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SUMMARY

CoLE, S.P.C,, D. T. ZELT, AND G. S. MARKS. Comparison of the effects of griseofulvin
and 3,5-diethoxycarbonyl-1,4-dihydro-2,4,6-trimethylpyridine on ferrochelatase ac-
tivity in chick embryo liver. Mol. Pharmacol. 19:477-480 (1981).

The effects of griseofulvin and 3,5-diethoxycarbonyl-1,4-dihydro-2,4,6-trimethylpyridine
(DDC) on ferrochelatase activity were compared in the 17-day-old chick embryo. While
DDC reduced enzyme activity markedly, griseofulvin did not exert an inhibitory effect.
These results are consistent with the fact that DDC, but not griseofulvin, causes hepatic
porphyrin accumulation in this species. The effects of griseofulvin and DDC on ferroche-
latase activity were compared in chick embryo liver cell culture. DDC reduced ferroche-
latase activity markedly while griseofulvin caused no significant inhibition. Both DDC
and griseofulvin cause marked porphyrin accumulation in this system. The porphyrins
were separated and quantitated using high-performance liquid chromatography. Proto-
porphyrin was the major porphyrin which accumulated in response to DDC, a result
consistent with the inhibition of ferrochelatase. In contrast, protoporphyrin was a minor
porphyrin accumulating in response to griseofulvin, a result consistent with the failure of
griseofulvin to inhibit ferrochelatase; in this case, coproporphyrin was the major porphyrin
to accumulate. These findings in the chick embryo contrast with those reported in
rodents, where both DDC and griseofulvin exert an inhibitory effect on ferrochelatase.
Clearly, species differences exist in the effects of griseofulvin on the enzymes of the heme

biosynthetic pathway.

INTRODUCTION

There are several mechanisms by which porphyrino-
genic compounds disrupt the regulation of the heme
biosynthetic pathway. Of all the drugs known to cause
porphyrin accumulation, DDC' and the antifungal agent
griseofulvin have been reported to inhibit the terminal
enzyme of the pathway, ferrochelatase (EC 4.99.1.1), in
rats and mice (1, 2). It has been proposed that this results
in decreased heme formation, diminished heme-mediated
feedback repression of the rate-limiting enzyme, ALA
synthetase (EC 2.3.1.37) followed by increased ALA syn-
thetase activity leading to an accumulation of porphyrins
(3). We have recently shown that DDC is a potent
inhibitor of ferrochelatase in the intact 17-day-old chick
embryo (4), a result which is in accordance with that
reported by Anderson (5) and Rifkind (6). We have
previously shown that griseofulvin, unlike DDC, does not
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' The abbreviations used are: DDC, 3,5-diethoxycarbonyl-1,4-dihy-
dro-2,4,6-trimethylpyridine; ALA, §-aminolevulinic acid; DMSO, di-
methyl sulfoxide.

cause porphyrin accumulation in the 17-day-old chick
tmbryo (7), and it was of interest to determine the effect
of griseofulvin on ferrochelatase activity in this species.
Therefore, the first objective of this study was to deter-
mine whether griseofulvin inhibits ferrochelatase in the
intact chick embryo as it has been reported to do in rats
and mice (2).

In contrast to the intact 17-day-old chick embryo, both
griseofulvin and DDC are highly active porphyrin-induc-
ing agents in the 17-day-old chick embryo liver cell
culture system (8). Our second objective was to deter-

. mine whether DDC and griseofulvin inhibit ferrochela-

tase in chick embryo liver cell cultures.
METHODS

Source of compounds. Waymouth MD 705/1 medium
was obtained in powder form from the Grand Island
Biological Company, Grand Island, N. Y. Insulin (bovine
pancreas, 23.6 IU/mg), L-thyroxine sodium pentahydrate
(T4), penicillin G sodium, streptomycin sulfate, and gri-
seofulvin were purchased from Sigma Chemical Com-
pany, St. Louis, Mo. DDC was prepared previously in
our laboratory by the procedure of Loev and Snader (9).
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Free porphyrins and porphyrin methyl esters were pur-
chased from Porphyrin Products, Logan, Utah.

Effects of DDC and griseofulvin on ferrochelatase
activity, ALA synthetase activity, and porphyrin accu-
mulation in the intact 17-day-old chick embryo. DDC
(10 pg) or griseofulvin (8 mg) dissolved in DMSO (0.1 ml)
was injected into 17-day-old chick embryos through a
small hole in the eggshell above the air sac. Controls
received DMSO (0.1 ml). The embryos were killed 10 hr
later. In a second series of experiments, griseofulvin (8
mg) dissolved in DMSO (0.1 ml) was administered to the
embryos at 48 hr and then again at 24 hr before the
animals were killed. Controls received DMSO (0.1 ml)
alone at each time period.

