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Abstract-Degradation of hepatic cytochrome P-350 heme in ascorbic acid-deficient and ascorbic acid- 
dosed (p.o., 25 mg/lOO g/body wtiday) guinea pigs was investigated by determining the turnover of 
radioactive cytochrome P-450 and the formation of in ~ivo expired carbon monoxide (‘%O). “CO is 
a specific degradation product of the labeled heme. Hepatic levels of cytochrome P-450 and cytochrome 
b5 were decreased significantly (61 per cent, P < U.001. and 29 per cent. P < 0.01, respectively) in 
scorbutic animals compared to ascorbic acid-adequate animals. After the administration of Gamino- 
levulinic acid [3,5-“HI. the disappearance of radioactivity from the fast-phase and slow-phase components 
of cytochrome P-450 heme (CO-binding pigments) exhibited half-lives of 4.2 and 30.8 hr. respectively, 
in the ascorbic acid-depleted guinea pigs. The turnover of cytochrome P-450 heme was similar for both 
phases in animals fed the ascorbic acid-deficient diet and dosed with ascorbic acid or animals fed a 
normal stock diet. In guinea pigs deficient in ascorbic acid and injected with [S-“Cj&aminolevulinic 
acid. the cumulative expired “CO was similar to guinea pigs adequate in ascorbic acid. These stud& 
demonstrate that the decrease in hcpatic cytoohromc P-4X) content in ascorbic acid dcficicncy i\ not 
due to a defect in cytochromc heme catabolism. The role of ascorbic acid in stabilizing cytochromc 
P-450 remains to hc determined. 

Ascorbic acid deficiency in guinea pigs results in a 
decrease in hepatic mixed-function oxygenase system 
[1,2], related in some way to its effects on microsomal 
cytochrome P-450 content [3-i)]. The biochemical 
basis for the effect of ascorbic acid depletion on drug 
metabolism is unknown. The possibility that the 
decreased quantity of cytochrome P-450 in ascorbic 
acid-deficient guinea pigs may result from an impair- 
ment in heme synthesis was studied, in the past and 
recently, with inconsistent results. Luft et al. [lo] 
found that cytochrome P-450 levels returned to nor- 
mal when scorbutic guinea pigs were injected with 
Saminolevulinic acid (ALA), a key substrate for 
heme biosynthesis. However, others have demon- 
strated that there is no significant difference in the 
key enzymes involved in heme synthesis, such as 
ALA synthetase, ALA dehydratase, or ferrochela- 
tase, and ascorbic acid deficiency did not affect the 
availability of heme for cytochrome P-450 synthesis 
[ll-131. 

Recently in our laboratory. we found that ascorbic 
acid deficiency in guinea pigs does not result in any 
appreciable induction of microsomal heme oxygen- 
ase (MHO) (141. MHO is the rate-limiting enzyme 
which catalyzes the oxidative degradation of heme 

* The opinions or assertions contained herein are the 
private views of the authors and are not to be construed 
as official or as reflecting the views of the Department of 
the Army or the Department of Defense. 

t In conducting the research described in this report. the 
investigators adhered to the “Guide for the Care and LJse 
of Laboratory Animals” as promulgated by the Committee 
on Re\<sion of the Guide for Laboratorv Animal 
Resources, National Research Council. 

to form biliverdin [ 151, and biliverdin is subsequently 
reduced to bilirubin by bili~,erdin reductase in the 
soluble cell fraction [ 16,171. In rat liver and kidney, 
MHO undergoes adaptive regulation or induction 
in response to a substrate load [l&19]. 

In an attempt to confirm our previous findings 
[14], we investigated the effect of ascorbic acid 
deficiency on in vivo expired carbon monoxide, an 
obligatory by-product of heme catabolism via MHO 
[20,21]. In addition, we were interested in deter- 
mining whether or not the lack of ascorbic acid intake 
might result in cytochrome P-450 heme breakdown 
by mechanisms other than by the induction of MWO. 
Therefore, we investigated the influence which 
ascorbic acid status in guinea pigs might have on the 
turnover of hepatic cytochrome P-450 heme labeled 
with radioactive ALA. 

