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INTRODUCTION 

it has been recognized for many years that the stomach functions as a reservoir which aids 
homeostasis by allowing gradual emptying of nutrients for digestion and absorption in the 
intestines over a period of some hours after meals. In addition to this role, the stomach is 
the site of important steps in the digestion of proteins and provides an acidic environment 
which depresses or eliminates the activity of microbes consumed with the diet. The function 
of the stomach has been very extensively studied, but in most cases from physiological or 
pathological viewpoints ; studies of the latter have inevitably contributed centrally to the 
former. By contrast, the specifically nutritional factors which control gastric function have 
received much less thorough attention. The aim of the present review is to evaluate the 
nutritional stimuli for the physiological regulation of secretion, digestion and emptying in 
simple-stomached mammals, taking examples from studies in humans, pigs, dogs, 
preruminant calves and rats. A brief summary of relevant physiological mechanisms will be 
given at  the beginning of each section. 

SECRETION 

Gastric secretions are often measured in relatively non-specific terms, but include 
bicarbonate, hydrochloric acid from the parietal (oxyntic) cells of the fundic region, 
pepsinogens from the chief cells also in the fundic region, protective mucoproteins from 
most of the stomach mucosa, and shed epithelial cells from all regions. The regulation of 
these secretions is brought about by a complex interplay of neural, hormonal and 
nutritional stimuli. 

A C I D  S E C R E T I O N  : P H Y S I O L O G I C A L  ASPECTS 
Gastric acid secretion is classically considered to involve cephalic, gastric and intestinal 
phases. These processes are principally mediated by histamine, gastrin and acetylcholine 
which act directly on the parietal cell (Nicholl et al. 1985; Walsh, 1988). 

The cephalic phase of acid secretion initiated by the sight, smell or thought of food 
appears to be largely mediated through release of acetylcholine at  a peripheral level by the 
vagus, but the sensory receptors and the pathways involved are not well established. 
Central nervous system mediators are unknown. The cephalic phase makes a significant 
contribution to the overall response to a meal, especially in the first 0.5 h. 

The gastric phase of acid secretion includes the effects of raised intragastric pressure, 
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distension and chemical stimulation of gastrin release. While distension appears to be 
important, raising the intragastric pressure may also increase secretion, largely through 
gastrin-independent mechanisms (Soares et al. 1977). The effects of distension may be 
mediated by neural pathways rather than gastrin release, as found for liquids by Soares 
et al. (1977). Chemical stimulation can be measured in humans by intragastric titration to 
constant pH, or by multiple measurement of marker dilution : both methods give similar 
results. In animals fully-innervated pouches can be formed surgically. Secretion has most 
often been measured, however, by simply following pH changes; these are a net result of 
hydrogen ion inputs from acid and the buffering capacity of food, and are dependent on 
the relative proportions of secreted acid and food which have yet to be emptied into the 
duodenum. 

The intestinal phase of acid secretion includes cases of both stimulation and inhibition. 
Intraduodenal infusion of peptone or liver extract caused an increase in gastric acid 
secretion that was apparently independent of gastrin (Isenberg et al. 1977). This may in part 
be due to absorbed amino acids, since intravenous infusions of amino acids in humans led 
to significantly higher acid secretion (Isenberg & Maxwell, 1978). Introduction of fat or 
fatty acids into the intestine, by contrast, produces marked inhibition of gastric acid 
secretion (Christiansen et al. 1976, 1979), but the mechanisms involved require further 
study (Walsh, 1988). Hypertonic glucose solutions also stimulate gastric inhibitory 
polypeptide (GIP) secretion (Creutzfeldt et al. 1983) and inhibit acid secretion, whether 
given orally, intraduodenally or intravenously (MacGregor et al. 1976); however, whether 
comparable conditions occur in practice is perhaps doubtful. Acidification of the 
duodenum also inhibits acid secretion (Berstad & Petersen, 1972); though secretin may be 
involved the amounts needed are higher than usually seen and there is evidence of the 
involvement of an enterogastric reflex pathway (Konturek & Johnson, 197 1). 

A C I D  S E C R E T I O N  : N U T R I T I O N A L  A S P E C T S  
The neonate 

The onset of acid secretion appears to be very early in life; the newborn pig, for example, 
is capable of secreting acid from birth and the capacity increases steadily with age during 
the first 4-5 weeks of life. Maximal outputs of acid per unit stomach weight were relatively 
constant in anaesthetized piglets following stimulation with betazole hydrochloride 
(Cranwell, 1985); acid secretion was greater when piglets were given access to solid food 
before weaning and then weaned onto solid food (accompanied by heavier stomachs) than 
in wholly suckled piglets. Studies in gastric-cannulated piglets either suckled or given a dry 
cows’-milk formula from 8 d of age by Decuypkre et al. (1978) showed that suckled piglets 
had a higher acid concentration but this was partly because of a much higher concentration 
of lactic acid than in the weaned piglets, probably arising from microbial fermentation in 
the stomach. The observation was interpreted as related to the lower observed acid- 
buffering capacity of gastric contents of the weaned than the suckled piglets ; acid-buffering 
capacity is a major factor influencing gastric acid secretion (Saint-Hilaire et al. 1960). 
Comparative aspects of the development of gastric secretion in piglets and humans were 
discussed by Cranwell (1986). 

Meul p H  
Gastrin and acid release appear to decline when the pH of a meal falls below 4 (Konturek 

et ul. 1974); neutralization of gastric contents restores gastrin release. However, it is not 
known whether these effects are mediated by direct action in the antral gastrin cells or by 
altering the activity of such cells as somatostatin cells or mucosal neurons. 
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Distension and meal size 
Gastric distension by pectin-based liquid test meals increased acid secretion in early 

studies on humans by Hunt & Macdonald (1952). Increasing meal size also raised the 
maximal acid response of Pavlov pouches in dogs (Brooks & Grossman, 1970). However, 
while balloon distension of the fundus in humans was stimulatory in studies by Grotzinger 
et al. (1977), i t  appears to be inhibitory for the antrum (Schoon, 1988). Specific 
measurements of the effects of distension made with meals containing normal foods are not 
available, but it  is of interest to note that meals with a high content of non-starch 
polysaccharides (NSP) tend to lead to greater volumes of gastric digesta. This appears to 
be partly a function of the water-associating properties of NSP, rather than increased acid 
secretion, as the intragastric pH was higher when NSP-enriched semi-purified diets were fed 
to pigs by Rainbird & Low (19866). 

Particle size 
The importance of the physical nature of food in stimulating acid secretion has been 

rarely assessed, but Lawrence ( 1  970) noted that gastric pH of pigs was consistently higher 
when finely-ground rather than coarsely-ground barley-based diets were given to pigs. 
Subsequently, Lawrence (1972) showed that pigs given barley-based diets in wet form had 
lower gastric pH values than those fed dry. In the same study he also found that coarse bran 
supplementation of maize-based diets led to markedly lower pH values. In a comparison 
in humans of solid--liquid or homogenized meals made from steak, bread and ice-cream, 
Malagelada et al. (1979) found that gastric pH tended to be lower in the solid- liquid meals, 
which again suggests that large particles stimulate acid production, though the mechanism 
involved is not known. 

