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ABSTRACT

Collagen hydrolysates (CH) are emerging health supplements associated with a growing
body of evidence indicating that they may positively influence skin conditions, promote joint and
bone health, and even ameliorate hypertension and type 2 diabetes. The biological effects of CH,
however, are limited by their low bioavailability. This thesis was committed to improving the
bioavailability of CH and collagen-derived peptides, and, interested in elucidating the effects they
have on the human dermal fibroblast. The strategy of the first part of the thesis focused on
facilitating the absorption of CH by reducing the molecular weight (MW) through enzymatic
hydrolysis, as documented in study 1. A practical and efficient method was developed to extract
collagen from extremely tough and highly cross-linked bovine hide. This was achieved by a
pretreatment with alkaline conditioning, and an extraction process using acetic acid and pepsin.
The final product was highly pure and pepsin-acetic acid soluble collagen. The combination of
two commercial enzymes, Alcalase and Flavourzyme, was determined to be the best treatment to
hydrolyze the collagen generating over 80% of peptides with MW lower than 2 kDa. The in vitro
absorption experiment using a human intestinal Caco-2 cell model revealed the positive correlation

between a lower MW and a higher transepithelial transport of CH.

In addition to the first part which was in an effort to increase the effective proportion of
CH that can be absorbed, the second part of the thesis focused on introducing other absorption
pathways through chemical modification of collagen-derived peptides, which is summarized in
study 2 and study 3. A novel glycopeptide was synthesized from a model collagen peptide Pro-
Hyp by conjugating with an amino sugar glucosamine (GlcN). After purification and MW
identification, the glycopeptide was clarified to be an amide derivative by nuclear magnetic

resonance spectroscopy, i.e. Pro-Hyp-CONH-GIcN. Later, the glycopeptide was subjected to



simulated gastrointestinal digestion and Caco-2 cell transport. It showed a desirable enzymatic
stability (~90% remaining) with superior permeability compared to its parent peptide Pro-Hyp
(Papp 2.82 x10° cm/s vs. 1.45 x10° cm/s). The improvement was achieved by introducing the
activity of an extra transport pathway - GLUTs; GlcN moiety in the glycopeptide molecule was
structurally comparable to the free GIcN, which makes the glycopetide transported similarly as
GlcN. Study 3 investigated effects of the glycopeptide on human dermal fibroblasts, the primary
resident cells that account for skin function, and cells mainly affected by health benefits of CH.
Interestingly, the glycopeptide activated the proliferation of fibroblasts to 1.5-fold of untreated
control. This activity was similar with its parent collagen peptide, so was the performance in
stimulating the hyaluronic acid (HA) biosynthesis. The effective concentration of both the collagen
peptide and the glycopeptide for the stimulation was revealed to be 200 nmol/ml, representing a
physiologicall evel observed in animal studies. The underlying mechanisms were linked to their
ability in arresting more cells in the DNA synthesis phase for the cell growth stimulation, and in
up-regulating the transcription of hyaluronan synthase genes that encode HA synthesis. This
doctoral project provides strategies and a foundation for future research to improve the
bioavailability of collagen protein hydrolysates by reducing MW through enzymatic hydrolysis.
Also, the chemical modification by glycosylation represents a novel approach to facilitate

intestinal absorption of collagen-derived bioactive peptides.



PREFACE

This thesis is an original work of Mengmeng Feng. It is presented in a manuscript format composed

of six chapters.

Chapter 1 is an introduction chapter that briefly introduces the background, hypothesis and

objectives of this project.

Chapter 2 is a relatively comprehensive literature review in this field. It describes the basics of
collagen, the collagen and gelatin production, bioavailability and beneficial biological effects of

collagen products, and finally addressed the potential of collagen products as nutricosmetics.

Chapters 3 to 5 describe the major results of this thesis.

Chapter 3 was partially published as “Feng, M.; Betti, M. Transepithelial transport efficiency of
bovine collagen hydrolysates in a human Caco-2 cell line model. Food Chem. 2017, 224, 242—

250.”

Chapter 4 was published as “Feng, M.; Betti, M. Both PepT1 and GLUT intestinal transporters are
utilized by a novel glycopeptide Pro-Hyp-CONH-GIcN. J. Agric. Food Chem. 2017, 65 (16),

3295-3304.”

Chapter 5 is based on the manuscript of “Feng, M.; Betti, M. A Novel collagen-derived
glycopeptide, Pro-Hyp-CONH-GIcN, stimulates cell proliferation and hyaluronan production in

cultured human dermal fibroblasts”. The manuscript was submitted for publication.

Chapter 6 is a conclusion chapter that summarizes the main findings of this project. It also

discussed the implications and applications, and the promising directions for future research.



I was responsible for all the related work for this thesis, including the experimental design, data
collection and analysis, and manuscript preparation. Dr. Mirko Betti was the supervisory author
who provided overall guidance and advices for concept formation, project progress, and

manuscript preparation.



Dedication

to my beloved parents,

my sisters,

and my friends.

In the memory of my benign grandmother.

£ e

R Z AT K

— B R

B

— AFRE

Vi



ACKNOWLEDGEMENNTS

I would like to foremost voice the appreciation to my academic supervisor, Dr. Mirko Betti,
who was there enlightening me to accomplish this doctoral project in the last a few years. He was
the one who conveyed encouragements, supports, and valuable solutions to get through those tough
times when [ was frustrated by the experiments. His enthusiasm and inspiration also deeply infect

my PhD experience.

I would like to express my sincere gratitude to my committee members, Dr. Linyun Chen
and Dr. Zbigniew (Zeb) Pietrasik for their patience, suggestions, challenges and evaluations during
the committee meetings. It made me think of my experimental approaches and concepts more

comprehensively, and helped me grow to be a more mature and professional scientist.

Thank you to Dr. Afsaneh Lavasanifar and Dr. Rotimi Aluko for spending time on

reviewing my thesis and presenting in the PhD final exam.

I would like to thank the senior people in our lab, Dr. Zied Khiari, Dr. Abhishek
Bhattacherjee, Dr. Hrynets Yuliya, and Dr. Maurice Ndagijimana for their advices, trainings, and

guidance to qualify myself to be skilled in my field.

Thank you to Jack Moore from Institute of Biomolecular Design for his patience to explain

and analyze mass spectrometry results.

I am also grateful to Xuejun Sun, Mark Miskolzie, Urmila Basu, Gary Sedgwick, and Lisa

Nikolai for their technical support.

I would like to thank Henan Wang, Pui Khoon Hong, and all my other lab mates for

working together and help each other in my academic life.

Vi



A special appreciation should give to Lihui Du, a supportive friend who also provided

valuable advices for life and lab work during the last a few years.

Another special appreciation I would like to say to my close friends here Xinyao Lu, Dan
Zhang, Yuan Shi, and some others back to home. Thank you all for accompanying me in those

good and bad times.

Thank you Jie Wang for being helpful and considerate these years, thank you for being

around when needed.

Importantly, I would like to acknowledge the China Scholarship Council to provide four

years financial support for me to pursue this PhD.

I cannot be more grateful to my dear parents and family members. Thank you for making

me, me. And thank you for being supportive all the time, and being a forever harbor for me.

Finally, thank you. You, my dear, are still you, never leaves, never gives me up......

viii



TABLE OF CONTENTS

N 3 0 0 20 N ii
PREFACE....ciutiiiiiiiiiiiiiiiiiiiiiiiiiiiiieittitiietieiittttestettestsasssntestsssssnssssnsses soe iv
ACKNOWLEDGEMENNTS. ..citiiiiiiiiiiiieiiiiiiiiiettitiitutieseesntsassesessasssssssessnssnses vii
TABLE OF CONTENTS .. ..uttitiitiiiiiitiitiiiiiitiietitintiatiectecetiassssscnsssssssescncsnsan iv
LIST OF TABLES ..o utiiiiiiiiiiiiiiiiiiitiiiiiiittietitttiattaseetnteatsssnssacsassssnssassnsanses XV
LIST OF FITURES ...cueiiiiiiiiiiiiiiiieiiiiiiiiietietitatesssessssntssssssssssssssessnssnssnsssss Xvi
DN 3153 28 DA U N 0 20 xix
CHAPTER 1. General introductions.........cceeeiiiiiiiiiiiiiiiiiiiiiiieiiiiieiiecieiieciecineen 1
CHAPTER 2. Literature IeVIeW....iveeiiieiiieriiietiieeiiieteisreseteisccssscsssscssscsssssssscssssnns 6
2.1. Collagen and collagen hydrolysates..............coooeiiiiiiiiiiiiiii e, 6
2.1.1 Collagen structure and biosynthesis...........ooveveiiiiiiiiniiiiiiii e, 6
2.1.2 Collagen and gelatin production...............ooiiiiiiiiiiiiiiiiiiiaiaanns 12
2.1.3 From collagen to collagen hydrolysates..............coceveiiiiiiiiiiinnnnn. 13
2.2. Bioavailability of collagen hydrolysates and collagen-derived peptides................ 14
2.2.1. Absorption and distribution of collagen hydrolysates (CH)................... 14
2.2.2. Identification of collagen-derived peptides in plasma.......................... 17
2.2.3. Approaches to improve the bioavailability of collagen peptides.............. 20



2.3. Beneficial biological effects of collagen-derived peptides...............ccooeiiiinnni. 25

2.3.1. Role in joint and bone health...................... 25
2.3.2. Antihypertensive ProPerties. .. ...vueenuertenteireeteiteeeeteaeaneeneennaanens 29
2.3.3. Effects on muscle repair........c.ovuiiiiiiiii e 32
2.3.4. Other PrOPEILICS. .. .ttt ettt et et et et et e e e aae e 35
2.4. Beauty from within: collagen products as nutricoSmMetics?.........cccueevvrerverveecreenenennn. 36
2.4.1. Skin ECM and fibroblasts.............cccoiiiiiiiiiiic e 36
2.4.2, SKIN QGINEZ. ..o utii ittt 39

2.4.3. Physiological function of on improving skin conditions: CH as

FELL 1§ (10133 181 L o1 R 43

2.4.4 Potential mechanisms of the effects on skin............ooeivieeiiieiiinnnn.... 45

CHAPTER 3. Transepithelial transport efficiency of bovine collagen hydrolysates in a

human Caco-2 cell model.......ccceiiiniiiniiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiitiiieteiatcinscenncens 49
3.1 INtrodUCHION. ...t 50

3.2. Materials and methods. ... ... 52

3.2 1. Materials. ..o 52

3.2.2. MEthOdS. ... 53

3.2.2.1. Extraction of collagen............ooviiiiiiiiiii s 53

3.2.2.2 Quality characteristics of collagen...............ccocoiiiiiiiiiiiiiii .. 55

3.2.2.3 Enzymatic hydrolysis of collagen..............ccooiiiiiiiiiiiiiiiiii e, 55



3.2.2.4 Degree of hydrolysiS.....oouueeriiiiei e 56

3.2.2.5 Characterization of collagen hydrolysates..................coeiiiiiiiinn..n. 57
3.2.2.6 In vitro simulated GI digestion..............covviiiiiiiiiii i, 58
3.2.2.7Caco-2 cell culture. .......o.oiuiinii e 59
3.2.2.8 TranSport StUAICS. . ...uviettete et et 60
3.2.2.9 Statistical analysiS.......o.viinuiiiitiii e 61
3.3. Results and diSCUSSION. .. ....uitinei et e 61
3.3.1 Quality characteristics of the extracted bovine collagen........................ 61
3.3.2 Determination of DH....... ... 62
3.3.3 Characterization of collagen hydrolysates...................coooiiiiiiia. 65
3.3.4 Simulated GI digestion of the selected hydrolysates........................... 70

3.3.5 Effects of the enzymatic treatments on the transport efficiency in a Caco-2
cellmodel...... .o 74

R B 00176 L1 1S (01 s L 76

glycopeptide Pro-Hyp-CONH-GICN ...coiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeiiecieciaccecsacennn 78
R 215 (0T L1 o1 10 o Pt 79

4.2. Materials and Methods...........ooiiiiii i 81

4.2.1 ChemiCalS. .....c.oiuieii i 81

4.2.2. Synthesis and Purification of Collagen-derived Glycopeptide Pro-Hyp-

CONH-GIEN (POGIEN). ... oo, 82

Xi



4.2.3 Structure Characterization of the Collagen-derived Glycopeptide POGIcN by
Tandem Mass Spectrometry (MS/MSn) and Nuclear Magnetic Resonance
Spectroscopy (NMR)....oiniii e 83
4.2.4 Simulated Gastrointestinal (GI) Digestion of the Collagen-derived
Glycopeptide POGICN. ... ..ot e, 84
4.2.5.Caco-2 Cell Culture.........ooueieii e, 85
4.2.6. Permeability Assay of Glycopeptide POGIcN, PO, and GlcN in the Caco-2
Cell MOdEL. ...t e 86

4.2.7. Transport Experiment of POGIcN, PO and GIcN in the Presence of Various

Transport Inhibitors/INterTuPters. ... ..c.vvveiiii e, 87
4.2.8. Analysis by UHPLC with Fluorescence Detection...................c.oceeeee 88
4.2.9. Statistical ANALYSIS.......ovuiniitii i 89
4.3. Results and DISCUSSION. ......ouetitit it 89
4.3.1 Synthesis and Structure Characterization.................cooeviiiiiiiiniinnnn. 89
4.3.2. Stability of the POGICN........oiii e 93

4.3.3. Permeability of the Glycopeptide POGIcN, PO, and GlcN Across the Caco-
2 Cell MONOIAYRT. ...ttt e e 95
4.3.4. The Effects of Different Inhibitors/interrupters on the Transepithelial

Transport of POGICN. ... e 100

CHAPTER 5. A novel collagen-derived glycopeptide, Pro-Hyp-CONH-GIcN, stimulates cell

proliferation and hyaluronan production in cultured human dermal fibroblasts............ 106
S L INtrOdUCHION. .. et 107
5.2. Materials and methods. ... ..o 109

Xii



5.2, 0. CREMICALS. . ettt 109

5.2.2. In Vitro Digestion of the Glycopeptide POGIcN in Plasma.................. 110
5.2.3. Cell Culturing of Human Dermal Fibroblasts (HDF)......................... 110
5.2.4. Effects of the Glycopetide POGIcN on HDF Growth......................... 111

5.2.5. Effects of the Glycopetide POGIcN on the Biosynthesis of Collagen and

Hyaluronic ACid (HA) ... oo e e 112
5.2.6. Cell Cycle Analysis by High Content Screening...............c..ccceenen.. 112
5.2.7. Quantitative Reverse Transcription Polymerase Chain Reaction............... 114
5.2.8. Statistical AnalysiS.........o.ovuiiiiiiiii i 115
5.3. Results and DiSCUSSION. .. .cuueutiuit ittt 115
5.3.1. POGIcN Stability in Plasma. ... 115

5.3.2. Stimulation of HDF Proliferation by POGIcN was Time- and Dose-

AEePEndent. ... .. 116
5.3.3. POGIcN Improved the Production of HA by HDF........................ 119
5.3.4. POGIcN was A Potential Mitogen for HDF......................l. 122
5.3.5. POGIcN Up-regulated the HAS1 and HAS3 Expression in HDF........... 130
CHAPTER 6. Conclusions, implications, and future directions..........ccccevevieeiieninennnne. 136
1331033 1 1016 27N o 141
W N i o 0 D) . N 174
APPENDIX B...uoiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiietittitentietietecnctacsssecassscsssescncnns 175
2N i 1 00 ) J 0, G 176
2N i 1 030 D, G 177

xiii



2N i i 0 D) 0, G e 178

N a1 D1l D J 0 G e 179

APPENDIX Gu.uirinniiiiiiiiiiiiiiiiiiiiiiiiiiiitietieieiatiectttaceacsscsssassscsasssssssnsescsssnssnces 181

Xiv



LIST OF TABLES
Table 2.1. Primary types of collagen and their generic diversity.............cooeviieiiiiiiniinnne 6

Table 3.1. Free amino acid profile of prepared collagen peptides from different enzyme
L3 LS040 1S 0 PP 69
Table 4.1. Proton and carbon assignments of the Pro-Hyp-CONH-GIcN (POGIcN) from '"H NMR

ANA PO NI R . .o, 96

Xv



LIST OF FIGURES

Figure 2.1. Biosynthetic route of type I collagen molecule....................coooiiiiiiiiiinin, 9
Figure 2.2. The structure of type I procollagen molecule..................coooiiiiiiiiiiiiiii i, 10
Figure 2.3. Organ bioavailability barriers to orally administrated compounds...................... 16

Figure 2.4. Intestinal membrane, and the potential pathways for absorption of applied

(0703101 00101 16 S PN 17

Figure 2.5. Features of osteoarthritis and osteoporosis in comparison with normal joint and bone,

LS 1S e ] 26

Figure 2.6. Stimulation of collagen hydrolysates on the deposition of collagen, in comparison with

NON-TTEALEA GIOUP . ...ttt ittt et et e e e ettt e 27

Figure 2.7. ACE inhibitory activity and molecular weight of gelatin hydrolysates: does-response

curves of fractions after ultrafiltration........... ... 31
Figure 2.8. Docking images of the interacting of the purified peptides...................ocoeeiiini. 31
Figure 2.9. Structure of intramuscular connective tiSSUE. ..........covuiiuiiiiiiiiiiiiiiiiinieae 34
Figure 2.10. Heterogenicity of fibroblasts in skin dermis.................c.oco. 38
Figure 2.11. Typical collagen fiber network in human skin...................... 39

Figure 2.12. Sunlight with longer wavelengths, lower energy, reaches deeper layers of skin......40

Figure 3.1. Raw and de-haired bovine hides.................ooo 54
Figure 3.2. Collagen extraction SCheme. .............ooiiiiiiiiii e 54
Figure 3.3. Collagen hydrolysis scheme. ... 57
Figure 3.4. SDS-PAGE profile of extracted collagen..............c.ooiiiiiiiiiiiiiiiiii . 63

Figure 3.5. Degree of hydrolysis (DH) of extracted collagen with different enzymatic hydrolysis

1801910 (51 1S 65

Figure 3.6. Molecular weight distribution of collagen and collagen hydrolysates.................. 67

XVi



Figure 3.7. Changes during the simulated GI digestion of collagen and selected collagen

0 0] T 73
Figure 3.8. Caco-2 cell growth images..........o.viiiiiii i e, 74

Figure 3.9. Transport amount of digest of collagen hydrolysates after in vitro GI digestion in a

(@0 ToTo A oTe] I 511 To Yo 1<) HRN N 76

Figure 4.1. Synthetic scheme for the solution-phase synthesis of glycopeptide Pro-Hyp-CONH-
GICN (POGICN). .ttt 89

Figure 4.2. HPLC chromatographs of the synthesized glycopeptide before and after the HPLC

0108 T 1 ) s U N 92

Figure 4.3. Mass spectrometry analysis of the synthesized glycopeptide Pro-Hyp-CONH-GIcN
(POGIcN) after purification using HPLC.........o e, 93

Figure 4.4. NMR spectra of the glycopeptide Pro-Hyp-CONH-GIcN (POGIcN) acetate. (A) 'H
NMR spectra; (B) BCNMR SPECIIA. . ... .uuieiniei e, 94

Figure 4.5. Remaining amount of Pro-Hyp-CONH-GIcN (POGIcN) over time in simulated gastric

juice, intestinal juice, and corresponding enzyme-free juice controls, respectively.................. 95

Figure 4.6. Concentration effect of Pro-Hyp-CONH-GIcN (POGIcN) on its apical to basolateral

transport across Caco-2 cell monolayer. ... .. ..o 97

Figure 4.7. (A) Mean cumulative amount of Pro-Hyp-CONH-GIcN (POGIcN), Pro-Hyp (PO), and

Glucosamine (GIcN) transported across the Caco-2 cell monolayer...................cooiiiin. 99

Figure 4.8. Transport mechanism experiment of Pro-Hyp-CONH-GIcN (POGIcN) on Caco-2 cell

107000 ] B3 101

Figure 5.1. Remaining amount of the glycopeptide Pro-Hyp-CONH-GIcN over time in human

Figure 5.2. (A) Cell number of human dermal fibroblasts treated with 200 nmol/mL Pro-Hyp-
CONH-GIcN (POGIcN) for different time periods.........oovvviriiiiiiiiii i, 119

XVii



Figure 5.3. Amount of (A) collagen and (B) hyaluronic acid (HA) secreted by fibroblasts treated

with or without test COmpPOUNd...........ooiiiiiii e 122
Figure 5.4. Cell cycle analysis by high content screening.................ccooviiiiiiiiiiiiiiinnnn 125
Figure 5.5. The incorporation of Edu by fibroblasts.................coooiiiiiiiiiiiiii 129

Figure 5.6. The representative amplification plot of gene COL1A1, HAS1, HAS2, HAS3, and
GAPDH expressed by cultured fibroblasts..............ooiiiiiiiii i, 131
Figure 5.7. COL1A1, HAS2, and HAS3 mRNA levels in cultured fibroblasts treated with or

without test compound for various time periods. ...........ouvvuiiiiiiiiiiieiiei i 134

XViii



ABBREVIATIONS

A -- Alcalase

ACE -- angiotensin [-converting enzyme

ACN — acetonitrile

ADAM -- amantadine hydrochloride

ADAMTS -- A disintegrin and a metalloproteinase with thrombospondin repeats
AF -- a dual enzyme treatment by Alcalase/Flavourzyme

AFT -- a cocktail enzyme treatment by Alcalase/Flavourzyme/trypsin

AGE -- advanced glycation end products

ANOVA -- analysis of variance

AH -- collagen hydrolysates from Alcalase hydrolysis

AFH -- collagen hydrolysates from Alcalase/Flavourzyme hydrolysis

AFTH -- collagen hydrolysates from Alcalase/Flavourzyme/trypsin hydrolysis
AT -- a dual enzyme treatment by Alcalase/trypsin

ATH -- collagen hydrolysates from Alcalase/trypsin hydrolysis

bFGF -- basic fibroblast growth factor

BMPI -- bone morphogenetic protein 1

BOP -- Benzotriazol-1-yl-N-oxy-tris-(dimethylamino) phosphonium hexafluorophosphate
BSA -- bovine serum albumin

CH -- Collagen hydrolysates

DAPI -- 2-(4-Amidinophenyl)-6-indolecarbamidine dihydrochloride

DCM - Dichloromethane

DH -- Degree of hydrolysis

DMEM -- Dulbecco’s Modified Eagle Medium

DMF — Dimethylformamide

DMSO -- dimethyl sulfoxide

DPP-1IV -- dipeptidyl-peptidase IV

ECM -- extracellular matrix

Edu -- 5-Ethynyl-2'-deoxyuridine

ER -- endoplasmic reticulum

XiX



F -- Flavourzyme

FACIT -- fibril-associated collagen with interrupted triple helices
FBS -- fetal bovine serum

FH -- collagen hydrolysates from Flavourzyme hydrolysis

FTH -- collagen hydrolysates from Flavourzyme/trypsin hydrolysis
FPLC -- fast protein liquid chromatography

FT -- a dual enzyme treatment by Flavourzyme/trypsin

GAG -- glycosaminoglycans

GI — gastrointestinal

GlcN — glucosamine

HA -- hyaluronic acid

HAS -- hyaluronan synthase genes

HBSS -- Hank’s balanced salt solution

HDF -- human dermal fibroblast

HEPES -- N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid
HOBL -- 1-Hydroxybenzotriazole

HPLC -- high-performance liquid chromatograph

Hyp -- hydroxyproline

MES -- Morpholineethanesulfonic acid

M phase -- mitosis phase

MMP -- matrix metalloproteinase

MTT -- Methylthiazolyldiphenyl-tetrazolium bromide

MW — molecular weight

NCE -- normalized collision energy

NMM -- N-Methylmorpholine

NMR -- nuclear magnetic resonance spectroscopy

SHR -- spontaneously hypertensive rats

OA -- osteoarthritis

Py -- permeability coefficient

PBS -- phosphate buffered saline

PE -- permeation enhancers

XX



PEG -- polyethylene glycol

PO -- Pro-Hyp

POGIcN — the collagen-derived glycopeptide Pro-Hyp-CONH-GIcN
POT -- proton-coupled oligopeptide transporters

gRT-PCR -- quantitative reverse transcription polymerase chain reaction
RNS -- reactive nitrogen species

ROS -- reactive oxygen species and nitrogen species

SEC -- size exclusion chromatograph

T -- trypsin

TCA -- trichloroacetic acid

TEA — trimethylamine

TEER -- transepithelial electrical resistance

TH -- collagen hydrolysates from trypsin hydrolysis

Trp -- tryptophan

UHPLC -- ultra-high pressure liquid chromatography

UV — ultraviolet

XXi



CHAPTER 1.
General Introduction

Collagen hydrolysates (CH) have been widely used in the food industry due to the
intriguing functional properties, such as emulsifying and water-binding properties. But what makes
CH extraordinary is that they can provide various health benefits. For example, oral ingestion of
CH helps to improve joint and bone health, and refine the appearance and texture of skin
(Moskowitz, 2000; Adam et al., 1996). This qualifies the incorporation CH into nutricosmetics -
ingestible products that can enhance skin health and afford beauty benefits (Tabor and Blair, 2009;
Machado et al., 2017). CH are composed of various bioactive collagen-derived peptides that are
either formed by pre-digestion hydrolysis or created by in vivo digestion system. To be biologically
active at specific organs or tissues, CH first need to be intestinally absorbed, like other proteins
and peptides, primarily in the form of free amino acids and/or small oligopeptides (e.g. di- and
tripeptides) (Ganapathy et al., 2006). Generally, a low MW is believed to favour the bioavailability
of CH, since materials with lower MW have a higher chance for solubilization, and have a greater
proportion of small collagen fragments that may be absorbed better. An effective hydrolysis
process before oral ingestion, therefore, can facilitate the absorption of CH and improve the
ultimate proteolysis of CH. Native collagen is not digestible in the gut. Gelatin - a partially
hydrolyzed collagen product- and some commercial CH possessing both a high average molecular
weight (MW) and a broad MW range, can only be degraded to a certain extent after being orally

taken (Schrieber and Gareis, 2007; Moskowitz, 2000).

Enzymatic hydrolysis is often used to produce low MW peptides. Numerous enzymes can
generate CH, including endoproteases such as pepsin, trypsin, papain, Alcalase, etc. and

exoproteases such as Corolase® and Flavourzyme (Mendis et al., 2005; Baehaki et al., 2015;
-1-



Aleman et al., 2011; Dolphin and Russell, 2011). The efficiency of using enzymes to hydrolyze
collagen depends on the source and extraction method of collagen, the conditions applied during
hydrolysis, and the specific enzymes selected. Most studies focus on isolating and identifying
bioactive collagen peptides, yet information is limited about how these enzymes affect the MW
distribution of CH generated, and if the low MW correlates with subsequent CH bioavailability.
The novelty of the first part of the project was therefore to bridge this gap, and investigate the

potential of reducing MW of CH to increase their intestinal absorption.

In contrast to pre-digestion hydrolysis, peptide intestinal delivery can be enhanced by
physical formulation strategies such as the use of permeation enhancers and carrier systems, and
with chemical modifications. The co-administration of permeation enhancers, e.g. bile salts, can
cause toxicity since they may damage the intestinal barrier after long-term usage (Maher et al.,
2016). Chemical modification, especially by conjugation with naturally penetrating molecules, has
achieved promising benefits including enhanced transporter mediated transport with less chances
of antigenicity and toxicity. In synthetic chemistry, chemical modification of proteins/peptides
through covalent attachment of glycosyl units falls into the broad category of glycosylation (Sola
and Griebenow, 2010; Moradi et al., 2016). Synthetic glycosylation of proteins/peptides targeting
glucose transporters, for example, the structural modification of albumin with glucose, and the
conjugation of a-melanocyte-stimulating hormone octapeptide with galactose, have both been
successful to improve the uptake of the parent peptide (Adessi and Soto, 2002; Bapst et al., 2009).
A previous study in our lab indicated that glucosamine (GIcN) is an active glycating agent at mild
conditions (Hrynets et al., 2015). GIcN is a naturally occurring amino sugar that can be absorbed
via the glucose transporters - GLUTs (Uldry et al., 2002). It is interesting to investigate the

potential of glycosylation of collagen-derived peptide with GIcN to improve its intestinal
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permeability. Moreover, many clinical trials showed that orally administrated CH can improve
skin hydration, elasticity and smoothness, and counteract UV-induced skin damage (Matsumoto
et al., 2006; Proksch et al., 2014; Schwartz et al., 2012; Tanaka et al., 2009). The underlying
mechanisms include an enhanced production of matrix components such as collagen and
hyaluronan, the suppression of expression of matrix degradation enzymes, and the activation of
skin fibroblasts to proliferate (Zague et al., 2011; Tokudome et al., 2012). Some contributing
collagen-derived peptides have been identified, such as the Pro-Hyp and Hyp-Gly (Ohara et al.,
2010b; Shigemura et al., 2011). The influence of the chemical modification of collagen-derived
peptides on its efficacy in triggering matrix-related changes, and cell responses is still obscure and

needs critical research.

Firstly, this thesis was aimed to improve the bioavailability of CH by using a series of
different enzyme combinations. To understand the problem better, a more complete picture was
visualized, starting from the raw materials, gaining better control in making CH with various
structural profiles, and finally, to understand the intestinal permeation of CH produced. Key in this
research was to address the causal influence of the enzymatic hydrolysis. In the second part, the
major focus was on demonstrating the potential of a new glycosylation approach to improve the
intestinal absorption using a model collagen peptide. This part also addressed two immediate
questions that 1). How would glycosylation alter the transport of the parent peptide? 2). How
would glycosylation guide the behaviour of human dermal fibroblasts? To meet the main

objectives and to answer these specific questions, three studies were conducted as described below.

