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(ABSTRACT)

Methionine- and lysine-containing di- to octapeptides were evaluated for their
ability to serve as methionine and lysine sources respectively for the synthesis of secreted
proteins. Mammary tissue explants from lactating (10 to 11 d) CD-1 mice and cultured
bovine mammary epithelial cells (MAC-T) were used as experimental models. Explants
and cultured cells were incubated at 37°C in a humidified atmosphere of 90% air/10%
CO, and 95% air/5% CO,, respectively, for 1 to 24 h in Dulbecco's modified Eagle's
medium containing hormones, 3H-leucine, and methionine or lysine substrate in either
free or peptide-bound form. The ability of methionine and lysine substrates to promote
incorporation of 3H-leucine into secreted proteins was quantified. Mouse mammary
explants were able to utilize methionine and lysine from all peptides tested except the
lysyl octapeptide. All the methionyl peptides were at least as effective as free methionine
in promoting 3H-leucine incorporation into secreted proteins. Most methionyl di- and
tripeptides promoted 15 to 76% greater (P < .05) 3H-leucine incorporation than did free
methionine. A negative correlation (r = -.89, P <.01) was detected between the rate of
3H-leucine incorporation and the number of amino acid residues in the peptides. The
incorporation of 3H-leucine promoted by some methionyl dipeptides was reduced (P <

.05) in the presence of a 200-fold higher concentration of glycylsarcosine or carnosine.



Incorporation of 3H-leucine promoted by lysyl peptides ranged from 91 to 117% of the
incorporation promoted by free lysine. MAC-T cells were also able to utilize methionine
from all di- and tripeptides studied. The ability of the peptides to promote 3H-leucine
incorporation varied with experimental conditions. For cells allowed to grow/differentiate
for 3 or 8 d, incorporation of 3H-leucine promoted by peptides ranged from 67 to 85%
and 86 to 110% of the incorporation promoted by free methionine, respectively. The
effect of extracellular matrix on the utilization of peptide-bound methionine by MAC-T
cells was also examined. Generally, there was no difference in 3H-leucine
incorporation/DNA promoted by methionyl dipeptides in MAC-T cells cultured on
matrigel, collagen, laminin, or fibronectin coated or uncoated plates. These results
suggest that peptides can serve as sources of amino acids for the synthesis of secreted
proteins by both lactating mammary explants and cultured mammary epithelial cells.
Mouse mammary explants appear to have a greater ability to utilize peptide-bound
methionine than to utilize peptide-bound lysine. Mediated transport of some methionyl
peptides may be involved in the peptide utilization by the mammary explants. More
extensive utilization of peptides by MAC-T cells following a longer (3 vs 8 d)
growth/differentiation period may indicate that some maturation process(s) in the cells

was necessary for the most effective utilization of peptides.
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Chapter I
INTRODUCTION

The ability of the gastrointestinal tract to absorb small (di- and tri-) peptides
has been recognized as an important biological phenomenon (Matthews, 1991a;

Webb et al., 1992). Intact peptides may appear in the circulation following absorption
(Adibi, 1971; Boullin et al., 1973; Gardner, 1975; Gardner et al., 1983; ). Studies have
demonstrated that peptide-bound amino acids constitute about 65 to 78% of the

blood plasma amino acid pool in ruminants (McCormick and Webb, 1982; DiRienzo,
1990; Seal and Parker, 1991; Koeln et al., 1993) and 52% in rats (Seal and Parker,
1991). These results indicate that circulating peptide-bound amino acids are an
important amino acid pool in these animals.

Evidence showing that peptides comprise an important part of the amino acid

pool in blood has led to interest in finding out whether tissues can utilize peptide-
bound amino acids. Results from a number of studies are challenging the long-time
belief that proteins must be completely hydrolyzed to amino acids prior to uptake by
tissues. Studies have demonstrated the clearance of peptides from blood plasma,
which implies the utilization of peptides by the tissues (Adibi and Krzysik, 1977,
Adibi et al., 1977; Adibi and Morse, 1982; McCormick and Webb, 1982; Adibi et al.,
1986; Lochs et al., 1986; Danilson et al., 1987a; Lochs et al., 1988, 1992; Abumrad et
al., 1989; Koeln et al., 1993). Direct evidence of tissue utilization of peptides has been
observed in vivo studies (Krzysik and Adibi, 1979; Daabees and Stegink, 1978) and in
vitro (Brand et al., 1987; Roth et al., 1988b; 1993; Pan, 1993; Christie and Butler,
1994).

