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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 increase, there are no 

United States Food and Drug Administration-approved drugs for NAFLD. Bioactive 

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 biotransformation of OPAC and PPAC into 

bioavailable metabolites using probiotics can enhance their physiological benefits. 

Initially, an ultrasonication-assisted aqueous-ethanol-based PAC extraction method was 

developed to obtain food-grade PAC suitable for use in the development of synbiotics. The 

optimum conditions to extract PAC from grape seeds were by using 47% aqueous-ethanol 

at 60 °C temperature, 10.14:1 solvent to solid ratio, and 53 min of sonication time. The 

ability of a mixture of Lactobacillus and Bifidobacterium probiotic bacteria (PB) together 

with novel PB Akkermansia muciniphila to biotransform PPAC was evaluated in the 

C57BL/6 mice. PB could biotransform PAC into bioavailable metabolites and improve the 

PPAC biotransformation in the mice. Oral supplementation of isolated PPAC 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 biotransformed in vitro by using Saccharomyces 

cerevisiae to obtain bioactive metabolites while reducing the toxicity of PPAC. The 

biotransformed (BT)-OPAC and BT-PPAC significantly reduced the palmitic acid (PA)-

induced lipid accumulation in mouse hepatocytes (AML12) by suppressing the de novo 

lipogenesis and promoting the fatty acid β-oxidation. Also, BT-PAC ameliorated PA-

induced oxidative stress by activating the nuclear factor erythroid 2-related factor 2 

antioxidant pathway and upregulating the expressions of antioxidant enzymes. Moreover, 

BT-PAC significantly reduced PA and LPS-induced inflammation in AML12 cells by 

suppressing the activation of toll-like receptor 4-mediated inflammatory signaling 

pathways. Taken together, these results suggest the potential to develop PAC-based 

synbiotics to mitigate the risk of NAFLD and NASH. However, such synbiotics must be 

critically evaluated for their safety for human consumption.  
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CHAPTER 1. INTRODUCTION 

1.1. PROANTHOCYANIDINS 

1.1.1. Classification and chemistry of proanthocyanidins 

Plants and plant-derived foods are significant sources of bioactive compounds with 

beneficial health effects. A variety of phytochemicals, such as polyphenols,  carotenoids, 

amines and peptides, dietary fibres, terpenes, phytosterols, and vitamins have been 

extensively evaluated for biological activities and proven to be beneficial against multiple 

diseases (Samtiya et al., 2021). There are more than 8,000 known natural phenolic 

compounds, making polyphenols one of the largest groups of phytochemicals (Lund, 

2021). Polyphenols can be classified as phenolic acids, flavonoids, stilbenes, and lignans 

due to their extensive structural diversity (Kumar et al., 2019). Flavonoids are the most 

abundant dietary polyphenols, and all flavonoids share a basic C6-C3-C6 carbon skeleton 

of two benzene rings (A- and B-rings) linked together with three carbon atoms arranged 

into an oxygenated heterocycle (C-ring) (Fig. 1.1a). Flavonoids can be sub-divided into six 

groups, namely, flavonols, flavanones, isoflavones, flavanols, flavones, and anthocyanins 

based on the chemistry of heterocyclic rings (Pandey and Rizvi, 2009). The flavanols, also 

termed flavan-3-ols, are different from most other flavonoids by not having a double bond 

between C2 and C3, and a carbonyl group at C4 of the C-ring (Tsao, 2010). 

Proanthocyanidins (PAC), also known as condensed tannins, are oligomeric and polymeric 

molecules resulting from the condensation of flavan-3-ols (Mannino et al., 2021). The 

differentiation of oligomeric PAC from polymeric PAC is based on molecular size. Some 

researchers consider PAC with 2 – 5 monomers as the oligomers and PAC with 6 – 60 

monomers as the polymers (Mannino et al., 2021) while others consider PAC with 2 – 10 
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monomers as the oligomers and PAC larger than 10 monomers as the polymers (Vazquez-

Flores et al., 2018). There are three main PAC monomers (flavan-3-ols) based on the 

number and the location of hydroxyl groups attached to the B-ring. The propelagordins 

have a single hydroxyl group, while procyanidins and prodelphinidins have two and three 

hydroxyl groups attached to the B-ring, respectively (Mannino et al., 2021). Therefore, 

PAC can be categorized as propelagordins, procyanidins, and prodelphinidins based on the 

monomer composition. The procyanidins are primarily consisted of (epi)catechin subunits 

and they are the most abundant PAC. The propelagordins and prodelphinidins are mainly 

consisted of (epi)afzelechin and (epi)gallocatechin subunits, respectively (Ky et al., 2016). 

PAC monomers also depict structural differences based on stereochemistry. The C2 and 

C3 of the C-ring are chiral carbons that enable four different molecular configurations, (2R, 

3S), (2R, 3R), (2S, 3R), and (2S, 3S). The most common PAC monomers are 2,3-trans-(+)-

catechin (2R, 3S) and 2,3-cis-(−)-epicatechin (2R, 3R) which only differ from each other 

by having opposite stereochemistry at the C3. Almost all the PAC monomers found in 

nature have the R configuration at the C2 (Fig. 1.1b and c) (He et al., 2008).  

The condensation of PAC monomers into oligomers or polymers occurs through 

the formation of interflavan linkages. The bonding can occur between C4 of the 

heterocyclic C-ring of one PAC monomer and C6 or C8 of the A-ring of another PAC 

monomer, creating single B-type linkages (Fig. 1.1e). In A-type linkages, PAC monomers 

are linked together by two bonds, an ether bond between C2 of the C-ring and O7 of the 

A-ring, and a C4 – C8 bond. PAC are divided into two groups, A-type and B-type PAC, 

based on the predominant type of linkages present in the molecular structure (Fig. 1.1d) 

(Yokota et al., 2013). B-type PAC are more common in the human diet with A-type PAC 
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found in foods such as cranberries, plums, avocado, peanut, and cinnamon (Gu et al., 2004). 

PAC are an exceptionally diverse group of phytochemicals and the bioactivities of PAC 

depend on the chemical structure (Yokota et al., 2013).  

 

Figure 1.1. Chemistry of proanthocyanidins. The basic carbon structure of flavonoids (a), 

the stereochemistry of common flavan-3-ol/ PAC monomer molecules (b and c), and the 

basic molecular arrangement of A- and B-type proanthocyanidins (d and e).  
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1.1.2. Biosynthesis of PAC 

Polyphenols including PAC are plant secondary metabolites important to protect 

the plants from biotic and abiotic stresses such as drought, temperature, UV light, 

pathogens, and herbivores. The hydrolyzable and condensed tannins primarily act as insect 

and herbivores repellents due to their bitter taste and toxicity (Tuladhar et al., 2021). In 

plants, PAC are biosynthesized by the phenylpropanoid and flavonoid pathways (He et al., 

2008). PAC biosynthesis is a complex process regulated by several enzymes (Fig. 1.2). 

Initially, phenylalanine is converted to cinnamic acid and subsequently into p-coumaric 

acid and p-coumaroyl-CoA by the phenylalanine ammonia-lyase, cinnamate 4-

hydroxylase, and 4-coumarate-CoA ligase, respectively (Dong and Lin, 2021). The 

chalcone synthase then synthesizes chalcone by using p-coumaroyl-CoA and malonyl-CoA 

as the substrates. This is the first step of the flavonoid biosynthesis pathway. Then, the 

isomerization of the chalcone into naringenin (flavanones) is facilitated by the chalcone 

isomerase (Dong and Lin, 2021). The naringenin can be converted into either eriodictyol 

by the flavonoid 3-hydroxylase (F3H) enzyme or pentahydroxy flavone by the flavonoid 

3,5-hydroxylase (F35H). The F3H facilitates hydroxylation of the C3 of the B-ring of 

the naringenin while the F35H facilities the hydroxylation at both C3 and C5. Therefore, 

this step determines the type of flavanol monomers (propelagordins, procyanidins, or 

prodelphinidins) created by the biosynthesis process (Lim and Ha, 2021). Then, the 

flavanone 3-hydroxylase (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 dihydrokaempferol, which is then 

converted into dihydroquercetin and dihydromyricetin by the F3H and F35H, 
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respectively. The carbonyl group at C4 of the dihydrokaempferol, dihydroquercetin, and 

dihydromyricetin is reduced to a hydroxyl group by the dihydroflavonol 4-reductase 

enzyme to generate leucoanthocyanidins. The leucoanthocyanidins are the precursors of 

PAC monomers with the 2R, 3S molecular configuration, including (+)-catechin, (+)-

afzelechin, and (+)-gallocatechin. Conversion of the leucoanthocyanidins into PAC 

monomers is catalyzed by the leucoanthocyanidin reductase, which further reduces the C4 

of the C-ring. The leucoanthocyanidins can be synthesized into anthocyanidins by the 

anthocyanidin synthase. Anthocyanidins are the precursors of PAC monomers with the 2R, 

3R molecular configuration such as (−)-epicatechin, (−)-epiafzelechin, and (−)-

epigallocatechin. Conversion of the anthocyanidins into PAC monomers is catalyzed by 

the anthocyanidin reductase, which neutralizes the positively charged oxygen of 

anthocyanidin molecules (Lim and Ha, 2021). The mechanisms of polymerization of the 

PAC monomers remain inconclusive. Even though, PAC monomers can polymerize non-

enzymatically and through reactions catalyzed by the laccases, the resulting PAC 

oligomers are not commonly found in nature (Yu et al., 2022). A recent study suggests that 

PAC monomers (flavan-3-ols) can exist as carbocations in plants and these carbocations 

facilitate the polymerization of PAC monomers (P. Wang et al., 2020). Polymerization can 

occur through the progressive addition of flavan-3-ol carbocations (extension units) onto a 

flavan-3-ol molecule (starter unit) through nucleophilic attacks (P. 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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Figure 1.2. General biosynthetic pathway of proanthocyanidins. 4CL, 4-Coumarate-CoA 

ligase; ANR, anthocyanidin reductase; ANS, anthocyanidin synthase; C4H, cinnamate 4-

hydroxylase; CHI, chalcone isomerase; CHS, chalcone synthase; DFR, dihydroflavonol 4-

reductase; F35H, flavonoid 3,5-hydroxylase; F3H, flavonoid 3-hydroxylase; F3H, 

flavanone 3-hydroxylase; LAR, leucoanthocyanidin reductase; PAL, phenylalanine 

ammonia-lyase. 
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1.1.3. Distribution and consumption of PAC 

PAC are ubiquitously present in plants and plant-derived foods (Nie and 

Stürzenbaum, 2019). PAC can be found in all plant tissues, especially in seeds, bark, 

leaves, flowers, fruits/nuts, and roots (Rauf et al., 2019; Yu et al., 2020). The 

concentrations and characteristics of PAC can considerably vary between different tissues 

of the same plant. For instance, in the Shiraz and Cabernet Sauvignon grape varieties, the 

seeds contain more PAC compared to the grape skin and the PAC in the seeds are less 

polymerized compared to the skin (Hanlin et al., 2011). Thus, characteristics and 

concentrations of the PAC in foods can greatly vary based on their origin.  

Berries such as chokeberries, cranberries, and lowbush blueberries are excellent 

sources of PAC with about 6.6, 4.2, and 3.30 mg/g fresh weight (FW) of PAC, respectively. 

Most of the other commonly consumed berries such as strawberries (1.45 mg/g FW) 

contain low concentrations of PAC (Gu et al., 2004). The by-products of berry processing 

can be used for the extraction of PAC. The availability of extractable concentrations of 

PAC in the by-products of berry processing had been reported in a study producing 

decoctions. Residues of strawberry, raspberry, blueberry, and blackberry remaining after 

the decoction process contain about 20 – 34 mg/g (Ceratonia siliqua L. oligomeric PAC 

equivalence) of extractable PAC (Reynoso-Camacho et al., 2021). The red and green 

grapes contain less PAC compared to many of the berries (0.6 and 0.8 mg/g FW, 

respectively). PAC and anthocyanins are the major polyphenols found in wines produced 

by grape fermentation. PAC concentration in wine primarily depends on the grape variety 

used and the fermentation process. The average concentrations of PAC in red and white 

wines are around 180 and 10 mg/L, respectively (Sánchez-Moreno et al., 2003). The by-
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products of grape processing, especially the seeds are a rich source of PAC. Grape seeds 

together with stems and skins are the main by-products of the wine fermentation process 

(Teixeira et al., 2014). Grape seeds contain about 3.5% PAC based on the dry weight (DW) 

(Gu et al., 2004). During the current study, I found that, although PAC leaches into wine 

during the fermentation, the remaining post-fermentation by-products retain enough PAC 

to warrant them as sources for 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 are oligomeric and polymeric PAC. The PAC 

concentration in apples depends on the apple variety. Renetta, Red Delicious, and Granny 

Smith apple varieties contain higher concentrations of PAC (1 – 2 mg/g FW) compared to 

the other varieties such as Royal Gala, Braeburn, and Fuji (0.5 – 0.7 mg/g FW) (Vrhovsek 

et al., 2004). Apple processing for the production of juice, sauce, and pie, generates 

significant amounts of waste as pressed pomace, core, peels, and seeds. Apple processing 

by-products, especially apple peels, contain PAC monomers such as catechin and 

epicatechin (Rupasinghe and Kean, 2008). The PAC concentration in Red Delicious apple 

skin is estimated to be 7.2 mg/g DW, which accounts for 44.5% of the total phenolics in 

the apple skin (Mendoza-Wilson et al., 2016).  

 Cereals, beans, nuts, and spices are also important dietary sources of PAC. The 

PAC concentrations in sorghum (1.9 mg/g FW) (Gu et al., 2004) and brown rice (1 – 2 

mg/g, moisture < 14% w:w) (Gunaratne et al., 2013) are considerably high compared to 

the other cereals such as barley, which contains only 0.3 – 0.7 mg/g FW of PAC (Verardo 

et al., 2015). Major cereals, corn, wheat, and white rice are not significant sources of PAC 

(Gu et al., 2004). The low concentrations of PAC in major cereals may be a result of 
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excessive processing. By-products of cereal milling, such as bran and germ are proven to 

contain tannins (Smuda et al., 2018). Grain legumes, especially the ones with red or black 

seed coats are rich sources of dietary PAC. The oligomeric 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 

products. Commercially available cocoa powder contains about 19 – 24 mg/g of PAC while 

baking chocolate contains about 12 – 16 mg/g of PAC. The PAC concentration in dark 

chocolate (2 – 4 mg/g) is significantly high compared to milk chocolate (0.4 – 0.7 mg/g) 

(Miller et al., 2006). Also, by-products of cocoa processing can be used for the extraction 

of bioactive PAC (Cádiz-Gurrea et al., 2017). PAC are also found in commonly consumed 

nuts. The PAC concentration in hazelnuts and pecans is about 5 mg/g FW. Peanuts 

(roasted) and cashews are not significant sources of PAC (Gu et al., 2004). However, 

peanut skin contains about 5 mg/g FW of PAC and is considered a suitable source for PAC 

extraction (de Camargo et al., 2017). PAC are widely available in commonly consumed 

foods, and the by-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 

estimated to be 95 mg. The majority of the PAC consumed by the US adult population are 

the oligomeric and polymeric PAC. Polymeric PAC account for 30% of the total consumed 

PAC while oligomeric PAC (4 – 10 monomers) account for 26%. The monomeric, dimeric, 

and trimeric PAC account for 22%, 16%, and 5% of the total PAC consumed by the US 

adult population, respectively (Y. Wang et al., 2011). The majority of the PAC consumed 
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in the European and Mediterranean countries are polymers larger than decamers (Knaze et 

al., 2012). In the US, women consume more PAC compared to men when PAC 

consumption is adjusted to energy intake. Interestingly, PAC intake by alcohol consumers 

(adjusted for energy intake) is higher compared to the population not consuming alcohol. 

This can be explained by the positive relationship between PAC intake and wine 

consumption. In fact, wine together with tea and legumes are the primary food sources of 

PAC for the US population (Y. Wang et al., 2011). The average PAC consumption 

considerably varies between countries. In the European Union (EU) countries, the average 

PAC intake by adults (18 – 64 years) is estimated to be 124 mg/day. The PAC consumption 

in Spain, Italy, and France is higher when compared to the other EU countries with average 

PAC consumption estimated to be 178, 161, and 144 mg/day, respectively. The distribution 

of PAC consumption is considerably skewed in all the EU countries. For instance, the 

median PAC intake in Germany is only 5 mg/day despite the average intake is high as 143 

mg/day. This wide disparity in PAC intake overlaps with the regional variations of food 

patterns  (Vogiatzoglou et al., 2015). Thus, PAC consumption significantly varies among 

individuals based on demography and food patterns. 

1.1.4. Absorption, metabolism, and colonic degradation of PAC 

In foods, PAC may exist bound with carbohydrates, proteins, and metal ions. 

Oligomeric and polymeric PAC can bind with the amylose and linear fragments of 

amylopectin. Interactions between PAC and these carbohydrate molecules are believed to 

occur through hydrophobic interactions (Barros et al., 2012). Similarly, PAC can 

spontaneously bind with food protein through hydrophobic interactions, hydrogen bonds, 

and van der Waals forces (Tang et al., 2021). The PAC bound to food components must be 
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uncoupled before absorption. Only the free-PAC solubilized in the aqueous phase can be 

absorbed into the body (Ou 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 of higher degrees of polymerization, can 

significantly reduce amylase and protease activity together with the digestibility of calcium 

and zinc in vivo (Zhong et al., 2018). 

Findings about the depolymerization of PAC during the gastrointestinal transition 

are controversial. Several in vitro studies have suggested the ability of PAC to undergo 

depolymerization when subjected to simulated digestion. The PAC trimers and polymers 

can be depolymerized into monomers under simulated oral digestion (Tao et al., 2020). 

Similarly, oligomeric PAC (trimers to hexamers) isolated from cocoa can be 

depolymerized in the simulated gastric juice (pH 2). Depolymerization of the cocoa PAC 

oligomers is a rapid process that progressively turns 60% – 80% of the PAC oligomers into 

monomers and dimers within the first 1.5 h of the simulated digestion process. 

Interestingly, depolymerization of the PAC dimers can be significantly inefficient under 

the same digestion conditions. Only 15% of the dimers had been depolymerized into 

monomers after 2.5 h of simulated gastric digestion (Spencer et al., 2000). Thus, 

depolymerization during the gastrointestinal transition may depend on the degree of 

polymerization. Moreover, the highly acidic conditions in gastric digestion may be 

important to uncouple PAC from proteins (Tao et al., 2020) and increase the absorbable 

free-PAC content. PAC may also degrade under alkaline conditions. Both PAC trimers and 

tetramers may be unstable under the alkaline conditions of intestinal digestion and undergo 

depolymerization (Tao et al., 2020). Procyanidin B2 and B5 isolated from cocoa had 
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undergone depolymerization into epicatechin after ex vivo perfusion through the small 

intestines of rats (Spencer et al., 2001).  

Despite in vitro experiments indicating the ability of PAC to be depolymerized 

during the gastrointestinal transition, the in vivo studies indicate otherwise. Oligomeric 

procyanidins of cocoa (up to pentamers) had been stable during gastric digestion in humans 

(Rios et al., 2002). Similarly, sorghum procyanidins remained intact during the 

gastrointestinal transition in rats (Gu et al., 2007). The depolymerization of PAC during 

the gastrointestinal transition may depend on the type of PAC. Sorghum PAC are resistant 

to depolymerization in simulated digestion while bayberry PAC undergo 

depolymerization. Unlike sorghum PAC, which are predominantly procyanidins of 

catechin and epicatechin monomers, bayberry PAC are primarily prodelphinidins made of 

epigallocatechin gallate monomers (Tao 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 PAC drastically declines with the increasing degree of 

polymerization. Catechin, together with PAC dimers and trimers could permeate through 

human colorectal adenocarcinoma (Caco-2) cell monolayers in vitro. The permeability 

coefficients (0.9 – 2.0 × 10−6 cm s−6) of the monomer, dimers, and trimers had been 

similar and comparable to mannitol. Mannitol is a small hydrophilic molecule that 

permeates through cell monolayers via the paracellular route (Deprez et al., 2001). 

Procyanidin dimers B2 and B5 had been observed to permeate through the small intestines 

of rats in an ex vivo perfusion experiment (Spencer et al., 2001). An in situ perfusion study 

indicated that monomeric PAC are better absorbed than dimeric PAC in the small intestines 
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of rats. Only 5% – 10 % of the A-type procyanidin dimers are absorbed in the small 

intestines of rats compared to the monomeric epicatechin. Moreover, procyanidin dimers 

A1 and A2 can be better absorbed than procyanidin B2. However, A-type PAC trimers and 

tetramers are not absorbed in the small intestine of rats (Appeldoorn et al., 2009b), 

demonstrating the decline of PAC absorption efficiency with the increasing 

polymerization. Permeation of oligomeric PAC, with a mean degree of polymerization of 

six, through Caco-2 cell monolayers is estimated to be 10 times lower compared to the 

PAC trimers. Permeation of the small PAC molecules through Caco-2 cell monolayers is 

believed to occur through passive diffusion via the paracellular route (Deprez et al., 2001). 

Absorption of the PAC oligomers and polymers in vivo is notably limited. PAC oligomers 

or their metabolic conjugates had not been detected in the blood plasma and urine of the 

rats supplemented with catechin, procyanidin dimer B3, and grape seed PAC. Only the 

catechin and epicatechin had been absorbed into the rats (Donovan et al., 2002). The 

absorption of the procyanidin B2 and other PAC oligomers (dimers to decamers) is 

negligible in humans (Ottaviani et al., 2012).  

The absorbed PAC monomers can undergo extensive phase 2 metabolism in the 

small intestine and liver (Donovan et al., 2001). Methylated, sulphated, and glucuronidated 

epicatechins had been detected in the blood plasma of humans after the consumption of 

epicatechin-rich dark chocolate. Epicatechin-3-β-D-glucuronide, epicatechin 3-sulphate, 

and 3-O-methyl epicatechin sulphates were the major epicatechin metabolites identified 

in this study (Actis-Goretta et al., 2012). Similar metabolites had been detected in the blood 

plasma of Wistar rats perfused with catechin. 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 metabolism of the dimers is 

limited (Appeldoorn et al., 2009b). Metabolites of catechin and epicatechin have been 

detected in the bile of both humans (Actis-Goretta et al., 2013) and rats (Donovan et al., 

2001). This indicates the elimination of the absorbed PAC monomers with bile in addition 

to urine. 

The majority of the ingested PAC evades absorption in the small intestine and 

reaches the colon. In a human study, 70% of the ingested green tea flavanols had reached 

the ileum without being absorbed (Stalmach et al., 2010). The colonic microbiota can 

degrade these unabsorbed PAC into simple metabolites. Incubation of PAC monomers and 

dimers with human fecal microbes could degrade procyanidins into simple metabolites 

such as benzoic acid, 2-phenylacetic acid, 3-phenylpropionic acid, 2-(3-hydroxyphenyl) 

and 2-(4hydroxyphenyl)acetic acids, 3-(3-hydroxyphenyl)propionic acid, 

hydoxyphenylvaleric acid, and γ-valerolactones (Ou et al., 2014). PAC degradation by 

microbes is a multi-step process. Fermentation of grape seed PAC (a mixture of monomers 

to trimers), initially produces 5-(3,4-diydroxyphenyl)-γ-valerolactone and 4-hydroxy-5-

(3,4-dihydroxyphenyl)-valeric acid as the intermediate metabolites in the first 10 h of the 

fermentation process. The concentrations of phenolic acids such as 3-(3,4-

dihydroxyphenyl)-propionic, 3,4-dihydroxyphenylacetic, 4-hydroxymandelic and gallic 

acids also significantly increase during the first 5 – 10 h of fermentation. Subsequently, the 

intermediate metabolites and phenolic acids undergo dehydroxylation during 10 – 48 h of 

the fermentation to generate mono- and non-hydroxylated metabolites such as phenyl 

propionic, phenylacetic, and benzoic acid derivatives together with catechol (Sánchez-

Patán et al., 2012). The efficiency of the colonic degradation of PAC considerably varies 
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between individuals. Fecal microbiota isolated from three individuals demonstrated 

varying efficiencies in the degradation of PAC in vitro. Only one of the three individuals 

has been able to rapidly degrade both galloylated and non-galloylated PAC. Such variations 

in PAC degradation may have resulted from the gut microbiota disparity among the three 

individuals (Sánchez-Patán et al., 2012). The potential of colonic bacteria to degrade PAC 

declines with increasing polymerization. Human fecal bacteria can degrade about 54% and 

57% (w:w) of catechin and epicatechin, respectively, within 24 h. Degradation of the 

procyanidin B2, procyanidin A2, and oligomeric PAC from apples and cranberry had been 

around only 38%, 28%, 21%, and 20% (w:w), respectively (Ou et al., 2014). Another in 

vitro study contradicts these results by demonstrating that dimers and trimers undergo 

microbial degradation better than PAC monomers when incubated with human fecal 

microbes (Tao et al., 2020). The same study reports that fecal microbiota prefers to utilize 

PAC dimers and trimers over monomers (Tao et al., 2020). 

The probable pathways of B-type PAC (procyanidin B2,) degradation and common 

metabolites generated during this degradation process have been identified by the 

fermentation of epicatechin and procyanidin B2 with human fecal microbiota (Fig. 1.3) 

(Stoupi et al., 2010). Initially, the microbes can cleave the C-ring of the procyanidin B2 

dimer (1) at the C2 position (2) or oxidize and cleave the A-ring (3). Oxidation of the A-

ring can occur simultaneously with the cleaving of the C-ring without cleaving the A-ring 

(4). Fecal microbes can also cleave the C4 – C8 interflavan linkage of procyanidin B2 to 

form two epicatechin molecules (5). Subsequently, C-rings of the epicatechin molecules 

are cleaved by the microbes at the C2 position (6 and 7) (Ou et al., 2014; Stoupi et al., 

2010). However, degradation of procyanidin B2 through cleaving of the C4 – C8 
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interflavan bond can be inefficient (Appeldoorn et al., 2009a) and a majority of the 

procyanidin B2 may be degraded through the pathways that directly inflict cleaving and/or 

oxidation on the dimer (Ou and Gu, 2014). The human fecal microbiota can convert these 

initial metabolites into 5-(3,4-dihydroxyphenyl)-γ-valerolactone (8) and 5-(3-

hydroxyphenyl)-γ-valerolactone (9) (Stoupi et al., 2010). Subsequently, the microbes 

convert γ-valerolactones into phenylvaleric acid derivatives through acid hydrolysis (10 – 

13). The phenylvaleric acid derivatives then undergo β-oxidation and α-oxidation at the 

aliphatic chain to form phenylpropionic acid derivatives (14 and 15) and phenylacetic acid 

derivatives (16 and 17), respectively (Stoupi et al., 2010). Microbial catabolism of PAC is 

a complex 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 human gut 

microbiota.  
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Figure 1.3. Probable pathway of procyanidin B2 catabolism by the human fecal microbiota 

(Ou et al., 2014; Stoupi et al., 2010). (1), procyanidin B2; (5), epicatechin; (6), 1-(3′,4′-

dihydroxy phenyl)-3-(2′′,4′′,6′′-trihydroxy phenyl) propan-2-ol; (7), 1-(hydroxy phenyl)-3-

(2′′,4′′,6′′-trihydroxy phenyl) propan-2-ol; (8), 5-(3′,4′-dihydroxy phenyl)-γ-

valerolactone; (9), 5-(3′-hydroxy phenyl)-γ-valerolactone; (10), 5-(4-hydroxy)-(3′,4′-

dihydroxy) phenyl valeric acid (tentative); (11), 5-(3′,4′-dihydroxy phenyl) valeric 

acid; (12), 5-(3′-hydroxy phenyl) valeric acid; (13), 5-(3′,4′-dihydroxy phenyl) valeric 

acid; (14), 3-(3′-hydroxy phenyl) propionic acid; (15), 3-(3′,4′-dihydroxy phenyl) 

propionic acid; (16), 3′-hydroxy phenyl acetic acid; (17), phenyl acetic acid. 
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1.2. NONALCOHOLIC FATTY LIVER DISEASE 

1.2.1. Prevalence and etiology 

Nonalcoholic fatty liver disease (NAFLD) is the primary cause of chronic liver 

diseases in the world (Tariq et al., 2020). About 30% of the global population is affected 

by NAFLD (Younossi et al., 2023) and the global prevalence of NAFLD among the adult 

population is predicted to increase up to 55.7 % by 2040 (Le et al., 2022). The term NAFLD 

is collectively used to describe hepatic abnormalities characterized by excessive lipid 

accumulation in the absence of alcohol consumption at levels harmful to the liver. These 

abnormalities can vary from simple steatosis to nonalcoholic steatohepatitis (NASH), 

which may progress to fibrosis, cirrhosis, and hepatocellular carcinoma (HCC) (Bedossa, 

2017). Steatosis, also known as nonalcoholic fatty liver, is defined as the presence of 

intrahepatic lipids in excess of 5% of the liver weight or the presence of lipid vacuoles in 

more than 5% of the hepatocytes (Bedossa, 2017; Nassir et al., 2015). Simple steatosis can 

progress into NASH in 20% – 30% of NAFLD patients with the occurrence of lobular 

inflammation and hepatocyte ballooning (Fernando et al., 2019). In hepatocyte ballooning 

(balloon degeneration), the hepatocytes lose the normal polygonal shape and become 

rounded with a diameter of 1.5 – 2 times larger than healthy hepatocytes. Moreover, 

ballooned hepatocytes have a thin cytoplasm with a degraded cytoskeleton and consisted 

of vacuoles of varying sizes together with Mallory-Denk bodies (Caldwell and Lackner, 

2017). Both hepatic steatosis and NASH conditions can progress into liver fibrosis and this 

progression is more aggressive with the NASH (Singh et al., 2015). Chronic liver damage 

by steatosis and NASH can lead to fibrosis by the excessive accumulation of extracellular 

proteins such as collagen in the liver. Continuous accumulation of the extracellular proteins 
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in the liver can form fibrous scars. These fibrous scars can alter hepatic parenchyma 

structure, and together with nodules developed by the regenerating hepatocytes can be 

manifested as hepatic cirrhosis (Bataller and Brenner, 2005). Chronic liver injury and 

cirrhosis are the primary elicit of hepatocellular carcinoma (HCC). In fact, 80% of the HCC 

cases onset under the presence of cirrhosis and chronic liver diseases (Suresh et al., 2020). 

Obesity is a primary risk factor for NAFLD development (Fig. 1.4). The increased 

prevalence of NAFLD is directly proportional to the increasing prevalence of obesity 

(Marjot et al., 2020). A study conducted using US-based population data found that 

NAFLD prevalence in obese individuals (body mass index, BMI ≥ 30 kg/m2) is high as 

48.1% and the prevalence of NAFLD in non-obese individuals is only 18.9%. Maintaining 

a healthy body weight reduces the risk of NAFLD. However, being obese in an earlier stage 

of life can significantly increase the risk of NAFLD. Individuals currently not obese, yet 

had been in early adulthood are more prone to develop NAFLD compared to individuals 

with no history of obesity (Wang et al., 2023). Moreover, central obesity creates a higher 

risk of NAFLD compared to general obesity. The fold NAFLD risk increment in the 

individuals with higher waist circumference, waist-to-hip ratio, and BMI are 1.34, 3.06, 

and 1.85, respectively (Pang et al., 2015). Obesity is a major risk factor for insulin 

resistance, type-2 diabetes (T2D), and metabolic syndrome (MetS). These conditions can 

induce the pathogenesis of NAFLD and commonly coexist in NAFLD patients (Kosmalski 

et al., 2022). The prevalence of NAFLD in the T2D population is estimated to be 54%, 

based on the meta-analysis of data from multiple studies (Atan et al., 2017). Both MetS 

and insulin resistance are closely associated with NAFLD. In fact, NAFLD is reckoned as 

the hepatic component of MetS and insulin resistance (Bugianesi et al., 2010). The major 
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physiological abnormalities manifested in MetS include central obesity, 

hypertriglyceridemia, hyperglycemia, hypertension, and depletion of blood plasma high-

density lipoprotein (HDL). The prevalence of NAFLD in MetS patients is estimated to be 

73%, based on a study conducted using one hundred MetS patients. The same study 

estimated the prevalence of NAFLD in the non-MetS population to be only 38% (Goyal et 

al., 2020).  

High-caloric diets together with physical inactivity are the root cause of all primary 

risk factors of NAFLD (Fig. 1.4). Induction of NAFLD had been demonstrated in multiple 

high-fat and high-sucrose (HFHS) diet-fed mouse models (Demaria et al., 2023). 

Intermittent consumption of high-caloric diets can significantly increase the risk of 

NAFLD. Administration of an HFHS diet weekly had been sufficient to induce NAFLD in 

C57BL/6J mice. Interestingly, after 12 weeks, the severity of the measured NAFLD 

parameters in these mice had been comparable with mice daily fed with the HFHS diet. 

(Demaria et al., 2023). Therefore, food patterns and lifestyle changes can significantly 

avert the risk of NAFLD. Physical exercises can significantly reduce the NAFLD risk by 

restricting steatosis through increased hepatic fatty acid (FA) oxidation and reduced de 

novo lipogenesis (DNL). Moreover, physical exercises can reduce the release of damage-

associated molecular patterns that can induce mitochondrial and hepatocyte damage (van 

der Windt et al., 2018). Smoking is another modifiable lifestyle risk factor of NAFLD. The 

NAFLD risk is considerably high among current, past, and passive smokers (Rezayat et 

al., 2018). According to a Japanese cohort study, smoking can double the risk of NAFLD. 

Moreover, the risk of NAFLD can significantly increase with the number of cigarettes 

smoked daily (Okamoto et al., 2018).  
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Figure 1.4. Major risk factors of nonalcoholic fatty liver disease. GCKR, glucokinase 

regulatory protein; MBOAT7, membrane-bound O-acetyltransferase domain-containing 

protein 7; PNPLA3, patatin-like phospholipase domain-containing protein 3; SNP, single 

nucleotide polymorphism; TM6SF2, transmembrane 6 superfamily member 2 (Created 

with BioRender.com, a license purchased). 

Apart from the risk factors linked with poor lifestyle choices, age, gender, ethnicity, 

and genetic makeup can predispose some individuals to NAFLD (Fig. 1.4). The risk of 

NAFLD considerably increases with age. A Chinese cohort study had estimated the 

NAFLD incident rates (both male and female cumulative) of the 20 – 34, 35 – 49, 50 – 64, 

and over 65 years of age groups to be 11.7%, 15.9%, 21.5%, and 22.8%, respectively. The 

highest incidence rate in men is reported for the 35 – 49 years age group. In women, the 

highest incidence rate is observed in the age group over 65 years  (Lin et al., 2022). This 

late onset of NAFLD in women may be explained by their resistance to dysmetabolism. 

Many studies suggest that the low incidence rate of NAFLD in women is the result of 
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estrogen-mediated regulation of metabolism and inflammation. In pre-menopause women, 

estrogen can ameliorate steatosis by favouring subcutaneous lipid accumulation, inhibiting 

lipolysis in adipose tissues, reducing the free fatty acids (FFA) uptake, and promoting FA 

β-oxidation. Promotion of the FA β-oxidation limits the oxidative reactive oxygen species 

(ROS) generation that can damage hepatocytes and induce inflammatory responses (Torre, 

2020). A recent meta-analysis estimated that NAFLD risk is 19% lower in women 

compared to men. However, the risk of fibrosis in women is significantly higher (37%) 

than in men, especially after 50 years of age. This increment in the NAFLD risk 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 

population-based study has revealed that prevalence of the NAFLD is significantly high in 

the Hispanic population compared to the non-Hispanic white population (22.9% vs. 

14.4%). The lowest NAFLD prevalence was observed among the black population (13%) 

(Rich et al., 2018). The variations in food patterns, lifestyle, and socioeconomic status 

together with genetics may create the NAFLD prevalence heterogeneity between different 

ethnic populations (Riazi et al., 2022). A cohort study for the identification of genetic 

variants associated with liver damage markers revealed that Mexican Americans may be 

more genetically prone to NAFLD compared to the United Kingdom and Japanese cohorts 

(Sabotta et al., 2022). Genetic mutations by single nucleotide polymorphism (SNP) on 

several genes can increase the risk of NAFLD (Fig. 1.4). The CC genotype (G > C, 

rs738409) of the patatin-like phospholipase domain-containing protein 3 (PNPLA3) and 

the TT genotype (C > T, rs64173) of the membrane-bound O-acetyltransferase domain-
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containing protein 7 (MBOAT7) genes are associated with increased incidence of the 

NAFLD (Mu et al., 2022). Also, SNP in transmembrane 6 superfamily member 2 

(TM6SF2) (A > G, rs58542926) and glucokinase regulatory protein (GCKR) (C > T, 

rs1260326) genes can increase the risk of NAFLD pathogenesis (Martin et al., 2021). 

However, SNP in some genes such as AA genotype (G > A, rs744166) of signal transducer 

and activator of transcription (STAT) 3 can reduce the risk of NAFLD (Mu et al., 2022).  

