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INTRODUCTION

Classical models of protein metabolism view nitrogen intake in terins of the
flux of free amino acids from dietary protein and their exchange between
plasma and intracellular compartments and between free and protein-bound
amino acids (138). However, this view is misleading because it neglects any
flux of amino acids through inteninediate pools of small peptides, the least
obvious of which is that produced by intracellular protein degradation (26).
Other peptide pools comprise intermediates of dietary protein digestion, fil-
tered peptides in the renal tubular lumen, and circulating peptides from dietary
sources or from intracellular protein degradation.

These peptides enter the general free amino acid pool after peptidase hy-
drolysis, the total capacity of which must be as great as the whole-body flux
of amino acids from protein tumover, currently estimated to be 1.5-4.5 g kg™!
d™! (100-300 g d™! for a 70 kg person) in healthy humans. Surgical stress,
cancer cachexia, and liver disease can increase this capacity (35). Thus, whole-
body peptidase activity is capable of upregulation.

Earlier studies defined the major organs involved in peptide metabolism
(and in analogous glucose polymer metabolism) (Table 1). If all activity were
expressed, the total capacity to hydrolyze dipeptides and maltose would be of
the order of 4.4 kg d~! and 230 g d!, respectively. This hypothetical calculation
explains why metabolism of i.v. synthetic dipeptides is so rapid compared with
that of maltose.

This review describes aspects of peptide metabolism from the basic premise
that widespread peptide transport or peptidase activity can be exploited to
improve organ (or whole-body) nutrition in specific disease states.

SOURCES OF PEPTIDES IN BLOOD AND TISSUES

Dietary Protein

Dietary peptides, which are resistant to luminal digestion and to enterocyte
brush-border hydrolysis, can be detected in the circulation, and significant
urinary excretion of specific peptides has been observed after oral ingestion
(70, 98). Measurable amounts of peptide-bound amino acids are present in
peripheral blood or urine after a protein-rich meal (39). As a proportion of
portal amino acids, the amount is surprisingly high: 15% in the guinea pig (71)
and 52%, 65%, and 78% in the rat, sheep, and cow, respectively (172). The
late David Matthews concluded that in humans, peptides only comprise a small
proportion (10-15%) of human plasma amino acids (129) but wryly noted that
if analytical methods reveal only amino acids, then “If we continue to look
only for free amino acids, we shall find only free amino acids: peptides cannot
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Table 1 Hydrolase activities in various rat tissues®

Depeptidase Maltase
Tissue wmol min ' organ ' % Total wmol min ' organ % Total
Liver 4650 33.27 13.25 2.93
‘Kidney 2800 20.04 40.27 8.90
Muscle 2750 19.68 2.92 0.64
Ileum 2200 15.74 — —-
Jejunum 1500 10.73 388.49 85.87
Blood 75 0.54 7.50 1.66
Total 13975 100 452.42 100

® Data recalculated from Refs. 6 and 215. Data for intestinal brush-border maltase activity not given.

be expected to declare their presence.” (129). The most recent animal studies
(172) suggest that circulating peptides may be of great significance.

Intracellular Protein Degradation

Although early attempts to detect significant tissue quantities of small peptides
met with failure (41), Scomnik demonstrated the presence of a cytoplasmic pool
of di- and tripeptides generated by intracellular protein degradation (26). This
pool is of small size but has rapid turnover and may efflux from liver or other
tissues in pathological states, such as uremia or pre-eclampsia (105, 220).
Urinary excretion of small peptides may reflect rates of whole-body protein
breakdown (153) and may include a small component of D-peptides from
colonic bacterial or L-peptides from endogenous protein degradation.

PEPTIDE METABOLISM IN THE HUMAN INTESTINE

Kinetic Evidence for Peptide Uptake

Until the early 1950s, the absorption products of protein digestion were widely
thought to be free amino acids for which there were several discemable
transport mechanisms. The most significant paper, by Newey & Smyth (148),
demonstrated absorption of the constituent amino acids of poorly hydrolyzed
dipeptides by intact intestinal preparations in vivo or in vitro, but the mecha-
nism of the process was unclear. Matthews and colleagues performed the
seminal study that suggested that intact peptide transport occurs in the small
intestine. Oral doses of glycine in the form of glycine, glycyl-glycine, or
glycyl-glycyl-glycine yielded more rapid absorption from the di- and tripep-
tides, thereby effectively ruling out a mechanism by which brush-border hy-
drolysis had preceded glycine uptake from the peptides (44). Human jejunal
perfusion studies have yielded similar results (9) in that competition between
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free amino acids for uptake was avoided or reduced when they were in dipep-
tide form (175). Furthermore, uptake of amino acid residues was faster from
partial enzymic hydrolysates of protein than from the equivalent free amino
acid mixture (54, 177), and the relative uptake of amino acids was more “even”
(54, 77). The physiological significance of peptide transport was confirmed in
patients with inborn errors of cysteine and dibasic amino acid transport, lysin-
uric protein intolerance, Hartnup disease, or cystinuria. Despite the intesti-
nal/renal transporter defect in cystinuria, uptake of dibasic amino acids is never
entirely abolished because of a passive component (137), which is also respon-
sible for D-arginine absorption (91). However, free amino acid presented to
the intestinal mucosa in dipeptide form was absorbed to a significant extent
(179).

Enzymic Evidence for Peptide Uptake

Release of solubilized brush-border peptidases into medium bathing mucosal
preparations cannot account for the release of amino acids from dipeptides
(175). Instead, the specificity of brush-border and cytosolic peptidases is con-
sistent with brush-border hydrolysis and inwacellular hydrolysis of tetra/higher
peptides and di- and tripeptides, respectively (151, 152).

Dual Modes of Dietary Nitrogen Assimilation

Most evidence for intestinal peptide uptake was obtained between 1962 and
1974 from kinetic evidence without isolation of a transporter protein. This
work provided the basis for dual mechanisms of dietary amino acid assimila-
tion (Figure 1). Only di- and tripeptides, which remain after luminal and
brush-border peptidase digestion, are absorbed intact; free amino acids liber-
ated by luminal or brush-border digestion are absorbed via the free amino acid
transport systems (Figure 1). Tetra- and higher peptides require prior brush-
border hydrolysis before their hydrolysis products can be absorbed (9).

Electrophysiological and Biochemical Characteristics of
Peptide Transport

Amino acid transport shows strong Na* dependency (32). The elegant micro-
electrode studies of individual giant enterocytes of the worm, Necturus
maculosus, by Boyd & Ward (29) suggested that uptake of dipeptides was
electrogenic and related to H*, not Na*, cotransport. Subsequent studies with
brush-border membrane vesicles (BBMV) from small intestine, renal tubule,
or placenta (all of which lack the basolateral membrane Na*/K*/ATPase trans-
porter) confirmed the need for an inwardly directed H* gradient during peptide
uptake (66, 67, 69). As in the buccal cavity (53), intact peptide uptake probably
occurs in the large intestine. The acid microenvironment adjacent to the mu-
cosal brush border provides the motive force for di- and tripeptide uptake (68).
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Figure 1 Peptide and amino acid absorption in the small intestine. An idealized view of the
intestinal wall is shown, Luminal di- and tripeptides are absorbed by a specific transporter (step 1)
and hydrolyzed by intracellular peptidases (step 2). Tetra- and higher peptides are hydrolyzed by
brush-border peptidases (step 3). Free amino acids are absorbed by one of the active L-amino acid
transporters (step 4).

Proton dependence provides a key for dissecting the peptide transporter. Small
intestine uptake of cephalosporin antibiotics, which contain a peptide bond,
occurs via the dipeptide transporter (114). An outstanding series of studies by
Kramer and colleagues has identified and isolated a 127 kDa membrane pro-
tein, using photolabile 3H-benzylpenicillin as an affinity-probe (117). This
protein was incorporated into synthetic liposomes, which possess all the char-
acteristics of dipeptide uptake (saturable pH-sensitive transport). Moreover,
these synthetic liposomes can be inhibited by antisera to the 127 kDa protein
(115, 116), which is either the entire peptide transporter system or a part of it.

These antibiotic studies indicate the promiscuity of peptide wransport in
regard to its substrate requirements. Although there is a strong relationship
between hydrophobicity and transport affinity for neutral amino acids (2), no
such relationship is observed when the same amino acids are presented to the
mucosa in the form of homologous dipeptides (130). Whether a peptide carrier
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of broad specificity, allosterically modified by more hydrophobic peptides, or
multiple carriers (83) were present remained unclear. Kinetic analysis of uptake
of many model peptides by the high-affinity system of renal BBMV (46) has
defined the structural requirements of the di- or tripeptide substrate as a free
terminal a-NH, and @-COOH group and amino acids linked by a trans- rather
than a cis-peptide bond. L-amino acid isomers at both termini yield the highest
rates of uptake, although hydrophobic D-amino acids are acceptable at the
N-terminus.

The amino acids of intact peptides will ultimately efflux from the enterocyte
basolateral membrane after hydrolysis by cytoplasmic peptidases to free amino
acids or, if the peptides are particularly resistant to hydrolysis (e.g. proline
peptides), as intact peptides. Luminal or arterial leucine concentration may
upregulate amino acid efflux (38), but the exact mechanism of basolateral
membrane uptake or efflux of dipeptides remains unclear (34, 51).

Solvent Drag and Peptide Uptake

Peptide absorption in the intestine may occur via the tight junction between
enterocytes. Fisher was the first to note that glucose-stimulated water uptake
by preparations of rat small intestine was associated with uptake of small
molecules such as urea. This process, often called solvent drag, has been
invoked as the predominant mechanism for glucose uptake in the small intes-
tine (154). Furthermore, Atisook & Madara suggested that glucose-clicited
tight-junction dilatation may provide a control mechanism for solvent drag
uptake of significant amounts of peptides in the intestine (17).

However, this hypothesis is highly unlikely because postprandial luminal
free glucose concentrations rarely exceed SOmM 1! and will not saturate the
transporter (56), even though earlier estimates of luminal glucose concentra-
tions appeared to be much higher than the capacity of the glucose/Na* cotrans-
porter (154). This observation confirms previous human perfusion studies
performed in our laboratory (181). The kinetic characteristics of the glucose
transporter therefore parallel its postprandial substrate concentration. This
finding does not mean that paracellular passage of small molecules (e.g.
dipeptides, glucose) cannot occur, merely that it is not nutritionally significant.
Luminal loads of hyperosmolar glucose certainly increase the permeability of
the small intestine to lactulose (118) but decrease that of the poorly hydrolyzed
dipeptide camosine (70). Paracellular absorption of amino acids and urea is
not significant in the renal tubule (111), nor have we been able to discern any
relationship between net transport of water and urea in the perfused human
jejunum (81). The negligible rates of intestinal D-amino acid uptake (91) add
weight to this analysis. This point has been labored because current knowledge
of the hinetics of intestinal peptide uptake leaves few unexplained gaps. The
high capacity of the system resides in the downhill transmembrane concentra-
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tion gradient, which is maintained by continuous removal of transported pep-
tides by intracellular peptidases. Even free intestinal amino acid transport,
often considered concentrative and uphill, is downhill postprandially (8) and
may contain significant contributions from passive diffusion (78).

CLINICAL APPLICATIONS OF INTESTINAL PEPTIDE
TRANSPORT

Digestive and Absorptive Capacity

The use of peptide diets for malabsorbing patients remains controversial. The
original elemental or chemically defined diets for such patients (178) contained
glucose, amino acids, and small amounts of fat in accordance with intestinal
physiology as it was understood in the 1950s and 1960s. Excluding one specific
clinical application [i.e. Crohn’s disease (27)), these diets are still prescribed
to patients with severely impaired gastrointestinal function.

