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Abbreviations 

 

• ACE, angiotensin converting enzyme 

• ACN, acetonitrile 

• ADME, absorption, distribution, 

metabolism, excretion 

• AGEs, advanced glycation end-products 

• APDS, 3-aminopyridyl-N-

hydroxysuccinimidyl carbamate 

• B.W., body weight 

• Cbl-b, Casitas B-cell lineage lymphoma-

b 

• Cblin peptides, Cbl-b inhibitory peptides 

• CMA, Connolly molecular area 

• Cou, N-succinimidyl 7-

methoxycoumarin-3-carboxylate 

• CV, coefficient of variance 

• DMEM, Dulbecco’s modified Eagle’s 

medium 

• DPP-IV, dipeptidyl peptidase IV  

• EIC, extracted ion chromatogram 

• ESI, electrospray ionization 

• FA, formic acid 

• FBS, fetal bovine serum 

• FFC, Foods with Functional Claims 

• FOSHU, Foods for Specified Health 

Uses 

• HBSS, Hank’s balanced salt solution 

• HEPES, N-2-hydroxyethylpiperazine-N’-

2-ethanesulfonic acid 

• HPLC, high performance liquid 

chromatography 

• IGF-1, insulin-like growth factor-1 

• IRS-1, insulin receptor substrate-1 

• LOD, limit of detection 

• MeOH, methanol 

• MES, 2-(N-morpholino)ethanesulfonic 

acid 

• MS, mass spectrometry 

• NDA, naphatalene-2,3-dialdehyde 

• Papp, apparent permeability coefficient 

• S/N, signal-to-noise ratio 

• SD rat, Sprague-Dawley rat 

• SEM, standard error of the mean 

• SHR, spontaneously hypertensive rats 

• TEER, transepithelial electrical 

resistance 

• TJ, tight junction 

• TNBS, trinitrobenzene sulfonate 

• TNP, trinitrophenyl 

• UV/Vis, ultraviolet/visible 
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Chapter I 

 

Introduction 

 

 

Peptides are usually derived from food protein sources, either during food 

processing procedures such as chemical/enzymatic hydrolysis, microbial 

fermentation, etc., or through gastric-intestinal degradation upon oral intake. A 

large variety of bioactive peptides with various chain lengths and amino acid 

compositions have been identified and extensively studied in vitro and in vivo 

over the past several decades [1]. Most bioactive peptides are usually composed 

of 2 – 20 amino acids, and are thought to be able to prevent the onset of some 

life-style related diseases including cardiovascular diseases, diabetes, 

hyperlipidemia, etc. [1]. In Japan, many food products containing bioactive 

peptides have been approved as Foods for Specified Health Uses (FOSHU) and 

Foods with Functional Claims (FFC) by the Consumers Affair Agency for daily 

usage [2, 3]. Typical FOSHU and FFC peptides are listed in Table 1-1.   
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Table 1-1. Peptide ingredients approved as FOSHU/FFC products.   

Peptide sequence Source Bioactivity  

VY Sardine, royal jelly, seaweed Anti-hypertensive FOSHU/FFC 

IY Royal jelly, seaweed Anti-hypertensive FOSHU/FFC 

FY Seaweed Anti-hypertensive FFC 

VPP Milk Anti-hypertensive FOSHU/FFC 

IPP Milk Anti-hypertensive FOSHU/FFC 

LVY Sesame Anti-hypertensive FOSHU 

IVY Royal jelly Anti-hypertensive FOSHU 

MKP Milk Anti-hypertensive FFC 

AKYSY Seaweed Anti-hypertensive FOSHU 

NIPPLTQTPVVVPPFLQPE Milk Cognitive function FFC 

(Source: https://www.caa.go.jp) 
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To clarify the peptide-induced bioactivities and ultimately health-

promoting effects in human, absorption, distribution, metabolism, and excretion 

(ADME) analysis is of vital importance (Figure 1-1) [4]. To elicit health-claimed 

bioactivities, peptides must reach their target organs in the body. The small 

intestinal barrier, lined by intestinal epithelial cells, separates the external 

environments and internal milieu, and serves as a pathway responsible for 

nutrient absorption [5]. Therefore, upon oral intake, crossing of peptides beyond 

the intestinal barrier is required to eventually reach targeted tissues or organs via 

blood circulation.  
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Figure 1-1. Scheme of peptide absorption, distribution, metabolism, and 

excretion (ADME) upon oral intake in mammals.    

Peptide intake

Absorption

Small intestine

Distribution, metabolism, excretion
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A proton-coupled transporter of oligopeptides was cloned and functionally 

characterized in 1994 from rabbit small intestine [6], and was later identified also 

in mouse and human [7, 8]. Named PepT1, the transporter exhibited broad 

specificity for di-/tripeptides and peptidomimetic drugs [6]. An anti-hypertensive 

dipeptide VY identified from sardine muscle hydrolysate was demonstrated to be 

absorbed via PepT1 using jejunal membranes of spontaneously hypertensive rats 

(SHRs) [9]. Oral intake of the peptide in mild hypertensive subjects at a dose of 

12 mg resulted in an elevated concentration in blood circulation to a maximum 

of 2,041 ± 148 fmol/mL-plasma [10]. Furthermore, in a randomized double-blind 

placebo-controlled clinical trial involving 29 volunteers, VY at a dose of 3 mg, 

twice a day, significantly reduced the systolic and diastolic blood pressures by 

9.3 and 5.2 mmHg at 4 weeks [11]. These studies demonstrated for the first time 

that small peptides could be absorbed and play a role in health promotion in 

humans. Meanwhile, VPP and IPP derived from fermented milk are other 

examples of extensively studied bioactive peptides in human subjects [1, 12]. A 

recent meta-analysis summarizing 33 sets of clinical data regarding VPP and IPP 

demonstrated that the two lactotripeptides could potentially lower blood pressure, 

especially in Asian population [13]. Although VPP and IPP can be recognized by 

PepT1, VPP and IPP incorporated into cells by PepT1 were susceptible to 

intracellular degradation and thus could not reach blood circulation [14]. Instead, 

in contrast to VY, these lactotripeptides have been demonstrated to be absorbed 

by passive diffusion via paracellular tight junction (TJ) [14]. Nonetheless, the 
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peptides still could be absorbed upon oral intake at sub-pmol/mL plasma levels 

in human subjects [15]. Besides sardine peptide VY and lactotripeptides VPP and 

IPP, few bioactive peptides have undergone clinical studies. Instead, Caco-2 cells 

derived from human colonic adenocarcinoma have been characterized and used 

as an intestinal epithelial cell model to study in vitro transport behavior of small 

peptides [16–18]. Caco-2 cells differentiate and form monolayers that 

morphologically and functionally resemble mature enterocytes, expressing 

diverse digestive enzymes including proteases and peptidases, membrane 

transporters including PepT1, and TJ-related proteins between cells [17, 18]. 

Caco-2 cell studies revealed that active transport via PepT1 and passive diffusion 

via paracellular TJ are commonly responsible for the transport of di-/tripeptides 

in the small intestine (Figure 1-2) [19]. A list of Caco-2 transportable di-

/tripeptides are shown in Table 2.  
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Figure 1-2. Scheme of peptide transport routes across Caco-2 cell 
monolayers. (A) PepT1-mediated transport, (B) Transcytosis, (C) Passive 
diffusion via paracellular TJ.  
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Table 1-2. Caco-2 transportable di-/tripeptides, their bioactivity, Papp, and transport routes.   

Residues Sequence Bioactivity Papp (cm/s) Transport route Ref Year 

2 AF ACE inhibitory 1.4 × 10-6 PepT1 [20] 2008 

2 FI ACE inhibitory 1.4 × 10-6 PepT1 [20] 2008 

2 IF ACE inhibitory 2.4 × 10-6 PepT1 [20] 2008 

2 AW ACE inhibitory na na [21] 2008 

2 VF ACE inhibitory na na [21] 2008 

2 VY ACE inhibitory na na [21] 2008 

2 VY Anti-hypertensive 6.8 × 10-6 PepT1 [22] 2013 

2 IF ACE inhibitory 2.9 × 10-6 PepT1 [22] 2013 

2 WQ Anti-hypertensive 3.9 × 10-8 TJ [23] 2013 

2 WH Anti-hypertensive 8.1 × 10-6 na [24] 2015 

2 HW Anti-hypertensive 4.6 × 10-6 na [24] 2015 

2 YL Satiating  3.3 × 10-6 na [25] 2014 

2 PO Diverse bioactivity 1.3 × 10-7 na [26] 2016 

2 LY ACE and renin inhibitory 3.5 × 10-6 na [27] 2017 

2 TF ACE and renin inhibitory 9.4 × 10-7 na [27] 2017 

2 WR DPP-IV inhibitory na na [28] 2017 

2 YV ACE inhibitory na na [29] 2018 

2 IW ACE inhibitory/anti-inflammatory/antioxidative 2.0 × 10-7 PepT1 [30] 2018 

3 VPP ACE inhibitory na TJ [14] 2002 
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Table 1-2. Continued.  

Residues Sequence Bioactivity Papp (cm/s) Transport route Ref Year 

3 VPP ACE inhibitory 0.5 × 10-8 TJ [31] 2008 

3 IPP ACE inhibitory 1.0 × 10-8 TJ [31] 2008 

3 YPI Anti-hypertensive na PepT1 [32] 2008 

3 VPY Anti-inflammatory na PepT1 [33] 2012 

3 IRW Anti-hypertensive na PepT1/TJ [34] 2013 

3 RWQ Anti-hypertensive 0.7 × 10-8 TJ [23] 2013 

3 GPO Diverse bioactivity 1.1 × 10-6 na [26] 2016 

3 IPI DPP-IV inhibitory na na [28] 2017 

3 IPP ACE inhibitory 6.8 × 10-6 PepT1/TJ [35] 2017 

3 LKP Antihypertensive 8.9 × 10-6 PepT1/TJ [35] 2017 

3 LSW Antihypertensive 1.2 × 10-7 PepT1/TJ [36] 2017 

3 LKP ACE inhibitory 1.8 × 10-7 PepT1/TJ [37] 2017 

3 IQW ACE inhibitory 1.3 × 10-7 PepT1/TJ [37] 2017 

3 IWH ACE inhibitory/anti-inflammatory/antioxidative 3.8 × 10-7 PepT1/TJ [30] 2018 

3 LLY Anti-hypertensive/anti-oxidative na PepT1 [38] 2018 

3 IQP ACE inhibitory 7.5 × 10-6 TJ [39] 2018 

3 VEP ACE inhibitory 5.1 × 10-6 TJ [39] 2018 

3 GPR Anti-platelet aggregative na na [40] 2020 

ACE, angiotensin converting enzyme 
na, not available
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In addition to di-/tripeptides, longer bioactive oligopeptides could also 

penetrate Caco-2 cell monolayers. There are 66 bioactive peptides ranging from 

4 to 43 amino acid chain lengths that are reported in 44 transport studies since 

1997 (30 since 2016, Table 1-3). Compared to di-/tripeptides, longer 

oligopeptides showed more diverse bioactivities, including anti-oxidative, 

angiotensin converting enzyme (ACE)-inhibitory, dipeptidyl peptidase IV (DPP-

IV)-inhibitory, hypocholesterolemic, osteogenic, satiating, immunomodulatory 

effects, etc. Passive diffusion via paracellular TJ was reported to be the major 

transport route, while a few could enter the cell and be transported by transcellular 

transcytosis (Figure 1-2). The reported apparent permeability coefficient (Papp), 

which has been applied to evaluate the transport velocity of peptides across Caco-

2 cell monolayers, varied by two orders of magnitude depending on the sequences.  
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Table 1-3. Caco-2 transportable oligopeptides, their bioactivity, Papp, and transport routes.   

