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Abbreviations 

 

 ACE, angiotensin I-converting 

enzyme 

 ACN, acetonitrile 

 AUC, area under the curve 

 Cmax, maximum concentration 

 EDTA, ethylenediamine 

tetraacetic acid 

 ESI, electrospray ionization 

 FA, formic acid 

 IS, internal standard 

 LC, liquid chromatography 

 LOD, limit of detection 

 LOQ, limit of quantitation 

 MeOH, methanol 

 MRM, multiple reaction 

monitoring 

 MS/MS, tandem mass 

spectrometry 

 Papp, apparent permeability 

 PepT1, proton-coupled peptide 

transporter 1 

 m/z, mass-to-charge ratio 

 SBP, systolic blood pressure 

 SD, Sprague-Dawley 

 SHR, spontaneously hypertensive 

rat 

 S/N, signal-to-noise ratio 

 SEM, standard error of mean 

 TJ, tight-junction 

 tmax, time for maximum 

concentration 

 t1/2, elimination of half-life 

 TNBS, 2,4,6-trinitrobenzene 

sulfonate 

 TNP, trinitrophenyl 

 TOF, time of flight 
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Chapter I 

 

 

 

Introduction 

 

 

 

In the modern society, lifestyle-related diseases concomitant with 

chronic diseases, such as atherosclerosis, heart disease, stroke, obesity, and 

type 2 diabetes, have been rapidly increased as a critical public health issue in 

the world [1]. It is estimated that there are approximately 60 million deaths 

worldwide each year, in which over half are related to lifestyle-related diseases. 

The classes of diseases can be improved by lifestyle changes and early 

treatments such as healthy diet, non-smoking, reducing excessive alcohol use, 

reducing stress level, and regular exercise [2].    

It is well known that a healthy diet plays an important role in disease 

prevention or modulation. For this reason, food scientists have researched 

physiological activities of food compounds, in particular, bioactive peptides 

from food proteins, which can exert positive physiological responses in the 

body upon their basic nutritional compositions in provision of nitrogen and 

essential amino acids [4]. It has been demonstrated that bioactive peptides are 

essential in the prevention of lifestyle-related diseases such as hypertension [3–

7], antioxidation [8], and inflammation [9]. Thus far, many peptides with 
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various bioactive functions have been discovered and identified [8,10–12]. It 

was known that peptides generally consisting 2 to 9 amino acids may elicit 

bioactivities [4,8]. Among them, small peptides showing antihypertensive 

activity by angiotensin-converting enzyme (ACE) inhibition, renin inhibition, 

and calcium channel blocking effects are in common [13].  

The source of food-derived bioactive peptides is mainly from dietary 

proteins (milk, meat, egg, and soybean) [5,8,14–16]. So far reported, Sipola et 

al. [17] demonstrated that a long-term administration (12 weeks) of peptides 

(Ile-Pro-Pro and Val-Pro-Pro) or a sour milk containing both tripeptides to 12- 

and 20-wk spontaneously hypertensive rats (SHR) resulted in a significant 

decrease in systolic blood pressure (SBP) of 12 or 17 mmHg, respectively. A 

dipeptide, Val-Tyr, from sardine muscle hydrolysate, showed a significant 

clinical antihypertensive effect in mild hypertensive subjects [5]. Trp-His and 

His-Arg-Trp were reported to block L-type Ca
2+ 

channel [18,19]. Vallabha et al. 

[11] identified peptides including Leu-Ile, Leu-Ile-Val, Leu-Ile-Val-Thr, and 

Leu-Ile-Val-Thr-Gln from soybean hydrolysate with ACE inhibitory activity. A 

series of oligopeptides Phe-Asp-Ser-Gly-Pro-Ala-Gly-Val-Leu and Asn–Gly-

Pro-Leu-Gln-Ala-Gly-Gln-Pro-Gly-Glu-Arg from squid [20]; Asp-Ser-Gly-

Val-Thr, Ile-Glu-Ala-Glu-Gly-Glu, Asp-Ala-Gln-Glu-Lys-Leu-Glu, Glu-Glu-

Leu-Asp-Asn-Ala-Leu-Asn, and Val-Pro-Ser-Ile-Asp-Asp-Gln-Glu-Glu-Leu-

Met in hydrolysates produced from porcine myofibrillar proteins [12] were 

found to have antioxidant activity. Other reported peptides were also 
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demonstrated to have physiological activities in preventing lifestyle-related 

diseases, as summarized in Table 1-1.  

Although bioactive peptides from functional foods have been found to 

be less effective than therapeutic drugs by daily intake, peptides must play a 

crucial role as natural and safe diet in disease prevention. When any new 

functional food products are developed and released on market, industrial 

manufacturers must control the quality and quantity of functional products. 

Therefore, it is also essential to evaluate the amount of candidates in functional 

food products. Additionally, in Japan (2016), a serious social issue on the 

reliability of functional food products was reported [21]. From Japanese 

Government Report, an FOSHU (Food for Specified Health Use) product 

approved by the Government was decided to decline the approval due to the 

lack of the required amount of candidate ACE inhibitory peptide Leu-Lys-Pro-

Asn-Met in the product.  
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Table 1-1. Reported physiological functions of peptides from food proteins 

Source Preparation Peptides Action Reference 

Sardine Enzymatic 

hydrolysis 

Val-Tyr, Met-Phe, Arg-Tyr, Met-

Tyr, Leu-Tyr, Tyr-Leu, Ile-Tyr, 

Val-Phe, Gly-Arg-Pro, Arg-Phe-

His, Ala-Lys-Lys, Arg-Val-Tyr 

ACE inhibition  [5,22] 

Soy bean Enzymatic 

hydrolysis 

Leu-Ile, Leu-Ile-Val, Leu-Ile-Val-

Thr, Leu-Ile-Val-Thr-Gln 

ACE inhibition [11] 

Milk Fermentation Ile-Pro-Pro, Val-Pro-Pro Antihypertension [14] 

Buckwheat  Pepsin, 

chymotrypsin, 

trypsin 

hydrolysis 

Val-Lys, Tyr-Gln, Tyr-Gln-Tyr, 

Pro-Ser-Tyr, Leu-Gly-Ile, Ile-Thr-

Phe, Ile-Asn-Ser-Gln 

ACE inhibitory [23] 

Squid Trypsin 

hydrolysis 

Phe-Asp-Ser-Gly-Pro-Ala-Gly-Val-

Leu, Asn–Gly-Pro-Leu-Gln-Ala-

Gly-Gln-Pro-Gly-Glu-Arg  

Antioxidation [20] 

Porcine 

myofibrillar 

proteins 

Enzymatic 

hydrolysis 

Asp-Ser-Gly-Val-Thr, Ile-Glu-Ala-

Glu-Gly-Glu, Asp-Ala-Gln-Glu-

Lys-Leu-Glu, Glu-Glu-Leu-Asp-

Asn-Ala-Leu-Asn, Val-Pro-Ser-Ile-

Asp-Asp-Gln-Glu-Glu-Leu-Met 

Antioxidation [12] 

Defatted soy 

protein 

Thermolase 

hydrolysis 

X-Met-Leu-Pro-Ser-Tyr-Ser-Pro-

Tyr 

Anticancer [24] 

Soybean 

glycinin 

Enzymatic 

hydrolysis 

Leu-Pro-Tyr-Pro-Arg Hypocholesterolemia [25] 

α’ subunit of 

β-conglycinin 

Enzymatic 

hydrolysis 

Soymetide-13: Met-Ile-Thr-Leu-

Ala-Ile-Pro-Val-Asn-Lys-Pro-Gly-

Arg  

Soymetide-9: Met-Ile-Thr-Leu-Ala-

Ile-Pro-Val-Asn 

Soymetide-4: Met-Ile-Thr-Leu 

Immunostimulation; 

sometide-9 showed 

the most active in 

stimulating 

phagocytosis in vitro 

[25] 

Soybean 

conglycinin 

Protease S 

hydrolysis 

Val-Asn-Pro-His-Asp-His-Gln-

Asn, Leu-Val-Asn-Pro-His-Asp-

His-Gln-Asn, Leu-Leu-Pro-His-

His, Leu-Leu-Pro-His-His 

Antioxidation [26] 
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Liquid chromatography-mass spectrometry (LC-MS) analysis is 

growing in any scientific fields such as biochemical, food, medicinal aspects 

owing to its highly selective and sensitive detection of analytes of a given 

mass/charge (m/z) at trace levels. In principle, analytes are eluted from a 

column attached to a liquid chromatograph (LC), and are then converted to a 

gas phase to produce ions by an ionization e.g., electrospray ionization (ESI). 

Analyte ions are fragmented in the mass spectrometer, and then fragments or 

molecular masses are used for MS detection. Furthermore, the potential of MS 

has been successfully applied for visualization of analytes [27,28]. Despite the 

advantages, interfering species may still cause the reduced MS ability due to 

low inherent sensitivity, matrix and/or poor solvent effects, leading to the poor 

ionization of analytes. In order to overcome the drawbacks, several techniques 

have been applied to solve the issues to improve ionization efficiency of 

analytes.  

Sample clean-up such as column switching and solid phase extraction is 

commonly used to remove the matrix components from biological samples 

[29,30]. However, it is difficult to remove co-eluting substances from 

biological samples for the reduction of matrices completely. In addition, the 

time-consuming and multi-step preparation may cause the loss of analytes in 

samples.  

Alternatively, chemical derivatization techniques are expected to 

improve the MS detectability of poor ionizable analytes [31–33]. Chemical 
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derivatization involves the chemical reaction of analyte with reagents to 

provide more ionizable characteristics [31–33]. It has been reported that several 

derivatization methods are available for determination of small amines such as 

amino acids [34,35], free advanced glycation end-products [33], small peptides 

[36]. So far reported, Fonteh et al. [34] revealed that a propyl chloroformate 

derivatization enhanced LC-MS/MS determination of amino acids and 

dipeptides in cerebrospinal fluids at pmol levels. Shimbo et al. [35] reported 

that 3-aminopyridyl-N-hydroxysuccinimidyl carbamate could be used to 

determine 23 amino acids at limit of detection (LOD) of 0.04 to 2.3 nmol/mL.   

An amine specific derivatization reagent, 2,4,6-trinitrobenzene sulfonate 

(TNBS), has excellent features for high sensitive LC-MS [33,36]. Small 

peptides such as Val-Tyr, Met-Tyr, and Gly-Tyr were easily derivatized with 

TNBS, and were detected at fmol/mL levels owing to enhanced ionization 

efficiency by induced hydrophobic trinitrophenyl (TNP) moiety (Figure 1-1) 

[36]. The TNBS-LC-MS technique was successfully applied for the living body 

to evaluate intact absorption and pharmacokinetics of basic dipeptide Trp-His 

[37]. Hence, a TNBS derivatization-aided high sensitive LC-MS method would 

be suitable for the evaluation of small peptide absorption to get insight on 

pharmacokinetics, distribution, and metabolism in tissues and/or blood 

circulation. However, the TNBS-LC-MS technique still suffers from interfering 

matrix contaminants, requiring the compensation of matrix effects for accurate 

peptide assay.  
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Figure 1-1. Enhanced MS detection of amines by TNBS derivatization [36] 
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Matrix contaminants cannot be completely eliminated or compensated 

from target analytes by any pretreatments. Appropriate calibration techniques 

are used to compensate (but do not eliminate) matrix contaminants. The 

following options are, thus, obtained:   

 i) A labeled internal standard (IS), which has the same chemical 

properties and retention time as non-labeled target, is useful for the correction 

of MS signal because they can compensate for matrix effects [33,38]. Although 

the best option to tackle matrix effects is the use of isotopically labeled targets, 

the isotope labeling IS technique would be limited by less available IS or high 

cost.   

ii) A standard addition method may be sufficient for correcting matrix 

effects, in which a standard chemical is added to sample (Figure 1-2) [39,40]. 

