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ABSTRACT

Nonalcoholic fatty liver disease (NAFLD) is the most common chronic liver disease
worldwide. Despite the number of new NAFLD cases predicted to incrtb&se,are no
United States Food and Drugdministratiorapproved drugs for NAFLDBioactive
dietary polyphenols such as proanthocyanidins (PAC) are potent in reducing the risk of
NAFLD. The majority of dietary PAC are oligomeric PAC (OPAC) and polymeric PAC
(PPAC), which are low in bioavailability. The biotsiarmation of OPAC and PPAC into
bioavailable metabolites using probiotics can enhance their physiological benefits.
Initially, an ultrasonicatiorassisted aqueotethanolbased PAC extraction method was
developed to obtain foegrade PAC suitable for ugethe development of synbiotics. The
optimum conditions to extract PAC from grape seeds were by using 47% agtieans!

at 60 °C temperature, 10.14:1 solvent to solid ratio, and 53 min of sonication time. The
ability of a mixture ofLactobacillusandBifidobacteriumprobiotic bacteria (PB) together

with novel PB Akkermansiamuciniphilato biotransform PPAC was evaluated in the
C57BL/6 mice. PB could biotransform PAC into bioavailable metabolites and improve the
PPAC biotransformation in the mic@ral sypplementation of isolateBPAC indirectly
induced nonalcoholic steatohepatitis (NASH) in the mice by impairing the gut epithelial
barrier function and subsequently enabling bacterial lipopolysaccharides translocation into
the liver. OPAC and PPAC were hiabhsformedin vitro by using Saccharomyces
cerevisiaeto obtain bioactive metabolites while reducitige toxicity of PPAC The
biotransformed (BTHOPAC and BTPPAC significantly reduced the palmitic acid (PA)
induced lipid accumulation in mouse hepatocy#sIL12) by suppressing thde novo
lipogenesis and promoting the fatty adiebxidation. Also, BFPAC ameliorated PA
induced oxidative stress by activating theclear factor erythroid -Belated factor 2
antioxidant pathway and upregulating the expressajrantioxidant enzymes. Moreover,
BT-PAC significantly reduced PA and LR&duced inflammation in AML12 cells by
suppressing the activation of tdike receptor 4mediated inflammatory signaling
pathways. Taken together, these results suggest the ipbtentdevelop PAthased
synbiotics to mitigate the risk of NAFLBnd NASH However, such synbiotics must be
critically evaluated for their safety for human consumption.
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CHAPTER 1. INTRODUCTION
1.1 PROANTHOCYANIDINS

1.11. Classification and chemistry of proanthocyanidins

Plantsand plartderived foods are significant sources of bioactive compounds with
beneficial health effectA variety of phytochemicals, such as polyphenalsrotenoids,
amines and peptides, dietary rBg terpenes, phytosterol@and vitamins have been
extensivelyevaluated for bilmgical activities and proven to be beneficial against multiple
diseaseqSamtiya et al., 2021)There are more than 8,000 known natural phenolic
compounds, making polyphenols one of the largest groups of phytocheifioats,
2021) Polyphenols can be classified phenolic acids, flavonoids, stilbenes, and lignans
due to the extensive structural diversitfkumar et al., 2019)Flavonoids are the most
abundant dietarpolyphenolsandall flavonoids share a basi6-C3-C6 carbon skeleton
of two benzeneings (A- and Brings) linked together with three carbon atoms arranged
into anoxygenated heterocycle {@hg) (Fig. 1.1a). Flavonoids can be stdiivided into six
groups, namely, flavonols, flavanones, isoflavofilasanols, flavones, and anthocyanins
based orthe chemistry of heterocyclic ringBandey and Rizvi, 2009)he flavanols, also
termed flavarB-ols, aredifferent frommostother flavonoids byot having adouble bond
between C2 and C3, and carbonyl group at C4 of the -fihg (Tsao, 201Q)
Proanthocyanidins (PACalso known as condensed tannars, oligomeric and polymeric
molecules resulig from the condensation of flaveBtols (Mannino et al., 2021)The
differentation of oligomeric PAC from polymeric PAC is based on molecular size. Some
researchers consider PAC witi 5 monomersas the oligomerand PAC with 6 60

monomersas the polymer@Mannino et al., 2021while others consider PAC withi210



monomersas the oligomerand PAC largethan10 monomers as the polyméxéazquez
Flores et al., 2018)There are three main PAC monoméitavan-3-ols) based on the
number and the location of hydroxyl groups attached to th@d The propelagordins
have a single hydroxyl group, while procyanidins and prodelphinidins have two aerd thr
hydroxyl groups attached to therBig, respectivelyMannino et al., 2021)Therefore,
PAC canbe categorized as propelagordins, procyanidinspesdelphinidins baseohthe
monomer compositionthe pocyanidins ar@rimarily consisteaf (epi)catechin subunits
and they ar¢he most abundant PAC. The propelagordins and prodelphinidins are mainly
consisted of (epi)afzelechin and (epi)gallocatechin subunits, respe¢kyedy al.,2016)
PAC monomers also depict structural differences based on stereochemistry. The C2 and
C3 of the Cring are chiral carbons that enable four different molecular configuratid®s, (2
39), (2R, 3R), (2S 3R), and (&, 35). The most common PA@onomers are 2;8ans( )-
catechin (R, 35 and2,3-cis-( )-epicatechin2R, 3R) which only differfrom each other
by having opposite stereochemistry at the &Bnost all the PAC monomers found in
nature have thR configuration at the Cgig. 1.1b and c)He et al., 2008)

The condensation of PAC monomers into oligomers or polymersss through
the formation of interflavan linkagesthe bonding can occur between C4 of the
heterocyclic Ging of one PAC monomeand C6 or C8 of the Aing of another PAC
monomey creating single Bype linkagegFig. 1.1e) In A-type linkagesPAC monomers
are linked together by two bonds, an ether bond between 2 Gfring and O7 of the
A-ring, and a C4 C8 bond. PAC are divided into two grajp\-type and Btype PAG
based on the predominant type of linkages present in the molecular st{&egudeld)

(Yokota et al., 2013B-type PAC are more common in the human diet wittype PAC



found in foods such as cranberries, plums, avogagianut, and cinnam@Bu et al., 2004)
PAC are an exceptionally diverse group of phytochemaadithe bioactivities of PAC

depend on the chemical struct¥ekota et al., 2013)

a) Basic flavonoid structure | 5

R,=H R,=H; (+)-Afzelechin R,=H R,=H; (—)-Epiafzelechin
R,=0OH R,=H; (+)-Catehin R,=0OH R,=H; (—)-Epicatehin
R,=0H R, =OH; (+)-Gallocatechin R,=0H R, = OH; (—)-Epigallocatechin
d) A-type proanthocyanidin e) B-type proanthocyanidin
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Figure 1.1.Chemistry of proanthocyanidin§he lasic carbon structure of flavonoids (a),
the stereochemistry of common flawaol/ PAC monomer molecules (b and c), dahd
basic molecular arrangeent of A and Btype proanthocyanidins (d and e).

3



1.1.2. Biosynthesis of PAC

Polyphenoldncluding PAC are plant secondary metabolitésportantto protect
the plants from biotic and abiotic stressmsch as drought, temperature, UV light,
pathogens, and herbivor@he hydrolyable and condensed tannins primarily achasct
and herbivores repellentsdue totheir bitter taste and toxicitfTuladhar et al., 2021)n
plants, PAC are biosynthesized by the phenylpropanoid and flavonoid patftesgtal.,
2008) PAC biosynthesis is a complex preseregulated bgeveralenzymegFig. 1.2).
Initially, phenylalanine is convertad cinnamic acid and subsequently it@oumaric
acid and p-coumaroyiCoA by the phenkalanine ammonidyase cinnamate 4
hydroxylase and 4coumarateCoA ligase, respectivelfDong and Lin, 2021) The
chalcone synthase then syntlzeschalcone by using-coumaroyiCoA andmalonytCoA
as the substrageThis is the fist step of the flavonoid biosynthesis pathwalgen,the
isomerization of the chalcone into naringenin (flavanones) is facilitated by the chalcone
isomeras€Dong and Lin, 2021)The naringenin can be converted into either eriodictyol
by the flavonoid ghydroxylase (F3H) enzyme or pentahydroxy flavone by the flavonoid
3i,5i-hydroxylase (F®jH). The F3H facilitates hydroxylation of the G8f the Bring of
the naringenin whiléhe F3;5iH facilities the hydroxylation at both ¢&nd C5§. Therefore,
this step determines the type of flavanol monomers (propelagordins, proocgarud
prodelphinidins)created by the biosynthesis proc€ksn and Ha, 2021) Then, the
flavanone 3nhydroxylase (F3H) converts the eriodictyol and pentahydroxy flavone into
dihydroquercetin and dihydromyricetin, respectively, by hydroxylation of the C3 of-the C
ring. Alternatively, the F3H can convert naringenin into dihydrokaempfesakhis then

converted into dihydroquercetin and dihydromyricetin by thgHFand F35iH,



respectively.The carbonyl group at C4 of théhgdrokaempferol, dihydroquercetin, and
dihydromyricetinis reduced to aydroxyl group by the dihydroflavonol-reductase
enzyme to generate leucoanthocyanidifise leucoanthocyanidins are the precursors of
PAC monomers with the 2R, 3S molecular configuration, includingcg@techin,( )-
afzelechin, and( )-gallocatechin.Conversion of theleucoanthocyanidins into PAC
monomers is catalyzed by the leucoanthocyanidin redyetaseh further reducethe C4

of the Gring. The leucoanthocyanidins can be synthesized into anthocyanidins by the
anthocyanidin synthase. Anthocyanidins are the precsics PAC monomers with the 2R,

3R molecular configuration such as ){epicatechin, ( )-epiafzelechin, and( )-
epigallocatechinConversion of the anthocyanidins into PAC monomers is catalyzed by
the anthocyanidin reductgsevhich neutralzes the positively charged oxygen of
anthocyanidirmolecules(Lim and Ha, 2021)The mechanisms of polymerization of the
PAC monomers remain inconclusive. Exaough, PAC monomers can polymerize fion
enzymatically andthrough reactions catalyzed by the laccgsése resulting PAC
oligomers are not commonly found in nat(ivel et al., 2022)A recent study suggests that
PAC monomers (flava3-ols) can exist as carbocations in plants and these carbocations
facilitate the polymerization of PA@onomergP. Wang et al., 2020polymerization can
occurthroughthe progressive addition of flavédiol carbocations (extension units) onto a
flavan-3-ol molecule §tarter unitthrough nucleophilic attack®. Wang et al., 2020; Yu

et al., 2022) The Biosynthesis of PAC is a complex process capable of synthesizing a

plethora of structurally diverse PAC molecules.
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1.1.3. Distribution and consumptionof PAC

PAC are ubiquitouslypresentin plans and plantderived foods(Nie and
Stirzenbaum, 2019PAC can be found irall plant tissuesespecially inseeds, bark,
leaves, flowers, fruitauts, and roots(Rauf et al., 2019; Yu et al., 2020Yhe
concentrations and characteristicd?@&C can considerably vary between different tissues
of the same plankor instance,n theShiraz and Cabernet Sauvigngmape varieties, the
seeds contain more PAC compared to the grapeasidithe PAC in the seedsareless
polymerized compared tothe skin (Hanlin et al., 2011) Thus, characteristics and
corcentration®of the PACin foods can greatly vary based on their origin.

Berriessuch as lsokebertes cranberies and lowbush bluebees are excellent
sources oPACwith about 66, 4.2, and3.30 mg/g fresh weighFW) of PAC, respectively
Most of the other commonly consumed bersesh as strawberrigd.45 mg/g FW)
contain low concentrations of PAGu et al., 2004)The by-products of berry processing
can be usedor the extraction of PAC. The availability of extractable concentrations of
PAC in the byproducts of berry processing had beeportedin a study producing
decoctions. Residues of strawberry, raspberry, blueberry, and blackbmaining after
the decaction processcontainabout 201 34 mg/g(Ceratonia siliqual. oligomeric PAC
equivalence)of extractable PAQReynoseCamacho et al., 2021Yhe red and green
grapes contaifess PAC compared to many of the berri@$ (and 0.8 mgg FW,
respectively. PAC and anthocyanins are the major polyphenols found in wines produced
by grape fermentatio®AC concentration in wine primarily depends on the grape variety
used and the fermentation proceBBe averageconcentration®f PAC in red and whe

winesarearound 180 and 10 mg/L, respectivéBanchezavioreno et al., 2003)The by-



products of grape processing, especially the seedsrare source ofPAC. Grape seeds
together with stems and skins are the maipitmducts of the wine fermentation process
(Teixeira et al., 2014)Grape seeds contaatout 3.5% PAC based on the dry wei@iV)
(Gu et al., 2004)During the current study found that although PAC leaches into wine
during the fermentation, the remaining pteimentation byproducts retain enoughAC
to warrant them as souscéor PAC extraction(Thilakarathna and Rupasinghe, 2022)
Similar to grapes, apples are one of the most widely consumed fruits in the world. About
2/3 of the polyphenols found in apples asligomeric and polymeric PAChe PAC
concentration in apples depends on the apple variety. ReRettd)eliciousandGranny
Smithapple varieties contain higher concentrations of PACZIng/g FW) compared to
theothervarietiessuch agkoyal GalaBraeburn, anéuji (0.57 0.7 mg/g FW)Vrhovsek
et al.,, 2004) Apple processing fothe production of juice, sauce, and pie, generates
significant amounts of waste as pressed pomace, core, peels, and\ppéisrocessing
by-products, especially apple peels, contain PAC monorsach ascatechin and
epicatechir(Rupasinghe and Kean, 2008he PAC concentration iRed Deliciousapple
skin is estimated to be 7.2 mdiyV, which accourd for 44.5% of the total phenobdn
the apple skifMendozaWilson et al., 2016)

Cereals, beans, nuts, and spices are also important dietary sources afhieAC.
PAC concentrationin sorghum(1.9 mg/g FW)(Gu et al., 2004and brown rice (Il 2
mg/g, moisture < 14%:w) (Gunaratne et al., 23) are considerablyhigh compared to
the other cereals such aarley, which contains onl¥.31 0.7 mg/gFW of PAC (Verardo
et al., 2015)Major cereals, corn, wheand white rice are not significant sources of PAC

(Gu et al., 2004)The low concentrations of PAC in major cereals rbayaresult of



excessive processing. Byoducts of cereal millingsuch as bran and gerame proverto

contain tanningSmuda et al., 2018%rain legumes, especially the ones with red or black
seed coats are rich sources of dietary PAC. Thgowleric PAC (up to heptamers)
concentrations in red and black cowpea are around 1.6 and 2.6 mg/g DW, respectively
(Orita et al., 2019)The total PAC concentration in red kidney beans can be high as 5.6
mg/g FW(Gu et al., 2004)

Cocoa is an important dietary source of PAC due to its integration with many food
productsCommercially available cocoa powder consabout 19 24 mg/g of PAC while
baking chocolate contains about 126 mg/g of PAC.The PAC concentration in dark
chowlate (2i 4 mg/qg) is significantly high compared to milk chocolate {0GL7 mg/g)
(Miller et al., 2006)Also, by-products of cocoa processingn be used for the extraction
of bioactive PAQCadizGurrea et al., 2017PAC arealso found in commonly consumed
nuts. The PAC concentration in hazelnuts and pecans is about 5 mg/§danuts
(roasted) and cashews are not significant sources of ([@ACet al., 2004)However,
peanut skin contains about 5 mg/g FW of PAC iarmdnsidered auitablesource for PAC
extraction(de Camargo et al., 201AC are widely available in commonly consumed
foods andtheby-products of food processing can be used for the extraction of PAC.

In the United States (US) the daily intake of PAC by an adult (> 19 years) is
estimatedo be 95 mgThe majority of the PACconsumedy theUS adult populatiomare
the oligomeric and polymeric PA@olymeiic PACaccount for 30% of the totabnsumed
PAC while oligomeic PAC(47 10monamers) account for 26%. The monomsedimeic,
and trimeic PAC account for 2%, 16%, and 5% of the total PAC consumed by the US

adult populationrespectively(Y. Wang et al., 2011)rhe majority of the PAC consumed



in the European and Mediterranean countries are polymers larger than dd&araeeset

al.,, 2012) In the US, women consume more PAC compared to nvamen PAC
consumptions adjustedo energy intakelnterestingly, PAC intakby alcohol consumers
(adjusted for energy intake higher compared to the population not consuming alcohol.
This can be explained by the positive relationship between PAC intake and wine
consumptionIn fact, wine together with tea and legumes are the primary food sources of
PAC for the US populatiorfY. Wang et al., 2011)The average PAC consumption
considerably varies between countri@sthe European UniofEU) countriesthe average

PAC intakeby adults (18 64 years)s esimated to be 12tg/day.The PAC consumption

in Spain, Italy, and Franéghigher when compared to the other EU countries with average
PAC consumptioestimated to be 178, 161, and 144 mg/day, respectiMatydistribution

of PAC consumption is considergidkewed in allthe EU countriesFor instance,he
median PAC intake in Germany is only 5 mg/day despite the average intake is high as 143
mg/day This wide disparityn PAC intake overlaps with the regional variations of food
patterns (Vogiatzoglou et al., 2015Yhus,PAC consumption significantly variesnong

individuals based odemography antbod patterns.

1.1.4. Absorption, metabolism, and colonic degradation of PAC

In foods PAC may exist bound with carbohydratgsoteins and metal ions
Oligomeric and polymeric PAC can bind withe amylose and linear fragments of
amylopectin. Interactions between PAC and ¢hemrbohydrate molecules are belieted
occur through hydrophobic interactior{fBarros et al., 2012)Similarly, PAC can
spontaneously bind with food protein through hydrophobic interagtiomdrogen bonds,

and van der Waals forcéfang efal., 2021) The PAC bound to food components must be

10



uncoupled before absorption. Only the #f&C solubilized inthe aqueous phase can be
absorbed into the bodyfOu and Gu, 2014) However, digestion of the PAC
carbohydrate/protein complexes can be challenging, as PAC are known to reduce nutrient
digestibility. PAC, especially the ones ofigher degrees of polymerizatiorcan
significantly reduce amylase and protease activity togethethéttigestibility of calcium

and zindn vivo (Zhong et al., 2018)

Findings about thdepolymerizatiorof PAC during the gastrointestinal transition
are controversialSeveralin vitro studies have suggested the ability of PAC to undergo
depolymerizatiorwhen subjected teimulaed digestionThe PAC trimersand polymers
canbe depolymerizd into monomersundersimulated oral digestiofirao et al., 2020)
Similarly, oligomeric PAC (trimers to hexamers) isolated from cocoa can be
depolymerized in the simulated gastric juice (pH®polymerization of theocoaPAC
oligomersis arapidprocess thgirogressively turs60% i 80% of the PAC oligomelisto
monomers and dimers within the first 1.5 h of the simulated digestion process.
Interestingly, depolymerization of the PAC dimeen be significantly inefficient under
the same digestion conditions. Only 15% of the dimers besh depolymerized into
monomers after 2.5 fof simulated gastric digestiofSpencer et al., 2000)Thus,
depolymerization during the gastrointestinal transitioay depend on the degree of
polymerization. Moreover, thehighly acidic conditions in gastric digestion mdne
important touncoupke PAC from proteingTao et al., 2020andincreag the absorbable
freeePAC contentPAC may also egradaunder alkaline condition&oth PAC trimers and
tetramers may be unstable under the alkaline conditions of intestinal digestion and undergo

depolymerization(Tao et al., 2020)ProcyanidinB2 and B5 isolated from cocoaadh
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undergonedepolymeization into epicatechin afteex vivoperfusion throughhe small
intestinesof rats(Spencer et al., 2001)

Despitein vitro experimens indicaing the ability of PAC tobe depolymerizd
during the gastrointestinatransition the in vivo studiesindicate otherwise.Oligomeric
procyanidinof cocoaup to pentamerg)ad beerstable during gastridigestionin humans
(Rios et al., 2002) Similarly, sorghum procyanidins remained intadtring the
gastrointestinal transition irats (Gu et al., 2007)The depolymerization of PAC during
thegastrointestinal transition may depend on the type of PAC. Sorghum PAC are resistant
to depolymerization in simulated digestion whildayberry PAC undergo
depolymerization. Unlike sorghum PAGwvhich are predominantly procyanidins of
catechin and epicatechin monomers, bayberry PAC are primarily prodelphinidins made of
epigallocatechin gallate monoménso et al., 2020)Thus, further studies are required to
study the ability of different types of PAC to undergo depolymerization during the
gastrointestinal transition.

The absorbability of PAQrastically declines withthe increasing degree of
polymerization.Catechin, together with PAC dimers and trimeosild permeate through
humancolorectal adenocarcinoma (Ca2p cell monolayersn vitro. The permeability
coefficients (0.9 2.0 p 1 cm O ) of the monomer, dimersnd trimers had been
similar and comparable to mannitdlannitol is a small hydrophilic moleculthat
permeates through cell monolayerm the paracellular routgDeprez et al., 2001)
Procyanidin dimers B2 and Bfad been observed permeate througihe small intestines
of ratsin anex vivoperfusionexperimen{Spencer et al., 2001An in situ perfusion study

indicatedthat monomeric PAC are better absorbed than dimeric PAC in the small intestines
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of rats.Only 5 1 10 % of the Atype procyanidin dimers are absorbedthe small
intestines of ratscompared to the monomeric epicateciMtoreover, pocyanidin dimers

Al andA2 can bebetterabsorbedhan procyanidin B2However A-type PAC trimers and
tetramers are not absorbed in the small intestine of (PAgipeldoorn et al., 2009b)
demonstrating the decline of PAC absorption efficiency with the inogas
polymerization Permeation of oligomeric PAQvith a mean degree of polymerizatioh

six, through Cace? cell monolayerss estimated to be 10 times lower compared to the
PAC trimers.Permeation of the small PAC molecules through €acell monolayerss
believedto occurthroughpassive diffusiovia the paracellular routgeprez et al., 2001)
Absorption of the PAC oligomers and polymersivois notably limited PAC oligomers

or theirmetabolic conjugates had not been detected in the blood plasma and urine of the
rats supplemented with catechprpcyanidindimer B3, and grape seed PAC. Only the
catechin and epicatechin had been absorbtxdthe rats (Donovan et al., 2002)The
absorption of the procyanidin B2 and other PAC oligomers (dimers to decaisers)
negligiblein humangOttavian et al., 2012)

The absorbedPAC monomers can undergo extensive phase 2 metabolism in the
small intestine and livdbonovan et al., 2001Methylated, sydhated, and glucuronidated
epicatechins had been detected in the blood plasma of humans after the consumption of
epicatechirrich dark chocolate. Epicatech8y-b-D-glucuronide gpicatechin 38sulphate,
and 3-O-methyl epicatechin syhates were the major epicatechin metabolites identified
in this study(Actis-Goretta et al., 2012pimilar metabolites hadeendetected in the blood
plasma of Wistar rats perfused witlatechin Glucuronidation of the PAC monomers

primarily occurs in the intestine while sulfation and methylation mainly occur in the liver
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(Donovan et al.,, 2001)Unlike PAC monomers, phase 2 metabolismtted dimers is
limited (Appeldoorn et al., 2009bMetabolites of catechin and epicatechawve been
detected in the kelof both humangActis-Goretta et al., 2013nd rat§Donovan et al.,
2001) This indicates the elimination tife absorb& PAC monomers with bile in addition
to urine.

The nmajority of the ingest® PAC evads absorption in the small intestine and
reaclesthecolon In a human study, 70% of the ingested green tea flavanols had reached
the ileum without being absorbd&talmach et al., 2010Yhe colonic microbiota can
degrade these unabsorbed PAC into simple metabdtitagationof PAC monomers and
dimerswith human fecal microbes could degrade procyasidito simple metabolites
such as bnzoic acid, Zohenylacetic acid,-phenylpropionic acid, -23j-hydroxyphenyl)
and 2(4ihydroxyphenylacetic acig, 3-(3j-hydroxyphenyl)propioit acid,
hydoxyphenylvaleric acid, angtvalerolactonegOu et al., 2014)PAC degradation by
microbes is a mulstep process.gfmentation of grape seed PAdh{ixture of monomers
to trimers),initially produce 5-(3;,4i-diydroxyphenylja-valerolactone and-Aydroxy-5-
(3i,4i-dihydroxyphenyBvaleric acidas the intermediatmetabolites in the first 10 h of the
fermentation proces The concentrations of phenolic acids such ag3,%3
dihydroxyphenyBpropionic, 3,4dihydroxyphenylacetic, -4hydroxymandelic and gallic
acidsalsosignificantly increase during tHest 57 10 h of fermentation. Subsequently, the
intermediate metabolites and phenolic acids undeeggdioxylation during 10 48 h of
the fermentation to generate monand norhydroxylated metabolitesuch as phenyl
propionic, phenylacetic, and benzoic acid derivatives together with cattdthez

Patan et al., 2012The dficiency of thecolonic degradation of PAC considerably varies
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between individuals. Fecal microbiota isolated from three individuals demonstrated
varying efficiencies in the degradation of PACvitro. Only one of the three individuals
hasbeen able to rapidly degrade both galloylated andgadioylated PAC. Such viations

in PAC degradation may faresultedfrom the gut microbiota disparity among the three
individuals(Sanchezatan et al., 2012The potential of colonic bacteria to degrade PAC
declineswith increasingpolymerizationHuman fecal bacterieandegrade about 34 and

57% (w:w) of catechin and epicatechimespectivelywithin 24 h. Degradation of the
procyanidin B2, procyanidin A2, and oligomeric PAC from apples and cranberry had been
aroundonly 38%, 28%, 21%, and 20%w:w), respectively(Ou et al., 2014)Anotherin

vitro study contradicts these results by demonstrating that dimers and trimers undergo
microbial degradation better than PAC monometsen incubated with human fecal
microbeg(Tao et al., 2020)The same study reports thHatal microbioteprefers tautilize

PAC dimers and trimemver monomerg§Tao et al., 2020)

The probable pathways offgpe PAC (procyanidin B2degradation and common
metabolites generated during this degradation probes® been identified by the
fermentation of epicatechin aqmocyanidin B2 with human fecal microbiogig. 1.3)
(Stowoi et al., 2010) Initially, the microbes can cleatke C-ring of the procyanidin B2
dimer (1) at the C2 positioli2) or oxidizeand cleaveghe A-ring (3). Oxidation of the A
ring canoccur simultaneously with the cleavingtbé C-ring without cleaving the Aing
(4). Fecal microbes can also cleave theiG48 interflavan linkage of procyanidin B2 to
form two epicatechin molecules (5). SubsequentlyinGs of the epicatechin molecules
are cleavedby the microbest the C2 positiorf6 and 7) (Ou et al., 2014; Stoupit al.,

2010) However, degradation of procyanidin B2 through cleaving of thei G28
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interflavan bondcan beinefficient (Appeldoorn et al., 2009aand a majority of the
procyanidin B2nmay bedegraded through the pathwdkiatdirectly inflict cleaving antbr
oxidation on the dimegfOu and Gu, 2014)'he humanfecal microbiota can convert these
initial metabolites into {3j,4j-dihydroxyphenyho-valerolactone (8) and 5(3j-
hydroxyphenylo-valerolactone(9) (Stoupi et al., 2010)Subsequently, the microbes
convet o-valerolactones into phenylvaleric acid derivatives through acid hydr¢b&is

13). The phenylvaleric acid derivatives then undebgoxidation andJ-oxidationat the
aliphatic chain to form phenylpropionic addrivatives (# and B) and phenylacetic acid
derivativeg(16 and T7), respectivelyStoupi et al., 2010Microbial catabolism of PAC is
acomplex process that requires further experimentation to fully understand the reactions,
enzymes, and microbes involved in the degradation process. Also, further studies are
required to elucidate the catabolism of PAC oligomers and polymers by the hutman gu

microbiota.
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1.2 NONALCOHOLIC FATTY LIVER DISEASE

1.2.1 Prevalence and gology

Nonalcoholic fatty liver diseasédNAFLD) is the primary cause of chronic liver
diseases in the worl@ariq et al., 2020)About 30% of the global population is affected
by NAFLD (Younossi et al., 2023ndtheglobal prevalence of NAFLamong the adult
populationis predicted to increase up to 5%/by 204(Le et al., 2022)The term NAFLD
is collectively used to desbe hepaticabnormalitiescharacterized by excessivipid
accumulatiorin the absence alcohol consumptioat levels harmful to the liveThese
abnormalities can vary from simple steatosisntmalcoholic steatohepatitilNASH),
which may progress to fibrosis, cirrhosis, and hepatocellular careiei@C) (Bedossa,
2017) Steatosisalso known as nonalcoholic fatty lives defined as the presenoé
intrahepatic lipids in excess 6%6 of the liver weighor the presence dipid vacuoles in
more than 5% of the hepatocy{@edossa, 2017; Nassir et al., 2Q18)nple steatosisan
progress into NASH in 28 1 30% of NAFLD patients with the occurrence of lobular
inflammation and hepatocyte balloonifigernando et al., 2019n hepatocyte ballooning
(balloon degeneratignthe hepatocytetose the normal polygonal shape and become
rounded with a diameter of 1152 times larger than healthy hepatocytes. Moreover,
ballooned hepatocytes hasé¢hin cytoplasmwith a degraded cytoskeletand consisted
of vacuoles of varying sizes together with Mall@gnk bodiegCaldwell and Lackner,
2017) Bothhepatic steatosend NASH conditions can progress into liver fibrosis and this
progression is more aggressive with the NAShhgh et al., 2015Chronic liver damage
by steatosiand NASHcan lead to fibrosis by the excessive accumulation of extracellular

proteins such as collagen in the liver. Continumzimulation of the extracellular proteins
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in the liver can form fibrous scars. These fibrous scars can tefmtic parenchyma
structue, and together with nodulevelopedoy the regenerating hepatocytes d¢an
manifesed ashepatic cirrhosigBataller and Brenner, 20Q5¢hronic liver injury and
cirrhosisarethe primary elicit of hepatocellular carcinoma (HCC). In fact, 80% of the HCC
cases onset under the presencarofiosis and chronic liver diseag&iresh et al., 2020)
Obesityis aprimaryrisk factorfor NAFLD developmen(Fig. 1.4). Theincreased
prevalence of NAFLD is directly proportion#d the increasingprevalenceof obesity
(Marjot et al., 202Q) A study conducted usintyS-based population data found that
NAFLD prevalence irobeseindividuals( body mass i nd ésishighRasll 0 3
48.1%and theprevalence of NAFLD in nowbese individuals isnly 18.9% Maintaining
a healthybodyweight reduces the risk of NAFLIHoweverpeing obese inraearlierstage
of life can significantly increastne risk of NAFLD.Individuals currently not obese, yet
hadbeen in early adulthood are more prone to develop NAFLD compared to individuals
with no history of obaty (Wang et al., 2023Moreover, central obesity creates a higher
risk of NAFLD compared to general obesitfhe fold NAFLD risk incrementin the
individuals withhigher waist circumference, waits-hip ratio, and BMI are 1.34, 3.06,
and 1.85, espectively(Pang et al., 2015)Obesity is a major risk factdior insulin
resistance, typ@ diabetesT2D), and metabolic syndrome (MetS)heseconditionscan
induce the pathogenesis of NAFLD and commonly coexist in NAFLD pa{i€notsnalski
etal., 2022) The prevalence of NAFLD ithe T2D population is estimated to be 54%
based on the metnalysisof data from multiple studie@tan et al., 2017)Both MetS
and insulin resistanareclosely associated with NAFLD. In faddAFLD is reckoned as

the hepatic component of MetS and insulin resist§Bogianesi et al., 2010The major
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physiological abnormlities manifested in MetS include central obesity,
hypertriglyceridemia, hyperglycemia, hypertension, and depletidoood plasméenigh
density lipoprotein (HDL)The prevalence of NAFLD in MetS patiengsestimated to be
73%, based on a study conducted using one hundred Idati®nts The same study
estimated the prevalence of NAFLDthenonMetS population to be only 38¢@oyal et
al., 2020)

High-caloric diets together with physical inactivity are the root cause pfiaiary
risk factos of NAFLD (Fig. 1.4). Induction of NAFLD had been demonstrated in multiple
high-fat and highsucrose (HFHS)diet-fed mouse modelgDemaria et al., 2023)
Intermittent consumption of higtaloric diets can significdly increasethe risk of
NAFLD. Administration of @ HFHS dietweekly hadbeen sufficient to induddAFLD in
C57BL/6J mice. Interestinglyafter 12 weeksthe severity of the measured NAEL
parametersn these mice had beeomparable withmice daily fed with the HFHS diet
(Demaria et al., 2023)rherefore, food pattesnand lifestyle changes can significantly
avert the risk of NAFLD Physical exercises can significantly reduce the NAFLD risk by
restricting steatosis through increased hepatic fatty @& oxidation and reducede
novolipogenesigDNL). Moreover, physical exercises can reduceréhease of damage
associated molecular patterns that can induce mitochondrial and hepatocyte geamage
der Windt et al., 2018 moking is another modifiable lifestyle risk factdiNAFLD. The
NAFLD risk is considerably higlamongcurrent, past, and passive smok@ezayat et
al., 2018) According to a Japanese cohort study, smoking can dthalesk of NAFLD
Moreover, he riskof NAFLD can significantly increaseithh the number of cigarettes

smokeddaily (Okamoto et al., 2018)
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Apart from the risk factorinked withpoor lifestyle choices, aggendergthnicity,
and genetic makeup can predispose some individuals to NAFIgD1.4). The risk of
NAFLD considerablyincrease with age. A Chinese cohort studad estimated the
NAFLD incident rategboth male and femalumulative of the 20i 34, 35i 49, 50i 64,
and over 65 yearsf age groups to be 124 15.%%, 21.9%, and 22.8%, respectivelyhe
highest incidenceate in men is reported for the 819 years age group. In womehe
highest incidence rate is observed in the age group over 65 {laarst al., 2022) This
late onset of NAFLD in women may be explained by their resistance to dysmetabolism.

