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Abstract. Although impaired heme synthesis during copper deficiency may limit the 
production and function of hemoproteins, little is known about the effects of copper 
deficiency on the cytochromes P450, an important family of hemoproteins, in the 
small intestine. A series of experiments was conducted to examine the effects of 
copper deficiency on cytochrome P450 content, ethoxyresorufin-O-deethylase 
(EROD) activity, and NADPH-cytochrome P450 reductase activity in rat small Intestine. 
Sixteen hours after a single oral administration of 5,6-bentoflavone (BF), an inducer of 
cytochromes P4501 A1 and P4501 A2, intestinal cytochrome P450 content was elevated 
as indicated by the CO-difference spectrum of the reduced cytochrome and by immu- 
noblotting using anticytochrome P4501 A1 11 A2. However, cytochrome P450 content, 
measured by either method following BF induction, was not affected by copper defi- 
ciency. Thus, copper deficiency did not impair the availability of heme for cytochrome 
P450 synthesis in the small intestine. Even though copper deficiency did not affect 
intestinal cytochrome P450 content, EROD activity, which is a cytochrome P450- 
associated monooxygenase activity, was 9-fold higher in copper-deficient rats com- 
pared with controls following BF treatment. The finding that copper deficiency has no 
effect on intestinal cytochrome P450 content suggests that the increased EROD ac- 
tivity results from an effect of copper deficiency on the cytochrome P450 reductase 
component of the monooxygenase system. Measurement of cytochrome P450 reduc- 
tase activity showed a 2-fold increase in the small intestines of copper-deficient rats 
compared with controls. It is possible, therefore, that increased intestinal cytochrome 
P450 reductase activity during copper deficiency increases EROD activity by facili- 
tating the flow of electrons to cytochrome P450 during the redox cycle that cy- 
tochrome P450 undergoes during the O-deethylation of ethoxyresorufin. 

[P.S.E.B.M. 1994, Vol 2071 

S evere copper deficiency results in the develop- 
ment of microcytic, hypochromic anemia that is 
characteristic of defective hemoglobin synthesis 

(1 ,  2). This defect has been ascribed to abnormal iron 
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utilization by the mitochondria for heme synthesis (3, 
4). Because the defect in mitochondria1 heme synthe- 
sis may be of a general nature, copper deficiency, in 
additim to reducing hemoglobin synthesis, may also 
affect the production of other hemoproteins. 

An important group of hemoproteins belongs to 
the cytochrome P450 family. The cytochromes P450 
are situated primarily in the endoplasmic reticulum 
and are components of the monooxygenase system 
that catalyzes the biotransformation of a variety of 
metabolites and xenobiotics. In the monooxygenase 
systems, cytochrome P450 serves as the terminal ox- 
idase and receives electrons from NADPH through the 
flavoprotein, NADPH-cytochrome P450 reductase. 
The variety of proteins in the cytochrome P450 family 
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is responsible for the diversity in the reactions cata- 
lyzed by the monooxygenase system. 

Although cytochromes P450 are hemoproteins, 
the effect of copper deficiency on their content in var- 
ious organs has not received much attention. The few 
reported studies describe the effect of copper defi- 
ciency on hepatic cytochrome P450 and associated 
monooxygenase activities. Although these reports in- 
dicate that hepatic cytochrome P450 content is not af- 
fected by copper deficiency (5, 6), some hepatic cy- 
tochrome P450-dependent monooxygenase activities 
are altered in copper-deficient animals. Aminopyrine 
demethylase (7), aniline hydroxylase, and hexobar- 
bital oxidase activities (8) decrease with copper defi- 
ciency, while benzo[a]pyrene hydroxylase (7) and 
ethoxycoumarin 0-deethylase (6) activities increase. 
The results suggest that copper deficiency may not 
affect the total hepatic cytochrome P450 content, but 
may selectively influence monooxygenase activities 
by differentially affecting cytochrome P450 isoforms 
involved in catalyzing specific monooxygenase reac- 
tions. 

