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ABSRACT

Bioactive tripeptiddRW (lle-Arg-Trp) was initially identified as aACE (angiotensirconverting
enzyme) inhibitory peptide from egg protein ovotransferrin. The pharmacological spectrum of
IRW extends towards metabolic boosting and -di#betic properties as well. The overall
objectives of this thesis were to understamdahtiaging effects of IRW via the study of its impact

on the NAD axis, mitochondrial biogenesis, and lifespan extension.

Firstly, treatment of muscle (L6) cells with IRW increased intracellular NAMPT protein levels
and boosted NAD Both immunoprecipétion and recombinant NAMPT assays indicated the
possible NAMPT activating ability of IRW. Similarly, IRW increased NAMPT mRNA and protein
levels in liver and muscle tissues of C57BL/6J mice fed a-taglliet (HFD). A significant
increased level of cirdating NAD" was also observed following IRW treatment. Dosing
of Drosophila melanogastexith IRW elevated both INAAM (fly NAMPT) and NAD™ in vivo.
However, IRW treatment did not boost NAMPT levels in SIRT1 KO cells, indicating a possible
SIRTI-dependencior the pharmacological effect. Overall, these data indicate that IRW is a novel

small peptide booster of the NAMPT pool.

Next, IRW was also investigated for its impact on mitochondrial biogenesis. Results showed that
IRW activates mitochondrial biogesis resulting in increased mitochondrial DNA, ATP surge,

i mproved metabolic and microbiome function.
mitochondrial biogenesis, in multiple cell lines and tissues of C57BL/6J HFD mice. It also
increased mitochatrial DNA in muscles of ageDrosophilafed with IRW for a week. The

CRISPRCas9 experiments elucidated the underlying mechanism as FAM120B dependent, a



constitutive activator of peroxisome prolifer
of our knowledge, IRW is the first bioactive peptide to induce mitochondrial biogenesis

vitro andin vivo.

Finally, the ability of IRW to extend lifespan was evaluated usindptiosophilamodelin vivo.

Different fly lines, such a&, wy, and Wlahwere fed egular fly medium supplemented with IRW.

| RW treatment at 50 and 100 €M concentrations
(w) by 5.1 and 12.08% (respectively) and of yellow mutanj by 12.1 and 22.9% (respectively).

Likewise, midlife IRW feéing in WHahflies improved lifespan significantly as well. Also, IRW
treatment at these concentrations significantly improved the histone markers in flies and activated

the expression of multiple gene pathways involved in sirtuins (SIRT1), antioxidaenseef

(SOD2), autophagy (ATG7), and insulin signaling (dInR). Together, our study identifies the first
bioactive peptide with the ability to extend lifesparvivoand suggests an important prospective

role of IRW intake for healthy aging in humans.

Overdl, this research demonstrated the potential of IRW as aragimtg functional food due to

its role in promotindNAD* levels and mitochondrial biogenesis leading to extension in lifespan.



PREFACE

This thesis contains original research wookducted by Khushwant Singh Bhullar and has been
written according to the guidelines for a paper format thesis of the Faculty of Graduate Studies
and Research at the University of Alberta, Canada. The overall concept of this research work was
developed uder the guidance of my supervisor Dr. Jianping Wu and the research was funded by
The Natural Science and Engineering Research Council of Canada (NSERC). The animal
experimental protocol was approved by the Animal Care and Use Committee of the University of
Alberta (Protocol# 00001402) in accordance with guidelines issued by the Canadian Council on

Animal Care.

The thesis has been divided into of six chapters: Chapter 1 provides a general introduction on the
context and the objectives of the thesis; Chapiera literature review on several topics relevant

to this thesis, includingNAD*™ metabolism, mitochondria, and their biogenesis, NAD+ and
mitochondrial convergence in aging, peptides modulating the NAD axis and mitochondria and
currenttherapies, and the potential use of bioactive peptides in mitigation of aging; Chapter 3
contains the work oim vitro andin vivo ability of IRW to boost NAMPT and NAD levels, which

has been published as Bhulégral2 0 2 1 , ATri pepti de PTHMAMeinUgvelse gul at
in Cells and Ob e sJeurn& 6f7ABricultlGal andMFoodeCGhemistry, 69(5),
pp.15551566); Chapter 4 explores the ability of IRW to initiate mitochondrial biogenesis and
underlying mechanisms of IRMtimulated mitochondrial bgenesis; Chapter 5 investigates the
effects and mechanisms of IRW on lifespan extensi@rasophilain vivo, and Chapter 6 gives

concluding remarks and discusses future research directions.
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CHAPTER 171 General Introduction and Objectives

1.1 General Introduction

Aging, characterized by a progressive loss of physiological integrity is the leading risk factor for
many diseases including metabolic disorders, vision loss, cancer, immune dysfunction, etc.
(L6pez0tin, Blasco, Partridge, Serrano, & Kroemer, 20E8hong hallmarks of aging, NAD
decline and mitochondrial dysfunction are the key hallmarks of the pgiegsgCampisi, 2013)

Levels of NAD are reduced during aging and in associated metabolic disorders. This decline
during aging leads to worsening of metabolic disorders, mitochondrial dysfunction, and oxidative
damag€gChini, Tarragd, & Chini, 2017; Gomes et al., 2013yving to the convergence of NAD

and mitochondria in metabolic function, the NAd®cline is furtheexacerbated by mitochondrial
dysfunction(Stein & Imai, 2012) Mi t ochondr i a, wel | known as
reflecting their vital role as th@imary bioenergetic source remarkably influence aging and related
decline in cellular function@Natarajan et al., 2020The quality and quantity of mitochondria are
crucial to maintaining energy production and redox homeostasis, however, this balance is
disrupted during the aging proce&reedhar, Aguilerdguirre, & Singh, 202Q) Further, the
reduced efficiency of mitochondrial bioenergetics and NADmeostasis withging may also
accompany the reduced biogenesis of mitochor{®walgers, Lerin, Haas, Gygi, Spiegelman, &
Puigserver, 2005; Stein et al., 201Qurrently, there is a strong research effort to identify bioactive

molecules with the ability to boost NADevels and improve mitochondrial dynamics.

Both natural bioactives and synthetic molecules have been developed to boost NAD and

mitochondrial function and mitigate the aging and metabolic decline. Plant polyphenols such as



butein, piceatannol, isoliquiigenin, piceatannol, resveratrol along with synthetic polyphenols
such as SRT1720, SRT2104,-DAIP derivative, and UBCS039 have been tested for their anti
aging activity(Dai, Sinclair, Ellis, & Steegborn, 2018pne group of natural bioactives which
have received recent attention for aanging activity are bioactive peptid@hullar & Wu, 2020)
Bioactive peptides containing 2 to 20 amino acids are well known to extend a beneficial effect on
human health beyond their known nutritional valkigts & Weiler, 2003) Multiple food derived
bioactive peptides improve metabolic function and mitigate mitochondrial dysfunction, the two
hallmarks of aging and asso@dtmorbiditiegKitts et al., 2003)On the metabolic front, bioactive
peptides exhibit hypocholesterolemic actiiBak, Koo, Kasymova, & Kwon, 200%ctivate the
AMPK pathway(Lammi, Zanoni, & Arnoldi, 2015)lower hyperglycemigZambrowicz et al.,
2015) and extend cardioprotectigMajumder & Wu, D10, 2011) Likewise, bioactive peptides
lower oxidative stresgRizzello, Lorusso, Russo, Pinto, Marzani, & Gobbetti, 2@k activate
antioxidant enzyme@die, Wang, Yang, Wang, Ju, & Yuan, 2019; You, Zhao, Regenstein, & Ren,
2011) Therefore, exploring the bioactive peptides with the ability to improitechondrial

function and NAD levels is a rationale research approach.

One particularly promising peptide is IRW ¢hag-Trp), initially identified as an inhibitor
of angiotensin converting enzyme (ACE) from egg white protein ovotransfstajumder et al.,
2011) IRW is also a robust antioxidant peptide with the ability to ease oxidative strels®
(Wu, 2020) The unique feature of IRW to increase endothelial nitric oxide synthase (eNOS)
supports its vasodilatory properti@dajumder et al., 2013With its ability to activate the NO
pathway, a critical initiator of mitochondrial biogenesis, IRW can be explored for its ability to

activate mitochondrial biogenes(dlisoli et al., 2003) Given the critical role of NAD+ in the



sphere of | RWOG s(Kobhiebdl,2048) weahlpotlzesized that IRW can increase

NAMPT pool and consequently improve NARvels.

1.2 Objectives and Hypothesis

Given the above background, we hypothesized that egg white ovotransferrin derived tripeptide
IRW can promote metabolic amditochondrial health through NAD boosting and an increase in
mitochondrial number. The overall objectives of this research are to understand the impact of IRW
on the NAD/NAMPT axis and to explore its potential application as an activator of mitochondrial

biogenesis. The specific objectives of the research are:

1) To investigate thi vitro andin vivo potential of IRW on NAD/NAMPT axis

2) To investigate tha vitro andin vivo effects of IRW on mitochondrial biogenesis

3) To study the mechanisms inved in the IRWstimulated mitochondrial biogenesis; and

4) To study then vivo efficacy of IRW on lifespan ibrosophila melanogaster

1.3 Chapter Format

There are six chapters in the thesis and the brief description of each chapter are given as follows:

Chapter 1 gives a brief introduction on metabolism and mitochondria and the growing interests
in developing bioactives to promote overall metabolic and mitochondrial health. Following with
the general introduction, the thesis objectives and hypothesieseaed, and the chapter format

is introduced.



Chapter 2 provides a literature review on the current knowledge of the N#dthway and its
regulation, metabolic and aging relevance of NAfRerapeutic NADboosting, mitochondria and
mitochondrial biogeesis, small molecule for aging, bioactive peptides, and their nutraceutical use.
In the end, the perspectives on develogRW and its potential use as aatjing treatmenare

summarized.

Chapter 3reports then vitro andin vivoeffect of IRW on stnulating NAD and NAMPT activity.
Immortalized rat skeletal (L6) myoblastlls were used to investigate effects of IRW on NAMPT
protein and NAD pools. The effects of IRW an vivolevels of NAD and NAMPT were analyzed
using C57BL/6J mice fed a high faied (HFD) in combination with IRW. The effects on these
metabolic markers were characterized by immunoprecipitation assay, immunoblotting, ELISA,

and gPCR analysis. Objective 1 is addressed in this chapter.

Chapter 4 elucidates the ability of IRW to initiate mitochondrial biogen@sigitro andin vivo.

Multiple cells lines including A7R5, L6, 293T were used whilevivo levels of mitochondrial
biogenesis were analyzed using C57BL/6J mice fed a high fat diet (HFR&mbination with

IRW. Western blots accompanied by biochemical techniques such as ELISA, flowcytometry,

mi croscopy and qPCR were used to study the ac
and related pathways. Microbiome analysis was conductestudy gut microbiota changes

induced by IRW. CRISPEas9 and click chemistry were used to elucidate and validate the

peptide target pathwawys vitro in 293T cells. Objectives 2 and 3 are addressed in this chapter.

Chapter 5 reports thein vivo effects of ovotransferrin on lifespan extension Drosophila
melanogasterDrosophilaspecies such as, wy, andw9"flies were used to access the impact of

IRW on lifespan (days), key histone markers, and genes associated with lifespan extension.



Western blotsaccompanied by qPCR were used to study the activation of signaling pathways

associated with lifespan extension. Objective 4 is addressed in this chapter.

Chapter 6 presents a general summary on the key findings and the significance of this study. The
recommended future studies are outlined according to the limitations and challenges of this

research.



1.4 References

Bhullar, K. S., & W, J. (2020). Dietary peptides in aging: Evidence and prosfexd. Science
and Human Wellness(®), 1-7.

Campisi, J. (2013). Aging, cellular senescence, and cahieual review of physiology, 7685
705.

Chini, C. C., Tarrag6, M. G., & Chini, E..N2017). NAD and the aging process: Role in life, death
and everything in betweeNolecular and cellular endocrinology, 4562-74.

Dai, H., Sinclair, D. A., Ellis, J. L., & Steegborn, C. (2018). Sirtuin activators and inhibitors:
promises, achievemen@nd challenge$2harmacology & therapeutics, 183840154.

Gomes, A. P., Price, N. L., Ling, A. J., Moslehi, J. J., Montgomery, M. K., Rajman, L., . ..
Hubbard, B. P. (2013). Declining NAD+ induces a pseudohypoxic state disrupting auclear
mitochondrialcommunication during agingell, 1557), 16241638.

He, R., Wang, Y., Yang, Y., Wang, Z., Ju, X., & Yuan, J. (2019). Rapeseed paeteéied ACE
inhibitory peptides LY, RALP and GHS show antioxidant and-gufiammatory effects
on spontaneously hypertsive ratsJournal of Functional Foods, 5211219.

Kitts, D. D., & Weiler, K. (2003). Bioactive proteins and peptides from food sources. Applications
of bioprocesses used in isolation and recov@uyrrent pharmaceutical design (%),
13091323.

Koch, C., Fitch, A., Simon, M., Qin, S., Leo, N., Methe, B., . . . Morris, A. (2018). Alterations in
Tryptophan Metabolism and Nicotinamide Adenine Dinucleotide (NAD) Synthesis in
Individuals with Pulmonary Arterial Hypertension. k63. RIDE THE LIGHTNING:
BASIC AND TRANSLATIONAL STUDIES IN PULMONARY HYPERTENSPPN

A2104-A2104): American Thoracic Society.



Lammi, C., Zanoni, C., & Arnoldi, A. (2015). Three peptides from soy glycinin modulate glucose
metabolism in human hepatic HepG2lgedinternational journal of molecular sciences,
16(11), 2736227370.

LopezOtin, C., Blasco, M. A., Partridge, L., Serrano, M., & Kroemer, G. (2013). The hallmarks
of aging.Cell, 1536), 11941217.

Majumder, K., Chakrabarti, S., Morton, J. S., Panahi, S., Kaufman, S., Davidge, S. T., & Wu, J.
(2013). Egegderived tripeptde IRW exerts antihypertensive effects in spontaneously
hypertensive rat$loS one, @L1), €82829.

Majumder, K., & Wu, J. (2010). A new approach for identification of novel antihypertensive
peptides from egg proteins by QSAR and bioinformafad Resarch International,

43(5), 13711378.

Majumder, K., & Wu, J. (2011). Purification and characterisation of angiotensin | converting
enzyme (ACE) inhibitory peptides derived from enzymatic hydrolysate of ovotransferrin.
Food Chemistry, 13@), 16141619.

Natarajan, V., Chawla, R., Mah, T., Vivekanandan, R., Tan, S. Y., Sato, P. Y., & Mallilankaraman,
K. (2020) . Mi tochondri al dy s f unRroteonuce, i n
20(5-6), 1800404.

Nisoli, E., Clementi, E., Paolucci, C., Cozzi, V., ThoeC., Sciorati, C., .. . Moncada, S. (2003).
Mitochondrial biogenesis in mammals: the role of endogenous nitric oSicience,
2995608), 896899.

Pak, V., Koo, M., Kasymova, T., & Kwon, D. (2005). Isolation and identification of peptides from
soy 11S-globulin with hypocholesterolemic activityChemistry of natural compounds,

41(6), 716714,



Rizzello, C. G., Lorusso, A., Russo, V., Pinto, D., Marzani, B., & Gobbetti, M. (2017). Improving
the antioxidant properties of quinoa flour through fermentatioith selected
autochthonous lactic acid bactetiaternational journal of food microbiology, 24252
261.

Rodgers, J. T., Lerin, C., Haas, W., Gygi, S. P., Spiegelman, B. M., & Puigserver, P. (2005).
Nutrient control of glucose homeostasis throughraglex of PGEG1 U a n d N&ureR T 1 .
434(7029), 113118.

Sreedhar, A., Aguilerdguirre, L., & Singh, K. K. (2020). Mitochondria in skin health, aging, and
diseaseCell death & disease, 18), 1-14.

Stein, L. R., & Imai, Si. (2012). The dynamic regulati of NAD metabolism in mitochondria.
Trends in Endocrinology & Metabolism, (83, 420428.

Wu, J. (2020). A Novel Angiotensin Converting Enzyme 2 (ACE2) Activating Peptide: A
Reflection of 10 Years of Research on a Small PeptidérteTrp (IRW). Journd of
Agricultural and Food Chemistry, 689), 1440214408.

You, L., Zhao, M., Regenstein, J. M., & Ren, J. (2011). In vitro antioxidant activity and in vivo
anti-fatigue effect of loach (Misgurnus anguillicaudatus) peptides prepared by papain
digestion.Food Chemistry, 144), 188194.

Zambr owi cz, AL, Pokor a, M. , Setner, B. , DNb
Chrzanowska, J. (2015). Multifunctional peptides derived from an egg yolk protein

hydrolysate: isolation and characterizatidmino acds, 472), 369380.



CHAPTER 2 - Literature Review

2.1 Nicotinamide adenine dinucleotide

Nicotinamide adenine dinucleotide (NAD an essential coenzyme for redox reactions, was first
described in 1906 as a factor that could enhance the fermentation rate ifHgedsh & Young,
1906) Later, it was reported to be involved in hydrogen transfer in redox red@tiarourg &
Christian, 1936) Chemically, as a vital redox carrier, NADeceives hydride (the anion of
hydrogen H) from metabolic processes including glycolysis, the TCA cycle, and fatty acid
oxidation (FAO) to formNADH, a central hydride donor involved in ATP synthefisana
Roberts Stein & Imai, 2012)Apart from energy metabolism, NADpresents itdé as a ce
substrate for various enzymes including sirtuins, PARPs, and NADases (CD157, CD38, and
SARM1) (Chambon, Weill, & Mandel, 1963; Frye, 1999; Imai, Armstrong, Kaeberlein, &
Guarente, 2000; Landry et al., 2000JAD* is highly compartmentalized and independently
regulated ints main subcellular pooldz.the cytoplasm, mitochondria, and nucl¢Gambronne

& Kraus, 2020) Therefore, the dynamic NADOmpacts an assortment of cellular processes and
pathophysiological conditions, and pagnthesis modification of fundamental biokules,
including DNA, RNA, and proteinfCahova, Winz, HéfeNlbel, & Jaschke, 2015; Y. G. Chen,
Kowtoniuk, Agarwal, Shen, & Liu, 2009; Walters, Matheny, Mizoue, Rao, Muhlrad, & Parker,

2017)

NAD™ biosynthesis takes pladenovofrom tryptophan via the kynurenine pathway (KP)
or from vitamin precursors, such as nicotinic acid (NA), via the Ridasdler pathway or via the

salvage pathway (Figure 2.1). THe novogeneration of NAD from dietary tryptophan (W) by



the KP is initidized by the ratdimiting enzyme indoleamine 2@oxygenase (IDO) or the rate
limiting enzyme tryptophan 2s8ioxygenase (TDOJKatsyuba et al., 2018)lhe downstream
product o f-amndbicsa r dy |y enssemialdenyde (AQGMS), can spontaneously
condense to quinolinic acid (QABadawy, 2017) QA can be transformed by quinolinate
phosphoribosyltransferase (QPRnto nicotinamide mononucleotide (NAMN), at which point it
converges with the Preiddandler pathwayYoun et al., 2016)The PreisdHandler pathway can
convert dietary nicotinic acid (NA) absorbed via SLC5A8 or SLC22A13 transporters to
nicotinamide mononucleotide (NAMN) by nicotinic acid phosphoribosyltransferase (NAPRT).
The NAMN is subsequently transformed into nicotiaitid adenine dinucleotide (NAAD) by
nicotinamide mononucleotide adenylyltransferases (NMNAT1, NMNAT2, and NMNAT3)
(Marletta, Massarotti, Orsomando, Magni, Rizzi, & Garavaglia, 20IBg NAAD is finally
amidated to NAD by NAD synthase (NADSYN) using glutamine as nitrogen ddBoazill, Li,

Zhu, & Zhai, 2017)The third pathway i.e., the salvage pathway is most often used by the cell to
maintain the cellular NADlevels via recycling from nicotinamide (NAM), nicotinamide riboside
(NR), and nicotinamide mononucleotide (NM{Braidy et al., 2019)The precursor NR changes

to NMN and is ultimately adenylylated by NMNAT to yield NA@Zhou et al., 2002)

Subcellular distribution of NADexists in both the oxidized NAD(P)+ and the reduced
NAD(P)H. The NAD concentration in cell lines including HEK293T, U20S, &l a ranges
from 40 to 70 puM(Cantd, Menzies, & Auwerx, 2015; Sallin, Reymond, Gondrand, Raith, Koch,
& Johnsson, 2018) Det ai l ed analysis of U20S cell s r e\
cytoplasmic NAD, ~110 eM fof athuebbare MNADT mi t ochon
respectively(Sallin et al., 2018)The comparable diminatn of NAD" in the cytoplasm endorses

a probable exchange of NADbetween these cellular compartments, while a higher concentration
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of mitochondrial NAD suggests its segregation from the cytosolic and nuclear "Nb&DIs