The genetic mutations favouring the pathogenesis of NAFLD had been identified 

as a major risk factor for lean and non-obese (LNB) NAFLD. In lean NAFLD, the hepatic 

abnormalities of NAFLD are present in individuals with healthy body weight, BMI < 25 

kg/m2 for Caucasians and BMI < 23 kg/m2 for Asians. The term non-obese NAFLD is used 

when NAFLD is present in non-obese individuals, BMI < 30 kg/m2 for Caucasians and 

BMI < 25 kg/m2 for Asians. The prevalence of LNB-NAFLD is estimated to be 5% of the 

global population and about 20% of the total NAFLD cases (Kuchay et al., 2021). The 

secondary risk factors of NAFLD such as lipid metabolism disorders, viral infections, and 

toxins may play key roles in the pathogenesis of LNB-NAFLD. Rare lipid metabolism 

disorders such as abetalipoproteinemia, hypobetalipoproteinemia, familial combined 

hyperlipidemia, glycogen storage disease, Weber-Christian syndrome, and lipodystrophy 

are associated with the early-life pathogenesis of NAFLD (Kneeman et al., 2012). The 

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%. The HCV core proteins can promote hepatic lipid accumulation 

by upregulating sterol regulatory element binding protein (SREBP)-1 and -2, peroxisome 

proliferator-activated receptor (PPAR), promoting DNL, and downregulating microsomal 
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triglyceride transfer protein (MTP) (Adinolfi et al., 2016). Environmental chemicals such 

as pesticides, solvents, and polychlorinated biphenyls are associated with the development 

of NAFLD (Al-Eryani et al., 2015). Medicinal drugs, even the most commonly consumed 

drugs, including acetaminophen and aspirin, can be hepatotoxic and contribute the NAFLD 

pathogenesis (Kolaric et al., 2021). NAFLD is a disease with multiple primary and 

secondary etiologies. 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. Pathogenesis of steatosis and NASH 

The pathogenesis of steatosis occurs by the imbalance between hepatic triglyceride 

(TG) accumulation and expenditure. The liver is not the primary location of TG storage, 

yet it is the central organ for lipid metabolism (Kawano and Cohen, 2013). The TG in the 

liver can derive from the diet, DNL, and non-esterified FA/ FFA (Fig. 1.5). The serum FFA 

can originate from the adipose tissue lipolysis and FA spillover during chylomicron 

degradation. In NAFLD patients, the contribution of diet, DNL, and FFA to hepatic TG 

accumulation is 14.9%, 26.1%, and 59%, respectively (Donnelly et al., 2005). Therefore, 

diet, DNL, and FFA are therapeutic targets with similar importance for steatosis mitigation. 

Postprandial lipid metabolism is a finely regulated complex process. Briefly, dietary FA 

absorbed in the gut is converted to TG in the enterocytes and temporarily stored as 

cytoplasmic lipid droplets or assembled into chylomicrons (D’Aquila et al., 2016). These 

chylomicrons enter the bloodstream through the lymphatic system. The adipose tissues and 

skeletal muscles can uptake the TG in chylomicrons by the activity of the lipoprotein lipase 

(LPL). The remnants of chylomicrons that remain after unloading the TG content are 
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cleared by the liver. However, under excessive availability of dietary lipids, the adipose 

and muscle tissues may fail to uptake all the FA released from chylomicrons, creating a 

spillover of FFA (Brouwers et al., 2016). Excessive dietary carbohydrate (sugars) intake 

can create hyperglycemic and hyperinsulinemia conditions that upregulate carbohydrate 

response element-binding protein (ChREBP) and SREBP-1, respectively. Both ChREBP 

and SREBP-1 can promote DNL by the upregulation of acetyl-CoA carboxylase (ACC) 

and fatty acid synthase (FAS) enzymes (Heeren and Scheja, 2021). ACC is the rate-limiting 

enzyme of FA synthesis. The liver attempts to prevent excessive lipid accumulation by 

increasing TG secretion in very-low-density lipoprotein (VLDL) and promoting FA 

oxidation in mitochondria (Brouwers et al., 2016). 

 

Figure 1.5. Hepatic lipid metabolism. ACC, acetyl-CoA carboxylase; ChREBP, 

carbohydrate response element-binding protein; FAS, fatty acid synthase; LPL, lipoprotein 

lipase; SREBP-1, sterol regulatory element binding protein-1; VLDL, very-low-density 

lipoprotein (Created with BioRender.com, a license purchased).  
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1.2.2.1. Overexpression of FA transporters 

During the pathogenesis of steatosis, substantial alterations in the hepatic lipid 

metabolism can arise to favour excessive lipid accumulation. There are multiple membrane 

proteins in the hepatocytes to facilitate FFA uptake from the bloodstream. FA transport 

proteins (FATP), cluster of differentiation 36 (CD36)/ fatty acid translocase, and caveolin-

1 are the major proteins involved in the transmembrane influx of FA (Li et al., 2022). 

Hepatic expression of the FATP can significantly increase during the pathogenesis of 

NAFLD. Overexpression of the FATP1, FATP2, and FATP3 had been confirmed at the 

hepatic mRNA level in a high-fat diet (HFD)-fed mouse model (Ran et al., 2023). CD36 is 

another well-known FFA transporter overexpressed in NAFLD. Increased expression of 

the CD36 had been observed at hepatic mRNA and protein levels in both steatosis and 

NASH patients. Interestingly, overexpression of the CD36 can be driven by multiple risk 

factors of NAFLD, including, insulin resistance, hyperinsulinemia, and HCV infection 

(Miquilena-Colina et al., 2011). The role of CD36 in NAFLD pathogenesis is not merely 

limited to FFA uptake. CD36 can activate insulin-dependent DNL through the SREBP-1-

mediated activation of the adenosine triphosphate (ATP) citrate lyase (ACLY), ACC, and 

FAS lipogenic enzymes. CD36 promotes the activation of SREBP-1 by binding with the 

insulin-induced gene-2 (INSIG2). The unavailability of INSIG2 to bind with SREBP 

cleavage-activating protein (SCAP) facilitates the translocation of SREBP-1 from the 

endoplasmic reticulum (ER) to Golgi for processing and subsequent activation (Zeng et al., 

2022a). The ability of CD36 to disrupt FA β-oxidation can further promote hepatic lipid 

accumulation. Palmitoylation of the CD36 restricts the FA β-oxidation in HepG2 cells in 

vitro. Inhibition of CD36 palmitoylation can re-establish the FA β-oxidation by activating 
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the 5 adenosine monophosphate-activated protein kinase (AMPK) pathway (Zhao et al., 

2018). Also, inhibition of palmitoylation promotes the translocation of CD36 onto the 

mitochondrial membrane. On the mitochondrial membrane, CD36 acts as a bridge to 

transfer long-chain FA (LCFA) to long-chain acyl-CoA synthase 1 (ACSL1) to produce 

acyl-CoA to undergo β-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 of the liver tissue (Bechmann et al., 2010). Moreover, palmitoylated CD36 may 

induce hepatic inflammation through the c-Jun-N-terminal kinase (JNK) and nuclear 

factor-kappa-light-chain-enhancer of activated B cells (NF-κB) signalling (Zhao et al., 

2018). The ability of CD36 to identify pathogen-associated molecular patterns (PAMP) 

and damage-associated molecular patterns (DAMP) can promote hepatic inflammation by 

the activation of mitogen-activated protein kinases (MAPK) and NF-κB inflammatory 

cascades (Y. Chen et al., 2022). The cellular FA uptake can also occur through the special 

invaginations of the cell membrane known as caveolae lipid rafts. Caveolin-1 is a FA 

binding protein of the caveolae lipid rafts (Meshulam et al., 2006). A significant hepatic 

upregulation of the expression of  caveolin-1 had been observed in mice with NAFLD (Qiu 

et al., 2013). Moreover, caveolin-1 may regulate cellular FA uptake by controlling the 

availability of CD36 in the cell membrane (Ring et al., 2006). Similar to CD36, caveolin-

1 may also have multiple roles in the progression of NAFLD. Caveolin-1 is overexpressed 

in hepatocellular carcinoma (HCC) patients with a history of NAFLD. Overexpression of 

caveolin-1 can increase the proliferation and ensure the survival of the hepatoma cells in 
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vitro (Takeda et al., 2018). However, a recent study contradicts these findings and suggests 

a beneficial role of caveolin-1 in the mitigation of NAFLD. In this study, a significant 

reduction of the hepatic caveolin-1 levels had been observed in mice fed with an HFD. 

Restoration of the depleted caveolin-1 levels by using caveolin-1 scaffolding domain 

peptides mitigated the hepatic lipid accumulation and 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 the excessive influx of FFA by oxidation in 

mitochondria and excretion in VLDL (Brouwers et al., 2016). The oxidation of FA is 

dependent on the transport of FA into the mitochondrial matrix to undergo β-oxidation. 

Initially, the LCFA are converted into acyl-CoA and esterified with the L-carnitine to 

produce acetyl-carnitine. Esterification of the acyl-CoA with L-carnitine is facilitated by 

the carnitine-palmitoyl-transferase-1 (CPT1) or carnitine-acyl-transferase-1 (CAT1) 

located on the outer membrane of the mitochondria. The acyl-carnitine can enter the 

intermembrane space of the mitochondria. The carnitine-acylcarnitine translocase (CACT) 

enzyme on the inner mitochondrial membrane transports acyl-carnitine into the 

mitochondrial matrix in exchange for free L-carnitine. In the mitochondrial matrix, CPT2 

de-esterifies acyl-carnitine into acyl-CoA and L-carnitine (Savic et al., 2020). The 

oxidation of dietary FA in NAFLD patients is considerably low compared to healthy 

subjects. A breath-test study using 13C labelled palmitic acid estimated that FA oxidation 

in NAFLD patients is 27% lower than in healthy subjects (Naguib et al., 2020). This 
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reduction in FA oxidation is attributed to the disruption of FA β-oxidation under NAFLD 

conditions. The reduction of L-carnitine and acyl-carnitine levels in mice with hepatic lipid 

accumulation signifies the importance of FA β-oxidation for hepatic lipid homeostasis (Xia 

et al., 2011). Similar to the L-carnitine, the hepatic levels of CPT1 considerably decline in 

NAFLD, suggesting impaired mitochondrial FA β-oxidation (Tokoro et al., 2020). 

However, disruption of FA oxidation may not occur in early NAFLD but once the disease 

progress to NASH. In early NAFLD, the mitochondria may adapt to the excessive influx 

of FA by increasing FA oxidation. A study comparing liver biopsies revealed that hepatic 

mitochondrial respiration in obese individuals with or without steatosis is 4.3 – 5.0 times 

higher compared to healthy lean individuals. Mitochondrial respiration declines by 31% – 

40% when steatosis progresses into NASH (Koliaki et al., 2015). PPAR-α is a master 

regulator of mitochondrial FA β-oxidation. Activation of the PPAR-α can promote the FA 

β-oxidation in hepatocytes (Fig. 1.6). PPAR-α is activated by multiple stimulators such as 

postprandial insulinemia, FA ligands derived by lipogenesis and TG hydrolysis, glucagon 

secreted during fasting, and AMPK-mediated energy generation (Pawlak et al., 2015). 

Apart from the hepatic glucose and lipid metabolism, the PPAR-α plays a key role to 

prevent hepatic inflammation through multiple mechanisms. The FA β-oxidation promoted 

by PPAR-α prevents the excessive accumulation of hepatic lipids ready to undergo lipid 

peroxidation and subsequent ROS generation. Reduction of ROS generation (oxidative 

stress) can ameliorate hepatic inflammation and fibrosis induced by hepatocyte damage 

(Pawlak et al., 2015). Moreover, PPAR-α can directly inhibit proinflammatory 

transcription factors such as NF-κB, activator protein (AP)-1, and STAT to mitigate hepatic 

inflammation (Bougarne et al., 2018). Analysis of the liver biopsies revealed a negative 
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association between the PPAR-α expression and the severity of NASH (Francque et al., 

2015). Thus, activation of PPAR-α is believed to be a viable therapeutic target for the 

mitigation of NAFLD. Reactivation of PPAR-α by using fenofibrate (a PPAR-α agonist) 

could significantly reduce liver damage markers and improve lipid metabolism in NAFLD 

patients. Moreover, PPAR-α activation prevented the loss of lysosomal acid lipase (LAL) 

activity under NAFLD conditions in vitro. LAL prevents hepatic lipid accumulation by the 

hydrolysis of TG and cholesterol esters to FFA (Gomaraschi et al., 2019). Disruption of 

FA oxidation is a major contributor to the pathogenesis of NAFLD. PPAR-α plays a critical 

role to maintain hepatic lipid homeostasis by regulating the FA β-oxidation.  

1.2.2.3 TG secretion in VLDL 

The hepatic excretion of TG with VLDL can be considerably increased in NAFLD 

patients (Fujita et al., 2009). The assembling of VLDL for TG excretion is a two-step 

process that occurs in the ER. Initially, TG is transferred onto apolipoprotein B (ApoB) by 

the MTP to form small and dense VLDL precursors. These VLDL precursors undergo 

maturation by fusion with the protein-free TG droplets in the ER (Shelness and Sellers, 

2001). Mutations of the ApoB and MTP such as in familial hypobetalipoproteinemia 

(Tanoli et al., 2004) and abetalipoproteinemia (Berriot-Varoqueaux et al., 2000) 

respectively, can increase the risk of NAFLD by impaired TG secretion as VLDL. In 

NAFLD patients, the increased TG secretion in VLDL is evident by the increased blood 

serum VLDL concentrations and upregulated expression of ApoB100 and MTP. However, 

the expression of ApoB and MTP are significantly low in the NASH patients compared to 

the patients with simple hepatic steatosis, suggesting possible impairment of TG secretion 

as VLDL with the progression of steatosis into NASH (Fujita et al., 2009). A study on the 
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VLDL secretion rate in nondiabetic obese subjects revealed that the rate of VLDL secretion 

depends on the intrahepatic lipid (IHL) content. The VLDL secretion rate increases up to 

5% of IHL accumulation, plateaus between 5% – 10%, and declines thereafter (Lytle et al., 

2019). 

1.2.2.4. Adipose tissue dysfunction 

The obesity-related adipose tissue dysfunction is associated with the pathogenesis 

of steatosis and progression to NASH (Fig. 1.6). Human adipose tissues can be categorized 

as visceral and subcutaneous based on the anatomical location and as white adipose tissue 

(WAT) and brown adipose tissue (BAT) based on the colour (Parker, 2018). Both 

subcutaneous and visceral fat contribute to the development of NAFLD. However, a recent 

study suggests that the amount of visceral fat is more closely associated with the severity 

of NAFLD compared to the subcutaneous fat content (Mahmoud et al., 2023). Moreover, 

the density of visceral fat has a higher association with the prevalence of NAFLD compared 

to the amount (area) of visceral fat (Igarashi et al., 2022). The WAT is primarily specialized 

for energy (TG) storage while BAT is for thermogenesis. The unique expression of 

uncoupling protein 1 in the BAT uncouples the mitochondrial respiration to facilitate the 

release of energy as heat (Parker, 2018). Even though BAT can spend dietary FA as heat, 

this dietary FA clearance is trivial compared to the heart, liver, skeletal muscles, and WAT. 

Only about 0.3% of dietary FA are cleared by BAT in cold-acclimated men (Blondin et al., 

2017). Insulin resistance and inflammation in WAT can significantly increase the risk of 

NAFLD pathogenesis. Insulin resistance in the adipose tissue can impair glucose uptake 

(Leguisamo et al., 2012), increasing the circulating glucose that can induce hepatic TG 

accumulation through upregulating DNL (Smith et al., 2020). This impairment of glucose 
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uptake in insulin resistance is associated with the reduced expression of insulin-regulated 

glucose transporter type 4 (GLUT4) (Leguisamo et al., 2012). Under insulin resistance, the 

diminished anti-lipolytic activity of insulin causes excessive release of FFA into the 

bloodstream which can induce hepatic TG accumulation (Friedman et al., 2018). The 

vascular endothelial growth factor B (VEGF-B) can contribute to NAFLD pathogenesis by 

promoting lipolysis in the WAT. The expression of VEGF-B significantly increases in the 

WAT under obesity and NAFLD. Also, the expression of VEGF-B positively correlates 

with the expression of genes upregulating lipolysis in WAT, and FA uptake, DNL, and 

inflammatory progression of the steatosis in liver (Falkevall et al., 2023). 

 

Figure 1.6. Mechanisms of steatosis pathogenesis. The red arrows indicate the increased 

or decreased expression/production under hepatic steatosis. ACC, acetyl-CoA carboxylase; 

ACLY, adenosine triphosphate citrate lyase; CD 36, cluster of differentiation 36; ChREBP, 

carbohydrate response element-binding protein; ER, endoplasmic reticulum; FAS, fatty 

acid synthase; FATP, fatty acids transport protein; FXR, farnesoid X receptor; GLUT4, 

glucose transporter type 4; LPS, lipopolysaccharides; LXR, liver X receptor; MAM, 
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mitochondria-associated ER membrane; PPAR, peroxisome proliferator-activated 

receptor; p-PEPCK, phosphorylated phosphoenolpyruvate carboxylase; SREBP-1, sterol 

regulatory element binding protein-1 (Created with BioRender.com, a license purchased). 

The PPAR-γ is a central regulator of FA metabolism in the adipocytes (Fig. 1.6). 

Activation of the PPAR-γ increases the transport of FFA into the adipocytes by 

upregulating the expression of CD36, adipocyte protein 2, and LPL enzyme. PPAR-γ 

facilitates the conversion of influx FFA into TG for storage by upregulating the expression 

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

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

Also, in adipose tissue, PPAR-γ increases the secretion of adiponectin that can ameliorate 

NAFLD by promoting hepatic insulin sensitivity and β-oxidation, restricting hepatic 

gluconeogenesis, and suppressing the production of proinflammatory cytokine tumour 

necrosis factor (TNF)-α (Skat‐Rørdam et al., 2019). The adipocyte expression of PPAR-γ 

may deplete under the conditions favouring NAFLD pathogenesis. A significant reduction 

of the expression (at mRNA level) and DNA binding ability of the PPAR-γ in epidermal 

WAT had been observed in C57BL/6J mice fed with an HFD (Illesca et al., 2019). Thus, 

activation of the PPAR-γ in adipose tissues can be beneficial to mitigate the risk of 

NAFLD. In contrast to the adipose tissue, expression of the PPAR-γ is upregulated in the 

liver under NAFLD. A study evaluating the obese-steatosis and obese-NASH patients 

revealed that hepatic expression of PPAR-γ can increase largely by 112% and 188%, 

respectively, at the mRNA level (Pettinelli and Videla, 2011). Activation of the PPAR-γ in 

the liver promotes lipid accumulation similar to in the adipocytes (Skat‐Rørdam et al., 

2019). Targeted deletion of the PPAR-γ in hepatic tissue could significantly reduce 

NAFLD pathogenesis in HFD-fed mice by downregulating the expressions of FA 
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transporters (CD36, liver-type FA-binding protein, and MTP) and DNL promoters 

(stearoyl-CoA desaturase 1, SREBP-1, and ACC). However, the deletion of PPAR-γ 

downregulated the expression of β-oxidation promoters PPAR-α and acetyl-CoA oxidase 

in the mice livers (Morán-Salvador et al., 2011). Functions of the PPAR-γ in NAFLD 

pathogenesis are tissue-specific, with underexpression in adipose tissue and overexpression 

in the hepatic tissue favouring 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 two-hit hypothesis. Overnutrition, obesity, insulin resistance, or metabolic 

syndrome can act as the first-hit to induce hepatic lipid accumulation and lipid 

peroxidation. Second-hit continues the hepatic assault by introducing hepatocyte injury and 

inflammation. The second-hit is driven by hepatocellular oxidative stress, mitochondrial 

dysfunction, Fas ligand activation, and proinflammatory cytokines production. The 

endotoxins of gut microbiota can assist the second-hit by promoting hepatic inflammation 

through innate immune responses (Giorgio et al., 2013). However, recent studies suggest 

that the pathogenesis and progression of NAFLD are driven by multiple parallel hits. The 

multiple-hits hypothesis describes the possibility of simultaneous occurrence of several 

hepatic assaults in the subjects genetically predisposed to NAFLD (Buzzetti et al., 2016). 

Insulin resistance, hepatic ER and oxidative stresses, mitochondrial dysfunction, adipose 

tissue lipotoxicity, gut microbiota dysbiosis, and genetic predisposition are the major hits 

recognized in the multiple-hits hypothesis (Buzzetti et al., 2016; Tilg et al., 2021). 
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1.2.3.1. ER stress in NAFLD progression 

The ER stress assists the progression of steatosis to NASH through multiple 

mechanisms (Fig. 1.7) associated with the unfolded protein response (UPR) (Lebeaupin et 

al., 2018). Several studies have illustrated the positive correlation between hepatic lipid 

accumulation and ER stress both in vitro (Rennert et al., 2020) and in vivo (Wang et al., 

2006). The mitochondria-associated ER membranes (MAM) bridge the ER and 

mitochondria in hepatocytes both functionally and structurally. Many of the enzymes 

required for the biosynthesis of TG and cellular lipid metabolism are located in the ER 

membrane and mitochondria. The MAM are also rich in these enzymes and essential for 

phospholipid, steroid, glucose, and FA metabolism. The synthesis of phosphatidylcholine, 

phosphatidyl ethanolamine, and cholesterol occurs in the MAM. Moreover, MAM 

facilitate the flux of lipid metabolites and calcium between the ER and mitochondria (J. 

Wang et al., 2020). Lipotoxicity in hepatocytes can disrupt MAM both functionally and 

structurally. A significant reduction in the calcium flux from ER to mitochondria together 

with shrinkage of the MAM contact area had been observed in the HepG2 cells overloaded 

with palmitic acid. This disruption of MAM is assumed to be mediated by the increased 

distance between the ER and mitochondria through the downregulation of the expression 

of the MAM structural component mitofusin-2 (Shinjo et al., 2017). Disruption of the 

MAM leads to ER and oxidative stresses, promoting the progression of NAFLD (J. Wang 

et al., 2020). Apart from palmitic acid, free cholesterol, lysophosphatidylcholine, and 

sphingolipids such as ceramides are known activators of hepatic ER stress (Song 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 three ER transmembrane 
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stress sensors (Fig. 1.7), namely, protein kinase R-like ER kinase (PERK), inositol-

requiring enzyme-1α (IRE1α), and activating transcription factor-6α (ATF6α) (Lebeaupin 

et al., 2018). These three stress sensors are capable of activating the intrinsic apoptotic 

pathway through CCAAT-enhancer-binding protein (C/EBP)-homologous protein 

(CHOP) signalling (Hu et al., 2019). IRE1α activation assists NAFLD progression by 

inducing inflammatory responses through the nucleotide-binding domain, leucine-rich-

containing family, pyrin domain-containing-3 (NLRP3) inflammasomes, and  NF-κB and 

JNK signalling (Lebeaupin et al., 2018). Also, activation of IRE1α in the liver resident 

macrophages, the Kupffer cells, can induce hepatic ischemia/reperfusion (I/R) injury. 

Inhibition of IRE1α in mice induced for I/R injury had depicted significant reductions in 

the hepatic infiltration of Ly6G+ neutrophils, and serum levels of interleukin (IL)-1β and 

TNF-α proinflammatory cytokines together with C-C motif chemokine ligand 2 (CCL2) 

and C-X-C motif chemokine ligand 10 (CXCL10) proinflammatory chemokines (Cai et al., 

2022). Thus, ER stress is a primary driver of the progression of hepatic steatosis to NASH. 

Moreover, ER stress may assist to sustain hepatic lipid accumulation by impairing the 

mitochondrial β-oxidation (DeZwaan-McCabe et al., 2017). 

1.2.3.2 Oxidative stress in NAFLD progression 

Cellular ER stress can induce oxidative stress through mitochondrial dysfunction-

mediated ROS generation (Kim et al., 2018). Also, increased FA oxidation in the 

mitochondria and peroxisomes, and activation of the nicotinamide adenine dinucleotide 

phosphate oxidase (NOX) enzyme can induce cellular oxidative stress during NAFLD by 

promoting the production of ROS (Z. Chen et al., 2020). Cellular oxidative stress is a 

primary modulator of the NAFLD pathogenesis and progression (Fig. 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 SREBP-1 activation (Podszun et al., 2020). The 

ability of ROS to damage cellular protein, lipids, and nucleic acids promotes hepatic 

apoptosis through both structural and functional damage to the hepatocytes (Cichoż-Lach 

and Michalak, 2014). Liver resident macrophages, the Kupffer cells engulf the apoptotic 

bodies produced by the hepatocytes undergoing apoptosis. Engulfment of the apoptotic 

bodies activates the Kupffer cells to produce TNF-related apoptosis-inducing ligand 

(TRAIL), Fas, and TNF-α cell death ligands capable of further promoting hepatic apoptosis 

(Malhi et al., 2010). Hepatic oxidative stress and inflammation are interdependent, and 

occur simultaneously to exacerbate the hepatic damage (Li et al., 2016). Increased hepatic 

oxidative stress promotes hepatic inflammation by the production of proinflammatory 

cytokines, IL-1β and IL-18, through MAPK and NF-κB signalling (Nan et al., 2021). 

Activation of the MAPK and NF-κB inflammatory signalling had also been observed in 

HepG2 cells overloaded with glucose. Hyperglycemia in HepG2 cells could promote TNF-

α and IL-6 production through ROS-induced MAPK and NF-κB signalling (Panahi et al., 

2018). Proinflammatory cytokines such as TNF-α (J. Zhang et al., 2022) and DAMP can 

activate the inflammatory responses of the Kupffer cells (Cha et al., 2018). DAMP further 

intensifies hepatic inflammation by the recruiting of monocyte-derived macrophages 

(MDM), also termed as infiltrating macrophages. Both Kupffer cells and MDM expand the 

hepatic inflammatory assault by the production of proinflammatory cytokine and 

chemokines (Cha et al., 2018). Once activated, the Kupffer cells may promote hepatic 

oxidative stress through ROS production (Maeda et al., 2022), thus, initiating a harmful 

cycle of oxidative stress and inflammation. Moreover, ROS can activate hepatic stellate 
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cells (HSC) into a myofibroblast-like phenotype and stimulates HSC for the production of 

extracellular matrix (ECM). Excessive ECM production by the HSC leads to the 

progression of NAFLD into liver fibrosis and cirrhosis (Gandhi, 2012). Hepatic oxidative 

stress accelerates the progression of steatosis to NASH and subsequent development of 

hepatic fibrosis and cirrhosis. 

1.2.3.3. Adipose tissue dysfunction for NAFLD progression 

Adipose tissue dysfunction may contribute to hepatic inflammation by increasing 

the levels of proinflammatory cytokines such as TNF-α and IL-6 in the circulation (Fig. 

1.7). These cytokines primarily originate from the macrophages that infiltrate the adipose 

tissue in response to adipocyte apoptosis (Alkhouri et al., 2010). Adipose tissue 

dysfunction is positively associated with obesity. Significant increments in the circulating 

TNF-α and CCL2 levels had been observed in obese individuals. The circulating TNF-α 

and CCL2 increments are similar between the obese subjects presented with and without 

NAFLD (Fuchs et al., 2021), suggesting the sustained adipose tissue-mediated 

inflammation during the pathogenesis and progression of NAFLD. Also, adiponectin and 

leptin secreted by the adipose tissue assist NAFLD pathogenesis and progression when 

deviating from normal physiological levels. Other adipokines such as resistin, visfatin, 

chemerin, retinol-binding protein 4 (RBP-4), and irisin are assumed to be important for 

regulating hepatic lipid metabolism and inflammation (Boutari et al., 2018). In NAFLD 

patients, the serum adiponectin concentration is considerably low, and this 

hypoadiponectinemia condition may promote the progression of steatosis to NASH 

(Polyzos et al., 2011). Adiponectin can prevent hepatic injury by restricting monocyte 

adhesion to endothelial cells and reducing expressions of TNF-α and aldehyde oxidase-1 
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enzyme. Aldehyde oxidase-1 enzyme induces hepatic oxidative stress and liver injury 

together with fibrosis (Polyzos et al., 2009). In contrast to adiponectin, the serum 

concentration of leptin is significantly high in NAFLD patients. A study based on the US 

population data revealed 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., 2018). The ability of leptin to promote hepatic inflammation by 

upregulating the expressions of CCL2 and IL-6, and induce hepatic fibrosis by the 

activation of HSC had been demonstrated in a cholestasis mouse model (Petrescu et al., 

2022). Adipokine dyshomeostasis contributes to the progression of NAFLD by advancing 

hepatic inflammation and fibrosis. 

1.2.3.4. Gut microbiota dysbiosis in NAFLD pathogenesis and progression 

The gut microbiota plays a pivotal role to regulate body energy metabolism and 

immune response. Dysbiosis of the gut microbiota is associated with obesity-related 

diseases including NAFLD (Sankararaman et al., 2023). Studies analyzing fecal material 

had revealed that Firmicutes/Bacteroidetes (F/B) ratio is significantly higher in NAFLD 

patients compared to healthy individuals (Lee et al., 2021; Yoon et al., 2023). However, 

the F/B ratio might be inadequate for the estimation of NAFLD severity as the correlation 

between the F/B ratio and steatosis is only moderately strong (r = 0.43) and no correlation 

is found between F/B ratio and fibrosis (Jasirwan et al., 2021). The gut microbiota diversity 

is significantly low in NAFLD patients and the abundance of bacteria phyla, Proteobacteria 

and Fusobacteria is significantly high in NAFLD patients (Shen et al., 2017). In fact, one 

study suggests that the increased abundance of Proteobacteria is the most important 

alteration in the gut microbiota to favour NAFLD pathogenesis through the gut-liver axis. 
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Proteobacteria are gram-negative bacteria with lipopolysaccharides (LPS) in the outer 

membrane that are capable of inducing hepatic steatosis and inflammation (Vasques-

Monteiro et al., 2021). The composition of the gut microbiota alters with the progression 

of NAFLD. The abundance of the Lachnospiraceae family and its descendant Blautia 

genus are significantly higher in NASH patients whereas the abundance of the 

Enterobacteriaceae family and its descendant Shigella genus are higher in fibrosis patients 

(Shen et al., 2017). Depletion of the Blautia genus bacteria using antibiotics had restricted 

NASH development in mice fed with a choline-low HFHS diet mimicking the Western 

diet. The re-establishment of the Blautia genus bacteria significantly intensified the hepatic 

inflammation and fibrosis in these mice (Yang et al., 2023). These pathogenic effects are 

believed to be mediated by the production of 2-oleoylglycerol in the gut through interaction 

between Blautia genus bacteria and the Western diet. 2-Oleoylglycerol produced in the gut 

can reach the liver through the portal vein and activate the macrophages. The activated 

macrophages produce transforming growth factor (TGF)-β1 which activates the HSC and 

upregulates the expression of ECM genes to promote hepatic fibrosis (Yang et al., 2023). 

Gut microbiota dysbiosis had also been observed in lean NAFLD patients. However, unlike 

in obesity-mediated NAFLD the F/B ratio is significantly lower in lean NAFLD patients 

compared to healthy individuals (Wang et al., 2016). 
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Figure 1.7. Mechanisms of steatosis progression to nonalcoholic steatohepatitis. The red 

arrows indicate the increased or decreased expression/production under nonalcoholic 

steatohepatitis. ApoB, apolipoprotein B; ATF6α, activating transcription factor-6α ;CCL2, 

C-C motif chemokine ligand 2; CD 36, cluster of differentiation 36; CHOP, CCAAT-

enhancer-binding protein-homologous protein; DAMPs, damage-associated molecular 

patterns; ER, endoplasmic reticulum; ERK, extracellular signal-regulated kinase; FXR, 

farnesoid X receptor; IL, interleukin; IRE1α, inositol-requiring enzyme-1α; JNK, c-Jun-N-

terminal kinase; LPS, lipopolysaccharides; MAM, mitochondria-associated ER membrane; 

MAPK, mitogen-activated protein kinases; MTP, microsomal triglyceride transfer protein; 

NF-κB, nuclear factor-kappa-light-chain-enhancer of activated B cells; NLRP3, 

nucleotide-binding domain, leucine-rich-containing family, pyrin domain-containing-3 

inflammasomes; PERK, protein kinase R-like ER kinase; ROS, reactive oxygen species; 

TGR5, Takeda G protein-coupled receptor 5; TLR4, toll-like receptor 4; TNF-α, tumor 

necrosis factor-α; UPR, unfolded protein response; VLDL, very-low density lipoprotein 

(Created with BioRender.com, license purchased).  

Bile acid metabolism by the gut microbiota is important to maintain glucose and 

lipid homeostases. The gut microbiota converts the conjugated primary bile acids (cholic 

and chenodeoxycholic acids) into secondary bile acids (deoxycholic and lithocholic acids) 

through multiple reactions involving deconjugation, oxidation, 7-dehydroxylation, 
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esterification, and desulfation (Chen et al., 2019). Bile acids act as detergents to facilitate 

the absorption of dietary lipids, steroids, and lipid-soluble vitamins. Also, the bile acids 

can function as signalling molecules to maintain bile acid and body energy homeostases 

by stimulating the nuclear farnesoid X receptor (FXR) and membrane Takeda G protein-

coupled receptor 5 (TGR5) receptors (Chiang and Ferrell, 2020). Activation of the FXR 

receptor restricts the hepatic lipid accumulation through multiple mechanisms (Fig. 1.7). 

FXR can inhibit the TG synthesis by downregulating the expressions of lipogenic FAS and 

stearoyl CoA desaturase (SCD)-1 enzymes (Schmitt et al., 2015) via SREBP-1c inhibition 

(Watanabe et al., 2004). FXR activates the small heterodimer partner (SHP), which 

downregulates the SREBP-1c expression by inhibiting the liver X receptor (LXR) 

(Watanabe et al., 2004). Also, FXR activation may ameliorate hepatic lipid accumulation 

by promoting FA β-oxidation via upregulation of the PPAR-α expression (Torra et al., 

2003). However, a recent study demonstrated that FXR can inhibit hepatic lipogenesis 

through a SHP and SREBP-1c independent mechanism and the activation of intestinal cell 

FXR is sufficient to ameliorate hepatic lipid accumulation by reducing the dietary lipid 

absorption (Clifford et al., 2021). Moreover, FXR activation in immune cells can manifest 

anti-inflammatory and antifibrogenic activities. FXR stimulation inhibits the activation of 

circulating immune cells together with the Kupffer cells and the subsequent activation of 

the HSC (Fiorucci et al., 2022). Similar to the FXR, activation of the TGR5 is important to 

maintain energy and immune homeostases (Guo et al., 2016). Overexpression of the TGR5 

in enteroendocrine L cells induces secretion of glucagon-like peptide (GLP)-1 and 

improves glucose tolerance in obese mice (Thomas et al., 2009). GLP-1 can promote 

insulin secretion and pancreatic islet survival and proliferation. Moreover, in mice TGR5-
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mediated GLP-1 secretion promotes the energy expenditure by the BAT and muscle tissues 

(Thomas et al., 2009), thus, reducing the risk of obesity-related NAFLD. The importance 

of TGR5 for the suppression of hepatic inflammation had been demonstrated in an LPS-

mediated inflammation mouse model. Deletion of the TGR5 in mice significantly increased 

hepatic inflammation and necrosis. Anti-inflammatory effects of the TGR5 are mediated 

through the inhibition of NF-κB-based inflammatory response in the mice macrophages, 

Kupffer cells, and hepatocytes (Y.-D. Wang et al., 2011). Even though anti-inflammatory 

effects are important to prevent liver fibrosis by inhibiting the activation of HSC, a recent 

study had revealed the unbeneficial potential of TGR5 to promote liver fibrosis. 12α-

Hydroxylated bile acids, taurodeoxycholate and glycoldeoxycholate, could activate the 

HSC and induce fibrogenesis in mice by the activation of TGR5-mediated MAPK, 

extracellular signal-regulated kinase (ERK) 1/2 and p38 (Xie et al., 2021). However, many 

researchers believe that activation of the FXR and TGR5 present therapeutic targets to 

ameliorate the NAFLD. Gut microbiota dysbiosis in the NAFLD is associated with the 

reduce conversion of primary bile acids into secondary bile acids and low activity of bile 

acid receptors, FXR, TGR5, pregnane X receptor, and vitamin D receptor (Chen 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 the gut microbiota can be both 

beneficial and detrimental in the NAFLD (Fig. 1.7). The gut microbiota is capable of 

producing short-chain FA (SCFA) such as acetate, propionate, and butyrate by fermenting 

the resistant starches (Aoki et al., 2021). In a high-fat/fructose/cholesterol-fed mouse 

model, supplementation with the resistant starch inulin significantly reduced hepatic 
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steatosis and fibrosis. These hepato-protective effects are attributable to the production of 

acetate by the gut microbiota-mediated fermentation of the inulin. The acetate stimulates 

the FFA receptor 2 (FFAR2), which may reduce the NAFLD pathogenesis and progression 

by reducing insulin resistance, NF-κB and TNF-α mediated inflammation, and expression 

of collagen promoters (Aoki et al., 2021). In NASH and NAFLD-cirrhosis patients, the 

SCFA concentrations in blood plasma are significantly diminished. Moreover, the negative 

association between the blood plasma concentrations of SCFA and proinflammatory 

cytokine TNF-α in these patients (Xiong et al., 2022) suggests the importance of SCFA to 

reduce NAFLD-related inflammation. However, another study contradicts these findings 

by reporting elevated levels of fecal SCFA and SCFA-producing gut bacteria in NASH 

patients (Rau et al., 2018). Moreover, elevated fecal acetate and propionate levels may be 

associated with increased inflammation in NASH patients as observed by the diminished 

anti-inflammatory regulatory T-cells (Tregs) and the increased ratio of proinflammatory T 

helper 17 cells (Th17)/Tregs in the blood (Rau et al., 2018). Thus, further studies are 

required to understand the functions of gut microbiota-derived SCFA in NAFLD 

pathogenesis and progression. Indole and indole derivatives produced by the gut 

microbiota-mediated metabolism of tryptophan had depicted multiple hepatoprotective 

effects (Li et al., 2021). Oral administration of the indole significantly reduced the hepatic 

inflammation in LPS-injected mice by restricting the NF-κB signalling and the expressions 

of its downstream targets, notably IL-1β, IL-6, IL-10, TNF-α, nitric oxide synthase 2 

(NOS2), and NOX1 (Beaumont et al., 2018). Similar anti-inflammatory activity together 

with a reduction in hepatic macrophage infiltration had been observed for indole-3-acetate 

in mice induced for the NAFLD by an HFD. Also, indole-3-acetate could improve the 
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blood glucose and lipid profiles and ameliorate the hepatic TG and cholesterol content by 

downregulating the expression of lipogenic SREBP-1, SCD-1, ACC1, and PPAR-γ. 

