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Notification of Nutrient Content Claims Based on a 

Authoritative Statement Pursuant to 21 U. S. C. 343 (r) (2) (G) 

I. Introduction 

Central Soya Company, Inc. (Central Soya) files this notification to use the following 

nutrient content claims characterizing the level of choline in a food or dietary 

supplement: 

Good source of choline Contains choline 

Provides choline 

Rich in choline 

Added choline 

Excellent source of choline 

High in choline 

More choline 

Enriched with choline Fortified with choline. 

These claims are authorized by the Food and Drug Administration Modernization Act 

(FDAMA), 21 USC. 343 (r) (2) (G), as they are based on a current, published 

authoritative statement of the National Academy of Sciences (NAS), specifically the 

Food and Nutrition Board (FNB) of the Institute of Medicine, which established a Dietary 

Reference Intake (DRI), in particular an Adequate Intake (AI), for choline. Specifically, 

the Summary of the choline chapter (Chapter 12, p 390 - 422) in Dietary Reference 
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Intakes for Thiamin, Riboflavin, Niacin, Vitamin Bg, Folate, Vitamin Bt2, Pantothenic 
. 

Acid, Biotin, and Choline (Food and Nutrition Board, 1998) stated, in its entirety: 

‘Choline functions as a precursor for acetylcholine, phospholipids and the 

methyl donor betaine. The primary criterion used to estimate the Adequate 

Intake (AI) for choline is the prevention of liver damage as assessed by 

measuring serum alanine aminotransferase levels. The AI for adults is 550 

mg/day of choline for men and 425 mg/day for women. There are no 

nationally representative estimates of the intake of choline from food or food 

supplements. Choline in the diet is available as free choline or is bound as 

esters such as phosphocholine, glycerophoshpocholine, sphingomyelin, or 

phosphatidylcholine. The critical adverse effect from high intake of choline 

is hypotension, with corroborative evidence on cholinergic side effects (e.g., 

sweating and diarrhea) and fishy body odor. The Tolerable Upper Intake 

Level (UL) for adults is 3.5 g/day.” (page 390) 

Finally, this notification meets all of the required elements identified in FDA’s 

“Guidance to Industry: Notification of a Health Claim or Nutrient Content Claim Based 

on an Authoritative Statement of a Scientific Body” issued June 11, 1998 as described 

below. 
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II. Background . 

Central Soya, located in Fort Wayne, Indiana, is one of the leading producers of soy 

protein, textured soy protein, refined soybean oil and lecithin in the United States and 

throughout the world. Central Soya is particularly committed to creating value-added 

ingredients from soybeans to meet customers’ current and future needs. 

The Food and Nutrition Board established a DRI, specifically an AI, for choline in 1998 

(Food and Nutrition Board, 1998). At the same time, the FNB also established an AI for 

two other vitamins, pantothenic acid and biotin. Currently, both of these nutrients can be 

listed on the Nutrition Facts panel. FNB has also established an AI for Vitamin D, 

calcium, Vitamin K, chromium, and manganese, five other nutrients listed on the 

Nutrition Facts panel. It appears that choline is the only nutrient that has a DRI but is not 

allowed to be listed on the Nutrition Facts panel. 

Currently, no nutrient content claims are available to characterize the level of choline in a 

food. However, claims that do not implicitly characterize the level of a nutrient in the 

food and that are not false or misleading in any respect are allowed 

(21 C.F.R. 5 101.13 (i) (3)). Thus, foods with choline could claim, “contains 100 mg of 
_-. 

choline” as long as this claim is not false or misleading. 

Thus, each of the nutrient content claims identified above, including “good source of 

choline, ” “excellent source of choline,” ‘ ‘more choline,” and “added choline,” qualifies 

as “a claim . . . for a nutrient, for which the Secretary has not promulgated a regulation” 

5 



described in FDAMA. FDAMA permits new nutrient content claims without prior FDA 
1 

approval under the following conditions: 

1) A scientific body of the United States Government with official responsibility 

for public health protection or research relating to human nutrition (such as 

the National Institutes of Health or the Centers for Disease Control and 

Prevention), or the National Academy of Sciences or any of its subdivisions 

has published an authoritative statement which identifies the nutrient level to 

which the claim refers; 

2) The authoritative statement is published and is currently in effect; 

3) The claim based on the authoritative statement accurately represents the 

authoritative statement and is presented in a manner that the public can 

comprehend the information provided in the claim and the relative 

significance of the information in the context of the total daily diet; 

4) The claim and foods eligible to bear the claim use existing terms, meet 

existing nutrient content claims regulations and the claim is not false or 

misleading; 

5) A submission has been made, at least 120 days before the first introduction 

into interstate commerce of the food with a label containing the claim, which 
\ 

includes: 

A) a notice of the claim, which shall include the exact words in the claim 

and shall include a concise description of the basis upon which the 
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person submitting the claim relied for determining that the 
. 

requirements of point 1 above have been satisfied; 

B) a copy of the authoritative statement that upon which the person 

submitting the claim relied in making the claim; 

C) a balanced representation of the scientific literature relating to the 

nutrient level to which the claim refers. 

The following sections address all the requirements of FDAMA mentioned above and 

clearly substantiate that the claims set forth in this notification are authorized nutrient 

content claims under FDAMA. 

III. Statements Provided as Basis for the 

Nutrient Content Claims Are Authoritative 

A. The Authoritative Statements 

The nutrient content claims set forth in this notification are authorized by FDAMA, 21 

U.S.C. 343(r)@)(G), as they are based on a current, published authoritative statement of a 
-. 

subdivision of the National Academy of Sciences, namely, the Food and Nutrition Board. 

These statements come directly from the Summary of the Choline section (Chapter 12) of 

the FNB report: 

Vholine functions as a precursor for acetylchoIine, phospholipids and the 

methyl donor betaine. The primary criterion used to estimate the Adequate 
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Intake (AI) for choline is the prevention of liver damage as assessed by 
. 

measuring serum alanine aminotransferase levels. The AI for adults is 550 

mg/day of choline for men and 425 mg/day for women. There are no 

nationally representative estimates of the intake of choline from food or food 

supplements. Choline in the diet is available as free choline or is bound as 

esters such as phosphocholine, glycerophoshpocholine, sphingomyelin, or 

phosphatidylcholine. The critical adverse effect from high intake of choline 

is hypotension, with corroborative evidence on cholinergic side effects (e.g., 

sweating and diarrhea) and fishy body odor. The Tolerable Upper Intake 

Level (UL) for adults is 3.5 g/day.” (page 390) 

A copy of the choline chapter of the NAS report on Dietary Reference Intakes for 

Thiamin, Riboflavin, Niacin, Vitamin Bg, Folate, Vitamin Bi2, Pantothenic Acid, Biotin, 

and Choline (Food and Nutrition Board, 1998), the bases for these authoritative 

statements under the meaning of FDAMA, is included in Appendix A. 

B. The Authoritative Statements meet FDA Pequirements 

In Guidance to the Industry provided on June 11,1998, FDA identified six specific 
I 

elements that clarify the definition of an authoritative statement for the purposes of a 

nutrient content claim under FDAMA. FDA indicated that an authoritative statement for 

nutrient content claims must: 

1) Identify the nutrient level to which the claim refers; 

8 



‘.., 

I 

3) 

4) Not be just a statement of an employee of a scientific body or in the 

6) 

Be published by a scientific body; 
. 

Be currently in effect; 

individual capacity of the employee; 

Reflect a consensus within the scientific body; and 

Be based on a deliberative review of the scientific body. 

The authoritative statement identified above succinctly “identifies the nutrient level to 

which the claim refers,” namely, 550 mg of choline per day for men and 425 mg of 

choline per day for women. This Report, which was the result of extensive review of the 

latest scientific literature and numerous meetings discussing science issues, was released 

in pre-print copy in 1998 and formal Report copies became available in 2000. The 

Report is the most authoritative and current review of B vitamins and associated 

compounds and thus meets the requirement to be “currently in effect.” This authoritative 

statement was “published by the scientific body” as an official NAS publication and is 

not ‘“a statement of an employee of the scientific body made in the individual capacity of 

the employee” and thus satisfies these requirements of FDAMA. The scientific body is 

WAS or one of its subdivisions,” which is clearly “a scientific body of the United States 

with official responsibility for public health protection or research directly related to 

human nutrition.” 

Thus, the statements provided in this notification meet all the required elements identified 

by FDAMA and FDA to be an authoritative statement. 



FDA has stated the agency will consult “with the scientific body that is the source of a 

statement cited as the basis for a claim” and possibly include consultation “with the other 

federal scientific bodies that have public health responsibility and expertise relative to the 

claim.” In previous communication with NAS, FDA received a response, which 

indicates that NAS stands behind their published reports. Specifically, via a letter on 

April 30, 1999, the Director of the Food and Nutrition Board pointed out that in May 

1997, the National Research Council (NRC) Governing Board of NAS approved a policy 

statement regarding authoritative statements made by it or its subdivisions, the NRC and 

the Institute of Medicine (TOM), noting that authoritative statements “are limited to those 

that represent the consensus of a duly-appointed committee or views of a duly-appointed 

principal investigator so that they appear explicitly as findings, conclusions, or 

recommendations in a report that has completed the institutional report review process” 

(Yates, 1999). The Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin 

B6, Folate, Vitamin B 12, Pantothenic Acid, Biotin, and Choline (Food and Nutrition 

Board, 1998) has undergone such institutional review. Thus, it appears that NAS would 

deem the statement provided in this notification as an allowable authoritative statement. 
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Supports the Nutrient Level Used for These 

Nutrient Content Claims 

Choline is important for the structural integrity of cell membranes, cholinergic 

neurotransmission, transmembrane signaling, methyl-metabolism, and lipid-cholesterol 

transport and metabolism (Zeisel and Blusztajn, 1994). Choline is a precursor for 

phosphatidylcholine, sphingomyelin, platelet-activating factor, betaine and other 

phospholifiids (Food and Nutrition Board, 1998). Choline speeds the synthesis and 

release of acetylcholine, an important neurotransmitter involved in nurnerous important 

functions in the body. While it is known that choline is required for cell growth in tissue 

culture, and FNB stated “. . . choline is essential to life.. . ” it has been difficult to show 

that choline is an essential nutrient since there is some de novo synthesis of choline. This 

biosynthesis of choline is dependent on metabolic methyl exchange, which involves other 

known nutrients, namely, methionine, folic acid and vitamin B12. In one study, healthy 

males with normal folate and vitamin Br2 status were shown to have decreased plasma 

and phosphatidylcholine concentrations and liver damage, as measured by elevated 

alanine aminotransferase, when fed a choline deficient diet for three weeks (Zeisd, et al., 

199 1). Several other studies have indicated that fatty liver and liver damage associated 

with total parenteral nutrition can be prevented, at least in most individuals with the 

addition of choline or lecithin (a source of chohne). These data led FNB to conclude: 
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‘(The data available are supportive of the provisional conclusion that de nova 
. 

synthesis of choline is not always sufficient to meet human requirements for 

choline.” (page 396) 

Based on these data, and other information available, the FNB established various AI for 

choline based on gender/age groups. Table 1 lists the AI levels established by FNB. 

Table 1. Choline Adequate Intake (AI) Summary 

INFANTS CHOLINE 

O-6 Months 

7- 12 Months 

CHILDREN 

l-3 Years 

4-8 Years 

125 mglday 

150 mg/day 

200 mg/day 

250 mglday 

9-13 Years 375 mgfday 

MALES 

14-18 Years 

19 Years and older 

550 mg/day 

550 mg/day 

FEMALES 
0, 

14-18 Years 
I 
1 400 mglday 

19 Years and older 425 mglday 

The Adequate Intake for pregnancy and lactation were esta ib: lished as 
450 mg/day and 550 mg/day, respectively (Food and Nutrition Board, 
1998). 
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Another NAS committee, the Committee on Military Nutrition Research (1994), while 
. 

reviewing various components which may increase performance in soldiers, reported in 

the Conclusion and Recommendation section of their Workshop Report: Food 

Components to Enhance Performance, that: 

“‘Diets deficient in choline produce liver dysfunction within 3 weeks, resulting 

in massive triglyceride accumulation in the liver and abnormalities of liver 

enzymes.” (page 15 1) 

This section states that 500 mg/day of choline has an impact on plasma levels of 

choline and phosphatidyl choline. The Conclusion and Recommendation section also 

included the following conclusions from the scientific literature regarding choline: 

“There is evidence that diets low in choline reduce muscle performance. 

Dietary choline supplementation of individuals with normal intakes during a 

ZO-mile (32-km) run improved the run time by 5 minutes and prevented the 

drop in choline levels normally associated with the run.” (page 151); 

Vholine supplementation enhances memory and reaction time in animals 

particularly aging animals, and enhances memory in humans. Although the 

mechanisms for this are unclear, there are indications of alterations of the 

anatomy of brain cells.” (page 15 1); 
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“With the diversity of functions of choline in the body, there is ample reason 
. 

for interest in reviewing its possible value in maintaining or enhancing 

performance of the soldier.” (page 15 1); 

“Free choline and choline-containing esters are present in a wide variety of 

foods in the human diet. The usual intake is estimated to be in the range of 

200-1000 mg per day.” (page 150-151) 

It should also be noted that in this Workshop Report, NAS concluded choline was one of 

the few food components or nutrients that offer potential to enhance performance. 

Choline was included with other well-accepted food components that enhance 

performance, like carbohydrates and caffeine. The Committee made the following 

highlighted recommendation: 

GcThe committee recommends that choline should be added to the list of food 

supplements that have potential to enhance performance and that are being 

evaluated at the U.S. Army Research Institute of Environmental Medicine 

(USARIEM).” (page 157) 

Additionally, the Committee, based on review of clinical trials in non-military personnel, 

made several specific recommendations as to the type of studies to be conducted in 

soldiers: 
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“1. studies to determine whether choline supplementation enhances 
. 

endurance and muscle performance, and 

2. studies to determine whether choline supplementation enhances 

intellectual performance and whether this alters performance of soldiers in 

the field.” (page 159) 

This report of the Committee on Military Nutrition Research is no longer available fi-om 

the National Academy Press but can be accessed via the Internet at 

www.nan.edu/onenbook/NI00005/html. Appendix B contains a copy of the Conclusions 

and Recommendations section of the Report. 

A recent publication (Warber, et al., 2000) evaluated the impact of choline 

supplementation on physical performance in fourteen male soldiers. In this double-blind 

crossover study, a placebo beverage or a beverage containing choline was administered 

before and during a treadmill exercise test while soldiers were carrying a 34.1 kg load. 

The choline beverage supplied 8.4 g choline citrate, which is equivalent to 3 g free 

choline. Plasma choline increased after consumption of the choline beverage (7.69 p.M 

for placebo and 17.5 pM for choline beverage, p< O.OOl), however there were no effects 

of choline supplementation on exercise performance. These researchers concluded there 

was no need to add supplemental choline to military operational rations to lessen muscle 

fatigue or to enhance physical performance of soldiers. 
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Since the publication of the NAS report on Dietary Reference Intakes for Thiamin, 
1 

Riboflavin, Niacin, Vitamin Be, Folate, Vitamin Br2, Pantothenic Acid, Biotin, and 

Choline, several more research reports on the physiological effects of choline have been 

published. These additional reports support the conclusion that choline is an essential 

nutrient that has important physiological functions. Misra, et al., (1999) reported that low 

plasma free choline was associated with elevated liver aminotransferase and hepatic 

steatosis in adults on home parenteral nutrition. This group found similar indications for 

children in a small case-control study. Twenty-one children who required long-term (75 

f 13 months) home parenteral nutrition were compared to 3 1 normal children. The mean 

plasma free choline concentration in children on home parenteral nutrition was 6.3 f 4.3 

nmol/ml which was significantly (p=O.O02) lower than normal children (8.0 f 2.3 

nmol/ml). These researchers also reported a significant negative correlation between 

plasma free choline concentration and aspartate aminotransferase and alanine 

aminotmnsferase (r = -0.72, p=O.O4 and r= -0.80, p=O.O2, respectively). Misra, et al. 

(1999) concluded that patients on long-term home parenteral nutrition have a significant 

risk for the development of choline deficiency. Previously, Buchman, et al., (1995) had 

shown that hepatic steatosis could be ameliorated and possibly prevented by choline 

supplementation during parenteral feeding. In four patients, which had received total 

parenteral nutrition for 9.7 f 4.7 years,aupplementation of choline chloride of 1 to 4 

g/day increased plasma free choline into the normal range and resolved hepatic steatosis 

completely. Plasma free choline remained at or above normal range during choline 

supplementation but decreased to baseline levels after discontinuance of choline 
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supplementation. These researchers concluded choline might be an essential nutrient for 
. 

those individuals on long-term parenteral nutrition. 

In another report, Jacob, et al. (1999) evaluated the impact of folate (another nutrient 

involved in methylation pathways) depletion and repletion on choline status - plasma 

choline and phosphatidylcholine concentrations. In two separate metabolic studies using 

21 subjects (11 men and 10 women), total folate intake was varied by supplementing low 

folate (25 and 56 g/d for men and women, respectively) and low choline (238 and 147 

mg/d for men and women, respectively) diets with pterorylglutamic acid for up to six 

weeks after folate depletion periods of 4-5 weeks. Low folate/low choline diets caused a 

decrease in mean plasma choline of over 25% in men and women. Additionally, choline 

status returned to baseline or higher after moderate folate repletion. These researchers 

concluded that choline is used as a methyl donor when folate intake is low and that de 

novo synthesis of phosphatidylcholine is insufficient to maintain choline status &hen 

intakes of folate and choline are low. These data support the conclusion of FNf3 in that 

more than 250 mg/d of choline is needed per day to maintain choline status. 

Zeisel(2OOOa) provides an excellent summary of why choline is considered an essential 

nutrient by NAS and concludes that choline in the diet is important for several reasons. 

He was especially interested in recent findings, in animals, on the role of choline in brain 

development. Several publications on the effects of choline on memory and learning in 

rats have recently been published (Tees, 1999; Tees, and Mohammadi, 1999; Thomas et 

al., 2000;) and mice (Ikarashi, et al., 2000). In one study, rats were exposed to choline 
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both pre-natally, via diet of pregnant rats, and post-natally, via a subcutaneous injection, 
. 

for 24 days (Tees, and Mohammadi, 1999). At 90 days of age the rats were subjected to 

series of memory tests. In the first test, a Morris water maze, rats had to first find the 

hidden platform and then were required to find the platform again in 10 minutes. Animals 

in the group that received choline neonatally found the platform significantly faster than 

the animals in the control group. Neonatally treated rats also performed significantly 

better than control rats in another task, namely, a visual transverse patterning 

discrimination test. Tees (1999) reported that there was an interaction between early 

environmental enrichment and choline supplementation. Rats were either exposed to a 

standard lighted colony or were given exposure to a “complex environment.” One-half of 

each group was given choline pre-natally and post-natally for 24 days. While sex and 

early diet was not a factor in certain investigative behaviors examined, in the water maze 

test, choline-treated male rats exposed to the complex environment had an improved 

ability to locate the hidden platform. He concluded that choline supplementation offers 

some long-term functional benefits that are probably related to cholinergic basal 

forebrain function. Ikarashi and colleagues (2000) showed that free choline in plasma 

decreased dramatically in mice given choline oxidase intraperitoneally. As compared to 

saline-treated controls, mice given choline oxidase showed significant inhibition to learn 

avoidance from electric shock but had no effect on impairment in retaining memory once 

learned. These researchers concluded that choline might be more involved in passive 

avoidance learning than in maintenance of memory. It has been suggested that 

comparable studies to those discussed above need to be conducted in humans (Zeisel, 

2000a). The improved memory associated with added choline during the neonatal period 
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has been replicated in two species across several laboratories. These effects appear real 
. 

and are robust. While human studies are underway to better assess the effects of choline 

on brain function, the potential for improvement of age-impaired memory in humans is 

real. This improvement in age-impaired memory, probable positive impact on brain 

function of choline supplied neonatally through the diet of pregnant women, and the 

potential sparing effects of folate metabolites by choline all argue for increasing choline 

in the American diet. Increased choline in the diet could come from increasing 

consumption of foods ah-eady high in choline. However, since most foods with 

meaningful levels of choline are high in fat, saturated fat and/or cholesterol and 

Americans are trying to reduce these kinds of foods in their diet, fortification of 

appropriate foods with choline is warranted. 

Thus, while the FNB report contains the best available review of choline metabolism, 

more recent research continues to support the conclusions in the FNB report that choline 

is an essential nutrient and suggests that choline may have an important role in brain 

function, though more research is necessary to understand the role of choline in brain 

function in humans. Fortification of certain foods with choline seems to be a reasonable 

and effective way to increase choline intake in America. 
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V. Foods Eligible to Make the Authorized 1 

Nutrient Content Claims 

Choline and esters of choline are found in many foods usually in the form of 

phosphatidylcholine in various membranes (Food and Nutrition Board, 1998). The 

Committee of Military Nutrition Research (1994) estimated that choline intake ranged 

from 200-l 000 mg/day. FNB estimated intake of dietary choline (as free choline and 

choline in phosphatidyl choline and other choline esters) in adults to be 730-1040 

mg/day. FNB also indicated that older assay procedures for choline were imprecise and 

some were unreliable since the procedures did not include glycerolphosphocholine or 

phosphocholine. 

