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INTRODUCTION 

Gastrointestinal function involves a complex interrelationship 

between the extrinsic autonomic nervous system, the intrinsic neural 

system, hormones produced both by the gut and other tissue sites in 

the body, and finally by the contents of the lumen itself. These 

luminal contents would include the components in the ingested diet, 

enzymatic products, microbes, microbial byproducts, and certain 

endogenous secretions. Most notable of these luminal factors are 

sugars (84,113) and amino acids (1) which have been shown to promote 

the uptake of water, sodium, and chloride. Short chain fatty acids 

(SCFA, plural SCFAs) might also be expected to influence fluid and 

electrolyte movement. 

SCFAs are present throughout the gastrointestinal tract of most 

species with the highest concentrations in the large intestine. A 

number of researchers have studied the role of SCFAs in the gut and 

have demonstrated an important potential role for these compounds in 

gut physiology. However, most investigations have been done in the 

hindgut or in the ruminant forestomach. No prior studies have been 

conducted to examine SCFA influence on water and electrolyte absorp-

tion in the small intestine of a species, such as the pig, which has 

a relatively high SCFA concentration in the small intestine. 

The main objective of this project was to establish if SCFAs 

(represented by acetate) and pH influence water and electrolyte absorp-

tion from the small intestine of the pig. 
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LITERATURE REVIEW 

General Background 

SCFAs are defined as aliphatic rnonocarboxylic fatty acids with 

chains of two to six carbons (75). They are weak electrolytes with 

pKs ranging from 4.75 to 4.86 (89). As water soluble compounds, they 

are believed to be abs orbed via the portal system, unlike the long 

chain fatty acids with sixteen or more carbons which enter the blood 

via the lymphatic system. Medium chain fatty acids with seven to 

fifteen carbons are absorbed by both routes . The exact mechanism for 

absorption has not been defined. 

SCFAs are found throughout the gut of most species . They are 

derived from dietary ingesta, endogenous secretion, and as the end-

products of anaerobic fermentation of carbohydrates and other organic 

substrates by the microflora in the gut lumen (96,97). The luminal 

concentration of SCFAs varies between species but generally increases 

in the most distal segments of the gastrointestinal tract and, in the 

case of the ruminant, in the rumen. Herbivorous animals utilize SCFAs 

as a major source of transferable energy (111). 

Sources of SCFAs in the Gut 

While the concentrations of SCFAs found in the gut may be derived 

from ingesta, endogenous secretion, and microbial f ermentation, the 

first two sources contribute a very small portion of the t otal concentra-

tions. Dietary levels are very low since few natural foods contain 

significant amounts of SCFAs. Endogenous secretion is also not 
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significant since the amounts secreted are extremely small and vary 

greatly with each species. For example, Schmitt et al . (105) have 

observed the secretion of SCFA in the human jejunum in only three out 

of fifteen control subjects. Acetic acid secretion occurred at the 

rate of 0.011-0.037 nnnoles/hr/cm of jejunum. Butyric acid also was 

secreted but at a rate of 0.002-0.009 mmoles/hr/cm. However, SCFA 

secretion in the human jejunum was not constant but flowed intermit-

tently for some unknown reason. Schmitt et al. (106) did not observe 

any SCFA secretion in the human ileum. 

Microbial fermentation of carbohydrates and other organic sub-

strates accounts for the majority of the SCFAs found in the gastro-

intestinal tract . This fermentation is connnon to many species of micro-

organisms which are present in the gut in high numbers. Normally, the 

various species in the gut coexist in a stable ecosystem (81,103) 

which is greatly influenced by conditions in the gut lumen, host diet, 

and the general condition of the host animal. Availability of carbo: 

hydrate substrate for fermentation is dependent on such factors as 

the digestibility of the individual substrates by the host, transit 

times, relative rates of absorption in the upper portion of the diges-

tive tract, and endogenous secretions. While most of the substrate is 

dietary carbohydrate, endogenous sugars, as reported in germ-free 

rats (82), or products of protein degradation may also serve as sub-

strates. 
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Concentrations of SCFA in the Gut 

SCFAs are found throughout the gastrointestinal t ract of both 

ruminant and monogastric species. The SCFA concentrations have been 

shown to vary with age (60,81), diet (5,18), and time after ingestion 

of food (5,31). McBee (86) and Bauchop (17) have reported concentra-

tions in the hindgut and foregut, respectively, for many species. 

Data for all the species will not be presented in this literature 

review. Only those species which will be subsequently mentioned in 

the review of SCFA effects on water and electrolyte absorption will 

be emphasized. 

Concentrations in the .Elg 

Friend et al. (60) have determined the organic acid concentrations 

in the digestive tract of young pigs at 1, 3, 5, 7, and 9 weeks of age. 

A concentration of 9.2 ± 1.3 meq/dl in gastric f luid was reported at 

one week of age but progressively declined to 3.1 ± 1.0 meq/dl at 9 

weeks. The small intestine had the lowest concentrations with values 

progressively declining from 6.8 ± 2.5 (SD) to 3.8 ± 0 . 03 meq/dl by week 7. 

At week 9 the concentrat ion had increased to 4.9 ± 1.0 meq/dl. Differ-

ences between concentrations in the upper and lower intestines increased 

with age. Cecal and colonic concentrations at week 1 were 11.0 + 3.7 

and 16.2 ± 8.0 meq/dl, respectively, but these had increased to 21.4 + 

2.8 and 20.4 ± 2.2 meq/dl by week 9. Acetate was the predominant SCFA 

present at all ages, representing, respectively, 5.4% 15.3%, 52.4%, and 

45.8% of the organic acids in the stomach , small intestine, cecum, and 

colon at week 1 . The proportion of acetic acid in the stomach contents 
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increased with age to 30% of the total acids present after 5 weeks . In 

the small intestine the propor tion of acetate increased to about 20% at 

weeks 3 and 5 before declining to 8.4% at week 9. No other SCFAs, 

except acetate, were measured at weeks 7 and 9. The combined proportion 

of butyric and propionic acids in a l l segments at all ages was less than 

the proportion of acetate. 

Friend et al. (59) also determined the organic acid concentration in 

the digesta of adult pigs. Concentrations of organic acids in the 

digesta of the stomach, small intestine, cecum, proximal colon, and di~

tal colon were, respectively, 15.8, 7.5, 22.2, 22.7, and 16.7 meq/dl of 

liquid digesta. Butyric acid represented 2.4% of the total organic acids 

in the stomach and 9.3% in the large intestine. Propionic acid repre -

sented 17.1% of the SCFA in the stomach, 4.3% in the small intestine, and 

over 30% in the hindgut. Acetic acid was the predominant SCFA with 24.4% 

in the stomach, 10% in the small intestine, and 47-52% in the hindgut . 

Clemons et al. (31) have also reported organic acid levels in the 

alimentary tract of pigs weighing 176 ± 3.3 kg (SE). Mean concentrations 

of approximately 20 nunoles SCFA/liter were found in the stomach . Concen-

trations were generally less than 10 mmoles SCFA/liter in the proximal 

small intestine but increased to between 10 and 40 mmoles/liter in the 

distal small intestine. Volatile acid concentrations exceeded 170 mmol es/ 

liter throughout the remainder of the tract. Digesta passage through the 

small intest ine was rapid and no retention was apparent . 

Argenzio and Sou thworth (5) also examined organic acid produc tion 

and absorption in the gastrointestinal tract of young pigs (9- 15 kg) . 

Concentrations of 20- 40 rmnoles SCFA/liter were found in the contents of 
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the stomach. Less than 10 nnnoles SCFA/liter were measured in the proximal 

small intestine, but the concentration increased to 20 - 30 mmoles/liter in 

the distal small intestine. Concentrations ranged from 150-250 nnnoles 

SCFA/liter in the contents of the large intestine. Acetate represented 

about 55% of the total organic acid in the stomach and large intestine, 

but approximately 88% in the distal small intestine. Propionate concen-

trations changed inversely with acetate. Butyrate represented about 10% 

of the total organic acids throughout the tract. 

Concentrations in other species 

Elsden et al. (49) have reported volatile acid concentrations in the 

digesta of other species. The rat stomach and small intestine have con-

centrations less than 0.5 grams/100 grams DM (expressed as acetic acid) . 

Cecal concentrations were 4.6 grams/100 grams DM but then declined to 

about 2 . 0 grams/100 grams DM in the rectum. Volatile acid concentrations 

in the rabbit anterior tract were similar to those reported in the rat 

anterior tract but were only 2 grams/100 grams DM in the decum and 1.5 

grams/100 grams DM in the rectum. The stomachs of 8-10 week old pigs 

contained about 1.5 grams/100 grams DM. Concentrations increased from 

approximately 0.2 grams/100 grams DM in the anterior small intestine to 

0.5 grams/100 grams DM in the posterior portion. Cecal concentrations 

reached 4.0 grams/100 grams DM. Levels in the colon ranged from about 

2 .0-2.6 grams/100 grams DM. Rumen concentrations ranged from 5 grams/100 

grams DM for the cow to 7.6 grams/100 grams DM in the sheep. Less than 

1.0 gram/100 grams DM were found in the contents of the ruminant small 

intestine. In general, the large gut and rumen were the major sites of 
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high vo l aLi l e fat ty acid level s . Species, such as the ra t and rabbit, 

with a smalle r colon relative to the cecum have the largest quantity of 

SCFAs in t he cecum. The highest amounts of SCFAs are found in t he colon 

in species, such as the pig, where the size of the colon is large rela-

tive to the cecum . 

Organic acid concentrations in the equine gastrointestinal tract 

have been reported by Argenzio et al. (7). Concentrations of SCFA in 

stomach contents varied wi t h the phase of t he digestive cycle. Concen-

tra tions generally decreased f rom 20-40 nunoles SCFA/l i ter in the contents 

of the cranial stomach to 10-30 nunoles SCFA/ li t er in the caudal stomach . 

A relatively constant concentration of l ess than 5 mmoles SCFA/liter was 

measured in t he small intestine. Concentrations in the cecum ranged 

from 60-120 mmoles SCFA/li ter . The highest concentrations were in the 

contents o f the ventral colon where l eve ls ranged from 60-150 nnnoles 

SCFA/liter . Levels in the digesta declined throughout the r emainder of 

the tract to between 30 and 90 mmoles SCFA/liter. 

A luminal concentration of 7.7 (2-11.3) mmoles SCFA/ liter , of which 

80% was acetate , has been reported for the fasted human upper j ejunum by 

Dawson et al. (43) . Although the authors suggested that this concentra-

tion may have been due to endogenous secretion, th i s would seem unlikely, 

as Mahadevan a nd Zieve (83) have reported human plasma concentrat ions of 

a cetate and butyrate at approximately 0. 27 and 0.003 aunoles / liter, respec-

tive l y. Fewer numbers of microbes are present in the small intestine 

than in t he large intes t ine (36). However, sufficient numbers of SCFA- pro-

ducing a naerobes are probably present to account for the measured con-

centration. 
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Often when condi t ions within the gut are modified or the substrates 

presented to a particular segment are changed, the microflora within the 

gut lumen proliferate. A clinical condition known as the stagnant loop 

syndrome (SLS) may be induced by changes in either gastric secretion or 

altered small intestinal motility. The SLS is characterized by microbial 

proliferation or a change in the predominant microflora which i s associ-

ated with an increase in SCFA production (47). 

Chernov et al. (29) have reported concentrations of SCFAs in the 

human jejunum from patients with the SLS and normal subjects. Acetate, 

propionate, and butyrate concentrations in the normal jejunum were 

0.0-0.5 mM, 0.0-0.05 mM, and 0 - 15 pM, respectively. Acetate levels 

in the SLS increased to 0.4-2.3 mM, propionate ranged from 0.04-0.4 mM, 

and butyrate was reported at 0-150 pM. Acetate represented 85-95% of 

the SCFA present when the bacterial proliferation occurred. Antibiotics 

decreased the concentration of acetate and propionate in the SLS to 

nunnal l evP l s . 

Bus t os -Fe rnande z et al. (25) measured organic anion concentrations 

in the feces of 20 healthy human subjects. The organic acid anions 

were the most abundant ions in fecal water at a concentration of 174.2 

± 8.4 meq/liter. Fecal output of organic anions averaged 13 . 1 ± 1.2 

meq/24 hours. Fecal weight was correlated with daily organic anion 

output. When similar measurements were made in 29 patients with malab-

sorption hyperacidorrhea, fecal organic acid output increased two to 

five times normal. The high levels of organic anions, as the major 

contributors of osmotic pressure in fecal water, may produce an osmotic 

diarrhea. The excess production of SCFA associated with this fecal 
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acidorrhe ~1 is due to malabsorption of carbohydrates in the upper tract 

and subsequent overload of the colon with excessive substrate. 

Nutritional Importance of SCFA 

Bergman et al. (18) , from studies on the sheep stomach, has estimated 

that 70-80% of the energy requirement is derived from volatile fatty 

acids . Most of the acetate in the rumen is transported to the blood 

while butyrate is largely metabolized by the epithelium (3) to form 

ketone bodies (68,93,94). 

Henning and Hird (66) have found that ketogenesis of SCFA in the 

mucosa can occur at equal rates from the ileum to the rectum in rabbits, 

but in normal animals little activity occurs in the ileum and distal 

colon where SCFA concentrations are low . 

The metabolites of butyrate or other SCFAs may function as a constant 

energy source for the mucosa as suggested by Argenzio et al. (5,8) and 

Henning and Hird (66). This pot ential as an energy source for the mucosa 

is important because the SCFAs might supply the energy for the metabolic 

dependent uptake of other materials from the lumen, especially in por-

tions of the intestinal tract where glucose and other sugars are in low 

concentrations (50,53,90,101,115). In contrast, minimal metabolism of 

SCFA by evented rat jejuna! sacs has been reported (13). However , more 

SCFA was metabolized in the absence of glucose. The mucosa of the large 

intestine in the horse also does not appear to utilize acetate as an 

energy source for active sodium transport (9). The amoun t of epithelial 

metabolism of the SCFAs probably vari es depending on the species and 

specific segment of the gut. 
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SCFA Absorption 

Factors affecting SCFA absorption 

While the exact mechanism for SCFA absorption has not been defined, 

a number of determinants of weak electrolyte influx into the intestinal 

cel l have been studied. Schanker et al. (104), from studies of drug 

absorption i n the rat small intestine, concluded that the degree of 

ionization of a n organic electrolyte in solution is a major factor in 

determining the rate of absorption across lipoidal membranes. Cell 

pe rmeability to the nonionized fo rm of the e lectrolyte also must be 

considered. 

It is known that preferential movement of certain anions occurs in 

vari ous segments of the intestinal t ract (67,130). This is partially 

due to changes in t he length, number, and radius of t he pores in the 

respec tive segments (57) . The so called " tight junctions" of the intes -

tine are important in that they may in f luence the movement of strong 

e lectrolytes which may be linked with weak e l ectro l yte transport . 

Jackson and Morgan (76) have investigated the relationship of 

weak e l ectrolyte transport and ac id-base metabolism in the rat small 

intestine . They were able to confirm findings in earlier studies (27, 

70,77) that t he mechanism for transport of weak electroly tes was related 

to differences in acid-base metabolism of the tissue . For example, a 

serosally directed alka linization takes place in t he jejunum while 

luminal alkalinization occurs in the ileum . 

Weak electrolytes may be absorbed by simple diffusion in e ithe r 

t he ionized or unionized f orms. At the pH o f the intestines under 
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physiological condi tions and considering the low pK of the SCFAs, most 

of the SCFAs exist in the lumen in the ionized form. The SCFAs are 

members of a gr oup of monovalent anions, described by Clarkson et 

al . (30), which are preferentially abs orbed in the unionized form. 

This group has a large ionic radius relative to the pore size in the 

intestinal epithelium. These unionized forms diffuse through the 

lipoidal membranes. Other smaller anions move through the aqueous 

pores or channels . 

Smyth and '.laylor (116) conducted a series o f experiments utilizing 

inverted sacs of rat j e junum in which they demonstrated that SCFAs could 

be transferred against a concentration gradien t . When acetate, propionate, 

or butyrate were added to the solu tions bathing the mucosal and serosal 

surfaces at an initial concentration of 20 µmoles SCFA/ml, the mucosal 

concentration afte r 60 minutes had decreased about 2 pmoles/ml. The 

s erosa l fluid had gained 6-18 µmoles/ml. Their resu l t s were best ex-

plained by an active transport mechanism for SCFAs. This transport was 

inhibited by anaerobic condi tions, addition of metabolic inhibitors, and 

the absenc e of g lucose f rom the mucosa! bathing f luid . 

The apparen t active t ranspor t was confirmed l ater (15,16). Jackson 

(74) showed that the baso latera l wall of the cell represents the rate 

limiting diffusion barrier. Entry of the SCFA into the cel l was pro-

portional to the concentra tion in the mucosal f luid suggesting passive 

diffusion across the mucosal membrane. Only the proximal small intestine 

exhibits th i s act ive uptake. 

Ash and Dobson (10), from studies on rumen absorption, suggested 

that the higher concentrat i on of aceta t e in the serosal flu i d, described 
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by Smyth et al., could be the result of both absorbed acetate from the 

lumen and acetate derived from intracellular hydrolysis of glycerides. 

The process by which acetate moves across the serosal membrane would 

have the potential to transport more acetate to the serosa than was 

absorbed from the lumen. 

Barry and Smyth (13), in one of a series of experiments, demonstrated 

that 161 pmoles of acetate and 2.5 ml of water/hr were transferred from 

the mucosal fluid by everted sacs of rat jejunum. The initial concen-

tration of acetate was 20.3 mM. Uptake of acetate was proportionately 

greater than fluid uptake. From the total 161 pmoles absorbed, 89 

pmoles were taken up by the tissue and 46.2 pmoles were t ransferred to 

the serosal fluid. Acetate transfer , when measured from initial con-

centrat ions ranging from 5-80 mM, increased with increasing concentra-

tions up to 60 mM. The transfer rate decreased progressively at 

concentrations in excess of 60 mM. Acetate and water transfer were both 

inhibited at the higher concentrations. An average rate of disappearance 

from the intestinal lumen of 440 pmoles of acetate / 20 minutes for the 

whole rat jejunum and ileum was observed in a series of in vivo experi-

ment s . 

All of the above fact o rs must be considered when attempting to 

explain the mechanism of SCFA absorption. A number of models have been 

proposed to explain SCFA absorption. It is likely that several differ-

ent mechanisms may exist and are specific for each species and each 

specific segment of the gut. 
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Models for SCFA absorption 

Hogben et al. (71) have proposed a model to explain the absorption 

of weak organic acids in the rat jejunum at rates which exceed those 

based on theoretical calculations. The model is based on the unstirred 

layer which is formed by the trapping of fluid between the microvilli 

and glycocalyx. The model consists of three compartments: mucosal 

fluid bulk phase, the unstirred layer of fluid at the cell surface, 

and the cellular compartment (Figure 1). The undissociated form of 

the weak acid is preferentially absorbed by the cell membrane. There-

fore, influx is determined by the ratio of ionized to unionized forms 

at the cell surface. A decrease in surface pH will enhance absorption. 

A low pH can be maintained by hydrogen secretion. Three sources have 

been proposed for the hydrogen ion. First, intracellular C02 may diffuse 

from the epithelial cell into the luminal fluid where it is converted 

- + + to HC03 and H . The H associates with the organic acid anion and the 

undissociated molecule is absorbed. Second, there could be an active 

secretion of hydrogen into the lumen with the resulting undissociated 

form of the acid absorbed. Finally, a Na-H ionic exchange (20) could 

provide the necessary hydrogen to complete the absorption process. 

Transport across the mucosal and serosal membranes is by simple passive 

diffusion. 

Jackson et al. (78) have examined the determinants of weak electro-

lyte influx into the rat intestinal epithelia cell. They concluded that 

the unstirred layer is not the rate limiting factor for the compounds 

considered in their study. A pH equal to that of the mucosal fluid bulk 

phase determined weak electrolyte uptake into the epithelial cell. 
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Figure 1. The unstirred layer model proposed by Hogben et al. (71) 

Jackson et al. have .proposed an alternate three compartment model 

in which the subepithelial extracellular space is the intermediate com-

partment. The pH gradient across the compartment determines weak elec-

ttolyte absorption. Their model is supported by studies on concurrently 

transported weak electrolytes (77) and the observed differences in acid-

base metabolism and weak electrolyte transport in the various segments 

(76). 

Stevens (119) ha~ proposed a model for the rumen epithelia that 

is based on an epithelial cellular compartment bathed by the lumirtal 

solution on one side and the blood on the serosal side (Figure 2). It 

is assumed that the <;ell membrane on the luminal surface is permeable 

only to the ionized form of the organic acid. The membrane at the 

serosal surface is permeable only to the unionized form. The driving· 
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force for SCFA absorption is a hydrogen gradient from the cellular com-

partment to the blood: 

Argenzio et al. (9) have proposed two models, which are similar 

to the model of Stevens, to explain acetate. absorption in the equine 

large intestine. The~r first model requires continuous production.of 

H+ from co2 hydration.in the lumen (Figure 3). + The H and acetate anion 

associate and the undissociated form then crosses the selective barrier 

into the cell. Concomitant luminal alkalinization and intracellular 

acidification takes place. Acetate moves down an electrochemical gradi-

ent into. the blood eit.her in the dissociated or undissociated form. 