The mammary gland is an important nutrient consumer during lactation.

Plasma free amino acids have been generally considered to be the major amino acid



source for milk protein synthesis. It is not clear whether peptides also can serve as
substrates for milk protein production. Wonsil (1993) found that there was only
nominal extraction of peptide-bound amino acids from blood plasma by the lactating
bovine mammary gland. In contrast, it was reported that goat mammary gland could
utilize intravenously infused dipeptides for milk protein synthesis (Backwell et al.,
1994). It is not known whether the different results are due to species differences or
because of variable experimental conditions. Because there has been limited
information regarding nutritional utilization of peptides by mammary gland, the role
of peptide-bound amino acids in milk protein synthesis remains to be understood.
The present study was designed to investigate the availability of peptides as
amino acid sources for milk protein synthesis. If peptides do contribute to the
mammary amino acid supply, it is also of interest to examine the magnitude of
peptide versus free amino acid utilization and to identify some of the factors that may

influence the utilization of peptide-bound amino acids by the mammary gland.



Chapter 11
LITERATURE REVIEW

Indirect Evidence of Peptide Utilization by Animal Tissues

Interest in the ability of animal tissues to utilize peptide-bound amino acids
has grown. A large body of data has been accumulated from in vivo and in vitro
experiments. These studies have provided several lines of indirect evidence suggesting
the possibility that utilization of peptide-bound amino acids by tissues can occur in
both monogastric and ruminant animals.

First, a number of studies have demonstrated the absorption of peptides from
the gastrointestinal tract and the trans-mucosal passage of intact peptides from the
gastrointestinal tract into the circulation. These circulating peptides are exposed to
the same environment as are circulating free amino acids which are known to serve as
fundamental substrates for tissue metabolism. Second, results from studies indicate
that peptide-bound amino acids comprise an important part of the blood amino acid
pool. This suggests that tissues are living in an environment in which there is easy
access to peptide-bound amino acids. Finally, studies have shown the removal of
intravenously infused non-bioactive peptides by a number of tissues which indicates
the potential nutritional usage of these circulating peptides.

Evidence implying tissue utilization of peptides addressed above is presented
in more detail in the following text.

Trans-Mucosal Passage of Intact Peptides in the Small Intestine. As early as
1953, Agar et al. reported that isolated rat small intestine could transfer glycylglycine
and leucylglycine from the intestinal lumen to the serosal side. Although only very
small amounts of intact peptides were shown to make this trans-mucosal passage, this

study revealed the potential of the intestine to absorb intact peptides. Intestinal



absorption of the same two glycyl dipeptides was further studied using both ir vitro
and in vivo methods (Newey and Smyth, 1956). The authors also found small amounts
of these dipeptides in the fluid carried through the intestinal wall and into the blood.
Another early study demonstrated the appearance of intact DL-alanyl-DL-alanine in
addition to glycylglycine in the serosal fluid of everted intestinal sacs of rats (Newey
and Smyth, 1959). Later studies revealed that, besides di- and tripeptides, bioactive
oligopeptides could also cross the intestinal wall and end up in the circulation intact
(Fricker et al., 1991; Goff et al., 1991; Drewe et al., 1993).

