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Abstract--Studies were carried out to characterize the response of hepatic mixed function oxidase 
(MFO) activity to chronic ascorbic acid deficiency and excessive ascorbic acid intake in the guinea pig. 
When guinea pigs were fed excessive ascorbic acid, there was a small increase in hepatic cytochrome 
P-450 which was unaccompanied by any alteration in drug-metabolizing enzyme activity. Similarly, 
induction of MFO activity by phenobarbital was not modified by excessive ascorbic acid administration. 
Chronic ascorbic acid deficiency resulted in depressed metabolism of aniline, aminopyrine, ethoxycou- 
matin and benzphetamine, but not of ethylmorphine, in comparison with animals fed diets containing 
control and/or excessive amounts of ascorbic acid. In contrast to the metabolism of all drugs studied, 
the 7ol-hydroxylation of cholesterol was depressed by both inadequate and excessive vitamin C intake, 
demonstrating the unique sensitivity of cholesterol 7o;-hydroxylase to dietary ascorbate. 

Ascorbic acid deficiency in the guinea pig results in 
a decrease in the activity of the hepatic microsomal 
mixed function oxidase (MFO) system [1-11] and in 
the total content of the terminal oxidase of this 
system, cytochrome P-450 ]4-11]. The biochemical 
basis for the role of ascorbic acid in drug metabolism 
is still uncertain although recent studies suggest that 
the vitamin might be critical for the assembly of the 
active form of cytochrome P-450 [12]. 

An unresolved question at present is the dose-  
response relationship between vitamin C intake and 
hepatic MFO activity. While the requirement of the 
guinea pig for ascorbic acid has been determined to 
be 0.2 g/kg diet or approximately 5 mg/day [13], Zan- 
noni and co-workers [14-16] have reported that sup- 
plementation of guinea pigs with doses of vitamin 
C far in excess of this amount results in a dose- 
dependent enhancement of hepatic drug metab- 
olism. Additional work by this group demonstrated 
a positive correlation between hepatic cytochrome 
P-450 content and liver ascorbic acid concentration 
[17]. In contrast to these findings, Sikic et al. [18], 
in a study of guinea pigs fed four different levels of 
dietary ascorbate (0.3, 1.5, 3.5, and 7.0 g/kg diet), 
failed to observe any dose-response relationship 
between hepatic ascorbate content and MFO activity 
or cytochrome P-450 content. 
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Although numerous studies have described the 
effects of acute vitamin deprivation on hepatic drug 
metabolism, no studies to date have documented the 
influence of chronic ascorbic acid deficiency on this 
system. The experimental model of chronic ascorbic 
acid deficiency, characterized and used extensively 
by Ginter and co-workers [19, 20], offers several 
advantages over previous studies of drug metabolism 
in acute vitamin C deficiency: (1) guinea pigs are 
maintained on intakes of the vitamin adequate to 
maintain normal rates of growth throughout the 
experimental period, thereby avoiding secondary 
complications of scurvy such as inanition, weight 
loss, and hemorrhage; and (2) this model more 
closely approximates the clinical situation in human 
populations of long-term inadequate vitamin C 
intake unaccompanied by clinical scurvy [21]. 

In a recent study [22], chronic ascorbic acid defi- 
ciency was shown to depress the activity of choles- 
terol 7ol-hydroxylase (EC 1.14.13.17), a cytochrome 
P-450-dependent enzyme. Depressed enzyme 
activity was also observed in this study in guinea pigs 
fed a massive overdose of this vitamin (20 g/kg diet), 
a dietary intake far in excess of intakes previously 
studied for effects on MFO activity [14-18]. These 
observations raise the question of whether other 
cytochrome P-450-dependent enzymes are similarly 
altered by dietary extremes of this vitamin. The 
biologic effects of vitamin C overdosage are of special 
interest in light of the advocacy of massive intakes 
of the vitamin for possible health benefits [23]. 

