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Abstract—The levels of the cellular free heme pool in chick embryo hepatocyte culture were lowered
using N-ethylprotoporphyrin IX (N-ethylPP) and analogues of 3,5-diethoxycarbonyl-1,4-dihydro-2,4,6-
trimethylpyridine (DDC), and the effect on d-aminolevulinic acid synthase (ALAS) was examined. N-
EthylPP, which lowers cellular heme levels by inhibiting ferrochelatase activity, produced an induction
of ALAS activity to 444% of control at 3 hr after its administration. 4-Ethyl DDC, which lowers heme
levels by destroying the heme moiety of cytochrome P-450 and lowering ferrochelatase activity, caused
an induction of ALAS to 565% of control at 12 hr after administration. 4-Isobutyl DDC, which lowers
heme levels by destroying the heme moiety of cytochrome P-450, induced the activity of ALAS to 289%
of control at 3 hr after administration. This indicates that ferrochelatase inhibition is a more important
mechanism of heme lowering than alkylation of cytochrome P-450 heme when both heme-depleting
mechanisms are acting in chick embryo liver cells. It was anticipated that administration of a combination
of 4-isobutyl DDC plus N-ethylPP would mimic the effect of 4-ethyl DDC. However, this combination
induced ALAS activity to levels that were much greater than those observed after 4-ethyl DDC (1257%
of control at 12 hr). This synergistic induction may be attributable to lowering of free heme levels to
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the point where transcription, translation, and translocation of ALAS are all derepressed.

Hepatic heme synthesis is regulated by the first
enzyme in the heme biosynthetic pathway, §-amino-
levulinic acid synthetase (ALAS$) (EC2.3.1.37), via
feedback represssion by the end-product, heme [1].
It has been postulated that heme regulates ALAS
activity through a free heme pool in cells; free heme
is heme which is not bound by cellular components
[1]. According to current ideas, as the level of free
heme decreases the activity of ALAS is increased
and vice versa. Heme appears to manifest this control
in three ways: (1) by inhibiting transcription of
mRNA for ALAS [2]; (2) by inhibiting translation
of ALAS {3, 4]; and (3) by slowing the transfer of
pre-ALAS in the cytosol to mature ALAS in the
mitochondria [5, 6], where it participates in heme
synthesis.

Some of the ways in which the free heme pool can
be manipulated experimentally are as follows [7]:
(1) by inactivating cytochrome P-450 through heme
alkylation; the alkylated heme moiety is released
from the cytochrome P-450 apo-protein, and the free
apo-protein combines with a heme molecule, thereby
removing heme from the free heme pool; (2) by
inhibiting an enzyme in the heme biosynthetic path-
way, for example ferrochelatase (FC) (EC 4.99.1.1);
(3) by both alkylating the heme moiety of cyto-
chrome P-450 and inhibiting FC activity; and (4) by
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} Abbreviations: ALAS, 6-aminolevulinic acid synthase;
DDC, 3,5-diethoxycarbonyl-1,4-dihydro-2,4,6-trimethyl-
pyridine; N-ethylPP, N-ethylprotoporphyrin IX; and FC,
ferrochelatase.

Table 1. Structures of the 4-alkyl analogues of DDC

Name R group
4-Ethyl DDC —CH,—CH,
4-Isobutyl DDC —CH;—CH—(CH,),

R
EtooC COOEt
HyC” N emy
H

inducing the synthesis of the apo-protein of cyto-
chrome P-450 [8] which will remove heme by pro-
ducing holo-cytochrome P-450.

A compound which has proved useful in the study
of heme biosynthesis is 3,5-diethoxycarbonyl-1,4-
dihydro-2,4,6-trimethylpyridine (DDC), which low-
ers the activity of FC [9]. DDC causes mechanism-
based inactivation of cytochrome P-450; during this
metabolism, a methyl radical is released from DDC
which binds to a nitrogen of the heme moiety of
cytochrome P-450, producing N-methyl-
protoporphyrin IX (N-methylPP), which is released
from cytochrome P-450 [10]. This N-methylPP is a
potent inhibitor of FC activity [11-13] and, conse-
quently, causes the accumulation of protoporphyrin
[9, 13]. An analogue of DDC, 4-ethyl DDC (Table
1), has been shown to act in a manner similar to
DDC [12, 13]. 4-Ethyl DDC causes a destruction of
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Fig. 1. Structure of N-ethylprotoporphyrin IX.

