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Abstract- An inhibitory effect of toxic fungal metabolites on Na+-dependent transport of [t~C]glycine 
by rabbit reticulocytes was examined. Among twenty-three mycotoxins tested, patulin, a carcinogenic 
lactone of Penicillium and Aspergillus, caused the most marked inhibition. From comparative exper- 
iments with several metabolic inhibitors and SH-blockaders, patulin was presumed to inactivate SH 
groups of the receptor site for the glycine transport system in reticulocyte membranes. 

Toxic fungal metabolites (so-called mycotoxins), 
which exhibit carcinogenicity and cytotoxicity, are 
recognized as naturally occurring pollutants in foods 
and feeds: it is desirable, therefore, to develop sensi- 
tive and specific methods for biological detection of 
mycotoxins. In preceding papers, the authors reported 
that, among mycotoxins tested, carcinogenic anthra- 
quinones such as (-)luteoskyrin and (+)rugulosin 
from Pep~ic'illimn spp. inhibited selectively cellular 
multiplication of Tetrahymena pyr~Jbrmis GL [1], and 
Escherichia coli F-11 which have defective cell-walls 
]21, that carcinogenic mycotoxins such as aflatoxins 
and sterigmatocystins inhibited the cellular growth of 
a recombination-deficient mutant of Bacillus subtilis 
[3], and furthermore, that cytotoxic trichothecenes 
such as fusarenon-X and T-2 toxin from Fusarium 
spp. were found to inhibit the synthesis of protein 
in rabbit reticulocytes [4-7]. These biological assay 
methods were employed for screening toxic metabo- 
lites and toxin-producing fungi. 

In the present paper, employing rabbit reticulocytes 
as an assay tool, the authors attempt to select and 
identify the mycotoxins which interfere with transport 
systems of amino acids. The reticulocytes have been 
shown to be capable of concentrating glycine and 
alanme in the presence of extracellular ENa +] [81. 
The results indicate that patulin, a carcinogenic lac- 
tone produced by Penicillium and Asperqillus spp., im- 
pairs the Na +-dependent glycine transport system of 
reticulocytes. 

MATERIALS AND METHODS 

Reticulocytes were prepared from rabbits as 
reported elsewhere [4]: for experiments involving 
Na+-free media, the cells were washed with ice-cold 
choline chloride (154raM) and Tri~HC1 buffer 
(170mM, pH 7.6), and the packed cells were then 
suspended in 2 vol. of the buffer. The rate of uptake 
of amino acids was measured by the use of 
~4C-labeled amino acids, essentially as described by 
Wheeler and Christensen [8], as follows. The rabbit 
rcticulocytes were incubated for 45 min at 37 '~ in 
media containing Tri~HC1 (17 mM, pH 7.6), MgSO4 

(lmM), KC1 (5raM), [14Clglycine (0.2raM) and 
NaC1 (135 mM). After the incubation, 1 vol. of ice- 
cold Tris-HCl buffer was added, the mixture was cen- 
trifuged at 2000 rev/min for 5 rain, and the packed 
cells were extracted with 1 ml of 20'~o trichloroacetic 
acid. To vials containing 10 ml of a standard dioxane 
naphthalene scintillating solution, 0.2 ml of the super- 
natant of the acid-soluble fraction was added. 

Chromatographic analysis of acid extracts from in- 
cubated cells was carried out to determine whether 
metabolic changes of labeled amino acid occurred 
during the incubation. Ascending chromatography on 
Toyo-roshi No. 51A paper (2 x 40cm) was used with 
n-butanol-acetic aci~water (4:1:1, by vol.). The 
dried chromatograms were cut into strips (2 × 1 cm) 
and placed in vials containing 10ml of a standard 
toluene scintillating solution, 

The uptake was expressed as the ratio of [14C] 
in cell water divided by that in the incubation 
medium ([14C]c,u . . . . . .  / [ 1 4 C l m e d i u m ) .  Cell water con- 
tent was determined by drying packed cells to con- 
stant weight at I10  under reduced pressure. The 
water content of rabbit cells containing 70-90 per 
cent reticulocytes was estimated to be 73 per cent. 