Moreover, the potential of indole-3-acetate to mitigate HFD-induced oxidative stress is 

important to prevent the pathogenesis and progression of NAFLD (Ji et al., 2019). In 

NAFLD, hepato-protective effects of the indole and indole derivatives may be diminished 

by the disruption of tryptophan metabolism due to gut microbiota dysbiosis (Chen and 

Vitetta, 2020). 

Gut microbiota dysbiosis in the NASH can lead to an increased abundance of 

ethanol-producing bacteria and a higher concentration of endogenous ethanol in the 

peripheral blood. The gut microbiota of obese individuals and NASH patients are similar. 

However, the abundance of ethanol-producing Escherichia bacteria and blood ethanol 

concentrations are higher in NASH patients compared to obese individuals (Zhu et al., 

2013). Endogenous ethanol can induce hepatic steatosis and injury in mice by prompting 

mitochondria dysfunction-mediated oxidative stress (X. Chen et al., 2020). Thus, trivial 

changes in the gut microbiota composition might be sufficient for the progression of 

NAFLD. Gut microbiota dysbiosis in the NAFLD leads to the disruption of gut epithelial 

barrier function. Gut bacteria-derived metabolites such as endogenous ethanol and ethanol 

metabolites are capable of disrupting the gut barrier by degrading tight-junction (TJ) 

protein, allowing gut bacteria and bacterial endotoxins (LPS) to translocate into the liver 

(Park et al., 2022). Overgrowth of the LPS-producing bacteria such as Enterobacter 

cloacae B29, Escherichia coli PY102, and Klebsiella pneumoniae A7 in NAFLD patients 

(Fei et al., 2020) may further intensify the endotoxin-mediated liver assault. Significantly 

higher concentrations of LPS had been detected in the blood serum and livers of NASH 
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patients compared to healthy individuals. However, hepatic LPS levels between the simple 

steatosis patients and healthy subjects had been statistically similar (Carpino et al., 2020), 

suggesting the importance of bacterial endotoxins for the progression of the NALFD. 

Activation of the NF-κB inflammatory signalling is the most prominent mechanism in 

LPS-mediated hepatic inflammation. The LPS initially binds with LPS-binding protein 

(LBP) and subsequently forms a complex with myeloid differentiation factor 2 (MD2) and 

pattern-recognition receptor cluster of differentiation 14 (CD14) to activate the toll-like 

receptor 4 (TLR4) (Tong et al., 2020). TLR4 is expressed in both parenchymal hepatocytes 

and nonparenchymal liver cells including Kupffer cells, HSC, biliary cells, and endothelial 

cells. Kupffer cells and HSC are the most stimulated by the LPS to induce inflammatory 

responses (Fisher et al., 2013). The activated TLR4 initiates the NF-κB signalling that 

induces the production of many proinflammatory cytokines, including IL-1α, IL-1β, IL-6, 

IL-12, TNF-α, and granulocyte-macrophage colony-stimulating factor (GM-CSF) 

(Hamesch et al., 2015). TLR4 is also capable of activating the MAPK (p38, ERK, and 

JNK) and interferon regulatory factor 3 (IRF3) signalling to induce hepatic inflammation 

through the increased production of proinflammatory cytokines (Tong et al., 2020). The 

proinflammatory cytokines secreted by the Kupffer cells and infiltrated macrophages can 

activate the HSC. Activated Kupffer cells can secrete transforming growth factor β (TGFβ) 

that stimulates the HSC to produce ECM constituents, the collagens and fibronectin. 

Excessive synthesis of the ECM leads to hepatic fibrosis (Gandhi, 2020). Although many 

of the LPS-mediated effects support the NAFLD progression into NASH and fibrosis, LPS 

may also play a role in the induction of hepatic steatosis. LPS could induce hepatic steatosis 

in a disaccharide-rich diet-fed rat model by upregulating the expressions of lipogenic 
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SREBP-1c and FAS (Fukunishi et al., 2014). Moreover, in an HFD-fed germ-free mouse 

model monoassociation of the germ-free mice with LPS-producing bacteria had been 

required to induce hepatic steatosis and inflammation (Fei et al., 2020). However, LPS had 

been able to ameliorate lipid accumulation in the HSC through lipophagy while sensitizing 

the HSC to TGFβ-mediated fibrosis response (Chen et al., 2017). Thus, LPS may be 

playing disease-stage-specific roles in NAFLD. The increased LPS production together 

with the impaired gut epithelial barrier function under the gut microbiota dysbiosis are 

critical triggers for NAFLD pathogenesis and progression. Gut microbiota dysbiosis is 

strongly associated with dietary habits such as consumption of fructose-rich diets. 

Excessive consumption of fructose may induce hepatic inflammation and fibrosis by 

increasing the translocation of gut microbiota-derived LPS into liver. Fructose can impair 

gut epithelial barrier function to increase LPS translocation by downregulating the 

expression of TJ and adherent junction proteins (Cho et al., 2021). NAFLD pathogenesis 

and progression are contributed by multiple risk factors. Many of the primary risk factors 

are associated with modifiable lifestyle patterns. Despite the existence of several potential 

therapeutic targets to mitigate the risk of NAFLD an approved medicine is not currently 

available to treat the disease (Mundi et al., 2020). Therefore, novel approaches combined 

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

1.3. PROBIOTIC MICROBES-MEDIATED MECHANISMS FOR NAFLD RISK 

REDUCTION 

The administration of probiotic microbes is proven to be beneficial in many 

diseases (Milner et al., 2021; Zommiti et al., 2020). Probiotics can reduce the risk of 

NAFLD pathogenesis and progression by indirect and direct mechanisms (Table 1.1). The 
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ability of probiotics to mitigate insulin resistance and T2D is indirectly beneficial for the 

prevention of NAFLD. A mixture of Lactobacillus (L.) and Bifidobacterium (B.) probiotic 

bacteria had been able to ameliorate HFD and streptozotocin-induced diabetes in C57BL/6J 

mice by improving glucose tolerance and reducing insulin resistance. These beneficial 

effects are believed to be mediated by the ability of probiotic bacteria to modulate gut 

microbiota and increase the availability of GLP-1 and peptide tyrosine-tyrosine through 

SCFA production (Gu et al., 2022). Smoking is a non-traditional risk factor of NAFLD that 

can promote the progression of steatosis to NASH. In cigarette smokers, nicotine 

accumulated in the intestine can facilitate the formation of ceramides by phosphorylation 

of sphingomyelin phosphodiesterase 3 (SMPD3) via AMPKα signalling (B. Chen et al., 

2022). Ceramides are known activators of hepatic ER stress (Song and Malhi, 2019). Gut 

bacterium Bacteroides xylanisolvens is capable of restricting the ceramides formation by 

degrading nicotine, thus, reducing the risk of NASH. Therefore, 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 obesity. A study on obese NAFLD patients 

revealed that supplementation with a mixture of Lactobacillus and Bifidobacterium 

probiotic bacteria can significantly reduce the IHL and triglyceride levels together with the 

body weight and total fat content (Ahn 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 

γ-glutamyl transferase (GGT) (Cai et al., 2020), demonstrating the ability of probiotic 



 

49 
 

bacteria to regulate lipid metabolism and hepatic injury. Probiotic bacteria such as L. 

plantarum Q16 (isolated from yogurt) are capable of preventing hepatic steatosis by the 

regulation of lipid metabolism. L. plantarum Q16 had been able to reduce hepatic steatosis 

in an HFD-fed mouse model by restricting DNL through downregulation of the expressions 

of SREBP-1 targets, SCD-1, ACC, and FAS (Tang et al., 2022). Moreover, L. plantarum 

Q16 is capable of upregulating the expression of FA β-oxidation promoters, CPT-1α and 

PPAR-α. The potential of L. plantarum Q16 to increase the expression of adipose 

triglyceride lipase (ATGL) and reduce the expression of diacylglycerol acyltransferase  1 

(DGAT1) in the liver is further beneficial for NAFLD mitigation by inhibiting the hepatic 

TG synthesis. ATGL regulates the TG hydrolysis and is important to maintain PPAR-α 

mediated FA β-oxidation in the mitochondria (Tang et al., 2022). DGAT1 can promote 

hepatic steatosis by esterification of exogenous FA (Villanueva et al., 2009).  

The adipose tissue dysfunction during obesity is a major contributor to the NAFLD 

pathogenesis and progression to NASH (Wang et al., 2021). The probiotic bacteria Bacillus 

coagulans T4 had been able to ameliorate adipose tissue dysfunction in obese mice 

(Hashemnia et al., 2023). Supplementation with the Bacillus coagulans T4 had 

significantly reduced the infiltration of macrophages into the adipose tissue and 

polarization into the proinflammatory M1 phenotype. Moreover, the mRNA expression of 

endotoxin receptors, TLR2 and TLR4 together with the proinflammatory cytokines IL-6 

and TNF-α had been significantly diminished by the probiotic bacteria supplementation. 

This inflammation reduction may be attributable to the ability of Bacillus coagulans T4 to 

reduce endotoxemia by promoting gut epithelial barrier function (Hashemnia et al., 2023). 

The adipokines secreted by the adipocytes are important to maintain hepatic lipid and 
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immune homeostasis (Boutari et al., 2018). Lactobacillus probiotic bacteria are capable of 

restoring the blood serum adipokine levels in obese mice by increasing the adiponectin 

level and decreasing the leptin level (M. Wang et al., 2020). The adiponectin deficiency 

and leptin overexpression can promote hepatic steatosis by restricting the FA β-oxidation, 

and facilitate the steatosis progression to NASH by advancing hepatic inflammation 

(Petrescu et al., 2022; Skat‐Rørdam et al., 2019). 

The hepatic ER stress and oxidative stress can initiate the progression of steatosis 

to NASH by introducing hepatic inflammation and injury. The ability of probiotic bacteria 

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

for steatosis by exposure to oleic acid. Treatment of the HepG2 cells with the cell-free 

extracts of L. acidophilus NX2-6 significantly reduced the UPR by downregulating the 

expressions of glucose-regulated protein 58 kD (GRP58), ATF6, IRE1α, X-box binding 

protein 1 (XBP1), and CHOP (Tang et al., 2020). The potential of probiotic-derived cell-

free extract to prevent mitochondria dysfunction (Tang et al., 2020) may have contributed 

to mitigating ER stress. Prevention of mitochondrial dysfunction together with lipid 

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

HepG2 cells (Tang et al., 2020). A mixture of 20 strains of lactic acid-producing probiotic 

bacteria had been able to mitigate the hepatic inflammation and subsequent NAFLD 

progression to fibrosis and HCC in a phosphate and tensin homolog (PTEN) gene knockout 

mouse model (Arai et al., 2022). Hepatocyte-specific deletion of the tumour suppressor 

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

inflammation, and hepatic injury (Horie et al., 2004). Supplementation with the probiotic 

bacteria significantly reduced the hepatic oxidative stress by restoring the cellular levels of 
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glutathione in the PTEN knockout mice. Also, in the same mouse model, probiotics 

significantly reduced the expression of proinflammatory cytokines and averted hepatic 

injury by reducing hepatocyte apoptosis. Moreover, probiotic bacteria hindered the 

induction of hepatic fibrosis by downregulating the expressions of tissue inhibitors of 

metalloproteinase-1 (TIMP-1) and α-smooth muscle actin (α-SMA) (Arai et al., 2022). In 

hepatic fibrosis, TIMP-1 inhibits the matrix metalloproteases (MMP) which can prevent 

fibrosis by the degradation of ECM (Thiele et al., 2017). Increased expression of the α-

SMA in HSC may induce the secretion of ECM component collagen-1 through mechanical 

signals such as cellular contraction tension (Rockey et al., 2019).  

The gut microbiota dysbiosis can support the pathogenesis and progression of 

NAFLD through multiple mechanisms (Jasirwan et al., 2019). Many studies reporting the 

benefits of probiotics for NAFLD risk reduction had revealed the potential of probiotics to 

mitigate gut microbiota dysbiosis. In fact, the anti-inflammatory activity of probiotics in 

NAFLD is primarily attributable to the prevention of dysbiosis-mediated endotoxemia and 

gut-epithelial barrier dysfunction (Khan 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., 2022) that induces inflammation by activating the TLR4 inflammatory 

signalling cascade (Hamesch et al., 2015). In an HFD-fed mouse model, supplementation 

with L. acidophilus probiotic bacteria relieved the gut microbiota dysbiosis by increasing 

the bacteria richness and diversity (Kang et al., 2022). Also, L. acidophilus could reduce 

the F/B ratio (Kang et al., 2022), which is commonly increased in NAFLD patients (Yoon 

et al., 2023), and reduce the LPS contributing gram-negative bacteria (Kang et al., 2022). 

The same study demonstrated the ability of L. acidophilus to prevent LPS translocation by 
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protecting the gut-epithelial barrier function through 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/NF-κB-mediated 

inflammation pathway (Kang et al., 2022). The potential of probiotic bacteria to regulate 

gut microbiota-derived metabolites is beneficial for NAFLD risk reduction. 

Supplementation with the L. acidophilus significantly reduced the hepatic steatosis and 

injury by upregulating the 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 metabolism (Luo et al., 2021). Encapsulated L. acidophilus, B. 

longum, and Enterococcus faecalis probiotic bacteria can ameliorate gut microbiota 

dysbiosis in obese mice and restore the abundance of SCFA-producing bacteria such as 

Olsenella and 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 microbes-mediated functions and mechanisms to reduce the NAFLD risk. 

Probiotics Experimental model Biological functions and  mechanisms Reference 

1) A mixture of L. 

acidophilus, L. 

rhamnosus, L. 

paracasei,  P. 

pentosaceus, B. 

lactis, and B. 

breve.  

Obese NAFLD patients were 

supplemented with the 

probiotic bacteria mixture (1 × 

109 cfu/day) for 12-weeks.  

- Reduce body weight and total fat content. 

- Reduce intrahepatic fat and triglyceride contents.  

(Ahn et al., 

2019) 

2) A mixture of 

Lactobacillus, 

Bifidobacterium, 

and Enterococcus 

probiotic 

bacteria.  

NAFLD patients were 

supplemented with the 

probiotic bacteria (1 g twice 

per day) concomitantly with a 

low-calorie diet and exercise 

therapy for three months.  

- Improve blood lipid profile by reducing the total 

cholesterol, triglyceride, and LDL levels.  

- Reduce the concentration of liver damage markers, 

ALT, AST, and GGT in the blood.  

(Cai et al., 2020) 
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Probiotics Experimental model Biological functions and  mechanisms Reference 

3) L. plantarum 

Q16 

Mice induced for NAFLD by 

feeding a high-fat diet were 

supplemented with the 

probiotic bacteria (1 × 109 

cfu/day) for 8-weeks.  

- Reduce hepatic lipogenesis by downregulating the 

expressions of SREBP-1, SCD-1, ACC, and FAS. 

- Promote hepatic FA oxidation by upregulating the 

expressions of CPT-1α and PPAR-α.  

- Promote hepatic triglyceride hydrolysis and reduce 

triglyceride synthesis by up and downregulation of the 

expressions of ATGL and DGAT1, respectively.  

- Improve gut microbiota composition.  

(Tang et al., 

2022) 

4) Bacillus 

coagulans T4 

C57BL/6J mice were fed a 

high-fat diet for 10-weeks to 

induce obesity. Then, the mice 

were supplemented with the 

probiotic bacteria (1 × 109 

cfu/day) for 8-weeks while  

- Reduce body weight gain and adiposity, and improve 

glucose tolerance. 

- Reduce infiltration of macrophages into the white 

adipose tissue and polarization into proinflammatory 

M1 phenotype. 

- Downregulate the expressions of LPS-sensitive TLR2  

(Hashemnia et 

al., 2023) 
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Probiotics Experimental model Biological functions and  mechanisms Reference 

 feeding with a high-fat diet. - and TLR4 in adipose tissue. 

- Downregulate the expression of proinflammatory 

cytokines TNF-α and IL-6 while upregulating anti-

inflammatory IL-10.  

- Ameliorate gut microbiota dysbiosis, improve acetate 

and propionate SCFA production, and improve gut 

epithelial barrier function. 

 

5) L. casei, L. 

fermentum, L. 

acidophilus, L. 

rhamnosus, and  

L. paracesei.  

C57BL/6J mice induced for 

obesity by feeding with a high-

fat diet were administered with 

the different strains of 

probiotic bacteria separately.  

-  Improve blood lipid profile by reducing the levels of 

total cholesterol, triglycerides, and LDL while 

increasing the level of HDL.  

- Increase blood serum level of adiponectin and reduce 

the level of leptin.  

 (M. Wang et 

al., 2020) 

6) L. acidophilus 

cell-free extract 

HepG2 cells were treated with 

the cell-free extract of  

- Mitigate cellular lipid accumulation by downregulating 

the expressions of SREBP-1c and FAS. 

(Tang et al., 

2020) 



 

 
 

5
6

 

Probiotics Experimental model Biological functions and  mechanisms Reference 

 probiotic bacteria for 24 h. 

Then, the cells were exposed to 

oleic acid (0.9 mM) for 24 h to 

induce lipid accumulation. 

- Promote FA oxidation by upregulating the expression 

of CPT-1. 

- Avert cellular ER stress response (unfolded protein 

response) by downregulating the expressions of GRP58, 

ATF6, IRE1α, XBP-1, and CHOP.  

- Ameliorate cellular oxidative stress by preventing 

mitochondria dysfunction, and reducing lipid 

peroxidation and ROS generation.  

- Reduce cellular inflammation by downregulating the 

NF-κB-mediated IL-1β and IL-6 production. 

 

7) A mixture of 20 

strains of lactic 

acid bacteria. 

C57BL/6 mice of hepatocyte-

specific phosphate and tensin 

homolog (PTEN) gene 

knockout were supplemented  

- Ameliorate hepatic oxidative stress and restore 

glutathione levels.  

- Mitigate lobular inflammation and suppress the 

expression of LPS receptor TLR4 and proinflammatory  

(Arai et al., 

2022) 
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Probiotics Experimental model Biological functions and  mechanisms Reference 

 with the probiotic bacteria for 

8-weeks and 40-weeks 

(fibrosis model). Probiotics 

were administered with 

drinking water (4 g/L, 1 × 109 

cfu/g). 

cytokines IL-1β, TNF-α, and chemokine CCL2. 

- Alleviate hepatic injury by preventing hepatocyte 

apoptosis. 

- Reduce the induction of fibrosis by downregulating the 

expressions of TIMP-1 and α-SMA. 

- May prevent NAFLD progression to hepatocellular 

carcinoma. 

 

8) L. acidophilus C57BL/6J mice were fed a 

high-fat diet for 11-weeks. 

Then supplemented with the 

probiotic bacteria (5 × 109 

cfu/day) and the high-fat diet 

concomitantly for another 

week.  

- Reduce body weight, body fat content, and insulin 

resistance. 

- Alleviate gut microbiota dysbiosis by increasing 

bacteria richness and diversity. Reduce the 

Firmicutes/Bacteroidetes ratio and the abundance of 

endotoxins carrying gram-negative bacteria. 

- Protect the gut-epithelial barrier function and reduce the 

(Kang et al., 

2022) 
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Probiotics Experimental model Biological functions and  mechanisms Reference 

  TL4/NF-κB-mediated hepatic inflammation by 

preventing LPS translocation. 

 

9) L. acidophilus 

tablet 

Sprague Dawley rats were fed 

a high-fat diet for 6-weeks. 

Then, the rats were 

supplemented with the 

probiotic tablet (312 mg/kg of 

body weight/day, 1 × 107 cfu/g 

of tablet) and high-fat diet 

concomitantly for 8-weeks.  

- Mitigate hepatic steatosis and injury by the activation of 

the bile acid receptor FXR/FGF15 signalling pathway. 

- Ameliorate gut microbiota dysbiosis by increasing 

bacteria diversity and reducing the abundance of 

pathogenic bacteria.  

(Luo et al., 

2021) 

ACC, acetyl-CoA carboxylase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ATF6, activating transcription factor-

6; ATGL, adipose triglyceride lipase; B., Bifidobacterium; cfu, colony-forming units; CHOP, CCAAT-enhancer-binding protein-

homologous protein; CPT-1α, carnitine-palmitoyl-transferase-1 α; DGAT1, diacylglycerol acyltransferase  1; FAS, fatty acid synthase; 

FGF15, fibroblast growth factor 15; FXR, farnesoid X receptor; GGT, γ-glutamyl transferase; GRP58, glucose regulated protein 58 kD; 

HDL; high-density lipoprotein; IL, interleukin; IRE1α, inositol-requiring enzyme-1α; L., Lactobacillus; LDL, low-density lipoprotein; 

LPS, lipopolysaccharides; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; NF-κB, nuclear factor-kappa-

light-chain-enhancer of activated B cells; P., Pediococcus; PPAR-α, peroxisome proliferator-activated receptor-α; SCD-1, stearoyl-CoA 

desaturase 1; SREBP-1, sterol regulatory element binding protein-1; TIMP-1, tissue inhibitor of metalloproteinase-1; TLR, toll-like 

receptors; TNF-α, tumor necrosis factor-α; XBP-1, X-box binding protein 1; α-SMA, α-smooth muscle actin. 
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1.4. PAC-MEDIATED MECHANISMS FOR NAFLD RISK REDUCTION 

Supplementation with PAC is beneficial to reduce the risk of NAFLD and alleviate 

the symptoms in NAFLD patients (Table 1.2). Oral administration of the PAC can mitigate 

hyperlipidemia in NAFLD patients together with hepatic injury (Mojiri-Forushani et al., 

2022). Many of the PAC-mediated benefits in NAFLD are associated with the potential of 

PAC to regulate hepatic energy metabolism. PAC can mitigate insulin resistance in HepG2 

cells by activating the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) pathway. 

Activation of the PI3K/AKT signalling by PAC is suggested to be achieved by the 

upregulation of microRNA (miR)-29a, miR-122, and miR-423 (Wang et al., 2022). In oleic 

acid-overloaded HepG2 cells, PAC can reduce the expressions of lipogenic SREBP-1 and 

ACC enzyme together with the cholesterol synthesis enzyme 3-hydroxy-3-methylglutaryl 

coenzyme A (HMG-CoA) reductase. PAC mediates these metabolic functions by the 

activation of AMPK energy metabolism pathways (Zhang et al., 2017). The ability of PAC 

to mitigate NAFLD pathogenesis had been demonstrated in diet-induced obesity and 

NAFLD murine models. PAC supplementation can significantly reduce hepatic steatosis 

by reducing the DNL and lipid storage, and promoting FA β-oxidation. PAC can 

significantly reduce the expressions of DNL-promoting mediators such as SREBP-1c, 

ChREBP, and ACC (Feldman et al., 2023). The potential of PAC to mitigate hepatic lipid 

accumulation is demonstrated by the downregulated expressions of the PPAR-γ (Sun et al., 

2022) and the lipid droplets associated proteins, fat-specific protein 27 (FSP27), perilipins, 

and adipophilin (Yogalakshmi et al., 2013). Also, PAC can increase the FA β-oxidation by 

upregulating the expressions of PPAR-α, CPT-1, and PPAR-γ coactivator-1α (PGC-1α) 

(Feldman et al., 2023). Moreover, PAC may reduce 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 through the lysosomal 

pathway (Su et al., 2018).  

PAC supplementation can be beneficial to prevent the progression of simple 

steatosis to NASH. ER stress and oxidative stress act as the primary drivers of NAFLD 

progression. Supplementation with the PAC can significantly reduce HFD-mediated 

hepatic assault by alleviating ER stress (Sun et al., 2022). In obese rats, PAC 

supplementation mitigated the UPR by downregulating the mRNA expressions of ATF6 

and CHOP. Moreover, PAC ameliorated liver injury by reducing hepatocyte apoptosis 

through the upregulation of antiapoptotic B-cell lymphoma 2 (BCL-2) expression. These 

beneficial effects are believed to be mediated by the activation of the Wnt-3a/β-catenin 

signalling pathway (Sun et al., 2022). Cellular ER stress can promote oxidative stress 

through mitochondria dysfunction (Kim et al., 2018). PAC are natural antioxidants that can 

relieve hepatic oxidative stress by scavenging the ROS and superoxide anion radicals (Su 

et al., 2018). Also, the potential of PAC to increase the genetic expression and activity of 

the antioxidant enzymes, glutathione peroxidase (GPx), catalase (CAT), and superoxide 

dismutase (SOD) is beneficial to mitigate the hepatic oxidative stress in the NAFLD 

(Feldman et al., 2023; Su et al., 2018). The sustained hepatic injury induces the production 

of proinflammatory cytokines. Multiple studies had demonstrated the ability of PAC to 

reduce the production of proinflammatory cytokines such as IL-1β, IL-6, and TNF-α (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 

adipokine dyshomeostasis. PAC could increase the blood serum level of adiponectin and 

decrease the level of leptin (Y. Zhang et al., 2022). Adiponectin is known to mitigate 

hepatic inflammation, oxidative stress, and fibrosis (Polyzos et al., 2009). Similarly, 

reduction of the leptin level can mitigate hepatic inflammation and HSC-mediated hepatic 

fibrosis (Petrescu et al., 2022). The potential of PAC to mitigate NAFLD progression to 

hepatic fibrosis had been demonstrated in rats induced for liver damage by CCl4 

administration (Amer et al., 2022). The ability of PAC to downregulate the expressions of 

collagen-1, α-SMA, and TIMP-1 in the HSC is beneficial to prevent hepatic fibrosis by 

inhibiting excessive ECM secretion. PAC may reduce the excessive ECM secretion from 

the HSC by inhibiting the PI3K/AKT, MAPK, and NF-κB signalling cascades (Jiang et al., 

2017).  

Gut microbiota dysbiosis plays a critical role in the pathogenesis and progression 

of NAFLD (Sankararaman et al., 2023). PAC can mitigate HFD-induced gut microbiota 

dysbiosis by reducing the abundance of Firmicutes and increasing the abundance of 

Bacteroidetes. Also, PAC increases the production of SCFA such as propionic and butyric 

acids by increasing the abundance of SCFA-producing bacteria (Xiao et al., 2020). SCFA 

are beneficial to reduce hepatic inflammation and fibrosis (Aoki et al., 2021). Furthermore, 

PAC administration can activate the FXR signalling cascade by modulating gut microbiota-

mediated bile acids metabolism (Wu et al., 2022). Activation of the FXR signalling inhibits 

the hepatic DNL by downregulating the expression of SREBP-1c (Watanabe et al., 2004). 

Moreover, PAC protects the gut-epithelial barrier function during HFD-induced dysbiosis 

by upregulating the expressions of TJ proteins, zonula occludens-1 (ZO-1) and occludin. 
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Therefore, PAC reduces the translocation of gut microbiota-derived LPS into the 

bloodstream (Y. Zhang et al., 2022) and the subsequent activation of the LPS-mediated 

hepatic inflammatory response (Hamesch et al., 2015). The potential of PAC to modulate 

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

is beneficial to mitigate the risk of NAFLD pathogenesis and progression. 
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Table 1.2. Proanthocyanidin-mediated functions and mechanisms to reduce the NAFLD risk. 

Experimental model Biological functions and mechanisms Reference 

1) Supplementation of NAFLD 

patients with PAC-rich grape seed 

extract (200 mg twice per day) for 

2-months.   

- Ameliorate hyperlipidemia by reducing triglyceride, LDL, and 

cholesterol levels, and increasing HDL levels. 

- Reduce the fasting blood sugar level. 

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

(Mojiri-

Forushani et 

al., 2022) 

2) C57BL/6 mice were supplemented 

with the cranberry PAC (200 

mg/kg bw/day) and an HFHS diet 

concomitantly for 12-weeks.  

- Reduce hepatic lipogenesis by downregulating the expression of 

SERBP-1c, ChREBP, and FAS.  

- Promote hepatic FA oxidation by upregulating the expressions of CPT-

1, PPAR-α, and PGC-1α. 

- Mitigate hepatic inflammation by suppressing NF-κB mediated 

production of proinflammatory TNF-α and COX-2. 

- Alleviate oxidative stress by upregulating the expressions of GPx, SOD, 

and Nrf2.  

 

(Feldman et 

al., 2023) 
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Experimental model Biological functions and  mechanisms Reference 

3) Wistar rats induced for NAFLD by 

feeding with an HFHF-diet for 30 

days were supplemented with grape 

seed PAC (100 mg/kg bw/day) for 

another 15-days concomitantly 

with the HFHF diet. 

- Reduce hepatic steatosis by downregulating the expressions of lipogenic 

SREBP-1c and the lipid droplet proteins, FSP27, perilipins, and 

adipophilin. 

- Promote FA oxidation by upregulating the expression of PPAR-α. 

- Reduce cholesterol synthesis by downregulating the expression of the 

HMG-CoA reductase enzyme. 

(Yogalakshmi 

et al., 2013) 

4) Sprague Dawley rats were fed with 

an HFD for 8-weeks to induce 

obesity. The mice were 

supplemented with grape seed PAC 

(500 mg/kg bw/day) and HFD 

concomitantly for 4-weeks.  

- Mitigate hepatic steatosis by downregulating the expression of PPAR-γ. 

- Alleviate ER stress response (the UPR) by downregulating the 

expressions of ATF6 and CHOP at the mRNA level. 

- Reduces apoptosis-mediated hepatic injury by upregulating the 

expression of antiapoptotic BCL-2. 

- Alleviate hepatic inflammation by downregulating the expressions of 

IL-1β and TNF-α. 

 

(Sun et al., 

2022) 
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Experimental model Biological functions and  mechanisms Reference 

5) HepG2 and L02 liver cells were 

exposed to a mixture of oleic and 

palmitic acids (0.2 mM for 24 h) 

and treated with procyanidin B2 

(2.5 – 10 µg/mL for 24 h).  

 

C57BL/6 mice were fed with an 

HFD for 10-weeks to induce 

obesity. Then, mice were 

administered with procyanidin B2 

(50 and 150 mg/kg bw/day) and 

fed with the HFD concomitantly 

for 10-weeks.  

- Promote hepatic lipid degradation by activating the TFEB-mediated 

lysosomal pathway. 

- Mitigate hepatic oxidative stress by scavenging ROS and superoxide 

anion redials, protecting the mitochondria membrane potential, 

preventing glutathione depletion, and increasing the activity of GPx, 

SOD, and CAT antioxidant enzymes.  

- May reduce hepatic steatosis by restoring hepatic TFEB expression and 

subsequent lipid degradation by the lysosomal pathway. 

- Mitigate hepatic steatosis by reducing the expressions of PPAR-γ, 

C/EBPα, and SREBP-1c. 

- Alleviate hepatic oxidative stress by increasing the activity of GPx, 

SOD, and CAT. 

- Mitigate hepatic inflammation by reducing the production of 

proinflammatory cytokines, IL-6 and TNF-α. 

(Su et al., 

2018) 



 

 
 

6
6

 

Experimental model Biological functions and  mechanisms Reference 

6) An LPS-injected mouse model to 

evaluate intestinal inflammation. 

C57BL/6 mice were supplemented 

with grape seed PAC (250 mg/kg 

bw/day) for 20 days.  

- Improve the gut microbiota by increasing bacteria richness and 

diversity. 

- Increase the mRNA expressions of the bile acid receptor FXR and its 

targets FGF15 and SHP by modulating the gut microbiota-mediated bile 

acid metabolism.  

(Wu et al., 

2022) 

7) C57BL/6 mice were fed with an 

HFD containing procyanidin B2 

(0.2% w:w) for 8-weeks.  

- Increase the activity of hepatic antioxidant enzymes CAT and SOD. 

- Improve gut microbiota by reducing the abundance of Firmicutes and 

increasing the abundance of Bacteroidetes. 

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

microbiota. 

(Xiao et al., 

2020) 

8) C56BL/6J mice were fed with an 

HFD and administered with PAC 

isolated from bayberry leaves (100 

mg/kg bw/day) for 8-weeks. 

- Mitigate hepatic lipid accumulation by downregulating the expressions 

of lipogenic SREBP-1c, ACC, and FAS. 

- Increase FA oxidation by upregulating the expressions of PPAR-α and 

CPT-1. 

 

(Y. Zhang et 

al., 2022) 
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Experimental model Biological functions and  mechanisms Reference 

 - Increase the blood serum concentration of adiponectin and reduce the 

concentration of leptin. 

- Protect gut-epithelial barrier function in the ileum and colon by 

upregulating the expressions of tight junction proteins, ZO-1 and 

occludin. 

- Reduce the level of circulating LPS and the production of 

proinflammatory cytokines, IL-6 and TNF-α, in the liver and white 

adipose tissue. 

 

ACC, acetyl-CoA carboxylase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ATF6, activating transcription factor-

6; BCL-2, B-cell lymphoma 2; bw, body weight; C/EBPα, CCAAT-enhancer-binding protein α; CAT, catalase; CHOP, C/EBP-

homologous protein; ChREBP, carbohydrate response element-binding protein; COX-2, cycloogenase-2; CPT-1, carnitine-palmitoyl-

transferase-1; ER, endoplasmic reticulum; FA, fatty acids; FAS, fatty acid synthase; FGF15, fibroblast growth factor 15; FSP27, fat 

specific protein 27; FXR, farnesoid X receptor; GPx, glutathione peroxidase; HDL, high-density lipoprotein; HFD, high-fat diet; HFHF, 

high-fat and high-sucrose; HFHS, high-fat and high-sucrose; HMG-CoA, 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, proanthocyanidins; PGC-1α, PPAR-γ coactivator-1α; PPAR- Peroxisome proliferator-activated receptor; ROS, 

reactive oxygen species; SCFA, short-chain fatty acids; SHP, small heterodimer partner; SOD, superoxide dismutase; SREBP-1c, sterol 

regulatory element binding protein-1c; TFEB, transcription factor EB; TNF-α, tumor necrosis factor-α; UPR, unfolded protein response; 

ZO-1, zonula occludens-1. 
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1.5. PAC-BASED SYNBIOTICS FOR NAFLD RISK REDUCTION 

Traditionally, a mixture of probiotics and prebiotics with health benefits was 

considered a synbiotic. Recently, with emerging new knowledge, synbiotics were re-

defined as “a mixture of live microorganism(s) and substrate(s) selectively utilized by host 

microorganisms that confers a health benefit on the host” (Swanson et al., 2020). Thus, the 

new definition allows the use of nonconventional microorganisms and substrates to 

develop synbiotics, given that the health benefits and safety for use in intended hosts are 

established. Synbiotics can be categorized into two groups, synergistic synbiotics, and 

complementary synbiotics. The synergistic synbiotics are comprised of a substrate that can 

be selectively utilized by microorganisms in the synbiotic mixture. The beneficial health 

effects of the synergistic synbiotics are more prominent compared to the administration of 

the substrate and the microorganisms separately. The complementary synbiotics are 

mixtures of already known probiotics and prebiotics that can modulate indigenous 

microbiota to deliver health benefits (Swanson et al., 2020). 

Most of the studies testing the efficacy of synbiotics against NAFLD had utilized 

carbohydrates such as inulin and fructooligosaccharides (FOS) as the synbiotic substrates. 

