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In this study, we compared the intestinal absorption from di#erent sources with the same amino acid

composition (protein, peptide, and amino acid mixture) by measuring changes in serum concentrations of

various amino acids. Peptides used in this study were prepared by enzymatic digestion of ++S globulin (a

major component of soy protein). Twelve normal male adults were asked to drink beverages containing

+,./ g of the test sample, representing /� suspension of each of the following three di#erent preparations :

++S globulin, ++S peptide, and an amino acid mixture of equivalent composition. Venous blood samples

were collected from * to +2* min to measure free amino acid concentrations. The early slope of serum

concentrations and values of area under the curves for each amino acid calculated from changes in serum

amino acid concentrations were significantly greater for ++S peptide than for either ++S globulin or the

amino acid mixture. This trend was especially remarkable for branched-chain amino acids and aromatic

amino acids. Our results suggest that the ingestion of hydrolyzed soy protein results in faster and more

e$cient absorption than the consumption of protein or amino acid mixtures in healthy adult men.

Keywords : soy protein, ++S globulin, peptide absorption, protein hydrolysates, amino acid absorption

Abbreviations : BCAAs : branched-chain amino acids, HMF : high molecular-weight fraction, LSD : least significant

di#erence

Introduction
Previous studies have shown that dipeptides and tri-

peptides are absorbed more rapidly than free amino acid

mixtures of equivalent composition in the intestinal tract.

The rapid absorption of small peptides compared to

amino acids is mainly due to the di#erences in the absorp-

tion system in the intestinal tract (Adibi and Soleimanp-

our, +31., Minami et al., +33,). Absorption of free amino

acids in the intestinal tract is achieved using a substrate-

specific amino acid transport system located in the brush

border membrane of the small intestinal cells (Ganapathy

et al., +33.). Amino acid transporters are broadly classi-

fied into neutral amino acid transport systems, basic

amino acid transport systems, and acidic amino acid

transport systems, and competition sometimes occurs

during transportation of amino acids that rely on trans-

port systems in the same group.

On the other hand, both dipeptides and tripeptides are

absorbed by small intestinal cells in peptide form using

the peptide transport system of the brush border mem-

brane, and then hydrolyzed into amino acids by in-

tracellular peptidases (Adibi, +331). Peptide transporters

have low substrate selectivity, and thus the peptide trans-

port system in the small intestine is an ideal transport

system because it uniformly absorbs many types of

amino acids (Abe et al., +321). Moreover, the peptide

transport system is relatively una#ected, compared with

the absorption of free amino acids in the small intestine

that is strongly influenced by congenital abnormalities

and mucosal damage a#ecting the transport system.

Known congenital abnormalities in the amino acid trans-

port system include Hartnup disorder (Levy, +33/),

cystinuria (Segal and Their, +33/), lysine urinary protein

intolerance (Rajantie et al., +32* ; Simell, +33/), and celiac

disease, in which the absorption of amino acids is reduced

due to damage of the small intestine mucosa (Adibi et al.,
+31. ; Tanaka et al., +332). In comparison, the peptide

transport system in these patients remains normal. Ad-

ditionally, it has recently been reported that expression of

the peptide transporter PepT+ is induced in patients with

short bowel syndrome (Ziegler et al., ,**,). It is known

that most of the contents of the small intestinal lumen

after ingestion of protein-containing test foods are pep-

tides rather than free amino acids (Adibi and Mercer,

+31-). This suggests that the peptide transport system

plays a major role in the absorption of protein digestive

products.
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The nutritional value of a peptide mixture is dependent