The second model ~entails an intracellular hydration of. co2 via 

the action of carbonic anhydrase (Figure 4). The intracellular HC03 

is then exchanged for' the luminal acetate anion in a manner similar 

to the H.co3-Cl exchange reported by Turnberg et al. (128) in the .. human 

ileum. Argenzio et al. have postulated that the interaction between. 

+ Na and acetate transport observed in their studies on the equine colon 

is explained by a Na-Ii exchange mechanism. Acidification of the cell 

contents by HAc entry .would inhibit the absorption of N1/ across the 

serosal membrane into the blood via a Na-R exchange. 

· SCFA absorption in specific species 

SCFA absorption in the rumen is considered to take place by simple 

diffusion (92) and is related to concentration gradients between rumen 

fluid and blood. Bar,;roft et al. (11) have shown that most of the SCFA 

produced in the forestomach is absorbed in the fores.tomach. A signific·ant 

portion of the absorbed SCFA is metabolized by the ruminal epithelium 
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LUMEN CELL BLOOD 

H+ + Ac Ac Ac 

l 1~ Jf I 
HAc HAc HAc 

\ + + H + HC03 HC03 + H 

1~ 
H o~co3 co2 co2 + co2 2 CA 

Figure 2. Stevens' model for SCFA absorption across the 
rumen epithelium 

LUMEN CELL BLOOD 

H20 + co2 co2 co2 

+ 
~~ 

H2co3 H2co3 

1~ J t + H+ HC03 + H HC03 + 

/t 
Ac .,.___ + Ac Ac HAc __,, H + 

l metabolized 

Figure 3. Model B proposed by Argenzio et al. (9) for acetate 
absorption in the equine large intestine 
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Figure 4. Model A proposed by Argenzio et al. (9) fo r acetate absorp-
tion in t he equine large intestine 

(120) . A decrease in t he lumen pH from 7.4 to 6.4 will increase the 

rate of absorption; although acetate, propionate, and butyrate are 

all absorbed at relatively rapid rates at both a low and a neutral pH. 

An increase in chain length also results in increased rates of absorp-

tion (12). Stevens (119) has publi shed a comprehens i ve review of fatty 

acid absorption by t he rumen. 

Jackson et a l. (78) have calculated the rate of in f lux for several 

SCFAs in the ra t j ejunum and i leum. The influx was directly proportional 

to the concentration of the unionized SCFA. The rate of inf lux of one 

SCFA was not alter ed in the presence of a tenfold increased concentra-

tion of ano t her SCFA. Th e influx of acetate in the jejunum was observed 

at 0 + 2 (SE) nmo1·100 mg dry weigh t- 1 ·min-l Propionate and butyrate 
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-1 -1 were absorbed at 6 ± 1 and 12 ± l nmol.100 mg dry weight ·min 

Significant uptake for all three SCFAs was observed in the ileum. 

The rates were acetate, 3 + l; propionate, 9 ± l; and butyrate, 11 + 1 

nmol"lOO mg dry weight-1 "min-l It appeared that influx increased with 

increasing chain length. 

Remesy and Demigne (97) also determined SCFA absorption in the 

gastrointestinal tract of the rat by measuring arterial-venous differ-

ences. High concentrations were measured in the portal vein. This 

suggests that SCFAs may be nutritionally important to the rat. Pro-

duction and absorption were predominantly in the distal tract. 

Absorption in the small intestine appeared negligible (ileal vein and 

artery contained 0 . 13 and 0.15 mM, respectively), although the normal 

concentration in the ileum was a relatively low 6. 1 ± 0.8 mM (SE). Any 

SCFA which was absorbed in the small intestine was probably metabolized. 

The cecum absorbed substantial SCFA despite a pH of approximately 7 . 5 . 

In fasted rats, in which the concentration of SCFA in the cecum would 

be expected to decrease, the relative rates of absorption were more 

dependent on the concentration gradient than the accompanying increase 

in pH. 

Sallee and Dietschy (100) obtained data on short and medium chain 

fatty acid uptake and the apparent permeability coefficients (*P) using 

rat everted small intestine. They concluded that their data supported 

simple diffusion with the diffusion barrier being the unstirred water 

layer. No evidence was obtained of saturation kinetics suggestive of 

a carrier mediated system. Competition between various chain lengths 
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did not affec t the rat es of t i ssue uptake. The apparent permeability 

coefficients were calculated for pH 7.4 and 6.0. The following points 

were made: (a) *P increased with increasing chain length except for 

those SCFAs with less than six carbons; (b) when the pH was lowered 

to pH 6.0, *P increased; (c) the effect of stirring the uns tirred layer 

had little effect on the SCFA absorption; (d) SCFAs with 2-5 carbons 

have higher *P than theoretically predicted. Since the *P for SCFAs 

of less than six carbons exceeds theoretical calculation, upt ake via a 

more polar dif f usion pathway was suggested . Apparent penneability coef-

f icients for acetat e a t pH 7.4 and 6.0 wer e 22 ± 1.4 (SE) and 112 ± 13.4 

nmole s/min/100 mg/mM. 

Dawson et al. (43) measured the rate of absorption of SCFA in 

human subjects from an isotonic perfusion solution containing seven 

SCFAs at a t o t a l concentration between 110 and 145 mM at pH 7.0 . Only 

0 . 89 (range 0. 2-1 . 1) µmo l es SCFA/ min /30 cm of j e junum were ab s orbed. He 

als o measured absorption by the colon of one patient. A total of 4 

nmoles/ 10 minute s was absorbed by the colon. Little difference between 

the r a te of abscrp t i on o f t he r especti ve SCFAs was observed. 

Schmitt et a l. (105,106 ) have examined SCFA absorption in 30 cm 

segments of human jejunum and ileum. Jejunal absorption was linear 

for concentrations up to approximately 40-50 mM at pH 8.2-8.4 . A 

saturation phenomena was observed in excess of 40-50 mM of SCFA. Maxi-

mum rates of uptake for acetate, propionate, and butyrate at this 

saturable concentration were 12.9 ± 3.4 (SE) , 14.0 ± 1.0, and 12.6 ± 1.9 

mmoles / hour. In the ileum, all three SCFAs were also absorbed rapidly 
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from solutions containing 5-100 mM of SCFA at pH 7.4-7.8. The following 

values for the maximum velocity (V) and half-saturation constant (K') m m 

were calculated: acetate , V = 0.538 nnnole/h/cm, K = 22.7 mM; m m 

propionate, V m 0 . 659 mmole/h/cm, K = 26.8 mM; butyrate, V = 0.820 m m 

mmole/h/cm, K = 25 . 6 mM. m 

Absorption in the human ileum and jejunum, as reported by Schmitt 

et a l., was rate limited and was accompanied by alkalinization of the 

intest inal contents. Schmitt et al. proposed two mechanisms to explain 

the luminal alkalinization. First, co2 and H20 in the lumen are con-

verted to form hydrogen and bicarbona te. The hydrogen associates with 

the SCFA anion and the unionized SCFA is absorbed leaving the residual 

bicarbonate with an accompanying decrease in pC02 and an increase in 

pH . A second mechanism involves a carrier mediated exchange between 

bicarbonate and SCFA anions. The exchange results in an increased pH 

and pC02 of the lumen . 

McNeil et a l. (87) measured SCFA absorption from the rectum of 

46 human subjects utilizing a dialysis bag technique. Both acetate 

and a mixture of acetate, propionate, and butyrate were absorbed f rom 

100 nnnole/liter solutions at pH 7 . 2 and 5 . 5. At pH 7.2, 32.8 nnnoles / 

li ter/hr of acetate were absorbed while 41.8 mmoles / liter/hr of the 

SCFA mixture were absorbed. There was no significant difference 

between values obtained at pH 7 . 2 and those from similar experiments 

at pH S.S. However, the initial pH of 5.5 increased to pH 7 . 45 in 

only 30 minutes. Such an increase would be expected to decrease the 

ratio of unionized to ionized SCFA and inhibit nonionic uptake. Whether 

absorption occurced in the ionic or nonionic form was not determined. 
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Calculation of the net rate of movement through the dialysis mem-

brane at pH 7.2 showed acetate loss at the rate of 8.1 + 0.8 (SE) µmoles/ 
2 2 cm /hr compared to 4.7 ± 0.8 µmoles/cm /hr for sodium. The rates for 

the combined mixture of acetate, propionate, and butyrate were 5.2, 

2 1.8, and 1.9 µmoles/cm /hr, respectively. When the pH was decreased 
2 to pH 5.5, acetate movement was 8.5 ± 0.6 pmoles / cm /hr . The rates 

of absorption from the mixture were acetate, 4.3 ± 0.7; propionate, 

2 1.4 ± 0.2; and butyrate 1.6 ± 0.5 ~moles/cm /hr. 

In vivo and in vitro studies were conducted by Argenzio et al. 

(7) on the horse colon. The r esults showed s ignificant acetate absorp-

tion in the hindgut. Acetate absorption in the ventral colon f rom two 

liters of a control solution containing 100 mM of acetate at pH 6.1 was 

at 103 ± 6 (SE) mmoles /30 min. Acetate moved down an electrochemical 

gradie nt, however, it was also suggested t hat the high rates could also 

involve some proces s other than simple diffusion . The luminal bicarbona te 

increased as the unionized SCFA was absorbed. 

Argenzio et al. (8) have reported acetate absorption from the 

colons of two goats at rates ranging from approximately 3-75 nnnoles/hr 

from a test solution which included 60 mM of acetate at pH 6.0. 

SC FA absorption by t he gastrointestinal tract of young pigs weighing 

12.5 ± 3.1 (SD) kg has been studied by Argenzio and Southworth (5). 

Transport across mucosa! strips of various gut segments initially bathed 

on the mucosal side with an equimolar mixLure of acetate, propionate, 

and butyra te totaling 90 mM in a Ringer ' s solution at pH 7.4 was measured. 

Absorption in the stomach was greatest in the card~ac portion with 2.8 ± 
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cecum at 10.7 + 1.6 

in the lower colon. 
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n~t absorption. Maximum absorption occurred in the 

2 2 
p~oles/cm but then decreased to 7.7 ± 0.6 pmoles/cm 

In vivo SCFA absorption was determined for various segments of the 

tract of pigs fed a c~ntrol diet. The results were as follows: cranial 

stomach, 0.05-0.2 mmoles SCFA/kg body weight (BW); caudal stomach and 

proximal small intestine, 0.05 mmoles SCFA/kg BW; distal small intestine, 

0. 01-0. 02 mmoles SCFA/kg BW; cecum, 0. 6-1. l mmoles SCFA/kg BW; terminal 

colon, 1.·0-2.0 mmoles SCFA/kg BW; and rectum, 1.2-2.4 mmoles SCFA/kg BW. 

Crump. et .al. (37) have reported acetate absorption in the pig colon 

at the rate of 156 ± 4.7 meq/hr at pH 6.4 and at the rate of 105 ± 5.5 

meq/hr at pH 7.4. Accompanying acetate absorption was the appearance 

of Hco3 in the lumen. The absorption of acetate in the.undissociated 

form was · sug'ges ted. 

Argenzio and Whipp (6) have reported aceta~e absorption from tempo·-

rarily isolated colonic segments of conscious pigs, initially weighing 

46 + 8 (SD) kg. The rntes in the proximal and distal colon were respec-

tively l.9 ± 0.1 (SD) and 1.4 + 0.1 meq/min. Acetate appeared to be 
' -

absorbed in the undissociated state and was driven by co2 hydration and 

a.Na-H exchange. 

Effects of SCFAs on Paramete.rs Which May Influence Water 
: and'Electrolyte Absorption 

SCFAs have been shown to affect several parameters which could 

have an influence on intestinal absorption. Injection of SCFA into 

the sheep rtJ.lllen produces a rapid and specific stimulus for the release 
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o[ insulin (133). Insulin has been shown to enhance the absorption 

of sodium and water (28). However, the reported lack of a sustained 

increase in insulin levels probably means that any in vivo effect on 

absorption would be minimal. 

A rapid and transient increase in the transmural electrical poten-

tial difference in the rat small intestine produced by infusing SCFA 

into the lumen has been reported by Wall et al. (132). Alterations 

in the transmural electrical potential difference would be expected 

to influence water and electrolyte movement. However, both the transi-

ent nature of the reported response and the refractory state of the 

intest ine t o addi tional SCFA make t his effect also questionable under 

physiological conditions. 

The effects of SCFA on motility have been examined in several 

species. A 10 mM concentration of undissociated SCFA has been shown 

to markedly inhibit sheep cecal motility (122) and rabbit duodenal 

motility (121). Motility could be enhanced by 0.1 mM concentrations 

of undissociated SCFA. Rumen (123) and abomasal (21) motility is 

also greatly reduced by intraluminal infusion of SCFA. There is no evi -

dence that changes in motility caused by SCFAs affect absorptive func -

tion. However, when motility is decreased by the drug probanthine, a 

decrease in the rate of sodium absorption by the human jejunum has been 

observed (62). 
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Effects of SCFA on Water and Electrolyte Absorption 

Sunnnary of fluid and electrolyte absorption 

Excellent reviews of water and electrolyte absorption and secretion 

have been written by Binder (19), Edmonds (48), Fordtran and Dietschy (54), 

Fordtran et al. (58), Schultz and Curran (107,108), Schultz and Frizzell 

(109), Sladen (112), Turnberg (126), and many others. Therefore , a 

detailed review of electrolyte and water absorption will not be under-

taken. Only the general features of absorption will be cited. 

Absorption can be defined as the net result of two unidirectional 

fluxes, from lumen to blood and from blood to lumen. The process is 

complex and many of the specific mechanisms are unresolved. Electro-

lyte absorption occurs by either passive diffusion, solvent drag, or 

via a carrier mediated transport system. Water absorption is considered 

to occur secondary to solute transfer (38,40). 

Absorption may occur either through the cell membrane (transcellular) 

or through the tight junctions between adjacent cells (paracellular). 

Movement across the cell membrane may be through water-filled pores 

(aqueous route) in the cell membrane or through the membrane structure 

itself (lipoidal route). Water moves primarily through the tight junc-

tions . The degree of Lightness o[ these juncllons in Lhe intestine 

increases in the abo ral direction. 

Passive diffusion through the pores or channels (7 -15 ~) in the 

mucosa! membrane is in response to e lectrochemical, osmotic , or hydro-

static pressure gradients (38,40,56,61,79). This diffusion may involve 

movement of single ions (single-file ionic diffusion) (69) or of 
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undissociated ion pairs (nonionic di ffusion) (71). 

Solvent drag involves solute transfer secondary to water movement 

in which the solute is swept through the pores (32,38). The movement 

of water is in response to osmotic or hydros tatic pressure gradients . 

Carrier media t ed systems are not completely defined but seem to 

involve specific binding of the transported substance by a component 

of the cell membrane. The systems exhibit saturation k inetics and 

may be competitively inhibited. Curran and Schultz (41 ) have described 

three types of carrier trans port systems. Active transport involves 

electrolyte movement against an electrochemical gradient, requires 

metabolic energy, and can be inhibited by metabolic inhibitors and 

low temperature. Facilitated transport involves a transport system, 

a s in active transport, except no energy is expended and concentration 

against an electrochemical gradient does not occur. Finally, there is 

an exchange diffusion t hat functions with similar properties as facili-

tated transfer. The difference involves an exchange of ions in opposite 

directions by the carrier that results in a unidirectional flux of 

specific ions but not net absorption of solute. 

+ + -Special carrier mechanisms for Na , H , HC03 , and Cl have been 

postulated. + Ac tive t ransport has been reported for Na (34,39,40), 

H+ (128), and Cl- (40,80) . A double exchange carrie r system, which 

+ + involves an exchange of Na for R and Cl for RC03 , has been described 

by Turnberg et al. (128) for the human ileum. + + Only a Na - H exchange 

apparently exists in the jejunum (128) while a Cl--HC03 exchange has 

been reported in the colon (23,45). Crane (35) and Adibi (1) have 

descri lH' d f;iciJ itatc.:u t ransfer involving J.bsorpt i un of glucose or amino 
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+ acids and Na in the small intestine. 

The small intest~ne in most species is the primary site of water 

and nutrient absorption. The colon functions as a final means to main-

tain a positive balance of water and sodium (24). Accordingly, the 

small intestine has c~rriers for glucose and other nonelectrolytes, 

while the colon has no such carrie.rs. Passive transport decreases in 

importan~e iµ the aboral direction; whereas, active transfer increases 

in importance in the distal tract. 

Segmental differences in rates and mechanisms and types of mate-

rials absorbed in the various segments of the gastrointestinal tract 

are well-known .(67, 130). The jejunum and ileum appear to have marked 

funct.ional differences. Characteristics of the jejunum include low 

luminal bicarbonate, 6igh chloride, and relatively poor absorption of 

an isotonic sodium chloride solution. The ileum has a low luminal 

chloride and high bicarbonate concentration. The jejunum shows greater 

permeability than the ileum to osmotically.induced water transfer 

because of a larger pore radius (54). There is a net absorption of 

sodium in the ileum (40, 131), although similar results for both ileum 

.and jejunum have been :reported (118). 

Fluid and Elec:trolyte Movement in the Pig Small Intestine 

Hamilton and Roe :(64) have studied the ionic concentrations and net 

changes in the volume find electrolytes during digestion along the entire 

intestinal tract of four-week-old pigs. Polyethylene glycol, added to 

the animal's diet, was used as a dilution marker. Contents of the lumen ... 
at various segments of the intestinal tract were then measured. 
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The duodenum and:proximal jejunum demonstrated large variation in 

the osmolality of the lumen contents. This was attributed to equilibra-

tion of the lumen con~ents by secretion of water and electrolytes. More 

constant osmolality was observed throughout the remainder of the tract. 

However, the -osmolality in the contents of the small intestinal segments 

was much higher than observed previously in the human and pig {55,65). 

Sodium concentration decreased from 99 meq/liter in the duodenum 

·contents to 83, 81, 86, and 78 meq/liter in successive segments of the 

jejunum. Levels incr~ased to .a mean concentration of 95 meq/liter in the 

ileum. Potassiilm also decreased from 38 meq/liter in the duodenum to 

14 meq/liter in the ileum. Water absorption by the jejunum, ileum, and· 
+ .. the more distal tract parall.eled and was attributed to Na absorption. 

Although Cl- was secreted in the duodenum, Cl was absorbed in the 

remainder of the tract. Chloride absorption by the jejunum and more 

distal segments occurred at a faster rate than water. This was 

attributed to a Cl-HC03 exchange. 

Only 30% of the total fluid entering the proximal jejunum was 

absorbed by the jejunum, ileum, and cecum. The observations of Hamilton 

and Roe in the pig ar~ in contrast to the observations in man (55) 

and tqe bovine (73 ,88). In those species most of the fluid and electro-

lytes are absorbed prior to entering the cecum. Therefore, the pig 

large intestine must absorb a greater load of fluid _and electrolytes. 

Hamilton and Roe demonstrated that, when the absorption of fluid and 

electrolytes by the small intestine is impaired, the result may be an 

' overloading of the fluid delivered to the large intestine. 
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Influence of SCFAs on 'fluid and electrolyte movement 

SCFAs have been ooserved to influence the absorptive process by 

affecting both the unidirectional fluxes from lumen to blood and blood 

to lumen. The influences of SCFAs which have·been reported are dis-

cussed in the following section of this review. It should be noted 

that most of the studies were conducted with q11ite varied techniques, 

species, concentratio~s, and gut conditions. 

Fordtran (53) has proposed a number of mechanisms for the produc-

ti.on of diarthea. These mechanisms included the .presence of excess 

osmotically active or.poorly absorbed material in the lumen (osmotic 

diarrhea); intestinal, secretion; deletion or inhibition.of a normal 

a.ctive iori absorptive, mechanism; abnormal mucosal permeability; or 

altered intestinal motility. Clinical. diarrheas involve one or more 

of these mechanisms. :The role of SCFAs in the production of diarrhea 

especially via the first mechanism has been established, although the 

other mechanisms often can be. implicated as the primary mechanism 

involved. 

Impaired carbohydrate absorption by the upper gastrointestinal 

tract and the resulting production of SCFAs has been implicated in the 
I 

nonspecific diarrhea in infants reported by Torres-Pinedo et al. (125). 

Bacterial fermentation of the carbohydrate results in an, increase in 

the osmotically active SCFAs and a·reduction in the lumen pH. The 

increased osmolarity promotes water retention and the decreased luminal 

pH inhibits. electrolyte absorption. 
' ' 

Donaldson (47) has reviewed the clinical condition known as blind-

loop or stagnant loop syndrome (SLS) in which a bacterial overgrowth 
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of the small intestine is produced. This overgrowth is produced when 

either gastrointestinal secretions or motility ?re decreased and condi-

tions in the lumen· favor bacterial proliferation. Dramatic effects on 

metabolism are associated with the overgrowth. Chernov et al. (29) 

have reported a marked increase in the lumen concentration of SCFAs 

and suggested that the SCFAs may be responsible for the watery diarrhea 

associated with this condition. 

