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~ i m a ~  c d ~ s  ~ rat ~ t ~ y t e s  we~  m ~  ~ r  ~ s ~ g  ~ r ~  d m ~  n ~  p ~ y  ~ o w n  ~ r  ~ t i n g  
• e ~ s ~  ~ p h a l ~ n .  ~ o ~  ~ have 50% ~ f i o n  0C~)  ~ ~ e  ~ a n ~  ~ a ~ f i a t ~  ~ o ~ n  
~ r i v ~  ( [ 3 H l ~ m ~ l ~  1 pM) from the me.urn ~to  ~ e  c ~ s  the f ~ o ~ n g  concen~afions (pM) 
~ Me ~ o ~  ~ we~ ~ r m ~ e d :  ~ d d ~ o ~ t i ~  ~5 ) ,  N ~ l ~ r o s t  ® ~0 ) ,  Nilepro~ ® ~ ,  
~ a d ~  ~ ,  Verapamil ® ~ .  F ~  c o m p a f i ~  ~ e  ~ e s ~ g  IC~ v ~ u ~  ~ ~ me  known a n ~ s  
~ ~ n  ~ d W  ~ e ~  ~ r m ~  ~ Me same method. M ~ e ~ e r ,  we s m ~  s ~  ~mr~l  ~ d  
~n~e t i c  ~ o x ~ s  ~ d  a-ama~fin for thor abili~ to ~s~ace  [ ~ H ] ~ m e t h y l ~ o i n  from the ~ a n s ~  
~ g  ~ e ~  Lineweaver-Burk ~ o ~  m ~ e  ~ ~ s  ~ ~ o  ~ o u ~  ~ ~ ~  ex~L Com~tifive 
~ ~ ~ r  ~ a m ~  ~tamanide, ~ W a d i ~  ~ y ~  Ni l~rost~  t a u r ~ l a t ~  ~ d  ~ e  ~ d ~  
~m~ostafin ~ cycl~Phe-Thr-Ly~T~-Phe-D-~o], whew~ Verapamil ® and m ~ s i n  ~ b i t  ~ -  
~ x i n  ~take  ~ a ~ m ~ f i t i ~  ~ay. ConsiSting the ~ W  differem c h e ~ c ~  featur~ ~ the ~ m ~ f i f i ~  
i n ~ t c r ~  we ~ a t i ~ e l y  ~ n c l ~ e  that ~ e  p h a l ~ x ~  W a n s ~  ~stem s e l ~  ~ m ~  not ~ ~ e  basis 
~ t ~ k  c~mic~  ~ a ~  b ~  rath~ ~ r  p ~ c ~  p r o ~ i e s .  The p ~ c ~  p ~  ~ a ~ c ~  subs~a~ 
~ e  ~w m d ~ d ~  m ~  l i~ph i~  ~ t u r ~  ~ &  ~ s s i ~ y  the ~ ~ d~d  d ~  structure~ Negative 
charges accderate the ~ a n s ~  of a subs~at~ while ~sitive c ~  have the o p i a t e  ef~cL The 
~ w ~ a m ~  ~slem m ~  ~ e s e m  ~ ~ a ~ f i c  ~uipmem which crea~ ~r ta l  ~ood f r o ~  fCr 
e x a m ~  ~ e  acid~ li~philic ~ r m ~ e s ,  or xeno~ofic~ By c h ~ c ~  the ~ s ~  sys~m incorporates 
phallotoxins ~ the ~ t ~ y t e s  ~a~ng ~ ~ e  death of ~ese c ~  

Wkhout exception, the drugs described in the 
past as antagonists of the mushroom toxin ph~- 
loidin (for a refiew see ReL 1) are active in 
affecting the phallotoxin ~anspo~ sy~em. This 
was found to apply for drugs inhibiting with high 
speofioty, such as antamanide [2,3], silymarin 
[4-7], cholate [8], or cydosporin A [9]. This prob- 
ably holds true as well for some other compounds 

* To whom correspondence should be addressed. 

representing to~ns by Memsdv~, such as 
fi~mpicin [10], carbon m~achiofide, or Na- 
c~chophen [11]; these agent~ howeve~ may 'pro- 
tect' the hepatocytes from p h ~ l ~ n  by dama~ 
~g, rather than by o~y  ~ h i ~ t ~  the abififf of 
t~s  sys~m to transport p h a l l o ~ n s .  

