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Abstract---Cobalt-protoporphyrin treatment disrupts cytochrome P-450-centered drug metabolism and 
is known to decrease significantly the cytochrome P-450 content of the liver. This study assesses further 
the correlations between biochemical and functional changes induced by Co-protoporphyrin. Specifically, 
it confirmed the fall in cytochrome P-450 levels in liver and demonstrated that both NADPH-cytochrome 
P-450 reductase and NADH-cytochrome b5 reductase activities decreased in a dose-dependent manner, 
albeit to a lesser degree, upon Co-protoporphyrin administration. Furthermore, plasma clearance of 
the marker drug aminopyrine fell off abruptly with a minimal decrease in cytochrome P-450 content, 
and then monotonically with its further depletion. Both aminopyrine and caffeine demethylation, as 
measured by the amount of radiolabeled CO2 exhaled, also decreased with diminishing cytochrome P- 
450 content. With aminopyrine the decrease was abrupt but with caffeine biphasic, consistent with 
preferential isozyme depletion. The drop in oxidative drug metabolism measured by these two in vivo 
techniques occurred in the absence of organellar damage to hepatocytes, as observed by electron 
microscopy. In vitro studies of aminopyrine metabolism in microsomes prepared from rats with and 
without Co-protoporphyrin injection proved to be consistent with the in vivo studies. Moreover 
aminopyrine Vmax decreased and Km increased with decreasing cytochrome P-450 content, suggesting 
preferential isozyme depletion. Furthermore, the changes in aminopyrine intrinsic clearance predicted 
by the in vitro Vm,x and Km values agreed with those measured by in vioo plasma clearance. Taken 
together, these data suggest that Co-protoporphyrin treatment can be used to produce a model of altered 
cytochrom¢ P-450-centered drug metabolism, as measured consistently by several techniques. However, 
this model appears to be more complex than one involving nonspecific depletion of cytochrome P-450 
alone, and may be influenced also by concomitant changes in the electron transport chain or other 
aspects of hepatic metabolism. 

Cytochrome P-450 is the site of metabolism of many 
drugs. This biotransformation can be critical to drug 
elimination, although alteration to more toxic metab- 
olites may also occur. Drug modification is depen- 
dent on the transfer of electrons from NADPH (and 
NADH) through NADPH-cytochrome P-450 
reductase (and NADH--cytochrome b5 reductase/ 
cytochrome bs) to cytochrome P-450 as well as on 
the transport and binding of the drug to cytochrome 
P-450. Indeed, cytochrome P-450-centered drug 
metabolism involves a series of steps, depending not 
only on cytochrome P-450, but also on the presence 
and redox state of members of the electron transport 
chain. The redox state of the electron transport 
chain, in turn, depends significantly on the avail- 
ability of hepatic reducing equivalents. 
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The effects of inorganic C o  2+ o n  the liver have 
been studied extensively [1-5]. Subcutaneous injec- 
tions cause a decrease in microsomal cytochrome P- 
450 and heme content as well as a decrease in N- 
demethylation of ethylmorphine. Furthermore, 
there is an increase in heme oxygenase activity and 
an initial inhibition followed by a rebound in 6- 
aminolevulinate synthase activities. The former is 
the rate-limiting enzyme in hepatic heme degra- 
dation and the latter the rate-limiting enzyme in 
heme sythesis. These changes occur rapidly after 
Co 2÷ injection; however, the above-mentioned pa- 
rameters return to normal within 72 hr. Further- 
more, the dose of Co 2÷ needed to induce significant 
changes in the cytochrome P-450 content has been 
reported to produce no apparent change in the 
NADPH-cytochrome P-450 reductase activity [2, 4]. 

The effects of inorganic Co 2÷ are less substantial 
and protracted than those produced by Co-proto¶ 
injections [6, 7]. One dose of Co-proto (125/tmol/ 
kg) can decrease microsomal cytochrome P-450 con- 
tent to approximately 25% of normal where it 
remains for about 10 days. The microsomal heme 
content and N-demethylase activity drop to about 50 
and 10% of control respectively. The heme oxy- 
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genase activity is enhanced but, in contrast to inor- 
ganic Co 2+, the 6-aminolevulinate synthase activity 
is decreased. This combination, along with the 
inability of the heme oxygenase system to metabolize 
Co-proto [8], is probably related to the severity of the 
cytochrome P-450 depletion. This severe, prolonged 
depletion has led Drummond and Kappas [6] to 
suggest that the Co-proto-treated animal can provide 
a valuable model for examining cytochrome P-450- 
dependent drug metabolism. 