MATERIALS AND METHODS 

Animals and diet. Young male, Hartley guinea 
pigs (Charles River, Wilmington. MA), with an 
initial weight of 180-230 g, were housed individually 
in stainless steel wire-bottomed cages equipped with 
an automatic watering system. The animal room was 
maintained at 2.5” with a 12-hr light-dark cycle (7:00 
a.m. to 7:00 p.m.). A purified pelleted diet, deficient 
in ascorbic acid, was made up according to specifi- 
cations developed by Reid and Briggs [Z]. Both 
food and tap water were made available at all times 
to the animals. The ascorbic acid content of the 
purified diet was less than 0.03 mgig of diet 1231. 
Guinea pigs were weighed daily in order to calculate 
the daily dose for ascorbic acid supplements and to 
compare the daily body weight changes of the two 
treatment groups. Fifty-four guinea pigs were 
divided randomly into two treatment groups and fed 



the ascorbic acid-deficient diet for 21 days. Othel 
animals (twenty-four total) were fed a commercial 
stock diet for a similar period of time. Half the 
animals fed the ascorbic acid-deficient diet, hereafter 
referred to as supplemented guinea pigs. were dosed 
(p.0.) daily, once a day, with an aqueous solution 
of 25 mg ascorbic acid/100 g body weight. This 
aqueous solution of ascorbic acid was made Fresh 
daily and was administered via the mouth by micro- 
pipet. The dosage volume was 100 ,~I/100 g body wt. 

C~e~~~cu~~. Subtilisin, I.-ascorbic acid. hyamine 
hydroxide (methyl benzeth~~nium hydroxide). glu- 
tathione and nicotinamide were obtained from the 
Sigma Chemical Co.. St. Louis. MO.; &amino[5- 
“C]levulinic acid ([ ‘JC]ALA. 30 mC‘i~mmole) and 
[3.5-‘H(N)]&aminolevulinic acid (1 ‘HJALA. 5.0 
Ciimmole) were obtained from the New England 
Nuclear Corp., Boston, MA. Aqueous C(~untit~g 
Scintitlant (ACS) was obtained from Amrrsham, 
Arlington Heights, IL. All other chemicals used were 
of the highest purity obtainable from commercial 
sources. 

7’&.sue preparatiott. Animals were weighed and 
then decapitated. A small portion of liver. about 
0.5 g. was removed, mincccl and liomogc~iise~l in 
10% trichloroacctic acid for ascorbic acid ;malvsis. 
The remaining liver was perfusctl with I Ii”; k(.‘l. 
excised and minced while cold. and then honi- 
ogenized in 2 vol. of cold 0. 1 M N;I :K’ phosphtc 
buffer (pH 7.4) made up in 1.55 “i KC‘1 containing 
IO mM nicotinamide and 2 mM plutathionc. Iiom- 
ogenization wxs done in ;I glass and T&on hom- 
ogenizer by three strokes of the pestle. The hom- 
ogenate was centrifuged for 15 miri at IO.000 <q in :I 

Sorvall RC?-I3 ccnt;ifugc with XII SS-.%I rotor to 

remove nuclear. mitochondrial and ccllul:tr dcbri\. 
The resulting supernatant fraction VAIS centrifuged 
for 60 min at lO(l.~)O(~ s in a Beckman-Spinco ultr;i 
centrifuge with a tvpe 50 Ti rotor. The ~llicr(~~(~~i~~~l 
pellet was resuxpc&cd in buffer anti rccentrifuped 
for 30 min at IOO.000 s. The final pellet wa then 

suspended in buffer and kept at -I” until used. 
Labeled cyrochrotnc I’-450 fwttl C’O-bitrrlirlg pur- 

ticks. Twenty-five days after starting the dietary 
regimen. ascorbic acid-deficient and supplemented 
guinea pigs were injected itltrac~~rdi~~ll~ with 
[‘H]ALA, which has been tlilutcd with 0.0 “i sirline. 
Intracardiac injections were performecl. withjut the 
aid of anesthesi;l. by restraining the animal on It< 
back and inserting the needle (25 gauge) in the 

xiphoid ;lrca, aiming for the left vcntriclc. All ani- 
mals received 200 PCi and 28 ,ug ALA!kg hotly wt. 
The dosage vttl wa\ 50 pi/kg body \vt. 