The ~ a n s p o ~ g  sy~em ~ c o r p o r ~  pha- 
e t o n s  ~ h e p ~ o c ~  with ~gh effidency. For 
example, the fiver of a mouse accumda~s 50% of 
an i.v. do~  of [3H]demeMylph~loin wit~n 10 
min [2]. In a ~ d ~ d a f i n ~  p ~ f u ~ d  r~  five~ m~re 
than 80% of a dose of [3H]dem~h~phall~n was 
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found to be taken up within 15 rain [1]. Finally, 
isolated hepatocytes were found to be in equi- 
librium with a medium contNning [~H]demethyl- 
phalloin after 30 min at the longesL and probably 
sooner [12]. Such rapid and preferentiN uptake 
into the hepatocytes explains why phalloidin and 
its homologs act as hepatotoxins. 

Severn pieces of evidence ind~ate that the 
phalloidin vansporting sysmm is involved in the 
~anspo~ of bi~ adds as well [8,13]. Recenfl~ two 
proteins were detected in rat fiver plasma mem- 
branes (M~ 48000; M~ 54000) which are able to 
sequesmr not only atfinity-labded phallotoxins but 
Nso affinity-labeled bi~ adds [14]. For the incor- 
poration of bile adds into hepatocytes it has been 
proposed [13] that two different ~ansporting sys- 
tems may exist. So far, howeve~ it is unproved 
that both systems are invoNed in phalloidin trans- 
port. From the fimilarity between pictures of rat 
hepatocytes treated with fluorescen~labded phN- 
lotoxin, and those treated with fluorescenblabded 
concanavalin A, it was suggested that a speciN 
kind of endocytotic process may be involved in 
the ~anspo~ of phNloidin [15]. 

M ~ e f i ~ s  and M~hods 

[3H]Dem~h~phallNm sp~. act. 2 Ci/mmM 
was our own prep~ation according to ReL 16. 
The c y d ~ P h ~ T h ~ L y ~ T ~ - P h ~ - P r ~  w ~  a 
donation of H. K ~  and S. Koll, Frankfu~. 
Nilepr~t ® and Nodopro~ ~ were Nn~y prodded 
by Schering AG, Berlin and Verapamil ® by Knoll 
AG, Ludwi~hafen. Silyb~ ~hemi~ccinate, (O- 
ca~oxym~hyl-tyrosine ~) an~maNd~ and c y d ~  
l~opepfide were N~s of Professor G. Vogd, 
Madaus, KNn and Professor Th. Wieland, H~dd-  
b~g, ~ e c t i v ~  Sommo~afin w~  ~cNved from 
Diamalt, MuNch; monenfin ~om Ngm& MuNch; 
and B ~ s u a ~  from Se~a, HNddb~g. The 
mushroom toxins and their derivatives were pre- 
pped ~ cur ~bomto~.  T h i ~ y ~  c h r o m a t o ~  
phy of ~me of ~e  phalloto~ns w~  p ~ r m e d  on 
silva Nares ( ~ ,  M~ck, D~ms~dO and devd- 
oped with b u t a n o n e / a c ~ o n e / w ~  (30 : 3 : 5, 
v / ~ ,  and detected by ultraviolet fight (254 nm), 
accord~g to Re~ 1. 

Is~ation and cMturing of h e p a t o c ~  as well 
as the assay procedur~ was described recently by 

us [17]. Penicill~/streptomycin, wNch is usuN~ 
added to sho~-~rm cMtu~s of hepatocytes, w~s 
omitted, because occafionN~ preparations of these 
antib~fi~ interfered with the abifi~ of the 
hepatocytes to incorporNe the phN~toxins. A~ 
inhibito~ w~e N ~ v e d  in p h o s p h ~ b u f f e ~ d  
sN~e or ~ methane, diluted with p h o s p h ~  
buffered saline, and then added to the test sdu- 
fion. 

R e s ~  and D i ~ u ~ n  

S h o r ~ r m  cMtu~d rat hepatocytes are useful 
modds for gud~ng uanspo~ processes and toxic 
events occurring in parenchymN fiver cells. Nnce 
dead cells do not attach to the bottom during 
incubation and are later washed out, the data 
obtNned is ~pr~entative for h e p ~ o c y ~  which 
remNn ~m~,  and is therefore, of a high repro- 
dudbififf. In studies done with phalloto~ns, how- 
ever, the assay sys~m is bruited to a concen~afion 
of 5 ~M, ~nce at Ngh~ concenUations of the 
toxin, the s~tling of the hep~ocy~s is a f ~ e d .  