Many studies suggest thtite low incidence rate of NAFLD in women is the result of

21



estrogeramediated regulation of metabolism and inflammatiompremenopause women
estrogen can ameliorate steatosis by @iang subcutaneous lipid accumulation, inhifgi
lipolysis in adipose tis®s, reducing the free fatty acids (FFA) uptaked promotind-A
b-oxidation Promotion of thé=A b-oxidation limits the oxidative reactive oxygen species
(ROS) generation that can damage hepatocytes and induce inflammatory re€pmmees
2020) A recent metanalysis estimated that NAFLD risk is 19% lower in women
compared to merHowever, the risk of fibrosis in @men is significantly highe{37%)

thanin men, especially after 50 yearbage This incrementin the NAFLDrisk in elderly
women can be attributed to the wearing protection of estrogen after menopause
(Balakrishnan et al., 2021)

Ethnicity is another factor that determines the NAFLD risk in individuals. A US
populationbased study Isaevealed that prevalence of the NAFLD is significantly high in
the Hispanic population compared to the 4htigpanic white populatio22.96 vs
14.4%) The lowest NAFLD prevalence was observed among the black popyaBies)
(Rich et al., 2018)The variations in food patterns, lifestyl@nd socioeconomic status
together with genetics may create M@FLD prevalence heterogeneity bet@n different
ethnic populationgRiazi et al., 2022)A cohort study for the identification of genetic
variants associated with liver damage markers revealed that Mexican Amenigg s
more genetically prone to NAFLD compared to the United Kingdom and Japaniess
(Sabotta et al., 20225enetic mutations byirggle nucleotide polymorphistSNP) on
several genes can increase the risk of NAHER. 1.4). The CC genotypdG > C
rs738409 of the patatirlike phospholipase domatontaining protein 3SHNPLA3) and

the TT genotypdC > T, rs64173 of the membraneéboundO-acetyltransferase domain
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containing protein 7MBOAT7) genes are associated with increhseidence ofthe
NAFLD (Mu et al., 2022) Also, SNP in transmembrane 6 sujanily member 2
(TM6SF2) (A > G rs5854292F and glucokinase regulatory proteitcCKR) (C > T,
rs126032p genes can increase the risk of NAFLD pathogen@dertin et al., 2021)
However, SNP in some genes such as AA gendi$peA, rs74416%of signal transducer
and activator of transcripticf8TAT) 3 can reduce thesk of NAFLD (Mu et al., 2022)

The genetic mutations faudng the pathogenesis of NAP had been identified
as amajorrisk factorfor lean and nombese (LNB) NAFLDIn lean NAFLD, the hepatic
abnormalitiesof NAFLD arepresen in individualswith healthybody weight BMI < 25
kg/m? for Caucasians and BMI < 23 kgffior Asians.The term na-obese NAFLDOs used
when NAFLDis presemin nonobese individuals, BMI < 30 kgffor Caucasians and
BMI < 25 kg/nt for Asians.The prevalence of LNBNAFLD is estimated to be 5% of the
global populatiorand d@out 20% of the total NAFLD cas€kuchay et al., 2021)The
secondary risk factors of NAFLBuch as lipid metabolism disorders, viral infections, and
toxins may play key roles in the pathogenesis of LNBFLD. Rare lipid metabolism
disorders such as abetalipoproteinemia, hypobetalipoproteinemia, familial combined
hyperlipidemia, glycogen storage disease, Wiliaistian syndrome, and lipodystrophy
are associated with thearly-life pathogenesis of NAFLIIKneeman et al., 2012The
hepatotropic hepatitis C virus (HCV) can induce steatosis and NASH by the dysregulation
of lipid and glucose metabolism in hepatocytes. The mean prevalence of NAFLD in HCV
infection is high as 55% he HCV core proteins can prote hepatic lipid accumulation
by upregulatng sterol regulatory element binding protein (SREBRNd-2, peroxisome

proliferatoractivated receptor (PPAR)romotng DNL, and downregulating microsomal
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triglyceride transfer protein (MTRAdinolfi et al., 2016) Environmental chemicals such

as pesticides, solvents, and polychlorinated biphemrglsissociated with the development
of NAFLD (Al-Eryani et al., 2015Medicinal drugs, even theaat commonly consumed
drugs, including acetaminophen and aspirin, can be hepatotoxic and corireNa¢-L. D
pathogenesigKolaric et al., 2021) NAFLD is a disease withmultiple primary and
secondary etioldgs Lifestyle and food pattern improvements can significantly reduce the
risk of NAFLD. Identification of the demographic, genetic, and other secondary risk factors

is crucial to avert the continued to increase risk of NAFLD.

1.2.2 Pathogenesi®f steatosis and NASH

The pathogenesis of steatosis occurs by the imbalance between tigpatieride
(TG) accumulation and expenditurghe lver is notthe primary location of TG storage,
yet it is thecentralorgan for lipid metabolisniKawano and Cohen, 2013Jhe TG inthe
liver canderivefrom the diet, DNL, andonesterified FAFFA (Fig. 1.5). TheserumFFA
can originate from the adiposetissue lipolysisand FA spillover during chylomicron
degradationin NAFLD patients the contributionof diet, DNL, andFFA to hepatic TG
accumulation i94.9%, 26.1%, and 59%, respectivéDonnelly et al., 2005)Therefore,
diet,DNL, andFFA are therapeutic targets with similar importamar steatosis mitigation
Postprandial lipid metabolism &finely regulated complex proceRriefly, dietary FA
absorbed in the gus converted to TGn the enterocytesnd temporarily stored as
cytoplasmic lipid droplets aissembledhto chylomicrony D6 Aqui | a . Ehese a l
chylomicrons entethe bloodstream through the lymphatic systéhe adipose tissues and
skeletal muscles can uptake the TG in chylomicrons by the activthglgboproteinlipase

(LPL). The remnants of chylomicrorthat remainafter unloading the TG content are
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cleared by thdiver. However, under excessive availability of dietary lipithe adipose

and muscle tissues may fail to uptake all the FA released from chylomicrons, creating a
spillover of FFA (Brouwers et al., 2016)xcessivedietary carbohydrate (sugatigjake
cancreate hyperglycemic and hyperinsulinemia conditions that upregulate carbohydrate
response elemetinding protein (ChREBP) anBREBRL1, respectivelyBoth ChREBP

and SREBR1 can promote DNL by the upregulation of acélgA carboxylase (ACC)

and fatty acid synthase (FAS) enzynideeren and Scheja, 202RCC is the ratdimiting
enzyme ofFA synthesisThe liver attempts to prevent excessive lipid accumulation by
increasing TG secretion in velgw-density lipoprotein (VLDL) and promotingrA

oxidation in mitochondrigBrouwers et al., 2016)
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Figure 1.5. Hepatic lipid metabolism.ACC, acetydlCoA carboxylase; ChREBP,
carbohydrate responséementbinding protein; FAS, fatty acid synthase; LPL, lipoprotein
lipase; SREBH., sterol regulatory element binding prot&éinVLDL, very-low-density
lipoprotein(Created with BioRender.coralicense purchased)
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1.2.2.1 Overexpression of FA transporters

During the pathogenesis of steatpsigbstantialalterations in thenepatic lipid
metabolism caariseto favour excessive lipid accumulatiomhere are multiple membrane
proteins in the hepatocytes to facilitate FFA uptake from the bloodstfeartransport
proteins (FATP), cluster of differentiation 36 (CD36)/ fatty acid translqo@askcaveolin
1 are the majoproteins involved irthe transmembranaflux of FA (Li et al., 202).
Hepatic expression of the FATP can significantly increase during the pathogenesis of
NAFLD. Overexpression of the FATP1, FATP2, and FATP3 had been confirntbd at
hepatic mMRNA level in a higfat diet (HFD}fed mouse modgRan et al., 2023)CD36is
another wellknown FFA transporteoverexpresseth NAFLD. Increased expression of
the CD36 had been observedhapaticmRNA and protein levels iboth steatosis and
NASH patientsinterestingly, overexpression of the CD36 can be driven by multiple risk
factors of NARD, including insulin resistance, hyperinsulinemia, and HCV infection
(MiquilenaColina et al., 2011)The role of CD36 in NAFLD pathogenesis is not merely
limited to FFA uptakeCD36 can activate insulidependent DNL through the SREBP
mediated activation dheadenosine triphosphate (ATEjrate lyase (AClY), ACC, and
FAS lipogenic enzymesCD36 promotes the activation SREBR1 by binding with the
insulinrinduced gen€ (INSIG2). The wavailability of INSIG2 to bind with SREBP
cleawageactivating protein (SCAP) facilitates the translocation of SREBffom the
endoplasmic reticulum (ER) to Goligir processingnd subsequent activatiGbeng et al.,
2022a) The ability of CD36 to disrupt FA&-oxidationcan further promote hepatic lipid
accumulationPalmitoylation of the CD36 restricts the Broxidation in HepG2 cellf

vitro. Inhibition of CD36 palmitoylatiowanre-establish the FA-oxidation by activating
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the 5; adenosine monophosphatetivated protein kinase (AMPK) pathwéghao et al.,
2018) Also, inhibition of palmitoylation promotes thdranslocationof CD36 onto the
mitochondrid membrane On the mitochondrid membrane CD36 acts as a bridge to
transferlong-chain FA (LCFA) to longchain acydCoA synthase 1 (ACSL1) tproduce
acylCoA to undergob-oxidation (Zeng et al., 2022b)The overexpression of CD36 is
associated with the progression of hepatic steatosis to NASH by the induction of hepatic
inflammation. There is a positive correlation between CD36 expression and hepatocyte
apoptosis in obese NASH patients. Hepatocyte apoptosis can trigger inflammation and
fibrosis ofthe liver tissue(Bechmann et al., 2010Moreover, palmitoylated CD36 may
induce hepati inflammation through the-@unN-terminal kinase (JNK) anduclear
factor-kappalight-chainenhancer of activated B cel(dlF-aB) signdling (Zhao et al.,
2018) The ability of CD36 to identify pathogeassociated molecular patterns (PAMP)
and damagassociated molecular patterns (DAMP) can promote hepatic inflammation by
the activation of mitogeactivated protein kinases (MAPK) and f4B inflammatory
cascadegY. Chen et al., 2022 hecellularFA uptake can also occur through gpecial
invaginations of the cell membrak@own as caveolae lipid raft€aveolin-1 is a FA
binding protein othe caveolae lipid raft§Meshulam et al., 2006 significant hepatic
upregulation of the expression o&veolinl had been observed in mice with NAF(Qiu

et al., 2013) Moreover, caveolirl may regula cellular FA uptake bygontrolling the
availability of CD36 in the cell membrariRing et al., 2006)Similar toCD36, caveolin

1 mayalsohavemultiple roles in the progression of NAFLDaveolinl is overexpressed

in hepatocellular carcinoma (HCC) patients with a history of NAFORerexpression of

caveolinl can increase the proliferation and enghessurvival of the hepatoma celiis
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vitro (Takeda et al., 2018However, a recent study contradicts these findamgisugge st

a beneficial role of caveokht in the mitigation of NAFLD.In this study, a significant
reduction of the hepatic caveolinlevelshad been observed in mice fed wih HFD.
Restoration of the depleted caveelinevelsby usingcaveolinl scaffolding dmain
peptidesmitigated the hepatic lipid accumulatiamd promoted autophagy in the mice
(Xue et al.,, 2020)The transmembrane FA transporters play a key role in NAFLD
pathogenesis by acting as gateways for excessive FFA influx and regulation of hepatic lipid

metabolism and inflammation.

1.2.2.2 Disruption of FA oxidation

The hepatocytes attempt to regulate élkcessive influx of FFAy oxidationin
mitochondriaand excretion in VLDL(Brouwers et al., 2016)The oxidation of FA is
dependent on theansport of FA into the mitochondtimatrix to undergd-oxidation.
Initially, the LCFA are convered into acytCoA and esteriééd with the L-carnitine to
produce acetytarnitine. Esterification of the ac@loA with L-carnitine is facilitated by
the carnitingpalmitoyttransferasel (CPT1) or carnitineacyktransferasd (CAT1)
located on the outer membrane of the mitochondriee acylcarnitine can enter the
intermembrane space of the mitochondFiaecarnitineacylcarnitine translocase (CACT)
enzyme on the inner mitochondrial membratranspors acykcarnitine into the
mitochondrid matrix in exchange for free-tarnitine.In the mitochondriematrix, CPT2
de-esterifies acytarnitine into acylCoA and L-carnitine (Savic et al., 2020)The
oxidation of dietary FA in NAFLD patients is considerably low compared to healthy
subjects. A breathest studyusing3C labéled palmitic acidestimated that FA oxidation

in NAFLD patientsis 27% bwer thanin healthy subject§Naguib et al., 2020)This
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reduction in FA oxidation is attributed to the disruption of ~Axidation under RFLD
conditions.The reduction of kcarnitine and acytarnitine levels in mice with hepatic lipid
accumulation signifies the importance of BAxidation for hepatic lipid homeostagi§a

et al., 2011)Similar to the Lcarnitine, the hepatic levels of CP&ansiderably decline in
NAFLD, suggesting impaired mitochondrial FB-oxidation (Tokoro et al., 2020)
However, disruption of FA oxidation may not occuesrly NAFLD but once the disease
progress to NASHIn early NAFLD, the mitochondria may adapt to the excessive influx
of FA by increasing FA oxidatioA study comparing liver biopsies revealed that hepatic
mitochondrial respiration inbese individuals with or without steatosis is #.3.0 times
higher compared to hehy lean individualsMitochondrial respiration declines by 31%
40% when steatosis progresses into NA®tdliaki et al., 205). PPARU is a master
regulator of mitochondrial FA-oxidation.Activation of the PPARJcan promote the FA
b-oxidationin hepatocyte¢Fig. 1.6). PPARUis activated by multiple stimulators such as
postprandial insulinemidA ligands derived blipogenesisand TG hydrolysis glucagon
secreted during fasting, and AMRKediated energy generatigRawlak et al., 2015)
Apart from the hepatic glucose and lipid metabolism, the PBARys a key role to
prevent hepatic inflammatidhrough multiple mechanismshe FAb-oxidation promoted

by PPARU preventsthe excessiveaccumulation ohepatic lipid readyto undergo lipid
peroxidation and subsequeROS generation Reduction of ROS eneration (oxidative
stress) can ameliorate hepatic inflammation and fibrosis induced by hepatocyte damage
(Pawlak et al., 2015)Moreover, PPARU can directly inhibit proinflammatory
transcription factors such B&$--aB, activator protein (ARL,andSTAT to mitigate hepatic

inflammation(Bougarne et al., 2018Analysis of the liver biopsies revealahegative
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association between the PPARexpression anthe severityof NASH (Francque et al.,
2015) Thus, activation of PPAR) is believed to be a viable therapeutic tarfpet the
mitigation of NAFLD. Reactivation of PPARJ by usingfenofibrate (a PPARJ agonist)
could significantly reduce liver damage markers and improve lipid metabolism in NAFLD
patients Moreover, PPARJ activation prevented the loss of lysosomal acid lipase (LAL)
activity under NAFLD conditions vitro. LAL prevents hepatic lipid acenulation by the
hydrolysis of TG and cholesterol esters to H&@omaraschi et al., 2019pisruption of

FA oxidation is a major contributor to the pathogenesis of NAFLD. RBARys a critical

role to maintain hepatic lipidHomeostasiby regulating the FA-oxidation.

1.2.2.3 TG secretion in VLDL

The hepatic excretion of G with VLDL canbeconsiderably increaden NAFLD
patients(Fujita et al., 2009)The assembig of VLDL for TG excretion is a twestep
procesghatoccurs in the ER. Initially, TG is transferred oafmlipoprotein BApoB) by
the MTP to form small andense VLDL precurser These VLDL precursarundergo
maturation by fusion with the protefree TG droplets in the ERShelness and Sellers,
2001) Mutations of the ApoB and MTP such as in familial hypobetalipoproteinemia
(Tanoli et al., 2004)and abetalipoproteinemigBerriotVaroqgueaux et al., 2000)
respectively, can increase the risk of NAFby impaired TG secretion as VLDIn
NAFLD patients, the increased TG secretion in VLDL is evident byrtbeeased blood
serum VLDL concentratisandupregulateagxpression oApoB100 and MTPHowever,
the expression of ApoB and MTP are significathbly in the NASH patients compared to
the patientsvith simple hepatic steatosisuggesting possible impairment of TG secretion

as VLDL with the progression ateatosis into NASHFujita et al., 2009)A study on the
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VLDL secretion rate in nondiabetic obese subjects revealethtdrate of VLDL secretion
depends on the intrahepatipid (IHL) content. The VLDL secretion rate increases up to
5% of IHL accumulation, plateaus between 6%)%, and declines thereaf(kytle et al.,

2019)

1.2.24. Adipose tissue ysfunction

The obesityrelated adipose tissue dysfunction is associated with the pathogenesis
of steatosis and progression to NAGHD. 1.6). Human adiposessues can beategorized
as visceral and subcutaneous based on the anatomical location and as white adipose tissue
(WAT) and brown adipose tissue (BAT) based on the wol®arker, 2018) Both
subcutaneous and visceral fat contriiotéhe development of NAFLD. However, a recent
study suggests théte amount of visceral fat is more closely associated with the severity
of NAFLD compared to the subcutaneousdantent(Mahmoud et al., 2023Moreover,
the density of visceral fat has igher association with the prevalence of NAFLD compared
to the amount (area) of visceral fegarashi et al., 2022The WAT is primarily specialized
for energy TG) storage while BATis for thermogenesisThe uniqueexpression of
uncoupling protein 1 in the BATincoupleghe mitochondrial respiration to facilitathe
release of energy as h€Rarker, 2018)Even though BAT can spend dietary FA as heat
this dietary FA clearance is trivial compared to the heart, liver, skeletal rsyaceé WAT
Only about 0.3% of dietary FArecleared by BAT in colehcclimated mefBlondin et al.,
2017) Insulin resistance andflammation in WAT can significantly increase the risk of
NAFLD pathogenesidnsulin resistance in the adipose tissue can impair glucose uptake
(Leguisamo et al., 2012)ncreasing the circulating glucose that can induce hepatic TG

accumulation through upregulag DNL (Smith et al., 2020)This impairment of glucose
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uptake in insulin resistance is associated with the reduced expression ofiiegulated
glucose transporter type 4 (GLUT@A)eguisamo et al., 2012Ynder insulin resistancthe
diminished antiipolytic activity of insulin cause excessive release of FFA into the
bloodstreamwhich can induce hepatic TG accumulati@friedman et al., 2018)The
vascular endothelial growth factor B (VE can contributéo NAFLD pathogenesis by
promoting lipolysis in the WATThe expression of VEGB significanty increasesn the
WAT under obesity and NAFLDAIso, the expression of VEGB positively correlates
with the expression of genes upregulating lipolysi$VAT, andFA uptake, DNL, and

inflammatory progressioof the steatosim liver (Falkevall et al., 2023)
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Figure 1.6.Mechanisms of steatosis pathogenebige redarrows indicate the increased

or decreased expression/production under hepatic ste#étGsisacetydCoA carboxylase;
ACLY, adenosine triphosphate citrate lyase; CD 36, cluster of differentiation 36; ChREBP,
carbohydrate response elembitding protein;ER, endoplasmic reticulum; FAS, fatty
acid synthase; FATP, fatty acids transport protein; FXR, farnesoid X receptor; GLUTA4,
glucose transporter type 4PS, lipopolysaccharided;XR, liver X receptor; MAM,
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mitochondriaassociated ER membrane; PPAR, pemxis proliferatoractivated
receptor;p-PEPCK, phosphorylated phosphoenolpyruvate carboxylase; SRE&Erol
regulatory element binding protein(Created with BioRender.corajicense purchased).

The PPARois a central regulator of FA metabolism in the adipoc{fés. 1.6).
Activation of the PPAR increases the transport of FFA into the adipocytes by
upregulating the expression of CD36, adipocyte protein 2,L&d enzyme.PPARD
facilitates the conversioof influx FFA into TG for storage by upregulating the expression

of the phosphoenolpyruvate carbdigase (PEPCK) enzyme. PEPCK enzyme is

responsible to supply the glycerol backbone required for the esterification of FFA into TG.

Also, in adiposdissue PPAR2increass the secretion of adipectinthatcanameliorate
NAFLD by promoting hepatiansulin sensitivity and b-oxidation restricting hepatic
gluconeogenesisand suppressinghe production ofproinflammatory cytokindumaour
necrosis factorTNF)-U( Sk at RRr d a.fifheadipocgtd expressiof df BPAR
may deplete under tlednditions favaring NAFLD pathogenesis. A significant reduction
of the expression (at MRNA level) and DNA binding ability of the PRAR epidermal
WAT had been observed in C57BL/6J mice fed wiilH&D (lllesca et al., 2019)Thus,
activation of the PPAR in adipose tissues can be beneficial to mitigate the risk of
NAFLD. In contrast to thedipose tissue, expression of the PPARupregulated in the
liver underNAFLD. A study evaluating th@besesteatosisand obesdNASH patients
revealed thahepaticexpression ofPPARD can increase largelpy 112% and 88%,

respectively, at the mRNA lev@Pettinelli and Videla, 2011Activation of the PPARIN

the liver promotes lipid accumulation similar to in the adipocyteS k at RBr dam

2019) Targeted deletion of the PPARIn hepatic tssue could significantly reduce

NAFLD pathogenesis in HFBed mice by downregulating the expressions of FA
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transporters (CD36, livelype FAbinding protein, and MTP)nd DNL promoters
(stearoydCoA desaturase 1, SREBPR and ACC) However,the deletion of PPARD
downregulated thexpression ob-oxidation promoters PPAR and aetyl-CoA oxidase
in the micelivers (Moran-Salvador et al., 2011Functions of the PPAR in NAFLD
pathogenesiaretissuespecific, with underexpression in adipose tissue and overexpression

in the hepaticissue favaring the pathogenesis and progression of the disease.

1.2 3. Two-hit and multiple -hit hypotheses of NAFLD progression

Traditionally, the progression of simple steatosis into NASH and fibrosis is
described by the twhit hypothesisOvernutrition, obesity, insulin resistancemetabolic
syndrome can act as the fitst to induce hepatic lipid accumulatioand lipid
peroxidationSecondhit continues the hepatic assault by introdutiagatocyteénjury and
inflammation.The seconshit is driven byhepatocellular oxidativetress mitochondria
dysfunction, Fasligand activation and proinflammatorycytokines production.The
endotoxins ofyut microbiota carassist the secorit by promoing hepatic inflammation
through innatémmune responsgs§iorgio et al., 2013)However, recent studies suggest
thatthe pathogenesis and progression of NAFai2driven by multiple parallel hitsThe
multiple-hits hypothesis describake possibility of simultaneousccurrence ofeveral
hepatic asaults in the subjects genetically predisposeNAFLD (Buzzetti et al., 2016)
Insulin resistance, hepatitR and oxidative stresses, mitochondrial dysfunction, adipose
tissue lipotoxicity, gut microbiota dysbiosis, and genetic predisposition are the major hits

recognized in the multiplaits hypothesi¢Buzzetti et al., 2016; Tilg et al., 2021)
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1.23.1 ER stress in NAFLD progression

The ER stress assists the progression of steatosis to NASH through multiple
mechanism¢Fig. 1.7)associated with thenfolded protein response (UPRebeaupin et
al., 2018) Several studies have illustrated the positive correlation between hepatic lipid
accumulation and ER stress bathvitro (Rennert et al., 202@ndin vivo (Wang et al.,
2006) The mitochondrisassociated ER membranes (MAM) bridgeketER and
mitochondria in hepatocytdsoth functionally and structurallyMany of the enzymes
required for the biosynthesis of Tahd cellular lipid metabolismare located in th&R
membrane ancdhitochondria.The MAM are also rich in these enzymes and essential for
phospholipid, steroid, glucose, and FA metaboli§he synthesisf phosphatidylcholine,
phosphatidyl ethanolamine, and cholesterol occurs in the MAM. Moreover, MAM
facilitate the flux of lipid metatlites and calciunbetween the ER and mitochond(ia
Wang et al., 2020)Lipotoxicity in hepatocytes can disrupt NAboth functonally and
structurally.A significant reduction in the calcium flux from ER to mitochondria together
with shrinkage of the MM contact area had been observed in the HepG2 cells overloaded
with palmitic acid. This disruption of MK is assumed to be mediated by the increased
distance between the ER and mitochondria thrabgllownregulation of thexpression
of the MAM structural component mitofusid (Shinjo et al., 2017)Disruption of the
MAM leads to ER and oxidative stresgg®moting theprogression of NAFLIJ. Wang
et al., 2020) Apart from palmitic acid, free cholesterol, lysophosphatidylcholine, and
sphingolipids such as ceramgdare known activators of hepatic ER str¢Seng and
Malhi, 2019) The ER stress is manifested by the accumulation of unfolded protein in the

ER lumen.The UPR attempts to resolve ER stress by activating threealBRmembrane
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stress sensor@Fig. 1.7) namely, protein kinase Hike ER kinase (PERK), inositol
requiring enzymelU (IRE1U), and activating transcription factét) (ATF6U) (Lebeaupin
et al., 2018) These three stress sensors are capable of activatimgtrihsic apoptotic
pathway through CCAAT-enhancebinding protein C/EBP-homologous protein
(CHOP) signding (Hu et al., 2019)IRE1U activation assists NAFLD progression by
inducing inflammatory responses throutjte nucleotidebinding domain, leucinech-
containing family, pyrin domakigeontaining3 (NLRP3) inflammasomes, andNF-eB and
JNK signdling (Lebeaupin et al., 2018MIso, activation of IREWin the liver resident
macrophages, the Kupffer cellsan induce hepatic ischemia/reperfusioyR) injury.
Inhibition of IRE1Jin mice induced for I/R injury had depicted sigcaint reductions in
the hepatic infiltration of Ly6Gneutrophils andserumlevels ofinterleukin (IL)}16 and
TNF-U proinflammatory cytokinesogether withC-C motif chemokine ligand 2 (CCL2)
and GX-C motif chemokine ligand 10 (CXCL10) proinflammatory chemok{i@=s et al.,
2022) Thus, ER stress is a primary driver of the progression of hepatic steatosis to NASH.
Moreover,ER stresanay assist to sustaimepatic lipid accumulation by impairintpe

mitochondrialb-oxidation(DeZwaanMcCabe et al., 2017)

1.23.2 Oxidative stress in NAFLD progression

Cellular ER stress caimduce oxidative stress through mitochondrial dysfunetion
mediatedROS generationKim et al., 2018) Also, increased FA oxidation in the
mitochondria and peroxisomeand activation of thaicotinamide adenine dinucleotide
phosphate@xidase(NOX) enzyme cainduce cellular oxidative stress during NAFLD by
promoting the production of RO&. Chen et al.,, 2020Cellular oxidative stress is a

primary modulatoof the NAFLD pathogenesis and progresdieiy. 1.7) A recent study
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has proposed that increased cellular oxidative stress can promote cellular lipid
accumulation by upregulating DNL via SREBRactivation(Podszun et al., 2020The
ability of ROS to damage cellular protein, lipids, and nucleic aprdsnotes hepatic
apoptosis throughoth structural and functional damage to the hepato¢y®@s elLhch U
and Michalak, 2014)Liver resident macrophages, the Kupffer cells engulf the apoptotic
bodies produced by thespatocytes undergoing apoptodtmgulfment of the apoptotic
bodies activates the Kupffer cells to produtdF-related apoptosisducing ligand
(TRAIL), Fas, and TNFUcell death ligands capable of further promoting hiepgtoptosis
(Malhi et al., 2010)Hepatic oxidative stress anflammation are interdependerind
occur simultaneously to exacerb#éte hepatic damaggLi et al., 2016) Increased hepatic
oxidative stresgpromotes hepatic inflammation by theroduction of proinflammatory
cytokines, IL-:1b and IL-18, through MAPK and NFeB signdling (Nan et al, 2021)
Activation of the MAPK and N¥eB inflammatory signding had also been observed in
HepG2 cells overloaded with glucostyperglycemia in HepG2 cells could promote FNF
UandIL-6 production througiROSinducedMAPK and NFaB signdling (Panahi et al.,
2018) Proinflammatory cytokines such as TNRJ. Zhang et al., 2022)nd DAMP can
activate the inflammatory responsd#ghe Kupffer cell{Cha et al., 2018 DAMP further
intensifies hepatic inflammation by the recruiting of monodgaved macrophages
(MDM), also termed as infiltrating macrophagBsth Kupffercells and MDM expand the
hepatic inflammatory assault by the production of proinflammatory cytokine and
chemokinegCha et al., 2018)Once activated, the Kupffer cellsay promote hepatic
oxidative stress through ROS productidmaeda et al.2022) thus, initiating a harmful

cycle of oxidative stress and inflammatidfioreover, ROS can activate hepatic stellate
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cells (HSC) into a myofibrobladike phenotype and stimulates HSC for the production of
extracellular matrix (ECM).ExcessiveECM production bythe HSC leads to the
progression of NAFLDNto liver fibrosis and cirrhosi§Gandhi, 2012)Hepatic oxidative
stressaccelerateshe progression of steatosis to NASH and subsequent development of

hepatic fibrosis and cirrhosis.