After tissue preparation and ccntrifug~itic~n. the 
washed microsomes were incubated with subtilicim. 
IO pgimg of protein. in buffer and g1yccr-01. 20 “p 
by volume.* Incubation was done with constant 
shaking at 4” for 15 hr. The mixture was tbcn ten- 
trifuged for 60 min at lO(~,~)O(J 8c and the resulting 
pellet. hereafter rcfcrred to as C‘O-binding particles. 
was resuspended in buffer and reccntrifugetl for 30 
min at 100.000 s. The final C’O-binding p;uticIc\ 

were suspended in bufter and porttons \\crc’ ;~s\a>ctl 
for radioactivity. cytochromo P--&50. cytochrornc\ /I 
and protein. The portion that \+‘;I> analvrctl for ~raciicr- 
nctivitt. was first soluhilizcd iii h\atninc livdrc~\idc, 
neutr~~lizcd with acetic acid. anil countt,<i in ;\(‘\ 
using a liquid scintillation yrctromctcr. 

C,vtochrotne P-350 rml c;v/ochrottte h,. By u\lng 
a Beckman DKZA split-beam recording spcctropho- 
tometer. microsomal cytochrome content was chti- 
mated on a resuspended microsomal pellet or resu+ 
pended CO-binding particles (Z-3 mg protein ml). 
tytochrome P-450 was analyzed by rIic~tslil-iii~ the 
dithionite-reduced carbon monoxide diffcrenr~c 
spectrum 1241, Cytochromc 177 was analyzctl I,\ 
measuring the dithionite-reduced difference sl~c- 
trum [2S]. 

Ascorbic uciti ad proteitzs. Ascorbic acid w113 
determine~i on trichlor~~~lcctic acid prescrvcd li\~~r 
samples by a procedure similar to that devclopctf by 
Roe [26] and modified for tissues I2.71. Proteins were 
determined by the method for small samples of hfillcr 

1271. 
“CO in expired uir. Ascorbic acid-deficient and 

supplemented guinea pigs were dosed bv intrac;lrtii;tc 
injections with [“C]ALA (SO ,uCiikg h&y \vt.) ;it 
zero time. They were then put into ;I CC)-collcctit)rt 
device (Fig. I) +nilar to the one &scribed by 1.;113- 

daw and Winchell [Xl. and “(‘0 wil\ tr-appetl ;cntl 
measured. 

Starisrks. Data were analyzed statisticall! I,) Stu- 
dent’s r-test. Differences between values of group 
means were cnnsidercd signi~c~I~3t only \\ here 
P < O.05. 

RESC’I ‘1’S I I 

Ascorbic acid deficietfcy. At the end of 25 days. 
gross clinical symptoms of ascorbic acid deficiency 
were becoming apparent in the group of guinea pigs 
receiving no ascorbic acid. Signs included diarrhea. 
marked hind limb weakness, ataxia. and cessation 
of normal wdght gain. which started approximately 
at day 17. On each day they were killed. post-[‘II]- 
ALA injection. the deficient animals weighed 7.7 to 
35.7 per cent less than the ascorbic acid-supply- 
mented guinea pigs. Table 1 shows the combined 
group means of body weights. taken at the end of 
the experiment, which demonstrated that the abcor- 
hit acid-deficient guinea pigs weighed 37.3 per ccsnt 
(P < 0.001) less than the animals dosed \\ith 75 mg 
ascorbic acid/l00 g body wt. Combined mean Iivc‘r 
weights were not signi~c~~ntl~ different between the 
two treatment groups. Table 1 also dcmonstratc~ 
that liver ascorbic acid was decreased Y5.3 per cent 
(P < 0.001) in guinea pigs fed a diet tacking ascorbic 
acid compared to supplemented animals. f hu\ indi- 
cating the severity of the dcticienc\. 

