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Abstract-In order for a drug to induce porphyrin accumulation it must bc lipophilic and posse~.s an 
uncharged polar group. Similar properties are required for maximum fluidiration of phospholiptd 
bilayers. suggesting that porphyrin-inducing drugs may act by inducing transitions in membrane lipids. 
For this reason a series of lipophilic analogues of adamantane and benzene. which have an uncharged 
polar group and had been shown previously to Ruidize phospholipid hilayers. were tested for porphytn- 
inducing activity in chick embryo liver cells. All the analogues induced porphyrin accumulation. thus 
supporting the concept that porphyrin-inducing drugs might act by inducing transitions in mcmhranc 
lipids 

Previous studies indicate that a wide variety of chem- 
icals of “diverse” structure can induce &amino- 
levulinic acid (ALA) synthetase activity and por- 
phyrin accumulation in a chick embryo hepatic cell 
culture system [ 11. Despite their diverse structures, 
these chemicals have several properties in common. 
First, these agents possess a certain degree of lipo- 
philicity and are resistant to metabolism to com- 
pounds of lower lipophilicity. Second, they lack a 
net charge but contain a polar substituent [2,3]. It 
has been demonstrated recently that small molecules 
possessing these same features, i.e. a certain degree 
of lipophilicity and a polar substituent . cause a much 
greater disorganization of phospholipid bilayer 
membranes than analogues lacking these factors [4- 
71. This similarity in structural requirements for both 
porphyrin-inducing activity and optimal “fluidiza- 
tion” of phospholipid bilayers suggested to us the 
possibility that the action of porphyrin-inducing 
chemicals was exerted. at least in part, on a mem- 
brane and was a consequence of an increase in mem- 
brane fluidity. As a first step in testing this idea, we 
selected a series of uncharged lipophilic molecules 
containing a polar group and known to “fluidize” a 
model bifayer membrane and measured their por- 
phyrin-inducing activity. If our theory was correct. 
we would find porphyrin-inducing activity in this 
group of compounds. 

METHOIS 

Source of compounds. Adamantane and benzene 
derivatives were purchased from the Aldrich Chem- 
ical Co., Milwaukee, WI. Allyisopropylacetamide 
was a gift from Hoffmann La Roche, Montreal, Que. 
Waymouth MD 70511 medium was purchased ‘in 

* Supported by the Medical Research Council of Canada. 

powder form from the Grand Island Biological Co.. 
Grand Island, NY. Insulin (bovine pancreas. 24 
I.U./mg), L-thyroxine sodium pentahydrate (TA), 
bovine serum albumin (fraction V powder). bovine 
serum albumin (crystallized and lyophilized. for pro- 
tein standard), collagenase (type I. 460 NF unitsimg), 
penicillin G sodium. and streptomycin sulfate were 
purchased from the Sigma Chemical Co., St. Louis. 
MO. Fohn and Ciocalteau phenol reagent was pur- 
chased from Fisher Scientific, Ottawa. Ont. 

Cell culture technique. The details of the cell cul- 
ture technique have been described previously [X. 91. 
The cells were maintained in 6-cm diameter dispos- 
able plastic Petri dishes (Falcon Plastics. Oxnard, 
CA) containing 5 ml of Waymouth MD 705/l 
medium supplemented with 60 mg penicillin G. 
100 mg streptomycin sulfate, 1 .O mg insulin and 
1.0 mg TJ per litre. After an initial incubation period 
of 24 hr. the medium was discarded and replaced 
with fresh medium. Chemicals, dissolced in YS(:? 
ethanol (10 ~1). unless indicated otherwise. were 
added to the cell cultures. and the dishes were re- 
incubated. Porphyrin content of cells and medium 
and protein content of cells were measured quanti- 
tatively 24 hr later [l], Results are expressed as ng 
porphyrinsimg of protein. For the assay of ALA- 
synthetase, the cells were maintained in IO-cm diam- 
eter dishes containing 15 ml of the medium. Chem- 
icals were dissolved in 95% ethanol (30 ~1). ALA- 
synthetase activity was measured 23 hr later 1 IO]. 
Results are expressed as nmoles ALA,‘100 mg of 
proteinlhr. 