This study addresses more extensively the poten- 
tial use of the Co-proto-treated rat as a model of 
altered cytochrome P-450-centered drug metabolism 
by correlating liver cytochrome P-450 levels and 
other aspects of cytochrome P-450 function with 
well-established measurements of hepatic function. 
The techniques used were: (1) aminopyrine plasma 
clearance, (2) the aminopyrine and caffeine "breath 
tests," which noninvasively quantitate drug 
demethylation of these substrates through CO2 
exhaled, and (3) in vitro enzyme kinetics of amino- 
pyrine demethylation through formaldehyde for- 
mation. These different measurements complement 
each other and give a more nearly complete picture 
of the effects of Co-proto on drug modification and 
elimination. 

MATERIALS AND METHODS 

Animals. Male Sprague-Dawley rats of approxi- 
mately 275 g were purchased from Harlan Sprague- 
Dawley Inc., Indianapolis, IN. The animals were fed 
standard Purina 5015 rat chow diet and allowed at 
least 1 week for acclimation to local conditions. 

Co-proto preparation and injections. Co-proto 
(Porphyrin Products, Logan, UT)  solutions were 
prepared by dissolving the reagent in 0.1 N NaOH, 
then titrating to neutral pH with 0.1N HCI, and 
lastly bringing to volume with 0.9% NaC1. These 
solutions were prepared immediately before injec- 
tion. Rats were injected subcutaneously with doses 
ranging downward from 60 gmol/kg rat weight, and 
the control animals were injected with an equivalent 
volume of 0.9% NaC1. Drug elimination and enzyme 
activity studies were performed 72 hr after the single 
dose of Co-proto. Food and water were provided ad 
lib. until 12 hr before each study, and at this time 
food was removed. 

Plasma clearance and aminopyrine quantification. 
Animals were prepared for plasma clearance deter- 
mination 24 hr after Co-proto or NaCI injections by 
catheterization of the jugular vein with PE 50 tubing 
under ether anesthetic. The tubing exited at the back 
of the neck and was heparinized to maintain patency. 
The animals were allowed 48 hr to recover before 
beginning plasma clearance studies through adminis- 
tration by catheter of a 50 mg aminopyrine/ml 0.9% 
NaCl solution at 30 mg/kg rat weight. This delayed 
procedure was used to avoid any ether-induced 
effects on drug clearance [9]. Blood was collected 
serially from the tail vein in 10 equally timed samples, 
each of 150/~1, over a period of 150 min. The samples 
were made basic by addition of sodium borate, 
extracted into an organic mixture (95% chloroform/ 
5% propanol), and evaporated to dryness. The resi- 
due was dissolved in the mobile phase (10% 

acetonitrile/4% acetic acid/86% H20),  and the 
aminopyrine concentration was determined by 
HPLC (Waters Associates, Milford, MA) using a/z 
Bondapak C18 column at a flow rate of 2 ml/min. 
The chromatography was performed isocratically 
with the elutant monitored at 254 nm using a Waters 
440 absorbance detector. Samples were area-ratio 
integrated to determine aminopyrine concentration. 

The time course of the removal of aminopyrine 
from plasma was analyzed by first determining the 
elimination half-life, tl/2 (fl), from the latter (0.2 to 
3 hr) portion of the data by linear regression of the 
logarithm of the plasma concentration versus time 
curve. The aminopyrine plasma clearance (C O was 
obtained using the trapezoidal rule where Cl = dose/ 
area under plasma concentration curve extrapolated 
to infinity. The volume of distribution, Va, was cal- 
culated as Cliff. 

Aminopyrine and caffeine breath test with 14CO2 
quantification. Radiolabeled aminopyrine (Amer- 
sham, Arlington Heights, IL) was injected intra- 
peritoneally in 0.9% NaC1 (sp. act. 250/~Ci/140 ml) 
at 0.25 ml/200 g rat weight. Rats were housed indi- 
vidually in airtight restraining cages. Exhaled 14CO2 
was trapped by first drawing it through concentrated 
H2SO 4 to remove moisture and then through a scin- 
tillation vial containing 10 ml of 67% methanol/33% 
ethanolamine solution. Ten milliliters of ACS 
(Amersham) was added to each vial before quanti- 
fication using a Beckman LS 6800 liquid scintillation 
counter. The automatic external standardization pro- 
cedure was used to correct for quenching, and 10 ~tl 
of the radiolabeled NaC1 solution was used as stan- 
dard. The amount of eliminated 14CO 2 was expressed 
as the cumulative percent of the injected dose. 
Radiolabeled caffeine in 0.9% NaCI (sp. act. 
250~uCi/100 ml) was injected at 0.25 ml/200 g rat 
weight. Exhaled 14CO2 was trapped and quantitated 
as with the radiolabeled aminopyrine. Caffeine was 
labeled at the 1 position and aminopyrine at both 
methyl groups at the 5 position. 