If copper deficiency can influence cytochrome 
P450 content by impairing heme synthesis, the effects 
may not be readily observed in liver. Hepatic cy- 
tochrome P450 content was unaffected in rats that de- 
veloped anemia as a result of consuming iron-deficient 
diets (9-11). Although it is apparent from the develop- 
ment of anemia that heme synthesis was impaired in 
the iron-deficient rats, hepatic cytochrome P450 was 
apparently resilient to reduced heme production. This 
resiliency may at least partially explain why copper 
deficiency has no appreciable effect on total hepatic 
cytochrome P450 content. While iron deficiency has 
little effect on hepatic cytochrome P450, this is not the 
case in the intestine. Dietary iron deprivation, through 
a failure in maintenance of the prosthetic heme moi- 
ety, reduces intestinal cytochrome P450 content (1 l- 
14). The results obtained from examining the effects of 
iron deficiency suggest that intestinal cytochrome 
P450 is more sensitive than hepatic cyotchrome P450 
to impaired heme production. Thus, impaired heme 
synthesis during copper deficiency may affect cy- 
tochrome P450 content and associated monooxygen- 
ase activities to a greater extent in the intestine than in 
liver. However, the effects of copper deficiency on 
intestinal cytochrome P450 and monooxygenase activ- 
ities have not been examined. 

Intestinal cytochrome P450-dependent monooxy- 
genase activities are affected by a variety of nutritive 
and non-nutritive dietary components (15). Indole-3- 
carbinol and flavone derivatives found in cruciferous 
vegetables are potent inducers of intestinal cy- 
tochrome P450. An oral dose of either indole-3- 
carbinol or 5,6-benzoflavone (BF) elevated mRNA for 
cytochrome P4501A1 in rat colon (16), and dietary 

supplementation with BF increased cytochrome P450 
and monooxygenase activities in rat small intestine 
(14). However, if copper deficiency impairs intestinal 
heme production, cytochrome P450 content and asso- 
ciated monooxygenase activities may not reach opti- 
mal levels following induction. The present study, 
therefore, was aimed at determining the effects of cop- 
per deficiency on intestinal cytochrome P450 and the 
monooxygenase activity, 7-ethoxyresorufin-0-deeth- 
ylase, following induction with BF. 

Materials and Methods 
Diets and Animals. Copper-deficient and control 

diets were composed as previously described (17, 18). 
Both diets contained, per kg, 940.0 g of a casein-based, 
copper- and iron-free basal diet (#TD84469; Teklad 
Test Diets, Madison, WI), 50.0 g of safflower oil (Tek- 
lad Test Diets), and 10.0 g of copper-iron mineral mix. 
Copper-deficient and control diets were prepared by 
using copper-iron mineral mixes containing no added 
copper and 3.5 g of copper per kg of mix, respectively. 
As assayed by flame atomic absorption, the copper- 
deficient diet contained 0.4 pg Cu/g and 45 pg Fe/g. 
The control diet contained 5.5 pg Cu/g and 44 pg Fe/g. 

Male Sprague-Dawley rats (SASCO, Inc. Omaha, 
NE)2 were shipped at age 21 days. Upon arrival, they 
were housed in individual hanging steel cages in a tem- 
perature- and humidity-controlled room with a 12: 12- 
hr lightdark cycle. All animals were fed the control 
diet for five days after which time they were divided 
into two weight-matched groups. Rats in the two 
groups were then fed either copper-deficient or control 
diet and deionized water for 35 days. 

After a 4-hr period during which food was re- 
moved from the cage, intestinal cytochrome P450 was 
induced by an oral dose (80 mg/kg body wt) of BF 
suspended in safflower oil. The rats were then given 
free access to their diets until they were sacrificed 16 
hr after receiving BF. Control rats in which cy- 
tochrome P450 was not induced received an oral dose 
of safflower oil. The volume of safflower oil used for 
each rat was 0.9-1.2 ml. 