Chapter 3 “Transepithelial transport efficiency of bovine collagen hydrolysates in a human
Caco-2 cell model” uses a whole bloody bovine hide as starting material, which represents a low-

quality by-product of the bovine meat industry. To add value to the bovine hide, it was first bio-
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converted into very low MW (<2 kDa) peptides through enzymatic hydrolysis, and then the effects
of hydrolysis on subsequent gastrointestinal digestion and transepithelial transport of CH were
studied. Alcalase, Flavourzyme, and trypsin were used as either a single enzyme treatment, a
combination of two enzymes, or a cocktail of the three together. It was hypothesized that 1). The
combination usage of multiple enzymes can exhibit a broader specificity to generate CH with
lower molecular weight; 2). a lower molecular weight of CH correlates with a higher

transepithelial transport. The specific objectives of this study were:

1). to develop a simple and efficient bench method for the extraction of collagen from a

raw bovine hide;

2). to maximize the production of very low MW (< 2kDa) collagen peptides via different

enzymatic hydrolysis;

3). to evaluate the effects of the enzymatic hydrolysis on the subsequent gastrointestinal

digestion of CH;

4). to determine the transepithelial transport of CH from different enzymatic treatments

using a human intestinal Caco-2 cell model.

Chapter 4 “Both PepTl and GLUT intestinal transporters are utilized by a novel
glycopeptide Pro-Hyp-CONH-GIcN” was a study that modified the structure of Pro-Hyp with
GlcN to form a novel glycopeptide, and examined its intestinal permeability. To validate the
feasibility of chemical modification to improve intestinal absorption of CH, Pro-Hyp was selected
as a model peptide since it is the most abundant collagen-derived peptide found in plasma and skin
after CH ingestion. It was hypothesized that the conjugation of GlcN may facilitate the transport

of Pro-Hyp by the incorporation of GLUTs pathway. This study specifically aimed:



1). to establish a feasible method for the conjugation of GIcN with Pro-Hyp;

2). to evaluate the stability of the synthesized glycopeptide under in vitro gastrointestinal

digestion;
3). to estimate the intestinal permeation of the glycopeptide using the Caco-2 cell model;

4). to clarify the transepithelial transport mechanism of the glycopeptide in comparison

with its parent peptide.

Chapter 5 “A4 novel collagen-derived glycopeptide, Pro-Hyp-CONH-GIcN, stimulates cell
proliferation and hyaluronan production in cultured human dermal fibroblasts™ investigated the
cellular response of dermal fibroblasts to the glycopeptide. Pro-Hyp is a stimulus for the
proliferation of skin fibroblasts and the biosynthesis of matrix hyaluronic acid (HA). GIcN can
also enhance the production of HA by some other cell lines. It was hypothesized that the
glycopeptide may exhibit equal promoting effects on the growth of fibroblasts and their ability to
produce extracellular ingredients compared to Pro-Hyp; or in a better scenario, a greater efficacy
is introduced due to the incorporation of GIlcN. Therefore, this study was designed in comparison

with the parent peptide:
1). To evaluate effects of the glycopeptide on the proliferation of dermal firbroblasts;

2). To study effects of the glycopeptide on the biosynthesis of matrix components, i.e. HA

and collagen;

3). To understand the underlying mechanism of the glycopeptide in influencing fibroblast

cell cycle;

4). To explore the regulatory role of the glycopeptide on gene expression of the fibroblast.



CHAPTER 2.

Literature review

2.1. Collagen and collagen hydrolysates
2.1.1 Collagen structure and biosynthesis

Collagen as the most abundant animal protein accounts for about 30% of total body protein.
It functions as a structural protein in extracellular matrix (ECM) to maintain the mechanical
integrity of tissues and organs. Nowadays, at least 29 types of collagen have been described
(McCormick, 2009), the molecules of which share similar right-handed triple helical structure that
is composed of three homogeneous or heterogeneous alpha-chains. Generally, one or more regions
of the alpha chain are occupied by repeating occurrence of Gly-X-Y triplets, where X and Y sites
can be any amino acid with the preference of Pro and hydroxyproline (Hyp), respectively. The
amino acid composition of different collagens may vary, while they are typically absent of
tryptophan, and have very little methionine, cysteine, tyrosine, and histidine, etc. (Johnston-Banks,
1990). More than forty discovered alpha chains endow the structural and functional diversity of
collagen, based on which they are classified into fibrillar, fibril-associated collagen with
interrupted triple helices (FACIT), basement membrane collagen, etc. (Table 2.1) (Mouw et al.,
2014). The collagen is assembled in different manners among various organs to meet tissue-
specific mechanical requirements. For example, collagen fibres in skin are relatively random
orientated, whereas in tendons are highly ordered in a parallel fashion, in bone are assembled
concentrically, and in the cornea are precisely arranged with very defined angles (Bailey et al.,

1998).

Table 2.1. Primary types of collagen and their generic diversity (Mouw et al., 2014). Reprinted by
permission from Macmillan Publishers Ltd: [ Nat. Rev. Mol. Cell Biol.], copyright (2014).
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Genes encoding collagen

Classes Type . Description
chains
Fibrillar I COL1AI1 and COL1A2
II COL2A1
11 COL3Al '
Quarter-stagger packed fibrils that are
COL5A1, COL5A2 and
primarily found in fibrous stromal
COL5A3
matrices, such as skin, bone, tendons and
COL11A1, COL11A2 and
XI ligaments
COL11A3
XXIV COL24A1
XXVII COL27A1
COL9AI, COL9A2 and
FACIT IX
COL9A3
XII COLI12A1
XIV COL14A1
Fibril-associated molecular bridges that are
XVI COLI16A1 . '
associated with fibrillar collagen
XIX COLI19A1
XX COL20A1
XXI COL21Al1
XXII COL22A1
COL4A1, COL4A2,
Basement Network structure composed of laminins
v COL4A3, COL4AA4,
membrane and basement membrane proteins

COL4AS and COL4A6

Collagen production in ECM is the result of the biosynthesis from related genes. Numerous
genes have been identified and cloned corresponding to each alpha chain in specific collagen types
as shown in Table 2.1. The expression of collagen genes is regulated by some transcription factors
such as CCAAT binding factors and nuclear factor-1, cytokines, such as tumor necrosis factor

alpha. Collagen gene expression is also regulated by interferons, and growth factors, such as
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transforming growth factor-beta and its positive/negative modulators, basic fibroblast growth
factor (bFGF), and insulin-like growth factor (Ghosh, 2002). Resident cells in ECM, like skin
fibroblasts, may also respond to several other external stimuli for collagen accumulation. For
example, both collagen hydrolysates (Zague et al., 2011) and ascorbic acid (Kishimoto et al., 2013)
are reported to stimulate the synthesis of type I and type IV collagen. In addition, regulatory
regions in collagen genes also control their expression. COL1A1 and COL1A2 gene expression is
regulated by the upstream promoter, e.g. -376 to +58 bp region of COL1A2 and -174 to -84 bp
region of COL1AIl. Since most collagen genes show complex exon and intron patterns, the

resultant transcripts vary among different organs due to transcription initiated from different sites.

Generally, after transcription and translation, the alpha chains are transported to the
endoplasmic reticulum (ER) for procollagen synthesis, and to the Golgi apparatus for modification
and packaging before secretion. Finally, various intra-and inter-molecular crosslinks are formed
to stabilize the structure. Fibrillar collagen is the most representative class found mainly in skin,
bone and tendons, and its structure and biosynthetic route are relatively well established. In the
ER, three pro-alpha chains are synthesized with two large propeptide sequences at the C-terminal
and N-terminal side of each chain (Figure 2.1), respectively. In the presence of signal recognition
site, propeptide regions of the chain is imported to ER where the lysine and proline residues are
hydroxylated by lysyl and prolyl hydroxylase enzymes (mainly prolyl 4-hydroxylase), respectively
(Mouw et al., 2014). The hydroxylation level of proline and lysine, however, are different. The

former one is relatively consistent (~50%) among different types in various tissues, while the latter



Chain folding Endoplasmic reticulum
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N-propeptide Collagen molecule cC-propeptide

Self-assembly & Collagen fibril
covalent cross-linking Soia:- Ouerin
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D-period (~67 nm)
Figure 2.1. Biosynthetic route of type I collagen molecule. The red molecules denote galactose
or glucose-galactose attachment (Yamauchi and Sricholpech, 2012). Republished with the

permission of Biochemical Society.

one can differ largely from 15% to 90% depending on the sources of collagen and the physiological
condition of the tissues (Miller, 1984; Uzawa et al., 2003). Some of the hydroxylysines are then
glycosylated with glucose and/or galactose contributing to the stabilization of the triple helical
structure. This glycosylation occurs more often in randomly organized collagen, like type IV than
that 1s seen in fibrillar collagens, like type L, II, or III (Shinkai et al., 1979). Following the mono/di-
saccharide decoration, procollagen molecules are formed from the trimerization of three pro-alpha
chains, initiation and correction of which are controlled by the recognition sequence at the C-

terminal propeptide region (Figure 2.2) (Bourhis et al., 2012). Other proteins like prolyl
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hydroxylase and glucose-regulated proteins are also involved in the assembly of alpha chains. Hyp
formed in the Y- position stabilizes the helical structure mainly by the steroelectronic effect, and
provides a thermodynamic advantage by the formation of hydrogen bonds. From the C-terminal
towards N-terminal, a tight triple helix is generated resulting in rigid steric constraints for every
third amino acid position where only a glycine can fit in without trimming. This explains the

repeating occurrence of Gly-X-Y triplets and the stability of this structure (Mouw et al., 2014).

BMP1/Tolloid-like proteins

" N-propeptide  N-telo Triple helix (Gly-X-Y),,

Collagen molecule (~300nm)

Figure 2.2. The structure of type I procollagen molecule. The procollagen is cleaved at specific
sites as indicated by the arrows. Gal denotes galactose unit, Glc denotes glucose unit (Yamauchi

and Sricholpech, 2012). Republished with the permission of Biochemical Society.

In the next step, the procollagen molecule is packed into the Golgi apparatus where the
formation of collagen bundles is initiated, following which they are transported to cell membrane,
recognized by fibripositors, and secreted via exocytosis. Following or during the transportation
and secretion process, the propeptide regions of the procollagen molecule are cleaved by
metalloproteinases, i.e. the “a disintegrin and a metalloproteinase with thrombospondin repeats”
(ADAMTS), bone morphogenetic protein 1 (BMP1)/Tolloid-like families, and the furin-like
proprotein convertases (Hulmes, 2008). The mature collagen molecule generated after cleavage
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still maintains a short non-helical telopeptide region at both C-terminal and N-terminal of the
backbone giving a final total molecular size of ~300 nm (Figure 2.2). These collagen molecules
then spontaneously assemble to generate cross-striated and quarter staggered microfibrils with an
axial repeat distance of ~67 nm, called the D period. This is the result of an overlap and the hole
zones formed alternately as the collagen molecules axially associate (Figure 2.1). These
microfibrils further merge to form mature fibrils, length and diameter of which are affected by the
extent of propeptides’ removal (Hulmes, 2002) and the collagen interactions with small leucine-
rich proteoglycans (McEwan et al., 2006). Other collagen molecules such as Type V collagen and
FACIT collagen also fuse into the fibrils, and thus change the surface properties as well as the
interactions with additional ECM macromolecules and cell surface receptors to finally influence
the fibrillogenesis. In the final step, the strength and stability of mature fibrils are achieved by
covalently cross-linking within and between collagen molecules. The lysine and hydroxylysine in
the telopeptide regions are deaminated by copper-dependent lysyl oxidase forming corresponding
aldehydes which can react with another telopeptidyl aldehyde or unoxidized lysine/hydroxylysine
that is in telopeptide or in backbone helices. The cross-links can be further complicated by a
condensation reaction with histidine residue that has the correct proximity (Yamauchi et al., 2012).
Non-enzymatic cross-linking, the glycation with glucose and other glyoxal aldehydes also
facilitates the maturation of collagen fibrils during aging (Avery et al., 2008). Overall, collagen
synthesis, as a cell-driven process that is also regulated by interactions with other surrounding

macromolecules, affords its tissue- and age- specific structure to fulfill the various biological roles.

2.1.2 Collagen and gelatin production

In the meat industry, gelatin is conventionally produced from mammalian animals like pig

and cattle, especially from pig skin, bovine hide, and their bones. Gelatin products have been
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widely used as food sources, food processing ingredients and pharmaceuticals for a long time.
However, the traditional bovine and/or pig source may introduce health risks considering the
occurrence of bovine spongiform encephalopathy. Also, must be considered are practicalities
regarding religiously acceptable slaughtering process for people of Jewish and Muslim faiths
(Regenstein et al., 2003). Gelatin production from fish (scales, bones, fins, and swim bladders)
and poultry (skin, feet, bones, and even meat residues) are promising alternative sources (Hanani,
2016). In general, gelatin processing includes trimming and cleaning, pretreatment conditioning,
extraction, filtration and clarification, concentration, sterilization, drying, and standard packaging.
The produced gelatin is classified as either type A (acid pretreated) or type B (alkaline pretreated)
according to the conditioning process. Depending on the nature of the raw material, processing
procedures vary accordingly. For example, considering the large mineral content, bone is subjected
to maceration with dilute hydrochloric acid followed by a precipitation step with lime to remove
phosphate and calcium carbonate. A defatting step maybe incorporated in the processing of pig
skin due to their relatively large fat content (~30% of raw material). Despite the pretreatment
conditioning is intensively long (up to a few months in lime) and acute with respect to the high
degree of cross-links in the mature collagen fibrils, bovine hide represents a relatively pure
collagen form with a large collagen content. The corium layer of the bovine hide is composed of
practically pure collagen (Schrieber and Gareis, 2007). The extended long liming treatment breaks
down most of the crosslinks as well as removes non-collagenous proteins such as albumin and

globulin, and non-protein components like glycosaminoglycans.

Unlike the processing of gelatin, which usually requires a series of heating steps with
gradually increasing temperature from 50 to 100°C to solubilize the conditioned material, most of

collagen extraction processes after conditioning is carried out at a controlled low temperature (2-
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8°C) to avoid the degradation of collagen molecules. The solubilization of collagen can be
achieved by diluted acid such as hydrochloric acid, citric acid and acetic acid (Silva et al., 2014).
Acetic acid at a concentration of 0.5 M was reported to efficiently extract collagen from bovine
hide, turkey heads, and flatfish (Khiari et al., 2014; Heu et al., 2010). The extraction yield can be
improved by the addition of enzymes such as pepsin and papain to cleave the telopeptide regions,
and thus facilitate the removal of telopeptide-associated cross-links and improve collagen
solubility (Hong et al., 2017). The product is then recovered by salt precipitation (> 2 M NaCl),
dialysis or ultrafiltration to minimize the salt content, and freeze dried to obtain a final acid- and

pepsin- soluble pure collagen.

2.1.3 From collagen to collagen hydrolysates

Collagen hydrolysates (CH) are produced from collagen or gelatin by chemical and/or
enzymatic hydrolysis, during which the alpha chains unfold, and some peptide bonds are cleaved.
The hydrolysis not only affords the release of numerous bioactive peptides which may be inactive
in the parent polypeptide chain, but also creates specific functional properties including
emulsifying ability, water-binding capacity, forming ability, etc. In contrast to gelatin and collagen
products, CH have superior solubility in cold water, and do not form gel even at greater
concentrations; CH are termed as “non-gelling edible gelatine” in European Food Regulations. CH
are widely applied in the food industry due to their intriguing functional properties. For example,
they can serve as an emulsifier and stabilizer in low-fat cheese, are used to increase the
solubility/dispersion of other additives in some beverages, and increase the amount of binding
water in meat. Moreover, since very few bitter peptides are generated in CH, they also function as

a taste-neutral protein ingredient (Schrieber and Gareis, 2007).
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Although chemical acid/alkaline hydrolysis is cost effective with simple operation, the
mild biological approach by enzymes is more popular to obtain CH with relatively controllable
and consistent molecular weight (MW). Numerous enzymes have been described to effectively
produce CH in the literature, including endoproteases such as animal-originated pepsin, trypsin,
chymotrypsin (Mendis et al., 2005), plant-based papain (Bachaki et al., 2015), and microorganism-
originated Alcalase® and Neutrase® (Aleman et al., 2011), or exoprotease such as Corolase® and
Flavourzyme (Dolphin and Russell, 2011). The combination of both endo- and exoprotease
provides broad specificity resulting in a greater cleavage efficiency and smaller peptides fractions
(Khiari et al., 2014; Dolphin and Russell, 2011). For each collagen of specific origin and type, the
selection of enzymes and hydrolysis conditions (i.e. pH, temperature, enzyme/substrate ratio,
reaction time, etc.) has to be optimized through necessary and time-consuming primary
experiments. The MW of the final hydrolysates product is one of the most important factors to
determine the functional properties, bioactivities, and bioavailability. The mean molecular size of
CH varies widely from 2,000 to 20,000 Da (Schrieber and Gareis, 2007) due to variation in
collagen sources, hydrolysis methods and conditions. Generally, CH with lower MW exhibit
greater solubility and less viscosity. More intensive hydrolysis process facilitates to release greater
amount of bioactive collagen peptides, as well as expose greater amount of accessible cleavage
sites for the later gastrointestinal (GI) digestion. This contributes to improving the overall

proteolysis and absorption of CH, and thus increasing their bioavailability.
2.2. Bioavailability of collagen hydrolysates and collagen-derived peptides
2.2.1. Absorption and distribution of collagen hydrolysates (CH)

Bioavailability generally refers to the relative amount of ingested compounds that are

absorbed intestinally, transported and distributed by blood circulation system, and finally serve to
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maintain the metabolic effect or storage function in the body (Richelle et al., 2006). Figure 2.3
indicates the brief digestion route of oral ingested compounds (Lindley et al., 2011). The current
understanding of proteins and peptides absorption is relatively well established that they are
primarily hydrolyzed in GI tract by both extra- and intracellular proteases and peptidases to a
mixture of free amino acids and small oligopeptides (mainly di- and tripeptides), which are then
absorbed and used as building blocks for the synthesis of necessary body proteins (Lindley et al.,
2011). Further degradation may occur since the oligopeptides entering in circulation system are
subjected to enzymatic cleavage by plasma peptidases and esterase during the distribution. The GI
tract is lined by a thin layer of epithelial cells that are joined by tight junction complexes to form
a selective and polarized barrier. This establishes two functionally different membrane surfaces;
one apical lumen-facing surface and a basolateral blood-facing surface. It also creates two separate
compartments that protect the body from harmful xenobiotics. The absorption of peptides is
facilitated by the large surface area especially created by folding of villi and microvilli in small
intestine (Lindley et al., 2011). Figure 2.4 is an oversimplified summary figure showing intestinal
membrane structure and pathways for nutrients absorption (Balimane and Chong, 2005). In general,
permeation across intestinal membrane is achieved paracellularly or transcellularly. Paracellular
transport is a passive pathway controlled by the resistance of the tight junction, through which the
net permeation largely depends on the size and charge of the applied peptides and amino acids,
and the porosity of the tight junction itself. Transcellular transport of peptides and amino acids
involves several mechanisms including passive transcellular diffusion, active carrier-mediated
pathway, and transcytosis. Most of amino acids are absorbed through a class of specialized
transporters (e.g. Na“-dependent or Na'-independent), while peptides are mediated by proton-

coupled oligopeptide transporters (POT). PepT1 is the major isoform of POT accounting for GI
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absorption of peptides and peptide-like therapeutic agents. Other POT isoforms do not play an
important role or yet to be discovered in this respect. For example, PepT2 has not been found in
GI tract in vivo, and PHT2 expressed intracellularly does not significantly alter peptides’
absorption (Sakata et al., 2001; Herrera-Ruiz and Knipp, 2003). In contrast, lipophilic peptides can
rapidly merge with cellular membrane through transcellular diffusion depending on their
hydrogen-bonding capacity, hydrophobicity, etc. However, the permeation of peptides may be
counteracted by the action of some ATP-binding cassette transporters, such as the most
characterized efflux pump P-gp, through excluding them out of cytoplasm (Sharom et al., 1995).
Overall, the transport of peptides and amino acids can be very complex process considering the
mechanism involved, which is determined by the physicochemical structure of the nutrients, the

interaction with the intestinal membrane, as well as the interaction with the food matrix.
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Figure 2.3. Organ bioavailability barriers to orally administrated compounds. These processes
include the dissociation of solid compounds, the digestion and transport, and metabolism in major
digestive organs in human body (Lindley et al., 2011). Copyright © 2011 John Wiley & Sons, Inc.
Reproduced with the permission of John Wiley & Sons.
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Figure 2.4. Intestinal membrane, and the potential pathways for absorption of applied compounds.
(a) transcellular passive permeability; (b) carrier-mediated transport; (c) paracellular passive
permeability; (d) efflux by P-gp; and (e) cellular metabolism. Reprinted from Balimane and Chong
(2005), Copyright (2005), with permission from Elsevier.

In contrast to the digestive resistance of native collagen, gelatin (a denatured collagen
product) and collagen hydrolysates can be easily digested and absorbed to a certain extent yet do
still possess some relatively high MW fractions. The final intestinal absorption is around 10%
(Moskowitz, 2000), which may vary depending on the source of CH and the experimental model
used. Previous studies indicated that the oral ingestion of CH results in its wide distribution among
various tissues in rats including the liver, kidney, cartilage, brain, muscle, skin, etc. The peak
values were obtained after a few hours but mostly disappeared after 14 days in those tissues, except
for skin, where up to 70% of the maximal amount remained. This suggests that skin is the
preferential long-lasting accumulation site for collagen peptides (Watanabe-Kamiyama et al.,
2010). There are also studies that found cartilage is another long-lasting accumulation site of CH

(Oesser et al., 1999).

2.2.2. Identification of collagen-derived peptides in plasma
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Like other proteins and peptides, it is currently elucidated that orally taken CH can be
digested to small oligopeptides and amino acids that are then absorbed. Hyp as the signature amino
acid of collagen, is absorbed mainly in the free amino acid form, while less so in the peptide form
(~30%) (Ohara et al., 2007; Shigemura et al., 2014). Previous in vivo studies identified a series of
Hyp-containing small peptides in plasma, such as Pro-Hyp, Pro-Hyp-Gly, Ala-Hyp-Gly, Leu-Hyp,
etc. Although the concentration of each peptide may vary significantly among different studies,
Pro-Hyp was observed to be the major type accounting for up to 95% of total Hyp-containing
peptides (Ichikawa et al., 2010; Iwai et al., 2005; Ohara et al., 2007). Recently, another new major
collagen-derived peptide Hyp-Gly is identified in human plasma with the ratio to Pro-Hyp from
0.0 — 5.0 among different subjects after oral ingestion of fish scale CH (Shigemura et al., 2011).
This discovery is probably the result of the recent use of precolumn derivatization by a phenyl
isothiocyanate method that facilitates the resolution of peptide separation by reversed phase liquid
chromatography. Only minor amount of these two collagen-derived peptides degraded after 3
hours at 37°C in human serum, i.e. 5.5% of Pro-Hyp, 0.5% of Hyp-Gly (Shigemura et al., 2011).
Around 75% of synthetic Pro-Hyp survived even after exposure to plasma for 24 h (Iwai et al.,
2005). In addition, a recent study reported a greater enrichment of tripeptide Gly-Pro-Hyp than
Pro-Hyp in plasma using both the mice model and human trial after the administration of CH
containing a large proportion of tripeptides. Meanwhile another 15 types of collagen-derived
peptides were confirmed including some Pro-containing peptides, such as Pro-Ala, Pro-Ser, Gly-
Pro, etc. (Yazaki et al., 2017). The Gly-Pro-Hyp is also seen to persist (more than 90%) in plasma
after 2 hours incubation at 37°C (Sontakke et al., 2016), even though it may be further degraded
to Pro-Hyp when reaching the skin (Yazaki et al., 2017). These different findings suggest that the

type and amount of collagen-derived peptides distributed in plasma and diverse tissues are
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dependent on the CH source and the preparation method, the experimental subjects and their
digestion/absorption ability. The elevated level of Hyp- and/or Pro-containing collagen-derived
peptides in plasma and specific tissues after CH oral ingestion reveals the large resistance of these
peptides to human body digestion system. Some of these peptides, such as Pro-Hyp, are even

excreted as an intact peptide form in the urine (Weiss and Klein, 1969).

Most of collagen-derived peptides found in plasma are small di- and tripeptides, which are
substrates for the oligopeptide transporters especially true for PepTl. PepT1 has been
demonstrated to have wide specificity in mediating di- and tripeptides from any combination of
the 20 naturally occurring L-a-amino acids (Herrera-Ruiz and Knipp, 2003). When Gly-Pro-Hyp
was applied to porcine brush border membrane vesicles, as proposed by Aito-Inoue et al. (2007),
it was partially cleaved to generate free Gly and Pro-Hyp by the brush border membrane enzymes.
The induced Pro-Hyp was then in part transported across the membrane by the PepT1 transporter,
since its permeability is inhibited in the presence of Gly-Pro - an established competitive PepT1
substrate. Other transporters such as amino acid transporter PAT1 and peptide transporter PepT2
may also contribute to CH (intestinal and non-intestinal) absorption, since they exhibit selectivity
on proline, proline derivatives (e.g. Hyp), and/or proline-containing dipeptides (Brandsch, 2006).
Despite most of the previous studies claimed that CH are finally absorbed in small fractions (i.e.
free amino acid, di- and tripeptides), bigger peptides have also been detected at the serosa side of
intestine in other studies. Oesser et al. (1999) found that CH can be absorbed in a wide MW range
from 1 to 10 kDa using gut-sac model from mouse small intestine. This suggests that except for
amino acid and peptide specific transporters, larger fractions of CH may be absorbed through other

pathways as mentioned above via transcellular diffusion which requires favorable lipophilicity, or
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transcytosis which is a relatively rare case. The absorption mechanism of the high MW CH remains

to be explored in detail.

2.2.3. Approaches to improve the bioavailability of collagen peptides

Collagen hydrolysates (CH) have been used as food supplements and pharmaceuticals
because of its versatile beneficial biological functions (section 2.3 and 2.4). Their bioavailability,
however, is barely satisfactory. This limitation likely is associated with solubility issues, MW, and
physicochemical structures, which affect their subsequent dissociation, GI digestion, and
interactions with the intestinal membrane for absorption, respectively. The MW is probably the
most important limiting factor, since to some extent it determines the solubility and
physicochemical properties of CH. Generally, CH with high MW which may retain some extent
of helical structure of collagen showing a low solubility. Chi et al. (2014) and Jridi et al. (2014)
revealed that CH fractions with lower MW correlated with greater solubility probably because
smaller peptides liberation leads to more polar groups to be exposed that can assist water
solubilization. Effects of MW on the interaction of CH with the intestinal membrane depend on
their hydrophilic/hydrophobic properties. Hydrophilic collagen peptides are expected to transport
across intestinal membrane either paracellularly through tight junctions or transcellularly through
a transporter-mediated pathway, both of which favors molecules with small size (Artursson et al.,
2012). Therefore, numerous studies have focused on producing CH with a low MW distribution.
Enzymatic hydrolysis is the most popular approach to generate CH, of which the MW is
determined by the starting collagen material and the performance of enzymes. Pepsin treatment
for extraction of collagen can improve the production of low MW collagen peptides from spent
hen since it hydrolyzed collagen telopeptide regions where most of cross-links occur (Hong et al.,

2017). Ultrasound assistance for the extraction of collagen, which may damage the covalent cross-
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links and triple helical structure, also facilitate its hydrolysis efficiency to generate collagen
peptides with low MW (Zhang et al., 2017). For the subsequent hydrolysis of collagen, instead of
selecting a single enzyme, sequential hydrolysis by various enzymes with distinct specificities is
effective to reduce the average MW of final CH product. For example, Dolphin and Russell (2011)
used serial hydrolysis by endopeptidase (e.g. papain, bromelain and Corolase®7089) and
exopeptidase (e.g. Validase® FPII and Corolase® LAP) to produce bovine CH with MW from
100 Da to 2,000 Da, of which MW is lower than commercial available ones (mean MW >2,000
Da) (Schrieber and Gareis, 2007). Hydrolysis by a cocktail of enzymes that function at similar
condition (pH and temperature) is an efficient strategy to save time. In this scenario, the screening
of enzymes should be careful to achieve optimized performance without compromising efficiency
of each component. Successful example is the microorganism-origin crude protease extract which
contains multiple enzymes (Nasri et al., 2013). Other techniques, such as fermentation and
ultrasound, coordinate with the hydrolysis to facilitate the efficiency of corresponding enzymes.
Overall, the pre-digestion hydrolysis of collagen can help to release small bioactive peptides to a
certain extent, but more research is needed to improve the intestinal absorption after oral

administration.

In contrast to the ingestion of the CH mixture, collagen or gelatin, the bioavailability of
any specific health benefitting peptide after being released or directly administrated, relies on its
metabolic stability and the ability to cross body’s physical and biochemical membrane barriers
such as the intestinal barrier. An ideal peptide delivery system, therefore, should be designed to
improve both the stability and permeability. Peptides targeting specific sites must survive from not
only the large pool of endogenous peptidases (e.g. pepsin, trypsin, chymotrypsin, elastase,

carboxypeptidase, etc.), but also the dynamic pH condition among various organs, from harsh
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acidic environment of the stomach (pH 1-3) to mild basic condition of the blood (7.35-7.45). Using
enzyme inhibitors has proven to be effective to reduce the degradation of therapeutic peptides.
Frequently, inhibitors are used to suppress the performance of trypsin and chymotrypsin, the two
primary digestion enzymes in GI tract, including classical ones such as aprotinin and soybean
trypsin inhibitors (Yamamoto et al., 1994; Tozaki et al., 1997), and new ones like chicken and
duck ovomucoids (Agarwal et al., 2000). These enzyme inhibitors, the majority of which are
highly toxic, may negatively interfere with the digestion and absorption of other dietary peptides
after long time performance, as well as trigger the development of hypertrophy and hyperplasia of
the pancreas (Bernkop-Schnurch, 1998). Alternatively, to increase the stability of proteins and
peptides in the harsh gastric environment and maintain their sustained release, carrier systems such
as emulsions, microspheres, and liposomes (e.g. calcitonin) can be used. The major concern here
arises from the physicochemical stability of each system. Improvements have been made by the
development of nanoemulsions with greater surface area than normal macroemulsions (Shah et al.,
2010; Rao et al., 2008). The stability of liposomes can be improved by surface modification with
polyethylene glycol (PEG) (Iwanaga et al., 1999). Recently, a multilayered liposome has been
developed to encapsulate collagen peptides by thin film hydration and ultrasonication techniques
which employ charged lipids to reduce size (Chun et al., 2017). This small liposome (<100 nm)
was physically stable, and thus promising for the oral delivery of collagen peptide. Other
encapsulation strategies using hydrophilic mucoadhesive polymers, such as chitosan and thiolated
polymers (Bernkop-Schnurch and Krajicek, 1998), are also effective to protect peptides from
degradation as well as improve absorption by interacting with intestinal mucus to generate a
steeper concentration gradient. Novel carrier system using nanoparticles is promising since, like

other mucoadhesive reagents, they easily attach to the mucous membrane, and thus increase the
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residence time of peptide moiety and slow down the clearance (Chan et al., 2010; Carvalho et al.,

2010).

