
White Mountain, California. Therefore 
the 6180 of the cellulose does not serve 
as a sensitive or reliable indicator of tem- 
perature between regions or species. 

Two models have been proposed to 
account for the 8180 of the cellulose from 
terrestrial plants. In model A it is simply 
assumed that the difference between the 
8180-8D relationship of aquatic plants 
and that of terrestrial plants is due to the 
effect of evaporative transpiration on 
8180 and 8D of the plant leaf water in ter- 
restrial plants. In model B it is assumed 
that some of the 8180 increase in the ter- 
restrial cellulose is due to the use by ter- 
restrial plants of atmospheric CO2, 
whose 6180 of 41 per mil is not altered 
isotopically during its fixation. Model B 
seems to be more compatible with the 
data. Nevertheless, these are tentative 
models which must be analyzed more 
rigorously by laboratory experiments. 

The 8D of cellulose by itself most 
closely reflects the isotopic composition 
of meteoric waters and thus climatic 
temperature. Together, 8D and 8180 can 
be used to evaluate the effect of the hu- 
midity of the growth area during the time 
when the plant grew. The oxygen and 
hydrogen isotope data for cellulose and 

White Mountain, California. Therefore 
the 6180 of the cellulose does not serve 
as a sensitive or reliable indicator of tem- 
perature between regions or species. 

Two models have been proposed to 
account for the 8180 of the cellulose from 
terrestrial plants. In model A it is simply 
assumed that the difference between the 
8180-8D relationship of aquatic plants 
and that of terrestrial plants is due to the 
effect of evaporative transpiration on 
8180 and 8D of the plant leaf water in ter- 
restrial plants. In model B it is assumed 
that some of the 8180 increase in the ter- 
restrial cellulose is due to the use by ter- 
restrial plants of atmospheric CO2, 
whose 6180 of 41 per mil is not altered 
isotopically during its fixation. Model B 
seems to be more compatible with the 
data. Nevertheless, these are tentative 
models which must be analyzed more 
rigorously by laboratory experiments. 

The 8D of cellulose by itself most 
closely reflects the isotopic composition 
of meteoric waters and thus climatic 
temperature. Together, 8D and 8180 can 
be used to evaluate the effect of the hu- 
midity of the growth area during the time 
when the plant grew. The oxygen and 
hydrogen isotope data for cellulose and 

other components of plants are poten- 
tially powerful tools for evaluating the 
relationship between plant growth and 
the use of water by the plants. 
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Heme is a red pigment comprised of 
four subunits called pyrroles; these sub- 
units are joined together as a single large 
tetrapyrrole (porphyrin) ring structure. 
At the center of this porphyrin a metal 
atom is chelated. In higher organisms the 
chelated metal is usually iron and the 
porphyrin is protoporphyrin IX; how- 
ever, in more primitive species other 
metalloporphyrin complexes are also 
formed, for example copper-uroporphy- 
rin is found in the feathers of the Turaco 
bird (1) and cobalt-coproporphyrin is 
formed in Propionibacterium arabino- 
sum (2). In order that the metal- 
loporphyrin be of metabolic significance, 
the central metal ion must be a transition 
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element and capable of undergoing re- 
versible changes in oxidation state (for 
example, Fe2+ T Fe3+, Cu1+ T Cu2+, 
Co2+ ? C03+). 

In physiological systems heme is 
bound to certain proteins, and these 
heme proteins bind oxygen at the site of 
the metal atom or they function as com- 
ponents of membrane-bound electron 
transport chains. The ability of heme 
proteins to carry out these functions is a 
property of the chelated central metal 
ion. The porphyrin ring enhances the 
catalytic activity of the metal, and this 
activity is further augmented by the com- 
plexing of the porphyrin with its apopro- 
tein moiety. The extent of enhancement 
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of the catalytic properties of metals in 
heme-protein complexes may be of the 
order of 105 to 0101, as compared with un- 
chelated elements (3). The porphyrin 
ring may also serve as an inter- and intra- 
cellular carrier of metal ions to regula- 
tory sites for the rate-limiting enzymes of 
heme synthesis and heme degradation. 
Porphyrins without a central metal iron 
are incapable of carrying out those meta- 
bolic functions attributed to heme; how- 
ever, various forms of free porphyrins 
may have other biological purposes, 
such as serving as the pigments of mol- 
lusc shells and the eggs and feathers of 
certain birds. 