Contaminating hemoglobin can interfere with the 
spectral assay of cytochrome P450. To prevent this 
interference, blood was removed by perfusing the 
whole animal. Following anesthesia with sodium pen- 
tobarbital, the trachea was exposed and cannulated. 
The cannula was then attached to a rodent ventilator 
and ventilation performed at 60 cycles/min, 10 cm H20 
positive end inspiratory pressure, and 3 cm H20 pos- 

* Mention of a trademark or proprietary product does not constitute a guar- 
antee or warranty of the product by the United States Department of Agri- 
culture and does not imply its approval to the exclusion of other products that 
may also be suitable. 
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itive end expiratory pressure. Following ventilation, 
the chest cavity was opened to expose the heart. To 
avoid clotting, 1000 units of heparin were injected into 
the right ventricle. For the purpose of analysis, a blood 
sample (1-3 ml) was then taken from the right ventri- 
cle. The rat was perfused with 1L of Krebs-Henseliet 
buffer (Sigma Chemical Co., St. Louis, MO) by inser- 
tion of a cannula into the aorta and opening the right 
atrial appendage. The animal was perfused until the 
perfusate issuing from the atrial appendage was visibly 
free of blood. 

Preparation of Intestinal Microsomes. Follow- 
ing perfusion, a 40-cm segment of the small intestine 
was excised starting at the pylorus. The segment was 
flushed with ice-cold physiological saline followed by 
ice-cold 0.05 M Tris buffer (pH 7.8) containing 20% 
glycerol and 1.15% KCl and then cut into two parts 30 
cm from the pyloric end. The 30-cm segment was split 
longitudinally and the mucosa removed by scraping 
with the edge of a glass microscope slide. The remain- 
ing 10-cm segment was saved for trace metal analysis. 

Microsomes were prepared by using a modifica- 
tion of the method described by Pasoe et al. (13). The 
intestinal mucosa obtained by scraping the intestine 
was homogenized in 5 ml of 0.05 M Tris buffer (pH 7.8) 
containing 20% glycerol, 1.15% KCl, 1.4 mg trypsin 
inhibitorIm1, 3 units heparinIm1, and 0.04 mg phenyl- 
methylsulfonyl fluoride/ml. Microsomes were then 
isolated from the homogenate by centrifugation (1 3) 
and suspended to a final volume of 1.0 ml in 0.05 M 
Tris buffer (pH 7.8) containing 20% glycerol and 1.15% 
KCl. 

Analytical Methods. The intestinal cytochrome 
P450 content was determined using an extinction co- 
efficient of 91 cm- mM- ' for the carbon monoxide 
(CO) difference spectrum of reduced microsomes (19), 
which were suspended at a concentration of 2 mg pro- 
teirdml. Microsomal protein was measured by using a 
commercially available kit (Sigma Chemical Co., St. 
Louis, MO) in which bicinchoninic acid serves as the 
chromogen (20). The protein standard was bovine se- 
rum albumin. 

Samples of microsomes containing 75 pg of pro- 
tein were subjected to SDS-PAGE (57%6-16% gradient 
gel). The proteins were then transferred to polyvinyli- 
dene difluoride membranes (Immobilon-P, Millipore 
Corp., Bedford, MA) by semidry electroblotting 
(Trans-Blot SD semidry transfer cell, Bio-Rad Labo- 
ratories, Hercules, CA). Protein transfer was verified 
by staining the polyacrylamide gels with Coomassie 
blue R250. No proteins with molecular weights of 
40,00&80,000 were detectable with Commassie blue 
following transfer. The blots containing transferred 
protein were incubated for 2 hr at room temperature in 
TBS (10 mM Tris, 150 mM NaCl, pH 8.0) containing 
10% nonfat dry milk. They then were incubated with 

rabbit anticytochrome P4501AlIlA2 (Oxford Biomed- 
ical Research, Inc., Oxford, MI) for 2 hr, washed three 
times for 5 min in TBS containing 0.1% Tween-20 and 
incubated for 1 hr with anti-IgG horseradish peroxi- 
dase conjugate. After incubation with anti-IgG, the 
blots were washed first for 15 min and then twice for 5 
min in TBS containing 0.1% Tween-20, followed by 
two final washes for 5 min in TBS. The blots were 
developed by chemiluminescence (ECL Western Blot- 
ting Detection System; Amersham Corp., Arlington 
Heights, IL). Scanning densitometry (GS300 Scanning 
Densitometer; Hoefer Scientific Instruments, San 
Francisco, CA) was performed on the photographic 
negative obtained from the blots. 