not only on its rapid absorption but also on its balance of

amino acids. Therefore, absorption comparison studies

have been conducted using peptide mixtures prepared by

enzymatically digesting food proteins of ideal amino acid

balance and amino acid mixtures with an equivalent com-

position (Crampton et al., +31+ ; Hara et al., +32. ; Imondi

and Stradley, +31. ; Nakabou et al., +33*). However, when

food proteins are degraded by enzymes, the resultant

peptides contain various residues. That is, high molecu-

lar weight peptides as well as dipeptides and tripeptides

may be present based on the degree of digestion. The

peptide mixtures prepared by enzymatic hydrolysis of

the food protein that have been used in previous studies

have not always been as adequate as products used in

absorption comparative studies of protein or amino acid

mixtures. For example, the free amino acid content was

excessively high (Hegarty et al., +32, ; Silk et al., +31/), and

it is possible that the molecular weight distribution of the

peptides has not been researched thoroughly. Although

some reports evaluated peptide absorption using an intes-

tinal perfusion technique in humans (Silk et al., +31-), to

our knowledge, there is no report that strictly evaluated

changes in amino acid concentration in the blood.

Soybean protein as a protein source has a good balance

of essential amino acids and is readily available. It is

reported that the nutritional value of soybean protein is

equal to that of animal protein (Young et al., +32. ; Henly

and Kuster, +33.). In this study, we used ++S globulin

(glycinin), one of the major components of soy protein, for

the preparation of peptides.

First, we determined the molecular weight distribution

of the peptides used by gel filtration analysis and pre-

pared hydrolysates from food proteins rich in dipeptides

and tripeptides. Most peptides used had a molecular

weight of �/** Da, and a free amino acid content of no

more than +*�. In the next step, we evaluated the ab-

sorption e$ciency of proteins, peptides, and amino acid

mixtures of identical amino acid compositions by measur-

ing changes in amino acid concentrations in the venous

blood of normal adult subjects.

Materials and Methods

Preparation of ++S peptide Soy ++S globulin was

purified using the method reported by Nagano et al. (+33,),

then sterilized at +-*�C for ,* s. Total nitrogen was deter-

mined by the Kjeldahl method using a Kjeltec Auto ,.**

Analyzer (FOSS Tecator, Sweden). Dry matter was de-

termined by drying to a constant weight in a forced air

oven at 3/�C. Soy ++S peptide was prepared by hydrolyz-

ing ++S globulin with food-processing proteases. Soy ++

S globulin was dissolved in commercial drinking water

(2* g/L). Three types of bacterial proteases derived from

Bacillus sp. and Aspergillus sp., were used sequentially at

/2�C under optimal pH. The enzymes used were Ther-

moase (Daiwa Kasei, Shiga, Japan), Bioprase (Nagase

Chemtex Co., Osaka, Japan) and Sumizyme FP (Shin

Nihon Chemical Co., Aichi, Japan). The reaction was

stopped by heating to 3*�C. The molecular weights of

the ++S peptide were calculated using a modification of

the method described by Mabuchi and Nakahashi (+32+).

Two gel filtration columns with di#erent fractionation

ranges, Superdex 1/ +*/-** GL followed by Superdex Pep-

tide 1.//-** GL, (Amersham Biosciences, Piscataway, NJ),

were joined in sequence. Analyses were performed

using a mobile phase of +* mM sodium phosphate bu#er

(pH 2.*) containing +� (w/w) sodium dodecyl sulfate

(SDS) at a flow-rate of *.,/ ml/min. Eluted peptides were

detected by absorption at ,,* nm. The standards used

were : Neurotensin (+01- Da) ; Asp-Arg-Val-Tyr-Ile-His-

Pro-Phe (+*.0 Da) ; Val-Tyr-Ile-His-Pro-Phe (11/ Da) ; Arg-

Arg-Gly-Asp-Met (10- Da) ; Tyr-Gly-Gly-Phe-Leu (/// Da) ;

Leu-Leu-Tyr (.*1./ Da) ; Glu-Glu-Glu (.*/ Da) ; Val-Tyr-Val

(-2* Da) ; Arg-Gly-Asp (-.0 Da) ; Ile-Pro-Ile (-., Da) ; Thr-

Val-Leu (--+ Da) ; Leu-Trp (-+1 Da) ; Val-Tyr (,2* Da) ; Glu-

Glu (,10 Da) ; Gly-Gly-Gly-Gly (,.0 Da) ; Ile-Asn (,./ Da) ;