(Houtkooper, Cantd, Wanders, & Auwerx, 201®urther, some evidence indicates that
mammalian mitochondria are cont@et in transporting in NADas well as its precursors, such as
NMN and NR(Canté et al., 2012; Davila et al., 2018; Nikiforov, Délle, Niere, & Ziegler, 2011)
Further, via recycling the NAD the NAD" pool in each cellular compartment is maintained

independentlyfBerger, Lau, Dahlmann, & Ziegler, 2005)

2.1.1 NAMPT and its link to NAD* biology

Nicotinamide phosphoribosyltransferase (NAMPT) was originally proposed to be a cytokine that
was a cofactor for Bell maturation and its bacterial and murine homologues Vager found as
enzymes involved in NAD biosynthegi§lartin, Shea, & Mulks, 2001; Rongvaux et al., 2002;
Samal, Sun, Stearns, Xie, Suggs, & McNiece, 199 discussed in the sectionoal, NAD"

can be synthesizedenovofrom tryptophan or NAD precursors such as NAM, NA, NMN, and
NR. Among these NAM, the predominant NAprecursor in mammals is catalyzed to NMN,
thereby catalysing the ratieniting step in the NAD salvage pathway fra NAM (Imai, 2009)

Next, the NMN is converted into NADby nicotinamide/nicotinic acid mononucleotide
adenylyltransferases3 (NMNAT1-3)(Canté et al., 2015; Imai, 2009)he ubiquitous expression

of NAMPT in nearly all organs, tissues, and cells indicates its pleiotropic functions in human
physiology (Friebe et al., 2011)As a vital regulator of the intracellular NAD pool, NAMPT
directly influences the activity of NAlependent enzymes, such as sirtuins and PARBS,
regulating both cellular metabolism and mitochondrial biogerfefiso wl by, Thomas, D¢

Jr, & Kridel, 2012; Koltai et al., 2010; Pillai, Isbatan, Imai, & Gupta, 2005)

2.1.2 Metabolic and aging relevance of NAD
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Levels of NAD" are reduced in a variety of metabolic disorders and during aging. Théls\dls

are correlated with insulin resistance as metabolic stress (diabetes and IR) significantly weakens
the role of NAMPTFregulated NAD biosynthesis in metabolic orgafiéoshino, Mills, Yoon, &

Imai, 2011) IR and diabetes are inditors of critical wholebody abnormal metabolism with close
relation to obesityYach, Stuckler, & Brownell, 2006; S. Yamaguéh¥ oshino, 2017) Further,

a sharp decline of NADIevels in cells is observed in many tissues with obesity, including the
skeletal muscles, liver, and adipose tistieshino et al., 2011)Likewise, NAMPT, the NAD
synthesis plays an important role in the pathogenesis of metabolic complications. Obese
individuals have higher levels of NAMPT in visceral fat and serum but lower levels of NAMPT

in subcutaneous fat tissue and skeletal mug8emdt et al., 2005; Chang, Chang, Lin, Shin, &
Lee, 2011; Terra et al., 201Based on these findings, the effectNAMPT on metabolism
depends on its enzymatic activity and the target tissue. A boost irf M&&ls by enhancing NR

in mouse tissues and mammalian cells activate SIRT1 and SIRT3, which ultimately leads to
increased oxidative metabolism and prevents matahbhormalities induced by HF{anto6 et

al., 2012) Thein vivoknockout (KO) of NAMPT in mice leads to IR which manifests aseased
plasma free fatty acid content, and both were normalized by administering(Sivtixhsdorfer et

al., 2016) The therapeutic potential of NMN was basedtloa recovery of NAD levels and
enhancement of energy expenditimevivo (Stromsdorfer et al., 2016; Yoshino et al., 2011)
Likewise, lowering of CD38, a NADase, in obese mice improves glucose intolerance with HFD,
which could be further improved by supplementation of (RmachePereira et al., 2016)
Interestingly, adding the amino acid leucine to a HFD can also increase the expression of NAMPT
and SIRT1 and elevate the level of NADn cel |l s |l eading to deacet

promoting mitochondrial biogenegis, Xu, Lee, He, & Xie, 2012)Similar to metabolism, NAD
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and its metabolites govern mechanisms rdlateaging decline. The decrease in NAlDring the
aging process leads to oxidative damage, metabolic disorder and its worsening, mitochondrial
dysfunction, and i mpacts |ifespan via cell S i
by sirtuins and RRP (Fang et al., 2017)nitial studies showed that NATevels depleted in aging
worms which shortened the worm lifespan, an observation also made in the mice @Bchicys
Guillemin, Mansour, Chahing, Poljak, & Grant, 2011; Fang et al., 2013)milarly, in humans,

the plasma levels of NADand its metabolites, NADPand NAAD also decline during aging
(Clement, Wong, Poljak, Sachdev, & Braidy, 2Q1Bg¢vels of NAMPT expression are also
severely impededidifferent tissues of aging mice including liver, skeletal muscle, WAT, and
pancreaglLiana R Stein & Imai, 2014; Yoshino et al., 201This parspecies decline in the NAD
levels is attributed to enhanced NABPonsumption in addition to reduced biosynthesis. For
example, CD3&wull aged micemaintain the normal NADlevels and ensuing mitochondrial
respiration and metabolic functiofS. Johnson & Imai, 2018)Additionally, the genetic and
pharmacological replenishment of NADmproves the ageelated biological function and
increases lifespan in worms and mfouchiroud et al., 2013; H. Zhang et al., 2Q1&milarly,
improved expression of NAMPT iaging human smooth muscle cells prolonged lifespan while
supplementation of NADprecursors such as NR and NMN extended mice lifef@iPicciotto

et al.,2016; Gomes et al., 201Fjurther, additional research shows that NABpendent sirtuins
can prolong the lifespan of multiple organisms including yeast, worms, flies, andKuaitk et

al., 2012; Satoh et al., 2013} is vital to note that agintelated NAD decline is proposed to be

a cause of mitochondria dysfunction as W&lbmes et al., 2013NAD" supplementation triggers
dual activation of mitochondrial unfoldguiotein response (UPRmt) and antioxidaefethse

leading to antaging activity and lifespan extensilouchiroud et al., 2013he NAD+ decline
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and abnormal initiation of NADconsuming PARPs inhibits the SIRT1 activity and prompts
mitochondrial dysfunctior{Gomes et al., 2013; Scheib@udsen et al., 2014)n summary,
NAD™ is emerging as a cenknaetabolite in metabolism and aging research, and its decline and

replenishment are becoming established features of metabolism and aging research.

2.1.3 Therapeutic NAD boosting

Apart from preclinical testing in cells and mice, seveddhical trials have investigated NAD
precursors, especially NR, to study their metabolism and aging ififfager, Herranz, Velaseo
Miguel, Serrano, & Tschép, 2008; Radenkovic & Verdin, 2088)erall, compared to preclinical
studies, clinical studies are less advanced but have deatedghat NMN and NR administration

in humans is saféMartens et al., 2018 Noteworthy, there are more phase | clinical trials using
NR than those using NMN and have been sunmadrin Table 1. On a positive note, multiple
clinical trials showed that interim NR administration has some beneficial effects in healthy elderly
individuals, obese individuals, and patients with Ald® la Rubia et al., 2019; Dollerup et al.,
2018; Dollerup et al., 2019; Martens et al., 20@)rrently there are 80 clinical trials investigating
the therapeutic boosting of NADn various disease models (www.clinicaltrials.gov as accessed
on May 19, 2021). However, additional clinical studies are needed to determine thedossper
and time of administration ™AD" or its precursor(s), lonterm toxicological impact, racial and
genetic diversity of participants, to better address the successful translation of thé&dosbng

strategy.

2.2 Mitochondria and their resurgence
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Mitochondria are classically placed at the heart of eukaryotic cell metabolism. Howeyer, t
emerging picture of mitochondfrdcae tcéa nb ebbek Gsougnonse
structural organelles whose behavior is responsive to cellular needs. Until the 1950s, mitochondria
were solely studied for their metabolic pathways, andbyiB70s their role was mainly settled to

ATP generation and metabolites for macromolecule syntl€kiandel, 2018)However, in the

1990s, seminal papers showed their role in apop(¥sikiu, Kim, Yang, Jemmerson, & Wang,
1996)as well in free radical(s) mediated cellular adaptaffeurukawa et al., 2017}ollowing

this, mitochondria have been studied extensively for theisatile activities incellular and
pathological condition§Nunnari & Suomalainen, 2012Jhus, it is now clear that mitochondria

are indeed more than ATP synthesizers and function as critical signaling organelles deciding the
fate of cell and organ systerffSgure 2.2)

2.2.1 Mitochondrial Biogenesis

Mitochondrial biogenesiss an intricate and adaptive response process. It requires coordinated
transcription of mitochondrial genes in the nucleus, replication of the mtDNA, as well as the
synthesis, and import of proteins to the existing mitochondrial retic(lRagliarini et al., 2008)

The coordination of the two cellular genomes is achieved by nueleded mitochondrial
transcription factors such as TFAM, nuclear respiratory factor (NRpgroxisome proliferater

activated receptorsPPARSs), and PGQ U, a transcripti-ghmFAMandoact i\
PPAR9 (Kashyap et al.2005; Nisoli et al., 2003)Following the synthesis of nucleancoded

proteins, they are imported to mitochondria via thesi@ase of the outer membrane (TOM)
complex(Dolezal, Likic, Tachezy, & Lithgow, 2006Any imbalance in the coordination thiese

genomes (and their protein expression) leads to proteotoxic stress and subsequent activation of
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mitochondrial turnover mechanisnfatsuda et al., 2010)Also, pathological, or ageslated

changes in mitochondrial biogenesis lead(s) to perturbed mitochondrial and cell function.

As stated earlier, mitochondrial biogenesis is a complex process and involves multiple
factors(Figure 2.3) One of the crucial factors is NRF1, identified initially as a transcription factor
binding to cytochrome ¢ promotévirbasius, Virbasius, & Seaulla, 1993) Its binding sites are
evolutionarily conserved in promoters of many mitochondrial genes and also regulate expression
of TFAM, and thereby coordinates the increase in mitochondrial biogéResia & Lezza, 2015)

NRF1 also affects the expression of mitochondrial subunit(s) such as COXIV, and RGC
indirectly via the transcription factor MEFZRamachandran, Yu, & Gulick, 2008hterestingly,
NRF1also directly controls the expressions of ten nuetgeoded mitochondrial COX subunits

and three mitochondri@ncoded COX subunits indirectly via TFAKDhar, Ongwijitwat, &
WongRiley, 2008) Further, NRFL null animals and cells, lacking a vital member of
mitochondrial biogenesis cascade, exhibit reduced mtDN#£obeupport its role in mitochondria
biogenesigHuo & Scarpulla, 2001)Although NRF1 is obligatoryfor mitochondrial biogenesis,

yet its sole expression is insufficient to drive this complex cellular mechanism. Three other players
include PGC1U, TFAM and TOM machinery, which
towards a successful end. PGQhas emerged as a prominent regulator of mitochondrial
biogenesis, thus becoming a critical metabolic node. Identified through its functional interaction
with PPARO2, thell@xpxpsessoinomfi $GfCi nely tuned

as itincreases during adaptive thermogenesis, fasting and muscle eXeneset al., 2001)

Following this initid discovery, PGEL U was found to activate NRF1,

mitochondrial biogenesi@Vu et al., 1999)Apart from the energy sensing mechanisms, AGCT

is also activated by p38 MARKvhose parallel activation during exercise or by overexpression
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augments the expression of PGGIM. Zhao et al., 1999)AMP-activated protein kinase
(AMPK) is a crucial sensor of the energy status of the cell andtigaged in muscle during
exercisgJager, Handschin, Pierre, & Spiegelman, 208#ilar to p38 MAPK, PGEL U act i vi t
increases in muscle cells following treatment with AMPK activators, indicating crosstalk with two
energy sensor@dager et al., 2007TFAM also plays a vital role imitochondrial biogenesis as it

is considered as a necessary initiation of human mitochondrial transcii$tioet al., 2012)

TFAM is involved in many fuations: mtDNA transcription, mtDNA maintenance, and replication
(Shi et al., 2012; Uittenbogaard & Chiaramello, 2014)s interesting to note that TFAM is
considered the historie protein of mtDNA as a high number of bound TFAM molecules (~1000
proteins/mtDNA genome) is reported in mammalian cell lif@sacinska et al., 2010 his
histonelike feature of TFAM is proposed to help in both mtDNA replication and mtDNA
packaying for biogenesis. Finally, the import of 99% of nuctensoded mitochondrial precursor
proteins is vital for making new mitochondria. Most mitochondrial proteins are synthesized on
cytosolic ribosomes and imported through the TOM comp&hiota et al., 2015)Following
passage through the TOM channel into intermembrane space, the imported proteins are used by
different sorting machineries for various purpo@éarbauer et al., 2014; Shiota et al., 20T%)e

small TOM proteins Tom5, Tom6, and Tom7 regulate the assembly of the TOM complex and
further stabilizes ifHarbauer et al., 2014)Among these small TOM proteins, TOM6 has emerged

as an essential regulator of mitochondrial biogenesis. In cells, phosphorylation of the cytosolic
precursor of Tom®y Cdk1l leads to an enhanced import of Tom6 into mitochoi@oaman et

al., 2016) On the mitochondrial surface, increased Tom6 promotes assembly of the protein import
channel Tom40 and import of fusigproteins, thus stimulating a direct means for increasing

mitochondrial biogenesi&Gorman et al., 2016)
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Research into mitochondrial physiology has been instrumental for understanding the
associatiorbetween dysfunctional mitochondria and general health, and disease. An isolated
factor seldom causes mitochondrial dysfunction in common diseases such as obesity, hypertension,
and diabetes; instead, they result from a cumulative impact of polygenerniofls. Among these,
impaired fitness, loss of metabolic and mitochondrial function, are underlying factors for
mitochondrial dysfunction, preceding or accompanying a disease state. Hence, the multiscale
regulatory networks that govern mitochondrial bioggh@resent themselves as drug targets for
the treatment of mitochondrial dysfunction and related disease state(s). Theoretically, there are
two strategies to regulate mitochondrial bioenergetics. The first targets upstream regulators (i.e.,
energy and nuient sensors like PGC U, mTOR, and AMPK) , the seco
effector pathways that respond to these regulators (i.e., transcription factors, cofactors,
transporters, and nuclear receptors such as NRF1, TFAM, TOM, and COX subunits), and the

cumulative effect of intervention leads to mitochondrial biogenesis.
2.2.2 Mitochondrial dysfunction and metabolism

Mitochondrial dysfunction contributes to this oxidative stress which plays a major role in the
pathogenesis of metabolic syndrome, insulisistance, and T2DMFurukawa et al., 2017;
Henriksen, Diamondbtanic, & Marchionne, 2011The increase of electron supply to the electron
transport chain (ETC) of mitochondria as result of free radicals that arise from the nutrient excess
in cells which leads to a compensatory increase in mitochondrial fatty acid oxidation, NADH, and
FADH2 production from the tricarboxylic acid cyclé We ns v een, Val entil,
Wensveen, &. Ferihdr, iamplifiedRofidative stress in adipocytes leads to a vicious
cycle of additional deterioration in mitochondrial function by damaging ETC components and

other mitochondrial constituents ultimately leading to aggravated metabolic dysfunction
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(Galloway et al., 2012; Kowaltowski & Vercesi, 199%imilar to adipocytes, mitochondria
dysfunction contributes to IR in skeletal musdesswell(Montgomery & Turner, 2015; Pagel
Langenickel, Bao, Pang, & Sac010) Interestingly, at the initial stage of the metabolic disease,

the increased availability of free fatty acid
excess subsequently excess leads to accumulation of toxic lipids, pancreatidl fetaree and

insulin resistancéErion & Shuman, 2010; Ma, Zhao, & Turk, 2012; Montgomery et al., 2015)

This oxidativese ss can be attributed to i neccellsdusted met
hyperglycemia (Ma et al., 2012; Mulder & Ling, 2009verall, IR cells exhibit diminished
mitochondrial energy production, decreased mitochondrial biogenesis, and increased vulnerability

to oxidative stresgBurkat et al., 2016; Riuférez, Torre€uevas, Millan, Ortega, & Pérez,

2020) Overall, there are two strategies that present themselves to alleviate mitochondrial function

1) enhancing metabolic capacity via NABoosting and 2) enhancing mitochondriadd®nesis.

These two targets can successfully help alleviate different features associated (as discussed above)

with metabolic function and help improve metabolic function.

2.3 Aging and Mitochondria

Aging, a gradual functional decline, as an idea and a scientific endeavor has riveted both scientists
and philosophers throughout history. Multiple philosophers such as Platb3@28C) and
Giacomo Leopardi (1798837) argued about aging from their pbphical understandings either

as a stage of supreme philosophical understanding or as an evil stage of d{&sdality 2012)

Aging is frequently characterized as the gradually aciwgrfunctional decline of organisms with

time, possibly triggered by the simultaneous deterioration of various interconnected cellular

functions (Nussey, Froy, Lemaitre, Gaillard, & Austad, 2018) its broadest sense, aging
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indicates changes that occur durmagh or gani sms6 | i fespan, whi |
increased risk of disease are termed senes¢btatéugh & Gil, 2018) Senescence is, therefore,

the gradual decline of bodily funohs over time ultimately leading to decreased healthspan,
fertility, and increased risk of disease or morta(iycHugh et al., 2018)Scientific literature
indicates multiple widespread théss as to why aging takes place. These include the free radical
theory of aging, changes in immunological functions, telomere shortening, and the presence of
senescence genes in the DNE&ffros, 2005; Harman, 1993; Kruk, Rampino, & Bohr, 1995)
However, gerontologists propose the likelihood that there may not be a single universal cause of
aging. For scientific argument, most of these theories, if not all, caveVer, be classified into

two categories: damage theories and program hypotheses and combined theories, which contains
certain elements of both groups. Of our interest, the mitochondrial damage theory highlights a
prevailing idea of cellular oxidative dage(Harman, 1981)Around 23% of the oxygen taken

up in cells is chemically reduced by the addition of single electrons, however, partial reduction of
oxygen can produce an array of R@S B. Johnson, Sinclair, & Guarente, 199Bhe electron
transport chain in the mitochondria, NADPH oxidase, and #liygoXygenase are the three major
sources of ROS which increase the susceptibility of mitochondrial DNA (mtDNA) to osédati
damageg/Angelova & Abramov, 2018)Mitochondrial preservation is, hence, vital to safeguard
cellular homeostasis and impaired mitochondrial maintenance has been describedrad a sha

hallmark of human aginfHaas, 2019)

Since the postulation of the free radical theory of aging and its refinement to the
mitochordrial theory of aging, mitochondria have been put in the limelight of aging research
(Alexeyev, 2009)Both theories suggest that the cellular deterioration seen with increasing age is

ROS driven, and the focal point ofitothondrial aging extends to mtDNA mutations as well.
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Research evidence shows that both mtDNA point mutations and deletions accumulate with age,
however, it is still unclear if these mutations are causal or just correlate with(ldigmwedy, Salk,
Schmitt, & Loeb, 2013)For instance, mice with a wiiype nuclear genome with inherited
maternal mtDNA mutations show signs of premature aging such as hair greying and loss, changed
curvature of the spine, reduced body size, and premature @agh et al., 2013)Although

multiple mtDNA mutations occur, most pathogenic mtDNA mutations have a threshold level of
60%90% which is required to be exceeded to cause oxidative phosphorylation (OXPHOS)
dysfunction leading to severe cellular dysfunction and apoptoticdeath(Stewart & Chinnery,

2015) However, cells can alternatively trigger activation of -agihg mechanisms such as
mitochondrial biogenesis to increase the mitochondrial number and overall OXPHOS capacity,
allowing the cellular energy supply and cellular homeostasis to be pregiéatgupila, Kauppila,

& Larsson, 2017) This presents mitochondrial rejuvenation via biogenesis as aacang
mechanism. The enhanced mitochondrial biogenesisigthin itself energy requiring, is often

seen as a very attractive strategy to boost cellular function, and it can even be used as a potential
mitochondrial antiaging therapy(Viscomi, Bottani, & Zeviani, 2015) The efficacy of
mitochondrial biogenesis is indicated by a study of patients with a mitochondrial disease which
found that unaffeed carriers had higher mitochondrial mass and higher mtDNA copy number in
comparison with affected individua{§&iordano et al., 2014)This suggests that an incseain
mitochondrial number and mt.DNA can have protective effects. Mispdeific overexpression

of PGC1U <can I mprove mi tochondri al phenotype
phenotypes of a lonlived mouse(Dillon et al.,, 2012; Viscomi et al., 2011This evdence,
although limited, warrants investigation of small molecule activators of mitochondrial biogenesis

for anttaging therapy.
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2.3.3 NAD" and Mitochondrial convergence in aging

NAD" and mitochondria are the vital drivers of aging and related pathojdyis®. Aging
associated variations occur in most tissues and organs. Several studies have shown that declining
NAD™ levels and mitochondrial function are profoundly implicated in agisgpciated changes
(Yaku, Okabe, & Nakagawa, 2018@he decline in mitochondrial function and NADetabolism
provoke and intensify the pathology of various agmsgociated diseases, including obesity,
diabetes, and neurodegenerative dise@SasachePereira et al., 2016; Yaku et al., 2018&)e

age related decline in NADvia NADaseCD38 depends on the mitochondrial SIRT3 dependent
mechanisnfCamachePereira et al., 2016Mounting evidence suggests NAD and NAMIeVels

decline with age in various regions of the br@inY. Liu et al., 2012; Zhu, Lu, Lee, Ugurbil, &
Chen,2015) A similar trend is observed in mitochondrial number as (@llerdlow, 2011)Like

the brain, numerous findings indicate a significamiuation in NAD levels and mitochondrial
number in skeletal muscle with agif@amachePereira et al., 2016; Frederick et al., 2016;
Konopka & Nair, 2013) Multiple studies have also reported a reduction in NAd&yels and
mitochandrial levels in metabolic organs including the liver and adipose ti¢¥a&s, Okabe, &
Nakagava, 2018b) Overall, multiple lines of evidence suggest that NAIhd mitochondrial
number decline with age, and their boost with dietary activators can help alleviate characteristic

features of aging.
2.3.4 Small molecules for aging

Aging is the leading risk aspect for chronic diseases and disability with a significant
socioeconomic impact and exceptional health care expendigtegstoe & Zaninotto, 2020The
difficulty and challenges in the implementation of calorically restricted diets in humans have led

to the search for pharmacological agents that can mitigate characteristicgadrad)mediate the
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extension of life and healthspan. Moreover, it seems unlikely that people would be prone to deal
with low-calorie dietetic interventiongrcher, Hand, & Blair, 2013; Banfield, Liu, Davis, Chang,

& FrazierWood, 2016) However, Okinawan and Mediterranean diets, both rich in vitamins,
minerals, and phytochemicals act via a hormetamner activatig several stressesponse
pathways(Martel et al., 2019; Martucci et al., 201 Anti-aging pharmacological agents either
stimulate processes that deteriorate with aging (autophagy, mitochondrial dysfunction) or inhibit
key processes that accelerate aging (telomengicatf DNA instability, oxidative stress). The
discovery of the role of SIRT proteins as aading agents has prompted researchers towards the
development of SIRT activato(Bonkowski & Sinclair, 2016)Plant polyphenols such as butein,
piceatannol, isoliquiritigenin, and resveratrol along with SRT1720, SRT2104, 1,4 DHP derivative,
and UBCS039 have been identified as SIRT activatitis antraging activity (Figure 2.4{(Dai,

Sinclair, Ellis, & Steegborn, 2018} ikewise, telomerags) have become another target of
intervention to slow the deleterious effects of the aging process. Telomerase activators such as
synthetic androgen danzol, 185, and AG$499 have been evaluated for successful-agitig

activity (Eitan, Tichon, Gazit, Gitler, Slavin, & Priel, 2012; Harley, Liu, Flom, & Raffa204,3)

An emerging line of antaging intervention that would deserve more detailed researltii@sc
nortcoding RNAs( Ol i vi er i et al ., 2017; Sousa Franco,
2019) Overall, looking at aging demographarsd resultant morbidities, there exists a tremendous

scientific potential and economic attraction for the development chgirtg therapies.