A. Defining a Reference Daily Intake (RDI) for Choline as 550 mg/day 

FDA determined that for vitamins and minerals “ . . .label reference values (i.e., RDI’s) 

should be based on an approach that selects the highest NAS RDA values from among 

those for adults and children 4 or more years of age but excludes values for pregnant and 

lactating females” (58 FR 2211). Adult men have the highest Adequate Intake for 

choline, namely, 550 mg/day. Using a similar approach to that used by FDA for 
_-i 

establishing RDI’s for other nutrients with differing recommended intakes for various 

age, gender or physiological states, we suggest that 550 mg/day be considered the 

Reference Daily Intake (RDI) for choline. While this will provide more choline than 

needed by certain other age/gender groups, given the Upper Tolerable Intake is 
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1000 mg/day in children 4 to 8 years of a&s and 3500 mg/day in adults, there should be 
. 

no safety concerns for this higher value. Thus, similar to the conclusion FDA reached 

when using this approach for other nutrients, including nutrients with Estimated Safe and 

Adequate Daily Dietary Intakes (ESADDI) (58 FR 2212), children eating ti-om the 

general food supply are extremely unlikely to be at risk for any harmful effects with an 

RDI for choline of 550 mg/day. 

B. Defining levels for “good source,” “more,” and “high” claims 

FDA and others have extolled the benefits of helping consumers understand the meaning 

of the nutrient content of foods. FDA’s approach to developing a system of nutrient 

content claims in response to the Nutrition Labeling and Education Act of 1990 

emphasized three objectives: 

1) Consistency among definitions; 

2) Claims that are in keeping with public health goals; and 

3) Claims that can be used by consumers to maintain healthy dietary practices 

(58 FR 2319 cited from 56 FR 60431). 

The authorized claims in this notification are consistent with these objectives. First, the 

claims use definitions that are all currently in use or authorized for use. Second, NAS has 

determined 550 mg/day of choline as an Adequate Intake. Third, consumption of choline, 

an essential vitamin, is consistent with maintaining healthy dietary practices. 
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FDA has previously authorized certain nutrient content claims for foods containing 
. 

substances with a defined DRV or RDI. Foods may provide a “good source” claim of a 

particular nutrient if the food provides at least 10-l 9% of the established DRV or RDI per 

reference amount customarily consumed (RACC). FDA has also ruled that synonyms for 

the “good source” claim include “contains” and “provides” (21 C.F.R. 9 101.54 (c)). 

Foods may also use an “excellent source” claim if the food provides 20% or more of the 

DRV or RDI per RACC. Synonyms for this claim include “high” or “rich in” (21 C.F.R. 

$ 101.54 (b)). Foods may use relative claims such as “more,” “fortified,” “enriched,” and 

“added” if the food contains at least 10 percent more of a DRV or RDI per RACC than an 

appropriate reference food (21 C.F.R. 9 101.54 (e)). 

As we have noted above, the RDI for choline based on the AI established by NAS should 

be. 550 mg per day. Thus, a food or dietary supplement that contains 55 mg of choline is a 

“good source of choline” (550 mg/day X 0.10) and a food that contains 110 grams or 

more of choline is an “excellent source of choline” (550 mg/day X 0.20). Thus, foods 

that provide 55 mg of choline per RACC would be eligible to claim “good source of 

choline” and foods providing 110 mg of choline or more per RACC would be allowed to 

claim “an excellent source of choline.” Foods with at least 55 mg more choline/RACC 

than an appropriate reference food will-also be eligible for the relative claim of “more 

choline.” Additionally, modified versions of foods with a standard of identity may also 

be eligible for certain nutrient content claims authorized in this notification if they meet 

the requirements of 21 C.F.R. 0 130.10. 
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To further aid consumers, we recommend manufacturers be required to provide 
. 

information on the amount of choline on a per serving basis using a statement of quantity 

(e.g., contains 55 mg of choline per serving) immediately adjacent to the nutrient content 

claim or on the information panel outside the Nutrition Facts panel. Thus, foods and 

dietary supplements using the nutrient content claims authorized in this notification will 

be required to provide choline content information on the label thus further helping to 

educate consumers about the content of foods. Finally, foods and dietary supplements 

using these choline nutrient content claims would be required to meet all other applicable ! 

labeling requirements. 

C. Determination of Choline in Foods and Dietary Supplements 

Choline content in foods and dietary supplements will be determined by high-pressure 

liquid chromatography (HPLC) and gas chromatography-mass spectrometry as described 

by Porn&et, et al., (1989). Briefly, 14C labeled-choline standards were used to determine 

eluted peaks after separation by HPLC. Internal standards of choline moieties labeled 

with stable isotopes were used to correct for recovery during the assay. With the use of a 

microprocessor controlled solvent delivery system with two buffers, Pomfi-et, et al., 

(1989) were able to elute betaine and acetylcholine with the first buffer, choline and 

glycerophosphocholine during transition to the second buffer and phosphocholine with 

the second buffer. Fractions were collected and hydrolyzed to release free choline. In 

aliquots of the fractions, the free choline moiety was converted to propionyl esters, 

methylated and isolated using gas chromatography. Isolated compounds were then 

fragmented by mass spectrometry. 
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Recently, the United States Department of Agriculture (USDA) provided a research grant 

to Dr. Steven Zeisel of the University of North Carolina - Chapel Hill to conduct analysis 

of choline content of foods. This grant titled, “Choline content of commonly eaten 

foods” (USDA Agreement # 58-1235-O-059 CRIS # 1235-52000-032-10s) will use 

methods similar to Pomfret, et al., (1989) and will analyze enough foods to determine the 

choline intake in the US population via various dietary surveys conducted by USDA 

(Zeisel, 2000b). Thus, shortly the choline content of a large number of foods will be 

added to the USDA Nutrient Database and food manufacturers may be able to use these 

data to determine if their products are eligible for the claims authorized in this 

notification. 

D. Choline Content of Some Common Foods 

Based on information provided from Zeisel and Blusztajn (1994), the choline content of 

various foods are provided in Table 2. Foods eligible for “high” claims are also 

indicated. As can been seen in Table 2, only a few foods qualify for the claims “excellent 

source of choline” or “good source of choline.” It should also be noted that the foods 

that do qualify for these claims are typically higher in fat, saturated fat and/or cholesterol. 
_-- 

Many Americans, based on recommendations from various private and government 

public health organizations, are decreasing fat, saturated fat and cholesterol in their diet. 

Consuming less fat, saturated fat and cholesterol will probably lead to a concomitant 

decrease in choline intake. Thus, we believe that the addition of choline (fortification) to 
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certain foods is likely to occur. Any fortification of foods with choline should be 
II 

consistent with FDA published guidance on food fortification (Sec. 104.20)*. 

Table 2. Choline Content of Some Foods 

CHOLINE CHOLINE 
FOOD CONTENT, RAW, g CONTENT PER 

wk RAW’, mg 
Apple 0.022 140 3.06 
Banana 0.007 140 0.96 
Beef Liver 3.380 85 287.27” 
Beef Steak 0.479 85 40.75 
Butter 0.164 14 2.29 
Cauliflower 0.230 85 ,19.58 
Corn Oil 0.001 14 0.02 
Coffee 0.005 240 1.25 

_ 
Potato 0.029 110 3.24 
Tomato 0.1011 85 0.93 

I 

Whole Wheat Bread 1 0.036 1’50 1 1.81 
’ RACC is Reference Amount Customarily Consumed. 
* Eligible for “high” claims. 
Modified from Zeisel and Blusztajn (1994). 

r Sec. 104.20 does not directly list choline as one of the nutrients that can be added to foods, though, in that 
section FDA notes that “(i)it is reasonable to anticipate that the Reference Daily Intakes (RDI’s) as 
delineated in Sec. 101.9 of this chapter and in paragraph (d) of this section will be amended from time to 
time to list additional nutrients and/or to change the levels of specific RDI’s as improved knowledge about 
human nutrition requirements and allowances develops.” Clearly, the report by NAS on choline 
requirements is the type of “improved knowledge” contemplated by FDA and, thus, choline fortification of 
appropriate foods is consistent with the Fortification Policy. 
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VII. Conclusion 

We have provided an authoritative statement from NAS regarding the establishment of an 

Adequate Intake level of choline in the diet. This statement identifies 550 mg of choline 

per day as the AI for men and is the level recommended to be used as a RDI for labeling 

and nutrient content claim purposes. We also supplied additional statements from NAS 

supporting the above conclusion. Thus, “good source,” “more,” and “high” nutrient 

content claims are authorized for products with a choline content of 55 mg/RACC, 55 

mg/RACC more than an appropriate reference food and 110 mg/RACC, respectively. 

Respectfully, 

Central Soya Company, Inc. 

Gregory L. Paul, Ph.D. Terrence E. Quinlan 
Director Nutrition Science Corporate Counsel 
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Appendix A. 
Authoritative Statement from the NAS in support of nutrient 
content claims for choline 

Choline Chapter (pages 390-422) from Dietary Reference 
Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, Folate, 

%@- Vitamin B12, Pantothenic Acid, Biotin, and Choline *. 



Choline 

SUIMMARY 

Choline h.nctions as a precurwr ror acetylchaine, phwphalipida, 
and the mcthyi donur bctainc. The primarp criterion used to csti- 
mate the Adcquatc Intakc (AI) for choline is the prevention of 
iivcr darnagc as -xsxsscd by measuring saum alaninc aminoQarts- 
ferase levels. The AI for adulu is 550 mg/day of choline for men 
and 425 mQday for women. There are no nationally representative 
estimates of tire intak.e of choline from food or fofxl supplements. 
Choline in the diet is aklable as free choline or is bound as esters 
such as phosphocholine, glycerophosphocholine, sphingomyelin, 
or phosphaddylcholtne. The criticai adverse effect fTom high 
intake 01 choline is hypoteosirtn, with ccu~oborative dde3lc.e an 
cholinergi~ side elects (e.g., sweating and diarrhea) and Gahy 
body odor. The Tolerable Upper Intake Level (UL) Car adults ia 
X5 g/day. 

BACKCROUhl3 IIWORMATXON 
Choline is a dietary comporrent chat is importaut for the at~~ctural 

integrity of cell membranes, -methyl metabolism, choiirxrgk IKWO- 
traIlsmission, trausmemkarle signaling, and lipid and cholesterol 
trx.ruport and metabolism. Ilumar~ cells grown ix1 ,culture have 5~1 
xbsolute requirement for choline (Eagle, 1955). Wheu cells are 
deprived of choline, they die by apoptosis (Albright et al., 199% Cui 
et al., 1996; IIolmes-McNary et al., 1997;James et al., 1997; Shirx et 
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al., 1997; 7xiscl CL al., 1997). Thcrc is an cndogcnous pathway for 
the dc novo biosynlhcsis of the choline moiety via the scqucntial 
mcthylalion of phosphatidylcthanolaminc using Sadcnosylmc~hioninc 
as the mc:lhyi donor (Brcmcr and Grccnbcrg, 1961) (see Figure 
12-I). Thus, Lhc demand for diclaty choline is modified by mctilic 
mctitykxchangc relationships bclwccn choline and lhrcc nuticn~: 
mcthioninc, folatc, and vitimin B,,, (lipouopcs) (7xiscl and Blus/.tajn, 
1994). 

WiLh this type of nutricm inkrdcpcndcncc, dcsignaLion of Ihc 
csxnlial nature of a nu~%.~~~ dcpcnds on showing t2lat dc novo 
synthesis rates arc no1 adcqualc LO mccL Lhc demand for the nulri- 
cnt when the olhcr nutricnis arc available in amounts sufficicnI M 
sustain normal growth and fundion. Hcahhy men with normal 
folatc and vitatnin B,, s~us fed a choliricdcficicnt dicl have dimin- 
ishcd plasma choline and phosphalidylcholinc conccnu-ations and 
dcvclop livct damage (7KiscI cl al., 1991.). For Lhcsc individuals, dc 
nova synthesis of choline was non adcquatc LO mccL Lhc demand for 

L 
Phosphatidykholine 

/ 
DNA mc 

other meth$ations I t 

Phosphotykholine 

--. Betaine 

FIGURE 12-l Choline, folak, and methionine melabolkm are closely int.errelated. 
Ado&y = S-adenouylhomwyakine, Ad&e1 = S-adenosylmethionke~ B,* = vilamio 
l’%,,, CnP4Jholinc = cyddinc diphonphocholinc, PtdEtn = phosphatidykthanalaminc, 
TIFF = tcrrahydrofolavs, Rcprintcd with pcrmivsion, from Zciscl and Rlu.~jn 
(1991). Copyrighr 1991 by Annual Rcvicws. 
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the nutrient. Tnformation about women, infants, children, and older 
adults is non sufficient to know whcthcr choline is nccdcd in the 
diet of thcsc groups, 

Choline can bc acctylawd, phosphorylatcd, oxidijr.cd, or hydra- 
lyzd. Scvcral comprchcnsivc rcvicws of the metabolism and func- 
tions of choline have been published (Kuksis and Mookcrjca, 19’78; 
Z&cl, 1981; 7,ciscl and BlusLtajn, 1994). 

Choline accclcratcs the synthesis and rclcasc of acctylcholinc, an 
important ncurotransmittcr involved in memory swragc, muscle 
control, and many other functions (Cohen and Wurtman, 1975; 
Haubrich CL al., 1974; Wcckcr, 1986). It is also a precursor for the 
synthesis of, ( 1) phospholipids, including phosphatidylcholjnc (a 
mcmbranc constituent important for the SVUCLLIJ-c and function of 
mcmhrancs), for intracellular signaling (Exion, 1994; Zciscl, 1993) 
and hcpatic export of vcty lowdcnsity lipoprotiins (Yao and Vance, 
1988, 1989); (2) sphingomyclin (anobhcr mcmhranc constituent) 
for structural and signaling functions (Hannun, 1994); and 
($) platclct activating factor, a potent mcsscngcr moicculc (Frcnkcl 
CL aI., 1996), Choline is a precursor for rhc formation of the mclhyl 
donor bctainc. Bctainc is also rcquircd by renal glomcrular cells, 
which. use bctainc and glyccrophosphocholinc as organic osmolytcs 
LO adapt, to osmotic sucss (Baucrnschmitt and: Kinnc, 1993; Burg, 
1995; Garcia-Pctcz and Burg, 1991; Grossman and Hcbcrt, 1989). 

Physiology of Absorption, Metabolism, and Jikr&on 

Dietary choline is absorb+ from the lumen of tic small intcstinc 
via transporter proteins in QIC cnrcrocytc (Hcrzbcrg and Lcmcr, 
1973; Hcrzhcrg CI al., 1971; Kuc-Acr ct al., 1977;,Shcard and Zciscl, 
1986). B&ore choline can bc abeorbcd from the gut., some is mctah 
olixcd by bacteria to form bctainc (which may bc absorbed and used as 
a methyl donor) and mcthyla,mincs (which *arc not methyl donors) 
(7~iscl CL al., 1983). No other component of the diet has been idcnt.i- 
ficd as compcdng wilh cholinc:for transport by intestinal carriers, Cho- 
Iinc is found in foods as&cc choline and as cstcrificd forms such as 
phosphocholinc, glyccrophosphocholinc, sphingomyclit~~‘arld phcrs- 
phatidyicholinc. I&thin is a bhosphatidylcholinerich fraction prc- 
pared during commercial p+ication of pbospholipids, and this 
term is often used in tcrchangcably with phosphatidylcholinc. 
Lecithin is often added to foods as an emulsifying agent. 



Pancrc.atic cnzymcs can libcratc choline from dietary phosphati- 
dylcholinc, phosphocholinc, and glyccrophosphocholinc: (Z&cl 
and Rlusxtajn, 1994). The free choline that is formed cntcrs the 
porial circulation of the liver (Ix: Kim and Actzing, 1976) whcrcas 
phosphatidylcholinc may cntcr via lymph in chylomicrons. 

AJI Lissucs accumulate choline by diffiuion and mediated trans- 
port (Z&cl, 198 I ). A specific carrier mechanism transports free 
choline across tic blood-brain barrier at a rate that is proportional 
lo the strum choline concentration. In the nconatc this choline 
transporter has an cspccia.lly high capacily (Comford and Comford, 
1986). The raw at which the liver takes up choline is sufficient to 
explain the rapid disafipcarancc of choline injcctcd systemically 
(Zciscl cl al., 198Oc). The kidney also accumulalcs choline (Acara 
and Rcnnick, 1973). .Somc of this choline appears in the urine un- 
changed hur mosl is oxidixcd within the kidney LO form bctainc 
(Rcnnick ct al., 1977). 

In the prcdominanl pathway for phosphatidylcholinc biosynrhcsis, 
choline is phosphorylarcd, convcrtcd to cytidinc diphosphocholinc, 
and Lhcn convcrtcd to phosphatidylcholinc (‘Kcnncdy and Weiss, 
1956; Vance, 1990) (Figure 12-I ) , In an altcrnativc parhway, 
phosphalidylcrhanolaminc is scqucntially mcLhylaLcd to form 
phosphatidylcholinc by the cnzymc phosphaLidylcthanolaminc-N 
mclhyltransfcrasc with Sadcnosylmcthioninc as the methyl donor 
(Brcmcr and Grccnbcrg, 1,961; Vance and Ridgway, 1988). This is 
the major (perhaps only) palhwdy for dc novo synthesis of the 
choline moiety in adull mammals. 11. is most acLivc in the liver but 
has been idcnLificd in many other &sucs (Blusztajn ct al., 1979; 
Crews CI al:, 1981; Yang coal., 1988). Best c&maws of in viva activity 
of Lhis cnzymc,, based on in vitro data, arc that 15 Lo 40 pcrccnr of 
the phosphatidylcholinc prcscnl in the liver is dcrivcd from the 
phosphatidylcthanolaminc-N-mcthyltransfcrasc pathway, with the 
rcmaIndcr coming from the cytidinc diphosphocholinc p&~way 
(Bjomstad and Brcmcr, 1966; Sdndlcr and Akcsson, 1975). No csti- 
mates arc availablc as 10 Lhc rclativc cxtcnt of choline obtained 
from ccl1 turnover, Dicwry intakd of phosphatidylcholinc is approx- 
imat!Jy 6 to IO g/day (Zciscl ct al., 1991). 

A slgnlficanl porlioillof choline is oxidized to form bclainc in the 
liver and kidney (Bianchiand Azzonc, 1964; Wcinhold and Sanders, 
1973). The mcthil gro~p9 of bclainc can 1~ scavcngcd and rcuscd 
in singlccarbon mcta+olism (Fit&c&in cl al., 1982) (see “Nutrient- 
Nulricnl Tntcractions”). 



Humans 

Clinical E.ects of hmkquate Intake 

Although choline is clearly essential to life, there is only one pub 
Iished study examining the effects of inadequate dietary intake in 
healthy men, That study reported decreased choline stores and liver 
damage (elevated alanine aminotransferase) when men were fed a. 
cholin4eficient diet. containing adequate mettionine, folate, and 
vitamin B,, for 3 weeks (Zeisel et al,, 1991) (Figures 12-2 and 12-3). 
Another study, in which men were fed a choline- and methyl- 
deficient diet, reported decreased choline stores but did not report 
on liver function (Jacob et al., l(995). Individuals fed with total 
parenteral nutrition (TIE%) solutions devoid of choline but ade- 
qua.* for methionine and folate develop fatty liver and liver damage 
as assessed by elevated &nine aminotransferase; in some individu- 
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FIGURE 12-Z Plasma cholir~e in healthg men ingesting a COIIUO~ (500 q/day of 
choline) CC cholinc-dcficicnt (13 mg/day of choline) dicr. *DilTcrcncc rrom day 7 
\aluc: p < 0.01. Rcprintcd with permission, from Zciscl cc al. (1991). Copyright 
1991 by the Fcdcrarion of American .%cicricr for Expcrimcntal Biology. 



FXXJRE It-3 Serum alanine aminowansferase (ALT) activity in men iqerling a 
control or cholinwicficicnt diet. Strum AI-T was dctcrmincd by wing an automat- 
cd spcccrophotomctric assay. Data arc cxprcwcd aa mean activity 9~ standard crrar 
of the mean, *Difkrcncx from day 7 tiuc: p < O,O!i. Rcprintcd with permission, 
tkom Z&cl et at. (3991). CZpyright 3991 by the Federation of American kcicties 
for Experimental E@Iogyv 

als, this is rcsolvcd when a .sourcc of diclary choline is provided 
(Buchman cc al., 1992, 1993, 1995; Chawla CL al., 1989; Shapira ct 
al., 1986; Shcard CL al., 1986). 111 a douhlc-blind protocoi, invcstiga- 
tars administcrcd Iccithin (50 pcrccnL phosphatidylcholinc) orally 
LO paricnts rccciving TPN Lwicc daily for 6 weeks. AL lhc end of this 
time, plasma choline had risen by mote than 50 pcrccnt in rhc 
Iccithin group whctcas in the placcho group it had dccrcascd by 25 
pcrccnt. In Lhc trcatcd-group, liver faL dccrcascd by SO pcrccnt 
(Buchman CL al., 1992). In another small clinical study (Buchman 
CL al,, 1995), four paGents who had low plasma ~~n~~n~ration~ of 
free choline aficr Lrcatmcnt wilh 7TW (which contained no addi- 
tional choline) wcrc given 1 to 4 g/day of choline chloride for 6 
WC&.’ During choline administration, plasma choline concentration 
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incrcascd in10 the normal range but dccrcascd back to basclinc 
when choline supplcmcnlation was discontinued. Fa~y liver was 
rcsolvcd complclcly during choline supplcmcntaiion but slcalosis 
(falty liver) rccurrcd in one paticnl a&r 10 WC& of txxurn LO 
choline-f&c TP?J. The available data suppon tic provisional con- 
clusion that de nova synlhcsis of choline is not always sufficicnr 10 
meet human rcquirctncnls for choiinc, 

Suppot%ng animal ~dics (in many spccics, such as Lhc baboon) 
also found Lhal a cholitedcficicnl diet rcsultcd in dccrcaqcd 
choline slorcs and Iivcr dysfunction (Hoffbaucr and Zaki, 1965; 
Shcard CL al., 1986; Tayck cc al., 1990; Yao and Vance, 1990), The 
following animals fed a cholinc-dcficicnl diet may bc susccptiblc LO 
dcvcloping growth rctztrdation, renal dysfunction and hcmot-rhagc, 
or bone abnormalities: baboon {Hoffbaucr and 72X, 1965), chicken 
(Blair ct al., 1973; Kctola and Ncshcim, 1974), dog (&xl and 
Huntsman, 1932; Hcrshcy, 1931), guinea pig (Tani cl al., 1967), 
hamslcr (Handler, 19491, pig (Blair and Ncwsomc, 1985; Fairbanks 
and Kridcr, 19451, quail (KctAa and Young, 1973). rat (Ncwbcmc 
and Rogcn, 1986), and trout (Kctola, 1976). 

