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The purpose of this study was to measure plasma B-6 vitamers, and other 

factors which may affect the plasma concentrations of these vitamers under extreme 

physical conditions. Blood samples were drawn from 8 men and 3 women (43.7 ± 8.6 

years) 30 minutes prior to the start of a 50-km ultramarathon race (pre), and at 5 (PST) 

and 60 (PST60) minutes post race. HPLC was used to measure pyridoxal 5' phosphate 

(PLP), pyridoxal (PL), pyridoxine (PN), and 4-pyridoxic acid (4-PA). Plasma total 

vitamin B-6 (TB6) was measured microbiologically. Plasma glucose, albumin, and 

lactate concentration, and alkaline phosphatase activity, as well as hematocrit and 

hemoglobin levels were measured. Food and liquid intake was assessed during the run. 

There was a significant (/7<0.0001) decrease in the plasma PLP concentration between 

pre and PST, with a mean decrease of 12.9 ± 8.8 nmol/L (31% decrease). At PST60 

there was a further decrease in plasma PLP concentration bringing the total decrease to 

17.9 nmol/L (44%). The plasma TB6 concentration also decreased after the run, but 

the mean decrease was only 11 nmol/L (pre to PST60). PL increased by 25% after the 

run, and did not change further at PST60. The mean PN value did not change 

significantly after the run. The mean plasma 4-PA concentration increased by 21% 

post-run and decreased to just below the pre-run value after 1 hour. The decrease in 

plasma PLP with a subsequent increase in plasma 4-PA and PL concentration's 

suggests that persons participating in a 50-km ultramarathon may metabolize vitamin 

B-6 at an increased rate, and thus have an increased requirement for vitamin B-6. 



Copyright by Scott W. Leonard 

February 10, 1999 

All Rights Reserved 



Plasma B-6 Vitamer Changes Following a 50-km Ultramarathon 

by 

Scott W. Leonard 

A THESIS 

submitted to 

Oregon State University 

in partial fulfillment of 
the requirements for the 

degree of 

Master of Science 

Presented February 10, 1999 
Commencement June 1999 



Master of Science thesis of Scott W. Leonard presented on February 10, 1999 

APPROVED: 

Major Professor, representing Nutrition and Food Management 

Chair of Department of Nutrition and Food Management 

Wl Dean of Gradual School 

I understand that my thesis will become part of the permanent collection of Oregon 
State University libraries. My signature below authorizes release of my thesis to any 
reader upon request. 

v^ 
Scott W. Leonard, Author 



ACKNOWLEDGEMENTS 

I would like to thank Dr. James Leklem for his support, guidance, and friendship. 

Without him this degree would not have been possible. 

I would also like to thank the nutrition laboratory assistants, Dr. Jim Ridlington and 

Karin Hardin for working with me on the laboratory methods necessary to complete 

this project. 

I would like to thank Andrea Bolli, Shannon Ehlinger, Hiro Hikoi, Kristina Meyer, 

Keisuke Minoura, and Brett Tarrant for their assistance during the study. 

I would like to thank the Agricultural Experiment Station for funding this project. 

Lastly, I would like to thank Bill and Gina Leonard, my parents, for their wonderful 

support and loving friendship during the time I worked on this project, and throughout 

my life. 



TABLE OF CONTENTS 

Page 

INTRODUCTION 1 

Hypothesis 2 

Objectives 3 

LITERATURE REVIEW 4 

Vitamin B-6 ...4 

History 4 
Structure and chemistry 4 
Food Sources and bioavailability 6 
Absorption, transport, metabolism, and excretion 8 
Body pools/stores 11 
Biochemical functions 13 
Status assessment 21 
Toxicity 24 
Recommended dietary intakes 24 

Exercise physiology 25 

Fuel sources and metabolism during exercise 25 
Carbohydrates 26 
Fatty acids 29 
Protein 31 
Lactic acid 33 
Summary of energy transfer during exercise 33 
Plasma volume shifts 36 

Vitamin B-6 and exercise 39 

PLASMA B-6 VITAMER CHANGES FOLLOWING A 50-KM 
ULTRAMARATHON 48 

Introduction 48 

Methods 49 

Results 53 

Discussion 56 

Conclusion 65 

SUMMARY AND CONCLUSIONS 67 

BIBLIOGRAPHY 69 



TABLE OF CONTENTS (Continued) 

APPENDICES 87 

Appendix A: Tables 88 
Appendix B: Figures 103 



LIST OF FIGURES 

Figure Page 

1. Major naturally occuring forms of vitamin B-6 5 

2. Schiff base formation between pyridoxal 5'-phosphate and an amino acid 6 

3. Overview of vitamin B-6 transport, metabolism and excretion 9 

4. Metabolic interconversions of the B-6 vitamers 10 

5. Cori-alanine cycle, the involvement of PLP in gluconeogenic metabolism 14 

6. The 4 metabolic pathways for the production of adenosine triphosphate in 
muscle cells 34 

7. The contribution of the 4 energy systems to the total work performed during 
exercise of a given duration 36 

8. Fractional losses of water from plasma and interstitial and intracellular 
compartments at three levels of dehydration 37 



LIST OF TABLES 

Table Page 

1. Indices for evaluating vitamin B-6 status and suggested values for adequate 
status in adults 23 

2. Physical characteristics of the subjects (n=ll) 51 

3. Foods available for breakfast, and during the race and their calorie and 
vitamin B-6 values 51 

4. Nutritional composition of the foods selected at the aid stations 
(mean±SD) 52 

5. Mean plasma vitamin B-6 vitamer concentrations before and after a 
50-km ultramarathon run, as measured by HPLC 54 

6. Mean plasma glucose, lactate, and albumin concentration and alkaline 
phosphatase activity before and after a 50-km ultramarathon 55 

7. Correlation coefficients for the plasma PLP concentration levels vs. the 
plasma albumin, and lactate concentrations, as well as alkaline phosphatase 
activity 56 



LIST OF APPENDIX FIGURES 

Figure                                                                                                                    Page 

B. 1.     IRB application for approval 105 

B.2. IRB study approval form 107 

B.3. Informed consent form 108 

B.4. Subject recruitment flyer 110 

B.5. Subject health/diet history questionnaire Ill 



LIST OF APPENDIX TABLES 

Table 

A.l. Individua 

A.2. Individua 

A.3. Individua 

A.4. Individua 

A.5. Individua 

A.6. Individua 

A.7. Individua 

A.8. Individua! 

A.9. Individua 

A. 10. Individua 

A.ll. Individua 

A. 12. Individua 

A. 13. Individua 

Page 

plasma HPLC PLP concentrations (nmol/L) 90 

plasma HPLC PL concentrations (nmol/L) 91 

plasma HPLC PN concentrations (nmol/L) 92 

plasma HPLC 4-PA concentrations (nmol/L) 93 

plasma PLP concentrations (nmol/L) 94 

plasma Total B-6 concentrations (nmol/L) 95 

plasma glucose concentrations (mg/dL) 96 

plasma lactate concentrations (mmol/L) 97 

plasma albumin concentrations (g/L) 98 

plasma alkaline phosphatase activity (u/L) 99 

plasma hemoglobin concentrations (g/L) 100 

plasma hematocrit concentrations 101 

plasma plasma volume changes 102 

A. 14.   Day of study subject data sheet 103 



PLASMA B-6 VITAMER CHANGES FOLLOWING A 50-KM ULTRAMARATHON 

INTRODUCTION 

Exercise is a disruption of homeostasis to the human body that creates 

physiological changes that are not unlike starvation. Under the stress of endurance 

exercise an environment is creating in which body nutrients, such as those related to 

energy metabolism, may be altered to accommodate the added stress. This 

environment can then be studied to help us better understand what is occurring in the 

human body during exercise. Vitamin B-6 is one of the many nutrients involved in 

energy metabolism during exercise. 

Vitamin B-6 is a required cofactor for enzymes involved in the conversion of 

amino acids to glucose for energy via the Cori-alanine cycle (Leklem, 1985). Although 

much has been learned about the metabolism and function of vitamin B-6 during 

endurance exercise, there is still a large body of work to be done. In particular, the 

plasma B-6 vitamer changes following long endurance events, have been the subject of 

very few studies. The different B-6 vitamer forms studied under these conditions are: 

pyridoxal 5'-phosphate (PLP), pyridoxal (PL), pyridoxine (PN), pyridoxamine (PM), 

and 4- pyridoxic acid (4-PA) (the form which is excreted in the urine). Collectively, 

PLP, PL, PN, and PM are termed "total B-6". 

Previous studies have shown that plasma pyridoxal 5'-phosphate (PLP) levels 

increase during endurance exercise, and begin to come back down and approach 

normal levels 1 hour post exercise (Hatcher et al., 1982; Hofmann et al., 1991; Leklem 

and Shultz, 1983; Manore et al., 1987). Along with the PLP increase, early work by 

Leklem and Shultz (1983) also reported 16 to 25% increases in plasma total B-6 

concentration. The early findings by Leklem and Shultz, regarding B-6 vitamer 

changes during endurance exercise, have since been replicated by other researchers 

(Hofmann et al., 1991; Manore et al., 1987). Hofmann et al. (1991) added to our 

understanding of the B-6 vitamer changes under these conditions, by also measuring 



the PL changes during a 2 hour treadmill run. The researchers reported no significant 

changes in plasma PL concentration. 

To date, there has been only one study conducted to measure the plasma 

vitamin B-6 changes in an actual endurance event longer than 4500 meters (Leklem 

and Shultz, 1983). Rokitzki et al. (1994) measured serum vitamin B-6 changes after a 

marathon. The authors reported results that were similar to previous research, but 

unfortunately only the total vitamin B-6 changes were reported. 

The following study was designed to investigate the plasma B-6 vitamer 

changes that occur following a 50-km (31 mile), ultramarathon. The specific aim of 

the study was to measure the changes in four indices of vitamin B-6 metabolism that 

occurred during the race: plasma pyridoxal 5'-phosphate (PLP), pyridoxine (PN), 

pyridoxal (PL), and 4-pyridoxic acid (4-PA), by high performance liquid 

chromatography (HPLC). Blood samples were collected 5 minutes pre-race, 5 minutes 

post-race, and 1 hour post-race. Since plasma vitamin B-6 levels are very reflective of 

the diet, the subjects consumed a controlled diet 3 hours prior to, and during the race. 

In order to better explain why these changes are taking place certain bio- 

chemical indices will also be measured, such as: glucose, lactate, albumin, and 

alkaline phosphatase activity. Hemoglobin and hematocrit levels will also be measured 

to see if the B-6 vitamer changes are due to plasma volume changes, as calculated by 

Dill and Costill (1974). 

Hypothesis 

Immediately after an endurance event, such as a 50-km ultramarathon, the 

plasma pyridoxal S'-phosphate, pyridoxal, and 4-pyridoxic acid concentration levels 

will increase significantly. The plasma pyridoxine concentration levels will not be 

significantly affected by the exercise bout. One hour post exercise the plasma 

pyridoxal 5'-phosphate, pyridoxal, and 4-pyridoxic acid concentration levels will 

decrease, and begin to approach the pre-race values. 



Objectives 

The primary objective is to determine if the plasma B-6 vitamer concentration 

levels, measured after a very lengthy acute exercise bout, are similar to what has been 

previously reported following shorter bouts of exercise. Specific objectives are as 

follows: 

1. To determine the plasma PLP, PL, PN, and 4-PA concentration levels by 

HPLC. 

2. To determine if a relationship exists between plasma alkaline phosphatase 

activity, or glucose, lactate, or albumin concentration levels and the plasma B-6 

vitamers 

3. To determine if the plasma changes are due specifically to plasma volume 
changes. 



LITERATURE REVIEW 

Vitamin B-6 

History 

Vitamin B-6 was discovered in 1934 by Paul Gyorgy (Gyorgy, 1934).While 

researching vitamin B-2 (riboflavin), Gyorgy found that a vitamin factor, other than 

vitamin B-2, prevented dermatitis in rats. By 1938 Gyorgy (Gyorgy, 1938) as well as 

four other research groups (Keresztesy and Stevens, 1938; Kuhn and Wendt, 1938; 

Lepkovsky, 1938), had reported the isolation of pure crystalline vitamin B-6. One year 

later Harris and Folkers (1939) as well as Kuhn et al. (1939) synthesized vitamin B-6 

and identified it as 3-hydroxy-4,5-dihydroxymethyl-2-methylpyridine, a pyridine 

derivative. That same year Gyorgy and Eckhardt (1939) introduced the term 

"pyridoxine" as a generic name for the chemical structure. Several of the other major 

vitamin B-6 forms such as pyridoxamine and pyridoxal were indentified during the 

early 1940's, primarily through the use of microorganisms (Snell, 1981; Snell et al., 

1942). The work of these early researchers eventually led to the synthesis of pyridoxal 

as well as pyridoxamine (Harris et al., 1944; Snell, 1944). 

Structure and chemistry 

The vitamin B-6 group includes the compounds pyridoxine (PN), 

pyridoxamine (PM), and pyridoxal (PL), as well as their respective S'-phosphorylated 

forms (PNP, PMP, PLP) These forms are illustrated in Figure 1. In plant foods a fourth 

form, 5-0-(3-D-glycopyranosyl) pyridoxine (PNG) also exists. The phosphorylated 

forms are the main forms of vitamin B-6 found in organs and tissues. The form most 

often found in supplements is pyridoxine hydrochloride. The metabolic end product of 

vitamin B-6 is 4-pyridoxic acid (4PA). This irreversible metabolite of vitamin B-6 has 

a -COOH group in the R position. 



The B-6 vitamers are very light sensitive (Ang, 1979), with much of their 

stability being pH dependent. In solution vitamin B-6 is labile under alkaline 

conditions and stable under acidic conditions. The same pH rule for stability that 

applies to light also applies to heat. The B-6 vitamers are heat-stable under acidic 

conditions and heat labile under alkaline conditions. Vitamin B-6 is readily soluble in 

water and minimally soluble in organic solvents. 

HO 

H,C 

3-hydroxy-2-methylpyridine derivatives 

R 5' = -OH 

CH2OH Pyridoxine (PN) 

CHO Pyridoxal (PL) 

CH2NH2 Pyridoxamine (PM) 

5' = -OP03= 

Pyridoxine 5'-Phosphate (PNP) 

Pyridoxal 5'-Phosphate (PLP) 

Pyridoxamine 5/-Phosphate(PMP) 

Figure 1. Major naturally occurring forms of vitamin B-6 
(Adapted from: Leklem, 1996) 

PLP is the metabolically active coenzyme form of vitamin B-6. PLP is bound 

to enzymes via formation of a Schiff base with the E-amino group of a lysine residue 

(Hughes et al., 1962). PLP will nonenzymaticaly react with metal ions, but in the body 



a Schiff base is formed via a transamination reaction with the amino group of the 

substrate for the given enzyme. The result is a quinonoid structure. The formation of a 

Schiff base and with PLP and an amino acid is depicted in Figure 2. There have been 

over 100 enzymatic reactions reported which involve PLP as a coenzyme (Sauberlich, 

1985). 
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Figure 2. Schiff base formation between pyridoxal 5'-phosphate and an amino acid. 
(Adapted from: Leklem, 1991) 

Food sources and Bioavailability 

Vitamin B-6 is not produced in the body, and therefore must be taken in 

through food and/or supplements. Several different forms of vitamin B-6 are found in 

food. Animal foods contain primarily PL, with the majority being the phosphorylated 

form. The percent of vitamin B-6 present in animal foods (non-canned) as PL is 

generally 53-74% (Leklem, 1991). Certain animal sources considered to be excellent 

sources of vitamin B-6 are chicken breast, halibut, and tuna. Meat, poultry and fish 

contain between 0.17-0.68 mg vitamin B-6/100g edible portion. Milk and dairy 

products are considered to be poor sources of vitamin B-6 as they contain only 0.01- 



0.11 mg vitamin B-6/100g edible portion. Canned pork, and salmon as well as cheddar 

cheese contain a high percentage (84-89%) of their vitamin B-6 as PM. 

Plant foods contain more PN and PM (or their respective phosohorylated 

forms) than PL. Amounts of vitamin B-6 found in plant foods range from 0.19 mg for 

peaches to 3.52 mg for rice bran. Some examples of plant foods which would be 

considered good sources include: vegetables such as potatoes, spinach, broccoli and 

cauliflower; fruits such as avocados, bananas and raisins; legumes such as white 

beans, lentils, peanut butter and soybeans; nuts such as filberts and walnuts; and cereal 

grains such as barley, brown rice, whole wheat flour, and commeal. As mentioned 

earlier, PNG, the glycosylated form is also found in plant foods. Fruits and vegetables 

can have as much as 80% of their vitamin B-6 content in this form. Kabir and co- 

workers (Kabir et al., 1983a) reported that 47% of the vitamin B-6 present in orange 

juice is found as PNG. Studies of the bioavailability of this vitamin B-6 form have 

shown it to be considerably lower than the other forms (Leklem et al., 1980b; Nelson 

et al., 1976). 

In a study comparing the bioavailability of vitamin B-6 in beef vs. soybeans 

Leklem et al. showed that the vitamin B-6 in soybeans was 6-7% less bioavailable than 

the vitamin B-6 found in beef (Leklem et al., 1980a). Kabir et al. reported the same 

trend using tuna, whole wheat bread and peanut butter. Compared to the vitamin B-6 

in tuna, the vitamin B-6 availability for the whole wheat bread was 75%, and the 

peanut butter was 63% (Kabir et al., 1983b). Following these studies Bills et al. (1987) 

reported that an inverse relationship exists between the vitamin B-6 bioavailability and 

the glycosylated vitamin B-6 content of plant foods. It has been estimated that the 

bioavailability of vitamin B-6 in the average American diet is approximately 71-79% 

(Tarr et al., 1981). Along with the fact that a certain percentage of the vitamin B-6 in 

plant foods is found as PNG, several other factors exist which can further decrease the 

amount of available vitamin B-6 from the diet. 

Food storage and processing have both been shown to influence the vitamin B- 

6 content of food (Augustin et al., 1980; Bemhart et al., 1960; Daoud et al., 1977; 

Lushbough et al., 1959; Richardson et al., 1961). The processing of milk and cheese 



helps to explain the low amounts found in these foods. Storage and processing of food 

may compromise anywhere from 10-50% of the vitamin B-6 found in the food. In the 

presence of ascorbic acid the biological activity of vitamin B-6 may also become 

compromised (Augustin et al., 1980). The conversion of pyridoxine to 6- 

hydroxypyridoxine has been shown to occur in the presence of foods high in vitamin C 

such as tomatoes, strawberries, sweet peppers and tomatoes (Augustin et al., 1980). In 

summary, vitamin B-6 is found in varying amounts in the diet, as well as in different 

forms. At least one of these forms, PNG, has been shown to decrease the vitamin B-6 

bioavailability from food. PNG is found in plant foods, making animal foods better 

sources of vitamin B-6. Heating and storage, as well as other forms of processing such 

as irradiation (Richardson et al., 1961), freezing (Richardson et al., 1961), blanching 

(Daoud et al., 1977) and the use of preservatives (Daoud et al., 1977) may also affect 

the vitamin B-6 bioavailability. Lastly, vitamin B-6 bioavailability may also be 

compromised by the amount of ascorbic acid in certain food (Augustin et al., 1980). 

The overall affect on vitamin B-6 bioavailability from this reaction still remains to be 

determined. Some of these small differences in bioavailability combined with a diet 

low in vitamin B-6 may compromise vitamin B-6 status. 

Absorption, transport, metabolism and excretion 

The three vitamers (PL, PN, PM) are passively absorbed in the jejunum and enter the 

circulation in mainly the non-phosphorylated forms. Absorption of the phosphorylated 

forms can occur (Hamm et al., 1979; Mehansho et al., 1979), but only in very small 

amounts. The majority of the phophorylated forms found in food are hydrolyzed to the 

non-phosphorylated forms by alkaline phophatase in the intestine (Middleton, 1982). 