2.4 Bioactive peptides

Bioactive peptides exhibit a wide range of biological activities, including antiteymve,

antimicrobial, antioxidant, glucose and immumedulatory, etc(Daroit & Brandelli, 2021)
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These bioactive peptides are obtained from both plant and animal sources, including those
synthesized by mroorganisms, and those obtained by enzymatic protedlyksda, Ugwu, &
Abarshi, 2019) Peptides inbiological systems such as glutathione (an antioxidant peptide),
enkephalins (analgesic peptides), oxytocin (uterine contraction), defensins (antimicrobial activity)
along with insulin and glucagon are well studied for their biological actitiesnley, 2017)

Food proteins and peptides have been conventionally recognized for their nutritional function as
an essential source of amino acids. For example, cdeeived phospheptides increase bone
calcification in children with vitamirD independent rickets leading to the discovery of similar
bioactive peptides with the ability to modulate beneficial physiological responses in humans
(Lorenzo et al., 2018Pwing to such pharmacological significance, research on bioactive peptides
is continuously expanding and herein the biological activities of selected plant and animal derived
peptides are concisely presented. However, before reviewing the biological activities, it is vital to
take into consideration that the majority of bioacpeptides are extracted using endoproteinases.
Presuming that these bioactive peptides might be orally administered, its vulnerability to
gastrointestinal and brush borelssociated gastric enzymes is a pertinent i&iremini, Cheli,
Rebucci, & Baldi, 2019)Only the bioactive peptides resistant to thelsgsiological processes

will potentially maintain their activitieg vivo, therefore, we solely focus on peptides with the

capacity to exert beneficial effedtsvivo.

Plant proteins such as soy, wheat, rice, corn, and sunflower proteins are a rich source of
bioactive proteins and peptides. Timevivo antihypertensive effects of bioactive peptides in
spontaneously hypertensive rats (SHR) have been demonstrated bytidespRGQVIYVL,

LPRL, YADLVE, LRLESF, HLNVVHEN, and PGSGCAGTDL isolated from quinoa bran

albumin and a mung bean proté8onklin, Alashi, Laohakunijit, Kerdchoechuen, & Aluko, 2020;
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Zheng et al., 2019)Soybean derived peptide VHVV improved neuronal survival while the di
peptide GR prmoted neurogenesis vivo (Ju et al., 2019; Shimizu et al., 2018)milar to these
soybean derived peptides, the PPKNW peptide also exhibited neuroprotective activity by reducing
t he accumu l-anyloidoplaqueih thet bimef ABP/PS1 micéM. Wang et al., 2019)

Next, rapeseed protenterived peptides (LY, RALP, and GHS) exert antihypertensive effects in
SHR through the modulation of RAAS enzyntele et al., 2019)Similarly,in vivoassessment of

VIKP peptide, designed following in silico evaluations of amaranth 11S globulin, demonstrated
its ability to lower systolic blood pressure by decreasing plasma ACE activitiRs Suarez,
Aphalo, Rinaldi, Afon, & Quiroga, 2020)Apart from antihypertensive properties,
YWDHNNPQIR, from rapeseed protein ameliorates renal fibrosis in obese IR C57BL/@vice
Zhang et al., 2018)ts derived fragment DHNNPQIR amelicedtliver dysfunction by modulating
insulin resistance, cell cycle, and oxidative st{€ssZhao et al., 2018)nterestingly, this peptide

also helped to treat pulmonary fibrosis in mice via blockade of the@GAMAP K si gnal i
pathway(D. Wang et al., 2019)Similarly, bioactive peptides from potato protein hydrolysates
such as DIKTNKPVIF exhibited antiepatosteatosis activity in aging mice and antihypertensive
effects in SHR(Dumeus et al., 2018; Marthandam Asokan, Wang, &Lin, 2019) Another

potato protein derived peptide IF attenuated cardiac hypertrophy and renal oxidative damage
linked with hypertension in SHEC. Y. Huang, Nihiyanantham, Liao, & Lin, 2020; Tsai et al.,
2020) Similar to food sources, animal protein derived peptides exhibit iiteivo biological
activities as well. Particularly, dairy proteins have been widely studied as a source of
multifunctional bioactive peptides such as IPP and VPP for their antihypertensive gdivity
Yamaguchi, Kawaguchi, & Yamamoto, 2009jmilarly, the reduction in hypertensive activity is

observedafter oral administration of the casealerived peptic peptides RYLGY and AYFYPEL
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in vivo (SanchemRivera, Ferreira Santos, Sevilla, Mero, Recio, & Miralles, 2019)Other
caseinderived peptides YLGYLEQLLR, YLG, and YLGYL exert anxiolytic effects in different

mice model studie@Benoit et al., 2020; Mizushige, Uchida, & Ohinata, 2020; Nagai, shige,
Matsumura, Inoue, & Ohinata*, 2019While other casein derived peptides such as LLY,
RELEELNVPGEIVESLSSSEESITR, and TKLTEEEKNR exhibited a spectrum of
pharmacological effects as antioxidant, anabolic, and anticoagulant prof@rties et al., 2018;

H. Liu, Tu, Cheng, Xu, Xu, & Du, 2019; Sowmya et al., 2018; Sun et al., 2811&)lar to milk
proteins, peptides released through the hydrolysis of egg and meat proteins have also been recently
related to diverse biological activities. Numerous antioxidant and-RGHEibitory peptides have

been described as generated by protéolgg meat proteingXing, Liu, Cao, Zhang, &
Guanghong, 2019) ikewise, peptide rich egg hydrolysate and-eggved peptides (IQW and

IRW) have shown antioxidant and ahgipertensive propertigd.iao, Jahandideh, Fan, Son, &

Wu, 2018) Peptides obtained from other animal sources such as oyster hydrdy¥®K and

YA, exhibit cytoprotective and ACHhhibitory, and antinflammatory activitiegBang Jin, &

Choung, 2020; Siregar et al., 202@imilarly, fish derived peptide LSGYGP, lowered blood
pressure while the tripeptide OGE displayed-gmbmbotic activity in rats in raig vivo(J. Chen

et al., 2020; Song, Tian, & Li, 2020pverall, numerous peptides produced by the hydrolysis of
dietary food and animal proteins are associated to a wide range of pharmataloiyizes.

These proteins such as milk, meat, cereal, legume proteins, mushrooms, algae, fish, and poultry
are thoroughly studied, and diverse bioactive peptides from these sources have been well

characterized.

2.4.1 Peptides modulating the NAD axis anchitochondria
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Among known peptides, only two food derived bioactivésand DIKTNKPVIF (Figure 2.4),

have exhibited ability to protect the cardiac tissue by activating mitochondrial biogenesis in SHRs
(Lin et al., 2020) The only other strong evidence comes from any peptide group is natriuretic
peptides, peptide hormones, which initiate mitochondrial biogenesis via activation ¢f RGCa n d
its downstream effeots (Shen & Matsui, 2019)As antioxidant peptides have the ability to
increase the antioxidant enzynasl eNOS activityn vivo, therefore, they have strong potential

of increasing mitochondrial biogenegidiyashita et al., 2009)However, a research gap lies in

the investigation of these peptides to activate mitochondrial biogen&sisnitochondrial
pharmacology is an emerging discipline, the role of food derived antioxidant peptides holds great
promise and potential for new therapeutic approaches with implisafion activation of
mitochondrial biogenesis. IRW, owing to its antioxidant and pharmacological spectrum holds
strong potential in boosting mitochondrial health and mitigation of aging. Further, IRW is a robust
antioxidant peptide with the ability to allete oxidative stresm vivo (Majumder, Chakrabarti,
Davidge, & Wu, 2013; Majumder, Chakrabarti, Morton, et al., 2018ability to counter complex
vasculature and hypertension pathologies is now well establistagdmder, Liang, Chen, Guan,
Davidge, & Wu, 2015) With its ability to activate the NO pathway, a critical initiator of
mitochondrial biogenesis, it certainly holds promise for activation of either upstream or

downstream regulators of mitochondrial biogenédisoli et al., 2003)
2.4.2 IRW: The story so far

IRW, along with the other two tpeptides, IQW and LKP, was discovered as novel ACE
inhibitory peptide through an integratadsilico digestion and quantitative structure and activity
relationship(QSAR) prediction(Majumder & Wu, 201Q)Later, IRW emerged as a promising

pharmacological peptide, particularly, as an inhibitor of angiotensin converting enzyme (ACE)
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from ovotransferrin in 201{Majumder & Wu, 2011)IRW presents a unigque pharmacological
spectrum with anthypertensive, insulin sensitization, and bone anabolic properties. The anti
hypertensive properties of IRW form the basis of pharmagomdbexploration. As am vivoACE
inhibitory peptide, IRW administration significantly abridged blood pressure in hypertensive rats
at a daily dose of 15 mg/kg body weightajumder et al., 2015Paradoxical with the classic RAS
system, IRW administration had minimal impact on plasma ACE but significantly reduced levels
of Ang Il (Majumder, Chakrabarti, Morton, et al., 2018)sing a transcriptome analysis, IRW
treatment sigriicantly upregulated the expression of angiotensin converting en2/(A¢€E?2),

which cleaves the carboxtgrminal phenylalanine of vasoconstrictive Ang Il to form vasodilatory
Ang (1-7) (Majumder et al., 2015; Patel, Velkoska, Freeman, Wai, Lancefield, & Burrell,.2014)
This unique feature of ACE2 rationalizes the Ang Il reduction following IRW treatment in
hypertensive rats despitmaltered levels of ACEMajumder, Chakrabarti, Morton, et al., 2013;
Majumder et al., 2015¥urther, the use dflasR antagonist A779 abolished the dnypertensive
effect of IRW, confirming the underlying role of the ACE2/Ang(ll/MasR axis(Liao, Fan,
Davidge, & Wu, 2019)importantly, the unique feature of IRW to increase endothelial nitric oxide
synthase(eNOS) supports its vasodilatory propertidajumder, Chakrabarti, Morton, et al.,
2013) Next, as an insulin sensitizer, IRW helps alleviate insulin resistance, a pathological feature
central to metabolic syndronfgeyda & Stulnig, 2009)IRW triggers Akt phosphorylation both

in cells and animals, indicating an improved insulin sensitilitgo et al., 2019; Son, Chan, &
Wu, 2018) Further, our upcoming reports on IRW will describe in detail the mechanisms
underlying the ability of IRW to modulate metabolic syndremated obesity and insulin
resistance. As obesity and metabolicdsgmeare coupled with lower bone mineral density, the

impact of IRW on bone health was found to be advantagéBosver & Casazza, 2013)
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Mechanistically, IRW promoted osteoblast proliferation, differentiation, and mineralization,
through PI3KAkt stimulus and downstream increase of RUNX2 (Refated transcription factor

2) (Shang, Bhullar, Hubbard, & Wu, 201®imilar to this observation, IRW exhibited the ability

to impede LPSnduced steoclastogenesis in part via its anflammatory activity and possible
suppressionof M@ B nucl ear transl ocat i @nHuang, Chakdb#itl / 2 ph
Majumder, JiangDavidge, & Wu, 201Q)We have recently completed tinevivo study assessing

the impact of IRW on bone health and the results will be reported shortly.

2.5 Current aging related drug market

As the world population is aging and an increasing numbeomgumers are observing food as a
medicine, and as a consequence, dietary supplements and tailored nutrition stand out as one of the
fastest growing healthcare categories. The currently available therapies focusing on mitochondrial
boosting or aging can lmategorized to 1) dietary therapy, 2) vitamin and supplement therapy, and
pipeline therapies such as NV556, KL1333, and others. Among these, supplement and vitamin
intake remain the chief approach to improve health status, mitigate aging, and boosindiiath

health. Current studies estimate the global dietary supplements market size at USD 140.3 billion
in 2020 and it is projected to grow at a compound annual growth rate of 8.6% from 2021 to 2028
(ArenasJal, SufiéNegre, Péretozano, & GarciaMontoya, 2020) The sales of vitamins and
supplements in Canada ranged between 800 million dollars per quarter of 2020, suggesting a yearly
sale of more than 3 billion dolla(slwosu & Ubaoji, 202Q) Currently, exercise therapy has been
demonstrated to be beneficial for mitochoatdiseases as it directly targets both upstream and
downstream effectors of mitochondrial biogeng€slisnnari et al., 2012)Among small molecules,

there are a few treatment options for mitochondrial dysfunction and depleted mitochondrial
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biogenes (Gorman et al.,, 2016) We can broadly divide these t
tail or edtoaialnar dichosnt r ategieso, with the | atter
more relevantto dif er ent mitochondrital |dreedasdeh.er Blpe e
743, idebenone, KH176, MFE31 mainly target antioxidant mechanisms and cardiolipin
stabilization(Hirano, Emmanuele, & Quinzii, 201.8pnly one drug candidate, Bezafibrate, a-pan

PPAR activator is being tested (NCT02398201) for mitochondrial biogehtsaso et al., 2018)

Al so, mostt adfl otrreed fBtamt egi es 0 targeting the a
in the preclinical or early clinical stagélirano et al., 2018)This strategy has incorporated

multiple vitamins and cofactors in patients with mitochondrial disorders, however, these therapies
have not been proven to be effective. The dietary supplements increase respiratory chain flux
(CoQM , ri boflavin), serve as alipdiciaodx\vitammiCtarsl (e. g
E), and/or act as cofactors (e.g., riboflavin, thiamine), or function as mitochondrial substrates (L
carnitine)(Gorman et al., 2016; Lorenzo et al., 2018; Nunnari et al., 20A@eover, translating

these preclinical studies to bedside remains a challenge asomgiblled clinical trials of high

qguality are necessary to define the efficacy of potential therapies towards mitochondrial
biogenesis. Clearly, there are importanimet needs for therapeutic options in the treatment and

prevention of mitochondrial and related metabolic diseases.

2.6 Anticipated significance of the work

As a potent antioxidant, IRW has been well studied in our lab for antioxidant and vasodilatory
adivity. To our knowledge, our proposed study is the first to investigate the effect of a short
peptide on NAD stimulus and mitochondrial biogenesis. Given the lack of such molecules and

huge research gap, there is increasing interest in developing safrifasifor mitigation of aging.
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Outcomes of this research will contribute to a growing body of knowledge on the biological
function of short peptides, in particular, their ragtiimulatory activity, which would help establish

the future application of IRVs an anabolic agent for the prevention and mitigation of aging
diseases. As mitochondrial and metabolic disorders in total cost billions of dollars in healthcare
expenditures; the development of IRW as a potential alternative for the prevention anidmeduct

of mitochondrial diseases may lead to significant economic and social benefits. Elucidating the
signaling pathways underlying the proposed activity of IRW through celiravigto studies can

help us gain further insight into its mechanisms of actiah) therefore, support its application in
clinical settings. Last but not least, this study may also provide the egg industry a novel approach

to diversify and add value to the use of eggs via the development of nutraceuticals.
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Figure 2.1 Overview of NAD* metabolism NAD" levels are maintained by three independent
biosynthetic pathways. The kynurenine pathway (onale synthesis pathway) uses the dietary
amino acid tryptophan to generate NADryptophan enters the cell via the transporters SLC7A5
and SLC36A4. Within theell, tryptophan is converted tofdrmylkynurenine by the ratimiting
enzyme indoleamine 2@oxygenase (IDO) or the rateniting enzyme tryptophan 253
dioxygenase (TDO). Nrormylkynurenine is transformed intekynurenine, which is further
convertedto 3-hydroxykynurenine (31K) by kynurenine 3monooxygenase (KMO) and te 3
hydroxyanthranilic acid (HAA) by tryptophan 2,3lioxygenase (KYNU). The next step is
performed by dhhydr oxyant hranil ic acid 0 X amiba s e
carboxymuconatd’semialdehyde (ACMS). This compound can spontaneously condense and
rearrange into quinolinic acid, which is transformed by quinolinate phosphoribosyltransferase
(QPRT) into nicotinamide mononucleotide (NAMN), at which point it converges with thePreiss
Handler pathway. The Preigsandler pathway uses dietary nicotinic acid (NA), which enters the
cell via SLC5A8 or SLC22A13 transporters, and the enzyme nicotinic acid
phosphoribosyltransferase (NAPRT) to generate NAMN, which is then transformed intoiaicotin
acid adenine dinucleotide (NAAD) by nicotinamide mononucleotide adenylyltransferases
(NMNAT1, NMNAT2 and NMNAT3). The process is completed by the transformation of NAAD
into NAD+ by NAD+ synthetase (NADS). The NABalvage pathway recycles the nicotinden
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(NAM) generated as a kyroduct of the enzymatic activities of NARBonsuming enzymes
(sirtuins, poly(ADPribose) polymerases (PARPSs) and the NAD+ glycohydrolase and cyclie ADP
ribose synthases CD38, CD157 and SARM1). Initially, the intracellular in&uotde
phosphoribosyltransferase (iNAMPT) recycles NAM into nicotinamide mononucleotide (NMN),
which is then converted into NAD+ via the different NMNATs. NAM can be alternatively
methylated by the enzyme nicotinamideni¢thyltransferase (NNMT) and se@eétvia the urine.