Residues Sequence Bioactivity Papp (cm/s) Transport route Ref Year 

4 GGYR Papain inhibitory na TJ [41] 1997 

4 PFGK na na na [41] 1997 

4 VGPV ACE inhibitory na TJ [42] 2016 

4 AHLL ACE inhibitory 2.64 × 10-6 TJ/transcellular [43] 2017 

4 RALP ACE and renin inhibitory 0.32 × 10-6 na [27] 2017 

4 DLEE Anti-oxidative 3.32 × 10-6 TJ [44] 2018 

4 KPLL ACE inhibitory na TJ [45] 2018 

4 LPYP Hypocholesterolemic na na [46] 2018 

4 GPRG Anti-platelet aggregative na na [40] 2020 

4 YLNF DPP-IV inhibitory 3.54 ×10-6 na [47] 2021 

5 YPFPG ACE inhibitory na na [41] 1997 

5 HLPLP ACE inhibitory na TJ [48] 2008 

5 VLPVP ACE inhibitory 0.74 × 10-7 TJ [49] 2008 

5 YAEER Anti-hypertensive na na [32] 2008 

5 YPFPG µ-Opioid receptor agonist 0.17 × 10-5 na [50] 2009 

5 QIGLF ACE inhibitory 9.11 × 10-7 TJ [51] 2014 

5 RVPSL Anti-hypertensive 6.97 × 10-6 TJ [52] 2015 

5 GPRGF ACE inhibitory na TJ [42] 2016 
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Table 1-3. Continued.  

Residues Sequence Bioactivity Papp (cm/s) Transport route Ref Year 

5 GYYPT Opioid na TJ [53] 2016 

5 YPISL Opioid na TJ [53] 2016 

5 LPYPY DPP-IV inhibitory na na [28] 2017 

5 IPIQY DPP-IV inhibitory na na [28] 2017 

5 IWHHT ACE inhibitory/anti-inflammatory/antioxidative 2.20 × 10-7 TJ [30] 2018 

5 YFCLT Antioxidative 1.10 × 10-7 TJ/transcytosis [54] 2018 

5 ELFTT ACE inhibitory na na [45] 2018 

5 GPRGP Anti-platelet aggregative na na [40] 2020 

6 SRYPSY µ-Opoid receptor agonist 1.54 × 10-5 na [50] 2009 

6 KVLPLP ACE inhibitory 2.78 × 10-7 TJ [55] 2009 

6 KPVAAP ACE inhibitory na na [56] 2016 

6 TNGIIR ACE inhibitory 4.92 × 10-6 TJ [57] 2016 

6 RLSFNP ACE inhibitory na TJ [58] 2018 

6 KPLLCS ACE inhibitory na na [45] 2018 

6 IADHFL DPP-IV inhibitory 4.91 × 10-8 TJ [59] 2018 

6 LSGYGP ACE inhibitory na na [60] 2019 

6 RLSFNP ACE inhibitory 8.27 × 10-7 Transcytosis [61] 2019 

6 YFYPQL Anti-oxidative/anti-inflammatory 0.79 × 10-6 Transcytosis [62] 2019 
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Table 1-3. Continued.  

Residues Sequence Bioactivity Papp (cm/s) Transport route Ref Year 

6 WGAPSL Hypocholesterolemic 4.4 × 10-8 TJ [63] 2019 

6 KYIPIQ ACE inhibitory na TJ [64] 2020 

6 IPGSPY DPP-IV inhibitory na na [65] 2020 

6 LVLPGE ACE inhibitory 5.09 × 10-7 PepT1/TJ [66] 2021 

7 ALPMHIR ACE inhibitory na na [67] 2002 

7 YPFPGPI µ-Opioid receptor antagonist 0.17 x 10-5 na [50] 2009 

7 YLGYLEN Anxiolytic 0.65 × 10-6 na [68] 2011 

7 YPFPGPI Satiating 0.13 × 10-6 na [25] 2014 

7 VLPVPQK Anti-oxidative/ACE inhibitory na PepT1/SOPT2 [69] 2016 

7 TKLPAVF DPP-IV inhibitory 1.46 × 10-6 na [47] 2021 

7 LDKVFER DPP-IV inhibitory 4.23 × 10-7 TJ [70] 2021 

8 FRADHPFL Anxiolytic na na [41] 1997 

8 FRADHPFL ACE inhibitory na na [32] 2008 

8 GAOGLOGP ACE inhibitory 1.99 × 10-7 TJ [71] 2010 

8 RKQLQGVN Chemopreventive 2.50 × 10-7 TJ [72] 2018 

8 IAVPGEVA Hypocholesterolemic na na [46] 2018 

8 IAVPTGVA Hypocholesterolemic na na [46] 2018 

8 QAGLSPVR ACE inhibitory na TJ [73] 2019 
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Table 1-3. Continued.  

Residues Sequence Bioactivity Papp (cm/s) Transport route Ref Year 

8 ELHQEQPL DPP-IV inhibitory 0.45 × 10-6 TJ [74] 2020 

8 VLATSGPG DPP-IV inhibitory 2.41 × 10-7 TJ/transcytosis [70] 2021 

8 LPKHSDAD Hypocholesterolemic na TJ [75] 2021 

9 LKPTPEGDL DPP-IV inhibitory na na [28] 2017 

9 WDHHAPQL Anti-oxidative 0.82 × 10-6 TJ [76] 2018 

10 YLGYLENLLR Anxiolytic na na [68] 2011 

10 YWDHNNPQIR Anti-oxidative 0.66 × 10-6 Transcytosis [77] 2017 

10 LILPKHSDAD Hypocholesterolemic na TJ [75] 2021 

12 WGDEHLPGSPYH DPP-IV inhibitory na na [65] 2020 

12 LEELEEELEAER Osteogenic 1.16 × 10-5 na [78] 2020 

17 β-casein (193 – 209) Immunomodulatory na TJ/transcytosis [79] 2010 

43 Lunasin Chemopreventive 3.32 × 10-7 TJ [72] 2017 

na, not available.  
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Nonetheless, it should be noted that Caco-2 transport behavior may 

not reflect the actual in vivo absorption of a peptide. For instance, while 

WH was absorbed into rat blood circulation upon oral administration, its 

reverse sequence HW was not absorbable due to in vivo enzymatic 

degradation by aminopeptidases or endopeptidases specifically 

recognizing C-terminal tryptophan during the absorption process, despite 

that the Papp of WH and HW were comparable [24]. Therefore, Caco-2 cell 

studies alone may not be adequate to evaluate the absorption of 

oligopeptides, i.e., to exploit the potential diverse bioactivities of 

oligopeptides in health promotion, both in vitro studies using Caco-2 

monolayers and in vivo studies using animal models are essential to 

understand the intestinal absorption behavior. In contrast to extensive 

Caco-2 cell studies, the in vivo absorption behavior of oligopeptides still 

needs to be clarified.  

To elucidate the intestinal absorption behavior of oligopeptides, 

reliable detection assay systems are crucial. Conventionally, high 

performance liquid chromatograph (HPLC) coupled to ultraviolet-visible 

spectrophotometer (UV/Vis) has been used in peptide analysis. The HPLC-

UV/Vis method enabled quantification of peptides at µM level and has 

been widely used as a quantitative method in Caco-2 studies [19]. The 

understanding on the in vivo absorption of bioactive peptides was greatly 
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advanced by the emergence of electrospray ionization mass spectrometry 

(ESI-MS), a technique that largely improved the detection specificity and 

sensitivity of small peptides [80]. Moreover, chemical derivatizations 

furtherly enhanced MS signal intensity of small peptides. An amino group 

derivatization reagent, 2,4,6-trinitrobenzene sulfonate (TNBS), has been 

characterized and applied to enhance ESI-MS detection of dipeptides [81, 

82]. The trinitrophenyl (TNP) moiety induced a 3 – 55 fold improvement 

in signal-to-noise ratio (S/N) and enabled detection of the targeted 

dipeptides at pM level [82]. The TNBS derivatization-aided LC-MS 

method was successfully applied to evaluate the absorption behavior of an 

anti-atherosclerotic dipeptide WH in Sprague-Dawley (SD) rats upon oral 

administration [24]. Currently, the ESI-MS detection characterization of 

longer oligopeptides with chemical derivatizations needs to be evaluated.  

Recently, Nikawa and colleagues discovered a novel pentapeptide 

DG-phosphorylated (p)YMP which could ameliorate disuse muscle 

atrophy in animals [83–85]. Disuse muscle atrophy refers to a loss in body 

muscle mass caused by inactiveness of muscles, i.e., when experiencing 

unloading stress such as bedridden and microgravity [86, 87]. In the ageing 

societies, disuse muscle atrophy is growing to be a serious social issue, 

while currently resistance training is the sole countermeasure against 

disuse muscle atrophy. However, resistance training is usually time 
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consuming and not applicable to the elderly due to physical restraints. 

Consequently, alternative approaches to prevent/treat disuse muscle 

atrophy through food or therapeutics are expected.  

Nikawa and colleagues [88] investigated the molecular mechanisms 

of disuse muscle atrophy and reported that ubiquitin ligase Casitas B-cell 

lineage lymphoma-b (Cbl-b) plays a vital role in proteolysis under 

unloading conditions. Cbl-b binds with insulin receptor substrate 1 (IRS-

1) and degrades this intracellular signaling molecule, blocking the insulin-

like receptor 1 (IGF-1) pathway, resulting in an unbalance between protein 

synthesis and degradation [83]. Based on this mechanism, it was 

demonstrated that DGpYMP and DGYMP, corresponding to the 606 – 610 

amino acids of IRS-1, could inhibit Cbl-b to elicit muscle atrophy 

preventive effects. Therefore, these peptides are named Cbl-b inhibitory 

peptides, i.e., Cblin in short [83] (Figure 1-3). In this study, the intestinal 

absorption behavior of Cblin peptides DGpYMP and DGYMP is thus 

targeted.  
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Figure 1-3. Cblin peptides in disuse muscle atrophy. Unloading stress 

upregulates ubiquitin ligase Cbl-b, which mediates degradation of IRS-1, 

leading to the resistance of IGF-1 signaling pathway, eventually results in 

muscle loss. Cblin peptides inhibit the function of Cbl-b to ameliorate 

disuse muscle atrophy.   