Once in the circulation, PL is transported bound to albumin. PN and PL are taken up 

and transported by erythrocytes, where some PN can be converted to PL. Within the 

erythrocytes PL and PN can also be converted to PLP, since both of the enzymes 

required for conversion are present (Mehansho and Henderson, 1980). A substantial 



Figure 3. Overview of vitamin B-6 transport, metabolism and excretion. 
(Adapted from: Leklem, 1996). See text for abbreviations. 
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portion of the absorbed vitamin B-6 is transported to the liver, which is primarily 

where conversion of the vitamin B-6 vitamers occurs (Leklem, 1991). An overview of 

vitamin B-6 transport, metabolism and excretion is depicted in Figure 3. 
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Figure 4. Metabolic interconversions of the B-6 vitamers. 
(Adapted from: Leklem, 1991) 

The B-6 vitamers enter hepatocytes by diffusion followed by metabolic 

trapping. Figure 4 depicts the liver interconversions of the B-6 vitamers. Pyridoxal 

kinase catalyzes the conversion of PN, PM, and PL to their phosphorylated forms 

(Leklem, 1991). PNP and PMP are oxidized to PLP by a FMN-dependent oxidase 

(Wada and Snell, 1961). PLP may then be bound to cellular proteins, released into 

circulation, or dephosphorylated by alkaline phosphatase. PL is also converted 

irreversibly, by aldehyde oxidase, to 4-pyridoxic acid (4-PA). The 4-PA  is then 
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excreted in the urine and thus serves as the principal route of excretion for excess 

vitamin B-6 intake (Leklem, 1991; Merrill et al., 1984) 

Under physiological conditions, aldehyde oxidase, is more active than the 

kinase. Merrill et al. (1984) analyzed the vitamin B-6 metabolic enzymes in human 

liver biopsy samples, and estimated the activities of pyridoxal kinase and pyridoxal 

oxidase to be 11 nmol/min/g liver and 16.5 nmol/min/g liver, respectively. Also, a ten- 

fold greater activity of the kinase versus the phosphatase was noted. Because all 

tissues have PL kinase, but few have significant amounts of the PNP (PMP) oxidase, it 

is thought that liver is the tissue responsible for converting dietary PN and PM to PL 

(via PLP), and that PL is taken up by other tissues, from the circulation, for conversion 

to PLP (Merrill et al., 1984). Data reported by Wozenski et al. (1980) are reflective of 

the enzyme data presented by Merrill et al. The metabolism and excretion rates of 

small doses of vitamin B-6 were studied by giving doses of PN, PM, and PL to five 

fasting men. In general, the rate of urinary B-6 and 4-PA excretion was maximal the 

first three hours after the doses. Compared to baseline levels, plasma B-6 and urinary 

4-PA excretion rose steeply following PL administration, providing in vivo evidence 

of rapid clearance and oxidation of this B-6 vitamer. Plasma PLP concentration 

increased less with PL than with PM or PN administration. This suggests oxidation to 

4-PA by pyridoxal oxidase is favored and there is less PL available for conversion to 

PLP (Wozenski et al., 1980). Under fasting conditions, PL and PLP account for 70- 

90% of the total B-6 vitamers in circulation, with PLP comprising 50-75% of the total 

amount (Leklem, 1991). 

Body pools/stores 

Typically, water soluble vitamins consumed in excess are excreted and not 

stored in the manner that the fat soluble vitamins are. Vitamin B-6, folate, and vitamin 

B-12 appear to be somewhat of an exception to this rule. Vitamin B-6 exists in 

different pools, or compartments in the body and can be stored to some extent. Shane 

(1978) theorized that there are two body pools with different turnover rates. He 
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suggested that one pool may have a rapid turnover rate of about 0.5 days and that a 

second pool exists with a much slower turnover rate of approximately 25-33 days. 

Isotopic studies by Johansson et al.(l966) also promoted the idea of a two 

compartment model for vitamin B-6 storage, including a large slow turn over pool in 

equilibrium with a smaller fast turnover pool . More recently, it has been suggested by 

Cobum (1994) that the two pool model is not as appropriate as originally believed. 

Cobum is attempting to develop a more versatile model utilizing enzyme kinetics and 

protein binding parameters within the different tissues, such as liver and muscle, as 

well as the circulation and erythrocytes. Cobum also incorporates the idea that the 

individual vitamin B-6 metabolites should be considered separate pools into this 

model (Cobum, 1990a; Cobum and Townsend, 1992). 

The major vitamin B-6 pool is in muscle, where pyridoxal 5'-phosphate is 

bound primarily to glycogen phosphorylase (Black et al., 1977; Black et al., 1978). 

Black et al. tested the hypothesis that muscle phosphorylase may function as a 

repository for vitamin B-6 by feeding rats a vitamin B-6 free diet supplemented with 

different levels of pyridoxine. At the high intake level (70 mg vitamin B-6/kg diet), 

muscle phosphorylase and total muscle vitamin B-6 increased compared to the control 

group. When vitamin B-6 intake was restricted to 10% of the National Research 

Council (NRC) recommended level, no increase in phosphorylase concentration 

occurred, suggesting that muscle phosphorylase acts as a reservoir for vitamin B-6 

(Black et al., 1977). The researchers also found that rats who had accumulated high 

levels of muscle phosphorylase while ingesting diets containing normal or excess 

amounts of the vitamin retained their phosphorylase after transfer to a vitamin B-6 

deficient diet. However, muscle phosphorylase content did decrease under conditions 

of caloric deficit (Black et al., 1978). The researchers thus concluded that the vitamin 

B-6 stored in muscle was not utilized with lowered intake of vitamin B-6 unless a 

caloric deficit was also present. It is also unclear as to how much vitamin B-6 can be 

held in the muscle reservoir. In a study by Schaeffer et al. (1995) rats were fed very 

large doses of pyridoxine HCL (up to 250 times the recommended level) with no 

increase measured in either muscle pyridoxal 5'-phosphate or glycogen phosphorylase 
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concentration. The authors suggest that if muscle is a repository for PLP, the ceiling of 

the repository is relatively low, as it had already been reached at the NRC level of 7 

mg PN HCIVkg diet. 

Cobum et al. (1988) used muscle biopsies to estimate the size of the vitamin B- 

6 pool of five female and seven male adults. Using creatinine excretion, and the 

assumption that muscle is 40% of the bodyweight, the total muscle vitamin B-6 pool 

was estimated to be 917 ± 319 ^imol in the females and 850 ± 216 p.mol in the males. 

Because muscle accounts for -80% of the vitamin B-6 in the body, the total pool of 

vitamin B-6 in adult humans is probably -1000 |imol. In another study Cobum et al. 

(1991) looked at the response of vitamin B-6 content of muscle to changes in vitamin 

B-6 intake in 10 college aged males. As vitamin B-6 was depleted, excretion of 4- 

pyridoxic acid rapidly adjusted to approximate the intake. Plasma pyridoxal 5'- 

phosphate concentrations at the end of the baseline, depletion, and supplementation 

periods were 81 ± 51, 9 ± 3, and 455 ± 129 nmol/L, respectively, whereas the muscle 

concentrations were 21 ± 9, 20 ± 4, and 25 ± 7 nmol/g, respectively. The total vitamin 

B-6 concentration levels in muscle were 28 ± 10, 27 ± 4, and 35 ± 10 nmol/g, 

respectively. The data showed that the vitamin B-6 pools in skeletal muscle are 

somewhat resistant to depletion. From this data and the study by Schaeffer et al. 

(1995) it appears that under fasting and sedentary conditions, it is as difficult to move 

vitamin B-6 into the muscle as it is to get it out. 

Biochemical functions 

There are many functions of vitamin B-6 in the human body. Vitamin B-6, as 

PLP, plays a major role in amino acid metabolism. Reactions in which PLP is required 

as a coenzyme include transaminations, decarboxylations, and deaminations. Other 

cellular processes that require PLP are red cell metabolism and function, immune 

function, gluconeogenesis,  niacin  formation  via tryptophan  metabolism, nervous 
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system  function  via neurotransmitter synthesis,  lipid  metabolism,  and  hormone 

modulation (Leklem, 1991). 

Gluconeogenesis 

In order to maintain a constant supply of glucose during times of caloric deficit 

our bodies control mechanism is to utilize certain gluconeogenic pathways. During 

gluconeogenesis pyridoxal S'-phosphate is involved through its role as a cofactor for 

Urea< 

LIVER MUSCLE 

Figure 5. Cori-alanine cycle, the involvement of PLP in gluconeogenic metabolism. 
(Adapted from: Leklem, 1985) 
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transamination reactions (Sauberlich, 1968). In the liver gluconeogenic amino acids, 

lactate, glycerol, and pyruvate are converted to glucose. This process is called the 

Cori-alanine cycle, and will be discussed later (Cori, 1931). These processes are 

depicted in Figure 5. 

As mentioned earlier, PLP is stored in the muscle with glycogen 

phosphorylase. As glucose is released, via glycogenolysis, PLP is involved as a 

cofactor for glycogen phosphorylase (Krebs and Fischer, 1964). This reaction does not 

involve PLP as a classical Schiff base. PLP is found attached with the phosphate group 

probably involved in its actual enzymatic role (Helmreich and Klein, 1980). Black et 

al. (1978) concluded that rat muscle phosphorylase levels are responsive to dietary 

vitamin B-6 levels, concluding that starvation, but not vitamin B-6 deficiency per se, 

causes muscle phosphorylase levels to decline. 

Erythrocyte formation 

Within red blood cells, erythrocyte transaminases (or aminotransferases) 

require PLP, bound as a Schiff base, to function properly. The role of the different B-6 

vitamers on the binding affinity of O2 to the hemoglobin molecule has been reviewed 

by Leklem (1991). Binding of PL to the alpha-chain increases the binding affinity, and 

the binding of PLP to the beta-chain of hemoglobin S or A, lowers the O2 binding 

affinity. The binding reactions of PLP and PL to the hemoglobin side chains may be 

important in sickle-cell anemia (Reynolds and Natta, 1985). 

PLP is also involved as a cofactor in heme synthesis. During this process PLP 

is a required cofactor for 8-aminolevulinic acid synthetase (Kikuchi et al., 1958), the 

enzyme which is responsible for catalyzing the condensation between glycine and 

succinyl-CoA to 5-aminolevulinic acid, the initial precurser in heme synthesis. In 

animals, a vitamin B-6 deficiency can lead to hypochromic, microcytic anemia. In 

humans, it has been reported that some anemic patients will respond to pyridoxine 

treatment (Horrigan and Harris, 1968). However, a positive response is not always the 
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case in patients with this sideroblastic anemia   (Pasanen et al., 1982), suggesting a 

complex involvement of vitamin B-6 in anemia. 

Niacin formation 

PLP is involved in the conversion of the dietary essential amino acid 

tryptophan to the vitamin niacin (Brown, 1985). Vitamin B-6 functions as a coenzyme 

during several steps in the tryptophan to niacin conversion pathway, including: 

kynurenine to kynurenic acid, kynurenine to anthranilic acid, and 3-hydroxykynurenine 

to 3-hydroxyanthranilic acid and xanthurenic acid. The conversion of 3- 

hydroxykynurenine to 3-hydroxyanthranilic acid is the only enzymatic reaction in the 

direct conversion of tryptophan to niacin. Kynureninase, the enzyme involved in this 

step, is very sensitive to vitamin B-6 status. In a study by Leklem et al. (1975), 15 oral 

contraceptive users were studied to measure the effects of a vitamin B-6 deficient diet 

(0.19 mg PN/day) on the conversion of tryptophan to niacin, following a tryptophan 

load test. The researchers found a decrease in the excretion of two niacin metabolites: 

N'-methylnicotinamide and N'-methyl-2-pyridone-5-carboxamide. More recently, 

Hansen et al. (1996) determined the effect of varying levels of dietary protein on B-6 

status in nine women with a constant vitamin B-6 intake. Following a 2-g L- 

tryptophan load test the researchers measured significant increases in the urinary 

excretion of the tryptophan metabolites xanthurenic and kynurenic acid. In summary, a 

diet low in vitamin B-6 moderately decreases the synthesis of niacin from tryptophan. 

Lipid metabolism 

The involvement of vitamin B-6 in lipid metabolism is unclear and somewhat 

controversial. Vitamin B-6 deficiency has been shown to effect rat plasma and liver 

concentrations of linoleic acid and arachidonic acid. The association between fat 

metabolism and vitamin B-6 was first suggested by Birch in 1938 (Birch, 1938). 

Follow-up studies in rats have shown that a vitamin B-6 deficiency resulted in a 
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decrease in body fats (McHenry and Gauvin, 1938) and liver lipid levels (Audet and 

Lupien, 1974). In contrast, it has been shown that rats fed a vitamin B-6 deficient, high 

protein (70% of kcal's) diet developed fatty livers (Abe and Kishino, 1982). The 

authors suggested this was due to impaired lysosomal lipid degradation. Adding to the 

confusion, vitamin B-6 deficient rats have been found to have increased (Sabo et al., 

1971), normal (Angel, 1975; Desikacher and McHenry, 1954), or depressed (Angel 

and Song, 1973) fat synthesis (primarily triglycerides). Angel and Song (1973) have 

suggested that variable findings may be related to the meal pattern used to feed the 

animals. 

Vitamin B-6 deficient rats have been shown to have impaired lipid metabolism. 

Different researchers have found decreases in the conversion of linoleic acid to 

arachidonic acid (Cunnane et al., 1984; Delrome and Lupien, 1976; Witten and 

Holman, 1952). Cunnane et al. (1984) measured an increase in linoleic and y-Hnolenic 

acid levels, as well as a decrease in arachidonic acid levels in the plasma, liver, and 

skin of vitamin B-6 deficient rats. These changes were recently measured in humans 

(Kim, 1997). Eight women were divided into two groups and fed either a low (0.93 

mg/day) or a high (2.60 mg/day) B-6 diet. After 21 days no significant changes in the 

plasma lipid profiles were found between the two groups. The findings do not match 

those of the animal studies, although it is possible that different results might have 

been achieved had the study been longer, or a more severely vitamin B-6 deficient diet 

fed to the subjects. 

The decrease in arachidonic acid in liver phospholipids, accompanied by the 

increase in linoleic acid in vitamin B-6 deficient rats has been theorized to originate 

from a decrease in phosphatidylcholine via methylation of phosphoethanolamine 

(Delrome and Lupien, 1976). This theory has been supported by the finding that the 

levels of S-adenosylmethionine (SAM) in the livers of vitamin B-6 deficient rats are 

nearly five times the amounts found in livers of pair-fed animals (Loo and Smith, 

1986a). The change in levels of SAM could be the result of inhibition of homocysteine 

catabolism, which is a PLP dependent process. Thus, negative feedback of SAM on 

the conversion of phosphatidyl choline from phosphatidyl ethanolamine may explain 



the changes seen in fatty acid metabolism during a vitamin B-6 deficiency (Leklem, 

1991). Leklem has suggested this as a possible mechanism for the involvement of 

vitamin B-6, since the primary steps in fatty acid metabolism do not involve substrates 

which contain nitrogen, a feature which is common to most enzymatic reactions 

involving PLP. 

Vitamin B-6 may have a role in atherosclerosis based on arachadonic acid 

levels cholesterol metabolism, and homocysteine metabolism, but the link remains 

controversial (Chi, 1984). In vitamin B-6 deficient animals, plasma and liver 

cholesterol levels have been found to increase, decrease, or not change (Iwami and 

Okada, 1982; Lupien et al., 1969; Swell et al., 1961; Williams et al., 1966). Studies in 

humans have shown no significant changes in plasma cholesterol levels related to a 

vitamin B-6 deficient diet (Baysal et al., 1966; Kim, 1997). Studies involving large 

supplemental doses of vitamin B-6 to treat high blood cholesterol have not been 

adequately carried out. A decrease in serum cholesterol, mainly LDL, has been 

reported by Serfontein and Ubbink (1988) after subjects were given a multivitamin 

containing 10 mg of pyridoxine. Further studies involving controlled trials are needed 

to better understand the possible role of vitamin B-6 on cholesterol metabolism. 

An indirect affect of vitamin B-6 on fat metabolism involves the vitamins role 

in camitine synthesis. Camitine is the carrier molecule required to move fatty acyl 

units into the mitochondria for oxidation. Lysine methyltransferase, the enzyme which 

catalyzes the initial reaction in the biosynthesis of camitine, has been reported to be 

reduced in the livers of vitamin B-6 deficient rats (Loo and Smith, 1986b). During 

vitamin B-6 deficiency activity of the enzyme is influenced by an altered hepatic molar 

ratio of S-adenosylmethionine to S-adenosylhomocysteine (Loo and Smith, 1986c). 

Cho and Leklem (1990) found a decrease in total and free camitine in the plasma, 

skeletal muscle, and urine of rats fed a B-6 deficient (0.04 mg PN/kg) diet, compared 

to rats on a control diet . When the rats were fed a repletion diet of 5.7 mg PN/kg 

camitine levels returned to normal values. The authors concluded that vitamin B-6 is 

required in the biosynthesis of camitine. 
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Immune function 

Vitamin B-6, as pyridoxal 5'-phosphate, is involved in 1-carbon metabolism as 

a coenzyme for serine transhydroxymethylase (Schirch and Jenkins, 1964). Proper 

functioning of 1-carbon metabolism is required for normal nucleic acid synthesis, 

alterations in the formation of nucleic acids may be how vitamin B-6 is involved in 

immune function (Chandra and Puri, 1985). In animal studies it was shown that 

vitamin B-6 deficiency did have adverse affects on the immune system as measured by 

lymphocyte production (van den Berg et al., 1988), antibody response to antigens 

(Chandra and Puri, 1985), and cell mediated immunity (Cheslock and McCully, 1960). 

In a study by Talbott et al. (1987), 11 elderly women with impaired immune systems 

were shown to improve after supplementation with 50 mg pyridoxine per day for two 

months, as measured by lymphocyte response. In another study involving the elderly, 

Meyandi et al. (1991) studied the effects of a vitamin B-6 deficient diet and found 

impaired in-vitro indices of cell-mediated immunity. However, Robson and Schwartz 

(1975) found that vitamin B-6 status did not affect cellular or humoral immunity in 

humans fed a low vitamin B-6 diet. Further studies are needed to measure if any age 

differences exist within the measured indices. 

Hormone modulation 

Pyridoxal 5'-phosphate is involved in steroid hormone modulation in several 

ways. PLP reacts with the steroid receptor forming a Schiff base, and at the DNA 

binding domain on the receptor, resulting in decreased expression of the steroid 

(Allgood and Cidlowski, 1991). Reversible reactions have been shown to occur with 

normal physiological conditions between PLP and receptors for estrogen (Muldoon 

and Cidlowski, 1980), androgen (Hiipakka and Liao, 1980), progesterone (Nishigori et 

al., 1978), and glucocorticoids (DiSorbo et al., 1980). These studies have all shown 

depressed steroid action in the presence of PLP. Definitive studies in humans looking 

at the physiological significance of the interaction between PLP with steroid hormones 
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have not yet been documented. No difference in vitamin B-6 status has been observed 

in women with PMS, using self reported symptoms as the judging criteria (Mira et al., 

1988; van den Berg et al., 1986), yet vitamin B-6 is commonly consumed in 

supplements used to help treat the depression observed in some women taking oral 

contraceptives. The role of PLP in treating depression will be discussed below. 

Nervous system 

PLP, as an enzyme cofactor, is involved in the production of several 

neurotransmitters including taurine, dopamine, norepinephrine, histamine, y 

aminobutyric acid, and serotonin from tryptophan (Dakshinamurti, 1982). The 

involvement of PLP in neurotransmitter formation along with the observation that 

there are neurological abnormalities found in vitamin B-6 deficient animals 

(Dakshinamurti, 1982) and human infants (Coursin, 1954) provide support for a role 

of vitamin B-6 in nervous system function. In the study involving infants, Coursin 

(1954) reported convulsions and abnormal EEG tracings in infants fed a formula diet 

where the vitamin B-6 had been destroyed during processing. Similar abnormal EEC's 

have also been recorded in vitamin B-6 deficienct adults with a and high protein intake 

(100 g/day) (Canham et al., 1969). Leklem (1991) has suggested that a long-term 

vitamin B-6 deficiency appears to be necessary before abnormal EEC's are observed 

in adults. Another role of vitamin B-6 in the nervous system is its involvement in 

development of the brain, especially during rapid mitosis. Myelination was shown to 

decline in the progeny of severely B-6 deficient female rats (Morre et al., 1978). The 

total length of Purkinje cell dendrites was found to be reduced in the offspring of rats 

with a vitamin B-6 deficiency (Chang et al., 1981). In certain areas of the brain, 

alterations in specific amino acid levels during vitamin B-6 deficiency have also been 

reported (Kurtz et al., 1972; Wasynczuk et al., 1983). Glycine, leucine, isoleucine, 

valine, and cystathionine levels were elevated, while alanine and serine levels were 

found to decrease. Groziak et al. (1984) have recently shown that certain areas of the 

nervous system such as the corpus striatum and the cerebellum tend to be more 



21 

affected by vitamin B-6 deficiency then other areas such as the spinal cord and the 

hypothalamus. 

