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Abstract-Cobaltic protoporphyrin IX (cobalt protoporphyrin) is known to cause an extensive and long- 
lasting depletion of hepatic cytochrome P-450 in rats, and it has been used to evaluate the role of 
hepatic cytochrome P-450 in xenobiotic metabolism and toxicity. To examine the specificity of cobalt 
protoporphyrin for hepatic cytochrome P-450, cobalt protoporphyrin was administered to rats and 
hamsters, and its effects on cytochrome P-450-dependent and non-P-450-dependent phase I and phase 
II metabolism were determined. Cobalt protoporphyrin pretreatment depleted hepatic cytochrome P-450 
in both species and lowered their V,,,., values for the hepatic microsomal metabolism of ethylmorphine, 
aminopyrine, ethoxyresorufin and ethoxycoumarin, without change in their K,,, values. In the rat, cobalt 
protoporphyrin treatment lowered both the V,,,,, and the K, for microsomal metabolism of aniline. In 
oiuo hepatic cytochrome P-450-dependent metabolism, as measured by antipyrine clearance, was 
decreased in both species. UDP-Glucuronyltransferase, phenolsulfotransferase and glutathione-s-trans- 
ferase were unaffected, as was hepatic glutathione. Modest effects of cobalt protoporphyrin were seen 
on the hepatic microsomal flavoprotein mixed-function oxidase (hamster only), cytochrome P-450 
reductase, cytochrome b5 (rat only), UDPGA (rat only), and glycogen, and on blood glucose (rat). In 
in uiuo studies with hamsters given a low dose of acetaminophen, cobalt protoporphyrin suppressed the 
apparent rate constants for the cytochrome P-450-dependent pathways of acetaminophen metabolism 
but had no effect on acetaminophen glucuronidation and sulfation. Polyacrylamide gel electrophoresis 
analysis indicated that cobalt protoporphyrin markedly reduced the levels of the cytochrome P-450 
holoenzyme but did not alter either the content or profile of the cytochrome P-450 apoenzyme. 
Collectively, the data indicate that cobalt protoporphyrin shows relatively high selectivity for the hepatic 
cytochrome P-450 system, and support the use of this compound as a tool for resolution of the role of 
hepatic cytochrome P-450 in xenobiotic metabolism and toxicity. 

It has been known for over a decade that a variety 
of metal ions such as those of cobalt, nickel and tin 
have the ability to induce heme oxygenase in the 
liver [l]. In turn, enhancement of heme oxygenase 
results in an increase in heme degradation, a decrease 
in liver cytochrome P-450 levels, and a decrease in 
cytochrome P-450-dependent metabolism of drugs 
and other xenobiotic substances [ 1,2]. The ability of 
cobalt chloride to suppress hepatic cytochrome P- 
4.50 has subsequently found use in the evaluation of 
the role of cytochrome P-450 in the metabolism and 
toxicity of a variety of xenobiotics [3-111. Cobalt 
chloride, however, has several disadvantages when 
used as an experimental tool for this purpose. First, 
the duration of the effect on heme oxygenase is 
relatively brief (48-72 hr) [2]. Second, cobalt 
chloride lacks specificity in that, in addition to sup- 
pression of cytochrome P-450, it causes an enhance- 
ment of hepatic glutathione levels [ll-131, an 
enhancement of acetaminophen glucuronidation 
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[ll], and a suppression of acetaminophen sulfation 

[111* 
It was later realized that the incorporation of 

cobalt ion into an organic chelate greatly increased 
the duration of the metal ion effect on heme oxy- 
genase and cytochrome P-450 levels. Thus, an equi- 
molar dose of cobaltic protoporphyrin IX (cobalt 
protoporphyrin) was found to depress cytochrome 
P-450 levels in the liver profoundly for 3-5 weeks 
[14], in contrast to the 48-72 hr depression after 
cobalt chloride [2]. This long duration of effect has, 
for example, been of particular value in the study of 
the role of cytochrome P-450 activities in steroid 
metabolism [15]. 

Little is known, however, about the specificity of 
the effect of cobalt protoporphyrin in the liver and, in 
particular, whether or not it alters drug metabolism 
activities other than those dependent on cytochrome 
P-450. The present study describes the effect of 
cobalt protoporphyrin on both phase I and phase II 
enzymes of drug metabolism and on the levels of the 
cosubstrates for the phase II enzymes. 

Animals 
MATERIALS AND METHODS 

Male golden Syrian hamsters (80-120g; Charles 
Rivers, Lakeview, NJ) and male Sprague-Dawley 
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rats (lOO-15Og; CAMM, Wayne, NJ) were used 
throughout these studies. Animals were allowed 
Wayne Lab Blox (Allied Mills, Inc., Chicago, IL) 
and water ad lib. 

Treatment regimens 

The animals received cobalt protoporphyrin 
(Porphyrin Products, Logan, UT) (hamsters, O- 
125 pmol/kg, s.c.; rats, O-90 pmol/kg, s.c.) 72 hr (or 
as otherwise noted) prior to experimentation. Solu- 
tions of cobalt protoporphyrin were prepared by 
dissolving the compound in one-tenth volume of 
0.1 M NaOH, adjusting the pH to 7.4, and bringing 
to final volume with normal saline. The cobalt proto- 
porphyrin solution was administered (0.5 ml/100 g 
body weight) immediately after preparation. Control 
animals received an equivalent volume of saline. 

Effect of cobalt protoporphyrin on hepatic micro- 
somal cytochrome P-450 enzyme activities 

Following a 72-hr pretreatment with cobalt proto- 
porphyrin, animals were killed, their livers were 
removed, and the microsomal fraction was prepared 
according to the method of Potter et al. [16]. Cyto- 
chrome P-450 content was measured by the method 
of Omura and Sato [17]. Protein concentrations were 
determined by the procedure of Lowry et al. [18], 
using bovine serum albumin as the standard. Ethyl- 
morphine and aminopyrine N-demethylase activities 
were determined by monitoring formaldehyde pro- 
duction according to the method of Nash [19], as 
described by Maze1 [20]; aniline hydroxylase activity 
was quantitated by p-aminophenol[20]; and ethoxy- 
resorufin and 7-ethoxycoumarin deethylase activities 
were determined fluorometrically as described by 
Prough et al. [21]. 