Dawson et al. (43) have observed diarrhea in 4 of 7 human jejunal 

perfusions using an isotonic solution containing seven SCFAs at a total 

concentration of 100 or 145 mM. They attributed the diarrhea, observed 

in the stud'ies, to the high concentration of SCFAs which acted as a 

bulk purge (osmotic diarrhea). 

Schmitt et al. (1.05) have observed an increase in water absorption 

by the human.jejunum when acetate concentrations there increased.up to 

50 mM. However, the net. absorption was only significant with a solution 

containing 10 mM acetate at pH 8.2-8.4. Butyrate in excess of 4 mM also 

increased absorption. Concurrent sodium absorption was attributed to 

solvent drag. Results of a similar study in the human ileum (106) 

showed that SCFA absorption does not alter sodium, potassium, chloride, 

or water movement. Luminal pH and bicarbonate both increased. 

A positive correlation between fecal weight and daily organic 

acid production in th~ human colon has been reported by Bustos-Fernande~ 

et al. (ZS). These organic acids, at concentrations of about 175 mM or 

more (98, 100) in healthy individuals, are a major contributor to the 

osmotic pressure of f~cal water. More than 50% of the organic acid 
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was acetate, propionate, and butyrate. In 20 patients with .malabsorp-

tion hyperacidorrhea, fecal organic acid output was increased 2-5 

times. Osmotic diarrh~a may be the ·end result of excessive organic 

acid production. The ,possible role of SCFAs in influencing fecal water 

excretion or diarrhea was confirmed by Bustos-Fernandez et al. (26) in 

later studies on the rat colon. 

McNeil et al. (87.) demonstrated sodium, chloride, and water absorp-

tion concurrent with the absorption of acetate or an acetate-propionate-

butyrate mixture from dialysis bags in the human rectum. Acetate was 

absorbed from the solution in the bag with an initial pH of 7. 4 at the 

rate of 8.1 ± 0.8 rmolie/cm2/hr. The other electrolytes .were absorbed 

at the following rates: 
2 . 

0.2 ± 0.4 µmole/cm /hr; 

absorbed at the rate of 

2 . sodium, 4.7 ± 0.8 (SE) pmole/cm /hr; potassium, 

chloride, 1.9 .± 0.4 rmole/cm2/hr. Water was 
2 23.8 ± 4.4 ll!g/cm /hr. Bicarbonate was secreted 

at the rate of 4.5 ± 0.7 pmole/cm2/hr into the bag. This represented a 

fivefold increase in the concentration of bicarbonate. Similar results 

for electrolyte 1md water movement were observed when a combined mix, 

ture of SCFAs was absorbed from the dialysis bag. When the pH was 

decreased to, 5.5, bicarbonate was again secreted at a rate of·4.6 + 

0.6 pmole/cm2/hr for t:he acetate solution and at 3.5 ± 0.7 µmole/cm2/hr 

for the mixed solution. This secretion of bicarbonate exceeded absorp-

tion of chloride from ,the bag. Chloride was absorbed at 3.5 ± 0.5 pmole/ 

cm2/hr and 3.6 ± 1.2 rmole/cm2/hr for the acetate and mixed solutions. 

Colonic bacteria,. via SCFA production, appear to function to con-

serve undigested and unabsorbed carbohydrate from the upper gut. The 

nutrition significance of SCFAs has previously been discussed. Bond 
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and Levitt (22) have suggested that colonic absorption of the SCFAs 

may be a mechani sm for formation of the normal s tool in addition to 

providing energy to the host. When the bacteria are unable to convert 

carbohydrate to SCFAs or where the colon cannot absorb SCFA, a diarrhea 

may r esult from osmotic overload. 

Argenzio et al . (8) observed a significant increase in water and 

sodium absorption in the goat colon in response to the presence of 

acetate. Water absorption in two goats increased from mean rates of 

120 and 340 ml/hr to 250 and 540 ml/hr. Sodium uptake increased from 

mean rates of about 15 and 50 nunoles/hr to 35 and 80 mmoles/hr. 

Decreasing the luminal pH also i nfluenced sodium and electrolyte absorp-

tion in the presence of acetate. The results could be explained by 

the models of either Hogben et a l . or Stevens, as previously described. 

A r ole for SCFAs in sodium and water conser vat i on in the goat colon 

was supported by the data. 

Although SCFAs are absorbed rapidly in both the goat and horse 

colon, the effects of SCFAs on f luid and electrolyte absorption in the 

horse were shown by Argenzio et al. (9) to be different. Acetate, at 

a concentrat ion of 100 mM i n a Ringe r solution which was bathing the 

luminal surface of isolated mucosa l sections at pH 6.4, caused a decrease 

in net sodium transport in the cecum and abolished uptake in the small 

colon. Net sodium absorption in the cecum ranged from 1.2 ± 0.1 (SE) 
2 

µeq/hr/cm with the norma l Ringer solution at pH 6.4 to 0.4 ± O.l 
2 

peq/hr/cm f rom the Ringer solution with acetate. In the small colon, 
2 

1.2 ± 0.3 peq/hr/cm of sodium were absorbed without acetate present, 
2 

but 0.3 ± 0.2 peq/hr/cm o f s od i um was secreted when acetate was added 
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t o the solution. Removal o f glucose from the solution bathing the 

luminal surface of the tissue resulted in a more pronounced inhibition 

of net sodium transport by acetate . Complete removal of glucose, but 

no t acetate, from the lumina l and s erosal bathing fluids resulted in 

a net sodium secretion of 1.5 ± 0.3 peq/hr/cm2. 

Results of separate in vivo experiments by Argenzio et al . in 

the isolated horse ventral colon showed sodium absorption f rom two 

liters of a control solution containing 100 mM of ac e tate at pH 6.1 at 

the rate of 24 + 8 (SE) nnnoles /30 min. Water was absorbed at a rate of 

60 ± 30 ml/30 min. In the abs ence of acetate, the concentration of 

bicarbonate in the lumen was significantly decreased. 

Argenzio and Whipp (6) have reported a fourfold increase in sodium 

absorption when acetate was added to a solution perfused through tem-

porarily isolated colons of conscious pigs. While sodium absorption 

was less than ace tate absorption, the difference was accounted for by 

bicarbonate secretion. Sodium appeared to be exchanged for hydrogen 

and did not depend on the presence of chloride for absorption . 

A similar study in the pig colon by Crump e t a l. (37 ) also demon-

strated at an increase in ne t solute transport from 118 ± 5 .5 (SE) 

mOsmol/hr to 175 + 6.8 (SE) mOsmol/hr when acetate was added to a 

perfusion solution at pH 6.5. Water absorption doubled from 0.257 

+ 0.01 (SE) liters/hr to 0.402 + 0.03 (SE) liters / hr with acetate 

added. Bicarbonate was secreted into the lumen at 96 ± 7.2 meq (SE)/hr 

compared to acetate absorption at 156 ± 4.7 (SE) meq/ hr. 
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PART I. INFLUENCE OF ACETATE AND pH ON WATER AND ELECTROLYTE 
MOVEMENT IN CHRONIC PREPARATIONS OF PORCINE ILEUM 
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INTRODUCTION 

SCFA influence on water and e lectrolyte movement in the pig ileum 

has not been investigated. The lumen of the pig ileum normally contains 

20-40 meq SCFA/liter of digesta of which 90% is acetate (5,31). Acetate 

was, t herefore, selected as the representative SCFA for all studies. 

A series of perfusion experiments utilizing chronic preparations 

of ileum were conducted to determine if acetate at a concentration 

approximating that reported in the pig ileum could affect water and 

electrolyte absorption in the conscious pig. From the literature 

reviewed, it was obvious that pH may be important in acetate absorption. 

Therefore, an acetate and an acetate-free solution were tested at pH 

6 . 5, which approximates t he pH of the ileum (5), and at pH 7 . 4, which 

approximates plasma pH. 

The objectives of these experiments were (a) to determine the 

relative rate of acetate absorption in the ileum at a high pH (7.4) 

and a low pH (6.5), and (b) to determine the net absorption of sodium 

and water in response to the presence of acetate at a high and low pH 

in the lumen of the pig ileum. 
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MATERIALS AND METHODS 

Anima ls 

Four National Animal Disease Center (NADC) pigs, initially weighing 

15-45 kg, were utilized for a series of single-pass perfusion experi-

ments in which cannulae were surgically implanted in the ileum. All 

pigs received the same commercial diet and water. Food, but not water, 

was withheld overnight prior to a perfusion experiment. 

1,2 Surgery 

Anesthesia was induced and maintained with halothane via an anes-

thesia cone. A left ventral incision, 8-9 cm in length, was made parallel 

and immediately posterior to the last rib. The muscles were parted in the 

direction of the fibers and the peritoneum was incised . After locating 

the cecum, a purse -string suture was placed in the serosa of the ileum at 

a location 20 cm anterior to the ileocecal junction. The ileum was then 

incised and a small outlet catheter was inserted into the lumen and 

secured with the purse-string suture. 
R The catheter, which was made from Silastic (Dow Corning Corp . , 

Midland, MI 48640) tubing, was 4 inches long, 1/4 inch i.d . , and 7/16 

inch o.d. A nylong mesh skirt was attached immediately above a flange 

located at the tip of the catheter. This flange was made by gluing a 
R circular piece of Silastic (Dow Corning Corp., Midland, MI 48460) sheet-

ing, approximately 1 inch in diameter and with a hole punched in the 

1 
2surgery performed by Dr . S. C. Whipp, N.A.D.C., Ames, Iowa . 
Portions of the description of the surgical technique, as presented 

in this section, were provided by Dr . S. C. Whipp . 
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middle through which the catheter was inserted, to the catheter tip. The 

f lange was inserted into the lumen of the intestine to prevent expulsion 

of the catheter while, at the same time, the nylon mesh was incorporated 

in the adhesion. The catheter was exteriorized via a stab wound in the 

ventral posterior abdominal wall. 

A second purse-string suture was placed at a point on the antimesen-

teric border 60 cm anterior to the small catheter and one-half of a bypass 

catheter was inserted and secured. This catheter was made of molded 

SilasticR (Dow Corning Corp., Midland, MI 48640) with a 5/8 inch i.d. and 

7/8 inch o.d. It also had a flange for insertion into the intestinal 

lumen and a nylon mesh to secure the catheter to the serosa. Tile flange 

was molded in such a manner that the catheter was directed caudad . A 7/8 

inch diameter hole was made in the skin anterior to the initial skin inci-

sion. The muscles were then separated and the catheter was pulled through 

the opening. Before closure of the abdominal incision, 5 cc of CleocinR 

(Upjohn Co., 7000 Portage Rd., Kalamazoo, MI 49001)(150 mg/ml) was 

instilled into the peritoneal cavity . 

The peritoneum and three musc le layers were individually closed 

with Chromic 0 gut suture. VetafilR (Bengen and Co., Hanover, West 

Germany) (0.40 mm) was used to close the skin. All animals were pro-

phylactically treated with CombioticR (Pfizer Inc., 235 East 42nd St., 

New York, NY 10017) for 5 days. A minimum of 10 days for recovery 

was allowed prior to any perfusion studies. 

The gain in weight of the individual pigs, which was measured 

periodically during the duration of the experiments, is listed in 

Appendix A. All four pigs demonstrated a similar progressive weight 
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gain of 0.40 ± 0.02 (SE) kg/day. A summary of the postmortem data can 

be found in Appendix B. No unusual conditions were noted which would 

appear to invalidate the experimental data. 

Description of the Perfusion System 

The perfusion system used in Part I consisted of a delivery system 

and collection system. The arrangement of the apparatus is shown sche-

matically in Figure 5. Solutions were prepared and placed in 2 liter 

aspirator bottles with the outlets closed. A stopper was then placed 

in each bottle opening. Each stopper had been bored with two holes 

and a Y-tube had been inserted into one . The end of the Y-tube in the 

bottle was connected to a gas dispersion rod. One of the other ends 

of the Y-tube was connected to a 3 liter air bladder (gas reservoir) 

with a stopcock located between the tube and bladder. A second straight 

tube was inserted into the other hole which was bored and used as an 

out let for gases (release tube) during gassing of the solution. 

The procedure for preparing the solution for perfusion was as follows . 

The solution was gassed with a steady flow of co2 and N2 gas through the 

dispersion rod and out the release tube until the desired pH was obtained. 

Samples for pH were taken from the bottle outlet. After 10-15 minutes of 

equilibration at the correct pH, the air bladder was evaculated and then 

re fi lled with the gas mixture. All outlets from the bottle were then 

closed except for the connection between the bladder and bottle. The 

outlet from the bottle was then connected to the delivery line and opened. 

As the volume in the sealed bottle decreased, gas from the bladder was 

drawn into the bottle and the pH maintained. 



Figure 5. Schematic diagram of the perfusion system 
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Fluid from the bottle was moved through the delivery line by a 

peristaltic pump (Harvard Apparatus Co., Inc., 150 Dover Road, Millis, 

MA 02054) which delivered fluid to the test segment at 7.0 ml/minute. 

The delivery line was connected to a threeway stopcock (sampling port) 

which, in turn, was connected to a Foley catheter placed in the ileal 

segment . The delivery line between the pump and the Foley catheter 

was wrapped with a heat tape and insulation and was adjusted to deliver 

the solutions to the intestinal lumen at 39 C. Addition of the threeway 

stopcock permitted sampling of the solution just before entrance into 

the gut segment. The Foley catheter was inserted into the inlet cannula 

so that when the balloon was inflated, the intestinal lumen was sealed 

just posterior to the lumen of the cannula but the flow of liquid from 

the anterior portion was not impeded. From the delivery system, the 

fluid passed through the test segment and out the outlet cannula. 

During collection, a thick-walled large balloon (approximate 

unstretched volume = 250 ml) was connected to the cannula. This balloon 

had been modified by insertion of the barrel of a 1 cc tuberculin 

syringe into the end of the balloon and then sealed by a strapping band. 

Each balloon was daily checked for structural patency by excessive 

inflation. The end was sealed and the balloon then squeezed and checked 

for leaks while submerged in water. In addition, an initial and sub-

sequent checks of each balloon were made by filling the balloon with a 

gassed solution and checking the pH and pC02 over a one-hour period. 

The pC02 rarely shifted more than 5-8 mm Hg after one hour. A fluctua -

tion in excess of 10 nun Hg could be attributed either to error in 
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sampling or structural flaw. 

Experimental Technique 

On the day of an experiment, the pig was weighed and placed in a 

metabolism cage . The cannulae were then opened and a cuffed Foley 

catheter was pushed distally in the large (anterior) cannula and advanced 

into the intestinal lumen. The balloon was inflated to seal the lumen 

but not the cannula. This was done t o prevent passage of ingesta into 

the isolated segment as well as reflux from the experimental segment. 

Upper gut fluid could still pass out of the cannula around the Foley 

catheter. The effectiveness of the balloon was periodically checked by 

instilling phenol red into the intestinal lumen anterior to the balloon 

to see if any signs of dye appear ed in the distal cannula effluent. 

The Foley catheter was then connected to the perfusion system described 

previously . 

During each exper iment, the pig was perfused with both a control 

solution and an acetate solution at the same pH. The first solution 

select ed for use on a given day was used to flush the test segment until 

the effluent was clear. Solutions were perfused at a rate of 7.0 ml/ 

minute via a peristaltic pump . Pr ior experiments had shown that this 

rate produced essentially no differences in water and electr olyte flux 

and a more constant efflux of the perfusate from the segment than slower 

rates. 

Collection of a naerobi c samples was begun after the segment had 

equilibrated at least for 60 minutes af t er the segment was clear of 

digesta . An initial sample of the solution entering the test segment 
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was collected in a syringe via a threeway stopcock at t ached to the Foley 

catheter . At the same time, a heavy rubber balloon was evacuated a nd 

connected to the outle t ca the t er and the effluent collec t ed over a fif -

teen minute period. The balloon collection system was pr eviously 

described . At the end of the collection, the balloon was removed and a 

sample of the contents taken from the balloon outlet with a syringe. 

Four or more consecutive collections were made. 

The second solution was then perfused a nd an initial bolus of phenol 

red was injected in t o the Foley via the stopcock to indicate clearance 

of the first solution . Afte r a 60-minute equilibration period, four 

or more consecutive sampl es were again collected . 

At the conclusion of an experiment, the Foley catheter was removed, 

the catheters were stoppered, a nd the animal was r e turned to the a nimal 

room and fed. The interval between experiments on the same animal ranged 

from al ternate days to as much as two weeks. 

A sequence was or i ginally devised to vary the order fo r administer-

ing the different solutions and adjusting the pH to minimize any bias. 

However, this sequence had to be al t er ed due to the loss of one animal, 

i nab i lity to use an animal on a given day when loose stools were 

obs e r ved , adminis tra tion of the wrong solution first, lack of co2 for 

gassing solutions, and improper preparation of a s olution . Some experi-

ments we r e conducted using only one solution per day when time did not 

permit testing both or when the animal became extremel y irritable. 

The followi ng sequence was actually used for each pig : 

Pig #982--CA7 , A7, CA6 

Pig #005--CA6 , CA7, C7, A7, CA7, C7, AC7, AC6, A7, AC6 
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Pig #932--A6, C6, AC6, C7, AC7, A6, C7, AC7, CA7, C6 

Pig #47 --AC6, CA7, AC7, CA6, A6, CA7, AC6, CA6 

(Note : A= acetate solution, C =control solution, 6 = pH 6.5, 7 • 

pH 7.4. For example, CA7 represents perfusion of the control solution 

first, followed by the acetate solution. The initial pH of both solu-

tions was pH 7.4.) 

The actual composition of the test solution is shown in Table l. 

These solutions were selected to approximate the plasma concentrations 

of the electrolytes with the exception of acetate. Acetate was added 

at a concentration approximating that reported for the pig small intes-

tine (5,31). Additional chloride substituted for acetate in the acetate-

free control solutions. The respective pHs were chosen to approximate 

the pH of the plasma and the pH reported for the distal small intestine 

of the pig (5) . Polyethylene glycol (PEG 4000), a nonabsorbable marker, 

was added to all the solutions at a concentration of 1 g/liter . 

Upon the completion of a ll experiments on a pig, the animal was 

euthanized and the condition of the ileal segment was examined. The 

segment length was considered to be the distance between the tips of 

the cannu lae in the lumen. The mucosa was also stripped, dried, and 

the dry mucosal weight was determined. These data can be found in 

Appendix B. 

Analysis 

Analysis of the anaerobic samples for pH, pC02 , and HC03 was done 

with a Corning Model 165 pH/Blood Gas Instrument (Corning Scientific 

Instrument s , Medfield, MA 02052). Osmolarity was measured by f reezing 
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Tab l e 1. Composi t i on of t est solu tions in the perfusion experiments 

(mM/liter) 

Cl 

Osmolarity 
(mOsm/ liter) 

PEG 

pH 

Perfusion 
rate (ml/min) 

a Solutions 

pH 6.5 pH 7 . 4 
Acetate Control Acetate Control 

145 . 0 + 0 . 4 144.0 + 0.5 145.7 + 0.6 144.8 + 0 . 9 

5.1 + 0 5.1 + 0 5.0 + 0 5.0 + 0 . 1 

100.6 + 0.4 140.0 + 0 . 9 100.7 + 0.4 140 . 6 + 0 . 8 

9.2 + 0 . 3 8.4 + 0.2 7.1 + 0. 1 6 . 6 + 0 . 1 

40. l + 0. 4 40.0 ± 0.3 

289 . 6 + 1. 1 287.2 + 0.8 286.8 + 1.6 286.1 + 1. 1 

- - - - - - - - - - 1 gram/l i ter - - - - - - - - - -

6.53 + 0 6.53 + 0.01 7.42 + 0 . 02 7 . 41 + 0 . 01 

6 . 6 + 0.1 6.6 + 0.1 6 . 8 + 0 . 1 6.7 + 0 

aConcen trations expressed as mean+ standard error. 
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point depression with a Fiske osmometer (Fiske Associates, Quaker 

Highway , Uxbridge , MA 01569). Polyethylene glycol was analyzed in 

duplicate by the method of Hyden (72) in which the absorption was 

measured with a Beckman Model DB-G Gr at ing Spectrophotometer (Beckman 

Instruments, 2500 Harber Blvd., Fullerton, CA 92634). Sodium, K+, and 

Cl were measured on either a Technicon Autoanalyzer (Technicon Instru-

ments, 511 Benedict Ave., Tarrytown, NY 10591) or a Perkin-Elmer Model 

146 Flame Photometer (Perkin-Elmer, 800 Main Ave., Norwalk, CT 06856) . 

Acetate samples were frozen a t the conclusion of an experiment, later 

prepared by the method described by Salanitro and Muirhead (99), and 

then measured on a Hewlett-Packard Model HP 5830A Gas Chromatograph 

(Hewlett-Packard , Route 41, Avonda le, PA 19311). 