The ability of inulin and FOS-based synbiotics to ameliorate hepatic injury 

(Bakhshimoghaddam et al., 2018), steatosis, inflammation, and fibrosis (Eslamparast et al., 

2014; Mofidi et al., 2017) had been demonstrated in the NAFLD patients. The recent 

findings on synbiotics have revealed the potential to utilize polyphenols as synbiotic 

substrates for NAFLD risk reduction. Administration of a quercetin-based synbiotic of 

Akkermansia muciniphila had shown beneficial effects in an HFD-fed NAFLD rat model. 

Administration of this synbiotic significantly reduced hepatic steatosis by downregulating 
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the expressions of lipogenic DGAT2 and C/EBPα and upregulating the expression of FA 

oxidation promoter PPAR-α. Moreover, this synbiotic may mitigate hepatic inflammation 

by suppressing the expression of proinflammatory cytokine IL-6. These beneficial effects 

are attributable to the potential of quercetin-based synbiotic to modulate gut microbiota 

and bile acid metabolism (Juárez-Fernández et al., 2021).  

Studies directly evaluating the potential of PAC-based synbiotics to mitigate the 

risk of NAFLD are limited. A synbiotic based on the PAC-rich grapes seed powder (GSP) 

and lactic acid bacteria isolated from kefir could significantly reduce the NAFLD risk in 

an HFD-induced obesity mouse model (Cho et al., 2018; Kwon et al., 2019). 

Supplementation with this GSP synbiotic significantly reduced the body weight gain 

together with the weights of liver and adipose tissues in the mice while ameliorating insulin 

resistance, glucose intolerance, and plasma lipid profile (Cho et al., 2018; Kwon et al., 

2019). Even though, the administration of the GSP and probiotic bacteria separately could 

depict similar activities in the mice, the superiority of synbiotic administration had been 

demonstrated by the significantly lower level of liver damage marker AST in the blood 

plasma of mice (Kwon et al., 2019). Analysis of the hepatic gene expressions revealed that 

GSP synbiotic can modulate cellular signalling to mitigate the NAFLD risk. Most notably, 

the GSP synbiotic had downregulated the expressions of INSIG2, SCD-1, and SCD-3 

genes that can regulate hepatic lipogenesis. Also, the GSP synbiotic may ameliorate 

NAFLD progression by downregulating the expressions of genes related to NF-κB and 

LPS inflammatory signalling, and resolving the hepatic oxidative stress (Kwon et al., 

2019). This reduction of hepatic inflammation may be attributable to the potential of GSP 

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 the SCFA (propionic acid) production in the mice gut 

can be beneficial to mitigate the risk of NAFLD (Cho et al., 2018). Moreover, beneficial 

effects of the GSP synbiotic correlated with the increased richness of the mice gut 

microbiota and the abundance of Akkermansia muciniphila, and Nocardia coeliaca 

bacteria (Seo et al., 2020). Interestingly, administration of the GSP alone demonstrated 

similar activities at comparable levels except for the plasma AST concentration (Cho et al., 

2018; Kwon et al., 2019). Another synbiotic approach using flavan-3-ol-rich green tea 

powder and L. plantarum had reported beneficial effects against NAFLD in HFD-fed mice. 

This synbiotic approach significantly mitigated insulin resistance, liver damage marker 

ALT, and hepatic TG level (Axling et al., 2012). The expressions of lipogenic enzymes 

SREBP-1c and PPAR-γ had also been significantly downregulated in the mice. Moreover, 

the synbiotic supplementation had improved adipose tissue function as depicted by the 

suppressed adiposity and blood plasma concentration of leptin. Administration of the green 

tea powder alone depicted similar beneficial activities at comparable levels. However, the 

synbiotic administration performed better by suppressing the cholesterol synthesis and 

hepatic inflammation as depicted by the downregulated mRNA expressions of the HMG-

CoA reductase enzyme and proinflammatory cytokine TNF-α, respectively (Axling et al., 

2012). Development of the PAC-based synbiotics may present novel opportunities to 

reduce the NAFLD risk. Supplementation with epigallocatechin gallate and L. fermentum 

can significantly increase the expression of nuclear factor erythroid 2-related factor 2 

(Nrf2) in hepatocytes (Sharma et al., 2019). Activation of the Nrf2 signalling in NAFLD 

can prevent hepatic injury by resolving the oxidative stress (Zhou et al., 2022). PAC-based 
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synbiotics may mitigate the risk of NAFLD by reducing the hepatic lipogenesis, 

inflammation, and oxidative stress while regulating the adipose tissue function, protecting 

the gut epithelial barrier function, and modulating the gut microbiota. However, further 

studies are required to boost the PAC-probiotics synergistic activities beneficial for the 

NAFLD risk reduction. 

Development of the PAC-based synbiotics can be beneficial to further improve the 

protective effects of PAC against NAFLD. The majority of dietary PAC are oligomers and 

polymers (Gu et al., 2004) and their bioavailability is considerably low (Tao et al., 2019). 

Most of the ingested PAC reach the colon and undergo biotransformation into 

valerolactone-derivatives and simple phenolic acids by the colonic microbiota (Tao et al., 

2019). The beneficial effects of PAC on hepatic lipid metabolism and inflammatory 

markers significantly depend on the biotransformation into simple metabolites by the gut 

microbiota. In HFD-fed mice, PAC-mediated improvements to the inflammatory markers 

correlated with the concentration of procyanidin A2 metabolites produced by the gut 

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 

bacteria to biotransform PAC into bioavailable and bioactive metabolites is a viable 

strategy to increase the bioactivity of PAC against NAFLD. The potential of probiotic 

bacteria L. rhamnosus to biotransform cranberry PAC, and the antiproliferative effect of 

resulting metabolites in the HepG2 liver cancer cells had been demonstrated in vitro 

(Rupasinghe et al., 2019). Moreover, PAC-based synbiotics may promote the bioactivities 

of probiotic bacteria against NAFLD as PAC is capable of modulating the growth and 
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metabolism of probiotic bacteria. Cranberry PAC can increase the growth of probiotic 

bacteria L. plantarum. Also, treatment with the PAC can modulate the metabolism of L. 

plantarum to utilize FOS, a substrate not generally utilized by the L. plantarum bacteria 

(Özcan et al., 2021). Considering the huge potential to develop PAC-based synbiotics for 

NAFLD risk reduction, I initially developed an aqueous ethanol-based extraction process 

to extract PAC suitable for food and nutraceutical applications. Then, I investigated the 

potential of probiotic bacteria to biotransform polymeric PAC into bioavailable metabolites 

in a C57BL/6 mouse model. Also, I evaluated the safety of polymeric PAC and probiotic 

bacteria supplementation in the mice. Even though, PAC is generally recognized as safe 

for human consumption (Sano, 2017), PAC can depict antinutritional effects (Zhong et al., 

2018) and digestive tract complications that compromise the gut epithelial barrier function 

in animals (Li et al., 2020; Mbatha et al., 2002). Moreover, probiotic bacteria of 

Lactobacillus and Enterococcus can become opportunistic pathogens (Krawczyk et al., 

2021; Rossi et al., 2019). Therefore, I further investigated the potential to biotransform 

PAC using Saccharomyces cerevisiae in vitro so that the adverse health effect of the 

polymeric PAC can be evaded. The potential of the PAC biotransformed with the S. 

cerevisiae to mitigate steatosis and steatosis progression to NASH was evaluated using 

palmitic acid and LPS-induced AML12 normal mouse hepatocyte cell models. Palmitic 

acid-induced cellular lipotoxicity is governed by multiple mechanisms. Palmitic acid 

favours cellular lipid accumulation by upregulating the expression of FA transporters such 

as CD36 and DNL promoters, SREBP-1, SCD-1, and PPAR-γ. Moreover, palmitic acid 

can promote ER stress through calcium ion imbalance 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., 2015). The current study is a novel investigation of the potential to 

develop PAC-based synbiotics capable of NAFLD risk reduction. This study also presents 

insights into the safety of PAC-based synbiotics consumption and a novel approach for the 

synbiotics-based NAFLD risk mitigation.  

1.6. PROBLEM STATEMENT 

NAFLD is the most common liver disease worldwide, currently affecting around 

30% of the world population and is predicted to impact more than 50% of the global adult 

population by 2040. Despite the high prevalence of NAFLD and the continued increase in 

new NAFLD cases, a drug approved by the United States Food and Drug Administration 

(FDA) is not available to mitigate the risk of NAFLD pathogenesis and progression. 

Current NAFLD management strategies primarily involve modifications to the dietary and 

behavioural patterns that promote low-calorie diets and physical activity. Recent findings 

had indicated the potential of bioactive phytochemicals, especially polyphenols to mitigate 

the risk of NAFLD. PAC is the most abundant dietary polyphenol and the ability of the 

PAC to reduce the risk of NAFLD had been demonstrated in a few studies (Table 1.2). The 

majority of dietary PAC are oligomers and polymers with a limited bioavailability. Thus, 

the bioactivities of the PAC oligomers and polymers depend on the biotransformation into 

bioavailable metabolites by the gut microbiota. However, the ability of gut microbiota to 

biotransform PAC oligomers and polymers is low, and the biotransformation efficiency 

greatly varies between individuals. Therefore, the combination of the PAC oligomers and 

polymers with probiotic microbes may be a viable strategy to biotransform PAC into 

bioactive and bioavailable metabolites. Since supplementation with probiotics is also 

beneficial for the mitigation of NAFLD (Table 1.1), such synbiotic formulations may 
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promote the bioactivities of PAC and probiotic bacteria synergistically against NAFLD. 

However, current knowledge on the probiotics capable of PAC biotransformation and the 

bioactivities of the resulting metabolites against the NAFLD is limited. Also, it is important 

to experiment with novel synbiotic approaches such as biotransformation of PAC before 

the administration, to improve the bioactivities of the PAC and probiotics synergistically. 

Moreover, studies evaluating the safety of PAC-based synbiotics are extremely scarce. It 

is important to identify sources of PAC that are of low economical significance and 

abundantly available to extract the PAC required for the formulation of synbiotics. Also, 

efficient PAC extraction methods that use non-toxic extraction solvents must be explored 

to obtain food and nutraceutical-grade PAC for the development of synbiotics. The current 

doctoral thesis research is dedicated to filling these fundamental knowledge gaps and is 

expected to be the foundation for novel approaches to NAFLD management by the 

administration of PAC-based synbiotics. 

1.7. RESEARCH HYPOTHESIS 

Probiotic microbes can biotransform grape seed (GS)-PAC oligomers and polymers 

into bioavailable and bioactive metabolites capable of reducing the risk of NAFLD and 

NASH in experimental models. Supplementation with the GS-PAC and probiotics is safe 

and does not confer negative health effects in experimental mice. 

1.7.1. Overall objective 

To investigate the potential of developing a PAC-based synbiotic by combining 

GS-PAC and probiotic microbes to mitigate the risk of NAFLD pathogenesis and 

progression to NASH using in vitro and in vivo experimental models. 



 

75 
 

1.7.2. Specific objectives 

Chapter 2: Development of an aqueous-ethanol-based GS-PAC extraction method.   

• To develop and optimize an aqueous-ethanol-based extraction process for food-

grade GS-PAC. 

• To evaluate the bioactivity of extracted GS-PAC against NAFLD in vitro. 

• To identify by-products of wine production as a source for PAC extraction. 

Chapter 3: Probiotic bacteria can biotransform polymeric GS-PAC into simple and 

bioavailable metabolites in C57BL/6 mice.  

• To evaluate the potential of common probiotic bacteria to biotransform polymeric 

GS-PAC into bioavailable metabolites in C57BL/6 mice.  

• To evaluate the effects of probiotic bacteria and polymeric GS-PAC 

supplementation on the natural gut microbiota of C57BL/6 mice. 

• To evaluate the effects of probiotic bacteria and polymeric GS-PAC 

supplementation on the liver health of C57BL/6 mice. 

Chapter 4: Saccharomyces cerevisiae can biotransform oligomeric and polymeric GS-

PAC into bioavailable metabolites capable of reducing the risk of NAFLD. 

• To evaluate the potential of S. cerevisiae to biotransform oligomeric and 

polymeric GS-PAC into bioavailable metabolites. 

• To investigate the ability of PAC metabolites generated by S. cerevisiae to 

ameliorate NAFLD pathogenesis and progression to NASH 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 in a peer-reviewed article. 

Thilakarathna, W.P.D.W., Rupasinghe H.P.V., 2022. Optimization of the extraction of 

proanthocyanidins from grape seeds using ultrasonication-assisted aqueous ethanol and 

evaluation of anti-steatosis activity in vitro. Molecules 27 (4), 1363. https://doi.org/ 

10.3390/molecules27041363 

Author contributions: W.P.D.W. Thilakarathna performed all the experiments, analyzed 

the data, and drafted the manuscript. H.P. Vasantha Rupasinghe, the principal investigator, 

acquired the funds and resources, supervised the project, and reviewed the manuscript. 

Both authors have made intellectual contributions to the manuscript. Both authors have 

read and approved the final manuscript.  
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Chapter 2. Graphical abstract 
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2.1. ABSTRACT 

Conventional extraction methods of proanthocyanidins (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 food-grade ethanol 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 method. The yields of PAC under different extraction conditions were 

quantified by the methyl-cellulose precipitable tannin assay. The final optimum conditions 

were 47% ethanol, 10:1 s:s ratio (v:w), 53 min sonication time, and 60 °C extraction 

temperature. High-performance liquid chromatography analysis revealed the presence of 

catechin, procyanidin B2, oligomeric and polymeric PAC in the grape seed-

proanthocyanidin extracts (GS-PAC). GS-PAC significantly reduced reactive oxygen 

species and lipid accumulation in the palmitic acid-induced 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 ethanol-based extraction method 

is suitable to produce PAC-rich functional ingredients from grape by-products to be used 

in supplemented food and nutraceuticals. 

 

Keywords: steatosis; flavonoids; grapes; by-products; 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 flavan-3-ol molecules linked together through interflavan linkages. 

Oligomeric and polymeric PAC predominantly consist of catechin and epicatechin 

monomers (Symma and Hensel, 2021). Monomers of gallocatechin, epigallocatechin, 

afzelechin, and epiafzelechin are also present in the molecular structure of some PAC (Ou 

and Gu, 2014). PAC are ubiquitously found in plant-based food, including berries, nuts, 

cereals, beans, and their products (Smeriglio et al., 2017). PAC can be used as a food 

additive to impart astringency, microbial stability, foamability, oxidative stability, and heat 

stability to food products (Rauf et al., 2019). 

The interest in PAC has considerably increased over time with the discovery of the 

potential beneficial physiological function of PAC (Rodríguez-Pérez et al., 2019; Unusan, 

2020). PAC are excellent antioxidant and anti-inflammatory molecules (Cádiz-Gurrea et 

al., 2017) capable of influencing cell-signalling pathways (Lee et al., 2017). The potential 

of PAC to alleviate chronic metabolic diseases has been shown by a number of studies. 

Supplementation of PAC has reduced obesity and obesity-associated complications by 

improving the blood lipid profile (Zhou et al., 2017), intestinal microflora (Morissette et 

al., 2020), and interfering adipogenesis (Zhang et al., 2017). However, the potential of PAC 

ingestion to reduce body weight is still controversial (Liu et al., 2020). The ability of PAC 

to improve vascular endothelial function and improve blood lipid profile by reducing 

triglyceride and low-density lipoprotein cholesterol levels is beneficial in reducing the risk 

of hypertension and cardiovascular diseases (Nunes et al., 2016). PAC also depict 

anticancer properties, especially in colorectal cancers (Ravindranathan et al., 2018). PAC 
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can promote cancer cell death (Kaplum et al., 2018) and inhibit angiogenesis and cancer 

metastasis (Yang et al., 2017; Zhang et al., 2018). 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, 2019). The interdependency of PAC and bioconverting 

microbes can open a new field of study to develop PAC-based synbiotics with health 

benefits (Thilakarathna et al., 2018). 

Grape seeds (GS) are an excellent source of PAC (around 35 mg/g dry seeds) (Gu 

et al., 2004) and a widely available, underutilized by-product of grape juice and wine 

processing (Smeriglio et al., 2017). Grape seed-proanthocyanidin (GS-PAC) is a 

heterogeneous mixture of 5 – 30% monomers, 17 – 63% oligomers, and 11 – 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, and mechanical 

treatment as well as liquid/liquid phase separation, have been reported (Cao et al., 2018; 

Chen et al., 2016, 2020; Fernández et al., 2015). Ultrasonication can be coupled with many 

conventional PAC extraction methods to enhance extraction efficiency (Ranjha et al., 

2021). When plant materials 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. Moreover, the application of ultrasonication has been proven to increase 

extraction efficiency at low temperatures (Annegowda et al., 2012), which is significantly 

important to prevent the thermal degradation of phytochemicals (Altemimi et al., 2017). 

Many of the recently reported liquid/liquid-based proanthocyanidin extraction methods use 

aqueous organic solutions (e.g., acetone, methanol, and ethanol) as the extraction solvent 
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(Dang et al., 2014; Ran et al., 2019; Zhao et al., 2021). These aqueous two-phase extraction 

(ATPE) methods can use ionic liquids (salt solutions) to increase the efficiency of 

proanthocyanidin extraction (Ran et al., 2019). Despite the high extraction efficiencies and 

low impact on the environment, the scalability of ATPE methods to a commercial level 

remains controversial due to the complexity of phase separation procedures, solvent 

recovery, and operational costs (Torres-Acosta et al., 2019). Subcritical water (Yan et al., 

2020) and supercritical CO2 extraction (Da Porto et al., 2014) methods are also among the 

tested PAC extraction methods. Ethyl acetate, acetone, hexane, methanol, ethanol, and 

water are the most commonly used solvents to extract PAC (Kim et al., 2010; Liu, 2012). 

However, ethanol is preferred over other solvents for the extraction of plant bioactives due 

to its lesser toxicity (Liu, 2012) and better extraction efficiency than water (Kim et al., 

2010). Therefore, extraction methods based on aqueous ethanol are advantageous to extract 

PAC for applications in foods and nutraceuticals. 

The objective of this study was to develop and optimize a PAC extraction method 

using food-grade ethanol as the extraction solvent to recover PAC from GS and grape seed 

powder (GSP). Aqueous ethanol has been used in both conventional (Lincheva et al., 2017) 

and advanced PAC extraction methods, including supercritical fluid extractions (Da Porto 

et al., 2014). Extraction conditions such as temperature, together with the % ethanol, can 

significantly affect the recovery of PAC (Beaver et al., 2020). Therefore, the PAC 

extraction method for GS and GSP was optimized by central composite 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 of Vitis vinifera, V. labrusca, 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 were later introduced to increase the efficiency of the 

extraction process. The extracted GS-PAC were characterized by high-performance liquid 

chromatography (HPLC), and retention of biological activity was tested in a palmitic acid-

induced steatosis cell model. 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 the development of food-compatible 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 varieties; V. 

vinifera, V. labrusca, and hybrids of native American species with V. vinifera. 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 

d’Alsace, Leon Millot, Lucie Kuhlmann, Marquette, and Baco Noir, were tested in this 

study. Anhydrous ethanol (P016EAAN) 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. Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-

12 (DMEM:F-12) cell culture medium (30-2006TM) was purchased from American Type 
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Culture Collection (ATCC®), Manassas, VA, USA. Phenol-red-free DMEM:F-12 culture 

medium (GibcoTM 21041025) was purchased from Fisher Scientific, Saint-Laurent, QC, 

Canada. Bovine serum albumin (BSA), catechin (C1251), 2,7-dichlorofluorescein 

diacetate (DCFDA, D6883), dexamethasone, dimethyl sulfoxide (DMSO), fetal bovine 

serum (FBS), insulin-transferrin-selenium (ITS) liquid media supplement (I3146), 

methylcellulose cP 1500 (MC, M0387), Oil Red O stain (ORO, O0625), 

paraformaldehyde, palmitic acid (P5585), penicillin-streptomycin, phenazine 

methosulphate (PMS), phosphate-buffered 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 Corporation, 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 GS-PAC by means of their potential to reduce cellular ROS 

generation and lipid accumulation. AML12 cells (CRL-2254TM) were purchased from 

ATCC®, Manassas, VA, USA. DMEM:F-12 cell culture medium was supplemented with 

FBS (10%), dexamethasone (40 ng/mL), penicillin (50 U/mL)-streptomycin (50 µg/mL), 

and ITS liquid media supplement (10 µg/mL, 5.5 µg/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 sub-cultured 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 three optimization parameters at the low-axial, low, center, high, and high-

axial levels. Initially, % ethanol in water, s:s ratio (v:w), 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 CCD of 20 runs 

with three optimization parameters; temperature (°C), s:s ratio (v:w), and 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 software to determine 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 seeds. GS or GSP (1.0 g) were weighed into 50 mL plastic tubes. Anhydrous 

ethanol was mixed with deionized (DI) water to prepare the ethanol-based extraction 

solvent at different levels (0, 20.24, 50, 79.76, and 100 %), agreeing with the CCD. GS and 

GSP were mixed 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 

conditions for the extraction process were statistically determined by the CCD of RSM. 
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A second PAC extraction was performed to reduce the extraction time and 

extraction solvent volume by introducing ultrasonication and heating into the extraction 

process. Only GS 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 second 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 was tested by 

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, and an extraction temperature of 60 °C. The accuracy 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., 2019) with modifications to compare with the ethanol-based 

extraction method. Briefly, the extraction solvent was prepared by mixing acetone and 

formic acid with DI water (70:0.1:29.9 v:v:v). The original extraction s:s ratio was 

increased from 6:1 to 12:1 in order to match the optimum value of the aqueous 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 acetone-based extraction solvent (12 mL) were sonicated for 

30 min × 3, with 10 min intervals in between to prevent the temperature 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 96-well format (Mercurio et al., 2007). All extracted samples were 

initially filtered through coarse porous (20 – 25 µm) filter papers. The filtrates (only 1 mL) 

were filtered again using 0.22 µm nylon filters. Standard catechin solutions (1 – 100 

µg/mL) were prepared in 50% aqueous ethanol. MC solution of 0.04% was prepared to 

quantify 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 ice-cold water (0 – 5 °C) was mixed with the hot MC solution. 

We continued stirring ice-cold 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 quantity, 100 µL of filtered extract or catechin standard was 

mixed with 300 µL of MC solution, 200 µL of saturated (NH4)2SO4 solution, and 400 µL 

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 µL of DI 

water. Eppendorf tubes were centrifuged at 10,000 × g for 5 min, and the supernatants 

were pipetted (200 µL/ well) into a UV-transparent 96-well 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, Switzerland), and the absorbance 

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



 

87 
 

catechin standard curve was created by plotting the absorbance difference against catechin 

concentration. PAC quantity in extracted samples was calculated using the catechin 

standard curve, and the results were expressed in mg catechin equivalence/g sample. 

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

Crude GS-PAC was purified by flash chromatography to generate a sugar-free PAC 

extract. The sugar-free fraction of GS-PAC 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 in water). Part of the 

PAC extract (300 mL) was loaded into a glass flash chromatography column (6.5 × 45 cm, 

Sati International Scientific Inc., Dorval, QC, Canada) packed with 400 g of Sorbent beads 

(Sorbent SP207-05 Sepabeads resin brominated styrenic adsorbent, Sorbent 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 PAC concentrate was free of acetone. 

The crude GS-PAC extract (200 mL) was also concentrated by rotary evaporation until the 

PAC concentrate was free of ethanol. Concentrated PAC samples were freeze-dried for 24 

h and stored at −80 °C. 

2.3.8. HPLC analysis of PAC extracted by the ethanol-based optimized method 

The composition of the sugar-free GS-PAC extract was determined by HPLC 

analysis. Catechin (25 µg/mL), procyanidin B2 (25 µg/mL), and oligomeric PAC from 

grape seeds (50 µg/mL) were dissolved in 80% ethanol in water to prepare the standards 

for HPLC analysis. Sugar-free GS-PAC extract (200 µg/mL) was also dissolved in 80% 

ethanol in water to inject into HPLC. All samples were syringe-filtered through 0.22 µm 
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filters before injecting them into the HPLC. The HPLC 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 µm 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 flow rate of 0.7 mL/min. The HPLC run method was comprised 

of linear and isocratic gradients of mobile phases, where the proportion of acetonitrile (% 

solvent B) was altered over time; 5 – 15% from 0 – 45 min (linear), 15 – 80% from 45 – 

50 min (linear), 80% from 50 – 53 min (isocratic), and 5% from 53 – 70 min (isocratic 

recalibration). HPLC sample injection volume was 10 µL, and PDA detection was set to 

280 nm wavelength. 

2.3.9. Evaluation of the biological activity of extracted GS-PAC 

The biological activity of extracted GS-PAC was evaluated by using the palmitic 

acid-induced steatosis model of AML12 mouse liver cells. Palmitic acid was solubilized in 

20% BSA in PBS as described by Zeng et al. (2020) (Zeng et al., 2020) to produce a stock 

solution of 10 mM. AML12 cells were treated with different concentrations of palmitic 

acid (10 – 750 µM) for 24 h, and the development of ROS and the cellular accumulation 

of lipids were measured by DCFDA assay and 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 µM of palmitic acid was selected for 

further experiments considering low 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 GS-PAC in AML12 cells 

The toxicities of crude GS-PAC and purified sugar-free GS-PAC extracted by the 

optimized extraction method were evaluated by the MTS cell viability assay. AML12 cells 

were seeded in 96-well plates at a density of 10,000 cells/well and incubated overnight 

under normal culture conditions. Then, cells were treated with different concentrations of 

crude and sugar-free GS-PAC (1 – 1000 µg/mL) for 24 h. After treatment with PAC, 20 

µL of MTS/PMS solution (MTS, 333 µg/mL and PMS, 25 µM of final concentration) was 

added into wells and incubated for 3 h 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 were compared and expressed in percentages as an indirect 

measurement of cell viability. 

2.3.9.2. Evaluation of extracted GS-PAC to alleviate palmitic acid-induced ROS 

generation 

The potential of GS-PAC obtained by optimized extraction method in mitigation of 

palmitic acid-induced ROS generation in AML12 cells was studied by DCFDA assay. A 

100 mM stock solution of DCFDA was prepared by dissolving it in DMSO. AML12 cells 

were seeded in black 96-well plates for fluorescence-based assay at a density of 10,000 

cells/well and incubated overnight under normal culture conditions. Then, cells were pre-

treated with 10, 25, and 50 µg/mL concentrations of crude and sugar-free GS-PAC for 24 

h. After treatment with PAC, cellular ROS generation was induced by exposing cells to 

200 µM palmitic acid diluted in complete DMEM:F-12 culture medium for 24 h. A 5 µM 

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 were gently washed 

with PBS, and 200 µL 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 µL of phenol red-free DMEM:F-12 culture medium was added to each 

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, Switzer-land). 

2.3.9.3. Evaluation of extracted GS-PAC to alleviate palmitic acid-induced steatosis in 

vitro 

The ability of crude and sugar-free GS-PAC obtained by the optimized extraction 

method to alleviate palmitic acid-induced steatosis in AML12 cells was studied by the 

ORO staining of cellular lipids. AML12 cells were seeded in 6-well plates at a density of 

2.5 × 105 cells/well and incubated overnight under normal culture conditions. Then, cells 

were treated with 10, 25, and 50 µg/mL concentrations of crude and sugar-free GS-PAC 

for 24 h and exposed to 200 µM palmitic acid diluted in complete DMEM:F-12 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 (3:2 v:v) and syringe-filtered through 0.22 µM 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 gently washed 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 washed with DI 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 (at × 100) of stained 

cells were observed while cells were immersed in DI water. Palmitic acid-induced 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% isopropanol in DI water. Then, the ORO stain in the cells 

was extracted by using 1 mL of 100% isopropanol and slowly rocking the 6-well plate 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 wine by-products as a source of PAC extraction. 

The mashes before fermentation consisted of grape skin, flesh, stems, and seeds. After the 

fermentation process, only grape seeds and skin were available as the by-products. Five 

different grape varieties, Triomphe d’Alsace, Leon Millot, Lucie Kuhlmann, Marquette, 

and Baco Noir, were tested in this study for the retention of PAC after fermentation. Grape 

mashes before and after fermentation of wine processing were freeze-dried for 48 h. 

Freeze-dried samples were ground into a fine powder, and PAC was extracted by the 

optimized PAC extraction method. Briefly, 1 g of powdered grape mash was mixed with 

10 mL of 47% aqueous ethanol and ultrasonicated for 53 min at 60 °C. Extracted PAC 

quantity 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., 2020). 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 fits plots. The independence was assumed by the randomization of run 

order. A second-order polynomial model was used to describe the variation of the response 

variable (PAC yield) by the independent variables (extraction parameters), and the 

regression coefficients were calculated. 

Y = β0 + β1X1 + β2X2 + β3X3 + β1
2X1

2 + β2
2X2

2 + β3
2X3

2 + β1β2X1X2 + β1β3X1X3 + β2β3X2X3 

Y is the PAC yield and β0 is the constant; β1, β2, and β3 are the regression coefficients of 

linear effect terms; β1
2, β2

2, and β3
2 are the quadratic effect terms and β1β2, β1β3, and β2β3 

are the interaction effect terms; X1, X2, and X3 are the three extraction parameters tested. 

The adequacy of the model was confirmed by the non-significant 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 content of PAC was determined by the response 

optimizer. The mean PAC content of different PAC extracts was compared by the one-way 

ANOVA at 0.05 significance level. The differences in mean % cell viabilities, cellular ROS 

generation, cellular lipid accumulation, and PAC quantities in the grape mash before and 

after fermentation were also tested by the one-way ANOVA at a 0.05 significance level. 

The CCD generation and all statistical analyses were performed by Minitab® statistical 

software (version 18.1). 
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2.4. RESULTS 

2.4.1. Response surface models 

A CCD of response surface modelling 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, extraction time (h), and s:s ratio (v:w) were optimized. 

PAC yields extractable under combinations of low-axial, low, center, high, and high-axial 

levels of these parameters were determined by the MC precipitable tannin assay (Table 

2.2). The experimental PAC yields were fitted to a second-order 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 the three extraction parameters. Both GS and GSP models 

were non-significant (p > 0.05) for lack-of-fit (0.299 and 0.736, respectively). The adjusted 

R2 for GS and GSP models were 97.38% and 99.89%, respectively. 

A second optimization was performed by introducing 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 optimization approach, PAC yields extractable 

under different combinations of extraction parameters; temperature (°C), s:s ratio (v:w), 

and sonication time (min) were determined (Table 2.4). A second-order polynomial model 

well described the variation of PAC yields by the extraction parameters. The lack-of-fit 

(0.182) of the model was not significant, and the adjusted R2 was 99.08% (Table 2.5). 
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2.4.2. Optimization of the aqueous ethanol-based 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 yield. Higher 

quantities 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 (Fig. 2.1b, c, e, and 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 yield of 16.1 mg CE/g FW (Fig. 2.2a). Optimum extraction conditions 

were 47% of ethanol, 150 h of extraction time, and an s:s ratio of 40 (v:w). 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 conditions were tuned to 

47% of ethanol, 142.6 h of extraction time, and an s:s ratio of 40:1 (v:w) (Fig. 2.2b). The 

contour plots and the optimization plots suggest an s:s ratio over 40:1 (v:w) to achieve the 

maximum yield of PAC. Thus, further incrementation of the s:s ratio may increase the 

extractable PAC yield, and the real optimum s:s ratio may be higher than 40:1 (v:w). 
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2.4.2.2. Second extraction approach 

The initial extraction process was considered inefficient and resource intense. The 

extraction process required 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 

extraction process. 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 extraction approach. 

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 °C, an s:s ratio of 10.14:1 (v:w), and an ultrasonication 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 at temperatures 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 acetone-based 

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, was extracted 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 acetone-based extraction method. The PAC yield from the 

acetone-based extraction of GS was 9.15 ± 0.20 mg CE/g FW. 

2.4.4. HPLC analysis of the sugar-free fraction of extracted PAC 

The sugar-free fraction of the GS-PAC extracted by the optimized method was 

analyzed by HPLC to determine the monomeric, oligomeric, and polymeric composition. 

The HPLC chromatogram of sugar-free GS-PAC was compared with catechin (monomeric 

PAC), procyanidin B2 (dimeric PAC), and a GS-PAC oligomeric standard (Fig. 2.4). The 

sugar-free fraction of GS-PAC was comprised of peaks for catechin (20 min), procyanidin 

B2 (26 min), and oligomeric PAC (33–43 min). Several peaks from 48–68 min were 

detected that might be attributed to polymeric PAC. The optimized aqueous ethanol-based 

PAC extraction method is suitable for extracting GS-PAC ranging from monomers to 

polymers. 

2.4.5. Biological activity of GS-PAC extracted by the optimized method in palmitic 

acid-induced steatosis model of AML12 cells 

Initially, non-toxic concentrations of crude and sugar-free GS-PAC extracts were 

determined by the MTS cell viability assay (Fig. 2.5). The crude GS-PAC extract showed 
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a considerable reduction in cell viability (<75%) at concentrations over 50 µg/mL. The 

sugar-free GS-PAC extract depicted higher toxicity in AML12 cells compared to the crude 

extract. Concentrations over 25 µg/mL of sugar-free GS-PAC extract reduced the % cell 

viability below 50%. Based on these results, 10, 25, and 50 µg/mL concentrations of crude 

and sugar-free GS-PAC extracts were selected to determine biological activity. 

Palmitic acid-induced AML12 cells 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 assay (Fig. 2.6). Exposure to palmitic acid (200 

µM) alone (the experimental model) significantly increased the cellular ROS generation in 

AML12 cells. Both crude and sugar-free GS-PAC extracts significantly reduced the 

palmitic acid-induced ROS generation by 10% – 20%. In crude GS-PAC-treated AML12 

cells, the reduction of ROS generation was dose-dependent. Interestingly, 25 and 50 µg/mL 

concentrations were equally effective in the reduction of cellular ROS generation. The 10 

and 25 µg/mL concentrations of sugar-free GS-PAC were similarly effective in reducing 

cellular ROS generation (by 20%). The highest ROS suppression was observed for 50 

µg/mL concentration of the sugar-free GS-PAC extract. However, this additional ROS 

reduction may be attributed to the loss of viable cells, as 50 µg/mL of sugar-free GS-PAC 

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 sugar-free GS-PAC significantly reduced 

the palmitic acid-induced lipid accumulation in cells. The reductions of lipid accumulation 

by different concentrations of crude GS-PAC extract were similar. The highest reduction 
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of cellular lipid accumulation was observed for 10 µg/mL concentration of sugar-free GS-

PAC extract. Interestingly, the 10 µg/mL concentration of sugar-free GS-PAC extract 

significantly reduced the cellular lipid accumulation greater than the 25 and 50 µg/mL 

concentrations did. Moreover, cellular lipid reduction by the 10 µg/mL concentration of 

sugar-free GS-PAC extract was statistically similar to that of the 25 and 50 µg/mL 

concentrations of crude GS-PAC extract. Both GS-PAC extracts depicted promising 

abilities to suppress palmitic acid-induced steatosis in AML12 cells as measured by cellular 

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 

d’Alsace, Leon Millot, Lucie Kuhlmann, Marquette, and Baco Noir) were quantified before 

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 

Kuhlmann (20.7 mg CE/g DW) grape varieties compared to the other three grape varieties; 

Triomphe d’Alsace, Marquette, and Baco Noir. All the tested grape varieties, except for 

the Triomphe d’Alsace, showed a significant reduction in PAC content after the 

fermentation process. The Lucie Kuhlmann grape variety depicted the highest reduction in 

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. The Leon Millet 

(even after a significant PAC drop) and the Baco Noir grape varieties retained the highest 

quantities of PAC after the fermentation process (14.1 and 13.2 mg CE/g DW, 

respectively). Thus, grape by-products of wine production are a suitable source for PAC 
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extraction, and it is important to consider the grape variety when using grape by-products 

for PAC extraction. 

2.5. DISCUSSION 

The interest in utilizing PAC as functional food ingredients and nutraceuticals has 

continued to grow over time. The conventional 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 (e.g., subcritical water extraction) or aqueous food-grade ethanol are 

favourable in extracting PAC for food and nutraceutical applications (Liu, 2012). However, 

extraction of PAC with only water requires higher extraction temperatures (Kim et al., 

2010; Ku et al., 2011), which causes the degradation of PAC (Huh et al., 2004; Kitao et al., 

2001). The antioxidant activity of GS-PAC declines at temperatures over 50 °C (Huh et 

al., 2004; Kitao et al., 2001). Moreover, the stability and yield of PAC by grape pomace 

are considerably reduced at temperatures over 60 °C (Khanal et al., 2010). Large quantities 

of GS have been generated annually as underutilized by-products of grape processing. GS 

accounts for around 13% of the grape’s weight and is rich in phenolic compounds (around 

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 ethanol-based PAC extraction 

method for GS will be beneficial to producing cost-effective, 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 ethanol can increase the rate of PAC extraction within the first six 
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days of the extraction process (Henandez-Jimenez et al., 2012). Moreover, the yield of 

PAC increases with the % ethanol (0% – 15%), even though the extraction rates become 

identical after the sixth day of the extraction process (Henandez-Jimenez et al., 2012). The 

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 rice (Chu et al., 2019). The extraction times required for GS and GSP were 

closely similar (150 h Vs. 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 increase the PAC extraction efficiency with 

aqueous 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 (40:1 v:w) used. This is obvious from the previous 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 ultrasound-assisted 

extraction (Chu et al., 2019). Similarly, a s:s ratio of 58:1 (v:w) is reported for grape seeds 

extracted with methanol: acetone: water: acetic acid (30:42:7.5:0.5, v:v:v:v) in an 

ultrasonication-assisted solvent extraction process (Andjelkovi 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 yields 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 time of 53 min) and aqueous ethanol requirement (10.14:1 v:w) 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 ultrasonication-assisted extraction process could 

not be determined as the optimum 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 above 50 – 60 °C (Huh 

et al., 2004; Khanal et al., 2010; Kitao et al., 2001). The PAC yield may continue 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 

acetone-based accelerated high-pressure extraction process (Bozan 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 solvent and target compounds through cell membranes (Kalli et al., 2018). 

