
EFFECTS OF ASCORBIC ACID ON CAFFEINE
PHARMACOKINETICS IN YOUNG AND AGED GUINEA PIGS.

Item Type text; Thesis-Reproduction (electronic)

Authors Hochman, David.

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:18:40

Link to Item http://hdl.handle.net/10150/274670

http://hdl.handle.net/10150/274670


INFORMATION TO USERS 

This reproduction was made from a copy of a document sent to us for microfilming. 
While the most advanced technology has been used to photograph and reproduce 
this document, the quality of the reproduction is heavily dependent upon the 
quality of the material submitted. 

The following explanation of techniques is provided to help clarify markings or 
notations which may appear on this reproduction. 

1.The sign or "target" for pages apparently lacking from the document 
photographed is "Missing Page(s)". If it was possible to obtain the missing 
page(s) or section, they are spliced into the film along with adjacent pages. This 
may have necessitated cutting through an image and duplicating adjacent pages 
to assure complete continuity. 

2. When an image on the film is obliterated with a round black mark, it is an 
indication of either blurred copy because of movement during exposure, 
duplicate copy, or copyrighted materials that should not have been filmed. For 
blurred pages, a good image of the page can be found in the adjacent frame. If 
copyrighted materials were deleted, a target note will appear listing the pages in 
the adjacent frame. 

3. When a map, drawing or chart, etc., is part of the material being photographed, 
a definite method of "sectioning" the material has been followed. It is 
customary to begin filming at the upper left hand corner of a large sheet and to 
continue from left to right in equal sections with small overlaps. If necessary, 
sectioning is continued again—beginning below the first row and continuing on 
until complete. 

4. For illustrations that cannot be satisfactorily reproduced by xerographic 
means, photographic prints can be purchased at additional cost and inserted 
into your xerographic copy. These prints are available upon request from the 
Dissertations Customer Services Department. 

5. Some pages in any document may have indistinct print. In all cases the best 
available copy has been filmed. 

University 
Microfilms 

International 
300 N. Zeeb Road 
Ann Arbor, Ml 48106 





1320065 

HOCHMAN, DAVID 

EFFECTS OF ASCORBIC ACID ON CAFFEINE PHARMACOKINETICS IN YOUNG AND 
AGED GUINEA PIGS 

THE UNIVERSITY OF ARIZONA M.A. 1982 

University 
Microfilms 

International 300 N. Zeeb Road, Ann Arbor, MI 48106 





EFFECTS OF ASCORBIC ACID ON CAFFEINE PHARMACOKINETICS 

IN YOUNG AND AGED GUINEA PIGS 

by 

David Hochman 

A Thesis Submitted to the Faculty of the 

COMMITTEE ON NUTRITIONAL SCIENCES 

In Partial Fulfillment of the Requirements 
For the Degree of 

MASTER OF SCIENCE 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1 9  8  2  



STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of re
quirements for an advanced degree at The University of Arizona and is 
deposited in the University Library to be made available to borrowers 
under rules of the Library. 

Brief quotations from this thesis are allowable without special 
permission, provided that accurate acknowledgment of source is made. 
Requests for permission for extended quotation from or reproduction of 
this manuscript in whole or in part may be granted by the head of the 
major department or the Dean of the Graduate College when in his 
judgment the proposed use of the material is in the interests of 
scholarship. In all other instances, however, permission must be 
obtained from the author. 

SIGNED: 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

JAMES BLANCHARD 
Associate Professor of 
Pharmaceutical Sciences 

29 /92£ 
Date 



ACKNOWLEDGMENTS 

I wish to express my gratitude to Dr. James Blanchard for his 

help and guidance during this thesis research and compilation. My ap

preciation is also extended to Drs. M. Mayersohn, D. H. McKelvie, J. W. 

Berry and Y. Peng for their assistance in various aspects of the proj

ect. Thanks are due to the many people in the Departments of Pharma

ceutical Sciences, Animal Resources and Nutritional Sciences whose 

advice was always welcome. A special thanks to my wife, Elaine, 

without whose cheerful support this thesis would not have been pos

sible. This research was supported by a University of Arizona Biomed

ical Research Support Grant #829750 presented by the BRSG Committee, 

College of Pharmacy, University of Arizona. 

iii 



TABLE OF CONTENTS 

Page 

LIST OF ILLUSTRATIONS vi 

LIST OF TABLES viii 

ABSTRACT ix 

REVIEW OF LITERATURE 1 

Drug Biotransformations 1 
Factors Affecting Drug Biotransformations 5 

Sex 5 
Age 6 
Nutrition 8 

Vitamin C 12 
History 12 
Chemistry 13 

Metabolism and Biochemical Function 15 
Catabolism 16 
Functions 17 
Distribution and Requirement 19 
Deficiency 22 

Vitamin C and Drug Metabolism 23 
Caffeine ~ 29 

EXPERIMENTAL MATERIALS AND METHODS 37 

Guinea Pigs 37 
Young Guinea Pigs 37 
Aged Guinea Pigs 37 

Animal Housing 38 
Diets 38 
Caffeine Dosing AO 
Collection of Venous Blood Samples 42 
Protocol 45 
Vitamin C Assay 46 
Caffeine Assay 50 
Caffeine Data 52 
Statistical Methods 53 

iv 



V 

TABLE OF CONTENTS--Continued 

Page 

RESULTS AND DISCUSSION 54 

Body Weights 54 
Plasma Ascorbic Acid Levels 59 
Caffeine Pharmacokinetic Parameters 62 

Total Body Clearance (CI) 62 
Apparent Volume of Distribution (Vd) 62 
Elimination Rate Constant (K) 65 
Half Life (t^) 68 

Summary of Results 76 

APPENDIX. MATERIALS 78 

LIST OF REFERENCES 79 



LIST OF ILLUSTRATIONS 

Figure Page 

1. Chemical Structures of Ascorbic Acid and Dehydroascorbic. 
Acid 14 

2. Chemical Structures of Caffeine (1,3,7-Trimethylxanthine) 
and Theophylline ( 3,7-Dimethylxanthine) 30 

3. Proposed Metabolic Pathway of Caffeine in Adult Man ... 33 

4. Schematic Diagram of the Vacuum Bleeding Apparatus .... 44 

5. Linear Regression of 3 Calibration Curves for AA in 
Plasma 49 

6. Average Plasma Caffeine Concentration Versus Time in 
Young Guinea Pigs Following a 10 mg/kg Intravenous 
Bolus Dose 55 

7. Average Plasma Caffeine Concentration Versus Time in 
Aged Guinea Pigs Following a 10 mg/kg Intravenous 
Bolus Dose 56 

8. Histogram Plot of f;he Mean Plasma AA Concentrations in 
Young and Aged Guinea Pigs 61 

9. Total Body Clearance (CI) Versus Plasma AA Concentration 
for Young Guinea Pigs 63 

10. Total Body Clearance (CI) Versus Plasma AA Concentration 
for Aged Guinea Pigs 64 

11. Volume of Distribution (Vd) Versus Plasma AA 
Concentration in Young Guinea Pigs 66 

12. Volume of Distribution (Vd) Versus Plasma AA 
Concentration in Aged Guinea Pigs 67 

13. Elimination Rate Constant (K) Versus Plasma AA 
Concentration in Young Guinea Pigs 69 

14. Elimination Rate Constant (K) Versus Plasma AA 
Concentration in Aged Guinea Pigs 70 

vi 



vii 

LIST OF ILLUSTRATIONS—Continued 

Figure Page 

15. Arithmetic Mean Half-life (tig) of each Treatment Group 
Versus Plasma AA Concentration 71 

16. Half-life (tig) of Caffeine Versus Plasma AA 
Concentration in Young Guinea Pigs 73 

17. Half-life (t^) of Caffeine Versus Plasma AA 
Concentration in Aged Guinea Pigs 74 



LIST OF TABLES 

Table Page 

1. Ascorbic Acid Content of Human, Guinea Pig and Rat 
Tissues (Approximate Values) 20 

2. Composition of Basal Guinea Pig Diet 39 

3. The Effect of Various Dietary Levels of Ascorbic Acid 
(AA) on the Pharmacokinetics of Caffeine in Young 
and Aged Guinea Pigs 57 

A. Summary of Pair-Wise Statistical Comparisons of the 
Data in Table 3 58 

viii 



ABSTRACT 

The effects of vitamin C (AA) on caffeine pharmacokinetics were 

studied in young and aged guinea pigs. Three groups of young male 

animals (10 per group) were fed a diet containing 0.0 mg AA/gm, 1.50 mg 

AA/gm or 7.0 mg AA/gm of chow. Two groups of aged animals were fed 

the 0.0 mg AA/gm diet (n = 7, 3 males and 4 females) and the 7.0 mg 

AA/gm diet (n = 6, 3 male;s and 3 females). The normal (1.5 mg AA/gm) 

and high (7.0 mg AA/gm) vitamin C diets were administered for 8 weeks 

while the depleted (0.0 mg AA/gm) animals were kept on their diet for 

20 days to achieve the desired plasma AA levels. A 10 mg/kg intra

venous bolus dose of caffeine was given and plasma samples collected 

over 32 hours and assayed for caffeine. Plasma AA levels were altered 

significantly according to its dietary concentration in both young and 

aged animals. Dietary AA supplementation increased caffeine 

elimination in young but not aged animals. 

ix 



REVIEW OF LITERATURE 

Drug Biotransformations 

Drugs would act indefinitely in the body if they were not 

transformed by the drug metabolizing enzymes. The major site for 

these transformations, in the mammalian body, is in the liver. 

This organ biotransforms not only drugs but also most of the other 

foreign chemicals to which the body is exposed. The microsomal drug 

metabolizing enzymes evolved to metabolize endogenous substances, 

substances normally present in the body, such as steroid hormones, 

cholesterol and fatty acids which are oxidized during metabolism. 

Some drug biotransformation also takes place in such tissues as 

kidney, intestine, lung and gut with little taking place in adrenal, 

brain, heart, muscle, skin, spleen and testes (Williams 1975; 

Kappas and Alvares 1975). 

In the liver, the enzyme systems that act in the biotrans

formation of drugs are built into the branched tubules and vesicles 

of the smooth endoplasmic reticulum of the hepatocytes (Kappas and 

Alvares 1975; Popper 1975; Williams 1975). When foreign compounds 

enter the body three things can happen to them: (1) they can be 

metabolized by enzymes, (2) they can change spontaneously into 

other substances without the help of enzymes, or (3) they can be 

excreted unchanged. Drug metabolizing reactions can be sub-

classified as oxidations, reductions, hydrolyses and syntheses 

1 



2 

(Williams 1975). Using oxidation processes, the microsomal enzymes 

rid the body of environmental chemicals such as insecticides, 

herbicides, dyes, food preservatives and a number of substances that 

are suspected of inducing cancer (Kappas and Alvares, 1975). Drug 

metabolism is regarded as taking place in two steps: 

Phase I reactions introduce groups such as hydroxyl (OH), carboxyl 

(COOH), amino (NH^) and sulfhydryl (SH) into the drug molecule. 

These groups allow the second phase (Phase II reactions) of drug 

metabolism to take place. This phase consists of an enzyme-

mediated synthetic reaction between the active group which has been 

introduced and certain compounds provided by the body. These com

pounds are called conjugating agents and are usually carbohydrates, 

amino acids, or molecules derived from them (Williams 1975). What 

usually happens during drug metabolism is the conversion of a 

lipophilic or fat-soluble compound, into a more hydrophilic, polar 

species (Kappas and Alvares 1975). After Phase I, further detoxi

fication takes place in Phase II reactions where the compound is 

coupled to an endogenous substance (Williams 1975). The conjugated 

compound is usually devoid of pharmacologic activity (Kappas and 

Alvares 1975). The microsomal mixed-function oxidase (MFO) system 

is not only capable of carrying out the hydroxylation of fatty acids 

Oxidation, reduction 
and/or 

hydrolysis products 

Phase II ̂
 Products of 
> Synthesis 

(conjugations) 



and steroids, but also the oxidative demethylation and hydroxylation 

of drugs (Rees 1979). 