Dillard et al. 's method (46) was employed to determine transit time 

for three of the pigs. Phenol red (1 mg/ml) was injected into the inlet 

catheter during apparent steady state conditions. Samples were collected 

at 1- 3 minute inte r va l s from the dis tal cannula . The s amples were alka-

linized with NaOH and absorption read on a Beckman Model DB-G Grating 

Spectrophotometer at 558 run. Dye dilution curves were constructed and 

transit times determined. The mean transit time for the three pigs was 

8 . 4 ± 0.1 (SE) minutes. 

Absorption or secretion of water or solute was calculated f rom 

the following formulae: 

Net solute transfer = (Solute. ) x (Flow rate) - (Solute ) x in out 
(PEG. /PEG ) x (Flow rate) 1n out 
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Net water transfer (Flow rate) - (Flow rate) x (PEG. /PEG t) in OU 

(Note: Solute and PEG= concentration.). 

A factorial treatment design was employed to prepare the data for 

analysis. In this design, the treatments were grouped as combinations 

of two factors (acetate and control solutions), each at two levels (pH 

6.5 and 7.4). The data was then statistically evaluated by analysis of 

variance (102,117) . The total sums of squares was partitioned to provide 

individual comparisons between the four combinations. 

The data for each measured parameter was prepared for statistical 

analysis in the fol lowing manner. A mean net transfer of electrolyte or 

water for each experiment was calculated from the measurement of the four 

(sometimes 4-7) samples collected. Each of these means for a specific 

treatment was used to determine the mean change per treatment for each 

individual pig. The mean changes for each of the four pigs for a given 

treatment were then used to determine the mean transfer fo r a given 

treatment. 
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RESULTS 

Preliminary Conunents 

Sununaries of the raw data used to derive the results presented 

in this section may be found in Appendices C through F. The mean 

changes per experiment have been reduced to mean changes per animal 

per treatment perfused as either the first or second solution and 

presented in Appendix D. The order in which a given treatment was 

administered, i.e., first or second, did not affect the results as 

no significant differences were observed. Tile mean changes in the 

various parameters for each pig receiving a respective treatment may 

be found in Appendix E. A sununary of the treatment means for all 

parameters is given in Appendix F. Tile mean changes of the combined 

treatment for each pig are sununarized in Appendix G. 

The rates of absorption of acetate and other electrolytes were not 

expressed either as change per gram of dry mucosa or as change per centi-

meter of test segment. Segment length and dry weight were obtained at 

postmortem examination (Appendix B). Since the experiments with a given 

pig were conducted over lengthy and varying periods of time, the results 

may not reflect length and weight during the initial experiments. All 

values in the results, discussion, or appendix are expressed as mean± SE. 

Great variability in results not only between pigs receiving the 

same treatment but also between data for an individual pig for a given 

treatment is evident in Appendices D, E, and G. Although every effort 

to standardize experimental conditions was made, animal variation and 

distractions, such as laboratory noise, may not have been uniform. 
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Whether the variability is due to those factors, error in analysis, 

or a different physiological response of unknown etiology cannot be 

determined . Substantial, yet normal, variation has been reported in 

other studies (58,127). 

Movement of Electrolytes and Water 

The pattern of water, total solute, and the individual electrolyte 

movements observed for the respective treatments is shown in Figures 6, 

+ 7, and 8. A mean net absorption of total solute, water (Figure 6), Na 

(Figure 7), Cl and acetate (Figure 8) was observed for all treatments. 

Despite the mean net absorption, net secretion was observed in a few 

of the 49 experiments conducted. Sodium secretion was observed in 6 

experiments; K+ secret ion in 19, total solute in 11, and water secretion 

in 9. Although the observed secretions were e qually distributed over 

the treatments, they were predominant in two pigs (#47 and #932). 

Bicarbonate (Figure 8) was secreted in all but one experiment. Acetate 

and Cl were absorbed in all experiments. 

There was a highly significant correlation (p < 0.0001) between 

the movement of water and total solute in all treatments. This correla-

tion is anticipated, as it i s generally believed that water movement is 

secondary to solute absorption . The high level of significance may 

imply the absence of other factors which may influence water movement, 

such as increased hydrostatic pressure. 

+ Solute absorption was predominantly due to Na , Cl and acetate 

absorption; therefore, correlation coefficients for the movement of 

these ions were computed to determine any relationship between their 
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respective movements •. · Sodium and Cl - absorption were very s:i,gnificantly 

correlated in both control treatments and significantly correlated in 

the acetate treatment at pH 6.5 (0.004 .:S. p .:S. 0.02). The less signifi-

cant correlation in the presence of acetate probably reflects the .lower 

concentration of Cl- present in the perfusion solution.' Sodium and 

acetate absorption were also highly correlated at pH 6.5 (p < 0.002) 

but not at pH 7.4 (p < 0.06). This observation might be attributed 

to an inhibition of the nonionic absorption of acetate by increasing 

the pH,. Chloride absorption was also correlated with acetate at both 

low .(p < 0.004) and high pH (p < 0.02). This correlation would be 

expected not to involve a direct relationship between Cl and acetate 

but probably involves a coupling mechanism in which Na+ is the common 

ion. 

The reciprocal movement of Cl and HC03 (Figure 8) is in agreement 

w'ith the ileal exchange of Cl for HC03 , as described by Turnberg et 

al. (128). However, these anions were negatively correlated only for 

-the acetate (p < 0.01) and control (p < 0.0009) perfusions at pH 7.4. 

Correlation at low pH may not have been apparent due to the high co2 
tensions which were used to maintain the pH. No relationship was 

observed between acetate and HC03-. A complete listing of the correla~ 

tion.coefficients for the_ respective treatment can be fot!nd.in Appen-

dices H, I, J, and K. 

Acetate.Absorption 

The rates of absorption of acetate by 'the ileum at both pH 6.5 

and 7.4 were not significantly different (Figure 8). Although not 
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significant, the rate of acetate absorption of 4.75 ± 0.52 mmoles /seg-

ment/hr at pH 6.5 did exceed the rate of 3.11 ± 0.59 nnnoles/segment/hr 

at pH 7.4 by more than 50%. Acetate absorption at the low pH probably 

would have been greater but a rapid neutralization of the gut lumen 

was observed with the low pH perfusions. 

Changes in the pH of the test solutions have been surmnarized in 

Table 2. The initial mean pH of the acetate solution entering the 

test segment was 6.53 ± 0.01, but the effluent collected over fifteen 

minutes had a mean pH of 7.26 + 0.16. When the same solution at pH 7.4 

was perfused, the initial mean pH of 7.42 ± 0.02 increased nonsignifi-

cantly to 7.60 ± 0.04 during the same fifteen minute collection inter-

val. However, the mean transit time, calculated for three of the four 

pigs, was 8.4 + 0.1 ml/min. This would indicate a more rapid shift in 

the pH than the final measurements at fifteen minutes would indicate 

(Table 2). 

It would appear from the observed shifts in co2 tensions (Table 2) 

that much of the increase in pH of the effluent in the experiments 

conducted at low pH could be attributed to rapid diffusion of co2 from 

a tension varying from 90-120 mm Hg (as the solutions entered the seg-

ment) down to a tension of 45-60 mm Hg (as measured in the effluent). 

Carbon dioxide tensions appeared to be equilibrating with levels in 

the plasma. Such a dif fusion could explain the observed increase in 

pH, decrease in pC02, and HC03 concentrations comparable to those 

observed at pH 7.4 for both test solutions. Schmitt et al. (105,106) 

have reported a similar luminal alkalinization associated with SCFA 
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Table 2. Initial and final measurements of pC02, HC03, and pH in the 
perfusion experimentsa 

pH 7.4 H 6.5 
Control Acetate Control Acetate 

Initial Finalb Initial Final Initial Final 

10.5 
-!{). 6 

6.7 
-!{). 1 

. 7.41 
+0.01 

19.lc** 
+2.4 

11.lc 
+1.0 

7. 60 
+0.02 

10.7 
-!{). 4 

7.0 
+0.01 

7.42 
-t0.02 

pC02 (mm Hg) 

17.lc* 
+1.1 

102.8. 
+1.8 

c'k** 46.5 
+2.6 

HC03 (mmoles/liter) 

11.lc 
+1.0 

7.60 
+o.04 

8.5 
-t0.2 

6.53 . 
+o.01 

c*** 12.7 
+o.9 

7 .38, 
+0.10 

Initial 

109.3 
+2.2 

9.2d 
-!{). 1 

6.53 
+0.01 

"Measurements expressed as mean+ S.E., N = 4 pigs. 

Final 

51.5 c*** 
+8.4 

c*** 13.9 
+1. 7 

7 •. 26 
-!{). 16 

bFinal measurement at end of fifteen minute continuous collection 
of effluent. 

cSignificantly different than initial value. 

ds · · f' 1 1gn1 1cant y di:fferent than control at same pH (p < 0.05) 

eAll final values significantly greater than initial value (p < 

0.0001) 

* p < 0.01. 
** p < 0.025. 
*** p < 0.001. 
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absorption . However, the shifts in pH in this study were similar for 

both control and acetate solutions. The rapid shift in pH due to co2 

diffusion out of the lumen appears to have been the major influence on 

pH. Any change in pH due to SCFA absorption was apparently obscured 

by the diffusion of co2. 
Trace amounts of propionic acid were recorded in the effluent 

during two experiments with one pig (#0005). In the first experiment, 

0.06 and 0.09 mmoles/liter were measured in consecutive samples during 

perfusion of the acetate solution at pH 7.4. Propionic acid was 

detected in a single sample in ano ther experiment during perfusion of 

the ace t ate solution at pH 6 . 5 at a concentration of 0.16 mnoles/liter. 

The source of the propionate may have been either contamination of the 

segment due to leakage , reflux, or endogenous s ecretion. The small 

quantities detected would be expected to have negligible influence on 

this study. 

Effects of Acetate on Water and Electrolyte Movement 

A comparison of the rates of absorption of water and the various 

electrolytes from the control and acetate solutions at pH 7.4 has been 

made (Table 3). No significant dif fe rences were noted between t he 

respec tive solutions for any of the parameters measured. Despite ace-

+ tate absorption at approximately t he same rate as Na , acetate absorp-

+ . tion neither significantly correlated (p < 0.06) with Na absorption 

+ nor i nfluenced Na movement. 

Absorption of either Cl or Cl plus acetate f r om the respective 

solu tions was more than twice the magnitude of Na+ absorbed. Bicarbonate 



Table 3. Effects of acetate on water and electrolyte absorption at pH 7.4 

Parameter a Control solution Acetate solution Effect of F-value PR > F (mean.± SEb, N = 3c) (mean .± SE, N = 4) acetate 

Na 3.58 + 2.11 3 . 56 + 1.36 No change 0.60 

K 0.07 + 0.08 0.02 + 0.02 No change 1.31 

Cl 8.23 + 2 .83 5.22 + 1.80 No change 2 . 86 

HC03 -4.45 + 0.66d -3.99 + 1.00 No change 0 . 74 

Acetate 3 .11 + 0.59 

H2o 23 . 09 + 15.14 17.75 + 9.39 No change 0.86 

Total solute 6.30 + 4.51 4.76 + 2 . 71 No change 0.81 

aAbsorption of all parameters, except water, expressed in mmoles/test segment of intestine/ 
hour. Water absorption expressed as ml/segment/hr . Total solute expressed as mOsmol/liter /hr . 

b SE = standard error of mean. 

cN represents the number of pig means used to derive a parameter mean . Each pig mean is 
derived from varying numbers of experiments and samples . 

dNegative values indicate secretion into the lumen. 

.461 

. 285 

.129 

.414 

. 381 

.394 
l.J1 
-...J 
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secretion accounted for the difference between the quantities of anion 

+ and Na absorbed. This is consistent with the Cl-HC03 coupling or anion 

exchange described by Turnberg et al. (128) in the human ileum. In-

creases in lumen HC03 concentration and pH of the effluent would sup-

port such an exchange (Table 2). 

The net changes in water and electrolytes from the same control 

and acetate solutions at an initial pH of 6.5 were compared (Table 4). 

While no statistically significant differences between solutions were 

+ apparent, Na , total solute, and water absorption were 60% greater in 

the presence of acetate. Although the rate of Na+ absorption exceeded 

the rate of acetate absorption, the rates were not significantly dif-

ferent. However, the absorption of acetate a~d Na+ were highly cor-

related (p < 0.002). Chloride and HC03 movements were unaffected by 

acetate at the low pH. The increased net solute absorption in the 

presence of acetate is accounted for by the increase in Na+ and acetate 

absorption. As with the solutions at pH 7 .4, the difference between 

·anion and Na+ absorption was balanced by HC03 secretion. 

If acetate absorption occurs by nonionic diffusion of acetic acid, 

then the previously described upward shift in the pH of the solutions 

would dampen the rate of acetate absorption. If acetate absorption 
+ influences Na absorption, as shown in other species (6,8,37), thert the 

results may have been significant had it not been for the changes in 

pH. It should be assumed that the results do not represent absorption 

throughout the intestinal segment at pH 6.5; and, therefore, the effects 

of acetate at low pH on solute and water movement cannot be accurately 



Table 4. Effect of acetate on water and electrolyte absorption at pH 6.5 

Parameter a Control solution Acetate solution Effect of F-value PR > F (mean+ SEb, N = 4c) (mean± SE, N = 4) acetate 

Na 4 . 76 + 1.81 7.57 + 3 . 11 No change 2 . 31 . 167 

K 0 . 05 + 0.08 0.18 + 0 . 14 No change 1. 72 .226 

Cl 10 .06 + 1.62 9.54 + 1.43 No change 0.08 . 784 

HC03 - 4.30 + 0 . 91 d -4. 74 + 1. 72 No change 0 . 33 .581 

Acetate 4 . 75 + 0 . 52 

H20 33.25 + 13 . 35 52 . 99 + 22.03 No change 1.65 .235 

To t al solute 9 . 25 + 3.80 15.00 + 5.96 No change 1. 74 .224 

aAbsorption of all parameters, except water, expressed in millimoles/test segment of intestine/ 
hour. Water absorption expressed as ml /segmen t /hr . Total solute expressed as mOsmol/liter/hr. 

b SE = standard er ror of mean . 

cN represents the number of pig means used to derive a parameter mean. Each pig mean is 
der ived from varying number s of experiments and samples . 

d Negative values indicate secretion into the lumen . 

\.J1 

'° 
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assessed. 

Effects of pH on Water and Electrolyte Movement 

The responses of the control solutions, perfused at both pH 6.5 

and 7 .4, were compi:ired., to determine if pH in the absence of acetate in 

the perfusion solutions had an influence on electrolyte movement (Table 

5). No significant differences were observed. However, Na+, Cl-, 

water, and total solute movement were slightly greater at the lower 

pH. Because of the .pH shift, previously described, it is not possible 

to conclude what influence pH had on the movement of solute and water 

in these experiments. 

In contrast to the effects of pH on the control solution and 

despite the rapid increase in the pH, decreasing the initial pH of the 

acetate solution appeared to have produced a substantial change in the 

net absorption of all_ measured parameters "(Table 6). Mean absorption 

+ + -of Na (p < 0.06), K , Cl (p < 0.043), acetate, total solute (p < 0.047), 

and water (p < O. 051) all increased. + -The absorption of Na and Cl 

increased nearly twofold, while the rates of water and total solute 

increased three- and fourfold. Increased acetate absorption at the 

lower pH would support uptake of that· ion, as the acid, by nonionic 

diffusion. The observed increase in absorption of acetate may not have 

been significant because of the rapid change in pH. Unfortunately, 

this could not be determined. 



Table 5. Effects of pH in the absence of acetate in the perfusion solution on absorption of water 
and electrolytes 

a Parameter 

Na 

K 

Cl 

Total solute 

EH 6.5 
meari + SEb N = 4c - ' 

4. 76 ± 1.81 

0.05 ± 0.08 

10.06 ± 1.62 

-4.3 ± 0.91 d 

33.25 ± 13.35 

9.25 ± 3.80 

EH 7.4 Effect of 

mean ± SE, N = 3 decreasing pH F-value PR > F 

3.58 + 2.11 No change 0.02 • 891 

0.07 + 0.08 No change 0.63 .450 

8.23 + 2.83 No change 0.99 .349 

-4.45 + 0.66 No change 1.58 .244 

23 .. 09 + 15.14 No change 0.01 .923 

6.30 + 4.51 No change 0.02 . 891 

aAbsorption of all parameters, except H20, expressed in millimoles/test segment of intestine/ 
hr. Water is expressed in ml/segment/hr. Total solute expressed as mOsmol/liter/hr. 

b SE = standard error of mean. 
c N represents the number of pig means used to derive a parameter mean. Each pig mean is 

derived from varying numbers of experiments and samples. 

·~egative values indicate secretion into the lumen. 

a. .... 



Table 6. Effects of pH on the absorption of water and electrolytes from the acetate solutions in 
the perfusion experiments 

a Parameter 

ci-

Total solute 

pH 6.5 

7.57 ± 3.11 

0.18 ± 0.14 

9 .54 ± 1.43 
d -4.74 ± 1.72 

4. 75 + 0.52 

52.99 ± 22.03 

15.00 ± 5.96 

pH 7.4 
mean± SE, N = 3 

3.56 + 1.36 

0.02 + 0.02 

5.22 + 1.80 

-3.99 + 1.00 

3.11 ± 0.59 

17.75 + 9.39 

4.76 + 2. 71 

Effect of 
decreasing pH 

Increase 

No change 

Increase 

No change 

No change 

Increase 

Increase 

F-value PR > F 

4.698 0.062 

2.766 0.135 

5.746 0.043 

0.942 0.360 

4.000 0.084 

5.528 0.047 

5.260 0.051 

aAbsorption of all parameters, except H20, expressed in mmoles/segment/hr. Water is expressed 
in ml/segment/hr. Total solute expressed as mOsmol/liter/hr. 

b SE = standard error of mean. 

_cN represents the number of pig means used to derive a parameter mean. Each pig mean is 
derived from varying numbers of experiments and samples. 

~egative value indicates secretion into the lumen. 

------- - ---- -
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Summary of Results--Part I 

Several conclusions can be made from the results of the studies 

just described. First, acetate is absorbed by the pig ileum at an 

initial concentration in the perfusion solution which approximates a 

concentration previou~ly reported in the normal pig ileum. It can be 

inferred from the results that this absorption increases at lower pH. 

Second, the interaction of pH and acetate were shown to increase the 

absorption of water and total solute. Increased total solute absorp-

+ -tion was due to increases in the rates of Na and Cl absorption and 

the absorption of acetate. Finally, because of the marked change in 

the pH of the low pH solutions, the actual significance of the influence 

of acetate and pH on water and electrolyte absorption could not be 

determined. 
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PART II. COMPARISON OF THE INFLUENCE OF ACETATE ON WATER AND ELECTROLYTE 
MOVEMENT BETWEEN THE PORCINE JEJUNUM AND ILEUM 



65 

INTRODUCTION 

The great variability in results between and within experiments in 

Part I, the inconclusive results, and an attempt to decrease the duration 

of the experiments resulted in a second series of experiments with a 

slightly different protocol. The single-pass steady-state perfusion of 

the test segment was replaced by a recirculation technique. This recir-

culation method employed acute preparations of small intestinal segments 

and maintenance of anesthesia throughout the experiment. Argenzio and 

Lebo (4) have previously demonstrated in studies of the pig colon that 

results obtained using a recirculation technique and anesthesia were not 

significantly different from data obtained with a perfusion method. A pH 

of 7 .4 in the perfusion studies had little effect on water and electrolyte 

movement. Therefore, it was decided to further examine the influence of 

acetate only at pH 6.5. The recirculation method was also a means of 

correcting the shift in pH observed with the low pH solutions in Part I. 

In these experiments, either an acetate or acetate-free solution was 

recirculated through the test segment in which the pH of the solution 

was maintained at pH 6.5 by the constant addition of carbon dioxide. 

Differences in function within the various regions of the small 

intestine are well-known and were briefly discussed in the literature 

review. The pig ileum normally has a higher concentration of SCFA 

than the jejunum. Schmitt et al. (105) demonstrated rapid SCFA absorp-

tion but little effect on water and electrolyte movement in the human 

jejunum. Therefore, a jejunal segment was also prepared and tested to 

provide comparative data. Nine segments of both jejunum and ileum were 
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examined in these recirculation experiments. 

The objectives of these experiments were (a) to determine the 

relative rates of acetate absorption in the jejunum and ileum at a 

constant pH (6.5), (b) to determine if acetate enhances water and 

electrolyte absorption in the jejunum or ileum, and (c) to compare 

the responses of the jejunum and ileum to the influences of acetate 

on water and electrolyte movement. 
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MATERIALS AND METHODS 

Animals 

Fourteen NADC pigs weighing approximately 15-25 kg were surgically 

prepared for acute experiments. Food, but not water, was withheld 36 hours 

prior to the experiment. Halothane was used to induce and maintain anes-

thesia . Once the animals were well-anesthetized, an endotracheal tube was 

inserted. On several occasions, intubation was difficult; consequently, 

intubation was delayed until well into the experiment or the pig was main-

tained with an anesthesia cone throughout the experiment. 