Leu-Gly-Gly (,./ Da) ; Leu-Leu (,,..- Da) ; Val-Val (,+0.-

Da) ; Gly-Gly-Gly (+23 Da) ; and Pro (++/ Da). The molecu-

lar masses of the ++S peptides were calculated from the

standard curve by linear regression (correlation coe$-

cient, g�*.2-). Free amino acids were analyzed using a

JLC/**/V amino acid analyzer (JEOL, Tokyo, Japan),

after deproteinization with sulfosalicylic acid described

by Suzuki (+330). The amino acid composition of ++S

globulin was analyzed after hydrolysis in - M methane-

sulfonic acid at ++*�C for ,. h in vacuo.
Test beverages Table + shows the composition of the

beverages used in the present study. The test beverages

containing ++S globulin (SG), ++S peptides (SP), or the

equivalent aminyo acid mixtures (AM), were prepared as

follows : the materials of fixed amount were dissolved in

0**g water, then filled to a total of +*** g. An amino acid

mixture, identical in composition to the ++S globulin and

++S peptide, was prepared from food additive grade amino

acids. The ratio of glutamine to glutamic acid used was

based on the primary structure of ++S globulin ; the molar

ratio of glutamine to glutamic acid is nearly + : + (Nielsen

et al., +323). Asparagine was not approved as a food

additive at the start of the study and thus aspartic acid

was used instead. For each sample, the amount of pro-

tein was matched with an amount of nitrogen, and the

amino acid composition was verified using an amino acid

analyzer. Sodium chloride was added to achieve the

required sodium concentration. Lemon juice (Pokka Co.,

Tokyo, Japan) and sucrose were added to mask the taste.

The composition was the same for all test beverages,

except that the placebo did not contain nitrogen.

Subjects The study was approved by the Human

Trial Ethics Committee of the Institute of General Health

Development Co., Ltd., Japan. All subjects gave their

informed consent before participating in the study. The

participants were +, healthy men with no history of

disease and were not on any medication. Table , shows

the clinical characteristics of the participants. The day

before the study, the subjects refrained from eating or

drinking large amounts, did not consume any alcohol, and

fasted for +, h prior to the study. Subjects were in-

structed to drink plenty of water upon waking on the day
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of the study.

Experimental design The experiment was conducted

using a double-blind crossover design, so that each sub-

ject was tested with four test beverages, separated by a +-

week washout period. Blood samples were taken before

the beverages were consumed (* min). Each subject

Table +. Composition of test beverages.

+ Crude protein content was 21.,2�.
, Weight of ++S peptide did not include H,O used in protein hydrolysis.
- Amino acid mixture was equivalent in composition to the ++S globulin amino acids

except for aspartate and asparagine. Composition of amino acid mixture (g/kg) ;

L-arginine, 10., ; L-lysine hydrochloride, 0+.3 ; L-histidine, ,-.2 ; L-phenylalanine, .0.1 ;

L-tyrosine, -..- ; L-leucine, 02.0 ; L-isoleucine, .*.* ; L-methionine, +,.. ; L-valine, .+.* ;

L-alanine, --.. ; L-glycine, .*.* ; L-proline, /..- ; L-glutamic acid, +*-.3 ; L-glutamine,

+*-.3 ; L-serine, .2.0 ; L-threonine, -... ; Monosodium L-aspartate, +/*.* ; L-tryptophan,

+-.- ; L-cystine, +-.-.
. Sodium was derived from sodium in ++S globulin, NaOH added for pH adjustment

and NaCl.
/ not containing protein.

Table ,. Baseline characteristics of the participants.