For the determination of ferrochelatase activity, the
livers of eight similarly treated animals were pooled. A
solubilized ferrochelatase preparation was obtained and
ferrochelatase activity was measured by a modification
of the pyridine hemochromogen method as described
previously (4, 10). The spectrum of the reduced minus
oxidized pyridine mesohemochromogen was recorded
from 600 to 500 nm on a Cary 219 ultraviolet spectropho-
tometer. Activity was calculated as nanomoles of meso-
heme formed per milligram of protein per 10 min and
results are expressed as a percentage of control activity.
ALA synthetase and porphyrin accumulation were esti-
mated in single livers as described previously (11).

Effect of DDC and griseofulvin on ferrochelatase ac-
tivity in 17-day-old chick embryo liver cell cultures. The
details of the cell culture technique have been described
previously (12, 13). The cells were maintained in serum-
free Waymouth MD 705/1 medium supplemented with
60 mg of penicillin G, 100 mg of streptomycin sulfate, 1
mg of insulin, and 1 mg of thyroxine per liter.

For the assay of ferrochelatase activity, the cells were
maintained in 10-cm diameter disposable plastic dishes
containing 15 ml of the medium. After an initial incu-
bation of 24 hr, the medium was discarded and replaced
with fresh medium and the drugs were added. DDC (5
pg/ml of medium) was dissolved in 95% ethanol (30 ul)
for addition to the 10-cm diameter dishes. Controls re-

ceived 95% ethanol (30 pl). Griseofulvin (20 ug/ml of

medium) was dissolved in DMSO (30 ul) and controls
received DMSO (30 pl). The cells were reincubated for
24 hr after addition of the drugs. The medium was then
discarded and 5.0 ml of a solution containing 0.25 M
sucrose, 0.05 M Tris-HCl, and 1 mm EDTA at pH 82
were added to each dish. The cells were removed from
the dish by scraping with a rubber policeman and the
cells from two similarly treated dishes were pooled and
centrifuged (500 X g) for 5 min. The cells were washed
once with 2.0 ml of the sucrose/Tris buffer and the cell
pellet was suspended in 2.0 ml of ice-cold 0.02 M Tris-
HCI buffer, pH 8.2. The suspension was homogenized
using a Polytron homogenizer, and the ferrochelatase
activity of a 0.8-ml aliquot of the homogenate was mea-
sured by the pyridine hemochromogen method, using
mesoporphyrin and iron as substrates as described pre-
viously (4). Activity was calculated as nanomoles of
mesoheme formed per milligram of protein per 10 min
and results are expressed as a percentage of control
activity.

Porphyrin profiles produced by DDC and griseofulvin
in chick embryo liver cell cultures. For the determination
of porphyrin profiles by high-performance liquid chro-
matography, the cells were maintained in 6-cm diameter
disposable plastic dishes containing 5 ml of the medium.
After an initial incubation period of 24 hr, the medium
was discarded and replaced with fresh medium and the
drugs were added. DDC (5 pg/ml of medium) and griseo-
fulvin (20 pg/ml of medium) were dissolved in acetone
(10 ) for addition to 6-cm diameter dishes. Controls
received 10 pl of acetone. The cells were reincubated for
24 hr after addition of the drugs. The contents of each
dish were then lyophilized and esterified with 5% sulfuric
acid in methanol for 24 hr at —15°. Chloroform was
added to each sample followed by water. The aqueous
layer was washed with chloroform and the pooled chlo-
roform extracts were washed with 5% sodium bicarbon-
ate, water, and then dried over anhydrous sodium sulfate.
The samples were evaporated to dryness under nitrogen
at 37°C. The residue was taken up in chloroform and the
porphyrin methyl esters were separated and quantitated
by the second-derivative high-performance liquid chro-
matography method of Zelt et al. (14). Results were
expressed as a percentage of total porphyrins pro-
duced .

Estimation of protein. Protein was assayed by the
method of Lowry et al. (15) as modified by Miller (16).