Polyacrylamide gel electrophoresis studies 

To determine the hepatic cytochrome P-450 apo- 
protein profile, microsomal preparations were 
diluted to a concentration of 1 mg protein/ml with 
0.125 M Tri-acetate buffer (pH 7.4) containing 20% 
glycerol (v/v), 1% sodium dodecyl sulfate (SDS) (w/ 
v), and 5% &mercaptoethanol (v/v). The samples 
were heated in a boiling water bath for 2 min, and 
aliquots of microsomal protein (20 pg) were applied 
for electrophoresis. Polyacrylamide slab gel electro- 
phoresis (PAGE) was carried out at 4” in the pres- 
ence of SDS utilizing a discontinuous buffer system 
[22] containing a 3% stacking gel followed by a 7.5 
to 12.5% polyacrylamide gradient separating gel. 
The gels were stained overnight with Coomassie blue 
G-250 to visualize the proteins. Densitometric scans 
were performed at 635 nm utilizing a Hoefer den- 
sitometer (Hoefer Scientific Instruments, San Fran- 
cisco, CA) which was interfaced to an Apple IIe 
Computer (Apple Computer Inc., Cupertino, CA) 
using a chromochart software driven Adlab analog/ 
digital converter (Interactive Microwave Inc., State 
College, PA). 

To determine the hepatic cytochrome P-450 hemo- 
protein profile, a similar set of PAGE studies were 
carried out in which SDS was omitted from the 

separating gel, stacking gel, and the electrophoresis 
sample and tank bubbers. Lithium dodecyl sulfate 
(LDS) was substituted for SDS in the sample and 
upper tank buffers, and electrophoresis (80 pg micro- 
somal protein) was carried out at 4” in the dark under 
non-reducing conditions to increase heme retention. 
Hemoproteins were stained for peroxidase activity 
with 3,3’,5,5’-tetramethylbenzidine (Sigma Chemi- 
cal Co., St Louis, MO) prior to densitometric scan- 
ning [23]. 

Effect of cobalt protoporphyrin on non-cytochrome 
P-450-dependent enzyme activities 

Flavoprotein mixed-function oxidase activity was 
measured by the procedure of Ziegler and Pettit [24] 
using dimethylaniline as substrate. UDP-Glucu- 
ronyltransferase activity was measured in hamster 
microsomes using [3H]acetaminophen as substrate 
[25], and in rat microsomes using p-nitrophenol as 
the substrate [26]. To measure phenolsulfotransfer- 
ase activity, animals were killed, and their livers 
were excised and homogenized in 4 vol. of 0.15 M 
KCl. The homogenates were centrifuged at 178,000g 
for 30 min at 4”. Aliquots of the 178,000 g super- 
natant fraction containing 2.5 mg protein/ml were 
incubated with /3-mercaptoethanol(5 mM) and vari- 
ous concentrations of acetaminophen containing 
[3H]acetaminophen (20 pCi/tube). The reaction 
mixture was preincubated for 5 min, and the reaction 
was initiated with the addition of 3’-phospho- 
adenosine 5’-phosphosulfate (PAPS; 0.2mM) in a 
final volume of 0.25 ml. The reaction was allowed to 
proceed for 10 min and terminated by freezing in an 
acetone/dry ice bath. The untreated [3H]acetamino- 
phen was removed by extraction with ethyl acetate. 
The [3H]acetaminophen sulfate was isolated via thin- 
layer chromatography and quantitated via liquid 
scintillation spectroscopy [25]. 

Glutathione transferase activity was measured in 
the 9000 g supernatant fraction with l-chloro-2,4- 
dinitrobenzene as substrate [27]. The GSH conjugate 
formed was measured spectrophotometrically as 
described by Habig et al. [28]. 

Determination of hepatic levels of glutathione, UDP- 
glucuronic acid, glycogen, and blood glucose 

To determine the effect of cobalt protoporphyrin 
on hepatic glutathione, UDP-glucuronic acid 
(UDPGA), glycogen, and blood glucose, control 
and cobalt protoporphyrin-pretreated animals were 
killed, blood was collected, and livers were excised 
and quickly frozen in liquid nitrogen. For the GSH 
studies, a similar group of animals received 
CoC12.6H20 (60 mg/kg, s.c.) 48 hr prior to being 
killed. GSH levels were estimated by the method of 
Tietze [29]. Hepatic levels of UDPGA were 
measured using [3H]diethylstilbestrol (DES; Amer- 
sham Corp., Arlington Heights, IL) as the substrate 
and guinea pig microsomes as the source of glu- 
curonyltransferase [30]. Hepatic glycogen was 
determined as the difference between total hepatic 
non-anthrone positive sugars [31] and total hepatic 
glucose. Liver and serum glucose levels were 
measured by the glucose oxidase method using a kit 
from the Sigma Chemical Co. 
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Effect of cobalt protoporphyrin on hepatic cyto- 
chrome P-450 reductase and cytochrome bS content 

Cytoehrome P-450 reductase activity was quanti- 
tated using horse heart cytochrome c as the electron 
acceptor [32]. The cytochrome bS content was 
measured from the oxidized versus reduced dif- 
ference spectrum using sodium dithionite as the 
reducing agent [20]. 