BMI : body mass index, g-GTP : gamma-glutamyl transpeptidase, AST : aspartate amino-

transferase, LDH : lactic dehydrogenase.
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drank +/* g of the indicated beverage within a .* s period.

One hundred grams of water was immediately added to

the residue in the sample bottle and, while stirring, it was

drunk within a ,* s period. Each beverage, except the

placebo, had a final protein concentration of /� (w/w)

and a protein dose of +,./ g. Five-milliliter blood samples

were taken at /, +*, +/, ,*, ,/, -*, .*, 0*, 2*, +**, +,* and +2*

min after consumption of the test beverage through a

catheter in the brachial vein and collected in heparin-

containing tubes. Each blood sample was left at room

temperature until centrifugation at ,,*** x g for +* min to

separate the serum. Between + and - ml serum per sam-

ple was stored at �,*�C until analysis.

Amino acid analysis in serum An equivalent volume

of -� (w/v) sulfosalicylic acid was added to each serum

sample, which was stirred for +/ min at room temperature

and then left to stand for + h at .�C. After deproteiniza-

tion by centrifugation, the mixture was analyzed in an

automatic amino acid analyzer (L-2/**, Hitachi High-Tech

Fielding Co., Tokyo, Japan).

Statistical analysis Results are expressed as mean�
standard error of the mean (SEM). One-way ANOVA

was used to compare means between groups. Post-hoc

analyses were performed using the Least Significant

Di#erence (LSD) test when the F ratio from ANOVA was

significant, i.e., P�*.*/. Statistical analyses were per-

formed using SSPS II for Windows (SPSS Inc., Chicago, IL,

USA). Analysis of the placebo group was carried out

only to assess the validity of the experiment and results

from this group were not used for comparisons.

Results

Figure + shows elution profile by gel filtration analysis

of ++S peptide. ++S peptide exhibited the following mo-

lecular weight distribution : 2� of the components had a

molecular weight greater than +,*** Da, ,*� had a molec-

ular weight of /**�+,*** Da, and 1,� had a molecular

weight less than /**. The free amino acid content of the

++S peptide was 2� (Table -).

Figure , shows the serial changes in serum essential

amino acid concentrations after intake of the test bever-

ages. Changes in serum amino acid concentrations fol-

lowing intake of nitrogen-containing test beverages were

similar to those following intake of essential amino acids,

with the exception of cystine. No changes in serum

amino acid concentrations were seen after placebo intake,

which did not contain nitrogen. Table . lists the concen-

trations of total amino acids, essential amino acids,

Fig. +. Elution profile of ++S peptide on size-exclusion chromatography.

Arrows indicate the positions of the corresponding molecular masses in Da, calibrated as described in Materials and Methods.

Table -. Free amino acid ratio of ++S globulin and ++S peptide.

ND, not detectable.
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Fig. ,. Serial changes in serum concentrations of essential amino acids following intake of

++S globulin, ++S peptide, equivalent amino acid mixture or placebo.

Data are mean�SEM values of +, subjects.

Table .. Serial changes in serum concentrations of amino acids after ingesting test beverages.

Data are mean�SEM, n�+,.

Initial values (* min) are shown as amino acid concentrations in brachial venous blood

indicated in parentheses, values following that are as change of amount based on the

initial value.

F and P values were determined as comparison of groups fed di#erent beverages by

ANOVA. Values without a superscript letter are significantly di#erent (P�*.*/, LSD

test).

TAAs : total amino acids (without aspartic acid and asparagine), EAAs : essential amino

acids, BCAAs : branched-chain amino acids, AAAs : aromatic amino acids.
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branched-chain amino acids (BCAAs), and aromatic

amino acids in blood samples up to 0* min after ingestion

of nitrogen-containing test beverages. Since no signifi-

cant di#erences among the three experimental groups

were seen after 0* min (see Fig. ,), the values after 0* min

were not included in the table.

