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SUMMARY

COLE, S. P. C., R. A. WHITNEY, AND G. S. MARKS. Ferrochelatase-inhibitory and

porphyrin-inducing properties of 3 , 5-diethoxycarbonyl-1 , 4-dihydro-2 , 4 , 6-trimethyl-
pyridine and its analogues in chick embryo liver cells. Mol. Pharmacol. 20:395-403
(1981).

A series of analogues of 3 , 5-diethoxycarbonyl-1 , 4-dihydro-2 , 4 , 6-trimethylpyridine

(DDC) was investigated for ferrochelatase-inhibitory and porphyrin-inducing activities in
chick embryo liver cell cultures. It was found that, in order to inhibit ferrochelatase

maximally, a DDC analogue must be a dihydropyridine with ester groups in positions 3
and 5, and an alkyl substituent in position 4. The structural requirements for porphyrin-
inducing activity were less stringent. The pattern of porphyrin accumulation produced in
response to DDC and its analogues was investigated using high-performance liquid

chromatography. Protoporphyrin was found to be the major porphyrin to accumulate in

response to dihydropyridine analogues that inhibited ferrochelatase. Uro- and heptacar-
boxylic porphyrins were the major porphyrins to accumulate in response to all of the

pyridine analogues. A pattern of porphyrin accumulation very similar to that produced
by the pyridine analogues was observed with those dihydropyridine analogues which did
not inhibit ferrochelatase, suggesting that these dihydropyridines are readily converted
to pyridines in the chick embryo liver cell culture. It is clear that some analogues of DDC
induce porphyrin accumulation by a mechanism other than through ferrochelatase
inhibition.

INTRODUCTION

One mechanism by which porphyrinogenic compounds
can disrupt the regulation of the heme biosynthetic path-
way is through inhibition of ferrochelatase (EC 4.99.1.1),
the terminal enzyme of the pathway. Inhibition of ferro-
chelatase should result in decreased heme formation,

diminished heme-mediated feedback repression of the
rate-limiting enzyme ALA3 synthetase (EC 2.3.1.37), fol-
lowed by increased ALA synthetase activity leading to

an accumulation of porphyrins (1). Although porphyrin

accumulation can be induced in experimental animals by

This work was supported by the Medical Research Council of

Canada and the Natural Sciences and Engineering Research Council.

I Department of Pharmacology.
2 Department of Chemistry.

.1 The abbreviations used are: ALA, &-aminolevulinic acid; DDC, 3,5-

diethoxycarbonyl-1 ,4-dihydro-2,4 ,6-trimethylpyridine (Compound I);
Ox-DDC, 3,5-diethoxycarbonyl-2,4,6-trimethylpyridine (Compound

XV); desmethyl-DDC, 3,5-diethoxycarbonyl-1 ,4-dihydro-2,6-dimeth-
ylpyridine (Compound II); BNPP, bis[p-nitrophenyl]phosphate; HCB,

hexachlorobenzene.

numerous chemicals of diverse structures, only DDC

(Compound I) and griseofulvin have been reported to
inhibit ferrochelatase in rodents (2, 3). DDC has also
been shown to be a potent inhibitor of ferrochelatase in

the 17-day-old chick embryo (4-6) and, more recently, in
the chick embryo liver cell cultures (7). In contrast,
griseofulvin does not inhibit ferrochelatase in these avian

systems (7). Thus DDC remains unique among por-
phyrin-inducing chemicals in its ability to inhibit ferro-

chelatase in the 17-day-old chick embryo and chick em-
bryo liver cell culture. Therefore, it was of interest to
determine the structural features of DDC required for
ferrochelatase inhibition. A preliminary study in the in-
tact 17-day-old chick embryo has been presented else-
where (8). This study has now been extended to chick

embryo liver cell culture since it had previously been
noted that, although a DDC analogue may be unable to
cause porphyrin accumulation in the � intact embryo, it
may still have marked activity in the cell culture system

(9). For example, even though Ox-DDC (Compound XV)
has no porphyrinogenic effect in vivo, it causes marked

porphyrin accumulation in the cell culture system (10).
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The objective of this study was to determine the struc-
tural features required in DDC for inhibition of ferroche-

latase in chick embryo liver cell cultures and to compare

them with the structural features required for porphyrin
accumulation.

Recently Tephly et al. (11) and De Matteis and co-
workers (12) have shown that, when DDC is injected into
rodents, it causes accumulation of green pigments, ap-

parently derived from heme breakdown, which strongly
inhibit ferrochelatase. They have shown spectrophoto-
metrically that the inhibitory pigments. closely resemble
N-monomethylporphyrins and have concluded that ad-

ministration of DDC gives rise to an N-alkyl porphyrin
which in turn inhibits ferrochelatase. Their conclusion is
supported by the finding that N-methylmesoporphyrin
and N-methylprotoporphyrmn inhibit mouse liver ferro-
chelatase in vitro (13). Examination of the ferrochela-

tase-inhibitory properties of selected DDC analogues
(Tables 1 and 2) should aid in the analysis of the struc-
tural requirements for ferrochelatase inhibition and thus

may provide some insight into the mechanism by which
DDC causes accumulation of an inhibitory porphyrin.