The use of special diets depends on the degree of impairment of absorptive
function, which has been most closely studied in relation to the malabsorption
of untreated cystic fibrosis (50). Digestive and absorptive mechanisms of the
small intestine present a formidable array (reserve capacity or safety margin)
to any polymeric nutrient. In small animals, total intestinal absorptive area
accommodates the metabolic mass of each species because it is modulated by
the formation of intestinal folds, villi, and microvilli, all of which amplify the
nominal surface area (55). Reserve capacity can be upregulated, as suggested
by one study of hyperphagic, cold-adapted mice (201). When these data are
extrapolated to humans, the corresponding safety margin is two to three times
total energy expenditure (ca. 45006000 kcal d-!), an enteral load that, ac-
cording to our experiments, can be efficiently assimilated (166).

One should bear this finding in mind when considering studies that show
biochemical impairment of digestive or absorptive processes. Few of these
studies actually address the question of whether this impairment in turn gives
rise to clinically significant impairment of nutrient uptake. Because of the
overlap in digestive systems, malabsorption of some nutrients may take place
only if 90% impairment of organ function has occurred [e.g. exocrine pancre-
atic disease (31, 48)).

Peptides and Reduced Absorptive Function

STUDIES IN HEALTHY VOLUNTEERS Studies showing faster absorption rates
for peptide-based protein hydrolysates (54, 77, 169, 177) provide a rational
basis for diets designed for patients with markedly impaired absorptive capac-
ity who can utilize the potential of both L-amino acid and peptide transport
systems. The terin “protein hydrolysate” or “peptide-based diet” covers a
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Table 2 Peptide chain-length profile of several protein hydrolysates used in enteral diets

Peptide Chain-Length Profile (%)

Diet L-amino acids 2 3 4 5 6 7 8 9 10
Survimed® 18.0 5.0 5.0 1.0 1.0 240 10.0 20 17.0 17.0
Travasorb® 20.0 15.0 5.0 1.0 1.0 29.0 29.0 — — —
Amirige® 15.0 5.0 21.0 120 12.0 1.0 2.0 20 165 16.5
Pepri 2000°¢ 17.0 11.0 160 140 14.0 13.0 150 . -
Peptisorb® 28.0 11.0 170 11.0 12.0 1.0 100 10.0 — —
Steraldiete 25.0 1.0 280 180 17.0 11.0 — — — —
Reabilanf 2.0 11.0 21.0 1.0 17.0 17.0 15.0 16.0 -
Tipeptid® 8.0 34.0 350 16.0 7.0 — — — — —
Tolerex" 100.0 - —

Note: Peptide profile measured by Cu(II)-sephadex chromatography (171). Some of these diets are no longer available o
may be marketed under other names in various countries. * Fresenius, ®Clintec, ¢ Nutricia, *E Merck Pharmaceuticals
¢ Dubenard, fRoussel, & Laboratoires Roger Bellon, " Norwich Eaton Pharmaceuticals.

multitude of different peptide size distributions (Table 2). Although the starter
protein and method of hydrolysis govern absorptive characteristics, we inves-
tigated peptide-chain length as the most significant variable. Hydrolysates
prepared from lactalbumin, ovalbumin, and casein showed increased amino
acid absorption in humans when the proportion of di- and tripeptides was
increased (77, 81, 82). Similar studies in animals or humans using protein
hydrolysates (60, 96) or tetrapeptides (9, 33) led to the conclusion that in the
absence of luminal pancreatic enzymes, brush-border hydrolysis of tetra- and
pentapeptides is the rate-limiting step in uptake of nitrogen. Thus, in order to
maximize nitrogen assimilation in patients with marked impairment of gut
absorptive capacity, the ideal protein hydrolysates should comprise only di-
and tripeptides and free amino acids.

CLINICAL AND ANIMAL STUDIES Clinical and animal studies, on the other
hand, have not yielded such clear results. Animal comparisons of casein (102)
or whey-hydrolysate (79) with equivalent amino acid mixtures revealed that
all promote similar body and organ growth (79). Long-term feeding trials in
healthy volunteers showed that the degree of hydrolysis of lactalbumin did not
affect nitrogen balance (142).

Impaired absorptive function When GI function is moderately impaired,
protein hydrolysates have no nutritional advantages over whole protein (168).
The same holds true when 60150 cm of the jejunum remain after small bowel
resection (132). We found that even when absorptive surface was severely
reduced (50-80 cm jejunum), a peptide-based diet had no effect on whole-body
protein kinetics compared with an equivalent amino acid-based diet (167).



Annu. Rev. Nutr. 1994.14:419-447. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

PEPTIDES IN CLINICALNUTRITION 427

However, comparable data on short-chain hydrolysates are lacking because
the nitrogen source in both of these studies contained mainly tetra- and pen-
tapeptides, the assimilation of which may have been rate limited.

Impaired digestive function Patients with total pancreatectomy assimilated
60% of intact lactalbumin compared with 91% of a lactalbumin hydrolysate
(196). The remarkable feature of this study is the absence of measurable
luminal pancreatic enzymes, which suggests that the brush-border peptidase
capacity of the entire small intestine is high and has considerable versatility
toward oligopeptides released by gastric digestion.

EFFECTS OF FEEDING SCHEDULES ON PEPTIDE UTILIZATION One animal study
revealed that a peptide diet can significantly increase net protein utilization
(140). This study is significant because nutrients were administered daily as
two rapid gastric boluses, which accentuated the more rapid aminoacidemia
following peptide administration (176, 177). Increased insulin secretion (140)
may thus provide a basis for metabolic benefits of cyclical nutrition (100, 216).
It may also explain why postsurgical patients utilized peptide-based diet better
than they did the equivalent whole-protein diet (222). These investigators
discontinued the feed for several hours on 4 of 18 postoperative days. The
stimulus of restarting the diet may have accentuated the absorptive differences
between the two nitrogen sources. Cyclical enteral feeding and the absorptive
advantage of peptides may act synergistically and should be investigated
further.

PEPTIDES IN SURGICAL PATIENTS AND THE CRITICALLY ILL A second major
issue concerning efficacy of peptide diets is the prevention of diarrhea in
enterally fed patients. By increasing blood albumin and thereby reducing small
intestinal water and electrolyte secretion (73), two small trials have shown that
these diets may be effective (30, 136). The design of the animal study is open
to criticism, and recent trials in critically ill patients have not been clinically
confirmed (19, 107, 143). To consider albumin status alone may be fruitless
since concurrent antibiotic therapy (24) and perhaps nasoenteral feeding—in-
duced colonic water secretion are dominant etiological factors (28).

Another proposed benefit of peptide diets is their ability to resist coagulation
in the acid environment of the stomach, which can lead to feeding tube
blockage (128) or even to esophageal obstruction (203). Two trials reported a
higher incidence of gastric residuals with milk-protein diets (210, 222), but
this hypothesis has not been confirmed in critically ill patients (143). Overall,
therefore, some aspects of the clinical efficacy of peptide diets remain open
for speculation.



Annu. Rev. Nutr. 1994.14:419-447. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

428 GRIMBLE

INTRAVENOUS PEPTIDES IN CLINICAL NUTRITION

The Current Situation

Routine use of i.v. peptides has never lapsed. Protein hydrolysates are currently
used in the Commonwealth of Independent States (the former Soviet Union),
and I would like to thank the anonymous sender of some samples—a gesture
of perestroika in the late 1980s. Until recently, all amino acid infusions were
mixtures of free L-amino acids, but the wheel may be tuming full circle for
the reasons summarized in Table 3. In brief, the criteria for successful use of
i.v. peptides are that they should be nontoxic, soluble, stable, amenable to
quality control, and have good utilization and be clinically effective, all at
reasonable cost. A rationale for peptides hinges on whether parenteral intake
of conditionally essential amino acids can be increased (with clinical benefit)
using the peptide route (75, 83). Current standard total parenteral nutrition
(TPN) formulations lead to cysteine imbalance in the newborn (95) because
of poor conversion of methionine to cysteine, secondary to low tissue levels
of cystathionase (72). Indeed, the inflammatory response may increase sulphur
amino acid requirements (86). Similarly, conversion of phenylalanine may be
limited in neonates (62). Glutamine represents a special case, which is de-
scribed in more detail below.

Routes of Metabolism of Intravenously Infused Dipeptides

The similarity in mechanisms for removal of peptides from the intestinal and
renal-tubular lumen extends to their brush-border peptidases (108), to peptide
uptake by BBMV prepared from either source (67), and to kinetic uptake of
maltose and peptides by individual microperfused renal tubules (174). The
alternative pathway for salvage of filtered oligopeptides and proteins is via
luminal endocytosis (163), whichis influenced by peptide modifications such as
N-terminal residue cyclization (163) and renal disease (15). On this basis, one
would expect the kidney to play a major role in the disposal of i.v. dipeptides
merely by salvaging aminoacids. However, this analysis excludes the possibility
of organ targeting of amino acids with specific peptides.

Table 3 Rationale for i.v. peptides

Free L-amino acid Problems

Glutamine Stable in short-term (1 month) but not sufficient for long shelf-life i.v. produc
Tyrosine Relatively insoluble (0.4 g 17)

Cysteine Relatively insoluble (cystine—0.1 g 1~') and unstable in presence of O,

Tryptophan Relatively unstable in presence of O,/carbohydrate
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Synthetic Dipeptides as Prodrugs

Matthews & Payne coined the phrase “smugglins” to describe modified pep-
tides that could be used to smuggle an antibiotic or another antimetabolite
across the bacterial wall and thus cheat the permeability barrier (131, pp.
428-29). This description was prophetic because they stated that “The biolog-
ical potential of smugglins cannot be overemphasised” in relation to antibac-
terial therapy. Neuroactive peptides have been delivered across the imper-
meable blood-brain barrier by attaching lipophilic or other moieties that allow
membrane permeation and intracellular release of the active peptide by hydro-
lases (20, 182). Bai & Amidon used a similar approach to protect oral peptide
drugs from brush-border hydrolysis (18). Synthetic, i.v. dipeptides also held
promise because of their ability to increase pools of their constituent amino
acids in different tissues (10). If intact peptide uptake had been shown to occur
in liver or in muscle, for example, then sequence changes in i.v. dipeptides
could modulate organ targeting of amino acids. It was therefore a great disap-
pointment when dipeptide hydrolysis was shown to precede free amino acid
uptake by the liver or muscle plasma membrane (124, 165). Nevertheless, i.v.
o-linked peptides are prodrugs because they are efficient nutritional amino
acid precursors.

General Considerations for Use of Parenteral Peptides

The criteria for applying small peptides to parenteral nutrition are also
summarized in Table 3. Generally speaking, free L-amino acids are more
soluble if incorporated into dipeptides and have a higher pK, (159) as con-
firmed for specific dipeptides containing glutamine (C-terminal), tyrosine, and
cysteine, which are resistant to heat sterilization (186). Quality control tech-
niques such as high-performance liquid chromatography (HPLC), isotacho-
phoresis, nuclear magnetic resonance (NMR), and mass spectrometry (MS)
have been applied to ensure purity (186, 191). Protein hydrolysate toxicity and
composition as well as peptide-chain length profile and composition have been
determined by standard in vitro/in vivo testing (112, 206), amino acid analysis,
Cu(II)-sephadex chromatography (Table 2), peptide sequencing (173), gas
chromatography(GC)/MS (57) or HPLC/MS (120), and capillary electropho-
resis (76). Cost is a contentious issue, but one comparison showed i.v. protein
hydrolysates to be approximately half the price of similar L-amino acid solu-
tions (204).