Patulin added to the reaction solution was photo- 
metrically determined as follows. The reaction mix- 
ture was centrifuged at 3000 rev/min for 3 min, the 
supernatant was extracted twice with 1 ml ethylace- 
tare, and the combined solvent was ewtporated to 
dryness. The residue was dissolved into 5 ml water 
followed by the addition of 1 ml of 40~, phenylhydra- 
zine.HCl. After heating the mixture at 10(F for 
10min, the optical density was measured at 470 nm. 

Mycotoxins were isolated from culture filtrates or 
fungal mats of the following fungi according to the 
methods already reported: (-)luteoskyrin and chlor- 
ine-containing peptide (Cl-peptide) from Penicillium 
islandicum [9, 10]; (+)rugulosin from P. ru,qulosum 
[111; citreoviridin from P. citreo-t,iride [12]; patulin 
from P. patulum; penicillic acid from P. olivino-viride: 
citrinin from P. citrinum; fusarenon-X from Fasarium 
nivale [13, 14]; T-2 toxin, neosolaniol and butenolide 
from F. solani and F. sporo~richioides [15]: and zeara- 
lenone from F. roseum [161. Sterigmatocystin and 
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ochratoxin A, chaetoglobosin A, and ascradiol and 
fusaric acid were generously supplied by Drs. Yama- 
zaki (Chiba University!, Natori and Tanabe {National 
Institute of Hygienic Sciences) and Nishimura (Tot- 
tort University)respectively. Moniliformin and desoxy- 
patulinic acid were obtained from R. J. Cole {U.S.A.) 
and P. M. Scott (Canada). Aflatoxin B~, rubratoxin 
B, and cytochalasin A and B were the products of 
Maker  Chemical Ltd. and Aldrich Chemical Co. lnc, 

For experiments, water-soluble mycotoxins were 
dissolved in distilled water, and water-insoluble 
agents, such as aflatoxin B~, sterigmatocystin and 
zearalenone, were dissolved in ethanol or dimethylsul- 
foxide. ( - ILuteoskyrin. ( + )rugulosin and ochratoxin 
A were dissolved in water and neutralized with Tris 
(hydroxymethyll-atninomethane to pH 7. 

[1-1"~C]glycine (20 mCi/m-mole) and [1-14C]ala- 
nine (10 mCi..m-mole) were purchased f rom Daiichi 
Pure Chemicals Co. Ltd. (Tokyot and the Radio- 
chemical Centre Ltd. {Amersham), respectively, and 
the radioactivity was determined in a liquid scintilla- 
tion spectrometer (Aloka LSC-502t. 

Details for individual experiments are recorded in 
the legends of the tables and figures. 

RESt :I,TS 

Inhihilorv t!fjects o[ re)cote.virtu on uptake of 
[~'~C]glycine hy reticulocytes. As reported by Wheeler 
and Christensen [8], uptake of glycine and alanine 
by reticulocytes depends on extracellular ions, and 
the rate of uptake is stimulated by Na f. This finding 
was confirmed as follows. In the absence of extracellu- 
lar Na +. the intracellular glycine increased to a satu- 
ration concentration which corresponded to a ratio 
( [ 1 4 C ] ~ ' 1 ]  , '  ........ / [ 1 4 C ] n l c d i u m  ) of 1. The rate of uptake 
was stimulated by replacing extracellular choline 
chloride with NaCI, and the maximum ratio reached 
4 5 alter incubation for 45 min. Chromatographic 
analysis of the acid-soluble fraction of the cells 
revealed that over 95 per cent of the total radioacti- 
vit~ transported into the cells was derived from 
[l'CC]glycine itself, and no detectable amount of the 
radioactivity was found in the acid-insoluble fraction 
of the cclls, either in the absence or presence of exter- 
nal Na *. 

These results indicate that. in the absence of exter- 
nal Na ~. the uptake of glycine by reticulocytes pro- 
ceeds to a concentration equilibrated betwccn intra- 
and extracellular fluids, and in the presence of Na ~ , 
glycine in the medium is actively transported into the 
cells. Similar results were obtained with [~C]alanine.  

E[lbcts ~?[' nlycoto.\ins on the transport Ol' glycim'. 
Twenty-three toxic t'ungal metabolites were tested for 
their inhibitory effects on the transport of [~'*C]gly- 
cine in the presence and absence of external N a ' .  
No significant effect of the solvents of mycotoxins 
on the uptake was observed up to a final concen- 
tration of 0.5", ethanol and 0.1";, dimethylsulfoxide: 
the transport was slightly stimulated in the presence 
of 5"i, ethanol and 1'!,, dimethylsulfoxide. 