So far reported, Ito et al. [40] showed that quantitative results of four diarrhetic 

shellfish poisoning toxins in scallops extracts by common external standards 

were lower 15-33% than those of a standard addition method because of matrix 

suppression effect. Fernández-Fígares et al. [41] evaluated the effect of 

different matrices (plasma, muscle, and liver) on physiological amino acid 

analysis, and revealed that the standard addition method was more useful for 

the correction of matrix effects compared to absolute calibration method; in 

turn, concentrations of amino acids such as Thr, Val, and Ala obtained from the 

absolute calibration method were much lower 46.8%, 37%, and 44.6% than 

those from the standard addition method, respectively, in all tested matrices 
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(plasma, muscle, and river). Cimetiere et al. [39] demonstrated the advantage 

of a standard addition method compared to conventional method (external 

calibration with internal standard correction) for the determination of 27 

targeted pharmaceutical compounds at pg/mL levels in drinking water. For 

example, quantification of ofloxacin by the conventional method (external 

standard with internal standard correction) (8 ± 2 ng/L) showed a significant 

lower estimation compared to the standard addition method (22 ± 3 ng/L) in 

drinking water. Additionally, Ostroukhova et al. [42] recommended to use a 

standard addition method, since concentrations of pesticides in plant samples 

determined by an external standard method were 10–70% lower than those by 

the standard addition method. Taken together, the standard addition method 

may be suitable for the compensation of matrix effects.  
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Figure 1-2. A standard addition method, where y: peak area or signal intensity of 

standard in sample; x: concentration of added standards in sample. 
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It was believed that dietary proteins were completely hydrolyzed into 

their constituent amino acids, and then absorbed into blood via specific amino 

acid transport systems until the report by Newey and Smyth, who provided the 

first convincing evidence that dipeptides could be absorbed in intact form [43]. 

After that, some researchers [44,45] have reported that a proton-coupled 

peptide transporter 1 (PepT1) was found to be expressed in the brush border 

membrane of small intestine, which plays a role in the intestinal absorption of 

di-/tripeptides. PepT1 is composed of 708 amino acids with 12 membrane-

spanning domains. Although intestinal membrane expresses another type of 

proton-coupled peptide transporter, peptide/His transporter 1 (PHT1), by which 

His and di-/tripeptides can be transported, PepT1 was mainly responsible for 

the transport of an enormous range of substrate specificity for di-/tripeptides 

[44]. At intestinal epithelial cells, some small peptides (di-/tripeptides) can be 

transported across membrane in intact form with the help of PepT1 transporter, 

others are hydrolyzed to free amino acids by peptidases in the gut intestinal 

tract and/or plasma, and released into the portal circulation via the amino acid 

transporter located in the intestinal basolateral membrane (Figure 1-3). The 

early work by Boullin et al. [46] pointed out the absorption of six dipeptides 

(Gly-Gly, Gly-D-Phe, Gly-Phe, Gly-Pro, Pro-Gly, and carnosine (β-Ala-His)) 

in their intact forms into rat blood stream. There are some evidences on the 

bioavailability of bioactive peptides such as Val-Tyr [47] and Pro-Gly [10] in 

humans, and Trp-His in rats [37]. The detection of lactotripeptides, Ile-Pro-Pro 

and Val-Pro-Pro, in human after oral administration suggests the resistance of 
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the tripeptides to protease digestion [14]. However, there were few reports on 

the relationship between di-/tripeptide absorption and PepT1 expression, 

exceptional report by Jappar et al. [48], who demonstrated that fasting caused a 

significant upregulation of PepT1 in the small intestine, leading to a significant 

increase in in vivo pharmacokinetics of a model dipeptide glycyl-sarcosine 

(Gly-Sar) in wild-type and Pept1 knockout mice. Additionally, the intestinal 

PepT1 was reported to alter the expression during the developmental stages in 

rats and chicks [49,52]. However, little information on relationship between 

small peptide absorption and PepT1 expression by aging is available.  

Apart from the aforementioned di-/tripeptides, much work has been 

focused on the absorption of oligopeptides, since many oligopeptides have been 

demonstrated to play physiological preventive roles in events against lifestyle-

related diseases [13, 53–55]. In vitro studies reported that oligopeptides could 

be transported across the brush border membrane (Figure 1-3). Recently, some 

reports demonstrated that an ACE inhibitory pentapeptide as Gln-Ile-Gly-Leu-

Phe [54] and an octapeptide as Gly-Ala-Hyp-Gly-Leu-Hyp-Gly-Pro [55] 

derived from egg white and chicken collagen were passively transported across 

Caco-2 cell monolayers through tight-junction (TJ)-mediated passive route 

with Papp values of 9.11 ± 0.19 × 10
-7

 cm/s and 4.36 ± 0.20 × 10
-7

 cm/s, 

respectively. A series of oligopeptides such as Arg-Val-Pro-Ser-Leu [56], Lys-

Val-Leu-Pro-Val-Pro [57], and Gly-Gly-Tyr-Arg [58] were demonstrated to be 

possibly transported via TJ route, along with the reduction in blood pressure in 

hypertensive rats after orally administered [56,58,59]. The aforementioned 



 

13 
 

results strongly implied that some oligopeptides may exert biological effect in 

body by their intact absorption into blood circulation. Thus, it is extremely 

important to clarify and get insight into the absorption and pharmacokinetic 

profiles of oligopeptides in living bodies. Recently, Hong et al. [60] 

successfully designed novel transport models of oligopeptides with high 

protease resistance on the basis of a Gly-Sar mother peptide skeleton, i.e., Gly-

Sar-Sar as a tripeptide model, Gly-Sar-Sar-Sar as a tetrapeptide, and Gly-Sar-

Sar-Sar-Sar as a pentapeptide. However, in vivo absorption of oligopeptides has 

remained unclear.  
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Figure 1-3. Schematic diagram for peptide absorption in intestinal tract 
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According to all of the above-mentioned points, the aim of the present 

work was to overcome issues on the development of a convenient and reliable 

quantification assay of peptides, and on their in vivo absorption behavior. The 

detailed objectives for each Chapter are detailed below:  

1) Chapter II aimed to develop a convenient and reliable MS 

quantification assay for the analysis of small peptides in soybean hydrolysate, 

which contains a number of small bioactive peptides. To compensate matrix 

suppression, a standard addition method using target peptide standards was 

applied for this study, in combination with a TNBS derivatization-aided high 

sensitive LC-MS method. The proposed method provided excellent and 

convenient evaluation of peptide profiles in protein hydrolysate without the use 

of an isotope labeling technique. 

2) A TNBS derivatization-aided high sensitive LC-MS method was 

applied to clarify the bioavailability of oligopeptides (tri- to pentapeptides) in 

vivo. Model oligopeptides including Gly-Sar-Sar as tripeptide, Gly-Sar-Sar-Sar 

as tetrapeptide, Gly-Sar-Sar-Sar-Sar as pentapeptide, were used in this study. 

Chapter III clearly demonstrated the first evidence that oligopeptides could be 

absorbed in their intact forms in vivo into the blood of 8-wk SHRs.   

3) Based on the findings obtained above, the effect of aging on the 

absorption of peptide (di- to pentapeptides) in SHRs was investigated. In 

Chapter IV, it was demonstrated for the first time that aging may enhance the 
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absorption of di-/tripeptide through the enhanced PepT1 transport route, 

whereas the intestinal absorption of oligopeptides were not affected by aging of 

SHRs. 
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Chapter II 

 

 

Application of a standard addition method for quantitative 

mass spectrometric assay of dipeptides 

 

1. Introduction 

To date, mass spectrometry (MS) is a powerful analytical tool in 

pharmaceutics, biochemistry, and food science fields for sensitive and 

quantitative detection of analytes of a given mass/charge (m/z). The potential of 

MS allows further analytical applications, e.g., the visualization of analytes in 

tissues [27,28]. Despite these advantages, MS still has some restrictions such as 

poor detection of small molecules. This is because small analytes typically 

display low ionization efficiency caused by matrix and/or poor solvent effects 

[31]. Several chemical derivatization techniques have, therefore, been 

developed in order to overcome these disadvantages [31–33]. A preferred 

technique for small amines or peptides at fmol/mL levels has been established 

with TNBS derivatization [33,36] (Figure 1-1).  

Although the successful derivatization of small analytes may be of 

benefit for improving MS detection by an enhanced solvent effect, the 

detection can still be complicated by interferences from matrix contaminants. 

In particular, food-related compounds with similar composition profiles, such 
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as peptides in enzymatic hydrolysate, may cause the difficulty of quantitative 

MS analysis. Internal standard (IS)-guided quantification methods using 

isotope labeled targets [33,38] is the best option for compensation for the 

effects of interfering matrix contaminants. However, isotope labeling technique 

may be limited due to cost-efficiency and the availability of isotope labeled 

compounds. 

To date, many studies on bioactive compounds of food-derived 

compounds are addressing the physiological effects and potential health-

benefits to develop functional products. A commercially available product, 

soybean hydrolysate (or protein hydrolysate), is known to contain a number of 

bioactive peptides [61], which could exhibit properties such as in vitro ACE 

inhibitory activity (IC50: Gly-Tyr, 220 µM; Ile-Tyr, 3.7 µM) [62] and improved 

brain dysregulation effects (Ser-Tyr, Ile-Tyr) [63,68].  

In Chapter II, we, thus, attempted to develop a convenient and reliable 

MS quantification assay for the analysis of bioactive dipeptides in soybean 

hydrolysate without the use of isotope labeling IS technique. In order to 

compensate for matrix signal suppression, a standard addition method using 

target peptide standard was applied to analyze peptides in soybean hydrolysate 

via combination with a TNBS derivatization-aided high sensitive LC-MS 

method [36]. Factors affecting simultaneous detection and quantification of 

target peptides (Gly-Tyr, Ile-Tyr, and Ser-Tyr) (e.g., overlapped elution and/or 

suppressed ionization of targets on LC-MS) were examined. Dipeptides with 
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reversed sequences of the three targets, i.e., Tyr-Gly, Tyr-Ile and Tyr-Ser, 

respectively, together with Leu-Tyr and Tyr-Leu (having the same molecular 

weight of 294.3468 Da as target Ile-Tyr), were also selected for the study 

(Figure 2-1).  

 

  

 

 



 

20 
 

 

Figure 2-1. Target dipeptides in this study 
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2. Materials and Methods 

 

2.1. Materials and instrumentation  

 

Dipeptides (Gly-Tyr, Tyr-Gly, Ser-Tyr, Tyr-Ser, Ile-Tyr, Tyr-Ile, Tyr-

Leu, and Leu-Tyr) were synthesized via the Fmoc solid phase synthesis 

according to the method provided by the manufacturer (Kokusan Chemicals, 

Osaka, Japan), and their sequences were confirmed on a PPSQ-21 amino acid 

sequencer (Shimadzu Co., Kyoto, Japan). Commercially available soybean 

hydrolysate (a peptide mixture having an average length of 3-6 peptides) was a 

product of FUJI OIL Co. (Hinute AM, Tokyo, Japan). Distilled water, 

methanol (MeOH), and formic acid (FA) were of LC-MS grade (Kanto 

Chemical, Tokyo, Japan). TNBS was purchased from Nacalai Tesque (Kyoto, 

Japan). All other chemicals were of analytical grade and were used without 

further purification.  