STRUCTURE-ACTIVITY RELATIONSHIPS FOR
INTRAVENOUS DIPEPTIDES

Furst suggested that peptides rapidly hydrolyzed by extrarenal tissues spare a
filtered load to the renal tubule (62). The N- and C-terminal amino acids
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Figure2 Pathways of formation and metabolism of pyroglutamic acid and OTCA.

influence this process, as shown by one study in which baboons infused for
up to 14 days with complete mixtures of glycyl-dipeptides (195) excreted
between 0.6 (glycyl-L-methionine) and 4.1% (glycyl-proline) of the load. Later
papers from this group discuss structure-activity relationships in some detail
(3,97), but proline-containing dipeptides will clearly be poorly utilized (98)
because only renal dipeptidyl peptidase IV can hydrolyze prolyl-peptide bonds
(139), whereas the other peptidases have rather broad specificity (108, 200).
Peptide-chain length also influences renal utilization (10), a process analogous
to peptide absorption in the small intestine (9). Nevertheless, in the baboon
TPN studies (4, 5), tripeptide mixtures were extensively metabolized (>95%).
The cost of synthetic tripeptides is prohibitive but does not exclude the use of
i.v. protein hydrolysates containing mainly di- and tripeptides.

Cysteine Peptide Prodrugs

N,N-bis-L-alanyl-L,L-cystine and N,N-bis-L-glycyl-L,L-cystine are rapidly uti-
lized after bolus injection in the rat (162, 187). Their relative plasma half-lives
correlate with plasma peptidase specificity in humans, which suggests that this
is a major site of i.v. peptide hydrolysis; indeed, calculated human plasma
peptidase capacity toward cystine dipeptides is ~ 10.4 g d™! (189), without
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taking into account the activity of membrane peptidases of liver and muscle.
Meister suggested an alternative pathway for cysteine provision, the glutathi-
one cycle (217). A thio-analog of pyroglutamic acid, L-2-oxo-thiazolidine-4-
carboxylic acid (OTCA) contains an internal peptide bond that can be hydro-
lyzed to cysteine by 5-oxo-prolinase (Figure 2), an enzyme with wide tissue
distribution and high activity (198). OTCA can therefore protect mice against
lethal doses of paracetamol (217), and it restored growth in TPN-fed rats
receiving a cysteine-deficient diet (23). As a prodrug, its peptide bond and site
of hydrolysis (intracellular) direct cysteine to tissues with high rates of gluta-
thione production. Another i.v. cysteine prodrug, N-acetyl-L-cysteine, is pri-
marily filtered by the kidney and hydrolyzed by brush-border N-acylases (52).
The liberated amino acid is reabsorbed in rats (145) and humans (126), but
significant urinary excretion of the intact molecule has been demonstrated,
which indicates that renal N-acylase capacity may be limited.

Tyrosine Peptide Prodrugs

At high infusion rates (2 mmoles kg™!), L-alanyl-L-tyrosine in rat TPN regimes
has been efficiently metabolized (45). Glycyl-L-tyrosine has been infused in
TPN regimes in healthy subjects (13) or in patients with acute pancreatitis
(197) or renal disease (49) to similar effect, namely maintenance of plasma
tyrosine concentration and rapid plasma clearance. However, clearance of
L-alanyl-L-tyrosine was more rapid for glycyl-L-tyrosine in renal patients,
which suggests that impaired renal metabolism of the glycyl peptide is import-
ant (49). In contrast, N-acetyl-L-tyrosine was poorly metabolized in renal
patients (49), neonates (94), and healthy subjects (126).

The -glutamyl cycle (134) has also been exploited as a means of delivering
tyrosine into tissues. It was proposed that membrane-bound y-glutamy] trans-
peptidase will accept an amino acid (AA) by reaction with glutathione to
produce a y-glutamyl-AA dipeptide. This dipeptide can be absorbed and hy-
drolyzed to the free amino acid and pyroglutamic acid. Pyroglutamic acid is
hydrolyzed to glutamic acid, which may reenter the glutathione synthesis
pathway. Thus, 50% substitution of phenylalanine in TPN regimes with y-
glutamyl-tyrosine dipeptide normalized plasma and brain levels of tyrosine
and phenylalanine/tyrosine ratios in rats (164). However, the authors aclnowl-
edged that they lacked definitive proof of intact uptake of y-glutamyl-tyrosine,
which was undetectable in brain tissue, at the level of sensitivity of their HPLC
technique (<2 nmoles g™!). This report is fascinating for two reasons: (a) The
dipeptide was heat stable (164); and (b) in view of the wide selectivity of
Y-glutamy] transpeptidase (135), other y-glutamyl dipeptides, including y-gluta-
myl-L-glutamine, could be considered. The latter may be a particularly effec-
tive means of organ targeting glutathione synthesis.
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Glutamine Peptide Prodrugs

CLINICAL AND METABOLIC RATIONALE FOR GLUTAMINE DIPEPTIDES Three
lines of evidence suggest that glutamine may become conditionally essential
under certain clinical conditions. First, surgery (160) or acute septic pancreatic
disease (170) markedly reduces plasma and muscle concentrations of gluta-
mine. Muscle intracellular glutamine concentration correlates closely with
muscle protein synthesis (103). Second, glutamine is a major intestinal respi-
ratory fuel (180), and luminal and arterial supplies are readily metabolized
(218). At supraphysiological intakes, glutamine reverses the intestinal mucosal
atrophy consequent on TPN feeding in the rat (99) and can improve the survival
of rats made septic (101) or that have lethal methotrexate-induced enterocolitis
(58). Small bowel transplants in the rat have markedly improved morphology
and biochemical status (59), and bacterial translocation across the mucosal
barrier is reduced in septic states (106) with glutamine supplementation. Third,
intermediary metabolism of cultured cells is adapted to high rates of glutamine
catabolism (133, 149). These cells require an adequate supply of exogenous
glutamine to maintain de novo synthesis of nucleic acid precursors (199) as
well as rates of RNA and protein synthesis (see 75). The metabolic character-
istics of enterocytes and cells of the immune system may require adequate
circulating levels of glutamine for optimal function in the stressed patient.
These data have therefore led to the general hypothesis that glutamine is a
gut-specific nutrient that can be of specific benefit in clinical situations in
which barrier function of the intestine is impaired.

NEED PEPTIDE-BOUND GLUTAMINE BE USED? This question naturally leads to
speculation as to whether manufacturing synthetic glutamine dipeptides is
necessary since we (90) and others (109, 223) have shown that hospital phar-
macy production of ultrafiltered sterile 2.5% solutions of L-glutamine is not
only feasible, with excellent stability over 7 days (degradation % d™! at 4° C
storage), but can also be safely administered to patients as part of an all-in-one
TPN regime (223). One could also argue that supplementing TPN regimes
with up to 40 g of glutamine in dipeptide form presents an excessive nitrogen
load from the extra alanine or glycine moieties. In reality, however, this
controversy relates to hospital pharmacy practice, not to issues of toxicity of
the breakdown products of L-glutamine (188). Pyroglutamic acid (Figure 2) is
not a neurotoxin (74) but rather an intermediary of the y-glutamyl cycle that
is efficiently metabolized (134), as the data on its thiol analog, OTCA (see
above), suggest. Could the mood enhancement experienced by patients receiv-
ing L-glutamine-supplemented TPN (221) result from the anxiolytic effects
(21, 25) of pyroglutamic acid present in the solution? L-glutamine is completely
degraded to pyroglutamic acid and NH4* by heat sterilization and, because the
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amino acid is less soluble than either L-alanyl-L-glutamine or glycyl-L-gluta-
mine, large i.v. amounts cannot be given to fluid-restricted patients. Although
hospital manufacturing pharmacies may formulate L-glutamine solutions sub-
ject to normal pharmaceutical safeguards (74), commercial solutions of termi-
nally sterilized, glutamine dipeptide—supplemented amino acids solutions with
good long-term stability will eventually be made available (191).

METABOLIC UTILIZATION OF GLUTAMINE DIPEPTIDES Glycyl- and L-alanyl-
glutamine have been extensively investigated in addition to N-acetyl gluta-
mine, which is poorly utilized in rats (146), dogs (1), and humans (127).
Clearance of an i.v. bolus of L-alanyl-L-glutamine by rats or dogs was rapid
(half-life 3.8 min), with little urinary excretion (64). Plasma glutamine con-
centration was increased (192), and the glutamine moiety of L-alanyl-L-[U- ]-
glutamine was rapidly incorporated into tissue glutamine pools (193). Similar
studies in fed or starved healthy volunteers yielded essentially the same results
for glycyl-L-glutamine (7, 123, 125) and L-alanyl-L-glutamine (12, 13). One
can therefore conclude that both dipeptide forms of glutamine behave in much
the same metabolic fashion as parenteral L-glutamine.

CLINICAL STUDIES OF GLUTAMINE DIPEPTIDES Vinnars and colleagues have
contributed greatly to our understanding of postoperative metabolism by re-
peating the same TPN study in patients undergoing cholecystectomy, a stan-
dard surgical operation. They defined the postsurgical time course of reduc-
tions in muscle intracellular glutamine concentration (160) and in the number
of muscle ribosomes and their recruitment into protein synthesis as polyribo-
somes (161). In all studies, a portion of the amino acids in the TPN regime
for one group of patients was replaced with glutamine or its analogs. Having
established that TPN feeding alone did not restore muscle glutamine, polyri-
bosomes, or nitrogen balance to preoperative levels (16, 214), Vinnars and
colleagues showed that omithine o-ketoglutarate (119, 209, 213), a-ketoglu-
tarate (88, 212), L-glutamine (87), and L-alanyl-L-glutamine (89) all normalize
these parameters of injury response. A common feature of these studies is that
each substrate augmented concentrations of glutamine in plasma and skeletal
muscle. Similarly, after major colonic surgery, nitrogen balance and muscle
glutamine concentrations were improved in patients receiving L-alanyl-L-glu-
tamine-supplemented TPN (194), and short-term infusions have increased rates
of muscle protein synthesis in postsurgical patients (22). In critically ill pa-
tients, 20 g L-alanyl-L-glutamine (13 g glutamine) infusion had no effect on
muscle glutamine but significantly improved nitrogen balance (63). In relation
to gut function, L-alanyl-L-glutamine (202) or glycyl-L-glutamine (207) sup-
plementation of TPN regimes resulted in improved absorptive function (xylose
test) or permeability (lactulose:mannitol ratios), respectively. Taken together
with the most recent trial of L-glutamine-supplemented TPN (221), these data
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indicate that glutamine in dipeptide form is clinically indistinguishable from
L-glutamine.

COMPLETE DI- AND TRIPEPTIDE MIXTURES

Clinical Rationale

Thus far the discussion has focused on dipeptides as a stable vehicle for specific
amino acid residues. Can the same technology be applied to complete mixtures
containing all amino acids? The primate studies of Adibi et al (5, 195) show that
such an application is feasible, but at a cost. However, there is a specific
indication for such mixtures as an amino acid source for peripheral parenteral
nutrition. Complete mixtures of di- and tripeptides would reduce osmolarity
because equal solution weights of di- or tripeptides have one half and one third
the osmolarity of free amino acids, respectively. At present, most hypertonic,
hypercaloric TPN courses are infused into a central vein, where the high blood
flow will rapidly dilute the infusate. This has been standard practice since the
1960s. Complications of central venous feeding are few (<5%) but carry serious
morbidity (157), even in experienced hands. In contrast, the only complication
of peripheral vein infusion is peripheral vein thrombophlebitis (PVT), which
requiresre-siting of the infusion cannula. A reductionin TPN solution osmolarity
is one of several therapeutic maneuvers that can minimize PVT (157), but with
current regimes, this reduction will in turn lead to a reduction in nutrient intake,
even if all-in-one TPN regimes are used. Use of mixtures of di- and tripeptides
would allow a significant decrease in solution osmolarity without reductions in
amino acid intake. Indeed, the general utility of peripheral parenteral nutrition
has been suggested by two National Clinical Nutrition Surveys (155, 156), which
showed that although the total annual number of courses of TPN administered to
patients did not change between 1988 and 1991, the proportion of these patients
fed by the peripheral venous route increased from 7 to 15%.