METHODS

Source of compounds. DDC (Compound I), 3,5-pyri-
dinedicarboxylic acid, 3 , 5-diethoxycarbonyl-2 , 6-dimeth-
ylpyridine (Compound XVI), and desmethyl-DDC (Corn-

pound II) were purchased from Aldrich Chemical Corn-
pany, Inc. (Milwaukee, Wisc.). BNPP was obtained from
the Sigma Chemical Company (St. Louis, Mo.). Porphy-
rins and porphyrin methyl esters were purchased from

Porphyrin Products (Logan, Utah).
The identity and purity of the DDC analogues used in

this study were verified by melting point determination,
NMR spectral analysis, elemental analysis, and thin-
layer chromatography. Melting points were determined

on a Fisher Johns or a Thomas-Hoover apparatus and

TABLE 1

Stru cture of th e dihydropyridine analogues of DDC

H H,
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TABLE 2

Structure of the pyridine analogues of DDC

Y

EtOOC� J� COOEt

� �
x N X

Analogue x Y-

XV CH3 CH:,

XVI CH:i H

XVII H H

are uncorrected. A Brucker HX6O or Varian EM360

instrument was used to record NMR spectra. All com-
pounds were analyzed for carbon, hydrogen, and nitrogen
by Guelph Chemical Laboratories, Ltd. (Guelph, Can-
ada), and the results were within ±0.3% of the theoretical
value. UV spectra were recorded on a Unicam SP800 or

Cary 219 spectrophotometer.

Many of the dihydropyridines have been previously
synthesized in our laboratory (10, 14) by a general
method described for this class of compounds by Loev
and Snader (15). Ox-DDC (Compound XV) was prepared
by oxidation of DDC (Compound I) with a mixture of

glacial acetic acid and sodium nitrite by the method of
Loev and Snader (15). 3,5-Diethoxycarbonylpyridine

(Compound XVII) was prepared by esterification of 3,5-
pyridinedicarboxylic acid with HC1 gas in ethanol, ac-

cording to the general procedure described by Weygand
(16). 3 , 5-Diethoxycarbonyl-1 , 4-dihydro-4-methylpyri-

dine (Compound XI) was prepared by reaction of meth-
ylmagnesium iodide with 3 , 5-diethoxycarbonylpyridine

(Compound XVII) as described by Brignell et al.(17).
The N-methyl analogues (Compounds XII and XIII)
were synthesized by treatment of their corresponding
dihydropyridines (Compounds I and II) with dimsylso-
dium in dimethyl sulphoxide followed by addition of
methyl iodide as described by Brignell et al. (17).

The N-ethyl analogue (Compound XIV) (3,5-diethox-
ycarbonyl- 1 , 4-dihydro-1-ethyl-2 , 4 , 6-tnmethylpyridine)

was prepared by using the general procedure of Brignell

et al. (17). To a solution of dimsylsodium [from sodium

hydride (1.44 g, 50% dispersion in oil, 30 mmoles) and
dimethyl sulfoxide (20 ml)] under nitrogen was added

DDC (Compound I) (2.0 g, 7.1 mmoles) in dimethyl
sulfoxide (20 ml). The reaction mixture was stirred for 5
mm at room temperature, after which ethyl bromide (2.8
ml, 4.08 g, 37.4 mmoles) was added. Stirring was contin-
ued for an additional 16 hr and then the mixture was
poured into water (400 ml) and extracted with methylene
chloride (200 ml). The methylene chloride layer was
washed with HC1 (10%), followed by sodium bicarbonate
(5%). After drying, the solution was ifitered and the
solvent was removed under reduced pressure. Recrystal-

lization of the residue from petroleum ether (30-60#{176})
afforded a crystalline product, m.p. 69.5-70#{176} (0.41 g, 1.4
mmoles; yield 20%); NMR (CDC13), 4.18 t5 (OCH2, 4H
quartet, J = 7 Hz), 3.69 t� (NCH2, 2H, quartet, J = 7 Hz),
2.39 S (2 , 6-CH3 , 6H, singlet), 1.29 6 (CH3 , 6H, triplet, J

= 7 Hz), 1.15 �S (CH3, 3H, triplet, J = 7 Hz), 0.89 � (CH3,
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3H, doublet, J = 6.5 Hz); UV (ethanol), Amax 345, 261,
233, and 195 nm (#{128}14,600, 18,400, 27,050, and 12,725).

C,6H25NO4

Calculated: C 65.1, H 8.5, N 4.8

Found: C 64.8, H 8.7, N 4.9

Determination of ALA synthetase activity and ferro-
chelatase activity. The details of the cell culture tech-
nique have been described previously (18). The cells were
cultured in serum-free Waymouth MD 705/1 medium

supplemented with penicfflin G sodium, streptomycin
sulfate, insulin, and L-thyroxine sodium pentahydrate.
After an initial incubation period of 24 hi, the medium
was discarded and replaced with fresh medium. For the
assay of ferrochelatase and ALA synthetase activities,
the cells were maintained in 10-cm diameter disposable

plastic dishes containing 15 ml of the medium. Chemicals
were dissolved in 95% ethanol for addition to the dishes
(maximal total volume added: 30 id). ALA synthetase

activity was assayed 12 hr later and ferrochelatase activ-
ity was assayed 24 hr later, unless otherwise indicated.
ALA synthetase activity was measured as described pre-
viously (19). For the determination of ferrochelatase

activity, the medium was discarded and 5.0 ml of an ice-

cold solution containing 0.25 M sucrose, 0.05 M Tris-HC1,
and 1 mM EDTA at pH 8.2 were added to each dish. The

cells from two similarly treated dishes were pooled and
centrifuged (500 x g) for 5 mm. The cell pellet was
washed once and then suspended in 2.0 ml of ice-cold

0.02 M Tris-HC1 buffer, pH 8.2. The cell suspension was
homogenized by using a Polytron homogenizer. Ferro-
chelatase activity of a 0.8-mi aliquot of the homogenate
was measured as described previously (6) by a modifica-

tion of the pyridine hemochromogen method (20), using
mesoporphyrmn and iron as substrates.