1.23.3 Adipose tissue dysfunction for NAFLD progression

Adipose tissue dysfunction may contribtehepatic inflammation by increasing
the levels of proinflammatory cytokinasich as TNFJand IL-6 in the circulation(Fig.
1.7). These cytokineprimarily originatefrom the macrophages that infiltrate the adipose
tissue in respome to adipocyte apoptosigAlkhouri et al.,, 201Q) Adipose tissue
dysfunction is positively associated with obesity. Significant increments in the circulating
TNF-Uand CCL2 levels had been observed in otiediwiduals The circulating TNFU
and CCL2 increments are similar betwdhe obese subjects presented with and without
NAFLD (Fuchs et al., 2021)suggesting the sustained adipose tisaediated
inflammation during the pathogenesis and progression of NARILE®, adiponectin and
leptin secreted by the adipose tissue assist NAFLD pathsigemed progression when
deviatingfrom normal physiological levels. @er adipokines such assistin, visfatin,
chemerin, retinebinding protein 4 (RBR), and irisin are assumed to be important for
regulating hepatidipid metabolism andnflammation(Boutari et al., 2018)iIn NAFLD
patients, the serum adiponectin concentration is considerably low, and this
hypoadiponectinemiaondition maypromote the progression of steatosis to NAS
(Polyzos et al., 2011)Adiponectincan prevent hepatic injury by restricting monocyte

adhesion to endothelial cells and reducing expressions of U&ifel aldehyde oxidask
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enzyme.Aldehyde oxidasd enzyme inducehepatic oxidative stress and liver injury
together with fibrosis(Polyzos et al., 2009)In contrast to adiponectin, the serum
concentation of leptinis significantly highin NAFLD patients A study based on theSJ
population data rewaed that serum leptin concentration is considerably elevated in
NAFLD patients and the leptin concentration is positively associated with the severity of
NAFLD (Rotundo et al., 2018Yhe ability of leptin to promote hepatic inflammation by
upregulating the expressions of CCL2 and6lLand induce hepatic fibrosis by the
activation of HSC had been demonstrated in a cholestasis mouse (Peidescu et al.,
2022) Adipokine dyshomeostast®ntributesto the progression of NAFLD by advancing

hepatic inflammation and fibrosis.

1.23.4. Gut microbiota dysbiosis in NAFLD pathogenesis and progression

The gut microbiota plays a pivotal raie regulatebody energy metabolism and
immune response Dysbiosis of the gut microbiota is associated with obesigted
diseases including NAFLISankararaman et al., 202%udies analyzing fecal material
had revealed thadirmicutes/Bacteroideted-/B) ratio is significantlyhigherin NAFLD
patients compared to Héay individuals(Lee et al., 2021; Yoon et al., 202B)owever,
theF/B ratio might be inadequate fthre estimation of NAFLD severity as the correlation
betweerthe F/B ratio and steatosis aly moderately strong (r 8.43)and no correlation
isfoundbetween F/B ratio and fibrogidasirwan et al., 2021yhegut microbiota diversity
is significantly low in NAFLD patientandtheabundance of bacteria phyla, Proteobacteria
and Fusobacteria ggnificanty high in NAFLD patient{Shen et al., 2017)n fact, one
study suggests thahe increased abundance &foteobacteria is the most important

alteration in the gut microbiota to famoNAFLD pathogenesis tbughthegutliver axis
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Proteobacteria are gm-negative bacteria with ligmmlysaccharides (LPS) in the outer
membrane that are capable of inducing hepstigatosisand inflammation(Vasques
Monteiro et al., 2021)The @mposition of the gut microbiota alters witie progression
of NAFLD. The abundance dahe Lachnospiraceadamily and its descendarlautia
genus are significantly higher in NASH patientghereas the abundance ofthe
Enterobacteriaceatamily and its descendaBhigella genus are higher in fibropatients
(Shen et al., 2017Pepletion of theBlautia genus bacteria using antibiotics hadtricted
NASH development in mice fed withaholinelow HFHS diet mimickingthe Westen
diet The re-establishment of thBlautiagenus bacterisignificantly intensiiedthe hepatic
inflammation and fibrosig these mic€Yang et al., 2023)These pathogenic effects are
believed to be mediated Hyeproduction of 2oleoylglycerolin thegut throughinteraction
betweerBlautiagenus bacteria aritde Westen diet. 20leoylglycerol produced ithegut
can reachthe liver throughthe portal vein andactivate the macrophagedhe activated
macrophages produce transforming growth fa€t@F)-b1 which activates the HSCand
upregulates the expression of ECM gettepromote hepatic fibrosig’ang et al., 2023)
Gut microbiota dysbiosis had also been observéebinNAFLD patientsHowever,unlike
in obesitymediated NAFLD the F/B t is significantlylower inleanNAFLD patients

compared to healthy individualévang et al., 206).
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Figure 1.7.Mechanisms of steatosis progression to nonalcoholic steatoheddtéised
arrows indicate the increased or decreased expression/production under nonalcoholic
steatohepatitisApoB, apolipoprotein B; ATPF8, activating transcription factegU;CCL2,
C-C motif chemokine ligand 2CD 36, cluster of differentiation 36; CHOP, CCAAT
enhancebinding proteirhomologous protein; DAMPs, damagesociated molecular
patterns; ER, endoplasmic reticulum; ERK, extracellular sigggulated kinase; FXR,
farnesoid X receptor; IL, interleukinRIE 1 U, Areguirisgietzymd U;  JINMKN; ¢
terminal kinase; LPS, lipopolysaccharides; MAM, mitochondsgaociated ER membrane;
MAPK, mitogenactivated protein kinases; MTP, microsomal triglyceride transfer protein;
NF-a B ,nuclear factokappalight-chainenhancer of activated B cellsSNLRPS3,
nucleotidebinding domain, leucin€ich-containing family, pyrin domahsontaining3
inflammasomes; PERK, protein kinasdike ER kinase; ROS, reactive oxygen species;
TGR5, Takeda G proteiocoupled receptor 5TLR4, toll-like receptor 4; TNFJ, tumor
necrosis factot} UPR, unfolded protein response; VLDL, vdow density lipoprotein
(Created with BioRender.com, license purchased).

Bile acid metabolism by thgut microbiota is important to nain glucose and
lipid homeostass. The gut microbiota converts tlvenjugatedorimary bile acid (cholic
and chenodeoxycholic acidsfo secondary bile acgddeoxycholic and lithocholic acids)

through multiple reactions involving deconjugationxidation, “dehydroxylation,
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esterification and desulfatioffChen et al., 2019Bile acids act as detergents to facilitate
the absorption of dietary lipids, steroids, and hpaluble vitaminsAlso, thebile acids

can function as sighiang moleculeso maintain bile acid and body energy homeostases
by stimulating the nuclear farnadoX receptor (FXR) and membrane Takeda G pretein
coupled receptor 5 (TGR5) recept¢&hiang and Ferrell, 2020Activation of the FXR
receptor restcts the hepatic lipid accumulation through multiple mechanigtits 1.7)

FXR can inhibit the TG synthesis by downregulating the expressfdipogenic FAS and
stearoyl CoA desaturase (SCDgnzymegSchmitt et al., 2015)ia SREBR1c inhibition
(Watanabe et al., 2004FXR activates the small heterodimer partner (SH#)ich
downregulates the SREBR expession by inhibitingthe liver X receptor (LXR)
(Watanabe et al., 2004Also, FXR activationrmay ameliorate hgatic lipid accumulation

by promoting FAb-oxidation via upregulation of theePARU expressionTorra et al.,
2003) However, a recent study demonstrated that FXR can inhibit hepatic lipogenesis
through a SHP and $EBP-1c independent mechanism and #uotivationof intestinal cell
FXR is sufficient to ameliorate hepatic lipid accumulation by reducing the dietary lipid
absorption(Clifford et al., 2021)Moreover, FXR activatiom immunecellscan manifest
antrinflammatory and antifibrogenic activitieBXR stimulationinhibits the activation of
circulating immune cells together withe Kupffer cells andhe subsequent activatioof
theHSC (Fiorucci et al., 2022)imilar to the FXR, activation of thHEGR5 is important to
maintain energy and immune homeostd&as et al., 2016 0verexpression of the TGR5

in enteroendocrine L cells induces secretion of glucdigenpeptide (GLP3 and
improves glucose tolerance in obeseaniThomas et al., 2009 GLP-1 can promote

insulin secretion andancreatic islet survival and proliferatidioreover, in micd GR5
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mediatedsLP-1 secretion promotdke energy expenditure by the BAT and muscle tissues
(Thomas et al., 2009}hus, reducing the risk of obesitglated NAFLD.The importance

of TGR5 for the suppression of hepatic inflammation had been demonstrated in-an LPS
mediated inflammation mouse model. Deletioth&TGR5 in mice significantlyncreased
hepatic inflammation and necrosis. Aitflammatory effects of the TGR&re mediated
through the inhibition of NfeB-based inflammatory response in tnéce macrophages,
Kupffer cells, anchepatocytegY.-D. Wang et al., 2011Even though ardinflammatory
effects are important to prevent liver fibrosis by inhibiting the activation of HSC, a recent
study had reveled the unbeneficialpotential of TGR5 to promote liver fibrosig20-
Hydroxylated bile acids, taurodeoxycholate and glycoldeoxycholate, could activate the
HSC and induce fibrogenesis in mice by the activation of T@R8iated MAPK,
extracellulasignatregulated kinase (ERK) 1/2 ap88(Xie et al., 2021)However, many
researchers believe thattivation of the FXR and TGR5 presdherapeutic targets to
amelioratethe NAFLD. Gut microbiota dysbiosigh the NAFLD is associated with the
reduce conversion of primary bile acids into secondary bile acids and low activity of bile
acid receptors, FXRTGR5, pregnane X receptor, and vitamin D recef@iren et al.,
2019) Thus, gut microbiota dysbiosis promotes the pathogenesis and progression of
NAFLD by disrupting the bile acid metabolism.

The metabolic products and cellular components of thengurbbiota can be both
beneficial and detrimental in the NAFL{ig. 1.7) The gut microbiota is capable of
producing shorthain FA (SCFA}uch as acetatpropionate andbutyrateby fermenting
the resistam starches(Aoki et al., 2021) In a highfat/fructose/choldsrotfed mouse

model, supplementation with the resistant starch inulin significantly reduced hepatic
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steatosis and fibrosis. These hepattotective effectare attributable to theroduction of
acetateby the gut microbiotanediatedfermentation of the inulin. The acetate stimulates
the FFA receptor 2 (FFAR2Nhich mayreducehe NAFLD pathogenesis and progression
by reducinginsulin resistancalF-aB and TNFUmediated inflammation, and expression

of collagen promoter§Aoki et al., 2021)In NASH and NAFLDcirrhosis patients, the
SCFA concentrations blood plasmare significantly diminished. Moreover, the negative
association between the blood plasma concentrations of SCFA and proinflammatory
cytokine TNFUin these patientéXiong et al., 2022¥uggests the importance of SCFA to
reduce NAFLDrelated inflammationHowever, another study contradicts these findings
by reporting &evated levels of fecal SCFA and SClgfoducing gut bacteria in NASH
patients(Rau et al., 2018Moreover, elevated fecal acetate and propionate levels may be
associated with increased inflammation in NASH patients as observed by the diminished
antrinflammatory regulatory Tells(Tregs)and the increaskratio of proinflammatory T
helper 17 cells (Th17)/Tregn the blood (Rau et al., 2018)Thus, further studies are
required to understanthe functions of gut microbiotaderived SCFAiIn NAFLD
pathogenesis and progressidndole and indole derivatives produced by the gut
microbiotamediated metabolism of tryptophan had depicted multiple hepatoprotective
effects(Li et al., 2021) Oral administration of the indole significantly reduced the hepatic
inflammation in LPSinjected mice by restricting the NdB signdling and the expressions

of its downstream targetsiotably IL-1b, IL-6, IL-10, TNRU, nitric oxide synthase 2
(NOS2), and NOXXBeaumont et al., 2018pimilar antiinflammatory activitytogether

with a reduction in hepatic macrophage infiltratiead been observed for indeBeacetate

in mice induced fothe NAFLD by an HFD. Also, indole3-acetate could improve the
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blood glucose and lipid profieand ameliorate the hepatic TG and chiglest content by
downregulating the expression of lipogenic SREBPSCD1, ACC1, and PPAR.
Moreover, the potential of indof@acetate to mitigate HRihduced oxidative stress is
important to prevent the pathogenesis and progression of NABLBt al., 2019)In
NAFLD, hepatoprotective effects of the imde and indole derivatives may be diminished
by the disruption of tryptophan metabolisiune togut microbiota dysbiosi§Chen and
Vitetta, 2020)

Gut microbiota dysbiosis in thASH can lead toan increased abundance of
ethanolproducing bacteriaand a higher concentration oéndogenous ethanah the
peripheral bloodThe gut microbita of obese individuals and NASH patients amailar.
However,the abundance of ethanproducingEscherichiabacteriaand blood ethanol
concentrationsre higherin NASH patiens compared tmbese individual§Zhu et al.,
2013) Endogenous ethanol can induce hepatic steatosis and injury in mice by prompting
mitochondria dysfunctiomediated oxidative stregX. Chen et al., 2020)Thus, trivial
changes in the gunicrobiota compositionmight be sufficient for the progression of
NAFLD. Gut microbiota dysbiosis in the NAFLD leads to the disruption of gut epithelial
barrier functionGut bacteriederived metabolites such as endogeneiinanol and ethanol
metabolites are capable of disruptitige gut barrierby degrading tighjunction (TJ)
protein allowing gut bacteria and bactdrendotoxins (LPS)o translocate into the liver
(Park et al., 2022)Overgrowth ofthe LPS-producing bacteria such d&nterobacter
cloacaeB29, Escheichia coli PY102, anKlebsiella pneumoniad? in NAFLD patients
(Fei et al, 2020)may further intensify the endotoximediated liver assaulBignificantly

higher concentrati®of LPS had been detected in the blood serum and livers of NASH
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patients compared teealthy individuals. However, hepatic LPS levels betweesithple
steatosigatients and healthy subjects had been statistically sif@i&pino et al., 2020)
suggesting the importance of bacterial endotoxinstHerprogression of the NALFD.
Activation of the NF-aB inflammatory signbing is the most prominent mechanism
LPSmediated hepatic inflammatioithe LPS initially binds with LP®inding protein
(LBP) and subsequently forms a complex with myeloid differentiation factor 2 (MD2) and
patternrecognition receptor cluster of differeaion 14 (CD14)o activate the tollike
receptor 4 (TLR4JTong et al., 2020)TLR4 is expressed in both parenchymal hepatocytes
and nonparenchymal liver cells including Kupffer cdi§C, biliary cells, and endothelial
cells. Kupffer cells antHSC are the most stimulatdaly the LPS to induce inflammatory
responsegFisher et al., 2013)The activated TLR4 initiates the N#B signdling that
induces the production of many proinflammatory cytokines, includirtiJUL-16, IL-6,
IL-12, TNRFU and granulocytemacrophage colongtimulating factor (GMCSF)
(Hamesch et al., 2015TLR4 is also capable of activating the MARK38, ERK, and
JNK) and interferon regulatory factor 3 (IRF3) sif/may to induce hepatic inflammation
through the increased production of proinflammatory cytok{ifesg et al., 2020)The
proinflammatory cytokines sested by the Kupffer cells and infiltrated macrophages can
activate the HSCActivated Kupffer cellsansecretdaransforming growth factds (TGFb)

that stimulate the HSC to produce ECM constituents, the collagens and fibronectin.
Excessive synthesis of the ECM leads to hepatic fibf@asdhi, 202Q)Although many

of the LPSmediated effects support the NAFLD progression into NASH and fibrosis, LPS
may also play a role in the induction of hepatic s&atbPScouldinduce hepatic steatosis

in a disaccharideich dietfed rat model by upregulating the expressions of lipogenic

46



SREBR1c and FASFukunishi et al., 2014Moreover, in a HFD-fed germfree mouse
model monoassociation of the gerimee mice with LPSroducing bacteria had been
required to induce hepatic steatosis and inflamm4#Eenet al., 2020However, LPS had
been able to ameliorate lipid accumulation in the H8Gugh lipophagyvhile sensitzing
the HSC to TGB-mediated fibrosigesponsgChen et al., 2017)Thus, LPS may be
playing diseasestagespecific roles in NAFLD.The increased LPS production together
with the impaired gut epithelial barrier function under the gut microligsbiosis are
critical triggers for NAFLD pathogenesis and progress{®dat microbiota dysbiosis is
strongly associated with dietary hab#sich as consumptionf fructoserich dies.
Excessive consumption of fructose may induce hepatic inflammation brakis by
increasing the translocation of gut microbiderived LPS into liverFructose can impair
gut epithelial barrier function to increase LPS translocatigndownregulating the
expression of TJ and adherent junction proteins (Cho et al., . 202E).D pathogenesis
and progressioarecontributed by multiple risk factordlany of the primary risk factors
are associated with modifiable lifestyle pattemsspitethe existence of several potential
therapeutic targets to mitigate the risk of NAFBD approved medicine is notirrently
available to treat thdiseasgMundi et al., 202Q)Therebre, novel approachesombined

with improved lifestyle patterns are necessary to reduce the global burden of NAFLD.

1.3 PROBIOTIC MICROBES -MEDIATED MECHANISMS FOR NAFLD RISK
REDUCTION

The aministration of probiotic microbes is proveto be beneficialin many
diseasegMilner et al., 2021; Zommiti et al., 2020Probiotics can reduce the risk of

NAFLD pathogenesis and progseon by indirect and dicemechanismgTable 1.1) The
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ability of probiotics to mitigatéensulin resistancand T2Dis indirectly beneficial for the
prevention of NAFLD A mixture ofLactobacillus(L.) andBifidobacterium(B.) probiotic
bacteria had been able to ameliorate HFD and streptozetaitioed diabetes in C57BL/6J
mice by improving glucose toleran@ad reducing insulin resistanc&hese beneficial
effects are believed to beediatedby the ability of probiotic bacteria to modulate gut
microbiota and increase the availability of GLRand peptide tyrosirgrosinethrough
SCFA productior{Gu et al., 2022)Smoking is a no#traditioral risk factor of NAFLDthat

can promote the progression of steatosis to NASH. In cigarette smaokeotine
accunulated in the intestinecan facilitate the formation of ceramides by phosphorylation
of sphingomyelin phosphodiesterase 3 (SMPi@)AMPKU signdling (B. Chen et al.,
2022) Ceramies are known activators of hepatic ER st(8ssg and Malhi, 2019}Gut
bacterum Bacteroides xylanisolvens capable ofestricting the ceramides formation by
degrading nicotingthus, reducing the risk of NASHherefore Bacteroides xylanisolvens
can be a promising novel probiotic bacteria to reduce the risk of NASH in cigarette smokers
(B. Chen et al., 2022)

Many studies have illustrated the potential of probiotic bacteria to reduce the risk
of NAFLD by ameliorating overweight and obesit4. study onobeseNAFLD patients
revedled that supplementation with a mixture béctobacillus and Bifidobacterium
probiotic bacteria can significantly reduce the IHL and triglyceride levels together with the
body weight and total fat conteffhn et al., 2019) Similarly, mixtures of probiotic
bacteria can improve the blood lipid profile and reduce the blood concentrations of liver
damage markers, alanine aminotransferase (ALT), aspartate aminotransferase (AST), and

a-glutamyl transferase (GGT(Cai et al., 202Q)demonstrating the ability gfrobiotic
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bacteria to regulate lipid metabolism and hepatic injérpbiotic bacteria such ds.
plantarumQ16 (isolated from yogujtare capable of preventing hepatic steatosis by the
regulation of lipid metabolisni.. plantarumQ16 had been able to reduce hepatic steatosis
in an HFD-fed mouse model by restricting DNL through downregulation of the expressions
of SREBR1 targets, SCEL, ACC, and FASTang et al., 2022Moreover,L. plantarum
Q16 is capablef upregulatng the expression of FA-oxidation promotersCPT-1Uand
PPARU The potential ofL. plantarum Q16 to increase the expression adipose
triglyceride lipase ATGL) and reduce the expressiondicylglycerol acyltransferase 1
(DGATL) in the liveris further beneficial for NAFLD mitigation by inhibiting the hepatic
TG synthesisATGL regulates the TG hydrolysis af&limportant to maintain PPAR)
mediated FAb-oxidation in the mitochondriéTang et al., 2022)DGAT1 can promote
hepatic steatosis by esterification of exogenoug\Ekanueva et al., 2009)

The adipose tissue dysfunction during obesity is a major contritmuttoe NAFLD
pathogenesis and progston to NASHWang et al., 2021 he pobiotic bacteridacillus
coagulansT4 had been able tameliorate adipose tissue dysfunction in obese mice
(Hashemnia et al.,, 2023)Supplementation withthe Bacillus coagulans T4 had
significantly reducd the infiltration of macrophages into the adipose tissue and
polarization intothe proinflammatory M1 phenotyp&loreover, the mRNA expression of
endotoxin receptors, TLR2 and TLR4 together with the proinflammatory cytokinés IL
and TNFUhad been significantlgiminished by the probiotic bactersaipplemersdtion
Thisinflammation reduction may be attrilalieto the ability ofBacilluscoagulansT4 to
reduce endotoxemia by promoting gut epithelial barrier fun¢ti@shemnia et al., 2023

The adipokines secreted by the adipocytes are important to maintain Hggpétend
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immune homeostas(Boutari et al., 2018) actobacillusprobiotic bacteria are capable of

restoring the blood serum adipokine levelsobesemice by increasinghe adiponectin

level and decresing the leptin leveM. Wang et al., 2020)The adiponectin deficiency

and leptin overexpression can promote hepatic steatosis by restricting thexithation

and facilitatethe steatosigprogression to NASH by advancing hepatic inflammation

(Petrescu et al ., 2022; Skat RBrdam et al
The hepatic ER stress andidetive stres€an initiate the progression of steatosis

to NASHDby introducing hepatic inflammation and injufijhe ability of probiotic bacteria

to mitigate ER stress response (the URR) been demonstrated in HepG2 cells induced

for steatosis byexposire to oleic acid. Treatment of the HepG2 cells withe cell-free

extracts ofL. acidophilusNX2-6 significantly reduced the UPR by downregulating the

expressions of glucosee gul at ed protei n 58 XkoxbiGdbiRP58) ,

protein 1 (XBP1), and CHOPang et al., 2020)The potential of probioticlerivedcell-

free extract to prevent mitochondria dysfuncifdang et al., 2020nay have contributed

to mitigaing ER stress. Prevention of mitochondiridysfunction together with lipid

peroxidation and ROS generation had significantly diminished the oxidative stress in the

HepG2 cell{Tang et al., 2020A mixture of 20 strains of lactic acioroducing probiotic

bacteria hd been able tamitigate the hepatic inflammation ansubsequeniNAFLD

progression to fibrosis and HG&a phosphate and tensin homolog (PTEN) gene knockout

mouse mode(Arai et al., 2022)Hepatocytespecific eletion of the tumar suppressor

gene PTEN mimics NAFLD conditions by inducing hepatomegaly, TG accumulation,

inflammation and hepatic injuryHorie et al., 2004)Supplementation with the probiotic

bacteria significantly reduced the hepatic oxidative stress by restoring the cellular levels of
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glutathionein the PTEN knockout miceAlso, in the same mouse mogdglrobiotics
significantly reduced the expression of proinflammatory cytokines andedvezpatic
injury by reducing hepatocyte apoptosMoreover, probiotic bacteria hindered the
induction of hepatic fibrosis by downregulating the expressions of tissuieitors of
metalloproteinasd (TIMP-1) andU-smooth muscle actintkSMA) (Arai et al., 2022)In
hepatic fibrosis,TIMP-1 inhibits the matrix metalloproteases (MMP) which gaavent
fibrosis bythe degradation of ECNIThiele et al., 2017)Iincreased expression of the
SMA in HSC may induce the secretion of ECM component colldgianough mechanical
signalssuch agellularcontraction tensiofRockey et al., 2019)

The gut microbiota dysbiosis can support the pathogenesis and pragretsio
NAFLD through multiple mechanisn{dasirwan et al., 2019Many studies reporting the
benefits of probiotics for NAFLD risk reduction had raleel the potential of probiotics to
mitigate gut microbiota dysbiosis. In fact, the a@nflammatory activity of probiotics in
NAFLD is primarily attributable to the prevention of dysbiesiediated endotoxemia and
gut-epithelial barrier dysfunctioffkKhan et al., 2021)During the NAFLD, loss of gut
epithelial barrier function allows the translocation of bacteria and bacterial endotoxins to
the liver(Park et al., 202Zhatinducesinflammation by activating the TLR4 inflammatory
signdling cascadéHamesch et al., 201590 an HFDfed mouse model, supplementation
with L. acidophilusprobiotic bacteria relieved the gut microbiota dysbiosis by increasing
the bacteria richness and diverdi§ang et al., 2022)Also, L. acidophiluscould reduce
the F/B ratioKang et al., 2022)which is commonly increased in NAFLD patts(Yoon
et al., 2023)and reduce the LPS contributing graegative bacteriéKang et al., 2022)

The same study demonstrated the abilitiz.aicidophilusto prevent LPS translocation by
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protecting the guépithelial barrier function tlough increased expression of the intestinal
epithelial protein, intectin, and the TJ protein, occludin. Reduction of the LPS translocation
significantly ameliorated the hepatic inflammation by inhibiting TLR4&B-mediated
inflammation pathwayKang et al., 2022)The potential of probiotic bacteria to regulate
gut microbiotaderived metabolites is beneficial for NAFLD risk reduction.
Supplementation with the. acidophilussignificantly reduced the hepatic steatosis and
injury by upregulating tl bile acid receptor FXR/fibroblast growth factor 15 (FGF15)
signalling, suggesting the potential of probiotic bacteria to mitigate NAFLD through the
regulation of bile acids metabolisthuo et al., 2021) Encapsulated.. acidophilus B.
longum and Enterococcusfaecalis probiotic bacteria can ameliorate gut microbiota
dysbiosis in obese mice and restore the abundance of -p@ielicing bacteria such as
Olsenellaand Allobaculum(Kong et al., 2019)SCFA can reduce NAFLD pathogenesis
and progression by inhibiting insulin resistance together with hepatic inflammation and
fibrosis (Aoki et al., 2021) Thus, traditional and novel probiotic bacteria are capable of

reducing the NAFLD risk through multiple mechanisms.
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Table 1.1.Probiotic microbesnediated functions and mechanisms to reduce the NAFLD risk.

Probiotics Experimental model Biological functions and mechanisms Reference
1) A mixture ofL.  Obese NAFLD patients were - Reduce body weight and total fat content. (Ahn et al.,
acidophilus L. supplemented with the - Reduce intrahepatictfand triglyceride contents. 2019)
rhamnosusL. probiotic bacteria mixture (1
paracasej P. 10° cfu/day) for12-weeks.
pentosaceysB.
lactis, andB.
breve
2) A mixture of NAFLD patients were - Improve blood lipid profile by reducing the total (Cai et al., 2020
Lactobacillus supplemented with the cholesterol, triglyceride, and LDL levels.

Bifidobacterium  probiotic bacteria (1 g twice - Reduce the concentration of liver damage markers,
andEnterococcus per day)concomitantly witha  ALT, AST, and GGT in the blood.
probiotic low-calorie diet and exercise

bacteria. therapyfor three months.
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Probiotics

Experimental model

Biological functions and mechanisms Reference

3) L. plantarum

Q16

4) Bacillus

coagulansT4

Mice induced for NAFLD by -
feeding ahigh-fat dietwere
supplemented with the -
probiotic bacteria (1 10°

cfu/day)for 8-weeks. -

C57BL/6J mice were feda -
high-fat diet for 18weeks to
induce obesity. Then, the mict -
were supplemented with the
probiotic bacteria (1 10°

cfu/day) for8-weeks while -

Reduce hepatiltpogenesidy downregulating the (Tang et al.,
expressions of SREBP, SCD1, ACC, and FAS. 2022)
Promote hepatic FA oxidation by upregulating the

expressions of CRTUand PPARU.

Promote hepatitriglyceridehydrolysis and reduce
triglyceridesynthesis by up and downregulation o th

expressions of ATGL and DGATtespectively

Improve gut microbiota composition.

Reduce body weight gaandadiposity, and improve (Hashemnia et
glucose tolerance. al., 2023)
Reduce infiltration of macrophages into the white

adipose tisseland polarization into proinflammatory

M1 phenotype.

Downregulate the expressions of L-Béhsitive TLR2
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Probiotics Experimental model Biological functions and mechanisms Reference
feeding witha high-fat diet. - and TLR4 in adipose tissue.

- Downregulate the expression of proinflammatory
cytokines TNFUand IL-6 while upregulating anti
inflammatory IL-10.

- Ameliorate gut microbiota dysbiosispproveacetate
and propionate SCFA production, and improve gut
epithelial barrier function.

