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Abstract-The addition of propranolol to monolayers of chick embryo liver cells caused a rapid increase 
in cellular heme. followed by an equally rapid decrease. Subsequently the concentration of heme rose 
at a relatively slower rate. About 10 hr after addition of propranolol to the medium a plateau level was 
reached at 2 35% above control values. Changes in the activity of ~-an~inoievulinate synthase (ALAS) 
were negatively correlated with those of cellular heme. Cycloheximide prevented the above phenomenon. 
ALAS activity was not clearly correlated with the rapid. partial inhibition of protein synthesis, caused 
by propranoloi. 

These observations are related to the beneficial influence of administration of hemin or of propranolol 
to patients with acute attacks of hepatic porphyria. 

Until a decade ago acute attacks of hepatic porphy- 
rias were treated with large amounts of glucose or 
other carbohydrates [l-4], with partial success only. 
In 1971 intravenous administration of heme was 
introduced by Bonkowsky et al. [.5]. Further experi- 
ence showed this treatment to be effective in most 
patients, especially if initiated before symptoms of 
paralysis appeared [6,7]. In 1972 and later it was 
shown by us that large doses of propranolol have a 
markedly beneficial effect on acute attacks [8-IO]. 
Even in a comatose, quadriplegic patient the admin- 
istration of propranolol completely reversed the 
pathoiogical processes [ 111. 

Since the clinical and biochemical effects of pro- 
pranolol are very similar to those observed after 
administration of heme, this study was undertaken 
in order to investigate the effect of propranolol on 
cellular heme and on the activity of S-aminolevuli- 
nate synthase (ALAS) in monolayer cultures of chick 
embryo liver cells. 

MATERIALS AND~ETHODS 

Cultures of chick embryo liver cells were prepared 
according to Sassa and Kappas [ 121, but the final 
pellets of cells were resuspended in one hundred 
times their volume of modified Ham’s F12 with hor- 
mones. Monolayers were prepared in 3.5 cm diam- 
eter tissue culture dishes (NuncIon, Roskilde, Den- 
mark}. 2 ml of suspension in each dish. The cultures 
were incubated for 18 hr in humidified air, 95%, and 
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COZ, 5%, at 37”, after which the medium was 
replaced and the various additives or their vehicles 
were added. At the appropriate times the medium 
was removed and the cells were scraped off with 
1 ml of distilled water. 

Cellular heme was determined by the method of 
Morrison 1131 as adapted by Sassa and Kappas [12]. 
The activity of ALAS in homogenates of the cells 
was determined according to Method II of Sinclair 
and Granick [ 141. Protein synthesis was determined 
by measuring the incorporation of [‘4C]leucine into 
proteins as described previously [15]. Protein was 
determined by the method of Lowry et al. 1161 with 
bovine serum albumin as standard. Modified Ham’s 
F12 medium was prepared by the Laboratory of 
Public Health, Jaffa, Israel. Collagenase and hya- 
luronidase were obtained from The Grand Island 
Biological Company, Grand Island, NY. DL-Pro- 
pranolol was kindly supplied by Mgr. 6. Keizman, 
Abic Ltd., Ramat Gan, Israel. D-Propranolol was 
a gift from Dr. I-I. A. Johnston, Imperial Chemical 
Industries, Macclesfield, U.K. All other chemicals 
were of reagent grade. 

RESULTS 

Twenty-four hours after replacement of the 
medium, i.e. 42 hr after preparing the cultures, the 
concentration of heme in the liver cells was found 
to be 381 zt 60pmoleimg protein. Both DL- and n- 
propranolol increased the heme content of the cells 
to approximately the same extent. The most marked 
effect, 30-40% increase, was obtained with both 
DL- and n-propranolol at a concentration of 30 pgi 
ml (Table 1). 



Table 1. The inHucnce of propranolol on the concentration of hcme in monolayer~ 
of chick embryo liver cell\ 

- 

C(~ncentration of propranol~~l 
(higirnl medium) 

IO 
20 
30 
‘IO 
MI 

Per cent change in the concentration 
of cellular hcmc 

..I... l_- 

i,i.-Propranolol ~)-Propr~~~lolol 
-~ - 

7.5 4 5.5 6.5 t 3.5 
10.0 z!z (1.0 l(r.0 f 5.0 

‘to.0 + 5.5 31.5 % 1.5 
13.0 ” I0.S IS.S ir 2..5 
1 I .(I f 20.0 17.0 +- 3.0 

-- 

Monolayers of chick embryo liver cells were prcparcd as described in Methods. 
After 18 hr incubation the medium was replaced by fresh medium At thi\ time 
DL- or t,-propranolol. dissolved in tI.Y% NaCI. was added to the medium and NaCI 
only to control cultures, After a further irlclib~lti~~n for 34 hr cellular hcme and 
protein were determined. The results are exprcsscd as per cent chanpc in the 
concentration of cellular hcme calculated on the hasia of control cultures !vithout 
propran[)l~~l which were regarded as IOO~‘i 

The values shown are the averages and standard deviations of the result\ obtained 
from 10 dishes in 5 scparatc cxperimcnts for r)t.-propranolol and from 6 dishes in 

3 separate experiments for I>-propranolol. 