This result suggests a growing need for special, low-osmolarity TPN regimes
of which di- and tripeptide mixtures could form a part. A further advantage
of these hypothetical peptide mixtures is that the solubility of constituent
tyrosine and cysteine peptides would resolve two formulation problems of the
insolubility of the free L-amino acids. This goal could be economically
achieved with protein hydrolysates comprising di- and tripeptides. Although
this may at first seem to be a “low-tech” solution to the problem, it soon
becomes evident that this hypothetical preparation is the same as the equivalent
mixture of synthetic di- and tripeptides.

Comparison of Methods for Large-Scale Production of
Peptides

The fundamental constraints preventing large-scale peptide production are the
purity, stereospecificity, and scale-up costs of the peptide product (Table 3).
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Classical chemical synthesis can produce N2-L-Tyr-N6-L-Tyr-L-Lys, L-Ala-L-
Gln (190), L-Ala-L-Cys-L-Cys, Gly-L-Cys-L-Cys, L- Cys-L-Ala-L-Ala, and L-
Cys-Gly-Gly (186). A more promising alternative is enzymic synthesis with
proteases (in solution or immobilized), which uses appropriately blocked
amino acid substrates to suppress ionization of the a-NH, and a-COOH groups
(65, 141, 186). Another interesting option is the use of bacterial aminoacyl-
tRNA synthetases in preparative peptide synthesis (144). Neither technique is
stereospecific, since D-amino acid can be incorporated from enantiomers in
the substrate, albeit at low rates (65, 144). The issue was raised following
reports of eosinophilic-myalgia syndrome (EMS) among patients with self-
prescribed L-tryptophan (1-3 g d™!) as treatment for insomnia, depression, or
premenstrual syndrome. A slight change in the manufacturing process resulted
in trace amounts of a dimer of L-tryptophan linked by acetaldehyde that may
have been the active agent (150). This finding highlights the importance of
the purity of feedstock chemicals.

Although protein hydrolysis produces only L-amino acid-containing pep-
tides, processing technology is less accessible because many of these tech-
niques are commercially sensitive and thus have not been published. How-
ever, several guidelines could be applied (Table 4). Food-grade pancreatic
enzymes (trypsin and chymotrypsin) have been widely used (11, 110) but are
not suitable as primary hydrolytic enzymes because they release large quanti-
ties of free L-tyrosine (47) that must be removed by activated charcoal filtration
(110). Specific amino acid losses during this processing step were probably
responsible for the reports of amino acid inadequacy in some i.v. protein
hydrolysates (e.g. see 205), even though their long-term stability in complete
TPN formulations was good (61, 83, 113). More recently, bacterial proteases
with broad specificity have been used (36, 37). Initial hydrolysis with a pro-
tease (alkaline pH optimum) was allowed to proceed for a preset time, where-

Table 4 Technical considerations for i.v. protein hydrolysate manufacture

Starter protein Fermentation technology Final product
Good biological value Nontoxic, food grade enzymes Nonantigenic
Balanced amino acid profile Temperature tolerant proteases/ High di- and wipeptide content
endopeptidases
Known primary sequence(s) Enzymes with different pH optima  Low free L-amino acid content
Little source variance Differing chain-length specificity Salt-free
No irreversible posttranslational ~ Will not release glutamine Economy
modifications N-terminus peptides
Nontoxic Prolyl peptidase activity
Inexpensive Little tyrosine release

Ultrafiltration and deionization
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upon the pH of the incubation was reduced and a second protease (neutral pH
optimum) added. Larger peptides in the final product were clipped with pan-
creatic endopeptidases (36, 37). This process preserved the amino acid com-
position of the starter protein without the need for charcoal filsration. Ion-
exchange purification increased the di-, tri-, and tetrapeptide content of the
product from 75 to 95.5% of total amino acids. Free amino acid content was
3% (36). We have used this product as a starting point to investigate i.v.
utilization of di- and wipeptide-enriched protein hydrolysates (76, 80, 84, 85).
This example does not exclude the many other bacterial proteases and pepti-
dases with different bond specificity that have been used in the manufacture
of modified food protein (14) or in protein sequencing (147). The ability to
predict protein cleavage sites will ultimately lead to improvements in the
biotechnology of hydrolysate production.

Clinical and Experimental Studies with Protein Hydrolysates

Reviews of the historical development of i.v. nutcition (121, 219) may lead
the reader to assume that crystalline L-amino acid solutions were a major
advance over preexisting protein hydrolysates, which had been used safely for
40 years. This conclusion is understandable in the light of such statements as
“Amino acid preparations have several advantages over hydrolysates: defined
formulations, flexibility and avoidance of loss of peptides in urine.” (121).
Synthetic L-amino acids or peptides are atwractive because they can be defined
chemically, as described above. Although the same degree of precision is
lacking for protein hydrolysates, a combination of analytical techniques nev-
ertheless can be used to define them quite closely, as discussed above (e.g.
see 57, 120). Moreover, blending hydrolysates of different protein or supple-
mentation with L-amino acids confers flexibility. Avoidance of peptiduria
should not be overstated since it occurs with synthetic dipeptides, depending
on amino acid sequence (195). Indeed, the scale of peptiduria in TPN studies
with L-alanyl-L-tyrosine (45) led the authors to conclude that it was no worse
than that found with the use of protein hydrolysates (184). The term “protein
hydrolysate” is merely generic, in the same way that “lipid emulsion” or
“dextran” is used to denote i.v. solutions with a wide range of properties. Thus,
not all protein hydrolysates showed the same efficacy (40, 41, 104); the best
was Swedish Aminosol®, with a biological utilization of 91% (122). Compar-
isons of amino acid and protein hydrolysates in surgical patients (158, 204,
205, 208) or infants (92, 93, 184, 219) have shown that both can maintain
similar nitrogen balance or growth. Excess urinary excretion of nonmetaboliz-
able Maillard products formed during heat sterilization in the presence of
glucose is an avoidable problem that affects synthetic amino acids and peptides
(185) as well as hydrolysates (43, 183).
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We have therefore reinvestigated the use of short-chain i.v. protein hydrol-
ysates, which comprise mainly di- and tripeptides, When complete TPN re-
gimes were infused in healthy volunteers, total amino acid excretion (free and
peptide bound) accounted for 4% of total load during amino acid infusion and
rose to 10% during peptide infusion (80). There were no differences in the
evolution of plasma amino acid profiles, and capillary electrophoretograms of
urine showed little relationship between infused peptides and excreted pep-
tides, which contained significant amounts of larger peptides. A later study of
an ovalbumin and of casein hydrolysates (or their L-amino acid controls) in
TPN-fed rats (85) revealed thatall groups of animals grew and were maintained
in positive nitrogen balance, but peptide-nitrogen excretion in the peptide
groups increased. The peptide load stimulated growth of liver and kidney
(major organs of i.v. peptide disposal), but we could detect no adaptation in
specificity of peptidases, since urinary capillary electrophoretograms at the
start and end of the study were identical. We and others (4, 195) have therefore
concluded that if >90% of i.v. niwogen intake is provided in the form of small
peptides, it will be efficiently metabolized.

CONCLUSIONS AND PERSPECTIVES

This paper has reviewed whole-body metabolism of small peptides. The last
five years have witnessed major advances in applications of peptide metab-
olism to clinical nutrition (7, 62, 83), ruminant nutrition (211), and organ-
specific drug delivery (18). The widespread distribution of tissue mechanisms
of peptide uptake or metabolism is now more apparent. Several developments
will likely take place in the future. First, one can take advantage of the rapid
kinetics of peptide absorption in the enterally fed patient when diet admin-
istration more closely resembles normal eating patterns (e.g. cyclical feeding).
Intravenous peptides can deliver amino acid residues, which may limit
clinical recovery or growth in current amino acid formulae (Figure 3). Recent
attempts to manipulate the y-glutamyl cycle (Figure 3) show that smugglins
or prodrugs may prove useful for site-specific delivery of amino acids.
Quantitative aspects of peptide metabolism will also be bought into sharper
focus. Adult humans possess sufficient peptidase activity to clear small
peptides from the circulation. Placental peptide transport suggests that the
child in utero may have already adapted, through exposure to small peptides,
to metabolism of peptide-based TPN regimes suitable for neonates. Finally,
we will see further advances in synthesis and manufacture of peptides for
nutrition at reasonable cost. Such improvements represent a major challenge
for the future and should enable investigators to meet the goals of adequate
nutrition (i.e. amino acid quality) and safer nutrition (e.g. peripheral paren-
teral nutrition).



438 GRIMBLE

i N-acetylglutamine

' 0@ o OTCA
T i PY Pyroglutamic Y
() acid -glutamyl
-acylase % ¢ ° peptide
. E * o [ J
:L Plasma
1 Peptidase
Dipeptide
] ° pep 3
 J :]\ s ?®
o 4 ®
. BBM \} S
- Peptidase j Membrane
« P Peptidase ¢é§'
H —— o
o Q@\

Dipeptide

Figure 3 Mewmbolism of i.v. peptides. The two routes of dipeptide metabolism are shown. The
shaded area on the left shows metabolism of filtered dipeptides and N-acetylglutamine within the
renal tubule. The area on the right shows metabolic disposal of the different prodrugs discussed in
the text.

Any Annual Review , 83 well as any article cited in an Ansaal Review chapter,
ell.g:l;nﬂnem:nml Reviews Preprints and Reprints service.
1800-347-8007; 415-259-5017; email: arpr dass.org

Annu. Rev. Nutr. 1994.14:419-447. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

Literature Cited

1. Abumrad NN, Morse EL, Lochs H, Wil-

liams PE, Adibi SA. 1989. Possible
sources of glutamine for parenteral nu-
trition: impact on glutamine metabolism.
Am. J. Physiol. 257:€228-F234

2. Adibi SA. 1969 The influence of mo-

lecular structure of neutral amino acids
on their absorption in the jejunum and
ileum of human intestine in vivo. Gas-
troenterology 56:903-13

3. Adibi SA. 1987. Experimental basis for

wse of peptides as substrates for paren-
teral nutrition: a review. Metabolism 36:
1001-11

Adibi SA, Johns BA. 1983. Utilization
of intravenously infused tripeptides in
baboons: effecton plasma concentration
and urinary excretion of amino acids.
Metabolism 32:103-5

Adibi SA, Johns BA. 1984. Partial sub-
stitution of amino acids of parenteral
solutions with tripeptides: effects on pa-
rameters of nutrition in baboons.
Metabolism 33:420~24

Adibi SA, Krzysik BA. 1977. Cytoplas-
mic dipeptidase activities of Ys
ileum, jejunum, liver, muscle, and blood.
Am. J. Physiol. 233:E450-EA456



Annu. Rev. Nutr. 1994.14:419-447. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

PEPTIDES IN CLINICAL NUTRITION 439

Adibi SA, Lochs H, Abumrad NN, Dan-
iel H, Vazquez JA. 1993. Removal of
glycylglutamine from plasma by indi-
vidual tissues: mechanism and impact
on amino acid fluxes in postabsorption
and starvation. J. Nuer. 123:325-31
Adibi SA, Mercer DW. 1973. Protein
digestion in human intestine as reflected
in human mucosal and plasma amino
acid concentrations after meals. J. Clin.
Invest. 52:1586-94
Adibi SA, Morse EL. 1977. The number
of glycine residues which limits intact
absorption of glycine oligopeptides in
human jejunum. J. Clin. Invest. 60:
1008—16'
Adibi SA, Morse EL. 1982. Enrichment
of glycine pool in plasma and tissues
by glycine, di-, tri-, and tetraglycine.
Am. J. Physiol. 243:EA13-E417
Adler-Nissen J. 1986. Enzymatic Hy-
drolysis of Food Proteins, pp. 1-427.
London: Elsevier
Albers S, Wemerman J, Stehle P,
Vinnars E, Furst P. 1988. Availability
of amino acids supplied intravenously
in healthy man as synthetic dipeptides:
kinetic evaluation of L-alanyl-L-gluta-
mine and glycyl-L-tyrosine. Clin. Sci.
75:463-68
Albers S, Wemerman J, Stehle P,
Vinnars E, Furst P. 1989. Availability
of amino acids supplied by constant
intravenous infusion of synthetic dipep-
aides in healthy man. Clin. Sci. 76:643—
8

Andrews AT, ed. 1987. Enzymatic mod-
ification of dairy and other food proteins.
In Chemical Aspects of Food Enzymes,
pp. 230-58. London: Royal Soc, Chem.
Argent NB, Wilkinson R, Baylis PH.
1992. Metabolic clearance-rate of argi-
nine vasopressin in severe chronic renal
failure. Clin. Sci. 83:583-87

Askanazi J, Furst P, Michelsen CB,
Elwyn DH, Vinnars E, et al. 1980. Mus-
cle and plasma amino acids after injury:
hypocaloric glucose vs. amino acid in-
fusion. Ann. Surg. 191:465-72
Atisook K, Madara JL. 1991. An
oligopeptide permeates intestinal tight
junctions at glucose-elicited dilatations.
Implications for oligopeptide ab:
tioxI:. Gastroenterology 108:719-2450’1,-
Bai JP, Amidon GL. 1992. Structural
specificity of mucosal-cell tran and
metabolism of peptide drugs: implica-
tion for oral peptide drug delivery.
Pharm. Res. 9:969-78

Balogh D, Furtwangler W, Kahn JM,
Hackl JM. 1989. Differentiated enteral
feeding in the post-aggression phase in
polytrauma patients. Comparison of a

20.