High-performance liquid chromatography coupled with time-of-flight 

mass spectrometry (LC-TOF-MS) assays were performed on an Agilent 1200 

HPLC (Agilent Technologies, Waldbronn, Germany) equipped with a degasser, 

binary pump, and column oven. The HPLC system was coupled to an ESI-

micrOTOF II system (Bruker Daltonics, Bremen, Germany). Both instruments 

were controlled by a micrOTOF control 3.0 and a Bruker Compass HyStar 3.2.  
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2.2. Preparation of peptide standard and soybean hydrolysate solutions  

Stock solutions of eight dipeptides (Gly-Tyr, Tyr-Gly, Ser-Tyr, Tyr-Ser, 

Ile-Tyr, Tyr-Ile, Tyr-Leu, and Leu-Tyr) were individually prepared by 

dissolving each peptide in distilled water to a concentration of 1.0 mg/mL and 

were stocked at -40 °C. Working standards were prepared daily prior to 

carrying out experiments by combination of the individual stock solutions and 

further dilution with distilled water. Standard solutions (0.5-4.0 µg/mL) were 

used to obtain absolute calibration curves. Soybean hydrolysate (Hinute AM) 

was dissolved in distilled water (50.0 mg/mL). The hydrolysate solution (final 

concentration, 10.0 mg/mL) was spiked with a series of standard peptide 

solutions with final concentration of 4.0, 8.0, and 16.0 µg/mL for the standard 

addition method. The calculation equation is as follows:  

 

2.3. Derivatization of dipeptides with TNBS 

TNBS derivatization of peptides was performed according to previously 

reported method [36]. To either a standard solution or a sample solution (40 

µL), TNBS solution (10 µL of 150 mM) in 0.1 M borate buffer at pH 8.0 was 

added. After incubation at 30 °C for 30 min, 0.2% FA (50 µL) was added to the 

derivatized mixture. An aliquot (10 µL) of the resulting mixture was injected 

into LC-TOF-MS. The analyses of each solution of the four different 

concentrations were conducted in replicate in order to obtain calibration curves 

Measured signal in unadded sample (b) 

Slope of the standard addition calibration curve (a) 
[Analyte] =  
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and standard addition curves. No degradation of TNP-dipeptides was observed 

during storage of the solution at 4 °C for 24 h [33,36]. The results are 

expressed as the mean ± standard error of mean (SEM).  

2.4. LC-TOF-MS analysis 

Chromatographic separation was performed on a Waters Biosuite C18 

column (2.1 mm x 150 mm, 3 µm particle size) (Waters, Milford, MA, USA). 

A linear gradient elution of MeOH (60-100% over 40 min) containing 0.1% FA 

at a flow rate of 0.25 mL/min was performed at 40 °C. For the separation of 

intact (or non-TNBS derivatized) dipeptides, an elution of 0-100% MeOH 

containing 0.1% FA was performed over 20 min. ESI-TOF-MS analysis was 

carried out in positive mode, and mass-detection range was set at m/z 100-1000. 

The conditions of ESI source were as follows: drying gas (N2) flow rate = 8.0 

L/min; drying gas temperature = 200 °C; nebulizing gas pressure = 1.6 bar; 

capillary voltage = 3800 V. All data acquisition and analyses were controlled 

by Bruker Data Analysis 3.2 Software. To ensure optimal conditions for the 

analyses, calibration of the detector was performed using sodium formate 

clusters (10 mM NaOH in water:acetonitrile (1:1, v/v)). The calibration 

solution was injected at the beginning of each run, and all spectra were 

calibrated prior to identification. The width was set at m/z 0.01 for mono-

isotopic isolation of the target ions: Gly-Tyr and Tyr-Gly = m/z 239.1026; Ser-

Tyr and Tyr-Ser = m/z 269.1026; Ile-Tyr, Tyr-Ile, Leu-Tyr and Tyr-Leu = m/z 

295.1652; TNP- Gly-Tyr and TNP-Tyr-Gly = m/z 450.0892; TNP-Ser-Tyr and 
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TNP-Tyr-Ser = m/z 480.0097; TNP-Ile-Tyr, TNP-Tyr-Ile, TNP-Leu-Tyr and 

TNP-Tyr-Leu = m/z 506.1518. 

3. Results and Discussion 

3.1. ESI-MS detection of intact and TNBS-derivatized dipeptides 

At the optimal LC-TOF-MS conditions (described in the Method 

section) with standard solution containing eight dipeptides (Gly-Tyr, Tyr-Gly, 

Ser-Tyr, Tyr-Ser, Ile-Tyr, Tyr-Ile, Tyr-Leu, and Leu-Tyr, at final concentration 

of each 0.4 µg/mL) with or without TNBS derivatization was injected into LC-

ESI-TOF-MS system to gain insight into LC separation behavior of each target 

dipeptide in a single assay. As shown in Figure 2-2 and Table 2-1, intact (or 

non-derivatized) dipeptides were eluted within 30 min, but their 

detection/signal intensities or signal to noise (S/N) ratios were low. In contrast, 

highly enhanced detection (higher signal intensity or S/N ratio) for TNP-

dipeptides was observed by TNBS derivatization (Figure 2-2 and Table 2-1). 

This suggested that the induced TNP moiety (+212 Da) to small and polar 

dipeptides may enhance their hydrophobicity, and therefore overcome the poor 

retention and sensitivity for intact dipeptides. Since dipeptides Tyr-Ile, Tyr-Leu, 

and Leu-Tyr have the same molecular weight as Ile-Tyr, they displayed the 

same retention time of 36 min on a Biosuite column, and the same m/z of 

506.1815 for mono-isotopic TOF-MS detection. In this assay, we thus excluded 

dipeptides Tyr-Ile, Tyr-Leu, and Leu-Tyr due to their co-elution under the 

present LC conditions and the overlap of their signals during analysis by single 
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TOF-MS. A multi-reaction monitoring (MRM)-MS/MS technique could be, 

therefore, useful for the detection of such targets by their characteristic mono-

isotopic fragmentations (TNP-Tyr-Ile, m/z 506.2 > 460.1; TNP-Leu-Tyr, m/z 

506.2 > 232.0; TNP-Tyr-Leu, m/z 506.2 > 278.1) (see in Figure 2-3). Sora et al. 

[64] revealed the efficacy of the standard addition method-aided LC-MRM-

MS/MS assay in generating reproducible ionization conditions with successful 

quantification of five terpene trilactones from Ginkgo extracts. Further 

modification of LC-MS (or LC-MRM-MS/MS) conditions will be required if 

the peptides of interest possess the same molecular properties such as in the 

case of Tyr-Ile and Leu-Tyr. However, for the purpose of the current objective, 

i.e., establishment of a convenient and reliable quantitative LC-MS assay for 

bioactive dipeptides, a serial set of MRM segmentations for all eight targets 

would cause the influence on their robust ion source against operational MS 

parameters.  

Figure 2-2 and Table 2-1 reveals the efficiency of TNBS derivatization 

for enhanced MS detection of the five dipeptides compared to non-derivatized 

peptides with 0.9-, 4.3-, 11.4-, 24.7-, and 30.5-fold higher signal intensities for 

TNP-Ile-Tyr, TNP-Ser-Tyr, TNP-Tyr-Ser, TNP-Tyr-Gly, and TNP-Gly-Tyr 

being observed, respectively, together with limits of detection of 0.05-0.22 

µg/mL. The enhanced MS detection of the five TNP-dipeptides may be due to 

their improved ESI-ionization efficiency through solvent effects and/or 

hydrophobicity induced by the TNP moiety, as similar to other dipeptides (e.g., 

Val-Tyr, Met-Tyr, Lys-Tyr, and His-Tyr) [36]. Further experiments were 
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performed for quantification of five dipeptides Ile-Tyr, Ser-Tyr, Tyr-Ser, Tyr-

Gly, and Gly-Tyr in soybean hydrolysate.  
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Figure 2-2. Typical MS chromatograms of non-TNBS and TNBS-derivatized 

dipeptides. Dipeptides (final concentration of each 0.4 µg/mL; Gly-Tyr, Tyr-Gly, 

Ser-Tyr, Tyr-Ser, Ile-Tyr) were subjected to a 150 mM TNBS derivatization at 30 ˚C 

for 30 min. Mono-isotopic TOF-MS detection of the corresponding molecular ions 

([M + H]
+
) was performed, as described in the Materials and Methods section. LC 

separations were performed on a Waters Biosuite C18 column (2.1 mm x 150 mm) 

with 0-100% MeOH in 0.1% FA for non-derivatized dipeptides, and 60-100% MeOH 

in 0.1% FA for TNBS-derivatized dipeptides at a flow rate of 0.25 mL/min at 40 ˚C. 
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Figure 2-3. Product ion spectra of TNP-Tyr-Ile, TNP-Leu-Tyr, and TNP-Tyr-

Leu. The infusion analyses of TNP-Tyr-Ile, TNP-Leu-Tyr, and TNP-Tyr-Leu were 

performed at a concentration of 20 μg/mL by MS/MS analysis. The transition of 

targeted precursor ion ([M+H]
+
, m/z): TNP-Tyr-Ile, 506.2 > 460.1; TNP-Leu-Tyr, 

506.2 > 232.0; TNP-Tyr-Leu, 506.2 > 278.1. 
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3.2. Application of a standard addition method for quantitative MS assay of 

dipeptides in soybean hydrolysate 

Figure 2-4 shows the typical MS chromatograms of the five target dipeptides in 

soybean hydrolysate (10.0 mg/mL), together with spiked target standards at final 

concentrations of 0, 4.0, 8.0, and 16.0 µg/mL. MS chromatograms of the non-spiked 

sample (Figure 2-4) revealed that the five target peptides, including bioactive Gly-Tyr, 

Ser-Tyr, and Ile-Tyr, were present in their TNP-dipeptide forms in soybean 

hydrolysate. These five peptides are found in glycinin and/or β-conglycinin protein 

sequences. MS signal intensity of the TNBS-derivatized targets increased with the 

concentration of spiked standards (Figure 2-4). The standard addition curves (Figure 

2-5 and Table 2-2) revealed a good relationship between the concentration of spiked 

standards and MS signal intensity, with a correlation coefficient of r
2 

> 0.979. This 

indicates that a TNBS derivatization reaction with the target dipeptides and spiked 

standards in soybean hydrolysate was successfully performed under the mild TNBS 

reaction conditions (within 30 min at 30
 
°C), compared with the reported naphthalene-

2,3-dialdehyte (NDA) derivatization method within 60 min at 25
 o
C [65]. In addition, 

acceptable relative standard deviation values of 4.6 - 9.1% for all measurements 

indicated that the proposed standard addition method would be applicable for the 

quantitative MS assay of dipeptides without isotopic ISs. As summarized in Table 2-2, 

the five target dipeptides (Gly-Tyr, Tyr-Gly, Ser-Tyr, Tyr-Ser, Ile-Tyr) in soybean 

hydrolysate were successfully quantified (424 ± 12, 184 ± 5, 2188 ± 114, 327 ± 9, and 
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2211 ± 77 µg/g of hydrolysate, respectively). 

An external standard method (or an absolute calibration method) was compared 

to the standard addition method to assess the matrix effects. Figure 2-5 and Table 2-2 

demonstrated the advantage of the standard addition method for quantitative assays of 

dipeptides compared to the absolute calibration. It was observed a 7- to 24-fold 

decrease in the slope of the standard addition curves of hydrolysate compared to the 

absolute calibration curves of dipeptide standard solution (Figure 2-5 and Table 2-2). 