 

 19 

According to the abovementioned background, oligopeptides with > 

4 amino acid residues are growing to gain focus in the peptide science field, 

and the knowledge on the bioavailability is crucial to understand the 

potential bioactivity and health-promoting effect of oligopeptides in depth. 

Therefore, applying LC-ESI-MS as a quantitative approach, the aim of this 

study is to get insights on the intestinal absorption/metabolism of 

oligopeptides using Caco-2 cells in vitro and SD rats in vivo.    

 

The objectives of each Chapter in this study are described as follows:  

 1) In Chapter II, as a highly sensitive assay to evaluate the intestinal 

absorption behavior of oligopeptides, the ESI-MS detection characteristics 

of oligopeptides were evaluated. A series of di- to penta- oligopeptides 

were chemically modified by four amino group derivatization reagents and 

were subjected to LC-ESI-time-of-flight (TOF)/MS analysis. The results 

indicated that for oligopeptides with > 4 amino acid residues, increasing 

hydrophobicity by chemical derivatization may not lead to enhanced 

detection sensitivity in contrast to di-/tripeptides, while the detection could 

be characterized by molecular surface area with an optimal of 250 – 300 

Å2.  
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 2) In Chapter III, the intestinal absorption of muscle atrophy-

preventive Cblin oligopeptides DGYMP and DGpYMP was investigated 

using Caco-2 cells and SD rats. LC-ESI-TOF/MS was applied for the 

highly sensitive quantitative analysis of the oligopeptides. It was 

demonstrated that the oligopeptides could be transported across Caco-2 

cell monolayers, probably via paracellular tight junction. Moreover, in 

single oral administration experiments to SD rats, it was demonstrated that 

Cblin pentapeptide DGYMP could be absorbed into rat blood circulation 

in its intact peptide form, indicating that oligopeptides with > 4 amino acid 

residues could be absorbed upon oral intake, and potentially play a role in 

health promotion.  
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Chapter II 

 

Characterization of electrospray ionization-mass spectrometric 

detection of oligopeptides 

 

 

1. Introduction  

Various bioactivities have been reported for small oligopeptides, 

including anti-hypertensive, anti-diabetic, anti-atherosclerotic, anti-

inflammatory, anti-oxidative effects, etc. [1]. Taking the anti-hypertensive 

activity as an example, bioactive peptides have been reported (1) to 

modulate the metabolism of the renin-angiotensin system through the 

inhibition of angiotensin converting enzyme (ACE) in blood circulation 

and (2) to induce vascular relaxation through the inhibition of the voltage-

dependent L-type Ca2+ channel in the aorta [89]. As such, it is considered 

that bioactive peptides may function through direct interaction with 

targeted tissues and organs; the in vivo functional appearance of such 

bioactive peptides upon oral intake requires them being absorbed into 
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blood circulation and being carried to targeted organs and tissues in intact 

peptide forms. The intestinal membrane is considered as the barrier 

separating the external and internal environments. Therefore, knowledge 

on bioavailability, especially absorption kinetics across the intestinal 

barrier, is essential to understand physiological functions of bioactive 

peptides.  

The elucidation of intestinal absorption behavior of bioactive 

peptides relies on highly sensitive and selective analytical methods. HPLC 

separation of peptides on a reversed-phase column coupled with UV/Vis 

detection (220 – 280 nm) has been conventionally used [19]. However, 

UV/Vis spectroscopy was only able to detect analytes at > μM levels and 

was susceptible to interference from endogenous contaminants, rendering 

this method not suitable for quantitative analysis of low concentration 

analytes in complex biological matrices. In order to augment assay 

sensitivity and selectivity, chemical derivatization of small amines and 

peptides with fluorescence probes such as 9-fluorenylmethyl 

chloroformate (Fmoc) [90], 6-aminoquinolyl-N-hydroxysuccinimidyl 

carbamate (AQC) [91], fluorescamine [92], dansyl chloride (Dns) [93], and 

naphatalene-2,3-dialdehyde (NDA) [94], etc., coupled with fluorescence 

spectroscopy was performed. For instance, a fluorescence derivatization 

reagent NDA has been successfully applied to clarify the in vivo oral 
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absorption of antihypertensive dipeptide VY in human subjects, and tissue 

distribution and accumulation in SHRs at sub-pmol/mL concentrations [10, 

95]. Nonetheless, tedious and complex sample preparation and 

chromatographic works are still required to separate targeted peptides from 

endogenous contaminants from biological matrices.  

The emergence of electrospray ionization mass spectrometry (ESI-

MS) furtherly increased detection sensitivity and selectivity, which 

enabled rapid detection of peptides in culture media or biofluids at lower 

molar concentration ranges [19]. For instance, an LC-multiple reaction 

monitoring (MRM)-MS/MS method has been developed for successive 

analysis of plasma concentrations of three bioactive dipeptides, VY, MY, 

and LY, after single oral administration [80]. The LC-MS method was able 

to selectively detect and quantify them in plasma at pmol/mL levels with 

high reproducibility (CV < 5%). Even so, a lower limit-of-detection (LOD) 

is still desirable for systemic elucidation of peptide absorption in a small 

volume of blood of living animals.  

In ESI interface, charged droplets containing analytes are formed 

during the electrospray process [96]. According to ion evaporation theory, 

ions “evaporate” from the droplet surface and enter into the gas phase 

during solvent evaporation [97]. Thus, it is believed that ions (analytes) 

residing on the droplet surface ionize more readily than ions in the droplet 
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interior [98]. Hydrophobicity dictates the rate at which analytes migrate to 

droplet surface [99]. Therefore, to increase ESI-MS signal intensity, efforts 

have been made to increase the hydrophobicity of amines and peptides, by 

means of introducing hydrophobic moiety through chemical derivatization. 

For example, an amine derivatization reagent 3-aminopyridyl-N-

hydroxysuccinimidyl carbamate (APDS) has been developed and 

commercialized for rapid ESI-MS detection of common amino acids and 

other small molecules with amino groups [100]. Also, amino group 

derivatization by TNBS largely enhanced the ESI detection sensitivity of 

dipeptides [81] and advanced glycan end-products (AGEs) [82]. However, 

in contrast to the reported application to small amines and dipeptides, the 

benefit of chemical derivatization for enhanced ESI detection of longer 

oligopeptides still needs to be studied.  

Therefore, in Chapter II, ESI detection characteristics of synthetic 

oligopeptides with chemical derivatizations were investigated. Model di- 

to penta-oligopeptides were synthesized on the basis of glycine (Gly, G) 

and sarcosine (N-methylated G; Sar, S) due to their simple chemical 

structures. Four reported amine derivatization reagents, namely, APDS 

[100], TNBS [24, 81], NDA [94], and N-succinimidyl 7-

methoxycoumarin-3-carboxylate (Cou) [101] were used in this study 

(Figure 2-1).  
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Figure 2-1. Reaction schemes of peptide derivatization reagents used 

in this study.   
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2. Materials and methods  

2.1. Materials 

 GG, GGG, and TNBS were purchased from Nacalai Tesque, Inc. 

(Kyoto, Japan). GS, Cou, and NDA were purchased from Sigma-Aldrich 

Co. LLC (St. Louis, MO, USA). GSS was purchased from Bachem AG 

(Bubendorf, Switzerland). GSSS and GSSSS were purchased from 

Biomatik Corp. (Cambridge, ON, Canada). APDS (APDSTAG®) was 

purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). 

GGGG and GGGGG were synthesized manually by a solid phase peptide 

synthesis using Fmoc-Gly-OH and Fmoc-Gly-Wang resin (100 – 200 

mesh) from Kokusan Chemical Co., Ltd. (Tokyo, Japan), respectively. LC-

MS grade water, acetonitrile (ACN), and formic acid (FA) were purchased 

from Merck (Darmstadt, Germany). LC-MS grade methanol (MeOH) was 

purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). All other 

chemicals were of analytical reagent grade and were used without further 

purification. 

 

2.2. Chemical derivatizations of oligopeptides  

 Chemical derivatizations of oligopeptides were conducted according 

to previous reports. TNBS derivatization of the oligopeptides was 
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conducted by adding 50 µL of 150 mmol/L TNBS dissolved in 100 mmol/L 

borate buffer (pH 8.0) to 50 µL of a standard peptide solution. The mixture 

was incubated at 30 °C for 30 min. Then 100 µL of 0.2% FA was added to 

quench the reaction [81]. APDS derivatization was conducted by adding 5 

µL of 20 mg/mL APDS dissolved in ACN to 195 µL of a standard peptide 

solution dissolved in 100 mmol/L borate buffer (pH 8.0). The mixture was 

incubated at 60 °C for 30 min for reaction [100]. Cou derivatization was 

conducted by adding 10 µL of 30 µmol/L Cou and 10 µL of 1 mol/L 

tetraethylammonium bromide to 20 µL of a standard peptide solution. The 

mixture was incubated at 30 °C for 30 min for reaction [101]. NDA 

derivatization was conducted by adding 40 µL of 0.1 mmol/L NDA and 10 

µL of 1 mmol/L sodium cyanide both dissolved in methanol, to 50 µL of a 

standard peptide solution dissolved in 100 mmol/L borate buffer (pH 8.0). 

The mixture was incubated at 30 °C for 50 min for reaction [94]. Peptides 

were derivatized accordingly to obtain chemically modified oligopeptides 

at a final concentration of 0.5 µmol/L for LC-ESI-TOF/MS analysis.  

 

2.3. LC-TOF/MS analysis 

 Targeted intact and derivatized oligopeptides were detected using 

LC-ESI-TOF/MS. LC separation was performed using an Agilent 1200 

series system (Agilent Technologies, Inc., Waldbronn, Germany) on a 
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Cosmosil 5C18-MS-II column (I.D. 2.0 × 150 mm; Nacalai Tesque, Inc.) at 

40 ºC under a linear gradient elution of MeOH containing 0.1% FA (0 – 

100% over 20 min) at a flow rate of 0.2 mL/min. An injection volume of 

20 µL was used. ESI-TOF/MS analysis was performed using a micrOTOF 

II (Bruker Daltonik GmbH, Bremen, Germany) in positive ion mode. The 

ESI conditions were as follows: drying gas (N2), 8.0 L/min; drying 

temperature, 200 °C; nebulizing gas (N2), 1.6 bar; capillary voltage, 3800 

V; mass range, m/z 100 – 1,000. All data acquisition and analysis were 

controlled by Bruker Data Analysis 3.2 software. A calibration solution of 

10 mmol/L sodium formate in 50% ACN was injected at the beginning of 

each run, and all spectra were calibrated prior to data analysis. The LC-

TOF/MS analyses were repeated 3 times for each of the 8 oligopeptides 

GG, GGG, GGGG, GGGGG, GS, GSS, GSSS, and GSSSS, and their 

corresponding APDS, TNBS, Cou, and NDA derivatized peptides.  

