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ABSTRACT 

Since glucose is an essential nutrient for normal fetal growth and development, 

the impact of reduced materna1 dietary glucose supply, on amniotic fluid (amf) amino 

acid composition was investigated. Furthemore, this study investigated whether any 

resulting changes in the concentrations of amf anino acids could be predictive of fetal 

growth and metabolic status. Pregnant rat dams were fed isocaloric diers containing 

p d e d  levels of dietary glucose (0, 12. 24 and 60%) and the amf amino acid content 

was anaiysed on gestationai days (gd) 18.5 to 21.5. Cmbohydrate restriction produced 

signifiant increases in the concentrations of a d  isoleucine (on gd 21 S), tryptophan 

(on gd 18.5 and 2 1.5) and 3-methylhistidine (on gd 20.5 and 21.5). An interaction 

between diet and day of gestation modified amf taurine levels such that dams fed low 

carbohydnte die& showed significant increases in mf taurine as pregnancy 

progressed. Specific amf amino acids correlated with fetal growth parameters and fetal 

tissue glycogen reserves indicating the abîiity of amf composition to reflect fetal 

distress under conditions of compromised matemal nuvitional status. A greater 

statistical predictabiiîty of am€ constituents was obtained with fetal growth parameters 

than with fetal tissue glycogen reserves. These results suggest that amf arnino acids are 

better predictors of fetal growth status than of fetal metaboiic status. 



Nous avons étudié l'impact d'une réduction de l'apport en glucose de la diète 

maternelle, le glucose étant un nutriment essentiel pour assurer une croissance et un 

développement normal du foetus, sur la composition en acides aminés du liquide 

amniotique (Im). De plus, cette étude s'est intéressée à l'éventualité qu'un 

changement de la concentration en acides aminés du larn pourrait servir d'indicateur 

de la croissance foetale et du statut métabolique. Des diètes de différentes teneur en 

glucose (0, 12, 24, et 60%) ont été offertes à des rats femelles enceintes et le contenu 

en acides aminées du l m  a eté analysé du jour 18.5 au jour 2 1.5 de la gestation. Une 

limitation de l'apport en hydrates de carbone a résulté en une augmentation 

significative de l'isoleucine (au jour de gestation 2 1 3 ,  du trypophane (aux joun de 

gestation 18.5 et 2 1.5) et de In 3-méthylhistidine (aux joun de gestation 20.5 et 2 1.5) 

dans le lm. Une interaction entre la diète et le jour de gestation a modifié les 

niveaux de taurine dans le l m  de sorte que les rates noumes aux diètes faibles en 

hydrates de carbone ont présent6 une augmentation significative de la taurine du lam 

à mesure que la gestation progressait. Des acides aminés spécifiques du lam ont été 

corrélés avec des paramètres de la croissance foetale et avec les réserves en 

glycogène des tissus, démontrant ainsi l'habilité de la composition du lam en acides 

aminés à refléter une détresse foetale lorsque le statut nutritionnel maternel est 

compromis. Les constituants du lam ont permis d'obtenir une meilleure prédiction 

des paramètres de la croissance foetale que les réserves en glycogène des tissus. Ces 

III 



résultats suggèrent que les acides aminés du lam sont de meilleurs indicateurs de la 

croissance foetale que du statut métabolique foetd. 
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Glucose is the principal metabolic fuel used by the developing fetus (Koski and 

Hill. 1990). When exogenous glucose supply to the fetus is curtaiied, the reliance on 

alternative fiel sources, such as arnino acids. is increased. The metabolic adaptations 

made by bath the mother and fetus in response to compromised maternai nutritionai 

stanis has k e n  shown to be reflected in changes in the concentrations of maternai 

plasma amino acids, but these changes in the profie of plasma amino acids are 

confined to specific amino acids. Matemal energy restriction has been associated with 

decreased maternai plasma alanine concentrations and increased plasma branched- 

chah amino acids (BCAA), valine. ieucine and isoleucine (Felig et al. 1972; Lemons 

and Schreiner, 1984). 

These finding of altered plasma ;unino r i d s  as a result of compromised 

matemal nutritionai status are not dissimilar of what has k e n  observed in the amniotic 

fluid (;imf) conpartment. A Iimited number of studies have examined the impact of 

matemal nutritionai status on the composition of amf constituents. One of the fmt 

studies to investigate the effects of matemal fasting on amf amino acid concentrations, 

showed that maternai fasting resuited in significant decreases in amf alanine and 

marked increases in amf BCAA (Felig et ai, 1972). Recently, in a glucose restricted 

mode1 which induced intraute~e growth retardaiion (IUGR), RTGR was associated 

with decreased am€ glucose concentrations and increased amf uric acid concentrations 

(Koski and Fergusson, 1992). 



Attempts have been made to correlate plasma and amf constituents with fetal 

maturity. Positive correlations were found with matemal plasma glycine and lysine and 

negative correlations with plasma histidine and Fetai age (Moghissi et al, 1975). 

Negative correlations also were found with amf alanine, histidine, taurine, 

phenylaianine, tyrosine, proline and the BCAAs and fetal age (Mesavage et ai, 1985). It 

has ken suggested that the amf arnino acid profde is a more accurate &or of fetal 

statu than the maternai plasma amino acid profile. This stems from the observation 

that little correlation was found to exist between matemal plasma amino acid 

concentrations with amf amino acid concentrations, however correlations were found 

with a number of amf amino acids and amino acid levels in fetd urine (Cockbum et ai. 

1970; A'- et al. 1973). 

No attempts have ken  made to correlate changes in the composition of amf 

arnino acids with fetd growth and metabolic status and matemal diet. The 

consequences of reduced rnaternd dietary glucose supply, glucose king an essential 

nutrient for normaf fetal growth and development (Koski and Hili, 1990) on amf 

composition, specificdiy the amino acid composition, has not ken  investigated even 

though RIGR and increased perinatai morbidity and mortaiity has been observed in the 

offspring of glucose restricted dams (Koski and HU, 1990; Koski and Fergusson, 

1992; houe, 1993) and bitches (Romsos, 198 1). The purpose of this study, thecefore, 

was to investigaie the effects of matemal dietary glucose restriction on amf amino acids 

and to determine whether any resulting changes in the concentrations of amf amino 

acids could be predictive of feiai growth and metabolic status. 



The following chapter provides information on the profile of amf and plasma 

constituents, with pater  focus on the amino acid composition, during altered matemal 

nutritionai status. h addition, it summarises present knowledge on the use of amf and 

plasma constituents to diagnose fetal matunty and IUGR. 



CHAPTER 1 - LITERATURE REVIEW 

1. AMNIOTIC FLUID COMPOSITION 

There is considerable interest in detennining whether amniotic fluid (arnf) 

composition, particularly the concentrations of glucose and amino acids in amf, reflects 

the metabolic milieu of the developing fetus. In spite of this interest, questions 

regarding the source, m o v e r  rate and fate of glucose and amino acids in amf sui1 

remain unresolved. This difficulty stems from the fact that the mother, fetoplacental 

unit and amf are a complex and intimately related three-cornpartment system (Dooley 

et al, 1982). The contribution that each of these cornpartments makes to the 

composition of am€ substrate levels varies with fetal age. In early gestation, the amf 

composition is very similar to matemal and fetd extra-cellular fluids due to the high 

pemeability of fetd membranes to sodium and water (Lind, 198 1). in contrat, in later 

pregnancy, arnf osmolarity and sodium and glucose concentrations decrease while urea 

and creatinine concentrations increase (Lind, 198 1). These changes in the composition 

of the axnf have ken  attributed to the keratinization of fetal skin and to the maturation 

of fetd rend functions (Bnce, 1989; Queenan, 1990). Amf becomes a repository for a 

number of secretions and excretions from the fetai respiratory tract, intestinal tract, 

umbilicd cord, saiivary glands and fetai urine, with fetd urine king the predominant 

source of amf with advancing gestational age (Mandelbaun and Evans, 1969; hieschel 

et al, 1986). Therefore, as gestation progresses, the amf resembles less that of matemal 

and fetal semm and approaches that of fetal urine (Brace, 1989). 



A. Profile of amniotic fluid constituents 

The profile of amf constituents during pregnancy has contributed to the present 

understanding of the origin and fate of arnf constituents, particularly glucose and amino 

acids. Arnf glucose concentrations have been observed to decrease with the progression 

of pregnancy. The concentration of amf glucose is high ealy in human pregnancy 

(3.6mmoVL). falling to haif this value at 20-32 weeks and continues to decrease to very 

low levels at term (0.7mrnoVL) (Dnzancic and Kuvacic, 1974). Genenlly in hurnan 

studies, the concentrations of some amino acids in amf also have k e n  shown to 

dirninish with the progression of pregnancy (Emery and Scrimgeour, 1970; O'Neill et 

al, 1971; Scott et al, 1972; Dallaire et al, 1974; Velazquez et al. 1976). The essentiai 

amino acids show a more pronounced decrease than the non-essentid amino acids. 

Specifically, Emery and Scrimgeour (1970) studied arnino acid concentrations in amf 

from the 9" to the 40" week of pregnancy. The authors found that serine. glycine, 

phenyldanine, lysine and arginine progressively decreased during this period while no 

significcuit change occurred throughout gestation with cysteic acid, 

phosphoethanolarnine. ethanolamine and proline. In a separate study (Dailaire et al, 

1974), phenyldanine, tyrosine, vaiine, leucine, isoleucine, lysine, alanine and histidine 

decreased from the 10' to the 40' week of gestation. No significant change occurred 

with glycine, serine, threonine, aspartate, asparagine, glutamate, arginine, methionine, 

proline, ornithine, anserine, taurine and citnilline during this same period (Dailaire et 

al, 1974). In contrast, however, some amf amino acids have been shown to increase 

with the progression of pregnancy, namely ethanolamine, taurine (O'Neill et al. 1971), 
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cysteic acid (Emery and Scrimgeour, 1970; Kang and Scanlon, 1974) and glutamine 

(Mesavage et al, 1985). 

The physiologie mechanisms responsible for àiminishing amf glucose and 

amino acid concentrations with advancing gestational age in human pregnancy has not 

been completely elucidated. Factors that may be involved in the changes in the 

concentration of am€ glucose and amino acids observed during gestation are briefly 

described below. Any or al1 of these three factors may be involved in the effect that 

gestational age has on amf glucose and amino acid concentrations in humms: 

2)  Kidney maturation: The observation that the concentration of glucose and amino 

acids decrease in the fetal unne as pregnancy progresses (Cockbum et al, 1970; 

Velazquez et al, 1976) suggests maturation of fetai rend tubular function, that is, 

greater rend tubuiar selectivity of substrates which begins around the 10th to 12th 

week of gestation (A7;irv et al, 1973; Dooley et al, 1982; Mesavage et al, 1985) is 

responsible. It is also noted that a d  is initially isotonie, Le., similar to maternai 

and fetal extracellular fluids, but becomes hypotonie with increasing output of 

fetal urine. This dilution factor could explain the general decrease in total glucose 

and amino acid concentrations towards term and may also explain the increase in 

the urea and creatinine concentrations, resulting from the maturation of the u ~ a r y  

system (Pueschel et al, 1986). Amf is panicularly rich in taurine, histidine and 

ethanolamine, which reportedly occur in high concentrations in fetal urine 

(Cockburn et al, 1970; Emery and Scrimgeour, 1970; O'Neill et ai, 1971; 

Velazquez et ai, 1976). These observations m e r  illustrate the close relationship 



that exists between amf and fetai wine, that is, fetal urine makes a signifrcant 

contribution to the make-up of amfconstituents. 

Mahrrah'oa of gustrointestinal tract: Secondy, maturation of the fetal 

gastrointestinai hinction may increase the clearance of amf glucose and amino 

acids by means of fetal swallowing and gut absorption (Dooley et al, 1982). 

Changes in plicental dimion: Glucose homeostasi s is also in fi uenced by the 

amnion and the placenta which both are known to actively metabolise glucose. In 

addition, the maturing placenta has ken shown to have a hi@ rate of glycolysis 

(Pueschel et ai. 1986). 

The amino acid concentration in amf is species specific but cumntly it is not 

yet known why there are differences among species in the concentrations of amf amino 

acids. in nts, however, the arnino acid concentrations in amf increases with advmcing 

gestationai age (nomai length of gestation for rats is 21-22 days) (Wimchder, 1958; 

McEvoy-Bowe et al, 1987). The total free amino acid concentration in amf was s h o w  

to increase lrom day 13 to day 20 of gestation (Winschafter, 1958). The authors 

reported increases in the concentration of lysine, alanine, glycine, serine, tyrosine, 

threonine, glutamate, arginine, leucine, valine, glutamine and aspartate as pregnûncy 

progressed. McEvoy-Bowe and co-workers (1987). found that amino acid 

concentration in rat arnf was higher than in human amf. At day 19, the total Cree amino 

acid content in rat amf was approximately 2-fold higher than in human amf at 

approximately 16 weeks gestation. These authon also noted that there was a tendency 

for most arnino acids in rat amf to increase from day 17 to day 20 of gestation. 