Determination oftotalporphyrins andporphyrin pro-
files. For the determination of total porphyrins and por-
phyrmn patterns, chick embryo liver cells were maintained
in 6-cm diameter dishes containing 5 ml of the medium.

Drugs were dissolved in 95% ethanol for addition to the
dishes (maximal total volume: 15 s.d). Total porphyrmns
were assayed 24 hr after addition of the drugs, as previ-
ously described (21). Porphyrin patterns were deter-

mined by the second-derivative high-performance liquid
chromatographic method of Zelt et al. (22). Since proto-

porphyrin is particularly labile to mineral acids (23), a

known amount of protoporphyrmn [E�4#{176}�”m (2.7 N HC1)
= 262] was added to four control dishes to correct for
losses due to the esterification and extraction procedures.
Recovery of the other porphyrins was consistently
greater than 90% (24); thus internal standards were not

required. The contents of each dish were lyophiized and
esterified at -15#{176}with 5% sulfuric acid in methanol for
24 hr. The methyl esters were extracted into chloroform,
washed with 5% sodium bicarbonate and with water,
dried over anhydrous sodium sulfate, and then evapo-
rated to dryness under nitrogen at 37#{176}.The residue was

taken up in mobile phase (hexane/ethyl acetate/metha-
nol) (60/37/3; v/v/v) (200 �tl), and a 10-.tl aliquot was

injected onto the column. Results were calculated as

picomoles of porphyrin per milligram of protein and are

expressed as percentage of total porphyrmns.

Protein determinations. Protein was assayed by the
method of Lowry et al. (25).

RESULTS

The percentage inhibition of ferrochelatase in chick
embryo liver cell culture 24 hr after the addition of
increasing amounts of DDC (Compound I) is shown in

Fig. 1. Inhibition of activity was observed at doses of
DDC as low as 0.001 �ig/ml of medium, whereas maximal

inhibition was achieved at 0.03 �ig/ml of medium. Ferro-
chelatase inhibition (approximately 40%) was observed

as early as 1 hr after addition of the drug (5 �zg/ml of

medium) and was maximal at about 6 hr (results not
shown). The effect of increasing doses of DDC on ALA

synthetase activity 12 hr after addition of the drug is

shown in Fig. 1. No significant increase in activity was

detected below 1 jig of DDC per milliliter of medium.
The effects of DDC (Compound I) and 3 , 5-diethoxy-

carbonyl-1 , 4-dihydro-4-methylpyridine (Compound XI)
on ferrochelatase activity and porphyrin accumulation
are shown in Fig. 2. DDC maximally inhibited ferroche-

latase at 0.03 �tg of DDC per milliliter of medium; a
significant increase in porphyrin levels was not observed

until a dose of 1 �tg of DDC per milliliter of medium (Fig.
2a) was administered. Maximal inhibition of ferrochela-
tase by Compound XI was not achieved until 1.0 j�g of
drug per milliliter of medium (Fig. 2b) was administered.
Thus, this analogue is about 30 times less potent than
DDC. Porphyrin levels increased significantly at 0.3 �tg
of drug per milliliter of medium. At higher concentrations
of Compound XI (>50 hg/mi of medium), porphyrin
levels decreased and the degree of inhibition of ferroche-
latase activity diminished.

The effects of the N-alkylated DDC Analogues XII

l�9 DDC/ml medium

FIG. 1. ALA synthetase activity at 12 hr (0) and percentage inhi-

bition offerrochelatase activity at 24 hr (#{149})after the administration

of increasing doses of DDC to chick embryo livei cell cultures

The concentration of DDC is shown on a log scale. For ferrochelatase

inhibition, each point represents the mean of four determinations (±

standard error of the mean). For ALA synthetase activity, each point

represents the mean of five determinations (± standard error of the

mean).

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


I .1.1

I\

� I’
n- -

100�

50�

0�

100�

50�

0�

I

>.

>

C.)

C’)

Co

C)
-C
C.)
0

Li.

0

C
0

U

.001 .01 .1 1 10 100

T (b)

K ;‘;‘

� ,,
�N. �

� I

1\ I

\ I,

� I\ ,.�

�

‘

‘
�

�

k�

�

- 300 porphyrin-inducing activity. Thus, the 4-phenyl analogue

(10 �tg/mi of medium) produced accumulation of 398.4

- 200 � 40.6 ng of porphyrin per milligram of protein and 3,5-
.� di - t- butoxycarbonyl- 1 , 4-dihyd.ro-2 , 6-dimethylpyridine

: (Compound X) (5 ig/ml of medium) increased porphyrin
- 100 � levels to 182.1 ± 6.0 ng of porphyrin per milligram of

C protein; control levels were 18.9 ± 1.7 ng of porphyrin
� per milligram of protein.