Meul size and frequency 
A combined study by Babouris et al. (1965) on changing both meal size and frequency 

in humans with duodenal ulcers showed that frequent small meals gave less variation in 
pre- and post-meal gastric pH because of more even stimulation of acid production. 

Dietary proteins, peptides and amino acids 
The stimulatory effects of dietary proteins, peptides and amino acids are well established. 

Protein-rich foods were found to be the most powerful stimulants (in proportion to their 
protein content) of acid secretion in dogs with Pavlov pouches, but they equally had the 
highest buffering capacity (Saint-Hilaire et al. 1960). In a similar study, a series of protein 
sources was given to dogs and acid secretion rose in the order gelatin < casein < gluten < 
lactalbumin < lean beef (Kotrba & Code, 1969). I t  is, however, difficult to assess whether 
these effects are due to protein per se, to the partial digestion products, peptides, or to their 
final products, amino acids, which begin to appear as soon as the protein enters the 
stomach, and which are potent secretogogues in humans (Richardson et al. 1976). It is of 
interest to note that Zebrowska et al. (1983) found much more gastric secretion (acid was not 
measured specifically) when a diet based on barley was given than a semi-purified diet with 
casein : the former led to much larger quantities of gastric peptides and amino acids than 
the latter, but it was also of much larger mean particle size (which would also be predicted 
to increase acid secretion). There is interesting evidence that the type of protein fed can 
markedly influence acid secretions in preruminant calves. Soya-bean flour has been found 
to reduce secretion markedly compared with fish protein (Williams et al. 1976), perhaps 
because it  has a much lower buffering capacity than fish protein. 

The solubility of a protein also appears to affect acid secretion : soluble soya-bean 
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proteins induced a more rapid and larger acid secretion in pigs than insoluble soya-bean 
proteins (Decuypere et al. 1981). 

Free amino acids delivered either orally, intragastrically or intravenously have been 
shown to be stimulants of gastrin and acid; of these phenylalanine and tryptophan are the 
most potent in both dogs and humans (Strunz et af .  1978; Taylor er al. 1982). The specific 
composition of amino acids may determine the net effect of mixtures on the pattern of 
release of regulatory peptides (Taylor et al. 1982). Gastric instillation of amino acids was 
responsible for most of the stimulation seen by Feldman et al. (1978) since intravenous 
administration of gastrin also caused similar levels of acid secretion during periods without 
instillation. However, reducing intragastric pH from 5.5 to 2.5 abolished the gastrin 
response to amino acids in humans but only partly reduced the acid response, indicating 
that amino acids stimulate secretion by more than one mechanism (Walsh et al. 1975). It 
is not clear what levels of free amino acids are found in the stomach under normal feeding 
conditions and hence it  is difficult to know the extent to which free amino acids are 
normally stimulants of acid secretion. Furthermore, acid secretion has been induced in 
many of these studies by pentagastrin or histamine, so that the results are not immediately 
relevant to normal meal eating. 

Dietary carbohydrates 
Evidence that acid secretion is stimulated by carbohydrates is lacking; by contrast 

secretion was inhibited by 30% in dogs by addition of 200 g glucose/kg to an oral meal, 
while neither serum gastrin nor GIP were affected: when the same amount of glucose was 
given intraduodenally, acid secretion fell by 80 YO, with a corresponding increase in GIP 
(Creutzfeldt et al. 1983). I t  seems likely that this effect was initially mediated at the 
duodenal level and was the result of the hypertonicity of the glucose solution as noted by 
Ward et al. (1969) in humans. The roles of somatostatin, insulin and gastrin were examined 
in a similar study in humans by Sasaki et a f .  (1983). Carbohydrates classified as NSP appear 
to have a minimal effect on gastric secretion both in humans (Tadesse, 1986) and in pigs 
(Rainbird & Low, 1986a,b), though they may have a buffering capacity. Furthermore, 
Petersen er al. ( 1  985) have suggested that enteroglucagon is responsible for the inhibitory 
effect of glucose; plasma levels of this hormone were elevated after iso- and hypertonic 
glucose solutions were intrajejunally instilled, while there was no effect of equi-osmolar 
saline (9 g sodium chloride/]) solutions. In neither case were levels of gastrin or pancreatic 
glucagon altered. 

Dietary fats  
The presence of fat in the intestine produces a more profound and prolonged inhibition 

of acid secretion than acidification, and it is associated with delayed gastric emptying, as 
will be discussed later. Arachidonic acid administered into an artery has also been identified 
as having marked iphibitory properties (Konturek et al. 1979). Oral olive oil was found to 
have a negligible stimulatory effect when given to dogs with vagally-innervated gastric 
pouches, compared with proteins (Kotrba & Code, 1969), while fat-rich foods such as 
cream and eggs resulted in much lower acid production than high-protein foods, in similar 
studies by Saint-Hilaire et al. (1960). 

Beverages 
Beverages have markedly different effects on acid secretion as noted by McArthur et al. 

(1982) who compared nine types by intragastric titration in humans: the order of increasing 
secretion was water < coke < Sanka < 7-Up < tea < Tab < coffee < kava < beer < milk. 
The protein contents of milk, and beer to a lesser extent, are important contributors to the 
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effects. Alcoholic drinks such as wine (especially red) have been found to be stimulatory 
(Petersen et al. 1986); the factor involved was not clear but 120 ml ethanol/l on its own had 
little effect in this study. By contrast, Lenz et al. (1983) found that a 50ml ethanol/l 
solution was stimulatory, but higher levels were less so. Decaffeinated coffee was observed 
to have a higher acid-simulating effect than a peptone meal, as assessed by intragastric 
titration, in humans, but the factor responsible was not identified (Feldman et al. 1981). 
Various spices have been observed to increase acid secretion, such as red and white pepper 
(Myers et al. 1987), but again the chemical nature of the stimulant has not been identified. 

Stirnulatory efects of whole foods 
The acid stimulatory effects of typical cereals, fruits, vegetables, milk, meat and eggs were 

examined by Saint-Hilaire et al. (1960) in six dogs with vagally-innervated gastric pouches. 
The responses varied markedly, but are difficult to interpret fully, other than to note that 
high-protein foods tend to be stimulatory, and high-fat foods inhibitory, and plant foods 
generally elicit lower responses than animal foods. 

The effects of foods fed to farm animals such as pigs on gastric secretion have been little 
studied in recent years. Early work in the Soviet Union, summarized by Kvasnitskii (1951), 
indicated that silages, especially those made from lucerne (Medicago suziva), were more 
potent stimulants of total gastric secretion than cereals, with concomitant increase in free 
hydrochloric acid output but a decrease in pepsin output. Gridin (1956), again working 
with pigs, observed that bulky feeds such as melon and sugar beet had a greater stimulatory 
effect than lucerne, while the effects of skim milk were very small. 