cytochrome P-450 heme along with the formation of
N-ethylPP (Fig. 1), and this N-ethylPP causes the
inhibition of FC and the accumulation of pro-
toporphyrin IX. A series of analogues of DDC act
in this way [12, 13]; however, it has been found that
all the 4-alkyl analogues of DDC do not affect heme
biosynthesis in the same manner [14]. 4-Isobutyl
DDC (Table 1) decreases P-450 levels through
mechanism-based destruction of cytochrome P-450
heme but the N-isobutylPP produced does not in-
hibit FC; coproporphyrin is the major porphyrin
to accumulate in this case [15].

DDC also produces an induction of ALAS activity
[12]. De Matteis and Marks [16] have suggested that
this induction can be attributed primarily to the
inhibition of FC caused by the N-methylPP produced
during metabolism of DDC. The goal of this work
was to determine the contribution of FC inhibition
by N-ethylPP to the induction of ALAS activity
caused by 4-ethyl DDC [12] in chick embryo hepa-
tocyte culture. The specific objectives of this study
were: (i) to determine the effect of inhibiting FC
activity with N-ethylPP on ALAS activity over 24 hr;
(ii) to compare this to the effect of 4-ethyl DDC on
ALAS activity; (iii) to compare this to the effect of
4-isobutyl DDC on ALAS activity, as it does not
inhibit FC. A 4 uM concentration of the DDC com-
pounds and a 2 uM concentration of N-ethylPP were
chosen for the determination of ALAS activity, as
these concentrations have been shown previously to
produce maximal inhibition of ferrochelatase activity
[15,17].

MATERIALS AND METHODS

Materials. [2,3-1%C]Succinic acid (40-80 mCi/
mmol) was purchased from New England Nuclear
(Dupont, Boston, MA). The DDC analogues were
synthesized as previously described [14,15]. N-
Ethylprotoporphyrin IX was synthesized as
described by DeMatteis et al. [18]. White Leghorn
chick embryos obtained from Archer’s Poultry Farm,
Brighton, Ontario, were used at 18 days after fer-
tilization.

Determination of d-aminolevulinic acid synthetase
activity. Hepatocytes of 18-day-old chick embryos
were obtained as previously described [19] and main-
tained in 10-cm dishes containing 15.0 ml of Way-
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mouth 705/1 medium. The medium was changed 24
and 42 hr after plating. Drugs were added in 95%
EtOH, along with an ethanol solvent control, at
42 hr, with the ethanol not exceeding 0.064% of the
final volume, and the cells were incubated for 0, 3,
6, 12, or 24 hr. The activity of 6-aminolevulinic acid
synthase was measured as previously described
[20, 21]. Briefly, a homogenate of the hepatocytes
was incubated with [2,3-*C]succinic acid, pyridoxal
phosphate, glycine, and ATP. The labelled ALA
formed during that time was isolated by cation
exchange chromatography and by reaction of the
ALA with acetylacetone to form a pyrrole. The
pyrrole was extracted and quantitated using a liquid
scintillation counter. The activity was expressed as
picomoles ALA formed per milligram of protein per
30 minutes.

Protein determination. The amount of protein was
determined by the method of Lowry ef al. [22].

Statistical analysis. An analysis of variance test
was used to determine whether two means differed
significantly from each other (P =< 0.05) in the assay
of ALAS activity. If a significant F ratio at the 0.05
level was obtained, a Newman—Keuls test was used
to indicate the means which differed significantly
from each other (P < 0.05).