Comparison of the serum amino acid concentrations

among the three di#erent beverages showed that the

concentration of total amino acids was significantly

higher for SP than for SG at ,*�.* min. For essential

amino acids, the values were also significantly higher for

SP compared with SG at +*�.* min. At ,/ and -* min, the

concentrations for SP were significantly higher than for

AM. For BCAAs, SP and AM were significantly higher

than SG at +*�.* min. Furthermore, the respective val-

ues at ,/�.* min were significantly higher in the order of

SP, AM and SG. In contrast, for aromatic amino acids,

the serum concentrations were significantly higher for SP

than for SG and AM at +*�.* min.

Table / shows the early slopes of each amino acid fol-

lowing intake of each of the three beverages. The early

slope was defined as the linear slope of serum amino acid

concentrations at /�,/ min, for which the linearity was

observed during a period from after intake (* min) to -*�
.* min later (when blood amino acid concentrations

reached peak values). The linearity of the early slope

was evaluated from the correlation coe$cient. For total

amino acids, the early slope was significantly higher for

SP than SG. For essential amino acids and BCAAs, the

early slopes were significantly higher in order of SP, AM

and SG. For individual BCAAs, valine and isoleucine,

the slopes were significantly higher in order of SP, AM

and SG. For leucine, the slope was significantly higher

for SP and AM, compared to SG. In contrast, the early

slopes for aromatic amino acids, phenylalanine and ty-

rosine, were significantly higher for SP than for SG and

AM. For tryptophan, the slope was significantly higher

for SP and AM, compared to SG.

The absorption of amino acids from the three di#erent

beverages was also evaluated by comparing the values of

the areas under the curves between * and 0* min (Table 0).

The values of areas under the curves for total amino acids

and essential amino acids di#ered from the results of the

early slopes, with both SP and AM showing significantly

Table /. Early slopes of each amino acid concentration curve (i.e., the slope of serum

amino acid concentrations for data of /�,/ min).

Data are mean�SEM, n�+,.

Equation for early slope (nmol/ml/min) : early slope�[/�xy�(�x)(�y)]/[/�x,�(�x),],

where x is the time after intake (between / and ,/ min) and y is the amino acid concent-

ration in brachial venous blood at the corresponding time after ingestion.

The correlation coe$cient (r) of the regression analysis was used to evaluate the mean

value of amino acid concentration to each time after intake (/�,/ min).

F and P values were determined by ANOVA.

Values without a common superscript letter are significantly di#erent (P�*.*/, LSD

test).

For abbreviations, see Table ..
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higher values than SG. However, a similar trend was

observed for BCAAs and aromatic amino acids. Results

were similar also for individual BCAAs (valine, leucine,

and isoleucine). For aromatic amino acids, tryptophan

showed a similar result, but phenylalanine showed sig-

nificantly high values in the order of SP, AM and SG.

Tyrosine demonstrated an order of SP, SG and AM.

Discussion

In the preparation of peptide mixtures from soybean

protein, the digestion of the protein by microbial prote-

ases results in the formation of not only low molecular

oligopeptides but also insoluble aggregates known as

undigested high-molecular weight fraction (HMF) (Suga-

no et al., +322). Therefore, it is inappropriate to evaluate

the e#ects of protein molecule size on intestinal absorp-

tion using peptide mixtures prepared by enzymatic diges-

tion of soybean protein. Furthermore, the 1S globulin

(b-conglycinin), which is one of the major components of

soybean protein, is a glycosylated protein. In addition,

the soybean protein contains a phospholipid-rich protein

fraction, which is considered a membrane protein (Sa-

moto et al., ,**1).

Considering the above background, we conducted the

present study using ++S globulin as a protein source for

the preparation of peptides. ++S globulin is one of the

major components of soybean protein with little di#er-

ence in the amino acid composition of soybean protein.

++S globulin is a simple protein and generates little HMF

upon enzymatic digestion, as shown in Fig. +. These

properties make it an appropriate material for conducting

research on the absorption of derived peptides.