. 0 � The effect of desmethyl-DDC (Compound II) (30 �ig/

0) ml of medium) on ferrochelatase activity in the presence
� of BNPP (10 ;.tg/ml of medium) and in corresponding

. 200 .E controls is shown in Fig. 4. Addition of desmethyl-DDC

-�: alone caused a slight but insignificant decrease in ferro-

- � chelatase activity. On the other hand, BNPP alone re-
0. duced ferrochelatase activity to approximately 65% of

. 100 � control levels. Coadministration of desmethyl-DDC and

BNPP did not result in any further decrease in activity
- than that observed with BNPP alone. Similar results

(not shown) were found with 3,5-diethoxycarbonyl-1 ,4-
- 0 dihydro-1 , 2 , 6-trimethylpyridine (Compound XIII) (N-

methyl-4-desmethyl-DDC) (20 �tg/mi of medium) in the
presence and absence of BNPP.

The effects of desmethyl-DDC (Compound II) (20 �ig/
ml of medium) and N-methyl-4-desmethyl-DDC (Com-
pound XIII) (20 �zg/ml of medium) on porphyrin accu-
mulation in the presence of BNPP (10 �.tg/ml of medium)
and in corresponding controls is shown in Fig. 5. Neither

.001 .01 .1 1 10 100

pg/mi medium

FIG. 2. Percentage ofcontrol ferrochelatase activity (#{149} #{149})and

porphyrin accumulation (0- - -0) in chick embryo liver cell cultures

24 hr after administration of increasing doses of (a) DDC (Compound

I) and (b) 3,5-diethoxycarbonyl�1,4-dihydro-4-methylpyridine (Corn-

pound XI)

(a)100�

L 50

>- -

>

.� 0-

C.)

The drug concentrations are shown on a log scale. For ferrochelatase

activity, each point represents the mean of four determinations (±

standard error of the mean). For porphyrin accumulation, each point

represents the mean of five determinations (± standard error of the

mean).

and XIV are shown in Fig. 3. The N-methyl analogue
(Compound XII) (Fig. 3a) and the N-ethyl analogue
(Compound XIV) (Fig. 3b) exerted maximal inhibition of
ferrochelatase at 0. 1 and 0.03 �tg of drug per milliliter of
medium, respectively. Thus, these N-alkylated analogues

are approximately as potent as DDC as inhibitors of
ferrochelatase. A significant increase in porphyrin levels
induced by these analogues did not occur until amounts
of drug greater than 0.3 and 0.1 j�g per milliliter of
medium, respectively, were added to the dishes. Other

dihydropyridine analogues were tested for ferrochela-

tase-inhibitory activity and porphyrin-inducing activity
and the results are shown in Table 3. Marked inhibition
of ferrochelatase activity was observed with the 4-ethyl
(Compound III), 4-propyl (Compound IV), 3,5-dibenzyl
ester (Compound VIII) and 3,5-di-t-butyl ester (Corn-
pound IX) analogues of DDC. These compounds have
previously been shown to cause marked porphyrin induc-
tion (10, 14). The 3,5-dicyano analogue (Compound VI)
did not significantly inhibit ferrochelatase, nor did it
cause porphyrin accumulation (Table 3). The 3,5-diace-
tyl analogue (Compound VII) produced a 56% inhibition

of ferrochelatase activity at 10 �tg of drug per milliliter of
medium, but no significant inhibition at 1 �.tg/ml of me-
dium; no porphyrin accumulation was observed at either

dose (Table 3). Little or no ferrochelatase inhibition was

observed with the 4-phenyl analogue (Compound V) and
3 , 5-di-t-butoxycarbonyl- 1 , 4-dihydro-2 , 6-dimethylpyri-
dine (Compound X). However, both compounds had

�3OO

- 200
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FIG. 3. Percentage of control ferrochelatase activity (#{149}--#{149})

and porphyrin accumulation (O---O) in chick embryo liver cell

cultures 24 hr after administration of increasing doses of (a) N-methyl

DDC (Compound XII) and (b) N-ethyl DDC (Compound XIV)

The drug concentrations are shown on a log scale. For ferrochelatase

activity, each point represents the mean of four determinations (±

standard error of the mean). For porphyrin accumulation, each point

represents the mean of five determinations (± standard error of the

mean).
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BNPP nor desmethyl-DDC (Compound II) increased pound XV) caused a 35% inhibition of ferrochelatase
porphyrin levels above control values (29.9 ± 1.5 ng of activity, whereas 3,5-diethoxycarbonylpyridine (Corn-

porphyrin per milligram of protein) when added to the pound XVII) and desmethyl-Ox-DDC (Compound XVI)
dishes alone; however, when added together, a marked were without effect. Ox-DDC (Compound XV) (50 �zg/m1

porphyrin accumulation was observed (128.1 ± 7.3 ng of of medium) caused marked porphyrin accumulation

porphyrin per mffligram of protein). In contrast, coad- (495.5 ± 17.5 ng of porphyrin per milligram of protein)
ministration of N-methyl-4-desmethyl-DDC (Compound compared with control values (19.2 ± 0.6 ng of porphyrin
XIII) (20 �tg/mi of medium) and BNPP (10 �tg/ml of per milligram of protein), whereas Compounds XVI and
medium) resulted in only a slight but significant increase XVII were inactive.
in porphyrin levels (42.8 ± 2.4 ng of porphyrin per miii- Pyridine analogues lacking a 4-alkyl substituent (des-
gram of protein). methyl-Ox-DDC, Compound XVI; 3,5-diethoxycarbon-