Preparation of  microsomes. Animals were killed 
by decapitation without the use of anesthetics. Livers 
were removed and perfused with 50 ml of cold 0.9% 
NaCl via portal and hepatic veins until complete 
blanching occurred. The liver was minced and then 
homogenized in 5 vol. of 250mM sucrose/g liver 
weight using a glass/teflon homogenizer. The homo- 
genate was centrifuged at 8,000g for 15 min and 
the supernatant fraction at 19,000g for 15 min. The 
microsomal pellet was then isolated by ultra- 
centrifugation at 105,000g for 60min. The super- 
natant fraction and lipid were separated from the 
pellet, which was resuspended by hand using a glass/ 
teflon homogenizer in 50 mM Tris-HC1, pH 7.7 (at 
25°). The protein concentration was determined by 
the method of Lowry et al. [10] using bovine serum 
albumin as standard. 

Microsomal enzyme content and assays. The 
microsomal contents of cytochrome P-450 and cyto- 
chrome b5 were determined by optical difference 
spectroscopy using an Aminco-Chance DW2 
spectrophotometer in split beam mode. The content 
of cytochrome b5 was determined using NADH- 
reduced microsomes and A e =  185/mM/cm as 
described by Estabrook and Werringloer [11]. After 
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obtaining the cytochrome b5 spectrum, microsomes 
from both cuvettes were mixed, bubbled with CO 
for 30 sec, and again divided into two cuvettes. After  
obtaining a baseline, dithionite was added to the 
sample cuvette and from the difference spectrum the 
cytochrome P-450 content was calculated using Ae 
(510 nm-450 nm) = 100/mM/cm. 

The aminopyrine N-demethylase activity was 
determined according to the method of Litterst et al. 
[12] with the slight modifications described below. 
The formaldehyde produced was quantified by the 
method of Nash [13]. Briefly, demethylation was 
initiated by adding microsomes (1-3 mg/ml) to a 
reaction mixture containing aminopyrine varied 
from 0.66 to 25.0mM, the regenerating system 
(1 mM NADP +, 10 mM glucose-6-phosphate, 5 mM 
MgC12, and 2 units of glucose-6-phosphate dehydro- 
genase), and 100 mM Tris-HCl,  pH 7.4 (at 37°), 
to a final volume of 3.0ml. Glucose-6-phosphate 
dehydrogenase and its substrate were obtained from 
the Sigma Chemical Co., St. Louis, MO. The reac- 
tion mixture was incubated at 37 ° in a shaking water 
bath, and formaldehyde formation was found to be 
linear at low and high aminopyrine concentrations 
in both Co-proto and untreated animals for at least 
20 min. Formaldehyde formation was stopped with 
10% trichloroacetic acid, and the solution was centri- 
fuged. The formaldehyde concentration of the super- 
natant fraction was quantitated with addition of 
acetylacetone and ammonia. Standard curves with 
formaldehyde stock were produced for each set of 
animals. The values of maximum velocity (Vmax) and 
the apparent Michaelis constant (Kin) were deter- 
mined first through Hanes plots, and then with 
greater acctaracy through a modified interactive non- 
linear regression computer program with pro- 
portional weighing of the standard deviation [14]. 

NADPH-cytochrome P-450 reductase ( N A D P H -  
cytochrome c reductase) activity was measured as 
described by Williams and Kamin [15] with addition 
of N A D P H  by following the increase at 550 nm of 
cytochrome c with Ae = 21/mM/cm. A similar pro- 
cedure was followed with N A D H  to quantitate 
NADH-cytochrome b5 reductase activity. The cyto- 
chrome c and substrates were purchased from the 
Sigma Chemical Co. 

Electron microscopy. Rat liver slices from control 
and Co-proto-treated animals were fixed in 3% 
glutaraldehyde in 100 mM cacodylate buffer. Tissue 
was post-fixed in osmium tetroxide, inbloc stained 
with uranyl acetate, dehydrated in ethanol, and 
embedded in Spurr (Electron Microscopy Sciences, 
Fort Washington, PA).  Thin sections were stained 
with lead citrate and uranyl acetate, and were viewed 
in two sets of animals in a coded (blinded) fashion 
with a Hitachi H-600 transmission electron micro- 
scope. 