5)L. casej L. C57BL/6J mice induced for - Improve blood lipid profile by reducing the levels of (M. Wang et
fermentumL. obesity by feeding with a high total cholesterol, triglycerides, and LDL while al., 2020)
acidophilus L. fat diet were administered witl increagng the level of HDL.
rhamnosusand the different strains of - Increase blood serum level of adiponectin and reduc
L. paracesei probiotic bacteria separately.  the level of leptin.

6) L. acidophilus

cell-free extract

HepG2 cells were treated witl -

the cellfree extract of

Mitigate cellular lipid accumulation by downregulatin (Tang et al.,

the expressions of SREBR and FAS. 2020)
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Probiotics Experimental model Biological functions and mechanisms Reference
probiotic bacteria for 24 h. - Promote FA oxidation by upregulating the expressio
Then, the cells were exposed of CPT-1.
oleic acid (0.9 mM) for 24 h to - Avert cellular ER stress response (unfolded protein
induce lipid accumulation. response) by downregulating the expressions of GR
ATF6, IRELJ, XBP-1, and CHOP.
- Ameliorate cellular oxidative stress by preventing
mitochondria dysfunctiorgndreducing lipid
peroxidation and ROS geration.
- Reduce cellular inflammation by downregulating the
NF-aB-mediated I-1b and IL-6 production.
7) A mixture of 20 C57BL/6 mice of hepatocyte - Ameliorate hepatic oxidative stress and restore (Arai et al.,
strains of lactic  specific phosphate and tensin  glutathione levels. 2022)

acid bacteria.

homolog (PTEN) gene - Mitigate lobular inflammation and ppress the

knockout were supplemented expression of LPS receptor TLR4 gmbinflammatory
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Probiotics

Experimental model

Biological functions and mechanisms Reference

8) L. acidophilus

with the probiotic bacteria for
8-weels and40-weels
(fibrosis model). Probiotics
were administered with
drinking water (4 g/L, 1 10°

cfu/q).

C57BL/6J mice were fed a
high-fat diet for 1tweeks.
Then supgmented with the
probiotic bacteria (5 10°
cfu/day)andthe high-fat diet
concomitantly for another

week.

cytokines IL-:1b, TNF-U, and chemokine CCL2.

Alleviate hepatic injury by preventing hepatocyte
apoptosis.
- Reduce the induction of fibrosis by downregulating t|

expressions of TIMPL andU-SMA.

May prevent NAFLD progression to hepatocellular

carcinoma.

Reduce body weight, body fat content, and insulin  (Kang et al.,
resistance. 2022)

- Alleviate gut microbiota dysbiosis by increasing

bacteria richness and diversity. Reduce the
Firmicutes/Bacteroidetes ratio and tleundance of

endotoxins carryinggramnegative bacteria.

- Protect the guépithelial barrier function and reduce t|
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Probiotics Experimental model Biological functions and mechanisms Reference

TL4/NF-eB-mediatechepaticinflammation by
preventing LPS translocation.
9) L. acidophilus  Sprague Dawley rats were fec - Mitigate hepatic steatosis and injury by the activatior (Luo et al.,

tablet a highfat diet for6-weeks. thebile acid receptoFXR/FGF15 signiing pathway. 2021)
Then, the rats were - Ameliorate gut microbiota dysbiosis by increasing
supplemented with the bacteria diversity and reducirige abundance of

probiotic tablet (312 mg/kg of  pathogenic bacteria.
body weight/day, 1 10’ cfu/g
of tablet) and higHat diet

concomitantly foi8-weels.

ACC, acetylCoA carboxylase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ATF6, activating transcription factor
6; ATGL, adipose triglyceride lipasd., Bifidobacterium cfu, colonyforming units; CHOP, CCAAJenhancebinding protein
homologous protein; CRTU carnitinepalmitoyktransferasel U DGAT1, diacylglycerol acyltransferase 1; FAS, fatty acid synthase;
FGF15, fibroblast growth factor 15; FXR, farnesoid X receptor; G&jlitamyl transferase; GRP58, glucose regulated pré&ekD;

HDL; high-density lipoprotein; IL, interleukin; IRE1 inositotrequiring enzymelU, L., Lactobacillus LDL, low-density lipoprotein;

LPS, lipopolysaccharides; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatds, MNi€lear factokappa
light-chainenhancer of activated B celR., PediococcusPPARU, peroxisome proliferateactivated receptelt SCD-1, stearoyiCoA
desaturase 1; SREBE sterol regulatory element binding prot&énTIMP-1, tissue inhibitor of methproteinasel; TLR, toll-like
receptors; TNFJ, tumor necrosis factdt XBP-1, X-box binding protein 1{-SMA, U-smooth muscle actin.



1.4 PAC-MEDIATED MECHANISMS FOR NAFLD RISK REDUCTION
Supplementation with PAC is beneficialremuce the risk of NAFLD and alleviate
thesymptoms in NAFLD patientdable 1.2) Oral administration of the PAC can mitigate
hyperlipidemia in NAFLDpatientstogether withhepatic injury(Mojiri -Forushani et al.,
2022) Many of the PA@mediated benét in NAFLD are associated with the potential of
PAC to rgulate hepatic energy metabolighAC can mitigaténsulin resistancen HepG2
cells by activating the phosphoinositid&iBase (PI3K)/protein kinase B (AKT) pathway.
Activation of the PI3K/AKT signding by PAC is suggestedo be achieved by the
upregulation ofmicroRNA (miR)}29a,miR-122 andmiR-423(Wang et al., 2022)n oleic
acidoverloadedHepG2 cellsPAC can reduce the expressions of lipogenic SREBRd
ACC enzymetogether with theholesterol synthesesnzyme3-hydroxy-3-methylglutaryl
coenzyme A (HMGCoA) reductasePAC mediats these metabolic functionsy the
activation of AMPKenergy metabolismpathway (Zhang et al., 2017The ability of PAC
to mitigate NAFLD pathogenesis had been demonstratedierinduced obesity and
NAFLD murine models. PAGupplementation can significantly reduce hepatic steatosis
by reducing the DN and lipid storage and promoting FAb-oxidation PAC can
significantly reduce the expressions of Didtomoting mediators such as SREBE®
ChREBP,andACC (Feldman et al., 20237 he potential of PAC to mitigateepatic lipid
accumulation islemonstrated by the downregulated expressions of the PR3 et al.,
2022)andthe lipid droplés associatefdroteins fat-specific protein 27KSP27, perilipins,
andadipophilin(Yogalakshmi et al., 2013)\Iso, PAC canincreasehe FAb-oxidation by
upregulating the expressions BPARU CPT1, and PPAR coactivatorlU (PGG1U)

(Feldman et al., 2023Moreover, PAOmayreduce lipid accumulation in the hepatocytes
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by activating the transcription factor EB (TFEB). TFEB is a master regulator of lysosomal
biogenesis Activation of the TFEB induces lipid degradation througle lysosomal
pathway(Su et al., 2018)

PAC supplementation can be beneficial to prevent the progression of simple
steatosis to NASH. ERtressand oxidative stress act as the primary drivers of NAFLD
progression.Supplementation with the PAC can significantly reduce HR&diated
hepatic assault by alleviating ER stre€Sun et al., 2022)In obese rats, PAC
supplementation mitigated the UPR by downregulating the mRNA expressions of ATF6
and CHOP. Moreover, PA@nelioratedliver injury by reducing hepatocyte apoptosis
through theupregulation ofantiapoptoticB-cell lymphoma 2 BCL-2) expressionThese
beneficial effects are believed to be mediated by the activatitimed¥/nt-3ab-catenin
signdling pathway(Sun et al., 2022)Cellular ER stress can promote oxidative stress
through mitochondria dysfunctidiKim et al., 2018)PAC are natural antioxidants that can
relieve hepatic oxidative stress by scavenging the ROSgretoxide anion radica{Su
et al., 2018)Also, the potential of PAC to increase the geneticregpion and activity of
the antioxidant enzymes, glutathione peroxidase (GPx), catalase (CAT), and superoxide
dismutase (SOD) ibeneficial to mitigate the hepatic oxidative str@gsghe NAFLD
(Feldman et al., 2023; Su et al., 20I8)esustainedepatic injuryinduces the production
of proinflammatory cytokinesMultiple studies had demonstrated theility of PAC to
reducethe production of proinflammatory cytokines such adfl_IL-6, and TNFU(Sun
et al., 2022)

The potential of PAC to ameliorate adipose tissue inflammation is beneficial to

reduce the risk of NAFLD. In mice fed with an HFD, PAC could significantly reduce the
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production of the proinflammatory cytokines in the white adipose tissue and prevent
adipokne dyshomeostasis. PAC could increase the blood serum level of adiponectin and
decrease the level of lept{fy. Zhang et al., 2022)Adiponectin is known to mitigate
hepatic inflammation, oxidative stress, and fibrogtelyzos et al., 2009)Similarly,
reduction of the leptin level can mitigate hepatic inflammation and-M8@iated hepatic
fibrosis (Petrescu et al., 202ZJhe potential of PAC to mitigate NAFLD progsésn to
hepatic fibrosis had beedemonstrated in rats induced for liver damage by 4CCl
administration(Amer et al., 2022)The ability of PAC to downregulate the expressions of
collagenl, USMA, and TIMRL1 in the HSC is beneficial to prevent hepatic fibrosis by
inhibiting excessive ECM secreh. PAC may reduce the excessive ECM secretion from
the HSC by inhibiting the PISK/AKT, MAPK, and N&B signalling cascadddiang et al.,
2017)

Gut microbiota dysbiosis plays a critical role in the pathogenesis and progression
of NAFLD (Sankararaman et al., 282 PAC can mitigate HFEnduced gut microbiota
dysbiosis by reducing the abundanceFafmicutes and increasing the abundance of
BacteroidetesAlso, PAC increases the production of SCFA such as propionic and butyric
acids by increasing the abundan€¢&GFA-producingbacteria(Xiao et al., 202Q)SCFA
are beneficial to reduce hepatic inflammation and fibr@siki et al., 2021) Furthermore,

PAC administration can activate the FXR signalling cascade by modulating gut microbiota
mediated bile acids metabohgWu et al., 2022)Activation of the FXR signalling inhibits
the hepatic DNL by downregulating the expression of SREB®Vatanabe et al., 2004)
Moreover, PAC protects the gapithelial barrier function during HFihduced dysbiosis

by upregulating the expressionsTaf proteinszonula occludeng (ZO-1) and occludin.
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Therefore, PAC reduces the translocation of gut microldetaved LPS into the
bloodstream(Y. Zhang et al., 2022and the subsequent activation of the kR&diated
hepatic inflammatory resmse(Hamesch et al., 2015Jhe potential of PAC to modulate

lipid metabolism, ER stress, oxidative stress, inflammatory response, and gut microbiota

is beneficial to migate the risk of NAFLD pathogenesis and progression.
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Table 1.2.Proanthocyanidimediated functions and mechanisms to reduce the NAFLD risk.

Experimental model Biological functions and mechanisms Reference
1) Supplementation of NAFLD - Ameliorate hyperlipidemia by reducing triglyceride, LDL, and (Mojiri -
patients with PA@ich grape seed cholesterol levels, and increasing HDL lexvel Forushani et
extract (200 mg twice per day) for - Reduce the fasting blood sugar level. al., 2022)

2-montls.

Mitigate hepatic injury (as depicted by the low ALT and AST levels)

2) C57BL/6 mice were supplemente

Reduce hepatic lipogenesis by downregulating the expression of  (Feldman et
with the cranberry PAC (200 SERBR1c, ChREBP, and FAS. al., 2023)
mg/kg bw/day) andraHFHSdiet - Promote hepatic FA oxidation lmpregulating the expressions@PT-
concomitantly for 12veels. 1, PPARU, and PGGLU
- Mitigate hepatic inflammation by supprasgNF-aB mediated
productionof proinflammatory TNFUand COX2.
- Alleviate oxidative stress by upregulating the expressions of GPX, ¢

and Nf2.



Experimental model Biological functions and mechanisms Reference

3) Wistar rats induced for NAFLD by - Reduce hepatic steatosis by downregulating the expressions of lipc (Yogalakshmi
feeding with a HFHFdiet for 30 SREBRI1c and the lipid droplet proteins, FSP27lgens, and et al., 2013)
days were supplemented with gra  adipophilin.
seed PAC (100 mg/kg bw/day) foi - Promote FA oxidation by upregulating the expression of REAR
another 15days concomitantly - Reduce cholesterol synthesis by downregulating the expresdioa of
with the HFHFdiet. HMG-CoA reductase enzyme.

4) Sprague Dawley rats were fed wil - Mitigate hepatic steatosis by downregulating the expression of PP2 (Sun et al.,
an HFD for 8-weeksto induce - Alleviate ER stress response (the UPR) by downregulating the 2022)
obesity. The mice were expressions of ATF6 and CHOP at the mRNA level.
supplemented with grape seed P, - Reduce apoptosismediatechepatic injury byupregulating the
(500 mg/kg bw/day) and HFD expression oantiapoptotilBCL-2.
concomitantly fod-weeks. - Alleviate hepatic inflammation by downregulating the expressions ¢

IL-16 and TNFU.



Experimental model Biological functions and mebanisms Reference
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5) HepG2 and LO2 liver cells were - Promote hepatic lipid degradation by activating the THadliated (Su et al.,
exposed to a mixture of oleic and lysosomal pathway. 2018)
palmitic acids (0.2 mM for 24 h) - Mitigate hepatic oxidative stress by scavenging ROS and superoxic
and treated with procyanidin B2 anion redials, protecting the mitochondria membrane potential,

(2.57 10 pg/mL for 24 h). preventing glutathione depletion, and increasing the activity of GPx

SOD, and CAT antioxidant enzymes.

C57BL/6 mice were fed withra - May reduce hepaticeatosis by restoring hepatic TFEB expression &
HFD for 10weeksto induce subsequent lipid degradation thelysosomal pathway.
obesity. Then, mice were - Mitigate hepatic steatosis by reducing the expressions of RPAR

administered vth procyanidin B2 C/EBRUJ, and SREBPLc.

(50 and 150 mg/kg bw/day) and - Alleviate hepatic oxidativetressdy increasing the activity @&PX,
fed with the HFD concomitantly SOD, and CAT.

for 10-weels. - Mitigate hepatic inflammation byeducing the production of

proinflammatory cytokines, H6 and TNFU



Experimental model Biological functions and mechanisms Reference

99

6) An LPS-injected mouse model to - Improve the gut microbiota by increasing bacteria richness and (Wu et al.,
evaluate intestinal inflammation. diversity. 2022)
C57BL/6 mice were supplemente - Increase the mRNA expressions of Hile acid receptor FXR and its
with grape seed PAC (250 mg/kg targets FGF15 and SHP by modulating the gut microbraediated bile
bw/day) for 20 days. acid metabolism.

7) C57BL/6 mice were fed withra - Increase the activity dfepatic antioxidant enzymes CAT and SOD. (Xiao et al.,
HFD containing procyanidin B2 - Improve gut microbiota by reducing the abundanceiiwhicutesand 2020)
(0.2%w:w) for 8-weels. increasing the abundanceR¥dcteroidetes

- Promote the production of SCFA, propionic and butyric acids by the
microbiota.

8) C56BL/6J mice were fed wittma - Mitigate hepatic lipid accumulation by downregulating the expressic (Y. Zhang et
HFD and administered with PAC  of lipogenic SREBPLc, ACC, and FAS. al., 2022)
isolated from bayberry leaves (10 - Increase FA oxidation by upregulating the expressions of PBARI

mg/kg bw/day) for 8veels. CPT-1.
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Experimental model Biological functions and mechanisms Reference

- Increase the blood serum concentration of adiponectin and reduce
concentration of leptin.

- Protect gutepithelial barrier function in the ileum and colon by
upregulating the expressionstifht junction proteis, ZO-1 and
occludin.

- Reduce the level of circulating LPS and the production of
proinflammatory cytokines, H6 and TNFU, in theliver and white

adipose tissue.

ACC, acetylCoA carboxylase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ATF6, activating transcription factor
6; BCL-2, B-cell ymphoma 2; bw, body weight; C/EBP CCAAT-enhancebinding proteinl CAT, catalase; CHOP, C/EBP
homologous protein; ChREBP, carbohydrate response eldrimetihg protein; COX2, cycloogenas@; CPT-1, carnitinepalmitoyt
transferasel; ER, endoplasmic tieulum; FA, fatty acids; FAS, fatty acid synthase; FGF15, fibroblast growth factor 15; FSP27, fat
specific protein 27; FXR, farnesoid X receptor; GPx, glutathione peroxidase; HDEdéigdity lipoprotein; HFD, higifat diet; HFHF,
high-fat and highsucrse; HFHS, higHat and highsucrose; HMGCo0A, 3-hydroxy-3-methylglutaryl coenzyme A; IL, interleukin;
LDL, low-density lipoprotein; LPS, lipopolysaccharides; NAFLD, nonalcoholic fatty liver disease; Nrf2, nuclear factor erythroid 2
related factor 2; PAC,rpanthocyanidins; PGQU, PPAR2 coactivatorlU PPAR Peroxisome proliferateactivated receptor; ROS,
reactive oxygen species; SCFA, shdmin fatty acids; SHP, small heterodimer partner; SOD, superoxide dismutase;-$& EBfol
regulatory elementibding proteinlc; TFEB, transcription factor EB; TNB, tumor necrosis factdg, UPR, unfolded protein response;
Z0O-1, zonula occludens.



1.5, PAC-BASED SYNBIOTICS FOR NAFLD RISK REDUCTION

Traditionally, a mixture of probiotics and prebiotics with heablenefits was
considereda synbiotic. Recently, with emerging new knowledggnbiotics were re
defined agiamixture of live microorganisis) and substrate(sglectivelyutilized by host
microorganismshatc onf er s a he al t(8wabsenreial, RPOROJhug)the h e
new definition allows the use of nonconventional microorganisms and substrates to
develop synbioticsgiven thatthe health benefits andafetyfor use in intended hasare
establishedSynbiotics can be categorized into two groupg)ergistic synbiotigsand
complementary synbiotic¥he synergistic synbiotics are comprised of a substrate that can
be selectively utilized by microorganismsthre synbiotic mixture The keneficial health
effectsof the synergistic synbioticGre more prominent comparedth® administration of
the substrate anthe microorganisms separately. The complementary synbiaties
mixtures of already known probiotics and prebiotics that cadulate indigenous
microbiota todeliverhealth benefit¢§Swanson et al., 2020)

Most of the studies testirthe efficacy ofsynbiotics againddAFLD had utilized
carbohydrates such amilin andfructooligosaccharides (FOS) as Synbioticsubstrate.
The ability of inulin and FO®%ased synbiotics to ameliorate hepatic injury
(Bakhshimoghaddam et al., 2018)eatosis, inflammation, and fibrofisslamparast et al.,
2014; Mofidi et al., 2017had been demonstrated in the NAFLD patiefitse recent
findings on synbiotics he revealed the potential to utilize polyphenols sgmbiotic
substrategor NAFLD risk reduction.Administration of a querdm-based synbiotiof
Akkermansia muciniphilaad shown beneficial effects in an HF& NAFLD rat model.

Administration ofthis synbiotic significantly reduced hepatic steatosis by downregulating
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the expressios of lipogenicDGAT2 and C/EBP and upregulating the expression of FA
oxidation promoter PPARI. Moreover, this synbiotic may mitigate hepatic inflammation
by suppressing thexpression of proinflammatory cytokiiie-6. These beneficial effects
are attributable to the potential of quercdiased synbiotic to modulate gut microbiota
and bile acid metabolisifduarezFernandez et al., 2021)

Studies directly evaluating thmotential ofPAC-based synbiotics to mitigate the
risk of NAFLD are limited A synbiotic based othe PAC-rich grapes seedpowder(GSP)
and lactic acid bacteria isolated from kefir cosignificantly reduce theNAFLD risk in
an HFD-induced obesity mouse mod¢Cho et al.,, 2018; Kwon et al., 2019)
Supplementation with thi&SSP synbiotic significantly reduced the bodyeight gain
together witltheweights ofliver and adipose tissaé the mice while ameliorating insulin
resistance, glucosatolerance, angblasma lipid profile(Cho et al., 2018; Kwon et al.,
2019) Even thoughtheadministration of th&SPand probiotic bacteria separately could
depict similar activities in the mecthe superiority of synbiotic administratidvad been
demonstrated by the significaptiower level of liver damage markeAST in the blood
plasmaof mice(Kwon et al., 2019)Analysis of the hepatic gene expressions revealed that
GSP synbiotic can modulate cellular sighag) to mitigate the NAFLD risk. Most notably,
the GSP synbiotic had downregulated the expressions of INSIG2, -$Cahd SCD-3
genes that can regulate hepatic lipogenesiso, the G® synbiotic may ameliorate
NAFLD progressiorby downregulating the expr&asns of genes related to NB and
LPS inflammatory signiéng, and resolving thehepatic oxidative stres&kwon et al.,
2019) This reduction of hepatic inflammation may be attributablé¢opotential of GB

synbiotic to prevent endotoxemia by protecting the gut epithelial barrier function.
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Furthermore the ability of GSP synbiotic to modulate adipose tissue lipogenesis and
inflammatory response together with ®€FA (propionic acid production inthemice gut
can be beneficial to mitigate the risk of NAFL(Bho et al., 208). Moreover, beneficial
effects of the GB synbiotic correlatel with the increased richness the mice gut
microbiota andthe abundance ofAkkermansiamuciniphila and Nocardia coeliaca
bacteria(Seo et al., 2020)nterestingly, administration of the &X&lone demonstrated
similar activities at comparable levels except for the plasmadd8c¢entratiorfCho et al.,
2018; Kwon et al., 2019)Another synbiotic approachsing flavan3-ol-rich green tea
powder and.. plantarumhad reported beneficial effects against NAFLD in Hied mice.
This synbiotic approachkignificantly mitigatedinsulin resistancejver damage marker
ALT, andhepaticTG level (Axling et al., 2012) The expression of lipogenic enzymes
SREBR1c and PPAR hadalsobeen significantly downregulated in the mibtoreover

the synbiotic supplementatidmad improved adipose tissue functioas depicted by the
suppressed adiposity and blood plasma concentration of lagtimnistration of the green
tea powder alone depéd similar beneficial activities at comparable levels. However, the
synbiotic administratiorperformed better by suppressing the cholesterol synthesis and
hepatic inflammation as depicted by the downregulated mMRNA expressitresHiVG-
CoA reductase enzyme aptbinflammatory cytokind@NF-U, respectivelyAxling et al.,
2012) Development bthe PAGbasedsynbiotics maypresentnovel opportunitieso
reduce the NAFLD riskSupplementation with epigallocatechin gallate Bnfermentum
can significantly increase thexpression of nuclear factor erythroierédated factor 2
(Nrf2) in hepatocyte¢Sharma et al., 2019Activation of theNrf2 signaling in NAFLD

can prevenhepatic injury by resolving the oxidative stréghou et al., 2022PAC-based
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synbiotics maymitigate the risk of NAFLD by reducing the hepatic lipogenesis,
inflammation,andoxidative stressvhile regulating the adipose tissue functipmtecting
the gut epithelial barrier functigpandmodulating the gut microbiotddowever,further
studiesare required to boost the PAfobiotics synergistic activitieseneficialfor the
NAFLD risk reduction

Development of the PA®Gased synbiotics can be beneficial to further improve the
protective effects of PAC against NAFLDhe majority of dietaryPAC areoligomess and
polymess (Gu et al., 2004andther bioavailability is considerably loTao et al., 2019)
Most of the ingested PAC reach the colon anddergo biotransfornation into
valerolactonederivativesand simple phenolic acids by thelonic microbiota(Tao et al.,
2019) The beneficial effects of PAC on hepatic lipid metaboliand inflamméory
markerssignificantly depend on the biotransformation into simple metabolites by the gut
microbiota. In HFDfed mice, PAGmediated improvements to tirdlammabry markers
correlated with theconcentration ofprocyanidin A2 metabolites produced by thet
microbiota (Yang et al., 2021)Thus, biotransformation of the oligomeric and polymeric
PAC into absorbable metabolites may promote their potential to mitigate the risk of
NAFLD. Therefore, formulation of the synbiotics by combining PAC and probiotic
bacteriato biotransform PAC into bioavailable and bioactive metaboigea viable
strategy to increase the bioadiyvof PAC against NAFLD.The potential of probiotic
bacterial.. rhamnosugo biotransform cranberry PAG@ndthe antiproliferative effect of
resulting metabolites in the HepG2 liver cancer cells had been da&aedin vitro
(Rupasinghe et al., 201%loreover, PAGbased synbiotics may promote the bioactivities

of probiotic bacteria against NAELas PAC is capable of modulating the growth and
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metabolism of probiotic bacteri&ranberry PAC can increase the growthprobiotic
bacterial. plantarum Also, treatment with the PA€anmodulate the metabolism &f
plantarumto utilize FOS asubstrate nogenerally utilized by thé. plantarumbacteria
(Ozcan et al., 2021 onsidering the huge potential to deveRAC-based synbiotics for
NAFLD risk reduction, | initially developed an aqueous ethdrasled extractioprocess

to extract PAC suitable for foodnd nutraceuticahpplicatiors. Then, | investigated the
potential of probiotic bacteria to biotransfopmlymericPAC into bioavailable metabolites
in a C57BL/6 mouse modeAlso, | evaluated the safety giblymericPAC and pobiotic
bacteria supplementation in the mice. Even though, PAC is generally recognized as safe
for human consumptiofBano, 2017)PAC can depict antinutritional effe¢hong et al.,
2018)and digestive tract complicatiotisat compromise the gut epithelial barrier function
in animals (Li et al., 2020; Mbatha et al., 2002Moreover, probiotic bacteria of
Lactobacillusand Enterococcusan become opportunistic pathogéisawczyk et al.,
2021; Rossi et al., 2019Therefore, | further investigated the potential to biotransform
PAC usingSaccharomyceserevisiaein vitro so thatthe adversehealth effect of the
polymeric PAC can be evadedhe mtential of the PAC biotransformed with tig
cerevisiaeto mitigate steatosis and steatosis progression to NASH was evalisaigd
palmitic acid and LPsduced AML12 normal mouse hepatocyte celld®is. Palmitic
acidinduced cellular lipotoxicity is governed by multiple mechanismalmitic acid
favours cellular lipid accumulation bypregulating the expressionéf transporters such
as CD36 and DNL promoters, SRERPSCD1, and PPAR. Moreover,palmitic acid
can promote ER stress through calciomimbalance which may continue cellular assault

by increasing the activity of cytochrome P450 2E1 oxidative enzyme and inducing
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apoptosis (Nissar et al., 201%he current study is@ovelinvestigation of the potential to
developPAC-based synbioticsapable of NAFLD risk reduction. This study also presents
insights into the safety of PABased synbiotics consumption and a novel approach for the

synbioticsbasedNAFLD risk mitigation.

16. PROBLEM STATEMENT

NAFLD is themost common liver disease worldwide, currently affecting around
30% ofthe world populatiorandis predicted to impact more than 50% of the glaizhilt
population by 2040Despite the higiprevalence of NAFLIandthe continued increasa
new NAFLD casesadrugapproveduy the United States Food and Drug Administration
(FDA) is not available to mitigate the risk of NAFLD pathogenesis and progression.
Current NAFLD management strategies miity involve modificatiors to the dietary and
behaviaral patterns that promote legalorie diets and physical activitRecent findings
hadindicatedthe potential of bioactive phytochemicadéspeciallypolyphenoldo mitigate
the risk of NAFLD.PAC is the most abundant dietary polyphenol #redability of the
PACto reducehe risk of NAFLDhad been demonstrateda fewstudieqTable 1.2)The
majority of dietary PAC are oligomeendpolymerswith alimited bioavailability. Thus,
thebioactivities of the PAC oligomers and polymers depend on the biotransformation into
bioavailable metabolites by the gut microbid#mwever, the ability of gut microbiota to
biotransform PAColigomers and polymers Isw, and the biotransformation efficiency
greatly varies between individualBherefore the combination of the PA®ligomers and
polymerswith probiotic microbesmay bea viable strategy to biotransform PAC into
bioactive and bioavailable metabolitéSince supplementation with probioscis also

beneficial for the mitigation of NAFLD (Table 1.1)uch synbiotic formulations may
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promote the bioactivities of PAC and probiotic bacteria synergistically against NAFLD.
However, current knowledge on the probiottiegpable of PAC biotransformation and the
bioactivities of the resulting metabolites against the NAKIDnited. Also, it is important

to experimentith novel synbiotic approaches suchbastransformation of PA®efore
theadministrationto improve the bioactivities of the PAC and probiotics synergistically.
Moreover,studies evaluatinthe safety oPAC-basedsynbioticsare extremely scarcé

is important to identify sources of PAC thate of low economical significance and
abundantlyavailable to extract the PAC required fbe formulation ofsynbiotics.Also,
efficient PAC extraction methodkat usenontoxic extraction solventsiust be explored

to obtainfood and nutraceuticajrade PACor the development of synbioticBhe current
doctoral thesigsesearch is dedicated filling these fundamental knowledge gaps a&nd
expected to be thé&undationfor novel approadts to NAFLD management byhe

administration oPAC-basedsynbiotics.

1.7. RESEARCH HYPOTHESIS

Probiotic microbes can biotransform grape seed {8} oligomers and polymers
into bioavailable and bioactive metabolites capable of reducingskef NAFLD and
NASH in experimental modelSupplementation with theS-PAC and probiotics is safe

and does not confer negative health effecesxperimental mice

1.7.1 Overall objective
To investigate the potentialf developng a PAGbased synbiotic by combining
GSPAC and probiotic microbes to mitigate the risk WAFLD pathogenesis and

progression to NASHisingin vitro andin vivo experimental models.
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1.7.2. Specific objectives
Chapter 2Developmenbf an agueousthanolbased GS?AC extraction method.

A To developand optimizean aqueougthanolbased extractioprocesdor food-

grade GSPAC.

A To evaluate the bioactivity of extracted ®8.C against NAFLDN vitro.

A To identify by-products of wine production as a soufeePAC extraction.
Chapter 3Probiotic bacteri@an biotransfornpolymeric GSPAC into simple and
bioavailable metabolites in C57BL/6 mice.

A To evaluate the potential of commprobiotic bacteriao biotransformpolymeric

GSPAC intobioavailable metabolites in C57BL/6 mice.

A To evaluate the effects pfobiotic bacteriandpolymericGS-PAC

supplementation otihe natural gut microbiota of C57BL/6 mice.

A To evaluate the effects pfobiotic bacteriandpolymeric GSPAC

supplementation otiheliver health of C57BL/6 mice.
Chapter 4 Saccharomyceserevisiaecan biotransfornoligomeric and polymeric GS
PAC into bioavailablenetabolites capable of reducing the risk of NAFLD.

A To evaluate the potential &f cerevisiaeo biotransformoligomeric and

polymeric GSPAC into bioavailable metabolites.