 

2.4. Chemical properties of targeted intact and derivatized 

oligopeptides 

 The chemical properties, namely, the log P and Connolly molecular 

area (CMA), of targeted intact and derivatized oligopeptides were 

calculated using a Chem3D Pro. ver. 19.1.0.8 software (PerkinElmer, Inc., 

Waltham, MA, USA), and are shown in Table 2-1.  
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Table 2-1. The m/z, log P, and CMA values of targeted intact and 
derivatized oligopeptides.  

 
Residue     m/z CMA (Å2) Log P 

GGGGG 2 133.0608 113.9 -2.015  
APDS-GGGGG 2 253.0931 201.7 -1.788  

Cou-GGGGG 2 335.0874 254.1 -0.020  
NDA-GGGGG 2 308.1030 273.4 2.421  
TNP-GGGGG 2 344.0473 238.3 0.347  

GGGGG 3 190.0822 158.1 -2.857  
APDS-GGGGG 3 310.1146 242.2 -2.630  

Cou-GGGGG 3 392.1088 298.3 -0.862  
NDA-GGGGG 3 401.0688 325.4 1.579  
TNP-GGGGG 3 365.1244 282.7 -0.495  

GGGGG 4 247.1037 235.9 -3.699  
APDS-GGGGG 4 367.1361 328.9 -3.472  

Cou-GGGGG 4 449.1303 386.7 -1.704  
NDA-GGGGG 4 458.0902 377.2 0.737  
TNP-GGGGG 4 422.1459 352.3 -1.337  

GGGGG 5 304.1252 285.8 -4.541  
APDS-GGGGG 5 424.1575 378.7 -4.314  

Cou-GGGGG 5 506.1518 436.6 -2.546  
NDA-GGGGG 5 515.1117 427.1 -0.105  
TNP-GGGGG 5 479.1674 402.2 -2.179  

GSSSSS 2 147.0764 127.0 -1.875  
APDS-GSSSSS 2 267.1088 209.5 -1.648  

Cou-GSSSSS 2 349.1030 261.9 0.120  
NDA-GSSSSS 2 358.0630 290.9 2.561  
TNP-GSSSSS 2 322.1186 248.1 0.488  

GSSSSS 3 218.1135 181.6 -2.577  
APDS-GSSSSS 3 338.1459 258.6 -2.350  

Cou-GSSSSS 3 420.1401 314.8 -0.582  
NDA-GSSSSS 3 429.1001 353.4 1.859  
TNP-GSSSSS 3 393.1557 302.6 -0.214  

GSSSSS 4 289.1506 236.4 -3.279  
APDS-GSSSSS 4 409.1830 311.6 -3.052  

Cou-GSSSSS 4 491.1773 367.8 -1.284  
NDA-GSSSSS 4 500.1372 416.9 1.158  
TNP-GSSSSS 4 464.1928 357.5 -0.916  

GSSSSS 5 360.1878 291.4 -3.981  
APDS-GSSSSS 5 480.2201 428.3 -3.753  

Cou-GSSSSS 5 562.2144 484.8 -1.986  
NDA-GSSSSS 5 571.1743 478.3 0.456  
TNP-GSSSSS 5 535.2300 447.5 -1.618  

CMA: Connolly molecular area  
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3. Results and discussion  

3.1 Detection of targeted intact and derivatized oligopeptides by LC-

ESI-TOF/MS 

The eight oligopeptides, namely, GG, GGG, GGGG, GGGGG, GS, 

GSS, GSSS, and GSSSS, were reacted with a variety of chemical 

derivatization reagents, according to their individual reaction conditions to 

obtain TNBS-, APDS-, Cou-, and NDA-derivatized oligopeptides (Figure 

2-1). Targeted intact and derivatized oligopeptides were analyzed by LC-

ESI-TOF/MS. All 40 oligopeptides were detected by the current LC and 

MS conditions. Typical extracted ion chromatograms (EICs) are shown in 

Figure 2-2. For each oligopeptide, MS signal intensities were enhanced by 

derivatization compared to non-derivatized peptide standards, up to ~7 

folds depending on the peptides. For di- and tripeptides, hydrophobic tags 

such as NDA and Cou caused greater signal enhancement. In contrast, for 

longer peptides such as GSSS and GSSSS, less hydrophobic APDS-tagged 

peptides showed higher intensities relatively. Exceptions are GGGG and 

GGGGG (Figure 2-2C and 2D), where the benefit of chemical 

derivatizations was marginal compared to other peptides. As it is widely 

believed that more hydrophobic compounds ionize more readily in an ESI 

droplet [99, 102], the present data suggested that induced hydrophobicity 

gain through chemical derivatization might not universally lead to 
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enhanced LC-ESI-MS signal intensity. Particularly, GGGG and GGGGG 

responded to chemical derivatization very differently from GSSS and 

GSSSS, despite the fact that these peptides only differ by several methyl 

groups (Figure 2-2C, 2D, 2G, and 2H). Liigand et al. [103] reported that 

Gly-βAla-βAla bearing two extra methylene groups showed 4.5-times 

higher ionization efficiency than GGG. In accordance with their findings, 

GSSS and GSSSS with extra methyl groups also showed ~ 2-times higher 

MS signal sensitivity than GGGG and GGGGG. Correspondingly, it could 

be speculated that even simple side chain structures such as methyl groups 

could potentially affect the ESI-MS detection and the response to chemical 

derivatization of oligopeptides.  
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Figure 2-2. Typical LC-ESI-TOF/MS EICs of (A) GG, (B) GGG, (C) 

GGGG, and (D) GGGGG, and corresponding TNBS-, APDS-, Cou-, 

and NDA-derivatized oligopeptides, respectively. Continued on the 

next page. 
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Figure 2-2 (continued). Typical LC-ESI-TOF/MS EICs of (E) GS, (F) 

GSS, (G) GSSS, and (H) GSSSS, and corresponding TNBS-, APDS-, 

Cou-, and NDA-derivatized oligopeptides, respectively.  
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MS signal intensity of the derivatized oligopeptides showed a 

decreasing trend in relation to peptide chain length (Figure 2-3). On the 

whole, chemically modified di-/tripeptides were detected with higher MS 

signal intensities compared to longer oligopeptides. For instance, for GG, 

Cou derivatization led to a maximum of 7-fold stronger signal intensity 

than non-derivatized GG standard. In contrast, for tetra- and pentapeptides, 

a maximum of 5-fold increase in MS signal intensity was observed, while 

in some cases, the MS signal even decreased after derivatization, e.g., NDA 

derivatized GGGG and GGGGG showed lower MS signal intensities than 

those of non-derivatized GGGG and GGGGG standards. Overall, the MS 

signal intensities diminished with an additional Gly or Sar into peptide 

sequence, suggesting that the MS signal enhancing effect of chemical 

derivatization might be negligible for longer peptides.  

Many studies have been conducted to compare the performance of 

different derivatization reagents on small amines and peptides [104–106]. 

However, the current study is the first to investigate the relationship 

between peptide chain length and performance of derivatization reagents. 

Using synthetic di- to pentapeptides consisting of Gly and/or Sar and four 

reported derivatization reagents TNBS, APDS, Cou, and NDA, the present 

results suggested that shorter di- and tripeptides respond better than longer 

tetra- and pentapeptides to chemical derivatization as indicated by greater 
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fold-increase in MS signal intensity on the whole. Mirzaei and Regnier 

[106] investigated the derivatization of a variety of synthetic peptides with 

quaternary ammonium salts and concluded that peptides of smaller sizes 

(less than 500 Da) experienced greater increase in ionization efficiency 

after derivatization, while for longer peptides such as DRVYIHPFHL, 

CDPGYIGSR, SYSMEHFRWG, and AFPLEF, derivatization either 

resulted in slightly decreased ionization efficiency or had little effect. 

These results are in accordance with the findings in the current study that 

it is less advantageous for longer oligopeptides to enhance ESI-MS 

detection via chemical derivatizations.   
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Figure 2-3. Relationship between chain length and MS signal intensity 

of intact and derivatized oligopeptides. Oligopeptides targeted in this 

study were GG, GGG, GGGG, GGGGG, GS, GSS, GSSS, and GSSSS.  
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 3.2 Relationship between hydrophobicity and MS signal intensity of 

oligopeptides   

Hydrophobicity has been considered to be related to ionization 

efficiency in ESI source [99, 102]. In this study, log P values were 

calculated and used to illustrate the hydrophobicity of each oligopeptide. 

As shown in Table 2-1, log P was increased for whichever peptide after 

chemical derivatization compared to non-derivatized peptide standard. 

NDA derivatization induced the greatest increase in log P, followed by 

TNBS, Cou, and APDS. As shown in Figure 2-4A, overall, a moderate 

correlation was observed between MS signal intensity and log P. However, 

for individual peptide, increased hydrophobicity did not necessarily lead to 

enhanced MS signal intensity (Figure 2-4B). For example, as a peptide 

could gain the second highest hydrophobicity through TNBS derivatization, 

the resulting trinitrophenyl (TNP)-tagged peptides showed lower MS 

signal intensities compared to corresponding peptides modified by other 

less hydrophobic tags such as Cou and APDS. The three polar, electron-

withdrawing nitro groups could render the ionization of TNP-tagged 

peptides less efficient despite the hydrophobicity gain [107]. In the 

meantime, for longer oligopeptides GSSS and GSSSS, APDS induced the 

highest intensity increase despite that it is the least hydrophobic 

derivatization reagent among the four (Table 2-1). Theoretically, increase 
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in hydrophobicity would result in increased ionization efficiency [98, 99]. 