Microsomal 7-ethoxyresorufin-0-deethylase ac- 
tivity was measured by the fluorometric assay de- 
scribed by Burke and Mayer (21). NADPH-cyto- 
chrome P450 reductase activity of intestinal mi- 
crosomes was assayed by measuring the reduction of 
cytochrome c (22). 

An electronic cell counter (Coulter Counter model 
S-plus IV; Coulter Electronics, Hialeah, FL) was used 
to measure hemoglobin concentrations and hemato- 
crits in the blood sample taken from the right ventricle 
(see above) prior to perfusion. Plasma from this blood 
sample was assayed for ceruloplasmin oxidase activity 
by using o-dianisidine as substrate (23, 24). 

The left lobes of the livers were excised and ly- 
ophilized. The distal 10-cm segments of small intestine 
not used for microsomes were also lyophilized. Fol- 
lowing lyophilization, the copper and iron content of 
the liver and intestinal segments were determined by 
flame atomic absorption spectroscopy as previously 
described (25). 

Statistics. The data were analyzed by ANOVA, 
and mean comparisons were tested by Tukey's studen- 
tized range test (SASISTAT Version 6; SAS Institute, 
Inc., Cary , NC). 

Results 
The data representing cytochrome P450 content, 

7-ethoxyresorufin-0-deethylase (EROD), and cy- 
tochrome P450 reductase were collected from three 
experiments. All rats fed the copper-deficient diet in 
these experiments developed anemia and had reduced 
plasma ceruloplasmin oxidase activity and liver cop- 
per concentration (Table I). Anemia, reduced cerulo- 
plasmin and low liver copper are characteristic signs of 
copper deficiency and indicate that rats consuming the 
copper-deficient diet were indeed copper deficient. 

In separate experiments, the intestinal cyto- 
chrome P450 content was determined in two ways, 
either by measuring the hemoprotein from the CO dif- 
ference spectrum of the reduced cytochrome or by 
immunoblotting with antibody specific for the cy- 
tochrome P4501A proteins (1Al and 1A2). A basal 
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Table 1. The Effect of Copper Deficiency on 
Hematocrit, Hemoglobin Concentration, 

Ceruloplasmin Amine Oxidase Activity, and Liver 
Copper Concentration 

Table 111. The Effect of Copper Deficiency and 
5,6-Benzoflavone (BF) Treatment on 

7- Et h oxyreso r u f i n-0-deet h y I ase (E RO D) and 
N AD P H -C yt o c h ro m e P450 Red u ct ase Activities 

Cu-def i cien t Control 

Hematocrit 

Hemoglobin 

Ce r u I o p I asm i n 

Liver Cu 

(fractional) 0.23 k 0.09' (27) 0.44 k 0.03 (24) 

(d1) 75 k 21" (27) 148 k 12 (24) 

(u n its/l)b 0.9 2 1.2" (27) 93 2 26 (24) 

(kg/g dry wt) 1.4 2 0.3" (27) 12.6 2 1.0 (24) 
~ ~~ 

Note. Values are means k SD for the number of samples shown 
in parentheses. 
a Means for Cu-deficient rats are lower than corresponding 
means in control rats ( P  < 0.05, t test). 