Several pyridine analogues were tested for ferrochela-
tase-inhibitory activity and porphyrin-inducing activity

and the results are shown in Table 4. Ox-DDC (Com-

I�

��120�

Controls Controls

FIG. 4. Percentage of control ferrochelatase activity in chick em- FIG. 5. Porphyrin accumulation in chick embryo liver cell cultures

bryo liver cell cultures 24 hr after administration of desmethyl-DDC 24 hr after administration of desmethyl-DDC (Compound II) (20 pg/

(Compound II) (30 pg/ml ofmedium) in thepresence ofBNPP (10 p.g/ ml of medium) and N-methyl-4-desmethyl-DDC (Compound XIII) (20

ml of medium) (hatched bar) and in corresponding controls (open pg/mi of medium) in the presence of BNPP (10 yg/ml of medium)

bars) (hatched bars) and in corresponding controls (open bars)

Each bar represents the mean of four determinations (± standard Each bar represents the mean of five determinations (± standard

error of the mean). error of the mean).
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TABLE 3

Porphyrin-inducing and ferrochelatase-inhibitoryproperties ofdihydropyridine analogues oIDDC in chick embryo liver cell culture

Dihydropyridine analogues Compound no. Dose Porphyrin-inducing

activity”

Ferrochelatase

activityb

�tg/ml medium % control

DDC I 1 + 9.2±1.8

desmethyl-DDC II 30 - 85.5 ± 14.0

4-Ethyl III 5 + 18.0 ± 1.8

4-Propyl IV 5 + 11.8 ± 3.1

4-Phenyl V 5 + 106. 1 ± 9.5

3,5-Dicyano VI 10 - 93.2 ± 13.9

3,5-Diacetyl VII 1 - 83.9 ± 8.9

10 - 43.7 ± 8.0

3,5-Dibenzyl ester VIII 10 + 9.5 ± 1.3

3,5-Di-t-butyl ester IX 5 + 24.7 ± 6.2

3,5-Di-t-butyl ester-4-desmethyl X 5 + 1 12.6 ± 8.1

3,5-Diethoxycarbonyl-1,4-dihydro-4-
methylpyridine XI 1 . + 11.8 ± 2.2

N-methyl-DDC XII 1 + 14.6 ± 1.3

N-methyl-4-desmethyl-DDC XIII 20 - 96.0 ± 8.5

N-ethyl-DDC XIV 1 + 8.5 ± 1.5

a Based on results in refs. 10, 14, and 28 and data presented in this paper. + Denotes porphyrin levels significantly greater than control, and

- denotes no significant increase over control values.

a Values given are means (± standard error of the mean) of four determinations.
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TABLE 4

Porphyrin-inducing and ferroc helatase-inhibitory properti es ofpyridine analog ues ofDDC in chick embryo liver cell culture

Pyridine analogue Compound no. Dose Porphyrin-inducing

activity’

Ferrochelatase

activityh

j�g/ml medium % control

Ox-DI)C XV 20 + 64.3 ± 8.2

desrnethvl-Ox-l)DC XVI 50 - 99.5 ± 15.4

3,5-Diethoxycarbonvlpyridine XVII 50 - 118.6 ± 8.0

(, Based on results in refs. 10, 14, and 28 and data presented in this paper. The (+) denotes porphyrin levels significantly greater than control

and the (-) denotes no significant increase over control values.

S Values given are the mean (± standard error of the mean) of four determinations.

ylpyridine, Compound XVII) were retested for por-
phyrin-inducing activity and ferrochelatase-inhibitory
activity in the presence of BNPP. No inhibition of fer-
rochelatase activity was observed with either compound
(results not shown). On the other hand, porphyrin accu-

mulation in response to both analogues was greatly en-
hanced by coadministration of BNPP as shown in Fig. 6.

The porphyrin patterns produced by the dihydropyri-
dine Compounds V, IX, X, DDC (Compound I), des-

methyl-DDC (Compound II) in the presence of BNPP,
and the pyridine desmethyl-Ox-DDC (Compound XVI)

in the presence of BNPP, were determined by separation
and quantitation of the porphyrmns as their methyl esters
by high-performance liquid chromatography. The results

are shown in Fig. 7. After administration of DDC (Corn-
pound I) (Fig. 7a) and Analogue IX (Fig. 7d), protopor-
phyrin accounted for 77 and 58%, respectively, of the

total porphyrmns. In the case of DDC, most of the re-
mainder was coproporphyrmn (15%), whereas in the case

of Analogue IX most of the remainder was composed of

equal amounts of copro- and uroporphyrmns (14% each).
The pattern of porphyrin accumulation after addition of
Compound X (Fig. 7e), desmethyl-Ox-DDC (Compound
XVI) in the presence of BNPP (Fig. 7c), and desmethyl-
DDC (Compound II) in the presence of BNPP (Fig. 7h)
was markedly different from DDC and Analogue IX.

These 4-unsubstituted analogues all gave a similar pat-
tern in which uroporphyrmn was the major porphyrin to

2000 -

C
a,
0

0)

E

C

-C

a
0
a.
a, 500-
C

0
S

-I

0

1500.

1000�

accumulate (48-57%), whereas less than 5% was proto-
porphyrin. Significant amounts of heptacarboxylic (21-
31%) and copro (10-17%) porphyrins were also present.
The porphyrin pattern produced by the 4-phenyl ana-

logue (Compound V) of DDC is shown in Fig. 7f. In this
case, uroporphyrin accounted for 42% of the total por-

phyrin, whereas equal amounts of heptacarboxylic- and
coproporphyrmns (21 and 23%, respectively) comprised
most of the remainder.