Microsornnl kcmopro~eitz. ilscorbic acid depletion 
markedly decreased the fevcls of cytochromc P-i50 
and cytochrome hi. the two tlern~~pr~~teir~s which 
occur in liver microsomes (Table 2). In generat, on 
each of the days post-[‘HIALA injection\. the cytcr- 
chrome P-450 and cytochrome hi level\ were 4Y.X 
to 68.5 and 7.6 to 30.8 per cent less, respectively. 
in the deficient animals. Mean values for cytochrome 
P-4%) and cytochrome h: demonstrated hi .O per cent 



Ascorbic acid and cytochrome P-450 heme 3653 

BUBBLER SYSTEM 

FOR co2 ABSORPTION 

SAMPLE TAKEN FOR 

SCINTILLATION COUNTING 

Fig. 1. In viva breath collection system. The pathway of air (200 mlimin) is shown by arrows. The water 
absorber was composed of anhydrous CaSO4. The carbon dioxide absorber was composed of sodalime 
and Ascarite (A. H. Thomas Co., Philadelphia, PA) (250g and 1OOg respectively). The carbon 
monoxide oxidizer is composed of 17 g of Hopcalite (No. 41566 MSA “CO” absorber, Mine Safety 
Appliances Co., Pittsburgh, PA) ( a mixture of magnesium and copper oxides with other catalytic 

agents) and serves to oxidize CO to COz at low ambient temperature. 

(P < 0.001) and 28.9 per cent (P < 0.01) respective 

decreases in deficient animals compared to supple- 
mented guinea pigs. 

In a preliminary experiment using guinea pigs fed 
a normal stock diet, we found that cardiac injections 
of [‘HIALA produced labeling of hepatic cyto- 
chrome P-450 with reproducible variation. Two hr 
post-injection and after isolation, subcellular frac- 
tionation, and solubilization of cytochrome by, the 
mean values of radioactivity found in the CO-binding 
particles had coefficients of variation of about 6-20 

per cent. Calculations based on a previous report 
[28] indicate a range of coefficients of variation of 
2.6 to 8.7 per cent. In that investigation [28]. the tail 
vein was used. Lack of readily accessible veins pre- 
vented us from using the intravenous route in the 
guinea pig; however, we found that cardiac injections 
could be performed rapidly. If we used some animal 
restraint, we did not need to anesthesize them. 

Figure 2 shows the rate of disappearance of radio- 
active heme from the hepatic CO-binding (micro- 
somes devoid of cytochrome hi) of guinea pigs fed 

Table 1. Effect\ of ascorbic acid on body weight. liver weight, and liver ascorbic acid 
after injection with [‘HI-ALA- 

Trcatmcnt 
Body weight 

(g) 

Liver weight 

(g) 

Liver 
ascorbic acid 

(pg/g) 

-C 221 k x (16) 9.3 ? 0.3 (lb) 13.x 2 2.8 (16) 
304 2 lot 10.5 k O.h$ 286.0 + 122: 

+c (18) (18) (18) 

* Each value represents the mean t S. E. M. Key: ascorbic acid-deficient animals 
(-C), and ascorbic acid-d ost -d animals (+C). Numbers in parentheses represent total 
N per treatment group. 

t P < 0.001. 
j P > 0.05. 



Table 2. Effects of ascorbic acid on hepatic c>iochrome i’-JSII and c% tochromc it, 
after injection Rith /‘HJ-Al_:\ 

-- - . ..-_ 

Cylochrome P-JX (‘~rochr<Unc II- 
Treatment (nmolcsimg protein) Inm~~les’mg protein 1 
~- 

-c (1.1X k 0.04 ( 15) I) ‘3 + (I.(12 (IS) 
+C I .2 2 (l,Oli- (IS) il..:3 i ().(I? (16) 

* Each value represents the m~‘an -+ S. E. M. Key: ascorbic ;tcl&dclicicnt animal\ 
(-C), and ascorbic acid-dosed anim;tls (+<‘). Numlxr~ III Ixtt-cnthcw\ repl-cwnt 
total N per treatment group. 

i P < O.(N)l. 
t P < 0.01. 