Furthemore, the amf concentration of all amino acids approximately doubled in 

concentration between day 19 and 20 of gestation but specific arnino acid results were 

not shown. 

B. Cornparison of amnioüc fluid amino acids with maternavfetal plasma 

amino acids 

A potential diagnostic tool in assessing the growth and metabolic status of the 

developing fetus may lie in the cornparison of amino acids in amf with other 

extracellular fluid amino acid pools during pregnancy. The arnino acid values of 

maternai plasma, fetd plasma and amf have been compared by severai authors 

(Cockbum et al, 1970; Reid et al, 1971; A'ZYy et ai, 1973) but* to date, no consistency 

between arnf and matemal plasma amino acids h a  been observed. In eariy pregnancy 

(13- 16 weeks) the concentration of most arnino acids are greater in iunf than in letai or 

maternai plasma. At term, the concentrations of al1 amino acids in amf are less than in 

fetd or maternai plasma. Reid and CO-workers (197 1) compared amino acid levels in 

amf with those in maternai serum in early and Iate pregnancy and found that the free 

amino acid levels of amf did not reflect matemal plasma amino acid levels. In rhis 

study the authors reported a significant increase in threonine, glutamate, proline, 

alanine, valine, cysteine, methionine, tyrosine, phenylaianine, lysine, histidine and 

arginine in amf as compared to matemal plasma frorn 7-18 weeks gestation. At term, 

the reverse was found where threonine, serine, citruiiine, alanine, a-aminobutyric acid, 



valine, methionine, isoleucine, leucine, tyrosine, phenylalanine, ornithine, lysine, 

histidine and arginine were significantly lower in amf as compared to materna1 plasma. 

Taurine, aspartate and glutamate showed no change from early to late pregnancy. These 

authors concluded that the fiee amino acid levels of amf did not reflect macemal 

plasma amino acid levels. Similady, Cockburn and co-workers (1970) found 

significantly higher concentrations of amf taurine. threonine. proline. alanine, cysteine, 

tyrosine, phenylaianine and lysine as compared to matemal plasma mino acid levels at 

15-20 weeks gestation. They also found Iittle correlation between the amino acid 

concentrations in ;unf and matemal plasma, while a positive correlation was found only 

with threonine and cysteine. On the other hand, a significant positive correlation was 

found to exist between early fetal urine and arnf amino acid levels, namely taurine, 

valine, methionine, cystathionine, isoleucine, leucine, tyrosine, phenylalanine, histidine 

and 3-methylhistidine. A m  and CO-workers (1973) dso reponed a positive 

conelation between amino acid levels in amf with fetd urine and in addition a positive 

correlation existed between amf mino acids and fetal s e m .  These findings suggest 

that (1) amf amino acids are a more accunte mirror of fetai metabolic status thûn is 

maternai plasma and (2) amf amino acid levels may be a better guide to the condition 

of the fetus at various stages of pregnancy. Recently, in a diet-induced mode1 of fetal 

distress, Koski and Fergusson (1992) have suggested that amf glucose rnay be a more 

accurate mirror of fetal glycogen reserves and rnay be a better guide to the condition of 

the fetus than fetai or maternd plasma glucose concentrations. Reductions of maternai 

dietary carbohydrate were associated with reductions in amf glucose and fetal liver 



giycogen but no significant disturbances were observed to the plasma glucose 

concentrations in either the fetal or matemal systems. This suggests that f e d  and 

matemal plasma glucose concentrations were not as sensitive as amf glucose 

concentrations to perturbations in glucose homeostasis during pregnancy. 

C. Response of amniotic fluid to nutritional deprivation 

The observation that the fetus swailows amf suggests that it may have an 

imponant role in fetal nutrition (Pitkin and Reynolds. 1975; Mulvihill et al, 1985). In 

the later part of pregnancy the volume of amf swallowed d d y  by the fetus is 

considerable (750mVd) and may be a significant source of nutrition for normai fetd 

growth and development. The fetal intestinal epithelium has the capacity to nbsorb and 

utilise cvbohydnte and protein from the swallowed amf (Pitkin and Reynolds, 1975: 

Charlton-Char and Rudolph, 1979; Lev and Orlic, 1972). 

Mulvihill and CO-workers (1985) showed that prevention of fetal swdlowing. 

following oesophageal ligation in rabbit fetuses, resulted in 14% reduction in birth 

weight and 10% reduction in crown-nimp length compared to sham operated controls. 

This observation led the authors to conclude that the fetus is dependent on swdowed 

amf for 10% to 14% of its normal caioric intake. Pitkin and Reynolds (1975) 

investigated the contribution that amf protein makes to the protein requirements of the 

fetus. These observations bring fonh the importance of swalîowed arnf and its 

signir~cant nutritional contribution to the normal development of the fetus. Using 

labelled methionine injected into the amniotic sac of rhesus monkeys, the authors 
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estimated that amf protein contributed 10% to 15% of fetal nitrogen requUernents and 

suggested that ingested mf protein may play a physiological role in fetal metabolism. 

Although a d  has been shown to play a role in fetd nutrition, little is known as 

to whether amf composition is altered as a result of compromised matemal nutritionai 

status. One of the fmt studies to address the issue of the effects that matemal caloric 

deprivation has on the levels of metabolic fuel in arnf was conducted by Kim and Felig 

(1972). These authors provided evidence that 4 days of maternai starvation resulted in 

decreased plasma glucose and increased plasma free fatty acids, b-hydroxybutyrate and 

acetoacetate concentrations. Similarly these findings were reflected in changes in amf 

composition. Amf glucose levels were signifcantly reduced in the fasted subjects with 

increases in the concentration of P-hydroxybutynte and acetoacetate. They did not 

observe an increase in amf free fatty acid level despite the marked increase in matemal 

plasma free fats, acids. This is in keepiog with the fact that there is limited transport of 

fiee faity acids across the placenta and changes in maternai plasma will be reflected in 

arnf for oniy those substrates which readily cross the placenta. 

In a second study conducted by the same group of investigaton (Felig et al. 

1972) showed that the levels of amino acids in arnf are profoundly influenced by 

materna1 nutrition. Maternai caloric deprivation (84-90hr fast) dunng the 2nd uimester 

of pregnancy resulted in a marked increase in the branched-chain amino acids (BCAA), 

vaiine, leucine and isoleucine and a decrease in alanine. reflecting the pattern observed 

in maternai plasma The auihors also noted that despite the changes in amino acid 

levels in amf, the relation between &and maternai plasma amino acid concentrations 



were not altered by starvation, indicating that starvation had not dtered the rate of 

transfer of amino acids across the placenta S i d a  results were obsenred by Tyson and 

CO-workers (1976), who reported that the concentration of glucose and alanine in amf 

fiom women undergoing a 72hr fast decreased in a manner paralle1 to that of the 

matemal plasma. These authoa did not address the consequences that these changes in 

arnf substrate availability following nutritionai deprivation might have on fetal growth 

and development. 

Recently, Bernstein and CO-workers ( 1992), using a materna1 starvation mode1 

to induce fetal growth retardation in rats, demonstrated decreases in the glucogenic 

amino acids, glycine and alanine and increases in the glycindvaline ratio in amf of the 

growth retarded animals. Contrary to the observations made by Felig and co-workers 

(1 972). these authors report a decrease in amf BCAA, valine, leucine and isoleucine of 

the growth retarded mimals. The reason for this discrepancy is not clear. In addition, 

Bernstein and CO-workers (1992) have reported that a d  valine, glycine and the 

giycine/valine ratio predicted > 8796 of fetal growth retardation. 

Koski and Fergusson (1992) have shown that changes in maternai dietary 

carbohydnte produced changes in amf composition. More specificdy, the results 

demonstrated that as the level of carbohydrate increased in the maternai diet there was 

a significant increase in amf glucose and a significant decrease in amf uric acid. The 

feeding of these glucose-restricted dieu to pregnant rats resulted in intnuterine growth 

retardation. The authors found that amf glucose wûs positively associated with fetd 

weight while amf uric acid and urea nitrogen were negatively cornlated with fetai 



weight. These authors suggest that the composition of amf rnight be used as an 

accessible nutritional indicator of carbohydrate status in the developing fetus. 

Summary 

The amf pool is a highly dynamic cornpartment and the concentrations of amf 

constituents are dependent on the stage of gestation. It is suggested that the amf pool 

is a more accurate minor of fetd metabolic status and may be a better guide to the 

condition of the fetus, This stems frorn the observation that little correlation was 

found between amf and matemd plasma constituents while positive correlations 

were found between amf and fetal plasma and fetal urine constituents. Although amf 

has been shown to play a role in feeial nutrition little is known as to whether the amf 

composition is altered as a result of compromised maternai nutritional status. Those 

studies, which have addressed this issue, found t hat amf constituents, particularl y 

glucose, alanine and the BCAAs, leucine, isoleucine and vdine were influenced by 

matemd nutritional status. These changes in arnf constituents were associated with 

fetal growth retardation suggesting that the ûmf composition might be used as an 

indicator of fetal metabolic status during materna1 nutritional deprivation. 

II. PLASMA AMINO ACIDS AS INDICATORS OF NUTRITIONAL STATUS 

A. Use of plasma amino acids for diagnosing nutritional disturbances 

In contrast to amf 

recognised as biochemical 

arnino acids, 

markers for 

plasma free amino acids have long 

the assessrnent of nutritionai status 

k e n  

The 



detection of perturbations in steady-state levels of amho acids in plasma has ken  

uiilised as a sensitive indicator of end0C~e  and metaboiic adaptations involved in 

various physiological and pathologicai conditions (Saunders et ai, 1967: Scnver et al, 

197 1; Coward and Lunn, 198 1). The determination of the amino acid profde in plasma 

has found usehil applications in evduating nutritional disturbances such as the 

kwashiorkor and mvasmic f o m  of protein-energy mainuvition and prolonged 

starvation (Whitehead and Dean, 1964; Saunders et al, 1967; Padilla et al, 1971; 

Scnver et al, 197 1). The npid response of the plasma amino acid profile to nutritional 

disturbances has provided one with an easily accessible experimental and clinical tool, 

which has contributed to a better understandhg and diagnosis of the type and severity 

of the nutritionai status. 

The concentration of amino acids in plasma of children with kwashiorkor and 

marasmus has shown pronounced abnomalities, and it is the alterations in the pattern 

of plasma amino acids which has been used to distinguish between kwashiorkor and 

mansrnus (Whitehead and Dean, 1964; Whitehead, 1969). The ratio of non-essentiai 

amino acids (NEAA) to essential arnino acids (EAA) rise in children with kwashiorkor, 

however no such elevation is seen in m;uzismic chiidren as the changes in ynino acid 

levels are less pronounced (Whitehead and Dean, 1964; Padilla et al, 197 1). Children 

with kwashiorkor have sbown depression of certain EAA, specificdy the branched- 

chah amino afids, valine, leucine and isoleuche, as weU as decreases in methionine 

and a decrease in the ratio of tyosine:phenylaianine. Among the NEAA, those 

associated with the urea cycle, in particular ornithine and arginine, were also reduced in 



patients with kwashiorkor as compared to control subjects (Padilla et al, 1971). It ha 

also been observed that the non-essential amino acids, alanine, glycine, senne and 

probe remain normal or even rise, which has led to the statement that the ratio of 

NEAA to EAA c m  be used as an index of the child's nutritional condition (Whitehead 

and Dean, 1964; Edozien, 1966; Saunders et ai, 1967; Young et al, 1990). 

Several reports have questioned the diagnostic value of plasma NEAA to EAA 

ratio as a biochemical index to distinguish between the type and severity of protein- 

calorie malnutrition (Edozien. 1966; Saunders et al, 1967: McFariane et al, 1969; 

Padilla et al, 1971). These inconsistencies have been attributed to the confounding 

effects of metabolic and/or dietary panmeters. It would appear that the mainourished 

subjects were undergoing refeeding with a high protein diet at the tirne that blood 

samples were collected. The results therefore were not representative of Casting plasma 

amino acid levels of the children on the kwashiorkor-producing diets. A fasting period 

of considerable length is necessary if the effects of a med containhg protein are to be 

considered. For example, it has been found that the alanine level in plasma is correlated 

with the calonc and carbohyârate content of the diet (Swenseid et al, 1967). Edozien 

(1966) suggested that estimation of single amino acids by thernselves is not diagnostic 

of kwashiorkor. His findings showed that the determination of the level of totai plasma 

amino acids was a more valuable biochemical index of the statu of protein nutrition. 