Status assessment 

Vitamin B-6 is recognized as an important nutrient. In the past inadequate 

nutrient data bases as well as the exclusion of vitamin B-6 in several nationwide 

nutritional surveys, has led researchers and nutritionists alike to overlook this vitamin 

as a problem nutrient. Our increasing knowledge of vitamin B-6, as well as improved 

methodological techniques has allowed the vitamin to be more completely understood, 

and has required us to establish accepted indicators of vitamin B-6 status. 

Vitamin B-6 status indicators are classified as either direct or indirect. These 

different status indicators have been reviewed by Leklem (1990), and values for 

adequate status have been suggested. These are listed in Table 1. The direct status 

indicators include plasma measurements of PLP, PL, and total B-6, PLP in 

erythrocytes, and urinary excretion of 4-PA and total vitamin B-6. The focus of the 

direct indicators is on the major B-6 metabolites as well as their metabolic end- 

products. The indirect indicators focus on the activity of enzymes which require 

vitamin B-6, and metabolites of the pathways in which PLP is required. Dietary intake 

of vitamin B-6 from a 3-6 day diet record, or from a dietary history can be useful 

information, but is not considered to be sufficient to assess vitamin B-6 status alone. 

Leklem (1990) has suggested a minimum of three indices be measured. One being a 

direct measure, such as PLP, one a short term indicator such as 4-PA, and another an 

indirect measure such as the tryptophan load test. 

Plasma PLP has been the most frequently used indicator, and although 

questions surrounding its usefulness as an indicator have been proposed (Leklem and 

Reynolds, 1988), it is still considered one of the better indicators (Leklem, 1991). In 

the plasma PLP comprises approximately 70-90% of the total vitamin B-6 

concentration (Leklem, 1991). In rats, plasma PLP levels have been found to correlate 

significantly with tissue levels (Lumeng et al., 1985). In humans, plasma PLP is 



22 

significantly correlated with dietary B-6 intake (Shultz and Leklem, 1981). But, a 

measurement of PLP in the diet does not necessarily correlate with tissue levels 

(Schaeffer et al., 1995). In a review by Leklem (1991), plasma PLP concentration 

levels from numerous studies have been summarized, showing values ranging from 27 

to 75 nmol/L for males and 26 to 93 nmol/L for females. Leklem mentions that due to 

variable diets, these ranges should not be considered normal. As well as with dietary 

intake of vitamin B-6, plasma PLP levels are also influenced by protein intake in men 

(Miller et al., 1985) and women (Hansen et al., 1996). In fact, an inverse relationship 

between protein intake and plasma PLP was found by Miller et al. (1985). Plasma PLP 

levels have also been shown to be influenced by age (Lee and Leklem, 1985; Rose et 

al., 1976), pregnancy (Lumeng et al., 1974a), and exercise (Hofmann et al., 1991; 

Labadorios et al., 1977; Leklem and Shultz, 1983; Manore et al., 1987). 

Because PL is the primary form in which vitamin B-6 crosses cell membranes, 

PL may be a good additional index of vitamin B-6 status. PL comprises approximately 

8 to 30% of total plasma B-6, and along with PLP accounts for 90% of the total 

vitamin B-6 in plasma (Leklem, 1991). Plasma total vitamin B-6 can be measured 

using the microbiological assay (Miller and Edwards, 1981) and along with a 

measurement of PLP can provide an estimate of PL. The value set for evaluating status 

based on total plasma vitamin B-6 has been inferred from PLP levels (1.25 times the 

PLP level) (Leklem, 1990). Another direct measure of vitamin B-6 status is the 

metabolic end-product, 4-pyridoxic acid (4-PA). 4-PA is produced in the liver via 

oxidation of PL. Urinary 4-PA excretion is not used as an indicator of vitamin B-6 

status, but viewed more as a short-term indicator of vitamin B-6 status (Leklem, 

1990). Miller et al (1985), and Hansen et al. (1996) observed an inverse relationship 

between protein intake and excretion of 4-PA, as was also observed for plasma PLP 

levels. 

Of the various indirect measures of vitamin B-6 status, the tryptophan load test 

has been the most widely used. With the increase in usage of the direct measures for 

vitamin B-6 status, the tryptophan load test has been used less frequently (Leklem, 

1990). It has also been suggested that several factors, independent of B-6 status, may 
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Table 1.   Indices for evaluating vitamin B-6 status and suggested values for adequate 
status in adults. 

Indices 
Suggested value for 
Adequate status1 

Direct 
Blood 

Plasma pyridoxal 5'-phosphate 
Plasma pyridoxal 
Plasma total vitamin B-6 
Erythrocyte pyridoxal 5'-phosphate 

Urine 
4-Pyridoxic acid 
Total vitamin B-6 

Indirect 
Blood 

Erythrocyte alanine transaminase index 
Erythrocyte aspartic transaminase index 

Urine 
2g Tryptophan load; xanthurenic acid 

(imol/d 
3g Methionine load; cystathione 

Diet intake 

Vitamin B-6 intake, weekly average 
Vitamin B-6: protein ratio 

>30 nmol/L 
NV2 

>40 nmol/L 
NV 

>3.0 nmol/d 
>0.5 nmol/d 

<1.25J 

<1.80 

<65 

<350 fxmol/d 

>1.2-1.5mg/d 
>0.020 

Other 

Electroencephalogram pattern NV 

These values are dependent on age, sex, and for the most part protein intake 
2 NV = no value established 
' The index value for each transaminase represents the ratio of the enzyme activity 
with added PLP to the activity without added PLP (Adapted from Leklem, 1990). 

adversely affect this test (Brown, 1988). The methionine load test is reflective of the 

liver vitamin B-6 status, and may also be influenced by dietary protein intake (Leklem, 

1990). No definitive values are available for urinary metabolites of methionine, but 
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Leklem (1990) has suggested basal cystathionine excretion >350 juxnol/d is indicative 

of a vitamin B-6 deficiency. Indirect measures of long term vitamin B-6 status are the 

measurement of erythrocyte alanine transaminase (EALT), and aspartic acid 

transaminase (EAST) activity and/or stimulation. Although erythrocyte transaminase 

activity is one of the most commonly used measurements of vitamin B-6 status, 

research is still needed involving the rate of change in enzyme activity (and percent 

stimulation) as dietary intake changes over time. This, along with a need for 

standardization of the units for expressing the activity has made comparison between 

different studies complicated. 

Toxicity 

Although vitamin B-6 is a water soluble vitamin, large intakes of the vitamin 

can be toxic. Peripheral neurapathy and photosensitivity have been associated with 

chronic consumption of large amounts of PN (Schaumburg et al., 1983). Doses greater 

than 500 mg consumed on a daily bases are considered to be hazardous, and may cause 

neurological symptoms. Doses of between 2-250 mg per day for extended periods of 

time appears to be safe (Cohen and Bendich, 1986). 

Recommended dietary intakes 

The National Research Council has set fourth recommendations for safe and 

adequate levels of vitamin B-6 intake (RDA's) based on a ratio of 0.016 mg vitamin 

B-6/g protein consumed in the diet (RDA's, 1989). This amount appears to ensure 

acceptable values for most indices of nutritional status in adults, for both sexes. The 

RDA (RDA's, 1989) is based on a dietary protein intake of twice the RDA for protein 

(126g/day for men and lOOg/day for women). Based on these calculations the RDA 

was set at 2.0 mg/day for men, and 1.6 mg/day for women. These values are slightly 

lower than the Ninth edition, which was based on a figure of 0.020 mg/g protein rather 

than 0.016 mg/g. The soon to be published 11th edition suggests an even lower vitamin 
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B-6 requirement than the previous editions (DRI's, 1998). The suggestion is said to be 

based on the fact that plasma PLP correlates as equally well with B-6 intake as it does 

with the B-6 per kg of protein intake. Thus new proposed Estimated Average 

Requirements (EAR) (based on average dietary intakes of vitamin B-6) are: 1.1 mg of 

B-6/day for men and women, ages 19-50. The RDA's were then set at 1.3 mg of B- 

6/day for both men and women, assuming a 10 percent coefficient of variation (CV). 

The committee appears to have misinterpreted current data on B-6 status indicators 

and protein intake (Hansen et al., 1996). Leklems' group mention that their data 

(Hansen et al., 1996) along with previous work (Ribayo-Mercado et al., 1991), 

suggests a ratio greater than 0.016 mg B-6/g protein is required to achieve adequate 

status when urinary 4-PA is used to assess status. The authors also report that women, 

consuming a similar dietary vitamin B-6 to protein ratio as men, have lower plasma 

PLP concentrations. These findings do not seem to have been taken into account when 

formulating the current Dietary Reference Intakes. 

Exercise Physiology 

Fuel sources and metabolism during exercise 

During everyday tasks the human body requires energy in order to function 

properly. This energy comes from nutrients in the diet such as carbohydrates, fats, and 

proteins. After digestion, absorption, and transportation, via the circulatory system, 

amino acids, simple sugars, and fatty acids from these nutrients will eventually make 

their way to our cells. Once in the cells these nutrients are used for energy production, 

maintaining cell integrity and life, or stored for future use. Together with oxygen, these 

nutrients are used to supply the body with a constant energy supply. Within the cells 

energy is produced and made available to the body in several different forms, or 

molecules. These molecules, such as adenosine triphosphate (ATP), must be 

constantly regenerated while at rest or during exercise. The availability of oxygen, the 
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intensity and duration of exercise, and different nutrients consumed in the diet will all 

play a role in determining which fuel sources and metabolic pathways will be used to 

supply energy to the working muscle during exercise. A discussion of the different fuel 

sources follows. 

Carbohydrates 

Carbohydrates (CHO) are stored in human tissues as glycogen. In well 

nourished humans, approximately 375 to 475 grams of carbohydrate are stored in the 

body, of which 325 g is stored as muscle glycogen, 90 to 110 g as liver glycogen, and 

15 to 20 g as blood glucose (Felig and Wahren, 1975). As carbohydrates provide 

approximately 4 calories (kcal's) of energy per gram, this carbohydrate storage pool 

converts to approximately 1500 to 2000 calories, which, assuming all the carbohydrate 

is available for energy, is enough energy to support a 20 mile run. During exercise 

glycogen molecules are broken down in order to release glucose, for subsequent usage, 

via the glycogen phosphorylase enzyme. The term for this process is glycogenolysis. 

Glycogenolysis occurs in the muscle to supply the working tissue with energy. 

Conversion of glycogen to glucose also occurs in the liver, and is transported in the 

blood to help supply the working muscle tissue. As liver and muscle glycogen are 

depleted, either through dietary restriction or exercise, synthesis of glucose from other 

nutrients, such as protein and fats, increases. This process is called gluconeogenesis. 

Glucose, from either glycogenolysis or gluconeogenesis, is now available for energy 

extraction. 

The energy in carbohydrates is utilized through complex metabolic pathways, 

eventually producing the energy rich compound adenosine triphosphate or ATP. This 

stored energy is then utilized by the cells for all of the energy requiring processes of 

the cell. Thus the two major energy transforming activities of the cell are: 1) to form 

and conserve ATP from the potential energy in food, and 2) to use the chemical energy 

in ATP for biological work (McArdle et al., 1991). During hydrolysis, the enzyme 

adenosine triphosphatase breaks off one of the phosphate groups, releasing 7.3 kcal of 
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free energy per mole of ATP, forming adenosine diphosphate (ADP). ATP is often 

referred to as a high-energy phosphate. The splitting of the high-energy phosphate 

takes place whether oxygen is available or not. Thus, immediate exercise such as 

sprinting or jumping can take place without consuming oxygen. Unfortunately the 

body only has enough ATP to perform maximal exercise for several seconds (-85 g) 

(McArdle et al., 1991). A second high-energy phosphate molecule also exists, and is 

found in concentrations three to five times that of ATP. Creatine phosphate (CP) is 

considered the cells high-energy phosphate reservoir. Energy is rapidly transferred 

from CP for ATP resynthesis, also in the absence of oxygen, by use of another 

enzyme, creatine kinase. ATP is not just produced during times of need. ATP is 

constantly being produced from carbohydrate, fat and protein nutrient substrates 

during energy metabolism. Energy generated during the degradation of food nutrients 

serves one purpose, rephosphorylation of ADP to re-form the high-energy compound 

ATP. 

There are two stages that occur during glucose metabolism, one being aerobic, 

the other anaerobic. The first stage does not require oxygen for energy transfer, and is 

termed anaerobic glycolysis. The series of reactions which occur during glycolysis 

produce two pyruvic acid molecules from one molecule of glucose. These processes 

occur in the cell, outside of the mitochondria. The energy produced during this phase 

is very inefficient and is mostly lost to the body as heat. This process only accounts for 

about 5% of the energy produced from glucose. Sufficient energy for muscle 

contraction can be generated rapidly during glycolysis, which is the reason this system 

is utilized during a sprint. During intense exercise, energy demands exceed oxygen 

supply and pyruvic acid is converted to lactic acid for temporary energy storage 

(McArdle et al., 1991). The carbon skeletons from lactate and pyruvate molecules 

formed in the muscle during exercise can be utilized in the gluconeogenic process of 

the Cori-cycle. 

The second, or aerobic phase of carbohydrate breakdown is known as the 

Krebs cycle, or the citric acid or tricarboxylic acid cycle (Krebs and Fischer, 1964). 

The pyruvic acid molecules are converted to acetyl Co-A, a form of acetic acid. Acetyl 
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Co-A molecules enter the Krebs cycle where they are broken down inside of the 

mitochondria, to CO2 and hydrogen atoms. As is the case with ATP production from 

glycolysis, the hydrogen atoms are oxidized by a process known as electron transport- 

oxidative phosphorylation. Carrier molecules within the mitochondria move the 

electrons from the hydrogen atoms through the electron transfer system, eventually 

passing them to molecular oxygen, which is then transformed to water to complete the 

process. The energy generated from cellular oxidation is trapped or conserved as 

chemical energy in the form of high-energy phosphates (McArdle et al., 1991). The 

hydrogen atoms released from food nutrients are not found free floating in the cellular 

fluid, but are bound by highly specific dehydrogenase enzymes to the coenzyme part of 

the dehydrogenase. The coenzymes, nicotinamide adenine-dinucleotide (NAD+), and 

flavin adenine dinucleotide (FAD) are derivatives of vitamin B-3 (niacin) and vitamin 

B-2 (riboflavin), respectively. The electron carriers, NADH and FADH2 are also 

considered energy-rich molecules because they carry electrons that have a high-energy 

potential. The relative efficiency of electron transport-oxidative phosphorylation for 

trapping chemical energy is about 40%. The other 60% of the energy is lost to the body 

as heat. Oxygen is not required during the Krebs cycle, but it is needed during 

oxidative-phosphorylation in order to regenerate NAD+ and FAD. The net yield from 

the complete breakdown of one glucose molecule is 36 molecules of ATP. 

The continued breakdown and depletion of muscle and liver glycogen may be 

the limiting factor in physical performance. Athletes commonly refer to this sensation 

as "bonking" or hitting the wall. Because dietary carbohydrate intakes effect glycogen 

synthesis (Bergstrom et al., 1967; Costill et al., 1981), researchers have suggested 

increased intakes of dietary carbohydrate to over 70% of total calories, in order to 

prevent the gradual depletion of the body's glycogen stores (Brouns et al., 1989; 

Costill and Miller, 1980). Dietary carbohydrate manipulation has been shown to 

improve glycogen storage as well as time to exhaustion in 6 subjects on a bicycle 

ergometer (Bergstrom et al., 1967). As determined by needle biopsies, the glycogen 

content of the quadriceps femoris muscle of the leg averaged 0.63, 1.75, and 3.75 g of 

glycogen per 100 g wet muscle as a result of a high-fat (5% kcal's from carbohydrate), 
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normal, and high carbohydrate diet (82% Real's from CHO), respectively. Along with 

stored muscle glycogen, during high intensity exercise, blood-borne glucose also 

contributes energy in the early minutes of exercise. Blood glucose may supply 30 to 

40% of the total energy of exercising muscles (Felig and Wahren, 1975). During the 

initial onset of exercise almost all of the energy is supplied from stored muscle 

glycogen. As the duration of exercise increases muscle glycogen supplies about 50% 

of the energy requirement, with the remaining requirement provided by the oxidation 

of fat. 

During high intensity long-term endurance exercise the ingestion of dietary 

carbohydrate may be useful in sparing glycogen as the ingested carbohydrate is used as 

an immediate fuel source (Coyle et al., 1983; Krzentowski et al., 1984; Pimay et al., 

1982). With CHO ingestion, fatigue may be postponed by 15 to 30 minutes during 

moderate intensity exercise (60 to 80% VO2 max) (Coyle and Coggan, 1984), which 

can be significant to endurance runners as fatigue usually occurs at about two hours 

(McArdle et al., 1991). Another possible ergonic aid involving carbohydrate is 

carbohydrate loading. The classic loading procedure is conducted in two stages. Stage 

one is designed to decrease muscle glycogen through prolonged exercise about 6 days 

prior to competition (Sherman and Costill, 1984). In order to further deplete glycogen 

stores, the athlete maintains a low carbohydrate diet (60 to 100 g per day) for several 

days, while training moderately. Three days prior to the competition, during stage two, 

the athlete switches to a high carbohydrate diet (400 to 600 g per day) and maintains 

this intake level up until the start of the race. The practice of carbohydrate loading can 

increase muscle glycogen stores 20 to 40% or more above normal concentrations 

(Sherman and Costill, 1984). 

Fatty acids 

Fat stored in the human body represents the largest potential energy store. In 

well nourished people fat may provide as much as 80 to 90% of the body's energy 

requirement during rest. Fat contains approximately twice the energy storage capability 
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of carbohydrate or protein (9 kcal/g vs. 4 kcal/g) and is approximately 15% of the 

total body mass for males, and 25% of females (McArdle et al., 1991). This fat 

percentage constitutes a potential energy store in a college-aged male of approximately 

100,000 kcal's, most of which is available during prolonged exercise. Fat is stored 

primarily as triglycerides. 

Triglyceride molecules consist of three fatty acid molecules attached to a 

glycerol molecule through esterification. Glycerol is known as the "backbone" 

molecule in fatty acid storage. During exercise fatty acids are broken off of the 

glycerol backbone in the cell, by hydrolysis. Free fatty acids (FFA's) are delivered to 

the working muscle cells in the circulation, bound to albumin. The reaction of fat 

breakdown is called lypolysis, and is catalyzed by the enzyme lipase. The activation of 

lipase is augmented by the hormones epinephrine, norepinephrine, glucagon and 

growth hormone. Following lypolysis, glycerol can be incorporated into glycolysis 

with a subsequent release of 19 ATP molecules. The glycerol carbon skeleton can also 

be used for gluconeogenesis, which becomes very important during long-term 

endurance exercise. In the mitochondria, fatty acid molecules undergo transformation 

to acetyl-CoA, which is termed beta oxidation. Each 18-carbon fatty acid molecule 

produces 147 molecules of ATP. One triglyceride molecule (including the glycerol 

molecule) can produce a total of 460 molecules of ATP, 424 more than one molecule 

of glucose. 

The extent to which fat is metabolized during an exercise bout is dependent 

upon level of training, diet prior to exercise, and the duration and intensity of the 

exercise bout. In a review article on the adaptations of skeletal muscle to endurance 

exercise training, Hollosky and Coyle (1984) describe how training can increase the 

efficiency of lipid mobilization in adipose tissue, as well as p-oxidation. These 

changes are due to an increase in the levels of the enzymes responsible for the 

activation and transport of fatty acids, the enzymes of the citric acid cycle, the 

enzymes involved in ketone oxidation, and the components of the respiratory chain. 

Diet just prior to exercise has also been shown to alter the fuel substrates used during 

exercise. The consumption of simple sugars (Gleeson et al., 1986), a combination of 



31 

carbohydrate and medium-chain triacylglycerols (Lambert et al., 1997), caffeine 

ingestion (Bell et al., 1998; Dodd et al., 1993; Graham and Spriet, 1995; Pasman et al., 

1995), and oral nicotinic acid administration (Norris et al., 1978) just prior to the onset 

of exercise have all been shown to influence plasma free fatty acid concentrations. 

During brief periods of moderate exercise fat and carbohydrates contribute 

equally to energy production. As exercise continues and carbohydrates are slowly 

depleted, fat utilization gradually increases. Ahlborg et al. (1974) showed that after 4 

hours of moderate endurance exercise fat contributed up to 70% of the total energy 

produced. The contribution of fat to total energy production during exercise will be 

discussed in greater detail in the summary of energy transfer section to follow. 

Protein 

Protein constitutes 12 to 15% of our body mass, of which 65% is found in the 

skeletal muscle. During periods of rest, protein catabolism contributes between 2 to 

5% of the body's total energy requirement (McArdle et al., 1991). Before these 

proteins can be used they must be degraded into their amino acid components. 