The inhibitory effects of seven Fusarium toxins 
(fusarenon-X. T-2 toxin, neosolaniol, butenolide, zear- 
alcnonc, l\lsaric acid and monililbrmin), ten Penicil- 
linm toxins [ ( -  )hlteoskyrin. (+)rugulosin, chlorine- 
conlaining peptidc, citrinin, citreoviridin, penicillic 

acid, rubratoxin B, patulin, deoxypatulinic acid and 
ascradiol], three 4sperqilh~s toxins Iochratoxin A. 
aflatoxin B~ and sterigmatocystinL and three others 
(chaetoglobosin A, and cytochalasin A and B) ~wrc 
examined. 

In the absence of external N a .  the nlbctHoxit~s 
caused no significant effects on the [rallSpOl[ of 
[l'~CJglycine up to 100/,g ml of mycotoxins. In the 
presence of Na- ,  patulin and Cl-peptidc inhibited the 
transport ofglycme. The dose response cur '< of patu- 
lin, as shown in Fig. 1, revealed lhill 5. [() itlld 
1001Lg"ml of patulin produced ll). 25 and ]00 per 
cent inhibition, respectively, and lhe concentra|ion ~fi 
patulin causing 50 per cent inhibition was estimated 
to be 301,g,,ml 12 >~ 10 4 M). The ( l-pcptidc caused 
an inhibition of 30 per cent at a concentration of  
100/ lg /ml .  

No significant inhibition occurs with 10t)/~g ml e l  
the following mycotoxins: Rtsarenon-X. T-2 toxin, 
neosolaniol, butenolide, zearalenone, fusaric ucid. 
moniliformin, luteoskyrin, rugulosin, citrinin, cilrco- 
viridin, penicillic acid. rubratoxin B, ochnltoxm \ .  
aflatoxin B 1, sterigmatocystin, chactoglobosin .,\. and 
cytochalasm A and B. 

Inhibitory gObcls Ol melat~olic inhit~ilm',. Thc trans- 
port of amino acids by biomembrancs is controlled 
by several metabolic processes of cells such as encrg} 
production, cation transport and others. To clarify the 
mechanism of active transport of glycinc bx reticuh~- 
cytes and the inhibitory rnodc of action of patulin 
observed above, the authors examined the cflL'ct~, e l  
several metabolic inhibi|ors, antibiotics, and S[I- 
blocking agents on the passive and acli,,c IrzlllSpOl'l 
o f  glycine by the reticulocytes. 

I, 
E 

(_}Na ~ 

.// i 
I 1,7~ c ) r ,  

Patulin, p.g/mL 

Fig. I. Dose response curve ofpattflm. A solution c~mtain- 
ing I).l ml of a 30". reticulocbte suspension, 171|moles 
Tris HCI buffer (pH 7.6l, 5/m~oles K('l, I pmolc MgS()~. 
0.2/made [l'*C]gly¢ine (0.05 itCil and the desired alllounl 
of patulin, in a total volume of 1.0 m]. u,:ts mcul~atcd at 
37 in the presence of 135/anolcs NaCI l@ eL or 
135ttmoles choline choridc tO---Of After incuhation Ibr 
45 rain, I vol. of ice-cokt Tris HCI buffer ( 170 raM. pl I 7.(~1 
was added and the mixture centrifuged for 5 rain ~t 
2000 rcv/min. The supernatant sohltion was dra,,x I1 oil inl- 
mediately with u pipette, and 1 ml of ice-cold 2 ", trichk~r 
oacetic acid solution was added to the packed coiN. After 
centrifugation for 5 rain at 2000rc~ rain, 0.2-ml portions 
of the clear supernatant solutions v, crc anal}/cd lot 

radiouctivit_',. 



