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ABSTRACT 

The suckling rat has provided a useful model for these studies of 

lipid digestion and absorption. In adults dietary triacylglycerols are 

predominantly hydrolyzed by the '~lassic" mechanism involving pancreatic 

lipase (E.C. 3.1.1.3) and biliary micelle-mediated product uptake. Un

like affluent man, adult laboratory rats normally consume a low-fat diet 

«20% of energy). However suckling rats, like most neonates, consume a 

milk diet that is normally high in fat. Suckling rats receive -90% of 

non-protein energy from milk triacylglycerols, although rats have very 

low levels of "classic" pancreatic lipase before weaning. 

Dissertation studies demonstrate that other lipases promote effi

cient gastrointestinal triacylglycerol utilization in suckling rats. 

Nearly half of milk triacylglycerols are hydrolyzed to diacylglycerol 

within the stomach; and results strongly support that lingual lipase is 

the significant source of this activity. Furthermore, enzyme studies 

show considerable similarity between this lipase from rat tongue and 

so-called pregastric esterases of suckling ruminant species. 

Of fatty acids released in stomach, nearly three-quarters are of 

medium-chain length. These have high aqueous solubility and are rapidly 

absorbed from the upper gastrointestinal tract. Remaining triacylgly

cerols, diacylglycerols, and long-chain fatty acids enter the intestinal 

lumen and mix with lipid-rich bile. Suckling rats have higher biliary 

concentrations of bile salts, phospholipids and cholesterol than do 

xii 
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adults. Bile salt enterohepatic circulation clearly occurs in the 

suckling rat, at least as early as 10 days. The bile acid p-muricholate 

is elevated during the suckling period, compared to post-weaning. 

Results show that further lipolysis occurs along the intestine, 

possibly through the action of lingual lipase and others from pancreas, 

producing mostly long-chain free fatty acids, monoacylglycerol, and some 

lysophosphatidylcholine, derived largely from bile. This composition 

closely resembles adult intestinal contents, but is much higher in both 

dietary and biliary lipid constituents. 

Alteration of milk triacylglycerol fatty acids produced no 

apparent impairment in gastrointestinal lipid utilization by sucklings, 

but resulted in hyperlipemia and increased carcass fatness. These 

results suggest gastrointestinal events do not limit triacylglycerol 

utilization in the suckling rat, regardless of composition; but post

absorptive metabolism may be different when sucklings consume altered 

milk lipids. 



CHAPTER' 1 

INTRODUCTION 

Although milk lipids are the major energy source for neonates, 

very little is known specifically about the processes of lipid utiliza

tion du.ring this critical period of life. Because neonates are studied 

less frequently than are adults, neonatal investigations must examine 

many details about adults and attempt to assess their applicability to 

the newborn situation. Initial characterizations in neonates can often 

answer whether a particular aspect is the same, or unlike the adult. 

Far beyond comparisons to adults, infants present a particularly 

demanding, albeit difficult area for biochemical understanding. To the 

extent that they are known, species differences must be considered when 

interpreting and extending experimental results. In neonatal studies 

the differences are compounded by inter-species variations in metabolic 

maturity at parturition and patterns of normal postnatal development. 

Major features of lipid digestion and absorption in the adult 

human clearly agree with the details of these processes obtained from 

adult animal studies. A general review of the literature reveals two 

points with significance for the present treatment of this subject. 

Aside from numerous clinical observations, the adult rat has provided 

the model for most experimental investigations. The bulk of available 

experimental data have been interpreted within the context of a few 

fundamental studies reported nearly 20 years ago. 

1 
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The fundamental scheme elucidated by these early studies was a 

grossly simple process by which >95% of dietary TG were thought to be 

digested and absorbed. This scheme has been presented by most general 

biochemistry textbooks, largely without revision for over a decade, in 

essentially the following manner. Dietary fat (triacylglycerol, TG) is 

emulsified by mixing with bile in the upper intestinal lumen. Digestion 

of TG procedes by action of "classic" pancreatic lipase (EC 3.1.1.3). 

This lipolytic enzyme hydrolyzes the primary esters of TG molecular 

substrates at equivalent rates. The water insolubility of TG promotes 

their aggregation within the aqueous lumen and lipolysis occurs at the 

lipid-water interface. Lipolysis precedes, but is dependent upon the 

absorption of less hydrophobic reaction products (2 free fatty acids + 

1 ~-2 monoacylglycerol per mole TG). Efficient removal of products 

from the lumen is promoted by their facilitated solubilization after 

mixing with amphiphilic biliary lipids (Mattson and Volpenhein, 1964). 

Dissertation Background 

The research presented in this text involves, in totality, use 

of a single animal model, the suckling rat. It soon becomes apparent, 

by reviewing Background sections of subsequent Chapters, that the 

above "textbook description" has major deficiencies relative to present 

knowledge about lipid digestion in the suckling rat. Perhaps even more 

importantly, these same deficiencies are reflected by the more current 

investigations of lipid digestion in a variety of ages and species. 

Research during the past decade has elucidated many additional details 

about lipid digestion; but overall, recent data have more limitedly 
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extended our understanding of the absorptive processes. The general 

facts currently known about lipid digestion and absorption in man have 

been authoritatively reviewed by Carey, Small and Bliss (1983). 

Although the significant morphological features of postnatal 

development have long been established in the rat, the newborn pup's 

utilization of its milk diet, particularly the lipid constituents, 

remains a poorly understood area. In their important monograph, 

"Utilization of Nutrients During Postnatal Development", Hahn and 

Koldovsky (1966) limited their focus to careful documentation of this 

neonatal animal model. As pointed out then by these researchers, "in 

adult animals the mechanisms involved in absorption of lipids have 

received much attention and have been repeatedly reviewed ••• the 

development of those mechanisms, however, has only been studied 

sporadicall~~ Henning (1981) reiterated this same relative lack of 

knowledge about neonatal lipid utilization in a recent review of the 

suckling rat, "the single species for which comprehensive aspects of 

postnatal development have been studied". 

By definition, the suckling rat is a neonate and as such, mayor 

may not provide information relevant to other newborns. On the other 

hand, various aspects may relate more closely to adult rats or adults 

of other species, including man. Pertinent similarities or differences 

between infant rats and humans (infants and adults) are included in the 

General Description of the Suckling Rat, which follows, and throughout 

the text. Such comparisons were not specific aims of the research, but 

rather are included here for purposes of responsible interpretation. 
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General Description of the Suckling Rat 

Rats are born, usually in litters of 8-16 pups, after a 21-day 

gestation period. At birth the rat has attained -1% of its adult body 

weight and is developmentally quite immature. This latter character is-

tic identifies rats as an altricial species. Newborns are absolutely 

dependent upon th dam for nourishment, warmth and waste elimination. 

They are blind, deaf, and have no fur. Unlike the human fetus, who 

begins to develop adipose ti~sue stores during the last quarter of 

gestation, the rat does not undergo detectable adipose lipid-filling 

until after parturition. Deposition of adipose TG appears to be time-

dependent, but independent of suckling (Pequignot-Planche et ale 1977). 

Many important results and general considerations were contri-

buted by the work of Hahn and Koldovsky (1966), who stressed these 

basic rules to follow when working with newborn rats: "(1) a constant 

number of animals per litter, (2) a stable, rather high environmental 

o 
temperature (about 30 C) and (3) emptying of the bladder at least 

twice a day when the mother animal is not present~ 

It has been well established that pre- and postnatally the rat 

undergoes a consistent pattern of growth and behavioral development; 

but it is not at all well understood how the critical molecular events 

of this pattern are coordinated. Much evidence indicates intrinsic 

timing mechanisms are operative and some results suggest that dietary 

changes may trigger specific molecular events directly, or by hormonal 

and second messenger effects. Although the effects, and indeed the 

causative factors remain unknown, the dietary transition undergone by 
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the rat from birth until and after weaning, has been well documented. 

During the first two postnatal weeks dam's milk is the sole diet of 

neonatal rats, thereby identifying this as the suckling period. This 

milk can be considered virtually essential to the survival of the new

born rat, as efforts to feed artificial diets have been unsuccessful, 

unless pups are permitted 2-4 days of normal suckling (Dymsza, Czajka 

and Miller 1964, Messer et ale 1969, Sonnenberg et ale 1982). 

This is very different from the human, who can survive from 

birth, grow, and develop normally on a variety of synthetic milk 

formulae. This contrast no doubt reflects the greater gestational 

maturity of full-term, appropriately developed human infants. From 

a developmental perspective, therefore, it is often suggested that 

the newborn rat provides a more useful model for preterm human neo

nates, whose nutritional support is both more difficult and more 

critical. Lipid utilization has been reviewed in this context by 

Hamosh (1979), and will be discussed later. 

During the exclusive suckling period, the dam's milk supply 

and presence in the nest appear to regulate the pups' milk intake. 

The number of pups present during the first few postnatal hours, in

cluding fostered pups apparently not differentiated by the dam, may 

actually regulate the subsequent production of milk (Henning 1981). 

Any later litter-size changes appear to have diminished effects upon 

milk production. After milk production is established, changing the 

number of pups with a dam has more pronounced effects upon the amount 

of milk available per pup and, hence, upon individual pup growth. 



The suckling rat undergoes rapid weight gain and physiological 

maturation while consuming its essential milk diet. Changes in the 

rat's body composition have been documented at least since the early 

work of Hatai (1917). Suckling rats, likp. humans, deposit lipid mass 

postnatally. Both species rapidly accumulate structural membrane and 

neural lipids, and in addition, deposit excess lipid energy into adi

pose stores. As rat pups continue to increase their subcutaneous 

adipose tissue, they concomitantly gain improved thermoregulation. 

At 7 days, in a pup with double its birthweight, more than 70% of 

postnatal weight gain is lipid, and the fat-percent of body weight 

continues to increase until -10 days (Hahn and Koldovsky 1966). 

6 

Between days 10 and 15 pups gain weight at much less than the 

earlier rate. Between 10 days and weaning, pups show no change, or a 

slight decrease, in the proportion of body weight contributed by fat. 

At about day 14 or 15 eyes and ears open and pups begin to greatly 

increase their motor activity. These events coincide with a change ~n 

the pups' diet, as they begin to consume chow and feces present in the 

nest. By day 18, dentition and thermoregulation are nearly completely 

developed and pups with ad libitum access to chow continue to decrease 

the relative importance of milk consumption. 

The exact age of weaning varies between 21 and 30 days, though 

virtually no suckling occurs past day 25 (Henning 1981). Premature 

weaning of pups at 14-16 days has been accomplished with high survival 

rates and by day 18 essentially all pups can surivive weaning to chow. 

Nevertheless, a wide variety of metabolic changes have been reported 



when prematurely weaned rats are compared to controls at the normal 

weaning age or later in life (Hahn and Koldovsky 1966, Hahn 1982). 

Further discussion of developmental aspects about the suckling 

rat model will be included in pertinent sections of the text. The 

specific focus of the dissertation is utilization of lipids in the 

rat's essential milk diet, during its normal suckling period from 

birth to 15 days. However, it does seem worthwhile at this point to 

briefly consider the overall dietary development of the rat. 

7 

For all mammalian species birth represents a sudden and drastic, 

albeit normal, change from fetal life-support by circulating maternal 

nutrients, to the demands of digesting and absorbing the neonatal milk 

diet. In rat, man, and most species, carbohydrate (CHO) in the form of 

glucose supplies most fetal caloric requirements, with a small propor

tion being derived from the maternal plasma unesterified fatty acids. 

In milk, however, esterified fat is the major form of energy. 

Lipid energy of milk is almost entirely in the TG fraction, which is 

also the quantitatively important form of lipid energy in adult diets. 

Like adult dietary TG, milk TG apparently require digestive lipolysis 

before measurable uptake can occur. Lactose, the predominant form of 

CHO energy in all milks, is a dissacharide and as such requires hydro

lysis by intestinal lactase before its assimilation by the newborn. 

Composition of the Suckling Rat's Diet (Milk) 

The rat was one of the last common species for which complete 

milk analysis was done. Work was undoubtedly delayed by the relatively 

small volumes of milk that can be readily obtained from lactating dams. 
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The first compositional results were reported by Luckey, Mende and 

Pleasants (1954) and Glass, whose 1956 doctoral thesis was concerned 

entirely with the properties of rat's milk. Dymsza, Czajka and Miller 

(1964) provided an analysis including 13 vitamins and 12 minerals. The 

Food and Nutrition Board of the National Research Council (NRC, 1978) 

now lists 33 essential nutrients for rats. 

Table 1 compares the typical distribution of energy, as percent 

of total kilocalories (kcals) in rat's milk (Dymsza et al. 1964) with 

two other species, cow and man (Altman and Dittmer 1968, p. 1). In 

every case the energy calculations have been made from published compo-

sitional data, assuming 9 kcals per gram of fat and 4 kcals/g of CHa or 

protein (Pro). The protein of newborn milk diets is largely utilized as 

an essential nutrient for growth and is not metabolized for its energy 

content (Hahn and Koldovsky 1966). Therefore the data in Table 1 also 

include calculations of energy distribution on a protein-free basis. 

Table 1. 

Species 

Rat 

Cow 

Man 

Species Comparison of Milk Energy Distribution 

Total 
Energy 

(kca1s/dl) 

159 

71 

66 

Distribution 
(kca1s %) 

CRa Pro Fat 

8 23 69 

27 20 53 

50 10 40 

Protein-Free Energy 
Total Distribution 

(kca1s/d1) CHa% Fat% 

120 10 90 

57 34 66 

60 44 56 

It is apparent from Table 1 that rat's milk has the highest 

energy content of these species, both on a total and protein-free 

basis and that fat accounts for most of this energy. Rat's milk also 
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has a much higher protein content than the others. These different 

milk energy and nutrient densities no doubt reflect particular mater

nal-neonatal adaptations of each species. Whereas human infants can 

consume hundreds of milliliters (ml) of milk/day, and a suckling calf 

even larger volumes, at its maximum intake the rat pup receives only a 

few ml of milk per day. At birth the rat weighs only a few grams, but 

doubles its weight within the first week. Human and bovine newborns 

need months to double their much greater (kilogram, kg) birthweights. 

Dietary Development of the Rat 

During its rapid growth the suckling rat increases daily milk 

intake as a function of increasing body weight at least for the first 

10 days (Hahn and Koldovsky 1966). By day 15-16 the suckling rat has 

gained necessary developmental skills to begin supplementing the milk 

diet with chow. Henning (1981) has estimated, by immediate pre- and 

post-suckling weights (no chow), that between days 10-18 the indivi

dual pup approaches an apparent upper limit of ~2 ml of milk consumed 

during a 4-hour period. Limited interpretation can be made of this 

information for a number of reasons. Methodological problems surround 

all the available methods for measuring milk intake in suckled infants. 

The weight-difference method used by Henning may be as accurate as any 

other, and it remains in wide use for human and animal studies. 

However, for suckling rats, it is questionable what an experi

mental 4-hour suckling period actually represents relative to a normal 

24-hour day. Certainly one hesitates to conclude that 12 ml/24 hours 

per pup is actually a constant upper limit during the last few days of 



exclusive suckling and the first days when chow is eaten. Hahn and 

Koldovsky (1966, Fig. 1) used the 1945 data of Brody and estimated 

this limit at 3-4 ml of milk/pup per day at ages 18 to 25 days. 

Although weight-difference is simple to use, it appears that 

particular experimental conditions have unexplained effects on this 
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dubiously reliable method. This point is illustrated by comparing two 

extreme estimates of daily milk yield in rat dams, determined by weigh-

ing the pups. Reddy, Donker and Linnerud (1964) estimated an average 

of 30.5 g/day at days 9-15 for rat dams separated from 9 pups for 9 

hours and then returned for an hour of suckling. Morag (1970) deter-

mined the value to be -12 g/day between days 5-18 for 8 pups separated 

for 8-16 hours and then permitted an hour of suckling. 

It is clear that these estimates do not agree well and, in an 

attempt to better clarify this discrepancy, pup growth data can be 

considered in relation to intake. Body weight gain data from Hahn and 

Koldovsky's suckling Wistar rats (1966) and the Sprague-Dawleys used for 

the dissertation studies are presented in Table 2. 

Table 2. Comparative Weight Gain of Suckling Rats 

Weight 1&1 

Hahn and Koldovsky 
1966 

Dissertation Studies 

a 

15 

23 

22 

33 

46.7 25 13.6 

43.5 38 15.2 

66.7 

65.2 

The % gain is the percent weight increase between ages, calcu
lated as later weight minus earlier weight, divided by earlier weight. 
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The comparative data in Table 2 reveal that our suckling rats 

are normally heavier than pups used by Hahn and Koldovsky (1966); but 

both grow at very similar rates between 10 and 18 days. Thus, during 

the last few days (10-15) on the exclusive milk diet, pups in both 

colonies increased their weight by -45%. Weight-difference results 

cited above tend to support a constant maximum milk intake per pup at 

these ages, up to 18 and perhaps 25 days. Published data (Keen et al. 

1981) and those in Chapter 2 support no significant changes in fat or 

energy content of rat's milk during any period of lactation. 

Assuming then, that neither milk intake nor energy content are 

substantially altered, the continued growth of older, larger pups must 

occur with a greater efficiency than in earlier stages of suckling. 

The apparent metabolic efficiency that can be calculated from the data 

of Hahn and Koldovsky (1966, Table 1) would be -60% at day 7 (26 kcals 

net pup gain/40-45 kcals total intake, based upon a theoretical 100 g 

rat; at 7 days actual weight is -10 g). Any further increase in the 

metabolic efficiency of these animals would seem very unlikely indeed. 

It would then appear more likely that milk intake continues to 

increase with age at least until day 15. This conclusion is supported 

by the more recent data of Morag, Popliker and Yagil (1975), who used 

weight-difference to study litters of 9 pups separated from their dams 

for 8 hours and then returned for an hour of suckling. In '~arly 

lactation" (days 6-10) pups were found to consume 5 ml of milk and in 

"late lactation" (days 11-15) this value rose to 9 ml of milk, an 

increase of -80% between these ages for equivalent suckling periods. 
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It is recognized that suckling stimulates milk production and, 

consequently, it is likely that the separation period used for weight

difference measurements could itself cause the true milk yield to be 

underestimated. Henning (1981) has reported that at 15 days rat pups 

begin to regulate food intake in response to hunger and satiety. The 

increased suckling by larger, hungrier pups might well increase milk 

production over that of younger cohorts. Feeding frequency may change 

throughout the suckling period. Pups younger than 15 days appear to 

suckle almost continually when the dam is present. Because intermit

tent suckling periods may occur when no milk is actually received by 

the pups, it is difficult to assess intake, even if the frequency of 

suckling can be established (Hanwell and Linzell 1972). 

Thus, it is unfortunate that none of the published estimates of 

milk yield in rats truly provide accurate intake values for sucklings 

at different ages. Weight gain directly reflects positive energy bal

ance but permits no true estimation of intake, efficiency or expendi

ture components of that balance. In suckling rabbits, Cowie (1969) 

estimated milk intake as one-half the net weight gain of the litter. 

Although this method is obviously crude, it is quite simple and has 

been used by others (Grigor and Warren 1980) to estimate milk intake 

from long-term weight gain in the suckling rat. 

Whatever the metabolic efficiency of the developing rat, it is 

clear that weight gain continues uninterruped throughout the suckling 

period, although at different daily rates. By the age when chow ~s 

first consumed, it is no doubt an important supplement for pups, as 
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the dam's milk supply is likely to be near its upper limit to support 

further pup growth. It is not clear whether the decreased rate of 

growth after d~y -15 (Table 2) is itself causative, or results from 

changes associated with the beginning of weaning to chow. 

It has long been recognized that the number of pups in a litter 

can affect the volume of milk available to individual pups. One can 

alter the milk supply per pup in a variety of ways. Likewise, compo

sition or energy content of the milk can be altered. Although very 

similar, published analyses of rat's milk reflect a certain variabili

ty among laboratories. Strain differences, environmental conditions, 

and method of collection are known to affect the composition of milk. 

Diet of the Rat After Weaning 

One final perspective regarding the rat's dietary development 

deserves mention here. After weaning, laboratory rats are fed any of 

a variety of commercially available chow diets, formulated to meet 

their nutrient requirements as recommended by the NRC (1978). These 

products vary in their constituents, but most are cereal-based with 

protein, vitamins, and minerals supplemented to promote growth ~n 

wean1ings and maintain health and reproduction in adults. 

Essential fatty acid at -2% of kca1s is the only lipid required 

by adult rats, but most products should contain additional lipids, 

usually as -5%, or up to 10% of the diet (NRC 1978). Laboratory diets 

are usually specified by weight, and on this basis, most contain -4-5 

kcals/g, of which -10-20% is fat energy. The major lipid class is TG, 

but some phospholipids (PL) and sterols may also be included. Protein 
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requirements remain constant at -20-25% of total energy throughout the 

rat's life. The composition of most adult rat diets results in the 

proportion of CHO and fat-energy being essentially the inverse of that 

in the suckling milk pattern. For most adult rats, complex CHO as 

starch provides the bulk of total energy (60-70%) and large amounts of 

sugars, except experimentally, are not included in most modern diets. 

Adult rats fed high-fat diets have been the subject of a very 

large literature. Because adult rats consume such low levels of fat, 

most studies of lipid digestion and absorption have used a high-fat 

diet or a single bolus of lipid to facilitate experimentation with 

these animals. In these situations high-fat is fed on a short-term 

basis; but many other studies involve long-term effects of abnormally 

high dietary fat (-40% or more of energy) upon adult rats (NRC 1978). 

Specific maternal-neonatal effects of high-fat diets, and time-depen

dence of these effects, are considered in experiments of Chapter 4. 

Whereas, aside from a pathological perspective, adult rats may 

not be a valid model for investigating the metabolic processing of 

quantitatively large amounts of dietary fat, the suckling rat offers a 

normal, steady-state case in which large amounts of lipid are digested 

and absorbed, almost continually. On an equivalent body weight basis, 

a suckling rat's daily fat intake is -8 times that of a typical chow

fed adult. On the basis of equivalent dietary energy, the suckling 

rat consumes >6 times as much fat as a normal adult. Compared to the 

adult rat, then, the neonatal milk diet can be termed "high-fat, low

CHO", although it is certainly the normal diet for suckling pups. 
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It is impossible, from a teleological viewpoint, to explain why 

the '~orma1" dietary composition of laboratory rats is so completely 

altered after weaning. Metabolic adaptations to this change in diet 

clearly occur with great predictability and appear to follow a precise 

developmental program (Henning 1981). Universally, not unlike wild 

rats, humans can adapt to a wide variety of diets after weaning. In 

affluent societies, however, diets tend to retain nearly equivalent 

proportions of energy from fat and CHO, and in this regard resemble 

the neonatal milk diet. On the basis of equivalent dietary energy, 

the NRC~s "reference man" (70 kg) consumes -4 times the amount of fat 

eaten by the typical adult (300 g male or female) rat (NRC 1978). 

It should be recalled that human and bovine milks were very similar in 

energy content and distribution (Table 1), but the cow, a ruminant 

after weaning, usually consumes a very low, or fat-free diet throug

hout adult life (NRC 1978). Thus, any attempts to define a rela

tionship between ideal adult diets and suckling milk patterns among 

these three species, and in general, would appear rather meaningless. 

Milk Lipid Composition 

The high lipid content of rat's milk and advent of sensitive 

methods for lipid analysis, soon enabled compositional results to be 

extended by a number of laboratories (Rees, Shuck, and Ackermann 1966, 

Glass, Troo1in, and Jenness 1967, Smith, Watts, and Di1s 1968, Helan

der and Olivecrona 1970). Table 3 presents the milk lipid class 

content of rat's milk from this laboratory (Fernando-Warnakulasuriya 

et al. 1981) and from the earlier data of Helander and 01ivecrona 
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(1970). Again, the rat is compared to man and cow (Altman and Dittmer 

1968, page 7). For purposes of comparison, the data for rat's milk 

are presented as weight concentrations, rather than upon a molar basis 

as originally published. The published fatty acid composition was used 

to calculate an average molecular weight for each lipid class. 

Table 3. Species Comparison of Milk Lipid Class Composition (g/100 m1) 

Species Triacy1g1ycero1s Phospholipids Cholesterol 

Man 3.7 0.076 0.020 

Cow 3.5 0.056 0.012 

Rat: Helander and 
01ivecrona 1970 4.3±0.6 0.022±0.007 0.166±0.023 

Fernando-W. et a1. 10.4±5.1 0.045±0.015 0.054±0.021 
1981 

The data in Table 3 show that the major milk lipid classes vary 

quite considerably among these three species. It is also clear the 

two references for rat's milk are extremely different from one another 

and that each has a very large degree of internal variability. 

Because TG are quantitatively the major fraction of esterified 

fatty acids (FA), and therefore energy in milk, it is important to 

consider the FA composition of these milk TG. In studies of TG diges-

tion, it is crucial to know FA composition at each stereospecfica11y 

defined TG position (~-1, 2 or 3), as the data are shown in Table 4, 

on the next page. The data for rat's milk are from Fernando-W. et a1. 

(1981). Human and cow's milk are from Breckenridge, Marai and Kuksis 

(1969) and Pitas, Sampugna and Jensen (1967), respectively. 
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Table 4. Species Comparison of Milk Triacylglycerol Composition a b 
Fatty Acid Mole Percent at Each Stereospecific Position ' 

----------------------------------------------------------------------
Fatty Cow Rat Man 
Acid sn- 1 2 3 1 2 3 1 2 3 

---------------- -------------- --------------
4:0 5.0 2.9 43.3 

6:0 3.0 4.8 10.8 

8:0 0.9 2.3 2.2 0.8 0.5 8.8 

10:0 2.5 6.1 3.6 3.8 6.1 24.9 0.2 0.2 1.8 

12:0 3.1 6.0 3.5 6.9 10.5 15.3 1.3 2.1 6.1 

14:0 10.5 20.4 7.1 7.1 19.3 8.1 3.2 7.3 7.1 

16:0 35.9 32.8 10.1 21.0 40.1 8.5 16.1 58.2 6.2 

16:1 2.9 2.1 0.9 1.1 3.5 2.2 3.6 4.7 7.3 

18:0 14.7 6.4 4.0 5.3 0.4 2.7 15.0 3.3 2.0 

18:1 20.6 13.7 14.9 30.6 5.5 13.4 46.1 12.7 49.7 

18:2w6 1.2 2.5 -0.5 21.8 10.2 12.4 11.0 7.3 2.0 

20:4w6 0.7 1.2 1.4 tr 0.9 0.3 
c 

Others 1.7 4.7 2.7 1.9 1.3 2.1 
d 

Mean FA 15.3 14.6 9.4 16.7 16.2 13.8 17 .6 16.0 14.2 

a 
The sum for each column (position) equals 100%. 

b .. 
The method used for the stereochem~cal TG analys~s of each 

species was that originally described by Brockerhoff (1965); and 
involves determining the ~-3 position FA composition by difference. 

c 
Others are mostly 18, 20 and 22 carbon FA present individually 

in small amounts. For calculations 20 was used as the mean FA size. 
d 

Mean FA size was calculated as the positional weighted average 
based upon carbon number and disregarding double bonds. For individual 
FA the number of double bonds is indicated to the right of the colon; 
no number right of the colon indicates the FA has no double bonds; 
(e.g. arachidonic acid (20:4) has 20 carbon atoms and 4 double bonds). 
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It is clear from Table 4 that the milk TG of each of these 

species, as do all others, have a characteristic FA composition. Fur

thermore, FA are non-randomly arranged in each species' TG. The signi

ficance of rat's milk TG stereospecific composition, and implications 

for digestion and absorption, are the subject of Chapters 2 and 3. 

Dissertation Perspectives 

Experiments described throughout the dissertation have focused 

upon rats during the suckling period, and therefore only involve pups 

for whom milk, exclusively, is the essential diet. Although the diet 

at all ages before 15 days is the same, the rate and extent of growth 

and development that occur during this time certainly indicate that 

suckling rats are not the same at all ages. For this reason pup ages 

will be noted in all cases. To a major extent these studies have used 

rats at 10 days, the midpoint of the 21-day period before weaning in 

our colony, and arbitrarily the end of the "early" suckling period 

(Morag et al. 1975); or at 14-16 days, the endpoint of the exclusive 

suckling period. Animals were used at this latter age only after the 

absence of chow in their stomach contents had been visually confirmed. 

Fifteen days offers an experimental advantage as the largest age at 

which the pups can be reliably considered as true sucklings. There 

are clearly size and survival limitations to experiments that can be 

done with rats before 10 days, when body weight is <1 ounce (Table 2). 

All litters have been raised in our colony under previously 

published conditions (Fernando-W. et al. 1981), as will be described 

in more detail in Chapter 2. Comparisons to other literature attempt 
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to take into account possible strain and environmental variables. The 

environment clearly affects pre- and postnatal growth and exceptions to 

our standard colony conditions are noted whenever they are relevant. 

The types of studies undertaken in the dissertation required an 

accurate analysis of the milk lipids actually being co~sumed by these 

suckling litters. Published milk lipid compositional data clearly 

were not precise enough for these purposes, and so lipid analyses were 

frequently done for milk samples of dams in our colony, as described in 

Chapter 2. Chapter 2 will examine important events of TG digestion 

that occur in stomach contents, and were therefore ignored in the 

"textbook description" above. In Chapter 3 intestinal events and 

biliary contributions to the digestive processes will be considered. 

To a large extent dissertation studies correct previous misconceptions 

about enterohepatic metabolism in the suckling rat. These results may 

provide some valuable insights about intestinal events of lipid utili

zation in these animals, and in general, under comparable conditions. 

Like humans and other species, the milk lipids of rats reflect 

the amount and composition of fat in the maternal diet. Chapter 2 

describes a series of experiments that were based upon this very useful 

method for altering the FA composition of lipids consumed by litters of 

suckling pups. The effects of such compositional manipulations upon 

lipid utilization by these pups will be presented in Chapter 4 and 

compared to the effects of increasing the amount of milk per pup. The 

latter was effected by litter-size reduction, so that maternal dietary 

lipids, and thereby milk lipid composition, were not altered. 
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Dissertation Objectives 

The specific research objectives comprising this dissertation 

have been to delineate various aspects of lipid utilization in the 

suckling rat. This animal has proved an excellent model for these 

studies. It is clear from the above background that, quantitatively, 

using rats to study lipid metabolism may be most efficacious during the 

suckling period, rather than with adult animals. In practicality, for 

studies of sucklings it 1S usually the entire litter, rather than each 

individual pup, that forms a natural unit for experimental treatments. 

Although adults are clearly much larger individually (300 g average for 

male or female adult weight, NRC 1978) a typical litter of ten of our 

suckling pups, collectively, weighs as much sometime before 15 days 

(Table 2). Their milk diet results in a daily fat utilization by the 

litter, on an absolute lipid-weight basis, that is more than twice that 

of the average adult rat. This estimate has assumed a maximum '~orma1" 

adult fat intake of 10% by weight for 15 g of diet chow per day (NRC 

1978); and a minimum milk intake by the litter of 35 ml/day (Hahn and 

Ko1dovsky 1966) with 10% TG lipid in rat's milk, data from our colony). 

Lipid digestion and absorption were the major focus of this 

work, but certain insights have been gained by examining the post

absorptive fate of milk lipids. The approach followed in the research 

has involved qualitative and quantitative analysis of specific events 

during lipid utilization. The more broad goal has been to carefully 

characterize these particular events in enough detail that our present 

understanding of the underlying biochemical processes may be advanced. 
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A wide variety of experimental approaches have been employed to 

examine vastly different aspects of this system. The material has been 

organized in three subsequent Chapters, in a manner intended to facili

tate an interpretation of results about each particular research area. 

These distinctions were made only for the sake of clarity, so that the 

results of each experimental section can build upon the others. The 

author's goal has been to attain an overall understanding of how lipids 

are utilized in this model system, rather than to present a succession 

of separate experiments and results. 

Each Chapter has its own pertinent Background section, Specific 

Aims, experimental results and conclusions, and a brief Summary. The 

same methods have often been used in different experiments, and are 

referred among Chapters to avoid repetition. The primary objective of 

Chapter 5, Discussion and Conclusions, will subsequently be to inte

grate, interpret and summarize results from the preceding Chapters. 



CHAPTER 2 

LIPOLYSIS OF MILK IN THE STOMACH 

The milk consumed by suckling rats has approximately 99% of its 

fatty acids esterified in the TG fraction (Table 3, page 16), and has 

only negligible amounts of unesterified or free fatty acids (FFA). 

Lipids in suckling stomach contents, however, have a substantially 

altered steady-state composition, as a result of extensive lipolysis 

that occurs there. This latter statement is by no means a novel idea 

of this dissertation, nor is it uniquely applicable to the suckling 

rat. Neither is this knowledge clearly credible to a single source. 

The following review of background literature has attempted to 

summarize numerous and diverse reports about gastric lipolysis. The 

objective has been to evaluate, nearly exhaustively, relevant informa

tion concerning the nature of this lipase in the suckling rat. Many 

points remain to be resolved, and some experiments in this Chapter 

involve studies of the lipase protein from rats and other sources. 

The Background is primarily intended to justify the author's 

perspective in approaching this area of dissertation research. All 

previously published efforts at purification and identification of the 

lipase are summarized in Table 5, on page 39. Research Perspectives 

are presented in the last section, on page 50. Although lengthy, the 

Background review is not inordinately long, considering this issue has 

been active in the literature since the turn of the century. 

22 
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Background 

The German, Franz Volhard, may have been the first to report 

gastric lipolysis, when he described this phenomenon in man, in 1900 

(Clark, Brause and Holt 1969). Although the "fundamental scheme" of 

lipid digestion (Chapter 1, page 2) was firmly established much later, 

it disregards events in the stomach for a number of reasons. A major 

explanation for this is, no doubt, that most investigators simply did 

not look above the small intestine. 

Key experiments elucidating the mechanism of TG hydrolysis, by 

the action of pancreatic lipase, involved examination of intestinal 

contents from adult rats (Mattson and Volpenhein 1964) and man (Hofmann 

and Borgstrom 1969). This was not merely an oversight, as previous 

investigators had demonstrated that a bolus of TG, fed perorally to 

adults, was largely unaltered in stomach contents. Furthermore, it 

must be recognized that fundamental details of intestinal lipolysis 

received generalized acceptance over a century after the earliest 

recognized description of "classic" pancreatic lipolytic activity was 

made by Claude Bernard, in 1856 (Friedman and Nylund 1978). 

Although it has been studied only recently from a biochemical 

perspective, the phenomenon of stomach lipolysis has a long, interes

ting history. For generations, rennet containing this activity has 

been used in Italian cheeses for improved taste. Wise, Miller and 

Anderson (1940) first established that oral secretions produced rennet 

lipase activity in suckling calves. Reports had already been made of 

lipase in oral glands of the pig (Porter 1916), and in human saliva 
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(Scheer 1924). A very complete list of early publications concerning 

lipases in oral secretions appears in a review of this subject by 

Nelson, Jensen and Pitas (1976). It is sufficient here to note that 

before 1960 at least 13 different species, including the rat, had been 

reported to possess this lipolytic activity. 

In 1950 M.G. Farnham received a United States patent for this 

'~heese modifying enzyme product" which he identified as being present 

in tongue tissues of calves, kid goats and lambs. For the next two 

decades most studies of these enzymes were by Farnham and associates 

at Dairyland Food Laboratories. Many very early authors used the term 

salivary lipase, but after ~1950 the name pregastric esterase began to 

predominate the literature. Despite numerous and varied descriptions 

about this enzyme and its commercial use, none of these investigators 

reported an identification or purification of the protein. 

In 1970 Helander and Olivecrona inferred the presence of a pre

gastric lipase from the largely hydrolyzed milk TG in stomach contents 

of 10-day-old rats. Helander and Olivecrona (1970) suggested the 

activity might be particularly important for neonates and confirmed 

earlier reports that rat's milk, unlike human and some other species, 

contains no lipolytic activity. Olivecron~ et ale (1973a) soon demon

strated similar TG products in stomach contents of human infants and 

astutely pointed out that "the nature and origin of the enzyme poses 

some interesting questions~' The origin of this lipase, or possibly 

lipases, had just become of interest with the report of rat lingual 

lipase by Hamosh and Scow (1973). These workers discovered the enzyme 

in lingual serous glands of adult and rats, and reported, "the soft 



palate, anterior oral pharyngeal wall, and lateral oral glands also 

contained the activity, but at a much lower level." 
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Just previously, a few groups had begun to study the '~astric 

lipase" as an enzyme from stomach, rather than a gastric regurgitation 

of pancreatic lipase. As early as 1928 reports of gastric lipolysis 

had been criticized for failure to prove that "classic" lipase had not 

contaminated stomach contents (Schonheyder and Volquartz 1946). 

Ligation of the pylorus proved effective for identifying a 

preduodenal origin of the lipase in adult rats (Clark, Brause and Holt 

1969). In adult humans, the lipase was detected in gastric aspirates 

with <3% duodenal contamination, as determined by measurement of bile 

acids (Cohen, Morgan and Hofmann 1971). These studies established the 

acidic pH optimum of lipase in stomach contents. 

Histochemical evidence of lipolytic activity in gastric mucosa 

was provided by Clark, Brause and Holt (1969), using adult rats after 

65 hours of pancreatic flow diversion. Barrowman and Darnton (1970) 

demonstrated similar results in rats after 72-hour pancreaticobiliary 

fistulas. The substrates used for both of these investigations were 

trioctanoin (triC8) and triolein (triC18:1, TO). Clark et ale (1969) 

found triC8 was hydrolyzed at more than 10-fold the rate observed for 

triC18:1. Barrowman and Darnton (1970) found no activity against son

icated TO emulsions, and detected lipolysis only when triC8 was incu

bated with gastric glandular sections, from rats pre-fed olive oil TG. 