In vivo studies 

Antipyr~ne clearance. Antipy~ne (100 mg/kg, i.p.; 
Eastman Kodak Co., Rochester, NY} was admin- 
istered, and blood samples (75~1) were collected 
from the orbital sinus into a heparinized glass capil- 
lary tube at various times after drug dosage. Plasma 
was prepared and extracted twice with 
dichloromethane/pentane (1: 1). Antipyrine in the 
dichloromethane/heptane extract was quantitated by 
HPLC using a modification of the procedure of Dan- 
hof et al. [33]. Briefly, the HPLC system used con- 
sisted of a model 6000 pressure pump, a model U6K 
injector, and a model 400 UV detector with a 254 nm 
cell (Waters Associates, Milford, MA). The column, 
2.5 cm x 10 mm i.d., was packed with 5 iurn Spheri- 
sorb ODS (Altech Associates, Inc., Deerfield, IL). 
The solvent system consisted of 40% methanol in 
50mM NaH2P04 buffer containing 0.4% tetra- 
hydrofuran. Chromatography was performed at a 
flow rate of 1.5 ml/min. The internal standard used 
was o-acetanisidide (2 pg/ml; Pfaltz & Bauer, Inc., 
Stamford, CT). The area under the concentration- 
time curve (AUC) for antipy~ne in plasma was cal- 
culated by the trapezoidal method and extrapolated 
to infinity. The intraperitoneal clearance (Clip) was 
calculated from the relationship, Clip = Doseip/ 
AUC&. 

Acetaminophen studies. For in viuo metabolism 
studies, hamsters received acetaminophen (25 mg/ 
kg i.p.; Eastman-Organic Chemicals, Rochester, 

NJ) containing [3H]acetaminophen (200 &i/kg; 
Amersham Corp.) dissolved in normal saline. Each 
animal was placed in a separate metabolic cage and 
urine was collected for 24 hr over dry ice. Serial 
blood samples (7.5~1) were taken from the orbital 
sinus for a time equivalent to at least four half-lives 
of the parent compound. Blood acetaminophen and 
urinary metabolites were quantitated as described by 
Price and Jollow [34]. The elimination rate constant 
@) was obtained from linear regression analysis of 
the blood concentration-time curve, and the half- 
life (T1) was determined as equal to 0.693/~. 

Statistical analysis 

Data were analyzed using a one-way analysis of 
variance or Student’s paired t-test, and significance 
was determined at the level of P < 0.05. 

RESULTS 

Effect of cobalt protoporphyrin pretreatment on hep- 
atic cytochrome P-450 

Administration of a single dose of cobalt pro- 
toporphyrin (90flmol/kg) to rats resulted in a rapid 
and dramatic fall in hepatic P-450 (Fig. 1A). In 
agreement with Drummond and Kappas 1141, the 
nadir was reached within 1 day and cytochrome P- 
450 levels remained low (>80% depletion) through 
out the experimental time period (10 days). To assess 
the dose-response relationship, cytochrome P-450 
levels were measured 72 hr after treatment with vari- 
ous doses of cobalt protoporphyrin. The decrease in 
cytochrome P-450 levels was dose dependent (Fig. 
1B). The E&,, in the rat was approximately 25 pmol/ 
kg. 

In the hamster, cobalt protoporphyrin adminis- 
tration caused a similar marked depletion of hepatic 
cytochrome P-450 (Fig. 2A). The nadir was reached 
within 48 hr and was long-lasting (>lO days). The 
EDGE in the hamster was approximately 15 pmol/kg 

Cobalt 
Protoporphyrln 

a 

8 OJ, . , . , . , . , . , . 8 0 --l 
0 2 4 6 8 10 1 10 100 1000 

Days atter Treatment Cobalt Protoporphyrin (pmollkg) 

Fig. 1. Effect of administration of a single dose of cobalt protoporphyrin on hepatic microsomal 
cytochrome P-450 levels in rats. (A) Time-dependency of cytochrome P-450 depletion. Rats were killed 
at the indicated times after cobalt protoporphyrin (90 pmol/kg), and hepatic microsomal fraction was 
prepared and assayed for cytochrome P-450 content. (B) Dose-response study. Rats received the 
indicated doses of cobalt protoporphyrin 72 hr prior to being killed. Hepatic microsomal cytochrome 
P-450 levels were determined from the oxidized versus reduced monoxide difference spectra. Values 

are means t SE. N = 4-6. 
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Fig. 2. Effect of administration of a single dose of cobalt protoporphyrin on hepatic microsomal 
cytochrome P-450 levels in hamsters. (A) Time dependency of cytochrome P-450 depletion. Hamsters 
were killed at the indicated times after cobalt protoporphyrin (125 ,umol/kg), the hepatic microsomal 
fraction was prepared, and cytochrome P-450 levels were determined by carbon monoxide difference 
spectroscopy. (B) Dose-response study. The animals received the indicated doses of cobalt proto- 
porphyrin 72 hr prior to being killed. Hepatic cytochrome P-450 levels were determined from the 

oxidized versus reduced carbon monoxide difference spectra. Values are means ‘- SE, N = 4-6. 

(Fig. 2B). All subsequent studies were carried out 
72 hr after cobalt protoporphyrin administration, 
since at this time hepatic cytochrome P-450 depletion 
was maximal. Typical cytochrome P-450 concen- 
trations in the liver of rats 72 hr after cobalt pro- 
toporphyrin or saline were: control, 0.903 f 0.083; 
cobalt protoporphyrin, 0.149 5 0.051 nmol cyto- 
chrome P-45O/mg microsomal protein (P < 0.05, 
N = 6, mean + SE). In hamsters, the values were: 

RAT 
A. 

Control A 
Cobalt A 

Protoporphyrln 
t t t f I. .I . . n. .d 

B. 
Control 

Cobalt 
Protoporphyrln 

t t t t 
I. .I .* n.. il. 

control, 1.025 + 0.103; cobalt protoporphyrin, 
0.053 ? 0.007 nmol cytochrome P-450/mg micro- 
somal protein (P < 0.05, N = 6, mean * SE). 