The present studies were designed to examine the 
dose-response relationship between ascorbic acid 
intake and MFO activity and to determine the influ- 
ence of excessive ascorbic acid administratien upon 
inducibility of the MFO system by phenobarbital.  
Additionally, an experiment was conducted to elu- 
cidate the response of the MFO system to chronic 
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ascorbic acid deficiency and massive vitamin C 
overdosage. 

MATERIALJ AND METHODS 

Experimental conditions. Male, weanling guiiaea 
pigs (Experiments 1 and 2: English short-hair, Camm 
Research Institute, Wayne, NJ; Experiment 3: 
American short-hair, Hill-Top Lab Animals, Scotts- 
dale, PA) were used in all experiments. The animals 
were fed a cereal-based scorbutigenic diet (Krehl 
formulation) which has been described previously 
[22]. The diet was purchased from Teklad Mills, 
Madison, WI. Food and water were provided ad lib. 
Guinea pigs were housed individually in cages with 
wire mesh bottoms in rooms subjected to a 12hr 
light-dark cycle. 

Experiment/.The first experiment was designed 
to determine whether intakes of ascorbic acid above 
the control dose (2 mg per 100 g body wt per day) 
altered the MFO system. Guinea pigs fed the Krehl 
diet in pellet form were administered ascorbic acid 
in a 5% glucose solution for 10 weeks. The ascorbic 
acid solution was prepared immediately before use 
and administered orally at doses of 2, 15, 30, and 
50 mg/100 g body wt by means of a blunt-tip syringe. 
The ascorbic acid dose was adjusted every 3 days as 
the animals gained weight. 

Experiment 2. In the second experiment, the 
influence of excessive ascorbic acid intake upon the 
metabolism of a variety of substrates and the induc- 
tion of MFO activity was investigated. Ascorbic acid 
at doses of 2 and 50 mg per 100 g body wt per day 
was administered for 10 weeks as described above. 
At  the conclusion of the experimental period, sodium 
phenobarbital (80 mg/kg body wt) was administered 
intraperitoneally in a saline solution for 3 days; con- 
trol animals received saline only. The animals were 
killed 24 hr after the last injection. 

Experiment 3. The final experiment assessed the 
influences of both inadequate, and excessive, dietary 
ascorbate on a variety of cytochrome P-450-depen- 
dent enzyme activities, including cholesterol 7tr- 
hydroxylase. Guinea pigs were fed powdered diet 
to which ascorbic acid was added at levels of 50 
(deficient), 500 (control), and 20,000 (excess) mg/kg 
diet. The experimental feeding period was 9 weeks. 

Tissue preparation. Animals were stunned by a 
blow to the head, and blood was obtained by cardiac 

puncture. A portion of the liver was homogenized 
in 3 vol. of 1.15% KC1, 50 mM Tris-HCl buffer (pH 
7.4) (Experiments 1 and 2) or 100 mM potassium 
phosphate (pH 7.4) with 150 mM KC1 (Experiment 
3), using a glass Pot ter-Elvehjem homogenizer with 
a Teflon pestle. The homogenate was centrifuged at 
10,000g for 15 min, and the resulting supernatant 
fraction was centrifuged at 105,000g for 60min. 
Microsomes were resuspended in 50 mM Tris-HC1 
buffer (pH 7.4) (Experiments 1 and 2) or 100 mM 
potassium phosphate buffer (pH 7.4) (Experiment 
3). Microsomal protein was determined by the 
method of Sutherland et al. [24] using crystalline 
bovine albumin as a standard. 