Inhibitory effects of mycotoxins 

Table 1. Inhibition of glycine transport by SH-blockaders 
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Concn Inhibition 
j r l 4 c q  SH-blockaders (10 s M) [I4C]cell ~a,~r/L Jmedium (o~,) 

4.7 0 
Phenylmercury acetate 3 2.5 60 
p-Chloromercury benzoate 2 2.7 65 
3,6-(2,5)-bis(Acetate- 8 3.2 40 
mercurimethyl)-p-diox ane 
n-Ethylmaleimide 80 1.0 100 

The three potent inhibitors of respiration and its 
coupled phosphorylation were: antimycin, oligomycin 
and NAN3. No effect of the inhibitors was demon- 
strated at concentrations up to 100/~g/ml. g-Stro- 
phanthin and phlorizin, potent inhibitors of active 
cation and sugar transport, also failed to inhibit the 
Na +-dependent transport of glycine. Of four inhibi- 
tots of protein synthesis, puromycin, cycloheximide, 
streptomycin and chloramphenicol, the last com- 
pound produced an inhibition of uptake of 45 per 
cent at a concentration of 160 F~g/ml (0.1 mM). 

The inhibitory effects of organic mercury com- 
pounds and N-ethylmaleimide are summarized in 
Table 1. Inhibitory effects of organic mercury com- 
pounds were examined below 10 4M because of their 
hemolytic property. The results reveal that all of the 
mercury compounds and N-ethylmaleimide produce 
a significant inhibition of the transport only in the 
presence of external Na ÷. 

Inhibitory mechanism of patulin. The kinetics of the 
inhibitory effect of patulin on the glycine transport 
were analyzed. The time course of the transport 
revealed, as shown in Fig. 2, that Na+-dependent 
transport of glycine into the cells was inhibited by 
patulin in parallel to the incubation time up to 40 
rain. and an additional incubation for 60 min resulted 

in the decrease of the ratio ([~4C]~d~ . . . .  , / [14C]medium).  

This finding indicates that patulin inhibits the influx 
of amino acid in the early phase of incubation and 
stimulates the outflow in the latter. 

As for the influx of glycine, the inhibitory effect 
of patulin was not reversed by increasing the external 
concentration of Na + (Fig. 3). 

A Lineweaver-Burk plot showed that the K,, value 
for glycine was 1.33 mM at 33 mM Na + and 0.69 mM 
at 135 mM Na*,  and the V,,~ was estimated to be 
0.19#moles/15min. In the presence of 1001Lg/ml 
(6.5 x 10-4M) of patulin, the Km values for glycine 
were the same as above at the two concentrations 
of external Na + ; the Vm,x was changed to 0.16 ~mo- 
les/15min. This result indicates that the mycotoxin 
inhibits non-competitively the influx of glycine (Fig. 
4). 

Further experiments with SH-compounds revealed 
that the inhibitory effect of patulin was prevented by 
a prior addition of dithiothreitol or glutathione to 
the incubation system; complete recovery was 
obtained by equimolar amounts of these SH-com- 
pounds (Fig. 5). In contrast, when the cells preincu- 
bated with 3.2 x 1 0 - 4 M  of patulin for 25 min were 
subjected to incubation in the complete system, the 
reduced transport of glycine was not reversed by 

5 

~ 4  

E 

3 

2 

/ 
~ o  

/ 
/ 

f 
f 

[ 1 I l I 
Io 20 30 40 50 60 

I n c u b a t i o n  t ime ,  rain 

Fig. 2. Time course of the inhibitory effect of patulin. The 
reticulocytes were incubated in the presence (O- - -O)  or 
absence (G---O) of NaC1 as described in Fig. 1, and 
50 #g/'ml of patulin was added to the reaction mixture con- 

taining NaCI (~----  A). 
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Fig. 3. Effect of Na + concentration on the inhibition of 
glycine transport by patulin. Key: ( a )  control; and 

(O---O) 50 llg/ml of patulin. 
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Fig. 4. Lineweaver Burk plot of glycine transport. The 
reticulocytes were incubated for 15 min in the presence or 

absence of 100 Izg/'ml of patulin. 

addition of an excess amount of glutathione {Table 
2). 

Photometric determination of patulin revealed that, 
as shown in Table 3, the recovery of the mycotoxin 
from the medium was only 60 per cent, irrespective 
of the presence or absence of external Na +. This indi- 
cates that around 40 per cent of patulin added to 
the incubation medium binds with cellular com- 
ponents. 

DISCUSSION 

The results described above show that, among 23 
mycotoxins tested, patulin (Fig. 6) was found to be 
a potent inhibitor of Na +-dependent transport of gly- 
cine by rabbit reticulocytes. Patulin is reported to be 

antibacterial, mutagenic to yeast and phytotoxic [17]. 
Repeated subcutaneous injections induced sarcoma in 
rats [lS]. 