RESULTS AND DISCUSSION

De Matteis and Marks [16] have postulated that
the induction of ALAS caused by DDC is primarily
a result of the inhibition of FC caused by the N-
methylPP which accumulates following the adminis-
tration of DDC. This study was designed to deter-
mine the contribution of FC inhibition by N-ethylPP
to the induction of ALAS caused by 4-ethyl DDC in
chick embryo hepatocyte culture. To do this, the
effect of N-ethylPP, the metabolic product of 4-ethyl
DDC, on the activity of ALAS was examined over
a 24-hr period. N-EthylPP produced an induction of
ALAS activity to 444% of control levels at 3 hr after
administration (Fig. 2a); activity returned to control
levels by 24 hr, despite the fact that FC activity
remained maximally inhibited (data not shown). This
increase in ALAS activity is attributed to the inhi-
bition of FC by N-ethylPP [16], which will decrease
the levels of the cellular free heme pooi of the
hepatocytes. Previous experiments in this laboratory
revealed no induction of ALAS activity when
enzyme activity was measured 12hr after the
administration of N-methylPP [23]. Subsequently it
was shown in our laboratory that an increase in
ALAS activity may be demonstrated when the
activity is assessed S hr after the administration of
N-methylPP [16]. The results of the present study are
in general agreement with the previous observations;
ALAS activity was maximal 3 hr after N-ethylPP
administration and dropped thereafter (Fig. 2a).

The effect of 4-ethyl DDC on ALAS activity was
measured and compared to the effect of N-ethylPP
on ALAS activity. 4-Ethyl DDC (Fig. 2b) caused an
induction of ALAS to 565% of control levels at 12 hr
after administration; activity returned to control
levels by 24 hr, despite the fact that FC activity
remained maximally inhibited (data not shown). 4-
Ethyl DDC did not cause maximal induction of
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Fig. 2. Activity of d-aminolevulinic acid synthase expressed as percent of a 95% ethanol (0.064%)
solvent control in chick embryo liver cell culture at various times following the administration of: (a)
N-ethylPP; (b) 4-ethyl DDC; (c) 4-isobutyl DDC; and (d) 4-isobutyl DDC + N-ethylPP. All DDC
compounds were given at a concentration of 4 uM, and N-ethylPP was given at a 2 uM concentration.
Each point is the mean (+SD) of three determinations. Results were confirmed in an additional
experiment run with all compounds simultaneously. An asterisk (*) indicates an increase over control
levels at P =< 0.05. Control levels of ALAS activity were 216.5 = 22.6 pmol/mg protein/30 min.

ALAS activity until 12 hr, a period considerably later
than the 3-hr peak caused by N-ethylPP. This delay
can be explained, at least in part, by the time required
for formation of adequate levels of N-ethylPP. The
total induction, seen as the area under the curve,
caused by 4-ethyl DDC was greater than that caused
by N-ethylPP (1.9 times greater). It is apparent that
the induction of ALAS caused by 4-ethyl DDC can-
not be accounted for solely by the inhibition of FC
caused by N-ethylPP, as the two curves are not
identical. Another important mechanism(s) must be
involved.

One possible mechanism by which 4-ethyl DDC
could be lowering the cellular free heme pool
involves the mechanism-based inactivation of cyto-
chrome P-450. N-EthylPP is formed during the
metabolism of 4-ethyl DDC [9]; an ethyl radical is
released from the position 4 group of 4-ethyl DDC
which binds to one of the nitrogens of the heme
moiety of cytochrome P-450. The loss of the heme
from cytochrome P-450 leaves the apo-protein
moiety. If this apo-protein is unchanged, then it
could combine with a free heme molecule, regen-
erating holo-cytochrome P-450 and lowering the
levels of the free heme pool. Support for this idea
comes from work done in several laboratories with
the potent porphyrinogenic compound allyisopro-
pylacetamide (AIA) [24-30]. To study the con-

tribution of the destruction of cytochrome P-450
by analogues of DDC in their induction of ALAS
activity, the effect of 4-isobutyl DDC on ALAS
activity was determined. This compound causes the
formation of N-isobutylPP through the destruction
of cytochrome P-450 heme, but FC activity is not
affected by the N-alkylPP [31]. The amount of cyto-
chrome P-450 which is destroyed over a 30-min
period in a chick embryo liver microsomal prep-
aration is similar for 4-isobutyl DDC and 4-ethyl
DDC [14, 15]. 4-Isobutyl DDC (Fig. 2c) caused an
increase in ALAS activity to 289% of control levels
at 3 hr after administration to chick embryo hepa-
tocytes; activity returned to control levels by 12 hr.
This result, along with the results obtained earlier,
suggests that the destruction of cytochrome P-450 is
involved in the induction of ALAS seen with DDC
analogues like 4-ethyl DDC, but that the inhibition
of FC is more important.