SELECTION OF INDICATORS FOR ESTXMA’I’ING 
THE REQUIREMENT FOR CX-IOLTN? 

Markers of LivmLJysfunction 

The liver is damaged when humans consume an othctwisc adc- 
qualc diet that is dcficicm in choline, rcsulling in clcvatcd alaninc 
aminoVansfcrasc lcvcls in blood (Burl CL al., 1980; Tayck ct al., 
1990; Zciscl cl al., 1991). Fauy infiltration of liver also occurs in 
choline dcficicncy but is difFiculL LO USC as a funcLiona1 marker with- 
out spCcial liver imaging lcchniqucs (Buchman ct al,, 1992). 

Hcpalic choline and Choline mctabolitc conccnU‘at,ions have been 
shown lo dccrcasc during choline dcficicncy in Ihc rat (Zciscl ct al., 
1989). Phosphocholinc conccnuxlibn in liver is highly corrclauzd 
with diclaty chalinc intiks, dccrcasing LO 10 LO 20 pcrccnt of con- 
trol values aficr 2 weeks on a dicl euffrcicnt in mclhioninc, folatc, 
and vitamin B,, bur dcficicnt in choline (Pomfrct CL al., 1990). 
Hcpat.ic phosphocholinc concentration was most scnsitivc IO modest 
dietary choline dcficicncy, dccrcasing ‘~0 10 10 20 pcrcct>t of cgntrol 
values afux 2 weeks of a dcficicnl dicl (Pomfrcl CL al., 1990), This 
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mcasurcmcnt is nol easily undcrlakcn in humans, although mag- 
nctic rcsonancc spectroscopy dots makes it possible (Cohen CL al., 
1995). 

Plasma choline conccntrzttion varies in rcsponsc to diet and is 
found in Lhc watcrsolublc Fraction as free choline (Buchman CL al., 
1993; Burt cl. al., 1980; Chawla CL al., 1989; Shcard CL al., 1986; 
Zciscl cl al., 1991). 11 dccrcascs approximately 30 pcrccnl in sub- 
jccls fed a cholirrc-dcficient diet for 3 weeks (Z&cl ct al., 1991), 
Plasma choline concentration can incrcarc twofold after a mcai high 
in choline content and ~hrcc- or fourfold after a supplcmcntal cho- 
lint dose (Zciscl CL al., 1980b). Fa4ting plasma choline conccnim- 
tions vary from 7 LO 20 ymoI/I,, with ‘m,osL subjccu having conccn- 
lrations of 10 pmol/I,. The disadvantage of using plasma choline as 
a functional indicator is that lhcsc conccnu-ations do not appear to 
dcclinc below approximately 50 pcrccnt of normal,,cvcn when sub- 
jccLs fast for more than I week (Savcndahl ct al., 1997). Perhaps 
this is bccausc mcmbranc, phospholipi+ which arc a large storage 
pool for choline, arc hydrolyzed to mamtain plasma choline con- 
ccntraGon above this minimal lcvcl. Fasting ,plasina phosphatidyl- 
choline conccntralions (mostly as part of plasma Iipoprolcins) arc 
approximately 1, LO I .5 mmol/L (Aquilonius et al., 1975; Zciscl CL 
ai,, I980b, 199 1). Plasma phosphaQd$~bolinc concentration also 
dccrcascs in choline dcfi$icncy (Qisci 01 al., 199’1) but is also ‘influ- 
cnccd by factors that change plasmzi lipoprolcin Icvcls. 

Reduction of &IX of Chronic Disease 

Dementia 
Studies in rodcnls suggest that dietary in&kc of choline early in 

lift can diminish rhc scvcrity of memory deficits in aged animals 
(Bartus ct al., 1980; Meek and Williams, 1997a, h, c). Most av&lablc 
human studies have used cholinccon&ning compounds to treat 
rather than prcvcnt rhc symptoms of dcmcntia and lhcrcforc did 
no1 address whcthcr dcmentias could bc prcvcnlcd. In Lhc abscncc 
of food composition data, cpidcmiological sludics on the associa- 
lion of choline inbakc with dcmcntia arc non availabic. Marc human 
studies arc nccdcd to dclcrminc whclhcr dietary choline intake is 
useful in the prcvcntion of ‘dcmcntia 
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The choline-containing phospholipid phosphatidylcholine (lecithin) 
has been used as a treatment to lower cholesterol concentrations 
because lecithincholesterol acyltransferase has an important role 
in the removal of cholesterol from tissues. In humans phosphatidyl- 
choline ingestion is associated with a modest reduction in plasma 
cholesterol (Hirsch et al., 1978; Wood and dlllison, 1982; Zeisel et 
al., 1991). In addition, choline or betaine treatment has been used 
to lower high plasma homocysteine concentrations (Anonymous, 
199’7; Dudman et al., 198’7; Wendel and Bremer, 1984; Wilcken et 
al., 1983,1985), and choline-deficient. rodents have eleva.ted plasma 
homocysteine concentrations (Varela-Moreiras et al., 1995) (see 
Chapter 8, ‘“Vascular Disease”). Wendel and Bremer ( 1984) report- 
ed that betaine treatment was m’ore effective than folate treatment 
in normalizing plasma homocysteine and methionine c.oncent.ra- 
tions of a child with homocysti&a, a genetic disease caused by 
5,10-methylenetetrahydrofolate reductase deficiency (chohne is the 
precu&r for +tine, which itself is found in sugar beets and wine). 
Therefore, dietary choline intake might be correlated with car&o- 
vascular disease risk. More human studies are needed before con- 
clusions can be drawn about whether dietary choline intake is use- 
ful in preventing cardiovascular disease. 

In rodents dietary choline deficiency is associated with increased 
incidence of liver cancer and increased sensitivity to carcinogenic 
chemicals (Newbeme and Rogers, 1986). The mechanisms of the 
carcinogenic actions of choline deficiency are not known but may 
be mediated by changes in protein kinase C activity (da Costa et al., 
1995, 1995). There are no human data; studies in humans are 
needed LO ass& the role of dietary choline in the prevention of 
cancer. 

FACTORS AFFECTING THE CHOLINE REQUIRE.MENT 

Nutrient-Nutrient ‘Interactions 
Any consideration of the requirements for choline and 

methionine needs to include tie close- interrelationships with other 
methyl donors. Choline, methionine, and folate metabolism inter- 
act at the point that homocysteine is converted to methionine. 
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Rctainc-homocystcinc mcthylu-ansfcrasc catily/.cs the mcthylation 
of homoc@nc using bcminc LZ% the mcrhyl donor (see Figure 12-l) 
(Finkclslcin CL al, 1982; Mudd and Poole, 1975; Wang and Thompson, 
1972). Tn an altcmativc pathway, 5-mc~hyl~cc:rahydrofola~c-homocys- 
tcinc mcthylrransfcrasc rcgcncralcs mclhioninc by using a methyl 
group dcrivcd dc nova from lhc singJccarbon pool (Finkclslcin CL 
al,, 1982, 19$8), Mcrhioninc adcnosyllransfcrasc convcr& mclhioninc 
LO .Sadcnosylmcthioninc (Lhc active mcthylating agent for many 
cnzymalic mcthylalions, including the mcrhyla~ion of phosphati- 
dylc~hanolaminc LO form phospharidylcholinc [Ridgwai and Vance, 
19881). 

Perturbing Lhc mclabolism of one of the mclhyl donors tcvcals 
the inlcrmingling of lhcsc metabolic pathways. Toti hcpalic folatc 
CO~LCIN dccrcascd by 31 10.40 pcrccnl in rals aflcr 2 weeks on a 
cholincdcficicnt dicl (Sclhub CL al., 1991; Varcla-Morciras CL al., 
1995). This .cffccc was rcvcrscd by rcfccding choline (Varcla- 
Morciras CL al., 1995). Rau fed diets dcficicnl in boIh mcthioninc 
and choline for 5 weeks had hcpalic folalc conccntratioris that wcrc 
half of ~hosc prcscnr in conuols (Hornc ct al., 1989). Tcirahydro- 
folalc dcficicncy in rats, induced i)y trcatmcnt with mclhotrcxatc 
(Bar& and Kcmmy, 1982,; Barak CL al., 1984; Freeman-Narrod CL al., 
1977; Pomfrcl CL al., 1990; Svardal ct al., 1988) or by dicmry folatc 
dcficicncy (Kim CL al., 1994) rcsultcd in diminished hcpatic 10~1 
choline, with lhc grcauzst dccrcaac occurring in hcpatic phospho- 
choline concentrations. During choline dcficicncy in rats, hcpatic 
Sadcnosylmcthioninc conccnlraGons also dccrca$cd by as much as 
50 pcrccnt (Barak CL al., 1982; Poiricr CL al., 1977; Shivapurkar and 
Poirict, 1983; Zciscl cl al., 1989). In ratS cholir!c dcficicncy for 2 
weeks doubled plasma homocyslcinc lcvcls (Varcla-Morciras cl al., 
1995). See Chapscrs 7 and 8 for more information on plasma 
homocyslcinc. 

Malcv may have a higher choline rcquircmcnl Ihan do fcmalcs. 
Fcmalc, rdL$ arc less scnsitivc LO choline dcficicncy Lhan arc malt 
rats (Tcssilorc CL al., 1995), perhaps bccausc of fcmalcs’ cnhanccd 
capacily to form the choiinc moiety dc novo. Fcmalcs rdls have 
grcalcr phospharidylclhanolamit~c-N-mclhyllratlsfcrasc activity in 
liver than do malts (Arvidson, 1968; Bjornswd and Btcmcr, 1966; 
Lyman CL al., 1971). J%imatcs of lhc amount of incrcascd activity 
vary bclwccn 10 (I,yman cl al,, 197 1) and 50 pcrccnt (Bjornstad 
and Brcmcr, 1966). A woman’s capacity lo form t.hc choline moicly 
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dc novo may dccrcasc after mcnopausc (Lindblad and Schcrstcn, 
I976), bccausc csuogcns incrcasc hcpacic phosphatidylcthanolaminc 
Nincthyltr~nsfcrasc activity in rats (nrouva cl al., 1986; Young, 
1971). 

Strenuous physical activity in Lraincd athlctcs rcduccd the plasma 
choline conccnvalion by approximalcly 40 pcrccnt, from 14.1 to 
8.4 pmol/L (Conlay CL al., 1986). A choline supplcmcnt given u) 
marathon runners modestly cnhanccd pcrformancc (Sandagc CL 
al., 1992). Tn 10 ~oplcvcl t.riat.hlct.cs who wcrc given +h,cr a place 
bo or lecithin at 02 g/kg body mass 1 hour bcforc each type of 
cxcrcisc, plasma choline conccntralions in all the uiathlctcs do 
crcascd on avcragc by 16.9 pcrccnt after the hicyclc cxcrcisc when 
placebo was taken bcforc lhc race but did noL do so when lecithin 
was ,givcn (Van Allwordcn ct al., 1993). 

No cstimatcs arc available for pcrccn tagc absorption of the various 
forms of choline in humans, The watcr-solublc cholinc-dcrivcd com- 
pounds (choline, phosphocholinc, and glyccrophosphocholinc) arc 
absorbed via the pormai circulation whcrcas the lipid-soluble com- 
pounds (phosphat.idylcholinc,and sphingomyclin) prcscnt in foods 
arc absorbed inlo lymph as chylomicrons via the thoracic duel. This 
results in diffcrcntial dclivcry and. kinetics of distribution to tissues 
(Chcng cl al., 1996; Zciscl CL al,, 198Ob), 

FXVDIXGS BY LIFE STAGE AND GENDER GROUP 
Data arc not sufficient for deriving an Estimated Avcragc Rcquirc- 

mcnt (FAR) for choline. The IWO published studies in healthy 
humans used malt sul$cts only and lcstcd a single lcvcl of choline 
intake. For ~hcsc reasons only an Adcquatc Tntakc (AT) can bc csti- 
maLcd. This amount will bc influcnccd by the availability of 
mcthioninc and ,folatc in Lhc diet. It may bc influcnccd by gcndcr, 
pregnancy, lactation. and--swc of dcvclopmcnt- Although Als arc 
;QCL for choline, it may bc that ihc choline rcquircmcnt can bc met 
by cndogcnous synthesis ar some of thcsc stigcs. 

To dale, all studies have used choline-free dicu and compared 
lhcm, wiLh cholinccontaining diets; no intcrmcdiatc lcvcls of dcfi- 
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cicncy have been rcportcd. Careful dose-rcsponsc cxpcrimcnu arc 
nccdcd bcforc an FAR can bc dctivcd. 

Infants Ages 0 throzdgh 12 Months 

Me&ad Used tc Set the Al 
An AI is used as the goal for intake by infants. 

Agm 0 thrtmgh 6 MO&S. The AI rcflcc~ lhc obsctvcd mean intake 
of choline by infants consuming human milk. Thus the choline AT 
for young infanls is based on mean intake data from infants fed 
human milk cxclwivcly for their first 6 months and uses the choline 
concentration of milk produced by well-nourished morhcrs. Human 
milk contains 160 to 210 mg ( 1.5 LO 2 mmol)/L of choline moiety 
dclivcrcd as choline, phosphocholinc, glyccrophosphocholinc, 
phosphatidylcholinc, and sphingomyclin (Holmes-McNary CL al., 
1996; Zciscl CL al., 1986). The, tholinc phospholipids sphingomydin 
and phosphatidylcholinc arc part of the milk far-globule mcmbranc 
(Holmes-McNary CL al., 1996; Zciscl CL al., 1986). 

R.ai pups dcnicd access to &ilk have lower serum choline conccn- 
vations than do ticir fed littq mates (7Xiscl ,and Wurtman, 1981). 
Thus, milk intake contributes to lhc maintcnancc of high ,scrum 
chr>linc conccntn~ioris in the nconatc. In the ran, supplcmcnml 
choline is conccntralcid in the rat dam’s milk (Garner ct al,, 1995; 
Z&cl, 1987)‘. In women consuming a low-choline diet, milk choline 
content is Iowcr than ‘Lhat in’ women consuming a more adcqualc 
dice (7,ciscl cl al,, 1982). Consumption of cithcr ‘a ch’olincdcficicnt 
or cholinc-supplcmcnlcd di?t by lactaling rat dams rcsuhs in signif- 
icant ch,angcs in the phosphocholinc concentration of their milk 
(Holmes-McNary CL al., 1996; 7Giscl CL al., 1986) .Thc conccnuation 
of total choline in human irqilk is 160 mg/I, (1.5 mmol/L). For the 
mean volume of; output of human milk of 0.78 idday and chc avcr- 
age chlolinc Contcn t of 160 ing/L, the Ai for choiinc is 125 mg/day 
(1.2 mmol/day)‘for infanti a&s 0 through 6 motilhs. For Lhc rcfcr- 
cncc infant ticigb~ of 7 kg,,rhis corresponds LO an Al ‘of 18 mg/kg of 
b+y weight/day (0. I7 mqol/kg/day). 

Ages 7 thmgh 12 Months. If thc,rcfcr~ncc body wcighl ratio mclhod 
dcscribcd in Chapter 2 LO cxvagolatc f?om Lhc AI for choline for 
infants ages, 0 through 6 months is uScd, Lhc AT for choline for Lhc 
older infants would bc I50 mg/day (1.4 mmol/day). The second 
mcrhod (see Chap&r 2)) cxuapolating from the AT for adulu, gives 
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an AI thaL is essentially the same as that from extrapolating from 
intints, Thcrc arc no d&a estimating choline intake corn f& for 
this age group. 

Cho&.e AI$ummuv, Ages 0 through 12 Modis 
AI for Infant33 
o-a months 
7-12montfae' 

135 mg/day of choline =l8 mg& 
150 m&day of dI.oGne =17mg/kg 

Although commcrciaUy available infant formulas and bovine milk 
both contain choline and choline-containing compounds (Holmcs- 
McNary CL al., 1996; Rohlfs ct al., 1993; Z&cl CL al,, 1986), human 
milk has a significantly higher phosphocholinc concentration (718 
pmol/I,) than dots cithcr cow milk or infant formulas. Howcvcr, 
cow milk and cow-milkdcrivcd infan formulas have the same 
glyccrophosphocholinc conccncration as human milk (400 LO 800 
pmol/L) (Holmes-McNary ct al., 1996) or higher (415 pmol/L) 
(Holmes-McNary CL al., 1996), Soydcrivcd infant formulas have 
lower glyccrophosphocholinc concentration ( 115 pmol/L or less) 
(Holmes-McNary cl al., 1996). Human milk phosphatidylcholinc 
and sphingomyclin conccntraGons do not diffct significantly from 
those in cow milk and cow-miIkdCrivcd infant formulas (200 pmol/ 
I,) (Holmc~McNary ct al., 1996). Sqydcrivcd intint formulas con- 
tain more phosphalidylcholinc than do cithcr human milk or COW 
milkdcrivcd formulas but less sphingomyclin than human milk 
(Holmes-McNary CL al., 1996). UncsLcrificd choline conccntralion 
in mature human milk is 30 to 80 percent lower than in cithcr cow 
milk or the infant formulas (Holmes-MeNary ct al., t996). The rcla- 
tivc Soavailability of choline, phosphocholinc, and glyccrophospho- 
choline is similar in a rat modcf (Chcng ct al., 199fj) but no infor- 
mation is available for humans, Thus, it is not known whcthcr thcsc 
diffcrcnccs in milk and formula comp&ition arc clfn5cally rclcvant. 

Method Used ti Set the AI 

No dirccl data on choline wcrc found on which lo base an FAR or 
Al for children and adolcsccnts. Tn the abscncc of additional i&r- 



mation, ATs for thcsc age groups have been cxtrapolatcd from adult 
values by using the method dcscribcd in Chapter 2. 

Choline AI Summaq Ages 1 through 18 Years 

AI for childrm l-3 yeam 200 In&lay of Eholtne 
4-8jears 250 m&lay of choline 

AI for Boys 9-13 y-ears 375 ln.g/day of chok 
lh-18 years 550 m&day of c&dine 

AI for.Cirls 9-13 years 375 Dig/day of choline. 
14-18 years 4.00 mg/day of choline 

A&&s Ap 19 Years and Okier 

Method Used .to Set the AI 
An intake lcvcl of 500 mg/day (4.8 mmol/day; approximatdy 7 

mg/kg/day [0,7mmol/kg/day]) of choline base is the dose that 
prcvcntcd alaninc amirtotransfcrasc abnormalities in ficalrhy men 
(Z&cl ct al., 1991), This cstimatc for an AT is uncertain bccausc it 
is based on a single puhlishcd study; il may need revision when 
other data bccomc available. This cstimatc fiu within the brackct- 
ing cstimatcs dcrivcd from patients on total parcntctal nutrition for 
whom approximately 2 mg/kg/day of choline moiety did not prc- 
vent adcficicncy syndrome (Shcard ct al., 1986) and 311 mg/kg/day 
of choline moiety rcstorcd normal choline scatus (Buchman ct al., 
1992, 1993). The amount cstimatcd as adcquatc for men should be 
suffrcicnt to prcvcnt an incrcasc in alaninc aminotransfcrasc but it 
rcsultcd in a small dccrcasc in plasma choline in the one study in 
which it was cvaluatcd, which suggests that dietary intake normally 
m’ight bc slightly h’ighcr. Thus the AT is set al approximately 7 mg/ 
kg/day or, for the rcfcrcncc man weighing 76 kg, at 550 mg aflcr 
rounding. 

To arrive at an cstimatc for AT for women, it is assumed that data 
fiqm men cari bc used cvcn though women may USC choline more 
cfficicnlly (SW “Gcndcr”): No cxpcrimcntal attempts LO make 
h&thy women choline dc&nt have been rcportcd. Howcvcr, 
women on total parcntcral nutrilion wcrc jusl as likcly’as wcrc men 
to dcvclop low plasma choline concentrations and fatty liver 
(Buchman ct aI., 1995). 
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No cxpctimcntal data arc avaiJablc from which to calculate an AI 
for lift stage groups other than adults as a whole. 

Chalk AISummuty, Ages 19 Years and Older 
The AI for choline in all forms for men in all age groups is 550 

mg and for women is 425 mg. Tt is not known whcthcr women have 
lhc same rcquircmcnt on a body weight basis as men, but this Al is 
likely LO bc adcquatc on the basis of the carlicr discussion on 
gcndct. Although thcrc is some cvidcncc lhat transport across chc 
blood-brain barrier is diminished in the cldcrly, which suggcsu the 
possibility of a higher rcquircmcnt than for younger adults (Cohen 
CL al., 1995), no ac&stmcn~ has been made in the AI for the cldcrly. 