In summary, the physiological control of gastric acid secretion is mediated by a number 
of hormones or peptides, whose relative importance is not clearly established, except for the 
dominance of gastrin. The effects of foods of different chemical and physical composition 
are very diverse and physical factors such as meal size and particle size add further to the 
complexity of the factors involved. 

B I C A R B O N A T E  S E C R E T I O N  
Although it  has been known for some time that bicarbonate is secreted by the stomach, its 
potential quantitative importance has been little studied. It has been postulated that the 
role of bicarbonate is to aid disposal of luminal acid and to provide protection of the 
mucosal cells against this acid (Flemstrom & Garner, 1982). Rees et al. (1982) concluded 
from studies in healthy humans that bicarbonate secretion may occur at  a rate of 1&20 YO 
of basal acid secretion. Konturek et al. (1985) observed that instillation of acid into the 
stomach of dogs with antral and fundic pouches led to significant increases in bicarbonate 
secretion, but there was no significant effect of a meat meal, possibly because acid secretion 
was continuing (although ranitidine had been given to suppress acid secretion). 

P E P S I N O G E N  S E C R E T I O N  
Even today we lack a full understanding of the specific neural and hormonal factors 
responsible for pepsinogen secretion, of the intracellular mechanisms of stimulus-secretion 
coupling and of the mechanism of release of the granular contents, as discussed in detail 
by Hersey et al. (1984). By contrast there is a considerable literature on the biochemistry 
of pepsins; it is apparent that many species are able to secrete several forms with different 
pH optima, which correspond to the need for activity from near neutrality immediately 
after a meal to the low pH found several hours later. 

Many secretogogues for pepsinogen have been identified but there may well be 

https://doi.org/10.1079/NRR19900014 Published online by Cambridge University Press

https://doi.org/10.1079/NRR19900014


GASTRIC SECRETION, DIGESTION A N D  EMPTYING 235 

differences between species. These include cholinergic and adrenergic neurotransmitter 
agents, cholecystokinin (CCK) octapeptide, caerulein, gastrin, secretin, vasoactive 
intestinal peptide (VIP), cyclic AMP and hyperosmolarity (Gilbert & Hersey, 1982). 
Calcium may also be required for secretion. By contrast, GIP, neurotensin and somatostatin 
all appear to inhibit pepsinogen secretion. However, specific mechanistic links between 
nutrients present in the stomach and duodenum and pepsinogen secretion are lacking at 
present. 

The neonate 
Studies in several animal species show that the amounts of pepsins present at birth are 

very low but that they increase rapidly 2-3 weeks later. However, newborn pigs contain the 
proteinase chymosin (EC 3.4.23.4), and the levels of this enzyme gradually decline after 
birth (Foltmann et al. 1981). Maximal outputs of pepsin per unit stomach weight increased 
over several weeks in the studies by Cranwell (l985), and the values were greater for creep- 
fed than suckled pigs, corresponding with greater stomach weight and higher acid secretion 
in the former group. Acid secretion developed relatively constantly from birth, unlike 
pepsinogen which developed slowly for the first 3 4  weeks of life, while the total milk- 
clotting enzyme activity increased as acid secretion developed (Cranwell et al. 1987). 
Decuypire et ul. (1978) observed similar developmental changes in piglets. In calves it 
seems that prorennin is the major proteinase at  birth, but pepsinogen secretion may also 
occur at or soon after birth (Henschel, 1973); only pepsinogen is secreted when calves are 
older. The transition from prorennin to pepsinogen secretion has not been conclusively 
related to a specific dietary change. 

Growing pigs 
Early studies by Reimann et al. (1967) and Lawrence (1972) in pigs, and Malagelada 

et al. (1979) in humans, on the effects of the physical form of the diet highlight an important 
issue; measurement of pepsin (EC 3.4.23.1) concentration in digesta is not a reliable index 
of the rate of secretion, because orally consumed water levels may vary, just as gastric 
emptying rates may vary. It is also possible that pepsin may bind to some dietary 
ingredients and may, thus, not be measured in the assay, though this has not been generally 
demonstrated. A partial solution to the problem of estimating total pepsin output in 40 kg 
pigs by Zebrowska et al. (1983) was to measure activity in the digesta of pigs fitted with re- 
entrant cannulas in the proximal duodena. Under these conditions pepsin output was twice 
as high for a barley-fishmeal diet as for a semi-purified diet based on starch and casein 
containing the same amount of protein; the amount of gastric secretion was also twice as 
high for the former as for the latter diet. This has been confirmed in pigs with gastric 
pouches by P. D. Cranwell, A. G.  Low and I. E. Sambrook (unpublished results). As 
suggested earlier in the present review, the greater acid production may have been the result 
of a much larger quantity of peptides in digesta of pigs given the barley-fishmeal diet, which 
in turn may have been related to the higher pepsin activity. This provides evidence of an 
integrated process of acid and pepsin secretion but it is not clear which of these processes 
is the initiator. 

Pepsin output has been measured in pigs using gastric pouches by several Russian 
groups. Kvasnitskii (1951) noted more activity by night than by day when pepsin was 
measured in terms of the length of Mett’s sticks digested by the juice. He also found that 
digestive activity was higher for a basal barley-based diet than for those to which soya-bean 
or lucerne silage had been added, while acid output showed an inverse relationship; by 
contrast similar measurements in the gastric contents showed a more predictable positive 
relationship between pepsin and acid concentrations. The discrepancy was explained as 
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being due to the excessively high acid content of gastric pouch secretion exerting an 
inhibitory effect on pepsin activity under the assay conditions employed. 

Bakeeva (1962) demonstrated that as the protein content of the diet for pigs was 
increased so the amounts of pepsin and acid secreted from gastric pouches rose. There is 
also some evidence that qualitative changes in the dietary protein are important; studies in 
dogs by Storozhuk (1968) showed that peak concentrations of pepsin occurred in the first 
hour for egg white, the second for milk and meat, the third for fish and the fifth for egg 
yolk. This implies that each protein source leads to its own pattern of pepsin secretion, and 
corresponding acid output. 

In spite of the considerable knowledge about the numerous forms of pepsinogens which 
are secreted by the stomach, there is little information about how the proportions produced 
may be influenced by diet; it seems possible that those with a high pH optimum operate 
preferentially immediately after a meal when gastric pH is high, and subsequently those 
with a lower optimum predominate. In practice, assay procedures used under conditions of 
normal nutrition have not allowed such distinctions to be made. 