The amount of intact peptides absorbed across the intestinal wall appears to
vary with the peptide source (Gardner, 1978). Gardner (1982) studied the passage of
intact peptides across isolated rat small intestine during luminal perfusion with partial
digests of casein or soy proteins or with solutions containing single peptides. He
found that 14 to 30% of the peptides in the partial protein digest passed intact across
the intestinal wall. When single peptide solutions were perfused, about 19% of glycyl-
D-phenylalanine, 6% of glycyl-L-phenylalanine, and 2% of L-leucylglycine were
passed intact through the wall. An in vivo study showed that 9 to 34% of peptides
appeared in mesenteric blood following infusion of a partial casein digest into the
intestinal lumen of guinea pigs (Gardner et al., 1983). This group also reported that
more than 14% of carnosine (L-R-alanyl-L-histidine) in the diet appeared in human
urine after a meal containing carnosine, indicating that at least this amount of
carnosine was absorbed intact into blood (Gardner et al., 1991).

The rate of peptide absorption differs from one site to another in the small
intestine. It was observed that, in an in vivo study, human jejunum and ileum had
greater potentials to absorb glycylglycine and glycylleucine than did the duodenum
(Adibi, 1971). Intact glycylglycine but not glycylleucine was detected in blood plasma

following absorption. Fricker et al. (1991) reported that rat and dog jejunum have a



much greater ability than the ileum to absorb a somatostatin analogue octapeptide
after oral administration. The intact peptide rapidly appeared in the blood and
showed bioactivity.

The absorption of intact peptides across the small intestinal wall appears to be
related to the low rate of peptide hydrolysis in the intestinal lumen and in the
cytoplasm of enterocytes. The trans-mucosal passage of several peptides was
compared by using everted sacs prepared from the small intestine of rats (Wiggans
and Johnston, 1959). In this study, only intact glycylglycine was observed to cross the
intestinal wall. It was suggested that the resistance of this peptide to hydrolysis on the
mucosal side of the intestine aided the trans-mucosal accumulation. Similar results
were obtained in an in vivo study with humans (Adibi, 1971). Heading et al. (1979)
also noticed the relationship between the rate of peptide hydrolysis and passage of
intact peptides across the intestinal wall.

Although it seems to be easier for slowly hydrolyzed peptides to pass intact
through the intestinal wall, there is no correlation between the rate of peptide
hydrolysis and the appearance of intact peptides in the circulation. Boullin et al.
(1973) reported that all of six dipeptides studied were detected in the plasma taken
from the mesenteric vein of rats following infusion of these peptides into the
intestinal lumen. The hydrolysis rate of glycylglycine by intestinal mucosal
homogenate was 2- to 6-fold greater than the hydrolysis rate of glycyl-D-
phenylalanine and carnosine, but the plasma concentration of glycylglycine was also
two to four times greater than the other two dipeptides. This indicates that, in
addition to the rate of hydrolysis, other factor(s) also may affect the trans-mucosal
passage of intact peptides by the small intestine.

Results from an in vitro study with rats show that the passage of intact tyrosine-

containing di- and tripeptides across the small intestinal wall was dependent on



mucosal peptide concentration (Heading et al., 1978, 1979). Gardner (1982) reported
that the intact peptides crossing the intestinal wall increased up to 15-fold when the
intestinal perfusion concentration of partial protein digest increased by fivefold.

Trans-Mucosal Passage of Intact Peptides in the Large Intestine and Stomach.
Peptide absorption was reported to occur in the large intestine (Calonge et al., 1990).
Heading et al. (1978, 1979) demonstrated the transport of intact tyrosine-containing
di- and tripeptides across the rectal wall of rats in vitro. The rectum has also been
utilized as a site for the delivery of bioactive peptides into the circulation in medical
therapy (Liversidge, 1989). However, the ability of the large intestine to absorb
peptides is small compared with the small intestine. It has been observed that intact
peptides crossed the wall of the small intestine twice as rapidly as across the large
intestine under the same experimental conditions (Heading et al., 1978, 1979).

The stomach is generally considered as having limited ability to absorb amino
acids. However, recent studies indicate that this assumption may not be valid in
ruminants. DiRienzo (1990) quantified the in vivo flux of both free and peptide-
bound amino acids across the stomach and intestines of calves and sheep during a 1-h
feeding period. The flux of peptide-bound amino acids across the stomach accounted
for approximately 77 % of total (both free and bound) amino acid flux across the
portal-drained viscera in both calves and sheep. This result was the first to suggest the
possibility of the stomach as a site for absorption of intact peptides into the
circulation.