Heme proteins may be soluble-for 
example, hemoglobin, catalase, trypto- 
phan pyrrolase--or they may be bound 
to cellular membranes, in which case 
they are termed "cytochromes." Cyto- 
chromes function as terminal oxidases- 
for example, mitochondrial cytochromes 
a, endoplasmic reticulum bound cyto- 
chromes b5 and P-450; or as inter- 
mediates in electron transfer chains such 
as mitochondrial cytochromes b and c. 
Cellular respiration, energy generation, 
and chemical oxidations are dependent 
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coenzyme A-activated succinate are ul- 
timately condensed into a heme mole- 
cule. The reaction whereby the a carbon 
of glycine combines with the carbonyl 
carbon of succinate to form 6-amino- 
levulinic acid (ALA) is catalyzed by the 

Summary. Heme is essential for cell respiration, energy generation, and oxidative 
biotransformations. The latter function is exemplified by the oxidative metabolism of 
various endogenous and exogenous chemicals catalyzed by the heme protein cyto- 
chrome P-450. Recent studies have establishd that metal ions directly regulate cellu- 
lar content of heme, and thus of heme proteins by controlling production of 6-amino- 
levulinate synthetase and heme oxygenase, the rate-limiting enzymes for heme syn- 
thesis and degradation, respectively. Metal ions also alter cellular content of gluta- 
thione. In excess amounts, metal ions greatly accelerate the turnover and 
degradation of heme and substantially impair the oxidative functions of cells-particu- 
larly those dependent on cytochrome P-450. As a result, the biological impact of 
chemicals which are detoxified or metabolically transformed by the P-450 system is 
greatly altered. 

metals on the enzymes of heme synthesis 
and degradation with emphasis on the 
consequences of these actions for the 
heme protein, cytochrome P-450. This 
cytochrome has proved to be of critical 
importance as the terminal oxidase (4) in 
the metabolic disposition of a variety of 
endogenous and exogenous chemicals, 
including hormones, drugs, insecticides, 
carcinogens, and various environmental 
pollutants. 

Heme Biosynthesis and Degradation 

Heme (Fe-protoporphyrin-IX) is an 
essentially planar porphyrin structure in 
which the four pyrrole rings are joined 
by unsaturated carbon bridges (referred 
to as methene bridges) with replacement 
of the eight hydrogen atoms in the 3 po- 
sition to the pyrrole nitrogens by various 
substituents (Fig. 1). Heme is formed 
through displacement by a divalent ion 
(for example, Fe2+, Co2+, Mg2+, Mn2+, 
Ni2+, Cu2+, Zn2+, and Sn2+) of two pro- 
tons from two pyrrole rings. Metals may 
be inserted into the porphyrin enzymati- 
cally (for example, Fe, Cu, and Co) or 
chemically (for example, Ni, Sn). De- 
pending on the spatial positions of the 
different side chains in positions 1 
through 8 of the tetrapyrrole nucleus, 
various position isomers are possible. 
Protoporphyrin IX, which is the immedi- 
ate precursor of heme (type b) has three 
different types of / side chains. The bio- 
synthesis of chlorophyll follows the 
same pathway and diverges from heme 
synthesis after the formation of pro- 
toporphyrin IX. The biosynthetic path- 
way of heme (Fig. 2) is a sequence of en- 
zymatic steps in which eight molecules 
each of pyridoxyl-activated glycine and 
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mitochondrial enzyme ALA synthetase. 
This enzyme is believed to control the 
rate-limiting reaction in the pathway (5). 
One of the major, and newly defined, ac- 
tions of trace metals is to regulate-prin- 
cipally by repression-the synthesis of 
this rate-limiting enzyme in heme forma- 
tion (6-11). 

Through a series of enzymatic reac- 
tions taking place in the cytosol a tetra- 
carboxylic acid porphyrin intermediate 
(coproporphyrinogen III) is formed from 
ALA. This porphyrin then enters mito- 
chondria where it is decarboxylated and 
oxidized to form protoporphyrin IX. 
Heme is synthesized after the incorpora- 
tion of iron into the protoporphyrin IX 
ring by the mitochondrial enzyme ferro- 
chelatase. 

In mammals and other vertebrates, 
heme is oxidatively degraded (Fig. 2) to 
form the open chain tetrapyrrole biliver- 
din in the course of which three mole- 
cules of oxygen are utilized (12). One 
mole of carbon monoxide is generated in 
this reaction, and the central metal ion of 

CH2 H2 
COOH COOH 

Heme 
Fig. 1. The structure of heme (type b). a, /3, y, 
and 8 refer to the methene bridge. 

heme is released. The enzyme that cata- 
lyzes the oxidation of heme is an endo- 
plasmic reticulum (microsomal)-bound 
enzyme referred to as "heme oxygen- 
ase" (12-14). Heme oxygenase has been 
found in all mammalian tissues studied to 
date, with the highest rate of enzyme ac- 
tivity being present in the spleen, liver, 
and kidney. The biliverdin formed from 
heme oxidation is of the IX a-isomer 
type-that is, the oxidation of the heme 
molecule takes place at the a-methene 
carbon bridge. In mammals biliverdin is 
reduced to bilirubin by the action of bili- 
verdin reductase-a cytosol enzyme that 
may utilize NADPH or NADH (reduced 
forms of nicotinamide adenine dinucleo- 
tide phosphate or nicotinamide adenine 
dinucleotide) (15). The reductase is an 
isomer-specific enzyme that is reactive 
almost exclusively toward the biliverdin 
IX a-isomer (16). The evolutionary sig- 
nificance of the capacity of mammals to 
convert biliverdin to bilirubin may lie in 
the differential lipid solubility of these 
bile pigments, which facilitates clearance 
of the latter compound from the fetus. 