A unit of ceruloplasmin activity is that amount which catalyzes 
the oxidation of 1 pmol o-dianisidinelmin. 

amount of cytochrome P450 was present in the intes- 
tines of rats that were not treated with BF, but P4501A 
proteins were not detectable (Table 11). The basal 
amount of cytochrome P450 was not influenced by 
copper deficiency. Following a single oral administra- 
tion of BF, intestinal cytochrome P450 content was 
increased and cytochrome P4501A proteins were ele- 
vated to detectable levels. The P4501A proteins were 
detected as a single band with a molecular weight of 
approximately 54,000. However, the amounts of in- 
duced cytochrome P450 and P4501A proteins were not 
significantly different between copper-deficient and 
control rats. 

Microsomal EROD activity (Table 111), was essen- 
tially absent from the intestines of untreated rats, but 
was present in the intestines of the copper-deficient 
and control rats that were treated with BF. Although 

Table II. The Effect of Copper Deficiency on Total 
Cytochrome P-450 Hemoprotein and on 

Cytochrome P-4501A Protein 

CYT P-4501A 
protein 

CYT P-450 Group 
(pmol/mg protein)" (peak height)b 

CuDef 58 ? 20 (10) N.D. (5) 
CuDef + BF 177 ? 17 (5) 179 k 45 (5) 
Control 88 k 35 (8) N.D. (3) 
Control + BF 203 * 35 (5) 185? 41 (3) 

Note. Each sample subjected to electrophoresis and blotting 
contained 75 pg of microsomal protein. All values are means 2 
SD for the number of samples shown in parentheses. In no in- 
stance were Cu-deficient different from control means (P  > 0.05, 
t test). N.D. indicates nondetectable. The lower limit of detection 
was 0.2 pg of antigen. 
a Determined from the CO difference spectrum of reduced cy- 
tochrome P-450. 

Peak heights are integrated optical densities determined by 
scanning densitometry of immunoblots developed with anti- 
P4501 Al,2. 

EROD Reductase 
(nmol cyt c 

f o rmedl reducedl 
[min . mg protein]) 

(pmol resorufin 

[min - mg protein]) 

Group 

c u De f 
CuDef + BF 
Control 
Control + BF 

ANOVA: 
c u  
BF 
Cu x BF 

6 k 14 (5) 
390 k 270' (7) 

N.D. (5) 
42 2 27b (5) 

P 
0.02 
0.006 
0.02 

40 ? 7 (5) 
46 k 4 (7) 

32 ? 5 (5) 