Effect of cobalt protoporphyrin pretreatment on 
hepatic cytochrome P-450 dependent microsomal 
metabolism 

Pretreatment of hamsters with cobalt proto- 
porphyrin resulted in marked decreases in the V,,, 

A. 
HAMSTER 

Control h, 

Cobalt w 
Protoporphyrin , t t t I, I, ,. 9,. hd 

B. 
Control 

Fig. 3. Effect of cobalt protoporphyrin pretreatment on hepatic cytochrome P-450 hemeprotein and 
apoprotein content of hepatic microsomes. Animals were pretreated with either cobalt protoporphyrin 
(left panel, rats, 90 pmol/kg; right panel, hamsters, 125 pmol/kg) or saline 72 hr prior to removal of 
livers for preparation of microsomes. Densitometric scans of hepatic microsomal membrane preparations 
were performed on freshly PAGE separated and stained preparations. (A) Heme stain. PAGE (80 pg 
protein/well) was carried out in the presence of LDS under non-reducing conditions at 4” in the dark. 
Hemeproteins were stained for peroxidase activity with 3,3’, 5,5’-tetramethylbenzidine. (B) Coomassie 
blue stain. PAGE (2Opg protein/well) was carried out under reducing conditions in the presence of 

SDS. 
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values for the microsomal metabolism of 7-ethoxy- 
coumarin (cu. 68%), aminopyrine (cu. 69%) and 
ethylmorphine (cu. 85%) (Table 1). The K,,, values 
for these activities did not change significantly. 
7-Ethoxyresorufin 0-deethylase activity was measur- 
able in liver microsomes from normal hamsters, per- 
mitting the determination of the kinetic parameters 
(Table 1). However, in microsomes from cobalt 
protoporphyrin-treated hamsters, this activity was 
suppressed markedly (>95%) and was too low to 
permit determination of K,,, and V,,,,, values. 

The aniline hydroxylase activity of the microsomes 
from the liver of cobalt protoporphyrin pretreated 
hamsters showed a decrease in both K,,, and V,,,,, 
values as compared with controls; the decrease was 
approximately 2-fold in both parameters and hence 
the apparent first-order rate constant for the enzyme- 
catalyzed reaction (V,ax/K,,J was largely unchanged. 

Rats showed a generally similar response to cobalt 
protoporphyrin. The V,,,,, values determined for the 
microsomal metabolism of aniline, aminopyrine, 
ethylmorphine, and 7-ethoxyresorufin were de- 
creased by 63, 61, 68 and 43% respectively (Table 
1). The K,,, values were not altered by cobalt proto- 
porphyrin pretreatment. Activity toward 7-ethoxy- 
coumarin was not detectable in cobalt proto- 
porphyrin pretreated rats. 

Polyacrylamide gel electrophoresis studies 

The effect of cobalt protoporphyrin pretreatment 
on the hepatic cytochrome P-450 isozyme profile was 
determined with the use of PAGE, utilizing both 
heme and protein staining procedures. Following 
solubilization and separation of microsomal proteins 
by LDS-PAGE, the hepatic hemoproteins were sub- 
jected to heme staining to detect intact hemo- 
proteins. In normal animals, there was extensive 
heme staining in the 45-60 kD region of the gel. 
In both hamsters and rats, cobalt protoporphyrin 
caused a marked reduction in heme staining in this 
region (Fig. 3A) consistent with decreases in total 
cytochrome P-450 content of these preparations. 

In marked contrast to the results obtained with 
the heme stain, staining of protein of the SDS- 
PAGE with Coomassie blue revealed that cobalt 
protoporphyrin pretreatment had no discernible 
effect on the (apo)protein profile of the cytochrome 
P-450 region of the gel, for either the hamster or the 
rat (Figs. 3B and 4). 

Effect of cobalt protoporphyrin on non-cytochrome 
P-450 dependent drug-metabolizing activities 

The hepatic microsomal flavoprotein mixed-func- 
tion oxidase is shown to catalyze the oxygenation of 
a wide variety of diverse types of nucleophilic organic 
sulfur and nitrogen compounds and hence, like the 
hepatic cytochrome P-450 monooxygenase system, 
is responsible for phase I oxidation [35]. The effect 
of cobalt protoporphyrin pretreatment on the flavo- 
protein mixed-function oxidase is shown in Table 2. 
Microsomes from hamster liver showed a modest, 
though statistically significant, increase (1.5-fold) in 
the activity of this enzyme toward dimethylaniline. 
In normal rats, the microsomal flavoprotein mixed- 
function oxidase activity was significantly lower and 
more variable between animals than was seen in 
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Table 2. Effect of cobalt proto~~hy~n pretreatment on non-~yt~hrome-P-450-de~ndent drug-metabolizing enzyme 
activities 

Treatment 

Flavoprotein 
oxidase’ 

nmol product 

mg protein. min 

Hamster 
Control 
Cobalt protoporphyrin 

Rat 
Control 
Cobalt protoporphyrin 

1.19 If: 0.10 
1.82 ?I 0.121) 

0.153 rt 0.056 
0.040 rt 0.019 

UDP-Glucuronyl- 
transferaset 

pmol product 

mg protein * min 

71.5 2 17.8 
32.5 -+ 3.8 

1.00 -t 0.10 
1.20 t 0.10 

Sulfo- 
transferaseg 

pmol product 

mg protein. min 

5.63 rt 0.54 
6.79 L 1.47 

6.89 t 0.64 
8.47 rt 0.72 

GSH- 
transferaseg 

nmol product 

mg protein. min 

5.36 + 0.74 
5.31 c 0.78 

14.04 r 3.91 
20.46 2 4.28 

Animals received either cobalt protoporphyrin (hamster, 125 pmol/kg; rat, 90 pmol/kg) or saline 72 hr prior to being 
killed. Preparation of hepatic enzyme and assay of enzymatic activities were carried out as described under Materials 
and Methods. Values are means + SE, N = 4. 