Al for Men 19-30 years 550 mg/day of choline 
31-50 years 550 mg/&y of ChQline 
51-70 years 550 mg/day of choline 

>7oyears 550 nlg/day of choline 

AI for WonleD 19-30 years 425 m&/day of ~olitw 
31-50 years 425 n&day of ~dine 
51-70 years 425 mg/day of choline 

>?OytarS 425 mg/ciay of choline 

Euzdence Considered in Setting the AI 
The need for choline is probably higher for pregnant than for 

nonprcgnant women on the basis of animal data. Pregnancy rcn- 
dcrs fcmalc raLs as vulncrablc to dcficicncy as malts (Zciscl CL al., 
1995). During prcglancy in humans (Wclsch 1978; Wclsch ct al., 
1981), ,guinca pigs (Swicry and Yudilcvich, 1985; Swicry CL al., 1986; 
Yudilcvich and Swciry, 1985), and rats Uorswicck, 1974) large 
atnounls of choline arc dtzlivcrcd to the fetus through the pkum~u. 
Transport of choline from mother to fetus dcplctcs maternal slorcs 
of choline; the choline con.ccntration of maternal liver fell From a 
mean of 130 pmol/I, in adtilL nonprcgnanl rats to 38 pal/l, in 
late pregnancy (Gwcc and Sim., 1978). 

Choline availability during cmbryogcncsis and pcrinatal dcvclop- 
mcnt may bc cspccially important, Jn rats fed adcquatc diets during 
pregnancy, postnaraIly, and at weaning, 1 mmol/ciay of extra dietary 
choline results in long-lasting cnhanccmcnt of spatial memory 
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(XIcck and Williams, 1997a, b, c), allcrcd morphology of scptal 
neurons (Lay ct al., 1991; Williams ct al., 1998), and cnhanccd 
hippocampal long-lcrm potcn0aGon (Pyapali ct al,, 1998) and 
cholincrgic ncurotrarssmission (Ccrmak cl al., 1998; Holler cl al.; 
1996). The IWO pcri& of sensitivity LO extra choline occur during 
cmhryonic days 12 to 17 and poslrlatal days 16 III $0 (Lay ct al., 
1991; Meek CL al., 1988, 1989). 

In mammals Lhc placcnla rransporls choline LO rhc fclus (W&ch, 
1976); choline conccnvation in amniotic fluid is IO-fold grcatcr 
than that in mauzrnal blood (S. Z&cl, Univcrsily of North Carolina 
SchooI of Public Health, unpublished obscrv&ons, 1997), At birth, 
humans and obzr mammals have plasma choline conccn&ations 
that arc much higher thaul,thosc in adulls (7xiscl cl al., 1980a). TI is 
not known whcthcr dc novo synlhcsis of choline incrcascs during 
pregnancy. 

The AI for prcgnanl women is grcatcr than that for Lhc adull by 
the amount nccdcd for the fclus and placenta. Through rhc USC of 
published values for the choline conccntralion of various aduh rat 
tissues (Pomficr cl al., 1989) and with the assumption of a body 
organ wcighl pcrccnwc as cstimatcd by WYdowson ( 1963) for tic 
human fcti, the fetal choline coi~lcnt can bc cstimatcd as approxi- 
matcly 5 mmol/kg (520 mg/kg) fetal weight. Human placental tis- 
sue hag ~&X-I cstimatcd to avcragc 1.26 * 0.24 mmol/kg (mean f 
sLandard error) in a small sample (n = 7) (Wclsch, 1976); a value of 
approximately 2 mmol of cho’linc per kg of placental lissuc should 
cover almost all prcgnanl women. If it is thus assumed LhaL the 
avcragc choline conicnC of fetal and placental ti.ssuc combined is 
approximately 3 mmol/kg (312 mg/kg), Ihat lhcrc is no extra syn- 
thesis during pregnancy, and that thcrc is no conlribution of cho- 
lint by placcnlal or fclal sy?Lhcsis, the rcquircd dietary amount of 
choline for the IO kg of tissue Lhat comprises the fetus (3 kg) and 
organa of pregnancy (7 kg) is 30 mmol, or 3,000 mg (IO kg tissue x 
3 12 mg), which is approximalcly 11 mg/day (10 pmol/day) of addi- 
tional dictaty choline throughout pregnancy. This amount would 
bc achicvcd by incrcasing,thc AT (aflcr rounding) lo 450 mg/day of 
choline for pregnancy. 

Choline AI Summuty, Pr&nq 

The incrcasc in the AT LO support pregnancy is based on the fetal 
and placental accumulation of choline. 
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AIforFregnancy 14-Myears 450 mg/day of cho&le 
19-30 yeJar 450 mg/day of cho&le 
31Joyem 4250 mg/day of clloltne 

Method Used i% Set the AI 
The need for choline is likely lo bc incrcascd during lactation 

bccausc a subsr;mtial amount of choline is sccrctcd in human milk, 
and mechanisms for consctving malcrnal choline zxa~us have no1 
been idcntificd. Lactating t-a& arc more scnsitivc to choline dcfi- 
cicnq 1ha.n arc ttonlactaGng rats (7xiscl CL al., 1995). 

The AI for women during lhc first 6 months of lactation should 
bc incrcascd above that in lhc nonprcgnanl,, nonlactating woman 
LO cover Lhc choline chat is transfcrrcd into milk, For the assump 
tion of an avcragc vohtmc producGon of 0.78 L/day (see Chap 
LCT 2) and an avcragc choline content of milk of 156 mg/L (1.5 
mmol/I,),, Lhis incrcasc is 125 mg/day (1.2 mmol/day). This in- 
ctcasc is based on an assumption of 100 pcrccnt cfficicncy. 11 is not 
knoti whclhcr dc novo splhcsis of choline incrcascs during lacta- 
tiqn. Woincn who arc brcaslfccding older infants who arc also cab 
ing ‘solid Rmds may need slighlly ‘less bccausc of a lower volutnc of 
milk production, 

Choline AI Summay, i?ixWion 

Al for Lactation 14-18 years 550 Ing/ciq of choline 
19-30 years 55Omg/day ofcholine 
31-5oyears 550 q/day of choline 

DITAKE OF CHOLINE 

Food sourci 

Choline is widely distribulcd in foods, with rnosl of it in lhc form 
of phosphatidylcholinc in mqmbrancs. Foods that arc cspccially rich 
in choline compounds arc milk, liver, eggs, and peanuts. II is possi- 
blc to consume a dicl of normal fooda that dclivcrs 1 g/day of 
choline (Z&cl CL al., 19Mb), I&thins added during food process- 
ing may incrcasc the avcragc daily per capita consumption of phos- 
phatidyicholinc by 1.5 mg/kg of body weight for adults (this corrc- 



spends LO 0.225 mg/kg of body weight of choline moiety) (SCOCS/ 
LSRQ, 1979). 

Gholirrc it>takc is JIOL rcporlcd in the Third National Hcdlh and 
NUW~~~OJI Examination Survey (Pctloff CL al., 199O), lhc ConGluing 
Survey of Food In&kc by Individuals (Pcrloff CL al., !990), or lhc 
Boston Nuu-itional Status Survey (Ham CL al., 1992), and the choline 
contim of foods is no1 inch&d in major nulricnt dalabascs. Thcrc 
arc no reports on choline intake from CanNla. P,sGma&d avcragc 
choline dietary in&kc in adults consuming a lypical US. or Canadian 
diei (as free choline and ihc choline in p’hosphalidylcholinc and 
orhcr choline cstcrs) is approximately 730 LO 1,040 tng/day (7 to 10 
mmol/day) (LSRO/FASEB, I98 1; 7&iscl, 198 i). CalcuIalions of 
dicrary choline in&kc arc based on cslimalcs crf ~hc ftcc choline 
and phosphatidylcholitic conlcnl of foods (Engcl, 1943; %zTnlirc ct 
al,, 1944; Wcihrauch and Son, 1983; Z&cl CL al., 1986); Older assay 
proccdurcs for choline wcrc imprccisc and di,d not always include 
giyccrophosphocholitjc or phosphocholinc contcnL, making many 
of the available dara unrcliablc, On the basis of’ a finding of dc- 
crcascd plasma cholini3 and phosphatidylcholinc conccnvations 
when humans wcrc swirchcd fi-om a dicr of normal f&s LO a de- 
fined diet concaining,,%O mg/day of choline (Zciscl CL al,, 1991), 
lhc avcragc dictity itfiakc of choline probably cxcccds this lcvcl in 
adults. lnfan t formulas c,ontain approximalcly 240 mg/L (2.3 
mmol/L) of choline in its various forms, (Holmes-McNaty ct al., 
1996). 

Intakej-om Su-laments 
Choline is available as a dicraty supplcmcnr as chotinc chloride or 

choline bilarlralc and as IcciLhin, which usually contains approxi- 
ma&Iy 25 pcrccnl phosphalidylcholinc or 3 lo 4 pcrccnt choline by. 
weight. Tn ~hc vcavncnt of neurological discascs, large doses (5 LO 
30 g) of choline and phosphaLidylcholinc have hccn administcrcd 
10 humans (ISRO/FASEB, 1981). There arc no rcliablc cstimatcs 
of the frcqucncy of use oiamoun~ of thcsc dictaty supplcmcnw 
consumed by individuals in rhc United S&ES and Canada. 



TOLERABLE UPPER INTAKE LEVELS 

Aduae Effects 

Choline doses that are orders of magnitude greater than estimat- 
ed intake from food have been associated with body odor, sweating, 
salivation, hypotension, and hepatotoxicity in humans (LSRO/ 
FASEB, 1975, 1981). There are no indications in the literature that 
excess choline intake produces any additional adverse effects in hu- 
mans. The animal data provide supportive evidence for a low de- 
gree of toxicity of choline. However, some animal studies have indi- 
cated growth suppression at high intakes (LSRO/FASEB, 1975). 
Because of the large doses and routes of adminisrration used (e.g., 
intravenous and intraperitoneal injection), they were considered 
not relevant to human intakes from food and supplements (Davis, 
1944; Hodge, 1945; Sahu, 1989; Sahu et al., 1986). 

Body Odm, &eating, ati Sa.tiva$ion. High doses of choline have 
been associated with fishy body odor,.vom.iting, salivation, sweating, 
and gastrointestinal effects (L.SRO/FASEB, 1981). These symptoms 
were reported in patients with tardive dyskinesia and cerebellar 
ataxia treated with choline chloride at 150 and 220 mg/kg of body 
weight/day for 2 to 6 weeks (IO and 16 g/day, respectively) (Davis 
et al., 1975; Growdon et al., 1977b; Lawrence et al., 1980). Studies 
of the production of methylamines from ingested choline suggest 
that fishy odor would have been observed in heaithy populations 
(Zeisel et al., 1985). Fishy b,ody’odor results from the excretion of 
excessivCl amounts of trimethylamine, a choline metabolite, as the 
result of bacterial action. Lecithin, a choline-containing phospho- 
lipid, does not present a risk of fishy body odor because it generates 
little methylamine because the bacterial enzyme cannot cleave the 
ester (Zeisel et al., 1983). 

Hptkm-ision. Oral administration of 10 g/day of choline chloride 
(which is equivalent to 7.5 g [72 mmoll of choline alone) had a 
slight hypotensive effect in humans (Boyd et al., 1977). Choline 
could be acting by increasing vagal tone to the heart or by dilating 
arterioles. Although added choline increases acetylcholine release 
from in vitro preparations of heart (Loffelhglz, lUSl>, changes in 
cardiac rate have not been observed in healthy humans treated with 
choline. 
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Hepatntotidty. Mild hcpaloloxicity was rcpor~cd in paticnu rccciv- 
ing choline magnesium LrisaticylaLc ( 1,500 mg twtcc daily for 8 days) 
(Ccrsusimo and MaLLhcm, 1987), T~CFC is also one rcportcd cast 
of scvcrc hypcrscnsitivily hcpalitis ti~h striking lissuc and pcriphcml 
cosinophilia aficr ing&tion of choline magnesium LrisalicytaLc 
(Nadkarni cl al., 1992). Howcvcr, .it is likely Hal hcpal.oloxiciLy was 
induced by salicylalc ralhcr than by choline (Ccrsosimo and 
Matthews, 1987). Humans with and without cirrhosis have been 
CrcaLcd with large doses of choiinc chloride (6 g/day for 4 WC&} 
wirh no rcsuhan~ liver LoxiciLy (Chawla CL al., 1989). 

A!~~rupeczj% Toxic@ Tinnitus and pruritus have been rcporwd in 
patients Lrcalcd with doses of Y g/day of choline magnesium 
wisalicylarc for 6 WC&S. Thcsc side cffccu wcrc uansicnt and prob 
ably caused by salicylatc (Mody cl al., 1983). The salicylalc cffcc~ 
likely accounlri for many of Lhcsc obscrvakms, and the others arc 
lit&y unusual anomalies, such as ~hc one cast of c.onCact dcrmalilis 
rcportcd after dcrmal cxposurc LO choline chloride (Fischer, 1984). 

Tndividuats with ~rimcrhytaminuria (fish odor syndrome), renal 
discasc, liver discasc, dcprcssion, and Parkinson’s discasc may have 
incrcascd susccplibitity IO lhc advcrsc cffccu of choline. Trimclhyl- 
aminuria rcsutts from a rare gcnctic dcficicncy rhar causes cxccssivc 
cxcrction of \rimcthylaminc and, lhcrcforc, an incrcascd risk of 
dcvcloping fishy body odor (At-Waix CL al., 1988, 1989; Humbcrl ct 
al,, 1970; Shcllcy and Shcttcy, 1984). Tndividuals wirh rcnat’or liver 
discasc may have incrcascd su.sccpGbility bccausc of incrcascd lcvcls 
of plasma choline (after ingestion of suppicmcmal choline) com- 
pared witi hcahhy individuals (Acara and Rcnnick, 1973; Acara ct 
al., 1983; Chawla CL al., 1989; Rcnnick cl al,, 1976). In rare casts, 
consumption of large amounls of choline has been associawd wilh 
dcprc&on (Davis cl al,, 1979; Tamminga ct al., 1976). Finally, miid 
and lransicnl Parkinsonian signs (bradykincsia, lrcmor, and rigidily) 
wcrc ,obscrvcd at high doses ( 19.7 g/day) of choline as a chloride in 
pcoplc with lardivc dyskincsia (Gclcnbcrg CL al., 1979), which sug- 
gcscs what ~upplcmcnti ch&~c imakc by Parkinsonian paticn& may 
cxaccrbatc symptoms. 

Sumrnnly 
On the basis of considcraGons of causality, tclcvancc, and the 

i. 
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quality and complctcncss of the database, hypotcnsion was sclcctcd 
as the critical cffcct in deriving a Tolcrablc Upper Tntakc Lcvcl 
(Iii.); fishy body odor was sclccccd as the secondary consideration,. 

Data l5idedm. The data used to dcrivc the UT, for choline include 
a single cast rcpor~ of hypotcnsion and scvcral other studies involr 
ing cholincrgic cffccts and fishy body odor after oral admin’isuation 
of Iargc choline doses. 

Tihtafacation of a no-o~mdd~~ect level (NOAEIJ and a buwt- 
tdvmedd~~rnsw~d Imel (I&AEIJ, Thcrc arc no adcquatc &la dcm- 
onstraling a NOAEI, for cxccss choline inrakc, A LOAEL of approx- 
imately 7.5 g/day of choline can bc idcntificd from evaluation of a 
pilot study that rcportcd hypotcnsion in scvcn paticnu trcalcd wilh 
choline for Alzhcimcr scnilc dcmcntia (Boyd cl al., 1977) and 
rcporls of fishy body odor in individuals trcatcd with choline for 
tardivc dyskincsia and HuntingloL’d discasc (Gcicnbcrg ct al., 1979; 
Growdon CL al., 1977a, b; T.awTcncc ct al., 1980). Boyd CC al. (1977) 
trcalcd scvcn older adulL patients with 4 g/day of oral choline as 
choline chloride for 2 weeks followed by 2 weeks of choline al 7-5 
g/day. Ac 4 g/day of choline, daily blood prcssurc recordings 
rcvcalcd no hypotcnsion. Tn addilion, thcrc wcrc no reports of 
nausea or diamhca or other cvidcncc of cholincrgic cffccts at this 
dose lcvcl, At 7.5 g/day of choline, nausea, diarrhea, and a small 
dccrcasc in blood prcssurc wcrc rcporLcd in some patients. Other 
supporrivc data on cholincrgic cffccls and fishy body odor aficr 
cxccss choline intic arc summarixcd in Table 12-l. 

Ihtc&&ty As.semmt. An unccrminty factor (UF) of 2 was sclcctcd 
bccausc of the limited data regarding hypotcnsion and Lhc inlcr- 
individual variation in rcsponsc LO cholinctgic cffccu. 

De&&& of a u1; A IXIAEI, of 7.5 g/day was divided by an UF of 
2 LO obtain a UL of 3.75 f& adults, which was rounded down to 3.5 
g/&y. 

Choline LX Summmy, Adults 

Bccausc of lhc scarcity of data for any aduIt age group and 
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TABLE 12-1 Studies Rcponing on Cholincrgic Effects and 
Fishy Body Odor after Excess Choline Intake 

Study 

Growdon 20 9tid 2 Mild cholincrgic toxicity: 
et al., 1977aa (wk 7 ) ; la&nation, blurred virion, 

12 g/d anorexia, and diarrhea. 
(wk P)G*c 

Grawdnn 10 K-20 g/d4 2-l? Fkhy body cx$r in all 
ct aL, 1977b mubjccw; at 250-300 mg/ 

k&d, produud 
laaimation, anorcxia, 
yumiting, and diarrhea 

Gclcnbcrg 5 S-19 g/dd 6-8 100% with fishy body odor 
ct nl., 1979c &cr scvcml day*; 

gastrointertinal irritati0n.j 

T .;iwrence 14 0.Y g/d 6 At 150 mg/kg/d: 5 of’ 14 
CL a)., lf?soP f3 wk); with nshy bady odor; 12 or 

QIS/d 15 with nau%a and 
(3 wk) c*d diarrhea. 

aStudy invohvd a doubkz-blhxd, CIVSWSTX prebxoi. 
b Choline wan @en a.~ a chlq-ide or bil;rr~ale. 
~hscs wcrc cakukcd from daw in lhc rcporl using a rcf&mx body wcsighl nf 

61 kg. Dcpcnding on tic body wckghu nT the hxllvidua1.q in Lawrcncc r:~ al. (1980) and 
Growdon CL al. (19770)~ the lowcst-c0rcct dox may bc lclu than 7.5 g/d. 

d ChoIime was gimn aa a chloride. 
‘Nonblinded study: did not include a control poup. 
JMild, trzn.sicn~ Parkineonim signs (bradykinesia, UWIW, and rigidiq) were alyo 

rqxmcd. 
XDaubIchlind pru~~~ol; included conud g~up. 

bccausc no specific physiological function might bc cxpccrcd LO 
affect sensitivity to cxccss amounts of choline in older persons, no 
adjustmcnu arc proposed for the cldcrly. 

UL for Adults 19 y&m and older 3.5 g/day of choline 

For infants, the UI, was judged r-101 dctcrminablc bccausc of lack 
of dara concerning advcrw cffccui in this age group and concern 
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about lhc infant’s ability co handle cxccss amounts. The only source 
of intake for infanti should bc from food or formula m prcvcnL 
high lcvcls of haakC. Thcrc arc no data Lo suggcsl Lhar during prcg- 
nancy or IactaGon incrcascd susccpLibility LO dcvcloping cholincrgic 
cf3xu or fishy body odor from cxccss choline intake would occur. 
Thix-cforc, lhc UT, of 3.5 g/day is aLo scl for prcgnanl and laclati~~g 
women. The UT. of 3.5 g/day for adulls was adjuskcd for chitdrcn 
and adolcsccnts on the basis of rclativc body weight aa dcscribcd in 
Chap&r 3, with tic USC of rcfcrcncc wcigh& from Chaplcr 1, Table 
t-2. VaJucs have been rounded down. 

Choline UL Summ.a~~, OtYier Life Sqii Groups 

UL For Infan& 
O-14 months Not possible to establi& source of 

intake should be formula and food only 

UL for Children 1-3 yeara I g/day of choline 
4-8yearJ’ 1 g/day of choline 
9-13 years 2 g/day of choline 

UL for Adolescents 14-18 years 3 g/day of choline 

UL for Regna.?lcy 14-18 years 3 g/day of choline 
19 years and older 3.5 g/day of choline 

UL for Lsctation 14-l 8 years 3 g/day of choline 
19 years and older 3.5 g/&y of ChQsine 

Tndividuats with the following conditions may bc al tisk of advcrsc 
cffccls with choline inmkcs al the IX: uimcLh$aminuria, rcnat dii 
cast, Iivcr disease, dcptcssion, and Parkinson’s discasc. 

Intahe Aswsmmt 
_-, 

National surveys do not provide data on lhc dietary in&kc ofcho- 
lint. The IX applies LO lhc wcighl of the choline moicly in Lhc 
compound; for cxamplc, choline chloride ,contiains more choline 
by weight than dots choline bitarlratc. DicIary supplcmcnts con- 
taining choline arc availabIc; howcvcr, rcliablc cslinlatcs of lhc 
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amount of thcsc supplcmcnt, consumed in the United Stars and 
Canada arc unavailable. 