In the extracellular space, NAM is generated as-prbyuct of the ectoenzymes CD38 and CD157
and can be converted to NMN by extracellular NAMPT (eNAMPT). NMN is then
dephosphorylated by CD73 to nicotinamide riboside (NR), which ispoatesd into the cell via

an unknown nucleoside transporter (question mark). NMN can be imported into the cell via an
NMN-specific transporter (SLC12A8 in the small intestine). Intracellularly, NR forms NMN via
nicotinamide riboside kinases 1 and 2 (NRK# &RK2). NMN is then converted to NATby
NMNAT1, NMNAT2 and NMNATS3.
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Figure 2.2 Key functions of Mitochondria. Traditionally referred to as the powerhouses of cells,
mitochondria play a vital role in ATP production, innate immunity, calcium homeésstasl

apoptosis, programmed cell death.
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mitochondrial biogenesis via downstream activation of NRF1 and TFAM. This process is co
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mitochondrial proteins content. AMPK, 5' adenosine monophosphate activated protein kinase;
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Table 2.1 Selected human clinical trials focusing on NAD pathway

NAD* precursor Description Dose and Duration Outcome NCT/UMIN no.
NMN Study of efficacy agains Long-term oral NMN Not NCT03151239
insulin sensitivity and- administration: completed
cell 250mg daily for 8
functions in elderly weeks
women
NMN Study of Long-term oral NMN  No Results UMINOO0O030609
pharmacokinetics, administration for 8 Posted
safety, and efficacy with weeks. Dose is not
regard to glucose described
metabolism in healthy
volunteers
NMN Study of Long term oral NMN  No Results NCT04228640
pharmacokinetics, administration; Posted
safety, and efficacy with  300mg daily for 60
regard to blood pressuri days
and physical endurance
in healthy volunteers
NR Study of safety and  Crossover of placebc  No Results NCT02921659
efficacy for 6 weeks and oral Posted
with regard to physical NR 500mg twice
activities in elderly daily for 6 weeks
people
NR Study of efficacy with  1,000mg NR daily in  No Results NCT03818802
regard a regimen of 500mg Posted
to bone, skeletal muscle every 12hours for 4.5
and metabolic functions months
in
ageing
NR Study of cognitive Longterm oral NR No Results NCT04078178
performance in administration: Posted
subjectivecognitive 1,200mg for 8 weeks
decline and mild
cognitive impairment in
ageing
NAM Study of efficacy with Long-term Recruiting NCT03808961

regard to the severity of
Parkinson disease
symptoms

administration of
NAM: 200mg daily
for 18 month
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CHAPTER3-Tr i pepti de | RW upregul ates NAMPT prot «
C57BL/ 6J mice
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Abstract: Nicotinamide adenine dinucleotide (NADplays a vital role in cellular processes that
govern human health and disease. Nicotinamide phosphoribosyltransferase (NAMPT) 4is a rate
limiting enzyme in NAD biosynthesis. Thus, boosting NAlevel via a increase in NAMPT
levels is an attractive approach for countering the effects of aging and metabolic disease. This
study aimed to establish IR\Me-Arg-Trp), a small tripeptide derived from ovotransferrin, as a
booster of NAMPT levels. Treatment of muscle (L6) cells with IRW increased intracellular
NAMPT protein levels (2.2fold, p<0.05) and boosted NADlevels (p<0.01). Both
immunoprecipitation and recombintaNAMPT assays indicated possible NAMPT activating
ability of IRW (p<0.01). Similarly, IRW increased NAMPT mRNA and protein levels in liver (2.6
fold, p<0.01) and muscle tissues (2.3 fold, p<0.05) of C57BL/6J mice fed a high fat diet (HFD).
A significant ncreased level of circulating NADvas also observed following IRW treatment (4.7
fold, p<0.0001). Dosing dbrosophila melanogastevith IRW elevated both ENAAM (fly
NAMPT) and NAD  in vivo (p<0.05). However, IRW treatment did not boost NAMPT levels in
SIRT1 KO cells, indicating a possible SIR-Bependency for the pharmacological effect. Overall,

these data indicate that IRW is a novel small peptide booster of NAMPT pool.
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3.1 Introduction

In recent years, remarkable efforts have been undertakielertify drug targets for combating
aging and the metabolic decline associated with agfrgderick et al., 2016; Warburg &
Christian, 1936) One pathway that has shown therapeutic promise i8l&2" (nicotinamide
adenine dinucleotide) biosynthesis pathway, which plays a vital role in diverse cellular processes
that govern human health and dise@Sederik et al., 2016) NAD* plays critical roles in the

TCA cycle, glycolysis, and mitochondrial oxidative phosphorylatiorai, 2010; Krebs & Veech,

1969; Warburg et al., 1936[Recent research has uncovered roleshis metabolic cofactor in
fundamental cellular processes such as cell signaling, DNA repair, aging biomarkers like silent
mating type information regulation 2 homolog 1 (SIRT1), adapter proteiti'h6dnd Forkhead

box O3 (FOXO3§ and epigeneticd-ang et al., 2016; Frederick et al., 2016; Pérez et al., 2018)
While the reason that NADdeclines with age remains elusive, its diminution leads to aging
relatedreduced blood flow, sloer metabolism, and also abrogates our ability to exercise and
receive its benefit@Das et al., 2018)The NAD'/SIRT1 axis relate@66°"C also plays a vital role

in metabolic outcomes as p&6° ' rhice exibits leaner phenotype and an increased metabolic rate
(Pérez et al., 2018Therefore, NAD replenishment is a successful way of diminishing the side
effects of aging and slowing the agetated metabolic declin(@. Li et al., 2017)Along with direct

NAD* supplementation, ceflermeable NAD precursor migcules, including niacin,
nicotinamide mononucleotide (NMN), nicotinamide riboside (NR), and nicotinamide (NAM) have
been shown to provide therapeutic benefit in several therapeutic cqft@xtset al.; Pillai et al.,

2010; Rajman, Chwalek, & Sinclair, 2018Likewise, NADaseinhibitors that impede NAD
degrading enzymes, including CD38 inhibitors such as quercetin, and luteolin have shown

promising clinical result§Rajman et al., 2018An alternative strategy for boosting NARvels
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that has received lesstention is the possible induction of the réitriting enzyme in NAD
synthesis, nicotinamide phosphoribosyltransferase (NAMPT).

NAMPT, previously known as visfatin or PBEF, is a rate limiting enzymerduatlates
NAD™* biosynthesis in cell§lmai; Yang et al., 2007)lt is present in both intracellular and
extracellular6 r ms and its expression is believed to c
nutrient status, and circadian rhyth@#sydelundLarsen, Akerstrom, Nielsen, Keller, Keller, &
Pedersen, 2007; Ramsey et al., 2009; Revollo et al., 2007; Yang et al.,IRBOWT is highly
conserved, even in invertebrates, where its homoledABM (Drosgphila nicotinamidase),
performs a similar role to the mammalian NAMMalan et al., 2008)There is ample evidence
that NAMPT plays a key role in metabolic diders. For example, the levels of both NAMPT and
NAD™ are significantly reduced in obesity and high diet (HFD) feeding in animalBalan et
al., 2008; Canto et al., 2012; Mercader, Granados, Caimari, Oliver, Bonet, & Palou, 2008;
Yoshino, Mills, Yoon, & Imai, 2011)Furthermore, knockout of NAMPT in mice leads to severe
IR and triggers a rapid decline in methbdealth(Stromsdorfer et al., 2016)hus, boosting the
systemic NAD levels with NAMPT activators has been proposed as an attractive pharmacological
approat for countering the effects of aging and metabolic disease. Yet, only a handful of NAMPT
activators, such as P7&20, have been identified to dg&/ang et al., 2014; Zhang et al., 2011)
Apart from the pharmacological approach, regular exercise also increasésoiainthesis by
activation or increase in levels of NAMRKoltai et al., 2010) Despite their ability to boost
metabolism, food bioactives such as fatatived peptides remain largely unexplored for their

ability to boost NAD via NAMPT increas€Udenigwe & RouvienWatt, 2015)

IRW (lle-Arg-Trp), a small bioactive tripeptide, was initially identified as an ACE

(angiotensin converting enzyme) inhibitory peptide from egg protein ovotrangfigiajnmder,
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Chakrabarti, Morton, et al., 2013 CE is a target for controlling high blood pressure. The blood
pressure lowering éigity of IRW was associated with its ability to improve vasodilation and
eNOS levels, via activation of ACE2, a homolog of ACE but with an opposite €flegamder,
Chakrabarti, Morton, et al., 2013 addition, tlis peptide was also shown to activate the insulin
signalling pathway (PI3K/Akt activation) in muscle ce{lddenigwe et al., 2015)Given the
criticalroleof NAD'i n t he sphere of (MBRWher, Chakrabhri Blortana |

et al., 2013we hypothesized that IRWAnD increase the NAMPT pool and consequently improve

NAD" levels. Therefore, the objective of the study was to determine ovotransferrin derived IRW

as a novel booster of NAMPT levels. Here, we show that IRW treatment in cell and animal model

studies boostBlIAD* biosynthesis through induction of NAMPT protein levels.

3.2 Materials and methods

3.2.1 Chemical and reagents

Tripeptide IRW was synthesized by GenSc(ipiscataway, NJ, U.S.A). Peptide sequence and
purity (99.8%) were validated by HPEKZS/MS. Dulbecco's Modified Eagle's Medium (DMEM),
fetal bovine serum (FBS), penicilkstreptomycin, 0.25% trypsiBDTA, TRIzol, and phosphate

buffer saline were purchasddom Gibco/Invitrogen (Carlsbad, CA, U.S.A). Primers were

obtained from Gibco/Invitrogen (Carlsbad, CA, U.S.A) while the reverse transcriptase (RT)

system kit was obtained from Applied Biosystems (Foster City, CA, U.S.A). NAMPT inhibitor
FK866 and activair P7C3A20 were purchased from Cayman Chemical (Ann Arbor, MI, U.S.A).

Antibodies reactive to NAMPT (ab236874), P86 (ab33770), FOX0O3a (ab23683) and CD38

(ab216343) were obtained from Abcam Inc (Toronto, ON, Canada). Total OXPHOS Rodent WB

Antibody Cockail (ab110413) and NAMPT Activity Assay Kit (ab221819) were also obtained
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from Abcam Inc (Toronto, ON, Canada). The SIRT1 (D739) and DBC1 (5857) antibodies were
obtained from Cell Signaling Technology (Danvers, MA, U.S.A). Aalibit IgG, HRMinked

antibbody from New England Biolabs. Goat ardbbit IRDye 680RD secondary antibody and
donkey antmouse 800CW secondary antibody was obtained from Licor Biosciences (Lincoln,
NE, U.S.A). Goat artrabbit IgG(H+L) secondary antibody AlexaFluor546 and rabhitmouse
IgG(H+L) secondary antibody AlexaFluor594 was purchased from Molecular Probes (Waltham,
MA, U.S.A). All other chemicals and reagents used in this study were purchased from Sigma
Aldrich (St. Louis, MO, U.S.A).

3.2.2 Human Tissue studies

Matched pirs of normal and obese snap frozen, RNAlater preserved, muscle tissues were obtained
from Proteogenex (Inglewood, CA, USA) after being prospectively collected at multiple hospital
institutions with institutional review and board approval. All the expental procedures
associated with the human samples were conducted in appropriate and designated BSL Il labs. The
obtained human muscle samples were verified for their negative serological status (HIV, HEPA,
HEPB, HEPC, and other microbial contaminants).

3.2.4 Cell culture

L6 cells (CR:1 45 8 E) were grown and maintained in DN
bovine serum (FBS) and 1% antibiotic/antimycotics in an atmosphere of 5%@IC87°C.
Likewise, other supplementary cells lines including 293T (GRQG§), MDA-MB-231
(ATCC®HTB-26 E) and l{%) were gfo@rdrL(DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotic/antimycotics in an atmosphere of 5%alC87°C
according to ATCCOs instructionsndw&edrdwth wer e

treated at ~80% confluency for 24 h in media containing 0.1% FBS. Low serum levels were
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maintained during treatment to prevent apoptosis that accompanies complete serum deprivation of
the cultured cells. The cells were treated with IRW @ por 50 Od) , or medi um
(ddH:0) for 24 h. Following the treatment, cell lysates were collected using RIPA buffer.

3.2.5 Animal model study

Male C57BL/6Jmice (6 weeks) were obtained from the Charles River Breeding Laboratories (St.
Constant, QC, Canada) and maintained on a 12 h light/dark cycle with free access to food and
water for 2 weeksThe ND (TD.0110675: Rodent Diet With 10.4 kcal% Fat), HFD (TD1&64
Rodent Diet With 45 kcal% Fat) and Casein (CA.160030) were obtained from Envigo Teklad Diets
(Madison, WI, USA. All the experimental procedures followed the University of Alb&tade

for the Care and Use of Laboratory Animaidad the animal prototwas approved by the animal

ethics committee at the University of Alberta. After one week of adaptation, mice were divided
into three groups (8 mice per group): normal diet group (ND) fed with low faf{iiet% kcal

from fat) for 14 weeks, high fat digtoup (HFD) fed with HFD (45% kcal from fat) for 14 weeks,

the treatment group (IRW45) first fed with high fat diet for 6 weeks followed by IRW (45 mg/kg
BW) + high fat diet for another 8 weeks. All mice had ad libitum access to food and Avdtes.

endof the experiment, mice were fasted for 6 h before being sacrificed ppspByxiation. The

organ tissues were weighed and recorded during the sacrifice. All of the tissues and serum samples
were snagrozen and stored aB0°C until further analysis.

3.2.6 Drosophila melanogastestudy

To examine the effects of IRW onlWAAM levels (NAMPT homolog)yellow white(yw) mutant

female flies were used in the current study. All the vinginflies were reared, and the feeding

trials were conducted in a humidified, temperattwatrolled incubator at 25°C and 65% humidity

on a 12h light:12h dark cycle. The standard fly food (ND: Normal diet) included 10%
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sugar/yeast: 2% agar, 10% sucrosépldutolyzed yeast powder, 3% Nipagin, 0.3% propionic

acid. The HFD group contained additional 30% coconut oil (as the fat source). IRW was dissolved

in nucleasdree water and added to the molten media at ~50°C, stirred vigorously and then agitated
constatly while being poured in plastic tubes. The final concentration of IRW in the food was 25
and 50 ¢ d. FIlies were ke p-5mlioifoodIRW media.frorthes t i ¢ v
no-drug control, the equivalent carrier was added (nuclasewate). There were ~150 flies in

each treatment group. The flies were transferred to vials containing fresh medium/treatment every

2 days for a period of 10 days. Following the completion of the study, slodle protein or RNA

material was obtained for furthanalysis.

3.2.7 Western Blot

Cells were grown in 24vell tissue culture plates until they reached ~80% confluency. They were
then treated with 50 ed@ and 25 ed | RW for 2 4
removed, and the cells were lysed inlboing Laemml e' s buffer cont ai
(DTT) and 0.2% TritorX-100. These cell lysates were run on SBSGE, transferred to
nitrocellulose membranes, and immunoblotted with primary antibodies according to the
recommended concentration(s).té¥f incubating with the secondary antibodies, protein bands

were detected using a Licor Odyssey Biolmager (Licor Biosciences, Lincoln, NB, USA) and
guantified by densitometry using Image Studio Lite 5.2 software.

3.2.8CRISPR-Cas9 guidedKnockout cells

Guide RNAs (gRNAs) targeting human SIRT1 were prepared usingR ABRISPRCas9

tracrRNA, ATTO 550 and AIR CRISPRCas9 crRNA (IDT, Coralville, IA, USA) as previously
describedCromwell et al., 2018)The oligonucleotide sequences included SIRT1 crRNA:

CUGAAUAUACCUCAGCGCCA, SIRT1 Sequencing Primer Fwd
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TTTTCACACTTCCCTCCTTCAT, SIRT1 Sequencing Primer Rev:
TCCTTGCTCTATCGAGTTCACAThe KO cell s were treated with
24 hours.

3.2.9 RT-PCR study

Total RNA was isolated from cell cultures, mouse tissues and flies by extraction with TRIzol
reagent accordingtothemasr f act urer s i nstructions. c¢cDNA wa
using the reverse transcriptase (RT) system kit. All of the qPCR experiments and analyses were
conducted using the MIQE guidelines for gPERstin et al., 2009)

3.2.10 NAD measurement

NAD* was measured using the NAD colorimetric assay kit (ab65348). For cell samples, the L6
cells were treated with varioe®mpounds for 24 h and protein was extracted using RIPA buffer
(ab156034 For animal tissues, plasma, liver, and muscle samples weregkaired in RIPA

buffer and then centrifuged (15,000 x g for 15 min at 4°C) to obtain supernatant. This supernatant
was used to quantify NADa t OD 450 nm according to the ma
amount of NAD was measured as pmol/pL.

3.2.11 RNA sequencing

Total RNA (500 ng) was used for the preparation of RNAseq libraries with the NEBNext Ultra Il
Directional RNA Library Prep Kit from lllumina (NEB). The RNA integrity number (RIN) for all

samples used in RNAseq was >8, ensuring thie-figality selection of physiological RNAs and

not degradation products. The mRNAs were enriched with-aliggocomplementary to the pely

A tail, attached to paramagnetic beads and then chemically fragmented. Next, mRNA fragments
were reverséranscribed, ad seconestrand cDNA synthesis was performed. Dotdtiended

cDNAs were Atailed to enable adapter ligation, and finally, libraries were indexed by PC (15 PCR
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cycles). Libraries were sequenced on a NextSeq 500 instrument (lllumina), following agudired

150 cycle protocol. Samples were quantified with Kall{&my, Pimentel, Melsted, & Pachter,
2016)with 100 bootstraps and bias correction. Differential expression analyses were conducted
with DESeqg2(Love, Huber, & Anders, 2014)ranscripts were considered differentially expressed
when they had a correctedMalue < 0.05. Deregulated transcripts were annotated using the
BioMart database from Ensembl.

3.2.12 Dockirg study

Docking of IRW was performed using Smifteoes, Baumgartner, & Camacho, 20E3)d the
‘crossdocking' strategyWingert & Camacho, 2018; Wingert, Oerlemans, & Camacho, 201b&)
top-ranked models of IRW tripeptide were predicted by Smina to bind in the same pocket as the
known ligand FK866.

3.2.13 NAMPT immunoprecipitation and activity assy

NAMPT immunoprecipitation and activity were performed using the NAMPT Activity Assay Kit
(ab221819) according to the manufactureros i
using the twestep activity assay for immunoprecipitated cell lysates asriteed in the protocol
booklet (Step 14). The enzyAbased activity was finally calculated based on conversion of-WST

1 to WST1 formazan after performing necessary steps-&tep method; ab221819) at OD 450

nm on a microplate reader. The data were esga@ as fold change (activity,r.t vehicle) for
NAMPT immunoprecipitation study and NAMPT activity (w.r.t WS Tormazan formation) for
enzymebased activity.

3.2.14 Cell fractionation study

Cell fractionation was performed using the cell fractionatigdnoktained from Cell Signaling

Technol ogy (Danver s, MA , U.S. A) and perfor med
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3.2.15 Statistical analysis

A completely randomized design (CRD) was used to perform all the experiments conducted in this
study where the treatments are assigned completely at random to cells and animals so that each
experimental unit has theame chance of receiving any the treatment option(s). All data are
presented as mean * standard deviation (SD) of minimum three independent expeAthents.
statistical analyses were performed using GraphPad Prism software version 5.02 (GraphPad
Software,San Diego, CA, USA). Data are presented as mean = SD and analyzed by unpaired
Student's-test (Figure 3.1E; Figure 3.4-@; Figure 3.7 A,C), or oneray ANOVA followed by

Dunnett's test (vs HFDjp<0.05 was considered significant.

3.3 Results

3.3.1Effect of aging and obesity on NAMPT, SIRT1, and p68ic

Given the important role of NADand NAMPT in metabolism (Figure 3.1A), we characterized
their levels in muscle tissues of normal and obese patients with significant aging patterns. In
addition, we examined two markers, SIRT1 andSg66based on their close relationship with
cellular NAD* levels (Imai, 2010; Nemoto et al., 2006NAMPT expression significantly
decreased in the muscle tissues of obesemtatcompared to the healthy individuals (Figure
3.1B), revealing a possible correlative link between the expression of this gene and obesity.
Interestingly, protein levels of SIRT1 in obese patients were decreased, while the levef§'of p66

a key enzyra involved in negative regulation of oxidative homeostasis and lifespan extension,
were increased (Figure 3.1 C, D). These data confirm previous reports which show a correlation
between increased oxidative stress via SIRT1 and"fG@odulation and decrees NAMPT

expressiorfimai, 2010; Nemoto et al., 200@onsistent with the decrease in NAMPT expression,
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we found thatdvels of NAD in muscle tissues of obese individuals were significantly reduced as

well (Figure 3.1E). Interestingly, when the NAMPT levels were compared between the same
muscle tissues of young (40 or less) and older individuals (40 or more), indepgrudeh#ir

body mass index (BMI) status, there was no significant difference between the two groups (Figure
S3.7). These data indicate the vital role of obesity in lowering the NAMPT levels among human
subjects.

3.3.2IRW treatment increases NAMPT expression in cultured cells

After observing the effects of obesity and aging on levels of NAMPT, SIRT1, af@6vas

determined if IRW could alter the expression of these proteins in cultured cells or HFD mice. Our
initial investigation was perforngeusing L6 cells, a rat skeletal muscle cell line. Following IRW
treat ment (50 &), L6 cells showed anvidroa gni f i c
(p<0.05) (Figure 3.2A). However, no increase was observed at the lower concentration of IRW
(288)e I RW treatment also did not significantl
in vitro (p=0.06) (Figure 3.2B). Further, immunoprecipitation analysis using endogenous NAMPT
immunoprecipitated from cell extracts showed that NAMPT activity sigsificantly increased

after | RW treat ment (50 &) (p<0.01) (Figure
recombinant human NAMPT protein showed significantly increased NAMPT activity, based on
WST-1 formazan reactiom vitro, following IRW treatne n t at 25 €M (p<0.05
(p<0.01) (Figure 3.2D). However, to confirm the increase in NAMT activity by IRW, additional
substratebasedn vitro enzyme kinetics using the MichaeNdenten equation are required.