RESULTS

Intact 17-day-old chick embryo. The effect of DDC
and griseofulvin on ferrochelatase activity in 17-day-old
chick embryos 10 hr after drug administration is shown
in Fig. 1. While DDC (10 ug/egg) reduced ferrochelatase
activity to less than 10% of control values, griseofulvin
(8 mg/egg) was without effect on the enzyme. Adminis-
tration of 8 mg of griseofulvin per egg in DMSO (0.1 ml)

100-1
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FiG. 1. Percentage of control ferrochelatase activity in chick em-
bryo livers 10 hr after administration of DDC (10 ug/egg) (open bar)
and griseofulvin (8 mg/egg) (hatched bar)

In the DDC experiments, control activity was 1.79 nmoles of meso-
heme per milligram of protein per 10 min. In the griseofulvin experi-
ments, control activity was 1.46 nmoles of mesoheme per milligram of
protein per 10 min. Each bar represents the mean (+ standard error of
the mean) of three determinations.
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resulted in an increase in ALA synthetase activity (72.9
+ 22.7 nmoles of ALA per 100 mg of protein per hour) as
compared with controls (8.0 + 0.8 nmoles of ALA per 100
mg of protein per hour). Only a slight increase in porphy-
rins was observed. Porphyrin levels were 0.26 + 0.04 ug/
100 mg of protein in griseofulvin-treated embryos as
compared with 0.14 + 0.02 ug/100 mg of protein in control
embryos.

Following administration of griseofulvin (8 mg) at 48
hr and again at 24 hr prior to killing the animals, no
significant reduction in ferrochelatase activity was noted,
and no elevation of porphyrin levels was detected; ALA
synthetase activity was 79.1 + 8.0 nmoles of ALA per 100
mg of protein per hour as compared with control activity
of 22.3 + 1.4 nmoles of ALA per 100 mg of protein per
hour.

Chick embryo liver cell cultures. Ferrochelatase activ-
ity in 17-day-old chick embryo liver cell cultures was
measured in whole homogenates of the cells and was
found to be approximately linear with respect to time for
10 min. The effect of DDC and griseofulvin on ferroche-
latase activity in chick embryo liver cell cultures 24 hr
after addition of the drugs is shown in Fig. 2. DDC at a
concentration of 5 ug/ml of medium reduced ferrochela-
tase activity to about 20% of control values. Griseofulvin
at a concentration of 20 ug/ml of medium caused no
significant inhibition of ferrochelatase.

The porphyrin profiles produced by DDC and griseo-
fulvin are shown in Fig. 3. After DDC administration (5
pg/ml of medium), protoporphyrin accounted for about
79% of the total porphyrin while most of the remainder
was coproporphyrin. The pattern of porphyrin accumu-
lation obtained after the addition of griseofulvin (20 ug/
ml of medium) was markedly different (Fig. 3). Corpro-
porphyrin was the major porphyrin to accumulate (about
49%) while only about 7% of the total porphyrin was
protoporphyrin. Smaller amounts of pentacarboxylic,
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F1G. 2. Percentage of control ferrochelatase activity in chick em-
bryo liver cell cultures 24 hr after administration of DDC (5 ug/ml of
medium) (open bar) and griseofulvin (20 pg/ml of medium) (hatched
bar)

In the DDC experiments, control activity was 2.54 nmoles of meso-
heme per milligram of protein per 10 min. In the griseofulvin experi-
ments, control activity was 3.26 nmoles of mesoheme per milligram of
protein per 10 min. Each bar represents the mean (+ standard error of
the mean) of three determinations.
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F16. 3. Porphyrin profiles produced by DDC (5 ug/ml of medium)
(open bars), and griseofulvin (20 pg/ml of medium) (hatched bars) in
chick embryo liver cell culture

Numbers under the bars indicate the number of carboxyl groups (8,
uroporphyrin; 7, heptacarboxylic porphyrin; 6, hexacarboxylic por-
phyrin; 5, pentacarboxylic porphyrin; 4, coproporphyrin; 2, protopor-
phyrin). Each bar represents the mean (+ standard error of the mean)
of at least 14 determinations.

hexacarboxylic, heptacarbozxylic, and uroporphyrins were
present.

DISCUSSION

De Matteis and co-workers (2, 3) have demonstrated
that griseofulvin and DDC produce a marked dimunition
of mouse hepatic ferrochelatase. An analogous but less
marked effect was produced by these chemicals on rat
liver ferrochelatase. It was proposed that inhibition of
the enzyme results in decreased heme formation and
therefore increased ALA synthetase activity and por-
phyrin accumulation (1, 3). Tephly et al. (17) and De
Matteis and co-workers (18, 19) have shown that, when
DDC and griseofulvin are injected into rodents, these
drugs lead to the accumulation, apparently from heme
breakdown, of green porphyrin-like pigments which exert
an inhibitory effect on ferrochelatase. They have shown
that the inhibitory green pigments closely resemble N-
monomethylporphyrins and suggest that they bind to the
active site of ferrochelatase, thus interfering with the
normal incorporation of iron into protoporphyrin.