1 Surgery 

A 10-15 cm incision was made on the right flank parallel to the ribs 

and approximately midway between the last rib and pelvis . A pair of can-

nulae were placed either in a segment of jejunum or ileum or both. All 

cannulae used in a given pig were the same diameter and made from SilasticR 

tubing with either a 3/8 inch i.d. and 1/2 inch o .d. or 1/4 inch i. d . and 

3/8 inch o.d . The luminal end of the cannula had a sleeve which was made 

by slipping a 1 cm piece of SilasticR tubing qf a larger bore over the 

end of the cannula and gluing it in place with medical grade SilasticR 

adhesive. Approximately 1 cm of cannula protruded from the sleeve. 

Jejunum 

The jejunum was ligated at point approximately 20 cm from the liga-

ment of Trietz. A longitudinal incision in the antimesenteric wall, 

1 
Surgery perfonned by Dr. R. A. Argenzio, N. A.D.C., Ames, Iowa. 
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about 1 cm long, was made just distal to this ligature and the cannula 

was inserted into the lumen. Once in place, the cannula was secured 

with a silk ligature just distal to the sleeve. Chromic 2-0 gut suture 

material was used to close the incision around the cannula. The second 

cannula was inserted by the same technique 60 cm posterior to the ini-

tial cannula. Both cannulae were exteriorized via stab wounds in the 

body wall anterior to the skin incision. Care was taken not to twist 

or otherwise occlude any portion of the test segment. 

Ileum 

The cecum was located and the ileum was ligated 20 cm anterior to 

the ileocecal junction. The same technique, as described for the 

jejunum, was used to insert a cannula anterior to the ligature. Like-

wise, a second cannula was inserted 60 cm anterior to the first. Both 

cannulae were exteriorized through stab wounds posterior to the skin 

incision. 

The peritoneum, three muscle layer, and skin were then closed with 

Chromic 0 gut suture . All surgical techniques were done aseptically. 

The right femoral artery was then exposed through a 10 cm incision 

and cannulated with a 15 cm catheter. This catheter was used to record 

arterial pressure and obtain blood samples. The incision was closed 

with Chromic 0 gut suture. The patency of the catheter was maintained 

by periodic flushing with heparinized saline (20 U/ml). 
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Description, Construction, and Operation of the Recirculation System 

The recirculation system is schematically presented in Figure 9. 

Construction of the various component and general operation of the 

apparatus is described in the following sections. 

Perfusion reservoir 
R The reservoir was made from a 500 ml Nalgene (Nalge Company, 

P.O. Box 365, Rochester, NY 14602) bottle. The bottle top was capped 

with a #6 rubber stopper through which a glass tube was inserted. 

Tygon tubing was connected to the glass tube. This tubing then served 

as a return line from the pig. The bottom of the bottle was then 

removed. The bottle was inverted and secured in a Napco (National 

Appliance Company, Box 23008, Portland, OR 97223) Model 220 water 

bath. The fluid level in the chamber was 6-10 cm above the loop end 

of the cannulae. The water bath was adjusted to maintain the solution 

at 39 C. 

Reservoir ~ 

The reservoir top was made by removing the bottom 2/3 of a 250 ml 
R 

Nalgene beaker so that the top portion with the flanges would tightly 

fit inside the reservoir. Three holes were bored in a #13 rubber stopper 

to accommodate a delivery line, gas line, and pH electrode/sampling port. 

The rubber stopper snugly fit in the beaker. 

Carbon dioxide and nitrogen gases were delivered to flowmeters 

after passing through a column of water to insure saturation. The 



Figure 9. Schematic diagram of the recirculation system 
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calibrated gases were mixed and bubbled into the chamber through a gas 

dispersion rod. The respective gas ratios were altered throughout the 

experiment to maintain the solution at a relatively constant pH 6.5 . 

.E!! meter 

A pH probe was inserted into the chamber through one hole in the 

chamber top. The pH could then be constantly monitored on a Beckman 

(Beckman Instruments, 2500 Harber Blvd., Fullerton, CA 92634) Model 

76 Expanded Scale pH meter. The gas mixture was adjusted accordingly. 

Sampling port 

A short length of plastic tubing attached to an 18 gauge needle 

was used to connect the chamber to the sampling syringe. 

Delivery system 

A glass rod was inserted in the chamber top until the rod almost 

touched the bottom of the chamber. TygonR tubing was used to connect 

the rod and the anteri9r intestinal cannula. The solution1 in the 

chamber was pumped back to the pig by a peristaltic pump (Hewlett 

Packard, 1776 Minute Man Rd.; Andover, MA 01810) which was located 

between the chamber and the anterior or inlet cannula. A heat tape 

was also wrapped around the tubing to maintain the solution at 39 C. 

Experimental Procedure 

Immediately upon conclusion of surgery, the pig was repositioned 

on the left flank. A heating pad and surgical drapes were used to 

maintain body temperature. The arterial catheter was connected to a 
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Sanborn Model 267 BC pressure transducer (Hewlett Packard, 1776 Minute 

Man Rd., Andover, MA 01810) which was then connected to a Sanborn 350 

Polygraph (Hewlett Packard, 1776 Minute Man Rd ., Andover, MA 01810) . 

A stopcock, located between the transducer and catheter , was used to 

collect arterial blood samples for blood gas determination . 

The inlet or upper intestinal cannula was connected to the recir-

culation system. The segment was then flushed with normal saline at 

40 ml/min until the effluent was clear. The segment was then rinsed 
14 with 400 ml of the test solution less the nonabsorbable marker ( C-PEG) 

at 40 ml/min. After flushing the segment with air, the posterior can-

nu la was connected t o the return line which completed the recirculation 

circuit. Exactly 300 (exception: 200 or 250 ml were used in four 

initial experiments) ml of t he test solution containing the nonabsorbable 

marker was added to the chamber. The solution was gassed until the pH 

was approximately 6.5. The segment was then perfused at 40 ml/min. 

When the solu tion returned to the chamber via the return line, a 10-

minute equilibration period was begun. The rate was reduced to 20 ml/ 

min after 10 minutes and zero time samples of the solution and blood 

were collected. Samples were also taken at 30 and 60 minutes. After 

the last sample was obtained, the chamber and segment wer e flushed 

with air and saline. This procedure was then repeated for the second 

test solution. 

At the conclusion of the experiment, the animal was euthanized 

with pentobarbital . The abdomen was opened and the segment was examined 

for any abnormalities, such as twisting or obstruction. Both cannulae 
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were pulled back through the abdominal wall and the test segment was 

measured by transecting the segment at the tip of one cannula, clamping 

the end with a hemostat, and measuring the distance between the tips 

of the cannulae while the segment was gently suspended by the weight 

of the hemostat. Jejunal segments in nine pigs measured 65 . 8 ± 4.7 cm. 

The mean segment length in nine ileal preparations was 58.6 + 2 . 5 cm. 

These means were not significantly different. 

The composition of the test solutions was initially the same as 

described in Part I (Table 1). Polyethylene glycol labeled with 14carbon 

was used as a nonabsorbable marker. All solutions were gassed with 

carbon dioxide and nitrogen to pH 6.5. Once the solutions were intro-

duced into the intestinal segment from the recirculation system, the 

solutions were mixed and diluted by the residual fluid remaining in 

the gut lumen. The composition of the test solutions is, therefore, 

expressed as the concentration in the system at the end of the equili-

bration period. These concentrations are listed in Table 7. The 

sequence for administration of the acetate and control solutions was 

alternated with successive experiments to minimize bias. 

Analysis 

Blood samples and samples of the perfusate were measured for pH, 

pC02 , and HC03 with a Corning (Corning Scientific Instruments, Medfield, 

MA 02052) Model 165 pH/Blood Gas Instrument. Osmolarity was measured 

by freezing point depression with a Fiske (Fiske Associates, Quaker 

Highway, Uxbridge, MA 01569) osmometer. Polyethylene glycol, labeled 
14 with C, was analyzed by liqui d scintillation spectroscopy. Samples 



Table 7. Composition of test solutions in the recirculation experiments at the time of initial 
sample a 

Jejunum Ileum 
Acetate Control Acetate Control 

+ Na 133.2 + 3.8 129.1 ± 2.5 139.7 ± 2.4 139.4 ± 3.0 

K+ 4.7+0.l 4.8 ± 0.1. 5.0 ± 0.1 5.1 ± 0.1 

Cl 95. 3 ± 2. 7 126.5 ± 2.5 94.8 ± 1.5 130.1 ± 2.3 ..... 
Ln (mmo les I 1i ter) 

-Hco3 9.8 ± 0.3 8.3 ± 0.4 11.3 ± 0.9 11.5 ± 0.3 

-CH3COO 36.2 ± 0.5 35.7±0.8 

Osmolarity 293. 8 ± 1. 9 287 .8 ± 1.8 292.7 ± 2.0 288.6 ± 1.3 
(mOsmol/liter) 

Number of 
experiments 9 9 9 9 

aConcentrations expressed as mean + standard error. 
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of 0.5 ml were added to 15 ml of Bray's solution and counted on a 

Hewlett Packard (Hewlett-Packard, Route 41, Avondale, PA 193'11) HP 

Model 3380 Tri-carb counter. Sodium and K+ were measured on a Technicon 

(Technicon Instruments, 511 Benedict Ave., Tarrytown, NY 10591) Auto-

analyzer. Chloride was measured with a Corning (Corning Scie.ntific 

Instruments, Medfield, MA 02052) Chloride Meter 920M. Acetate samples 

were frozen at the conclusion of an experiment, later prepared by the 

method described by Salanitro and Muirhead (99), and then measured on 

a Hewlett-Packard (Hewlett-Packard, Route 41, Avondale, PA 19311) Model 

HP 5830A Gas Chromatograph. 

Calculation of water and solute necessitated correction for removal 

of the sample volume and contents. The following formulae were used 

to calculat~ absorption or secretion'. 

Water: 

Solute: 

ml absorbed/30 min 

ml absorbed/60 min 

= r
PEG l x V. so u in 

PEG0 

[
PEGsolu X V ~ [PEG0 ] = -..-....,P:=Ec::G-~i~n - 2S x PEG60 - 1 

0 

mmoles solute absorbed/30 min= (V0 - S)(E0) - cv30)(E30) 

mmoles solute absorbed/60 min = (V0E0) - S(E0 + E30) -

(V60)(E60) 

Note that PEG = polyethylene glycol concentration, V = volume, E = 

electrolyte concentration, S = sample size in milliliters (same for a 

given experiment). The samples for the original test solution and at 

zero time, 30 minutes, and 60 minutes are represented by the subscripts 
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solu, O, 30, and 60. 

The calculated values were statistically analyzed by the use of 

t-statistics. Comparison between the acetate and chloride solutions 

withi~ the same tesF segment of a specific pig were made with a paired 

t-test. Comparisons between different segments were made employing an 

unpaired t-test. Significance levels of the respective t-values were 

calculated from Equation 26.7.4 in the Handbook of Mathematical Func-

tions (129). 
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RESULTS 

The data for water and electrolyte movement in each of the recircu-

lation experiments have been listed in Appendix L. A summary of heart 

rate, blood pressure, arterial blood gas analysis, and segment length 

corresponding to each recirculation experiment listed in Appendix L 

is given in Appendix M. High pco2 and low pH measurements were 

recorded for pigs #2, 5, 7, 15, and 16. The blood gas samples for 

pig #5 were from venous blood; therefore, it may be assumed that 

the arterial blood would not have been as acidic and probably would 

have been within the range for the other samples. Only the initial 

blood sample collected for pigs #7, 15, and 16 demonstrated marked 

acidosis. Pig #2 demonstrated marked acidosis throughout the exper-

iment, although heart rate and blood pressure were maintained. The 

acidosis was probably the result of anesthesia and respiratory dif-

ficulty due.to atelectasis or use of an inadequate size endotracheal 

tube. Despite the acidotic condition of these animals, the exper-

imental ·data was not rejected. The experimental data for these ani-

mals was within the range of values for electrolyte and water move-

ment observed for the other animals, except for Na+ absorption from 

the acetate solution with pig #2. The potential influences of anes-

thesia and acidosis on.the results of the study will be presented 

in the discussion. 

Changes in pH, pco2 , and Hco3 
-

A summary of the pH, pC02 , and -HC03 measurements for the initial 

and final samples of the control and acetate solutions recirculated in 
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the jejunum and ileum is given in Table 8. No significant differences 

between the initial and final pH of any of the test solutions, as 

measured in the reservoir, was noted. Neither were differences between 

the initial pH of the respective treatments. The shift in pH observed 

in the·perfusion experiments was eliminated by utilizing the recircula-

tion technique. Consequently, the pH could be maintained relatively 

constant at pH 6.5. 

A higher co2 tension in the ileum was necessary to maintain the 

pH of the solutions at approximately pH 6.5. In addition, the co2 
tensions in the final samples were significantly greater for both solu-

tions. The co2 tensions in the final control and acetate solutions in 

the ileum were not significantly different, despite higher levels in 

the acetate solution. Gassing of the ileal solutions with a higher 

pC02 should decrease the pH. However, an increase in pH was observed 

and can be explained by either the significant Hco3 secretion (p < 0.01) 
+ or H absorption with the ileal solutions. No significant increase in 

the HC03 concentration in the jejunal solutions after 60 minutes was 

mea.sured. 

Acetate Absorption 

Acetate was absorbed in both the jejunum and ileum, as shown in 

Figure 10. The differ,ence in rates in the ileum (2.44 + 0.50 mmoles/ 

segment/hr) and in the jejunum (1.34 ± 0.53 nnnoles/segment/hr) was not 

significant. However, the interesting observation is that, while abso.rp-

tion of acetate in the ileum occurred concurrently with the absorption 

of wa~er and total solute, the absorption of acetate in the jejunum 



Table 8. Initial and final measurements of pH, HC03 , and pC02 in the recirculation experimentsa 

Jejunum Ileum 
Control Acetate Ileum Acetate 

Initial Finalb Initial Final Initial Final Initial Final 

pC02 (mm Hg) 

103.2 121.7 103.4 158.6 C'~** 126.6 195.9 c**** 143.0 217.5c* 
:!;5.5 

8.70 
+o.4 

6.50 
+o.05 

:!;12.2 

9.33 
+o.4 

. 6.49 
2:0.04 

:!;9.7 

9.84d 
:!;0.3 

6.64 
+o.06 

+11. 7 

10.47 
:!;1.2 

6.57 
2:0.07 

:!;3.7 +8.2 

(mmoles/liter) 

11.48 14.54 c**** 
:!;0.3 +o.4 

-1l!L 

6.56 6.57 
+o.01 2:0.02 

"Measurements expressed as mean± SE; jejunum, N = 7, 8; ileum, N = 3, 4. 
b Final measurements taken after one hour of recirculation. 

+23.5 +2.7 

11.28 14.26 c** 

±0·9 +o.6 

6.44 6.60 
+o.10 2:0.02 

cSignificantly different than initial sample: * ** **"~ **** p < .05, p < .025, p < .005, p < .001. 

dSignificantly different than initial control, p < .05. 

~ ------------

"' 0 
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occurred despite a net secretion of water and total solute (Figure 11) . 

The pH in the recirculation experiments was held constant at pH 

6 . 5 and would be expected to maintain a relatively greater ratio of 

unionized to ionized acetate ions than those observed in the perfusion 

experiments. If the concentration of SCFA in the lumen was the same, 

then a greater rate of absorption would then be expected in the recir-

culation experiments . However, the rate of absorption was less than 

in the perfusion studies, but conditions were different in the respec-

tive experiments. These differences will be subsequently discussed in 

the discussion. 

Water and Electrolyte Absorption 

The patterns of total solute, water, and the individual electrol yte 

movement for the recirculation experiments are shown in Figures 10, 11, 

and 12. + The ileum generally exhibits a pattern of water, Na, Cl-, and 

total solute absorption from both the control and acetate solutions . 

In contrast, the jejunal pattern is typically either secretion or a 

lower magnitude of absorption than observed in the ileum for water, 
+ -Na , Cl , and total solute. Bicarbonate secretion in the ileum exceeded 

secretion in the jejunum. + Mean K secretion was noticeably less in the 

ileum. + However, K movement was small and variable and, therefore, 

will receive little mention in the subsequent results and discussion . 

The relationship between total solute and water movement for each 

of the test solutions in both segments is depicted in Figure 13. The 

relationships are all positively correlated (0.01 _::_ p 2. 0.05). All 

solutions were approximately isotonic with plasma and had a mean 
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tonicity of 283 ± 1. 3 mOsmol/liter. The linear relationships·, shown 

in Figure 13, support the passive movement of water secondary to solute 

movement. Such movement was also observed in the perfusion experiments 

and has been well-documented in the literature (38,40). Although the 

test solutions were moved through the gut segments by an external pump 

at 20 ml/min, any influence of increased hydrostatic pressure on water 

movement would not be anticipated (51,52,63) nor does any effect appear 

discernible. 

Effect of Acetate on Water and Electrolyte Absorption 

A comparison of the net changes in water and electrolyte movement 

from each of the test solutions in the jejunum, as shown in Table 9, 

does not support an influence of acetate on electrolyte movement in 

the pig jejunum. Only HC03 accumulation in the lumen in response to 

the presence of acetate was significant (p < 0.048). Although this 

was significantly different from the control treatment, the HC03 con-

centration' at 60 minutes was not significantly different from the Hco3. 

concentration in. the initial samples of the acetate solution. 

A comparison of the results for the control and acetate solutions 

in the ileum is shown in Table 10. Acetate absorption in the ileum 

resulted in a fourfold increase in Na+ absorption (p < 0.013). While 

the absorption of water and total solute were not significantly 

increased (p < 0.073 and p < 0.081, respectively), 3.6 and fourfold 

increases in the mean absorption of these parameters in the presence 

of acetate were observed. The increase in net solute absorption from 

the acetate solution is quantitatively accounted for by the increased 



Table 9. Effect of acetate on water and electrolyte absorption at pH 6.5 in the pig jejunum 

Control Acetate t-value Parameter a 
SEb (36 . 2 ± 0.5 mM/liter2 PR> t mean + mean + SE 

(df = 8)c 

Na+ 0.21 + 1. 98 -0.29 + 2 . 04d 0.20 .844 

K+ -0.11 + 0.09 - 0.12 + 0.07 0.10 .922 

er- 0 . 84 + 1. 99 -0.85 + 1. 34 0.83 . 419 

HC03 -0 . 63 + 0.25 -1. 73 + 0.34 2.14 .048 

Acetate 1. 34 + 0.53 

H20 -3.41 + 10.93 -13.16 + 12.41 0.93 .366 

Total solute -2.62 + 3.22 -5. 28 + 4 . 31 0 . 71 . 422 

aAbsorption of all parameters, except water, 
hr. Water absorption expressed as ml/segment/hr. 
9 for all parameters. 

expressed in millimoles / test segment of intestine/ 
Total solute expressed as mOsmol / liter/ hr. N = 

b SE = standard error of mean. 

ct-value derived from calculations of paired data. 

~egative values indicate secretion into the lumen. 

CX> ...... 



. Table 10. Effect of acetate on water and electrolyte absorption at pH 6 .5 in the pig ileum 

a Parameter 

Cl 

Acetate 

Total solu.te 

Control. 
b mean+ SE 

0.81±1.15 

-0-10 ± 0.04d 

3.78 + 0.94 

-3.07 ± 0.67 

5 .11 + 5 .OB 

1. 24 ± 1.15 

Acetate 
(35.7 + 0.8 mM/liter) 

mean+ SE 

3.70 + 0.93 

-0.02 + 0.05 

3. 79 + 0.65 

-2.97 + 1.03 

2.44 ± 0.50 

21. 23 ± 7 .12 

4.55 + 2.07 

t-value 
(df = B)c 

2.81 

1.43 

0.02 

0.07 

1.92 

1.80 

PR > t 

.013 

.172 

.984 

.945 

.073 

.091 

a . 
Absorption of all parameters, except water, 

hr. Water absorption expressed as ml/segment/hr. 
9 for all parameters except Hco3-, where N = 4. 

expressed in millimoles/test segment of intestine/ 
Total solute expressed as mOsmol/liter/hr. N = 

b SE = standard error of mean. 

ct-value derived from calculations of paired data. 

dN · 1 d h 1 egative va ues in icate secretion into ·t e umen; 

00 
00 
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Na+ and acetate absorption. Therefore, it is primarily the effect of 

+ acetate on Na uptake that accounts for the increased solute absorption 

and concurrent water movement. 

Comparison of the Ileum and Jejunum 

A comparison of the responses to the control solution in the ileum 

and jejunum is shown in Table 11. Only a significantly greater secre-

tion of HC03 in the ileum (p < 0.004) was observed. Alkalinization of 

the i l eal lumen is consistent with the pattern in most maaunalian species. 

Chloride absorption in the jejunum (0.84 ± 1.99 mmoles/segment/hr) was 

considerably less than in the ileum (3.78 ± 0.94 mmoles/segment/hr). 