DISCUSSION

In order to establish a baseline for comparison of the
DDC analogues, the relationships among the dose of
DDC, ferrochelatase inhibition, porphyrin levels, and
ALA synthetase activity in chick embryo liver cell cul-
tures were investigated. Although maximal inhibition of
ferrochelatase activity was observed at 0.03 �tg of DDC
per milliliter of medium, no significant increase in ALA
synthetase activity (Fig. 1) nor in porphyrin levels (Fig.

2a) was detected below 1 �tg of DDC per mffliiter of

medium. The inhibitory effect of DDC on ferrochelatase
activity in chick embryo liver cell culture appears to be

dissociated from its ability to induce ALA synthetase

activity and porphyrin accumulation. These results cor-

respond to previous findings in the 17-day-old chick
embryo (5,6).

To explore the role of the methyl groups at positions
2 and 6 of DDC, the analogue (XI) lacking these substit-

500

0

0 10

b)

pg/mi medium

FIG. 6. Porphyrin accumulation in chick embryo liver cell cultures 24 hr after administration of increasing doses of (a) desmethyl-Ox-DDC

(Compound XVI) in the absence (0- - -0) and presence (#{149} #{149})of BNPP (10 pg/ml of medium) and (b.) 3,5-diethoxycarbonylpyridine

(Compound XVII) in the absence (0- - -U) andpresence (� U) ofBNPP (10 pg/mi of medium)

The drug concentrations are shown on a log scale. Each point represents the mean of five determinations (± standard error of the mean).
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4 G. S. Marks, unpublished observations.

876542

FIG. 7. Porphyrin patternsproduced by (a) DDC (Compound I) (5 �ig/ml ofmedium), (b) desmethyl-DDC (Compound II) (30 �ig/ml of medium)

in the presence ofBNPP (10 pg/ml ofmedium.), fr,J desmethyl-Ox-DDC (Compound XVI,) (50 �Lg/ml ofmedium.) in the presence oIBNPP (10 �g/

ml ofmedium), (d) 3,5-di-t-butoxycarbonyl-1,4-dihydro-2,4, 6-trimethylpyridine (CompoundlX) (5�g/ml ofmedium), (e) 3,5-di-t-butoxycarbonyl�

l,4-dihydro-2, 6-dimethylpyridine (Compound X) (5 pg/mI ofmedium), and (,t) 3,5-diethoxycarbonyl-1 .4-dihvdro-2, 6-dimethyl-4-phenylpyridine

(Compound V) (5 pg/ml ofmedium) in chick embryo liver cell cultures

Numbers under the bars indicate the number of carboxyl groups ( 8 = uroporphyrin; 7 = heptacarboxylic porphyrin; 6 = hexacarboxylic

porphyrin; 5 = pentacarboxylic porphyrin; 4 = coproporphyrin; 2 = protoporphyrin). Each bar represents the mean (± standard error of the

mean) of four determinations in one experiment and the results were confirmed in one or two additional experiments. Some variability in levels

of coproporphyrin from experiment to experiment was noted. Absolute values of total porphyrins shown here were as follows: (a) I 177.6 pmoles/

mg of protein, (b) 515.6 pmoles/mg of protein, (c) 1758.0 pmoles/mg of protein, (d) 2080.3 pmoles/mg of protein, (e) 813.6 pmoles/mg of protein,

and (0 471.2 pmoles/mg of protein. Control leveLs were 55.6 pmoles/mg of protein.

uents was synthesized (17) and its activity was studied.
The potency of Analogue XI as a porphyrin-inducer was
comparable to that of DDC at doses of 1 and 5 jig/ml of
medium (Fig. 2). Higher doses of DDC were not tested,
since they were known from previous studies4 to result in
diminished porphyrin accumulation relative to the 5-�ig/
ml of medium dose. Analogue XI was found to have

approximately ‘/�o of the potency of DDC as an inhibitor
of ferrochelatase (Fig. 2), although its maximal effect was

similar to that of DDC. It was concluded that the methyl
groups at positions 2 and 6 of DDC are not essential for
porphyrin-inducing or ferrochelatase-inhibitory activity.

Higher doses of Analogue XI resulted in diminished
porphyrin accumulation and degree of ferrochelatase in-
hibition relative to the maximal effects found at 30 and
1 �ig/ml of medium, respectively.

Our second objective was to determine whether alkyl-
ation of the nitrogen atom of DDC would alter the
activity of DDC. For this reason, the N-methyl analogue
(Compound XII) and the N-ethyl analogue (Compound
XIV) were synthesized (17) and tested. The dose-re-
sponse curves observed with the N-alkylated Analogues
XII and XIV (Fig. 3) were comparable to that found with
DDC (Fig. 2a). It was concluded that addition of an alkyl

group to the nitrogen atom of DDC does not alter the
ferrochelatase-inhibitory or porphyrin-inducing proper-

ties of DDC.
Our third objective was to determine whether the ethyl

ester groups of DDC were essential for ferrochelatase-

inhibitory activity and porphyrin-inducing activity. For
this reason, analogues were tested in which the 3 and 5

ethoxycarbonyl groups of DDC were replaced with ben-

zyl ester groups (Compound VIII) and t-butyl ester
groups (Compound IX). It is known from a previous
study (14) that these compounds are active porphyrin