The key enzyme involved in drug metabolism is cytochrome 

P-450. This is a complex of protein and heme, the iron-containing 

ring structure that is the oxygen-binding component of hemoglobin. 

Cytochrome P-450 is so named because in its reduced form it binds 

carbon monoxide and then absorbs light, with its wavelength of maxi

mum absorption occurring at 450 nanometers. In the mixed-function 

oxidase system cytochrome P-450 serves as the terminal oxidase 

(Kappas and Alvares 1975). This system also contains NADPH, the 

enzyme cytochrome P-450 reductase, cytochrome b^ another heme pro

tein, and phosphatidylcholine, the lipid component. At least three 

different forms of cytochrome P-450 exist in rat liver and four 

different forms in rabbit liver (Rees 1979). In the adrenal gland 

multiple forms of cytochrome P-450 may be involved in the metabolism 

of different compounds. Drug metabolism by the adrenal glands may 

be catalyzed by different species of cytochrome P-450 (Colby et al. 

1980). The membranes of the smooth endoplasmic reticulum con

taining the drug metabolizing enzymes represent a dynamic "liquid 

mosaic" composed mainly of protein rather than phospholipids, some

times in macroraolecular assembly. Both are intertwined to form outer 

hydrophilic and inner hydrophobic layers. The endoplasmic reticulum 

cisternae serve not only as transport but also as reaction chambers, 

the components of which are changing in configuration, position, 
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and constitution, in response to the needs of the organism or the 

cell (Popper 1975). 

The microsomal enzyme system is highly inducible, that is, its 

activity can be greatly increased by exposure to a wide variety of 

environmental agents and drugs that act as substrates for the sys

tem. Such chemicals stimulate the synthesis of cytochrome P-450 

and other components of the complex (Kappas and Alvares 1975). The 

microsomal content of cytochrome P-450 and the activity of NADPH-

cytochrome C reductase are increased by the repeated administration 

of a variety of compounds. Different compounds stimulate the pro

duction of variant forms of cytochrome P-450. Concomitant with the 

increase in cytochrome P-450 content and NADPH-cytochrome C reduc

tase there is an increase in the associated denethylation and hy-

droxylation activities, a proliferation of smooth endoplasmic 

reticulum, and an increase in liver size (Rees 1979). 

The activity of the drug-metabolizing enzymes is affected 

by a multitude of factors, such as diet, environmental influences, 

the presence of diseases during feeding for long periods, and 

genetic factors (Kato 1978). 

Marked species differences exist in the rates and pathways 

of drug metabolism .and these differences must be accounted for during 

the extrapolation of data from one animal species to another and 

from animals to man (Conney et al. 1974). 



Factors Affecting Drug Biotransformations 

Sex 

O'Malley et al. (1971) have shown that in humans, men seem 

to be slower metabolizers of drugs than women, since the mean half-

life of antipyrine was 30% longer in males. However, it should be 

noted that there is a higher incidence of adverse drug reactions in 

women. Conney (1967) has clearly documented the greater duration 

and intensity of drug action in adult female rats compared with 

adult males. No sex-related differences in the metabolism or action 

of hexobarbital in guinea pigs, rabbits, cats and dogs were observed-

Giudlcelli and Tillement (1977) have reviewed the literature 

on sex-related changes in drug metabolism and concluded that sex-

linked differences in drug kinetics unquestionably exist. These 

differences may be due to differences in such factors as absorp

tion, body composition, protein binding, plasma enzymes, liver 

metabolism, excretion, and receptor sensitivity. In the liver, the 

effects of sex hormones on the activity of hepatic microsomes are 

complex and often contradictory. Estrogens reduce the hepatic 

metabolism of antipyrine and phenylbutazone, which is reflected by 

a longer half-life of these drugs in females. In contrast, they 

appear to accelerate the metabolism of ascorbic acid. Progesterone 

appears to increase the metabolism of testosterone and to shorten the 

half-life of antipyrine. The authors believe that, all things being 

equal, the differences observed do not call for changing the dosage 



of a drug as a function of sex, except when a drug has a low 

therapeutic index. 

Age 

In geriatric subjects the absorption, distribution, metabolism 

and excretion of drugs are altered (Gorrod 1974). It was once 

thought that the high drug concentrations often observed in geri

atric patients, suffering mainly from cerebrovascular disease, 

were due to impaired kidney function. However, it was later found 

that the longer half-lives observed in these patients, compared to 

young, healthy volunteers, were due to a decreased ability of liver 

microsomal enzymes to metabolize the drugs. The decline in total 

activity of the hepatic enzymes with age, however, was due not only 

to decreases in the amount of cytochrome P-450 and the activity 

of NADPH cytochrome C reductase per gram of liver tissue, but also 

to decreases in liver weight. Both a decrease in liver weight and 

a reduced enzyme activity per unit weight of liver contribute to 

the enhanced effects of drugs sometimes observed in the elderly 

(Gillette 1979). 

Other authors (Dickerson and Walter 1974) observed little 

change in the concentration of hepatic microsomal protein and 

cytochrome P-450 and b,. with age. It was shown that in humans over 

60 years of age the half-lives of antipyrine and phenylbutazone 

were longer. In animal experiments they found that the ratio of 
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liver weight to body weight in 440 day old rats was less than the 

neonatal value. 

The extent of induction of the cytochromes and enzymes, 

whether by drugs or ethoxyquin also decreases with age. A reduction 

in the capacity to metabolize drugs with aging could be a factor 

contributing to the increased incidence of adverse drug reactions in 

the elderly (Dickerson and Walter 1974). Turner (1978) suggests 

that a reduction in hepatic protein-synthesizing activity with 

advancing age may be responsible for the reduced drug metabolizing 

ability. 

Very little data exist for older animals, but results have 

generally shown that In old age the mixed function oxidase (MFO) activ

ity decreases, producing a concimitant increase in the pharmacological 

activity of drugs. Old age may protect against the toxic effects of 

substances which are made potent by the MFO system, e.g., aflatoxin. 

As animals age there is a decrease in liver size relative to body 

weight and a slight decrease in the amount of microsomal protein per 

unit weight of liver. Levels of P-450 decrease with age producing a 

decrease in drug metabolizing activity, and an increase in the plasma 

halflife of antipyrine, phenylbutazone, digoxin and penicillin 

(Gorrod 1974). 

Evidence indicates that there is a decrease in the surface 

area of the smooth endoplasmic reticulum (the site of drug metabolism) 

in rats with increasing age (Schmucker, et al. 1977). 



Kroening and Weintraub (1980) have found that the apparent 

volume of distribution (V^) of digoxin appears higher in very young 

mice and guinea pigs, possibly due to increased tissue binding or 

greater extracellular fluid space. The increased levels of drugs 

observed in the very young may be due to diminished renal function 

which could result in higher tissue levels. 

In summary, the following changes are sometimes observed 

with increasing age: an increase in the half-life of certain drugs, 

a reduced ability to metabolize drugs, a reduction in the liver-to-

body weight ratio, no change or a slight reduction in the concen

tration of cytochromes P-450 and bj., a decrease in the ability to 

induce formation of drug metabolizing enzymes, an increase in adverse 

drug reactions, a reduced hepatic protein-synthesizing activity, and 

a decrease in the surface area of the smooth endoplasmic reticulum. 

Nutrition 

Deficiencies in a number of dietary components are a major 

determinant of drug action, generally decreasing the rates of 

metabolism and clearance. 

Sugars. Sucrose decreased the activity of the rat liver 

MFO system (Campbell 1977). A high intake of various sugars, es

pecially glucose, will increase the duration of sleep induced by 

barbiturates in mice. It was shown that rats have a reduced drug 

metabolizing ability when kept on high sugar diets for extended 

periods of time (Campbell and Hayes 1974). 



Lipids. Thirty to fifty-five percent of the hepatic 

endoplasmic reticulum is lipid in nature (Campbell and Hayes 1974). 

Lipids are important for the formation of phosphatidylcholine and 

the maintenance of membrane integrity (Campbell and Hayes 1974). 

The phospholipid, phosphatidylcholine is an integral component of the 

MFO enzyme system. In the cytochrome P-450 and cytochrome P-450 

reductase enzyme system, in the presence of NADPH and oxygen, phos

phatidylcholine is essential for electron transfer and for the 

oxygenation of a variety of drug substrates (Anderson, Conney,, and 

Kappas 1979). A deficiency of polyunsaturated fatty acids depresses 

the capacity for induction of the MFO system (Campbell and Hayes 

1974). A decreased supply of essential fatty acids in the diet also 

depresses the basal MFO activities. A fat-free diet depressed cyto

chrome P-450 levels and decreased V and K for ethylmorphine 
max m 

demethylase and hexobarbital oxidase in rats. A fatty-acid defi

ciency resulted in markedly lower cytochrome P-450 levels in rats 

(Campbell and Hayes 1974). It can be seen that the lipid content of 

the diet affects the composition and function of the endoplasmic 

reticulum of the liver. Rats fed fat-free diets for 3 weeks showed 

a depression in liver cytochrome P-450 concentration and microsomal 

drug metabolism (Anderson et al. 1979). 

Protein. Dietary protein deficiency decreases MFO activity 

and increases the duration of action of barbiturates by decreasing 

their rates of metabolism and tissue clearance (Campbell 1977). 



A dietary reduction in either the quantity or quality of 

protein causes a depression of hepatic microsomal MFO activities. 

Protein deficiency has been shown to decrease microsomal reaction 

rates dji vitro for a variety of oxidative pathways and a number of 

substrates. Protein deficiency causes a 50 to 75% depression of 

cytochrome P-45Q content and flavoprotein reductase activity after 

14 days of feeding in rats. Dietary protein deficiency does not 

affect the independent characteristics of the phosopholipid fraction. 

In other words, reconstitution of reductase and cytochrome P-450 

fractions from rats fed 20% casein with the lipid fraction isolated 

from rats fed 5% casein did not impair activity (Campbell and Hayes 

1974). 

The feeding of protein-deficient diets to rats has led to 

losses of as much as 75% of hepatic microsomal MFO activity, with 

consequent increases in the pharmacological effects of drugs. An 

increased lethality of toxic compounds such as pesticides, which are 

metabolically detoxified has also been observed. For chemicals 

which are activated by metabolism the converse has been observed. 

In contrast to its effect on Phase 1 metabolism, protein deficiency 

does not impair conjugation and may even result in an increase in 

hepatic glucuronidation. When animals are exposed to large amounts 

of drugs or other substances the drug-metabolizing activity is 

markedly increased as a result of an enhanced biogenesis of these 

enzymes, a process known as enzyme induction. Protein deficiency 

also impairs this process (Krishnaswamy 1978). 
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Vitamins. Vitamin deficiencies, generally, lead to a 

depression of the drug-metabolizing enzymes, but the effect is not 

as great as that of protein deficiency (Anderson et al. 1979). 

Vitamin A, niacin, riboflavin, thiamine, tocopherol and vitamin C 

have been implicated in the metabolism of drugs, and diets low in 

these nutrients usually produce a depressed activity of the MFO. 

Diets deficient in any vitamin will tend to impair drug metabolism, 

although this is not always the case (Anderson et al. 1979). 

A dietary deficiency of ascorbic acid in guinea pigs de

creases MFO activities and the capacity for MFO enzyme induction 

(Campbell 1977). Vitamin C has been studied extensively to eluci

date its underlying biochemical action on the MFO system. A more 

detailed discussion is found starting on page 23. 

Minerals. Deficiencies in dietary calcium, magnesium, iron, 

iodine, zinc, selenium and copper affect the microsomal MFO system 

to varying degress (Campbell and Hayes 1974). 