A second newly defined and potent ac- 
tion of trace metals on heme metabolism 
is their ability to regulate-by de novo 
enzyme induction-the activity of micro- 
somal heme oxygenase (6, 17). As inevi- 
table consequences of these combined 
actions of trace metals on heme syn- 
thesis (repression of ALA synthetase) 
and heme degradation (induction of 
heme oxygenase), cellular contents of 
heme and heme proteins decline, the 
oxidative functions dependent on heme 
proteins are greatly impaired and, in the 
specific case of cytochrome P-450, the 
biological impacts of chemicals that are 
substrates for this oxidase are consid- 
erably altered. 

Heme Regulation of Heme Synthesis 

and Degradation 

The ability of the heme molecule itself 
to regulate its own biosynthesis and deg- 
radation has been well described. Heme 
regulation of its own formation is reflect- 
ed in the feedback inhibition of ALA 
synthetase in erythroid precursors, 
which was first reported by Karibian and 
London (18), and in the feedback repres- 
sion of the synthesis and induction of the 
enzyme in hepatic cells, which was first 
demonstrated by Granick (5, 19). 

With respect to heme degradation 
Sjostrand's observations (20) concerning 
patients with hemolysis suggested the 
possibility that carbon monoxide in 
blood might be derived from released he- 
moglobin and permitted the inference 
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on these heme proteins, and their con- 
centrations are, for the most part, a func- 
tion of the rates of enzymatic synthesis 
and degradation of heme. 

In this article we review certain newly 
discovered regulatory actions of trace 



that the rate of heme breakdown is ele- 
vated in the presence of erythrocyte de- 
struction-that is, endogenous heme 
might induce an enzyme system that 

catalyzes its own degradation. Later 
studies by Gray et al. (21) proved that 
the carbon monoxide produced from the 
breakdown in vivo of hemoglobin origi- 
nates exclusively from the a-methene 
bridge of heme; subsequently it was 
demonstrated (22) that, in rats subjected 
to experimental hemolytic anemia or 
treated with hemoglobin or methem- 
albumin, the enzymatic rate of heme 
degradation in cells was in fact in- 
creased. Heme control of its own syn- 
thesis and degradation has been shown 
to require an intact nucleic acid and pro- 
tein-synthesizing apparatus in the cell. 

Although the heme molecule is com- 
prised of two distinct chemical species, 
the porphyrin ring and the central metal 
ion, interpretation of its regulatory ac- 
tions on its own metabolism has always 
been made in terms of the metal- 
loporphyrin chelate acting as a single 
molecular unit. The study of the proxi- 
mate mechanism of heme regulation in- 
dicates, however, that metal ions alone 
can control both the production and the 
degradation of heme by regulating syn- 
thesis of the rate-limiting enzymes that 
catalyze these processes in the cell in the 
same manner as does the heme molecule 
itself (6-11, 23). 