21.

22.

23.

24,

2s.

26.

27.

28.

29.

30.

31

high calorie nutritionally defined diet
(whole protein high calorie diet) with a
peptide diet. Infus.ther. Klin. Emahr.
16:52-59 (From German)

Banks WA, Audus KL, Davis TP. 1992.
Permeability of the blood-brain barrier
to peptides: an approach to the devel-
opment of therapeutically useful ana-
logs. Peptides 13:1289-94

Barone D, Spignoli G. 1990. Investiga-
tions on the binding properties of the
nootropic agent pyroglutamic acid.
Drugs Exp. Clin. Res. 16:85-99

Barua JM, Wilson E, Downie S, Weryk
B, Cuschieri A, et al. 1992. The effect
of alanyl-glutamine peptide supglemen-
tation on muscle protein synthesis in
post-surgical patients receiving gluta-
mine-free ammo acids intravenously.
Proc. Nutr. Soc. 51:104A (Abstr.)
Bjelton L, Fransson G-B. 1990. Avail-
ibility of cysteine and L-2-oxo-thiazoli-
dine-4-carboxylic acid as a source of
cysteine in intravenous nutrition. J. Par-
enter. Enter. Nutr. 14:177-82

Bliss DZ, Guenter PA, Settle RG. 1992.
Defining and reporting diarrhea in tube-
fed patients—what a mess. Am. J. Clin.
Nutr. 55:753-59

Bono G, Sinforiani E, Merlo P, Belloni
G, Soldati M, et al. 1991. Alcoholic
abstinence syndrome: short-term treat-
ment with metadoxine. Int. J. Clin.
Pharmacol. Res. 11:35-40

Botbol V, Scomik OA, 1991. Measure-
ment of instant rates of protein degra-
dation in the livers of intact mice by the
accumulation of bestatin-induced pep-
tides. J. Biol. Chem. 266:2151-57
Bowling TE, Jameson JJ, Grimble GK,
Silk DBA. 1993. Enteral nutrition as a
primary therapy in active Crohn’s dis-
ease. Eur. J. Gastroenterol. Hepatol.
5:1-7

Bowling TE, Raimundo AH, Grimble
GK, Silk DBA. 1993. Reversal by short-
chain fatty acids of colonic secretion
induced by enteral feeding. Lancet 34:
126668

Boyd CAR, Ward MR. 1982. A micro-
electrode study of oligopeptide absorp-
tion by the small intestinal epithelium
of necturus maculosus. J. Physiol. 324:
411-28

Brinson RR, Curtis WD, Singh M. 1987.
Diarrhea in the intensive care unit: the
role of hypoalbuminemia and the re-
sponse to achemically defined diet (case
reports and review of the literature). J.
Am. Coll. Nutr. 6:517-23

Bronstein MN, Sokol RJ, Abman SH,
Chatfield BA, Hammond KB, et al.
1992. Pancreatic insufficiency, growth,



Annu. Rev. Nutr. 1994.14:419-447. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

440

32

3.

35.

36.
3
38.

39.

41.

42,

43.

45.

GRIMBLE

and nutrition in infants identified b
newbomn screening as having cystic fi-
brosis. J. Pediatr. 120:533—<40

Bulus NM, Abumrad NN, Ghishan FK.
1989. Characteristics of glutamine trans-
port in dog f'ejunal brush-border mem-
brane vesicles. Am. J. Physiol. 257:
G80-G85

Burston D, Taf'lor E, Matthews DM.
1979. Intestinal handling of two tetra-
peptides by rodent small intestine. Bio-
chim. Biophys. Acta 553:175-78
Burton PS, Conradi RA, Hilgers AR,
Ho NF. 1993. Evidence for a polarized
efflux system for peptides in the apical
membrane of Caco-2 cells. Biochem.
Biophys. Res. Commun. 190:760-66
Carli F, Webster J, Ramachandra V,
Pearson M, Read M, etal. 1990. Aspects
of protein metabolism after elective sur-
gery in patients receiving constant nu-
tritional support. Clin. Sci. 78:621-28
Chataud J, Desreumaux S, Cartwright
T. 1986. French Patent No. 86 17515
Chataud J, Desreumaux S, Cartwright
T. 1986. French Patent No. 86 17516
Cheeseman C. 1992. Role of intestinal
basolateral membrane in absorption of
nutrients. Am. J. Physiol. 263:R482~
R488

Christensen HN. 1949. Conjugated
amino acids in portal plasma of dogs
gggr 3psmtc:iu feeding. Biochem. J. 44:

Christensen HN. 1950. Peptide wastage
consequent to the infusion of two protein
hydrolysates. J. Nutr. 42:189-93
Christensen HN. 1964. Free amino
acids, and peptides in tissues. In Mam-
malian Protein Metabolism, ed. HN
Munro, 1:105-24. New York: Academic
Press

Christensen HN, Lynch EL, Decker DG,
Powers JH. 1947. The conjugated non-
protein amino acids of plasma. IV. A
difference in utilisation of the peptides
of hydrolysates of fibrin and casein. J.
Clin. Invest. 26:849-52

Christensen HN, Wilber PB, Coyne BA,
Fisher JH. 1955. Effects of simultaneous
or prior infusion of sugars on the fate
of infused protein hydrolysates. J. Clin.
Invest. 34:86-94

Craft IL, Geddes D, Hyde CW, Wise
1J, Matthews DM. 1968. Absorption and
malabsorption of glycine and glycine
peptides 1n man. Gut 9:425-37
Daabees TT, Stegink LD. 1979. L-Al-
anyl-L-Tyrosine as a tyrosine source
during total parenteral nutrition: infusion
of 0.5 and 2.0 mmoles/kg/day in adult
rats. Pediatr. Res. 13:894-99

Daniel H, Morse EL, Adibi SA. 1992.

47.

48.

49.

50.

51

52.

53.

54,

55.

56.

57.

58.

Determinants of substrate affinity for
the oligopeptide/H+ s in the
renal brush border membrane. J. Biol.
Chem. 267:9565-73
Desnuelle P. 1986. Chemistry and en-
zymology of pancreatic endopeptidases.
In Molecular and Cellular Basis of Di-
gestion, eds. P Desnuelle, H Sjostrom,
O Noren, pp. 195-211. Amsterdam:
Elsevier
DiMagno EP, Go VLW, Summerskill
WHI. 1973. Relations between pancre-
atic enzyme outputs and malabsorption
in severe pancreatic insufficiency. New
Engl. J. Med. 288:813-15
Druml W, Lochs H, Roth E, Hubl W,
Balcke P, et al. 1991. Utilization of
tyrosine dipeptides and acetyltyrosine in
normal and uremic humans. Am. J. Phys-
iol. 260:E280-E285
Durie PR, Pencharz PB. 1992. Cystic
fibrosis: nutrition. Br. Med. Bull. 48:
823-46
Dyer J, Beechey RB, Gorvel JP, Smith
RT, Wootton R, et al. 1990. Glycyl-L-
gxoline transport in rabbit enterocyte
asolateral-membrane vesicles. Bio-
chem. J. 269:565-71
Endo Y. 1978. Deacetylation and defor-
mylation of N-acyl amino acids by kid-
ney acylases. FEBS Len. 95:281-83
Evered DF, Hunjan MK, Long G. 198S5.
Mucosal dipeptidase activity and dipep-
tide transport across human buccal mu-
g(g;a in vivo. Biochem. Soc. Trans. 13:
Fairclough PD, Hegarty JE, Silk DBA,
Clark ML. 1980. A comparison of the
absorption of two protein hydrolysates
and their effects on water and electrolyte
movements in the human jejunum. Gur
21:829-34
Ferraris RP, Lee PP, Diamond JM. 1989.
Origin of regional and species differ-
ences in intestinal glucose uptake. Ant.
J. Physiol. 257:G689-G697
Ferraris RP, Yasharpour S, LLoyd KCK,
Mirzayan R, Diamond JM. 1990. Lumi-
nal glucose concentrations in the gut
under normal conditions. Am. J. Physiol.
259:G822-G837
Ford C, Grimble GK, Halliday D, Silk
DBA. 1986. Gas chromatography-mass
spectrometry analysis of dipeptides in
nutritionally significant enzyme hydrol-
ysates of ovalbumin and casein. Bio-
chem. Soc. Trans. 14:1291-93
Fox AD, Kripke SA, De Paula J, Berman
IM, Settle RG, et al. 1988. Effect of a
glutamine-supplemented enteral diet on
methotrexate-induced enterocolitis. J.
Parenter. Enter. Nutr. 12:325-31

. Frankel WL, Zhang W, Afonso J,



Annu. Rev. Nutr. 1994.14:419-447. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

61.

62.
63.

65.

67.

68.

69.

70.

71.

72.