Cohen, Morgan and Hofmann (1971) determined pH optima of lipo

lytic activity in human gastric or duodenal juice as part of their 
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evidence for a lipase in stomach that was distinctly different from 

the "classic" duodenal (pancreatic) enzyme. The preduodenal lipase 

had a pH optimum of <6 under conditions of their pH-stat assay, but it 

retained some activity at a pH as low as 2. Duodenal lipase showed 

its typical activity optimum to be at pH >7, with almost no activity 

below pH 5. Furthermore, these studies showed the human preduodenal 

lipase had an activity ratio (triC18:1 compared to triCS) that varied 

between <5% and nearly 50% in their 73 adult patients. 

Cohen et ale (1971) further characterized the gastric enzyme 

and showed that this lipase, like pancreatic, had ~-1/3 positional 

preference for the FA (acyl ester bonds) of either TG, and more rapid 

hydrolysis of the shorter chain triCS. Both enzymes showed some inhi

bition by-FA, although the gastric enzyme had a lower total activity, 

except against milk particles in the absence of bile acids. Under the 

latter conditions, in which the juice was collected by a pancreatic 

fistula, the pancreatic lipase was not active. Gastric lipase had a 

smaller apparent molecular weight (MWapp) by gel filtration than did 

the pancreatic enzyme obtained by either duodenal aspiration or fistu

la collection. On Sephadex G-200, gastric lipase eluted with an 

apparent size (Kav) corresponding to a MW app of -40,000-50,000 Daltons 

(-40-50 kD), compared to >500 kD for pancreatic lipase. 

The conclusions of Cohen et al. (1971), although having fairly 

definitively established a distinct lipase in gastric juice, were the 

following, '~astric lipase probably contributes to digestion of milk 

triglyceride in infants, as well as to hydrolysis of administered 
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medium chain triglyceride, especially in children with decreased pan

creatic lipase concentrations. Its limited activity against long chain 

triglyceride suggests that gastric lipase has little role in normal fat 

digestion in adults." The enzyme appears not to have been pursued any 

further by these investigators. 

Olivecrona et ale (1973a) concluded the lingual enzyme was very 

likely responsible for gastric lipolysis in suckling rats, but the in

fant source was unknown. This group then examined lipolytic activity 

in stomach contents of human infants with pyloric stenosis. Based 

upon in vitro activity characteristics, Olivecrona et ale (1973b) made 

these conclusions about the nature of this lipase, "Most likely, the 

origin of the enzymatic activity responsible for lipolysis observed in 

the stomach of the infants studied would be analogous to that found 1n 

rats and calves. If so, the breast milk becomes mixed with the lipase 

already in the pharynx during swallowing and before the milk is clotted 

in the stomach" (Olivecrona et al. 1973b). 

Fredrickzon and Hernell (1977) of this Swedish group studied a 

larger group of human neonates and reported that pregastric lipase was 

present at full-term levels by 33 weeks gestation. Lipase activity 1D 

stomach contents of all infants increased considerably after a test 

feeding of milk. These studies determined, in gastric aspirates, that 

the pH in fasting stomach contents ranged between 2.0 and 4~ (mean 

was 2.9 ±0.8 pH units for 13 infants). After milk feeding, mean 

gastric pH rose to -6.5 and remained at that value for almost an hour, 

during which time -20 mol% of the milk TG were hydrolyzed. By 3 hours 
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after feeding, the pH gradually declined to fasting levels, and on the 

average, an additional 20 mol% of the TG were hydrolyzed. All infants 

had fasting and post-feeding gastric pH values in the active pH range 

Fredrickzon and Hernell observed in vitro for the lipase. In their 

tributyrin (triC4) pH-stat assay, pH optimum of the lipase was 5.5. 

Addition of 2.5 mM NaTC increased the apparent lipolysis rate by -40%. 

Fredrickzon and Blackberg (1980) found higher than control 

levels of lipase activity in gastric aspirates of 6 cystic fibrosis 

patients, between 9 months and 22 years of age. For their in vitro 

enzyme assays against triC4 or emulsions of triC18:1, these workers 

used differential conditions to establish whether the gastric activity 

was that of lingual or pancreatic lipase. At pH 5.5-6.0 gastric juice 

lipase activity was maintained in the presence of either, or both, 8 

mM CaCl2 and 2.8% bovine serum albumin (BSA). Duodenal juice lipase, 

at its pH optimum of 8.0, showed apparent inhibition only by BSA. 

The study of lingual lipase was extended by Hamosh and Scow and 

collaborators at the National Institutes of Health (NIH). Hamosh et 

ale (1975) measured lipolytic activity in esophageal aspirates of 14 

human subjects, between 20 and 54 years of age, and found the activity 

increased down the length of the esophagus and reached its maximum in 

stomach contents. The FFA and partial glyceride lipolysis products in 

human stomach contents, largely diacylglycerol (DG) and some MG, were 

very similar to those in rats. Hamosh et al. (1975) suggested the 

term "pharyngea 1 lipase" to ref lect this source of the human enzyme, 

which they considered equivalent to lingual lipase. 
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In 1978, after leaving Scow's laboratory, Hamosh continued to 

study lingual lipase at Georgetown University. Hamosb et ale (1978) 

found lipase in gastric aspirates of preterm infants as young as 30 

weeks. These studies analyzed gastric lipolytic products of milk TG, 

and found them very similar to previously reported lipid composition 

data from adult and suckling rat stomach contents (Olivecrona et ale 

1973a, Hamosh and collaborators 1973, 1975). Hamosh et ale (1978) 

suggested that the amphiphilic FFA and MG products might be especially 

important as stabilizing factors for emulsions undergoing continued 

lipolysis in the small intestine. 

Analysis of gastric aspirates after a test feeding of formula 

to these infants showed -15 mol% of TG were hydrolyzed by 7 minutes 

in vivo. The assay used by Hamosh et ale (1978) to measure activity 

in these gastric aspirates was a sonicated emulsion of mixed lipids, 

containing radiolabeled long-chain TG as the substrate and 5% BSA as 

FFA product acceptor, at pH 5.4. Contrary to the earlier results of 

Fredrickzon and Hernell (1977) Hamosh et al. (1978) found -50% inhibi

tion by 4 mM taurodeoxycholate (TDC) and -70% by 4 mM TC. 

Importantly, Hamosh and Burns (1977) had obtained lingual tis

sue from an adult human at autopsy; and presented strong evidence, in 

regard to assay conditions and products, that this activity in a crude 

homogenate had characteristics that were entirely similar to those 

demonstrated by gastric aspirates of infants and adults. As well, all 

resembled the in vitro lipolysis products of rat lingual homogenate. 

Hamosh, Ganot and Hamosh (1979) first described a characterization of 



partially purified rat lingual lipase protein. The activity was ob

tained in homogenates of lingual serous (von Ebner's) glands of adult 

(female or male) Sprague-Dawley rats. Lipase was recovered in the 

supernatant after centrifugation at 100,000 x gravity (g). 
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Gel filtration on Sephadex G-200 eluted lipase activity in the 

void volume fractions (Kav= m, Vo)' Following treatment of the lingual 

supernatant with -200 C acetone, this activity eluted with a MWapp of 

45 kD. Storage of the fresh supernatant at 40 C for 72 hours produced 

a molecular size similar to acetone treatment, but much broader in its 

elution from G-200. Hamosh et al. (1979) characterized this lingual 

lipase activity using a sonicated lipid emulsion with [3H]-01eate 

triolein (3H-TO) as substrate, and 4% BSA as fatty acid product accep

tor. Under these same assay conditions this 1979 paper confirmed many 

of the earlier results reported by this group (Hamosh et al. 1978). 

Hamosh (1978) had also reported that 2 weeks of feeding a high

fat (22% corn oil) diet to adult rats increased the lipase content of 

lingual serous glands by 45%. Enzyme release was increased after iso

prenaline administration in all animals, and decreased in glands after 

resection of the glosso-pharyngeal nerves. By differential density 

gradient centrifugation, lipase was localized to (secretory) zymogen 

granules within the von Ebner's glands (Hamosh and Hand 1978). Lipase 

was first detected in the rat fetus at 20 days, and its content in 

glands was increased by 14-fold at birth, one day later. Hamosh (1978) 

Hamosh (1978) emphasized the neonatal importance of (rat) lin

gual lipase; and more recent studies of the lipase by Hamosh's group 
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(1981) have focused upon gastric aspirate activity in human newborns. 

This work has used the same 3H- TO emulsion assay described earlier by 

Hamosh et a1. (1978, 1979), and is the method generally used by this 

group for quantitative detection of lipase. Lipase has been detected 

in gastric aspirates of infants as young as 26 weeks gestation, with 

the same lipolytic characteristics, but at increasing levels with in

creasing gestational age. Again, in their assay, Hamosh et a1. (1981) 

found inhibition by bile salts at concentrations> 3 mM, with either 

no effect, or a slight, increase in activity between 1.5 and 3.0 mM. 

By gel filtration chromatography on Sephadex G-200, the lipase 

in these infants' gastric contents eluted with a MWapp of 44-48 kD. 

This value (Hamosh et a1. 1981) agrees well with the 40-50 kD estimate 

for human gastric juice lipase (Cohen et al. 1971) and acetone-treated 

rat lingual gland homogenate, which Hamosh et al. (1979) had estimated 

to be -45 kD, using the same gel filtration method. 

Similar to earlier studies by Fredrickzon and Blackberg (1980), 

in Sweden, and work by the Canadian group of Roulet and co-workers 

(1980), efforts in Hamosh's laboratory have begun to focus upon cystic 

fibrosis and other clinical disease states, including the situation of 

neonatal prematurity. In conditions such as these, where levels of 

pancreatic lipase are low, pregastric lipase(s) activity becomes rela

tively much more important to the overall assimilation of dietary fat. 

Hamosh has recently reviewed these studies and others (1982). 

For nearly 5 years, most investigators in this area have inter

preted the bulk of clinical observations and experimental (rat) data 
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to support the lingual, pregastric origin of the lipase in stomach 

contents. Only one Israeli group has attempted to dispute this con

clusion in the recent literature. Levy and associates (1981, 1982) 

have reported evidence of a distinct gastric lipase in suckling rats, 

different from the lingual enzyme known to occur in these animals. 

Their arguments for two distinctly different lipases have largely been 

based upon activity characteristics in crude homogenates, gastric or 

lingual, containing lipolytic activity. The specific activities of 

neither lipase source have been reported by Levy's group, nor have 

they published characterization of the lipolytic protein(s) involved. 

Levy et ale (1981) reported that lipase from gastric mucosal 

homogenates (GL), had a pH optimum of 6.8; but under the same assay 

conditions lingual homogenate lipase (LL) showed its maximum activity 

at pH 5.8. Deoxycholate activated GL, but inhibited LL; and Triton X-

100 had opposite effects. The FFA released from purified TG, stereo

chemically defined with respect to the ~-1/3 primary esters, versus 

the secondary acyl (~-2) position, differed when incubated with GL 

and LL. Specifically, LL appeared to hydrolyze only 22% of the sn-2 

position FA (C18:l), whereas GL released 33% (Levy et a1. 1981). 

In an effort to eliminate lingual, pancreatic, and any other 

lipase not of gastric origin, Levy et a1. (1982) surgically excised 

the pancreas and lingual glands of lO-day-old rat pups, and inserted 

a gastric catheter, after ligation of the esophagus and pylorus. The 

stomach was rinsed with saline prior to introduction of 1 ml of rat's 

milk through the catheter. One-hour reaction products of this "in 
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vivo" lipase assay were compared to gastric contents of animals without 

surgery and lipolysis products from low-speed (1,400 x g) supernatants 

of homogenates containing, by definition, LL or GL. Animals after 

resection hydrolyzed 28% of milk TG esters, compared to controls with 

pyloric ligation only, in which 47% of the TG were hydrolyzed. 

Under both conditions, the distribution of DG and FFA, milk TG 

lipolysis products, resembled the typical suckling rat stomach contents 

seen by others (Helander and 01ivecrona 1970, Hamosh and Scow 1973). 

The FFA produced in rats after surgery showed preferential release of 

medium chain FA (MCFA, C8-CI2) from the TG. Levy et a1. (1982) did not 

report comparable gastric FFA patterns for intact pups. Against puri

fied TG substrates, LL and GL showed the same pattern, expressed as a 

function of carbon number in the released FFA: 8 > 10 > 12 > 16 > 14 > 

18:1. Although pH optima of GL and LL were 6.8 and 5.8, respectively, 

both enzymes showed -25% of maximal activity between pH's 5.5 and 8.0, 

higher than other published pH profiles for either enzyme. 

It would seem the evidence for two separate enzymes, "LL" and 

"GL", presented as such by Levy's group group, is not overwhelmingly 

convincing. In fact their later conclusions (1982) were, ''However, 

under physiologic circumstances, it is most probable that intragastric 

hydrolysis of milk TG is carried out by the combined action of lingual 

and gastric lipases. Both enzymes withstand acidic pH and the presence 

of pepsin. The pH of the stomach of newborn rats is not too low for 

the expression of their activity." 
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A variety of arguments can be put forth about the existence of 

true gastric lipase. It is quite clear that pregastric lipase has 

most of its activity within the stomach. If this lipase were to 

adsorb strongly to the gastric mucosa, efforts to rinse it away with 

saline, as done by Levy et ale (1981, 1982), might not be sufficient 

to eliminate all of the enzyme. One might then attribute the lipase 

source to the stomach. Previous studies showing the lipase in gastric 

contents made no attempt to prevent oral secretions from entering the 

stomach (Clark et ale 1969, Barrowman and Darnton 1970, Cohen et ale 

1971). As long ago as 1946, Schonheyder and Volquartz had stated, 

'~astric juice from adults and infants contains a gastric lipase, 

identical with the lipase in gastric mucous membrane." 

The Canadian group of Roy, Roulet and others (1980) examined 

the level of lipolytic activity in young, adult rats with esophageal 

resection and pyloric ligation. In some experiments fasting gastric 

contents were collected 2 hours after '~xhaustive washing out of the 

stomach with saline". Control animals had only pyloric ligation. 

Activity was measured by the tributyrin (triC4) pH-stat assay of Fred

rickzon and Hernell (1977), and was expressed as umol C4 released per 

minute, per ml of gastric contents, without consideration of protein 

content. In the absence of pregastric secretions, or lingual lipase, 

according to Roy et al., lipolysis was only 0.5% of the control level 

(0.02 i.. 0.02,6 rats, compared to 10 controls, 3.82 ±. 1.50). 

Roy et ale (1980) also fed corn oil, by gastrostomy, to young 

adult rats, with and without esophageal fistuals (6 animals in each 
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group). Both MG and FFA were significantly reduced in the experimen

tal animals. Rats with esophageal fistulas lost an average of 4 g/day 

compared to a daily gain of 2.5 g in controls. Experimental animals 

also had significant fecal fat excretion (-40%) and nearly double the 

fecal bile acids of controls. Roy et al. (980) concluded: "In situa

tions where normal digestive mechanisms are stressed by a high lipid 

intake or by defective lipolysis, lingual lipase may be essential. It 

not only catalyzes the first step in the digestion of dietary fat, but 

perhaps more importantly it facilitates through its formed products 

the dispersion and emulsification of dietary lipids in order to in

crease the effectiveness of pancreatic lipase." 

More recently, others in Hamosb's laboratory have repeated the 

earlier experiments of the Israeli group (Levy et al. 1982), but with 

very different results. Using 2 to 32 day-old rats Liao, Hamosh and 

Hamosh (1982) compared the total activity, per animal, present in hom

ogenates of gastric mucosa and lingual serous glands. On the basis of 

umol FFA/min/lOO g body weight, gastric mucosal lipase (GL) activity 

accounted for only 1-2% of lingual lipase (LL) activity, against both 

long- and medium-chain TG. 

Based upon their data, Liao et ale (1982) have concluded: '~L 

seems to represent LL adsorbed onto gastric mucosa because of identi

cal: a. developmental pattern; b. pH optimum (5.4) and c. substrate 

specificity, 2.5-5.0 fold higher activity on medium (tricaprylin, tri

C8) than long (triC18:1, TO) chain triglyceride; LL is the major fat 

digesting enzyme in the newborn." 
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Two rarely cited reports by the Polish group of Szafran and co

workers (1978, 1980) deserve mention, as some of their methods may be 

useful to others studying the lipase(s). Their results, however, do 

not simplify conclusions about the origin of protein(s) responsible 

for gastric lipolysis. Szafran, Szafran, Popiela and Wanicka (1978) 

assayed esterolytic activity, by color development, in protein bands 

separated by native polyacrylamide gel electrophoresis (PAGEL) at pH 

8.9, and incubated in a medium containing I-naphthyl butyrate and Fast 

Blue RR. On these gels, 5 active bands near the cathode were detected 

in human gastric juice, from patients with normal swallowing of oral 

secretions, and low-speed (10,000 x g) activity in homogenates of the 

fundic mucosa. Samples from antral and duodenal mucosa did not show 

this PAGEL pattern, but had an active "zone" near the anodal end of 

the gel. Szafran et al. (1978) established, by slicing the gel and 

eluting the proteins, that the 5 esterolytic bands were the only 

active lipolytic "zymogen" bands against milk fat or olive oil. Amido 

Black stain for protein revealed other, different PAGEL bands in each. 

Jaskiewicz, Szafran and associates (1980) characterized the in 

vitro (C14:0-C18:1) FFA products of milk incubated with human gastric 

juice and found them '~oughly proportional to the concentration of the 

acids in triglyceride substrate." In both papers they at tributed the 

lipase to fundic glandular cells in the stomach. They either chose.to 

ignore, or were unaware of, more recent preduodenal lipase studies. 

They cited no work, outside of Poland, beyond the papers of Hamosh et 

al. (1975) and Fredrickzon and Hernell (1977). 
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Purification of Preduodenal Lipases 

If not entirely definitive, work in this area over the past 15 

years has established at least one lipase in stomach contents that is 

clearly not "classic" duodenal lipase from pancreas. Most investiga

tions, identified as lingual, gastric, pregastric, or otherwise pre

duodenal, have described very similar activity characteristics. The 

primary limitation to comparison of tissue and species sources has 

been the lack of any purified source of preduodenal lipase. The 

earliest studies with partially purified lipases were those of Cohen, 

Morgan and Hoffman (1971), from human gastric juice; and Hamosh, Ganot 

and Hamosh (1979) from rat lingual gland homgenate. 

Field and Scow (1983) have in press a description of their 

purification, to near homogeneity, of lipase from rat lingual gland 

homogenate. The specific activity of their lipase against 3H- TO/PC 

emulsions is more than 2 orders of magnitude higher than earlier 

"partially purified" preparations (Hamosh et al. 1979, Patton et ale 

1982). However, Field and Scow's original gel photographs reveal 2 or 

3 minor contaminating proteins in the most pure fraction. 

By sodium dodecyl sulfate (SDS) PAGEL and filtration on Sepha

dex G-200, Field and Scow's lipase showed MWapp of 50-52 kD, following 

-200 C acetone treatment (Hamosh, Ganot and Hamosh 1979). At several 

steps Field and Scow (1983) were unable to recover the enzyme, either 

due to loss of its activity or hydrophobic surface adsorption of the 

protein. Their highly purified, nearly homogeneous lingual lipase 

preparation is described as Purification 4 in Table 5, on page 39. 
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Presented as Purification 3, in Table 5, is the "acid lipase" 

recently purified by the Indian workers Tiruppathi and Ba1asubramanian 

(1982), using gastric aspirates from fasting adult patients with unin

terrupted swallowing of salivary secretions. By SDS-PAGEL the lipase 

had a MWapp of 44 kD. At pH 3.0, it eluted from Sephadex G-200 with a 

MWapp of 45 kD, but at pH 6.0 the MWapp was 90 kD, indicating a 

possible pH-dependent dimerization. 

The specific activity of Tiruppathi and Ba1asubramanian's en

zyme, which they determined using triC4, is higher than any other 

reported to date. In their published SDS-PAGEL photograph however, 3 

or 4 minor bands are visible contaminants in their most highly puri

fied fraction. When this lipase was subjected to native PAGEL, it did 

not enter either a 4% or 7.5% gel at pH 4.0, but at pH 9.S it migrated 

as 3 diffusab1e bands extending a length of 8 mm. The authors did not 

identify the relative mobility of these bands, nor did they publish a 

native gel photograph. Their results, however, may be reminiscent of 

the native PAGEL results of Szafran et a1. (1978). 

Tiruppathi and Ba1asubramanian's (1982) final statement is very 

worth noting, especially with regard to lipase origin: "In conclusion, 

the purified lipase from human gastric juice resembled rat lingual 

lipase in its molecular weight, pH optimum, lipolytic end-products, 

positional specificity and thermal stability, and differed from rat 

gastric lipase (Levy et a1. 1981) on the above properties, suggesting 

the origin of this acid lipase in gastric juice may be the lingual 

glands." 
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Table 5. Published (Partial) Purifications of Preduodenal Lipase 

Source 
"Name" 

Reference 

Summary of Step 
in the Published 

Purification Procedure 

Molecular 
Weightapp 

(kD) 

Specific 
Activitya 

umol/min/mg 

l)Gastric juice 
(human) 

"Gastric lipase" 
Cohen et ale 1971 

2)Lingual gland 
homogenate (rat) 
"Lingual lipase" 
Hamosh et ale 1979 
Patton et ale 1982 

3)Gastric JU1ce 
(human) 

"Acid gastric 
lipase" 

Tiruppathi & 
Balasubramanian 

1982 

4)Lingual gland 
homogenate (rat) 
"Lingual lipase 

(pharyngeal)" 
Field & Scow 

1983 

pH -2 aspirates+NaOH to pH 6; 
700 x g ;j,rntb 
Sephadex G-200 40-48 

pH 6.3, 100,000 x g sprnt; 
Sephadex G-200 >500 

-200 C acetone prcpt C ; 

Sephadex G-200 45 
-200 C acetone prcpt 

pH 3, 12,000 x g sprnt 
(Sephadex G-200) (50) 

0.5% Triton X-100 + 15% PEGd 

12,000 x g prcpt 
40 C 25% ethanol sprnt 

Sephadex G-75; 
Sephadex G-200, pH 3 45 
Sephadex G-200, pH 6 90 
SDS PAGEL 44 

Tyrode's solne 850 x g sprnt 
100,000 x g sprnt (G-200) (>500) 
30-60% ammonium sulfate prcpt 
-200 C acetone prcpt 
Ethyl agarose chromatography 

G-200 52 
SDS PAGEL 51 

11.1 + 5.6 

1.6 - 1.9 

20.7 

162.3 
313.3 
476.1 

35 
44 
57 

136 
230 

a Specific activity in International Enzyme Commission units: 
1 unit = 1 micromole of product released per minute per mg protein. 

b sprnt = supernatant obtained by centrifugation. 

c prcpt = resolubilized precipitate from centrifugation. 

d PEG = polyethylene glycol 

e Tyrode's solution = glucose-free, physiological concentra
tions of NaCl, KCl, CaC12' MgC12, NaHC03' and NaH2P04; pH 7.4. 
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Substrate Specificity of Preduodenal Lipases 

Recognition of physiologically important preduodenal lipase(s) 

quickly led to activity studies with stereochemical substrates of both 

synthetic and natural origin. Of the latter, milk TG have been inves

tigated most thoroughly, since they are the significant substrates for 

gastric lipolysis in neonates. Among the groups studying preduodenal 

lipolysis of milk and other TG, activity has been attributed to gas

tric lipase, or pregastric esterase, and/or to lingual lipase. 

The first published analysis of lipolysis products from ~

defined rat's milk TG, using (suckling) rat lingual lipase, was from 

this laboratory (Staggers, Fernando-W. and Wells 1981); and these 

results are included in this Chapter. These studies have the same 

limitation as other, later reports, in that they used lingual extracts 

rather than purified lipase. Subsequent dissertation results, also in 

this Chapter, compare the FFA released from diverse substrates by rat 

and calf lingual lipases of varying degrees of purity. 

The enzyme from suckling ruminant sources has traditionally 

been termed "pregastric esterase" (PGE), although the only basis for 

this appears to be that its activity was first characterized against 

(water-soluble) 2-naphthyl esters (Ramsey, Wise and Tove 1956). As 

pointed out in the review by Nelson, Jensen and Pitas (1976), PGE 

would more appropriately have been identified as a "lipase". Lipases 

are the specialized class of esterases which act upon substrates at an 

oil-water interface. By this definition PGE is clearly a lipase. 
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An early study by Ramsey and Young (1961) compared calf PGE 

activity in lingual/pharyngeal homogenates, saliva aspirated from the 

dorsal tongue, and abomasal fistula contents from a calf sham-fed non

fat milk. In vitro incubations of these sources against whole cow's 

milk (fat, TG) produced very similar results, and the authors pointed 

out, "although the tissue extract may have contained nonsecretory 

esterase, in addition to pregastric esterase, it was believed that the 

saliva and sham-fed nonfat milk contained only the latter enzyme~' 

The major FA released from milk TG was butyrate (C4) and Ramsey 

and Young (1961) presented their results (mol equiv) as C4 versus the 

sum of all other "higher" FFA products (i.e. FA of chain length > 4 

carbons). Initial hydrolysis (15 min) produced 34 mol equiv of C4 and 

28 mol equiv of the higher FA. At 1, 4 and 12 hours, the respective 

C4/higher FFA mol equiv ratios were 60/58, 69/89 and 82/139. As shown 

in Table 4, on page 17, the C4 in cow's milk TG is largely at .§..!l-3, 

and accounts for -43% of the total FA at that position. Ramsey and 

Young (1961) also studied PGE hydrolysis of 2-naphthyl esters, and 

found the highest rate of activity, during the first hour, against the 

butyrate (C4) ester. Expressed as a percent of 2-naphthyl butyrate, 

these relative hydrolysis rates were determined: C2 = 19-21%, C8 = 54-

55%, C12 = 8-16%, C14 = 3-4% and C16 = 1.5-1.8%. 

In the late 1960's, Richardson and co-workers at Dairyland Food 

Laboratories characterized substrate and assay conditions for the PGE 

enzymes from calf, kid and lamb lingual/pharyngeal tissue powders. 

These studies routinely used a pH-stat to measure lipase activity. 
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Richardson and Nelson (1967) found that these PGE's had no activity on 

either phosphatidylcholine (PC) or cholesteryl esters (CE). However, 

the activity against both triC4 and milk TG was increased more than 

10-fold when these substrates were emulsified with PC. Activity of 

all three enzymes was examined over the pH range of 2 to 12, and the 

maximum was found to be at pH 5.3-5.5. 

Pitas and Jensen (1970) studied calf PGE hydrolysis of racemic, 

synthetic TG containing these FA (the middle FA listed was ~-2, but 

the primary esters were racemic): palmitate-oleate-butyrate (POB), 

palmitate-caprate-butyrate (PCB), PPB, PBB, and PBP. Results at 25 

minutes showed the extent of hydrolysis was inversely proportional to 

the TG species molecular weight; and, specifically, that butyrate 

esters were hydrolyzed preferentially. The extent of digestion for 

each substrate was: PBB 76.5%, PCB 35.2%, PBP 26.9%, PPB 16.5% and POB 

5.0%. From these results and FA analyses of the reaction products, 

Pitas and Jensen (1970) concluded, "These studies indicate that pre

gastric esterase is not positionally nor absolutely short-chain speci

fic and further that it hydrolyzes different triglycerides containing 

4:0 at vastly different rates ••• and the secondary (4:0) is relative

ly resistant to digestion by pregastric esterase!' 

The early studies of human and rat "gastric" lipases (Clark et 

al. 1969, Barrowman and Darnton 1970 and Cohen et al. 1971) all found 

significantly greater lipolysis of triC8 than triC18:1. Barrowman 

and Darnton (1970) were, in fact, unable to detect triC18:1 hydrolysis 

in their histochemical assay of gastric mucosal tissue. Cohen's group 
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(1971) found these ratios between the percent of total FFA released 

from the two unemulsified monoacid TG substrates, compared to the same 

TG sonicated in 10 roM NaTC (the ratio is expressed as %C8/%C18:1): 

unemulsified = 21%/1% versus NaTC emulsified = 33%/16%. The amounts 

of released C8 and C18:1 in these in vitro reactions clearly suggest 

that bile salts might activate the human lipase against both medium

and long-chain TG substrates (triC8 = MCTG and triC18:1 = LCTG). 

Liao et al. (1982), in Hamosh's laboratory, used 14C-FA radio

isotopes of these same monoacid TG substrates, in their standard emul

sion assay, to study hydrolysis by the rat lingual homogenate. The 

results showed triC8 was hydrolyzed at about a 3-fold higher rate than 

was triC18:1. With gastric aspirates from human infants, under the 

same assay conditions, this group (Liao et a1. 1980) found the rate of 

triC8 hydrolysis to be 5-fold that of triC18:1. 

An early study by Paltauf, Esfandi and Holasek (1974) compared 

rat tongue homogenate (supplied by Hamosh) to partially purified lipo

protein lipase and purified pancreatic lipase, using synthetic enanti

omeric alkyl diacylglycerol substrates. Results supported a primary 

ester specificity of lingual lipase, with the ~-3 ester being hydro

lyzed at twice the rate of the ~l position. 

Jensen et ale (1982) used the following series of synthetic TG 

subtrates and determined their in vitro hydrolysis by human infant 

gastric aspirates: ~-18:l-l6:0-l6:0 (Opp), ~-PPO and ~-POO, as well 

as the monoacid tri18:l. In these studies lingual lipase showed about 

4-fold preference for the ~-3 position, over ~-l, regardless of the 
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FA at either position. Some MG were produced, and contained mostly 

~-2 FA. The major acylglycerol species produced was ~-1,2 DG, as 

determined by specific optical rotation. Jensen, Lambert and Hamosh 

(1982) had published an earlier abstract indicating a similar ~-3 

preference, but with a greater degree of variability among different 

FA esters. In vitro hydrolysis of PPO produced 16:0 = 47% and 18:1 = 

53%, whereas the FFA released from OPP were 16:0 = 81% and 18:1 = 19%. 

Subsequently, Jensen, Clark and DeJong (1982) analyzed the FFA 

released in vitro by human infant gastric juice against this extensive 

series of synthetic, ~-1/3 racemic (~ac) TG: ~- 16:0-8:0-8:0, 16:0-

10:-10:0, 16:0-10:0-16:0, 18:1-12:0-12:0, and 18:1-14:0-14:0. These 

authors summarized their results in this way: 

The ratio of 8:0 and 10:0 to 16:0 in the FFA was 9:1 while that 
of 12:0 was 3:1. The lipase did not differentiate between 14:0 
and 18:1. When 10:0 was a secondary ester, the FFA contained 
33.3 M% of this acid. Lingual lipase preferentially hydrolyzes 
8:0, 10:0 and 12:0. These acids are present in infant formulas 
containing coconut oil and 12:0 in human milk TGs. Preferential 
release of the acids should influence the events leading to 
absorption of dietary fats. 

Tiruppathi and Balasubramanian (1982) analyzed the FFA products 

released when their most purified human lipase was incubated with the 

synthetic TG substrate ~-16:0-l8:1-18:0. Of the FFA, 34% were 

16:0, 26% were 18:1, and the 18:0, at !n-3, comprised 40% of total 

FFA. These data again indicate an ~-3 preference of the enzyme, but 

to a lesser degree than reported by others (Paltauf et ale 1974, Liao 

et ale 1980,1982, Jensen et a1. 1982, Jensen, Clark and DeJong 1982). 

Field and Scow (1983) have not yet reported the specificity of 

their purified lingual lipase with stereochemically defined substrates. 
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They did, however, investigate the properties of the lipase against 

lymphatic chylomicrons of rats fed triCl8:13H-glycerol and tri14C18:1. 

The lymphatic TG, which are predominantly LCTG, were rapidly hydrolyzed 

by the lipase at pH 5.4, in the presence of 17 mM taurodeoxycholate 

(TDC) and 3.3 mM CaCl2' These investigators found Ca2+ to be a better 

FFA acceptor than BSA, as the latter was associated with -40% lower rate 

of substrate hydrolysis. At a ratio of 3.9 ug lipase protein per umol 

chylomicron TG, 80% of the labeled TG were hydrolyzed at 10 minutes in 

the above concentrations of Ca2+ and TDC. 

Field and Scow (1983) pointed out that substrate emulsification 

was not required for LCTG hydrolysis by lingual lipase, but increased 

the rate at which lipolysis occurred. Their routine lipase assay used 

sonicated PC emulsions of 3H- TO in the Ca2+/TDC system. Time-dependent 

lipolysis indicated that lingual lipase first hydrolyzes TG to DG, and 

then acts upon these substrates to produce MG and some free glycerol. 

The purified lingual lipase, under optimum conditions, had a 

much lower maximal LCTG turnover rate (2,200/min) than did purified 

pancreatic lipase in the presence of colipase (35,000/min), indicating 

lingual may be a "slow-acting" lipase in vivo. Field and Scow found 

lingual lipase activity to be substantial at pH 6.5 and suggested that 

it might be active at this pH upon lipid substrates in the small intes

tine. These authors made no mention of the enzyme's FA-chain length 

specificity, nor did they concern themselves with neonatal questions. 

Field and Scow (1983) did, however, clearly demonstrate the first 

nearly homogeneous preparation of adult rat lingual (gland) lipase. 
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Significance of Preduodenal Lipolysis 

It has been pointed out innumerable times that the lipolytic 

activity in stomach contents may be most important for the milk-fed 

newborn. Certainly in both rats and man, the appearance of the enzyme 

coincides quite dramatically with gestational development, up to and 

around birth (Hamosh 1979, Hamosh et ale 1981 and 1982). However, it 

must be recognized that Hamosh and Scow (1973) compared lingual (gland) 

homogenates from adult and suckling rats, and found a greater total 

amount of lipase per gram in the larger tissues of adults. This work 

did not attempt to measure the enzyme's specific activity as a function 

of age, nor has any other. All ontogenic studies to date have been 

done with activity in unpurified tissue extracts or gastric aspirates. 

The enzyme is indisputably present in infants and adult man. 

Although the level of its activity varies among adults (Cohen et ale 

1971), the typical LCTG's in an adult meal probably undergo -10-20% 

hydrolysis in the stomach (Friedman and Nylund 1980). However, Schon

heyder and Vo1quartz (1946), who studied gastric lipolysis in humans of 

nearly every age reached the following conclusion, '~pparent1y there is 

no basis for assuming that this enzyme plays a greater role in the fat 

digestion in infants than in adults!' 

Specific activity of Tiruppathi and Ba1asubramanian's (1982) 

human gastric lipase is -2-fo1d higher than Field and Scow's (1983) 

lipase from rat lingual homogenate, but the apparent purity of these 

two adult lingual 1ipases, as judged by SDS-PAGEL photographs, is very 

similar. The enzyme may be more active in adult man than in rats, or 
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specific activity may be altered in tissue-extracted versus secreted 

lipase. On the other hand, the variations may merely reflect real or 

apparent differences attributable to assay conditions. Tirrupathi and 

Balasubramanian's (1982) purification scheme, and published values of 

specific activity, were based upon triC4 emulsified in 2.5 mM NaTC. 

The amount of released (butyric) acid was determined by subsequent 

titration. Field and Scow (1983) used PC emulsions of 3H-TO, a LCTG, 

as their substrate, in the presence of 17 mM TDC and 3.3 mM Ca2+, 

throughout their lingual lipase purification. Activity was quantified 

by the amount of radiolabel recovered as the FFA (oleate). 

The pregastric enzyme in ruminant species appears to be of real 

significance only in young, suckling animals (Nelson, Jensen and Pitas 

1976). However, extended experiments by Leidy, Russell and Wise (1975) 

have provided important data showing "that age per se does not effect 

cessation of pregastric esterase secretions~' This group measured PGE 

activity in two 4-year-old, rumen-fistulated, castrated steers in which 

daily milk-feeding had been maintained, via a nipple pail, in addition 

to the hay and grain these animals received. These adult animals both 

had a higher PGE activity, per volume, in their fistula contents than 

the average found in normal 1-2 month-old suckling calves. Leidy et 

ale (1975) thought that both the continued presence of milk fat sub

strate and the prolonged nipple suckling of the experimental steers 

might account for these results. 

The Swedish investigators (Olivecrona et ale 1973, Fredrickzon 

and Herne1l 1977) have established that secretion of gastric acid in 
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the human neonate is lower than in adults, resulting in higher fasting 

and significantly higher post-prandial stomach pH levels in infants. 

This may facilitate lingual lipase activity, since the enzyme effects 

little TG hydrolysis below pH 2, and adult gastric pH often falls below 

this value post-prandially. Conversely, in infants' stomach contents, 

pH was found to rise by -2-3 units after a milk feeding. 

Much of the interest in preduodenal lipolyis of milk TG relates 

to poor hydrolysis of native milk fat droplets by classic pancreatic 

lipase from humans (Cohen et al.), rats (Plucinski et ale 1979) and 

calves (Gooden and Lascelles 1973). Moreover, the pancreatic lipase 

activity in neonates is generally below adult levels, particularly in 

premature infants (Hamosh 1979). A number of groups have confirmed 

that low levels of "classic" pancreatic lipase are present in rats 

during the suckling period (Rokos, Hahn, Koldovsky and Prochazka 1963, 

Robberecht et ale 1971, Bradshaw and Rutter 1972). The level of pan

creatic lipase in suckling rats is about one-eighth that of the adult, 

although the pups consume several times more fat per body weight. 