3.3.3IRW treatment increases NAMPT andrelated biomarkers in C57BL/6J mice

Next, we observed the impact of IRW feeding (45mg/kg BW) on NAMPT levels and closely

related biomarkers in C57BL/6J HFD mice. Results showed that NAMPT levels were significantly
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increased in both muscle (p<0.05) and liver tissues (p<0.001) of C57BL/6J mice by an average of
4- and 6folds respectively (Figurd.3 A,E). The levels of FOXO3a levels, a NAMPT regulator,
were also increased in both muscle (p<0.01) and liver tissue(dy@s well am vivo (Figure

3.3 B,E). However, the levels of SIRT1 were increased solely in liver tissues (p<0.001) (Figure
3.3 G) while the levels of SIRT1 remained unchanged in muscle tisswes (Figure.3.3 C).
Likewise, levels of oxidative stss gene p6&6©were reduced in both muscle and liver tissues
following IRW feeding (45mg/kg BWin vivo (Figure S3.4 B,C). These results show the activation

of the NAMPT/FOX03a/SIRT1 axis towards a possible increase in 'NADBells and in mice.

3.3.4IRW treatment increases mMRNA levels of NAMPT and NAD expression in cultured

cells and in C57BL/6J mice

In addition to decreasing NAMPT levels, hifdt diet feeding is known to cause a subsequent
decrease in NADlevels(Balan et al., 2008; Canto et al., 2012; Mercader et al., 2008; Yoshino et
al., 2011) Thus, we tested whether treatment with IRW counteracted these changes and, further,
if so, whether mRNA levels of NAMPT acc@anied such changes. Gene expression analysis of
L6 muscle cells indicated that NAMPT mRNA levels numbers were significantly (p<0.01) altered
by treatment with 50 ed3 |RW (Figure 3.4A), <col
(Figure 3.2A). Havever, the increase in NAMPT mRNA levels persists but was not statistically
significant in 293T cells (Figure S3.2C). Treatment with IRW in HED mice increased levels

of RNA expression levels in both the muscle (Figure 3.4B) and the liver (Figure BR¥Chlso
improved NAD content and mitigated the effects of FK866 mediated NAMPT inhibition in
cultured cells (p<0.01) (Figure 3.4D). Treatment with IRW noticeably increased MABIs in

both muscle (p<0.05) and liver tissues (p<0.01) of HE® C57BL/&@ obese mice (Figure 3.4E,

F). Finally, the circulating levels of NADlevels were significantly improved (p<0.001) after
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treatment with IRWn vivo, indicating an overall improvement in the metabolic status of HFD
mice (Figure 3.4G).

3.3.5IRW increases expression of NAMPT and related NADsynthesis pathway genes

We next sought to understand the mechanisms by which IRW increases NAMPT protein levels
and NAD' production and to investigate its relationship to other metabolism specific genes. Based
on the above results, we expected that IRW treatment would increase the levels of genes associated
with the NAD' pathway. To do this, we conducted whgknome transcriptome analysis.
Consistent with the changes observed in L6 cells and HFD fed C57BIi¢6,] IRW treatment
increased NAMPT gene expression in the liver of C57BL/6J mice (Figure 3.5A), suggesting that
its protein induction was mediated by an increase in mMRNA transcription. This finding aligns with
strong increase in NAMPT protein levels indivtissues of mice (Figure 3.3E). Interestingly,
several other genes related to NADiosynthesis in the liver and muscle tissues, including
NAD(P)H Quinone Dehydrogenase 1 (NQO1), NAD(P) Dependent Steroid Dehydrogdkese
(NSDHL), Isocitrate Dehydrogesa (NADP), Mitochondrial (IDH2) in the liver (Figure 3.9B),

and Nicotinamide Riboside Kinase 2 (NMRK2) in the muscle (Figure 3.5E) were increased by
IRW treatment at the mRNA level. NQOL1 plays multiple roles in cellular adaptation to stress and
exhibits therapeutic potential via the ability to generate NAdhd stimulate sirtuin angbly
(ADP-ribose) polymerase (PARP) activities. This is particularly crucial and has gained robust
attention concerning its potential in the treatment of the metabolic syadi®oss & Siegel,

2017) Likewise, modulation of NSDHL and IDH2 by IRW are suggestive of an improvement in
the metabolic status of HFD fed C57BL/6J mice treated with IRW. Further, the fact that NMRK2
is increased (which isapable of boosting NADevels), aligns with the increased levels of NAD

in skeletal muscle. This finding may explain an increase in NAMPT levels in muscle tissues of
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IRW treated C57BL/6J mice as NMRK2 is the most predominantly expressed hNd€ynthess

gene in muscle tissuéBletcher et al., 2017)

3.3.6IRW modulates D-NAAM expression inyw Drosophila melanogaster

In agreement with the data from mammalian cells and tissues, we found that treatment of
yw Drosophila melanogastevith IRW peptide resulted in a minor increase in the levels of SIRT1,
and DNAAM, concomitant with an induction of NADevels (Figure 3.6AC). Additionally,
p66iClevelswer e reduced by | RW treatment (25 e£d and
However, an increase in FOXO3a levels and a decline intHéévelsin theND group was
negligible (Figure 3.6A, S3.4 D,E). When coupled witle #arlier data indicating increased
NAMPT expression in cultured cells and C57BL/6J mice, these results provide strong evidence
that IRW supplementation can boosNAAM/NAMPT levels, and consequently NADnN vivo.
3.3.7IRW stimulated NAMPT increase is dependent on SIRT1

SIRT1 is an NAD dependent protein deacetylase and is an essential regulator in energy
metabolism(Koltai et al., 2010)We stimulated both wild type (WT) and SIRT1 knock out (KO)
293T cells with 50 edd IRW for 24 h. At *first,
levels compared to WT cells (Figure 3.7A). This indicates a key role of SIRT1 in*NAD
metabolism andssociated metabolic function. Secondly, we confirmed by western blot analysis
that basal expression of NAMPT is dependent on SIRT1 (Figure 3.7B). Results showed that SIRT1
KO cells had lower levels of NAMPT compared to the WT cells, indicating a direttorel
between NAMPT and SIRTL1. Further, IRW treatment was unable to increase NAMPT protein and
MRNA levels in SIRT1 KO 293T cells (Figure 3.7 B,C). We observed that IRW treatment was
unable to increase the NAMPT levels in the SIRT1 KO cells as obserV&d irells, indicating

SIRT1 dependency in I RW&6s mechanism of action
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3.3.8IRW interaction with NAMPT

Binding of IRW to the NAMPT active site was identified by molecular docking approaches (Figure
8). Top ranked models of IRW tripeptide were predictedrbyna to bind in the same pocket as
the NAMPT ligand FK866 (Figure 3.8 A,B). The top pose identified by smina appears to be
stabilized by a large number of hydrogen bonds made by both backbone addasdessidues.

In particular, the arginine side chamfi IRW is in position to make hydrogen bonds with the
Asp184 backbone as well as Asn182 and Glu376 side chains (Figure 3.8 A). Other hydrogen bonds
are between the-@rminal oxygen atoms of IRW and Lys189 and Val350, as well as one between
the backbone ddrginine, a crystal watdHOH861) present in corystal PDB 4KFN (Figure 3.8

A). This differs from FK866 which interacts primarily through hydrophobic interactions, making
only a single hydrogen bond with Ser275 (Figure 3.8TBErefore, the data inditmathat in an
intracellular milieu where IRW increases the NAMPT pool to produce more NAB interaction

of IRW with active sites of NAMPT may promote NARccumulation.

3.4 Discussion

NAD" is a cofactor required for over 500 enzymatic reactions and plays a key role in human health
and diseas@Ansari & Raghava, 2010 Compromised NADstatus is considered a key hallmark

of metabolic dysfunction and agelated diseas@-rederick et al., 2016; Imai, 2010; Warburg et

al., 1936) Moreover, there is evidence that diminishedINAevels can accelerate the onset of
agerelated disease, while pharmacological interventions that stimulate® MAD delay such
progressior(Fang et al., 2016)The present research outlines a new approach for boosting levels
of this important metabolite and could have therapeutic ber{&f&gollo et al., 2007 Skeletal

muscle is one of the primary tissues accedinflA®D* dysregulation associated with obesity
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(Bluher, 2019) Therefore, human skeletal muscle samples were chosen to compare changes in
NAMPT and related biomarkeex vivo This data indiated the depletion of both NAMPT and
SIRT1 in obese human skeletal muscle tissues, providing evidence that metabolic dysfunction
diminishesNAD™* biosynthesis. To our surprise, p86was also severely affected by an increase
in BMI of patients. This showed altered and pathological redox stress in the skeletal muscle of
obese patients. The results from human tissue samples strengthened our approach that stimulation
of NAMPT, upstream DNAD™ biogenesis, may prove to be effective in delaying and treating a
variety of metabolic disorders. Therefore, improvement of metabolic disorders is associated with
NAMPT replenishmen{Fletcher et al., 2017)and we hypothesized that owing to its ability to
modulate metabolic and hypertension pathwgstsicher etl., 2017)IRW can increase NAMPT
levels.

This work represents the first identification of a natural pegiaed booster for NAMPT
pool and contributes to the limited collection of compounds targeting NAMPT for the purposes of
boosting NAD* biosyntheis. The availability of a small peptide of this node allows the
identification of lead molecules in yeast, fly, or mammalian model systems. Such a small molecule
will also be useful to dissect tiéAD* based drug discovery in detail and suggests that othe
members of this pathway could be a druggable node for short peptigestantly, we show that
this peptide not only works in cell culture but also in mice, as initially evidenced by our studies
which established the ability of IRW to increase NAMPTelavin cultured cells, without
exhibiting toxicity to cells (Figure S3.1). The higher NABnd NAMPT production in the liver
of HFD fed C57BL/6J mice treated with | RW may
NAMPT/NAD™" pathway(de Boer, Bahr, Boker, Manns, & Tietge, 2009; Ramsey et al., 2009)

The bioavailability prerequisite for further exploration appeared to be met, given the ability of
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IRW to elevate NAMPT and NADin vivoat a moderate dose (45 mg/kg BWiterestingly, we

also found that not all cell types responded equally to IRW treatrApart from L6 cells, Hela

and MDAMB231 cells also showed an increase in NAMPT levels after IRW treatment (Figure
S3.2 A,B). However, IRW showed a much weaker effect in 293T cells. The smaller increases of
NAMPT mRNA in 293T cells portend that sensitywito IRW treatment is not uniform across
different cell types (Figure S3.2 C). This may be due to the fact that human étBbolism
varies extensively across cell tyg&sng et al., 2016; Imai, 2010; Krebs et al., 1969; Warburg et
al., 1936)thus also reflected in our study. Furthermore, we also found that levels of other key
intracellular enzymes that consume NABuch as SIRT1, FOXO3and p66™were altered by

IRW treatment, while negative regulators of NA[NDAase) such as the CD38 and DBC1
remained unchanged (Figure S3.3-A We showed that the effects on NAMPT protein induction
are mediated at the mRNA level (Figitd A-C, Figue 3.5A) and that knockout of SIRT1 may
have some ability to perturb this induction (Fig@réB-C). Future work will need to be performed

to examine the precise mechanism(s) elucidating how IRW is able to transcriptionally induce
NAMPT, and whether or ndhe induction of physiologically related factors, such as SIRT1 and
FOXO3a, are directly or indirectly related, or independent from NAMPT indu@iaki, Sasaki,

& Milbrandt, 2004)

Treatment of cultured de with resveratrol and other sirtuin activators has been shown to
activate PGC1U and prevent diseases commonly
(Lagouge et al., 2006)n line with this, we observed that IRW incsea the levels of antioxidant
components of oxidative phosphorylation, indicating that the beneficial effects of IRW may be in
part due to PGC1U mediated increase in mitoc

oxidative state of the cell (Figure S3A-C). Therefore, we next aim to understand if and how
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IRW can mimic resveratrol and caloric restriction, protect against afaigtiet, and improve
mi tochondri al function and | ifespan, possi bly
further caroborates the striking parallels between IRW and resveratrol, and increased SIRT1
levels observed in mice liver. Further, to better understand the ability of IRW to increase and
stabilize NAMPT in cells, we ctreated cells with IRW and FK866. IRW manadedoreserve
the fallin NAMPT and NAD levels. These results were concordant with the modulation 6f'p66
(Figure S3.4 AE), which regulates the cellular response to oxidative stress and life span
(Migliaccio et al., 1999)Also, the kockout of p68-Cis associated with increased NAPool
and favorable environment for Sirtuin activiB€rez et al., 2018Therefore, the p66© reduction
by IRW further establishes a relationship between improved metabolic outcomes with reduced
oxidative stress and diminished DNA damage.

Our findings are similar to the latest discovery of 3B¥812, a small molecule activator
of NAMPT (Gardell et al., 2019)However,the mode of interaction of IRW was different from
the SB+797812, which is an activate targeted ligandsimilar to IRW, P7C3A20 also binds
directly to NAMPT and facilitates the replenishment of NABvels in doxorubicirftreated U20S
cells,butnotimor mal cell s at t he HhWanagelal, l2@4RYC3R20at t he
also reshapes gut microbiota towards alleviation of obesity and exhibits cognitive benefits by
repairing tke blood brain barriein vivo (Hua et al., 2020; Vazqudzosa et al., 2020We also
conducted an experiment to compare the protein levels of NAMPT following treatment with IRW
and P7C3A20in L6 cells (Figure3.8C). Interestingly, ourresults showed a statistically
insignificant increase (averagedd@d increase; p=0.4461) in NAMPT levels following P7830
t r eat me mL6 céli8 (FiguMd.8C). This observation is in contradiction to previous reports

on P7C3A20 indicatinganincease i n NAMPT expression at t he
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(Wang et al., 2014)These observations of P7@20 treatmentin L6 cells (Figure3.8C) might
be attributed to cell type as thaeginal paper used U20S and H2122 (both cancer cells) instead
of normal cells. However, IRW extended the NAMPT increase in both normal (L6 cells) (Figure
3.2) and cancer cells (Hela and MDAMB231) (Figure S3.2 A,B).

Apart from cultured mammalian cells and mse model studies, IRW had a potent effect
on the DNAAM and NAD" levels in Drosophila flies warranting its further investigation in
metabolic and mitochondrial studies. Using 293T SIRT1 knockout cells, we were able to test
whether the pharmacological effect of IRW treatment on NAMPT levels is dependent upon SIRT1.
Following treatment withRW, WT cells exhibited NAMPT increase while SIRT1 KO cells
exhibited no improvement in NAMPT synthesis at both mRNA and protein levels. This data
indicates that IRW improved NAMPT levels in a manner that is to a certain extent dependent upon
SIRTL1. It isalso worth noting that the basal NAMPT levels are reduced in SIRT1 KO cells
indicating the crosdglependency of both metabolic nodes (FigBi&). Therefore, we favor a
possible model of the mechanism whereby IRW first interacts SIRT1, which leads tquariise
increase in levels of NAMPT (Figur@9). However, extensive subsequent experimentation is
required to support and establish this idea.

Previous studies on IRW have shown that it has robust antioxidant activity,
antihypertensive activity, N@ediatel vasodilation activity, and aratflammatory activity in
vivo) (W.-Y. Huang, Majumder, & Wu, 2010; W. Huang, Chakrabarti, Majumder, Jiang, Davidge,
& Wu, 2010; Liao, Fan, Davidge, &/u, 2019; Majumder, Chakrabarti, Davidge, & Wu, 2013;
Majumder, Chakrabarti, Morton, et al., 2013; Majumder, Liang, Chen, Guan, Davidge, & Wu,
2015) It is now recognized that NAMPT plays a key role in hyperteng®® Capettini,

Montecucco, Mach, Stergiopulos, AS Santos, & F da Silva, 201®refore, it is also tempting
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to speculate that the induction of NAMPT levels may underlie many of the therapeutic benefits of
IRW treatment(Shang, Bhullar, Hubbard, & Wu, 20183%pecidl in the case of cardiovascular
disease(s). The well studied reimmgiotensin system regulation of IRW might be associated with
underlying NAMPT and NAD surge(W.-Y. Huang et al., 2010; W. Huang et al., 2010; Liao et
al., 2019; Majumder, Chakrabarti, Davidge, et al., 2013; Majumder, Chakrabarti, Morton, et al.,
2013; Majumder et al., 2015; SA Capettini et al., 20M\plecular studies with IRW also helped
usto study its impact on NADconsuming SIRT1 axis, indicating a systemic improvement in the
metabolic status of HFD fed C57BL/6J mice. Besides, IRW supplementation in flies improved D
NAAM levels and increased NADevels to reinforce the robust vivo effect of the peptide. The
therapeutic utility of IRW although is in line with NADboosters such as NR or NMN. Further,
augmented NAMPT levels by IRW holds an advantage over N#Bcursors via activation of
SIRT1 and a possible upturn in DNA repair atalwing of the aging clocky. Li, He, He, Li, &
Lindgren, 2013; Y. Li et al., 2011Yhe ability of IRW to catalytically promote NAGsynthesis

in different cell orgaalles (Figure S3.6 A, B) possibly via increased NAMPT activity or increased
NAMPT pool (Figure3.2 C,D) along with its ability to work via the SIRT1 axis are two
discriminating features that are likely to be pharmacologically beneficial. Future work can
investigate this hypothesis. In addition to elucidating the mechanism through which IRW
transcriptionally induces NAMPT and related metabolic factors, it will be interesting to investigate
which chemical properties of IRW are necessary for its effectiveRessexample, does the
tryptophan in the peptide mediate the majority of the effects, or if the full peptide sequence is
necessary; are alternative sequences resembling IRW equally or more effective at boosting
NAMPT levels. However, our pilot study in thiegard did not show a discriminating result, so, a

detailed study is needed to fully comprehend the struétnn@ion relationship (Figure S3.6 C,
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D). Building on this improved peptide architecture, bioavailability, strueumetion, and
pharmacokinét studies can be performed in mice to improve formulations. Ultimately, IRW, the
first small peptide booster of NAMPT levetsvivo, and can be further explored for the treatment

of diseases mediated by low levels of NAMPT &HAD*.

3.5Conclusions

Dysregulation of NAD has been implicated in a wide number of diseéSeslerick et al.,
2016; Imai, 2010)Several molecules capable of boosting NAdVels in the biosynthetic pathway
have now been discovered and shown to benefit numerous disease conditions and even extend
lifespan (Fang et al., 2016)As the ratdimiting enzyme in the synthesis of NADNAMPT
activation or increase in pool levels represents an alternative approach to bod$ewAd There
are only two known synthetic activators, SBA7812 and P7C320, andthe latter is in dispute;
our own test also failed to show the ability of P& to increase protein levels of NAMPT. In
this study, we found for the first time IRW is a small dietary peptide activator of NAMPT.
Furthermore, we showed that IRW treatmleoosts the level of this metabolite in both cells and
in viva. A role of food on health is well established; our finding can lead to the development of a
food derived therapeutic intervention for the mitigation of ageétgted chronic diseases. This
smdl peptide can also serve as a lead compound for the rational design of novel druggable

components for therapeutical uses.
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Figure 3.3IRW modulates the expression of NAMPT and reated metabolic markers in C57BL/6J mice tissueqA) NAMPT-

muscle (B) FOXO3auscle (C) SIRTAMuscle(D) NAMPT-Liver (E) FOXO3aLiver (F) SIRT1-Liver tissues of C57BL/6J mice fed

a highfat dietfed a highfat diet to develop obesity, mild hyperglycemia, dyslipidemia, and impaired glucose tolerance. The C57BL/6J
mice were divided into three groups (n=6) (1) control diet group (ND): receiving regular diet (10.4.% fat) for 14 wedBRsy&) -
reciving HFD (45% fat) for 14 weeks 3) Treatment group (HFD+IRW): receiving HFD (40% fat) for 14 weeks with the incorporation
of IRW (45mg/kg BW) during the last 8 Weel&'gnificant differences were determined by -aveey ANOVA followed by Dunnett's
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posthoccomparison tegtw.r.t HFD). "p<0.05,” p<0.01,™ p<0.001.
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Figure 3.4IRW increases NAMPT mRNA levels and NAD expression in L6 cells and C57BL/6J mice tissueAMPT mRNA

expression was quantified by gPCR and normalizédABDHin( A) L6 cell s (n=3). The cell s wer
24 h and gPCR was performed B) Muscle and C) Liver tissu€s0BL/6J mice(n=6) fed a highfat diet to develop obegi mild
hyperglycemia, dyslipidemia, and impaired glucose tolerance show rise in NAMPT levels (w.r.t HFD). IRW improvewAhin

(D) L6 cells (E) Muscle (F) Liver tissues and (G) Plasma of HFD fed C57BL/6J mice. The C57BL/6J mice were dividagento t
groups (n=6) (1) control diet group (ND): receiving regular diet (10.4% fat) for 14 weeks 2) HFD group: receiving HFDtY4&% fa

14 weeks 3) Treatment group (HFD+IRW): receiving HFD (40% fat) for 14 weeks with the incorporation of IRW (45mg/thgri'g/)

the last 8 weeksSignificant differences were determined by a4wa i | e d t-8st (Fdj.e4AQ) énd onevay ANOVA followed
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Figure 3.5IRW increases the expression of mMRNA transcripts of NAMPT and related genes in C57BL/6J mideata from RNA
sequencing of C57BL/6J mice-B) Liver and E) Muscle tissues, respectiv@lize C57BL/6J mice were divided into two groups (n=3)

