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Abstract. Alcohols and hydrogen peroxide altered the permeability of membranes of Beta
vulgaris root cells. Generally alcohols increased the permeability of membranes without going
through an induction period except methanol which required a 10- to 15-hour induction period.
The membrane effect of methanol could be inhibited with CaCl.,, cholesterol, /3-sitosterol,
and stigmasterol. Cholesterol was the most effective inhibitor, foilowed by /3-sitosterol and
stigmasterol; and at the same concentration, the sterols were more effective than CaCl,, the
classic membrane stabilizer.

Ergosterol increased the methanol-initiated betacyanin leakage. Since none of the tested
sterols reversed the betacyanin efflux induced by hydrogen peroxide, the sterols do not
apparently act as antioxid-ants. The results are explained in terms of sterol-phospholipid
interaction, based on stereochemistry and charge distribution.

In 1930 Schoenheinmer et ail. (12) suggested that
sterodls in plants are merely waste products. This
asstumption had not been qtuestioned uinitill recently
when Heftmannii (9) expressed the view that
steroids in plants may act much the same way as
in anim,als. Steroids are said to act as hormones
oni ceills and( cell constituients (16). Steiroid hor-
mone;s may control the metalbolic processes by
a.ffecting 1 or more of the followilln, processes:
alterin,g the rate oif einzyme production, altering the
enzyme activity, being involved as a coenzyme, or
alltering the permeabilitv of the cell membrane or
suibcellular membrane system.

To develop insight into knowvn physio-chemical
properties of the cell membrane, it is important to
consider the chemical characteristics ancd molectular
organization of biological memb,ranes. It is well
estabilislhed that the physical properties of mono-
molecullar layers formed by mixed lipids may be
quite different from tho.se formed by single lipid
components (10). Althouigh phospholipids appear
to be the major, and probably the dominant lipid
component of cell ineml)ranes, large quiantities of
cholestero,l have al,so been isolated (5). MIost lip d
mo,lecuiles in aquieouis dispersion can be accompanied
bv phospholipid molecules in mixed lipid layers or
mixedl lipid miceliles, as long as the pro,poirtion of
ioInic lipids remains high (10). Of cotirse, the

1 The investigation reported in this paper (No. 67-3-
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Experimlenit Station and is published with approval of
thk l)irector.
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li.pid molecules will modify to so,me extent the
physical properties of the system sulch as the charge
distribtition at ionic sturfaces and the micellar size,
butt few observations of suich1 effects have beein
ptublished. At the moment the most detailed inl-
formation of this kind is concerned with the
clhoilestero,l-iphospho lipid interaction (10).

It has been suiggested that the transformation of
the biological membrane from the open to closed
Configultration is mainily due to the micella.r trans-
fo-rmation of the lipidl componentis, which in tuirn is
dependent tipioni the distribution o,f cations andl the
natuire of the micelles (10). Leathes (ll) reported
that cholesterol cauises a decrease of the area occ11-
pied by the pho,spho-lipid (lecithin) molecufle anid
WVinkle,r et al. (19) visiialized cho'lesteroil as a
stabilizer of the phosphoilipi'd molecufle in the red
blood cell membrane. It is generalls' asstimed that
the open lipid configuiration is relatively uinstable
(metastable), while the closed confi.guration is re,la-
tively stable.

Hechter and Lester (8) suiggested that certain
teroids may alter the permeab-1i4lity of excise(d rat

uiteri. Willmer (18) proposed a theory for steroid
action based on1 the interaction of the stero*id with
the lipidl o,f the plasma-membrane. He suiggested
that only siteroids which have the flat configuiration
similar to cholesterol can penetrate the lipid(s of the
membrane an,d act as hormones. However, Gersh-
feld( and Heftmanin (6) using monolayer m,o-dels
were tinable to find flilm penetration by the steroids
testedl. T,hey sugge.sted that nonzispecific adsolrption
of steroids occu,rre.d at the monolayer interphase.

'IThe work reported in this paper is part of an
investigation de,aling with the physiolo,gical effects
of stero!ls in plants. The resuilts presentejd here
suiggest that certain plant steroIls mav act as mem
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brane stabilizers in much the same way a,s calcium
but otiher s1terols may destabilize the membrane.
It is 'suggested that sterols in plants may control the
permeability of the plasma-membrane.