M U C U S  S E C R E T I O N  
There has been much interest in recent years in the role of mucoproteins in the stomach. 
It is now recognized that mucoproteins together with bicarbonate form a protective layer 
adjacent to the epithelial surface so that under normal conditions acid and pepsin erosion 
of the mucosa (other than the cells of the gastric glands, which have a resistant membrane) 
is avoided. Much is known about the structure and properties of the mucoproteins and 
their association with bicarbonate as reviewed by Allen & Garner (1980); while it  is well 
established that drugs may modify the mucosal structure and mucus biosynthesis, specific 
effects of foods on these processes do not appear to have been examined. 

P R O T E I N  S Y N T H E S I S  A N D  T U R N O V E R  
Although the study of protein turnover is technically complex, and absolute values need to 
be interpreted with caution, as discussed by Simon (1989), it is evident that the stomach is 
the site of very high levels of protein synthesis in pigs. Fractional rates (/d) of 0.27 for 25 
kg pigs were found by Edmunds el af. (1978), 0.19-0.36 in 50 kg pigs (Simon, 1989), and 
0.254.54 in growing pigs for diets with 160 g crude protein (nitrogen x 6.25)/kg and 
0.214.35 for diets with 40g  crude protein/kg (Simon, 1989). Thus, the stomach may 
account for about 20% of the total protein content of the gut, and it may be the site of 
8-14% of the total protein synthesized there daily (Simon, 1989). At present no 
comparable information is available for humans. 

V O L U M E  O F  S E C R E T I O N  

I t  is technically very difficult to measure the total volume of gastric secretion: clearly when 
a pouch is surgically formed of a small part of the organ its secretion will not be 
representative of the whole and it is unaffected by direct physical effects of food. 
Measurement of gastric effluent is difficult because of the risk of disturbing bile flow if a 
cannula is located at the pylorus. Thus, Zebrowska et af. (1983) placed a re-entrant cannula 
immediately distal to the bile duct of 40 kg pigs and measured flow of digesta on diets with 
either barley and soya-bean meal (A) or casein and starch (B). After subtraction of the 
amounts of diet and water eaten, and estimates from other work of salivary and biliary 
secretion, i t  was calculated that in 24 h 8 1 and 4 1 of secretion occurred for diets A and B 
respectively. This assumed no absorption of secretions anterior to the cannula; 
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corresponding estimates of pepsin output were 3 and 1.5 kg. Roy (1980) has estimated that 
abomasal secretion in calves suckling 3.62 1 milk/l2 h is about 15 ml/kg live weight. 

DIGESTION 

P R O T E I N S  
The principal hydrolytic enzyme active in the stomach is pepsin, in one or more of its forms, 
though in the immediate post-birth period rennin or chymosin are also of importance as 
noted earlier. The specificity of pepsin suggests that the peptides resulting from gastric 
digestion will tend to have phenylalanine, tyrosine and leucine at one or other terminal. 

In one of the earliest studies on the time course of gastric digestion of proteins, 
Zebrowska (1968) gave rats a protein-only meal, anaesthetized them 1, 2, 3 or 4 h later, 
and then collected and analysed the digesta. Casein and a-protein were more completely 
hydrolysed and the digesta left the stomach faster than raw or heated soya bean. A series 
of studies with 28-d-old piglets killed 1 h after feeding showed that the appearance of 
trichloroacetic acid (TCA)-soluble N in gastric contents was slower for bovine milk 
proteins than for fish proteins (Newport, 1979), isolated soya-bean protein (Newport, 1980) 
or a whey-supplemented milk (Newport & Henschel, 1984); heat-damaged milk proteins 
were less rapidly digested than undamaged proteins (Braude et al. 1971). 

Studies in older pigs with gastric cannulas have shown that the amounts of TCA-soluble 
N increased from 11 to 55 YO of total N during 7 h after a meal (Cuber el a/. 1980). Various 
sources of supplementary NSP did not affect the rate of appearance of TCA-soluble N 
according to Rainbird & Low (19866), who also used pigs with gastric cannulas. 
Measurements of the amount of TCA-soluble N leaving the stomach of growing pigs were 
made by Zebrowska et a/ .  (1983) using pigs with a cannula in the duodenum, proximal to 
the pancreatic duct. During a 12 h period, the proportion of TCA-soluble N rose from 13 
to 50 o/o for a diet with casein as the only protein source, while it remained at  approximately 
50% for a barley-soya-bean diet. 

Marked effects of technological treatment of milks on gastric digestion in minipigs has 
been found by Kaufmann (1984u, 6). Meisel & Hagemeister (1984) and Pfeil (1984). These 
studies show that major differenccs in the pattern of digestion and subsequent metabolism 
of foods can be achieved by altering their processing, and specific physiological or clinical 
aims may, thus, be mct. 

C A R B O H Y D R A T E S  
Enzymic hydrolysis of carbohydrates in the stomach is very limited. Although theoretically 
the pH in the stomach is high enough for the action of salivary amylase (EC 3.2.1.1), the 
amounts secreted appear to be very small, at least in pigs (Corring, 1980). Several authors 
have noted the disappearance of glucose proximal to the pancreatic duct of pigs (for 
example, Zebrowska et al. 1983); this may be the result of both salivary amylase and non- 
enzymic hydrolysis. However, this is unlikely to have been due to active gastric absorption 
of sugars (Low & Rainbird, 1986), though at very high concentration they may be absorbed 
passively (Keegan & Devilliers, 1980). More likely explanations for this disappearance are 
absorption from the duodenum, or microbial fermentation, as will be discussed later. 

F A T  
It has become clear in recent years that fat digestion occurs in very young children 
(including premature infants) as a result of a lingual lipase with a pH optimum of 5.4, and 
a specificity which results in the release of di- and monoglycerides, glycerol and free fatty 

https://doi.org/10.1079/NRR19900014 Published online by Cambridge University Press

https://doi.org/10.1079/NRR19900014


238 A. G .  LOW 

acids from tripalmitin (Hamosh el af. 1978). The activity of this enzyme is still marked at 
pH 3.0 and it is resistant to lower pH conditions in the presence of lipids (Fink et al. 1984). 
Its substrate specificity (mainly towards medium-chain triglycerides) was studied in detail 
by Liao et al. (1984). However, the quantitative nutritional aspects of lingual lipase activity 
are not yet adequately understood. 

Gastric lipolysis has also been observed in mature minipigs by Timmen & Precht (1984) 
who found that partial glycerides and free fatty acids formed 15-30 YO of gastric fat: the 
highest values were found for ultra-high-temperature (UHT) milk 120 min after a meal and 
for pasteurized milk 260--360 min after a meal. The gastric pH, possible damage to the milk 
fat globule membranes (non-homogenized milk), and the existence of secondary membranes 
around casein (homogenized milk) were all found to be important factors determining 
lipolysis. The quantitative importance of gastric lipolysis in humans remains unclear. 