This indicated that the standard addition method can exclude the matrix suppression 

effect from contaminating peptides in soybean hydrolysate. In turn, the content of the 

target dipeptides in soybean hydrolysate may be over-estimated when the standard 

addition calibration curve was used. To avoid interference from matrix effects in the 

MS analysis of food products, a similar study was performed by Cai et al. [66]. They 

demonstrated the accurate quantitative analysis of histamine in beer by the standard 

addition method, coupled with an extractive nano-ESI-MS technique, without the 

requirement for matrix cleaning. In addition, these results were in consensus with 

previous reports on quantification of diarrhetic shellfish poisoning toxins in scallops 

[40], amino acids in different matrices (plasma, muscle, and liver) [41], and pesticides 

in plant samples [42]. They showed that the contents of analytes (diarrhetic shellfish 

poisoning toxins in scallops extracts, amino acids in all tested matrices, and pesticides 

in plant samples) obtained from the absolute calibration method were 15-33% [40], 

37-46.8% [41], and 10–70% [42] lower than those from the standard addition method, 
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respectively. Taking these factors into account, the proposed TNBS derivatization-

aided LC-MS quantification assay with the standard addition method could rule out 

the consideration of: 1) insufficient MS ionization due to matrix effects, and 2) 

insufficient TNBS derivatization efficiency.   
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Figure 2-4. Typical MS chromatograms of soybean hydrolysate spiked with dipeptide 

standards. Standard solutions of dipeptides of Gly-Tyr, Tyr-Gly, Ser-Tyr, Tyr-Ser, and Ile-

Tyr (0, 4.0, 8.0, and 16.0 µg/mL) were added to soybean hydrolysate (10.0 mg/mL) in order 

to obtain standard addition curves. TNBS derivatization and LC-MS conditions were the 

same as described in Figure 2-2.  
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Figure 2-5. Absolute calibration curve (opened circle) and standard addition curve 

(closed circle) for TNP-Gly-Tyr. The absolute calibration curve was obtained from a 

standard water solution of Gly-Tyr (final concentration of 0.2-1.6 µg/mL). The standard 

addition curve was obtained from soybean hydrolysate (10.0 mg/mL) spiked with Gly-Tyr 

(final concentration of 4.0-16.0 µg/mL). TNBS derivatization and LC-MS conditions were 

the same as described in Figure 2-2. Results are expressed as the mean ± SEM (n = 3).   
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4. Summary 

 

In this Chapter II, a standard addition method with TNBS derivatization-aided 

LC-TOF-MS assay was established for reliable quantification of dipeptides in soybean 

hydrolysate. Under the optimal TNBS reaction conditions (pH 8.0, 30 min, 30 
o
C), 

five TNP-dipeptides, including Gly-Tyr, Tyr-Gly, Ser-Tyr, Tyr-Ser, and Ile-Tyr in 

soybean hydrolysate, were successfully detected within 40 min at a limit of detection 

of > 0.05 µg/mL. By spiking each target standard to hydrolysate, the five target 

dipeptides were individually quantified without interference from matrix effects. The 

advantage of the proposed TNBS-LC-TOF-MS aided-standard addition method would 

provide a convenient evaluation of peptide profiles in hydrolysate or food-derived 

bioactive peptides without the requirement of isotope labeled IS dipeptides.  
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Chapter III 

 

Intestinal absorption of oligopeptides in spontaneously 

hypertensive rats 

 

 

1. Introduction 

 

Over the last century, it was thought that dietary proteins were completely 

hydrolyzed into constituent amino acids, and were absorbed via amino acid transport 

system. To date, the uptake of di-/tripeptides has been clearly demonstrated to be 

transported across the intestinal endothelium by PepT1 [44]. In previous studies, 

antihypertensive dipeptide Val-Tyr [67] and anti-atherosclerotic dipeptide Trp-His 

[37] were demonstrated to be absorbed in intact form into blood circulation system 

through PepT1 route with Cmax of 3.7 pmol/mL-plasma and 28.7 pmol/mL-plasma, 

respectively. Dipeptides Ile-Tyr, Ser-Tyr, and Tyr-Pro derived from soybean 

hydrolysate (in Chapter II) had altered dopamine and noradrenaline metabolism in the 

mouse brain stem upon oral administration [68]. These observations imply that some 

dipeptides may display their functions in terms of intact intestinal absorption.  

In accordance with studies on functional and absorbable dipeptides, many 

researchers have investigated that oligopeptides can play physiological preventive 
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roles in events against lifestyle-related diseases [13]. It has been reported that longer 

peptides from food-derived bioactive peptides, such as peptide casein αs1-CN f(90-94) 

(Arg-Tyr-Leu-Gly-Tyr) and αs1-CN f(143-149) (Ala-Tyr-Phe-Tyr-Pro-Glu-Leu), had 

an antihypertensive effect of 25 ± 3 mmHg and 20 ± 5 mmHg reduction, respectively, 

in SHRs when orally administered at each dose of 5 mg/kg [69]. Other researches also 

claimed the antihypertensive effect of oligopeptides β-casein Leu-His-Leu-Pro-Leu-

Pro (ACE inhibitory activity: IC50 = 2.4 µM) [51], Leu-Lys-Pro-Asn-Met (IC50 = 2.4 

µM) [52], α-lactorphin Tyr-Gly-Leu-Phe (IC50 = 1,260 µM) [70], and Ile-Val-Gly-

Arg-Pro-Arg  (ACE activity: IC50 = 300.0 µM) [71] in SHRs after oral administration. 

However, absorption behavior of oligopeptides still remain unclear. In vitro Caco-2 

cell experiments, oligopeptides, such as Gly-Gly-Tyr-Arg [72], Gln-Ile-Gly-Leu-Phe 

[54], Arg-Val-Pro-Ser-Leu [56], and Gly-Ala-Hyp-Gly-Leu-Hyp-Gly-Pro [55], were 

possibly transported intact via paracellular pathway, which is regulated by TJ. In 

previous report, Hong et al. [60] successfully designed acceptable transport model 

oligopeptides based on the mother peptide skeleton of glycyl-sarcosine (Gly-Sar) with 

high resistance to protease digestion during intestinal absorption process (i.e., Gly-

Sar-Sar as tripeptide model; Gly-Sar-Sar-Sar as tetrapeptide; Gly-Sar-Sar-Sar-Sar as 

peptapeptide). It was observed that these designed oligopeptides could be transported 

across Caco-2 cell monolayers via paracellular TJ route. However, there has been no 

in vivo evidence on intact absorption of oligopeptides so far.  
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Considering the results of recent in vitro studies on possible transport of 

oligopeptides across Caco-2 cells [54–56,60], the challenging aim of this Chapter III 

is to investigate whether oligopeptides (tri- to pentapeptides) can be absorbed into rat 

blood stream.  
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2. Materials and Methods 

 

2.1. Materials 

Gly-Sar, aprotinin, and chymostatin were purchased from Sigma-Aldrich Co. 

(St. Louis, MO, USA). [
13

C2, 
15

N]-labeled Gly-Sar was obtained from Scrum (Tokyo, 

Japan). Gly-Sar-Sar was obtained from Bachem (Bubendorf, Switzerland). Gly-Sar-

Sar-Sar and Gly-Sar-Sar-Sar-Sar were purchased from Biomatik Co. (Cambridge, ON, 

Canada). TNBS was purchased from Nacalai Tesque (Kyoto, Japan). Distilled water, 

methanol (MeOH), acetonitrile (ACN) and formic acid (FA) were of LC-MS grade 

(Merck, Darmstadt, Germany). All other reagents were of analytical reagent grade and 

were used without further purification.  

2.2. Animal experiments   

 

Seven-week-old male SHRs (7-wk SHR/Izm, Japan SLC, Shizuoka, Japan) 

were fed on a laboratory diet (MF, Oriental Yeast Co., Tokyo, Japan) and given water 

ad libitum. All rats were housed for 1 week at 21 ± 1 °C and 55 ± 5% humidity under 

controlled lighting from 8:00 to 20:00. Each rat was fasted for 16 h before a single 

oral administration of each peptide. Each peptide was dissolved in milli-Q water, and 

then was orally administered at a dose of 10 mg/kg to rats. At fixed time-schedules (0, 

10, 20, 30, 60, and 90 min), about 100 µL of blood was collected from the tail vein 

into a tube containing ethylenediaminetetraacetic acid disodium salt (EDTA-2Na) and 

inhibitors (0.1 mg aprotinin and 0.1 mg chymostatin), then immediately centrifuged at 
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3,500 × g at 4 °C for 15 min to obtain plasma samples. All rat experiments in this 

study were handled in accordance with the Proper Conduct of Animal Experiment and 

Related Activities in Academic Research Institutions under the jurisdiction of the 

Ministry of Education, Culture, Sports, Science, and Technology in Japan. The Ethics 

Committee on Animal Experiment at Kyushu University approved all experimental 

protocols (Permit Number: A28-040). 

2.3. Determination of absorbed oligopeptides in plasma 

 

Measurements of plasma peptide levels were determined by using TNBS 

derivatization-aided LC-MS according to the previous report [37,60]. Namely, an 

aliquot (50 µL) of plasma solution was added to 150 μL of a solution containing 0.1% 

NaCl and 0.1% FA. An internal standard (IS; 10 μL) was then added to the plasma 

solution (0.2 nmol/mL [
13

C2, 
15

N]-labeled Gly-Sar was used as IS for Gly-Sar-Sar 

assay; 0.1 nmol/mL Gly-Sar-Sar was used as IS for Gly-Sar-Sar-Sar and Gly-Sar-Sar-

Sar-Sar assays). The resultant solution was loaded onto an Amicon Ultra 0.5-mL-3K 

Centrifugal filter (Millipore, Carrigtwohill, Ireland), followed by a centrifugation at 

14,000 × g at 4 °C for 30 min. The obtained filtrate was evaporated to dryness, and 

then 50 µL of 150 mM TNBS solution (pH 10) was added for TNBS derivatization 

reaction at 30 °C for 30 min. The reaction was stopped by the addition of 50 µL of 

0.2% FA solution, and an aliquot (20 µL) of the resultant trinitrophenyl (TNP)-

derivative was injected into LC-MS system.  
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LC separation was performed using an Agilent 1200 series (Agilent, 

Waldbronn, Germany) on a Cosmosil 5C18-AR-II column (2.0 mm × 150 mm, 3 µm 

particle size, Nacalai Tesque, Kyoto, Japan) at 40 
o
C with a linear gradient elution of 

ACN (0 - 100% over 20 min) containing 0.1% FA at a flow rate of 0.2 mL/min. ESI-

TOF-MS analysis was carried out using a micrOTOF II (Bruker Daltonics, Bremen, 

Germany) with the target TNP-Gly-Sar, m/z 358.0630; TNP-[
13

C2,
15

N]-Gly-Sar, m/z 

361.0630; TNP-Gly-Sar-Sar, m/z 429.1001; TNP-Gly-Sar-Sar-Sar, m/z 500.1372; 

TNP-Gly-Sar-Sar-Sar-Sar, m/z 571.1743 in an ESI-positive mode. The conditions of 

the ESI source were performed as follows: drying gas (N2) flow rate, 8.0 L/min, 

drying gas temperature, 200 
o
C; nebulizing gas pressure, 1.6 bar; capillary voltage, 

3800 V; mass range m/z 100 - 1000. All of the acquisitions and analyses of data were 

controlled by a Bruker Data Analysis 3.2 Software. A calibration solution containing 

10 mM sodium formate in 50% ACN was injected at the beginning of each run, and 

all of the spectra were calibrated prior to the identification.   

Typical calibration graphs were used to determine concentrations of peptides in 

plasma, as follows: Gly-Sar-Sar, y = 2.6736x + 0.0374 (0.1 - 10 nmol/mL, r = 

0.9992); Gly-Sar-Sar-Sar, y = 3.1849x + 0.1803 (0.01 - 2.5 nmol/mL, r = 0.9979); 

Gly-Sar-Sar-Sar-Sar y = 1.6207x + 0.0601 (0.05 - 1.0 nmol/mL, r = 0.9968), where y 

is the peak area ratio (observed peak area of target against that of each corresponding 

IS) and x is the peptide concentration (nmol/mL). 
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2.4. Statistical analyses 

Pharmacokinetic parameters such as Cmax and tmax, were analyzed from 0 to 90 

min after oral administration. The elimination rate constant (k) was determined by 

linear regression analysis of data points plotted between the respective Cmax and 90 

min. The elimination of half-life (t1/2) was calculated by plotting the plasma level 

against logarithmic time. The area under the plasmatic concentration-time curve 

(AUC0 - 90 min) was calculated using the trapezoidal rule. Results are expressed as the 

mean ± SEM. All pharmacokinetic analyses were performed using the GraphPad 

Prism5 (GraphPad Software, La Jolla, CA, USA).  