inducers. In the present study, it was found that these
analogues of DDC also retained ferrochelatase-inhibitory
activity (Table 3). It was concluded that the ethyl ester

groups at positions 3 and 5 of DDC can be replaced by
different ester groups without losing porphyrin -inducing

or ferrochelatase-inhibitory activities. Analogues in
which the 3 and 5 ethoxycarbonyl groups of DDC were

replaced with cyano (Compound VI) and acetyl (Com-
pound VII) groups were tested. Neither of these ana-
logues caused porphyrin accumulation, and only the di-
acetyl analogue (Compound VII) exerted ferrochelatase
inhibitory activity (Table 3). However, the potency of
the diacetyl analogue as a ferrochelatase inhibitor was
about 3000-fold less than that of DDC. Thus, Analogue
VII reduced ferrochelatase activity to 44% of control
values (Table 3) at a concentration of 10 �ig/ml of me-
dium, whereas DDC caused a similar inhibition at 0.003

�tg/ml of medium (Fig. 1). It was therefore concluded
that ester groups in positions 3 and �5 of DDC were
required for prophyrin-inducing activity and for maximal

ferrochelatase-inhibitory activity.
To determine whether the dihydropyridine ring struc-

ture of DDC was essential for ferrochelatase-inhibitory

activity, pyridine analogues of DDC were tested. It is
known from previous studies (10) that the pyridine ana-

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 6, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


402 COLE ET AL.

logue of DDC, Ox-DDC (Compound XV), has porphyrin-
inducing activity in chick embryo liver cell culture, an
observation which was confirmed in this study. Despite
its ability to cause considerable porphyrin accumulation,
the potency of Ox-DDC (Compound XV) as a ferroche-
latase inhibitor was slight compared with that of DDC.
Thus, Ox-DDC (Compound XV) (20 �ig/m1 of medium)

produced a 35% inhibition of ferrochelatase activity
(Table 4) in contrast to DDC, which produced a similar
inhibition at a concentration of 0.002 �tg/ml of medium

(Fig. 1). Pyridine Analogues XVI and XVII were inactive
both as porphyrin inducers and ferrochelatase inhibitors
(Table 4). Since these compounds lacked a 4-alkyl sub-
stituent thought to be necessary for protection from

inactivation by esterases (26), it was anticipated that
coadministration of the carboxylesterase inhibitor BNPP
with these analogues would render them active. This was

found to be the case for porphyrin-inducing activity (Fig.
6); however, the compounds remained inactive as ferro-
chelatase inhibitors (results not shown). From these re-
sults, it was concluded that the dihydropyridine ring was
not necessary for porphyrin induction, but was necessary
for maximal ferrochelatase inhibition.

Our final objective was to investigate the importance
of the 4-alkyl substituent of DDC. For this reason, ana-
logues in which the 4-methyl group of DDC was replaced
with an ethyl group (Compound III), a propyl group

(Compound IV), a phenyl group (Compound V), and a
hydrogen atom (desmethyl-DDC) (Compound II) were
examined. It is known from previous studies (10, 14) that
the 4-ethyl and 4-propyl analogues are potent porphyrin
inducers. In this study, these analogues have been shown
to have ferrochelatase-inhibitory activity (Table 3). The
4-phenyl analogue of DDC (Compound V) has been
previously reported to induce porphyrin accumulation
(27), and its activity was confirmed in this study. How-
ever, in contrast to the 4-alkyl Analogues III and IV, the

4-phenyl analogue (Compound V) was completely devoid
of ferrochelatase-inhibitory activity (Table 3). Finally,
replacement of the 4-methyl substituent with a 4-H atom

(desmethyl-DDC) (Compound II) resulted in a corn-
pound which had insignificant ferrochelatase-inhibitory
activity (Fig. 4) and no porphyrin-inducing activity (Fig.
5) (10). The inactivity of this analogue as a porphyrin-

inducing drug has previously been attributed to its ready
hydrolysis and inactivation by hepatic esterases (26),
since removal of the 4-methyl group would reduce the

steric hindrance of the molecule to hydrolysis of the ester

groups and yield the inactive diacid. For this reason,
desmethyl-DDC (Compound II) was retested in the pres-
ence of the carboxylesterase inhibitor, BNPP. As ex-
pected, porphyrin accumulation was greatly enhanced
(Fig. 5). Surprisingly, coadministration of BNPP and
desmethyl-DDC (Compound II) did not result in inhibi-
tion of ferrochelatase any greater than that observed

with BNPP alone (Fig. 4). These results indicated that
the 4-methyl substituent of DDC has a role other than
just to protect the ester groups from hydrolysis. It was

concluded that the 4-alkyl substituent of DDC was an
absolute requirement for ferrochelatase inhibition, al-
though it was not necessary for porphyrin induction. The
moderate inhibitory effect exerted by BNPP alone (Fig.
4) on ferrochelatase was not anticipated. Although BNPP

is an inhibitor of a variety of esterases and amidases, it

may have additional activities that remain to be clarified.

To test the validity of the above conclusion, Analogue
X, in which the 4-methyl group of DDC was replaced by

a 4-H atom and the ethyl ester groups by t-butyl ester
groups, was tested for activity. Although it appears that
the bulky t-butyl ester groups rendered Analogue X
resistant to enzymatic hydrolysis and inactivation (14),
thus enabling the compound to cause porphyrin induc-
tion, this analogue caused little inhibition of ferrochela-

tase activity (Table 3). On the other hand, the cone-
sponding di-t-butyl ester analogue with a 4-methyl sub-
stituent (Compound IX) had both porphyrin-inducing
and ferrochelatase-inhibitory activities.