A Toinvestigatehe ability of PAC metabolites generated®yerevisiaeo

ameliorateNAFLD pathogenesiandprogression ttNASH in vitro.
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CHAPTER 2. OPTIMIZATION OF THE EXTRACTION OF
PROANTHOCYANIDINS FROM GRAPE SEEDS USING ULTRASONICATION -
ASSISTED AQUEOUS ETHANOL AND EVALUATION OF ANTI -STEATOSIS
ACTIVITY IN VITRO

The data presented in this chapter have been published inepesved article.

Thilakarathna, W.P.D.W., Rupasinghe N/P.2022. Optimization of the extraction of
proanthocyanidins from grape seeds using ultrasonicassisted aqueous ethanol and
evaluation of antsteatosis activityin vitro. Molecules 27 (4), 1363. https://doi.org/

10.3390/molecules27041363
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2.1. ABSTRACT

Conventional extraction methods mfoanthocyanidins (PAC) are based on toxic organic
solvents, which can raise concerns about the use of extracts in supplemented food and
nutraceuticals. Thus, a PAC extraction method was developed for grape seeds (GS) and
grape seed powder using fegthdeethanol by optimizing the extraction conditions to
generate the maximum yield of PAC. Extraction parameters, % ethanol, solvent:solid (s:s)
ratio, sonication time, and temperature were optimized by the central composite design of
the response surface meth The yields of PAC under different extraction conditions were
guantified by the methydellulose precipitable tannin assay. The final optimum conditions
were 47% ethanol, 10:1 s:s ratiev), 53 min sonication time, and 60 °C extraction
temperature. Hjh-performance liquid chromatography analysis revealed the presence of
catechin, procyanidin B2, oligomeric and polymeric PAC in the grape - seed
proanthocyanidin extracts (&@%AC). GSPAC significantly reduced reactive oxygen
species and lipid accumulatiamthe palmiticacidinduced mouse hepatocytes (AML12)
model of steatosis. About 50% of the PAC of the GS was found to be retained in the by
product of wine fermentation. Therefore, the developed etHzas®d extraction method

is suitable to produce PAfich functional ingredients from grape-pyoducts to be used

in supplemented food and nutraceuticals.

Keywords: steatosis; flavonoids; grapes; -psoducts; green extraction; condensed

tannins; ultrasonication
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2.2 INTRODUCTION

Proanthocyanidins (PAC), also known as condensed tannins, are the oligomers or
polymers of flavarB-ol molecules linked together through interflavan linkages.
Oligomeric and polymeric PAC predominantly consist of catechin and epicatechin
monomers(Symma and Hensel, 2021Monomers of gallocatechin, epigallocatechin,
afzelechin, and epiafzelechin are also present in the molecular structure of sorf@WPAC
and Gu, 2014)PAC are ubiquitously found in plabased food, including berries, nuts,
caeals, beans, and their produ¢®&meriglo et al., 2017) PAC can be used as a food
additive to impart astringency, microbial stability, foamability, oxidative stability, and heat
stability to food productéRauf et al., 2019)

The interest in PAC has considerably increased over time with the discovery of the
potential beneficial physiological function of PARodriguezPérez et al., 2019; Unusan,
2020) PAC are excellent antioxidant and anflammatory molecule$¢CadizGurrea et
al., 2017)capable of influencing celligndling pathwayqLee et al., 2017)The potential
of PAC to alleviate chronimetabolic diseases has been shown by a number of studies.
Supplementation of PAC has reduced obesity and obasstyciated complications by
improving the blood lipid profiléZhou et al., 2017)intestinal micoflora (Morissette et
al., 2020) and interfering adipogenegighang et al., 2017However, the potential of PAC
ingestion to reduce body weight is still controverfliah et al., 2020) The ability of PAC
to improve vascular endothelial function and improve blood lipid profile by reducing
triglyceride and lowdensity lipoproten cholesterol levels is beneficial in reducing the risk
of hypertension and cardiovascular diseafé¢snes et al., 2016)PAC also depict

anticancer properties, especially in colorectal cangeasindranathan et al., 201$AC
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can promote cancer cell dedq#taplum et al., 2018and inhibit angiogenesis and cancer
metastasigYang et al., 2017; Zhang et ,aR018) However, the bioavailability of
oligomeric and polymeric PAC depends on their bioconversion by the colonic microbiota.
The microbial metabolites of PAC are proven to possess anticancer properties
(Thilakarathna and Rupasinghe, 2Q1Bhe interdependency of PAC and bioconverting
microbes can open a new field of study to develop ®Aged synbiotics with health
benefits(Thilakarathna et al., 2018)

Grape seeds (GS) are an excellent source of PAC (around 35 mg/g dry(Geeds)
et al., 2004)and a widely available, underutilized -pyoduct of grape juice and wine
processing(Smeriglio et al.,, 2017) Grape seeg@roanthocyanidin (G®AC) is a
heterogeneous mixture of 80% monomers, 1i763% oligomers, andlli 39% polymers
(Ma and Zhang, 2017)A number of PAC isolation methods of GS, such as single and
multiple solvent extractions aided by ultrasound, microwave, enzymatic, anémuadh
treatment as well as liquid/liquid phase separation, have been refOaeadt al., 2018;
Chen et al., 2016, 2020; Fernandez et al.5201ltrasonication can be coupled with many
conventional PAC extraction methods to enhance extraction efficigRagjha et al.,
2021) When plant matrials are used as the source of bioactive, ultrasonication can be
applied to destroy the cell walls to enable better interaction of extraction solvents with
phytochemicals. Moreovethe application of ultrasonication has been proven to increase
extractio efficiency at low temperaturédnnegowda et al., 2012)vhich is significantly
important to prevent the thermal degradation of phytochem{édtismimi et al., 2017)
Many of the recently reported liquid/liqulaased proanthocyanidin extraction methods use

aqueous organic solutions (e.g., acetone, methanol, and ethanol) as thmexdohent
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(Dang et al., 2014; Ran &k, 2019; Zhao et al., 2021Jhese agueous twahase extraction
(ATPE) methods can use ionic liquids (salt solutions) to increase the efficiency of
proanthocyanidin extractigiiRan et al., 2019Despite the high extraction efficiencies and

low impact onthe environmentthe scalability of ATPE methods to a commercial level
remains controversial due to the complexity of phase separation procedures, solvent
recovery, and operational cogfrresAcosta et al., 2019 Bubcritical watefYan et al.,
2020)and supercritical CO2 extractigBa Porto et al., 2014hethods are also among the
tested PAC extraction methods. Ethyl acetate, acetone, hexane, methanol, ethanol, and
water are the most commonly used solvents to extract A et al., 2010; Liu, 2012)
However, ¢hanol is preferred over other solvents for the extraction of plant bioactives due
to its lesser toxicityLiu, 2012)and better extraction efficiency than wafim et al.,

2010) Therefore, extraction methods based on aqueous ethanol are advantageous to extract
PAC for appications in foods and nutraceuticals.

The objective of this study was to develop and optimize a PAC extraction method
using foodgrade ethanol as the extraction solvent to recover PAC from GS and grape seed
powder (GSP). Aqueous ethanol has been usedlincbaventionafLincheva et al., 2017)
and advanced PAC extraction methods, including supercritical fluid extra¢farRorto
et al., 2014)Extraction conditions such as temperature, together with the % ethanol, can
significantly affect the recovery of PA(@Beaver et al., 2020)Therefore, the PAC
extraction method for GS and GSP was optimized by @ecdmposite design (CCD) of
response surface method (RSM) for three initial extraction parameters: % ethanol,
extraction time, and solvent:solid (s:s) ratio. GS and GSP were originated from commercial

grape varieties ofitis vinifera, V. labruscg and hybrids of native American varieties with
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V. vinifera. GS and GSP from a mixture of grape varieties were used with the intention of
generalizing the new PAC extraction method for GS and GSP from different grape
varieties. Ultrasonication and heat wdater introduced to increase the efficiency of the
extraction process. The extracted-B&C were characterized by higlerformance liquid
chromatography (HPLC), and retention of biological activity was tested in a palmitic acid
induced steatosis cell meld We further analyzed the PAC content of different grape
varieties before and after fermentation in wine processing to determine the suitability of
wine by-products as a source of PAC extraction. Identification of suitable PAC extraction
sources and thelevelopment of foodompatible extraction methods can benefit the

development of functional foods and nutraceuticals enriched with PAC.

2.3 MATERIAL AND METHODS

2.3.1 Materials and chemicals

The GS and GSP used in this study were provided by the Royal Grapeseed, Milton,
NY, USA. Both the GS and GSP came from a mixture of commercial grape vanéties;
vinifera, V. labruscg and hybrids of native American species Witlvinifera. Grape mash
before and after fermentation in wine processing was provided by the Jost Vineyards,
Malagash, NS, Canada. Grape mashes from five different grape varieties, Triomphe
doAl sace, Leon Millot, Lucie Kuhl mann, Mar
study. Anhydrous ethanol (PO16EAAN) for PAC extraction was purchased from
Commercial Alcohols, Brampton, ON, Canada. Acetone (A18) for the conventional
extraction of PAC and isopropanol (BP2618) were purchased from Thermo Fisher
Scientific, Fair Lawn, NJ, USA.Dubecco6s Modi fi ed Eagl-e Medi

12 (DMEM:F12) cell culture medium (32006 TM) was purchased from American Type
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Culture Collection (ATCC®), Manassas, VA, USA. Pherailfree DMEM:F12 culture
medium (GibcoTM 21041025) was purchased fieisher Scientific, Saiataurent, QC,
Canada. Bovine serum albumin (BSA), catechin (C1251)j-&chlorofluorescein
diacetate (DCFDA, D6883), dexamethasone, dimethyl sulfoxide (DMSO), fetal bovine
serum (FBS), insuluransferrinselenium (ITS) liquid maia supplement (13146),
methylcellulose cP 1500 (MC, MO0387), Oil Red O stain (ORO, 00625),
paraformaldehyde, palmitic acid (P5585), peniciitreptomycin, phenazine
methosulphate (PMS), phosphdngffered saline (PBS), and procyanidin B2 (42157) were
purchased from MilliporeSigma, Oakville, ON, Canada. Oligomeric PAC from grape seeds
(1298219) was purchased from USP, Rockville, MD, USA, to use as a standard for HPLC
analysis. CellTiter 96® aqueous MTS reagent powder (G1111) was purchased from

Promega Compration, Madison, WI, USA.

2.3.2. Cell line and culture conditions

AML12 normal mouse liver cells were used in experiments for evaluating the
biological activity of extracted GBAC by means of their potential to reduce cellular ROS
generation and lipid amulation. AML12 cells (CR{2254TM) were purchased from
ATCC®, Manassas, VA, USA. DMEM:E2 cell culture medium was supplemented with
FBS (10%), dexamethasone (40 ng/mL), penic{i@ U/mL)streptomycin (5qug/mL),
and ITS liquid media supplement (10/pd., 5.5 pg/mL, and 5 ng/mL, respectively) to
prepare the complete growth medium. AML12 cells were cultured at 37 °C in a humidified
incubator with a 5% CO2 atmosphere. The cells were supplied with fresh, complete growth

media every 2 to 3 days and studtured at 80% confluence.
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2.3.3. Experimental design

The CCD of RSM was used to determine the optimal conditions of PAC extraction
using aqueous ethanol as the extraction solvent. The CCD consisted of 20 runs of
combinations of threeptimization parameters at the lexial, low, center, high, and high
axial levels. Initially, % ethanol in water, s:s rat\av), and extraction time (h) were
optimized (Table 2.1). The initial optimization approach resulted in a significantly long
extraction time and required a large volume of extraction solvent. To reduce the extraction
time and extraction solvent volume, ultrasonication combined with heating was introduced
into the extraction process. A second optimization was performed using a GQORuok
with three optimization parameters; temperature (°C), s:s rati)), (@nd sonication time
(min), similar to the initial optimization approach (Table 2.1). The CCD was generated and
analyzed using Minitab 18 (version 18.1) statistical softwareeterchine the optimal
conditions for the recovery of PAC from GS and GSP using aqueous ethanol as the

extraction solvent.

2.3.4. Extraction of PAC by aqueous ethanol

Prior to the extraction process, GS were cleaned by removing any debris and
damaged seed&S or GSP (1.0 g) were weighed into 50 mL plastic tubes. Anhydrous
ethanol was mixed with deionized (DI) water to prepare the ethasald extraction
solvent at different levels (0, 20.24, 50, 79.76, and 100 %), agreeing with the CCD. GS and
GSP were mixe with the ethanol extraction solvent (10, 16.07, 25, 33.92, or 40 mL) in 50
mL plastic tubes. The extraction process was performed for different periods (24, 62.86,
120, 177.14, or 216 h) while slowly shaking (50 rpm) the tubes at 20 °C. The optimum

condtions for the extraction process were statistically determined by the CCD of RSM.

84



A second PAC extraction was performed to reduce the extraction time and
extraction solvent volume by introducing ultrasonication and heating into the extraction
process. OnlyGS were used in this extraction process, as a large difference was not
observed between GS and GSP for the PAC yields and optimum conditions of the tested
parameters. Based on the first optimization approach, the ethanol level was set at 47%
during this gcond optimization. Similar to the first extraction, GS (1.0 g) was weighed
into 50 mL plastic tubes and mixed with different volumes of 47% ethanol in DI water (4,
5.62, 8, 10.38, or 12 mL). The extraction process was performed at different temperatures
(20, 28.1, 40, 51.9, or 60 °C) while ultrasonicating for 10, 20.12, 35, 49.88, or 60 min. The
optimum conditions for the extraction process were established by the CCD of RSM
statistical method. The accuracy of the predicted optimized parameters wasbtested
performing the extraction process at the optimum values generated by the CCD analysis.
The optimum conditions predicted by the CCD analysis were 47% ethanol, 10:1 s:s ratio
(v:w), 53 min of sonication time, arahextraction temperature of 60 °C. Thea@cy of
the predicted optimum values was evaluated by the MC precipitable tannin assay in three

individual experiments.

2.3.5. Conventional extraction of PAC

Conventional extraction of PAC was conducted as described by Rupasinghe et al.
(2019) (Rupasinghe et al., 2019ith modifications to compare witthe ethanebased
extraction method. Briefly, the extraction solvent was prepared by mixing acetone and
formic acid with DI water (70:0.1:29.9:v:v). The original extraction s:s ratio was
increased from 6:1 to 12:1 in order to match the optimum valtieechqueous ethanol

based extraction method. The extraction temperature was also increased to 60 °C. GS or
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GSP (1.0 g) mixed with the acetehased extraction solvent (12 mL) were sonicated for
30 min 3, with 10 min intervals in between to prevent t@perature from rising. This

extraction process was individually performed three times.

2.3.6. Quantification of PAC in extracts

PAC content in extracts was quantified by MC precipitable tannin assay modified
to high throughput 96vell format (Mercurio et al., 2007) All extracted samples were
initially filtered through coarse porous (R@5 pum) filter papers. The filtrates (only 1 mL)
were filtered again using 0.22 um nylon filters. Standard catechin solutiohs1(QD
pg/mL) were prepared in 50%gueousethanol. MC solution of 0.04% was prepared to
guantify the PAC in filtered extracts. Initially, 0.4 g of MC was slowly dissolved in 300
mL of DI water at 80 °C while magnetic stirring to prevent clumping. After completely
dissolving MC, 650 mL of iceold water (O 5 °C) was mixed with the hot MC solution.
We continued stirring iceold water into the MC solution for 40 min and ultrasonicated it
for 15 min. The final MC solution was marked up to 1 L in a volumetric flask.

To measure the PAC quantityQ0 pL of filtered extract or catechin standard was
mixed with 300 pL of MC solution, 200 pL of saturated (NE8Q% solution, and 400 pL
of DI water in 1.5 mL Eppendorf tubes. The controls were prepared for each extracted
sample and catechin standard by replacing the MC solution with an extra 300 pL of DI
water. Eppendorf tubes were centrifuged at 10,009 for 5 min,and the supernatants
were pipetted (200 pL/ well) into a Utransparent 98vell plate (Corning Incorporated,
Kennebunk, ME, USA) in triplicate. The absorbance of the wells was measured at 280 nm
(Infinite® M200 PRO, Tecan Trading AG, Mannedorf, Switzedlarand the absorbance

differences between extracts/catechin standards and respective controls were calculated. A

86



catechin standard curve was created by plotting the absorbance difference against catechin
concentration. PAC quantity in extracted samples walculated using the catechin

standard curve, and the results were expressed tataghin equivalenégsample

2.3.7. Purification of crude GS-PAC to generate a sugaifree fraction

Crude GSPAC was purified by flash chromatography to generate a$teg@PAC
extract. The sugéree fraction of GEPAC was used for HPLC analysis and AML12 cell
based experiments to evaluate biological activity. Initially, crude PAC was extracted from
GS under the optimized conditions (50 g in 500 mL of 47% ethanol er)v&art of the
PAC extract (300 mL) was loaded into a glass flash chromatography column46.&m,
Sati International Scientific Inc., Dorval, QC, Canada) packed with 400 g of Sorbent beads
(Sorbent SP2005 Sepabeads resin brominated styrenic adsgrBerbent Technologies,
Atlanta, GA, USA) and eluted with DI water until Brix value reached below 0.1% (no
sugars present in the elute). Then, PAC was eluted by using 80% acetone in water and
concentrated by rotary evaporation at 35 °C until the PACesdrate was free of acetone.
The crude GSPAC extract (200 mL) was also concentrated by rotary evaporation until the
PAC concentrate was free of ethanol. Concentrated PAC samples weredfiedZer 24

h and stored at 180 AC.

2.3.8. HPLC analysis of PACextracted by the ethanolbased optimized method

The composition of the sugéree GSPAC extract was determined by HPLC
analysis. Catechin (25 pg/mL), procyanidin B2 (25 pg/mL), and oligomeric PAC from
grape seeds (50 pg/mL) were dissolved in 80% ethanwhter to prepare the standards
for HPLC analysis. Sugdree GSPAC extract (200 pg/mL) was also dissolved in 80%

ethanol in water to inject into HPLC. All samples were syrifilgered through 0.22 pm
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filters before injectingtheminto the HPLC. The HPC system used for this analysis
consisted of a Waters 2695 separation module coupled with a Waters 2996 photodiode
array (PDA) detector (Waters, Milford, MA, USA) and equipped with an Xselect® HSS
C18 5 um column (4.6 150 mm, Waters, Milford, MA, USA)The HPLC separation

was performed by using 0.1% formic acid in water (solvent A) and acetonitrile (solvent B)
as the mobile phases at a floate of 0.7 mL/min. The HPLC run method was comprised

of linear and isocratic gradients of mobile phases, wherpraportion of acetonitrile (%
solvent B) was altered over timej 5.5% from Oi 45 min (linear), 15 80% from 45i

50 min (linear), 80% from 50 53 min (isocratic), and 5% from 5370 min (isocratic
recalibration). HPLC sample injection volume was|dQ and PDA detection was set to

280 nm wavelength.

2.3.9. Evaluation of the biological activity of extracted GSAC

The biological activity of extracted GBAC was evaluated by using the palmitic
acidinduced steatosis model of AML12 mouse liver cell$mitec acid was solubilized in
20% BSA in PBS as describbgl Zeng et al. (2020)Zeng et al., 202Qp produce a stock
solution of 10 mM. AML12 cells were treated with different concentrations of palmitic
acid (10i 750 uM) for 24 h, and the development of ROS and the cellular accumulation
of lipids were measured by DCFDA assayd ORO staining of cells, respectively. Cell
viability of AML12 cells under different concentrations of palmitic acid was determined
by MTS cell viability assay. A concentration of 200 uM of palmitic acid was selected for
further experiments consideringw toxicity to AML12 cells (> 90% cell viability) and
potential to promote ROS generation (142% compared to negative control) and cellular

lipid accumulation.
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2.3.9.1. Determination of toxicity of GBAC in AML12 cells

The toxicities of crude GBAC andpurified sugaifree GSPAC extracted by the
optimized extraction method were evaluated by the MTS cell viability assay. AML12 cells
were seeded in 9@ell plates at a density of 10,000 cells/well and incubated overnight
under normal culture conditions. Thecells were treated with different concentrations of
crude and sugdree GSPAC (17 1000 pg/mL) for 24 h. After treatment with PAC, 20
pL of MTS/PMS solution (MTS, 333 pg/mL and PMS, 25 uM of final concentration) was
added into wells and incubated f8rh at normal culture conditions. After incubation,
absorbance for each well was measured at 490 nm using a microplate reader (Infinite®
M200 PRO, Tecan Trading AG, Mannedorf, Switzerland). The absorbance values between
the PAC treatments and control wemmpared and expressed in percentages as an indirect

measurement of cell viability.

2.3.9.2. Evaluation of extracted GRC to alleviate palmitic acithduced ROS
generation

The potential of GE?AC obtained by optimized extraction methodnitigation of
palmitic acidinduced ROS generation in AML12 cells was studied by DCFDA assay. A
100 mM stock solution of DCFDA was prepared by dissolving DMSO. AML12 cells
were seeded in black 96ell plates for fluorescendeased assay at a densitiy 10,000
cells/well and incubated overnight under normal culture conditions. Then, cells were pre
treated with 10, 25, and 50 pg/mL concentrations of crude and-BegaSPAC for 24
h. After treatment with PAC, cellular ROS generation was induced pgsaxg cells to
200 pM palmitic acid diluted in complete DMEME culture medium for 24 h. A5 uM

working solution of DCFDA was prepared by diluting the stock solution in a complete
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DMEM:F-12 culture medium. AML 12 cells exposed to palmitic acid werelgarashed

with PBS, and 200 uL of DCFDA working solution was added to each well. After
incubation for 30 min under normal culture conditions, cells were gently washed with PBS
three times, and 200 pL of phenol fede DMEM:F12 culture medium was addedgach

well. The fluorescence of each well was measured at 485 nm (excitation)/ 535 nm
(emission) using a microplate reader (Infinite® M200 PRO, Tecan Trading AG,

Mannedorf, Switzetand).

2.3.9.3. Evaluation of extracted G\C to alleviate palmitic acithduced steatosis
vitro

The ability of crude and sugéiee GSPAC obtained by the optimized extraction
method to alleviate palmitiacidinduced steatosis in AML12 cells was studied by the
ORO staining of cellular lipids. AML12 cells were seeded-iwell plates at a density of
2.5 10 cells/well and incubated overnight under normal culture conditions. Then, cells
were treated with 10, 25, and 50 pug/mL concentrations of crude andfseg@SPAC
for 24 h and exposed to 200 pM palmitic acid dilutecemplete DMEM:F12 culture
medium to induce cellular lipid accumulation. A stock solution of ORO stain was prepared
by dissolving 60 mg of ORO powder in 20 mL of isopropanol. The stock solution was
mixed with DI water (3:2s:v) and syringdiltered throudn 0.22 uM filters to create the
ORO stain working solution. AML12 cells exposed to palmitic acid were gently washed
with PBS twice and fixed by incubating with 4% paraformaldehyde solution for 45 min at
room temperature (RT). After fixation, cells were tigmashed twice with DI water and
permeabilized by incubating with 60% isopropanol in DI water for 5 min at RT. Cellular

lipid was stained with ORO by incubating cells with ORO working solution for 15 min at
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RT. After staining, cells were gently washedhwDI water three times and incubated with
hematoxylin nuclear stain for 1 min at RT. Excess hematoxylin was removed by gently
washing the cells with DI water (3 times), and microscopic images {&0) of stained

cells were observed while cells were intseal in DI water. Palmitiacidinduced lipid
accumulation in cells was indirectly measured by quantifying ORO stain retention in cells.
To quantify cellular retention of ORO stain in AML12 cells, first, the plate wells were
washed three times with 60% gopanol in DI water. Then, the ORO stain in the cells

was extracted by using 1 mL of 100% isopropanol and slowly rocking\tvedl gplate for

5 min. The ORO stain concentrations in isopropanol extracts were expressed as absorbance

values at 492 nm.

2.3.10 Extraction of PAC from grape mashes before and after fermentation

PAC retention in grape mashes after fermentation for wine production was
measured to determine the suitability of winedmgducts as a source of PAC extraction.
The mashes before fermetiva@ consisted of grape skin, flesh, stems, and seeds. After the
fermentation process, only grape seeds and skin were available asptuelbgts. Five
di fferent grape varieties, Triomphe doAIl sa
and Baco Noir, wee tested in this study for the retention of PAC after fermentation. Grape
mashes before and after fermentation of wine processing were-theedefor 48 h.
Freezedried samples were ground into a fine powder, and PAC was extracted by the
optimized PAC gtraction method. Briefly, 1 g of powdered grape mash was mixed with
10 mL of 47%aqueousethanol and ultrasonicated for 53 min at 60 °C. Extracted PAC

guantity was measured by the MC precipitable tannin assay.
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2.3.11. Statistical analysis

Statistical analysis was conducted as previously described by Chen et al. (2020)
(Chen et al., 2B0). Optimum conditions for extracting the maximum yield of PAC from
GS and GSP were determined by CCD of RSM with 20 runs. Normal distribution and
constant variance of the error terms were established by normal probability plots and
residual versus fit plots. The independence was assumed by the randomization of run
order. A seconarder polynomial model was used to describe the variation of the response
variable (PAC vyield) by the independent variables (extraction parameters), and the
regression coeffients were calculated.
Y 3+ Db+ e+ e+ 12KiP+ KA+ PHP+ afbXiXo+ iBXiXs+ oHaX2X3
Y is the PAICs yti led d¢ @ i shiydmnthé regression coefficients of
l'inear efid ¢btadfarrdnst;heb quadr atbp cibhe fadfdc th t er
are the interaction effect termsj, X2, and X are the three extraction parameters tested.

The adequacy of the model wasfiomed by the nossignificant lack of fit (p >
0.05). The significance of each term (extraction parameter) was tested by analysis of
variance (ANOVA), and contour plots were constructed. The optimum condition of each
parameter to extract the maximum contef PAC was determined by the response
optimizer. The mean PAC content of different PAC extracts was compared by thaypne
ANOVA at 0.05 significance level. The differences in mean % cell viabilities, cellular ROS
generation, cellular lipid accumulatipand PAC quantities in the grape mash before and
after fermentation were also tested by the-aag ANOVA at a 0.05 significance level.
The CCD generation and all statistical analyses were performed by Minitab® statistical

software (version 18.1).

92



2.4. RESULTS

2.4.1. Response surface models

A CCD of response surface malieg with 20 runs was used to optimize the PAC
extraction from GS and GSP using aqueous ethanol as the extraction solvent. Initially, three
extraction parameters: % ethanol, extractiometi(h), and s:s ratiosfw) were optimized.

PAC yields extractable under combinations ofHaxial, low, center, high, and higixial

levels of these parameters were determined by the MC precipitable tannin assay (Table
2.2). The experimental PAC yields reefitted to a secondrder polynomial response
surface model, and the significance of the model components was tested by analysis of
variance (ANOVA) (Table 2.3). The response surface models were excellent in describing
the variation of PAC yields with éhthree extraction parameters. Both GS and GSP models
were nonsignificant p > 0.05) for lackof-fit (0.299 and 0.736, respectively). The adjusted

R? for GS and GSP models were 97.38% and 99.89%, respectively.

A second optimization was performed by intnothg heat and ultrasonication to
reduce the extraction time and volume of 47% aqueous ethanol. Only the GS was selected
for the second optimization as optimum conditions and predicted yields were almost
similar for GS and GSP. Similar to the first optiatibn approach, PAC yields extractable
under different combinations of extraction parameters; temperature (°C), s:s/najio (
and sonication time (min) were determined (Table 2.4). A seoohet polynomial model
well described the variation of PAC yilsl by the extraction parameters. The {atkit

(0.182) of the model was not significant, and the adjusteslaR 99.08% (Table 2.5).
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2.4.2. Optimization of the aqueous ethandbased PAC extraction conditions

2.4.2.1. First extraction approach

Contour plots (Fig. 2.1 and Fig. 2.2) were created to study the influence of selected
extraction parameters on the PAC yield. In both GS and GSP extraction optimizations,
extraction parameters showed a significant influence on the extractable PAC yadler Hi
guantities of PAC were extractable from GS (> 14.6 mg catechin equivalence/g fresh
weight [mg CE/g FW]) and GSP (> 12.8 mg CE/g FW) when the % ethanol was around
50%. Interestingly, PAC yield significantly dropped at higher % ethanol (Fig. 2.1a, b, d,
and e). The PAC extraction time was slightly shorter for GSP compared to the GS (Fig.
2.1a and d). The PAC yield continued to increase with the s:s ratio, suggesting the need to
use higher volumes of aqueous ethanol in future extraction attempts (Bigc,21and f).
The extraction conditions were optimized by creating optimization plots with a focus to
maximize the PAC yield (Fig. 2.2). Optimization of the extraction process for GS predicted
a maximum PAC vyield of 16.1 mg CE/g FW (Fig. 2.2a). Optimaxtraction conditions
were 47% of ethanol, 150 h of extraction time, and an s:s ratio of:v{. Optimum
extraction conditions for GSP were closely similar to the GS. A maximum PAC yield of
15.3 mg CE/g FW was predicted for GSP when the extraction comglivere tuned to
47% of ethanol, 142.6 h of extraction time, and an s:s ratio of ¥} (Fig. 2.2b). The
contour plots and the optimization plots suggest an s:s ratio ovenvA9)Xd achieve the
maximum yield of PAC. Thus, further incrementatidntlte s:s ratio may increase the

extractable PAC yield, and the real optimum s:s ratio may be higher tharv40):1 (
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2.4.2.2. Second extraction approach

The initial extraction process was considered inefficient and resource intense. The
extraction processequired a large volume of aqueous ethanol (40 mL/g FW), and the
extraction time was six days long. Therefore, a second extraction approach was attempted
to reduce the extraction time and s:s ratio by introducing heat and ultrasonication to the
extractionprocess. Previously optimized ethanol (47%) was used for the extraction
process. Only GS was used in this optimization attempt, considering the similarity of
predicted yields and optimum conditions for GS and GSP in the initial extraction processes.
The tested extraction parameters, temperature, s:s ratio, and ultrasonication time
significantly influenced the PAC yield of GS (Fig. 2.3a). The predicted PAC yield (26.6
mg CE/g FW) was considerably higher compared to the first extraction approach. The PAC
yield continued to increase with the increasing temperature, suggesting the possibility of
using higher temperatures to increase the PAC yield (Fig. 2.3, ai and aii). The s:s ratio and
the extraction time were considerably lower compared to the first Batragpproach.
Optimization plots were created to identify the optimum extraction conditions to obtain the
highest yield of PAC (Fig. 2.3b). Optimum conditions to extract PAC from GS were a
temperature of 60 °Cnas:s ratio of 10.14 (v:w), and an ultrasnication time of 53 min.
The predictable PAC yield was 26.6 mg CE/g FW. The optimum temperature of 60 °C is
the highest temperature tested in this extraction process. Considering the optimization plots
and contour plots, more PAC could be extracted apéeatures higher than 60 °C.
However, temperatures over 60 °C were not tested, considering the negative effect of high

temperatures on the stability of PAC.
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2.4.3. Evaluation of the predicted PAC yield and comparison with acetorigased
extraction method

Optimum conditions of the extraction parameters were tested to compare the PAC
yield predicted in the second extraction approach. Under the optimum extraction
conditions, 25.3 + 1.26 mg CE/g FW of PAC, compared to the predicted value of 26.6 mg
CE/g FW, waextracted from GS. The extracted PAC yield was not considerably different
from that of the predicted PAC yield. The extracted PAC yield was significantly higher
compared to the aqueous acettmased extraction method. The PAC yield from the

acetonebased gtraction of GS was 9.15 + 0.20 mg CE/g FW.