Statistical analysis. Measurements are expressed 
as the mean -+ the standard error of the mean (SE). 
Student's t-test was used to compare differences in 
means, and a P < 0.05 (two-tailed) was accepted as 
significant. 

RESULTS 

Enzyme content and activity. Figure 1A shows the 

dose-dependent decrease in microsomal cytochrome 
P-450 content at 72 hr after a single Co-proto injec- 
tion. The rate of decrease with dose was greater at 
lower Co-proto doses than with larger doses. Table 
1 gives the mean decrease at doses of 15, 30 and 
60/~mol/kg rat weight with the appropriate statistical 
analyses. The cytochrome P-450 content at the 
highest dose was decreased to approximately 30% 
of that found with control animals in agreement with 
the report by Drummond and Kappas [6], i.e. 25% 
of control values with a Co-proto dose of 125/~mol/ 
kg. In the present study a dose greater than 60 ~tmol/ 
kg rat weight caused pronounced debility and 
occasional death, and little additional decrease in 
cytochrome P-450 content was achieved with the 
higher dose. There was no consistent, significant 
change in total liver microsomal protein with Co- 
proto administration. The cytochrome b5 content 
(Fig. 1B, Table 1) fell to approximately 70% of 
control which is significantly less than the decrease 
in cytochrome P-450 and in line with that reported 
previously (66% at 125/~mol/kg dose) [6]. 

Both the NADPH-cytochrome P-450 reductase 
(Fig. 1C) and NADPH-cytochrome b 5 reductase 
(Fig. 1D) activities fell in a dose-dependent manner 
in response to Co-proto treatment. Injection of 
60/~mol/kg rat weight decreased these activities to 
approximately 45 and 50% of control values respec- 
tively (Table 1). The NADPH--cytochrome P-450 
reductase activity remaining is in line with the 44% 
reported by Kirkun and Cederbaum [16] but is 
greater than the 22% of Cheeseman et al. [17]. As 
with cytochrome P-450, a greater rate of decrease 
with dose occurred at lower Co-proto doses than 
with larger doses. 

Plasma aminopyrine elimination. The plasma elim- 
ination of the marker drug aminopyrine was sup- 
pressed markedly by Co-proto injections. Table 2 
shows that at a dose of 60/~mol/kg rat weight the 
plasma clearance (Cl) decreased to 21% of control 
and half-life (tl/e) increased proportionally, i.e. 
about 4-fold. As one would expect for that ratio, 
there was no statistically significant change in the 
volume of distribution (Vd). Figure 2 expresses the 
aminopyrine plasma clearance as a function of 
decrease in cytochrome P-450 content. It shows a 
large decrease in clearance (536 to about 300 ml/hr) 
with only a 10% (or less) decrease in cytochrome P- 
450 content followed by a linear clearance decrease 
as cytochrome P-450 content fell from 90 to 20% of 
control. The extrapolated clearance fell approxi- 
mately to zero at a projected total absence of cyto- 
chrome P-450. 

Aminopyrine and caffeine breath tests. The cumu- 
lative 14CO2 exhaled (after administration of trace 
doses of radiolabeled aminopyrine or caffeine) was 
depressed significantly after Co-proto injections. 
Figure 3A shows the abrupt decrease in cumulative 
14CO2 exhaled through 45 min from the marker drug 
aminopyrine, expressed as percent of control, as a 
function of decreasing cytochrome P-450 content. 
Approximately 17% of the injected dose was exhaled 
from the control animals over this period of time, 
and the cumulative a4CO2 exhaled versus time for 
both controls and treated animals remained linear 
(data not shown). For the marker drug caffeine, Fig. 
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Fig. 1. Effect of a single Co-proto injection on cytochrome P-450 content (A), cytochrome b5 content 
(B), NADPH-cytochrome P-450 reductase activity (C), and NADH--cytochrome b5 reductase activity 
(D) in liver microsomes. Animals were injected with various amounts of Co-proto 72 hr prior to being 

killed, and each point represents one animal. 

Table 1. Decrease in enzyme content and activity after cobalt-protoporphyrin (Co-proto) administration 

Co-proto 
injection 
(/~mol/kg 

rat weight) 
Cytochrome P-450 Cytochrome b5 

(nmol/mg microsomal protein) 

NADPH-Cytochrome P-450 NADH-Cytochrome b5 
reductase reductase 
(nmol/min. mg microsomal protein) 

0 0.671 ± 0.020 (25) 0.367 ± 0.013 (30) 
15 0.340 ± 0.034* (19) 0.300± 0.013" (22) 
30 0.254 ± 0.070* (5) 
60 0.192 ± 0.018" (21) 0.259 ± 0.012" (26) 

37.9 ± 3.0 (8) 549 ± 48 (5) 
19.4 ± 3.4f (6) 335 ± 43f (3) 
20.0 ± 2.5f (2) 
17.6 ± 1.9" (6) 287 ± 99t (3) 

Values are means -+ SE, with the number of animals per group given in parentheses. 
* P < 0.01. 
f P < 0.05. 