However, as indicated by the results above, it is apparent that 

hydrophobicity (log P) alone is not sufficient to account for the diverse 

behavior of the 8 tested oligopeptides in response to chemical 

derivatizations. Hermans et al. examined the effect of acylation on the ESI 

detection of 14 amino acids using acylation reagents of different sizes, 

namely, acetic (C2), propionic (C3), butyric (C4), hexanoic (C6) acid 

anhydride, and polyethylene glycol (PEG) containing five ethylene glycol 

units. They reported that even for small non-derivatized and corresponding 

acylated amino acids, while correlations still present for individual amino 

acids, there is considerable scattering in the correlation between log P and 

ESI response on the whole [107]. Instead, significant correlation between 

ESI response and calculated molecular volume was observed [107]. In the 

current study, similarly, weak trends between ESI-MS signal intensity and 

log P could still be observed for di- and tripeptides GG, GS, GGG, and 

GSS, but not for longer tetra- and pentapeptides. These results suggested 

that the molecular properties other than hydrophobicity affects the ESI 

detection more for longer oligopeptides.   
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Figure 2-4. (A) Relationship between log P and MS signal intensity of 

targeted intact and derivatized oligopeptides on the whole. Continued 

on the next page.  
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Figure 2-4 (continued). Relationship between log P and MS signal 

intensity of targeted intact and derivatized oligopeptides (B) GG, (C) 

GGG, (D) GGGG, (E) GGGGG, (F) GS, (G) GSS, (H) GSSS, and (I) 

GSSSS individually.  
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3.3 Relationship between molecular surface area and MS signal 

intensity of oligopeptides 

Lower MS intensities were observed for longer oligopeptides 

compared to di-/tripeptides (Figure 2-2), suggesting that the size of a 

peptide might be related to its MS signal intensity. Therefore, the CMA 

values of the oligopeptides were calculated to illustrate the respective 

molecular surface area [108]. As shown in Figure 2-5, the relationship 

between MS signal intensity and the CMA of the oligopeptides showed a 

bell-shaped trend, and the highest MS signal intensity was observed 

between 250 – 300 Å2. Similarly, a linear correlation was reported between 

MS response and molecular surface area for a series of G-X-G tripeptides 

smaller than 250 Å2, where X stands for one of the twelve tested amino 

acids [109]. Moreover, in a study by Randall et al., who investigated the 

relationship between nonpolar surface area and LC-MS response, it was 

demonstrated that addition of hydrophobic tags was only effective for 

molecules of restricted sizes, while further increase in peptide size and 

hydrophobicity rather diminished MS signal [110]. Although there are still 

other aspects that have to be considered, it is indicated that the size of a 

peptide might be related to its ESI-MS signal intensity. As a result, addition 

of bulky hydrophobic tags to enhance ESI-MS detection might be less 

advantageous for longer peptides rather than for di-/tripeptides.  
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Figure 2-5. (A) Relationship between CMA and MS signal intensity of 

targeted intact and derivatized oligopeptides on the whole. Continued 

on the next page. 
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Figure 2-5 (continued). Relationship between CMA and MS signal 

intensity of targeted intact and derivatized oligopeptides (B) GG, (C) 

GGG, (D) GGGG, E (GGGGG), F (GS), G (GSS), H (GSSS), and I 

(GSSSS) individually. 
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 Chemical derivatization has been conventionally used for enhancing 

detection of small amines and peptides [111]. However, in the current 

study, it is demonstrated that rather than log P, the size of a peptide is 

related to its ESI-MS signal intensity, and that the benefit of chemical 

derivatization peptides might be negligible for longer, bigger-sized 

peptides. It is observed that basic amino acids such as Lys, Arg, and His 

possess higher ionization efficiencies since these amino acids present in 

positively charged states in solution [112]. Based on this notion, there are 

attempts to introduce a moiety bearing permanent positive charges to 

enhance MS detection [113]. However, such applications are mainly used 

for the detection of inherently poorly ionizable molecular species, such as 

fatty acids in positive ion mode [114, 115], and for omics studies targeting 

small molecules [116]. Actually, Mirzaei and Regnier [106] evaluated the 

performance of two quaternary ammonium salts bearing positive charges 

on peptides and concluded that the methods worked predominantly for 

small (< 500 Da) and poorly ionized peptides. Nonetheless, chemical 

derivatization is still a valuable technique to enhance chromatographic 

separation [117], to facilitate quantitative isobaric proteome analysis [118], 

and to separate and identify optical isomers [119], etc.  

In the current study, Gly with a single hydrogen as its side chain was 

selected to be the peptide skeleton. It should be noted that Gly is rather 
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hydrophilic, and its ionization efficiency is rather poor among 20 common 

amino acids [103]. However, as demonstrated in the current study, even for 

hydrophilic oligopeptides consisting of Gly and/or Sar, introduction of 

hydrophobic moieties did not perform as well compared to smaller di-

/tripeptides and was almost ineffective for GGGG and GGGGG. Rather, 

the ESI-MS detection was dependent on peptide size. The current study 

ignored the complicated side chain structures. Existence of amino acids 

other than Gly, especially hydrophobic or basic amino acids Leu, Phe, His, 

Arg, and Lys could potentially affect peptide ionization efficiency [112]. 

However, it might be hard to specifically increase the detection sensitivity 

of long oligopeptides [106]. Even so, there are still other possible 

approaches, for example, through boosting the efficiency of desolvation, 

by adding proper post-column solvent additives [120] or minimizing flow 

rate [121, 122].   



 

 46 

4. Summary  

 Food derived small peptides are believed to potentially play a role 

in health promotion. Upon oral intake, absorption of such peptides in their 

intact peptide forms is essential for their functions. The elucidation of the 

bioavailability of bioactive peptides relies on robust analytical methods 

such as LC separation of peptides coupled with MS detection. Chemical 

derivatization of small peptides has been demonstrated to be able to 

increase MS detection sensitivity and thus enhance peptide detection at 

lower molar concentration ranges. However, the advantages of chemical 

derivatization on longer oligopeptides remain unclear. In this Chapter, ESI-

MS detection of synthetic di- to pentapeptides GG, GGG, GGGG, 

GGGGG, GS, GSS, GSSS, and GSSSS by four amine derivatization 

methods, TNBS, APDS, Cou, and NDA was characterized. All 40 non-

derivatized and chemically modified oligopeptides were successfully 

detected by the current LC-MS settings. Overall, chemically modified di-

/tripeptides were detected with higher MS signal intensities than tetra-

/pentapeptides, suggesting that chemical derivatization might be more 

advantageous for small di-/tripeptides than longer oligopeptides as a means 

to enhance MS detection. For individual peptides, increase in 

hydrophobicity did not necessarily lead to intensity enhancement. 

Meanwhile, oligopeptides with CMA values between 250 – 300 Å2 showed 
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the highest MS intensity, indicating that molecular surface area may be a 

determining factor of ESI-MS signal intensity of oligopeptides.  
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Chapter III 

 

Intestinal absorption of Cblin pentapeptides in Caco-2 cells and 

Sprague-Dawley rats 

 

 

1. Introduction  

Cbl-b inhibitory (or Cblin) oligopeptides are composed of two 

pentapeptides DGpYMP and DGYMP (Figure 3-1) corresponding to the 

606 to 610 residues of insulin receptor substrate-1 (IRS-1), a key 

intracellular molecule of insulin-like growth factor-1 (IGF-1) signaling 

pathway that is involved in muscle growth and hypertrophy [83, 123]. 

Ubiquitin ligase Cbl-b is a key molecule in the IGF-1 mediated muscle 

synthesis and proteolysis. When experiencing unloading stresses, such as 

bedridden due to sickness or old age, and microgravity associated with 

space flight, etc., it was demonstrated that the expression of ubiquitin ligase 

Cbl-b was elevated [88]. Cbl-b induces ubiquitination and degradation of 

IRS-1, which eventually leads to muscle loss [83]. Cblin peptides 

DGpYMP and DGYMP have been demonstrated to be able to interfere 
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with the ubiquitination of IRS-1 by inhibiting ubiquitin ligase Cbl-b, thus 

ameliorate IGF-1 resistance induced by unloading stress and block the 

ubiquitin-dependent proteolysis of skeletal muscles (Figure 3-1) [83, 124]. 

Intramuscular injection of Cblin peptides to denervated mice significantly 

prevented the ubiquitination of IRS-1 and muscle loss [83]. However, 

repetitive invasive procedures such as intramuscular injection could be 

stressful. Meanwhile, oral intake of Cblin oligopeptides has been 

considered as an alternative approach to prevent disuse muscle atrophy 

caused by unloading stress.  

 

 

 

 

  



 

 50 

 

 

Figure 3-1. The structures of Cblin pentapeptides and their 

mechanism to prevent disuse muscle atrophy by inhibiting Cbl-b 

mediated proteolysis.   
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 Upon oral intake, Cblin oligopeptides need to be absorbed into blood 

circulation across the small intestine and reach muscle cells in their intact 

peptide forms to elicit their bioactivities. The intestinal PepT1 has been 

extensively studied regarding its role on the absorption of di-/tripeptides [9, 

19, 24]. In the meantime, for longer peptides, although currently no 

transporter is known, a series of in vitro Caco-2 cell studies indicated that 

oligopeptides still could be absorbed via paracellular or transcellular routes 

[19]. However, it should be noted that Caco-2 cell studies may not 

necessarily reflect the in vivo absorption [24]. In contrast to the Caco-2 cell 

studies, few studies have been conducted and large remains unknown 

regarding the in vivo absorption of longer oligopeptides in animal models.  

 Complex sample matrices and relatively low concentrations of 

peptides are considered as the bottlenecks for the elucidation of peptide 

absorption in vivo. However, with the implementation of LC-MS, higher 

sensitivity and selectivity were achieved compared to conventional HPLC-

UV/Vis assays. A series of di- to penta- model peptides GS, GSS, GSSS, 

and GSSSS were designed and synthesized [117]. With the aid of chemical 

derivatization technique, LC-ESI-TOF/MS was successfully applied to 

study the intestinal absorption behavior of these peptides in spontaneously 

hypertensive rats (SHRs). It was shown that in addition to GS and GSS, 

longer oligopeptides GSSS and GSSSS were also detected in rat blood 
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circulation, indicating that oligopeptides with more than three amino acid 

residues could also be absorbed in their intact peptide forms in vivo [125]. 

Therefore, in Chapter III, the high sensitivity and selectivity of LC-ESI-

TOF/MS were exploited to investigate the intestinal absorption of disuse 

muscle atrophy preventive Cblin pentapeptides DGpYMP and DGYMP, 

using Caco-2 cells in vitro and SD rats in vivo.   
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2. Materials and methods  

2.1. Materials  

 Dulbecco’s modified Eagle’s medium (DMEM) and fetal bovine 

serum (FBS) were purchased from Thermo Fisher Scientific Inc. (GibcoTM; 

Waltham, MA, USA). Nonessential amino acid mixture was purchased 

from MP Biomedicals, LLC (Irvine, CA, USA). Penicillin was purchased 

from Meiji Seika Pharma Co., Ltd. (Tokyo, Japan). Streptomycin, L-

glutamine, and 2-(N-morpholino)ethanesulfonic acid (MES) were 

purchased from Nacalai Tesque, Inc. (Kyoto, Japan). N-2-

Hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES) and 

cytochalasin D were purchased from Wako Pure Chemical Industries, Ltd. 

(Osaka, Japan). Gly-Sar was purchased from Sigma-Aldrich Co. LLC (St. 

Louis, MO, USA). Cblin peptides DGYMP, DGpYMP, and [13C2,15N] Gly-

labeled-DGYMP were purchased from Scrum Inc. (Tokyo, Japan). Hank’s 

balanced salt solution (HBSS) buffer was composed of 137 mmol/L NaCl, 

5 mmol/L KCl, 5.5 mmol/L D-glucose, 4 mmol/L NaHCO3, 0.75 mmol/L 

NaHPO4·12H2O, 0.4 mmol/L KH2PO4, 0.8 mmol/L MgSO4·7H2O, 1.26 

mmol/L CaCl2·2H2O, all obtained from Nacalai Tesque, Inc., with the 

addition of 10 mmol/L MES or 10 mmol/L HEPES to adjust the pH to 6.0 

or 7.4 for apical or basolateral HBSS buffer, respectively. LC-MS grade 

water, ACN, and FA were purchased from Merck (Darmstadt, Germany). 
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LC-MS grade MeOH was purchased from Kanto Chemical Co., Inc. 

(Tokyo, Japan). All other chemicals were of analytical reagent grade and 

were used without further purification.  