* ~,~-Dimethylaniline (3 mM). 
t Hamster, acetaminophen (if,,,); rat, p-nitrophenol (OS mM). 
$ Acetaminophen (V,,,). 
§ 1-Chloro-2,4dinitrobenzene (1 mM). 
11 Significantly different from control animals, P < 0.05. 

hamster microsomes. Although the activity appeared 
to be depressed in cobalt-treated rats, the difference 
was not statistically significant. 

The UDP-glu~uronyltransferase activity of rat 
liver microsomes was measured using a standard 
concentration (0.5 mM) of p-nitrophenol, as 
described by Bock et al. [26] (Table 2). Pretreatment 
of the rats with cobalt protoporphyrin did not 
alter p-nitrophenol glucuronyltransferase activity 
of the liver microsomal preparations. In contrast 
to the situation in the rat, p-nitrophenol 
glucuronyltransferase activity could not be detected 
in microsomal preparations of hamster liver. UPD- 
Glucuronyltransferase activity in the hamster liver 
was assessed using [3H]acetaminophen as substrate 
f25]. Lineweaver-Burk analysis revealed no stat- 
istically significant difference in the V,, (Table 2) 
between microsomal preparations from normal and 
cobalt protoporphyrin pretreated animals. 

The phenolsulfotransferase activities of rat and 
hamster liver were measured using [3H]acetamino- 
phen. Lineweaver-Burk analysis of the data indi- 

cated that pretreatment with cobalt protoporphyrin 
did not alter the V,,,,, (Table 2) or K,,, (rat: normal, 
0.166 2 0.029 mM vs cobalt protoporphyrin, 
0.197 2 0.018 mM (NS, N = 6, mean * SE); 
hamster: normal, 0.105 rt 0.034 mM vs cobalt proto- 
porphyrin, 0.233 i 0.122 mM (NS, N = 6, 
mean * SE) of the reaction in either rats or hamsters. 

Glutathione-S-transferase activities of both rat and 
hamster liver were measured using a standard con- 
centration (1 mM) of l-chioro-2,4-dinitrobenzene 
(Table 2). Cobalt protoporphyrin had no effect on 
this glutathione-S-transferase activity in the liver of 
either rats or hamsters. 

Effect of cobaltprotoporphyrin pretreatment on hep- 
atic levels of gl~tuth~o~e, ~~~~A, glycogen, and on 
blood glucose 

Administration of cobalt chloride to rats, mice, 
and hamsters is known to cause an increase in hepatic 
glutathione levels [ll-131. To determine whether 
cobalt protoporphyrin has a similar effect, hepatic 
glutathione levels were measured 72 hr after pre- 

Table 3. Effect of cobalt protoporphyrin pretreatment on hepatic glutathione, UDPGA. and glycogen 
and on blood glucose 

Treatment 

Hepatic Hepatic 
GSH UDPGA 
(mM) (nmol/g liver) 

Hepatic 
glycogen 

(mg/g liver) 

Blood 
glucose 
(mg/dJ) 

Hamster 
Control 7.10 r 0.21 210.1 f 2.5 60.7 t 4.0 90.8 + 10.5 
Cobalt protoporphyrin 7.11 2 0.30 221.9 + 10.1 42.6 Irr 4.7* 124.6? 15.9 

Rat 
Control 5.38 2 0.23 274.8 2 16.2 49.1 2 2.7 137.7 ? 2.7 
Cobalt protoporphyrin 4.75 + 0.35 177.0 2 11.7* 12.5 + 2.9” 86.4 i 11.2* 

Animals were pretreated with either cobalt protoporphyrin (hamster, 125 #mol/kg; rat, 90 pmol/ 
kg) or saline 72 hr prior to being killed. Hepatic GSH, UDPGA and glycogen, and blood glucose 
levels were determined as described under Materials and Methods. Values are means + SE, N = 4. 

* Significantly different from control animals, P < 0.05. 
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+ 116 Kd 

+ 97.4 
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Fig. 4. Effect of cobalt protoporphyrin on hepatic cytochrome P-450 apoprotein profile. Animals were 
pretreated with either cobalt protoporphyrin (rats, 90pmol/kg s.c.; hamsters, 125fimol/kg s.c.) or 
saline 72 hr prior to being killed, removal of liver, and preparation of hepatic microsomal fractions. 
Microsomal protein (20 pgg; lane 1, control rat; lane 2, cobalt protoporphyrin rat; lane 3, control hamster; 
lane 4, cobalt protoporphyrin hamster) was separated by SDS-PAGE, and the apoprotein profile was 

visualized by staining with Coomassie blue. 

treatment with cobalt protoporphyrin. Glutathione 
levels in livers of cobalt protoporphyrin treated ham- 
sters and rats were not different from their saline- 
treated controls (Table 3). As a positive control, 
a third group of hamsters received CoC12. 6H20 
(60 mg/kg, s.c). As expected, glutathione hepatic 
levels were elevated markedly in this group 
(12.78 & 0.75 mM; P < 0.05, N = 4, mean 2 SE) as 
compared to either control or cobalt protoporphyrin 
treated hamsters (Table 3). 

Determination of the effect of cobalt proto- 
porphyrin pretreatment on hepatic levels of UDPGA 
indicated that cobalt protoporphyrin had no effect 
on basal hepatic UDPGA levels in hamsters (Table 
3). However, in the rat, basal levels were decreased 
modestly (cu. 35%) (Table 3). It has been suggested 
that hepatic glycogen is the major source of glucose 
units for UDPGA synthesis and hence that levels of 
hepatic glycogen, in part, may regulate UDPGA 
availability [36]. Examination of the effect of cobalt 
protoporphyrin on hepatic glycogen stores indicated 

that levels of hepatic glycogen were reduced mod- 
estly, but significantly (cu. 30%), in hamsters, and 
reduced dramatically in the rat (cu. 75%) (Table 3). 
Blood glucose levels were not altered in the cobalt 
protoporphyrin treated hamster, but were decreased 
modestly (ca. 35%) into the low normal range in the 
rat (Table 3). 