When incubmed wilh 1 ~M [3H~em~h~phN- 
loin, a radioactive derivative of the mushroom 
pNson phallN~m the cells took up 52 ± 16 ng 
toxin/mg protdn within 3 h (n = 60). By Nnetic 
~udi~ (see bdow), we measu~d K m and Vm~ of  
the Uanspo~ sys~m for [3H]demeth~phallNn to 
be 2.5 ~M, and 0.06 nm~.  (mg proton) -~. h -~, 
~ s p e c t i v ~  For comparisom the cor~spon~ng 
vNues cf a pmbab~ physi~oNcN sub~ra~ of this 
uansporting sys~m, murochol~e, w~e de- 
termined to be 43 ~M, and 2.72 nm~.  (mg pro- 
tdn) -~ . h-~. 

The present study describes ~verN compounds 
not pre~ou~y known to act as inNbito~ of phN- 
loiNn uptak¢ Included are the progaNan&n ana- 
logs No~opro~ ~ and Nileprost ® [18], which 
s~onNy inhib~ phMIN~n ~anspo~ (Fi N 1, Table 
I). Their IC50 values wexe determined to be 5 ~M 
and 7 ~M, ~spectivd~ S~ce these concentrations 
are orders of magNtude high~ than those needed 
for hormonN actioti~ of pro~aNandins [19] it 
seems unlikdy thin Nodopro~ ® and Ni~pro~ ® 
act as hormone. The ~ N d  hormone f l - ~ a ~  
was found to ~Nbit  the mNng up of phallotoxin 
at a concen~ation of 42 ~M. AgNn, this vNue is 
much higher than its p h y ~ o ~ c N  concen~afion 
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in plasm~ approx. 1 nM [20], and therefore can- 
not represent a hormonal activity. On the other 
hand, the fact that a steroid hormone ~ tolerated 
as a substrate suggests that one of the phy~ologi- 
cal functions of the uanspo~ system may be the 
clearance of blood from particular ~eroid com- 
pounds. Certainly, other phy~ological ~eroids 
would merit being investigated by this assay 
method. Be~des prostaglandin analogs and fl- 
esUadiol it was detected that the Ca2+-antagonist 

Verapamil ® [21] inhibiu p h a l l o ~ n  ~corporw 
tion at a concentration of approx. 70 ~M. T~s 
seems n o ~ w o r ~  because ~ shows that even 
~p~M therapeuficM agents may exert a weak, 
• ough ~g~ficam, effect on t~s Uanspo~ ~s~m.  

In order to obt~n further ~ r m ~ n  on the 
p h a l l ~ n  ~an~orfing sys~m, ~ v ~  monocyclic 
peptides were assayed, among them the well- 
known a n t a g o ~  of p h a l l o ~  p ~ s o ~ n ~  
w ~ u ~ e  an~ma~de.  It w ~  verified that 
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antamanide is the most effective inhibitor of [3H] 

dem~h~ph~loin uptake into sho~-~rm cukured 
hepa tocy~  as it is in other sys~ms (Fig. 2). 
Su rp f i f in~  we detected that cydolinopepfide 
[22,23], which lacks any antagonistic acti~ty in 
phall~din poisoning (Wieland, Th., person~ com- 
mun~ation), does inhibit the ~anspo~ of ph~- 
~ to~n~ b~ng nearly as effective (0.5 ~M) as 
water~duble antamanide (0.3 ~M) (Fig. 3). Two 
posfib~ explanations may account for this: dtheL 
cydolinopeptide is sequestered in Ovo by other 
tissues and, therefore, cannot interfere with ph~- 
loidin to~dty; or antamanide has, in addkion to 
its abi~ty to inhibit the ~anspom of ph~l~dim an 
antito~c acti~ty within the hepatocytes which is 
not known as of yet. More than one order of 
magnitude less effective on ph~loidin ~anspo~ in 
cultured hepatocy~s than antamanide and cydo- 
~nopeptide is the cyclic somatostatin an~og 
cyd~Ph~Th~Ly~Trp-Ph~D-Pr~ (8.5 ~M). The 
inhibitory activity of this compound was not un- 
expe~e& because the somato~atin an~og ~so 
inhibits the transport of bile adds into ~ a t e d  rat 
hepatocytes [2~. Native s o m a t o ~ i n  was tested 
for comparison; by ex~apdatio~ we estimated 
that its inhibitory capadty is nearly 270-times less 
than that of its cyc~c anMo~ 

In order to directly compare the inhibitory 
capadties of the newly detected compounds with 
those of some ~ready well-known inhibitor, some 
of the latter were assayed in sho~-~rm cuRured 

hepatocyms. Silybin dihemisucdnat~ taurocho- 
late, and cholate were found to be 30-, 45- and 
60-times, respectivdN ~ inhibitory than the most 
effective inhibito~ water~oluble antamanide. For 
mutuN comparison, the ICs0 values of N1 inhibi- 
tors investigated in this study are compi~d in 
Table I. 