The extraction solvent has a significant impact on the extractable yield of PAC 

(Ngo et al., 2017). The optimized aqueous ethanol-based ultrasonication-assisted PAC 

extraction method generated a significantly high PAC yield compared to the aqueous 

acetone-based extraction method (25.3 mg CE/g FW Vs. 9.1 mg CE/g FW). Several 

previous studies contradict this comparison and declare the superiority of acetone-based 

extractions over aqueous ethanol (Bozan 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 aqueous acetone (50%) (Dailey and Vuong, 2015). The 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 acetone-based extraction method if the s:s ratio or extraction 

temperature is further increased. However, under the tested extraction conditions, the 

aqueous ethanol-based extraction method is superior to the acetone-based method. 

Therefore, the developed ethanol-based extraction method can be recommended for 

efficient scale-up recovery of PAC from GS by the industry. 

The HPLC analysis of sugar-free GS-PAC established the ability of the optimized 

method to extract PAC, ranging from monomers to polymers. Sica et al. (2018) has 

observed a similar chromatogram for a GS extract by using a very sophisticated ultra-high 

performance liquid chromatography-charged aerosol detector (UHPLC-CAD) instrument 

(Sica et al., 2018). A broad oligomeric PAC peak was detected by the CAD detector 

(similar to the peak between 33 – 43 min in Fig. 2.4), and further analysis revealed this 

peak represents polymerized tannins with six or more monomeric catechin units (Sica et 

al., 2018). A number of other studies have reported similar chromatograms in approaches 

to characterize PAC-rich GS extracts (Kuhnert et al., 2015; Muñoz-Labrador et al., 2019; 

Suo et al., 2019). However, many of these chromatograms do not report a second broad 

PAC peak similar to the peak observed between 60 – 68 min (Fig. 2.4) in this study. The 

second broad peak can be a mixture of highly polymerized PAC, and further studies can 

be recommended for its resolution. 

Since the aqueous ethanol-based PAC extraction method was developed with the 

intention of generating PAC suitable for applications in food and nutraceuticals, it is 

important to establish the retaining of the biological activity of PAC after the extraction 

process. A cell model of steatosis using palmitic acid-induced AML12 cells was used to 

test the biological activity of extracted crude and sugar-free GS-PAC. Initial cell viability 
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assays revealed the dose-dependent toxicity of extracted GS-PAC on AML12 cells. The 

toxicity of PAC in cells has previously been established by several studies, especially for 

cancer cells (Chen et al., 2017b, 2017a; Wang et al., 2019). PAC can induce cellular ROS 

generation and cause apoptosis in a dose-dependent manner. A considerable loss of cell 

viability (< 80%) was observed in cells treated with low concentrations of PAC (> 20 

µg/mL) from multiple plant sources (Chen et al., 2017b, 2017a). Higher cytotoxicity was 

observed for the purified, sugar-free GS-PAC extract compared to the crude GS-PAC 

extract. The high toxicity of the sugar-free GS-PAC extract can be attributed to the high 

PAC concentration in the purified extract after flash chromatography. 

GS-PAC 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 steatosis is associated with increased generation of ROS 

in hepatocytes (Reiniers et al., 2014). PAC can reduce cellular ROS generation through 

multiple mechanisms. PAC is a natural antioxidant; therefore, it can neutralize cellular 

ROS by direct scavenging. PAC can also modulate multiple cell-signalling pathways to 

alleviate cellular ROS generation. Activation of nuclear factor erythroid 2-related factor 2 

(Nrf2) (Suraweera et al., 2020), suppression of mitogen-activated protein kinase (MAPK), 

nuclear factor-kappa-light-chain-enhancer of activated B cells (NF-κB), and 

phosphoinositide 3-kinase (PI3K)/Akt pathways have been identified as PAC-mediated 

interventions to reduce cellular oxidative stress (Yang et al., 2018). Procyanidin B2 was 

found in the GS-PAC extracted by the optimized method. Procyanidin B2 helps to 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 hepatocytes (Su et al., 2018). Similar to ROS 

generation, lipid accumulation was also measured as a marker of steatosis in AML12 cells. 

Extracted GS-PAC was able to significantly reduce palmitic acid-induced lipid 

accumulation in AML12 cells. This reduction of cellular lipid accumulation can be 

explained by the effects of PAC on cell signalling pathways regulating lipid degradation 

and lipogenesis. Procyanidin B2 can promote lysosomal-mediated lipid degradation by 

upregulating the expression of Lamp1, Mcoln, and Uvrag genes through modulating 

transcription factor EB (TFEB). Also, PAC B2 restricts lipogenesis by the downregulation 

of peroxisome proliferator-activated receptor γ (PPARγ), C/EBPα, and sterol regulatory 

element-binding protein-1 (SREBP-1) genes (Su et al., 2018). A similar result has been 

reported by Yogalakshmi et al. (2013) when GS-PAC was supplemented to mice fed with 

a high-fat-high-fructose diet to induce steatosis (Yogalakshmi et al., 2013). Therefore, 

interventions of GS-PAC can alleviate steatosis by inhibiting fatty acid synthesis in mice 

(Yogalakshmi et al., 2013). 

We tested the suitability of grape by-products 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. All the tested 

grape varieties except for Triomphe d’Alsace depicted a significant reduction in the PAC 

content after fermentation. The loss of PAC from the initial grape mash during 

fermentation is evident by the presence of PAC in wine (Fujimaki et al., 2018; Jordão et 

al., 2010). It is the polymeric fraction of PAC (degree of polymerization > 12 – 15) 

abundant in both red and white wines (Jordão et al., 2010). Thus, the reduction of PAC 

from grape mashes after fermentation may result from 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 in wine. The polymeric PAC in wine mainly originates 

from the grape skins and stems (Sun et al., 1999). Moreover, red wine contains more PAC 

compared to white wine (Jordão et al., 2010). Therefore, the selection of grape by-products 

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 ethanol-based PAC extraction method is beneficial 

for the supplemented 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 seeds into powder is not 

necessary for increasing the yield and extraction efficiency with aqueous ethanol. The 

extraction of PAC from GS and GSP using aqueous ethanol at room temperature is highly 

inefficient and requires a large volume of ethanol. The introduction of ultrasonication and 

heating into the extraction process can significantly reduce the extraction time and aqueous 

ethanol requirement while increasing the PAC yield. The optimized conditions to extract 

PAC from GS are 47% aqueous ethanol, 60 °C temperature, 10.14:1 s:s ratio, and 53 min 

of sonication time. The developed aqueous ethanol-based extraction method can generate 

a higher yield of PAC from GS compared to the conventional acetone-based extraction 

method. HPLC analysis of sugar-free GS-PAC revealed that the optimized method could 

extract catechin, procyanidin B2, oligomeric, and polymeric PAC from GS. Both crude 
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and sugar-free GS-PAC extracted by the optimized method depict toxicity in AML12 

mouse hepatocytes at low concentrations (> 25 µg/mL). Also, extracted GS-PAC could 

ameliorate palmitic acid-induced 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 grape mash during fermentation 

for wine production. However, grape by-products, 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 grape by-products from wine production 

without losing biological activity to use in supplemented food and nutraceutical products. 
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Table 2.1. Optimization parameters and their levels used in the central composite designs 

of the surface response method. 

 

 

 

 

 

 

 

 

 Level 

Optimization Parameter 

Low-axial 

(−1.68) 

Low  

(−1) 

Center  

(0) 

High  

(+1) 

High-axial 

(+1.68) 

1st 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 (v:w) 10 16.07 25 33.92 40 

2nd Optimization approach 

Temperature (°C) 20 28.1 40 51.9 60 

Solvent:solid ratio (v:w) 4 5.62 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) 

Run Order 
Ethanol  

(%) 

Extraction 

Time (h)  

Solvent:Solid Ratio 

(v:w) 
Grape Seeds 

Grape Seed 

Powder 

1 20.24 (−1) 62.86 (−1) 33.92 (+1) 13.17 11.19 

2 79.76 (+1) 177.14 (+1) 16.07 (−1) 12.63 9.37 

3 79.76 (+1) 62.86 (−1) 16.07 (−1) 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 0 (−1.68) 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 (−1) 177.14 (+1) 16.07 (−1) 9.99 4.84 

10 50 (0) 120 (0) 25 (0) 14.65 13.69 

11 20.24 (−1) 62.86 (−1)  16.07 (−1) 9.40 7.43 

12 50 (0) 120 (0) 25 (0) 14.61 13.94 

13 20.24 (−1) 177.14 (+1) 33.92 (+1) 12.56 10.22 

14 79.76 (+1) 62.86 (−1) 33.92 (+1) 11.13 10.31 

15 50 (0) 120 (0) 25 (0) 14.12 13.70 

16 50 (0) 24 (−1.68) 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 (−1.68) 12.13 10.28 

Low-axial (−1.68), low (−1), center (0), high (+1), and high-axial (+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 2.3. Analysis of variance (ANOVA) p-values and regression coefficients for the 

second-order response surface model in terms of the first optimization approach. 

 Grape Seeds Grape Seed Powder 

Source of Variance/ 

Terms 

p-Value 

Regression 

Coefficient 

p-Value 

Regression 

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 −0.3902 

Solvent ratio 0.000 1.066 0.000 1.4569 

% Ethanol  × % Ethanol  0.000 −2.521 0.000 −3.7419 

Extraction time × 

Extraction time 

0.016 −0.312 0.000 −0.3704 

Solvent ratio × Solvent 

ratio 

0.201 −0.148 0.000 −0.342 

% Ethanol × Extraction 

time 

0.006 0.507 0.000 0.5214 

% Ethanol × Solvent ratio 0.001 −0.663 0.000 −0.8329 

Extraction time × Solvent 

ratio 

0.301 −0.158 0.000 0.4285 

Lack-of-fit 0.299  0.736  

Solvent ratio, solvent:solid ratio (v:w). 
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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. 

Run Order 
Temperature 

(°C) 

Solvent:Solid Ratio 

(v:w) 

Sonication 

Time (min) 

Proanthocyanidin 

Yield 

(mg CE/g FW) 

1 28.1 (−1) 5.62 (−1) 49.88 (+1) 8.39 

2 51.9 (+1) 10.38 (+1) 20.12 (−1) 18.00 

3 51.9 (+1) 5.62 (−1) 20.12 (−1) 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 (−1.68) 8 (0) 35 (0) 7.77 

8 51.9 (+1) 10.38 (+1) 49.88 (+1) 25.80 

9 28.1 (−1) 10.38 (+1) 20.12 (−1) 13.61 

10 40 (0) 8 (0) 35 (0) 18.98 

11 28.1 (−1) 5.62 (−1)  20.12 (−1) 6.48 

12 40 (0) 8 (0) 35 (0) 19.85 

13 28.1 (−1) 10.38 (+1) 49.88 (+1) 12.32 

14 51.9 (+1) 5.62 (−1) 49.88 (+1) 20.00 

15 40 (0) 8 (0) 35 (0) 19.80 

16 40 (0) 4 (−1.68) 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 (−1.68) 10.25 

Low-axial (−1.68), low (-1), center (0), high (+1), and high-axial (+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 (ANOVA) p-values and regression coefficients for the 

second-order 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 × Temperature 0.000 −1.661 

Solvent ratio × Solvent ratio  0.000 −1.287 

Sonication time × Sonication 

time  

0.000 −1.971 

Temperature × Solvent ratio 0.840 0.038 

Temperature × Sonication time 0.000 1.842 

Solvent ratio × Sonication time 0.070 −0.37 

Lack-of-fit 0.182  

Solvent ratio, solvent:solid ratio (v:w). 
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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 parameters in the first optimization approach; 

% ethanol, solvent:solid ratio (v:w), and extraction time (h). Contour plots (a) and (d) 

describe the variation of PAC yields from grape seeds and grape seed powder, respectively, 

when % ethanol and extraction time are changed while holding the solvent:solid ratio 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 seeds and grape 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, respectively, when % ethanol is held at 50%. 

mg CE/g FW, mg catechin equivalence/g fresh weight; PAC, proanthocyanidins; v:w, 

volume:weight. 
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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 optimum conditions to extract PAC from grape seeds. The optimum solvent:solid 

ratio lies beyond the highest solvent:solid ratio (40 v:w) used in the experiment. At 

extraction conditions of 47.47% ethanol, 150.08 h of extraction time, and solvent:solid 

ratio of 40 (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 ratio (40 v:w) used in the 

experiment. At extraction conditions of 47.48% ethanol, 142.66 h of extraction time, and 

solvent:solid ratio of 40 (v:w) the predicted PAC yield for grape seed powder is 15.33 mg 

CE/g FW. mg CE/g FW, mg catechin equivalence/g fresh weight; PAC, proanthocyanidins; 

v:w, volume:weight. 
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Figure 2.3. Contour plots (a) of PAC yield variation (mg CE/g FW) under different 

extraction conditions and combinations of optimized parameters in the second optimization 

approach: extraction temperature (°C), sonication time (min), and solvent:solid ratio (v:w); 

and optimization plots (b) to determine optimum PAC extraction conditions. Contour plot 

(ai) depicts the variation of PAC yield from grape seeds under different extraction 

temperatures and sonication time while holding solvent:solid ratio at 8 (v:w). Contour plot 

(aii) depicts the variation of PAC yields from grape seeds under different extraction 

temperatures and solvent: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 plots (b) predicted the optimum PAC extraction conditions to be 10.14:1 (v:w) 

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 CE/g FW, mg 

catechin equivalence/g fresh weight; PAC, proanthocyanidins; v:w, volume:weight. 
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Figure 2.4. HPLC chromatogram of the sugar-free fraction of grape seed PAC (a); and 

chromatogram of catechin, procyanidin B2, and oligomeric grape seed PAC standard (b). 

PAC, proanthocyanidins. 
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Figure 2.5. Toxicity of crude grape seed PAC (a) and sugar-free grape seed PAC (b) 

extracts on AML12 mouse liver cells. AML12 cells were treated with different 

concentrations (10 – 250 µg/mL) of crude and sugar-free extracts of grape seed PAC for 

24 h. Cell viability was 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 different (p ≤ 

0.01). DMSO, dimethyl sulfoxide; PAC, proanthocyanidins. 
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Figure 2.6. Potential of crude and sugar-free grape seed PAC extracts to ameliorate 

palmitic acid-induced ROS in AML12 mouse liver cells. AML12 cells were pretreated with 

10, 25, and 50 µg/mL concentrations of crude and sugar-free grape seed PAC extracts for 

24 h and exposed to palmitic acid (200 µM) for 24 h to induce ROS production. Cellular 

ROS production 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 

different (p ≤ 0.01). DMSO, dimethyl sulfoxide; PAC, proanthocyanidins. 
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Figure 2.7. The potential of crude and sugar-free grape seed PAC extracts to reduce 

palmitic acid-induced steatosis in AML 12 cells. AML12 cells were pretreated with 10, 25, 

and 50 µg/mL concentrations of crude grape seed PAC (b – d) and sugar-free grape seed 

PAC (f – h) extracts for 24 h and exposed to palmitic acid (200 µM) for 24 h to induce 

cellular lipid accumulation. Cells were stained with Oil Red O stain and visualized under 

a microscope (×100) to compare cellular lipid accumulation with vehicle (DMSO) control 

(a) and positive control (e). After microscopic visualization, Oil Red O stain retained 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 mean ± standard deviation of three 

independent experiments and means that do not share a similar letter are significantly 

different (p ≤ 0.01). DMSO, dimethyl sulfoxide; PAC, proanthocyanidins. 
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Figure 2.8. The PAC content of grape mashes from five different grape varieties before 

and after wine fermentation. PAC was extracted from grape mashes pre- and post-

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). PAC content of the 

extracts was measured by the methylcellulose precipitable tannin assay. *Means are 

significantly different at p < 0.01 level. mg CE/g DW, mg catechin equivalence/g dry 

weight; PAC, proanthocyanidins.  
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3.1. ABSTRACT 

Polymeric proanthocyanidins (P-PAC) induced hepatotoxicity in C57BL/6 mice. 

Mice were supplemented with P-PAC alone or with a mixture of probiotic bacteria (PB), 

Lactobacillus, Bifidobacterium, and Akkermansia muciniphila for 14 consecutive days. 

The liver tissues of sacrificed mice were analyzed by mass spectrometry to identify and 

quantify the P-PAC metabolites. Potential P-PAC metabolites, 2-hydroxyphenylacetic acid 

and pyrocatechol were detected in higher concentrations and 4-hydroxybenzoic acid was 

detected exclusively in the mice supplemented with P-PAC and PB. Supplementation with 

P-PAC alone or with PB caused no shift in the α-diversity of mice gut microbiota. P-PAC 

induced nonalcoholic steatohepatitis in mice through increasing liver exposure to intestinal 

bacterial lipopolysaccharides by reducing expression of gut epithelial tight junction 

proteins, claudin-3 and occludin. Lipopolysaccharide concentrations in the livers of mice 

supplemented with P-PAC were significantly high compared to the control mice. 

Furthermore, P-PAC downregulated the expressions of claudin-3 and claudin-4 tight 

junction proteins in cultured Caco-2 cell monolayers. PB biotransformed P-PAC into 

bioavailable metabolites and potentially reduced the toxicity of P-PAC. The toxicity of P-

PAC and their synbiotics need to be critically evaluated for the safety of human 

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 flavan-3-ols, 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, vegetables, and their products (Tao et al., 2019). PAC depicts excellent antioxidant, 

immunomodulatory, anticancer, cardioprotective, antidiabetic, and neuroprotective 

activities that can substantially improve human health (Rauf 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). The majority of PAC in commonly consumed food is polymeric 

and comprised of over 10 monomer units (Gu et al., 2004). Thus, the bioavailability of 

oligomeric PAC (O-PAC) and polymeric PAC (P-PAC) depends on their degradation by 

the colonic microbiota. PAC that is not absorbed in the small intestine can be bioconverted 

into simple and easily absorbable metabolites by colonic microbiota (Sallam et al., 2021). 

PAC are predominantly bioconverted into phenolic acids and phenyl-valerolactones (Ou 

and Gu, 2014) that may possess beneficial physiological functions (Thilakarathna and 

Rupasinghe, 2019). However, microbial metabolites of O-PAC and P-PAC remain largely 

unknown.  

The health benefits of O-PAC and P-PAC consumption depend on the 

biotransformation governed by gut microbiota (Cires et al., 2017). The gut microbiota must 

consist of bacterial species potent in biotransforming PAC into beneficial metabolites to 

obtain the health benefits of O-PAC and P-PAC. However, the composition of gut 

microbiota greatly varies among individuals depending on genetics, diet, and 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 concept of synbiotics, a mixture of 

probiotic bacteria and PAC. For instance, Lactobacillus rhamnosus, a commonly used 

probiotic bacteria can depolymerize cranberry PAC into monomeric catechin and 

epicatechin while generating 4-hydroxyphenylacetic and 3-(4-hydroxyphenyl)propionic 

acids in vitro (Rupasinghe et al., 2019). However, there is a knowledge gap on the 

biotransformation of PAC using probiotic bacteria in vivo and the physiological effects of 

PAC-based synbiotics.  

The aim of this study was to investigate the ability of probiotic bacteria to 

biotransform P-PAC into bioavailable metabolites and evaluate the physiological effects 

using a C57BL/6 mouse model. P-PAC required for this study was extracted from grape 

seed powder (GSP). Grape seeds are an underutilized by-product of wine and grape juice 

processing, and an excellent source of PAC (Thilakarathna and Rupasinghe, 2022). Mice 

were supplemented with grape seed P-PAC with and without probiotic bacteria to identify 

P-PAC metabolite. A mixture of common probiotic bacteria consisting of Lactobacillus 

and Bifidobacterium probiotic bacteria (LBPB), and a novel probiotic Akkermansia 

muciniphila (AM) was used to biotransform the P-PAC in vivo.  The effects of P-PAC 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) and P-PAC (15.1 MDP) were 

isolated from GSP by an acetone-based extraction and flash chromatography (Rupasinghe 

et al., 2019). GSP used in this study was provided by the Royal Grapeseed, Milton, NY, 

USA. The GSP was from a mixture of commercial grape varieties; Vitis (V). vinifera, V. 

labrusca, and hybrids of native American species with V. vinifera. Initially, lipids and 

waxes were removed from GSP by using hexane. Crude PAC was extracted from GSP by 

using extraction solvent, acetone and formic acid in deionized (DI) water (70%, 0.1%, and 

29.9% v: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 remove sugars and simple phenolic acids, 80% aqueous 

ethanol to elute O-PAC, and 70% aqueous acetone to elute P-PAC. The ethanol and acetone 

fractions were collected separately, and rotary evaporated at 37 oC until ethanol and 

acetone were completely removed. The final PAC-rich GSP extracts were freeze-dried to 

remove water and chemical solvent residues (Rupasinghe 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 throughput 96-well format 

(Mercurio et al., 2007). PAC concentrations in GSP extracts were calculated using the 

catechin standard curve 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, 2001) and improved for ultra-high performance liquid 

chromatography (UHPLC)-electrospray ionization (ESI)-mass spectrometry (MS) 

(Arapitsas et al., 2021). Briefly, 100 µL of the PAC extracts dissolved in 50% aqueous 

methanol (5 mg/mL) was reacted with 100 µL of the phloroglucinol working solution (0.1 

g/mL phloroglucinol and 0.02 g/mL ascorbic acid in 0.2 N HCl acidified methanol) at 50 

°C. After 20 min, phloroglucinolysis reaction was stopped by adding 1 mL of 40 mM 

aqueous sodium acetate. Control samples were made to quantify the free PAC monomers 

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 UHPLC-ESI-MS (Supplementary Fig. S3.1) 

(Rupasinghe et al., 2019) and MDP of PAC extracts were calculated (Arapitsas 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 P-PAC by probiotic bacteria 

The experiment protocol (19-009) 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 chow ad libitum. Mice were randomly assigned into three groups (Fig. 3.1): mice 

supplemented with P-PAC (P-PAC group), mice supplemented with both P-PAC and 

probiotic bacteria (P-PAC+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 of Lactobacillus (L). acidophilus (LA-1), L. rhamnosus (LR-32), L. 

salivarius (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), and B. lactis (BL-04). A novel emerging probiotic bacterium, Akkermansia 

muciniphila (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 ATCC®, Manassas, VA, USA. Each mice group consisted 

of five mice. Feces were collected from the P-PAC+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 stored at −80 oC 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 P-PAC+PB group 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, P-PAC+PB group was fed the normal chow diet for 3 days. This 3-day interval 

is important to evaluate the ability of probiotic bacteria to colonize the mouse gut. Feces 

samples were collected from P-PAC+PB group on the day-7 and day-10 to analyze the gut 

microbiota. P-PAC and control groups were also fed the normal chow diet during these 

three days. After the supplementation interval, P-PAC+PB group was supplemented with 

both P-PAC and probiotic bacteria for 14 consecutive days. P-PAC group was 

supplemented with P-PAC and the control group was fed with normal chow diet for 14 
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days. The dosage of P-PAC used in this study was 200 mg/kg body weight/day. The dosage 

of probiotic bacteria; LBPB and AM used in this study was 1 × 109 and 1 × 108 colony-

forming units/day, respectively. At the end of the mouse study, feces were collected from 

the mice of all three 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 oC until the analysis for P-PAC metabolites by high-resolution mass spectrometry 

(HRMS) and UHPLC-ESI-MS.  

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 acetonitrile-acetone solution 

(80/20 v:v) (Fernando et al., 2020) and concentrated by nitrogen evaporation on ice. 

Concentrated samples were reconstituted with methanol and analyzed by HRMS to identify 

P-PAC metabolites. Analysis for P-PAC metabolites was conducted by non-targeted 

scanning mode and data were analyzed by Skyline software 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 metabolites in mouse blood serum. However, 

analysis of liver tissues suggested the presence of 2- or 4-hydroxyphenylacetic acid, 4-

hydroxybenzoic acid, ρ-coumaric acid, dihydroferulic acid, dihydroferulic acid-4-O-β-D-

glucuronide, fumaric acid, pyrocatechol, pyrogallol, and syringic acid. Liver tissue samples 

were further analyzed by UHPLC-ESI-MS to confirm the presence of these metabolites in 
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mice livers by comparing retention times with analytical standards (Rupasinghe 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 mouse gut microbiota 

Effects of P-PAC 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 QIAmp 96 

PowerFecal QIAcube HT (51531, QIAGEN, Toronto, ON, Canada) commercial microbial 

DNA extraction kit according to the instructions given by the manufacturer. The V4 – V5 

region of the extracted microbial DNA was amplified by polymerase chain reaction by 

using 16S rRNA gene V4 – V5 fusion primers (515FB – 926R) and high-fidelity Phusion 

polymerase enzyme. Amplified V4 – V5 region was sequenced by Illumina MiSeq to 

produce 300 base pair paired-end reads. Raw DNA sequencing data were analyzed by 

Qiime 2 (version 2020.8) microbiome bioinformatics software (Caporaso et al., 2010). 

Rarefaction curves for α-diversity matrices, Shannon index, observed operational 

taxonomical units (OTUs), Faith’s phylogenetic diversity (PD), and Pielou’s evenness 

were generated. 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 aminotransferase activities 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 



 

138 
 

Colorimetric Activity (700260) and AST Colorimetric Activity (701640) Assay kits by 

Cayman Chemical (Ann 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.  

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

To analyze the effects of P-PAC and probiotics supplementation on mouse liver, 

morphology of liver tissues was studied by H&E staining. Briefly, liver tissue sections 

were fixed in 4% formalin (over 24 h), dehydrated using aqueous ethanol (a series of 70 – 

100 %), cleared by xylene, and embedded in paraffin. Tissues embedded in paraffin were 

cut into sections of 5 µm thickness by using the microtome and affixed to immunostaining 

slides by drying in an oven at 60 °C for 20 min. Tissue sections were de-waxed by 

submerging in xylene and a series of aqueous ethanol (100 – 75 %) 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 (NAFLD) (Hoebinger et al., 2022).  Therefore, mouse diets 

were tested for the presence of secondary products of lipid oxidation by TBARS assay. 

Mouse liver tissues were also tested for secondary products of lipid oxidation as a marker 

of oxidative stress common in NAFLD (Chen et al., 2020). The mouse diets and liver tissue 

samples were finely ground and reacted with thiobarbituric acid under acidic conditions in 

the presence of butylated hydroxytoluene 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 1,1,3,3-tetraethoxypropane and results were 

given in µmole malondialdehyde equivalence (MDA Eq)/g dry sample for mouse diets and 

µmole MDA Eq/g fresh sample for mice livers (Huber and Rupasinghe, 2009).  

3.3.9. Cell lines and culture conditions 

AML12 (CRL-2254TM) and Caco-2 (HTB-37TM) 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 100× ITS liquid media 

supplement, dexamethasone (40 ng/mL), and penicillin (100 U/mL)-streptomycin (100 

µg/mL). Caco-2 cells were cultured in MEME medium supplemented with 20% FBS, L-

glutamine (4 mM), and penicillin (100 U/mL)-streptomycin (100 µg/mL). Cell cultures 

were maintained at 37 °C in a humidified incubator with 5% CO2 atmosphere and cells 

were sub-cultured at 80% confluency.  

3.3.10. Potential of PAC to induce steatosis in AML12 cells 

The potential of O-PAC and P-PAC 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 

phosphate-buffered saline solution (w:v) (Zeng et al., 2020). The complete cell culture 

medium was supplemented with palmitic acid (50 µM) to create a lipid-rich environment 

for cells. AML12 cells were seeded in a 6-well plate at a density of 1 × 105 cells/well and 

allowed to reach full confluency. Cells were treated with 25 µg/mL concentration of O-

PAC and P-PAC for 24 h. Cells were also treated with 10 and 25 µg/mL concentrations of 

catechin and O-PAC standard from grape seeds (1298219, USP, Rockville, MD, USA) 
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respectively for comparison. Non-cytotoxic concentrations of these PAC fractions were 

determined by the MTS assay (Fig. 3.2a) (Thilakarathna and Rupasinghe, 2022). After 

PAC treatments, cells were stained with ORO stain to visualize and quantify cellular lipids 

(Thilakarathna and Rupasinghe, 2022).  

3.3.11. 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 (IL)-1β, IL-6, and tumor necrosis 

factor (TNF)-α in mice liver tissues was measured by western blotting. Effects of P-PAC 

supplementation on the levels of TJ proteins in mice’s large intestine tissues and effects of 

O-PAC and P-PAC on the levels of TJ proteins in Caco-2 cell monolayers were studied by 

measuring the expressions of claudin-3, claudin-4 and occludin proteins. Caco-2 cells were 

seeded in T-25 flasks at a density of 5 × 105 cells/flask and allowed to reach full confluency 

over 8 days to create a Caco-2 cell monolayer. These Caco-2 cell monolayers were treated 

with O-PAC (25 and 50 µg/mL) and P-PAC (50 and 75 µg/mL) separately for 48 h. Cell 

monolayers were also treated with catechin (10 µg/mL for 48 h) for comparison. Non-

cytotoxic concentrations of different PAC fractions were determined by the MTS assay 

(Fig. 3.2b) (Thilakarathna and Rupasinghe, 2022). The integrity of Caco-2 cell monolayers 

at the selected levels of PAC treatments was established by staining for E-cadherin TJ 

protein using E-cadherin primary antibody (86770, Cell Signaling Technology Inc., 

Danvers, MA, USA) as per the manufacturer’s instructions (Fig. 3.2c). After 48 h treatment 

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. Western blot analysis of the 
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extracted protein samples was conducted (Thilakarathna and Rupasinghe, 2019). β-Actin 

levels in protein samples were measured as the housekeeping protein to normalize the 

levels of measured proteins. IL-1β (12426S), IL-6 (12912S), TNF-α (3707S), β-actin 

(12620S), and anti-rabbit secondary antibodies (7074S) were purchased from Cell 

Signaling Technology Inc., Danvers, MA, USA. Claudin-3 (ab15102), claudin-4 

(ab15104), and occludin (ab216327) antibodies were purchased from Abcam, Cambridge, 

MA, USA. 

3.3.12. Bacterial lipopolysaccharides (LPS) in mouse liver tissues 

Analysis of the effects of P-PAC on the expression of TJ proteins in mouse large 

intestine tissues and Caco-2 cell monolayers revealed the ability of P-PAC to reduce the 

expression of TJ proteins. Therefore, the ability of bacterial LPS to reach mouse liver 

through impaired large intestine epithelium (and induce steatosis and inflammation) was 

tested by an HPLC-MS method (Pais de Barros et al., 2015) for LPS quantification. LPS 

in liver tissue samples were extracted into methanol and concentrated by nitrogen 

evaporation. Samples were reconstituted with 50% aqueous methanol and reacted with 8 

M aqueous HCl solution at 90 °C for 4 h in the presence of NaCl to separate 3-

hydroxymyrisitic (3-HM) fatty acid from LPS structure by hydrolysis (Pais de Barros et 

al., 2015). LPS concentrations in mouse liver tissues were indirectly measured by 

quantifying 3-HM fatty acid using the UHPLC-ESI-MS (Fernando et al., 2020).  

3.3.13. Statistical analysis 

Experimental data were analyzed by using the Minitab® statistical software (version 

19.2020.1). Results of PAC extraction, PAC quantification, serum ALT/AST activities, 

TBARS assay for mouse diets and liver tissues, MTS cell viability assay for AML12 and 
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Caco-2 cells, the ability of PAC to induce steatosis in AML12 cells, and western blot 

analysis for inflammatory cytokines and TJ proteins were expressed as the mean ± standard 

deviation of three individual experiments. The results of LPS quantification in mice livers 

were expressed as the mean ± standard deviation of two individual experiments. The means 

were compared by one-way analysis of variance (ANOVA) at 95% confidence level with 

Tukey’s multiple mean comparison (95% confidence level). 

3.4. RESULTS 

3.4.1. Extraction, quantification, and characterization of PAC 

The amounts of O-PAC and P-PAC extracted and purified from the GSP were 2.29 

± 0.19 % and 0.96 ± 0.01 % of the dry GSP, respectively. The PAC quantities in purified 

O-PAC and P-PAC fractions were 54.4 ± 4.81 and 14.4 ± 2.35 mg CE/g dry samples, 

respectively, as measured by the methylcellulose precipitable tannins assay. The MDP of 

O-PAC was 3.41 ± 0.29 and the MDP of P-PAC was 15.1 ± 0.15. Galloylation of O-PAC 

and P-PAC was 6.17 ± 0.08 % and 18.5 ± 0.85 %, respectively. Thus, the P-PAC extract 

was highly polymerized and galloylated compared to the O-PAC 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, 2- or 4-hydroxyphenylacetic acid, 4-hydroxybenzoic acid, ρ-coumaric acid, 

dihydroferulic acid, dihydroferulic acid-4-O-β-D-glucuronide, fumaric acid, pyrocatechol, 

pyrogallol, and syringic acid (Supplementary Fig. S3.2). The UHPLC-ESI-MS analysis 

using pure metabolite standards (Supplementary Fig. S3.3) confirmed the presence of 2-

hydroxyphenylacetic, 4-hydroxybenzoic, ρ-coumaric, fumaric, pyrocatechol, and syringic 

acids in the mice liver tissues (Table 3.1). 4-Hydroxybenzoic acid was detected only in the 
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mice livers of P-PAC+PB group. Pyrocatechol and 2-hydroxyphenylacetic acid were 

detected in both P-PAC and P-PAC+PB groups with higher concentrations observed in the 

P-PAC+PB group. Fumaric, ρ-coumaric, and syringic acids were common in the liver 

tissues of all three mouse groups. However, concentrations of these metabolites were 

higher in the P-PAC+PB group (Table 3.1). Probiotic bacteria generate potential PAC 

metabolites and promote PAC biotransformation efficiency in mice. 

3.4.3. Effects of P-PAC and probiotics supplementation on mouse gut microbiota 

The α-diversity of microbiota among the three mouse groups was similar (p > 0.05) 

according to the Shannon, Pielou’s evenness, observed OTUs, and Faith’s PD indices (Fig. 

3.3a). Also, Firmicutes to Bacteroidetes (F/B) ratios were not significantly different (p > 

0.05) among the mouse groups. P-PAC and probiotic bacteria supplementation did not 

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

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

> 0.05) during the P-PAC and probiotic bacteria supplementation (Fig. 3.3a).  

3.4.4. Effects of P-PAC and probiotics supplementation on mouse liver health 

Abnormal small white spots, which resemble NAFLD, were observed in the livers 

of mice of P-PAC and P-PAC+PB groups. Also, the external color of these livers was 

lighter compared to the livers of the control group mice (Fig. 3.4a – c). The H&E staining 

of the liver tissue sections revealed that hepatocytes of the P-PAC and P-PAC+PB groups 

were enlarged, which resembled hepatocyte ballooning (Fig. 3.4d – f). 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 serum of P-PAC+PB group mice were significantly higher (p < 0.05) compared 
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to the P-PAC and control group mice (Fig. 3.4g and h). Interestingly, no significant 

difference was observed in the blood serum ALT and AST activities between the P-PAC 

and control groups, despite the presence of hepatocyte ballooning in the P-PAC group.  

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 the P-PAC and P-

PAC+PB groups were significantly higher compared to the control group (Fig. 3.5a). 

Therefore, hepatic oxidative stress should be significantly higher in the P-PAC and P-

PAC+PB groups compared to the control group. These results support the H&E 

observations for the prevalence of NAFLD in P-PAC and P-PAC+PB group mice. 

3.4.6. Presence of inflammation markers in mice livers 

The hepatic expression of IL-1β, IL-6, and TNF-α proinflammatory cytokines in 

the P-PAC+PB group was significantly higher compared to the control group (Fig. 3.5c). 

Interestingly, only IL-6 expression was significantly high in the P-PAC group compared to 

the control group. These results confirmed the prevalence of hepatic inflammation in the 

P-PAC and P-PAC+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 P-PAC and probiotics (P-PAC+PB diet). 