Additional mechanisms have been considered
whereby porphyrin-inducing drugs might induce an
elevation of ALAS activity [32]. These additional
mechanisms, which are independent of inhibition of
heme biosynthesis or of stimulation of heme degra-
dation, are the following: (1) a direct action on the
nucleus to increase the amount of mRNA for AL AS;
and (2) increased synthesis of the mRNA for apo-
cytochrome P-450, leading to increased synthesis of
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apo-cytochrome P-450 with increased utilization of
heme from the “regulatory free heme pool” for the
synthesis of cytochrome P-450. Propylisopropyl-
acetamide (PIA), the saturated analogue of AIA,
induces ALAS activity in chick embryo hepatocytes
without destroying the heme moiety of cytochrome
P-450 or inhibiting any step in heme biosynthesis
[33]. Recent studies of the action of PIA in chick
embryo hepatocytes shows that PIA increases the
steady-state levels of the mRNA for ALAS con-
currently with the mRNA for cytochrome P-450 {34].
Moreover, the addition of heme to the cultures does
not cause the mRNA for ALAS to return to control
levels. These results suggest a direct action of PIA
on the nucleus to increase the amount of mRNA for
ALAS. It is possible that one component of the
action of dihydropyridines on ALAS activity may be
attributable to a direct action on the nucleus to
increase the steady-state levels of mRNA for ALAS.

It was anticipated that the combination of N-
ethylPP plus 4-isobutyl DDC would produce a curve
similar to the one seen with 4-ethyl DDC, since this
represents a combination of an agent inhibiting FC
with an agent causing the destruction of cytochrome
P-450 heme. To confirm this, the effect of a com-
bination of N-ethylPP and 4-isobutyl DDC on ALAS
activity was determined. The results from this work
(Fig. 2d) show that the combination of N-ethylPP
and 4-isobutyl DDC produced a considerably larger
induction of ALAS activity than was anticipated.
The levels of ALAS activity reached a peak of 1257%
of control at 12 hr after administration; activity retur-
ned to control levels by 24 hr. It is obvious that the
area under the curve for this figure is much greater
than for any other treatment. The most interesting
result was that obtained at the 12-hr point. At this
point, N-ethylPP (Fig. 2a) caused only a slight
increase and 4-isobutyl DDC (Fig. 2c¢) caused no
significant increase in the activity of ALAS; however,
the combination of the two produced over a 1200%
increase in the activity of ALAS.

There are several possible explanations for the
synergistic effect of these two compounds on ALAS
activity. One explanation is as follows. As discussed
in the introduction, heme manifests control on
ALAS in three ways: transcription, translation, and
translocation. It is possible that the level of free
heme required to exert optimal control on each of
these processes varies. Thus, inhibition of FC by N-
ethylPP may reduce levels of free heme to the point
where one or two but not all three control mech-
anisms are derepressed. Destruction of the heme
moiety of cytochrome P-450 may lower the remaining
heme levels to the point where all three control
mechanisms are derepressed, and ALAS activity is
able to reach maximum attainable levels. It is of
interest that AIA has been shown to decrease the
microsomal and cytosolic but not the nuclear heme
pools. On the other hand, inhibitors of heme biosyn-
thesis, such as cobalt chloride and 3-amino-1,2,4-
triazole, are reported to lower all three heme pools
[35].

In summary we have shown that lowering of cellu-
lar heme levels by 4-alkyl DDC analogues and N-
ethylPP will produce an induction of ALAS activity.
This induction of ALAS by 4-ethyl DDC cannot be
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explained completely by its inhibition of FC by N-
ethylPP. It also appears that FC inhibition is more
effective in lowering the levels of the cellular free
heme pool than is the lowering of cytochrome P-450
levels through cytochrome P-450-heme alkylation.
The levels of induction of ALAS activity obtained
here with N-ethylPP and 4-isobutyl DDC suggest a
synergistic interaction between these two compounds
in lowering the levels of free heme in chick embryo
hepatocyte culture.
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