2.4.4. HPLC analysis of the sugafree fraction of extracted PAC

The sugaffree fraction of the G®AC extracted by the optimized method was
analyzed by HPLC to determine the monomeric, oligomeric, and polyc@@riposition.
The HPLC chromatogram of sugliee GSPAC was compared with catechin (monomeric
PAC), procyanidin B2 (dimeric PAC), and a ®&C oligomeric standard (Fig. 2.4). The
sugarfree fraction of GEPAC was comprised of peaks for catechin (20 mirg¢yanidin
B2 (26 min), and oligomeric PAC (B33 min). Several peaks from &8 min were
detected that might be attributed to polymeric PAC. The optimized aqueous dihsed|
PAC extraction method is suitable for extracting-B&C ranging from monomen®

polymers.

2.4.5. Biological activity of GSPAC extracted by the optimized method in palmitic
acid-induced steatosis model of AML12 cells
Initially, nontoxic concentrations of crude and suffae GSPAC extracts were

determined by the MTS cell viabiitassay (Fig. 2.5). The crude &C extract showed
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a considerable reduction in cell viability (<75%) at concentrations over 50 pg/mL. The
sugarfree GSPAC extract depicted higher toxicity in AML12 cells compared to the crude
extract. Concentrations oveb pug/mL of sugafree GSPAC extract reduced the % cell
viability below 50%. Based on these results, 10, 25, and 50 pg/mL concentrations of crude
and sugafree GSPAC extracts were selected to determine biological activity.

Palmitic acidinduced AML12 cHs were used to assess the extracts for the
reduction of cellular reactive oxygen species (ROS) generation and cellular lipid
accumulation, which mimic steatosis. The ROS generation in AML12 cells was measured
by the DCFDA cellular ROS detection assayy(FR2.6). Exposure to palmitic acid (200
p1M) alone (the experimental model) significantly increased the cellular ROS generation in
AML12 cells. Both crude and sughee GSPAC extracts significantly reduced the
palmitic acidinduced ROS generation by%Q 20%. In crude G®AC-treated AML12
cells,thereduction of ROS generation was daependent. Interestingly, 25 and 50 pg/mL
concentrations were equally effective in the reduction of cellular ROS generation. The 10
and 25 pg/mL concentrations of sudere GSPAC were similarly effective in reducing
cellular ROS generation (by 20%). The highest ROS suppression was observed for 50
png/mL concentration of the sughee GSPAC extract. However, this additional ROS
reduction may be attributed to the loss a@thle cells, as 50 pg/mL of sugiiee GSPAC
was toxic to AML12 cells.

Cellular lipid accumulation in AML12 cells was visualized and measured by ORO
staining of the cells (Fig. 2.7). Both crude and stgse GSPAC significantly reduced
the palmiticacidinduced lipid accumulation in cells. The reductions of lipid accumulation

by different concentrations of crude PAC extract were similar. The highest reduction
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of cellular lipid accumulation was observed for 10 ug/mL concentration of $uegGS

PAC extract. Interestingly, the 10 pug/mL concentration of stdigger GSPAC extract
significantly reduced the cellular lipid accumulation greater than the 25 and 50 pg/mL
concentrations did. Moreover, cellular lipid reduction by the 10 pug/mL concentrdtion o
sugarfree GSPAC extract was statistically similar to that of the 25 and 50 pg/mL
concentrations of crude GSAC extract. Both GRAC extracts depicted promising
abilities to suppress palmitazidinduced steatosis in AML12 cells as measured by cellula

ROS reduction and cellular lipid accumulation.

2.4.6. PAC retention in grape mashes after fermentation

The PAC contents in grape mash from five common grape varieties (Triomphe
d6Al sace, Leon Millot, Lucie Kuhlembefore, Mar c
and after fermentation for wine production (Fig. 2.8). Initial PAC content (before
fermentation) was high in the Leon Millot (20.9 mg CE/g dry weight [DW]) and Lucie
Kuhimann (20.7 mg CE/g DW) grape varieties compared to the other three giiefies;a
Triomphe dOoAl sace, Marquette, and Baco Noi
the Triomphe dodé Al sace, showed a signific:
fermentation process. The Lucie Kuhlmann grape variety depicted the highesibredu
PAC content after the fermentation (20.7 to 10.6 mg CE/g DW). The PAC contents of the
Leon Millet (20.9 to 14.1 mg CE/g DW) and Marquette (10.6 to 4.45 mg CE/g DW) grape
varieties were also considerably lowered by the fermentation process. TimeMiilkx
(even after a significant PAC drop) and the Baco Noir grape varieties retained the highest
guantities of PAC after the fermentation process (14.1 and 13.2 mg CE/g DW,

respectively). Thus, grape {products of wine production are a suitable sotiocd?AC
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extraction, and it is important to consider the grape variety when using gragreducts

for PAC extraction.

2.5. DISCUSSION

The interest in utilizing PAC as functional food ingredients and nutraceuticals has
continued to grow over time. Tlenventional PAC extraction methods require organic
solvents such as ethyl acetate and acetone, which may leave harmful solvent residues along
with extracted PAC as well creating environmental impacts. Therefore, extraction methods
solely based on water.(g, subcritical water extraction) or aqueous fgodde ethanol are
favourable in extracting PAC for food and nutraceutical applicaftijbns 2012) However,
extraction of PAC with only waterequires higher extraction temperatu(gsm et al.,
2010; Ku et al., 2011Wwhich caussthe degradation of PAQHuh et al., 2004, Kitao et al.,
2001) The antioxidant activity of GBAC declnhes at temperatures over 50 (fduh et
al., 2004; Kitao et al., 2001Moreover, the stability and yield of PAC by grape pomace
are considerably reduced at temperatures over §Rli@nal et al., 2010)_arge quantities
of GS have been generated annually as underutilizgutdniucts of grape processing. GS
accountsforarouh 13 % of the grapeds weight and i
7%), including PAC(Smeriglio et al., 2017)Thus, GS is a viable source for PAC
extraction on a large scale. The development of an aqueous eiagedl PAC extraction
method for GS will be beneficial to producing ceffiective, supplemented food and
nutraceuticals enriched with PAC.

The optimum % ethanol predicted by the optimization plots for both GS and GSP
was 47%. The extraction of PAC from GS is possible with water as the sole extraction

solvent. The presence of etlohnan increase the rate of PAC extraction within the first six

99



days of the extraction procefidenandezlimenez et al., 2012Moreover, theyield of

PAC increases with the % ethano?{0 15%), even though the extraction rates become
identical after the sixth day of the extraction prodékmandezlimenez et al., 2012 he
optimum % ethanol seems to rely on the plant source used to extract PAC. A much higher
% ethanol (93.7%) is recommended as the optimum condition to recover PAC from
Chinese wild ricdChu et al., 2019)The extraction timerequired for GS and GSP were
closely similar (150 s 143 h). Also, the predictable PAC yields were not different
between GS and GSP (16.1 mg CE/g FW Vs. 15.3 mg CE/g FW). Therefore, the grinding
of grape seeds to create GSP is not required to indiea8C extraction efficiency with
agueous ethanol. The optimum s:s ratio could not be determined for GS and GSP in the
first optimization approach, as the aqueous ethanol requirement was over the maximum s:s
ratio (40:1v:w) used. This is obvious from géhprevious PAC extraction optimization
studies. A s:s ratio of 50:1 is recommended as the optimum condition for maximizing the
yield of PAC from Chinese wild rice when aqueous ethanol is used with ultrassaisted
extraction(Chu et al., 2019)Similarly, a s:s rdo of 58:1 {:w) is reported for grape seeds
extracted with methanol: acetone: water: acetic acid (30:42:7.5¢05v) in an
ultrasonicatiorassisted solvent extraction procé&adijelkovi et al., 2014)

A second optimization approach was designed to increase PAC extraction
efficiency and reduce the aqueous ethanol requirement. Heat and ultrasonication were
introduced into the extraction process. Only GS was used, considering the similarity of
predicted yelds and optimum conditions between GS and GSP. The percentage of ethanol
was fixed at 47% based on the knowledge from the first optimization approach. The

introduction of heat and ultrasonication significantly reduced the extraction time
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(sonication timeof 53 min) and aqueous ethanol requirement (10.14w) while
considerably increasing the PAC yield (16.1 mg CE/g FW Vs. 26.6 predicted mg CE/g
FW). The optimum temperature for this ultrasonicatassisted extraction process could
not be determined as eéhoptimum condition was above the maximum extraction
temperature (60 °C) used. However, higher extraction temperatures were not tested in this
study as the stability and biological activity of PAC starts to drop abovesB0°C (Huh
et al., 2004; Khanal et al., 2010; Kitao et al., 200hge PAC yield may atiinue to increase
with temperatures even higher than 100 °C. In a previous study, the PAC yield from GS
continued to increase with temperature and maximized at 120 °C in a 70% aqueous
acetonebased accelerated higinessure extraction procef8ozan and Altinay, 2014)
The introduction of ultrasonication into the extraction process can significantly reduce the
extraction time. Ultrasonication can disrupt the plant cell wall and improve the permeation
of extraction solvenéind target compounds through cell membrgKedi et al., 2018)

The extraction solvent has a significant impact on the extractable yield of PAC
(Ngo et al., 2017)The optimized aqueous ethaii@sed ultrasonicatieassisted PAC
extraction method generated a significantly high PAC yield compargbet@aqueous
acetonebased extraction method (25.3 mg CE/g R/ 9.1 mg CE/g FW). Several
previous studies contradict this comparison and declare the superiority of doatede
extractions over aqueous etha(®bzan and Altinay, 2014; Downey and Hanlin, 2010;
Ngo et al.,, 2017)However, a study on the extraction of bioactive compounds from
macadamia skin waste suggests that aqueous ethanol (50%) can extract more PAC
compared to aqueoasetone (50%()Dailey and Vuong, 2015 he extractable PAC yield

greatly varies depending on the extraction conditions. A higher yield of PAC may be
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possible to obtain from the acetebased extraction method if the s:s ratio oramtion
temperature is further increased. However, under the tested extraction conditions, the
agueous ethandlased extraction method is superior to the acebased method.
Therefore, the developed ethaihalsed extraction method can be recommended for
efficient scaleup recovery of PAC from GS by the industry.

The HPLC analysis of sugéirre GSPAC established the ability of the optimized
method to extract PAC, ranging from monomers to polymers. Sica et al. (2018) has
observed a similar chromatogram &6GS extract by using a very sophisticated high
performance liquid chromatograpiiarged aerosol detector (UHPIGAD) instrument
(Sica et al., 2018)A broad oligomeric PAheak was detected by the CAD detector
(similar to the peak between 3343 min in Fig. 2.4), and further analysis revealed this
peak represents polymerized tannins with six or more monomeric catechifSicét et
al., 2018) A number of other studies have reported similar chromatograms in approaches
to characterize PAGich GS extractgKuhnert et al., 2015; Mufiezabrador ¢al., 2019;

Suo et al., 2019)However, many of these chromatograms do not report a second broad
PAC peak similar to the peak observed betweeh 68 min (Fig. 2.4) in this study. The
second broad peak can be a mixture of highly polymerized PAC uatherf studies can

be recommended for its resolution.

Since the aqueous ethatidsed PAC extraction method was developed with the
intention of generating PAC suitable for applications in food and nutraceuticals, it is
important to establish the retainio the biological activity of PAC after the extraction
process. A cell model of steatosis using palmatetinduced AML12 cells was used to

test the biological activity of extracted crude and sdgge GSPAC. Initial cell viability
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assays revealed tlimsedependent toxicity of extracted GB\C on AML12 cells. The
toxicity of PAC in cells has previously been established by several studies, especially for
cancer cell§Chen et al., 2017b, 2017a; Wang et al., 20P#C can induce cellular ROS
generation and cause apoptosis in a diegendent manner. A considerable loss of cell
viability (< 80%) was bserved in cells treated with low concentrations of PAC (> 20
pg/mL) from multiple plant sourcg€hen et al., 2017b, 2017&Jigher cytotoxicity was
observed for the purified, sugaiee GSPAC extract compared to the crude -B&C
extract. The high toxicity of the sugiiee GSPAC extract can be attributed to the high
PAC concermation in the purified extract after flash chromatography.

GSPAC extracted by the optimized method was able to ameliorate steatosis
markers in AML12 cells incubated with palmitic acid. Cellular ROS generation was
measured in the AML12 cells as steatosiassociated with increased generation of ROS
in hepatocytegReiniers et al., 2014PAC can reduceellular ROS generation through
multiple mechanisms. PAC is a natural antioxidant; therefore, it can neutralize cellular
ROS by direct scavenging. PAC can also modulate multiplesiggidling pathways to
alleviate cellular ROS generation. Activation of nuclear factor erythroala2ed factor 2
(Nrf2) (Suraweera et al., 202@uppression of mitogeactivated protein kinase (MAPK),
nuclear factokappalight-chainrenhancer of activated B cellgNF-aB), and
phosphoinositide &inase (PI3K)/Akt pathways have been identified as Péd¢tliated
interventions to reduce cellular oxidative strgang et al., 2018)Procyanidin B2 was
found in the GSPAC extracted by the optimized method. Procyanidin B@dtel maintain
cellular redox homeostasis by protecting mitochondrial membrane potential and improving

the activity of cellular antioxidant enzymes superoxide dismutase (SOD), glutathione
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peroxidase (GPx), and catalase (CAT) in hepatodi@eset al., 2018)Similar to ROS
generation, lipid accumulation was also measuredmaarker of steatosis in AML12 cells.
Extracted GSPAC was able to significantly reduce palmitecidinduced lipid
accumulation in AML12 cells. This reduction of cellular lipid accumulation can be
explained by the effects of PAC on cell sitjimg pathwayg regulating lipid degradation
and lipogenesis. Procyanidin B2 can promote lysosonealiated lipid degradation by
upregulating the expression of Lampl, Mcoln, and Uvrag genes through modulating
transcription factor EB (TFEB). Also, PAC B2 restricts lippgsis by the downregulation

of peroxisome proliferateactivated recepton (PPAR), C/EBRJ, and sterol regulatory
elementbinding proteinl (SREBP1) geneqSu et al., 2018)A similar result has been
reported by Yogalakshmi et al. (2013) when-BSC was supplemented to mice fed with
a highfat-high-fructose diet to inducsteatosigYogalakshmi et al., 2013)Therefore,
interventions of GEPAC can akkviate steatosis by inhibiting fatty acid synthesis in mice
(Yogalakshmi et al., 2IB).

We tested the suitability of grape -pyoducts from wine production for the
extraction of PAC using the optimized method. The PAC content of grape mashes from
five grape varieties was quantified before and after the fermentation process. Altelde te
grape varieties except for Triomphe doAIl sa
content after fermentation. The loss of PAC from the initial grape mash during
fermentation is evident by the presence of PAC in Wingimaki et al., 2018; Jordao et
al., 2QL0). It is the polymeric fraction of PAC (degree of polymerization >i125)
abundant in both red and white wingsrdao et al., 2010)hus, the reduction of PAC

from grape mashes after fermentation magultefrom the loss of polymeric PAC. The
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grape mash consists of grape skins, flesh, stems, and seeds. About half of the monomeric
and oligomeric PAC in GS leaches into the wine during fermentation. However, GS does
not contribute to the polymeric PAC inwa. The polymeric PAC in wine mainly originates

from the grape skins and ste$un et al., 1999Moreoverred wine contains more PAC
compared to white win@lordéo et al., 2010T herefore, the selection of grapempducts

from white wine production can be useful for extracting a higher yield of PAC. However,

it is also important to consider the grape variety, as PAC content before and after

fermentation greatly varies depending on the grape variety.

2.6. CONCLUSIONS

The development of an aqueous ethdraded PAC extraction method is beneficial
for the supplemertd food and nutraceutical industries. The optimum ethanol concentration
for the extraction of PAC from GS and GSP is 47%. PAC yields and optimum extraction
conditions are similar for GS and GSP. Therefore, grinding grape seegswderis not
necessary for increasing the yield and extraction efficiency with aqueous ethanol. The
extraction of PAC from GS and GSP using agueous ethanol at room temperature is highly
inefficient and requires a large volume of ethanol. The introductionrasohication and
heating into the extraction process can significantly reduce the extraction time and aqueous
ethanol requirement while increasing the PAC vyield. The optimized conditions to extract
PAC from GS are 47% aqueous ethanol, 6@et@perature10.14:1 s:s ratio, and 53 min
of sonication time. The developed aqueous ethbaséd extraction method can generate
a higher yield of PAC from GS compared to the conventional acéased extraction
method. HPLC analysis of sugitee GSPAC revealed thahe optimized method could

extract catechin, procyanidin B2, oligomeric, and polymeric PAC from GS. Both crude
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and sugafree GSPAC extracted by the optimized method depict toxicity in AML12
mouse hepatocytes at low concentrations (> 25 pg/mL). Alscaaett GSPAC could
ameliorate palmiticacidinduced steatosis in AML12 cells by reducing cellular ROS
generation and lipid accumulation. The PAC content of grapes greatly varies depending on
the variety. A significant reduction of PAC occurs in the grapshrduring fermentation

for wine production. However, grape-pyoducts, even after fermentation, retain enough
PAC to consider them as a source of PAC. The developed extraction method can be
recommended for extracting PAC from GS and graperbgucts fron wine production

without losing biological activity to use in supplemented food and nutraceutical products.
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Table 2.1.0ptimization parameters and their levels used in the central composite designs

of the surface response method.

Level

Low-axial Low Center High High-axial

Optimization Parameter
(T1. (1> (0 (+1) (+1.68)

15! Optimization approach

% Ethanol in water 0 20.24 50 79.76 100
Extraction time (h) 24 62.86 120 177.14 216
Solvent:solid ratio\(:w) 10 16.07 25 33.92 40

2"d Optimization approach

Temperature (°C) 20 28.1 40 51.9 60
Solvent:solid ratio\(:w) 4 562 8 10.38 12
Sonication time (min) 10 20.12 35 49.88 60
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Table 2.2.Central composite design (CCD) used in the first optimization approach and the

proanthocyanidin yields under different combinations of extraction conditions.

Proanthocyanidin Yield
(mg CE/g FW)

Ethanol Extraction Solvent:Solid Ratio Grape See(
Run Order _ Grape Seed:

(%) Time (h) (v:w) Powder
1 20.24 62. 86 33.92 (+1) 13.17 11.19
2 79.76 (+1) 177.14 (+1) 16. 07 ( 12.63 9.37
3 79.76 (+1) 62 . 86 16. 07 ( 10.58 9.97
4 50 (0) 120 (0) 25 (0) 14.84 13.60
5 100 (+1.68, 120 (0) 25 (0) 8.30 4.66
6 50 (0) 120 (0) 25 (0) 14.30 13.92
7 0O (11 120(0) 25 (0) 6.81 1.58
8 79.76 (+1) 177.14 (+1) 33.92 (+1) 13.11 11.51
9 20. 24 177.14 (+1) 16.07 ( 9.99 4.84
10 50 (0) 120 (0) 25 (0) 14.65 13.69
11 20.24 62.86 16. 07 ( 9.40 7.43
12 50 (0) 120 (0) 25 (0) 14.61 13.94
13 20. 24 177.14 (+1) 33.92 (+1) 12.56 10.22
14 79.76 (+1) 62 . 86 33.92 (+1) 11.13 10.31
15 50 (0) 120 (0) 25 (0) 14.12 13.70
16 50 (0) 24( 1 1. 25 (0) 12.41 13.36
17 50 (0) 120 (0) 25 (0) 15.10 13.78
18 50 (0) 216 (+1.68) 25 (0) 15.19 11.95
19 50 (0) 120 (0) 40 (+1.68) 16.40 15.20
20 50 (0) 120 (0) 10.00 (1 1213 10.28

Low-a x i al (171.68), | ow ( Thighaxial ¢+&.68) levels of the) ,

three extraction parameters are indicated in brackets. mg CE/g FW, mg catechin

equivalence/g fresh weight.
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Table 2.3. Analysis of variance (ANOVAp-values and regression coefficients for the

secondorder responssurface model in terms of the first optimization approach.

Grape Seeds Grape Seed Powder
Source of Variance/ Regression Regression
p-Value p-Value
Terms Coefficient Coefficient
Constant 0.000 14.607 0.000 13.7654
% Ethanol 0.010 0.354 0.000 0.9276
Extraction time 0.000 0.636 0.000 10.3902
Solvent ratio 0.000 1.066 0.000 1.4569
% Ethanol % Ethanol 0.000 12521 0.000 13.7419
Extraction time
0.016 10.312 0.000 10.3704
Extraction time
Solvent ratio Solvent

0.201 10.148 0.000 10.342

ratio

% Ethanol Extraction

0.006 0.507 0.000 0.5214

time
% Ethanol Solvent ratic 0.001 10.663 0.000 10.8329

Extraction time Solvent

0.301 10.158 0.000 0.4285

ratio

Lack-of-fit 0.299 0.736

Solvent ratio, solvent:solid ratie:(v).
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Table 2.4 Central composite design (CCD) used in the second optimization approach to

reduce extraction time and solvent volume and to increase the proanthocyanidin yields

from grape seeds.

Proanthocyanidin

Run Order Tem;ierature Solvent:S.oIid Ratio Spnicatipn vield
(°C) (v:w) Time (min) (mg CE/g FW)
1 28.1 5. 62 49.88 (+1) 8.39
2 51.9 (+1) 10.38 (+1) 20. 12 18.00
3 51.9 (+1) 5. 62 20. 12 12.45
4 40 (0) 8 (0) 35 (0) 19.68
5 60 (+1.68) 8 (0) 35 (0) 21.82
6 40 (0) 8(0) 35 (0) 19.06
7 20 (71 8 (0) 35 (0) 7.77
8 51.9 (+1) 10.38 (+1) 49.88 (+1) 25.80
9 28.1 10.38 (+1) 20. 12 13.61
10 40 (0) 8 (0) 35 (0) 18.98
11 28.1 5. 62 20. 12 6.48
12 40 (0) 8 (0) 35 (0) 19.85
13 28.1 10.38(+1) 49.88 (+1) 12.32
14 51.9 (+1) 5. 62 49.88 (+1) 20.00
15 40 (0) 8 (0) 35 (0) 19.80
16 40 (0) 4 (11. 35 (0) 11.35
17 40 (0) 8 (0) 35 (0) 19.80
18 40 (0) 12 (+1.68) 35 (0) 20.36
19 40 (0) 8 (0) 60 (+1.68) 17.58
20 40 (0) 8 (0) 10(71 1. 10.25

Low-a x i al

( T-1),cén&n(0Q), highad+t), and higixial (+1.68) levels of the three
extraction parameters are indicated in brackets. mg CE/g FW, mg catechin equivalence/g

fresh weight.
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Table 2.5. Analysis of variance (ANOVAp-values and regression coefficients for the

secondorder response surface model in terms of the second optimization approach.

Source of Variance p-Value Regression Coefficient
Constant 0.000 19.528
Temperature 0.000 4.325
Solvent ratio 0.000 2.75
Sonication time 0.000 2.072
Temperature x Temperature 0.000 11.661
Solvent ratio x Solvent ratio 0.000 11.287

Sonication time x Sonication

_ 0.000 11971
time
Temperature x Solvent ratio 0.840 0.038
Temperature x Sonication tim 0.000 1.842
Solvent ratio x Sonication tim 0.070 10.37
Lack-of-fit 0.182

Solvent ratio, solvent:solid rati@:(v).
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Figure 2.1.Contour plots of PAC yield variation (mg CE/g FW) under different extraction
conditions and combinations of optimized parameiteithe first optimization approagch

% ethanol, solvent:solid ratiov:(v), and extraction time (h). Contour plots (a) and (d)
describe the variation of PAC yields from grape seeds and grape seed pospeetjvely,
when % ethanol and extraction time are changed while holdirspthent:solidratio at 25
(v:w). Contour plots (b) and (e) describe the variation of PAC yields under different
combinations of % ethanol and solvent:solid ratio for grape seellgrape seed powder,
respectively, while holding extraction time at 120 h. Similarly, contour plots (c) and (f)
describe the variation of PAC yields under different extraction times and solvent:solid
ratios for grape seeds and grape seed powder, reghgcten % ethanol is held at 50%.
mg CE/g FW, mg catechin equivalence/g fresh weight; PAC, proanthocyanidins;
volume:weight.
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a) Extraction optimization for grape seeds

% Ethanol Extraction time (h) Solvent:solid ratio (v:w)

Optimal conditicns 47.47% (—0.0849) 150.08 h (+0.5266) 40 (+1.6818)

(D =0.7841)
“““ e

Predicted PAC yield = 16.11 mg CE/g FW
(d=0.7840)

b) Extraction optimization for grape seed powder

% Ethanol Extraction time (h) Solvent:solid ratio (v:w)
Optimal conditions 47.48%(—0.051) 142.66 (+0.3967) 40(+1.6818)
(D=0.7539)

Predicted PAC yield = 15.33 mg CE/g FW
(d=0.7539)

Figure 2.2. Optimization plots to predict maximum PAC yields and determine the
optimum conditions to extract PAC from grape seeds (a) and grape seed powder (b). The
optimization plots for grape seeds (a) predicted 47.47% ethanol and 150.08 h of extraction
time as optnum conditions to extract PAC from grape seeds. The optimum solvent:solid
ratio lies beyond the highest solvent:solid ratio (4@) used in the experiment. At
extraction conditions of 47.47% ethanol, 150.08 h of extraction time, and solvent:solid
ratio of40 (v:w), the predicted PAC yield for grape seeds is 16.11 mg CE/g FW. Similarly,
the optimization plots for grape seed powder (b) predicted 47.48% ethanol and 142.66 h of
extraction time as optimum conditions to extract PAC from grape seed powder. The
optimum solvent:solid ratio lies beyond the highest solvent:solid rati:(0used in the
experiment. At extraction conditions of 47.48% ethanol, 142.66 h of extraction time, and
solvent:solid ratio of 40«{w) the predicted PAC yield for grape seed powde5.33 mg

CE/g FW. mg CE/g FW, mg catechin equivalence/g fresh weight; PAC, proanthocyanidins;
v:w, volume:weight.
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a) Contour plots

i) Contour plot of PAC yield (mg CE/g FW) Vs. Sonication time (min),
Temperature (°C)

PAC yield
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ii) Contour plot of PAC yield (mg CE/g FW) Vs. Solvent: solid ratio,

Temperature (°C)
PAC yield
(mg CE/g FW)
] < 25
o W 25- 50
= m s0- 75
o W 75- 100
e 100 - 125
3 125 - 150
a [ 150 - 175
ié W 175 - 200
@ W 200 - 225
= u > 225
[}
)
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Sonication time: 35 min
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iii) Contour plot of PAC yield (mg CE/g FW) Vs. Sonication time (min),

Solvent: solid ratio

57- PAC yield
(mg CE/g FW)
—_ [ | < 25
£ W 25- 50
£ W so- 75
Py W 75 - 100
= 100 - 125
=] 125 - 150
g [ 150 - 175
2 W 175 - 200
s W 200 - 225
-2 ] > 225
(o]
w Hold Values
Temperature: 40°C

44 56 6.8 8 9.‘2 16.3 ne
Solvent: solid ratio

b) Extraction optimization plot

Temperature (°C) Solvent:solid ratio (v.w) Sonication time (min)

Optimal conditions 60 (+1.6818) 10.14 (+0.9004) 53.45 (+1.2401)

(D =0.8772)

I

Predicted PAC yield = 26.56 mg CE/g FW

(d = 0.8772)
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Figure 2.3. Contour plots (a) of PAC yield variation (mg CE/g FW) under different
extraction conditions and combinationptimized parameters the second optimization
approachextraction temperature (°C), sonication time (min), and solvent:solid vatig (

and optimization plots (b) to determine optimum PAC extraction conditions. Contour plot
(ai) depicts the variatiomf PAC yield from grape seeds under different extraction
temperatures and sonication time while holding solvent:solid ratiovawvg Contour plot

(aii) depicts the variation of PAC yields from grape seeds under different extraction
temperatures and samt:solid ratios while holding the sonication time at 35 min.
Similarly, contour plot (aiii) describes the variation of PAC yields under different
solvent:solid ratios and sonication times when extraction temperature is held at 40 °C. The
optimization plos (b) predicted the optimum PAC extraction conditions to be 1D(x4v)
solvent:solid ratio and 53.45 min sonication time. The optimum extraction temperature lies
beyond the highest temperature (60 °C) tested in the study. At extraction conditions of
10.14:1 (v:w) solvent:solid ratio, 53.45 min sonication time, and extraction temperature of
60 °C, the predicted PAC yield from grape seeds was 26.56 mg CE/g FW. Ethanol at 47%
was used to extract PAC as determined by first optimization approach. mg CEfg-W,
catechin equivalence/g fresh weight; PAC, proanthocyanidins yolume:weight.
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a) Sugar-free proanthocyanidin extract

0.18:
0.16]
0.14;
%) !
= i
c 012
S i
) i
o 010
= i
i o
'g 0.08 c T  Oligomeric
8 0.065 f._: 2 proanthocyanidin Polymeric
P (’J& % A ! proanthocyanidin
0.04 o R ' | !
it | a L
| l | / .I | f\r
0.02 | . |
1 —4!- o, B L B S A _.-’*‘J' L N
01
o 10 20 30 a0 50 60 70 80
Retention time (minutes)
b) Proanthocyanidin standards
0_15§ Catechin
014
2 012
g Procyanidin B2
o 010
3] i
& 008
g ’ Olighomeric_d_
i roanthocyanidin
3 oos! | P d
g ] '
0.04 | | |
0.02/ A
‘JL_,___ - 5 . _ |
O ! |
o 10 20 30 40 50 60 70 80

Retention time (minutes)

Figure 2.4 HPLC chromatogram of the sugfee fraction of grape seed PAC (a); and
chromatogram of catechin, procyanidin B2, and oligomeric grape seedgt@Adard (b).
PAC, proanthocyanidins.
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a) Crude GS-PAC extract
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Figure 2.5. Toxicity of crude grape seed PAC (a) and stfgee grape seed PAC (b)
extracts on AML12 mouse liver cells. AML12 cells were treated with different
concentrations (10 250 pg/mL) of crude and sugfee extracts of grape seed PAC for

24 h. Cell viabilitywas measured by MTS assay and expressed as % cell viabilities in
comparison to the negative control. Results were given as mean = SD of three independent
experiments and means that do not share a similar letter are significantly diffetant (
0.01). DMSQ dimethyl sulfoxide; PAC, proanthocyanidins.
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Figure 2.6. Potential of crude and sugiiee grape seed PAC extracts to ameliorate
palmiticacidinduced ROS in AML12 mouse liver cells. AML12 cells were pretreated with

10, 25, and 50 pug/mL concentrations of crude and singagrape see®AC extracts for

24 h and exposed to palmitic acid (200 uM) for 24 h to induce ROS production. Cellular
ROSproduction was measured by DCFDA cellular ROS detection assay and expressed as

% ROS compared to negative control. Results were given as the mean = SD of three
independent experiments and means that do not share a similar letter are significantly
differen (pO 0. 01). DMSO, dimethyl sulfoxide; PAC¢
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Figure 2.7. The potential of crude and sugfaee grape seed PAC extracts to reduce
palmiticacid-induced steatosis in AML 12 cells. AML12 cells were pretreated with 10, 25,

and 50 pg/mL concentrations of crude grape seed PACdjband sugafree grape seed

PAC (fi h) extracts for 24 h and exposed to palmitic acid (200 uM) for 24 h to induce
cdlular lipid accumulation. Cells were stained with Oil Red O stain and visualized under

a microscope (x100) to compare cellular lipid accumulation with vehicle (DMSO) control

(a) and positive control (e). After microscopic visualization, Oil Red O st&mgsl in

cells was extracted using 100% isopropanol. Oil Red O stain concentrations in isopropanol
extracts were compared by measuring the absorbance at 492 nm as an indirect measurement
of cellular lipid accumulation (i). Results were given as mestaitlard deviatiorof three
independent experiments and means that do not share a similar letter are significantly
different@O 0. 01). DMSO, dimethyl sulfoxide; PAC¢
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Figure 2.8.The PAC content of grape mashes from five different grapieties before

and after wine fermentation. PAC was extracted from grape mashesnutepost
fermentation by the optimized method of PAC extraction (47% aqueous ethanol, 60 °C
temperature, 10:1 solvent:solid ratio, and 53.45 min sonication time). BA€nt of the
extracts was measured by the methylcellulose precipitable tannin assay. *Means are
significantly different atp < 0.01 level. mg CE/g DW, mg catechin equivalence/g dry
weight; PAC, proanthocyanidins
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CHAPTER 3. BIOTRANSFORMATION OF POLYMERIC
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3.1. ABSTRACT

Polymeric proanthocyanidins {/lPAC) induced hepatotoxicity in C57BL/6 mice.
Mice were supplemented withfPAC alone or with a mixture of probiotic bacteria (PB),
Lactobacillus Bifidobacterium,and Akkermansia muciniphilfor 14 consecutive days.
The liver tissues of sacrificed mice were analyzed by mass spectrometry to idedtify a
guantify the PPAC metabolites. PotentiatlPAC metabolites,-hydroxyphenylacetic acid
and pyrocatechol were detected in higher concentrations-agdrdxybenzoic acid was
detected exclusively in the mice supplemented WViBAZ and PB. Supplementatiovith
P-PAC alone or with PB caused no shift in thdiversity of mice gut microbiota.-PAC
induced nonalcoholic steatohepatitis in mice through increasing liver exposure to intestinal
bacterial lipopolysaccharides by reducing expression of gut epithigdint junction
proteins, claudi¥r8 and occludin. Lipopolysaccharide concentrations in the livers of mice
supplemented with PAC were significantly high compared to the control mice.
Furthermore, FPAC downregulated the expressions of clat®liand cladin-4 tight
junction proteins in cultured Cab cell monolayers. PB biotransformedPRC into
bioavailable metabolites and potentially reduced the toxicity-BAE. The toxicity of P
PAC and their synbiotics need to be critically evaluated for the safetfuman

consumption.