In view of the results described above, it is curious that
in the 17-day-old chick embryo, DDC causes marked
porphyrin accumulation while griseofulvin is inactive (7).
Despite its inability to cause porphyrin accumulation,
griseofulvin was found in the present study to produce a
moderate elevation of ALA synthetase activity. The in-
ability of griseofulvin to cause hepatic porphyrin accu-
mulation relative to DDC is understandable in light of
the results of the ferrochelatase inhibition experiments
(Fig. 1). In these experiments, griseofulvin (8 mg/egg)
did not affect ferrochelatase activity while DDC (10 ug/
egg) reduced the enzyme to less than 10% of control
values. The dose of griseofulvin selected in this study
(viz., 8 mg/egg) was the maximal possible dose due to
the limited solubility of the drug. The dose of DDC
selected, viz., 10 pug/egg, had been found in a previous
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study (4) to produce maximal inhibition of ferrochelatase.
It has been shown that rodents require a considerably
longer period of exposure to griseofulvin than to DDC in
order to elicit ferrochelatase inhibition (2, 18). For this
reason griseofulvin (8 mg) was administered to the chick
embryo 48 hr and 24 hr prior to sacrifice. In spite of this
increase in dose and in duration of exposure to griseoful-
vin, no significant decrease in ferrochelatase activity nor
elevation of porphyrin levels was noted. It is noteworthy
that DDC (10 ug/egg) produced a maximal decrease in
ferrochelatase activity as early as 0.5 hr after adminstra-
tion to the chick embryo (4). It was therefore concluded
that, unlike the results reported in rats and mice, griseo-
fulvin does not inhibit ferrochelatase activity in the 17-
day-old chick embryo.

In contrast to the results observed in the 17-day-old
chick embryo, both DDC and griseofulvin are potent
porphyrin-inducing agents in the chick embryo liver cell
culture system (8). It was thus anticipated that inhibition
of ferrochelatase activity would be observed with both
DDC and griseofulvin in this system. We were therefore
surprised to find that, while DDC (5 pug/ml of medium)
reduced ferrochelatase activity to 20% of control values,
griseofulvin (20 pg/ml of medium) caused no significant
inhibition of the enzyme (Fig. 2). The doses of DDC and
griseofulvin selected for use in these inhibition experi-
ments were known to produce maximal elevation of
porphyrin levels in the chick embryo liver cell culture.?

Blockade of heme synthesis by inhibition of ferroche-
latase is thought to explain the large amounts of proto-
porphyrin which are observed in DDC and griseofulvin
porphyria in mice (1, 20). In a similar manner, hexachlo-
robenzene-mediated inhibition of uroporphyrinogen de-
carboxylase is consistent with the accumulation of uro-
porphyrin (21, 22). Since griseofulvin failed to inhibit
ferrochelatase, it was of interest to compare the porphy-
rins accumulating in response to griseofulvin with those
accumulating in response to DDC in the chick embryo
liver cells. The results of this study (Fig. 3) show that, as
expected, protoporphyrin is the major porphyrin (79%)
to accumulate in response to DDC. In contrast, proto-
porphyrin was found to be only a minor porphyrin (7%)
accumulating in response to griseofulvin; this fact is
consistent with its inability to inhibit ferrochelatase. The
major porphyrin which accumulated in response to gri-
seofulvin was coproporphyrin (49%). There are at least
two possible explanations for the porphyrin pattern ob-
served with griseofulvin: (a) it inhibits coproporphy-
rinogen oxidase and (b) it acts directly to stimulate ALA-
synthetase activity and coproporphyrinogen accumulates
and is oxidized to the porphyrin when the ability of
coproporphyrinogen oxidase to handle the increased flux
of intermediates through the pathway is exceeded. Fur-
ther studies are required to test these two possibilities.

An observation that remains unexplained is the inabil-
ity of griseofulvin to cause porphyrin accumulation in
the intact embryo as compared with its marked activity
in chick embryo liver cell culture. This difference be-

2 G. S. Marks, unpublished observations.

tween the in vivo and in vitro systems has been observed
with several drugs and has been attributed, at least in
part, to the unique pharmacokinetics of the cell culture
system; unlike the intact embryo, the isolated cells can-
not terminate the action of the drug by redistribution to
other organs or by excretion (23).
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