Degradation, or deamination takes place in the liver where nitrogen is set for excretion 

and the resulting carbon skeletons are further degraded for energy metabolism via 

gluconeogenesis. Pyridoxal 5'-phosphate serves as a coenzyme for deamination as well 

as transamination reactions. It is unclear whether the body can develop a protein 

reserve, as is the case with fat and carbohydrate. Certain body proteins such as nervous 

and connective tissue, are fixed and cannot be used without tissue damage, whereas 

muscle and liver proteins can be altered and used for energy production (Konstantin et 

al., 1985). When nitrogen output (as measured in urine and feces) is greater than 

nitrogen intake (as measured by nitrogen in the consumed dietary protein) amino acids, 

primarily from the muscle are being catabolized for energy production. In a review by 

Lemon (1987) the RDA's for protein have been shown to be questionable (relative to 

endurance athletes), as protein is used as a significant energy substrate during exercise 

of long-durations as well as into recovery. In a study measuring urea output in the 
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sweat during exercise Lemon and Nagle (1981) showed that sweat urea excretion is 

not negligible during exercise, and thus should be taken into consideration when 

dealing with nitrogen balance studies on this population. The authors also reported that 

the use of protein for energy was greatest when the subjects were exercised after 

carbohydrate depletion. This becomes very important during endurance exercise since 

carbohydrates are depleted as the duration of exercise increases, emphasizing the 

protein sparing role of carbohydrates. 

In a recent review on the effects of exercise on dietary protein requirements 

Lemon recommends a dietary protein intake of approximately 1.2-1.4 g/kg/day (about 

150-175% of the current RDA) for endurance athletes (Lemon, 1998). The 

recommendation is based on many studies which use newer methods such as magnetic 

resonance imaging to measure muscle growth, to assess protein status of exercising 

individuals. Lemon also mentions that the term "nitrogen balance" is not very precise 

as the nonsensical terms "positive nitrogen balance" and "negative nitrogen balance" 

must be used. Lemon suggest a more precise term might be "nitrogen status" to 

describe this methodology. 

Protein catabolism for energy increases as the severity of exercise increases. 

Muscle proteins are broken down and some of the amino acids are converted in the 

muscle to glutamate and then to alanine. The alanine is then released into the 

circulation from the muscle (Felig and Wahren, 1971). Felig and Wahren (1971) 

showed that as the severity of exercise increases so does the alanine release from the 

leg muscles. Released alanine is then transported to the liver where it is deaminated 

and the carbon skeleton used for glucose conversion (gluconeogenesis). The converted 

glucose is then transported via the circulation, back to the working muscles. The 

carbon skeletons of the amino acids used to form alanine can then be oxidized for 

energy within the cell. This sequence of events has been termed the alanine-glucose 

cycle, or Cori-cycle (Figure 5). The alanine-glucose cycle can account for 45% of the 

total glucose released from the liver after 4 hours of light exercise, and up to 60% as 

exercise intensity increases (Ahlborg et al., 1974). During prolonged intense exercise 
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as much as 10 to 15% of the total energy requirement may be derived from the alanine- 

glucose cycle (Ahlborg et al., 1974). 

Lactic acid 

Lactic acid is no longer viewed as a metabolic "waste product", but as a 

valuable source of chemical energy storage during heavy physical exercise. Two 

concepts exist which contribute to the positive view of the role of lactic acid in energy 

metabolism: the Glucose Paradox (Foster, 1984; Newgard et al., 1983) and the Lactic 

Acid Shuttle (Brooks, 1987). 

The Glucose Paradox describes the indirect route of liver glycogen production. 

Dietary carbohydrates are transported as glucose to the muscle where lactic acid is 

produced. This lactic acid is then transported to the liver for glycogenolyis. The Lactic 

Acid Shuttle is a theory that describes the balance of blood lactic acid levels as 

affected by the production and removal rates of lactic acid during exercise. Lactic acid 

production increases during the early stages of exercise, but does not build up because 

it is continually formed and removed. Lactic acid can also serve as a substrate for 

gluconeogenesis and glycogen resynthesis for tissues which are not producing it at 

high rates (Stanley et al., 1986). Even during times of rest, lactic acid is being 

produced by the energy metabolism of red blood cells. 

During intense exercise, such as sprinting, oxygen is not readily available to 

the working muscles for oxidative phosphorylation, and thus the formation of lactate 

increases. When the pace of exercise is slowed or during recovery, lactate is converted 

to pyruvic acid and used as an energy source. The lactate and pyruvate molecules 

formed in muscle during exercise can be viewed as potential energy, as the carbon 

skeletons can be used in the Cori-cycle for energy production. This cycle not only 

provides a means for the removal of lactic acid from the circulation, but also for 

augmenting blood glucose and muscle glycogen. 
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Summary of energy transfer during exercise 

The traditional view regarding energy production for muscular contraction 

during exercise involves three independent systems: the phosphagen, anaerobic 

(oxygen-independent) glycolytic, and aerobic (oxygen-dependent) systems. These 

energy systems are also referred to as the immediate system (ATP-CP), the short-term 

system (glycolysis), and the long-term system (aerobic) (McArdle et al., 1991). The 

function of the three energy systems is the same, to produce ATP for energy. The 

difference between the systems, as evident by the names, is in the stimulation of 

different metabolic pathways. 

Phosphagen Anaerobic 
glycolytic 

Aerobic 
glycolytic 

Liptd 

Aerobic 
llpolytic 

Figure 6. The 4 metabolic pathways for the production of adenosine triphosphate in 
muscle cells. (As adapted from: Hawley and Hopkins, 1995) 
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The phosphagen system is named for the two high-energy compounds (ATP & 

creatine phosphate: CP) that are used for energy storage for this system. The anaerobic 

glycolytic system acquired its name due to the fact that carbohydrate is partially 

broken down to produce ATP without the use of oxygen. The aerobic system is named 

for the fact that fuels are broken down for the production of ATP in the presence of 

oxygen. These three systems, along with a fourth (to be described next) are depicted in 

figure 6. 

A fourth distinction between the energy systems has recently been made 

(Hawley and Hopkins, 1995). Hawley and Hopkins (1995) have proposed that the 

oxidation of carbohydrates and lipids be regarded as two functionally distinct aerobic 

power systems: the aerobic glycolytic system (which oxidizes carbohydrate for high- 

intensity endurance events) and the aerobic lipolytic system (which oxidizes lipid to 

provide most of the energy for longer, less intense endurance and ultraendurance 

activities) (Figure 6). This appears to be a very important contribution to the 

classification and understanding of these systems. It would be helpful if the induction 

and contribution of gluconeogenic amino acids into this scheme was also included. 

The four energy systems (Figure 6) all have unique, as well as common components to 

them. The anaerobic and aerobic glycolytic systems have the same pathway in 

common for the catabolism of glycogen to pyruvate, and the aerobic glycolytic and 

lypolytic systems share the pathways for oxidative phosphorylation in the 

mitochondria. These pathways appear to be independent, but actually involve quite 

complex interactions between the pathways mediated by enzymes, metabolites, 

coenzymes and intracellular messengers. 

Relative contributions of distinct energy systems are altered depending on 

exercise intensity as well as the duration of exercise. Figure 7 shows the relative 

involvement of the energy systems to the total work performed during endurance 

exercise. The phosphagen system is the major source of ATP during activities lasting 

from 1 to 2 seconds. The crossover point for the phosphagen and the anaerobic 

glycolytic system occurs at ~6 seconds. The crossover point for the anaerobic 

glycolytic and the aerobic glycolytic occurs at approximately 1 minute in athletes. As 
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shown in Figure 7, carbohydrates contribute the majority of the energy for short-term 

maximal endurance exercise, whereas lipids make substantial contributions to the 

energy produced during long-term exercise (Hawley and Hopkins, 1995). Hawley and 

Hopkins (1995) have estimated that the total contributions made by aerobic glycolysis 

and aerobic lipolysis are equal after 3 to 5 hours of maximal exercise. During 

submaximal endurance exercise the lipid to carbohydrate utilization ratio increases as 
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Figure 7. The contribution of the 4 energy systems to the total work performed during 
exercise of a given duration. (Adapted from: Hawley and Hopkins, 1995) 

the intensity of endurance exercise decreases, this effect has recently been termed the 

crossover concept (Brooks and Mercier, 1994). The exercise intensity at which lipid 

and carbohydrate oxidation are equal defines the crossover. Above the crossover 

carbohydrates are the main fuel substrate, below it the main fuel is lipids (Romijn et 

al., 1993). 
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Plasma volume shifts 

After several hours of work, especially in the heat, hypohydration 

(hemoconcentration) can severely affect normal body regulatory processes. Water loss 

by sweating may reach a peak of 3 liters per hour during severe work (McArdle et al., 

1991). During a marathon, runners frequently experience fluid losses in excess of 5 

liters (Pugh, 1966). Fluid losses of this amount represent body mass changes of 6 to 

10%. These changes occur when water intake is not sufficient to keep up with water 

loss. Water stored in the body is distributed between the intracellular and the 

extracellular fluid compartments. For a 75 kg male the intracellular fluid compartment 

contains about 30 L of water, whereas the extracellular compartment contains about 15 

L (Sawka, 1992). The total body water (about 45 L) accounts for approximately 60% 

El Intracellular □ Interstitial □ Plasma 

—   4.5 - 
d.      4- 
(A 
g      3.5    n 
•i    3- 
13   2.5 -\ 

E    1.5- 
DQ         1   . 

(0 
Z    0.5 - 
^      n - 

• 

U   i 

-2.20%                       -4.10%                      -5.80% 

Levels of Dehydration 

Figure 8. Fractional losses of water from plasma and interstitial and intracellular 
compartments at three levels of dehydration. (Adapted from: Costill et al., 1976) 
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of body weight. As water is stored bound to glycogen in muscle, trained athletes have 

a greater total body water than their sedentary counterparts by virtue of a larger muscle 

mass and a higher skeletal muscle glycogen content. Costill et al. (1976) measured the 

effects of exercise on water losses within the different body compartments in eight 

men at three different levels of dehydration (Figure 8). Blood, urine, and muscle 

biopsies were taken before, and after subjects had reduced their body-weights by 2.2, 

4.1 and 5.8%, on a cycle ergometer at 70% VO2 max. Depending on the extent of 

dehydration, the fluid shifts seen during exercise were very different. As the body 

water losses increased, the intracellular compart-ment contributed a greater percentage 

of the total water lost. Nose et al. (1983) took these measurements one step further by 

measuring changes that occur within the actual organ tissues of thermally dehydrated 

rats. The authors reported a trend similar to what had been previously reported by 

Costill et al. (1976) regarding the compartmental losses, with organ losses of 40% 

from muscle, 30% from skin, 14% from viscera, and 14% from bone. Neither the brain 

nor the liver lost significant water content. The researchers concluded that 

hypohydration resulted in water redistribution largely from the intra- and extracellular 

compartments of muscle and skin in order to maintain the blood volume. The 

redistribution of water between these compartments is dependent upon the osmotic 

gradient between these spaces. 

Cell membranes are freely permeable to water, but are only selectively 

permeable to different solute particles. During exercise certain electrolytes, such as 

sodium and potassium, are lost in the sweat, making the plasma a hypertonic 

environment. The loss of these extracellular electrolytes is what is responsible for 

mobilizing water from the intracellular to the extracellular compartments to increase 

the blood volume in hypohydrated subjects (Sawka, 1992). Different research groups 

have shown that plasma volume can be partially spared despite a progressive 

dehydration and subsequent body weight losses of 4 and 7%, during 100 minutes of 

treadmill running (65-75% VO2 max) (Sawka et al., 1980), and after a competitive 

marathon race (Kolka et al., 1982), respectively. Reasons for a steady plasma volume 

during endurance exercise, despite progressive dehydration, might include; the release 
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of water from glycogen breakdown, metabolic water created during fuel utilization 

(Pivarnik et al., 1984), and the redistribution of water from inactive skeletal muscle 

(Sawka, 1988). The endocrine system may also play a role in compartmental water 

redistribution. Both angiotensin and vasopression, hormonal vasoconstrictors, have 

been shown to increase in relation to exercise intensity (Convertino et al., 1983) and 

magnitude of water deficit (Francesconi et al., 1985). Angiotensin produces 

vasoconstriction, and stimulates the brain to release vasopressin, as well as to increase 

the thirst mechanism. Angiotensin also stimulates the adrenal cortex to secrete 

aldosterone, resulting in sodium retention in the kidneys. Vasopressin, along with 

sodium retention, acts on the kidneys to increase water retention, resulting in an 

increase in extracellular fluid volume (Ganong, 1979). Thus, increases in circulating 

levels of vasopressin and angiotensin cause vasoconstriction within inactive tissues, 

favoring fluid absorption by these tissues and therefore influencing fluid redistribution 

to other tissues (Sawka, 1988). 

Different techniques have been developed in order to measure the plasma 

volume changes that occur during exercise (Dill and Costill, 1974; van Beaumont, 

1972). This measurement is very important as blood constituents are expressed in 

terms of plasma concentration, van Beaumont (van Beaumont, 1972) derived a 

mathematical equation based on hematocrit changes in order to calculate plasma 

volume changes. During a study in which six men who were run long enough to cause 

a 4% decrease in body weight, Dill & Costill (1974) expanded the equation to include 

hemoglobin changes. The researchers concluded that plasma volume changes are more 

appropriately calculated using hemoglobin and hematocrit changes together, as the 

calculations are not distorted by alterations in the volume of the red blood cells, van 

Beaumont later concluded that the calculation of plasma volume changes solely based 

on hematocrit changes had a tendency to underestimate plasma volume changes (van 

Beaumont etal., 1972). 
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Vitamin B-6 and exercise 

Exercise provides a metabolic stress which alters the human body's 

homeostatic mechanism's. Depending on the type of exercise done, and the duration 

and intensity of exercise, the body utilizes a system of metabolic pathways in order to 

maintain constant energy production. As mentioned earlier, vitamin B-6, as pyridoxal 

5'-phosphate (PLP) functions as a coenzyme for many enzymes involved in fuel 

metabolism. As energy production increases during intense endurance exercise, so 

does the involvement of PLP. The role PLP plays during glycogenolysis and 

gluconeogenesis is known, but what is still unclear is the extent to which vitamin B-6 

is utilized during exercise, in relation to energy production. The current literature 

shows that plasma vitamin B-6 concentrations are increased immediately post 

exercise, and begin to drop back down to pre-race values one hour post exercise. The 

extent of these changes may vary with exercise intensity, stored glycogen amounts, 

PLP stores, duration of exercise, vitamin B-6 supplementation, and dietary 

carbohydrate intake. The growing body of literature discussing the vitamin B-6 

changes that occur during exercise may someday be important when discussing special 

nutrient requirements for this group of endurance athletes. 

Some of the first studies run to look at vitamin B-6 metabolism during exercise 

were done at Oregon State University by Leklems' group. The first study measured the 

plasma PLP and total B-6 concentration levels in a group of trained male high school 

runners during and after three consecutive 1500 meter runs (4500 meters total), on 

three separate occasions (Leklem and Shultz, 1983). Significant mean plasma 

increases of 7.7 to 18.3 nmol/L (17.6-32.6%) were observed after the three runs. 

Similarly, plasma total vitamin B-6 concentrations increased significantly post 

exercise. The increases seen are comparable to increases in the diet of 0.5 to 1.0 mg of 

pyridoxine (Hansen et al., 1997). The results of the study showed for the first time that 

plasma PLP and total vitamin B-6 concentration levels are altered during endurance 

exercise. In a follow up study by Leklem, plasma PLP was measured in nine 

adolescent male runners after a 9000 meter run (Leklem, 1985). Similar to the prior 
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study, plasma PLP increased by a mean of 14.7 nmol/L, compared to the pre-exercise 

mean of 52.9 nmol/L. Although the origin of the increased plasma PLP was not 

determined, Leklem and Shultz (1983) hypothesized that the increases in plasma PLP 

during exercise might be due to an increased release from the muscle PLP stores into 

the circulation for gluconeogenic utilization in the liver. Under normal physiological 

conditions the liver is the primary source of PLP, but during exercise liver 

gluconeogenic pathways increase, and thus release of liver PLP into the circulation 

would be of no homeostic advantage. The increases seen in plasma PLP during 

exercise may be due to a release from storage pools. As mentioned earlier, Black et al. 

(1977; 1978) have shown that muscle glycogen phosphorylase serves as a storage site 

for vitamin B-6 in the rat. The authors also showed that these storage amounts 

decreased when a caloric deficient diet was fed (Black et al., 1978). As strenuous 

running can also be viewed as a caloric deficiency, or acute starvation (Lemon and 

Nagle, 1981), Leklem has suggested that the same mechanism exists in humans as the 

one shown by Black et al. in the rat. 

An important question has been posed and answered by Leklem pertaining to 

the idea that PLP may not cross the cell membrane. During exercise, lactic acid 

production decreases cellular pH, which in-tum enhances the release of PLP from 

glycogen phosphorylase (Munoz et al., 1984). The negatively charged PLP molecule is 

not thought to cross the cell membrane easily, but there is evidence that this does occur 

in red blood cells (Cabantchik et al., 1975), isolated choroid plexus (Spector and 

Greenwald, 1978), myelin (Golds and Braun, 1976), and into the inter-mitochondrial 

membrane and mitochondrial matrix (Lui et al., 1982). Thus, Leklem (1985) 

concluded that there is evidence that PLP can move across cellular membranes. 

The increases in plasma PLP, and total vitamin B-6 after exercise have since 

been reported to occur after short-term intense exercise (<30 min, >80% VO2 max) 

(Crozier et al., 1994; Manore et al., 1987), long-term moderate exercise (50-120 min, 

60-75% VO2 max) (Dunton et al., 1992; Hatcher et al., 1982; Hofmann et al., 1991), 

and after a marathon (Rokitzki et al., 1994). The majority of these exercise studies 

were performed under controlled conditions. Whether the subjects were exercised on a 
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treadmill (Hofmann et al., 1991) or a cycle ergometer (Crozier et al., 1994; Dunton et 

al., 1992; Hatcher et al., 1982; Manore et al., 1987), the results were similar to the 

early work done by Leklem and Shultz (1983). In the studies mentioned above, mean 

plasma PLP increases post-exercise range from 8.0 to 28.8 nmol/L. In the study by 

Rokitzki et al. (1994) a very large mean increase of 53 nmol/L was measured post- 

marathon. As mentioned earlier, plasma PLP values >30 nmol/L are considered 

normal (Leklem, 1990). The subjects mean PLP pre-race plasma values in the studies 

mentioned above ranged from 50-100 nmol/L. Based on normal values and the average 

starting means of these studies, the large increase measured by Rokitzki et al. (1994) 

appears to be slightly high. The subjects pre-race mean was 53.9±23.1 nmol/L, and the 

post-race mean was 106.9±28.7 nmol/L. If this increase is indeed true, it would be 

equivalent to a daily dietary vitamin B-6 addition larger than the current RDA (2.0 

mg/day for men) (Hansen et al., 1997). 

Plasma PLP concentration levels have been measured at 30 and 60 min post- 

exercise (Hofmann et al., 1991; Manore et al., 1987), total plasma vitamin B-6 at 30 

and 60 min post-exercise (Manore et al., 1987), and serum total vitamin B-6 at 120 

min post-exercise (Rokitzki et al., 1994). The vitamin B-6 and PLP concentration 

changes were similar across all studies. Total vitamin B-6 and PLP concentration 

levels were shown to come back down to pre-race values somewhere around 30-60 

minutes post-exercise. In the study by Hofmann et al. blood was drawn at V2 hour 

intervals from the onset of exercise until 60 minutes post-exercise (Hofmann et al., 

1991). This type of blood draw pattern allows us to see further PLP changes than just 

the pre vs. post-race change. Although not significant, the mean plasma PLP 

concentration was lower immediately post exercise (120 min after the start of exercise) 

than after 90 minutes of exercise. It appears that mean plasma PLP concentration 

peaked after 90 minutes of exercise, and began to decrease before completion of the 

exercise bout. Since the study by Rokitzki et al. (1994) did not measure the plasma 

concentrations during exercise we don't really know if the post-exercise value is really 

the plasma vitamin B-6 concentration peak. Plasma vitamin B-6 could have peaked 
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during the marathon and begun to come back down before the post-exercise blood was 

drawn. 