Bccausc thcrc is no information from national survey8 on choline 
intakes ot on supplcmcnt usage, the risk of advcrsc cffccts within 
the United S~atcs or Canada can not bc charactcrizcd. 

RESEARCH RECOM~MENDAIIIONS FOR CHOLINE 

Sufficient human data arc not abailablc for dctcrmining whcthct 
choline is csscntial in the human diet, how much is rcquircd if it is 
csscntiaf, and the public health impact of poor choline nutriturc. 
For this rcason, rcscarch that could provide such human data is 
assigned the highest priority: 

. Examination of the cffcco of the use of graded lcvcls of dietary 
intake of choline on paramctcrs of health. This would include asscss- 
ing plasma and tissue ,cholinc compounds and mctabolitcs; plasma 
cholcstcrol and homocystcinc concentrations; crythrocytc folatc; 
and liver, renal, brain., and other organ function, To facilitate this 
process, food composition data arc nccdcd for choiinc, phospho- 
choline, glyccrophosphocholinc, sphingomyclin, phosphatidylcholinc, 
and bctainc and the analytic sensitivity and specificity of m&hods 
for analysis of ‘food composition need to bc vatidatcd. 

e Human studies on intcrrclationships among rcquircmcnts for 
choline, mcthioninc,. folatc, vitamin %, and vitamin B,, to compare 
the homocystcincldwcring cffCcts of combinations of thcsc nutrients. 

Two additional topics ak merit attention: 

l The rclativc cffcctivc~~css of diffcrcnt choline-containing com- 
pounds in the diet in promoting health and dctcrmination of the 
sparing cffcct of crrdogcnow synthesis of choline. It will bc impor- 
tant LO conduct studies on the bioavailability of choline and choline 
compounds and on the rate of dc nova synthesis of choline in vivo. 

. Studies using increasing lcvcls of dietary intake dcsigncd to as- 
scss toxicity for all organ systems, including heart, Iivcr, brain and 



kidney; fishy body odor; and possible growth suppression in chil- 
drcn from observational data and as dctcrmincd by cxpcrirncntal 
studies in animal models. 

REFERENCES 
Acara M, Rennick B. 1973. Regulation of plasma choline by Lhe renal tubule: 

Ridircttionsl transport of choline, Astf Physiod229:112bl128. 
Acara M, Rcnnick B, LaGraff S, Schroeder ET. 1983. Effect of renal a-ansplanta- 

tion on the leveln of choline in the plrrsna ofuremic humans. N@ran 35:241- 
243. 

Albright CD, Liu R, Be&a TC, da COSU E& Salganii RI, Zeixi SH. 1996. Choline 
deficiency induces apopmsir in SV4tLimmortalized CWSV-1 raL hepuoc$es in 
culmrc. FAsERj10:510-516. 

Al-W& M, Aycsh R, Mitchell’SC>, Idle JR, Smith RL. 1988. Trimethylarninuria (*fish- 
o&w syndrome”): A ar;udy of’;m affected famiiy (2% Sti %Y!U-236. 

Al-W&z M, Ayesh & Mitchell SC, ldie JR Smith RL. 1989. Trimethylatuinuriaz The 
deLection ofcarriersusing a timelhylamine load ~%JInJIcrir Me&&i&s 1%30- 
85. 

Anonymous. 1997. l3ctainc Tar homoqtinuria. :Mcrl I.&f lh-rcb ‘Jxcr 39:lZ. 
Aquiloniw SM, CZ.eder Ci, Lying-Tune11 t’, Mahnlund HO, Schuberth J. 19%. The 

arteriovenow difference of choline across the brain of man. Brain RarW430- 
433. 

Arvidson GA 1968. Biosynthesis of flhosphatidylcholines in ran liver. L?urJ&&m 
5:41!%421. 

Rarak ,4J, Kcmmy CJ. 1982. Mcthotr~natc czccts on hcpatic bctainc lcvcis in chc- 
Iinmuppicmented and cholincdeficienr. raw Drug Nu@ In&nzti 1:27.5-tig. 

Barak AJ, Tuma DJ. Beckenhautr HC:. 1984. Merhotrcxate hcpatntoxidty./dm CX 
Nutr 3:93--96. 

Bartw RT, Dean RL, Goas JA, Lippa AS. 1980. AgcrelaLed changes in passive 
avoidance retention: Modulation w&h dietaq choline. scimr*209:301-303. 

Daucrnschmift 3JG, Rinnc RK 1993. .Mctabolism or chc ‘organic osmolytc” glyc- 
crophosphorylcholine in isolated rat inner mcdullary collecting duct cells. I. 
Pathwayn for ,cynthcsin and degradation. Bior&n Biophrr A&a 1148:331-341. 

Beat CH, Huntsman ME. 1992. The effects of the componenti of lecithiue ‘upon 
deponition of fat in Lhe liver. JPhyirJ75:409-412. 

Bianchi G, Axzone GF. 1964. Oxidation of choline in rat liver mhochondria. JBid 
rzh@n 2,99:SW?-395!i. 

Bjomstad’P, Bremer J. lsci(i. In vivo studies on pathways for the biosynthesis of 
lecithin in the mt. J Lipid Rrs 7:5W5. 

Biti y ?kWSUIW F. i(J85. hYUhXWlt Of WtCWJhbk YitUliIU iI ciiSGW% of 
swine. JAnim .Sa’ 60: 15@?-15 17. 

Blair R, W&&head CC, Bannis$r DW, Evans AJ. 1978. Involvement of diet in fUy 
liver a&kidncy syndmmc in bmiicr chickens. I&t nbc92:118-119. 

Biusztajn JK, Zeixel SH, Wurtman RJ. 197% Synthesis of lecithin (phosphatidyi- 
choline) from phoaphaddyiethanolamine in bovine brain. &uin &* 1‘79:319- 
347. 

Boyd WD, Graham-WbilcJ, Ha&wood G, Glen I, ?&Queen J. 1977. Clinical effecti 
of choline in Alzheimer senile dementia. Lna~ 2711. 



. 

CHOIdNE 415 

BremerJ, Greenberg D. 1961. ,Melhyl msfering enzyme system of microsomes in 
the biosynthcrir orlccithin (phosphafrdytcholinc). B&x& ~h~A~165?05- 
416. 

Bushman AL, Duhin M, Jenden D, Sfoukarzel A, Roth MH, Rica K, Gombein J, 
Amalt ME, Eckhert CD. 1992. Lecithin increases plasma fi-er cholirle arld 
decrtzsseu hepatic ~teato& in long-Letm wti parenleral nutrition patienls. 
c-k?s-g 109:1?%!3-1570. 

Ruchman AI, Moukarxl A, Jcndcn QJ, Aoch M, Rice R, Amcnt Ml?. 1993. IXJW 
plasma fitc choline is pn+alent fn parlena; receiving long tetm parentcsal 
nutrition and is associated with hcpatic aminnfransferase abnormalities. CXn 
N&r 12:x!-3’1. 

Buchman AL, Dubin M, MoukarzeI A, Jenden D, Roth M, Rice K, Gombeii J, 
Amen1 M. 195. Choliie deficiency: A cause of hepatic sleaio& during 
pwcnrct-al nurrition chat can hc rcvcrscd with incravcnous choline supple 
menration. H+atiqy yY:1!$99-1403. 

Burg MB. 1995. Molecular haair ofmmoric regulation. AmJPhysidt%ifkF98~. 
Bcut -HE, HarCn 1, Brwmm MF. 1980. Choline deficieucy associated with total 

parenleral nutrition. LUTKG~ 2:658-659. 
Cam& JM, Hoffer T, Julwn DA, Bluszlajn JR, 19%. Prenatal avail&&y of cho- 

lint modifies dcvclopmcnt of the hipprxxnpal cholincqic ayritcm. PiLFEA J 
ly:J49~%7. 

Cersosimo RJ, h4arrhewa SJ. 1987. Heparntoxicity associated with choline magne- 
sium ticylate: od3e report auci reviw of salicylate-induced hePatotoxicity. 
Unrglrrlcc C&n IVunm 21:621-62!% 

Chawla RK, Wolf DC, Kulner hM, Bonkovsky HL. 1989, Choline may be an essen- 
tial nutrient in malnourished patients with cirrhosis. CT-&m& 97:1511- 
1520. 

Cheng W-L, Holmes-McNary MY, Mar M-H, Lien EL, Zeisel SH. 1996. Biaavailabil- 
ity of cholk-le and chvlinc esters from milk in rat pups. J Nutr uiochn ‘7:45’1- 
464. 

Cohen BM, Renrhaw ET, Stall AL,, Wurunan RJ, Yurgelun-Todd D, Babb SM. 1995. 
nccrcascd brain choline uptake in older adults. An in viva pmton magnccic 
re.srmancc spectroscopy study.]Am MOn Asm 2’74.9M-!Nl’I. 

c&hen EL, Wurrman RJ. 19!% Brain acctytcholine: Increase after .systernic choline 
actminishatiun. Lifd Sn 16:1095-1102. 

Conlay LA, Wurlman RJ. Bluazlajn K, Coviella IL, Maher ‘IJ, Evoniuk GE. 1966. 
Decreased plasma choline concenlraliorw in mararhon runners N.!?ngfjMcd 
,915:&?92. 

Ccrn.f~~d E&l, Comfoni ME. 1986. Nutrient transport and the blood-brain barrier 
in developing animals. Fed I% 45:206S-207% 

Crews IT, C*alderini C, 6attisteUa h ‘l’offano C. 1981. Agedependent changes in 
tie me&qJation of I;U brain phospholipida. Bruin Ra 22%25+259. 

Cui Z, Houweiing M, Cheo MH, Record M, Chap H, Vance DE, Tc.x+ F, 1996. A 
gcnctic dcfcct in phosphatidyicholinc biosynthesis triggers apoptosis in Chi- 
ne.6e hanl6tcr lmily cdlk.J&x ckm P7I:14668-1467J. 

da Casta KA, Cocha~y EF, Bluurajnjq Gamer SC:, Zeicel SH. 199% etian 
of ~,k$%dhddyigiproi with increased membrane-associated protein kizti c 
may be Lhe mechanism for spontaneous hepaUnxucinogeneais in choline- 
deficienL rub. J&id chsnr 26&2100-2105. 



da Costa JU, Garner SC, Chang j, Zeisel SH. 1995, EfFecls of prolonged (1 year) 
choline dcficicncy and ,suhscqucnt rc-feeding or choline on 1,2~mdiradyl- 
glycerol, f&y acids and protein kina,% t: in rat liver. Gartineg&q 16327-334. 

DavisJE. 1944. Depression of normal erythrocyte number by soybean lecithin or 
choline. AmJl%gsid 142~65-67. 

DavisM2hSBjtgg; PA, HoIlister LE. 1975. Choline for tar-dive dyskineria. N End J 
: * 

Davis KT, llollistcr TX, Bcrgcr PA. 1979. Choline chloride in schixophrcnia. AMJ 
l?yr%kzby 136:15Hl-15&I. 

Droura SV, LaPlante E, Lebianc P, BechetB, Clauser H, Kordon C. lYg6. Estradivl 
actimter methyhtting enzyme(s) iuvvlwd in the cvnversion of phosphntidyl- 
ethanolamine LO phasphatidyichvline in ra.tpit.uilary membranes. EndocTindugy 
119:261 l-2622. 

Dudman h’P, Tyrrcll PA, Wilckcn DE. 1987. Jlomocystcincmia: Dcprcsscd plasma 
setine ICY&. Mlatotism 56:‘IYRYOI. 

Eagle H. 1955. The minimum vitamin requirement6 of the L and HeLa cells in 
ti55-w culture, the product+ of specific~titnnin deficiencies, and their cure.J 
Exp Med 102:595-600. 

Engel RW. 19Q3. The choline content of animal and plant producti/Ntir25:441- 
416. 

Eaton JH. lQQ4. Phvsphaddylcholinc breakdown and signd transduction. 3iochim 
Biofdy Acta 121~Y6-42. 

I?;iirbanks BW. Krider JL 1945. Significxtce of the B vitamiua in ‘&wine nutrition. N 
Am I’d 26:18-2X 

Fmkelwin JD, Martin JJ, Harris BJ, K$e WE. 1982. Regulation of the Maine 
content of rat liver. I+& Binrh Bi~@ys 218:169-173. 

Piikclstein JD, Martin JJ, Harris BJ. 19HN. Methionine metabolism in mammals. 
The methionine-sparing effect of cystine. J Bid i&m 263:11750-l 1754. 

Fischer ‘1’. 1984. Cvract aflqy to choline chloride. +rztuctLkrmutitis 10:516-317. 
Freeman-Narrod M, Narrod SA, Custer RP. 1977. Chronic mxicity of methouexale 

in rats: Partial uJ complete protection of the liver by choline. J i%zti G-mew hwt 
59:i 01.3-l 017. 

Frenkel R, Mu- K, Johnston J. lQ96. The biochemical role of plartlet-activat- 
ing 6xctor in reproduction, I%-ng LieA Rar 35:155-16S. 

Garcia-Perez & Burg ,MB., 1991. Kale of organic vsmolytea in adaptation vf renal 
cells to high osmolality. JMudr Bid 11&l-13. 

Garner SC, m .MH, Z&se! SH, 1995. Choline dbtributivn and metabolism in 
prcgnanr rats and fctuscs arc influcnccd by the choline content of the matcr- 
nal diet. JNutrlY5:%%51-2’858. 

Gelenberg AJ, DolJer-Wojcik J, Growdon JH. 1979. Chvlirie and lecithin in the 
treartrnent of tardive dyskine& J?elimirnuy results from a pilvt study. Am / 
P+ial~ 136:772-776. 

Grossman E-B, Heben SC. 1989. Renal inner medullary choline dehydrogenase 
activity: Characterization and modulation. AmJPkyioi 2M:F107-F112. 

Gmwdon J& Coh;en EL, Wurtman RJ. 1977a. Huntingron’s disease: Clinical and 
chem?cal rfiects of choline ,adm&isrrativn. Ann Nnrrd 1:4lU-422. 

Grvwdon JH, Hirsch Nlj, Wurtman KJ, Wiener W. 197’7b. Oral choline administrd- 
lion to patienu with tardive dyskinesia. NEnglJMed 297:524-527, 

Cmee MC,, Sim MK 1978. Free choline concentration and cephalin&methyl- 
tratxsfcrasc activity in the maternal and foctal liver and placenta of pregnant 
rats. t2in &p l%mmacnl Phy.siul.~649-653. 



.” ._.,.,,_. ~._li”.^ _,_ __ .*w”wmwmm ” -~*s-%-%-awLw~~- =a=--sm-BBsLpm” ~- _~~ 
.,,~_., rno..tcr.‘rr.n~i.-~~~“~~~~-~...,...-~~ .I.((.., ..Y‘-y’. ,Z,...-n” ..A ,*“.“..“.I.-““*...I < “L.“.,_b. *...I”“e .LdL.*-- 

. 

CHQI.lNE 417 

Handler P. 1949. Response of guinea pigs IAI dieb deficient in choline. Proc SucEx$ 
Bid Mezi 70:70-73. 

Hannun YA. 2994. The sphingomyclin cycle and rhe .second mc.sengr;r f-c&-m of 
ceramit-ic. J&d Chum Sti%J125-3158. 

Hartz SC’. kh.meiI KM, Rustherg 1H. I%% Nutitin in lb fi&k$. I%8 B&&z 
Nulrirwnai .Swus Survey. London: SmhhGordon. , 

Haubrich DR, Wedeking PW, Wang FT. 1974, Increase in tissue concentration of 
acctylcholinc in guinea pigs in viva induced by administration of choline. Z.ife 
sci 14:YYl-Y47. 

I Hershey JM. IY31. Substitution of lecithin for raw pancrcar in the: diet of 

I 
depancre&ed dog. Amj yh;prid 95:65%65S. 

Herzbe~ GR, Lerner J. 1975. Intestinal absorption of choline in tie chic% &o&n 
Bzi$y Adu 307:234-242. 

Tlc~~bcrg CR, Shccrin IT, IxmcrJ. 1971. Cationic amino acid transport in chicken 
srnaII @trsdne. <Lw$ i%x&m Ph~dd4OkB?W?4’1. 

Hirsch MJ, (;rowdon JH, Mrtrnzm RJ. 19% Relations between dktaq chnUne or 
Ifxithin intake, 8ex-unl choline kvels, and vdriws tnetaklic iudices. M&ab&sva 
27:953-960. 

Hedge HC, 1945. Chronic oral ~oxicoiogy of choline chloride in r-a&, Prw Srp Biul 
Md 58:212-215. 

Hof&auer FW, Zaki PG. lY65. Choline deficiency in baboon and rat compared. 
Arch Pathd !W364-W. 

Holler ‘1, &mxakJ-M, Blusztaju JK 1!396. Dietxry choline supplemtmtation in preg- 
nanL rawl ,inueases hippocampal phospholipaJe D activity of tie offipring. 
FA~J10:1653-1659. 

TTolmc+McNary MQ, chcng WI,, Mar MT, Fuhacll S, Zciscl SIT. 1996, Choline and 
cboIine esters in human and rat milk and in infant Wrmx.las. Amz] (.Z& NUW 
64372-576. 

Holmes-.Mc&ry MQ Lay K, Mar Ml-i, NbrQht CD. Z&l SH. 1997. Apopwsis is 
induced by choline deficieaq in fetal brain and in PC12 c&s. &-tin I&s&v 
Brain Rnr 101:9-16, 

Home l3W, Cbolr RI, Wqncr C. 1989, P.iTcctaTdictary methyl group dcfukncy on 
folate metabo&m in rats. 1 N& llY:filMZl. 

Humbert JA, Hammond KB, Hathaway WF.. 19?‘0. ‘Mmcthykunintia: The fish- 
odor syndrome. LWC& Y:‘7’70-7’7 I. 

Jacob RA, Piaiialw F’Ss Henning SM, ZhangJz, Swendseid ME. 1995. In viva me& 
ylation apacily is not impaired in healthy men during short-term dietary Mate 
and methyl group restriction. JNu$r 125:1495-1502. 

James ST, Miller ST, Basnakian AC;, Pngribny II”, Pogriibna M, MurJchclishvili L 
~ 1997. Apoptosir and prolifnition under condititms of dcoxynu&otidc pool 

imbalance in liver offolate/niethyl deficiat rats. Gu-c+wg~ti 18:28‘7-293. 
Jotxwieck X.1974, Procetxiings: Penclfali~n of choline through ral placenla in. viva. 

Nmmp Schmirdsbsrgr Atch l3’ddol282:R42. 
Kcnncdy EP, Weiss SR. IQM. 7%~ Rrnction orcytidinc cocnzymcs in the bictsynthc- 

liis of phoaphoiipidh. JBial C&m YYY:19.%514. 
Ketoia H<;. 1916. Choline metiib&ir;m and nutritional rerjuirement of lake trout 

I (Satuelinw nuntapsh). J Attim Sci 45~474-477. 
~ l&Lola HG, Kesheim MC. 1974. X&lu,e,nce of die&t-y protein and methionine level 

on the requiemem fur choline by chickens.~Nulr 104:14&4-J 489. 
Kctola TIG, Young RJ. 19’7% The nccd‘rrir dietary choline byyoungJapancsc quail, 

PM .sd S1:2.%2-2363. 

I 



. 

418 DIF,TARY RF.FF.RESCl? 1NTAKF.S 

Kim W, Miller JW, da Costa K-A, Nadeau .M, Smith D, Selhub J, Zeisel SH, Mason 
JB. 1991. ,%XVC folatc dcficicncy causc.~ secondary dcplction of choline and 
phwphocholine in rat liver.JNuh lY4:21Y7-2‘203. 

tinlcr FJ, Nahrwold TX, Rose RC. 1977. Choline infhzx across the bnuh horder 
ofpined pigjejjmlum. Btiim Biopl?pJAda465:131-137. 

Kuksiv A, Uookerjca S. 1978. Choline. XI& REV 36:2001-207. 
Lawrence CX, Millac P, Stuut CS, Ward JW. 1980. The use uf choline chloride in 

ataxic disordcn. J N&w/ Nwrwtir~ F’sychiq 4 3:45?-154. 
Lc Kim D, Betzing H. 1976. Intestinal absorption of’polyunsaturated phospharidyl- 

choline in the rat. Iinp~x &yh 2 I%y.&i Chnn 95f:1921-1331. 
Lirtdblad & Schersten ?‘. 19%. lncorporrltion rdte in vitro of choline and methyl- 

methionine into human hepatic lecithins. Sa~rtiJ Cas~wcn~emf 11:587-591. 
Loffelholr K 1981. Releti of acelylcholine in the isolaled hem. Am I Phyncd 

24O:TT431-lJ410, 
Loy R, Heycr 9, Williams CL, Meek WH. lY91. Choline-‘mduccd spatial memory 

facilitation correlates with altered diirrihution and morphology of qtal 
ueurom. A&J &p Mai Uiol’&5:373-382. 

LsRO/FASEB (Life Sciences Research Office/Federation of American Societies 
for ExperimenLal Biology). 1975. Evatualivn U/ i& i&x& As*& 01 Chaiine 
ChtiL ,md Chdiw Bitnmo~a as Feud Jqrurb~#s. Report # PI%223 845/9. Wah- 
ington, DC: Department of Health, Education and Welfare. 

LSRO/FASEB (Life Sciences Research (mice/Federarion of American Socicries 
for~Experimenta1 Biology). lY81. &@ti of Limfu??b~ftian of Choiinu and ~!~&hin 
on @mhgid cd C~~T&UVUZ&ZT Sysktm~. Report # PB82-133257. Belhesda, 
MD: LSRG/FASEB. 

