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General Introduction 

 

Upon ingestion, proteins are first digested by endoproteinases such as pepsin, trypsin, and 

chymotrypsin, generating peptides. The peptides are further degraded into smaller peptides and 

amino acids by exopeptidases in the small intestine and blood circulation. Several exopeptidases 

have been identified in the gastrointestinal tract, such as carboxypeptidase A (CPA), leucine 

aminopeptidase (LAP), aminopeptidase N (APN), aminopeptidase A (APA), aminopeptidase B 

(APB), prolidase, dipeptidyl peptidase 3 (DPP3), and dipeptidyl peptidase 4 (DPP4) (Aganga et 

al., 2021; Endo et al., 1989; Gustafsson et al., 2011; Hiwada et al., 1981; Johansson et al., 2011; 

Lundquist & Artursson, 2016; Misiura & Miltyk, 2020). LAP and APN are well-known 

exopeptidases that release amino-terminal amino acids of peptides. LAP preferentially releases 

Leu and other amino acids, including Pro, from the amino terminus but cannot release Arg and Lys 

(Gu and Walling, 2000). APN releases most amino acids, including Arg and Pro (slow), from the 

amino terminus (Niven et al., 1995). Conversely, APB preferentially releases Arg and Lys from 

the amino terminus (Nagata et al., 1991). Prolidase preferentially cleaves Pro residue at the 

carboxyl terminus (Wilk et al., 2017), while DPPs release dipeptides at the amino terminus (Ohara-

Nemoto et al., 2002). 

In general, dietary protein and peptides were considered to be completely degraded into 

amino acids. This concept was partially changed by the findings of food-derived peptides in the 

gastrointestinal tract and blood after ingestion of protein hydrolysates or peptides (Asai et al., 

2019; Iwai et al., 2005; Ohara et al., 2007; Miyauchi et al., 2022; Shigemura et al., 2018; Taga et 
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al., 2014). After ingestion of collagen hydrolysate (CH), di- and tripeptides containing 

hydroxyproline (Hyp) increase in the human peripheral blood at µM levels (Asai et al., 2019; Iwai 

et al., 2005; Ohara et al., 2007; Shigemura et al., 2018; Taga et al., 2014). These facts clearly 

indicate that a part of food-derived peptides survives digestion by exopeptidases in the small 

intestine and blood. 

The ingestion of collagen hydrolysate (CH) has been proven to exert many health benefits. 

Human clinical studies have indicated that ingestion of CH improved skin conditions, including 

moisture content, elasticity, less wrinkle, etc. (Inoue et al., 2016; Oba et al., 2013; Ohara et al., 

2010), reduced joint pain (Nakatani et al., 2009; Zdzieblik et al., 2017), and improved wound 

healing of pressure ulcer (Sugihara et al., 2018; Yamanaka et al., 2017). Pro-Hyp is the major CH-

derived peptide that significantly increases in human blood after CH ingestion (Asai et al., 2019; 

Iwai et al., 2005; Ohara et al., 2007; Shigemura et al., 2018; Taga et al., 2014). Animal experiments 

also revealed that Pro-Hyp is responsible for the acceleration of wound healing on the mice 

abdominal wall (Jimi et al., 2021). In vitro studies using cell culture also showed that Pro-Hyp 

enhances the proliferation of primary cultured fibroblasts attached on collagen fibrils, which can 

be associated with the improvement of wound healing (Asai et al., 2020).  

The bioavailability of food-derived peptides is now believed to be crucial for exerting their 

bioactivity in vivo (Matsui, 2018; Sato, 2022). Numerous di- and tripeptides have been reported 

to enter enterocytes via peptide transporter 1 (PepT1) (Hanh et al., 2017; Rohm et al., 2019). 

Nonetheless, the bioavailability of food-derived peptides greatly differs by their structure (Sato, 

2022). Thus, not only peptide transportation but another factor also plays a crucial role in 
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determining the bioavailability of food-derived peptides. In vitro and in silico digestion have been 

used to predict peptides with high bioavailability. Furthermore, a single or a combination of several 

endoproteinases have been intensively used for in vitro digestion (Guo et al., 2014; Aléman et al., 

2013; Larder et al., 2021; Feng and Betti, 2017; Larder et al., 2021; Yang et al., 2019; Bai et al. 

2023; Brodkorb et al., 2019). However, a previous study in the research group the author belongs 

to has shown that most short-chain food-derived peptides resist endoproteinases but are readily 

degraded by exopeptidases (Chen et al., 2019). Ejima et al. (2018) also reported that some 

dipeptides with proline (Pro) at the carboxyl terminus (X-Pro) remained after in vitro digestion of 

corn and wheat gluten using pancreatin and LAP. Yet, these peptides did not increase in human 

blood after ingestion of the corn and wheat gluten hydrolysates. These facts suggest that there is 

an exopeptidase responsible for X-Pro dipeptides degradation in the gastrointestinal tract, which 

was not used by the above in vitro digestion. The present author assumed that the susceptibility of 

peptides to certain exopeptidases in the gastrointestinal tract greatly contributes to the 

bioavailability of food-derived peptides. However, knowledge of the role of exopeptidases in the 

gastrointestinal tract in the digestion of food-derived peptides has been very limited. This study 

aimed to elucidate the role of exopeptidases in determining the bioavailability of food-derived 

peptides in the body.  

In Chapter 1, the establishment of in vitro digestion using crude extract of rat’s small 

intestinal mucosa to simulate in vivo digestion is described. Collagen hydrolysate (CH) was used 

in the study in this chapter since the structure of collagen-derived peptides in the blood plasma of 

humans and rats upon ingestion has been well-elucidated. Consequently, the author found 
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prolidase activity in the crude extract of rat’s small intestinal mucosa played a crucial role in 

determining food-derived collagen peptides in the body upon ingestion of CH. 

In Chapter 2, the identification of prolidase and aminopeptidase N in the crude extract of 

rat’s small intestinal mucosa is described. Partially purified mucosa extract containing 

aminopeptidase N and prolidase rapidly and completely digested synthetic Gly-Pro, while Pro-

Hyp remained in considerable amounts after the in vitro digestion. This finding can clarify why 

Pro-Hyp increased significantly in blood plasma after CH ingestion while Gly-Pro did not. 

In Chapter 3, the impact of co-administration of CH with rice protein hydrolysate (RPH) 

on the bioavailability of Pro-Hyp is described. Pyroglutamyl (pGlu) peptides are the major food-

derived peptides in the gastrointestinal tract after ingestion of RPH (Miyauchi et al., 2022). 

Interestingly, co-administration of CH with RPH increased the bioavailability of Pro-Hyp. The 

data suggest that several pGlu peptides showed inhibition on Pro-Hyp degradation by 

exopeptidases, including prolidase, in a crude extract of mucosa, where pGlu-Pro exerted a 

significant inhibition among the others. 

Taken together, exopeptidases in the small intestinal mucosa play a crucial role in 

determining food-derived peptides. Therefore, the in vitro digestion using crude extract of rat’s 

small intestinal mucosa established in this study can predict the bioavailability of food-derived 

peptides. Among the exopeptidases, prolidase is the key player for X-Pro and X-Hyp dipeptides 

degradation in the gastrointestinal tract, which greatly contributes to determining the 

bioavailability of CH-derived peptides. Furthermore, co-administration of RPH with CH enhanced 

the bioavailability of Pro-Hyp, a major collagen-derived bioactive peptide. The pGlu peptides, 
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derived from RPH, may interfere with prolidase, thus inhibiting the degradation of Pro-Hyp. 

Therefore, the bioavailability of bioactive is potentially enhanced by combining specific peptides 

which can hinder the peptide degradation by gastrointestinal exopeptidases. 
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Chapter 1 

Substrate specificity of exopeptidases in small intestinal mucosa of rats determines the 

structure of food-derived collagen peptides in rat lumen and blood 

 

1.1 Introduction 

The bioavailability of food-derived peptides is crucial to exert their biological activity (Matsui, 

2018; Sato, 2022). Conventionally, it was believed that ingested proteins or peptides were rapidly 

hydrolyzed into amino acids and smaller peptides during digestion. Certain di- and tripeptides have 

been demonstrated to enter enterocytes via peptide transporter 1 (PepT1) (Hanh et al., 2017; Rohm 

et al., 2019). Yet, it was also assumed that these peptides were rapidly degraded in enterocytes and 

blood circulation. However, it has been demonstrated that di- and tripeptides containing 

hydroxyproline (Hyp) significantly increase in the human peripheral blood at µM levels after 

ingestion of collagen hydrolysate (CH) (Asai et al., 2019; Iwai et al., 2005; Ohara et al., 2007; 

Shigemura et al., 2018; Taga et al., 2014). In human blood, collagen-derived peptides 

predominantly comprise Pro-Hyp, with the second most abundant being Hyp-Gly (Shigemura et 

al., 2011). In vitro studies using cell culture systems and animal studies have demonstrated that 

Pro-Hyp and Hyp-Gly exert some biological activities (Asai et al., 2020a; Asai et al., 2020b; Jimi 

et al., 2021; Nakatani et al., 2009; Ohara et al., 2010; Shigemura et al., 2009; Shigemura et al., 

2011). Furthermore, human clinical studies have indicated that ingestion of collagen hydrolysates 

exerts health benefits such as improvement of skin (Inoue et al., 2016; Oba et al., 2013; Ohara et 
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al., 2010) and joint conditions (Nakatani et al., 2009; Zdzieblik et al., 2017), and improvement of 

wound healing of pressure ulcer (Sugihara et al., 2018; Yamanaka et al., 2017). 

Collagen has a specific amino acid sequence in which every third residue is Gly, resulting 

in a repetition as Gly-Xa-Xb (Xa and Xb are any amino acids) in the triple helical domain. Pro 

residue at Xb is specifically changed to Hyp residue by prolyl hydroxylase during post-

translational modification, producing Gly-Pro-Hyp-Gly as the most frequently observed motif 

(10.5% of total Hyp) in collagen (Ramshaw et al., 1998; Shoulders & Raines, 2009). Pro-Hyp, 

Hyp-Gly, Gly-Pro-Hyp, and Pro-Hyp-Gly, which notably increase in human peripheral blood upon 

ingestion of CH (Asai et al., 2019; Iwai et al., 2005; Shigemura et al., 2018), can be derived from 

this motif. Interestingly, ingestion of CH has shown either no significant increase or only a slight 

increase in Gly-Pro levels in human plasma (Asai et al., 2019; Iwai et al., 2005; Ohara et al., 2007; 

Shigemura et al., 2018; Taga et al., 2014; Taga et al., 2019; Yamamoto et al., 2016), despite its 

potential derivation from the same motif.  Furthermore, in vitro studies using the Caco-2 

monolayer system have reported that Gly-Pro can be passed through Caco-2 monolayer in intact 

form (Enjoh et al., 1996; Ganapathy & Leibachs, 1983; Rohm et al., 2019). However, 

inconsistencies in bioavailability have not been resolved. In this chapter, a crucial determining 

factor of the bioavailability of food-derived peptides using in vitro and in vivo digestion is 

described. 

To predict peptides with high bioavailability, in vitro digestion has been carried out using 

a combination of some endoproteinases such as pepsin, trypsin, crude protease preparations such 

as gastric juice (containing pepsin and gastric lipase), and pancreatin (containing amylase, trypsin, 
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chymotrypsin, and lipase) (Guo et al., 2014; Aléman et al., 2013; Larder et al., 2021; Feng and 

Betti, 2017; Larder et al., 2021; Yang et al., 2019; Bai et al. 2023; Brodkorb et al., 2019). However, 

as mentioned in the General Introduction section, most short-chain food-derived peptides resist 

endoproteinases but are readily degraded by exopeptidases (Chen et al., 2019). The intestinal 

mucosa contains various exopeptidases secreted by enterocytes such as leucine aminopeptidase 

(LAP), aminopeptidases N (APN), aminopeptidase A (APA), aminopeptidase B (APB), prolidase, 

dipeptidyl peptidase 3 (DPP3), and dipeptidyl peptidase 4 (DPP4) (Aganga et al., 2021; Endo et 

al., 1989; Gustafsson et al., 2011; Hiwada et al., 1981; Johansson et al., 2011; Lundquist & 

Artursson, 2016; Misiura & Miltyk, 2020). In mammals, aminopeptidases are produced by various 

tissues and organs, thus abundantly present in the liver, kidney, intestine, and placenta. 

Furthermore, APN is particularly abundant in the brush border membrane of the kidney, small 

intestine, and placenta (Turner, 2013). In addition, carboxypeptidase A (CPA) is produced by the 

pancreas and sent into the gastrointestinal tract. However, their role in determining the 

bioavailability of food-derived peptides has not been well examined. 

Based on these facts, it was hypothesized that the substrate specificity of exopeptidases in the 

intestinal mucosa determines the structure of peptides with high bioavailability. A range of in vitro 

and rat in vivo digestions were used to elucidate the role of exopeptidases in small intestinal 

mucosa on the bioavailability of food-derived peptides. For in vitro digestions, CH was digested 

by several exopeptidase preparations, crude extracts from rat intestinal mucosa, and blood plasma. 

Consequently, the results showed that the exopeptidases in small intestinal mucosa generated Hyp-

containing di- and tripeptides with low levels of peptides containing Pro at the carboxyl terminus 
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(X-Pro), while X-Pro peptides resisted LAP, CPA, and APN digestion. CH digestion by crude 

extract of mucosa generated a similar peptide profile to in vivo digestion, specifically having a 

high content of Pro-Hyp and a negligible content of Gly-Pro. These results indicate that prolidase 

activity in the small intestinal mucosa, in addition to LAP, CPA, and APN, plays a crucial role in 

determining collagen-derived peptides with high bioavailability. 

 

1.2 Materials and Methods 

Collagen hydrolysate 

Collagen hydrolysate (CH, Marine Oligopeptide®) was a kind gift from the Japan Food Peptide 

Institute (Osaka, Japan). According to the supplier’s information, CH was prepared from the scale 

of tilapia (Oreochromis niloticus) by two protease preparations and the average molecular weight 

of peptides in CH is approximately 500 Da. 

 

Reagents 

Acetonitrile (HPLC-grade), phosphate-buffered saline pH 7.4 (PBS, 10´), and porcine pancreatin 

were purchased from Nacalai Tesque (Kyoto, Japan). 6-Aminoquinolyl-N-hydroxysccinimidyl 

carbamate (AccQ) was purchased from Toronto Research Chemical (Toronto, ON, Canada). A 

lysis buffer (CelLytic), aminopeptidase N (APN), leucine aminopeptidase (LAP) from porcine 

kidney, carboxypeptidase A (CPA) from bovine pancreas, L-leucine p-nitroanilide (Leu-pNA, 

substrate for EC 3.4.11.2) were purchased from Sigma-Aldrich (St. Louis, MO). 9-Fluorenyl 

methoxycarbonyl (Fmoc) amino acid derivatives, Fmoc amino acid-bound p-alkoxybenzyl alcohol 
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(Alko) resin, proline-bound 2-chlorotrityl chloride (Barlos) resin, and stable isotope labeled Fmoc-

Gly (2,2-d2)-OH were purchased from Watanabe Chemical Industries (Hiroshima, Japan). All 

other reagents were of analytical grade or higher. 

Animal experiments 

Five-week-old male Wistar/ST rats (120–140 g) were purchased from Japan SLC (Shizuoka, 

Japan). Every three rats were kept in a cage at 22–25°C and 40–70% relative humidity, with a 12-

hour light/dark cycle. The rats were allowed free access to a normal rodent chow (solid type of 

certified diet MF; Oriental Yeast, Tokyo, Japan) and drinking water during an acclimatization 

period of one week. All the animals were treated and cared for according to the guidelines of the 

National Institutes of Health (NIH) for experimental animals. All experimental procedures were 

approved by the Animal Care Committee of the Louis Pasteur Center for Medical Research (Kyoto, 

Japan, approval number 20221). After the acclimatization period, rats were divided into the control 

group (n=3) and the collagen hydrolysate (CH) group (n=3). The CH groups were administered 

collagen hydrolysate water solution (300 μL) at a dose of 800 mg/kg body weight, while the control 

group was administered the same volume of distilled water. One hour after the oral administration, 

small intestine and blood from the abdominal vena cava were collected from rats under anesthesia 

using isoflurane inhalation.   

The inner content of the small intestines was flushed using 10 mL of cold PBS. The effluent 

was added with three volumes of ethanol and centrifuged at 13,000 ´g at 4°C for 10 min. The 

supernatant was collected and used for the following experiments as the lumen sample. The 

washed small intestine was cut into small pieces. Aliquots of the intestine (100 mg) were 
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homogenized with PBS (100 µL) using a Biomasher II (Nippi, Tokyo, Japan). The homogenate 

was mixed with three volumes of ethanol and centrifuged at 13,000 ´g for 10 min at 4oC. The 

supernatant was collected and used as the small intestinal tissue extract for the following 

experiments. The blood was collected using a heparinized syringe and centrifuged at 1,500 ´g at 

4°C for 10 min. The resultant plasma was mixed with three volumes of ethanol and centrifuged as 

described above. The supernatant was used as a plasma sample for the following experiments. 

 

Preparation of crude mucosa extract from rat small intestine 

To prepare the crude mucosa extract, 6-week-old male Wistar/ST rats were sacrificed by drawing 

blood from the abdominal vena cava under anesthesia by isoflurane inhalation. The experiment 

procedures were approved by the Animal Care Committee of the Louis Pasteur Center for Medical 

Research (Kyoto, Japan, with approval number 20221). The whole small intestine was collected 

immediately. After flushing the inner content with cold PBS, the intestine was split open 

longitudinally with scissors. The mucosa was scraped using a spatula and then mixed with two 

volumes of a lysis buffer (CelLytic) before homogenization in Biomasher II.  The suspension was 

centrifuged at 13,000 ´g at 4oC for 15 min. The supernatant was used as a crude mucosa extract 

of small intestinal mucosa. 