Effect of cobaltprotoporphyrin pretreatment on cyto- 
chrome P-450 reductase and cytochrome bs 

The effect of cobalt protoporphyrin on the activity 
of cytochrome P-450 reductase in the hamster and 
rat is shown in Table 4. Cobalt protoporphyrin pre- 
treatment caused a modest, though statistically 
significant, decrease in cytochrome P-450 reductase 
activity in both the hamster (CL 25%) and the rat 
(cu. 44%). 

To examine the specificity of cobalt proto- 
porphyrin-dependent heme depletion for cyto- 
chrome P-450 as compared with the other major 
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Table 4. Effect of cobalt protoporphyrin pretreatment on hepatic micrusomal 
cytochrome P-450 reductase activity and cytochrome b5 levels 

Cytochrome Cytochrome 
P-450 reductase bf, 

nmol cyto. c reduced nmol 

Treatnient mg protein * min mg protein 

Hamster 
Control 174.0 ‘-c 16.2 0.315 t 0.023 
Cobalt proto~rphy~n 129.9 t 3.6* 0.312 f 0.046 

Rat 
Control 137.2 f 3.7* 0.402 * 0.046 
Cobalt protoporphyrin 76.8 + 2.2* 0.235 c 0.015* 

Animals received either cobalt protoporphyrin (hamster, 125 pmol/kg; rat, 
9O~mol/kg) or saline 72 hr prior to being killed. Microsomal fractions were 
isolated, and cytocbrome P-450 reductase activity and cytochrome b5 levels were 
determined as described under Materials and Methods. Values are means rt SE, 
N = 4. 

* Significantly different from control animals, P < 0.05. 

hepatic microsomal hemoprotein, the effect of cobalt 
protopo~hy~n on hepatic microsomal cytochrome 
b5 content was examined. Cobalt protopo~hy~n did 
not alter cytochrome b5 levels in the hamster but 
caused a significant decrease (cu. 40%) in the rat 
(Table 4). 

In vivo studies 

Antipyrine clearance. It is well known that anti- 

A. 

1 
\ Cantrol~ 

i \ r. 

pyrine is rapidly and completely absorbed following 
oral (or i.p.) administration; that it is distributed in 
total body water with negligible binding to tissue or 
plasma proteins; that it is almost completely metab- 
olized by the liver via a cytochrome P-450-dependent 
pathway with a low extraction ratio; and that it has 
negligible renal clearance [37]. Antipyrine has thus 
been widely used experimentally in viuo as an indi- 
cator of hepatic cytochrome P-450 dug-metabolizing 

Houra 

Fig. 5. Effect of cobalt protoporphyrin pretreatment on the systematic clearance of antipyrine. Animals 
received either cobalt protoporphyrin (0) (A, hamsters. 125 ,umol/kg; B, rats, 901.lmol/kg) or saline 
(0) 72 hr prior to administration of antipyrine (100 mg/kg i.p.) Plasma was collected at various 
times after administration of drug, and the antipyrine was extracted with dichloromethane:pentane 
(1: 1, v/v) and quantitated by HPLC as described under Materials and Methods. Values are means 2 SE, 

N = 4. 
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Table 5. Effect of cobalt protoporphyrin pretreatment on the elimination of acetaminophen and on the apparent rate 
constants (K’) for formation of acetaminophen metabolites in hamsters 

Apparent rate constants for metabolic formation 

(h%) 
K4 

(hr-I) 

Control 1.798 2 0.065 0.773 f 0.143 0.444 ? 0.161 0.298 2 0.072 0.119 2 0.017 0.021 f 0.005 
Cobalt 
protoporphyrin 1.302 -+ 0.102’ 0.721 + 0.040 0.344 + 0.057 0.132 2 O.Oll* 0.033 2 0.004* 0.013 5 0.004 

Hamsters received either cobalt protoporphyrin (125 ,umol/kg) or saline 72 hr prior to administration of 25 mg/kg 
[SH]acetaminophen (i.p.) and placed in individual metabolic cages. Serial blood samples and total urinary collections 
were obtained and used to calculate the kinetic parameters as previously described [34]. The apparent rate constant for 
formation of each metabolite was calculated as 6 x urinary metabolite fraction [25,34]. Values are means f SE, N = 4, 
of acetaminophen-glucuronide (Kb); acetaminophen sulfate (Kk); acetaminophen mercapturate (Kb); and the methyl- 
thio derivatives, methylthioacetaminophen glucuronide and methylthioacetaminophen sulfoxide (KhAG+SOX). KE = 
renal elimination rate constant. 

* Significantly different from control animals, P < 0.05. 

capacity (i.e. hepatic cytochrome P-450-dependent 
intrinsic clearance capacity). We examined the clear- 
ance of antipyrine in vivo to determine the effect of 
cobalt protoporphyrin on the hepatic cytochrome 
P-450-dependent clearance capacity in the intact 
animal (Fig. 5). The clearance of antipyrine was 
delayed 85% in the hamster (control, 
22.6 ? 1.3 ml.min-‘.kg-‘; cobalt protoporphyrin, 
3.3 & 0.2 ml * min-’ . kg-‘) and 77% in the rat (con- 
trol, 6.9 + 0.5; cobalt protoporphyrin, 1.6 f 0.1) fol- 
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Fig. 6. Effect of cobalt protoporphyrin on the blood half- 
life of acetaminophen in the hamster. Animals received 
either cobalt protoporphyrin (0) (90 pmol/kg s.c.) or saline 
(0) 72 hr prior to experimentation. Concentrations of 
acetaminophen were determined at various times after 
administration of [3H]acetaminophen (25 mg/kg i.p.) as 
previously described [34]. Values are means + SE, N = 4. 

lowing cobalt protoporphyrin pretreatment. These 
data indicate that hepatic cytochrome P-450-depen- 
dent intrinsic clearance capacity in vivo parallels 
cytochrome P-450 content as measured in vitro. 