The total amino acid levels in his study were found to be drcreased even in cases which 

still had normal total s e m  protein and aibumin concentrations. Therefore, it has k e n  

recommended that the totai plasma amho acids as weii as the ratio of NEAAlEAA be 



used as an adjunct to routine clinicai examinations. Most irnportantly, plasma amino 

acids may serve as a measure of the efficacy of various therapeutic diets (Whitehead 

and Dean, 1964). 

The alterations in plasma amino acids during prolonged starvation have been 

extensively studied and the characteristic changes that occur in the pattern of plasma 

amino acids differ from those of protein-energy malnutrition. in prolonged starvation 

the measurement of total a-amino nitrogen reveals a relatively modest decline, 

reaching statistical significuice only after severd weeks of fasting (Felig et al. 1970). 

However, analysis of specific amino acids indicates that individudly these amino acids 

respond in v m n g  magnitudes and directions. Specifically, in the initial few days of 

starvation there is a transient nse in the plasma concentration of the branched-chain 

cimino acids, particularly valine, leucine and isoleucine, a rise in methionine and a- 

aminobutyrate, as well as a dnmatic decline in alanine and a delayed increase in 

glycine and threonine (Adibi, 1968; Adibi and Drash. 1970; Felig et al, 1970: Scriver et 

al, 1971). As starvation progresses most amino acids ultimately decline. It is believed 

that the hyperaminoacidemia seen early in starvation cm be attributed to the concurrent 

fdl in senun insulin, characteristic of stmation. The latter changes reflect an increased 

peripheral release of threonine and glycine and increased splanchnic utilisation of 

danine via gluconeogenesis (Felig et al, L970; Scnver et al, 197 1). 



B. Assessing pregnancy outcome using free amino acids in maternal and 

fetal plasma 

The influence of pregnancy on the concentration of free amino acids in 

maternal plasma at various stages of pregnancy has been reported. Free amino acid 

concentrations have been observed to decreûse in the matemal plasma during 

gestation (Reid et al, 197 1). It was originally thought that the resulting 

hypoaminoacodemia was due to the ever-increasing demands for substrates of the 

rapidly growing fetus (Young and Prenton, 1969). More recently, it ha been shown 

that this decrease in matemal plasma amino acids is already well established as early 

as the first trimester in women (Schoengold et al, 1978) or the 12th day of pregnancy 

in rats (Palou et al, 1977; Pastor-Anglda and Remesar, 1986). This is the penod in 

which the metabolic weight of the feto-placentai unit is negiigible. in the study by 

Schoengold and CO-worken (1978), of the 24 plasma amino acids measured in 

women, haif of these amino acids were significantly lower by the end of the fist 

trimester. These amino acids included hydroxyproline, threonine, serine, glutamate, 

proline, citdline, glycine, alanine, cysteine, ornithine, tyrosine, and arginine (see 

Table 1). By the 12th day of pregnancy in rats, danine, glutarnine+glutamate, 

hydroxyproline, proline and cysteine decreased significantly and then showed slight 

increases befm parturition, with the exception of proline and cysteine which 

continued to decrease with advaocing gestational age (Palou et ai, 1977). With most 

0 t h  amino acids there was a decreasing trend in concentration which was 

maintained throughout pregnancy, with tryptophan, taurine, vaîine, phenylalaaine 



and lysine reaching statistical significance at day 21 of pregnancy in rats (see Table 

2) (Palou et al, 1977). Mechanistic explmations for the nomal fa11 in maternai 

plasma amino acid concentrations has been attributed to changes in circulating 

hormones (Dancis et al, 1968), resuiting in an increased capacity of amino acid 

extraction by materna1 liver (Pastor-Anglada et ai, 1986; Pastor-Anglada et al, 1987) 

or to an increased rate of placental transfer of amino acids (Carter et al. 199 1). 



Table 1. Plasma amino acid concentrations in women throughout pregnancy - - 
and in non-prepant control subjectdJ. 

- - 1 1 1 I 

aspi~tic acid 058 I 0.72 I 0.65 I 0.65 

Amino acids 

tryptophan 

arginine 

taurine 
hydroxyproline 

Non-pregnant 

6.69 

9.00 

9.93 

1.53 

thrconinc 

senne 

1 glycine 1 23.44 1 15.95 3. 1 13.72 1 12.92 

glutarnic acid 

proline 

citrulline 

ldTrimester 
umoU 1 OOmL 

5.3 1 

6.10 5. 
6.96 

1.09 J 

1 methianine 1 2.38 1 2.25 1 2.13 1 1.98 

1 

4.4 1 

19.68 
357 

valine 
c ysteine 

2& Trimester 

6.05 

5.29 

5 .O6 

1.1 1 

14.83 

7 2 8  

14.67 
1 1-36 

1 tyrosine 1 6.78 1 5.51 .LI 4.48 1 4.1 1 

3& Trimester 

5.19 

4.36 

4-17 

1.16 

18.15 

6.95 

11.95 

8.57 5. 

3.82 

13.61 3. 
2.06 .L 

20.05 

4.48 

ornithine 

isoleucine 

leucine 

I 1 I 1 

histidine 1 8.13 1 8.26 1 8.30 1 8.47 

3.1 1 

12.88 

2.17 

17A4 

3.40 5. 

5.45 

5.7 1 

1 1 .SO 

phenyldmine 
lysine 

' (Schoengold et al, 1978) 

' (& indicates significant decrease vs. controls) 

3.82 

12.04 

1.84 

14.85 

3.95 

3.79 5. 
5.28 

1 0.64 

5.66 

19.06 

13.72 

2.83 

2.87 
4.59 

8.42 

5 5 8  

19.08 

2,73 
4.32 

7 5  1 

4.94 

17.05 

456 

16.30 



Table 2. Plasma amino - a -  acid concentrations in day I and day 21 pregaant rats and 

Aminoauds 1 Control 1 Day f 2 1 Dsy 21 

I 1 

arginine 1 22 1 1 179 1 162 

tryptop hart 

I 

taurine 1 1  27 1 -L 

3-56 

1 1 1 

glu -t gln 1 977 1 838 3. 1 945 

pnoVL 

210 

r 

threonine 

serine 

I 1 1 

glycine 273 1 230 1 22 1 

137 3. 

32 3. 
156 

hydroxyproline 
asp + asn 

1 alanine 
I 1 

1 778 1 501 3.1 892 

43 

220 

54 

187 

230 

387 

1 1 

cysteine 1 1 07 1 90 3. 85 J, 

1 1 1 

ile + leu 1 3 12 1 359 1 386 T 

I 

I 

tyrosine 1 146 15 1 130 

200 
358 

220 
392 

' (Pdou et al. 19n) 

' (3.  indicates significant demase vs. controls) 

' (?' indicates significant increase vs. convols) 

- - 

lysine 

histidine 
F 

5 15 
113 

367 

82 
349 .1 
85 



Normal fetuses show plasma amho acid concentrations significantly higher 

than those of their mothers (Palou et al, 1977; McIntosh et al, 1984; Kamoun et al, 

1985; Cetin et ai, 1990). McIntosh and co-workers (1984) found that al1 essential and 

nonessential amino acid concentrations were consistently higher in human fetal plasma 

than in materna1 plasma. Their results showed that the ratio of fetal to matemal amino 

acid concentrations varied greatly from 1.1: 1 for glutamic acid to 3: 1 for lysine. In 2 1 

day fetal mts, the concentrations of individual amino acids were considerably higher 

than in their mothers (Palou et ai, 1977). The high plasma fetal/matemal amino acid 

concentration ratios were seen especially with lysine, phenylalanine and 

hydroxyproline, suggesting a decreased Ynino acid oxidation (Palou et al, 1977). The 

high fetai to matemd Ynino acid concentration ratio is consistent with the presence of 

active amino acid transport systems within the placenta. The transport from mother to 

fetus occm agYnst a concentration gradient and involves energydependent transport 

mechanisms (Young and Prenton, 1969; Cetin et al, 1990; Hay, 1992). Thus, amino 

acids cross the placenta and are concentrated on the fetd side. giving rise to the high 

fetal/matemal amino acid concentration ratios. 

The detection of abnormal changes in the amino acid levels has k e n  usehil in 

assessing pregnancy outcorne. In this section the potential significance of maternai 

nutritional status on the profile of amino acids in the maternai and fetd plasma WU be 

reviewed. This wiii provide a better understanding of the matemal and fetd metabolic 

adaptations which occur as a result of dtered nutritionai conditions. 



C. Nutriüonal influences on amino acid profiles in materna1 and fetal 

plasma 

The maintenance of fetal glucose homeostasis is dependent on matemally 

supplied glucose. When maternai nutritional statu is compromised. resuiting in 

decreased substrate avdability, the fetus becomes less reliant on transplacentally 

acquired glucose as a source of energy. However. because fetd glucose utilisation rates 

rernain high and oxygen consumption does not decrease in the face of inadequate 

substrate availability. the fetus must rely on alternative fuel sources to maintain 

normogiycemia (Bassett, 1980: Lemons and Schreiner. 1984; Hay et al. 1984: Liechty 

et al, 1987). in the fed state. the oxidation of amino acids for fuel is a normal process of 

intrauterine fetd growth (Battaglia and Meschia, 1986; Cetin et al. 1992). Fetd protein 

synthesis calculations have show that the uptake of amino acids by the f e u  exceeds 

the rate needed for fetd protein accretion. This finding, together with the observation 

of a high rate of fetai m a  production suggests that amino acids are oxidised for fuel 

during n o m i  fetd development (Cetin et al, 1992). Although amino acids contribute a 

relatively smdl portion of potentiai oxidative substrates in the fed state. approximately 

25% of fetd oxygen consumption (Lemons et ai, 1976), amino acids may comprise a 

significantiy greater source of energy subsuate to the fetus during nutritional 

deprivation. Liechty and CO-workers ( 1987) calculated that when exogenous glucose 

supply to the ovine feus is curtailed, the reliance on amino acids as altemate sources of 

energy can account for as much as 5 5 8  of fetd oxygen consumption. This represents a 

dramatic augmentation in amino acid cataboiism which may be oxidised directiy to 



maintain fetd energy balance or metabolised via giuconeogenesis for maintenance of 

glucose homeostasis (Hay et al, 1984; Kaloyianni and Freedland, 1990; Hay, 199 1). 

The changes in the matemal plasma amino acid profile that occurs as a result of 

nutritional deprivation have been documented in severd different species (Lmons and 

Schreiner, 1984; Liechty and Lemons, 1984: Johnson et al, 1986; Domenech et al, 

1986). The general finding is that the changes in the materna1 plasma aminogram are 

confined to specific amino acids, principdly the branched-chah amino acids (BCAA), 

leucine, isoleucine and valine and the gluconeogenic amino acid, danine. The 

concentration of most amino acids decline in the matemal plasma, the most significant 

depletions are seen with the principal gluconeogenic amino acids, alanine and senne. In 

contrat, significant increases in the BCAA (Ieucine, isoleucine, valine) as weil as 

glycine, lysine. phenylalanine, tyrosine, ornithine. methionine, histidine, 3- 

methlyhistidine and taurine have ken  observed in the nt (Girard et al, 1977: Arola et 

al, 1982; Johnson et al, 19861, sheep (Lemons and Schreiner, 1984; Liechty and 

Lemons, 1984) and in human gestation (Felig et al, 1972; Tyson et al, 1976). 

Alterations in matemal plasma amino acid concentrations during starvation are more 

marked in pregnant than nonpregnant subjects. Felig and CO-workers (1972) observed 

that pregnancy accelerates and exaggentes the hypodaninemic response to starvation. 

This led the authors to suggest that lack of this substrate contributes to the ftisting 

hypoglycaemia Furthemore, the lack of endogenous circulating danine may be 

responsible for the failure of hepatic gluconeogenesis to increase adequately to 

maintain euglycaemia in the fafe of combined maternai and fetd requirements. 



The changes in the concentration of arnino acids within the fetal plasma in 

response to matemal fasting are quite different from those observed within the mother. 

In two separate stuciies, increases in the concentration of totd plasma amino acids 

were observed in the ovine fetuses after 5 days of matemal fûsting (Lemons and 

Schreiner, 1983) and in term fetal rats afier 24 hours of mateniai fasting (Girard et al, 

1977). This would suggest that the fetus seems to be able to regulate the pattern of its 

circulating amino acid supply. This fetai metaboiic adaptation to maternai fasting cm 

be p d d i y  explained by the observation that exogenous uptake of free arnino acids by 

the fetus from the rnother does not change (Lemons and Schreiner, 1983). Recentiy, the 

observations made by Bernadini and coworkers (199 1) contradict this finding. These 

authors report that the concenuûting process of amino afids in the fetal circulation 

requires energy and causes of impaired energy production. as in starvation. reduces the 

capacity of the lems to obtain amino acids. However, the fact that fetal m a  nitmgen 

excretion increases and fetd oxygen consumption remains constant indicates that the 

f e u  must catabolize a major portion of the amino acids supplied from the mother, 

which were previously intended for protein synthesis within the fetal cornpartment or 

altematively the fetus must be catabolizing its own protein stores, a process which 

compromises Eetd growth (Lemons and Schreiner, 1983; Liechty and Lemons, 1984). 