 

Leucine aminopeptidase (LAP) assay 

LAP activity was measured using L-leucine-p-nitroanilide (Leu-pNA) as substrate according to 

the supplier test protocol (Sigma-Aldrich) with some modifications.  Leu-pNA was dissolved in 
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methanol to give a concentration of 1.2 mM. PBS (90 µL) was mixed with 5 µL of the crude extract 

of small intestinal mucosa and 5 µL of the substrate solution. The absorbances at 405 nm were 

immediately recorded before and after 5 min incubation at 37 °C. One unit was defined as the 

enzymes hydrolyzing 1.0 µmole of Leu-pNA to Leu and pNA per minute under assay conditions. 

The enzyme activity was expressed as a unit/mL, which can be obtained by the following equation: 

Unit/mL= ((Dabsorbance at 405/min of sample-Dabsorbance at 405/min of blank) ´ total volume 

(0.1 mL) ´ dilution factor (20))/(9.9 ´ volume of enzyme (mL)). Where 9.9 was the millimolar 

extinction coefficient of pNA at 405 nm. 

 

Prolidase activity assay 

Prolidase activity of crude extract of small intestinal mucosa was measured using synthetic Gly-

Pro as the substrate. Aliquots (180 µL) of 0.5 mM Gly-Pro solution in PBS were reacted with 20 

µL of crude extract of mucosa (25× dilution using PBS) and incubated at 37 °C for 10 min. The 

reaction was terminated with the addition of three volumes of ethanol. The content of free Pro in 

the supernatant (10 µL) liberated from Gly-Pro was quantified by amino acid analysis as described 

in Bidlingmeyer, et al. (1984) with some modifications (Miyauchi et al., 2022) without HCl 

hydrolysis. One unit was defined as the enzymes liberating 1.0 µmole of Pro from Gly-Pro per 

minute under assay conditions. The enzyme activity was expressed as a unit/mL and was calculated 

using the following equation. 

Unit/mL = (free Pro at 10 min (µmol) – free Pro at 0 min (µmol)) ´ total volume (0.2 mL) ´ 

dilution factor (250)/(10 min ´ volume of enzyme (0.02 mL)) 
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In vitro digestion using commercial enzymes 

In vitro digestion was carried out using the method previously described (Ejima et al., 2018) with 

some modifications. Briefly, CH was dissolved in 1 mL of PBS to give a 2.5 mg/mL concentration. 

The resulting CH solution (1 mL) underwent digestion with a mixture containing pancreatin (100 

μg), CPA (7.7 U), and LAP (2.45 U) at 37 °C for 4 h. The reaction was halted by freezing at -20°C. 

Similarly, another CH solution (1 mL) was digested with APN (0.8 U). The peptides in the digests 

were identified and quantified using LC-MS/MS, as described in the subsequent section. 

 

In vitro digestion using crude extracts of small intestinal mucosa and blood plasma 

CH (0.2 mg) was digested by crude extract of mucosa and blood plasma with 0.08 U leucine 

aminopeptidase (LAP) activity in 100 µL of PBS at 37°C for 4 h. Crude extract of mucosa was 

diluted with PBS to give suitable LAP activity. The reaction was terminated by adding 300 μL of 

ethanol. The supernatant was collected after centrifugation at 13,000 ´g at 4°C for 15 min and 

used as crude mucosa and blood plasma digests of CH. For the blank, crude extracts and blood 

plasma without CH were incubated and treated in the same manner as the samples. The peptides 

in the digests were identified and quantified using LC-MS/MS, as described in the subsequent 

section. 

 

Identification of peptides in CH 

Aliquot (10 µL) of the 2.5 mg/mL CH in PBS solution was directly injected into a liquid 

chromatography-tandem mass spectrometer (LC-MS/MS, LCMS 8040, Shimadzu, Kyoto, Japan) 
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equipped with an Inertsil ODS-3 column (2.1 mm i.d. ´ 250 mm, GL Science, Tokyo, Japan), 

which was maintained at 40°C. The elution was performed using a binary linear gradient using 

0.1% formic acid (solvent A) and 0.1% formic acid containing 80% acetonitrile (solvent B) at 0.2 

mL/min. The gradient program was as follows: 0–20 min, 0–30% B; 20–25 min, 30–100% B; 25–

30 min, 100% B; 30–30.1 min, 100–0% B, and 30.1–40 min, 0% B. Peptides were detected by 

total ion scan at positive mode at scan ranges of mass to charge ratio (m/z), 100–200, 200–225, 

225–250, 250–275, 275–300, 300–350, 350–400, 400–500, and 500–1000. Precursor ions in some 

major peaks were further analyzed by product ion scan mode with collision energy at -15, -25, and 

-35 eV. 

 

Identification of peptides in the in vitro and in vivo digests of CH 

CH was digested in vitro using the 3 different methods described above. Furthermore, the inner 

content of the small intestine, intestinal tissue extract, and blood plasma were collected from rats 

1 h after administration of CH or vehicle. Ethanol-soluble fractions of these digests and extracts 

were prepared as described above. To improve the resolution of short-chain peptides, amino/imino 

groups of peptides and amino acids were derivatized with AccQ. Aliquots of the ethanol-soluble 

fraction (100 μL and 20 μL for digests and extracts, respectively) were dried in a microcentrifuge 

tube (1.5 mL) under vacuum and added with 20 μL of water, 60 μL of 50 mM sodium borate buffer, 

pH 8.8, and 20 μL of 0.3% AccQ-acetonitrile solution. The reaction was carried out at 50 °C for 

10 min. The reactant was filtered using a Cosmonice filter. An aliquot (10 μL) of the filtrate was 

injected into the LC-MS/MS equipped with the Inertsil ODS-3 column. The same elution condition 
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as described above was used. The AccQ-derivatives were specifically detected by precursor ion 

scan at positive mode targeting AccQ-derived b1 ion with m/z = 171.1 in the scan ranges at m/z = 

325–350, 350–375, 375–400, 400–450, and 450–500. To estimate peptide sequences, the precursor 

ions in major peaks were further subjected to product ion scan with collision energy at -15, -25, 

and -35 eV. 

 

Peptide synthesis 

The estimated peptides were synthesized using an Fmoc strategy with a solid-phase automatic 

peptide synthesizer (PSSM-8, Shimadzu), following the supplier's protocol. For the synthesis of 

peptides with Pro at the carboxyl terminus, proline-bound Barlos resin rather than Alko resin was 

used to suppress the formation of diketopiperazines. The synthesized peptides were purified by 

RP-HPLC using a Cosmosil MS-II (10 mm i.d. ´ 250 nm; Nacalai Tesque). The binary gradient 

was used to elute the peptides using 0.1% formic acid (solvent A) and 0.1% formic acid containing 

80% acetonitrile (solvent B) at 2.0 mL/min flow rate. The gradient program was as follows: 0–20 

min; B 0–50%, 20–30 min; B 50–100%, 30–35 min; B 100%, 35–35.1 min; B 100–0%, 35.1–45 

min; B 0%. The column was maintained at 40°C. The concentration of each peptide was 

determined by amino acid analysis after HCl hydrolysis, as described by Bidlingmeyer et al. (1984) 

with some modifications (Miyauchi et al., 2022), and used as a standard for peptide quantification. 
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Peptide quantification 

The content of each peptide in the in vitro digests of CH and samples from the animal experiments 

was determined using the LC-MS/MS in multi-reaction monitoring (MRM) in positive ion mode 

following the AccQ derivatization described above. The AccQ derivatives were resolved by the 

Inertsil ODS-3 column using the same eluents as described above. The elution program was as 

follows: 0-15 min, 0-50% B; 15-20 min, 50-100% B; 20-25 min, 100% B; and 25-35 min, 0% B. 

MRM conditions were optimized by LabSolutions LCMS Ver. 5.5 (Shimadzu) using the synthetic 

peptides. 

 

Statistical analysis 

The data were analyzed using SPSS version 28 (IBM, New York, USA). Student`s t-test was used 

to determine the difference between the means of the two groups.  One Way ANOVA with Tukey 

post hoc test was used to compare more than two groups. A p-value less than 0.05 was considered 

a significant difference. 

 

1.3 Results 

Identification of peptides in collagen hydrolysate (CH) 

The total ion chromatograms of peptides in the CH are shown in Figure 1-1. Compounds in major 

peaks of CH before digestion were estimated based on precursor and product ions, as shown in 

Supplemental Table 1. Identified amino acids and peptides are indicated by one-letter abbreviation 

of amino acid on the peaks (Figure 1-1). Pro-Hyp (PO), of which elution position is indicated by 
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asterisks, was not detected in the CH before further in vitro digestion, while some amino acids and 

dipeptides were detected in the scan range of m/z 100-300. Most dipeptides consisted of 

hydrophobic amino acids such as Leu, Ile, Phe, and Met at the carboxyl terminus. In addition, 

many peaks were detected in the scan range of m/z 300-1000 (Figure 1-1), corresponding to 

tripeptides, tetrapeptides, pentapeptides, and larger ones. These results reveal that the CH before 

digestion mainly consists of peptides larger than tripeptide and does not contain Pro-Hyp.   
 

Exopeptidases activity of crude extract of rats small intestinal mucosa  

The crude extract of mucosa had both LAP and prolidase activities at 5.80 and 5.85 U/mL, 

respectively. 

 

 Peptides in the in vitro digests of CH 

CH was further digested with four different protease preparations: a single enzyme aminopeptidase 

N (APN); a mixture of enzymes including pancreatin, carboxypeptidase A (CPA), and leucine 

aminopeptidase (LAP); rat small intestinal mucosal extract; and rat blood plasma. Amino 

compounds in the digests were derivatized with AccQ and analyzed by LC-MS/MS in the 

precursor ion mode targeting the b1 ion of AccQ moiety, as shown in Figure 1-2. The one-letter 

abbreviations indicate the amino acid peaks. Amino acid derivatives less than m/z 325 (amino acids 

less than 154 Da) were also observed but not shown in Figure 1-2. In addition to amino acids, 

several peptide peaks were observed in all digests marked with numbers. Conversely, minimal 

peptide peaks were detected with m/z values exceeding 500 in all digests (data not illustrated). 
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While some amino acid peaks were present in the mucosa and plasma blanks (Figures 1-2.D and 

F), no peptide peaks were detected in these samples. Sequences of peptides in the peaks marked 

with numbers were estimated based on the precursor and product ions, as shown in Table 1-1. 

Unexpectedly, a prominent peak of Gly-Pro (peak 1) was observed in the digest of CH with APN 

and the mixture of pancreatin, CPA, and LAP (Figure 2.A and B). In contrast, Gly-Pro could not 

be observed in the digests of CH with rat small intestinal mucosa extract and blood plasma (Figure 

2.C and E). Pro-Hyp (peak 7) was observed in all digests at different levels. 
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Figure 1-1. Mass spectrometry chromatograms of compounds in collagen hydrolysate (CH) 

before digestion 

 Non-derivatized compounds were resolved by reversed-phase high-performance liquid 

chromatography (RP-HPLC) and detected by a mass spectrometer (LC-MS/MS) in total ion scan 

at positive mode at different scan ranges across mass-to-charge ratio (m/z) 100–200, 200–225, 

225–250, 250–275, 275–300, 300–350, 350–400, 400–500, and 500–1000. 

Amino acids and peptides are indicated by a one-letter abbreviation for amino acids. O and pE 

represent hydroxyproline and pyroglutamic acid, respectively. 

 * Represents the position of the Pro-Hyp (PO) peak. 

 # represents the peaks that could not be assigned to peptides with any combination of amino acids. 
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Figure 1-2. Mass spectrometry chromatograms of AccQ derivatives in digests of collagen hydrolysate (CH) 

 A: In vitro digest using aminopeptidase N, B: in vitro digest using a mixture of pancreatin, leucine 

aminopeptidases, and carboxypeptidases A, C: in vitro digest using crude extract of small intestinal mucosa of 

rats, D: crude extract of mucosa blank, E: in vitro digest using blood plasma of rats, and F: blood plasma blank. 

The AccQ-derivatives were specifically detected by LC-MS/MS in precursor ion scan targeting b1 ion of AccQ 

moiety (m/z = 171) in positive mode across m/z range of 325–250, 350–375, 375–400, 400–450, and 450–500. 

 # represents the peaks that could not be assigned to peptides with any combination of amino acids. 
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Table 1-1. Summary of identified peptides in the digests of CH as shown in Figure 1-2 
Peak Precursor ion 

(m/z) 
MW Estimated 

sequence 
Product ions (m/z) 

1 343 172 Gly-Pro 116.1 (y1), 171.1 (AccQ, b1), 173.2 (y2), 228.1 (b2), 343.0 (y3) 

2 357 186 Ala-Pro 44.2 (*Ala), 116.1 (y1), 171.1 (AccQ, b1), 187.1 (y2), 214.2, 242.0 (b2), 357.1 (y3) 

3 373 202 Ala-Hyp 132.0 (y1), 171.1 (AccQ, b1), 203.1 (y2), 242.1 (b2), 373.1 (y3) 

4 383 212 Pro-Pro 70.1 (*Pro), 116.2 (y1), 171.2 (AccQ, b1), 213.0 (y2), 268.1 (b2), 383.3 (y3) 

5 385 214 Val-Pro 72.0 (*Val), 116.1 (y1), 171.0 (AccQ, b1), 215.0 (y2), 242.1, 270.1 (b2), 385.2 (y3) 

6 387 216 Thr-Pro 74.3 (*Thr), 116.2 (y1), 171.2 (AccQ, b1), 217.1 (y2), 244.1, 272.3 (b2), 387.1 (y3) 

7 399 228 Pro-Hyp 70.1 (*Pro), 86.1 (*Hyp), 132.2 (Hyp), 171.1 (AccQ, b1), 229.2 (y2), 268.1 (b2), 399.1 (y3) 

8 399 228 Ile-Pro 70.1 (*Pro), 116.2 (y1), 145.2, 171.1 (AccQ, b1), 229.1, 256.1, 284.1 (b2), 399.2 (y3) 

9 399 228 Leu-Pro 70.2 (*Pro), 116.1 (y1), 145.1, 171.3 (AccQ, b1), 229.2, 256.1, 284.1 (b2), 399.1 (y3) 

10 401 230 Asp-Pro 70.1 (*Pro), 116.1 (y1), 171.0 (AccQ, b1), 213.1, 231.0 (y2), 286.1 (b2)  

11 403 232 Asp-Val 72.0 (*Val), 88 (*Asp), 118.1 (y1), 145.2, 171.1 (AccQ, b1), 233.1 (y2), 259.1 (a2), 286.2 (b2), 403.1 (y3) 

12 414 243 Gly-Pro-Ala 70.0 (*Pro), 127.1, 155.1, 171.2 (AccQ, b1), 187.3, 200.1, 228.2 (b2), 244.2, 414.4 (y4) 

13 415 244 Glu-Pro 70.3 (*Pro), 84.1, 116.2 (y1), 145.0, 171.1, 227.1, 245.0 (y2), 272.1, 300.2 (b2), 415.1 (y3) 

14 415 244 Ile-Hyp 86.1 (*Ile), 132.1 (y1), 171.0 (AccQ, b1), 245.0 (y2), 256.1, 283.9 (b2), 414.9 (y3) 

15 415 244 Leu-Hyp 86.1 (*Leu), 132.1 (y1), 171.0 (AccQ, b1), 245.0 (y2), 256.1, 283.9 (b2), 414.9 (y3) 

16 417 246 Leu-Asp 86.2 (*Ile/Leu), 88 (*Asp), 144.6, 170.9 (AccQ, b1), 256.1, 285.2, 416.9 (y3) 

17 417 246 Met-Pro 56.3, 60.8, 104 (*Met), 115.8 (y1), 170.8 (AccQ, b1), 246.9 (y2), 273.9, 301.9 (b2), 416.7 (y3) 

18 430 259 Ala-Hyp-Gly 44.4 (*Ala), 86.1 (*Hyp), 144.9, 171.0 (AccQ, b1), 189.0 (y2), 213.6 (a2), 242.1 (b2), 258.6 (y3), 430 (y4) 

19 430 259 Gly-Pro-Ser 70.1 (*Pro), 88.3 (*Asp), 106 (y1), 127.0, 145, 171.1 (AccQ, b1), 200.1 (a2), 203.0 (y2), 227.8 (b2), 242.0, 
260.0 (y3), 268.3 (b2), 429.7 (y4) 

20 433 262 Me-Hyp 55.8, 86.5 (*Hyp), 104.3 (*Met), 132.0 (y1), 170.9 (AccQ, b1), 263.1, 302.3 (b2), 433.0 (y3) 
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21 442 271 Gly-Pro-Val 70.2 (*Pro), 72 (*Val), 116 (y1), 117.9 (y1), 145.0, 171.0 (AccQ, b1), 200 (a2), 215.3 (y2), 228 (b2), 272.1 
(y3), 442.1 (y4) 

22 444 273 Gly-Pro-Thr 70.0 (*Pro), 127.0, 171.0 (AccQ, b1), 186.9, 200 (a2), 217.0 (y2), 227.9 (b2), 256.1, 273.9 (y3), 444 (y4) 

23 446 275 Ser-Hyp-Gly 60.1 (*Ser), 86.1 (*Hyp), 145.2, 171.0 (AccQ, b1), 189.8 (y2), 201.1, 229.6, 258.0 (b2), 275.9, 446.3 (y4) 

24 449 278 Tyr-Pro 116.1 (y1), 136.2 (*Tyr), 171.0 (AccQ, b1), 278.8 (y2), 306.2 (a2), 334.1 (b2), 448.8 (y4) 

25 449 278 Phe-Hyp 120.2 (*Phe), 132.0 (y1), 171.0 (AccQ, b1), 279.1 (y2), 289.9, 318.1 (b2), 448.9 (y4) 