Cytochrome P-450, the essential component of the microsomal 

electron transport chain, being a hemoprotein, requires iron for 

•"v 

its biosynthesis. However, rats maintained on an iron-deficient diet 

for 18 days or more did not show any impairment of drug metabolism 

and, if anything, showed an increased activity. Deficiences of cal

cium, zinc and magnesium tend to Inhibit the activity of the drug-

metabolizing enzymes (Krishnaswamy 1978). 
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Starvation. During prolonged periods of starvation it has 

been found that oxidative pathways are affected more than reductive 

pathways. Starved male rats show an increase in cytochrome P-450 per 

gram of liver or per milligram of microsomal protein. However, a 

dramatic decrease was seen when cytochrome P-450 content was ex

pressed on a whole liver weight basis. Induction of cytochrome P-

450 is significantly reduced in starved animals when cytochrome 

P-450 is expressed on a whole liver weight basis. Increases in 

microsomal enzyme activities generally seen with starvation could be 

due to the stress associated with this condition (Ioannides and 

Parke 1979; Campbell and Hayes 1974). 

Vitamin C 

History 

The disease of scurvy is closely related to the lack of vita

min C. The symptoms of scurvy were first described as early as the 

crusades in the 13th century. Before the eighteenth century more 

deaths of sailors could be attributed to this disease than to war 

or shipwrecks. Failure to understand the cause of the disorder 

resulted in the deaths of millions of people (.Chatterjee 1978). 

It was noticed in 1601 that oranges and lemons could cure 

scurvy, but it was not until 1753 that James Lind wrote his treatise 

on the disease showing that fresh vegetables, oranges and lemons 

could prevent and cure scurvy (Fawns 1975). 
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At the turn of this century it was found that nutrients 

present in minute amounts were needed for normal healthy growth and 

maintenance of life. These nutrients were called "Accessory Food 

Factors." In 1912 the name "vitamines" was coined for these nu

trients and in 1920 the name was changed to "vitamins." In 1907, 

Halst and Frolich discovered that experimental scurvy could be pro

duced in guinea pigs and used these animals in biological assays. 

What was first called the "scurvy vitamine" became "water-soluble 

C" and finally, vitamin C, In 1933 Szent-Gyorgyi and Haworth iso

lated the vitamin and proposed the name "ascorbic acid" (Fawns 1975). 

Chemistry 

Vitamins occur naturally as constituents of food. They are 

organic in nature and essential for the life and well-being of animals 

and humans. Due to their organic nature they are considered different 

from the trace elements (Marks 1975). Vitamins have been divided 

into water and fat-soluble groups. Vitamin C is water soluble and 

is found in fresh citrus fruits and vegetables in varying concen

trations . 

The L-isomeric form of ascorbic acid is equated with vitamin 

C. The chemical structures of ascorbic acid and dehydroascorbic 

acid are shown in Figure 1. Ascorbic acid is the enolic form of 

3-keto-l-gulofuranolactone. Ascorbic acid (l-threo-2,4,5,6-

pentohexane-2 carboxylic acid lactone) behaves like a monobasic acid 

since it has two enol groups and the two asymmetric carbon atoms 



69H20h 

HCOH 

HO OH 

Ascorbic Acid 

^CH2OH 

- H o  

+ H. 

HCOH 

O o 

Dehydroascorbic Acid 

Figure 1. Chemical Structures of Ascorbic Acid and Dehydroascorbic 
Acid. 
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(C^-C^) in ascorbic acid make four sterioisomers possible (Baker 

and Frank 1968). The d-isomer of ascorbic acid is metabolically 

inactive. The enediol groups at the second and third carbon atoms 

are sensitive to oxidation and easily converted to a diketo group 

(Marks 1975). Crystalline vitamin C is stable in air. It is soluble 

in water, alcohol, glycerol and propylene glycol, but insoluble in 

oils, fats, ether or chloroform. It is unstable in aqueous solution 

due to attack by atmospheric oxygen and other oxidizing agents such 

as alkalis and metals (e.g., iron and copper salts). A 0.5% solution 

of vitamin C in water is strongly acidic with a pH of 3.0. Ascorbic 

acid is stable in acid solutions below pH 4.0 (Baker and Frank 1968). 

Dehydroascorbic acid is the first oxidation product of ascorbic 

acid, however, the antiscorbutic potency of the two forms is equal 

(Baker and Frank 1968). 

Metabolism and Biochemical Function 

Vitamin C occurs in nature in the form of L-ascorbic acid. 

Higher plants and most mammals can synthesize ascorbic acid (Baker 

and Frank 1968). Plants synthesize ascorbic acid (AA) from glucose 

and galactose using the hexose monophosphate shunt. It is needed by 

plants for protein synthesis, growth, respiration and photosynthesis 

(Chatterjee 1978). 

In mammals, ascorbic acid is made in the liver from glucose via 

the glucuronic acid pathway. In rats AA is synthesized in this man

ner: 
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D-glucose >1>-glucuronic acid >L-gulonic acid 

>L-gulonolac tone >L-ascorbic acid 
L-gulonolactone oxidase 

(Baker and Frank 1968). 

It has been;.found that insects, invertebrates and fishes are unable 

to produce AA. Studies have shown that man, other primates, guinea 

pigs, the India fruit-eating bat and the red vented bulbul bird lack 

the enzyme L-gulonolactone oxidase (EC 1.1.3.8) involved in the last 

step in AA biosynthesis (Baker and Frank 1968). To prevent scurvy in 

these species, a dietary (exogenous) source of vitamin C is needed. 

It has been postulated that the genetic mutation leading to the loss 

of AA synthesizing ability took place in a common ancestor of man 

and primates some 25 million years ago {Chatterjee 1978). 

Catabolism 

In the guinea pig and rat the carboxyl carbon of ascorbic 

acid is oxidized to dehydroascorbate by a variety of enzymatic and 

nonenzymatic processes. Dehydroascorbate is then converted enzy-

matically to 2,3-diketogulonate. The 2,3-diketogulonate is then 

decarboxylated by a specific decarboxylase and the products are 

carbon dioxide and the pentonic acids, L-xylonate and L-lyxonate 

(Chatterjee 1978). In the guinea pig, it has been demonstrated 

that, following an injection of labelled AA, 66% of the dose is 

is exhaled via the lungs as carbon dioxide, 10% is excreted unchanged 

in the urine over 10 days, with less than 1% of the administered 
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radioactivity appearing in the feces (Hornig 1975). In man the 

products of AA catabolism are urinary oxalate and dehydroascorbic 

acid. The latter is the first oxidation product of vitamin C (Baker 

and Frank 1968). 

Functions 

Prevention of Scurvy. It is generally agreed that AA pre

vents or cures scurvy, however, the mechanisms whereby it functions 

are incompletely understood (Hodges 1976). Its involvement in col

lagen synthesis and wound healing is recognized to be a major factor 

in the prevention of scurvy. 

Collagen Synthesis. AA is a cofactor in collagen synthesis. 

It is a reductant needed for the activation of prolyl hydroxylase, 

the enzyme that hydroxylates peptide-bound proline, e.g., in proto-

collagen. AA acts two ways in collagen synthesis: the activation of 

prolyl hydroxylase and hydroxylation of peptide-bound proline by the 

active prolyl hydroxylase (Chatterjee 1978). 

Protein Synthesis. AA is a cofactor in hydroxylation of 

tryptophan to 5-hydroxytryptophan, conversion of 3,4-dihydro-

xyphenylethylamine to norepinephrine, and hydroxylation of p-

hydroxyphenylpyruvate to homogentisic acid in tyrosine metabolism 

(Baker and Frank 1968). 
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Hematopoiesis. AA increases iron absorption from the 

gastrointestinal tract and stimulates incorporation of iron into 

hemoglobin (Baker and Frank 1968). It helps convert iron from 

transferrin to ferritin. It is a potent reducing agent which in

hibits absorption of copper from the gastrointestinal tract (Hodges 

1976). 

Atherosclerosis. There is some evidence that ascorbic acid 

can have an effect on lipid metabolism (Hodges 1976). High doses of 

vitamin C have been shown'to reduce cholesterol levels in young 

people, but had no effect on those aged 25 or over. It has been 

reported that lowered levels of vitamin C may promote platelet ag

gregation leading to thrombosis and vascular disease (Sarji et al.; 

1979). In another study (Klopfenstein, Varriano-Marston, and 

Hoseney 1981) increased serum cholesterol was observed in subjects 

on high AA diets. 

Histamine Metabolism. Ascorbic acid may play a role in de

toxifying histamine in the guinea pig. Low vitamin C levels produce 

high histamine levels leading to hyperemia and increased capillary 

permeability. Capillary degeneration, a symptom of scurvy, may be 

due to this increase in histamine (Chatterjee 1978). 

Stress. Vitamin C was once considered important in the con

trol of stress. Subsequent studies generally have failed .to confirm 

the "anti-stress" actions of AA in man (Hodges 1976). 



Common Cold. There is little convincing evidence to support 

claims of clinically important efficacy in reducing the length and 

severity of virus infections (Hodges 1976). 

Distribution and Requirement 

In Table 1, data have been compiled on the tissue content of 

AA in humans, guinea pigs and rats (Hornig 1975). There appears to 

be a decrease in organ AA concentration with age. The tissue con

centration of AA is proportional to the square foot of the ingested 

dose (Hornig 1975). 

There is considerable disagreement in the literature con

cerning the amount of vitamin C that should be consumed daily in humans 

and animals. The optimal dose of AA is still unknown. There is a dif

ference between the "physiologic" and the "pharmacologic" doses. The 

pharmacologic dose is usually 10 times the physiologic dose and for the 

common cold it has been recommended that 100-2000 mg/day of AA be taken 

At 100 times the physiologic dose one may see toxic symptoms. It has 

also been found that individual variability with regard to' the require

ments for this nutrient is modest. In man the minimum dose needed to 

prevent scurvy is 15 mg/day (Dodges 1976). 

At megadose levels in guinea pigs (1000 mg/day) much lower 

body weights and food consumption were observed compared to the control 

animals. Also seen were significantly decreased kidney weights as 

well as increases in both numbers and signs of arterial and venous 

branches of the arcuate vessels in the kidney. These results suggest 
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Table 1. Ascorbic Acid Content of Human, Guinea Pig and Rat Tissues 
(Approximate Values) 

Tissue 
Ascorbic Acid (mg/100 gm wet tissue) 

Tissue Human Guinea Pig Rat 

Adrenal glands 30-40 65-135 280-400 
Pituitary gland 40-50 140 100-130 
Liver 10-16 6-25 25-40 
Spleen 10-15 25-39 40-50 
Lungs 7 7 20-40 
Kidneys 5-15 5-10 15-20 
Testes 3 30 25-30 
Thyroid 2 22 
Heart Muscle 5-15 5 5-10 
Skeletal muscle 3-4 1-2 5 
Brain 13-15 23-25 35-50 
Pancreas 10-15 23-25 35-50 
Eye lens 25-31 17 8-10 
Plasma 0.4-1.0 1.6 
Saliva 0.07-0.09 



that caution should be exercised in the use of megadoses of vitamin 

C (Keith, Libke, and Driskell 1981). 

Those who advocate high dose AA may be doing so on the basis 

of incomplete data and speculation (Hodges 1976). At 45 mg/adult/day 

it can be expected that serum ascorbate levels of 0.60 mg/100 ml will 

be seen and the body pool would be 1.5 mg (Chatterjee 1978). In 

the young guinea pig the recommended daily allowance is about 5.0 

mg/100 gm body weight/day (Yew 1973). Guinea pigs develop higher AA 

levels in tissues when AA is added in the diet or drinking water 

than those receiving high doses of AA once a day (Ginter, Bobek, and 

Vargova 1979). Pfander and Mitchell (1952) found that the guinea 

pig requires 7 mg AA/kg of body weight/day whereas man requires 

only 0.14 mg AA/kg body weight, much less than the guinea pig. No 

sex difference exist with respect to AA requirements (Pfander and 

Mitchell 1952). Collins and Elvehjem (1958) found the minimum AA 

requirement based on growth to be 0.5 mg/100 mg body weight/day 

in guinea pigs. Sorensen, Devine, and Rivers (1974) found the AA 

requirements for guinea pigs to be 0.5 mg/100 gm body weight/day. 

Guinea pigs require more vitamin C per gram of body weight since 

they metabolize ascorbic acid at a rate four times that of humans. 