M I C R O B I A L  D I G E S T I O N  
The existence of an actively metabolizing bacterial population has been demonstrated in 
many species of animals as well as man, but the quantitative significance of this activity is 
very difficult to estimate in non-ruminants because the principal products of fermentation, 
volatile fatty acids and lactic acids from carbohydrates, and ammonia and amines from 
proteins, may be formed in almost all regions of the digestive tract. Measurement of 
concentrations in digesta does not give an accurate picture of the rate of their formation 
because absorption is continuing at the same time. Nevertheless, Clemens et al. (1975) 
showed that the highest concentrations of lactic acid were found in the stomach of pigs and 
the stomach and small intestine had the lowest concentrations of volatile fatty acids. Giusi- 
Perier et af. (1989) found that amounts of lactic acid absorbed from growing pigs were less 
than I0 YO of the amounts of glucose and they considered that most of the lactic acid had 
probably arisen from metabolism during absorption rather than from microbial 
metabolism; in one treatment lactic acid was given as part of the diet and less than 20% 
was recovered in the hepatic portal vein after absorption, again indicating that metabolism 
makes estimates of lactic acid production difficult. Microbial activity in the stomach of pigs 
has recently been reviewed by Ratcliffe (1985). 

GASTRIC E M P T Y I N G  

P H Y S I O L O G I C A L  ASPECTS 
The two functional compartments which are important in determining gastric motility or 
emptying are the proximal fundus, which acts as a reservoir of food, and the distal antrum 
which is responsible for the physical mixing and breakdown of solids. 

The emptying of liquids is thought to be largely a function of the pressure gradient 
between the stomach and the duodenum. Intragastric pressure arises from muscular 
contractions in the fundus, broadly grouped into those which are sustained, and those 
which are rapid and phasic; only the former appear to be important in this context. This 
sustained motility is in a receptive state during meal consumption, allowing the volume to 
increase, without raising intragastric pressure ; this is under vagal control. Increases in the 
amplitude of the sustained contractions lead to increased pressure and emptying of liquids, 
partly under the influence of CCK. 

The emptying of solids usually only occurs when they have been reduced to relatively fine 
particles (< 2.0 mm in size, Meyer et al. 1979) in the distal stomach. In the antral or distal 
region motility takes the form of cyclic changes, originating in the pacemaker cells in the 
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greater curvature, at  a rate of 3-4/min, and these determine the frequency and velocity of 
antral contractions some of which become peristaltic waves. The initiation of this activity 
is caused by an excitatory stimulus such as a neurotransmitter, in response to the size and 
composition of a meal; however, the detailed aspects of this mechanism remain to be 
elucidated. These contractions mix and grind food, and as the wave approaches the distal 
antrum, the terminal antrum and pylorus close; large solids are milled and reduced further 
in size. Vagal and sympathetic neural pathways are involved in the distal stomach, and 
gastrin also plays a role, facilitating generation of action potentials (Morgan et al. 1978). 
Those solids which cannot be broken down to a sufficiently small size are emptied, through 
another form of electrical activity, the migrating myoelectric complex, during fasting 
periods. This complex is thought to be controlled by the central nervous system, with 
motilin as an initiating hormone, and possibly with gastrin as an inhibitor (Thomas et al. 
1980). Further aspects of the physiology of gastric emptying were reviewed by Kelly (1980) 
and Burks et al. (1985). 

M E A S U R E M E N T  
Most non-invasive methods of measurement in man fall into three categories : intubation 
(gastric and duodenal), radiological (using radio-opaque meals) and radioisotopic (using 
tagged solid foods, usually with technetium 99). In experimental animals it is possible to 
place cannulas in the stomach, or in the proximal duodenum, though in the latter case the 
presence of bile and sometimes pancreatic secretions is a problem. Surgical intervention 
also carries the risk of abnormal function, because the physical presence of a cannula fixed 
to the abdominal wall may reduce the mobility of the gut, and because of the possible 
severance of nerves. However, cannulation of the greater curvature region did not lead to 
any observable abnormalities in gastric muscle motility in pigs according to Cuber et al. 
(1 980), whereas re-entrant cannulation in the proximal duodenum led to disturbed patterns 
(Laplace, 1980). 

The serial test meal method has been used for most of the classical studies on gastric 
emptying with liquid meals in humans (Hunt & Spurrell, 1951). A non-absorbable marker 
is added to the meal and the subject drinks the same meal on different days; at different 
times after the meal the entire contents are aspirated. The dilution of the marker and the 
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volume removed give a combined index of gastric secretion and emptying. Elaborations of 
the procedure include the use of a second marker to determine interim volumes of digesta 
without total removal of the contents, and tubing sufficiently large to aspirate solids, 
including both gastric and duodenal digesta. 

Radiological methods, generally using barium meals, are qualitative indicators of 
emptying; the barium tends to move with the liquid phase, or may dissociate from the solid 
phase into which it is sometimes impregnated. Quantitative measurement of solid and 
liquid emptying is, thus, impossible. 

Radioisotopic methods usually involve consumption of QQmtechnetium bound in chicken 
liver and "'indium, to mark solid and liquid phases respectively. By means of gamma 
cameras, which can simultaneously follow emptying of two markers of different energies, 
emptying of liquid and solid phases can be measured under physiological conditions, with 
computerized minute-by-minute recording. It is important to realize that these methods 
provide a two-dimensional view of a three-dimensional process, because the intensity of 
radiation will depend on the depth within the stomach from which it arises, giving rise to 
variations in counting efficiency. It is also apparent that "'indium may have some affinity 
for solids, and to differing extents for different foods. Nevertheless, these methods have 
become very widely used as diagnostic tools for studies of gastric dysfunction, as reviewed 
by Minami & McCallum (1984). 

N U T R I T I O N A L  A S P E C T S  
Influence of meal volume 

The earliest views about the normal pattern of gastric emptying were that the rate was 
proportional to the degree of distension of the stomach, but the view that the pattern is 
exponential has been dominant. However, Hunt & Macdonald (1954) observed that large 
liquid test meals only empty exponentially during the middle part of the period of 
measurement. Hopkins (1966) re-evaluated many previous studies and thought that the 
relationship between meal volume and emptying was best described by the square root of 
the volume remaining in the stomach, particularly in the later stages of emptying; however, 
Hinder et al. (1976) considered that at this stage endogenous secretions became a major 
contributor to total digesta volume, and that if these are taken into account, the pattern is 
linear. Further re-examination of the literature led Stubbs (1977) to conclude that meal 
volume is a major determinant of emptying rate. However, the picture is complicated by 
the variety of methods of measuring gastric emptying, as noted by Elashoff et al. (1982) 
who considered that standard methods are needed and that the best description of 
emptying is provided by a power exponential curve. The continuing utility of the 
exponential model has been stressed by Smith et al. (1984). 