Materials and Methods

Cyl,inders of beet root (Bet(a vligaris L.) were
cult with a No. 3 cork borer and fuirtther subdivided
into 3 mm uniform disks by an equally spaced razor
blade assemibly (14). The disks were washed in
cold running tap water for 14 to 17 hours and pre-
inculbated in buffer, withouit the tesit compouinds,
fo-r 1 houir.

Ten beet disks were placed in 9 cm petri dishes
containing 10 mil of mediutm. The standard reactioin
meditum contained 9 m,l of 0.1 M phos-phaite buffer
pH 6.6 with 0.1 M stucrose and 1 ml of methanol
with or without the test compounds. Generally the
disks were incuibated for 24 hoturs on a reciprocating
shaker at 250. No difficulty was encoutntered ini
maintaining the bu,ffer solution at pH 6.6 (luiring
incubation. Aill experiments were rtun at room
temperature.

The betacyaniin effl-utx wa,s followved, using a
Spectrioniic-20 spectrophotometer at 535 mt. Color-
imetric values beyond the usalyle range of the
instrument were obtained from suitalAy di,luted
aliquot's of the buiffered meditum. Three samp'es
were useld for each determination andl each experi-
ment was repeated at least 10 times. One can not
compare the absolute optical density valutes (OD)
o'f 1 experiment with those of another becautse the
amount of betacyanin leakage varied from beet to
beet.

Results

Red beet root disks incubated in 10 % methanol
at pH 6.6 had a 10- to 15-houttr induction period
before an efflux of betacyan,in coutld be observed
(fig IA). However, if the beet disks were incut-
bateld at the same pH in 10 % tert-butanol beta-
cyanin leakag,e started within 15 mninutes and
withoutt going throtglh a long induction period
(fig 1A). Other tested alcoohoils, including ethanol,
propanol, buitanol and isob,butanol also showed an
immediate effltux of be-tacyanin. The membrane
effect of alcohols is related to the structure of the
alcohols and couild be reversed with 5 mm CaCLI
(fig 1B). A 0.5 m-m CaCl2 concentration was not
effective in reversing the methanol effect. Calcium
ions reverseid the membrane effect o'f methanol not
only in short term experiments b,ut also in rela-
tively long term experiments.

Beet disks incubated in 0.1 M H.O., had only a
very short induction period. Generallly beta,cyanin
leakage occurred within the first 30 minu'tes (fig
1C). The bettacyanin efflux usuially reaiched its
maximulm within 7 to 10 hours and d.d not change
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FIG. 1. Betacyanin efflux at various times with dif-
ferent treatments. A) Effect of alcohols on betacyanin
ef flux. B) Effect of CaCl, on alcohol-treated tissue.
C) Effect of H909 on betacyanin ef flux. Control
(0 0), 10%, methanol (A/ A), 10% tert-
butanol (X X), 10% methanol plus 0.5 mm CaCl2
(M U), 10 % methanol plus 5 mm CaCl, (E-F),
0.1 -r H,O (0 *), and 10 % methanol plus
0.1 -m H.Oo (A A)

dturing the following 15 houirs. During the metha-
nol induction period the oxidant H209 had a syner-
gisitic effect with the alcohol on the membrane
(fig 1C) and the maximum betacyanin effluix was
also reached wi,thin 7 to 10 houtrs. The methanoRl
did not alter the basic H20, betacyanin leakage
pattern.

Fouir closely related plant sterols: cholesterol,
fl-si'to-sterol, stigmasterol, an'd ergosterol were tested
for their ability to reverse the methanol and
hydrogen peroxide effects. Cholestero,l was qtiite
effective in reversing the methanol effect even at
very low concentrations, 10-6 M ( fig 2A). The
widely distribulted plant sterols, P-siitosteroil and
stigmasteroll also reversed the melthanol effect
(ffig 2B and 2D) at concenitrations much below
calcitm ions (fig 1B). A calcium concentration
of 5 mMi was required to obtain a complete reversal
of the methanol effect, while only 0.1 mm cholesterol
was almost as effective, butt A-Bsit,osterol and stig-
masterol were somewhat less effeotive than cho-
lesterol. On the other hand, the most important of
the provi'tam'in D-series, ergosteroll greatly sitimu-
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FIIG. 2. Betacyainin efflux at various tinies with
diffcrent treatments. A) Effect of cholesterol on alcohol-
treated beet tissue. B) Effect of 3-sitosterol on alcohol-
treated beet tissuie. C) Effect of ergosterol on alcohol-
treated lbcet tissue. D) Effect of stigmlasterol on

alcohol-treated beet tissue. Conitrol (0 0), 10 %
methanol ( 0) cholesterol 1 um (0 D), 0.1
IllM (-- U), 8/-sitostel-ol 1 'mf (0 -0) 0.1 ill-

(0 --), ergosterol 1 mt (A--A), 10 Am (A-A)

0.1 niot (X--X), stigmnasterol 1 u-mM (A ----A). 0.1 1-n-m

(A -A).
lated the betacyanin effltux at very low concentra-
tion, 1 pM, and had almost no effect at higher
concentrat,ion, 0.1 mM (fig 2C).