The ++S peptide used in this study generated many

dipeptides and tripeptides based on their molecular

weight distribution and only a few free amino acids. The

proportion of free amino acids in ++S peptide was meas-

ured by a standard method as described in “Materials and
Methods”. However, using this approach, it is di$cult to

remove all peptides and thus the measured amount of free

amino acids could be higher than the true value. The

percentage of free amino acid was �2�, suggesting that

the samples could be appropriately used as peptides.

Sodium chloride was added to the test beverages to estab-

lish equivalent sodium concentrations since most amino

acid transport systems described to date are dependent

upon a Na� gradient.

Thus, we were able to compare the change in serum

amino acid concentrations after oral ingestion of protein,

peptides, and amino acid mixture of identical amino acid

compositions. Proper evaluation of absorption should

Table 0. Values of area under amino acid concentration curves.

Data are mean�SEM, n�+,.

The value of area under the curve was calculated for each amino acid from * to 0*

min based on the initial value.

F and P values were determined by ANOVA.

Values without a common superscript letter are significantly di#erent (P�*.*/, LSD

test).

For abbreviations, see Table ..
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include measurement of serial changes in amino acid

concentrations in portal vein blood. However, this is an

invasive procedure and is ethically unjustifiable in nor-

mal human subjects. Accordingly, we used venous

blood samples in the present study.

Blood samples were collected every / min for -* min

after drinking the test beverage. Then the amino acid

concentration was measured and the values were used to

calculate the early slope. The early slopes of total amino

acids, essential amino acids, BCAAs, and aromatic amino

acids shown in Table / accurately reflect the results of

Table .. The early slopes were considered indicators to

enable the evaluation of absorption without the need to

compare individual amino acid concentrations in the

blood at each point in time. The values of areas under

curves shown in Table 0 provided an additional way of

evaluating absorption.

The ++S peptide showed a more rapid absorption than

++S globulin in most types of amino acids. Hydrophobic

amino acids, such as BCAAs and aromatic amino acids,

were more readily absorbed following ingestion of ++S

peptide-test beverages than from the amino acid mixture

of equivalent composition. These results suggest that

rapid absorption of ++S peptide is mainly due to the

peptide absorption system in the intestinal tract. There

was no large di#erence in the serial amino acid composi-

tion in blood in the case of ++S peptide intake compared

with ++S globulin. Thus, the ++S peptide reflects the

nutritive value of ++S globulin.

Fractionation of ++S peptide by gel filtration and amino

acid analysis of the samples revealed that BCAAs were

largely eluted in the low molecular weight fractions,

which contain abundance of dipeptides and tripeptides

(unpublished data). This result suggests that the ++S

peptide is rich in small peptides containing BCAAs and

this raises the possibility that such structural properties

contributed to the ease of absorption of ++S peptide-

related BCAAs.

With regard to nutritional physiology, it is important

that nutrients promptly reach the intended organ.

Amino acid intake immediately after muscle-strength

training might build muscle strength by enhancing the

synthesis of skeletal muscle proteins (Esmarck et al., ,**+ ;

Hamada et al., +333 ; Suzuki et al., +333). Especially, BCAA

intake has been reported to promote muscle protein syn-

thesis, inhibit degradation and mitigate muscle damage

(Coombes and McNaughton, ,*** ; Layman, ,**, ; Mac-

Lean et al., +330). In this regard, we have recently re-

ported that ++S peptide intake immediately after exercise

inhibited exercise-induced muscle damage more e#ective-

ly than ++S globulin (unpublished result).

In conclusion, oligopeptide mixtures prepared from pro-

teins of high nutritional value, e.g., soy protein, could

serve as excellent nutritional supplements with improved

absorption properties, in addition to high solubility, low

viscosity, and low allergenicity associated with low mo-

lecular weight peptides.
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