3. Results and Discussion 

 

3.1. Absorption of a tripeptide model Gly-Sar-Sar in spontaneously hypertensive 

rats 

After oral administration of Gly-Sar-Sar to 8-wk SHRs at a dose of 10 mg/kg, 

blood from tail vein was taken at fixed time-schedules (0, 10, 20, 30, 90 min). As 

shown in Figure 3-1, Gly-Sar-Sar was not detected in 0-min blood sample by TNBS 

derivatization-added LC-TOF-MS. This indicated that no endogenous tripeptides 

corresponding to model peptides occurred in rat blood stream. By using IS-guided 

TNBS-LC-TOF-MS assay, absorbed Gly-Sar-Sar was successfully detected, and the 

concentration of Gly-Sar-Sar drastically increased as early as 10 min and reached the 

maximum concentration (Cmax) of 4.6 ± 0.6 nmol/mL-plasma within 30 min after its 

single oral administration. The absorption of Gly-Sar-Sar (AUC0 - 90 min, 88.2 ± 17.6 
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nmol·min/mL plasma) was higher than the reported tripeptides Gly-Pro-Hyp, Gly-Pro-

Ala, and Gly-Ala-Hyp (AUC0 - 240 min, 164.81 ± 41.94, 0.21 ± 0.02, and 0.07 ± 0.01 

nmol·min/mL plasma, respectively), in which they were administered at each dose of  

446 mg/kg to Wistar rats [73]. In order to confirm the intestinal protease resistance of 

the tripeptide model during absorption, MS analyses of the blood samples were 

conducted at 30 min after administration. As shown in Figure 3-2, no MS detection of 

an estimated metabolite, Gly-Sar, was observed in the circulation of SHRs, while it 

was reported that the mother peptides Gly-Pro-Hyp, Gly-Pro-Ala, and Gly-Ala-Hyp 

were degraded into their dipeptides Pro-Hyp, Gly-Pro, Pro-Ala, and Ala-Hyp after the 

absorption [73]. Val-Pro-Pro was also hydrolyzed by intestinal peptidases in the apical 

cell membrane, producing free Val and Pro [74]. This indicates that a tripeptide Gly-

Sar-Sar remained stable during the in vivo absorption into rat blood systerm, being 

consistent with the reported high stability in in vitro Caco-2 cell and rat small 

intestinal transport studies [60]. Hence, Gly-Sar-Sar can be used as a possitive control 

to evaluate in vitro and in vivo absorption behavior of tripeptides.  
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Figure 3-1. Stacked intensity-time chromatograms (waterfall plot) of Gly-Sar-Sar 

and IS ([
13

C2,
15

N]-labeled Gly-Sar, 0.2 nmol/mL) arranged by sampling time of 

rat plasma (0 to 90 min) (A). Time course of concentration of Gly-Sar-Sar in 

plasma after single oral administration of 10 mg/kg in 8-wk SHRs (B). Blood (100 

µL) was taken from the tail vein at fixed time intervals from 0 to 90 min. Plasma 

samples were subjected to TNBS derivatization. The extracted ions with m/z 361.0630 

and m/z 429.1001 correspond to molecular ions of TNP-[
13

C2,
15

N]-Gly-Sar (IS) and 

TNP-Gly-Sar-Sar, respectively. Data are expressed as the mean ± SEM (n = 4). 
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Figure 3-2. LC-TOF-MS detection of metabolites of Gly-Sar-Sar after single oral 

administration of 10 mg/kg to 8-wk SHRs. Plasma obtained from the tail vein at 30 

min were assayed by LC-TOF-MS with TNBS derivatization technique. The extracted 

ions with m/z 358.0630 and m/z 429.1001 correspond to molecular ions of TNP-Gly-

Sar and TNP-Gly-Sar-Sar, respectively. A huge peak at the monitoring of m/z 

358.0630 at the retention time of 20.8 min was a TNP-Gln. N.D.: not detected. 
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3.2. Absorption of oligopeptide models Gly-Sar-Sar-Sar and Gly-Sar-Sar-

Sar-Sar in spontaneously hypertensive rats 

Gly-Sar-Sar-Sar and Gly-Sar-Sar-Sar-Sar, which can be transported 

through a paracellular or TJ transport route and have high resitance against 

protease digestion in in vitro Caco-2 cells [60], were orally administrated at a 

dose of 10 mg/kg to 8-wk SHRs. The blood samples were analyzed by the 

TNBS-LC-TOF-MS. As a result, intact absorption of both Gly-Sar-Sar-Sar and 

Gly-Sar-Sar-Sar-Sar was successfully detected as soon as 10 min after each 

oral administration to SHRs. As shown in Figures 3-3 and 3-5, no TNP-Gly-

Sar-Sar-Sar and TNP-Gly-Sar-Sar-Sar-Sar were detected before oral 

administration, suggesting that no endogenous oligopeptides were present in rat 

blood. The Cmax values were achieved at 30 and 60 min after administration of 

Gly-Sar-Sar-Sar (Cmax, 1.5 ± 0.3 nmol/mL) (Table 3-1 and Figure 3-3) and Gly-

Sar-Sar-Sar-Sar (Cmax, 1.1 ± 0.1 nmol/mL) (Table 3-1 and Figure 3-5), 

respectively. 

In order to clarify the production behavior of metabolites during in vivo 

absorption of either Gly-Sar-Sar-Sar or Gly-Sar-Sar-Sar-Sar, MS analyses of 

the blood samples obtained from the SHRs were conducted without spiking the 

internal standard Gly-Sar-Sar. Blood samples were used for this study at 30 

min after the administration. As shown in Figures 3-4 and 3-6, no MS 

detections were observed for expected peptide fragments such as Gly-Sar and 

Gly-Sar-Sar from Gly-Sar-Sar-Sar; Gly-Sar, Gly-Sar-Sar, and Gly-Sar-Sar-Sar 
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from Gly-Sar-Sar-Sar-Sar, suggesting that both tetrapeptide Gly-Sar-Sar-Sar 

and pentapeptide Gly-Sar-Sar-Sar-Sar were resistant to digestive proteases, in 

agreement with the findings of in vitro and ex vivo transport studies using 

Caco-2 cell and  rat intestinal membranes [60]. To the best of our knowledge, 

the present study was the first report on intact in vivo absorption of 

oligopeptides Gly-Sar-Sar-Sar and Gly-Sar-Sar-Sar-Sar without degradation. 

Sanchez-Rivera et al. [75] reported that a pentapeptide (His-Leu-Pro-Leu-Pro) 

was rapidly absorbed at a plasma level of > 10 pmol/mL-plasma, and then 

eliminated with t1/2 of 3 min after a single oral administration to 9-wk Wistar 

rats (40 mg/kg), and hydrolyzed into smaller fragments Leu-Pro-Leu-Pro and 

His-Leu-Pro-Leu. Considering the unexpected rapid absorption (at > 3 min) to 

blood circulation by oral administration of the pentapeptide and its low stability 

against protease degradation [75], further studies must be needed for in vivo 

absorption of oligopeptides. The present study also demonstrated that in vivo 

absorption of oligopeptides might decrease with peptide length: Gly-Sar-Sar 

(267.4 ± 34.3 nmol·min/mL-plasma) > Gly-Sar-Sar-Sar (88.2 ± 17.6 

nmol·min/mL-plasma) > Gly-Sar-Sar-Sar-Sar (71.7 ± 2.8 nmol·min/mL-

plasma) (Table 3-1).  
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Figure 3-3. Stacked intensity-time chromatograms (waterfall plot) of Gly-Sar-

Sar-Sar and IS (Gly-Sar-Sar, 0.1 nmol/mL) arranged by sampling time of rat 

plasma (0 to 90 min) (A). Time course of concentration of Gly-Sar-Sar-Sar in 

plasma after single oral administration of 10 mg/kg in 8-wk SHRs (B). Blood (100 

µL) was taken from the tail vein at fixed time intervals from 0 to 90 min. Plasma 

samples were subjected to TNBS derivatization. The extracted ions with m/z 429.1001 

and m/z 500.1372 correspond to molecular ions of TNP-Gly-Sar-Sar (IS) and TNP-

Gly-Sar-Sar-Sar, respectively. Data are expressed as the mean ± SEM (n = 4). 
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Figure 3-4. LC-TOF-MS detection of metabolites of Gly-Sar-Sar-Sar after single 

oral administration of 10 mg/kg to 8-wk SHRs. Plasma obtained from the tail vein 

at 30 min were assayed by LC-TOF-MS with TNBS derivatization technique. The 

extracted ions with m/z 358.0630, m/z 429.1001, and m/z 500.1372 correspond to 

molecular ions of TNP-Gly-Sar, TNP-Gly-Sar-Sar, and TNP-Gly-Sar-Sar-Sar, 

respectively. A huge peak at the monitoring of m/z 358.0630 at the retention time of 

20.8 min was a TNP-Gln. N.D.: not detected. 
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Figure 3-5. Stacked intensity-time chromatograms (waterfall plot) of Gly-Sar-

Sar-Sar-Sar and IS (Gly-Sar-Sar, 0.1 nmol/mL) arranged by sampling time of rat 

plasma (0 to 90 min) (A). Time course of concentration of Gly-Sar-Sar-Sar-Sar in 

plasma after single oral administration of 10 mg/kg in 8-wk SHRs (B). Blood (100 

µL) was taken from the tail vein at fixed time intervals from 0 to 90 min. Plasma 

sample was subjected to TNBS derivatization. The extracted ions with m/z 429.1001 

and m/z 571.1743 correspond to molecular ions of TNP-Gly-Sar-Sar (IS) and TNP-

Gly-Sar-Sar-Sar-Sar, respectively. Data are expressed as the mean ± SEM (n = 4). 
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Figure 3-6. LC-TOF-MS detection of metabolites of Gly-Sar-Sar-Sar-Sar after 

single oral administration of 10 mg/kg to 8-wk SHRs. Plasma obtained from the 

tail vein at 30 min were assayed by LC-TOF-MS with TNBS derivatization technique. 

The extracted ions with m/z 358.0630, m/z 429.1001, m/z 500.1372, and m/z 571.1743 

correspond to molecular ions of TNP-Gly-Sar, TNP-Gly-Sar-Sar, TNP-Gly-Sar-Sar-

Sar, and TNP-Gly-Sar-Sar-Sar-Sar, respectively. A huge peak at the monitoring of m/z 

358.0630 at the retention time of 20.8 min was a TNP-Gln. N.D.: not detected. 
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4. Summary 

 

Bioactive peptides must be absorbed intact without protease hydrolysis 

in order to reach their target organs intact and exert their biological effects. Di-

/tripeptides can be absorbed into the blood stream; however, it is not clear 

whether larger bioactive peptides (≥ 4 residues in length) are absorbed intact 

from the intestine and reached to target organs. In this Chapter III, we have 

demonstrated for the first time that tripeptide Gly-Sar-Sar, tetrapeptide Gly-

Sar-Sar-Sar and pentapeptide Gly-Sar-Sar-Sar-Sar could be absorbed in vivo, 

and in a peptide length-dependent manner in the descending order of Gly-Sar-

Sar > Gly-Sar-Sar-Sar > Gly-Sar-Sar-Sar-Sar. Furthermore, no metabolites of 

Gly-Sar-Sar, Gly-Sar-Sar-Sar, and Gly-Sar-Sar-Sar-Sar were observed in the 

blood samples, indicating that these peptides remained stable during the in vivo 

absorption into blood at > 0.4 nmol/mL-plasma levels. Therefore, these 

oligopeptides can be used as positive standard to evaluate in vitro and in vivo 

absorption of bioactive oligopeptides.  
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Chapter IV 

 

Effect of aging on intestinal absorption of peptides in 

spontaneously hypertensive rats 

1. Introduction  

 

Aging may affect the absorption of various compounds in different 

manners caused by several factors such as pathophysiological state, genetic 

differences, life style choices, and dietary background [76–78]. So far reported, 

Yamamoto et al. [79] demonstrated that lipid absorption was decreased due to 

reduced pancreatic lipase activity in aged mice. Several researchers found out 

that a changed circulatory concentration of actively transported substances such 

as glucose and calcium was associated with aging [80,81].  