As already pointed otut hydrogen peroxide had
Ino apparent induiction perio-d (fig 1C) and the
betacyanin efflux patterin was not altered in any

way by the addition of cholesterol, l-s,itosterol,
stigmasterol or even ergosterol (fig 3).
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FIG. 3. Betacyanin ef flux at various times with dif-

ferent treatments. Control (0 0O), 10 % methanol

.(0* 0 ),0.1 m H20 2and 10% methanol (X ~X).
All other samples contained 0.1 m H202 and 10%

methanol in addition to 1 of the following sterols
at 0.1 mM: cholesterol (U *), ,-sitosterol (A-
:A), ergosterol (0--0), stigmasterol (A--A).

Discussion

Guidjonsdo,ttir anid Burstrorm (7) descr!ibed some
stimuliating effects of low molecutlar weight alcohols
oIn excised whecat roots and proposed that the effect
was oIn the plasma-mnembrane. Siegel aind Halpern
(13) observed that the leakage of betacyanin from
red beet root tissuie and the inhibitioin of rye
germination couild be induticed by certain allcollols.
They observed fuirther that wlith alcohols the mem-
braine permeability (leakage of red l)igment) in-
cireased wriith lengthening of the carbon-chain from
C1 to C,, anid decreased with branchillg on the
alcoholic C-1. The rapidity of the response and
its inhibiti,on by ca,lciumt ionIs (fig 1B), the classic
me!mbrane stabilizer (2), is cited as evidence that
the alcohol effect is at the membrane level (13).

Siegel and Halperin (13, 14) reported tha(t they
iiever observed a-111 inductioni perio,d ini methanol-
treated tisstue andil thalt methanoll ha(l ino a)pparent
effect oIn the cell mnenmbraine. Stuch behllavior for
methanolwIas not observed in the preseilt investiga-
toions (fig 1A). Thle methano,l effect always oc-
ctirre(l after a 10- to 15-houlr ind(tuctioln per.(od.
Siegel and Hailpern tused relativelly sho.rt tes!t perio,Is
(20 min,s) and, therefore, never observ-ed the in-
(luction period, an1d the methanool effect oni the
membrane. Furthermore, in the presenlt investiga-
tioIn somewhat higher methan,o,l concentrations were
uised ini order to (lissiolve the ster,o test compoiinids
anid this may also accouln,t for part of the disagree-
ment on betacyanin leakage.

It is sulggested thalt alcohol involves not only the
anionic sites (15) b)uit a,ls,o the interactioni of the
sterol with the phospholipidl caulsing the membrane
to assuime the openi configuiration. 'T\wo ways of
changing the stero,l-phospholipid initeraction are the
partial or compilete removal of the sterol comiiponent
or the removal of water from the hydrated sterol-
photspho,lipid system. Bear et al. (1) reported that
certain sterol-lipi(d systems l)ecame uinlstable and
tunderwenlt l)hase separation whllen the wate,r of
hydrn-tion was removed. Dervichian (3) su-ggested
that with different sterol-Ilipid protportionis the lipo-
philic segmenits of the phospholipid layer lead to
(lifferent molectular asso,ciationis or structlraIl ar-
rang,emenits wNhich resuilt in ani area chanige of the
pho,sph oli:pid mol ecule.

The addition of alcohol results in a dlehydration
of the membrane, which leads to an open me-mbrane
configuratio-n anid, in turn, to a betacyanin effliix
(fig 1A). Increasing the sterol-lipid ra,tio by
a,dding ch,olesterol,o -si,tosterol or stigma,steroll re-
stulits in a more condensed strtuctuiral arrangement
of the membrane and a decrease in betacvan:n11
effiluix (fig 2A, B, anid D). On the other hand, the
addition of low concentra,tions of ergosterol fuirther
opens the struotturall arrangemenlt, resulting in an
even greater be,tacyanin efflux (fig 2C). In-
creasing the ergosterol concentratiion apparently
condenses the struictulral arrangemenielt of the meni-
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branie and thereby decreases the betacyanin efflux
(fig 2C).