(1) HFD group: fedHFD (45% fat) for 14 weeks (2) Treatment group (HFD+IRW): fed HFD (45% fat) for 14 weeks with the
incorporation of IRW (45 mg/kg BW) during last 8 weeks. NAMPT (nicotinamide phosphoribosyltransferase (NAMPT), NQO1
(NAD(P)H:quinone oxidoreductase), NSDHLARN(P)H steroid dehydrogenadike protein), IDH2 (Isocitrate dehydrogenase (NADP)
follow mitochondrial), NMRK2 (Nicotinamide Riboside Kinase 2) ahEM: transcripts per million. Th&NA-seq analysis was
conducted using®Studio.
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Figure 3.6 IRW modulatesthe expression of BNAAM in yw Drosophila Melanogaster (A) Doseresponse effect of IRWhduced
FOXO3a and SIRT1 expressionyw flies (B) Effect of IRW treatment on DNAAM and (C) total NAD+ levels ofyw Drosophila
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Supplementary Figure 3.3Impact of IRW on DBC1 and CD38 (A) IRW-induced no impact of DBC1 in L6 cells. The cells were
incubated with indicated concentrations of IRW for 24 h and analyzed by western blot B) Muscle and C) Liver tissue ol @&%¢BL/6
exhibited marginal changes in DBC1 levels. IRW had no impadidDAase CD38 in (D) L6 cells (E) Muscle (F) Liver tissues of
C57BL/6J mice fed a higfat diet. The C57BL/6J mice were divided into three groups (n=6, per group) (1) control group (ND): receiving
regular diet (9% fat) for 14 weeks 2) HFD group: recguiD (40% fat) for 14 weeks 3) Treatment group (HFD+IRW): receiving
HFD (40% fat) for 14 weeks with incorporation of IRW (45mg/kg BW) during the last 8 weeks.
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Supplementary Figure 3.4IRW lowers the protein levels of p66HC in cells, mice tissues, and fliegA) L6 cells (B) Muscle (C)

Liver tissues of C57BL/6J mice fed a hifft diet and (BE) yw Drosophila MelanogasteThe C57BL/6J mice were divided into three
groups (n=6) (1) condt diet group (ND): receiving regular diet (9% fat) for 14 weeks 2) HFD group: receiving HFD (40% fat) for 14
weeks 3) Treatment group (HFD+IRW): receiving HFD (40% fat) for 14 weeks with the incorporation of IRW (45mg/kg BW) during
the last 8 weeks. Thav flies were divided into two groups (n=30, per group) 1) Vehicle: receiving regular diet for 10 days 2) IRW
group 1: receiving low | RW dose (25 Od) supplemented (B0 t he
Od3) s u p pih reguler diet K10 days. Flies were fed with ND or HFD food containing indicated concentrations of IRW for 10
days and wholéody protein and RNA were extracted using RIPA buffer, respectively. ND: Normal diet, HFD: High fat diet.
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Supplementary Figure 3.5Impact of IRW on OXPHOS complexes in mitochondria. (A) IRW-induced increase in 5 OXPHOS
complexes of L6 cells. The cells were incubated with indicated concentrations of IRW for 24 h and analyzed by westéviusdite B)

and C) Liver tissue of CGBL/6J mice exhibited a marginal increase in OXPHOS complexes. The C57BL/6J mice were divided into
three groups (n=6, per group) (1) control group (ND): receiving regular diet (9% fat) for 14 weeks 2) HFD group: rec&w#hQg%iF

fat) for 14 weeks 3) Trement group (HFD+IRW): receiving HFD (40% fat) for 14 weeks with incorporation of IRW (45mg/kg BW)
during the last 8 weeks.
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Supplementary Figure 3.6increase in NAMPT levels in different cellular compartments and structurefunction relationship (A)
Nucleus and (B) Mitochondrial following treatment with IRW; and the impact of (C) amino acids (D) analogous peptides on NAMPT

levels. The cells were inculeat with indicated concentrations of IRW for 24 h, the cell compartments were separated and analyzed by
western blot. GAPDH was used as the control.
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Supplementary Figure 3.7Comparative analysis of NAMPT levels in muscle tissues of younger and older individualhe values
are based on human muscle NAMPT blot shown in Figure 1B.
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Table 3.1:List of the primers used in the study

Gene Forward primer Reverse primer

D-NAAM TTGTCATCGAAGATTCAAACGGA GGCGGTCATCACTGTCCTTG
Mouse NAMPT ACCAGCGGGGAACTTTGTTA ACGTCCTGCTCGATGTTCAG
Rat NAMPT AGGGGCATCTGCTCATTTGG CTCTGCCGCTGGAACAGAAT
Human NAMPT CTTCGGTTCTGGTGGAGGTT AATCGGCCCTTTTTGGACCT
Mouse GAPDH AAGAGGGATGCTGCCCTTAC TACGGCCAAATCCGTTCACA
Rat GAPDH TGATTCTACCCACGGCAAGTT TGATGGGTTTCCCATTGATGA
Hu ma-actinb TCGTGCGTGACATTAAGGAG GTCAGGCAGCTCGTAGCTCT
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CHAPTER 4 - Tripeptide IRW is an activator of Mitochondrial Biogenesis
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Abstract: Mitochondria are vital cell organelle that generate ATP and carry out diverse functions
for cellular energy metabolism. Recently, the importance of mitochondria in cellular functions has
been revisited and is now associated with immune, reproductive, rereoand other
physiological functions. Mitochondrial biogenesis is proposed to be abridged in response to
disease states and can be modulated with nutritional and environmental stimuli. Therefore, the
activation of mitochondrial biogenesis in wake of atetlic and other physiological stresses
presents itself as a potential medicinal intervention. In this study, we show that IRW, a tripeptide
obtained from ovotransferrin, activates mitochondrial biogenesis resulting in increased
mitochondrial DNA, ATP surg, improved metabolic and microbiome function. IRW activates
PGC1U, the master regul ator o f mitochondri al
C57BL/6J HFD mice. It also increased mitochondrial DNA in muscles of Bgesbphilafed

with IRW for a week.The underlying mechanism was dependent on FAM120B, a constitutive

activator of peroxisome proliferator activate
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4.1 Introduction

Ar i s i n g -prdteobaateriur) engulfed by a eukaryotic progenitoitochondria are
evolutionarily preserved organelles that perform a myriad of diverse, yet highly interconnected
cellular functiongLane & Martin, 2010; Tovar et al., 2003)ntil the 1950s, mitochondria were
solely studied for the metabolic pathwayey participate in, and by the 1970wit role was
mainly settled to ATP generation and metabolites for macromolecule synNeSs Chandel,
2018) However, in the 1990s, seminal papers showed its role in apo@{ogisl, Kim, Yang,
Jemmerson, & Wang, 1996} well as in redox homeosta@i Chandel, Maltepeioldwasser,
Mathieu, Simon, & Schumacker, 1998following this, mitochondria have been studied
extensively for their versatile activities in cellular and pathological condit{bhsnari &
Suomalainen, 2012)Thus, it is now clear #t mitochondria are indeed more than ATP
synthesizers and function as critical signaling organelles influencing the fate of cell and organ
systems. Therefore, the slowdown of mitochondrial (mt.) turnover is implicated in a spectrum of
human diseases spangifrom neonatal disorders, obesity, and metabolic syndrome(s) t0 age
onset neurodegenerative diseademe et al., 2010; Schmidt, Pfanner, & Meisinger, 2010)
healthy cells, normal mitochondrial function is maintained by three pathwaymitochondrial
biogenesis, fusiofission cycles, and mitochondrial quality contrqUittenbogaard &
Chiaramello, 2014)induced mitochondrial biogenesis represents a uniquepthéra strategy to
counter mitochondrial dysfunction or agdated loss owing to critical role of mitochondria in

these processéblunnari et al., 2012)

Mitochondrial biogenesis is an intricate and adaptive response process. It requires
coordirated transcription of mt. genes in the nucleus, replication of the mtDNA, as well as the

synthesis, and import of proteins to existing mitochondRagliarini et al., 2008) The
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coordination of the two cellular genomes is achieved by nu&erasded mitochondrial
transcription factors such as TFAM, NRF1, and
TFAM, an dKashypaRal., 2005; Nisoli et al., 2008mong these factor® GC1 U i s a
principal coordinator of mitochondrial biogenesiBessePatin, Jeromson, Levesgue
Damplousse, Secco, Laplante, & Estall, 20®GC1 U has emerged as a prc
mitochondrial biogenesis, thus becoming a critical metabolic node. Another crucial mitochondrial
biogenesis factor, NRF1, regulates expression of TFAM, and therebgirates the increase in
mitochondrial numbefPicca & Lezza, 2015)t also affects the expression of few mt. factors such
asCOX4,andPG@L i ndirectly via t (Ramashandranptu,&Gulick act or
2008) Interestingly, NRF1 also directly controls the expressions of ten nweeaded
mitochondrial COX subunits and three mitochondeiatoded COX subunits via TFAKDhar,

Ongwijitwat, & WongRiley, 2008) Although NRF1 is essential for mitochondrial biogeness, y

its sole expression is insufficient to drive this complex cellular mechanism. Two other key players
include TFAM and TOMM machinery, which move the process of mitochondrial biogenesis
towards a successful end. It is interesting to note that TFAM isdewed the histonéke protein

of mtDNA as a high number of bound TFAM molecules (~1000 proteins/mtDNA genome) is
reported in mammalian cell lin€&ukat, Wurm, Spahr, Falkenberg, Larsson, & Jakobs, 2011)

This histondike property of TFAM is proposed to help in both mtDNA replication and mtDNA
packaging for biogenesis. Finally, the import of 99% of nuetnded mitochondrial precursor

protans is vital for making new mitochondria. Most mitochondrial proteins are synthesized on
cytosolic ribosomes and imported through the TOMM comfhacinska et al., 201L.0Among

these small TOMM proteins, TOMM 20 and TOMM6 have emerged as essential regulators of

mitochondrial biogenesigHarbauer et al., 2014; Pfanner & Meijer, 199This plethora of
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molecular determinants ahitochondrial physiology ensures an isolated factor seldom causes
mitochondrial dysfunction in common diseases such as obesity, hypertension, and diabetes;
instead, they result from a cumulative impact of polygenic influences. Consequently, we look at
themitochondrial physiology as a whole for solutions. Hence, the regulatory networks that govern
mitochondrial biogenesis constitute attractive drug targets for the treatment of mitochondrial

dysfunction and related diseases.

Artificial induction of mitoclondrial biogenesis is an exciting therapeutic approach as it
promises to counter a myriad of mitochondrial and metabolic pathologies and improve their
prognosis. Pharmacological and/or nutritional modulation of mitochondrial biogenesis are
appealing appradnes for maintaining and improving mitochondrial homeostasis. Several lifestyles
and nutritional approaches stimulate mitochondrial biogenesis, such as caloric restriction (CR) and
the dietary intake of bioactive compounds (e.g., polyphenols). Exercisgpyhleas also been
demonstrated to be beneficial for mitochondrial diseases as it directly targets both upstream and
downstream effectors of mit o@inoan etali2012Siiceé ogene
reatlife pertinence of caloric resttion is barely sustainable in the long term, alternative
approaches that can mirror CR are of pharmacological interest. Only one drug candidate,
Bezafibrate, a paRPAR activator is being tested (NCT02398201) for induction of mitochondrial
biogenesis. f&ilar to polyphenols, antioxidant peptides can reduce the formation of oxidation
products along with the induction of antioxidant enzymesvo (Lorenzo et al., 2018However,
the ability of such peptides to activate mitochondrial biogenesisimert@be assessed in detail.

To the best of our knowledge, a single study has been published reporting on the proficiency of
natriuretic peptides and peptide hormones to initiate mitochondrial biogenesis via activation of

PGC1U and its dMiashitaetal.a2@09Ad niiteckondoial pharmacology is
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an emerging discipline, the role of food derived antioxidant peptides gdspromise for new
therapeutic approaches for activation of mitochondrial biogenesis. We have recently reported on
the ability of IRW, an ovotransferrin derived short peptide, to increase the levels of antioxidant
components of oxidative phosphorylati@XPHOS) and NAMPTIin vivo (Chapter 3) both
related to the (Bhwlaietalt262d)BeeaBse IRW aloactivates the NO
pathway, a critical initiator of mitochondrial biogenesis, we sought to investigate the ability of
IRW to initiate mitochondrial biogeesis in cells, flies, and mice, as well as to identify the

underlying cellular mechanisms.

4.2 Materials and methods
4.2.1 Chemicals and Reagents

Peptides used in this study IRW, IQW, IKW, IR, RW, and GGG with a minimum purity of 99%

were obtained from énScript (Piscataway, NJ, USA). Synthesized peptides were dissolved in
nuclease free water at a stock concentration
further usageThe amino acids |, R, and W (reagent g
SigmaAldrich Canada Co. (Oakville, ON, Canadd)ulbecco's Modified Eagle's Medium

(DMEM), Fetal Bovine Serum (FBS), Eagle's Minimum Essential Medium (EMEM)2K

Medium (Kaighn's Modification of Ham's B2 Medium), TrypsiFEDTA Solution, 1X, Penicillin
Streptomycin Solution, Dimethylsulfoxide (DMSO), and other supplies associated with cell
culture were obtained from life technologi€Bhermo Scientific, Mississauga, ON, Canada).
Antibodies including PGC1U (ab54481)mTOFFEAM120 |

(ab134903), Tubulin (ab7291), TOMM20 (ab186735), TFAM (ab119684), COX4 (ab110272),
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NRF1 (abl175932), GST1 (ab224622), SIRT1 (ab189494), KAT2A (ab217876), MnSOD
(ab74231), HSP90 (ab13492) were obtained from Abcam, Inc. (Toronto, ON, Canada). The SirT3

5490 antibody (NEB) was provided by Dr. Basil
4.2.2 Human tissue study

Matched pairs of normal and obese snapfrozen, RNAtae=erved, muscle tissues were obtained

from Proteogenex (Inglewood, CA) after bgiprospectively collected at multiple hospitals with
institutional review and ethics board approval. All of the experimental procedures associated with
the human samples were conducted in appropriate and designated BSL Il labs. The obtained human
muscle smples were verified for their negative serological status (HIV, HEPA, HEPB, HEPC,

and other microbial contaminants).
4.2.3 Cell culture

All the cell lines used in this study viz. A7TR5 (ATCC® CRIL4 44 E), 293T -( ATCCE
4500E), L6 (1MT503CHE) -O(ROIGCAOMTB-3 7 E) -SYSHATCC® CRL

2266 E)SME(ATCC®OCRL1I999E) , -BEGA(HWBEG)(ATCC®CRIL:1 730 E)
were obtained from ATCC and <cultured accord
Baltimore, MD, USA). The cells were grown inthe mediaaspeATCC6s i nstructio
cultured untilD80% confluency for 24 h in media containing 0.1% FBS. Low serum levels were
maintained during IRW or other peptide(s) or amino acid addition. The cells were treated with

| RW (25 or 50 ¢ M) IKQnR, RW) opaenind acids €l,SR, of W)Qonmedium
containing vehicle (ddH20O) for 8 or 24 h. Following the treatment, cell lysates were collected

using RIPA buffer.
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4.2.4 RNA extraction and gPCR

Total RNA was isolated from cells, animal tissues, and Wdah flies with TRIzol reagent. RNA was
guantified using a Nano Drop One spectrophotometer (Thermo Fisher Scientific, Waltham, MA)

and its integrity assessed by running it on aarege gel. Next, the cDNA was synthesized from 1

eg of total RNA using a reverse transcriptasete
ON, Canada). All of the qPCR experiments and analyses were conducted using the MIQE

guidelines for gPCRBustin et al., 2009)
4.2.5 Western blots

Proteinwas extracted from cells and tissues using RIPA buffer, and western blot was performed

according to the methodology described in our recent report on(BRMllar et al., 2021)
4.2.6 Other assays

The ATP content was measured usKifP assay kit (Colorimetric/Fluorometric) (ab83355) and
citrate synthase activity was measured using citrate synthase activity assay kit (ab119692),
obtained fromAbcam, Inc. (Toronto, ON, Canada). Blihondrial biogenesis was measured using

Mi t o Bi o g e@e# ELISA Kit (dbh10217/MS643)obtained fromAbcam, Inc. (Toronto,

ON, Canada). Oxygen consumption was measured @ygen Consumption Rate Assay Kit

(Item No. 600800)purchased from Caymarh€mical (Ann Arbor, MI, USA).
4.2.7 Flow Cytometry

The mitochondrial content was measured usingMhiet o Tr acker El nGriegem gleM E (
M7514) . The selection of Mi t o Tr ac k essefitialldr e e n
nonfluorescent in aqueous solutions and exhibit fluorescence once it accumulates in the lipid

environment of mitochondria. Therefore, the fghesitive results are negligible, enabling a
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correct count of mitochondria via bright green, fluoms-like fluorescenceBriefly, cells were
culturedand r eat ed as i ndicated, trypsinized, centr
made from PBS and FBS (3:1) willhi t o Tr a c k e r & a @ncengration Betveen 100

400 nM. After incubating ckd with dye for 1530 min at 37°C, mitochondria were analyzed using

t he BD F ACBDEAGStCanio Il flow cytometrycell analyze(BD Biosciences, San

Jose, CAL, USA). The FlowJo software was used for the analysis of flow cytometry data (Tree

Star, Inc OR, USA).
4.2.8 Fluorescence microscopy

All fluorescence imaging experiments were performed on a Zeiss Colibri Fluorescence
Microscope (Carl Zeiss Canada Ltd., Toronto, Canada). Cells were grown at a density of 100 cells
per well on chamber slidesNuntc®@b-T e k E Chamber Sl i d-SifmasGrs82)e m ( Mi
Cells were treated as described earlier and mi

FM (InvitrogenE, M7514). The filters for exci

4.2.9Transmission electron microscopy (TEM)

Cells were treated with vehicle or peptides for 24 h and fixed using TEM fixing solution: 2% PFA
+2.5% GTA in 0.1M phosphate buffer. All experiments for TEM were conducted in 200 mm cell
culture dishes and a nimum of 4x1G cells were collected for each sample (n=4). After
trypsinizing and fixing the cells, cells were kept at 4°C till further analysis. For the development
of EM images, the cell pellet(es) was rinsed with 0.1M phosphate buffer (10 min x 3), postfix was
conduded with 1% Os04/0.1M phosphate buffer for 1 h. The pellets were rinsed y@xH{19

min, 3X) and stained with 1% uranyl acetate/H20 overnight. Samples were rinsecb@ijtfiLBl

min, 3X) and stained with 1% lead nitrate/aspartate solution 30 min at 6Q%C wah. The

samples were then washed withQH(10 min, 3X). Next, samples were dehydrated with 30%,
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50%, 70% and 95% ethanol (10 min) and 100% ethanol (10 min, 3X). Next, a graded infiltration
procedure was performed usi©hld: hP5%" SPubBposr § £
100% Spur r 64chgn@ed). Following grdded3nfiltration, the specimen was transferred
into a flat mold with fresh &plus andaminineus dfn , p o
8 images were collected for eatieatment group using a Hitachi-F650 TEM Microscope

(Hitachi, Dallas, TX, U.S.A)).
4.2.10 HFD Animal Study

Male C57BL/6J mice (6 weeks) were obtained from the Charles River Breeding Laboratories (St.
Constant, QC, Canada) and maintained on a 12 bdemtk cycle with free access to food and
water for 2 weeks. The lofat diet (LFD; TD.0110675: Rodent Diet With 10.4 kcal% fat), high

fat diet (HFD; TD.06415: Rodent Diet With 45 kcal% fat), and casein (CA.160030) were obtained
from Envigo Teklad Diets (lddison, WI). All of the experimental procedures followed the
University of Alberta Guide for the Care and Use of Laboratory Animals, and the animal protocol
was approved by the animal ethics committee at the University of Alberta. After 1 week of
adaptatio, the mice were divided into three groups (8 mice per group): LFD group fed LFD diet
for 14 weeks, HFD group fed with HFD for 14 weeks, the treatment group (IRW group) first fed
with HFD for 6 weeks followed by IRW (45 mg/kg BW) + hidgit diet for anothe8 weeks. All

mice had ad libitum access to food and water. At the end of the experiment, the mice were fasted
for 6 h before being sacrificed by CO2 asphyxiation. The organ tissues were weighed and recorded
during the sacrifice. All of the tissues andwse samples were sndpr o zen and stored

until further analysis.

4.2.11 Hypertensive Animal Study
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For second animal study, male SHRs (spontaneously hypertensive di8;vi€eks old) were

obtained from Charles River (Senneville, QC, Canada) veex@omly assigned into three groups,
untreated (vehicle, n=5) and IRW (3 and 15 mg/kg body weight, n = 5); after 18 days of treatment,

the rats were sacrificed, and their tissue were collectedfsmap zen and stored at
further analysis. Thexperimental procedures were approved by the University of Alberta Animal
Welfare Committee (Protocol # 611/09/10/D) in accordance with the guidelines issued by the
Canada Council on Animal Care and also adhered to the Guide for the Care and Use ofriyaborato

Animals published by the United States National Institutes of Health.

4.2.12 RNA sequencing

RNA sequencing was conducted according to conditions and methodology described in Chapter

3.