The ability of rumen and omasum to absorb intact peptides across the mucosal
tissues was confirmed by an in vitro study (Matthews, 1991b). It was found that
carnosine and methionylglycine were transferred intact across both ruminal and

omasal epithelia. The omasal epithelium had a greater ability to absorb the



dipeptides than did the ruminal epithelium. These two forestomach compartments
also possess the ability to absorb free methionine (Matthews and Webb, 1993).

Recently, Seal and Parker (1993) measured the concentration of low
molecular weight peptides (smaller than 1,500 Da) in the mesenteric and portal
plasma of calves. They found that there was an increasing net absorption of peptide-
bound amino acids between the mesenteric and portal vein (1.76 and 3.02

1 respectively), but no increase in the absorption of free amino acids was

mmol - min”
observed between the two veins (3.02 versus 2.03 mmol - min'!). They suggested that
there was a net absorption of low molecular weight peptides from large intestinal and
stomach tissues.

Peptide-Bound Amino Acid Pool in Blood. Peptide-bound amino acids
comprise an important part of the blood amino acid pool. Several studies have
reported that peptide-bound amino acids accounted for 65 to 78% of arterial total
plasma amino acids or 59 to 70% of arterial total blood amino acids (including free
amino acids in erythrocytes) in calves (McCormick and Webb, 1982; Danilson et al.,
1987a, 1987b; Seal and Parker, 1991; Koeln et al., 1993). Approximately 65 to 86% of
amino acids appearing in the portal plasma were peptide-bound in calves (DiRienzo,
1990; Seal and Parker, 1991). In the blood of sheep, peptide-bound amino acids
comprised about 78% of arterial total plasma amino acids (Seal and Parker, 1991)
and 73 to 90% of portal total plasma amino acids (DiRienzo, 1990; Seal and Parker,
1991).

Results from an early study showed that about 9% of amino acids were in
peptide form in the blood plasma of rats (Asatoor et al., 1978). Seal and Parker
(1991) observed a much greater proportion of peptides in rat blood. They found that
about 52% of amino acids in both arterial and portal plasma were peptide-bound. In

guinea pigs, the plasma and whole blood draining the intestine (mesenteric venous)



contained, respectively, 11 to 14% and 26 to 31% of amino acids present in peptide
form. The percentage of peptide-bound amino acids in plasma of normal humans
varied from 8 to 30% (Christensen et al., 1947).

The molecular mass of the circulating peptides varies. Seal and Parker (1991)
reported that the major portion of peptides in the blood plasma of calves and sheep
was pentapeptides and above. The second largest group of circulating peptides in the
ruminants was dipeptides. A similar result was obtained by Koeln et al. (1993). They
found that the largest flux of circulating peptides across the gastrointestinal tract of
calves was associated with peptides having molecular size from 500 to 1,500 Da and
dipeptides accounted for the second largest peptide flux. However, the size of
circulating peptides in non-ruminant animals appears to be different. Dipeptides
comprise the largest portion of circulating peptides in the blood plasma of rats (Seal
and Parker, 1991).

The origin of these circulating peptides has not been clearly defined. As
discussed in previous sections, peptides of dietary origin which escape hydrolysis in
the gastrointestinal tract and in the mucosal cells may appear in the circulation. Some
of the peptides in the blood may be the degradation products resulting from the
turnover of tissue proteins or the synthetic products of some tissues.

Peptide Clearance from Blood Plasma. The existence of peptide-bound amino
acids as an important blood amino acid pool has led researchers to question the
metabolism of circulating peptides. Now, studies have demonstrated the removal of
peptides from blood during interorgan transport, which implies the utilization of
peptides by animal tissues. Adibi et al. (1977) observed that intravenously injected
glycylleucine, glycylglycine, and a hydrolysis-resistant peptide, glycylsarcosine, were
rapidly cleared from the plasma of rats. Glycylsarcosine and the constituent amino

acids from the other two glycine-containing dipeptides were recovered in kidney,



intestine, liver, and muscle with different quantities. This study was the first to reveal
the possibility that tissues can utilize peptide-bound amino acids.