In order to further examine the influence of pro- system both DL- and r)-propranolol inhibit ALAS 
pranolol on cellular heme and its inter-relations with activity and protein synthesis to approximately the 
ALAS activity and over all protein synthesis the time same extent [ 15. 171. only o~~-~r~~pranol~~l was used. 
course of the effects of propranolol was determined. The results of these experiments are shown in 
Since it was shown by us previously that in this Fig. 1. 
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Fig. I. The influence of DI -propranolol on the concentration of heme. ALAS activity and incorporation 
of [iJC]leucinc into proteins. Monolayers of chick embryo liver cells wcrc prepared as described in 
Methods. After I8 hr incubation the medium was replaced and I,r.-propranolol. 30 {@ml medium. was 
added. At each time-point indicated heme, ALAS activity. \“C]leucinc incorporation and proteins wcrc 
determined in duplicate dishes. For details of the d~terillillati~~ns see Methods. The percentile changes 
indicated are the averages of 3-3 separate experiments. Differences in percentages hctween these 
experiments were less than 10%. Each value is hased upon its control culture. cxamincd at the same 
time, being regarded as 100%. The concentration of heme in the control cultures at time zero was 
352.0 t 52.9 pmoleimg protein. The activity of ALAS at zero time was 0.72 f 0.05 nmole ALA/mg 
protein/30 min and the incorporat~~~n of (“C]leucinc was 3773 2 733 dpmmg pr~)tcin~~O min. A = hems: 

X = [‘“Cjlcucine incorporation; V = AL,AS. 
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Table 2. Effect of cycloheximide on ALAS activity of liver cells treated with propranolol 

ALA nmole/m~ protein/30 mm 

Time from addition of ~ycloheximide (hr) Control l)L-Propranolol-treated 

0 0.83 rt 0.13 0.62 rt 0.09 
1 0.44 z!z 0.02 0.58 2 0.07 
2 0.24 2 0.06 0.31 t 0.07 

Monolayers of chick embryo liver cells were prepared as described in Methods. After IS hr 
incubation the medium was replaced by fresh medium. At this time DL-prOpranO!O!, 30 pgiml, 
was added to test cultures while 0.9% NaCl was added to control cultures. After 3 hr incubation 
cy~loheximide, 250 pgiml, was added both to control and to propranolol treated cultures. ALAS 
activity was determined at this time (zero time) and 1 and 2 hr after addition of the cycloheximide. 
Each value represents the average and standard deviation of 3 determinations. 

It was observed that addition of propranoiol, 
30 @g/m1 medium, caused a rapid elevation of cellular 
heme with a peak at 2 hr from zero time. This was 
followed by a decline during the next 2 hr. after 
which the concentration of heme rose steadily to a 
plateau level which was about 35% above control 
cultures without propranolol. It should be noted that 
the concentration of heme in the control cultures 
declined during the 24 hr of the experiment, from 
352.0 t 52.9pmoleimg protein at zero time to 
281 .O rt 32.2 pmole/mgprotein at 24 hr. In additional 
experiments the plateau level of heme concentration 
did not change during an additional 36 hr (not 
shown). 

In contrast to the initial increase in the concen- 
tration of heme the activity of ALAS decreased after 
addition of propranolol. The lowest point, 28% 
below control values, was reached about 3 hr after 
addition of propranolol. Subsequently this activity 
rose, reaching a zenith at the level of the control 
cultures a short time after the heme concentration 
reached its nadir. This was folfowed by a second 
decline of ALAS to a plateau at about 30% below 
that of control cultures. The ALAS activity of the 
control cultures did not change appreciably during 
the 24 hr of the experiment. 

Table 3. Effect of DL-propranolol on the heme content of liver cells treated with 

The incorporation of {“‘C]leucine into proteins 
dropped precipitously during the first 60min after 
the addition of propranoloi. Subsequently protein 
synthesis continued to decline slowly to 35% below 
control values after 24 hr. 