25* 450 279 Phe-Hyp* 120.1 (*Phe), 132.3 (y1), 144.6, 171.0 (AccQ, b1), 279.9 (y2), 290.5 (a2), 317.6 (b2), 449.7 (y4) 

26 456 285 Pro-Hyp-Gly 70.3 (*Pro), 86.3 (*Hyp), 141.0, 171.1 (AccQ, b1), 189.5 (y2), 286.1 (y3), 455.9 (y4) 

27 456 285 Gly-Pro-Hyp 30.1 (*Gly), 70.2 (*Pro), 132.1 (y1), 171.1 (accQ, b1), 229.1 (b2, y2), 286.2 (y3), 456.1 (y4) 

28 460 289 Thr-Hyp-Gly 74 (*Thr), 86.1 (*Hyp), 145.1, 171.3 (AccQ, b1), 189.1 (y2), 244, 2 (a2), 71.7 (b2), 289.8 (y3), 459.3 

29 472 301 Ile-Hyp-Gly 86.5 (*Ile), 171.0 (AccQ, b1), 188.9 (y2), 255.8 (a2), 283.7 (b2), 302 (y3), 472 (y4) 

30 472 301 Leu-Hyp-Gly 86.2 (*Leu), 170.8 (AccQ, b1), 188.8 (y2), 226.4, 256.1 (a2), 283.9 (b2), 302 (y3), 471.8 (y4) 

31 474 303 Gly-Pro-Met 70.0 (*Pro), 127.0, 155.2, 170.8 (AccQ, b1), 200.2 (a2), 227.7 (b2), 246.5 (y2), 285.3, 304.1 (y3), 473.1 

32 488 317 Glu-Hyp-Gly 76.6, 85.2 (*Hyp), 102 (*Glu), 145.3, 170.6 (AccQ, b1), 189.3 (y2), 224.8, 272.1 (a2), 300.0 (b2), 487.8 (y4) 

33 490 319 Met-Hyp-Gly 55.7, 85.5 (*Hyp), 104.3 (*Met), 131.9 (y1), 170.7 (AccQ, b1), 188 (y2), 273.7, 301.6 (b2), 319.4, 489.6 (y4) 

34 506 335 Phe-Hyp-Gly 86.0 (*Hyp), 119.8 (*Phe), 145.2, 170.9 (AccQ, b1), 189 (y2), 289.7, 317.6 (b2), 335.8 (y3), 505.3 

35 359 188 Hyp-Gly 70.3 (*Pro), 86 (*Hyp), 171.1 (AccQ, b1), 189.2 (y2), 359.1 (y3) 

36 431 260 Glu-Hyp 76.6, 85.2 (*Hyp), 102 (*Glu), 132.1 (y1), 145.3, 170.6 (AccQ, b1), 261.2 (y2), 431.1 (y3) 
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All estimated peptides were quantified using LC-MS/MS in MRM mode. The peptide contents in 

CH digests are shown in Figure 1-3. After in vitro digestion of CH using four different protease 

preparations, di- and tripeptides containing Hyp (O) and Pro (P) were generated. Digestion with 

APN and the mixture of pancreatin, CPA, and LAP predominantly generated Gly-Pro with smaller 

contents of Hyp-containing peptides such as Pro-Hyp and some non-Hyp-containing dipeptides 

with a proline residue at the carboxyl terminus (Glu-Pro, Pro-Pro, Asp-Pro, etc.) (Figure 1-3.A and 

B). Conversely, digestion using crude mucosa extract yielded a negligible amount of Gly-Pro but 

predominantly Pro-Hyp (Figure 1-3.C), along with smaller quantities of Hyp-containing di- and 

tripeptides. Minimal amounts of non-Hyp-containing peptides with a proline residue at the 

carboxyl terminus (X-Pro) were observed. Digestion of CH with plasma preparation also 

predominantly resulted in Pro-Hyp and smaller amounts of other Hyp-containing peptides, 

resembling mucosa digestion. However, small but detectable quantities of non-Hyp peptides with 

Pro at the carboxyl terminus, such as Gly-Pro, Glu-Pro, and Asp-Pro, were generated (Figure 1-

3.D). Additionally, the digestion with plasma preparation generated a larger content of Pro-Hyp 

than that with mucosa extract. 
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Figure 1-3. Peptide contents in different in vitro digests of CH 

 A: CH digest using APN, B: CH digest using a mixture of pancreatin, LAP, and CPA, C: CH digest 

using crude extract of small intestinal mucosa of rat, and D: CH digest with blood plasma of rat. 

All peptides were quantified by LC-MS/MS in multi-reaction monitoring mode (MRM). Estimated 

peptides were chemically synthesized and used for the optimization of MRM and external 

standards. 
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Food-derived peptides in rats after CH ingestion 

CH was administered to rats by sonde. Peptides in the lumen, small intestinal tissue, and plasma 

were analyzed by LC-MS/MS in MRM mode. Figure 1-4 shows that Pro-Hyp was predominantly 

generated in the lumen and small intestinal tissue. In the lumen, Hyp-containing peptides 

significantly increased 1 h after ingestion. In addition, some non-Hyp-containing dipeptides, 

including Gly-Pro, also significantly increased at low content. However, in the intestinal tissue, 

Gly-Pro and other dipeptides with Pro at the carboxyl terminus (X-Pro) did not significantly 

increase.  

Furthermore, in blood from the inferior vena cava, only Pro-Hyp, Ala-Hyp, Leu-Hyp-Gly, Glu-

Hyp, and Hyp-Gly significantly increased after ingestion of CH. Pro-Hyp was not only the 

predominant peptide in the blood before the administration of CH but also increased most 

significantly after the administration compared to other Hyp-containing peptides, such as Pro-Hyp-

Gly, Hyp-Gly, etc. Increased collagen peptide profiles in rats' small intestinal tissue and blood are 

similar to peptide profiles in CH digest with mucosal extract. 
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Figure 1-4. Peptide contents in the lumen (A), small intestinal tissue (B), and blood plasma 

(C) of rats after ingestion of CH 

The collagen group was administered CH solution at 800 mg/kg BW, and the control group with 

300 µL water. After 1 h, the rats were sacrificed, and the peptides were extracted from the lumen, 

small intestinal tissue, and plasma. All peptides were derivatized using AccQ and quantified by 

LC-MS/MS in MRM mode. The results are presented as the mean ± SD. Asterisks (***), (**), and 

(*) represent significant differences, p<0.001, p<0.01, and p<0.05, respectively, between the 

collagen group and control group by Student`s t-test (n = 3).  
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1.4 Discussion 

It has been demonstrated that food-derived collagen peptides such as Pro-Hyp, Hyp-Gly, etc. are 

circulating in human blood at relatively high concentrations (> µM levels) for a few hours after 

ingestion of CH at 80-400 mg/kg body weight (Asai et al., 2019; Iwai et al., 2005; Ohara et al., 

2007; Shigemura et al., 2018; Taga et al., 2014). Compared to humans, a lower concentration of 

collagen-derived peptides, including Pro-Hyp, was detected in rat blood 1h after ingestion of a 

higher dose of CH at 800 mg/kg (Figure 4), which is consistent with other animal experiments 

(Hanh et al., 2017; Kawaguchi et al., 2012; Wang et al., 2015). However, collagen peptide 

composition in the rat lumen and small intestinal tissue is similar to that observed in human blood. 

These facts indicate that peptides in CH are similarly digested by exopeptidases in the small 

intestinal lumen of humans and rats. In rats, the remaining peptides are, however, rapidly degraded 

when passing through the enterocyte to blood circulation and incorporated into cells from blood 

circulation, which may rapidly decrease blood levels of collagen-derived peptides in rats compared 

to humans. 

Pro-Hyp and Hyp-Gly, the major food-derived collagen peptides in human blood, can be 

derived from the Gly-Pro-Hyp-Gly motif in larger collagen peptides by gastrointestinal digestion. 

After CH ingestion, Pro-Hyp reached 25 µM in human blood plasma, while Hyp-Gly at 3.5 µM 

and lower for other Hyp-peptides (Asai et al., 2019). As mentioned above, CH ingestion has little 

impact on Gly-Pro levels in human blood plasma, while Gly-Pro is potentially generated from the 

same motif. The present study also found that oral administration of CH did not impact Gly-Pro 

plasma levels in the rats (Figure 1-4). In addition, only a slight increase of Gly-Pro was observed 
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in the rat lumen. Furthermore, a single administration of Gly-Pro also did not impact the blood 

level of Gly-Pro (Wijanarti et al., 2024). Ejima et al. (2018) also reported that peptides with Pro 

residue at the carboxyl terminus (X-Pro) are degraded during the in vivo digestion and absorption 

process, while these X-Pro peptides resist digestion with LAP. The present in vitro digestion of 

CH by crude extract of rat’s small intestinal mucosa generated only negligible amounts of X-Pro 

peptides, including Gly-Pro. In contrast, LAP, CPA, and APN predominantly generated Gly-Pro, 

which is consistent with the results by Ejima et al. (2018). These facts indicate that X-Pro peptides, 

including Gly-Pro, are degraded by exopeptidase in the small intestinal mucosa except for LAP, 

APN, or CPA. The digestion with blood plasma generated a peptide composition similar to that of 

mucosa digest with detectable amounts of Gly-Pro. The composition of the remaining peptides in 

the mucosa and plasma digests of CH is similar to that of collagen-derived peptides in human and 

rat blood (Asai et al., 2019; Iwai et al., 2005; Shigemura et al., 2011; Shigemura et al., 2018; 

Yamamoto et al., 2016). 

The combination of LAP, CPA, and APN proved effective in degrading most peptides in CH 

(Figures 1-2. A and B) and other protein hydrolysates (Ejima et al., 2018; Chen et al., 2019), except 

for X-Pro dipeptides. However, X-Pro dipeptides can be degraded by prolidase. Thus, most 

peptides in the lumen are degraded into amino acids through sequential cleavage of exopeptidases. 

The combination of these exopeptidases can act as an intestinal blood barrier to food-derived 

peptides. Therefore, to get a reliable prediction of the structure of food-derived peptides, it is 

necessary to carefully design in vitro digestion using exopeptidases of small intestinal mucosa with 

different substrate specificities, such as LAP, CPA, APN, and prolidase. 
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In addition to Hyp-containing peptides, Pro-Gly can resist the digestion of these peptidases 

and increase in human blood more than µM levels (Shigemura et al., 2012), while Gly-Pro cannot. 

The reason why Pro-Gly resists the exopeptidases remains to be solved. Other modified peptides, 

such as pyroglutamyl and beta aspartyl-isopeptides, have been reported to significantly increase in 

the intestinal lumen and blood upon ingestion of protein hydrolysates (Ejima et al., 2019; Miyauchi 

et al., 2022) due to resistance to intestinal peptidases (Miyauchi et al., 2022). 

Until now, the Caco-2 monolayer system has been used for in vitro simulation of intestinal 

absorption. However, Gly-Pro has been reported to pass through the Caco-2 cell monolayer as an 

intact form (Enjoh et al., 1996; Ganapathy & Leibachs, 1983; Rohm et al., 2019). Enterocytes 

secrete various exopeptidases, which accumulate in the brush border membrane and mucus layer 

for digestive purposes (Gustafsson et al., 2011; Hiwada et al., 1981; Johansson et al., 2011; 

Lundquist & Artursson, 2016; Rodríguez-Piñeiro et al., 2013). However, previous studies reported 

that compared to enterocytes in the human small intestine, the Caco-2 monolayer has a lower 

expression level of endoproteinases and exopeptidases in the brush border membrane (Lundquist 

& Artursson, 2016) and a lack of mucus layer (Frey et al., 1996). Taken together, some Caco-2 

monolayers lack some exopeptidases, especially prolidase. Thus, some Caco-2 mono-cell layer 

cannot be used for the prediction of the bioavailability of peptides. Careful consideration regarding 

the transporter and the expression of exopeptidases is necessary for all in vitro absorption models. 

Similarly, for the in-silico digestion approach, the substrate specificity of exopeptidases, especially 

prolidase, should be considered to predict the bioavailability of peptides. Neglecting these factors 

may lead to erroneous results. 
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1.5 Conclusion 

In the rat lumen, LAP, APN, and CPA degrade most food-derived peptides into amino acids but 

leave X-Pro dipeptides intact. Notably, X-Pro dipeptides, including Gly-Pro, are preferentially 

degraded by prolidase in the lumen. In contrast, Hyp-containing peptides resist both types of 

exopeptidases, which can explain the high bioavailability of Hyp-containing peptides such as Pro-

Hyp and Hyp-Gly. To predict the bioavailability of food-derived peptides, both types of 

exopeptidases must be taken into consideration. The in vitro and in silico systems, without 

considering both types of exo peptidases, may lead to fallacious results.  
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Chapter 2 

The identification of exopeptidases in the small intestinal mucosa of rats 

 

2.1 Introduction 

Endoproteinases and exopeptidases have been identified in the small intestines, such as 

trypsin, pepsin, leucine aminopeptidase (LAP), aminopeptidase A (APA), aminopeptidase B 

(APB), aminopeptidase N (APN), prolidase, dipeptidyl peptidase 3 (DPP3), dipeptidyl peptidase 

4 (DPP4), etc. (Gustafsson et al., 2011; Hiwada et al., 1981; Johansson et al., 2011; Lundquist & 

Artursson, 2016; Rodríguez-Piñeiro et al., 2013). In vitro digestion and in silico systems have been 

developed by combining several digestive enzymes to simulate gastrointestinal digestion and 

predict the bioactive peptides from food proteins. However, until recently, only endoproteinases, 

such as pepsin, trypsin, chymotrypsin, or crude protease preparation (pancreatin or gastric juice), 

are considered in the in vitro digestion simulations (Aléman et al., 2013; Bai et al. 2023; Brodkorb 

et al., 2019; Feng and Betti, 2017; Guo et al., 2014; Larder et al., 2021; Yang et al., 2019). 

Therefore, some inconsistencies are often observed between in vitro and in vivo results (Amigo et 

al., 2020). Chen et al. (2019) reported that specific peptides resist endoproteinases but are readily 

cleaved by exopeptidases. Thus, the present author hypothesized that exopeptidases play crucial 

roles in determining the bioactive peptides upon the ingestion of food proteins. The role of 

exopeptidases in intestinal mucosa in determining the bioavailability of collagen peptides is 

reported in Chapter 1. Unexpectedly, the digestion of CH by a combination of well-known 

intestinal exopeptidases, such as LAP and CAP, with an endoprotease pancreatin, generated a 
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peptide profile that extensively differed from the collagen peptide profile in blood upon ingestion 

of CH. On the other hand, digestion of CH with crude extract of rat small intestinal mucosa 

generated a similar peptide profile to that in human and rat blood plasma after CH ingestion. These 

results suggest that CH was degraded similarly during in vitro digestion using crude extract of 

mucosa and in the gastrointestinal tract of humans and rats, indicating the similarity of enzyme 

composition. Furthermore, the results in Chapter 1 indicate the presence of prolidase in the crude 

extract of intestinal mucosa. This chapter aimed to identify the exopeptidases in the crude extract 

of small intestinal mucosa, especially confirming the presence and role of prolidase in the digestion 

of short-chain peptides.  

Consequently, prolidase and APN were successfully identified at the protein level in this 

chapter. Furthermore, Gly-Pro and other dipeptides with Pro at the carboxyl terminus (X-Pro) resist 

some purified endoproteinases (trypsin and chymotrypsin) and some purified exopeptidases (LAP, 

CPA, and APN) but can be cleaved by purified prolidase. Interestingly, Pro-Hyp partially resisted 

prolidase degradation even after 4 h digestion, but Gly-Pro was degraded entirely in 0.5 h. These 

results confirmed that prolidase is present in the crude extract of small intestinal mucosa and plays 

an essential role in determining the bioavailability of CH-derived peptides. Prolidase is responsible 

for digesting Gly-Pro and other X-Pro dipeptides in the final stage of digestion, which LAP, CPA, 

and APN cannot digest. 

  



 35 

2.2 Materials and Methods 

Reagents 

Tris(hydroxymethyl)aminomethane (Tris), acetonitrile (HPLC-grade), phosphate-buffered saline 

pH 7.4 (PBS, 10´), and porcine pancreatin were purchased from Nacalai Tesque (Kyoto, Japan). 

Lysis buffer (CelLytic), L-leucine p-nitroanilide (Leu-pNA, substrate for EC 3.4.11.2), and 

Coomassie Blue R-250 were purchased from Sigma-Aldrich (St. Louis, MO). Gly-Pro and Pro-

Hyp were purchased from Bachem (Bunderdorf, Switzerland). A dried acrylamide to concentrate 

the sample (Mizubutorikun) and 12.5% polyacrylamide gel were purchased from Atto (Tokyo, 

Japan). The prestained XL-Ladder broad range was purchased from Pharma Foods Apro Science 

Group (Tokushima, Japan). Pierce trypsin protease was purchased from Pierce (Waltham, MA, 

USA). All other reagents were of analytical grade or higher. 

 

Preparation of crude extract of small intestinal mucosa 

The crude extract of small intestinal mucosa was prepared from rats (Wistar ST, 6-week-old, n=3) 

using the method described in Chapter 1. The experiment procedures were approved by the Animal 

Care Committee of the Louis Pasteur Center for Medical Research (Kyoto, Japan, with approval 

number 20221). 

 

Size exclusion chromatography (SEC)  

Size exclusion chromatography (SEC) was used to partially purify proteins in crude mucosa. Two 

hundred microliters of crude extract of mucosa were filtered by passing through a centrifugal filter 
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(5.0 µm pore size, Ultrafree-MC UFC30SV00, Merck Millipore, Darmstadt, German) at 3,000 ´g 

for 5 min before the injection. Two hundred microliters of the clarified sample were injected into 

a Superdex TM 75 10/300 GL (10 mm ´ 30 cm, GE Healthcare, Chicago, IL, USA) equilibrated 

with PBS at 0.5 mL/min flow rate. The elution of proteins was monitored by absorbance at 280 

nm. Fractions were collected every 1 min for 60 min.  