Compounding possible neonatal pancreatic lipase insufficiency, at 

least in premature human infants, may be reduced levels of bile salts 

needed for the efficient absorption of intestinal lipolysis products 

(Hamosh 1979). The bile acid status of suckling rats has been investi

gated in depth by experiments in the next Chapter of the dissertation. 

Nearly half the TG in milk are hydrolyzed in the stomach of the 

suckling rat (Helander and Olivecrona 1973, Staggers, Fernando-W. and 

Wells 1981). Estimates of 60-70% were made by Jensen et al. (1982) for 
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the extent of preduodenal lipolysis that can occur in human infants and 

children. Gooden and Lascelles (1973) assessed the importance of PGE 

in 1-2 week-old calves, indirectly by (surgically) eliminating pancrea

tic lipase. These workers fed either whole milk (containing milk fat 

droplets) or fatty whey (milk fat extracts) to control animals and 

those with pancreatic fistulas, and therefore without duodenal pancrea

tic juice containing pancreatic lipase (-PJ). The efficiency of lipid 

absorption was then determined by measuring fat excretion. The percent 

of lipid absorbed by controls was 96.5% with milk and 82.7% when fatty 

whey was fed. Fistulated calves (-PJ) absorbed 69.1% of the fat in 

milk and only 37.5% of the fatty whey. Assuming PGE alone accounts for 

efficiency levels in -PJ calves, these data support the importance of 

preduodenal lipolysis for the newborn, milk-fed (pre)ruminant. 

The information presented above suggests quite strongly that 

lipolytic activity in the stomach may be preferentially elevated when 

the substrates are TG in milk fat globules. Relevant dissertation 

results tend to support this idea. Efficient utilization of milk TG is 

critical to the maintenance of normal neonatal growth and development. 

Whether the lipase is actually "more important" in the neonate, there

fore depends upon relative fat intake later in life. It is hoped that 

future purifications of neonatal and adult sources will enable direct 

comparisons of enzyme activity as a function of age in each species. 

Compared to neonates, the normal level of pancreatic lipase is 

much higher in adults. The physiological importance of preduodenal 

lipolysis is inversely related to the efficiency of pancreatic lipase 
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activity. Thus, as a function of maturation, less demand is generally 

placed upon the need for preduodena1 lipolysis. Certain disorders in

volving pancreatic or bile acid insufficiency, at any age, may be par

tially compensated by gastric lipolysis, and perhaps by the additional 

release of preduodena1 lipase into the small intestine (Hamosh 1982, 

Carey, Bliss and Small 1982). Adult cases of fat malabsorption are, 

at present, thought to be strictly of enterohepatic origin. Clinical 

intervention could improve lipid utilization by optimizing conditions 

and substrates to provide the maximum extent of preduodenal lipolysis. 

Research Perspectives 

The major premise of this part of the dissertation work is that 

intragastric lipolysis of milk TG is of real significance to the suck

ling rat. Although sources may vary slightly among ages and species, 

it is quite clear from the above Background, that at least a major 

portion of the activity, in all cases, is of pregastric origin. In the 

rat pup, it is apparent that lingual serous glands are a potent, if not 

exclusive, source of lipase activity in stomach contents. Certainly 

lingual lipase has now been purified from the adult rat (Field and Scow 

1983). It was the conclusion of Tiruppathi and Balasubramanian (1983) 

that their purified human lipase might well be identical with (rat) 

lingual lipase. It is the opinion of this author that the two are, in 

fact, the same enzyme. At present no extensive purification of a PGE 

has been reported. Future work with highly purified PGE should clarify 

the actual similarities and differences of this preruminant protein 

with the purified rat and human lingual lipases. 
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The suckling rat is quite well suited for the study of preduo-

denal lipolysis, under "normal" conditions in which this activity 1S 

clearly of significance. Stomach conditions, milk TG substrates, and a 

critical dependence (-90%) upon lipid energy make this a model system 

for the study of preduodenal lipolysis, in and of itself. Beyond the 

gastric level, this sytem may provide additional insights about differ-

ential processing and utilization of large amounts of gastric lipolysis 

products released into the small intestine of the milk-fed newborn. 

Insofar as these factors may influence the overall level of lipid 

utilization in suckling rats, subsequent Chapters will extend these 

results by investigating enterohepatic and extrahepatic aspects of 

lipid metabolism in these animals. 

Specific Aims 

The experiments in this Chapter have been designed to: 

i. Determine the composition and concentration of the lipids present 
in rat's milk as a function of: 

a) the duration of lactation (i.e. litter-age). 
b) the amount of fat in the maternal diet during lactation. 
c) the effects of maternal dietary (high) fat during gestation and 

lactation, compared to effects during lactation only. 

11. Establish the in vivo composition and concentration of lipids 1n 
suckling rat stomach contents and 

iii. Compare these in vivo patterns with in vitro lipolysis products 
released from the same milk by lingual gland homogenates. 

iv. Study in vitro reactions of preduodenal lipases with regard to: 
a) comparison of enzyme activities from (suckling) rat and pre

ruminant (calf, lamb and kid) lingual tissue sources. 
b) activators and inhibitors of these preduodenal lipases. 
c) substrate specificity, especially TG position and chain-length. 
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Materials and Methods 

Solvents and Chemicals 

In general, all materials used were of reagent grade or better. 

In appropriate cases redistillation or recrystallization was done prior 

to use, according to product or literature indications. Solvents such 

as CHC13 , CH30H, acetone and hexanes, used routinely in bulk, were 

purchased as such and redistilled on a regular basis. Certain work 

involving sensitive spectroscopic or chromatographic methods required 

the use of special analytical grade solvents and reagents. 

Lipids and Enzymes 

Unless specified otherwise, all lipids and lipid standards used 

in these studies have been purchased from Nu Chek Prep, Inc. (Elysian MN 

56028). One particular exception was the recrystallized stigmasterol 

standard, which was a gift of Dr. H. W. Kircher, Department of Nutrition 

and Food Sciences, The University of Arizona. Enzymes were routinely 

obtained from Boehringer-Mannheim (Indianapolis IN 46250) and co-enzymes 

from P.L Biochemicals (Milkwaukee WI 53205). Sodium salts of bile acids 

were obtained from Calbiochem-Behring Corp. (LaJolla CA 92037). 

Animals 

Rats of the Sprague-Dawley strain (Hilltop Lab Animals, Inc., 

Chatsworth CA 91311) have been actively bred in our colony since 1978, 

about a year prior to initiation of the dissertation studies. Breeding 

pairs are caged individually in mUltiple-unit laminar-flow hoods and 

are maintained by the Division of Animal Resources (DAR), College of 



53 

Medicine, The University of Arizona (85724). Unless other details are 

noted, control litters have been standardized to 10 pups on postnatal 

two, and weaned by removing them from the dam at 21 days. Weanlings are 

caged by sex until a breeding-pair assignment is made at about 8 weeks. 

Each cage of adults, breeding pairs with or without litters, and wean

lings, has ad libitum access to a bottle of tap water and diet pellets. 

The colony is maintained on a 12-hour light/dark cycle (0600/1800 hr). 

All animals have been used for these studies between the second and 

twelfth hours of the illuminated period. 

Adult rats are almost entirely nocturnal feeders. Although the 

food intake of lactating dams is nearly 4-fold that of virgin rats, dams 

continue to consume -65% of their food at night (Munday and Williamson 

1983). Litters are more able to suckle when the dam is at rest during 

the light cycle (post-prandially); and pups are therefore more reliably 

in the fed-state during the light hours. Any pups with empty stomachs, 

or gastric contents other than milk, were routinely excluded from groups 

of normal, digestively active controls in all the dissertation studies. 

Diets 

The standard diet pellets provided to the colony are Lab-Blox 

(LB), purchased by the DAR from Allied Mills, Inc. (Chicago 11 60606). 

The LB diet has a manufacturer's guaranteed crude lipid content of 4% 

minimum, by weight. The experimental high-fat (20% corn oil, HF) and 

matched control (7.5% corn oil, CO) diet pellets were purchased from 

BioServ, Inc. (Frenchtown NJ 08825). All three of these diets met 

nutritional and compositional standards for adult, breeding laboratory 
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rats, including pregnant and lactating dams, as recommended by the NRC 

(1978). The actual ingredients and compositional data for each diet, 

particularly the analyses of major lipid constituents, are included in 

Appendix A. These data provide useful reference for the milk lipid 

studies presented here, and other experiments described in Chapter 4. 

Milk Collection 

Pups were removed from the nest for 2-3 hours prior to milk 

collection. Dams were sedated with InnovarVet, 100 ul per kg (McNeil 

Laboratories, Fort Washington PA 19034), -30 minutes before milking. 

Oxytocin (0.1 unit/side) was administered to the dam intraperitoneally 

(i.p.) and lactation was rapidly inititated. Milk was expressed by 

light manual pressure and collected into a sterile glass tube. Each 

nipple was expressed in sequence, two or three times, during a period of 

about 30 minutes, until the better half of I ml of milk was collected. 

Collection of Stomach Contents 

Pups at 9 or 10 days of age were removed from the dam immediately 

before beginning the experimental collection. Each pup was anesthetized 

with 50 ug of pentobarbital per g body weight, and maintained in a warm 

box (-300 C) until undergoing surgical removal of the entire stomach 

organ. The excised stomach was rinsed on the outside to remove blood, 

and collected into ice-cold 0.9% NaCI (-155 mM, physiological saline 

solution, PSS). The (ice-cold) stomach was cut lengthwise surgically, 

around its greater curvature, and the contents were removed by gentle 

inversion; the gastric mucosa was never scraped to remove contents. In 

many cases the intestinal tract, blood, or other samples were removed 
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immediately after completing the sample collection. 

Extraction of Sample Lipids 
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Total lipid extractions were performed on 200 ul aliquots of each 

milk sample, and on weighed aliquots (approximately 0.5 g) of stomach 

contents. Contents of the stomach from an individual animal or pooled 

stomachs from 3-5 pups were vigorously homogenized with a hand-held 

spatula, in order to obtain a homogeneous sample for lipid analysis. 

Into each sample was added, by volume, a known quantity of the appro

priate internal lipid standard(s). Total lipids were then extracted by 

the method of Wells and Dittmer (1965), omitting the acidified extrac

tion; or by the method of Folch, Lees and Sloane Stanley (1957), using 

two extractions with 10 volumes of CHC13-CH30H 2:1 (v/v). In either 

case, the total organic extract of lipids was washed with 0.2 volumes 

PSS and centrifuged to precipitate proteins with a sharp separation of 

phases. By measuring recovery of added FFA standards, this procedure 

was determined to result in loss of <5% of C8 and C10 and <1% of longer 

chain FFA, due to ineffective recovery into the CRCl3 infranatant. 

Reaction products of in vitro lingual homogenate incubations were 

extracted by the method of Bligh and Dyer (1959), but.the final aqueous 

addition was eliminated. This avoided loss of medium-chain free fatty 

acids (MCFFA), while precipitating the small amounts of protein present. 

Separation of Lipid Classes 

Lipids in the sample extracts were separated by thin layer chrom

atography (TLC) on silica gel G plates, using heptane-ether-methanol-
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acetic acid 85:15:3:2 (v/v) as described by Belfrage, Elovson and Olive

crona (1965) for TG, DG, CR, CE and FFA, or by a modification using 

heptane-ether-methanol-acetic acid 65:30:5:2 (v/v) to separate MG and 

PL. Lipids were detected with 0.1% aqueous ANS (8-anilino-l-naphthalene 

sulfonic acid) by use of an ultra-violet lamp, according to Gitler 

(1972), or with iodine vapor. Each band was scraped from the plate and 

extracted by the method of Arvidson (1968) for FFA. A modification of 

this method, in which ammonium hydroxide replaces the acetic acid, was 

used for the other lipid bands. Each lipid band was extracted 2 or 3 

times. These extracts were combined and washed with PSS as 20% of the 

total volume, and then centrifuged to obtain phase separation. The 

lower CRC13 layer containing the lipid was retained for analysis. 

Quantitative Analysis of Lipids 

In general, lipid classes were quantified according to the amount 

of fatty acid present, as determined against an internal standard by gas 

liquid chromatography (GLC). The following lipid standards were used 

for each lipid class: tritridecanoin (triC13) for PL, MG, DG and TG; 

tridecanoic acid (C13) for FFA; and stigmasterol for cholesterol (CR) 

and cholesterol esters (CE). In the cases of TG, FFA and CR, the lipid 

internal standard was added prior to separation by TLC. The standard 

was added to the other lipid bands after scraping them from the plate, 

but before their extraction with solvents. 

In some cases colorimetric assays were also used for quantitative 

analysis of lipids. Phospholipids were determined by measuring the 

amount of phosphorus in the organic extract, generally after TLC, by the 
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method of Bartlett (1959), using 70% perchloric acid to digest organic 

material. In Some cases the sensitivity of the assay was increased by 

reducing its total volume to one-half that of the original procedure. 

Cholesterol was measured by a modification of the method of Bowman and 

Wolf (1962), in which the total volume of the assay was reduced to 1 mI. 

Preparation of Methyl Esters for GLC Analysis 

Methyl esters were prepared by transmethylating the acyl lipids 

according to a modification of the method of Doss and Oette (1968). The 

lipids (0.01 to 1.0 mg) were dissolved in 100 ul of dichloromethane and 

200 ul of 1 M sodium methoxide in anhydrous methanol was added. The 

mixture was kept at room temperature, under nitrogen in a screw-capped 

tube, in the dark for 5 to 10 minutes. In exception were the CE, which 

were allowed to react for 30 to 90 minutes, depending upon the amount of 

CE present and their state of purity. The reaction was stopped by the 

addition of 100 ul of acetic acid and 1.5 ml of PSS. Fatty acid methyl 

esters were extracted into 5 ml of nanograde hexane, washed twice addi

tionally with 1 ml of PSS, and dried with anhydrous MgS04. Unesterified 

cholesterol (CH) was recovered in some cases following hydrolysis of CE, 

by extracting with CHCl3 and washing the extract as above. The dried 

extracts of FFA were solubilized in anhydrous methanol and methylated 

with 10-15 volumes of diazomethane, according to the method of Schlenk 

and Gellerman (1960). Excess reagent was removed under a light stream 

of nitrogen, but care was taken to avoid complete drying or heating of 

methyl esters. These precautions were quite necessary in all cases, in 

order to prevent losses of the very volatile methyl esters of MCFA. 
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Analysis by Gas Liquid Chromatography 

Free cholesterol, as such or following hydrolysis of CE, was 

determined by GLC against the stigmasterol internal standard using a 

Hewlett-Packard 403 gas chromatograph equipped with a 3380A integrator. 

The column (glass, 20 inches, i.d. 1/8 in.) was filled with 3% JXR on 

100/120 Gas Chrom Q (Applied Science, State College PA 16801). Sterol 

separations were carried out isothermally at 2300 C, with helium as the 

carrier gas at a flow rate of 100 ml/minute. 

Fatty acid methyl esters were determined by GLC using a Shimadzu 

GC Mini 1 equipped with a Shimadzu C-RlA recording data processor. The 

columns (glass, 1.8 m, i.d. 2.6 mm) were filled with 10% Silar 10C on 

100/120 Gas Chrom Q packing (Applied Science, State College PA 16801). 

Nitrogen was used as the carrier gas at 60 ml/min, and separations were 

performed with a 40 /min linear temperature program from 130 to 2300 c. 

Lingual Gland Homogenate 

Anesthetized or exsanguinated pups were decapitated and the 

tongues removed onto dry ice. Lingual serous glands, from the dorsal 

tongue tissue surrounding the circumvallate papilla, were removed as 

nearly as possible, with the aid of a lOX dissecting microscope. For 

dissection the tongue was placed in a petri dish that was inside a bed 

of finely crushed solid C02. The serous glands from a group of 10 or 

more pups (-10-20 mg per animal) were stored at -200 C until use, within 

three weeks. Frozen lingual glands were thawed in PSS, with or without 

the addition of phosphate or citrate/phosphate buffers at pH 6.3 or 5.4, 

respectively. The lingual glands were homogenized in 10-20 volumes of 
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the appropriate solution, on ice, using a motor-driven teflon pestle 

and a glass homogenizing vessel. The homogenate was centrifuged at 

10,000 rpm for 10 minutes at 40 C to pellet tissue fragments. Lipase 

activity was recovered in the supernatant, which typically had a total 

protein concentration of 2-4 mg/ml. 

Pregastric Esterase Preparations 

Commercial sources of preruminant PGE were kindly provided by Dr. 

G. Moskowitz, Dairy1and Food Laboratories, Inc. (Waukesha, WI 53187). 

The product names of these lipase preparations, each from the species 

source indicated, were: Capalase (calf), Ita lase K (kid), and Ita lase 

K/L (kid and lamb mixture). These products contain dessicated 1ingua1/ 

pharyngeal tissue powders mixed into NaC1 and powdered nonfat milk. In 

this dry form the products were stable at -700 C for at least the one 

year of their storage in these studies. Buffered or aqueous suspensions 

of these rehydrated powders were used to obtain extracts of the lipase 

activity by centrifugation and/or filtration on Sephadex G-25 medium or 

course (Pharmacia Fine Chemicals (Piscataway, NJ 08854). The concentra

tion of total protein in these PGE lipase preparations was 5-10 mg/ml. 

Incubations of Milk with Lingual Extracts 

Rat's milk (20-50 u1) was incubated with 1ipolytical1y active 

lingual supernatant in a final volume of 0.2-0.5 ml, containing 50 mM 

citrate-Na2HP04 buffer and 155 mM NaCI at pH 5.4, with or without the 

addition of 5% defatted BSA. These mixtures were reacted at 370 C in a 

shaking water bath for 0 to 120 minutes. The reaction was stopped by 

addition of 30 u1 concentrated HCI and 20 volumes of CHC13-CH30H 2:1. 
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The lipids were then further extracted, separated and analyzed by the 

TLC-GLC method, as described above. With each batch of in vitro reac

tions, a no-enzyme control sample was also incubated. 

Lipase Purification Studies 

The crude extracts of rat lingual homogenate and PGE powders were 

subjected to a number of separations aimed at purification of the lipase 

from each of these sources. The relevant details of these procedures 

are summarized later in the Results section. In general, however, 

fractions of varying purity were quantified for protein content by the 

Bradford method (1978). Lipolytic activity was routinely measured by 

continuous titration of released FFA, using a Radiometer pH-stat system 

(model TTT60 titrator and ABUll autoburette, Copenhagen). The standard 

assay was done in a 2 m1 reaction volume of PSS, containing 5 ul (-8 mM) 

tributyrin (triC4) substrate at pH 5.4 and 370 C. 
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Experiments and Results 

i. Milk Lipids: Preliminary Published Results 

Milk was collected from dams on day 9 or 10 of lactation for a 

preliminary analysis of lipid class concentrations. Two breeding dams 

were chosen at random from our colony for milk collection as described 

above, except pentobarbital (50 ug/g body weight, i.p.) was used as the 

anesthetic. These females had been fed the stock colony diet, Lab-Blox 

(LB), since weaning, and each was nursing her first, second or third 

litter. At the time these milk samples were obtained, each dam in our 

colony was routinely bred three times and the variable of parity was not 

considered for these initial milk analyses. 

These two samples, each determined in duplicate by the TLC-GC 

method, had TG concentrations of 70~ and 209~ mM, producing the mean 

value of 140.1 1:. 69.5 mM reported by Fernando-W. et al. (1981), and 

indicating a range of -300% in the milk TG (energy) content of our 

colony controls. From the FA composition a mean TG molecular weight of 

740 was calculated to express the milk TG content on a wet weight basis 

(10.41"- 5.1 g/100 ml, g%), as the data were shown in Table 3, page 16. 

For TLC separated lipids, colorimetric PL, CE and CH assays were 

done, with results (g%) as shown in Table 3 on page 16 and (mM) as pub

lished by Fernando-W. et al. (1981) and presented in Table 6 on page 63. 

FFA content of both milks was <3 mM and DG were present in trace amounts 

(1.6 ~ 0.7 mM). Quite unlike the lipid content variation observed by 

Fernando-W. et al. (1981), only -10% variability was found in the FA 

composition of TG and PL in these 2 (and 3 other) control milk samples. 
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These same rat's milk samples were used for the stereospecific 

analysis of the TG-FA reported by Fernando-W. et a1. (1981), as were 

described and presented in Table 4, on page 17 of the dissertation. 

Similar to the total FA composition, only small differences were found 

in the FA at any of the three positions of these milk TG. However, due 

to the very large degree of lipid content variation in these preliminary 

analyses, it was concluded that a more extensive series of milk lipid 

studies were required for the disseration studies. 

i.a. Duration of Lactation 

First, in order to compare the time-dependence of milk lipid 

content, 6 LB-fed female siblings from the colony were bred for the 

first time at 8 weeks of age. Each of these dams produced a normal 

litter of 8-16 pups. Within 4 hours after birth each litter was 

standardized to 10 or 11 pups. At 2 days of age, by random selection, 

three of these litters were reduced to 4 pups and the other three dams 

were left with 10 pups, the standard-size of control litters in the 

colony. Randomly selected pups were removed from all litters, except ~n 

the case of obvious "runts" and weak or injured pups, which were always 

culled from the litter post-partum or at the final adjustment. 

One litter of colony controls (10 pups) and a reduced litter of 4 

pups was randomly chosen for sacrifice at 5, 10 or 15 days. At the age 

assigned each litter was taken for a variety of compositional analyses 

performed on pup constituents; and the dam was milked according to the 

method originally described above. The lipids in these 6 milks were 

analyzed for TG and PL by the TLC-GC method; a pooled sample of all the 
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six milk lipid extracts was separated on TLC and used to determine CH 

and CE by the stigmasterol internal standard GC method. The quantita-

tive lipid class results of these analyses are presented in Table 6. 

These data clearly indicate that the duration of lactation did not 

consistently affect lipid concentrations in the milk samples of these 6 

parity-matched, sibling dams. Furthermore, the variation in TG content 

lmong the 6 milks was only -20%, very considerably less than that found 

and published from preliminary milk analyses (Fernando-Wet ale 1981). 

Table 6. Concentrations of Major Milk Lipids of Dams Fed Standard Diet 
at Day 5, 10 or 15 of Lactation with 4 or 10 Pups 

Litter Size 
1n. of pups) 

Fernando-W. et ale 
1981 (n=10)a,b 

Control litters 
(n=10 pups) 

Reduced litters 
(n=4 pups) 

Litter Age 
(days) 

9-10 

5 

10 

15 

Groupb 

5 

10 

15 

Groupb 

Lipid 
TG 

140.1 
(69.5) 

141.1 

93.9 

ll2.2 

ll5.7 
(23.8) 

122.8 

135.5 

96.5 

ll8.3 
09.9) 

Class Concentration (l!IM)a 
PL CH CE 

0.6 1.2 0.2 
(0.2) (0.7) (0.1) 

1.27 

1.09 

1.15 

1.17 
(0.09) 

1.21 c O.44c 
(0.04) (0.02) 

1.47 

0.98 

0.92 

1.12 
(0.30) 

a Duplicate average TLC-GC determination for each milk sample. 

b Mean of samples with standard deviation in parenthesis. 

c Duplicate determination from a pooled sample of all 6 milks. 
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As demonstrated by the data in Table 6, and the experimental mean 

values in Table 8 (page 67), the PL and CH concentrations of these 6 

milk samples were -2-fold the mean values of Fernando-W. et al. (1981). 

Mean CH concentration was found to agree quite well with the published 

value. Likewise, the FA compositions of TG and PL in these 6 milks were 

very similar to those published by Fernando-W. et al. (1981). These FA 

compositional data and those from experiments i.b. and c. are presented 

in Table 9, on page 69. 

i.b. Maternal Fat Intake During Lactation 

After taking the first litters (La.) of these 6 dams, the sires 

were removed and the females were fed LB ad libitum until they were bred 

again at 16 weeks of age. At the birth of these second litters the 

sires were again removed. The 3 dams with 4 pups in experiment i.a. 

were assigned to the 20% corn oil high-fat diet (HF). Dams who nursed 

10 pups in their first litter were given the 7.5% corn oil control diet 

(CO). These diet changes (from LB) were made within a few hours of the 

litter's birth, as soon as pups were seen in the nest. Both diets were 

fed ad libitum and were matched for all nutrients and energy content. 

All 6 litters were culled in the standard manner and each dam had 

10 pups to nurse. The intake of each dam was determined by food weight 

difference every 2-3 days during lactation. Pup weights were recorded 

every other day and just prior to sacrifice. The dams' weights were 

recorded at the time litters were born and removed. Following the same 

litter-age assignments as before (i.a.), each dam raised her litter to 

5, 10 or 15 days, at which time the pups and a milk sample were taken. 
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i.c. Maternal Fat Intake During Gestation and Lactation 

After the second litter was removed each dam was maintained ad 

libitum on the same diet she received during the second lactation, and 

was bred again 2-3 weeks later, at 24 weeks of age. The same diet (CO 

or HF) was continued for each dam throughout the third gestation and 

lactation. Sires were removed when the litters were born and litters 

were culled to 10 pups in the standard manner. Food intake and body 

weight data were collected as before and each dam raised her third 

litter to the same age as the previous two. Milk samples and pups were 

again taken for analysis at the assigned litter-age of 5, 10 or 15 days. 

The two experimental sets of litters and milk samples differed only with 

respect to the duration of the maternal diet; the second (i~.) and 

third (i.c.) experiments are identified as "lactation" and "gestation 

and lactation", respectively, within each diet and litter-age group. 

Results. Table 7 shows the major lipid class concentrations in 

milks of each of these dams at the time each litter, Lb. or c. (as 

described above) was sacrificed. For this reason, dams are gouped in 

Table 7 according to whether they were fed the the CO or HF diet during 

b. and c. Again, as in i.a, the data show no effect of litter-age (i.e. 

duration of lactation) upon the dams' milk TG content. The only lipid 

showing litter-age-dependence was the milk CH concentration of both CO 

and HF milks in b., where a slightly significant (p : 0.05) increase was 

observed with increasing length of lactation. This effect, although 

possibly temporal in b., when dams ate more TG, not persist in i.e. 

However, as shown by the data in Table 7, milk concentrations of both CH 
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and TG were significantly higher in i.c., when either the CO or HF diet 

was continued through a subsequent gestation and lactation. 

Table 7. Concentration of Major Lipid Constituents (mM)a in Milks from 
Dams Fed Control or High-Fat Corn Oil Diets During Lactation or 

Gestation and Lactation 

Controlb High-Fatb 

Age (days) 5 10 15 5 10 15 

Lipid Class 

LACTATION (Lb.) 

TGc 169.3 168.0 225.2 154.6 171.1 182.5 

PL 1.38 1.51 1.56 1.28 1.59 1.42 

CH 0.67 0.83 l.Old 0.46 0.87 l.10d 

CEe 0.20 ± 0.05 0.20 ± 0.04 

GESTATION & 
LACTATION (i.c.) 

TG 246.8 174.0 269.5 159.0 262.0 301.4 

PL 1.98 1.68 1.34 1.62 1.43 1.88 

CH 1.84 0.94 1.25 1.28 1.99 1.80 

CEe 0.44 ± 0.13 0.32 ± 0.01 

a Data are based upon a duplicate average GC analysis for each 
milk sample, as described on pages 56-58 of the text. 

b Control and High Fat refer to the levels of corn oil in the 
materna 1 diets, 7.5% (CO) or 20% (HF), as described on page 64. 

d P a 0.05 compared to 10-day samples and P < 0.01 compared to 5-
day samples within each experimental group. 

e Group value determined for a pooled milk sample of all 3 dams, 
as described on pages 62 and 63 of the text. 



67 

The group data (mean ~ standard deviation) for all three experi-

ments, ia., b., and c. are summarized in Table 8, below. It is apparent 

from these data that significant increases in the mean milk TG content 

did occur between each successive litter. However, important compari-

sons between CO and HF dams within each experiment, b. or c., demonstrate 

that the mean milk TG concentration was not significantly different 

between these two dietary groups in either experiment. 

Table 8. Concentration of Major Milk Lipid Classes (mM) 
Experimental Group Mean Values for Dams Fed Stock Diet (LB) or Corn Oil 

at 7.5% (CO) and 20% (HF) in Lactation or Gestation and Lactation 

Diet of a.Stock Diet b.Control b .High-Fat c.Control c.High-Fat 
Dams LabBlox(LB) Lactation Lactation Gestation & Lactation 

(n) (6) (3) (3) (3) (3) 

-------- ------------ ----------- ----------- ----------- ---------
TG 118.6:!:.22.0a 187.5:!:.29.7 c 169.4:!:.14.0c 230.1:!:.49.9c 240.8±.73.6c 

Mo 1 Wtb 740 766 859 766 878 

PL 1.1 + 0.1 1.5 + 0.4 1.4 + 0.6 1.6 + 0.3 1.5 + 0.1 

CH 1.2:!:. 0.1 0.9 :!:. 0.3 0.8 :!:. 0.3 1.3 + 0.5d 1.7 + 0.4 e 

CE 0.4 + 0.1 0.2 + 0.1 0.2 + 0.1 0.4 + 0.1 0.3 + 0.1 
--------------------------------------------------_._--------------------

a Stock diet vs corn oil diets (i.b. and c.), P ~ 0.001. 

b TG molecular weight calculated from the average TG-FA, based 
upon the FA compositional data in Table 9. 

c (Controls and High-Fat's) b vs c, P < 0.01. 

d (Controls and High-Fat's) c vs a and b, P ~ 0.001. 

e Experiment c High-Fat's vs all other groups, P ~ 0.01. 
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Although in terms of absolute milk energy available to the pups 

the TG are clearly most important, these were not the only lipid class 

to show differences among these experimental litters. The mean milk PL 

levels tended to be higher when the dams received either of the corn oil 

diets, but these differences were not statistically significant. Pooled 

CE determinations showed no differences between any of the groups. The 

significantly elevated milk CH levels of both groups, particularly the 

HF's, in experiment i.c. are worthy of notice. Effects of these milk 

lipid differences upon the suckling litters are considered in Chapter 4. 

The FA composition of milk TG and PL in each experimental group 

are presented in Table 9, on page 69. A very small degree of variation 

(-10% for most of the major FA) was found to occur within any of the 

experimental groups, but this was not a consistent effect of litter-age. 

Similarly, compositional differences between the colony control (LB) 

diet and the corn-oil controls (CO) in either experiment i.b. or c. were 

small (-2-5 mo1%). Likewise, the milk FA composition of CO dams did not 

differ in experiments b. or c.; thus in Table 9, the values for CO milks 

are the means from these two corn-oil experiments. 

Quite the contrary, milks from dams receiving the HF corn oil 

diet were very different from controls in experiment i.b., and even more 

so in i.c.. In both experiments, HF milk TG were relatively depleted of 

MCFA. They were very enriched in 18:2 (-30 mo1%) and somewhat in 18:1 

(-10 mo1%). Corn oil was the source of TG in all three diets (LB, CO, 

and HF). Thus, the major FA consumed by all dams were 18:1 (-25 mol%) 

and 18:2 (-55 mo1%). The increased levels of these FA in the milk TG of 

HF dams, over LB and CO, are in agreement with the previous conclusions 
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Table 9. Fatty Acid Composition (Mole %) of Milk TG and PL a 
------------------------------------------------------------------------
Group a.Stock LB b.& c.Controls b.High Fat c.High Fat 
------ ----------- -------------- ------------ -------------

FA TG PL TG PL TG PL TG PL 

8:0 8.1 tr 6.8 3.0 1.0 
(1.3) (1.4) (0.5) (0.4) 

10:0 19.1 1.5 14.8 1.5 3.1 0.3 1.1 0.2 
(2.9) (0.9) (2.3) 0.0) (0.8) (0.1) (0.4) (0.1) 

12:0 11.7 1.9 9.8 1.5 1.2 1.4 0.4 1.3 
(2.3) (0.6) 0.4) (0.7) (0.1) (0.1) (0.2) (0.5) 

14:0 8.3 5.9 7.6 3.9 0.9 2.5 0.5 2.3 
(2.2) (0.3) (1.3) 0.6) (0.1) (0.4) (0.1 ) (1.2) 

16:0 15.5 19.1 15.8 18.5 13 .2 17.9 14.4 17.7 
(1.2) (1.6) 0.8) (2.1 ) 0.2) (0.8) (0.6) (1.6) 

16:1 1.4 1.8 1.7 1.5 1.2 1.2 1.2 2.1 
(0.5) (0.4) (0.3) (0.7) (0.2) (0.5) (0.1) (0.5) 

18:0 2.3 20.2 2.2 19.6 2.4 20.3 2.7 13 .6 
(0.3) (0.6) (0.2) (3.1) (0.2) (1.5) (0.2) (2.3) 

18: 1 12.4 12.6 17.1 15.6 23.8 15.6 25.4 19.2 
(2.7) ( 1.5) (2.4) (2.8) (0.9) (1.4) (0.3) (l.8) 

18: 2w6 14.7 16.7 18.5 20.9 44.7 23.5 46 .5 29.6 
(1.9) (0.4) (1. 7) (1.7) (2.2) (2.1) (2.8) (3.1) 

20:4w6 1.1 11.1 1.3 9.9 1.7 9.3 2.1 6.5 
(0.4) (0.9) (0.4) (3.5) (0.6) (0.4) (0.7) (1. 7) 

22:6w3 0.7 3.6 0.3 1.8 0.3 2.3 0.2 1.3 
(0.3) (0.6) (0.1) (1.0) (0.1) (1.0) (0.1) (0.6) 

Othersb 4.7 5.6 4.1 5.3 4.5 5.7 4.5 6.2 
(0.8) (1.3) (0.6) (0.9) (0.5) 0.5) (0.3) (1.1) 

------------------------------------------------------------------------

a Data represent group mean values with standard deviation in 
parenthesis as described on page 68 of the text. The number of dams in 
each experimental group = the (n) value given in Table 8, on page 67. 

b Others represent the sum of odd-chain, polyunsaturated and some 
unidentified FA present individually as minor components in the milks. 
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The effect of a high-fat diet upon lactating females appears to . 

be suppression of endogenous FA synthesis by the mammary gland. In the 

rat, normally fed a diet low in fat, -50 mol% of the FA produced by 

lactating mammary gland are MCFA (C8, ClO, and C12), with longer chain 

FA being derived from maternal plasma (Grigor and Warren 1980). To a 

major extent the plasma FA are derived from hepatic lipogenesis, with a 

variable moblization of adipose tissue TG. 

Experiment i. Conclusions 

~ Duration of Lactation. The data for all experimental groups 

strongly support that duration of lactation, between 5 and 15 days, does 

not significantly affect the concentration of the major milk lipid 

classes. Neither do the FA compositions of these lipids change as a 

function of litter-age. The exceptional increase in milk CH levels with 

litter-age in experiment i.b. may reflect a time-dependent effect of the 

CO and HF diets upon the dams. This idea is supported by the further 

increase in milk CH of all six dams when they had received either of 

these diets for an additional 6-7 weeks. In experiment i.c. the signi

ficantly greater milk CH levels of the HF dams, compared to the long

term CO-fed group and all other experimental groups, suggest that this 

effect may be due to the absolute amount of fat (corn oil) in the 

maternal diet, as well as the duration of diet consumption. 

~ Maternal Fat Intake During Lactation. Milk TG content did 

increase significantly between each of these 3 successive experiments. 

However, it is not clear that maternal dietary fat intake was the only 

causative factor, since in both i.b. and c. the CO and HF-fed dams did 
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not have different milk TG levels; nor were the diets changed between 

i.b. and c. Thus it seems possible that increasing parity and/or 

maternal age may have been associated with these increases in milk TG 

concentration. On the other hand, there may be a "critical" dietary fat 

level (e.g. 7.5% CO versus the -5% corn oil in LB) that is associated 

with increased TG in the milk of the rat. The interrelationship of 

these variables appears to deserve further study. 

~ Effects of Dietary (High) Fat in Gestation and Lactation. The 

differences in milk lipids when the CO and HF diets were fed throughout 

gestation and lactation, as opposed to lactation only, are most signifi

cantly those of TG and CH concentration. The single consistently signi

ficant effect of the HF diet, compared to both LB and CO "control" diet 

feeding, was the altered TG-FA composition. As data in Table 9 clearly 

demonstrate, these HF-fed dams produced milk TG that were depleted of 

the MCFA and enriched in the maternal dietary corn-oil FA. The milk CE 

were always a minor and essentially invariant component of these milks. 

Although mean milk PL levels were lower when dams were fed LB, compared 

to either CO or HF in b. or c., this was not a statistically significant 

difference. The milk PL-FA compositions were far less sensitive than TG 

to these experimental, maternal dietary effects. However, MCFA are 

normally a negligible constituent of the PL, whereas 18:1 and 18:2 are 

major milk PL-FA (see the data in Table 9). 
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ii. Lipid Composition of Suckling Stomach Contents 

The presence of a significant preduodenal (lingual) lipase in the 

suckling rat dictates that, in vivo, stomach lipids are the first point 

at which lipid digestion and absorption should be studied in this animal 

model. Lipid class and FA compositional analyses of stomach contents, 

obtained from 9-10 day-old pups as described above, were characterized 

early in the dissertation studies and published in the 1981 paper with 

Fernando-W. and others. The concentrations (umol/g) of neutral lipid 

classes in stomach contents are summarized in Table 10, below. 

Also presented in Table 10, for comparison, are the published 

(Fernando-W. et ale 1981) levels of neutral lipids (umol/ml) in the 

average milk received by these litters. Protein denaturation and water 

absorption result in stomach contents (milk) becoming a semisolid clot. 