There are several hypothesis in the literature as to why plasma vitamin B-6 and 

PLP concentration changes occur during exercise. The first two relate elevated plasma 

PLP during endurance exercise to fuel needs. Leklem (Leklem and Shultz, 1983) 

mentioned early on that the plasma vitamin B-6 increases found after exercise may be 

due to a release of the vitamin from the muscle stores, to be used in the liver during 

gluconeogenesis. This idea was later termed the "PLP-to-liver" hypothesis. In contrast, 

Hofmann et al. (1991) suggest a localized need for vitamin B-6 in the working skeletal 

muscle. This idea was later termed the "PLP-to-muscle" hypothesis. The authors 

hypothesis is based on three studies. The first is a dog study, during non-exercise 

conditions, which discusses the liver to be the only organ capable of exporting PLP 

directly into the circulation (Lumeng et al., 1974b). The second study mentioned 

showed that 66% of PLP is localized in the cytosolic fraction of the rat liver, and that 

this pool is depleted preferentially under conditions of deficiency (Bosron et al, 1978). 

The last study mentioned discusses the fact that under resting conditions, in tissues 

other than liver, PLP must be hydrolyzed to PL and bound to protein in order to cross 

cell membranes (Lumeng and Li, 1980). None of the above mentioned studies used for 

the authors hypothesis involved exercise, and two were animal studies. It would be 

more applicable to the discussion to use human exercise studies, but since they are 

impractical, we can not. 

A third mechanism hypothesis has since been added to the discussion by 

Crozier et al. (1994), which is unrelated to fuel substrate metabolism during exercise. 

In their study 8 subjects (4 female/4 male, 18-35 y of age) were exercised to measure 

plasma PLP, PL, and 4-PA concentration levels at two different exercise intensities 

(60 and 80% VO2 max), for 30 and 20 minutes respectively. As mentioned earlier, the 

authors measured an increase post exercise, with 79% of the rise occurring within the 

first 5 minutes of exercise. Exercise intensity had no effect on the magnitude or rate of 

PLP or 4-PA increase. PL did not vary with exercise duration. The authors concluded 

that the data do not support the two hypothesis relating the PLP concentration rises 
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during exercise to exercise induced shifts in substrate utilization. They proposed a 

theory based on work by Cobum et al. (1992) which showed that in goats and pigs the 

distribution volume of administered PLP is significantly larger than the plasma 

volume. Coburn et al. interpreted their data to suggest that plasma PLP is in 

equilibrium with the interstitial space. Little is known about the amounts of vitamin B- 

6 in interstitial fluid or if the vitamin is bound to albumin, as in the circulation. Crozier 

et al. (1994) suggest that PLP is bound to albumin and during exercise this albumin 

bound PLP is released from the interstitial space into the plasma as such. Crozier et al. 

also suggest that somehow the PLP may be released from the protein within the 

interstitial space and hydrolyzed by alkaline phosphatase, thus removing the phosphate 

group. Once hydrolyzed, the PL could enter the plasma and undergo phosphorylation 

to PLP by PL kinase, or oxidation to 4-PA by aldehyde dehydrogenase. Not unlike the 

PLP-to-liver, and the PLP-to-muscle hypothesis, this theory requires further research. 

Several studies have been designed in order to better understand the 

relationship that exists between vitamin B-6 and fuel substrates during exercise. As a 

result of vitamin B-6 supplementation, increases in rat muscle glycogen phosphorylase 

have been seen (Black et al., 1977). If this same mechanism exists in humans it could 

lead to changes in fuel substrate levels during exercise. Several studies have been 

designed in order to test this theory (Manore and Leklem, 1988; Virk, 1995). Manore 

and Leklem (1988) measured the effect of carbohydrate and vitamin B-6 on fuel 

substrates [free fatty acids (FFA'S) and lactate] in three groups of women exercised 

for 20 min at 80% VO2 max. The authors reported that a high carbohydrate diet (64% 

of energy from carbohydrate) plus vitamin B-6 supplementation (8 mg/day) produced 

the lowest peak FFA levels during exercise. Although Manore and Leklem concluded 

that vitamin B-6 supplementation could alter plasma fuel substrates during exercise, 

lactic acid levels were not significantly different between the supplemented and non- 

supplemented trials. In a study by Larence et al. (1975) 72 male and female swimmers 

were supplemented with either vitamin E, vitamin B-6, or a placebo for six months 

during their training season. They found that 51 mg of vitamin B-6 did not enhance 

swimming endurance, but the vitamin B-6 supplemented group was found to have 
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significantly higher lactic acid levels after a 15 minute swim, compared to the vitamin 

E or placebo groups. Virk et al. (1995) looked at the effect of vitamin B-6 

supplementation on 13 plasma amino acid concentration levels. Five trained males 

were exercised after two separate exercise bouts to exhaustion, with and without 

vitamin B-6 supplementation (20 mg PN/day ). Mean plasma methionine levels were 

found to be significantly lower post-exercise in the supplemented group vs. the non- 

supplemented group. Alanine and histadine concentrations changed significantly over 

time, but not between trials. It does appear that vitamin B-6 supplementation can 

slightly alter fuel substrates during exercise, but not to a degree that will have an effect 

on endurance capacity. 

Several studies have also been done to look at the reverse angle of this 

interaction. To test the effect of acute carbohydrate ingestion on the plasma PLP and 

total vitamin B-6 concentration levels Leklem and Hollenbeck (1990) fed five males 

and four females 1 g glucose/kg body wt. Eight blood samples were drawn over a five 

hour period. Significant decreases were found after two hours for PLP and total 

vitamin B-6 (TB6). After five hours the mean change from fasting was 8-10 nmol/L 

for PLP and 8-12 nmol/L for TB6. In the same study, ingestion of 300 mL water 

resulted in a mean decrease of 3.4 nmol PLP/L plasma, indicating some of the 

decrease may have been due to fluid ingestion. The effect of ingested carbohydrate on 

the metabolism of vitamin B-6 has also been studied during exercising conditions, 

with acute (Hofmann et al., 1991) or chronic (Manore et al., 1987) dietary 

carbohydrate feeding. Manore et al. fed women of different age groups (24.4±3.2 vs. 

55.8±4.8, n=5) and training status a moderate carbohydrate diet (49% calories from 

carbohydrate), or a high carbohydrate diet (64% calories from carbohydrate) for 1 

week prior to an exercise bout (80% VO2 max, for 20 min) (Manore et al., 1987). 

Similar to earlier results, PLP and TB6 both increased significantly post-exercise, but 

neither training, increased intake of carbohydrate, nor age had an effect on these 

changes. Hofmann et al. (1991) measured plasma PLP concentration levels in six men 

run on a treadmill for 120 min while ingesting either 200 mL of a glucose poymer 

(GP) solution or 200 mL water (W) before, and every half hour during exercise. 
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Significant changes were observed in plasma PLP concentration post-exercise, but 

there were no significant differences between W and GP conditions. It appears that 

acute ingestion of glucose decreases the plasma PLP levels during non-exercising 

conditions, some of which is due to water ingestion, but during exercise this is not the 

case. Leklems' group developed a study to test the plasma PLP change found during 

exercise, under conditions of varying dietary carbohydrate intake (Leklem, 1985). Four 

male trained cyclists were exercised for 50 minute periods, on a cycle ergometer with 

varying levels of carbohydrate intake, dietary vitamin B-6 levels, exercise intensities, 

and exercise times. The authors reported increases in plasma PLP post-exercise, 

similar to previously mentioned studies. The changes in plasma PLP were similar 

between the moderate (40% CHO) and high (71% CHO) carbohydrate intakes (6.9±0.9 

to 9.7±4.2). The low (11% CHO) carbohydrate diet only caused a slight increase in 

plasma PLP (3.2 nmol/L). Of interest was the mean pre-exercise PLP value (36.4±8.3 

nmol/L) of the high carbohydrate diet, which was significantly different from the pre- 

exercise value (54.9±16.6 nmol/L) of the low carbohydrate diet. The small plasma PLP 

change measured after the low carbohydrate diet suggests that the glycogen reserves 

would have been low, thus leaving less PLP available for gluconeogenesis, resulting in 

a smaller increase plasma PLP. No explanation was given for the pre-exercise plasma 

PLP concentration difference measured between the low and the high carbohydrate 

diets. It appears that this could have been due to an increase in storage with the 

increased dietary carbohydrate. 

If the plasma PLP and total vitamin B-6 increases measured during exercise are 

accompanied by an increase in 4-PA excretion, it would suggest an increased rate of 

vitamin B-6 metabolism during exercise. Urinary 4-PA has been measured after 

exercise by several groups (Borisov, 1977; Dreon and Butterfield, 1986; Manore et al., 

1987; Rokitzki et al., 1994). Borisov (1977) reported increased 4-pyridoxic acid 

excretion in students studying and training at a sports institute. Rokitzki et al. (1994) 

reported small absolute increases in urinary 4-PA after a marathon, as compared to a 

basal excretion the night before exercise (2.00 vs. 2.05 |j,mol). Dreon and Butterfield 

(1986) exercised four men either 5 miles a day, or 10 miles a day for 29 days. Urinary 
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4-PA excretion was measured in 24 hour urine samples collected pre- and post- 

exercise. Increases of 0.64±2.40 and 1.97±2.08 fxmol/24 h (mean±SD) were measured 

for the two groups, respectively. In the study by Manore et al. (1987) urinary 4-PA 

concentrations were averaged to include the three groups studied. The authors reported 

increases of 0.50 |a.mol/24 hours, similar to Dreon and Butterfield (1986). The subjects 

mean basal 4-PA values were all within normal reported values of >3 ^mol/24 hours 

of urine excretion (Leklem, 1990). It has been suggested by Rokitzki et al. (1994) that 

the 4-PA excretion post-exercise measured in their study would be equivalent to 

approximately 0.8 to 0.9 mg of vitamin B-6, based on a metabolism of vitamin B-6 to 

4-PAof40to50%. 

The reported increases in urinary 4-PA, along with the reported plasma 

increases in PLP and total vitamin B-6, suggest an increased metabolism of vitamin B- 

6 during endurance exercise. Because of the important role that vitamin B-6 plays in 

energy production during exercise, it is generally assumed that individuals with poor 

status will have a reduced exercise performance. Suboticanec et al. (1990) have 

demonstrated this in 124 boys aged 12-14 years. The researchers found that 24% of the 

subjects had poor status based on the erythrocyte aspartic acid transaminase 

stimulation index (EAST) (Table 1). After supplementation of 2 mg PN 6 days/week 

for 2 months, a subgroup (n=37) showed increased physical work capacity as 

measured on a bicycle ergometer. As this is only one study involving vitamin B-6 

supplementation and exercise under poor status conditions, further research is needed. 

Depending on individual vitamin B-6 status as well as intake, increases in exercise 

frequency and duration may increase the vitamin B-6 requirement for endurance 

athletes. 

As is the case when researching any area, new questions and hypothesis are 

posed as the body of literature increases. The problem with the research surrounding 

the vitamin B-6 and exercise interaction, is that some of the original questions still 

remain unanswered. The following manuscript looks at the plasma vitamin B-6 

changes during an ultra-endurance event, where the stress placed on the subjects was 

greater than anything previously studied. The current study, along with future research, 
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will hopefully help to understand more the relationship that exists between the plasma, 

and tissue vitamin B-6 changes that occur during exercise. 
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PLASMA B-6 VITAMER CHANGES FOLLOWING A 50-KM 
ULTRAMARATHON 

Introduction 

Endurance athletes create different physiological conditions in their bodies, 

compared to sedentary individuals, due to the amount of physical stress they endure 

while training and competing. The dominant sources of energy supplied to the working 

muscles are free fatty acids and carbohydrates. During high endurance activities, such 

as running, additional sources of energy become required. It has been shown that a 

large portion of this energy comes from gluconeogenesis as the duration of exercise 

increases (Rennie et al., 1981). Muscle and liver glycogen are broken down to glucose, 

and certain amino acids are deaminated so that their carbon skeletons are made 

available for gluconeogenesis. Both glycogenolysis and gluconeogenesis from amino 

acid deamination require vitamin B-6, as pyridoxal 5'-phosphate (Leklem, 1985). As 

these gluconeogenic processes are more strongly activated to produce energy, the need 

for PLP also increases, due to its role as a cofactor for the key enzymes involved in 

these processes (Leklem, 1987). 

There have been relatively few studies done on the effect of high endurance 

exercise on vitamin B-6 metabolism. Plasma PLP concentration increases during 

exercise and remains elevated throughout the exercise bout. This has been documented 

in short-term intense exercise (<30 min, 80% V02 max) (Leklem and Shultz, 1983; 

Manore et al., 1987), long-term moderate exercise (50-120 min, 60-75% V02 max) 

(Hatcher et al., 1982; Hofmann et al., 1991), and after a marathon (Rokitzki et al., 

1994). Rokitzki et al. (1994) have been the only investigators to measure serum 

vitamin B-6 changes after an actual endurance event longer than 4500 meters (Leklem 

and Shultz, 1983). They observed a significant increase in mean vitamin B-6 serum 

concentrations (individual metabolite concentrations not specified) of 53 nmol/L 

(assuming this is PLP), immediately after the race (p<.001). The average age of their 

subjects was 35.6 ± 9.8 years, with their personal best marathon times ranging from 
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2.5 - 3 hours. Compared to the study by Rokitzki et al. (1994), the group studied here 

was slightly older, the course was longer (50-km) and included a very mountainous 

terrain with a total elevation gain and loss of 1829 meters (6000 feet). Added up, these 

conditions probably created a greater metabolic challenge on the human body than 

previously studied 

Ultramarathons of this length, 50-100 km (Fallen et al., 1998; Peters and 

Goetzsche, 1997) and even longer (Benyo, 1997) are becoming increasingly popular. 

Over the last 10 years physiological information on this group of athletes has started to 

become available, but there has been no information published on the vitamin B-6 

concentration changes after an ultramarathon. An extreme metabolic change, 

analogous to acute starvation, is created during an exercise session such as this, thus 

creating an environment in which these changes can be evaluated. The aim of this 

study will be to measure the acute changes in plasma B-6 vitamer concentrations after 

an ultramarathon. 

Methods 

Subjects 

Eleven trained adults (3 F/8 M) participated in this study after giving informed written 

consent. The subjects' physical characteristics are shown in Table 2. The protocol was 

approved by the Institutional Review Board (IRB) for the protection of human subjects 

at Oregon State University. The subjects were recruited from applicants who were 

planning to participate in a 50-km (31 mile) ultramarathon, which was put on 

independent of the University and the researchers, by a mailed out flyer. They were 

non-smokers who were asked to forgo supplements containing vitamin B-6 for 48 

hours prior to the day of the race. 
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Variable Mean SD 

Age (years) 
Height (cm) 
Pre-race weight (kg) 
Post-race weight (kg) 
BMI (kg/m2) 
Training distance (miles- week"1) 

43.7 ±8.6 
173 ±9 
71.9 ±9.3 
70.3 ±9.1 
24.0 ±2.0 
50-70 

Experimental protocol 

A breakfast meal was provided to the subjects. The breakfast consisted of an 

eight ounce glass of orange juice, and a bagel with jelly on it. The meal was ~ 500 

calories, and contained 0.47 mg of vitamin B-6. The pre-race meal was to be 

consumed 

Table 3.   Foods available for breakfast, and during the race and their calorie and 
vitamin B-6 values. 

Breakfast foods 
Food Serving size (g) B-6 (mg) Calories 
Bagel 110 0.364 300 
Orange juice 249 0.100 112 
Jelly 30 0.006 81 

Foods available on the race course 
Food Serving size (g) B-6 (mg) Calories 
Oreo® cookies1 33 0.030 160 
Hydra fuel®2 240 200 
Orange, slices 17 0.010 8 
Gu®3 25 100 
Pretzels 10 0.012 38 
Cola 240 100 

Oreo is a trademark of Nabisco Foods, East Hanover, NJ. 
2Hydra Fuel is a trademark of TwinLab, Ronkonoma, NY. 
3Gu is a trademark of Sports Street Marketing, Berkely, CA. 
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3 hours prior to the start of the race. Certain foods and liquids were available to the 

subjects during the race (Table 3). Water was available ad lib on the course. The foods 

were chosen for there low vitamin B-6 content as well as their availability for easy 

access and consumption. The foods consumed by each subject were recorded at all but 

the first aid station by course attendants. Calorie and nutrient consumption were 

calculated using a computerized dietary analysis program (Food Processor n, ESHA 

Research, Salem OR). The information is presented in Table 4. 

Table 4. Nutritional composition of the foods selected at the aid stations (mean ± SD) 

Aid station # B-6 (mg) protein (g) CHO (g)        total calories 

1 N/A N/A N/A       N/A 
2 0.05 ± 0.06 0.87 ±1.24 35.7 ±16.2 152 ±70 
3 0.04 ± 0.05 0.85 ±1.07 58.8 ±52.8 236 ± 237 
4 0.05 ± 0.06 0.61 ±0.86 70.1 ±40.1 287 ±155 
5 0.02 ±0.06 0.31 ±0.64 40.0 ± 32.0 165 ±133 

Total 0.16 ±0.14 2.64 ±1.68 198.9 ±55.7 839 ±230 

* N/A = information not available. 

Of the eleven subjects, six were from the Corvallis area. To assess the pre-race 

plasma PLP concentration, an overnight 12-hour fasting blood sample of 20 ml was 

obtained from the six local subjects 48-hours prior to the start of the race. To measure 

post race plasma differences, 20 ml blood samples were collected 30 minutes prior to 

the start of the race (PRE), and at 5 (PST) and 60 (PST 60) minutes post race, from all 

11 subjects. Between the PST and PST60 blood draws the subjects were allowed to 

drink up to 500 ml of water. No foods were consumed during this period. The blood 

samples were drawn from an anticubital vein with subjects in the seated position (after 

5 min rest). The blood was drawn by a trained phlebotomist in a screened off section 

of a facility which was adjacent to the start/finish line. Blood samples were collected 

in heparinized tubes, mixed slightly, and immediately put on ice in a closed container. 

The samples were transported to the laboratory once an hour. All samples were 
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centrifuged at 1800 x g for 15 min at 40C. Plasma was collected and stored frozen (- 

40oC) for subsequent analysis.. 

Laboratory Analyses 

Plasma pyridoxal 5'-phosphate (PLP) concentrations were determined by a 

modified tyrosine decarboxylase apoenzyme/isotopic procedure of Chabner and 

Livingston (1970). Interassay variation of a pooled plasma sample was 10 % (n=4). 

Pyridoxal (PL), 4-pyridoxic acid (4-PA), pyridoxine (PN), and PLP concentrations 

were analyzed by high performance liquid chromatography according to a modified 

method of Gregory and Ink (1979). Chromatographic analyses were performed with a 

Shimadzu controller (model SCL-10H); two Shimadzu pumps (model LC-10AD); 

Shimadzu 250 nL injection loop; a Rainin Qg ion-pair analytical column (model 

86200E3, 3-[im particle size, 4.6 x 100 mm, Rainin Instrument Co, Emeryville, CA). 

Fluorescence was measured with a Shimadzu Spectrofluorometric Detector (model 

RF-10A) at an excitation wavelength of 330 nm, and 400 nm emmission. The gradient 

system used was 0.033 M phosphate/8mM octane sulfonic acid (for the first mobile 

phase) and 0.033 M phosphate/isopropanol (18%,v:v) for the second mobile phase, 

both at a pH of 2.3. The flow rate was 1.0 mL/min. The post column reagent (1.0 g/L 

sodium bisulfite in 1 M KH2PO4, pH 7.5) was added to the column eluate at 0.2 

mL/min. Each subjects samples were analyzed in one assay to minimize the effect of 

interassay variation. Interassay variation of a control sample (n=8) was 14 %. Plasma 

total vitamin B-6 was determined by a microbiological assay using Saccharomyces 

uvarum (ATCC 9080) as the assay organism (Miller and Edwards, 1981). Interassay 

variation of a control sample (n = 12) was 5.9 %. Glucose was analyzed in duplicate 

using a modified procedure of Trinder (1969) on a Technicon Autoanalyzer. Lactate 

was determined by the method described by Hohorst (1963). Alkaline phophatase 

activity was determined by a colorimetric assay (Roy, 1970). All samples were run in 

duplicate. Albumin was determined using a method by Slater et al. (1975). 

Immediately upon arrival of the samples at the lab, hemoglobin (Hb) and hematocrit 
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(Hct) values were determined. Hb and Hct values were used to calculate changes in 

plasma volume, as described by Dill and Costill (1974). 

Statistics 

Data are expressed as means ± SD. The means were analyzed by repeated 

measures analysis of variance (ANOVA) and significant differences determined. For 

those dependent variables with significant F-ratios Scheffe's post-hoc test was used to 

see where those differences lie. Differences were considered to be significant at 

p<0.05. 