Keywords: Flavonoids, nonalcoholic steatohepatitis, condensed tannins, probiotic

bacteria, liver, toxicity mechanisms
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3.2. INTRODUCTION

Proanthocyanidins (PAC) are the oligomers or polymers of fl@vals, especially
catechin and epicatechin. A significant proportion of dietary polyphenols are made by PAC
(Gu et al., 2004)PAC are ubiquitously present in plant foods including, cereals, nuts,
fruits, vegetales, and their produc{3ao et al., 2019)PAC depicts excellent antioxidant,
immunomodulatory, anticancer, cardioprotective, antidiabetind neuroprotective
activities that can substantially improve human he@tdwf et al., 2019)Low absorption
of PAC molecules larger than tetramers by the small intestine limits the health benefits of
PAC (Ou and Gu, 2014)rhe majority of PAC in commonly consumed food is polymeric
and comprised of over 10 monomer ur{i&u et al., 2004)Thus, the bioavailability of
oligomeric PAC (GPAC) and polymeric PAC @PAC) depends on theiredradation by
the colonic microbiota. PAC that is not absorbed in the small intestine can be bioconverted
into simple and easily absorbable metabolites by colonic microf@ateam et al., 2021)
PAC are predominantly bioconvertedanthenolic acids and phernyalerolactonegOu
and Gu, 2014}that may possess beneficial giological functions(Thilakarathna and
Rupasinghe, 2019However, microbial metabolites of PAC and PPAC remain largely

unknown.

The health benefits of GPAC and PPAC consumption depend on the
biotransformation governed by gut microbi¢@ires et al., 2017)The gut microbiota must
consist of bacterial species potent in biotransforming PAC into beneficial metabolites to
obtain the health benefits of-BPAC and PPAC. However, the composition of gut
microbiota greatly varies among individuals depending on genetatsadd medication

(Wen and Duffy, 2017)Therefore, the diversity of PAC metabolites can vary among
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individuals. This hurdle can be overcome by using the conceghbfatics, a mixture of
probiotic bacteria and PAC. For instant@ctobacillus rhamnosysa commonly used
probiotic bacteria can depolymerize cranberry PAC into monomeric catechin and
epicatechin while generatinghydroxyphenylacetic and-@l-hydroxyphegl)propionic
acidsin vitro (Rupasinghe et al., 2019However, there is a knowledge gap on the
biotransformation of PAC using probiotic bactdriavivoand the physiological effects of

PAC-based synbiotics.

The aim of this study was to investigate the ability of probiotic bacteria to
biotransform FPAC into bioavailable metabolites and evaluate the physiological effects
using a C57BL/6 mouse modelHAC required for this study was extracted from grape
seed powder (GSP). Grape seeds are an underutilizetbfyct of wine and grape juice
processing, and arxeellent source of PACThilakarathna and Rupasinghe, 2022)ce
were supfemented with grape seedHAC with and without probiotic bacteria to identify
P-PAC metabolite. A mixture of common probiotic bacteria consistingaatobacillus
and Bifidobacterium probiotic bacteria (LBPB), and a novel probio#ikkermansia
muciniphila(AM) was used to biotransform theFACin vivo. The effects of HPAC and
probiotic bacteria supplementation on the natural mouse gut microbiota were investigated.

Also, the toxicity of this supplementation on mouse liver was investigated in detail.
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3.3. MATERIALS AND METHODS

3.3.1. Extraction of PAC from GSP and fractionation by flash chromatography

O-PAC (3.41 mean degree of polymerization, MDP) arRIN (15.1 MDP) were
isolated from GSP by an acetebased extraction and flash chromatografftypasinghe
et al., 2019) GSP used in this study was provided by the Royal Grapeseed, Milton, NY,
USA. The GSP was from a mixture of comuwial grape varietiesyitis (V). viniferg V.
labrusca and hybrids of native American species withvinifera Initially, lipids and
waxes were removed from GSP by using hexane. Crude PAC was extracted from GSP by
using extraction solvent, acetone andiic acid in deionized (DI) water (70%, 0.1%, and
29.9%uv:v:v, respectively). The crude PAC was purified and fractionated by using a flash
chromatography column loaded with brominated styrenic adsorbent beads. The column
was washed with DI water to remogegars and simple phenolic acids, 80% aqueous
ethanol to elute PAC, and 70% aqueous acetone to eldBRAE. The ethanol and acetone
fractions were collected separately, and rotary evaporated &€ intil ethanol and
acetone were completely removed. The final PAdB GSP extracts were freedeed to

remove water and chemical solvent residiRagpasinghe et al., 2019)

3.3.2. Quantification and characterization of PAC in purified GSP extracts

PAC concentrations of the purified GSP extracts were quantified by the
methylcellulose precipitable tannins assay modified to high thputgbéwell format
(Mercurio et al.,, 2007)PAC concentrations in GSP extracts were calculated using the
catechin standdrcurve and the results were expressed in mg catechin equivalence (CE)/g

dry sample.
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Extracted PAC was characterized by the degradation of PAC molecules into
monomers through phloroglucinolysis, a method described by Kennedy and Jones (2001)
(Kennedy and Jones, 2001and improved for ultrigh performance liquid
chromatography (UHPLGglectrospray ionization (HBmass spectrometry (MS)
(Arapitsas et al., 2021Briefly, 100 uL of the PAC extracts dissolved in 50% aqueous
methanol (5 mg/mL) was reacted with 100 pL of the phloroglucinol workahgtion (0.1
g/mL phloroglucinol and 0.02 g/mL ascorbic acid in 0.2 N HCI acidified methanol) at 50
°C. After 20 min, phloroglucinolysis reaction was stopped by adding 1 mL of 40 mM
agueous sodium acetate. Control samples were made to quantify thA@eedhomers
in PAC extracts before phloroglucinolysis. Prepared samples were analyzed for PAC
monomers, (epi)catechin, (epi)gallocatechin, (epi)catechin gallate, (epi)gallocatechin
gallate, and their phloroglucinol adducts by UHPESFMS (Supplementary Bi S3.1)
(Rupasinghe et al., 2018nd MDP of PAC extracts were calculat@tapitsas et al.,
2021) The galloylation of PAC in extracts was determined by calculating the total

percentage (%) of galloylated PAC monomers and phloroglucinol adducts.

3.3.3. Mouse study to evaluate biotransformation of PAC by probiotic bacteria

The experiment protocol (3®09) was approved by the University Committee on
Laboratory Animals of Dalhousie University, Halifax, NS, Canada. Initially, 15 male
C57BL/6 mice (49 56 days old) were acclimatized to standard housing conditions, with
a 12 h dark/12 h light cycle for one week. Mice were individually caged with access to
water and chowad libitum Mice were randomly assigned into three groups (Fig. 3.1): mice
supplemented with PAC (RPAC group), mice supplemented with botHPRC and

probiotic bacteria (FPAC+PB group), and mice receiving only chow diet (control group).
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The probiotic bacteria used in this study was a lyophilized mixture of commonly used
LBPB comprised ofLactobacillus(L). acidophilus(LA-1), L. rhamnosugLR-32), L.
sdivarius (LS-33), L. plantarum (LP-115), L. casei (LC-11), L. lactis (LL-23),
Bifidobacterium(B). breve(BB-03), B. infantis(Bi-26), B. longum(BL-05), B. bifidum
(Bb-06), andB. lactis (BL-04). A novel emerging probiotic bacteriurAkkermansia
muciniphla (AM), was also included in the probiotic mixture. The LBPB mixture- (11
strain probiotic powder) was donated by Custom Probiotics Inc., Glendale, CA, USA. AM
(BAA-835) was purchased from ATEManassas, VA, USA. Each mice group consisted
of five mice. Feces were collected from theFAC+PB mice group to evaluate the initial
gut microbiota composition. Mice were transferred individually into sterile cages and the
feces were collected quickly after defecation. Feces samples were stor@d°at until
analyzed by 16S rRNA sequencing methodology. A mice group supplemented only with
probiotic bacteria was not included in the study for comparison, considering the 3R

principle (Replacement, Reduction, and Refinement) of animal ethics.

The RPAC+PBgroup was supplemented with probiotic bacteria continuously for
seven days (Fig. 3.1). The PAC and control groups were fed with normal chow during this
time. Then, PPAC+PB group was fed the normal chow diet for 3 days. Hadisy3interval
is important toevaluate the ability of probiotic bacteria to colonize the mouse gut. Feces
samples were collected fromAFAC+PB group on the dag and dayl0 to analyze the gut
microbiota. PPAC and control groups were also fed the normal chow diet during these
three dgs. After the supplementation intervabtPFFAC+PB group was supplemented with
both RPAC and probiotic bacteria for 14 consecutive daysPAZ group was

supplemented withHPAC and the control group was fed with normal chow diet for 14
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days. The dosage offPAC used in this study was 200 mg/kg body weight/day. The dosage
of probiotic bacteria; LBPB and AM used in this study was10° and 1 10 colony-

forming units/day, respectively. At the end of the mouse study, feces were collected from
the mice of althree groups to analyze the differences in gut microbiota between three mice
groups. Mice were anesthetized by isoflurane and blood was collected by cardiac puncture.
Mice were euthanized by cervical dislocation to harvest livers and large intestines.
Harvested livers and large intestines were snapped freeze using liquid nitrogen and stored
at 80 °C until the analysis for4PAC metabolites by highesolution mass spectrometry

(HRMS) and UHPLGESFMS.

3.3.4. Identification of probiotics-derived P-PAC metabolites

Mouse blood and liver tissues were tested for the availability of PAC metabolites.
PAC metabolites in blood and liver tissues were extracted into aceteadetene solution
(80/20 v:v) (Fernando et al., 202(nd conentrated by nitrogen evaporation on ice.
Concentrated samples were reconstituted with methanol and analyzed by HRMS to identify
P-PAC metabolites. Analysis for-PAC metabolites was conducted by ftargeted
scanning mode and data were analyzed by Skgbftevare version 21.2.0.396 (MacCoss
Lab, Department of Genome Sciences, University of Washington, Seattle, WA, USA) to
detect the presence of expected PAC metabolites (Supplementary Table S3.1). The HRMS
analysis was unable to detect expected PAC metabati mouse blood serum. However,
analysis of liver tissues suggested the presence of Zhydroxyphenylacetic acid,-4
hydroxybenzoic acid,-coumaric acid, dihydroferulic acid, dihydroferulic agidD-b-D-
glucuronide, fumaric acid, pyrocatechol, pyatigl, and syringic acid. Liver tissue samples

were further analyzed by UHPLESIFMS to confirm the presence of these metabolites in
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mice livers by comparing retention times with analytical standéRdpasinghe et al.,
2019) Concentrations of the detected PAC metabolites were calculated by using the

calibration curves of analytical standards.

3.3.5. Analysis of the composition of mousgut microbiota

Effects of RPAC and probiotics supplementation on the mouse gut microbiota was
studied by the 16S rRNA sequencing technology. Bacterial DNA was extracted and
purified from the feces samples collected during the mouse study by using QBmp 9
PowerFecal QIAcube HT (51531, QIAGEN, Toronto, ON, Canada) commercial microbial
DNA extraction kit according to the instructions given by the manufacturer. The\As4
region of the extracted microbial DNA was amplified by polymerase chain reaction by
usng 16S rRNA gene V4 V5 fusion primers (515FB 926R) and higkidelity Phusion
polymerase enzyme. Amplified V&4 V5 region was sequenced by lllumina MiSeq to
produce 300 base pair pairedd reads. Raw DNA sequencing data were analyzed by
Qiime 2 (versbn 2020.8) microbiome bioinformatics softwg@aporaso et al., 2010)
Rarefaction curves forl-diversity matrices, Shannon index, observed operational
taxonomical units (OTUs), Faithds phyl oger
were generatk The relative taxonomical abundances across samples were determined, and
the diversity metrics together with AM relative frequency were calculated by the Qiime 2

software(Comeau et al., 2017)

2.3.6. Alanine aminotransferase and aspartate aminotransferasactivities in mouse
blood serum
The alanine aminotransferase (ALT) and aspartate aminotransferase (AST)

activities in mouse blood serum were measured as markers of liver damage by using ALT
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Colorimetric Activity (700260) and AST Colorimetric Activity (701640) Assay kits by
Cayman ChemidgAnn Arbor, MI, USA). ALT and AST activities of the mouse blood
serum were measured by performing the assays as per the instructions given by the

manufacturer.

3.37. Hematoxylin and eosin (H&E) staining of the mouse liver tissues

To analyze the effects ofIPAC and probiotics supplementation on mouse liver,
morphology of liver tissues was studied by H&E staining. Briefly, liver tissue sections
were fixed in 4% formaiti (over 24 h), dehydrated using aqueous ethanol (a serieg of 70
100 %), cleared by xylene, and embedded in paraffin. Tissues embedded in paraffin were
cut into sections of 5 um thickness by using the microtome and affixed to immunostaining
slides by drymg in an oven at 60 °C for 20 min. Tissue sections werea@d by
submerging in xylene and a series of aqueous ethanol (I8®%) and stained by Harris
Hematoxylin solution and eosin dye. Stained liver tissue sections were visualized by bright

field microcopy at 200 and 400 .

3.3.8. Thiobarbituric acid reactive substances (TBARS) assay for mouse feed and
liver tissues

The presence of oxidized lipids in the diet is associated with liver inflammation and
nonalcoholic fatty liver disease (NAFLHoebinger et al., 2022)Therefore, mouse diets
were tested for the presence of secondary products of lipid oxidation ARI Bssay.
Mouse liver tissues were also tested for secondary products of lipid oxidation as a marker
of oxidative stress common in NAFL[@hen et al., 2020The mouse diets and liver tissue
samples were finely ground and reacted with thiobarbituric acid under acidic conditions in

the presence of butylated hydroalpene and absorbance was measured at 535 nm
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wavelength. Concentrations of the secondary products of lipid oxidation were calculated
by using the standard concentration curve of 1,ig&jaethoxypropane and results were
given in umole malondialdehyde @igalence (MDA Eq)/g dry sample for mouse diets and

pmole MDA Eqg/g fresh sample for mice livgitduber and Rupasinghe, 2009)

3.3.9. Cell lines and culture conditions

AML12 (CRL-2254M) and Cace2 (HTB-37™) cell lines were purchased from the
ATCC®, Manassas, VA, USA. AML12 cells were cultured in DMEM:F12 medium
supplemented with 10% fetal bovine serum (FBS), 5 mL of 1005 liquid media
supplement, dexamethasone (40 ng/mL), and penicillin (100 U#tnéptomycin (100
pg/mL). Cace2 cells were cultured in MEME medium supplemented with 20% FBS, L
glutamine (4 mM), and penicillin (100 U/misfreptomycin (100 pg/mL). Cell cultures
were maintained at 37 °C in a humidified incubator with 5% @@®nosphere and cells

were subcultured at 80% confluency.

3.310. Potential of PAC to induce steatosis in AML12 cells

The potential of @PAC and PPAC to promote steatosis in AML12 cells was
evaluated by Oil Red O (ORO) staining of the cellular lipids. A stock palmitic acid solution
(10 mM) was prepared by dissolving palmitic acid in 20% bovine serum albumin in a
phosphatéuffered saline solutionw(v) (Zeng et al., 2020)The complete cell culture
medium was supplemented with palmitic acid (50 uM) to create aftighdenvironment
for cells.AML12 cells were seeded in avéell plate at a density of 1 10° cells/well and
allowed to reach full confluency. Cells were treated with 25 pug/mL concentration of O
PAC and PPAC for 24 h. Cells were also treated with 10 aBqug/mL concentrations of

catechin and @AC standard from grape seed298219, USP, Rockville, MD, USA)
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respectively for comparison. Narytotoxic concentrations of these PAC fractions were
determined by the MTS assay (Fig. 3.Zahilakarathna and Rupasinghe, 2028jter
PAC treatments, cells were stained with ORO stainsioaize and quantify cellular lipids

(Thilakarathna and Rupasinghe, 2022)

3.311 Presence of inflammation markers in mouse liver and effects of PAC on the
expression of tight junction (TJ) proteins

The presence of inflammation markers, interleukin -@b) IL-6, and tumor necrosis

factor (TNF}Uin mice liver tissues was measured by western blotting. EffectsP#f®

suppl ementation on the | evels of TJ protei
O-PAC and PPAC on the levels of TJ proteins in CaZaell monolayers were studied by
measuring the expressions of claugirclaudind and occludin proteins. Ca@ocells were

seeded in 125 flasks at a density of 51° cells/flask and allowed to reach full confluency

over 8 days to create a Ca2aell monolayer. These Ca@aocell monolgers were treated

with O-PAC (25 and 50 pg/mL) and-PAC (50 and 75 pg/mL) separately for 48 h. Cell
monolayers were also treated with catechin (10 pg/mL for 48 h) for comparison. Non
cytotoxic concentrations of different PAC fractions were determinech®yMTS assay

(Fig. 3.2b)(Thilakarathna and Rupasinghe, 20Zt)e integriy of Cace?2 cell monolayers

at the selected levels of PAC treatments was established by stainingcéolih&rin TJ

protein using Ecadherin primary antibody86770, Cell Signaling Technology Inc.,
Danvers, MA,USAp s per t he manuf &c32a). Afeer4s tstreatmentt r u c t
with PAC, cells were harvested and proteins were extracted by the- radio
immunoprecipitation assay (RIPA) buffer. Mice liver and large intestine tissues were finely

ground and proteins were extracted by the RIPA buffer. Wedilt analysis of the
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extracted protein samples was condudf@udlakarathna and Rupasinghe, 2QI8Actin

levels in protein samples were rsaeed as the housekeeping protein to normalize the
levels of measured proteini.-16 (12426S), 11-6 (12912S), TNFU (3707S), b-actin
(12620S), and antiabbit secondary antibodies (7074S) were purchased from Cell
Signaling Technology Inc., Danvers, MA, WS Claudin3 (ab15102), claudid
(ab15104), and occludin (ab216327) antibodies were purchased from Abcam, Cambridge,

MA, USA.

3.312 Bacterial lipopolysaccharides (LPS) in mouse liver tissues

Analysis of the effects of-PAC on the expression of TJ proteins in mouse large
intestine tissues and Ca2ocell monolayers revealed the ability 6PRAC to reduce the
expression of TJ proteins. Therefore, the ability of bacterial LPS to reach mouse live
through impaired large intestine epithelium (and induce steatosis and inflammation) was
tested by an HPL®IS method(Pais de Barros et al., 201fey LPS quantification. LPS
in liver tissue samples were extracted into methanol and concentrated by nitrogen
evaporation. Samples were reconstituted with 50% aqueous methanol aed weith 8
M aqueous HCI solution at 90 °C for 4 h in the presence of NaCl to separate 3
hydroxymyrisitic (3HM) fatty acid from LPS structure by hydrolyqiBais de Barros et
al., 2015) LPS concentrations in mouse liver tissues were indirectly measured by

guantifying 3HM fatty acid using the UHPLESIMS (Fernando et al., 2020)

3.3 13 Statistical analysis
Experimental data were analyzed by using the Mifiisatistical software (version
19.2020.1). Results of PAC extraction, PAC quantification, serum ALT/AST activities,

TBARS assay for mouse dseand liver tissues, MTS cell viability assay for AML12 and
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Caco2 cells, the ability of PAC to induce steatosis in AML12 cells, and western blot
analysis for inflammatory cytokines and TJ proteiese expresseas themeant standard
deviation of threéndividual experiments. The results of LPS quantification in mice livers
were expresseds themeant standard deviation of two individual experiments. The means
were comparetly oneway analysis of variance (ANOVA) at 95% confidence level with

T u k e y @ipte mepamcbmparisor(95% confidence level).

3.4. RESULTS

3.4.1. Extraction, quantification, and characterization of PAC

The amounts of @AC and PPAC extracted and purified from the GSP were 2.29
+ 0.19 % and 0.96 + 0.01 % of the dry G&%pectively. The PAC quantities in purified
O-PAC and PPAC fractions were 54.4 + 4.81 and 14.4 =+ 2.35 mg CE/g dry samples,
respectively, as measured by the methylcellufoseipitable tannins assay. The MDP of
O-PAC was 3.41 £ 0.29 and the MDPRPAC was 15.1 + 0.15. Galloylation ofPAC
and RPAC was 6.17 £ 0.08 % and 18.5 + 0.85 %, respectively. Thus B Pextract

was highly polymerized and galloylated compared to tHeAT extract.

3.4.2. Biotransformation of P-PAC by probiotic bacteria

Analysis of the liver tissues of mice by HRMS identified nine potential PAC
metabolites, 2or 4-hydroxyphenylacetic acid,-dydroxybenzoic acidj-coumaric acid,
dihydroferulic acid, dihydroferulic acid-O-b-D-glucuronide, fumaric acid, pyrocatechol,
pyrogallol, and syringic acid (Supplementary Fig. S3.2). The UHESEMS analysis
using pure metabolite standards (Supplementary Fig. S3.3) confirmed the p@Es2nce
hydraxyphenylacetic, hydroxybenzoicj -coumaric, fumaric, pyrocatechol, and syringic

acids in the mice liver tissues (Table 3.1-Hydroxybenzoic acid was detected only in the
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mice livers of PPAC+PB group. Pyrocatechol andhgdroxyphenylacetic acid were
detected in both4PAC and PPAC+PB groups with higher concentrations observed in the
P-PAC+PB group. Fumarig,-coumaric, and syringic acids were common in the liver
tissues of all three mouse groups. However, concentrations of these metabolites were
higher in the FPAC+PB group (Table 3.1). Probiotic bacteria generate potential PAC

metaboites and promote PAC biotransformation efficiency in mice.

3.4.3. Effects of RPAC and probiotics supplementation on mouse gut microbiota
TheU-diversity of microbiota among the three mouse groups was simpited.05

according to t hvee nSrheasnsn,o no b sPa rev eodu 6T s, and

3.3a). AlsoFirmicutesto BacteroidetegF/B) ratios were not significantly differenp &

0.05 among the mouse groups:PRAC and probiotic bacteria supplementation did not

significantly alter the congsition of natural mouse gut microbiota. Furthermore, the

relative frequency (%) of the AM in mouse gut microbiota did not significantly chgnge (

> 0.09 during the PPAC and probiotic bacteria supplementation (Fig. 3.3a).

3.4.4. Effects of RPAC and probiotics supplementation on mouse liver health

Abnormal small white spots, which resemble NAFLD, were observed in the livers
of mice of RPAC and PPAC+PB goups. Also, the external color of these livers was
lighter compared to the livers of the control group mice (Fig. B&aThe H&E staining
of the liver tissue sections revealed that hepatocytes ofh&dPand PPAC+PB groups
were enlarged, which reséhed hepatocyte ballooning (Fig. 3.4d). Moreover, hepatic
lobular inflammation due to the infiltration of monocytes into the liver tissues was evident
in these two mice groups. The liver damage biomarkers, ALT and AST enzyme activities,

in the blood seim of RPAC+PB group mice were significantly highpr(0.05 compared
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to the PPAC and control group mice (Fig. 3.4g and h). Interestingly, no significant
difference was observed in the blood serum ALT and AST activities betweerPAE P

and control goups, despite the presence of hepatocyte ballooning inE#edPgroup.

3.4.5. Oxidative stress in the livers of mice as a marker of NAFLD

Concentrations of the oxidized lipid products in mice livers from tRAE and P
PAC+PB groups were significantlyigher compared to the control group (Fig. 3.5a).
Therefore, hepatic oxidative stress should be significantly higher in-tv&@CPand P
PAC+PB groups compared to the control group. These results support the H&E

observations for the prevalence of NAFLD #WPRC and PPAC+PB group mice.

3.4.6. Presence of inflammation markers in mice livers
The hepatic expression of-lb, IL-6, and TNFU proinflammatory cytokines in
the RPAC+PB group was significantly higher compared to the control group (Fig. 3.5c).
Interesingly, only IL-6 expression was significantly high in thd®RC group compared to
the control group. These results confirmed the prevalence of hepatic inflammation in the

P-PAC and PPAC+PB mice groups.

3.4.7. Presence of oxidized lipids in mouse diets

The concentration of oxidized lipids in the control chow diet was not significantly
different p > 0.05 from the diet containing both-PAC and probiotics #PAC+PB diet).
Interestingly, oxidized lipids concentration in the diet containing offfAE (RPAC diet)
was significantly low compared to the control chow diet afRINC+PB diet (Fig. 3.5b).
Therefore, liver inflammation and NAFLD induction in the mice ¢?/RC and PPAC+PB
groups did not result from the presence of high concentrations of oxidzeégtoducts

in mouse diets.
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3.4.8. Potential of different PAC fractions to induce steatosis in AML12 cells

The potential of different fractions of PAC to promote steatosis in AML12 cells
was tested by cellular retention of ORO stain. Visual observatiédiiafl2 cells under
the microscope (Fig. 3.3b.l) depicted no signs of steatosis promotion by cateéhhg O
standard, €PAC, and PPAC in the AML12 cells. These results were confirmed by
measuring the ORO stain retention in AML12 cells (RBigb.ll). Different fractions of

PAC did not promote lipid accumulation in AML12 cells.

3.4.9. P-PAC-induced intestinal epithelial TJ dysfunction causes hepatotoxicity by
enabling LPS translocation

Bacterial LPS levels in the mice livers were measured by quantifyiHi 3
concentrations after hydrolysis of LPS (Fig. 3.6aHN concentrations in thévers of

mice of RPAC and PPAC+PB groups were significantly higher compared to the control

group.

The potential of PAC to reduce the levels of TJ proteins in nsdarge intestines
(and by that increase translocation of LPS) was studied by thermwé&iting technique
for TJ proteins, claudi#3, and occludin. Claudi8 and occludin levels were significantly
low in the large intestines of mice from thePRC+PB group compared to the control
group mice (Fig. 3.6b). In-PAC group, only the occludireVel was significantly lower
compared to the control group mice. Supplementation of mice witA® significantly
reduced the expression of TJ proteins in m
on the ability of PPAC to reduce the expressionTaf proteins in mouse large intestine is
limited, we attempted to reproduce these results in -Qaml monolayers. The levels of

claudin3 and claudid TJ proteins were significantly low in the CaZamonolayers
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treated with FPAC (at both 50 and 75 pglmevels) compared to the control (Fig. 3.6c).
Catechin and €AC did not significantly reduce the levels of clau@iand claudirmd TJ
proteins compared to the control. InterestinglyP®C at 50 pug/mL level significantly
increased the level of claudBin Cacae?2 cell monolayers. The level of occludin TJ protein
was not significantly influencedo(> 0.05 in Cace2 cell monolayers by exposure to
catechin, GPAC, and PPAC. Different fractions of PAC can selectively influence the

expression of TJ proteins Cacoe?2 cell monolayers.