Penetration through intestinal barrier is a greater obstacle for the absorption of bioactive
peptides. As mentioned before, two main mechanisms, paracellular and transcellular pathways,
account for the translocation of peptides. Since the paracellular pathway is gated by tight junctions,
the adherent belt between enterocytes, co-administration of permeation enhancers (PE) with target
peptides is a common way to increase this pathway-specific transport. Generally, PE are applied
at maximum non-toxic concentration to reversibly open up tight junctions; thus, small hydrophilic
peptides can pass the tight junction easily. Typical PE include chitosan, Zonula occludens toxin,
lectins, etc. (Bruno et al., 2013), which improve the transport of macromolecules non-specifically.
For example, chitosan was also reported to enhance the absorption of glucosamine up to 4-fold in
a Caco-2 cell model (Qian et al., 2013). Surfactants as one type of PE can affect barrier function
of tight junctions by interacting with cell lipid bilayer membrane (Edward et al., 1997), which is
reflected by the action of bile salts (sodium cholate and deoxycholate) and sodium dodecyl sulfate
(Davis and I1lum, 2003). Long-term usage of PE may introduce damage to the intestinal membrane
and affect its barrier function. However, this point of view is debated in the literature since
prolonged exposure to high concentrations of PE is unlikely considering the short and dynamic

transit in vivo within the GI environment (Maher et al., 2016).

In addition to a physical strategy by co-administration of target peptide with enzymatic
inhibitors or PE, chemical modification of peptide structure may induce multiple benefits including
the improvement of (lipid or aqueous) solubility, digestion resistance, and/or absorption rate. A
representative example is the PEGylation of protein or peptides. The incorporation of PEG, an

amphiphilic molecule, helps to improve the effects of bovine lactoferrin (an anticanacer
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glycoprotein) (Nojima et al., 2008) and insulin (Calceti et al., 2004) by increasing their digestion
stability and oral absorption. Direct modification of peptides aims to increase the transcellular
diffusion is usually achieved by conjugating with a more hydrophobic group via cyclization,
methylation, lipidization, esterification, acetylation, etc. This strategy helps to reduce the
hydrophilicity of the target peptide or protein, and thus favoring its interaction with the cell
membrane. Examples are, Cycloporine, an immune system modulator, and cyclized somatostatin
that has growth-hormone release-inhibiting activity, both of which show improved bioavailability
due to the cyclization. It appears that cyclization decreases the flexibility and hydrogen bonding
capacity of their parent peptides (Craik et al., 2013; Biron et al., 2008). Also, lipidization of a
protein or peptide with fatty acid can be reversible (like a prodrug), such as palmitoyl-salmon
calcitonin (Wang et al., 2003) or triglyceride incorporated deltorphin II (Patel et al., 1997).
Chemical modification that aimed to improve the receptor/transporter mediated transport of
peptides is primarily the result of conjugation with a naturally penetrated molecule without concern
about antigenicity. Peptides glycosylation with glucose, as in the case of albumin (Adessi and Soto,
2002), can endow their ability to be recognized by GLUT transporters. Similarly, the incorporation
of receptor detectable proteins such as insulin fragments (Fukuta et al., 1994), and ligands such as
vitamin B12 (Chalasani et al., 2007), into a target peptide or protein can also enhance their
absorption by introducing an extra receptor-mediated pathway. Recently, a novel CH mixture with
improved efficiency of blood distribution in mice was developed by the cyclization of its enriched
X-Hyp-Gly tripeptide components, e.g. Ala-Hyp-Gly to clyco(Ala-Hyp). This conversion was
carefully carried out through heating of the CH for 3 h at 85°C with pH of 4.8 (Taga et al., 2017).

The superior absorption of cyclic collagen peptides such as cyclo(Ala-Hyp) and cyclo(Leu-Hyp)
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compared to collagen oligopeptides such as Pro-Hyp suggests that chemical modification by

cyclization is a promising way that may improve the collagen peptide bioavailability.

2.3. Beneficial biological effects of collagen-derived peptides

2.3.1. Role in joint and bone health

Collagen hydrolysates and collagen-derived peptides are becoming intriguing sources of
nutraceuticals to meet society’s increasing demands for nutritional supplements and foods that can
provide health benefits. One of the best-known health benefits of CH is their chondroprotective
role to prevent and treat joint and bone related diseases such as osteoarthritis (OA) and
osteoporosis. OA is a chronic disease resulting from continuous degeneration of cartilage in joints,
the subsequent abnormal remodeling of adjacent bones and joint space narrowing. OA is
accompanied with symptoms like joint pain, stiffness, and reduced joint mobility (Rahmati et al.,
2017). Figure 2.5 shows the typical structural changes in osteoarthritic joint. Clinical studies have
demonstrated the effectiveness of CH ingestion to relieve OA symptoms. For example, a
randomized, double-blind trial showed that the daily ingestion of 10 g CH for 60 days reduced
OA-associated knee and hip pain of patients and led to increased mobility (Moskowitz, 2000).
This was confirmed by Benito-Ruiz et al. (2009) who observed a significant greater visual
analogical scale score (less pain) in the CH treated group than that in the placebo group. With a
lower dosage (1.2 g/day) for 6 months, the proportion of clinical responders (>20% improvement
compared to control) was also higher than that in the placebo group (Bruyere et al., 2012). Despite
positive results from these short-term experiments, further research to study long-term efficacy are

pending to better determine the therapeutic effects of CH on OA (Bello and Oesser, 2006).
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Figure 2.5. Features of osteoarthritis (left) and osteoporosis (right) in comparison with normal
joint and bone, respectively. Schrieber, R.; Gareis, H. Gelatine handbook: Theory and industrial
practice. Page 302-306. 2007. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced
with permission.

The biological and physical functions of articular cartilage are conferred by the ECM. The
components of ECM such as collagen and proteoglycan are synthesized by chondrocytes that also
maintain their homeostasis. Conventionally, it is believed that the continuous loss of ECM in OA
cartilage cannot be controlled, and OA cannot be cured; thus, OA treatments have been mainly
aimed to relieve symptoms via analgesics (e.g. acetaminophen) and non-steroidal anti-
inflammatory drugs whilst introducing significant side effects. In contrast, CH are proposed to
work through both preventative and curing effects. Oesser et al. (2007) revealed that CH ingestion
for 3 months could decrease and retard the degeneration and destruction of cartilage in the knee
joint of mice with OA. In contrast, active performance of CH was reported to stimulate the
synthesis of type II collagen by cultured chondrocytes in a dose-dependent manner (Figure 2.6)
(Oesser and Seifert, 2003). In a human trial, CH significantly benefited the deposition of
proteoglycans in medial and lateral regions of the cartilage, but the benefit was not significant for
other regions of interest due to the small sample size (McAlindon et al., 2011). But an in vivo study

using guinea pigs suggested the improvements realized therapeutically by CH was correlated to
- 26 -



proteoglycans deposition in the epiphyses (Ohara et al., 2010a). In addition, both CH and its major
peptide component, Pro-Hyp, can suppress the loss of chondrocytes as well as the thinning of
mouse articular cartilage layer. In the in vitro experiment, they can enhance the production of
glycosaminoglycans (2-fold by CH and 3-fold by Pro-Hyp) by cultured chondrocytes (Nakatani et
al., 2009). Pro-Hyp also promotes hyaluronic acid (HA) secretion by cultured synovium cells
(Ohara et al., 2010a). The cartilage stimulation responses to CH validate the regenerative potential
underlying their therapeutic effects and give merit to use CH to restore the homeostasis of cartilage

mass components, e.g. HA, collagen, proteoglycans, etc.
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Figure 2.6. Stimulation of collagen hydrolysates on the deposition of collagen (right), in

comparison with non-treated group (left). Arrow indicates the collagen accumulation (brown color)
around chondrocytes. Cell Tissue Res. Stimulation of type II collagen biosynthesis and secretion

in bovine chondrocytes cultured with degraded collagen. 311 (3), 2003, 393-399. Oesser, S.;

Seifert, J., © Springer-Verlag 2003. With permission of Springer.

Similar with OA, osteoporosis is the result of the ongoing deterioration of bone substance.
Osteoporosis is featured by low bone mineral density, a porous bone structure and bone fragility
(Kanis et al., 2008) (Figure 2.5). The loss of bone matrix is manifested in the urinary excretion of
pyridinoline crosslinks (found in mature collagen) and deoxypyridinoline crosslinks (specific in
bone collagen, not in cartilage), which can be used as biomarkers for the diagnosis of osteoporosis

(McLaren et al., 1992; Miyamoto et al., 1994). Compared to OA treatment, the effects of CH on
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osteoporosis are less studied, especially in clinical trials, so far. An earlier study by Adam et al.
(1996) revealed that CH had an additive effect with calcitonin, a naturally produced hormone used
to treat osteoporosis, to attenuate bone loss. After a 24-week intervention, the reduction of collagen
crosslinks’ excretion in urine was significantly greater in osteoporosis patients treated with
calcitonin and CH combination than the group of calcitonin treatment alone. However, a later
clinical trial investigating postmenopausal women with low mineral density did not find any
significant effects for CH administration (10 g/day) on either bone resorption or formation after
24-weeks treatment (Ctneo et al., 2010). Contradictory results were also observed in some in vivo
assays. For example, CH did not change the bone mineral content or density in the femur of normal
mice when a large total protein diet (14%) were ingested, but was effective with a lower total
protein diet (10%) (Koyama et al., 2001). Using ovariectomized rats (Nomura et al., 2005) or mice
(Guillerminet et al., 2009), however, the therapeutic effects of CH was shown with respect to
improvement in bone mineral density and bone strength due to the enhanced deposition of type I
collagen, glycosaminoglycans. The conflicting results indicates that CH may exhibit better
performance in subjects that encounter more severe bone loss such as women with osteoporosis
and the ovariectomized animal models with estrogen deficiency-induced bone loss. /n vitro studies
indicate that CH with a low mean MW of 2 kDa can stimulate the osteogenesis ability and reduce
the resorption activity of osteoblasts (Guillerminet et al., 2010). Both CH and Pro-Hyp are reported
to up-regulate the expression of bone related genes such as COL1A1 and Runx2 by osteoblastic
cells (Kimira et al., 2014; Liu et al., 2014; Kim et al., 2013). Studies of the effects of CH on
osteoporosis are still in the first stage, and more comprehensive clinical studies are needed to
confirm the therapeutic role of CH, their effective dosage, and optimal time of ingestion. Although

to date there is no perfect animal models to mirror all the physiological features of humans with
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osteoporosis, ovariectomized rodent models which share similarities with post-menopausal
women in bone loss, could play a crucial role in preclinical trials before costly and time-consuming

clinical human trials are funded (Banu, 2011).

2.3.2. Antihypertensive properties

Primary hypertension is a common problem that occurs worldwide. It results from a
cardiovascular physiological response, elevating blood pressure due to factors that regulate renin-
angiotensin system and autonomic nervous system (Setters and Holmes, 2017). The
antihypertensive properties of CH are manifested by its inhibitory effects on the activity of
angiotensin I-converting enzyme (ACE). ACE, as an important contributor to the performance of
the renin-angiotensin system, can convert the inactive angiotensin I peptide to its active form,
angiotensin II. Angiotensin Il subsequently causes an increase in blood pressure through
vasoconstrictor effects, and through increased sodium and fluid reabsorption to boost the blood
circulation volume. ACE inhibitors such as captopril and ramipril, therefore, have been clinically
used to treat hypertension (Perazella et al., 2003). CH from various sources including porcine,
bovine, pacific cod, shark, squid, etc., are found to suppress ACE-activity, and some contributing
peptides have been identified. O’Keeffe et al. (2017) used a microorganism-originated prolyl
endoproteinase to generate gelatin hydrolysates which significantly reduced the systolic, diastolic
and arterial blood pressure, and heart rate of spontaneously hypertensive rats (SHR) compared to
saline treated subjects. This antihypertensive activity was proposed to be accounted for by some
Gly-Pro- containing small peptides among which the ACE-inhibitory potency ranked as follows:
tripeptides > tetrapeptides > Gly-Pro dipeptide. Met-Gly-Pro was identified as the most effective.
A study from Herregods et al. (2011) suggested that a low MW of CH favors the antihypertensive

property, since high MW hydrolysates could not attenuate blood pressure of SHR until being
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hydrolyzed by thermolysin which then induced a shift to lower molecular mass. It was also
confirmed by in vitro assays that indicated greater ACE inhibitory activity of simulated GI digested
or ultrafiltrated (3 kDa) CH. Several small peptides were identified, including the Gly-Pro
containing ones (i.e. Ala-Gly-Pro and Val-Gly-Pro), and a potential collagen specific Hyp-
containing dipeptide Hyp-Tyr. A similar implication was indicated by Lin et al. (2012) who found
the in vitro ACE suppression was inversely proportional to the MW of the squid skin gelatin
hydrolysates fractions (Figure 2.7). Other studies, however, identified some larger ACE inhibitory
peptides, such as LGPLGHQ, MVGSAPGVL, GRGSVPAHypGP, GASSGMPG, etc. (Ngo et al.,
2015; Alemén et al., 2013; Ngo et al., 2016), which probably cannot survive the human body GI
digestion, and thus will be further cleaved into small di- and tripeptides. Whether or not these GI
digestion -generated small peptides maintain their antihypertensive properties remain to be
investigated. Unfortunately, very few of those identified ACE-inhibitory peptides (no matter small
or big) from prepared CH contain typical abundant and bioavailable collagen sequences, such as
Pro-Hyp, Gly-Pro-Hyp, and Hyp-Gly, or even contain Hyp, the signature amino acid of collagen.
Therefore, we should be skeptical about the contributing effect and the origin of those non-typical
peptides and verify whether they are derived from collagen or from contamination proteins. If from
collagen, then are the amounts large enough to show any significant contribution to overall ACE

inhibition of corresponding CH mixtures?
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Figure 2.7. ACE inhibitory activity and molecular weight of gelatin hydrolysates: does-response
curves of fractions after ultrafiltration. HSSG-I, -II, and -III represents fractions of squid skin
gelatin hydrolysates with molecular weight range 6~10 kDa, 2~6 kDa, and <2 kDa, respectively
Reprinted from Lin et al. (2012), Copyright (2012), with the permission from Elsevier.
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Figure 2.8. Docking images of the interacting of the purified peptides. SP1: MVGSAPGVL (A),
SP2: LGPLGHQ (B), and captopril (C) with angiotensin I-converting enzyme (ACE). Reprinted
from Ngo et al. (2015), Copyright (2015), with permission from Elsevier.
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To identify the molecular mechanism of the ACE inhibitory effects, recent studies
conducted computational docking simulations of some identified collagen peptides. It revealed a
common docking site for GASSGMPG, LAYA and the ACE inhibitor captopril at the Asn72
residue of ACE. Hydrogen bonds, polar and hydrophobic interactions are involved in the peptides-
ACE binding (Ngo et al., 2016). This docking site is also recognized by the other two identified
collagen peptides (Figure 2.8, Ngo et al., 2015). Docking sites of peptides from other proteins
vary significantly (Ko et al., 2017). Real X-ray crystallography may be needed to confirm the ACE
domain selectivity of different collagen peptides and clarify their potential similarity. Ngo et al.
(2015) monitored expression level changes of several hypertension-related genes, and proposed
that the mechanism of the antihypertension property of skate gelatin hydrolysates involves the
inhibition of PKC/ERK pathway, the stimulation of PPAR-y signaling pathway, and the inhibition
of pro-inflammatory cytokines secretion. To date, no human clinical trials have validated the

therapeutic effects of CH on hypertension.

2.3.3. Effects on muscle repair

It is a relatively new concept that CH can benefit muscle repair and recovery. The
connective tissue within skeletal muscle, especially the collagen enriched ECM, provides
structural support, and influences muscle force transmission, maintenance, and repair. Various
types of collagen are expressed in muscle ECM, including the fibrillar collagen like type I and III,
fibril-associated collagen like type XII and XIV, and basement membrane collagen such as type
IV and VI. By decoration on type I collagen fibrils, type XII collagen increases the elasticity of
collagen fibrils to absorb the shear stress from mechanical loading and to protect muscle integrity
(Chiquet et al., 2014). Meanwhile, type XII and XIV are related to muscle fiber and muscle fat

metabolisms (Listrat et al., 2016). Type VI collagen deficiency can result in related muscular
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dystrophy (Noguchi et al., 2017; Tagliavini et al., 2014). The primary type I and III collagen are
found in endo-, peri, and epimysium (Gillies and Leiber, 2011). Since collagen is the major
component in ECM, it not only serves as scaffold to muscle fibers (Figure 2.9), but also interacts
with muscle myoblasts during the development and maturation of muscle fibers. This interaction
through the binding molecules, laminin and fibronectin, further influences the differentiation of
myoblasts, and orientation and arrangement of muscle fibers (Kjaer, 2004; Lawson and Purslow,
2000; Chaturvedi et al., 2015). Physical training and activity accelerate collagen turnover in
muscle ECM, and to some extent also increase the net production of collagen; thus, altering the
mechanical properties of muscle and making it more load resistant (Kjaer, 2004). A recent double-
blind placebo controlled clinical trial revealed that supplementation with collagen peptides (mean
MW around 3 kDa) increased muscle strength of elderly men with sarcopenia (degenerative loss
of muscle mass) (Zdzieblik et al., 2015). Accompanied with guided exercise resistance training,
the subjects were randomly treated with either collagen peptides (26 men) or silica (27 men). After
12-weeks of intervention, muscle strength and sensory motor control increased significantly in
both groups refer to the baseline of elderly men before treatment, indicating the effectiveness of
exercise. Moreover, oral administration of collagen peptides further significantly improved muscle
strength compared to the silica placebo group. The combination effects can be explained by the
stimulatory effect of resistance training on muscle protein synthesis (Evas, 2004), which is
enhanced by post-exercise protein supplementation (Paddon-Jones et al., 2008; Beelen et al., 2008).
This theory is confirmed with other protein sources, such as soy protein (Deibert et al., 2011). The
muscle recovery effects of collagen peptides supplementation have not been proven until recently
by Zdzieblik et al. (2015). Other studies found a simultaneous stimulation of mechanical loading

from exercise on muscle protein and collagen synthesis with similar time course increase, however
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whether sharing common signaling pathways are debatable (Miller et al., 2005; Cuthbertson et al.,
2006). Other factors, such as the short post-exercise interval (peptides taken within 60 min after
the training), and the low MW of ingested collagen peptides (greater bioavailability) may have
specific influence. However, research to elucidate any collagen specific mechanisms is very
limited. When investigating skin health promoting effects of CH, Shimizu et al. (2015)
unexpectedly found that the two typical collagen peptides, Pro-Hyp and Hyp-Gly, up-regulated
the expression of some muscle-related genes encoding myofibril, contractile fiber, and sarcomere.
Considering the abundance of Pro-Hyp and Hyp-Gly in collagen molecule and their high presence
in plasma after oral ingestion, these findings may imply the underlying mechanisms of the muscle
recovery property of collagen peptides. Further researches are needed to verify this intriguing
property on other populations (e.g. younger exercisers), and to determine a suitable dosage, and

the mechanism of action.
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Figure 2.9. Structure of intramuscular connective tissue, image captured by scanning electron
microscope from bovine skeletal muscle. EP: epimysium; P: perimysium; E: endomysium

(Kjaer, 2004). Copyright ©2004, Karger Publishers, Basel, Switzerland.

Except oral supplementation of CH, intact collagen could also be used in clinical surgery
to treat muscle tearing. In a follow-up of 24 months, the securement of collagen in the surgery
significantly reduced the pain level of muscle tearing and the proportion of patients with severe
limp, while it increased the gluteus muscle force of these patients. Similarly, Rao et al. (2012) used
the human acellular dermal matrix that is rich in collagen in the transosseous surgery to augment
gluteus muscles, and to a similar extent alleviate the symptoms of hip tearing after about 22 months.
However, detailed mechanisms of this newly developed technique are still unknown. The role of
collagen in improving the performance of surgery in repairing muscle complexes remains to be

established.

2.3.4. Other properties

In addition to all the above-mentioned health benefits, CH is claimed to also show
anticholesteremic activity, dipeptidyl-peptidase IV (DPP-IV) inhibition activity, and antioxidant
activity, amongst others. An in vivo study by Zhang et al. (2010) revealed that chicken CH
containing (10%) diet for mice reduced the total plasma and hepatic cholesterol, and the hepatic
triacylglycerides concentration. Apart from the lipid- and cholesterol-lowering activity, the
preventive effect on atherogenesis resulted from suppression of proinflammatory cytokines
expression, since inflammation is part of atherosclerosis etiology. This effect may also be closely
related to the ACE-inhibitory activity of CH (Stoll and Bendszus, 2006). Moreover, CH generated
from turkey heads were reported to bind with cholic acids and deoxycholic acids (Khiari et al.,

2014), both of which are dominant products of cholesterol catabolism. Binding of bile acids retards
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intestinal reabsorption which facilitates their excretion, thus reducing plasma cholesterol
concentration via stimulating cholesterol catabolism (Fukuda et al., 2013; Iwami et al., 1986).
Type 2 diabetes mellitus is the most common type of chronic hyperglycemia and is characterized
by enhanced hepatic glucose content but a reduced peripheral glucose uptake due to insulin
deficiency or dysfunction (Upadhyay et al., 2018). The antidiabetic effects of CH are mainly
reflected by its DPP-IV inhibitory activity. Generally, DPP-IV inhibitors decrease the degradation
of incretin hormones, the substrates of DPP-IV, which can stimulate insulin secretion (Gupta et al.,
2016). The antihyperglycaemic potential of CH from various sources has been confirmed in vitro
and in vivo. Skin gelatin hydrolysates from both warm-water fish (tilapia) and cold-water fish
(halibut) were reported to improve the glycaemic control of diabetic rats after 30 days of diet
supplementation. Meanwhile the in vitro DPP-IV inhibitory activity of these fish gelatin
hydrolysates was observed (Wang et al., 2015). DPP-IV inhibition of CH from other sources, such
as deer skin, salmon skin, porcine skin, etc. has also been described in previous research works.
The isolated and identified peptide sequences includes Gly-Pro-Val-Ala, Pro-Pro, Gly-Phe,
GPVGHypAGPPGK, etc., some of which are multifunctional having both ACE and DPP-IV
inhibitory activities (Huang et al., 2014; Neves et al., 2017; Jin et al., 2015). In addition, the
antioxidant activity of CH has been extensively studied with respect to its free radical scavenging
and metal ion chelating capacities (Liu et al., 2015). All these health benefits induced by CH and
collagen-derived peptides confer their potential of being functional food ingredients and

nutraceuticals.

2.4. Beauty from within: collagen products as nutricosmetics?

2.4.1. Skin ECM and fibroblasts
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Skin, the largest organ of human body, serves as mechanical and chemical barrier to protect
our internal organisms from environmental impacts, as well as maintain both body temperature
and osmotic pressure. The skin produces melanin pigment to protect it from further UV damage.
More advanced barrier functions of skin lie in its being a biological shield against microorganisms
like fungi, bacteria, and viruses. This anti-infection function is firstly conducted by stratum
corneum, the outermost layer, which is composed of densely arranged dead keratinocytes.
Secondly, other components of the integument-related innate immune system would respond to
produce anti-infectious agents by various immune cells located in skin, such as conventional T
cells, NK-T cells, and Langerhans cells. Being an anatomical interface, skin is also an important
sensory organ which is innervated with nerves and receptors to communicate with various internal
organs to trigger specific biological responses. Therefore, skin is appreciated to have an integral
role to modulate the homeostasis of the entire body through interconnections with the endocrine,

immune and nervous system (Chuong et al., 2002).

Fibroblasts are the most representative resident cells found in skin especially the dermis
layer to confer its biological functions and physical appearance. Generally, they are responsible
for the homeostasis and maintenance of skin ECM in its normal condition as well as in
activated/pathological conditions such as wound healing, fibrosis and skin cancer. Heterogenicity
of skin fibroblasts occurs among different parts of body with respect to their embryonic origins.
For example, fibroblasts in facial skin are differentiated from the neural crest while those in skin
of back are from the dermatomyotome. On the other hand, even at a specific tissue like dermis, the
fibroblasts from the same origin are diversely differentiated with distinct morphologies and
functions depending on the anatomical locations. Dermal fibroblasts are primarily differentiated

into two phenotypes, the papillary fibroblasts and reticular fibroblasts. The former lies in the
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immediate thin layer underneath epidermis, while the later one in the middle dermis layer (Figure
2.10; Driskell and Watt, 2015). Except the morphological differences, these fibroblasts also vary
physiologically, and differ in the ability to control ECM pattern which may in return alter the
behaviour of corresponding resident cells. The differences are shown in the ECM of papillary
dermis and reticular dermis, which display relatively randomly packed collagen fibers and well-
oriented collagen fibers, respectively (Sorrell and Caplan, 2004). The ability to synthesize ECM
macromolecules is also differentiable. Cultured papillary dermal fibroblasts can produce more
decorin and type I collagen, but less versican compared to reticular fibroblasts (Schonherr et al.,
1993; Tajima et al., 1981). Other differences lie in the secretion of growth factors such as
keratinocyte growth factor, and cytokines such as interleukin-6 (Sorrell et al., 2004). Moreover,
cell sub-populations associated with the hair follicles are dermal sheath fibroblasts and dermal
papilla fibroblasts (Sriram et al., 2015; Driskell and Watt, 2015). In contrast, these subsets of

dermal fibroblasts function as regulators for hair growth and hair cycle (Schneider et al., 2009).
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Figure 2.10. Heterogenicity of fibroblasts in skin dermis. Three layers of skin are indicated, the
epidermis (thin grey layer on the top), dermis (including papillary and reticular dermis), and
hypodermis (adipose tissue). Reprinted from Driskell and Watt (2015), Copyright (2015), with
permission from Elsevier.
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Figure 2.11. Typical collagen fiber network in human skin. (©Gross and Schmitt. Originally
published in J. Exp. Med. 1948, 88(5), 555-568).

Dermal ECM is a complex network occupied with macromolecules including fibrillar
proteins, proteoglycans, glycosaminoglycans (GAQG), growth factors, cytokines, etc., all of which
are primarily synthesized by fibroblasts (Stern et al., 2008). Fibrillar proteins in skin are mainly
collagen with minor amount of elastin, which provides the strength and elasticity of ECM,
respectively (Huertas et al., 2016). Unlike the highly paralleled collagen fibers bundles in tendon,
those in the dermis are intertwined to generate a scaffold to exert their biomechanical properties
and avoid severe stress and stretch damage (Gibson et al., 1965). Figure 2.11 shows a typical
collagen fiber orientation in human skin obtained by transmission electron microscopy (Gross and
Schmitt, 1948). Collagen is the most abundant component in ECM of skin, with mainly type I (85-
90%) and III (10-15%), and minor proportion of type IV and VII (Tobin, 2017). Proteoglycans
(e.g. versican, decorin) and GAG (e.g. hyaluronan, dermatan sulfate) are present in the ground
substance surrounding fibrils and cells. Proteoglycans, as the name implies, are products of core

proteins covalently linked with GAG, which are highly negatively charged polysaccharides
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composed of repeating disaccharide units. GAG, especially hyaluronic acid (HA), together with
proteoglycans (having GAG in the molecule), confer the hydrodynamic characteristics of ECM
due to the large water-binding capacity of GAG, which exhibit desirable hydrophilicity. This helps
to maintain the ECM space and provide compressive resistance. A higher order of the ECM
structure is reinforced by the interaction among collagen fibrils, proteoglycans, GAG and other
component molecules through connector proteins (e.g. laminin, fibronectin) (Timpl and Brown,

1994; Singh et al., 2010), which in turn guides cellular behaviors.

2.4.2. Skin aging
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Skin aging is a complex and progressive
biological process leading to decreased elasticity and
hydration of skin with the appearance of wrinkles, drier
and rougher skin surface, and impaired regeneration
and wound healing capacity. It is initiated from chronic
intrinsic changes while accelerated and exacerbated by extrinsic factors and interactions between
them. It is summarized to be the result of skin aging “exposome” which includes the totality of

those factors and corresponding body responses that trigger biological and clinical signs of skin
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aging (Krutmann et al., 2017). Intrinsic aging is mainly derived from gradually decline of
fibroblasts and their ability to regenerate. Extrinsic factors represent a wide range of factors,
including sun exposure, air pollution, diet, smoking, etc. Solar radiation is probably the most well
studied external risk of skin aging, the effect of which is also called photoaging. Sunlight with
different wavelengths has specific (and overlapping) photoaging effects as they can reach different
layers of skin depending on the energy values (Figure 2.12) (Dupont et al., 2013; Krutmann et al.,
2017). Yet they share the common property of activating the generation of harmful reactive oxygen
(ROS) and nitrogen species (RNS) as absorbed by skin chromophores such as melanin. Although
only consisting around 5% of total sunlight, ultraviolet (UV) radiation causes huge impact on skin,
of which UVA (315-400 nm) and UVB (280-315 nm) contribute the most effects. UVB mainly
causes sunburn and abnormal generation of DNA dimer, triggering cell mutations and further
inducing risk of skin cancer (Svobodova et al., 2012). Except the oxidative damage and cancer
risk, UVA has extra tanning effect comparing to UVB, while its protective action against future
sun exposure is arguable since the melanin synthesis may not be stimulated (Miyamura et al.,
2011). The impacts of visible and infrared light on skin aging have been underestimated for a long
time. Besides the known heat sensation induced by infrared, only until recently visible and infrared
light were revealed to be closely linked to the production of matrix metalloproteinase (MMP), such
as MMP1 and MMP9, and thus accelerate the degradation of collagen (Yoon et al., 2012;
Schroeder et al., 2008; Liebel et al., 2012). It is interesting to note that part of the up-regulation on
expression of MMP1 is solely attributed to sun exposure-induced heat when sunlight is blocked
(Cho et al., 2008). In addition, traffic-related air pollution exacerbates aging skin appearance
mainly because of incorporated chemicals (e.g. NO2, ozone) bringing about the formation of

wrinkles and pigment spots (Hiils et al., 2016; Hiils et al., 2015). Skin aging may also correlate
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with our lifestyle, for example, years of smoking, chronic emotional stress and deprivation of sleep,
and improper selection and use of cosmetics. For a detailed review of this respect one can refer to

Krutmann et al. (2017).