Metal Control of Heme Synthesis 

The catalytic activities of several en- 
zymes of heme metabolism are thought 
to be SH dependent to various degrees- 
such as heme oxygenase, ALA dehy- 
dratase, uroporphyrinogen I synthetase 
(UROS), and ferrochelatase-and it is 
clear that direct metal interactions with 
these enzymes can inhibit their activi- 
ties. ALA synthetase (an enzyme that is 
not SH dependent) is also inhibited by 
metal ions, but this inhibition is not ex- 
pressed directly in vitro but rather is ex- 
pressed in vivo. The mechanism of this 
action involves metal repression of the 
rate of formation of ALA synthetase 
rather than an inhibition of the pre- 
formed enzyme (8, 9). Metals also inhibit 
the induction of ALA synthetase by oth- 
erwise potent organic chemical inducers 
of this enzyme (8, 24). In these respects 
metal ions mimic the known regulatory 
actions of heme on ALA-synthetase for- 
mation. The inhibition of ALA-synthe- 
tase production by metals is not limited to 
those elements that are capable of form- 
ing heme in vivo, but is a property 
shared by other elements such as nickel 
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and platinum (10, 11) which are not sub- 
strates for ferrochelatase (25). Therefore 
metal regulation of ALA-synthetase pro- 
duction does not necessarily involve a 
porphyrin chelate form of the metal. Tis- 
sue culture studies (9) support the idea 
that the metal action on ALA-synthetase 
production is a direct one. Moreover, of 
the enzymes of heme metabolism, ALA 
synthetase appears to be particularly 
sensitive to metal ions; for example, in 
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cultured liver cells (9) a 3-,uM concentra- 
tion of cobalt causes a 60 to 90 percent 
inhibition of the induction of ALA syn- 
thetase by potent inducers of the enzyme 
such as dicarbethoxydihydrocollidine 
(DDC) and allylisopropylacetamide 
(AIA)-agents that otherwise can induce 
hepatic ALA synthetase to levels as 
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in cellular responses to metal ions and to 
heme extends to the secondary, or 
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Fig. 2. The pathways of heme biosynthesis and degradation and of heme-dependent mixed- 
function oxidase activity. The scheme of the mixed-function oxidase system is based on that of 
Gillette et al. (62). 
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Table 1. Metal ion effects on heme oxygenase and P-450 dependent metabolism of chemicals in 
liver. Male rats were injected (subcutaneously) with cobalt chloride (250 /mole/kg), or iron 
dextran (50 ,umole/kg). Twenty-four hours later the rats were killed and various assays were 
carried out. The N-demethylation of ethylmorphine was measured as formaldehyde liberated 
(58). Aniline hydroxylase was measured as p-aminophenol formed (59). Benzopyrene (a cyto- 
chrome P-448 substrate) hydroxylase was measured as hydroxybenzopyrene (OHBP) (60). 
Heme oxygenase activity was measured as bilirubin formed (6), and the cytochrome P-450 
content was determined by the method of Omura and Sato (61). 

Ethylmorphine Aniline Benzopyrene Heme 
Treat- N-demethylase hydroxylase hydroxylase oxygenase Cytochr 
ment as HCHO asp-aminophenol as OHBP as bilirubin 4/ 

(nmole(nmole/mg hr) (nmole/mg hr ) (nmole/mg hr ) ((nmole/mg) 

Control 292.9 18.3 2.93 1.6 0.72 
Co2+ 88.3 6.4 1.33 14.7 0.33 
Fe2+ 234.7 15.6 2.50* 7.8 0.64 

*The only parameter which was not significantly different from the control. 

"rebound" increases in ALA synthetase 
(6, 26), which are produced by these 
agents in intact animals. This biphasic 
response of ALA synthetase to heme 
and to metals such as cobalt has been 
shown to be a protein synthesis depen- 
dent phenomenon. 

The activities of heme pathway en- 
zymes subsequent to ALA synthetase 
are altered differentially by various met- 
als. For example, not all metals that have 
a high affinity for SH groups have an in- 
hibitory effect on ALA dehydratase in 
vivo, and not all such metals will inhibit 
ferrochelatase or UROS in the intact ani- 
mal. Moreover, there is a degree of tis- 
sue and metal specificity in the inhibition 
response of these enzymes. For ex- 
ample, erythrocyte ALA dehydratase is 
highly sensitive to lead in vivo, while 
renal ALA dehydratase is particularly in- 
hibited by platinum (II). 

Metal Control of Heme Degradation 

Metal ions enhance the rate of cellular 
heme degradation-an action that re- 
flects metal induction of the de novo syn- 
thesis of heme oxygenase. For example, 
a single injection of cobalt to rats causes 
in 16 hours a nearly 15-fold increase in 
the oxidative degradation of heme in 
liver (Fig. 3). The onset of this enzyme 
induction is very rapid and within 2 
hours a significant increase in heme oxy- 
genase activity can be detected (7). This 
inducing action of metals is clearly ex- 
erted at the regulatory site for the syn- 
thesis of the enzyme, since metal ions in 
vitro inhibit the preformed enzyme 
[heme oxygenase is an SH dependent 
enzyme (14)]. The increase of heme oxy- 
genase is maintained up to 72 to 96 hours 
after a single injection of metal. Metal in- 
duction of heme oxygenase is not limited 
to the liver but extends to other organs 
such as kidney, heart, lung, intestinal 
mucosa, and skin (19) and is mediated by 
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other transition elements and certain 
heavy metals as well, for example, Cr, 
Mn, Fe, Ni, Cu, Zn, Cd, Sn, Pt, Au, Hg, 
Pb, and Se. The effects of certain of 
these metal ions on different organs are 
shown in Fig. 4. The fact that heme oxy- 
genase can also be induced in tissue cul- 
ture cells grown in synthetically defined 
medium (9) emphasizes that this induc- 
tion phenomenon reflects a direct action 
of metals on the enzyme regulatory site 
and does not involve intracellular inter- 
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Fig. 4. Effect of various metal ions on heme 
oxygenase activity of liver, kidney, and heart. 
The animals were treated (subcutaneously) 
with 25 ,/mole/100 g of the metal ions, except 
in the case of copper and chromium (12.5 
/tmole/100 g) and cadmium (2.5 /umole/100 g). 
Microsomal heme oxygenase activity was 
measured as described (6). 