Acetaminophen metabolism. Acetaminophen is 
cleared predominantly by phase II conjugative path- 
ways in humans and animals [38]. The activity of 
the various pathways in vivo can be examined by 
fractional metabolism analysis [39] in which the 
apparent rate constant (k’) for formation of a metab- 
olite is estimated by the product of the overall elim- 
ination rate constant (/3) of the parent compound 
and the urinary metabolite fraction. Ex erimentally, 
a low dose of acetaminophen (25 mg P kg) was used 
to test the specificity of cobalt protoporphyrin for 
the cytochrome P-450-dependent metabolic pathway 
versus the two major routes of elimination, glu- 
curonidation and sulfation. In hamsters given 
acetaminophen (25 mg/kg), cobalt protoporphyrin 
pretreatment resulted in a marked slowing of drug 
elimination as indicated by an approximate 30% 
decrease in /3 (Table 5; Fig. 6). This decrease 
was due to a statistically significant decrease in 
the apparent rate constant for formation of the 
hepatic cytochrome P-450-dependent metabolites 
acetaminophen mercapturate and the methylthio- 
derivatives (methylthioacetaminophen glucuronide 
and methylthioacetaminophen sulfoxide). The glu- 
curonidation and sulfation pathways were unaltered 
in the cobalt protoporphyrin pretreated animals. 

DISCUSSION 

The results of the present studies confirmed that 
cytochrome P-450 is decreased in rats by a single 
administration of cobalt protoporphyrin, in a dose- 
and time-dependent manner (Fig. 1) [14,40], and 
extended the observation to the hamster (Fig. 2). 
The depletion in both species was extensive (>80%) 
and long-lasting (>lO days), and was accompanied 
by major decreases in the cytochrome P-450-depen- 
dent metabolism of xenobiotics, as measured in iso- 
lated liver microsomes (Table 1). 

Of interest, Lineweaver-Burk analysis indicated 
that the pattern of inhibition of metabolism of all of 
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the type I substrates was non-competitive; that is, 
that the V,,, values were decreased whereas the Km 
values were unchanged. Non-competitive inhibition 
is consistent with decrease in the quantity of enzyme 
present in the microsomal membrane without change 
in the properties of the enzyme, especially the affinity 
of the enzyme for its substrate. Of particular interest, 
the decrease in cytochrome P-450 content and 
enzyme activity, as measured in the microsomal 
preparations in uitro, was matched by a decrease 
in the in uivo hepatic cytochrome P-450-dependent 
intrinsic clearance capacity, as determined by anti- 
pyrine clearance (Fig. 5). Collectively these data 
confirmed that cobalt protoporphyrin treatment of 
animals results in an extensive and long-lasting deple- 
tion of hepatic cytochrome P-450 and indicate that 
this depletion was reflected in loss of cytochrome P- 
450-dependent clearance of xenobiotic substances in 
uivo. 

In contrast to cobalt chloride [ll-131, cobalt pro- 
toporphyrin did not cause an increase in hepatic 
glutathione (Table 3). Further, cobalt protopor- 
phyrin did not increase hepatic UDP-glucuronyl- 
transferase or decrease hepatic phenolsulfo- 
transferase activities, as measured in vitro in liver 
cell fractions (Table 2). The specificity of cobalt proto- 
porphyrin for the cytochrome P-450-dependent path- 
way over these conjugative pathways was confirmed 
in hamsters given a low dose of acetaminophen 
(25 mg/kg) (Fig. 6, Table 5). At low dosage of drug, 
the apparent rate constants of formation of the 
metabolites (K’, Table 5) may be taken to approxi- 
mate the enzymic first-order rate constants (I’,,,,,/ 
K,,,) for the pathways. If the K,,, values are assumed 
not to alter in response to cobalt protoporphyrin, 
change in the apparent rate constants for metabolite 
formation may be taken to reflect the quantity of 
enzyme present in the liver. As shown in Table 5, 
cobalt protoporphyrin in pretreatment of the ham- 
sters caused a marked diminution of the cytochrome 
P-450-dependent activities (mercapturate and 
methylthiometabolite formation) and no change in 
the conjugative pathways (glucuronide and sulfate 
ester formation). Since glutathione levels in the liver 
(Table 3) and glutathione-S-transferase activity 
(Table 2) were unaffected by cobalt protoporphyrin, 
the diminution in mercapturate formation was 
unlikely to be related to a decreased capacity for 
conjugation ofthe reactive metabolite of acetamino- 
phen (NAPQI) with glutathione. 

However, cobalt protoporphyrin is clearly not 
without non-heme related effects in the liver. Hep- 
atic glycogen was depressed significantly in both rats 
and hamsters, and hepatic UDPGA and blood glu- 
cose were diminished in the rat (Table 3). This cluster 
of effects on glucose metabolism raises the possibility 
of an interaction between heme metabolism and 
glucose homeostasis. Additionally, cobalt proto- 
porphyrin is known to suppress weight gain in rats 
and to cause reduction in serum testosterone, thy- 
roxine and 3,4,5_triodiothyroxine levels [41]. While 
the mechanisms of these several effects are unknown, 
it is of interest that high carbohydrate diets are well 
known to suppress heme synthesis in acute inter- 
mittent porphyria patients [42] 

Examination of the specificity of cobalt proto- 

porphyrin for hepatic cytochrome P-450 versus other 
components of the monooxygenase system indicated 
that cobalt protoporphyrin pretreatment modestly 
decreased cytochrome P-450 reductase activity in 
hepatic microsomes from both species studied (Table 
4). Suppression of cytochrome P-450 reductase in 
rats by cobalt protoporphyrin has been reported 
previously by Cheeseman et al. [43]. It is well known 
that the activity of cytochrome P-450 reductase gre- 
atly exceeds the overall activity of the various micro- 
somal cytochrome P-450-dependent mixed-function 
oxidases (for example, compare the V,,,,, values of 
Table 1 with reductase activities of Table 4). Thus, 
it seems unlikely that the modest decrease in cyto- 
chrome P-450 reductase activity observed (Table 4) 
would play a significant role in the depression of 
cytochrome P-450-dependent metabolism. 