Membranefluidity datu. The relative effectiveness 
of these various compounds to perturb a lipid hilayer 
was taken from previously published data [6.7]. The 
word “fluidizing” as used in this paper refers to the 
capacity of a given molecule to increase phospholipid 
fatty acyl chain motion at a temperature below the 
normal transition temperature of that phospholipid. 
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(a) para-t-butylbenzyl alcohol 
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Fig. I. Chemical structure of various xlamxnt;lnc ;~n;tlopuc\. 

RESULTS AND DISCLYSSION 

Three lipophilic benzene derivatives containing 
polar groups were selected for this study. viz. para- 
t-butylbenzyl alcohol (Fig. la), para-t-butylphenol 
(Fig. lb) and2,6-di-t-butyl-4-methylphenol (Fig. Ic). 
All three of these benzene analogues cause sig- 
nificant fluidization in the model bilayer system (6. 71. 
These three compounds were found to induce por- 
phyrin biosynthesis in the chick embryo liver cell 
culture (Table 1). A full dose-response curve of 
porphyrin-inducing activity could not be conducted 
because of the toxicity of the phenolic compounds 
at high doses. 

Our next studies were designed to investigate the 
porphyrin-inducing activity of a series of lipophilic 
adamantane derivatives containing a polar group. 
These compounds had been shown previously to 
fluidize phospholipid bilayers 16. 7). Substitution of 
adamantane with a carbonitrile group (Fig. 7h) or 

a bromomethyl kctonc group (Fig. Jg) yielded 
analogues which were potent porphk rin-inducing 
compounds (Table I ). A dose-related increase in 
porphyrin accumulation was demonstrated (Fig. 3) 
with 2-adamantanone (Fig. 7~). 7-;ldamuntanol (Fig. 
2b). I-admantyl methvl ketone (Fig. 7f). I-adaman- 
tanemethanol (Fig. 2;) and I-admantanol (Fig. 21: 
Table 1). One oi the hydroxylated deri\:ativcs. l- 
adamantaneethanol (Fig. Ze). was active at low doses 
(Table 1) but could not be tested at higher closes CILIC 
to a toxic effect on the cells. 

Granick 1 l] assumed that porphyrin accumulation 
represented an approximate index of ALA-synthc- 
tase activity in the cell culture. To determine whether 
the porphyrin accumulation observed in our studic\ 
was associated with an elevation of AL.4-sc’nthctase 
activity. the following experiments were p&‘ormetl. 
1-Adamantanol ( IO0 pgiml) was ;~dded to the cell 
culture and 24 hr later ALA-synthctasc activity M’:I~ 
measured [IO]. The activitv of the enzvme \Vii\ tound 

Compound (nmol~a!nll) (c(~‘lllI ) I’r.c,ltmcnr (‘l,ntllll 

2,6-di-t-hutyl-+methylphenol IO0 7-l lO(17 1 -If, ziT* Ii 
para-t-hutylphenol IO0 ;J s-1 i i 'ii' 1 
para-t-butylhenzyl alcohol 50 s _iJ 7 - Ii.5 j 

IS0 ‘i -. '1: 1 2;; , 
300 31 310 . I-I 15; t I 

I-adamanlanecarhonitrilc 1Xh iI I llN1.7 7 20 .i IS.1 II - 
1-adamantyl hromomethyl ketone II7 jr I 2is.s - 7ll.fl IX I ’ 0 - 
I-admantanol hh IfI 21.: 1 ’ ” , 

197 XI -127 es.1 75 * I 
h6( 1 IO0 ?-I?(? f I(J, 2.5 

I-adamantaneethanol 5s IO -I-I + J 5 li ’ I 
16.5 311 Ii1 ‘J ‘< 

* All values represent the means ol live dctcrmlnation\ i S F.M. 
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Analogue 

~-ad~a~tano~ OH 

Z-adamantanol H 

Z-ad~antanone Ii 

1-adamantanemethanol CH20H 

I-adamantaneethanol CH2CH20H 

l-adamantyl methyl ketone COCH3 

I-adamantyl bromomethyl ketone COCH2Br 

l-adamant~necarbonitr~~e CN 

Fig. 2. Chemical structure of various benzene anaiogues. 