Gastric lipid concentrations were therefore determined and expressed on 

a gravimetric basis, whereas milk lipids were determined volumetrically. 

The two are quite directly comparable, however, as the density of rat's 

milk is very nearly unity (published value = 1~21, Luckey et al. 1954). 

Table 10. Concentration of Neutral Lipids in Milk and Stomach Contents 
of 9-10 Day-Old Suckling Rats 

Lipid Class Milk (umol/ml) Stomach Contents (umol/g) 

TG 140.1 ~ 69.5 99.3 ~ 21.9 

DG 1.6 .:. 0.7 84. 7 .:. 17.8 

MG n.d. a 19.3 ~6.7 

FFA < 0.3 67.5 .:. 8.1 

a n.d. = not detected; sample was below experimental limits. 
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The results in Table 10 clearly demonstrate that hydrolysis of 

milk TG, which largely represented (>97%) the acyl lipid consumed by 

suckling rats, occurs to a large extent in the stomach contents of pups. 

The lipolysis products are largely DG and FFA, and some MG. 

The FA composition of each acylglycerol class (TG, DG and MG) in 

these same 6 samples of stomach contents appears in Table 11, below. 

Table 11. Fatty Acid Composition (Mole %) of Stomach Acylglycerol Lipids 

8:0 

10:0 

12:0 

14:0 

16:0 

16:1 

18:0 

18:1 

18:211)6 

18:311)3 
+ 20:0b 

20:4w6 

22:511)3 

22:611)3 

Milk TG 

5.8 ~ 0.6 

16.5 ~ 1.7 

+ 13.4 _ 1.2 

12.4 + 1.9 

20.9 ~ 2.3 

1.7 .: 0.5 

2.2 ~ 0.2 

12.3 ~ 1.7 

12.7':1.6 

0.9 ~ 0.1 

0.7 ~ 0.1 

0.2 .: 0.1 

0.4 .: 0.1 

Stomach TG 

3.4': 0.6 

11.7 ':0.4 

+ 11.1 _ 1.0 

12.1 .: 1.7 

23.4 ~ 1.0 

1.8 .: 0.1 

2.6 ~ 0.4 

15.0 ~ 1.8 

15.9 .: 1.7 

1.2 .: 0.1 

0.8 ~ 0.1 

0.4 .: 0.1 

0.5 ~ 0.1 

Stomach DG 

2.9 .: 0.5 

10.2 .: 0.8 

11.4 .: 0.6 

15.9 .: 1.3 

27.8~1.8 

1.7 ':0.1 

2.6 ~ 0.2 

11.5~1.2 

13.6 .: 1.0 

1.0 .: 0.1 

0.6 .: 0.0 

0.3 ~ 0.1 

0.5 .: 0.1 

Stomach MG 

3.4 ~ 0.6 

12.5 ~ 1.0 

13.5':0.4 

20.1 .: 1.4 

29.5 ~ 0.6 

2.1 .: 0.4 

1.2 ~ 0.2 

7.1~0.7 

8.7 .: 0.6 

0.9 .: 0.2 

0.4 ~ 0.0 

0.4 ~ 0.0 

0.3 ~ 0.1 

a Mean value ~ standard deviation for 6 different samples of 
pooled stomach contents, determined by TLC-GLC, as described on page 54. 

b These two FA were not separated in the GLe analysis. 
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For comparison of these stomach lipids to the appropriate milk 

TG-FA composition, the published data of Fernando-W. et al. (1981) have 

also been included in Table 11. These data show that the TG present in 

stomach contents have a composition that differs from milk TG in having, 

on the average, a reduced MCFA content (26.2 mol% MCFA in stomach TG 

compared to 35.7 mol% in milk TG). The DG and MG in stomach differ much 

less from stomach TG in their MCFA content (24.5 and 29.4 mol%, respec

tively). The FA of these partial glycerides differ most from stomach 

TG-FA in being somewhat enriched in 14:0 and 16:0, both of which are 

largely present at the ~-2 position of milk TG (Table 4, page 17). 

The important implication of these comparisons is that the TG 

remaining after stomach lipolysis are, on the average, larger than those 

initially present in milk. This point was definitively demonstrated by 

GLC analysis of both the milk and stomach TG molecular species; and 

these results have been previously published (Staggers, Fernando-W. and 

Wells 1981). The mean TG size, expressed as the number of FA-carbons 

present in the molecular species, was found to be 43.5 ~ 1.2 for milk 

and 46.1 ~ 0.5 for TG in sucking stomach contents. Thus, it is evident 

that in vivo, hydrolysis of milk TG by suckling rats involves a shift to 

a popUlation of TG that are larger than in milk. From these data and 

others presented below, it is rather obvious that this shift in TG size 

is due to preferential gastric lipolytic loss of the TG containing MCFA. 

The composition of the FFA present in suckling stomach contents 

are presented in Table 12, page 75. It is apparent from these data that 

MCFA are the major FFA released by stomach lipolysis (sum of C8, CI0 and 

C12 = 74.2 mol%). Also presented in Table 12 are the sn-3 milk TG-FA 
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(from Table 4, page 17) and FFA produced in vitro by lingual hydrolysis 

of milk, as described in experiment iii., below. These FFA results show 

much similarity among the three compositional patterns, particularly in 

the sum of MCFA in the in vivo and in vitro FFA lipolysis products (74.3 

and 65.3 mol%, respectively). In milk TG ~-3 the total sum of MCFA 

comprised 55.9 mol% of all FA present at that position; but only -63% of 

the MCFA present in the milk TG were at ~-3 (see Table 4, page 17). 

Table 12. Composition of Free Fatty Acids in Suckling Stomach Contents 
Compared to Fatty Acids Released From Milk by Lingual Homogenate and 

Esterified at the sn-3 Position of Rat's Milk TGa 

FA Stomach In Vitro Milk TG ~-3 
---------------- ------------- ----------------

8:0 10.9 : 0.6 9.9 : 2.1 11.9:0.9 

10:0 40.1 + 0.3 34.3 ~ 3.0 28.7 + 2.2 - -
12:0 23.3 + 1.4 21.1 :!:. 3.6 15.3 + 1.2 - -
14:0 + 5.5 _ 0.6 6.9 : 0.7 7.3 ~ 0.4 

16: 0 5.2 : 0.4 8.1 + 1.2 7.5 + 0.1 - -
16:1 0.6 + 0.0 0.9 ~ 0.1 1.8 ~ 0.1 -
18:0 0.9 : 0.1 1.2 + 0.3 2.4 : 0.5 -
18: 1 5.3 ~ 0.7 7.8 + 2.1 12.2 + 2.7 - -
18:21.1)6 7.0 ~ 1.0 8.1 + 3.5 10.8 ~ 1.8 -
18:31.1)3 0.6 + 0.1 0.9 ~ 0.1 1.1 : 0.0 -+ 20:0 

20:4w6 0.6 + 0.1 0.6 + 0.1 0.9 : 0.1 - -
22:51.1)3 0.2 + 0.1 0.1 ~ 0.1 0.4~0.0 

22:61.1)3 0.1 + 0.0 0.1 :!:. 0.1 trace -

a Mean + standard deviation, as for Table 11, page 73. The 3 FA 
distributions a;e different (p < 0.05) by one-way analysis of variance. 
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The data in Tables 11 and 12 would strongly suggest that lingual 

lipase may selectively hydrolyze acyl esters of MCFA, or that the enzyme 

is (at least partially) stereospecific for ~-3, or possibly that its 

true lipolytic specificity is some combination of these two factors. 

iii. In Vitro Lipolysis of Milk TG by Suckling Rat Lingual Homogenate 

In order to address the lipase specificity questions posed above, 

the in vitro lipolysis products of milk and lingual lipase incubations 

were extensively characterized for both lipid class and FA compositon. 

The FFA composition was presented in Table 12 and the acyl lipid class 

results are summarized graphically in Figure 1, on page 77. The latter 

results are presented as the % esterified FA in each lipid class, and 

are compared to milk, where -98% of neutral lipid FA are esterified in 

the TG class. On a molar basis it is noteworthy that the steady-state 

stomach contents have more unhydrolyzed TG than any other lipid class. 

This composition no doubt reflects a nearly continuous consumption of 

milk TG by suckling pups; and possible TG specificity by the lipase. 

On the other hand, the FFA level in stomach contents does not 

entirely account for the molar lipolytic loss indicated by the DG and MG 

products (data in Table 10, page 72). Rapid absorption of free MCFA 

from the stom~ch, into the portal venous circulation, has been clearly 

demonstrated in the (14-day-old) suckling rat by feeding studies using 

radiolabeled MCFA as well as longer chain FFA (Aw and Grigor 1980). 

The purpose of the dissertation studies using lingual homogenate 

in vitro with rat's milk was to compare the reaction products with those 

produced ~~, in the suckling pups' stomach contents. 
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Figure 1. Acylglycerol Distribution in Milk, Suckling Stomach Contents, 
and Following In Vitro Hydrolysis of Milk by Pups' Lingual Homogenate. 

The distribution is expressed as the percent esterified fatty 
acid in each acylglycerol lipid class. Results are based upon duplicate 
TLC-GLC analysis for 3 sets of reactions, as described on pages 59 and 
60 of the text. Lipid classes are TG = triacylglycerol; DG = diacylgly
cerol; and MG = monoacylglycerol. The actual % values for each reaction 
were Milk: TG = 97.6, DG < 2, MG < 0.4%; Stomach: TG = 67.4, DG = 29.6, 
MG = 2.0%; 30 minutes in vitro: TG = 69.6, DG = 26.8, MG = 3.6%; 
90 minutes in vitro: TG = 69.0, DG = 27.2, MG = 3.8%. 
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Reactions were incubated for sequential S or IS-minute intervals 

and the time course of products was determined by quantitative TLC-GLC 

anaysis of the DG. The formation of this lipolytic product was linear 

up to 30 minutes, after which time insignificant increases were found in 

the DG and MG concentrations (see Figure 1, page 77). Thus, in these in 

vitro reactions, which included BSA as a FFA acceptor, the acylglycerol 

lipids produced by the lingual tissue preparation were not significantly 

different from suckling pups' stomach lipid constituents. The mean TG 

size after milk in vitro lipolysis was 46.1 ~ 2.3 carbons, the same as 

stomach TG (see page 74, paragraph 2). The FA composition of these 

acylglycerol lipid products also closely resembled the FA of these 

lipids in stomach (data not shown). 

The FFA in vitro, which clearly represented all the released acyl 

groups, were very similar to those of stomach, although these distribu

tions were different by one-way analysis of variance. This may suggest 

that the overall in vivo reactivity of lingual lipase depends upon 

particular conditions in the stomach. However, the ability of tongue 

homogenate to so closely reproduce the pups' gastric lipolytic products, 

both in class and FA composition, very strongly supports that lingual 

lipase is indeed the important preduodenal lipase in the suckling rat. 

iv. In Vitro Reactions of Preduodenal Lipases 

At the outset of these studies it was hoped that both rat lingual 

(homogenate) lipase and a ruminant source of the enzyme (i.e. pregastric 

esterase, PGE) could be purified to homogeneity for appropriate protein 

comparisons. Field and Scow (1983) did accomplish nearly homogeneous 
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purification of rat lingual lipase just prior to completion of these 

dissertation studies. Because a preruminant animal was not available to 

the author for collection of pregastric secretions or tissues, a prelim

inary attempt was made at purification of the enzyme from the commercial 

cheese-modifying products (described previously, on page 59). 

Although these products were useful for comparison to rat lingual 

lipase, they were essentially an inappropriate choice for a rapid and 

simple purification of PGE. The primary limitation of these products is 

the manufacturer's addition of a relative excess of milk proteins to the 

lingual tissue proteins. Caseins are by far the major component of milk 

proteins and it has not yet been possible to eliminate them completely 

while maintaining the stability of the lipase. This appears to be due 

to the very similar isoelectric points and aggregation properties shared 

by PGE and the caseins. In the face of these technical difficulties, 

and unavailability of a better PGE source, a partial puification scheme 

has been worked out for preliminary characterizations of all different 

species sources that could be obtained from the manufacturer. These 

sources were calf, kid and kid/lamb. 

From an initial Sephadex G-200 column the 3 PGE sources wer~com

pared for general characteristics and specific activity. All eluted 

from G-200 in the Vo fractions and had the same pH -5.4 optimum against 

triC4 in the pH-stat assay system, as described on page 60. In terms of 

initial specific activity, the calf source (CapalaseR) was higher than 

the others. Therefore it was used for the subsequent PGE purification 

steps. These are described in Table 13 on page 81, along with steps 

used to obtain rat lingual homogenate lipase with comparable activity. 
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iv.a. Enzyme Activities from Suckling Rat and Calf Lingual Tissue 

Initial attempts were made with homogenates of lingual tissue 

from suckling rats (10-21 day). The numbered steps described refer to 

those used in Table 13. In this procedure, 10% by weight of lingual 

tissue is homogenized (on ice) in PSS containing 10 mM citrate, 10 mM 

phosphate buffer pH 5.4. The homogenate is centrifuged at 40 and 

100,000 x g for 60 min (step I). The supernatant is chromatographed at 

40 on Sephadex G-200 in the same buffer. The most highly purified 

material elutes at the leading edge of the void volume (step II). 

Only about 15 mg of fresh lingual (serous) tissue is obtained 

from a Is-day-old rat; thus this source allows protein purification on a 

severely limited scale. As shown in Table 13, the material from 100 

animals represents only about 300 ug of total protein after step II. 

All further attempts (e.g. ion exchange or hydrophobic chromatography, 

solvent extraction, ammonium sulfate or acid fractionation) at purifica

tion of this material have lead to large activity losses, probably due 

to the very small amount of protein present. Only the first 1-2 Vo 

fractions of step II actually have the specific activity shown in Table 

13. These fractions were useful for the activity studies, but contained 

insufficient amounts of protein for further purification. 

As pointed out above, the enzyme (PGE, lipase) has been difficult 

to purify from the commercial (CapalaseR) source due to an abundance of 

contaminating milk caseins. However, the scheme developed so far has 

proved useful for obtaining partial purification (-600-fold) of fairly 

large (mg) amounts of stable, active protein. Because starting material 

is readily available, this does represent an attractive source of PGE. 
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This partial purification scheme involves the following steps: 

I. Ten g of Capalase powder are washed by suspension in 100 ml water and 

the supernatant decanted. Residue (tissue) is homogenized in 10 mM Tris 

buffer, 0.1 mM EDTA, 0.02% sodium azide pH 8.3, centrifuged at 100 K x g 

for 60 minutes. II. The supernatant is loaded onto a DEAE cellulose 

column (Whatman Inc., Clifton NJ 07014) equilibrated in the same buffer. 

The column is eluted with a linear salt gradient (to 1 M NaCI), pH 8.3. 

III. Active fractions (0.15-0.35 M NaCl) are dialyzed against starting 

buffer, and loaded onto a BioGel-A DEAE column (Bio-Rad Laboratories, 

Richmond CA 94804) equilibrated in the same buffer. The column is 

eluted with a combined salt (0-0.15 M NaCI) and pH (8.4-5.2) gradient. 

The activity is eluted at the end of this gradient. IV. The active 

fractions are chromatographed on hydroxylapatite (HTP, Bio-Rad Labora-

tories, Richmond CA 94804). The column is packed in 10 mM Na phosphate, 

pH 6.8, and is eluted with a linear phosphate gradient to 0.4 M. Lipase 

activity elutes at about 0.2 M phosphate, between 2 major casein peaks. 

Table 13. Partial Purifications of Suckling Rat and Calf Lingual Lipases 

Rat 

Calf 

Step I 

II 

Activity 
(Units) 

50 

9 

Protein 
(mg) 

25.0 

0.3 
- - - - - - - - - - - - - -

Step I 50 500 

II 50 250 

III 47 13 

IV 37 0.6 

Specific Activity 
(Units/mg) 

2.0 

60.0 

Recovery 
(% Activity) 

100 

18 
- - - - - ------

0.1 100 

0.2 100 

3.6 94 

61.7 79 
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iv.b. Comparative Inhibitor Studies of Rat and Calf Lingual Lipases 

As mentioned above, the pH optima of all the ruminant lipases, 

including calf, and the (suckling) rat lingual enzyme were found to be 

in the range of 5.2-5.5 (mean -5.4), in fractions following G-200 chrom-

atography, as in step II of the rat purification. This pH optimum was 

not found to change as a function of the subsequent purification steps 

for any of the lipases. For comparison of inhibitors, the active calf 

fractions from step IV and step II rat fractions with similar specific 

activity (-30-60 units/mg) were studied in the standard triC4 pH-stat 

assay system. The results of these comparative studies are summarized 

in Table 14, below. They clearly demonstrate marked similarity between 

these two '~reduodenal" lipase sources, from very divergent species. 

Table 14. Inhibitor Studies of Suckling Rat and Calf Lingual Lipases 

Inhibitor Concentration 
and Conditionsa 

NaCl, 1 M; 24 hours pre
incubation at 40 C. 

Na Taurocholate, 0-10 mM 

Diisopropyl Fluorophosphate 
(DFP), 1.6 uM 

Phenylboronic Acid (PBA), 
mM: 0.40 

0.75 

Diethyl p-nitrophenyl Phosphate 
(E600), 1.6 uM 

Percent 
Rat 

0 

0 

0 

30 
40 

100 

Inhibition 
Calf 

------

0 

0 

0 

21 
34 

92 

a Reactions were followed for 30 minutes under standard pH-stat 
conditions with 8 mM triC4 substrate, as described in the text, page 60. 
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iv.c. Substrate Hydrolysis by Suckling Rat and Calf Lingual Lipases 

In their initial supernatants (steps 1 in Table 13), suckling rat 

lingual homogenate had -20-fold the specific activity of the calf prepa

ration. From G-200 elution profiles, SDS-PAGEL patterns and specific 

activity determinations, the step 11 rat active fractions and those of 

calf from step IV would seem to be nearly equivalent preparations. The 

most highly purified calf and rat fractions appear to contain 3 and 2 

other, major contaminating proteins, respectively. Based upon Kav 

values and mobility on 10 or 12.5% SDS-PAGEL's, these proteins in rat 

step 11 Vo fractions appear to be serum albumin (60-70 kD) and another 

main (multimeric and/or aggregated) protein with a subunit MWapp of 30-

35 kD. The step IV calf HTP peak fractions contain nearly equivalent 

amounts of two milk caseins (both at 20-30 kD) and a larger (-60-70 kD) 

protein that closely resembles the mobility of BSA on SDS-PAGEL. 

In the rat and calf preparations lingual lipase was present as an 

equivalent SDS-PAGEL band with a MWapp mobility of 40-50 kD. This is a 

tentative identification based upon deductive elimination of PAGEL bands 

and published MW values of others (Hamosh, Ganot and Hamosh 1979, Field 

and Scow 1983, Tiruppathi and Balasubramanian 1982). 

The substrates used for preliminary experiments included some 

synthetic and a variety of commercial monoacid TG, but the conclusions 

are based primarily upon results with milks of varying TG-FA composi

tions. In every case results with purified TG are consistent with those 

obtained using milk as the substrate. The purpose here was to study the 

effects of preduodenal 1ipases upon physiological (milk) substrates. In 

complement, an improved understanding of the 1ipase(s) was also gained. 
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Rat Lingual Lipolysis of High-Fat Milk TG (Experiment i.b.) 

This initial experiment compared lipolysis of the 10-day milk 

samples of CO and HF dams in experiment i.b. by suckling rat lingual 

homogenate, prepared as described on page 58. These 2 milks had equal 

TG levels (168.0 and 171.1 mM, respectively), but were very different in 

TG-FA composition, as shown by the mean data for each group in Table 9, 

page 69. Specifically, the CO milk TG contained 34.7 mol% MCFA whereas 

the HF-TG had only 7.6 mol% of total MCFA. The hypothesis tested by 

this experiment was that lingual lipase would hydrolyze the CO milk TG 

at a faster rate than the HF, if in fact the enzyme has MCFA specificity. 

The 5-minute reaction products were recovered by solvent extrac

tion and the FFA subjected to quantitative TLC-GLC analysis. Results of 

duplicate reactions, as % hydrolysis (mol FFA product/mol TG-FA sub

strate), were not different: 17.6 ~ 1.6% for CO milk and 19.3 ~ 4.9% for 

HF milk. On the average these FFA contained expected amounts of the 

MCFA, 68.4 and 14.8 mol%, respectively. The Sum of 18:1 + 18:2 in the 

HF reaction were 71.4 mol% of total FFA released. Thus, these data must 

suggest that (rat) lingual lipase does not demonstrate a faster release 

of MCFA from physiological milk substrates, under in vitro conditions 

of initial hydrolysis « 10%) as used in this experiment. However, the 

enzyme clearly demonstrates preferential MCFA hydrolysis, as evidenced 

by the -2-fold increase in the MCFA mol% of both FFA patterns, compared 

to each starting TG-FA composition. This factor has direct relevance to 

the differential effects of CO and HF maternal lactation and gestation 

diets upon litters of suckling pups, as considered later, in Chapter 4. 



Comparison of Rat and Calf Lingual Lipolysis of Control and HF Milk 

In a subsequent experiment a different dam was fed the same HF 

diet as in i.b. and milked at day 15 of lactation. At the same time 
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a 15-day milk sample was also obtained from a colony control dam fed the 

LB diet. The reactions were carried out as before for 5 minutes, using 

rat step II and calf step IV active lipase fractions (Table 13). Both 

preparations had specific activities of -30 units/mg and -1 ug of total 

protein was used for each reaction. Incubations were carried out as 

before, and the time was limited to 5 minutes. At the same time, each 

milk reaction was carried out with purified porcine pancreatic lipase 

(EC 3.1.1.3 Boehringer-Mannheim, Indianapolis IN 46250) containing a 

comparable -30 milliunits of activity. This reaction and its no-enzyme 

blank were performed as for the lingual enzymes, except the PSS was 

buffered by 50 mM Tris, pH 8.5, and the reactions stopped at 3 minutes. 

The % hydrolysis observed for the control and HF milks were very 

similar to those in the previous experiment; again no preference for 

either type of milk (TG) was demonstrated by rat or calf lingual, or by 

pancreatic lipase. The significant comparisons from these experimental 

results are among the FFA products of these 3 lipases. The well-defined 

specificity of pancreatic lipase is strictly positional, resulting in 

equivalent hydrolysis of FA esterified at the TG sn-1 and 3 positions. 

Thus, pancreatic lipase product composition reflects an equal mixture of 

the primary TG esters. Migration of FA should be negligible during the 

very limited «1%) TG substrate hydrolysis permitted in these reactions. 

The FFA compositional and quantitative results of these different 

reactions, and each milk TG, are described in Table 15, on the next page. 
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Table 15. Description of Control (LB) and HF Rat's Milk TG and the 
Amount and Composition of Free Fatty Acids Released From Each by 

Suckling Rat Lingual Lipase, Calf PGE and Porcine Pancreatic Lipase 
------------------------------------------------------------------------
Milk TG Control (LB) High-Fat (HF) 

--------- --------------- ----------------
TG (mM)a 200.6 .: 5.6 147.7 .: 7.4 

MCFA (mol%) 29.7 9.1 

18:1+18:2 (mol%) 28.1 63.0 
- - - - - - - - - ------- ------- - - - - - - - -

LIPASES 
Rat Lingual Calf PGE Pancreatic 

MILK HYDROLYZED LB HF LB HF LB HF 

FFA (nmol)a 72.6 59.3 55.1 43.6 85.4 67.8 
Hydro ly sis (%): (0.72) (0.80) (0.55) (0.59) (0.85) (0.92) 

FFA (mol%): 
8:0 23.9 5.4 22.9 4.9 15.5 3.1 

10:0 22.5 5.1 21.9 4.5 14.9 2.9 

12:0 11.0 4.5 11.6 3.6 11.8 3.4 

14:0 6.7 4.4 7.2 4.6 7.7 3.9 

16:0 9.1 12.5 9.9 12.8 12.9 24.7 

16:1 0.9 1.1 1.0 1.1 2.3 2.4 

18:0 1.2 6.7 1.7 4.9 3.8 9.0 

18: 1 9.6 22.7 10.7 21.3 13.0 22.7 

18: 21116 8.3 32.9 9.8 31.7 13.3 20.6 

18:31113 1.1 2.3 1.5 2.4 2.1 1.6 
+ 20:0 

20:41116 0.9 1.4 0.9 1.1 1.8 3.4 

22:51113 0.5 0.4 0.6 0.3 0.5 1.4 

22: 61113 0.3 0.5 0.3 0.5 0.5 0.9 
-------------------------------------------------------------------------

a Results are based upon duplicate TLC-GLC analyses for milk TG 
and a single analysis for each FFA distribution. See details on page 85. 
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In all cases the amount of FFA released from control milk was 

greater than from HF, no doubt due to its equally higher TG content (see 

milk TG data in Table 15). Importantly, the % hydrolysis did not differ 

between LB and HF milk. The FFA compositions are different, and reflect 

the relative corn-oil FA enrichment and MCFA depletion of HF milk TG. 

Similar FFA differences were seen in the previous experiment, when CO 

and HF milks from i.b. were reacted with unpurified suckling rat lingual 

homogenate. The present results show that milk FFA products from rat 

lingual lipase very closely resemble those of calf PGE, but both differ 

greatly from the FFA of either milk released by pancreatic lipase. 

Experiment iv. Conclusions 

Although the amount of activity added to each milk reaction was 

equal, based upon calculations from triC4 hydrolysis and titration, the 

amount of FFA released by pancreatic lipase was the greatest with either 

milk, followed by rat and then calf. It is possible the results reflect 

real activity differences between the rat and calf enzymes; but effects 

of other interfering proteins in these two preparations cannot be ruled 

out. The faster TG hydrolysis by pancreatic lipase may well be real. 

In the inhibitor studies (Table 14, page 82) the calf enzyme was 

slightly more resistant to all types of inhibition than was the rat 

lipase. This difference may also be real; or again it may reflect a 

variation in the other protein contaminants associated with each. The 

overall, near equivalence of inhibitor sensitivities between the rat and 

calf lipases is good, albeit indirect, evidence that they are indeed 

very similar lipolytic enzymes. 
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Furthermore, it is quite clear from the FFA compositional results 

in Table 15 that both lipases have a specificity other than the primary 

ester positional specificity of pancreatic lipase. The FFA results here 

quite conclusively refute the notion that PGE's are active only against 

short- (C2-C6) or medium-chain (water soluble) acyl esters. 

Without actual stereochemical analysis of these milk TG-FA only 

speculative positional assignments can be made, based upon previous sn

compositional results (Table 4, page 17 and Table 12, page 75). Further 

and more definitive work using purified lipases and stereospecifically 

defined synthetic TG substrates is required to determine the absolute 

substrate specificity of the lingual lipase protein(s). 

However, from the results here, certain substrate effects are 

rather strongly suggested. Stereospecific FA data for our colony's 

rat's milk TG and milk TG of man and cow (Table 4, page 17) show that 

sn-3 contains FA of the smallest average size among the TG positions. 

Control (LB) rat's milk has most of its TG-MCFA esterified at position 

3, but these FA are largely replaced by corn-oil FA in the HF-TG. It 

is presumed that the remaining MCFA and the substituted corn oil FA are 

largely at ~-3 in HF-TG. Their seemingly preferential release by 

lingual lipase (see mol% data in Table 15) would then appear to be due 

to the enzyme's preference (about 2-fold) for this particular primary 

ester, over that of the ~-1 (Paltauf, Esfandi and Holasek 1974). 

No results in the dissertation studies provide direct support for 

preferential MCFA hydrolysis by unpurified lingual lipase preparations, 

as Jensen, Hamosh and their collaborators have suggested numerous times. 

The results here argue against this possibility only to the extent that 
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faster hydrolysis was never observed for control MCFA-rich milk compared 

to MCFA-poor HF milk. It is possible the enzyme(s) would effectively 

hydrolyze all milks at similar rates. The best synthetic TG studies to 

date are those of Jensen et ale (1982), although they used unpurified 

lingual lipase in human infants' gastric aspirates. It may be of 

significance that with these substrates, containing only esters of C16:0 

and CI8:1, the positional preference of the lipase for ~-3 was about 4-

fold that of position 1 (Jensen et al. 1982). However, when synthetic, 

~-1/3 racemic TG containing MCFA were used with this same aspirate 

activity, Jensen, Clark and DeJong (1982) concluded that (human infant) 

lingual lipase showed MCFA chain-length specificity. 

It is unfortunate that these two series of studies do not address 

the question raised by dissertation results; i.e. does lingual lipase in 

fact possess a more complex specificity of both position and FA chain

length? Certainly these milk lipolysis results might suggest that it 

does. An earlier study with the calf lipase and a series of synthetic 

~-TG led Pitas and Jensen (1970) to conclude that this PGE was neither 

absolutely chain-length nor positionally specific. In these experiments 

the FA ester preferentially released from the TG's was C4. It may be of 

significance that C4 is the major ~-3 FA cow's milk TG; and by analogy 

that the MCFA seemingly preferred by rat lingual lipase predominate at 

position 3 of the rat's milk TG. (See the data in Table 4, page 17). 

From all the properties of these two (species) enzymes, it is 

this author's conclusion that these two are very similar enzymes, if in 

fact they are not identical. Purification of both proteins, by the same 

preparative scheme, should allow definite clarification of this issue. 
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Summary 

Lingual lipase hydrolyzes about 40 mol% of the steady-state milk 

TG in stomach contents, mostly producing DG and -10 mol% MG (Table 10, 

page 72 and Figure 1, page 77). The enzyme from suckling rats is very 

similar to that from calves and both show preferential release of !li-3 

FA from milk TG (Tables 12, page 75, and 15, page 86). Milk TG of dams 

fed control, low-fat (5-7.5% corn oil) diets contain primarily MCFA at 

position 3 and these are normally hydrolyzed and partially absorbed in 

the stomach of the suckling pup. Milk TG concentrations vary among dams 

beyond simple dietary, age and parity effects. Dams fed a high-fat diet 

(20% corn oil) produce milk TG enriched in the dietary FA and higher in 

cholesterol than control-fed dams (Table 8, page 67). 

Lingual lipase does not appear to show impaired hydrolysis of HF

milk TG, although the metabolic fate of released LCFA may be altered, as 

they cannot be absorbed directly from the stomach. The stomachs of pups 

IS-days and younger are rarely ever empty. Preliminary time-studies for 

the dissertation work showed some contents remaining in the stomach up 

to 4 hours after separation from the dam. This is in striking contrast 

to the few minutes required for gastric uptake of free MCFA, as has been 

reported in these animals (Aw and Grigor 1980). An early study done by 

Naismith, Mittwoch and Platt (1969) found no loss of milk lipid during 

the first hour in the stomach, but at 3-4 hours lipid was selectively 

lost from the interior of the milk curd. The rates of lipolysis and 

gastric emptying in vivo (under normal conditions in the nest) clearly 

determine the subsequent fate of milk lipids in the intestinal tract of 

the suckling pup; and this is .the subject of the next Chapter. 



CHAPTER 3 

ENTEROHEPATIC EVENTS 

In a functional sense, the normal processes by which milk MCFA 

are released in the stomach, absorbed into portal venous circulation, 

and transported to the liver, are enterohepatic in nature. In this case 

the MCFA provide important substrates for hepatic oxidation and ketone 

production. More strictly defined, enteric events begin at the pyloric 

sphincter, when the stomach contents become the '~hyle" of the intestinal 

lumen. In the proximal duodenum (2-3 cm past the pylorus in a 10-15 day 

rat), bile and pancreatic juice enter through the common (bile) duct and 

mix with material leaving the stomach. 

Distal events of lipid metabolism throughout the small intestine, 

cecum and colon therefore involve a mixture of exogenous milk lipids and 

lingual lipase from the stomach; biliary lipids which are stable ternary 

micellar mixtures of bile salts (BS), PL, and CH; and lipolytic enzymes 

from the pancreas. It is difficult to separate the events by which this 

lipid mixture is digested by its associated lipases, from those events 

which are strictly absorptive. It is an assumption of the author that, 

as in the adult (Chapter 1, page 2), lipid digestion and absorption are 

mutually facilitated processes and must be realistically treated as such 

in milk-fed pups. Chapter 2 established the significance of preduodenal 

milk lipolysis in our suckling rats. The research now turns to similar 

characterization of the intestinal lipid events in this system. 

91 
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Background 

The neutral lipid contents of the stomach (Table 10, page 72) 

include unhydro1yzed milk TG and the DG, FFA and MG lingual lipolysis 

products. Data in Chapter 2 support the conclusion of Field and Scow 

(1983) that the in vivo action of lingual lipase is probably slow and 

susceptible to inhibition by the major DG and FFA products. It has been 

well proved that the enzyme withstands acidic stomach conditions. Levy 

et a1. (1982) determined lingual lipase was resistant to pepsin (0.4 

mg/m1, pH 5.0, 370 C for 30 min. did not alter activity) and found it 

retained about half its activity in the presence of 6 mM NaTC and 10 

mg/m1 trypsin (pH 6.5, 370 C for 30 min). These latter conditions 

approximate those of the intestinal lumen and suggest lingual lipase 

activity could persist in this milieu. Herne1l (1975) has presented 

similar data in support of the notion that, at least in the neonate, 

lingual lipase may have continued activity in the intestine. 

Naismith et a1. (1969) found that after 12 hours of starvation 

the stomach contents of 11-day-01d rats required -24 hours of suckling 

to reestablish a normal steady-state composition. Based upon a total 

stomach content weight of -0.5 g (Table 16, page 99 and Naismith et a1.) 

and the data in Table 10 (page 72), it can be calculated that at -9-11 

days the equilibrium amount of stomach TG is approximately 50 umo1, with 

an additional -55 umol largely comprised by DG and a small amount of MG. 

Based upon the enzyme's specific activity in these studies and the value 

reported by Field and Scow (1983), this level of unhydrolyzed lipid must 

reflect an equilibrium situation of milk consumption, limited lipolysis, 

MCFA uptake and gastric emptying. 
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Lipolytic Activity in the Intestinal Lumen 

The extremely hydrophobic TG and partial glycerides in stomach 

are present as fat droplets within the curd of clotted milk. Unlike 

MCFA, the LCFA released in stomach contents are not ionized nor able to 

be absorbed directly. At acidic gastric pH levels the LCFA are largely 

protonated fatty acid oils that partition into the apolar core of unhy

drolyzed fat. Patton et al. (1982) have suggested that lingual lipase 

may penetrate the membrane of stomach milk fat globules, without hydro

lyzing its PL constituents, to act upon the hydrophobic core lipids. By 

microscopic analysis of different TO emulsions incubated with lingual 

lipase activity, no evidence of liquid-crystalline product formation was 

found; but rather the substrate and lipolytic products were found to 

remain in fused lipid droplets (Patton et al. 1982). 

Carey, Small and Bliss (1983) have described the following ways 

by which preduodenal lipolysis, in general, facilitates the intestinal 

pancreatic lipase activity and subsequent product absorption: (a) LCFA 

dissolved within the fat droplet become partially ionized at the higher 

duodenal pH and promote fine emulsification of the lipid; (b) even small 

amounts of ionized LCFA increase the binding of colipase, an essential 

factor for "classic" lipase action, to the emulsion interface, and as a 

result (c) the binding of lipase to colipase is promoted; (d) DG, being 

more surface active than TG, may partition at this lipid-water interface 

and be preferentially hydrolyzed; (e) LCFA absorbed in the duodenum then 

hormonally initiate biliary and pancreatic flow into the intestine; and 

(f) lingual lipase continues to hydrolyze TG and DG in the lumen at pH 

values in the physiological range (5-7) of the upper small intestine. 
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It has been quite firmly established (Chapter 2, page 48) that 

"classic" pancreatic lipase in suckling rats is well below adult levels. 

Thus these particular aspects (b and c above) generally described by 

Carey et ale (1983) are probably of reduced importance for the rat pups 

being investigated here. However, there is clearly another, different 

lipase from pancreas that has significant activity upon neutral lipids 

in the intestinal contents of the suckling rat. 

Results in this laboratory (Wells and DiRenzo 1983) have demon

strated the significance of n9nspecific pancreatic lipase (Mattson and 

Volpenhein 1966) in suckling rats. This enzyme is very likely identical 

to the bile-sa It-stimulated lipase (BSSL) first characterized as the 

major lipase in developing rat pancreas by Bradshaw and Rutter (1972). 

Albro and his co-workers (1976 a and b) have purified and characterized 

the enzyme (bile-sa It-stimulated nonspecific lipase, BSS-NSL) from adult 

rat pancreas. The BSS-NSL will hydrolyze both primary and secondary 

esters and absolutely requires bile salts (BS) for its neutral lipid 

activity. An additional, BS-independent activity of this enzyme against 

short-chain PC's and lyso-PC has also been observed (DiRenzo and Wells, 

unpublished results). 

Other important lipases of pancreatic origin may also be present 

in the intestinal lumen of the suckling rat, and their levels may be 

similar or different from those in adults. A cholesterol esterase and 

phospholipase A2 (PLA2) activity, in particular, have both been detected 

in suckling pancreas. Data to be presented in this Chapter support a a 

physiological role for each of these additional lipolytic activities. 
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Biliary Lipids 

At the time the dissertation studies were initiated an analysis 

of secreted bile in the suckling rat had not yet been published. The 

only reports concerning biliary factors in this neonatal model were 

those of Roger Lester and his co-workers. By using radioimmunoassay for 

taurocholate (TC), the predominant BS in adult rats, Little, Richey, Van 

Thiel and Lester (1979) measured the bile salt pool in fetal and neonatal 

rats. Total pool size was large in the 5-day suckling (203 ~ 8 nmol/g 

body wt.) compared to adults 001-242 nmol/g wt.), with 83.5% of the 

neonatal pool being present in the gut and the remainder in the liver. 