Table 2. Aminopyrine clearance after cobalt-protoporphyrin (Co-proto) administration 

Cl (ml/hr) tl/2 (min) Vd (ml/kg) 

Control (8) 536 - 33 18.9 - 0.7 797 ± 50 
Co-proto dose of 

60/~mol/kg rat weight (6) 114 -+ 20* 79.2 -+ 7.2* 646 -+ 67t 

Values are means ± SE, with the number of animals per group given in parentheses. 
* P < 0.001. 
? P = 0.090. 

3B shows that the decrease in cumulat ive 14CO2 
exhaled through 45 min was more  gradual with non- 
linearity. In the controls only about  1.6% of the 
injected caffeine was exhaled over  this period of  
time, and the cumulat ive 14COe exhaled versus t ime 
remained linear for all animals up until 150 min. 

Because of  the small amount  of  14CO2 evolved 

from caffeine over  45 min, the cumulative 14CO2 
exhaled over  150 min was also quanti tated,  as given 
in Fig. 3C. This response was more clearly biphasic 
and distinct f rom that of aminopyrine.  Only 7.2% of 
the injected caffeine was exhaled over  150 min. The  
cumulative 14CO2 exhaled through 150min from 
aminopyrine demethylat ion was not included in Fig. 
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3 because the cumulative 14CO2 exhaled versus time 
was nonlinear after 45 min. An  average of 32% of the 
injected dose of aminopyrine was exhaled through 
150 min in the controls, and this may correspond to 
as much as 64% of the injected aminopyfine being 
metabolized since the amount of radiolabeled carbon 
lost to other metabolic pathways can be as much 
as  50% [18]. This severe substrate depletion likely 
causes deviation from linearity and makes the shape 
of the cumulative 14CO2 versus cytochrome P-450 
depletion curve dependent  upon the time of z4CO2 
accumulation for times greater than 45 min. Along 
these lines, a depressed rate of transfer of labeled 
carbon between metabolic pools could potentially 
depress 14CO2 evolution independent of demethyl- 
ation by cytochrome P-450. However,  no consistent, 
statistically significant alteration of 14CO2 evolution 
from an injection of radiolabeled formate was 
observed following Co-proto treatment sufficient to 
depress cytochrome P-450 markedly, and hence no 
adjustment for this was included. 

Kinetics of in vitro aminopyrine metabolism. 
Panels A and B of Fig. 4 show that the Vm~ and Km 
of aminopyrine demethylation by liver microsomes 
were altered by prior in vivo Co-proto treatment.  
There was a monotonic decrease in Vmax from 
4.9 nmol /min-mg at 100% cytochrome P-450 con- 
tent to 1.3 nmol/min- mg at 20%, a decrease to 27% 
of control. The variation in Vm~ lessened with from 
60 to 20% of the control level of cytochrome P-450 
remaining, and the extrapolated decrease in Vr~  
approximated zero at a projected total absence of 
the enzyme. Although not as clearly monotonic as 
the Vm~, the Km increased from 1.1 to 3.1 mM over 
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Fig. 3. Correlation between cumulative 14CO2 exhaled 
(demethylation) and Co-proto-induced decrease in micro- 
somal cytochrome P-450 content. Radiolabeled amino- 
pyrine (A) and caffeine (B) were injected intraperitoneally, 
and the cumulative amount of t4CO2 exhaled in 45 min w a s  
quantitated by liquid scintillation and expressed as percent 
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Fig. 4. Relationship of the Vmax (A) and K m (B) of amino- 
pyrine N-demethylation to Co-proto-induced decrease in 

microsomal cytochrome P-450 content. 

the decrease in cytochrome P-450 content. This was 
a Km increase of about 270%. 

Electron microscopy of  liver tissues. Because drug 
elimination could be impaired significantly by tissue 
damage instead of depletion of a particularly enzyme 
or enzymes, tissue integrity was assessed by electron 
and light microscopy. No difference between liver 
sections from these animals was found, as seen in Fig. 
5 (top and bottom panels), although a morphometric 
analysis was not carried out. Specifically, the smooth 
endoplasmic reticulum and mitochondria showed no 
evidence of damage, implying that the tissue was 
viable and not hypoxic. Similarly, no morphological 
changes were observed by light microscopy. 