to be 170.9 I 9.9 nmoles ALA/l00 mg of proteinihr The potency of adamantane compounds to fluidize 
compared to a control value of 70.5 * 9.7. In a membranes and to induce porphyrin accumulation 
similar experiment, para-t-butylbenzyl alcohol was studied, using a series of six adamantan~ ana- 
(50 @g/ml) caused an elevation of the enzyme to togues with similar lipophji~c~~~ and polar groups, 
110.6 i 7.8 nmoles ALA/l00 mg of proteinihr (con- vciz. I-adamantanol, 2-adamantanol. S-adamantan- 
trol, 70.5 1: 9.7). Each point represents the mean of one, l-adaInantan~methano1, l-adan~antaneethanoi. 
five determinations t S.E.M. Thus, the accumula- and 1-adamantyl methyl ketone (Fig. 2). Membrane- 
tion of porphyrins is accompanied by a significant fluidizing activity, based on data reported previously 
(P < 0.05) elevation of ALA-synthetase activity. (6,7], is plotted on the abscissa (Fig. 4). Activity is 
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Fig. 3. Porphyrin accumulation in response to increasing doses of 2-adamantanone (A). 2-adamantanol 
(A), I-adamantyl methyl ketone (0). and l-adatnantanemethanoi (0). Each point represents the mean 
of five determinations 2 S.E.M. Asterisks denote a signi~c~nt difference fP < 0.05) in porphyrin 

accumulation between dishes treated with different dcrixxtives at the same dosage. 
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membrane perfurbofion (I/R) 

Fig. 4. Correlatir~n ttt potency oi compounds in pcrttirbing 
membranes and in inilucing porphyrin biosynthesis, Mcm- 
bane-perturbing acGvity is esprw& HIS the reciproc;ll 01 
the value of the p;nxmeter K. lil represent\ itn empiric;rl 
motion parameter ttxlt can 17c‘ used lo semi-ilunritit~ttc 
ph~~sph~~l~pid fatty xyl chain motion (6. 71. An incrwse in 
moleculnr motion i% characterized by a dccrc;~sc in the 
value of R or an increas in the value of l,‘K. Porphyrin- 
ilidu~in~ activity is expressed ~1s the reciprocal of the milli- 
molar concentration necfhsxv to product porphyrin accu- 
mulation equivalent to 3 ~g:‘ml ~Ill~lisoprop~l~~~~~~~~iii~~~. 

expressed as the reciprocal of the value of R. where 
R represents an empirical motion p~~r~iinctcr that can 
he used to semi-quantitate phospholipid fatty acyl 
chain motion 16, 71. An increase in molecular motion 
is characterized by a decrease in the value of H or 
an increase in the value of l/R. Porphyrin-iilducing 
activity is plotted on the ordinate (Fig. 3). Activity 
is expressed as the reciprocal of fhe millimolar con- 
centration needed to produce ~~~rpll~ri~l accumula- 
tion over a 24hr period equivalent to that produced 
by a standard dose of allylisopropylac~tamide 
(3 @g/ml). As can he seen in Fig. 3. there is a car- 
relation between the ability of c(~~~il~ou~~ds to Auidize 
liposomal membranes and the porphyrin-inducing 
potency of the same compounds. This correlation 
does not hold if l-odaatantanecarb~~~~itrile (Fig. 7h) 
and I-adarnantyl hromomethyl ketone (Fig. 7g) arc 
included in the study since thcsc two compounds 
were very effective in inducing porphyrin accumu- 
lation but oni? ni~~cier~~tel? effective in causing mem- 
brane fluidization in the model ph(~sl?holil~id 
bilayers. 