Presuming active ileal transport to be the major adult mechanism for 

reabsorption of intestinal BS, Little and Lester (1978), using an in 

vitro everted ileal ring technique, found no evidence of the active BS 

ileal BS transport system in rats before 15 days of age. 

The presence of a large BS pool, but absence of the major adult 

ileal mechanism for enterohepatic BS recycling, suggested the suckling 

rat might be in a situation of marginal BS depletion. Because Lester's 

group had not measured biliary levels, nor explored the enterohepatic 

events in vivo, a series of experiments were undertaken to examine these 

parameters in our suckling rats. These previously published results 

(Staggers, Frost and Wells 1982) will be presented later in the Chapter, 

but their apparent experimental conclusions (ii. a-c) are relevant here. 

Most importantly this work revealed high levels of both biliary BS and PL 

and demonstrated effective enterohepatic circulation of BS in rats as 

young as 10 days of age. 
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Neutral Lipids in the Intestinal Lumen 

Our intial characterization of the gastrointestinal (GI) lipids 

in Buckling rats appears to represent the first published quantitative 

and compositional analysis of these intestinal lipids (Fernando-W. et 

ale 1981). These results are also summarized later in the Chapter. The 

composition of bile justifies assuming that neutral acylglycerols within 

the lumen represent milk lipids either unal~red or partially hydrolyzed 

by lipases in the GI tract, with none contributed by the bile: 

Specific Aims 

The overall research objectives of this Chapter have been to 

comprehensively analyze the normal dietary/biliary lipid mixture in 

suckling rat intestinal contents and to study the means by which these 

lipids are utilized. The experiments have been organized to meet the 

following specific aims: 

i. Characterize the post-gastric material entering the lumen with 
regard to its: 

a) physico-chemical properties and total mass relationship to the 
stomach contents and subsequent distribution along the intestine. 

b) neutral acylglycerol and FFA concentration and FA composition. 

ii. Characterize the biliary contributions to intestinal lipids: 
a) measure BS, PL and CH concentrations in hepatic bile and 

determine their total pool sizes and secretion rates from the liver. 
b) investigate enterohepatic circulation of BS in vivo. 
c) determine the composition of BS, the class and FA composition of 

the biliary PL, including the stereospecific PC-FA composition. 

iii. Establish the possible physiologic effects of unique enterohepatic 
features in this neonatal model: 

a) determine total concentrations and class compositions of dietary 
neutral and biliary amphipathic and sterol lipids along the entire small 
intestine, cecum and colon. 

b) measure in vitro parameters that may uniquely influence lipid 
solubilization and subsequent utilization within this lumenal milieu. 

c) measure in vivo the fates of particular enterohepatic lipids in 
pups of different ages and dietary backgrounds. 
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Materials and Methods 

Sample Collection 

Stomach contents were quickly and nearly completely removed by 

the procedure described in Chapter 2 (page 54). However, the contents 

of the intestinal tract proved much more difficult to obtain in a simple 

and appropriate manner for the variety of objectives in these studies. 

For this reason each experimental description includes the particular 

method used to collect intestinal samples and explains the rationale of 

that approach. 

Bile was obtained from suckling and adult rats of many different 

ages, but most experiments to be described in this Chapter were carried 

out with 13 to 15 day-old pups. Sample collection was done under pento

barbital anesthesia (40 ug/g body wt) using pups within 30 minutes after 

removing them from the nest. Bile fistulas were performed, with the aid 

of a dissecting microscope, below the junction of the hepatic ducts and 

above the pancreatic ducts. Polyethylene tubing (PE 10, Clay Adams) was 

used as the catheter and a small amount of cyanoacrylate glue was used 

to fix it in place, as described by Boak and Woodruff (1965). The 

incision was covered by gauze pads saturated with warm PSS and animals 

were maintained in a warm box at 30-350 c. 

Washout experiments (ii.a.) employed the method of Mok, Perry and 

Dowling (1974). Bile was collected from individual animals into tared, 

chilled tubes while the animals were maintained under light anesthesia. 

Bile was collected in 30 or 60 min intervals for a total of 4-5 hr. The 

bile flow rate was calculated as the weight of bile collected per hour. 
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In some experiments involving compositional studies, bile was 

collected into a single tube for 4-S hr and bile from several animals 

was pooled. Bile samples were diluted with S volumes of methanol and 

centrifuged for 10 min at lS00 rpm to remove precipitated proteins, 

stored at 4oC, and analyzed within 2 days. In some cases glycine and 

taurine conjugates were separated by solvent extraction as described by 

Levin, Johnson and Boyle (1961). 

In order to study the enterohepatic bile salt (BS) circulation 

(experiments ii.b.), solutions containing BS were perfused through the 

intestinal tract of bile-fistula pups. After establishing the fistula, 

the small intestine was cut just below the entrance of the common duct 

and above the cecum. This segment of intestine was lavaged with 10 ml 

of PSS, and the ends connected to short pieces of PE-100 polyethylene 

tubing. The animal was then placed in a warm box and the polyethylene 

tubing was connected to a pump which circulated perfusion buffer at 300 C 

through the intestine at a flow rate of 60 ml/hr/100 g body weight. The 

fluid used for perfusions was that described by Saunders and Sillery 

(197 S) and contained (mM): CaC 12 (2); NaHC03 (40); NaC 1 (8S); KC 1 (6); 

glucose (28); and various concentrations of sodium taurocholate (NaTC). 

When appropriate, [14C]-taurocholate was also present. The perfusion 

fluid (SO ml) was recirculated for the 4-S hr duration of the experi

ment, and bile was collected in one-hour intervals, as described above. 

An additional experiment (section iii.c.) was performed with 10-

day-old rats in which O.OS uCi of [14C]-taurocholate in SO ul of rat 

milk was given by stomach tube; 2-3 hr later a fistula was established 

for bile collection. After collecting bile for 2.S hr, the animal was 
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killed, portal blood collected and the liver, intestines, and stomach 

removed. Bile was diluted with 5 volumes of methanol and after centri

fugation to remove precipitated protein, an aliquot of the supernatant 

counted. Portal blood was collected by using a suture to tie off the 

vein just below the liver and then taking blood between the suture and 

the GI tract. Plasma was prepared from portal blood and an aliquot 

counted. Stomachs, intestines and livers were homogenized in 5 m1 PSS 

and 2 ml of methanol and an aliquot counted. Samples were counted 1n 

Beta Phase (WestChem Products, San Diego, CA) in a Beckman LS-7500 

scintillation counter with automatic quench and efficiency correction. 

Quantitative Analysis 

Bile salts were measured by the enzymatic assay of Turley and 

Dietschy (1978) with 3 a-hydroxysteroid dehydrogenase (Ps. testosteroni, 

EC 1.1.1.50) obtained from the Millipore Corporation (Freehold, NJ 

07728). Phospholipids and cholesterol were determined as described on 

pages 56-57 and 58, respectively. Total bilirubin was determined by the 

van den Bergh reaction as modified by Malloy and Evelyn (1937). The 

stereospecific FA composition of biliary PC was determined using PLA2 as 

described by Yabusaki (1975) and FA compositions were determined by GLe 

of the methyl esters as described above, on pages 57 and 58. 

Chromatographic Analysis 

GLC. Bile acid composition was determined by GLC of the TMS 

methyl esters using 1% HiEff 8 BP on Gas-Chrom Q 100-120 mesh (Applied 

Science Laboratories, State College, PA 16801) at 2300 , as described by 

Kern et al. (1977), for methyl esters prepared with diazomethane. 
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TLC. Bile acid methyl esters were separated using chloroform

acetone-methanol 70:25:5 (v/v/v) (Madsen et al. 1976), visualized with 

0.1 % ANS in water and eluted with acetone. Bile PC and phosphatidy1-

ethanolamine (PE) were purified by preparative TLC using the solvents 

chloroform-methanol-water 95:35:4 (v/v/v). After detection with ANS, 

the lipid was extracted from the gel and FA methyl esters prepared and 

determined as before, page 56. The purity of 3HChM (below) was checked 

using hexane-ether-formic acid 80:20:2 (v/v/v) (Christie, Noble and 

Moore 1970) and BS purities were determined according to Hofmann (1962). 

HPLC. Reverse-phase high performance liquid chromatography 

(HPLC) of bile salts used a modification of the method of Armstrong and 

Carey (1982), with ~he solvent system 60% CH30H/40% 5 mM potassium 

phosphate buffer, pH 5.0. Separations were done at 130 atm and 23 0 C on 

an ODS-5S, 250 x 4 mm column (Bio-Rad), at a flow rate of 0.6 ml/min. 

The instrument used was a Varian 5000 liquid chromatograph and Varian 

UV-50 detector equipped with a Hewlett-Packard 3900A integrator. 

Lipids 

Bile acid standards for GLC analysis were obtained from Supelco, 

Inc. (Bellefonte, PA 16823). The [14Cl-taurocholic acid (52 mCi/mmol) 

was obtained from New England Nuclear (Boston, MA 02118) and had -91.5% 

TLC radiopurity in butanol:acetic acid:H20 10:1:1 (v/v/v). Egg yolk 

phosphatidylcholine (PC) was purified as described (Yabusaki 1975). The 

[3Hl cholesterol monohydrate (3HChM) was prepared by solvent precipita

tion according to Igimi and Carey (1979), and had a final specific 

activity of 10 uCi/mmol and radiopurity >99%, determined by TLC (above). 
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Synthesis of p-muricholate was carried out from chenodeoxycholate (CDC) 

as described by Rsia et ale (1975). The taurine conjugated sodium salt 

(NaT-p-MC) was formed by the procedure of Hofmann (1963). T-P-MC and 

all other bile salts were purified by recrystallization until only a 

single spot was detectable by TLC. The P-MC had physical constants in 

agreement with the published values of Rsia et ale The NaT-p-MC had a 

melting point of 230-2350 C and an optical rotation value of a = +33.6 

at 546 nm and 25 0 C. 

In Vitro Quantitative Lipid Studies (Experiments iii.b.) 

The critical micellar concentration (cmc) of several previously 

published bile salts and the synthetic NaT-p-MC was determined by dye 

titration with 2.5 uM Rhodamine 6G in PSS at 370 C, according to the 

method of Carey and Small (1969), using a Cary model 118 recording spec

trophotometer equipped with a temperature-regulated cell compartment. 

Equilibrium solubilization studies with 3RChM were carried out in a 

shaking water bath at 370 C for 72 hours. Samples were placed ~n ground 

glass stoppered tubes under N2, and sealed with vacuum grease and teflon 

tape. Solubilized ChM was recovered by filtration of the micellar phase 

through 0.22 um filters (Swinnex-GS, 13 mm, Millipore Corp., Bedford MA 

01730) and quantified by liquid scintillation counting, as described on 

page 99. Other in vitro methods used in the various experiments will be 

described in those particular sections. 

Statistical Analysis 

Nonlinear regression analysis was carried out using the program 

of Duggleby (1981). It was found that the concentration of bile salts 
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in bile from drained suckling animals (washout experiments in ii.a.) 

showed a first order decrease with time. The composite data from six 

animals are shown in Figure 2. The line in Figure 2 was calculated from 

a nonlinear regression analysis of the data. The equation used was 

(BSt - BSs ) = BSoEXP(-kt) (Equation 1) 

where BSt = observed bile salt output at time t; BSs= basal bile salt 

output at infinite time, i.e. synthesis rate by the liver; BSo= BS out

put at t = ° - BSs ' i.e. initial secretion rate - basal secretion rate; 

k = rate constant; t=time. A separate fit was carried out for each rat. 

Bile salt pool size was calculated by summing the difference between 

bile salt output and BSs at all time points for which bile salt output 

was greater than BSs ' Data for phospholipid output (not shown) also 

showed a first order decay, which could be fit to 

(Equation 2) 

where PL t = PL output at time t; PLo = PL output at t= 0, and the other 

symbols are as in equation 1. In the case of PL output, it was not 

necessary to include a term for infinite time. 

Bile flow also showed a first order decay which could be fit to 

BF t = BF oEXP(-kt) (Equation 3) 

where BFt = bile flow at time t; BFo= bile flow at t = 0, and the other 

symbols are as in equation 1. In the case of cholesterol output there 

was no significant concentration change over the 4-5 hr period studied. 

The small amount of bile from sucklings precluded measurement of density 

and so for calculation of concentrations an assumed density of 1.00 has 

been used, insignificantly different from the published density value 

for adu 1t rat bile of 1.011 (Friedman, Byers and Michaelis 1950). 
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Experiments and Results 

Preliminary studies attempted to establish the quantitative 

relationship between stomach contents and those in the lumen of the 

small intestine. Because pups younger than 15 days are continuously 

maintained by their dam, under normal conditions they essentially never 

have empty stomachs or intestines; and rarely are their GI contents even 

visibly depleted. In order to obtain pups in this typical fed-state 

they must be removed from the dam immediately prior to experimental use. 

By only removing a selected number of pups (1-5 in these experiments, 

depending upon the length of the procedure involved) just before taking 

a sample of "in vivo" contents, this work has tried to avoid altered 

sucklings whose GI tracts may be abnormally emptied. 

A series of simple organ and contents weight studies were used to 

examine gross features that might reflect gastric emptying rates. From 

initial measurements of stomach weights in litters between 5 and 15 days 

of age, it was found that stomach weight was not significantly changed 

over a period of 2.5 hours after separation from the dam. These results 

may well indicate that gastric emptying is impeded when the pups are not 

permitted to suckle normally. It was concluded that this methodological 

approach was probably inappropriate for estimating the in vivo emptying 

of stomach contents into the small intestine under normal conditions. 

i.a. Physico-Chemical and Mass Relationship of GI Contents 

Whereas the contents of the suckling rat's stomach consist of a 

semi-solid curd, those of the small intestine are quite fluid in nature. 

Contents in approximately the upper one-half have an appearance similar 
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to cream, with only slight yellow coloration. The distal contents are 

both more watery and yellow in color. In these experiments the purpose 

was to obtain accurate organ and content weights and so the method used 

here was that of weight difference. Pups between 2 and 15 days of age 

were used for determination of GI weights as soon as possible «15 min) 

after removal from the nest. Stomachs and contents were collected as 

before and the small intestine, with its contents, was removed from the 

pyloric to the ileocecal sphincter, rinsed with PSS, lightly blotted to 

near dryness and weighed. The contents of the lumen were removed by 

lavaging the tract with cold PSS (-3-4 ml). The empty tract was then 

blotted and weighed and the content weight was determined as the weight 

difference between the full and empty tract. These weight results are 

presented below in Table 16. 

Table 16. Total Organ and Lumenal Content Weights (g) of the Stomach and 
Small Intestine in Suckled Pups Immediately After Removal from the Dama 

------------------------------------------------------------------------
Age Body STOMACH SMALL INTESTINE 

(days) Wdg) Full Contents Full Content!'; 
------ ------ -------- -------- -------- --------

2 8.1 0.29 0.21 0.17 0.03 
(1.1) (0.07) (0.04) (0.03) (0.01) 

5 14.4 0.42 0.31 0.46 0.07 
(0.9) (0.09) (0.04) (0.05) (0.02) 

9 21.5 0.61 0.43 0.76 0.18 
(1.6) (0.14) (0.09) (0.07) (0002) 

10 25.6 0.70 0.49 0.94 0.16 
(1.6) (0.06) (0.04) (0.08) (0.03) 

15 33.4 0.82 0.63 1.26 0.21 
(2.4) (0.07) (0.05) (0.21) (0.05) 

a Mean value for a litter of 10 pups with standard deviation in 
parenthesis (). Samples were taken within 15 min, as described above. 
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The results in Table 16 show consistent developmental weight 

increases in both the stomach and small intestine as a function of age. 

It is clear that the organ weight of the (empty) stomach is very small, 

only a fraction of its content weight; whereas the contents represent 

only a fraction of intestinal organ weight. It is noteworthy that the 

intestinal contents weigh only -20% as much as the stomach contents in 

2-day pups and this proportion increases steadily with age, becoming 33% 

in the I5-day-old litter. The total (full) intestinal weight increased 

more than 7-fold during this time, while the stomach increased -3-fold. 

i.b. Neutral Lipid Composition of the Small Intestine 

The published (Fernando-W. et ale 1981) composition of lipids in 

the intestinal lumen was determined on samples collected as described 

above in a., using pups at 9 or 10 days. Samples were extracted and the 

lipids prepared for analysis as described previously, on pages 55-58. 

In addition, the empty intestinal tract was analyzed after contents had 

been thoroughly removed by lavage, as an approach to determining the FA 

composition of absorbed milk-derived lipids in the mucosa. The lumenal 

neutral lipid concentrations are shown in Table 17, below, and the FA 

compositions of lumen and mucosa appear in Table 18, on the next page. 

Table 17. Class Composition of Neutral Lipids in the Intestinal Lumen 
of Suckling Rats at 9-10 Days of Agea 

TG 

13.5~2.3 

Lipid Class Concentration (umol/g) 

DG MG 

9.3 ~ 5.0 8.0 ~ 4.3 

FFA 

28.6 .:!:. 3.4 

a Mean.:!:. standard deviation determined for 6 litters, as above. 
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In comparison to the levels of milk lipids in stomach contents, 

those in the intestinal lumen are quite enriched in FFA, which are 

present at more than 2-fold the TG content, and also in MG, relative to 

TG and DG. These data reveal that additional lipolysis has clearly 

occurred after the lipids have entered the small intestine. 

Table 18. Fatty Acid Composition of Acylglycerols and FFA in the Small 
Intestine of Suckling Rats at 9-10 Days of Agea 

Fatty 
Acid 

8:0 

10:0 

12:0 

14:0 

16:0 

16:1 

18:0 

18: 1 

18: 2w6 

18:3w3 
+20:0 

20:4w6 

22:5w3 

22:6",3 

Fatty Acid Mole % 

TG DG MG 
Lumen Mucosa Lumen Mucosa Lumen Mucosa 

1.1 0.6 0.9 0.7 2.8 0.7 

7.3 4.9 5.7 4.2 5.3 4.2 

12.4 12.7 11.2 10.2 11.4 10.5 

13.9 14.0 16.4 16.7 18.6 19.0 

27.0 28.0 34.9 32.0 37.6 38.2 

1.9 1.8 1.9 1.6 2.5 2.0 

3.1 2.8 3.8 5.1 1.9 2.9 

14.9 14.7 10.9 9.4 7.3 7.4 

16.9 16.5 11. 7 11.4 9.4 10.8 

1.1 1.1 0.9 1.0 0.8 1.1 

0.8 1.2 0.8 1.5 1.0 2.1 

0.3 0.4 0.3 0.4 0.3 0.3 

0.5 0.7 0.7 1.0 1.1 0.8 

FFA 
Lumen Mucosa 

0.3 0.4 

5.6 2.8 

12.5 7.2 

12.0 9.0 

26.3 20.6 

1.6 2.0 

5.4 6.7 

15.3 23.5 

15.0 20.7 

1.0 1.1 

3.7 4.6 

0.3 0.6 

1.0 0.8 

a Data presented are mean values for determinations on 3 litters 
of 10 pups each. Standard deviation values were omitted to simplify the 
presentation of data, but in all cases was less than 10% of the mean. 
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The FA compositions of lumenal and mucosal acylglycerols show 

almost no differences, except for the relatively depleted MCFA content 

of the latter. Quantitative mucosal PL and cholesterol analyses were 

not permitted by the method used, since the tissue represented mostly 

non-mucosal weight. However, quantitative TLC-GLC of 3 mucosal samples 

showed TG are the predominant neutral acylglycerol (33.6~17.6 umol/g), 

with only trace amounts of DG and MG detected. Overall, constitutive 

membrane PL were by far the major mucosal lipid component present. 

A rather large FFA pool exists within the mucosa (15.8~7.8 umol/g 

for the same 3 samples as above), with a composition that differs from 

the lumenal FFA. The most striking changes between lumenal and mucosal 

FFA are the increased 18:1, 18:2 and 20:4, but decreased MCFA, 14:0 and 

16:0 of the latter. Sources of these altered FFA are considered later. 

ii.a. Biliary Secretion and Composition 

The collection and statistical analysis of bile were carried out 

as described above (pages 97 and 101-102, respectively). Results of 

these studies are summarized in Table 19, on th~ next page. These data 

clearly indicate that, although the suckling rat secretes bile and bile 

salts at a lower rate (per body wt) than do adult rats, the constituents 

of suckling bile (BS, PL and CH) are present in higher concentrations 

than in the adult rat's bile. Secretion of biliary CH is also slightly 

lower in the suckling, but PL are secreted at a rate intermediate to the 

adult female and male. We chose to collect bile from adults under the 

same conditions as pups, although the 5-hour experiment was insufficient 

to effect washout in adults for calculation of BS pool size, synthesis 
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Table 19. Biliary Secretion in the Suckling Rat 
------------------------------------------------------------------------

l4-days a Adultb 

(female) (male) 
BILE FLOW 
~/hr/100g) 197.3.±.20.6 292.±.34 452.±.25 

BILE SALTS 
Pool Size 
(umol/100 g) 19.0.±.5.4 (40.3~2.B)C 

Synthesis rate 
(umol/day) 12 .O.±.2 .2· (33 .6~2.2) 

Secretion rate 
(umol/hr/100g) 14. 5.±.3 .B 17 .9.±.l.B 15.1.±.2.B 

Concentration in 
bile (mM) 73.5.±.19.3 61.3.±.6.2 33.5.±.6.2 

Turnover frequencyd 1B.3.±.4.B (4.4~O.B) 

PHOSPHOLIPID 
Secretion rate 
(umol/hr/100 g) 2.3.±.0.6 1. 9.±.0.3 2.B.±.0.1 

Concentration in 
bile(mM) 11.B.±.3.1 6.5.±.l.O 6.2.±.O.2 

CHOLESTEROL 
Secretion Rate 
(umol/hr/100 g) O.17.±.O.OB O.20.±.0.Ol O.33.±.O.01 

Concentration in 
bile (mM) O.86.±.O.41 O.68.±.O.O3 0.73.±.O.02 

aData for 14-day-old rats represent the average for six animals + 
standard deviation. Animals were drained as described in the text and 
the data represent extrapolation to zero time by nonlinear regression 
analysis. The average weight of the rats used was 36.5.±.2.9 g. 

bAdults were 7-week-old females (n=2) and males (n=2), 135 g and 
195 g, respectively; values are for bile collected in the first 30 min. 

cAdul t data in ( ) are from Uchida et ale (197B) for bile washout 
studies of 7-week (204~3 g) males (n=3), as the text describes below. 

dCalculated by dividing the cumulative amount of bile salts 
secreted during 24 hr (secretion rate) by the pool size. 
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rate and turnover frequency. However, the seemingly comparable values 

for these parameters in adult Sprague-Dawley males of the same age and 

similar weight, as reported by Uchida et a1. (1978), have been included 

in Table 19 (parenthetically). These data were published on a weight 

basis and for purposes of comparison have been converted to molar values 

by using the MW of NaTC (537.7). These data demonstrate that BS pool 

size and synthesis rate are indeed greater in adults (i.e. were not 

depleted by 5-hour washout experiments as were pups.) However, turnover 

frequency appears to be more than 4-fold higher in sucklings than in the 

adult males of Uchida et al. (1978). Table 19 also demonstrates that 

suckling liver PL and CH secretion rates are similar to these two values 

in adult females, but are lower than these respective values in adult 

males. The intermediate suckling values may be explained by the fact 

that 3 pups of each sex were used in these experiments. 

Figure 2, on the next page, shows the composite nonlinear regres

sion analysis of the BS washout data in Table 19. It had been shown by 

Young and Hanson (1972) that in adult rats there is direct, simple expo

nential relationship between biliary PL and BS output. Our data confirm 

that this relationship also exists for suckling bile, as shown in Figure 

3 (page 111), in which PL output is plotted as a function of BS output 

at each time point in the 6 washout experiments. The line in Figure 3 

was calculated from nonlinear regression analysis of: 

(Equation 4) 

where PL = PL output and BS = BS output. The values of the constants 

are K1 = 4.98 ~ 0.63, the maximum PL output; and K2 = 15.16 :: 3.0, which 

is the BS output at which half maximal PL output would occur. 
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Figure 2. Bile salt output as a function of time in l4-day sucklings. 

The data are umol/hr/100 g wt and represent mean ± standard 
deviation (bars) for the 6 pups used in washout experiments (ii.a.). 
The line was calculated from equation 1 and data in Table 19. 



111 

3.0~--------------------------------

-:j 
Cl.. -:j 

0 2.0 (!) 

~ 

Cl.. (!) 
(!) 

(!) -0 
..c. 

Cl.. 1 . 0 
(f) 

0 
..c. 
a... 

5.0 10.0 15.0 
Bile Se.lt Output 

Figure 3. Phospholipid output as a function of bile salt output. 

The data are umol/hr per 100 g body weight and represent the data 
from the 6 drained sucklings shown in Figure 2 and in Table 19. The 
solid line was calculated according to equation 4. 
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ii.b. Enterohepatic Circulation of Bile Salts in Suckling Rats 

Although the turnover frequency value in Table 19 would strongly 

argue that enterohepatic circulation of BS is definitely occurring in 

the 14-day suckling rat (i.e on the average each BS molecule cycles 

through the system -18 times per day), in order to more fully document 

this process intestinal perfusions were performed, as were described 

above (page 98). The results of these experiments are presented in 

Table 20, on the next page. These data clearly establish the existence 

of active BS enterohepatic circulation in 14-day rats. 

It is noteworthy that the secretion rate (basal synthesis) of BS 

from the liver was quite low when the perfusion medium contained no BS. 

Reassuringly, this value (0.5 umol/hour per 100 g) is identical to that 

calculated from washout experiments (i.a.), as shown in Table 19, page 

108. In both 1 and 5 mM NaTC perfusions a substantial BS output from 

the liver occurred. The biliary BS concentration of intact animals was 

never attained in these experiments, since at 10 mM NaTC the intestine 

appeared to be severely damaged and cellular material was accumulated in 

the perfusion buffer. 

When 14C-NaTC was present in the 5 mM NaTC intestinal perfusion, 

the specific activity of biliary BS (0.83 ~ 0.14 uCi/mmol) approached 

75% of that in the perfusion buffer (1.15 uCi/mmol). These data show 

that even though only 2-4% of total infused BS were recyled during the 

intestinal perfusion, a major proportion of the BS secreted in bile were 

those derived from the intestinal perfusate. The small amount of total 

BS extracted from the perfusion buffer no doubt reflects the fact that 

it contained 20 to 100 times the total BS pool in a 14-day animal. 
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Table 20. Biliary Secretion from Intestinally Perfused Suckling Rats a 

Taurocholate in Perfusion Medium (mM) 

BILE FLOW 
(ul/hr/l00 g) 

BILE SALTS 

Secretion rate 
(umol/hr/l00 g) 

Concentration in 
bile (mM) 

PHOSPHOLIPID 

Secretion rate 
(umol/hr/l00 g) 

Concentration in 
bile (mM) 

CHOLESTEROL 

Secx-etion rate 
(umol/hr/100 g) 

Concentration in 
bile (mM) 

72.0±.14.3 

O. 5.±.0.1 

8.2.±.1.3 

0.15±.0.04 

2 • 1.±.0 .6 

184.6±.27.9d ,e 215. 9.±.32.9d ,e 

2.4.±.1.0d ,f 

13.1.±.5.2 24.6.±.7.6 

O. 76±.0.07d , f 1.54.±.0.11 d,f 

4.1.±.0.4 7.1.±.0.5 

0.13.±.0.06 0.15.±.O.05 

0.70.±.O.32 O.70.±.0.23 

a Bile was collected via a fistula in hourly samples during hours 
2-5 of the perfusion. There was not a significant variation in output 
during this time; and the data represent the mean.±. standard deviation. 

b Average of 2 animals. 

c Average of 4 animals. 

d P <0.01 compared to 0 taurocholate. 

eland 5 mM not significantly different and not different than 
drained animals P>0.5 (Tab Ie 19). 

f P <0.01 for 1 mM compared to 5 mN. 

g Not detectable in this sample. 
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In order to demonstrate that enterohepatic circulation of BS also 

occurs in younger animals, l4C-NaTC was fed to 10-day pups by gastric 

tube, as described on pages 98-99. The distribution of radioactivity in 

the GI tract, portal plasma, liver and bile of these pups is summarized 

below, in Table 21. It was necessary to carry out the experiment in 

this manner because attempts to carry out washout studies or intestinal 

perfusions were unsuccessful with these younger pups. These results 

unambiguously demonstrate that enterohepatic BS circulation in vivo 

is established in the suckling rat at least by 10 days of age. 

Table 21. Distribution of Taurocholate Fed to 10-Day-Old Suckling Rats 

Sample 

GI Tract 

Bile 

Portal Blood 

Liver 

% Recovered Radioactivitya 

75.1 ±. 0.9 

23.3 ±. 0.5 

0.9 ±. 0.1 

0.7 ±. 0.6 

a The data represent % recovered radioactivity in each sample 4-5 
hr after feeding the labeled NaTC. The average recovery of administered 
dose was 101.9 + 9.8 % for 3 animals. 

ii.c. Bile Salt and Biliary Phospholipid Compositions in Suckling Rats 

By solvent extraction methods suckling bile and portal plasma 

were found to contain >98% taurine conjugated bile salts and no detect-

able unconjugated species. The mean BS concentration in l4-day portal 

plasma was high (170 ~ 50 uM), compared to values determined in adult 

portal plasma at the same time (female = 30.7 uM and male = 19.4 uM). 
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The results of bile and portal plasma BS compositional analyses 

are presented in Table 22, below. The BS composition of suckling portal 

plasma was not significantly different from that of the suckling bile. 

However, the BS composition of adult bile was clearly different from the 

sucklings. Most noteworthy are the high levels of p-muricholic acid in 

both the suckling bile and portal plasma, which are more than 10-fold 

the level of this constituent in adult bile. It may be of experimental 

significance that the suckling composition rather closely resembles that 

published for adult germ-free rats (Madsen et al. 1976). As described 

initially, our rats are maintained in laminar flow hoods and for this 

reason may in fact be germ-free. The adults used were not produced in 

our breeding colony, but were purchased from DAR for these experiments. 

Table 22. Bile Acid Composition (%) of Suckling Rat Bile and 
Portal Plasma Compared to the Composition in Adult Bile 

------------------------------------------------------------------------
BILE ACID Bilea 

u-Mur icho lic 0.47±.0.27 

Cholic 53.92±.0.89 

Hyocholic 0.41±.0.09 

Deoxycho lic 1. 21±.0 .25 

Chenodeoxycholic 2.08±.0.22 

p-Mur icho lic 40 • 49±.0 .71 

Hyodeoxycho lic 1. 42±.0 .19 

a Pooled samples (n=3). 

b Pooled sample (n=l). 

Portal Plasmab Adult Bile c 

0.60 trace 

56.12 78.88 

0.13 4.97 

0.57 5.06 

0.77 6.87 

39.87 3.07 

1.94 1.15 

c Pooled sample from the 2 adult males used for data in Table 12. 
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The separated biliary PL classes were found to have a PC:PE ratio 

of >5:1, with negligible amounts of other PL. The PE-FA composition was 

found to differ from that of PC, particularly in that PE had relatively 

increased amounts of 14:0, 18:0 and 18:1; and decreased proportions of 

16:0 and 18:2. These FA data are presented in Table 23, on the next 

page, along with the stereospecific PC-FA composition. Because PE are 

the minor bile PL (14:4%) their positional FA analysis was not done. 

These FA compositional data demonstrate that the PC in suckling 

bile are very similar to the biliary PC of adult rats, as reported by 

Kawamoto, Okano and Akino (1980), although PC from sucklings appear to 

contain a greater total proportion of polyunsaturated FA (PUFA, 20:4, 

22:5, and 22:6), 18.4% compared to 10.4% in adult PC. There was not a 

significant difference between these 14-day biliary PC and those from 

pups at 10 or 18 days. The positional distribution of suckling biliary 

PC-FA between ~-1 and ~-2 is also very similar to adults (Kawamoto, 

Okano and Akino 1980), with 90.7% (suckling) compared to 95.3% (adu It) 

of the ~-1 position FA being saturated and 84.6% (suckling) versus 

82.0% (adult) of ,!!l-2 FA having two or more double bonds (Le. PUFA). 

Experiment ii. Conclusions and Perspectives for Experiment iii. 

Results presented above indicate that overall the suckling rat's 

bile secretion and composition closely resemble those of the adult rat. 

A notable exception is the very elevated level of p-muricholate present 

in sucklings, compared to adults. Because pups consume so much dietary 

lipid, compared to adults, experiments in iii. will attempt to study GI 

relationships among these suckling dietary and biliary lipids. 
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Table 23. Fatty Acid Composition of Suckling Biliary Phospholipids 
------------------------------------------------------------------------
Fatty acid Mol %a 

PC PC(sn-1)b PC(sn-2)b PE 
------------------------------------------------------------------------
10:0 0.14 

(0.07) 

12:0 0.11 
(0.03) 

14:0 1.67 2.65 0.54 6.66 
(0.59) (0.28) 

16 :0 42.30 79.40 5.56 36.22 
(0.41) (1.71) 

16: 1 1.08 2.47 0.64 1.10 
(0.07) (0.12) 

18:0 3.32 8.65 0.57 6.88 
(0.15) (0.36) 

18: 1 4.86 2.86 7.19 16.78 
(0.30) (0.73) 

18:~6 27.73 2.89 46.33 9.76 
(0.84) (0.31) 

18:311)3 0.18 0.13 0.13 0.94 
(0.03) (0.67) 

20:0 0.19 0.26 0.69 1.00 
(0.02) (0.22) 

20:4w6 13.53 0.42 28.04 15.80 
(1.09) (0.36) 

22:5c.l3 0.47 0.08 0.33 0.46 
(0.22) (0.21) 

22:611)3 4.42 0.19 9.77 4.42 
(0.46) ( 2.12) 

------------------------------------------------------------------------
a Mean value with standard deviation in parenthesis (); PC = 

phosphatidylcholine and PE • phosphatidylethanolamine. 

b Fatty acids at sn-l or sn-2 position of phosphatidylcho1ine by 
stereospecific analysis, as described on page 99 of the text. 
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iii.a. Distribution of Lipids in the Intestine of the Suckling Rat 

At the time the intestinal contents were collected it had become 

apparent that the physical state of the lumenal mixture was changed as 

it moved distally along the GI tract. The yellow color described in i.a. 

(pages 103-104), is clearly attributable to bile mixing with the still 

opaque, white milk products leaving the stomach. As the lipid mixture 

is progressively hydrolyzed the contents begin to clear and become more 

visibly yellow. Very near the anatomical midpoint between the pylorus 

and cecum the external appearance of the full gut changes quite markedly 

to look more yellow and less white. In order to quantify the associated 

lipid changes, analyses were performed for the contents of different 

sections along the small intestine, as well as the cecum and colon. 

These experiments focused upon pups at 14-15 days, so that results could 

be directly compared to the biliary data (experiments ii., above). 

In these experiments the entire small intestine between the 

pyloric and ileocecal sphincters (35-40 cm), or from the entrance of the 

common duct to the cecum (30-35 cm), was surgically excised and measured 

with a ruler. In some cases the gut was cut at the measured midpoint 

and the segments (upper and lower) were taken for separate analysis. In 

other experiments the entire tract was divided into three equal segments 

(termed upper, middle, and lower) and the contents of each segment were 

analyzed. Contents were removed either by carefully lavaging with 3-5 

ml ice-cold PSS, as described on page 104, or by gently squeezing the 

contents out of the intact segment. Compositional studies routinely 

used exsanguinated, heparinized animals (2.5 DIg wt, i.p.), to prevent 

contamination of the contents by blood. 
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When intestinal contents were obtained by lavage the saline 

suspension was sonicated for 3 minutes at one-fourth maximal output, 

using a Branson Sonifier model W140 (Heat Systems-Ultrasonics Inc., 

Plainview, NY 11803). The GI lipids were extracted from this sonicated 

PSS suspension in 20 volumes chloroform-methanol 2:1 (v/v) as described 

above. For determination of bilirubin a portion of the sample was 

diluted with an equal volume of methanol and centrifuged at 1500 rpm for 

5 minutes to pellet debris. Bilirubin was assayed in the supernatant as 

described on page 99. Other lipid classes were separated and determined 

by the quantitative TLC-GLC method used in all previous experiments. 

For comparative analysis of suckling and adult lumenal BS levels 

small intestine was taken past the entrance of the common duct. In 14-

day pups this segment was 35 cm long, and in adult females and males the 

segments were 65 and 100 cm, respectively. Adults were matched in age 

and weight to those used for the biliary studies, as described in Table 

19. They were fed standard LB diet ad libitum prior to sacrifice 2-3 

hours after the beginning of our colony's light cylcle (see page 53.) 

To avoid BS dilution, as occurs with PSS lavage, intestinal 

contents were removed by gentle squeezing, heated to inactivate lipases 

according to Hofmann and Borgstrom (1964), and homogenized with a thin 

glass rod. When necessary, a minimum volume of PSS was added to prevent 

drying of the suckling samples, which appeared to contain less lumenal 

water than those of adults. Weighed aliquots were extracted with 25 

volumes of chloroform-methanol 2:1 (v/v). Phase separation was induced 

by adding 0.2 volume of PSS to the extract and BS were analyzed in the 

aqueous methanolic phase by the standard enzymatic assay. 
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Because the relative contribution of bile to the lumenal contents 

appeared to be rather unusual in milk-fed pups, the relationship between 

biliary and intestinal BS concentration was compared in 14-day sucklings 

and the 7-week adults described on the previous page. The results are 

presented in Table 24, below, along with the biliary and portal plasma 

data for comparable adults and pups from experiment ii. 