D I S C U S S I O N  

A more detailed understanding of depressed oxi- 
dative drug metabolism, whether caused by liver 
disease, reversible inhibition of cytochrome P-450 by 
drugs (i.e. cimetidine), or destruction of cytochrome 
P-450 by hepatotoxins, is clearly important. Pros- 
pects for this were enhanced when Drummond and 
Kappas [6], using a series of in vitro measurements, 
proposed the Co-proto-treated rat as a model for 
cytochrome P-450-centered hepatic dysfunction. The 

present study expands our understanding of the 
model in four ways. First, it extends the model of 
Drummond and Kappas from the level of in vitro 
enzyme assays to that of the whole animal by quanti- 
fying important Co-proto-induced changes in in vivo 
drug elimination measured by plasma clearance and 
the breath test. Second, it broadens the model by 
showing dose-dependent in vitro changes in electron 
donor activities crucial to the mixed-function oxidase 
system as well as in vitro changes in cytochrome P- 
450 enzyme kinetics. Third, this study correlates Co- 
proto-induced changes at the in vitro level with those 
observed in vivo. Finally, it evaluates critically the 
potential use of the Co-proto-treated rat as a model 
for cytochrome P-450-centered hepatic dysfunction. 

The most pharmacologically important measure of 
drug elimination, the in vivo plasma clearance, was 
reduced by Co-proto treatment. The clearance of 
the marker drug aminopyrine, after an initial abrupt 
drop, decreased linearly with depletion of hepatic 
cytochrome P-450 and extrapolated approximately 
to zero clearance at total absence of the enzyme. 
The linear extrapolation is important because it 
shows that elimination does not terminate prior to 
cytochrome P-450 depletion and implies that no 
residual aminopyrine elimination should remain 
after such depletion. Early termination would sug- 
gest that cytochrome P-450 content was not a limiting 
factor in the model, and late termination could 
involve other pathways of aminopyrine elimination. 
Either factor would limit the usefulness of the model, 
which implies after the initial drop a 1 : i relationship 
between cytochrome P-450 destruction and in vivo 
inability to remove aminopyrine. This interpretation 
refers to total cytochrome P-450 at this point and not 
to its isozymes which may have differential affinity 
for the drug. 

The initial 40% drop in aminopyrine plasma clear- 
ance with only 10% cytochrome P-450 depletion is 
puzzling and may be due to several effects. Co-proto 
treatment may preferentially and potently deplete 
an isozyme(s) of cytochrome P-450 that accounts 
for a large percent of aminopyrine demethylation. 
Alternatively metabolic factors outside the mixed- 
function oxidase system, such as the redox state of 
the liver, could be changed significantly by Co-proto 
and cause depressed oxidative drug metabolism 
[19, 20]. Also serum testosterone, thyroxine and 
3,5,3'-triiodothyronine levels are decreased by Co- 
proto treatment without reciprocal elevations in 
either serum lutinizing hormone or thyroid-stimu- 
lating hormone [21, 22]. These changes imply endo- 
crine alterations and suggest secondary effects on 
drug metabolism. Finally, although less likely with 
the low extraction ratio drug aminopyrine, intra- 
hepatic circulatory changes could occur that depress 
drug clearance [23]. Alterations in metabolism or 
the endocrine system are more likely with the higher 
doses of Co-proto [22] as might also be expected for 
circulatory changes. In connection with the latter, 
electron and light microscopy have detected no 
organellar structural or histologic differences 
between control animals and those given the highest 
dose of Co-proto. However, the breath test data 
suggest that preferential isozyme depletion may 
account for the initial drop in aminopyrine plasma 
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Fig. 5. Transmission electron micrographs of liver sections of control (top panel) and Co-proto-treated 
rats (bottom panel) at 72 hr post injection. Rats were injected with either 60 #mol Co-proto/kg rat 
weight or with saline. Magnification of 15,000x shows evenly dispersed chromatin, prominent smooth 