 

Anion exchange chromatography (AEC) 

The crude extract of mucosa was also partially purified using anion exchange chromatography 

using a Cosmogel IEX Type Q (4.6 mm	´ 50 mm, Nacalai Tesque) equilibrated using 10 mM Tris 

HCl buffer, pH 7.5, at 0.5 mL/min flow rate. After injection of the sample (200 µL), proteins were 

eluted with a binary gradient of NaCl in the buffer: 0-15 min, NaCl 0-250 mM, 15-20 min, NaCl 

250-500 mM, 20-25 min, NaCl 500 mM at 0.5 mL/min. The elution of proteins was monitored by 

absorbance at 280 nm. Fractions were collected every 1 min for 35 min.  

 

Leucine aminopeptidase (LAP) activity assay 

LAP activity was measured using L-leucine-p-nitroanilide (Leu-pNA) as substrate according to 

the supplier test protocol (Sigma-Aldrich) with some modifications. Leu-pNA was dissolved in 

methanol to give a concentration of 1.2 mM. PBS (90 µL) was mixed with 5 µL of the sample and 

5 µL of the substrate solution. The absorbances at 405 nm were immediately recorded before and 

after 5 min incubation at 37 °C. One unit was defined as the enzymes hydrolyzing 1.0 µmole of 
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Leu-pNA to Leu and pNA per minute under assay conditions. The enzyme activity (EA) was 

expressed as a unit/mL, which can be obtained by the following equation:  

𝐸𝐴	 =
(Dabsorbance	at	405/min	of	sample − Dabsorbance	at	405/min	of	blank) ´	total	volume	(0.1	mL)	´	dilution	factor	(20)

9.9	´	volume	of	enzyme	(mL)  

Where 9.9 was the millimolar extinction coefficient of p-nitroaniline at 405 nm. 

Aliquots (100 µL) of some SEC fractions were combined, as shown in Figure 2-1. Aliquots (5 µL) 

of the combined fractions were used. For AEC fractions, an aliquot (5 µL) of each fraction was 

used. 

 

Prolidase activity assay 

Prolidase activity was measured using the same method as described in Chapter 1. SEC and AEC 

fractions were assayed as mentioned above. 

 

CH digestion using partially purified crude extract of mucosa 

The amount of 80 µL of 2.5 mg/mL CH in PBS was digested separately with aliquots (20 µL) of 

SEC fractions A-G. The digestions were carried out at 37 °C for 4 h. Then, three volumes of ethanol 

were added to stop the reaction. The mixtures were centrifuged at 13,000 ´g for 5 min, and the 

peptide contents in the supernatants were quantified as described in the subsequent section.  

 

Digestion of synthetic Gly-Pro and Pro-Hyp by partially purified crude extract of the mucosa 

To remove low molecular weight compounds, especially amino acids and peptides, exopeptidases 

in the crude extract of mucosa were partially purified using size exclusion chromatography (SEC), 
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as mentioned above. Synthetic Gly-Pro and Pro-Hyp (400 µM) in 400 µL of PBS were digested 

with the partially purified mucosa exopeptidase preparation with LAP and prolidase activity 0.01 

U (Peak A in Figure 2-1). The mixture was incubated at 37 °C. Aliquots (50 µL) were withdrawn 

at 0, 30, 60, 90, and 240 min of incubation, and released Pro was quantified as described by 

Bidlingmeyer et al. (1984) with some modifications (Miyauchi et al., 2022) without HCl 

hydrolysis. The degradation (%) was calculated using the following equation: 

Degradation rate (%) = free Pro content in the supernatant (nmol)/peptide concentration (20 nmol) 

´ 100 

 

Peptide quantification 

The content of each peptide in the in vitro digests of CH was determined using the LC-MS/MS in 

multi-reaction monitoring (MRM) in positive ion mode following the AccQ derivatization. For 

AccQ derivatization, 20 µL of digest were dried in a microcentrifuge tube (1.5 mL) under vacuum 

and added with 20 μL of water, 60 μL of 50 mM sodium borate buffer, pH 8.8, and 20 μL of 0.3% 

AccQ-acetonitrile solution. The reaction was carried out at 50 °C for 10 min. The reactant was 

clarified using a Cosmonice filter. The aliquots (10 µL) were injected into LC-MS/MS. The AccQ 

derivatives were resolved by the Inertsil ODS-3 column using a binary linear gradient using 0.1% 

formic acid (solvent A) and 0.1% formic acid containing 80% acetonitrile (solvent B) at 0.2 

mL/min. The elution program was as follows: 0-15 min, 0-50% B; 15-20 min, 50-100% B; 20-25 

min, 100% B; and 25-35 min, 0% B. MRM conditions were optimized by LabSolutions LCMS 
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Ver. 5.5 (Shimadzu) using the synthetic peptides. Synthetic peptides, which have been prepared by 

the study in Chapter 1, were used for the optimization of MRM and external standards. 

 

Protein identification 

Aliquots of fractions (30 µL) obtained by SEC and AEC were mixed 10 µL of 4´Laemmli’s buffer 

consisting of 0.025 M Tris-HCl buffer, pH 6.8, 0.02% of bromophenol blue, 40% glycerol and 8% 

of SDS and heated at 98 °C for 5 min then electrophoresed using a 12.5% polyacrylamide gel in a 

Rapid Mini Slab Electrophoresis Tank AE-6500 (ATTO, Tokyo, Japan) and then stained with 

0.25% Coomassie Blue R-250 (Sigma, Japan) in 10% acetic acid and 45% of ethanol. In some 

cases, the sample was concentrated by using dried acrylamide powder (Mizubutorikun, Atto) 

before mixing with Laemmli’s buffer. Standard markers (molecular mass range 10-210 kDa; 

Pharma Foods Apro Science Group, Tokushima, Japan) were used. The protein bands and gel with 

no band (blank) were excised, and proteins in the gel were digested with trypsin by the method of 

Santoni et al. (2003) with minor modifications. Briefly, the selected protein bands were excised 

and cut into small pieces (approximately 1-2 mm ) and then washed successively in 5% acetic acid 

containing 50% methanol overnight and then pure acetonitrile for 5 min. Samples were dried in a 

centrifugal concentrator under vacuum. For the reduction and alkylation of cystine residues, gel 

pieces were incubated with 10 mM dithiothreitol (DTT) in 100 mM NH4HCO3 for 30 min and then 

with 100 mM iodoacetamide (IAA) in 100 mM NH4HCO3 for 30 min at room temperature. The 

gel pieces were dehydrated in pure acetonitrile for 5 min, reswollen in 100 mM NH4HCO3 for 5 

min, dehydrated in acetonitrile again for 5 min, and then completely dried under vacuum. Finally, 
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the alkylated protein in the gel pieces was digested with 50 µL of 0.01 mg/mL trypsin (Pierce) in 

100 mM NH4HCO3 for 24 h at 37 °C. The supernatant of the tryptic digest was collected, and the 

remaining tryptic peptides in gel pieces were extracted twice in 5% formic acid containing 50% 

acetonitrile for 10 min with occasional gentle agitation. The supernatants were pooled, and the 

volume was reduced to 5 µL under vacuum. The final volume was adjusted to 10-20 µL by adding 

1% acetic acid. Tryptic peptides were analyzed by LC-MS in total ion scan mode using an LCMS-

8040 (Shimadzu, Kyoto, Japan) equipped with an Inertsil ODS-3 column (2.1 mm ́  250 mm). The 

mass-to-charge ratio (m/z) of tryptic peptides in the samples, which were not observed in the blank, 

were selected. Protein in gel was identified based on the m/z of its tryptic fragments using an open 

access software MS-Fit (https://prospector.ucsf.edu/prospector/mshome.htm, University of 

California, San Francisco, UCSF). For confirmation, the tryptic fragment peptides were sequenced 

by LC-MS/MS in product ion scan mode at positive mode. Different collision energies were used 

depending on the m/z of the precursor ions (-13 eV for m/z < 320, -15 eV for 320<m/z<400, -18 

eV for 400<m/z<500, -22 and -24 eV for 500<m/z<600, -24 and -26 eV for 600<m/z<700. The 

product ion fragments of each tryptic peptide were matched with the database via MS-Fit. 
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2.3 Results 

Fractionation of exopeptidases in crude extract of mucosa by chromatography 

Exopeptidases in the crude extract of mucosa were fractionated based on their molecular size and 

charge using SEC and AEC, respectively. Figure 2-1 shows the chromatogram of SEC. LAP is a 

well-known mammalian exopeptidase, and prolidase activity was detected in a crude extract of 

rats’ small intestinal mucosa (Chapter 1). Therefore, the activity of LAP and prolidase were 

measured to determine the active fractions. The highest LAP and prolidase activities were observed 

in a large peak after void volume (Peak A), while other peaks (B-G) show relatively low 

exopeptidase activities. Furthermore, CH was digested with peaks A-G, and the peptides were 

detected by LC-MS/MS in MRM mode, as used in Chapter 1. As shown in Figure 2-2, peak A 

generated Pro-Hyp and other Hyp-containing peptides. The other peaks (B-G) did not generate 

these Hyp-containing peptides, but Gly-Pro-Arg, Gly-Pro-Ala, and Gly-Pro-Ser were 

predominantly detected; these peptides were present in CH before the digestion (Figure 1-1), 

which also indicates that peak B-G has negligible exopeptidase activity. Figure 2-3 shows that Fr. 

16 of peak A showed the highest LAP activity. Based on the elution volumes of standard proteins 

obtained from the supplier, the molecular weight of Fr. 16 is estimated to be approximately 110 

kDa. The exopeptidase in fraction 16 was identified in the subsequent section. 
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Figure 2-1. Protein separation in crude extract of mucosa using size exclusion 

chromatograph using Superdex 75 10/300 GL column 

 Peak A showed the highest exopeptidase activities and was selected for synthetic peptide digestion.  
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Figure 2-2. Peptide profiles in the CH digests after in vitro digestion using partially purified 

crude extract of mucosa (peak A-G) 

Peak A generated a peptide profile similar to a crude extract of mucosa, while other peaks did 

different patterns. 
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Figure 2-3. Leucine aminopeptidase (LAP) activity of peak A (Fr.12—Fr.18) after SEC 

Fr. 16 showed the highest LAP activity. Thus, Fr. 16 was selected for protein identification. 

 

As SEC could not resolve LAP and prolidase activities, proteins in the crude extract were 

fractionated by anion exchange chromatography (AEC). The chromatogram of AEC, prolidase 

activity, and LAP activity of each fraction are shown in Figure 2-4. Unlike the previous separation 

using SEC, this technique successfully separated LAP and prolidase activities in the crude extract 

of the mucosa. LAP activity was eluted in Fr. 11-13, while exopeptidase with prolidase activity 

was eluted in Fr. 15-18. Thus, Fr.12 and Fr. 16 were selected for identification protein as these 

fractions showed the highest enzyme activity for each type of exopeptidase. 
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Figure 2-4. Separation of LAP and prolidase in crude mucosa extract using anion exchange 

chromatography 

 

Identification of exopeptidases in chromatographic fractions 

SEC Fr. 16, AEC Fr. 12 and 16 were selected for protein identification. The proteins in 

these fractions were further resolved by SDS-PAGE. SDS-PAGE patterns of SEC Fr. 15-18 are 

shown in Figure 2-5. The protein bands with a molecular mass of around 100-140 kDa in SEC Fr. 

16 with the highest LAP activity were selected, which are indicated by the arrows and alphabets 

(a, b, and c). Fr. 15, 16, and 18 were used as comparison only as these fractions have lower LAP 

activity. The selected protein bands were excised and digested using trypsin. For the blank, the 

clear gel area was excised and digested in the same manner as the samples. Resultant tryptic 
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peptides were resolved and detected by LC-MS in total ion scan mode over the ranges of m/z 240-

350, 350-450, 450-550, 550-650, 650-750, 750-900, and 900-1200.  The total ion chromatograms 

of tryptic digests of band a and blank band in Figure 2-5 are shown in Figure 2-6, and other 

chromatograms of other bands are provided in Supplemental Figure S1. Peaks that were only 

observed in the digest of the band a were selected and considered as tryptic peptides (Figure 2-6). 

The protein in band a was estimated to be an aminopeptidase N (APN) (E.C. 3.4.11.2) based on 

the m/z of the tryptic peptides using MS fit. APN is also reported to be identified in human small 

intestine (Hiwada et al., 1981). Other bands were estimated to be structural proteins such as major 

vault protein (b) and a-actinin 4 (c). MS-fit search results are provided in Supplemental Data S1-

S4. For confirmation, tryptic peptides in band a were subjected to LC-MS/MS in product ion scan 

mode to identify the peptide sequences. The product ions of each tryptic peptide were then assigned 

to the a, b, c, and x, y, z series of peptide fragments as defined by Papayannopoulos (1995) using 

MS-fit. As shown in Figures 2-7, five tryptic peptide sequences were obtained and matched with 

the sequence of aminopeptidase N, while negligible product ions were generated from the other 2 

tryptic peptide peaks. These results confirmed that protein in the band a is aminopeptidase N, and 

the alignment of these tryptic peptides with the aminopeptidase N sequence is shown in Figure 2-

8.   
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Figure 2-5. SDS-PAGE of SEC Fr.15-18 

 The SEC Fr. 16 was selected as it showed the highest LAP activity,while Fr. 15, 17, and 

18 were selected as the comparison fractions with less LAP activity. The gel was loaded 

with 24 µL of each sample, electrophoresed, and stained by Coomassie Brilliant Blue G-

250. The arrows indicate the selected bands for further protein identification as they are 

only observed in the Fr. 16 but not in other Frs.  
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Figure 2-6. Total ion chromatograms of tryptic digest of the band a in SEC Fr. 16 and blank 
Elution was monitored by total ion mode in the san ranges of m/z 240-350, 350-450, 450-550, 550-
650, 650-750, 750-900, and 900-1200. Twenty-three peaks were detected only in the digest of band 
a, and the m/z of the peaks was used for protein prediction. The bands b and c are provided in 
Supplemental Figure S1.  
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Figure 2-7. Peptide sequences of tryptic peptides from protein in the band a  

Some precursor ions (m/z 451.0, 518.0, 595.4, 610.5, and 759.6), as shown in Figure 2-6, were 

subjected to product ion scan. Sequences were estimated by the N-terminal (a, b, c), carboxy-

terminal ions (x, y, z), and internal ions. Internal ions are indicated by peptide sequence using a 

one-letter abbreviation. M represents the molecular weight of the peptide. 
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Figure 2-8. Alignment of sequences of tryptic peptides to the sequence of aminopeptidase N 

(APN) 

 Lysyl and arginyl residues are highlighted by underline, of which the carboxyl side is potential 

cleavage site by trypsin. Sequences of the tryptic peptides are highlighted in red.  

 

Proteins in the AEC Fr. 12 and Fr. 16, which had the highest LAP and prolidase activities, 

respectively, and Fr. 10 and Fr. 14, which had no activity, were resolved by SDS-PAGE as shown 

in Figure 2-9. Six protein bands specifically observed in AEC Fr. 12 and Fr. 16 were selected and 

marked with capital letters, as shown in Figure 2-9. The protein in each band was digested in the 

same manner as for SEC fractions and then subjected to LC-MS in total ion scan mode. The total 

ion chromatograms of tryptic peptides in band E are shown in Figure 2-10. The chromatograms of 

other bands are provided in Supplemental Figure S2. As mentioned above, tryptic peptide peaks 

were selected by comparing the sample bands with the blank band. Sixteen tryptic peptide peaks 

and twenty-eight precursor ions of tryptic peptide were detected. Based on the m/z of tryptic 

peptides, the protein in band E was estimated as rats Xaa-Pro dipeptidase (EC: 3.4.13.9), while 

other protein bands were identified as structural proteins. The protein predictions for all protein 

WNQYRLPKTLTNPAIDESKPPGSTSATTSTAENSAIAPTLVVYAQEKNRNAAVCTIIALSLGILGILLGVMAKGFYISKT1

DTTELVERTEALGDTPAPNINKGNHRVALRIIHSKKLNYTFTCNETTNVIYIFKGSSTVRPYLTPNEQGLIPDSYQVTLR81

ASFNITLIHPFPCFDEPAMKQMQAADARKSGGNKKVVATTAGFYRSEYMEEFQGELADDLVKGHQYEMDSYLVVHLQGSL161

GHGDYALQVTIWARPSAIDEAVSPNRVQIRYIVSEFKYVETPKMSTYLLAPSWNVTEFHPPKDSRTLQEDNNLTALSNML241

HQWFGNLVTVVVTVIAHELAQSSSISNKERYRESALVFDPGAMENWGLVTDQIALPDFNAYNTAYPLEKSGPILNFFAQH321

FDSITYSKGAVNTPAQISELSHPLSSPANERVMAVDALASKDLIVLNDVYADYAEPTWNLGFASYVEFLGDWWNDLWLNE401

VITVNTSTGEDRWILQMGFPKLPASVSTIMQQAVDSQTAITIYLDLWEHLSYLHTFQYSNTEDLFKKGLSSVLRMLSSFL481

VNYDENNWRKLNINVTGYYQFQTSSNEWLLLETEKNQSAELKNGKEDHYWNYLWIVPIPYTSKPTRPSDFIYQEHFLLDP561

SEVYGPMKRYLNYFKLMFDRYMPWEAALSSNTLFLASETEGKLSITLPLSIHDSFNLASAVIPVINRAQIIQNQLQTDLS641

LRSTVYCNAINSDNNPIHPNVVGLYSQWMNSSGLEECRDLNEINAISTACDRPPTLMEQYYFKIKTNNWLLKKQVTPLFA721

GQTLVWDFVRTIVSIANNVVDYIRKQDATSNRYLSYTLNPLACSNEVWILVNEADKLRSAAWEQFRKATLAFGGEEEWNF801

KENKDVVLKWEKTKANIKWVSGTRALEQALKEDNSATGFGEFELQQLEQFIQGVTRRFSSGGGSFSFANLSNWKKLFEDY881

FTENS961
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bands in AEC fractions based on MS-Fit software are provided in Supplemental Data S5-S13. Xaa-

Pro dipeptidase has many alternative names, such as proline dipeptidase, prolidase, X-Pro 

dipeptidase, peptidase D, or imidodipeptidase. Prolidase is selected to mention this enzyme in this 

report. 