When calves were fed a hay-corn-soy diet or purified diets with the nitrogen
supplied only by soy proteins, peptides were removed from the plasma by the tissue of
hindlimbs. When urea was the sole nitrogen source, no peptide removal was observed
by hindlimb tissue (McCormick and Webb, 1982; Danilson et al., 1987a). Results
from another study (Koeln et al., 1993) conducted in the same laboratory showed a
small negative peptide flux in the plasma across the liver of calves, indicating the
removal of some circulating peptides by liver tissue.

The role of liver, kidney, muscle, and extrahepatic splanchnic tissues of dogs in
the removal of intravenously infused glycylleucine and glycylglycine from blood
plasma was investigated in an in vivo study (Lochs et al., 1988). The authors found
that all of the organs examined participated in the removal of these dipeptides from
the plasma, but their roles varied. Liver, kidney, muscle, and extrahepatic splanchnic
organs accounted for the disappearance of 25, 24, 12, and 10% of the infused
glycylleucine and 13, 37, 18, and 11% of the infused glycylglycine, respectively. The
disappearance of the peptides from the plasma during passage across an organ was
mainly the result of assimilation by the organ. Hydrolysis in blood plasma accounted
for only a very small fraction of the peptide disappearance (about 5 and .5% of total
infused glycylleucine and glycylglycine, respectively). This plasma hydrolase activity is
much lower than the activity in the cytosol of the tissues (Krzysik and Adibi, 1977).
Urinary loss of both dipeptides and their constituent amino acids was less than .5%.

Liver, kidney, muscle, and extrahepatic splanchnic tissues of conscious dogs
can also remove intravenously infused alanylglutamine and glycylglutamine from
blood plasma (Abumrad et al., 1989). These organs accounted for more than 90% of

the clearance of glycylglutamine and two-thirds of alanylglutamine clearance. The



disappearance of these dipeptides from the circulation was predominantly the result

of tissue hydrolysis and/or uptake. Blood plasma hydrolysis was too low to contribute
significantly to in vivo clearance of the two glutamine-containing dipeptides (Htibl et
al., 1989). Kidney, muscle, and splanchnic tissues of postabsorptive and briefly starved
human subjects also participated in clearance of glycylglutamine from the plasma
(Lochs et al., 1992). Although neither splanchnic nor muscle removal of
glycylglutamine was affected by starvation, removal by the kidney was significantly
reduced.

A rapid removal of glutathione (r-glutamyl-cysteinyl-glycine) from blood by
the lactating mammary gland of cows was observed (Pocius et al., 1981). Since there
is shortage of cysteine and glutamate in blood for synthesis of milk proteins (Clark et
al., 1977, 1978), glutathione may provide the part of the cysteine and glutamate
needed.

Abraham et al. (1964) observed the uptake of carnosine by rat brain slices.
They also found that other dipeptides could decrease the uptake of carnosine by the
brain slices. Recent studies demonstrated the removal of some peptides from blood
plasma by brain (Banks et al., 1992, 1993). These results suggest that brain also may
possess the ability to utilize peptides nutritionally.

Summary. Peptides of dieﬁw origin can be absorbed intact across the
gastrointestinal tract into the circulation. In addition to peptide absorption in the
small intestine, the large intestine and the forestomach of ruminants also appear to
have the ability to absorb intact peptides across their walls into blood. An important
portion of blood plasma amino acids is present in peptide form. These circulating
peptide-bound amino acids can be removed by various tissues during interorgan

transport, indicating the nutritional significance of these peptides.
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Direct Evidence of Peptide Utilization by Animal Tissues

Direct evidence of tissue utilization of peptides has been demonstrated in both
in vivo and in vitro studies. A wide range of tissues and cells appear to possess the
ability to utilize peptide-bound amino acids. This implies that it is important to
understand the metabolism of this form of important nutrients by individual tissues.