mediary factors such as hormones. The 
potency of heme oxygenase induction by 
metals varies from one tissue to another; 
for example, when administered in 
equimolar amounts, cobalt is the most 
potent (7 to 15 times) inducer of heme 
oxygenase activity in liver, while Sn and 
Ni are considerably more potent induc- 
ers of the enzyme in kidney (10 to 30 
times). On the other hand, the ability of 
mercury to induce this enzyme activity 
in heart exceeds that of other metal ions. 
This difference in tissue responsiveness 
to metal induction of heme oxygenase 
may reflect differences in binding affini- 
ties, cellular contents of functional 
groups which complex and block metal 
actions, and the like. The ability of met- 
als to induce the de novo formation of 
heme oxygenase proved to be not only of 
biochemical interest but of major phar- 
macological and toxicological signifi- 
cance when it was shown that, as a result 
of this enzyme inducing action, there 
was a resultant depletion of content of 
cellular heme proteins such as the mito- 
chondrial respiratory cytochromes (27, 
28), the heme proteins of microsomal ori- 
gin [such as cytochromes P-450 (27, 29), 
P-448 (30), and b5], and cellular "free 
heme" (27, 29). 

Metals and Cytochrome P-450 Dependent 

Chemical Metabolism 

The microsomal drug-metabolizing 
electron transport chain, that is, the 
mixed-function oxidase system, is com- 
posed of two major enzyme com- 
ponents-a heme protein, cytochrome 
P-450, and a flavoprotein reductase, 
NADPH-cytochrome P-450 reductase 
(Fig. 2). Metal ions cause impairment in 
the oxidative activity of this system by 
diminishing cellular heme, an effect that 
is reflected directly by diminished micro- 
somal content of cytochrome P-450, and 
by decreased P-450 dependent drug me- 
tabolism (Fig. 5). Metals do not signifi- 
cantly affect the activity of the P-450 re- 
ductase (6). 

The liver is the main organ of detoxifi- 
cation. Its capacity to carry out various 
oxidative transformations is largely due 
to its high cellular content and multiple 
species of P-450 (31). Although the spe- 
cific oxidative activity of liver cells by 
far surpasses that of any organ in the 
body, other cell types may contribute 
significantly to overall detoxifying abili- 
ty. Organs such as the lung and skin, as 
well as the intestinal mucosa, do not 
have high specific drug oxidative activi- 
ties; however, the sheer size of these or- 
gans can compensate for this. Moreover, 
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these organs are the primary portals of 
entry for exogenous chemicals, and this 
fact emphasizes the potential importance 
of their detoxification capabilities (32). 

In the majority of instances, increased 
levels of microsomal oxidative activity 
and cytochrome P-450 content are desir- 
able since, for most drugs and some car- 
cinogens (33, 34), the terms "oxidation" 
and "detoxification" may be used inter- 
changeably. In contrast, for a small 
group of chemicals to which certain car- 
cinogens belong oxidation and activation 
are synonymous (35). For example, in 
cultured liver cells benzopyrene is more 
toxic to cells with high oxidative activity 
than to cells with low activity (34, 36), 
and there are other lines of evidence in- 
dicating that the metabolism of certain 
carcinogenic polycyclic hydrocarbons is 
a prerequisite for their carcinogenicity- 
that is, the metabolites of these chem- 
icals rather than the parent compounds 
are the ultimate carcinogens (37). Simi- 
larly certain drugs achieve therapeutic 
efficacy subsequent to their oxidative 
metabolism by microsomes (38). 

During the 1960's-the period in 
which many properties of the then novel 
cytochrome P-450 system were being 
discovered-the function of this cyto- 
chrome as the terminal oxidase for vari- 
ous biological oxidations of endogenous 
and exogenous substrates was estab- 
lished. However, this assignment of 
function was not accurate in all cases. 
One such example was the oxidative 
degradation of heme itself, which was 
originally thought to be dependent upon 
cytochrome P-450 (39). Later studies 
with liver (6, 13, 14, 17) and spleen (40) 
conclusively disassociated P-450 from 
the enzyme that catalyzed the degrada- 
tion of heme. It was observed in the ini- 
tial studies with cobalt in liver that there 

was a reciprocal relation between heme 
oxygenase activity and cellular P-450 
content (6, 17) (Fig. 5). This suggested 
the likelihood of the catabolism of micro- 
somal heme by heme oxygenase. The 
degradation of P-450 heme by heme oxy- 
genase was substantiated by experi- 
ments in which the oxidation of micro- 
somal heme labeled with [14C]ALA was 
measured in rats with bile fistulas and 
correlated with the rate of metal induc- 
tion of heme oxygenase. These studies 
showed a direct correlation between the 
elevation of heme oxygenase, the in- 
crease in biliary excretion of 14C-labeled 
bilirubin, and the decrease in micro- 
somal content of P-450 (27, 29, 41). Recip- 
rocal relations between heme oxygenase 
activity and the depression of hepatic 
content of cytochrome P-450 were pro- 
duced by a number of other metals in- 
cluding Cr, Mn, Fe, Ni, Cu, Zn, Cd, Sn, 
Pt, Au, Hg, Pb, and by Se (42). 