 
Figure 2-9. SDS-PAGE of AEC fractions 

 Aliquots of AEC Fr. 12 and 16 with the highest LAP and prolidase activities were concentrated 

and subjected to SDS-PAGE. Fr. 10 and 14 were selected as they eluted near Fr. 12 and 16 but 

showed no LAP and prolidase activity. 
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For confirmation, the tryptic peptides in band E were sequenced using LC-MS/MS in product 

ion scan mode. The product ions of each tryptic peptide were assigned to the a, b, c, and x, y, z 

series of peptide fragments, as previously mentioned. All the tryptic peptides in band E could be 

sequenced, as shown in Figure 2-11. The summary of the sequence analysis of tryptic peptides 

from protein in band E is shown in Table 2-1. Prolidase consists of 492 amino acid residues with 

a molecular weight of 54,751 Da (UniProtKB Q5I0D7). All sequences of tryptic peptides can be 

alligmented in the prolidase sequence (Figure 2-12). 
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Figure 2-10. Total ion chromatograms of the typtic digest of band E and blank band 

Elution was detcetd in total ion mode in the scan ranges of m/z 240-350, 350-450, 450-550, 550-

650, 650-750, 750-900, and 900-1200. Sixteen peaks were detected, and the m/z on peaks were 

used for protein prediction using MS-Fit. 
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Figure 2-11. Peptide sequences of tryptic peptides from protein in the band E 

Eight precursor ions (m/z 400.3, 410.3, 467.8, 484.3, 505.9, 553.3, 562.4, and 612.9), as shown in 

Figure 2-10, were subjected to product ion scan. Sequences were estimated by the N-terminal (a, 

b, c) and carboxy terminal ions (x, y, z) and internal ions. Internal ions are indicated by peptide 

sequence using one-letter abbreviation. M represents molecular weight of peptide. 
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Figure 2-12. Alignment of sequences of tryptic peptides to the sequence of prolidase (Xaa-

Pro dipeptidase) 

Lysyl and arginyl residues are highlighted by underline, of which the carboxyl side is potential 

cleavage site by trypsin. Sequences of the tryptic peptides identified in band E are highlighted in 

red. 

 

Table 2-1. The sequence of tryptic fragments of protein in band E of AEC Fr.16 compare to the 

sequence from MS-Fit database 
No. m/z 

[M+2H+] 

m/z 

[M+H+] 

Start End Modfications Sequence  

from MS-Fit database 

Sequence from 

analysis 

1 400.3 799.60 389 395   (R)IDEPGLR(S) IDEPGLR 

2 410.3 819.60 93 99   (K)STLFVPR(L) STLFVPR 

3 467.8 934.60 304 311   (K)AIYEAVLR(S) AIYEAVLR 

4 484.3 967.60 160 168   (R)EASFEGISK(F) EASFEGISK 

5 505.9 1010.80 336 343   (R)IHLEELTR(I) IHLEELTR 

6 553.3 1105.60 188 196   (K)TDMELEVLR(Y)  TDMELEVLR 

7 561.4 1121.80 188 196 Oxidation (K)TDMELEVLR(Y)  TDMELEVLR 

8 612.9 1224.80 100 110   (R)LPASYATWMGK(I)  LPASYATWMGK 

9 620.9 1240.80 100 110 Oxidation (R)LPASYATWMGK(I)  Not analyzed 

10 638.5 1276.00 57 66   (R)YC(Carbamidomethyl)TDTSIIFR(Q)  Not analyzed 

11 875.1 1749.20 1 17 Met-loss+Acetyl  (-)MASTVRPSFSLGNETLK(V)  Not analyzed 

  

FHWAFGVIESTSIIFRQESFGEEMQRYCTDQAGSAVVLQGCERLRKNGAVALFALNRQRLLGNETLKVPLMASTVRPSFS1

NTDSGNVCREPSVLLTLRGVEIASVLTSRN
YAVDDVQYA
D

IHSKEHFKEKPASYATWMGKGKSTLFVPRLGCYGVIDVDT81

YSKGGMRHTSEMESLFQHYCKAVKVGMKEYISSEAHREVMELEVLRYTNRVECRVFKTDMVNNTILHPEIASFEGISKFT161

RSCRTVMSTMDQKAIYEAVLSFPANGKFTDYYCFASDITCDICLFDMGGEAPNDRTIKDGAAVLHYGHAGYTCICCSGEN241

EPGLRSLRTAGYPEGVERIDFLGLDVHDVGAVFMPHGLGHVDAMLQVHLGLTRIGLLSGSRLADRIHLEEKPGVWWPDMH321

TVEEIEACMAGMELLTCVPRIEEDVVVTDSQRFRNFGGVRQACFFNQEVLLLDQALADPAVEPGIYFIDHRHLEPGMVLT401

PKGCDKALAPSG481
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Degradation of Gly-Pro and Pro-Hyp by partially purified mucosa exopeptidases 

Synthetic Gly-Pro and Pro-Hyp were digested by partially purified mucosa exopeptidases 

using SEC. Peak A (in Figure 2-1) showed the highest enzyme activities for both LAP and prolidase, 

and thus, was used for Gly-Pro and Pro-Hyp digestion. In addition, Peak A is the only SEC fraction 

that maintains the degradation activity as in the crude extract of mucosa (Figure 2-2). Gly-Pro was 

completely degraded after 60 min, while only 15% of Pro-Hyp was degraded simultaneously, as 

shown in Figure 2-13. LC-MS/MS analysis also confirmed the absence of Gly-Pro after 60 min 

digestion (data not shown). On the other hand, Pro-Hyp remained even after 240 min digestion. 
 

 
Figure 2-13. Degradation of synthetic Gly-Pro and Pro-Hyp by partially purified mucosa 

exopeptidases 

The degradation rate (%) was calculated by quantifying the liberated Pro from substrates. The 

results are presented as the average of duplicate analysis. 
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2.4 Discussion 

In Chapter 1, in vitro digestion of CH by a combination of pancreatin and well-known 

gastrointestinal exopeptidases, such as leucine aminopeptidase (LAP), carboxypeptidase A (CPA), 

and aminopeptidase N (APN), generated Gly-Pro as the major peptides. Interestingly, CH digestion 

using crude extract of small intestinal mucosa generated Pro-Hyp as the major peptide, while it 

generated only negligible amounts of Gly-Pro. These results suggest the presence of prolidase in 

the mucosa, as prolidase is reported to be able to cleave Xaa-Pro, where Xaa is any amino acid 

residue (Aganga et al., 2021). Thus, Gly-Pro can be cleaved by prolidase. Prolidase is generally 

considered a cytosolic metalloprotein enzyme essential for protein metabolism and collagen 

turnover within cells. Even though its activity has been reported in many organs (Liu et al., 2007), 

it remains unclear whether prolidase is secreted into the extracellular environment, even during 

collagen and ECM remodeling (Aganga et al., 2021). The present study showed that only a 

negligible amount of Gly-Pro was detected in the small intestinal lumen after oral administration 

of CH in rats (Chapter 1, Figure 1-4. A). Furthermore, no significant increase of Gly-Pro in the 

lumen was also observed after oral administration of synthetic Gly-Pro in rats (Wijanarti et al., 

2024 in press). The results indicate that prolidase is not only present in the cytosol of cells but also 

secreted into the lumen and plays a crucial role in the digestion of small peptides. 

At least 2 isoforms of prolidase (prolidase I and II) have been identified in rats and many 

animals (Liu et al., 2007). In addition, some microorganisms produce prolidases (Aganga et al., 

2021). The origin of prolidase present in the small intestinal mucosa, however, remained unknown. 

The present study demonstrates the presence of host (rat) prolidase I (EC.3.4.13.9) with amino 
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peptidase N (EC. 3.4. 11.2) in small intestinal mucosa at the protein level. Prolidase I is considered 

a key player in collagen degradation to liberate free Pro for extracellular matrix remodeling and 

collagen resynthesis (Besio et al., 2013; Yu et al., 2012). The majority of research on prolidase 

focuses on intracellular collagen metabolism. A new finding reported that prolidase was shown as 

a ligand of epidermal growth factor receptor (EGFR) and stimulated downstream signaling protein 

in the EGFR pathway (Yang et al., 2013; Baszanowska et al., 2021). This activation occurred only 

when prolidase was present extracellularly. Since prolidase has no peptide signal, the presence of 

prolidase in the extracellular matrix is still intriguing. However, it is plausible prolidase may be 

released from damaged cells and tissue.  

Furthermore, the roles of prolidase in cellular regulation, wound healing, and several 

diseases have also been well-studied (Aganga et al., 2021). However, the knowledge of prolidase 

function in food digestion is very limited.  It has been reported that prolidase not only cleaves X-

Pro but also X-Hyp (Aganga et al., 2021). This study confirms that prolidase I in the small 

intestinal mucosa cleaves both Gly-Pro and Pro-Hyp, but the degradation rate differs extensively. 

Gly-Pro was rapidly degraded by prolidase I, while Pro-Hyp was slowly degraded and remained 

after prolonged digestion. On the other hand, another main exopeptidase in the small intestinal 

mucosa, aminopeptidase N, leaves Gly-Pro intact after CH digestion (Chapter 1), indicating that it 

cannot cleave Gly-Pro. Taken together, prolidase I, rather than aminopeptidase N, plays a crucial 

role in determining the bioavailability of collagen-derived peptides at the final digestion process 

in the small intestinal mucosa.  
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The presence of Pro in peptides has been assumed to be associated with resistance against 

protease digestion (Markert et al., 2003). However, dipeptides with Pro at the amino terminus (Pro-

X) can be degraded by LAP and APN (Gu and Walling, 2000; Niven et al., 1995). 

Carboxypeptidase A (CPA) cleaves amino acid residue at the carboxyl terminus of peptide except 

for Pro, Asp, Glu, Arg, Lys, and Hyp (Laethem et al., 1996). Therefore, X-Pro dipeptides are 

resistant to the above-mentioned exopeptidases but are preferentially cleaved by prolidase (Wilk 

et al., 2017). These facts indicate that most small peptides, including Pro at the amino and carboxyl 

terminus, are degraded by a combination of exopeptidases in the small intestinal mucosa. However, 

several types of small peptides have been shown to increase significantly in blood plasma 

following the ingestion of protein hydrolysates, such as Hyp-containing peptides, b-isopeptides, 

and pyroglutamyl peptides (Asai et al., 2019; Ejima et al., 2019; Miyauchi et al., 2022). Hyp-

containing peptides consist of post-translational modified amino acid residue. Pyroglutamyl 

peptides, b-isopeptides, and D-aspartyl peptides are generated from normal peptides by chemical 

or enzymatical modifications. The unusual structure of the modified amino acids in the peptides 

may interrupt the enzyme-substrate recognition, hindering the degradation of these peptides. 

 

2.5 Conclusion  

Prolidase I and aminopeptidase N were successfully identified in the crude extract of small 

intestinal mucosa. Although prolidase is generally known as a cytosolic enzyme that acts within 

cells, the present study revealed the presence of prolidase I activity in the small intestinal lumen.   
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Prolidase I rapidly cleaves Gly-Pro but slowly Pro-Hyp, which can clarify why Hyp-containing 

peptides increase in rats and human blood plasma after CH ingestion while Gly-Pro and other X-

Pro dipeptides do not. To the best of our knowledge, this study is the first report showing the role 

of prolidase I in the lumen of the small intestine in determining the bioavailability of collagen-

derived peptides. 
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Chapter 3 

Enhancement of bioavailability of Pro-Hyp in rat by co-administration of collagen 

hydrolysate (CH) with rice protein hydrolysate (RPH)  

 

3.1 Introduction 

The ingestion of CH has been clinically proven to exert many health benefits (Clark et al., 

2008; Inoue, et al., 2016; Sugihara et al., 2018). Pro-Hyp, a major food-derived collagen peptide 

in blood, has been associated with the health benefits of CH. It has been reported that co-ingestion 

of other protein hydrolysates and non-peptide compounds can impact the bioavailability of CH-

derived peptides, including Pro-Hyp. Iwasaki et al. (2020) reported that co-ingestion of collagen 

peptides with yogurt increased the absorption of collagen-derived peptides into human blood 

plasma. Co-administration of CH with other compounds also improved its health benefits. A 

double-blind, randomized, placebo-controlled clinical trial showed that the co-ingestion of 

collagen peptides with vitamins and other bioactive compounds such as chondroitin sulfate, 

glucosamine, and so on significantly improved skin and joint conditions compared to only collagen 

peptides (Czajka et al., 2018). There is an episode in China that consuming CH with RPH enhances 

its efficacies on skin conditions better than consuming only CH. However, the mechanism of 

improvement of the skin by coadministration of RPH with CH remains to be solved. 

It has been reported that pyroglutamyl (pGlu) peptides significantly increased in the small 

intestinal lumen of rats after ingestion of another RPH preparation (Miyauchi et al., 2022). 

Furthermore, some studies also reported that pGlu-peptides exhibited some bioactivities such as 
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hepatoprotective effect, anti-obesity, and improved immune barrier system in the small intestine 

by increasing the host antimicrobial peptide, rattusin (Sato et al., 2013; Shirako et al., 2020; 

Shirako et al., 2019). Even though only a few pGlu-peptides were absorbed into the blood plasma, 

pGlu-peptides in the small intestinal lumen are stable and resist the degradation of digestive 

enzymes (Miyauchi et al., 2022). The presence of pGlu-peptides in the lumen may interact with 

exopeptidases in the small intestine and affect the peptide degradation. This chapter aimed to 

elucidate the effects of co-administration of RPH with CH on the bioavailability of Pro-Hyp, a 

major bioactive collagen peptide, in rats. 

 

3.2 Materials and Methods 

Protein hydrolysate 

Collagen hydrolysate (CH, marine oligopeptide) and rice protein hydrolysate (RPH) were a kind 

gift from the Japan Food Peptide Institute (Osaka, Japan). 

 

Reagents 

Acetonitrile (HPLC-grade), methanol, formic acid, and phosphate-buffered saline pH 7.4 (PBS, 

10´) were purchased from Nacalai Tesque (Kyoto, Japan). Benzotriazole-1-yl-oxy-tris-

pyrrolidino-phosphonium hexafluorophosphate (PyBOP), 1-hydroxybenzotriazole (HOBt), 9-

fluorenylmethoxycarbonyl (Fmoc) amino acid derivatives, N-(tert-Butoxycarbonyl)-L-

pyroglutamic acid (Boc-pyroGlu), L-proline tert-butyl ester hydrochloride (H-Pro-OtBu·HCl), L-

leucine tert-butyl ester hydrochloride (H-Leu-OtBu·HCl), and L-glutamic acid tert-butyl ester 
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hydrochloride (H-Glu-OtBu·HCl) were purchased from Watanabe Chemical Industries 

(Hiroshima, Japan). 6-Aminoquinolyl-N-hydroxysccinimidyl carbamate (AccQ) was purchased 

from Toronto Research Chemical (Toronto, ON, Canada). All other reagents were of analytical 

grade or higher. Prolidase I from porcine kidney was purchased from Sigma Aldrich (St. Louise, 

MO, USA).  

 

Peptide synthesis 

The pGlu-peptides were synthesized using an Fmoc strategy with a solid-phase automatic peptide 

synthesizer (PSSM-8, Shimadzu), following the supplier's protocol described in Chapter 1. 

 

Animal experiment 

All the animals were treated and cared for according to the guidelines of the National Institutes of 

Health (NIH) for experimental animals. All experimental procedures were approved by the Animal 

Care Committee of the Louis Pasteur Center for Medical Research (Kyoto, Japan, approval number 

20211). Five-week-old male Wistar/ST rats (120–140 g) were purchased from Japan SLC 

(Shizuoka, Japan). The rats were acclimatized for one week with free access to a normal rodent 

chow (solid type of certified diet MF; Oriental Yeast, Tokyo, Japan) and drinking water. The room 

was kept at 22–24°C and 40–70% relative humidity, with a 12-hour light/dark cycle. After the 

acclimatization period, rats were divided into a control group, collagen hydrolysate (CH), rice 

protein hydrolysate (RPH), and co-administration of CH+RPH (CH+RPH) groups. The CH and 

RPH groups were administered 300 μL of CH and RPH water solution at a dose of 200 mg/kg 
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body weight, respectively. The CH+RPH group was administered the same volume of the mixture 

of CH and RPH at a dose of 200 mg/kg body weight for each protein hydrolysate, while the control 

group was administered the same volume of distilled water.  

One hour after oral administration, small intestine and blood from the abdominal vena cava 

were collected from rats under anesthesia using isoflurane inhalation. The inner content of the 

small intestine was flushed with 10 mL of cold PBS and used as sample of the inner content of the 

small intestine or lumen. Pieces of tissue (approximately 100 mg) were collected from the center 

of the washed small intestine and cut into small pieces, then added with 100 µL of PBS and 

homogenized in a Biomasher II (Nippi, Tokyo, Japan). The homogenate was mixed with 3 volumes 

of ethanol and centrifuged at 13,000 ´g for 10 min at 4oC. The supernatant was collected and used 

as the small intestinal tissue extract for the following experiments. The blood was collected from 

the abdominal vena cava using a heparinized syringe and centrifuged at 1,500 ´g at 4°C for 10 

min. The resultant plasma was mixed with three volumes of ethanol and centrifuged at 13,000 ´g 

for 10 min at 4oC. The supernatant was used as a plasma sample for the following experiments. 