Chemically speaking, patulin is one of the carcino- 
genic lactone compounds, and the lactone ring is 
assumed to be responsible Ibr their toxicity as well 
as their carcmogenicity [19]. In the present restllts, 
however, other carcinogenic lactones, such as penicil- 
lic acid, allatoxin B~ and ochratoxin A, did not in- 
hibit the transport of glycine. Furthermore, the htck 
of inhibitory effects of ascradiol and desoxypatulmic 
acid suggests that the hydroxyl group at ( '-4 of patu- 
lin phiys an important role in its inhibitory activity. 
As for Cl-peptide, this mycotoxin is highly toxic to 
animals, causing vacuolation, edema and swelling of 
the liver tissue [20] and the author found impairment 
of glycogen metabolism in the liver [21]. ltoh et al. 
[22] reported that disturbance of the circulation of 
capillaries in the liver may be responsible for the 
damage to the liver by the peptide. The relation of 
these results to tlaose biological features of the peptide 
remains to be clarified. It should be noticed that the 
peptide and chloramphenicol, both having two chlor- 
ine atoms, are inhibitory to the transport system. 

As a step in disclosing the mode of action of patu- 
lin, the authors attempted to clarify the mechanism 
of Na+-dependent active accumulation of glycine by 
the reticulocytes. As far as the action of Na + is con- 
cerned, we have considered the possibility of the Na ~- 

Table 2. Protectixe effect ofglutathione on the inhibition 
of gl>cme transporl by' palulin 

1 4 ( ,  Condilions [ ]mcdi ..... 

Control 5.4 
Plus palulin* 2.5 
Plus glutathionc? 4.9 

('ells preincubatcd with patulin 
were washed and incubated in line 
absence of ghitalhionc 1.7 

('ells prcincubaicd with patulin 
were washed and incubated in the 
presence of glutathione 2.9 

* Patulin: 3.2 × 10 4•1. 
¢(]hitathionc: 1.6 × 10 SM. 

T 3k . /"  7"  w : /  ! / •  

Z 
I J _  I I ; L 

0 16 3 2  64 0 16 32 64 

G l u f a f h i o n e ,  I0  4M tO ~M D i t h i o t h r e i t o l ,  

Fig. 5. Protection of the inhibitory effect of patulin by SH-compounds. The reticulocytes were incubated 
for 45 rain in the presence of 50/~g,,'ml (3.2 x l0 "*M) of patulin: glutathione or dithiothreitol was 

added to the reaction mixture prior m patulin. 



Inhibitory effects of mycotoxins 2095 

Table 3. Photometric determination of patulin* 

Incubation time Patulin in the medium 
(rain) Na + (#g/ml) 

0 - 88 
0 + 90 

45 57 
45 + 60 

* The reaction mixture (I ml) containing 100 l~g patulin 
was incubated at 37  in the presence or absence of Na + 

dependen t  t r anspor t  o f  amino  acid (a) being directly 
l inked to active ca t ion  t r anspor t  in the cells or (b) 
be ing med ia t ed  by a carrier  sys tem which is active 
in the presence  of  a favorable [ N a  +] gradient  across  
the cell membrane .  Lack  of inhibi t ion of  the up take  
by ca t ion - t r anspor t  inhibi tors  such as g - s t rophan th in  
and  o l igomycin  suggests that  no  direct  corre la t ion  
with active ca t ion  t r anspor t  exists. 

The  present  results  ob ta ined  with SH-b lock ing  
agents  (Table t) suggest  that  SH-g roups  are par t  of 
the active center  of the carrier  sys tem of the cell mem- 
brane.  F r o m  the da ta  on the kinetic analysis (Figs. 
3 and 4), the irreversible inact ivat ion (Table 2), and 
the chemical  analysis o f  patul in (Table 3), we are con-  
vinced that  patul in b inds  irreversibly to the SH- 
g roups  of  the cell membrane .  Therefore~ it is highly 
possible that  the masking  of  SH-groups  on the center  
fails to keep a favorable [-Na +] gradient  across  the 
cell membrane .   oUo 

Pofulin Desoxypotulin 

~/~OOH ~ j ~ O  

CH20H CH20H 
Oesoxypatulinic Ascladiol acid 

Fig. 6. Chemical structures of patulin and its derivatives. 
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