endoplasmic reticulum and mitochondria. No abnormalities are evident in either micrograph. 
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clearance since there is evidence [24, 25] that amino- 
pyrine and caffeine are preferentially metabolized 
by different cytochrome P-450 isozymes. Specifically, 
the most straightforward interpretation of the breath 
test is that Co-proto treatment preferentially and 
potently depletes the cytochrome P-450 isozyme(s) 
responsible for aminopyrine modification with the 
first 10% of the cytochrome P-450 depletion, but 
depletes that involved in caffeine modification with 
the first 50% of depletion of the cytochrome. 
Involvement of apoprotein levels is implicated 
because heme is a positive modulator of cytochrome 
P-450 gene transcription [26], and Co-proto treat- 
ment decreases the amount of several cytochrome 
P-450 isozymes as visualized by gel electrophoresis 
of liver microsomes [27]. Still, other processes may 
also be involved, since aminopyrine undergoes two 
demethylations, each removing a labeled carbon, 
while the single labeled carbon on caffeine can be 
removed from either caffeine or one of its metab- 
olites [28]. Taken together, these results imply gen- 
eral agreement between both in v ivo  measures of 
drug elimination and suggest that the model of the 
Co-proto-treated rat of necessity should incorporate 
preferential isozyme depletion. Along these lines, 
it is reasonable to speculate that the differential 
suppression of 14CO2 evolution between amino- 
pyrine and caffeine may also be linked to nonspecific 
isozyme depletion along with induction of a specific 
isozyme(s). Normal cytochrome P-450 turnover is 
relatively rapid [29, 30], and significant induction 
of total cytochrome P-450 [31] as well as specific 
isozymes [32] may occur within the 72 hr that elapse 
between Co-proto injection and study of these ani- 
mals. 

Additional evidence for preferential cytochrome 
P-450 isozyme depletion is provided by in vitro 
enzyme kinetics of aminopyrine demethylation. 
Alterations of Vmax and Km of a particular substrate 
can often be explained by shifts in the isozyme distri- 
bution [24, 25, 33-36]. The present study shows a~n 
approximately 4-fold decrease in the Vmax and 3-fold 
increase in the K,, of formaldehyde formation from 
aminopyrine demethylation as hepatic cytochrome 
P-450 was depleted by Co-proto, and both changes 
were as expected for a decrease in cytochrome P- 
450-centered drug metabolism. The decrease in Vmax 
was almost totally accounted for by the 70% decrease 
in cytochrome P-450 content, and Vmax extrapolated 
approximately to zero with complete absence of cyto- 
chrome P-450. This provides a direct connection 
between cytochrome P-450 destruction and the in 
vitro inability to metabolize aminopyrine, and is 
consistent with the decrease found in aminopyrine 
plasma clearance. The increase in Km suggests a shift 
in the isozyme distribution with Co-proto-induced 
cytochrome P-450 depletion since the Km is known 
to be isozyme dependent [25, 37]. 

Even more significant to this study is the alteration 
in plasma clearance predicted by Co-proto-induced 
changes in Vmax and K,,. For drugs of low extraction 
ratio (like aminopyrine) where plasma clearance is 
not flow limited, others have shown [38, 39] that 
the in v ivo  plasma clearance can be mathematically 
related to the Vma~ and Km values determined by 
in vitro enzyme kinetics. Specifically, the plasma 
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Fig. 6. Variation of intrinsic clearance with Co-proto- 
induced decrease in microsomal cytochrome P-450 content. 
Intrinsic clearance was calculated using the formula in the 
text with Vmax and K,, values obtained by averaging all 
points within intervals of cytochrome P-450 content, e.g. 

20 ± 5%, 30 ± 5%, etc., in Fig. 4, A and B. 

clearance is directly proportional to the intrinsic 
clearance (Cliet) given by 

Vreax 
C / i n  t - K,, + [drug] 

where the drug concentration is in the liver water. 
In this study, the initial (maximal) aminopyrine con- 
centration calculated from peak plasma levels was 
0.25 mM, and with 30% of the drug bound to albumin 
[40], it can be estimated as 0.18mM in the liver 
water. Figure 6 shows the variation in the intrinsic 
clearance (as Co-proto causes cytochrome P-450 
depletion) calculated with the measured Vmax and 
K,, values substituted into the equation given above. 
The intrinsic clearance drops by 40% with depletion 
of the first 10% of cytochrome P-450 and linearly 
thereafter. This behavior is strikingly similar to that 
found with aminopyrine plasma clearance in Fig. 2 
and suggests that both responses to cytochrome P- 
450 depletion have the same underlying mechanism. 
Furthermore, these proportional responses have 
three other implications. First, alterations in the 
cytochrome P-450 Vmax and K,, values are sufficient 
to explain the Co-proto-induced drop in hepatic 
clearance; neither lack of hepatic reducing equiv- 
alents nor circulatory changes are required. Second, 
the proportionality is consistent with the decrease in 
plasma clearance originating with preferential deple- 
tion of cytochrome P-450 isozymes caused by Co- 
proto injection. This result is the same as that sug- 
gested by the breath test. However, other factors, 
such as Co-proto-induced changes in phospholipid 
concentration and/or identity, may contribute to 
alteration in cytochrome P-450 enzyme kinetics with- 
out alteration of the isozyme distribution [41] (see 
below). Furthermore, Co-proto can incorporate into 
apocytochrome P-450 rendering it catalytically inac- 
tive [42], and this may not be uniformly distributed 
among isozymes. Third, the Co-proto-treated rat 
could provide further testing of mathematical models 
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that relate the parameters of in vitro enzyme kinetics 
to those of in v ivo  drug clearance and possibly the 
breath test. 