In another series of experiments the influence of 
cycloheximide on the effects of propranolol on 
ALAS activity and cellular heme was examined. In 
this system cycloheximide, 250 @ml medium, 
inhibits the incorporation of [‘4C]leucine into pro- 
teins by 95% 1151. Cycioheximide was added to 
cultures 3 hr after addition of propranolol and ALAS 
activity was determined at this time (zero time) and 
after 1 and 2 hr of further incubation. At the time 
of addition of cycloheximide the activity of ALAS 
in the cultures treated with propranolol for 3 hr was 
25% lower than that in control cultures (Table 2). 

As shown in Table 2 the addition of cycloheximide 
to the control cultures caused a rapid decrease of 
ALAS activity with a half-life of about 60min. 
Addition of cycloheximide to the cultures previousty 
incubated for 3 hr with propranolot not only pre- 
vented the increase of ALAS activity observed when 
no cy~loheximide was present but caused it to 
decrease. Two hours after addition of the cyclo- 
heximide this activity was 40% less than that of 

cycloheximide 

Heme pmoleimg protein 
Time from addition of cycloheximide 

(hr) Control DL-Propranolol-treated 

0 274 274 
1 263 263 
2 242 232 
3 239 265 
1 220 244 
6 198 214 

Monolayers of chick embryo liver cells were prepared as described in Methods. After 
18 hr incubation the medium was replaced by fresh medium. Cycloheximide, 250 @ml, 
was added to both control and test cultures. At the same time DL-propran~~lol. 30 ugiml, 
was added to test cultures only. Cellular heme and proteins were measured at zero time 
and at various time points afterwards. Zero time = time of addition of oL-propranolol 
and cycloheximide. 

The vaiues are the average of 2 determinations m a representative experiment. The 
same pattern was observed in an additional experiment. 



cultures with propranolol hut without c~c~~~heximide 
(not shown). The half-life of ALAS activity in the 
presence of both propranolol and cvclohexlmide is 
longer than that in the presence ot cycloheximide 
only. 

Addition of cycloheximide together with propran- 
0101 prevented the initial rapid rise in cellular heme 
observed when only propr~I]~~~lol was added to cul- 
tures. Concentration of cellular home declined dur- 
ing the first 2 hr, increased during the next l-2 hr 
and afterwards declined again. When only cyclo- 
heximide was added to the cultures the cellular hcme 
concentration decreased gradually during the 6 hr 
period examined (Table 3). In control cultures with- 
out cycfoheximide and/or propranolol the hemr con- 
centration decreased by hrf during the 6 hr of the 
experiment. 

Propranolol has a markedly beneficial effect 
upon the clinica and biochemic~~l symptoms of acute 
intermittent porphyria [IO. I I], variegate porphyria 
[X, 91. and of coproporphyri~l 1181. In rats and 
in cultures of chick embryo liver cells propranolol 
partially inhibits the induction of ALAS by 
allyl-isopropylacetamide (AIA) alld by 

3.S-d~ethoxycarbonyl-I .J-dihydrocollidine (DDC) 
[ 17. 19,201. Subsequent investigations showed that 
propranolol inhibits the incorporation of amino acids 
into proteins [ 151 and of thymidine and uridine into 
nucleic acids (211. It also inhibits the transport of 
B-aminoisobutyric acid [22] and the transport or 
phosphorylation of 2-deoxyglucose [231 as examined 
in monolayers of chick embryo liver cells. The extent 
of these inhibitions is about the same as that hv 
which pr~~pranotol inhibits the iriductiorl of ALAS 
by AIA or DDC. 

It was shown in this investi~ati~)n that intracellular 
heme rises rapidly during. the first 2 hr after addition 
of propranolol to the medtum. followed by an equal13 
rapid decline. Subsequently a steady Increase is 
observed tiil a plateau level of about 33’i a’-tove 
control values is reached. 

The initial rapid rise is most probably not caused 
by a fast increase in heme synthesis since simulta- 
neously the ALAS activity is reduced. It may, there- 
fore, be assumed that during these first 2 hr the rate 
of heme catabolism decreases even more than that 
of heme synthesis. This could be the result of a 

decrease in the activity of heme oxypenase or other 
pathways of heme catabolism (241. Following the 
initial increase in heme the secontiary decrease could 
be caused by induction of hemr oxygenase j25]. The 
final increased concentration of cellular heme in the 
presence of propranoloi represents, probably. a new 
steady state in which both heme synthesis and cntah- 
olism are reduced. However, under these conditions 
heme may be partially inaccessihlc to hcme 
oxygenasc. 

Cycloheximide prevented the initia! increase in 
the c~~ncentration of cellular heme cauwd by pro- 
pranolol. However, several hours after the Gmul- 
taneous addition of cycloheximide and propranolol 
;I slight increase in the concentration of heme wa\ 

observed, compared to cultures with c! clohc~im~de 
only. At present we arc investigating the\c 
phenomena. 