Results 

The mean B-6 vitamer concentrations as determined by HPLC are given in 

Table 5. Mean plasma PLP concentration significantly (p<0.001) decreased by 12.9 ± 

8.8 nmol/L (31% decrease pre to post race). One hour post race, the value decreased by 

5 nmol/L (post to post 1 hour), bringing the total decrease to 17.9 nmol/L (44% 

decrease from pre to 1 hour post race). 

Table 5.     Mean plasma B-6 vitamer concentrations  before and after a 50-km 
ultramarathon run, as measured by HPLC. 

Pre race Post race Post 1 h 

PLP (nmol/L) 41.1±14.2AB 28.2±10.8A 23.2±9.9B 

PL (nmol/L) 18.6 ±8.0 23.3 ± 14.0 23.3 ±11.6 
4PA (nmol/L) 25.5 ±7.6 30.8 ± 8.6C 23.4±5.4C 

PN (nmol/L) 12.6 ±2.4 13.2 ±3.3 12.3 ±2.8 
TB-6 (nmol/L)1 72.3 64.7 58.8 

'Total B-6 values calculated by adding the PLP, PL, and PN values together. 
*In a given row those that share the same letter are significantly different at: 
A,B=(p<.001): C=(p<.05) 
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The mean plasma PL post race value increased 25%, but this change was not 

found to be significant. There was no further change in PL one hour post race. The 

mean plasma PN change was very small after the race and was not found to be 

significant. The mean plasma 4-pyridoxic acid concentration did increase 21% post 

race, but was not found to be significant (p>.lO), and then came back down to just 

below the pre-race value 1 hour post race. 

The mean plasma PLP values, determined by an isotopic procedure, were 43.22 

± 14.81, 28.97 ± 11.52, and 23.53 ± 9.44 nmol/L, pre, PST, and PST60, respectively. 

The microbiologically determined plasma total vitamin B-6 mean concentration values 

were 50.8 ± 13.0, 40.7 ± 10.5, and 39.8 ± 7.6 nmol/L, pre, PST, and PST60, 

respectively. The isotopically determined PLP values were similar to the values 

determined by HPLC. The % difference of the means ranged from 1.3-4.9%. The % 

difference between the total vitamin B-6 means was much greater (30-37%). This may 

be due to a poor quantification of the non-phosphorylated forms using the 

microbiological assay, which would result in an underestimation of the total vitamin 

B-6 content of the samples (Gregory, 1982). Another possibility is an overestimation 

by HPLC. The pre-race mean plasma PLP concentration does indicate adequate 

vitamin B-6 status for the group as reported by Leklem (1990). For the six subjects 

who had a 48 hour fasting blood sample drawn, the plasma PLP concentrations 

correlated positively with the pre-race values (r=0.81), indicating that the pre-race 

plasma PLP concentrations are a good representation of fasting concentrations. 

Table 6.    Mean plasma glucose, lactate, and albumin concentration and alkaline 
phosphatase activity before and after a 50-km ultramarathon. 

Pre race Post race Post 1 h 
Glucose (mmol/L) 4.60 ±1.22 4.77 ±0.83 4.44 ± 0.83 
Lactate (mmol/L) 1.86±0.44A 2.52±0.66A 2.04 ±0.92 
Albumin (g/L) 49.3 ±3.8 52.1 ±4.0 52.5 ±3.9 
Alk phos (u/L) 27.2 ±6.8 27.9 ±6.8 27.7 ±7.0 

*In a given row those that share the same letter are significantly different at: 
A=(p<0.05) 



56 

The acute ingestion of dietary carbohydrate has been shown to affect plasma 

vitamin B-6 levels (Hofmann et al., 1991; Leklem and Hollenbeck, 1990). In addition 

to evaluating the effect of exercise per se, the plasma glucose levels were assayed to 

also measure the effect of the small amounts of food and carbohydrate drink consumed 

during the race, the majority of which came from aid station # 4, 8.2 miles from the 

finish line. These values are presented in Table 6. The mean plasma glucose 

concentration was only 2% higher after the race, and returned to a level that was below 

the pre race baseline at 1 hour post race. Plasma alkaline phosphatase activity and 

albumin concentrations were measured, and no significant changes were found (Table 

6). The plasma alkaline phosphatase activity (alk phos) and albumin concentrations 

were compared with the plasma PLP concentrations (Table 7). Moderate correlations 

were found, but none of the correlations were significant. The mean plasma lactate 

concentration was found to increase by 26% from pre to PST (p<0.05). The 

relationship between plasma PLP concentration and plasma lactate concentration was 

examined (Table 7). As with albumin and alk phos, moderate correlations were found 

to exist, but no significant correlations were found. 

Table 7.   Correlation coefficients for the plasma PLP concentration levels vs. the 
plasma albumin, and lactate concentrations, as well as alkaline phosphatase activity. 

Factors Pre Post Postl hr 
Alk phos/PLP -0.4976 -0.4305 -0.3150 
Albumin/PLP 0.3535 0.3370 0.2671 
Lactate/PLP -0.2152 -0.3646 -0.2794 

Mean hemoglobin and hematocrit values were used to calculate plasma volume 

changes by the method of Dill and Costill (1974), since large shifts in plasma volume 

could affect the plasma B-6 vitamer concentrations. The hemoglobin values were 154 

± 12.4 (pre), 159 ± 13.4 (PST), and 156 ± 11.5 g/L (PST60) (mean ± SD). The 

hematocrit values were 45.4 ± 2.1 (pre), 44.1 ± 2.5 (PST), and 44.6 ± 2.3 % (PST60) 

(mean ± SD). The mean plasma volume changes were -1.1 ± 5.3 (pre vs. PST), -1.3 ± 
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7.0 (pre vs. PST60), and 0.6 ± 6.5 (PST vs. PST60) (mean ± SD). Individual subject 

changes ranged from 0 to 14%, but due to some of the subjects having an increase, and 

some having a decrease, the net plasma volume change was not significant for any of 

the means. 

The subjects were asked to forgo supplement usage 48 hours prior to the day of 

the race, as well as on the day of the race. Prior to this period, two of the subjects 

supplemented with a multivitamin, and two were taking vitamin E. Vitamin C was the 

most common supplement used by the subjects. Eight of eleven subjects supplemented 

with approximately 1000 mg of vitamin C a day. Shultz and Leklem (1982) 

investigated the influence of ascorbic acid (AA) on the metabolism of vitamin B-6 . It 

was concluded that short term AA supplementation did not alter vitamin B-6 

metabolism. The reasons for the high incidence of vitamin C supplementation among 

this group may be the result of reports discussing its possible use as an antioxidant to 

aid in reducing the incidence of upper-respiratory-tract infections (Neiman et al., 1997; 

Peters et al., 1993), as well as its use in the formation of collagen. The subjects had a 

mean race completion time of 375.8 ± 47.6 min. A significant correlation was not 

found between the plasma PLP concentration change (pre/PST) and race completion 

time (r=-0.3502). 

Discussion 

The significant decrease (p<0.001) in plasma pyridoxal 5'-phosphate (PLP) 

levels of the subjects in this study are in contrast to previous studies (Hatcher et al., 

1982; Hofmann et al., 1991; Leklem and Shultz, 1983; Manore et al., 1987; Rokitzki 

et al., 1994) that have all reported an increase in plasma PLP after exercise. The large 

decrease in plasma PLP in this study appears to be independent of plasma lactate 

concentration, alkaline phosphatase activity, plasma glucose concentration, and to a 

lesser degree, albumin levels. What we do believe affected the plasma PLP 

concentration the most were the extreme metabolic conditions experienced by the 

subjects during the 31 mile race. 
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One of the first studies to look at the plasma vitamin B-6, and PLP 

concentrations following an acute bout of endurance exercise was performed by 

Leklem and Shultz (1983). Seven trained male adolescents had blood drawn before 

and immediately after a 4500 meter run on three separate occasions during their 

competitive season. The subjects had a significant mean increase in plasma pyridoxal 

5'-phosphate after all three of the trials, as well as collectively (p<0.01). Similarly, the 

mean plasma total vitamin B-6 levels were also found to increase significantly 

(p<0.05). Subsequently, there have been several studies conducted to look at these 

changes under different exercise conditions, as well as attempt to answer the question, 

as to why these changes occur. 

Several studies have looked at the plasma PLP and total vitamin B-6 

concentration changes using a cycle ergometer (Crozier et al., 1994; Hatcher et al., 

1982; Manore et al., 1987). These authors reported significant plasma PLP 

concentration increases (ranging from 8-13 nmol/L) after a short term intense exercise 

bout (<30 minutes, >80% VO2 max) (Crozier et al., 1994; Manore et al., 1987), as well 

as after a slightly longer moderate exercise bout (50 min, 60-75% VO2 max) (Crozier 

et al., 1994), similar to the early work by Leklem and Shultz (1983) (8-18 nmol/L 

increase). In contrast, Crozier et al. (1994) reported a large majority (79%) of the 

plasma PLP concentration increase occurred within five minutes after the onset of 

exercise. A possible hypothesis for this observation will be discussed in greater detail 

later. Similar to the current study, Manore et al. (1987) measured the plasma PLP and 

plasma vitamin B-6 concentrations at 30 and 60 minutes post exercise. The plasma 

PLP and vitamin B-6 concentrations increased significantly post exercise, neared pre- 

exercise values at 30 minutes post exercise, and dropped slightly below the pre- 

exercise values at 60 minutes post exercise. The rise and fall of plasma PLP after 

exercise has since been reported by others (Hofmann et al., 1991; Rokitzki et al., 

1994), confirming the work by Manore et al. (1987). 

Prior to the current study, only two groups have examined the plasma PLP and 

total vitamin B-6 concentration changes using slightly longer running distances 

(Hofmann et al., 1991; Rokitzki et al., 1994). Hofmann et al. (1991) measured the 
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plasma PLP concentration changes in 6 male subjects after a two hour treadmill run, 

and Rokitzki et al. (1994) measured serum vitamin B-6, as well as whole blood B-6 

concentrations after a marathon. Once again the findings were similar to the earlier 

findings by Leklem and Shultz (1983). In the study conducted by Hofmann et al. 

(1991) the plasma PLP changes were measured in runners ingesting either water or a 

glucose polymer solution during exercise. The mean nmol/L increase in plasma PLP 

from pre to post run was 27.7 for the water group, and 28.8 nmol/L for the glucose 

polymer group. In the study conducted by Rokitzki et al. a mean increase of 53 nmol/L 

of serum vitamin B-6 was observed. To see an increase in the plasma similar to the 

findings of Hofmann et al. approximately 1.36 mg of vitamin B-6 would need to be 

added to the diet (Hansen et al., 1997). Similarly, it appears that twice that amount 

would need to be added to the diet to see the change measured by Rokitzki et al. In 

contrast to the previously mentioned studies, the overall mean plasma decrease of 17.9 

nmol/L measured in the current study would require approximately 0.66 mg of vitamin 

B-6 to be withheld from the diet (Hansen et al., 1997) to achieve the same effect. This 

is a very dramatic shift, especially when viewing prior research. Three different 

hypotheses have been proposed in the literature to account for the plasma PLP changes 

that occur during endurance exercise (Crozier et al., 1994; Hofmann et al., 1991; 

Leklem and Shultz, 1983). 

Leklem and Shultz (1983) have suggested that the release of PLP into the 

plasma is a homeostatic control mechanism. The authors hypothesis is based on the 

work by Black et al. (1977; 1978), whose group showed that vitamin B-6 is stored in 

rat muscle coupled to glycogen phosphorylase. The activity of glycogen phosphorylase 

changed in response to caloric restriction (Black et al., 1978). Although the liver is the 

primary source for PLP under normal physiological conditions, Leklem and Shultz 

(1983) have hypothesized that during exercise the muscle may become the primary 

plasma vitamin B-6 source . As the duration of exercise increases and the liver 

metabolism is directed toward gluconeogenesis, the liver PLP requirement increases 

due to its use as a coenzyme for amino acid transaminations (Leklem, 1985). 
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The previously mentioned theory to describe the plasma PLP change has been 

termed the PLP-to-liver hypothesis. In contrast, Hofmann et al. (1991) have suggested 

that increased plasma PLP is destined for use in skeletal muscle, which has been 

termed the PLP-to-muscle hypothesis. In their discussion the investigators mention 

several facts to support their theory. The first is a review of work done by Bosron et al. 

(1978) which showed that the PLP located in the cytosolic fraction of the rat liver is 

depleted preferentially under conditions of deficiency. Also, Hoffman et al. (1991) 

suggested that since the serum activities of aspartate aminotransferase (AST), alanine 

aminotransferase (ALT) and alkaline phosphatase (ALK) were all found to be within 

normal ranges, the increase in plasma PLP concentration could not be due to tissue 

injury. 

A third point as discussed by Hofmann et al. is the increased need for PLP by 

the working skeletal muscle. As mentioned earlier several enzymes required for fuel 

substrate usage are PLP dependent (Leklem, 1985). Hofmann et al. have suggested that 

even though glycogen phosphorylase is the body's primary storage site for vitamin B-6 

(Black et al., 1977; Black et al., 1978), exercise may create a unique condition wherein 

the storage function of glycogen phosphorylase is eliminated. The authors theorized 

that the glycogen phosphorylase molecule may require full saturation with PLP due to 

it's increased activity. This along with the possibility of a lowered binding affinity 

caused by the lowered intracellular pH (Munoz et al., 1984) could lead to a localized 

deficiency of PLP in the exercising muscle. 

The muscle-to-liver, as well as the liver-to-muscle hypothesis might help 

explain some of what is actually occurring during exercise. But as of yet neither have 

been proven. In fact in a very eloquent discussion by Crozier et al. (1994) several key 

issues have been discussed as to why neither one of these scenarios may be what is 

actually occurring. Within their discussion, the authors also present a new theory as to 

why plasma PLP becomes elevated during endurance exercise. The researchers suggest 

that the rise in plasma PLP found during exercise may be due to a shift in PLP from 

the interstitial PLP pool into the plasma PLP pool. Their theory is based on the work 

of Cobum et al. (Cobum, 1990b; Cobum et al., 1992), who suggested that plasma PLP 
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is in equilibrium with the interstitial space because the distribution volume of PLP 

administered to goats and pigs was found to be significantly larger than the plasma 

volume. Albumin is known to be present in the interstitial fluid (Haljamae, 1978), but 

it is unclear as to the presence of vitamin B-6 in the interstitial fluid. Crozier et al. 

have suggested that vitamin B-6 may be bound to albumin, as in the plasma (Leklem, 

1991), and during exercise a protein shift occurs from the interstitial space into the 

blood. In the current study a 5.4% increase in the plasma albumin from pre to post 

exercise was found, however, from pre to post exercise the plasma PLP concentration 

decreased 32%. It appears that in the current study the hypothesis proposed by Crozier 

et al., suggesting a shift of albumin bound PLP from the interstitial space into the 

plasma during exercise, was not the case. 

In the study done by Crozier et al. (1994) eight subjects were exercised on a 

bicycle ergometer at 60% and 85% VO2 max, for 30 and 20 minutes. The results were 

similar to what has been found in previous studies. Plasma PLP concentration 

significantly increased during exercise. As mentioned earlier, the most intriguing 

finding of their study was that 79% of the 14% increase in plasma PLP occurred 

within the first 5 minutes of exercise. This finding does not appear to coincide with the 

postulation by Leklem's group, suggesting that the PLP increase in the plasma found 

during exercise is due to an adaptation in the fuel supply substrates. In the study by 

Hofmann et al. (1991) six male subjects were exercised on a treadmill for two hours. 

Similar to the results reported by Crozier et al., an average of 63% of the rise in 

plasma PLP occurred within the first half-hour of exercise. The increase in plasma 

PLP found early in these studies does not appear to be related to an increased 

coenzyme requirement, but does appear to coincide with the decrease in aerobic 

glycolysis. At the onset of endurance exercise the phosphagen power system is the 

primary energy source for the first one to two seconds. As the exercise bout continues 

the primary energy contribution comes from anaerobic glycolysis, which lasts for 

(coincidentally) approximately 5 minutes, when the aerobic pathways become the 

dominate sources for energy production (Hawley and Hopkins, 1995; McArdle et al., 

1991). During this 5 minute period certain anearobic glycolytic metabolites, or 
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hormones may stimulate the release of PLP from the storage pools in the muscle 

and/or liver into the plasma for subsequent use. It may be possible that the shorter 

duration exercise studies were not long enough to see a plasma decrease, as the now 

larger plasma PLP pool had not yet been sequestered for hepatic gluconeogenesis. 

In what is now referred to as the crossover concept, the aerobic glycolytic 

pathway decreases as the aerobic lipolytic pathway increases (Brooks and Mercier, 

1994). Based on work by several other authors (Callow et al., 1986; Costill, 1970; 

Davies and Thompson, 1979; Stein et al., 1989), Hawley and Hopkins (1995) have 

estimated that the total contributions made by aerobic glycolysis and aerobic lypolysis 

are equal after three to five hours of maximal exercise (with modifications in duration 

by training, diet, and calorie consumption during the race). In well-nourished humans, 

approximately 375-475 g of carbohydrate are stored in the body as glycogen. As each 

gram of glycogen contains 4 kcal's of energy, the average person stores between 

1,500-1,900 calories of energy as glycogen (Felig and Wahren, 1975). As mentioned 

earlier, the subjects in the current study consumed approximately 1000 kcal's during 

the race, and the average race completion time was 6 hours and 26 minutes. Given this 

information, it does appear very likely that the cross-over had occurred and that 

lipolysis and gluconeogenesis had become the primary energy sources. The race course 

was 50-km in length. At approximately 62 kcal's/km (McArdle et al., 1991), the 

subject's would require approximately 3100 kcal's to complete the race. With a total 

of 1829 meters elevation gain and loss, the total energy requirement would most likely 

be even greater than 62 kcal's/km. After subtracting the calories consumed during the 

race, and the stored carbohydrate the subject's in the current study would still require 

approximately 500-1000 kcal's of stored energy, (fatty acids and body protein), to 

complete the race. Vitamin B-6 is not required for fatty acid energy production, via 

beta-oxidation, but it has been said that "fat bums in a carbohydrate flame" (McArdle 

et al., 1991). The increase in the gluconeogenic Cori-alanine cycle, to produce 

carbohydrate, would thus increase the involvement of pyridoxal 5'-phosphate. 

Two studies (Hofmann et al., 1991; Rokitzki et al., 1994) prior to our study 

measured the plasma vitamin B-6 and plasma PLP changes under moderately long 
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exercise conditions. Hofmann et al. (1991) measured the plasma PLP changes after 

their subjects ran on a treadmill for two hours. Rokitzki et al. (1994) measured the 

vitamin B-6 changes in 13 subject's following a marathon. The mean marathon 

finishing time was not mentioned, but it was mentioned that individual best marathon 

times ranged from 2:31:12 to 3:09:39. Both of these groups found changes in the 

plasma PLP, as well as plasma total vitamin B-6, similar to the previously mentioned 

shorter distance studies. (An increase in plasma PLP post-race, followed by a 

subsequent decrease). It is possible that the subjects in the studies by Rokitzki et al. 

and Hofmann et al. had not yet begun to metabolize vitamin B-6 as rapidly as the 

subject's in the present study might have. The anaerobic fuel cross-over point might 

not have been reached yet. Manore and Leklem (Manore et al., 1987) reported plasma 

PLP concentrations that were below resting values, 30 minutes post-exercise, but as of 

yet our study is the first to find plasma vitamin B-6 and PLP concentrations below 

resting concentration values immediately following an endurance exercise bout. 

In agreement with the study by Hofmann et al. (1991), the plasma PLP changes 

found in the present study did not appear to be related to changes in plasma alkaline 

phosphatase activity. In addition, no significant correlations were found between 

albumin and PLP, or lactate and PLP concentration levels. Plasma glucose levels 

increased slightly and dropped down below the fasting levels 1 hour post exercise, but 

were not found to be significantly different. It appears that the pre-race meals were 

consumed far enough in advance so as not to effect the pre-race blood draws, although 

one subject did have plasma lipidemia. The mean glucose concentration levels 

throughout the study were within the normal range of 3.9-6.1 mmol/L (Young, 1987). 