However, no statistical correlation was observed between HC03 and Cl 

in either segment, although a reciprocal movement of HC03 and Cl was 

observed (Figure 10). The patterns of electrolyte movement in the 

respective segments reflects the marked functional differences char-

acteristic of the respective segments (30,40,54,67,130,131). 

The jejunal and ileal responses to the presence of acetate are 

compared in Table 12. The jejunal pattern in the presence of acetate 

was previously shown in Table 9 to be not significantly different from 

the response to the acetate-free solution. In contrast, the ileal 

+ pattern, as shown in Table 10, demonstrated increased Na , water, and 

total solute absorption. The marked differences in Na+, Cl-, water, 

and total solute movement, as shown in Table 12 , relative to the 

responses of the respective segments to the control solution, as shown 

in Table 11, suggest a greater influence of acetate on electrolyte 



Table 11. .Comparison of. the response to the control solution between the jejunum and the ileum 

a Jejunum Ileum t-value Parameter b mean + SE. (df = 16{ 
PR> t 

mean± SE 

Na+ 0.21 ± 1.98 0.81 ± 1.15 0.26 .798 

K+ -0.11 ± 0.09 d -0.10 + 0.04 0 .05- .961 

Cl 0. 84 ± 1. 99 3.78 + 0.94 1.57 .136 

Hco3 -0.63 ± 0.25 -3.07 ± 0.67 3.40 .004 

H20 -3.41 ± 10.93 5.11 + 5.08 0.71 .448 
'° Total solute -2.62 ± 3.22 1.24 + 1.15 .366 0 

0.93 

a . I Absorption of all parameters, except water, expressed in millimoles/test segment of intestine 
hr. Water absorption expressed as ml/segment/hr. Total solute expressed as mOsmol/liter/hr. N = 
9 for all parameters except Hco3- in the ileum, where N = 4. 

b SE = standard error of mean. 

ct-values derived from calculations.of unpaired data. 

~egative values indicate secretion into the lumen. 



Table 12 .. Comparison of the effects of the acetate ·solution on water and e-lectrolyte absorption 
between the jejunum and ileum 

Parameter a Jejunum Ileum t-value 
b mean + SE (df = 16)c mean + SE 

PR > t 

Na+ -.021 ± 2.04 d 3.70 ± 0.93 1. 78 .094 

+ K -0.12 ± 0.07 -0.02 ± 0.05 1.13 .275 

Cl -0.85 + 1.34 . 3. 79 + 0.65 2.47 .025 

HC03 -1.73 ± 0.34 -2.97 + 1.03 1. 73 .109 

Acetate 1.34 + 0.53 2.44 ± a.so 1.51 .151 

H20 -13.16 ± 12.41 21. 23 + 7.12 2.60 .019 

Total solute -5.28 + 4.31 4.55 + 2.07 2.36 .031 

aAbsorption of ~11 parameters, except water, expressed in millimoles/test segment of intestine/ 
hr. Water absorption expressed as ml/segment/hr. Total solute expressed as mOsmol/liter/hr. N = 
9 for all parameters except HC03- in the ileum, where N = 4. 

b SE = standard error of mean. 

ct-value derived from calculations of unpaired data. 

dNegative values indicate secretion into the lumen. 

- - -- ----- ---

"' ,_.. 
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and water absorption in the ileum. The pig jejunum normally does not 

contain SCFAs at a concentration used in these experiments. Thus the 

ileum appears more adapted to the absorption of acetate. 

Summary of Results--Part II 

Several conclusions can be made from the results of the recircula-

tion experiments. First, acetate was absorbed by both the ileum and 

jejunum. The rate of·absorption in the ileum was lower than observed 

at the same pH in Part I. + Second, Na absorption by the ileum was 

significantly increased when acetate was present in the recirculated 

solution. Concurrent movement of water was also observed. Finally, 

despite acetate absorption by the jejunum, no effect of acetate on 

fluid and electrolyte movement was observed in that segment. Further, 

the jejunum demonstrated either no net movement or even a slight 

secretion with the control solution. This is in contrast to the ileum 

which demonstrated an absorptive pattern with both control and acetate 

solutions. 

The results of these experiments in the ileum confirm the findings 

in the perfusion experiments in Part I. They further suggest functional 

differences between the ileum and jejunum with respect to the influence 

of SCFAs on water and electrolyte movement. 
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DISCUSSION 

Assessment of Errors 

Considerable variation in the results both between pigs and between 

the experiments conducted on the same pig was observed in this study. For 

example, absorption of sodium an9 H20 between pigs ranged from 0.94 to 

15.96 nnnoles/segment/hr and 6.07 to 112.4 ml/segment/hr, respectively 

(Appendix E). Na absorption varied from -0.98 to 10.55 and -1.34 to 

4.57 mmoles/segment/hr for pigs #5 and #47 . Such variation was observed 

in both parts of this study. A number of possible influences could 

have been responsible for this variation. 

First, the use of the balloon on the Foley catheter to occlude 

the lumen in the perfusion experiments may have affected intestinal 

motility and/or mucosal blood flow and altered absorption (95). Such 

balloons are often poorly tolerated by human subjects (114). In the 

present study, the animals frequently became quite irritable. Therefore, 

either a local or a cephalic mediated influence on gut function can not 

be excluded. Shifting of the Foley catheter due to aboral propulsion 

of the balloon also occurred and might be expected to decrease segment 

length. The net result would be to underestimate absorption. No bal-

loon was used in the recirculation experiments. 

Reflux and contamination of the test segments might also alter 

absorption rates. Neither factor could influence the results in the 

recirculation experiments since the gut was ligated proximally and 

distally to the segment. It is unlikely that reflux caused any sig-

nificant variation in the perfusion experiments; however , error due to 
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reflux cannot be eliminated. Reflux from the cecum might result in meas-

urable quantities of other SCFAs in the effluent. Very low concentrations 

were recorded in only three collections. Contamination from the upper 

segment also seems unlikely. Even when phenol red, used to detect leak-

age, was observed in the effluent, the analytical determinations were in 

the range for other collections. Such contaminated collections were 

usually analyzed but not used to compile the results. 

Analytical technique is always suspect when variation occurs. 

+ + Although Na , K , and Cl were not run in duplicate, the small standard 

errors in the mean concentration of electrolytes in the test solutions 

(Table 1) would seem t o reflect cons istency and accuracy . 

The ends of the test segments in the recirculation experiments 

were ligated a nd the cannulae inserted and again ligated. Such manipu-

lation or local trauma to the gut itself would be expected to result 

in an intestinal reflex that would inhibit motility (85) . Whether via 

inhibition of motility or another mechanism which would inhibit absorp-

tion, such a reflex could partially explain the decreased absorption 

observed in the recirculation experiments. 

The use of anesthesia in the recirculation experiments was a major 

diffe r ence in technique from the perfusion experiments. While the 

effects of halothane anesthesia on the rates of absorption in the 

recirculation experiments are unknown, they could partially account 

for the reduced rates of absorption. Some of the effects of halothane 

anesthesia general ly include cardiovascular depression (hypotension), 

respiratory depression (increased pC02), and a reduction in the basal 
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metabolic rate (44). Inhibition of intestinal motility has also been 

reported (85). Altered motility , metabolism, and blood f low may all 

affect absorption. Acidosis might inhibit acetate absorption by lower-

ing the gradient of undissociated acid from lumen to plasma . Both an 

increased pco2 and acidosis were observed in the recirculation experi-

ments (Appendix M). No signs of hypotension were obvious, although 

this could be masked by reflex stimulation of the cardiovascular system 

in response to the acidosis and hypercapnia. The absence of cardio-

vascular depression may indicate that more attention to proper ventila-

tion might have been useful in eliminating co2 retention. 

The high co2 tensions used to adjust pH in this study might have 

been an added variable which may have masked or exaggerated the find ings. 

Marked differences between the co2 tensions in the perfusion experiments 

(Table 2) and the recirculation experiments (Table 8) might imply an 

inhibitory influence of the higher tensions on absorption and explain 

the lower rate of electrolyte absorption in the recirculation experi-

ments. However, no differences were observed with either technique 

between the acetate and control treatments . The pC02 did significantly 

increase in the final samples . 

Concentrations of C02 in this study probably ranged from 8-35%. 

However, concentrations above 11% have general anes thetic effects (33) 

and may produce smooth muscle relaxation. Such relaxation could involve 

decreased motility of the gut itself and dilation of the vasculature 

supplying the respective small intestinal segment. How altered gut 

mo tility itself might affect the results of this study is unknown. 
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Vasodilation would be expected to increase blood flow (33) and create 

a larger lumen to blood gradient which would then facilitate absorption 

(2). Vasodilation; therefore, would not seem to be a mechanism pro-

ducing the inhibition in the recirculation experiments. The increased 

acidity generated both by the high co2 tensions used to gas the solu-

tions and the high plasma co2 tensions produced by anesthetic induced 

respiratory depression might inhibit absorp.tion by inhibiting cellular 

function. Alternately, absorption might be inhibited by the change in 

+ the electrochemical gradient for H ions between the tissue compartment 

and the bathing solution (119). 

An additional explanation for the sizable variation observed in 

this study is spontaneous variation. Such spontaneous variation has 

been previously reported during in vivo studies with human subjects 

(58, 128). It was suggested that this '!'ariation was the result of 

changes in blood supply, motility, and other unspecified factors. 

Acetate Absorption 

Two fundamental differences in the two techniques used in this 

study involved maintenance of a concentr.ation gradient (perfusion 

experiments) and maintenance of pH (recirculation experiments). Assum-

ing acetate was absorbed in the protonated form, then less absorption 

should take place in the perfusion experiments where the pH rapidly 

increased. However, the rate in the perfusion experiments exceeded 

that observed in the recirculation experiments. This would seem to be 

partially explained by a higher mean concentration of acetate in the 

ileal segments of the perfusion experiments. In the perfusion 
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experiments, a concentration of 40 mmoles/liter was continuously intro-

duced to the test segment. In contrast, the initial acetate concentra-

tion in the recirculation experiments at zero time was not 40 mmoles/ 

liter but 36.2 ± 0.5 nnnoles/liter in the jejunum and 35.7 + 0.8 mmoles/ 

liter in the ileum (Table 7). Unlike the concentration in the perfusion 

experiments, this concentration decreased with each recirculation through 

the test segment. In addition, shorter segment lengths in the perfusion 

experiments also contributed to a higher mean acetate concentration in 

the segment. However, it can"be roughly estimated that 16.8 mmoles 

(40 mmoles/liter x 0.42 liters/minute) of acetate passed through the 

ileal segment during the one-hour experiment in the perfusion experi-

ments. If it is assumed that no acetate was absorbed, then approximately 

42 mmoles would pass through the test segment during the same one-hour 

period in the recirculation experiments. Only 2.44 ± 0.5 mmoles of 

acetate were actually absorbed by the ileum in the recirculation exper-

iments (Figure 12). More acetate should have been absorbed from the 

larger quantity presented to the segment in the recirculation experi-

ments. Therefore, it seems more likely that the greater absorption 

in the perfusion experiments might be attributed to other factors. The 

acidosis associated with anesthesia would seem to be one logical 

explanation. 

For comparison purposes, the rates of absorption in the perfusion 

experiments were recomputed by dividing the mean rate of absorption 

for each pig (Appendix E) by the respective segment length (Appendix B) 

and then expressing the results as rate/60 cm. In this manner, the 
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ileal segments perfused at pH 6.5 can be compared to comparable length 

segments (58.6 ± 2.5 cm) in the recirculation experiments and other 
• 

results in the literature. 

Acetate absorption occurred in the perfusion experiments at the 

rate of 7.35 ± 0.7 mmoles/60 cm/hr compared with the rate of 2.44 ± 
O .SO mmoles/58. 6 ± 2 .5 cm/hr in the ileum in the recirculation experi-

ments. This difference is substantial and indicates that the single 

pass steady state perfusion technique and the recirculation technique, 

as utilized in this study, yield varying results. The effects of 

anesthesia, previously described, are probably responsible for the 

inhibition of absorption. 

The rate of acetate absorption in the .perfusion experiments prob-

ably is a better estimate 6f SCFA absorption in the normal pig ileum 

where SCFAs are continuously being produced. Unfortunately, the ina-

bility to m"!intain the' pH and the use of high co2 tensions to adjust 

pH make an accurate extrapolation of the results to the normal pig 

ileum difficult. 

Crump et al. (37; Crump et al., r.s.u.,.Ames, Iowa, unpublished obser-

vations, 1979), in steady state perfusion studies on the entire pig colon 

at pH 6.4, observed acetate absorption at the rate of 156 :!: 4.7 (SE) 

mmoles/hr. The pig large intestine, excluding the cecum, has been reported 

to be 3.1-5.7 meters long' (91). From these values, an estimated. absorption 

rate for acetate of 16.4-30.2 mmoles/60 cm/hr for the pig colon may be 

calculated. Argenzio and Whipp (6) have reported acetate absorption 

by the entire colon of conscious pigs from a solution comparable to the 

normal contents at the rate of 2.0 ± 0.1 meq/min. At their observed rate 
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and assuming the previous estimates for the length of the large intestine, 

it can be estimated that 12.7 - 23.2 mmoles/60 cm/hr would be absorbed. 

This compares to the rate of 7.35 + 0.7 mmoles/60 cm/hr in this study . 

Other studies have shown that rates for the absorption of acetate in the 
2 2 human rectum (7.7-8 . 9 umol/cm /hr) (87), rumen (10.3 umol/cm /hr) (120), 

and the equine large intestine (8 . 6 umol/cm2/hr) (7) are comparable to 

those observed in the pig colon (8 . 9 umol/cm2/hr) (5). 

The dog colon absorbs acetate at pH 6.4 at the rate of 0 . 77 + 0.7 

meq/gram dry mucosa/hr (D. Herschel et al., New York State College of 

Vet. Med., Cornell University, Dept. Physiology, Ithaca, N.Y . , unpublished 

observation, 1979). Calculated acetate absorption for three of the pigs 

in the perfusion experiments occurred at the rate of 0.56 + 0.09 mmoles/ 

gram of dry mucosa/hr. 

Acetate absorption in the large intestine in these other species and 

in the pig colon appears to exceed the rate in the pig ileum by two to 

fourfold. Obviously the total quantity of acetate absorbed in the large 

intestine is large relative to the ileum. This is due to the greater sur-

face area of the entire large intestine. However, the concentration re-

ported in the normal large intestine exceeds the concentration in the pig 

ileum by four to fivefold. The results of this study seem to indicate 

that SCFAs are rapidly absorbed in the pig ileum at physiological pH . It 

would be interesting to determine whether the ileum is capable of absorbing 

SCFAs from the higher concentrations and at the same rate observed in the 

pig colon . 

At the rate of 7 . 35 ± 0.7 mmoles/60 cm/hr and assuming the pig ileum 

is 0.7-1.0 meters long (91), it can be estimated that 205-280 onnoles/day 
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are absorbed. This may be an overestimation as the concentration in the 

normal ileum is not ,maintained at 40 mmoles/liter throughout the day. 

Total absorption per day calculated from. the data of Argenzio and Whipp 

(6) for· the pig colon would be 2900 mmoles. The nutritional contribution 

of SCFA absorption by the pig ileum would be only about 7% of the contri-

bution of SCFA absorption by the large intestine. Although SCFA absorp~ 

tion in the pig ileum .would appear to contribute to the animal's energy 

resources, the nutritional role ·se~m~· minor. 

The pig jejunum normally does not contain SCFAs at a concentration· 

utilized in these experiments. However, this study also demonstrated the 

potential of the proximal small intestine to absorb SCFAs. If the rate 

of 1.34 ± 0.53 mmoles/segment/hr, observed in the jejunum, is extrapolated 

to the entire length of the jejunum, i.e., 14.1-19.6 meters (91), then the 

pig jejunum is capable of absorbing 750•1050 mmoles/day. This would rep-

resent substantial total absorption by the small intestine, 

The rates of acetate absorption in the ileum and jejunum were not sig-

nificantly different (Table. 12). However, if it is assumed that the mucos-

al surface area/cm of: ileum is less than in the jejunum (118)·, th!'n the 

. ileum may be capable of a greater rate of absorption per .7m of gut. 

Schmitt et al. (105) have reported acetate absorption from a solu• 

tion with a mean concentration of 40 mmoles/liter in the human jejunum at 

the rate of 12.0 + 1.5 '(SE) mmoles/30 cm/hr. This corresponds to a rate 

of 24 mmoles/60 cm/hr. Acetate was absorbed in the human ileum at the 
I 

rate of 10.2 mmoles/60 cm/hr (106). While the rate in the human ileum 

is comparable to the rate in
0 

this study (7. 35 + O. 7 mmoles/60 cm/hr),. 

Schmi.tt' s studies were done at a pH exceeding pH 7 .4. Theref_ore, ~t 
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appears that the human ileum and especially the jejunum may be capable 

of greater SCFA absorption rates. 

Effects of pH 

From the results of this study, it is not possible to conclude 

the effects of pH on acetate absorption. However, while decreasing the 

pH of the perfused solution had no significant effect on the rate of 

acetate absorption, the rate of absorption observed was 60% greater. 

Decreasing the pH has essentially no effect on the movement of the 

various electrolytes during control perfusions in the perfusion experi-

ments (Table 5), but relatively greater differences between high and 

low pH with respect to electrolyte absorption were observed when acetate 

was present (Table 6). This observation and the shifts in the pH of 

the low pH solutions suggest that decreasing the pH does increase ace-

tate absorption. This effect of pH on SCFA absorption has been pre-

viously reported in the human small intestine (105,106), rat small 

intestine (76), and the pig (37) and goat (8) large intestine. Because 

of the observed shifts in pH in this study, it is likely that the 

absorption rates for acetate and the other electrolytes, determined at 

pH 6.5 in the perfusion experiments, may be underestimated. 

Mechanism of Acetate Absorption 

This study was not designed to examine the mechanism of acetate 

absorption. Within the .limit;; 'of this stt1dy, it is important to at.tempt 

to fit the results to one of the 'models which have been proposed. In 

general, the results of both the perfusion and recirculation experiments 

. I 
i 
' 
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must fit a model which accounts for acetate absorption at both pH 6.5 

and 7.4 concurrent with an increase in pH and HC03- in the lumen and with 

the stimulation of Na+ absorption in the ileum but not in the jejunum. 

More than 98% of the acetate was in the ionized form at the pHs 

used in this study. Unionized acid would be present at such a low con-

centration that nonionic absorption would not be favored, yet acetate 

was absorbed. Such absorption has been observed in many other studies 

and has previously been explained by the microclimate or unstirred 

layer model p·roposed by Hogben et al. (71) (Figure 1). However, studies 

by Jackson et al. (78) with the rat intestine have demonstrated that 

the pH of the mucosal fluid bulk phase would determine acetate uptake. 

An increase in lumen pH and HC03 concentration, such as observed in 

this study, is consistent with either H+ ion absorption or Hco3 secretion. 

At the various concentrations of Hco3 measured in the lumen in this study 

(i.e., approximately 6-27 mmoles/liter) and assuming a transepithelial 

potential difference of 5 mv (serosa positive), a transmembrane potential 

difference of -40 mv, and a plasma HC03- concentration of 25 mmoles/liter; 

HC03 movement into the lumen would be generally favored. The two models 

proposed by Argenzio et al. (9) could be used to explain an increase in 

lumen Hco3 but they differ in the form of acetate crossing the luminal 

membrane and the source of the Hco
3
-. 

In order to have an exchange of acetate for HC03 as proposed by 

Argenzio et al. (9) in the:l.r Model B (Figure 3), there must be HC0
3 

secreted from the intracellular compartment into the lumen. In this 

study, the magnitude of HC03- secretion was the same at both pH 6.5 and 

7.4 and between the acetate and control solutions. If an anion exchange 
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occurred, then a greater accumulation of Hco3- in the lumen would be 

expected when acetate is absorbed. This was not observed (Table 4). 

However, the control solutions contained a higher concentration of chlor-

ide. An anion exchange between HC03 and Cl in the ileum, as described 

by Turnberg et al. (128), might have resulted in an equivalent magnitude 

of Hco3 secretion into the lumen. 

According to Model B, the titration of HC03 to co2 and subsequent 

diffusion from the lumen would prevent HC03 accumulation in the lumen. 

These events would be reflected in an increased lumen pC02 . Secretion 

of H+ ions into the lumen, such as in a Na-H exchange, could account for 

the increased Na+ absorption observed when acetate was present. 

Results of the perfusion experiments at pH 6.5 would seem incon-

sistent. due to the marked decrease in pC02 observed. This may be 

explained by rapid co2 diffusion down a gradient which may have masked 

an increase in pC02 due to the generated co
2

. 