Inhibitors of phNlotoxin ~anspo~ differ widdy 
in structure. In order to estabhsh some sort of 
clarification the kinetics of phalloidin uptake as a 
function of inhibitor concen~ation was ~udied. 
From plots according to Lineweaver and Burk 
(Fig. 4), it is e~dent that some of the inhibito~ 
act in a competitive mannec while others behave 
in a non-competitive way. The latter group is 
comprised of monenfin and Verapamil~ Nile- 
pro~ ®, B-es~adiol, wa~soluble  antamanid~ 
taurochola~, silybin dihemisucdna~ and the 
cyclic somato~afin anNog were found to be com- 
petitive inhibitors. 

Regarding the structures of the competitive in- 
hibitors, one is unab~ to detect any chem~N 
features common to all of them which could even- 
tually be recognized by the phalloidin-transport- 
ing sys~m. For exampl~ competitive inhibito~ 
may be as different in ~ructure as peptides, pros- 
taNandins, steroids and flavonoids. Therefore, we 
speculate that the hepatic ~anspo~ sy~em recog- 
nizes phallotoxins and thNr competitive inhibito~ 
not by thNr chemicN feature~ but rather by dis- 
tinct phyficN properties. 
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TABLE I 

IC50 VALUES FOR SEVERAL DRUGS ASSAYED FOR THEIR INHIBITORY CAPACITY OF [~H]DEMETHYLPHALLOIN 
UPTAKE INTO RAT HEPATOCYTES 

Name ~ s  ~ ~mpound M~s 1Cs0 Rdati~ 
(D~ (~M) ~ 

capadfies 
~h~loi~n = 1) 

(O-Carboxymeth~4yro~ne 5)antamartide cyclic peptide 1221 0.3 11.11 
Cyd~inopepfide cyd~ pepfide 1041 0.5 7.14 
Demeth~ph~loin (for comparison) cyclic pepfide 759 2.1 ~ 1.67 
Ph~l~din cyclic peptide 789 3.5 1 ~0 
Fluorescon-~bded ph~loidin cyclic pepfide 1251 5 0.71 
Monen~n anfibiot~ 671 5 0.71 
Nocloprost ® pro~a~andin an~og ~02 5 0.71 
Phallisin cyclic pepfide 805 6 0.59 
Nileprost ® pros~andin an~og ~03 7 0.50 
P h ~ d i n  cyc~c pepfide 847 7 0.50 
Somatoaatin an~og 

cycl~ Ph~Thr-Lys-Trp-Phe-D-Pro] cyclic peptide 806 8.5 0.42 
Silybin dihemisuc~na~ flavonoid 728 10 0.33 
Taurochola~ ~er~d 516 14 0.25 
Cholate ~er~d 409 18 0.20 
Aminoph~19idin cycl~ pepfide 862 32 0.11 
fl-Es~adiol ~er~d 272 42 ~08 
Verapanfil ® Ca-antagoni~ 455 70 0.05 
Ph~loidinsulfo~de (R) cyc~c peptide 805 100 0.034 
Secoph~loin cycfic pepfide 772 200 0.018 
Ph~l~dinsulfo~de (S) cyclic pepfide 805 1000 ~003 
a-Amanifin cyclic pepfide 918 > 1000 < 0.003 
Somatos~fin pepfide 1638 > 1000 < 0.1303 

~ Grea~r than 1, because the ~anspo~ sys~m was assayed bdow i~ K m. 

It ~emed to us that the most promi~ng ap- 
proach to finding out such physic~ param~ers 
was to study the inhibitory capadties of com- 
pounds d o s d y  t e p i d  to [ a H ~ e m ~ h ~ p h ~ i n ,  
such as natur~ and synthetic derivatives of phal- 
l~din. We found that the phalloto~n d e d v ~ N ~  
were sde~ed according to thor  fipophifidty. The 
most effident deriv~Ne was the unlabded de- 
meth~phall~n,  which among the phalloto~ns a~ 
sayed, h the mo~  fipophi~c (R F = ~ 6 ~  like the 
n ~ u r ~  to~n  phall~n). It was fo~owed in ~ -  
fioency by p h ~ i ~ n  (RF = 0.45) and ph~fi~n 
(R v = 0.4). Although much ~ss fipophi~c in na- 
ture (R F = 0.15), the addic Fhalladdin is nearly 
as e f ~ N e  as ph~lisin. We conclude l h~  negative 
charges of a substrate accdera~ the transport 
proces~ On the other han~  positive charges are 
obf iou~y repelled by the ~ansporting sy~em. This 

was shown to be true for an amino deriv~Ne of 
p h ~ l ~ n  as well as for the zwi~erion ~ c o p h ~ -  
l~n  (TaMe I). This observation ~ in agreement 
with recent studies ~ 5 ~  ~port ing that bile adds 
with cationic or zwi~efionic charges show a ~ -  
minished uptake into rat hepatocytes or into per- 
fused rat Ever. 