Table 24. Bile Salt Concentration in Intestinal Contents, Bile and 
Portal Plasma of 14-Day-Old Suckling and-7-Week-Old Adult Rats 

Bile Intestinal Contents Portal Plasma 
(umol/ml) (umol/g) (nmol/ml) 

l4-Day Pups 73.5~19.3 49.5~8.7 170~50 

7-Week Adults 
Male 33.5~6.2 5.9~1.2 19.4 

Female 61.3~6.2 10.3 30.7 

These data show that the BS level in suckling intestinal contents 

is indeed several-fold higher than in adults. Male adults used in these 

studies had lower BS concentrations in all samples than did the adult 

females. However, even if pups are compared only to the 7-week females, 

a definite difference remains obvious. Not only do pups have higher 

concentrations of BS in the intestine, their relative dilution from the 

bile is much less than in adults. Whereas the bile:lumenal BS ratio is 

-1.5 in the pups, in the adult female it is nearly 6. The respective BS 

concentrations in portal plasma are more in proportion to the intestinal 

levels than to those in bile when adults and pups are compared. 

Although experiments in ii. definitively demonstrated enterohepa-

tic circulation of BS in suckling pups, it was of interest to determine 
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in which part of the gut the major BS uptake might be occurring. As an 

indirect means of assessing BS absorption, the bilirubin concentration 

was also measured in each sample, as lumenal bilirubin is known not to 

be absorbed (Lester and Schmid 1963). Intestines were excised past the 

common duct, cut into measured thirds, and the contents of each segment 

were removed by gentle squeezing. Data comparing these upper, middle 

and lower intestinal concentrations are presented in Table 25, below. 

Litters were studied at 10 days, as the prior data in ii. had indicated 

BS uptake was active by this age. 

All bile constituents including BS and bilirubin are diluted, 

relatively speaking, by the emptying of gastric contents and pancreatic 

fluid into the upper small intestine; and vice versa. Absorption of 

lipids and other constituents along the middle section then produces a 

relative increase in biliary components (Dietschy 1968). 

Table 25. Concentrations of Bile Salts and Bilirubin in Bile, Contents 
Along the Small Intestine, and Portal Plasma of 10-Day Suckling Rats 

Concentration (umol/g): BILE SALTS BILIRUBIN 

Bile 41.6 ~ 6.1a 0.30 ~ 0.5a 

Intestinal Contentsb 
Upper 18.4!.6.8 0.03 ~ 0.01 

Middle 30.2 !. 7.1 0.07 ~ 0.01 

Lower 19.4 ~ 2.9 1.05 ~ 0.15 

Portal Plasmab 0.32 !. 0.08 < O.Olc 

a Pooled 2-3 hr samples of 2-3 animals; number of samples = 5. 

b Pooled samples of 2-3 animals; number of samples c 3. 

c Less than the lower limit of detection. 
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The more than 3-fold higher concentration of bilirubin in the 

lower intestinal segment compared to bile (1.05 versus 0.30 umol/g) 

would predict that if BS absorption were not occurring, the BS level in 

the lower intestine would be -145 umol/g, as opposed to the observed 

value of 19.4 umol/g. This rough calculation would suggest that >85% of 

biliary BS are reabsorbed, and that a major portion of this uptake must 

occur in the lower third of the small intestine. 

Initial quantitative analysis of contents in the upper and lower 

halves of the small intestine indicated that total acylglycerols were 

approximately 10-fold higher in the upper section, with total PL being 

nearly 7-fold higher in the upper versus lower small intestine. Pooled 

samples were then collected from small intestine (pyloric sphincter to 

cecum), cecum and colon from litters of IS-day pups. None of the milk 

neutral lipids were present in detectable amounts in the contents of the 

colon. The cecum and colon each weighed -40 mg/pup, although the colon 

contained visibly less water and had the appearance of compact suckling 

fecal material. Lipid compositions of these cecum and colon contents 

are compared to the small intestinal composition in Table 26, below. 

Table 26. Lipid Composition of the Contents of the Small Intestine 
Compared to Cecum and Colon Contents of the Same Litter of IS-Day Pups 
------------------------------------------------------------------------

LIPID CLASS (umol/g) 

TG DG MG FFA PL CH CE 

Intestine 15.2 10.1 10.7 30.4 10.1 3.3 0.3 

Cecum 0.9 0.4 0.4 6.4 2.9 1.2 0.2 

Colon 0.9 0.4 0.2 
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Lipid class compositional differences between the small intestine 

and cecum presented on the previous page (Table 26) are noteworthy in 

several respects. The outstanding feature of the cecum is its relative 

enrichment in FFA, which represent more than 3-fold the combined sum of 

the neutral acylglycerols. Among these acylglycerols, TG predominate 

and there are nearly equal amounts of DG and MG. Milk consumed by 

suckling pups has about three-fourths of its total cholesterol (CHOL = 

CH + CE) in the free, unesterified form (CH, Table 6, page 63); and bile 

contributes only CH, without detectable levels of CEo In the small 

intestine, CH exceeds CE by II-fold; but in both the cecum and colon, 

the contribution of CE is greater, although overall CHOL is reduced. 

Although numerous quantitative and methodological details can be 

argued, it nevertheless becomes important to at least estimate the rela

tive contributions of milk and bile to the total lipid contents of the 

suckling pup's GI tract. The biliary data (Table 19, on page 108) are 

sufficiently quantitative for this purpose, assuming bile collected from 

these anesthetized pups reflects in vivo biliary characteristics with an 

acceptable degree of accuracy. As discussed rather extensively in Chap

ter I (pages 9-13), estimating total milk intake at each age represents 

a particular methodological deficiency for suckling rat studies such as 

these in the dissertation. 

It is the author's view that, accepting the existing limitations 

for obtaining accurate data, one can conservatively estimate milk intake 

from the available data of Hahn and Koldovsky (1966, who largely based 

their assessment upon the work of Brody) and Warren and Grigor (1980, 

whose interpretation of the methodology led them to use the method of 



124 

Cowie). Because our typical pup gains 10 g between 10 and 15 days, the 

latter method calculates a 2-fold cumulative milk intake of 20 ml for 

this 5-day period during the latter half of suckling (i.e. 4 ml/day). 

The estimate above assumes an overall feed efficiency of 50%, 

which seems unbelievably high to the author. Hahn and Koldovsky (1966) 

have provided data to suggest sucklings have an efficiency near 60% 

during the first seven postnatal days. In the early suckling period, 

probably well before its 10-day midpoint, the non-thermoregulating, 

inactive, but very rapidly growing pup may well achieve these levels. 

However, a 50% rate of gain seems quite unlikely for the typical pup at 

14-15 days. For simplicity, the 50% efficiency value can be used to 

calculate a minimum intake of 4 ml/day. An upper limit of 12 ml/day per 

day can be calculated from the data of Frost, Clark and Wells (1983), 

who measured the lymphatic TG output in our rats at 14-15 days. Because 

this may overestimate intake, the author has chosen the midpoint value 

of 8 ml/day, as a reasonable estimate of milk intake at 14-15 days, the 

youngest age at which necessary biliary data could be collected. This 

value would assume ~25% energy efficiency in these older suckling pups. 

Table 27, on the next page, presents the calculated total milk 

and biliary lipids entering the GI tract of the typical suckling pup, in 

a theoretical 24-hour period at 14-15 days of age. Conclusions to be 

drawn from these data are the following: milk contributes >99% of total 

esterified FA and >99% of this is in the TG fraction; milk provides -8-

fold the amount of GI total cholesterol that is contributed by biliary 

secretion; and conversely, bile provides about twice the quantity of PL 

that the pup receives in its milk diet. 
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Table 27. Relative Contributions of the Milk Diet and Bile Secretion to 
GI Lumenal Lipids in the Typical 33.3 g Suckling Rat at 14-15 Days 

GI Volume (ml/day)a 

LIPID CLASS (umol/day) 

TG 

TG-FA 

PL 

PL-FA 

CH 

CE 

CE-FA 

EST-FA 

8.0 1.6 

948.8 

2846.4 

8.8 

17.6 

9.6 

3.2 

3.2 

12.8 

2867.2 

n.d. b 

18.9 

37.8 

1.4 

n.d. 

1.4 

37.8 

COMBINED TOTAL MILK ± BILE CONTENTS ENTERING THE GI TRACT (umol/day) 

EST-FA 2905.0 

PL 27.7 

CHOL 14.2 

a The volume estimate for milk is based upon the method of Cowie 
(1969), as described on the previous page of the text and compositional 
data for milk are based upon the mean LB dams' milk (column a.) in Tab Ie 
8 on page 67. Bile flow is calculated from the mean flow rate (197.3 ul 
per hour/100 g rat), as presented along with the compositional data used 
for bile, in Table 19 on page 108. 

b = n.d. sample was below the lower limit of detection. 

c CHOL = total cholesterol (i.e. the sum of CH and CE). 

d EST-FA = total esterified FA in the various lipid classes, 
where TG = 3, PL = 2 and CE = 1 mole EST-FA, respectively, per mole. 
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The data in Table 27 represent daily lipid totals (milk + bile) 

entering the GI tract of the typical 14-l5-day pup. It is perhaps more 

meaningful to estimate the amount of total lipid present along the 

suckling GI tract, under normal steady-state (fed) conditions. These 

calculated data for GI lipids, based upon content weight data from Table 

16 (page 104), are presented below, in Table 28. The data used for 

stomach neutral lipid ~oncentrations are from Table 10 (page 72), as 

determined for 10-day-old litters; however results show these stomach 

lipid levels do not differ between pups at 10 and 14-15 days. Data for 

the sum of cecum plus colon contents are from Table 26, based upon the 

measured average content weights in IS-day pups (page 122). Intestinal 

data are from Table 26 (page 122), with BS values as described below. 

Table 28. Steady-State Content of Lipids in the Stomach, Small Intestine 
and Cecum + Colon of the Typical 33.3 g Suckling Pup at 14-15 Days 

SMALL CECUM + 
Lipid Class (umol) STOMACH INTESTINE COLON 
------------------

TG 62.6 3.2 0.04 

DG 53.4 2.1 0.02 

MG 12.2 2.2 0.02 

PL 1.5 2.1 0.15 

CH 1.4 0.7 0.06 

CE 0.4 <0.1 0.02 

FFA 42.5 6.4 0.26 

BS n.d. a 4.3 0.14 

a n.d. = not determined for this sample. 
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It is important to recognize the small intestinal values in Table 

28 represent the contents of the total tract, from the pyloric sphincter 

to the cecum. The total tract BS concentration (20.6 : 3.4 umol/g) used 

to calculate this value represents the mean of 6 determinations of total 

small intestinal tract contents, obtained as pooled samples from 5-10 

pups, by using the pressure method of removal. This value is less than 

half that presented in Table 24 (page 120), where the concentration was 

determined only for lumenal contents below the bile duct (sphincter of 

Oddi). The distribution of intestinal content weight is reflected in 

these calculations, in that the major portion of total lumenal contents 

occur in the most proximal few cm just past the pyloric sphincter, where 

the post-gastric mixture lacks a significant addition of bile. On the 

other hand, neutral lipids are present at much higher concentrations in 

this proximal region, and the total tract value reflects their relative 

and progressive loss and class redistribution distally. 

The most obvious, overall conclusion permitted from the data in 

Table 28 is that lumenal lipids in the small intestine are, at steady 

state, only a very small percentage of the total amount of lipid present 

in the stomach. This relative distribution of content mass undoubtedly 

reflects the large extent of absorption that occurs along the intestine. 

These data suggest that stomach contents may be ~ather slowly exchanged, 

whereas the intestinal lumen could be completely emptied and refilled 3 

times by emptying the steady-state gastric contents once. However, as 

explained previously (page 103), the stomach of the suckling pup never 

appears to become effectively empty at any time under normal conditions; 

but rather seems to steadily replenish the absorbed intestinal contents. 
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Steady-State Lipid Alterations in the Small Intestine 

The quantitative class (Tables 17, page 105, and 26, page 122) 

and FA compositional analyses (Table 18, page 106) of the suckling rat's 

intestinal lipids, above, can be used to infer certain aspects about the 

intralumenal events in this system. Having established the necessary 

steady-state data from the analytical/anatomical studies (see Table 28, 

page 126), several experiments examined the physical-chemical distribu

tion of suckling GI lipids during their progressive in vivo intestinal 

utilization. These studies were not kinetic in nature; but assumed that 

lipid digestion and absorption are equilibrium processes of the suckling 

p~p's (seemingly always fed-state) small intestine. Analysis of lumenal 

lipid changes along the pup's GI tract can thus provide strongly circum

stantial evidence about specific events that may have occurred there. 

The loss of neutral lipid along the small intestine, apparently 

subsequent to its shift from TG and DG, to MG and FFA, is sufficiently 

good evidence that milk lipolysis continues within the lumen. In fact, 

>90% of the neutral acylglycerol esters (AG's) appear to be hydrolyzed 

within the upper one-half of the gut. Total AG's = -35 umol/g in the 

duodenum and proximal jejunum, as described on pages 118 and 122, but 

decrease to -3 umol/g in the distal jejunum and ileum. Overall, the 

data in Table 28 (page 126), demonstrate that -99% of the absolute AG 

content of the total small intestine has disappeared above the cecum. 

Within the small intestine the FFA level is nearly equivalent to the 

combined AG molar sum, within about 10% experimental variation. Only 

-5% of the absolute intestinal FFA content enters the cecum; and those 

FFA produced by continued distal AG hydrolysis have also been removed. 
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The biliary and combined lipids show distributions along the 

length of the suckling small intestine that are rather different from 

the lipolysis products of milk TG. Data in Table 25 (page 121) reflect 

the very similar BS levels in the upper and lower intestinal regions. 

The plausible explanation for this apparent biliary lipid distribution 

along the gut was presented on page 121. Both milk and bile contribute 

PL and CH to the intestinal lipid mixture. The major portion of lumenal 

PL are biliary; and the total PL concentration decreases from -10 umol/g 

in the upper half of the intestine, to -2 umol/g in the lower half. 

Milk-derived, post-gastric PL are more than 90% PC, with <5% each 

of lyso-PC (LPC) and PE, and minor amounts of other PL. In bile, PC is 

-85% of total PL, with PE representing essentially all the rest (see the 

text on page 116). However, intestinal events produce a steady-state 

lumenal PL population, with an approximate PC:LPC:PE molar ratio of 

7:2:2. These values, in conjunction with the overall loss of >90% of 

intestinal PL by the level of the cecum (Table 28, page 126), indicate 

that PL (largely biliary PC) undergo considerable hydrolysis and uptake 

from the lumen of the suckling rat's small intestine. 

Similar absorption of GI cholesterol appears to occur, with >90% 

removed between the small intestine and cecum. However, because most of 

the suckling pup's CHOL is contributed by milk (see Table 27, page 125), 

and at least half of this appears to be removed proximally, continued CH 

uptake from lower intestinal regions may well reflect biliary flux. The 

proximal intestinal loss of -75% of the milk-derived CE, and subsequent 

removal of most remaining CE distally, are also evident from the steady

state lumenal content analysis (Table 28, page 126). 
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All of the above equilibrium data regarding suckling intestinal 

lipid utilization suggest, not surprisingly, that the overall lipolytic 

and absorptive events resemble those known to occur in adults. However, 

the responsible 1ipases have been only partially characterized during 

the suckling period. As established by the present results in Chapter 2 

and the work of many others, the initial hydrolysis of milk TG, in the 

suckling pup's stomach, clearly can be attributed to lingual lipase. It 

is not known to what extent pregastric lipolytic activity continues in 

the small intestine, although as discussed on page 93, it is quite 

feasible that lingual lipase can progressively hydrolyze AG's within the 

suckling intestinal lumen. In the litters (10-15 days old) studied 

here, lumenal contents had measured pH values of no more than -6.5, even 

distal to the entrance of the common duct. The corresponding pH values 

of aqueous dilutions of stomach contents and bile in these pups were 

found to be 5.0 ~ 0.4 and 8.3 ~ 0.2, respectively. 

A variety of 1ipases are likely to be derived from the pancreas. 

The BSS-NSL discussed on page 94 is c~rtain1y present, as are more than 

adequate levels of lumenal BS to promote this lipase's known activity on 

AG's. It is not unreasonable to suppose both lingual and one or more of 

the pancreatic neutral 1ipases are important for the highly efficient, 

seemingly steady-state intestinal lipid digestion carried out by normal 

suckling pups. Physiologically important phospholipase and cho1esteryl 

esterase activities are also implicated by the steady-state results and 

other details that will be presented later in this Chapter. Further 

experiments were carried out in vitro to examine more physical-chemical 

aspects of the lipids within the suckling pup's intestinal contents. 
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iii.b. In Vitro Studies of Intestinal Lipid Utilization 

The distribution and composition of biliary and exogenous lipids 

within the intestine of the suckling pup reveal an equilibrium situation 

rather unlike that of the normal adult rat. Most outstanding are the 

very much higher total lipid concentrations in the suckling GI tract and 

the relatively greater contribution of bile flow to this mixture. The 

pups' milk diet clearly explains the elevated lumenal level of neutral 

lipid, but interrelationships among post-gastric and biliary lipids, and 

their continuous mixing, lipolysis and uptake, are clearly more complex. 

Preliminary attempts were made to characterize certain aspects about the 

physical state of lipids within the suckling intestine, with regard to 

their elevated concentrations and overall very efficient utilization. 

Physically Separated Intestinal Lipid Phases 

Initially, unaltered lumenal contents from 10 to IS-day-old pups 

were analyzed by the methods previously used to study adult intestinal 

lipid mixtures. Adult (rat and human) lumenal contents had been found 

to consist of a major bulk aqueous dispersion, with an associated, but 

minor, unmixed lipid phase. This type of intestinal analysis was used 

to elucidate the events of "classic" pancreatic lipolysis at the oil

water interface (see pages 2 and 93 for brief reviews). 

Hofmann and Borgstrom (1964) used ultracentrifugation of small 

intestinal (human) lumenal contents and identified two distinctly dif

ferent lipid phases present during digestion. These were termed the 

"oil", a minor (-5%) pool consisting largely of unhydrolyzed TG, and the 

"micellar phase", a bulk aqueous dispersion containing mostly the TG 
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lipolysis products (MG and FFA), solubilized by BS (biliary) micelles. 

Product absorption was thus concluded to occur from the bulk phase. 

Hofmann and Borgstrom's methodological approach was followed for 

phase analysis of pooled intestinal contents from one or more suckling 

litters, as described on page 119. This procedure requires pre-heating 

the contents to 700 C for 10 minutes, to inactivate "classic" lipase, 

before ultracentrifugation. Suckling intestinal contents were spun for 

at least lOB g·minutes, usually for 1B hours at 100 k x g, at 37 0 C, in 

a Beckman model LB-55 preparative ultracentrifuge. The rotor used was 

either a fixed-angle TY-65 or a swinging-bucket SW50.1. In the case of 

the latter rotor, very small sample sizes could be used, by employing a 

teflon adapter and Ultra-clear tube (0.6 ml capacity) assembly (Beckman 

Instruments, Inc., Palo Alto CA 94304). 

When suckling intestinal contents were treated by this Hofmann-

Borgstrom original method, they distinctly separated into upper (deep 

yellow, floating '~il"), and lower (pale yellow, opaque) phases, with a 

fairly large, dark-colored pellet (-1B% of total sample weight). Fluid 

phases were removed and each was subjected to complete lipid analysis, 

by the usual methods. These results are presented in Table 29, below. 

Table 29. Composition of Centrifugally Separated Intestinal Lipid Phases 

Phase Weight l a Lipid Class (umol/Phase) 
TG DG MG FFA PL BS 

OIL 6 B.O 6.4 4.9 32.0 0.5 1.7 

MICELLAR 94 0.7 0.9 10.7 27.4 2.6 3B.4 

a Percent of sample weight excluding the intial pellet weight, 
with lipid class data as the total amount (umol) in each separated phase. 
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The phase distributions of these suckling intestinal lipids are 

different from the (adult) results of Hoffman and Borgstrom (1964). In 

particular, sucklings have substantial FFA and BS components in the oil 

phase. The limitations to accepting, and thus interpreting, these data 

are the possible alterations of in vivo lipid states incurred by this 

method of sample preparation and separation. Especially the heating and 

mixing procedures, although important for inactivation of lipase(s), are 

thought likely to alter the physical state of the lipid mixture within 

the intestinal lumen. At the physiological temperature of the gut, 

lipids are likely to be near certain, very sensitive phase transition 

temperatures. Additional concerns about the validity of this method are 

related to the substantial amount of lipid associated with the pellet 

after centrifugation; and the fact that although "classic" pancreatic 

lipase is inactivated by the heating step, this is in no way the most 

important lipase within the suckling rat's intestinal lumen. 

A subsequent collection of lumenal contents was carried out by 

pooling samples from 4 litters of 1S-day-old pups. These samples were 

neither heated nor stirred, but were collected (by gentle pressure) into 

370 C screw-capped (type 6S) centrifuge tubes, and maintained at that 

temperature throughout the collection (-4 hours altogether, during which 

time other, non-GI samples were also obtained). After the specified 

(108 g·minutes) ultracentrifugation, the appearance of these intestinal 

samples was quite unlike those described above. In this case the lipids 

showed no phase boundary separation; the intestinal contents had formed 

only a relatively clear, yellow supernatant and a small, dark pellet. 

Compositional analysis revealed in vitro lumeanl digestion had occurred. 
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As cleanly as possible, the fluid phase was withdrawn for lipid 

analysis. The pellet was found to have only minor amounts of associated 

lipids; and analysis of the supernatant gave unambiguous results. Un-

controlled lipolysis had indeed occurred when no attempt was made to 

inhibit lumenal enzymes during this nearly 24-hour sample incubation. 

The quantitative lipid class data obtained from this experiment are 

presented in Table 30, below. Approaches used in all subsequent studies 

were based upon these results, as they clearly demonstrated that inhibi-

tion of associated lumenal lipases was necessary to preserve the in vivo 

lipid compositional state within the suckling small intestine. 

Table 30. Lipid Class Concentrations (umol/g) in the Intestinal Lumenal 
Fluid Phase Centrifugally Separated Without Inhibition of Lipases 

0.6 

DG 

0.3 0.7 65.9 

PC 

2.1 

LPC 

3.7 0.7 

CH 

0.8 

CE 

1.3 

These results indicate high levels of neutral lipase activity 

were present during this 24-hour sample preparation and centrifugation 

at 370 C. Under these in vitro conditions, AG's were almost completely 

eliminated; and lipolysis products (MG and FFA) accumulated far beyond 

physiological levels found within the gut. Additionally, production of 

this large amount of LPC (nearly 2-fold PC), not seen in vivo, further 

supports the notion that phospholipase activity is important within the 

suckling intestinal contents. Analysis of recovered LPC in this in 

vitro experiment showed its FA composition very closely resembled the 

~-1 position FA of bile PC (see Table 23, page 117). These data rather 

strongly suggest that the ~-2 PC-FA, which are largely PUFA, can be 
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effectively released within the suckling pup's intestinal contents, 

thus producing very surface-active LPC. The in vivo equi1ibirum of this 

reaction appears to limit LPC to -30% of PC (see Table 29, page 132). 

Additional results obtained by this type of centrifugation study 

deserve a brief summary at this point. It was determined that addition 

of 1-2 uM E600, shown to inhibit lingual lipase (on page 82) and BSS-NSL 

(DiRenzo and Wells, unpublished results), effectively prevented further 

AG lipolysis during the collection and separation of lumenal contents; 

but it did not prevent the shift of PC to LPC. Rather direct evidence 

for ~-2 phospholipase (PLA2) activity was then obtained. Increased LPC 

and free PUFA enrichment were largely (>90%) prevented by addition of 60 

uM 1-bromooctan-2-one (BO) to the intestinal contents during their 

collection. This compound is known to inhibit the pancreatic PLA2 of 

adult rats and other species (Verheig et a1. 1980), and apparently 

exhibits this same effect upon the responsible phospholipase in the 

suckling rat's GI tract. 

Conclusions About In Vitro Intestinal Lipid Phases 

Thereby, with addition of these appropriate inhibitors (E600, BO, 

and DFP) against in vitro hydrolysis of intestinal lipids (AG and PL) 

and proteins, respectively, the original (Hofmann and Borgstrom) centri

fugation experiment was repeated twice, without heat inactivation. The 

results were essentially like those of the initial experiment (see Table 

29 and the text on page 132); and again revealed relative FFA and BS 

enrichment of the suckling "oil" phase, in contrast to the published 

results of adult intestinal phase studies (Hofmann and Borgstrom 1964). 
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These above suckling intestinal results, in fact, may resemble 

those of Patton et al. (1982), obtained from microscopic studies of in 

vitro lingual lipase action upon artificial TG emulsions (see page 93). 

There, as well, the FFA lipolysis products largely remained associated 

with unhydrolyzed TG (oil) droplets. Overall, in the present studies, 

about half of total lumenal FFA appear to become centrifugally &eparated 

with the unhydrolyzed AG oil, although this phase represents only 5-10% 

of total intestinal content weight. The absolute BS concentration of 

this "oil" is roughly two-thirds that of the aqueous subphase, although 

on a weight basis, the oil contains only about 5% of the total BS pool 

in lumenal contents. 

A simple explanation for these observed results (Table 29, page 

132, text on page 135, and Patton et al. 1982) is offered by the known 

physical-chemical properties of FFA released within the suckling rat's 

GI tract (Carey et al. 1983; also see pages 93 and 130, above). Within 

the stomach contents, most FFA normally produced from rat's milk TG are 

relatively water-soluble MCFA; and these appear to be largely absorbed 

by the level of the proximal small intestine. As shown by the composi

tion of gastric and intestinal FFA (Tables 12, page 75 and 18, page 106, 

respectively), the concentration of released (not yet absorbed) MCFA is 

decreased from the stomach level of -75 mol%, to <20 mol% in intestinal 

contents. Consequently, LCFA show the inverse relationship, with a rel

ative increase distally along the gut. 

The steady-state stomach unesterified LCFA pool is -10 umol, in 

the typical I5-day-old pup (based upon calculated data in Table 28, page 

126); and at the gastric pH of -5, these LCFA would indeed exist almost 
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entirely in their fully protonated, liquid-oil state. The total amount 

of LCFA in intestinal contents is -4 umol; but they account for at least 

80% of total FFA, and would remain largely as liquid oils at the in vivo 

temperature and slightly acidic pH «6.5) of suckling lumenal contents. 

Thus, physical equilibrium produced by high gravitational fo~ce 

centrifugation, of chemically intact suckling intestinal contents, may 

not be entirely artifactual. The presence of lipids, protein, and DNA 

in the pelleted material may reflect contamination by cell fragments due 

to the squeezing technique used for collection. On the other hand, 

these could be particles of clotted milk and/or sloughed cells, which 

could well be normal components present in suckling lumenal contents. 

The behavior of the aqueous subphase, rich in BS. AG lipolysis 

products, and soluble proteins, shows precipitation of the latter when 

organic solvents are added; but this phase also becomes visibly more 

turbid upon dilution with PSS and/or cooling. The small floating lipid 

phase becomes quite opaque and waxy upon cooling and/or relative surface 

dehydration. Thus, the susceptibility of intestinal lipids to physical 

alterations, even when their chemical integrity is preserved, remains a 

rather serious consideration throughout the collection and handling of 

the very small samples of suckling intestinal contents (see page 119). 

Under conditions where samples are allowed to cool to 25-27 0 C during 

centrifugation (for as little as one hour), the upper lipid layer can 

become as much as 20-25% of total sample weight, and will contain more 

than two-thirds of the total lipid content of the sample. 

Therefore, even under the most carefully controlled conditions of 

temperature and hydration, it would seem that limited confidence can be 
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placed in the absolute compositional data for these separated lipid 

phases. Very limited sample sizes «< 1 ml) can be obtained from the 

pooled intestinal contents of 2-3 suckling litters, and the minimum time 

required for collection (nearly 1 hour for -20 pups) becomes a serious 

consideration in preserving the physiological state of the lipids prior 

to centrifugation (at 370 C, in closed tubes). The very small sizes of 

separated phases, and the narrow (5 mm i.d.) centrifuge tubes containing 

them, pose a difficult task fo·r reliable, quantitative recovery. 

Simply stated, these in vitro phases analyses are probably quan

titatively correct; but difficulties inherent with these methodological 

procedures, as pointed out above and by others (Carey et ale 1983), give 

the author limited confidence about how truly meaningful their results 

may be. It is not difficult to accept that an oil phase of unhydrolyzed 

AG and unionized FFA products probably does occur within the suckling 

small intestine. Likewise, a "subphase" containing most of the BS and 

TG lipolysis products seems to occur; but the physical nature of this 

mixture remains to be determined. Interpretation of these suckling gut 

results, compared to adult intestinal phase data (Hofmann and Borgstrom 

1964), does not really provide much information about these (presumably) 

interdependent events of lipid solubilization, hydrolysis and uptake. 

Realistically, the components mixed within the lumen of the pup's 

proximal small intestine appear much like white (gastric) milk particles 

dispersed within the clear, yellow fluid (bile plus pancreatic juice) 

entering through the common duct. This fluid, albeit more than 80% 

water, contains both lipids and proteins, at -5% each, by weight. Impor

tant among the proteins are pancreatic enzymes, including lipases (e.g. 
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BSS-NSL, PLA2, CE'ase) and proteases. As the gastric milk clot becomes 

dispersed and solubilized, by mixing with surface-active biliary consti

tuents and digestion by the associated enzymes, absorption occurs. 

The present studies have focused upon lipid solubilization and 

digestion, and thus can provide essentially no new information about the 

poorly understood absorptive mechanisms in this suckling animal model, 

or any other system (Carey et ale 1983). Overall, nearly all of the 

lipid entering the suckling pup's GI tract becomes absorbed, by some 

mechansim(s), rather than being excreted in the feces. The small intes

tine clearly secretes large amounts of TG-rich lipoproteins into the 

lymphatics, from the serosal side of mucosal enterocytes. Data from 

this laboratory (Frost, Clark and Wells 1983) indicate that -770 umol of 

TG are secreted (per day) into the intestinal lymph by the typical 15-

day-old suckling rat. Steady-state data from the present investigations 

reveal lumenal and mucosal neutral lipid compositions (Table 18, page 

108) that are entirely consistent with, but not necessarily any evidence 

for, the type of mucosal TG re-esterification (from MG and FFA) known to 

occur in the small intestine of adults (rats and humans). 

Because the lumenal contents are obviously a very complex mixture 

of both lipid and non-lipid constituents, the study of their physical 

properties becomes very complicated. Therefore, at this point in the 

research, it seemed more worthwhile to undertake some preliminary lipid 

solubilization studies in vitro. By using certain selected model lipid 

systems, it was hoped that further insights might be gained about the 

physical-chemical nature of the physiological lipid mixture within the 

intestinal tract of the suckling rat. 
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In Vitro Parameters of Intestinal Lipid Solubilization 

Because the major function of bile is to effectively solubilize 

dietary lipids for intestinal utilization, it appeared efficacious to 

approach these questions in vitro by first examining the particularly 

unique apects of dietary/biliary lipids solubilized within the lumen of 

the suckling intestine. Certainly just by examination of the composi

tional data (Table 19, page 108) it is evident that suckling and adult 

rat bile are not entirely the same. Suckling bile has a higher total 

lipid content (4.9% wt/vol) than does adult bile (3.8%). Comparison of 

the molar BS:PL:CH ratio in each, using the CH value as unity, shows 

these respective values in pups, 85.5:13.7:1 and adults, 90.1:9.6:1. 

These proportions reveal that pups, compared to adults, have a lower 

relative BS:CH ratio, but a relatively much higher PL:CH. Thus suckling 

bile, with a higher absolute concentration of all three lipids, contains 

more PL and CH, per BS monomer, than does the bile of the adult rat. 

Furthermore, as was demonstrated by the data in Table 22 (page 

115), the composition of individual bile acids in pups differs consider

ably from that of adults; most significantly being very enriched in the 

tauro-p-muricholate (T-p-MC) constituent (-40%, compared to -3% in adult 

bile). In an attempt to examine solubilization of suckling lumenal 

lipids, a series of preliminary in vitro measurements were made for 

certain physico-chemical characteristics and model lipid properties of 

the previously unstudied p-MC. This structure, and that of cholate, 

are compared in Figure 4, on the next page. Cholate accounts for 54 and 

79 mol% of total BS in suckling and adult bile, respectively. Thus in 

pups, P-MC appears to replace cholate in bile (see Table 22, page 115). 
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Figure 4. Structural Representations of the Major Suckling Bile Acids. 

Planar molecular representations of the two major bile acids: 
~-muricholic acid (top, 3a,6~,7~-trihydroxy-5-~-cholanic acid) and 
cholic acid (bottom, 3a,7a,l2a-trihydroxy-5-~-cholanic acid). A dashed 
line represents the hydroxyl function in an a configuration to the plane 
of the ring in the 5-~-cholanic acid precursor molecule; and a solid 
line represents the ~ hydroxyl configuration. 
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Although P-MC is normally a minor bile acid in the adult rat, it 

was demonstrated a number of years ago (Greim et al. 1972) that after 

experimental ligation of the bile duct, hepatic P-MC levels rise more 

than IS-fold, whereas total liver bile acids increase only -3-4-fold. 

This change involves the epimerization of chenodeoxycholate (CDC) at the 

7-position carbon and its p-hydroxylation at position 6, to form the 

much more polar and consequently less membranolytic p-MC. More recently 

Yousef and Tuchweber (1982) have demonstrated that the l4-day suckling 

rat has total hepatic bile acid levels that are more than 7-fold that of 

maternal (adult) liver concentrations (mean value = 735.6 ug/g liver in 

pups, compared to 97.1 in the dam). The reason for these elevated P-MC 

concentrations in liver and bile of the suckling rat pup is not under

stood; but this constituent is likely to have a role in the solubiliza

tion of biliary lipids (i.e. CH and PL) that occurs in liver, as well as 

for the milk lipids that mix with bile in the intestinal lumen. 

Critical micellar concentration (cmc) values were determined for 

P-MC and a variety of other previously published taurine-conjugated BS 

by dye titration with Rhodamine 6G, as this method requires only a small 

amount of the bile salt. As shown by the data in Table 31, on the next 

page, the cmc value obtained for P-MC, 0.6 mM, 1S considerably lower 

than those measured for several other bile salts, for which agreement 

with published values of others was confirmed. The resulting cmc for an 

equimolar mixture of taurocholate TC and P-MC was 1.5 mM, reflecting the 

intermediate effects of a dissimilar BS mixture (Carey and Small 1969). 

The monomeric hydrophilicity of P-MC was estimated by its relative 

retention factor (k'), as measured on reverse-phase high performance 
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liquid chromatography (HPLC). The HPLC results for P-MC and several 

other bile aalts are presented in Table 31, below. These data show that 

P-MC has the lowest k' value (i.e. greatest monomeric hydrophilicity) 

that has yet been determined for a taurine-conjugated bile salt. The 

HPLC results indicate that the P-MC monomer is extremely hydrophilic; 

but at the same time, based upon the very low cmc value, these monomers 

appear to exhibit a high degree of interaction with one another that is 

presumably hydrophobic in nature. 

Table 31. Critical Micellar Concentration (cmc) Values and HPLC Relative 
Retention Factors (k') for Sodium Tauro-p-Muricholate and 

Several Other Taurine-Conjugated Sodium Bile Salts 

CMC (mM)a Taurine-Conjugated 
Bile Salt Present Literature 

p-Muricholate 

Chenodeoxycholate 

Ursodeoxycholate 

Cholate 

Deoxycholate 

p-Muricholate/ 
Cholate Equimolar Mixture 

Deoxycholate/Cholate 
Equimolar Mixture 

0.6 

1.6 1.8c 

1.7 1.6c 

3.5 4.0d 

1.3 1.2d 

1.5 

1.3d 

HPLC Retention Factorb 

.ua. 
0.38 

1.92 

0.62 

1.24 

2.14 

a Dye titrations were performed with 2.5 x 10-6 M Rhodamine 6G in 
0.15 M NaCl at 370 C., as described on page 100 of the text. 

b HPLC was performed in 60% CH30H-40% 5 mM KH2P04/H3P04 pH 5.0, 
as described on page 100 of the text. The k' value was calculated as: 
(BS retention time - solvent retention time)/BS retention time, minutes. 

c Carey et al. 1981. Conditions were 0.15 M NaCl, 23 0 C. 

d Carey and Small 1969. Conditions were 0.15 M NaC!, 400 C. 
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For preliminary study of the cholesterol-solubilizing capacity of 

~-MC, equilibrium solubilization studies were carried out with 3H-chole-

sterol monohydrate (ChM) using 25% incremental fractions between 100% TC 

and 100% ~-MC. In all cases the conditions were 75 mM total bile salt, 

0.15 M NaCl and 370 C. The amount of ChM solubilized by each mixture 

was determined by liquid scintillation counting of the soluble phase 

(micllar) after filtration through 0.22 um Millipore filters. The 

results are presented in Tabl& 32, below, and reveal that as the propor-

tion of ~-MC was increased relative to TC, a decreasing amount of ChM 

was solubilized. This solubilization value is expressed as the mole 

fraction of ChM measured in the soluble phase, (XChM). 