HOURS AFTER H -AlA 

T F = 29.2 HR 

0 IO 20 30 40 50 60 71) 

HOUR5 APIER 3H .AlA 

Fig. 2. Disappearance of labeled cytochrome P-450 heme 
from CO-binding particles obtained from guinea pigs fed 
stock diet. Groups of animals (N = 3-4) were killed 4. 7. 
24, 48 and 72 hr post-[3H]ALA injection. Points represent 
mean values. The zero-time intercept of the uncorrected 
fast-phase was set equal to 100 per cent. Values used for 
the determination of the corrected half-life of the fast-phase 
(insert) were obtained by first extrapolating the slow-phase 
line to zero time and then subtracting the values of the 
extrapolated slow-phase from values of the uncorrected 

fast-phase. 

a normal stock diet. The disappearance of c,yto- 
chrome CO-bindin! particles was biphasic, in&cat- 
ing the existence ot at least two forms or state? of 
the hemoprotein [2X. 291. The half-life of the slow- 
phase component u’as estimated to he IS.:! hr. 
whereas the half-life of the fast-phase component, 
corrected for contribution of the slow phase. \\;I\ 
3.7 hr. 

Figure 3 illustrates the rates of dis~~i~pe~~r~~li~~ ot 
radloactive heme from cytochrome P-450 of guinea 
pigs fed an ascorbic acid-deficient or a supplem~ntec~ 
diet, The half-life of the corrected fast-phase com- 
ponent from the ascorbic acid-dosed groups was 3.6 
hr. In the ascorbic acid-depleted group. the half-life 
of the corrected fast-phase fractions was 4.2 hr, sim- 
ilar to the half-life found for the ascorbic acid-dosed 
group. The half-life of the slow-phase component 
was 30.5 hr in the ascorbic acid-dosed group. and 
30.8 hr in the ascorbic acid-depleted animals. Essen- 
tially, there appeared to be no difference in either 
the corrected fast-phase or slow-phase half-lives 
among animals fed the stock diet, the ascorbic acid- 
deficient diet alone, or fed the deficient diet and 
dosed with ascorbic acid. 

~~~~~~~0~ ofC0 from [“‘Cl-ALA. Figure 4 illus- 
trates the expiration of ‘“CO after the injection of 
the heme precursor [%J]ALA. The expiration of 
‘“CO has been correlated well with the excretion of 
[‘JC]bilirubin [211. Both products represent the 
oxidation of the C-labeled 8-methylene bridge of the 
heme moiety by the enzyme heme oxygenase. There 
appears to be no effect of ascorbic acid deficiency 
on ‘YZO production. 

As found in our previous study and ~~~nfirrning 
many earlier studies of others [S-9], we found an 
influence of ascorbic acid on cytochrome P-450 con- 
tent in guinea pigs. We also found a significant 
decrease in hepatic cytochrome hi which confirms 
the findings in an earlier study [7]. Others [it-6) have 
failed to find this decrease. Inasmuch as these ani- 
mals were scorhutic, the drop in cytochrome hi may 
reflect this devastating condition. Ascorbic acid 
deficiency could influence the level of cytochrome 
P-450 by either heme synthesis impairment or 
enhancement of heme catabolism or both [X),31]. 
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Fig. 3. Disappearance of labeled cytochrome P-450 heme from CO-binding particles obtained from 
guinea pigs fed ascorbic acid-deficient (+) or ascorbic acid-supplemented (--E-) diets. Groups 
of animals (N = 2-4) were killed 4, 8, 12, 56 and 80 hr post-[3H]ALA injection. The half-lives of the 

various fractions were calculated as described in the legend of Fig. 2. 

HOURS AfltR l4 C .AtA 

Fig. 4. 14C0 expired by ascorbic acid-deficient (--0-) and 
ascorbic acid-supplemented (--@---) guinea pigs. Aliquots 
of CO trapping solution were taken at hour intervals for 
21 hr and measured for radioactivity. Values in the figure 
represent one pair of animals which are similar to values 

found in two other pairs of animals. 

Several have postulated that hepatic heme synthesis 
is defective in ascorbic acid deficiency, but more 
recent investigations failed to demonstrate such a 
defect [l&13]. Lipid peroxidation and microsomal 
heme oxygenase (MHO) represent the two most well 
documented degradative pathways for cytochrome 
P-450 [32-341. Also, the influence of inadequate 
ascorbic acid-promoting lipid peroxidation seems 
unlikely since others failed to find changes in oxygen 
consumption, NADPH disappearance or formatjon 
of the by-product of lipid peroxidation, malonal- 
dehyde, in ascorbic acid-depleted microsomes [ 1 l- 