 

2.2. Cell culture 

 Caco-2 cells from passages 50 – 60 were used in this study. Cells 

were cultured in DMEM supplemented with 10% FBS, 1% nonessential 

amino acids, 2 mol/L L-glutamine, 100 U/mL penicillin, 100 µg/L 

streptomycin, and 1.7 mmol/L insulin in a CO2 incubator (37 °C, 5% CO2). 

The medium was changed once every two days until the cells reached 

subconfluence. For Caco-2 cell monolayer transport experiments, cells 

were seeded at a density of 4 × 105 cells/mL to Falcon® cell culture inserts 

(PET, 1.0 µm pore size; Corning Inc., NY, USA) coated using Collagen 

Gel Culturing Kit (Nitta Gelatin Inc., Osaka, Japan). The inserts were 

mounted in 12-well plates. Cells were seeded and cultured for 48 h in 

DMEM containing 0.1% MITO+ serum extender (Corning Inc.) for cell 

attachment. Then the medium was replaced with Entero-STIM enterocyte 

differentiation medium (Corning Inc.) containing 0.1% MITO+ serum 

extender. The medium was changed every day for 3 days to form Caco-2 

cell monolayers. The integrity of the monolayers was evaluated by 

measuring the transepithelial electrical resistance (TEER) using a Millicell 
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ERS-2 epithelial voltohmmeter (Merck, Darmstadt, Germany). 

Monolayers with TEER values of > 300 Ω·cm2 were used for transport 

experiment.  

 

2.3. Transport experiment of Cblin pentapeptides across Caco-2 cell 

monolayers 

 Caco-2 cell monolayers were cultured in DMEM supplemented with 

10% FBS for 24 h before transport experiments. Medium was removed, 

and monolayers were washed by HBSS buffer twice. Then an aliquot (1.5 

mL) of HBSS buffer containing MES (pH 6.0) was added to the apical side 

and HBSS buffer containing HEPES (pH 7.4) was added to the basolateral 

side. After equilibrium in a CO2 incubator (37 °C, 5% CO2) for 15 min, 

transport experiments were started by replacing the apical solution with 1.5 

mL of 1.0 mmol/L peptide standards dissolved in HBSS (pH 6.0). The 

plates were incubated in a CO2 incubator for 60 min and an aliquot (60 µL) 

was sampled every 15 min. The samples were stored at -30 °C until LC-

TOF/MS analysis.  

 The apparent permeability coefficient (Papp, cm/s) was calculated 

according to the following equation:  

Papp = 
dC
dt

×
V

AC0
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where dC/dt is the change in concentration in the basolateral side over time 

(mM/s), V is the volume of solution in the basolateral compartment (1.5 

mL), A is the surface area of the membrane (0.9 cm2), and C0 is the initial 

concentration of the peptides in the apical side (mmol/mL). 

 For transport route studies, Caco-2 cell monolayers were 

preincubated with either 10 mmol/mL Gly-Sar as a PepT1 substrate [126], 

or 0.5 µg/mL cytochalasin D as a tight junction opener [127] for 30 min. 

Then transport experiments of Cblin pentapeptides were performed as 

described in the section 2.3, in the presence of Gly-Sar or cytochalasin D.  

 

2.4. Single oral administration experiments 

 SD rats (SPF/VAF Crj:SD, 7-week-old, male) were purchased from 

Charles River Laboratories Japan, Inc. (Kanagawa, Japan). The rats were 

housed for 1 week under controlled temperature of 21 ± 1 ºC, humidity of 

55 ± 5%, light scheduled from 8:00 to 20:00, with access to a laboratory 

diet (MF, Oriental Yeast Co., Ltd., Tokyo, Japan) and water ad libitum. 

The rats were fasted for 16 h before single oral administration experiments. 

DGYMP at a dose of 100 mg/kg-B.W. dissolved in milli-Q (~1 mL) was 

given by an oral gavage. Serial blood samples (~300 µL) were collected at 

0, 15, 30, 45, and 60 min after administration from the tail vein of each rat 
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into chilled microtubes containing EDTA (0.2 mg) and protease inhibitors 

(aprotinin, 0.1 mg; chymostatin, 0.1 mg). Plasma samples were obtained 

immediately by centrifugation at 3,500 g at 4 ºC for 15 min.  

 Quantitative analysis of DGYMP in plasma samples was performed 

using internal standard method. To 100 µL of plasma, 10 µL of [13C2,15N] 

Gly-labeled DGYMP was added to a final concentration of 50 pmol/mL 

upon analysis. After adequate mixing, protein was precipitated by adding 

2 volumes of ice-cold ACN containing 0.1% FA. The samples were then 

centrifuged at 14,000 g at 4 ºC for 15 min. The supernatant was collected 

and dried using a vacuum evaporator and stored at -30 °C. Upon analysis, 

the resultant was reconstituted with 25 µL of 0.1% FA, and 20 µL was 

injected to the LC-ESI-TOF/MS.  

All the animal experiments were performed according to the 

Guidelines for Animal Experiments in the Faculty of Agriculture in the 

Graduate Course of Kyushu University and according to the Law (No. 105, 

1973) and Notification (No. 6, 1980 of the Prime Minister’s Office and No. 

71, 2006, of the Ministry of Health, Labor and Welfare) of the Japanese 

Government. All the experiments were reviewed and approved by the 

Animal Care and Use Committee of Kyushu University (permit number: 

A30-015-4).  
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2.5. LC-TOF/MS analysis 

 Peptide detection and quantification was performed using LC-ESI-

TOF/MS. LC separation was performed using an Agilent 1200 series 

system (Agilent Technologies, Inc., Waldbronn, Germany) on a Cosmosil 

5C18-MS-II column (I.D. 2.0 × 150 mm; Nacalai Tesque, Inc.) at 40 ºC 

under a linear gradient elution of MeOH containing 0.1% FA (0 – 100% 

over 20 min) at a flow rate of 0.2 mL/min. An injection volume of 20 µL 

was used. ESI-TOF/MS analysis was performed using a micrOTOF II 

(Bruker Daltonik GmbH, Bremen, Germany) in positive ion mode. The 

ESI conditions were as follows: drying gas (N2), 8.0 L/min; drying 

temperature, 200 °C; nebulizing gas (N2), 1.6 bar; capillary voltage, 3800 

V; mass range, m/z 100 – 1,000. All data acquisition and analysis were 

controlled by Bruker Data Analysis 3.2 software. A calibration solution of 

10 mmol/L sodium formate in 50% ACN was injected at the beginning of 

each run, and all spectra were calibrated prior to data analysis. For 

quantification, extracted ion chromatograms were created for each peptide: 

DGYMP, m/z 582.2228; DGpYMP, m/z 662.1625; [13C2,15N] Gly-labeled 

DGYMP, m/z 585.2228. Samples from Caco-2 transport experiments were 

injected to the LC-MS system without any pretreatment. The amounts of 

peptides were quantified using absolute standard curve method. The 

equations were: DGYMP: y = 1500209 x + 279590, 0.1 – 10 nmol/mL, r 
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= 1.000, and DGpYMP: y = 701098 x – 47107, 0.1 – 10 nmol/mL, r = 

0.9995, where y is the peak area and x is the peptide concentration 

(nmol/mL). Plasma samples from SD rat single oral administration 

experiments were pretreated as stated in the section 2.4. and quantification 

was performed using internal standard method. The equation was: 

DGYMP: y = 0.0464x – 0.0245, 10 – 100 pmol/mL, r = 0.9982, where y 

is the peak area ratio (observed peak area of DGYMP against [13C2,15N] 

Gly-labeled-DGYMP) and x is the peptide concentration (pmol/mL).  

 

2.6. Statistical analysis  

 Pharmacokinetic parameters Cmax and tmax were determined from 0 

to 60 min after oral administration, according to the results of LC-TOF/MS 

analysis. The elimination rate constant (k) was determined by linear 

regression analysis of data points plotted between Cmax and 60 min. The 

elimination half-life (t1/2) was calculated using the equation t1/2 = 0.693/k. 

The area under the plasmatic concentration – time curve (AUC0 – 60 min) was 

calculated using the trapezoidal rule. All data are expressed as the mean ± 

SEM. The statistical significance between two groups was evaluated by 

unpaired Student’s t-test. A p-value < 0.05 was considered significant. All 

pharmacokinetic calculations and statistical analyses were carried out 



 

 60 

using GraphPad Prism 5 software (GraphPad Software Inc., San Diego, 

CA, USA).  

3. Results and discussion  

3.1. Caco-2 cell transport of Cblin pentapeptides  

The LC-ESI-TOF/MS signal intensity of intact DGYMP was 

approximately 5 × 104, which was comparable to some of the derivatized 

oligopeptides of the highest intensities, such as Cou-GG, NDA-GS, and 

APDS-GSS (Figure 2-2 and Figure 3-2). The MS signal intensity of 

DGYMP was much higher than non-derivatized GGGGG and GSSSS of 

the same length, even though there is no basic or hydrophobic amino acids 

such as His, Arg, Lys, etc., which may facilitate ionization [103]. Chemical 

derivatization did not furtherly enhance the MS signal intensity of DGYMP 

(Figure 3-2), which was in accordance with our observation that the effect 

of chemical derivatization might be negligible for longer oligopeptides. 

Even more, decreases in MS signal intensities were observed for 

chemically modified DGYMP compared to non-derivatized DGYMP 

standard. In agreement with our results, it was reported that derivatization 

of several oligopeptides of 6 to 10 amino acid residues resulted in 

decreased ionization efficiency [106]. Therefore, in this study, Cblin 

pentapeptides DGpYMP and DGYMP were subjected to LC-ESI-TOF/MS 

analysis directly without chemical derivatization. 
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Figure 3-2. Typical LC-ESI-TOF/MS overlaid EICs of DGYMP 

standard and DGYMP derivatized with APDS, Cou, and TNBS.   

  

14 16 18 20 22 24 26 28 30
0

1

2

3

4

5
In

te
ns

ity
 (×

10
4 )

Retention time (min)

Intact DGYMP

APDS-DGYMP
Cou-DGYMP

TNP-DGYMP



 

 63 

Cblin peptides DGpYMP and DGYMP were subjected to Caco-2 

cell transport experiments to examine their intestinal permeability. An 

initial concentration of 1 mmol/L peptide dissolved in HBSS was applied 

to the apical side and solutions were sampled from basolateral side every 

15 min for 60 min. The samples were analyzed by LC-TOF/MS. Figure 3-

3 shows the typical LC-TOF/MS stacked extracted ion chromatograms 

(EIC) of the peptides from 15 to 60 min. Both DGpYMP (m/z 662.1625) 

and DGYMP (m/z 582.2228) were detected in the basolateral solution 

samples, and the concentrations of the peptides increased in a time-

dependent manner from 15 to 60 min, showing that Cblin peptides could 

penetrate Caco-2 cell monolayers in their intact peptide forms.  

The apparent permeability coefficient (Papp) is used as a parameter 

to evaluate the transport velocity of peptides across Caco-2 cell monolayers 

[19]. In previous studies,  a series of di- to penta- model oligopeptides for 

intestinal transport was constructed based on the structure of Gly-Sar [117]. 