Table 32. Cholesterol Monohydrate (ChM) Solubilization by Mixtures of 
Tauro-p-Muricholate and Taurocholate 

Initial Mixture: 75 mM Bile Salt and 25 mM Cholesterol Monohydrate 

Com~osition !chM 
100% Taurocholate 0.0210 (0.018, 0.016, 0.027a ) 

75% Taurocholate 
25% ~-Muricholate 0.0174 

50% Taurocholate 
50% p-Muricholate 0.0147 

25% Taurocholate 
75% ~-Muricholate 0.0099 

100% ~-Muricholate 0.0076 

aArmstrong, M.J. and M.C. Carey. 1982. J. Lipid Res. 23: 70-80. 
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It is interesting that the XChM measured in the 25% TC/75% ~-MC 

mixture (Table 32, on the previous page) is nearly the exact value found 

in the in vivo secreted bile of the l4-day-old pup (0.0098, calculated 

from the data in Table 19, page 108), although the in vivo biliary 

composition is -54% TC/40% ~-MC (Table 22, page 115). 

Armstrong and Carey (1982) have recently examined the relation

ship between the BS cholesterol-solubilizing capacity and its monomeric 

hydrophilicity as, estimated from the HPLC k' factor. Present results 

with the previously unstudied ~-MC do support the predictability of 

cholesterol-solubilizing capacity from relative HPLC hydrophilicity, but 

only qualitatively. Based upon the regression analysis of Armstrong and 

Carey (1982), and the HPLC (k') value obtained here, one would predict 

the XChM solubilized by (100%) ~-MC to be only 0.0008-0.0011. The value 

observed (XChM = 0.0076) was thus several-fold higher than predicted. 

For further examination of ~-MC's ability to solubilize lipids, 

we selected ternary mixtures of the lipids that are physiologically of 

importance in bile (i.e. BS, PC and CH). The following results were 

obtained from these preliminary studies, using the initial mixtures, as 

presented in Table 33, on the next page. Mixture I: total lipid concen

tration was 10 g% and equimolar amounts (75 mM) of ~-MC and PC were used 

to measure the molar micellar phase limit of this BS for PC. The value 

obtained (pc/Bs) was 0.6, compared to a value of 1.6 for PC/TC, obtained 

under these same experimental conditions by Mazer, Benedek and Carey 

(1982). Mixture II: total lipid concentration was 5 g%, with total BS 

and PC at levels equal to those normally present in suckling bile (ratio 

BS:PC = 6.3). The results obtained with this mixture, compared to that 
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containing only ~-MC and ChM in Table 32 (page 144) indicate the 

following. Although ~-MC has only about one-third the capacity to 

solubilize ChM as does pure TC, addition of PC caused about a 3-f01d 

increase in ChM solubilization. This is similar to the effect of added 

PC upon solutions of TC and other bile salts that have been studied. On 

the other hand, the micellar phase limit of P-MC for PC is only -35% 

that of TC (see results in the text, on the previous page). Thus the 

~-MC solutions are not only less able to solubilize ChM, but also less 

able to solubilize PC, compared to equivalent solutions of TC. It must 

be noted that neither of the mixtures below formed a clear solubilized 

phase, but instead both were quite turbid and required a considerable 

amount of pressure to effect their passage through the filter. 

Table 33. In Vitro Lipid Solubilization by Tauro-p-Muricholate 

Mole Fraction in Soluble Phase 

INITIAL MIXTURE 

I. 75 mM Phosphatidylcholine (PC) 
75 mM ~-Muricholate (BS) 

BS 

0.6316 

II. 75 mM p-Muricholate (BS) 0.8437 
25 mM Cholesterol Monohydrate (ChM) 
12 mM Phosphatidylcholine (PC) 

PC 

0.3684 

0.1327 0.0236 

As demonstrated by Armstrong and Carey (1982), and qualitatively 

supported by the present results, BS cholesterol-solubilizing capacity 

does show an inverse relationship with hydrophilicity, as measured by 

reverse-phase HPLC retention time. On this basis p-muricholate has a 

much greater cholesterol-solubilizing capacity than would be predicted. 

The basis for Armstrong and Carey's (1982) model appears to reside with 
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the biplanar structure of bile acids, which imparts a functional hydro

phobic (convex) and hydrophilic (concave) sidedness to these molecules. 

Their results suggested that BS cholesterol-solubilizing capacity is 

largely determined by the BS hydrophilic molecular surface (i.e. that 

containing the polar -OH substituents). Although these -OH orientations 

are not adequately reflected by planar structural representations, as in 

Figure 4 (page 141), we have constructed space-filling molecular models 

(not shown) to properly evaluate the structural features of p-MC. 

These models reveal that, unlike other BS studied to date, P-MC 

has two of its hydroxyl functions (the 6-p and 7-p) located on what has 

been identified as the typically "hydrophobic" side of the molecule 

(those on the lower side of the planar molecule depicted in Figure 4). 

Thus in this particular case, a truly hydrophobic molecular surface does 

not exist. This extreme structural alteration may explain the rather 

contrasting physical characteristics (very low cmc, but apparently very 

extreme HPLC hydrophilcity), and the poor predictability of cholesterol 

solubilization determined in these preliminary studies. 

Conclusions and In Vivo Considerations. The unusual in vitro proper

ties of P-MC, and its very unique molecular structure, clearly indicate 

that this very interesting BS and deserves further study. At this 

point, one can only speculate about its physiological role in lipid 

utilization by the suckling rat. Within the suckling liver, where BS 

levels are very high, P-MC may in fact serve a hydrophilic, protective 

role (see page 140). From a different perspective, this characteristic 

may serve to maintain low biliary CH output, since the suckling milk 

diet is providing large amounts of exogenous CH during this period. 
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The particular function of ~-MC within the intestinal lumen, if 

indeed there is one (or more), clearly is not an increased capacity to 

solubilize lipids within a true micellar phase. On the other hand, as 

Carey et ale (1983), and very likely the suckling in vivo intestinal 

lipid data (above) have suggested, the major phase present within the 

lumen may not really be "micellar", but rather a mixture of coexisting 

micelles and liquid crystalline vesicles. Subsequent investigations may 

elucidate a particular involvement of ~-MC in this type of system. 

iii.c. In Vivo Manipulations of Biliary Lipids 

Having established a difference between suckling and adult rat 

biliary lipid composition, some additional animal studies were carried 

out to investigate possible relationships between dietary and biliary 

lipid constituents in developing rats. In essence, these experiments 

were designed to determine if the high level of dietary TG consumed by 

pups might directly influence the lipid composition of their bile. By 

using the 20% corn oil HF diet (described previously in Chapter 2) pups 

could be continued on a high-fat intake throughout the weanling period, 

rather than making the normal dietary transition to low-fat, high-CHO. 

In the first set of experiments 2 litters each of IS-day pups, 

with their dams, were either changed to the HF, or maintained on the LB 

(colony control) diet until the pups were 21 days old. At that time the 

pups were sacrificed for collection of bile and plasma, as described 

previously. The typical effect of the HF diet upon suckling pups (to be 

presented in detail in the next Chapter) is a substantial (-30 mol%) 

increase in the 18:1 + 18:2 content of their plasma TG-FA. After 6 days 
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on HF, these (now at weaning-age) pups clearly demonstrated this usual 

TG-FA alteration in response to the diet. On the contrary, the PC-FA of 

their bile revealed only a minor «5 mol%) change. Thus in this regard, 

these suckling rats, like adults, showed a relative resistance of bile 

PC to the effects of dietary FA compositional alterations. 

The class compositional analyses of bile from these control and 

HF pups are presented below, in Table 34. These results demonstrate the 

slightly decreased CH and BS, and rather significantly (-30%, P < 0.05) 

increased bile PL levels in the HF litters. The significance of these 

results, particularly in view of the largely unaltered PC-FA, would seem 

to deserve further study. It is not unreasonable to suppose that the 

biliary PL level is affected by the level of dietary TG. since these PL 

in adults have been shown to play an important facilitative role in the 

secretion of TG-rich lipoproteins from the intestine (Tso et al. 1981). 

Table 34. Comparison of Biliary Lipid Concentrations (umol/ml) in Pups 
Receiving Either the Control or High-Fat Diet During the Weanling Period 

Control (n=2) 

High-Fat (n=2) 

Bile Salts 

50.7 ~ 3.9 

43.6 ~ 2.4 

Phospholipids 

7.6 ~ 2.8 

10.0 : 2.1 

Cholesterol 

3.0 ~ 0.2 

2.4 : 0.1 

Following the above experiment, some additional sets of litters 

were used to investigate biliary BS composition for possible effects of 

age, diet (HF or LB control), and the combined effects of weaning-age 

and diet. These results, shown in Table 35, on the next page, show no 

experimental effects of diet or weaning-age, beyond the seemingly 

'~ormal" decrease in P-MC with age. 
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Table 35. Composition of Bile Acids in Pups Weaned at Different Ages to 
Either the Control (LB) or High-Fat (HF) Diet 

Experimental Treatmenta Bile Acid Content (mol%) 
Age Cholic P-Muricholic Chenodeoxycholic 

With Dam + LB to 31 Days 
5 59.5 31.7 7.4 

10 60.0 34.4 4.9 
15 58.5 33.2 4.4 
21 80.6 10.6 5.9 
31 78.6 4.9 4.9 

Weaned to LB at 15 Days 
21 79.6 11.1 5.0 
31 81.2 3.5 6.1 

Weaned to LB at 21 Days 
31 82.1 4.7 5.5 

Weaned to HF at 15 Days 
21 78.3 9.2 6.2 
31 81.2 4.0 4.8 

Weaned to HF at 21 Days 
31 79.3 3.3 5.3 

a The LB diet was fed to all litters prior to their particular 
age of weaning. Bile acid composition was determined by GLC, as 
described on pages 99 and 100 of the text. 

The above data (Table 35) quite clearly demonstrate that neither 

the fat content of the diet, nor the age of weaning, exhibits an effect 

upon the bile acid composition of the developing rat. Instead, these 

results would support the idea that bile acid composition is a rather 

closely programmed developmental-age characteristic in the rat. 

Conclusions. Taken as a whole, results in this Chapter indicate that 

dietary lipid utilization by suckling rats does not differ qualitatively 

from adults; but pups digest and absorb much greater amounts of lipid. 
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Summary 

The large amount of milk TG digested, absorbed and transported 

from the suckling rat's GI tract, in conjunction with high levels of 

biliary lipids that participate in these lumenal events, demonstrate the 

usefulness of this animal model for studies of lipid utilization at the 

gut-level. The major qualitative distinction of this neonatal sytem, 

compared to adults, appears to be its high, seemingly steady-state level 

of GI activity. At least during the light cycle in our colony (12 hours, 

as described on page 53), the pup's stomach and small intestine reflect 

an apparent fed-state equilibrium, with a characteristic lipid content 

and composition (see Table 17 on page 105 and Table 26 on page 122). 

A relatively slow rate of gastric emptying (>2 hours away from 

the dam, see page 103), is suggested by the disproportionately small 

amount of steady-state material within the lumen of the small intestine 

(within 30 minutes away from the dam, see Table 16 on page 104). High 

concentrations of biliary lipids, which are unlike those of the adult, 

are present within the lumenal contents (see Table 19 on page 108, Table 

22 on page 115 and Table 24 on page 120). These in vivo equilibrium 

compositional data, combined with the fluid (fiber-free) consistency of 

milk, suggest the type of physical differences observed between the 

intestinal contents of suckling and adult rats. In this regard, species 

differences (e.g. rat versus human) are largely overshadowed by the true 

physical-chemical nature of the suckling milk diet. Frequent feeding of 

this high-fat, presumably ideal diet is a developmental, nearly species

specific requirement of the newborn. 



The normal suckling rat, albeit an immature neonate, has high 

levels of bile acids which, at least by postnatal day 10, undergo an 

active enterohepatic circulation (see Tables 20 and 21, on pages 113 
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and 114). These biliary components of intestinal lipid utilization may 

be underdeveloped in human newborns, particularly those born preterm, 

and this may account for their rather poor net lipid absorption (as low 

as 70%, Hamosh 1979). Overall, suckling rats appear to absorb more than 

95% of their total milk TG-FA along the gut (see Table 28 on page 126). 

In common, suckling rats and infants share both a relative lack 

of "classic" pancreatic lipase, and the presence of a seemingly very 

important lingual lipase. Human milk contains a bile salt-stimulated 

lipase that closely resembles the BSS-NSL of (suckling rat) pancreas 

(Blackberg et ale 1981). These two, and possibly other lipases in the 

intestinal lumen (see pages 130 and 134-135) appear to effect intestinal 

lipid utilization through hydrolysis of >95% of the lipid consumed by 

the suckling rat. Present data (primarily Table 28 on page 126), show 

indirect support that lumenal lipolysis product uptake (MG and FFA) and 

subsequent mucosal re-esterification occur in sucklings, largely as they 

appear to in adults. Ferlatte and Zeman (1977) have presented light 

and electron microscopic evidence for passive mucosal uptake of MG and 

FFA lipolysis products, by demonstrating the absence of any pinoctic 

lipid (e.g. intact TG) uptake in the small intestine of newborn pups. 

The significant (-40 mol%) hydrolysis of milk TG within the pup's 

stomach contents would seem to playa significant role in the high net 

TG uptake in this system; and may reflect the apparent preference of 

lingual lipase for the milk fat globule substrate (see page 49). The 



suckling stomach has a seemingly slow emptying rate and a slightly 

acidic pH, both of which may facilitate milk TG hydrolysis, since rat 

and other lingual lipases show low rates of activity (compared to the 

"classic" and other lipases), even under such optimum conditions. 
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Thus, after a rather extended incubation in the stomach, nearly 

half the neutral lipid enters the proximal intestine as partial glycer

ide (DG/MG > 4); and much of the free MCFA produced in the stomach 

appears to be absorbed as such, there or in the upper duodenum, for 

portal venous transport to the liver. Although LCFA can also be effec

tively oxidized in the liver, in vivo and in vitro data support the 

preference of MCFA as substrates for hepatic ketogenesis in the suckling 

rat (Frost and Wells 1981). Data presented by Aw and Grigor (1980) 

indicate that MCFA uptake from the pup's upper GI tract occurs within a 

few minutes; and nearly one-third of total milk TG-FA are normally MCFA 

(see Table lIon page 73). Continued hydrolysis of TG and DG within the 

intestinal lumen favors further production of MG and FFA (see Table 26, 

page 122), but the latter are mostly (-80%) LCFA ( Table 18, page 106). 

The physical-chemical properties of these free lumenal LCFA, at 

pH -6.5 and under other existing conditions in the suckling gut, results 

in solubilization of about half of them within the remaining substrate 

lipids (TG and certainly DG, see Table 29 on page 132). The other half 

of the FFA appear to exist within another more aqueous, but ill-defined, 

lumenal phase. The partitioning of lingual and/or other lipases within 

this lumenal mixture could occur in various ways, as suggested by others 

(Patton et al. 1982 and Carey et al. 1983, see page 93). 
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The daily TG output in intestinal lymph is more than enough to 

account for all the milk LCFA ingested by the suckling rat at 14-15 days 

(Frost et ale 1983). The concentration of lymphatic TG (-130 mM) are 

approaching the TG levels of milk; and total intestinal lymphatic output 

is approximately 3 ml per day, in the typical rat pup used for calcula

tions above (see Tables 27 and 28 on pages 125 and 126). It may be of 

physiologic relevance that the lymph volume and TG content secreted from 

the small intestine (via cannula) remained constant for -2 hours, when 

(fed) pups were used for the collection, within 30 minutes of removal 

from the dam. These results suggest steady-state turnover of lipids in 

the intestinal lumen and mucosa might require about that length of time. 

The intestinal lymphatic output is also rich in PL, -10 umol/ml 

(Fernando-W. et ale 1981), very similar to the level in the upper small 

intestine (see page 129); and nearly 10-fold the PL concentration in 

milk (Table 6, page 63). We have previously estimated at least 80% of 

the daily PL transported from the suckling rat's intestine have been 

derived from the bile (Staggers et ale 1982); and the estimate from data 

in Table 27 (page 125) would be -70%. Within the lumen, PC and also the 

minor PE, appear to undergo limited hydrolysis, judging from respective 

steady-state amounts of lyso-PL products (see page 129). Boucrot (1972) 

has suggested that biliary PL are relatively resistant to lumenal hydro

lysis; and certain present results may support this idea. Whereas in 

vitro incubation of lumenal contents for -22 hours at 370 C preserved 

<5% of AG esters, the PC/LPC ratio remained >2/3 ( Table 30, page 134). 

However, suckling intestinal lymphatic PL transport (as much as 

30 umol/day, Frost et ale 1983) must represent the major fate of lumenal 
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PL, since the total intestinal input of PL was estimated at only -28 

umol/day (Table 27, page 125). Results of others (Reisser and Boucrot 

1978, Tso et al. 1981) have demonstrated that increased lumenal TG input 

results in a greater lymphatic PL transport in adult rats. In addition, 

other normal aspects of the suckling small intestine are observed when 

adult rats are adapted to high-fat diets. Mucosal uptake, re-esterifi

cation of MG and FFA, and lymphatic transport are increased; and the 

overall efficiency of TG utilization, particularly in the distal gut, 

becomes significantly greater (Singh, Balint and Rodgers 1972). 

The overall biliary response to the SUCkling milk diet, compared 

to adult bile, appears to be an increased lipid content, particularly of 

the PL (see Table 19 on page 108). The unusual, seemingly age-dependent 

bile acid composition of pups (higher ~-MC/TC ratio than adults, see 

Table 22 on page 115) showed no change with early weaning or a high-fat 

diet (Table 35 on page 150). Weanlings receiving large amounts of LCFA 

from the HF diet showed only minor «5%) PL-FA compositional changes; 

but their total biliary PL levels increased nearly 30% (Table 34 on page 

149). Normal (LB-fed dams) suckling pups have already PUFA-rich (~-2) 

bile PL, compared to adult rats (see Table 23 on page 117). 

Beyond significance as the initial site of lipid utilization, 

developmental aspects of the suckling small intestine may be uniquely 

coordinated with whole-body lipid metabolism during this period of rapid 

growth and extremely high lipid intake. After a slight increase from 

birth, the % body weight of the (empty) small intestine remains nearly 

constant until after day 15, when rapid growth to the adult value occurs 

until day -30 (Herbst and Sunshine 1969; also see Table 16, page 104). 



CHAPTER 4 

UTILIZATION OF ALTERED MILK TRIACYLGLYCEROLS 

Having characterized the major gastrointestinal and enterohepatic 

aspects of lipid utilization in suckling rats, a series of experiments 

we,re carried out to look more extensively at some of the broader aspects 

of whole-body lipid metabolism in these animals. Litters from the milk 

composition/maternal feeding studies, previously described in Chapter 2 

(see pages 62-70), were used for these investigations. The results of 

the maternal experiments, in terms of milk composition, were summarized 

on pages 70 and 71. Based upon these differences in milk TG, we wished 

to characterize the plasma and carcass lipid constituents of litters in 

relation to particular milk TG alterations created in each experiment. 

Background 

Lemonnier (1972) first demonstrated that a maternal high-fat diet 

(40% lard) during lactation caused increased adipose tissue deposition 

in suckling mice. Grigor and Warren (1980) reported increased weight 

gain in rat pups, when their dams received a diet of 20% peanut oil 

(rich in 18:1 and 18:2), compared to 20% coconut oil (rich in 12:0 MCFA) 

or a fat-free or low-fat diet (10%, w/w). These results suggested that 

maternal diet FA composition might be influencing suckling pup growth, 

but carcass compositions were not determined. Our maternal diet studies 

in Chapter 2 clearly demonstrated the increased corn-oil FA of milk TG, 

when dams received the HF diet during lactation (Table 9, page 69). 

156 
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Martin and Herbein (1980) have demonstrated increased carcass fat 

1n rat pups at weaning when dams received a diet of 60% fat, compared to 

5% fat during lactation; but the opposite effect upon neonates was seen 

when dams received the high-fat diet during gestation. Gurr and Rolls 

(1981) have reported lower birth weights and reduced growth rates in rat 

pups of obese mothers, compared to controls. Gurr and Rolls (1981) 

thought these differences in the growth of sucklings may have been 

attributable to the increased TG, but decreased MCFA content, found 1n 

the milk of the obese dams. Data presented above (comparison of a. LB 

and b. HF groups in Table 9, page 69) reveal TG-MCFA decreased nearly 

80% upon diet change at lactation. Continued feeding of the maternal HF 

diet during a subsequent gestation further decreased TG-MCFA (-90%, see 

group c. HF in Table 9, page 69); and milk TG concentration was signifi

cantly elevated, compared to the previous experiments (i. and ii.a.), 

but not compared to experimental CO milk (see Table 8 on page 67). 

As an alternative to maternal dietary changes, the body fatness 

of neonatal rats can be manipulated by adjusting the litter size. Milk 

production is generally determined by the number of pups present during 

the immediate postnatal period, whereas later redistribution of litters 

can alter the available milk supply per pup (Henning 1980). Adding 10 

or so pups to a standard-size litter of 8 to 12 reduces the average 

pup's weight and fatness at weaning, and in adulthood, compared to pups 

raised in standard-size or reduced litters of two to four (Knittle and 

Hirsch 1968, Wurtman and Miller 1976, Cryer and Jones 1979, and Harris 

1980). Conversely, pups raised in litters reduced to four or fewer 

exhibit greater growth and increased fatness at weaning when compared to 
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those raised in standard-size litters (Harris 1980, Cryer and Jones 1978 

and 1979, Fickova and Macho 1981, and Tsujikawa and Kimura 1981). As we 

have demonstrated above (see Tables 6 on page 63 and 9 on page 69), the 

reduction of litters to 4 pups produced no change whatsoever in milk 

lipid class or FA composition. 

Specific Aims 

The objectives of the present experiments were to investigate the 

relationship of different milk TG alterations to the type and degree of 

overfatness produced in the suckling offspring. In particular, this 

involved examination and comparison of the body weight, carcass composi-

tion, and plasma lipids and other metabolic constituents in three ages 

of suckling litters (5, 10 and 15 days) following each of these experi-

mentally manipulated milk TG alterations: 

i. increased amount of milk, and thus TG, consumed by the individual 
pup after litter-size reduction, from 10 to 4 pups at 2 days of age; 
but no change in the milk lipid composition, compared to control litters 
with 10 pups; all dams fed the stock colony diet (Lab-Blox, LB, -5% corn 
oil). 

ii. altered TG-FA composition produced by feeding maternal HF diet (20% 
corn oil) at the beginning of lactation, thereby greatly increasing 
dietary corn-oil FA in milk TG, with concomitant reduction of TG-MCFA 
content; the amount of milk, and thus TG, consumed by HF litters was 
apparently the same as that consumed by age-matched CO litters (of dams 
fed the matched control diet, CO 7.5% corn oil; 10 pups in all litters). 

iii. comparison of long-term effects upon the milk TG and suckling pups, 
produced by continuing the dams in ii., above, on the same diet (either 
CO or HF) throughout a subsequent gestation and lactation. 



Materials and Methods 

Tissue Collection and Analysis 
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In all cases fed pups were sacrificed by exsanguination under 

ether anesthesia immediately after removal from the mother. For litters 

containing 10 pups blood was collected into heparinized tubes on ice in 

pooled samples of 5 pups. In Experiment 1 all 4's were pooled at 5 days 

and duplicates were collected of 2 pups each at 10 and 15 days. The 

liver and a piece of retroperitoneal adipose tissue (-5-10 mg) were 

removed from the pup and freeze-clamped. The carcass was decapitated 

and eviscerated; tails and paws were removed and the carcass immediately 

submerged in liquid nitrogen. Samples were stored at -200 until used 

for analysis. Plasma and tissue lipids were extracted and analyzed as 

described previously. Carcasses of 2-5 animals were homogenized and 

extracted by the method of Bligh and Dyer (1959) for TG and PL compo

sitional analyses as described above. Enzymatic analyses of plasma 

glucose and ketones were performed as described by Frost and We 11s 

(1981). Plasma proteins were assayed by the method of Lowry (1951), 

using bovine serum albumin as the standard. 

Lipoprotein Analysis 

For the IS-day Control and HF litters of Experiment 2, plasma 

lipoprotein separation and analysis were carried out by a modification 

of the method of Redgrave, Roberts and West (1975), as described in 

detail by Fernando-Warnaku1asuriya (1982). Chy10microns were removed by 

ultracentrifugation of the plasma at 3xl06 x g for 35 min at 50 C, using 

a Beckman SW-60 rotor and model L8-55 ultracentrifuge. Lipoprotein 
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classes of chylomicron-free plasma were separated by a KBr gradient. 

The gradient was formed with 2.7 and 2.9 ml pooled plasma, plus O~ and 

0.1 ml physiological NaCl solution (p = 1.019), respectively, for the HF 

and Control IS-day litters. The sample was mixed with 0.975 g of KBr 

and then successively overlaid with 3.2 ml of density 1.063, 3.2 ml of 

density 1.019 and 2.6 ml of density 1.006 KBr solutions. The samples 

were centrifuged at 50 C for 60 hrs, using a Beckman model L8-55 ultra

centrifuge and SW-4l rotor at 3xI06 x g as described by Fernando-Warna

kulasuriya (1982). The rotor was allowed to stop without brakes, and 

fractions of 1 ml were removed, starting from the top of the tubes. 

The identity of lipoprotein classes in each fraction was determined by 

polyacrylamide-gel electrophoresis according to the method of Naito, 

Wada, Ehrhart and Lewis (1973). Protein was determined for lipoprotein 

fractions by the modified Lowry procedure using SDS, as described by 

Kashyap, Hynd and Robinson (1980). Lipids were extracted by the method 

of Bligh and Dyer (1959), and analyzed as for plasma. 

Adipose Tissue DNA 

Samples of retroperitoneal adipose tissue (-5 mg) were minced and 

indole-extracted by the method of Zamenhof, Burszytn, Rich and Zamenhof 

(1964); and assayed for DNA by the colorimetric method of Ceriotti 

(1952), using salmon sperm DNA as the standard (a gift from Dr. L. A. 

McReynolds, University of Arizona). All other chemicals used were of 

the highest quality available and solvents were freshly redistilled 

before use. 
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Data Analysis 

In all cases statistical comparisons were made between age-paired 

control and experimental litters within each experiment, and in some 

cases between experiments, by Student's t-test. In all cases a value of 

P ~ 0.05 was considered to be statistically significant; and for plasma 

constituents between age-paired litters, a value of P ~ 0.10 was inter

preted as a slightly significant statistical difference. Coefficients 

of correlation between experimental variables were calculated by least 

squares linear regression analysis. 

Experimental Design 

The dams and litters in these experiments were maintained on the 

appropriate diet, as described above for our colony (see pages 52-54). 

The actual compositions of diets are presented in Appendix A. Protocol 

for the litter-size reduction experiment (4's compared to 10's), in 

which dams received the LB control diet, was described on page 62, with 

milk lipid compositional results in Table 6, on page 63. 

The maternal HF-diet experiments were described above, on pages 

64 and 65, with their milk lipid compositional results presented in 

Tables 7 and 8, on pages 66 and 67. Dams' body weight and food intake 

data obtained during these HF-diet experiments are summarized in Table 

36, on the next page. 



Table 36. 

Experiment 
(Parity) 

ii 
(2) 

Lactation 

iii 
(3) 

Gestation 
and 

Lactation 
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Age, Weight and Food Intakes of Dams Fed Corn-oil Diets 

Litter Age 
(days) 

Control 5 

10 

15 

High-Fat 5 

10 

15 

Control 5 

10 

15 

High-Fat 5 

10 

15 

Maternala 
Age (wks) 

16 

16 

16 

16 

16 

16 

24 

24 

24 

24 

24 

24 

Weightb 
(g) 

428 

409 

393 

388 

379 

413 

455 

425 

358 

390 

386 

405 

Foodc 
(g) 

160 

382 

632 

164 

405 

712 

142 

309 

604 

106 

283 

570 

a Maternal age at the time of breeding for each experiment. 

b Maternal weight at removal of the litter. 

c Total weighed food intake during lactation of each experiment. 
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Results 

Litter Weight and Carcass Fat 

The mean pup weight at sacrifice, for all 18 litters, is shown in 

Table 37, on page 164. There were no significant differences in pup 

weight between any of the control groups, showing that the 7.5% corn oil 

CO diet fed to the dams during lactation (ii) and on a long-term basis 

(iii) was able to support pup growth at normal levels for litters in our 

colony (10 pups, dams fed LB, as in experiment i.) In experiment i, the 

mean body weights of 4's were above control 10's at all ages, although 

this difference did not reach statistical significance at 10 days, due 

to the large variation in weights of 10's. At 15 days 4's were signi

ficant 1y heavier than 10's. 

In experiment ii, HF maternal diet begun at lactation resulted 

in mean pup body weights that were significantly greater than the con

trol (CO) litters at 10 and 15 days. The HF diet fed during consecutive 

gestation and lactation in experiment iii, however, resulted in mean pup 

weights that were significantly lower than CO litters at all three ages. 

Comparison between the pup weights of mothers on the HF diet in experi

ments ii and iii shows a very dramatic effect of continuing the 20% corn 

oil diet throughout a subsequent gestation and lactation. 

Table 37, on page 164, also shows the carcass % fat, determined 

as the total extractable lipid percent of carcass weight, in all 18 

litters. When age-paired litters are compared within each experiment, 

it is quite evident that both the litter size reduction and maternal HF 

dietary treatments were able to increase the body fatness of pups. Pups 
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Table 37. Mean Pup Body Weight (g) and Carcass Fat (Weight %) 

Litter 5 
Age (days) 

10 15 

BODY WEIGHTa 

i. 10's 13.6 + 0.7 27.2 ±. 3.6 38.5 ±. 1.1 

4's 15.0 ±. 0.2b 27.5 ±. 0.3 42.1 + 1.1 c 

ii. Control 15.8 ±. 0.9 27.7 + 1.4 37.8 ±. 0.8 

High Fat 16.3 + 0.9 29.6 + 1.8b 45.5 ±. 2.4c 

iii. Control 15.8 ±. 0.8 27.7 + 2.1 39.6 ±. 2.6 

High Fat 11.5 ±. 0.7c 23.1 + 1.5c 32.9 ±. 2.9c 

CARCASS % FATd 

i. 10's 12.5 :!:. 0.5 e 16.9 :!:. 2.3 14.8 :!:. 0.ge 

4's 14.0f 20.4 + 0.4 18.6 + 0.2g 

ii. Control 14.4 + 0.1 17.9 + 0.3 18.0 + lose 

High Fat 16.3 :!:. 1.1 24.1 :!:. 0.6g 23.3 + 0.2g 

iii. Control 14.7 + 0.7 20.4 + 0.7g 21.2 + 0.1 e 

High Fat 14.8 :!:. 0.2 21.6 :!:. 0.5 24.7 :!:. 0.7 g 

------------------------------------------------------------------------
a Data represent the mean ±. SD for all 18 litters. 

b P ~ 0.01 compared to age-matched controls in that experiment. 

c P ~ 0.001 compared to age-matched controls in that experiment. 

d Data are mean ±. SD for duplicate or triplicate determinations. 

e P < 0.05 for control litters compared between experiments. 

f Single determination; sample insufficient for duplicates. 

g P ~ 0.05 compared to age-matched control litter. 
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in reduced litters of 4 (4's), in experiment i, were fatter at all ages 

than the pups in standard sized litters (lO's), but only significantly 

so at 15 days. The mean carcass % fat of HF pups in experiment ii was 

greater than CO litters at all ages; and significantly so at both 10 and 

15 days. The 20% HF diet in experiment iii, when HF pups had signifi

cantly lower body weights than controls at all ages, actually resulted 

in a greater carcass % fat in HF's than in CO's at all ages, although 

this difference was significant only between litters at 15 days. 

Table 38, on page 166, shows the FA composition of carcass TG 

and PL for pups in all three experiments. Mean values are presented for 

treatment groups as described above. Compared to milk TG-FA (Table 9, 

page 69), the carcass TG of all groups show decreased MCFA content. The 

preferential gastric hydrolysis of the milk TG-MCFA was clearly demon

strated in Chapter 2 (see stomach FFA composition in Table 12, on page 

75). It is therefore not surprising that the MCFA content of carcass TG 

is decreased compared to that in milk TG. The differences in carcass TG 

and PL-FA compositions between the various treatment groups reflect the 

changes seen in milk TG (Table 9, page 69), especially with regard to 

the elevated levels of 18:1 and 18:2 in pups nursed by dams on the 20% 

corn oil HF diet. Changes in carcass PL-FA in these pups were more 

extreme than those observed in milk PL-FA of their dams. 

The concentration of DNA (ug/g tissue) in the samples of retro

peritoneal adipose tissue did not differ among any of the dietary treat

ment groups, but all showed a consistent decrease as a function of age. 

The mean DNA content for all six litters at each age was: 990~249, 321~ 

154 and 250~53 at 5, 10 and 15 days, respectively. Retroperitoneal 
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Table 38. Fatty Acid Composition of Carcass TG and PL (Mole %)a 
-----------------------------------------------------------------------
Group i 10's & 4's ii&iii Controls ii High Fat iii High Fat 

(n) (6) (6) (3) (3) 
------- ------------ --------------- ----------- -------------
Fatty 
Acid TG PL TG PL TG PL TG PL 

------
8:0 0.6 0.4 0.3 0.1 

(0.1) (0.2) ( -) (0.1) 

10:0 6.6 1.8 4.7 1.8 1.4 0.7 0.7 0.8 
0.1) (1.0) 0.5) (0.4) (0.2) (0.2) (0.5) (0.3) 

12:0 11.0 3.1 9.3 6.6 1.6 1.4 0.8 1.6 
(2.4) 0.9) (2.2) 0.4) (0.1) (0.2) (0.4) (0.1) 

14:0 9.5 4.3 8.7 6.9 1.5 1.4 0.7 0.8 
(3.0) 0.8) (2.1) (0.8) (0.1) (0.2) (0.4) (0.1) 

16:0 23.0 28.6 21.7 21.2 16.0 15.7 15.9 14.4 
0.7) 0.8) (0.4) (2.7) (1.0) (1.6) 0.3) 0.9) 

16:1 2.3 1.7 2.9 3.2 1.7 1.7 1.4 1.4 
(0.3) (0.3) (0.5) (0.6) (0.2) (0.2) (0.1) (0.3) 

18:0 3.3 15.2 2.8 6.5 2.7 5.0 2.8 7.1 
(0.5) (2.5) (0.6) (1. 7) (0.2) (0.4) (0.3) (2.6) 

18: 1 18.1 15.3 20.8 21.1 25.3 24.0 25.9 23.1 
(2.3) 0.9) 0.6) (1.9) (0.1) 0.2) (0.5) 0.2) 

18: 2w6 18.6 11.7 20.9 20.1 42.1 38.9 44.1 37.2 
0.1) (2.1 ) 0.6) 0.3) (2.6) (4.2) (2.4) (6.3) 

20:4w6 1.2 7.6 1.4 4.3 1.5 2.8 2.0 4.9 
(0.3) (2.6) (0.1) 0.8) (0.5) (0.1) (0.5) (2.0) 

22:6w3 0.7 2.5 0.6 1.1 0.6 0.8 0.4 1.2 
(0.2) 0.4) (0.4) (0.7) (0.5) (0.1) (0.1) (0.4) 

Othersb 5.1 8.2 5.8 7.2 5.3 7.6 5.2 7.5 
0.0) (3.3) (2.2) (2.3) 0.8) (3.1) (0.9) (2.9) 

------------------------------------------------------------------------
a Data represent mean values for each treatment group, as 

described in the text, with SD in ( ) for each number (n) of litters. 

b Others represent the sum of odd-chain, polyunsaturated, and 
certain unidentified FApresent individually as minor components in the 
various samples. 
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adipose TG content (umo1/g tissue), however, showed very highly signifi

cant increases in the litters during maternal corn-oil feeding in both 

experiments ii and iii, compared to the same-age litters of these dams 

when fed the stock LB diet in experiment i. The ratio of adipose TG/DNA 

(umo1/ug) in each of the three experiments is plotted as a function of 

litter-age, in Figure 5, on page 168. These ratios are significantly 

diffe"rent between pups nursed by dams when the stock diet was fed (in 

experiment i), compared to litters when either the CO or HF diet was fed 

in ii or iii. By 10 and 15 days, the values were very significantly 

different (p : 0.001, see Figure 5, page 168), but there were no differ

ences in the ratio between controls in experiments ii and iii, nor 

between CO's and HF's (ii or iii), nor between 4's and 10's in i. 

Liver Lipids 

The concentration of TG and PL in liver (umo1/g) showed typical 

age-dependent increases in the former, but no differences in liver lipid 

concentrations were found among any of the expermenta1 treatment groups 

(data not shown). Table 39, on page 169, presents the mean liver TG and 

PL-FA composition data for the four treatment groups as described above. 

Although the changes in FA composition of liver TG and PL follow similar 

trends as seen for milk and carcass TG and PL, the magnitude of these 

changes were much smaller for liver lipids, particularly for the PL. 