Lemons and Schreiner (1983) observed that der  5 &ys of matemal fasting, the 

glucogenic precursor alanine, which was found to be lower in the matemal circulation, 

was higher in ovine feial plasma; however this effect was not found to be statisticdy 

signifcant These authors reporteci a si@cant increase in the BCAA, leucine, 



isoleucine and valine, as weli as increases in taurine, methionine, histidine, 

phenylalanine, lysine and 3-methylhistidine. The increase in fetal plasma concentration 

of 3-methylhistidine suggested an augmentation of protein breakdown within fetal 

muscle tissue. The only significant decreases observed were that of glutamate and 

arginine. In the snidy by Ginrd and CO-workers (1977). pregnant rats were fasted for 

24.48 or 96 hours and fetal plasma samples were obtained at day 21 of gestation. The 

results showed a significant decrease in alanine and serine levels in fetai plasma during 

matemal fasting and a cise of the BCAA. Ieucine. isoleucine and valine, a rise in 

glutamine, lysine, taurine and glycine also occurred. Contrasting results were found in 

the work by Johnson and CO-workers (1986). who studied the effects of materna1 

fasting (96 hours) upon fetal plasma amino acids in rats at term (day 71). The authors 

reported a significant decrease in total fetal plasma amino acids. a significant decrease 

in alanine, glutamate. citrullirie and valine and a significant decrease in the sum of 

BCAA (leucine. isoleucine and valine). It was suggested that these differences were 

due to the length of the fast and the stage of gestation studied. 

The above changes detail the adaptations of near-term fetuses. However. 

liMted information is available for earlier time points during pregnancy, when 

questions about the prognosis of fetd outcome might be raised. The study by kola and 

CO-workea (1982) addressed the issue of the effect of 24 hours of starvation upon fetal 

plasma amino acid composition at two critical time points. day 19 and 21 of gestation 

in rats. The results showed that the cornbined esseatid amino acids decreased by 14% 

in 19 day f e u s  and acniaily increased in 21 day fetuses. While aii the gluconeogenic 



amino acids decreased significantiy, the degree of chop was greater in 21 day fetuses 

vs. 19 day fetuses. I t  appeared that day 19 fetuses were weil protected by the maternai 

orgûnism during starvation probably due to their lower needs compared to day 21 

fetuses. The authon concluded that 21 day fetuses have a greater ability to concentrate 

arnino acids than day 19 fetuses, that is, they are better at keeping their own 

homeostasis of nutrients than day 19 fetuses. However, day 21 fetuses were affected 

by marked growth retardation. 

III. IUGR AND PREDICTORS OF FETAL GROWïH 

A. Predicting fetal growth 

inmuterine growth retardation (IUGR), dso temed inmuterine mainutrition, is 

one of the most important problems in obstetric pnctice. Small for gestationai age 

(SGA) infants have an increased incidence of perinatal morbidity and mortality as well 

as ongoing childhood illnesses (van den Berg and Yemshdmy, 1966; Villa, 1982). 

There have k e n  ongoing efforts to develop biochernicai tests that could be used to 

assess fetd growth and organ manuity, such as assessing fetal lung maturity. The 

anaiysis of matemal and fetaî plasma and amf may aide in deciding the safest time to 

deliver those infants of hi@ risk pregnancies. Therefore, it is of importance that there 

be clinical and technicd methods availabie for early screening and assessrnent of 

rnGR 



Matemal plasma arnino x i &  have k e n  used as metabolic markers for the 

assessrnent of fetal growth and rnaturity. Moghissi and CO-workers (1975), identified 

that the concentration of certain maternai plasma amino acids in the 3rd trimester of 

pregnancy correlated sigruficantiy with fetd growth and development. Arnong the 

amino acids, the authors showed that glycine. lysine and total plasma amino acids were 

positively correlated with birth weight. whereas valine and threonine showed a 

negative correlation. Cranid volume at binh was significantiy and positively correlated 

with glycine and glutamine and negatively correlated with threonine, histidine and 

glutamate. The authon suggested that the concentration of amino acids in matemd 

plasma, particularly glycine, lysine and histidine in late pregnancy may be valid 

predictors of fetal growth and development. The work of Crosby and CO-workers 

(1977) on an appraisal of correlated factors affecting fetal growth found that among a 

group of 182 pregnant women studied at rnidpregnancy, matemal plasma 

concentrations of aspartic acid, phenylaianine. lysine, histidine and arginine were 

significmtiy and positively correlated with adjusted birth weight and the relationship 

between maternai plasma amino acids and fetal birth weight was seen as early as the 

1st trimester o f  pregnancy. McClain and CO-workers (1978) observed signifiant 

positive correlations between matemal plasma levels of aspartic mici, serine, alanine, 

tyrosine, ornithine and arginine and a negative cornlûtion with methionine. valine and 

isoleucine and fetal size at birth. For those mothers who subsequently gave birrh to 

infants with low weigWgestationa1 age ratios and clinical evidence of fetd 

malnutxition (FM), these authors reported significautly lower levels of 10 of the 18 



matemal plasma amino acids measured as compared to mothers giving birth to normal 

babies. The amino acids afîected were aspartate, serine, glutamate, alanine, tyrosine, 

phenylalanine, ornithine, lysine, histidine and aginine. Not di of these amino acids 

were reduced in the sarne proportion. Ornithine, aginine and aspartate were over 30% 

lower in FM mothen than the normal mothers. The low ornithine and glutamate levels 

present in plasma from FM mothers were suggested to renect an active urea cycle. The 

significantly lower concentration of aspartate, glutamate and alanine likely indicated 

elevated gluconeogenesis and thus the necessity for an active urea cycle. ui addition, 

the total arnino acid concentrations were found to be almost 20% lower in the FM 

mothers. These observations support the use of materna1 plasma Ûmino acids for the 

early detection of fetd growth retardation. 

With the advent of techniques for sarnpling fetd plasma at midgestation, either 

during fetoscopy or by cordocentesis, it has become possible to mesure fetai plasma 

amino =id concentrations. Cetin and CO-workers (1990) observed signifiant 

alterations in the concentrations of certain amino acids in the plasma of smd-for-date 

fetuses (SGA) as evly as the 27th week of gestation. Specificdly, a significant 

reduction in a-aminonitmgen was bund in SGA fetuses sampled in utero as compared 

with normd fetuses. In addition, these authors observed that the neutrai branched chah 

amino acids (BCAA), leucine, isoleucine and vaine were reduced in SGA fetuses. 

These authors suggested that the BCAA were extensively used within the feus and 

placenta for both protein synthesis and energy production. In this same study, it was 



also shown that phenyl danine. histidine. arginine and alanine concentrations were 

sigruticantly higher in the plasma of mothers of SGA infants. 

B. Diagnosing fetal growth and metabolic status using amniotic fluid 

The increasing availabiiity of performing amniocentesis at various gestational 

Urnes has made the analysis of arnf constituents of value in the clinicai investigation of 

fetal growth and metabolic status. Biochemical analysis of the fetal tluid environment 

m g  refiect physiologicd and pathological fetd States. Glucose and amino acid 

homeostasis in amf is essentid for normal fetal growth and development. Abnormd 

glucose and mino acid concentrations or amino acid ratios indicate abnormal fetd 

development, which may be caused by a number of factors; such as genetic defects. 

tentogenic agents and the nutritional state of the mother (Mesavage et al. 1985). 

The examination of amf, especially early in pregnancy, may provide early 

waming of pending fetai problems or abnormal fetai development. Fetal growth 

retardation (IUGR) is a complication of pregnancy that is associated with increased 

perinatal rnorbidity and mortaiity. in the assessrnent of WGR, it has k e n  observed that 

lowered amf glucose. glucose concentrations below Smg/dL, was associated with fetai 

growth retardation (Drazancic and Kuvacic, 1974). Wharton and CO-workers (197 1) 

repocted that total amf hydroxyproline concentration tended to be lower in those 

pregoancies produchg smd-for-date babies and those at particular nsk of RIGR. 

Recently, in a diet-induced mode1 of fetal distress, it was shown that higher amf 

giucose concentrations were associated with increased fetal weight, whereas higher 

29 



amf uric acid concentrations were correlated with lower fetal weight (Koski and 

Fergusson, 1992). 

Specific Ynf constituents have k e n  used in the assessment of fetal rnanuity, 

and fetal defects, such as central nervous system (CNS) malformations. It is suggested 

that rend maturity, as  reflected in the creatinine and uric acid concentrations in arnf, 

may indirectly provide an assessment of fetal matwity. This stems from the fact that 

creatinine and uric acid increase in amf with gestational age, i.e., with increasing 

maturation of the urinary system. Teoh and CO-workea (1973) quantified the levels of 

amf creatinine and uric acid. which were indicative of fetal manuity. These authon 

reported that a creatinine concentration of 2.0mg11ûûmL could be used to pick up 5345 

of "mature" htuses ( f e ~ s  which had passed the 37th week of gestation) and a uric 

acid concentration of 5mg1100rnL correctly indicated a mature fetus in 42% of patients. 

Fetd age, as estimated by crown-mmp measurernents, has been show to be 

correlated with specific amf amino acids. Free amino acids in amf were quantified in 

human fetuses of 48-140 days gestation (Scott et al, 1972). Fourteen of the twenty-six 

arnino acids, narnely, lysine, leucine, phenylaianine, isoleucine. valine, ornithine, 

alanine, tyrosine, methionine. arginine, serine. histidine. proline and taurine showed 

stdstically significuit changes in concentrations which correlated inversely with fetal 

age. The authors funher observed that the concentration of lysine showed the highest 

degree of correlation with fetal age, with a correlation coefficient of 0.89. In a ment 

study, Mesavage and CO-workers (1985) examined a d  amino acids in nomal 

pregnancy between the 13" and 23& week of gestation. A negative correlation with 



ges tationai age w as found for leucine, valine, isoleucine. phen ylalanine, lysine, alanine, 

aspartate, tyrosine, glutamate and proline, with leucine showing the greatest rate of 

change. 

1 .  CONCLUSION 

Review of the literature reveaied that maternal nutritional status has an 

impact on the profile of certain amf and maternaîlfetai plasma constituents during 

pregnancy. Glucose, alanine and the BCAAs, leucine, isoleucine and valine are those 

mf and plasma constituents which are most cornrnonly analyzed and been shown to 

be altered by maternai nutritional status. There is a lack of information regarding a 

more cornplete profile of amf constituents, specifically amf amino acids, panicularly 

during comprornised maternai nutritionai status. Changes in the composition of amf 

and plasma constituents have k e n  shown to provide a useful diagnostic tool in 

monitoring fetal growth and metabolic status. The arnf pool has been suggested to be 

a more accunte &or of fetd metabolic status. Therefore there is clearly a need for 

more research in deterrnining the effect of comprornised maternal nutritional status 

on amniotic fluid constituents and whether these changes cm be used to predict fetd 

development. 



The amniotic fiuid (amf) pool represents a nutritional reservoir for the 

developing fetus and contributes in part to fetd growth (Mulvihill et al, 1985). Little is 

known as to whether compromised maternai nutritional stûtus alters this compytment 

and whether any resulting changes in the profde of amf constituents are predictive of 

fetal development. Those studies which have examined the effects of materna1 fasting 

on fetd development, have found that matemal fasting resulted in impaired fetal 

growth and reduced fetal hem (Shelley, 1961) and lung (Rhoaded and Ryder, 198 1) 

glycogen content. No information is available which examines the relationship between 

materna1 dietary glucose availability, glucose king an essential nutrient during 

pregnancy (Koski and Hill. 1990), amf amino acid composition, and fetai growth and 

metabolic status. Previous studies lrom our labontory have shown that the feeding of 

glucose-restricted diets to pregnant rat dams resulted in fetal growth retvdation (Koski 

and Fergusson. 1992; Lanoue, 1993). Fetal growth remdation was accornpanied by 

changes in amf glucose concentrations and arnf glucose was found to be predictive of 

fetal growth parameters (body weight, lung weight and heart weight) and fetai tissue 

glycogen content (liver, heart and hg). It is not known whether this same dietary 

mode1 produces changes in the concentrations of amf amino acids and whether amf 

amino acids can be used to predict the impact of glucose restriction on fetai growth. 