These peptides, which possess high resistance against enzymatic 

degradation due to their methylated peptide bonds, have been demonstrated 

to be transportable across Caco-2 cell monolayers [117] and absorbable 

upon oral administration [125]. As a model pentapeptide for intestinal 

transport, the Papp value for GSSSS was 8.6 ± 0.6 × 10-7 cm/s [117]. In the 

current study, the Papp value was 3.5 ± 1.2 × 10-7 cm/s for DGpYMP and 
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7.0 ± 0.8 × 10-7 cm/s for DGYMP. These values are on the same order as 

the Papp of GSSSS, as well as some other pentapeptides such as VLPVP 

(0.7 × 10-7 cm/s, [49]), QIGLF (9.1 × 10-7 cm/s, [51]), IWHHT (2.2 × 10-7 

cm/s, [30]), YFCLT (1.1 × 10-7 cm/s, [54]), etc., that has been reported to 

be transportable across Caco-2 cell monolayers. Therefore, it is indicated 

that Cblin pentapeptides DGpYMP and DGYMP could be transported 

across Caco-2 cell monolayers at appropriate velocities that are 

comparable to model pentapeptide GSSSS.  
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Figure 3-3. Typical LC-ESI-TOF/MS stacked intensity – time EICs for 

apical to basolateral transport of DGpYMP ([M + H]+ m/z 662.1625, 

(A)) and DGYMP ([M + H]+ m/z 582.2228, (B)) across Caco-2 cell 

monolayers. Transport experiments of 1 mmol/L peptide solutions were 

performed using Caco-2 cell monolayers for 60 min, respectively. 

Solutions were sampled from the basolateral side at 15, 30, 45, and 60 min, 

and were analyzed by LC-TOF/MS.  
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 Peptides might be metabolized by digestive proteases and peptidases 

into shorter peptide fragments and amino acids in the small intestine [24, 

128, 129]. Therefore, a screening of peptide metabolites was conducted by 

extracting ions of m/z values of predicted peptide fragments. As shown in 

Figure 3-4 (A), DGYMP was found to be a major metabolite in the 

basolateral solutions after 60 min transport of DGpYMP, indicating that 

DGpYMP underwent dephosphorylation during the transport process. It is 

possible that density-enhanced protein phosphatase-1 or intestinal alkaline 

phosphatase expressed on the surface of Caco-2 cells or secreted into media 

might be involved this process [16, 130, 131]. Otherwise, no peptide 

fragments were detected from the basolateral solutions of DGYMP and 

DGpYMP transport (Figure 3-4B). A pentapeptide IWHHT was found to 

be cleaved to generate IWH and IW during Caco-2 transport [30]. A 

pentapeptide GPRGP was found to be cleaved to generate GPR during 

Caco-2 transport [40]. As such, in Caco-2 cell studies, oligopeptides have 

been found to be susceptible to enzymatic degradation [23, 45, 50, 65, 68, 

75]. Compared to these peptides, Cblin pentapeptides DGpYMP and 

DGYMP exhibited resistance against proteases and peptidases during 

Caco-2 cell monolayer transport. There still could be metabolites that 

cannnot be detected by the current LC-TOF/MS settings. However, the 

time-dependent transport of the two Cblin oligopeptides (Figure 3-3) 

suggested that the apical peptide concentrations were maintained to some 
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extent during the 60 min-transport. The above results suggested that Cblin 

pentapeptides DGpYMP and DGYMP are resistant to in vitro digestion by 

proteases and peptidases during their transport across Caco-2 cell 

monolayers to a certain degree.   
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Figure 3-4. (A) Typical LC-ESI-TOF/MS EICs of peptide fragments 

after 60 min-transport of DGpYMP across Caco-2 cell monolayers. 

Dephosphorylated DGYMP was detected in basolateral solutions as a 

dephosphorylated metabolite of DGpYMP.  
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Figure 3-4 (continued). (B) Typical LC-ESI-TOF/MS EICs of peptide 

degradation fragments after 60 min-transport of DGYMP across 

Caco-2 cell monolayers. Intact DGYMP was detected, while no peptide 

fragments were detected in basolateral solutions. 
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3.2. Transport routes of Cblin pentapeptides in Caco-2 cell 

monolayers  

Transport routes of Cblin oligopeptides were investigated. The 

involvement of PepT1 was studied by performing competitive transport 

experiments of the peptides with Gly-Sar (10 mmol/L), a PepT1 substrate 

[126]. As shown in Figure 3-5, the transports of DGpYMP and DGYMP 

were not affected in the presence of Gly-Sar, indicating that PepT1 was not 

involved in the transport of the two peptides across Caco-2 cell monolayers. 

PepT1 exhibits broad specificity and can recognize a wide variety of di-

/tripeptides and peptidomimetic drugs [6, 132]. Meanwhile, crystal 

structure study of PepT1 revealed that with a binding cavity of 

approximately 13 × 12 × 11 Å, it could only recognize and transport di-

/tripeptides, while could be sterically restrictive for longer peptides [133]. 

In accordance with these findings, the present results demonstrated that 

PepT1 is not involved in the transport of Cblin peptides, which are of 

pentapeptide sizes.  
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Figure 3-5. Effect of Gly-Sar on the transport of DGpYMP (A) and 

DGYMP (B) across Caco-2 cell monolayers. Transport experiments of 1 

mmol/L DGpYMP and DGYMP in the presence or absence of 10 mmol/L 

Gly-Sar were performed. After 60 min-transport, the basolateral solution 

samples were analyzed by LC-TOF/MS and Papp values were calculated. 

Values are expressed as the mean ± SEM (n = 4 ~ 6). Statistical difference 

between two groups were analyzed by Student’s t-test. N.S., not significant.  
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Then involvement of passive diffusion via paracellular TJ was 

investigated by treating Caco-2 cell monolayers using a TJ opener 

cytochalasin D [127]. The TEER of Caco-2 cell monolayers decreased 

significantly after cytochalasin D treatment compared to non-treated 

monolayers. Transport (Papp) of the two peptides was enhanced by 

cytochalasin D as shown in Figure 3-6. These results suggested that Cblin 

pentapeptides DGpYMP and DGYMP could penetrate Caco-2 cell 

monolayers in their intact peptide forms via paracellular TJ. Indeed, 

paracellular passive diffusion via TJ has been reported to be a predominant 

transport route for oligopeptides with more than three amino acid residues 

[19], including pentapeptides IWHHT [30], GPRGF [42], HLPLP [48], 

VLPVP [49], QIGLF [51], RVPSL [52], GYYPT [53], YPISL [53], 

YFCLT [54], as well as the model pentapeptide GSSSS [117].  

There still could be other routes that are involved in the transport of 

oligopeptides. For example, transcytosis is reported to be the transport 

route of a decapeptide YWDHNNPQIR [77] and a 17-residue peptide β-

casein (193 – 209) [79], probably owing to their large sizes and 

hydrophobic properties. In addition, recently, Chothe et al. [134] reported 

that there is evidence for the existence of broad-specificity oligopeptide 

transporters that can transport peptides of more than three amino acid 

residues in Caco-2 cells. However, such transport systems are still not 
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clarified on a molecular level. Although large remains unknown regarding 

the cellular uptake and transport of oligopeptides, such oligopeptide 

transport systems suggested that oligopeptides could be uptaken into cells 

to elicit their potential bioactivities. Moreover, it is suggested that there 

could be other routes for the transport of oligopeptides that work in parellel 

with passive diffusion via TJ, as seen in the transport of di-/tripeptides 

[135].  

  



 

 74 

  

Figure 3-6. Effect of cytochalasin D on the TEER of Caco-2 cell 

monolayers and transport of DGpYMP (A) and DGYMP (B). Caco-2 

cell monolayers were treated with or without 0.5 μg/mL cytochalasin D for 

30 min. TEER values were recorded after the treatments. Transport 

experiments of 1 mmol/L DGpYMP and DGYMP in Caco-2 cell 

monolayers with or without cytochalasin D treatment. After 60 min-

transport, the basolateral solution samples were analyzed by LC-TOF/MS 

and Papp values were calculated. Values are expressed as the mean ± SEM 

(n = 4 ~ 6). Statistical difference between two groups were analyzed by 

Student’s t-test. *p < 0.05, **p < 0.01.  
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Single oral administration experiments to SD rats were conducted to 

evaluate the absorption of DGYMP into rat blood circulation. A single 

dosage of 100 mg/kg-B.W. of DGYMP was given to each rat using oral 

gavage. Blood was sampled from the tail vein at 0, 15, 30, 45, and 60 min. 

Figure 3-7 shows the typical time – intensity EICs of DGYMP from 0 to 

60 min. No peak corresponding to DGYMP (m/z 582.2228) was detected 

at 0 min. As soon as 15 min after administration, DGYMP was detected in 

rat plasma. The signal intensity of DGYMP decreased thereafter, but was 

detected at all time points through 60 min. These results indicate that the 

Caco-2 cell transportable pentapeptide DGYMP could be absorbed in its 

intact peptide form into rat blood circulation. Although di-/tripeptides have 

been demonstrated to be absorbable upon oral administration [10, 15], 

large remains unknown regarding the oral bioavailability of longer 

oligopeptides. In previous studies, we have demonstrated that a model 

pentapeptide GSSSS with N-methylated peptide bonds and consequently 

resistance against enzymatic degradation could be absorbed into rat blood 

circulation [125]. In addition, an anti-hypertensive pentapeptide HLPLP 

and an anti-oxidative nonapeptide WDHHAPQLR were also demonstrated 

to be absorbable [76, 136]. Together with these studies, the results of the 

current study furtherly confirmed that oligopeptides with more than three 

amino acid residues could also be absorbed into blood circulation upon oral 

intake. It should be noted that for both HLPLP and WDHHAPQLR, 
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peptide fragments were identified, suggesting that oligopeptides might be 

degraded during absorption process [76, 136]. Therefore, the metabolism 

of DGYMP was investigated.  
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Figure 3-7. Typical stacked LC-ESI-TOF/MS intensity – time EICs of 

DGYMP ([M + H]+ m/z 582.2228) in rat plasma at 0, 15, 30, 45, and 60 

min after a single oral administration of 100 mg/kg-B.W. DGYMP to 

8-week-old SD rats. Plasma samples were collected from the tail vein and 

analyzed by LC-ESI-TOF/MS. Corresponding EICs of internal standards 

([
13

C2,
15

N]-Gly labeled DGYMP, [M + H]
+
 m/z 585.2228) are shown in the 

box.  
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Peptide fragments of DGYMP were screened as a function of m/z 

value. A dipeptide metabolite MP (247.1111 m/z) and a tetrapeptide 

metabolite GYMP (467.1959 m/z) were detected, and their typical EICs are 

shown in Figure 3-8. Although no peptide metabolites were found in in 

vitro Caco-2 studies, DGYMP underwent in vivo degradation during the 

absorption process in SD rat studies, probably in the rat small intestine by 

exopeptidases and aminopeptidases expressed at the brush border 

membrane [136]. An anti-hypertensive pentapeptide HLPLP that was 

demonstrated to be resistant to degradation in vitro was also found to be 

degraded to form LPLP and HLPL in vivo [48, 137]. In addition, an anti-

oxidative nonapeptide WDHHAPQLR was reported to be metabolized. 