Contrary to the aforementioned age-related reports, in vivo absorption 

behavior of peptides regarding aging still remains unclear. There have been 

clinical evidence that peptides, in particlar, small di-/tripeptides have a potency 

to improve lifestyle-related diseases such as hypertension [5,7]. In the small 

intestine, PepT1 has been demonstrated to be responsible for the predominant 

intestinal uptake of not only di-/tripeptides, but also peptidomimetics and 

peptide-like drugs [44,48]. Thus far, Metelsky has already reported that 

absorbable dipeptide Gly-Ala tended to increase with aging of male Wistar rats 
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due to enhanced PepT1 expression in small intestine [76]. Other reports also 

claimed that the promoting PepT1 expression in intestine could be induced by 

proinflammatory cytokines such as tumor necrosis factor-α (TNF-α) and 

interferon-γ (INF-γ) [82], as well as when the rats were under fasting 

conditions [83]. Although the mechanism was not fully elucidated, the above 

observations indicated that PepT1 expression may change by any intestinal 

environment, which in turn there might be a positive link between intestinal 

PepT1 transporter expression and absorption of di-/tripeptides in terms of aging.  

In Chapter III, it was observed that tripeptide Gly-Sar-Sar, tetrapeptide 

Gly-Sar-Sar-Sar, and pentapeptide Gly-Sar-Sar-Sar-Sar can be absorbed in vivo, 

and remained stable during in vivo absorption into blood. Therefore, Chapter 

IV comprises to investigate the effect of aging on the absorption of di- to 

pentapeptides in young (8-wk) and old (40-wk) SHRs. Target peptides used in 

this study are Gly-Sar as a PepT1 substrate [44], Trp-His as an absorbable anti-

atherosclerotic dipeptide [3,37], captopril as a typical dipeptidomimetic 

antihypertensive drug [84], and absorbable Gly-Sar-Sar as a designed model 

tripeptide (Chapter III). Based on the findings obtained in Chapter III, the 

effect of aging on oligopeptide absorption was also performed in young and 

aged SHRs using model tetrapeptide (Gly-Sar-Sar-Sar) and pentapeptide (Gly-

Sar-Sar-Sar-Sar) with high protease resistance. 
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2. Materials and Methods 

 

2.1. Materials 

 

Gly-Sar, captopril, aprotinin, and chymostatin were purchased from 

Sigma-Aldrich Co. (St. Louis, MO, USA). [
13

C2,
15

N]-labeled Gly-Sar was 

obtained from Scrum (Tokyo, Japan). Gly-Sar-Sar was obtained from Bachem 

(Bubendorf, Switzerland). Gly-Sar-Sar-Sar and Gly-Sar-Sar-Sar-Sar were 

purchased from Biomatik Co. (Cambridge, ON, Canada). Trp-His was 

purchased from Medical & Biological Laboratories Co. (Nagoya, Japan) and 

His-Trp was purchased from Kokusan Chemical Co. (Osaka, Japan). 2,4,5-

Trinitrobenzensulfonate (TNBS) was purchased from Nacalai Tesque (Kyoto, 

Japan). p-Bromophenacyl bromide (p-BPB) was obtained from Tokyo 

Chemical Ind. (Tokyo, Japan). Distilled water, methanol (MeOH), acetonitrile 

(ACN) and formic acid (FA) were of LC-MS grade (Merck, Darmstadt, 

Germany). All other reagents were of analytical reagent grade and were used 

without further purification.  

2.2. Animal experiments  

 

Seven- and 39-week-old (wk) male SHRs (SHR/Izm, Japan SLC, 

Shizuoka Japan) were fed on a laboratory diet (MF, Oriental Yeast Co., Tokyo, 

Japan) and given water ad libitum. All rats were housed for 1 week at 21 ± 1 °C 

and 55 ± 5% humidity under controlled lighting from 8:00 to 20:00 (systolic 
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blood pressure for 8-wk SHR: 186 mmHg; 40-wk SHR: 235 mmHg). Each rat 

was unfed for 16 h before a single oral administration of each peptide. Each 

peptide was dissolved in milli-Q water, and then was orally administered at a 

dose of 10 mg/kg to rats. At a fixed time-schedule (0, 10, 20, 30, 60, and 90 

min), about 100 µL of blood was collected from the tail vein into a tube 

containing EDTA-2Na and inhibitors (aprotinin, 0.1 mg; chymostatin, 0.1 mg), 

then immediately centrifuged at 3,500 × g at 4 °C for 15 min to obtain plasma 

samples. All rat experiments in this study were handled in accordance with the 

Proper Conduct of Animal Experiment and Related Activities in Academic 

Research Institutions under the jurisdiction of the Ministry of Education, 

Culture, Sports, Science, and Technology in Japan. The Ethics Committee on 

Animal Experiment at Kyushu University approved all experimental protocols 

(Permit Number: A28-040). 

2.3. Determination of absorbed peptides in plasma 

 

Concentrations of Gly-Sar, Trp-His, Gly-Sar-Sar, Gly-Sar-Sar-Sar, and 

Gly-Sar-Sar-Sar-Sar in plasma after administration were determined by a 

TNBS derivatization-aided LC-MS method [36]. Namely, an aliquot (50 µL) of 

plasma solution was added into 150 μL of a solution containing 0.1% NaCl, 

and 0.1% FA. An internal standard (IS; 10 μL) used for each assay was as 

follows: (0.2 nmol/mL [
13

C2,
15

N]-labeled Gly-Sar for Gly-Sar and Gly-Sar-Sar 

assays; 0.1 nmol/mL Gly-Sar-Sar for Gly-Sar-Sar-Sar and Gly-Sar-Sar-Sar-Sar 

assays; 0.02 nmol/mL His-Trp for Trp-His assay). The resultant solution was 
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applied to an Amicon Ultra 0.5-mL-3K centrifugal filter (Millipore, 

Carrigtwohill, Ireland), followed by the centrifugation at 14,000 × g at 4 °C for 

30 min. The obtained filtrate was evaporated to dryness, followed by the 

addition of 50 µL of 150 mM TNBS solution (pH 10) for TNBS derivatization 

reaction for 30 min at 30 °C. The reaction was stopped by the addition of 50 µL 

of 0.2% FA solution, and an aliquot (20 µL) of the resultant trinitrophenyl 

(TNP)-derivative was injected into LC-MS system. The concentration of 

captopril was determined by a p-BPB derivatization method [85] with slight 

modifications. Briefly, an aliquot (20 µL) of 3.6 µM p-BPB in MeOH was 

added to 50 µL of the above-mentioned plasma solution, and incubated for 30 

min at room temperature. The solution was then mixed with 80 µL of MeOH, 

followed by a centrifugation at 14,000 × g for 10 min at 4 °C. The resultant 

supernatant was applied onto a 0.45-µm Cosmonice filter (Nacalai Tesque, 

Kyoto, Japan), and an aliquot (20 µL) of the filtrate was injected into LC-MS 

system.  

For the determinations of TNP-Gly-Sar, p-BPB-captopril, TNP-Gly-Sar-

Sar, TNP-Gly-Sar-Sar-Sar, and TNP-Gly-Sar-Sar-Sar-Sar, an LC-time of flight 

(TOF)-MS was conducted. LC separation was performed using an Agilent 1200 

series (Agilent, Waldbronn, Germany) on a Cosmosil 5C18-AR-II column (2.0 

× 150 mm, 3 µm, Nacalai Tesque) at 40 °C with a linear gradient elution of 

ACN (0 - 100% over 20 min) containing 0.1% FA at a flow rate of 0.2 mL/min. 

An electrospray ionization (ESI)-TOF-MS analysis was carried out using a 

micrOTOF II (Bruker Daltonics, Bremen, Germany) with monitoring ions of 
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m/z 358.0630, m/z 361.0630, m/z 429.1001, m/z 500.1372, m/z 571.1743, and 

m/z 416.0350 in ESI-positive mode for TNP-Gly-Sar, TNP-[
13

C2,
15

N]-Gly-Sar, 

TNP-Gly-Sar-Sar, TNP-Gly-Sar-Sar-Sar, TNP-Gly-Sar-Sar-Sar-Sar, and p-

BPB-captopril, respectively. ESI conditions were as follows: drying gas (N2) 

flow rate, 8.0 L/min, drying gas temperature, 200 °C; nebulizing gas pressure, 

1.6 bar; capillary voltage, 3,800 V; mass range, m/z 100 - 1,000. All of the 

acquisitions and analyses of data were controlled by a Bruker Data Analysis 3.2 

Software. The calibration solution containing 10 mM sodium formate in 50% 

ACN was injected at the beginning of each run, and all of the spectra were 

calibrated prior to the identification.  

For the determination of Trp-His (His-Trp as IS), an LC-multiple 

reaction monitoring (MRM)-MS/MS (Esquire 6000, Bruker Daltonics) by their 

characteristic TNBS-derivatized fragment ions was conducted, since an 

adequate separation of both peptides under the aforementioned LC-TOF-MS 

conditions was not achieved. LC separation was performed using an Agilent 

1200 series on a Waters Atlantis T3 column (2.1 × 100 mm, 3 µm, Milford, 

MA, USA) with a linear elution gradient of 40 - 100% MeOH containing 0.1% 

FA over 20 min at 0.2 mL/min at 40 °C. MRM-MS/MS conditions via a time 

segment definition of 21 - 27 min in ESI-positive mode were as follows: 

nebulizer gas (N2), 40 psi; dry gas  (N2), 8 L/min; dry temperature, 330 °C; HV 

capillary, 2,750 V; HV end plate offset, -500 V; resolution, m/z 0.25; target ion 

trap, 50,000; Oct1, 9.1 V; Oct2, 2.5 V; trap drive, 55.4 V; skimmer, 40.0 V. 
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Monoisotopic isolations (m/z) at the width of m/z 1.5 were 553.1>325.1 for 

TNP-Trp-His and 553.1>188.0 for TNP-His-Trp (IS). 

For the determination of concentrations of peptides in plasma, each 

typical calibration graph for Gly-Sar, y = 3.031x + 0.3605 (0.1 - 10 nmol/mL, 

r=0.9986); Trp-His, y = 98.288x - 0.0528 (0.001 - 0.05 nmol/mL, r = 0.9917) ; 

captopril, y = 660052x - 19894  (0.01 - 2 nmol/mL, r = 0.9932); Gly-Sar-Sar, y 

= 2.6736x + 0.0374 (0.1 - 10 nmol/mL, r = 0.9992); Gly-Sar-Sar-Sar, y = 

3.1849x + 0.1803 (0.01 - 2.5 nmol/mL,  r = 0.9979); and Gly-Sar-Sar-Sar-Sar, 

y = 1.6207x + 0.0601 (0.05 - 1.0 nmol/mL, r = 0.9968), was used; where y is 

the peak area ratio (observed peak area of target against that of each 

corresponding IS) and x is the peptide concentration (nmol/mL).  