The purpose of this snidy was to investigate the effects of matemal dietary glucose 
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restriction on amf composition, specificdly the composition of arnf amino acids in rats. 

In addition, this study investigated whether any dterations in amf amino acids could be 

used to monitor fetai growth and metabolic status. The hypothesis was that Iimited 

matemal dietary glucose would result in altered arnf arnino acid composition, which in 

tum couid be predictive of fetai growth and metaboiic status. Histoncally, materna1 

caloric deprevation has resulted in dterations of specific amf amino acids, namely 

alanine, glycine and the branched-chain arnino acids valine, Ieucine and isoleucine 

(Feiig et ai, 1972; Bernstein et al, 1992). The amino acids t a u ~ e  and histidine are 

often those amino acids used to explain the metabolic adaptations that occur to 

maintain glucose homeostasis in response to matemal starvation (Meschia, 1978: 

Johnson et ai, 1986). The specific objectives of this study were therefore designed to 

answer the following questions: 

1) Does lirnited matemal dietary glucose result in decreased amf glucogenic 

amino acids, principally, alanine and glycine. increased amf branched-chah 

amino acids, vdine, leucine and isoleucine and decreased amf taurine levels? 

2) Do amf taurine and histidine correlate with fetd growth? 

3) Cm ;unf constituents predict fetal growth and metabolic stanis? 



CHAPTER 2 - MATERIALS AND METHODS 

A. EXPERIMENTAL DESIGN 

In this expenment. graded levels of dietary carbohydrate (O%, 12%. 24% and 

60%) were fed to pregnant rats throughout pregnancy and their effects on amniotic 

fluid amino acids were studied d u h g  the Iast four days of gestation (days 18.5, 19.5, 

20.5 and 2 1 S). hpregnated Sprague-Dawley rats (Charles River Canada, S t- 

Constant. Quebec) weighing 180-220% were received within two days of mating 

(gestational day O was defined as the day following the ovemight mating), and 

randomiy assigned to one of the sixteen experimental groups. 

B. EXPERIMENTAL DIETS 

Dams were randomly assigned to one of four experimental diets (0%. 12%, 

2 4 4  and 60% glucose). The cubohydrate-restricted diets were fonulated by 

isocaloric substitution of dietary glucose with triglyceride from soybean oil as 

previously described by Koski and coworkers (1986a,b). Cellulose was added to 

maintain diets isocaloric which supplied 17.41d of metabolizable energy per gram 

dry matter as recommended for pregnant rats (NRC 1978). The amount of casein 

added to the diets was calculated to provide I l% of protein, which is the lowest level 

required to supply the requirement of essential amino acids during pregnûncy for 



optimal fetal growth and to prevent any excess protein from being transformed to 

glucose via gluconeogenesis (Koski et al, 1986). Approximately four times the NRC 

requirements for the water-soluble vitamins and 1.5-2 times the NRC requirements 

for the fat-soluble vitamins were added to each diet. This was to ensure that ample 

vitamins were supplied to those dams in the glucose free and glucose restncted group 

since food intake might be lower in these dietary groups. Since the dietary 

requirement for choline is influenced by the lipid content of the diet, it has been 

suggested that the choline content of high fat diets be increased (NRC 1978). For this 

reiison 0.4% choline was added instead of 0.1% provided by normal adequate diets. 

The salt mix was added at a dietary level of 5.58. Each essential minerai was 

provided at a d i e t q  level twice that estimated as the requirement for gestation by 

NRC (1978). Some modifications of salts added were made based on previous 

reports. Manganese and zinc values corresponded to values reported by Keen and 

coworken (1983) to have historically demonstnted reproductive performance. The 

copper value was chosen at 9ppm since values below this level have been shown to 

be inadequate for maintaining optimal copper levels in the weanling pup 

(Cerklewski. 1979). Supplements of sodium bicarbonate were added rit 1% dietary 

level to correct for any metabolic acidosis that might occur from feeding a 

carbohydrate-fiee and carbohydrate restricted diet. 

The rational for the formulation of the diets selected was based on work by 

Koski and coworkea (1986), who demonstrated that a 0% glucose diet was 

associated with high postnatal monaiity: 12% was the minimal level of dietary 



glucose that produced normal fetd weight at term; 24% glucose diet was investigated 

since it was previously shown that fetuses from dams fed 12% glucose accumulated 

significantly less liver glycogen than fetuses from control dams ( h o u e .  1993). 

suggesting that this level of carbohydrate was not a d e p t e  when fetal liver glycogen 

concentration was used to evaluate dietary adequacy. The 60% carbohydrate diet 

served as the standard control used in al1 reproductive studies. 

C. COLLECTION OF AMNIOTIC FLUID 

The dams were anaesthetized with ketamine-HCl (Rogarsetic. 30mgkg. 

RogadSTB. London, Ont.) into the jugula region to avoid anaesthetizing the fetuses. 

A cesarean section was performed on al1 dams and amniotic fluid was collected with 

tuberculin syringes from the amniotic sac of severai conceptus of each Iitter and 

pooled to yield approximately LmL sample. Amniotic fluid was stored at -80°C und 

andyzed. 

D. ANALYTICAL PROCEDURES 

i) Sample Deproteinization and Preparation 

The method described below for the deproteinization of amniotic fluid 

samples is one that is a composite of the methods described by Hubbard and 

coworkers (1988) and Teik Ng (1991). Briefiy, amniotic fluid samples (5ûûpL) were 
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placed individually in 1.5mL Eppendod tubes and deproteinized with 5- 

sulfosalicyclic acid (SSA) solution (35% wlv). The tubes were capped, vortexed for 

5 seconds, ailowed to stand at room temperature for 5 minutes and then centrifuged 

at 15000g for 15 minutes (Microspin 12s Sorvall). The protein-free supematants 

were fitered through a 0 . 2 ~  Z-Spin microcentrifuge filter reservoir (Gelman 

Sciences, #S4395), and then were centrifuged at 3860g for 15 minutes at 4°C 

(Sorvall RT6000B). This deproteinization method alters the pH of the sample 

solution wtiich has considerable effect on the elution times and peak fraction 

volumes of some acidic amino acids. particularly when lithium buffers are used for 

eluting the resin column (Mondino et al, 1972). For this reason, the ultrafiltrates 

were evaponted to dryness, using a rotary evapontor set at 2S°C for approximately 2 

hours or until samples were completely dry. The residue was then dissolved in ImL 

Li-S buffer (pH=2.2) to which 166.67pL of Nor-LeucineN (7ûûnmoVm.L) was 

added. Nor-Leucinem served as the intemal standard for the amount of sample 

injected into the amino acid andyzer. A volume of 350pL of the sarnple (having a 

final pH=2.2) was drawn into a loading loop of the Beckman System Mode1 121M 

Arnino Acid Analyzer. 

ii) Amino Acid Standard Preparntion 

A standard mixture. STD Hydrolyzate Standard (Beckman), containing 18 

components; an AN', Acidic and Neutra1 Amino Acid Supplement (Beckman) 



containing 13 acidic and neutrai arnino acids; and a B+, Basic Amino Acid 

Supplement (Bechan) containing 9 basic arnino acid components were used for the 

preparation of a calibration standard solution. Each of the amino acids was present at 

a concentration of 25OOnmoVrnL except where otherwise indicated. Each of the 

STD, AN' and B' standards were diluted with lithium (Li-S) diluting buffer (pH2.2) 

to a final concentration of 7ûûnmoVmL. Glutamine, asparagine and tryptophan were 

not included in any of the caiibration standards above since these amino acids are 

unstable at low pH and therefore are not included in these acidic solutions. Separate 

solutions of each were prepared, having a concentration of 7ûûnmoVmL each. Nor- 

kucineTM (7ûûnrnoVmL) was used as the intemal standard. An equd volume of the 

standards (STD, AN+, and 8"). the individuai amino acids (glutamine. asparagine 

and tryptophan) and   or-LucineTM were combined and served as the standard 

solution (1ûûnmoVrnL). This amino acid standard solution was used for calibration 

dunng quantitative anaiysis. 

i) Ion-Exchange Cbromatography 

Ionexchange chromatography with ninhydrin detection was used for the 

separation and quantitative determination of the mixture of amino acids present in 

amniotic fluid. The separation of amniotic fiuid amino acids was effected by the use 



of a sulfonated cation exchange resin. Depending on their dissociation 

charactenstics. the amino acids were differentiaily eluted from the ion-exchange 

resin column using a senes of lithium buffers of increasing pH and ionic strength. To 

provide optimal resolution of al1 the amino acids, a sequence of two column 

temperatures was employed. In the early part of the analysis a low tempenture 

(38S°C) was used for the resolution of the acidic and neutrd amino acids. A switch 

to a higher temperature (645°C) in the latter part of a run was used for the remaining 

h n o  acids (Slocum and Curnrnings, 1991). Visualization of the individual amino 

acids was accomplished via post-column ninhydrin derivatization and colorimetric 

detection. S imultaneous duaithanne1 detection was provided to allow for 

quantitation of the secondary amino acids namely, proline and hydroxyproline 

(wavelength=44Onm) and the pnmary amino acids (wavelength=540nm) (Pfeifer et 

al, 1983). Amniotic fluid amino acids were tentatively identified by agreement in 

elution times between the peaks of arnniotic fluid mino acids and those of a known 

reference standard mixture (Saifer et al. 1970). 

ii) Operating Parameters 

The following briefly outlines the technical details of the operating 

parameters used with the Beckman Model 12 1M microcolumn automatic amino acid 

andyzer. Refinements to the procedure described by Beckman Instruments (1975) 

were made in order to achieve optimal resolution of the amino acids. A single 



microbore column (560x2.8mm) was packed with Beckman microcolumn cation 

exchange resin. The resin bed height was adjusted to 27.5cm. The column 

temperature was set at low (38S°C) for the fint 162.3minutes of the run and then 

switched to high at 64S°C for the remainder of the run. The low column temperature 

of 38.5 was determined by the resolution of threonine and serine. A sequence of 

h-ee  lithium buffea, Li-A, Li-B and Li-C (Beckman High Performance Buffers) 

were used. Buffers Li-A and Li-C were used directly as provided by Beckman 

Specialties. The pH of Li-B buffer (initiai pH=3.627) was adjusted to a final pH of 

3.878 by adding approximately 3.0cc of HCI. Buffer flow rate was set at 9.4mUhr. 

Ninhydrine reagent (Beckman Nin-R High Performance Ninhydrine Reagent) was 

prepared by stimng pre-measured vids of hydrindmtin into the dimethyl sulphoxide 

(DMSO) ninhydrine reagent just before use. The flow rate of ninhydrin was set at 

4.9mUhr. Lithium hydroxide (0.3M) was used to regenerate the column. Amino 

acids were detected at two wavelengths, 440nm and 540nm. Samples were held in 

individual coils of small-bore tubing, which minimized the hazards of evapontion, 

oxidation and contamination. Samples were automaticaily injected at a point between 

the buffer solution and the m i n  column and became part of the eluent sueam. 

Prepurified nitrogen was used in the Automatic Sample hjector to purge the 

injection valves and simple coils afier they h d  been washed. 



F. STATISTICAL ANALYSIS 

The experimental design was such that a two-way andysis of variance was 

used to test the effects of dietary glucose levels (0%. 12%, 24% and 60%) and the 

effects of gestationai days (18.5, 19.5. 20.5 and 21.5) and day*diet interaction in a 

4*4 factoriai design. Data management was carried out using Excel v. 5.0 ( 1993) and 

IBM Penonal Editor v.2. Al1 andysis was carried out using the SAS System for 

Windows v.6.10 ( 1994, C q ,  NC). 

Prior to any analysis of variance, amniotic fluid data was tested for 

homogeneity of variance using the Banlett test (Steel and Tome, 1980). Statistical 

analysis was done on transformed data for those variables that tested significant. 

More specificdly, data with non-homogeneous variances were log transformed 

(tryptophan) or when this transformation did not result in homogeneous variances, 

observations were weighted by the reciprocal of the group variance for each of the 

following amino acids: ornithine, lysine and histidine. Amniotic fluid data was tested 

against the effect of day, diet and day*diet interaction. Differences between group 

means were given by least square means, probability of pc0.05 was accepted as 

significant. 

Correlation anaiysis was carried out on fetal growth parameters (fetal weight, 

lung weight and heart weight) and fetal tissue glycogen reserves (fetal liver, lung and 

heart giycogea) and amniotic fluid amino acids. Multiple regression was done to 



determine those amniotic fluid &no acids (independent variables) which may be 

predictors of fetal growth parameters and fetal tissue glycogen reserves as the 

dependent variables. 