Iyrnan RI, Shrchan G, Tinoco J. 1971. Dictand lICT&mcthioninc incorpoation 
into liver phokphaddyichoiine fraction& of male and female rats. (:crn.]Bior&m 
49391-79. 

Mclntire Jfvl, Schweigrrt BS, Elvehjem CA lY44. ‘I’he chuliue nnd pyridoxiue CUII- 
1rcn1 of meau.JNulr28:219-223. 

Meek WH,‘Wdliams CL. 11)97a. Charactirization of the fu-iliutive effects of peri- 
naral choline supplcmcntation on riming and temporal memory. Neumrep& 
H:YX.91-2H.9.5. 

Meek WH, Williams CL. lYY7h. P&natal choline supplementation increased the 
threjhold for chunkjng in ap;itial memory. Nwrw+oSr 8:3053-3059. 

Meek &‘H, Wiiams CL. 1997c. Simultaneous ~c3mporal processing is sensitive LO 
prenatal choline availability in mature and aged TU. Xwr0rqur-f 8:3045-3051. 

Meek WI‘I, Smith R4, Williams CL. 1988. Prc and posolatal choline supplcmcnca- 
tion produces Iong-term ticilitation of spatial memory. Dev l?yhobioZ Sl:Y.%Y- 
3.53. 

Mmk w?, %niq &i. Wi&rm CL. 1989. &-g-tiJ’it”tiowdL changes in cholinergic 
acuvty and enhanced ,visuospatial memory as a function of choline adminib- 
&re,d prenatally or posulatally or both. B&v Neuro& 105:1234-1241. 

Mody GM, Naidoo PD, Singh TG. 1983. Clinical cwduation or choline magnesium 
tris+yiatc in rheumatoid arthriris. S A& M&J%&lY.!j--lY6. 

Mudd S?;i, Poole JR. 19%. Labile methyl halancw for normal hwnans on variow 
dierrry regimens. hiefu6disn 24:721-Z%. 

Nadkar& MM, Peller GA, Retig J. 1992. FosinophiLic hepatiliu a&r ingesticJo. of 

choline magnesium uicalicylale. AmJ Gas/nwtfd 879 51-153. 
Nwhcrnc PM, Rogc~a Aa 1986. I.ahilc methyl groups and the promotion of 

cancer. Anftu Rn, Nub-6:407~32. 



. 

CHOI.lNE 41% 

P&off BP, Rizek RL, Haytowik DB, Reid PR. 1990. Dietary incxke methodology. II. 
USDA’s h’utricnt Data I3a.w Tar Nationwide Dietary Tntakc Sunqs. J Nut7 

lP(1:15.30-15.34. 
Poirier LA, Granrham PH, Rogers AE. lQ77. The effecrs of a marginally liponopc- 

deficierlt diet WI the hepatic Irveb of’ S-adnmuyhnethionine arld on the uri- 
nary melaboliEs of 2-acelylaminofluorene in mu. C&uxr Rc7.37:744-748. 

Pumfret Eh, da C&t3 K-A, Schurman LL, Zeisel SH. 1989. Measuremen of choline 
and choline mctabolitc conccnrrations wing high-p-u-c liquid chmmatog- 
raphy and gx chmmatogcaphy-mam rpcctromttry. AT@ &‘ochem 1 HO:H5-90. 

PomSrct EA, da Crxsa K, Z&u1 SH. lQ90. Efecta of choline deficiency and meth- 
OtX-tXate tt-~dtIllfXlt Up011 I-k&t liVU.j.‘Uh.&7k 1:53%&l. 

Pyapali GK, Turner DA, Willian~s CL, Me& WH, Swamwelder KS. 1998. Prmati 
die- choline supplementation decreases the tiresbold for induction of long- 
term potcnriacion in young adult ratRjX~n#~~xX79:17QO-1796. 

Rcnnick B, Acara M, Hysert P, Mooktjec B. 1976. Choline loss during hemodialy- 
six Homcostatic control oi’plauna choline concentrations. E&q 1~ 10:X?% 
335. 

Rennick 8, Acxua .M. Glor M. 1977. Relations of renal msport rate, transport 
maximum, end competitor potency for letiethylammonir~m and choline. Am 
JPhpid 232:F413-Fl17. 

Ridgway ND, Vance DE. lQ88. Kinetic mechanism of phosphatidylcthanolamine 1V 
methyltransferase. J&d C&WI Sf%:16864-16871. 

Kohl& EEM, &XT !X, Mar MH, Zeisel SH. 1993. Glycerophorphocholine and 
phosphocholine are the m;zjor choline metabolites in ral milk.]?&& 125:1762- 
1768. 

Sahu AP.1 1989. ECTcct OF Choline and Mineral Fihrce (Chq~tilc Asbestos) on 
Guinea-pigs. Lyon, France: IARC: .Scientific Publications. 

Sahu AP, .Saxena AK, Smgh E(r, Shanker R lY86. Effect of chronic choline admin- 
iatrdliou iu rdtl. Indian j I$$ M Y4:91-96. 

Sandage BW, Saboonjirut L, White R, Wurtman Rj. 1992. Chotine citrate may en- 
hance athletic performance. Phy&iugisd X5296. 

Savcndahl I, Mar IVI-TT, Underwood I-E, 7eiscl SIT. 1997. Prolonged fasting in 
humans resulti in diminished plasma choline concentrations hut does nor 
cau.se liver dysfunction. AmJ (Xn NuSr 66:625-62.5. 

SCfXS/l3KO (Select &mm&tee on GMS Substances, Life Sciences ksedrch 
O&e). 1979,, Ewlwr~ion uf Uta HguW A$WCLS of Ladhin u..s 44 IGod In@iur~C. 
Report # PBY01405. Springfield, VA: h’ational Technical Information Service. 

SclhubJ, Scyoum E, Pomrrct FA, 7&scI’STJ.~~QQl. F,lTcccs of choline dcficicncy and 
methotremtc treatment upon liver folatc content and distribution. (;unrrv&r 
51:#16-21. 

Shapira G, Chawla RK, Berry CJ, Wil&qs PJ, Koy KGB, KU&IWL II. i986. t&&ne, 
lyrosine, choline and carniline supplemen~ioa of psllienu on tolal parenti 
nulrilion. Ntblrlnr 2:X%4-YS9. 

Shcard NF, Zciscl STI. 1986. An in tititm, study of choline uprakc by intcstinc from 
neonatal and adult rats. J%d.ia#r~~90%8-%‘P. 

Sheard AT, Tayek J& Biitiian BR, Blackhum GL., Z&cl SH. 19%. m;Urma choline 
CO~l~eIttEdtiOt~ in ,humans fed pdrentenlly. Am J C&n IV& 43:21!9-224. 

Sheihzy l!.D, Shelley WB. 1984. The fish odor syndrome. Trimelhylaminuria. jAMA 
2511:253-255. 



. 

420 DIKTARY REFERENCK JNTAKKS 

Shin OH, Mar MH, Albright CD, Citaxella MT, daCosh KA, Zeisel 3-L 1997. .Methyl- 
group donors cannot prcvcnt apoptotjc dcarh of rat hcpatoqtcs induced by 
cholinedeficiency. J CXI BiorJIRm 64~19648. 

Shivapurkar N, Poirier LA 19139. Ti~iuc Ieveb of Saderm@metbionine and S 
adenouylhomocy3trie in rats fed methyideficien~ amino acidilei?nrd dicta 
for one to five weekb. Cartinq0iwsti 4:1051-1057. 

Sundler R, Akesson B. 1975. Regulation of phospholipid bioqvrtheti in it&led 
rat hcpamcytc~, PSTcct of diffcrcnt suhstratca.jBJ*I C4clm 4.W3359-3367. 

Svardal AM, Ucland PM, Btrge RK, Aamland A, Aaraaether N, Lonning PE, Re& 
sum H. 1988. Efi’ect of methotrcxate on homocysteirre and other ruliur com- 
pounds in tilraues of rats fed a nonnlrl or a dd%red, choline-deficient diet. 
OIMn uismolhsrPkmRIcrcvl21:313--318. 

SwmJEI, Yudilevich DL. 1985. Characterization of choline transport at maternal 
and feral inccrfaccr ofthc pcrfuscd guinea-pig placcnta.JPfr,ysid~~251-2~. 

.SweiryJH, Page KR, Dacke CC;, Abramovich DR, Yudilevich DL. 1986. Evidence of 
Mturable uptake mcchanivnr at maternal and fetal .cidea of the perfmcd 
human placenta by rapid p&red-tracer dilution: Studies with calcium and cho 
line. J&u Ph~siolk3:435-445. 

Tamminga CA, Smilh RC, Chang S, Haraszti JS, DavisJX 1976. Depression associ- 
atcd with oral choline. l.un.ui 2:905. 

Tani H, Suzuki S, Koixyarhi M, Kotakc Y. 1967. The phydalngical role of choline 
in guinea pigs. JNutr92:317-584. 

‘l’ayek JA, Bistria~~ B, Sheard NF, Zeisel SH, k%x!kburn CL. 1999. hbuortnal liver 
function in malnourished patienu receiving total parerneral nuuition: A ptu 
spectiw randomized study, JAm Cbil Nuir 9~76-83. 

Tcwitorc T,, Scaca E, Grcco M, Pani P, Dianzani M. 1995. Sexually diffcrcntiatcd 
re.rponse to choline in choline deficienq and ethionine intoxication. I?# JE+ 
Patid 76:12.5-129. 

Vance DE. 1990. Buehriugn Maunheim Award, lecture. Phosphdtidylchobrre 
melabolism: Masochistic enzymology, metabolic regulation, and lipoprotein 
assembly. Biodwm cnll~ti68:1lE~l-1165. 

Vanrc DE, Ridgway ND. 1988. The mcthylatian of phosphatidylcthanolaminc. AOR 
Lipid Rm 27:61-79. 

En-ala-Moteirar I;, Rage1 C:, Perez de Miguelsanz J. 1995. Choline deficiency and 
methotrexate treammnt induces marked but revellrible changes in hqxdtic 
folate concentrations, serum homoqseine and DNA mnelhylation rates in GILL 
JAm GuF,V& 14:48@-4$5. 

Von Aliwordcn TTN, llom S, Kahl J, Fcldhcim W. 1993. The inllucncc of lecithin 
on plarsla choline conccntradonr in triatheletes and adolescent runners dur- 
ing cxnk. EurJA#d Physbl67:87-91. 

Wecker L. 1986. Neurocherni~ effects of choliue rupplerneutation. (;Onj Phyid 
Phimu& 64:329-933. 

WeihrauchJL, Son Y-S. 1983. The phospholipid content of foods. JAra Oil i%m Sot 
60:1971-1978, _-. 

Wcinhold PA, Sandc~s R 1975. The oxidation of choline by liver slices and mitn- 
chondria during liver deveh-qxnent in the rat Lip Sti lS:621429. 

Welsch F. 1976. Studi- on ~cvrnulation and metabolic fate of (A%eSH)choline 
in human term placenta f&qmenb. l3&& %rrmuwl25:1021-1030. 

Welsh F. 1978. Choline metabolism in human w-m placenta-studies on de now 
aynthc)is and the cfTccts of some drugs on the metabolic iatc of {hrmcthyi 
.YH]chofinc. Bin&cm I% annilcd 27:1%1-1’Lfif. 



. 

CHOldNF. 421 

Welsch F, Wenger WC, Stedman DB. 1981. Choline melabolillnl in placentz Evi- 
dcncc for the binoynthcri~ oTphnrphstidyJcholinc in micro.somca via the mc- 
thy&an pathway. Mnrpnrn 5:21 l-‘r-11. 

Wendel U, Bremer H. 19#4. Bctaine in the treatment of’ homocystinuria due U) 
5,1&rnethyienetetr&ycirofolau reductwe deficiewy. bkrJl’ediatri4Z:l47-lXJ. 

Wkklowson EM. 1965. Growth and composition of &e few, and newborn. In: 
Audi N, ed. Biacogy cljCc&&a, Vol, 2. New Yorlc: Academic Press. Pp, l-51. 

Wilckcn IX, Wilckcn JI, Dudman NP, Tyrrcll PA. 198% Ilomocyscinuria-thc 
effects oi’ bmaint in the treatment cti patients not responsive to pyridoxine. .ii 
En~~Med .3094484!53. 

Wdcken DE, Dudman NP, *Xyrreii hi. 19ffi. Homocyxtinmia due to cyst~~thionine 
gaYnlhase deficiency-lbe effecls of betaine h-ealmenl in pyridoxine-mspon- 
Give patienta. &&I&&& 34:1115-l 121. 

WJlliams CT, Meek Wrl, Tlcycr .D, I.oy R 1998. JTypcrtmphy of basal forebrain 
neurons and enhanced x&wospatiaJ memory in perina&Jy choline- 
~lpplcmented rats. Bmin I&x 794:22.5-2X+. 

Wang ER, Thompson W. 19%. Choline oxidation -and Iabile methyl groups in 
normal and choline-deficient rat liver. Biochn Bi+bp A& 260959-271. 

Wood JL, AI&on RG. 1982. EfXecu of consumption of choline and lecithin on 
neurological and cardiovascular .systcma. Fd Pmc 11 :SOJ 5-3021. 

Yang 3X, Bhxwajn JK, Pornfret EA, Zeirel SH. 198N. Rat and human --ry 
tiwx can nynthcaize choline moie$ via rhe methylation of phosphatidyl- 
rthanolami~~e. BiocbemJ256:821-828. 

Yao ZM, Vance DE. 1988. The active synthebiu of phorrphatidylcholine iu required 
for vety low den&y lipoprotein secretion from rat hepaw*%. 1 Bid Chm 
26%299&W. 

Yao ZM, Vance DE. 1989. Head group ~cifJcity in the requirement of phosphati- 
dylcholine biosynlhe.ti for very low density lipoprotein secretion from cuJ- 
tured herpatocyter.jUiol Clwm 264:11375-11380. 

Yao ZM, Vana DE. 1990. Reduction in VLDL, bul not HDL, in pla~nrr of ral~ 
deficiem. in choline. &o&m Ccu Uid 68:552-5X 

Young DT, 1971. Estradiol- and tcstostcronoinduccd alterations in phosphatidyi- 
choline and triglyceride synthesis in hepatic endoplasmic reticulum. ]Li@f 
Rat ll4:590-\~95. 

Yudilevich DL, &wiry JH. 1985. Membrane carrierr and recepton at maternal and 
felal sides of tie placenta by single circulation paired-tracer dilution: Evidence 
for a choline tinsport system. ConCrib Gynscd O&U 15:158-161. 

7&&T STI. 1981. Dietary choline: Biochemistry, physiolw, and pharmacolo~. 
Annu Rev i)ktt- 1:95-121. 

Z&cl SH. 1987. Ch~li~c ax&ability in the neonate. In: Dowdall MJ, Hawthorne 
JN, eda. C&t&w and Mokcu(cn Isis of Chdinargr’cl’itx~. Chichester, E@aud: 
Horwood. Pp. 709-719, 

ZeiseI SH. 1QQS. Choline, phospholipidr Signal transduction and carcinogenesibO 
FASEUJ7:5;51-557. __~ 

Zcisci SH, Bllm,tajnJK. 1994. Choline and human ntrtrifon. AnnuReun’ukl4:2@3- 
&296. 

ZeiA SH, Wurtman KJ. 1981. Developmeud changes in Kit biood choline con- 
cenwa4ion. EriochemJ 19835~570. 

Zeisel SH, Epstein MF, Wurtman 81. LQBOa. Elevated choline concenwalion in 
neonatal plasma I# &i 26:1827-1831. 



422 DIFeTARY REFERESCF. TSTAKKS 

Zeisel SH, GrowdonJH, Wurtnxw RJ, MxgiI SC;, L,ogue .M. 198Ob. Nurmd plasma 
chaiinc rcspon.scs to ingcstcd Icd thin. Nesrmfqy .w): 1226-l 229. 

Zekl SH, Story DL., Wurtman RJ, Brunengraher H. 1980~. Uptake of f&c choline 
by isolated perf’used m liver. 23-0~ N&l Armi Sd USA ?7:4417419. 

ikisci SH, stanburyJ5. Wurtman RJ, 5rigida M, Firrro Bit 1982. C’holinc coatent 
of mu&hen’ ntilk in Ecuador and J&rwn. Nlkg? J Md 306: 175-176. 

Zeisel SH, WsbnokJs, BlusztajnJ& 1983. Formation of met$&mines frvm ingested 
choline and lccithin.~i Phmmwd F3~f) Tlw 225:32&344, 

Z&cl SH, Char D, Sheard NF. 19H6. Choline. phosphaddylcholine and q~phinp- 
my&n in human and ~&TIC milk and infant formutar. /NW 11 kSO-33. 

i%sel SH, Zolx I., da&Stir I& Yomfi-et IL/L 1989. k&ct uf c.holkw drficicnq WI S 
adenosylmelhiunine and melhionine concenlralions in rat liver. h&n j 
259:725-729. 

Zciscl ST, daCarta KA, Franklin PD, Alcrrndcr FA, IsmoncJT, Shcard hT, l3ciscr 
A. 1!391. (;holine, an essential nutrient for humans. FAW/F;fYO93-2ES. 

Z&cl SH, Mar M-H, Zhcm Z-W, da G-J&I K-A. 1X6 Pregnancy and lactation are 
;wJociatrd with diminished concrnw&xu of choIine sand ity metlboiites iu 
mt fivrr. ]Nu.LT 12X304%-8054. 

Zekl SH, Albright CD, Shin O-H, Mar M-H, Sdganik RI, da C&La K-A. 1997. 
13holinc dcficicncy sclccts for rcsistancc to p53-indcpcndcnt apoptosis and 
causes tumorigenic transformation of rat hepatacytct. Garcinogzn& lH:i’91- 
738. 



Cbmmittee on Military 
Nutrition Research 

Activity Report 
April 1, 1992 

through 
November 30, 1994 

Food and Nutrition Board 
INSTTTUTE OF MEDICINE 

Prepared by 

Bernadette M. Marriott and Paul Thomas 

NATIONAL ACADEMY PRESS 
Washington, DC. 1994 



NATIONAL ACADEMY PRESS 2101 Constitution Avenue, NW. * Washingron, DC 20418 

NOI’ICE: Ihc project that is the subject of this report wns approved by the Governing Roard of 
the National Research Council. whose members are drawn t?om the councils of the National 
A;wultxny of Sciences, the National Academy of Engimxring, and the insthutc of M&ii. lbc 
members of the committee responsible for the report were charen for their spechd wmpcr~nci.es 
and with regard for appropriate balance. 

This report presents a summary of activitii oftbe Commitrce on Military Nulrilion Research 
(CMNR) from April I, 1992, through November 30, 1994. Many of tbe activities mentioned here 
have resulted in reports that wcrc prcvbusiy published or submitted as letter reports to the sponsor 
and ay such were reviewed by a group other than the aUlhors according to proccdurcs approved 
by a Report Review Committee consisting of members ofthe Nt&vttd Academy of Soicncee, the 
National Academy of Engineering and the Ins&~@ of h4edicine. IhiS wtivities summary has not 
bcon separately rcviewcd and represents an overview of all activities during Ure project period as 
designated. 

The lnstitutc of Mcdichte was chartered in 1970 by the National Academy of Scitnccs to 
cnlist distingubhcd rncmbcrs of the appropriate profeessions in the examination of policy matters 
pertaining to the health of the public. In this, the lnstlt~te acts un&er both the Academy’s 1g63 
congressional charter responsibility to be an adviser to the federal government and its own 
initiative in identi&ll Issues of medicai care, research, and cducatlon. Dr. Kenneth I. Shine is 
president of the InstituL of Medicine. 

The i3cthMos of the m on MUtaty Nutrition Rcscarch (CMNR) from April 1, 1992, 
through November 30, 1994, wcn supported by Grant no. DAMD17-92-J-2003 from the U.S. 
Army Medical Rexarch and Development Command,Tbe preparation of this report and partial 
funding for reports produced &om Gctober 20, 1994 through Fovcmbcr 30, 1994 were supported 
by Grant No. DAMD17-94-J-4046 Porn the U.S. Army Medical Research and Development 
Command thmugh the U.S. Army Mcdii Rcsuuch Acquisition Activity. 

A liiited supply of additional copies of this report are availabic from: 

Food and Nutrition Board 
Institute of Mcdicinc (lQ3046) 
2101 Constitution Avenue, N.W. 
Washington, DC 2041X 

Printed in the Unlted State5 of America 

The serpent has been a symbol of long life, hralip, and knowledge among almoat all 
culturn and religions since the beginning of recorded history. The image adopted as a logotype 
by the Institute of Medicine is based on a relief carving from ancient Greece, now held by the 
Staathchemusecn in Berlin. --’ 



. 

COMMITTEE ON iWLJTARY NUTRITION RJLSEARCFI 
(in April, 1992) 

ROBERT 0. NESl-lEIM (Chat?), Monterey, California 
RlCHARD ATKINSON, Department of lntemal Medicine, Veterans Adminis- 

tration Medical Center, Hampton, Virginia 
WILLIAM R BEISEL, Department of Iuuuuuology and Infectious Diseases, 

Johns Hopkins University School of Hygiene and Public Health 
JOEL A. GRMKER, Prvgmm in Human Nutrition, School of Public He&h, 

University of Mi&igau, Ann Arbor 
EDWARD HORTON, Department of Medicine, University of Vermont, 

College of Medicine, Burl&ton 
RlCHARD JANSEN, Departmwt of Food Science and Human Nutrition, 

Colorado State University, Fort Collins 
GILBERT LEVElLLE, Nabisco Brands Tncorporated, East Hanover, New 

Jersey 
JOHN A. MILNER, Department of Nutrition, Pennsylvania State University, 

State College, Pennsylvania 
JAMBS G. PENLAND, U.S. Department of Agriculture Research Sea-via?, 

Grand Forks Human Nutrition Research Center, Grand Forks, No& 
hkOt8 

JOHN VANDERVEEN, Division of Nutrition, Food and DNg Administration, 
Washington, D.C. 