Interestingly, oxidized lipids concentration in the diet containing only P-PAC (P-PAC diet) 

was significantly low compared to the control chow diet and P-PAC+PB diet (Fig. 3.5b). 

Therefore, liver inflammation and NAFLD induction in the mice of P-PAC and P-PAC+PB 

groups did not result from the presence of high concentrations of oxidized lipid products 

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 observation of AML12 cells under 

the microscope (Fig. 3.3b.I) depicted no signs of steatosis promotion by catechin, O-PAC 

standard, O-PAC, and P-PAC in the AML12 cells. These results were confirmed by 

measuring the ORO stain retention in AML12 cells (Fig. 3.3b.II). 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 quantifying 3-HM 

concentrations after hydrolysis of LPS (Fig. 3.6a). 3-HM concentrations in the livers of 

mice of P-PAC and P-PAC+PB groups were significantly higher compared to the control 

group. 

The potential of P-PAC to reduce the levels of TJ proteins in mice’s large intestines 

(and by that increase translocation of LPS) was studied by the western blotting technique 

for TJ proteins, claudin-3, and occludin. Claudin-3 and occludin levels were significantly 

low in the large intestines of mice from the P-PAC+PB group compared to the control 

group mice (Fig. 3.6b). In P-PAC group, only the occludin level was significantly lower 

compared to the control group mice. Supplementation of mice with P-PAC significantly 

reduced the expression of TJ proteins in mice’s large intestines. Since current knowledge 

on the ability of P-PAC to reduce the expression of TJ proteins in mouse large intestine is 

limited, we attempted to reproduce these results in Caco-2 cell monolayers. The levels of 

claudin-3 and claudin-4 TJ proteins were significantly low in the Caco-2 monolayers 
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treated with P-PAC (at both 50 and 75 µg/mL levels) compared to the control (Fig. 3.6c). 

Catechin and O-PAC did not significantly reduce the levels of claudin-3 and claudin-4 TJ 

proteins compared to the control. Interestingly, O-PAC at 50 µg/mL level significantly 

increased the level of claudin-3 in Caco-2 cell monolayers. The level of occludin TJ protein 

was not significantly influenced (p > 0.05) in Caco-2 cell monolayers by exposure to 

catechin, O-PAC, and P-PAC. Different fractions of PAC can selectively influence the 

expression of TJ proteins in Caco-2 cell monolayers. 

3.5. DISCUSSION 

The importance of dietary PAC to improve human health and alleviate diseases is 

evident in many studies (Rauf et al., 2019). However, the physiological effects of PAC 

largely depend on the bioconversion of P-PAC molecules into metabolites by the colonic 

microbiota (Ou and Gu, 2014). The ability of probiotic bacteria to biotransform PAC can 

be used as a concept of synbiotic food development (Thilakarathna et al., 2018). Therefore, 

we investigated the potential of common LBPB and novel AM probiotic bacteria to 

generate unique microbial metabolites through dietary supplementation of P-PAC using 

C57BL/6 mice.  

Potential P-PAC metabolites such as 2-hydrophenylacetic, 4-hydroxybenzoic, ρ-

coumaric, fumaric, syringic acids, and pyrocatechol were confirmed to present in mice 

livers. In addition, HRMS suggested the presence of potential P-PAC metabolites 4-

hydroxyphenylacetic acid, dihydroferulic acid, dihydroferulic acid-4-O-β-D-glucuronide, 

and pyrogallol in mice livers. Many of these metabolites have been identified as potential 

PAC metabolites by previous studies (Thilakarathna et al., 2018). In the current study, 4-

hydroxybenzoic acid was detected exclusively in the P-PAC+PB group. Also, the liver 
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concentrations of pyrocatechol and 2-hyroxyphenylacetic acid were higher in the P-

PAC+PB group. Probiotic bacteria may enhance the biotransformation of P-PAC and 

generate unique metabolites in mice.  

A significant difference was not observed in the α-diversity of mouse gut 

microbiome after the supplementation with P-PAC and probiotic bacteria. Similar results 

are reported for a high-fat diet-fed C57BL/6 mouse model supplemented with PAC-rich 

grape seed extract (Liu et al., 2017) and a female pig model supplemented with commercial 

grape seed extract (Choy et al., 2014). However, contradictory results are presented for a 

female Wistar rat model gavaged with grape seed PAC (Casanova-Martí et al., 2018). A 

significant increment of AM population was not observed during the supplementation 

regime, hinting at the inability of AM to colonize the mouse gut. Though the promotion of 

AM growth in mice by PAC has been reported (Zhang et al., 2018) P-PAC did not support 

the colonization of AM in the present study.  

H&E staining of the mice’s liver tissue sections revealed the presence of hepatocyte 

ballooning and hepatic lobular inflammation in the P-PAC and P-PAC+PB group mice. 

The presence of hepatocyte ballooning together with hepatic lobular inflammation  

confirms the progression of NAFLD to NASH (De and Duseja, 2020) in mice from the two 

groups. We further confirmed the prevalence of hepatic injury by evaluating the ALT and 

AST enzyme activities in mouse blood serum, hepatic oxidative stress, and inflammation 

markers in mouse liver. The activities of ALT and AST enzymes were significantly high 

in the P-PAC+PB group compared to the control group. However, the ALT and AST 

enzyme activities were not significantly high in the P-PAC 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 cytokine-mediated (Roy 

et al., 2010) and mitochondrial dysfunction-mediated hepatocyte apoptosis (Roy et al., 

2009). 

Hepatic oxidative stress is another biomarker of steatosis and NASH (Sumida et 

al., 2013). Hepatic oxidative stress in the mice from the P-PAC and P-PAC+PB groups 

was significantly higher compared to the mice of the control group. Increased expression 

of hepatic proinflammatory cytokines, IL-1β, IL-6, and TNF-α is associated with the 

development and progression of NAFLD (Duan et al., 2022). The prevalence of hepatic 

inflammation in P-PAC and P-PAC+PB groups was evident by increased expressions of 

proinflammatory cytokines. These results confirm the prevalence of NASH in mice from 

the P-PAC and P-PAC+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 Ly6C+ monocytes that differentiate into monocyte-derived 

KC (Huby and Gautier, 2022). Accumulation of KC in the liver had been previously 

observed in copper-induced hepatotoxicity in rats (Roy et al., 2011). The circulating 

monocytes recruited into liver tissue can also differentiate into other macrophages known 

as lipid-associated macrophages (Huby and Gautier, 2022). Hepatic inflammation is 

positively associated with intestinal inflammation. In chemically-induced ulcerative colitis, 

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 studies evaluating the P-PAC-

mediated hepatotoxicity. 

Secondary products of lipid oxidation in diet can induce hepatic lipid accumulation 

and inflammation (Hoebinger et al., 2022). The diets formulated for P-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 of oxidized lipid 

products in the diet for the P-PAC 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 agent (Su et 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, O-PAC, and P-PAC did not promote lipid accumulation in AML12 cells. 

Several in vivo (Yogalakshmi et al., 2013) and clinical studies (Khoshbaten et al., 2010) 

have presented the potential of PAC 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 consumption (Sano, 2017) and the 

toxic effects of PAC in humans or other animals are limited. However, a few studies have 

observed the impact of PAC on the development of digestive tract complications, lesions 

in the digestive tract of sheep (Hervás et al., 2003), and loss of epithelial cells in the 

duodenum of Boer goats (Mbatha et al., 2002). In a recent study, grass carps 

(Ctenopharyngodon idella) supplemented with PAC (for 70 days) and challenged with 

Aeromonas hydrophila (for 14 days) developed lesions in the intestine and lost intestinal 

immune function compared to the control (Li 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 claudin-2 expression in Madin-Darby canine kidney (MDCK) Ⅱ cell monolayers 

(Nakashima et al., 2020). The effects of PAC on gut epithelium may be driven by the 

antinutritional effects 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 function (Li et al., 2016). Therefore, the potential of P-PAC 

to induce NASH in mice through hepatic exposure to LPS by impairing gut epithelial 

barrier function was studied. LPS concentrations in the livers of mice from P-PAC and P-

PAC+PB groups were significantly high compared to the control group mice. LPS can 

impair lipid metabolism in C57Bl/6Ncrj mice and promote hepatic lipid accumulation by 

altering the expression of key regulatory receptors and enzymes (Ohhira et al., 2007). LPS 

is proven to induce hepatic inflammation in vivo (Khan et al., 2021) by activation of the 

nuclear factor (NF)-κB inflammatory response cascade (Hamesch et al., 2015). Thus, 

NASH conditions observed in the P-PAC and P-PAC+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., 2021). We observed a significant reduction in 

the levels of TJ proteins, claudin-3 and occludin, in large intestines of mice from the P-

PAC and P-PAC+PB groups. Reduction of TJ protein expression suggests impaired gut 

epithelial barrier function (Chelakkot et al., 2018) and increased paracellular permeability 
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for LPS (Hollander and Kaunitz, 2020). Furthermore, P-PAC significantly reduced the 

expressions of claudin-3 and claudin-4 in Caco-2 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 at non-cytotoxic 

concentrations for Caco-2 cells (as measured by MTS assay) and without losing cells from 

the Caco-2 cell monolayer (as visualized by E-cadherin staining). Interestingly, O-PAC 

could significantly increase claudin-3 expression. Several studies contradict the observed 

results by showing the ability of PAC to promote gut epithelial barrier function both in 

vitro and in vivo (Nallathambi et al., 2020; Sheng et al., 2020). However, many of these 

studies have not reported the MDP and % galloylation of PAC extracts or have used PAC 

extracts with low degrees of polymerization compared to P-PAC 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 and inflammation were prominent in the P-PAC+PB mice 

group compared to the P-PAC 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 established. However, probiotic bacteria can possess pathogenic 

traits that can negatively influence human health (Pradhan et al., 2020). Well-studied 

probiotic bacteria of Lactobacillus (Rossi et al., 2019) and Enterococcus (Krawczyk et al., 

2021) can act as opportunistic pathogens. Intestinal barrier function is critical to prevent 

the translocation of these opportunistic bacteria and cause bacteremia (Krawczyk et al., 

2021). Thus, impaired gut epithelial barrier function caused by supplementation of P-PAC 

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 the P-PAC+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 biotransform P-PAC to metabolites 

(i.e. 4-hydroxybenzoic) in C57BL/6 mice, suggesting their function beyond the natural gut 

microbiota of mice. Supplementation with P-PAC alone or together with LBPB and AM 

probiotic bacteria did not influence the α-diversity, 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. P-PAC supplementation can significantly reduce 

the levels of TJ proteins, claudin-3, and occludin in C57BL/6 mice’s large intestines. P-

PAC can significantly reduce the levels of claudin-3 and claudin-4 TJ proteins in cultured 

Caco-2 cell monolayers. Interestingly, O-PAC can significantly increase claudin-3 level 

indicating differential functions depending on the degree of polymerization of PAC. We 

demonstrated that the reduction of TJ protein expression by P-PAC may impair the gut 

epithelial barrier function of mice and increase liver exposure to bacterial LPS. Increased 

bacterial LPS concentrations in mice livers caused NASH as indicated by hepatocyte 

ballooning and monocyte-infiltrated hepatic lobular inflammation. In conclusion, probiotic 

bacteria improve P-PAC biotransformation in vivo indicating the potential to develop PAC-

based synbiotics with health benefits. However, it is critical to evaluate the safety of such 

PAC-derived synbiotics. 
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Table 3.1. Concentrations of potential polymeric proanthocyanidin metabolites in the liver 

tissues of mice. 

Proanthocyanidin metabolite Concentrations of proanthocyanidin metabolite  

(µg/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 

acid 

0 0.23 0.56 

4) ρ-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 the control chow diet; P-PAC group: mice 

group (n=5) supplemented with polymeric proanthocyanidins (200 mg/kg body 

weight/day); P-PAC+PB group: mice group (n=5) supplemented with both polymeric 

proanthocyanidins (200 mg/kg body weight/day) and probiotic bacteria (1 × 109 colony 

forming units/mouse/day of Lactobacillus and Bifidobacterium probiotics and 1 × 108 

colony forming units/mouse/day of Akkermansia muciniphila). 
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Figure 3.1. Dietary supplementation regime followed during the C57BL/6 mice study. 

Three groups of male C57BL/6 mice (n=5) were fed with a chow diet (control group), chow 

diet mixed with polymeric proanthocyanidins (P-PAC), or chow diet mixed with both P-

PAC and probiotic bacteria (P-PAC+PB group). Mice feces were collected during the 

supplementation to study the variations in mice gut microbiota composition. At the end of 

the study, mouse blood and tissues were collected and tested for the presence of metabolites 

of proanthocyanidins. 
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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 Caco-2 cell monolayers (c) as visualized by staining of E-cadherin protein. MTS assay 

results 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; O-PAC, oligomeric PAC; P-PAC, polymeric PAC.  
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Figure 3.3. Effects of polymeric proanthocyanidins (P-PAC) 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 (b). The 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 studies. NS, not 

statistically significant at 95% confidence level. AM RF (%), Akkermansia muciniphila 

relative frequency (%); DMSO, dimethyl sulfoxide vehicle control; F/B ratio, 

Firmicutes/Bacteroidetes ratio; Faith’s PD, Faith’s phylogenetic diversity; observed OTUs, 

observed operational taxonomy units; O-PAC, oligomeric PAC; P-PAC, polymeric PAC 

or mice supplemented with P-PAC; P-PAC+PB, mice supplemented with both P-PAC 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 livers (a – c) together with 

histology of liver tissue sections (d – f) and activities 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 and results were expressed as mean ± standard 

deviation. Means that do not share a similar letter are significantly different at 95% 

confidence level. P-PAC group, mice group supplemented with polymeric 

proanthocyanidin; P-PAC+PB group, mice group supplemented with both 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 

thiobarbituric acid reactive substances assay. Hepatic inflammation in mice was studied by 

measuring the expression of proinflammatory cytokines by western blot analysis. All 

experiments were conducted in three independent studies and results were expressed as 

mean ± standard deviation. Means that do not share a similar letter are significantly 

different at 95% confidence level.  IL-1β, interleukin-1β;  IL-6, interleukin-6; MDA Eq, 

malondialdehyde equivalence; P-PAC, mice group supplemented with polymeric 

proanthocyanidins; P-PAC+PB, mice group supplemented with both polymeric 

proanthocyanidins and probiotic bacteria; TNF-α, tumor necrosis factor-α. 
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Figure 3.6. Bacterial lipopolysaccharide concentrations in mice livers (a) and effects of 

proanthocyanidins on the tight junction protein levels in mice’s large intestine (b) and 

Caco-2 cell monolayers (c). Exposure of mice livers to bacterial lipopolysaccharides was 

indirectly quantified by measuring the levels of 3-hydroxymyrisitic acid in mice livers. 

Effects of proanthocyanidins on the levels of tight junction proteins in mice’s large 

intestines and Caco-2 cell monolayers were studied by western blot analysis. Measurement 

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 not share a similar letter are 

significantly different at 95% confidence level. 3-HM, 3-hydroxymyrisitic acid; LPS, 

bacterial lipopolysaccharides; O-PAC, oligomeric proanthocyanidins; P-PAC, polymeric 

proanthocyanidins/ mice group supplemented with polymeric proanthocyanidins; 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 (P-PAC)-mediated 

nonalcoholic steatohepatitis induction in C57BL/6 mice. P-PAC downregulates the 

expression of tight junction proteins, claudins, and occludin in the mouse large intestine 

epithelium disrupting 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 toll-like receptor 4 (TLR4) 

and upregulate nuclear factor-kappa-light-chain-enhancer of activated B cells (NF-κB)-

mediated inflammatory cytokines, interleukin (IL)-1β, IL-6, and tumor necrosis factor-

alpha (TNF-α) production to induce hepatic inflammation. LPS can promote hepatic fatty 

acid synthesis by upregulating fatty acid synthase (FAS) and acetyl-CoA carboxylase 

(ACC) enzymes through upregulating the expression of sterol regulatory elemental binding 

protein-1c (SREBP1c) transcription factor. LPS can also promote hepatic fatty acid 

synthesis by reducing the β-oxidation of fatty acids through downregulation of peroxisome 

proliferator-activated receptor (PPAR)-α. 
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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.   

Compound name Molecular Formula 

ESI Negative 

m/z 

Pyrocatechol C6H6O2 109.1 

Fumaric acid C4H4O4 115.07 

Succinic acid C4H6O4 117.088 

p-Hydroxybenzaldehyde C7H6O2 121.123 

Pyrogallol  C6H6O3 125.11 

3-Hydroxybenzoic acid C7H6O3 137.024 

4-Hydroxybenzoic acid  C7H6O3 137.024 

Cinnamic acid  C9H8O2 147 

trans-Cinnamic acid C9H8O2 147 

Hydrocinnamic acid (3-phenyl propionic 

acid) C9H10O2 149.177 

3-Hydroxyphenylacetic acid  C8H8O3 151.04 

4-Hydroxyphenylacetic acid C8H8O3  151.04 

Vanillin  C8H8O3 151.149 

Protocatechuic acid  C7H6O4  153.012 

p-Coumaric acid  C9H8O3 163.16 

m-Coumaric acid  C9H8O3 163.16 

o-Coumaric acid  C9H8O3 163.16 

m-Dihydrocoumaric acid C9H10O3 165.17 

o-Dihydrocoumaric acid C9H10O3 165.17 

p-Dihydrocoumaric acid C9H10O3 165.17 

3,4-Dihydroxyphenylacetic acid C8H8O4 167.15 

Vanillic acid C8H8O4 167.15 

2,5-Dihydroxyphenylacetic acid 

(homogentisic acid) C8H8O4 167.15 

Gallic acid C7H6O5 169.12 

4-Methoxycinnamic acid C10H10O3 176.9 

5-Phenylvaleric acid  C11H14O2 177.092 

Hippuric acid  C9H9NO3 178.051 

Caffeic acid  C9H8O4  179.035 

3-(4-methoxyphenyl)propionic acid C10H12O3 179.2 

Homovanillic acid C9H10O4 181.051 

Dihydrocaffeic acid  C9H10O4  181.1 
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Compound name Molecular Formula 

ESI Negative 

m/z 

Methyl 3,4,5-trihydroxybenzoate  C8H8O5 183.14 

3-O-Methylgallic acid C8H8O5 183.14 

Quinic acid  C7H12O6 191.17 

Methyl hippuric C10H11NO3 192.202 

3-Hydroxyphenylvaleric acid  C11H14O3 193.087 

Isoferulic acid  C10H10O4 193.186 

Ferulic acid C10H10O4  193.186 

4-Hydroxyhippuric acid C9H9NO4 194.046 

Dihydroferulic acid C10H12O4 195.1 

Dihydroisoferulic acid C10H12O4 195.1 

Syringic acid C9H10O5 197.174 

Methylferulic acid  C11H12O4 207.2 

5-(3,4-Dihydroxyphenyl)-gamma 

valerolactone C11H12O4 207.21 

Methyldihydroferulic acid C11H14O4 209 

Purpurogallin C11H8O5 219.17 

5-(3,4,5-Trihydroxyphenyl)-gamma 

valerolactone  C11H12O5  223.21 

3,5-Dimethoxy-4-hydroxycinnamic acid 

(sinapic acid) C11H12O5 223.212 

p-Coumaric acid-4′-O-sulfate C9H8O6S 242.9 

m-Coumaric acid-3′-O-sulfate C9H8O6S 242.9 

Dihydro-m-coumaric-3′-O-sulfate C9H9O6S 244.9 

Dihydro-p-coumaric-4′-O-sulfate C9H9O6S 244.9 

Feruloylglycine C12H13NO5  250.23 

Caffeic-3′-O-sulfate C9H8O7S 259.22 

Caffeic-4′-O-sulfate C9H8O7S 259.22 

Dihydrocaffeic acid-3-O-sulfate C9H10O7S  261.24 

Dihydrocaffeic-4′-O-sulfate C9H10O7S  261.24 

O-methyl gallic acid-O-sulfate C8H8O8S  263.21 

Ferulic acid-4-O-sulfate C10H10O7S  273.25 

Isoferulic-3′-O-sulfate C10H10O7S  273.25 

Dihydroferulic-4′-O-sulfate C10H12O7S 275.26 

Dihydroisoferulic-3′-O-sulfate C10H12O7S 275.26 

(+)-Catechin C15H14O6   289.27 

(+)-Catechin C15H14O6   289.27 

Ellagic acid C14H6O8 301.19 

(Epi)gallocatechin C15H14O7  305.27 
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Compound name Molecular Formula 

ESI Negative 

m/z 

(Epi)gallocatechin C15H14O7  305.27 

3-Caffeoylquinic-1,5-lactone C16H16O8  335.29 

4-Caffeoylquinic-1,5-lactone C16H16O8  335.29 

m-Coumaric-3′-O-glucuronide C15H16O9 339 

Dihydro-m-coumaric-3′-O-glucuronide C15H18O9 341 

Dihydro-p-coumaric-4′-O-glucuronide C15H18O9 341 

3-Feruloylquinic-1,5-lactone C17H18O8  349.3 

4-Feruloylquinic-1,5-lactone C17H18O8  349.3 

3-Caffeoylquinic acid C16H18O9  353.31 

4-Caffeoylquinic acid C16H18O9  353.31 

5-Caffeoylquinic acid C16H18O9  353.31 

Caffeic-3′-O-glucuronide C15H16O10   355.28 

Caffeic-4′-O-glucuronide C15H16O10   355.28 

Dihydrocaffeic-3′-O-glucuronide C15H18O10  357.3 

Dihydrocaffeic-4′-O-glucuronide C15H18O10  357.3 

3-Feruloylquinic acid C17H20O9 367.3 

4-Feruloylquinic acid C17H20O9 367.3 

5-Ferulloylquinic acid C17H20O9 367.3 

Ferulic-4′-O-glucuronide C16H18O10 369.31 

Isoferulic-3′-O-glucuronide C16H18O10  369.31 

(Epi)catechin-O-sulfate C15H14O9S 369.33 

Dihydroferulic-4′-O-glucuronide C16H20O10 371.32 

Dihydroisoferulic-3′-O-glucuronide C16H20O10 371.32 

4′-O-methyl-(epi)catechin-O-sulfate C16H16O9S 383.4 

3′-O-methyl-(epi)catechin-O-sulfate C16H16O9S 383.4 

4′-O-methyl-(epi)gallocatechin-O-sulfate C16H15O10S 399 

5-Caffeoylquinic-3′-O-sulfate C16H17O12S 432.9 

5-Caffeoylquinic-4′-O-sulfate C16H17O12S 432.9 

Epicatechin gallate C22H18O10  441.37 

5-Feruloylquinic-4′-O-sulfate C17H19O12S 446.9 

Phloretin-2′-O-glucuronide C21H22O11  449.4 

(Epi)gallocatechins gallate C22H18O11 457.37 

(Epi)gallocatechins gallate C22H18O11 457.37 

(Epi)catechin-O-glucuronide C21H22O12 465.4 

Hesperetin-7-O-glucuronide C22H22O12 477.4 

(Epi)gallocatechin-O-glucuronide C21H22O13 481.4 

4′-O-Methyl-(epi)gallocatechin-O-

glucuronide C22H24O13 495.12 
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Compound name Molecular Formula 

ESI Negative 

m/z 

Phloretin-O-glucuronide-O-sulfate C21H21O14S 529 

5-Feruloylquinic-4′-O-glucuronide C23H28O15 543.1 

(Epi)catechin-O-glucuronide-O-sulfate C21H21O15S 545 

Hesperetin-O-glucuronide-O-sulfate C22H21O15S 557 

Procyanidin B1 dimer C30H26O12 577.5 

Procyanidin B1 dimer C30H26O12 577.5 

Procyanidin B2 dimer C30H26O12 577.5 

Procyanidin B3 dimer C30H26O12 577.5 

Procyanidin C1 trimer C45H38O18 865.8 

Procyanidin C1 trimer C45H38O18 865.8 

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

 

Supplementary figure S3.1-1. Mass spectrometry chromatograms to determine the 

retention times of the pure proanthocyanidin standards, catechin, epicatechin, 

epigallocatechin, epicatechin gallate, and epigallocatechin gallate.   
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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 

quantify proanthocyanidin monomers, catechin, epicatechin, epigallocatechin, epicatechin 

gallate, epigallocatechin gallate, and their phloroglucinol adducts. Phl*, phloroglucinol 

adduct.  

 



 

171 
 

 

Supplementary figure S3.1-3. Mass spectrometry chromatograms of polymeric 

proanthocyanidins extract before and after the phloroglucinolysis reaction to detect and 

quantify proanthocyanidin monomers, catechin, epicatechin, epigallocatechin, epicatechin 

gallate, epigallocatechin gallate, and their phloroglucinol adducts. Phl*, phloroglucinol 

adduct. 
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Supplementary figure S3.2-1. High-resolution mass spectrometry chromatograms 

suggesting the presence of pyrocatechol, fumaric acid, pyrogallol, 4-hydroxybenzoic acid, 

and 2 or 4-hydroxyphenylacetic acid in the mice liver tissues.  
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Supplementary figure S3.2-2. High-resolution mass spectrometry chromatograms 

suggesting the presence of ρ-coumaric acid, dihydroferulic acid, synergic acid, and 

dihydroferulic acid 4-O-β-D-glucuronide in the mice liver tissues. 
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Supplementary figure S3.3-1. 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 concentrations in concentrated mice liver extracts. P-

PAC+PB group, mice supplemented with both polymeric proanthocyanidins and probiotic 

bacteria; P-PAC group, mice supplemented only with polymeric proanthocyanidins; 

control group, mice supplemented with control chow diet.  
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Supplementary figure S3.3-2. Mass spectrometry chromatograms to confirm the presence 

of 2-hydroxyphenylacetic acid and 4-hydroxybenzoic acid in concentrated mice liver 

extracts by comparing retention times with standards. These chromatograms were also used 

to quantify 2-hydroxyphenylacetic acid and 4-hydroxybenzoic acid concentrations in 

concentrated mice liver extracts. P-PAC+PB group, mice supplemented with both 

polymeric proanthocyanidins and probiotic bacteria; P-PAC group, mice supplemented 

only with polymeric proanthocyanidins; control group, mice supplemented with control 

chow diet. 
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Supplementary figure S3.3-3. Mass spectrometry chromatograms to confirm the presence 

of ρ-coumaric acid and syringic acid in concentrated mice liver extracts by comparing 

retention times with standards. These chromatograms were also used to quantify ρ-

coumaric acid and syringic acid concentrations in concentrated mice liver extracts. P-

PAC+PB group, mice supplemented with both polymeric proanthocyanidins and probiotic 

bacteria; P-PAC group, mice supplemented only with polymeric proanthocyanidins; 

control group, mice supplemented with control chow diet. 
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CHAPTER 4. PROANTHOCYANIDINS BIOTRANSFORMED BY 

SACCHAROMYCES CEREVISIAE PREVENT THE PATHOGENESIS OF 
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4.1. ABSTRACT 

Oligomeric and polymeric proanthocyanidins (PAC) were biotransformed with 

Saccharomyces cerevisiae (baker’s yeast) to improve bioavailability and bioactivity. 

Biotransformation with yeast significantly increased the bioavailability of PAC in vitro. 

Bioactivity of biotransformed (BT)-PAC and non-BT-PAC was compared in palmitic acid 

(PA)-induced steatosis/nonalcoholic fatty liver disease (NAFLD) and PA together with 

bacterial lipopolysaccharides (LPS)-induced nonalcoholic steatohepatitis (NASH) models 

of AML12 hepatocytes. BT-PAC reduced the PA-induced cellular oxidative stress and 

lipid accumulation. BT-PAC may modulate key regulators of cellular lipid metabolism to 

mitigate PA-induced lipid accumulation. Activation of nuclear factor erythroid 2-related 

factor 2 (Nrf2) signalling by BT-PAC may aid mitigation of NAFLD. BT-PAC may 

prevent the progression of steatosis to NASH in vitro by suppressing cellular inflammation. 

Non-BT-PAC is less potent in the activation of Nrf2 signalling and reduction of cellular 

lipotoxicity and inflammation, compared to the BT-PAC. Yeast-mediated 

biotransformation significantly enhances the bioavailability of PAC and the bioactivity 

against steatosis and NASH.  

Keywords: biotransformation, nonalcoholic fatty liver disease, nonalcoholic 

steatohepatitis, nuclear factor erythroid 2-related factor 2, proanthocyanidins, yeast 
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4.2. INTRODUCTION 

Proanthocyanidins (PAC), also known as condensed tannins, are the oligomers or 

polymers of monomeric flavan-3-ol molecules such as catechin and epicatechin. PAC are 

abundantly found in plants and plant-derived food and agri-food wastes. The therapeutic 

effects of PAC are well elucidated against multiple diseases (Rauf et al., 2019). PAC are 

categorized as oligomeric PAC (OPAC) and polymeric PAC (PPAC) based on the degree 

of polymerization. PAC molecules with a degree of polymerization between 2 to 10 are the 

OPAC, and ones with a degree of polymerization over 10 are the PPAC (Vazquez-Flores 

et al., 2018). The majority of the dietary PAC in commonly consumed foods is polymeric 

(Gu et al., 2004). Thus, the bioavailability of dietary PAC is low, as PAC larger than 

tetramers are not absorbable (Ou and Gu, 2014). The unabsorbable PAC are catabolized 

into simple metabolites by the colonic microbiota. The therapeutic effects of these 

metabolites are previously established (Thilakarathna and Rupasinghe, 2019).  

The potential of yeast strains to degrade OPAC and PPAC is demonstrated by 

several studies (Nogueira et al., 2008; Pedan et al., 2017). Also, PAC can alter metabolites 

produced by yeast cells through the regulation of metabolism (Li et al., 2020). However, 

the current knowledge of PAC metabolites and their therapeutic effects is limited. Probiotic 

yeast strains such as Saccharomyces (S.) boulardii are potent in ameliorating liver diseases 

(Cui et al., 2022). Nonalcoholic fatty liver disease (NAFLD) is the most common chronic 

liver disease in the world. About 30% of the global population is affected by NAFLD with 

the number of new cases predicted to increase rapidly (Younossi et al., 2023). The simple 

steatosis characterized by excessive hepatic lipid accumulation remains non-progressive in 

many NAFLD patients, nonetheless, the disease can progress into nonalcoholic 
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steatohepatitis (NASH), liver fibrosis, and hepatocellular carcinoma in some patients. 

NASH differs from steatosis by the manifestation of inflammation and progressive fibrosis 

in addition to excessive lipid accumulation (Takaki et al., 2013). Currently, no approved 

drugs are available for NASH (Cui et al., 2022), emphasizing the need for prevention and 

mitigation strategies. Probiotic S. boulardii can reduce the risk of liver diseases by 

inhibiting pathogens, protecting gut barrier function, preventing gut microbiota dysbiosis, 

and immunomodulation (Cui et al., 2022). Similarly, PAC have been demonstrated to 

ameliorate NAFLD through multiple mechanisms (Su et al., 2018). However, inefficient 

colonic catabolism of PAC (Niwano et al., 2022) together with low bioavailability may 

diminish the therapeutic effects of dietary PAC against steatosis and NASH. Thus, we 

attempted to biotransform OPAC and PPAC into bioavailable and biologically active 

metabolites by incubating them with S. cerevisiae. The bioactivity of biotransformed (BT)-

PAC and non-BT-PAC was compared using steatosis and NASH models of AML12 cells 

in vitro. Biotransformation with S. cerevisiae may enhance the potential of PAC to mitigate 

steatosis/NASH, thus, enhancing hepatoprotective activity. The findings of this study are 

useful to develop PAC-based dietary supplements and functional foods to reduce the 

pathogenesis and progression of steatosis and NASH. 

4.3. MATERIALS AND METHODS 

4.3.1. PAC extraction, purification, and fractionation 

PAC required for this study were extracted from grape seed powder (GSP) by using 

an acetone-based extraction method (Rupasinghe et al., 2019). The GSP was provided by 

Royal Grapeseed, Milton, NY, USA. The GSP originated from a mixture of seeds 

belonging to commercial grape varieties; Vitis (V.) vinifera, V. labrusca, and hybrids of 
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native American species with V. vinifera. Initially, the lipid in GSP was removed by 

ultrasonication with hexane. Crude PAC was extracted by using an acetone-based 

extraction solvent (70% acetone, 29.9% deionized (DI) water, and 0.1% formic acid v:v:v) 

with ultrasonication. The crude PAC was purified and fractionated by eluting through a 

flash chromatography column packed with brominated styrenic adsorbent beads. Sugars 

and simple phenolics in the crude PAC were removed by eluting the flash chromatography 

column with DI water. OPAC and PPAC were eluted from the flash chromatography 

column by using 80% aqueous ethanol and 70% aqueous acetone, respectively. The PAC 

concentrations in the OPAC and PPAC extracts were 54.4 ± 4.81 and 14.4 ± 2.35 mg 

catechin equivalence (CE)/g dry sample, respectively, as measured by a methylcellulose 

precipitable tannins assay (Thilakarathna et al., 2023). The mean degree of polymerization 

of the OPAC and PPAC were 3.41 ± 0.29 and 15.1 ± 0.15, respectively, as measured by a 

phloroglucinolysis-based PAC degradation method (Thilakarathna et al., 2023). 

4.3.2. S. cerevisiae cultures 

The yeast growth medium (YGM) was formulated by mixing yeast extract (3 g), 

malt extract (3 g), dextrose (10 g), and peptone (5 g) in DI water (1 L) and adjusting the 

final acidity to pH 6.2 level. A commercial yeast sample, S. cerevisiae (ex-bayanus, Lalvin 

EC-1118TM) was purchased from Lallemand Inc., Montreal, QC, Canada. The commercial 

S. cerevisiae sample (5 g) was rehydrated by mixing with 50 mL of DI water at 35 °C for 

20 min. After rehydration, 1 mL of the rehydrated S. cerevisiae sample was inoculated into 

100 mL of the YGM and incubated at 30 °C. S. cerevisiae cultures were maintained by 

periodically inoculating fresh YGM with S. cerevisiae cultures and incubating them at 30 

°C. 



 

190 
 

4.3.3. Toxicity of PAC in S. cerevisiae cultures 

Toxicity of OPAC and PPAC in S. cerevisiae cultures was determined to find non-

toxic concentrations for the PAC biotransformation experiments (Supplementary Fig. 

S4.1). YGM with different concentrations of OPAC and PPAC (10 – 1000 µg/mL) were 

prepared and filtered through 0.22 µm syringe filters. YGM-PAC aliquots of 950 µL were 

inoculated with 50 µL of fresh S. cerevisiae culture (5% inoculation) of 1.0 optical density 

at 600 nm (OD600). Inoculated samples were incubated at 30 °C for 24 h and pipetted into 

a 96-well plate (200 µL/well) in triplicates after mixing thoroughly. OD600 value of each 

well was measured, and results were expressed as % growth of S. cerevisiae compared to 

the negative control.  

4.3.4. Biotransformation of PAC by S. cerevisiae 

The potential of S. cerevisiae to biotransform OPAC and PPAC into simple 

metabolites was studied. YGM aliquots (5 mL) with OPAC or PPAC (250 µg/mL) was 

inoculated with a fresh S. cerevisiae culture (5% inoculation with a S. cerevisiae culture of 

1.0 OD600) and incubated for 0 – 8 days at 30 °C while continuously shaking. 

Biotransformation of OPAC and PPAC was conducted in YGM with three different 

concentrations of dextrose (25, 50, and 100% of the recommended dextrose quantity) to 

understand the effect of YGM sugar concentration on the PAC biotransformation process. 

PAC metabolites generated during the biotransformation were extracted by ethyl acetate-

based liquid-liquid separation. Initially, S. cerevisiae cells were lysed by ultrasonication 

for 10 min. S. cerevisiae cells and cell debris were separated from the culture medium by 

centrifugation at 3,000 × g for 10 min. The culture medium devoid of S. cerevisiae cells 

was mixed with 2.5 mL of ethyl acetate and vortexed for 5 min. The aqueous YGM and 
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ethyl acetate layers were allowed to separate for 1 h and the ethyl acetate layer was 

collected without disturbing the YGM layer. The collected ethyl acetate layer was 

completely evaporated under nitrogen gas. Extracted PAC metabolites were redissolved in 

1 mL of 80% aqueous ethanol. The potential of S. cerevisiae to biotransform PAC was 

evaluated by measuring variations of total PAC content (TPAC) and total phenolic content 

(TPC). The TPAC variation was measured by 4-dimethylaminocinnamaldehyde (DMAC) 

assay and results were expressed as µg CE/mL YGM (Bhullar and Rupasinghe, 2015). The 

TPC variation was measured by Folin-Ciocalteu (FC) assay and results were expressed as 

µg gallic acid equivalence (GAE)/mL YGM (Thilakarathna et al., 2021). Also, variations 

of PAC monomers, catechin and epicatechin, concentrations during the PAC 

biotransformation in YGM with 50% dextrose (50% YGM) were studied by ultra-high 

performance liquid chromatography (UHPLC)-electrospray ionization (ESI)-mass 

spectrometry (MS) (Rupasinghe et al., 2019). 