The undesirable appearance and atrophy of skin during aging is essentially the overall
reflection of numerous changes underneath, including in skin resident cells, the ECM structure and
composition, the interaction among different layers of skin, and even the biological response to
aging of other internal organs. From an endogenous point of view, like the aging of other organs,
skin aging can be partially explained by the emerging and accumulation of senescent cells. The
cell senescence occurs in the dominant fibroblasts, as well as in other key supporting cells like
keratinocytes (epidermal cells), melanocytes (melanin secretion), sebocytes (sebum secretion) and
skin stem cells, which exhaust their proliferation capacities and reduce the synthetic abilities
(Toutfaire et al., 2017). Other senescent-induced changes such as decreased DNA repair ability
and shortening of telomeres are inevitable (Makrantonaki and Zouboulis, 2007). To look at skin
aging at the molecular level, changes in ECM components are the main culprit. As skin ages, the
homeostasis of collagen leans to the degradation side because of reduced biosynthesis and
increased deterioration of collagen. Matrix metalloproteinases (MMP) such as MMP1 are up-
regulated to facilitate fragmentation of dermal collagen through the activation of ROS during both
intrinsic mechanisms and photoaging (Fligiel et al., 2003; Rittie and Fisher, 2002). As mentioned
before, the cross-link level of collagen increases as skin ages, which results in increased density
of collagen bundles but with less elasticity and being less ordered. In addition, glycation cross-
links of collagen with sugars such as glucose and fructose make it incapable of easy repair (Danby,
2010) and susceptible to mechanical stimuli due to inferior flexibility (Avery and Bailey, 2006).

This structural modification of collagen suppresses its being degraded by MMP, and thus impairs
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its functional turnover (Panwar et al., 2017). What makes the scenario worse is the formation of
advanced glycation end products (AGE) which can be recognized by AGE-receptor on the surface
of skin fibroblasts to impair their proliferation but also accelerate apoptosis (Alikhani et al., 2005).
Chronic exposure to UV radiation should boost this case by stimulating AGE formation (Farrar,
2016). Obviously, glycation also occurs to other extracellular proteins, such as elastin and
fibronectin as well as some intracellular proteins, further leading to skin dysfunction (Gkogkolou
and Bohm, 2012). Changes to another most abundant ECM component, HA, have been reported
as well, despite some contradictory results. More recent studies suggest that total content of HA
does not change in the dermis but decreases in the epidermis (Oh et al., 2011). A higher level of
interaction of HA with tissue structure and proteins is assumed in aged skin, which explains its
lower extractability, less exposure of HA molecule, and a diminished water binding capacity
(Meyer and Stern, 1994; Stern and Maibach, 2008). In addition to changes in the ECM, a notable
flattening and protein diminution of dermal-epidermal junction is observed. This is the joint
between the epidermal and dermal compartments, its structural change and protein reduction may
impair the integrity of skin or skin’s resistance to shear forces, and promote the formation of
wrinkles (Langton et al., 2016; Grove, 1989; Sudel et al., 2005). Overall, the skin aging is a
multifactorial process; many internal changes can trigger a series of biological responses, which
accumulate and result in skin damage, and finally are manifested in its undesirable appearance and

dysfunction.

2.4.3. Physiological function on improving skin conditions: CH as nutricosmetics?

The new term “nutricosmetics” is derived from terms of “nutraceuticals” and “cosmetics”
to emphasize the dual function of these products. Nutricosmetics, therefore, refer to orally

ingestible products that can both enhance skin health and provide beauty benefits (Tabor and Blair,
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2009; Machado et al., 2017). Nowadays, natural ingredients that have claimed to be nutricosmetics
in the market or used in dermatology are mainly antioxidants such as beta-carotene, isoflavone soy
beans, vitamin C, etc. Other ingredients that are proposed to maintain skin hydration, are, for
example, rice ceramides and tocotrienols. Collagen hydrolysates (CH) have been used in food
supplements and pharmaceuticals for a long time given their beneficial effects to improve skin
health and appearance. In this regard, many clinical studies have been performed to clarify the
efficacy of CH, as well as some CH containing food products on skin. One representative study
by Prosksch et al. (2014) who applied specific porcine CH (mean MW~2 kDa) from GELITA to
women between 35-55 years old for 8 weeks showed that CH induced an improvement on skin
elasticity, an effect that started to appear after 4 weeks of ingestion with a dosage of 2.5g/day or
5.0g/day. Other parameters such as skin moisture and skin evaporation did not differ between the
CH group and placebo group, while an improvement was still observed in the subgroup of women
over 50 years old. The long-lasting efficacy of CH was observed, since the significance continued
till even after 4-weeks following the last intake, especially for elderly subjects (>50). The race and
complexion of subjects in this study, however, were not specified. In another study, a longer
treatment (12 weeks) of a specific tripeptide enriched (15%) CH on Korean volunteers (30-48
years old) was conducted. Besides elasticity, the increase in skin hydration and decline in
transepidermal water loss were observed compared to placebo cohort at a dosage of 3 g/day (Choi
et al., 2014). The difference in results may come from variance in subjects, length of treatment,
and CH ingested. Similarly, the improvement in skin hydration was confirmed within a Japanese
cohort (Asserin et al., 2015), where a greater dosage at 10 g/day was used. Moreover, in the same
article, Asserin et al. (2015) also reported another study conducted in France with Caucasian

women (40-65 years old). With a much larger sample size (106 subjects), this study parallels the
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previous in vivo results (Matsuda et al., 2006). It found that dermal collagen density was
significantly enhanced from 4 weeks consumption of a specific fish CH in the form of a powdered
drink. The fragmentation of collagen fibers, quantified from confocal images, was attenuated upon
the ingestion of CH for 4 weeks. Both effects were accumulated, and became more pronounced as
the treatment was prolonged to 12 weeks. The anti-aging effects of CH on skin as fortified in other
food and beverage product, for example, BioCell Collagen®, Pure Gold Collagen and other similar
products, were also reported somewhere else (Schwartz and Park, 2012; Borumand and Sibilla,

2014; Borumand and Sibilla, 2015).

Oral administration of CH also protects the skin against UV radiation induced damage in
animal models. Since UVA has long time been regarded as inoffensive (Dupont et al., 2013),
earlier studies mainly focused on attenuating skin injury from UVB radiation. Tanaka et al. (2009)
used CH (0.2 g/kg/day) from fish scales (7ilapia Zillii, freshwater fish) to feed UVB exposed
(repeatedly) hairless mice for 6 weeks. Daily ingestion of CH ameliorated UVB-induced hydration
loss after 3 weeks and continued to increase mice skin hydration to be greater than that of mice
which were not exposed to UVB. The thickening of epidermis caused by UVB radiation was also
suppressed at the end of study. Similar effects were observed with the ingestion of CH from scales
of marine fish (Fujii et al., 2013). Overall, oral ingestion of CH from various sources with specific
dosage and frequencies can ameliorate the skin aging signs caused by the chronically accumulated
damage from both intrinsic and/or extrinsic factors. The efficacy of CH should not be
compromised by the race of subjects (e.g. Asian or Caucasian), or by the taken form (e.g. CH itself
accompanied with a regular diet, or fortified within food products), which qualifies the candidacy

of CH being developed as nutricosmetics or food supplements.

2.4.4 Potential mechanisms of the effects on skin
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The supplementation of CH and other collagen-derived products, which share similar
composition with endogenous collagen, may provide the building blocks for the biosynthesis of
skin collagen. As mentioned in previous sections, ingested CH (radiolabeled) can reach the plasma
circulation, accumulate in skin, and even stay there for 14 days (Watanabe-Kamiyama et al., 2010).
Upon hydrolysis of the skin tissue, the corresponding autoradiograph shown on thin layer
chromatography indicated the presence of CH-derived Pro and Hyp. This implies that ECM
components could be used for the anabolism of skin ECM. Gradual collagen deterioration
inevitably accompanies skin aging. Indeed, the stimulatory effects of CH on collagen production
and their suppression on degradation enzymes likely contribute to its anti-aging benefits through
restoring collagen homeostasis and maintaining skin biomechanical properties. Earlier studies that
tested on pigs with the oral ingestion of porcine CH-containing diet (Matsuda et al., 2006) found
that CH facilitated the collagenesis as implied from the enhanced diameter and density of collagen
fibrils in pig skin. This was also illustrated by the findings from another in vivo study which
revealed an increased accumulation of collagen types I and IV, and decreased activity of MMP2
in rat skin after 4 weeks of CH intake (Zague et al., 2011). MMP2 is a multifunctional matrix
degradation enzyme that can digest collagen types I and III, both of which are dominant collagen
that support the skin ECM structure. It cleaves the basement membrane type IV collagen that
partially regulates the formation of wrinkles (Contet-Audonneau et al., 1999), and elastin that
complements the elasticity of collagen fibers (Doren, 2015). Similar effects were found in some
in vitro studies, CH treatment can stimulate the dermal fibroblast expression of COL1A1 (encodes
type I collagen biosynthesis) but suppress that of MMP1 (collagenase) (Tokudome et al., 2012).
In skin damaged by UV radiation, the destruction of collagen can be alleviated by CH ingestion

(Tanaka et al., 2009; Sun et al., 2013) which also retards the abnormal up-regulation of MMP1
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(interstitial collagenase) and MMP9 (gelatinase) transcription (Chen and Hou, 2016). The action
of CH against aging likely also work through the alternation of GAG production. In the case of
photoaging, CH ingestion may calm irate skin by suppressing the potential immediate elevation of
total GAG (Sun et al., 2013). However, in cultured normal dermal fibroblasts, the collagen-derived
Pro-Hyp was found to stimulate the production of HA in both polysaccharide level and mRNA
level (Ohara et al., 2010b), suggesting that action of CH and collagen-derived peptides maybe
dependent on the status of skin cells. CH administration may not alter the ratio of HA to dermatan
sulfate (Matsuda et al., 2006), while physiological responses regarding the HA secretion in normal
aged skin are still unknown. As for the proteoglycans, supplementation of CH can stimulate their
expression by cultured fibroblasts (Proksch et al., 2014); yet in vivo the information in this respect

is very limited.

Besides the alterations in matrix molecules, the beneficial effects of CH and collagen-
derived peptides in skin are inseparable from their contribution toward positive cellular responses.
Ohara et al. (2010b) tested a series of previously identified bioavailable collagen-derived peptides
on human dermal fibroblasts culture. Only three of them, Pro-Hyp, Ala-Hyp, and Ala-Hyp-Gly,
were found to be growth stimuli for fibroblasts at the dosage of 200 nmol/ml. Among those
peptides, Pro-Hyp was the most effective and increased the cell proliferation to 1.5-fold compared
to the non-treated control. The efficacy of Pro-Hyp was also reported by Haratake et al. (2015).
Later, Hyp-Gly was identified, and it enhanced the proliferation of mouse primary fibroblasts more
than Pro-Hyp (Shigemura et al., 2011). These results suggest that CH and other collagen products
could counteract the aging-induced reduction of the abundance of fibroblasts and skin thickness
by improving the cell proliferative capacity. The action of liberated small peptide stimuli upon

body digestion would accelerate the accumulation of matrix components. However, as biological
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messengers, the cell signaling pathways and cell surface receptors involved to stimulate the growth
of fibroblasts are still obscure. Moreover, as more collagen peptides have been identified in plasma
and skin as described recently (Yazaki et al., 2017), more stimulus peptide may be discovered, and
many synergistic effects among them are also possible. The antiphotoaging effects of CH are likely
due to their antioxidant activity that attenuates the oxidative stress generated from UV radiation-
induced ROS. CH ingestion can help to recover the cellular antioxidant defense system by
preventing pathological damage of some enzymatic scavengers such as superoxide dismutase,
catalase and glutathione peroxidase (Sun et al., 2013; Hou et al., 2009). CH alleviates the decrease
of type I collagen in photoaged skin by stimulating the expression of receptor for transforming
growth factor-beta 1 that favours the biosynthesis of collagen (Chen and Hou, 2016). In summary,
the amelioration of skin aging by CH and collagen-derived products involves the alteration in both
ECM and cellular responses, the mechanisms of which may be different for the chronic aged

normal skin versus photo-aged pathological skin.
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CHAPTER 3.

Transepithelial transport efficiency of bovine collagen hydrolysates in a human Caco-2 cell

model

Abstract

Collagen was extracted from raw bovine hide and hydrolyzed by one of three enzymes -
Alcalase, Flavourzyme, or trypsin - or by using a combination of two or three of these enzymes.
The Alcalase-containing enzymatic hydrolysis treatments generated a greater proportion of
hydrolysates with molecular weight (MW) < 2kDa (79.8% to 82.7%). Flavourzyme-containing
hydrolysis treatments exhibited the greatest proportion of free amino acids (686 nmols/mg to 740
nmols/mg). The hydrolysates were then subjected to a simulated gastrointestinal (GI) digestion,
and transport studies were conducted using a Caco-2 cell model. Due to the lower MW, the
hydrolyzed collagen showed greater resistance to GI digestion and greater transport efficiency than
the unhydrolyzed collagen control. Hydrolysates from a dual enzyme mixture - the
Alcalase/Flavourzyme combination - generated the greatest transport efficiency across Caco-2 cell

monolayers (21.4%), two-fold more than that of the collagen control.

Key words: bovine collagen hydrolysates, Flavourzyme, Alcalase, trypsin, low molecular weight

peptides, Caco-2 cell, bioavailability
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3.1. Introduction

As a by-product of the meat industry, bovine hide is the major source of collagen for gelatin
production. Collagen is made up of three helical polypeptide chains with non-helical telopeptide
zones at the end. With biological aging, collagen covalently forms intra- or intermolecular
crosslinks creating a more stable and insoluble molecule (Johnston-Banks, 1990). Native insoluble
collagen cannot be hydrolyzed by most enzymes, except some specific collagenases from bacteria.
However, a long treatment with alkali can breakdown the crosslinks to make bovine collagen
soluble in acidic media, as well as to allow it to be then purified by removing non-collagenous
proteins and other components. As the collagen crosslinks breakdown however, the telopeptide
region can then be attacked by some common enzymes such as pepsin, chymotrypsin, and pronase,
thus facilitating further removal of intra- and intermolecular crosslinks. This then makes the
collagen further accessible by many other enzymes to produce collagen hydrolysates (CH) (Ballian
& Bowes, 1977).

CH are widely used in food industry due to their excellent functional properties, such as
the good solubility and emulsifying capacity. Also, collagen-derived peptides possess beneficial
bioactive properties, such as anti-aging, antioxidative, and antihypertensive activities (Aleman &
Martinez-Alvarez, 2013). Interestingly, some collagen peptides, such as Pro-Hyp and Hyp-Gly,
are able to stimulate the growth of fibroblasts and the regeneration of collagen, improving both the
hydration and elasticity of skin (Shigemura et al., 2009 & 2011; Sibilla et al., 2015). In addition,
CH can benefit the health of bones and joints, by improving the bone collagen metabolism and
mineral density, and by inhibiting the loss of chondrocytes and the decreasing of articular cartilage
volume, respectively (Wu et al., 2004; Nakatani et al., 2009). Further studies by Kimira et al. (2014)

and Nakatani et al. (2009) confirmed that Pro-Hyp can promote the differentiation of osteoblastic
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cells and chondrocytes. These many health benefits explain why CH have become increasingly
popular ingredients among food, pharmaceutical, and cosmetics industries.

Orally ingested collagen undergoes degradation by gastric and pancreatic proteases into
small peptides and free amino acids, which are then absorbed and transported by the intestine
mainly in the form of free amino acids and di- and tripeptides (Ganopathy et al., 2006). However,
in the digestive system collagen can only be degraded to a certain degree, with some high MW
fragments remaining, leading to poor absorption (Moskowitz, 2000). By contrast, to improve the
bioavailability of collagen, pre-digestion with specific enzymes can help to release bioactive
peptides, as well as to expose more accessible cleavage sites. This translates to an improved
gastrointestinal (GI) digestion and the creation of an even lower MW including more free amino
acids, di- and tripeptides. Most commercial CH are relatively large and have an inconsistent MW
range, from 2,000 to 20,000 Da (Schrieber & Gareis, 2007). Therefore, a better approach is needed
to produce bovine CH with lower MW (< 2,000 Da) and thus more bioavailable, since these would
then be more commercially marketable. Kim et al. (2001a) prepared low MW (<1,000 Da) bovine
skin hydrolysates by continuous enzymatic hydrolysis with different conditions and complicated
ultrafiltration steps, and introduced the use of collagenase. Similarly, to produce CH from limed
hide gelatin with a low MW (about 100 Da to 2,000 Da), Dolphin and Russell (2011) proposed a
serial hydrolysis by endopeptidase (i.e. papain, bromelain and Corolase® 7089) and exopeptidase
(i.e. Validase® FPII and Corolase® LAP). However, these processes either used costly enzymes
or included a series of complicated hydrolytic steps, which limited their application in industry.

To evaluate the bioavailability of CH we used an in vitro approach since it is more
economical and less labor intensive than in vivo animal studies. The Caco-2 cell model is the most

well established intestinal in vitro model currently and widely used to evaluate the transepithelial
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transport of chemicals and drugs. In this model, Caco-2 cells are able to differentiate into
monolayers with polarized tight junctions, apical microvilli and basolateral surface (Turco &
Angelis, 2011). Therefore, the objective of the present study was to produce CH with MW lower
than 2,000 Da from bovine hide collagen using an efficient enzymatic hydrolysis protocol. Next,
the effects of these CH on in vitro GI digestion and transepithelial transport across Caco-2 cell
monolayer were studied. Bovine hide collagen was hydrolyzed by commercially available
enzymes (Alcalase, Flavouzyme, or trypsin) either alone, or in combination as a dual enzyme
mixture (Alcalase/Flavourzyme, Alcalase/trypsin, or Flavourzyme/trypsin), or as three enzymes
together (Alcalase/Flavourzyme/trypsin). The CH were characterized by measuring the MW
distribution and free amino acid content. The GI digestion was simulated by digesting the CH with
an in vitro pepsin-pancreatin model, and transport studies were conducted using a Caco-2 cell
model.
3.2. Materials and methods
3.2.1 Materials

Fresh bovine hides were supplied by Canadian Premium Meats inc. (AB, Canada) (Figure
3.1) and stored at -20°C before use. Pepsin (EC 3.4.23.1), Alcalase (EC 3.4.21.62), Flavourzyme
(EC 3.4.11.1), trypsin (EC 3.4.21.4), pancreatin, protein and peptide markers used in Size
Exclusion Chromatography (SEC), and amino acid standards used in SEC were purchased from
Sigma-Aldrich (St. Louis, MO, USA). The synthesized peptide 1(GNNRPVUIPRPPHPRL),
peptide 2 (PRGDGETGE) and peptide 3 (Pro-Hyp-Gly) used in SEC were obtained from
GenScript (Piscataway, NJ, USA). AccQ-Tag Ultra Derivatization Kit was supplied by Waters

(Milford, MA, USA).
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Caco-2 cells (HTB-37) and MTT (3-(4,5-dimethylthiazolyl-2)-2) Cell Proliferation Assay
Kit were purchased from American Type Culture Collection (Manassas, VA, USA). Dulbecco’s
Modified Eagle Medium (DMEM), 0.25% (w/v) Trypsin-0.91 mM EDTA, Hank’s balanced salt
solution (HBSS), N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES), fetal bovine
serum, and penicillin were all obtained from Gibco (Life Technologies Inc., ON, CA).
3.2.2 Methods
3.2.2.1 Extraction of collagen

Collagen was extracted according to the pre-treatment method described by Daniel (1973)
and purified according to Khiari et al. (2014) with some modifications. The extraction scheme is
shown in Figure 3.2. Frozen bovine hide was thawed under room temperature and cut into 2-3 cm
square small sections before being washed with water to remove excess impurities. The bovine
hide was then washed with 10 volumes (v/w) of 0.5 M NacCl for 2h and then thoroughly with water.
Cleaned bovine hide was pre-treated with lime suspension (Cacium hydroxide 40 g/L) at a ratio of
1:10 (w/v) for 4 d at room temperature. After liming pre-treatment, the swollen bovine hide was
dehaired (Figure 3.1). The internal flesh layer and external grain layer were cut off, while the
central corium layer was further pretreated with 2% NaOH (1:10, w/v) for 5 more days at room
temperature. All the pre-treatment processes were under regularly stirring by a stirrer (Eurostar
Power-b, IKA®-Werke GmbH & Co. KG, Staufen, Germany). The alkali pre-treatment removed
the excess soluble non-collagenous protein and other impurities, which made the conditioned
central layer to be almost pure collagen. To avoid the denaturation, all the later purification
experiments were performed in a 4°C cold room. The pretreated central layer was ground and

thoroughly washed with water until the pH was stable at about 7.0. The cleaned hide pieces were
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blended using a heavy-duty blender (Waring Laboratory, Torrington, CT, USA) with 0.5 M acetic

acid at a ratio of 1:100 (w/v)

Raw bovine hide
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Figure 3.1. Raw and de-haired bovine hides Figure 3.2. Collagen extraction scheme
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for 2-3 min to form a viscous suspension. Pepsin was added at an enzyme/substrate ratio of 1:20
(w/w) to solubilize the suspension for 2 d with continuous stirring. Then the suspension was
centrifuged (Avanti® J-E, Beckman Coulter Inc., Palo Alto, CA, USA) at 20,000xg for 20 min at
4°C. The supernatant was collected and precipitated for 6 h in the presence of 2M NaCl. After
centrifugation of the mixture at 20,000xg for 15 min at 4°C, the precipitated collagen was
recovered, and dialyzed (14 kDa MW cut-off cellulose membrane dialysis tubing, Sigma-Aldrich)
against deionized water for 4 more days to remove superfluous ions. Then the dialyzed collagen
was freeze-dried and stored at -20°C.
3.2.2.2 Quality characteristics of collagen
Hydroxyproline determination

As collagen is the major source of hydroxyproline (Hyp) in animal protein, the Hyp content
can be used to indicate the collagen level. The Hyp content (dry weight basis) of raw hide, the
conditioned central layer, and extracted collagen were determined following the method of
Edwards and O’Brien (1980).
Protein profile

The protein profile of extracted collagen was determined by SDS-PAGE according to the
method of Du et al. (2013).
Tryptophan determination

As collagen is absent of tryptophan (Trp) (Schrieber&Gareis, 2007), the Trp content of
prepared collagen may indicate its level of contamination. The Typ content of prepared collagen
sample was determined according to the method 988.15 in AOAC International (2000). Briefly,

the sample was hydrolyzed with 4.2 M NaOH under vacuum condition for 20 h at 110°C. The
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hydrolyzed sample was then analyzed using reverse phase liquid chromatography with UV
detection at 280 nm.
3.2.2.3 Enzymatic hydrolysis of collagen

Freeze-dried collagen was mixed with deionized water and homogenized for 1-2 min at a
ratio of 1:80 (w/v). The mixture was heated at 90°C for 10 min to inactivate the pre-containing
enzymes, and cooled down to 50°C before the pH was adjusted to 8. The ratio was made up to
1:100 (w/v) by adding deionized water with pH at 8. The hydrolysis was carried out with seven
different treatments: a single enzyme treatment by Alcalase (A), Flavourzyme (F), or trypsin (T);
a dual enzyme treatment by Alcalase/Flavourzyme (AF), Alcalase/trypsin (AT), or
Flavourzyme/trypsin (FT); and a cocktail enzyme treatment by Alcalase/Flavourzyme/trypsin
(AFT). For all the treatments, the enzyme/substrate ratio was kept at 1:50 (w/w) for each enzyme.
The hydrolysis went through 24 h at 50°C and pH 8 under continuous stirring in a pH-stat titrator
with automatic control of pH and temperature (Titrando 842, Metrohm, Herisau, Switzerland).
After the hydrolysis was terminated by heating at 90°C for 10 min and cooled down to room
temperature, the mixtures were then centrifuged at 20,000 xg for 10 min at 4 °C to precipitate the
insoluble collagen hydrolysates. The supernatant was collected as soluble collagen peptides which
were freeze-dried and stored under -20°C for later experiments. Stability of the enzymes was
monitored by measuring the primary amino groups released using o-phthaldialdehyde according
to Church et al. (1983) and no significant degradation was observed. The experimental design is
shown in Figure 3.3.

3.2.2.4 Degree of hydrolysis (DH)
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The DH of collagen was calculated following the pH-stat method described by Adler-
Nissen (1986). The DH (%) was calculated from the amount of alkali used during the hydrolysis

to keep the pH constant.
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Figure 3.3. Collagen hydrolysis scheme
3.2.2.5 Characterization of collagen hydrolysates
Determination of MW by size exclusion chromatograph (SEC)
The MW distributions of collagen and CH were firstly estimated by a fast protein liquid
chromatography (FPLC) system (GE Healthcare Life Sciences, Baie-D’urfe, QC, Canada) with a

HiLoad 16/600 Superdex 200 pg column (L % I.D. 60 cm x 16 mm, GE Healthcare Life Sciences).
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Each sample (500 pL at I1mg/mL) was injected and isocratically eluted out using 50 mM sodium
phosphate buffer (pH7.4) containing 150 mM NacCl at a flow rate 1 mL/min. The MW distribution
of CH was compared using MW markers containing thyroglobulin (669 kDa) and cytochrome C
(12,384 Da). The absorbance of samples was detected at 280 nm and 215 nm. To further determine
the MW distribution of prepared collagen hydrolysates, they were subjected to a high-performance
liquid chromatograph (HPLC) system (Agilent 1100 Series, Agilent Technologies Inc., CA, USA)
using a Superdex Peptide 10/300 GL column (L x I.D. 30 cm x 10 mm, GE Healthcare Life
Sciences). Sample was injected (30ul of 5Smg/mL) and eluted out at a flow rate of 0.45 mL/min by
50 mM phosphate buffer (pH 7.0) containing 50 mM NaCl. The absorbance was monitored at 214
nm. The peptide MW markers contain cytochrome C (12384 Da), aprotinin (6512 Da), synthesized
peptide 1 (2108.46 Da), synthesized peptide 2 (916.89 Da), and synthesized peptide 3 (285.3 Da).
The representative chromatographs of these peptide markers were shown in Appendix B. The MW
of peptide markers were related to the elution volume (Ve) by the following equation: Log (MW)
=-0.2361(Ve) + 6.4935; (R*=0.9756). The area of sample chromatograph was integrated at the
level of 500 Da, 1 kDa, 2 kDa, and 10 kDa. The proportion of each range of peptides in the whole
mixture were expressed as the percentage of area of corresponding MW range in the total
chromatograph peaks’ area.
Free amino acid analysis

The free amino acid composition of collagen hydrolysates was obtained by a HPLC system
(Agilent 1200 Series) using AccQ-Tag C18 column (3.9 x 150 mm, Waters, Milford, MA). The
samples were derivatized with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate according to

the manufacturer protocol (AccQ-Tag Ultra Derivatization Kit, Waters), and detected by UV
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detector at absorbance of 254 nm. The analysis was conducted at the Alberta Proteomics and Mass
Spectrometry Facility (University of Alberta, Edmonton, Canada).
3.2.2.6 In vitro simulated GI digestion

To study the effect of enzymatic hydrolysis of collagen on its GI digestion, a simulated GI
digestion model was used according to the method of Cing-Mars et al. (2008) with some
modifications. Hydrolysates were redissolved in deionized water (2%, w/v) by adjusting to pH 2.0
with 2 M HCIL. The sample was firstly digested by pepsin at a ratio 1:35 (E/S, w/w) for 60 min,
which was then inhibited by adjusting to pH 5.3 with 0.9 M NaHCQO3, and further to pH 7.5 with
2M NaOH. Further digestion was performed with pancreatin (1:25, E/S, w/w) at this pH for 120
min. The whole in vitro GI digestion process was carried out at 37°C with continuous shaking at
200 rpm (New Brunswick Scientific Co 126 incubator shaker series, Edison, US). The enzymes
were finally inactivated in a 90°C water bath for 10 min. After cooling down to room temperature,
the sample was centrifuged at 20,000 xg for 20 min. The supernatant was then freeze-dried and
stored at -20°C. The freeze-dried collagen digests were subjected to a HPLC system to determinate
the MW distribution according to the method described in section 2.2.5.
Determination of primary amino groups

Aliquots of GI digests were removed while the digestion mixture was supplemented with
an equal volume solution at the same pH, for monitoring the digestion process by measuring the
release of primary amines following the method described by Church et al (1983). The assay was
dependant on the reaction of primary amino groups with o-phthaldialdehyde at the presence of -
mercaptoethanol. L-leucine was used as a standard for the estimation of primary amine content,
which was expressed as leucine amino equivalents.

3.2.2.7 Caco-2 cell culture
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The Caco-2 cells were cultured in DMEM supplemented with 10% fetal bovine serum, 25
mM HEPES, 1% penicillin at 37°C in a constant humidified atmosphere containing 5% CO». The
cells reached about 80% confluence were passaged by 0.25% (w/v) Trypsin-0.91 mM EDTA. For
transport studies, the cells were seeded in 12- well transwell inserts (12 mm diameter, 0.4 pum pore
size, Corning, NY, USA) at a density of 1 x 10° cells/cm? for differentiation around 21 days.
During the incubation, the culture medium was changed every 2 d. The integrity of Caco-2 cell
monolayers was monitored by measuring transepithelial electrical resistance (TEER) with
EVOM?2, Epithelial Voltohmmeter (World Precision Instrument, Sarasota, FL, USA). The
transport studies were conducted on cell monolayers with TEER values greater than 350 Qecm?.
All cells used in this study were between passage 33 and 40. The cytotoxicity of samples on cell
viability was performed using the MTT assay according to the manufacturer’s instructions (ATCC,
MTT cell proliferation assay).
3.2.2.8 Transport studies

The transepithelial transport of in vitro GI digested CH was simulated using Caco-2 cell
monolayers following the method described by Ding et al. (2014) with minor modifications. The
cell monolayers were firstly rinsed twice with HBSS to remove the remaining culture medium,
and incubated with HBSS for 30 min to stabilize prior to the transport studies. Samples (0.5 mL)
in HBSS at a non-toxic concentration (6 mg/mL) were then added on the apical side, while 1.2 mL
fresh HBSS was added at the basolateral side of the monolayers. After 2 h incubation at 37°C in
5% CO; atmosphere, samples from the basolateral side were collected to estimate the transported
amount using reverse phase HPLC. The transport experiments were conducted on three different
passages of cells with duplicates for each passage.