In the guinea pig most of their ascorbic acid is metabolized to 

carbon dioxide which is exhaled from the lungs with a lesser per

cent excreted in the urine (Keith et al. 1981). 
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Deficiency 

The guinea pig is the only common laboratory animal in which 

AA deficiency can be induced since, like primates, it cannot synthe

size the vitamin (Anthony, Kurachara and Taylor 1979). Low AA produces 

high serum cholesterol and cholesterol gallstones in guinea pigs on 

high cholesterol diets (Weiser, Hauck and Hornig 1977). Muscle carni

tine is a sensitive indicator of AA status and a fall in its concentra

tion is one of the earliest biochemical consequences of reduced AA 

intake in the guinea pig. Carnitine has a regulatory role in skeletal 

muscle in the provision of energy from fatty acid sources. 

Various cell-mediated immune responses are reduced in guinea 

pigs deprived of AA, however, the number of lymphocytes are unchanged 

at low AA levels (Anthony et al. 1979). 

Davies, Pulsinelli and Hughes (1976) used aged and young 

male guinea pigs and showed that old animals had lower AA saturation 

values than the young ones, especially in brain tissue. The use of 

"young tissue" levels as a measure for detecting "old tissue" de

ficiencies is perhaps scientifically invalid. In the liver the old 

guinea pigs had AA levels that were 55% of those in young animals. 

Low AA levels damage all tissues; mesenchymal cells, connec

tive tissue, bone, cartilage, teeth, muscle, nervous system, reticu

loendothelial system, capillaries, erythrocytes, leucocytes, platelets, 

prothrombin and thromboplastin. Low AA is also involved in the 

malfunction of liver, pancreas, adrenals, spleen, gastrointestinal 

tract, genitourinary tract and endocrines. Low AA levels also cause 



a reduction in cytoplasm, a lower calcium content of blood, indistinct 

cell walls, and the loss of hyaluronic acid which is the main inter

cellular cement (Baker and Frank 1968). 

Vitamin C and Drug Metabolism 

In 1941, Richards, Kueter, and Klatt showed that pentobarbital 

sleeping time was prolonged in guinea pigs with low levels of AA 

compared to animals with normal levels; this effect was reversed by 

the administration of vitamin C (Zannoni and Lynch 1973; Zannoni 

Smith, and Rikans 1977). 'In 1954, Axelrod, Udenfriend, and Brodie 

reported an increase in the plasma half-life of acetanilide, aniline 

and antipyrine in scorbutic guinea pigs.and a return to their usual 

half-life when the AA level was returned to normal. It was concluded 

that only small amounts of AA were needed to demonstrate these ef

fects and that a nutritional deficiency of AA caused by low consump

tion can have a material influence on the response of an animal to 

a drug. In 1965, Degkwitz and Staudinger showed that the p-

hydroxylation of acetanilide in guinea pigs with low AA levels was 

depressed by 90%. In 1969, Leber, Degkwitz and Staudinger reported 

that scorbutic guinea pigs had a decreased ability to demethylate 

aminopyrine and hydroxylate acetanilide. These animals also ex

hibited a decrease in cytochrome P-450 content, but no change in 

cytochrome b,. content. In the same year Kato, Takanka and Oshima 

showed that low AA levels were associated with a decrease in the 

metabolism of aniline, hexobarbital and zoxazolamine but no change 
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in the metabolism of aminopyrine, diphenhydramine, meperidine, 

p-nitroanisole, p-nitrobenzoic acid and p-dimethylaminobenzene. 

These workers also found no decrease in the concentration of cyto

chrome P-450 and cytochrome b^. It was concluded that vitamin C 

deficiency affects hydroxylation reactions only and is involved in 

the "terminal oxidase" component of the electron transport system. 

In 1972, Wade et al. found that 12-18 days on an AA-deficient diet 

was required to reduce terminal body weight and decrease liver 

weight/body weight ratios significantly in guinea pigs. Hydroxylation 

reactions were reduced and there was a decrease in the concentration 

of microsomal protein and cytochrome P-450. A qualitative change 

was produced in the drug metabolizing system, however, no quantitative 

change was reported in cytochrome P-450 even though its activity was 

depressed. In 1972 Zannoni, Flynn and Lynch and in 1973 Zannoni and 

Lynch reported that.there is a decrease in the concentration of cyto

chrome P-450 in guinea pigs on an AA-deficient diet and an increase in 

the concentration of cytochrome P-420, the inactive form of cytochrome 

P-450. The metabolism of various drugs was unchanged after 10 days 

on an AA deficient diet, but was significantly decreased after 21 

days. At this time the liver microsomal AA concentration was 30% 

of normal. No change was seen in the Km or Vmax of the microsomal 

enzymes. The atypical binding spectrum seen in AA-deficient guinea 

pig microsomes may reflect an alteration in the integrity of the 

microsomal phospholipid membrane associated with cytochrome P-450, 



indicating that AA may be needed for its maintenance. Most drug 

enzyme activities needed 6 to 10 days of AA administration to return 

to normal. The same amount of time was needed for cytochrome P-450 

and NADPH cytochrome P-450 reductase to reach normal levels. It was 

also reported that guinea pigs with low AA levels showed no defect in 

their protein-synthesizing mechanism (Zannoni and Lynch 1973). 

Wilson (1974) postulated that AA probably regulates the biosynthesis 

of the hydroxylating enzymes or acted by stabilizing them. In 1974, 

Degkwitz and Staudinger set out to find how vitamin C affects drug 

metabolism at the molecular level. They found that after 14 days of 

AA deprivation there was a 50-60% decrease in N-demethylation and 

p-hydroxylation activities in liver microsomes of guinea pigs. In 

long-lasting AA deficiency studies an increase in Vmax and Km for 

acetanilide was seen in guinea pigs. They observed a decrease in 

the concentration of cytochrome P-450, the terminal oxidase of the 

drug metabolizing system, and concluded that the decrease in drug 

metabolism was due to a reduction in cytochrome P-450 concentration 

rather than any lack of vitamin C involved in the enzymatic reaction. 

It was also postulated that alterations in the membrane structure of 

the endoplasmic reticulum caused the changes in the kinetics of 

mono-oxygenase action on acetanilide. A rapid decline in cytochrome 

P-450 concentration was thought to be due to the fact that this hemo-

protein has a very short half-life. The concentration of cytochrome 

b^ in AA deficient animals also decreased to about 40% of its nor

mal value. Not only were decreases in cytochrome P-450 and b^ seen 



26 

in liver, but also in adrenals, kidneys and spleen. In 1974, Sato 

and Zannoni stated that decreases in O-demethylation, N-demethylation, 

hydroxylation and in the concentration of cytochrome P-450 had been 

demonstrated in weanling guinea pigs kept on a vitamin C deficient 

diet for 8 days. Zannoni and Sato (1975) noted that there is a change 

in both the quality and the quantity of cytochrome P-450 since both 

type I and type XI substrate binding spectra are atypical, which may 

indicate a change in the structure of the hemeprotein. A danger of 

high AA administration was noted by Houston and Levy (1975) since 

vitamin C is metabolized in part to ascorbic acid sulfate in man, and 

since sulfate formation is an important pathway for the biotrans

formation of phenolic drugs. It was noted that large doses of vitamin 

C may compete with drugs for available sulfate and result in a po

tentiation of pharmacological activity of drugs which utilize a 

sulfate pathway for their degradation. In 1976, Sato and Zannoni 

found that AA deficiency had no effect on the quantity of the important 

phospholipid component of the microsomes, phosphatidylcholine. 

Vitamin C was found not to protect the drug enzymes from the detri

mental effects of lipid peroxidation in spite of its known anti

oxidant property. In the guinea pig liver a molar ratio of two AA 

molecules to one cytochrome P-450 molecule was found to exist. 

Zannoni and Rikans (.1976) reported that low AA levels caused a 

decreased metabolism of drugs and steroids, including cholesterol. 

Cytochrome P-450 from low AA-containing liver of the guinea pigs was 

less stable to sonication, dialysis, and treatment with metal 
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chelators. AA was seen to be closely associated with cytochrome 

P-450 and important in the detoxification of drugs, especially during 

periods of growth. Skrbic, Nievel and Anderson (1976) found no cor

relation between the effect of increased AA excretion and the in

duction of drug metabolizing enzymes. In 1977, Rikans, Smith and 

Zannoni reported that the reduced quantity of cytochrome P-450 could 

be due to an impairment in heme synthesis, and that AA might be 

involved in the synthesis of the apoprotein of cytochrome P-450 or 

in the degradation of the heme protein. Sikic, Mimnaugh and Gram 

(1977) showed that NADPH-cytochrome C reductase was not affected by 

low AA levels. It was thought that a decrease of cytochrome P-450 

may be due to an effect on the synthesis of the heme moiety. An 

increased degradation of cytochrome P-450 may also occur, leading to 

partial conversion of cytochrome P-450 to cytochrome P-420, although 

no increase in cytochrome P-420 was detected. The authors reported 

that AA may be involved in the incorporation of ferrous iron into 

the heme moiety of cytochrome P-450 at the ferrochelatase step. There 

was an increased plasma half-life of aminopyrine in the guinea pig 

due to the decrease in MFO activity, but phase II conjugation re

actions were not affected. In 1977, Kuenzig et al., showed that AA 

may also be involved in the regulation of extrahepatic drug metabolism, 

e.g., in the lung. It was demonstrated that the effect of AA defi

ciency varies with different tissues and substrates. 

Sikic et al. (1977) found no change in the concentration of 

cytochrome P-450 in AA deficiency studies in guinea pigs. Low AA in 
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the diet was seen to affect drug conjugation reactions, with decreases 

in glutathione S-aryl transferase and increases in UDP-glucuronyl 

transferase activities. It was concluded that AA may be essential 

for the normal synthesis of the heme component of cytochrome P-450. 

In 1978, Rikans, Smith, and Zannoni showed that there was an 

increase in the quantity of cytochrome P-450 in the liver of guinea 

pigs on a high AA diet. AA deficiency did not produce substantial 

changes in the activity of the other key enzymes involved in heme 

synthesis. The synthesis of apocytochrome was stated to be the pri

mary and rate-limiting event in the formation of cytochrome P-450. 

Microsomes from AA-deficient guinea pigs showed decreases in three 

polypeptide bands (molecular weights 44,000, 52,000 and 57,000) and 

increases in two other polypeptide bands (54,000 and 55,000). AA was 

postulated to have a selective action on specific forms of P-450 

apocytochromes. The effects of AA deficiency were found to vary 

with different tissues. Chrastil and Wilson (1978) reported that AA 

is required for the optimum activity of the cytochrome proteins, 

presumably through free-radical activation. The two studies of Omaye 

and Turnbull (1979a,b) confirmed earlier work on the effects of AA 

on drug metabolism. It was found that a decrease in cytosolic AA 

had a direct effect in producing a decrease in cytochrome P-450 

concentration. The extracellular and Intracellular pools of AA 

have an important influence on drug metabolism and cytochrome P-450 

content. AA deficiency produces a quantitative rather than a 



qualitative change in cytochrome P-450. In addition, an impairment of 

heme synthesis was found in AA-deficient guinea pigs. The authors 

stated that AA might work at the point of synthesis of the apoprotein 

for cytochrome P-450. Omaye and Turnbull Cl979b) observed no 

effect of AA on heme catabolism or heme synthesis, but stated that 

AA levels may still influence: (1) apocytochrome P-450 synthesis, 

(2) iron and perhaps copper metabolism, and (3) the binding of heme 

and apocytochrome P-450 to form active cytochrome P-450. It was 

noted that apocytochrome P-450 synthesis may be impaired in animals 

with low AA levels in the liver. 

A general scheme for the synthesis of heme is indicated below: 

, • i f a synthetase 
Glycine + succinyl CoA > 

a . - , . . . , dehydratase 
•-aminolevulinic acid > 

porphobilinogen > > 

, . ferrochelatase 
protoporphorm IX > 

heme + apoprotein >cytochrome P-450. 

