathways in the liver and kidney between these two differ- 
ent types of drugs. Ttnis competition was frequently de- 
monstrated in P-glycoprotein containing cells. This consid- 
eration applies not only to kidney and liver cells, but also to 
ttle blood-brain bamer as well. P-glycoprotein is expressed 
in kidney (tubules) and liver hepatocytes. Both the Cs-S 
and anti-cancer agents are competing for that protein. This 
~,umpctiti~,t~ ~,nn ah,._T blood Icy(Is of thc~,c agcnt.~ duc to, 
different elimination kinetics fl'om these cells�9 Also, dif- 
terent metabolic pathways in liver (cytochrome p450, 
glutathione reductase, etc) contribute to tile metabolism of 
anti-cancer drags as well as that of the P-glycoprotein 
blockers. Therefore, the metabolism of anti cancer drugs is 
rcduced, resulting in higher blood levels. 

In summary, studies presented in this paper suggest that 
one can achieve improved efficacy of anti-cancer drugs in 
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M D R  c a n c e r s ,  v, ith the  c o n c u r r e n t  u se  o f  P - g l y c o p r o t c i n  

b locke r s ,  in v i \ o .  The n e c e s s i t y  to c o n d u c t  p h a r m a c o l o  

gical  s t ud i e s  wi th  the  s i l t l u l t ane t ms  app l i c a t i on  of  P-g lyco-  
protein b l o c k e r  a n d  the  an l i - tun~or  d rug  be fo re  c l in ica l  

t r ials was also demor is i rated.  
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