Enzyme assays. Assays of drug-metabolizing 
enzyme activity were performed aerobically at 37 ° 
in 50 mM Tris-KC1 buffer (pH 7.4) with saturating 
concentrations of cofactors and substrates (except 
in kinetic experiments). Typically, incubations con- 
tained the following: microsomes (1 mg/ml), sub- 
strate, 0.97 mM NADP +, 5.45 mM glucose-6-phos- 
phate, 5 mM MgC12, 50 mM Tris (pH 7.4), 150 mM 
KC1, and 2 units of glucose-6-phosphate dehydro- 
genase in a total volume of 3 ml. Reactions were run 
for 10 or 15 min and were terminated with 2 ml of 
20% trichloroacetic acid. The kinetics of benzphet- 
amine metabolism were studied using substrate con- 
centrations ranging from 0.05 to 2.0 mM. The N- 
demethylation of benzphetamine, ethylmorphine, 
and aminopyrine were assayed by measuring the 
production of formaldehyde using the Nash reagent 
[25]. The O-demethylation of p-nitroanisole was 
measured according to the method of Kato and Gil- 
lette [26]. Aniline hydroxylase was determined by 
the method of Imai et al. [27]. The O-deethylation 
of ethoxycoumarin was assayed using the fluoro- 
metric procedure described by Ullrich and Weber 
[28] as modified by Jacobson et al. [29]. Cholesterol 
7o~-hydroxylase activity was measured as described 
previously [22]. 

Analysis of ascorbic acid and cytochrome P-450. 
Ascorbic acid was assayed in trichloroacetic acid 
extracts of liver, adrenal, spleen and plasma by the 
method of Roe and Kuether [30] as modified by 
Bessey [31]. Hepatic microsomal cytochrome P-450 
was determined in an Aminco DW-2 spectropho- 
tometer by the method of Omura and Sato [32]. 

Statistical analysis. The two-tailed Student's t-test 
was used to determine the significance of the differ- 

Table 1. Influence of ascorbic acid intake upon hepatic ascorbate concentration, cytochrome P-450 content, and 
benzphetamine metabolism (Experiment 1)* 

Benzphetamine N-demethylase 
Ascorbic acid Liver ascorbic Hepatic cytochrome 

dose acid P-450 Km Vm,x 
(rag/100 g body wt) (mg/100 g) (nmoles/mg protein) (mM) [nmoles/(min. mg protein)] 

2 12.4 +- 0.9 a (5)t 0.54 + 0.05 a (5) 0.26 -+ 0.03" (3) 2.64 + 0.19 a (3) 
15 22.4 + 1.2 b (5) 0.57 + 0.05 a (5) 0.35 +- 0.03 ~ (4) 3.00 +- 0.22" (4) 
30 24.1 -+ 1.2 b (5) 0.63 -+ 0.06 a (5) 0.34 -+ 0.02 ~ (4) 3.03 -+ 0.18 a (4) 
50 25.6 +- 1.6 b (5) 0.67 -+ 0.04" (5) 0.38 +- 0.04 a (3) 3.01 + 0.20" (3) 

* Data are expressed as mean +- S.E.M. Means not followed by a common superscript are significantly different 
(P < 0.05). The experimental period was 10 weeks. 

t Number of observations. 
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ence between means with a probability level of 
P < 0.05 considered significant. Regression analysis 
was carried out by the method of least squares. 
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RESULTS 

The results of Experiment i are presented in Table 
1. Liver ascorbic acid (AA) concentrations were 
greater in guinea pigs fed 15, 30, or 50 mg AA/IO0 g 
body wt than in animals fed 2 mg AA/100 g body wt, 
but the hepatic ascorbate levels did not differ sig- 
nificantly among groups receiving 15, 30 or 50 mg 
AA/100 g body wt. These higher doses of ascorbic 
acid did not significantly alter either hepatic cyto- 
chrome P-450 content or the kinetics of benzphet- 
amine metabolism. However, there was an apparent 
tendency toward increasing cytochrome P-450 level 
with increasing ascorbic acid intake. Regression 
analysis of cytochrome P-450 content versus hepatic 
ascorbic acid concentration showed a significant 
relationship between these two variables (r = 0.55; 
P < 0.05). These results demonstrate that there was 
a small but statistically significant increase in cyto- 
chrome P-450 content with increasing hepatic ascot- 
bate concentration. 