Caffeine 

Caffeine occurs naturally in a variety of foodstuffs, the 

most common of which are coffee and tea (Burg 1975). The bitter-

tasting substance was first isolated in 1820. Caffeine also occurs 

in cocoa leaves, in kola nuts and in the ilex plant. It is closely 

related structurally to the dimethylxanthines, theophylline (3,7 

dimethylxanthine) (see Figure 2) and theobromine (1,3 dimethylxanthine) 

(Syed 1976). These alkaloids are methylated xanthine derivatives. 



Figure 2. Chemical Structures of Caffeine 
1,3,7-Trimethylxanthine) and Theophylline 
(3,7-Dimethylxanthine) 



Xanthine itself is a dioxypurine, related structurally to uric acid. 

Caffeine is a white, odorless, crystalline solid with a molecular 

weight of 194.19 (Stephenson 1977). 

Caffeine is the strongest central nervous system stimulant 

of the three methylated xanthines (Stephenson 1977). Some of the 

pharmacological effects of caffeine are: restlessness, nervousness, 

insomnia and anxiety neuroses since the central nervous system is 

affected (Bunker and McWilliams 1979). Caffeine is a cranial vaso

constrictor and can cause tachycardia, extrasystoles and decreased 

ventricular fibrillation threshold. Blood glucose levels are elevated 

upon absorption of caffeine. It also reduces the ability of the 

esophageal sphincter to close, resulting in reflux and symptoms of 

heartburn. It increases gastric acid secretion and promotes erosion 

of the gastric mucosa (Stephenson 1977). Caffeine has also been 

shown to act on the kidney to promote diuresis. It also functions 

as a smooth muscle relaxant (Syed 1976). The lethal dose in man is 

between 3-10 grams, and the average biological half-life in humans 

is about 3.5 hours. Caffeine is also finding increasing therapeutic 

use as a substitute for theophylline in treating premature infants 

with apnea (Assael, et al 1981). 

Although caffeine has been reported to be absorbed rapidly 

and completely from the gastrointestinal tract and begins to reach 

all tissues of the body within 5 minutes (Axelrod and Reichenthal 

1953; Burg 1975) it is only recently that a well-controlled study has 

confirmed this (Blanchard and Sawers 1983). Peak plasma levels are 



normally reached in less than an hour (Stephenson 1977; Blanchard and 

Sawers 1983). Once absorbed, caffeine is uniformly distributed into 

total body water, so that its content in each organ is proportional 

to the water content of that organ (Syed 1976). In rats caffeine 

enters the brain rapidly and seems to reach equilibrium within 5 

minutes (Latini et al. 1980). 

Metabolism of caffeine in humans is complex with many metabo

lites being formed as a result of a series of competing parallel or 

sequential steps (see Figure 3). The first comprehensive study of 

the metabolites of caffeine was performed in two subjects by Cornish 

and Christman in 1957. This study found that there was no appreciable 

increase in urinary uric acid following ingestion of caffeine. In 

man, 1-methyluric acid and 1-methylxanthine comprised 46% of the met

abolites of caffeine excreted with lesser amounts of 1,7-

dimethylxanthine, 7-methylxanthine, 1,3-dimethyluric acid and 1% of 

unchanged caffeine. A more recent study performed by Callahan et al. 

(1979) found that the major metabolites of caffeine were 1-methyluric 

acid, 1-methylxanthine and a newly identified ring opened derivative 

(metabolite Aj_, 5-acetylamino 6-amino 3-methyluracil). Again less 

than 1% of the administered dose was shown to be excreted in the 

urine as unchanged caffeine (Aranda et al. 1981). 

Burg (1975) reported that there may be a relationship between 

caffeine half-life and dose in certain species. Caffeine has a slow 

or prolonged elimination rate, perhaps due to the high lipophilic 
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CAFFEINE 

PARAXANTHINE THEOPHYLLINE THEOBROMINE 

1 METHYLXANTHINE 3 METHYLXANTHINE 7 METHYLXANTHINE 

1,3,7 TMU 3 MU 3,7 DMU 1,3 DMU 1 MU 
17.0% 

7 MU 

METABOLITE A^ (5 Acetylamino-6 Amino-3-Methyluracil) 

17.8% 

Figure 3. Proposed Metabolic Pathway of Caffeine in Adult 
Man. — Aranda et al. 1981. 



property of caffeine which results in reabsorption of caffeine from 

the renal tubules and its continued recirculation throughout the 

body (Aranda et al. 1981). In pigs the average half-life was 11.4 to 

14.7 hr. depending on the dose. This was reportedly due to the longer 

retention of caffeine in the back fat. The squirrel monkey also showed 

a long caffeine half-life of about 21 hours. The half-lives for 

caffeine in different species are: rat-2.8 hrs., hamster-3.1 hrs., 

rabbit-3.7 hrs. and rhesus monkey-2.8 hours. Long half-lives seem to 

be the result of the lack of an effective catabolic mechanism. 

Latini et al. (1978) reported that the pharmacokinetics of caffeine 

are dose-dependent in rats and that the peak level in plasma and in 

brain is considerably shifted in time by increasing the dose from 1 

to 100 mg/kg. Latini et al. (1980) also showed that age, as well as 

dose, is another factor that can influence an organism's response to 

caffeine. One*year old rats were found to be more sensitive to a 

lethal dose of caffeine than 40 day-old rats. The apparent plasma 

half-life was longer (.332 mins) in old rats than in young rats (120 

mins). The authors stated that the longer half-life of caffeine was 

due to a lower clearance rate in one year old rats than 40 day-old 

rats. Caffeine was reported to be slightly bound to plasma protein 

(i.e., 10-20%). At doses equal to or higher than 10 mg/kg, caffeine 

is reportedly eliminated in a dose-dependent way in the rat and 

mouse, but not in rabbits and man (Latini et al. 1980). Decreased 

tolerance to caffeine accompanies normal aging (Stephenson 1977). 



The oxidative biotransformation of caffeine occurs primarily 

in the liver via the hepatic microsomal cytochrome P-450 mono-

oxygenases. Caffeine may undergo metabolism by N-demethylation at 

position 1, 3 and/or 7 of the molecule and the addition of an oxygen 

atom at the carbon 8 position will produce the respective uric acid 

derivative (Aranda et al, 1981). Caffeine is a good substrate for 

those forms of cytochrome P-450 preferentially induced by polycyclic 

aromatic hydrocarbons (i.e., P-448) in rats and man (Aranda et al. 

1981). The effect of caffeine was believed to be due to increased 

enzyme synthesis rather than a direct interaction of the xanthine 

with the microsomes. The minimum dose of caffeine to show this ef

fect was 40 mg/kg in rats. Normal caffeine intake in man is so 

low that it may not have any effect on inducing the hepatic drug 

metabolizing enzymes (Mitoma, Sorich and Neubauer 1968). It has 

been reported that pretreating rats with caffeine for 3 days resulted 

in an elevation in the drug metabolizing activity of the hepatic 

microsomal enzyme system. No Increase in microsomal cytochrome 

P-450 concentration was observed. Caffeine may thus act by some 

mechanism other than the stimulation of d£ novo synthesis of the 

microsomal enzymes. When inhibitors of protein synthesis were ad

ministered this nullified the stimulatory effect of caffeine. The 

authors concluded that caffeine stimulates the mixed function oxidase 

(MFO) system without causing a net increase in the synthesis of the 

enzymes (Mitoma et al. 1969). Lombrozo and Mitoma (1970) have shown 

that the induction of the hepatic enzymes is not always accompanied 
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by an increase in the cytochrome P-450 content of liver tissue, but 

may be due to a change in the quality of the hemeprotein. 

In 1975, Aeschbacher and Wurzner found that caffeine stimu

lates the MFO system in rats only at very high doses (150 mg/kg) 

equal to about 100 cups of coffee or tea. At a lower concentration 

of caffeine, no stimulation of the MFO system occurred. The authors 

also found that the normal concentration of methylxanthines in tea 

and coffee do not alter microsomal enzyme activity in vitro in 

rats and, therefore, the same may be true in man. 

Syed (1976) reported that the ability of caffeine to induce 

synthesis of MFO enzymes might be the reason for its metabolism and 

non-accumulation in the body. 

Recently, an unusual metabolic pathway has been described 

which is probably unique in the newborn i.e., the methylation of theo

phylline to caffeine. The methylxanthines are metabolized by the 

hepatic cytochrome P-450 which is deficient.in the neonate. Caffeine 

may thus serve as a natural biologic probe for unraveling develop

mental events in drug metabolism (Aranda et al. 1981). 



EXPERIMENTAL MATERIALS AND METHODS 

Guinea Figs 

Young Guinea Pigs 

Thirty young, adult guinea pigs, aged 8 weeks, were received 

from Camm Research Lab Animals (Wayne, NJ 07470). All were male, 

albino, outbred, specific pathogen free (SPF) of Bordetella and 

Streptococcus pneumoniae; Duncan-Hartley strain animals and weighed 

400-600 grams upon arrival. 

Aged Guinea Pigs 

Of the twenty-nine guinea pigs, aged 100 weeks or more, received 

from Dr. W. Jeter, Department of Microbiology, University of Arizona, 

Tucson, AZ 85721, sixteen were lost due to infection and stress before 

kinetic trials could be performed. Similar replacement animals could 

not be located due to the advanced age requirement. The remaining 

13 animals were outbred, albino, Duncan-Hartley strain guinea pigs 

initially weighing 900-1100 grams. This group contained 7 female and 

6 male animals since single-sex group aged guinea pigs were not avail

able. All animals were previously housed under standard animal lab

oratory conditions and used only for breeding purposes. 
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Animal Housing 

Both aged and young guinea pigs were housed at the Arizona Health 

Sciences Center in the Animal Resources facilities. All animals were 

kept in stainless steel, wire-bottomed cages suspended over Absorb-

(g) 
Dri. The 30 young animals were housed 5 to a cage while the 13 aged 

animals were places 3 to a cage with 1 guinea pig housed individually. 

All animals were kept at 25°C and 55% relative humidity with a 12 

hour light-dark cycle (7:00 AM to 7:00 PM). Tap water was provided 

in bottles ad libitum and replenished daily. Aged guinea pigs were 

kept in isolation, away from the young animals, due to their lower 

disease resistance and the fact that they were not specific pathogen-

free. All animals were free-fed the basal guinea pig chow containing 

1.50 mg ascorbic acid per gram of diet, and allowed to acclimatize to 

the new pelleted diet for 1 week. The weight of each animal was 

recorded on arrival and weekly thereafter. 

Diets 

Three forms of Purina Test Diet 5025 (Ralston Purina Co., St. 

Louis, M0 63188), which differed only in their ascorbic acid content, 

were provided as guinea pig feed. The chemical composition and in

gredients of the AA-free basal diet are given in Table 2. The three 

levels of vitamin C contained in the diet were: 0.00 mg/gm, 1.50 

tng/gm and 7.00 mg/gm. Each of the required vitamin C levels was 

achieved by using 20% by weight in excess of the target level desired. 

This procedure assumed an approximate 20% potency loss due to the 
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Table 2. Composition of Basal Guinea Pig Diet.3 

•L Amount of Amount of 
Nutrient Ration Nutrient Ration 

Protein % 18.5 Fluorine, ppm ___  

Arginine % 1.04 Iron, ppm 298.7 
Cystine % .29 Zinc, ppm 121.8 
Glycine % .89 Manganese, ppm 120.7 
Histidine % .45 Copper, ppm 20.7 
Isoleucine % .95 Cobalt, ppm 2.8 
Leucine % 1.50 Iodine, ppm 1.6 
Lysine % .97 Gross Energy, KCal/gm 4.2 
Methionine % .40 Vitamins 
Phenylalanine % .91 Carotene, ppm 35.9 
Threonine % • .75 Menadione, ppra 
Tryptophan % .26 Thiamin, ppm 3.5 
Valine % .97 Riboflavin, ppm 5.3 
Fat % 4.00 Niacin, ppm 50.0 
Fiber % 11.50 Pantothenic Acid, ppm 19.0 
TDN % .68 Choline, ppm X 100 13.5 
NFEC (by difference) / 5 47.5 Folic Acid, ppm 4.2 
Ash °A 8.5 Pyridoxine, ppm 3.8 
Calcium % 1.08 Biotin, ppm .3 
Phosphorus % .76 B-12, mcg/lb 6.0 
Potassium % 1.46 Vitamin A, IU/gm 30.0 
Magnesium % .35 Vitamin D, IU/gm 3.4 
Sodium % .40 A1pha-tocopherol, lU/lb 26.0 
Chlorine % .60 

^Dietary composition supplied by Purina Test Diets, Richmond, Indiana. 
Nutrients expressed as percent of ration except where otherwise 
indicated. Moisture content is assumed to be 10.0% for the purposes 
of calculations. Ingredients include: ground yellow corn, dried 
whey soybean meal, ground oats, wheat middlings, vitamin B^2 supple
ment, riboflavin supplement, choline chloride, calcium pantothenate, 
pyridoxine hydrochloride, niacin, folic acid, thiamin, vitamin A sup
plement, D activated animal sterol, methionine hydroxy analogue, cal
cium, vitamin E supplement, dicalcium phosphate, calcium carbonate, 
salt, magnesium oxide, manganous oxide, cobalt carbonate, calcium 
iodate, copper sulfate, iron sulfate, iron carbonate, zinc oxide. 