Plasma Constituents 

The results of plasma glucose, ketones and protein determinations 

for all litters are presented in Table 40, on page 170. Plasma protein 

concentrations were not different between any groups and all showed a 
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Figure 5. Adipose Tissue TG/DNA (umol/ug) as a Function of Age 

168 

The ratio of retroperitoneal adipose tissue TG (umol/g tissue) to 
DNA (ug/g tissue) for litters in the three experiments at 5, 10, and 15 
days. Data are plotted as the mean ~ SD for all 6 litters in experiment 
i, when dams were fed the stock LB diet «()lower line); and compared to 
(ttupper line) all 12 litters when dams were fed the CO and HF diets in 
experiments ii and iii. Differences at each age between LB and CO/HF 
groups of litters were significant at these P levels: 5 days; 0.07, 
10 days ~ 0.001 and 15 days = 0.0002. 
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Table 39. Fatty Acid Composition (Mole %) of Liver TG and PLa 

------------------------------------------------------------------------
Group i 10's & 4's ii&iii Controls ii High Fat iii High Fat 

(n) (6) (6) (3) (3) 
------- ------------ --------------- ------------ --------------
Fatty 
acid TG PL TG PL TG PL TG PL 

8:0 0.2 0.2 tr 
(0.1) (0.1) 

10:0 1.1 tr 1.3 tr 0.1 0.2 tr 
(0.7) (0.4) (-) (0.1) 

12:0 2.5 0.1 2.6 0.1 0.2 tr 0.5 tr 
(0.4) (-) (0.7) (0.1) (0.1) (0.3) 

14:0 4.2 1.0 5.2 1.2 0.9 0.3 1.2 0.2 
(0.2) (0.3) 0.7) (0.4) (0.2) (0.1) (0.2) (0.1 ) 

16:0 28.1 30.4 32.3 27.5 28.7 24.6 30.6 25.1 
(5.0) 0.2) (5.1) (2.8) (3.8) (3.3) (3.7) (3.6 ) 

16:1 1.0 0.2 1.4 0.6 0.8 0.3 1.6 0.1 
(0.2) (0.2) (0.5) (0.4) (0.2) (0.3) (0.1) ( -) 

18:0 11.3 23.3 8.7 21.9 7.7 24.7 8.9 24.3 
(3.3) (2.3) (2.6) 0.6) (1.4) (1. 9) (2.2) (2.3) 

18:1 11.9 5.7 13.4 6.4 17. 7 7.3 14.8 6.7 
0.8) (0.8) (0.9) 0.2) (3.7) (2.3) (3.1) 0.5) 

18: 2006 17.1 10.7 18.7 10.9 29.3 15.1 27.2 13.6 
0.3) 0.3) (2.5) (0.8) (1.1) 0.1) (4.4) (0. n 

20:4006 8.3 15.9 8.6 19.1 6.3 17.0 7.7 18.3 
(2.8) 0.3) 0.8) (1.9) 0.6) (4.4) (0.7) 0.8) 

22:6003 5.9 8.6 2.1 7.2 2.2 6.6 1.1 6.6 
0.8) 0.6) (0.6) (1. 9) (0.8) (2.3) (0.1) (0.5) 

Othersb 8.4 4.1 5.5 5.1 6.1 4.1 6.2 5.1 
(1. 7) (0.8) 0.2) (0.9) (1.1) (0.6) (0.7) (0.8) 

--------~----------------------------------------------------------~----

a Data represent mean values for each group of the indicated 
number (n) of litters as described in the text, with SD in ( ). 

b Others represent the sum of odd-chain, polyunsaturated, and 
certain unidentified FA present individually as minor components in the 
various samples. 



170 

Table 40. Plasma Concentrations of Glucose, Ketones and Proteina 

------------------------------------------------------------------------
Experiment (Age) Glucose (mM) Ketones (mM) Protein (mg/ml)b 
------------------ ------------ ------------------ ---------------
i- 10's 5 7.4 1:- 0.2 1.2 + 0.2 41.2 

10 5.2 + 0.8 1.1 + 0.1 49.9 

15 6.4 + 0.2 1.9 + 0.3 64.7 

4's 5 6.6b LIb 43.3 

10 7.0 + 0.2 1.4 + 0.4 53.6 

15 8.3 + o .5c 1.6 + 0.3 67.8 

ii. Control 5 7.8 + 0.5 LOb 50.9 

10 7.4 + 0.5 1.0 + 0.1 61.2 

15 7.8 + 1.8 1.4 + 0.1 64.9 

High Fat 5 6.6 + 0.1 0.8b 48.4 

10 6.8 + 0.5 1.2 + 0.1 51.3 

15 7.9 + 0.3 1.7 + 0.2 64.8 

iii. Control 5 6.5 + 1.7 1.3 + 0.1 52.1 

10 5.8 + 0.3 1.6 + 0.3 52.7 

15 6.6 + 0.1 1.8 + 0.2 64.7 

High Fat 5 5.5 + 0.2 2.3 + 0.2d 52.0 

10 5.3 + 1.0 2.9 + 0.3d 59.1 

15 3.7 + 0.3d 4.4 + 0.7d 66.9 
------------------------------------------------------------------------

a Values represent mean 1:- SD for pooled plasma samples. 

b Sample volume was insufficient for duplicate determinations. 

c P < 0.05 compared to age-matched controls (same experiment). 

d P < 0.01 compared to age-matched controls in experiment iii; 
and P < 0.001 compared to all other groups at that age. 
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consistent rise between 5 and 15 days of age. In experiment i, the 4's 

had higher glucose levels than 10's at 10 and 15 days, but significantly 

so only at 15 days. The smaller-than-control HF pups in experiment iii 

had plasma glucose levels below controls at all ages, although the value 

was significantly lower only in the IS-day HF's. The hypoglycemia ~n 

these pups was very significant when compared to the IS-day litters in 

all other groups. The larger and fatter HF litters in experiment ii, 

however, had plasma glucose concentrations that were not different from 

the age-matched controls (ii CO's) at any age. 

Plasma ketones were assayed as p-hydroxybutyrate and acetoace

tate, and the value presented in Table 40 is the sum of these two deter

minations for each pooled plasma sample. The ratio of these two ketones 

was unchanged between treatment groups at each litter-age. No signifi

cant differences in plasma ketone concentrations occurred for litters ~n 

either experiments i or ii. However, the small-but-fat HF litters in 

experiment iii were very significantly hyperketonemic at all ages. 

Plasma Lipids 

Table 41, on page 172, presents the results of quantitative 

analysis for the major plasma lipids (TG, PL, CE, CH and FFA) in all 

litters. In experiment i, the only plasma lipid differences were the 

slightly increased plasma CE levels of the 4's, compared to 10's, at 15 

days. In experiment ii, the HF litters at 10 and 15 days had higher 

levels of all plasma lipids than CO's, with the exception of free chole

sterol (CH). In general, these differences reached statistical signifi

cance only between the litters at 15 days (Table 41). In experiment 
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Table 41. Plasma Concentrations of Major Lipid Constituents (mM)a 
------------------------------------------------------------------------
Litter ~ TG PL FA CE CH 

i 10's 5 1.37~0.19 1.62~0.21 1:I3b 0:43b 1~2b 

10 1.50~0.26 2.09~0.36 1.26~0.24 0.73b 1.15~0.15 

15 1.22~0.17 2.16~0.23 1.35~0.39 1.10~0.16 1.32~0.14 

4's 5 1.80b 1.89b 

10 1.31~0.09 2.86~0.29 1.26~0.39 1.02~0.09 0.97~O.08 

15 1.13~0.21 2.15~O.16 1.70~0.36 1.48~0.12c 1.40~0.12 

ii CO 5 1.38~0.10 2.13~0.14 

10 1.63~0.32 2.80~0.28 1.36~0.36 1.09~0.22 1.37~0.19 

15 1.60~0.28 2.36~0.11 1.41~0.15 1.24~0.08 1.26~O.08 

HF 5 1.75~0.20 2.86~0.29 1.02b 

10 2.46~0.13c 3.12~0.19 1.41~0.02 1.95~0.24d 0.94~0.14 

15 3.34~0.39d 3.31~0.08e 2.31~0.3c 2.48~0.25d 1.37~O.16 

iii CO 5 2.08~0.34 2.43~0.37 

HF 

10 2.29~0.19 2.74~0.26 1.72~0.17 1.49~0.14 1.08~0.10 

15 2.12~0.11 2.60~0.17 2.19~0.26 1.69~0.20 1.20~O.13 

5 1.83~0.08 2.15~0.24 1.09b 

10 1.85~0.08 2.64~0.31 1.24~0.14 1.08~0.18 O.99~0.15 

15 1.72~0.14c 3.05~0.15 1.64~0.10 0.84~0.06d 1.67~0.14c 

a Data are mean: SD for duplicate or triplicate determinations. 

b Sample volume was insufficient for duplicate determinations. 

c P ~ 0.10 compared to age-matched controls. 

d p ~ 0.05 compared to age-matched controls. 

e p ~ 0.01 compared to age-matched controls. 
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iii, the only significant differences in plasma lipids were the slightly 

reduced TG and CE levels in HF's at IS days. 

The very large difference in total plasma lipids between the 15-

day HF and CO litters in experiment ii was further examined by lipopro

tein analysis. The results of lipid and protein analyses of the various 

plasma lipoprotein fractions are presented in Table 42, on page 174 • 

. The data show that the increased plasma lipids of the IS-day HF's are 

distributed among' the various lipoprotein fractions. In particular, the 

lipid constituents (TG, PL and CE) that were significantly elevated in 

plasma were predominantly associated with the LDL, VLDL and HDL classes. 

Table 43, on page 175, presents the TG and PL-FA compositional 

results for whole plasma samples of all litters. In all treatment 

groups, the plasma TG-FA composition shows very striking similarity to 

the FA patterns of the milk TG, and carcass TG and PL of each group. 

Plasma TG of the HF litters during the two corn-oil feeding experiments 

showed the increased content of 18:1 and 18:2 seen in milk and carcass 

TG. The FA compositions of plasma TG in CO litters in experiments ii 

and iii were not different, and contained -38 mol% 18:1 + 18:2, compared 

to -32% in i; in HF litters of both ii and iii, this FA sum was -68%. 

Plasma PL-FA showed slightly increased 18:1 + 18:2 in corn-oil 

CO's (-36%) compared to experiment i litters (-29%). The sum of these 

fatty acids was further increased in the plasma PL of HF litters in 

experiments ii and iii (-40% and 49%, respectively). Within each group 

of litters, the plasma PL contained relatively more 16:0, and less of 

the MCFA and 18:1 FA than in milk and carcass PL (Table 9 on page 69 and 

Table 38 on page 166, respectively). 
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Table 42. Plasma Lipoprotein Analyses of IS-day Litters in Experiment ii 

Lipids (umol) and Protein (mg) per ml Plasma in each Fractiona 

Control High Fat 
--------------------------- -----------------------------

Fraction TG PL CE CH pro TG PL CE CH pro 
--------- ---------------------------- -----------------------------
Chyloa 

VLDLb 

LDLc 

HDLd 

Otherse 
-------

Totalf 

0.87 0.14 0.03 0.09 3.28 0.98 0.16 0.05 0.09 3.36 

0.48 0.18 0.08 0.19 2.54 0.78 0.34 0.35 0.21 1.73 

0.20 1.39 0.65 0.96 8.04 1.33 1.86 1.43 0.88 8.00 

0.04 0.59 0.43 0.19 11.20 0.20 0.82 0.61 0.25 11.48 

0.01 0.11 0.04 0.01 39.44 0.02 0.14 0.04 0.02 38.04 
------

1.60 2.42 1.23 1.44 64.50 3.31 3.32 2.48 1.45 62.61 

a Chylomicrons from ultracentrifugation as described in the text. 

b Very low density gradient fractions 1 and 2. 

c Low density gradient fractions 3 - 6. 

d High density gradient fractions 7 - 9. 

e Combined gradient fractions 10 - 12 (largely non-lipoproteins). 

f Total for each lipid class and protein across the gradient plus 
chylomicrons. In all cases recovery was 100 ~ 5% compared to total 
plasma values. 
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Table 43. Fatty Acid Composition of Plasma TG and PL (Mole %)a 
------------------------------------------------------------------------
Group i 10's & 4's ii&iii Controls ii High Fat iii High Fat 

(n) (6) (6) (3) (3) 
------- ------------ --------------- ------------- ------------

FA TG PL TG PL TG PL TG PL 
--------

8:0 0.7 0.6 0.3 0.2 
(0.2) (0.1) (0.1) (0.1) 

10:0 6.2 0.1 5.7 0.1 1.4 tr 0.6 tr 
(1.1 ) (0.4) (0.1) (0.1) (0.2) 

12:0 11.3 0.2 10.9 0.2 1.8 0.1 0.7 0.1 
(2.1) (0.1) (0.5) (0.1) (0.3) (0.2) 

14:0 10.7 1.5 10.3 1.6 1.5 0.2 0.7 0.2 
(1.9) (0.3) (0.2) (0.6) (0.3) (0.2) (0.1) 

16: 0 22.8 29.5 20.2 29.0 14.7 22.6 15.8 24.6 
0.3) 0.1) 0.3) (3.1 ) 0.5) (3.0) 0.3) (0.5) 

16:1 1.7 0.7 1.3 0.8 1.0 0.4 1.0 0.2 
(0.5) (0.4) (0.2) (0.4) (0.3) (0.2) (0.1) (0.1) 

18:0 2.8 20.0 1.9 21.8 1.9 21.7 2.3 25.1 
(0.5) 0.0) (0.1) (2.4) (0.2) (2.6) (0.2) (2.8) 

18:1 14.1 5.5 16.7 6.1 22.1 6.3 23.4 7.3 
(2.2) 0.3) 0.2) 0.5) (1.0) (1.0) (1. 7) 0.3) 

18: 2w6 18.2 22.5 21.2 20.6 45.9 24.7 44.2 22.7 
(4.3) (3.0) (1.1) (1.8) (3.7) (2.5) (4.1) 0.1) 

20:4tIl6 2.5 11.9 3.5 12.6 3.9 15.7 4.2 13 .1 
(0.7) 0.7) (0.9) (3.2) 0.1 ) (4.1) 0.1) (2.0) 

22:6w3 1.8 3.3 1.2 2.5 0.8 3.7 0.4 2.6 
(0.3) (0.6) (0.2) (0.8) (0.4) (1.1 ) (0.1) (0.5) 

Othersb 7.2 4.8 6.5 4.7 4.7 4.6 6.5 4.1 
0.4) 0.5) 0.2) 0.8) (0.9) 0.3) 0.8) (1.7) 

------------------------------------------------------------------------
a Data represent mean values for each group of the indicated 

number (n) of litters, as described for in the text, with SD in ( ). 

b Others represent the sum of odd-chain, polyunsaturated, and 
certain unidentified FA present individually as minor components in the 
various samples. 
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Summary 

The general conclusion to be made from these litters certainly 

must be that suckling rats can respond to both quantitative and composi

tional milk TG alterations by increasing their body fatness. In experi

ment i, the 4's had become significantly heavier and fatter by 15 days, 

presumably by consuming the larger volumes of milk available to each pup 

in a smaller litter. In addition to more TG, the 4's also consumed more 

of the other milk lipids, PL and CH, as well as more protein, CHO and 

other milk nutrients. However, these animals remained essentially norm

olipemic (slightly elevated CE but only at 15 days, Table 41, page 172); 

and became only slightly hyperglycemic (elevated glucose, also only at 

15 days, see Table 40 on page 170). 

The HF pups in experiment ii also demonstrated increased body 

weight and fatness, when compared to age-matched CO litters in that 

experiment. These HF's and CO's presumably consumed equimolar amounts 

of milk TG, but those in the HF's milk diet had a larger mean TG molecu

lar weight (MW, see Table 8 on page 67). The concentration of TG and 

other lipids in these milks were not different between CO and HF dams ~n 

this first lactational experiment (see Table 7 on page 66); and there is 

every reason to believe these two groups of closely matched litters 

would have consumed essentially equivalent amounts of milk at each age. 

It is noteworthy that, considered together, the CO and HF dams in ii, 

although not different from one another, produced milks with TG levels 

that were signficantly greater than in i, when they received LB stock 

diet (see Table 8 on page 67). Correspondingly, their litters were 

generally fatter in experiment ii, at all 3 ages (Table 37, page 164). 
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The experiment ii HF litters had become heavier and fatter than 

matched CO's by 10 days, and by 15 days they were significantly hyper

lipidemic (Table 41, page 172). Even at 10 days plasma TG and CE were 

elevated in these HF's. Plasma, carcass, and to some extent liver TG 

and PL reflected the increased 18:1 + 18:2 LCFA consumed by these pups 

in their milk TG. One can thus conclude that these HF milk TG, with an 

increased LCFA/MCFA ratio and greater mean TG-MW, produced obesity and 

hyperlipidemia in these HF pups, compared to the matched CO's in ii. 

The HF litters in iii represent a striking contrast to those HF's 

in the previous experiment, and were clearly abnormal, compared to all 

the control litters in these experiments. Quite simply, these long-term 

HF litters (with regard to length of the maternal diet), exhibited many 

general characteristics of undernutrition (subnormal weight gain, hyper

ketonemia and hypoglycemia, Tables 37 and 40, on pages 164 and 170, re

spectively). However, their carcass % fat was actually greater than any 

of the other age-matched litters (controls, 4's or HF's in ii, see Table 

37 on page 164). In many respects these pups, which did have -20% lower 

birthweights than controls, resembled similar litters reported by others 

(Martin and Herbein 1980, Gurr and Rolls 1981). 

Because the overall objective was to study lipid constituents in 

these long-term HF litters, only a few other parameters were investi

gated. However, their metabolic response to an apparently inadequate 

milk diet seems to have been a direct quantitative response to decreased 

milk production by their dams. As pointed out by Gurr and Rolls (1981), 

rat dams who receive high-fat (LCFA) diets during gestation and lacta

tion do not demonstrate normal lactational hyperphagia, which is seemly 
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required for production of a normal volume of milk. To evaluate this 

effect of maternal diet in the present experiments, weighed food intakes 

were recorded for all dams during ii and iii (see Table 36 on page 162). 

The results of these maternal intake measurements were, in fact, quite 

striking. The coefficient of correlation between the dam's lactational 

food intake and the total weight of her suckling litter, for all six co 

and HF dams in both experiments (ii and iii), was 0.98. This linear 

regression analysis is plotted in Figure 6, on the next page. Because 

the CO and HF diets were isoca10ric, maternal intake data (Table 36 on 

page 162) and pup weight data (Table 37 on page 164) are both validly 

expressed on an absolute weight basis. The strength of this correlation 

suggests that maternal food intake was a very significant factor in the 

weight differences between pups in the two consecutive maternal HF diet 

experiments. 

Reduced HF maternal intake thus offers a plausible basis for the 

observed characteristics of undernutrition in their long-term litters. 

It is unclear to what extent this factor also may have influenced the 

prenatal growth of iii (gestational) HF's. The significantly increased 

carcass fat levels of these long-term HF's, however, is a point not to 

be easily dismissed, and represents a very important consideration for 

the general Discussion and Conclusions to follow this Chapter. 

For the present, attention must focus upon the milks produced by 

the dams in experiment iii. Although not different between the CO and 

HF groups, these long-term milk TG levels were very signficant1y greater 

than those in these dams' previous two lactations. The possible explan

ations for this inter-experimental phenomenon have been presented above, 
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Figure 6. Total Litter Weight Gain as a Function of Maternal Intake 
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Linear regression analysis of total litter weight gain (g) as a 
function of maternal food intake (g) for all dams on the CO and HF diets 
in experiments ii and iii. The coefficient of correlation = 0.98. 

Symbols represent experiment 11: controls =8 and high-fat litters =. ; 
and experiment iii: controls = () and high-fat litters = tt . 
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(see pages 70 and 71), but their seemingly related effects upon suckling 

litters are important to consider here. Regression analysis of the 

molar TG concentration and pup carcass fat data for IS-day control 

litters in all 3 experiments reveals a correlation coefficient of 0.99 

for these two variables, as plotted in Figure 7, on page 181. Thus, 

like the intra-experimental comparison of 4's to 10's in i, each succes

sive group of control litters in these three experiments would appear to 

have received increasingly greater amounts of total milk TG. Therefore, 

one must reasonably conclude that, under conditions of an adequate milk 

intake, the absolute milk TG concentration strongly influences carcass 

fat deposition by suckling rats. Experimental HF's in ii and iii reveal 

the combined suckling effects of having both increased TG-MW and molar 

TG concentrations in the milk. The possible metabolic interrelation

ships of these neonatal dietary lipid effects are certainly numerous. 

These factors are more appropriately considered in Chapter 5, which 

begins on page 182, and will briefly summarize overall implications from 

the widely varied experiments presented throughout the Chapters, above. 



181 

25 

• 
20 -'" u. 

~ 

I/) 
I/) 

'" (.) ... 
'" u 15 

150 200 250 

Milk TG (mM) 

Figure 7. Carcass % Fat in IS-Day Controls as a Function of Milk TG (mM) 

Linear regression analysis of mean ~ SD carcass % fat of IS-day 
control litters in experiments i,ii, and iii, as a function of milk TG 
concentration (mM) for each respective litter. The coefficient of 
correlation = 0.99. 



CHAPTER 5 

DISCUSSION AND CONCLUSIONS 

These experiments have investigated milk lipid utilization by 

rats during the first two postnatal weeks, their normal suckling period. 

Milk TG-FA have been emphasized because they contain almost all the 

metabolizable lipid-energy. In rat's milk, which is relatively high-fat 

and low-CHO compared to most other species, lipid represents 90% of the 

non-protein energy. Digestion and absorption of TG-FA within the GI 

tract represent their initial level and site of metabolic utilization. 

In adult rats and man, the overall efficiency of intestinal TG 

uptake interdependently reflects their lumenal solubilization, by amphi

pathic lipids secreted in the bile, and digestion by lipases released 

from the pancreas. Because these events are rather poorly understood in 

general, but are particularly important in neonates, (milk) TG digestion 

and absorption have been the primary focus of the dissertation research. 

Taken altogether, the results in Chapter 3 provide quite strong 

evidence, for the likewise general conclusion, that intestinal TG utili

zation occurs very similarly in suckling and adult rats. Overall, the 

intestinal data demonstrate that at least by 10 days, TG-FA uptake in 

suckling rats is clearly as efficient (> 95%) as in normal adult rats. 

However, in its lipid-specific details and quantitative importance, the 

rat pup's TG metabolism clearly differs from its adult counterpart, at 

the gut level. 

182 
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Not only do sucklings (normally) consume many times more TG and 

other lipids than adults fed a "normal" low-fat diet « 10%, w/w), pups 

also have several-fold the intestinal biliary lipid levels of adults. 

Rat bile has higher levels of all major lipids (BS, PL and CH) during 

the suckling period; and also contains T-~-MC at more than 10-fold the 

adult level. The "classic" pancreatic lipase, to which >90% of adult TG 

uptake is attributed, occurs at much lower levels during suckling; but 

instead, pups rely more upon other pancreatic lipases (e.g. BSS-NSL). 

Furthermore, "another" lipase that is clearly very important to 

neonates has pregastric origin and acts within the stomach. Perhaps by 

particular suitability of the milk TG substrates and/or age-related GI 

factors, lingual lipase results in about half the milk TG-derived acyl

lipid entering the suckling rat's intestine as lipolysis products. On a 

molar basis, DG ; FFA and -2-fold the MG. The further hydrolysis of 

most DG along the gut is inferred by the steady-state molar shift to MG 

that occurs distally. Further investigation is clearly needed to know 

the relative importance of various lipases within the suckling's lumenal 

contents, although the in vivo AG-FA and FFA data are not inconsistent 

with results of extended (> 1 hr) in vitro incubations of rat's milk 

with partially purified lingual lipase. 

The gastric hydrolysis of milk TG is likely to be significant in 

at least two entirely different respects (though not necessarily unrela

ted). The dependence upon intestinal lipid digestion is obviously quite 

reduced by this preduodenal lipolysis; and overall intestinal efficiency 

may actually be enhanced by the physical-chemical properties of these AG 

and FFA lipolysis products. Furthermore, stomach FFA are -75 mol% MCFA. 
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The milk TG of lactating rats fed normal low-fat diets, in these 

experiments and in general, contain approximately one-third MCFA and 

two-thirds LCFA (thus having a 1/2 ratio of MCFA/LCFA). The MCFA, which 

are predominantly esterified at the ~-3 of rat's milk TG, appear to 

undergo preferential release in the pup's stomach, by the action of 

lingual lipase. MCFA absorption appears to occur at high steady-state 

levels and -80% of those in milk TG are removed by the upper intestine. 

Absorption of MCFA into the portal venous system facilitates their rapid 

transport for hepatic oxidation and ketogenesis, apparently preferential 

to free LCFA substrates (Frost and Wells 1981). 

Results in Chapter 2 have shown the susceptibilty of milk rat's 

TG-MCFA reduction to the effects of 20% corn-oil maternal HF diet (MCFAI 

LCFA becomes -1/12). Furthermore, results in Chapter 4 have clearly 

demonstrated that body weight, fatness, and plasma lipid concentrations 

were elevated in the suckling litters of dams given this diet on a 

short-term (lactational) basis. The primary objective of the disserta

tion studies was to characterize major aspects of normal lipid (milk TG) 

utilization by suckling pups; and in fact this was the approach taken in 

most cases. However, by establishing the normal steady-state lipid 

characteristics in this animal model, a considerable amount of useful 

information was gained by studying experimentally TG-altered litters. 

Suckling body weight, carcass fat and plasma alterations clearly 

became more significantly different from controls as a function of age 

in all 3 experiments; but milk lipids did not show a dependence upon 

litter-age within any group. Thus, alterations in these suckling pups 

appears to reflect time-dependent effects of each particular milk diet. 
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It is evident that within all treatment groups, the TG-FA compo

sitions of pups' plasma and carcass TG closely resembled those of the 

milk TG they consumed. The TG of liver, while reflecting milk TG to an 

extent, showed the smallest dietary compositional effects. Of the PL, 

those of carcass showed the greatest changes, whereas those of bile, 

plasma and liver differed only slightly. Similarly, neither early wean

ing to low-fat stock diet, nor weaning to 20% corn oil, altered the high 

T-~-MC levels characteristic of suckling rat bile. Feeding this high

fat diet during the weanling period seemed to have no effect upon total 

BS nor eH; but bile PL concentration, independent of FA composition, was 

significantly elevated at weaning. In vitro hydrolysis of TG in high

fat milk, by lingual lipase, was not impaired. Furthermore, although 

the relative lack of MCFA absorbed from the stomach (MCFA/LCFA -1/10) 

may have had unrecognized metabolic effects upon these suckling litters, 

there is no reason to believe the GI utilization of these TG is reduced. 

How might the alterations in milk fatty acid composition be 

related to increased fat deposition? The unabsorbed LCFA (-80% of FFA) 

and remaining AG's, which are then relatively enriched in LCFA, are 

normally absorbed in the intestine and secreted as reesterified lipid in 

TG-rich lymphatic chylomicrons. The milks of HF mothers were equally 

good substrates for lingual lipase as those of controls; but the FFA, as 

well as those in AG's, by virtue of milk TG-FA (-7 mol% MCFA) would be 

essentially all LCFA. Because lumenal FFA of control pups are also pre

dominantly (-80%) LCFA, it seems quite reasonable to assume that overall 

the processes of TG digestion in suckling rats is the same regardless of 

the quantity or FA composition of the milk TG they consume. 
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However~ the quantitative relationship between the proportion of 

dietary FA absorbed via the portal vein and the lymphatics very likely 

depends upon the dietary FA composition. Thus, replacing the usual 

content of MCFA in control milk TG (-1/3 of total FA) with LCFA would 

mean that an increased amount of fatty acid must be transported into 

plasma via intestinal chy10microns. This would then cause an increased 

entry rate of intestinally derived TG-rich lipoprotein into plasma. 

We propose that these excess TG-rich lipoproteins of intestinal origin 

cannot be rapidly metabolized by the liver (13) and exceed the capacity for 

uptake by extrahepatic sites, with the exception of the developing adipose 

tissue. Once the flux of TG-FA into adipose tissue begins, by the action 

of lipoprotein lipase, adipocytes undergo the changes characteristically 

associated with lipid-filling. It is not necessary to propose increased 

adipose tissue lipoprotein lipase in order to achieve this increased 

lipid uptake by the adipose tissue. Cryer and Jones (1978, 1979) have 

demonstrated that the level of plasma TG, although closely related to 

the extent of fat accumulation, did not correlate with adipose tissue 

lipoprotein lipase activity in suckling rats. More recently it has also 

been reported that in adult Sprague-Dawley rats the rate of TG clearance 

from plasma does not correlate with the level of adipose tissue lipopro

tein lipase (Verschoor, Chen and Reaven 1982). 

Although the overnourished sucklings studied by Cryer and Jones 

(1978, 1979) had significantly elevated plasma TG levels, this effect 

did not persist after weaning. In our seemingly comparable reduced 

litters of 4 pups, elevated plasma TG levels were not observed at any 

age. Plasma TG levels were significantly higher than controls only in 
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the lactational HF's at 10 and 15 days. In long-term (gestational and 

lactational) HF litters, plasma TG were below controls at all 3 ages. 

These results support that it is not necessarily elevated steady-state 

plasma TG concentration, but rather an increased flux of plasma lipopro

tein derived from dietary lipid, that leads to increased adipose tissue 

deposition in the suckling rat. 

The increased carcass fat deposition seen among the 3 consecutive 

control litters are easily explained by this model. In each case, 

increasing the total fat intake, as an effect of increased milk TG con

centration, would have caused increased intestinal lipid flux, thereby 

increasing the entry of plasma lipoproteins and resulting in increased 

fat deposition. Furthermore, correlation between steady-state plasma TG 

levels and carcass % fat was clearly significant among the 3 consecutive 

IS-day control litters (r = 0.99). Thus, a parallel relationship seems 

to have occurred between the effects of milk and plasma TG concentra

tions upon carcass fat deposition in these ''normally'' nourished litters. 

Each of the experimental litters showed patterns of carcass fat 

deposition in response to their particularly altered milk diet that are 

equally consistent with this explanation. The 4's in the maternal stock 

diet experiment, who clearly consumed more milk of the same (normal) 

composition as 10's, correspondingly accumulated more carcass fat during 

the IS-day suckling period, without altered plasma TG levels. 

In the lactational maternal corn-oil experiment, HF pups, who had 

more carcass fat than any other litters, reflect what appear to have 

been the combined effects of increased lipid intake and increased intes

tinal flux of LCFA into TG-rich plasma lipoproteins. The elevated 
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plasma lipids in these HF litters at 10 and 15 days suggest that lipo

protein entry into plasma exceeded the maximal rate of plasma lipid 

clearance. At 15 days these HF pups had actually deposited -20% less 

carcass fat than would have been predicted from their observed plasma TG 

levels, based upon the relationship between these parameters in the 

control litters. Whether this effect was due to increased LCFA content 

of plasma and/or to saturation of adipose tissue uptake is unknown. 

In the HF litters of the gestational plus lactational experiment 

an increased flux of dietary LCFA into plasma resulted in increased 

carcass fat deposition, although steady state plasma lipid levels appear 

to have been decreased by the reduction in total milk lipid intake. 

These HF pups had accumulated -30% more carcass fat than would normally 

have been expected from their observed plasma TG levels. The shift to 

LCFA-enriched plasma lipids may have been in Some way related to this 

effect, and/or it may simply reflect an increased efficiency of TG 

uptake by adipose tissue at these plasma lipid concentrations. 

An additional metabolic fate of the increased LCFA in the gesta

tioual HF litters was ketone production in excess of utilization. It is 

unknown to what extent their hyperketonemia arose from overproduction, 

due to an excess availability of LCFA, or from underutilization due to 

reduced body mass. As ketogenic substrates in suckling rats the LCFA 

appear to have about two-fold higher maximal rates of utilization than 

the MCFA (Frost and Wells 1981). 

It is possible that their very limiting MCFA intake had a speci

fic effect upon these HF litters. It has been suggested by Gurr and 

Rolls (1981) that pups such as these grow poorly when the dam's milk is 
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rich in TG but relatively MCFA-poor, compared to control milk. However, 

their pups had reduced weights at birth and the dams showed reduced 

lactational hyperphagia, similar to long-term HF's in the present study. 

The fact tpat short-term HF litters grew more than controls on adequate 

amounts of milk as equally MCFA-poor as in the long-term experiment, 

strongly suggests that reduced total intake, rather than decreased MCFA, 

was the major factor limiting growth of these small-but-fat HF litters. 

The long-term consequences of consuming altered TG before weaning 

are critical questions for further investigation. There appear to be 

two very important conclusions of the dissertation experiments. During 

the suckling period, the rat demonstrates very efficient GI utilization 

of the TG consumed in its milk diet, regardless of their FA compositon 

and quantity, at least within the limits of these studies. 

However, the suckling pup can clearly respond to dietary TG 

alterations by increasing body fatness under a variety of distinctly 

different metabolic conditions. The essential nutritional situation 

imposed upon newborns is a fairly high-fat milk diet. These conclusions 

indicate that the availablility and lipid composition of dam's milk can 

act in combination upon the adiposity and metabolic characteristics of 

the suckling Sprague-Dawley rat. Thus, beyond being potentially very 

useful for further model lipid studies of GI events, this research 

suggests the intestinal consequences of neonatal lipid utilization can 

have very dramatic effects upon whole-body lipid status. 

Further studies on this system may yield valuable information on 

the role played by dietary factors in controlling fat deposition during 

the neonatal period. In addition to the carcass fat results, one or two 
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additional lipid-related observations in these litters deserve brief 

mention here. Milk CHOL levels were not increased during the maternal 

corn-oil experiments, and were in fact slightly lower than when dams 

were fed low-fat stock diet. However, in these litters, particularly of 

HF dams, plasma CE levels showed an apparently very sensitive response, 

apparently to this general lipid overnutrition, since this was also the 

only plasma lipid to increase in 4's from reduced, overfed litters. The 

de ~ synthesis of CH appears to be relatively suppressed during the 

rat's suckling period, although Hahn, with Walker (1979), and with Smale 

(1982) have suggested CH synthesis may respond to overfeeding in pups, 

and that the intestine may be somewhat unique in its CH regulation. 

An similar effect was seen in the plasma PL levels of short-term 

HF pups, who clearly would require the greatest amount of TG-rich lymph 

lipoprotein secretion of all the litters studied. Again, milk PL levels 

were not significantly altered, but preliminary results with weanlings 

suggest biliary PL levels may increase with increased LCFA-TG feeding. 



APPENDIX A 

COMPOSITION OF MATERNAL DIETS 

Lab-Blox-8604-00 (Allied Mills, Inc., Chicago IL 60606) Composi

tion: corn and wheat flakes, ground yellow corn, soybean meal, fish 

meal, ~heat middlings, wheat red dog, dried whey, dried brewer's yeast, 

soybean oil, animal liver meal, cane molasses, and vitamins and minerals 

(NRC 1978). By the manufacturer's analysis the pellets contain: crude 

protein (min. 24.0%), crude fat (min. 4.0%) and crude fiber (max. 4.5%). 

The FA composition of the diet was determined by GLC and found to be: 

(weight %) 14:0 = 0.5,16:0 = 12.2,16:1 = 0.8,18:0 = 3.9,18:1 = 23.7, 

18:2 = 50.7,20:4 = 0.8,22:6 = 1.0, with other fatty acids = 6.4%. The 

total lipid content by GLC was 5.2% (w/w). 

Bio-Serv High-Fat (HF) and Control (CO) diets (Frenchtown NJ 

08825) Composition: dextrose, casein, corn starch, corn oil, maltose 

dextrin, fiber, DL-methionine, glutamic acid~ and vitamin and mineral 

mix (NRC 1978). Fiber and corn starch are inversely added to the HF and 

CO, respectively, to make them isoenergetic. By manufacturer's analysis 

CO diet contains: (weight %) protein 18.21, fat 7.50, carbohydrates 

65.75 and fiber 5.00. The HF diet, by guaranteed analysis contains: (by 

weight %) protein 18.21, fat 20.00, carbohydrates 53.20 and fiber 20.40. 

The FA composition of both diets is specified by the manufacturer and 

confirmed by GLC to be (by weight %): 16:0 = 11.5, 18:0 = 2.2, 18:1 = 

26.6, 18:2 = 58.7, and other fatty acids = 1.0%. 
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APPENDIX B 

LIST OF ABBREVIATIONS 

ANS: 8-Anilino-l-naphthalene sulfonic acid 

P-MC: p-muricholic acid or salt 
BS: Bile salt 
BSS-NSL: Bile-salt-stimulated nonspecific lipase 

CE: 
CH: 
~HOL: 

HChM: 
CO: 

DG: 

EST-FA: 

FA: 
FFA: 

GI: 
GLC: 

HF: 
HPLC: 

LB: 
LCFA: 

MCFA: 
MG: 

PC: 
PE: 
PL: 
PLA2: 
PSS: 

TC: 
TDC: 
TG: 
TLC: 
TO: 

Cholesteryl ester 
Cholesterol (unesterified) 
Total cholesterol (CH + CE) 
Tritiated cholesterol monohydrate 
Maternal control 7.5% corn-oil diet 

Diacylglycerol 

Esterified fatty acid 

Fatty acid (free or esterified) 
Free fatty acid 

Gastrointestinal 
Gas-liquid chromatography 

Maternal high-fat 20.0% corn-oil diet 
High-performance liquid chromatography 

Lab-Blox colony stock 5% corn-oil diet 
Long-chain fatty acid 

Medium-chain fatty acid 
Monoacylglycerol 

Phosphatidylcholine 
Phosphatidylethanolamine 
Phospholipid 
Phospholipase A2 
Physiological saline solution (0.9% NaCl) 

Taurocholate 
Taurodeoxycholate 
Triacylglycerol 
Thin-layer chromatography 
Triolein (tril8:l) 
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