Peptide Utilization Reported from in Vivo Studies. Krzysik and Adibi (1979)
demonstrated that, in rats, intravenously injected 14C—glycylglycine was as effective as
14C—glyc:ine in being incorporated into tissue proteins of pancreas, liver, intestinal
mucosa, kidney, lung, and brain. The only exception was muscle where the labeling of
proteins was lower after 14C-glycylglycine injection than after 14C_glycine injection.
This is probably because the transport of dipeptides is less efficient than that of
amino acids in this tissue (Adibi and Morse, 1981) and also because muscle is less
active in dipeptide hydrolysis than other tissues (Krzysik and Adibi, 1977).
Furthermore, they also reported that oxidation of injected glycine (labeling of expired
CO,) was enhanced when glycine was given in the form of 14C-glycylglycine.

Direct evidence of tissue utilization of peptides also has been reported by
Amberger et al. (1983). Three hours after intravenously infusing 14C_alanylglutamine
into rats, 11, 7, and 2% of the label was recovered in the proteins of liver, muscle, and
kidney, respectively. Approximately half of the given label was observed in CO,. The
urinary loss was only about .7%. Similar results were obtained in rats following the
infusion of alanyltyrosine (Daabees and Stegink, 1978).

Stehle et al. (1991) reported that 30 min after a bolus injection of
radioisotope-labeled alanylglutamine into the tail vein of rats, 27 and 7% of the label
was recovered in skeletal muscle and liver, respectively. The remainder of the label

appeared in kidney, pancreas, heart, lung, and brain.
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There also has been evidence reported suggesting that the mammary gland of
goats can utilize intravenously infused glycylleucine and phenylalanylleucine as
sources of leucine for the synthesis of milk proteins (Backwell et al., 1994).

Utilization of Peptides by Cultured Animal Cells. More direct evidence of tissue
utilization of peptides comes from the study of cultured animal cells. So far, at least
seven different established mammalian cell lines have been shown to possess the
ability to utilize peptides as amino acid sources.

The ability of seven dipeptides to serve as the sources of phenylalanine,
leucine, isoluecine, and tyrosine for the proliferation of mouse fibroblasts and human
HeLa (uterine cervical carcinoma) cells was examined (Eagle, 1955). Normal cell
growth and proliferation could be obtained by using a dipeptide to substitute for a
corresponding amino acid. The concentrations of the dipeptides necessary for
maximal cell proliferation varied and ranged from lower to higher than the
concentrations of the corresponding amino acids.

The ability of di-, tetra-, hepta-, and decalysine to substitute for free lysine in
the growth of hamster intestinal cells in culture was investigated by Grahl-Nielsen et
al. (1974). Dilysine was approximately equivalent to lysine in fulfilling the lysine
requirement for cell growth. The utilization of tetra-, hepta-, and decalysine as a
lysine source gradually diminished as peptide size increased. It was suggested that the
uptake of the larger peptides appeared to be the growth rate-limiting step because no
delay of peptide hydrolysis inside the cells was observed.

Glycylglutamine can substitute for glutamine in rat thymocyte culture (Brand
et al., 1987). When the concentration of glycylglutamine was sixfold higher than free
glutamine in the medium, an equal rate of 3H-thymidine incorporation into DNA of

proliferating thymocytes was achieved in these two treatments. Glutamine-containing
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dipeptides were also as effective as free glutamine in promoting the proliferation of
cultured human hematopoietic cells (Roth et al., 1988b).

A proline-auxotrophic Chinese hamster ovary cell line was used to study the
ability of proline-containing dipeptides to serve as a source of proline for cell growth
(Emmerson and Phang, 1993). When the concentration of glycylproline,
methionylproline, or phenylalanylproline was only one-fifth of the concentration of
free proline, an equal cell number was obtained after 3 d of cultivation.

Pan (1993) studied methionine-containing peptides as substitutes for free
methionine in the cultivation of rat and ovine myogenic cells and bovine mammary
epithelial cells. He found that the cultured cells possessed the ability to utilize
methionine-containing peptides as methionine sources for protein accretion and cell
proliferation. He also observed that there was serumal peptidase activity in the
culture medium, but that this was not capable of providing enough free methionine to
account for the responses observed.