However, studies in vitro showed that 
the heme moiety of intact cytochrome P- 
450 was in fact not degraded by heme oxy- 
genase; rather it was the heme of cyto- 
chrome P-420, the aberrant form of P- 
450, which was the substrate for the en- 
zyme (29). P-420 is produced by de- 
naturation of P-450, and unlike the lat- 
ter, P-420 cannot catalyze biological oxi- 
dations. However, its heme moiety is 
considerably more labile than that of P- 
450 (43). Accordingly, in order for metal 
ions to decrease cytochrome P-450 con- 
tent they must not only increase the rate 
of degradation of heme, but also acceler- 
ate the rate of conversion of P-450 to P- 
420. This could be accomplished either 
by increasing the cellular content of a na- 
tive "denaturent" of P-450 (29, 41) or by 
modifying the affinity of apoprotein P- 
450 for heme. Recent evidence indicates 
that the heme moiety of cytochrome P- 

448 is also catalyzed by metal-induced 
heme oxygenase (30). P-448 is a species 
of microsomal heme protein which is in- 
duced by polycyclic hydrocarbon carcin- 
ogens (44) and polychlorinated biphenyls 
(45) and serves as the terminal oxidase 
for many of these compounds. 

The decreases in the cellular content 
of cytochromes P-450 and P-448 pro- 
duced by trace metals are directly re- 
flected in the ability of cells to carry out 
drug and carcinogen oxidations that de- 
pend on these heme proteins. This metal- 
mediated depression of drug metabolism 
extends across the spectrum of chem- 
icals that are substrates for the mixed- 
function oxidase system and that bind di- 
rectly to the heme or vicinal to it; these 
include such compounds as aniline and 
ethylmorphine, as well as P-448 sub- 
strates such as benzopyrene (Table 1). 
The decrease in drug-metabolizing activ- 
ity of cells that follows trace metal ad- 
ministration persists for prolonged peri- 
ods paralleling the enhanced heme oxy- 
genase activity. The decreases observed 
in drug metabolism in vitro are not limit- 
ed to the liver but are noted in other or- 
gans such as kidney and skin. Several 
studies have provided in vivo data dem- 
onstrating that metal ions diminish the 
ability of animals to oxidize drugs as 
judged by criteria such as the prolonga- 
tion of barbiturate sleeping time (46). 
Others have also reported decreases in 
P-450 dependent drug-metabolizing abili- 
ty in humans after long- or short-term ex- 
posure to certain metals. For example, 
studies on chronic lead toxicity in chil- 
dren have shown that these children may 
display a diminished ability to oxidative- 
ly metabolize drugs (47). These findings 
in humans are in keeping with the obser- 
vation that lead toxicity in animals de- 
creases cytochrome P-450 and heme 

Fig. 5. Effects of cobalt on hepatic heme metabolism. Rats were in- 
jected with cobalt (25 ,umole/100 g, subcutaneously) as CoCl2. The 
individual animals were killed at the intervals indicated. Various 
cellular fractions were prepared (6, 8) and assayed for the indicated 
parameters. Heme oxygenase was measured in the microsomal frac- 
tions (6), ALA synthetase was measured by the method of Marver 
et al. (63), total porphyrin was measured by the method of Granick 
et al. (64), cytochrome P-450 was measured by the method of Omura 
and Sato (61), and total microsomal heme was measured by the pyri- 
dine hemochromogen spectrum (65). Symbols: *-*, Heme oxygenase 
(nmole/mg hr); o-o, microsomal heme (10-1 nmole/mg); A-A, 
cytochrome P-450 (10-1 nmole/mg); D-D, N-demethylase (20 
nmole/mg hr); A-A, ferrochelatase (nmole/mg hr); *-*, porphyrin 
(pmole/mg); and I, ALA synthetase (102 pmole/mg hr). 
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contents (48). In other studies copper, 
when administered to rats in drinking 
water for 15 days, has been shown to re- 
duce aniline hydroxylation activity by 75 
percent (49). Copper is a potent inducer 
of heme oxygenase (23). Trace metals al- 
so have synergistic effects on cellular 
heme metabolism, which further empha- 
sizes the potential of metal ions to act as 
enzyme regulators. For example, when 
rats were treated simultaneously with 
small doses of iron (as iron dextran) and 
cobalt (CoC12), which individually 
caused only a moderate (two- to three- 
fold) increase of heme oxygenase activi- 
ty in liver and a moderate reduction in 
cytochrome P-450 content (20 percent), a 
strong synergistic effect was observed 
when both metals were given simultane- 
ously. In this instance heme oxygenase 
increased the control level nearly ten- 
fold, and the cytochrome P-450 concen- 
tration decreased to a fraction of that of 
the control (50). Similar synergistic ef- 
fects are seen in animals treated for a 
long period with one metal, such as iron, 
and then given a single treatment with 
another metal such as gold. Both iron 
and gold are used therapeutically in hu- 
mans. 