Determination of transport amount
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The transport amount of CH after in vitro GI digestion in Caco-2 monolayers was estimated
by measuring the total amino acid content of samples at the apical side before the transport study
(sum of total amino acid applied), and that of samples at the basolateral side after transport study
(sum of total amino acid transported). The samples were hydrolyzed under vacuum by 6 M HCI
with 0.1% phenol at 110°C for 24 h. The hydrolyzed samples were then analyzed using reverse
phase HPLC as described in section 2.2.5. The transport amount was expressed as

__sumof total amino acid transported

%

x 100

sum of total amino acid applied

3.2.2.9 Statistical analysis

Data were analyzed using one-way or two-way analysis of variance (ANOVA). The
transport experimental design was completely randomized block design. Pre-digestion enzymatic
treatments were analyzed as a fixed effect, while passage of cells was considered as a block and
analyzed as a random effect. All the statistical analyses were performed using SAS 9.4 (Cary, NC,
USA). Multiple comparisons of means were done by Tukey’s test using 5% as the significant level.
3.3. Results and discussion
3.3.1 Quality characteristics of the extracted bovine collagen

Since collagen is the major source of hydroxyproline (Hyp) in animal proteins, the Hyp
content can be used to indicate the collagen level in the starting materials and in the subsequent
extraction steps. The Hyp content increased from 8.6% in raw hide to 9.7% in the conditioned
central layer, indicating the effectiveness of the alkaline conditioning process to dissolve out the
impurities such as the non-collagenous proteins (e.g. albumin and globulin, etc.) and non-protein
components (fat, mucopolysaccharides, etc.) (Schrieber and Gareis, 2007). The Hyp content was
further improved by purification with a large concentration of salt to precipitate the collagen, and

with dialysis to exchange out the salt ions. The approximate Hyp content increased to 11.9% for
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extracted collagen, which is comparable to the typical Hyp content for bovine skin collagen
reported by Rose (1987).

The collagen extracted was both pepsin and acid soluble. The protein profile of collagen is
presented in Figure 3.4. Bovine hide collagen is mainly composed of type I collagen which has
two identical a1 chains and one a» chains (Voet and Voet, 1995). Figure 3.4 shows a typical
composition of skin collagen with two o chains (a; is the upper band, and o> is the lower band),
and two B chains (dimer of two a; chains, or dimer of one a; chain and one oy chain), which is
consistent with the results from Du et al. (2013). There were a few faint bands shown between 25
kDa and 75 kDa, which could be due to the degradation of collagen molecules during the alkaline
and acid treatments of the extraction processes, or influence of heating during the SDS-PAGE
analysis procedure, or contamination by other flesh proteins left on the hide. However, the flesh
protein contamination possibility is less likely because they should have been dissolved during the
long alkali pre-treatment. The results agree with the study of Zhang et al. (2013), where a short
boiling treatment (90 °C for 15 min) and a long acidic treatment facilitated collagen degradation.

Since Trp is absent in collagen (Schrieber & Gareis, 2007), the presence of this amino acid
indicates contamination from non-collagenous proteins. To confirm the purity of extracted
collagen, Typ levels were determined. The Trp content, however, was too low to be detected and
calculated (Appendix A), which confirmed that there was no obvious contamination from other
proteins. Overall, the large Hyp content, the typical protein profile, and the absence of Trp in the
extracted collagen indicated the effectiveness of the extraction and purification processes.

3.3.2 Determination of DH
Determining the degree to which the collagen has been hydrolyzed is the most direct way

to evaluate the efficiency of an enzyme to break peptide bonds over time. The DH of collagen over
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time is shown in Figure 3.5. For all the enzymatic treatments, the hydrolysis time had significant
effects on the DH, which increased rapidly during the first hour, slowly thereafter, and became
stable after around 20 h. Except treatment F, the DH of all other treatments reached more than half
of the maximum level of DH after 2 h. The DH of the Alcalase hydrolysis increased to 8.5% after
1 hand 10.5% after 2 h, which are comparable to the results from Zhang et al. (2013) who reported

about 12% DH of the bovine achilles tendon collagen after 2 h Alcalase hydrolysis. A
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Figure 3.4. SDS-PAGE profile of extracted collagen. Lane 1: molecular weight markers; lane 2
and lane 3: extracted collagen.
different trend in DH was obtained by hydrolyzing with Flavourzyme, where the hydrolysis was
slow at the beginning, followed by a rapid increase after 14 h. This indicated the rate of cleaving
peptide bonds of extracted collagen by Alcalase and trypsin were greater than that of Flavourzyme
over the hydrolysis process.

The final DH after 24 h hydrolysis implied that Alcalase contributed the most to

hydrolyzing the collagen. Those treatments in the presence of Alcalase with DH values after 24 h
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hydrolysis for treatment A (19.1%), AF (20.4%), AT (18.1%) and AFT (19.9%) were more than
three times the DH of treatment F (5.8%) and T (6.6%), while almost two times of treatment FT
(10.6%). Dong et al. (2008) also showed similar results indicating the superiority of Alcalase over
Flavourzyme in hydrolyzing collagen. This may be from the broad specificity and high affinity of
Alcalase toward food proteins. Flavourzyme, the protease from Aspergillus oryzae, contains both
endoprotease and exopeptidase activities, while Alcalase and trypsin are in the family of serine
endopeptidases. A mixture of enzymes may express broader specificity than a single enzyme
indicating an additive effect (Cowieson & Adeola, 2005). However, in terms of DH, the additive
effect only happened with treatment FT showing a significantly greater DH than that of both F and
T. There was no additive effect of Flavourzyme on alcalase containing treatments, and also neither
with trypsin on Alcalase treatments. Moreover, there was no significant difference among Alcalase
containing treatments. The results in contrast to those reported by Khiari et al. (2014) who used
Flavourzyme, and/or trypsin, and/or Alcalase on hydrolysis of turkey head collagen, indicating an
additive effect with dual enzyme mixtures. The difference may come from variables in the raw
materials as well as extraction processes. As Alcalase has a very broad specificity for peptide
bonds, there may be competition among Alcalase, trypsin, and Flavourzyme when they are
simultaneously used to hydrolyze collagen. The final highest DH (20.4%) in this study, however,
was much greater than those reported by Khiari et al (2014) who obtained a maximum DH at

10.4%.
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Figure 3.5. Degree of hydrolysis (DH) of extracted collagen with different enzymatic hydrolysis
treatments: Alcalase (A), Flavourzyme (F), trypsin (T), Alcalase/Flavourzyme (AF),
Alcalase/Trypsin (AT), Flavourzyme/trypsin (FT), and Alcalase/Flavourzyme/trypsin (AFT); n =
3.

3.3.3 Characterization of collagen hydrolysates
MW distribution of collagen and collagen hydrolysates by SEC

Figure 3.6A shows that the extracted collagen was presented at a MW higher than 669 kDa,
while most of the CH presented at a MW less than 12384 Da. The data also indicated that all of
the enzymatic treatments were able to digest the pepsin soluble collagen as the intensity of the
peak at 669 kDa dramatically decreased as a function of treatment. However, to better distinguish
the effect of different enzymatic treatments on the MW of the CH produced, they were further
subjected to HPLC using a column which better separated peptides (Figure 3.6B). The vertical
arrow of retention time for MWs 10 kDa, 2 kDa, 1 kDa, and 500 Da estimated from the calibration
equation (shown in Section 3.2.2.5) were drawn. As highlighted in the introduction, the aim of this
research was to increase the amounts of peptides with a MW less than 2 kDa.
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As shown in Figure 3.6B, except for the hydrolysates (FH) from the Flavourzyme treatment
which had a broad MW ranging from less than 285 Da to greater than 12kDa, all the SEC of CH
from other treatments showed one major peak with a narrow MW range distribution. The MW of
CH from different treatments is summarized in Figure 3.6C. Consistent with the DH results (Figure
3.5), CH from Alcalase-containing treatments (i.e. AH, AFH, ATH, and AFTH) had a significantly
greater proportion of peptides with MW lower than 2 kDa (79.8 % -82.7 %) than that (25.2 % -
40.3 %) of hydrolysates from the other treatments (i.e. FH, TH, and FTH). Interestingly, in the
Alcalase containing treatments less than 1% of the peptides had a MW higher than10 kDa, while
in the rest of the treatments was between 9.6 - 44.3 %, indicating the effectiveness of Alcalase on
breaking down the collagen into lower MW peptides. On the other hand, the amount of peptides
with MW less than 500 Da in AFH, ATH, and AFTH were significantly greater than that of AH
(28.3%), whichwas still much greater than the 15% reported by Dong et al. (2008). As proteins are
mainly absorbed in the form of free amino acids and di- and tripeptides (Ganopathy et al., 2006)
(MW < 500 Da), a treatment producing more peptides in this range would be more viable and
competitive in terms of bioavailability. Therefore, with regard to the ability to produce low MW
collagen peptides (<2 kDa and <500 Da), treatments AFH, ATH, AFTH were superior to others.
In comparison to Kim et al. (2001b), who hydrolyzed bovine skin gelatin with Alcalase obtaining
a major peak at 7 kDa and some shoulder peaks at around 2 kDa, CH produced in the present study
from Alcalase-containing treatments were more uniform, with a major peak at lower MW around

500 Da -1 kDa.
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Figure 3.6. Molecular weight distribution of collagen and collagen hydrolysates. Size exclusion
chromatography using FPLC system (A), and HPLC system (B), proportions of collagen
hydrolysates at different molecular weight ranges (C) are shown. Statistical difference (p < 0.05)
within each MW range among different treatments is denoted with letters®®. AH: collagen
hydrolysates from Alcalase hydrolysis; FH: collagen hydrolysates from Flavourzyme hydrolysis;
TH: collagen hydrolysates from trypsin hydrolysis; AFH: collagen hydrolysates from
Alcalase/Flavourzyme hydrolysis; ATH: collagen hydrolysates from Alcalase/trypsin hydrolysis;
FTH: collagen hydrolysates from Flavourzyme/trypsin hydrolysis; AFTH: collagen hydrolysates

from Alcalase/Flavourzyme/trypsin hydrolysis.

Free amino acid content

The level of free amino acids which results from and enzymatic hydrolysis can be an
indicator to predict CH bioavailability. The free amino acid profile of CH for different treatments
is summarized in Table 3.1. All the hydrolysates from different treatments had a relatively small
proportion of serine, histidine, tyrosine and methionine, which are typically less in collagen. On
the other hand, a relatively large proportion of valine, phenylalanine, isoleucine and leucine
observed were all essential amino acids. The total sum of free amino acids in the hydrolysates (i.e.
FH, AFH, FTH, and AFTH) from treatments containing Flavourzyme was almost eight times
greater than that of other hydrolysates. The AF treatment generated the greatest amount of free
amino acids (around 0.74 x10-umol/ug), comparable to that obtained by Dolphin and Russell
(2011) who used a series of five different enzymes to hydrolyze gelatin. Flavourzyme is a mixture
of endo- and exopeptidases, and likely its exopeptidase activity made it possible to cleave the

collagen terminal peptide bonds and produce an appreciable amount of free amino acids.
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Table 3.1. Free amino acid profile of prepared collagen peptides from different enzyme treatments

Amino acid

(nmol/mg) AH FH TH AFH ATH FTH AFTH
Hyp ND! 114.56 ND ND ND ND ND
Asp 0.1 0.9 0.1 10.3 0.1 5.1 10.6
Glu 1.2 11.4 0.4 253 1.0 15.1 20.5
Asn 0.2 ND 0.3 ND 0.3 0.5 5.7
Ser 0.4 15.4 0.3 31.0 0.5 244 33.6
Gln 1.9 ND 3.8 ND 2.9 4.6 11.1
His ND 13.4 0.6 12.4 4.8 11.1 4.6
Gly 223 161.9 2.1 250.8 23.1 2155 223.1
Thr 1.3 51.6 0.4 20.2 ND 45.3 43.8
Arg 5.8 1.1 24 25.1 6.5 31.5 35.1
Ala 7.7 8.5 4.5 122.2 7.8 63.1 116.6
Tyr 3.6 25.1 1.6 9.6 2.5 12.5 8.2
Met 3.1 30.1 3.0 8.7 3.9 16.7 15.9
Val 4.3 54.1 4.4 58.6 4.9 56.6 56.3
Phe 8.3 58.7 13.1 26.6 10.2 36.5 223
Ile 14.2 37.7 17.6 479 13.3 59.2 43.3
Leu 9.7 107.9 18.2 41.4 8.1 68.8 38.0
Lys 2.5 15.6 23 50.0 2.0 19.0 27.6

Sum 86.7°  707.8*  75.0° 740.1° 91.9° 686.0° 716.6°

Values are presented as mean of three different trials (n = 3); Abbreviations are the same with

those in Figure 3.6.
ND'! means not detected; Proline content was not detected for all the collagen hydrolysates;

ab Different letters within the raw means significant (p < 0.05) difference among the means.

In general, peptides rich in proline and glutamic acid are resistant to enzymatic digestion
(Yang & Russell, 1992; Hausch et al., 2002). This is also confirmed in the present study: free
proline was non-detectable in CH from all the treatments. Only Flavourzyme hydrolysis generated

some free Hyp. However, this activity was lost when Alcalase and/or trypsin were added. This
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may be due to a competition between these enzymes. In addition, the free asparagine and glutamine
content was also extremely small for all the treatments, likely due to the long alkaline hide
pretreatment which may completely convert asparagine and glutamine into aspartic acid and
glutamic acid, respectively.

The chains in collagen triple helix features a repeating Gly-X-Y sequence, in which X-
position is preferably occupied by proline while Y- position by Hyp. Therefore, the glycine content
in collagen is around 33%. Also, arginine favors the Y- position (Johnston-Banks, 1990). As
shown in Table 3.1, except for free Gly in TH, all the other treatments generated a large proportion
(over 22%) of Gly. Trypsin usually cleaves peptides on the C-terminal side of lysine and arginine
(Keil-Dlouha et al., 1971), releasing peptides which likely contain the enzymatically resistant
tripeptide Gly-X-Y. This could explain why the free glycine content was small in this treatment.
Note that free alanine content of AFH and AFTH was much greater than that of all other
hydrolysates, indicating that the simultaneous use of Alcalase and Flavourzyme was more effective
to release this amino acid. Alanine has important physiological functions in the glucose-alanine
cycle in human body, hence a large amount of alanine in the CH are beneficial. Different from the
pathways for peptides absorption, the free amino acids have their own specific efficient
transporters in the intestinal epithelium. This means they are a crucial source of essential amino
acids in protein synthesis and metabolic processes in human body (Broer, 2008). In this respect

the Flavourzyme-containing treatments were better than the others.

3.3.4 Simulated GI digestion of the selected hydrolysates
Contents of primary amino groups
Since the bioavailability of collagen hydrolysates is closely related to the MW and free

amino acid content, the selected CH with three different levels of peptides with MW< 2 kDa but
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with similar level of a large free amino acid content (i.e. FH, FTH, and AFH) were selected for the
simulated in vitro GI digestion and subsequent transport studies. Extracted acid soluble collagen
(C) was used as a control. Figure 3.7A shows the changes of primary amines content during the
simulated GI digestion of CH. CH with a greater proportion of peptides with MW less than 2 kDa
exhibited a greater free amino group content. For all the CH and soluble collagen, a significant
amount of primary amino groups was released after the GI digestion. In general, during the
digestion with pepsin, the increase of the primary amine groups was quite small in all treatments
(14.8 - 26.1 mg/g increase), while during the subsequent pancreatin digestion a significantly
greater increase was observed (46.9 -163.7 mg/g increase). This can be explained since all CH
were derived from extracted pepsin soluble collagen which had no more cleavage sites left for
further pepsin activity. In contrast, pancreatin is a mixture of trypsin, chymotrypsin and some other
proteases, showed more hydrolysis specificity.

Overall, the amount of primary amino groups released during GI digestion was inversely
proportional to the average MW of the CH. The hydrolysates with a greater proportion of
compounds with MW < 2 kDa were associated with less release of primary amine groups. This is
consistent with the research of Chen and Li (2012). The simulated digestion accounted for the least
increase of primary amino groups (73.1 mg/g) for the AFH treatment, while the greatest increase
(181.9 mg/g; p < 0.05) was observed for control C. This can be explained since CH can only be
digested to a certain extent because the short peptides rich in proline and/or Hyp are quite resistant
to further digestion (Sdnchez-Rivera et al., 2014; Liu et al., 2015). It is also consistent with the
large presence of Hyp-containing di-and tripeptides in human blood after gelatin hydrolysate
ingestion (Iwai et al., 2005; Ichikawa et al., 2010). After digestion, however, the primary amino

groups content of all the CH treatments were still significantly greater than that of control. In this
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respect, the pre-digestion enzymatic hydrolysis still contributed to releasing more amount of free
amino groups, corresponding to a greater degree of hydrolysis and lower MW.
Changes in MW of CH after digestion

As shown in Figure 3.7B, consistent with the results of primary amino group content, the
Gl digest of FH, FTH and AFH had significantly greater amounts of compounds with MW<2 kDa
and MW<500 Da than that of the control collagen digest. However, the GI digestion reduced or
eliminated the difference between FH and FTH, resulting in a non-significant difference in terms
of the amounts of peptides with MW <2 kDa (59.3% vs. 58.8%) and MW<500 Da (22.8% vs.
24.3%). On the other hand, GI digestion further reduced the MW of all the samples when compared
to the corresponding MW distribution before digestion (Figure 3.6C). All the digests of selected
CH possessed significantly greater amounts of compounds in the range of both <500 Da and <
2000 Da. FH underwent the greatest increase, of 9.6% and 34.1% in the range of <500 Da and <
2000 Da, respectively. This probably resulted from the action of protease in the pancreatin mixture.
Digests from AFH contained up to 87.2% of compounds with a MW <2000 Da, half of which had
a MW < 500 Da (44.4%). In comparison to the control, these results confirmed the effectiveness

of the pre-digestion enzymatic hydrolysis by F, FT, and especially AF.
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Figure 3.7. Changes during the simulated GI digestion of collagen and selected collagen
hydrolysates (n = 3). Primary amine content changes (A) during in vitro GI digestion by pepsin
(0-60 min) and pancreatin (60-180 min); molecular weight distribution of collagen hydrolysates
after in vitro gastrointestinal digestion (B); the results were expressed as the relative proportion of
total integration area of chromatograph (%). Statistical difference (p <0.05) within each MW range

among different treatments is denoted with letters®*. C: collagen; FH: collagen hydrolysates from
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Flavourzyme hydrolysis; FTH: collagen hydrolysates from Flavourzyme/trypsin hydrolysis; AFH:
collagen hydrolysates from Alcalase/Flavourzyme hydrolysis.

Figure 3.8. Caco-2 cell growth images. (A) Day 1 of Caco-2 cells (round-shaped) seeded on a
plastic culturing flask; (B) Near to confluent cells after 5 days’ culturing on the plastic flask; (C)
Day 1 and (D) Day 21 of Caco-2 cells seeded on the transwell insert membrane

3.3.5 Effects of the enzymatic treatments on the transport efficiency in a Caco-2 cell model
The human colon carcinoma Caco-2 cell model, which has been used to reconstitute the

differentiated human intestinal cell monolayer, is a well characterized approach to estimate the

ability of food components to pass through the intestinal membrane (Figure 3.8). Figure 3.9 shows

the transport amount of collagen-derived digest across Caco-2 cell monolayer. The digest of the
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unhydrolyzed control collagen had an 8.9% uptake, which is comparable to the absorption amount
of gelatin at 10% reported by Moskowitz (2000). Digests of collagen hydrolysates (i.e. FH, FTH,
AFH) showed significantly greater transport amount than that of the control collagen digest, while
there was no difference between the digest of FH and FTH. The greater transport amount can be
partially accounted by the greater free amino acids content in the Flavourzyme hydrolyzed
collagen and the greater primary amino group content after simulated digestion. However, the
difference between the digest of FH and FTH in primary amino groups content was not strong
enough to influence the final absorption. This is probably due to their similar MW distribution.
The AFH digest which exhibited the highest proportion of compounds in MW<2 kDa, had the best
transepithelial transport of 21.4%, more than two-fold of the digest of unhydrolyzed collagen. The
transported AFH at the basolateral chamber of the transwell inserts was collected to monitor the
MW by mass spectrometry (Appendix C). It shows that most of the fragments were below 600 Da,
indicating that the higher transport efficiency of low MW compounds. However, the identification
of transported peptides failed probably because of the sample complexity, and the difficulty of
short peptide fragmentation during the tandom mass spectrometry.

Protein absorption is a complicated process involving a dynamic interaction between
digestion and assimilation in the small intestine; ultimately, it is the free amino acids and small
peptides such as di- and tripeptides that are absorbed (Ganopathy et al., 2006). In this respect, the
MW of a protein plays an important role in its absorption. Results on the Caco-2 cell monolayer
directly confirmed the impact of MW of CH on their transepithelial transport; for instance, the
transport efficiency was proportional to the proportion of compounds with a MW less than 2000
Da. Interestingly, for each collagen-derived digest, there was no significant difference between the

transport amount of total Hyp and that of the whole digest mixture (data not shown). Since Hyp is
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the indicator amino acid for collagen, it is reasonable to indirectly evaluate the transepithelial
transport of CH by determining the transport amount of total Hyp across the Caco-2 monolayer.
Even though the bioavailability of a compound is dependent on various processes such as
liberation from the supplement, absorption from the intestine, distribution through the blood, and
the metabolism in different tissues (Richelle et al., 2006), a large absorption rate in the intestine
likely implicates good bioavailability. Therefore, the good transport of CH in the established in
vitro intestinal Caco-2 cell model may correlate well with a relatively good bioavailability. As
there has been evidence regarding beneficial biological effects of CH for skin, joint, and bone
health, hydrolysates produced in the present study may have positive effects on enhancing their

efficiency in these capacities.
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Figure 3.9. Transport amount of digest of collagen hydrolysates after in vitro GI digestion in a
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Caco-2 cell model; n = 6. Abbreviations are the same with those in Figure 3.7.

3.4. Conclusions
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The present study successfully developed an efficient enzymatic hydrolysis method
(hydrolysis by AF) to produce very low MW collagen hydrolysates that were efficiently
transported across a Caco-2 cell monolayer. Alcalase contributed the best to hydrolyze acid-
soluble collagen, while Flavourzyme was best at facilitating the release of free amino acids. The
transepithelial study using a Caco-2 cell model showed that the greater transport efficiency of
collagen hydrolysates was due to the lower MW (greater proportion with MW <2 kDa and MW <
500 Da). The most effective pre-digestion enzymatic hydrolysis, Alcalase and Flavourzyme
combination (AF), increased the transepithelial transport by more than two-fold compared to the
soluble collagen control. However, in previous studies, collagen peptides identified in blood were
mostly Hyp-containing di- and tripeptides (Iwai et al., 2005; Ichikawa et al., 2010), implying the
absorbed peptides may undergo further metabolism after intestinal absorption. To have a complete
understanding of the bioavailability of collagen hydrolysates, further studies may need to focus on

the absorption and metabolism in vivo.
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CHAPTER 4.

Both PepT1 and GLUT intestinal transporters are utilized by a novel glycopeptide Pro-

Hyp-CONH-GIcN

Abstract

Pro-Hyp (PO) accounts for many beneficial biological effects of collagen hydrolysates for skin
and bone health. The objective of this study was to conjugate PO with glucosamine (GIcN) to
create a novel glycopeptide Pro-Hyp-CONH-GIcN (POGIcN) and then to investigate the potential
involvement of multiple transepithelial transport pathways for this glycopeptide. NMR results
revealed the amide nature of this glycopeptide with a and  configuration derived from GIcN. This
glycopeptide was very resistant to simulated gastrointestinal digestion. Also, it showed a superior
transepithelial transport rate with permeability coefficient (Pgp) of (2.82 £0.15) x10° cm/s) across
the Caco-2 cell monolayer when compared to either the parental dipeptide PO or GIcN (Pypp of
(1.45+0.17) x10°° cm/s and (1.87 £0.15) x10°°, respectively). A transport mechanism experiment
indicated that the improved transport efficiency of POGIcN can be attributed to the introduction

of glucose transporters GLUTs.

Keywords: Glucosamine, Pro-Hyp, Glycopeptide, Pro-Hyp-CONH-GIcN, GLUT transporters
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4.1. Introduction

When collagen is chemically or enzymatically hydrolyzed numerous collagen-derived
peptides are released to impart beneficial bioactivities, such as anti-aging effects on skin conditions
and growth-promoting effects on joints and bones. Some clinical trials have revealed the efficacy
of collagen hydrolysates (CHs) to improve skin hydration, elasticity, and thereby reduce wrinkles
due to the regeneration of skin collagen (Sibilla et al., 2015). Others have proposed an important
role of CHs to improve bone mineral density and bone collagen metabolism (Koyama et al., 2001;
Guillerminet et al., 2010). In addition, CHs may stimulate the synthesis of Type II collagen and
inhibit the loss of cartilage mass, thus maintaining the structure and function of joint cartilage
(Schrieber and Gareis, 2007). Some bioactive collagen peptides have also been identified. Ohara
et al. (2010) and Shigemura et al. (2011) reported that Pro-Hyp (PO) and Hyp-Gly could stimulate
the growth of fibroblasts, the cells responsible for the generation of skin collagen. Recently, PO
and Hyp-Gly were demonstrated to alleviate a skin barrier dysfunction as well as modulate gene
expression in skin (Shimizu et al., 2015). Moreover, the dipeptide PO promoted the activity of
osteoblastic cells and the differentiation of chondrocytes (Nakatani et al. 2009; Kimira et al., 2014).

Unlike native collagen which is resistant to in vivo digestion, CHs are relatively easily
digested and absorbed upon oral administration. Iwai et al. (2005) identified food-derived collagen
peptides in human blood such as PO, Ala-Hyp, Pro-Hyp-Gly, and others, among which the
dipeptide PO was the most prevalent peptide accounting for up to 95% of CHs in the blood after
the ingestion of porcine type I collagen peptides. These findings were confirmed by Ohara et al.
(2007) who also reported that CHs were absorbed mainly in Hyp-peptide form rather than free
Hyp form due to the great enzymatic stability of Hyp-containing peptides. Although the dipeptide

PO is more stable and bioavailable than other collagen peptides, its bioavailability is still limited
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due to its low transepithelial permeability (Aito-Inoue et al., 2007). Therefore, in the present study,
a representative collagen-derived bioactive dipeptide PO was selected to study the possibility of
improving its transepithelial permeability.

The bioavailability of protein and peptides largely lies on their ability to cross the intestinal
mucosa before reaching the systemic circulation; thus two major challenges in developing an
effective peptide-delivery system are gastrointestinal instability and low intestinal permeability.
The intestinal transport of peptide can be improved para- and transcellularly, by co-administrating
with permeation enhancers and by using nano-carriers, respectively. However, the former strategy
may introduce significant toxicity resulting from the perturbation of intestinal barrier, while the
latter strategy may require large dose usage and be lack of control on peptide release (Renukuntla
et al., 2016; Maher et al., 2013). Another promising approach is to conjugate with a specific
molecule, such as glucose or chimeric vectors like insulin fragments, since these would be able to
naturally penetrate the cell membrane via specific pathways (Adessi and Soto, 2002). Studies here
offer encouraging results of enhanced permeability, stability and lower chances of toxicity.

Glucosamine (GIcN) is widely used as a natural dietary supplement to mitigate symptoms
of osteoarthritis and improve joint function (Ibrahim et al., 2012). Previous research has
demonstrated that the chemical conjugation of GlcN by amidation with etodolac can reduce the
toxicity of etodolac (Pandey et al., 2013). Alternatively, esterification with Gly-Val can improve
the intestinal permeation of GlcN itself (Kohan et al., 2015). Therefore, in the present study, the
amino sugar GIcN, which is naturally transported by GLUT1, 2, and 4 (Uldry et al., 2002), was
used to conjugate the target dipeptide PO. PO is primarily absorbed by the brush-border membrane
through the di- and tripeptide transporter PepT1 (Aito-Inoue et al., 2007). We hypothesized that

this conjugation may introduce multiple mechanisms of absorption to the synthesized glycopeptide,
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including those devoted to GlcN transport (i.e. GLUTs) and the one specific for PO (i.e. PepT1).
Our objective was to create an enzymatically stable PO glycopeptide with improved intestinal

permeability, and to study its transepithelial transport mechanism using a Caco-2 cell model.

4.2. Materials and Methods

4.2.1 Chemicals

D-(+)-Glucosamine hydrochloride, dimethylformamide (DMF), triethylamine (TEA), N-
methylmorpholine (NMM), Fmoc-Cl, dichloromethane (DCM), piperidine, amantadine
hydrochloride (ADAM), acetonitrile (ACN), porcine pepsin (3,200-4,500 units/mg protein),
porcine pancreatin (§xUSP specifications), monobasic potassium phosphate, trichloroacetic acid
(TCA), and ammonium formate were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Benzotriazol-1-yl-N-oxy-tris-(dimethylamino) phosphonium hexafluorophosphate (BOP) was
from Novabiochem® products (EMD Millipore Corporation, Etobicoke, ON, CA). I-
Hydroxybenzotriazole (HOBt) was provided by ApexBio Technology (Boston, MA, USA). The
protected dipeptide Fmoc-Pro-Hyp (>98%) was purchased from Biomatik Corporation
(Cambridge, ON, CA), dipeptide Pro-Hyp (>99%) from Bachem Americas, Inc. (Torrance, USA),
and Pro-Hyp-Gly (>98%) from GenScript (Piscataway, NJ, USA).