The food-derived peptides in the inner content of intestines (lumen), intestinal tissue, and blood 

plasma were determined as described in the following subsection. 

Crude extract of small intestinal mucosa was prepared from the same strain of rat by the 

method described in Chapter 1. All experimental procedures were approved by the Animal Care 

Committee of the Louis Pasteur Center for Medical Research (Kyoto, Japan, approval number 

20231 and 20241). 
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Determination of food-derived peptides after oral administration of CH and RPH   

Aliquots (100 µL) of the ethanol-soluble fraction from the lumen were dried in a microcentrifuge 

tube (1.5 mL) under vacuum. The residue was added with 20 μL of water, 60 μL of 50 mM sodium 

borate buffer, pH 8.8, and 20 μL of 0.3% AccQ-acetonitrile solution. The reaction was carried out 

at 50°C for 10 min. The reactant was filtered using a Cosmonice filter and used to identify the 

normal peptides with the amino group.  The aliquots (10 μL) of the filtered lumen sample of CH 

and RPH groups were injected into LC-MS/MS (LCMS 8040, Shimadzu). The AccQ derivatives 

were resolved by the Inertsil ODS-3 column using a binary linear gradient using 0.1% formic acid 

(solvent A) and 0.1% formic acid containing 80% acetonitrile (solvent B) at 0.2 mL/min. The 

gradient program was as follows: 0–20 min, 0–30% B; 20–25 min, 30–100% B; 25–30 min, 100% 

B; 30–30.1 min, 100–0% B, and 30.1–40 min, 0% B. The AccQ-derivatives (normal peptides) 

were specifically detected by precursor ion scan at positive mode targeting AccQ-derived b1 ion 

with m/z = 171.1 in the scan ranges at m/z = 325–350, 350–375, 375–400, 400–450, and 450–500. 

Pyroglutamyl peptides in the sample treated with AccQ were resolved by the same 

chromatographic condition and detected by precursor ion scan targeting the immonium ion of 

pyroglutamic acid with m/z=84.1 in the scan ranges at 100–200, 200–225, 225–250, 250–275, 

275–300, 300–350, 350–400, 400–500, and 500–1000. The precursor ions in major peaks were 

further subjected to product ion scan with collision energy at -15, -25, and -35 eV to estimate 

peptide sequences. The estimated peptides were synthesized as described in Chapter 1 and in a 

previous study (Shirako et al., 2020) and used as external standards for the quantification of food-

derived peptides. The content of each peptide was determined in multi-reaction monitoring (MRM) 
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in positive ion mode. The elution program was as follows: 0-15 min, 0-50% B; 15-20 min, 50-

100% B; 20-25 min, 100% B; and 25-35 min, 0% B. MRM conditions were optimized by a 

LabSolutions LCMS Ver. 5.5 (Shimadzu) using the synthetic peptides.  

 

The effect of RPH and pGlu peptides on Pro-Hyp degradation  

Aliquots (40 µL) of 1% Pro-Hyp solution in PBS were mixed with 40 µL of crude extract of 

mucosa and 320 µL of RPH solution to yield a final concentration of 0.5%, 2.5%, and 5% of RPH. 

For the control, Pro-Hyp was digested without the addition of RPH. The digestion was carried out 

at 37 °C. Aliquots (50 µL) were withdrawn at 0, 30, 60, 120, and 180 min of incubation and mixed 

with 3 volumes of ethanol. The content of free Hyp was quantified by the method of Bidlingmeyer 

et al. (1984) with modifications (Miyauchi et al., 2022). The degradation (%) was calculated using 

the following equation. 

Pro-Hyp degradation rate (%) = (free Hyp content in the supernatant /Pro-Hyp content before 

digestion ´ 100% 

The mixture of pGlu-peptides consisted of the same concentration of pGlu-Leu, pGlu-Glu, and 

pGlu-Pro. Aliquots (90 µL) of 1 mM Pro-Hyp solution in PBS were mixed with 90 µL of pGlu 

mixture and 20 µL of the crude extract of mucosa.  The final concentration of each pGlu peptide 

was set to 150 and 450 µM. For the control, Pro-Hyp was digested without the addition of pGlu 

peptides by adding 90 µL of PBS instead of the pGlu mixture solution. The final concentration of 

Pro-Hyp was 450 µM. The reaction was carried out at 37 °C. Aliquots (50 µL) were collected at 0, 
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30, 60, 120, and 240 min and mixed with 3 volumes of ethanol. The content of free Hyp was 

determined using the same method described above.  

Aliquots (20 µL) of 250 µM Pro-Hyp were mixed with 25 µL of each pGlu peptide (1 mM) 

and 5 µL of crude extract of mucosa. The reaction was carried out at 37 °C and mixed with 3 

volumes of ethanol to terminate the peptidase reaction. The content of the released Hyp was 

measured.  

The type of enzyme inhibition was investigated using different concentrations of substrate 

and inhibitor, following a method in a recent review (Smirnoviene et al., 2021). The inhibition of 

prolidase by pGlu-Pro was performed in a total volume of 100 µL with 3 concentrations of inhibitor, 

0, 250, and 500 µM pGlu-Pro. First, 10 µL of prolidase (0.05 U) was mixed with 40 µL of 625 or 

1250 µM pGlu-Pro as an inhibitor to obtain final concentrations of 250 and 500 µM, respectively. 

For no inhibitor treatment, 40 µL of PBS was added instead of pGlu-Pro solution. Each type of 

treatment was prepared in 7 microcentrifuge tubes. The mixtures were incubated at 37°C for 20 

min. Then, 50 µL of Pro-Hyp solutions as substrate were added to obtain the final concentration 

of 5, 25, 50, 100, 200, 400, and 500 µM. The reaction was carried out at 37°C for 20 min and 

terminated by adding 3 volumes of ethanol. After centrifugation at 130,000 ´g for 5 min, the 

supernatant was collected, and the content of released Hyp was determined using the same method 

described above. 
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Statistical Analysis  

The data were analyzed using SPSS version 28 (IBM, New York, NY, USA). The student`s t-test 

was used to determine the difference between the means of the two groups. One-way ANOVA with 

Tukey post hoc test was used to compare more than two groups. A p-value less than 0.05 was 

considered a significant difference. 
 

3.2 Results  

Determination of CH- and RPH-derived peptides in the small intestinal lumen 

Food-derived peptides present in the lumen 60 min after oral administration of CH and RPH at a 

dose of 200 mg/kg body weight were detected and identified by LC-MS/MS in precursor ion and 

product ion scan modes. The mass chromatograms of precursor ion scans targeting pGlu residues 

(m/z 84.1) and AccQ-derived b1 ion (m/z 171.1) after oral administration of CH and RPH are 

shown in Figures 3-1. After CH administration, many peaks of AccQ-derivatives peptides (normal 

peptides with the amino group) were detected (numbers 13-37), while fewer peaks of pyroglutamyl 

peptides (numbers 1-12) were observed with prominent peaks of Lys, Glu, and Gln (Figure 3-1 A), 

as these amino acids also generated immonium ions of m/z 84.  The major peaks were selected and 

sequenced to estimate the structure of peptides. Among the normal peptide peaks detected in the 

lumen, peak number 16 was the major one and identified as AccQ-Pro-Hyp based on m/z of product 

ions. The summary of estimated food-derived peptides after CH administration is shown in 

supplemental Tables S2 and S3.  
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As shown in Figure 3-1 B, many peaks of pyroglutamyl peptides (a-q) were detected in the 

lumen with high intensity 60 min after the administration of RPH. On the other hand, only small 

peaks of normal peptides (t-ab) were detected. These results indicate that pyroglutamyl peptides 

are predominantly generated in the lumen after RPH administration. The identified RPH-derived 

peptides in the lumen are listed in Supplemental Tables S4 and S5. 

 

Contents of food-derived peptides in the lumen, intestinal tissue, and blood  

All the estimated collagen peptides in the lumen and the peptides previously identified in Chapter 

1 were quantified by LC-MS/MS in multi-reaction (MRM) mode. After administration of CH only, 

Pro-Hyp and many other Hyp-containing peptides significantly increased in the lumen of the small 

intestine (Figure 3-2. A). Pro-Hyp was the major collagen-derived peptide, while other Hyp-

containing peptides were at lower levels. Some dipeptides with Pro at the carboxyl terminus (X-

Pro), such as Gly-Pro, Pro-Pro, and Asp-Pro, were detected in the lumen after administration of 

CH. However, their contents were considerably lower than those of Hyp-containing peptides. In 

the small intestinal tissue, only some Hyp-containing peptides, including Pro-Hyp, Hyp-Gly, Gly-

Pro-Hyp, Leu-Hyp, Phe-Hyp, Ala-Hyp, and Ile-Hyp, significantly increased after the 

administration (Figure 3-2. B). In blood plasma, Pro-Hyp content and other Hyp-peptides did not 

change substantially after the oral administration of CH at this dose (Figure 3-2. C). Pyroglutamyl 

peptides also did not change in the rat lumen (Figure 3-3. A), intestinal tissue (Figure 3-3. B), and 

blood plasma (Figure 3-3. C) after administration of CH. 
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Administration of RPH only did not impact Hyp-containing and X-Pro peptides in the lumen, 

as RPH does not contain Hyp-containing peptides (Figure 3-2. A). Similar results were observed 

in intestinal tissue (Figure 3-2. B) and blood plasma (Figure 3-2. C). On the other hand, pGlu-

peptides including pGlu-Leu, pGlu-Val, pGlu-Gln, pGlu-Glu, pGlu-Lys, pGlu-Phe, pGlu-Ile, and 

pGlu-Ala significantly increased in the lumen (Figure 3-3. A) and intestinal tissue (Figure 3-3. B). 

However, only hydrophobic pyroglutamyl (pGlu) peptides such as pGlu-Leu and pGlu-Val 

significantly but slightly increased in blood plasma, while other pGlu-peptides remained 

unchanged (Figure 3-3. C). 

Co-administration of RPH with CH did not change the profile of collagen-derived peptides 

in the lumen (Figure 3-2. A) but slightly increased the content of Pro-Hyp and other Hyp-peptides, 

including Hyp-Gly, Phe-Hyp, Leu-Hyp, Pro-Hyp-Gly, and Gly-Pro-Hyp in the intestinal tissue 

(Figure 3-2. B). Interestingly, Pro-Hyp content increased by 1 µM in the blood plasma of the 

CH+RPH group after oral administration compared to other groups (Figure 3-2. C). However, no 

significant increase in Pro-Hyp and other Hyp-containing peptides was observed, except for Hyp-

Gly. Co-administration of RPH with CH did not change the profile of pGlu-peptides in the lumen 

of the small intestine (Figure 3-3. A). However, the content of some pGlu-peptides such as pGlu-

Leu, pGlu-Val, and pGlu-Gln significantly decreased in the intestinal tissue of the CH+RPH group 

compared to the RPH group (Figure 3-3. B), and only pGlu-Leu, pGlu-Val, and pGlu-Met 

significantly increased in blood plasma of CH+RPH group but pGlu-Leu levels were lower than 

those in RPH group. 
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Figure 3-1. Mass spectrometry chromatograms in precursor ion scan mode targeting 
immonium ion of pGlu residue and AccQ-derived b1 ion of contents in the rat small 
intestinal lumen after oral administration of (A)  CH and (B)RPH  

The AccQ-derivatives (normal peptides) were specifically detected by precursor ion scan at 
positive mode targeting AccQ-derived b1 ion with m/z = 171.1. Pyroglutamyl peptides were 
detected by precursor ion scan targeting the immonium ion of pyroglutamic acid with m/z=84.1. 
The peptide peaks are indicated with alphabetic and the amino acids with three-letter 
abbreviations. The peptide peaks are indicated with numbers and the amino acids with three-
letter abbreviations. In addition to pE, Lys, Glu, Gln residues also generated immonium ion of 
m/z 84. 
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A 

 
B 

 
C 

 
Figure 3-2. Food-derived peptides with amino group (A) in the lumen of the small intestine, 

(B) intestinal tissue, and (C) blood plasma of rats 1 h after oral administration of CH, RPH, 

and co-administration of CH+RPH 

After ingestion of CH, many Hyp-peptides increased in the lumen of the small intestine, with the 

predominant constituent being Pro-Hyp (PO). Asterisks indicate a significant difference (One-way 

ANOVA, post hoc Tukey, *p<0.05). Peptides are designated by one letter abbreviation of amino 

acid. O represents hydroxyproline (Hyp). The full-page graphs are provided in the Supplemental 

Figure S3-S5. 
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A 

 
B 

 
C 

 
Figure 3-3. Pyroglutamyl peptides (A) in the lumen of the small intestine, (B) intestinal tissue, 

and (C) blood plasma of rats 1 h after ingestion of CH, RPH, and co-administration of 

CH+RPH 

The ingestion of CH did not significantly increase pyroGlu-peptides in the lumen, while the 

ingestion of RPH significantly increased these peptides. Asterisks indicate a significant difference 

from the control (One-way ANOVA, post hoc Tukey, *p<0.05). pE represents pyroglutamyl 

residue. Refer to the legend of Figure 3-2 for other abbreviations. 
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Inhibition of degradation of Pro-Hyp with intestinal mucosa exopeptidases by RPH and 

pGlu-peptides 

The addition of RPH at a final concentration of 0.5%, 5 times higher concentration of Pro-Hyp, 

significantly inhibited degradation of Pro-Hyp by the crude extract of intestinal mucosa compared 

to the control. Increasing the concentration of RPH to 2.5% and 5% completely inhibited the 

degradation of Pro-Hyp even after 180 min (Figure 3-4). Furthermore, a mixture of the same 

concentration of pGlu-Pro, pGlu-Glu, and pGlu-Leu inhibited the degradation of Pro-Hyp by crude 

extract of small intestinal mucosa at two doses (Figure 3-5). Single-pGlu peptides, which increased 

in lumen after the administration of RPH, were checked for their inhibitory activity at the substrate-

to-inhibitor ratio of 1:1. Among them, only pGlu-Pro significantly inhibited degradation of the 

Pro-Hyp (Figure 3-6). 

 

Type of enzyme inhibition of prolidase by pGlu-Pro 

The type of inhibition of prolidase on hydrolyzing Pro-Hyp by pGlu-Pro was evaluated. The 

Lineweaver-Burk plot of prolidase inhibition by pGlu-Pro is shown in Figure 3-7. No dose 

response was observed between 250 and 500 µM of pGlu-Pro. The addition of pGlu-Pro decreased 

Vmax from 0.18 µM/min without inhibitor to 0.12 and 0.13 µM/min for 250 and 500 µM pGlu-

Pro, respectively. Unexpectedly, Km decreased from 117.60 µM without inhibitor to 80.75 and 

81.89 µM for 250 and 500 µM pGlu-Pro, respectively.  
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Figure 3-4. Suppression of the degradation of Pro-Hyp by crude extract of the small intestinal 

mucosa by different concentrations of RPH 

Pro-Hyp was degraded by exopeptidase in crude extract of the mucosa into free Hyp and Pro during 

in vitro digestion. The degradation rate was calculated by dividing the free Hyp content in the 

supernatant after digestion by the total Pro-Hyp content before digestion.  

One Way ANOVA, post hoc Tukey, p<0.05. 

 

 
Figure 3-5. The mixture of pGlu-peptides solution decreased the degradation of Pro-Hyp 

Pro-Hyp was mixed with the mixture of pGlu-peptide at 1:0.3 and 1:1 in molar ratio and incubated 

at 37°C. The contents of free Hyp were measured at 0, 30, 60, 120, and 240 min. One Way ANOVA, 

post hoc Tukey, p<0.05. 
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Figure 3-6. The effect of single pGlu peptide addition on the degradation of Pro-Hyp 

Pro-Hyp was mixed with a single pGlu-peptide at a molar ratio of 1:5 and digested with the crude 

extract of mucosa. The used single pGlu-peptides are pGlu-Glu (pEE), pGlu-Pro (pEP), pGlu-Leu 

(pEL), and pGlu-Lys (pEK). The reaction was carried out at 37°C for 30 min. The asterisk indicated 

a significant difference compared to the control (Student t-test, *p<0.05). 

 
Figure 3-7 The Lineweaver-Burk plot of inhibition of prolidase by pGlu-Pro 

Prolidase activity on hydrolyzing Pro-Hyp with and without adding pGlu-Pro as an inhibitor. 