PEPTIDES IN CLINICAL NUTRITION 441

Klurfeld DM, Don SH, et al. 1993.
Glutamine enhancement of structure and
function in transplanted small intestine
in the rat. J. Parenter. Enter. Nutr. 17:
47-55
Friedrich M, Noack J, Proll J, Noack R.
1984. Untersuchungen zur Absorption
enzymatischer Proteinhydrolysate sowie
aquimolarer Aminosauremischungen am
perfundierten Dunndarm der Ratte,
Biomed. Biochim. Acta 43:117-30
Friend JE, Stegink LD, Kann DE. 1972.
Amino acid stability in agueous solu-
tions of casein hydrolysate under varied
storage conditions. Am. J. Hosp. Pharm.
29:743-48
Furst P. 1991. Peptides in clinical nu-
trition. Clin. Nusr. 10(Suppl.):19-24
Furst P, Albers P, Stehle P. 1990. Glu-
tamine-containing dipeptides in paren-
teral nutrition. J. Parenter. Enter. Nutr.
14(Suppl.):1185-124S
Furst P, Albers S, Stehle P. 1989. Avail-
ability of glutamine supplied intrave-
nously as alanylglutamine. Metabolism
38(Suppl.):67-72
Gaertner HF, Puigserver AJ. 1988. Pep-
tide synthesis catalyzed by polyethylene
glycol-modified chymotrypsin in or-
ganic solvents. Proteins 3:130-37
Ganapathy ME, Mahesh VB, Devoe LD,
Leibach FH, Ganapathy V. 1985. Di-
geptide transport in brush-border mem-
rane vesicles isolated from normal term
human placenta. Am. J. Obstet. Gynecol.
153:83-86
Ganapathy V, Leibach FH. 1983. Role
of pH gradient and membrane potential
in dipeptide transport in intestinal and
renal brush-border membrane vesicles
from the rabbit. J. Biol. Chem. 258:
14189-92
Ganapathy V, Leibach FH. 1991. Pro-
ton-coupled solute transport in the ani-
mal cell plasma membrane. Curr. Opin.
Cell Biol. 3:695-701
Ganapathy V, Leibach FK. 1985. Is
intestinal transport energised by a proton
gradient? Am. J. Physiol. 249:G153-
G160
Gardner ML, Nllingworth KM, Kelleher
J, Wood D. 1991. Intestinal absorption
of the intact peptide carnosine in man,
and comparison with intestinal perme-
ability to lactulose. J. Physiol. 439:411-
22

Gardner MLG, Lindblad BS, Burston
D, Matthews DM. 1983. Transmucosal
passage of intact peptides in the guinea-
pig small intestine in vivo: a reappraisal.
Clin. Sci. 64:433-39

Gaull G, Sturman JA, Raiha NCR. 1972.
Development of mammalian sulfur me-

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

tabolism: absence of cystathionase in
human fetal tissue. Pediatr. Res. 6:538—

47

Granger DN, Brinson RR. 1988. Intes-
tinal absorption of elemental and stan-
dard enteral formulas in hypopro-
teinemic (volume expanded) rats. J.
Parenter. Enter, Nutr. 12:278-81
Grimble G. 1993. Glutamine, glutamate
and pyroglutamate—facts and fantasies.
Clin. Nutr. 12:66-69

Grimble GK. 1993. Essential and con-
ditionally-essential nutrients in clinical
nutrition. Nutr. Res. Rev. 6:97-119
Grimble GK, Aimer PC, Morris P,
Weryk B, Collins SC, et al. 1991. Plasma
amino acids and peptiduria during in-
travenous infusion of a short-chain
ovalbumin hydrolysate or its equivalent
amino acid mixture in man. Proc. Nutr.
Soc. 51:103A (Abstr.)

Grimble GK, Keohane P, Higgins BE,
Kaminski MV, Silk DBA. 1986. Effect
olt;reptide chain-length on amino acid
and nitrogen absorpsion from two lact-
albumin hydrolysates in the normal
human jejunum. Clin. Sci. 71:65-69
Grimble GK, Payne-James JJ, Cahill E,
Silk DBA., 1994. Jejunal absorption of
omithine and a-ketoglutarate in man.
Gastroenterology In press

Grimble GK, Preedy V, Garlick P, Silk
DBA. 1989. Trophic effects of dietary
peptides on the rat intestinal tract. J.
Parenter. Enter. Nwtr. 13(Suppl.):6S
(Abstr.)

Grimble GK, Raimundo AH, Rees RG,
Hunjan MK, Silk DBA. 1988. Parenteral
utilisation of a purified short-chain en-
zymic hydrolysate of ovalbuminin man.
J. Parenter. Enter. Nutr. 12(Suppl.):15S
(Abstr.)

Grimble GK, Raimundo AH, Rees RG,
Mofokeng ER, Desreumaux S, et al.
1994. Influence of peptide chain-length
of casein hydrolysates on water, elec-
trolyte and glucose absorption from en-
teral diets in the perfused human jeju-
num. Gastroenterology In press
Grimble GK, Rees RG, Keohane PP,
Cartwright T, Desreumaux M, et al.
1987. effect of peptide chain-length
on absorption of egg-protein hydroly-
sates in the normal human jejunum.
Gastroenterology 92:136-42

Grimble GK, Silk DBA. 1989. Peptides
111(1) l;uman nutrition. Nutr. Res. Rev. 2:87—
Grimble GK, Silk DBA. 1990. Intrave-
nous protein hydrolysates—time to turn
the clock back? Clin. Nutr. 9:39-41
Grimble GK, Wennberg AK, Magnus-
son K, Aimer PC, Morms P, et al. 1992.



Annu. Rev. Nutr. 1994.14:419-447. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

442

86.

87.

88.

89.

91.

92.

93.

94,

95.

96.

GRIMBLE

Growth, nitrogen retention and peptidu-
ria in TPN-fed rats receiving short-chain
protein hydrolysates. Proc. Nutr. Soc.
51:112A (Abstr.)

Grimble RF, Jackson AA, Persaud C,
Wride MJ, Delers F, et al. 1992. Cys-
teine and glycine supplementation mod-
ulate the metabolic response to tumor
necrosis factor alpha in rats fed a low
protein diet. J. Nutr. 122:2066-73
Hammargvist F, Wemnerman J, Ali R,
von der Decken A, Vinnars E. 1989.
Addition of glutamine to total parenteral
nutrition after elective abdominal sur-
gery spares free glutamine in muscle,
counteracts the fall in muscle protein
synthesis, and improves nitrogen bal-
ance. Ann. Surg. 209:455-61
Hammargyvist F, Wemnerman J, Vinnars
E. 1989. Alpha-ketoglutarate added to
post-operative total parenteral nutrition
mmproves nitrogen balance and reduces
the loss of free glutamine in skeletal
muscle. J. Parenter. Enter. Nutr. 13
(Suppl.):6S (Abstr.)

Hammargvist F, Wemerman J, von der
Decken A, Vinnars E. 1990. Alanyl-glu-
tamine counteracts the depletion of
glutamine and the postoperative decline
in protein synthesis in skeletal muscle.
Ann. Surg. 212:637-44

Hardy G, Wiggins P, Aimer P, Grimble
G, McElroy B. 1992. The effect of tem-
perature on glutamine-containing TPN
mixtures. Clin. Nwr. 11(Suppl.):73
(Abstr.)

Hegarty JE, Fairclough PD, Clark ML,
Dawson AM. 1981. Jejunal water and
electrolyte secretion induced by L-argi-
nine in man. Gur 22:108-13

Heird WC, Dell RB, Driscoll M Jr,
Grebin B, Winters RW. 1972. Metabolic
acidosis resulting from intravenous ali-
mentation mixtures containing synthetic
amino acids. New Engl. J. Med. 287:
94348

Heird WC, Driscoll JM Jr, Schullinger
JN, Grebin B, Winters RW. 1972. In-
travenous alimentation in pediatric pa-
tients. J. Pediatr. 80:351-72

Heird WC, Hay W, Helms RA, Storm
MC, Kashyap S, et al. 1988. Pediatric
parenteral amino acid mixture in low
lsai(;'th weight infants. Pediatrics 81:41-

Helms RA, Christensen ML, Mauer EC,
Storm MC. 1987. Comparison of a pe-
diatric versus standard amino acid g -
mulation in preterm neonates requiring
parenteral nutrition. J. Pediatr. 110:466—
70

Horibe K. 1987. Studies on the absorp-
tion of elemental diets containing “small

97.

98.

99.

100.

101.

102.

103.

104,

105.

106.

107.

108.

ptides” as a nitrogen source. Nippon
%eeka Gakkai Zassh% 88:808-15 (From
Japanese)
Hubl W, Druml W, Langer K, Lochs
H. 1989. Influence of molecular struc-
ture and plasma hydrolysis on the me-
tabolism of glutamine-containi d;_bp-
tides in humans, Metabolism 38:59-62
Hueckel HJ, Rogers QR. 1970. Urinary
excretion of hydroxyproline-containing
peptides in man, rat, hamster, dog and
monkey after feeding gelatin. Comp.
Biochem. Physiol. A 32:7-16
Hwang TL, O’'Dwyer ST, Smith RJ,
Wilmore DW. 1986. Preservation of the
small bowel mucosa using glutamine-
enriched parenteral nutrition. Surg.
Forum 37:56-58
Hyltander A, Arfvidsson B, Komer U,
Sandstrom R, Lundholm K. 1993. Met-
abolic rate and nitrogen balance in pa-
tients receiving bolus intermittent total
parenteral nutrition infusion. J. Paren-
ter. Enter. Nutr. 17:158-64
Inoue Y, Grant JP, Snyder PJ. 1993.
Effect of glutamine-supplemented intra-
venous nutrition on survival after Es-
cherichia coli-induced peritonitis. J.
Parenter. Enter. Nutr. 17:41-46
Itoh H, Kishi T, Chibata I. 1973. Com-
parative effects of casein and amino acid
mixture simulating casein on growth and
food intake in rats. J. Nutr. 103:1709-15
Jepson MM, Bates PC, Broadbent P,
Pell JM, Millward DJ. 1988. Relation-
ship between glutamine concentration
and protein synthesis in rat skeletal mus-
cle. Am. J. Physiol. 255:E166-E172
Jonxis JHP, Huisman THIJ. 1957. Ex-
cretion of amino acids in free and bound
form during intravenous administration
of ggtein ydrolysates. Metabolism 6:
175-81

Kaplan B, Gotfried M, Cojocaru M, Pras
M, Ravid M. 1989. Bound amino acids
in uremic sera: search for peptidic mid-
dle molecules by mpmﬁ;/:dpolyacwl-
amide gel electrophoresis high per-
formance liquid chromatograpby. Clin.
Chim. Acta 185:119-30

Karatzas T, S, Tsoni I, Pana-
gopoulos K, Spihopolou I, et al. 1991.
Effect of glutamine on intestinal muco-
sal integrity and bacterial translocation
after abdominal radiation. Clin. Nutr.
10:199-205

Kemen M, Homann H-H, Mumme A,
Zumtobel V. 1991. Is intact protein su-
perior for post-operative enteral nutri-
tion than hydrolysed protein? Clin. Nutr.
10(Suppl.):37 (Abstr.)

Kenny AJ, Maroux S. 1982. Topology
of microvillar membrane hydrolases of



Annu. Rev. Nutr. 1994.14:419-447. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

109.

110.

111.

112

113.

114.

115.

116.

117.

118.

119.

120.

PEPTIDES IN CLINICAL NUTRITION 443

;ildnlezy8 and intestine. Physiol. Rev. 62:
Khan K, Hardy G, McElroy B, Elia M.
1991, The stability of L-glutaraine in
total parenteral nutrition solutions. Clin.
Nutr. 10:193-98
Kilara A. 1985. Enzyme-modified
tein food ingredients. Process Biochem.
20:149-57
Knej MA, Sands JM, Chou CL.
1989. Independence of urea and water
transport in rat inner medullary collect-
ing duct. Am. J. Physiol. 256:F610-F621
Knights RJ. 1984. Processing and eval-
uation of the antigenicity of protein hy-
drolysates. In Nutrition ]gr Special
Needs in Infancy: Protein Hydrolysates,
ed. F Lifshitz, pp. 105-15. New York:
Marcel Dekker
Kobayashi NH, King JC. 1977. Com-
gatibility of common additives in protein
ydrolysate/dextrose solutions. Am. J.
Hosp. Pharm. 34:589-94
Kramer W. 1987. Identification of iden-
tical binding polypeptides for cephalo-
sporins and dipeptides in intestinal
brush-bordermembrane vesicles by pho-
toaffinity labeling. Biochim. Biophys.
Acta 905:65-74
Kramer W, Dechent C, Girbig F, Gutjahr
U, Neubauer H. 1990. Intestinal uptake
of dipeptides and f-lactam antibiotics.
L. The intestinal uptake system for di-
peptides and B-lactam antibiotics is not
part of a brush border membrane pep-
tiga . Biochim. Biophys. Acta 1030:41-
4
Kramer W, Girbig F, Gutjahr U,
Kowalewski S, Adam F, et al. 1992.
Intestinal absorption of B-lactam antibi-
otics and oligopeptides. Functional and
stereospecific reconstitution of the
oligopeptide transport system from rab-
bit small intestine. Eur. J. Biochem.
204:923-30
Kramer W, Girbig F, Leipe I, Petzoldt
E. 1988. Direct photoaffinity labelling
of binding proteins for B-lactam antibi-
otics in rabbit intestinal brush border
membranes with [3H]benzylpenicillin.
Biochem. Pharmacol. 37:2427-35
Laker MF, Menzies IS. 1977. Increase
in human intestinal permeabilit follow-
ing ingestion of hypertonic solutions. J.
Physiol. 265:881-94
Leander U, Furst P, Vesterberg K,
Vinnars E. 1985. Nitrogen sparing ef-
fect of omicetil® in the immediate
postoperative state: clinical biochemis-
try and nitrogen balance. Clin. Nutr.
4:43-51
Lemieux L, Amiot J. 1989. Application
of reversed-phase high-performance lig-