P 
0.0001 
0.009 
0.21 

20 2 3 (5) 

~~~~~ ~ 

Note. Values for enzyme activities are means ? SD for the num- 
ber of samples shown in parentheses. N.D. indicates nondetect- 
able. 
a EROD activities with different superscripts are significantly dif- 
ferent ( P  < 0.05, Tukey's test). 

EROD activity was highly variable following BF treat- 
ment, the induced activity was significantly higher in 
copper-deficient rats than in controls. Cytochrome 
P450 reductase activity (Table 111) was significantly 
higher in copper-deficient compared with control rats. 
Treatment with BF also caused a slight but significant 
increase in cytochrome P450 reductase activity in cop- 
per-deficient and control rats. The effect of BF treat- 
ment on cytochrome P450 reductase activity was in- 
dependent of copper status. Copper deficiency did not 
affect the yield of microsomal protein. Microsomes 
(suspended in a final volume of 1 ml) prepared from 
the mucosa of 30-cm intestinal segments from copper- 
deficient and control rats yielded 18.3 * 5.4 (n  = 27) 
and 17.4 t 5.8 (n  = 24) mg protein/ml, respectively (P 
> 0.05, t test). Therefore, effects of copper deficiency 
on the intestinal content of cytochrome P450, and 
EROD, and cytochrome P450 reductase activities do 
not represent a general effect of copper deficiency on 
total microsomal protein content of the mucosa. 

Copper deficiency caused a significant decrease in 
intestinal copper concentration, but slightly increased 
iron concentration (Table IV). Treatment with BF had 
no effect on either copper or iron concentrations. 

Discussion 
The diet containing <1  pg Culg successfully pro- 

duced copper deficiency as indicated by the develop- 
ment of anemia, decreased ceruloplasmin activities, 
and low liver copper concentrations in the rats con- 
suming it. Furthermore, the presence of anemia indi- 
cates that the severity of the copper deficiency was 
sufficient to impair the utilization of iron for heme syn- 
thesis. 

In the current study, immunological analysis using 
anticytochrome P4501AUA2 indicated that cyto- 
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Table IV. The Effect of Copper Deficiency and 
5,6-Benzoflavone Treatment on Intestinal Copper 

and Iron Content 

c u  Fe 
Group (p,g/g dry intestine) (p,g/g dry intestine) 

CuDef 
CuDef + BF 
Control 
Control + BF 

ANOVA: 
c u  
BF 
Cu x BF 

1.7 k 0.3 (5) 74.0 ? 12.8 (5) 
1.8 2 0.3 (7) 65.1 ? 5.8 (7) 
5.7 k 1.1 (5) 64.0 k 6.2 (5) 
5.1 k 0.4 (6) 60.7 ? 4.4 (6) 

P P 
0.0001 0.04 
0.27 0.07 
0.1 5 0.40 

Note. Values are means 2 SD for the number of samples shown 
in parentheses. 

chrome P450 1 A 1 and/or lA2 proteins were elevated 
in the microsomes from small intestines following a 
single oral dose of BF. This is consistent with previous 
studies showing that B F  selectively induces cy- 
tochrome P4501Al in rat colon and the human intes- 
tinal cell line, CACO-2 (16, 26). However, there was 
no demonstrable difference in cytochrome P4501 A 
protein content between copper-deficient and control 
rats following induction with BF. Because P4501A2 is 
not present in rat intestine (27,28), it is most likely that 
the isozyme induced was P4501Al. Thus, it may be 
concluded that the induction of intestinal cytochrome 
P4501Al protein by BF is not impaired by copper de- 
ficiency. 

The induction of cytochrome P450 increases heme 
utilization and thus increases the rate of heme synthe- 
sis. Although copper deficiency did not affect the in- 
duction of cytochrome P4501A proteins by BF, it is 
possible that impaired heme production inhibited the 
synthesis of holocytochrome P450. Because the CO- 
heme complex is the chromophore detected when the 
CO difference spectrum is used to  quantify cy- 
tochrome P450, the CO difference spectra of mi- 
crosomes from copper-deficient rats should show a re- 
duction in cytochrome P450 content, if heme incorpo- 
ration were impaired. However, results from the 
difference spectra showed that copper deficiency did 
not affect either the uninduced or  BF-induced intesti- 
nal cytochrome P450 content. These observations, 
taken with the findings from the immunoblotting data, 
indicate that under the conditions of these experi- 
ments, copper deficiency did not limit heme incorpo- 
ration into cytochrome P4501A1 to the extent that its 
synthesis was impaired in the small intestine following 
induction with BF. 

Dietary iron, by affecting the availability of heme, 
is an important factor in the regulation of intestinal 
cytochrome P450 (12-14). Although dietary iron was 
not a limiting factor in the present study, it was 
thought that dietary copper could influence intestinal 

iron metabolism and limit heme availability to cy- 
tochrome P450. Although copper deficiency reduced 
the copper concentration in the distal segment of the 