3.5. DISCUSSION

The importance of dietary PAC to improve human health and alleviate diseases is
evident in many studieRauf et al., 2019)However, the physiological effects of PAC
largely cepend on the bioconversion ofFAC molecules into metabolites by the colonic
microbiota(Ou and Gu, 2014)The ability of probiotic bacteria to biotransform PAC can
be ugd as a concept of synbiotic food developni&htlakarathna edl., 2018) Therefore,
we investigated the potential of common LBPB and novel AM probiotic bacteria to
generate unique microbial metabolites through dietary supplementatio® ACRising

C57BL/6 mice.

Potential PPAC metabolites such ashydrophenylaetic, 4hydroxybenzoic) -
coumaric, fumaric, syringic acids, and pyrocatechol were confirmed to present in mice
livers. In addition, HRMS suggested the presence of poteniBA® metabolites 4
hydroxyphenylacetic acid, dihydroferulic acid, dihydroferad-4-O-b-D-glucuronide,
and pyrogallol in mice livers. Many of these metabolites have been identified as potential
PAC metabolites by previous studi@ilakarathna et al., 2018 the current study,-4

hydroxybenzoic acid was detected exclusively in tHRAC+PB group. Also, the liver
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concentrations of pyrocathol and zhyroxyphenylacetic acid were higher in the P
PAC+PB group. Probiotic bacteria may enhance the biotransformatiorP&CPand

generate unique metabolites in mice.

A significant difference was not observed in thidiversity of mouse gut
microbiome after the supplementation witFPRAC and probiotic bacteria. Similar results
are reported for a higfat dietfed C57BL/6 mouse model supplemented with PAdB
grape seed extrafitiu et al., 2017and a female pig modelgplemented with commercial
grape seed extra@Choy et al., 2014)However, contradictory results are presentecdaf
female Wistar rat model gavaged with grape seed BZg€8anovaarti et al., 2018)A
significant increment of AM population was not observed during the supplementation
regime, hinting at thaability of AM to colonize the mouse gut. Though the promotion of
AM growth in mice by PAC has been repor{@thang et al., 2018)-PAC did not support

the colonization of AM in the present study.

H&E staining of the micés liver tissue sections revealed the presence of hepatocyte
balooning and hepatic lobular inflammation in the?PRC and PPAC+PB group mice.
The presence of hepatocyte ballooning together with hepatic lobular inflammation
confirms the progression of NAFLD to NASBe and Duseja, 202@) mice from the two
groups. We further confirmed the prevalence of hepatic injury by evaluating the ALT and
AST enzyme activities in mouse bloodws®, hepatic oxidative stress, and inflammation
markers in mouse liver. The activities of ALT and AST enzymes were significantly high
in the RPAC+PB group compared to the control group. However, the ALT and AST
enzyme activities were not significantly hign the PPAC group compared to the control

group despite the obvious presence of NASH. Measuring serum ALT activity levels can
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be falsely negative in determining the prevalence of hepatic conditions from steatosis to
liver fibrosis (Wong et al., 2009) Therefore, in future studies, the intensity and
mechanisms of hepatic injury can be further studied by evaluating cytolkidated (Roy

et al., 2010) and mitochondrial dysfunctiorediated hepatocyte apoptosis (Roy et al.,

2009).

Hepatic oxidative stress is another biomarkestehtosiand NASH(Sumida et
al., 2013) Hepatic oxidative stress in the migerh the PPAC and PPAC+PB groups
was significantly higher compared to the mice of the control group. Increased expression
of hepatic proinflammatory cytokines, -lib, IL-6, and TNFU is associated with the
development and progression of NAFI(Duan et al., 2022)The prevalence of hepatic
inflammation in PPAC and PPAC+PB groups was evident by increased expressions of
proinflammatory cytokines. These results confirm the prevalence of NASH in mice from
the RPAC and PPAC+PB groups. The immune responses of the liver are finely regulated
by different types of circulatory and resident immune cells. The number of resident Kupffer
cells (KC) significantly declines during the progression of steatosis to NASH. This loss of
KC is replenished by recruiting Ly8@onocytes that differentiate into monocykerived
KC (Huby and Gautier, 2022). Accumulation of KC in the liver had been previously
observed in coppeanduced hepatotoxicity in rats (Roy et al., 2011). The circulating
morocytes recruited into liver tissue can also differentiate into other macrophages known
as lipidassociated macrophages (Huby and Gautier, 2022). Hepatic inflammation is
positively associated with intestinal inflammation. In chemieadtjuced ulcerative diis,
the translocation of bacteria can upregulate the hepatic inflammation (Trivedi and Jena,

2013). Therefore, it is important to study the variations of immune cell populations in the
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intestine, blood plasma, and liver tissues in the future studideating the PPAC-

mediated hepatotoxicity.

Secondary products of lipid oxidation in diet can induce hepatic lipid accumulation
and inflammation(Hoebinger et al., 2022)The diets formulated for-PAC and P
PAC+PB mice groups did not contain higher concentrations of oxidized lipid products
compared to the chow diet of the control group. In fact, the development ofeaklghixl
products in the diet for the-IPAC mice group was significantly lower compared to the
other two diets. This can be explained by the potential of PAC to reduce lipid oxidation
and stabilize foods by acting as a natural antioxidant g&enet al., 2015)Since mouse
diets did not contribute to the development of NASH in mice, we evaluated the potential
of different fractions of PAC to induce lipid accumulation in AML12 cells. Catechin, O
PAC standard, @AC, and PPAC did not promote lipid accumulation AML12 cells.
Severalin vivo (Yogalakshmi et al., 2013nd clinical studiegKhoshbaten et al., 2010)
have presented the potentidlPAC to alleviate NAFLD and NASH. However, the degree

of polymerization of PAC used in these studies is not well elucidated.

PAC is generally recognized as safe for human consum{@amo, 2017and the
toxic effects of PAC in humans or other animals are limited. However, a few studies have
observed the impadf PAC on the development of digestive tract complications, lesions
in the digestive tract of shedplervas et al., 2(), and loss of epithelial cells in the
duodenum of Boer goat¢Mbatha et al., 2002)In a recent study, grass rpa
(Ctenopharyngodon ideljasupplemented with PAC (for 70 days) and challenged with
Aeromonas hydrophil&or 14 days) developed lesiomsthe intestine and lost intestinal

immune function compared to the contfbi et al., 2020) Moreover, flavonoids can alter
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the expression of TJ proteins in epithelial cells. Quercetin and hesperidin aglycone can
reduce the claudi@ expressioninMadiDbar by cani ne ki dney ( MDCK)
(Nakashima et al., 2020The effects of PAC on gut epithelium may be driven by the
antinutritional éfects of PAC. PAC can significantly reduce the bioavailability of dietary
iron by chelation(Yun et al., 2011)An adequate supply of dietary iron is necessary to
maintain gut epithelial barrier functidhi et al., 2016) Therefore, the potential ofIPAC

to induce NASH in mice through hepatic exposure to LPS by impairing gut epithelial
barrier function was studied. LPS concentrationdiélivers of mice from #fPAC and P
PAC+PB groups were significantly high compared to the control group mice. LPS can
impair lipid metabolism in C57BI/6Ncrj mice and promote hepatic lipid accumulation by
altering the expression of key regulatory receptatsenzyme¢Ohhira et al., 2007LPS

is proven to induce hepatic inflammationvivo (Khan et al., 2021by activation of the
nuclear factor (NFpB inflammatory response cascafléamesch et al.,, 2015)hus,

NASH conditions observed in thePAC and PPAC+PB groups may have resulted from

the exposure of mice livers to LPS. Further studies are recommended to measure LPS
concentrations in mice blood plasma to establish a correlation with hepatic LPS

concentrations.

Loss of gut epithelial barrier function can increase the permeation of endotoxins
into the liver through hepatic portal circulation and induce inflammation and liver damage
(Fig. 3.7)(Ferro et al., 2020; Kessoku et al., 2024/e observed a significant reduction in
the levels of TJ proteins, claudihand occludin, in lamgintestines of mice from the P
PAC and PPAC+PB groups. Reduction of TJ protein expression suggests impaired gut

epithelial barrier functiofChelakkot et al., 2018)nd increased paracellulpermeability
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for LPS (Hollander and Kaunitz, 2020)-urthermore, fPAC significantly reduced the
expressions of claudi@ and claudir in Cace2 cell monolayers, reassuring the potential

of P-PAC to reduce the expression of TJ proteins and impair gut epithelial barrier function.
It is important to note that the reduction of TJ protein expressions occurred@ttatwxic
concentrations for Caed cells (as measured by MTS assay) and without losing cells from
the Cace2 cell monolayer (as visualized bydadherin staining). Interestingly,-BAC

could significantly increase claudBexpression. Several studies contradietdabserved
results by showing the ability of PAC to promote gut epithelial barrier functioniboth
vitro andin vivo (Nallathambi et al., 2020; Sheng et al., 2028)wever, many of these
studies have not reported the MDP and % galloylation of PAC extracts or have used PAC
extracts with low degrees oblymerization compared toPAC extract used in the current
study. These results reveal the importance of determining the nature of PAC extracts before

recommending them for human consumption to avoid harmful health effects.

The mouse liver damage andlarhmation were prominent in theFAC+PB mice
group compared to thelPAC mice group, as shown by ALT/AST activities and levels of
liver inflammatory cytokines. The safety of many probiotic bacteria and their potential
health benefits are well establishétbwever, probiotic bacteria can possess pathogenic
traits that can negatively influence human he@Rhadhan et al., 2020)Well-studied
probiotic bacteria ofactobacilus(Rossi et al., 2019ndEnterococcugKrawczyk et al.,
2021)can act as opportunistic pathogens. Intestinal barrier funigtionitical to prevent
the translocation of these opportunistic bacteria and cause bact¢keamazyk et al.,
2021) Thus, impaired gut epithelial barrier function caused by supplementaticRACP

may have prompted the translocation of LBPB and AM probiotic bacteria and increased
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the severity of hepatic injury and inflammation in th&® RC+PB mice group. Therefore,
it is critical to evaluate the safety of supplementation strategies that combine bioactive

extracts and probiotics (synbiotics) to achieve better health benefits.

3.6. CONCLUSIONS

Probiotic bacteria such as LBPB and AM can fiainsform PPAC to metabolites
(i.e. 4hydroxybenzoic) in C57BL/6 mice, suggesting their function beyond the natural gut
microbiota of mice. Supplementation withFAC alone or together with LBPB and AM
probiotic bacteria did not influence thkdiversity, F/B ratio, and relative frequency (%)
of AM in the natural gut microbiota of C57BL/6 mice. Importantly, supplementation with
P-PAC induced NASH in C57BL/6 mice-IPAC supplementation can significantly reduce
the levels of TJ proteins, claud®) and occluoh in C57BL/6 micés large intestines.-P
PAC can significantly reduce the levels of clau@iand claudird TJ proteins in cultured
Caco2 cell monolayers. Interestingly,-BAC can significantly increase claueBnlevel
indicating differential functions ¢gending on the degree of polymerization of PAC. We
demonstrated that the reduction of TJ protein expressionP¥@ may impair the gut
epithelial barrier function of mice and increase liver exposure to bacterial LPS. Increased
bacterial LPS concentratioris mice livers caused NASH as indicated by hepatocyte
ballooning and monocmfiltrated hepatic lobular inflammation. In conclusion, probiotic
bacteria improve #°AC biotransformatiom vivoindicating the potential to develop PAC
based synbiotics withealth benefits. However, it is critical to evaluate the safety of such

PAC-derived synbiotics.

152



3.7. ACKNOWLEDGEMENT

This research received funds from the Discovery grant of the Natural Sciences and
Engineering Research Council (NSERC) of Canada (RGPRI6I216369) to HP.V.
Rupasinghe The authors are grateful for tlhe David Crowe Graduat&cholaship to

W.P.D.W. Thilakarathnaand Killam Chair funds of HP.V. Rupasinghe

Table 3.1.Concentrations of potential polymeric proanthocyanidin metabolites in the liver

tissues of mice.

Proanthocyanidin metabolitt Concentrations of proanthocyanidin metabolite

(ug/g fresh liver tissue)

Control group P-PAC group P-PAC+PB group

1) 4-Hydroxybenzoic acid 0 0 0.61
2) Pyrocatechol 0 0.22 0.62
3) 2-Hydroxyphenylacetic 0 0.23 0.56
acid

4) }-Coumaric acid 0.52 0.65 1.77
5) Fumaric acid 0.51 0.86 1.82
6) Syringic acid 0.14 0.26 0.47

Control group: mice group (n=5) received only tdoatrol chow diet; PAC group: mice
group (n=5) supplemented with polymeric proanthocyanidins (200 mg/kg body
weight/day); PPAC+PB group: mice group (n=5) supplemented with both polymeric
proanthocyanidins (200 mg/kg body weight/day) and probiotic badteér 10° colony
forming units/mouse/day ofactobacillus and Bifidobacteriumprobiotics andl 10°
colony forming units/mouse/day 8kkermansia muciniphija
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Day 0 Day 7 Day 10 Day 24 (Sacrifice)
Chow with cellulose Chow with cellulose
Chow control feed pellet Chow control feed pellet —
Acclimatization
(7 days)
Control Collecting blood by
cardiac puncture.
Chow with cellulose Chow with P-PAC Harvesting liver and
Chow control feed pellet Chow feed pellet " large intestine.
Acclimatization
(7 days) Feces collection on
P-PAC day 24 for gut
Chow with P-PAC microbiome
Chow with probiotic and probiotic feed analysis.
Chow feed pellet Chow pellet
Acclimatization | Feces collection on Feces Feces collection on —
(7 days) day 0 for gut collection on day 10 for gut
microbiome analysis| day 7 for gut | microbiome analysis
P-PAC+PB microbiome
(n:5) analysis

Figure 3.1. Dietary supplementation regime followed during the C57BL/6 rsicely.

Three groups of male C57BL/6 mice (n=5) were fed with a chow diet (control group), chow
diet mixed with polymeric proanthocyanidins-FFAC), or chow diet mixed with both-P

PAC and probiotic bacteria {PAC+PB group). Mice feces were collected durthg
supplementation to study the variations in mice gut microbiota composition. At the end of
thestudy, mouse blood and tissues were collected and tested for the presence of metabolites
of proanthocyanidins.
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a) Toxicity of PAC in AML12 cells
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c) E-cadherin staining of Caco-2 cell monolayers
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Figure 3.2. Cytotoxicity of different proanthocyanidins (PAC) in AML12 cells (a) and
Caco?2 cells (b) as measured by the MTS assay and effect of different PAC on the integrity
of Cace2 cell monolayers (c) as visualized by staining afddherin protein. MTS assay
reailts were presented as mean * standard deviation of three independent experiments.
Means that do not share a similar letter are significantly different at 95% confidence level.
DMSO, dimethyl sulfoxide; ePAC, oligomeric PAC; FPAC, polymeric PAC.
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a) Variations of mouse gut microbiota

() Shannonindex (ll) Pielou’s Evenness (ll) Observed OTUs
70 - 1 0.80- N w 400
Eﬁﬁ T EU_TE- T Essu 1 :‘
c 6.0 o
= ® 0704 %
g s5) L 2 0.70 — § 300 T
5., T 3065 L @ 250
n 2 8
45— . . & 060 T . : 200—— - .
<& e & W ﬁﬁ & W P
0‘? QQ ?13—6 Cé& Q? 9135" C)éé QQ Q‘P‘Gc
< < <
(IV) Faith’s PD (V) FIB ratio (V) AM RF [%l
28 " 2.0 NE 20
E 261 - Q15 — 15
0 241 B £
[=R=N=C LU S N iyt
' 20- T 0.5 05
18— . . 0.0 N . - 0.0
& o o &
S & ol & & & & & 0@)’ &

=
Q?

b) Potential of PAC to promote steatosis
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Figure 3.3. Effects of polymeric proanthocyanidins -HAC) and probiotic bacteria
supplementation on the composition of gut microbiota of C57BL/6 mice (a) and potential
of different fractions of proanthocyanidin (PAC) to promote lipid accumulation/induce
steatosis in AML12 normal mouse hepatocytes {ih)e composition of the mouse gut
microbiota was evaluated by the 16S rRNA sequencing technology. Lipid accumulation in
AML12 cells was visualized and quantified by Oil Red O (ORO) stain retention assay and
results were expressed as mean + standard deviation of three independent’$8)dies.
statistically significant at 95% confidence level. AM RF (%), Akkermansia muciniphila
relative frequency (%); DMSO, dimethyl sulfoxide vehicle control; F/B ratio,
Firmicutes/ Bacteroidetes ratio; Faithoés PD,
observed operational taxonomy unitsP@C, oligomeric PAC; FPAC, polymeric PAC

or mice supplemented withiPAC; RPAC+PB, mice supplemented with bot#PRC and
probiotic bacteria.
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Figure 3.4. Assessment of hepatotoxicity of polymeric proanthocyanidins and probiotic
bacteria supplementation in mice. External appearance of mice liviery {agether with
histology of liver tissue sections {d) and ativities of alanine aminotransaminase (ALT,

g) and aspartate aminotransaminase (AST, h) enzymes in mice blood serum were evaluated
as the biomarkers of liver damage. Measurement of ALT and AST activities were
conducted in three independent studies andlteesvere expressed as mean * standard
deviation. Means that do not share a similar letter are significantly different at 95%
confidence level. #PAC group, mice group supplemented with polymeric
proanthocyanidin; #f’PAC+PB group, mice group supplementedhwboth polymeric
proanthocyanidins and probiotic bacteria.
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Figure 3.5. Indicators of lipid oxidation in mouse liver (a) and mouse diets (b), and
expression of proinflammatory cytokines in mouse liver (c). Concentrations of secondary
products of lipid oxidation in mice livers and mouse diets were measured by the
thiobarbituricacid reactive substances assay. Hepatic inflammation in mice was studied by
measuring the expression of proinflammatory cytokines by western blot analysis. All
experiments were conductad three independent studies and results were expressed as
mean * sdndard deviation. Means that do not share a similar letter are significantly
different at 95% confidence levelL -1b, interleukinlb; IL-6, interleukin6; MDA Eq,
malondialdehyde equivalence;-HAC, mice group supplemented with polymeric
proanthocyanidis; RPAC+PB, mice group supplemented with both polymeric
proanthocyanidins and probiotic bacteria; FNRumor necrosis factdd.
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Figure 3.6.Bacterial lipopolysaccharide concentrations in mice livers (a) and effects of
proanthocyanidins on the tight junction pr
Caco2 cell monolayers (c). Exposure of mice livers to bacterial lipopolysaccharides was
indirectly quantified by measuring the levels ehyroxymyrisitic acid in mice livers.
Effects of proanthocyanidins on the | evel
intestinesand Cace? cell monolayers were studied by western blot analysis. Weaent

of LPS levels was conducted in two independent studies and western blot analysis for the
expression of tight junction proteins was conducted in three independent studies. Results
were expressed as mean * standard deviation. Means that do na simaitar letter are
significantly different at 95% confidence levekHbA, 3-hydroxymyrisitic acid; LPS,

bacterial lipopolysaccharides;-PAC, oligomeric proanthocyanidins:FAC, polymeric
proanthocyanidins/ mice group supplemented with polymeric proaydinidins; P

PAC+PB, mice group supplemented with both polymeric proanthocyanidins and probiotic
bacteria; TJ protein, tight junction protein.
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Figure 3.7. Potential mechanism of polymeric proanthocyanidins® &)} mediated
nonalcoholic steatohepatitis induction in C57BL/6 micePAC downregulates the
expression of tight junction proteins, claudins, and occludin in the mouse large intestine
epithelium disrupng the gut epithelial barrier function. Bacterial lipopolysaccharides
(LPS) can increasingly permeate through disrupted large intestine epithelium to the liver
by hepatic portal circulation. At the liver, LPS can bind with-li&k receptor 4 (TLR4)

and upregulatenuclear factokappalight-chainenhancer of activated B cel{dlF-aB)-
mediated inflammatory cytokines, interleukin {16, IL-6, and tumor necrosis factor
alpha (TNFU) production to induce hepatic inflammation. LPS can promote hepatic fatty
acid synthesis by upregulating fatty acid synthase (FAS) and dbefylcarboxylase
(ACC) enzymes through upregulating the expression of sterol regulatory elemental binding
proteinlc (SREBP1c) transcription factor. LPS can also promote hepatic fatty acid
synthesis by reducing tifieoxidation of fatty acids through downregulation of peroxisome
proliferatoractivated receptor (PPAR]
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3.8. SUPPLEMENTARY TABLE

Supplementary table S3.1 Proanthocyanidin metabolites expected to detect by- high
resolution mass spectrometry, their molecular formulas and electrospray ionization
negative mode mass to charge ratios.

ESI Negative

Compound name Molecular Formula m/z
Pyrocatechol CsHeO2 109.1
Fumaric acid C4H404 115.07
Succinic acid C4HeO4 117.088
p-Hydroxybenzaldehyde C7HeO2 121.123
Pyrogallol CeHeO3 125.11
3-Hydroxybenzoic acid C7HeO3 137.024
4-Hydroxybenzoic acid C7HeO3 137.024
Cinnamic acid CoHsO2 147
transCinnamic acid CoHsO2 147
Hydrocinnamic acid (henyl propionic
acid) CoH1002 149.177
3-Hydroxyphenylacetic acid CgHsOs3 151.04
4-Hydroxyphenylacetic acid CsHsO3 151.04
Vanillin CgHsOs3 151.149
Protocatechuic acid C7HeO4 153.012
p-Coumaric acid CoHgO3 163.16
m-Coumaric acid CoHgOs 163.16
o-Coumaric acid CoHgOs 163.16
m:-Dihydrocoumaric acid CoH1003 165.17
o-Dihydrocoumaric acid CoH1003 165.17
p-Dihydrocoumaric acid CoH1003 165.17
3,4-Dihydroxyphenylacetic acid CgHgO4 167.15
Vanillic acid CgHgO4 167.15
2,5-Dihydroxyphenylacetic acid
(homogentisic acid) CgHgO4 167.15
Gallic acid C7HeOs 169.12
4-Methoxycinnamic acid C10H1003 176.9
5-Phenylvaleric acid C11H1402 177.092
Hippuric acid CoHoNO3 178.051
Caffeic acid CoHgO4 179.035
3-(4-methoxyphenyl)propionic acid C10H1203 179.2
Homovanillic acid CoH1004 181.051
Dihydrocaffeic acid CoH1004 181.1
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ESI Negative

Compound name Molecular Formula m/z
Methyl 3,4,5trihydroxybenzoate CgHsOs 183.14
3-O-Methylgallic acid CgHsOs 183.14
Quinic acid C7H1206 191.17
Methyl hippuric C10H11NOs 192.202
3-Hydroxyphenylvaleric acid C11H1403 193.087
Isoferulic acid C10H1004 193.186
Ferulic acid C10H1004 193.186
4-Hydroxyhippuric acid CoHoNO4 194.046
Dihydroferulic acid C10H1204 195.1
Dihydroisoferulic acid C10H1204 195.1
Syringic acid CoH1005 197.174
Methylferulic acid C11H1204 207.2
5-(3,4-Dihydroxyphenylljgamma
valerolactone C11H1204 207.21
Methyldihydroferulic acid C11H1404 209
Purpurogallin C11HgOs 219.17
5-(3,4,5Trihydroxyphenyllgamma
valerolactone C11H120s 223.21
3,5-Dimethoxy-4-hydroxycinnamic acid
(sinapic acid) C11H120s 223.212
p-Coumaric acie# -Btsulfate CoHs06S 242.9
m-Coumaric acie3 -Rfsulfate CoHs06S 242.9
Dihydro-m-coumarie3 -R}sulfate CoHo06S 244.9
Dihydro-p-coumarie4 -Bsulfate CoHo06S 244.9
Feruloylglycine C12H13NOs 250.23
Caffeic-3 -Ntsulfate CoHsO7S 259.22
Caffeic4 -Ntsulfate CoHsO7S 259.22
Dihydrocaffeic acie3-O-sulfate CoH1007S 261.24
Dihydrocaffeic4 -Btsulfate CoH1007S 261.24
O-methyl gallic acidO-sulfate CsHs0sS 263.21
Ferulic acid4-O-sulfate C10H1007S 273.25
Isoferulic-3 -Rfsulfate C10H1007S 273.25
Dihydroferulic-4 -R}sulfate C10H1207S 275.26
Dihydroisoferulie3 -} sulfate Ci10H1207S 275.26
(+)-Catechin C15H1406 289.27
(+)-Catechin C15H1406 289.27
Ellagic acid C14HsOs 301.19
(Epi)gallocatechin C15H1407 305.27
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ESI Negative

Compound name Molecular Formula m/z
(Epi)gallocatechin Ci15H1407 305.27
3-Caffeoylquinicl,5lactone C16H160s 335.29
4-Caffeoylquiniel,5lactone C16H160s 335.29
m-Coumarie3 -Btglucuronide C15H1609 339
Dihydro-m-coumarie3 -B}glucuronide C15H1809 341
Dihydro-p-coumarie4 -Ryglucuronide C15H1809 341
3-Feruloylquinicl,5lactone C17H180s 349.3
4-Feruloylquinicl,5lactone C17H180s 349.3
3-Caffeoylquinic acid C16H1809 353.31
4-Caffeoylquinic acid C16H1809 353.31
5-Caffeoylquinic acid Ci16H1809 353.31
Caffeic-3 -Ntglucuronide C15H16010 355.28
Caffeic4 -Rtglucuronide C15H16010 355.28
Dihydrocaffeic3 -Byglucuronide Ci15H18010 357.3
Dihydrocaffeic4 -Byglucuronide Ci15H18010 357.3
3-Feruloylquinic acid C17H2009 367.3
4-Feruloylquinic acid C17H2009 367.3
5-Ferulloylquinic acid C17H2009 367.3
Ferulic4 -8fglucuronide Ci16H18010 369.31
Isoferulic-3 -Rfglucuronide C16H18010 369.31
(Epi)catechirO-sulfate C15H1400S 369.33
Dihydroferulic-4 -Rfglucuronide Ci16H20010 371.32
Dihydroisoferulie3 -Rtglucuronide Ci16H20010 371.32
4 -Rymethyk(epi)catechirO-sulfate C16H160sS 383.4
3 -Mfmethyl(epi)catechirO-sulfate C16H1600S 383.4
4 -Brmethyk(epi)gallocatechirO-sulfate C16H15010S 399
5-Caffeoylquinie3 -B}sulfate C16H17012S 432.9
5-Caffeoylquinic4 -B}sulfate C16H17012S 432.9
Epicatechin gallate C22H18010 441.37
5-Feruloylquinic4 -R}sulfate C17H19012S 446.9
Phloretin2 -Qfglucuronide C21H22011 449.4
(Epi)gallocatechins gallate C22H18011 457.37
(Epi)gallocatechins gallate C22H18011 457.37
(Epi)catechirO-glucuronide C21H22012 465.4
Hesperetin7-O-glucuronide C22H22012 477.4
(Epi)gallocatechirO-glucuronide C21H22013 481.4
4 - Methyl-(epi)gallocatechivO-
glucuronide C22H24013 495.12
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ESI Negative

Compound name Molecular Formula m/z
PhloretirO-glucuronideO-sulfate C21H21014S 529
5-Feruloylquinic4 -Bglucuronide C23H28015 543.1
(Epi)catechinO-glucuronideO-sulfate C21H21015S 545
HesperetirO-glucuronideO-sulfate C22H210155 557
Procyanidin B1 dimer CsoH26012 577.5
Procyanidin B1 dimer CsoH26012 577.5
Procyanidin B2 dimer CsoH26012 577.5
Procyanidin B3 dimer CsoH26012 577.5
Procyanidin C1 trimer C45H38018 865.8
Procyanidin C1 trimer CasH38018 865.8

ESI negative, electrospray ionization negative mode; m/z, mass to charge ratio.
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3.9. SUPPLEMENTARY FIGURES

a) Proanthocyanidins monomer standards
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Supplementary figure S3.1:1. Mass spectrometry chromatograms to determine the

retention times of the pure proanthocyanidin standards,

catechin,

epigallocatechin, epicatechin gallate, and epigallocatechin gallate.
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b) Oligomeric proanthocyanidins before phloroglucinolysis
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c) Oligomeric proanthocyanidins after phloroglucinolysis
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Supplementary figure S3.1:2. Mass spectrometry chromatograms of oligomeric
proanthocyanidins extract before and after the phloroglucinolysis reaction to detect and
guantify proanthocyanidin monomers, catechin, epicatechin, epigallocatechin, epicatechin
gallate, epigallocatechin date, and their phloroglucinol adducts. Phl*, phloroglucinol
adduct.
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d) Polymeric proanthocyanidins before phloroglucinolysis
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e) Polymeric proanthocyanidins after phloroglucinolysis
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Supplementary figure S3.123. Mass spectrometry chromatograms of polymeric
proanthocyanidins extract before and after the phloroglucinolysis reaction to detect and
guantify proanthocyanidin monomers, catechin, epicatechin, epigallocatechin, epicatechin
gallate, epigallocatechin galigtand their phloroglucinol adducts. Phl*, phloroglucinol
adduct.
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Supplementary figure S3.21. High-resolution mass spectrometry chromatograms
suggesting the presence of pyrocatechol, fumaric acid, pyrogahlgtrxybenzoic acid,
and 2 or 4hydroxyphenylacetic acid in the mice liver tissues.
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f) p-Coumaric acid (m/z:163.04)
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Supplementary figure S3.22. High-resolution mass pectrometry chromatograms
suggesting the presence pfcoumaric acid, dihydroferulic acid, synergic acid, and
dihydroferulic acid 40-b-D-glucuronide in the mice liver tissues.
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a) Pyrocatechol
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Supplementary figure S3.31. Mass spectrometry chromatograms to confirm the presence
of pyrocatechol and fumaric acid in concentrated mice liver extracts by comparing
retention times with standards. These chromatograms were also used to quantify
pyrocatechol and fumaric acid concetitbns in concentrated mice liver extracts. P
PAC+PB group, mice supplemented with both polymeric proanthocyanidins and probiotic
bacteria; PPAC group, mice supplemented only with polymeric proanthocyanidins;
control group, mice supplemented with contilebw diet.
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Supplementary figure S3.32. Mass spectrometry chromatograms to confirm the presence
of 2-hydroxyphenylacetic acid and-hy/droxybenzoic acid in concentrated mice liver
extracts by comparing retention times with standards. These chromategresradso used

to quantify 2hydroxyphenylacetic acid and-hydroxybenzoic acid concentrations in
concentrated mice liver extracts-PAC+PB group, mice supplemented with both
polymeric proanthocyanidins and probiotic bacterid? AC group, mice supplemett

only with polymeric proanthocyanidins; control group, mice supplemented with control
chow diet.
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