In Experiment 2, consumption of a large surplus 
of ascorbic acid did not significantly alter the N- 
demethylation of aminopyrine and benzphetamine, 
the O-demethylation of p-nitroanisole, or the total 
content of hepatic microsomal cytochrome P-450 
(Table 2). However, once again cytochrome P-450 
content was slightly greater in animals receiving large 
doses of ascorbic acid. Phenobarbital treatment fol- 
lowing the 10weeks of ascorbic acid pretreatment 
resulted in significant elevations in all microsomal 
mixed function oxidase activities as compared to 
their respective controls. Prior consumption of 
ascorbic acid had little effect on the induction of 
MFO activity by phenobarbital ip., although p- 
nitroanisole O-demethylase was induced by pheno- 
barbital to a greater extent in the excess (50 mg/100 g 
body wt) group than in controls. Phenobarbital treat- 
ment of the excess group caused a significant increase 
in hepatic ascorbate concentration, while controls 
exhibited a much smaller effect. 

The mean body weights of the animals in Experi- 
ment 3, plotted against the days on each experi- 
mental diet, are shown in Fig. 1. Despite a 400-fold 
difference in dietary ascorbate among groups, there 
was no significant difference in rate of growth. 
Plasma and tissue ascorbic acid concentrations from 
Experiment 3 are recorded in Table 3. The three 
dietary levels of vitamin C resulted in widely different 
tissue ascorbate values spanning a 17-fold range for 
hepatic ascorbate and a 21-fold range for plasma 
ascorbate. The hepatic ascorbic acid concentrations 
in the deficient guinea pigs in this study were similar 
to the levels observed in scorbutic animals in studies 
from other laboratories [33]. However, the guinea 
pigs in this study did not manifest symptoms of 
vitamin C deficiency at any time during the 
experiment. 

The influence of ascorbic acid intake on the bio- 
transformation of various substrates by hepatic 
microsomal enzymes can be seen in Table4. In 
agreement with Experiments 1 and 2, guinea pigs 
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Fig. 1. Rates of growth of guinea pigs fed three dietary 
levels of ascorbic acid (Experiment 3). Values are means 

--_ S.E.M. 

fed excessive ascorbic acid did not  differ f rom contro l  
animals  in d rug-metabol iz ing  enzyme activity. Chro-  
nic ascorbic  acid deficiency, however ,  caused sig- 
nificant decreases  in the  me tabo l i sm of anil ine,  
e thoxycoumar in ,  and  b e n z p h e t a m i n e .  In addi t ion ,  
the  ra te  of aminopyr ine  me tabo l i sm was significantly 

lower  in deficient  gu inea  pigs in compar i son  with the  
excess group.  Of  the  five drugs s tudied,  only the  
me tabo l i sm of e t h y l m o r p h i n e  was unaf fec ted  by 
ascorbic acid deficiency. 

C y t o c h r o m e  P-450 was lower  in the  deficient  group 
than  in the  cont ro l  and  excess groups;  however ,  this 
d i f ference was statistically significant only be tween  
the  deficient  and  excess groups.  In a g r e e m e n t  with 
the  findings of Expe r imen t s  1 and  2, cy tochrome  
P-450 was slightly bu t  no t  significantly h igher  in the  
excess g roup  t han  in the  cont ro l  group.  Regress ion  
analysis of cy tochrome  P-450 con ten t  versus hepat ic  
ascorbic acid concen t r a t i on  showed  a significant cor- 
re la t ion  be tween  these  two var iab les  (Fig. 2). 

Choles te ro l  7o:-hydroxylase activity was lower in 
deficient  animals  t h a n  in controls ,  in a g r e e m e n t  with  
the  effects of chronic  ascorbic  acid deficiency upon  
mos t  o the r  M F O  activities studied.  In cont ras t  to 
d rug-metabol iz ing  enzymes,  however ,  choles terol  
7o:-hydroxylase was also depressed  by excessive 
ascorbic  acid in take .  The  decrease  in the  7 o:-hydrox- 
ylat ion of choles tero l  occur red  despi te  s imilar  cyto- 
ch rome  P-450 levels in cont ro l  and  excess guinea  
pigs. The  absence  of an  associat ion be tween  cyto- 
ch rome  P-450 con ten t  and  choles tero l  7o:-hydroxyl- 
ase activity is also ev iden t  in compar i son  of the  
deficient and  excess groups.  Desp i te  the  fact tha t  
cy tochrome  P-450 con ten t  was significantly h igher  