It is important to recognize that the pattern of emptying of meals with a substantial solid 
content appears to be much more complicated than that of liquid meals, as noted by 
Laplace et al. (1983); linear initial emptying patterns were found with increasing total meal 
size in dogs by Leib er al. (1986), and when the volume of water consumed with a meal by 
pigs was varied by Low et al. (1985). It is clear that the emptying of solid and liquid 
components can follow very different patterns, as found by Hinder & Kelly (1977). Normal 
meals have a complex and varied physical and chemical constitution which alters greatly 
during gastric digestion, which includes major secretory inputs. The role of the various 
physical and chemical factors involved is reviewed later. It seems impossible a t  present to 
provide satisfactory mathematical descriptions of the rate of gastric emptying of the 
components of the meal because of the complexity of the system and the interactions which 
are likely to occur between its various components. 
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Particle size 
The antral region of the stomach is the site of propulsion, grinding and retropulsion of 

solids until they are sufficiently small to pass into the duodenum; Meyer et al. (1979) found 
that virtually all the meal emptied into the duodenum of normal dogs had a particle size 
of 2 mm or less, while dogs with ulcers emptied larger-sized meat particles. A similar 
conclusion was drawn by Holt et al. (1982) in studies in humans; small cubes (3 mm) of 
liver emptied faster than large cubes (10 mm) when assessed by gamma camera; 50% 
emptied in 50 and 70 min respectively. Comparison of the rates of emptying of labelled 
liver, of either 0.25 or 10 mm particle size, by Weiner et al. (1981) confirmed more rapid 
emptying of the small particles: in addition it was noted that noodles emptied faster than 
liver (half-times of 52 and 82 min respectively). When ordinary solid-liquid (S) and 
homogenized (H) meals of sirloin steak, bread, butter, ice-cream and chocolate syrup and 
water were given to humans, initial gastric emptying was faster for S meals (together with 
higher gastric secretion) but for most of the period of measurement H meals emptied 
faster (Malagelada et al. 1979). Meisel & Hagemeister (1984) also found that homogenized 
milk emptied faster from pig stomachs than the same milk in non-homogenized state. The 
requirement for small particle size for emptying of solids is consistent with the many 
observations that liquids generally empty faster than solids from the stomach as they are 
more or less independent of the comminutory activities of the antrum. This was found by 
Notivol et al. (1984), who also noted that women emptied solids and liquids more slowly 
from their stomachs than men. Furthermore, a relationship between gastric emptying and 
the phase of the menstrual cycle was seen. 

Viscosity 
There has been considerable interest in recent years in the effect that increasing the 

viscosity of a meal may have on gastric emptying. This stems from observations that 
increased viscosity in the gut may be responsible for the property of NSP to reduce the rate 
of glucose absorption, which is of particular interest in the control of diabetes. Holt et al. 
(1979) found that pectin and guar gum both delayed gastric emptying. Differences between 
this finding and some earlier studies may be due to differences in the viscosity of the test 
meals used; both here and in many other publications insufficient information is given on 
how the NSP sources were hydrated and the specific conditions under which viscosity was 
measured. Konjac (Amorphophallus rivieri Dur.) mannan (Ebihara et al. 1981) and locust 
bean (Ceratonia siliqua L.) gum (Tsai & Peng, 1981) have been shown to delay gastric 
emptying of liquid meal in rats. Further evidence for delayed gastric emptying of liquid 
meals has been provided by Schwartz et al. (1 982) and Sandhu et al. ( I  987) for pectin in 
humans, by Russell & Bass (1985) for guar gum in dogs, and for carboxymethyl cellulose 
and raffinose (but not pectin) in humans by Tadesse (1986). 

By following the appearance of 24Na in peripheral blood (using an external radiation 
monitor), Wilmshurst & Crawley (1980) concluded that guar gum delayed the emptying of 
a low-energy milky drink. By contrast Morgan et al. (1985), who measured gastric 
emptying by assessing peripheral blood paracetamol levels, found no effects of guar gum 
on protein meals containing cooked lean beef or fat (double cream). Potato granules were 
used by Ehrlein & Prove (1982) to increase the viscosity of semi-liquid meals given to dogs; 
the effect was to delay gastric emptying according to a sigmoid pattern, while that of the 
control was exponential. 

Long-term supplementation (2 months) of diets for humans with guar gum and wheat 
bran by Ray el al. (1983) led to decreased rates of gastric emptying of labelled solids and 
liquids in a meal of water and egg sandwich. Brown et al. (1988), using "mTc sulphur 
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colloid homogenized with beans, observed that guar gum delayed gastric emptying of the 
label (assumed to tag the solid phase) in rats during the first hour after a meal. Because the 
label was not specifically tagged to the beans the marker may have remained partly in the 
liquid phase. It is always difficult to interpret the relative movement of liquid and solid 
markers used to monitor gastric emptying because of inadequate tagging, or of the 
solubilization of the material to which the label is attached and, hence, its emptying in the 
liquid phase. 

Problems of identifying liquid phases were overcome by Rainbird & Low (1986a,b) who 
examined the effects of various levels of fully hydrated guar gum (Rainbird & Low, 1986~)  
and wheat bran, carboxymethylcellulose, high methyl citrus pectin and guar gum granules 
(Rainbird & Low, 1986b) on gastric emptying in pigs. Quantitative direct recovery of 
gastric contents over a 4 h post-prandial period was used. The NSP sources reduced the 
rates of gastric emptying at various times of observation of the meals as a whole but the 
emptying of the solid phase was not delayed. Rainbird (1986) compared gastric emptying 
of a normal meal, a low-energy milky drink and a glucose drink in pigs, and again found 
that guar gum markedly delayed liquid emptying, as seen earlier by Wilmshurst & Crawley 
(1980) (and by various authors for glucose drinks), but solid emptying was unaffected. 

By contrast with studies which demonstrated that viscous NSP sources may delay gastric 
emptying, Potkins & Lawrence (1985) observed that guar gum and pectin accelerated 
emptying in pigs. The meals were based on barley, with particle sizes of 1.56 mm or less 
(fine) or 4.8 mm or less (coarse). Fine grinding also accelerated emptying. An explanation 
for this may lie in the finding by Meyer et al. (1986) that guar gum accelerated the emptying 
of Teflon spheres (which are insoluble as is barley) in dogs, though emptying of liquids was 
delayed and solids from liver was unaffected. In addition it was noted that the particles of 
liver which emptied from the stomach were significantly larger when guar gum was added 
to the meal. The authors considered that hydrodynamic factors were the cause of this effect; 
it was suggested either that guar gum suspended the spheres so that they remained in a 
central region of the stomach where they were expelled by each antral contraction, or that 
viscosity reduced the rate of movement to a storage region of the antrum. Other possible, 
though perhaps less likely, explanations for the effects seen by Meyer et al. (1986) were 
given by Prove & Ehrlein (1982) who suggested that the depth of peristaltic indentation of 
the stomach is of central importance in the regulation of emptying of viscous meals. 

Present understanding indicates that the role of viscosity in gastric emptying appears to 
be mainly confined to the liquid phase of the digesta. More studies under varied 
experimental conditions are needed to clarify the issue, in view of the interest in the use of 
soluble NSP to improve management of diabetes and for lowering blood lipids. 