Summary. Animal tissues and cells appear to possess the ability to utilize
peptide-bound amino acids for proteins synthesis and energy metabolism. In some
instances, amino acids in peptide form are preferred over those in free form to meet

the requirements of cell growth.

Mechanisms of Uptake of Peptide-Bound Amino Acids by Animal Tissues

The mechanism(s) by which animal tissues take up peptides from the
extracellular environment has not been well defined because of the complexities of
tissue and cell types and animal differences. Four mechanisms have been suggested as
possibilities of how animal cells assimilate peptide-bound amino acids (Ugolev et al.,
1990; Matthews, 1991a; Skopicki et al., 1991; Daniel et al., 1992; Minami et al., 1992).

They are (1) uptake of intact peptides via carrier mediated transport system(s)
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followed by intracellular hydrolysis, (2) uptake of intact peptides by simple diffusion
followed by intracellular hydrolysis, (3) hydrolysis of peptides during their
translocation across cell membranes, and (4) extracellular hydrolysis of peptides
followed by absorption of the constituent amino acids by amino acid carriers. The
first two possibilities would require the presence of cytosolic peptide hydrolases and
the latter two would require the presence of membrane-bound peptidases. Cytosolic
and membrane-bound peptide hydrolases may be quite different (Heizer et al., 1972;
Raghunath et al., 1990).

Uptake from the Lumen of the Small Intestine. Early experiments found that
peptides were absorbed more rapidly than their corresponding free amino acids from
the small intestine (Matthews et al., 1968; Matthews, 1975). This indicates that
different mechanisms are involved in the absorption of peptides and free amino acids.
Later studies confirmed the observation and suggested that peptide and amino acid
absorptions in the small intestine are distinctly separate physiological processes
involving different transport proteins (Ganapathy and Radhahrisknan, 1980;
Ganapathy et al., 1981).

Ganapathy and Leibach (1983), using brush border membrane vesicles of
rabbit small intestine, demonstrated that pH affected peptide transport. They found
that the presence of an inward H gradient accelerated uphill transport of dipeptides
across the brush border membrane. They suggested that H* was the driving force for
intact peptide transport and was cotransported with the dipeptide into the
enterocytes. The Nat/H ™ -antiport existing on the plasma membrane may mediate
the uphill efflux of H* coupled to the downhill influx of Na™ to maintain the H™
gradient across the brush border membrane. This may explain the partial dependence
of peptide transport on Na™ observed in experiments with intact small intestine

(Matthews, 1975). The Nat/K*-ATPase present at the basolateral membrane of the
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enterocytes maintains the inward Na* gradient with an expenditure of ATP.
Therefore, the H*-coupled peptide transport is an active transport.

The hypothesis that a H*-coupled and Na™-related peptide transport was
present in the small intestine was confirmed in a series of studies. Takuwa et al.
(1985b), Shimada and Hoshi (1986), and Said et al. (1988) also found a H*-
dependent peptide transport system in the small intestine. The Na™ transport was
stimulated by glycylglycine in everted sacs, sheet preparations, and brush border
membrane vesicles isolated from guinea pig ileum (Himukai et al., 1983).

Results from a recent study further confirmed the existence of a peptide-H™*
cotransporter in the small intestine of rabbits by expression of the transporter in
Xenopus laevis oocytes (Miyamoto et al., 1991). It was observed that the oocytes
injected with the poly A mRNA isolated from the intestinal mucosal cells had nearly
a threefold increase in glycylsarcosine uptake compared with the uptake by water-
injected oocytes. The expressed peptide transporter showed a dependence on a
transmembrane H™ gradient for maximal activity.

The small peptide transport system in the small intestine of rabbit contained a
protein with an apparent molecular weight of 127,000 Da (Kramer et al., 1990a,b).
This protein was directly involved in the uptake of small peptides. Brush border
membrane-bound peptidases, like aminopeptidase N and dipeptidylpeptidase 1V,
were not involved in this transport system.