Cell culture supplies such as Caco-2 cells (HTB-37) and methylthiazolyldiphenyl-
tetrazolium bromide (MTT) Cell Proliferation Assay Kit were purchased from American Type
Culture Collection (ATCC, Manassas, VA, USA). Morpholineethanesulfonic acid (MES), Lucifer
yellow carbohydrazide lithium salt, cytochalasin D, wortmannin, Gly-Sar, phloretin, phloridzin
dihydrate, quercetin, and dimethyl sulfoxide (DMSO) were the product from Sigma-Aldrich (St.
Louis, MO, USA). Other cell supplies were obtained from Gibco (Life Technologies Inc., ON,

CA), including Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), Hank’s
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balanced salt solution (HBSS), penicillin, and N-2-hydroxyethylpiperazine-N-2-ethane sulfonic

acid (HEPES).

4.2.2. Synthesis and Purification of Collagen-derived Glycopeptide Pro-Hyp-CONH-GIcN
(POGIcN)

The collagen-derived glycopeptide POGIcN was synthesized by a stepwise solution phase
synthesis according to Kohan et al. (2015) with some modifications. Firstly, GlcN (leq) was
dissolved in the mixture of DMF/TEA (5/1, v/v), and Fmoc-Pro-Hyp-OH (leq) was dissolved in
DMF. After Fmoc-Pro-Hyp-OH was pre-activated in DMF by BOP (1eq) in the presence of HOBt
(leq) and NMM (leq), the GlcN mixture was added to react overnight with continuous shaking
(200 rpm). In this step, the coupling reaction occurred between the activated carboxylate group of
the dipeptide and the primary amine group of GlcN to form an amide derivative Fmoc-Pro-Hyp-
CONH-GIcN. The temporary protective N-Fmoc group was then removed by adding piperidine to
a final concentration of 20% (v/v), performed for 45 min to achieve a complete removal. The
reaction mixture was then precipitated with 15-fold volume of cold diethyl ether for at least 4 hours
at 4°C. The precipitate was rinsed two more times with diethyl ether and air-dried overnight to
obtain the crude glycopeptide.

The crude product was then redissolved in distilled deionized water and purified according
to its LC-MS profile. The samples were firstly separated by C18 column (Ascentis® Express, 2.7
pum, 15 cm x 4.6 mm) using an HPLC unit (Agilent 1100 series) with a binary pump. Briefly, the
sample was separated by C18 column (Ascentis® Express, 2.7 um, 15 cm x 4.6 mm) on a reverse
phase HPLC unit (Agilent 1100 series). The crude product was eluted at a flow rate of 0.6 mL/
min with a gradient of mobile phase A (0.1% acetic acid in water) and B (0.1% acetic acid in
ACN): 0-25% B during 0-30 min, 25% -99% B during 30-42 min, 99% B during 42-47 min, 99%-

-82-



0% B during 47-50 min, and 0% B during 50-56 min. The signal was monitored at 214 nm by UV
detector and the samples subjected to analysis using a triple quadrupole mass spectrometer, 4000
Q Trap LC/MS/MS System (Applied Biosystems/MDS Sciex) acquiring spectra in a positive ion
mode. The parameters applied to the MS were: ion source temperature 500°C, capillary voltage
4500 V and the curtain gas at 20 psi. The corresponding peak with m/z 390 was collected as eluted
out from LC. The collected solution was pooled and lyophilized to obtain the final POGIcN acetate.
This lyophilisation process was repeated two more times to maximize the removal of excess acetic

acid. The final product was stored at -20°C.

4.2.3 Structural Characterization of the Collagen-derived Glycopeptide POGIcN by Tandem
Mass Spectrometry (MS/MSn) and Nuclear Magnetic Resonance Spectroscopy (NMR)

The identification of POGIcN was firstly confirmed by MS/MS,, using a LTQ Orbitrap XL
hybrid ion trap-orbitrap mass spectrometer (Thermo Scientific) calibrated with standard ion
calibration solutions (Pierce LTQ, Thermo Scientific). Direct infusion of sample was performed
at a flow rate of 5 uL/min using the on-board syringe pump. The mass spectrometer was operated
using an electrospray ionization source in a positive mode with a source voltage of 4.0 kV and
sheath gas flow rate of 10.0. The analyses were conducted at a resolving power of 60.000 full-
width/half-maximum peak height and spectra were acquired over the range of m/z 100 - 500. The
peaks at 390.19 and 391.19 m/z were isolated and fragmented at a normalized collision energy
(NCE) of 27. Then the product ion with m/z at 372.18 was further isolated and a MS/MS/MS was
performed at an NCE of 25. The data was acquired and reported by Tune Plus 2.7 software
(Thermo Scientific).

To verify structure, purity and composition of the synthesized glycopeptide, the final
product was dissolved in deuterium oxide and subjected to 'H and '*C NMR spectroscopy. The
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data were acquired on a four channel 700 MHz Agilent VNMRS spectrometer using a HCN z-
gradient pulsed field gradient cold probe. The data were processed with VNMRJ 4.2A software

(Agilent Technologies).

4.2.4 Simulated Gastrointestinal (GI) Digestion of the Collagen-derived Glycopeptide
POGIcN

To study the degradation in GI tract prior to the intestinal absorption, the glycopeptide
POGIcN was subjected to a simulated GI digestion model. The simulated gastric and intestinal
fluids were prepared as described in the United States Pharmacopeial Convention (Test Solutions,
United States Pharmacopeia 35, NF 30, 2012). To prepare the gastric fluid, 50 mg sodium chloride
was dissolved in 10 mL water, and 350 uL of 6 M HCI was added to adjust the pH. Eighty mg of
pepsin was then gently mixed into the solution. Before diluting the test solution with water to 25
ml, aliquots of 0.2 M HCI/0.2 M NaOH were used to adjust to pH 1.2. The intestinal fluid was
prepared by dissolving 68 mg monobasic potassium phosphate in 5 ml water, 770 nL 0.2 M NaOH
then mixed before adding 100 mg pancreatin. Similarly, the test solution was gently mixed, and
adjusted to pH 6.8. Sufficient water was added to make the final volume up to 10 mL. Both
simulated fluids were freshly prepared immediately before use, at pH 1.2 and 6.8 for gastric fluid
(0.32% w/v pepsin) and intestinal fluid (0.68% w/v pancreatin), respectively.

The digestion of POGIcN was investigated according to the method from Sontakke et al.
(Sontakke et al., 2016) with some modifications. Briefly, 40 uM of POGIcN was incubated in the
simulated gastric or intestinal fluid at 37°C for 2 h in a shaking incubator (200 rpm). The digestion
was terminated and precipitated at 0, 15, 30, 60, 120 min with TCA containing Pro-Hyp-Gly as
internal standard to make the final TCA concentration of 20% (w/v). Meanwhile, matrix blank
without POGIcN was prepared. To facilitate the precipitation, the sample was then placed in an
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ice bath for 10 min before centrifugation at 5000 x g for another 10 min at 4°C. Aliquot of the
supernatant was collected, neutralized, and immediately analyzed to determine the remaining
amount of intact POGIcN using UHPLC according to the method described below. Simultaneously,
the chemical stability of the glycopeptide POGIcN was assessed by incubating with the enzyme-
free gastric/intestinal fluid and determined the same way as described above for the experimental

fluids. The results were calculated as follows:

remaining amount of intact POGIcN (ng)

X 100%

Remaining percentage (%) =
gp g ( A)) originally applied amount of intact POGIcN (ng)

4.2.5. Caco-2 Cell Culture

The Caco-2 cells were grown in DMEM supplemented with 10% FBS, 25 mM HEPES,
and 1% penicillin in a 37°C incubator which maintains a 90% humidified atmosphere and 5%
carbon dioxide. Cells grown on a 25 cm?/75 cm? cell culture flasks (Corning, NY, USA) were
subcultured by 0.25% (w/v) trypsin-0.91 mM EDTA when around 80% confluence was reached.
To ensure the cell monolayer integrity and differentiation, cells at a density of 2 x 10%/cm? were
seeded on polycarbonate membrane transwell inserts (12 well, 12 mm diameter, 0.4 pm pore size,
Corning, NY, USA); and then gently shaken to obtain uniform cell distribution. During the
incubation, cell growth media were carefully replaced every two days without damaging the
monolayer. After 21-23 days’ growth and differentiation, the integrity of the cell monolayers was
assessed by measuring the transepithelial electrical resistance (TEER) and the permeability of
Lucifer yellow. Only monolayers with TEER higher than 450 Qecm? were used for transport
experiments. The cytotoxicity assay was performed using MTT assay as described in the
instructions from ATCC (ATCC, MTT cell proliferation assay). The cells used were between

passages 18 and 24.

-85 -



4.2.6. Permeability Assay of Glycopeptide POGIcN, PO, and GlcN in the Caco-2 Cell Model

To verify the hypothesis that conjugation of the collagen-derived dipeptide PO with GIcN
promotes its transport efficiency, permeability of the glycopeptide POGIcN, dipeptide PO, and
GlcN were compared in the human intestinal epithelial Caco-2 cell model. According to Feng &
Betti (2017a), the growth media were changed 12 to 24 h before the transport experiment to
maintain the performance of the cell monolayer. To mimic the in vivo intestinal acid microclimate
(Hubatsch et al., 2007), the transport experiments were conducted with a pH gradient, i.e.
HBSS/MES buffer (pH 6.5, 10 mM MES in HBSS) in the apical chamber, and HBSS/HEPES
buffer (pH 7.4, 10 mM HEPES in HBSS) in the basolateral chamber. On the day of transport, the
cell monolayers were firstly rinsed twice with pre-warmed HBSS to wash out the remaining
DMEM, and then equilibrated with 0.5 mL HBSS/MES (apical) and 1.5 mL HBSS/HEPES
(basolateral) for 30 min. For the apical to basolateral transport (AB transport) experiment, 0.5 mL
of the POGIcN, PO, and GIcN at a non-toxic concentration of I mM in HBSS/MES were applied
to the apical side, and 1.5 mL HBSS/HEPES without test compounds were filled in the basolateral
side. To measure the transport efficiency of each compound, 300 uL of each sample was
withdrawn from the basolateral chamber at pre-determined time points of 0, 15, 30, 45, and 60
min. Meanwhile an equal volume (300 pL) of test compound-free and pre-warmed HBSS/HEPES
media were supplemented. In addition, the bi-direction transport of POGIcN was carried out to
better understand its transport efficiency. For the basolateral to apical transport (BA transport),
similarly, the 1.5 mL of 1 mM POGIcN sample in HBSS/HEPES was loaded at basolateral side,
while 0.5 mL compound-free HBSS/MES at apical side. Fifty microliters were withdrawn from
the apical side and replaced with equal volume of HBSS/MES at the same time points mentioned

above. Collected samples were subjected to analysis using UHPLC as described below. Moreover,
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Lucifer yellow (1 mM) was used as paracellular marker during the experiment. The concentration
of Lucifer yellow was determined using UHPLC with a fluorescent detector (excitation 428 nm,
emission 536 nm). The transport efficiency of each compound was evaluated by apparent
permeability coefficient (Pyyp) which was calculated with the following equation: F,,,(cm/s) =

aQ

= X 1/(A x Cy), where t is the incubation time (s), dQ/dt is the cumulative amount change of the

intact test compound over time (pmol/s) at the receiver side, A is the surface area of the transwell
insert (cm?), Cy is the initial concentration of the test compound at the donor side (pmol/cm?). The
resistance of PHG to degradation by the brush border enzymes and endocellular enzymes was
assessed by measuring the presence of its digested and transported form-PH, GIcN, etc., at the

basolateral side when it is applied apically.

4.2.7. Transport Experiment of POGIcN, PO and GlcN in the Presence of Various Transport
Inhibitors/Interrupters

To investigate the transport mechanism of POGIcN across the Caco-2 cell monolayer, the
effects of different transport inhibitors/interrupters on POGIcN were studied in comparison to that
on GlcN and dipeptide PO. The experiment was performed according to Miguel et al. (2008) and
Alzaid et al. (2013) with some modifications. Similar with the permeability assay, the cell
monolayers were firstly gently rinsed with HBSS, and pre-incubated for 30 min with 0.5 pg/mL
cytochalasin D (a tight junction interrupter), 500 nM wortmannin (a transcytosis inhibitor), 10 mM
Gly-Sar (a competitive PepT1 substrate), 0.1 mM quercetin (a GLUT1 and 2 inhibitor), 0.1 mM
phloretin (a GLUTs inhibitor), and 0.1 mM phloridzin (a SGLTs inhibitor), respectively. One
millimolar of glycopeptide POGIcN, dipeptide PO, and GIcN were then applied apically on the
monolayer in the presence of inhibitors/interrupters for 60 min, respectively. Gly-Sar was

dissolved in HBSS/MES, while all other inhibitors were dissolved in DMSO and diluted with
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HBSS/MES before adding on the monolayers (the final DMSO concentration was 0.044%). The
control experiments were conducted by pre-incubating with 0.044% DMSO and HBSS/MES.
Samples were then collected from the basolateral compartment and detected by UHPLC analysis

as described below.

4.2.8. Analysis by UHPLC with Fluorescence Detection

Fmoc-Cl can react with the amino group to form a highly fluorescent compound. It has
been used as an established derivatization reagent for the determination of amino acids, and was
also extended to be used for the analysis of GIcN due to the amino group presence. In the present
study, the determination of POGIcN, PO, and GlcN were performed with Fmoc-Cl pre-column
derivatization using a UHPLC unit (Shimadzu, Columbia, MD, USA) according to Ibrahim and
Jamali (2010) with some modifications. In brief, 100 pL of the sample was firstly mixed with 40
puL of 0.2 M borate buffer (pH 8.0) before being derivatized with 60 pL of 0.16 mM Fmoc-Cl
(dissolved in ACN) for 30 min at 30°C. Fifty microliters of 6 mM ADAM (dissolved in 80% ACN
(v/v)) was then added to consume the excess Fmoc-Cl and terminate the derivatization. Thirty
microliters of the final derivatized sample was then injected into the UHPLC and separated by a
Ascentis® Express HILIC column (10 cm x 4.6 mm 1.D., 2.7 um particles). The sample was eluted
at 0.5 mL/min by mobile phase A: 13 mM ammonium formate in water and mobile phase B: 13
mM ammonium formate in 90% ACN with a 40-min gradient: 0-8 min with 100% B, 8-23 min
from 100% to 55% B, then gradually increase to 100% B within 2 min, and finally maintain 100%
B for 15 min. The column oven temperature was controlled at 35°C during the elution and the
sample was finally detected by a fluorescent detector (excitation at 263 nm, emission at 315 nm).

Standard curves for GlcN and POGIcN were linear quantifiable over the concentration range of

- 88 -



0.1 to 4 pg/mL (R?*>0.99), and for PO 0.05 to 4 ng/mL (R?*> 0.99). All the analyses were repeated

at least two times.

4.2.9. Statistical Analysis
All the data was analyzed using one-way analysis of variance by SAS 9.4 (Cary, NC, USA).
Multiple comparisons of means were done by Tukey’s test where p < 0.05 was considered

significantly different.

4.3. Results and Discussion

4.3.1 Synthesis and Structure Characterization
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Figure 4.1. Synthetic scheme for the solution-phase synthesis of glycopeptide Pro-Hyp-CONH-
GlcN (POGIeN)

Peptide synthesis in solution phase is an established conventional method utilized for the
chemical synthesis of small peptides. As the name implied, the peptide is synthesized in organic
solution such as DMF by coupling the amino and carboxyl groups of two amino acids to form an
amide bond. GIcN could also be an appealing amine donor considering its reactive amino group

similar with that of an amino acid. Typically, reagents like carbodiimides and phosphonium salts
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are used to accelerate the coupling between the amino and carboxyl groups of two amino acids,
and protection groups such as Boc and Fmoc are used for the alpha-amino protection to avoid side
reactions (Wade, 2000). We gained insight from this solution-phase synthesis method and utilized
this strategy in the present study. Here, an amide derivative was rapidly synthesized by
conjugating the carboxyl group of Fmoc-protected PO with the C2-amino group of GIcN under
the activation of phosphonium salts BOP (schematic synthesis is summarized in Figure 4.1). After
purification and lyophilisation, the final product in acetate form (white powder) yielded 37.0 = 1.5%
with no detectable contamination signal using HPLC UV detector at 214 nm (Figure 4.2), and the
identity of the glycopeptide was confirmed by MS/MS, (Figure 4.3). In Figure 4.3A, the
protonated glycopeptide (M+H)" showed a major peak at m/z of 390.19 and a small shoulder peak
on its right side with m/z of 391.19 while the latter from the '*C isotope form. Except for the major
glycopeptide peaks, there were minimal contamination peaks. The MS/MS fragmentation pattern
of these glycopeptide peaks are shown in Figure 4.3B. A fragment of Hyp-GIcN with a
monoisotopic molecular mass of 292.13 Da was found as a pseudomolecular ion (M+H)" at m/z
293.13 and 294.13 from the precursor ions at m/z 390.19 and 391.19, respectively. The major
fragment peak at m/z 372.18 was the dehydrated form of ion 390.19. The peaks at m/z 229.12 and
211.11 corresponded to Pro-Hyp fragment and its dehydrated form, respectively. GlcN fragment
and its dehydrated form were found at m/z 180.09 and 162.08, respectively. The major peak at m/z
372.18 was further fragmented to obtain a pattern shown in Figure 4.3C. Interestingly, this pattern
almost mirrors the one for intact glycopeptide presented in Figure 4.3B. No peak at m/z 293.13
was detected; however, the ion at m/z 275.12 was probably its dehydrated form. These two similar

fragment patterns confirmed the Pro-Hyp-GIcN composition of the glycopeptide.
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To further confirm the chemical bond between Hyp and GIcN, and purity of the
glycopeptide, the 'H and '*C NMR spectroscopy was used to generate spectra (Figure 4.4). As the
glycopeptide was in the acetate form, a peak occurred with the chemical shift of 1.88 ppm, which
indicates the presence of acetic acid as shown in Figure 4.4 (‘H NMR). Only minor peaks from
impurities present in the spectra indicated that the final glycopeptide had purity around 96%. GlcN
usually exists in equilibrium with two anomers when dissolved in water, the a anomer and 3
anomer, at a ratio of 63:37 (Horton et al., 1966). In this study, the two peaks with chemical shifts
of 5.20 and 4.77 ppm represent the H1 of a and f anomers of GlcN residue, respectively (Table
4.1); they gave a ratio of 64:36 upon the integration of their signal intensities. This shows that the
GlcN anomers ratio was maintained in the glycopeptide form. Along with the 'H spectra, the 1°C
NMR spectra confirmed the amide bonds between Hyp and GIcN, and between Pro and Hyp,
representing the carbonyl chemical shifts at 176.14 and 171.10 ppm, respectively. Other proton
and carbon arrangements are summarized in Table 1 which are consistent with 'H TOCSY, 'H
COSY, 'H-13C HSQC and 'H-'*C HMBC 2-D NMR spectra (data not shown). The label and
position of each hydrogen and carbon is indicated in the POGIcN structure in Figure 4.1. Taken
all together, the glycopeptide was verified as an amide derivative Pro-Hyp-CONH-GIcN
(POGIcN), which maintained the structure of both components. The synthesis and purification
processes were effective to produce this very pure glycopeptide POGIcN with a molecular weight

01 389.19 Da.
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Figure 4.2. HPLC chromatographs of the synthesized glycopeptide before and after the HPLC
purification. Peak 1 is identified by LC-MS/MS as the glycopeptide Pro-Hyp-CONH-GIcN.
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Figure 4.3. Mass spectrometry analysis of the synthesized glycopeptide Pro-Hyp-CONH-GIcN
(POGIcN) after purification using HPLC. (A) Mass spectra of the glycopeptide; (B) MS/MS
fragment pattern of the glycopeptide m/z at 390.19 and 391.19; (C) MS/MS/MS fragment pattern
of the dehydrated glycopeptide m/z at 372.18, M; denotes the molecular weight of POGIcN
(389.19), M2 denotes the molecular weight of Hyp-GlcN (292.13 Da), M3 denotes the molecular
weight of Pro-Hyp (228.12 Da), M4 denotes the molecular weight of GlcN (179.08 Da).
4.3.2. Stability of the POGIcN

Similar with a tripeptide, the amide bond between Hyp and GIcN can be digested either by
the GI proteases or by the harsh acidic environment of the stomach. Therefore, the stability of this
newly synthesized glycopeptide POGIcN was assessed under simulated gastric and intestinal fluid
conditions. As Figure 4.5 shows, around 5% of POGIcN was digested in simulated gastric fluid
while around 10% of POGIcN was digested in simulated intestine fluid. The newly synthetized
glycopeptide is relatively stable in the simulated GI digestion, unlike the findings of Pandey et al.
(2013) where etodolac-CONH-GIcN, a nonsteroidal anti-inflammatory prodrug against arthritis,
was easily digested in simulated intestinal fluid. The good stability of this amide POGIcN implies

the potential protective effect of the dipeptide PO as compared to the etodolic acid in etodolac-

CONH-glucosamine. In the testing of control systems, the degradation of the POGIcN was
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negligible in pancreatin-free intestinal juice and pepsin-free acidic gastric juice, indicating its good

chemical stability. In summary, the results suggest POGIcN exerted satisfactory GI enzymatic and

chemical stability for at least 2 h. This is consistent with the findings of Sontakke et al. (2016)

about the good stability of tripeptide Gly-Pro-Hyp which shares a similar structure with the

glycopeptide POGIcN.
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Figure 4.4. NMR spectra of the glycopeptide Pro-Hyp-CONH-GIcN (POGIcN) acetate. (A) 'H
NMR spectra; (B) 1*C NMR spectra.
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Figure 4.5. Remaining amount of Pro-Hyp-CONH-GIcN (POGIcN) over time in simulated gastric
juice, intestinal juice, and corresponding enzyme-free juice controls, respectively. Bars represent

standard deviation (n=3).

4.3.3. Permeability of the Glycopeptide POGIcN, PO, and GleN Across the Caco-2 Cell

Monolayer

Caco-2 cells are grown on a semi-permeable membrane which allows the nutrients, ions,
and water to diffuse to both sides, and the cells can well differentiate into polarized epithelial
monolayer to exhibit the typical morphological and functional characteristics of human intestine
mucosa (Hidalgo et al., 1989). The permeability through this monolayer is used to predict the
corresponding in vivo intestine transport especially for drugs which are absorbed paracellularly
due to the good correlation (Artursson et al., 2012). This well characterized system has been a
widely used in vitro model for studying the transport and metabolism of drugs and chemicals in

the last three decades. As a small hydrophilic compound, Lucifer yellow normally crosses the
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Caco-2 cell monolayer through the tight junctions among the cells (Artursson et al., 2012). In the

present study, Lucifer yellow was used as a reference compound to validate the suitability of the

Table 4.1. Proton and carbon assignments of the Pro-Hyp-CONH-GIcN (POGIcN) from '"H NMR

and *C NMR
Proton NMR Carbon NMR
Assignment Sﬁil;'tel(npl[c)?rll) cog:t:ﬁlt“(llglz) Multicity Assignment Sﬁihffr(npl[c)?;)
Pro Residue
Ha 4.64 J=6.90 dd Ca 61.89
Hpa, HBb 2.51,2.04 J=18.30 m CB 31.05
Hy 2.05 -4 m Cy 26.59
Héa, Hob 3.42,3.39 - m Co 49.30
C=0 171.10
Hyp Residue
Ha 4.60 - dd Ca 62.10
Hpa, HBb 2.38,2.08 - m Cp 40.08
Hy 4.60 - m Cy 72.60
Hé., Hob 3.75,3.72 - m Co 58.06
C=0 176.14
GlcN a Isomer Residue
HI 5.20 J=3.50 d C1 93.61
H2 3.86 J=10.90 dd C2 57.08
H3 3.71 J=9.30 dd C3 73.41
H4 3.43 J=9.30 dd C4 72.83
H5 3.82 - ddd C5 74.36
H6a, H6p 3.81,3.76  J=5.00,12.10 dd,dd Cé6 63.28
GlcN B Isomer Residue
HI 4.77 J=28.90 d C1 97.19
H2 3.58 J=10.10 dd C2 59.94
H3 3.51 J=128.80 dd C3 76.58
H4 3.39 J=9.80 dd C4 72.77
HS5 3.43 J=1.40 ddd C5 78.66
H6a, Hbp 3.86,3.70 J=5.40,12.10 dd,dd C6 63.58

2 Data not available.
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Caco-2 cell monolayer. We found that Lucifer yellow had a P, = 3.05x107 cm/s with a
permeability lower than 0.24% after 60 min, when TEER of the monolayers were above 450 Qecm?.
This performance of Lucifer yellow is comparable with previously reported screening standards,
for the Lucifer yellow transport < 0.25% and Papp < 3x10° cm/s (Hidalgo et al., 1989; NozZini¢ et
al., 2010). The Caco-2 cell model in this study was therefore reliable to predict the transepithelial
transport of test compounds. Moreover, a concentration of one millimolar of POGIcN was justified
as non-saturable condition in our model, since the apical to basolateral transport of newly

synthesized PHG was linearly concentration dependant over the range of 0 to 2 mM (Figure 4.6).
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Figure 4.6. Concentration effect of Pro-Hyp-CONH-GIcN (POGIcN) on its apical to basolateral

transport across Caco-2 cell monolayer. Error bars represent standard deviation (n>3).

The chromatographic separation of derivatized POGIcN, PO, and GIcN is shown in
Appendix D. The permeability of POGIcN, PO, and GIcN were compared in Figure 4.7A, which
shows that the transported amount of all three compounds from apical to basolateral showed good
linearity (R? > 0.96) over time in the range from 15 to 60 min. The incubation time axis intercept

of each linear line indicates the lag time for each compound, i.e. 9.5 min for POGIcN, 16.3 min
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for GlcN and 12.9 min for PO. The lag time is defined as the time needed for one compound to
reach steady-state flux from which the Py, is calculated. It takes some time for the test compounds
to partition into the absorption surface and well equilibrate, so these lag times are expected and
typical (Tavelin et al., 2002). During the permeability assay, POGIcN exerted significantly greater
Pupp ((2.82 £0.15) x10° cm/s) than that of PO ((1.45 £ 0.17) x107® cm/s) and GIcN ((1.87 + 0.15)
x10° cm/s), respectively. These values are similar with those reported for bioactive oligopeptides
such as QIGLF and RVPSL in other studies (Ding et al., 2014; Ding et al., 2015). The Py, of PO
is much greater than that the 0.13 x 10 cm/s value as reported by Sontakke et al.,?* while the Py
of POGIcN is comparable to that of Gly-Pro-Hyp (1.09 x 10 cm/s) in the same study. The
difference is likely due to the different transport mechanism involved, variable culturing conditions
and protocols, and different cell origins. However, the final transport percentage of the total
applied amount at the basolateral side after 60 min incubation were 1.95%, 0.98%, and 1.13% for
PHG, PH, and GIcN, respectively, which are in the same range (<2%) as that of tripeptide VPP,
YPI, and tetrapeptide PFGK and GGYR reported in previous studies (Satake et al., 2002; Miguel
et al., 2008; & Shimizu et al., 1997). The greater permeability of POGIcN implies the positive
effect of conjugation on transepithelial transport, and this additive effect was derived from the
sugar moiety, GlcN. Interestingly, when only POGIcN was applied apically, except for POGIcN,
an increasing amount of dipeptide PO was also found in the basolateral side as the incubation time
increased (Figure 4.7B). After 60 min, the accumulated PO was around 0.28% of the originally
applied POGIcN and 12.5% of total transported peptides. The minor presence of PO in the receptor
side can be explained by the action of peptidases from the brush border membrane and endocellular
enzymes. However, no free Pro was detected, which further confirms that PO and POGIcN are

resistant or at least not significantly hydrolyzed when subjected to transepithelial transport.
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Figure 4.7. (A) Mean cumulative amount of Pro-Hyp-CONH-GIcN (POGIcN), Pro-Hyp (PO), and
Glucosamine (GlcN) transported across the Caco-2 cell monolayer. “AB transport” refers that
compounds were applied on the apical side, while “BA transport” refers that compounds were
applied on the basolateral side. (B) Accumulated Pro-Hyp (PO) at the basolateral side over time
when the POGIcN was applied at the apical side of the Caco-2 cell monolayer. NQ means PO
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concentration is below the quantifiable linear range (<0.05 pg/mL). Bars represent standard
deviation (n=3).

To have a more comprehensive understanding of the permeability of this novel
glycopeptide, the POGIcN transport was done bi-directionally, i.e. apical to basolateral (AB
transport) and vice versa (BA transport). As shown in Figure 4.7A, the AB transport of POGIcN
was much faster than BA transport, with an uptake ratio (Papp,aB/Papp,sa) 0f 3.24. This asymmetrical
permeation is a first indicator of active transport routes’ involvement. Normally no clear difference
of permeability between two directions appears if a compound is only passively transported.?? The
di- and tripeptide transporter PepT1 on the epithelial cells may actively shuttle the uptake of
POGIcN because of its tripeptide-like structure. The lower uptake ratio of POGIcN than that of
Gly-Sar (uptake ratio at 5) (Hubatsch et al., 2007), which is the substrate of PepT 1, suggests that
the POGIcN may exert lower affinity to PepT1 transporter. However, the POGIcN uptake may

also be the combined effect of passive and active pathways.

4.3.4. The Effects of Different Inhibitors/interrupters on the Transepithelial Transport of
POGIcN

In general, di- and tripeptides uptake in intestinal epithelial cells largely depend on the
proton-coupled transporter PepT1. In addition, peptides may also be absorbed through the passive
diffusion across the lipid bilayer, endocytosis, and through paracellular channels of the tight
junction (Artursson et al., 2012). The four hydroxyl groups and an imino group of POGIcN impart
a significant hydrophilic nature, and thus is unlikely to passively merge into the cell membrane
and be transported transcellularly (Shore et al., 1957). Instead, it is possible that POGIcN uses
paracellular channels to access the serosal side. POGIcN could also be mediated via the previously

mentioned carrier PepT1 due to its PO component which can be a substrate for PepT1 (Aito-Inoue
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et al., 2007). On the other hand, as the NMR results indicated, POGIcN retained the structure of
the sugar moiety GIcN; its exposed part shares a similar structure with glucose. In this respect, the
chemical synthesis used in this study introduced the potential for this glycopeptide to be
transported through a shuttle mechanism used by hexose, such as facilitated diffusion by GLUTs
and active sodium-dependent transport by SGLTs (Augustin et al., 2010). Hence, inhibitors or
interrupters for each potential transport pathway were used strategically to better understand the
transport mechanism of POGIcN through the Caco-2 cell monolayers.