Prolidase was incubated with 0, 250, and 500 µM pGlu-Pro at 37°C for 20 min. Then, Pro-Hyp 

was added at final concentrations of 5, 50, 100, 200, 400, and 500 µM and further incubated at the 

same condition. The addition of pGlu-Pro decreased both the maximum velocity (Vmax) and the 

affinity for the substrate. 
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3.4 Discussion 

Asai et al. (2019) demonstrated that Pro-Hyp significantly increased to approximately 25 µM in 

human blood plasma 60 min after ingestion of 13 g of CH, a different preparation from the CH 

used in the present study. However, in rats, Pro-Hyp and other CH-derived peptides did not 

significantly increase in blood plasma even after ingestion of CH at an equivalent dose (Figure 3-

2. C). Interestingly, although no significant difference was observed, CH co-administered with 

RPH at the same dose increased Pro-Hyp by 1 µM in the rat blood plasma. When CH was 

administered alone, a higher dose (800 mg/kg body weight) was necessary to increase Pro-Hyp 

significantly in the rat blood plasma (Chapter 1, Figure 1-4). This finding shows that the co-

administration of CH with RPH improves the bioavailability of Pro-Hyp, the major collagen-

derived peptide that has been associated with the health benefits of CH (Inoue et al., 2016; Jimi et 

al., 2021; Sugihara et al., 2018). After the administration of RPH, pGlu peptides, such as pGlu-

Leu, pGlu-Val, pGlu-Ala, pGlu-Phe, pGlu-Tyr, pGlu-Glu, and pGlu-Lys, significantly increased in 

the small intestinal lumen of rats.  

pGlu can be derived from glutamine, which is rich in rice protein, with condensation 

between the amino group at the alpha position and a side chain in water. Peptides with a glutaminyl 

residue at the amino-terminal position can be converted to pyroglutamyl peptide. The formation 

of pGlu-peptide is irreversible and proceeds even in low temperatures, and is favored by heating 

(Sato et al., 1998). Pyroglutamyl peptides are widely identified in various enzymatic hydrolysates 

of food proteins and fermented food (Ejima et al., 2018; Kiyono et al., 2013; Shirako et al., 2020; 

Kiyono et al., 2016; Paolella et al., 2018), as well as exhibiting various health benefits (Shirako et 
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al., 2019; Kiyono et al., 2013; Kiyono et al., 2016). It has been reported that several pGlu-peptides 

derived from rice protein hydrolysate resist peptidases in the small intestine and can be absorbed 

as peptides into the rat blood plasma after oral administration (Miyauchi et al., 2022). 

Pyroglutamyl peptides were predominantly detected in the lumen, but only negligible amounts of 

normal peptides were detected, indicating that most of the normal peptides were hydrolyzed into 

amino acids by peptidases in the small intestine. In this chapter, the food-derived peptides after 

RPH oral administration showed similar results. 

In the co-administration of RPH with CH, both Hyp-peptides and pGlu-peptides 

significantly increased in the lumen after oral administration. As mentioned above, the content of 

Pro-Hyp in small intestinal tissue increased considerably in the CH+RPH group. These results 

suggested that pGlu-peptides, the food-derived peptides in the lumen after RPH oral administration, 

can improve Pro-Hyp bioavailability. Iwasaki et al. (2020) reported that co-ingestion of collagen 

peptides with yogurt increased the short-chain Hyp-peptides in human blood plasma. In addition 

to the increasing short-chain Hyp-peptides via fermentation, yogurt matrices containing milk-

derived peptides may influence the absorption of collagen peptides into the human blood plasma. 

Combining collagen peptides with vitamins and other bioactive compounds also enhanced 

collagen efficacy in improving skin elasticity and joint conditions (Czajka et al., 2018). However, 

the mechanism of improvement of the bioavailability of collagen peptides by non-collagen-derived 

peptides has not been discussed.  

To address this problem, the effects of RPH-derived peptides on Pro-Hyp degradation were 

evaluated using a crude extract of mucosa prepared from the small intestine of rats. It was found 
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that the addition of RPH reduced the Pro-Hyp degradation in a dose-dependent manner. The 

degradation of Pro-Hyp was inhibited entirely with the addition of RPH at a final concentration of 

2.5% (Figure 3-5). This result indicates that RPH can inhibit Pro-Hyp degradation by peptidases 

in the small intestine. To identify peptides responsible for the inhibition of the degradation of Pro-

Hyp with peptidases in the small intestinal mucosa, a mixture of RPH-derived peptides, including 

pGlu-Pro, pGlu-Glu, and pGlu-Leu was checked for their inhibitory activities. The best inhibition 

was obtained with a substrate-inhibitor ratio of 1:1, which is the similar ratio of Pro-Hyp to pGlu-

peptides in the lumen of CH+RPH group. Among the other peptides, pGlu-Pro showed significant 

inhibition in Pro-Hyp degradation by crude extract of mucosa peptidases.  

It has been reported that prolidase is a crucial enzyme for cleaving X-Pro dipeptides, and 

later, it is also reported to cleave X-Hyp dipeptides (Aganga et al., 2021; present study Chapter 2). 

Therefore, inhibition of prolidase on hydrolyzing Pro-Hyp by pGlu-Pro was examined. The results 

showed that pGlu-Pro reduced Km, indicating the increase of prolidase affinity for the substrate. 

Furthermore, pGlu-Pro slightly reduced Vmax, resulting in a non-parallel Lineweaver-Burk plot 

between inhibited and non-inhibited lines (Figure 3-7). The decrease of the Michaelis constant 

(Km) and the maximum reaction rate (Vmax) are the characteristics of the uncompetitive inhibition 

type. The conventional uncompetitive inhibitor specifically binds to the enzyme-substrate complex 

(Herries, 1976) and stabilizes the complex. It effectively increases the enzyme affinity for the 

substrate but makes the enzyme less available to catalyze the reaction, which causes a lower Vmax. 

The uncompetitive inhibition strategy is used in pharmacological and biological intervention 

(Ahmed et al., 2019). It is an effective and selective means of recognizing the enzyme-substrate 
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complex instead of free enzymes, as in competitive inhibition.  pGlu-Pro has no positive charge as 

the amino group is blocked, making it possible to bind to enzyme-substrate basic sites, thus 

changing the conformation of the enzyme, increasing the affinity of prolidase to the substrate but 

decreasing the catalytic activity. The mechanism of inhibition of pyroglutamyl peptides on other 

small intestinal mucosa exopeptidases requires investigation in future works to support this finding. 

 

3.5 Conclusion  

The co-administration of CH with RPH enhanced the bioavailability of Pro-Hyp in the rat blood 

plasma at a low dose of CH administration (200 mg/kg body weight). Pyroglutamyl (pGlu) 

peptides, which are derived from RPH, can inhibit the degradation of Pro-Hyp during intestinal 

mucosa digestion. Further investigation of the inhibition mechanism of pGlu-peptides is required 

to support this finding. 
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Conclusion and Future Prospect 

Food-derived peptides after the ingestion of CH and their health benefits have been well 

studied. The bioavailability of food-derived peptides is crucial for exerting health benefits in vivo. 

However, the crucial determining factors of bioavailability have not been fully understood. In this 

study, a novel in vitro digestion method using crude extract of small intestinal mucosa was 

established. Prolidase I and aminopeptidase N were identified in the crude extract of mucosa. This 

method generated a similar peptide profile to that in rat blood plasma and lumen upon ingestion 

of CH and RPH. Prolidase is responsible for the final degradation of X-Pro and X-Hyp dipeptides, 

which other exopeptidases could not degrade. The absence of prolidase led to a high portion of 

Gly-Pro or other X-Pro peptides after in vitro digestion, causing inconsistent results with in vivo 

digestion. Prolidase has been considered to be present in the cytosol. However, food-derived X-

Pro peptides, including Gly-Pro, are extensively degraded in the intestinal lumen. Thus, it can be 

concluded that prolidase I is secreted into the lumen and plays a crucial role in the digestion of 

food-derived peptides in the lumen. Even though Pro-Hyp can also be degraded by prolidase in 

the crude extract of mucosa, the degradation rate is much lower compared to Gly-Pro. These 

findings can clarify the reason why Pro-Hyp significantly increases in human and rat blood plasma 

after ingestion of CH, while Gly-Pro does not, even though both can be derived from the same 

Gly-Pro-Hyp-Gly motif in collagen. Furthermore, the bioavailability of Pro-Hyp was enhanced by 

the co-administration of CH with RPH. Pyroglutamyl peptides, the food-derived peptides after oral 

administration of RPH, suppressed the degradation of Pro-Hyp by intestinal mucosa exopeptidases. 

Investigation of the type of inhibition of exopeptidases in the crude mucosa by pyroglutamyl 
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peptides is necessary for future work to support these findings. In addition, a comprehensive 

identification of the enzymes involved in peptide degradation, including endoproteinases and 

exopeptidases, can provide valuable knowledge to establish a robust in vitro digestion method that 

can be used to predict food-derived peptides, not only for CH. 
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Figure S1. Total ion chromatograms of SEC Fr.16 band a-b compared to the blank band 
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Figure S2. Total ion chromatograms of AEC Fr.16 band A-F compared to the blank band
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Figure S3. Food-derived peptides with amino group in the lumen of the small intestine of rats 1 h after oral administration of 

CH, RPH, and co-administration of CH+RPH 
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Figure S4. Food-derived peptides with amino group in the small intestinal tissue of rats 1 h after oral administration of CH, 

RPH, and co-administration of CH+RPH 
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Figure S5. Food-derived peptides with amino group in the blood plasma of rats 1 h after oral administration of CH, RPH, and 

co-administration of CH+RPH  
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Supplemental Table S1. Estimated peptides in collagen hydrolysate (CH) before digestion. 
Precursor 
ion (m/z) 

MW Estimated sequence  
(3 letter) 

Estimated 
sequence  
(1 letter) 

Product Ion (m/z) 

132.1 131.1 Ile I 30.3, 44.2, 69.1, 86.1 (*Ile), 132.2 (y1) 
132.1 131.1 Leu L 30.3, 44.2, 86.1 (*Leu), 132.3 (y1) 
166.0 165.0 Phe F 120.1 (*Phe), 166.1 (y1) 
182.1 181.1 Tyr Y  65.1, 77.1, 91.1, 107.0, 119.0, 136.1 (*Tyr), 165.0, 182.0 (y1) 
189.1 188.1 Ala-Val AV 22.2, 44.3 (*Ala), 72.2 (*Val), 118.0 (y1), 143.2, 189.0 (y2) 
189.1 188.1 Leu-Gly LG 30.3 (*Gly), 43.3, 44.2, 86.1 (*Leu), 189.0 (y2) 
189.1 188.1 Gly-Leu GL 30.3 (*Gly), 44.2, 86.1 (*Leu), 132.2 (y1), 189.0 (y2) 
203.1 202.1 Ile-Ala IA   30.2, 44.2, 69.2, 86.1 (*Ile) 
203.1 202.1 Leu-Ala LA 30.4, 44.3 (*Ala), 86.1 (*Leu) 
203.1 202.1 Ala-Leu AL 30.1, 44.3 (*Ala), 86.1 (*leu), 132.1 (y1) 
205.1 204.1 Trp W  159.1 (*Trp), 205.1 (y1) 
207.1 206.1 Phe-ACN F-

acetonitrile 
77.1, 79.2, 103.1, 120.0 (*Phe), 166.1 (y1) 

214.6 213.6 Val-Pro VP 41.9, 55.3, 70.2 (*Pro), 72.2 (*Val), 73.1, 86.0, 116.2 (y1), 129.2, 215.0 (y2) 
217.1 216.1 Val-Val VV 55.1, 72.2 (*Val), 118.0 (y1), 217.0 (y2) 
219.1 218.1 Val-Thr VT 29.5, 43.4, 55.2, 71.8 (*Val), 74.2 (Thr), 84.2, 101.9, 120.4 (y1) 
219.1 218.1 Ser-Leu SL 330.5, 42.3, 60.1, 86.1 (*Leu), 132.0 (y1), 219.0 (y2) 
223.1 222.1 Gly-Phe GF 30.1 (*Gly), 103.1, 120.1 (*Phe), 166.1 (y1) 
231.1 230.1 Val-Ile VI 30.4 (*Gly), 44.3 (*Ala), 69.2, 72.1 (*Val), 86.2 (*Ile) 
231.1 230.1 Val-Leu VL 30.4 (*Gly), 44.3 (*Ala), 69.2, 86.2 (*Leu) 
233.1 232.1 Leu-Thr LT 30.6, 44.3 (*Ala), 55.8, 86.2 (*Leu), 119.8 (y1), 152.1 
233.1 232.1 Thr-Leu TL 29.2, 56.3, 74.2 (*Thr), 86.1 (*Leu), 132.1 (y1), 233.1 (y2) 
243.1 242.1 pGlu-Leu pEL 30.7, 41.3, 56.3, 84.1 (*pE), 86.2 (*Leu), 142.0, 197.1 
244.1 243.1 Gly-Pro-Ala GPA 30.1 (*Gly), 70.1 (*Pro), 127.1, 155.0 (b2), 187.0 (y2), 226.9, 244.0 (y3) 
245.1 244.1 Ile-Ile II 30.3, 41.3, 44.3, 69.1, 86.2 (*Ile/Leu), 131.9 (y1) 
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Precursor 
ion (m/z) 

MW Estimated sequence  
(3 letter) 

Estimated 
sequence  
(1 letter) 

Product Ion (m/z) 

245.1 244.1 Leu-Leu LL 30.3, 41.3, 44.3, 86.2 (*Ile/Leu), 131.9 (y1) 
249.1 248.1 Val-Met VM 55.2, 72.1 (*Val), 104.1 (*Met), 133.1, 150.0 (y1) 
260.1 259.1 Gln-Ile QI 30.5, 44.2, 69.2, 84.0, 86.1 (*Ile), 101.1 (*Gln), 130.0, 147.1 (y1), 243.2, 260.0 

(y2) 
260.1 259.1 Gln-Leu QL 30.5, 44.2, 84.0, 86.1 (*Leu), 101.1 (*Gln), 130.0, 147.1 (y1), 243.2, 260.0 (y2) 
261.1 260.1 pGlu-Met pEM 55.9, 61.2, 84.1 (pE), 87.0, 101.8, 104.2 (*Met), 130.3, 149.6 (y1), 167.2, 212.8, 

261.1 (y2) 
263.1 262.1 Ile-Met IM 30.5, 44.2, 69.1, 86.2 (*Ile), 104.2 (*Met), 133.2, 150.0 (y1), 263.0 (y2) 
263.1 262.1 Leu-Met LM 30.4, 44.1, 70.1, 86.2 (*Leu), 103.9 (*Met), 133.2, 149.9 (y1), 262.9 (y2) 
265.1 264.1 Phe-Val FV 71.9 (*Val), 103.2, 118.1 (y1), 120.0 (*Phe), 137.1 
265.1 264.1 Val-Phe VF 55.1, 72.1 (*Val), 102.8, 120.1 (*Phe), 166.0 (y1), 264.9 (y2) 
267.1 266.1 Phe-Thr FT 56.3, 74.1 (*Met), 77.2, 103.1, 120.0 (*Phe or y1) 
277.1 276.1 pGlu-Phe pEF 41.2, 84.2 (*pGlu), 119.9 (*Phe), 165.1 (y1), 230.8, 277.2 (y2) 
279.1 278.1 Glu-Met EM 44.2, 56.1, 84.1, 86.1, 102.2, 104.1, 129.8, 132.9, 150.1, 167.1, 213.1, 214.9, 

237.9, 242.8, 261.1, 279.2 
279.1 278.1 Ile-Phe IF 30.6, 41.4, 44.3, 69.1, 86.2 (*Ile), 103.2, 120.2 (*Phe), 166.0 (y1), 279.0 (y2) 
279.1 278.1 Phe-Leu FL 30.5, 86.1 (*Leu), 103.1, 120.1 (*Phe), 279.0 (y2) 
279.1 278.1 Leu-Phe LF 30.3, 44.0, 86.2 (*Leu), 103.2, 120.2 (*Phe), 166.0 (y1), 279.0 (y2) 
281.1 280.1 Val-Tyr VY 55.2, 72.1 (*Val), 91.2, 136.0 (*Tyr), 164.7, 182.0 (*Tyr) 
286.1 285.1 Gly-Pro-Hyp GPO 30.5, 70.2, 116.1 (y1), 127.1, 131.1 (y1), 155.1 (b2), 229.1 (y2), 286.0 (y3) 
293.1 292.1 pGlu-Tyr pEY 56.3, 83.9 (*pGlu), 90.8, 119.2, 122.7, 136.3 (*Tyr), 147.4, 181.9 (y1), 202.1, 

247.0, 292.8 (y2) 
294.1 293.1 Phe-Gln FQ 84.1, 93.0, 100.9 (*Gln), 103.0, 120.1 (*Phe), 130.0, 147 (y1).0, 165.0, 242.2, 

277.0, 294.0 (y2) 
295.1 294.1 Glu-Phe EF 41.2, 56.2, 84.0, 103.1, 120.1 (*Phe), 130.1, 166.0 (y1), 185.8, 231.2, 277.0  
295.1 294.1 Tyr-Leu or Leu-Tyr YL or LY 30.9, 73.8 (*Thr), 85.9 (*Leu), 91.0, 118.8, 136.1 (*Tyr), 220.8, 235.0, 248.9, 

278.1, 294.9 (y2) 
297.1 296.1 Phe-Met FM 56.2, 84.1, 103.0, 120.1 (*Phe), 133.1, 150.0 (y1), 251.0, 297.0 (y2) 
304.1 303.1 Gly-Pro-Met GPM 70.2, 86.1, 104.2 (*Met), 127.1, 150.0 (y1), 154.9, 247.1, 286.8 (y2), 304.0 (y3)  
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Precursor 
ion (m/z) 

MW Estimated sequence  
(3 letter) 

Estimated 
sequence  
(1 letter) 

Product Ion (m/z) 

309.7 308.7 Phe-Ser-Gly FSG 60.1 (*Ser), 103.1, 120.1 (*Phe), 162.9, 207.0, 235.0, 291.9, 309.9 (y3) 
315.1 314.1 Ala-Gly-Pro-Ala AGPA 44.5, 70.2 (*Pro), 127.0, 155.2, 155.2, 187.1 (y2), 226.0 (b3), 244.1 (y3), 315.0 

(y4) 
329.1 328.1 Gly-Pro-Arg GPR 30.1 (Gly), 60.1, 70.2 (*Pro), 116.2 (y1), 126.9, 175.1 (y1), 215.2, 255.0 (b2), 