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

uid chromato; y to the separation of
peptides fliotr:d p phorylggd and de-
phosphorylated casein hydrolysates. J.
Chromatogr. 473:189-206 .
Levenson SM, Smith Hopkins B, Wald-
ron M, Canham JE, Seifter E. 1984.
Early history of parenteral nutrition.
Fed. Proc. 43:1391-406

Lidstrom F, Wretlind KAJ. 1952. The
effect of intravenous administration of
a dialysed, enzymic casein hydrolysate
(aminosol) on the serum concentration
and on the uni excretion of amino
acids. Scand. J. Clin. Lab. Invest.4:167-
78

Lochs H, Hubl W, Gasic S, Roth E,
Morse EL, et al. 1992. Glycylglutamine:
metabolism and effects on organ bal-
ances of amino acids in postabsorptive
amd starved subjects. Am. J. Physiol.
262:E155-E160

Lochs H, Morse EL, Adibi SA. 1986.
Mechanism of hepatic assimilation of
dipeptides. Transport versus hydrolysis.
7. 5B0l, Chem. 261:14976-81 ydroly
Lochs H, Roth E, Gasic S, Hubl W,
Morse EL, et al. 1990. Splanchnic, renal
and muscle clearance of alanylglutamine
in man and organ fluxes of alanine and
glutamine when infused in free and pep-
tide forms. Mesabolism 39:833-36
Magnusson I, Ekman L, Wangdahl M,
Wahren J. 1989. N-acetyl-L-tyrosine
and N-acetyl-L-cysteine as tyrosine and
cysteine precursors during intravenous
infusion in humans. Metabolism38:957-
61

Magnusson I, Kihlberg R, Alvestrand
A, Wemerman J, Elaman L, et al. 1989.
Utilization of intravenously adminis-
tered N-acetyl-L-glutamine in humans.
Metabolism 38(Suppl.):82-88
Marcuard SP, Perlans AM. 1988. Clog-
ging of feeding tubes. J. Parenter. Enter.
Nutr, 12:403-5

Matthews DM. 1991. Protein Absorp-
tion: Development and Present State of
the Subject, pp. 355-57. New York:
Wiley-Liss

Matthews DM, Burston D. 1983. Uptake
of L-leucyl-L-leucine and glycylsarco-
sine by hamster jejunum in vitro. Clin.
Sci. 65:177-84

Matthews DM, Payne JW, eds. 1975.
Occurrence and biological activities of
peptides. In Peptide Transport in Pro-
tein Nutrition, pp. 392—463. Amsterdam:
North-Holl:

McIntyre PB, Fitchew M, Lennard-
Jones JE. 1986. Patients with a high
ileostomy do not need a special diet.
Gastroenterology 91:25-33

McKechan WL. 1982. Glycolysis,



Annu. Rev. Nutr. 1994.14:419-447. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

444

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

14S.

GRIMBLE

glutaminolysis and cell proliferation.
Cell Biol. Int. Rep. 6:63549
Meister A. 1988. Glutathione metabo-
lism and its selective modification. J.
Biol. Chem. 263:17205-8
Meister A, Tate SS, Thompson GA.
1977. On the function of the y-glutamyl
cycle in the transport of amino acids
and peptides. In Pepride Transport and
Hydrolysis. Ciba Foundation Sympo-
sium 50 (new series), eds. K Elliot, M
O’Connor, pp. 123-43. Amsterdam:
Elsevier
Meredith JW, Ditesheim JA, Zaloga GP.
1990. Visceral protein levels in trauma
patients are greater with peptide diet
than with intact protein diet. J. Trauma
30:825-28
Milliner DS. 1990. Cystinuria. En-
docrinol. Metab. Clin. North Am. 19:
889-907
Millward DJ, Jackson AA, Price G, Riv-
ers JPW. 1989. Human amino acid and
protein requirements: current dilemmas
gnd uncertainties. Nutr. Res. Rev. 2:109-
2
Miyamoto Y, Ganapathy V, Barlas A,
Neubert K, Barth A, et al. 1987. Role
of dipeptidyl peptidase IV in uptake of
peptide nitrogen from B-casomorphin in
rabbit renal BBMV. Am. J. Physiol.
252:F670-F677
Monchi M, Rérat A. 1993, Comparison
of net protein utilization of milk protein
mild enzymatic hydrolysates and free
amino acid mixtures with a close pattern
in the rat. J. Parenter. Enter. Nutr. 17:
355-63
Monter B, Herzog B, Stehle P, Furst P.
1991. Kinetically controlled synthesis of
dipeptides using ficin as biocatalyst.
Biotechnol. Appl. Biochem. 14:183-91
Moriarty KJ, Hegarty JE, Fairclough
PD, Kelly MJ, Clark ML, et al. 198S.
Relative nutritional value of whole pro-
tein, hydrolysed protein and free amino
acids in man. Gut 26:694-99
Mowatt-Larssen CA, Brown RO,
Wojtysiak SL, Kudsk KA. 1992. Com-
parison of tolerance and nutritional out-
come between a peptide and a standard
enteral formula 1n crisically ill, hypo-
albuminemic patients. J. Parenter.
Enter. Nutr. 16:20-24
Nakajima H, Kitabatake S, Tsurutani R,
Yamamoto K, Tomioka I, et al. 1986.
Dipeptide synthesis catalyzed by amino-
acyl-tRNA synthetases from Bacillus
stearothermophilus. Int. J. Pept. Protein
Res. 28:179-85
Neuhauser M, Grotz KA, Wandira JA,
Bassler KH, Langer K. 1986. Utilization
of methionine and N-acetyl-L-cysteine

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

during long-term parenteral nutrition in
the growing rat. Metabolism 35:869-73
Neuhauser-Berthold M, Wirth S, Hell-
mann U, Bassler KH. 1988. Utilisation
of N-acetyl-L-glutamine during long-
term parenteral nutrition in growing rats:
significance of glutamine for weight and
nitrogen balance. Clin. Nutr. 7:145-50
Neurath H. 1989. The diversity of pro-
teolytic eazymes. In Proteolytic En-
gymes: A Practical Approach, eds. RJ
lﬁgnon, JS Bond, pp. 1-13. Oxford:

Newey H, Smyth DH. 1962. Cellular
mechanisms in intestinal transfer of
amino acids. J. Physiol. 164:527-51
Newsholme EA, Parry-Billings M.
1990. Properties of glutamine release
from muscle and its importance for the
immune system. J. Parenter. Enter.
Nutr. 14(Suppl.):63S-67S

Newton P. 1991. High perfonnance lig-
uid chromatography and the mystery of
L-tryptophan. LC,GC Int. 4:24-28
Nicholson JA, Peters TJ. 1978. Subcel-
lular distribution of hydrolase activities
for glycine and leucine homopeptides in
human jejunum. Clin. Sci. Mol. Med.
54:205-7

Nicholson JA, Peters TJ. 1979. Subcel-
lular localisation of peptidase activity in
the human jejunum. Eur. J. Clin. Invest.
9:349-54

Noguchi T, Nam TJ, Kato H, Naito H.
1988. Further studies on the nutritional
factors affecting the urinary excretion
of acid-soluble peptides in rats. Br. J.
Nutr. 60:321-37

Pappenheimer JR. 1990. Paracellular in-
testinal absorption of glucose, creati-
nine, and mannitol in normal animals:
relation to body size. Am. J. Physiol.
259:G290-G299

Payne-James JJ, de Gara CJ, Grimble
GK, Doherty J, Rana S, et al. 1990.
Nutritional support in hospitals in the
United Kingdom: national survey.
Health Trends 10:9-13

Payne-James JJ, de Gara CJ, Grimble
GK, Doherty J, Rana S, et al. 1992,
Artificial nutrition support in hospitals
in the United Kingdom. Clin. Nutr. 11:
187-93

Payne-James JJ, Khawaja HT. 1993.
First choice for total parenteral nutrition:
the peripheral route. J. Parenter. Enter.
Nutr. 17:468-78

Peaston MJT. 1968. A comparison of
hydrolysed L- and synthesised DL-
amino acids for complete parenteral nu-
trition. Clin. Pharmacol. Ther. 9:61-66
Pemrin DD. 1972. Dissociation Con-
stants of Organic Bases in Aqueous So-



Annu. Rev. Nutr. 1994.14:419-447. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

PEPTIDES INCLINICAL NUTRITION 445

lution: Supplement 1972 London: But-
terworth

Petersson B, Vinnars E, Waller S-O,
Wemerman J. 1992. Long-term changes
in muscle free amino acid levels after
elective surgery. Br. J. Surg. 79:212-16
Petersson B, Wernerman J, Waller S-O,
von der Decken A, Vinnars E. 1990.
Elective abdominal surgery depresses
muscle protein synthesis and increases
subjective fatigue: effects lassing more
than 30 days. Br. J. Surg. 77:796-800
Pollack L, Stehle P, Albers S, Furst P.
1989, A cystine-containing short-chain
peptide as a potential cystine source for
parenteral nutrition. Z. Emdhr.wiss. 28:
191-200

Rabkin R, Kitaji J. 1983. Renal metab-
olism of peptide hormones. Miner. Elec-
trolyte Metab. 9:212-26

Radmacher PG, Hilton MA, Hilton FK,
Duncan SD, Adamhin DH. 1993. Use
of the soluble peptide y-L-glutamyl-L-
tyrosine to provide tyrosine in total par-
enteral nutrition. J. Parenter. Enter.
Nutr. 17:337-44

Raghunath M, Morse EL, Adibi SA.
1990. Mechanism of clearance of dipep-
tides by perfused hindquarters: sarco-
lemmal hydrolysis of peptides. Am. J.
Physiol. 259:EA63-E469

Raimundo AH, Rogers J, Grimble G,
Cahill E, Silk DBA. 1988. Colonic in-
flow and small bowel motility during
intraduodenal enteral nutrition. Gut 29:
A1469-A1470 (Abstr.)

Rees RG, Grimble GK, Halliday D, Ford
C, Silk DBA. 1988. Influence of orally
administered amino acids and peptides
on protein tunover kinetics in the short
bowel syndrome. Gut 28:A1397 (Abstr.)
Rees RGP, Hare WR, Grimble GK,
Frost PG, Silk DBA. 1992. Do patients
with moderately impaired gastrointesti-
nal function requiring enteral nutrition
need a predigested mitrogen source? A
prospective crossover controlled clinical
trial. Guz 33:877-81

Rerat A, Simoes-Nunes C, Mendy F,
Roger L. 1988. Amino acid absorption
and production of pancreatic hormones
in non-anaesthetised pigs after duodenal
infusions of a milk enzymic hydrolysate
or of free amino acids. Br. J. Nutr.
60:121-36

Roth E, Zoch G, Schulz F, Kamer J,
Muhlbacher F, et al. 1985. Amino acid
concentrations in plasma and skeletal
muscle of patients with acute hemor-
rhagic necroszing pancreatitis. Clin.
Chem. 31:1305-9

Rothenbuhler E, Waibel R, Solms J.
1979. An improved method for the sep-

172.

173,

174

175.
176.

177.

178.

179.

180.

181.

182.

183.