Interestingly, the fragments of WDHHAPQLR were also demonstrated to 

be involved in its anti-oxidative property in vivo [76]. In this study, peptide 

fragments GYMP and MP were identified in plasma samples. It has been 

reported that tyrosine-containing peptide fragments or analogues such as 

GpYM, DIYNP, and DFYNP might also suppress Cbl-b mediated 

ubiquitination in vitro [138, 139]. Although further investigation is still 

needed regarding their bioactivity, tyrosine-containing metabolic peptide 

fragments such as GYMP might contribute to the muscle atrophy 

preventive effect [83] of Cblin oligopeptides.  
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Figure 3-8. (A) Typical LC-ESI-TOF/MS EICs of peptide metabolites 

GYMP ([M + H]+ m/z 467.1959) and (B) MP ([M + H]+ m/z 247.1111) of 

DGYMP in rat plasma after a single oral administration of 100 mg/kg-

B.W. DGYMP to 8-week-old SD rats.  

  

In
te

ns
ity

200

400

0

600

200

400

0

600

Retention time (min)
10 14 18 22 26 30

In
te

ns
ity

(A) GYMP [M + H]+ m/z 467.1959
0 min

30 min

700

1400

0

2100

700

1400

0

2100

Retention time (min)
10 14 18 22 26 30

In
te

ns
ity

In
te

ns
ity

(B) MP [M + H]+ m/z 247.1111
0 min

30 min



 

 80 

 3.4. Pharmacokinetics of Cblin oligopeptides  

 As an internal standard, [13C2, 15N] Gly-labeled DGYMP was spiked 

to a final concentration of 50 pmol/mL to plasma samples to determine the 

plasma concentration of absorbed DGYMP by the internal calibration 

method. The pharmacokinetic parameters of DGYMP are summarized in 

Table 3-1. As shown in Figure 3-9, the plasma concentration peaked at 15 

min (Cmax: 2.78 ± 0.17 pmol/mL), and then decreased over the next 45 min. 

An ACE inhibitory dipeptide VY was found to be accumulated into tissues 

and organs such as aorta, heart, liver, long, and kidney after oral 

administration [95]. The fast tmax and rapid disappearance of DGYMP 

suggested that it could be distributed and accumulated. However, still 

further investigation is required. The area under the plasma concentration 

curve (AUC0-60 min) was calculated to be 100.35 ± 23.40 pmol·min/mL-

plasma. Val-Tyr was absorbed into rat plasma to a Cmax of 4.11 ± 1.13 

pmol/mL-plasma [80]. Moreover, Cmax values of other small bioactive di-

/tripeptides including WH, LY, MY, VPP, IPP, and LPP are also reported to 

be at pmol/mL order by mg level dosages [24, 80, 140]. Regarding the in 

vivo absorption of oligopeptides of more than three amino acid residues 

upon oral administration, a pentapeptide HLPLP a nonapeptide 

WDHHAPQLR were reported to be absorbable to pmol/mL levels in rat 

models [76, 136]. The Cmax of DGYMP was comparable to these reported 
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oligopeptides. These results indicated that oligopeptides with more than 3 

amino acid residues could cross the small intestinal barrier and be absorbed 

into rat blood circulation, providing evidence for their potential biological 

functions.   
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Table 3-1. Pharmacokinetic parameters after oral administration of 

100 mg/kg-B.W. DGYMP to 8-week-old SD rats.  

Pharmacokinetic parameters  

Cmax (pmol/mL-plasma) 2.78 ± 0.17 

tmax (min) 15 

AUC0 – 60 min (pmol·min/mL-plasma) 100.35 ± 24.30 

t1/2 (min) 28 
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Figure 3-9. Time course plasma concentration of DGYMP after a 

single oral administration of 100 mg/kg-B.W. to 8-week-old SD rats. 

Concentrations were calculated based on the LC-ESI-TOF/MS analysis by 

the internal calibration method. Values are expressed as the mean ± SEM 

(n = 5).  
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In previous studies, a series of model di- to pentapeptides based on 

the structure of GS has been constructed [117]. It is reported that for these 

model peptides, the absorption was dependent on chain length that GS > 

GSS > GSSS > GSSSS both in vitro and in vivo [117, 125]. However, in 

the current study, although DGYMP showed lower Papp in in vitro Caco-2 

cell studies than di-/tripeptides such as VY [22] and WH [24], no such 

relationship was observed between the absorption of DGYMP with other 

reported di-/tripeptides and longer peptides in vivo. This could be caused 

by the relatively lower degradation resistance of the above bioactive 

peptides compared to GS model peptides. Indeed, the reported pmol/mL 

level plasma concentration of the above bioactive peptides was also much 

lower than GS model peptides that were absorbed to nmol/mL plasma 

concentrations in rats [125]. These results suggested that degradation 

resistance is an important factor that affects oral bioavailability of 

oligopeptides. Chemical modification such as cyclization and methylation 

has been applied to increase stability of peptide therapeutics [141]. As for 

food, although large remains unclear at the current stage, macronutrients 

such as fibers and proteins may also interact and impact the systemic 

availability of oligopeptides [140].   
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4. Summary  

In Chapter III, the intestinal absorption behavior of Cblin peptides 

that could potentially prevent disuse muscle atrophy was investigated using 

in vitro Caco-2 cells and in vivo SD rats. In conclusion, both DGpYMP and 

DGYMP showed appropriate transport across Caco-2 cell monolayers, 

while passive diffusion via paracellular TJ was demonstrated to be the 

main transport route involved. DGpYMP was partly dephosphorylated to 

generate DGYMP during Caco-2 transport. Besides that, no metabolic 

fragments were detected in Caco-2 transport studies from DGpYMP and 

DGYMP. Single oral administration of DGYMP to SD rats showed that 

while a part of DGYMP was degraded and absorbed as peptide fragments, 

DGYMP could be absorbed into rat blood circulation in its intact peptide 

form to pmol/mL level (Figure 3-10). These results indicate that Cblin 

peptides with more than three amino acid residues could also be absorbed 

and could potentially elicit bioactivity in vivo. Although more is to be 

investigated regarding the systemic bioavailability of Cblin peptides upon 

oral intake, it is speculated that DGYMP or its functional fragments could 

reach muscle cells and play a role in the prevention of disuse muscle 

atrophy.  
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Figure 3-10. Intestinal absorption of DGYMP.   
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Chapter IV 

 

Conclusion 

 

 

Food derived short peptides (2 – 20 amino acid residues) have 

widely received attention on their potential biological functions to prevent 

lifestyle related diseases [1]. Upon oral intake, such bioactive 

oligopeptides need to be absorbed into blood circulation via the small 

intestinal barrier. Therefore, knowledge on the intestinal absorption 

behavior is crucial for the understanding of the physiological functions of 

such oligopeptides in living organisms. While the intestinal absorption of 

di-/tripeptides have been intensively studied, the absorption of longer 

oligopeptides, which are gaining focus in recent years, is still unclear. To 

investigate the intestinal absorption behavior of oligopeptides, ESI-MS 

with high sensitivity and selectivity is considered as an essential tool. 

Therefore, the ESI-MS detection characteristics of oligopeptides was 

investigated. Then LC-ESI-MS was used to investigate the in vitro and in 
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vivo intestinal absorption of Cblin pentapeptides using Caco-2 cells and 

SD rats.  

 

Chapter II Investigation of the electrospray ionization detection 

characteristics of synthetic oligopeptides with chemical derivatization 

  

The ESI-MS detection of a series of synthetic di- to pentapeptides 

consisting of Gly and Sar was investigated coupled with four amine 

derivatization reagents, namely, APDS, TNBS, Cou, and NDA, in 

Chapter II. Standard and chemically modified oligopeptides at a 

concentration of 0.5 μmol/L was analyzed by using LC-ESI-TOF/MS and 

the relations between MS signal intensity and peptide chain length, log P, 

and CMA, respectively, were evaluated. As a result, all 40 targeted 

standard and chemically modified oligopeptides were detected by LC-ESI-

TOF/MS. In general, chemical derivatization reagents induced greater MS 

intensity increase to di- and tripeptides than to longer peptides. A moderate 

correlation was observed between MS signal intensity and log P overall 

but increase in hydrophobicity did not lead to increase in MS signal 

intensity, especially for longer tetra-/pentapeptides. Meanwhile, a bell-

shaped trend between MS signal intensity and molecular surface area was 

observed, with an optimum of 250 – 300 Å2. 
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Consequently, it was demonstrated that the size of a molecule was 

related with its ESI detection characteristics. While addition of 

hydrophobicity tags was able to increase the MS signal intensity of small 

amines and di-/tripeptides, it might be less advantageous for longer 

peptides.  

 

Chapter III Investigation of the intestinal absorption behavior of 

Cblin peptides in Caco-2 cells and Sprague Dawley rats 

  

 The intestinal absorption behavior of Cblin peptides DGpYMP and 

DGYMP was investigated in Chapter III. Cblin peptides DGpYMP and 

DGYMP are pentapeptides that could potentially prevent disuse muscle 

atrophy. Caco-2 cell monolayer transport experiments and single oral 

administration experiments to SD rats (8-week-old) were conducted and 

samples were analyzed using LC-ESI-TOF/MS. As a result of in vitro 

Caco-2 cell monolayer transport experiments, it was demonstrated that 

both peptides could penetrate Caco-2 cell monolayers in their intact peptide 

forms. The Papp was 3.5 ± 1.2 cm/s for DGpYMP and 7.0 ± 0.8 cm/s for 

DGYMP. A screening of peptide metabolites showed that DGpYMP was 

partly dephosphorylated to generate DGYMP. Meanwhile, no other 

peptide fragments were detected from the transport of DGpYMP and 
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DGYMP. In transport route studies, it was demonstrated that PepT1 was 

not involved in the transport of the two peptides, while passive diffusion 

via paracellular TJ could be the major route involved. Subsequently, single 

oral administration of 100 mg/kg-B.W. DGYMP was conducted. It was 

demonstrated that the pentapeptide could be absorbed in its intact peptide 

form to a Cmax of 2.78 ± 0.17 pmol/mL-plasma at 15 min after 

administration (tmax). The AUC0 – 60 min was 100.35 ± 23.40 pmol·min/mL-

plasma and the t1/2 was 28 min. Moreover, peptide fragments GYMP and 

MP were also detected in rat plasma.  

 In conclusion, using ESI-MS as a quantitative tool, this study 

demonstrated that Cblin pentapeptides could cross small intestinal barrier 

and reach blood circulation. These results suggested that longer 

oligopeptides with more than tripeptide lengths could be absorbed and 

potentially elicit bioactivity upon oral intake.  
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