Osmolarity 
For many years it has been recognized that the higher the osmolarity of solutions in the 

stomach, the more gastric emptying is delayed. Though Hunt & Knox (1968~)  reviewed 
the evidence for the existence of duodenal osmoreceptors, and their properties, much 
remains unclear about their histological and functional nature. Meeroff et al. (1975) 
provided evidence that the receptors are localized in the duodenum only. The possibility 
that the response of these receptors might depend on shrinkage and swelling of the lateral 
intracellular space around the enterocytes was put forward by Barker et al. (1978). 

Hunt & McHugh (1982) found that EDTA in test meals of water slowed gastric emptying 
in humans and monkeys. When the binding sites of the EDTA were loaded with Ca before 
it  was given in the test meal there was little effect on gastric emptying; it was suggested that 
EDTA takes up Ca from tight junctions in the duodenal epithelium, providing a signal for 
slower gastric emptying, and that this mechanism might apply to fats, carbohydrates and 
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proteins acting on the same receptor. When liquid nutrient diets with a range of 
osmolarities between 340 and 700 mOsm/kg were given to pigs by Case et al. (1981) there 
were no effects on gastric emptying rate 30 or 60 min after feeding, and gastric contents of 
all pigs converged towards 450 mOsm/kg. Similarly, Low (unpublished results) found that 
diets of very different osmolarity given to pigs (containing either barley and fishmeal, or 
starch, sucrose and casein) all led to gastric and duodenal digesta of approximately 
constant osmolarity. It seems possible, therefore, that under relatively normal nutritional 
conditions the gut is able to adjust its environment to relatively constant conditions and 
that the effects of changes in the osmolarity of the diet on gastric emptying may not be 
important. 

Acids 
A wide range of strong and weak acids all delayed emptying of liquid test meals in 

proportion to their concentration in studies by Hunt & Knox (1972). Organic acids appear 
to inhibit emptying in proportion to the number of carboxylic groups and molecular weight 
in dogs (Blum el al. 1976). There appear to be post-pyloric receptors to acids in humans 
and dogs, and also gastric receptors in humans, but little is known of the mechanisms which 
regulate emptying patterns in response to acid intakes in meals, or of their importance 
under normal nutritional conditions. 

Lipids 
The general observation that fatty acids delay gastric emptying was confirmed by Hunt 

& Knox (19866) who found that increasing the chain length of fatty acids up to fourteen 
carbon atoms led to progressively slower gastric emptying of test meals, with decreasing 
effectiveness for longer chains. Fatty acids are more effective than their corresponding di- 
or triglycerides in delaying gastric emptying, while non-hydrolysable triglycerides are 
without effect (Cortot et al. 1982), suggesting that it is the digestion products of 
triglycerides acting in the duodenum which are of particular importance. 

When large cereal-based meals were given to pigs by Low et al. (1989, maize oil reduced 
the rate of gastric emptying of solids and liquids during the second hour after the meal, 
indicating that inhibition of gastric emptying by lipids is not confined to liquid meals. Rates 
of emptying of lipid in humans and in dogs varied with the physical position of the lipid 
in the food matrix; extracellular lipid emptied mainly as an oil, while intracellular lipid 
mainly remained in the food (66 %) or was in the form of an emulsion (Meyer et al. 1986). 
Homogenization of a lipid-containing meal led to the same rates of emptying of lipid and 
aqueous phases, indicating that the physical form in which lipid is consumed is important 
(Cortot et al. 1979). A further indication that the physical environment may be important 
in the gastric emptying of lipid was shown by Trout et al. (1978), who found that lipid 
emptied from the stomach of rats more slowly than glucose, but when xanthan gum was 
added to the meal the emptying rates were the same. 

It has recently been found that the presence of lipid in the ileum can markedly inhibit 
gastric emptying in humans (Holgate & Read, 1985). A similar ileal infusion of lipids (as 
fatty acids) also inhibited gastric emptying in dogs, and increased peptide YY levels in 
blood (Pappas el al. 1986); infusion of peptide YY also delayed gastric emptying. Further 
evidence of mechanisms responsible for the effects of lipids comes from Keinke & Ehrlein 
(1983) who found that oleic acid delayed gastric emptying in dogs and also caused marked 
reductions in antral motility and a narrowed opening of the pyloric sphincter. A possible 
role of Ca in delaying gastric emptying has been discussed by Hunt (1983); he proposed 
that anions of fatty acids displace Ca from a site on the tight junctions of the intestine, 
causing shrinking of the intercellular space, which may be the final common event in the 
duodenal regulation of gastric emptying. 
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Proteins and amino acids 
In a study on gastric emptying by Buraczewska et al. (1978) free lysine emptied from the 

stomach significantly faster than protein-bound lysine. Free amino acids have also been 
found to inhibit gastric emptying ; phenylalanine and tryptophan had significant effects in 
rats (Mange1 & Koegel, 1984) and man (Fisher & Hunt, 1977), tryptophan in dogs 
(Stephens et al. 1975) and L-, but not D-tryptophan, in cats (Cooke, 1978). Solutions of 
amino acids and peptides may contribute in a general way towards increased osmolarity of 
digesta and thus inhibit gastric emptying. 

When test solutions of glucose, casein, partly hydrolysed gelatin or egg albumin, native 
or denatured, were given to humans, casein was emptied least rapidly and native egg 
albumin most rapidly. The emptying rates of casein, a-protein, raw and heated soya bean 
in a semi-solid meal given to rats by Zebrowska (1968) were faster for a-protein and casein 
than for soya bean. However, the emptying rates, 1 h after feeding in 28-d-old pigs, of dried 
skim milk were lower than for fish-protein concentrate (Newport, 1979), single-cell protein 
(Newport & Keal, 1980) and isolated soya-bean protein (Newport, 1980; Newport & Keal, 
1982); in each of these studies there were larger amounts of TCA-soluble N in the stomachs 
of the piglets fed on the non-milk diets. In older pigs, fitted with gastric cannulas, Laplace 
et al. (1984) found that gastric emptying of N in the first 2 h after feeding, from starch- 
based diets was faster when the protein source was fishmeal than wheat gluten or casein. 
Particular attention was paid in this study and the previous study (Laplace er al. 1983) to 
variation within and between animals, and to the most appropriate mathematical 
description of the patterns of gastric emptying. In two further studies by the same group, 
the emptying rate of wheat was faster than that of barley (measured using gastric cannulas; 
Laplace et al. 1985a), both of which were faster than maize measured after slaughter 
(Laplace er al. 1985b). 

The rates of gastric emptying of a semi-purified diet containing casein as the only protein 
source, and a barley--soya-bean diet were compared in 40 kg pigs by Zebrowska er al. 
(1983). The initial rate of emptying of the casein diet was far more rapid than for the cereal 
diet; 76 YO and 28 YO respectively of intake left in the first hour after feeding. The reason for 
this is not clear though the finely-ground nature of the diet and the low levels of protein 
digestion products could both have accelerated emptying compared with the barley-soya- 
bean diet. 