Please note that ail result tables and figures can be found at the end of chapter 

3 on pages 52 to 67. 

A. AMNIOTIC FLUID AMINO ACU) ANALYSE - ANALYSIS OF MAIN 

EFFECTS 

Statistical anaiysis of main effects of diet. day and diet*day interactions on 

amniotic fluid (am rimino acid me shown in Table 3. Significant diet and day 

effects on amf arnino acid leveis were found. Significant interactions were found 

between day of gestation and diet indicating that the effect of day was not the same 

within each dietary group. 

Of the 26 amf amino acid analyzed, a d  isoleucine, tryptophan, 3- 

methylhistidine and taurine significmtly responded to diet treatment. A greater 

number of amf amino acids significantly responded to the main effect of gestationai 

day: cysteine, histidine, lysine, isoleucine. phenylalanine, tryptophan, tyrosine, 

ethanolamine, 3-methylhistidine, ornithine. phosphoserine and taurine. This suggests 

that amf amino acids are highïy dependent on the gestational period studied. 

Significant interactions of diet and day were found with arnf histidine, leucine, 

phenyldanine, tyrosine, ornithine and taurine. 



Glucogenic amino acids 

A significant main effect of gestational day was found with amf cysteine 

concentrations (see Figure 4a). Amf cysteine levels increased signifcmtly as 

pregnancy progressed in those dams fed the 0% and 248 glucose diets. In dams fed 

the 0% glucose diet, the concentration of amf cysteine was significantly higher at 

term than on day 18.5 of gestation. Simildy. in dams fed the 24% glucose diet. amf 

cysteine concentrations progressively increased with advancing gestational days. 

Specifically, amf cysteine concentrations were significantly higher on both days 20.5 

and 21.5 of gestation as compared to day 18.5 of gestation. No significant change 

occurred in dams fed the 12% and 60% glucose diets during the last four days of 

gestation. 

A significant interaction of diet and day was found for amf histidine 

concentrations (Figure Sa). On day 18.5 of gestation, the difference between amf 

histidine concentrations of dams fed the 0% and 12% glucose diets was significantiy 

Iess than the difference between amf histidine concentrations of dams fed the 0% and 

12% glucose diets on day 21.5 of gestation. Although a statistical significance was 

found, no clear biologicd pattern could be described for the effect of dietary 

treatrnent on amf histidine levels dunng the last four days of gestation. 

Ketogenic amino aci& 

A significant interaction of diet and day was found for amf leucine 

concentrations. On day 18, the difference between amf leucine concentrations of 

dams fed O and 124% dietary glucose and dams fed 12 and 24% dietary glucose was 



significantly less than the difference between amf leucine concentrations of dams fed 

these same diets on day 19 of gestation. In addition, the differences between dietary 

groups (12% vs. 24% and 12% vs. 6056) were greater on day 2 1.5 than on day 18.5 

of gestation. No clear biologicai pattern could be explained with the present data. 

Figure 4b shows that amf lysine responded significantiy to day of gestation. 

Amf lysine concentrations in dams fed 12% giucose were significantly higher on day 

18.5 as ccrnpared to day 20.5 of gestation. In dams fed 24% glucose diet, amf lysine 

was significantly lower on day 19.5 as compared to day 2 1.5 of gestation. 

Ketogenie and glucogenic amino aeids 

As shown in Figure la, d i e t q  treatment significantly altered arnf isoleucine 

concentrations only on day 21.5 of gestation. Complete glucose restriction (0%) 

resulted in significandy higher mf isoleucine concentrations than in dams fed the 

12% glucose diet. No significant differences were observed between the 12%, 21% 

and 60% glucose diets. A significant difference was seen between days of 

development. Figure lb shows that in dams fed 0% glucose diet, the concentration 

arnf isoleucine was significantiy lower on day 18.5 than on day 2 1.5 of gestation. 

With dams fed the 12% glucose diet, amf isoleucine concentrations were 

significantly lower on day 19.5 as compared to day 20.5, however the concentrations 

iunf isoleucine on day 20.5 was significantly higher than on day 2 1.5 of gestation. 

A signifcant interaction between diet and day of gestation was found for both 

amf phenylalanine and tyrosine concentrations. For both amf phenylalanine and 

tyrosine, the difference between al1 dietary groups was less on gestational day 18.5 



than on days 19.5, 20.5 and 21.5. With the present data, we were not able to descnbe 

any biologicd pattern for the effect of dietary treatment during the last four days of 

gestation for both these amf amino acids. 

The concentration of amf tryptophan was altered by matemd dietary 

treatment (see Figure 2a). On day 18.5 of gestation, amf tryptophan concentrations 

decreased with increasing matemal dietary glucose. h darns fed the 0% glucose diet 

amf tryptophan was significantly higher than in darns fed the 24% and 60% glucose 

diets. At tenn (d21.5), d m s  fed the 0% and 24% carbohydrate restricted diets 

produced significmtly higher concentrations of amf tryptophm as compared to dams 

fed the control diet (60%). A significant effect of amf tryptophan concentrations to 

day of gestation was observed in dams fed the 24% glucose diets (see Figure 2b). 

Amf tryptophan concentrations increased with the progression of pregnancy. Arnf 

tryptophan concentrations were significmtly higher in both days 20.5 and 21.5 of 

gestation as compared to day 18 S. 

Other amnioricjluid constituents 

A significant main effect of gestational day was found with d ethanolamine 

(see Figure 4c). Amf ethanolamine concentrations progressively increased with 

advancing gestational days in dams fed the 0% and 24% glucose diets. In dams feed 

the 0% glucose diet, amf ethanolamine concentrations were significantly lower on 

day 18.5 of gestation as compared to day 21.5. In dams fed the 2446 glucose diets 

amf ethanolamine was significantly lower on day 18.5 as compared to days 20.5 and 

2 1.5 of gestation. 



A significant main effect of matemal dietary glucose and gestational day was 

found wi th amf 3-methylhistidine concenations (see Figure 3a,b). On both days 

20.5 and 21.5 of gestation. arnf 3-methylhistidine decreased as the level of glucose 

increased in the materna1 diet. On day 20.5, amf 3-methylhistidine concenvations 

were significantiy higher in dams fed the 0% and 12% glucose diets as compared to 

the control diet (60%). At tenn (21.5). the concentration of amf 3-methylhistidine 

was significantiy higher in dams fed the 0% glucose diet as compared to dams fed 

the 60% diet. The effect of gestationai days on the concentration of amf 3- 

methylhistidine is shown in Figure 3b. The results show that with the carbohydnte 

resvicted diets, O%, 12% and 24%, YnE 3-methylhistidine concentrations increased 

with the progression of pregnancy. no significant increase was observed with the 

control diet (60%). In dams fed the 0% glucose diet, the concentration of arnf 3- 

methylhistidine was significantly higher ai term (d2L.5) than on days 18.5 and 19.5 

of gestation. With both the 12% and 24% glucose diets amf 3-methylhistidine 

concentrations were significanily higher on days 20.5 and 21.5 as compared to days 

18.5 and 19.5. 

A significant effect of gestational day was observed for amf phosphoserine 

concentrations (see Figure 4d). Amf phosphoserine concentrations, in dams fed the 

0% and 2495 glucose diets increased with the progression of pregnancy. Specifically, 

in dams fed the 0% and the 24% glucose diets, amf phosphosenne concentrations 

were significantly lower on day 18.5 of gestation than on days 20.5 and 21.5 of 



gestation. No significant effect of gestational days was observed in dams fed the 12% 

and 60% glucose diets. 

A significant interaction between diet and day of gestation was found for amf 

taurine concentrations (see Figure Sb). In dams fed the carbohydrate-restricted diets, 

arnf taurine concentrations significantiy increased with the progression of pregnancy 

as compared to dams fed the control diet (60% glucose) throughout gestation. The 

differences between dietary groups were greaier on gestational days 20.5 and 21.5 

than on gestational days 18.5 and 19.5. 

B. CORRELATION ANALYSES 

The probabilities of the Pearson correlation coefficients for cornparisons of 

amf amino acids with fetal growth panmeters (fetal weight. lung weight and heart 

weight) are summaized in Table 8. Of the glucogenic arnf iunino acids. cysteine and 

histidine were significantly and positively correlated with al1 3 fetal growth 

panmeters, fetd weight, lung weight and heart weight. Amf methionine was 

significantly and positively correlated with both fetai weight and lung weight. 

whereas amf proline was significantly and positively correlated with only fetal heart 

weight. 

The ketogeniclglucogenic amf amino acids phenylaianine, tryptophan md 

tyrosine were significantiy and positively correlated with fetal weight, lung weight 

and heart weight. 



Amf ethanolamine was significan tly and positively correlated with only fe ta1 

weight. Arnf 3-methylhistidine and phosphoserine were ~ i ~ c a n t l y  and positively 

correlated with al1 three growth parameten. Amf ornithine was significantly and 

positively correlated with both fetal weight md heart weight. Amf taurine was 

significantly and positively correlated only with fetal hem weight. 

The probabilities of the Pearson correlation coefficients for cornpuisons of 

amf amino acids with fetal tissue glycogen reserves (liver glycogen. lung glycogen 

and hem glycogen) are summa.rized in Table 9. The glucogenic amf arnino acids 

arginine and asparagine were found to be significantly and positively correlated with 

only fetal lung glycogen. Arnf cysteine was found to be significantly and positively 

correlated with both fetal liver and lung glycogen reserves. Arnf methionine was 

significantly and positive1 y correlated with liver and hem glycogen reserves. A 

significant and negative correlation was found with amf glutamine and fetal liver 

gl ycogen. 

Arnf phenyldanine and tyrosine were significantly and positively correlated 

with both fetal liver glycogen and lung glycogen. Tryptophan was found to be 

significantly and positively correlated with only fetal Iung glycogen. 

A significant and positive correlation was found with arnf 3-methylhistidine 

and fetal liver glycogen, whereas ûmf taurine was significantly and negatively 

correlated with fetal heart glycogen. 



C. lMULTIPLE REGRESSIONS ANALYSES 

The regression analyses of amf glucose and amino acids against the 

dependent variable of fetal weight, lung weight and heart weight are summarized in 

Table 10. Certain amf glucogenic amino acids were significantly associated with 

fetal weight and lung weight. Arnf cysteine was significantly and negatively 

associated with fetal lung weight whereas amf methionine was significantiy and 

positively associated with both fetal weight and lung weight. Of the 

ketogenic/glucogenic amino acids only amf phenylalanine was found to be 

significantly and positively associated with f e d  lung weight. Amf 3-rnethylhistidine 

was significantly and positively associated with fetd weight only. Arnf methionine 

and 3-methylhistidine were predictive of letal weight and explained 59% of its 

vzuiability. 

The regression anaiyses of amf glucose and amino acids against the 

dependent variables of fetal tissue glycogen reserves (liver glycogen, lung glycogen 

and hem glycogen) are summarized in Tabie 1 1. Amf glucose wûs significantly and 

positively associated with fetd lung glycogen. Of the glucogenic arnino acids, a d  

cysteine was significantly and negatively associated with fetd liver glycogen only 

whereas methionine was significantly and positively ssociated with both fetd liver 

and hem glycogen. A significant and positive association of the 

ketogenic/glucogenic amino acid, phenylalanine, was found only with fetal lung 

glycogen. Arnf 3-methylhistidine was significantly and positively associated with 



fetal liver gtycogen whereas amf taurine was significantly and negatively associated 

with feat heart glycogen only. For fetai lung glycogen the mode1 explained 39% of 

the variability. 



Table 3. Statistical analysis of main effects on amniotic fluid amino acids 
Main ECTects 

Amniotic fluid amino 
acids (n) DIET DAY DET*DAY 

giucogenic 
alanine 
arginine 
risparagine 
cysieine 
glutamate 
glutamine 
glycine 
histidine 
methionine 
proline 
serine 
threonine 
val ine 

ketogenic 
leucine 
lysine 

ke togedc+glucogenic 
isoleucine 
phenylalanine 
tryptophan 
tyrosine 

oîher 
ethanolamine 
y-aminobutynte 
homocysteinc 
3-mcthylhistidine 
ornithine 
phosphoserine 
taurinc 

Flp values Flp values Flp values 



Table 4. Amniotic fluid glucogenic amino acids (listed in alphabeticd order) ' 
Dietary Days o t  gcsîation 
Glucose 
(Sb) 



Table 4. Continued 
Days of gcsîation 

Glucose 
(%) 18 19 20 2 1 P w l d  

bhtidine (p m o n )  ' 
O (6) 93.23f 10.60" (3) * 1 2 3 . 2 3 ~ .  1 8A - (8) 180.34i30.27~ - 
12 ( 2 )  a 120.13f8.00~ - (4) "79.#&8.03~ (2)  ' 7 6 . 2 ~ 8 2 7 ~  -- 
24 (7) 94.62B.6gA (4) Y' 1 1 . 5 6 I 1 3 . 2 6 ~  (3) " 174.3219.68~ (2) bC 167.0 1+7.06" ( 16) 139.63M.43 
60 (3) ' !00.61110.15~ - (3) a 135.91f55.01A (3) a 1 1 8 . 3 ~ 6 . 5 ~  - 
poolcd ( 18) 102.15i4.83 - - ( 15) 135.4Sk15.58 

- - 

l Values are Ieûst square means (LSM) f S a S M  with number o f  observsUons in parentheses. Values within a row with 
different lower case letters indicate significant differences between days of gestation (p4.05); vaiues within a column 
wiih different capital letters indicate sipificant differences between dietiuy glucose levels. "dues are weighted LSM f 
S E r M .  