There may be more than one peptide transport system in the small intestine.
The transport of glutathione by rabbit intestinal brush border membrane vesicles was
found to be Na™-independent, pH-dependent, and specially activated by mono- and
divalent cations, in particular by CaZt (Vincenzini et al., 1989). This result indicated

the possible occurrence of another carrier mediated transporter.
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Results from several studies suggest that some peptides can be hydrolyzed by
membrane-bound peptidase(s) on the brush border membrane. The released free
amino acids are subsequently absorbed by the enterocytes via amino acid transport
mechanisms. Adibi et al. (1975) found a high intraluminal concentration of free
leucine when trileucine was perfused into the small intestine of healthy human
subjects and an inhibition of leucine assimilation from the tripeptide when isoleucine
was included in the perfusate. Rosen-Levin et al. (1980) reported that, in the small
intestine of rats, leucylglycylglycine and dileucine were absorbed both intact and in
the form of the constituent amino acids. They speculated that the hydrolysis of the
peptides was by membrane-bound peptidase(s) and suggested that many di- and
tripeptides with one or more bulky side chains may likely have access to both intact
absorption and surface hydrolysis.

Ugolev and Iezuetova (1982) suggested that some peptides could be
hydrolyzed during translocation across the brush border membrane and the resulting
amino acids were directly transported from the site of hydrolysis into the cytosol in
the small intestine. Recently, they reported the existence of this enzyme-transport
complex in isolated small intestine of mice, rats, and guinea pigs using the anoxic
criterion (Ugolev et al., 1990). According to this criterion, the active transport of
intact peptides or free amino acids is oxygen-dependent. In contrast, the transport of
peptides by the enzyme-transport complex is not dependent on oxygen. Thus, the
comparison of tissue accumulation of corresponding amino acids in the intestine
incubated with either peptides or constituent amino acids under both aerobic and
anaerobic conditions will distinguish the peptide transport mediated by the enzyme-
transport complex from active peptide transport and free amino acid transport. In this
study, they found that anoxia did not affect tissue accumulation of the corresponding

amino acids from a number of di- and tripeptides. The results indicate that these
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peptide-bound amino acids were transported into the enterocytes through the
enzyme-transport complex. Indirect evidence also suggested that glycylproline, in
some instances, was hydrolyzed in brush border membrane followed by direct
transport of constituent amino acids into enterocytes (Wiseman, 1977).

Absorption of some peptides may be increased with increasing mucosal
peptide concentration, and the absorption may or may not be partially inhibited by
other peptides, indicating that both simple and facilitated diffusion were involved in
peptide absorption in the small intestine (Radhakrishnan, 1977; Bertloot et al., 1981;
Matthews and Burston, 1984; Woottoon, 1986).

Recently, a glucose-dependent peptide transport, the paracellular pathway,
was observed in the small intestine of the hamster (Atisook and Madara, 1991).
Isolated intestine was perfused with recirculating buffer containing a labeled
hemepeptide (molecular weight 1,900 Da) or horseradish peroxidase (molecular
weight 40,000 Da) with or without glucose. The authors found that the hemepeptide
selectively appeared in the paracellular space where the tight junctions were dilated
when the intestinal epithelium was exposed to glucose. No peptide was detected in
the paracellular space when glucose was absent from the perfusate. Horseradish
peroxidase could not penetrate the epithelium, either exposed or unexposed to
glucose. A previous study revealed that the dilation of tight junctions of the intestinal
epithelium was elicited by the action of the Na™-glucose cotransporter (Atisook et al.,
1990). Therefore, it was suggested that the paracellular peptide pathway was
regulated during Na*-activated glucose absorption and that this pathway may
particularly contribute to meal-related oligopeptide absorption.

Uptake from the Lumen of the Large Intestine and Stomach. The mechanism(s)
of peptide uptake in the large intestine of mammals appears to differ from the small

intestine. Transfer of di- and tripeptides across the wall of the isolated rectum of rats
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