ALLISON A. YATBS, College of Health and Human Sciences, University of 
Southern M*k.sissippi, Hattksburg 

Food and Nutrition Board Liaison 
JOHANNA T. DWYER, Frances Stem Nutrition Center, New England 

Medical Center Hospital, Boston, Massachusetts 

Committee on Military Nutt+tion Reseawh Grant 0ffk-w Representutiw 
COL. ELDON W. ASKEW, U.S. Army Research tititute of Euvironmental 

Medicine, Natick, Massachusetts 

BERNADETTE M. MARRIOTT, Program Director 
VALERlE McCADDON BRBBN, Froject Assistant 

. . . 
Ill 



COMMTTTEE ON MLITARY NUTRITION 
(current) 

RESEARCW 

ROBERT 0. NESHEIM (Chair), Monterey, California 
RICHARD L. ATKINSON, Department of Nutritional Science, University of 

Wisconsin, Madison 
WIL.LIAM R. BETSEL, Department of Immunology and Infectious 

Diseases, Johns Hopkins University School of Hygiene and Public Health, 
Baltimore, Maryland 

GALL E. BUfXRFlELD, Division of Endocrinology, Gerontology, and 
Metabolism, Stanford University School of Medicine; and Geriatric 
Research, Education, and Clinical Center, Veterans Administration 
Medical Center, Palo Alto, California 

JOHN D. FERNSTROM, Department of Psychiatry, Pharmacology, and 
Neuroscience, Univershy of Pittsburgh School of Medicine, 
Pennsylvania 

JOfiL A. GRINKER, Program in Human Nutrition, School of Public Health, 
University of Michigan, Ann Arbor 

G. RTCHARD JANSEN, Department of Food Science and Human 
Nutrition, Colorado State University, Fort Collins 

ORVILLE A. LEVANDER, Vitamin and Mineql Nutrition Laboratory, 
U.S. Department of Agriculture, Beltsville, Maryland 

GILBERT A. LEVEILLE, Nabisco Brands Incorporated, East Hanover, New 
Jersey 

JOHN E. VANDERVEEN, Division of Nutrition, Food and Drug 
Administration, Washington, DC. 

Food and Nutrition Board Liaison 
JOIIANNA T. DWYER, Frances Stem Nutrition Center, New England 

Medical Center Hospitai, Boston, Massachusetts 

Committee on Military Nutririon Rexarch U.S. Army Grant olyicw 
Representatirle 
JAMES A. VOGEL, U.S. Army Research Institute of Environmental 

Medicine, IWick, Massachusetts 

stuf 
BERNADETTJZ M. MARRIOTT, Program Director 
DONNA F. ALLEN, Project Assistant 

iv 



. 

FOOD AND NUTRITION BOARD 
(in April, 1992) 

M.R.C. GREENWOOD (Chair), University of California, Davis, California 
DONALD 8. MCCORMICK (Vice C@b), Emory University School of 

Medicine, Atlanta, Georgia 
PERRY L. ADKISSON, Department of Entomology, Texas A&M IJniversity, 

College Station, Texas 
LINDSAY H, ALLEN, Nutritional Sciences, University of Connecticut, Storrs, 

CoMecticut 

DENNIS M. BLER, Pediatric Endocrinology and Metabolism, Washin@m 
University School of Medicine, St, Louis, Missouri 

EDWIN L. BIEKMAN, University of ‘Washington School of Medicine,rSeattle, 
Washington 

MTCIjAEL P. DOYLE, Department of Food Sciencq and Technology, 
University of Georgia, Griffin, Georgia 

JOHANNA T. DWYER, Frances Stem Nutrition Center, New Fagland 
Medical Center Hospital, Boston, Massachusetts 

JOHN W. ERDMAN. Jr., University of Illinois, Urbana, lllinois 
NANCY FOGG-JOHNSON, Consumer Healthcare Division, Miles Tncorporat- 

ed, Elkhart, lndiana 
CUTBERT GARZA, Division of Nutritional Sciences, Cornell University, 

Ithaca, New York 
K. MiCHAEL HAMBIDGE, Department of Pediatrics, University of Colorado 

Medical Center, Denver, Colorado 
JANET C. KING, Department of Nutritiona Sciences, University of Califor- 

nia, Berkeley, California 
JOHN E. IUNSELLA, University of California, Davis, California 
LAURENCE N. KOLONEL, Cancer Center of Hawaii, University of Hawaii, 

Honolulu, Hawaii 
SANFORD MILLER, Graduate School of Biomedical Sciences, University of 

Texas, San Antouio, Texas 
MALDEN C. NESHEIM. Ofnce of the Provost, Cornell University, Ithaca, 

New York 
ROY M. PlTKl?4 (& O@ciu), Department of Obstetrics and G;yncc;ology, 

University of California, Los Angeles, California 
STEVE L. TAYLOR (& Oflcio), Deparhenllt of Food Science and Technolo- 

gy, University of Nebraska, Lincoln, Nebraska 

V 



Slafl 
CATHERINE E. WOTEKI, Director 
MARCIA LEWIS, Administrative Assistant 
SUSAN WATT, Financial Associate 

vi 



. 

FOOD AND iVUTRlTION BOARD 
(November, 1994) 

JANET C, KING (Ckrk), Department of Nutritional !kienees, University of 
California, Berkeley 

EDWIN L. BJERMAN (Vice-Chair), Division of Metabolism, Endocrinology, 
and Nutrition, University of Washington School of Medicine, Seattle 

JOHN W. ERDMAN, JR. (Yke-Ckrir), Division of Nutritional Sciences, 
University of lllinoiq Urbana 

CUTBERTO GARZA (Yice-Choir), Division of Nutritional Sciences, Cornell 
University, Ithaca, New York 

PERRY L. ADKISSON, Department of Entomology, Texas A&M University, 
College Station 

LINDSAY H. ALLEN, Department of Nutrition, University of Cal&mnia, 
Davis 

DENNIS M. B1ER, Children’s Nutrition Research Center, Baylor College of 
Medicine Houston, Texas 

FERGUS M. CLYDESDALE, Department of Food Science and Nutrition, 
University of Massachusetts, Amherst 

HECTOR F. DeLUCA, Department of Bioehernistry, University of 
Wisconsin, Madison 

MICHAEL P. DOYLE, Department elf Food Science and Technology, 
Univereity of Georgia, Griffin 

JOHANNA T. DWYER fifts University Schools of Medicine and Nutrition, 
Boston, Massachusetts 

SCOTT M. GRUNDY, University of Texas, Center for Human Nutrition, 
Southweskn Medical Center, Dallas 

K. MICHAEL MIDGE, Center for Human Nutrition, University of 
Colorado Health Sciences Center, Denver 

LAURENCE ,N. KOLONEL, Epidemiology Program, Cancer Center of 
Hawaii, University of Hawaii, Honolulu 

SANFORD A.’ MiLLBR, Graduate Schooi of Bjomedkal Sciences, University 
of Texas He&h Science Center, San Antonio 

ALFRED SDMMER, School of Hygiene and Public Health, Johns Hopkins 
Univwsity, Baltimore; Maryland 

VERNON R. YOUNG, Laboratory of Human Nutrition, School of Science, 
Massachusottts Institute of Technology, Cambridge 

STEVE L. TA;Y&OR (Ey-U#?c~o), Depktrnent of Food Science and 
T&o:logy, University of Nebraska, Lincoln 

ARTHUR H. RUBENSTEIN ([OM Counci/ Li~rkon), Department of Medicine, 
the University of Chicago, Chicago, Blinois 

vii 



. 

staff 
ALLISON A. YATES, Director 
BERNADETTE M. MARRIOTT, Associate Director 
GAIL E. SPEARS, Administrative Assistant 
JAMAiNE L. TINKER, Financial Associate 



Appendix B. 
Conclusions of the Committee on Military Nutrition Research 
regarding choline 

Conclusions and Recommendations (pages 145- 16 1) from the 
Workshop Report: Food Components to Enhance Performance of 

the Committee on Military Nutrition Research 



Appendix I 

Wurkshop Report: 
Food ~Components to Enhance 

Perfurmunce 

Submitted May 1994 



. 

Preface 

The issues addresstd In this report as well as in the plwious 5 year 
repott., Committee Militay Nutrition Research: AcIiviIy Report 19861992, 
(Marriott and Earl, 1992), illustrate the diversity of activities addressed by the 
Committee on Miliiary Nutrition Research (CMNR). This diversity has 
required the use of a broad range of expertise to respond to the issues brought 
to the CMNR. ‘lbe range of scieutifk disciplines represented on the CMNR 
has been augmented as necessary through the use of workshops or special 
advisors to enable the CMNR to bring the degree and breadth of expertise 
necessary to property respond to the subject under review. The committee has 
been pleased wit-b and is very appreciative of the willing participation of the 
invited participants in these .5easions and of their providing written papers 
which have constituted a major part of the CMNR reports. Many of these 
workshops have included experts tiom within the military who have shared 
their research’ activities and information, They have been excellent repruenta- 
tives of the quality of mearch that the mllitaty has been conducting on many 
of ‘these probkms. 

‘Ibe military is to be commended for continuing to ensure that the 
nutritional needs of its petwmnel are adequately met during the stress of 
military operations through its support of nutrition and related research. Them 
has also been interest and support for modi’fications of rations of military 
personnel consistent with the advice provided by the nutrition and public 
health leakierkhip in the United States. The CIHNR is cognizant of the desire 
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to balance long-term health considerations with the demands of maintaining 
performance under the environmental extremes of military operations. 

The ability of operational rations to help sustain military performance has 
been the subject of CMNR review since 1982. Field studies have shown the 
adequacy of nutrient intake other than calories sufficient to maintain the weight 
and performance of troops in the field. Complex interactions involving 
palatability of the ration components, convenience, fluid intake, socialization, 
and physical and psychological stresses that influence the consumption of 
operational rations are discussed In the publication, Nor fZatin,q Enough, 
Uvercoming Uderconsumption of Operational Rations (CM, in press). 
Further evaluation of these complex factors will undoubtedly continue to be 
of interest to the military and the CMNR. 

We have appreciated the close working relationships with COL David 
Schnakenberg and Colonel Wayne Askew, who have now retired, and the 
exc.eltent liaison they provided bet+zen the military and the Committee. They 
greatly assisted the work of the Committee by bringing issues forward for 
consideration and helping to identify expertise familiar with these protilems, 
particularly from within the armed forces. We look forward to continued close 
association and guidance f?om ‘Dr. James A. Vogel and his group at 
USAREM. 

As Committee Chair, 1 express my deep appreciation to ail of the 
Committee members who have given their time, dedication, and expertise to 
the careful analysis of the issues and to developing the conclusions and 
recommendations of the Committee. I also thank all participants in the many 
workshops who have greatly aided our activities and assured that the 
appropriate expertise has been available to the Committee. Finally I wish to 
express my appreciation to the staff of the Food and Nutrition Board assigned 
to this activity over the past 3 years. 

Tn particular I acknowledge for myself and the entire committee the 
outstanding support presently provided to this activity by Bernadette Marriott, 
Ph.D., Associate Director, Food and Nutrition Board, institute of Medicine, 
and her assistant, Donn,a Allen. Tliey have worked with extreme dedication to 
update and complete publication of several pending CMNR reports and to 
assure a timely response to the issues ‘currently under consideration by the 
Committee. The additional assistance of Paul Thomas and Susan Knasiak with 
this activity report is gratefQlly acknowledged. 

Robert 0. Ncsheim, Ph.D. 
Chair 
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Conclusions and Recommendations 

CONCLUSIONS 

As stated in Chapter 1, the Committee on Military Nutrition Research 
(CMNR) was asked to respond to six specific questions dealing with the 
pot&al for food components to enhance performance for military personnel 
in combat settings. The committee’s responses to these questions appear below. 
The committee further reviewed the current knowledge base regarding specific 
categories of food components that w&t-e identified by &my scientists as 
having potential to enhance performance in ‘light of the classification of 
ergogenic aids and the mechanisms of action as discussed by John 1~ 
(Chapter 12). Substances that may optimize physical performance are 
frequently rem to as ergogenic aids (Chapter 12). These may be divided 
into five categories: (1) mechanical, (2) psychological, (3) physiological, (4) 
pharmacological, and (5) ntiitional. The mechanisms by which foods or food 
components may act as ergogenic aids as discussed by Ivy are (1) acting as 
central or peripheral stimulants, (2) increasing the storage &or availability of 
limiting’ swbstmtes, (3) acting as a supplemental fuel source, (4) reducing or 
neutralizing nietabolic by-products, and (5) enhancing -very. Each food 
component w,L aiso reviewed in light of the time ties and military 
mtmios drawn up by Army scientists (see Appendix A). The recommend& 
tions and conclusions drawn about the pot&Gal for these food components to 
enhanw @rformance are included in the specific committee recommendations 
that folio&. 

_.. 
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1.48 AYPENDIX I 

GENERAL CONCLUSIONS 

General Concepts of Performance Enhancement 

The first wnsideratioa in maintaining or enhancing performance is to 
endeavor to insure that troops are in a well-hydrated, rested and well-nourished 
state-including optimal amounts of all essential micronutrients, plus the best 
in military training, both physical and mental, in advance of anticipated periods 
of stress. Under these circumstances performance is unlikely to be improved 
in the absence of the imposition of military operations which impose physical 
or mental stress. 

Obviously ba#lefield situations are not f&e of stress. Under these 
conditions troops are frequently deprived of sleep, apprehensive, haven’t eateo 
sufficient food to meet their energy expenditures, dehydrated to varying 
degrees and exposed to environmeot.al extremes of heat, cold, altitude, etc. 
which impacts on their physical and mental state, %iven these conditions, 
enirancemertt of performance is more iikely to be restoring performance to 
non-stressed baseline than to improvement over that expected from well- 
nourish&l and well-rested troops. The military Science and Technology 
Objective (STO) of enhancing performance by lo-15 percent is more realistic 
in shott’ term enhancement of perfsnnance under stress than to obtain super 
pcrformimce from troops in a well-fed, well-rested state. 

While some of the food %omponents considered in tbls report may be 
used at usual dietary levels ,(caffeine, carbohydrate) others are likely to be at 
levels of int&e that may be Asidered pharmacological. These components 
may be provided in operational ration items designed to be used at specific 
times and provi& short-term enhancement through increased vigilanoe, 
reduced feeling of fatigue, improved mental state, etc. The enhancement 
capability of a comporrent I’jke’fy will have a ‘threshold which must be met to 
have a benefit. and Wili also iikply have a “wear out” when the stimulus can no 
longer overcome the adverse eff&t of the stress. In researching the effective- 
ness and safety of these pharmacological, Gcnnponents it will ‘be important to 
determine these levels atrd time perk@ to evaluate both safety and efficacy. 

It is 81~0, noted ,that sonic of ‘these helpful nutritional effects may be 
maximi~d b$ the additional use of conventional over-the-counter drugs that 
block W i@iacellular fodntion of stress-induced prostaglandins, which 
contribute importantly to many--symptoms and the ill effects of stress. 
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CONCl,Ub’iON.~ AND H~OMWL%24TK.?N~S 

Food Components or Nutrients that 
Offer Potential to Enhance Performance 
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The following food components have potfmtiaI for enhancing performance 
under certain circumstances that may be encountered in military operations. 

* Carbohydrates. The role of carbohydrate as a fuel source for 
extended physical activity is well-known, Increased storage of glycogen prior 
to extended physical perform~ce through consumption of high-carbohydrate 
meals and oonsumiug carbohydrates during an extended physical activity as a 
means of increasing p&ormance is well established. Studies with soldiers in 
military activities are less clear but likely relate to the more intermittent nature 
of the physical activity, in comparison with the extended mod#ate-to 
high-level physical activities of athletic competition. The value of carbohydrate 
supplementation in extending physical performance is usualiy demonstrated 
aftor 60-90 minutes of continuous activity at 60 to 70 percent of maximal 
oxy&l? uptake 0’ o, ,,&, Moderate to heavy physical actMy of a lesser rime 
period followed by rest or reduced activity does not usually demonstrate a 
value for carbohydrate supplementation during the activity. 

The potential role for carbohydrates in affecting such behaviors as mood, 
pertormance, and satiety, with emphasis placed on sensorimotor and cognitive 
performance as discussed in Chapter 18, is worthy of further consideration. 
Mood changes that may affect motivation to operate under stressful conditions 
are an important consideration. These strassfUf situations, such as combat, may 
unmask performance deficits that ate not apparent under nonstressful 
conditions. It also should be emphasized that meals containing protein and 
carbohydrate demonstrate more beneficial effects than meals that are ,nearly 
protein-free, The behavioral affects seen are usually time context dependent. 
Snacks (providing combinations of protein and carbohydrate) may have utility 
in enhancing performence between me&. Research in evaluating the benefits 
of supplementA carbohydrates on performance should include ihe more subtle 
evaluatiofis of motivation and coping in addition to the simple cognitike and 
sensorimotor measures. 

Evrihrat~on should be, made of the potential perfo rmance-enhaacing 
benefits of supplemental carbohydrate and carbohydrate-oontaining snacks on 
physical and cognitive performance, induding mood and ~motivational effects. 

-I 

l Caffeine. Caffeine exerts its central nervous system-mediating effects 
by blocking adenosine receptors. Its stimulant effects w&n compared with 
those of other drugs such as amphetamines are weak, btrt most studies to date 
suggest that caffeine tends to delay sleep and reduce the deterioration of 
performance associated with fatigue and boredom. Caffeine at higher doses 
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reverses sleep deprivation-induced degradation in cognitive performance, 
mood, and alertness-important considerations in extended military operations 
in subjects who report low levels of tiehe intake. The principal side effects 
include nervousnesdjitieryness and decreased sleepiness, which may persist for 
several hours. 

Caffeine definitely should be considered in developing performance- 
enhancing rations or ration components. Caffeine is safe as ii component of 
food at doses required to overcome sleep deprivation and has been included 
in diets in coffee and many sofi drinks. Since many soldiers may not normally 
drink coffee, a mechanism for including caffeine in another ration component 
that can be selectively used when the situation requires should he evaluated. 
It appears that doses of 300400 mgi70-kg person will achieve the desired 
stimulus in those nonhabituated to caf%ine; additional research needs to he 
conducted to determine the effects of this level of caKeine in those with higher 
h&&al intakes. 

* Tyrosine. The amino acid tyrosine is the precursor of the ne+~rotrans- 
mittens dopamine, norepinephrine, and epinephrine, Under highly stressful 
conditions, the availability of tyrosine may be rate limiting for the synthesis 
of these neuro@ansmitter products. The observation that the functioning of 
catecholaminergic neurons can be precursor dqendent is the basis for the 
hypothesis that tyrosine wiil mitigate the adverse effects of acute stress, 
because such neurons regulate, in part, the behavioral, cardiovascular, and 
neuroendocrine consequences of stress. 

A series of studies in animals has demonstrated that the performance 
decrement observed in highly stressed animals can be restored by tyrosine 
supplementation. Studies in humans as well as animals suggest that the amino 
acid tyrosine may have beneficial eff&s on humans that are subject to acute 
strossors. The adverse effects of hypoxia, cold, body negative pressure, and 
psychological stress have been reduced by treatment with tyrosine. Research 
is needed to define methods of administration and the effective and safe levels 
of tyfosine required. 

9 Choiine, Choline and choline-containing compounds are critical for 
a wide variety of processes within the body, including acting as a mcssongcr 
within the cells and as neurotransmitters in the nervou system controlling 
muscle contraction, providing -‘methyl groups in a variety of intmcellular 
reactions, acting as a component of triglyceride transport, and participating in 
the immune response. The best-known functidn of choline is as a component 
of acetylcholine, an important neurotransmitter. 

Free choline and choline-containing esters are present in a wide variety 
of foods in the human diet. The usual intake is estimated to be in the range of 
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2OO-1,000 mg per day. There is no Recommended Dietary Allowance (RDA) 
for choline in humans, but intake of 500 mg/day results in decreased plasma 
choline and phosphatidylcholine concentrations. Diets deficient in choline 
produce liver dysfunction within 3 weeks, resulting in massive triglyceride 
accumulation in the liver and abnormalities of plasma levels of liver enzymes. 

There is evidence that diets low in choline reduce muscle performance. 
Dietary choline supplementation of ind.ividuaIs with normal intakes during a 
20-mile (32-km) run improved the run time by 5 minutes and prevented the 
drop in phzana chorine levels normally associated with tie run. 
Placebo-controlled, randomized, double-blind triak are needed to determine 
whether choline supplementation will enhance performance of military 
personnel undergoing rigorous activity in the field. 

Choline supplementation e&ance.s memory and reaction time in animals, 
particularly aging animals, and enhances memory in humans. Although the 
mechanisms for this 8fe unclear, there are indications of alterations of the 
anatomy of brain cells. Carefully controlled laboratory studies with human 
subjects may suggest field studies to evaluate cognitive perf&mancc 
enhancement in stressful field situations, 

With the diversity of functions of choline in the body, there is ample 
reason for interest in reviewing its possible value in maintaining or enhancing 
performance of the soldier. S&e choline is a no& constituent of many 
foods and can safely be used at the high usual levels of intake, it is worthy of 
evaluation to determine whether it may enhance either the physical or the 
cognitive performance of soldiers who are functioning in a str~sN environ- 
mlent. 