4.3.5. Detection and quantification of metabolites generated by PAC 

biotransformation 

The metabolites generated by the S. cerevisiae-mediated biotransformation of 

OPAC and PPAC were initially detected by high-resolution mass spectrometry (HRMS). 

The biotransformation process was scaled-up to 40 mL and conducted for four and eight 

days. PAC biotransformation and metabolites extraction was conducted as described in the 

section 4.3.4. After the nitrogen evaporation of the ethyl acetate layer, the extracted PAC 

metabolites were redissolved in 500 µL of 80% aqueous ethanol to prepare a PAC 

metabolite concentrate for HRMS analysis. The HRMS analysis was conducted using a 

UHPLC ESI Xevo G2-XS QT high-resolution mass spectrometer (Waters, Beverley, MA, 
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USA). Identification of PAC metabolites was performed in the data-dependant acquisition 

(DDA) mode and DDA data were analyzed by the Compound Discoverer software version 

3.3 (Thermo Fisher Scientific, Waltham, MA, USA). The Compound Discoverer workflow 

was (Supplementary Fig. S4.2) consisted of multiple databases, mzCloud, Arita Lab 6549 

Flavonoid Structure Database, Natural Products Atlas (van Santen et al., 2022), FooDB, 

and Phenol-Explorer (Rothwell et al., 2013) to identify PAC metabolites generated by the 

S. cerevisiae-mediated PAC biotransformation. The software was able to identify many 

possible PAC metabolites at both ms1 and ms2 levels. PAC metabolites that are most likely 

to be produced by the biotransformation process and detected at the ms2 level were further 

analyzed by UHPLC-ESI-MS to confirm their presence and quantified by using reference 

analytical standards (Rupasinghe et al., 2019).  

4.3.6. Cell lines and culture conditions 

Cell uptake and biological activity of BT-PAC vs. non-BT-PAC were compared by 

using Caco-2 and AML12 cells, respectively. Caco-2 (HBT-37TM) colorectal 

adenocarcinoma epithelial cells and AML12 (CRL-2254TM) normal mouse hepatocytes 

were purchased from the ATCC®, Manassas, VA, USA. Caco-2 cells were cultured in 

minimum essential medium (MEM) supplemented with 20% fetal bovine serum (FBS), L-

glutamine (4 mM), and penicillin (100 U/mL)-streptomycin (100 µg/mL). AML12 cells 

were cultured in DMEM:F12 medium supplemented with 10% FBS, 5 mL of 100× insulin-

transferrin-selenium (ITS) solution, dexamethasone (40 ng/mL), and penicillin (100 

U/mL)-streptomycin (100 µg/mL). Caco-2 and AML12 cells were cultured at 37 °C in a 

humidified incubator with 5% CO2 atmosphere. Cells were sub-cultured at the 80% 

confluency level. 
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4.3.7. In vitro bioavailability of BT-PAC vs. non-BT-PAC 

The in vitro bioavailability of BT-PAC and non-BT-PAC was compared by 

measuring the uptake into Caco-2 cells and permeability through Caco-2 cell monolayers. 

Non-cytotoxic concentrations of BT-PAC and non-BT-PAC in Caco-2 cells were 

determined by MTS cell viability assay (Supplementary Fig. S4.3-1) (Thilakarathna and 

Rupasinghe, 2022). Initially, non-cytotoxic concentrations of BT-PAC and non-BT-PAC 

with similar CE (µg CE/mL) values were determined by the DMAC assay to make rational 

comparisons. The CE values of BT-OPAC and BT-PPAC at 500 µg/mL level were similar 

to non-BT-OPAC at 54 µg/mL and to non-BT-PPAC at 37 µg/mL levels, respectively. 

4.3.7.1. Cellular uptake of BT-PAC and non-BT-PAC 

Caco-2 cells were seeded in 6-well plates at a density of 0.5 × 106 cells/well and 

incubated at 37 °C for four days to reach confluency. Cells were treated with BT-OPAC 

(500 µg/mL), BT-PPAC (500 µg/mL), non-BT-OPAC (56 µg/mL), and non-BT-PPAC (38 

µg/mL) for 4 h. Cells were gently washed (×3) with phosphate-buffered saline (PBS) and 

harvested by using trypsin-EDTA solution. Cells were separated from the cell culture 

medium and trypsin-EDTA solution by centrifuging at 2,000 × g for 5 min. The cell pellet 

was washed in PBS and centrifuged again at 2,000 × g for 5 min. The resulting cell pellet 

was mixed with 200 µL of 80% aqueous ethanol and ultrasonicated for 5 min. The aqueous 

ethanol-cell suspension was centrifuged at 3,000 × g for 15 min to remove cell debris and 

collect PAC dissolved in the aqueous ethanol. PAC concentrations in aqueous ethanol 

extracts were determined by the DMAC assay (Bhullar and Rupasinghe, 2015). 
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4.3.7.2. Permeation of BT-PAC and non-BT-PAC through Caco-2 cell monolayers 

Caco-2 cells were seeded in 6-well transwell membrane plates at a density of 2.5 × 

105 cells/well and incubated at 37 °C for eight days to obtain Caco-2 cell monolayers 

(Thilakarathna et al., 2023). The basolateral chambers (bottom) of the wells were pipetted 

with 500 µL of PBS solution. The apical chambers (top) of the wells were pipetted with 1 

mL of culture medium containing BT-OPAC (500 µg/mL), BT-PPAC (500 µg/mL), non-

BT-OPAC (56 µg/mL), or non-BT-PPAC (38 µg/mL). After 6 h, PBS solution in the 

basolateral chambers was collected and analyzed for PAC concentrations by the DMAC 

assay (Bhullar and Rupasinghe, 2015). 

4.3.8. Potential of BT-PAC vs. non-BT-PAC to ameliorate steatosis 

The biological activity of BT-PAC and non-BT-PAC was compared in a steatosis 

model of AML12 cells in vitro. The potential of BT-PAC and non-BT-PAC to ameliorate 

steatosis was evaluated by measuring the reductions in palmitic acid (PA)-induced cellular 

oxidative stress and cellular lipid accumulation. Initially, non-cytotoxic concentrations of 

BT-PAC and non-BT-PAC in AML12 cells were established by the MTS cell viability 

assay (Supplementary Fig. S4.3-2) (Thilakarathna and Rupasinghe, 2022). To measure the 

cellular oxidative stress reduction, cells were pre-treated with non-BT-PAC at 25 µg/mL 

level and with PAC biotransformed for 1, 2, 4, and 8 days at 25 and 250 µg/mL levels for 

24 h. After the pre-treatment with PAC, cells were exposed to PA (200 µM) in a complete 

DMEM:F12 culture medium for 24 h to induce cellular oxidative stress. PA-induced 

cellular oxidative stress reduction was studied by measuring cellular reactive oxygen 

species (ROS) concentrations by the 2,7-dichlorofluorescein diacetate (DCFDA) assay 

(Thilakarathna and Rupasinghe, 2022). 
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To measure the cellular lipid accumulation reduction, cells were pre-treated with 

non-BT-PAC (25 µg/mL) and the PAC biotransformed for 4 and 8 days (25 and 250 

µg/mL) for 24 h. Then, cells were exposed to PA (200 µM) in DMEM:F12 complete 

culture medium for 24 h. Reduction of the PA-induced cellular lipid accumulation was 

visualized and quantified by the oil red O (ORO) staining of the cellular lipids 

(Thilakarathna and Rupasinghe, 2022). 

4.3.9. BT-PAC-mediated mechanisms to ameliorate cellular lipid accumulation 

AML12 cells were serum-starved for 12 h by using FBS-free DMEM:F12 culture 

medium. Cells were pre-treated with non-BT-OPAC, non-BT-PPAC, OPAC 

biotransformed for four days (BT-OPAC4), and PPAC biotransformed for four days (BT-

PPAC4) for 24 h. Cells were pretreated with non-BT-PAC at 25 µg/mL level and with BT-

PAC at 25 and 250 µg/mL levels. Then, cells were exposed to PA (200 µM) in complete 

DMEM:F12 culture medium for 24 h. Cellular protein levels of key regulators of lipid 

metabolism were measured by the western blot technique (Thilakarathna and Rupasinghe, 

2019). Primary antibodies, peroxisome proliferator-activated receptor (PPAR)-α (sc-

398394) and sterol regulatory element-binding protein 1 (SREBP1, sc-13551) were 

purchased from Santa Cruz Biotechnology, Dallas, Texas, USA. The cluster of 

differentiation 36 (CD36, 74002S), acetyl-CoA carboxylase (ACC, 3676S), phospho (p)-

ACC (p-ACC, 11818S), fatty acid synthase (FAS, 3180S), PPAR-γ (2443S), and β-actin 

(12620S) were purchased from Cell Signaling Technology, Inc., Danvers, MA, USA. Anti-

mouse (7076P2) and anti-rabbit (7074S) secondary antibodies were purchased from the 

same company. β-Actin was used as the housekeeping protein to normalize the levels of 

targeted proteins and results were expressed relative to the negative control.  
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4.3.10. Activation of nuclear factor erythroid 2-related factor 2 (Nrf2) pathway by 

BT-PAC 

AML12 cells were serum-starved for 12 h by using FBS-free DMEM:F12 culture 

medium. Cells were pre-treated with non-BT-OPAC, non-BT-PPAC, BT-OPAC4, and BT-

PPAC4 for 3 h and exposed to PA (200 µM) in complete DMEM:F12 culture medium for 

3 h. Cells were pretreated with non-BT-PAC at 25 µg/mL level and with BT-PAC at 25 

and 250 µg/mL levels. The potential of BT-PAC to activate the Nrf2 pathway was 

evaluated by the visualization of Nrf2 nuclear translocation (Pilar Valdecantos et al., 2015) 

and by measuring the integrated fluorescence intensity/cell by the CellProfiler software 

(version 4.2.1) as previously described (Bray et al., 2015).  

Phosphorylation of Nrf2 (p-Nrf2/ Nrf2 ratio) and the levels of kelch-like ECH-

associated protein 1 (KEAP1) protein and catalase, glutathione peroxidase (GPx), and 

superoxide dismutase (SOD) antioxidant enzymes were also measured by the western 

blotting (Thilakarathna and Rupasinghe, 2019). β-Actin was used as the housekeeping 

protein to normalize the expressions of targeted proteins and results were expressed relative 

to the negative control.  Nrf2 (ab62352) and p-Nrf2 (ab76026) primary antibodies were 

purchased from Abcam, Cambridge, MA, USA. KEAP1 (4678S), catalase (14097S), GPx 

(3206S), and SOD (4266S) primary antibodies were purchased from Cell Signaling 

Technology, Inc., Danvers, MA, USA. 

4.3.11. Potential of BT-PAC to prevent progression of steatosis to NASH 

AML12 cells were serum-starved for 12 h and pre-treated with non-BT-OPAC, 

non-BT-PPAC, BT-OPAC4, and BT-PPAC4 in complete DMEM:F12 culture medium for 

24 h. Cells were pretreated with non-BT-PAC at 25 µg/mL level and with BT-PAC at 25 
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and 250 µg/mL levels. Cells were first exposed to PA (200 µM) in complete DMEM:F12 

culture medium for 24 h to induce cellular lipid accumulation. Then, the cells were exposed 

to bacteria lipopolysaccharides (LPS, 100 ng/mL) from Escherichia coli O55:B5 

(MilliporeSigma, Oakville, ON, Canada) for 6 h to induce inflammation in the presence of 

PA (200 µM). Expression of inflammatory cytokines, Interleukin (IL)-1β, IL-6, and tumour 

necrosis factor (TNF)-α were evaluated by measuring the mRNA expression levels by 

reverse transcription-quantitative polymerase chain reaction (RT-qPCR) assay. mRNA 

expression levels of toll-like receptor 4 (TLR4), extracellular signal-regulated protein 

kinase 1 (ERK1), ERK2, c-Jun N-terminal Kinase (JNK), nuclear factor-kappa-light-chain-

enhancer of activated B cells (NF-κB), c-Fos, and c-Jun were measured to study the 

mechanisms of PAC-mediated cellular inflammation reduction. To conduct the RT-qPCR 

assay, cells were extracted, and RNA was isolated and purified by AurumTM Total RNA 

Mini Kit (7326820) and cDNA was synthesized from the extracted RNA by using iScriptTM 

cDNA Synthesis Kit (1708891) according to the instructions given by the manufacturer. 

PCR amplification was achieved by using a thermal cycle of; 95 °C for 1 min, 40 repeated 

cycles of 95 °C for 15 s, and 66 °C for 30 s with SsoAdvancedTM Universal SYBR® Green 

Supermix (172-5274). Data were collected and analyzed by the Bio-Rad CFX Maestro 2.3 

software (Bio-Rad, Hercules, CA, USA). β-Actin and GAPDH were used as the reference 

genes to normalize the expression of targeted genes. Results were expressed as normalized 

2−ΔΔCt relative to the negative control. PCR primers for the targeted mRNA 

(Supplementary table S4.1) and all the kits were purchased from Bio-Rad Laboratories 

(Canada) Ltd. (Mississauga, ON, Canada). 
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Expressions of the genes measured by the RT-qPCR were also measured at the 

protein level by the western blot technique (Thilakarathna and Rupasinghe, 2019). TLR4 

(14358S), p-ERK1/2, ERK1/2 (4695S), p-JNK (9251S), JNK (9252S), p-NF-κB (3033S), 

NF-κB (4764S), p-c-Jun (2361S), c-Jun (9165S), p-c-Fos (5348S), c-Fos (4384S), IL-1β 

(31202), IL-6 (12912S), and TNF-α (3707S ) primary antibodies were purchased from Cell 

Signaling Technology, Inc., Danvers, MA, USA. β-Actin was used as the housekeeping 

protein to normalize the expression of targeted proteins and results were expressed relative 

to the negative control.  

4.3.12. Statistical analysis 

The experimental data were analyzed by the Minitab® statistical software (version 

19.2020.1). Results were expressed as mean ± standard deviation of three individual 

experiments. Means were compared by the one-way analysis of variance (ANOVA) with 

Tukey’s multiple mean comparisons at 95% confidence level. 

4.4. RESULTS 

4.4.1. Potential of S. cerevisiae cultures to biotransform PAC 

The TPAC and TPC gradually increased during the biotransformation of OPAC 

and PPAC up to four days and plateaued thereafter (Fig. 4.1a and b). This TPAC and TPC 

increment was observed in all three YGM with different concentrations of dextrose. 

However, the increment of TPAC and TPC was significantly higher when OPAC and 

PPAC biotransformation were conducted in 50% YGM. A slight reduction in the TPAC 

was observed within the first six hours (0.25 days) of the OPAC and PPAC 

biotransformation. A drastic increment in the TPAC and TPC was not observed in the S. 

cerevisiae controls incubated without PAC in the YGM. In 50% YGM, the catechin and 
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epicatechin concentrations gradually increased for up to four days and plateaued thereafter 

(Fig. 4.1c). Catechin and epicatechin were not detected in the S. cerevisiae controls 

incubated without PAC in YGM. 

4.4.2. Metabolites generated by PAC biotransformation 

HRMS analysis suggested the presence of many unique metabolites in S. cerevisiae 

cultures incubated with OPAC and PPAC compared to the controls. Several metabolites 

are most likely to be the result of the PAC biotransformation process since they are present 

exclusively in the S. cerevisiae cultures incubated with OPAC and PPAC (Table 4.1). 

Interestingly, concentrations of some of these metabolites significantly vary between the 

PAC biotransformed for four and eight days. S. cerevisiae cultures may biotransform 

OPAC and PPAC into unique simple metabolites and the length of the biotransformation 

process can significantly affect the concentrations of these metabolites. 

4.4.3. Bioavailability of BT-PAC vs. non-BT-PAC 

Caco-2 cells could uptake significantly higher amounts of BT-OPAC4 – 8 and BT-

PPAC4 – 8 compared to the non-BT-OPAC and non-BT-PPAC, respectively (Fig. 4.2a.i). 

Also, the permeability of BT-OPAC4 – 8 and BT-PPAC4 – 8 was significantly higher 

compared to their non-biotransformed counterparts (Fig. 4.2a.ii). Biotransformation of 

OPAC and PPAC with S. cerevisiae cultures can significantly enhance their bioavailability 

in vitro.  

4.4.4. Potential of BT-PAC vs. non-BT-PAC to ameliorate PA-induced lipotoxicity 

The reductions in PA-induced lipotoxicity were compared by measuring the 

cellular ROS generation and cellular lipid accumulation. Both non-BT-PAC and BT-PAC 

significantly reduced the cellular ROS levels elevated by the PA (Fig. 4.2b). The effect of 



 

200 
 

non-BT-PAC and PAC biotransformed for one and two days was similar in cellular ROS 

reduction. The highest potential for ROS reduction was observed for BT-OPAC4 – 8 and 

BT-PPAC4 – 8. Interestingly, ROS reduction by BT-OPAC4 – 8, and BT-PPAC4 – 8 was not 

concentration dependant. Similar to the cellular ROS reduction, both non-BT-PAC and 

BT-PAC significantly reduced the PA-induced cellular lipid accumulation (Fig. 4.2c). 

However, the reduction of the cellular lipid accumulation was more prominent for BT-

OPAC4 and BT-PPAC4 compared to their non-biotransformed counterparts. Also, higher 

concentrations (25 vs. 250 µg/mL) of BT-OPAC4 and BT-PPAC4 were more effective in 

reducing cellular lipid accumulation. Biotransformation of OPAC and PPAC with S. 

cerevisiae cultures significantly enhanced their ability to ameliorate PA-induced 

lipotoxicity in vitro. 

4.4.5. Mechanisms of BT-PAC in the reduction of PA-induced cellular lipid 

accumulation   

The expressions of key regulators of cellular lipid metabolism were measured at 

the protein level. PA substantially increased the protein levels of CD36, SREBP1, ACC, 

FAS, and PPARγ1-2, while reducing PPAR-α to promote cellular lipid accumulation. BT-

OPAC4 and BT-PPAC4 could significantly reduce the cellular protein levels of CD36, 

SREBP1, ACC, FAS, and PPAR-γ1-2 while increasing the level of PPAR-α to mitigate lipid 

accumulation in AML12 cells (Fig. 4.3). The non-BT-PAC depicted similar effect on the 

expressions of targeted lipid metabolism regulators. However, these effects were not 

statistically significant. BT-PAC can regulate cellular lipid metabolism to ameliorate PA-

induced lipid accumulation. 
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4.4.6. Activation of the Nrf2 pathway by BT-PAC 

The potential of BT-OPAC4 and BT-PPAC4 to activate the Nrf2 pathway under 

PA-induced lipotoxicity was studied. Exposure of the cells to PA did not significantly 

influence the nuclear translocation of Nrf2 (Fig. 4.4a). Both non-BT-PAC and BT-PAC 

increased the nuclear translocation of Nrf2 compared to the vehicle control. The promotion 

of Nrf2 nuclear translocation by BT-OPAC4 and non-BT-PAC was similar at 25 µg/mL 

level. However, BT-PPAC4 at 25 µg/mL level could significantly increase the Nrf2 nuclear 

translocation compared to the non-BT-PAC. Moreover, the ability of BT-OPAC4  and BT-

PPAC4 to promote Nrf2 nuclear translocation was concentration-dependent with higher 

concentrations depicting a better ability to translocate Nrf2 into the nucleus (Fig. 4.4a). 

Activation of the Nrf2 pathway by BT-PAC was further studied by measuring the cellular 

protein levels of key Nrf2 regulators and Nrf2 pathway downstream antioxidant enzymes 

(Fig. 4.4b). PA did not significantly influence the cellular level of KEAP1 protein and 

activation (phosphorylation) of Nrf2. However, PA diminished the levels of antioxidant 

enzymes, GPx, and SOD. Both BT-OPAC4 and BT-PPAC4 could significantly reduce the 

level of KEAP1 protein and increase the phosphorylation of Nrf2, suggesting the potential 

of BT-PAC to activate the Nrf2 pathway. Furthermore, BT-OPAC4 and BT-PPAC4 

increased the cellular levels of the antioxidant enzyme catalase and restored the GPx and 

SOD antioxidant enzyme levels diminished by the PA. Non-BT-PAC did not influence the 

levels of KEAP1 protein and phosphorylation of Nrf2. Also, non-BT-PAC could not 

increase the catalase enzyme level and restore the GPx and SOD enzyme levels reduced by 

the PA. The potential of OPAC and PPAC to activate the Nrf2 pathway under PA-induced 

lipotoxicity can be enhanced by biotransformation with S. cerevisiae. 
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4.4.7. Potential of BT-PAC to reduce PA and LPS-induced cellular inflammation 

Exposure of cells to PA and LPS significantly increased the cellular mRNA levels 

of the proinflammatory cytokines IL-6 and TNF-α (Fig. 4.5g and h). The mRNA levels of 

the proinflammatory cytokine regulators, TLR4, ERK1, ERK2, JNK, and c-Fos were also 

significantly increased by PA and LPS (Fig. 4.5g – f). However, the mRNA level of NF-

κB, a major regulator of proinflammatory cytokines, was not affected by PA and LPS. Both 

non-BT-PAC and BT-PAC reduced the TNF-α mRNA levels upregulated by PA and LPS 

(Fig. 4.5h). The reduction of elevated TNF-α mRNA levels by BT-OPAC4 and non-BT-

OPAC was similar at 25 µg/mL concentration. However, BT-OPAC4 at higher 

concentrations (250 µg/mL) and BT-PPAC4 at both 25 and 250 µg/mL concentrations 

could significantly reduce TNF-α mRNA levels compared to non-BT-PAC. Non-BT-PAC 

and BT-OPAC4 at 25 µg/mL concentration did not reduce the elevated IL-6 mRNA levels. 

BT-OPAC4 at 250 µg/mL concentration and BT-PPAC4 at both 25 and 250 µg/mL 

concentrations significantly reduced the elevated IL-6 mRNA levels (Fig. 4.5g). BT-

OPAC4 and BT-PPAC4 were effective in the reduction of cellular TLR4, ERK1, ERK2, 

JNK, and c-Fos mRNA levels. Even though, not effective as BT-PAC, non-BT-OPAC and 

non-BT-PPAC significantly reduced the mRNA levels of ERK1 and JNK, respectively. 

The RT-qPCR analysis was unable to detect any expression for the IL-1β, p38, and c-Jun. 

We further studied the effects of BT-PAC on the expression of proinflammatory 

cytokines and their regulators at the cellular protein level (Fig. 4.6). Exposure of cells to 

PA and LPS significantly increased the protein levels of IL-6, TNF-α, and TLR4 together 

with the activation (phosphorylation) of ERKs, JNK, and c-FOS. However, contradicting 

RT-qPCR results, exposure to PA and LPS significantly promoted the phosphorylation of 
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NF-κB and c-Jun in the cells. Both non-BT-PAC and BT-PAC were effective in the 

reduction of elevated TNF-α protein levels in the cells (Fig. 4.6i). However, BT-PAC was 

more effective in the reduction of TNF-α protein levels. Only BT-PAC could significantly 

reduce the elevated IL-6 protein levels (Fig. 4.6h). Similarly, BT-PAC was effective in the 

reduction of NF-κB, c-FOS, and c-Jun phosphorylation and cellular levels of TLR4. Both 

BT-PAC and non-BT-PAC reduced the activation of ERKs and JNK. However, BT-PAC 

was more effective in the suppression of ERKs phosphorylation compared to the non-BT-

PAC. Biotransformation of the OPAC and PPAC can boost their potential to ameliorate 

cellular inflammation induced by the PA and LPS.  

4.5. DISCUSSION 

The potential of S. cerevisiae cultures to biotransform OPAC and PPAC was 

studied. The ability of S. cerevisiae and other bacteria to degrade or metabolize PAC is 

reported in previous studies (Pedan et al., 2017). Considerable increments in the 

monomeric and dimeric PAC concentrations were observed during cocoa beans 

fermentation. Interestingly, an increase of monomeric and dimeric PAC had occurred 

amidst declining concentrations of PAC with a degree of polymerization of three and 

higher (Pedan et al., 2017), suggesting the depolymerization of large PAC molecules. 

During the PAC biotransformation process, the TPAC significantly increased. PAC 

degradation may have increased the number of terminal units for the DMAC to react with 

(Wallace and Giusti, 2010) and depict higher PAC concentrations by the DMAC assay. A 

slight reduction in the TPAC during the first six hours (0.25 days) of OPAC and PPAC 

biotransformation was observed. A similar reduction of total water-soluble PAC occurred 

during the fermentation of sorghum meal (Bvochora et al., 1999). The initial reduction of 
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PAC may have been caused by the high affinity and adsorption of PAC molecules to the 

S. cerevisiae cell wall. The PAC affinity and adsorption to the S. cerevisiae cell wall are 

proven to grow weaker with fermentation (winemaking) (Mekoue Nguela et al., 2015), 

leading to increased concentrations of free PAC in YGM after the initial PAC reduction. 

The TPC in YGM also increased during the PAC biotransformation. A similar TPC 

increment was observed when green coffee beans were fermented with a mixture of 

Saccharomyces strains (Haile and Kang, 2019). In contrast, some studies have reported 

minimal effects or reduction of TPC during S. cerevisiae-mediated fermentation (Vernhet 

et al., 2020; Zou et al., 2017). It is important to note that these studies were designed to 

ferment plant material as a whole rather than biotransforming PAC alone. During the PAC 

biotransformation, TPAC and TPC were significantly influenced by the dextrose 

concentration in YGM. Limiting the dextrose (sugar) in YGM may have prompted S. 

cerevisiae cultures to utilize PAC as an alternative carbon source. Yeast strains isolated 

from rotten wood are capable of assimilating tannic acid (polyphenol) and other simple 

phenolics when cultured in a sugar-free growth medium (Middelhoven, 2006). Further 

studies are required to investigate the influence of growth medium sugar levels on the 

degradation of PAC by S. cerevisiae. 

In this study, S. cerevisiae cultures were able to biotransform OPAC and PPAC into 

many simple metabolites. Several metabolites identified only in the BT-PAC, including 

pyrogallol, hydroxyphenyl acetates, hydroxycinnamates, and benzoates are commonly 

known metabolites derived by microbial degradation of PAC (Thilakarathna and 

Rupasinghe, 2019). Gallic acid and 4-hydroxyphenylacetamide were also detected 

exclusively in the BT-PAC. Increasing levels of gallic acid had been previously observed 
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during the alcoholic fermentation of persimmons (Diospyros kaki) by the S. cerevisiae (Zou 

et al., 2017). Hydroxylated phenylacetamide derivatives had been detected in the urine of 

individuals consuming whole-grain sourdough rye bread (Beckmann et al., 2013). 

Sourdough bread fermentation is governed by natural yeast and lactic acid bacteria (Pétel 

et al., 2017).  However, these hydroxylated phenylacetamide derivatives were assumed to 

derive from the degradation of benzoxazinoids in the rye (Beckmann et al., 2013). 

Benzaldehydes and methyl-benzaldehydes had been detected during the fermentation of 

coffee beans (Ruta and Farcasanu, 2021) and bee pollens (Zhang et al., 2022) with different 

yeast strains. Also, 3-aminosalicylic acid had been detected exclusively in the bee pollens 

fermented with S. cerevisiae (Zhang et al., 2022). Both coffee beans (Mehari et al., 2021) 

and bee pollens (Al-Salem et al., 2020) are sources of flavonoids and other phenolic 

compounds. 2-Aminoacetophenone had been identified as a metabolite generated during 

the fermentation of grape must (Álvarez-Fernández et al., 2020), suggesting the potential 

of yeasts to generate acetophenone derivatives. It is also important to consider the potential 

of PAC to alter metabolism in S. cerevisiae cells to generate unique metabolites. PAC can 

influence the expression of genes in S. cerevisiae important for vitamin, amino acids, 

carbohydrate, and lipid metabolism (Li et al., 2020). Phenyllactic acid is a product of yeasts 

by the catabolism of aromatic amino acids (Álvarez-Fernández et al., 2020). In the current 

study, PAC may have altered the S. cerevisiae metabolism to generate higher 

concentrations of 3-phenyllactic acid. Studies indicating the ability of S. cerevisiae to 

produce aminophenol and derivatives are limited. 

Biotransformation with S. cerevisiae significantly increased the bioavailability of 

OPAC and PPAC in vitro. The bioavailability of the PAC depends on the degree of 
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polymerization with absorbability drastically declining with increasing degree of 

polymerization (Ou and Gu, 2014). In the current study, catechin and epicatechin levels 

significantly increased during the biotransformation process indicating the degradation of 

larger PAC molecules into smaller ones (Pedan et al., 2017). Thus, improvement in OPAC 

and PPAC bioavailability should have resulted from the degradation into molecules with a 

lesser degree of polymerization. 

Initially, the bioactivities of non-BT-PAC and BT-PAC were compared in AML12 

cells induced for lipotoxicity by PA. Subsequently, this cell model was further expanded 

into a NASH model by inducing inflammation using LPS, based on the two-hit theory of 

NASH pathogenesis. The first-hit signifies cellular lipid accumulation/steatosis and the 

second-hit induces cellular inflammation by LPS (Takaki et al., 2013). As demonstrated 

by the current study, PA can induce cellular lipid accumulation/steatosis, oxidative stress, 

and dysregulate lipid metabolism (Nissar et al., 2015; Trepiana et al., 2020). Both BT-PAC 

and non-BT-PAC effectively reduced the PA-induced ROS generation and lipid 

accumulation in the AML12 cells. PAC can ameliorate PA-induced lipotoxicity through 

multiple mechanisms. Procyanidin B2 can ameliorate oxidative stress induced by oleate 

and PA in human hepatocytes by scavenging the ROS, neutralizing superoxide anion 

radicals, and preserving the mitochondrial membrane potential (Su et al., 2018). The same 

study demonstrated the potential of procyanidin B2 to suppress cellular lipid accumulation 

through upregulating lipid degradation by increased lysosomal biogenesis (Su et al., 2018). 

Moreover, the potential of procyanidin B2 to ameliorate chemically-induced oxidative 

stress and DNA damage (Suraweera et al., 2023) can be beneficial to protect the liver 

against environmental toxins.  
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The potential of PA to induce cellular lipotoxicity through upregulation of de novo 

lipogenesis genes, CD36, SREBP1, PPAR-γ (Nissar et al., 2015), ACC, and FAS (Trepiana 

et al., 2020), is previously reported in multiple hepatic cell lines. PA also inhibits the 

expression of PPAR-α, an important regulator of cellular lipid homeostasis (Popeijus et al., 

2014). In the current study, BT-PAC restored the cellular protein levels of these metabolic 

regulators disturbed by the PA overload. CD36 is a fatty acid transporter and 

overexpression of CD36 is known to associate with cellular lipid accumulation. PAC can 

ameliorate the overexpression of CD36 in rats administered with lard oil (Quesada et al., 

2012). SREBP1 is a major regulator of cellular lipid metabolism (Li et al., 2017). The 

hypolipidemic effects of PAC are mediated by the suppression of SREBP1 through the 

upregulation of orphan nuclear receptor small heterodimer partner (SHP) (Del Bas et al., 

2008) and inhibition of the mammalian target of rapamycin complex 1 (mTORC1) (Li et 

al., 2017). PPARs regulate multiple functions of hepatic lipid metabolism, including, fatty 

acid uptake, fatty acid storage, and β-oxidation. In NAFLD patients, hepatic expression of 

PPAR-γ is increased while PPAR-α is repressed (Liss and Finck, 2017). Procyanidin B2 

can suppress the expression of PPAR-γ by regulating miR-483-5p in 3T3-L1 preadipocyte 

cells to inhibit adipogenesis (Zhang et al., 2017). PPAR-α facilitates the catabolism of 

cellular lipids. The ability of PAC to upregulate PPAR-α to mitigate hyperlipidemia had 

been demonstrated in rats (Yogalakshmi et al., 2013). PAC can also preserve cellular lipid 

homeostasis by suppressing the expression of ACC and FAS in type-2 diabetic mice (Tie 

et al., 2020). Regulation of ACC and FAS can occur through adenosine 5-monophosphate 

activated protein kinase (AMPK)/ACC/carnitine palmitoyl transferase 1A (CPT1A) 

signalling (Tie et al., 2020). The same study demonstrated that B-type procyanidins are 
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more effective in reducing cellular lipid accumulation compared to catechin and 

epicatechin. Among the B-type procyanidins, B1 and B3 procyanidins are more potent in 

reducing cellular lipid accumulation (Tie et al., 2020), suggesting that the hypolipidemic 

activity of PAC is structure dependent. In the current study, non-BT-PAC was not effective 

in restoring cellular protein levels of the tested lipid metabolic regulators disturbed by the 

PA. Biotransformation with S. cerevisiae may convert OPAC and PPAC into molecules 

more potent in reducing cellular lipid accumulation and BT-PAC may mitigate lipid 

accumulation through multiple mechanisms (Fig. 4.7a).  

PAC can increase the activity of cellular antioxidant enzymes, GPx, SOD, and 

catalase to mitigate fatty acids-induced oxidative stress (Su et al., 2018). Nrf2 is a major 

regulator of the cellular antioxidant defense system, especially under oxidative stress. 

Upregulation of the cellular antioxidant enzymes is a key mechanism of Nrf2-mediated 

oxidative stress mitigation (Suraweera et al., 2020). Hepatic oxidative stress is a major 

contributor to NAFLD pathogenesis and steatosis progression into NASH. Therefore, Nrf2 

activation is considered a novel therapeutic target for the mitigation of steatosis and NASH 

(Xu et al., 2019). PAC can upregulate hepatic activation of Nrf2 through multiple 

mechanisms (Liu et al., 2018; Truong et al., 2014). PAC drastically increases the Nrf2 

activation in HepG2 cells through ERK and phosphoinositide 3-kinase (PI3K)/protein 

kinase B (AKT) signalling (Truong et al., 2014). In lead acetate-induced hepatotoxicity, 

PAC can ameliorate hepatic injury through activation of the Nrf2 pathway by 

AKT/glycogen synthase kinase 3 beta (GSK-3β)/Fyn signalling and downregulation of 

miRNA153 (Liu et al., 2018). In the current study, both non-BT-PAC and BT-PAC 

significantly increased the nuclear translocation of Nrf2. Activation of Nrf2 was more 
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prominent with BT-PAC as shown by the phosphorylation of Nrf2 and cellular levels of 

Nrf2 pathway downstream antioxidant enzymes. Activation of the Nrf2 by PAC is 

structure-dependent (Chen et al., 2022). Biotransformation of OPAC and PPAC by S. 

cerevisiae may increase the concentration of PAC metabolites that are more potent in Nrf2 

activation. 

PA and LPS can induce hepatic inflammation through TLR4 signalling by 

activating the NF-κB and mitogen-activated protein kinase (MAPK) inflammatory 

signalling cascades (Lee et al., 2017; Yang et al., 2022). Both BT-PAC and non-BT-PAC 

were effective in reducing the PA and LPS-induced inflammation as shown by the reduced 

TNF-α expression. However, BT-PAC demonstrated better inflammatory activity by 

significantly reducing the IL-6 expression in addition to the TNF-α. A similar reduction in 

the expressions of IL-6 and TNF-α by grape seed PAC administration had been observed 

in a mice model of chemically-induced steatohepatitis (Huang et al., 2020). In LX-2 human 

hepatic stellate cells induced for inflammation by LPS, grape seed PAC downregulated the 

expressions of proinflammatory cytokines IL-1β, IL-6, and IL-8 by suppressing TLR4/NF-

κB signalling. Suppression of NF-κB may have been mediated by the downregulated 

expression of MAPK, JNK, ERK, and p38 (Lee et al., 2017). Similarly, PAC can inhibit 

the production of IL-6 and TNF-α in Raw 264.7 macrophages by suppressing the 

expressions of NF-κB and AP-1 transcription factor of c-Jun. Reduction of the 

inflammation in macrophages may have been mediated by the suppression of MAPK, 

ERK, JNK, and p38 (Limtrakul et al., 2016). Also, CD36 and PPARs (γ and α) regulate the 

cellular inflammatory response through NF-κB and AP-1 signalling (Cao et al., 2016; 

Korbecki et al., 2019). The ability of the CD36 to activate NF-κB and AP-1 in primary goat 
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mammary epithelial cells when stimulated by LPS is previously reported (Cao et al., 2016). 

Activation of PPARs during inflammatory responses can inhibit the activity of NF-κB 

(Korbecki et al., 2019). The BT-PAC was able to restore cellular protein levels of CD36 

and PPARs altered by the PA. Therefore, CD36 and PPARs regulation by BT-PAC may 

have contributed to ameliorating PA and LPS-induced inflammation in the AML12 cells. 

Thus, BT-PAC may ameliorate cellular inflammation through multiple mechanisms (Fig. 

4.7b). 

The improved bioactivities of BT-PAC compared to non-BT-PAC can be due to 

the PAC metabolites generated during the biotransformation process. Pyrogallol had been 

recognized as an Nrf2 pathway activator in vitro (Liu et al., 2022). Both pyrogallol and 

gallic acid depict anti-inflammatory activity in macrophages stimulated by LPS. To 

mitigate LPS-induced inflammation, pyrogallol suppressed the NF-κB activation and 

promoted the MAPK/heme oxygenase-1 signalling (Chantarasakha et al., 2022). 