2.4. Western blotting analyses 

The expression of PepT1 and claudin-1 proteins in small intestine was 

evaluated by Western blotting analysis. Small intestines of both 8-wk and 40-

wk SHRs were excised and divided equally into twelve segments. In this study, 

we selected the fourth (up-jejunum), eighth (mid-jejunum), and twelfth (ileum) 

segments below the duodenum. Each segment was washed with phosphate-

buffered saline (PBS) buffer (137 mM NaCl, 2.7 KCl, 10 mM Na2HPO4, 1.8 

mM KH2PO4, pH 7.4) containing 1 mM phenylmethylsulfonyl fluoride (PMSF) 

and 2 mM EDTA-2Na. After fat tissues were removed, each intestinal segment 

was homogenized in radio-immunoprecipitation assay (RIPA) buffer (150 mM 

NaCl, 0.5% sodium deoxycholate, 0.1% sodium sulfate, 1.0% Nonidet P-40, 
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and 50 mM Tris-HCl, pH 8.0) containing 1 mM PMSF and 2 mM EDTA-2Na 

on ice. The homogenate was sonicated 10 times for 10 s on ice, and then 

centrifuged at 14,000 × g for 15 min at 4 °C. The obtained supernatant was 

then mixed with an equal volume of sample buffer (20% glycerol, 4% SDS, 3% 

dithiothreitol, 0.002% bromophenol blue and 0.125 M Tris-HCl, pH 6.8), and 

boiled at 95 °C for 5 min. Protein concentration was determined using a Bio-

Rad DC protein assay kit with bovine serum albumin as standard (Nacalai 

Tesque). An aliquot (60 µg-protein/lane) of the prepared sample was applied to 

10% SDS-PAGE gel for 1 h at 40 mA, and transferred onto PVDF membrane 

(Hybond-P, GE Healthcare, Piscataway, NJ, USA) for 1.5 h at 80 mA. The 

membrane was blocked with 5% (w/v) enhanced chemiluminescence (ECL) 

blocking agent (GE Healthcare, Little Chalfont, UK) in TBS-Tween 20 (TBS-

T) (20 mM Tris-HCl, 137 mM NaCl, and 0.05% Tween-20, pH 7.6) for 1.5 h at 

room temperature, and then probed with the primary antibodies to PepT1 

(1:400 dilution), claudin-1 (1:350 dilution), and β-actin (1:6000 dilution) at 

4 °C overnight. The membrane was washed with the TBS-T solution 3 times 

for each 10 min-interval, and then incubated with secondary antibody (anti-

rabbit IgG antibody for PepT1 and for claudin-1; anti-mouse IgG antibody for 

β-actin, 1:1000 dilution) for 1 h at room temperature. The membrane was 

washed again with the TBS-T solution 3 times for each 10 min-interval, and 

analyzed by an ECL plus detection reagent using Quant LAS 4000 (GE 

Healthcare, Little Chalfont, UK). Quantification of the amount of target protein 

was determined by an Image Quant TL 7.0 software (GE Healthcare, Little 
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Chalfont, UK). The level of protein (PepT1 and claudin-1) was calculated by 

the ratio of the levels of each target protein to β-actin. The ratio of each target 

protein level in 8-wk SHR was denoted as 1.0.  

2.5. Statistical analyses 

 

Pharmacokinetic parameters such as Cmax and tmax were analyzed from 0 

to 90 min after oral administration. The elimination rate constant (k) was 

determined by linear regression analysis of data points plotted between the 

respective Cmax and 90 min. The elimination of half-life (t1/2) was calculated by 

plotting the plasma level against logarithmic time. The area under the plasmatic 

concentration-time curve (AUC0 - 90 min) was calculated using the trapezoidal 

rule. Results are expressed as the mean ± (SEM). Statistical evaluation between 

two groups (8-wk and 40-wk SHR groups) was performed by unpaired 

Student’s t-test. A P value of < 0.05 was considered as significant. All 

pharmacokinetic and statistical analyses were performed using the GraphPad 

Prism5 (GraphPad Software, La Jolla, CA, USA). 
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3. Results and Discussion 

 

3.1. Effect of aging on absorption of di-/tripeptides in spontaneously 

hypertensive rats 

Gly-Sar that has an N-methylated peptide bond with high protease 

resistance and plays a role as PepT1 substrate was primarily investigated to 

clarify the effect of aging on peptide absorption in SHRs. After oral 

administration of Gly-Sar to 8-wk and 40-wk SHRs at a dose of 10 mg/kg, 

blood from the tail vein was collected at fixed time-schedules (0, 10, 20, 30, 60, 

and 90 min). As shown in Figure 4-1A, no interfering contaminants 

corresponding to m/z 358.0630 of TNP-Gly-Sar were detected in 0-min blood 

by TNBS derivatization-aided LC-TOF-MS (0.2 nmol/mL [
13

C2,
15

N]-labeled 

Gly-Sar as IS). After the administration, absorbed Gly-Sar was successfully 

detected by the assay, showing tmax of 10 min in both SHR groups (Figures 4-

1A and B). As analyzed over 90 min after administration, the amount of 

absorption of Gly-Sar in 40-wk SHRs was significantly (P < 0.05) higher than 

that in 8-wk SHRs; 1.5-fold higher AUC0 - 90 min was observed in 40-wk SHRs 

(Table 4-1). The effect of aging on the pharmacokinetics of anti-atherosclerotic 

dipeptide, Trp-His, which was absorbed intact into the blood stream of 

Sprague-Dawley (SD) rats via the intestinal PepT1 route [37], was then 

investigated in the present work. As shown in Figures 4-2A, B, and Table 4-1, 

significantly enhanced Cmax and AUC0 - 90 min with 2.1- and 1.8-fold changes, 

respectively, were observed in 40-wk SHRs, compared to 8-wk SHRs. 
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Enhanced absorption with aging was also observed for captopril that is a 

dipeptidomimetic antihypertensive drug and a good substrate for PepT1 

transporter [44,86] (Figures 4-3A, B); Cmax and AUC0 - 90 min of captopril in 40-

wk SHRs were 7.4- and 6.7-fold higher (P < 0.01), respectively, than those in 

8-wk SHRs (Table 4-1).  

As shown in Figures 4-4A, B, and Table 4-1, the enhanced absorption of 

a tripeptide, Gly-Sar-Sar, in 40-wk SHRs was obtained, as similar to the 

aforementioned dipeptides, indicating that aging of SHRs may greatly affect or 

promote the absorption of di-/tripeptides into rat blood stream. The results were 

consistent with the report by Metelsky [76], who revealed that the absorption of 

Gly-Ala through rat intestinal sections tended to increase with aging of male 

Wistar rats. Some in vitro studies also demonstrated a similar tendency in the 

absorption of dipeptides in guinea pig intestine segments [87] and rabbit 

intestinal mucosa [88]. It has been clarified that intestinal PepT1 transporter 

plays a major role in the transport of small peptides (di-/tripeptides) or 

peptidomimetics [44,48]. It was found that the intestinal PepT1 expression was 

changed from embryonic to adult age in SD rats [50]. Therefore, the enhanced 

di-/tripeptide transport in aged animals (Figures 4-1, 4-2, 4-3, 4-4, and Table 4-

1) may be related to the expression of PepT1 transporter at the brush border 

membrane. However, there have been reports on the relationship between 

enhanced in vivo absorption and PepT1 expression in aged SHRs. Therefore, 

further interest on the mechanism of the promoting absorption of di-/tripeptides 
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with aging was focused on the relationship between expression of PepT1 and 

aging of SHRs.  
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A) Waterfall plot 

 
B) Absorption profile 

 

 
Figure 4-1. Stacked intensity-time chromatograms (waterfall plot) of Gly-Sar and 

IS ([
13

C2,
15

N]-labeled Gly-Sar, 0.2 nmol/mL) arranged by sampling time of rat 

plasma (0 to 90 min) (A). Time-course of concentration of Gly-Sar in plasma 

after single oral administration at 10 mg/kg to 8-wk (n = 4) and 40-wk SHRs (n = 

4) (B). Blood (100 µL) was taken from the tail vein at a fixed time of 0 - 90 min. 

Plasma sample was subjected to a TNBS derivatization-LC-TOF-MS analysis. 

Extracted ions with m/z 358.0630 and m/z 361.0630 correspond to molecular ions of 

TNP-Gly-Sar and TNP-[
13

C2,
15

N]-Gly-Sar (IS), respectively. Data are expressed as 

the mean ± SEM (n = 4). *P < 0.05, **P < 0.01, significantly different between 8-wk 

and 40-wk SHRs by unpaired Student’s t-test.  
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A) Waterfall plot 

 
B) Absorption profile 

 
Figure 4-2. Stacked intensity-time chromatograms (waterfall plot) of Trp-His and 

IS (His-Trp, 0.02 nmol/mL) arranged by sampling time of rat plasma (0 to 90 

min) (A). Time-course of concentration of Trp-His in plasma after single oral 

administration of 10 mg/kg to 8-wk (n = 4) and 40-wk SHRs (n = 4) (B). Blood 

(100 µL) was taken from the tail vein at fixed time intervals from 0 to 90 min. Plasma 

samples were subjected to TNBS derivatization-LC-MRM-MS/MS analysis via a time 

segment definition of 21 - 27 min for Trp-His and His-Trp (IS). Monoisotopic 

isolations (m/z) at the width of m/z 1.5 were 553.1>325.1 for TNP-Trp-His and 

553.1>188.0 for TNP-His-Trp (IS). Data are expressed as the mean ± SEM (n = 4). 

**P < 0.01, significantly different between 8-wk and 40-wk SHRs by unpaired 

Student’s t-test.  
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A) Waterfall plot 
 

 
B) Absorption profile 

 

Figure 4-3. Stacked intensity-time chromatograms (waterfall plot) of captopril 

arranged by sampling time of rat plasma (0 to 90 min) (A). Time-course of 

concentration of captopril in plasma after single oral administration of 10 mg/kg 

to 8-wk (n = 4) and 40-wk SHRs (n = 4) (B). Blood (100 µL) was taken from the tail 

vein at fixed time intervals from 0 to 90 min. Plasma samples were subjected to p-

BPB derivatization-LC-TOF-MS analysis. An extracted ion with m/z 416.0350 

corresponds to a molecular ion of p-BPB-captopril. Data are expressed as the mean ± 

SEM (n = 4). *P < 0.05, **P < 0.01, significantly different between 8-wk and 40-wk 

SHRs by unpaired Student’s t-test. 
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A) Waterfall plot  

 

B) Absorption profile 

 

Figure 4-4. Stacked intensity-time chromatograms (waterfall plot) of Gly-Sar-Sar 

and IS ([
13

C2,
15

N]-labeled Gly-Sar, 0.2 nmol/mL) arranged by sampling time of 

rat plasma (0 to 90 min) (A). Time-course of concentration of Gly-Sar-Sar in 

plasma after single oral administration of 10 mg/kg to 8-wk (n = 6) and 40-wk 

SHRs (n = 6) (B). Blood (100 µL) was taken from the tail vein at fixed time intervals 

from 0 to 90 min. Plasma samples were subjected to TNBS derivatization-LC-TOF-

MS analysis. Extracted ions with m/z 361.0630 and m/z 429.1001 correspond to 

molecular ions of TNP-[
13

C2,
15

N]-Gly-Sar (IS) and TNP-Gly-Sar-Sar, respectively. 

Data are expressed as the mean ± SEM (n = 6). *P < 0.05, **P < 0.01, significantly 

different between 8-wk and 40-wk SHRs by unpaired Student’s t-test. 
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3.2. Effect of aging on PepT1 expression in spontaneously hypertensive rats  

 

Quantitative Western blotting analyses of intestinal PepT1 expression 

were performed using the up-jejunum, mid-jejunum, and ileum segments of 8-

wk and 40-wk SHRs. As shown in Figure 4-5, PepT1 expression was the most 

abundant in the mid-jejunum among the three segments, suggesting that the 

mid-jejunum region may be mainly involved in di-/tripeptide absorption in 

SHRs. Surprisingly, Figure 4-5 also revealed that the expression of PepT1 in 

the mid-jejunum was significantly (P < 0.05) higher in 40-wk SHRs by 

approximately 1.5-fold, compared to 8-wk SHRs, while the protein expression 

of PepT1 in the upper jejunum and ileum did not show any significant 

difference between 8-wk and 40-wk SHR groups.  

Thus far, some studies regarding intestinal PepT1 expression with age in 

rats and chicks have demonstrated that the protein expression decreased after 

birth, and then increased after weaning [49,50]. In this study, we pointed out 

that the intestinal PepT1 expression significantly increased in aged SHRs. It 

has been reported that pro-inflammatory cytokines such as TNF-α and IFN-γ 

stimulated the colonic PepT1 expression [89,90]. Thus, the enhanced 

expression of PepT1 in 40-wk SHRs (Figure 4-5) might be in part caused by 

increased pro-inflammatory cytokine levels associated with aging or promoting 

hypertension [91,92].  
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Figure 4-5. Western blotting analyses of PepT1 expression in the upper-jejunum, 

mid-jejunum, and ileum regions from 8-wk (n = 4) and 40-wk SHRs (n = 4). 