Further evidence of the complexity of emptying of milk or casein-based diets is shown 
by the more rapid emptying of human milk than of infant formulas in infants (Cavell, 
1981); this may be related in part to the amounts of whey protein as a percentage of total 
protein in bovine (20), porcine (50) and human (80) milks. Thus, Newport & Henschel 
(1984) found that the gastric emptying rate of protein was highest for diets with a high 
whey:casein ratio. The nature of the curd formed in the stomach after consumption of 
bovine milk is also related to the rates of gastric emptying; soft curds from UHT-treated 
or cultured milk emptied faster than the hard curds formed from raw or pasteurized milk 
in the studies by Meisel & Hagemeister (1984). 

Sugars 
A comparison of the rates of gastric emptying of sugar solutions in the young pig by 

Reed & Kidder (1972) indicated that glucose and galactose emptied at the same rate, which 
was faster than for sorbitol and NaCl : increasing the glucose concentration depressed the 
rate of gastric emptying, and increased osmolarity of the digesta. Similarly, glucose 
inhibited gastric emptying in the milk-fed calf in the studies by Bell & Razig (1973). 
Comparisons of the gastric emptying of glucose, D-xylose and fructose in rhesus monkeys 
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(Moran & McHugh, 1981) indicated that fructose was less inhibitory than glucose and D- 
xylose, and it also inhibited food intake less ; this indicates that gastric emptying may be 
related to satiety (McHugh et al. 1982) and this was supported by the finding that glucose 
delivery to the duodenum was constant, regardless of the concentration of the solution 
eaten (Brener et al. 1983): thus there may be a steady-state balance between glucose 
delivery to the duodenum and inhibition by the duodenum. 

Disaccharides appear to have a less inhibitory effect on gastric emptying in rats than 
monosaccharides (Trout & Bernstein, 1986) which is likely to be a result of their lower 
osmolarity, on a weight-for-weight basis. Sucrose supplementation of protein-based diets 
given to rats by Buraczewski el af .  (1971) inhibited gastric emptying more than starch but 
less than lactose. 

Starch 
The physical nature of starch has been found to be a determinant of gastric emptying in 

growing pigs: Borgida & Laplace (1977) found 40% more rapid emptying for extruded 
than for raw potato starch. Rates of purified wheat or maize starch emptying were 
compared in growing pigs by Laplace et af .  (1983) : the pattern of emptying was relatively 
similar for the two sources, but evidence was also presented that specific starch-protein 
interactions may also be important in determining gastric emptying. 

More indirect indications of differences in the gastric emptying of starchy foods comes 
from studies in humans indicating that mashed potatoes leave the stomach faster than 
polished rice or white beans (Torsdottir et al. 1984). Cuber et al. (1981) found that starch 
in wheat emptied more rapidly from the stomach of pigs than starch in barley, but this may 
have been the result of components other than the starch itself. 

Non-starch polysaccharides 
While there is general agreement that cellulose and wheat bran are largely without effect 

on gastric emptying, there are numerous reports that soluble NSP do modify emptying 
patterns and these have been discussed earlier in the section on viscosity. 

Energy content of meals 
In recent years there has been much interest in the notion that gastric emptying of meals 

may proceed at  a rate which allows a constant delivery of energy to the duodenum after a 
meal, at  least in the early post-prandial period. Hunt & Stubbs (1975) analysed most of the 
then available literature and concluded that this concept was generally applicable and that 
the effects seen were consistent with the known effects of fat, protein and carbohydrate on 
gastric emptying. Thus prediction of emptying rate could be made from a knowledge of the 
nutrient density of the meal. Support for this view came from the studies of McHugh & 
Moran (1979) in monkeys, and Kalogeris et af. (1983) in rats. This concept was then 
extended by Hunt (1980) who suggested that gastric emptying was correlated with food 
intake. Further evidence for this was given by Castro (1981) who observed that the content 
of energy in the food residues in the stomach of rats at the initiation of a meal determined 
how much would be eaten, in terms of energy content, and the length of the inter-meal 
interval. This possible role of gastric emptying in satiety was linked conceptually with the 
satiety signals linked with the delivery of energy to the liver by McCann & Stricker (1986). 

By contrast with the view that gastric emptying is ordered so that the rate of energy 
delivery to the duodenum is relatively constant, there is a large body of evidence from 
animal studies that this is not necessarily so when larger and mixed meals are consumed. 
In a recent study in humans by Hunt et al. (1985) it was clear that increasing the energy 
density and meal volume led to increased rates of gastric emptying of energy into the 
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duodenum. Gastric emptying studies in pigs by Zebrowska et al. (1983) indicated a far 
greater rate of emptying of semi-purified diets than cereal-based diets, when fed at  the same 
total weight to pigs; the differences in energy concentration of the diets were much less than 
the differences in the rate of emptying. Furthermore, the patterns of emptying over a 12 
h period were biphasic and were also markedly different. This evidence indicates that the 
regulation of gastric emptying under normal meal-feeding conditions is more complex than 
hitherto thought, and cannot be simply described by the energy content of a meal. 

CONCLUSIONS 

The nutritional regulation of gastric secretion, digestion and emptying is a very complex 
process, as this account shows. The three processes are interdependent, and each is 
mediated by the neuro-endocrine system. 

Present understanding of the effects of nutrients on gastric secretion comes mainly from 
studies where often ill-defined foods were given to animals with gastric pouches, in which 
the functional relationships of secretion, digestion and emptying are inevitably disturbed. 
Furthermore, the amounts of food given have often been small. Interactions almost 
certainly occur between foods, with consequences for gastric function, and these have not 
been studied systematically. Much of the early work on gastric emptying in humans was 
done with liquid test meals under closely-defined conditions; the relationships which 
emerged from this work doubtless underlie the responses of the stomach to normal meals 
but it  is clear that a further major series of poorly-understood factors are involved when 
normal meals are eaten. 

Major improvements have been made recently in the methods used to study gastric 
function, but at  present so many different experimental procedures are being used that 
coherent models of the system are extremely difficult to construct. Nevertheless, it is 
apparent from the present review that gastric secretion tends to increase as the meal size, 
its particle size, its protein content and its pepsin-digestible protein content rise. This leads 
to a larger volume of digesta which may have a higher osmolarity as well as a lower pH 
(though protein buffering may reduce the fall in pH). The latter two factors tend to depress 
gastric emptying, as does fat, through intestinal mechanisms. This is consistent with 
observed faster rates of emptying for meals of a liquid consistency, or those containing 
small particles, and of a low osmolarity. Thus, the physicochemical attributes of foods 
appear to be the dominant determinants of gastric function, but development of this 
general model to make quantitative prediction awaits further research. 
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