4.2.13 Microbiota analysis

Genomic DNA was extracted from stool ugithe FastDNA Spin kit (MP Biomedicals) and
guantified on a NELOOO NanoDrop One spectrophotometer (Thermo Fisher Scientific, Waltham,

MA). Samples were diluted to 50 ng/mL and then quantified with PicoGreen. gPCR reactions
contained 8 eL YBBRO,Grk®ne MaBa®etr Mi x, 1 €L 10
primers, and 2 €L target DNA. PCR cycling coni
at 95°C, 1 min at 60°C) (40 cycles), followed by a melting curve step progressing from 60°C to

95°C for 12 nm. gPCR was performed in MicroAmp 9¢ell optical plates with the 7900HT
instrument (Qiagen Inc, Toronto, Canada). Results were analyzed with SDS 2.3 software.

Nonspecific amplification was determined using melting curves and visualizing products on a
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QIAxcel (Qiagen Inc, Toronto, Canada) and target DNA copy number was determined by

comparison with standard curves from the purified PCR product.
4.2.14Drosophila melanogastestudies

To examine the impact of IRW on mitochondrial biogenesis in flie§"Wlies were fed the
tripeptide IRW (50 €M) for 1 week (from day 2
dissected and incubated as shown previdigharicio, Rana, & Walker, 2019Briefly, flies were

dissected at day 35 after one week of IRW peptide feeding. Dissected flies were incubated with

the following primary antibodies: mousanttatp5a 1:250 (15H4C4bcam) and mousantr-

dsDNA 1;250 (ab27156, Abcam). Images were taken using Zeiss LSM880 confocal microscope
(Carl Zeiss Microscopy, NY, U.S.A) and analyzed using the ImageJ software to measure

mitochondrial size and mitochondrial DNA.
4.2.15 Peptide targeidentification

HOOKE Activated Agarose (Amine Reactive, Cat .
agarose conjugated IRW complex-Bibsciences, St. Louis, MO, U.S.A). This complex was
incubated with A7R5 cells, and the protein targets pulled dewinacted) following incubation

were run on a 6% gel. Next, agel trypsin digestion was performed on the samples. Briefly,

excised gel bands were destained twice in 100 mM ammonium bicarbonate/acetonitrile (50:50).

The samples were reduced (10 mm BME100 mm bicarbonate) and alkylated (55 mM
iodoacetamide in 100 mm bicarbonate). After dehydration trypsin (6 ng/ul, Promega Sequencing
grade) was added to just cover the gel pieces and the digestion was allowed to proceed overnight
(=16 h) at room tenmgrature. Tryptic peptides were first extracted from the gel using 97%

water/2% acetonitrile/1% formic acid followed by a second extraction using 50% of the first
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extraction buffer and 50% acetonitrile. Fractions containing tryptic peptides were resatved a
ionized by using nanoflow HPLC (Easy.C Il, Thermo Scientific, Mississauga, ON, Canada)
coupled to an LTQ XtOrbitrap hybrid mass spectrometer (Thermo Scientific, Mississauga, ON,
Canada). Nanoflow chromatography and electrospray ionization were ditwdpby using a
PicoFrit fused silica capillary column (Prot et
New Objective). Peptide mixtures were injected onto the column at a flow rate of 3000 nL/min
and resolved at 500 nL/min using a®ihute liner gradient from 0 to 45% v/v aqueous ACN in

0.2% v/v formic acid. The mass spectrometer was operated huelpémdent acquisition mode,
recording highaccuracy and highesolution survey Orbitrap spectra using external mass
calibration, with a resolutionf 30 000 andawzrange of 4002000. The fourteen most intense
multiply charged ions were sequentially fragmented by using collision induced dissociation, and
spectra of their fragments were recorded in the linear ion trap; after two fragmentations all
precursors selected for dissociation were dynamically excluded for 60 s. Data was processed using
Proteome Discoverer 1.4 (Thermo Scientific, Mississauga, ON, Canada) and a reviewed Uniprot
(uniprot.org) rattus proteome database was searched using SEQUES¢ Scientific,
Mississauga, ON, Canada). Search parameters included a precursor mass tolerance of 10 ppm and
a fragment mass tolerance of 0.8 Da. Peptides were searched with carbamidomethyl cysteine as a
static modification and oxidized methioninedadeamidated glutamine and asparagine as dynamic

modifications.

4.2.16 CRISPRCas9 KO cells

Guide RNAs (gRNAs) designed to target FAM120B were annealed using equimolar amounts of
Alt-R CRISPRCas9 tracrRNA, ATTO 550 (IDT) and AR CRISPRCas9 crRNA IDT) as

previously described (Cromwaedt al., 2018 Ribonucleoprotein complexes (RNP) were created
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by mixing equimolar quantities of Cas9 (NEB) and the previously assembled gRNA. This was
transfected into HEK293Ts cells using Lipofectamine CRISPRMAX iffiloéisher) according to
manufacturerdéds instructi ons. 2céAlkweersortedbasbdoo f i n
the ATTO 550 fluorescent marker on the tracrRNA on a BD FACS Aria Il instrument (Flow
Cytometry Core, University of Alberta). Poskiicells were singtsorted onto a 9vell plate and

grown for 24 weeks. Once density of cells reached ~50%, they were moved twell48ate,

and then a 24vell plate. Once the cells on the-2#ll plate reached ~80% confluence, they were

split 50/50, vith half being transferred to avéell plate and half spun down for DNA extraction.

DNA was extracted from the cells wusing Quick
foll owing manufacturerds instructiongfor5Bri ef |
mins. The pellet was washed with PBS pH 7.4 (Gibco) and then resuspended in 100 pL of
QuickExtract™ (Lucigen. This solution was added to a thermocycler and the following protocol

was run as: 65eC for 10mins, 68eC for 10mins,
directly as a template for PCR reactions amplifying the Cas9 target site. These PCRg @aario

purified with QIAquick PCR Purification Kit (Qiagen) and analyzed by Sanger sequencing to
confirm the formation of gendisrupting indels following Cas9 cleavage. Clone populations with
demonstrated indel formation were further confirmed for pndtabckout by Western blot. The

ol i gonucl eotA3dée usseeqdu e nnc & sh e5 EBAMKGBCrRNAYL: ArAeGs f o | |
rArGrC rCrArG rArArA rUrArC rArGrG rUrUrG rUrUrU rUrArG rArGrC rurArU,FAM120B
Sequencing Primer F: CGT ACG TAT GCC AGC CCT TT, &#M120B Sequencing Primer

R: TTA GTC AAG GCC AGA GCA GC.

4.2.17 T7 endonuclease assay
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A bulk sample of all FACs sorted positive cells was kept determining the efficiency of the gRNA,

as previously described (Cromwell et al., 2018). Briefly, 48 hours B#&&s sorting, gDNA was

extracted from the cell population, as described above. PCR reactions targeting the regions
surrounding the Cas9 target site were preformed and purified with QIAquick PCR Purification Kit
(Qiagen). 200 ng of the resulting PCR prodsictwere denatured and reannealed using the
foll owing thermocycling p2reoQfrsaent: t905 e8C5 efQ rf obr
0.1eC/sec to 25eC for 1 sec. 1 OL of T7 Endo
i ncubated at Beres@ting DNA prddbct was amalyzed dn a 1.5% TAE agarose

gel to determine indel (%). This was calculated using densitometry (Image J) using the following

formul a: indel (%) = 100 I (17 (11fractioncut)
4.2.18Statistical analysis

A completely randonzied design (CRD) was used to perform all the experiments conducted in this
study where the treatments are assigned completely at random to cells and animals so that each
experimental unit has the same chance of vetgiany the treatment option(s)ll statistical

analyses were performed using GraphPad Prism software version 5.02 (GraphPad Software, San
Diego, CA). Data are presented as mean + standard error of mean deviation (SEM) and analyzed
by unpai r etest (6o grodps)nor ansay analysis of variance (ANOVA) followed by

Dunnettdos test (w.pr.t HFD). p < 0.05 was cons

4.3 Results

4.3.1 IRW initiates mitochondrial biogenesis in mammalian cells
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PGC1U and TFAM are vital factors involved in
OQur i mmunobl otting results showed a significarl
TFAM in muscle tissues of obese individuals (body mass index (BBV®:. 51 41. 5), comp
nor mal individuals (BMI: 21. 171 2 4elaied defglefangfur e 4 .
mitochondri al number and the need for its sti
pharmacological agents. IRW, an antioxidaigeptidewith minimal impact on mitochondrial
potenti al (50 Fgwe S.IFA&B)U(was asdessedBfpr its ability to initiate
mitochondri al bi ogenesis via activation of th
treatment (50 e€M) significantly increased the
(Figure 4.1 C). Likewise, webserved an increase in mitochondrial DNA content as demonstrated

by significantly increased mtDNA:nDNA ratio using 12S (p<0.01) and ND1 (p<0.001) as the
mitochondri al mar kers (Figure 4.1 D&E). A si
mitochondrial ontent was observed in 293T and L6 cefig(re S4.1C&D; F-H). However, no
increase in mMRNA levels of PGC1U or increase
Caco2 cells Kigure S4.1E,l). These experiments helped us to identify the appropriate
concentration (50 €M) and time (24h) of | RW tr
with our recent findings on IRVBhullar et al., 2021)Next, we observed if the IRW triggeran
increase in PGC1U mRNA content translated to

t hat treatment of A7R5 cells with I RW (50 &gM)
mar kers of mi tochondri al b i DF4M, MN&KEL] GOX4, and | udi n
TOMMZ20 (Figure 4.1 F&G). However, no impact was observed on levels of sirtuins (SIRT1 and

SI RT3) (Figure 4. 1H). An analogous increase |

NRF1 was observed in 293T cells, L6, andS¥BY cells,but not in Caco2 celld{gure S4.1}
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M) . I nterestingly, Il RW (50 €M) treatment incr
dynamic histone modification related to aagjing activity and lifespan extensi¢Releg et al.,

2016) In line with this, we observed an increase in protein levels of KAT2A/GCN5, a
paradigmatic histone acetyltransferase (Figure 4.11). The increased mitochondrial activity was
accompanied by an increareATP and citric acid synthase levels in different cell types, indicating

an overall improvement in the mitochondrial number and function (Figure 4.1 J,K). However, no
increase in the oxygen consumption levels was observed in multiple cell types tapie€ig8re

S4.1 N). Next, to confirm the activation of mitochondrial biogenesis, we employed the

Mi t o Bi o g e®@ekELISA Ifit, désigned to measure dringluced effects on mitochondrial
biogenesis. Our results showed a significant increase in mitoghbbibgenesis across different

cell lines except in Caco?2 cells vitro (p<0.05). Further, the unique-peptide structure of IRW

was associated with an increase in activation of mitochondrial biogenesis as its analog IWQ or
IKW (Figure 4.1 M),orcontsi t uent amino acids were unable t

in cells.
4.3.2 IRW increases mitochondrial number and density

Next, we investigated whether the ability of IRW to increase mRNA and protein levels of key
biomarkers of mitochondrial biogesis translates to an actual increase in the mitochondrial
number. Flow cytometry analysis using MitoTracker Green dye showed that IRW treatment (50
eM) significantly increased the total number
C). Thee was a strong increase in mitochondria number in A7R5 (Figure 4.2A), 293T (Figure
4.2B), and L6 cells (Figure 4.2C). However, in line with our previous observations, no increase in
mitochondrial number was observed in Caco2 cells (Figure 4.2D). Thed#is reste confirmed

by fluorescent microscopy analysis, indicating increased mitochondrial number/density (Figure
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4.2 EH). Finally, the electron microscopy analysis confirmed the visible increase in mitochondrial
number foll owing | RdhA7R5aadt293€ cells (Fighrd4.2d, N )Thisiset b
of experiments providedtrong evidencein favor of the ability of IRW to increase the

mitochondrial number in mida vivo.

4.3.3 IRW increases multiple factors related with mitochondriabiogenesis

Next, RNA sequencing analysis was conducted to study the detailed impact of IRW on multiple
pathways associated with mitochondrial biogenesis in A7R5 and 293T cells. IRW treatment
prompted massive transcriptional changes related to mitochobidggnesis pathways. In A7R5

cell s, Il RW treat ment (50 &M) i ncreased the e
TIMM 13, TIMM 22, TOMM7, and TOMM40L (Figure 4.3A), all involved in the import of
nuclearencoded mitochondrial preproteins into mitochoaldmatrix for the successful formation

of new mitochondria. This was confirmed by an increase in the expression of mRNAs of multiple
mitochondrial complexes such as MITP6, MT-ATP8, MT-ND1, MT-ND2, MT-ND3, MT-

ND4, MT-ND5, MT-ND6, and COX complexes (COXHKICOX7A2, and COX7C) (Figure 4.3A).
Similar to A7R5 <cell s, | RW treat ment (50 &M)
TOMM complex members such as TOMM5 and TOMMG6, and TIMM complex members as well
including TIMMS8 and 13 (Figure 4.3B). Howevehngtimpact of IRW treatment on mitochondrial

complex members was limited to MATP6, MT-ND3, and COX7B in 293T cells (Figure 4.3B).
Contrarily, transcription of MAIND5 and MTND2 decreased in 293T cells following IRW
treatment (50 € M) surgelmwulgae sirtuin mRNA (SERT 2 8 and &) in

293T cells (Figure 4.3B). Other genes involved in mitochondrial biogenesis modulated by IRW
treatment (50 €M) in A7R5 and 293T cells are s

4.3 AB).
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4.34 IRW increases mRNA copy number of mitochondrial genes

Following RNA sequencing, gPCR was used to validate the findings of transcriptomics in A7R5
cells (Figure 4.4). |l RW treatment (50 €M) sig
genes in mitohondrial DNA. Among the proteicoding genes of mtDNA, ATP synthassdated

ATPO6 (p<0.01) and ATPOS8 (p<0.0001) were significantly increased following IRW treatment
(Figure 4.4 A,B). Similarly, cytochrome ¢ oxidase encoding@(p<0.01), C@2 (p<0.001)

and CQO03 (p<0.01) were significantly increased following IRW treatment in A7R5 cells (Figure

4.4 GE). However, no significant increase in €tmRNA was observed (Figure 4.4 F).
Interestingly, mRNA of all NADH dehydrogenase related genes-Blas sigificantly boosted

after I RW treatment (50 -K)MheseiresultAfurtRes comfienlours ( Fi

earlier findings on the ability of IRW to increase mtDNA content.
4.3.5 IRW increases various mitochondrial factors in tissues of C57BL/6J HFD ioe

RNAseq results in several mice organs showed that IRW feeding (45 mg/kg BW) modulated
multiple factors associated with mitochondrial biogenesis (Figure 4.5). These included changes in
key transcription factors such).Eapsessiercotalselies TFAM
of mitochondrially encoded genes was somewhat increased in multiple tissues such as the aorta,
muscle, and kidney, but was minimal in the lievivo, where expression of such complex of

genes was notably lowé@Ffigure 4.5B). Inline with results from cell culture, we observed an
increase in the multiple members of the TIMM and TOMM complex in different tissues of IRW

fed mice (Figure 4.5C). A prominent increase in COX16 subunit was observed in the aorta and
kidney, and to a less extent in liver and muscle (Figure 4.5D). However, unlike cell cultures
RNAseq results, there were minimal changes in sirtuins in different tissues (Figure 4.5E, Figure

4.2B). Other key factors associated with mitochondrial biogenesis are shown iquartigenels
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(Figure 4.5 F,G). gPCR was used to validate the findings from RNAseq analysis. Next, we selected
kidney tissues for validation of key biomarkers related to mitochondrial biogenesis. Results
showed a significant I nc r(E@dbe ATPOG (prORNACQRI ev el s
(p<0.05), CG3 (p<0.05), Cyt B (p<0.05) in IRW fed C57BL/6J HFD group (Figure 4-B)A
Moreover, | also found a significant increase in ND3 (p<0.01), ND4 (p<0.05), ND6 (p<0.05), and
TIMM8 (p<0.05) mRNA levels following IRWfeeding (45 mg/kg BW) in kidney tissues of
C57BL/6J HFD mice (Figure 4.6-K). However, no increase was observed in ATP08 and ND2
transcription in kidney tissues of IRW fed C57BL/6J HFD mice (IRW group) (Figure 4.5 C,G).
Similarly, we found increased mRN&xpression of ND3 and ND6 subunits in the muscle (p<0.01)
and TOMM 34 in the aorta (p<0.001) tissues of C57BL/6J HFD miegvo (Figure 4.6 LN).

These results from RNAseq and gPCR confirmed a strong modulation of transcriptome by IRW

feeding (45 mg/kg B/) in different tissues of C57BL/6J HFD mice.

4.3.6 IRW increases protein levels of multiple factors related with mitochondrial biogenesis

in tissues of C57BL/6J mice

The protein expression of mitochondrial biogenesis biomarkers in tissues of C5HBG6]
mice (Figure 4.7 F,L) was also studied. In kidney tissues from C57BL/6J HFD mice fed with IRW
(45 mg/kg BW), compared to the HFD group, we observed a significant increase (p<0.05) in the
protein | evels of COX4, N R F 1E), buPrGt@fITEBAMg Figdre. T O MM 2 (
4.7 C). In muscle, COX4 and TOMM20 were upregulated (Figure. 4.7 G,K), but contrary to our
expectations, no statistical i ncrease was o0bs
(Figure 4.7 HJ). Yet, there was a statistilgasignificant increase in both ATP and citric acid
synthase activity in muscle tissues of C57BL/6J HFD miggufe S4.2B,C). Compared to the

HFD group, a robust increase in COXidure(SE2 gur e.
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A), levels in theplasma of IRW fed C57BL/6J HFD mice. This suggests an increase in free
mitochondria in plasma of IRW fed C57BL/6J HFD mice, in line with recent findings on free
mitochondria in plasm@Al Amir Dache et al., 2020; Stephens et al., 202{Ke HFD mie, SHR

fed IRW-treated (15 mg/kg BW) mice also showed a strong increase in COX4, NRF1, TFAM,

TOMM20, and PGCIlRbure®.IaEm.rta ti ssue (

4.3.7 IRW induces changes in microbiota and intestinal markers of mitochondrial biogenesis

in C57BL/6J HFD mice

Experiments were done to determine whether the gut microbiota was modulated by IRW in
C57BL/6J HFD mice (HFDsIRW group) and whether such changes were related to initiation of
mitochondrial biogenesis, culminating in increased mitochondrial number. Principal coordinate
analysis (PCoA) from Bragurtis dissimilarities showed marked differences in microbiome
compodgion, indicating the total microbial shifts across the treatment groups (Figure 4.8 A). The
number of observed OTUs (operational taxonomic units) and the Shannon diversity index also
indicated changes in the total microbiome in IRW fed C57BL/6J HFD miesgvo (Figure 4.8

B,C). The 16S analysis of microbiome showed modulation of 89 key families, genera and species
of microbiota associated with metabolic and mitochondrial function, indicating a strong
modulatory impact of IRW feeding (45 mg/kg BW) in micevivo (Figure 4.8D;Figure S4.3

The members of microbiota modulated by IRW includéogibacteriaceagLachnospiraceae
Erysipelotrichaceae Bacteroides Sutterella Roseburia Paraprevotella Akkermansia
muciniphilg Bacteroides cacca@and Bacteroidesvatus(Figure 4.8D). Likewise, IRW feeding
significantly altered multiple secondary metabolites produced by microbiota in C57BL/6J HFD
mice in vivo (Figure 4.8E). These included CHRiRacylglycerot-glycerol3-phosphate 3

phosphatidyltransferaseleader pptidase (prepilin peptidaseMNethyltransferase, ATP
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dependent DNA helicase PcrA, penicilimding protein 1A, shydroxybutyrytCoA epimerase,

DNA ligase (ATP), leucyl/phenylalanyRNA--protein transferase, tryptophach sensory

protein, Trp repress binding protein, NAD(P)Fjuinone oxidoreductase subunit 5, hemoglobin,
catalase/peroxidase, cytochrome c oxidase subunit I, cytochrome c oxidase subunit Il, transposase,
proline dehydrogenase, superoxide dismutaseMmefamily, phosphatidylserine symse,
membrane fusion protein, HSP20 family protein, methylenetetrahydrofolate reductase (NADPH)
(Figure 4.8E). We next analyzed intestinal tissue to observe changes associated with
mitochondrial biogenesis. Our results showed a significant increaseAi 8Rd COX4 protein

levels in the intestine of IRW fed C57BL/6J HFD mice in vivo (p<0.01) (Fig@&-1). However,

| RW feeding (45 mg/ kg BW) did not incré&se int
G,l). These results suggest a correlatimtween gut microbial changes and the activation of

mitochondrial biogenesis in IRW fed C57BL/6J HFD mice in vivo (Figu8&-1; Figure S4.3.

4.3.8 IRW increases mitochondrial DNA content in flies

We also studied the role if IRW was able of increasechibndrial biogenesis iBrosophila.
Immunofluorescence staining bfosophilafly muscles shows that IRW treatment (From day 28

to day 35) increases mitochondrial DNA content (Figure 4.9A). These results are consistent with
our findings indicating an increase in mt. DNA in mammalian cells and mice (Figure8,1 C
Figure 4.3, and igure 4.6). However, there was no major change in the size of mitochondria
(Figure 4.9B), indicating the absence of mitofusion/fission changes following treatment of IRW
over 1 week. These results are similar to cell and mice RNA sequencing, which mlatethdo
increase in mitofusion (MFN2 or OPAL) or mitofission (DRP1) related genes (Figure 4.2 and

Figure 4.5).