As shown in Figure 4.8A, after 60 min incubation, there was no significant effect of
cytochalasin D and wortmannin on the accumulated amount of POGIcN and PO in the basolateral

chamber compared to POGIcN and PO controls. Cytochalasin D is normally used to induce the
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Figure 4.8. Transport mechanism experiment of Pro-Hyp-CONH-GIcN (POGIcN) on Caco-2 cell
monolayer. (A) Basolateral concentration of POGIcN or Pro-Hyp (PO) in the presence/absence of
different inhibitors/interrupters; (B) Basolateral concentration of POGIcN or glucosamine (GIcN)
in the presence/absence of different inhibitors/interrupters. Bars represent standard deviation (n=3).
Mean basolateral concentration followed by different letters indicates significant difference (p <

0.05).

structure change of the cytoskeleton and occluding junctions of epithelial cells, thus facilitating
the movement of compounds across the tight junctions (Madara et al., 1986). Cytochalasin D
slightly enhanced the permeability of PO; however, this was not statistically significant, so this
paracellular pathway is not mainly involved. Despite some studies that emphasize the importance
of paracellular route for the uptake of high molecular weight peptides (e.g. HLPLP) and peptide
drugs (e.g. octreotide) (Quiros et al., 2008; Drewe et al., 1993), the cut off is usually <200 Da if
acting as a major route (Fahmy et al., 2008), which likely explains the non-involvement of this
pathway for the transport of PO and POGIcN. In contrast, the use of Gly-Sar, the typical substrate
for PepT1, significantly reduced the absorption of both POGIcN (30% inhibition) and PO (50%
inhibition), implying that PepT1 transporter significantly accounted for the transport of both

peptides. This confirms the findings of Aito-Inoue et al. (2007) who revealed the involvement of
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PepT1 in transporting PO. This is also consistent with Kohan et al. (2015) who proposed that a
similar ester derivative Gly-Val-COO-GIcN was transported via PepT1. The lower inhibition
efficiency of Gly-Sar for POGIcN as compared to PO may be due to the involvement of other
transporters as previously hypothesized. Considering the peptide nature of POGIcN, in conjunction
with the apical active uptake by PepT1, it may be discharged from the cells via the basolateral
facilitative peptide transporter designated for small peptides (Terada et al., 1999).

Figure 4.8B parallels the transport mechanism of POGIcN with that of GIcN in the presence
of inhibitors/interrupters to hexose-related pathways. POGIcN behaved similarly in the presence
or absence of phloridzin, so did the GIcN. This was in accordance with the results from Tesoriere
et al. (1972) who used everted intestine sacs to test the influence of phloridzin on GlcN transport
and firstly proposed its sodium-independent transport mechanism. Since phloridzin exhibits
variable efficacy as a competitive inhibitor on SGLTs, especially more on SGLT2 and 1 (Raja et
al., 2015), its ineffectiveness on the permeability of POGIcN and GIlcN suggests their lack of
SGLTs-mediated pathways. SGLT cotransporters have a relatively strict specificity requiring the
D-configuration and a free hydroxyl group at C2 position to recognize and bind (Kipp et al., 1997).
Therefore, the amino group instead of hydroxyl group occupancy at the C2 position of both GlcN
and POGIcN probably explains the non-involvement of SGLTs. In contrast, the accumulated
basolateral concentration of POGIcN significantly decreased (67.9%) in the presence of phloretin,
a competitive inhibitor especially for GLUT1 and GLUT2, and for GLUT 3 and GLUT 4 isoforms
(Augustin, 2010). However, due to the absence of GLUT4 expression in Caco-2 cells (Mahraoui
et al., 1994), the importance of GLUT], 2, 3 isoforms should mainly explain the good permeability
of POGIcN. This was further confirmed by the significant inhibitive effect on POGIcN (36.9%

decrease) by quercetin, the inhibitor for GLUT1 and 2 transporters (Kwon et al., 2007; Vera et al.,
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2001). Also, in a similar manner, phloretin and quercetin significantly reduced the permeability of
GlcN by 82.1% and 63.3%, respectively, confirming that POGIcN used the same transport
mechanism as GIcN. This can be explained due to the maintenance of an intact GIcN structure in
the POGIcN molecule. In general, GLUT2 exhibits significant expression in Caco-2 cells after
three weeks of growth (Takata, 1996), while the expression of both GLUT]1 (in basolateral domain)
and GLUT3 (in apical domain) decline rapidly during the differentiation (Mahraoui et al., 1994).
Also, because GlcN has the greatest affinity to GLUT2 (Uldry et al., 2002), transporter GLUT 2
was probably the main isoform accounting for the transport of GIcN as well as POGIcN in the
Caco-2 cell model. In addition, the transport of PO was not impaired in the presence of sugar-
related transport inhibitors (quercetin, phloretin, and phloridzin), neither was GIcN in the presence
of wortmannin and Gly-Sar (Appendix E), thus eliminating the interacting negative/positive
effects of these pathway-specific inhibitors on other transport routes.

Unlike POGIcN and PO, the paracellular pathway contributed to the permeation of GIcN
significantly (Figure 4.8B). It is consistent with Qian (2013) who used chitosan to increase the
paracellular transport of GIcN. This extra pathway involvement can be explained by the greater
charge-to-weight ratio of GlcN than that of POGIcN, and its positive charged form in solution
which promotes a “cation selectivity” of the tight junction (Salamat-Miller). In general, the
transport study using Caco-2 cell model clarified that the absorption of novel glycopeptide
POGIcN was a combined effect of peptide-induced transport by the proton-coupled carrier PepT1,
and GlcN-induced transport by facilitative GLUTs especially GLUT2. GLUT?2 is conventionally
found in the basolateral membrane of epithelial cells as an efflux transporter (Takata, 1996).
However, recent studies also discovered GLUT?2 translocated from basolateral membrane and

expressed in the apical membrane, which emphasizes the importance of GLUT2 in glucose uptake
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(Kwon et al., 2007; Kellett and Brot-Laroche, 2005). In this regard, the apically applied POGIcN
could also induce the translocation of GLUT2 to apical membrane to facilitate its uptake, due to
its inaccessibility to apical SGLT1 as indicated above. It is possible that POGIcN entered the
epithelial cells primarily via PepT1, GLUT2, and much less so via GLUT3, then discharged mainly
through GLUT2, partially through basolateral facilitative peptide transporter and GLUT1 to the
outside of the cells. All these transporters cooperate in concert to facilitate good permeability of
the glycopeptide POGIcN.

In summary, the present study suggests that the synthesized glycopeptide Pro-Hyp-CONH-
GlcN is novel since it can utilize an extra transport pathway (i.e. the GLUTs transporter) without
compromising the affinity to PepT1 transporter in a Caco-2 cell model. This is achieved by a well-
maintained structure of each component, the PO and GIcN, through efficient chemical amidation.
The superior transepithelial permeability of the intestinally-stable glycopeptide POGIcN compare
to the parent peptide indicated the potential of the proposed synthesis method being used to
improve the bioavailability of PO, and even some other small bioactive peptides. To the best of
our knowledge, this is one of the first studies providing evidence that a glycopeptide can be
transported through intestinal GLUT transporters. This approach, in which the glycopeptide relies
on existing transporters for its transport through the intestinal cells, appears to be safer than the
strategy of using permeation enhancers. Protecting the functional amino group of GIcN with a
stable peptide may be a promising strategy, since it may stabilize the very reactive GlcN and thus
avoid condensation and/or degradation during storage. However, the absorption efficiency of the
glycopeptide, its subsequent metabolism in blood and liver, the functional form (i.e. intact or
degraded form) and its potentially beneficial effects on skin and bone remain to be understood by

more comprehensive in vivo experiments in future studies.
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CHAPTER 5.

A novel collagen-derived glycopeptide, Pro-Hyp-CONH-GIcN, stimulates cell proliferation

and hyaluronan production in cultured human dermal fibroblasts

Abstract

Pro-Hyp-CONH-GIcN (POGIcN) is a glycopeptide synthesized from a typical bioavailable
collagen peptide Pro-Hyp by conjugation with glucosamine. Since Pro-Hyp is a known stimulus
for the growth of dermal fibroblasts and hyaluronan biosynthesis, this study investigated both the
ability of POGIcN in retaining this property from its parental dipeptide and the underlying
mechanism. The results suggest that the plasma digestion-resistant POGIcN stimulated the
proliferation of cultured human dermal fibroblasts in a time- and concentration-dependent manner
with optimal performance at 200nmol/mL and 6 days. Comparable to Pro-Hyp, POGIcN increased
the cell number to 1.5-fold and HA production to 1.4-fold of control. Edu labeling-assisted cell
cycle analysis revealed that POGIcN was a potential mitogen. Moreover, POGIcN up-regulated
both hyaluronan synthase-2 and -3 gene transcriptions to 1.8-fold and 2.0-fold, respectively. The
interim mitogenic and gene modulation property as indicated by time-lapse monitoring implied

the potency of POGIcN for improving skin condition and regeneration safely.

Key words: Collagen peptide, Pro-Hyp-CONH-GIcN, Glycopeptide, Dermal fibroblast, Pro-Hyp.
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5.1. Introduction

Beyond the conventional perception of skin as a barrier and sensory organ, now it has been
appreciated an integral role in communicating with endocrine, immune, and nervous systems to
modulate the homeostasis of the entire body (Chuong et al., 2002). The dermal extracellular matrix
(ECM) of skin contributes to its structure and integrity and is occupied by the structural proteins,
proteoglycans, glycosaminoglycans (mainly hyaluronan), growth factors, cytokines, etc. (Stern
and Maibach, 2008), all of which are synthesized by resident fibroblasts. The fibrillar network is
mainly composed of collagen and provides a scaffold to ECM. The stability and mechanical
property is strengthened by interaction with the largely anionic hyaluronic acid (HA) to retain
voluminous water of hydration (Mouw et al., 2014; Stern and Maibach, 2008). As skin ages,
wrinkles, a rougher texture and drier appearance occurs with less elasticity; this is due to the
increased deterioration and disorganization of the ECM components (e.g. collagen), and a
reduction in fibroblasts and their tissue regenerative ability (Tobin, 2017). In this respect,
increasing the synthesis of collagen may help to restore its homeostasis in skin. Moreover, by
maintaining the ECM space and increasing the moisture content, an elevated HA level may
facilitate cell detachment and migration, proliferation, as well as suppress cell differentiation
(Kujawa and Tepperman, 1983; Pratt et al., 1975; Stern and Maibach, 2008). The skin conditions
or its biological aging symptoms may therefore be controlled by affecting the efficacy on
regeneration of skin collagen and HA.

Collagen and gelatin have been used as food sources or supplements for a long time.
Recently, collagen hydrolysates and collagen-derived peptides are claimed to be active in
improving skin conditions in some clinical trials. The ingestion of collagen hydrolysates (CH) can

enhance the moisture content of skin stratum corneum, skin elasticity and smoothness in humans
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(Matsumoto et al., 2006; Proksch et al., 2013). Animal studies suggest a protective effect of
collagen-derived peptides against ultraviolet radiation-induced damage and photo-aging by
controlling skin hydration and collagen content (Tanaka et al., 2009; Fujii et al., 2013). Upon oral
administration, CH can be absorbed to some extent and distributed through the blood circulation
system to various tissues among which skin is the final preferential and lasting site (up to 14 days)
(Oesser et al., 1999; Kamiyama et al., 2010). Bioavailable CH found in plasma were either in free
amino acid form, typically Hyp, or di- and tripeptide form, such as Pro-Hyp, Ala-Hyp, Gly-Pro-
Hyp, Ala-Hyp-Gly, etc. (Ohara et al., 2007; Ichikawa et al., 2010). The amount and type of
collagen-derived peptides found in plasma and skin may be variable depend on the source of
ingested CH, yet the dipeptide Pro-Hyp (PO) was confirmed to be one of the most predominant
(Yazaki et al., 2017). As a chemotactic stimulus (Postlethwaite et al., 1978), PO can stimulate the
migration and proliferation of skin fibroblasts (Shigemura et al., 2009), and the production of HA
by both synovium cells and fibroblasts (Ohara et al., 2010a; Ohara et al., 2010b). PO also shows a
chondroprotective effect to mouse articular cartilage (Nakatani et al., 2009), as well as promoting
the differentiation of osteoblastic cells (Kimira et al., 2014).

Glucosamine (GIcN), a naturally existing amino sugar, has long been used to treat
osteoarthritis given its efficacy in relieving pain and delaying joint space narrowing (Reginster et
al., 2012). During in vitro studies, GIcN also enhances the biosynthesis of HA by synovial cells
and chondrocytes (Uitterlinden et al., 2008; Stoppoloni et al., 2015). Our previous research
synthesized a novel collagen-derived glycopeptide Pro-Hyp-CONH-GIcN (POGIcN) by
conjugating the typical dipeptide PO with GIcN (Feng and Betti, 2017b). This digestion-resistant
glycopeptide has superior intestinal permeability to PO by passing the human intestinal Caco-2

cell monolayer using both PEPT1 peptide transporter and glucose transporters GLUTSs as carriers.
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Considering its structural similarity to the parent dipeptide PO, in the present study we
hypothesized that the glycopeptide POGIcN may possess equal promoting effects on the growth
of fibroblasts and their ability to secrete ECM ingredients; or in a better scenario, or a greater
efficacy is introduced due to the promoting effects of GIcN on HA production. Therefore, our
objective was to investigate cellular response to POGIcN in comparison with PO regarding the
growth and biosynthesis of ECM components, and explore the possible mechanism with respect
to cell cycle distribution and gene expression using cultured human dermal fibroblasts.
5.2. Materials and methods
5.2.1. Chemicals

The glycopeptide POGIcN was synthesized in our laboratory according to previous
research®®. Formaldehyde solution, Triton™ X-100, Tween-20, 2-(4-Amidinophenyl)-6-
indolecarbamidine dihydrochloride (DAPI), Cy5-azide, Copper(Il) sulfate pentahydrate, bovine
serum albumin (BSA), 3-Aminobutanoic acid, human plasma, Sodium ascorbate, 4-Bromoanisole
were purchased from Sigma Aldrich (St. Louis, MO, USA). Hyaluronan Enzyme-Linked
Immunosorbent Assay kit was purchased from Echelon Biosciences Inc. (Salt Lake City, UT,
USA). TRI Reagent® RT for RNA isolation was from (Molecular Research Center, Inc., Cincinnati,
OH, USA). FGF-Basic (AA 1-155) Recombinant Human Protein, UltraPure™ 1M Tris-HCI (pH
8.0), RIPA buffer and the gene expression related products including TagMan® Fast Advanced
Master Mix, Nuclease-Free Water (not DEPC-Treated), RNase-free Microfuge Tubes, and
TagMan Gene Expression assays for COL1A1 (Hs00164004 ml), HAS1 (Hs00758053 ml),
HAS2(Hs00193435 m1), HAS3(Hs00193436 m1), and GAPDH (Hs99999905 ml) were the
products from Thermo Fisher Scientific (Waltham, MA, USA). PrimeScript™ RT Reagent Kit

(Perfect Real Time) was purchased from Takara (Takara Bio USA Inc. Mountain View, CA, USA).
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The primary dermal fibroblast (normal, human, adult, ATCC®PCS-201-012) was obtained
from American Type Culture Collection (ATCC, Manassas, VA, USA). 5-Ethynyl-2'-
deoxyuridine (Edu) and WST-8 Cell Proliferation Assay kit were obtained from Cayman Chemical
(Ann Arbor, MI, USA). Other cell culture supplies, such as phosphate buffered saline (PBS),
Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS), Antibiotic-Antimycotic,
N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES), and Trypsin-EDTA were from
Gibco (Thermo Fisher Scientific Inc., Waltham, MA, USA).

5.2.2. In Vitro Digestion of the Glycopeptide POGIcN in Plasma

The plasma stability for the compound of interest may imply its efficiency to be distributed
via systemic circulation to the target tissue. To investigate the stability or potential degradation of
the synthesized glycopeptide before reaching target cells, i.e. the human dermal fibroblasts in the
present study, the POGIcN was digested in vitro within human plasma according to Di et al. (2005)
with some modifications. In brief, the plasma was firstly diluted with PBS (pH 7.4) to 50% (v/v)
before being used in the assay. Forty micromolar of POGIcN was digested with the assay plasma
at 37°C in a shaking incubator (200 rpm). The reaction was terminated at 0, 15, 30, 60, and 120
min by adding TCA to make its final concentration at 20% (w/v) for protein precipitation. The
plasma matrix blank without the glycopeptide addition was simultaneously incubated. The samples
were then centrifuged at 10,000 rpm for 10 min at 4°C after sitting on the ice for 15 min. Aliquots
of the supernatant was collected and neutralized with 2 M NaOH, followed by determination of
the remaining POGIcN content by ultra-high pressure liquid chromatography (UHPLC) according
to the method described previously (Feng and Betti, 2017b).

5.2.3. Cell Culturing of Human Dermal Fibroblasts (HDF)
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The HDF were cultured by 10% DMEM with the addition of 10% FBS, 25 mM HEPES
and 1% Antibiotic-Antimycotic. The cell culturing was conducted in a sterilized incubator
(Heracell VIOS 1601, Thermo Fisher Scientific) which controls constant CO» and moisture content
at 5% and 95%, respectively. To maintain the growth of the fibroblasts, the culturing media were
changed every other day. The fibroblasts were passaged with 0.05% (w/v) trypsin-EDTA when
around 80% confluence was reached in the flask. All the fibroblasts used in this study were
between passages 3 and 8.

5.2.4. Effects of the Glycopetide POGIcN on HDF Growth

To investigate effect of the glycopeptide POGIcN on the growth of fibroblasts in relation
to its concentration and incubation time, two single factor experiments were designed. The
fibroblasts were seeded on 96-well plates at a density of 5x10* cells/mL (100 pL/well), pre-
cultured with complete growth media for 24 hours, and starved for 16 hours with serum-free media.
The cells were then cultured in 1% FBS-DMEM in the presence or absence of test compounds.
For the time factor experiment, a fixed concentration of POGIcN (200 nmol/mL) was applied on
the cells for 0, 24, 48, 96, or 144 hours. For the concentration factor experiment, POGIcN at a
concentration of 0, 50, 100, 200, 400, or 800 nmol/mL was applied for 6 days.

The effect of the glycopeptide POGIcN on the proliferation of HDF was then compared
with that of its parent dipeptide PO and GlcN under optimized experimental condition (time and
concentration) determined from the single factor experiments. The basic fibroblast growth factor
(bFGF) which regulates the growth of HDF was used as a positive control at 25 ng/mL. For all the
experiments, a negative control which was not treated with any test compound was included
simultaneously. The cell media was collected for the determination of collagen and hyaluronic

acid in later experiments. The fibroblasts were subjected to cell number counting by WST-8
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proliferation assay following the protocol from the manufacture (Cayman Chemical). The effects
on HDF proliferation were expressed as ratio of the negative control regarding the cell numbers.
5.2.5. Effects of the Glycopetide POGIcN on the Biosynthesis of Collagen and Hyaluronic
Acid (HA)

Collagen and HA content were estimated to investigate the effects of the glycopeptide on
the production of extracellular components by HDF. As most of the hydroxyproline (Hyp) comes
from collagen, its content can indicate the collagen level (Edwards and O’Brien, 1980). The cells
were lysed by RIPA buffer for 5 min, briefly sonicated, and then centrifuged at 14,000xg for 15
min. The supernatant was collected and combined with the corresponding cell media collected
before for the analysis. To evaluate the Hyp amount, aliquot of the sample was hydrolyzed by 6
M HCI at 110°C under nitrogen atmosphere for 24 hours. After being dried with flush nitrogen, it
was redissolved in distilled water, and neutralized with 2 M NaOH. Finally, following the pre-
column derivatization with Fmoc-Cl, the Hyp content was determined by UHPLC as described
previously (Feng and Betti, 2017b).

The HA content was determined by a hyaluronan enzyme-linked immunosorbent assay
according to the protocol from the manufacturer (Echelon Biosciences Inc.).

5.2.6. Cell Cycle Analysis by High Content Screening

Cell cycle distribution of HDF in response to the glycopeptide was determined after nuclei
staining by DAPI accompanied with Edu labeling (to assess cell sub-population in S phase)
according to Ranall et al. (2010) with some modifications. Following the culturing procedures
from the previous section, the fibroblasts were plated on 96-well plates, pre-cultured, starved, and
then treated with or without 200 nmol/mL of POGIcN, PO, or GIcN, using bFGF (25 ng/mL) as a

positive control. After treatment for 2 days, 4 days, or 6 days, the cells were pulse-labelled with
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10 uM Edu for 6 hours in the culturing incubator followed by gently washing with PBS (pH 7.4).
The cells were then fixed with freshly prepared 3.7% (v/v) formaldehyde in PBS for 15 min, and
rinsed with 3% BSA (w/v) in PBS. To facilitate the staining, Triton X-100 (0.5% in PBS, v/v) was
used to permeabilize the cell membrane for 20 min. The fibroblasts were again washed with 3%
BSA, and blocked with 0.1% (v/v) Tween-20 in 3% BSA (PBST-BSA). The washing media was
removed to minimum volume before CyS5 staining. Staining reaction with the CuA AC mixture was
performed for 30 min, and stopped by rinsing with PBS. The CuAAC cocktail, which is composed
of 4mM CuS04, 10uM Cy5-azide, 50mM sodium ascorbate in 100mM Tris-HCI (pH 8.0) should
be used within 15 min considering its instability after the addition of sodium ascorbate. Excess
Cy5-azide was then destained with PBST-BSA for 20 min. Finally, the cells were washed with
PBS, counterstained by 0.5 pg/mL of DAPI for 40 min, and rinsed again with PBS. The final cell
samples were stored in 70% (v/v) glycerol in PBS at 4°C in dark until later imaging analysis. All
the reactions were performed in dark at room temperature if not specified.

The cell plates were scanned by the ImageXpress Micro XLS Widefield High-Content
Analysis System (Molecular Devices, LLC., CA, USA) at 10x magnification, while the data
acquisition and analysis were achieved by the MetaXpress High-Content Image Acquisition and
Analysis Software version 6.1 (Molecular Devices). Data of the cell distribution histogram and
scatterplots were obtained from 9 images per well which captured at least 1000 objects. The
histograms were created by subdividing the range of DAPI total pixel intensity into 200 equal sized
bins using Graphpad Prism 7 (GraphPad Software, Inc., CA, USA). The scatterplots were
generated by SigmaPlot 13.0 (Systat Software Inc., CA, USA). The threshold (2x10°) was set
according to the nuclei signal intensity of cells that lack Cy5 fluorescence. Cell nuclei with Edu-

Cys5 intensity higher than the threshold was considered as positive, i.e. active in DNA synthesis.
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5.2.7. Quantitative Reverse Transcription Polymerase Chain Reaction (QRT-PCR)

To understand effects of the glycopeptide on gene expression of HDF, total RNA was
extracted from the fibroblasts upon treatments, while specific genes were quantified by qRT-PCR.
Briefly, the fibroblasts were seeded on 12-well plates at a density of 5x10* cells/mL (1mL/well)
for pre-culturing 24 hours with complete growth media, starved with serum-free DMEM for 16
hours, and then treated in 1% FBS-DMEM with or without 200 nmol/mL of POGIcN, PO, or GIcN,
using bFGF (25ng/mL) as a positive control. After treatment for 2 days, 4 days, or 6 days, the
cells were lysed with 0.5 mL Trizol reagent and homogenized for 4 min at room temperature. The
RNA isolation was conducted according to the protocol from the manufacture with some
modifications (Molecular Research Center, Inc.). Briefly, the lysed cell suspension was phase
separated by addition of 25 pL bromoanisole, and centrifuged at 12,000 xg for 15 min. This phase
separation step was repeated once again to minimize the potential DNA, protein and phenol
contamination. The aqueous RNA layer was then carefully collected and precipitated with equal
volume of isopropanol for 10 min. After centrifugation at 12,000 xg for 10 min, the white RNA
pellets were washed multiple times with 75% ethanol, centrifuged (7,500 xg for 10 min), and air-
dried. All the steps were performed in cold (2-8°C) if not specified. The final RNA was redissolved
in nuclease-free water, stored at -80°C or subjected to cDNA synthesis. Purity and content was
determined by NanoDrop 1000 (Thermo Fisher Scientific Inc.). Only RNA samples with
A260/A280 > 1.7 and A260/A230 > 2.0 were selected for downstream applications.

Two hundred and fifty nanograms of the total RNA was used for the cDNA synthesis by
PrimeScript™ RT reagent Kit (Perfect Real Time) following the protocol from the manufacturer
(Takara Bio USA Inc.). The synthesis was conducted in a thermal cycler (ProFlex™ 96-well PCR

System), which held the reverse transcription for 15 min at 37°C and inactivation of the reverse
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transcriptase for 5 seconds at 85°C. The cDNA was stored at -20°C until PCR analysis using
StepOnePlus™ system. Primers and Tagman probes for gene COL1A1, HAS1, HAS2, HAS3 and
endogenous control GAPDH were designed by Applied Biosystems (Thermo Fisher Scientific).
Real-time PCR reaction was performed in duplicates for each biological sample using the
Tagman™ Fast Advanced Master Mix. The relative expression level of target genes was calculated

following the 2744¢t

method and expressed as the fold change in comparison to the untreated
control (Schmittgen and Livak, 2008). Instruments used in this qRT-PCR were from Thermo
Fisher Scientific; the PCR amplifications were also conducted following suggestions from the
manufacturer.
5.2.8. Statistical Analysis

Data from the cell cycle analysis and gene expression assays were analyzed by two-way
analysis of variance (ANOVA), while data from other experiments were analyzed by one-way
ANOVA using SAS 9.4 (Cary, NC, USA). Post hoc analysis was done with Tukey’s test where p
< 0.05 was considered significantly different, and p < 0.01 as very significantly different.
5.3. Results and Discussion
5.3.1. POGIcN Stability in Plasma

Plasma stability of a bioactive compound endows its in vivo beneficial performance which
requires desirable concentration in intact form on target site. As clarified in a previous study (Feng
and Betti, 2017b), the glycopeptide POGIcN is essentially an amide derivative. The amide bond
formed between the carboxyl group of Hyp and amine group of GIcN is therefore a potential
substrate for enzymatic hydrolysis of plasma peptidase and esterase. However, as shown in Figure

5.1, POGIcN was very resistant to the plasma digestion with around 95% remaining even after 2

hours’ reaction. The digestion resistance of POGIcN is consistent with that of other small Hyp-
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containing peptides, such as Gly-Pro-Hyp which shows <10% plasma degradation (Sontakke et
al., 2016), and Pro-Hyp which is stable in plasma and partially excreted in intact form in urine
(Weiss and Klein, 1969). The negligible plasma degradation of POGIcN, together with its
improved transepithelial transport as indicated in our previous in vitro study, confer its possibility

of distribution and accumulation in target tissues, such as skin, cartilage, and bone.
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Figure 5.1. Remaining amount of the glycopeptide Pro-Hyp-CONH-GIcN over time in human
plasma. Bars represent standard deviation (n=3).

5.3.2. Stimulation of HDF Proliferation by POGIcN was Time- and Dose-dependent

To study optimal performance of the glycopeptide on the growth of HDF, POGIcN was
applied on the cells for various incubation times up to 6 days when cells grew close to confluence.
Longer treatments were not conducted, as the fibroblasts may fall into stationary growth phase and
undergo further differentiation, where the potential stimulation effect may be masked. Figure 5.2A
shows that the stimulation of POGIcN on the fibroblast propagation became more obvious as
incubation time prolongs. The cell number was not significantly greater than the control until 4
days of culturing (1.2-fold), maximal performance 1.4-fold of control was reached after 6 days. It
suggests that the stimulation effect was accumulated along with time as POGIcN treated groups

either exhibited bigger cardinal number of active proliferating cell, or shorter cell cycle duration.
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To obtain the maximal performance, fibroblasts were incubated for 6 days in the later
concentration factor experiment. Incremental cell numbers were observed as the dose of POGIcN
increased up to 200 nmol/L (1.5-fold) (Figure 5.2B), while significance already appeared at 100
nmol/ml (1.2-fold) which is similar with the physiological level of Hyp-containing peptides in
human plasma after oral ingestion of gelatin hydrolysate (Ichikawa et al., 2010). The cell number
declined at a concentration of 400 nmol/mL (1.3-fold) or higher probably due to POGIcN-
introduced toxicity which may have influenced both the cell number and the synthesis of DNA
during cell division (Gibbs et al., 1982). Therefore, fibroblasts culturing with 200 nmol/mL of
POGIcN for 6 days was determined to be the optimal experimental condition for treatments
comparing dipeptide PO and sugar moiety GIcN.

Basic FGF is an important polypeptide growth factor secreted by diverse cell types such as
dermal fibroblasts to modulate cell behavior and matrix homeostasis. Basic FGF was reported to
stimulate the proliferation of skin fibroblasts dose-dependently from 0.5ng/mL to 50 ng/mL.*® It
was therefore used as a positive control to compare with the effects of our test compounds and
explore the potential similarity in underlying mechanism. Even at the low concentration of
25ng/mL, bFGF behaved more efficiently than all other test compounds by inducing 2.4-fold
increase in cell number (Figure 5.2C). Figure 5.2C also indicates that HDF response to glycopetide
POGIcN (1.5-fold) was as large as that of the parent dipeptide PO (1.4-fold), while GIcN at this
concentration did not trigger any difference compared to the control. The stimulation efficiency
was consistent with the 1.5-fold increase generated by 200nmol/mL of PO as reported previously
(Ohara et al., 2010b). POGIcN may function as a chemotactic stimulus like PO, since not only
intact alpha chains of collagen, but also hydrolysis-generated collagen peptides or synthesized

Hyp-containing peptides such as Gly-Hyp, Gly-Pro-Hyp, and Pro-Hyp, are chemoattractants for
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fibroblasts (Postlethwaite et al., 1978). Although the responsible receptor on the cell surface was
not identified, Hyp has been proposed to be an important recognition site despite itself, as a single
amino acid, is not functional (Haratake et al., 2015; Postlethwaite et al., 1978). GIcN can slow
down the doubling of chondrocytes and thus inhibiting the proliferation as exposure dose increase
from 1mM to 15 mM (Varghese et al., 2007). The lack of GIcN effecton dermal fibroblasts in the
present study could be the result of its low concentration or response variety by different cell lines.
The results suggest that GIcN incorporation did not compromise the positive effects of the

collagen-derived dipeptide PO on HDF growth.
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Figure 5.2. (A) Cell number of human dermal fibroblasts treated with 200 nmol/mL Pro-Hyp-
CONH-GIcN (POGIeN) for different time periods; (B) Cell number of human dermal fibroblasts
treated with different concentrations of POGIcN for 6 days; (C) Cell number of human dermal
fibroblasts treated with or without test compound for 6 days, PO means collagen dipeptide Pro-
Hyp, GIcN means the amino sugar glucosamine, bFGF means basic fibroblast growth factor,
Control means a negative control which was not treated with any added test compound. The cell

number was expressed as the relative ratio of control. Bars represent standard deviation (n=4). *p

<0.05; **p < 0.01.