Several studies have looked at the relationship between glucose ingestion and plasma 

vitamin B-6 concentration (Hofmann et al., 1991; Leklem and Hollenbeck, 1990; 

Manore and Leklem, 1988; Manore et al., 1987). Ingestion of 1 g glucose/kg 

bodyweight (300 mL glucose solution) has been shown to decrease fasting PLP levels 

by a mean of 19.5% after a five hour period (Leklem and Hollenbeck, 1990). In the 

same study, ingestion of 300 mL water resulted in a plasma PLP mean decrease of 

6.0%, indicating that some of the decrease may have been due to fluid ingestion. 
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Hofmann et al. (1991) applied this experiment to exercise, with differing results. Six 

subjects were given two hundred mL of water or a glucose polymer solution before, 

and every 30 minutes during a two-hour treadmill run. The mean plasma PLP increase 

for both groups was 22-23% upon completion of the exercise bout. It appears that 

during exercise the bodies normal homeostatic mechanism, which deals with 

carbohydrate ingestion, is altered. The results from the study by Hofmann et al. show 

that the 33% plasma PLP decrease found in the current study is probably independent 

of the carbohydrate or liquid the subjects took in during the race. It is also important to 

consider that the subjects consumed approximately 0.20 mg of vitamin B-6 during the 

race. The decrease in plasma PLP concentration might have been greater had they not 

consumed vitamin B-6 during the race. 

In the current study the PL increased 25% (4.7 nmol/L) from pre to PST. The 

vitamin B-6 metabolic end product, 4-pyridoxic acid (4-PA) also increased, by 21% 

(5.3 nmol/L). These changes in the B-6 vitamers reflect the conversion of PLP to PL. 

As a result PL can cross the cell membrane of the liver and thus be converted to 4-PA, 

for excretion in the urine. Because the conversion of PLP to 4-PA, via PL, occurs in 

the liver as opposed to the muscle, the decrease in plasma PLP concentration and 

increase in plasma 4-PA concentration supports the PLP-to-liver hypothesis, suggested 

by Leklem and Shultz (1983). 

Plasma volume changes should be considered when evaluating this data. Due 

to variable plasma volume changes, the mean net changes were not found to be 

significantly different from zero. Similar to previous studies (Davies and Thompson, 

1986; Hofmann et al., 1991; Leklem and Shultz, 1983; Manore et al., 1987; Rokitzki 

et al., 1994) where plasma volume changes were not found to be significantly 

different from zero, the plasma B-6 vitamer levels in the current study were not 

adjusted for plasma volume changes. As shown in Table 1, the subjects did lose 1.6 kg 

of body-weight, but it does not appear to have been totally related to water loss, as the 

subjects appeared to stay hydrated. Other factors studied were possible relationships 

between PLP concentration change (pre/PST) and race time, and also total calorie 

intake. The r values were -0.3502, and -0.2693, respectively. Neither r value was 
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significant. Another factor could be age. Although the mean age (43.7±8.6) of the 

subjects in this study is slightly greater than previous groups studied, it was consistent 

with the mean age of the race participants (42.9±9.1, n=97), as well as the group who 

generally compete in distance runs of this length (Davies and Thompson, 1986; Fallen 

et al., 1998; Peters and Goetzsche, 1997). The question as to whether age had a large 

affect on the results has been previously studied. Manore et al. (1987) exercised 

women of different ages [21-29 yrs (n=5), and 49-61 yrs (n=5)] on a cycle ergometer 

for 20 minutes at 80% VO2 max. They concluded that age had no effect on the vitamin 

B-6 metabolism changes found with exercise. 

In the present study the extent of change in PLP following exercise was found 

to be negatively correlated to the pre-race value (p<0.02). This negative correlation 

may be due to how tightly PLP is bound to albumin/other proteins, and subsequent to 

alkaline phosphatase hydrolysis. This is the first study to look at the vitamin B-6 

changes in an endurance event of this length. Since the results are different from 

previous research in this area, new questions surrounding PLP and vitamin B-6 

concentration levels may be posed. For example are the muscle PLP pools affected 

after exercise? And if so, how much? Also, if the increase in plasma PLP seen after 5 

min is related to the breakdown to glycogen during anaerobic glycolysis, are these 

increases found as early as 1 min after the onset of exercise? 

A new way of looking at inter-conversion between different forms of a nutrient 

has been recently presented by Reynolds and Leklem (1998). There are several factors 

which are known to influence the plasma vitamin B-6 levels, such as enzyme levels, 

enzyme activity, enzyme saturation, vitamin B-6 intake, interactions with other 

nutrients, such as protein, bioavailabilty and cellular uptake. An alternative to looking 

at the influence of all or some of these factors on the plasma vitamin B-6 metabolite 

levels would be to determine the concentration ratios of the enzyme substrate and 

product in the sample. For example, in human liver the rate of phosphorylation of PL 

to PLP is less than the rate of oxidation of PL to 4-PA (Merrill et al., 1984). But under 

certain conditions, such as a disease state these rates can change (Labadorios et al., 

1977; Rasmussen et al., 1980). As exercise creates a similar environment in the body 
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to starvation, an excellent situation is created where the nutrient flux can be estimated 

simply by viewing these ratios. The PL/4PA ratios were 0.74±0.24, 0.86±0.66, and 

1.07±0.58 for pre, PST, and PST60, respectively. The PLP/PL ratios were 2.80±1.94, 

2.55±3.53, and 1.34±±0.89 for pre, PST, PST60, respectively. One of the subjects had 

a very low PL value, which greatly influenced the ratios. Excluding this subjects data, 

the ratios for PU4PA were 0.79±0.18, 0.94±0.64, and 1.16±0.53 for pre, PST, and 

PST60, respectively. The recalculated PLP/PL ratios were 2.24±0.59, 1.55+1.20, and 

1.14±0.64 for pre, PST, and PST60, respectively. No significant differences over time 

were seen, but there were strong trends seen for these ratios. Based on these ratios it is 

apparent that during an endurance exercise event of this length, there is an increased 

conversion of the vitamin B-6 metabolites to 4-PA. More research is needed to 

understand the mechanism as to why there is increased conversion of PLP to 4-PA 

during long term endurance exercise. 

Conclusion 

This study provides data on the plasma B-6 vitamer changes in a group of 

ultramarathon runners. The decrease in plasma PLP found upon completion of the 50- 

km race is contradictory to previously reported data, using shorter distances. No 

significant correlations were found between the plasma PLP changes and race time, 

caloric intake, glucose, albumin and lactate levels, or alkaline phosphatase activity. 

The decrease in plasma PLP found in this study, as opposed to the increase found in 

previous studies, may be due to the length of the course, and/or the added stress placed 

upon the body from a course which included 1829 meters of total elevation gain and 

loss. We have also hypothesized that during endurance exercise the body's 

homeostatic control mechanism may be to release PLP during the early stages of 

exercise for subsequent usage by the liver and/or the muscle. If the PLP which has 

been shifted into the plasma is not used during the exercise period then it is taken back 

up into the storage pools. The subjects consumed approximately 1000 kcal's (94.8% 

from CHO, 1.3% from protein, and 3.9% from fat), and approximately 0.2 mg vitamin 
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B-6 during the race. Post race there was a small, but non-significant plasma volume 

decrease. Both the vitamin B-6 intake during the race, and the small plasma volume 

decrease measured post-race, should be kept in mind when viewing this data, for it is 

conceivably possible that the plasma PLP decrease could thus have been even greater. 

The decrease in plasma PLP, accompanied by an increase in plasma 4-PA 

concentration suggests that with this extreme type of exercise, there is an increased 

metabolism of vitamin B-6. It is our conclusion that ultra-distance runners may have 

an increased need for vitamin B-6, and that an increase in dietary consumption of 

vitamin B-6 may be beneficial in maintaining the vitamin B-6 body pools. 
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SUMMARY AND CONCLUSIONS 

This study was designed to measure plasma B-6 vitamer concentration levels 

under extreme metabolic conditions placed on a group of physically active adults. The 

hypothesis was that an extreme endurance event, such as a 50-km (31 mile) 

ultramarathon, would place a metabolic stress on the subjects, thus increasing the 

plasma pyridoxal 5'phosphate, pyridoxal, and 4-pyridoxic acid concentration levels 

immediately following the race. Previous research has shown this to be the case during 

shorter bouts of exercise, as well as after a marathon. Previous research has also 

shown that one hour post-race plasma B-6 vitamer concentration levels decrease, 

approaching the pre-race values. But, contradictory to the previous research, the 

hypothesis was proven wrong. Not only was the data found to be different, it was 

found to be significantly different than the previous research. 

Eleven subjects (8 men and 3 women) had their blood drawn 5 minutes before, 

5 minutes after, and one hour after a 50-km ultramarathon. The race took place in the 

mountains of the McDonald Forrest, behind the OSU campus. The course included a 

total elevation gain and loss of 6000 feet. The average race completion time was 375.8 

± 47.6 minutes. Due to the fact that human plasma is very reflective of the diet, the 

subjects were asked not to supplement 48 hours prior to the start of the race, and to 

consume a controlled diet before, during, and after the race. 

High performance liquid chromatography (HPLC) was used to measure the 

plasma B-6 vitamer concentration changes during the study. Pyridoxal 5'-phosphate 

concentration levels decreased significantly (p<.00l) post race (41.1 vs. 28.2 nmol/L), 

and further from post race to post one hour (p<.001) (28.2 vs. 23.2 nmol/L). Pyridoxal 

concentration levels increased 25% post race (18.6 vs. 23.3 nmol/L), but were not 

found to be statistically significant. The 4-pyridoxic acid concentration levels 

increased 21% post race (25.5 vs. 30.8 nmol/L), but were not found to be statistically 

significantly. Plasma pyridoxine concentration levels did not change throughout the 

study (pre: 12.6, post: 13.2, post 1 hour: 12.3). The total vitamin B-6 concentration 
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levels, measured microbiologically, were significantly different (p<.005) from pre to 

post (50.8 vs. 40.7). 

This is the first study to measure plasma pyridoxal 5'-phosphate decreases 

immediately post-endurance event. The increases do not appear to be related to 

individual race times, caloric intake during the race, glucose, albumin, and lactate 

levels, or alkaline phosphatase activity. Plasma volume changes were small and non- 

significant and thus no adjustments were made for these changes. 

Based on the decrease in plasma PLP along with the increases in plasma 

pyridoxal, and 4-pyridoxic acid concentration levels. The current study offers support 

for the PLP-to-liver hypothesis, since conversion of PLP to 4-PA, via PL, occurs only 

in the liver. 

During endurance exercise plasma pyridoxal S'-phosphate concentration levels 

have been shown to increase as early as 5 minutes after exercise. This PLP increase 

appears to coincide with the decrease in aerobic glycolysis. It is not clear from the 

results of this study, or others if this is true, but the change in energy systems does fit 

with the change in plasma PLP concentration levels. It is possible that subjects in the 

earlier, shorter duration, research designs did not yet reach the metabolic fuel shift that 

the subjects in this study did. 

Future studies might want to investigate all of the plasma fuel substrates 

during, and after an ultramarathon to see if there are any correlation's to the plasma 

pyridoxal 5'-phosphate concentration levels. The present study also showed that the 

plasma PLP is being converted to its metabolic end-product, 4-pyridoxic acid after a 

lengthy endurance event. Future research might want to look at weather or not the 

muscle pools are affected by long endurance events such as this one, and if so, how 

much. 

It is unclear as to weather or not endurance exercise decreases the muscle pools 

of vitamin B-6, but the decrease in plasma PLP, accompanied by an increase in plasma 

4-PA concentration suggests that with this extreme type of exercise, there is an 

increased metabolism of vitamin B-6. Therefore, consuming a diet rich in vitamin B-6 

may be beneficial in maintaining the vitamin B-6 body pools. 
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Table A.l. Individual plasma HPLC PLP concentrations (nmol/L) 
Subject Pre-48 Pre Post Post-60 

1 N/A 45.5 30.7 24.0 

2 35.2 34.9 30.7 25.8 

3 N/A 38.2 29.6 26.1 

5 N/A 74.4 45.5 38.1 

6 27.8 20.9 11.9 6.1 

7 27.3 40.1 31.0 30.3 

8 48.0 46.5 17.6 13.7 

9 17.4 31.9 24.6 19.6 

10 61.2 54.1 45.4 37.6 

11 N/A 33.7 15.9 15.6 

12 N/A 31.8 28.1 18.2 

mean 36.1 41.1 28.2 23.2 
±SD 15:9 142 108 9^9  

Pre-48 : 48 hours prior to race ; Pre : 5 minutes prior to race ; Post: 5 minutes post 
race ; Post-60 : 60 minutes post race. 
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Table A.2. Individual plasma HPLC PL concentrations (nmol/L) 

Subject Pre-48 Pre Post Post-60 
1 N/A 18.5 11.6 21.3 

2 5.8 4.8 2.5 6.7 

3 N/A 25.0 28.7 28.3 

5 N/A 25.2 12.1 22.2 

6 42.3 16.3 24.7 26.1 

7 7.6 21.3 21.5 11.9 

8 23.5 26.0 20.6 18.5 

9 6.3 11.8 17.3 14.8 

10 17.4 31.6 23.0 21.8 

11 N/A 12.9 43.3 48.5 

12 N/A 10.7 51.2 36.7 

mean 17.2 18.6 23.3 23.3 
±SD 142 ^1 1A0 1L6  

Pre-48 : 48 hours prior to race ; Pre : 5 minutes prior to race ; Post: 5 minutes post 
race ; Post-60 : 60 minutes post race. 
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Table A.3. Individual plasma i HPLC PN concentrations (nmol/L) 
Subject Pre-48 Pre Post Post-60 

1 N/A 14.8 11.2 14.7 

2 11.7 10.8 13.7 12.3 

3 N/A 15.2 15.3 13.6 

5 N/A 12.7 11.8 12.4 

6 13.8 12.0 17.4 11.4 

7 8.3 10.6 10.0 8.8 

8 8.6 9.3 10.6 10.5 

9 10.1 11.2 13.7 13.9 

10 9.0 10.3 13.3 12.1 

11 N/A 17.0 19.8 17.7 

12 N/A 14.4 8.7 7.4 
mean 10.3 12.6 13.2 12.3 
±SD 2A 2A 33 ^8  

Pre-48 : 48 hours prior to race ; Pre : 5 minutes prior to race ; Post: 5 minutes post 
race ; Post-60 : 60 minutes post race. 
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Table A.4, Individual plasma HPLC 4-PA concentrations (nmol/L) 

Subject Pre-48 Pre Post Post-60 
1 N/A 23.4 32.2 28.1 

2 27.7 19.3 45.7 35.3 

3 N/A 33.3 26.8 23.3 

5 N/A 24.1 18.6 16.1 

6 27.1 19.3 24.8 17.6 

7 24.1 29.1 28.7 20.5 

8 37.3 35.3 41.8 23.5 

9 19.1 13.1 31.9 22.9 

10 41.2 33.4 40.1 27.7 

11 N/A 32.7 28.0 23.8 

12 N/A 17.6 20.7 19.1 

mean 29.4 25.5 30.8 23.4 
±SD ^3 T6 ^6 ^4  

Pre-48 : 48 hours prior to race ; Pre : 5 minutes prior to race ; Post: 5 minutes post 
race ; Post-60 : 60 minutes post race. 
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Table A.5. Individual plasma PLP concentrations (nmol/L)  

Subject Pre-48 Pre Post Post-60 

1 N/A 49.9 34.1 27.2 

2 36.1 40.3 31.6 22.2 

3 N/A 43.3 37.8 39.6 

5 N/A 72.4 50.2 36.5 

6 32.5 22.9 14.2 9.7 

7 37.6 51.4 36.2 26.4 

8 56.6 53.9 22.1 17.1 

9 23.3 34.5 26.2 23.7 

10 50.2 49.4 36.1 28.5 

11 N/A 37.8 13.7 13.9 

12 N/A 19.7 16.7 14.0 

mean 39.4 43.2 29.0 23.5 
±SD 12A 1^8 1L5 9A  

Pre-48 : 48 hours prior to race ; Pre : 5 minutes prior to race ; Post: 5 minutes post 
race ; Post-60 : 60 minutes post race. 
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Table A.6. Individual plasma Total B-6 concentrations (nmol/L) 

Subject Pre-48 Pre Post Post-60 
1 N/A 59.1 55.4 45.7 

2 48.6 45.7 41.7 35.6 

3 N/A 58.2 44.6 45.2 

5 N/A 69.0 47.6 39.5 

6 36.9 30.4 19.1 25.6 

7 41.6 54.2 48.8 50.6 

8 72.6 66.6 46.4 40.5 

9 38.7 41.0 35.1 44.0 

10 55.9 54.7 46.4 41.6 

11 N/A 49.4 34.0 41.7 

12 N/A 30.4 28.6 27.4 

mean 49.1 50.8 40.7 39.8 
±SD 135 m) 10.5 7.6  

Pre-48 : 48 hours prior to race ; Pre : 5 minutes prior to race ; Post: 5 minutes post 
race ; Post-60 : 60 minutes post race. 



96 

Table A.7. Individual plasma glucose concentrations (mg/dL)  

Subject Pre-48 Pre Post Post-60 
1 N/A 70 71 71 

2 95 81 96 123 

3 N/A 78 80 81 

5 N/A 127 81 83 

6 73 97 61 63 

7 76 57 83 75 

8 86 88 116 71 

9 82 63 95 81 

10 93 76 100 80 

11 N/A 70 87 78 

12 N/A 115 73 80 
mean 84 84 86 80 
±SD 9 22 _15 15  

Pre-48 : 48 hours prior to race ; Pre : 5 minutes prior to race ; Post: 5 minutes post 
race ; Post-60 : 60 minutes post race. 
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Table A.8. Individual plasma lactate concentrations (mmol/L)  

Subject Pre-48 Pre Post Post-60 
1 N/A 1.88 2.08 2.14 

2 1.62 1.69 2.61 1.76 

3 N/A 2.48 1.81 0.28 

5 N/A 1.52 1.89 1.73 

6 1.22 2.64 3.73 2.48 

7 0.50 2.10 2.93 3.81 

8 0.77 1.77 2.86 2.80 

9 0.79 1.76 3.35 2.10 

10 0.81 1.30 2.40 2.41 

11 N/A 2.07 1.62 1.94 

12 N/A 1.27 2.47 0.96 

mean 0.95 1.86 2.52 2.04 
±SD 040 043 066 092  

Pre-48 : 48 hours prior to race ; Pre : 5 minutes prior to race ; Post: 5 minutes post 
race ; Post-60 : 60 minutes post race. 
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Table A.9. Individual plasma albumin concentrations (g/L)  

Subject Pre-48 Pre Post Post-60 
1 N/A 43.9 47.9 49.6 

2 50.4 54.1 60.4 58.5 

3 N/A 49.4 48.6 50.4 

5 N/A 53.0 55.4 53.3 

6 50.8 50.6 49.3 47.4 

7 47.5 49.1 55.1 55.9 

8 49.0 48.8 51.7 52.5 

9 47.3 47.6 52.2 53.4 

10 52.5 50.8 52.8 55.9 

11 N/A 53.6 53.7 54.8 

12 N/A 41.8 46.3 45.7 

mean 49.6 49.3 52.1 52.5 
±SD ^0 18 ^0 ^9  

Pre-48 : 48 hours prior to race ; Pre : 5 minutes prior to race ; Post: 5 minutes post 
race ; Post-60 : 60 minutes post race. 
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Table A. 10. Individual plasma alkaline phosphatase activity (u/L) 
Subject Pre-48 Pre Post Post-60 

1 N/A 29.1 29.6 30.7 

2 32.4 33.4 35.2 34.5 

3 N/A 31.5 29.4 30.9 

5 N/A 17.9 20.2 16.6 

6 29.7 29.1 29.6 28.3 

7 27.5 25.9 30.2 30.5 

8 24.3 22.4 24.6 25.9 

9 23.8 19.5 22.2 22.9 

10 21.0 19.7 18.9 19.7 

11 N/A 40.1 42.2 41.1 

12 N/A 30.5 24.8 23.4 

mean 26.4 27.2 27.9 27.7 
±SD 42 ^8 6J& TO  

Pre-48 : 48 hours prior to race ; Pre : 5 minutes prior to race ; Post: 5 minutes post 
race ; Post-60 : 60 minutes post race. 
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Table A.l 1. Individual plasma hemoglobin concentrations (g/L) 
Subject Pre-48 Pre Post Post-60 

1 N/A 161 165 163 

2 156 162 176 165 

3 N/A 170 169 169 

5 N/A 162 164 152 

6 142 145 139 133 

7 143 147 160 157 

8 159 160 165 161 

9 134 131 139 141 

10 145 140 144 155 

11 N/A 167 173 171 

12 N/A 147 148 152 
mean 147 154 158 156 
±SD 9 12 13 12  

Pre-48 : 48 hours prior to race ; Pre : 5 minutes prior to race ; Post: 5 minutes post 
race ; Post-60 : 60 minutes post race. 
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Table A. 12. Individual plasma hematocrit concentrations 

Subject Pre-48 Pre Post Post-60 
1 N/A 45.75 45.25 47.50 

2 46.00 46.50 47.50 46.00 

3 N/A 47.50 45.50 46.00 

5 N/A 47.50 42.50 44.50 

6 43.00 43.50 46.50 41.50 

7 43.50 44.50 45.00 46.00 

8 46.75 46.00 42.50 44.50 

9 41.25 N/A 39.50 40.50 

10 44.00 41.25 41.50 43.50 

11 N/A 48.00 46.50 47.75 

12 N/A 43.50 43.00 43.25 
mean 44.08 45.40 44.11 44.64 
±SD ^02 2A7 ^48 232  

Pre-48 : 48 hours prior to race ; Pre : 5 minutes prior to race ; Post: 5 minutes post 
race ; Post-60 : 60 minutes post race. 
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Table A. 13. * Individual plasma volume changes. 