Table 5. Amniotic fluid ketoglenic amino aci& ' 
Diet~ry Days of gestation 

' Values are les t  square means (LSM) * SELSM with number of observations in parentheses. Values within a row with 
different lower case letrers indicate significant differences between days of gestation @<O.OS); values within ri column 
with different capital letters indicate significant differences between dietary glucose Ievels. ' Values ;ire weighted LSM f 
SELSM. 



Table 6. Amniotic fluid ketogenic and glucogenic amino acids (listed in alphabetical order)' 
Diemy Days ot gestation 
Glucose 

Values are lest  square rneans (LSM) f S U S M  with number of observations in puentheses. Values within a row with 
different Iower case letters indicate sipifkant differences between days of gestation (p<O.OS); values within a column 
with different capital letters indicate significmt differences between dietary glucose levels. Pooled values wiihin a row 
with different superscripts indicate significant differences between days of gestation (pcO.05); pooled vdues within û 

column with different superscripts indicate significant differences between diewry glucose Ievels (p<0.05). ' Values are 
back transformed LSM (analysis done on Iog tmsfonned data). 



Table 7. Other amniotic fluid constistuents ' 
Dietary Days of ges&tîon 
Glucose 
(%) 18 19 20 2 1 poolrd 

' Values are leur square means (LSM) I SELSM with number of observations in parentheses. Values wilin a mw with 
different lower case letters indicare significûnt differences between days of gestation (pd.05); values within a column 
with different capital letters indicate ssignificant differences betwcen dietary glucose levels. ' Values are weighted LSM f 



Table 8 .  Pearson correlation coenicients of amniotic fluid amino acids with fetal 
growth parameters' 

Fetal - 
Amniotic fluid amino 

acids LüNG HEART 
(n) WEIGHT WEIGHT WEIGHT 

glucogenic 
alanine 
arginine 
asparagine 
c ysteine 
glutamate 
glutamine 
glycine 
histidine 
methionine 
proline 
serine 
threonine 
val i ne 

ke togenic 
leucine 
lysine 
ketogenic+glucogenic 

isoleucine 
phenylalanine 
uyptophan 
tyrosine 

other 
ethanolamine 
y-aminobutynte 
homocysteinc 
3-rnethylhistidine 
ornithine 
phosphoserine 
taurine 

1 
- -- 

Probabiiity of Pearson correlation coefficient: * Pc0.05, ** PcO.01, *** P<O.OO 1, **** P<0.000 1. 



Table 9 . Pearson correlation coefficients of amniotic fluid amino acids with €etal 

Gtucogedc 
Alanine 
Arginine 
Asparagi ne 
Cysteine 
GIummte 
Glutamine 
Glycine 
Histidine 
Meihionine 
Proline 
Serine 
Threonine 
Valine 

ketogenic 
Leucine 
Lysine 
Ketogenic+glucogenic 

Isoleucine 
Phenylalanine 
Tryptop han 
Tyrosine 

other 
Ethanolamine 
y-minobutymte 
Homocysteine 
3-rnethylhistidine 
Ornithine 
Phosphoserine 
Taurine 

' Probability of Peanon cornlotion coefficient: * PcO.05. Pc0.01, *** Pc0.W 1, **** P<0.000 1. 



Table 10. Amiotc fluid constituents as predicton of fetal growth parameters using 

Amdotic fluid 

WEIGHT 
LUNG 

WEIGHT 
HEART 

WEIGHT 
(n47) (n-49) (n=49) 

Glucose -0.009 (0.008) -0.065 (0.27) -0.020 (0.07) 
GIucogenic 

Cysteine -0.0 1 O (0.008) -0.600 (0.28)* -0.023 (0.06) 
Histidine 0.007 (0.006) -0,067 (0.16) -0.080 (0.05) 
Mcthioninc 0.0 1 1 (O.OS)* 0.434 (O. I SI** - 
Ketogeaic+glucogenic 

Phenylalimine 0.006 (0.004) 0.383 (0.15)* -0.01 1 (0.04) 
Tryptophan -0.02 1 (0.0 1 ) -0.47 I (0.5 1 ) -0.037 (0.08) 
Tyrosine -0.003 (0.004) -0.200 (0.16) 0.053 (0.04) 

other 
Ethanolamine -0.0 19 (0.02) -- - 
3-methylhistidine O. 160 (0.05)** 2.85 i 1.54) 0.740 (0.37) 
Ornithine -0.0 13 (0.009) - 0.153 (0.08) 
Phosphoserine 0.076 (O. 15) 7.34 (5.36) 0.467 ( 1.30) 
Taurine - -- -0.004 (0.03) 

F-value 7.09**** 4.80*** JAO*** 
Adjusted Mul t. R' 0.59 0.4 1 0.4 I 

Intercept 0.67 (0.90) -3 1.94 (29.13) 34.97 (6.9 1 )*** 
' Values are panmeter estimates (SEM). Pmbabiliiy: * Pe0.05. ** PcO.0 1. *** Pc0.001. **** Pz0.000 1. 



Table Il .  Amniotc tluid constituents as predictors of fetal tissue glycogen reserves 
using multiple regressionl 

constituents LIVER 
GLY COGEN 

LüNG 
GLYCOGEN 

HEART 
GLYCOGEN 

(n=49) (n=49) (n4O) 
glucose - 0.099 (0.03)*** - 

glucogenic 
arginine - 0.004 (0.0 I ) - 
cysteine -0.404 (0.12)** -0.003 (0.03) -- 
methionine 0.200 (0.06)** 0.009 (0.02) 0.022 (0.006)** 
ke togenic+giucogenic 
phenylalmine 0.09 1 (0.06) 0.04 1 (0.02)* - 
tryptophan - 0.068 (0.07) -- 
tyrosine 0.043 (0.07) -0.03 1 (0.02) -- 

other 
3-merhylhistidine 1 . 1 1  (0.50)* - 
taurine -- -- 

F-value 7.149**** 5,469*** 8.686*** 
Adjusted Mult. R~ 0.39 0.35 0.24 

Intercept -33.30 ( 10.22)** 0.59 (2.37) 4.84 (2.13)* 
' Values are piuameter estimates (SEM). Probability: * Pc0.05. ** PcO.0 1. *** P<0.00 1. **** Pc0.000 1. 



Figure 1. The effect of a) dietary glucose levels and b) days of gestation on arnniotic 
fiuid isoleucine concentration. 
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Figure 2. The effect of a) dietary glucose levels and b) days of gestation on amniotic 
fluid tryptophan concentration. 
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Figure 3. The efEect of a) dietary glucose levels and b) gestational days on amniotic 
fluid frnethylhistidine concentration. 
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Figure 4. The effect of gestational days on: 
a) cvsteine 

b) lysine 



C) ethanolamine 
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Figure 5. Interaction effect between dietary glucose and day of gestation on am€ 
histidine and taurine concentrations. 
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CEAPTER 4 - DISCUSSION 

This study was the fmt to report on the consequences of reduced materna1 

dietary glucose supply on the profile of amniotic fluid (an-@ amino acids in rats 

during the last four days of gestation (gd 18.5 to 21.5). The use of isocalonc diets 

containing graded levels of glucose reveaied that (1) materna1 dietary glucose 

restriction significantly increased the concentrations of amf isoleucine (on gd 21 S), 

tryptophan (on gd 18.5 and 2 1.5) and 3-methylhistidine (on gd 20.5 and 21.5) but 

had no effect on the principal glucogenic amino acids alanine and glycine and the 

branched-chah amino acids (BCAA) valine and leucine, (2) an interaction between 

diet and diiy of gestation modifed amf taurine levels such that dams fed low 

carbohydrate diets showed significant increases in amf taurine as pregnancy 

progressed, (3) the examination of amf amino acids at different time points (gd 18.5 

to 2 1.5) provided evidence that gestational period plays a critical role in determinhg 

the concentration of certain amf amino acids, (4) specific cimf aMno acids comlated 

with fetd growth panmeters and fetal tissue glycogen reserves indicating the ability 

of amf composition to reflect fetai distress under conditions of comprornised 

matemal nutritionai status and (5) using amf constituenu as predictors of fetal 

growth parameten and fetal tissue giycogen reserves, we found fetal gowth , and not 

fetal giycogen reserves to be predicted by specific amf arnino acids. 

Complete maternai dietary glucose restriction (0%) fed throughout pregnancy 

resdted in a significant increase in the amf concentration of the BCAA, isoleucine 



on day 21.5 of gestation in Our study. Only two other studies have reported the 

response of amf isoleucine to nutritional depnvation. Similar results were found by 

Felig and coworkers (1972), who reported that after a penod of 84-90 hours of 

matemal starvation, during weeks 16-22 of gestation. amf concentration of isoleucine 

incrensed. However, contrasting results were observed by Bernstein and coworkers 

(1992). who reported a significûnt decrease in amf isoleucine in rats fasted for 72 

hours during days 18.5 and 2 1.5 of gestation. Explmation for this difference may be 

related to the severity, length and timing of the insult. The study by Bernstein and 

coworkers (1992) looked at short-term matemal starvation in term gestation (gd 18.5 

to 21.5) when fetal protein accretion is most rapid. In contrast, our study provided 

dams with isocaloric diets deficient in a specific macronutrient, glucose, which was 

fed throughout gestation. Our finding of an increse in mf isoleucine, in the absence 

of exogenous glucose intake. supports the metabolic adaptations that normdly occur 

to maintain glucose homeostasis. The increase in this BCAA reflects an increase in 

protein catabolisrn, which provides the necessary nitrogens and carbon skeletons 

required for the synthesis of alanine, diereby increasing substmte availability for 

gluconeogenesis. This accelented oxidation of isoleucine in muscle tissue is funher 

supported by the results €rom two separate studies by our laboratory (Koski and 

Fergusson. 1992; Lanoue, 1993) who report an increase in amf urea and uric acid 

concentrations in dams fed carbohydrate-restricted diets. This increase in am. urea 

and uric acid is suggestive of hcreased muscle protein turnover. 



This is the f i t  study to report on amf tryptophan levels with altered materna1 

nutritional status. In early gestation. dams fed 0% glucose diets had significantly 

higher cunf tryptophan levels than dams fed 24% and 60% glucose diets. In term 

fetuses, arnf tryptophan levels rose significantly in dams fed 0% and 24% glucose 

diets as compared to control dams (60%). Tryptophan. an essential amino acid, is one 

of the first amino acids which maintains nitrogen equilibrium to compensate for the 

metabolic turnover of body protein (Borg and Wahlstrom. 1989). Tryptophan may 

have been diverted from protein synthesis and accretion to protein catabolism and 

oxidation. a process that compromises fetd growth. This may explain the detection 

of high amf tryptophan levels in dams that were deprived of d i e t q  glucose. 

The urinary excretion of 3-methylhistidine has been proposed to be a retiable 

index of the rate of muscle protein breakdown (Lukaski et al. 1981). However. it is 

important to note that severai factors rnay invalidate this index. The effects of factors 

such as sex. age, nutritional status. hormonal status. injury and disease have yet to be 

quantified (Buskirk and Mendez. 1985). in addition. any catabolic state such as 

fever, starvation, trauma and infection can increase the muscle turnover rate and alter 

the relationship between muscle mass and urinary excretion of 3-methylhistidine 

(Gibson, 1990). The higher 3-rnethylhistidine concentrations which were observed in 

the a d  of dams fed the 0% and 12% glucose die& on day 20.5 of gestation and in 

dams fed the 0% glucose diets at term, compared with the control diet (60%), 

suggests that in the absence of adequate glucose supply there is an increase in the 

protein turnover rate of fetal muscle. This is reflected by the increase in 3- 



rnethylhistidine detected in amf, although we are not able to tell whether 3- 

rnethylhistidine was of fetal or matemal origin. In addition, because 3- 

rnethylhistidine can dso originate from the gut and fetal muscle mass is quite low in 

the fetus, it becomes difficult to interprete these present results. It is known that fetal 

urine becomes the primary source of amf towards the end of gestation (Waiienburg, 

1977, Van Otterlo et ai, 1977) with increasing maturation of fetai rend tubular 

function. This may also explain why we did not detect any 3-methylhistiàine in the 

amf of gd 18.5 fetuses and very little in day 19.5 fetuses, which would reflect 

therefore the immaturity of the fetal rend tubular function at this point of gestation. 