Table 3. Effects of dietary ascorbic acid on plasma and tissue ascorbic acid levels (Experiment 3)* 

Ascorbic acid 
Dietary 
ascorbic acid Liver Adrenal Spleen Plasma 
(g/kg diet) (rag/100 g) (mg/100 g) (mg/100 g) (mg/dl) 

0.05 1.6 +- 0 .P 10.8 -+ 0.6 a 5.0 -+ 0.34 0.10 -+ 0.01 a 
0.50 13.7 -- 0.6 b 82.6 +- 4.9 b 36.6 --- 1.6 b 0.61 -- 0.05 b 

20.0 28.0 -+ 1.1 c 123.0 +- 5.4 c 45.1 +- 1.6 c 2.07 -- 0.22 ~ 

* Data are expressed as means --- S.E.M. of nine to ten animals. Means not followed by a common 
superscript are significantly different (P < 0.05). 

The animals were fed their respective diets for 9 weeks. 

Table 4. Influence of three levels of dietary ascorbic acid upon hepatic mixed function oxidase 
activity (Experiment 3)* 

Dietary ascorbic acid 

0,05 0.50 20.0 
(g/kg diet) 

Hepatic cytochrome P-450~ 
Aniline hydroxylase$ 
Aminopyrine N-demethylase$ 
Ethoxycoumarin O-deethylase§ 
Benzphetamine N-demethylase$ 
Ethylmorphine N-demethylase$ 
Cholesterol 7o~-hydroxylase§ 

0,76 -+ 0.03 a 0.84 + 0 . 0 3  ab 0.90 - 0 . 0 2  b 

0.42 + 0.02 a 0,55 + 0 . 0 3  b 0.54 +- 0.02 b 
4.33 --- 0,11 a 4.61 -+ 0.12 ab 4,79 + 0.10 b 
0.51 +- O,OP 0,77 + 0 . 0 2  b 0.77 --- 0.03 b 
4,18 - 0.11 a 4.58 +- 0.14 b 4.53 -+ 0.15 b 
3.18 +- 0.16 a 3.39 +- 0.12 ~ 3.18 -+ 0.12 ~ 
1.85 +- 0.19" 5.21 -+ 0.69 b 1.18 +- 0.17 c 

* Data are expressed as means +- S.E.M. of nine to ten animals except for cholesterol 7oc- 
hydroxylase where N = five to six. Means not followed by a common superscript are significantly 
different (P < 0.05). 

+ Expressed as nmoles/mg protein. 
:[: Expressed as nmoles/(min.mg protein). 
§ Expressed as pmoles/(min.mg protein). 
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in the excess group than in the deficient group, excess 
animals actually had lower cholesterol 7a~-hydroxyl- 
ase activity than deficient animals. 

DISCUSSION 

The present study demonstrates that chronic 
ascorbic acid deficiency results in lowered activities 
of many of the cytochrome P-450-dependent 
enzymes studied, as well as lower levels of cyto- 
chrome P-450 itself. These findings are in agreement 
with earlier reports of lower MFO activity and cyto- 
chrome content in acute ascorbic acid deficiency 
[1-11]. This report demonstrates that lowered cyto- 
chrome P-450 levels and P-450-dependent enzyme 
activity are specific consequences of vitamin C dep- 
rivation since these changes were observed in the 
absence of secondary complications of acute vitamin 
C deprivation, e.g. inanition, weight loss, and 
hemorrhage. 