The objective of this it~v~stig~I~i(~n was to dcter- 
mine whether uncharged lipophilic adamantane and 
benzene derivatives containing a polar group, and 
known to Ruidize phospholipid bilayers, would 
induce p(~r~h~r~n ~lccunlulati~~l~ in chick embryo liver 
cells. We have tested eleven analogues of adamarr- 
tane and benzene with these properties and hag 
shown that all eleven induce l~(~rI~hyrin accumula- 
tion. Charged benzene and adamantane analogues, 
as expected, were found to be inactive in inducing 
porphyrin accumulation. These compounds. how- 
ev&. are effective in ffuidiziIlg a phospholipj~i 
bilayer. indicating that not all fluidizinp agents will 

possess porphyrin-inducing actitit!,. Since the cam- 
position of the phospholipid hilayer u~cl to \tud! 
i~embrane ~uidjz~lt~(~n is only a rough ~tppr(~xirllalioil 
of a hepatocyte membrane. one wo~&f r!cjt CS~WCI 
io obtain a strict correlation bctwet’n mcmbr;~n~~ 
~ui~iizati~~ll and p(~rpfi~ri”-inrlllcirlp activit!, I itrlt 
ever, our 0hservations support an ;tw)ciatilti.r 

between these two properties u~i sugget th;lt the 

action of porphyrin-inducing drug\ i\ cu~~ctl. <II 
least in part. on it metTll~r~lIlc. 

A logical question is how ;I mcmht-ane \IIC 01 
action can he related to existing theoric\ of porphb rin 
induc~i(~n hv exogenous agents. According to ct~rfi‘nl 
ideas. there appear to be two mcchanism~ for the 
induction by chemicals of hqxttic fi-an~inolc\~~lli~~i~~ 

acid (ALA) synthetase: (I) :I direct action OII tttct 

nucleus to incrtxsz the ~iniol~~i~ of ;m intluctictil-spit- 

cific RNA for ALA-synthetase: and (2) XI ;tctlt)tt to 

deplete ;I “regulating hemc pool” by one ot Ihc’ 
following: (a) pr(~duciIig a partial block in hcmc 
biosynthesis: (h) causing IlestrucGon of tlrc l~cmc: 
or (c) increasing the svnthesis of ;~poc~tochrol~r~ I’- 
30 with increased utilization of heme- for \L rl~he.s~\ 
of cytochrotnc I’-i.50. It has buen ~tggc&d rh;tl 
some chemicals which induce hepatic t\I.A+\ nthc- 
tase do so hy the first mechanism while other< do ~1 
by the second mechanism. The tnoht effic;icittu\ 111 
the chemicals are conxih-ed to act 13~ hc)th tnt’~d~- 

anisms 11 I-131. 

Several membranes. for example those ot IIic 
nucleus and the lnitoch(~lidri(~n. arc invol~cf in the 
above two mechanisms. The tiiitt,cholldri~II mcm- 
hrane could represent the r~~enit~r~lIlc Gtc of action 
for the following reasons. C’ol~rctlJ~~rl~1i~ri~i~)~e~i II I 
is transported from it4 site of synthesis in c~tolllasrn 
into mitochondria for conversion to hcrnc. El&r 1 I-41 
has pointed out that it is unlikely that a11 xti011 iI< 

large as coproporphyrinogen III enters the mi~o- 
chondrion passively. It is possible that ~1 llnitlizin~ 
action of ;I chemical on lnit~)ch(~n~lri~li mt’mbrant’s 
might hinder the transport of copr(~l7(~‘l’h\:rino~cn 
III into mitochondria. This action, in turn. \\~~uld 
lead to diminished mitochondrial herne synthcG\. ;I 

dilliin~shed “re.g$;tting heme pool“. cjl~l~~~~ce~l AI .:I- 
synthetasr: actrvrty and l~orpl~~~.iii ilccII1~iiiI;tti(,ll. ,\ 
n$tochondrial membrane site of action could ~spkun 
the lack of activity of charged compound\ which 
wt~~ld have difficulty crossing thr plasma mt’tnhr~~nc‘ 

in order to gain ~ICC~SX to this intraccllulat~ Gtc 01~ 
action. It must he cmphasizcd that this i\ onl\, one 
possible ~~e~nl~r~~~~e site of action and \\c‘ (1;) ti(O 
intend to imply that this i.i. the t>nlv l”GblC \Itc 
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