No other study has reported on the effect of cornprornised maternai 

nutritional status on the concentration of arnf taurine. Our results show that an 

interaction between diet and day of gestation modified amf t h n e  levels such that 

dams fed low carbohydrate diets showed significant increases in ûmf taurine as 

pregnancy progressed. in addition, the difference between dietary groups (0% and 

242) was pa t e r  during gestational days 20.5 and 21.5 than at gestationai days 18.5 

and 19.5. 

The amf concentrations of the principle giucogenic precursors alanine and 

glycine and the BCAA vdine and leucine have been reported to show distinct 

responses to matemal substrate deprivation. This is evident in two separate studies in 

which Felig and coworkers (1972) reported a signXcant decrease in amf alanine and 

signifiicant increases in the BCAA valine and leucine following 72 hours of materna1 

starvation during the second thester of pregnancy. Similarly, Tyson and coworkers 



( 1976), observed a 3046 fa11 in amf alanine and an 18% fail in amf glycine in women 

undergoing 72 hours of fasting in the fust haif of gestation. Bernstein and coworkers 

(1992) found that amf alanine and glycine decrcased in rats fasted for 72 hours in 

t em gestation. In general, acute fasting appears to produce significant alterations in 

carbohydrate metaboikm which is accomplished by the utilization of glucogenic 

amino acids, principally alanine, and that tthis amino acid is more rapidly depleted 

during fasting in pregnancy than in non pregnant animals (Felig et al, 1972). 

However, no changes in amf alanine, glycine and the BCAA valine and leucine were 

observed in our study. The reason for this discrepancy between our dietary mode1 

and that of fasting may be that unlike fasting, our diets, although deficient in glucose, 

met the energy and protein requirements for pregnant dams (NRC 1978) and 

therefore may have not provided a severe enough dietary insult to perturb the 

concentrations of amf alanine, glycine, valine and leucine. It is dso possible that 

these arnino acids are more affected by a lack of dietary energy or another nutrient 

than of glucose. Although our sample size was larger than those reported by these 

previous studies, we would suggest that a larger sample size might result in statisticai 

significance of these amf amino acids with this same dietary model. 

This snidy brings forth the importance of the stage of gestation in 

determining the concentration of arnf amino acids. Previous studies have shown that 

the proNe of iunf amino acick is species specific and dependent on the stage of 

pregnancy under study. In humans, the concentration of amf arnino acids have been 

shown to decrease with the progression of pregnancy, with the exception of taurine 



(Emery and Scrimgeour, 1970; O'Neill et al, 197 1; Velazquez et al. 1976). In rats, 

however, the concentration of most amf amino acids increase, particularly between 

days 17 to 20 of gestation (Wirtschafter, 1958; McEvoy-Bowe et al, 1987). Our 

results show that amf concentrations are dependent on the stage of pregnancy, which 

is reflected by the fact that 12 of the 26 amf amino acids analyzed significantiy 

responded to the main effect of gestational day. Significance was found wiih am€ 

cysteine, histidine, lysine, isoleucine, phenylalanine. tryptophan, tyrosine, 

ethanolamine, 3-methylhistidine, ornithine, phosphoserine and taurine. Of these 

amino acids, amf cysteine, isoleucine, tryptophan. ethanolamine, 3-methylhistidine 

and phosphoserine increased with the progression of pregnancy in those dams fed 

glucose-restricted diets. No clear biological pattern could be described for the 

remainder of the amino acids. No significant difference in the concentration of amf 

amino acids with day of gestation was found in dams fed the 60% control diets. We 

c m  conclude that the stage of gestation plays a criticai role in determining the 

concentration of mf arnino acids but we do recognize that this is dnven, in part, by 

the fact that our animai model is one with a short gestational period. This presents a 

situation in which changes in amf amino acid concentrations occur quite rapidly. 

Amf sampling was taken during the period when fetal rats are undergoing rapid 

growth (gd 18.5 to 21.5). With an animal model of longer gestation, amf sampling 

can be taken over longer intervals, minimuing the rapid daily fluctuations of amf 

amino acids that occur during the period of most rapid fetd growth. In addition, for 

some of these arnino acids, namely, isoleucine, cysteine, lysine, ethanolamine, 



phosphosenne and 3-methylhistidine, our conclusions are lirnited by a srnall sample 

size. We do recognize that our conclusions for these amf amino acids were based on 

observations of sample size of N=l. This was due to technicai difficulties we 

encountered with the amino acid analyzer. Therefore a larger sample size could also 

clarify future findings. 

Our results showed a statistical interaction between diet and day of gestation 

with the concentration of amf histidine, leucine, phenylalanine, tyrosine and 

ornithine. Although a statistical significance was obtained with these amino acids, it 

is difficult to describe any biological pattern as a result of dietary treatment during 

the Iast four days of gestation. The fluctuation of these amino acids may be due to the 

use of a shon gestational animal model. A different animai species with a longer 

gestational penod would possibly eliminate the npid fluctuations that occur within 

such a shon gestational period when fetai growth is most rapid. ln addition, sample 

size may also be a limiting factor as some of the observations are based on a small 

sample size. Therefore increasing sample size would validate future findings. 

One of the more important contributions of this study was in demonstrating 

the sensitivity of the arnf cornpartment to a maternai dietary deficiency of just a 

single macronutrient, glucose. This ability of the arnf composition to respond to 

maternai diet offers promise in the use of amf to diûgnose matemal and fetal 

nutritiocal statu. Key amf amino acids (isoleucine, tryptophan, 3-methylhistidine 

and taurine) were altered by dietary glucose restrictions and these amino acids are 

often those which are used to explain the metabolic adaptations which occur to 



maintain glucose homeostasis, normally in response to materna1 starvation (Meschia, 

1978: Johnson et al, 1986). This study ais0 suggests the importance of amf analysis 

during specific gestational periods. It was found that the concentrations of certain 

am. m i n o  acids are highly dependent on the stage of pregnancy, and amf sampling 

wili Vary accordingly. 

Even though arnf composition has k e n  used to monitor fetal maturîiy, noting 

that iowered amf glucose was associated with fetd growth retardath (Drazancic 

and Kuvacic, 1974), few studies have examined the possibility of using this pool in 

predicting fetd metabolic distress during compromised matemal nutritional status. 

Two separate reports from our Iaboratory, using a simi1a.r dietary model, describe 

amf constituents (glucose, ureû and uric acid) as sensitive indicaton of fetal ciistress 

in response to matemal dietary glucose depnvation (Koski and Fergusson, 1992; 

Lanoue, 1993). In the study by Koski and Fergusson (1992). the results showed that 

with maternai-carbohydrate restriction, higher concentrations of amf glucose were 

correlated with increased fetal weight and liver glycogen deposition. In addition, 

Lanoue (1993) found that higher concentrations of arnf glucose were aiso correlated 

with increased fetal heart and lung glycogen reserves. Koski and Fergusson (1992) 

reported that a d  urea and uric acid were negatively correlated with fetal weight and 

liver glycogen reserves. However, these authors found that a d  wic acid responded 

with significant measurable changes over the entire range of maternai dietary 

carbohydrate intake whereas amf m a  was less sensitive showing ody sigrufi~cantly 

greater levels in rats fed low (0%) carbohydrate diets. Lanoue (1993) found that amf 



urea was negatively correlated with fetal heart glycogen reserves only and not with 

any other fetal metabolic measurements. In both these studies, the authon concluded 

that amf glucose was a better indicator of fetd metabolic distress than amf urea 

nitrogen. Their results indicate the ability of amf composition to reflect fetal distress 

with compromised materna1 nutritional status. Our results reinforce this concept and 

are the first to show that specific amf amino acids correlate with fetal growth 

parameters and fetal tissue glycogen reserves in response to matemal dietary glucose 

restriction. Amf cysteine, histidine, phenylalanine, uyptophan, tyrosine, 3- 

methylhistidine and phosphoserine were positively correlated with al1 three growth 

parameters, fetal weight, lung weight and hem weight. Whereas amf proline and 

taurine were positively correlated with fetal hem weight, amf ethanolamine was 

positively correlated with fetal weight only. Not as many arnf amino acids were 

correlated with fetal glycogen reserves. These correlation data suggests that 

rneasurements of these arnino acids m'ght be better predictors of fetd growth. 

Regression analysis showed that a d  methionine and 3-methylhistidine were 

predicton of fetai weight and explained 59% of its variability. Lanoue (1993) found 

that amf glucose was not a valid predictor of fetd weight in dams fed carbohydnte- 

restricted diets. In support of this, our results showed that when arnf glucose was 

included in our regression model, it was found that it was not a significant predictor 

of fetal weight nor of fetal lung weight or fetal hem weight. This suggests that amf 

amino acids may be better predictors of fetal growth status than amf glucose during 

maternai dietary glucose deprivation. However, our resuits showed that arnf amino 



acids were not found to be predictors of fetal hem weight. Furthemore, we found 

that mf amino acids when combined with glucose in the same statistical model were 

less sensitive predictors of fetai tissue glycogen reserves. This stems fiom the 

observation that the regression model for fetai liver, lung and hem glycogen 

explained 39%. 35% and 24% of their variabiiity, respectively. Amf glucose was 

found to be correlated with fetai liver, lung and hem glycogen reserves (Koski and 

Fergusson, 1992; Lanoue, 1993). However, contrasting results were obtained in Our 

study, which shows ihat when arnino acids and glucose were both included in the 

regression model, amf glucose was found to be correlated and a predictor of fetal 

lung glycogen only. Amf glucose may be more important to fetal lung glycogen 

deposition as it coincides with peak lung glycogen deposition which occurs on days 

19-20 of gestation in the fetd rat (Bourbon and Jost, 1982, Mmiscalco et al, 1978). 

This iilustntes the importance of having specific amf constituents on particular 

gestational days. [t also bnngs forth the possibility that, depending on the day of 

gestation, different ûmf constituents may be predicton of fetal growth and metabolic 

statu depending on their requirement for fetal growth. in this study, we did not have 

sufficient sample size to perform stepwise regression by day of development. We 

would have to increase the sample size to perfonn this statistical malysis to 

determine whether gestational day influences the predictabïiity of arnf constituents. 

Our resuit also showed that amf taurine, an essential amino acid for fetal growth, was 

a negative predictor of fetal hem glycogen only. 



In conclusion, this study M e r  emphasizes that dietary glucose is essential 

for fetal growth and development (Jones and Rolph, 1985; Koski and Hill, 1990). in 

this diet-induced model of fetal distress, lack of maternai dietary glucose brings 

about metabolic adaptations that are nflected as alterations in the concentrations of 

a .  amino acids. It is known that the amf pool represents a nutritional reservoir for 

the developing fetus and contributes in part to fetal growth (Mulvihill et al. 1985). 

Therefore it follows that any alterations in the composition of amf can have 

detrimental effects on fetd growth, In this study elevated levels of isoleucine, 

tryptophan, 3-methylhistidine and taurine were found in the growth retiuded fetuses 

of dams fed glucose restricted diets. However, this information does not dîllow us to 

determine the ongin of these amf amino acids. Since the amf is a composite of 

matemal, fetal and placental circulation, future research should include amino acid 

tracer studies. This would allow for the determination of the origin of amf amino 

acids and to f'urther understand the maternai, fetal and placental metabolic 

adaptations to materna1 nutrient deficiency. This study also highlights the 

dependence of amf mino acids to the gestationai period under study. Our data is 

suggestive that depending on the gestational period, different d arnino acids may 

be predicton of fetal growth and metabolic status. However, we feel our study did 

not have a sufficient sample size to clarify this issue given the short gestation of the 

rat. Another diffculty that was evident in this study, was that with a short gestationai 

animal model the concentrations of a d  arnino acids are quickly changing. Our 

measurements were obtained during the period when fetal growth is most rapid 



(gd18-21). making the interpretation of amf arnino acids more dificuit since a few 

hours could represent a significant change in the arnf cornpartment. This could be 

resolved by using an animal model with a longer gestationai period and with more of 

the fetal growth occurring in utero. Future resexch should include the analysis of 

other extracellular fluid amino acid pools, specifically matemal and fetal plasma 

pools. The cornparison between materna1 and fetal plasma and amf amino acid pools 

would provide additional information for assessing metabolic status and to determine 

whether any changes are reflected in a similar fashion in each of these compartments. 
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