5.3.3. POGIcN Improved the Production of HA by HDF

Collagen, proteoglycan, and HA are the primary macromolecules within ECM. These
components are well organized and connected through proteins such as hyaladherin, laminins and
fibronectin to form a structural network as well as to interact with resident cells via surface
receptors; thus, mediating cell behavior (Mouw et al., 2014). As mentioned before, CH ingestion
can alleviate skin aging symptoms by contributing to the skin hydration and elasticity (Matsumoto
et al., 2006; Proksch et al., 2013). In vivo studies also reported that the oral administration of CH

can enhance the diameter and density of collagen fibrils in pig skin (Matsuda et al., 2006).
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However, Ohara et al. (2010b) found no effect for the treatment with predominant collagen-derived
PO on the production of collagen by skin fibroblasts in vitro. This was also confirmed in our study
as shown in Figure 5.3A. When cells were exposed to different test compounds, no significant
change was observed for the accumulation of Hyp which reflects collagen content except the bFGF
group. The difference in biological response to a single peptide PO and the CH mixture may
suggest the potential synergistic effects among various collagen-derived peptides. Alternatively,
PO may behave differently in vitro and in vivo considering the different microenvironment
surrounding the cells. In general, bFGF triggers the proliferation of skin fibroblasts while
suppressing collagen biosynthesis. In the present study, bFGF inhibited about 39% secretion of
Hyp after exposure for 6 days, which was comparable to the 50-90% inhibition induced by 2.0-50
ng/mL bFGF on skin fibroblasts as described by Tan et al. (1993) This echoes the fact that bFGF
also acts antagonistically to transforming growth factor-beta which stimulates collagen
accumulation (Dolivo et al., 2017). GIcN is a chondroprotective agent that can alleviate
osteoarthritis by stimulating the production of Type II collagen (Varghese et al., 2007) and
preventing collagen degradation via suppressing related lipid peroxidation (Tiku et al., 2007) and
the expression of cleavage metalloproteinases in chondrocytes (Derfoul et al., 2007). Research
regarding GlcN effects on skin fibroblasts, however, is very limited. The unexpected response to
GlcN seen in our study (Figure 5.3A) remains to be confirmed with more comprehensive studies.

In contrast to being ineffective on collagen accumulation, both the dipeptide PO and
glycopeptide POGIcN can significantly promote the biosynthesis of HA; up to 1.3-fold and 1.4-
fold of the control, respectively (Figure 5.3B). Though the slightly greater efficiency of POGIcN
than PO was not significant, its performance was comparable to that of bFGF (25 ng/mL) which

gave a 1.7-fold increase. The improving effects of PO and bFGF were also reported before at
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similar levels (Ohara et al., 2010b). It is known that higher HA deposition correlates with cell
mitosis (Brecht et al., 1986), while inhibition of HA results in reduced cell proliferation (Matuoka
et al., 1987). The elevated HA level, conferring a more hydrated extracellular microenvironment
to aid cell migration could probably explain at least in part of the enhanced proliferation of HDF
in the peptides and bFGF group (Pratt et al., 1975). The unique mechanical properties of
hyaluronan, such as maintaining skin hydration, viscosity and elasticity, endow its application in
cosmetic medicine as a safe and simple procedure to improve skin appearance (Lupo, 2006). HA
content also increases to serve multiple biological functions during inflammation, tissue injury and
repairing, embryonic morphogenesis, and cell malignancy (Stern and Maibach, 2008). Therefore,
the stimulation of HA synthesis induced by collagen-derived PO and POGIcN may have important
implications in ameliorating skin conditions, facilitating tissue regeneration and wound healing.
D-glucosamine serves as a precursor for HA, and it can improve the biosynthesis of HA in
cultured cells such as synovial cells and chondrocytes at an elevated dosage, i.e. SmM and 1mM,
respectively (Uitterlinden et al., 2008; Stoppoloni et al., 2015). This explains its efficacy in slowing
down the joint space narrowing of osteoarthritis, since HA in this respect functions as space filler
and lubricator by entrapping more water in cartilage. Figure 5.3B only shows a small increase of
HA content as expose to a 200 nmol/mL of GlcN treatment (1.2-fold), suggesting that a greater
dosage may be needed to express any effect comparable to that of glycopeptide POGIcN. Actually,
GlcN in vivo is incorporated into HA in acetalized form of GIcN, N-acetyl-glucosamine, by a series
of enzymes (Sacoman and Hollingsworth, 2011). Despite there is no report about GIcN effects on
skin fibroblasts, its acetylated form was proven to increase the production of HA by cultured
fibroblasts (Breborowicz et al., 1998), and to improve the skin moisture content upon oral

administration (Kikuchi and Matahira, 2002).
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with or without test compound; abbreviations for treatments are the same with those in Figure 5.2.

Bars represent standard deviation (n=3). *p < 0.05; **p <0.01.

5.3.4. POGIcN was A Potential Mitogen for HDF

In most cases, the growth of live eukaryotic cells occurs continuously, the cell cycle of
which can be divided into a short mitosis phase (M) followed by the interphase when cells orderly
prepare for division. In general, the interphase consists of three discrete phases; G1, S, and G2
phases. Analyzing the cell stage of individual cells is possible since the DNA content of cells in
different stages are distinguishable. For example, cells in G1 phase are diploid (refers to 2n DNA
content), but range from 2n to 4n during which DNA of cells duplicate. DNA in the following G2
and M phase maintains its content at 4n. There are also cells which only replicate occasionally,
such as some skin fibroblasts, as they temporally exit G1 phase to enter a quiescent GO phase with
2n DNA (Cooper and Hausman, 2009). Cell cycle analysis confers critical information about the
principles of test compounds in controlling cell behavior. Flow cytometry requires large number
of cells and single cell dispersion which is challenging for adherent fibroblasts even after
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trypsinization. Therefore, for our study an image-based high content screening method was used
instead. This was achieved by a bivariable analysis via staining cell nuclei with both DAPI and
Edu, the former of which determines total DNA content while the latter one labels cells that are
active in S phase.

Figure 5.4A shows the representative DNA content distribution of cell populations after 4
days treatments. Two peaks in the histogram denote DNA content of cells in GO/G1 (2n) and G2/M
(4n) phase, respectively, since cells in each of this phase should possess uniform chromosomes.
The narrow shoulder of each peak probably came from variance in instrumental measuring and/or
DAPI biological binding. The histograms show that the cultured HDF were mostly in GO/G1 phase,
some in G2/M phase, and minimal numbers in S phase. Very few were in apoptosis with
fragmented DNA (<2n). This identical distribution pattern among different groups suggests that
none of those test compounds altered the cell cycle distribution of HDF abnormally. Similar
distribution histograms are shown in Appendix F for 2 days and 6 days treatment durations.
However, a difference was indeed generated. For example, the fraction of cells in S phase (Figure
5.4A) (i.e. the section between two peaks in the histogram), was more evident for cell populations
from PO, POGIcN, and bFGF groups. To understand the kinetics of cell progression through the
cycle and changes induced by the glycopeptide, the fibroblasts were treated for different times.
Cells were firstly synchronized in GO phase after serum deprivation for 16 hours before any
treatment. The time-lapse data was summarized for each cell cycle phase in Figure 5.4B (G0/G1),
Figure 5.4C (S), and Figure 5.4D (G2/M). In general, after 2 days and 4 days, dipeptide PO and
glycopeptide POGIcN recruited significantly more cells in S phase and G2/M phase, leading to
less number of cells in GO/G1 phase than control. To a larger degree, bFGF also induced this effect.

No effect was observed for the two peptides and bFGF after 6 days, or for GIcN at any time. The
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results revealed the mitogenic property of both PO and POGIcN, while no significant difference
was manifested between them. It is interesting to notice that changes in frequency of cells in S
phase was very dynamic among different treatments and along with time as shown in Figure 5.4C.
Although after 2 days, the fraction of cells in S phase from bFGF group (9.5 + 1.2%) was
significantly greater than both the peptide PO (5.2 + 0.3%) and POGIcN (6.7 £ 1.0%), after 4 days
the POGIcN (11.3 £+ 1.7%) but not PO (9.8 = 0.8%) exhibited comparable capacity in arresting
cells in S phase with bFGF (13.0 + 1.1%). From a vertical perspective, the HDF distributed in S
and G2/M phase increased with time till 4 days and then declined back to minimal after 6 days,

which parallels the fluctuation in cell growth rate and potential of proliferation.
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Figure 5.4. Cell cycle analysis by high content screening. (A) Representative cell cycle histograms
generated from DAPI stained fibroblasts treated with or without test compound for 4 days; (B)
Quantification of cells in GO/G1 phase (B), S phase (C), and G2/M phase (D) in human fibroblasts
population treated with or without test compound for different time periods; abbreviations for
treatments are the same with those in Figure 5.2. Bars represent standard deviation (n > 3). *p <

0.05; **p < 0.01.

To have a comprehensive understanding of the stimulation mechanism of the glycopeptide,

an extra labeling, Edu, was used to complement the cell cycle analysis to further estimate cells that
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are active in DNA replication. As an analogue of thymidine nucleoside, Edu can be incorporated
into DNA and quenched by the fluorescent Cy5-azide that is finally detected (Ranall et al., 2010).
Figure 5.5A shows the representative images captured by the fluorescent microscope after 4 days’
culturing, where blue dots stand for DAPI stained nuclei, pink ones denote Edu-Cy5 positive nuclei.
The round and intact morphology of nuclei from all the treatments were comparable to untreated
control, which confirmed the non-toxicity of these test compounds as shown in Figure 5.2C. A
visually greater presence of Edu-Cy5 positive cells and greater density of cells can be observed in
PO, POGIcN and bFGF group than GlcN and control group. This is also affirmed in the cell scoring
scatterplots (Figure 5.5B) which combine all the 9 images per well containing a larger cell
population. Scatterplots for 2 days and 6 days are displayed in Appendix G. Two stacked regions
(e.g. indicated in Figure 5B POGIcN group) located below and above 5.0e"¢ intensity, correspond
to the 2n and 4n DNA peaks, respectively, as shown in Figure 5.4A. Cell spots above the threshold
line were considered as Edu-CyS5 positive. The distribution of the scatterplots revealed that despite
most positive cells had DNA content between 2n and 4n, a non-negligible portion of them were
not. These cells with DNA content within 2n or 4n region were considered in G0/G1 or G2/M
phase as calculated from in Figure 5.4, which demonstrates the potential underestimation of S
phase cell subpopulation by the cell cycle analysis. This underestimation is manifested in Figure
5.5C which displays greater fraction of cells in S phase than those shown in Figure 5.4C, especially
for cells treated for 2 days and 4 days. The greater sensitivity of Edu labeling method was also
reported somewhere else (Massey, 2015). Interestingly, this method distinguished the greater
capacity of POGIcN (15.3 £ 1.0%) than PO (9.4 + 1.4%) in activating cells to synthesize DNA
after 2 days, as well as the greater efficiency of bFGF (24.0 = 0.3%) than POGIcN (19.8 + 1.6%)

after 4 days. However, after 4 days dipeptide PO (18.2 + 2.2%) effect tied that of POGICN,
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suggesting that the HDF were more rapidly affected by glycopeptide POGIcN. After 6 days, only
bFGF (2.7 = 1.1%) still shows the stimulation effect compare to control (0.3 = 0.1%), which can
be attributed to the ability of bFGF in maintaining cell division and thus prolonging the
proliferation (Cavanagh et al., 1997). In agreement with the cell cycle analysis, the growth rate of
fibroblasts increased with time up to 4 days, while decreased to a minimal level after 6 days,
suggesting that the cell culture was close to confluency after 6 days. Since DNA duplication is the
prerequisite step for cell mitosis, an improved proportion of fibroblasts that were undergoing this
process reflects their intriguing proliferative capacity. Therefore, the mitogenic property of

glycopeptide POGIcN and PO also explains their stimulation effect on HDF proliferation.
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POGIcN

Figure 5.5. The incorporation of Edu by fibroblasts. (A) Representative images of DAPI and Cy5

stained fibroblasts treated with or without test compound for 4 days;
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Figure 5.5. (B) Representative scatterplots of total Edu-Cy5 fluorescence intensity versus total
DAPI intensity from fibroblasts treated with or without test compound for 4 days. A threshold line
for Edu-Cy5 total pixel intensity (> 2x10° dashed line) to define the fraction of total cell

population in DNA synthesis phase
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Figure 5.5. (C) Edu-Cy5 positive cell fractions of fibroblasts population treated with or without
test compound for different time periods; abbreviations for treatments are the same with those in

Figure 5.2. Bars represent standard deviation (n = 3). *p <0.05; **p <0.01.

5.3.5. POGIcN Up-regulated the HAS2 and HAS3 Expression in HDF

Collagen production in ECM is the result of biosynthesis from type-specific gene
expression. Type I collagen accounts for about 80% of collagen within dermal ECM, while type
I accounts for about 15% (Tobin, 2017). Gene COL1A1 encodes pro-al chain of Type I collagen
molecule which is consist of two identical alpha-1 chains and one alpha-2 chain. The expression
level of COL1AT can, therefore be an important biomarker for skin collagen production. On the
other hand, the identified three isoforms of putative hyaluronan synthases responsible for the
biosynthesis of HA are encoded by gene HAS1, HAS2, and HAS3. In this study, we extracted total
RNA from fibroblasts and quantified the mRNA level of selected genes, COL1A1, and HASI,
HAS2, HAS3, to infer the production of collagen and HA, respectively. The response of each gene
to the test compounds helped to clarify which gene was involved in the turnover of collagen/HA
in cultured HDF. The amplification plot obtained from qRT-PCR shows a comparable high
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expression level of COL1A1 to the endogenous control GAPDH, while relatively low level of
HAS genes (Figure 5.6). It reflects the abundance of type I collagen in dermal skin and confirms
the typical function of our cultured HDF. The greater expression level of HAS2 than HAS1 and
HAS3 suggests that hyaluronan synthase-2 was probably the predominant isoform to control the
production of HA by the HDF, which was also observed in the previous study (Kuroda et al., 2001).
Some trials of the HAS3 expression level were so low that the fluorescence signal was not
distinguishable from background, and thus not able to be quantified. The amplification efficiency
of other tested genes including GAPDH, were similar at around 100% (99.3 + 4.5%). PCR
amplifications of later experimental samples which showed consistent expression of GAPDH were
verified in the linear range. Therefore, it was reliable to quantify the relative expression level of

COL1A1, HAS2 and HAS3 by comparative Ct method using GAPDH as the calibrator.
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Figure 5.6. The representative amplification plot of gene COL1A1, HAS1, HAS2, HAS3, and
GAPDH expressed by cultured fibroblasts.
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Figure 5.7A shows the time-lapse of COL1A1 mRNA level change upon different
treatments. No significant difference was observed compared to the control for all the treatments
except bFGF. The ineffectiveness of these two peptides and GIcN on the expression of COL1A1
may explain the invariable collagen accumulation compared to control as indicated above (Figure
5.3A). The inhibition effect of bFGF on COL1A1 gene expression appeared after 2 days treatment
(53.4%), and increased along with time up to 90.4% after 6 days, which was more acute than its
inhibition on Hyp production. Basic FGF-induced down regulation of COL1A1 was observed in
other studies (Tan et al., 1993). This supports its application to prevent fibrosis and wound healing
cascade (Dolivo et al., 2017). In contrast, HAS genes seem to be more active in response to the
external stimuli, dipeptide PO and glycopeptide POGIcN. After 2 days exposure, both significantly
enhanced the mRNA levels of HAS2 to 1.8-fold of control, while only POGIcN up-regulated
HAS3 expression at 2.0-fold. Despite GlcN stimulation on HAS3 expression was very modest
(1.2-fold), HAS3 mRNA level of cells from POGIcN group was significantly greater than that
from control and PO group (1.5-fold). This implies a synergistic effect may be involved when the
two components are in the form of glycopeptide POGIcN. This effect was not manifested in HA
production (Figure 3B) probably due to the less dominant expression of HAS3 and the slower
synthesis rate of HAS3 synthase (Itano et al., 1999). As mentioned before, GIcN may function in
acetalized form. However, in glycopeptide POGIcN molecule, the amino group of GlcN is already
occupied. The higher efficiency of POGIcN than PO may imply that GIcN could also act as a
signaling factor by itself considering its reserved structure in POGIcN, or it is released from
POGIcN by some cellular enzymes before showing any function. Mammalian hyaluronan synthase
isoforms exhibit different enzymatic properties regarding the duration of their activity, the rate in

elongation of HA, and the molecular size of secreted HA products (Itano et al., 1999). HA extruded
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by the membrane hyaluronan synthase-2 has a higher molecular weight (>2x10° Da) than those
secreted by synthase-1 and synthase-3 (2x10° ~2x10° Da). The molecular size of HA correlates
with its mechanical property in retaining water of hydration and its effect in cell proliferation.
Low-molecular-weight HA is angiogenic and favors cell growths (Stern and Maibach, 2008). In
this respect, in comparison with PO, POGIcN stimulates the synthesis of a HA matrix with more
diverse physical and biological properties, and greater potential in promoting tissue remodeling
and regeneration.

As exposure time is prolonged, the up-regulation effect from both PO and POGIcN on
HAS2 and/or HAS3 transcription decreased to insignificant after 4 days and 6 days (Figure 5.7B
and Figure 5.7C). A decrease was also observed for the HAS2 transcripts of bFGF group from
5.40-fold after 2 days to 1.64-fold after 4 days, while the up-regulation remained significant. The
bFGF effect on HAS2 gene seems to be more long-lasting. After 6 days treatment, however, it
unexpectedly suppressed the expression of both the gene HAS2 (0.3-fold) and HAS3 (0.4-fold).
The change in efficacy or even pattern of regulation at different time, reveals that the cell response
to these stimuli was further complicated by the variation in growth rate, confluence level of the
cell population, ability to secret ECM components, and other unknown properties during its growth.
The expression of HAS genes has been reported to be lower in confluent cell cultures than
subconfluent ones (Jacobson et al., 2000). The up-regulation of HAS genes by PO and POGIcN
could be gradually masked as the cell cultures grew near to confluence when less transcripts were
expressed after 4 days and 6 days. As the fibroblasts grew closer to confluence after 4 days in
bFGF group than POGIcN group, the HAS3 transcript level of the former group (0.8-fold) was
significantly less than the latter one (1.3-fold) due to the emerging suppressive effect of bFGF

(Figure 5.7C). The down-regulation of HAS genes by bFGF on relatively confluent fibroblasts
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after 6 days agrees with its antagonistic property to transforming growth factor-beta, which

involves excess HA accumulation and myofibroblast transformation associated with fibrosis and

hypertrophic scarring (Dolivo et al., 2017).
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Figure 5.7. COL1A1 (A), HAS2 (B), and HAS3 (C) mRNA levels in cultured fibroblasts treated

with or without test compound for various time periods. Abbreviations for treatments are the same

with those in Figure 5.2. Bars represent standard deviation (n = 3). *p < 0.05; **p <0.01.

This study demonstrated that the novel collagen-derived glycopeptide Pro-Hyp-CONH-

GlcN (POGIeN) can exhibit comparable effect to its parent dipeptide Pro-Hyp (PO) on promoting
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the proliferation of cultured dermal fibroblasts and the production of matrix hyaluronan. In this
respect, the incorporation of GIcN did not contribute to a better performance of POGIcN as
hypothesized. However, as a potential mitogen, the glycopeptide POGIcN more rapidly affected
cell cycle distribution of fibroblasts than PO by arresting more cells active in DNA synthesis and
mitosis phases compared to the untreated control, which contributed to its enhanced proliferation
capacity. Moreover, the incorporation of GIlcN in POGIcN endowed it with the ability to up-
regulate HAS3 gene expression, in addition to the up-regulation of HAS2 resulting from PO. The
gradually decreased effect of POGIcN over time on controlling cell cycle and HAS expression
suggested its non-aggressive promoting effect on cell growth and on HA deposition, respectively.
This also implies its intriguing potential of being used to improve skin condition, treat wound
healing, and facilitate tissue regeneration, without introducing risk factors for skin disease. In
addition, the results suggest the practical meaning of extending the previously proposed synthesis
method to other bioactive peptides to fortifying their effects. Further research about the mechanism
of POGIcN action on dermal fibroblasts need to be conducted, such as the potential transporter,

signaling receptor and related pathways, and in vivo performance efficacy.

-135-



CHAPTER 6.

Conclusions, implications, and future directions

From bovine hide to collagen hydrolysates (CH) to final functionalized collagen-derived
peptides, this project represents the development of a system to improve CH accumulation in target
sites in body, thus enhancing their biological efficiency. Key challenges were addressed, from very
practical details of removing dirt and blood from the raw bovine hide, to relatively complicated
and technical experiments devoted to overcoming the problematic intestinal absorption bottleneck
of CH. Biological in-vitro models were then used to determine how successful CH were absorbed,
and how the chemical modification affected cell responses and the gene expression. This
production of CH was done using two different strategies - enzymatic hydrolysis and chemical
modification - roughly dividing the project into two. The first part is depicted in chapter 3, while
the second one is mainly in chapters 4 and 5. These studies contribute to advancing our

understanding of CH and their absorption in the following ways:

1. Production of very low MW CH

At the beginning, this project developed an efficient, practical and easy method to extract
collagen from an extremely tough bovine hide. Bovine hide is molecularly cross-linked at a greater
level than material from other sources and represent a particular challenge. The combination of
two affordable commercially available enzymes, Alcalase and Flavourzyme, was screened as the
most effective treatment generating greater than 80% of very low MW (< 2 kDa) peptides. Bovine
hide is considered as low-value by-product from beef industry, and the branding system used to

mark the animal makes it less usable for leather industry. This study could help add value to the
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bovine hide through enabling its bioconversion into collagen peptides that can be used for health

benefits, and also used as functional ingredients in the food industry.

2. Transepithelial transport efficiency of CH

The in vitro gastrointestinal (GI) digestion and intestinal transport study revealed that CH
with lower MW were more resistant to GI digestion, and exhibited greater transepithelial
permeability. It provided solid evidence that the overall absorption of CH could be enhanced
through reducing the MW of CH with intensive pre-digestion hydrolysis. Also, it justified the use
of Alcalase and Flavourzyme in producing low MW CH that are more efficiently absorbed. The
CH produced, especially from the Alcalase/Flavourzyme treatment, could be competitive
alternatives to CH now commercially available due to an improved solubility, greater free amino

acid content, and superior intestinal absorption.

3. Glycosylation with GlcN to improve intestinal absorption of collagen-derived peptides

The second part of this thesis is mainly focused on improving the intestinal absorption of
collagen-derived peptides with structural chemical modification. Conjugation of a model collagen
peptide, Pro-Hyp, with a simple amino sugar GIcN, generated a novel glycoeptide Pro-Hyp-
CONH-GIcN that possessed improved intestinal permeation ability due to absorption by the
GLUTs transport pathway. This approach did not compromise the affinity to the peptide
transporter (PepT1) in common with the parent peptide. This suggests the potential of extending
this method to modify other small bioactive peptides and therapeutic peptides accordingly. This
study demonstrated the feasibility and effectiveness of glycosylation of peptides with GIcN to

target glucose transporters.

4. Influence of peptide glycosylation and its biological effects on dermal fibroblasts
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CH and some collagen-derived peptides have shown health benefits in many aspects
(Proksch et al., 2014; Tanaka et al., 2009; Moskowitz, 2000). The last study used a specific in vitro
human dermal fibroblast model to ask, “will the structural change by incorporating GlcN impact
the biological effect of CH?” In this study, effects of the model peptide Pro-Hyp and its derivative
Pro-Hyp-CONH-GIcN were compared, and this glycosylation strategy did not diminish either the
ability of the parent peptide to stimulate the growth fibroblasts or the production of matrix HA.
On the other hand, it did not improve the peptide efficiency of performance in HA biosynthesis as
hypothesized either. However, the results clarified the mitogenic activity of both the peptides, and
their role in the up-regulation of matrix-related genes. Compared to the parent peptide, the derived
glycopeptide was shown to have potential as a promising agent to improve skin health; it was faster
in controlling the fibroblast cell cycle and had a greater intestinal permeability. The glycopeptide
treatment was shown to activate fibroblasts and stimulate the biosynthesis of HA, indicating its
potential of being used to accelerate wound healing, and maintain the capacity of skin to regenerate
and prevent premature skin aging. Nutricosmetics is an emerging area that arises from the
convergence of cosmeceuticals and nutraceuticals; it refers to oral nutrient-supplements that target
skin for beauty and health purposes. Skin fibroblast activity and the regulation of HA production
are crucial contributors for skin regeneration, hydration and health. The positive findings in our
study support the idea of developing collagen peptides and derived glycopeptides for nutricosmetic
applications; these products are able be developed and evaluated scientifically to support claims

in a systematic way.

For a broader application of chemical modification strategy, a few more representative
collagen-derived peptides, such as Hyp-Gly, Pro-Hyp-Gly, may also be used as model peptides to

evaluate the feasibility of GIcN incorporation for increasing its intestinal permeation. The
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enzymatic stability of newly synthesized glycopeptides may vary depending on the structure of
parent peptides. The biological effects of those collagen peptides and derived glycopeptides could
be evaluated using in vivo models. Given the complex body digestion system where numerous
enzymes are present, there is a greater chance that the glycopeptides with an amide functional
group would be degraded or further modified. If that is the case, their half-life and final functional
forms would need to be determined. If they survive digestion, the tissue distribution and
preferential accumulation sites and therapeutic effects would need to be determined. Furthermore,
glycosylation with GlcN applied to a fraction or a whole mixture of CH is worth investigating in
a way that optimizes the reaction and purifies the final products. Any physiological function of the
collagen-derived glycopeptides to improve skin conditions and prevent premature skin aging
should be further verified with well-controlled clinical trials which include large size of subjects
and undergo long-term monitoring. The effective doses and applicable people could therefore be

suggested from those trials.

In addition, considering the beneficial effects of CH on other tissues, such as bone and
joints, future studies could also focus on evaluating the effects of GlcN modified collagen peptides
on chondrocytes and osteoblasts. There is a critical need to identify and understand the molecular
signaling pathway and cell surface receptors involved, or simply any specific cell uptake
transporter important in absorption of CH. It is also possible that these peptides affect cellular
behavior by indirectly altering the cell-matrix interaction. Regardless of the findings, it would
advance our understanding about the health benefits associated with collagen products.

In the foreseeable future of adding value to the gelatin industry and associated markets in
CH nutricosmetics, a practical challenge will include the scale up of the extraction and hydrolysis
methods, such as those proposed in the first part of this thesis. The Alcalase and Flavourzyme that
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are needed in relatively small amounts (E/S: 1/50, w/w) are commercially available and could
certainly be a feasible part of an industrial process. There are many potential technical obstacles
though that will need to be addressed in extending the glycosylation strategy proposed in the
second part. Although the food and cosmetic industries are well established, and they should have
the capability to adapt to these very large opportunities, their success will be based on the sound

research foundation created for CH production, bioavailability, biological efficacy and safety.
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APPENDIX A

Tryptophan content determination in purified collagen. The detection range is 0.03~0.1 mg/g. The content of tryptophan is too low to

be quantified, as shown in “Replicate 3” and “Replicate 2” in the figure.
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APPENDIX B

Chromatograph of peptide standards: Cytochrome c (12384 Da) and Aprotinin (6511.4 Da) were

purchased from Sigma-Aldrich (St. Louis, MO). Peptide 1(GNNRPVUIPRPPHPRL, 2108.5 Da),

peptide 2 (PRGDGETGE, 916.9 Da) and peptide 3 (Pro-Hyp-Gly, 285.3 Da) were obtained from

GenScript (Piscataway, NJ, USA).
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APPENDIX C

MS molecular weight distribution of collagen hydrolysates (from Alcalase/Flavourzyme treatment)
transported through Caco-2 cell membrane. Compounds pass through the Caco-2 cell monolayer

were mostly below 600 Da.

274.27354
z=1

90 119.08498

7 z=1

E 219.17376
65 z=? 415.20947
E | z=1

3

531.40517
z=1
656.57908 794.92588 994.63703 1139.74714 1454.20115 1601.63467 1768.25037 19092'579814
“ AL J . LL i\ l = z? z=? =7 z=? z=? = I

o

Laane aones aane o A AR Maas daats aases hasasanans noses aanay Bas Miand aanas Aaner St Rasad A S IR0 aatat aanad asess
600 800 1000 1200 1400 1600 1800 2000
m/z

176



APPENDIX D.

Representative chromatographs of glucosamine (GlcN), Pro-Hyp-CONH-GIcN (POGIcN), and
Pro-Hyp (PO) standard determination using UHPLC and detection at excitation/emission 265/315
nm. As shown in the figure, derivatized GIcN had a retention time at around 4.3 min, POGIcN at

around 9.5 min, and PO at around 18.7 min.
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APPENDIX E

inhibitors.
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APPENDIX F

Cell cycle analysis by high content screening. Representative cell cycle histograms generated from

DAPI stained fibroblasts treated with or without test compound for 2 days (A) or 6 days (B).
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APPENDIX G.

The incorporation of Edu by fibroblasts. Representative scatterplots of total Edu-Cy5 fluorescence

intensity versus total DAPI intensity from fibroblasts treated with or without test compound for 2

days (A) or 6 days (B).
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