Willmer (18) proposed that only those steroids
which have a flat configuration simillar to that of
cholesterol are physiologically active because only
they can penetrate the phospholip ds of the mem-
brane. It appears that the flat configuration, as
fotind in cholestero(l, is important htut that the
charge distributtion of the molecuile also plays an
important part in determining the membrane con1-
figurati,on. Cholesterol, ,8-sitosterol and stigma-
sterol wvhich have very similar effecits on the cell
membrane (fig 2A, B, and D) are flat molecules.
Ergo-sterol also is a flat mc)lecuile buit its physio-
logical effect is oppo,site to that of the abwve
mentioned 3 sterols (fig 2C). All 4 sterols have
the 3fl-hydroxy gro-up ancl the characteristic
5,6-douible boncl of cho-lesterol. Stigmasterol anid
B8-sitosterol differ from cholesterol in hav%inLg aln
extra ethyl grouip at C24, while ergosterol hasR a
methy,l grouip at this position. Stigmasterol andicl
f-sitoster,oll are C.,2 sterols and differ in only 1
double bond xt C22-C23 (trans). Ergosterol is a
CG, steroil possessing a second nuiclear do-uble bond,
C7-C8, conjuigated with the 5,6-double bond charac-
teristic of cholesterol. These small differences in
the chemical structure of the sterol molecules are
enouogh to influience the structutral arrangement of
the membrane.

Ergo,sterol greatly stimulated the betacyanin
efflux, especially at very low concentrations (fig
2C). This sterol is structuratlly very similar to
stigmasterol w,hich reversed the methanol effect the
least. The second ntucllear double bond of ergo-
sterol apparently changes the van der Waals' forces
in such a way that the micelle configurati,on be-
comes less condensed which produces rellatively
large membrane pores. In Finean's model (4), as
modified by Vandenheuvel (17), the interaction
between the phospholipid head-gro,up and the protein
envelope is of major importance in determining the
micellte configuPiration. The interaction of the phos-
pholipid head-groulp and the protein envelope is in
tuirn controlfled by the special arrangement of the
eterol and pho,spho]ipid mo!ecuile, and any small
sthif't in van cler Waals' forces can produce a very
prono,unced effect in the membrane configuration.

The membrane effect of hydrogen peroxide is
probably re!la,ted to an oxidation cf the ph,ospho-
lipids and, therefore, cannot be reversed by either
Ca-ion,s (15) or sterols (fig 3). The oxidation of
the phospholip)ids causes the cell membrane to open;
however, the resuliting membrane configturation is
not the same as that of the open membrane form
induiced by alcohol which is callciuim ion reversible
(com,pare fig 2 and 3). Apparen'tly the p1hospho-
lipid res.idues, after 'the oxida,tion of the phhospho-
lipilds, take on a nev arrangement which is not (lle
to a simiple rearrangement of van der Waals' inter-
ac'tion forces. These resuilts agree with the fin(in-g
,o,f Siegel and Daly (13) that the methaniol anid

peroxide effeets are different and independent.
The methanol activity can be reversed by Ca-ions
(fig 1B) and certain sterol,s (fig 2A, B, and D),
while the peroxide effect can on,ly be inhibited with
antioxidants, a-tocopherol, thiols, and some vinyl
ethers ( 14).

The condensing effect of sterols on phospho-
lipids apparently depen-ds iuipon several different
actions, and futrt(her stuldies wilil be reqtuired to
elucidate them. It appears that many differeint
sterols are capable of forming the closed membrane
configuiration and their effectiveness depends upon
their molecular configuration and charge distribu-
tion. If the sterols in the plant actually play a
rolle in controllling the permeabi,lity of the mem-
brane then the particular steroil or combination of
sterols that is involved in any specific case will be
determined by all the functions served by the mem-
brane, rather than by any single function. The
general impermeability of biological membranes can
be aittribtuted in part to the stabilizing influiences of
compounds like cholesterol, f8-sitosterol oir stigma-
sterol. If the suggested stabilizing and compacting
influiences on the lipid layer by the above mentioned
factors were to be eliminated or reduced by antag-
onistic agents, such as alcohol, the membrane would
be expected to undergo structural rearrangement
and its permeability would be expected to change.
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