The depletion of cellular heme pro- 
teins by metals should not always be 
considered a means by which the tox- 
icity of a compound will be augmented; 
as was mentioned earlier for some car- 
cinogens, there is evidence indicating 
that the products of their oxidative me- 
tabolism are the biologically active spe- 
cies. Thus, with such compounds the 
metal-mediated decreases in cytochrome 
P-448 content of cells may be viewed as a 
means of preventing formation of toxic 
metabolites (33-36). 

Metals as Physiological Regulators of 

Heme Metabolism 

All experimental findings to date in- 
dicate that metal ions regulate ALA syn- 
thetase and heme oxygenase in a manner 
entirely analogous to the control exerted 
on these enzymes by heme itself. Al- 
though several of the metals that share 
these regulatory properties are capable 
of enzymatically forming heme com- 
plexes-that is, Co, Fe, and Cu; other 
metals such as Ni and Pt have not been 
found as heme complexes in nature nor 
have they been shown to be capable of 
forming tetrapyrrole chelates enzymati- 
cally (25). Nevertheless Ni and Pt mimic 
exactly the regulatory actions of heme 
on ALA synthetase and heme oxygenase 
(10, 11). These facts provide conclusive 
evidence that metal ions alone act as 
proximate regulators of ALA synthetase 
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and heme oxygenase and they permit the 
conclusion that it is the metal moiety of 
heme itself, namely iron, which mediates 
the enzyme regulatory properties attrib- 
uted to the entire metalloporphyrin com- 
plex. 

The reciprocal relation between in- 
creased rates of heme oxygenase activity 
and diminished ALA synthetase together 
with impaired P-450 dependent oxida- 
tions of drugs is not only observed after 
experimental exposure to metal ions, but 
also may occur naturally (51). For ex- 
ample, in the newborn rat (52, 53) or the 
newborn human the liver content of 
cytochrome P-450 and drug-metabolizing 
ability are greatly diminished as is ALA- 
synthetase activity, but the heme oxy- 
genase activity is substantially higher 
than that of adults. Moreover hepatic 
ALA-synthetase activity, at least in the 
newborn rat, is completely unresponsive 
to induction by chemicals which in the 
adult induce this enzyme (54). The high 
activity of heme oxygenase and the low 
levels of ALA-synthetase activity may 
be significant causative factors for the 
low content of P-450 in the newborn; the 
high heme oxygenase activity may also 
contribute substantially to the over- 
production of the toxic heme metabolite 
bilirubin, which in severely jaundiced in- 
fants deposits in central nervous system 
cells, causing the neurological syndrome 
referred to as "Kernicterus" (52). The 
high activity of heme oxygenase in the 
newborn of some species could reflect 
the enzyme-inducing action of heme or 
of iron (or both) derived from the break- 
down of fetal erythrocytes, and these 
agents could also act to repress ALA- 
synthetase formation (51). The fact that 
chelation therapy in the newborn re- 
stores hepatic ALA-synthetase activity 
to normal levels and to normal respon- 
siveness to induction by chemicals such 
as AIA indicates that repression of this 
enzyme is due to the iron released from 
heme through heme oxygenase activity 
(51). Neonatal control of ALA synthe- 
tase by metal ions represents one major 
area in which physiological expression of 
the enzyme regulatory action of metals is 
clearly demonstrable, as well as offering 
a potential situation in which manipula- 
tion of heme synthesis and heme degra- 
dation by agents that alter metal metabo- 
lism may have therapeutic value. 

Cellular SH Content and Metal 

Regulation of Heme 

All of the metals that control heme me- 
tabolism have by virtue of their atomic 
structures substantial affinity for elec- 
tronegative nucleophilic species. A rela- 

tionship between metal ions and nucle- 
ophilic binding sites (for example, SH) 
for regulation of enzyme synthesis can 
thus be predicted and has been examined 
experimentally. On the basis of various 
studies, some of which are discussed 
here, the following conclusions have 
been drawn: (i) metals must be in the ion- 
ic form and capable of covalently binding 
at cellular regulatory sites in order to me- 
diate their effects on the enzymes of 
heme metabolism (10, 23); and (ii) there 
is a direct relation between the cellular 
content of SH groups, for example, 
glutathione (GSH), and the ability of 
metals to affect the synthesis of the en- 
zymes. When metals having a high affini- 
ty for SH groups are complexed with 
cysteine or GSH, their ability to alter 
heme metabolism is totally blocked (10, 
23). The complexing of the metals also 
blocks their inhibitory effects in vitro on 
the activity of heme oxygenase. 