184.

aration of peptides and a-amino acids
on copper sephadex. Anal. Biochem.
97:367-75

Seal CJ, Parker DS. 1991. Isolation and
characterization of circulating low mo-
lecular weight peptides in steer, s}(l)t;ﬂ:
and rat portal and peripheral blood.
Comp. Biochem. Physiol. B 99:679-85
Siemensma AD, Weijer WJ, Bak HJ.
1993. The importance of peptide chain
lengths in hypoallergenic infant for-
msu_l;e Trends Food Sci. Technol. 4:
16-21

Silbernagl S. 1981, Renal transport of
amino acids and oligopeptides. In Renal
Transport of Organic Substances, ed. R
Greger, F g, S Silbernagl, pp. 93-
117. Berlin: Springer-Verlag

Silk DBA. 1974, Progress report: pep-
tide absorption in man. Gut 15:494-501
Silk DBA, Chung YC, Berger KL, Con-
ley K, Beigler M, et al. 1979. Compar-
ison of oral feeding of peptide and amino
acid meals to normal human subjects.
Gut 20:291-99

Silk DBA, Fairclough PD, Clark ML,
Hegarty JE, Marrs TC, et al. 1980. Uses
of a peptide rather than a free amino
acid nitrogen source in chemically de-
fined elemental diets. J. Parenter. Enter.
Nutr. 4:548-53

Silk DBA, Grimble GK. 1993. Physiol-
ogy of nutrient absorption: relevance to
formulation of predigested chemically
defined formula diets. In Uses of Ele-
mental Diets in Clinical Situations, ed.
G Bounos, pp. 31-59. Boca Raton: CRC
Silk DBA, Perrett D, Clark ML. 1975.
Jejeunal and ileal absorption of dibasic
amino acids and an arginine containing
dipeptide in cystinuria. Gastroenterol-
ogy 68:1426-32

Souba WW, Scott TE, Wilmore DW.
198S5. Intsstinal consumption of intrave-
nously administered fuels. J. Parenter.
Enter. Nutr. 9:18-22

Spiller RC, Jones BIM, Silk DBA. 1986.
Jejunal water and electrolyte absorption
from two proprietary enteral feeds in
man: importance of sodium content. Gut
28:681-87

Stark H, Van Bree JB, de Boer AG,
Jaehde U, Breimer DD. 1992. In vitro
penetration of des-tyrosinel-D-phenyl-
alanine3-B-casomorphin  across the
blood-brain barrier. Peptides 13:47-51
Stegink LD. 1977. Peptides in parenteral
nutrition. In Clinical Nutrition Update:
Amino Acids, eds. HL Green, MA Holli-
day, HN Munro, pp. 192-98. Chicago:
Am, Med. Assoc.

Stegink LD, Baker GL. 1971. Infusion
of protein hydrolysates in the newborn



Annu. Rev. Nutr. 1994.14:419-447. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

446

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

GRIMBLE

infant: plasma amino acid concentra-
tions. J. Pediatr. 78:595-602

Stegink LD, Freeman JB, DenBesten L,
Filer LJ Jr. 1981. Maillard reaction prod-
ucts in parenteral nutrition. In Maillard
Reactions in Food: Chemical, Physio-
logical and Technological Aspects
(Progress in Food and Nutrition Sci-
ence), ed. C Ericksson, 5:265-78. Ox-
ford: Pergamon

Stehle P. 1988. Bedarfsgerechte Bereit-
stellung von kurzkettigen Peptiden—
eine Voraussetzung fiir deren Einsatz in
der kunstlichen Emahrung. Infus.ther.
Klin. Erahr. 15:27-32

Stehle P, Albers S, Pollack L, Furst P.
1988. In vivo udlization of cystine-con-
taining synthetic short-chain peptides
after intravenous bolus injection in the
rat. J. Nutr. 118:1470-74

Stehle P, Furst P. 1987. The occurrence
of neurotoxic pyroglutamic acid in par-
enteral amino acid solutions. Specific
determination by means of capillary
isotachophoresis. Clin. Chim. Acta 169:
323-28

Stehle P, Furst P. 1990. In vitro hy-
drolysis of glutamine-, tyrosine- and
cystine-containing short-chain peptides.
Clin. Nutr. 9:37-38

Stehle P, Kuhne B, Kubin W, Furst P,
Pfaender P. 1982. Synthesis and char-
acterisation of tyrosine- and glutamine-
containing peptdes. J. Appl. Biochem.
4:280-86

Stehle P, Pfaender P, Furst P. 1984.
Isotachophoretic analysis of a synthet-
ic dipe'ptide L-alangl-L—glutamine: evi-
dence for stability during heat sterilisa-
tion. J. Chromatogr. 294:507-12
Stehle P, Ratz I, Furst P. 1989. In vivo
utilization of intravenously supplied L-
alanyl-L-glutamine in various tissues of
the rat. Nutrition 5:411-15

Stehle P, Ratz I, Furst P. 1991. Whole-
body autoradiography in the rat after
intravenous bolus injection of L-alanyl-
L-{U-14C)-glutamine. Ann. Nutr. Metab.
35:213-20

Stehle P, Zander J, Mertes N, Albers S,
Puchstein Ch, et al. 1989. Effect of
parenteral glutamine peptide supple-
ments on muscle glutamine loss and
nitrogen balance r major surgery.
Lancet 1:231-33

Steinhardt HJ, Paleos GA, Brandl M,
Fekl WL, Adibi SA. 1984. Efficacy of
a synthetic dipeptide mixture as the
source of amino acids for total parenteral
nutrition in a subhuman primate (ba-
boon). Gastroenterology 86:1562—69
Steinhardt HJ, Wolf A, Jakober B,
Schmuelling RM, Langer K, et al. 1989.

197.

198.

199.

200.

201

202.

203.

20S.

206.

208.

209.

Nitrogen absorption in pancreatecto-
mised patients: peotein versus protein
hydrolysate as substrate. J. Lab. Clin.
Med. 113:162-67

Steininger R, Kamer J, Roth E, Langer
K. 1989. Infusion of dipeptides as nu-
tritional substrates for glutamine, tyro-
sine, and branched-chain aminoacids in
patients with acute pancreatitis. Metab-
olism 38:78-81

Szewczuk A, Kwiatkowska J. 1970.
Pyrrolidonyl peptidase in animal, plant
and human tissues: occurrence and some
properties of the enzyme. Eur. J. Bio-
chem. 15:92-96

Szondy Z, Newsholme EA. 1990. The
effect of various concentrations of nucle-
obases, nucleosides or glutamine on the
incorporation of [*Hjthymidine into
DNA inrat mesenteric-lymph-node lym-
phocytes stimulated by phytohaemag-
glutinin. Biochem. J. 270:437—-40
Tobey N, Heizer W, Yeh R, Huang TI,
Hoffner C. 1985. Human intestinal
brush-border peptidases. Gastroenterol-
ogy 88:913-26

Toloza EM, Lam M, Diamond J. 1991.
Nutrient extraction by cold-exposed
mice: a test of digestive safety margins.
Am. J. Physiol. 261:G608—-G620
Tremel H, Kienle B, Weilmann LS,
Abele R, Fichtl B, etal. 1992. Glutamine
dipeptide supplemented TPN maintains
intestinal function in critically ill. Clin.
Nutr. 11(Suppl):25 (Abstr.)

Tumer JS, Fyfe AR, Kaplan DK,
Wardlaw AJ. 1991. Oesophageal ob-
struction during nasogastric feeding. In-
tensive Care Med. 17:302-3

Tweedle D. 1975. Intravenous amino
acid solutions. Br.J. Hosp. Med. 15:81-

92

Tweedle DEF, Spivey J, Johnston IDA.
1973. Choice of intravenous amino acid
solutions for use after surgical operation.
Metabolism 22:173-18

USP. 1980. Protein hydrolysates for in-
jection. In United States Pharma-
copaeia: Twentieth Revision, pp. 911-
12. Rockville: US Pharmacopeial Conv.
Inc,

van der Hulst RR, van Kreel BK, von
Meyenfeldt MF, Brummer RJ, Arends
JW, et al. 1993. Glutamine and the
preservation of gut integrity. Lancet 341:
1363-65 ,

Vasile'v PS, Suzdaleva VV. 1978. Prep-
arations for parenteral protein nutrition
and their significance in medicine. Sov.
Med. 2:91-93

Vesterberg K, Vinnars E, Leander U,
Furst P. 1987. Nitrogen sparing effect
of ornicetil in the immediate post-oper-



Annu. Rev. Nutr. 1994.14:419-447. Downloaded from www.annualreviews.org
by RENSSELAER POLY TECHNIC INSTITUTE on 01/04/12. For personal use only.

210.

211.

212,

213.

214.

215.

216.

217.

PEPTIDES IN CLINICAL NUTRITION 447

ative state: plasma and muscle amino
acids. Clin. Nutr. 6:213-19

Viall C, Porcelli K, Teran JC, Varma
RN, Steffee WP. 1990. A double-blind
clinical trial comparing the gastrointes-
tinal side effects of two enteral feeding
formulas. J. Parenter. Enter. Nutr. 14:
26569

Webb KEJ, Matthews JC, DiRienzo DB.
1992. Peptide al tion: a review of
current concepts and future perspectives.
J. Anim. Sci, 70:3248-57

Wemerman J, H vist F, Vinnars
E. 1990. a-ketoglutarate and post-oper-
ative muscle catabolism. Lancer 335:
701-3

Wemerman J, Hammargvist F, von der
Decken A, Vinnars E. 1987. Omithine
o-ketoglutarate improves skeletal mus-
cle protein synthesis as assessed by ri-
bosome analysis and nitrogen use after
surgery. Ann. Surg. 206:674-78
Wemerman J, von der Decken A,
Vinnars E. 1986. Protein synthesis in
skeletal muscle in relation to nitrogen
balance after abdominal surgery: the ef-
fect of total parenteral nutrition. J.
Parenter. Enter. Nutr. 10:578-82
Weser E, Sleisenger MH. 1967. Metab-
olism of circulating disaccharides in man
and the rat. J. Clin. Invest. 46:499-505
Westfall UE, Heitkemper MM. 1992.
Systemic responses to different enteral
feeding schedules in rats. Nurs. Res.
41:144-50

Williamson JM, Boettcher B, Meister

218.

219.

220.

221.

222

223.

A. 1982. Intracellular cysteine delivery
system that protects against toxicity by
promoting glutathione synthesis. Proc.
Natl. Acad. Sci. USA 79:624649
Windmueller HG. 1982. Glutamine uti-
lization by the small intestine. Adv. En-
Zymol. 53:201-37

Winters RW, Heird WC, Dell RB. 1984.
History of parenteral nutrition in pedi-
atrics with emphasis on amino acids.
Fed. Proc, 43:1407-11

Yamamoto T, Yoshimura S, Sasamori
Y, Sakamoto T, Ogino M, et al. 1992.
Analysis of urinary protein by immuno-
blot method using unconcentrated urine
in preeclampsia. Asian Ocean. J. Obstet.
Gynaecol. 18:177-85

Young LS, ByeR, Scheltinga M, Ziegler
TR, Jacobs DO, et al. 1993. Patients
receiving glutamine-supplemented intra-
venous feedings report an improvement
in mood. J. Parenter. Enter. Nutr. 17:
422-27

Ziegler F, Ollivier JM, Cynober L,
Masini JP, Coudray-Lucas C, et al.
1990. Efficiency of enteral nitrogen
support in surgical patients: small pep-
tides vs. non-degraded proteins. Gut
31:1277-83

Ziegler TR, Young LS, Benfell K,
Scheltinga M, Hortos K, et al. 1992.
Clinical and metabolic efficacy of glu-
tamine-supplemented parenteral nutri-
tion after bone marrow transplantation.
A randomised, double-blind, controlled
study. Ann. Intern. Med. 116:821-28



	Annual Reviews Online
	Search Annual Reviews
	Annual Review of Nutrition Online
	Most Downloaded Nutrition Reviews
	Most Cited Nutrition Reviews
	Annual Review of Nutrition Errata
	View Current Editorial Committee


	ar: 
	logo: 