This model may not be appropriate to explain acetate absorption 

in the jejunum. There is evidence that the direction of the anion 

coupling between Cl- and HC03- in the ileum may be reversed in the 

jejunum (112). Preferential absorption of HC0
3 

in the jejunum and 

secretion in the ileum would appear to be inconsistent with acetate 

absorption in both segments by the same mechanisms. It might be possible 

for acetate to exchange for Cl . The tendency fo~ a mean secretion of 

Cl (Figure 10) in the presence of acetate might support such an 

exchange·; however, the difference between the respective solutions was 

small and not significant for Cl- but was significant for Hco
3
- (Table 9). 
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Model A (Figure 4) proposed by Argenzio et al. (9) involves 

acetate absorption as the unionized acid. + Lumen H ion concentration 

is decreased as the undissociated acid is transported out of the lumen 

and the lumen HC03 concentration then increases. Lumen pC02 would be 

expected to decrease.· Accumulation bf Hco3- would then be proportional 

to the quantity of acetate absorbed. Intracellular acidification could 

+ be compensated by recycling of H ions back into the lumen in exchange 

+ for. Na • This Na-H exchange could be the mechanism for acetate stimu-

lated Na+ absorption. 

The results of the perfusion experiments in the ileum are con-

sistent with this model. Lumen HC03 increased at both pH 6.5 and 7.4, 

but a decrease in pC02 was observed only at pH 6.5. This decrease.had 

previously been attributed to co2 diffusion down a gradient. However, 

the increase in the pco2 at pH 7.4 (Table 2) could be due to a tendency 

for co2 to diffuse from the blood (estimated pC02 = 40 mm Hg) to the 

lumen (pco2 ~ 10 mm Hg). The results at pH 7.4 might also be consistent 

with nonionic absorption. 

An increase in the lumen Hco3 concentration was also observed in 

the ileal recirculation experiments. Although the magnitude of HC0
3 

changes were the same for both control and acetate solutions (Table 2), 

it should be noted that higher co2 tensions were required to m~intain 
I 

the pH when· acetate was present. This would reflect either 'greater H+ 
I 

ion absorption (as the undissociated acid) or HC0
3

- secretion.I As in 

the previous model, HC03 accumulation would have been dissipated by 

titration to co2. 
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The pH in both the ileum and jejunum in the recirculation experi-

ments was maintained at pH 6.5 by adjusting the co2 tension. A smaller 

magnitude of change iri the HC03 concentration in the lumen of the 

jejunum was observed (Table 8). This could reflect the greater permea-

bility of the jejunum to HC03 (30). The significant increase in HC03-

with the acetate solution would certainly support Model A. The failure 

+ of acetate absorption to affect Na absorption in the jejunum must be 

reconciled with this mechanism. No intracellular acidification would 

occur if the undissociated acid crossed both mucosal and serosal mem-

branes. The preferential absorption of HC03 might then create a pH 

gradient which might be inhibitory to the H+ ion secretion in exchange 

+ for Na . Alternately, the jejunum may lack a Na-H exchange. Therefore, 

Model A is also consistent with the results of this study on the jejunum. 

Effect of Acetate on Electro~yte Absorption 

+ An important observation on this study was.the stimulation of Na 

absorption in the ileum by the addition of acetate to the test solutions. 
+ If the rates ofNa absorption in the perfusion experiments are expressed 

as change per 60 cm, then the rates of absorption at low pH from the 

acetate and control solutions were 10.9 ± 3.7 and 6.7 ± 2.2 nnnoles/hr, 

respectively. The presence of acetate in both the perfusion and recir-

+ culation experiment.a caused Na absorption to increase by about 4 nnnoles/ 

60 cm/hr. This represents an estimated netNa+ absorption of 250 mmoles/ 

day by the ileum. This may be overestimated since the SCFA concentra-

tion in the normal pig ileum is not maintained at 40 nnnole~/liter over 

24 hours. An increase in water absorption, secondary to the movement 
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of Na+ and acetate in the perfusion experiments, occurred at about 

750 ml/day. Therefore, SCFAs in the pig ileum appear to function as 

in the large intestine of the pig (37) and other species (8,87) to 

conserve Na+ and water . 

The pig jejunum also demonstrated SCFA absorption . However, no 

+ effect on Na absorption was observed . The human jejunum nonnally does 

not absorb Na+ from isotonic solutions lacking glucose (113). Also, 

the addition of acetate to perfusion solution in either the human 

+ jejunum or ileum does not affect Na absorption, despite acetate 

uptake (105,106). However, the studies on SCFA absorption in the 

human small intestine were conducted at a pH in excess of pH 7.4. 

An effect of acetate at a lower pH in the human cannot be excluded. 

Both the human small intestine and the pig jejunum have a low SCFA 

concentration, genera lly less than 10 rmnoles/liter . Therefore, these 

segments seem to neither require nor have developed a mechanism to 

facilitate Na+ absorption similar to the mechanism found in the ileum. 

The ileum appears to function more like the large intestine. 

Implications of the Results 

The finding s of this study have potential clinical implications. 

At a concentration used in this study, the pig small intestine is 

capable of absorbing substantial quantities of SCFA without the produc-

tion of diarrhea. This would suggest the potential usefulness of SCFAs 

in providing a peroral supplemental energy source to the pig without 

affecting electrolyte balance. In addition, supplemental SCFAs might 

be useful in treating f luid and electrolyte losses in certain conditions 
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by increasing Na+ and fluid absorption in the ileum. However, oral 

supplements at a concentration, such as used in this study, would 

probably be absorbed prior to reaching the ileum. 

In studies by Hamilton and Roe (64), the important role of the 

pig small intestine in absorbing fluid and electrolytes and in prevent-

ing an overload of the absorptive capacity of the large intestine was 

demonstrated. Unlike most other species, the pig large intestine must 

absorb the greater portion of fluid and electrolytes presented to the 

intestines. Therefore, in those conditions in which SCFA concentrations 

in the pig ileum are diminished, such as by the administration of 

antibiotics or altered motility, a potentially significant effect on 

body homeostasis may result. 

Future Studies 

While this study demonstrated acetate absorption in both the pig 

. + jejunum and ileum and a concurrent influence on Na and water absorption 

in the ileum, additional studies should be conducted. It would seem 

logical to determine the capacity of the ileum to absorb higher concen-

+ trations of SCFA and the corresponding influence on Na and water 

absorption . Likewise, it would seem useful to determine the capacity 

of the jejunum to absorb higher concentrations of SCFA without producing 

an osmotic diarrhea. Such studies might utilize either technique 

employed in the present study but with progressively higher concentra-

tions of acetate. Such information in both segments would be important 

in evaluating gut f unction when abnormally high lumen concentrations 

of SCFA are present, as with carbohydrate overload or a stagnant loop 
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syndrome. 

Additional studies would also be necessary to e lucidate the mech-

+ anism for SCFA absorption and increased Na absorption in the pig small 

intestine. Both in vitro and in vivo studies are usually indicated 

when studying mechanisms. Use of an ion replacement technique could 

provide insight into the dependence of acetate absorption on the pres -
+ - -ence of some other ion, such as Na , Cl , or HC03 . Carbonic anhydrase 

inhibitors could be used in evaluating the interrelationship between 

SCFAs and HC03 - . 

The potential of SCFAs to function as a constant energy source 

for the mucosa has been suggested by Argenzio et al. (5,8) and Henning 

and Hird (66). Mucosal metabolism of SCFAs might be evaluated by an 

in vitro s tudy, such as conducted on other segments of the pig gastro-

intestinal tract (5). 

Although a poten tial role fo r SCFAs in the pig ileum has been 

established, additional studies are required to define the role of 

SCFAs in normal and pathological situations. The f indings of this 

study and their application to the delicate f luid balance observed 

in t he pig small intestine by Hamilton and Roe (64) enhance the 

importance of future studies. 
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CONCLUSIONS 

The influence of a physiologic concentration of acetate in a per-

fu sion solution and the effects of pH in the ileum of conscious pigs 

were evaluated in the first part of this study. In a second series of 

experiments, the absorption and i nfluence of acetate in the ileum and 

jejunum of anesthetized pigs at pH 6.5 was examined by utilizing a 

recirculation technique. 

The importance of a physiological concentration of a SCFA at 

approximately nonnal pH for maximum absorptive function in the pig 

ileum was confirmed. Acetate was rapidly absorbed in both the ileum 

and jejunum . In addition, the pig ileum demonstrated significant 

+ absorption of Na and water when acetate was present. This observation 

has not been previously reported in the small intest ine of the pig or 

other species. 

The pig ileum appears to function like the large intestine of 

the pig and other species with respect to the effects of SCFAs on water 

and ion absorption. Those mechanisms proposed for acetate absorption 

+ and acetate influenced Na absorption in the large intestine are gen-

erally consistent with the results of this study. 
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APPENDIX A. WEIGHT GAIN OF INDIVIDUAL PIGS--PART I 

Date Weight Date Weight 
(1978) (kg) (1978) (kg) 

Pig 982 4-13 27.27 
4-20 29.55 
4-25 31. 82 

Pig 0005 5-09 32 . 73 
5-11 32.73 Pig 471 7-10 19.55 
5-19 36.36 7- 12 20 . 91 
5-26 39.55 7-14 
6-01 43.64 7-1 7 
6- 12 46.36 7-19 
6-14 49.09 7- 21 
6-16 7- 24 25.91 
6- 19 49.55 7-28 
6-22 48 . 64 

Pig 932 6-02 48.18 
6-06 48 . 64 
6-13 51.82 
6-23 54.09 
6-26 55.91 
6-28 57 . 27 

6-30 60.45 
7-03 61. 36 
7-05 62.27 
7-13 65.00 
7-18 66 . 82 
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APPENDIX B. SUMMARY OF POSTMORTEM DATA 

Pig 982: Inlet cannula found out 5-4-78. Animal was posted 5-4-78. 

No signs of abnormalities within the loop were observed . The distance 

between cannulae was 49 cm . The outlet cannula was located 22 cm from 

the cecum. The mucosa was stripped from the segment and dried. It 

weighed 8.03 grams . 

Pig 0005: This animal was posted after completion of all experiments 

on 7-11-78. It weighed 66.4 kg at the time of posting . Both cannula 

were firmly in place. The ileum 5 cm in either direction from the 

inlet cannula was adhered to a 10 cm segment of ileum located approxi-

mately 60 cm anterior to the inlet cannula. Approximately the middle 

one-fourth of the test segment was loosely adhered to the peritoneal 

wall. No twists or excessive bends which may have obstructed the lumen 

were observed. The distance between cannulae was 43 cm . The outlet 

cannula was located 27 cm from the cecum. Mucosal dry weight was 9.57 

grams . 

Pig 932: The outlet cannula had come out 7-14-78 and had been reinserted. 

The inlet cannula was found out 7- 24-78 and the pig posted. The segment 

was in excellent condition with no adhesions present. Cannulae were 

30 cm apart. The outlet cannula was 30 cm from the cecum. When the 

mucosa was being stripped, a ba nd of scar tissue was noted located 8 cm 

pos terior from the inlet cannula. This scar measured 3-4 cm long and 

2-4 mm wide. It probably was the result of excess pressure in the 

Foley catheter. Mucosa dry weight was 11.278 grams. 
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Pig 47: The outlet cannula was found dislodged on 7- 31-78 and had 

evidently been out several days. At the time of posting on 8-1-78, 

the pig weighed 25 . 9 kg . The sleeve around the inlet cannula was 

poorly adhered. Only half of the sleeve was secured. An adhesion 

between the area adjacent to the outlet cannula and a point approxi -

mately one-third the leng th of the test segment anterior to the outlet 

cannula was noted. At the same point but on the opposite side of the 

i ntestine, an adhesion to the kidney was present. The segment was 

also adhered to the abdominal wall for 10 cm posterior to the inlet 

cannula. The test segment measured 35 cm. The outlet cannula was 

located 30 cm anterior to the cecum. 
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APPENDIX C. SUMMARY OF MEAN CHANGES PER EXPERIMENT 



Table Cl . Summary of mean changes per experiment a 

Pig IF Date tr Samples H20 Na+ K+ HC03 Cl CH3COO pH Osm 

Acetate, pH 6.5 

5 5-9 5 40 . 7 5.9 .10 -6.9 9.1 4.3 .945 12.5 

5- 11 4 71. 5 10.5 .30 - 8.8 14.5 6 . ? 1.174 20.7 

6- 16 4 45.2 6 . 8 .03 -5.9 10.0 4.3 .906 13.3 

6- 22 5 37.0 5.4 .04 - 7.0 10.0 5.0 .931 10.3 

47 7- 10 5 34 . 7 4.6 .20 -6.4 10.3 4.9 .870 11.8 

7- 17 5 - 5.8 - 1 .. 0 -.19 -3 . 6 2.1 1. 9 .569 -2.1 

7- 21 4 -13.4 -1.3 -.26 -4.9 2.7 2.5 .630 -3.5 

7-24 5 8.8 1.5 -.17 -5 . 7 6.2 4.4 .748 3.6 

923 6- 2 5 40.0 5.0 .16 - 6 . 1 8 .6 3.2 .836 9.3 

6- 13 4 46.3 6.1 . 20 - 6.5 10 . 2 5.0 .900 13.1 

6- 28 6 1.3 0.2 - . 07 -6.4 5.0 1. 7 . 774 -0.5 

7- 18 4 91. 7 13.4 . 35 - 8.7 17.7 8.9 1.203 27.2 

982 4-25 4 112.5 15 . 9 .56 0.2 11.6 6.0 . 302 31.1 



Acetate, pH 7 . 4 

5 5- 26 4 47.S 6.2 .18 -5.2 10 . 4 4 . 1 . 387 11. 8 

6-1 4 26 . 8 3.0 .04 -5.4 6.7 3 .3 .264 7 .0 

6-14 4 49.1 7 . 6 . 27 - 6.7 10.7 4.8 .372 14.7 

6-19 5 57.3 10 . 0 - .20 -6.6 12 . 7 5.7 .335 16.8 

47 7-12 5 31. 8 4.9 . 12 -5.8 8.4 5.0 .234 10.6 

7-14 5 6.4 1. 3 .01 -4.2 4. 7 3.1 . 096 1.5 

7- 19 4 - 8 . 0 -1.5 -.09 -4 . 9 3.9 2.1 . 177 -1. 0 

923 6- 26 7 - 3.7 -0. 8 -.09 - 4.4 2.0 1. s . 234 - 2.0 
...... 

7-3 4 0.2 1.5 . 01 - 3 . 4 2.7 1. 8 .221 - 0.7 
N 
-..J 

7-5 6 11. 7 2.3 .03 - 3 . 0 3.4 1.4 .173 3.5 

982 4- 13 4 15 . 4 1. 9 .OS - 0.8 2 . 6 2.5 .142 3.2 

4- 20 4 10.7 7 . 9 -.03 - 2.0 2.2 3.4 .140 1. 8 

a + + H20 measured in ml/segment/hr; Na , K , HC03 , Cl , and CH3coo measured in mmoles/segment/hr; 
Osm measured in mOsm/segment/hr. 



Table Cl. (Continued) 

Pig fft fft Samples H20 + K+ Cl -Date Na HC03 CH3COO pH Osm 

Control, pH 6.5 

5 5- 9 6 35 . 9 4 . 6 .04 -5.7 12.0 .916 1.0 

5- 11 4 78.6 11 . l .30 -6 . 1 16.5 .972 22.8 

5- 16 4 60.2 9.1 . 12 -3.5 13.4 .741 18.0 

6- 22 4 35.4 7. 6 - .02 -5.7 14.0 .859 8.1 

47 7- 10 5 8 . 8 1.8 - .11 -5.0 8.0 .743 2.9 

7- 17 4 - 6.0 0 . 1 - .16 - 3.5 4 .0 .599 -1.1 

7- 21 4 9.6 1.9 -. 26 -4.3 6.9 2.385 3.3 

7- 24 5 2.7 1.0 - .09 -5.0 6.8 .701 1.4 

923 6- 6 5 43.8 5.3 .16 - 9.0 15 . 0 1.040 10 . 6 

6- 13 4 24.2 3.2 . 04 -5.5 9 . 0 .847 6.0 

7- 13 6 - 14 . 7 - 2.2 - . 11 -2.8 2 . 3 .498 - 4 . 9 

982 4- 25 4 58.9 7 .7 . 23 - 1. 7 11.1 .606 16 . 7 



Control, pH 7.4 

5 5-19 4 39.4 6.2 . 18 -6.2 9.9 .228 12 . l 

6- 1 4 55 . 6 7.8 . 21 - 4.3 13 . 4 .132 15 . 0 

6- 12 4 57 . 0 8 .3 .22 - 6.3 15.6 . 260 16.4 

6-14 5 56.9 8 . 1 . 24 -6. 3 15 .1 . 205 16. 2 

47 7-12 5 31.1 4 . 1 . 09 -4.6 10.7 .191 9.2 

7-14 4 10.0 2 .1 .01 - 3 . 5 6 . 0 .120 2 . 3 

7- 19 5 5.8 1. 6 . 03 - 4.1 5.4 .143 1.1 

923 6- 23 4 6.0 1. 1 - .04 - 3.9 6.7 .226 1.1 I-' 
N 

"' 6-23 5 6. 0 1.4 -.01 -5.1 7 . 6 .340 1.1 

6- 30 5 -1. 2 - 0.2 -.03 -3.1 1. 7 . 170 - 1. 2 

7-3 4 -1. 1 0 . 3 -. 06 - 2 . 7 1. 2 . 155 -0. 8 

7-5 4 - 2 . 7 0.0 -.08 -3. 0 1. 9 .192 -1. 4 
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APPENDIX D. SUMMARY OF MEAN CHANGES PER TREATMENT PER PIG PER 

SEQUENCE OF ADMINISTRATION 



Table Dl. Summary of mean changes per treatment per pig per sequence of administration a 

Pig ff Order of Na+ + CH3COO administration H2o K HC03 Cl pH Osm 

Acetate, pH 6. 5 

5 1 41.1 6.1 . 03 -6.4 10.0 4.6 0.919 11. 8 

2 56.1 8.2 . 20 -7.9 11.8 5.3 1.060 16.6 

47 1 10.7 1. 6 -.03 -5.6 6.5 3 .7 0. 750 4.1 

2 1.5 0 . 3 -.18 -4.6 4.2 3.1 0.659 0.7 

923 1 44 . 8 6.2 .16 -6.9 10.4 4 .7 0.928 12. 3 

982 2 112.5 15 .9 .56 0 . 2 11. 6 6.0 0.302 31. 2 

Acetate, pH 7.4 

5 1 51.3 7.9 .08 -6. 2 11.3 4.9 0.365 14.5 

2 26.8 3.0 .04 - 5.4 6.7 3.3 0.264 7.0 

47 1 6.4 1. 3 .01 -4.2 4.7 3 .1 0.096 1.5 

2 11.9 1. 7 . 01 -5 . 4 6 .1 3.5 0.206 4 . 8 

923 l -1.8 0.4 -.04 - 3.8 2.3 1. 7 0.227 -1. 4 

2 11. 7 2 .3 .03 -2.0 2.2 3.4 0.140 1. 8 

982 1 10.7 7.9 -.03 - 2 .0 2.2 3 . 4 0.140 1.8 

2 15.4 1. 9 .OS -0.8 2.6 2.5 0.142 3.2 



Control, pH 6.5 

5 1 57.2 7.8 .17 -5.9 14.2 0.944 16.4 

2 47.8 8.4 .05 -4.6 13.7 0.800 13.1 

47 1 -1. 7 0 . 5 -. 12 -4.3 5.4 0.650 0.1 

2 9.2 1. 9 -.19 -4.7 7 . 4 1.564 3.1 

923 1 14.6 1. 6 .02 -5.9 8.6 0.769 2 . 9 

2 24.2 3.2 . 04 -5.5 9.0 0.847 6.0 

982 1 59.0 7.7 .23 -1. 7 11.1 0.606 16.7 

Control, pH 7 . 4 

5 1 50.7 7 .4 .20 - 5 .6 13 . 0 0.207 14.5 t-' w 
N 

2 56.9 8.1 . 24 - 6 . 3 15.1 0.205 16.2 

47 1 18.5 2.9 .06 -4.3 8.0 0.167 5.1 

2 10 . 0 2.1 .01 -3.5 6.0 0.120 2.3 

923 1 0.7 0.3 -.05 -3.3 3.4 0.196 -0.5 

2 2.5 0 . 9 -. 04 -3.9 4.6 0.247 0 . 1 

a._ + K+ - - - I I tt2o measured i n ml/segment/hr; Na , , HC03 , Cl , and CH3COO measured in mmoles segment hr; 
Osm measured in mOsm/segment/hr . 
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APPENDIX E. CHANGES IN PARAMETERS FOR EACH PIG PER TREATMENT 

each a Table El. Changes in parameters for pig per treatment 

Pig ff H20 Na+ K+ HC03 Cl CH3COO pH Osm 

Acetate, pH 6 .5 

5 48.6 7. 2 0.12 -7.2 10. 9 4 .9 0.989 14.2 
47 6.1 0.9 -0.10 -5.l 5.3 3.4 0.704 2.4 

923 44.8 6.2 0.16 -6.9 10.4 4.7 0.928 12.3 
982 112 .5 16.0 0.56 0.2 11. 6 6.0 0.302 31.1 

Acetate, pH 7.4 

5 45.1 6.7 0.07 -6.0 10.1 4.5 0.339 12.6 
47 10.1 1. 6 0.01 -5.0 5.7 3.4 0.169 3.7 