The initial rapid increase in cellular hemc M.hich 
is observed after addition of propranolol ~vould, 
probably, increase its c[)licentr~iti~)il in the ‘fret‘ 01 
‘regulatorv’ heme pool. This would cause reprcG]n 
of ALAS \ynthesis. resulting in the ohscrvcd initial 
decrease in ALAS activity, which lags slightly hch~ncl 
the increase in heme. Tbc subse~~~lcl~t rtecrca~ in 
cellular heme explains the secondary rise in ALAS 
activity. which. indeed. is slightly dciayed. ‘Phi\ 
increase in ALAS activitv is not caused b\ at1 acti- 
vation process of pre-existing cnzymc since it i\ 
abolished by the addition of cyclohcximitie. During 
the third phase. when crliular hemc i\ clc\atctt, 
ALAS activity is low. Figure 1 sho\v\ clearly that 
ALAS activity is inversely related to the concentra- 
tion of intracellular heme and lags slightly behind 
the changes in the latter. This i\ exactly what ~voulci 
be expected to occur on the basis of the hypothesi\ 
of regulation of ALAS activity by the concentration 
of heme in the ‘regulatory’ heme pool. pro\idcti the 
changes in cellular hcme reflect parallel change\ in 
the ‘regulatory’ pool. A previously rmclc &serv:\tion 

was again confirmed during this investigation. i.e. 
that addition of pr(~pranolol seems to prolong the 
half-life of ALAS (Tablc 2). This phenomenon t\ 
being further investigated. 

In a previous investigation \ve reported that pt-o- 
pranolol has a marked inhibitory cfft‘ct on incor- 
poration of [ “Cjleucine into proteins. It wil\ non 
shown that this inhibiti~~n is apparent within IS rnin 
after addition of propranoloi to the culture mcdiuni. 
It is of interest to note that during the first 0 i( hr 
after addition of propranolol the changes in ALAS 
activity are not parallel to the curve of inhibition elf 
iric(~rpor~ltion of ~‘~C]icucine into protrln. Spwiti- 

tally, during the period hetwccn 2 and 4 hr after 
addition of propranoiol to the mcclium. :\I .;\S 
activity increases while protein sq’nthesl4 rcniain\ 
strongly it~hi~~ite~~. Our prcvioua ~~x~~l~~li~~tioli cti the 
decrease in ALAS activitv causccl by propr;mol~~l x 
being due to a qu~~~~tit~~tivcl~ similar clccrca~! in 
protein synthesis 115. 211 may. thcrt’t’c~re. IX, clnl! 
partially correct. 

The observations described in tlm report indicate 
that the overall effect of i?r~~pr~~r~ol~~i is to incrca\~ 
cellular hrmc in the system of chick embryo libct 
cells. 

There are two main hypothcscs. purportmg tc, 
explain the rieur~)l(~~ic~~~ m~~nifest~itioiis obscrl-cd 
during acute attacks of hepatic porphvria and the 
biochemical basis of the amelioration o-f the clinical 
symptoms following hcmc ~ldrninistr~lti~)~l, Ac~wct- 

ing to Watson and coworkers 16. 76) a &licit in 
intracellular heme during acute attacks cases IIN- 

ronal damage and administration of henie rcplcn- 
ishes the heme store\. According to other inxe\ti- 

pators [?7j the neuronal malfunction is povGbl! 
caused by the high blood and tissue l~r-4s of I>- 
aminoievulinic acid (AI,A). ALA was S~OM.II to crtn,- 
pete with I/-aminohutyric acid in binding tc> ra.vcptol-\ 
in the central ncrvous,systetn and to cxcrt ;I prtlal 
agonistic action. f~drnlnistr~iti~~l~ of tiei~w ie;id~ tit 2 

decrease in the activity of ALAS and thu\ to ;I 
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reduction in the concentration of ALA, followed by 
ciinical improvement. 

The data reported here are in accordance with the 
hypothesis that the clinical symptoms of porphyria 
are caused by a decrease in intracellular heme. How- 
ever, they do not refute the hypothesis that high 
concentrations of ALA are responsible for the mal- 
function of the nervous system since an increase in 
cellular heme leads to repression of ALAS synthesis 
and a decrease in ALA. Our observations may 
explain the similarity of the beneficial effects 
observed by administration of either heme or pro- 
pranolol to patients during acute attacks and the 
biochemical effects of propranolol in experimental 
porphyria. The exact mechanism of action of pro- 
pranolol on intracellular heme requires further 
investigation. 
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