Co-proto treatment decreased in a dose-depen- 
dent manner not only the cytochrome P-450 content 
of liver microsomes but also the cytochrome b 5 con- 
tent as well as the NADPH-cytochrome P-450 
reductase and NADH-cy tochrome b5 reductase 
activities. This involvement of other members of 
the electron transport chain has several potential 
consequences. The ratio of NADPH-cytochrome P- 
450 reductase:cytochrome P-450 is about 1 : 15 [43], 
which, along with the other functions of the former, 
magnifies the importance of its Co-proto-induced 
loss. Heme oxygenase requires NADPH-cy to -  
chrome P-450 reductase for heme catabolism [44], 
and the decr6ased reductase activity may affect the 
partitioning of reducing equivalents between cyto- 
chrome P-450 and heme oxygenase. Also N A D P H -  
cytochrome P-450 reductase itself can catabolize 
heme [45]. Furthermore,  NADH-cytochrome b5 
reductase and cytochrome bs, in addition to their 
function in drug metabolism, are crucial to fatty acid 
and steroyl desaturase activities as well as fatty acid 
elongation [46]. Inhibition of these activities may 
have secondary structural and therefore functional 
consequences [41,47, 48]. Indeed, such structural 
changes may occur within the time frame of this study 
[49] and could increase with longer investigations 
employing the Co-proto-treated animals. Taken 
together, these complex interrelationships empha- 
size the importance of changes in all members of the 
electron transport chain and of potential changes in 
the phospholipids induced by Co-proto treatment. 

This study of the Co-proto-treated rat supports its 
use as a model of cytochrome P-450-centered hepatic 
dysfunction and thus warrants a critical discussion of 
its application. The Co-proto-induced changes in the 
aminopyrine breath test appear  to parallel those 
in plasma clearance, but the high baseline 14CO2 
evolution with both aminopyrine and caffeine makes 
this less clear. Indeed, cumulative 14CO2 exhaled did 
not clearly extrapolate toward zero with decreasing 
cytochrome P-450 content as was found with other 
measures of hepatic metabolism. The breath test 
depends importantly not only on the mixed-function 
oxidase system but also on oxidation of multiple CO2 
precursors which are in equilibrium with multiple 
metabolic pools [18, 28]. Furthermore,  there is evi- 
dence for extrahepatic drug demethylation [50]. 
Thus, there may be kinetic as well as extrahepatic 
contributions to the high baseline. Still, many reports 
[24, 50] suggest that the breath test may be a good 
measure of plasma clearance, and thus the breath 
test may be a marker  of drug metabolism in the 
Co-proto-treated rat. Another  potential weakness, 
especially if the Co-proto-treated animal is to be 
used in mathematical models mentioned previously, 
is that the linear decline in the intrinsic clearance 
extrapolates to zero at about 10% cytochrome P-450 
remaining, whereas the plasma clearance extrapo- 
lates approximately to zero at total absence of this 
enzyme. However, considering the approximations 
and averaging used to construct Fig. 6, this diver- 
gence is not unexpected. Finally, it is difficult to 
prove unequivocally that the alterations in drug 

metabolism are due exclusively to changes in the 
distribution of cytochrome P-450 isozymes because 
electrons enter the in vitro aminopyrine demethylase 
assay at the level of NADPH-cytochrome P-450 
reductase, which itself is decreased by Co-proto. 
Quantification of the cytochrome P-450 isozyme 
distribution after Co-proto treatment would help to 
clarify this problem. In any event, the predominance 
of a particular isozyme might be desired in certain 
applications of the Co-proto-treated rat model, and 
pentobarbital or 3-methylcholanthrene induction in 
combination with or prior to Co-proto-induced cyto- 
chrome P-450 depletion may prove useful in defining/ 
adjusting the isozyme distribution. In summary, the 
Co-proto-treated rat should provide enhanced 
understanding of cytochrome P-450-centered hepatic 
dysfunction. However, the model should be used 
with the understanding that Co-proto apparently 
alters the cytochrome P-450 isozyme distribution as it 
depletes cytochrome P-450, and experimental results 
should be interpreted within a broad framework 
of potential contributions from sources other than 
changes in this enzyme alone. 
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