In the present work, components of the MFO 
system differed in their responses to alteration of 
ascorbic acid intake. In all three experiments there 
was a trend toward higher cytochrome P-450 content 
with increasing dietary ascorbic acid. Increasing diet- 
ary ascorbic acid above control levels (2mg/100g 
body wt in Experiments 1 and 2, and 500 mg/kg diet 
in Experiment 3) resulted in a small increase in 
cytochrome P-450 level which was not statistically 
significant in comparisons among groups. However, 
regression analysis of cytochrome P-450 content ver- 
sus hepatic ascorbic acid concentration did demon- 
strate a statistically significant relationship between 
these variables (Experiments 1 and 3). The biological 
significance of this rise in cytochrome P-450 content 
is open to doubt since it is unaccompanied by any 
increase in drug-metabolizing enzyme activity. The 
observed lack of effect of excessive ascorbate upon 
rates of drug metabolism is in agreement with the 
report of Sikic and co-workers [18] and contrasts 
with the findings of Zannoni and co-workers [14, 15]. 

Excessive ascorbic acid intake had a profound 
effect on one of the microsomal enzymes studied, 
cholesterol 7oL-hydroxylase, in agreement with pre- 
vious findings [22]. The exceptional sensitivity of this 
enzyme to vitamin C intake was evident not only 

with excessive vitamin C intake, in which case the 
activity decreased 77% while the five drug-metab- 
olizing enzymes studied showed no change, but also 
with chronic vitamin C deficiency, which resulted in 
a 64% decrease in activity. Of the five drug-metab- 
olizing enzymes studied, three declined by 9-34% 
while the other two were unchanged in comparison 
to control values. Previous studies, employing a var- 
iety of conditions, have also documented an anom- 
olous response of cholesterol 7o~-hydroxylase relative 
to other cytochrome P-450-dependent enzymes 
[34, 35]. 

The observed divergence of cytochrome P-450 
content and the cytochrome P-450-dependent 
enzyme, cholesterol 7o:-hydroxylase, most likely 
reflects the metabolism of cholesterol by a minor 
isozyme of cytochrome P-450 which is highly sen- 
sitive to ascorbic acid nutriture. A decrease in this 
isozyme (e.g. in the excess group) would not necess- 
arily be reflected in a decreased total content of 
cytochrome P-450. Similarly, Kuenzig et al. [10] 
found that 10days of ascorbic acid depletion 
decreased the O-dealkylation of ethoxycoumarin in 
the lung and liver of the guinea pig but did not 
significantly alter cytochrome P-450 content. 

Drugs, such as phenobarbital or 3-methylcholan- 
threne, can stimulate the biotransformation of other 
chemicals by inducing the microsomal MFO system 
[36]. Studies of acute ascorbic acid deficiency have 
demonstrated that deprivation of vitamin C for 
periods up to 21 days does not alter the ability of 
drugs, like phenobarbital, to stimulate MFO activity 
[9]. Similarly, the present study shows that excessive 
ascorbic acid intake has no generalized effect on the 
inducibility of the hepatic MFO system by pheno- 
barbital. Although p-nitroanisole O-demethylase 
activity was induced to a greater extent in guinea 
pigs fed excessive ascorbic acid than in controls, no 
such change was observed for cytochrome P-450 
levels or the metabolism of aminopyrine or benz- 
phetamine. Phenobarbital apparently had a different 
effect on ascorbic acid distribution in guinea pigs fed 
excessive ascorbic acid than in control animals, as 
evidenced by the large phenobarbital-induced 
increase in hepatic ascorbic acid in the excess group. 
Barbiturates have been shown previously to alter 
ascorbic acid metabolism in the rat [37]. 
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In summary, the present work demonstrates the 
ineffectiveness of excessive doses of ascorbic acid in 
potentiating drug-metabolizing enzyme activity in 
the guinea pig. The observed small effect of excessive 
ascorbic acid intake upon hepatic microsomal cyto- 
chrome P-450 content is of questionable biological 
significance since it was unaccompanied by concom- 
itant alteration of enzyme activity. In contrast, chro- 
nic vitamin C deficiency altered the metabolism of 
a variety of substrates, suggesting the usefulness of 
this model for future work on vitamin C and drug 
metabolism. Unlike the other enzyme activities stud- 
ied, cholesterol 7oc-hydroxylase was reduced by both 
inadequate and excessive dietary ascorbate, dem- 
onstrating the unique sensitivity of this enzyme to 
ascorbate nutriture. 
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