CNFE = Nitrogen free extract. 
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pellet processing.^" The actual level of vitamin C formulated was 

1.80 for 1.50 mg/gm and 8.40 for 7.00 mg/gm. These concentrations 

of ascorbic acid were chosen since previous studies (Sikic et al. 

1977; Omaye and Turnbull 1979b) have demonstrated that these amounts 

of ascorbic acid in the diet will produce the desired levels of vita

min C in plasma. All guinea pig chow was stored in air-tight plastic 

containers at 5°C to prevent loss of ascorbic acid potency. Trays 

were refilled daily from feed kept in cold storage in an effort to 

maintain original ascorbic acid levels. Contamination of feed due to 

spillage was avoided by stacking only those cages containing animals 

on the same diet. 

A 2-3 ml sample of whole blood was taken once every 2 weeks from 

each animal on the normal or high level AA diet and weekly from the 

AA-depleted animals. This was done to ensure that the desired plasma 

AA concentrations had been achieved before the start of kinetic 

trials. 

Caffeine Dosing 

Each guinea pig was given a caffeine dose of 10 mg/kg body 

weight. Previous rodent studies (Latini et al. 1978) had shown that 

this dose produced adequate plasma and organ concentrations to per

mit calculation of the pharmacokinetic parameters without any 

1. Dale E. Ettel, Test Diet Manager, Purina Test Diets, Ralston 
Purina Company, Richmond, Indiana, personal communication. 
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saturation of the elimination systems, as may occur at higher 

concentrations. The caffeine solution was prepared by adding 1500 mg 

of caffeine (J. T. Baker Co.) to 30 mis of Bacteriostatic Sodium 

Chloride Injection, U.S.P. to give a final concentration of 5 mg 

caffeine per 0.1 ml solution. The exact volume of caffeine solution 

injected was adjusted with respect to the individual animal's body 

weight and accurately measured by using a 1.0 cc syringe marked in 

0.1 cc increments. 

Guinea pigs were removed from their housing and taken to the 

animal surgery facilities in portable cages containing wood chip 

bedding and water bottles. Each animal was weighed to within a tenth 

of a gram then wrapped in a turkish towel exposing only the hind legs. 

The use of a towel was found to be effective in quieting and immobi

lizing the animal. In preparation for caffeine dosing, the hair over 

the injection site was removed using an electric clipper following 

which the skin was daubed with ethanol to better expose the veins and 

sterilize the area. The prominent superficial vein on the medial side 

of the thigh was used for all caffeine injections. This vein was 

enlarged using a finger to block venous return and a 21 guage needle 

inserted in the direction of blood flow. A small quantity of blood 

was drawn up into the 1 cc syringe to be certain that the needle was 

correctly placed within the vein. The caffeine bolus was then in

jected over a 2-3 second period. The needle was quickly withdrawn 

and the needle puncture covered with a finger to prevent venous 



backflow and loss of the caffeine dose. Animals were returned to 

their cages within 1 to 2 minutes after dosing. 

Collection of Venous Blood Samples 

Previous researchers have sampled guinea pig blood from the ear 

veins, penis vein, superficial thigh vein, jugular vein, orbital 

venous plexus and by the methods of heart puncture, indwelling vas

cular cannulation, cutting the toenail bed and cutting the lateral 

saphenous vein or lateral metatarsal vein (Schermer 1967; Lopez and 

Navla 1977). None of these methods proved completely satisfactory 

for the purposes of this study, since, in most cases, an anesthetic 

was needed which could confound the observed results by affecting 

caffeine metabolism and/or plasma AA levels (Sikic et al. 1977; 

Behrens and Madere 1979). 

The procedure used here for repeated blood sampling was modified 

from that of Dolence and Jones (1975) and found to be highly effec

tive, producing a minimum of stress or pain in the guinea pig. 

Similar to the procedure for caffeine dosing, the guinea pigs were 

wrapped in a turkish towel exposing only the hind legs, which kept 

them comfortable yet immobilized. The leg not used for drug in

jection was extended and the hair removed using an electric clipper. 

A thin layer of silicone grease was applied to the leg to form a 

tight seal with the vacuum bleeding apparatus and to prevent loose 

hair from contaminating the blood sample. One of the guinea pig's 

four toenails was clipped, cutting into the vein and producing a 
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flow of blood. The prepared leg was then positioned in the bleeding 

apparatus and the vacuum adjusted to produce a steady supply of blood. 

The blood was collected in a 3 ml heparinized tube fastened to the 

bottom of the vacuum bleeding apparatus with a rubber collar (See 

Fig. 4). The vacuum was adjusted to either increase or decrease the 

flow of blood. When a 1 to 2 mis volume of whole blood was collected 

for each timed sample, the vacuum was turned off and the leg care

fully removed from the apparatus. Bleeding usually ceased promptly 

upon removal from the vacuum, but it was sometimes found necessary 

to place a gauze bandage over the toenail until all bleeding stopped, 

usually within one minute. For repeated blood collection from the 

same animal the nail was cut progressively more proximally at each 

sampling and the nails on both legs were used. The guinea pigs were 

not distressed by a sampling of up to 3 mis, and since no anesthetic 

was used, the animals had normal mobility when returned to the cage. 

The problem of blood clotting in the collection apparatus was min

imized by using silicone grease on the inside glass surface. 

The 1-2 ml venous blood samples for plasma caffeine determina

tion were collected at 2, 4, 6, 10, 24 and 32 hours post-dosing for 

a total period equal to two or more half-lives (as determined by my 

own preliminary kinetic trials). All blood samples to be used for 

caffeine determination were centrifuged at 1,800 Xg for 15 minutes 

at 22°C within 4 hours after collection. The plasma supernatant was 

harvested and frozen at -4°C for bulk assay within 30 days. A blood 
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Figure 4. Schematic Diagram of the Vacuum Bleeding Apparatus 
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sample was collected before each caffeine kinetic trial for plasma 

AA level determination. 

Protocol 

The 30 young adult guinea pigs and 13 aged guinea pigs were 

assigned numbers, randomly selected, and distributed into their 

respective group. The young animals were divided into 3 groups of 

10 animals per group; the aged animals were divided into 2 groups 

containing 6 and 7 animals per group. The 6 animal aged group con

tained 3 males and 3 females while the 7 animal aged group contained 

3 males and 4 females. Each guinea pig was weighed and the weight 

recorded. All animals were placed on the normal AA diet containing 

1.50 mg AA/gm for one week to acclimatize them to the new pelleted 

diet. 

At the end of this one-week period of adaptation the young 

animals were placed on the three diets containing the specified 

levels of AA. Guinea pigs ingest approximately 20-30 gms of chow 

daily and therefore the 1.50 mg AA/gm diet group would receive 

30-40 mg AA per day and the 7.00 mg AA/gm diet group, 150-200 mg AA. 

These two groups were maintained on their diets for 8 weeks. The 

animals receiving no AA were kept on this diet for 21 days since 

longer restriction of vitamin C could produce undesirable scorbutic 

effects. The 7 aged guinea pigs in the depleted group were fed the 

AA-free diet for 21 days and the 6 aged animals on the 7.00 mg AA/gm 

diet were treated for 8 weeks. 



46 

The normal and supplemented guinea pigs were kept on their 

respective AA diets for a period of 8 weeks to achieve steady-state 

concentrations of ascorbic acid in the plasma. The administration 

of ascorbic acid in the diet was chosen rather than separate oral or 

intravenous dosing to prevent changes in plasma vitamin C concentra

tion which can occur due to stress and handling (Sikic et al. 1977; 

Behrens and Madere 1979). 

Vitamin C Assay 

A number of procedures for estimating ascorbic acid have been 

developed. Of these methods, the two most frequently used are 

dichloroindophenol dye reduction and the 2,4-dinitrophenylhydrazine 

(2,4-DNPH) method (Roe and Keuther 1943; Schwartz and Williams 1955; 

Hajratwala 1974; Shieh and Sweet 1979; Shukla, Kokate and Srivastava 

1979; Williams, Day and March 1979; Clemetson 1980). The method 

used in this study is a modification of a procedure described by 

Baker and Frank (1968) and involves the formation of an osazone 

derivative which, when treated with sulphuric acid, produces a 

reddish-colored product that absorbs maximally at 520 nm. 

As previously described, 2-3 ml whole blood samples were collec

ted in heparinized tubes attached to the bottom of the vacuum bleed

ing apparatus, cooled on ice, and analysis started within 2 hours 

as reduced ascorbic acid in blood plasma is lost by oxidation at a 

rate of 5-8% per hour at room temperature (Clemetson 1980). Each 

blood sample was centrifuged at 1,800 Xg for 20 minutes at 22°C to 
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obtain clear plasma with no evidence of hemolysis. Hemolyzed plasma 

was discarded since hemolysis causes rapid oxidation of ascorbic acid. 

Only disposable, borosilicate glass tubes and plastic pipettes were 

used in handling blood samples. A 0.5 ml volume of plasma was drawn 

off using a Pasteur pipette with rubber bulb attached and deposited 

in a 4 ml glass culture tube. A 0.5 ml volume of freshly prepared 

cold 5% w/v trichloroacetic acid (TCA) (See Appendix) was added to 

the plasma to precipitate proteins, prevent oxidation of vitamin C 

by inactivating enzymes, and to provide the acidic pH for proper 

analysis. This solution was vortexed for 30 seconds to inix the con

tents, placed on ice for 10 minutes to allow for complete deprotein-

ization then centrifuged at 1,800 Xg for 10 minutes. A 0.5 ml volume 

of the supernatant was transferred to a 4 ml disposable glass tube 

and the pellet discarded. To promote the formation of a colored 

derivative, one drop of 0.1% w/v 2,6-dichloroindophenol (DCIP) was 

added to 0.5 ml of the supernatant and mixed by vortexing for 20 

seconds. One-half milliliter of reagent TCA (5% w/v) was pipetted 

into a second 4 ml glass tube and labelled as the blank. To both 

sample and blank tubes was added 125 ul of freshly prepared and 

filtered DT-mix (2,4-dinitrophenylhydrazine, 2.0% w/v and thiourea, 

1.0% w/v in 9N H2S0^). The tubes were then vortex mixed. Thiourea 

is essential for producing a mild reducing medium, as oxidants have 

been found to produce a slight coloration of the 2,4-

dinitrophenylhydrazine solution at 37°C (Roe and Kuether 1943). The 

(R) 
tubes were then covered with Parafilm—^ and incubated in a 60°C water 



bath for 1 hour. The tubes were removed from the water bath and 

cooled on ice, then treated with 0.5 ml of 85% w/v sulphuric acid. 