The antagonistic effect of SH agents 
on the regulatory actions of metals on 
cellular heme can also be demonstrated 
in vivo (10); for example, if the endoge- 
nous content of SH groups is increased 
by the oral administration of agents such 
as cysteine before the injection of metals 
the actions of metals on heme pathway 
enzymes are blocked. Conversely, the 
effects of metals on various aspects of 
heme metabolism can be magnified by 
depleting the cellular content of SH 
groups prior to metal administration (23). 
A number of carbonyl compounds are 
capable of depleting SH groups mainly 
by diminishing GSH. One of the most ef- 
fective agents of this type is diethyl ma- 
leate (DEM). It is known that within 30 
minutes of one injection of DEM (3 
mmole/kg), GSH levels in rat liver are 
decreased to about 10 percent of the nor- 
mal value (55). Prior treatment of rats 
with DEM as described above more than 
doubles the production of heme oxygen- 
ase by a number of trace metals such as 
Co, Ni, and Fe (9, 10, 23, 50). This aug- 
mentation effect is not limited to the in- 
tact animal liver but can also be demon- 
strated in cultured hepatocytes (9). 

Metal ions themselves have been 
found to alter the cellular content of 
GSH significantly (1). For example, Co 
and Ni cause an initial decrease of cellu- 
lar GSH content (in 6 hours) which is 
subsequently followed by an increase 
200 to 300 percent above normal (10, 56). 
This biphasic pattern of cellular GSH 
content resembles the responses that 
metal ions (as well as heme) elicit in the 
activities of heme oxygenase and ALA 
synthetase in liver cells and indicates 
that metal ions may also regulate GSH 
possibly by increasing its rate of syn- 
thesis. 
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The concomitant increases in GSH 
and heme oxygenase could have adapt- 
ive significance since GSH would pro- 
vide the organism with an added pro- 
tective mechanism for detoxification re- 
actions. It is known that a number of 

compounds are biologically inactivated 
as a result of their conjugation with GSH 

(57). Since metal ions, by increasing the 
rate of heme degradation, diminish the 

ability of cells to detoxify chemicals, the 
increase in cellular GSH would thus par- 
tially compensate for the metal impair- 
ment of the P-450 dependent detoxifica- 
tion process. In contrast since heme oxy- 
genase is an SH dependent enzyme an- 
other function of GSH could be to 

protect the thiol moiety of the protein 
and thus prevent its inactivation. In this 
instance, the increased GSH levels pro- 
duced by metals could in a sense be con- 
sidered to further potentiate the impair- 
ment of detoxification capacity produced 
by metal induction of this enzyme. 
Therefore the relation between increased 
GSH and heme oxygenase is a complex 
phenomenon although, on balance, the 
metal effect on GSH is probably benefi- 
cial in terms of the overall detoxifying 
ability of cells. 

Conclusions 

Trace metals have been found to be 

unique regulators of cellular heme and 
thus of heme proteins in that they control 
both the synthesis and the degradation of 
this metalloporphyrin. This control is ex- 
erted through initial repression of ALA 
synthetase, the rate-limiting enzyme in 
heme synthesis, and induction of heme 
oxygenase, the rate-limiting enzyme in 
heme degradation. Metal ions mimic in 
all respects the regulatory effects of 
heme itself on the enzymes of heme me- 
tabolism, including the biphasic response 
of ALA synthetase (initial repression fol- 
lowed by rebound induction). Consid- 
erable experimental evidence supports 
the idea that the rate of both heme bio- 
synthesis and degradation may primarily 
be a function of metal ion concentrations 
at appropriate regulatory sites in the cell. 
According to this view it is the metal 
moiety of heme (Fe-protoporphyrin IX) 
which is in fact the proximately active 
species in controlling heme metabolism. 
The tetrapyrrole may be primarily an ef- 
ficient inter- and intracellular carrier of 
the metal to the sites for regulation of en- 
zyme synthesis. 

The consequences of the metal actions 
on heme synthesis and degradation are 
to deplete cellular contents of heme and 
heme proteins and to impair oxidative 

activities dependent on these com- 
pounds. Many of the metal ions that 
have the biological properties described 
above gain entrance to the body in nu- 
merous and diverse ways. Moreover, a 
number of these metals tend to accumu- 
late in various tissues throughout life. 
Since heme-apart from its role in cellu- 
lar respiration-is essential for the 
oxidative detoxification of a wide spec- 
trum of endogenous and exogenous 
chemicals the potent ability of metals to 
deplete cellular heme content empha- 
sizes the considerable biomedical signifi- 
cance of these elements. 
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