Values are expressed as the mean ± SEM (n = 4). Statistical analyses between two 

SHR groups were performed by unpaired Student’s t-test. NS indicates no significant 

difference at P > 0.05. 
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3.3. Effect of aging on absorption of oligopeptides Gly-Sar-Sar-Sar and Gly-

Sar-Sar-Sar-Sar in spontaneously hypertensive rats 

The effect of aging on the pharmacokinetics of oligopeptides Gly-Sar-

Sar-Sar and Gly-Sar-Sar-Sar-Sar, which were absorbed intact into 8-wk SHRs 

(Chapter III), were examined. Gly-Sar-Sar-Sar and Gly-Sar-Sar-Sar-Sar were 

orally administered at each dose of 10 mg/kg to 8-wk and 40-wk SHRs. As 

shown in Figures 4-6A and 4-7A, the absorption of Gly-Sar-Sar-Sar and Gly-

Sar-Sar-Sar-Sar were succesfully detected by TNBS-LC-TOF-MS after oral 

administration in both SHRs. Apart from the age-related absorption of di-

/tripeptides (Figures 4-1 to 4-4 and Table 4-1), no significant difference in the 

absorption of the tetrapeptide Gly-Sar-Sar-Sar and pentapeptide Gly-Sar-Sar-

Sar-Sar in terms of Cmax and AUC0 - 90 min between 8-wk and 40-wk SHRs was 

observed (Table 4-1, Figures 4-6A and B, and Figures 4-7A and B), suggesting 

that in vivo oligopeptide absorption might not be influenced by aging in SHRs. 

Some reports in SD rats revealed that aging or inflammation might lead to a 

reorganization of paracellular TJ proteins including zonua occludens (ZO-1), 

occludin, claudin-1, claudin-4, and junctional adhesion molecules (JAMs), thus 

weakened intestinal barrier [93–95]. Ren et al. [94] reported that the TJs of 48-

wk and 96-wk SD rats were weakened with reduced mRNA and protein 

expressions of TJ proteins such as ZO-1 and occludin. 

Taking these factors into account, claudin-1 protein, which is the initial 

promoter of TJ-close or open action [96], was determined by Western blotting 
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analysis to understand the mechanism of the absorption of oligopeptides 

between 8-wk and 40-wk SHRs. The results showed no significant difference 

in the expression of claudin-1 protein between 8-wk and 40-wk SHRs (Figure 

4-8). Thus, it is possible to explain that no change in age-related absorption of 

oligopeptides Gly-Sar-Sar-Sar and Gly-Sar-Sar-Sar-Sar (Figures 4-6, 4-7, and 

Table 4-1) would be caused by the constant TJ protein expression in young and 

old SHRs.  
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A) Waterfall plot 

 
B) Absorption profile 

 
Figure 4-6. Stacked intensity-time chromatograms (waterfall plot) of Gly-Sar-

Sar-Sar and IS (Gly-Sar-Sar, 0.1 nmol/mL) arranged by sampling time of rat 

plasma (0 to 90 min) (A). Time-course of concentration of Gly-Sar-Sar-Sar in 

plasma after single oral administration of 10 mg/kg to 8-wk (n = 4) and 40-wk 

SHRs (n = 4) (B). Blood (100 µL) was taken from the tail vein at fixed time intervals 

from of 0 to 90 min. Plasma samples were subjected to TNBS derivatization-LC-

TOF-MS analysis. The extracted ions with m/z 429.1001 and m/z 500.1372 

correspond to molecular ions of TNP-Gly-Sar-Sar and TNP-Gly-Sar-Sar-Sar, 

respectively. Data are expressed as the mean ± SEM (n = 6). Significant difference 

between 8-wk and 40-wk SHRs was analyzed by unpaired Student’s t-test. 
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A) Waterfall plot  

 

A) Absorption profile 

 

Figure 4-7. Stacked intensity-time chromatograms (waterfall plot) of Gly-Sar-

Sar-Sar-Sar and IS (Gly-Sar-Sar, 0.1 nmol/mL) arranged by sampling time of rat 

plasma (0 to 90 min) (A). Time-course of concentration of Gly-Sar-Sar-Sar-Sar in 

plasma after single oral administration of 10 mg/kg to 8-wk (n = 4) and 40-wk 

SHRs (n = 4) (B). Blood (100 µL) was taken from the tail vein at fixed time intervals 

from 0 to 90 min. Plasma samples were subjected to TNBS derivatization-LC-TOF-

MS analysis. The extracted ions with m/z 429.1001 and m/z 571.1743 correspond to 

molecular ions of TNP-Gly-Sar-Sar and TNP-Gly-Sar-Sar-Sar-Sar, respectively. Data 

are expressed as the mean ± SEM (n = 4). Significant difference between 8-wk and 

40-wk SHRs was analyzed by unpaired Student’s t-test. 
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Figure 4-8. Western blotting analyses of claudin-1 expression in the upper-

jejunum, mid-jejunum, and ileum regions from 8-wk (n = 4) and 40-wk (n = 4) 

SHRs. Statistical analyses between two SHR groups were performed by unpaired 

Student’s t-test. NS indicates no significant difference at P > 0.05. 
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4. Summary 

Chapter IV demonstrated that the absorption of di-/tripeptides may be 

enhanced with aging in SHRs, along with increased PepT1 expression in the 

intestinal mid-jejunum. The current work, together with the findings obtained 

in Chapter III, provided the first evidence on intact absorption of model 

oligopeptides Gly-Sar-Sar-Sar as tetrapeptide and Gly-Sar-Sar-Sar-Sar as 

pentapeptide in an age-independent manner. Chapter III and Chapter IV clearly 

demonstrated that peptide chain length affects in vivo peptide absorption in the 

following order: Gly-Sar > Gly-Sar-Sar > Gly-Sar-Sar-Sar > Gly-Sar-Sar-Sar-

Sar. Greater attentions must be paid for in vivo absorption of oligopeptides as 

well as di-/tripeptides to gain more insights into the matter in future in respect 

to aging (Figure 4-9).  
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Figure 4-9. Proposed mechanism of in vivo absorption of peptides 

associated with aging. 
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Chapter V 

 

 

Conclusion 

 

Many researchers have focused on biologically active peptides present 

in the sequences of food proteins. Food-derived bioactive peptides as functional 

foods are expected to be effective in preventing lifestyle-related diseases, and 

maintaining physical and well-being of humans due to their physiological 

benefits such as antihypertensive [3–7], antioxidant [8], and anti-inflammatory 

effects [9]. Industrial manufacturers, thus, need to control the quality and 

quantity of peptides for the development of functional foods.  

The potential physiological effect of a peptide depends on the ability to 

reach target organ in an active or intact form after oral administration [6]. 

Although the absorption of di-/tripeptides across intestinal membrane in 

humans and animals has been proven, no in vivo evidence on the absorption of 

larger peptides or oligopeptides (≥ tetrapeptides).  

Thus, the present study was primarily aimed to develop a reliable and 

convenient method to quantify small bioactive peptides in food proteins. 

Further study was performed on in vivo absorption of oligopeptides. Finally, we 

aimed to elucidate the effect of aging on the absorption of peptides in SHRs.  
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Chapter II: Application of a standard method for quantitative mass 

spectrometric assay of dipeptides in soybean hydrolysate 

In Chapter II, the proposed TNBS derivatization-aid LC-MS 

quantification assay using a standard addition method provided a reliable and 

convenient assay, without interference from matrix effects in protein 

hydrolysate, and without requirement for the use of isotope labeled IS. 

Substantially enhanced detection of TNP-dipeptides was obtained by TNBS 

derivatization when compared to the non-derivatized peptides with 0.9-, 4.3-, 

11.4-, 24.7-, and 30.5-fold higher signal intensities for TNP-Ile-Tyr, TNP-Ser-

Tyr, TNP-Tyr-Ser, TNP-Tyr-Gly, and TNP-Gly-Tyr, respectively. The matrix 

effects could be minimized by using the standard addition method for 

quantification of peptides in soybean hydrolysate. The result showed a 7- to 24-

fold decrease in the slope of the standard addition curves of hydrolysate 

compared to the absolute calibration curves of the dipeptide standard solution. 

The advantage of the proposed TNBS-LC-MS-aided standard addition method 

laid the convenient and reliable peptide quantitative assays in food protein 

hydrolysate without the requirement for matrix cleaning, and without the use of 

isotope labeled IS.  
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Chapter III: Intestinal absorption of oligopeptides in spontaneously 

hypertensive rats 

The aim of Chapter III was to investigate whether oligopeptides (tri- to 

pentapeptides) can be absorbed in intact form after single oral administration in 

rats by using TNBS-LC-MS technique. It was demonstrated for the first time 

that oligopeptides Gly-Sar-Sar (Cmax, 4.6 ± 0.6 nmol/mL-plasma; AUC, 267.4 ± 

34.3 nmol·min/mL-plasma), Gly-Sar-Sar-Sar (Cmax, 1.5 ± 0.3 nmol/mL-plasma; 

AUC, 88.2  ± 17.6 nmol·min/mL-plasma), and Gly-Sar-Sar-Sar-Sar (Cmax, 1.1 

± 0.1 nmol/mL-plasma; AUC, 71.7 ± 2.8 nmol·min/mL-plasma), were 

absorbed in their intact forms into SHR blood at each dose of 10 mg/kg. No 

expected metabolites from Gly-Sar-Sar, Gly-Sar-Sar-Sar, and Gly-Sar-Sar-Sar-

Sar were observed in the blood samples, indicating that all oligopeptides were 

high resistant to protease hydrolysis. It was clear that the magnitute of in vivo 

absorption of peptides was dependent on peptide length in the descending order 

of Gly-Sar-Sar > Gly-Sar-Sar-Sar > Gly-Sar-Sar-Sar-Sar. Namely, molecular 

size (peptide length) is a critical determinant for in vivo absorption of bioactive 

peptides.  
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Chapter IV: Effect of aging on intestinal absorption of peptides in 

spontaneously hypertensive rats 

 Chapter IV aimed to elucidate the effect of aging on in vivo absorption 

of peptides in SHRs. Each peptide including Gly-Sar and Trp-His dipeptides, 

Gly-Sar-Sar tripeptide, Gly-Sar-Sar-Sar tetrapeptide, Gly-Sar-Sar-Sar-Sar 

pentapeptide, and captopril (a dipeptidomimetic antihypertensive drug) was 

administered at a dose of 10 mg/kg each to 8-wk and 40-wk SHRs. The 

peptides were all detected in their intact forms in the blood by TNBS-LC-MS. 

As a result, there was significantly enhanced absorption of di-/tripeptides in 40-

wk SHRs, compared to 8-wk SHRs. In contrast, the absorption of oligopeptides 

Gly-Sar-Sar-Sar and Gly-Sar-Sar-Sar-Sar was not affected by aging. 

Quantitative Western blotting analyses of intestinal PepT1 and claudin-1 

expression using the up-jejunum, mid-jejunum, and ileum segments from 8- 

and 40-wk SHRs showed that PepT1 expression in the mid-jejunum was 

significantly increased in 40-wk SHRs compared to 8-wk SHRs, whereas aging 

did not affect the expression of claudin-1, a TJ-related protein.  

In conclusion, the present study provided the convenient and reliable 

peptide quantitative assays in food protein hydrolysate by using TNBS-LC-

MS-aided standard addition method without the requirements of matrix 

cleaning and isotope labeled IS. Secondly, it was demonstrated for the first 

time that oligopeptides can be absorbed in vivo in a peptide length-dependent 

manner of di- > tri- > tetra- > pentapeptide length. Finally, we demonstrated 
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that SHR aging may enhance the absorption of di-/tripeptides by stimulated 

PepT1 expression, whereas oligopeptides may be absorbed in an age-

independent manner. 
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