Phloroglucinol, another potential metabolite by the S. cerevisiae-mediated 

biotransformation of PAC, can ameliorate PA-induced NAFLD conditions in HepG2 cells 

(Drygalski et al., 2021). Phloroglucinol significantly reduces cellular oxidative stress, 

steatosis, and NF-κB expression while promoting the activity of cellular antioxidant 

enzymes (Drygalski et al., 2021). Multiple studies have demonstrated the benefits of gallic 

acid as a potential therapeutic agent for NAFLD (Fanaei et al., 2021; Zhang et al., 2023). 

The ability of gallic acid to reduce NAFLD risk through inhibiting de novo lipogenesis by 

the activation of AMPK signalling (Zhang et al., 2023) aligns with the findings of the 

current study. Activation of AMPK can upregulate PPAR-α, a major promoter of cellular 

lipid β-oxidation (Zhang et al., 2023). Moreover, gallic acid reduces inflammation in rats 
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with NAFLD by suppressing NF-κB expression and alleviating oxidative stress by 

promoting the activity of the Nrf2 pathway (Fanaei et al., 2021). Hydroxyphenylacetic 

acids are potent in reducing acetaminophen-induced hepatotoxicity by activation of the 

Nrf2 pathway (Zhao et al., 2018). Hydroxyphenylacetic acids can also inhibit the 

production of inflammatory cytokines in lung tissues and macrophages (Liu et al., 2014). 

Thus, 2-hydroxyphenylacetic acid generated by the PAC biotransformation may have 

contributed to Nrf2 activation and inflammation reduction in the current study. Colonic 

microbiota can convert hydroxyphenylacetic acids into benzoic acid derivatives (Manach 

et al., 2004). 3,5-Dihydroxybenzoic acid (protocatechuic acid) mitigates the risk of 

NAFLD by reducing oxidative stress and inflammation, regulating glucose and lipid 

metabolism, and increasing energy expenditure by brown adipose tissues (Gao et al., 2022). 

Derivatives of hydroxycinnamic acids are potent in ameliorating NAFLD pathogenesis 

through similar mechanisms (Alam et al., 2016). 2,4,6-Trihydroxyacetophenone, also 

known as phloracetophenone, protects the liver against carbon tetrachloride-induced 

damage by counteracting oxidative stress by increasing the activity of cellular antioxidant 

enzymes (Ferreira et al., 2010). Further studies are required to investigate the potential of 

3-aminophenol, 4-hydroxyphenylacetamide, 3-aminosalicylic acid, and 3-phenyllactic 

acid to inhibit NAFLD pathogenesis. Biotransformation of the OPAC and PPAC by S. 

cerevisiae can significantly increase the bioactivity against cellular lipid accumulation and 

inflammation. Biotransformation of OPAC and PPAC by S. cerevisiae improved the 

bioavailability while generating PAC molecules of low degree of polymerization and 

bioactive metabolites potent in the reduction of risk of steatosis and NASH.  
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4.6 CONCLUSIONS 

S. cerevisiae can biotransform OPAC and PPAC into simple metabolites and the 

ability of S. cerevisiae to biotransform PAC is affected by the dextrose (sugar) 

concentration in YGM. The bioavailability of PAC can be significantly increased by the 

biotransformation with S. cerevisiae. Both BT-PAC and non-BT-PAC ameliorate the PA-

induced ROS production and lipid accumulation in vitro. However, BT-PAC is more 

effective in the reduction of ROS and cellular lipid accumulation. BT-PAC may reduce 

cellular lipid accumulation by modulating the expression of key regulators of de novo 

lipogenesis. BT-PAC is significantly more potent in the activation of the Nrf2 pathway and 

upregulation of cellular antioxidant enzyme levels compared to the non-BT-PAC. BT-PAC 

hinders the progression of steatosis to NASH in vitro by repressing the PA and LPS-

induced inflammation through suppression of TLR4/NF-κB and TLR4/MAPK signalling 

cascades. Non-BT-PAC is less potent in the reduction of PA and LPS-induced 

inflammation compared to BT-PAC. The findings of this study are useful to develop PAC-

based strategies to mitigate the pathogenesis of NAFLD and the progression of simple 

steatosis into NASH, by improving the bioavailability and bioactivity of PAC. 
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Table 4.1. Concentrations of the proanthocyanidin metabolites exclusively detected in the 

yeast growth medium during the biotransformation of proanthocyanidins. 

Metabolite 
m/z 

(ESI−) 

Rt 

(min) 

Concentrations in growth medium 

(µg/mL) 

OPAC4 OPAC8 PPAC4 PPAC8 

3-Aminophenol 108 1.54 0.16b 0 0.30 ± 

0.01a 

0 

Pyrogallol and 

phloroglucinol (pyrogallol 

equivalence) 

125 0.90 0.46 ± 

0.07a 

0.43 ± 

0.03a 

0.38 ± 

0.03a 

0.35 ± 

0.04a 

4-Hydroxyphenylacetamide 150 0.92 0.07 ± 

0.01b 

0.06b 0.14 ± 

0.01a 

0.15 ± 

0.01a 

2-HPA and 2,4-D-6-MB 

(2-HPA equivalence) 

151 0.95 1.07 ± 

0.08b 

1.10 ± 

0.04b 

0.26c 1.73 ± 

0.07a 

3-Aminosalicylic 152 0.93 0.04b 0.04b 0.01c 0.06a 

2,3-DHB and 3,5-DHB      

(2,3-DHB equivalence) 

153 0.95 0.52 ± 

0.04b 

0.45 ± 

0.01c 

0.72 ± 

0.02a 

0.40 ± 

0.02c 

2-Hydroxycinnamic acid 163 0.91 0.15c 0.17 ± 

0.01b 

0.14d 0.19a 

3-Phenyllactic acid 165 0.93 0.09 ± 

0.01d 

0.18 ± 

0.01c 

0.26 ± 

0.01b 

0.33 ± 

0.01a 

2,4,6-

Trihydroxyacetophenone 

167 0.92 0.21 ± 

0.01a 

0.13 ± 

0.01b 

0.08c 0 

Gallic acid 169 0.88 0.39 ± 

0.09a 

0.41 ± 

0.01a 

0.37 ± 

0.02a 

0.34 ± 

0.06a 

 

Concentrations of the potential proanthocyanidin (PAC) metabolites are given in means ± 

standard deviations of three individual experiments. Means that do not share a similar letter 

across a row are significantly different at 95% confidence level. 2,3-DHB, 2,3-

Dihydroxybenzoic acid; 2,4-D-6-MB, 2,4-Dihydroxy-6-methylbenzaldehyde; 2-HPA, 2-

hydroxyphenylacetic acid; 3,5-DHB, 3,5-dihydroxybenzoic acid; m/z (ESI−), mass-to-

charge ratio in electrospray ionization negative mode; OPAC4: oligomeric PAC 

biotransformed for four days; OPAC8: oligomeric PAC biotransformed for eight days; 

PPAC4: polymeric PAC biotransformed for four days; PPAC8: polymeric PAC 

biotransformed for eight days; Rt, retention time. 
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Figure 4.1. Variations of total proanthocyanidins content (TPAC) (a), total phenolic 

content (TPC) (b), and proanthocyanidin (PAC) monomers, catechin and epicatechin (c) in 

yeast growth medium (YGM) during the biotransformation of PAC. Oligomeric PAC 

(OPAC) and polymeric PAC (PPAC) were incubated with S. cerevisiae cultures for eight 

days to biotransform into simple metabolites. YGMs with three different dextrose levels 

(25, 50, and 100% of the original recipe) were experimented with for the PAC 

biotransformation. DMAC, 4-dimethylaminocinnamaldehyde; CE, catechin equivalence; 

GAE, gallic acid equivalence. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

216 
 

 



 

217 
 

Figure 4.2. Comparison of the bioavailability of biotransformed (BT) and non-BT 

proanthocyanidins (PAC) (a), and the potential to ameliorate palmitic acid (PA)-induced 

cellular reactive oxygen species production (ROS) (b) and cellular lipid accumulation (c). 

Means that do not share a similar letter are significantly different. BT-OPAC4, oligomeric 

PAC biotransformed for four days; BT-PPAC, BT-PPAC4, polymeric PAC biotransformed 

for four days; D1 – D8, biotransformed for 1 – 8 days; ND, not detected; OPAC, oligomeric 

PAC; PPAC, polymeric PAC; Yeast4, S. cerevisiae incubated for four days. 
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Figure 4.3. Mechanisms of biotransformed (BT) and non-BT proanthocyanidin (PAC) in 

the reduction of palmitic acid (PA)-induced cellular lipid accumulation. Means that do not 

share a similar letter are significantly different. ACC, acetyl-CoA carboxylase; BT-

OPAC4, oligomeric PAC biotransformed for four days; BT-PPAC4, polymeric PAC 

biotransformed for four days; CD36, cluster of differentiation 36; FAS, fatty acid synthase; 

OPAC, oligomeric PAC;  p-ACC, phospho-acetyl-CoA carboxylase; PPAC, polymeric 

PAC; PPAR, peroxisome proliferator-activated receptor; SREBP1, sterol regulatory 

element-binding protein 1; Yest4, S. cerevisiae incubated for four days. 
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Figure 4.4. Activation of the nuclear factor erythroid 2–related factor 2 (Nrf2) pathway by 

biotransformed (BT) and non-BT proanthocyanidins (PAC). Nrf2 nuclear translocation in 

the AML12 cells pretreated with PAC and exposed to palmitic acid (PA) was visualized 

and measured (a). Cellular protein levels of the Nrf2 complex components and Nrf2 

pathway downstream antioxidant enzymes were also measured (b). Means that do not share 

a similar letter are significantly different. BT-OPAC4, oligomeric PAC biotransformed for 

four days;  BT-PPAC4, polymeric PAC biotransformed for four days; GPx, glutathione 

peroxidase; KEAP1, kelch-like ECH-associated protein 1; OPAC, oligomeric PAC;  p-

Nrf2, phospho-Nrf2; PPAC, polymeric PAC; SOD, superoxide dismutase; Yeast4, S. 

cerevisiae incubated for four days. 
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Figure 4.5. Reduction of palmitic acid (PA) and lipopolysaccharide (LPS)-induced cellular 

inflammation by biotransformed (BT) and non-BT proanthocyanidins (PAC) as measured 

by reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR) 

analysis. Means that do not share a similar letter are significantly different. BT-OPAC4, 

oligomeric PAC biotransformed for four days; BT-PPAC4, polymeric PAC biotransformed 

for four days; ERK, extracellular signal-regulated protein kinase; IL-6, interleukin-6; JNK, 

c-Jun N-terminal Kinase; NF-κB, nuclear factor-kappa-light-chain-enhancer of activated B 

cells; OPAC, oligomeric proanthocyanidins; PPAC, polymeric proanthocyanidins; TLR4, 

toll-like receptor 4; TNF-α, tumor necrosis factor-alpha; Yeast4, S. cerevisiae incubated for 

four days. 
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Figure 4.6. Reduction of palmitic acid (PA) and lipopolysaccharide (LPS)-induced cellular 

inflammation by biotransformed (BT) and non-BT proanthocyanidins (PAC) as measured 

by western blot analysis. Means that do not share a similar letter are significantly different. 

BT-OPAC4, oligomeric PAC biotransformed for four days; BT-PPAC4, polymeric PAC 

biotransformed for four days; ERK, extracellular signal-regulated protein kinase; IL-6, 

interleukin-6; JNK, c-Jun N-terminal kinase; NF-κB, nuclear factor-kappa-light-chain-

enhancer of activated B cells; OPAC, oligomeric PAC; p-, phosphorylated protein; PPAC, 

polymeric PAC; TLR4, toll-like receptor 4; TNF-α, tumor necrosis factor-alpha; Yeast4, S. 

cerevisiae incubated for four days. 
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Figure 4.7. Mechanisms of biotransformed proanthocyanidins (BT-PAC) in the reduction 

of palmitic acid (PA)-induced cellular lipid accumulation (a) and PA and 

lipopolysaccharide (LPS)-induced cellular inflammation (b). CD36 facilitates the cellular 

uptake of palmitic acid. Palmitic acid in cells can dysregulate lipid metabolism and increase 

cellular lipid accumulation by promoting the expressions of SREBP1, PPAR-γ, and de 

novo lipogenesis enzymes, ACC and FAS. PA can also promote cellular lipid accumulation 

by restricting fatty acid oxidation through the downregulation of PPAR-α. Biotransformed 

PAC can ameliorate PA-induced cellular lipid accumulation by the downregulation of 

CD36, PPAR-γ, SREBP1, ACC, and FAS, and the upregulation of PPAR-α. In cellular 

inflammation (b), palmitic acid and LPS can bind with TLR4 receptors and activate MAPK 

and NF-κB-mediated inflammatory responses. MAPK such as ERK1, ERK2, and JNK can 

upregulate AP-1 components, c-FOS and c-Jun. AP-1 and NF-κB can translocate into the 

cell nucleus and attach with binding sites to produce proinflammatory cytokines IL-6 and 

TNF-α. BT-PAC can reduce PA and LPS-induced cellular inflammation by the 

downregulation of TLR4, MAPK (ERK1, ERK2, and JNK), AP-1 components (c-FOS and 

c-Jun), and NF-κB. ACC, acetyl-CoA carboxylase; AP-1, activator protein 1; CD36, 

cluster of differentiation 36; ERK, extracellular signal-regulated protein kinase; FAS, fatty 

acid synthase; IL-6, interleukin-6; JNK, c-Jun N-terminal Kinase; MAPK, mitogen-

activated protein kinases; NF-κB, nuclear factor-kappa-light-chain-enhancer of activated 

B cells; PPAR, peroxisome proliferator-activated receptor; SREBP1, sterol regulatory 

element-binding protein 1; TLR4, toll-like receptor 4; TNF-α, tumor necrosis factor-alpha. 
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4.8. SUPPLEMENTARY TABLE 

Supplementary table S4.1. Forward and reverse primer sequences used in the RT-qPCR 

analysis. 

Gene Forward Reverse 
Accession 

No. 

1) GAPDH 
GGGAAGCCCATCACC

ATCTT 

GCCTTCTCCATGGTG

GTGAA 

NM_00808

4.3 

2) β-Actin 
CTCTGGCTCCTAGCAC

CATGAAGA 

GTAAAACGCAGCTC

AGTAACAGTCCG 

NM_00739

3.5 

3) IL-1β 
GAAATGCCACCTTTTG

ACAGTG 

TGGATGCTCTCATCA

GGACAG 

NM_00836

1 

4) IL-6 
CTGCAAGAGACTTCC

ATCCAG 

AGTGGTATAGACAG

GTCTGTTGG 

NM_03116

8 

5) TNF-α 
CAGGCGGTGCCTATGT

CTC 

CGATCACCCCGAAGT

TCAGTAG 

NM_01369

3 

6) TLR4 
ACTCAGCAAAGTCCCT

GATGACA 

AGGTGGTGTAAGCC

ATGCCA 

NM_02129

7.3 

7) NF-κB 
AAGAACAGAGACCGC

TGGTG 

CAGGTTCTGCATCCC

CTCTG 

XM_00650

9023.5 

8) p38 

(MAPK14) 

GCCGCTTAGTCACATA

CCACT 

GTCCCCGTCAGACGC

ATTAT 

NM_00135

7724.1 

9) JNK1 

(MAPK8) 

CTTCAGAAGCAGAAG

CCCCA 

TGTGCTAAAGGAGA

CGGCTG 

NM_01670

0.4 

10) ERK1 

(MAPK3) 

ACACTGGCTTTCTGAC

GGAG 

TGATGCGCTTGTTTG

GGTTG 

NM_01195

2.2 

11) ERK2 

(MAPK1) 

TTGCTTTCTCTCCCGC

ACAA 

AGCCCTTGTCCTGAC

CAATTT 

NM_01194

9.3 

12) Jun (AP-1) 
AAGAAGCTCACAAGT

CCGGG 

GAGGGCATCGTCGT

AGAAGG 

NM_01059

1.2 

13) FOS (AP-1) 
TGTTCCTGGCAATAGC

GTGT 

TCAGACCACCTCGAC

AATGC 

NM_01023

4.3 
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4.9. SUPPLEMENTARY FIGURES 

         

Supplementary Figure S4.1. Toxicity of oligomeric proanthocyanidins (OPAC) (a) and 

polymeric proanthocyanidins (PPAC) (b) in Saccharomyces cerevisiae cultures. S. 

cerevisiae cultures were incubated with different concentrations (10 – 1000 µg/mL) of 

OPAC and PPAC for 24 hours and absorbance of the yeast growth medium was measured 

at 600 nm wavelength (OD600). Growth of the S. cerevisiae cultures in different 

concentrations of proanthocyanidins were measured by comparing the OD600 values to the 

negative control. Results were expressed as mean % growth of S. cerevisiae cultures of 

three independent experiments. Means that do not share a similar letter are significantly 

different at 95% confidence level.  
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Supplementary Figure S4.2. Workflow tree used to analyze high-resolution mass 

spectrometry data by the Compound Discoverer software.  
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Supplementary Figure S4.3-1. Toxicity of biotransformed (BT)-proanthocyanidins 

(PAC) and non-BT-PAC in Caco-2 cells. Cells were treated with different concentrations 

of PAC (25 – 500 µg/mL) for 24 hours. Cells were incubated with MTS/phenazine 

methosulphate (PMS) in phosphate-buffered saline solution (MTS, 333 μg/mL; PMS, 

25 μM of final concentration) for 2.5 hours at 37 °C and absorbance was measured at 490 

nm wavelength. Cell viabilities at different PAC concentrations were measured by 

comparing the absorbances to the negative control. Results were expresses as mean % cell 

viability of three independent experiments. Means that do not share a similar letter are 

significantly different at 95% confidence level. BT-OPAC4 and BT-OPAC8, oligomeric 

PAC biotransformed for four and eight days; BT-PPAC4 and BT-PPAC8, polymeric PAC 

biotransformed for four and eight days; OPAC, oligomeric PAC; PPAC, polymeric PAC. 
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Supplementary figure S4.3-2. Toxicity of biotransformed (BT)-proanthocyanidins (PAC) 

and non-BT-PAC in AML12 cells. Cells were treated with different concentrations of PAC 

(25 – 500 µg/mL) for 24 hours. Cells were incubated with MTS/phenazine methosulphate 

(PMS) in phosphate-buffered saline solution (MTS, 333 μg/mL; PMS, 25 μM of final 

concentration) for 2.5 hours at 37 °C and absorbance was measured at 490 nm wavelength. 

Cell viabilities at different PAC concentrations were measured by comparing the 

absorbances to the negative control. Results were expresses as mean % cell viability of 

three independent experiments. Means that do not share a similar letter are significantly 

different at 95% confidence level. BT-OPAC2 – BT-OPAC8, oligomeric PAC 

biotransformed for two to eight days; BT-PPAC2 – BT-PPAC8, polymeric PAC 

biotransformed for two to eight days;  OPAC, oligomeric PAC; PPAC, polymeric PAC.  
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 CHAPTER 5. GENERAL CONCLUSIONS 

5.1. Overview of the thesis and major findings of the research 

Nonalcoholic fatty liver disease (NAFLD) is the most prominent chronic liver 

disease worldwide. The prevalence of NAFLD is predicted to increase and impact more 

than half of the global adult population by 2040 (Le et al., 2022). However, a medical drug 

approved by the United States Food and Drug Administration (FDA) is currently 

unavailable to treat NAFLD. Thus, effective strategies are necessary to control this rising 

epidemic. Dietary interventions, especially the administration of probiotics and bioactive 

phytochemicals such as polyphenols, have shown the potential to reduce the risk of 

NAFLD. Oligomeric and polymeric proanthocyanidins (PAC) are the most abundant 

dietary polyphenols. Dietary PAC are capable of reducing the risk of NAFLD through 

multiple mechanisms. However, the bioactivities of PAC against NAFLD are limited by 

their low bioavailability. Therefore, I established the proof of concept for developing PAC-

based synbiotics through biotransforming PAC into bioavailable and bioactive metabolites. 

In future, the development of PAC-based synbiotics may improve the beneficial effects of 

both PAC and probiotics, synergistically. Initially, I developed and optimized an 

ultrasonication-assisted aqueous ethanol-based PAC extraction method to obtain food-

grade PAC from grape seeds. The majority of currently available PAC extraction methods 

utilize toxic extraction solvents such as acetone, ethyl acetate, and methanol that can leave 

harmful solvent residues in the extracted PAC. The new ethanol-based extraction method 

generated the highest PAC yield when extraction was conducted under the optimum 

conditions of 47% aqueous ethanol, 60 °C temperature, 10.14:1 solvent to solid ratio, and 

53 min sonication time. The ethanol-based extraction method could recover more PAC 
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from the grape seeds compared to the conventional acetone-based extraction method. In 

ethanol-based PAC extraction, the extraction efficiencies are similar for the grape seeds 

and grape seed powder. Therefore, the ethanol-based extraction method for grape seeds is 

advantageous for industrial-scale PAC extraction, since grinding grape seeds into a powder 

is not required. The developed PAC extraction method could obtain a mixture of PAC 

monomers, dimers, oligomers, and polymers from the grape seeds. According to a 

phloroglucinolysis-based characterization conducted later, the PAC extracted by the 

ethanol-based method had a low mean degree of polymerization (MDP) compared to the 

acetone-based method (4.82 ± 0.12 vs. 9.26 ± 0.22). PAC with a low MDP is more desirable 

for food and nutraceutical applications as such PAC are considerably more bioavailable 

(Iannuzzo et al., 2022). The bioactivity of the PAC extracted by the ethanol-based method 

was evaluated in a palmitic acid-induced steatosis model of AML12 mouse hepatocytes. 

The extracted PAC could significantly reduce the palmitic acid-induced oxidative stress 

and lipid accumulation in the AML12 cells. Moreover, the retention of PAC in grape mash 

after fermentation in wine production was evaluated by the new ethanol-based extraction 

method. PAC content in the grape mash significantly declined during the fermentation, yet 

retained a considerable quantity of PAC to be recognized as a source for PAC extraction. 

The developed ethanol-based extraction method can recover PAC from grape seeds and 

grape by-products of the winemaking. Thus, PAC required to formulate PAC-based 

synbiotics can be extracted from the by-products of wine production by using the 

developed ethanol-based extraction method. 

The current knowledge on the potential of probiotic bacteria to biotransform 

oligomeric PAC (OPAC) and polymeric PAC (PPAC) is limited. Therefore, I evaluated 
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the ability of a mixture of Lactobacillus and Bifidobacterium probiotic bacteria together 

with novel probiotic bacteria Akkermansia muciniphila (AM) to biotransform PPAC into 

bioavailable metabolites in C57BL/6 mice. Probiotic bacteria may biotransform PPAC into 

unique bioavailable metabolites such as 4-hydroxybenzoic acid that are not produced by 

the natural gut microbiota-mediated PAC degradation. Probiotic bacteria may also increase 

the efficiency of PPAC biotransformation in the mice’s colon. I further evaluated the 

effects of PPAC and probiotic bacteria supplementation on the gut microbiota of mice to 

identify any shift beneficial for NAFLD mitigation. However, this supplementation 

approach did not alter the gut microbiota composition as demonstrated by the α-diversity 

indices, Firmicutes/Bacteroidetes ratio, and relative frequency (%) of the AM. During the 

dissection of mice, I observed liver abnormalities in the mice administered with the PPAC 

alone or combined with the probiotics. Histological evaluation of the liver tissues suggested 

the presence of nonalcoholic steatohepatitis (NASH) in mice administered with the PPAC. 

Further experimentation revealed that PPAC impair the gut epithelial barrier function by 

reducing the expressions of tight-junction (TJ) proteins. Bacterial lipopolysaccharides 

(LPS) may have translocated into the livers of mice through the impaired gut epithelium 

and subsequently induced NASH. In contrast, the OPAC upregulated the expression of TJ 

protein, claudin-3 in vitro, suggesting possible opposing effects of OPAC and PPAC on 

the expressions of gut epithelial TJ proteins. The probiotic bacteria are capable of 

biotransforming the PPAC into bioavailable metabolites in mice. PAC are generally 

recognized as safe for human consumption and reports on the toxic effects of PAC are 

extremely limited. This study reported for the first time that PPAC may indirectly induce 

liver injury. 
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Considering the possible liver toxicity that can be caused by PPAC, I attempted to 

conduct the PAC biotransformation in vitro, so that PPAC can be converted into non-toxic 

metabolites. Also, biotransformation was performed by using Saccharomyces cerevisiae 

instead of the probiotic bacteria with the expectation of generating more unique bioactive 

metabolites. Both OPAC and PPAC were biotransformed by incubating with S. cerevisiae. 

The PAC biotransformation efficiency significantly varied depending on the sugar 

concentration of the S. cerevisiae growth medium. A partial restriction of the sugars in the 

growth medium may promote PAC biotransformation. S. cerevisiae biotransformed both 

OPAC and PPAC into many bioactive metabolites. The bioavailability of biotransformed 

(BT)-OPAC and BT-PPAC were significantly higher than non-BT-OPAC and non-BT-

PPAC, respectively, as measured by uptake into Caco-2 cells and permeability through 

Caco-2 cell monolayers in vitro. The BT-OPAC and BT-PPAC were first evaluated in a 

palmitic acid-induced steatosis model of AML12 cells. BT-PAC could significantly reduce 

the palmitic acid-induced lipid accumulation in AML12 cells. BT-PAC reduced cellular 

lipid accumulation by suppressing the de novo lipogenesis and promoting the fatty acid β-

oxidation. Moreover, BT-PAC ameliorated the palmitic acid-induced oxidative stress in 

the AML12 cells. BT-PAC activated the nuclear factor erythroid 2–related factor 2 (Nrf2) 

antioxidant pathway and upregulated the expression of cellular antioxidant enzymes. 

Activation of the Nrf2 pathway is considered a novel therapeutic target for NAFLD risk 

mitigation by resolving oxidative stress-mediated hepatic injury. As expected, the 

bioactivities of BT-OPAC and BT-PPAC were significantly more prominent compared to 

their non-BT counterparts. I also studied the potential of BT-PAC to reduce the progression 

of steatosis to NASH by using a palmitic acid and LPS-induced two-hit NASH model of 
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AML12 cells. Progression of the simple hepatic steatosis to NASH is signified by the 

induction of hepatic inflammation. BT-OPAC and BT-PPAC may reduce the progression 

of hepatic steatosis to NASH by suppressing the toll-like receptor 4 (TLR4)-mediated 

activation of nuclear factor-kappa-light-chain-enhancer of activated B cells (NF-κB) and 

mitogen-activated protein kinases (MAPK) inflammatory signalling pathways. The 

potential of BT-OPAC and BT-PPAC to mitigate the palmitic acid and LPS-induced 

inflammation in the AML12 cells was significantly more prominent compared to their non-

biotransformed counterparts. S. cerevisiae biotransformed OPAC and PPAC into 

metabolites that can significantly reduce the pathogenesis of NAFLD and progression into 

NASH in vitro. Taken together, my doctoral thesis research presents a potentially novel 

approach to mitigate the risk of NAFLD by the development of PAC-based synbiotics. 

However, such synbiotics must be critically evaluated for their negative health effects. 

5.2. Limitations of the research and future directions 

Development of an ethanol-based PAC extraction method 

The developed PAC extraction method is assisted by ultrasonication to improve 

extraction efficiency. During the PAC extraction, ultrasonication was conducted at the 

fixed 1000 W power level. In future studies, the effect of different ultrasonication power 

levels on the extraction efficiency of PAC can be investigated. Also, the two different 

modes of ultrasonication, the continuous and pulse modes, can be further studied to select 

the most efficient mode of operation for PAC extraction. Optimization of the 

ultrasonication power level and selection of the appropriate operation mode is important to 

save energy while ensuring the maximum PAC extraction efficiency (Kobus et al., 2021).  
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Characterization of the PAC 

In the current study, characterization of the PAC extracted from grape seeds was 

performed by a method based on PAC depolymerization through phloroglucinolysis. The 

phloroglucinolysis reaction can depolymerize the PAC by cleaving the interflavan bonds, 

releasing the terminal subunit as a PAC monomer, and stabilizing the extension subunits 

as phloroglucinol adducts. Ideally, for the quantification of phloroglucinol adducts in the 

reaction mixture, standard concentration curves from each phloroglucinol adduct are 

required. This requires the chemical synthesis of phloroglucinol adducts by reacting the 

PAC monomers with phloroglucinol (Arapitsas et al., 2021; Kennedy and Jones, 2001). In 

the current study, phloroglucinol adducts were quantified based on the standard 

concentration curves created for the corresponding PAC monomers rather than the 

phloroglucinol adducts. Therefore, the MDP values calculated for PAC may have deviated 

from the true MDP values.  

The potential of probiotic bacteria to biotransform PPAC 

The potential of probiotic bacteria to biotransform PPAC was investigated in a 

C57BL/6 mouse model. The PPAC and probiotic bacteria were administered by mixing 

into the feed pellets which enabled the mice to consume PPAC and probiotic bacteria 

throughout the day. I anticipated this supplementation approach will provide sufficient time 

for beneficial changes in the gut microbiota and probiotic bacteria to biotransform PPAC. 

However, many of the studies attempting to detect PAC metabolites had administered PAC 

through oral gavage (Pereira-Caro et al., 2020; Prasain and Barnes, 2020). Also, the PAC 

metabolites can be excreted with urine and feces during supplementation over an extended 

period, thus, reducing the measurable concentrations of PAC metabolites in blood plasma 
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and organ tissues. Therefore, in future studies, oral gavage mouse models may provide 

more knowledge on the PAC metabolites produced by the probiotic bacteria. For instance, 

C57BL/6 mice can be supplemented with PPAC and probiotic bacteria through oral gavage 

and mice blood plasma and tissues can be analyzed for the PAC metabolites after 1, 2, 4, 

6, 12, and 24 h of the gavage. Moreover, the urine and feces of the mice can also be 

analyzed to identify the PAC metabolites (Pereira-Caro et al., 2020). In the current study, 

PPAC supplementation was unable to increase the abundance of AM bacteria or improve 

the composition of mice’s gut microbiota as suggested by previous studies (Redondo-

Castillejo et al., 2023; Zhang et al., 2018). Also, the administration of PPAC compromised 

the gut epithelial barrier function in mice. However, several other studies had demonstrated 

the potential of PAC to protect the gut epithelial barrier function (Ferreira et al., 2023; 

Redondo-Castillejo et al., 2023). Such discrepancies may have occurred due to the 

opposing effects of OPAC and PPAC. In the mouse gut and Caco-2 cell monolayers, PPAC 

could reduce the expressions of TJ proteins while OPAC increased the expression of TJ 

protein, claudin-3, in the Caco-2 cell monolayers. Therefore, further experiments can be 

recommended to compare the effects of OPAC and PPAC on the gut microbiota and gut 

epithelial barrier function. 

The potential of S. cerevisiae to biotransform PAC 

S. cerevisiae is capable of biotransforming the OPAC and PPAC into simple 

metabolites. In the current study, PAC biotransformation was achieved by the incubation 

of PAC with S. cerevisiae cultures under aerobic conditions. In future research, it is 

interesting to investigate the potential of S. cerevisiae to biotransform PAC under anaerobic 

conditions and evaluate the bioactivities of resulting metabolites. Metabolic products of S. 
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cerevisiae can considerably vary when the biotransformation process is conducted under 

anaerobic conditions (Tronchoni et al., 2022). 

The ability of S. cerevisiae to biotransform PPAC into simple metabolites may 

reduce the liver toxicity that could cause by PPAC. Also, the BT-OPAC and BT-PPAC 

were potent in reducing cellular lipid accumulation and inflammation in vitro, suggesting 

their beneficial effects in NAFLD and NASH. However, the low liver toxicity and 

bioactivities of the BT-PAC must be further investigated and established by using 

appropriate in vivo models. Moreover, in future studies, different strains of yeast can be 

tested to identify the most suitable strains for PAC biotransformation. Currently, yeast 

supplements containing baker’s S. cerevisiae are commercially available. These 

supplements are considered to be good sources of protein, vitamins, and trace minerals 

(Jach et al., 2022). The addition of PAC into supplements containing live yeast may 

improve the bioactivities of these supplements. Moreover, such supplements can be used 

as ingredients in functional foods. These supplements may act as PAC-based synbiotics by 

biotransforming the PAC into bioavailable and bioactive metabolites. Therefore, the 

current study presents novel approaches to develop functional food ingredients that have 

the potential to be used in the prevention or treatment of NAFLD and other diseases. 

5.3. Significance of the research and concluding remarks 

NAFLD is the most common chronic liver disease in the world. Despite the 

prevalence of NAFLD is predicted to increase, an FDA-approved drug is not available to 

treat the disease. Therefore, I investigated the potential to develop PAC-based synbiotics 

capable of mitigating the risk of NAFLD. Initially, I developed an ethanol-based extraction 

method to obtain the food-grade PAC required to formulate PAC-based synbiotics. Most 
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of the current PAC extraction methods use toxic organic solvents that can leave harmful 

chemical residues in the extracted PAC. Also, grape by-products of wine fermentation were 

identified as a source for PAC extraction. Grape by-products are an abundant and 

economical source for the extraction of PAC required to manufacture PAC-based 

synbiotics on a large scale. Limited knowledge of the potential of probiotic bacteria to 

biotransform PAC, especially PPAC, is a major hurdle to developing PAC-based 

synbiotics. I established the potential of probiotic bacteria to biotransform PPAC into 

unique metabolites and improve PPAC biotransformation efficiency in the C57BL/6 mice. 

Moreover, the bioavailability of these metabolites was confirmed by their presence in the 

liver tissues of mice. Administration of the PPAC caused NASH in mice. Further 

experimentation revealed that PPAC can indirectly induce NASH in mice by impairing gut 

epithelial barrier function. LPS can translocate into the livers of mice through the impaired 

gut epithelium and induce NASH. Liver toxicity due to PPAC is not reported before. As 

per my knowledge, this is the first study that shows the potential of PPAC to induce hepatic 

injury through an indirect mechanism. Moreover, the current research suggested the 

converse effects of OPAC and PPAC on the expressions of TJ proteins. This emphasizes 

the need to explore the bioactivities of different fractions of PAC separately and 

characterize the PAC in supplements to ensure optimum health benefits and safety. Taken 

together, these results indicate the potential to develop PAC-based synbiotics and the 

critical need to evaluate such synbiotics for harmful health effects. Similar to the probiotic 

bacteria, S. cerevisiae was able to biotransform OPAC and PPAC into simple metabolites 

in vitro. Biotransformation of the PPAC in vitro, before administration/consumption, may 

be a viable strategy to mitigate the liver toxicity of PPAC while harnessing the beneficial 
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health effects. Moreover, the current study demonstrates the ability to utilize non-

conventional probiotics for the formulation of PAC-based and other synbiotics. Evaluation 

of the bioactivities of BT-OPAC and BT-PPAC in steatosis and NASH cell models in vitro 

revealed that biotransformation can significantly improve the beneficial effects of PAC 

against NAFLD. Both BT-OPAC and BT-PPAC were able to mitigate palmitic acid-

induced lipid accumulation (steatosis) in AML12 cells by suppressing the de novo 

lipogenesis and promoting fatty acids β-oxidation. Also, the BT-PAC could significantly 

ameliorate the palmitic acid and LPS-induced inflammation in the AML12 cells by 

suppressing the TLR4-mediated activation of NF-κB and MAPK inflammatory signalling 

cascades. Therefore, the current study demonstrates the importance of PAC 

biotransformation to improve the bioactivities against NAFLD. Also, this research 

provides insight into BT-PAC-mediated mechanisms to reduce the risk of NAFLD by 

mitigating cellular lipid accumulation and inflammation. The ability of BT-PAC to activate 

the Nrf2 antioxidant pathway may present a novel approach to mitigate hepatic injury in 

NAFLD by resolving the hepatic oxidative stress.  

To summarize, my doctoral thesis research provides the fundamental knowledge 

required to develop PAC-based synbiotics for reducing the risk of NAFLD and NASH. 

This study presents a new ethanol-based PAC extraction process and a sustainable source 

for the extraction of food-grade PAC, required to manufacture PAC-based synbiotics. I 

have established the potential of probiotic bacteria and S. cerevisiae to biotransform PAC 

into bioactive metabolites. These metabolites can reduce the risk of NAFLD and NASH by 

mitigating cellular lipid accumulation and inflammation in vitro. Future research needs to 

be aimed at the development of PAC-based synbiotic food products and the assessment of 
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these food products to reduce the risk of NAFLD and NASH using pre-clinical 

experimental models and human studies. I believe the findings of this research will lay the 

foundation for developing many novel synbiotic food products targeting the prevention of 

human chronic diseases.
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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 
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Chapter 3. Biotransformation of polymeric proanthocyanidins by using probiotic bacteria 

in C57BL/6 mice. 
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