293.0, 329.0 (y3) 
357.2 356.2 Ala-Pro-Val-Ala APVA 44.6, 69.9, 72.4, 126.9, 158.9, 234.8, 249.4, 277.8, 357.4 
357.2 356.2 Ile-Gly-Pro-Ala IGPA 70.3, 86.3, 127.0, 155.0, 173.0, 186.8, 357.0 
357.2 356.2 Leu-Gly-Pro-Ala LGPA 70.2, 86.1, 127.2, 155.0, 173.0, 187.1, 357.0 
373.2 372.2 Hyp-Gly-Pro-Ser OGPS 70.3, 86.2, 127.0, 154.9, 202.7 (y2), 241.9, 241.9, 260.0, 372.9 (y4) 
383.2 382.2 Pro-Leu-Gly-Pro PLGP 70.2 (*Pro), 172.9 (y2) 
388.1 387.1 Gly-Pro-Ser-Gly-Ala GPSGA 30.1, 60.4, 70.2, 86.4, 126.8, 154.9, 170.8, 260.0 (b3), 387.8 (y5) 
393.1 392.1 Gly-Phe-Hyp-Gly GFOG 86.2, 120.1, 188.9 (y2) 
398.2 397.2 Pro-Gln-Gly-Pro PQGP 70.2 (*Pro), 116.2 (y1), 127.2, 155.0, 172.8, 226.0, 254.9 (y3), 285.0 (b3), 

379.9, 397.6 (y4) 
400.2 399.2 Val-Gly-Pro-Gln VGPQ 70.3, 72.1, 84.1, 100.7, 127.0, 147.1, 154.9, 243.8 (y2), 301.1 (y3), 400.0 (y4) 
401.0 400.0 Pro-Gly-Pro-Met PGPM 70.2 (*Pro), 127.0, 154.9, 246.6, 303.8 (y3), 400.9 
417.2 416.2 Leu-Gly-Pro-Met LGPM 70.3 (*Pro), 86.1 (*Leu), 126.9, 150.0 (y1), 155.0, 247.0, 303.8 (y2), 417.0 (y4) 
423.2 422.2 Pro-Gly-His-Leu PGHL 44.0 (*Ala), 70.3 (*Pro), 186.9, 378.3, 422.7 (y4) 
469.2 468.2 pGlu-Gly-Pro-Gln-Gly pEGPQG 70.1 (*Pro), 127.1, 155.0, 187.0, 244.0, 282.1, 469.1 
472.2 471.2 pGlu-Gly-Pro-Pro-Ile-Gly pEGPPIG  70.0 (*Pro), 84.0 (*pGlu), 86.2 (*Ile), 116.0 (y1), 125.0, 143.0, 171.0, 189.0 

(Pro-Ile), 284.0 (b3), 472.0 (y6) 
472.2 471.2 pGlu-Gly-Pro-Pro-Leu-Gly pEGPPLG 70.0 (*Pro), 84.0 (*pGlu), 86.2 (*Leu), 116.0 (y1), 125.0, 143.0, 171.0, 189.0 

(Pro-Leu), 284.0 (b3), 472.0 (y6) 
485.1 484.1 Gly-Ala-Hyp-Gly-Pro-Ala GAOGPA 70.2 (*Pro), 86.0 (*Ile/Leu/Hyp), 127.0, 154.9, 171.0, 187.0, 244.0 (y3), 202.0, 

339.0, 357.0, 484.9 (y6) 
488.0 487.0 Hyp-Gly-Leu-Trp OGLW 86.1 (*Hyp/Ile/Leu), 143.1, 147.8, 170.9, 205.0, 317.8 (y2), 488.1 (y4) 
511.2 510.2 Pro-Leu-Gly-Pro-Gln PLGPQ 70.2 (*Pro), 100.9 (*Gln), 106.0 (y1), 127.1, 154.9, 179.8, 229.1 (b2), 282.7 

(y3), 285.8 (b3), 396.2, 510.8 (y5) 
513.2 512.2 Gly-Pro-Val-Gly-Pro-Ser GPVGPS 70.2 (*Pro), 72.4 (*Val), 106.0 (y1), 127.0, 155.0, 203.0 (Pro-Val), 260.0 (y3), 

310.6, 408.0 (b5), 512.9 (y6) 
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Table S2. Identified normal peptides with amino acid in the small intestinal lumen after oral administration of CH in rats 

Peak Precursor ion (m/z) MW Estimated 
sequence 

Product Ion (m/z) 

13 373 202 Ala-Hyp 132.2 (y1), 171.0 (AccQ, b1), 203.0 (y2), 242.0 (b2), 372.7 

14 383 212 Pro-Pro 70.3 (*Pro), 116.3 (y1), 170.7 (AccQ, b1), 212.8 (y2), 268 (b2), 383.1 

15 385 214 Val-Pro 72.3 (*Val), 116.1 (y1), 145.1, 170.8, 214.9 (y2), 241.8 (a=?), 270.0 (b2), 384.8 

16 399 228 Pro-Hyp 70.1 (*Pro), 86 (*Hyp), 132.4 (Hyp), 171.0 (AccQ, b1), 228.9 (y2), 267.7 (b2), 399.5 

17 399 228 Ile-Pro 70.2 (*Pro), 116.1 (y1), 145.4, 171.0 (AccQ, b1), 229.2, 255.8, 284 (b2), 399.1 

18 399 228 Leu-Pro 70.2 (*Pro), 116.1 (y1), 145.4, 171.0 (AccQ, b1), 229.2, 255.8, 284 (b2), 399.1 

19 403 232 Asp-Val 72.1 (*Val), 88 (*Asp), 118.3 (y1), 144.8, 171.0 (AccQ, b1), 232.9 (y2), 259 (a2), 285.9 (b2), 402.8 

20 414 243 Gly-Pro-Ala 70.2 (*Pro), 127.1, 154.9, 171.0 (AccQ, b1), 187.0, 200, 227.8 (b2), 243.9, 414.0 

21 415 244 Glu-Pro 70 (*Pro), 84.3, 116.1 (y1), 144.8, 170.8, 227.2, 244.7 (y2), 271.9 (a2=?), 300.0 (b2), 415.0 

22 415 244 Ile-Hyp 86.1 (*Ile), 132.1 (y1), 171.0 (AccQ, b1), 245.0 (y2), 256.1, 283.9 (b2), 414.9 

23 415 244 Leu-Hyp 86.1 (*Leu), 132.1 (y1), 171.0 (AccQ, b1), 245.0 (y2), 256.1, 283.9 (b2), 414.9 

24 417 246 Leu-Asp 86.2 (*Ile/Leu), 88 (*Asp very low), 144.6, 170.9 (AccQ, b1), 256.1, 285.2 (b2 for Asn), 416.9 

25 430 259 Ala-Hyp-Gly 44.4 (*Ala), 86.1 (*Hyp), 144.9, 171.0 (AccQ, b1), 189.0 (y2), 213.6 (a2), 242.1 (b2), 258.6 (y3), 430 

26 430 259 Gly-Pro-Ser 70.1 (*Pro), 88.3 (*Asp), 106 (y1), 127.0, 145, 171.1 (AccQ, b1), 200.1 (a2), 203.0 (y2), 227.8 (b2), 242.0, 260.0 (y3), 
268.3 (b2), 429.7 

27 433 262 Met-Hyp 55.8, 86.5 (*Hyp), 104.3 (*Met), 132.0 (y1), 170.9 (AccQ, b1), 263.1, 302.3 (b2), 433.0 

28 442 271 Gly-Pro-Val 70.2 (*Pro), 72 (*Val), 116 (y1), 117.9 (y1), 145.0, 171.0 (AccQ, b1), 200 (a2), 215.3 (y2), 228 (b2), 272.1 (y3), 442.1 

29 449 278 Phe-Hyp 120.2 (*Phe), 132.0 (y1), 171.0 (AccQ, b1), 279.1 (y2), 289.9, 318.1 (b2), 448.9 

30 456 285 Pro-Hyp-Gly 70.3 (*Pro), 86 (*Hyp), 141.0, 171.1 (AccQ, b1), 189.5 (y2), 286.1 (y3), 455.9 

31 456 285 Gly-Pro-Hyp 30 (*Gly), 70 (*Pro), 132 (y1), 171 (accQ, b1), 22 (b2, y2), 286 (y3), 456.1 (y4) 
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32 460 289 Thr-Hyp-Gly 74 (*Thr), 86.1 (*Hyp), 145.1, 171.3 (AccQ, b1), 189.1 (y2), 244, 2 (a2), 71.7 (b2), 289.8 (y3), 459.3 

33 472 301 Ile-Hyp-Gly 86.5 (*Ile), 171.0 (AccQ, b1), 188.9 (y2), 255.8 (a2), 283.7 (b2), 302 (y3), 472 

34 472 301 Leu-Hyp-Gly 86.2 (*Leu), 170.8 (AccQ, b1), 188.8 (y2), 226.4 (?), 256.1 (a2), 283.9 (b2), 302 (y3), 471.8 

35 474 303 Gly-Pro-Met 70.0 (*Pro), 127.0, 155.2, 170.8 (AccQ, b1), 200.2 (a2), 227.7 (b2), 246.5 (y2), 285.3, 304.1 (y3), 473.1 

36 488 317 Glu-Hyp-Gly 76.6, 85.2 (*Hyp), 102 (*Glu), 145.3, 170.6 (AccQ, b1), 189.3 (y2), 224.8, 272.1 (a2), 300.0 (b2), 487.8 

37 490 319 Met-Hyp-Gly 55.7, 85.5 (*Hyp), 104.3 (*Met), 131.9 (y1), 170.7 (AccQ, b1), 188 (y2), 273.7 (a2=?), 301.6 (b2), 319.4, 489.6 

38 506 335 Phe-Hyp-Gly 86.0 (*Ile/Leu), 119.8 (*Phe), 145.2, 170.9 (AccQ, b1), 189 (y2), 289.7, 317.6 (b2), 335.8, 505.3 
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Table S3. Identified pyroglutamyl (pGlu) peptides in the small intestinal lumen after oral administration of CH in rats 

Peak Precursor ion (m/z) MW Estimated sequence Product Ion (m/z) 
1 227 226 pyroGlu-Pro 56, 70 (*Pro), 84 (*pGlu), 116 (y1 Pro), 181, 200 
2 229 228 pyroGlu-Val 41, 72 (*Val), 84 (*pGlu), 118 (y1 Val), 183 
3 243 242 pyroGlu-Ile 56, 84 (*pGlu), 85 (*Ile), 132 (y1 Ile), 197 (a2), 243 
4 243 242 pyroGlu-Leu 56, 84 (*pGlu), 85 (*Leu), 132 (y1 Leu), 197 (a2) 
5 261 260 pyroGlu-Met 56, 61, 84(*pGlu), 104 (*Met), 150  
6 277 276 pyroGlu-Phe 84 (*pGlu), 103, 120 (*Phe), 166 (y1 Phe) 
3* 284 283 pyroGlu-Ile+CH3CN 56, 84 (*pGlu), 86 (*Ile), 132 (y1 Ile), 197, 225, 243 (y2), 284 (y2+CH3CN) 
4* 284 283 pyroGlu-Leu+CH3CN 56, 84 (*pGlu), 86 (*Leu), 132 (y1 Leu), 197, 225, 243 (y2), 284 (y2+CH3CN) 
7 284 283 pyroGlu-Gly-Pro 70 (*Pro), 84 (*pGlu), 116 (y1 Pro),169 
8 293 292 pGlu-Tyr 23.5, 41.2, 56.2, 84.1 (*pGlu), 136, 165, 182 (y1 Tyr), 293 
9 300 299 pyroGlu-Hyp-Gly 56, 84 (*pGlu), 86 (*Hyp), 197 (a2), 225 
10 326 325 pyroGlu-Val-Pro 70 (*Pro), 72 (*Val), 84 (*pGlu), 116 (y1 Pro), 183 
11 340 339 pyroGlu-Ile-Pro 70 (*Pro), 84 (*pGlu), 86 (*Leu), 116 (y1 Pro), 197, 225, 258, 339.8 
12 340 339 pyroGlu-Leu-Pro 70 (*Pro), 84 (*pGlu), 86 (*Leu), 116 (y1 Pro), 197, 225, 258, 339.8 
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Table S4. Identified normal peptides with amino acid in the small intestinal lumen after oral administration of RPH in rats 

Peak Precursor ion (m/z) MW Estimated sequence Product Ion (m/z) 

t 343 172 Gly-Pro 116 (y1), 171.0 (AccQ, b1), 173.1 (y2), 227.9 (b2), 343 

u 383 212 Pro-Pro 70.3 (*Pro), 116.3 (y1), 170.7 (AccQ, b1), 212.8 (y2), 268 (b2), 383.1 

v 399 228 Ile-Pro 86.2 (*Ile), 116.0 (y1), 170.9 (AccQ, b1), 229.0 (y2), 256.0 (a=?), 283.9 (b2), 399.0 

w 399 228 Leu-Pro 86.2 (*Leu), 116.0 (y1), 170.9 (AccQ, b1), 229.0 (y2), 256.0 (a=?), 283.9 (b2), 399.0 

v* 400 229 Leu-Pro 86.2 (*Ile/Leu), 116.3 (y1), 171.3 (AccQ, b1), 229.1 (y2), 256.9 (a2), 284.9 (b2), 400 

x 401 230 Asp-Pro 70.5 (*Pro), 115.7 (y1), 170.9 (AccQ, b1), 213.5, 231.3 (y2), 286.0 (b2) 

y 403 232 Asp-Val 72.1 (*Val), 88 (*Asp), 118.3 (y1), 144.8, 171.0 (AccQ, b1), 232.9 (y2), 259 (a2), 285.9 (b2), 402.8 

z 415 244 Glu-Pro 70 (*Pro), 84.3, 116.1 (y1), 144.8, 170.8, 227.2, 244.7 (y2), 271.9 (a2=?), 300.0 (b2), 415.0 

aa 417 246 Leu-Asp 86.2 (*Ile/Leu), 88 (*Asp very low), 144.6, 170.9 (AccQ, b1), 256.1, 285.2 (b2 for Asn), 416.9 

ab 449 278 Tyr-Pro 116.1 (y1), 136.2 (*Tyr), 171.0 (AccQ, b1), 278.8 (y2), 306.2 (a2), 334.1 (b2), 448.8 
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Table S5. Identified pyroglutamyl (pGlu) peptides in the small intestinal lumen after oral administration of RPH in rats 

Peak Precursor ion (m/z) MW Estimated sequence Product Ion (m/z) 
a 201 200 pyroGlu-Ala 44 (*Ala), 56, 84 (*pGlu), 90 
b 217 216 pyroGlu-Ser 41, 60 (*Ser), 70 (*Pro), 84 (*pGlu), 106 (y1 Ser), 171 (AccQ) 
c 227 226 pyroGlu-Pro 56, 70 (*Pro), 84 (*pGlu), 116 (y1 Pro), 181, 200 
d 229 228 pyroGlu-Val 41, 72 (*Val), 84 (*pGlu), 118 (y1 Val), 183 
e 243 242 pyroGlu-Ile 56, 84 (*pGlu), 85 (*Ile), 132 (y1 Ile), 197 (a2), 243 
f 243 242 pyroGlu-Leu 56, 84 (*pGlu), 85 (*Leu), 132 (y1 Leu), 197 (a2) 
g 258 257 pyroGlu-Gln 56, 84 (*pGlu), 130 
h 259 258 pyroGlu-Glu 56, 84 (*pGlu), 101 (*Gln), 130/131 
i 261 260 pyroGlu-Met 56, 61, 84(*pGlu), 104 (*Met), 150  
j 277 276 pyroGlu-Phe 84 (*pGlu), 103, 120 (*Phe), 166 (y1 Phe) 

e* 284 283 pyroGlu-Ile+CH3CN 56, 84 (*pGlu), 86 (*Ile), 132 (y1 Ile), 197, 225, 243 (y2), 284 (y2+CH3CN) 
f* 284 283 pyroGlu-Leu+CH3CN 56, 84 (*pGlu), 86 (*Leu), 132 (y1 Leu), 197, 225, 243 (y2), 284 (y2+CH3CN) 
k 293 292 pGlu-Tyr 23.5, 41.2, 56.2, 84.1 (*pGlu), 136, 165, 182 (y1 Tyr), 293 
l 314 313 pyroGlu-Ser-Pro 60 (*Ser), 70 (*Pro), 84 (*pGlu), 116 (y1 Pro), 171 (AccQ), 203 
j* 318 317 pyroGlu-Phe-ACN  84 (*pGlu), 103, 120 (*Phe), 166 (y1 Phe), 318 (y2+CH3CN) 
m 330 329 pyroGlu-Ile-Ser 60 (*Ser), 84 (*pGlu), 86 (*Ile), 88 (*Asp), 106 (y1 Ser), 197, 225 
n 330 329 pyroGlu-Leu-Ser 60 (*Ser), 84 (*pGlu), 86 (*Leu), 88 (*Asp), 106 (y1 Ser), 197, 225 
o 340 339 pyroGlu-Ile-Pro 70 (*Pro), 84 (*pGlu), 86 (*Leu), 116 (y1 Pro), 197, 225, 258, 339.8 
p 340 339 pyroGlu-Leu-Pro 70 (*Pro), 84 (*pGlu), 86 (*Leu), 116 (y1 Pro), 197, 225, 258, 339.8 
q 355 354 pyroGlu-Gln-Pro 70 (*Pro), 84 (*pGlu), 116 (y1 Pro), 129, 227, 240 
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Supplemental data S1. MS-Fit prediction for B1 
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Supplemental data S2. MS-Fit prediction for B2 
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Supplemental data S3. MS-Fit prediction for B3 
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Supplemental data S4. MS-Fit prediction for B4 
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Supplemental data S5. MS-Fit prediction for B1 
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Supplemental data S6. MS-Fit prediction for B2 
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Supplemental data S7. MS-Fit prediction for B3 
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Supplemental data S8. MS-Fit prediction for B4 
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Supplemental data S9. MS-Fit prediction for B5 
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Supplemental data S10. MS-Fit prediction for B6 
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