In summary, we have shown that, in order to inhibit
ferrochelatase maximally in chick embryo liver cell cul-

ture, a DDC analogue must have all three of the following
structural components: (a) a 1 , 4-dihydropyridine ring

structure, (b) ester groups in positions 3 and 5, and (c) an
alkyl substituent in position 4. The structural require-

ments for porphyrin-inducing activity are less stringent.

Thus, pyridine analogues are potent inducers, and ana-
logues lacking a 4-alkyl substituent are also active pro-
vided that the ester groups are protected from hydrolysis

either sterically or by coadministration of an esterase
inhibitor.

Since some dihydropyridine analogues (e.g., Com-
pounds V, X, and II in the presence of BNPP) caused
porphyrin accumulation despite their inability to inhibit

ferrochelatase, it was of interest to determine the nature
of the porphyrmns produced. For comparison, the por-
phyrmn patterns produced by DDC (Compound I), des-
methyl-Ox-DDC (Compound XVI) in the presence of
BNPP and by the di-t-butyl ester analogue (Compound
IX) were also determined (Fig. 7). DDC (Compound I)

(Fig. 7a) and the t-butyl ester analogue (Compound IX)
(Fig. 7d) produced very similar patterns; the major por-
phyrmn which accumulated was protoporphyrmn, a result

consistent with their ability to inhibit ferrochelatase. On

the other hand, protoporphyrmn accounted for less than
5% of the porphyrins induced by the remaining analogues
(Fig. 7), which is in accordance with their failure to
inhibit ferrochelatase.

It is noteworthy that the porphyrin patterns produced
by the 4-unsubstituted dihydropyridine analogues, 3,5-
di- t - butoxycarbonyl- 1 , 4- dihydro - 2 , 6-dimethylpyridine
(Compound X) (Fig. 7e) and desmethyl-DDC (Corn-

pound II) in the presence of BNPP (Fig. 7b), are strik-
ingly similar. Moreover, they are very similar to that

produced by desmethyl-Ox-DDC (Compound XVI) in
the presence of BNPP (Fig. 7c) and other pyridines

[Compound XVII in the presence of BNPP, and Ox-DDC
(Compound XV)] (results not shown). Since the 4-unsub-
stituted dihydropyridines produce a porphyrin pattern
which is the same as that observed with the pyridines, it

may be assumed that these dihydropyridines are con-
vert2d to pyridines in the chick embryo liver cell cultures.
In this way, it is possible to explain why the pattern
observed with the dihydropyridine desmethyl-DDC
(Compound II) (Fig. 7b) is the same as that seen with
the pyridine desrnethyl-Ox-DDC (Compound XVI) (Fig.
7c) and different from that observed with DDC (Com.
pound I) (Fig. 7a). This interpretation is also consistent
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with the comparative rates of oxidation of 4-substituted
and 4-unsubstituted dihydropyridines by chemical, po-
larographic, and fermentative methods (28). It seems

that, regardless of the oxidation mechanism, 4-unsubsti-
tuted dihydropyridines are much more readily oxidized
to pyridines than the corresponding 4-substituted corn-
pounds.

The proposed conversion of the 4-unsubstituted dihy-

dropyridines to pyridines also provides an explanation
for the failure of N-methyl-4-desmethyl-DDC (Corn-

pound XIII) coadministered with BNPP to induce por-

phyrin accumulation as was observed with desmethyl-
DDC (Compound II) and BNPP (Fig. 5). The presence
of the methyl group on the nitrogen atom of Analogue
XIII would prevent oxidation to the corresponding pyri-

dine; instead, a pyridinium ion would be formed. As a
charged molecule, this compound would be of low lipo-
phiicity and unlikely to cause porphyrin induction (9).

The porphyrin pattern produced by the 4-phenyl ana-
logue (Compound V) (Fig. 70 is similar to that observed
with the pyridines and the 4-unsubstituted dihydropyri-

dines. The failure of the 4-phenyl analogue (Compound
V) to inhibit ferrochelatase indicates that the 4-alkyl

substituent of DDC plays a role in addition to impeding
ester group hydrolysis and oxidation of the dihydropyri-
dine ring. It is possible that it is the source of the alkyl
substituent of the N-alkylated porphyrin, the direct in-
hibitor of ferrochelatase formed in response to DDC
administration (11-13).

In this investigation, we have shown that the pyridine
analogues and some of the dihydropyridine analogues of
DDC induce porphyrin accumulation by a mechanism

other than through inhibition of ferrochelatase. The main
porphyrmns which accumulate are uro- and heptacarbox-
ylic porphyrins (at least 63%), a pattern similar to that

observed in rat livers after chronic administration of
HCB (29). Elder et al. (30) have shown that, in rats,
HCB inhibits hepatic uroporphyrinogen decarboxylase

(EC 4.1.1.37), the enzyme which catalyzes the stepwise
decarboxylation of uroporphyrinogen III to copropor-

phyrinogen III. Thus, the porphyrin pattern observed is
thought to result from the HCB-mediated inhibition of

this enzyme. In view of these observations, it would be of
interest to examine the effects of the aforementioned

analogues of DDC on uroporphyrinogen decarboxylase

activity in chick embryo liver cell culture.
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