Other Food Components of Theoreticsi Xmpcwtancc 
but Low Probability of Tanproving Performance 

On the basis of a review of information presented at the wcwksho~ and 
review of background materials, it is concluded that the following materials 
have some theoretical importance but offer a very low probability of 
demonstrating an improvement in performance under conditions anticipated in 
military operations. 

l Carnitin~ Camitine &important metabolically in exercisiag muscle. 
Camitine functions as a transportable high-energy compound that can be 
reformed without the use of ATP. It acts as a storehouse of high-energy 
compounds, stimulates fatty acid oxidation, transports acytcoenzyme A (acyt 
CoA) across membranes, prevents the accumulation of lactate, and stimulates 
carbohydrate and amino acid utilization. These functions have led to the 



hypotheses that supplementation of free carnitine, acetylcamitine, or propionyl- 
carnitine theoretically might enhance the oxidation of fatty acids during 
exercise, thus sparing the use of muscle glycogen, delaying the onset of 
fatigue, and enhancing exorcise performance. 

Most Americans consume 50-100 mg of carnitine per day, with some 
consuming three times that amount. Carnitine appears to be safe, but thee is 
little evidence to suggest that higher amounts are beneficial to healthy 
individuals. Camitine has been extensively researched, and at this time there 
is no conclusive evidence that camitme supplementation is helpful in 
enhancing physical performance during exercise. 

Tts importance metabolicaily in exercising muscle indicates that research. 
on its use should be foliowed. It is not recommended for consider&ion in 
military ration development at this time. 

l Structured lipids. Structured lipids are defined as f;uf that are 
synthesized fi-om mixtures of long- and medium-chain fatty acids. Therefore, 
they are differentiated from typical dietary fats by the presence of 
medium-chain fatty acids (5-10 car%on atoms). Their potential as a 
performancc-enhaucing ingredient is based on the hypothesis that glycogen 
utilization during exercise may be spared by the rapid oxidation of the 
medium-chain fatty acids, Since the medium-chain fatty acids in the diet are 
delivered directly and rapidly to the liver via the portal circulation, their 
metabolism in the liver produces the ketone bodies acetoacetate and Bhydrox- 
ybutyrate, which would circulate to tbe muscle and be oxidized, sparing 
&oge~ 

The nutritional advantages of structured lipids have been d~onstrated 
mostly in individuals with such stresses as bums, trauma, and infection. 
Research to date &as not supported the hypothesis that the supplements of 
structured lipids will spare glycogen utilization during exercise, whioh is more 
closely related to the objective of enhancing. physical or mental performance 
during military operations. In the absence ‘of new data that demonstrate 
potentiaf in this area, the inclusion of struct&ed lipids in rations or food 
components for improving performance is not recommended. 

ANSWERS TO THE QUESTIoNS POSED l-0 THE COMMITTEE 
-~ 

The committee has answered the six qu&ons posed by the Army in light 
of the general conclusions described above. These answers are further 
elaborated in the recommendations that follow. 



1, IS enhancement of physical and mental performance in “aormal,” 
healthy, young adult soldiers by diet or s,upplements a potentially fruitful 
approaeh, or are there other methods of enhancing performance that have 
greater potential? 

Emphasis should be given to making sure that troops are adequately 
hydrated and fed prior to military operations. There is little evidence from 
current nutrition research to suggest that soldiers already consuming nutrition- 
ally adequate rations as specified in the Military Recommended Dietary 
Allowances (MRDAs) will show siguificantiy improved performance when 
nutritional suppIements are added (as differentiated horn pharmaceutical leveis 
of some. food components). ‘Troops going into operational situations are 
presumably in good physical condition and have been consuming adequate 
am&nt$ of militq rations to meet their nutrient needs. Individual vitamin and 
mineral supplements are unlikely to improve performance under’ these 
circumstances. Soldiers who have been deprived of adequate food intake for 
a p&xl under the pressure of milbary operations would likely benefit Fmm 
rec&ing additional food to oveizome the caloric deficit before entering 
another operation. Similarly, if they have been deprived of adequate sleep or 
rest because of extended physical activity, an opportunity to sleep or physically 
rest would help restore performance to normal levels. 

Stimulants such as caffeine may help in the short term to overcome the 
effects of physical and mental fatigue when continuous operations are required. 

’ 2. The Army Science and Technology Objective @TO) states: By 
FY98 demonstrate a 1615 percent enhancement of soldier performance 
in selected combat situations through the use of rations/nutrients t.hat 
enhance caloric utilization andJor optimize the physiological levels of 
ncurotransmitters. {Army Science Board, 1991). 

Is tbe Ieve1 of enhancement ‘identifkd in this ST0 reasonable with the 
current scientific knowledge? 

The Army Science and Technology Objective @TO) of demonstrating a 
l&l S percent enhancement of performance through speciftc rat.ion or nutrient 
consumption by Fiscal Year 19% is overly optimistic, particularly if this is 
expected as enhancement ever the level achieved by normal, well-fed, 
physically frt soldiers. However, if’ enhanced performance is defined as 
restoring or preventing all or part of the decrease in performance that is 
usmihy encountered over extended field operations, then thcrc may be 
opportunities to achieve this objective. 

Current studies of troops in extended field operations show that troops 
tend to reduce food intake, lose weight, and in some instances dehydrate. 
Overcoming these deficits is more likely to maintain performance. Since only 
modest dehydration will result in reduced performance, ensuring adequate fluid 



intake offers the best opportunity to overcome potential performance deficits. 
Adequate food intake to meet caloric needs also will help maintain high Jevels 
of performance. Under conditions of extendad moderate physical activity, 
carbohydrate supplementation to maintain muscle gJycogen levels can extend 
the ability to perform at this activity level. Simply eating frequent meals may 
accomplish this. Stimulants such as caffeine may also temporarily maintain 
physical and cognitive perfomance. 

3. Which food comporents, if any, would be the best candidates to 
enhance miIitary physical and meatal performance? 

Food components that would heJp provide energy sources to large 
muscles would be most likely to enhance or maintain, performance. The proper 
use of carbohydrate supplements for persons engaged in continuous, moderate 
physical activity over at least 1.5 to 2 hours L& the ability to extend the time 
to exhaustion. Caffeine has also been demonstmted to improve physical and 
cognitive p-erfonnance. Tyrosine may also benefit mgnitive performance under 
certain circumstances, Cho,iine has shown some possible bene6t in improving 
performance over .extended periods of physical activity, Studies with maraWn 
athletes need to be carefully reviewed relative to these applications to military 
operations. Soldiers in military operations seldom are required to perform at 
a simiJar continuous level of physical activity and over the extended time 
period as athletes in marathon events. 

4. Shouid the mode of administration be via fortification of the food 
in rations, supplemented via a separate food bar or bevwage component, 
or administered in B “vitamin pill mode”‘? IS palatability a significant 
issue in this type of supplementation? 

The answer to this question depends not only on what food component 
or individual nutrient is under consideration but eilso on issues of safety and 
efficacy that have not yet been addressed. Depending on the circumstances, 
carbohydrate supplements can be delivered effectively .in either beverages or 
snack bars, Caffeine is currently widely consumed either in beverages or in pill 
form, as a means of enhancing wakefulness and alertness. It could easily be 
added to snack bars or food items, but ,because of adverse reactions to caffeine 
in some individuals &+ well B religious proscriptions, this would be less 
de&&e. It is prem@&? to answer the question for individual nutrients such 
as tyrosine, tryptophan, and choline. Their effectiveness depends on large 
increases in plasma ,lev+ and is red&A when consumed p part of a normal 
mea1 c-ontainiig protein l&d carbohydrate. Co,nve@y, their safety is likely to 
be highest whys these ~&bstsiuces are consumed as supplements to a meat, The 
safety of these substaqces as Single supplements whon given in large enough 
doses to be effectiye has not yet been’ demonstrated. 
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5. Are there spedflc ethical issues that need to be considered with 
this type of research? 

The ethical issues depend upon the nature of the enhancement. When the 
safety of the use of the ration is not an issue, informing the soldiers about the 
ration and its purpose should sufftce. 

if the component(s) is used at a pharmacological level, the criteria for 
evaluating the safety of the component as a drug should be met. Soldiers 
should be informed of its benefits, and possible side effects and shouid he 
educated concerning its condition of use. Research needs, to proceed through 
proper stages of safety and efficacy evaluation before tials on large numbers 
of troops are conducted Issues related to ethxricity, gender, and religious 
beliefs need to be considered, and .evaJuation and follow-up on any reported 
adverse or side effects must be conducted. 

The best guidelines for this research would be U.S. Food and Drug 
Administrzition (FDA) guidelines for research on proposed new drugs. 

6. What regulatory issues must be considered with the types of food 
components that are being wahmted by the Army? 

Tbe considerations for the approval of food z&litives are well developed 
by John E. Vanderve-en in Chapter 23. The most iqc&nt consideration is the 
demonstrated safety of the material in question. l’be general approach to 
demonstrating safety is well spelled out in the FDA’s Red Book (Food and 
Dug Administration, 1982). A further cons&ration is the matter of whether 
the uses considered during this workshop represent usage aa a “food” or as a 
“drug.” Different regulations’ control each class of materials. Further, if a 
substance is classified as a “diug,f’ then not only must safety be demonstrated 
but data showing efficacy must also be presented. 

Jt would seem critical for me tiilitary to follow the same requirements 
that the FDA would require ‘for general use’ of a component in the civilian 
population. Therefore in considering the components other than caffeine and 
carbohydrates that have been discussed as agents capable of enhancing 
performance, it is important to recognize that none of these materials has been 
demonstrated to be “safe,” notwithstanding the fact that all of these agents 
exist in natural foods at levels’ required for potential effects. importantly, the 
proposed uqs (to enhance peifonniutce) ‘require exposure levels that are in 
exkxy of what would be consumed “in. foods. 

It would seem that the’ &tend&I ‘uses as performance enhancers would 
classify the, compounds in ‘question in the drug category. The testing 
requirements are not necessarily morqstringent for a drug; in fact, as noted by 
Dr. Vanderveen,, a drug classiiicafion permits a benefit-risk consideration that 
is not possible for a food category consideration. Thus, it would be necessary 
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to generate data demonstrating minimal risk from the exposures expected and 
data clearly demonstrating a benefit from the proposed doses. 

1. On the basis of data presented at the workshop, the Army’s prior 
selection of carbohydrate, caffeine, and tyrosine as food supplements that may 
enhance performance is fully justified. It is recommended that research with 
all three should continue. 

2. The utility of caffeine in reversing the degradation in cognitive 
prhrmauce, mood, and akrtness associated with sleep deprivation that has 
been widely explored at USARIEM and elsewhere is well ~understwd. It is 
recommended that future research with this compound explore and attempt to 
categorize individual differences in responses to caffeine as welt as the issue 
~f~expectancy and placebo effects. 

Recommendations Regarding Food Components 
Proposed by the Army 

On the basis af the papers presented by the invited speakers, discussion 
at the workshop, and subsequent commtttcc deliberations, the Committee on 
Military Nutrition Research recummnds the following: 

1. The following components have clearly demonstrated their ability to 
enhance performance under appropriate simulated conditions and should be 
evaluated in appropriate delivery systems. 

I’ 
Caffeine. Caffeine functions as a weak stimulant that, in low doses, tends 

to delay sleep and reduce the deterioration of performance associated with 
fatigue and boredom. At higher doses caffeine reveaaea the sleep 
deprivation-induced degradation in cognitive performance, mood, end alertness. 
The long experience with the use of coffee suggests that caffsine js ;lal;? at 
levels required to achieve the desired elects, and Its effects are reversible over 
time. The primary issues that wed to- be answered in providing caffeine 
are the appropriate carrier that shrruld be: used to provide the supplement 
and the amount required to achieve the desired benefit in those both 
habituated mad aonbabitw&d to it. Since if would not be d&xabIe to inhibit 
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sleep when operations permit, the timing and availability of the 
caffeine-containing food component should be evaluated. 

Carbohydrate. Carbohydrate is an important fuel source and is 
particularly important for enhancing extended continuous physical activity. The 
potential role for carbohydrate in affecting such behaviors as mood, perfor- 
mance, and satiety relating to sensorimotor and cognitive performance has not 
been as thoroughly evaluated. Many studies have been carried out with 
carbohydrate supplements, with the major emphasis on physical performance. 
The committee recommends tbat this line of research at USARLEM should 
be continued. However, emphasis should be shifted to the effect of the 
macron~ntrient composition of meals and supplements on the affective 
domaia, including such aspects as mood, perceived fatigue, and motiva- 
tion. Hedonic properties and the timing and setting of meals and supplements 
are important variables to be considered, as are f& prefertnkes and aversions 
related to race, ethnicity, geography, and geader. Carbohydrate-containing 
snacks, which also provide sufficient protein, should be evaluated as a means 
of overcoming fsttigue and improying mood and performance. Research to 
evaluate the performance-enhancing potentials of such products should be 
conducted not only as a means of potentially improving performance in the 
short term but also as an aid in overcoming some of the caloric deficits usually 
noted for troops in field operations. It is also suggested that, the possibility of 
providing caffeine in such a product may define a product that could be used 
in a particularly stressfkl time to enhance performance. 

2. The following components are suggested for further research on the 
basis of their importance in energy metabolism and/or neurotransmitter actions 
in the body. 

Choline. On the basis of its diverse functions in the body, bath in 
physical performance and in cognitive fimction, and limited studies demon- 
strating potentialIy improved performance in extended physical activity, in 
cognitive function in animals and humans, and its relative safety, the 
committee believes that choline should be evaluated for its performance 
enhancement potential. The committee recommends that choline should be 
added to the list of food supplententv that have potential to enhan= 
performance and ,Jltat are befng evaluated at the U.S. Army Research 
Institute of Enviionmental Medicine (USARUEM). it is suggested that 
carefuIly controlled laboratory studies with. human subjects be conduct& 
initially, the results of which may suggest field studies that could be used to 
evaluate enhanced physkal and/or cognitiye performance under stres.sfiil field 
conditions. 
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Tyrusine. Research has demonstrated that tyrosine may be rate limiting 
for the synthesis of neurotransmitter products under highly stressfir conditions, 
Animal studies and limited human studies have demonstrated that tyrosine may 
have beneficial effects in overcoming the adverse effects of acute stmssors. 
‘These data are emouraging and demonstrate that additional research should be 
conducted under CarefnIIy con&o&d conditions to further define when tyrosine 
may -be beneficial in reversing acute stress. The research with tyrosine 
currently being carried out at both USAKIEM and the Navd MedicaI Research 
institute is eXciting. Tbe committee reeommedds that this research be 
expanded, with m&e emphasis placed on safety, interactions wIth ration 
consumption, stress, and field shtdies. Data are required on the safety of 
tyrosine use at levels required for efficacy. Since the effect of tyrosine appears 
to be pharmacological, the FDA protoco?s for demonstrating safety and 
efficacy should be considered, Evaluation of the proper method of delivering 
an effective dose of tyrosine to affected troops would also be required. 

3. The following compounds have a low probability of enhancing 
performance through their use in military mtions. 

Carnitine. Because of its importance ~metabolically in exercising muscle, 
research in the exercise physiology literature should be monitored, but 
camitine is not recommended for consideration in performance enhancement 
ration development and evaluation by the military until it is demonstrated that 
cumitine supplementation over that normally supplied in usual military rations 
has some value. 

Structured lipids. There are no data to support the fact that structured 
lipids spare glycogen utilization during exercise and therefore support 
improved performance. It is recommended that structured lipids not be further 
evaluated as a performance4nhancing component of operational rations. 

Specific Recommendations 

Tyrosine. Although tyrosine has been demonstrated to reverse the effects 
of cc&in acute stressors, some critical issues remain to be addressed befm 
it can be recommended for use in enhancing the performance of acutety 
stressed military personnel. These issues, as outlined by H&s R. Leiberman 
(Chapter IS), are as foiiows: 

I, demonstrating the generakability of tyrosine effects across a wider 
range of stressors, 



2. establishing a dossresponse function for tyrosine’s beneficial effects, 
3. determining whether tyrosine has efficacy in chronic stress parxdigms, 
4. determining the safety of tyrosine administration, 
5. assessing the risks and benefits of acute versus chronic administration 

of tyrosine, and 
6. determining the most appropriate method for providing tyrosine 

supplementation. 

Choline. Both clinical and basic research into choline and its effects on 
the body may have relevance for the military, Several ciinical studies are 
obvious: 

1. studies to detent&e whether choline suppkxnentation enhances 
endurance and muscle pdxmanc~, and 

2. studies to determine whether choline supplementation enhances 
intellectuaf performance and whether this alters performance of soldiers in the 
fi&i. 

Carbohydrate sapplements. Since carbohydrate supplements have been 
shown to enhance perFormam in athletes performing at moderate to heavy 
levels of physical activity for extended periods of time, it is desirable to 
evaluatt various military opemtional scenarios to determine whether and when 
a carbohydrate supplement would be advantageous. Suggested areas are: 

1. continuous load carrying at SO-70 percent maximal oxygen uptake for 
l-2 hours without resting, and 

2. skepdeprived states when moving into simulated-combat situations. 

Another possible area of research would be to determine the amount of protein 
needed in relation to carbohydrate to prevent the “perceived fktigue” effect 
reported with carbohydrate intake. 

Other Areas that Offer Research Potential 

l While tryptophan was extensively used by many individuals, serious 
safety concerns led to its being’ banned from use- Depending upon federal 
regulatory guidelines, tryptophan may at some point offer research potcatid 
in the ere.a of sfeep promotion. issues of mode of administmtkm and dose 
would be areas of significant concern for military research with tryptophan. 

l Lahoretory research indicates heightened self report of Mgue after 
ingestion of high-carbohydrate, low-protein supplements. Studies of carbohy- 
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dram/protein ratios in supplements also offer research potential for sleep 
promotion. 

l Limited data from laboratory studies suggest that the buffering effects 
of’ scddium bicarbonate ingestion on muscle pH changes during physical 
exercise offer potential for further research. 

v Glycerol is another substance that, although not specifically covered 
in this workshop, may warrant further investigation BS a dietary supplement to 
enhance performance. 

* Likewise, wbiie not sp&fically discussed in the CMNR workshop, 
there are reports that carbohydrate supplementation is beneficial in improving 
perfomance at high altitude. 

l Although this report has emphasized the specific isolated food 
components identified by the U.S. Army, and the&y focused recommenda- 
tions regarding these components on a component-by-component basis, furthet 
resear& would need to include careful investigations of the interactions among 
any components as well as the interactions of regular dietary levels of caf%.ne 
and &rbohydrates with performance-enhancing food wm+nen&. 

l Symptoms that frequently occur during stress (including headaches, 
my&&s, somnolence, a&reduction in foo4 inUke) contribute importantly to 
decrements in performance. Caref%lty c+rolled studies should be considered 
during military-type stresses of the anciilary use, prophylactic and/or 
therapeutic, of common, symptom-treating, over-the-counter drugs that block 
the cytokineinduced intraceilulat production of prustaghrndins, that is, drugs 
such as aspirin or ibuprofen. Prostaglandin blockade with such drugs could not 
only reduce symptoms to improve performance hut could also have ,the 
ancillary nutritional benefits of improving appetite and reducing the hypcrmeta- 
boiic loss of body tiutrients and muscle rjrotein known to be associa&d with 
prostaglandin release. 

AREAS FORFUTURE RESEARCH 

The Committee on Military Nutrition Research recognizes the potential 
value for performance enhancement in combat settings and suggests a number 
of areas for future research within the military. The CMNR believes that the 
military services, through their pool of volunteer personnei, offer an excellent 
and often unique opportunity M generate research data and statistics on the 
nutrition, health, and stress reduction in service personnel. These findings can 
be directly applied to improving both the health and the performance of 
military personnet and those of the genmi U.S. population. 



1, Much of the research needed to establish the safety of large doses of 
cyrosine and potentially choline needs to be carried out with rats. Amino acid, 
neurotransmitter, and metaboiite levels need .to be measured in specific brain 
nuclei, and many other animal studies are needed including gross and 
microscopic pathologies in both short-and long-tertn experimerrts. Possibly this 
could be accomplished through the Army funded neuroscience research at the 
Pennington Biomedical Research Center, Baton Rouge, Louisiana, in support 
of the human studies at USARTBM. 

2. Performance, including cognitive, emotional, and physical aspects, is 
of crucial importance to all service branches. It is recommended that au 
iatersetice committee be estaMished to coordinate and facilitate research 
and development activities in this area. 

3. A final generai recommendation is to &us nutr-ition@erformanc 
research on diet/stress/immune function relationships in both scute and 
chronic situations. It would be desirable to relate tie msetich, at least in part, 
to researchable issues raised by the two Ranger studies. Immunological studies 
should include studies of humoral immunity, cellular immunity, and plasma 
cytokiie concentrations before, during, and after the period of stress. 

The Committee on Military Nutrition Research is pkased to participate 
with the Division of Nutrition, U.S. Army Research Institute of Environmental 
Medicine, U.S. Army Medical Research and Development Command, in 
programs related to the nutrition and health of U.S. militaty personnel. The 
CMNR hopes that this information will be useful and helpful to the U.S. 
Department of Defense in developing programs that continue to improve the 
lifetime health and well-being of service personnel. 
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