Subject PVC-1 PVC-2 PVC-3 
1 -1.50 -4.13 -2.67 

2 -9.35 -0.92 9.30 

3 4.10 3.26 -0.81 

5 8.25 12.91 4.30 

6 -0.71 3.51 13.99 

7 -9.11 -8.94 0.19 

8 3.67 2.41 -1.22 

9 -2.99 -5.57 -2.70 

10 -3.42 -13.18 -10.11 

11 -0.62 -1.34 -0.72 

12 -0.18 -2.84 -2.66 
mean -1.08 -1.35 0.63 
±SD ^29 6^8 ^50  

PVC-1 : pre vs. post race plasma volume change ; PVC-2 : pre vs. post-60 plasma 
volume change ; PVC-3 : post vs. post-60 plasma volume change. 
* Plasma volume changes calculated by the method of Dill and Costill (14). 
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Ultramarathon Subject Information 
Sheet 4/97 

Blood Draw Times Weight (kg) (cm) 

)jec t# Start Finish Total #1 #2 #3 Before After Age Height 

1 6:30 1:14 6:44 6:22 1:18 2:15 62.1 60.3 61 23.6 

2 7:30 1:27 5:57 6:30 1:30 2:27 69.4 66.2 37 27.6 

3 7:30 1:45 6:15 7:16 1:49 2:45 80.6 80.3 42 26.6 

5 7:30 1:34 6:04 6:32 1:38 2:34 65.2 63.7 45 26.0 

6 6:30 2:08 7:38 6:10 2:12 3:08 68.9 69.2 50 27.0 

7 7:30 1:30 6:00 6:40 1:34 2:30 77.6 74.4 48 28.0 

8 7:30 12.49 5:19 7:00 12:53 1:52 85.3 83.2 39 28.3 

9 7:30 12:50 5:20 6:33 12:57 1:55 60.0 58.9 28 25.2 

10 6:30 12:15 5:45 6:20 12:19 1:14 59.6 59.0 42 26.2 

11 7:30 1:42 6:12 7:16 1:45 2:42 80.6 78.7 39 28.3 

12 7:30 3:20 7:40 6:51 3:25 4:15 79.4 77.3 50 27.6 
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Appendix B. Figures 
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Figure B.l. IRB application for approval 

APPLICATION FOR APPROVAL OF THE OSU INSTITUTIONAL REVIEW 
BOARD (IRB) FOR THE PROTECTION OF HUMAN SUBJECTS 

Principal Invesstigator James E. Leklem, PhD.      E-mail:leklemi@ccmail.orst.edu 

Department Nutrition and Food Management Phone:     737-0769 

Project Title Plasma Vitamin B-6 changes following a 50 K-ultramarathon  

Present or Proposed Source of Funding Agricultural Exp. Station  

Type of Project:         Faculty Research Project 

X   Student Project or Thesis: Students name Scott Leonard 
Phone    754-8044 E-mail: leonards@ucs.orst.edu 
Student's mailing address 926 SW 11th Corvallis, OR 97333 

Type of Review Requested:  Exempt X Expedited         Full Board 

During exercise vitamin B-6 is required for energy production. The body of work in 
this area is small and just developing. The metabolism of vitamin B-6 during exercise 
has been studied mostly in labs, and for short periods of time. The results from the 
ultramarathon subjects will help researchers, as well as nutritionists to better assess 
what is occurring with vitamin B-6 status in the human body during exercise. 

Subjects for the study will be selected, from interested participants, of an 
ultramarathon, which is being held by individuals independent of the college and the 
principal investigator of this study, in MacDonald Forrest on April 27th. The subjects 
will be required to eat a specific meal prior to the race. Also, certain foods and 
beverages will be available during the race, which do not contain significant amounts 
of vitamin B-6, for their consumption. The subjects will not be allowed to consume 
any food or beverages for an hour after the race, except for water, up to 500 ml. Blood 
will be drawn by a trained phlebotomist, from the anticubital vein, 5 minutes prior to 
the race, immediately after, and 60 minutes following the race. If the subjects are from 
the Willamette valley they may also be asked to come in for a fasting blood draw 48 
hours prior to the race. The total amount of blood to be drawn will be 16 ml each time, 
for a total of 64 ml. 

The benefits for participation in the study are a monetary compensation of $25.00, and 
results of all lab data gathered from the subject's samples. The only risk of 
participation is a bruise on the forearm from giving blood. 
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Both men and women and going to be recruited. The number of subjects sought is 14. 
We would like to end up with 7 men and 7 women. The age range will be 25-55. 
Smokers, people taking supplements which include vitamin B-6, and people on 
medication will be excluded from participating. 

Informed consent will be obtained from the form attached. The details of the study, as 
well as exactly what will be required of the, will be discussed with the participants 
prior to them signing the consent form. 

Any information obtained will be kept confidential. A code number will be used to 
identify any test results or other information. The only persons who will have access to 
this information will be the investigators, and no names will be used in any data 
summaries or publications. 

Approval to recruit subjects has been given by the race promoter. Also an agreement 
has been made to distribute the recruitment flyer in the confirmation packet sent out to 
the race participants. 

Signed Date  
Principal Investigator 
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Figure B.2. IRB study approval form. 

INSTITUTIONAL REVIEW BOARD FORTHE PROTECTION OF HUMAN SUBJECTS 

OREGON STATE UNIVERSITY        ff^^1 C"\ i •ZU \V 

Report of Review 

TO: James Leklem, NFM 

COPY:     Scott Leonard 

RE: Plasma vitamin B-6 changes following a 50K ultramarathon 

The referenced project was reviewed under the guidelines of Oregon State 
University's Committee for the Protection of Human Subjects and the U.S. Departmeni 
of Health and Human Services. This study does not qualify for expedited review and 
will be reviewed by the full institutional review board (IRB). The IRB may conduct an 
expedited review when no more than two blood samples will be collected during a two 
week period. You may contact Mary Nunn (7-0670) regarding the full IRB review or 
committee chair regarding the expedited review. 

You may develop a potential subject pool before the full board considers your 
application. The advertisement on page 17 of your application may be used for this 
purpose if the reference to "monetary compensation" is deleted. The IRB will conside 
whether the proposed amount may be coercive. Data may be collected only after the 
application has been approved by the IRB and the subjects have signed informed 
consent forms. 

Date:     3/x?/f ?- 
Warren N. Suzuki. Chair 
Committee for the Protection of Human Subjects 
(Education, 7-6393, suzukiw@ccmail.orst.edu) 
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Figure B.3. Informed consent form 

Department of Nutrition and Food Management 
Oregon State University 

Informed Consent 

Title: Plasma Vitamin B-6 changes following a 50 K-ultramarathon 

Investigators: James E. Leklem, PhD., and Scott Leonard 

Purpose: The purpose of this investigation is to examine the effect an ultramarathon 
has on the metabolism of vitamin B-6 in men and women. The information sought will 
help to give nutrition researchers and councilors a better idea of what is occurring with 
vitamin B-6 metabolism and requirements during a lengthy endurance event, such as a 
marathon. 

Procedures: I have received an oral and a written explanation of this study and I 
understand that as a participant in this study the following things will happen: 

1.1 will fill out a medical history and health questionnaire prior to becoming a 
subject in the study. Also, during this interview I will give my age, weight, 
height, & training habits. After the prescreening, I am aware that I may or may 
not be asked to participate in the study. 

2.1 will be asked to consume a certain meal prior to the beginning of the race, 
and nothing more. During the race I will only eat, and drink certain foods that 
have been permitted for me to eat, and drink. Certain foods will not be 
available for me to eat, which are being provided during the race. I am not to 
take any vitamin supplement that contains vitamin B-6, 36 hours prior to the 
race. My weight will be taken at the beginning and end of the race. 

3. I will have 16 milliliters (1 tablespoon) of blood drawn, by a trained 
phlebotomist, from the anticubital vein in my forearm, under sterile conditions, 
30 minutes prior to the race, 5 minutes after the race, and 60 minutes after the 
race. If I am from the Willamette Valley I may also be asked to come in 48 
hours prior to the race to give a fasting blood draw of 16 ml. In total, blood 
would be drawn from me a total of 3 times, or 4 times if I prarticipate in the pre 
(48 hr) blood draw. If I am asked to come in for a fasting blood draw, I am 
aware that I am not to eat or drink anything except water since 8 pm the night 
before. The total blood drawn will be 64 ml or about 10% of what you might 
donate for the Red Cross. 
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4. The only potential risks or discomforts to me as a subject in this research 
project are the possibility of slight discomfort when the needle enters the vein 
and a small bruise or slight bleeding after the blood is drawn. 

5. If I complete everything asked of me, at the end of this study I will receive in 
a lump sum $ 25.00. Also I may request my results for all of the lab work done 
with my samples, which is a $ 50.00 value. 

Confidentiality. Any information obtained from me will be kept confidential. A code 
number will be used to identify any test results or other information that I provide. The 
only persons who will have access to this information will be the investigators and no 
names will be used in any data summaries or publications. 

Voluntary participation. I understand that my participation in this study is 
completely voluntary and that I may either refuse to participate or withdraw from the 
study at any time. I understand that if I withdraw from the study before it is completed, 
the amount of money or other compensation that I receive for participating may be less 
than the full amount. 

Questions. I understand that any questions I have about the research study and/or 
specific procedures should be directed to Dr. James E. Leklem, at Oregon State 
University, (541) 737-0969. Any other questions that I have should be directed to 
Mary Nunn, Sponsored Programs Officer, OSU Research Office, (541) 737-0670. 

Understanding and Compliance. My signature below indicates that I have read 
and that I understand the procedures described above and give my informed and 
voluntary consent to participate in this study. I understand that I will receive a 
signed copy of this consent form. 

Signature of subject (or subject's Name of Subject 
legally authorized representative) 

Date Signed 

Subject's Present Address Subject's Phone Number 

Signature of Principal Investigator Date Signed 
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Figure B.4. Subject recruitment flyer 

*Attention* 
We are looking for people to partcipate in an exercise 

study. Please read below to find out more. 

The department of Nutrition and Food Management at 
Oregon State University is considering doing an exercise study, looking 

at blood changes of selected nutrients before and after 
an ultra-marathon. The reason for this study is there is very little 
data available for the nutrients of interest for an endurance event 

of this length. 
The study will involve taking small amounts of blood 

before and after the race. If you participate you will not be 
asked to do anything that will alter your normal race plans. Your 

help would be very much appreciated. 
If you are interested please contact Dr. Jim Leklem at 

(541) 737-0969, or e-mail at leklemj@ccmail.orst.edu. as soon 
as possible. Thank you. 

Dr. Jim Leklem 
Nutrition & Food Management 

Oregon State University 
Corvallis, OR 
Milam#101 

97331 

* The purpose of this flyer is to determine the potential for a subject pool. 
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Figure B.5. Subject health/diet history questionnaire 

HEALTH / DIET HISTORY-1990 version      CONFIDENTIAL 
Dr. Jim Leklem Project Name  
Dept. Nutrition & Food Management 
Oregon State University Project Dates  

Code # :  Today's Date 
Age : _ Date of Birth: Place of Birth  
Sex : M /F      Predominant Place of Residence :  
Present Employment:  

Race (circle one):      a. American Indian b. Black 
c. Caucasian d. Hispanic 
e. Chinese f. Japanese 
g. Polynesian/Pacific Islander h. Other Asian (specify) 
i. Other (specify)  

Marital Status (circle one): a. Single b. Married  c. Divorced/Separated   d. Widowed 
How many people live in your household ?  
Do you have any children ? _ Yes  No If yes, give ages  

Females :        MENSTRUAL and REPRODUCTIVE HISTORY 
When did your last menstrual period begin ?  
Do you have regular menstrual periods ? Yes No 
How long is your menstrual cycle ?  
Do you have problems with your menstruation ? Yes No 

If yes, please explain : 

Are you pregnant ? Yes No        Breast feeding ? Yes No 
Have you ever been pregnant ? Yes No 
If yes, how many times ?  
How many children have you carried ?  
Please check if you have had any of the following complications of 
Pregnancy : 
 1. hyperemesis gravidarum (morning sickness) 
 2. pre-eclampsia or eclampsia (toxemia) 
 3. high blood pressure 
 4. severe edema (swelling of your legs and feet) 
 5. numbness and tingling in your hands, wrists, or arms 
 6. gestational diabetes 
 7. premature birth(s) (please indicate gestational age of infants(s) 
 8. kidney or bladder infections 
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 9. premature rupture of membranes 
 10. small for dates infant (less than 5 lbs. Or 2500 g at birth) 
HEIGHT / WEIGHT : Height (ft. & in.) Present weight:  

Most ever weighed     What year  
Length of time you have maintained current weight  

DIETARY HISTORY 

Dieting :   Are you currently on a special diet ? Yes No 
If yes, for what purpose ? (please check as many as apply) 
 1. weight loss 
 2. control serum lipids 
 3. diabetes 
 4. kidney failure 
  5. ulcers 
 6. diverticulitis 
 7. allergies 
 8. heart trouble 
 9. high blood pressure 
 10. pregnancy 
 11. breastfeeding 
 12. other (please specify): 

If you are on a diet, was it prescribed by a doctor, dietician, or nurse ? Yes No 

If you are on a diet, what kind is it ? (please check as many as apply): 
 1. low fat 
 2. low protein 
 3. high protein 
 4. low salt 
 5. low carbohydrate 
 6. low sugar 
 7. low calorie 
 8. low cholesterol 
 9. high calorie 
 10. a bland diet 
 11. other (please specify): 

If you are currently on a diet, for how long have you been on this diet ? 

If dieting, is your dieting associated with any commercial weight loss program ? 
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 Yes No  If yes, please specify what program : 

Are you a vegetarian ? Yes No If yes, circle the type of vegetarian diet you 
Follow :    a. ovo-lacto    b. ovo   c. lacto   d. vegan 

Do you take vitamins ? (circle one) :      a. yes, daily      b. yes, frequently (3 to 6 
times/wk) 

c. often (once or twice/wk)   d. occasionally (less than once/wk)   e. never 
If yes what type, how much, and for how long have you taken them ? 

Type Amount per day How long have you taken 

Do you take any other nutritional supplements (such as iron, calcium, other minerals, 
amino acids, fiber, supplement drinks (such as ensure), etc) ? Yes No 

Type Amount per day How long have you taken 

Please list all foods which you refuse to eat, can not eat, or prefer not to eat 

Please list those foods and beverages that you eat/drink almost every day 

HABITS : A. Smoking : 
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1) Do you currently smoke ? Yes No 
If yes, please check below what you do smoke, and how much per day : 

Cigarettes  Packs per day  
Cigars  Number per day  
Pipe  Pipe loads per day  

At what age did you start smoking ?  
2) If you do not currently smoke, did you ever smoke ? Yes No 

If yes, at what age did you start ?  
If yes, when did you quit ?  
Was this the only time that you have quit ? Yes No 
If you quit, please check below what you did smoke, and how much per day 

Cigarettes  Packs per day  
Cigars  Number per day  
Pipe  Pipe loads per day 

3) Does anyone else in your household smoke ? Yes No 
If yes, please list type and how much per day : 

Cigarettes  Packs per   Packs per day  
Cigars  Number per day  
Pipe  Pipe loads per day  

B. Alcohol: 
1) Do you drink alcoholic beverages ? Yes No 

If yes, How many times do you drink per month ?  
If yes, what do you drink and how many drinks do you consume each time you 
drink? 

Beer  Number of drinks at one time  
Wine  Number of drinks at one time  
Liquor  Number of drinks at one time  
Other  Number of drinks at one time  

C. Caffeine : 
1) Do you drink beverages containing caffeine ? Yes No 

If yes, which of the following beverages do you drink, and how much ? 
Coffee  Number of cups per day  
Tea  Number of cups per day  
Soda  Number of 12 oz servings per day 

2) Do you drink any decaffeinated or caffeine-free beverages ? Yes No 
If yes, which of the following beverages do you drink, and how much ? 

Coffee  Number of cups per day  
Tea  Number of cups per day  
Soda  Number of 12 oz servings per day  

D. Diet soda pop and other Sugarless Beverages 
1) Do you drink any beverages containing artificial sweeteners ? Yes No 

If yes, what do you drink and how many drinks (ounces, servings) per day ? 
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EXERCISE LEVEL : Are you currently involved in a regular exercise program ? 
 Yes No   If yes, describe : 

Type of exercise # Minutes (continuous) Distance covered or repetitions # days/week 

Do you monitor your heart rate during exercise ? Yes No 
If yes, what heart rate do you try to maintain while exercising ? 

If you do not have a regular fitness program, what type of exercise would you get in a 
typical week ? 

MEDICAL HISTORY : 

Have you ever had a glucose tolerance test ? Yes No     If yes please explain 
when, the reason, and the results : 

Have you ever had a stress eloctrocardiogram ? Yes No   If yes, please explain 
when, the reason, and the results : 

Have you ever had any health risk screening tests, such as serum cholesterol, blood 
glucose, or blood pressure ? Yes No   If yes, please explain what tests you had, 
and what were the results and recommendations you received : 
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MEDICAL HISTORY (Check any condition for which you have been diagnosed and 
give AGE at diagnosis): 

Diagnosis Age at Diagnosis 
 1. acquired immunodeficiency syndrome (AIDS)  
 2. diabetes  
 3. hypoglycemia  
 4. hypothyroidism _ 
 5. hyperthyroidism 
 6. goiter  
 7. osteoporosis 
 8. hepatitis  

9. cirrhosis 
 10. kidney stones 
 11. nephritis  
 12. cystitis  
 13. high blood pressure 
 14. angina  

15. ulcer      
 16. pancreatitis 
 17. ulcerative colitis _ 
 18. recurring gastritis. 
 19. allergies/hayfever 
 20. hypoadrenalism (Addison's disease) 
 21. spastic colon/diverticulitis  
 22. carpal tunnel syndrome  

23. rheumatoid arthritis 
 24. systemic lupus erythematosus  
 25. mental depression requiring regular medication 

26. asthma 
27. insomnia requiring frequent medication 
28. emphysema  

 29. heart problems 
30. cancer (specify type) 

 31. chronic infection (specify) 
32. tuberculosis 

 33. chronic headache or other pain (specify) 
 34. hereditary condition  
 35. premenstrual syndrome  
 36. other condition (specify)  

Comments : 
Are you currently suffering from any cold, flu, or allergy symptoms ? Yes No 

If yes, please specify : 
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Do any of your first-degree relatives (mother, father, brother, sister, son, daughter) 
have any of the following conditions ? Yes No  If yes, indicate which 

 1. diabetes 
 2. heart disease before age 60 
 3. cancer before age 60 
 4. high blood pressure before age 60 
 5. allergies 

Have you ever had a nerve condition/muscle stimulation study ? Yes No 
If yes, when, for what reason, and what were the results ? 

Have you ever had any other special diagnostic tests (such as special X-ray studies or a 
CAT-scan) Yes No   If yes, please specify : 

SURGICAL HISTORY (Please specify any type of surgery you have had and the date 
and age when it occurred ): 

Operation Age or Year 

MEDICATION HISTORY (Check any which you take on a regular basis and when 
and how often):    Medication Taking Currently ? How Often ? 

 1. sleeping tablets  
 2. aspirin  

3. cold medications 
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4. barbiturates 
. 5. tranquilizers 
6. diuretics 
7. blood pressure tablets 
8. antibiotics         

 9. thyroid hormones 
10. oral contraceptives 
11. insulin 
12. oral hypoglycemics 
13. corticosteroids 
14. estrogens (female hormones) 
15. isoniazid 
16. pain medications 
17. muscle relaxants. 
18. theophylline  
19. antiarrhythmatics _ 
20. ulcer medications 
21. antacids  
22. digoxin  
23. antidepressants  
24. seizure medications 

 25. other medications (please specify): 

How long did you fast prior to having your blood drawn ? more than 12 hours 
8-12 hours less than 8 hours 

COMMENTS : 

Checked by  Date 