small intestine, it had little effect on iron concentra- 
tion. This finding suggests that copper deficiency does 
not have a major effect on intestinal iron content and 
that the maintenance of intestinal iron during copper 
deficiency may prevent iron availability from becom- 
ing a limiting factor in the synthesis of intestinal cy- 
tochrome P450. 

Because copper deficiency had no effect on intes- 
tinal cytochrome P4501A1 induction by BF, it may be 
expected that copper deficiency also would have little 
effect on induced intestinal monooxygenase reactions 
catalyzed by cytochrome P4501Al. The O-deethyla- 
tion of 7-ethoxyresorufin is a reaction attributed pri- 
marily to cytochrome P4501A1 (26). However, even 
though cytochrome P4501Al content was not affected 
by copper deficiency, EROD activity of intestinal mi- 
crosomes was several-fold higher in copper-deficient 
rats than in controls following induction with BF. This 
is consistent with previous reports regarding the effect 
of copper deficiency on hepatic monooxygenase activ- 
ities. These reports show that copper deficiency af- 
fects a variety of hepatic monooxygenase activities (6- 
S), even though it has been shown that copper defi- 
ciency does not alter hepatic cytochrome P450 content 
( 5 ,  6). Because BF specifically induces cytochrome 
P4501Al in the intestine, it is unlikely that the differ- 
ence in EROD activity between copper-deficient and 
control rats following induction is caused by variation 
in the cytochrome P450 isoform induced. A possible 
explanation for the higher EROD activity may be the 
effect of copper deficiency on NADPH-cytochrome 
P450 reductase. As shown in Figure 1, cytochrome 
P450 reductase is the component of the monooxygen- 
ase system that transfers electrons from NADPH to 
cytochrome P450 which is the terminal oxidase in the 
catalytic process. Our results show that intestinal cy- 
tochrome P450 reductase activity in copper-deficient 
rats is double that of control rats. Although reasons for 

P4501 A1 ox Resorufin 

Cytochrome P450 
Reductase A A 

NADP+ P4501 A1 red Ethoxyresorufin 

Figure 1. The relationship between cytochrome P450 reductase, 
cytochrome P4501A1, and the conversion of ethoxyresorufin to 
resorufin. Cytochrome P450 reductase transfers electrons from 
NADPH t o  the oxidized form of  cytochrome P4501A1 
(P4501AlO,) forming the reduced form of the cytochrome 
(P4501A1 red). An electron then is transferred from P4501A1 red to 
ethoxyresorufin causing 0-deelkylation and the formation of re- 
soruf i n. 
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an increase in reductase activity are not clear, the 
higher activity, by facilitating electron transfer during 
the oxidation-reduction cycle that cytochrome P450 
undergoes during the 0-deethylation of ethoxyresoru- 
fin, could promote higher intestinal EROD activity as 
observed in copper-deficient rats. 

Interestingly, BF treatment resulted in somewhat 
higher intestinal cytochrome P450 reductase activity in 
both copper-deficient and control rats. The increase in 
reductase activity seems to be concomitant with the 
increase in cytochrome P450 content following BF 
treatment, and may reflect an increased need for re- 
ductase in order to maintain the proper stoichiometry 
with cytochrome P450. 

The intention of the present study was to examine 
the hypothesis that copper deficiency, because of im- 
paired heme synthesis, could affect intestinal cy- 
tochrome P450 content. Although the findings indicate 
the cytochrome P450 (most likely P4501A1) content 
was not influenced by copper deficiency, they did 
show that an increase in 7-ethoxyresorufin-O- 
deethylase activity occurred which may be attributed 
to increased cytochrome P450 reductase activity dur- 
ing copper deficiency. The change in reductase activ- 
ity may indicate that copper deficiency can alter the 
struc ture/function relations hip bet ween the reduc tase 
and cytochrome which in turn can affect either elec- 
tron transfer in the reductase-cytochrome complex or 
the reductase-cytochrome stoichiometry to produce 
an effect on monooxygenase activity. Although it is 
not clear why reductase activity is increased, the find- 
ings of the present study suggest that increased cy- 
tochrome P450 reductase activity could lead to in- 
creased cytochrome P450-mediated xenobiotic metab- 
olism in the small intestine during copper deficiency. 
Whether or not this is harmful, depends on whether 
the xenobiotic involved is transformed into a hazard- 
ous or nonhazardous form by the intestinal monooxy- 
genase system. 

The authors thank Anne Thomas and David Corbine for their 
technical assistance, LuAnn Johnson for statistical analysis, and 
Marie Swenson for final preparation of the manuscript. 
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