Transportab~ty ~ decreased not only by ca- 
tions but ~so by s~ong dip~es ~ke sulfo~d~.  
For exampl~ ~oth epimers of phall~dinsulfo~de 
[1] are on~  weak inhibitors of [3H]dem~h~ph~-  
l~n  ~anspo~. The R~onf igur~ed compound has 
an ICs0 v~ue of 100 ~M; the S-configurated 
s~ fo~de  ~ nearly inactive (ICs0 = 1000 ~M). 
Presence of the p ~ a r  sulfo~de m ~ e ~  may ~so 
expl~n why am~o~ns ,  for example a-amanitin, 
only inhibit the phallotoxin transporting sys~m at 
very high concen~ations (>  1000 ~M), ff at all. 
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Betides ~ nature and ~ g ~  charge~ 
the presence of fi~d ring structures may fadHt~e 
the ~anspo~ of subs~ates. T~s was concluded on 
the one hand from the ~ m ~  of ~ and 
~ e ~ m ~ ,  and on the ~her, from the cy~c  
pepfide~ p h ~ d ~  ~ ~  cy~ofinopep- 
fide, and ~m~o~a t in  an~og ~ n g  structures 
w~ch pos~b~ acc~era~ the ~anspo~ of a sub- 
s~ate co~d be represented by the flavon~d or the 
~ d  backbon~ or ~so by the s~e chins  of 
~ o m ~  a ~ n o  adds, p a n ~ a f l y  when the ~de 
ch ins  are restric~d ~ thdr con~rmafion~ ffe~ 
dom by the backbone of cy~c  pepfid~. It was 
d ~ u m ~ m d  by NMR m e ~ e m e m s  [27] ~ ~e  
a-substituted indue nucleus of the p h ~ n s  is 
~ p ~  on ~e  surface and fixed ~ t~s portion 
by the backbone of the b ~ y ~ c  peptid~ ~ h r  to 
the contribution of t ~ M n  ~ p h ~ n s  or 
in the s o m ~ t i n  an~og ~e  hepatic transport 
~ amama~de ~ ~ p ~ e  m ~  be ~ 
tared by ~e  Nde chNns of phen~MaNne or ~ r ~  
s~e. 

In ~ m m a ~ ,  one can say that rat hepatocytes 
possess a transporting sy~em w~ch works ~ t h  an 
u n u s u ~  low spedfid~. It is ~ s ~  that the 
sys~m recognizes substrates not by ~ r  ~ e ~ c ~  
~ u ~ s  but by ~ r  phyfic~ W o ~ .  A f f p ~  
sub~r~e co~d be d~cribed as f ~ w s :  (1) hpo- 
p ~ i c  ~ natur~ i.e. of ~w s~ub~f f  ~ w ~ ;  (2) 
~w m ~ e c ~  mass, u s u ~  400-1200 Da; (3) 
presence of negative chugs ,  w~le catio~c groups 
are at the same time absent; and, p o s f i ~  (~ 
presence of rind ring structures. The phyfi~o~c~ 
function of t~s ~anspo~ sys~m is probab~ to 
~move compounds of the described p h ~ c ~  fea- 
tur~ from ~ ~ood. T~s is p a ~ a f l y  im- 
portant ~ r  ~ adds, w~ch are resorbed in the 
gut and not in~nded to be ~ f i b m e d  by ~ood 
d ~ a t i o ~  A n o ~  function of the ~anspo~ sys- 
tem may be to extract compound~ w~ch are 
defigned ~ r  m ~ ~ n  and ~ b ~ q u e ~  excre- 
tion from the serum ~ bfl~ such as s~r~d 
hormon~ and xeno~oti~. By chanc~ one of ~e  
xenob~ti~ ~ c o ~ a ~ d  ~to  h e p a m c ~  by the 
U ~ ~ g  ~ s ~ m  ~ ~e  ~ p ~ o m ~ n  ~ ~  
w~ch, by in~r~rence ~ e r  ~ t h  c ~  acfin [1] or 
mi~chondfia [17], deteriorates the structure and 
function of these cells. 
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