The acid was added from a pipette one drop at a time over 2 minutes, 

so as not to allow the temperature of the solution to be raised, 

since this would bring about a charring of sugars, or other organic 

matter and falsely elevate the values read. The color reaction pro

duced upon the addition of sulphuric acid is very sensitive and 

measures both ascorbic acid and dehydroascorbic acid. The tubes were 

then removed from the ice and allowed to stand at room temperature 

for 30 to 60 minutes to allow for color development. Both the 

sample and blank solutions were transferred to a 4.5 ml disposable 

polystyrene cuvette (10 X 10 X 45 mm) and the absorbance of the 

sample read against the reagent blank on a grating spectrophotometer 

(Model DB-G, Beckman Instruments, Inc., Irvine, CA 92713) set at 520 

nm. To determine the concentration of ascorbic acid, three cali

bration curves were constructed by preparing standard solutions of 

vitamin C in guinea pig plasma, varying in concentration from 0.05 

to 1.50 mg/dl (Fig. 5). The absorbance of the sample was recorded 

and the vitamin C concentration calculated using the equation of 

"best-fit" for the unweighted cumulative least-squares linear re

gression, derived from the calibration curves. Each plasma sample 

was analyzed in triplicate giving 3 absorbance readings for each AA 

concentration value on the calibration curve. The statistical treat

ment of the plasma ascorbic acid data is discussed on page 53. 
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Caffeine Assay 

Bonati et al. (1979) have shown that reverse-phase high-

performance liquid chromatography (HPLC) is the method of choice for 

measuring caffeine in plasma and organ tissues because it provides 

greater precision over a wider range of concentrations than gas-

liquid chromatography (GLC). The assay developed by Blanchard, 

Mohammad! and Conrad (1980) was used in this study as it was specifi

cally designed to determine caffeine in plasma at concentrations as 

low as 0.3 mg/L with a high degree of accuracy. 

Frozen guinea pig plasma samples were thawed and allowed to 

reach room temperature. A 40 ul aliquot of sodium tungstate solution 

(10% w/v) containing 25 ug of 3-hydroxypropyltheophylline (BHPT) per 

ml (as internal standard) and a 60 ul aliquot of 0.5N sulphuric acid 

were added to 100 ul of plasma in a 0.5 ml polypropylene centrifuge 

tube. The sodium tungstate-sulphuric acid mixture was used to pre

cipitate plasma proteins. The solution was vortex-mixed for 30 

seconds, then centrifuged at 12,800 Xg for 5 minutes. A 20 ul 

aliquot of the clear supernatant was then Injected into the 20-uL 

loop of the injection valve of the chromatograph using a 25-uL 

syringe. The caffeine was eluted with a mobile phase consisting of 

a mixture of 0.01M acetate buffer (pH 6.5); acetonitrile (91:9 v/v) 

using a flow rate of 1.0 ml per minute. The high-performance liquid 

chromatograph (Model 322, Altex Scientific Co., Berkeley, CA 94710) 

was equipped with an Ultrasphere-ODS 5 um column, 4.6 mm X 150 mm 

(Altex Scientific Co., Berkeley, CA 94710), and a Co:Pell 0DS 



precolumn. A variable wavelength detector (Model 100-30 Hitachi 

Scientific Instruments, Mountain View, CA 94040) set at 0.01 

attenuation and 273 nm was used. Peak recordings were made with a 

strip-chart recorder (Model BD 40; Kipp and Zonen, Delft, The Nether

lands) set at a chart speed of 5 mm/min. Peak areas and retention 

times were measured with an Autolab Minigrator (Spectra-Physics, 

Santa Clara, CA 95051). 

Injections were performed in duplicate and caffeine/BHPT reten

tion times and peak-area ratios measured. If the peak-area ratios 

agreed within +5% of each other then their arithmetic mean was used 

to calculate the plasma caffeine concentrations. A third injection 

was made if the first two area ratios were not within +5% of each 

other. If the third area ratio was found to be within +5% of either 

of the first two then these two ratios were used. When no pair of 

the three peak-area ratios agreed within +5% then the arithmetic 

mean of all three was used; however, this rarely occurred. Peak-

area ratios rather than peak-height ratios were used due to their 

ease of measurement and reliability with the peak integrator, and 

their reduced susceptibility to changes in peak symmetry or chroma

tographic conditions (Blanchara et al. 1980). A calibration curve 

was constructed daily before each kinetic trial analysis using 

caffeine concentrations in the range of 2.0 to 30.0 ug/ml. The 

slope of the regression line when fitted to the expression 

y = mx + b was used to calculate caffeine plasma concentrations from 

peak-area ratios (Trang et al. 1982). 
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It has been shown that caffeine plasma concentration versus 

time data sets can often be described adequately using a one-

compartment open model system (Latini et al. 1980; Trang et al. 1982). 

This is due to caffeine's high water solubility and rapid distribution 

into tissues in approximate proportion to their water content. 

Caffeine Data 

Caffeine plasma concentrations versus time data were obtained for 

each of the A3 guinea pigs consisting of a total of 6 samples per 

animal collected at 2, 4-, 6, 10, 24 and 32 hours post-dosing. A 

semilogarithmic plot of plasma caffeine concentration versus time 

was made for each animal. Experimental points were fitted by linear 

regression using a monoexponential, one-compartment model and the 

zero-time intercept (CQ) and elimination rate constant (K) calculated. 

From these two parameters a half-life (tj), apparent volume of dis-

tribution (V^) and total body (plasma) clearance (CI) were calculated 

using the following equations: 

t, = log
e

2 

K 

v _ Dose 
d C 

o 

and CI = K • V, (Rowland and Tozer 1980). 
a 

Both the arithmetic and the harmonic mean half-lives were calculated. 

To calculate the harmonic mean tu for a given treatment group the 

formula was: 
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_ iog 2 mean t, = e , 
-5 ~ 

K 

where K represents the mean elimination rate constant. The 

statistical analysis of caffeine kinetic trial data is presented in 

the next section. 

Statistical Methods 

The parameters quantitated in this study were: guinea pig body 

weight, plasma ascorbic acid level, and the following pharmacokinetic 

parameters for caffeine in guinea pigs: elimination rate constant, 

half-life, clearance, and volume of distribution. The mean value for 

each parameter in each group of animals was found and the standard 

deviation calculated. To find any significant differences, the treat

ment groups were compared using a one-way analysis of variance (ANOVA), 

If this test demonstrated a marked difference for a given parameter 

(p < 0.05) then Duncan's multiple range test (Snedecor and Cochran 

1980) was used to find where the significant difference between two 

means occurred. 



RESULTS AND DISCUSSION 

Plots of the average plasma caffeine concentration versus time 

in young and aged guinea pigs are presented in Figures 6 and 7 re

spectively. A summary of the mean guinea pig body weights, plasma 

ascorbic acid levels and caffeine pharmacokinetic parameters for each 

treatment group is presented in Table 3. A summary of the pair-wise 

statistical comparisons of the data in Table 3 is presented in 

Table 4. 

Body Weights 

The data in Tables 3 and 4 illustrate that there were no 

statistically significant changes in the mean body weight of the 

young guinea pigs kept on a vitamin C-free diet for 21 days compared 

to the groups on the normal (1.5 mg AA/gm diet) and high (7.0 mg 

AA/gm diet) vitamin C diets. However, a slight loss in weight of 

5.5% did occur in the AA-free group compared to the normal AA animals. 

The aged guinea pigs on the AA-free diet showed no significant 

changes in weight during the course of the study. The between group 

comparisons of weight did indicate that the old animals on the de

pleted diet were significantly heavier than their younger counterparts. 

AA depletion was not taken to the point of frank scorbutic effects and 

no such effects were observed in the animals given the AA-free diet. 

No difference was found in the amount of feed consumed by the animals 

54 
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Figure 6. Average Plasma Caffeine Concentration Versus Time in 
Young Guinea Pigs Following a lOmg/kg Intravenous Bolus 
Dose. — O- Depleted; A-Normal; •-High 
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Figure 7. Average Plasma Caffeine Concentration Versus Time in Aged 
Guinea Pigs Following a 10 mg/kg Intravenous Bolus Dose. — 
O- Depleted; E- High 



Table 3. The Effect of Various Dietary Levels of Ascorbic Acid (AA) on the 
Pharmacokinetics of Caffeine in Young and Aged Guinea Pigs 

Pharmacokinetic Parameters 

Group 

AA Content 
of diet Sex Duration 
(mg AA/gm of of Weights 
chow) Animals Diet (kg) 

Plasma AA 
levels 
(mg/dl)a K (hr-1) 

Arith- Her
metic monicc 

Mean Mean 
Clearance 
(ml/hr/kg) 

Vd 
(ml/kg) 

'0 
(free) 

ID males 21 days 0.8261 0.214 0.0607 11.62 

(0.0556)b (0.179) (0.0082) (1.70) 

11.42 37.87 

(6.86) 

62B 

(104) 

Young < 
1.5 

(normal) 

10 males 8 weeks 0.8739 

(0.0753 

0.48 

(0.17) 

0.0672 

(0.0075) 

10.44 

(1.22) 

10.32 39.99 

(5.79) 

597 

(75) 

7.0 10 males 8 weeks 0.8584 0.697 0.0840 8.29 

.(high) (0.0786) (0.17) (0.0069) (0.64) 

8.25 54.55 

(14.59) 

655 

(200) 

Aged 

r0 
(free) 

7.0 

k(high) 

3 males 

4 fenales 

3 males 

3 females 

21 days 

8 weeks 

1.0213 

(0.119) 

1.0103 

(0.2051) 

0.18 

(0.19) 

0.72 

(0.14) 

0.0506 

(0.0180) 

0.0550 

(0.0127) 

14.92 

(4.17) 

13.71 42.52 

(17.74) 

13.30 12.60 38.43 

(3.71) (8.61) 

825 

(111) 

706 

(86) 

^Determined at the beginning of each kinetic trial. 
Numbers in parentheses refer to standard deviations. 
Calculated as In 2 ? the mean K. 



Table 4. Summary of Pair-Wise Statistical Comparisons of the Data in Table 3 

Level of Significance 

Parameter Tested 

Groups Weight Plasma AA Arithmetic Mean CI 
Compared3 (kg) (mg/dl) K (hr ) th (hr) (ml/hr/kg) 

r 
vs. YN NSb P < 0.01 NS NS NS 

Within 
/ YN YH 

Within 
/ YN vs. YH NS p < 0.05 p < 0.05 p < 0.001 p < 0.01 group J 1 

comparisons | 
1 YH vs. YF NS P < 0.001 P < 0.05 p < 0.001 P < 0.01 

^OF vs. OH NS P < 0.001 NS NS NS 

Between ^YF vs. OF p < 0.05 NS NS p < 0.05 NS 
group ^ 

r 

comparisons ^YH vs. OH NS NS P < 0.001 p < 0.01 P < 0.05 

^F = Young guinea pigs on AA-free diet. 
YN = Young guinea pigs on normal AA diet. 
YH = Young guinea pigs on high AA diet. 
OF = Old guinea pigs on AA-free diet. 
^OH = Old guinea pigs on high AA diet. 
NS = not-significant. 

Ui 
00 
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on the different diets. These results are in agreement with those of 

Sikic et al. (1977) who saw no differences in body weight in young 

adult guinea pigs kept on an AA-deficient diet (0.3 mg AA/gm of chow) 

for 8 weeks compared to those kept on a normal AA diet (1.5 mg AA/gm). 

Sato and Zannoni (1976) saw a 5.2% decrease in body weight in vitamin 

C-deficient guinea pigs after 15 days. Wade, Wu and Smith (1972) found 

a large (28.8%) loss in body weight compared to the control group in 

adult guinea pigs kept on an AA-free diet for 18 days. A large loss 

in body weight (27.3%) was also seen by Omaye and Turnbull (1979b) in 

young adult guinea pigs depleted of vitamin C for 25 days. The dis

agreement of our results with others who saw significant weight losses 

may be due to a number of reasons. One possible difference may be 

that these other workers used guinea pigs administered vitamin C in 

the diet in the form of green vegetables, drinking water or by a 

daily oral bolus dose. In this study the animals were fed identical 

pelleted diets varying only in their AA content. In addition, this 

study used young adult and aged guinea pigs rather than weanlings as 

was done by Sato and Zannoni (1974). 