In agreement with earlier studies [14], weobserved 
a decrease in the content of cytochrome b, in the 
livers of rats pretreated 72 hr earlier with cobalt 
protoporphyrin. In contrast, the level of cytochrome 
b5 in hamster liver was unaffected, implying a slower 
turnover of hepatic cytochrome b5 in this species. 
The physiological significance of a decrease of cyto- 
chrome b5 in rat liver is unknown. 

As pointed out by Drummond and Kappas [14], 
the ability of cobalt protoporphyrin to cause exten- 
sive depletion of hepatic cytochrome P-450, and to 
maintain that depletion on a long-term basis, offers 
a variety of experimental uses. In addition to its 
utility in evaluating the role of cytochrome P-450 in 
the metabolic activation of drugs and other xeno- 
biotics to chemically reactive species [43], cobalt 
protoporphyrin has found use in assessment of the 
role of cytochrome P-450 in endogenous steroid hom- 
eostasis [15]. The present observations on the speci- 
ficity of cobalt protoporphyrin strongly support its 
use for metabolic studies. While its biological effects 
are clearly not restricted entirely to modulation of 
cytochrome P-450 levels and activities, its specificity 
is markedly superior to that of cobalt chloride [ll- 
131. Of importance, cobalt protoporphyrin appears 
to be significantly less toxic to the laboratory animals 
than cobalt chloride. In agreement with Drummond 
and Kappas [14], we observed that the cobalt proto- 
porphyrin treated animals did not gain weight at a 
rate similar to controls. However, the animals did 
not show the characteristic halt in feeding, the dra- 
matic hair and weight loss, and the general wasting 
that is seen with cobalt chloride treated animals. 
Hamsters tolerated the metalloporphyrin better than 
the rats with a mortality rate during the 3-day treat- 
ment regimen of about l-2% at 125 pmol/kg (with 
death usully occurring within the first 48 hr). In the 
rat, a mortality rate of 20% was observed in animals 
given 90pmol/kg. We have not further evaluated 
the effect of cobalt protoporphyrin administration 
on the pathophysiology of these animals. 

It is also of interest that the extent of reduction in 
cytochrome P-450-dependent microsomal metabolic 
activity (cu. 40-95%) did not always parallel the 
magnitude of cytochrome P-450 depletion (>80%). 
One possible explanation is that since the isozymes 
have been shown to turn over at different rates [44], 
depression of free cellular heme may result in a 
selective depletion of those isozymes which turn over 



Specificity of cobalt protoporphyrin for cytochrome P-450 2037 

most rapidly, leaving the slower turning over cyto- 
chrome P-450 isozymic species relatively intact. 
However, this possibility was not supported by the 
PAGE studies. Staining of the LDS-PAGE of micro- 
somal protein for heme (Fig. 3) indicated a gen- 
eralized loss of heme protein in preparations derived 
from cobalt protoporphyrin treated rats and ham- 
sters. The distribution of the residual heme in the 
heme-depleted preparations is not suggestive of a 
selective retention of specific isozymes of cytochrome 
P-450. 

Kappas and Drummond (11 have reported that, 4 
days after the administration of cobalt proto- 
porphyrin to rats, there is a noticeable diminution of 
protein in the 50-55 kD region of SDS-PAGE of 
hepatic microsomes, as indicated by visual inspection 
of Coomassie blue stained gels. They suggested that 
this loss of protein reflected a decrease in the 
amounts of the apoproteins of the cytochrome P- 
450 isozymes present in microsomes. In the present 
studies, we observed little or no loss of protein in 
the 48-55 kD range in Coomassie blue stained SDS- 
PAGE of liver microsomal preparations of rats and 
hamsters, as judged visually (Fig. 4), or by den- 
sitometric scans (Fig. 3). The reason for this apparent 
stabilization is unknown, but may be related to 
association of the cobalt protoporphyrin with the 
cytochrome P-450 apoproteins as has been observed 
with Pseudomonas putida cytochrome P-450 apo- 
protein [45]. Of interest, our data raise the possibility 
that treatment of rats and hamsters withcobalt proto- 
po~hy~n dissociates the control of heme synthesis 
from that of the synthesis of the cytochrome P- 
450 apoproteins in the liver. It follows that cobalt 
protoporphyrin treated rodents may represent highly 
useful experimental models for the study of the con- 
trol of cytochrome P-450 apoprotein synthesis and of 
the way this system may be influenced by exogenous 
heme. 

In summary; cobalt protopo~hyrin pretreatment 
dramatically reduced hepatic cytochrome P-450 
levels resulting in decreased cytochrome P-450- 
dependent metabolic activity in both species studied, 
as determined both in vitro and in vivo. The speci- 
ficity exhibited by cobalt protoporphyrin pretreat- 
ment for the hepatic cytochrome P-450 system 
relative to other phase I and phase II enzymes was 
notable both in vitro and in vivo. While cobalt pro- 
toporphyrin pretreatment modestly altered cyto- 
chrome b5 in the rat, and cytochrome P-45Ureductase 
in both the rat and the hamster, these effects 
appeared to be inconsequential relative to the effect 
on hepatic cytochrome P-450. Of particular interest, 
cobalt protoporphyrin pretreatment had no effect on 
hepatic UDP-glucuronyitransferase, phenolsulfo- 
transferase, and glutathione-S-transferase deter- 
mined in vitro in either species studied. This speci- 
ficity was supported by in vivo metabolic studies on 
acetaminophen in the hamster. Cobalt protopor- 
phyrin pretreatment reduced acetaminophen 
(25 mg/kg) metabolism via the cytochrome P-450- 
dependent pathway specifically; there was no effect 
on either acetaminophen sulfation or glucuron- 
idation. 
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