923 2 . 7 1.0 -0.01 -3.6 2.7 1. 6 0. 209 0.2 
982 13.1 4.9 0.01 -1.4 2.4 3.0 0.141 2.5 

Control, pH 6.5 

5 52.5 8.1 0.10 -5.2 14.0 0 . 872 14.8 
47 3.8 1. 2 - 0.16 -4.5 6.4 1.107 1.6 

923 17.8 2.1 0.03 -5.8 8.8 0.795 3.9 
982 58.9 7.7 0.23 -1. 7 11. 1 0.606 16.7 

Control, pH 7.4 

5 52.2 7. 6 0.21 -5.7 13.5 0.206 14. 9 
47 15.6 2.6 0.04 -4.1 7.4 0.151 4.2 

923 1.4 0 . 5 -0.04 -3.5 3.8 0.216 -0.2 

a I + + - -H 0 measured in ml segment/hr; Na , K , HC03 , Cl , and CH COO 
measure~ in mmoles/segment/hr; Osm measured in mOsm/segment/hr. 3 
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APPENDIX F. SUMMAH.Y OF TREATMENT MEANS 

Table Fl. 
a Summary of treatment means 

Treatment Na+ K+ HCO 
3 

Acetate, pH 6.5 52.99 7.57 0.18 -4.74 

Acetate, pH 7 .4 17.75 3.56 0.02 - 3.99 

Control , pH 6.5 33.25 4 . 76 0.05 - 4.30 

Control , pH 7.4 23.08 3 . 58 0.07 -4.45 

Cl pH 

9 . 54 0.731 

5.22 0.215 

10 . 06 0. 845 

8.23 0 . 191 

Osm 

15.00 

4 . 76 

9.25 

6 . 30 

a. + + -H20 measured in ml/ segmen t/hr; Na , K , IICo3 , and Cl measured 
i n mmoles/segment/hr; Osm measured in mOsm/ segment/hr . 
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APPENDIX G. SUMMARY OF MEAN CHANGES OF THE COMBINED 

TREATMENTS FOR EACH PIG 

Table Gl. Summary of mean changes of the combined t reatments for each 
pig a 

Pig # 

5 49.63 

47 8.89 

923 16 . 68 

982 61.48 

+ Na 

7.40 

1.58 

2 . 47 

9 . 51 

0.13 

-0.05 

0.03 

0.27 

Cl pH Osm 

-6 . 04 12.12 0.602 14.13 

-4.67 6.19 0.533 2.98 

-4.95 6.40 0.537 4 . 05 

-0 . 95 8.36 0.350 16.78 

a . + + -tt20 measured in ml/segment/hr; Na , K , HC03 , and Cl measured 
in nunoles/segment/hr; Osm measured in mOsm/segrnent/hr . 
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APPENDIX H. CORRELATION COEFFICIENTS FOR CONTROL PERFUSIONS 

AT pH 6 .5 



Table Hl. Correlation coefficients for contro l perfusions at pH 6.5 

H20 Na+ K+ HC03 Cl CH3COO pH Osm 

H2o l.oooooa 0 . 97399 0.89470 -0.21967 0.91793 - 0.00200 0.99332 
o.oooob 0.0001 0.0001 0.4927 0.0001 0.9951 0.0001 

12c 12 12 12 12 0 12 12 
+ Na 0.97399 1.00000 0 . 81456 - 0.20311 0.92509 0.00744 0 . 96630 

0 . 0001 0.0000 0.0013 0 . 5267 0.0001 0.9817 0 . 0001 
12 12 12 12 12 0 12 12 

K+ 0 . 89470 0 . 81456 1.00000 - 0 . 20591 0.78480 - 0.33340 0.87436 
0 . 0001 o. 0013 0 . 0000 0.5208 0.0025 0.2896 0.0002 

12 12 12 12 12 0 12 12 
HC03 -0.21967 - 0.20311 -0 . 20591 1. 00000 - 0.53650 - 0. 21341 - 0 . 16063 

0 . 4927 0.5267 0 . 5208 0.0000 0.0721 0.5054 0.6180 
12 12 12 12 12 0 12 12 

Cl 0.91793 0.92509 0.78480 - 0.53650 1 . 00000 0.06128 0.88449 I-' 

0.0001 0 . 0001 0.0025 0 . 0721 0.0000 0 . 8500 0.0001 I,,.) 
-...J 

12 12 12 12 12 0 12 12 
-CH3COO 

0 0 0 0 0 0 0 0 
pH - 0.00200 0.00744 - 0.33340 -0.21341 0.06128 1.00000 0.00937 

0.9951 0.9817 0.2896 0.5054 0 . 8500 0.0000 0.9769 
12 12 12 12 12 0 12 12 

Osm 0.99332 0 . 06630 0.87436 - 0. 16063 0.88449 0.00937 1.00000 
0 . 0001 0.0001 0.0002 0.6180 0 . 0001 0. 9769 0.0000 

12 12 12 12 12 0 12 12 

aCorrelation coefficient. 
b Prob > I rl under HO:RHO = 0. 
cNumber of observations. 
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APPENDIX I . CORRELATION COEFFICIENTS FOR ACETATE PERFUSIONS 

AT pH 6.5 



Table Il. Correlation coefficients for acetate perfusions at pH 6.5 

H20 Na+ K+ HC03 Cl CH3COO - pH Osm 

H2o l.oooooa 0.99763 0.95730 0 . 05965 0 . 88105 0 .83698 0.18412 0.99517 
o . oooob 0.0001 0.0001 0 . 8465 0.0001 0.0004 0 . 5471 0.0001 

Na+ 0 .99763 1.00000 0 . 94037 0.04600 0.88643 0.85121 0.19788 0.99562 
0.0001 0.0000 0.0001 0.8814 0 . 0001 0.0002 0.5170 0 . 0001 

K+ 0.95730 0.94037 1.00000 0.07177 0.83385 0. 74772 0.14706 0.94818 
0.0001 0 . 0001 0.0000 0.8158 0 . 0004 0.0033 0.6316 0 . 0001 

HC03 0.05965 0.04600 0.07177 1.00000 -0.39817 - 0.29637 -0.96245 0.02268 
0.8465 0.8814 0.8158 0.0000 0 .1778 0.3255 0.0001 0.9414 

Cl 0.88105 0 . 88643 0.83385 -0.39817 1.00000 0.93758 0.60485 0.90176 
0.0001 0.0001 0.0004 0 .1778 0.0000 0.0001 0.0285 0.0001 ...... 

w 
\C 

CH3Coo 0.83698 0.85121 0. 74772 -0. 29637 0.93758 1.00000 0 .49485 0.87258 
0.0004 0.0002 0.0033 0.3255 0.0001 0.0000 0.0856 0.0001 

pH 0.18412 0.19788 0.14706 - 0.96245 0.60485 0.49485 1.00000 0.22168 
0.5471 0.5170 0.6316 0.0001 0.0285 0 .0856 0.0000 0 .4667 

Osm 0.99517 0.99562 0.94818 0.02268 0.90176 0. 87258 0 . 22168 1 . 00000 
0.0001 0.0001 0.0001 0.9414 0.0001 0 .0001 0 . 4667 0.0000 

aCorrelation coefficients, n"" 13. 
b Prob > lrl under HO : RHC = o. 
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APPENDIX J. CORRELATION COEFFICIENTS FOR CONTROL PERFUSIONS 

AT pH 7.4 



Table J l. Correlation coefficients for control per fusions at pH 7.4 

H20 Na + K+ HC03 Cl CHfOO pH Osm 

H20 l.oooooa 0.99595 0.98127 -0. 79333 0.95259 0.09564 0.99816 
o.ooooh 0.0001 0 . 0001 0.0021 0.0001 0.7675 0.0001 

12c 12 12 12 12 0 12 12 

Na + 0.99595 1.00000 0.98667 -0 .81459 0. 94954 0.10032 o. 99577 
0.0001 0.0000 0.0001 0. 0013 0 .0001 0. 7564 0 . 0001 

12 12 12 12 12 0 12 12 
K+ 0.98127 0.98667 1.00000 - 0.83225 0. 93030 0.06931 0.98280 

0.0001 0 .0001 0.0000 0 .0008 0.0001 0.8305 0.0001 
12 12 12 12 12 0 12 12 

HC03 -0.79333 - 0.81459 -0.83225 1.00000 - 0.85576 -0.54191 -0 .81204 
0.0021 0. 0013 0.0008 0.0000 0 . 0004 0.0688 0 . 0013 

12 12 12 12 12 0 12 12 

Cl 0.95259 0.94954 0.93030 -0.85576 1. 00000 0 .26494 0 . 95025 ..... 
~ 

0.0001 0.0001 0.0001 0.0004 0.0000 0.4053 0.0001 ..... 
12 12 12 12 12 0 12 12 

CH3COO 

0 0 0 0 0 0 0 0 

pH 0.09564 0.10032 0.06931 - 0 .54191 0.26494 1.00000 0.11121 
0.7675 0.7564 0.8305 0.0688 0.4053 0.0000 0 .7308 

12 12 12 12 12 0 12 12 

Osm 0.99816 0.99577 0.98280 -0 . 81204 0.95025 0.11121 1.00000 
0.0001 0.0001 0.0001 0.0013 0.0001 0.7308 0.0000 

12 12 12 12 12 0 12 12 

a Correlation coefficient. 
b Prob > lrl under HO:RHO = 0. 
c Number of observations. 
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APPENDIX K. CORRELATION COEFFICIENTS FOR ACETATE PERFUSIONS 

AT pH 7.4 



Table Kl. Correlation coefficients for acetate perfusions at pH 7 .4 

H20 Na+ K+ HC03 Cl CH3COO pH Osm 

H20 1.00000~ 0.84318 0.36170 - 0.58617 0.93144 0.87578 0 . 78428 0 . 98706 
0.0000 0.0006 0.2480 0.0452 0 . 0001 0.0002 0 . 0025 0 .0001 

Na + 0.84318 1.00000 0.17588 -0.33372 0.70732 0. 83613 0 . 54826 0 . 81935 
0 . 0006 0.0000 0. 5845 0.2891 0.0101 0.0007 0.0649 0. 0011 

K+ 0.36170 0.17588 1.00000 - 0.14278 0.27416 0 . 22435 0 .36344 0 . 34320 
0.2480 0.5845 0.0000 0.6580 0.3885 0.4833 0.2457 0 . 2748 

HC03 -0.58617 -0.33372 -0.14278 1.00000 -0.80804 -0.62660 -0.72692 -0.65751 
0.0452 0.2891 0.6580 0.0000 0.0015 0.0292 0 .0074 0.0201 ,_. 

.t' 
Cl 0.93144 0.70732 0.27416 -0.80804 1.00000 0.88018 0.81311 0.95627 w 

0. 0001 0 . 0101 0 . 3885 0.0015 0 . 0000 0.0002 0. 0013 0 . 0001 

CH3COO 0.87578 0 . 83613 0 . 22435 - 0.62660 0.88018 1.00000 0.58202 0.89805 
0.0002 0.0007 0.4833 0.0292 0.0002 0 . 0000 0.0471 0.0001 

pH 0.78428 0.54826 0 . 36334 -0 . 7269 2 0.81311 0.58202 1.00000 0.77017 
0.0025 0 . 0649 0.2457 0 . 0074 0.0013 0 . 0471 0 . 0000 0.0034 

Osm 0.98706 0.81935 0 . 34320 - 0 . 65751 0 . 95627 0.89805 0. 77017 1.00000 
0.0001 0. 0011 0 . 2748 0 . 0201 0 . 0001 0.0001 0 . 0034 0.0000 

a Correlation coefficients, n = 12. 
b Prob > lrf under HO:RHO = 0. 
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APPENDIX L. SUMMARY OF RAW DATA FOR RECIRCULATION EXPERIMENTS1 

Pig # + K+ - - - Segment H20 Na Cl CHfOO HC03 Solute length 

Ileum (acetate solution) 

1 32.42 4.17 -0.03 4.61 1.46 7.83 55 
2 17.31 -0.11 -0.19 5.04 2.83 2.14 62 
3 12.68 1. 28 -0.16 4.16 1. 61 2.06 60 
4 9. ll~ 1.09 -0.04 1.47 1.47 1.00 60 
5 40.86 6.03 -0.11 7.18 2 . 65 8.44 62 
7 53.94 5.95 0.06 3.98 4.36 -3.40 14 . 52 40 
8 37.42 8 . 53 0.22 4 . 62 4.99 -2.49 11. 01 60 
9 -1.19 3.79 0.12 1.84 2.35 -5.47 -1. 70 64 

10 -11. 54 2.61 -0.01 1. 23 0.27 -0.51 -4.35 64 

x 21.23 3.70 -0.02 3.79 2.44 -2.97 4.55 
SE 7.12 0.93 0.05 0. 65 0.50 1.03 2. 07 

Ileum (control solution) 

1 17.10 2 .10 -0.04 4.47 3 . 08 55 
2 7.66 -0.27 -0.13 l~. 10 0.57 62 
3 20. 72 2.81 0.01 5 . 83 4.38 60 
4 -12.91 -1.41 -0.10 -0.51 -5.29 60 
5 21.00 3 . 45 -0.17 5.56 5 . 43 62 
7 8 . 29 3.60 -0.07 6.37 -2.83 0 . 33 40 
8 -24.24 4 . 90 0.10 6.72 -1.41 4 . 39 60 
9 6.47 -5 . 76 -0.37 -0.50 -3.36 -1.57 64 

10 1. 90 -2 . 15 -0.15 2.01 - 4 . 67 -0.18 64 

x 5 .11 0 . 81 -0.10 3.78 - 3.07 1. 24 
SE 5.08 1.15 0.04 0.94 0.67 1.15 

1 + + - -H 0 measured in ml/segment/hr; Na , K , Cl , CH3coo , and HC0
3 measure~ in mmoles/segment/hr; solute measured in mOsm/segment/hr; 

segment length measured in cm. 
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Pig if 
+ K+ Cl HC03 CH3COO Solute Segment H20 Na len th 

Jejunum (acetate solution) 

7 3 . 39 -0.97 -0.20 -1.10 -1.54 2.66 -2.70 57 
8 - 11. 09 1. 94 - 0.02 -0.16 -2.47 3.69 - 3.68 70 
9 9.60 5.06 0.05 2.78 -2.30 2.58 -1.69 87 

12 -39.40 -8.48 - 0 . 33 -6.72 - 2.48 0 . 53 - 13.94 61 
13 -53 .11 -4.21 -0.20 -3.34 -3.10 0.04 -17 . 95 64 
14 62.45 11.46 0.26 6.38 -1.20 22.85 90 
15 -49.75 0.10 -0.07 0.05 -1. 05 -17.37 54 
16 - 40.95 -6.97 -0.44 -5 . 37 -1. 83 0.61 -14.94 59 
17 0.40 -0.54 -0 . 11 -0.15 0.38 1. 20 1. 87 so 
x -13.16 -0.29 - 0.12 -0.85 - 1. 73 1. 34 -5 . 28 

SE ] 2 .41 2.04 0.07 J.34 0.34 0.53 4.31 

Jejunum (control solution) 

7 2.76 3. 63 -0 . 02 3.62 0.20 -0.98 
8 25 . 43 0.21 -0 . 08 1.93 0.11 2. 36 
9 11.14 -1.60 -0.13 1. 50 -1.15 - 0. 71 

12 -10.80 -4 . 27 -0.25 -4 . 47 -0 . 16 - 1. 37 
13 -40 . 21 -6 . 55 -0.35 -6 . 05 - 1.08 - 13 . 28 
14 24. 21 7.21 0. 17 7.74 - 0.63 6.41 
15 -69.98 -9 . 47 -0.58 -8 . 52 -1.19 -22.41 
16 26.56 8 .43 0.28 8 . 64 0.12 8.66 
17 0 . 20 3 . 31 0.00 3 . 16 - 1. 92 -2.28 

x -3.41 0 . 21 - 0.11 Q.84 -0.63 -2 . 62 
SE 10.93 1. 98 0 . 09 1. 99 0 . 25 3 . 22 
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APPENDIX M. SUMMARY OF HEART RATE, BLOOD PRESSURE, BLOOD GAS 

ANALYSIS, AND SEGMENT LENGTH FOR RECIRCULATION 

EXPERIMENTS 

SeS!!!ent length 
Pig Time HR BP pH pC02 HC03 PCV ileum jejunum 

1 A 0 114 90/57 
30 120 87/55 7.308 52.9 27.4 55 
60 114 85/55 7.309 54.5 28.1 

c 0 114 83/55 7.303 61. 7 31.1 
30 114 82.53 7.283 63.0 30.6 
60 120 78 . 50 7.276 63.9 30.3 

2 c 0 84 83/58 7.196 66.9 26.2 62 
30 84 86/55 7. 211 68.8 27.7 
60 96 100/60 7 .116 85.4 27.9 

A 0 120 105/60 7.066 87.2 25.3 
30 114 110/65 7.064 96.6 27.8 
60 144 107/62 7.068 92. 2 27.1 

3 A 0 7.330 35 .1 19.3 60 
30 7.334 38.1 20.4 
60 7.318 43 . 2 22.1 

c 0 7.317 36.0 38.8 
30 7.319 48.5 24.3 
60 7.197 39 .8 15.7 

4 c 0 78 78/58 7.406 45.6 27.9 60 
30 84 78/57 7.362 40.6 23.2 
60 78 77 /57 7.370 47.2 27.0 

A 0 78 65/50 7.348 54. 5 29.3 
30 72 68/50 7.361 50.2 27.9 
60 78 73/55 7.283 49.0 23.4 

5 c 0 120 7 . 166 97.8 34.7 62 
30 112 
60 112 7.155 97.6 34.0 

A 0 108 
30 104 7.269 78.3 34.3 
60 96 7.185 71. 6 27.2 
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Segment length 
Pig Time ll R BP pH pC02 HC03 PCV ileum jejunum 

7 A 0 125 83/52 7.000 40 57 
30 145 84/54 7. 216 65.1 26.8 
60 144 76/47 7.248 60.9 27. 4 

c 0 132 75/45 
30 126 74/43 7.175 73.9 27.5 
60 126 75/43 7. 237 63 . 8 27. 5 

8 c 0 138 83/53 7.295 71.4 35.2 35 . 0 60 70 
30 132 71 /46 7. 311 59 . 5 30.5 34.5 
60 126 76/50 7 .322 57.5 30 . 2 34.5 

A 0 156 
30 150 78/52 7.323 52.5 27.7 34.5 
60 144 75/48 7.326 52.7 27.8 34.6 

9 A 0 114 75/45 64 87 
30 138 83/55 7 .312 47.2 24 . 2 31.0 
60 108 75/50 7.302 54 . 3 27 . 1 38.0 

c 0 120 78/52 
30 108 76/50 7.305 50 . 8 25 . 6 31. 0 
60 120 86/55 7.340 46 .7 25.5 31.0 

10 c 0 96 64 
30 114 78/45 7. 317 57. 8 29 . 6 31. 0 
60 114 74./ 50 7.312 52 . l 26 .5 

A 0 114 
30 114 75/46 7 .299 55.9 27.7 
60 126 78/47 7.292 53.4 26.1 

12 c 0 126 88/65 7.244 76.1 33.0 32 .0 61 
30 138 98/72 
60 174 98/72 7 .377 48 . 9 29.0 32 . 0 

A 0 180 95/68 
30 174 95/73 7/425 49.5 32 . 7 32.0 
60 126 82/55 7.453 48 . 0 33.8 32.5 

13 A 0 126 95/58 64 
30 102 65/43 7.341 56.2 30.6 38 . 5 
60 126 81/57 7.325 65.3 34.3 30.0 

c 0 120 81/50 
30 120 85/53 7.324 67.3 35.0 30.0 
60 126 87 /57 7.322 66.0 34.4 29 . 0 
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Segment length 
Pig Time HR BP pH pC02 HC03 PCV ileum jejunum 

14 c 0 114 82/60 7.280 56 . 7 26.3 35 . 5 90 
30 114 83/62 7.322 52.8 27.5 35 .0 
60 108 85/64 7.292 60.3 29 . 4 35 . 5 

A 0 108 85/63 
30 114 103/70 7.343 58 . 3 31. 8 37 . 0 
60 100/68 7.333 59.5 31. 7 38.5 

15 A 0 120 83/41 7. 096 82.3 25.6 36.0 54 
30 114 77/ 43 7.255 63.1 28.6 36.0 
60 108 83/48 

c 0 120 83/47 7.282 56 . 2 26.9 
30 120 83/45 7.321 56.5 29.4 33.0 
60 114 75/43 7.282 62.7 29.7 34.0 

16 c 0 156 108/75 7.173 70.4 26.0 33.0 59 
30 162 110/78 7.314 53.7 27.6 33.0 
60 96 103/70 7.383 49.4 29 . 9 32.5 

A 0 132 81/53 
30 75/50 7.304 69.7 35.1 32.5 
60 126 73.47 7.340 50.4 27 . 6 

17 Unavailable 50 

Summary 

119. 3 82±2.3 7. 286 60.03 28 .2 33.0 58.6 65 . 7 
+5.1 54.6+2.l +. 010 +1.8 +o.5 +o. 6 +2.5 +4 . 7 