131. Also, phosphatidylcholine in ascorbic acid- 
deficient liver microsomes was only decreased 18 per 
cent compared to a drop of 29 per cent in starved 
controls when both were compared to normal con- 
trols [12]. There was also no difference between the 
chromatographic migration of phosphatidylcholine 
or phosphatidylethanolamine in normal vs ascorbic 
acid-deficient animals [12]. Finally, no evidence was 
found for increased cytochrome P-420 levels in 
ascorbic acid-deficient microsomes, the cytochrome 
species often found when lipid peroxidation occurs 
ISI. 

The synthetic and degradative pathways for 
hepatic microsomal cytochrome P-450 heme are 
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Fig. 5. Pathways for hcpatic cytochromc P-450 synthesis and degradation. 

shown in Fig. 5. Previously, we found no evidence 
that ascorbic acid deficiency results in increased 
heme catabolism via MHO [14], but that MHO was 
related directly to the liver levels of ascorbic acid. 
Carbon monoxide along with the excretion of bili- 
rubin are products of MHO action on hepatic heme. 
In this present study, we were not able to tind any 
difference in expired CO from ascorbic acid-deficient 
or supplemented guinea pigs, confirming our pre- 
vious findings on hepatic MHO. 

Since unknown mechanisms of heme degradation 
may exist, we sought a general method to define 
such degradation. At the present time, the most used 
technique for the measurement of hepatic cyto- 
chrome P-450 turnover is by the loss of radioactivity 
from isolated CO-binding particles obtained from 
animals whose hemoprotein was prelabeled [30,31]. 
Selective solubilization of the microsomal cyto- 
chrome by ensures that only cytochrome P-450 will 

be detected [35]. Investigations utilizing such tech- 
niques have provided evidence of the existence of 
more than one CO-binding hemoprotein, as sug- 
gested by the biphasic nature of the decrease in 
radioactive hemoproteins. These assumptions have 
been supported by spectral studies of microsomal 
cytochrome P-450 hemoprotein [36,37]. The most 
commonly used animal model for this technique is 
the rat, where the biological half-life of the rapidly 
disappearing hemoprotein fraction was on the order 
of 7-8 hr and that of the slowly disappearing fraction 
was about 30-50 hr. In the guinea pig, we found that 

the slowly disappearing fraction was about the same 
as that found for rat; however, the rapidly disap- 
pearing hemoprotein, in contrast, was less than that 
found for the rat (3.7-4.6 hr) (Fig. 3). It I\ tntcr- 
esting that this fast-phase degradation found in 
guinea pigs is more on the order of that seen with 
the induction of heme degradation by cadmium or 
other exogenous agents [38]. Whether or not this 
difference reflects just species difference should bc 
explored further. 

bssentially, the ascorbic acid status did not appear 
to influence the degradation of microsomal CO-bind 

ing particles. These findings, along with the past 
investigations on heme synthesis. suggest that ascor- 
bic acid has no influence on heme catabolism or 
heme synthesis. The possibilities still remain that 
ascorbic acid may influence: (I) apo-cytochrome P- 
450 synthesis, (2) iron and perhaps copper metab- 
olism (by way of its reducing properties) [39,40] 
which could influence, in turn. the incorporation of 
ferrous iron into the heme moiety of cytochrome P- 
450, and (3) the binding of heme and apo-cytochromc 
P-450 to form active cytochrome P-450. Changes in 

the disc gel electrophoretic patterns of partially pur- 
ified cytochrome P-450 from ascorbic acid-dehcient 
animals have led others to suggest that apo-cyto- 
chrome P-450 synthesis may be impaired [ 131. 
Recently, indirect evidence has provided some sup- 
port for the second hypothesis. It was found that 
ascorbic acid-depleted animals had significantly 
elevated ceruloplasmin levels when compared to 
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ascorbic acid-adequate animals [41]. Ceruloplasmin 
is a copper-containing protein which may maintain 
the oxidation state of iron in the Fef3 state 1421. The 
subsequent oxidation state of iron may, in turn, 
make iron unavailable for incorporation into 
protoporphyrin. 
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