4.3.9 Ability of IRW to induce mitochondrial biogenesis depends on FAM120B
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Finally, using biochemical techniques, we identified the cerdirglet of IRW involved in the
activation of mitochondri al bi ogenesi s. HOOKE
conjugate IRW to make an intermediate Schiff base complex and finally agarose conjugated IRW
complex (Figure 4.10A). This complex weubated with A7R5 cells and agarose beads were

used to pull down the IRW interacting targeksgre S4.4A). The proteomics analysis showed

that IRW interacted with FAM120B (Figure 4.10 B,C). Other key targets included glutathione S
transferasel (GST1) and heat shock protein 90 (HSP9Bigure S4.4B-F). Treatment of A7R5

cells with IRW (50 uM) also showed increased levels of FAM120B (Figure 4.10D). Likewise, in

aorta tissue of IRW fed (high:45 mg/kg BW) C57BL/6J HFD niicevivo (Figure 4.10D).

Following identification of FAM120B, the CRISPRas9 technique was used to make FAM120B

KO cell line (Figure 4.10E) and verified using T7 Endonuclease assay (Figure 4.10F). The
CRISPRCas9 method was used to generate 6 KO colonies, which were grown, and @amas K
confirmed using i mmunoblotting (Figure 4.10G)
used to check the FAM120B dependent ability of IRW to initiate mitochondrial biogenesis. Our
results showed that in FAM120B KO cells, the ability of IRW fitiate mitochondrial biogenesis

was completely abolished (Figure 4.10G). Compared to WT cells, IRW was unable to increase the
expression of PGC1U, NRF1, COX4, TFAM, and TOlI
4.10G). This novel click chemistry and CRISERs9 guided finding showed that IRW interacts

with FAM120B,acati RRART ,cdeading to subsequent
downstream targets: NRF1, COX4, TFAM, and TOMM complex, all together culminating in

mitochondrial biogenesis.

4.4 Discussio
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Mitochondria are vital regulators of cellular function and metaboN§have recently identified

a metabolism essential enzyme, NAMPT, as a potential target of IRWrbeitno andin vivo
(Bhullar et al.,, 2021) In the current study, we investigated the ability of IRW to initiate
mitochondrial biogenesis and observed a vivid increase in mitochondrial number in both cells
andin vivo(Figure 4.18). The biogenesis of mitochondria is depamtdn multiple and intricately
related factors, resulting in ATP and NAD surge (Figure 4.1J, Supplementary Fig{EhQBar

et al., 2021; FontechRarriuso et al., 2020After treating cells with IRW, a surge in mRNA and
protein | evel sdowndtrea G@Qdtstbuch asmNRF1, TEAM, and TOM complex
members was observed (Figure-4.8). The ability of IRW to initiate mitochondrial biogenesis
also extended to mice and*#flies in vivo (Figure 4.49). Using click chemistry and CRISPR
Cas9 technalgy, we elucidated that the effect of IRW is exerted in a FAM120B dependent manner
(Figure 4.10). Overall, IRW is capable of activating mitochondrial biogenesisrbaitino andin

Vivo, via FAM120B mediated initiation of t he PGC(

Mitochondria are at the converging center of many cellular processes such as ATP
production via OXPHOS, G4 signaling, heme synthesis, and amino acid metabolism, and
additionally maintain metabolic nodes, such as NAD, ATP, AMP, (8tnes, Yao, Vicencio,
KarkucinskaWieckowska, & Szabadkai, 2012¥iore than 2000 proteins are presented in the
mitochondria, but the vast majority of them are imported into the mitochondria, indicating an
anterograde transport procéSshmidt et al., 2010)To preserve themselves and their host cell,
mitochondria must maintain a turnover balance between biogenesis apdagioMitochondrial
biogenesis is a complicated process, and requires the production, import, and fusion of proteins to
the existing mitochondria, as well as replication of mtDNA. Mechanistically, a key player in this

nucleusto-mitochondria anterogradé gy nal i ng i s PGC1U, the master
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biogenesis(FontechaBarriuso et al., 2020)As a cardinal transcriptional regulator during

mi tochondri al bi ogen e shich then RriGgers tlansaription of ARAM s NRF
leading to upregulation of mtDNA replicatiofWwu et al., 1999) Besi des this PG
mitochondrial biogenesis also depends on the import of more thaniy0@@r proteins. Thus,
mitochondria employ the TOM complex, their central entry gate for virtually all nueteanded
mitochondrial proteins to make more mitochondNeupert & Herrmann, 2007Yhese signals
convergeomi t ochondri al bi ogenesis by regulating P
the present study, we confirm the surge in th
activated cytosolic faced TOM complex, culminating in mitochondrial biogenésis IRW

treatment.

During aging and disease conditions such as obesity, hypertension, and neurological
diseases, etc., mitochondria decline in number. In the past two decades, there has been a substantial
effort to determine whether pharmacological andrartritional approaches can initiate
mitochondrial biogenesis. Multiple prior reports indicated that multiple bioactive compounds such
as polyphenols and some peptides can influence mitochondrial biogenesis in cellgiamdur
findings indicate thalRW mimics the ability of polyphenols like quercetin, curcumin, resveratrol,

ellagitannin, and epigallocatechfhgallate (EGCG)(Chung, Manganiello, & Dyck, 2012;

Davinelli, De Stefani, De Vivo, & Scapagnini, 2020) Par t i cul ar | vy, Il RW can
ability to increase t nnavinogJregure £34.v)Baua ¢t al.a20@6) vi t vy
Hydroxytyrosol, a polyphenolic compound f ounc

skeletal muscles of ratg-eng et al., 2011)Likewise, curcumin, a weknown polyphenolic
compound upregul ates the PGC1U axi s(Hamidieskel et

Yamada, Ishizawa, Saito, & Masuda, 2015; L. Liu et al., 20$#pilar to others, myricetin
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enhancesni t ochondri al act i@ ungeyal, l201l7)rdecestinglyansubjeggs P GC 1 |
with type 2 diabetes the administration of epicatectin cocoa stimulates mitochondrial
biogenesis via NOP GC1 U, and TFAM i(Taub etkak, I2@&.2)Ehis cbeelys c | e
resembles the pattern of transcriptional initiated by IRW, warranting clinical exploration of IRW.

As molecular induction of mitochondrial biogenesis envisages survival in critically ill patients,

IRW may improve mitochondrial functional capacitytire face of acute clinical stress¢@arré

et al., 2010) Further, it is also possibladt IRW supplementation may mimic exercise mediated
mitochondrial biogenesis in working musclgartee, Hepple, Bamman, & Zath, 2016) The

ability of IRW to initiate mitochondrial biogenesis holds strong promise for neurological diseases

as impaired mitochondrial biogenesis is a feature of neurodegenerative conditions including

Al zhei mer ' s di s eas easdGoidna&RBucheén, Z0A5r W. Qinstal.n2009) di s e
As ~20% of AD cases in developed countries could be prevented by enhancing physical activity,
which indicates massive disruption of mitochondrial homeostasis and the accumulation of mtDNA

damage(Picard & Turnbull, 2013)Based on this, we propose that IRW must be explored for

improvement in mitochondrial content and function towards mitigation of neurological disorders.

The pharmacological activity 8RW resembles CR, defined as a cutback in caloric intake
without malnutrition, which is a viable strategy to initiate mitochondrial bioge(ssli et al.,
2005) This closely resemblethe pattern of transcriptional changes prompted by IRW and
warrants clinical exploration of IRW as a potential therapeutic for treatment of diseases associated
with mitochondrial abnormalities. As molecular induction of mitochondrial biogenesis may
improve survival in critically ill patients, IRW has the potential to improve mitochondrial
functional capacity in the face of acute clinical stres@tiiagenspor, 2003)Interestingly, we did

not observe any effect of IR on the sirtuin axis (especially SIRT1) in cellsiorvivo. This
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di fferentiates I RW from resveratrol as the |
depends on SIRTBhullar & Hubbard, 2015)Even though IRW does increase SIRT1 in liver

ti ssues of C57BL/6J mice fed HFD (Chapter 3),
biogenesis inhe liver (Bhullar et al.,, 2021)This indicates SIRT1 independent activation of
mitochondrial biogenesis by IRW both in cells amglivo. Multiple basic science findings indicate

that SIRTIL pomotes a deacetyl ation mediated 1incre:
OXPHOS( Ger har t Hi nMassivedisrugtibn.of mitd@loldiial homeostasis and the

accumulation of mtDKN damage has been reported for fAootha et al., 2003)

Pharmacological agents (like IRW) with the ability to boost mitochondrial abundance have
potential to help in clinical remediatiai diseases like T2 diabetes, obesity, metabolic syndrome,
neurodegenerative disorders, and renal diseases. Apart from the natural bioactive compounds such
as polyphenols, various synthetic mitochondrial therapies are being developed to improve
mitochondral function and number. The AMPK activator AICAR acts as an AMP analog and
stimulates mitochondrial biogenesis and improves OXPHO®vo (Kukidome et al., 2006;

Narkar et al., 2008)Interestingly, IRW mimics downstream AICAR activity, since NAD,
OXPHOS, and mt.number increase. The direct impact of IRW on AMPK in muscle and other
tissues will be ad@ssed in upcoming reports on IRW. The ability of IRW to improve
mitochondrial function is also similar to SIRT1 activators such SRT1720, SRT1460, SRT2104,

and SRT237, despite its SIRT1 independent mecharfidiime et d., 2007) Similarly, G protein

coupled receptors such as formoterol and rimonafiadesco et al., 2008; Wills et al., 2012)
PPARD agoni st s (Parto, Engue,| Lastiaras, é-eliu, &ralle & Yillena, 2011)

and cGMP modul at or s mftogHordrial pharmadolegiNesoli etal., 2004) | RWO6 s

Similar to IRW, natriuretic peptides like atrial natriurepieptide (ANP) and brain natriuretic
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peptide (BNP) improve mitochondrial function via cGMPpendent signalinMiyashita et al.,

2009)

The development of pharmacological candidates to induce mitochondrial biogenesis
demands making molecules that (a) directly amass and bind targets within mitochondria (b)
modulate signaling outside and inside mitochondria that ultimately improve mitocdondr
function/number (c) alter other interrelated subsystems of physiological paradigms which support
changes in mitochondrial physiology. Changes in the category (b) have been discussed above,
following this, we investigated if IRW can modulate supporthechanisms (category c) such as
microbiota, a factor apparently involved in mitochondrial biogen@éezza, Abadliménez,
Marti-Cabrera, Rocha, & Victor, 2020)Ve found that IRW microbiota modulates key microbial
families associated with mitochondrial biogenesis. IRW lowers levels of obesity relatediot&crob
families MogibacteriaceagLachnospiraceaeand Erysipelotrichaceaggenus Bacteroides, and
species likeSutterella, Akkermansia muciniphila, Bacteroides caccae, and Bacteroides ovatus
(Panasevich et al., 2016; J. Qin et al., 20TRgse results are similar to gut microbiota mediated
metabolic effects of metformin to boost metabolism and trigger mitochondrial biogenesis
(Karnewar et a).2018; Owen, Doran, & Halestrap, 200B)so, this vast spectrum of microbiota
modulation by IRW indicates that regardless of their distinct roles, mitochondria and microbiota
bacteria share many commghysiological features. This modulation of microbiota in parallel
with mitochondrial biogenesis supports the endosymbiotic theory of the bacterial origin of
mitochondria(Degli Esposti et al., 2014)t is previously knowrthat the gut microbiota can
directly modulate mitochondrial DNASaintGeorgesChaumet, Attaf, Pelletier, & Edeas, 2015)

Results of the current research highlight the need of further stidlye interplaybetween
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mitochondria and microbiota, and how such relationships could be exploitda foseatment of

metabolic disorders such as obesity and diabetes.

Finally, by using click chemistry and CRISFRFRas9 mutagenesis we elucidated the
underlying mechanism, whereby IRW impacts mitochondrial biogenesis. Namely, the protein
FAM120B, acoadtv at or (if KaRgP&AWamg, 2007Wwas found to interact with IRW
and this lead t@ downstream cascade that culminates in increased mitochondrial biogenesis via
activation of PGC1U. As PPAR2 is closely rela
with FAM120B supports the role of IRW on the activation of mitochondrial biogenasis
interaction between FAM120B and PGC1U was not
(Chidambaram et al., 2020; Lietal., 2007) We propose that PGC1U wupr e
occurs vVvia PPARDO. It i s, | RW acts as a | igar
transactivation. The specific mechanism whereby IRW mediates FAMPEOBD-P GC 1 U

interaction warrants further investigation (Figure 4.10I).

4.5 Conclusions

Il RW, a tripeptide obtained from ovotransferr
increased mitochondrial biogenesis, ATP surge, and improved mitochondrial function. IRW
activated PGC1U signaling cascadealtpleplayer®icr e as
involved in mitochondrial biogenesis in C57BL/6J HFD mice and flies. IRW rescued the HFD fed

mice from oxidative and mitochondrial stress by promoting mitochondrial biogenesis in multiple
tissues. Interestingly, IRW also increased mitochiandbundance in plasma. The underlying

mechanism of mitochondria biogenesis activation by IRW seems to rely on the interaction of IRW
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with FAM120B, a constitutive coactivator of P
PGC1U axi s. Ouhe extiting mbssibilfysof usipgelRW in clinical trials for the

treatment of metabolic diseases associated with mitochondrial malfunctioning.
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Figure 4.4 Validation of RNA-seq findings using RFPCR indicating increase in mRNA levels of mitochondrial biogenesis in aorta
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Figure 4.6 Validation of RNA-seq findings using RTPCR indicating increase in mRNA levels of genes related to mitochondrial
biogenesis in Kdney, Muscle, and Aorta tissues of HFEed C57BL/6J mice(A) PGC1U-Kidney (B) ATP6Kidney (C) ATP8Kidney (D)
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ND3-Muscle (M) NDéMuscle (N) TOM34Aorta. C57BL/6J mice fed a higfat diet to develop obesity, mild hyperglycemia, and impaired
glucose tolerance. The C57BL/6J mice were divided into three groups (1) LFD group: receiving regular diet (10.4% fageks 24 HFD

group: reeiving HFD (40% fat) for 14 weeks 3) Treatment group (IRW): receiving HFD (40% fat) for 14 weeks with incorporation of IRW
(45mg/kg BW) during the last 8 weekf?CR was performed as described in methodology Significant differences were determined-by a one
way ANOVA. *p<0.05, **p<0.01, ****p<0.0001.
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Figure 4.7 Tripeptide IRW increases markers of mitochondrial biogenesis in kidney, muscle, and plasma of HFed mice.
Impact of IRW supplementation on (A) COXddney (B) NRF1Kidney (C) TFAM-Kidney (D) PGC1-Kidney (E) TOMM20Kidney

(F) representative blots (G) C@Muscle (H) NRFiMuscle () TFAM-Muscle (J) PGCltMuscle (K) TOMM20Muscle (L)
representative blots (M) COXRlasma (N) PGARPlasmaC57BL/6J mice fed a higfat diet to develop obesity, mild hyperglycemia,
and impaired glucose tolerance. The C57BL/6demvere divided into three groups (1) LFD group: receiving regular diet (10.4% fat)
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for 14 weeks 2) HFD group: receiving HFD (40% fat) for 14 weeks 3) Treatment group (IRW): receiving HFD (40% fat) forsl4 week
with incorporation of IRW (45mg/kg BW) durinipe last 8 weeksSignificant differences were determined by a-oray ANOVA.
*p<0.05, **p<0.01, ***p<0.001.
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Figure 4.8Tripeptide IRW induces changes in microbiota and intestinal markers of mitochondrial biogenesis in HFed mice.

(A) Principal coordinate analysis (PCoA) plot with Br@yrtis dissimilarity shows strong changes in sequence composition indicating
total miciobiota shift across the treatment groups (B) OTUs (operational taxonomic units) and (C) the Shannon diversity index also
indicated changes in the total microbiome following IRW treatment (D) Modulation of key families, genus and speciebioftanicro
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asseiated with metabolic and mitochondrial function (E) Changes in metabolic profile of microbiota (F) Intestinal TFAM (@aintes
PGC1U (H) | nt e LH7BIGI miceGed 4 Aigfad diet to deyelop obesity, mild hyperglycemia and impaired g&icos
tolerance. The C57BL/6J mice were divided into three groups (1) LFD group: receiving regular diet (10.4% fat) for 14 MEBks 2)
group: receiving HFD (40% fat) for 14 weeks 3) Treatment group (IRW): receiving HFD (40% fat) for 14 weeks with incorpbratio
IRW (45mg/kg BW) during the last 8 weeks. KO0995: C@&cylglycerot-glycerol3-phosphate -phosphatidyltransferase, K02654:
leader peptidase (prepilin peptidasejiiéthyltransferase, KO3657: ATdependent DNA helicase PcrA, KO5366: peniciliimding

protein 1A, K01782: dydroxybutyrytCoA epimerase, K01971: DNA ligase (ATP), KO0684: leucyl/phenylaldRMA--protein
transferae, K07185: tryptopharich sensory protein, K03809: Trp repressor binding protein, K05577: NADR{Rbne
oxidoreductase subunit 5, KO6886: hemoglobin,K03782:catalase/peroxidase, K02274: cytochrome c oxidase subunit I, K02275:
cytochrome c oxidase subtifii KO7484: transposase, K13821: proline dehydrogenase, K04564: superoxide dismtitérséarmmdy,

K00998: phosphatidylserine synthase, K03585: membrane fusion protein, K13993: HSP20 family protein, K00297:
methylenetetrahydrofolate reductase (NADP&Ignificant differences were determined by a-aray ANOVA. *p<0.05, **p<0.001.
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Figure 4.9 Impact of IRW supplementation on (A) mitochondrial DNA content and (B) mitochondrial sizeBriefly, W9" flies

were dissected at day 35 after one week of IRWifep(50eM). Dissected flies were incubated with moasg-dsDNA 1;250 ( for
mMtDNA) and mouseantiatpb5a 1:250 (for mitochondrial area). Images were taken using Zeiss LSM880 confocal microscope and
analyzed using the ImageJ software to measure mitodabBINA and mitochondrial size.
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mode of IRW with FAM120B (D) A representative western blot data slgppehanges in FAM120B expression in A7R5 cells following
treatment with vehicle (ddH2O0), mock (GGG, 50 €M) and 25 ¢M
Aorta following IRW administration (3 and 15mg/kg BW; low and high dose) irBLBJ mice (n=8) fed on high fat diet (HFD) for

14 weeks (E) Cleavage of the target DNA results in a double stranded break. This is repairedpogresidHEJ (nofhomologous

end joining) which results in gene disruption (F) T7E1 Assay Results shovwdabpercentage of FACS (fluoresceramivated cell

sorted) HEK293T CRISPR/Cas9 genetically engineered cells. Mismatched PCR product is cleaved by T7E1 (G) Confirmation using
Western blots and (H) the effect of IRW on biomarkers of mitochondrial biogemasidiminished in FAM120B KO 293T cells and

() summarized.
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Supplementary Figure 4.1 Tripeptide IRW increases markers of antioxidant activity and mitochondrial biogenesis in

mammalian cells.Impact of IRW treatment on (A) TNFinduced ROS (B) mitochomigl SOD2 (GE )

MR NA

evel s

293T cells, L6, and Caco?2 cells{irelative mitochondrial DNA in 293T cells, L6, and Caco2 celMJprotein expression of key

markers of mitochondrial biogenesis in 293T cells, L6-S¥bY, and Caco2 cells (Npxygen consumption levels in different
mammalian cell lineCells were treated with vehicle, mock (IQW) or IRW (25 o) for 8 or 24 hours, and protein or RNA was
extracted using RIPA buffer or Trizol reagent. The experiments were performed in aimiointriplicates and significant differences
were determined bytest or onevay ANOVA. *p<0.05, **p<0.01, ***p<0.001 ****p<0.0001.
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Supplementary Figure 4.2 Impact of IRW supplementation on PGCllpathway. IRW supplementation increases (A) PG@dvels
in adipose tissues @57BL/6J mice fed a higfat diet(B-C) ATP and citric acid synthase levels n various tissu€s@BL/6J mice
fed a highfat diet (D) Markers of mitochondrial biogenesis in aorta tissue of hypertensiancaf®) PGCllevds in Aorta, kidney,
and liver tissues of hypertensive rats. Significant differences were determined byayoABIOVA. ***p<0.001
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Supplementary Figure 4.3The detailed list of modulated groups of microbiota by IRWE%7BL/6J mice fed a higfat diet b develop

obesity, mild hyperglycemia, and impaired glucose tolerance. The C57BL/6J mice were divided into three groups (1) LFD group:
receiving regular diet (10.4% fat) for 14 weeks 2) HFD group: receiving HFD (40% fat) for 14 weeks 3) Treatment ghfup (IR
receiving HFD (40% fat) for 14 weeks with incorporation of IRW (45mg/kg BW) during the last 8 weeks.
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