Plasma Ascorbic Acid Levels 

Significant differences in plasma AA were found between all the 

groups of young animals as shown in Table 4. A statistically sig

nificant difference (p < 0.001) was also found between the two aged 

groups in terms of their mean plasma AA levels. In both young and 

aged groups, the concentration of AA in the plasma was dependent on 
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the amount of AA ingested in the diet. Animals on the normal (1.5 mg 

AA/gm diet) had an intake of 30-40 mg AA daily while the AA-supplemented 

group (7.0 mg AA/gm diet) had a daily intake of 150-200 mg AA. No sig

nificant difference was found between the young and aged animals fed 

the diets containing the same level of ascorbic acid for the same 

period of time. Figure 8 shows the mean plasma AA concentrations in 

young and aged guinea pigs. 

These data are consistent with those of Sikic et al. (1977) who 

found that plasma AA levels in young adult male guinea pigs were dir

ectly related to the concentration of vitamin C in the diet. 

Davies et al. (1976) demonstrated that old guinea pigs aged > 

150 weeks had lower AA saturation values than young guinea pigs aged 

12 weeks. It was concluded that this difference in AA tissue satura

tion is a reflection of a reduced capacity of 'aged' tissue to absorb 

or retain ascorbic acid, or both. 

The results of the present study showed no evidence of low AA 

concentrations in the plasma of aged guinea pigs compared to the 

young adult ones. This could have been due to the method of supplying 

AA in the diet rather than daily oral dosing. The young adult guinea 

pigs used in this study were 16 weeks old and at this age there may 

have been little difference in plasma AA compared to animals aged > 

100 weeks. 
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Caffeine Pharmacokinetic Parameters 

Total Body Clearance (CI) 

A statistically significant (p < 0.01) difference in total body 

clearance was found between the normal and high and the high vs. AA-

free groups of young guinea pigs. A 44.0% increase in mean total body 

clearance between the AA-free group and the animals fed the high AA 

diet was seen. A 36.4% increase in the mean clearance between the 

normal AA and high AA groups was observed. A plot of the total body 

clearance versus plasma AA concentration for the young and aged 

animals is presented in Figures 9 and 10, respectively. 

No significant difference between the AA-depleted and AA-

supplemented aged groups was seen. 

A pair-wise comparison of each group is shown in Table 4. 

Significant differences (p < 0.01) existed between the young animals 

on the high AA diet and the young animals on the normal or depleted 

AA diets. In addition, the young animals on the high AA diet had a 

significantly greater (p < 0.05) clearance than the aged animals on 

the high AA diet. These results illustrate the enhanced ability of 

the young animals to eliminate caffeine and to respond to the effects 

of the high concentration of AA in the diet. 

Apparent Volume of Distribution (Vd) 

No statistically significant changes occurred in the average 

apparent volume of distribution among the 3 groups of young guinea 

pigs. Furthermore, no differences between the aged groups were 
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observed. No overall age-dependent differences were found to exist 

and thus no pair-wise comparisons were made. Plots for both the young 

and aged animals showing volume of distribution versus plasma AA con

centration are presented in Figures 11 and 12, respectively. 

While a reduced volume of distribution for caffeine has recently 

been reported to occur in elderly humans (Blanchard and Sawers 1983) 

and thus might possibly be anticipated in this study, no such change 

was observed here. 

Elimination Rate Constant' (K) 

The statistical evaluation of the data showed a significant 

(p < 0.05) difference in the average elimination rate constants be

tween the high AA group and each of the other two young adult groups, 

but not between the AA-free and normal AA young groups. A 25.0% in

crease in the mean elimination rate constant was seen in the young 

group on the high AA diet compared to the group on the normal diet. No 

statistically significant difference was seen between the two aged 

guinea pig groups as shown in Table 4. 

It is of interest to note that there were no significant dif

ferences between the AA-free young group and the AA-free aged group; 

however, a highly significant difference (P < 0.001) was found between 

the high AA young group and the high AA aged group. It may be that the 

effects of aging on drug kinetics can only be seen at high plasma AA 

levels when the MFO drug metabolizing enzymes are most strongly stimu

lated by the action of vitamin C. A plot of the individual 
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elimination rate constants in the young and aged guinea pigs versus 

plasma AA concentration is presented in Figures 13 and 14, respectively. 

Figure 13 was constructed using the elimination rate constants calcu

lated for each young guinea pig maintained on the 3 different dietary 

levels of vitamin C. The significant increase in the elimination rate 

constant with an increase in the plasma vitamin C concentration in the 

young animals could be due to an increased activity of the hepatic 

microsomal enzyme system under the influence of higher concentrations 

of vitamin C. It can be observed that there were significant differ

ences in clearance (p < 0.05) and elimination rate constant (p < 

0.001) between the young and old animals on the high AA diet. Thus, 

the generally lower elimination rate constant in the aged animals may 

be due to an age-related reduction in the capacity of their livers to 

metabolize and eliminate caffeine. 

Half-Life (tjj) 

The plasma half-life of caffeine showed a significant (p < 0.001) 

difference between the high AA young group and each of the other two 

groups but no difference between the young AA-free and normal AA diet 

groups was observed. A 28.7% decrease in the arithmetic mean half-life 

of caffeine was observed in the high AA diet young groups compared to 

the AA-free diet group. The young group on the high AA diet also dis

played an arithmetic mean half-life that was 20.6% shorter than that 

of the group on the normal AA diet. These results are summarized in 

Figure 15 which demonstrates the inverse relationship between the 
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average plasma AA concentration and the arithmetic mean half-life of 

caffeine in young and aged guinea pigs. A plot of the half-life of 

caffeine versus plasma AA concentration in young guinea pigs is shown 

in Figure 16. 

No statistically significant difference in the arithmetic mean 

half-life of caffeine was observed between the two aged groups although 

a 10.9% reduction in the arithmetic mean half-life of caffeine was ob

served in the animals on the high AA diet. 

In a comparison of young and aged animals on equivalent diets a 

28.4% longer arithmetic mean half-life was seen in the aged guinea 

pigs on the AA-free diet (p < 0.05). A 60.4% longer arithmetic mean 

half-life was observed in the aged group on the high AA diet compared 

to the young group on the same diet (p < 0.01). A pair-wise statisti

cal comparison of these results in shown in Table 4. A plot of the 

half-life of caffeine versus plasma AA concentration in aged guinea 

pigs in shown in Figure 17. 

Many reports have shown that vitamin C has a direct effect on 

the metabolism of drugs (Sikic et al. 1977; Omaye and Turnbull 1979a). 

In general, the higher the concentration of vitamin C in organ tissues 

and plasma, the shorter the half-life of drugs. These previous find

ings have been reflected in the present study. The longer half-life 

of caffeine in the aged animals may be the result of a limited capac

ity to metabolize and eliminate this drug. Since the half-life is 

dependent upon both clearance and volume of distribution, and since 

no statistically significant changes in the volume of distribution 
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existed between any of the treatment groups it would appear that the 

observed changes in half-life can be attributed to changes in the 

clearance of caffeine. Reduced renal excretory capacity may also add 

to the slow rate of elimination of caffeine from the body in the lat

ter stages of guinea pig life. Another factor may be a decline in the 

activity of the hepatic enzymes per unit weight of liver. 

There is a striking difference in the half-life of caffeine in 

guinea pigs when compared to other rodents. Guinea pigs display a 

much longer half-life than .the rat (2.8 hours), the hamster (3.1 hours) 

and the rabbit (3.7 hours) as reported by Burg (.1975). In this study 

the arithmetic mean half-life of caffeine in guinea pigs on a normal 

AA diet was 10.A hours. This may be due to the lack of an effective 

catabolic mechanism or a higher amount of fat in the guinea pig body 

compared to other species. The longer half-life observed in guinea 

pigs may also be due in part to interspecies differences in the bind

ing of caffeine to serum proteins. 

The long-half-lives observed here were somewhat surprising in 

view of previous reports concerning the half-lives of caffeine 

(th ~ 4-5 hours); (Trang et al. 1982; Blanchard and Sawers 1983) and 

antipyrine approximately 10 hours) in human and antipryine in 

guinea pigs (th = 2 hours); (Axelrod et al. 1954). It appears 

that the relative order of half-lives of these two drugs is re

served in guinea pigs compared to humans. These results emphasize, 

once again, the danger of extrapolating data between different 
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species. Since caffeine is believed to be metabolized largely via 

a cytochrome P-448 dependent pathway (Wietholtz et al. 1981; Arnaud 

et al. 1980) and antipyrine via a cytochrome P-450 pathway (Vesell 

1979) it may be that the P-448 system in guinea pigs is less well 

developed than in humans or that the metabolic pathway for caffeine 

is substantially different in guinea pigs than in humans. 

Summary of Results 

The body weights of guinea pigs showed no significant change 

after having been kept on the normal and high ascorbic acid-containing 

diets for 8 weeks and the ascorbic acid-free diet for 21 days. The 

animals consumed the ascorbic acid-free diet as readily as the ascorbic 

acid-containing pelleted chow. No scorbutic effects were observed in 

the animals kept on the AA-free diet for 21 days. 

Significant differences were observed in the plasma vitamin C 

concentrations in the groups fed varying levels of this nutrient. 

Administration of the normal and high AA-content diets were found to 

produce the target levels of plasma AA concentration at 8 weeks. 

Guinea pigs on the vitamin C-free diet showed depressed AA levels in 

the plasma after 21 days. No evidence of lower plasma AA concentra

tions in the aged animals compared to the young adult animals was 

found. 

A positive correlation was found between the elimination rate 

constant and total body clearance of caffeine and the plasma AA con

centration in the young guinea pigs. There was also a good inverse 
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linear relationship between the plasma AA concentrations and the 

arithmetic mean half-lives in the young guinea pigs. No significant 

difference in any of these parameters between the two aged groups of 

guinea pigs was found although they did respond to the diet by showing 

a marked difference in plasma AA levels. No significant difference 

in the apparent volume of distribution of caffeine was found in either 

the young or aged groups. 

The half-life of caffeine in guinea pigs was shown to be 

substantially longer than in other rodent species examined to date. 



APPENDIX 

MATERIALS 

Ascorbic Acid Assay Reagents 

1. L(+) Ascorbic acid (AA), vitamin C, A.C.S. Grade, Lot No. 7627, 
Matheson, Coleman, and Bell Manufacturing Chemists, Norwood, OH 
45212. 

2. 2,6-Dichloroindophenol (DCIP), A.C.S. Grade, Lot No. 828155, 
J. T. Baker Chemical Co., Phillipsburg, NJ 08865. 

3. 2,4-Dinitrophenylhydrazine (DNPH), Laboratory Grade, Lot No. AGB, 
Eastman Kodak Co., Rochester, NY 14650. 

4. Sulphuric acid (H_SO,) , A.C.S. Grade, Lot No. 2048362, J. T. Baker 
Chemical Co., Phillipsburg, NJ 08865. 

5. Trichloroacetic acid (TCA), A.C.S. Grade, Lot No. 791333, Chemical 
Manufacturing Div., Fisher Scientific Co., Fair Lawn, NJ 07410. 

6. Thiourea (TU), Laboratory Grade, Lot No. WENJ, Mallinckrodt, Inc., 
St. Louis, MO 63147. 

Caffeine Assay Reagents 

1. Acetic acid (HAc), Reagent Grade, E.I. DuPont de Nemours and Co., 
Wilmington, DE 19898. 

2. Acetonitrile (ACN), HPLC Grade, Lot No, AE646, Burdick and Jackson 
Laboratories, Inc., Muskegon, MI 49442. 

3. $-Hydroxypropyltheophylline (BHPT), proxyphylline, Lot. No. 16376, 
Knoll Fine Chemicals, Inc., New York, NY 10022. 

4. Sodium acetate (NaAc), Analytical Reagent, Mallinckrodt, Inc., 
St. Louis, MO 63147. 

5. Sodium tungstate (Na_W0,), Lot. No. 713368, J. T. Baker Chemical 
Co., Phillipsburg, NJ 08865. 

6. 1,3,7-Trimethylxanthine (1,3,7-TMX), caffeine, Analytical Reagent, 
J. T. Baker Chemical Co., Phillipsburg, NJ 08865. 
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